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introduction _

The general technical philosophy of odvahcing the state of art of modern complex
alloys through a powder metallurgy approach has been fully ducribofi in the proposal
entitled " Structure and Property Control Through Rapid Quenching of Liquid Metals" .
In brief summary, powder metallurgy promises to produce alloys of much gudtor
chemical and structural homogeneity and refinement than is possible by the historic
"ingot=hot work" route. These chemical and structural improvements will result In
improved levels of hot workability, uniformity and strength of alloys ta which powder
technology can be successfully applied. The powder approach also promises to provide
a piocess tool for development of alloys hitherto limited in alloy content by severe
ingot segregation with its unfavorable effects on hot Mobllity.

The present work will be concerned with “prealioyed" powders ploduco.d by
atomization of fully alloyed liqﬁid metal. If liquid metal is generally clased as o
liquid, a description of every practical way developed to date for atomization of
liquids muy be found in Q‘rl « These methods include pressure nozzles, including
jet injection, fan, swirl, and impact nozzles; two-fluid atomizers in which the '
liquid stream is disintegrated by a high=velocity stream of gﬁ; impinging=typs nozzles
wherein two liquid streams collide; vibrating nozzles wing sonic or mechenical energy;
and rotating cups or dishes in which droplets ere generated at the outer rini. The
patent litcrature indicates that many of these pmm have been used for liquid metals. .
However, the physical and chemical constraints of handling liquid metals without
contamination have resulted in only a few practical processes for production of highly
alloyed powders. Among several current commercial processes which may be noted
are: (1) Federal=Mogul which is a two=fluid process employing high pﬁrity argon
for tiquid metcdl stream disintegration, (2) Whittuker “Rotating Electrode Process"

{a version of the rotating disc) in which the ond of a rotating bar is arc melted in

a high purity inert atmosphere and fine droplets flung off by centripetal force, cﬁd

(3) Homogeneous Metals in which a "pressure nozzle", oponiing between the pressure
difference of a hydrogen filled chamber in which the liquid metal stands and a " vacuum*

C. On, Jr, "Particulate Technology”, Mac millan Co., N. Y. 1966, p. 19-34.
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chamber, generates a.fine 'dmplet spray. These processes produce “state of the

- art" powders but are generdlly expensive to operate and the fine powders require
careful handling. The Whittaker process , for example, requires a generation of a
centerless ground olléy ingot bar for the feedstock before powder making even
begins. The remaining two processas produce fine powders (=20 mesh, Homogeneous
Metals, and -60 mesh, Federal Mogul). Atoraization mechanics for these processes
require liquid metal nozzles of 1/4" (6 mm) diometer or less with consequent low
throughput rates. Some correlahon ) Iaws" relating particle size fo atomization
parameters have been given by Lubonska for "two-fluid" atomization systems of
liquid metals.

Powder making art must be comidercd gmwmg ond capcblo of further
significant dovolopmont. For the present pmg-am it was considered germane to we
a fully developed steam atomization process for production of coarser powders. This
process is cheap to operate, has large capacity by virtue of metal streem diomotcm
in the range 9 to 12 mm, and permits approximately a one ‘decade range of mdtcn
particle size thmgh adjustment of afomization parometers.’ Coorse powder l'n also:
been found easy fo handle without contamination.

Two alloys were selected for the progrom, the first a "state of the art* nickel
base alloy with fully documented physical and mchonlecl properties, and the
second a mamging steal which presents problems potomlolly solved by powder metallurgy.
The relevonce of these olloys and the applicabllity of the powder cppmch is discussed
below.

High strength nickel base alloys are wldoly used as components of modern gas
turbine power systems. For example, nickel and cobalt base alloys combined make
vp 50% of the weight of advanced et aircraft engines. Most high temperature nickel
base alloys in we.today consist of a nickel=chromium hotfix .smngthomd by gomma
prime precipitate, Ni3 (Al, Ti),with further additions of solid solution strengtheners
such as cobalt, molybdenum, tungsten, tantolum and columbium as well as a carbide
system. The metallurgy of theie alloys has been reviewed by Dnlur.z

'H ‘Lubanska, Journal of Metals, February 1970, p. 45.

2R F. Decker, " Strengthening Mechamsm in Nnckel-&:a Superalloys" . Market

Development Department, International Mickel Company.
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Wiih the most advanced alloys of this group, the fabricability and
reproducibility of the mechanical properties have continuously represented grave
problems. Several "state of the art" ailoys can only be used in the "as cast”
condition because of their lack \of formability at any temperature. The designer
i» consequently forced to design to the low side of a wide scatter bdﬁ,d. |

For the program, the alloy IN-100 was selected as a first experimental.
matciial. It is o "cast only" alloy with the highest volume percent of gomma prime
of existing commercial alloys. It is exceedingly difficult to fabricate. The
powdnr approach is expected to make a major contribution in processing by
permitting fabrication of this alloy by hot work. Engineering properties are fully
described in a bulletin, " Engineering Properties of |N=100 Allqy" .‘

The powder approach has already been applied to IN-100.2 Extrusion,
vac:'um hot pressing, pancake forging, and'hot isostatic pressing have beeri used for
densification. o .

The product is characterized by fine grain size, structural uniformity and
superplastic behavior under ceitain hot work conditions, However, the high
temperature creep properties have not been evaluated and the basic factors governing
grain size control are incompletely invosﬁgn'fod;. Thase areas, s well as effects of
hot isostatic pressing conditions on structure, will be more fully probed In the current
program. | . '

The second alloy chosen for this program was an 18% Ni maraging steel.

A particular commercial alloy, Vascomax 300, was selected. Maraging steels
are characterized by very high strength o‘na excellent formqbﬂ‘hy.a

Alloy composition is bcsically low carbon, €.03%, 18% nickel, 9% cobalt, |
5% molybdenum, 0.6% titanium and '0. 19% aluminum. In the solution annealed
condition, the structure is essentially martensite plus a small percenfage of retained
austenite. The low (.03% max.) carbon martensite is soft and tough and can be

machined o:d formed. Solution annealing or oiutenm_zing is carried out at 1500°F.

'international Nickel Company.
25. H. Richman, B. W, Castledine, and J. " Smythe, “Superalloy P/M Components
for Elevated Temperature Applications", 5.A.E. ICongms, Detroit, Michigan, January, 1970,

3Product Bulletin " 18% Nickel Ultra High S'trmgfh Maraging Sf«ls“‘, Vﬁsi:o, Latrobe, Pa.
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Upon cooling,tfgnsformuﬁoh fo martensite starts at Ms = 310°F. Finish of
transformation is at Mf = 210°F with percentage completfoq depending on chemical
homogeneity and structure. Since 210°F is above room temperature, the normal
martenslfe structure following-anneal is explained. Aging or maraging occurs at
900°F by precipitation of N|3Mo ribbons on dislocations in the martensite and a
Ni-Ti or Fe=-Ti phase-.l Reversion of martensite to austenite does not occur
significantly at the aging temperature of 900°F. For the Vascomax 300 alloy,

UTS of 294,000 and 0.2% Y.S. of 290,000 is specified.

Metallurgically, the maraging steels have certain problems. When the
molten alloy cools in ingot form, the iast metal to solidify is rich in nickel,
molybdenum and titanium. This segregation can persist throughout f.cducﬁon fo
final mill form, It i is decreased but is not ehmmoted by increased working and
homogemzdhon at 2300 F. 5 Its occurrence in the final microstructure is denoted

“bqndmg" .
Since these steels are used in high stress applications, the effects of banding
on transverse properﬁés cani be significant. Fracture toughnass also becomes a
critical design criterion. One characteristic of these steels po:sibly originating
in chemical and structural inhomogeneity is a wide scatter band of fracture toughness
for given yield strength lavels.3 The presence of titanium carbides at prior

_austenite grain boundaries may also decrease toughness.

A M. Hall, C. J. Slunder; "The Metallurgy Behavior and Application of 18-Percent
Nickel Maraging Steels“, NASA SP=5051, 1968, p. 28-33.

2lbid. NASA SP-5051, p. 38-41.

3A. A. Coleman, "High Strength Maraging Steels for Tactical Missile Rocket Motors",
Rocketdyie Division of North American Aviation Report No. R-4384, July 1966, p 8-7,

4Bon|szewsk|, T.; and Boniszewski, Elspeth: "Inclusions in 18 Ni=Co~Mo Maraging Steel",
J. Iron & Steel Institute, Vol. 204, 4 April '66, pp 360-365 '
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To date no literature on preailoyed powder metallurgy of maraging steel
has been uncovered. The possible benefits of a powder approsch to maraging
steels thus include the following: | -

1. elimination of banding,

2, decrease in scatter of fracture foughness,

3. ircrease in transverse propérﬁet,

4, increased fracture toughness,

5. the possib.ilify of oll.oy' design with greater qhbunfi of NiaMo

strengthening.

Higher molybdenum alloys have been tentatively qxplqrgd.] Pracficall}
they would appear to be limited by severe segregation if the ingot route is
followed. The powder approach could véry well permit a new gerieration of

mamging steels.

