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TASK I -1 

Processing of Alloys 

I.     INTRODUCTION 

Task I work on structure and property control through rapid quenching of 

liquid metals during the present reporting period has included three major aspects: 

(1) study of the relation of meial chemistry to oxide pick-up in steam atomization, 

(2) p eduction of consolidated bar material for property determination in Task ill, 

and (3)   study of the inter-relationships of powder chemistry including "inert" gas 

content, hot isostatic pressing parameters, and heat treatment on riicrostructure 

of low carbon and normal carbon IN-100. 

EXPERIMENTAL WORK 

A.    Melting and Atomization 

Table I summarizes all melting and atomization runs carried out by Task I. 

I.    Maraging Steel 

Previous experience with steam and argon atomization in an open 

system of marcging steel to produce a coarse rounded powder in the 

500 - 5000 micron size range has shown that the easily oxidizable elements 

titanium and aluminum are "lost" in atomization.   Secondly, powder particles 

show a dispersion of oxide inclusions, with a general trend of larger inclusions 

in the smaller metal powder particles.   Thirdly, oxygen level in the tundish 

stream at the point of atomization has been shown to be as low as 40 ppm. 

Present work was aimed at determining the effect of carbon level in the 

melt on oxygen pick-up in steam atomization for an alloy whose atomization 

characteristics were known.   Accordingly, 20 lb. heats of a "300" grade 

maraging steel were atomized with nominal carbon levels of 0.2, 0.4, 0.6, 

0.8, and 1.0 wt. %.   It is recognized that the transformation characteristics 

of this grade would be destroyed at the carbon levels used, but the primary 

interest was in metal chemistry.   Coarse powder produced in the experiments 
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(See Table I) was chemically cleaned, screened into separate size fractions, 

and analyzed for carbon and oxygen.   Results are summarized in Table II. 

The oxygen levels in the powder fractions are substantially independent 

of carbon level and similar to levels previously found in coarse powder of 

this alloy.   Cooling of the liquid metal droplets after atomization and simul- 

taneous oxygen pick-up apparently occurs too rapidly for oxygen to be 

removed by a carbon deoxidation reaction.   Structurally the oxygen contents 

are partially accountable as a dispersion of oxide inclusions. Figure 1. 

2.    Stainless Steel 

Investigation of the effect of chromium level on oxygen pick-up in steam 

atomization of a 10% Ni stainless steel was also carried out.  Atomization 

conditions are given in Table I.   Nominal metal chemistries and oxygen levels 

of various powder fractions are given in Table II.   Oxygen levels of the frac- 

tions are substantially independent of chromium level for the range investigated. 

Melt oxygen was higher than for mcraging steel, possibly due to melting prac- 

tice which used separate components , including low carbon ferrochrome instead 

of vacuum melted and fully prealloyed melt stock. 

Oxygen level increased at smaller particle sizes and was generally lower 

than for VM-300 maraging steel (compare data in Table II).   Structurally, 

a fine dispersion of rounded oxide inclusions was found. Figure 2.   Except for 

the 12% Cr composition, which had the highest oxygen level (Table II), there 

are generally fewer very fine inclusions in thcs -25/+30 mesh stainless powders 

compared to maraging steel.   This difference and the generally lower oxygen 

level for the various stainless steel powder fractions indicates that metal 

chemistry has a pronounced effect on the mechanics of oxygen pick-up. 

Aside from the thermodynamics of oxidation of a particular composition, 

"secondary" variables such as metal/oxide (oxide may be liquid) interfaclal 

energy and liquid phase viscosity may influence the mixing of surface oxide 

into the liquid metal droplets during the "sheanng" action of atomization. 

Thus the final oxygen level in a coarse powder after cleaning cannot be gener- 
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J ally predicted, but mwt be determined experimentally for a given 

composition. 

3.    Cobalt Alloys 

, One heat of a modified Mar M 509 composi» ion was steam atomized 

and cleaned for processing by hot isostatic pressing plus extrusion.   Nominal 

composition is given in Table II.   Chemical cleaning reduced oxygen in the 

coarse powder to ä. 400 ppm, (Table II). 

B'       Powder Consolidation 

1.    Objectives 

Powder consolidation was carried out by hot isostatic pressing, hot 

isostatic pressing followed by extrusion, and direct extrusion.   Objectives 
were: 

a. Produce material for testing of high temperature properties 

by Task III. 

b. Study the microstructural response to hot isostatic pressing 

parameters. 

c    Study the response to heat treatment of material consolidated 

by hot isostatic pressing with particular attention to "thermally 

induced" porosity. 

With respect to the last objective, it has been recognized that a limita- 

tion to the use of .uperalloy powder products for applications at > 1600OF 

has been srrall groin size.   Powder consolidated by extrusion frequently has 

a grain size || the 1*1-5 miclon range.   "Successful" grain coarsening treat- 

ments increase the size to -10^, but cast grain size of IN-100 parts (for 

example) for high temperature application ( > 1600OF) is usually ,1500^ . 

With normal carbon IN-100, as reported earlier, grain growth is limited by' 

carbide networks around prior particle boundaries.   When the carbon level 

Is reduced, large grain material may be produced but void formation frequently 

accompanies grain growth. 
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2. Hot Isostatic Pressing Runs 

All hot isostatic pressing runs completed in the present reporting 

period are summarized in Table III.   HIP extrusion billets were all 

successfully extruded.   IN-100   HIP bars were used primarily for study 

of nicrostructure dependence on heat treatment. 

3. Microstructures 

As discussed earlier, the usefulness of powder metallurgy processing for 

control of structure and high temperature properties ( 9 1600 F) of superaMoys 

depends in some alloy  systems on the response of consolidated mai^rlal to 

grain growth heat treatments.   Since hot isostatic pressing may ultimately be 

used for production of finished parts, it was considered useful to determine 

the heat treatment response of HIP material produced from low carbon IN-100 

powder.   Accordingly, microstructures were examined for a variety of pressing 

conditions and heat treatments. 

a. HI P @ 2000OF (« frsolvus) 

Low carbon IN-100 powder was consolidated to substantially 100% 

density (Run #5, Can No. 2A37, Table III), Figure 3.   Heat treatment 

above the/'solvus produces substantial grain growth (*• 300^ g.s.) but 

also an "unstable" grain boundary structure and a few "thermally induced" 

pores. Figure 4.   Additional time at 22750F increases grain size to#.400-50^, 

reduced the "disturbance" at the grain boundaries, but also generates large 

round pores. Figure 5. 

b. HIP@2250OF (<^'solvus) 

Porosity formation during heat treatment after HIP at 2000 F might 

be attributed to incomplete bonding between particles.   However, material 

pressed at 2250OF (Run '3, Can No. 2A20, Table III), which is just below 

they'solvus, showed identical structural behavior during heat treatments 

as in Figures 4 and 5. 
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c. HIP ® 22750F ( > y solvus,   < solidus) 

To avoid pore formation during grain growth, direct HIP processing 

above the^T'solvus was carried out (Run *1, Can No. 2A42, Table III). 

A grain size of <w 20(LM was achieved along with some massive white 

phase at grain boundaries, "stable" grain boundaries, and no "large" 

pores. Figure 6.   Subsequent heat treatment and grair. growth tc ,**40^4*  g.s. 

of this material again resulted in an "unstable" grain boundary structure 

and formation of pores, Figure 7. 

4.    Gas Analysis 

In many systems, pore formation during powder compaction processing is 

attributed to residual gas.  The gas species vary from system to system.   In 

superalloy powder metallurgy, "inert" gases such as argon and helium have 

been suspected to play a role in pore formation.   This avenue was explored by 

gas analysis of the low carbon IN-100 powder used in the structure studies 

described above.   In addition, a very high temperature, 2270 F, 1 hr.,. 

vacuum bake-out was used on the same powder and a normal carbon IN-100 

powder before sealing fb: HIP processing (Run #9, Can' '2D13, 14, and 15, 

Table III).   The HIP compact materials were finally analyzed for gases and 

the structural response to grain growth heat treatment determined. 

Argon content of the R.E.P. powder, 1.6 ppm (Table IV) appears signif- 

icant considering that argon is not used in the powder manufacturing processing. 

Powder was handled in air, however, and some adsorption of the **9400 ppm 

argon normally in air may have occurred.   High temperature outgassing reduced 

the argon level by an order of magnitude.   Structural response to heat treatment 

was substantially identical to that previously observed for the alloy. Figure 8, 

(Run *9, Can #2D13, Table II), indicating that "inert" gas, if it influences 

pore formation, does so at a level of 0.1 ppm or less. 

Normal carbon IN-100, degassed, at 2270OF, 1 hr., HIP'ed @ 2270OF, 

2 hrs., and heat treated at 2300OF for 2 hrs., showed no sign of unstable grain 
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boundaries or pore formation. Figure 9 (Run ^9, Can *2D15, Table II). 

Carbide spheroid!zation occurred. The argon level in this material was 

low. Table IV. 

For low carbon IN-100 during grain growth heat treatment at 2270OF/ 

pore formation has been shown to be independent of prior HIP conditions 

and independent of outgassing treatment (1200 F  vs    2270OF).    If argon 

influences pore formation, it does so at a level of 0.1 ppm or less for the 

low carbon alloy (influence of higher argon levels has not been determined). 

Carbon at a level of 0.17% prevents pore formation but also prevents grain 

growth by a carbide pinning mechanism. 

5.    Extrusions 

Five alloy powders were supplied as w 1/2" ^  core extruded rods to 

Task III.   Three extrusions (Mar M 509, C52-06; Cobalt-hafnium, CH6; 

and Cobalt-hafnium, CH 7) were produced from hot isostatically pressed 

extrusion billets (see Table III).   One direct powder extrusion of a Ni-Cr-AI 

alloy and one direct powder extrusion of low carbon IN-100 were supplied 

to Task III. 

Grain growth heat treatment of the low carbon IN-100 extrusion material 

produced unstable grain boundaries and pores in short time. Figure 10. 

