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PREFACE

The Specialists’ Meeting on “Advanced Fabrication Techniques in Powder Metallurgy and their Economic
Implications” in Ottawa in Spring 197o was planned by a Working Group of the Structure s and Materials Panel under
the same title. Planning started in 1974 by preparing pilot papers and a review of the situation in European NATO
countries (AGARD Reports R-627 and R-64 1).

It was the intention to focus not only on the technological but also on the economic achievements of powder
metallurgy techniques. The development of improved materials qualities was of equal priority to the reduction of
cost , especially for complicated aerospace parts made from titanium or superalloys. Reduction of the cost of materials
processing is an important issue for NATO countries. For the first time, organisation of a meeting of specialists
mainly from the materials processing industry was attempted. It was hoped to combine a more economical approach
to materials processing, close to the net shape of aircraft components , with improvements in materials quality,
especially with regard to homogeneity of structure . Advanced powder metallurgy manufacturing techniques are
attractive from both aspects but especially where machining to net shape dimensions dominates the costs. Parts used
in jet engines are of main interest but structural applications are also included.

The first part of the Specialists’ Meeting, which was attended by about 100 participants from nearly all NATO
countries, was concerned with the production of powders . Four different processes of centrifugal atomization as
the predominant powder metallurgy manufacturing technique for titanium alloys were presented. Argon and vacuum
atomization of processes for nickel base superalloys were described as alternative techniques already proven in volume
production.

The second part of the Meeting consisted of reporting the state-of-the-art of techniques for consolidation of
titanium and superalloy powders to near net shapes. All stages of the production sequence were discussed; powder
handling, canning techniques , consolidation, secondary metal-working and thermal treatments.

The specialists felt that a significant cost saving potential of more than S0~ exists , using powder inetallurg~
processing compared with conventional manufacturing. Hot isostatic processing technology appears to have the
most promising potential for production of high quality, lower cost aircraft components in the near future

Areas recommended for further R & D work included powder contamination, canning technology, new non-
destructive inspection approaches and a better understanding of deformation mechanisms during compaction. These
problems must be overcome before detailed cost calculations for large scale production can be made.

On behalf of the Structures and Materials Panel I would like to express my thanks to all authors , recorders .
discussors and especially to both coordinators , Dr P W .Sutcliffe and Mr L.P.Clark , for their outstanding contributions
and cooperation which led to the success of the Meeting.

Wolfgang BUNK
Chairman, Working Group on
Advanced Fabrication Techniques in Powder
Metallurgy and their Economic Implications
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TRENDS IN THE APPLICATION OF ADVANCED POWDER METAL LURGY
IN THE AE ROSPACE INDU STR Y

G. P. Peterson
Director

Air Force Materials Laboratory
U. S. Air Force Systems Come~and

Wright-Patterson AFB , Ohio 45433

When considering new systems , the cost factor has recently entered in a way that we have not seen for
many years. In the last five years , the dominance of cost has outweighed performance in many cases. This
trend has created a fact - - a way of life - - that we all have to face as we develop our military and
aerospace systems.

About five years ago , we entered into a substantial analysis of a variety of jet propulsion and air-
frame components — - typified by the superalloy turbine disk shown in Figure 1. We tried to break out the
cost to find where the dollars were. By identifying the high cost centers , we could then address techno-
logical approaches that would help us reduce those costs. We literally looked at thousands of components
throughout the industry in the United States. We followed them all the way from the raw material suppliers ,
through the parts producers , to the prime contractors . The dominant factor was metal removal. We found
this factor prevalent in most of the aeropropulsion , and many of the airframe applications. This drove us
imedlately to look at why metal removal costs are so hi gh. Typicall y, we buy ten to twenty times the
material which we need and machi ne away up to 95 percent of It. With raw material costs escalating plus
extensive machining , we , therefore, ended up wi th parts that were extremely expensive . Currentl y, disks
in our propulsion systems run on the order of $20,000 to $35,000 each In both titanium and superalloys.
We are looking at very high cost components prim arily, we believe , because of the very poor ‘buy-to-fly ’
ratios .

I noted that materials costs are rising . FIgure 2 shows the dramatic Increases in the last two years.
Moreover , it is my personal forecast that these prices will go up still mo re by 1 980. Thus, the raw
materials which used to account for about 11 percent of the part cost will become a more dominant cost
factor. This means that we must seek ways to buy as little material as possible and efficientl y trans-
late It Into the end product. In addition to reducing the amount of material utilized , we can also pur-
sue reduced machining costs by getting closer and closer to net shapes.

The basic approaches to net shapes include: isothermal forging which Is already being used for
several parts , more extensive use of casting, a net-shape process , and powder metallurgy. I truly believe
that powder metallurgy , at this juncture , 1’,oks like our bri ghtest hope for achieving net shapes .

If we look at the way we currently make a component , such as a turbine disk , Fi gure 3 shows that you
start with a 200 pound ingot and go through a number of processing activities to an ultrasonic outline at
70 pounds and then to a final part weight of 11 pounds. A large part of the cost is machining. Again ,
this says that we need a way to go from the raw material step to the final product step with as close as
possible to net shape - - ideally the net shape itself. There is a tremendous amount of money to be saved
in labor and processing utilizing a minimum number of steps. Therefore, this accounts for the excitement
over powder metallurgy .

In Figure 4. you can see for conventional practice a materials cost of about 20 percent. Five to
seven years ago this would have been In the region of 10%. Al though material costs have risen dramaticall y,
machining, at 55%, is the dominant cost.

We have current activities underway which we believe in the short term (that is , over the next 3 to 4
years) can result In a savings of about 12 percent as we get closer to net shape and reduce the machining
cost. It is the reduction of this machining cost which , at this juncture , is being emphasized by us. I
believe that the ultimate potential of the technology and the reason for all of the enthusiasm rests in a
potential cost savings of about 50 percent. We believe these savings will be real and that this kind of
cost savings potential is available. The process which happens to be spelled out here is Hot Isostatic
Pressing (HIP). I’l l talk more on that In a moment, but we believe there are a variety of ways to get to
these kinds of cost savings , with HIP being one of the more promising. There are, however , certainl y other
approaches available in terms of powder consolidation.

There are two major thrusts to our current program activities. One involves the preparation of the
powder. You will hear about this aspect in much greater detail in some of the other papers which are in-
cluded in the proceedings . I merely want to point out from a management standpoint that the state-of-the-
art In titanium powder Is not where It should be. While Figure 5 denotes that the Rotating Electrode
Process (REP) qualit y as “good”. I cons ider this as “spotty good” , with much improvement to be made. At
this time , REP is not a production process for hi gh quality powder. There Is potential within that pro-
cess , as wel l as several others , for obtaining improvements in quality . I certainly do not want to leave
you with the impression that the titanium powder situation is one In which we can rest comfortably. There
is much to be done In the area In terms of cost, as well as quality . You can see in Fi gure 5 that REP runs
$25 to $35 per pound; that is an unacceptable price to pay for powder. Therefore , you will see great
activity , both domestic and international , in terms of processes which wiU improve both the quality and
cost of titanium.

In the REP technique , which currentl y represents one of our only sources for prealloyed titanium
powder , a consumable titanium electrode is rotated against a non-rotating tungsten electrode. This is
shown schematically in Fi gure 6. One of the problems is contamination. Also, we are not satisfied with
the economics of the process. Currently, devel o~xnental activity to solve both these problems Is underway.
We are removing the contamination as well as enhancing the economics of this process.



I believe that we cannot afford a singular approach - - for example the REP. This area is wide open
for innovatIve thinking and new concepts and I urge you all to consider efforts In this are.. It could be
very profitable and Important to the development of titanium powder metallurgy .

Other potential powder sources are noted in Figure 7. ActIvity is not restricted to the United States.
We see that Leybold Heraeus from Germany and AERE from the United KIngdom are involved. This is a cross-
section ; there may still be others . As I said , the area Is open for contributions. There is a potential
for substantial payoff for those who can devise innovative processes for high quality , low-cost titanium
powder.