'Mihalisin, J. R.; and Bieber, C. G.: Progress Toward Al;téining Theoretical Strength with
Iron-Nickel Maraging Steels. Journal of Metals, Vol. 18, No. 9, September '66, pp 1033-1036,



Experimental Work

A. Melting dnd Atomization

Meifing and atomlzatioh were carried out in equipment which was designed
to emduce coarse powder in the size range 500 to 5060 microns. The equipment
was capable of being set up for steam, argon or nitrogen atomization. Essential
features mcluded the following:

1. 30 b, A|ax induction furnace with automoflc power factor control,
2, MgO crucibles,
'3. Argon inert gas cover maintained at w15 cfh during purging and
melflng,
4, leeds and Northrup recording Pt ~ Pt 10% Rh fhermocouples (dlsposable)
for Ilqmd metal femperafure measurement,
5, Conical tundish lined with B & W Kaocrete 32, covered and
prehcated to »1800°F,
6. Zirconia tundish nozzles, diameters 10, 11. 9 and 12, 7 mm dependmg
on atomization requirements,
fa Steam atomization with top and side nozzles,
8. Argon and nitrogen atomization with side nozzle anly,
9. Steam or gas pressures measured at the nozzles,
10, Water q‘ﬁenéh tank for.collecting coarse powder.

Melt dip samples were taken for every melt just before tap as soon as the metal bath
had been heated to its predetermined tap temperature. Titanium and aluminum melt

additions were made » 1 minute before tap,

The above arrangement was used for Heat Nos. 136 to 171 inclusive cs detailed
in Table I. Analysis of powders from these heeis, which were all 'moraging steel
excebf 149, indicated that oxygen pick up and titanium and aluminum loss after
the metal left the furnace were major problems; Accordingly, the atomization
arrangement was improved to eliminate oxide entrainment and pick-ub during tap
from the furnace to the tundish. The new arrangement featured the follow ng improve-

menis which have been used from Ht., No. 172 to date:

1. Raised atomization cabinet 30", This effectively decreased free fall
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height from furnace to tundish pool from « 24" to = 5".

2. Installation of a “tight" fitting castable Fiberfrax tundish cover.

3. Use of an argon purge @ 30 cfh in tt;mdish during op with
tundish cover in place. ' .

4, Use of » 015" Ni melt out plugs in.turidis.l.\ to permit slag
rise before atomization. . -

5. Use of an MgO - Al,O, tundish wash (Lamag 31) to decrease
contact of liquid metal with 5i0, phases in Koocrete 32 tundish
refractory.

6. Complete stripping of tundish of qli previous sku_l.l and rewash

~with Lamag 31 before each heat .

The results of these improvements are still subject to current chemical analysis. Obser: : tion
has indicated complete elimination of spatter in the tundish and effective funcﬁoning cf the
melt out plug to hold up tundish flow for ~1-2 seconds before atomization. ‘This new
arrangement also permits lower tap temperatures since the “in place” tundish cover cuts
down radiation cooling of the top of the tundish liquid metal .pool. .

One critigal experiment was carried out during atomization of Ht. No; 173, see
Table I. In this case the argon atomization was interrupted and a chill mold sample of
the metal stream from the tundish nozzle taken 1" below the nozzle at the point of
atomization. Analysis of this sample for oxygen, titanium and aluminum, which is
currently in progress, will permit a more exact definition of the oxygé'n pick-dp mechanics
in the present atomization system, | .

A summary of all melting and atomization runs carried out to date i.s giv.c'n in
Table |. The median particle size and standard deviation is dlso giv.on here for each
heat. Adjustment of tundish nozzle diometer was primarily used to achieve a median
particle size of ~ 2000 microns. Decreasing tap temperatures, argon atomization and
titanium and aluminum odditions as well as improve;:l tundish practice were all used fo
improve chemistry control of the powders. o ' .

While powder characteristics are discussed in the next section, o few comments
can be made about melting experience with the two alloys in this program, Both VM=-300
and IN~100 contain titanium and aluminum. These elements_‘ have such low partial
pressures of oxygen at equilibrium at 2600 - 2900°F that slag formation inevitably
occurs. The slags are thin in both cases and very adherent and stringy in the case of

IN-100 under argon cover. During argon, nitrbgen or steam atomization the tundish
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siream of maraging steel VM-~300 breaks up fully at the atomization point.
IN-100, on the other hand, was closely observed during argon atomization,

Ht. No. 175. The metal stream was deformed info a wide, thin sheet indicating
that with this alloy in an oxidizing atmosphere, surface tension does not act to

form droplets from the edges of a thin liquid sheet. A flake-like powder (see

next section) results.

B. Powder Chdracterization '

Coarse powders produced by steam, argon and nitrogen atomization were
characterized by shape, screen analysis, packing density, and oxide inclusions.
Samples were forwarded to MIT for dendrite spacing moosu-romenf and further
microscopic study.

" IN=~100 atoniized by either steam or argon (Ht. Nos. 149 and 175,
respectively, Table 1) results in sharp twisted flakes with a thin adherent
coat of oxide, Figure 1. There was a substantial fraction of + 3 1/2 mesh in
both cases. Size analysis was not corried out. The shapes of these powders are
unfavorable for processing since they present many reentrant cavities ond folds
in cleaning, and have a very low packing demsity in hot Igostatic.pusing or
extrusion cans. Nevertheless, the usefulness of coarse powder-atomization in
reducing the dimeﬁsion'al scale of segregation is cleﬁrly illustroted by comparing
Figures 2 and 3, Figure 2 is the dendrite structure of - 3 1/2/+4 mash flake
{ &5 mm long x 1/2 -mm thick), Ht. No. 149. Figure 3 is the dendrite structure
of 3" ¢ cast bar used as a typical remelt sfock. In the cast bar, both primary &’ '
and primary carbides occur as large separate segregated phases. In the coarse
powcier, the ;éole of this segregaﬁoln is reduced by a full order of magnitude. This
reduction in the scale of segregation is expected to greatly increase the hot
workability of powder compacts of this alloy. .

For the IN=100 alloy, o backup “fine" powder produced by vacuum atom-
ization has been acquired to pemmit continuation of work on compaction, hot work
and property determination. Details of the evaluation of this powder will be

reported later,
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Marapging stecl Vascomax 300 coarsé powder produced by steam, argon and
nitrogen atomization was, with only two excepciuns, substantially spheri-
cal in all cases and coated with a black oxide shell which had spalled
off vn some particles. The exceptions to the generally spherical particle
shopes were the coarser fractions (+8) of heats 170 and 171 where titanium
and aluminum additions were made to the melts. The behavior tended toward
that of IN-100 in terms of flake-like shape because of the presence of these
two elements.

' Figure 4 shows an "as atomized" and cleaned sample of the full particle
slze range of Ht., No. 148. The cleaning process, as described later, pro-~
duces a bright shiny powder well suited for hot isostatic sression or extru-
sion.

Size analysis using a U. S. Standard Sieve Series was run on the total
powder of each maraging steel heat with the exception of 166 and 167. Results
are presented in log probability - log size form (see Figure 13 for a typi-
cal figure). Median particle sizes and standard deviations are listed for
cach heat in Table I, the median particle size (502 size) 1naicaced in each
figure. .
.While atomization parameters were not explored over wide ranges, several
comparisons can be made indicating effects operating in coarse powder
production. Ht. Nos. 169 and 176 were atomized under substantially the same
conditious except (Table 1) for tundish nozzle (metal stream) diameter. The
{2.7 wm stream (169) produced a median pafticle size of 1700 microns, and
the 10 mm stream (176) produced a median particle size of 1200 microns. Fur-
ther stream diameter reduction would be expected to decrease median particle
sfee, {f overything else remained constant. '

Decreasing tap temperature reduces median particle size. Ht. No. 168
tapped at 2910°F. All other factors remained constant. Particle size
control via tap temperature is not considered good practice since the tem-
perature variable should be reserved for control of powder chemistry.

The ecffect of metal chemistry on particle size distribution is demon-
strated Ly data for Ht. Nos. 169, 170, and 171. Median particle sizes
wore /000, 2150u, and 2800u respectively. This marked increase in succes-
sive heats is ascribed to iacreasing titanium and alz!inun levels in the
metts.  These increasing levels produce an increasing fraction of flake -

like particles which are elongated in two directions and thin in the third,
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and consequently have an increased "screen size" for a given particle mass.
This effect is also sean in the 1ncreallhg standard deviation with increasing
titanium and aluminum melt levels.

Packing density or the ratio of apparent density of powder to true den-
sity of the alloy is an important practical consideration when powders are
compacted. A low packing density basically results in extrusion or hot iso-
static pressing of empty space in tha cans of powdar used in the compaction
step. Plake-like powders (such as IN-100, Figure 1) asy hava packing densi-
ties as low as 0.3. The packing density of saparate size fractions of merag-
ing steel, Ht. No. 1ka. is presented in Tablé IV. Overall packing density.
of a mesh range of -3 1/2/+35 would be =.58. This value insures efficient
use of can space in compaction operations.

Microstructure of powder particles vas evaluated routinely. Samples
of selected pbwderl wofe fétwarded to MIT for more co-prahauiive analysis
of secondary dendrita arm spacing, solidification lﬁructure. and segre~
gation.. In tha case of maraging steel, the atomization process was found
to generate a dispersion of oxides in the particlas which variad with par-
ticle size. The natura of thasa dispirsions ara shown for Ht. No. 172 in
Figures 5 through 8. In genersl, tha smallar the size fraction tha graater
the amount of the disperssd oxide phasa. The origin of thase oxides is cur-
rently under further close study. .