Similarity of this structure with those previously described indicates that the 

structural response of the low carbon IN-100 alloy to grain growth treatment 

is substantially independent of consolidation method. 

III.    CONCLUSIONS 

In steam atomization, the extent of oxygen pick-up for a given particle 

size depends critically on metal composition.   Quenching rate is too high for 

liquid metal carbon deoxidation reactions to take place to any significant extent 

in maraging steel. 
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The structural response of IN-100 to grain coarsening, required for 

maximum high temperature strength, is substantially independent of 

consolidation method, and outgassing technique provided inert gas 

levels are   «w 1 ppm or less.   The main independent variable influencing 

pore formation and grain growth appears to be carbon level.   For .02% 

carbon pores form at grain boundaries during grain growth.   At . 17% C 

grain growth is inhibited by carbide particles and networks.  The range 

of carbon from .02% to «^.15%   should be investigated in several steps 

to determine if high temperature properties can be maximized using a powder 

metallurgy process route which generates large grain pore free material. 
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Figurt 1.     Moraging Steel VM-300.   Steam atomizatlon.   L to R, Ht. No$. 
233 (1%C), 234 (0.8%C), 235 (0.6%C), 236 (0.4%C), 237 (0.2%C). 
-25/+30me$h.   Oxide inclmioni.   Unetched.   500X. 

Figure 2.     Stain lew Steels.   Steam atomlzation.   L to R., Ht. No$. 
238 (12% Cr), 239 (18% Cr), 240 (24% Cr).   -25/+30 
meih.   Oxide inclusions.   Unetched.   500X. 
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Figure 3 

IN-100, low carbon, R.E.P. powder. 
-35 mesh.   HIP @ 2000ÖF, 29,000 pji, 
2hn.   As pressed.   Etched.   100X 

Figure 4 

Same material as Figure 3 plus 2275 F, 
2hn. A.C.   Etched.   100X 

Figure 5 

Same material as Figure 3 plus 2275 F, 
5hn.  A.C.  Etched.   100X. 
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IN-100, low carbon, R.E.P. powder, 
-35 mesh.   HIP @ 2275°V, 28,300 p«i, 
2 hrs.   As pressed.   Etched.   100X. 

Figure 7.     Same material as Figure 6, plus 22750F, 
1 hr.  A.C.   Etched.   100X. 
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Figure 8 

IN-100, low carbon, R.E.P. powder, 
-35 mesh.   Outgassed @ 2270 F, 1 hr. 
before vacuum sealing.   HIP @ 2270 F, 
28,700 psi, 2 hrs. + H.T. 2300 F, 2 
hn.  A.C.   Etched.   100X. 

Figure 9 

IN-100, normal carbon, R.E.P. 
powder, -35 mesh.   Outgassed @ 
2270OF, 1 hr. before vacuum sealing, 
HIP@ 2270oF, 28,700 psi, 2 hrs. 
+ H.T.@2300OF, 2hr.  A.C. 
Etched.   100X. 

Figure 10 

IN-100, low carbon, R.E.P. powder, 
-35 mesh.   Extruded @ 2075OF, 25X 
+ H.T.   2270OF, 15 min.   A.C. 
Etched.   100X. 

r-^ 
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I.  INTRODUCTION 

In this part of the program, a new process for atomlzatlon of 

metal powders was developed.  The process, called "fllatomizatlon," 

entails atomlzatlon of an alloy melt by forcing It through porous 

ceramic filters. 

Of all the various powder manufacturing processes available 

this particular process of filatomlzation is unique for various 

reasons:  (1) filtration of undesired oxide and foreign particles 

occurs simultaneously with powder drop formation, (11) the required 

experimental apparatus is not complicated—an attractive economic 

advantage, (ill) fairly spherical metal powders are produced, thus 

minimizing the surface area to volume ratio, and (iv) control of 

powder size is governed by the filters used. 

A series of experiments, using pure aluminum and a 7075 

aluminum alloy, were conducted to investigate the governing parame- 

ters for the production of metal powders by filatomlzation.  The 

independent variables in this series of experiments were: 

1. Filter material pore size 

2. Temperature at which filatomlzed 

3. Mode of pressure application 

4. Geometry of setup and charge composition. 
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The effect of the above on the following dependent variables 

was investigated: 

1. Required pressure 

2. Size and distribution of powders formed 

3. Fraction of melt successfully filatoraized 

4. Microstructure of metal powders 

5. Mechanical properties of billets made by cold 

compaction and subsequent hot extrusion of the 

7075 alloy powders. 

II.  APPARATUS AND PROCEDURE 

A. Apparatus 

An apparatus previously used in filtration studies of aluminum 

alloys was redesigned to carry out the experiments outlined in the 

previous section. A schematic of the apparatus for the production of 

metal powders through filters is shown in Figure 1. The overall experi- 

mental setup is shown in Figure 2, 

The apparatus consists of a pressure vessel within which a 

graphite crucible is placed containing the metal charge and a filter 

assembly located below the charge.  The crucible is covered with an 

insulating shield made out of fiberfrax.  RF indue'ion heating is 

employed within the chamber.  The chamber is 10" in diameter by 8" 

high.  This chamber is placed at a height of 7 to 8 feet to allow | 
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long enough freefall distance for the «etal powders to solidify. The 

liquid aei.il, which is aelted in situ, is filatonized by pressuring 

the chaaber with an inert gas. 

The filter «edia eaployed (sintered discs of aliaina or quartz) 

is coapletely contained within a graphite filter assembly, which in 

turn is mounted in the crucible with a taper fit.  Hence, pressuriza- 

tion of the top of the aelt forces »iquid metal down through the 

filter. Figure 1. 

Other specific features of the assembly shown in Figures 1 and 2 

include the following: 

1. A safety valve is located on top of the chamber. 

2. An inflow and outflow valve, incorporating a 

pressure gauge is located on top of the chamber. 

3. The chamber is connected to a vacuum pump through 

a 1/2 inch diameter pip«. 

U,    Watercooled feedthroughs for the RF coils are 

located on the side of the chamber.  These are 

teflon insulated to electrically Isolate the 

vessel from the RF coils. 

5.  A thermocouple feedthrough is located on the side 

of the chamber to permit measurement of the melt 

temperature. 
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A tapered graphite crucible was designed and machined as shown 

In Figure 1.  The crucible is mounted on the base of the vessel by 

six stainless steel bolts utillElng an asbestos Insulating gasket. 

With this construction, upon pressurlzatlon, the crucible is under 

pressure from all sides except the bottom, and a pressure differen- 

tial is set within the crucible between the melt and the lower chamber. 

The copper coils for the RF heating are -rranged so that a uni- 

form temperature profile exists along the entire length of the filter 

container assembly. 

The particular design advantages of this apparatus are: 

1. Accurate temperature control before and during 

fllatomizatlon is possible. 

2. The vessel may be pressurized gradually or 

instantaneously, while the pressure differential 

is measured continuouslv, 

3. Potential leakage problems around the crucible may 

be detected before the actual f1latomizatIon 

ope rat ion. 

B.  Production Procedure 

The filter was mounted within the filter container assembly 

shown in Figure 1.  The spherical drops (powders) exiting from the 

filter were exposed to the atmosphere; no inert gas was injected at 

the exit port.  The powders were collected in a can located 5 feet 



J 

-27- 

below the filter thus allowing them to completely solidify before 

reaching the collector can.  Sintered A1„0. porous disc filters of 

87-100u and 31-36p pore sizes and sintered quartz discs of 90-150p 

and 40-901J pore sizes were used.  The alloys used for filatomization 

were 99.993; Aluminum and 7075 alloy of Al-7.3% Zn - 3.2% Mg-2% Cu 

-.25% Cr nominal composition.  The 7075 alloy was prepared using pure 

zinc and magnesium, 99.99% Al, Al-50% Cu master alloy and an Al-20% Cr 

master alloy.  The melt was degassed with chlorine prior to pouring. 

The operational procedure for the following experiments was to 

melt about 200 grams of the alloy in a nitrogen atmosphere and super- 

heat it to8 00oC.  The power was then gradually decreased reducing the 

melt temperature to a predetermined level, T .  The pressure above the 
F 

melt was gradually increased until metal drops (powders) started to 

exit from the filter.  The procedure employed and the temperatures and 

pressures used are listed in Table I.  Size distribution curves of the 

resulting powders obtained from the various filters were determined by 

sizing (sieve analysis) and weighing of the powders. 

The remnant metal above the filter (metal which did not go through 

the filter), the powders and flakes produced, and the filter itself were 

all metallographically examined.  Keller's etch was used for the micro- 

structural investigation of the powders.  Macroexamination of the powders 

and flakes was done by scanning electron microscopy.  The A1_0_ content 

of the powders, flakes and the remnant metal above the filter was 
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determlned by chemical analysis.  Powders made by this process were 

compared with 7075 commercial powders (made by centrifugal atomization) 

purchased from Reynolds Aluminum, and 7075 alloy of nominal composition, 

Al-7.5% Zn-2.4% Mg-1.0% Cu-0.2% Cr-1.1% Fe-1.0% Ni, splat cooled by 

J. P. Durand(1). 

C.  Classification and Processing of Powders 

Pound lots of filatomized spherical powders and flakes were pro- 

duced using various filters as described above.  No particular powder 

or flake size was selected for the extrusion process, bur rather all 

the filatomized spherical powders were mixed carefully and used for 

the extrusion.  The size distribution of these powders was measured 

and calculated.  The same was done for the filatomized flakes.  The 

filatomized powders, filatomized flakes, commercial 7075 powders*, and 

t^ie splat cooled 7075 flakes  were all cold compacted under 20,000 psi 

pressure into two 3 inch O.U. by 2 inch I.D. 6061-T6 aluminum cans. 

The location of the various powders and flakes in the cans was carefully 

noted for reference.  The above were compacted to 70% density.  The top 

caps of the cans were then welded on, and the cans were leak checked 

before evacuation. 

The extrusion billets were evacuated at the solutionizing tempera- 

lure of the «Hoy.  For the filatomized powders and flakes and the 

Reynolds' powders a solution temperature of 476.20C was employed.  The 

* 
Purchased from Reynolds. 

