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Abstract

Recent investigations have identified thermal-mechanical
processing conditions which significantly enhance the hot workability
of P/M nickel-based superalloys. The process incorporates hot
isostatic pressing (HIP) of powder at temperatures just below the
solidus of the alloy. The hot ductility produced by this sub-solidus HIP
(SS-HIP), has been found to be superior to that of powder metallurgy
(P/M) superalloys that were either conventionally HIPed or extrusion-
consolidated. The benefits of this new process have the potential of
reducing processing costs and producing components with superior
microstructures and properties.

The purpose of this study was to understand the
mechanisms which are responsible for the excellent hot workability
observed. A series of test samples was prepared from UDIMET*
Alloy 720 material that was prepared using cast/wrought, P/M as-HIP,
P/M as-extruded and PM SS-HIP processing. High-strain rate tensile
tests were used in an attempt to quantify the differences in forgeability.
Microstructures were examined to gain insight into the mechanisms
envolved.

This study provides convincing evidence that SS-HIP P/M
processing can produce billets of highly alloyed superalloys, such as
UDIMET*Alloy 720 and Rene' 95, that can be subsequently
thermomechanically processed by conventional open die forging or
ring rolling. SS-HIP P/M offers the unique combination of cast
wrought workability and PM homogeneity including freedom from
cast/wrought defects such as freckles and white spots. Due to this
unique combination of properties, SS-HIP P/M parts costs should
compare favorably to cast/wrought while offering the advantage of
ultrasonic inspectability similar to PM parts. An additional benefit is
the potential for super-solvus heat treatment grain size control not
possible in cast/wrought or conventional P/M products.

* UDIMET is a registered trademark of Special Metals Corporation
Introduction

Historically, P/M superalloy billets have not been amenable
to high-strain rate deformation and, therefore, required P/M billets to
be isothermally forged under superplastic strain rate conditions. The
ability to use conventional forging methods to make P/M billets will
result in lower conversion costs for production of the billet and the
subsequent closed-die forged or ring-rolled components. In order to
be able to conventionally forge a P/M superalloy, a process had to be
identified that minimized the effects of prior particle boundaries
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(PPB’s) that are known to have a strong influence on their mechanical
properties. .

The effect of PPB’s in P/M superalloys has been
extensively reviewed by Thamburaj and colleagues!”. His conclusions
are that PPB’s are caused by carbon segregation and particle
contamination. Both result in precipitation of PPB’s, either as
carbides, oxides, oxy-carbides, or possibly as oxy-carbonitrides. The
volume of PPB’s is dependent on many things including the
atomization method, particle size, pre-consolidation handling and
consolidation parameters. The cooling rate after consolidation and
post consolidation heat treatments were also noted as factors affecting
PPB’s.

Much work has been done to understand and eliminate the
effect of (PPB's) in PM products. The determental effects of PPB's on
mechanical propetties is well documented’?. It is generally agreed
that as-atomized powder surfaces contain carbides, borides, nitrides,
and oxides. It is theorized that these precipitates may prevent
optimum diffusion bonding during solid state consolidation and that
the oxides are sites for carbide and boride nucleation and growth
during heat treatments'”. Whether the cause is a boundary heavily
decorated with precipitates or remnants of oxide films, studies have
shown that PPB’s are a weak link in the microstructure®.

Throughout the development of P/M superalloys many
alloy and process development efforts found ways to reduce the effects
of PPB’s. Alloy designers have attempted to reduce the powder
particle surface decoration by reducing carbon and nitrogen and using
higher HIP temperatures. The benefits of putting PPB’s into solution
were offset by the grain growth that occurred. Hack et al®
investigated HIP consolidation of a low carbon Astroloy alloy at
temperatures above and below the boride solvus (1220°C) of the
afloy. The investigators identified the disadvantages of the higher HIP
temperatures to be many. In addition to the difficulty in controlling
the precise HIP temperature, they sited continuous grain boundary
films upon subsequent precipitation of carbides and borides. Grain
growth up to ASTM 44 impeded ultrasonic inspection and reduced
yield strength. Reduced forgeability was reported and attributed to the
larger grain size and grain boundary films.