C. Heat Treatpcnt Response

With maraging stael coarse powder, an evaluation of tha effects of the
powder making process on alloy content and uniformity can ba carriad out by
measuring the hardening response of heat treated powder particles. Since
the powder particles have "cast" structures, a high temperature homogeniza-
tion treatment must be used before aging. The heat traatments used weré
standard for cast 17% Ni maraging steel.1 Results of these studies are pre-
sented in Table V. The effect of homogenization at 2100°F is shown for Ht.
No. 166 where the aged Rc hardness increased 4.3 points after the high tem-
perature treatment. The heat treated powder pirticlal do not, in general,
harden to the specification for the alloy which is Re 52/55. Eitruded bar
stock, Ht. No. 148, was also tcsted and hardened to RC 47.0. Possible cause
for this low hardness level is discussed in a latar saction

z. ». Decker, C.J. Noynk, and T.W. Landig. JOurnal of Metals, November 1967,p.64
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on chemistry. In a series of thtee'hoots, 169, 170, and 17%, where low

tap temperature and titanium and aluminum additions were used (170 and 171)
the hardening response of powder approaches the specification for the dlloy.
Heat treatments were carried out in air and only coarse particles were not
completely oxidized. In the case of Ht. No. 171, sizes »8 mesh were floke
so that the 2100°F solution treatment had fo be limited to 1 hr. for the 8 mesh
size used. The chemistry of this series is discussed in a later section.

Finally, the coarse powder of Ht. No. 172 showed the best hardening response
of all heats made with no extra alloy additions. This heat was also atomized
using improved tundish practice and ctomizaﬂpn conditions.

D. Cleaning .
Coarse pcwder maraging sml by steom, argon or nitrogen afomization

has a black oxide surface due to reaction with either the atomization fluid
or the water in the quench tank used to catch the powder. Figure 4 shows
the original oxide coat and also the powder in the clean condiﬁon. Removal
of oxide was done chemically using the following process:

1. Soak asatomized powder in water solution of NaOH/K MnO,
(Diversey D-299 commercial prepcrotibn) @ 1 b/gallon concontmtlon
@ 180-200°F, 1 hr. minimum at femperature.
2.  Rinse in water in barrel tumbler, slow tumbling speed.
3. Tumble in inhibited hydrochloric acid in barre! tumbler, sl@ tumble
speed 1/2 hr. minimum (50% Diversey " Everite” + 50% HzO).
Tumble rinse in water, slow tumble speed.
Recycle through steps 1-4, 2 to 5X.
Dry. '
Hydrogen reduce tarnish picked up in drying. 1600° F, 1/2 br. at temperature.

N O O o

Cool to room temperature in dry hydrogen.

This process successfully removed surface oxide and produced clean powder as shown
in Figure 4. Oxygen chemistry as a function of cleaning steps is shown in Table |i

and discussed in the following section.
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E. Chomlsfg

Oxidizing media in the form of steam (atomization) and water (quench
in steam and argoh.'otomi;ofion) have dictated close attention o oxygen ;hemisfry
in maraging stoel coarse powder. The results of all oxygen analyses run to date
are presented in Table 1. Several facts may be noted.

The moif-ing proce&ure with use of an argon inert gas cover maintained melt
oxygen generally in the 20 to 40 ppm range, Significant oxyéen increase occurred,
however, in the powder with smaller particle sizes sﬁowlng higher oxygen levels.
This may be noted by comparison of "large" and nsmall" particle values in
Ht. Nos. 147, ]48, and 167. In Ht. No. 172 (argon atomization) =4/+5 and
=16/+48 mesh sizes were analyzed fo better define the 6xygo'n pick=up problem,

In this case, comporison may be made with Figures 5 and 7 which show oxide
inclusions corresponding to 630 ppm (=4/+5 riesh) and 2800 ppm (-16/+18 mesh)
oxygen leveis. The 630 ppm oxygen is the Iowesf level observed fo date in o
coarse powder fraction. '

The effect of cleaning cycles on oxygen content was studied for Ht, No. 147.
A minor decrease in oxygen lével was noted for large particles after more than one
cleaning cycle. '

Metal chemistry was also followed closely. Results of all analyses obtained
to date are presented in Table .

‘Oxygen pick=up i in meltmg and afomization was occomponlod by titanium
and olummum losses. Whereos the exact strengthening mechanism of aluminum
in maraging steels has not been identified, titanium strengthening is ascribed to
Ni3 Ti : or FeTi 2 ‘'sigma phase precipitates. Loss of fiﬁnim by oxidation would
lead, therefore, to a decrease in the strength which could be developed in the alloy.

IBanerzee, B. R.; Capenos, J. M.; and Harser, J. J. Advances in Electron Metallography

Vol. 6, ASTM STP 396, ASTM 1966, pp 115-131.,

ZChilton, J. M.; and Barton, C. J.: Trans. ASM, Vol. 60, 1967, pp 528-542.
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Analysis of melt dip samples showed that aluminum losses were significant
but titanium levels were maintained fairly well under inert gas during melting.
_Final powder titanium and aluminum ievels indicated substantial losses. This
may be noted for all coarse powders analyzed. In tﬁe melt series 169, 170, and
171, additions were made (see Tqbl_e ) to the melt iﬁt before tap. (169
reference; 170 and 171 contained additions). These higher levels are reflected in
melt dip analyses (See Table) but again losses occurred. The ratio of losses in the
tundish to those in atomization is not yet determined. Data from Ht. No.. 173
where the tundish stream was sampled should provide more information. It should
be noted-that in Ht, No. 171 the powdet titanium level of .48% approaches
the spec level of 0.6% for Vascomax 300. The hardening resporse of powder from
this heat was also encouraging (see Table V). The generdl problem of composition

control in coarse powder atomization is under careful study,

F. Powder Consolidation

The intent of the program is to control structure and. properties of alloys
through a powder metallurgy approach. Once satisfactory powders are obtained,
comparison of properties resulting from direct extrusion, hot isostatic pressing
and hot isostatic pressing plus extrusion will be carried out. To provide material
for initial work in this area by Task 1V, extrusion of '.'stafe .o.f the art" éobrse
powders of maraging steel Vascomax 300 was carried out, .

Chemically cleaned and hydrogen annealed -4/+35 mesh coarse powders
of Ht. Nos. 147 and 148 were sealed in evacuated mild steel cans and extruded

under the following conditions:

Can | 31/2" 0.D. x 3.310" 1.D.
Liner 3.625" 7

Die 1.120" Dia.

Red. Ratio 10.5X

Tooling Temperature 800°F
Billet Temperature 2050°F



*4oj|o 001-NI 344 jo
sonsedosd 9injpsedwey yBiy o) 199dsas yiim suoyool|dw o asnodaq Apnis Jayiny Japun
§1 J01ADYSq SJYy| °sepi1qipd Aippunoq 9|o14iod pup uipiB Aq pajjosiuod aq o} siveddo
Y4moiB uioaB ‘z| puo | seunbry ‘sbuissaud 4,00€Z puo oobz 8y4 y4oq uj °sepquod
A1opunoq ugoiB puo 9|o14pd JO UOLAEOXD BYs YiIM B1nyONNS By} paziusbowoy A||ny
soy ‘Z1 enbyy ‘*siy y ‘3,002 Aq POMOY |0y 4 00EZ 4O 81240 Bujssaud ay) " pasiasp
9q 4ou pnod Ajdwis uoyoes ¢ e 94 40 uoyDzZjusBOWOY 40§ B|9AD JudWDAL LOHIN|OS
joouooud yy *4pq 4503 ¢/n€ 944 10} 194006 9pnyjuBow o 49puo ||ny b s} uoHDBRIBSS yo
9|08 |DUOISUBWIP BY4 4DY4 POJOU SI §i PUD Spow Si ¢ 91nBy4 pup (| 81nB14 4o uosiiodwod
D USYM 919y sussoddp A1oa|> si Ao||D 8sDG |9301U X9|dWOD D JO $8INIONYS SNOSUBD
-owoy Buonpasd u) yooouddo sepmod 8y} JO $oodwi JUBOYIUBYS YL *JUSWYDAIL UOKN|OS
" ¥ ‘4,002 © pup 9]94o Buisseud ayy y4im pezjueBowoy A||Djo4 USR] 40U SDY INJONYS
o|o)40d sepmod 403, 9yi Joyi smoys 0| enB1y °esod joyy u) 92is ujoIb ayj pujuueiep
A||pl4uesse 9|94 Bujssesd 30067 Oy4 oy} 5 e19y UOJSN|5UCD QY| *|DoUUD 440022
o y41m Bujsseud 34,0062 944 40 oy of dn @2)s utoab Bujssesd 34,0002 Oy #yBnouq jou soy
|oSuuUD UolIN|os 4 0022 944 inq sa) oj44od uym pRLINDD0 SDY Yimaib uiio *sBuissoud
3,00EZ PUP 000Z 944 440q Ul 481x® ||1is SepDpUNOq 9|oyod J0)d °pelou 8q Aow sain}dy
|049ARS 7| - 4 $9nBYg Uy umoys 3| 34,0022 40 4udUYDAL UOKN|OF J9)4D sjondwos
asaYy} JO aunyonys ey) °*sinoy z 104 15d 000 ‘SZ D 4,00€Z PuP 000Z 4° possasd asom
s§o0dwod ||bwS °s|pjeyy snosuebowo Aq pednposd sepmod suyy Bursn yno payLDd som
suol§1puod Bupssaad oi4oys-s) Joy jo Apnys Aspujwijeud o ‘g0 (=N| JO 9505 By u|
'uoynuguhe;op Aysedosd 104