** 
Made by J. P. Durand (1). 
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billets were heated under vacuum for 2 hours to reach the solution 

temperature, held at that temperature for an additional hour and 

furnace cooled.  The billets were then sealed, soaked at 300oC for 

4 hours and extruded at 300oC at a reduction ratio of 20 to 1.  The 

extruded rods had a final diameter of 0.67" and a core diameter of 

0.41". 

The extruded rods were then machined down to the core diameter. 

Ten 0.75" long sariples were cut from each extruded rod, and the solution 

temperature and ageing kinetics of the alloys were studied.  All the 

solution treatments were given in an air furnace equipped with automatic 

control.  Artificial &?elng was done at 1210C (250,,F) for various times. 

D.  Mechanical Testing 

Tensile tests on all materials uere performed with a standard 

1/4 - 20 thread tensile specimen, with a 1.0" gauge length and 0.16" 

diameter.  Several test specimens were machined from each billet. 

These specimens were then radially and longitudinally polished on a 

lathe with #600 emery paper.  After cleaning in Acetone, the specimens 

were again radially polished on a lathe with wenol metal polish.  All 

tensile tests were run on an Instron machine at a constant crosshead 

speed of 0.05 inch per minute.  The elongation, reduction in area, 

yield strength and ultimate tensile strength were measured.  Finally, 

the fractured surfaces of the tensile specimens were studied by 

scanning electron microscopy. 
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III-  RESULTS AND DISCUSSION 

A.  Powder Formation 

Experiments carried out in production of powders of pure 

aluminum and a modified 7075 alloy by filatcnization have been 

summarized in Table I.  The different variables (i.e., temperature, 

filter media, pressures, etc.) for each experiment are also listed 

in Table I. 

Various size spherical powders made in Runs fl and //IS are shown 

in Figure 3.  Occasionally, liquid streams exiting from adjacent pores 

coalesced to form large liquid metal drops.  Large drops thus formed 

did not completely solidify in flight and "splatted" in the collector 

container, forming flakes. Figure 3(e). 

SEM view of spherical metal drops (powders) emerging from the 

pores of a sintered Al^ disc, with an average pore size of 87-10Üp, 

is shown in Figure 4(a).  The neck region of one of the powders is 

shown in Figure 4(b).  The exiting stream of liquid metal becomes 

spherical in shape due to surface tension forces, and subsequently 

drop detachment occurs.  Häuser and Edgerton^ have investigated the 

steps of formation and detachment of drops from the end of vertical 

tubüs.  They show that a waist forms first and rapidly necks down into 

a stem which then breaks off close to the top of the drop.   Harkins 

(3) 
and Brown "  have derived an expression for drop formation using a 

force balance between gravity and surface tension: 



mg 
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TTdaf ( -,,,) (1) 
v 

where 

mg ■ weight of drop 

d ■ tip or orifice diameter 

o ■ surface tension 

V = drop volume 

f ( —  )  ■ an empirical correction factor that takes into 
yl/J 

account the shape of the drop.  In case of an 

ideal spherical drop the value of this function 

becomes unity. 

This type of analysis does not take into account formation of an oxide 

layer, solidification, or large temperature gradients that exist below 

the filter in filatomization. 

A large number of available pores in the bottom of the filter 

are not utilized during drop (powder) formation, Figures 5(a) and (b). 

Liquid metal preferentially flows through paths of least resistance, 

causing a channeling phenomenon to occur.  Increasing filatomization 

pressures leads to utilization of a greater number of pores, which in 

turn can cause consolidation of drops from adjacent pores (i.e., less 

than one dro, diameter apart). Figures 5(c).  In the extreme case, 

consolidation of many liquid drops results in formation of large drops 

which do not completely solidify in flight and splat against the 

collection container forming the flakes shown in Figure 3(e). 
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There is a correlation between superheat and size of drops 

(powders) forming when A1.03 filters are used.  Figures 6(a) and 6(b) 

show size distributions ct the resulting powders from Run »11  (TF-700
oC) 

and Run //16 (T =7420C), respectively.  A higher percentage of larger 
F 

particles forms with increasing superheat, within the temperature 

ranges studied. 

It was found that Al^ filters were more amenable to filatomiza- 

tion than the Si02 filters.  Si02 filters of 90-130y pore size were used 

in Run #8 (T -7690C) and Run N (T -650oC).  In both runs large drops of 
F " 

the 7075 alloy were formed, which in turn splatted against the collection 

container below.  Size distribution analysis of spherical drops formed 

through an Si02 filter, Run H  (TF=769
0C) is shown in Figure 7(a). 

(4) 
Liquid aluminum wets Si02 much more readily than it does A1203 

Hence, in cases where drops of metal consolidate below the filter, large 

drops can easily spread out on the Si02 filters, leading to formation 

of the flakes described above.  It is also possible that in Si02 filters 

the molten aluminum penetrates through more pores (i.e., less channeling 

occurs).  This in turn would result in increased consolidation of drops, 

subsequent spreading, and thus formation of large drops. 

Pressure control is an important variable for successful filatomi- 

zatlon.  Surpassing the critical pressure (the one required for drop 

formation through preferential channels) results in the formation of 

continuous and consolidated streams.  Keith and Hixson(5) investigated 
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the effect of pressure and flow rate on formation of drops at the tip 

of a vertical tube. Figure 7(b). At low flow rates, drops form indi- 

vidually at the pore tip and grow in size until the weight overcomes 

the interfacial tension and drop detachment occurs. This mechanism 

pertains to filatomization. 

With increasing flow velocities, a point is reached where a very 

short continuous neck of liquid exists between the pore tip and the 

point of drop detachment. This velocity is called the jetting point. 

At high flow rates, the jet breakup point retreats to the pore tip and 

a nonuniform spray of drops results—point of atomization. 

One of the attractive features of filatomization is that filtra- 

tion and drop (powder) formation occur simultaneously. Figure 8(a) 

shows the oxide "cake" retained above the sintered Si02 disc filter, 

Run #4. Figure 8(b) shows the oxide skins connected with porosity 

found above the sintered Al^ disc filter employed in Run //16. It 

should also be possible to filter out undesirable secondary phases 

(exogenous inclusions) from a melt prior to powder formation. 

The filter used in Run #14 had also been used in the four pre- 

ceeding runs. Size distribution of powders obtained from Run #14 

(T -7420C) and Run //16 (T =7420C, new filter) are shown in Figures 9 

and 6(b) respectively. In Run IM, a larger percentage of -16+20 and 

-20+30 mesh powders were formed. Clogging of the interstices occurs 

as a filter is used successively, leading to liquid flow through other 
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finer pores and resulting in the fonnation of finer powders. In Run //14 

slightly larger pressures were required for flow of liquid metal (Ap for 

fine pores > Ap for large pores). 

B.  Structure of Filatomized and Comjierclal Powders 

1.  Spherical Powders 

Figures 10(a) and 10(b) show SEM views of 300u and 150u size 

range pure aluminum powders obtained in Run //I.  The powders are gener- 

ally spherical in shape.  Occasionally powders with stems or tips not 

completely detached were also observed. Figure 11(a).  At a higher 

magnification, surface irregularities such as ripples, folds, and waves 

are observed. Figure 11.  These are caused when the initial oxide layer 

tries to accommodate deformation experienced by the drop as solidifica- 

tion, shrinkage, and flight instabilities occur.  Figure 10(c) shows a 

representative microstructure of the pure aluminum powders obtained in 

this study. 

Filatomized spherical powders made from a modified 7075 aluminum 

alloy varied in their structure.  Two distinct types of spherical 

powders were observed. Type (i) powders possessed a fine dendritic 

structure, and Type (11) powders had no apparent dendritic structure. 

Figure 12 shows SEM view of Type (i) powders. These are repre- 

sentative structures of the filatomized powders cold compacted and hot 

extruded into a billet.  The different dendritic microstructures of these 
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powders are shown in Figure 13.  There Is no evidence of porosity here, 

and the measured dendrite arm spacings were between 4-8y, indicating 

cooling rates ranging from 10  to 10 0C/sec. 

Figure 14(a) shows an SEM view of a Type (11) 7075 aluminum 

alloy powder.  This powder has a smooth surface with no apparent 

dendritic structure, and contains second phase particles that have 

precipitated throughout the structure.  The microstructure of these 

powders are shown in Figures 14(b) and (c).  It can be seen that what 

appears to be a fine dendritic structure at low magnifications. 

Figure 14(b), is really a distribution of second phase particles within 

the matrix. Figure 14(c). The absence of dendritic structures is due 

to the higher cooling rates experienced by these smaller Type (11) 

powders.  Some of the Type (ii) small powders (25-50y diameter) have 

oscillatory nodes around their circumference. Figure 15. These par- 

ticular powders are attached to each other by a cup-like layer.  Ihis 

may be due to collision and subsequent attachment during flight of two 

or more drops; the surface ridges being caused by aerodynamic 

rippling.(7) 

The filatomized spherical powders reported above were chemically 

analyzed, and the A120. content ranged between .07 - .12 wt. %. 

2. Flakes 

Figure 16(a) shows an SEM view of the fine dendritic structure 

on • filatomized flake of 7075 aluminum alloy.  The dendrite arm 
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spacings of the flakes ranged between 2-Uv,  corresponding to rela- 

tively high cooling rates of 10 - 10 "C/sec. 

The flakes generally have a "duplex" structure composed of fine 

and coarse dendrites. Figure 16(b).  The coarse dendrites form during 

the flight of a large drop, while the higher cooling rates experienced 

by the drop upon "splatting" against the collector can result in the 

finer structures. 

The Al-0 content of the filatomized flakes, determined by 

chemical analysis, ranged between .15-.57 wt. %.  As expected, the 

flakes had a much higher oxide content because of the large surface 

area to volume ratio, 

3.  Commercial 7075 Powder 

SEM views of 7075 aluminum alloy powders produced by a centrifu- 

gal atomizer are shown in Figures 17(a) and (b).  The powders are 

acicular in shape and are enveloped by a thick oxide layer.  The shape 

of these powders is quite heterogeneous, and their size varies from 1 mm 

to 5 mm. 