The superalloy powder situation , from our perspective , is a little bit different. We believe the
quality of superalloy powder Is good. In Figure 8 are shown some of the key techni ques for making the
powder and the capacities . The major drive we w,,uld like to see Is a further reduction in cost. This is
a dominating factor and we would like to see these prices come down . As I noted , It is our assessment that
quality is good enough today to put it Into production parts . In fact , as many of you know , IN-lOO powder
parts are going Into the F-lOO engine. In the superalloy situation , therefore, activity directed towards
cost reductIon is appropriate .

Let us now move from the powder itself to the consolidation processes. It is this area 1 n which , in
the United States , most activity will center in the near term. As shown in Figure 9, there are a number
of techniques available. In addition to HIP (which was mentioned earlier), the list Includes Press and
Sinter as well as Extrusion . Some of the size and shape limitations are also noted .

Dwelling for a moment on HIP , Figure 10 shows a process schematic. We see the use of molds, filling
the powder, the HIP i tsel f, and end with a finished part. Pressures involved are fairly hi gh - - about
15 ,000 psi. I believe we all have to think In terms of processes In which the capital equipment costs a e
minimized. HIP is expensive. I want to state unequiv ocally that the United States has not finalized on
HIP as the only way to go. Other processes and technique s will have to be considered. Admi ttedly, howeve r ,
at this juncture , much of our activities are geared around HIP.

The largest HIP facility currently In operation Is at Battelle Memorial Laboratories , Columbus , Ohio.
This unit is capable of temperatures up to 2400°F and pressures to 15,000 psi. The working chamber is 4
feet in diameter and 10 feet long . As we start to think about production applications , we recognize that
this kind of equipment is extremely expensive. This is one of the drawbacks to HIP , although I should
note that any alternative process may also have drawbacks In one sense or another. Nevertheless, these
high costs will certainly stimulate us to look at other consolidation methods. Here , again , imagination
and innovation are required . We are at an early stage in the technology and I urge you all to look at
alternative ways to consolidate the powders. This will be a key factor , maybe THE key , to the future of
this technology .

Some other approaches are noted in Figure 11. Let’s look for a moment at vacuum hot pressing - - to
give you an example of some of the differences. As noted In Fi gure 12 , we are now talking about pressures
on the order of 1000 psi and , therefore, there are dramatic differences in the type of equipment required .
I believe there are going to be a number of different approaches , each of which may have certain advan-
tages. At this stage of the process selection , we are still looking for the best approaches. Again , I
reiterate , there will be much activity In the United States geared to the development of new consolidation
processes. They are critical to the future of this new technology in terms of both quality and economics .

As we look at powder metallurgy, the reason for the great Interest in the United States , and through-
Out the NATO member nations , is the cost reduction potential. That is the main driving force. There are
other advantages , however , and I feel that It is important to note some of these. In the long run , they
may turn out to be very large driving forces in themselves. As shown in Fi gure 13 . these include things
like improved properties . We believe that we can achieve properties better than wrought properties , in
some cases. We believe there are advantages In terms of uniformity , machinability and our ability to in-
spect. I’ll touch more on that In a moment. The powder process also affords us the ability to produce
alloy s which can not be made by any other process. Thus , it can open new materials horizons to us. These
are si gnificant advantages and , in many cases , may be a dominant advantage. And so, as we look to the
future , I don ’t - - and I do not think any of us should - - think of powder metallurgy as simply a cost-
reduction approach. It certainly has that potential and it would be foolish to overlook it. My point is
that it is bigger than that , and these other factors may be dominant as we go into the future .

Looking briefly at properties , both titanium and PA-l01 superalloy , are compared with specification
values in Figure 14. We find ourselves with very satisfactory properties . While there is much more data
to be generated , we are close to a statement that would say powder metallu rgy is going to offer us at least
equivalence and , in many cases , advantages over wrought properties . Again , a lot more data has to be
generated , but at this juncture , it looks extremely promising .

I believe that ultimately powder metallurgy will afford us improved Inspectability . However , In this
drive towards net shape , we find non-destructive Inspection (ND1) play ing a very important role. Our
abi l ity to accept net shapes requires the matching development of an MDI capability to assure that you can
legitimately inspect these parts and put a stamp of approva l on them . This is critical to us. And so we
f ind , and you should be aware, that net shape technology may be thwarted by an inability of MDI to
accurately and reliably determine the quality of the parts. In the United States , we are extending a two-
pronged effort to match MDI to the powder consolidation activities . This is critical if you are going to
use net shapes in actual applications.

There are some additional considerations noted in Figure 15. Again , all of these are positive
factors for powder metallurgy . In the environment we are now In , and I know you are in also, we find
energy conservation a major issue. We believe that powder metallu rgy will offer substantial savings of
energy, particularly in terms of a reduction in machining required up and down the line. Ecologically,
there Is absolutely no comparison between th. way powder parts are manufactured and the way we conven-
tionall y go from ingot to billet and on down to the final hardware . We are now forced to live with these
considerations In production and powder metallu rgy can offer major technological advantages.
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We must also consider strategic materials conservation. We do not have all of the raw materials that
we need ; they are going to run out. Therefore , we must become more eff icient in their ut i l ization. We can
no longer afford to take 20 pounds , machine it down to one pound, and throw 19 pounds away. This reduction
of input weight Is a major advantage which wi l l  have a growing importance to all countries.

As we look to the future , I’ ve sumarizej our requirements in Figure 16. We will be looking at im-
proved powder production techniques for hI gh quality . This will be directed primarily to titanium but
we certainly will look for improvements In superalloys as well. I look for th’ major thrust to Involve
titanium quality and the cost of both metals.

In terms of consolidation methods , the powder handling and canning for net shapes are arenas for in-
novation . We want to obtain a proauct which is economical and does not involve a massive capital Invest-
ment. We also want to produce reliable , consistent hardware . Finall y, we ’ve got to match non-destructive
inspection with our product form.

Looking at the spinoff potential In Figure 17, wI th success in this area , we see expanded usage of
titanium and superalloy s in military applications. I believe that powder metallurgy can open opportunities
for titanium in areas where we would like to use it , but , because of the cost , we currentl y use steel or
aluminum instead . A 50 percent reduction in part cost would certainly result in substantially expanded
use. I’ m not as optimistic in terms of expanding the applications of superalloys , although , I believe
that we can make the current applications much more efficient.

We believe that spinoffs to comercial aviation will be fairly direct and Imediate. Thus , we ’re not
restricted to military applications. There are already powder parts , although not of superalloy and
t i t anium , in the conanercial marketplace . A spinoff of these products could result in a si gnificant market
in the non-aerospace arena. That is difficul t for me to forecast , since it’ s not my back ground. However ,
I do believe that low cost titanium can open up significant consumer markets .

The last i tems in Fi gure 17 concern translation of this technology to other materials. I talked
primaril y about titanium and superalloy , but feel very strongly that the technology will apply to steel ,
alum inum , and other materials as well. For example , I believe it can open up applications in aluminum
parts with much improved fatigue life compared to today ’s parts. This Is one limitation with current
aluminum structures . Another possibility is alumin um alloy s with 100 to 150 degrees higher temperature
capability . And so, we do not (nor should you) draw the line on powder metal lurgy around titanium and
superalloys alone.

I’d like to close with one thoug ht. There are those who say that the way of the future is with
composite materials. Therefore, why do we bother with improvements in metals? I can tell you that, from
my perspective in the Air Force Materials Laboratory - - and I have been an exponent of composite materials ,
a strong one - - I do not believe airplanes of the future , civil or military , will be made 100 percent of
any one kind of materials. I believe that in the future we have got to offer the designer as many options
as we can for different vehicles with different missions and requirements . Speaking to you as a composites
man , powder metallurgy is probably the brightest hope that we have in metals that can have an impact on the
airplanes , the weapons systems and the coninercial systems of the future.

I leave you with the message that , al though we have not reached the top in this technology , the
promise is bright. We have no option but to pursue It vigorously. I urge us all to work together coopera-
tively wherever and whenever we can. The area is big enough and important enough for international
cooperation. It’ s certainl y something we should strive for and the benefits would accrue to us all. 