Aubin et al ® looked closely at the particle surfaces from
both argon atomized and rotating electrode atomized Astroloy. Inthe
gas atomized material they found that oxycarbides were predominantly
MC in nature and were generally very stable during heat treatment.
The material that was not gas atomized contained less PPB’s and
more M(C carbides that were less prone to form oxy-carbides. During




the initial stages of HIP consolidation the formation of oxy-carbides
can intensify before interdiffusion between powders occur. Aubin et
al also suggested, that during thermal treatment, sulfur would also
have the opportunity to segregate to the free surfaces. The roles the
sulfir would play and the phases that it would form are unclear. Since
sulfur has been known to be a strong agent in reducing hot ductility,
its role cannot be overlooked.

Jeandin et al © investigated the potential of liquid phase
sintering of P/M Astroloy followed by HIP and forging. The forging
results compared favorably with conventionally HIP processed
material. Grain growth in material that has liquid phase present led to
increased grain growth compared to conventionally HIPed material.

Grain growth in powder alloys is relatively restrained
compared to cast/wrought material. Grain growth in fully annealed
cast/wrought UDIMET Alloy 720 occurs as soon as the gamma prime
solvus is reached and can readily reach grain sizes of ASTM 0-00.
P/M material, on the other hand, experiences minor grain growth after
the gamma prime is in solution, limited apparently by the prior particle
boundaries™®. This has been suggested since the resultant grain size
is approximately equivalent to the average powder mesh size. When
P/M materials have been extensively worked grain sizes of up to
ASTM 1-2 are possible'®

Lu et al ®, studying the effect of HIP temperature and
powder process method, showed that material with less PPB
precipitates (rotating electrode processed (REP) powder) could
recrystallize beyond the PPB. Their work, conducted significantly
below the alloy solidus, showed no grain growth for argon atomized
(AA) powder HIPed above the gamma prime solvus. His observation
was that the AA powder had more decorated PPB's compared to REP
powder. The carbon and oxygen levels in the AA powder were higher
compared to the REP powder.

Extrusion consolidation is also used as a means to break up
powder surface structures and to enhance subsequent diffusion®
Extrusion can produce a consolidated product with uniform fine grains
but, subsequent working can only be achieved by isothermal forging
due to limited high strain rate ductility and extensive cracking. The
cause for this has been attributed to the PPB's.

The purpose of this study was to investigate the benefits of
HIP processing a P/M superalloy at temperatures just below the
solidus to enhance the workability of the HIP consolidation"?. In
general it is believed that by growing grain boundaries past PPB’s and
by rendering the remnant PPB as dispersed as possible, P/M materials
will behave more like cast/wrought materials with the added benefit of
not having the segregation problems associated with conventional
materials.

Experimental Procedure

Powder for all of the P/M material investigated originated
as vacuum induction melted (VIM) filtered master heats to ensure
chemistry and then VIM and filtering prior to argon atomization.
Powder was processed under argon throughout sieving (-150 mesh)
and then vacuum can filled in 304 stainless steel . At the conclusion
of the HIP cycles, material was cooled under pressure in the
autoclave. Thermocouple readings from the HIP cycles were believed
to be reading 16°C high and therefore temperatures reported here have
been cormrected accordingly.
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HIP/cogged material was made from 460mm dia. compacts
that were forged on a 4000 metric ton hydraulic press to 300, 230, and
150mm dia. billets. P/M HIP/extruded material was HIP processed at
1121°C to 460mm dia. and then pushed through a 254mm die
producing approximately a 3:1 reduction ratio.

Cast/wrought material was made from VIM electrodes that
were electroslag remelted and then vacuum arc remelted to S508mm
dia. Ingots were forged on a 4000 metric ton press to 165mm dia.
billet.

High strain rate tensile ductility testing was performed on
standard threaded tensile bars with a 25.4mm gauge length and a
diameter of 6.4mm. Test bars were heated to the test temperature,
held for 15 min. and then pulled at 50 mm/mm/sec (2 in./in/sec).

An ultrasonic inspection technique which included a high
sensitivity longitudinal scan and two opposing circumferential shear
wave tests was used to inspect the various P/M billet forms. The
technique was capable of detecting flaws as small as .08 mm in P/M
material. Cast/wrought material was inspected utilizing a longitudinal
scan to a No.2 (0.8mm ) flat bottom hole.

Rolldowns were made from samples (50x50x100mm) that
were rolled longitudinally at 1093°C in increments of 2.5mm per pass
with 5 minute reheats between passes.