The microstructure of the powders is shown in Figures 17(c) and 

(d).  Excessive porosity resulting from the atomization process is evi- 

dent. Measured dendrite arm spacings are of the order of 7-8vi, corres- 

ponding to cooling rates of 5 x 10 to 10 0C/sec.    Comparing the 

microsiructures of these powders with those of the filatomized powders. 

Figure 13, the superiority of the latter both in lack of porosity and 

fineness of structure is evident. 

I Obtained from Reynolds. 
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C. Processing and Structure of 7075 - T6 Extrusions 

1,  Processing 

The filatomized spherical powders and flakes of the 7075 

aluminum alloy were cold compacted and hot extruded into two 

separate billets. The spherical powders ranged in size from lOOy 

to 2000vi and were obtained with the Al^ filters.  The filatomized 

flakes, 5-10 mm in length and 120-500y thick, were obtained with the 

SiO filters. 

Extrusion billets of the filatomized and commercial powders, 

and a coimercial bar of 7075 aluminum alloy were made  under conditions 

shown in Table II. All powder compacts except sample D, Table II , 

were preheated to 4750C to 490oC for 1 hour to lower gas content of 

the compact and prevent subsequent blistering and delamination during 

solution heat treatment.(8) All the billets were soaked at 30UoC for 

4 hours and extruded at a reduction ratio of 20 to 1. 

The transverse and longitudinal microstructures of the as- 

extruded spherical filatomized powders are shown in Figures 18(a) and 

(b), respectively. The structure is fibrous with no observable porosity. 

Hardness measurements along the transverse (average RB - 30.18) and 

longitudinal (average IL = 44.78) surfaces differed consistently due to 

the texture developed during the extrusion. Figures 18(c) and (d) show 

the same structures at a higher magnification, the second phase parti- 

cles are aligned along the extrusion axis. 

a 

■ 
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The transverse ind longltudl.al microstructures of the as- 

extruded filatomized flakes are shown In Figures 19(a) and (b), 

respectively.  The structure is again fibrous with definite evidence 

of porosity.  Figures 19(c) and (d) show the transverse and longitu- 

dinal microstructures of extruded comnercially produced 7075 aluminum 

alloy powders. 

All of the 7075 extrusions were heat treated to a T6 condition, 

which consists of a solution heat treatment to maximize the solid 

solubility of the alloying elements and artificial ageing to cause 

precipitation. 

Samples of the extruded billet (tilatoalzed spherical powders) 

were heat treated for various times and temperatures to determine the 

optimum solutionizatlon temperature. Peak aged condition was determined 

by following the solution heat treatment with natural ageing for 24 

hours and artificial ageing at 1290C for 24 hrurs. A solution heat 

treatment of 2 hours at 475tC was found to maximize solid solubility 

of the alloying elements as shown in Figure 20.  Also, the best hardness 

values were obtained for this solution treatment followed by the ageing 

condition reported above. Table III. 

Billets of the commercial powder and bar material, with a 

nominal composition of Al-5% Zn-1.45% Cu-2.7% Mg-O.m Cr, were solution 

heat treated for 2 hours at UbO'C.    This heat treatment has been recom- 

(9 1) 
mended by earlier workers. * 
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Billei E (Table II) was made fron splat cooled flakes with a 

nominal coaposition of A1-7.5X Zn-2.A2 Mg-l.OZ Cu-0.20Z Cr-l.U Fe- 

l.'j Ni, and was included here for comparison. 

2.  Structure 

The structure of the commercial 7075 - T6 billet F, (Table II), 

is shown in Figure 21(a). Large and well defined grains with a dis- 

tribution of coarse (B-lOg) second phaue  particles are seen.  The 

transverse raicrostructures of extruded 7075 - T6 powders are shown 

in Figures 21(b) - (d). Figures 21(b) and (c) show the structures 

from billets D and C, (Table II), respectively. The marked difference 

In porosity content of the two billets can be related to the preheat 

(8) 
treatment given to the powders of billet C.  '  Structure of extrusion 

of filatomized flakes, billet B, is shown In Figure 21(d). Finally, 

the transverse and longitudinal microstructures of the extrusion made 

from filatomized spherical powders, billet A, (Table II), are shown 

in Figure 22. 

It can be seen that the spherical filatomized powders which 

possess a minimum surface area to volume ratio, (i.e., minimum 

amount of oxide and surface contaminants) and have favorable packing 

characteristics, gave the soundest extrusion billet. 

The porosity observed in extrusions of Figure 21 occurs during 

solution heat treatment followed by quenching and is caused by the 

gas content of the extrusion.  The gas present is predominantly 

1 
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hydrogen dissolved or adsorbed during the atomization process (from 

H.O and ir  .iti-s on surface of powders) and subsequent handling. 

The hydr | I remaining after the extrusion is (i) dissolved in the 

m.'trix, and/or (ii) adsorbed at grain boundaries and original pore 

sites.  Upon quenching, the solubility of the gas is suddenly 

decreased markedly, causing the formation of gas pockets between 

the grains. 

D. Mechanical Properties 

The room temperature longitudinal tensile properties of the 

7075 - T6 extrusions are given in Table IV.  The values listed are 

average values from multiple tests.  All tests were run at a cross- 

head speed of 0.')5 inch/minute.  The following observations can be 

made from Table IV: 

(i)  The highest reduction in area (A2.4%) and 

elongation (13.1Z) values were obtained in 

the extrusion made from filatomized spherical 

powders. 

(il)  The best corresponding values for the extruded 

billet made of commercial powders were 11-14% 

and 7-9Z, respectively. 

(ill)   The 7075 - T6 extrusion made of round bar stock 

had a slightly higher yield stress, but lower 

ductility than the filatomized powder extrusion. 
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(iv) The filatomlzed flake and splat cooled flake 

extrusions had relatively lower ductilities. 

However, the extrusion of splat cooled flakes 

had the highest strength properties. 

Figure 2 3(a) - (c) show SEM fractographs of the 7075 - T6 

extrusion of filatomlzed spherical powders, billet A, (Table II). 

The fracture is ductile without any delaminations. Figure 23(a)f 

with the second phase particles attached to the ductile voids. 

Figures 23(b) and (c).  Figure 23(d) - (f) show SEM fractographs 

of the 7075 - T6 extrusion of the filatomlzed flakes, billet B, 

(Table II).  Severe delaminations associated with porosity are 

observed.  Figures 23(e) and (f) are high magnification fracto- 

graphs of a ductile region and surface of the delaminations, 

respectively. 

SEM fractographs of the 7075 - T6 extrusion of commercial 

powders, billet C, (Table II), are shown in Figures 24(a) - (c). 

Delaminations accompanied by large regions that have fractured in a 

ductile manner are shown in Figure 24(b).   Second phase particles 

which have remained within the voids are shown in Figure 24(c). 

SEM fractographs of the 7075 - T6 extrusion of splat cooled 

flakes, billet E (Table II), are shown in Figures 24(d) - (f). 
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Figure 24(d) shows few delaminations accompanied by large regions 

fractured in a ductile manner.  The fibrous nature of the delamina- 

tion wall, and the fine constituent second phase particles within 

the voids are shown in Figures 24(e) and (f), respectively. 

The filatomized spherical powders and flakes had undergone the 

same thermomechanical processing. However, the properties obtained 

differ markedly due to the oxide content and morphology of these 

powders. More specifically! 

(i)  The flakes have a higher surface area to volume 

ratio, and thus a higher oxide content. 

(li)  During compaction, the surface oxide on the walls 

of the flakes causes weak bonding.  The poor 

bonding of the oxide walls accompanied with 

longitudinal porosity, caused by the heat treatment, 

results in coarse fibrous delaminations. 

(ill) Spherical powders pack more efficiently than do the 

flakes, sinter more completely, and contain a lower 

amount of porosity. 

The superior ductilities measured in the extrusions made from 

filatomized spherical powders can be attributed to removal of oxide 

particles during "filatomization" and to the spherical morphology of 

the powders. 
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E.  Summary 

Pure Al and 7075 powders of spherical and flake morphology were 

made using Al^ and Si02 filters with «0-150» pore size ranges. The 

range of metal drops forming below the filter is governed by (i) pore 

size and composition of the filter material, (ii) the temperature of 

filatomization, and (iii) the applied pressure. 

(1)  Channeling within the filter permits formation 

of drops without consolidation of the emerging 

streams. The extent of wetting between the 

it««!* metal and the filter employed is important, 

(ii)  Size range of powders is influenced by the amount 

! of superheat in the melt.  Increasing superheat 

results in formation of larger drops. 

~*n«a rpmilred for filatomization (iii) The pressure range required IUI 

(i.e., 2-6 psi) can easily be accommodated by a 

hydrostatic head on the melt. 

An alternative method is one where the area below the filter is 

„,  rw attractive aspect of this process exposed to a partial vacuum.  One attractive v 

J is that filtration of undesirable second phases and oxides occurs 

*A~r,      in all the experiments reported 
simultaneously with powder formation.  In all tne  p 

herein, aluminum oxide skins and "cakes" were found immediately above 

rhe filter.  An alternative process is one in which filtration is 

combined with iner. ^  atomization.  In this process, higher pressures 
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would be employed to form consolidated metal streams below the 

filter.  One or more inert gas Jets directed toward the exiting 

liquid m.?tal streams would then cause atomization. 

The microstructures of the spherical powders produced by 

filatomization were found to be superior to the commercially pro- 

duced powders, ir, particular, for their lack of porosity, fineness 

of structure, favorable morphology, and low oxide content.  As a 

consequence, the extruded billet of this powder had a comparable 

strength and a much higher ductility than all other extrusions 

used in this study. 

IV.  CONCLUSIONS 

1. A new process for production of powders of metal alloys was 

developed.  The process called "filatomization" combines 

filtration of oxides and undesirable second phases with atomi- 

zation of the melt. 