(E
CONVENTIONAL I

FORGING:275 POUNDS
FINISHED DISK:

42 POUNDS

ISOTHE~4AL.
FORGING :122 POUNDS

Fi gure 1. State-of-the-Art Turbine Disk Forging

MATERIAL % I NCREASE

•CARBON BAR AND BILLET 41

•VA R STRUCTURAL ALLOYS (300M) 45

•HIGH TEMPERATURE ALLOYS (NI) 47

•STAINLESS STEEL (304) 38

•TITAN IUM (Ti 6-4 BILLET) 46
SOlE BLOC KS AND DIE STEEL S 20

Figure 2. Raw Material Pri ce Increases , January 1974 to January 1 976
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COST INDUSTRY
POWDER PROCESS QUALITY ($/LB) CAPACITY (LB/YR)

S ROTATING ELECTRODE GOOD 25-35 150,000

•HYDRIDE - DEHYDRIDE MARGINAL 45 26,000

3 •BLENDED ELEMENTALS MARGINAL 4-6 SUFFICIENT
L.~ - ____  ____

Fi gure 5. Titanium Powder Metallurgy State-of-the-Art Powder Production.
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C O L L E C T I O N  PORT

Figure 6. Rotating Electrode Process

• EBRD LEYBOLD HEP.AEtJS/GERI’tANY

• CSC AERE /U NITED KINGDOM

• CMRC CRUCIBLE STEEL/UNITED STATES

• ROTOTRODE SCHLIENGER INDUSTRIES/UNITED STATES

• MELT EXTRACTION BATTELLE MEMORIAL INSTITUTE/UNITED STATES

Fi gure 7. P~tsnt1a1 Sources for Advanced Titanium Powder Production
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COST INDUSTR Y CAPACIT Y
- POWDER PROCESS QUALITY ($/LB) (LB/YR)

S ARGON ATOMIZE GOOD 7-10 >5X106

S VACUUM ATOMIZE GOOD 8-12 310.000

[
~~~~ROTATING ELECTRODE GOOD 18-30 200,000

Fi gure 8. Superalloy Powder Metallurgy State-o f-the-Art Powder Production
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-

~~~ 
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LIMITATIONS 
- - -

~~~~

SIZE SHAPE
•PRESS & SINTER <50 IN2 PRESSED SHAPES

5 EXTRUSION 6” DIA. EXTRUDED SHAPES
& BILLETS

•HOT ISOSTATIC PRESSING Y4000 IN 2 COMPLEX DIE
PLAN AREA CAST SHAPES

F i gure 9. Powder Metall urgy State-of-the-Art Consolidation Processes

FABRICATE MOLD FILL WITH POWD ER

~GLASS . CERAM IC , STEEL)

FINISHED P ART

HOT I SOST A TIC PRESS 
TYPICAL CY CLE RANGE

PRESSURE — 15000 PSI
TEMPERATURE — 1600-2200°F

TIME — 1-3 HOURS

Fi gure 10. HIP Process for the Production of Near Net Shapes from Powder
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Fi gure 11. ~idltional Consolidation Methods for Advanced P/M Products

V I I



VACUUM

itt 
________  

itt
P