Results and discussions

HIP and grain growth

The effect of grain growth as a function of HIP temperature
of P/M UDIMET Alloy 720 is presented in Figure 1. While only a
limited number of temperatures were tested, the results suggest grain
growth to occur in stages depending on the sequence at which barriers
go into solution. .As the HIP temperature increased, the first rapid
change in grain size occurred at the gamma prime solvus (~1150 °C).
As soon as the gamma prime is in solution, grain sizes increase from
ASTM 810 ASTM 5.5. The microstructure of material HIPed at just
above the gamma prime solvus (Figure 2 ) suggest that the very fine
powder particles have grown beyond their prior particle boundaries
and that the larger powder particles are still restraining grain growth.
Many of the large particle areas still have multiple grains within them.
Grain growth up until 1254°C appears to be restrained by the average
particle size in the microstructure (~270 mesh). Above 1254°C and
to temperatures below the incipient melting point, rapid grain growth
occurs beyond the prior particle boundary of the large particles to grain
sizes of ASTM 3-4. Metallographic evidence of the material HIPed
just below the solidus temperature (Figure 3 and 4) clearly shows that
grain growth has occurred beyond the PPB’s which are still clearly
decorated in the intragranular microstrucure,

SS-HIP treatments applied to other widely used P/M
superalloys appear to respond similarly in terms of grain growth
(Figure 5 ). UDIMET Alloy 720, Rene 88 and Rene 95 all exhibited
similar microstructures. Interestingly, the same remnants of PPB’s
can be seen in Rene” 88 and Rene” 95. The latter two alloys contain
niobium (Table I) where UDIMET Alloy 720 does not. One might
suspect that if the dissolution of a MC carbide is responsible for grain
growth during the SS-HIP treatment then the generally more stable
NbC precipitate would inhibit the reaction. Another suggestion is that
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Figure 1: Cirin size of hot isostatically pressed P/M UDIMET Alloy 720 at selected temperatures ranging
from below the gamma prime solvis 1o the solidus.

Fipure 2: Typical microstructures of hot isostutically pressed UDIMET Alloy 720. Material is in the as-HIPed condition and etched with Kalling's

reagent, ) [149°C b) LIBR"C o) 1254°C

electron micrographs of UDIMET Alloy 720 that was bot isastatically pressed ata) 1188°C

Figure 30 Scanmung
hi 1254°C. Samples were given a 1204°C solution o eliminate coarse cooling gamma prime. (Material was

| B -

electrolytically etched mn 5% HCL and methannl)




Thee restills suggest that PPB s of the fine particles are not
sulficient 10 be a barrier to gron growth at temperatures just above
the gamma prime solvos. However, the coarser PPH's of the larger
particles are large cnough and densely distributed enough o prrafibit
grain growth until about 1254°C when the desired grain growth
oecurs  While it 15 difficult to document the mechanism for the
sudden grain growth, it may be thit a portion of the PPE structure 13
dissolving sufficiently to allow pramn growth o proceed. The
companents of phases that are found in PPHEs include carbides,
nitrides, bondes and oxides (AL Zrand Mgh [t seems unlikely thet
the oxides go inta solulion but cerlainly MO carbides and possibly
nitrides are candidates.  Scanning electron microseopy of the PPR
arcas (Figure 43 reveal Ti rich phases in the PPR s m 1 188°C which
may have been precipiuted dunng cooling of the samples and
probably inelude carbides and carbo-mitnides.  Extractim and x-ray
diffraction analysis indicates that the rempant PPH arcas of samples
HIPed at 1259°C are dispersions of Ane discrete particle thought to be
Tty earbo=nitrides and zirconum oxide. The very fine oxides are
notin the form of continuous flms as are thought to be present on the
as-atomized powder,  Further work 15 needed to determine (iF the
oxides  become  spheroidized during exposure ot the SS-HIP
temperature. It continuous films originally existed, then their breakup
could be a mechanism that is contributing to the enhanced high stram
rate ducthiy

Figure 4: Scanming electron micrographs of UDIMET Alloy 720 that
was hot sostatically pressed at 1234°C  Sanple was given a 1204°C
solutiom 1o eliminate coarse cooling gamma prime  {Materal was
electrolvtically etehed in 3% HC| and methanol. |

Another possible meckaniam for the praum growth observed
15 that the S5-HII' tempersture may be high enough o provide the
energy nesded o grow the grams bevond the pinning PPR's. Below
this critical temperature Jess grain growth is seen, The growth of the
smaller grains at lower temperatures would be explaimed by Kissinger
ctal™ who suggested that smaller powder particles receive more
deformation dunng HIP compared 1o the larger particles. The highes
deformation smparted o these particles could explain why they
recrystallice ata lower temperature. However, il the smaller pamicles
were 1o have fewer oxides associated with them due to more rapid
selidifeation and eowling they would have less resistance 1o gran
growth dlso