LIW ©f popiomio} |D1I94DW PUD DD YODS L) pedNnpeid SDM |DLIRIDW a.uoo, »l punog

"uw/,08L-091 Bujuuns suoj oG ‘49sdn suoy e (Pulq) gyl R LPL
‘uiw/,0e1-08 Bujuuns suoj Geg ‘49sdn Suoy Gog 14
"ulw/,591-0€t Bujuuni suoy pgg ‘4esdn suoj Geg Jid\
poads woy 92104 uOISNYX] *ON °*IH
-6-

anllh $ Aesethk ek £ =



110d %06 /1u10d %H8 = H

oF

“Uor§oZ1Woyy puo Buiyjawy

_ *uoisnyxd pup Buss
o *pazIPIXO | -seid dypysos) oy oy . :
61 = D000Z | “4opmod papuncs 3si00)| ©  jorIdjoW npald- | 090E " " w | S| é6'cc | 0oe-WA | os1
:  ~epixo uassypo uyy| -voozywoi 00L-NI .
* PaUIULIeP JON “19pmod Axoyy dioys  jo 5oy Ksoupujord | 0£0€ " " S| t-zz | oot-NiI | evi- _m
: uoCINXD
: *pazipixQ] - puo Buupayd o5 - : M
- 1671 = 0622 -| “+apmod papunas asivo) | [os3jow onpoyd | 080  w u " S 1 T°¥¢ | 00E-WA | 8pl
. . : - *uoIsnAyX -
: *pIZIPIXD pup Buupa|> 104 :
06° 1 = D050z | ~+epmod papunos asioo) |puajow 3onposd. §.060€ | " " S| ove | 00e-WA | vt
S cympungup sl cdnszesy |
€ -~ 450} jo dn 9za014 92npa3s 04 3jzzou |- Bisd 4
$8°1 =D ‘000Z | *+opmod paprnos asibod ysipuny posoaisuy 4saf | ceoe Jww -1 1f " Swwoel s | z'91 | ooe-wA | opi
: *dn azasyy e_m_v::w . Bisd z| | Buww ¢
v6° L = ‘001 | *4opmod papunos asiodfdway doj peonpas ysa) | oyog | ww o1 | jww ool X6z | Swwogy S YAVA 008-WA | svi
: "PazipIxQOf - uoypzIWod ODE-WA 61sd Qg
8v" | =P ‘0EEZ | "19pmod papunos asiood]  jo4say Aioutwijay | 0S1E | ww 0L w1 4313u0) - v | o'et | ooe-wA | cet
*PazZIPIXO| uolipziwold Gog-WA Bisdgy | Gisd g
81°2 =9 ‘0691 | 1apmod pspunos osibol| o ysay Asoupwirjayd | 00zE | ww ol | yww ool x 67z | Bwwog| s | et | oos-wa | ogt
S s ueelao 2 A 38 §EEFEF: Z %3
3 ® a N ® a =23 - g < e =
& < g 3 Na < < 83 = a_ ~<
ag o ] i a ® e»a
Uo 9 = S o
® 33 o ; g 3
L. a saINssaly ‘sajzzoN <
2 ®
=
3



e

“HI'Il s°|qoL 935 “p3jo

*aunyosadway dog mej . i

I
'
|
|
|

[t

L %¥L°0
~Buoja ssjoy40d 136107 | Yim suolippo |y puD : IV %90°0
1Z°Z =061z | *19pmod papunos asivo)) 11 jo A1anodoa 339y f6//2 = S ‘u S ] 0°ZL § +00E-WA jo0/L
*111711 s3|qoy 935 IV pup i jo
: *j00d apyxo yoojgl ssssoj uo ~dway doy : . _
88° 1 =5 00/1 *aapmod papunoy] oMo} Jo 193439 459) {0972 " . " " S 6°91 1 O00E-WA |69
* 19pmod papunos | .
o . 8%uD0)) °QL6Z D peddog “d062] |
06°1 =-2%000Z] “-ioysano aunjosadway | jo -dway doyysal J0L62 " . “n " S | T4} OCE-WA |89l
1’11 s3|qoy 935 “Iv punij 1 %0E°0
: "}003 3p}x0 oorg 40 suon1ppo JjPw . IV %52°0
*pauiuagep JoN | *sapmod papuncs asi00D) | 34| Jo A19A0I34 §S9) ﬁSON " " " S 0°21l § +00E-WA /91
. IV pup {] jO sassoj
*§D02- 3pIXO0 oD|g uo ainyosadway doj . .
“pouluLayap JoN | ~1apmod papuncs 3uID0D | 13MO| O 4D3)43 I59) 10/8Z Juw £°Z1 " " S 0°ZL | OOE-WA | 99t
" " wg | n n " S 6 ﬂﬂ 08l2> gel
. . " " oLig " " : " S w.ﬂﬂ 00E-WA sl
Z6° L =P ‘0GET :
*UOISNYXD pUD .
S0y pIUIqWOoD *pazipix) | Bujssaid oyypjsosy joy Bisd z| | Bisd g T
€51 ‘251 “1G1] -1opmod papunos 351003 | 10§ |DLISjDW 3DNPOI] JGEOE Jww 6° (] | juw ool xGZ | Buwwog | S B°EE | 00E-WA LGt
v wv ] q I . .
¢ 93 e eweso @@ Z@  Pe FF OZEZFEE Oz 73
® o = =] N2 a © a 333 ~ a a =
£0-Z9 ] 3 [ <€ 3= 5
59 -3 3 @ > o a e H =
o~ 0. o - - -2
PO ¢ 9 c g4
e 33 o g
3% Joa S2NSSaLY “SI|ZZON| o4
~Ne . 7 -
N =
.28 .
o~ uoypzZIWOoly pup Bulyjaw
g . .
= | 2901



. *a01o0xd ysipuny
*3onq paacsdwi yym £19

jou syjnsas Aysiway) | -Aoda1 |y ‘1] puo dn I
*4009 3pIx0 XOD|g | _3d1d usbAxo uo uoy . : Bisd zy | 6isd g

0°Z =.5-'00Z1 | 1opmod papuncs wnipdW | -ozywoo wodys 43y loszz] W | swwool xs°z | Bwwog]l s | 99z | ooe-wa ozt
. " -soyo0d
ysypuny parosduy . A
“sooyy pausimi | yumool-Nj Jouon| | - . 6¢sd 09
' PRUIULIBISP JON ‘peugod dioys | -ozjwoip uoBiy 453 J0S9T " Wuddlion § --—---lav }-g'zz | oot-NI ozt
*3p0q
fou syjnsas Aysyway) | ~A1ancoau 1y ‘14 pup .

*4003 3pIX0 }Oo|g dn->21d uabAxo uoj : : Bisd o/ . ;

LI"Z=.0.°06/1 | 1opmod papunos as100) |- uoloziWOO EN 5oy S8z " il | ———IN | sesz | ooe-wa vz

. . .;nmm::_uoﬁ:o:.oo:m
*awyy podas jo dooq) jojaw pinby} ajdwog
© jou syynsas Aysiwayd) | < K1saodas y ‘1] puo

| *1002 apixo 3oojg | “dn-sd1d uabAxo 4s3) . mmu_n (V)4 | . .
02°l =D0sgz | “1apmod papunos asipod) *9bupa azis aonpay foLgz " olu 40l § —-eee Vv § T°ST | 00E-WA VAR
*K19A0D31

iv ‘1 -dn->oid usb
*111°]) s9jqpL 995} -Ax0 uo uoyozjwojo
} *§002 3pIX0 Yonig uob1p pup 9314004 ‘ .. 6isd g9
90°Z =P 00lg | ‘ispmod papuncus 3s100) | ysipuny paacudwy 4531 foyez ww Q| Wle 0l | —-eeee 1y zszl ooe-wA lza

"11°11 s9)qo) 935 “avjy|| - aunsosadway doy moj 1 %ol 1
~—oxjoyy s3jop0d 361 | Yiim suoHippo |y puo- Bisd z1 | 6isd 4 IV %60°0

.

uo1§OZ WO}y PuUD Buljjsyy

0G°Z = <P ‘008Z | “P3puncl suoyoDIy |jows 11 jo A19A0031 §53) fGo/7 Jww £z | jww oot X G°Z | Buw 9] s 0°ZL | +00E-WA | LI
L WY X)) J|nsa aAyoalq0 - — — v w ° - PP > -
:.Woww 1= ? m..w Wm. 2 a 3 3 W..mwv m-W. = W.ou
2 825 3 N2 2 2° 383 ‘@ 8 5
& ag 3 g Swn
> o8 S 30
3 <2 = | sainssald ‘s9j7oN g3
S 2 @ .

w m-
g 3
S

“.