~~~~~~~~~~~~~~~~~~~~ 0 0

o .c
~~ ___

o .- 0

_ _  

p
~~~~~~~

r’0 “~~
“
~ FINISHED PART

_ _ _ _ _  

~ 1~~
o

o\ o o\\ 0
_ _ _ _ _  

0

TYPICAL CYCLE

PRESSURE — 1000 PSI
TEMPERATURE — 1750°F

TIME — 1 HOUR

Figure 12. Vacuum Hot Press (VHP) for the Production of Net P/N Shapes in Titanium

P -

~~ COST REDUCTIOM

IMPROVED PROPERTIES

• HOMOGENEOUS MICROSTRUCTURES

5 UNIFORM MECHANICAL PROPERTIES

- THICK SECTIONS

- DIRECTIONALITY

• IMPROVED MACH1’~AB ILITY

• GREATER ULTRASONIC TRANSPARENCY

5 POTENTIAL FOR NEW , IMPROV ED ALLOYS

- NON-CASTABLE

- NON-~ lRKABL.E

Figure 13. Advantages of P/N Products

XIII

-a



ALLOY F F ELONG. RAtu ty %)(KS I )  ( K S I )

Ti -6Al -4V 137.4 125.9 18.8 43.2

SPECIFICATION 130 120 10 25

PA— lOl 227 153 11 .5 15.4

SPECIFICATION 180 150 8 8

F i gure 14 . Mechanical Properties of Titanium and Superalloy Powder Consolidated by HIP
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RESU~5E. Nous présentons dans cette étude un procédé de fabrication de poudres
d’allia ges TA6V et TA6ZSD élaborées par fus i on centrifugati un gc)Us hombarde—
mont électronique. Un dispositif do capacit industrie lle pour Ia production
de poudres méta llique s est décrit et los cara ctCris ti ques des poudr c-s ainsi
élaborées gout exposécs. Des pièces massives out etC mises en forme par
frittage et filage 8 chaud entre 850’C et I lO0 ’C. Les structures et los pr-
priétés mécani ques 8 froid des produits densifiés sont comparCes Iv Oct ,t
aprCs traitement thermi que

Le titane et ses alliages présentent un intCrèt considerable dans le monde -c~ t i c c i , i r t i u l i i .r e m c n t
dans le domaine aéronauti que 00 tous leg efforts tendent 3 obtenir des propri ct mécanique s cicp ~- r - r - s
pour des pojds de matëriaux utilisés toujours p lus faibles . Cette notion , liée 3 l ’ c -r issement des pc r-
formances est aujourd’hui tempérée par des notions d ’économie : economic .~cu-rg t i que quant au choix h-s
alliages utilisés Ct quant au choix des procCdés de transformation. En eff c t , I’- poids d ’ cll iag e de titane
uti li sC pour réaliser one pièce est souvent JO 3 20 feis supir ieur  5 celoi de Ic  p i~~~r f i n i, .  La métallur—
gIcr des poudres perinet , dans le cas des alliages de titane , d’approcher , au cours de Ia mise ‘fl f rmc , ic,,
cotes définitives , tout en conférant S l ’alliage one p lus grande honcogCnCité de structure en ‘~li mi nant les
sC grégations dues 8 la solidification de lingots de grande dimension , sC grCgations qui ne d i s p c r c i s s c n t  pas
complétemen t aprCs forgeage .

Los alliages S base litane étant sensibles S l ’ oxydation , su’rtout 4 l ’état divis é , n ui. all ons
exposé tine Ipéthode industrie lle do fabrication do poudres d’ alliages do titane ~- I c i r , c s  sous vide •t
comparer tap idement lea propriétés mécaniques obtenues après densification par f ilI C , S chaud ti par frit—
tage sous charge.

— ELABO RATION DES POUDRE S

1.1. Descri ption du procédC . Le procedé mis en oeuvre fait appel 4 Ia centrifug ati cin sous vide d ’un
alliage Uquide fondu sous l ’impac t d’un faisceao d ’ Clectrons line lin go t ~‘r, a axe v e rtical refroidi, 1
i ’eau , recolt gr5ce S on dispositif do chargement aotomatique des electrodes de diam &tre 50 xix c-I de lon—
guecir 200 me (figure I). l.’extrémité de l ’ lectrode , maintenue hors do Ii  li n gc, t ii r~ est sccx mis ,  3 l’ im—
pact d’un faisceau d ’ e l e c t r ns iss u d ’ un canon 4 acceleration interne . On I t  i c -n t  Ia fus i n locale do
l’ extrCmitë de l ’él,ectrode , et par centrifugati c-c , expulsion do la tic,,, - fondue qui Ccl ate en I’ i c t t , I , - I t ~~~ .
C,s dernières Se solidif ient sur leur trajectoire aprCs avoir heurtC un écr.cn ref rc ,idi S l ’ eau qui ,rni, t
do limiter lea dimensions de l’ encejnte 3 vide , constituant Ic four do fusion , , dos dimensi jis r , i s ’ n n . c -
bIos. L,s sp hérule s ainsi formCes sont recue illi ,.s dans Ia part i , inf ,~rceuro du four. La d i l f i cu l t , . r,-
présentée par l’écrasetnent des part iculea sur l’écrarc refroidi , a t~t c- rCsolue etc moduf iant  Ia tension
cnterfa ciale entre la goutteletto li quide et le support J o t  le r iI I I ’ hst i c l e.  c .cp . c  i t,  do produc—
ion du disposit if dana sa géomCtrie actuel I, en ut iii s uit des , lc t r ule, ci ‘all i c~’c , .  do t i t  c o t  do SIc IISO

de diamètre eat do 7 tonnes/an.

3.2. Com2osition des alliages étudiCs . Deux illi ages do t it , cn, “fit ‘I, etudjCs . Los cc~mp o si tiicc s nomi—
nalea sont lea suivantes

V A~ Zr I ~~~
, Si I I 0 N I I I TiElectrode s I . - -z z z z -

t - - ____ - - - -  _________ ______

TA 6 V 4 ,2 6 ,’6 — — i , i ,5 1 , 1 1cc) O ,ilO# ~, I , Sal.
___________ __________ - - ~~~~~~~~ 

TA 1c 7. 5 D — 6,3 5 11~~~6 o, I S  1 .0 . 3  (1~ 40 — ,i , 107 Sa l .

L3. Paramètres technolog igues do La -entriIugatiucc . 1 . -s  e l e c t r o d e s  do diamitre Some do ces dcccx alli s—
ges ont ité centrifug éea dana une encelnte 8 Ia pres.ion de 1W’ rrs aver unc vitease de cen t r ilcc g .ct i i i
do 4000 tours/minute et une avarice do 5 cm/minute $oit une vit eale d’abl .iti ,, c de I’ ,ill iage de’ Ic ) k~~~h,- i c t , .
La puissance Clectrique dilivrée par le canon en coura do foncti,’nnemenr , s t  do II KW sotis Wit t e f l S i o f l  1,’
24 Ky.

~Centre d’Etudes Nucléaires de Saclay, B.P.n’2, 91190 GIl sur Yvet te  — FRANCE
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I .4 Composition des poudrea Claboréoa . AprCa centrifugation , l ’anal yse des sphCrules eat is suivante .

V At Zr Mo Si C 02 N2 H TiSpherules z z

TA B V 4 ,35 6,55 — — — 0,010 0,120 0,003 0,0012 Sal.

TA 6 Z 5 D — 6,3 5 0,56 0,16 0,030 0,150 — 0,0006 Sal.

La diminution do Is teneur en éléments interstitiel s eat plus sensible dana te TA 6 V que dans le
TA 6 Z 5 0 gui aemble subir une legCre carburation par l’ atmosphêre carburante du four et qui parait plus
sens ible S l ’ oxydat ion , probablement du fait de la presence du zirconium dana Ia composition de I ’a ll i age.

1.5. Répartition granulometric1ue et bilan Inatière. La repartition granulométri qc.e est représentée sur
le tableau suivant.

Di mensions des sphérules en microns T A B  V TA 6 7 .  5 D

0 < < 100 3,51 1 ,20

100 C C 3 15 33,21 32,98

3 15 < < 630 36,34 45 ,57

630 woo 26,94 17 ,87

“Sp lat.cool ing” — 2 ,38

100 00

Rendement de centr ifugation 85 ,35 Z 82 Z

Le b ilan mat ière s’étabiit cosine suit

T A 6 V  T A 6 Z  S D

Folds des electrodes lOO 100

Poids de sphérules récupérées 85,35 81 ,94 I

Poids de sphérules applaties ou déformées — 2

Poids des electrodes A recycler 9,20 8,60 I

Folds des sphérules agglomérées S recycler~ 3 ,45 2 ,88

Pertes I 4 4 ,58 I
___________L___ 

_ _ _

1.6. Examens micrographi gues. La micrographic des particules (figure 2) monire I’ aspect dendri—
ti que habituel dG au refroidi ssement rapide’ des sphérules dans Ic four S partir des conditions initiales
de misc en solution. On remarque is distribution aciculaire c + B avec Ia preci pitation p”imaire de t~
dana lea joints dc grains. Lea distances interdenclr iti ques de 10 A 20 cc traduisent on refroidissement
rap ide , mais sans effeta de trempe , dO 4 l ’absence de convection dana l ’enceinte du four.

Un examen c Ia microscop ic Cl ectroni qice no montre pas dc variation sensible dana la repartition des
é l C~ ents entre Ic centre et Is péri phCrie d,’s ,.1I,, r c c l c - s .  Le zirc onium , en parti culier , eat bien réparti.

2 — CONSOLIDATION DES POUDRES.

Deux procCdés de mise en forme IcE c t e ~ Ctud i chc en ‘c c tion de duffC rente s utilisat iona potentielles.
Dana cc gui suit , on va comparer — en ct i lis an t Ia fraction granu lomCtrique comprise entre 315 e~ 630 ii —

lea alliages de titan e denaifi~ s etc ut il i san t S t i lt  on 1, r , , c c tdC de Iilage S chaud dana Ic domaine c 4 8 et
dana Ic doma ino 8 , so it on pr ,~~c’d~ do f r it tap i ’  anus cha rge en m a t r i c e ’  non ri g ide dana le domaine $ essen—
t ic l lement . Le premier p rc ic .~ J.~ c a t  intC ressant  pour Ia mis.’ en forme des produits longs ou de prof i les ,