['he nuerestructure 1n Figure  clearly shows how the 85-
HIF treatment has caused grmn grosath well bevond a number of FPR
regions. The remnant PPB areas contan phases that are extremely
fine and relatively dispersed It is unlikely that these areas are

Figure 5 Mierographs companng the  SS-HIF microstruotures of
various PM superallins a3 Rene' 88 (1254 °0) by Rene 95 (1 260°0)

the mitmdes ( TiN ) and earbo-nitnides i all three allovs would be similar
and that all three allovs would expenence stmiler dissolutions of fhe
phase at the SS-HIF temperatures. Untl some detailed analvsis of the

detnmental mechanically and could be areas that are locally dispersion
strepgthened  Since the high strmn rate ductility of the SS-1TIP
material improves by al least 50% once the structure i worked and
reerystaliized into a fine gan structure the presence of remnant PPR
areas docs not appear to result in the material reverting back W g
situation where the gran boundanes are comeident with desrimental

powder surfaces is documented {the types and amounts of PPB structures

precipitates), 1t will be difficult 1o precisely identify the mechanism

Fable I Nominal Composition of Various F/M Superalloys

(wita)

Alloy Mi Co Cr Mo W Nb Al Ti [ E Zr {ther
LUDIMET Alloy 720 Bal 152 160 30 125 - 2.5 a0 025 018 03 -
Rene 'Ri= Hal 130 160 4.0 4.0} 0.7 2.2 375 05 018 05 -
Reme '35 Bal 8.0 130 35 35 35 35 5 6 A0 05 -
IN-1{H)** Bal 160 125 2.8 . - 540 4.4 a7 A2 06 v
UDIMET Allooy 700 Bal 170 150 50 . - 4.0 35 A3 2 02 -

* Rene is a regstered trademark of the General Elecine Company
**lnconel is a registared wademark of gie International Nickel € “ampany
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Frgure 7: High strain rate tensile duetilities of P'M UDIMET Alloy 720 material
versus HIP temperature, Samples were heated 1o test temperature, held for 15 min,
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Hot workability

The high strain rate tensile results presented in Figure 6
shiw 1 relative comparison of the hot workahility of UDIMET A lloy
720 processed in o variewy of sequences. Test samples were taken
from transverse shices and were penerally orented circum ferentislly.
The corresponding grain size of each condition is presented in Tahle
Il Despite having o very fine grain size of ASTM Y, the matenal
HIPed i the conventional manner had the poorest workability
throuphout the test ringe. The material HEPed just below the solidus
tenperature {Sub-Solidus HIP, 35-HIP) had workability equivalent to
Pidd-extnaded material even though the former had a grain size of
ASTM 34 and the biner had a prain size of ASTM 9.5 Furthermaore,
when the SS-HIP maeterial was either cogped or mobbed unil it had a

grain sive of ASTM B-10 the ductlity mcreased to appeoach that of

comventional castwroighl material

Table I Girain Seee of UDIMET Adley 720

Pricess ASTM Mo,
Suh-Sobeus HIP 89
Sub-Solidus HIP 34
Sub-Solidus HIP + Cop Bl
T+ Pxirude Q.10
CastWronzht 8-10

Samples were not tested from longirodingl sections;
however, it is expected that ditferent results would be observed.
The HITPYextruded material, for cxample, would be expected 1o have
pregier doctilaty along the longitudinal direction. Measanng hot
workability in transverse sections s believed to be a better measure
of the crincal workahility that is needed during forge shop
aperalions sice most operations begin with upset deformation

The efMiect of HIP temperature on lngh strain rate ductility
15 further defined in Figure 7 where the reduction in ares at 1066°C
is compared for the same lot of P'M UDIMET Alloy 7THL
Improvement of ductility is reported for HIP temperatures from
FE9°C o 119070, From | IHRC 10 1254°C the tensile ductility
apprears W level oul before an increase inductility is expernienced
when the SS5-UHIP condinion s reached.  The ranges in which
ductility is smproved are somewhat similar o the graim growth
behavior shown in Figure 1. 1t would be difficult to clearly sort oul
the mechamsms that improves ductiliny over the 1149°C to 1 1HPC
range. Griin growth beyvond the weak PPBs of the smaller powder
particle could account for the improvement. However carbides and
bortdes gomg into solution could also be beneficial.