2. Pure aluminum and a 7075 aluminum alloy were filatomlzed through 

sintered Al-O. and SIO- disc filters with average pore sizes in 

the range of 40 to ISOy.  The Al C.^ filters were foand to be 

more amenabl,1 to filatomization of these alloys than the SiO 

filters. 
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3.  The size range of metal drops forming below the filter is 

governed by; (i) pore size and composition of the filter 

material, (il) the temperature of filatomization, and 

(HP the applied pressure, 

4. The microstructures of the filatomized spherical powders of 

the 7075 alloy were superior to the comnerciaJ >' produced 

powders.  The filatomized powders were free of porosity, had 

a fine microstructure with measured DAS values between 4-8u, 

had low oxide contents. 

5.  Filatomized spherical powders and flakes, commercial powders, 

splat cooled flakes, and a 7075 commercial bar stock were all 

extruded into billets. After a T6 temper treatment, the micro- 

structure of the extruded spherical filatomized powders was 

superior to all the others. 

6.  The longitudinal room temperature tensile properties of the 

7075 - T6 filatomized spherical powder extrusion were- 

Y.S.—80,000 psl, U.T.S.—94,300 psi, R.A.—42.4%, and 

Elongation—15.1%,  The corresponding values for the commercial 

powder extrusion were; Y.S —75,000 psi, U.T.S.—87,300 psi, 

R.A.—11.5%, and Elongation—7,8%. 

__ 
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TABLE I 

LIST OF FILATOHIZATTON yyPFBTMpm 

Sintered Filters Used 

A1203, 87-lOOu, .5" opening 

A1203. 31-3bM, .75" opening 

S102, 90-150u, .75" opening 

S102, 90-150U, .75" opening 

A1203, 87-lOOii, .75" opening 

A1203, 87-lOOu, .75" opening 

previously infiltrated 

A1;03, 87-lOOu, .75" opening 

Si02, 90-150u, .75" opening 

S102, 90-150U, .75" opening 

A1203, 87-lOOp, .5" opening 

A1203, 87-lOOp, .5" opening 

previously Infiltrated 

A12Ü3, 8^100^, .5" opening 

previously infiltrated 

Si02, 90-150U. .5" opening 

A1203> 87-lOOu, .5" opening 

same filter as in runs // 
10-12 

A1203, 87-lOOu, .5" opening 

A1203, 87-lOOu. .5" opening 

previously infiltrated, 
filter from run 015 

A1203, 87-IOOM, .5" opening 

Si02, 4C-90p, .5" opening 

A1203, 87-lOOp, .75" opening 

TF 
Alloy 
Used 

99.992 Al 

Pressure 
Applied 

psi 

710oC 7-8 then lowered 
to 4-5 

84ö0C 7075 7-14 

7560C 7075 2-4 and 10-15 

7690C 7075 10-12 

756.50C 7075 3-5 

732.50C 7075 3-5 
760oC 7075 3-5 

7690C 7075 2-4 and 10-14 

650oC 7075 3-4 

b9TC 7075 0-6 

700 "C 

72rc 

6850C 

742,C 

7420C 

7075 

7075 

7075 

7075 

7075 

5-6 

5-6 

3-5 

5-6 

0-7 

742 "C •/07) 4-5 
700° C 99.99% Al 7, then lowered 

to 4-5 
6870C 7075 2-4 

700 0C 99.99% Al 7, then lowered 
to 4-5 
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Figure 2.  Photograph of filatomizatIon apparatus. 



-53- 

*r- kK:* 

J. cm 

Figure 1.  Fil.itomizcd powders of pure alutninum and 7075 
»Inninun alloy; (a) through (d) show pure 
alumintnn powdprs produced hy utilizing an AI2O3 
filter. Run #1, mesh sizes are -16+20, -20+30, 
-30+50, and -50+100, respectively, (e) flakes of 
7075 alloy produced utilizing I SiO^ filter. 
Run «18, mesh size is -8+14. 



Figure 4.  SEM view of pure aluminum powders emerging from 
a sintered AI2O3 filter. Run #1; (a) 23X, (b) 208X, 



Fi«uro   5.     SEM  view of  pure  aUmimm powdt.rs . 

filter;   (,-,)   ^nd   (b)   are   frnn, 
.ind  90X,   respect ivelv,   (r)   Is   f 

•i  sintered 
Run  «17  M 
Run   «19  ,it 

Al .0 
20X 
/■JX. 
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Figure 8.  Photomicrographs showing filtration of aluminum oxides 
from 7075 aluminum alloy melts; (a) oxide "cake" 
observed above the 5102 filter used ir. Run #4, 80X, 
(b) oxide skins retained above the AI2O3 filter used 
in Run //16, 100X. 
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Figure 10.  Structures of filatomlzed pure aluminum powders made in 
Run il| (a) SEM view of ~3Ü0IJ size powders, 51X, (b) SEM 

view of ~150i, size powders, 20X, (c) a representative 
microstructure of the powders 
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Figure 12.  SEM view of filatomized spherical powder of 7073 
aluminum alloy made in Run /M6; (a) UUX, (b) 200X. 
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best availablejopy. 

FiRure 13.  Microstructures of fllatomlzed spherical powders of 7075 aluminum 
allov obtained from different experiments; (a) Run #6, 100X, 
(b) Run 111, 100X, (c) Run HS,   200X, (d) Run #16, 100X. 

a 



. 

Figure 1A.  Structure of filatomized spherical powders of 7073 aluminum 
alloy made in Run till,   (a) SEM view of a powder, 540X, (b) 
and (c) show the microstructure of the powder at 10ÜX and 
500X, respectively. 
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Figure 15.  Powders of 7075 aluminum alloy made in Run fll| 
(a) 1000X, (b) 500X. 
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Figure 16. Structure of a filatomized flake of 7073 alumipum 
alloy made in Run #8; (a) SEM view, 2 300X, 
(b) "duplen" dendritic structure due to sudden 
variation in rooling rate, 100X. 
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Figure 18.  Structure of extruded billet made from filatomlzed spherical 
powders of 7075 aliimimm alloy; (a) and (c) show the trans- 
verse microstructure at 100X and 300X,respectively, (b) and 
(d) show the longitudinal microstructure at 100X and 500X, 
respectively. 
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Figure   19.     Structure of  extruded billots  of   7075 aluninum alloy powders; 
(a)   and   (b)   show  transverse  and   longitudinal  mirrostrmtures 
of   the billet  made  from  filatomUed  flake,   lOOX,   (r)  and   (d) 
show  transverse  and   longitudinal   ini< rostrurt ure of   the bllN-t 
made   from rommerrial   powders,   100X, 
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Figure 20.     Mlcrostructures of  the extruded billet   of   7075 alumlninn 
alloy of  filatomlzed  spherical  powders,   In different 
solutlonlzed  conditions,   500X;   (a),   (b),   (c),  and   (d) 
are   from samples  solutlonlzed  for 2  hours at  470,C, 
A75,C,  480*0 and U9()'C,  respectively. 
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figure  22.     Mlcrostructure of   7075  -  T6 extrusion made   from  f1latomized 
spherical   powders,  billet   A   (Table   11),   100X;   (a)   transverse 
section,   (b)   longitudinal   section. 
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Figure  23. (a),(fc),(c)     SEM fractoqr«|;hs of   7075-T6 extrusion 
of   filatcmzed  spt-fnral   j owderf,   tiMef   A   (Table   II), 
20X,950X,   4750X,   resjectively. 
(d),(e),(f)     SiK  fractoqraphs  of   707^-T^  extrusirn 
of   filatonzed   flakes,   billet   B   (Table   II), 
23X,?300X,2300X,   respectively. 
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t* I 
Figure  24. (a),(b),(c) St'M fracroqraphf of »xtruded commercial 

'075-T6 cofTjrercisl powder, billet C I Table II), 2 7X. 
26CX,   2620X,   resj*ctively. 
(cl),{e),(f)     SEM  fractoqrai hs   -f   ex* rude-i   7   75-TI 
splat  cooled   flakes.   Mil«-   i.   (Table   11),   22X,   1.   .• . 
20F0X,   res| ectively. 
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MECHANICAL PROPERTIES OF 300 GRADE MARAGING STEELS 

A. INTRODUCTION 

The fatigue properties of 300 grade maraging steels have undergone 

extensive study during the past six months. In addition of the determina- 

tion of S-N curves for commercial and powder metallurgy products in the 

aged condition in air and dry argon, crack propagation rates and low cycle 

fatiaue properties have been measured. Crack propagation rates were 

measured in Vascomax 300 in both the annealed and aged condition in air as 

well as in dry argon. The test specimens were 3/8" thick plates (plane 

strain condition) and 1/16" thin sheet (plane stress condition). The 

cyclic stress-strain curve of aoed Vascomax 300 was also determined. 

In an attempt to improve the ductility and the fracture toughness of 

maraging 300 steel, a 2" thick bar of Vascomax 300 was hot rolled at 1600oF 

to 0.30" thickness. A decrease in grain size from 25 microns to 5 microns 

was accomplished. J\e  reduction of area as measured in tensile testing 

showed little improvement but the fracture toughness was increased from 

62.6 ksi /TncF for the 2b  -ron material and 71.3 ksi /inch for the 5 

micron material. 

B. FATIGUE PROPERTIES 

S-N curves for Vascomax 300 in the aged condition tested in air and 

dry argon (dewpoint -70oF) and for a powder metallurgy product tested in a 

air were reported earlier (1). All testing was done with a Baldwin SF-1U 

machine in tension-compression with a zero mean load. It was observed that 

the fatigue limit for 300 grade maraging steel was low compared to the 
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yield strength  For most low and intermediate strength steels the ratio of 

fatigue strength to yield strength is about 0.5 (2). In the case of 

mar:ging steel, a yield strength of 260 ksi is easily obtained, the fatigue 

strength at 107 cycles however is only 100 ksi when the material is tested 

in dry argon (dewpoint -70oF). To get a better understanding of the fatigue 

mechanisms in maraging steel the following tests were carried out: 

- Determination of crack propagation rates as a function of the stress 

intensity factor, under plane strain and plane stress testing conditions. 