Ic aec,,nd convenant s c c , c x  , c I ‘c l I t r I t i c ,  ‘ It- 1, rc ,dcci t s  p la t s , ma is do grand diamètre cosine les disques.

2. I - Coniol idat i n

2. 1. I • 1,-a, r c J ~l 1 ,0  do ‘ r ’  ,l , . l.a cc ,nso l idat ic c n des poudres a e t e  e f fec t uêe  en mettant en oeuvre
cm pr ’ ee le’ do f i t a ge  hy d r c c s t a t ique’ - c hau te  t empera tu re , gr8ce :~ on d i spos i l  i t  quc a ’ adapte sur one presse

ii I or , ,nvent ionno l Ic .  Ce d is;c s J r i f  t a t  un Era i n de pouss~’c’ ns’b i Ic , 51 tuC S I ‘arr iCre du conteneur do
Is presse et asa urant I’ ,~t ,,c, t c c i t ,  -c l’ c i , t e  d ’ eln jo i nt  en cu ivre (figure 3). Cot ensemble , appelC tate
d ’ètan ,- hC it é , eat p l c ’  c I’ c r r c ’ r , -  du , c c t , - c c , , c r  di’ Ia presse dana Iaquel le on a prCalahlement introduit ,
- ‘  Ia temp erature ch,,isie , Ia b i l l , r c ,  .c I i l ,- r . t  Ic t ranametteur dc. pression en quant i té  convenable.

- - _ _  - -
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It ’ l u l’ i r  do Is presse ag i t  d i r ,’c teme nt sur cc gra in do pousaCe qui realise , par dCmormat ion d,j
j o cc , t de cu,c-r,- , one ‘ to,,, hêit , cl ynamique jusqu ’ .c one press i n de 33 Kb (pression admissible s,j r Ic foc i-
l~~ir ) i t  pour d cs temp érat,cr,-s atte ignant I 3O0~C. On pout uti liser on tel di spo s itif . soit en filage icy dr i s—
t at ique e t u  .‘~ i compression soatat ique . En e’f let . il suffit d’ a rr~~t c r  1,-i course du foulo ir  avant Ia f i t ,
do fili g i do Iaç ’n 8 l~~ist.’c on “cul,’t d,’ filag e” dana Ic contene,cr L ’examen Je ce c ’ c l c ’ t  pc rflS’t cI ’ analyser
I, ,-onsol dat i,’n Ic is poudre aprCs i c ci c compress ion S Ia con t ra in te  hydros ta t  ique Ut i i i s - ’~ .- pour Ic’ f i  lage.

2 1 . 2 .  Preparation de .lc b i l l e t t e  de filage. La poudre est disposCe dans m e  enveloppe cy lindri—
quo en leJel doux qui t S t  fermé c anus vide par bc,mbardemetct Clectronique. La bi ll e t te ~at rCchaulfCc clans
on f u r  t~1ectri que et t ransi rmit’ avec un taux do rCduction connue par uric operation de filage hydrost ct iqu o .
l)ans on premier temps . on .1 IJ~ compression isostati que do Ia bi ll ett e pendant Ia montée en pression
ensuc t, . Ia pressic i n nécessaire pour filer eat atteinte et l’ ailiage est éjecte hors de Ia fil ièr c .

2 . 1.3. C unsid, rati,,na techniques sur l’ opération do filage . l,es essais de filage qui ont été effec—
t uc ~5 l cns li domaine -i + $ et B entre 850°C et 1050 C permettent de determiner Ic coefficient de résis-
t ance S Ia ,I,Iormation K, en fonct ion de Ia temp erature et d’en déduire lea rapports de rCduct ion possible
pour inc ‘n t ra inte hy d r , s t a t ique donnée. La valeur do cc c ice f f i c ien t  do r l s i s t a n c e  A Ia dc~forma t ion eat
d,cm,, c’ par La f , rmule suivante -

K F no F eat I effort
S Ia section du conteneor

a R le rapport de reduction.

Li fi gure 3 décrit l ’êvolution do coefficient maxima de résistance S la déforina t ion pour lea deux
c I I i c g c s TA Ic V c t  TA Ic 7. 5 D en fonction do Ia temperature de filage . On trouve également sur Is figure 3
la compara i son des res i s tances  maxima 3 Ia deformation d ’un a i l i a ge TA 6 V , l’ un f ile S partir de poudre ,
l’ cutr e I iIc ~ c I ’Ctat massif avec one gam e en acier doux .

On peut effectuer lea observations suivantes

— La densiu t h i r i que cst at tc int e quelle quo soit Is temperature do filage dana lo doma ine c + 8 come
dana le domaine B.

— l.a r,-s stance ;c I .c d, formation du produit pulvérulent eat plus faible quo cello do produit massif anus

~‘.cine , toc,tes c,’tcd t ions ‘p Cr~Jt ’ires étant égales. II sera done possible d’obtenir des rapporta do
ri~duc -ti on p lus importants S partir de bil lettes pré parCes par la metallurg ic des poudres.

— I, ’C t a t  do surtai c apr~ s dCgainage chimique ost légCrement ligneux (figures 4 et 5). La profondeur des
l,- f a u t s  r , - s t c  fa ible ( infér ieure au 1/ lOC sin), tuais el le est p lus importante lorsque le filage eat effec-
t ,,, - d c ns  le domaine -. + II. On ubserve une situation inverse pour Ic filage des produits massifs en allia—
ges do t i tane oil Ia prolondeur des dé fau ts  c a t  maxima pour Ic f i lage dana le domaine B.

2 . 1 .4. Exaniens inicrograp h i ques. Los examens micrograp hi ques ont pernhis de determiner lea domaines
de hIses dana lesque l s  on a ef f ,” tué ic - s  filages come Ic montre le tableau suivant .

Domaine + B Doinaine $

TA I, V 850. 900 . 950°C 3000. 1050°C

TA 6 Z S D 850. 9(X) . 950. 1000°C 1050 °C

La tail lc dos grains $ aprCs filage ne dCpasse pas 100 microns , inème pour lea essais effectués S
1,150°C. L,c figure 6 montre quel ques aspects micrographiques aprés filage.

2.1.5. Pro pr ie t c ~s mecan iques. Lea caracter ist iques inécaniques de t r a c t i o n  ont Cté déterminéea S
1 ‘ambiante

— sur le produit brut do filage ,
— sur Ic produit f i l e  syant subi un traitement thermique de revenu de 700°C — I heure —

r c - f r o i d issemt ’nt a l’ a ir  pour Le TA 6 V ; et un traitement de trempe 8 l ’huile de I heure 8 1050°C suivi
d’ un revenu de 24 heores ~c 550 °C, refro idissement S l’ air pour le TA 6 Z 5 D

es f i~~ires 7 et  8 m- c ,t c cc i  l’i~vulut ion des caract eristi ques en fonci ion de la temperature de filage. On peut
f a i r e  1,-s observat ions au ivs nte s

— i l  y a peu d ’évolut ion dsns lea propri été a mCca n iques après f i lage et apr és revenu pour
I’ all iag e t A B  V.

— la duc til ité de l’ ai lia ge TA 6 V reste élevée (15% d’a)longement 8 rupture) et quasi
con s ta nt e dana l~ douia ine - ‘  + B cosine datc, Ic domaine f,00 l ’on observ e one diminu t ion impo rt ante de Is
lithite ’  c - l a s t  ique.

— La forte  augmentation de is charge S Is rupture du TA6ZSD uilé 8 950°C eat obtenue 8
d u c t i l i t , -  cons t an te .

2 .2 .  Consol idat ion par f r i t ta g e sous charge.
2 .2 . 1. Desc~ ipt ion du procéde. La consolidation d es poudres do TA 6 V et TA6ZSD a eté rCalisée

dens ‘in four dc’ fr i tt sgc sous charge en matrice f l o t tan te  déf nnn ab ie. Lea pressions misc , en jeu dana un
d is p o s i t i f  do f r i t t ag o  soo s charge Ctan t l im itC es au maximum S 1 000 bars , il eat nécessaire , pout él iminer
i , , I e  poo os ir rés idue l l e , d’ op érer S haute temperature et en tolerant un écou lemsn t la tera l  contr 6lC de
l’ a l l i s ge en co ors de dena if icat ion.  Xl es t done prstiq uement impossible d ’ exécuter uric consolidation de
poud rea d ’ alliagc; de titane par frittage anus charge dana le domaine a + $.
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2 . 2 . 2 .  Preparation du container  de f r i t t a g e .  La poudr e d’ .ll iages de t i ta n e eat d iap os ée dana ‘cn
conta iner cy l indrique en sc ie r donc I ’C paisseur des parois a etC choisie en fonction du diamétre do disque
S densifier, Deux p istons en graphite S haute résistance permette~ t Ia compression do la poudre en disposant
ent re ce t te  dern ière et le grap h i te des f eu i l l s rd s  en mol y bdCne pour év i t e r  toute diffusion. L’ensetnble eat
port e sous v ide S is temperature de frittage .

2.2.3. Operation do frittage . Do (au des faib le s contraintes miaes en iou , le frittage eat réalisC
dan a Ic do insine $ entre 1100 et 1150 °C après on pa l ier d’ homog ênf i s at i on  de 30 minutes S la tneme temp ératore .
La compression eat effectuée très rapidement en 60 aecondes entre 500 et 750 bars.  Le refroidissement do Ia
p ièce apr és compression eat contr6lé

2.2.4. Examens microgrsphiques. Les examens micrographique s (fi gure 9) révèlent one decomposition
de Ia phase S init ia le avec la formation d’un l u cre de phase a primaire , principaiement aux joints des
grains . On observe Cgalemont Ia nucleation et la croIssance d ’aigui lles do Is phase a. La t a i l l e  dos grains
de l’ alli age TA6ZSD (280 ii en moyenno) eat légérement plus petite qoe celie des grains do TA6V (350 )