The high strain rate ductility enhancement that is reached
when the S5-HIP conditicn is met, clearly suggests that PPB"s are
deleterious o hot duetility, Despite the coarse grain condition, the
ductility of 55-HIP material &5 superior to fine grain material where the
prain boundaries are coincident with the PPB boumdaries of the
coarser powder. In the extruded PrM marterial the high strain rate
ductbiry (Figure 6) was being liunited by the PPB's because large
portions of them  are stll comeident with the recrystallized gran
boundaries. The dutility of the extruded material is superior to the
ductility of the conventional HIPed material apparently due the
presence of some new grain boundary areas and PPB aress that are
somewhal more dispersed than the as-HIPed conventional matenal,
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The superior high stramn rate ductility of the castwroughe
materinl was consstent throughout this study, An examination of the
microsirucire {Figure 8) suggests that the very coarse ganmma prime
precipitate softens the gamma matrix and therelore accommodales
plastic stram hetter: The grain boundaries of the castwrought material
also appear more discrete and tend to be less continuets

Fhrvrugshout this mvestigaiion the mlde of isostatic pressmg
Oihviously the isostatic
forees are mecessary W hond the powder particles toecther b
whether stress 18 necessary o aceclerate the dissolumon of phases
and W alow the S5HIP gron growth o occur s sull ned
campletely defined or understood, Samples of material H1Ped ai
124350 woere heat treated i ooir an the S5-HUP wenpersre condition
(126K and

durmg the HIP process was quistioned

were tested  mechanically  and  examaned

mucrestructural iy, Thie heat real cyele was successtul in produging
v growth, owever, Fipure 9 elearky showes that pon dmly wins

the ductility nal improved,  the owderal lisi pearly hall ol gis

ductility, The cawse for degradation i properties wos armimedinely
suspocied o be @ result of thermally induced  porosivy (THF)
Mrerestructural examination confmmed that porosity did occor wnd
was st likely responsible For the loss o high stemm rage doctilite
”'IJ__'I.IF:.'”H I features n s atomsed powder (s a common
phenamena and 15 a result of trapped argon gas willun parhicles
H I a5 eapable of cssennially elosimg areon Alled vouds, bup if the
makerial g subpected o high tempersiores, well ghave the pamma
prime salvos, the miense internal gas pressure as capable of
reapeming  the Y
superailoy s are  low enough lemperamres thae the reoccurrence of
FIP 1% not a prablem

virlds Conventnional  heat  treatments  of
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Figure & Comparison of the high st et tensile ductihines of
Pt LUDIMET Albloy 720 material tha way S5-HIPed and
material that was HiPed at 124390 and heat treated o 12640

Figure 10 Scanning electron micrographs of M UDIMET Adloy
720 that was hot isostatically pressed st 1188°C and then heat treated
al 1260°C . Voud that is believed 1o be associated with TIP is shown.
(Material was elecoolytically etched in 5% HCl and methanol.)




While it appears that HIP is needed to achieve void free
material af remperatures in the S5-HIP range, it1s believed that the
isostatic condition may be extending the useful process temperature
range by increasing the incipient melting temperature. 11 there is
any incipient melting during the HIP cycle, any meli-related void,
that would normally occur during heat treatment ot ambient
temperature, would be readily closed. The effect of incipient
melting on subsequent hot workability and mechanical properties
has not been fully investigated,

The effect of cooling rates from the HIP temperature wistild
be expected to influence both the gamma prime structures and also the
size and morphology of the carbides and borides on the grain
boundaries. This study did not try to sort out this effect but we would
expect contributions 1o the high strain rate ductilities.

crmal nical s4]

The benefits of $5-HIP are most appasent after the as-HiPed
coarse grain material is worked sufficiently to refine the prain sive as
is seen in HIP/cogged material (Figure 6). A series of rolldowns was
prepared with different amounts of reductions to determine what
amount of work is needed to maximize hot workability in SS-HIP
material (Figure 113, I was found that with as livthe as 200 reduction
the high strain rate ductility increased from 45% 1o nearly 9004 at
1037°C. Micmstructural examination of the rolldown did not reveal
any readily apparent fine grain recrystalization. However, it would be
expected that a fine prain substructure had developed but was not yet
defined enough to be made apparent by etching.