Testing was done on annealed and aged specimens and a few tests were done 

in a dry argon atmosphere. 

- Determination of the cyclic stress strain curve of aged maraging 

steel. 

- Determination of the S-N curve of annealed maraging steel in dry argon. 

The specific details and results of these tests are as follows. 

1. Crack Propagation Rate 

A 3/8" thick double cantilever beam test specimen was used to measure 

the crack propagation rate dl/dN as a function of the stress intensity 

factor range AK under plane strain conditions (see Figure 1). Crack length 

is measured with a telescope mounted on the loading frame and is accurate to 

0.0005". The AK load calibration curves were taken from ASTM STP 410. 

The results of these tests are shown in Figures 2 and 3. Tt is observed 

that the crack propagation rates for annealed and aged maraging steel are 

exactly identical. When testing was done in a dry argon atmosphere slightly 

lower crack propagation rates were found. The crack propagation rates for 

this material were measured under plane stress conditions with a 1/16" 



•78- 

thick sheet of maraging 300 steel obtained from Vasco. Specimens of this 

material were made according to the drawing in Figure 1 and the AK load 

calibration curve was again obtained from ASTM STP 410. The results for 

the aged material are given in Figure 2 and for the annealed material in 

Fioure 3. Testing was done with the crack growing in a direction parallel 

and perpendicular to the rolling direction. The material showed a pro- 

nounced degree of banding but the crack propagation rates in both directions 

are nearly equal. Surprisingly enouah, the propagation rate in plane stress 

is higher than the prooaqation rate in plane strain. The opposite would be 

expected. This discrepancy might be due to the landing observed in the thin 

sheet or to a slightly different composition ol the materials(they were not 

from the same heat). In any case, the difference is not large and the 

slopes of the growth rate curves are identical. 

2. Cyclic Stress Strain 

The cyclic stress strain curve for aged maraging steel was measured 

using the method proposed by Landgraf(3). Testing was done on a MTS 

hydraulic machine. The strain in a 1/4" diameter hourglass shape specimen 

was measured and used to control the machine. The strain was increased 

after every completed hysterisis loop. The plot for increasing strain 

obtained in this way is shown in Figure 4. Aged maraging 300 steel is 

shown to cyclically soften. A curve for annealed steel has not been obtain- 

ed as yet but this material too is expected to soften, since the work hard- 

ening exponent is only 0.03 (1). Materials with a work hardening exponent 

less than 0.10 are usually observed to cyclically soften (3). 
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3. S-N Curve for Annealed Maraqinq Steel 

Some preliminary results obtained in the same way as earlier testing 

on aqed material show that the fatigue limit of annealed maraging 300 steel 

with a yield strength of 130 ksi is 60 ksi. This value is slightly below 

the ratio fatigue strength yield strength of 0.5 that can be expected (2). 

In sumnary. we can say that the low fatioue strength of maraging steel 

must be due to the easiness with which fatigue cracks are initiated. The 

cyclic softeninq of these steels gives an effective yield strength in 

fatique well below the yield strength observed in monotonic loading and 

this may account for the initiation of cracks at a load equal to 0.35 of the 

monotonic yield strength. 

C.  TENSILE ^TDFNr.TH ANH FRACTURE TOUGHNESS OF FINE GRAINED VASCOMAX 300 

As explained in the introduction, fine grained Vascomax 300 was 

obtained by hot rolling (at 1600oF) a 2 micron thick bar to 0.30" thickness. 

Tensile testing in directions parallel and transverse to the rolling 

direction were done on material receiving the following heat treatments. 

- 1   as received 

- 2   as received plus 3 hours at 900oF ageing 

- 3   1 hour 1500oF anneal 

. 4   1 hour 1500oF anneal plus 3 hours at 900oF ageing 

The results of these tests are summarized in Table I together with the 

results of comnercial Vascomax 300. Only small differences are observed 

with the fine grained material in the aged condition being slightly stronger. 

Fracture toughness testing according to ASTM E399 70T was done on 
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0.25" thick specimens with the notch parallel to the rolling direction. 

The test results are given in Table II along with test results of commercial 

material. The plane strain fracture toughness is seen to have increased 

from 62.6 ksi /TncF to 71.3 ksi /inch. 

1. Semi-Annu   chnical Report No. 3, ARPA Order No. 1608, January, 1972, 

2. McClintock, F.^. and A.S. Argon, Mechanical Behavior of Materials, 
Addison-Wesley, Reading, Massachusetts, 1956, p. 600. 

3. Landgraf, R.W., "The Resistance of Metals to Cyclic Deformation", 
ASTM STP 467. 
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TABLE I 

Tensile Properties of Fine Grain Vascomax 300 

Compared to Commercial Vascomax 300 

As recieved 

As received + 1 hour at 
1500^ 

Parallel  to 
Rolling Direction 

R.A.      U.T.S.      0.2 I 

71.7      147.5        109.0 

74.6  146.0   118.0 

Commercial I hour at 1500oF 74.0  145.5   129.9 

As recieved + 3 hours at 
900oF 

1 hour 1500oF + 3 hours at 
900oF 

Comnercial 1 hour 1500oF + 
3 hours 900°F 

50.0     260.0       253.0 

55.7 281.0        276.0 

50.8 277.0       271.0 

Transverse to 
kolling Direction 

R.A.      U.T.S.      0.2 % 

68.8      157.0        125.0 

68.4      146.0        112.0 

50.1      283.0        277.0 

48.5      286.0       280.0 
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TABLE II 

Fracture Toughnes'. of Fine Grain Vascocnax 300 Compared 

to Commercial Vascomax 300 

i Load* 
lbs. 

N 
cycles 

"ic 
ksi ^in. 

R • 
c 

Fine qrain as rece 
+ 3 hours 900oF 

ved 
625 26,000 73.2 53 

625 31.000 70.2 53 

625 24,500 70.0 53 

Commercial 1 hour 
1500oF + 3 hours 
9r>0oF 700 17,000 61.6 53 

625 

625 

19,500 

20,500 

62.7 

63.3 

54 

54 

* Load indicates the load used to propagate the last .025" 
of the fatiaue crack. 

** The hardness was measured after toughness testing to check 
for proper heat treatment. 
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THFRMOMECHANICAL TREATMENT, MICROSTRUCTURE AND 

MECHANICAL PROPERTIES PF COBALT-BASE SUPERALLOYS 

A.  INTRODUCTION 

Progress in this program area since the last report includes the 

followina: 

2 
New Compositions 

(1) A nominal two atom percent HfC-Cobalt base alloy was a) vacuum 

atomized using dissolved hydrogen gas to break up the melt into droplets 

(CH7-H2) and b) spin atomized using surface tension to break up a thin 

molten stream (CHS-Cl). 

(?) A commercial casting alloy composition, MAR-M-509, was modified 

by adding more precipitation hardeners (carbon, tungsten and tantalum) and 

subseguently steam atomized into coarse powders (C52-06). 

TMT and Processing 

(1) A HIP'ed and hot rolled P/M MAR-M-509 alloy (C51-05-HR) was given 

a 1 hour at 2250oF anneal and subsequently cross-rolled 40% at 1200, 1400, 

1600 and 1800oF. respectively. 

(2) All HIP-plus-extruded material (C51-01, C21-01, C52-06, CH2-01-HEH, 

CH6-H1 and CH7-H2) is being subjected to swage-anneal treatments consisting 

of alternating cycles of cold swaging 10-15% RA followed by intermediate 

anneals at 1500oF and 1800oF (plus 2100oF for CH6-H1). 

(3) Two P/M MAR-M-509 alloys (C51-03,4 and C51-03) which were HIP'ed 

and tested according to the previous report were re-HIP'ed at 23250F and 
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2300or for two and four  hours, respectively. 

(4) High temperature annealing treatments near the incipient melting 

point of the 3 atom %  HfC-Cobalt alloy (CH6-H1) and at the incipient melting 

point of the P/M MAR-M-509 alloy greatly improved the 1800oF stress rupture 

property values of these alloys increasing the stress for 100 hour rupcure 

life from 5 to 8.E ksi and from 2.5 to 11 ksi, respectively. 

(5) The 3 aton % HfC-fobalt alloy is extremely resistant to softening 

and structural change right up to its incipient melting point of approxi- 

mately 2450oF. 

(6) Warm working (2:1 rolling at 1200, 1400, 1600 and 1800oF) the 

HIP ♦ hot rolled P/M MAR-M-509 (C51-05-HRR) greatly increased the room 

temperature yield and ultimate strengths, 150 and ^88  ksi to 300 and 308 

ksi, but reduced the 1800oF, 8 ksi rupture life from f to 1.5 hours. 

Structure and Properties 

(1) Room temperature hardness, tensile strength and charpy fracture 

toughness values and elevated temperature tensile and stress rupture values 

are being determined on all sound alloys after each major TMT or processing 

change. 

(2) Microhardness, X-ray diffraction, differential thermal analysis 

and metallographic examination are being used to determine structural 

change and stability as a function of the prior history of each alloy. 

(3) Powder metallurgy MAR-M-509 alloy undergoes a massive secondary 

recrystallization reaction concomitant with solutioning of a carbide phase 

(possibly OasCs) between 2200-2300CF with the large recrystallized grains 

bounded by finer orains and impurities located along prior particle 
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boundaries and extrusion stringers. 

(4) Extruded product from low oxygen (<500 ppm) steam atomized coarse 

powders of MAR-M-509 retained its structural integrity after remelting and 

solidification whereas high oxygen (51000 ppm) steam atomized and low oxygen 

hydrogen-vacuum atomized cobalt alloys undergo swelling and distortion when 

remelted due to tne formation of gross porosity. 

B.  DISCUSSION 

New Compositions 

The chemical compositions of all cobalt alloys produced to date are 

summarized in Tables I (without Hf) and II (with Hf). 