toutea conditions de frittage étant egales. Après frittage , l ’aliiage TA6ZSD présente one dureté de 54
a le r ,  que la duret C du TA6V est do 52 Re. Nous n ’avons pas observe de porosité , ni de traces do sphérules
constituant Ia poudre dana lea coupes ef fec tu é es .

U n examen I ls mi crosonde élo ct roni que mon t re pou r lea deux a l l i a g e a , un enrichissement des aigu illes
en alumin ium . alors quo le l iseré entoorant lea aiguil les do TA6V révèle on enrichissement e~ vanadium et
Ic liseré do TABZ5D on enrichissement en moiybdène ct etc zirconium . Dana cet alliage Ic si l ic ium eat réparti
de fa çon uniforme .

2 . 2 . S  Caracté r ist i ques mécaniqices. Lea carseter istiques mécaniques de t ract ion ont etC détermi—
nées S I’ amb iante sur Ic produit brut de Ir i t tage.  Les résultats sur produits recuits S différentes toni—
pêratures soront publ iés ultér ieurement . Les résu l ta ts  sont résumés dans le tableau ci—dessous.

Pression Ildo 0,2% A
R 

A
T

fritta ge 
-

bars daN/sin2 daN/nina % % Z

TA 6 V 
400 85 92,7 6,1 10,5 19

500 86 93 6 12 ,2 30

TA B Z 5 0 400 87 94,1 5 1 2 25

500 87 94 5 10,2 20

On peti t f a i n -  los remarques s u iv a ntes
— Is’s c r a  c c - c  c a t  iques nc, ani ques do l’ slli age TA6V fr i tt ,~ sont supênieures S celles observCes poor

Is’ mème alli age . f,,ndu—I rg,- , ayant subi un t ra i tement  d’ homog éaé isat ion de 2 heures en ~~, on recuit Sons
vi de ,- ,,r re 600° et 900°C. La limi te d ’Cl a stici tc eat aopénieur e S celle d ’un alliage fondu—forg e lamin C S
f r i d ‘i  c,’ ,c c t a N,5c ° l , c du cti li t , ’ (A Z) eat importanto avec 12% cJ ’ ailongement S Ia rupture , va lou r

r i - c r .  ou .-g a i~ - a cel le dos all iage s laminCs I chaud et A froid ct recoits 3 800°C.

— lea - - c r - I r~ - r i a t c q u e s  m.- aniquss de i ’all ia ge TA6V fnitté sont sensiblement égales S ce ll , , do
1MEV ile c - .- , tin r,Ipp ,ct tie rCdu tjo rc do 6 5 one temperature sopCrioure 3 1 000°C, c ’est— S—dire I c u s  Ic
dome no aver cc,. at ruc L ure an c,J l a c ri

- lea Is, .- r. di’ ropt i.- en mi c-roiractograp hi , rCvClent pour les doux alliages one ruptur e du t y pe
d u . t i l s ’  S

s : ‘.

I. re al .at c ’n I. pi~ .- s I t  c t t , c s  ou ( d e e , . présentant des caractérist q ’ .s m~caniqci&’ s ,i ‘c. c s .
a pu rn .’ c’-a~ntr o ,- en met tant en ueuv re La méts i l org ie  tie poudres ties alliages do t i ta rd e’ dccc
tic)O S,IUU v c - I , .

I. In t L . ,,, .,-ua , harge’ dana Ic domaine 8 , en uti li ssnt one technolog ie d’ ,’c , , u lc ’ no ,c t d ir igc 1,
.a50 —ii t UIS (i’ c” m~’ r , ’ .sL o n ,-n one vitease de refroidissement contr5lC ,.c pe’rmis Ia r c c l  i s c I  ion di

- Il--c-. . . ~~ . por ..scte rpsI-I ,c.- II , , p. ‘-rac t d ’entrevoir des solutions poor I’obtent ion d i rec te  de pi~ c c s
t r anp t - ,m.. tc - .ne u l r e r c . ’ u r e s .

NP ~* N c  Ic  ~* S

5 ,a tsn,,ns S r emercIer ia Direc t c i ,  dc -a Kec h e rche a et M oyen s — Es sc i s  pour I’ a ide qo ’ e l I e  nc ’us c n , c t  c c
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PRODUCTION OF TITANIUM POWDER BY TIlE
ROTATING ELECTRODE PROCESS

Gerald Friedman
Nuclear Metals , inc .

Concord , Massachusetts 01742

Titanium is an important metal in aircraft gas turbine engines and for aerospace
structur .il applications. I t  is also among the most costly eng ineering metals employed
in modern aircr a ft . The hig h cost of titanium billet is subsequently mult iplied many-
fold — an  much is 10 and 15 times — by “material utilization r- -i t j OS ” , which relate the
wr iuht ct billet to the weight of a finish-machined part. One of the most significant
contributio n s expected from titanium powder metallurgy (1 - - M I  technology is the ability

— f  P M proce s s i n g  to re - D ic e  t h c -  quantity of excess metal required for titanium parts so
rh.i T the ratio of input to final part weight will be less than 2:1. For critical appli—
‘.11 ions , SIt -h process gains must be realized without any compromise in properties , and
the ,, -fo rm - the t raditional P/M technique of press—and—sinter is inadequate , since the re-

( r c s d t y  i n h e r e n t wi th such  p r o c e s s i n g  is responsible for grea tly reduced le i e l s
r (  d u c t i l i t y ,  toughness  and f a t i gue str e n g t h . In f a c t , complete densification obtained

on,: or more hot consolidation operations is considered to be a minimum require-
men t f n r  critic.i l titanium P/N parts. The powders best suited to hot consolidation are
‘ho s-  cc- n-d ining high bulk density and low surface area with high purity. It is there-
F r’- no t at all surprising that much n i t  the work performed on titanium P/M for aircraft

l i c - at ions is based on the titanium alloy powders made by the Rotating Electrode Pro-
cess .

In the Rotating Electrod e Process , one end of a rapidl y rotating bar (the consumable
elect rn-ide ) is : n c c - l T e ~i by an electric arc issuing from a non—rotating, non—consumable elec-
trode. The n - c i t i n g  takes place withi n  a lanc’ helium-filled chamber. As the consumable
eln’c trn ,de rotates . cen tr i t u qa l  f , irn’m~ causes the molten metal at its end to fly off in the
F orm - t  fine droplets whi - -h ,‘oalesc e jr’ I, spherical “microcastings ” and fall to the cham—
F , - ,  F loor.

There are two va r t d n t s  of the Rotating Electrode Process , represented by the short-
bar cn,t t b -  l i n n-b •r REP machines. The short-bar machine , Figure 1, accepts consumable
electr Ic-s )an ,sI ,-sI °D t I  3— 1/2 inch (9mm ) diameter by 10—inch (250mm ) long . The entire
con-i ,n-ni cb -lc m l  m - i ’,r)d e  and the I n - I l r ’ t or chuck in which it is held are contained within the
n .in-hi n e chamber. Aft ,- t most of the anode has been converted to powder , the opera tor uti-
lizes a ‘dove por t t - - remove the 1- to 2—inch (25-50mm ) anode “stub” and r e p l a c e  i t wi th
a new ano,Ie, Standard 2—1/2 inch (6.35mm ) diameter electrodes are introduced into the

n - I - m n throuqh an 0—rin t -s i-al ed bar feeder. Anodes of diameters that cannot be accommo—
-Fi t - - I b- the bar F c- ,- t c - r  ire stored in an electrode box within the chamber prior to being
in r)duced in’o th i - n —c Thine collet.

-
~h~- shm rt-bar machine is very useful for short runs and for experimental (e.g., cas t )

alloys whn ch may be available only in short lengths of various diameters. The productiv-
ity oF this rI c ’hine , however , is not as hi gh as that of the long-bar machines which can
~ir-,ctu ce rn -un ’h n-lire powder per hour.

REP long-bar rTach ine s consume 2-1/2 inch diameter anodes that are up to 60 inches
(1500mm ) long , The anodes are held in a collet outside of and behind the machine , Fig—
J r -  2. Ihe r , t ,ting electrode enters the chamber through a gas-tight dynamic seal , and
is advanced cu toma~~i cally m t ’  the arc . When most of the anode is consumed , the colle t
is - ; - ‘-t c’ l and r’-tracted and a fresh bar is loaded and advanced behind the first. These
‘ cn - Ii i r,,’s are ‘hus fir more efficient than the short—bar device , since very li ttle time is
l is t  in the l ’nacii ng :1 fresh electrodes , and they suffer only small stub losses . A typi—
c .l Ion-i t-bar r’ I ,-hd n ,- - i n  produce ti tanium powder at the rate of a p p r ox i mat e ly  4 0 0 0  pounds
(lSh kg) per wc-ek .

i t c - - I  above , the r tnl tinq consumable electrode in this powder—making process
is the .nnod.- - The ‘ a t  h’ d,- fur must REP ~~~w c1e rS  is regarded as non—consumable and is made
of tt , --r - ia’ ’ - ( t.uncjs t ’ - nn [n’- ’cuse ‘It Its uni que elec trical and physical properties; e.g., low
r e s in , i iv i t 1 , h i gh tn - i - i’ cni- ~ poi :,t - Since arc stability increases and the heat balance in
the arc shif ts no tIc,- - Ir im) d ,- in proport ion Ii the cathode melting point , tungsten is the
pr ’ - f c - m r ~- i  nt,,~t c- r ial f - i  non—consumab lc’ arc me lt inc t electrodes. In the operation of the