{

1 3j901



B s p—

9% “c3dwos dipifaw - L] 00e-WA | €St

0S - *ojdwos dipsjaw 1L | 00e-WA |  zsl

4 *ojdwosdip yjow 1 | 00E-WA | 151

61 *ojduos dip yaw L | 00e-WA | 0SI

0.0, 408 *yibuaj uoIsNIIXd 40 ._3...00 {oq popnyxy 'y

ootl wliows, . .

olL o "7 *(2) jo s1skjoub ayod1idng  °g

0orL o] IOWS ,, o . . .

006 «36107,, *uoyonpa: zjy 40091 + $3]94> Bupubajd |po1WSYD ¢ ‘19pmod as100)  °Z )

0z aidwosdip 4o 1L | 00e-WA | 8yL

00S1t *yibuaj uoisnyxa jo ...2:00 Zioq pepnuyxy °/

§N .._ —UEW " :

0091 w2610, : () jo siskjouo ayooiidng 9"

0091 wljows, . .

0001 4 36107, *uoydnpas zy 40091 + $3]24> Buiupa]d [poJways ¢ ‘iapmod 3sbo)  °G

001 "sapouuod jjows, :

00cl *sapdyind 86107, 531949 Buupad oW ¢ ‘iapmod D0  *§

oost *s3payind | jows,, S r

066 *sa|dysod 96107, 531942 Bulupa)d joo1wRYd 7 ‘1epmod asioo) @

0051 sejoyod ,jus,, |

00St *sajoiynd 86107, *31945-6ulup3|d [poJwsyd |.‘19pmod asioo)  °Z

> “(dos 21049q ysnl us:oy sejdws 4jaw |jo) sjdwos dip slew  *L | coe-wA | vl

: - |

(wdd) uoydiiosaq 9jdwog .oW .W wﬂ

-jjnsay - < -~

Aysiwayy uabAxO
Il @901




Aysiway) uabAxp
LI & )

0082 "4249 [DH [oulj *$3)2A2 Buuodpd [Bo1WeYd Z ysaw gL+ /Hl- ‘sepmod eD0) °p

0€9 "424® DH [outg 531940 Buguna)d [02JWID Z ysow G+ /- ‘3opmod etiD0) 7

1z *oidwosdipstaw  *1L | 006-WA | za
00¥Z *31945 Bujuoapo [ooJueYD | *yseuw p|- ‘sepmod SNDO), °Z

82 _ coduwosdipyow 1 | ooe-WA | 121
005Z 9343 Bujuoapd [odweyd | “ysew p|- ‘iepmod 9s00) -7

vz . *odwos dip yaw  °1 | 00e-WA | 01
00¥Z * 3943 Buluoo|o [Od1WAYD | *ysew v—.... “s9pmod as100) -7

€l | -oidwos dipypow  *1 | ooe-wa | 691
008l *31943 Bujuos> [031weYd | “ysew p|- ‘spmod %00 *Z

L oduwosdip y1aw 1 | 00e-WA | 89l
MMMN _.”_oﬁ._“” *8)94d Buupa|d |PoIWAYD | °*ysaw |- ‘i19pmod asI00) ‘g

ooLt *91942 mc_coo._o jo2lWaYd | “ysow y|+/p- ‘1opmod 90D  °Z

9 "sjdwosdip 43w | | 00E-WA 91
oove *9194d Buupa|d |PIWAYD | °“ysaw |~ .:ov;oa 8s100) . °g

0091 nljows,,

0081 «26107,, *91943 Buup3a|d |poJWaYD | “ysow y|+ - ‘i9pmod as100)  °Z

vl "ajdwos dip w1 | oog-wA | 99t
(wdd) uoydussaqg ajdwog mwlw oN muu
i|nsey ¥ T



“pie IDH + Ppa4o
o1°0 fuio|  Bsuoepo joorweyp z sysew 8L+/91- “sepmod ati00) °¢
"YU [DH + 94> .
fe1-0 kzo° Bujuoeyd [091WeyD 7 ‘yseus Gt fy~ “sapmod omioo)  °Z
ev'o pso°] . *oduos dip jjew  *| 74\
| *PaOoU SRMIBYO |yun sy
wenbexns |y ||D Ul pem jDpsOW SY) MON  °C
vz°gL | 8z-01]€0°s | ¥00° |¥00° Jz0° Jo° | o] se | ar° *$y3£|oup uojouuyue) °Z .
ee°8l |-v0°6 |88y | v00° ]900° Jzo" J 10" J 600" | ¥9° ] LI° *ss4jouo (1w ..3\..'\«._ “pois jowey  °| | v-posl
8y* | €0° 91942 Bujuosd jooweyd | ‘ysew y|- “sepmod S00) 7
v yyeL : *ajdwos dip oW  °| V1)
@ |10 ._._i"v Buyuoero 1991woyd | ‘ysauw y|- ‘sopmod 95100) °Z
ri-|f 90° “ojduos dip yowy  °| ozl
Yu o ...o..o?_&c_o [DIWaYd | ‘ysew |- ‘sepmod sm00) °Z .
gs° | e0° - odwosdip 4oy °| é91
11" | 10° |*9134> Bupuoep> jooyweys | ‘ysew - ‘sepmod amicoy -z
g9 J12° . "ojdwos dip yjew  °t 89t
IN © ow d S uw s O u v uoyduoseq aydwog “ON {00y
Aysyway) ojow

111 9|90}

Y f— B e B a



Table IV

Packing Density

Maraging Steel Coarse Powder

Heat No. 148
Mesh Packing Density

-3 1/2/+4 56
-4/+5 .58
-5/+6 .55
6/+7 056
-7/+8 .56
-8/+10 .58
-10/+12 s
-12/+14 680
-14/+16 | © 60
-16/+18 .60
-18/+20 .58
-20/+25 | 56 |
-25/+30 .56

-30/+35 42



e 6r S € ‘4,006 + °D°V "M Z ‘4 POIZ "sopdiod (WG ) yewy + 7

o "3V "8 91 ‘4 006 "spjod (Wwg ) ysswy + °| 41
9°IS "SY € ‘4,006 + ‘DY "M | ‘30017 cwpiod (wwz ) yseug | V11
z°Ts By € ‘3006 + °O°Y sy y ‘3 pOIZ "sepdtiod (g ) yRwy + -7

€05 Y E 4,006+ TV "M | ‘I 0012 ‘sopdod (WG ) ysswy + | 0zl
9°8y S € ‘4,006 + °D°V TSy ¥ ‘3 001 . "sopdpsed (Wwg ) ysaw g+ °Z

s ey "Y€ ‘4,006 + "DV "M L ‘3 0012 “sopdpiod (Wwg ) yRwy+  °| 691
r°sy "Y€ ‘4006 + “°O°V sy ¥ ‘4.,0012 "RpPod (Wwg ) yuy+ 7

6Ly SY € ‘3006 + OV M L ‘40012 "SpRuod (Wwg ) ysewy s+ | 89l.
L°0§ S € 3006+ "DV "y ¥ ‘4 0012 *RpPpiod (wug Jyswz/le+ g

Lo “sy € ‘3,006 "sopdsed (Wwg ) ysewz/L g4+ | 2/t
g8y SN € ‘4,006 + “*D°V "M ¥ ‘3 0012 "pod (W9 ) yswz/l g+ °Z

(1) 2 Sy € ‘4,006 "died (W9 ) ysewz/L e+ | 99l
0"y Y € ‘3,006 + "DV "M Z/1 ‘40061 "13pmod 981000 gy| jo uonux]  °Z

G o "3 € ‘3,006 + °I°V M Z/L ‘30061 "ajdwos dip 4jow  °| eyl
8°€S "8y € - 4,006 "UOHDIYIIAD |)IW “i0g ¢y /E | v=-vovl

%y
SSOUPIDLY | JUSWYDII) JOBY - uondideg ajdwos *ON 4094

u.l...n_s-.
roam——d

_i3pmog 9%100)) (9 BujBioyy - ssucdsey Buyoea] 4oy



30-149

Figure 1. IN=100. Heat No. 149, as atomized, steam; Heat No. 175,
as OM'“d' argon, X,
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Figure 2. IN=100., Heat No. 149. =3 1/2/+4 mesh,
Powder particle dendrite structure. Etched, 200X.

Figwe 3. IN-100. Three inch diameter cast bar. Solidifi-
cation structure. Etched, 200X,



Figure 4, Vascomax 300. Heat No. 148, os atomized, left; cleaned,
right. 1X,



Figure 5. Vascomax 300, Heat No. 172, -4/+5 mesh particles.
Fine oxide dispersion. Unetched, 1000X,
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Rigure 6. Voscomax 300. Heat Mo. 172, =8/+10 mesh particles.
Fine oxide dispersion. Unetched, 500X .
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Figure 7. Vascomax 300. Heat No. 172, -16/+18 mesh
particles. Oxide dispersion. Unetched, 500X,

Figure 8. Vascomax 300. Heat No. 172, -25/+30 mesh
particles. Oxide dispersion. Unetched, 500X,
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Figure 9. IN-100. Homogeneous Motalg =20 mesh powder.
Hot isostatically pressed 2000 £y 25,000 psi,
2 hours. Solution treated 2200 F, 4 hours, W.Q.
Etched, 100X,
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Figure 10. Same structure as Figure 9. 500X.
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Figure 11. IN-100. Homogensous Motalg =20 mesh powder.
Hot isostatically pressed 2300 B 25,000 psf,
2 hours. Solution treated 2200 F, 4 hours, W.Q.
Etched, 100X.