A modified MAR-M-509 alloy (#C52-06-HE), containing higher amounts of 

tantalum, tungsten and carbon, was steam atomized into coarse powders and 

subsequently HIP'ed and extruded (Figure 1). The rapid quenching (atomiza- 

tion) of molten metals should allow for greater quantities of precipitating 

and solid solutioning constituents to be added without suffering the usual 

penalties of segregation associated with conventional casting. 

Two new cobalt-hafnium alloys were prepared at the two atom percent 

HfC level but one alloy (CH8-C1) had greater than stoichiometric carbon 

(0.2 wt %  extra) for the purpose of enhancing low-to-intemediate strength 

via the precipitation of less stable chromium and molybdenum carbides. 

Additionally, the spin atomization or atomization using surface tension to 

break up fine molten metal streams into droplets was used for this composi- 

tion. The other Co-2 atom %  HfC alloy, CH7-H2-HE. was a stoichiometric 

composition providing a complete series of stoichiometric HfC alloys at the 

1. 2 and 3 atom percent levels. Probelms encountered with the melting and 

atomization of the 3 atom percent Co-HfC alloy (CH6-H1-HE) preclude any 
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immediate consideration for going higher in hafnium (>9-10 wt. %) content. 

Structure and Stability 

One attractive processing route for P/M superalloys is to form wrought- 

type blanks or preforms by any of the conventional consolidation processes, 

e.g., HIP, extrusion, rolling, etc.; super plastically form or forge the 

blank into the final shape and thermally treat the part to restore optimum 

properties for the intended service application. In some alloys, this proc- 

essing sequence involves taking a casting alloy composition, making it into 

wrought product via P/M and finally restoring the cast-type properties by 

thermally treating. Such is the case with the commercial cobalt base alloy, 

MAR-M-509, and to  a much lesser extent, the cobalt-hafnium alloys. 

Some of the heat treatment and hardness data are indicated in Table III. 

Of particular interest is the MAR-M-509 and the Co-3HfC alloy's response 

to the one hour anneals. MAR-M-509 appears to soften substantially at 

=2290oF whereas Co-3HfC is reasonably stable up to 24440F. 

It is known that unlike their cast counterparts, the mechanical 

properties of P/M cobalt base superalloys are drastically affected by 

thermal treatments (see the next section). X-ray diffraction analysis 

(Table IV) and differential thermal analysis (Table V) were used to sup- 

plement hardness and metallography evaluations. A thorough description of 

methods and apparatus used will be described in the next report. The dif- 

ferential thermal analysis unit is capable of variable temperature operation 

UD to 1600oC and by suitable calibration (Figure 2) can be operated as a 

calorimeter over a wide range of heating and cooling rates. 

The highlights of an evaluation of P/M MAR-M-509 (C51-01-ME) follows: 
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Temperature Cownents 

R.T.     As HIP + Extruded material is two phase consisting of a fine- 

grained (3-4y) matrix (111 texture) containing a 1/2-1 l/2u 

precipitate (complex carbide). 

R.T. to     Slight dissolution of carbide occurs at =2150oF with slight 
2150oF 

increase in the matrix lattice parameter. 

?150oF to   Some softening of alloy occurs as more carbides dissolve, 
2250 ± 250F 

further expanding lattice. Grains and precipitates coarsen 

uniformly. 

2250 ± 250F  Major carbide solutioninq and alloy softening with massive 
to 2350oF 

parasitic grain growth (secondary recrystallization) occurs 

resulting in a 220 texture. Maximum lattice parameter expan- 

sion occurs at 2350oF. Gradual degradation of single carbide 

phase into two phases - one a coarse lamellar phase and the 

other a dark fine eutectic phase with multi-concave boundaries 

(Figure 3 and see reference 3 for identification of phases 

with similar appearance). 

2350-2425oF   Incipient melting occurs with maximum 220 Isxture resulting 

from parasitic grain growth but max parasite grains stabilize 

at =300y while min g.s. increases as a function of increasing 

temperature (to about 70y). Less alloying elements remained 

in supersaturated solid solution as temperature increased. 

Increasing amounts of an additional white phase t -lieved to 

be CryCs formed with increasing temperature (Figure 4). 

Amount of cast-type structure at grain boundaries increased 

with temperature. 
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Temperature Comments 

24250F    Major phase meUInq occurred. 

All steam atomized MAR-M-509 type alloy compositions behaved similarly 

except for those with high oxygen (>1000 ppm)contents. The high oxygen 

alloys were warm worked (rolled 2:1) hardening the alloy from Rc 18 to 

R 53 and released (calorimetrically) about 4 cal/gr*n at 1150oC (2100oF). 

Upon melting, a massive grey phase formed giving the appearance of large 

oorosity in the resolidified matrix (Figure 5). It is believed that this 

phase may be some sort of an oxy-silicate sninel undergoing melting at 

about 1220oC (2230oF). 

The cobalt-3% hafnium alloys exhibited superior stability up to incip- 

ient melting at about 2450 at which temperature swelling and gross porosity 

occur in the matrix. The causes of this porosity and further analysis of 

the stability of these types of alloys are under current evaluation. 

Properties 

The room temperature tensile properties of all alloys are shown in 

Table VI. Mote the unusually high strength values for the warm rolled sheet 

bar (C51-05-HR). The lack of ductility Is believed to be due to  the high 

oxygen content in this alloy. 

Stress rupture test data are indicated in Tables VII and VIII and plot- 

ted in Figures 6 and 7. The beneficial effects of the thermal treatments 

are evident In both classes of alloys even into the incipient melting region 

of MAR-M-509. The effect of thermal treatments on the very stable Co-3 atom 
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percent HfC alloy are shown In Figures 8 and 9. Compare tte structural 

chanoe of a 1 hour treatment at 1340oC (2444«F) with that of the as-extruded 

structure It Figure 8. Observe the significant effect this treatment had on 

the 10 ksi. 1800oF stress rupture life indicated in Figure 9. going from 

3 hours as-extruded to 36 hours after heat treatment at 1340°C. 

C^-MFERENCES 

1. Semi-Annual Technical Report No. 3, Task III. PP- 77-112. 

2. Semi-Annual Technical Report No. 4, Tasks I and II, pp. 1-74. 

3  M.J. Houlds and T.R. Cass. "Recent Developments in MAR-M-509",CobaU 
No. 42, (March, 1969), pp. 3-13. 
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Table VI 

Cobalt Alloys-Room Temperature Tensile Properties 

Alloy Prior History 
YS 

0.2% 
UTS Elong. R.A. 

KSI KSI % % 

mm*® 
C51-01-HE 
C51-01-HET13A6* 
C51-01-HET25A6 

HIP.EXTR. 
HIP,EXTR. 
HIP,EXTR., 116 hrs. at 2280oF 
HIP,EXTR., 1 hr. at 23540F 

135 
123 
94 
92 

190 
195 
166 
120 

11 
17 
n 

1 

8 
14 
8 
1 

C51-01-HR(Lonq.) 
C51-01-HR(Trans.) 
C51-01-HRR1 
C51-01-HRR2 
C51-01-HRR3 
C51-ni-HRR4 

HIP,ROLLED 6:1 at 2100oF 
HIP,ROLLED 6:1 at 2100oF 
HIP,CROSS-ROLLED + 2:1 at 1300oF 
HIP,CROSS-ROLLED + 2:1 at 1600oF 
HIP,CROSS-ROLLED +2:1 at 1400oF 
HIP,CROSS-ROLLED +2:1 at 1200oF 

150 
155 
239 
271 
305 
298 

188 
193 
251 
271 
307 
308 

2 
2 

<2 
<1 
<1 
<1 

2 
2 

nil 
nil 
nil 
nil 

CZ1-01-HE HIP.EXTR (HiZr) 129 188 6 7 

r52-n6-HE HIP.EXTR. (Hi ll.Ta.C) 138 182 3 2 

P/M Qo-Hf£ 

HIP EXTR. 
HIplEXTR!,ReHIP 4 hrs. at 2200oF 
HIP,EXTR.,ReHIP 1 hr. at 2300oF 
HIP,EXTR.,ReHIP + 4 hrs. at 2350oF 

98 
97 
70 
100 

142 
137 
111 
130 

4 
11 
5 
9 

latom %  HfC 

CH2-01-HEH1 
CH2-01-HEH2 
CH2-01-HEri2T15 

6 
10 
5 
5 

2 atom %  HfC 
fH7-H?-HE HIP.EXTR. 105 154 7 5 

3 atom %  HfC 
Ü^-Hl-HF 
CHo-Hl-HET26T34 

HIP,EXTR. 
HIP.EXTR. + 17 hrs. at 24260F 

132 
75 

187 
104 

4 
8 

4 
7 

Caii gp-HfC 
3 atom %  HfC 
CH4-M1-CRA6 CAST,ROLLED 5:1 at 2100oF 148 170 12 8 

* A6 = aqed 1600-1650oF for 20 hours. 
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Table VIII Cobalt Alloys - 

1800oF, 100 Hour Life Stress Rupture Data 

Stress 
(ksi) 

Elong. 

2.5 50-120 

3.8 20 

4.8 40 

7.5 10 

11 4-14 

MAR-M-509 

HIP + EXTR. 

HIP + ROLL 

HIP + EXTR. + 116 hrs at 2280oF 

HIP + EXTR. + 1 hr at ?290oF 

HIP + EXTR. + 1 hr at 2350oF 

Hi Zr Modification 
HIP + EXTR. 4.8       40 

Hi W, Ta, C Modification 
HIP + EXTR. 

Co-HfC Alloys 

HIP + EXTR. 
1 atom % HfC 

2 atom % HfC 

3 atom % HfC 

HIP + EXTR. + Heat Treat 
*1 atom % HfC 

**3 atom %  HfC 

* re-HIP 1 hr. at 2300oF, additional heat treatment 4 hrs. at 
2350oF did not affect. 
** estimated based on 10 ksi, 1800oF life of 36 hours after 1 hour 
at 24440F. 

4 30-70 

4 =70 

5.2 50 

6.5 =30 

8.5 . 
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(b) 

Figure 1 - As HIP + Extruded HAR-M-509 alloy modified with additional tantalum 
tungsten and carbon (0.75 wt. %).   Longitudinal section. Etcbed. (a) 300X, 
(fc) 1500X. 