arc - , h wr- - . .-r , not ev ’-’, tungsten is absolutely non—consumable , for there must be a small
poo l i f  mo l re ni met .,1 c~ the ccthode t i p  to provii le a source of ions , and some n~ f this liq—
uic [ - p - t a  carried o~ I D~ th’- arc plasma flame , In  a d d i t i o n , occasional powder particles
fall gmc,r and madher,- n o the tun- ;st’-n c - It lc ,> ,1,-  Just back of the arc reg ion . As more and
nn~,rr’ titanium f,dses t i  t hu n i nq sn m- ni , the • r c - acquires the characteristics of the coating ,
rathe r- than the tongst - i s c i b s t r , I i - , It i ,1 ([S stability degrades , addin g additional droplets
(par r i i i ’ s )  cit t i!i S t’ ’ ! i  I’ t b ’  ( m ( c W I I ’ I  -

A lt hm ,u; l, ‘ 1,’- siz c - and fr i- po r, -- ~ of these tunq sten particles is not great and their
,,nF luence ‘ c i  the ,n.-chari i - il r c c [ e r t  i n ;  of the tmc c im[ h n ’r alloys , such as Ti—6Al—4V and Ti—
6A 1- 6 V -2 b n ,  is mir , i ncal we r ec c d i [ n i z c ’  t ha t  the tun m tst et , particles would not be tolerable in
‘ h. more - r .c -k—s en siti’ ,c- ..lloys and that it wcculd be [ c c - s t  if no REP tit a n i u m  powders con—
‘ ained an y tunq st ’-r , inclusions. It was therefore proposed to the U. S. Air Force that
‘1,i ’ -ln ’l r ‘t .-Ia l s f i r  t r m  a [I! ogram cn which techniques would be develcm [ceci by which REP
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i t t r , i urn I’(’w tc ’r could to ’ made w i t  t icui t  the use of a tungsten cathode . A “unt ract  was sub-
s e - f c i e n n ’  ly a w ,c t  - [ “c l  to N uc l ec t  M,’t u s  whereby this ob p et  ive would be pursui’d , and the REP
m’o~1 ii ic.,t ion p i - - i t an i  has begun.

We conc l uded , a nd the Air Fo rc ’ c ’  concurred , that the most acc<’ fnt it m l.- e i f hc md ” mat erial
Fo r a it .inium— p ro diicinq REP machine must be titanium , c f  t b -  same nominal composi t ion in;
the anode. Since such a cathode would be less “ideal” than on’- made of tcln q s tc - n , ts na t-
ur .c I tend ency would hi ’ to melt ic r  erode. To capitalize on this phenomenon , one i mi rt cit
our inves tiq c t  ion is c [irc- c - ted towards, i double-REP concepi , cii which both the anode and
the ecthode are n o t a t i n g  consumable electrodes , both being h”ld in ex ternal collets which
advan - ,- the electrodes towards each other in a “double long-bar ” mode. We are also exam-
ining the use of a massive non—consumable titanium cathode which rotates (at a relatively
slow speed ) for the purpose of constantly changing the arc—heated surface . For the imme-
diate future , it appears most practical to optimize this non-consumable cathode approach ,
since it presents fewer engineering problems than the double long—bar. In the long  run ,
howe ver , it w i l l obviously be most efficient to make powder by the double long—ba r tech-
nique , in which the max imum amount of arc energy is utilized for c-lectrode conversion to
powder , rathe r than losing some of it as heat to be transferred to the non-consumable
electrode ’s cooling system.

it is expected that the titanium powder made by the modified Rotating Electrode Pro-
cess will possess the same desirable physical characteri stics as that made up to the pre-
sent,

As described above , the titanium electrodes are melted in the absence of any cruc i-
ble in an atmc;sphere of high purity iner t gas , and so the powder composi tion is virtually
identical to that of the electrode from which it is made. Particle size is a function of
metal density, electrode d i a m e t e r , and elec trode speed . Typ ical attributes of an REP ti-
tanium alloy powder are shown in Table I; scanning electron micrographs , Figure 3 , attest
to the sphericity and uniformity of the powder.

In conclusion , the titanium alloy powder made by the Rotating Electrode Process con-
sists of closely—sized , hi gh purity spherical par ticles within the range of 50-500cm.
Alt hough earlier REP powders had been produced by a technique employ in q a tungsten cath-
ode , this source of contamination has been eliminated as a result of process modifications
which make use of titanium cathodes , in either a consumable or non—consumable mode .

TABLE I
CHARACTERISTIC ATTPIBUTES OF REP Ti-6Al--4V POWDER

1 . COMPOSITION

Oxygen Oxygen
Aluminum Vanadium Standard ELI Iron

5.50—6.75 3.50—4 .50 0.12—0.20 0.05—0.12 0.3 , Max.

Carbon Nitrogen ~~~~~~~ Other , Total Ti
0.10 , Max. 0.05 , Max . 0.0125 , Max . 0.4 , Max. Balance

2. SIZE

i) Size Range : 50 500um
b) Siz e Distribution:

Screen Size, cm : 500 354 250 177 125 88 63 44 <44

Fraction Retained , % :  0 8.3 23.6 38.8 19.8 6.0 2.5 1.0 1.0

C) Average Particle Size: 22 5 pm

3 . DENSITY

a) Bulk: 2.69 g/cm 3 (60% of theoretical)

b) Tap : 2.90 g/cm 3 (64% of theoretical)

4 . FLOW RATE: 24 sec/SOg

5. SURFACE AREA: 0.009 m2/g
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PRODUCTION OF HIGH PURITY META L POWDER BY ELECTRON BEAM TECHNIQUE

by
H. Stephan
Product Manager Electron Beam Melting
Leybold—Heraeus GmbH & Co. KG
Wllhelm—Rohn-Str . 25
6450 Hanau/Main

SF ~l it

Scope of the new process is manufacturing of metal powders , especially of
titan ium and ni ckel— super— alloys of highest purity in the most economical way. The
powder can be of 100 % spherical shape and of 50 — 600 micron diameter and of flake
-.ize of 20 — 400 mesh or a mixture of both.

Ihig h p u r i ty  i- .  achieved now by processing in high vacuum , melting with the
programmed e lec t ron  beam and atomi zing with a wate r—coo led  ro tat ing disk . This
alloc i -. reduction of hydrogen from Ti— alloys and reduction C. 02, H2 and N2 from
N i- .uper—a llcm v -. a n d  avoids contamination of the metal powder from the environment ,
the heat source and th e atomizing system .

Highest economy will be achieved by: largest quantities per load , cheap start—
i i ;~ material by direct application of cast or melted ingots , high atomizing speed
,if 30() — 250 kg/h Continuous production over severa l days , low energy costs
(u .b - 0 .8 kWh/kg), low labour Costs , high efficiency of nearly 95 % and constant
quality by full auto matization of the process.

Filling the powder in cans and vacuum—tight sealing of the same by e.b . welding
will maintain the high purity of the powder during transportation and storage . The
powder qual ities and processing data show that we can follow our program achieving
mur rea li — .t i c , promi sing goal .

1 c c l  licE

When we were conf ron ted w i t h  the economical production of meta l  powder of
highest purity we determined that our main interest should be laid on reactive me-
tal s and such ones where a low oxygen content is essential to meet the high demands
of PM parts .

Hefore careful ly studying the processes and furnaces available and being under
development se wrote down the scope of such a process . Bearing in mind that the
highly devel - ped aircraft i ndustry was going to be the most critical user of the
powder to be produced we have listed up the demands for quality, which means in
det iil

a )  N o  contamination of the metal to be melted and the powder to be produced by
the hea t source , the atomizing system and the environment .

1 )  The gas content m cf the powder should be , if necess,i ry — e.g. Ni—super—alloy —
a— . low as po ssible , which mean —. t h a t  the melting process should be a refining
pr (-ess .

c) The I - -irS i d e  site shoul t be between 5(1 and 6(X) microns , for special applic —
at ion p ;crtic le sizes of 5 — 50 should also be producible .

d) The pr ic e - .- . should allow I ,  produce either spherical particles of a 100 %
den’,tt ’,, smooth surface and high tap density or flakes of 20 to 400 mesh with
a high green strength and of very small grain size.

e) The 10 .es of volat i le alloy elements should be neg lectable.

f) ‘Ihe I’ r oce - ~~ should ice automa t ab le to achieve a constant quality of the pro-
duct .

~ci n c e a product of hhthe— .t q u al ity  w i l l  only f ind a very small field of