Figure 12, Same structure as Figure 11. 500X.
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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

=0.25 | otween

is determined, and the relationship d = 39¢
secondary dendrite arm spacing, d, and cooling iate, €, is
established. . Structures of atomized particles of maraging
300 alloy, received from IMT, are presented and corresponding
cooling rates during atomization are estimated from the
relationship.above. A simple heat flow analysis is p:obosed
that will facilitate calculation of solidification timcs
during atomization. |

Finally, a laboratory apparatus for rapid solidification

of metallic alloys is described and corresponding structures

of cast maraging 300 alloy are presented.



INTRODUCTION

In the first six months of this program, Task II
(solidification group) has conducted research on heat flow
and microsegregation of maragins 300 alloy. The general
aim of the program has been.the study of heat flow and
structure of the atomized particles (flakes, droplets,
péllets) produced at IﬁT, and the development of new methods
of rapidly solidifving small to medium-size pellets of metal

alloys. Specific aspects of the work have included:

1. Deteimination of tﬁe relationship between cooling
rate and secondary dendrite arm spacing for '

~ maraging 300 alloy.

2. Detailed study of heat flow and sttuqtufe of
atomized particles of maraging 300 alloy produced
at IMT.

3. Development of small scale laboratory'apparatus'
for rapid solidification of small to medium-size

droplets or rods of metal alloys.
1. EFFECT OF.COOLiNG RATE ON STRUCTURE OF MARAGING 300 ALLOY

Cooling rate during solidification has a pronounced
effect on cast structures, particﬁlarly on fineness of
Jdendrite structure and of associated inclusions and micro-

porosity. In'order.to ascertain the influence of processing



variables on cooling rates and solidifid&tidn structuxes of
maraaing 307 alloy, the following stu&y was undertaken.

The effect of cooling rate on secondary dendrite arm
spacing over a wide range of cooling rates, 0.1%/sec to
lOSOC/sec, was determined. The various cooling rates were
obtained by levitatién 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 furnace cooling.

Levitation Melting and Casting

Figure 1 is a sketch of the levitation melter and
associated apparatus. The details of this apparatus have
previously been described(l). Droplets of the matqqin§'3oo
alloy were levitated inside the glass tube in an atmosphere'

" of helium. The temperature of the droplets we:e,continuously
monitored using a two-color optical pyrometer. The'maitep
levitated droplets were solidified and cooling rates measﬁred

using the following t:chniques:

{a) Gas Quenching. With sufficiently high flow rates of

hydrogen or helium, droplets were solidified while levitated.
Measurced cooling rates, via the two-color optical pyrometer
wvere of thoe order of 1 - LSOC/sec.

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

obtained by liquid quenching. The liquid quench tank was



placed where the splat cooler is shown in Figure 1; the power
to the levitation coil was turned off, and the charge dropped
fhrough the plastic seal into the liquid. A cooling rate of

140°C/sec has been calculated for oil quenching (2).

(c) Chill Casting.. Chill casiings in a copper mold with
plate shaped mold cavity of 0.08" thickness, inserted in the
turntable in the enclosure in ?igure 1, were'maée and cooling

rates on the order of 10°°

C/sec were measured as previously
described. (1) |

" (d) Splat Cooling. Maximum cooling rates (on the order
of 105°C/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 unidirectionql inéot of mafaqing |
306 was cast using a composite mold of co2 sand and insulating
molding material, fibgrchrome. A water-cooled stainless steel
chill was located atlthe base opening of the mold. Thermal
measurements were made by utilization of four Pt-Pt/10% Rh
silica shielded thermocouples iocated along the length of the
ingot mold. Measured cooling rates and secondary dendrite arm
spacings at different 1oéqtions in this ingot are shown in

Figure 2.



Vacuum Melting and Furnace Co&ling

Scveral specimens of maraging 300 weighing approximately
700 grams were vacuum melted in an alumina crucible in a
Balzer furnace. These samples were solidified inside the
crucible by decreasing the 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
¢ooling rates versus dendrite arm spacings aré again shown in
Figure 2. _

The microstructure of maraging 300 alloy ;a shown
qualitatively to be refined by increased cooling f&tes in
Figure 3. Figure 2 is a plot of the secondary dendrite arm
spacing versus cooling rates. Secondary dendrite arm spacing
varies linearly with cooling rate on this log-log plot over
the range of cooling rates studied. Equation of the

experimentally determined relationship is:

qd = 39€-0.25

where d is secondary dendrite arm spacing in microns and ¢ is

the cooling rate dT/dt in °C/sec.
2.  ANALYSIS OF STRUCTURE AND HEAT FLOW OF ATOMIZED PARTICLES

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.siructures coupled



with data developed in the previous section have facilitated

a simple heaﬁ flow analysis during atomization.

Structure ¢ Atomized Particlés

‘The structures of steam 6r gas atomized powders were
evaluated using fineness of dendritic structure and porosity
as criteria. Tablé 1 sﬁows the different series.of coarse
powdefs received from IMT and studied. Figure 4 is a plot
of average secondary dendrite arm spacing.versus diameter of
coarse powders made by both steam and argon atomization.

Study of structures obtained reveal that:

‘(a) Average secondary dendrite arm spacing§ increase
with increasing size of atomized powders. There is a
tendehcy téward finer dendrité arm spacing as the superheht
is lowered, Table 1 and Figufe 4. There also seems to be a
change in fiﬁenesz of dendritic structure, ﬁen&e cooling
rates during atomization, depending on the quénching medium,
However, this latter trend is nhot conclusive and further -
examination of atomized powders is necessary.

(b) In steam atomized coarse powders, heats 30 - 147
and 30 - 148, there is a tendency towards a duplex dendritic
structure, see micrographs iq Figure 5. The finer dendrites
are on the outside layer of the pelleés #nd the coarser on
the inside. It appears that these larger pellets were only

partially solidified during flight; thus, the finer spacings



on the outside edges of the samples. The coarsef structures
must have resulted from quenching iﬁ the Qatef béfh below.
The steam formation around each peilet.in the watef bath
must cause a reduction in the heat transfer coefficient;
hence the coarser structures. |

(c) In general steam atomizéd powders exhibit a larger

amount of gas porosity than argon atomized powders} Figure 6.

Heat Flow During Atomization

Newton's Law of cooling for a sbherical-droplet with

"h controlled" heat transfer is written

daT
hA (T - To) = CppV 3t

where: To = medium temperature, % .
T = temperature of droplet;, °C
A = area of the Specimen, cm2
"V = volumg of the specimen, cm3
p = deasity of the specimen,_g/cm3
Cp = specific heat of the specimen, cal/g°c
h = heat transfer coefficient, radiation
plus convection, cal/cmésec®C

dT/dt = € = cooling rate at temperature T,
oC/sec. .

Using the above expression, a value for the combined
heat transfer coefficient of radiation and forced convection

during atomization may be calculated from cooling rates
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obtained from Figure 2, uéing measured secondary dendrite
arm spaeinés of dtomized droplets. For example, measured
secondary dendrite arm spacing of an atomized droplet, of
maraging 300 alloy 1 mm in diameter, is about 7 microns,
Figure 4. From Figure 2 we can estimate e corresponding

3°C/sec during atomization. Using the

cooling rate of 10
velues.ef heat capacity and density, of Fe-25% Ni alloy* and'
atomization temperarure of 150090, the value of h = 0.0095
cal/cmzsecoc and the Nussett number hD/k = 0.0082 are
ealcuiated, where D is the diameter of the droplet. Therefore,

heat flow during atomization is "h controlled",.since

hD/k << 1.

Solidification times can also be calculated from the
information available. Cooling rates of the order of 103°C/sec
were obtained in the thin plate chill cestings made from molten

levitated droplets. These measurements were made by embedding

“a small Pt-Pt/10% Rh thermocouple (No. 38 wire) in the side of

the plate castlng. The output was recorded on an oscilloscope
g1v1ng cooling curves over a temperature range of 1425°%C to
1300°C. It is assumed that the rate of heat extraction during
solidification is equal to the rate of heat extraction over
this temperature range. A heat balance for the "h controlled"

heat flow is made and solidification time computed.

- T S———————— e ern———

¥ l'or Fe-~-25% Ni alloy, the following values have been
reported(l,2): Cp = 0,107 cal/g°C, o = 8g/cm3, Latent
heat of fu51on, II'= 72 cal/g, and thermal conductivity,
k = 0,115 cal/cm secfC,



= at  _ v. '

where dT/dt is measured cooling rate in the temperature range

above, in the solid, and tf = solidification time, seconds.

& | - (3)
> |

30c/sec for a 1 mm

Using the predicted cooling rate of 10
dropiet of maraging 300 alloy,-é solidification time of
tg = 0.67 seconds is calculated from eduation (3).