:. 



-104- 

1.0- 

> 

f 
UJ 

0) 

i 
o 

5 

gfoo 10100 

x » 50oC/m1n Heating Rate 

o = 10oC/m1n Heating Rate 

1100     1200 

Temperature, 0C 

1300 

Ei 

1400 1500 

Figure 2- Heat Flow Constant Calibration Curve for 
1600oC DTA Cell at Two Heating Rates (10 and 50oC/m1n.), 
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(b) 

Figure 3 - MzaCs phases in P/M MAR-M-5C9, (a) After holding at 1296 C (2365 F) 
for 1 hour followed by N2 vapor quench. Etched. 750X. (b) SEM profile of 
modified MAR-M-509 alloy after remeltinq. Etched. 500X. 
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(b) 

Floure 4 - P/M MAR-M-509 alloy cfter holding 2 hours at 1330oC (24260F) and 
air cooled. ?a) Etched. 15CX. (b) Etched to reveal four major types of 
phases after partial melting. 750X. 
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(b) (0 

Figure 5 - Porosity and massive grey phase forming in high oxygen (>1000 
ppm) HIP + hot rolled P/M MAR-M-509 after holding 2 hours at (a) 1250oC 
(??fi40F), (b) 126n0C f2300oF), and (c) 1280oC (23310F). Etched. 150X. 
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Figure 8 - HIP + Extruded P/M Co-3 atom I HfC alloy in (a) as extruded 
condition and (b) after 1 hour at 1340oC {24440F) and air cooled. Etched 
1500X. 
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DUCTILE FRACTURE EXPERIMENTS ON SPHEROIDIZED MEDIUM 

CARBON STEEL IN COMBINED TENSION AND TORSION 

by 

M.M. Salama, R.M. Pelloux and A.S. Argon 

fl.  INTRODUCTION 

Ductile fracture has been recognized to be a micromechanics plasticity 

problem in plastic matrices with more or less deformable inclusions . The 

process consists of two fundamental parts: a) nucleation of holes by the 

separation of inclusions from the plastically deforming matrix, b) plastic 

growth of the nucleated inclusions followed by development of tensile or 

shear localization zones. Some progress has been made by modelling the 

hole nucleation stage around the hypothesis ^hat a critical tensile stress 

is required across at least part of the inclusion matrix surface to initiate 

tensile cavitation which is produced by a plastic drag of the less deform- 

able inclusion on the plastically deforming surroundings . The experiments 

to be described below investigate the effect of changing deformation condi- 

tions resulting from changing directions of principal plastic strain on the 

nature of the hole nucleation and growth process. Based on the earlier 
3 

work of Backofen, et.al. , the combination of tension and torsion was 

chosen as the mode of the experiments. 

D, EXPERIMENTAL PROCEDURE 

After some preliminary experiments with hot isostatically pressed 

atomized maraginq steels it was decided to experiment with a more readily 

available and less expensive spheroidized medium carbon (1045) steel. As 



u 

;; 

-M3- 

denwstrated earlier2, this material is ideally suited for such experiments 

in that it furnishes a nearly equiaxed. non-deformable iron carbide inclu- 

sion in a ductile iron matrix of relatively low strain hardening capacity. 

Bars of 3/4" diameter of 1045 steel were spheroidized by just quenching- 

in a very fine lamellar martensite from 900oC followed by ageing for 

several days at 700oC. The iron carbide inclusions obtained in this way 

are shown in Figure 1. The inclusions are relatively equiaxed. The size 

distribution of the carbide inclusions was determined and is given as a 

j frequency distribution of sizes in Figure 2. The average grain size of the 

matrix was around 5 microns. Their shapes were also equiaxed. The stress 

strain curve of the spheroidized steel is given in Figure 3. Since the mean 

soacinq between particles is of the order of tens of microns, no rise of 

flow stress should result from the particles. A certain small amount of 

increase of strain hardenino rate due to elimination of displacement incom- 

patibilities around the carbide particles is inevitable. This will be 

ignored and the stress strain curve of Figure 3 will be taken as the plastic 

resistance of the unhindered plastic matrix. 

Tests were performed with conventional tensile and solid bar torsion 

specimens. Tensile tests were carried out on an Instron machine, while the 

torsion tests were done on a specially instrumented lathe with a strain 

gauge equipped torque dynamometer in the fail-stock. 

The axial force was regulated to be zero during the torsion tests to 

avoid development of axial forces resulting from changing of specimen length 

which can result from the development of plastic anisotropy. The strain 

rates were in tne rdnge of 10"2 sec"1 in both types of tests. 
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C^    ^XPERTVENTAL RESULTS 

The types of experiments which were performed are listed in Table I, 

and the collection of the majority of the fractured specimens is given in 

Figure 4. 

The pure torsion test (#1) was of interest for the study of hole 

nucleation around the inclusions in a simple shear field free of a macro- 

scopic dilational tri-axial st-ess component. Not surprisingly the .racture 

surface was typical of ductile torsion fractures with a fracture plane 

angle ceO from the plane nonml to the specimen axis. The sheared torsion 

bar was sectioned along the axis for the study of separated inclusions. 

No significant number of separated inclusions were found away from the 

sheared-off surface. In view of the fact that section in the plane of 

principal tensile extension might have been more discriminating for reveal- 

ing separated inclusions, the experiment is considered inconclusive-though 

not inconsistent with the expectations of minimal growth of separated 

inclusions. Although no detailed study could be made of the shear localiza- 

tion process leading to separation, it is suspected that it is of the type 

analyzed by McClintock, et.al.4. The scanning electron micrograph of the 

fracture surface of this specimen (Figure 5) shows that although the dimples 

are strongly elongated in the direction of maximum tensile extension, local- 

ization and separation have occurred on a plane normal to the specimen axis. 

Specimens 2-4 were initially strained in torsion to steadily increas- 

ing torsional pre-strains followed by separation in tension. As shown in 

Figure 6 and also in Table I, increasing torsional pre-strain reduces the 

| required subsequent tensile strain for fracture indicating that a certain 

, 
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amount of hole growth and cavitational localization has occurred in torsion 

in the absence of a deliberately applied dilational stress component. The 

geometric evidence of the production of damage in torsion is the angle a 

of the fracture surface with the plane normal to the specimen axis. These 

angles a given in Table I correlate closely with the complement to the total 

angle of shear and demonstrate that some localization occurs early on planes 

of maximum shear which then persist as the planes of continuing damage as 

they are rotated around by shear. Further localization and eventual tensile 

separation occurs on these planes. The rise in the tensile fracture stress 

of the torsion-tension tested specimens over the fracture stress in the 

specimens tested in tension alone, shown in Figure 6 is a result of the 

additional strain hardening in the former specimens which have equivalent 

strains to fracture that are about 25% higher than those of the latter. 

The fracture surface dimples of specimens 2-4 show little distortion ana 

are more typical of those in tension specimens, indicating that the final 

stages of hole growth under a dilational tri-axial stress has largely 

erased any distortion of the shear deformation. 

One specimen (#5) was twisted forward and backward by a shear strain 

of 0.82 followed by final separation in tension. Since the shear damage 

zones in these specimens are parallel after the torsion cycle there is lit'cle 

reduction the the subsequent tensile strain from that in a specimen fractured 

in tension alone. Furthermore, as Figure 4 shows the fracture surface is a 

normal cup-and-cone and has no helicoidal nature at all. This suggests 

that if the shear localization zones generated by the initial pre-twisting 

cycle are parallel to the tensile axis they are almost completely ineffective 



-ne- 

in nucleating tensile localization zones. Consequently, the final equivalent 

strain to fracture in this specimen was the largest of all. 

Specimens 6-8 were tested in tension alone and were used for a quanti- 

tative study of the dependence of hole nucleation on triaxial stress. 

Specimen 6 which fractured and 7-8 which were not carried all the way to 

fracture were sectioned axially and examined in the scanning electron micro- 

scope. The change in the fraction of separated inclusions of the total 

number present are plotted for the three specimens in Figure 7 as a function 

of the distance away from the median plane. The three curves demonstrate 

that as the neck becon.es increasingly acute the triaxial stresses rise in 

the center of the specimens more and more inclusions separate. Finally at 

fracture fully 55^ of all inclusions show separation from the matrix. 

Visual examination disclosed that the separated inclusions are preferentially 

the large ones, and then primarily those large inclusions which have as 

nearest neighbors other large inclusions. Comparison of these results with 

the frequency distribution of Figure 2 suggests that inclusions with a size 

less than 0.85 micron are not very effective in nucleation of holes in 

spheroidized steel. 

D.  DISCUSSION OF RESULTS 

The experiments discussed above demonstrate clearly that the process 

of hole growth and cavitational localization is clearly a path dependent 

process in which the dilational tri-axial stress is not the only important 

parameter. The large tensile strain to fracture in the specimen which was 

subjected to a half cycle of torsional shear is a clear demonstration of 

this. Although hole nucleation can occur in a dilation-free, stress state. 
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it is not generally appreciated that localization of deformation can also 

occur in shear where the central process must clearly be a reduction of 

load carrying capacity in a zone in which a sizeable fraction of inclusions 

have separated. If this zone is not entirely planar it is quite possible 

that local dilational stresses could be set up across the somewhat inclined 

planes of localization as deformation stays preferentially on them. 

These experiments demonstrate clearly that ductile fracture can not be 

successfully characterized by any single criterion based on a deformation 

state but requires the solution of the incremental micromechanics plasticity 

problem of hole growth. 
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Figure 1  - Carbide inclusions in s'theroidized 1045 steel 
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Fiqure 2 - Frequency distribution of sizes of carbide Inclusions In 
spheroldlzed 1045 steel. 
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Figure 4 -   General appearances of fracture surfaces of the six specimens 
deformed to fracture. 

Fiqure 5 - Scannina electron microqraph of fracture surface of specimen #1 
fractured in torsion. 
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