[1=1]

Tormls Ductiny (%A4)

T i ey 1 B FP—
Fedlaoam Percom Hedustion
Figure 11: High strain mie tensile ductility of P/M UDIMET Alloy
7200 $%-HIP material versus mlldown reductions,

This resull is wseful for developing conventional forging
practices for $S-HIP material for producing cogged billets or to
produce forge parts directly trom SS-HIP material. The resull
demonstrates that (fa forger wiene W initially get suflicient work into
the SS-HIP strucnire, subsequent workability improves dramatically.
Production malks kave shown that 55-HIP material has hot workability
that is superior to cast'wrought ingots. While the high strain rate
tensilke resulis in this paper may sugpest that the ductlity of
castiwrotght hillets is excellent, the presence of surface defects and
imperfections on 4 cast ingol causes nuisanees duning forging
pperations.  The SS-HIP material on the other hand is exwremely
unifirrm in Bulk and comes with a well bonded stainless steel can that
provides thermal insulation and lubrication during initial breakdown
operations,

The versarility of $5-HIP muteral is fully demonstrated by
the irial production of conventomally rng-rolled parts that were
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rrunufactured directly from $8-HIP material rather than from S5-HIP
cogged billet Ring mlling is & severe test since the strain rafes are
high and sensitivity to surface cooling is moest pronounced. Ring
rolling of the fine grain S5-HIP material was compared with the
excellent resulis that are experienced with lower strength alloys like
Waspaloy,
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Figure 12: Grain size of ring rolled P/M SS-HIP UDIMET Alloy 720
as o function of solution heat reatment temperature. (Provided by
Schlosser Forge Co.)

Ring-rofled parts have been evaluated to determine the grain
growth response when supersolvus heat ireated (Figure 12). The
results define & widks range in temperatures that can be wsed 1o achieve
controfled erain prowth when desired. The grain size that can be
achieved is larger than what can be achieved with conventional PIM
material where uniform grain sizes greater than ASTM 6-8 are more
difficult o achieve. The grain growth of S5-HIP materiz] & much
tryore uniferm than castwrought material which is subject to banding
due to solidification segregation. As with all superalloys, concitions
were identified where certain strain conditions led & abnormal grain
growth above the pamma prime solvus.

i et R et s w 'I'-
Figure 13: Micrograph of ring-rolled P/M S5-HIP UDIMET Alky
720 that was solution heat treated o provide a uniform ASTM 4.5
prain size. {Kallings etch)

Fignere 13 illustrates o uniform grain siee of & convenlional
ring rolled part, The uniform grain size of ASTM 4.5 provides a
microsiruciure that potentially bas balanced creep, tensile, and fatigue
properties. It is speculated that. by minimizing the effects of PPR's,
enhancement in mechanical properies over conventiomally processed
M superalloys will be realized. Also, forgings made directly from
SS-HIP hillet offers 1 cost-effective approach to make superior parts
with shor lead times and improved process control,




Inspectability

A comparison of UDIMET Alloy 720 billet ultrasonic
inspectability ( Table Il ) highlights the advantages of P/M processing
in reducing inspection noise levels and improving the detection of
smaller defects. While one would expect better inspectability for finer
grain sizes, cast/wrought appears to an exception to the rule. Despite
having a grain size as small as P/M processed materials, ASTM 11, the
detection limit of cast/wrought material has coarse macrostructural
features, such as low angle grain macro grain boundaries, that are
believed to cause gross noise levels.

Table I Inspectability of UDIMET Alloy 720

Form Billet Dia. ASTMGS. Noise Level
(mum) FBH*
P/M Extruded 150-300 14 6% @ #1
P/M SS-HIP/Cog 300 10 25% @ #1
P/M HIP 165 10 15% @ #1
P/M SS-HIP 300 3 50% @ #1
Cast/Wrought 165 11 100% @ #2
*#1=1/64 = 0.40 mm
Conclusions

1) Grain growth restriction of P/M superalloys by PPB can be
overcome by HIP at temperatures just below the alloy’s solidus.

2) By eliminating grain boundaries that are coincident with PPB’s, the
high strain rate ductility of a P/M superalloy can be improved.

3) SS-HIP P/M UDIMET Alloy 720 exhibits sufficient high strain rate
ductility that conventional forging and ring rolling of billet is practical.

4) Post forging super-solvus heat treatments exhibit uniform grain
growth and resistance to abnormal grain growth.

5) SS-HIP material has superior ultrasonic inspectabily compared to
cast/wrought material.
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