A second method of predicting solidifiéatiop fime
theoretically has been outlined in a recent publication by
Szekely and Fisher (3). They have ¢onsidered solidification of
a metal droplet due to thermal rédiation alone. A very simple
asymptotic Solution is given, which is vﬁlid_for tﬁé éize,
range of atomizedrdroplets under consideration héreg The

equations of interest are:

2R/D = (1 - ce)l/3 o )
60E 4 . 4 | '
C = - 5E ['re (Tmp + 273) ] . (5)
where: R = position of the solidification front, cm
D = diameter of droplet, cm
o = Boltzmann's constant = 1.35 x lo'zcal/cmzsec-K4

E = toial émissivity of the droplet

o

T = temperature of the envifonﬁent,7 K



When 2R/D = 0.28B, 98% of the spherical droplet is solidified.
Therefore, we have used this ratio and an emissivity value of
0.5 in our calculations, with ali other data same as before.

The calculated value of C = 0.7 sec !

and the resultinc
solidification time t; = 1.4 seconds. This calculated value
is twice as large (s that estimated from measured dendrite
arm spacings and cooling rates. However, considering the
fact that only heat flow by radiation is cqnsideréd here and
the uncertainty of the data used, the discrepancy is

acceptable;
3. RAPID SOLIDIFICATION OF METAL ALLOYS

In line with the proposal submitted for the first year
of this investigation, Task II has been studyiﬁg the
feasibiligy of new and improved techniques in rapid solidifi-
cation of small to medium sized droplets of high temperatur:
mefallic alloys. .

A éet of copper chill molds were designed and constructed
to fit in our Baizer vacuum furnace. Figure 7 shows a section
of the mold used in casting of rapidly solidified maraging 300
alloy rods of 5/16" by 5/16" by 5" long. The structures of

these rods were examined in detail and secondary dendrite aim

.spacings measured. Figure 8 shows the structure of these

rapidly solidified rods, while Figure 9 shows the measured
secbﬁdary dendrite arm spacings along the small dimension o

the rods. Our results show that these castingsféxhibit



dendrite arm spacings consistentlf less than 15 microns.
These fine structures are quite comparable té coarse powder
structures obtained from the atomization process.

It is quite conceivable that a continuous production of
rapidly solidified rods of high temperature metallic al;oys
may be an alternhative method of obtaining initial, fine
structured, material for subsequent hot isostatic pressing
into large billeﬁs. In line with this approach,.a set of
rods of maraging 300 alloy, vacuum cast in our laboratory
were forwarded to IMT. for hot-isostatic pressing into a small
billet. Further segregation Studiés will be carried out on
this billet.

Finally, an electroslag remelting apparatus was also
constructed to make rapidly solidified rods. Initial
experiments have resulted in successful production of 1/2"

diameter castings with secondary dendrite arm spacings .less

than 15 microns.



3.

CONCLUSIONS

Secondary dendrite arm spacing in maraging 300 alloy
varies linearly with cooling rate to an exponent of

- 1/4.

Cooling rates during steam or argon atomization of
coarse powders of maraginé 300 alloy are in the range

2 to 103°%/sec with resulting secondary dendrite

of 10
arm spacings of 5 to 12 microns, in pérticles of 0.5

to 4.5 mm in diameter.

A continuous production technique of rapidly solidified
rods of metallic alloys may be an alternative method of
obtaining initial, fine structured, material for

subsequent hot-presqing into large billets.
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Table I

Samples of Atomized Coarse Powders

of Mafagiﬂg 300 Alloy Received from IMT

heat
numbe .t

30-137

30-147

30-148

30-172

tap

temperature atomization

3150°F

3090°F

3080°F

2845°F

argon

steam

steam

argon

particle size
-4/+5, ~12/+14, -14/+30

-4/+5, -8/+10, -16/+18,
-25/+30

~4/+5, -8/+10, -16/+18,
-25/+30

-4/+5, -8/+10, -16/+18,
-25/+30 |
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Figure 1. Sketch of levitation melting and casting apparatus.
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Figure 3. Variation of microstructure with cooling rate for

maraging 300 alloy. (a) Gas quench, (b) 1iquid

quench, (c) chill cast, (d) splat-cooled. Magnifi~
cation 200X.
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Fig:re 4, Secondary dendrite arm spacing versus diameter of
coarse powders of atomized maraging 300 alloy.
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Figure 5. Duplex dendritic structure due to sudden variation
in cooling rate. (a) Heat #30-148, mesh size -4/+5,
(b) Heat #30-148, mesh size-8/+10. Magnification 75X.
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Fi‘ure 6.

e o o i =

Photomicrographs of atomized coarse powder maraging
300 alloy, mesh size ~16/+18. (a) Heat #30-148,
steam atomized, (b) Heat #30-172, argon atomized.
Magnification 100X.
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Figure 7.
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Photograph of the middle section of copper chill mold
and cast rods of maraging 30C alloy. Top section is
part of thepouring basin made from COy sand.



e T
AR el
2 ""35_5-'1','5;...# L U ENTHREINTI T340 s 7y e roees £ A ¢ = -

Figure 8. Photomicrograph showing the cross-sectional dendritic

structure of rapidly solidified maraging 300 alloy rod.
Magnification 50X.
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Task III and Task IV

THERMOMECHANICAL TREATMENTS
and

MICROSTRUCTURE AND MECHANICAL PROPERTIES



'

Heat Treatment and Aging of
300 Grade Maraging Steel

Material cut from a 1 3/4" diameter forged bar of Vascomax 300
was used to study the response of different aging times and temper-
atures upon the hardness. Banding (see section on metallography) in
this barstock is more pronoqnced in the center of the bar than on the
outside. Specimens cut from different sections (center and circum-
ference) were therefomekept separate. The specimens were parallel
grourc on all sides so that hardness measurements in both longitudinal
and transverse directions of the bar could be made. The specimen |
size was 3/16" x 1/4" x 3/4".

AN speciméns were solutionized in air at 1500°F for one hour.
The average hardness after solution treatment is 31.6 R.. Aging for
1, 3, 8 and 24 hours at 800, 850, 900 and 950°F was carried out in
air in a furnace with a temperature control bett?r than $2°F. The

specimens were polished on 600 paper to remove the thin oxide layer

developed during aging.

Only minor and nonsystematic differences (0.5 R. or less) 1in
hardness for each aging treatment were found for longitudinal and
transverse directions and for differerit sections of the bar. |
Table 1 gives the average of 12 hardness measurements for each aging

temperature and time.
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Tasle 1.

Hardness of maraging steel (Rockwell C) after different
aging temperatures and times.

800°F 850°F 900°F 950°F
1L hr, . 48.9 50.2 51.1
3_hrs. 48.7 52.1 52.2 51.7
8 hrs. 51.8 53.3 153.0 51.9
24_hrs. 54.0 53.5 §3.2

The recommended aging treatment for 300 grade maraging steel is
3 hours at 900°F. Our data show that a higher hardness can be obtained
by aging at Tower temperatures for longer times. This is a confirma-
tion of earlier research(I). For practical applications a short
aging time is of course desirable and a 3 hour aging treatment at 900°F
gives a hardness close to the maximum obtainable.
Metallography

Banding is a recurring problem in maraging steels. The bands show
up on polished sections after a one-half to two minute etch with
15% nital. Different explanations have been given for this problem(2’3)
but all agree that it is due to segregation of alloy constituents in
the ingot.. '

A longitudinal cut through the.center of the bar showed a moderate
degree of banding as seen in photograph #1. The heaviest banding was
obserQed near the center of the bar. Photograph #2 shows stringers of

inclusions runnihg para11é1 to the bands and to the direction of rolling.



Tre inclusions are Ti,S (1 phase) and Ti(C,N) as shown in photographs 3
and 4 respectively. These are the normal inclusions found in maraging
(4)

steels

Tensile Properties

Tensile specimens were machined from different sections of the
bar and tested after solutionizing and after aging. The specimens .
had a 0.160" diameter (1" long reduced section) and were testad on an
Instron machine with a strain rate of o.oé“por minute. An extensometer
was used in cach case.

A1l the results are given below in table form. Included are some
results from IMT material #3148 (atomized and extruded Vascomax 300).

Material taken from the center of the bar shows lass ductility
than méferial taken from the outside for both solutionized and for fully
hecat treated specimens. The values for UTS and 0.2% offset are in
good agreement with values reported in the 1iterature. The IMT material
shows very much less ductility, especially in the aged condition. The
UTS and 0.27% offset have only chaﬁged 1ittle. The material contains
a large number of inclusions, some of which are over 100 microns in
diameter. A microprobe analysis showed that the inclusions contain
Ti and Al and some Fe, Ni, Co and Cr. It was concluded that the
inclusions are oxide particles formed during atoﬁization.

The scanning electron microscope was used to study the fracture
surface of the tensile specimens, The surface of specimens in the
solutionized and in the aged condition have the appearance of a fully

ductile fracture surface. No cleavage or intergranular fracture was
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detected anywhere on the fracture surface. Photograph #5 shows the
shear 1ip of specimen #8 (aged for 3 hours at 900°F). The void size

‘is secn ta be quite unifom cxcept for some very large voids. The

large voids contain inclusions. Picture ¥6 is a photograph of one
of thiose areas at a higher magnification.

The fracture surface of the IMT material shows a large number.of
inclusions (picture #7) but is still fully ductile.
Fatigue

Fatigue specimens witﬁ a 0.15" diameter, 0.3" long reduced section,
were machined from the same cunmercial bar and aged for 3 hours at
900°F in afr. The specimens were tested in tension-compression on a -
Baldwin SF-1 fatigue testing machine. The results of all tests are
given in Table 3. A plot of life vs ]oad is shown in figure 8.
Table 3 also shows the hardness of the specimens after aging and testing.
No correlation between hardness and 1ife at a particular load was found.
Similarly, there does not seem to be much difference if the specimens
are taken from the center or the circumference of the bar. At 90 ksi
specimens 5, 6 and 12 are from the circumference; specimen 11 is from
the center. At 80 ksi specimems 8, 10, and 13 are from the circumference -
and specimen 7 from the center. The scatter in the data is however not

uncommon for these high strength materials.



Table 3,
Fatigue data of Vascomax 300 in aged condition.

Specimen  Load Life Hardness
ks cycles x 103 Re
1 200 15 53.0
2 150 20 52.7
3 120 ) 52.3
4 100 80 52.3
5 90 72 52.5
6 90 274 53.2
n 90 218 53.0
12 90 2273 52.7
7 80 498 52.9
8 80 116 52.9
10 80 423 52.6
13 . 80 937 52.9

9 . 70 5330 specimen

did not

break
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75X

Figure 1. Banding in commercial 300 grade Maraging
Steel. 15% nital etch, 30 sec.

150X

Figure 2. Stringer of inclusions in commercial
300 grade Maraging Steel. 15% nital
etch, 1 minute.



- 750X
Figure 3. Ti,S (r phase) inclusions in commercial
306 grade Maraging Steel, ,

750X

Figure 4. Ti(C,N) inclusions (square particles)
in commercial 300 grade Maraging Steel.




550X
Figure 5. Fracture surface of aged 300 grade

Mara 1n? Steel. Note the inclusions
in the la

rge voids.

 2200%
Figure 6. Large void on the fracture surface of
a aged Maraging Steel containing inclusions.
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Figure 7. Fracture surface of atomized and extruded
Maraging Steel. Note the large number
of inclusions present in this material.
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TASK IV - MICROSTRUCTURE AND MECHANICAL PROPERTIES

(Tensile Properties and Stress Corrosion Cracking)

Personnel

A.S. Argon, Professor of Mechanical Engineering
K. Ghosh, Visiting Engineer
R.A.S. Lee, Research Assistant

Research Report

Introduction - |

A‘Itbpugh some initial planning on the program was done during the
sumimer of 1970, the actual investigation commenced on September 15
with the addition of K. Ghosh and R.A.S. Lee to the program.

Work progressed in the following three areas: computations of strain
fields and triaxial stresses in the neck region of a tensile specimen;
tensile deformation experiments; design and manufacture of equipment for
stress corrosfon cracking experiments.

I Plastic Strain and Triaxial Stress Fields in the Neck of Circum-
ferentially Grooved Tensile Specimens -(some of this work has been per-
formed jointly under an NSF Sponsored Program on ductile fracture)

- To determine the local conditions of triaxial stress necessary for
hole formation by tearing away of Lhe matrix from the inclusion, two
1imiting yfeld solutions were inavestigated. The triaxial stress state
along the median plane of the neck, normal to the axis and along the
specimen axis were calculated from a) the elasticity solution of Neuber
for a Poisson's ratio of 1/2 to simulate 2 1inearly hardening continuum,
and,b) - the generalized approximate solution of Bridgman for a non-harden-
ing rigid material. The followirg analytical expressions were estab-
1ished: .

a) For a linearly hardening material with neg'ligiblé yield stress, the
triaxial stress at any point having coormifnates (r, and z) [see FigIv-1]



5
L - c/(c"fp?-l)z'ru’ - (22 +p2 - 1)
(c2 + p2 - 1)2 + 42

where =2 , p3r c=a %*l
¢

while p= ;'-zr is the nominal stress across the neck.

b) For a non-hardening rigid material with yield stress VY.
The triaxial stress along the median plane ( z= 0).

X | 2
T = Nin /2R + 2% ¢2 +1/3
.4

The triaxial stress along the axis ( r=0 ) forz<a /1 + 2R :

o 4+ln(2¢R+a2] w (- 2 VJ-nu
LA [ a ( aaf+2m) I

As is clear from inspection of the equation above, in a linearly
hardening material with quasi-elastic loading behavior the maximum triaxial
stress occurs on the surface of the necked region while in the non -
hardening material it is in the center of the necked region. For this
reason fracture initiation should occur on the surface in a rapidily har-
dening material and in the interior in a non-hardening material.

To determine the local equivalent plastic strain necessary for hole
formation by tearing aw2y of the matrix from the inclusion a geometrical
calculation was performed based on the Bridgman model leading to the fol-
lowing solution for a point on the specimen axis.



2
EP = 1n Ro (1- ¢cos ao)

Ri2(1- cos a,)

Where the quantities Ra..R;. a,and a,, defined in Fig. IV-1 are
calculable by & computer program from the fnftial and final geometries of
the neck region of the specimen.
' Based on'the above analysis it will be possible: a) to give bounds '
for the triaxial stress and total plastic strain for inclusion separation,
by measuring the coordinates of the inclusion which is seen in the axfal -
micro section to have separated from the matrix; and b) to detemmine
the same parameters of triaxial stress and plastic strain for actual frac-
ture by hole growth. ' -

II Tensile Deformation 'of Vascomax 300

Tensile experiments were performed on Vascomax 300 maraging steel
in both the as received conditicn and the austenitized-quenched-and-aged
condition. The n_sults of thesc experiments are as follows:

a) As Received Vascomax 300 ,

Both smooth bar and pre-grooved round tensile specimens were strained
to fracture at room temperature. The true stress-strain curve of the
smooth bar for this materfal is shown in Fig. IV-2. As can be seen,the
material yields gradually over a strain range of 0.03 and reaches flow
' stress of 150 ksi which rises slowly and nearly linsarly to 175 ksi at
a strain of 0.62 where fracture occurs. In the flow region the strain
hardening. rate is 42 ksi. These results are susmarized in Table IV-1,
| The dependence of the true strain to fracture on the triaxial tensile
stress was investigated by a series of circumferentially grooved tensile
spacimens of different inftial neck radif of curvature. The results of these
experiments are summarized in Table IV-2, and in Fig. IV-3.

b) Austenitized-quenched and aged (at 900" F) Vascomax 300

The same experiments outlined in part a) were performed on hardened
Vascomax 300 specimens. The stress-strain curve of the material is
shown in Fig. IV-2. Yielding again occurs gradually and is complete after
a strain of 0.03, where a flow stress of 230ksi is reached. The strain
to fracture is now markedly reduced and occurs at a strain of 0.11.



l

The dependence of the true strain to fracture on triaxial tensile
stress obtained by circumferentially grooved specimens 1$ shown in Fig.
IV-3, and also susmarized in Table IV-2.

Evidently the efféct of aging is to reduce the strain to fracture
drastically. How this comes about by a change of prcipitate size and
spacing is now under investigation. Also under investigation are the
conditions of hole nucleation by inclusion tear-away.

Furthermore, a bar of hot, isostatically pressed Vascomax 300 has
been obtained from IMT for a parallel comparative investigation.

III Plane-Strain Fracture Toughness and Stress Corrosion Cracking
Experiments

A considerable amount of time was expended in surveying the literature
and gathering up-to-date information on plane strain fracture toughness
testing via the so-called “Manjoine* specimen and the constant stress inten-
sity specimen of wedge geometry.

Two simple scissor shaped test frames made of Hastaloy are now under
construction for stress corrosion cracking experiments in chloride solu-
tions. The test frames, loaded by compression springs and equiped with
load cells and LVDT extensions will be capable of measuring crack growth
rates in constant-stress intensity, wedge shaped specimens. These
experiments on both commercial Vascomax 300 and hot-isostatically pressed
Vascomax 300 will cosmence within Fobrulr.v.




TABLE IV - 1

Tensile Behavior of Vascomax 300

Yield Strain-Hard U.T.S. Uniform Reduction of

Stress Rate Strain Area
kst ksi kst
Unaged 150 42 220  0.027 0.710
Aged - 230 45 262  0.06 0.512
TABLE IV - 2

Tensile Ductility under Triaxial Stress of Vascomax 300

Unaged Viseou‘x 300
(a1 dimensions in inches)

R N
0.125 0.125 0.068 0.145 2.13 0.665 1.058 1.09
0.250 0.125 0.098 0.141 1.44 0.682 0.876 1.15
0.500 0.125 0.112 0.138 1.23 0.696 0.816 1.19
1.250 0.125 0.182 0.129 0.71 0.733 0.666 1.32

© 0125 0.082 0.067 0.67 0.710 0.710 1.23

Aged  Vascomax
(a11 dimensions in inches)
Ry, % R a  aR :‘rf;
0.125 0,125 0.101 0.220 2.18 0.226 1.070 0.256
0.250 0,125 0.112 0.208 1.86 0.307 0.991 0.368

0.500 -o;izs'o.m 0.189 1.41 .. 0.430 0.868 0.559
1.250 0.125 0.164 0.176 1.07 0.505 0.758 0.702
o 0.125 - 0.208 0.087 0.42 0.512 0.524 0.714

oT/Y Ef




F‘ﬁ -/ Gma‘r)/ of fhe undeformed and
deformed neck in czrcmﬂdnhallr ]rmm(
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