application if the process cannot be significantly reduced , the second feature of
- c Ut ’  aim’, wa n, the ecc ino m i cci prm d uc t i i c n  of high qual i ty  powder . In order to bring
the powder price ver ’. close to t he  ingot price high economy can be achie%od , if:—
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.1) i cr gi- arid cmc n sequ e ritly cheap lc c c c I s can be melted arid atomized etc . by dire :t
c i- ..,~~e of  s m a l l  and medium VA R and VIM lng~)ts .

tc) A hig h prccdu c t ivi ty (- .in to’  achi ,’ved by having a high melting and atomizing
sj - oe d , a c c m n t  i t c c i m c c i s  p r ’ c d u ct  ion cc ye r severs 1 days and weeks and a high mat-
er al c ’l f ic ic nc y .

c)  l ic e c~~-- ts for m iit ert l Im re i ccr o tic )n , powder packing and transportation and
qu a l i t y  c ,m flt c - m i  can be k . ’1c t  c i - m w t c ,

Irvi ng t m  me et i l l  these point ’ of our scope the result mu- .t be a sophistic —
,cted ex p en— iv e furnace . In c c r d e r  t c m  keep the capital costs at a reasonable level
it Is nec e~~-.cr v to ext e tc t the a p p l i c c t  ion of the furnace to all metals and alloys ,
wh ich -- Ici n - . t h i t  a l l  metals w i t h  a melting point higher than 1400° C should be
p -m s c l& ’r ii cble in ui economic -a l way .

— . I’RoI3I FM.~ IN TIll— PRODUCT P IN OF METAL POWDER

I n order to meet a ll the above—mentioned aims of the specification the
t - )Hhcn ~Ln g main groups of powder production s could be carefully considered:—

‘m e l t i n g  — Atomi zing — S o l i d i fic a t i o n  and Cooling and at last
the  most  impor tan t  one — Collection of the Powder.

in -n,’ lt inl  we a r e  convinced that the usage of the electron beam as source of
heat , u — l n g  the en d o h an electrode and vacuum would be the best combination to
av id c o n ta m i na t i on  of the  ma te r i a l  to be mel ted and atomized . For atom i zation
cie have  dec ided  for a rotating disc , because only this system allows the best con—
t m - i  cm l the part i cle size and i t s  size distribution. Solidification and cooling
d c ciii should be made slowly to obt a in gas free Shrinking hol es even in large part-
i cles . c i i i’.- energy t r a n s m i s s i o n  t,~ radia tion should be allowed .

Collection of pa rticles is the most Important and most difficult problem in
high q uality m etal powder production . A collection of 100 % without touching the
i c c ) w d er by any tool must be a neces sity, in order to

a) ma in tain the cleanliness of the metal powder. Any handling would bear the
dang er oi s p o i l i n g  the powder;

Ic) keep the tank clean and easily inspectable so t h a t , if changing the metal or
r e i d  aiioy , crosswise contamination can be avoided.

Ye l t i ng , atomizi ng and cooling dow n in vacuum is especially very important in
the Icr iuctic,n c c f  Ti—powder. Evaporated metal can condensate in a massive layer on
the rr&’ l ting tank wall . Do ing the same step in a reduced nobel gas pressure the
evap orating metal condensates in a loose sponge—like layer , which can be eroded
by the powder particles and spoil the particle surface . Arousing of explosions
when opening the tank must tie considered and avoided by well—proven steps of tank
vent ink .

3 . I-RLcCESS

Fl ~~ure 1 shows that the EURD (Electron Beam Rotating Disc) Process is a corn—
tmi natiun between a vertical drip —melting process and an atomizing process with a
ro t a t i n g  disc .

ihe vertical fed , slowly rot ating electrode will be drip—melted as in all
drip-m elt itig f u r n a c e s . The well programmed e.b. takes care for a pencil—shape of
t he  elec t r - c d e  t i p,  t ha t  all materi al will run down the conical electrode ti p and
th at t Im e material w i l l  drop into the centre of the rotary disc .

l i ce  programmed beam provides that the outspreading metal film at the disc
surfac e w i l l  be atomi zed at the corner of the disc  in smal l  p ar t i c l e s . The s i z e

1 the e p a rticles is given by the surface tension of the material to be atomized- , nd t h e  Cc-u t r i fuga 1 fcc rc e

‘The p a rti cle s start t i  solidify on th eir way to the chamber wall.

Depend ing on the process parameter it is possible to produce

1(X) 1 spheri cal powder or l - i~ ure 2
1(X) 1 f l a k e s  c r  a convenient
m i x t u r e  ‘c i  bo th  shapes,
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Al so depending on the beam programme the shape oh the flakes can be changed
between microspear—head s and micro potato pancakes .

In the first stage of process development the electrodes to be atomized are
of 4 — 6” diameter and 16 — ~t2 - ’ leng th . The atomization speed should be in the
range of 2 — 4 lbs/mm and the process is of the batch type .

In the second stage the electrodes could be of 8, probably 10 diameter and
200” length. The atomization speed will be 5 — 10 lbs,min. The process will be
continuous .

In both steps the powder w i l l  be collected in vacuum—ti ght stainless steel
cans . The powder can be stored under vacuum . If the storing time will last long
the cans can be e .b. welded .

As starting material severa l types and qualities can be used . For first—grade
powder double melted VAR—Ti—alloy ingots with sand blasted surface or sing le melted
VIM — Ni—base supe r alloys can be used . For second grade powder large solid scrap
pieces , scrap mosaic electrodes or e .b . consolidated small scrap or virgin material
can be used .

The application of cheap but hi gh value scrap material is one of the main
points to reduce the powder costs and one of the main advantages of the EBRD pro-
cess .

4. PRELIMINARY RESULTS FROM A t~MALL LABORATORY FURNACE

In a small laboratory furnace — Figure 3 — we have studied the function
of atomization wi th  e.b . We have seen that our ideas could be realized and powder
could be produced . In the first step we have atomized just by bombarding the metal
disc.

The chemical analyses of Ti— and N i—alloy s are given in Figure 4. For Ti the
atomization speed has been around 1 lb/mm and for Ni— super—alloys around
2 lbs/sin with an e.b. power of only 15 kW.

The spherical particles have led to a 100 S density up to a particle diameter
of 0.’? mm . The grain size of the Ti— ’cphericals is about 20 m Icrons for 0.380 mm
balls and about 5 — 10 microns for Ti micro potato cake flakes.

The top density of shper ical Ti—powder is approx . 60 5, of f lakes app rox .
28 S.

In the second step we have drip—melted on to the rotating disc and seen that
this process works also to our satisfaction if the e .b . is progra mmed according
to the sophistication of the process.

So far so good . In the course of develop m ert we have been confronted with
housekeeping problems . We have learnt how many impurities are contained in a
visible clean hi gh vacuum furna ,~e and in the environment of the furnace .

The consequence of that long development period has led to the decision to
build a production furnace which is now ready for the first test runs . This furnace
— Figure 5 — is able to atomize all metals with a melting point higher than 1400° C.
It allows the atomization of electrodes of 6” diameter and 32~’ length and can be
extended to atomize electrodes of 10” diameter and 200” length.

5. FIRST RESULTS FROM THE PRODUCTION !UR$ACE

The rosu lta will be shown during the AGARD—Meetin g in Ottawa .

6 . CONCLUSION AND ASPECTS

It has been shown that the electron beam rotating disc process offers the
possibility to produce economically very pure TI— and Ni—base super—alloys in large
quantities. The existing furnace is applicable to a growing powder market. If the
market demands for large quant i t ies of second or third grade powder the process
can be changed so that raw material or scrap can be atomized in a direct way and
•. g. Ti—powder of high purity can be delivered at a lower price than double
•elted ingots and forged bars.
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I I Steps of development

30-150kW Loaded mat. Consumable electrodes10~50Rpm Max. Ti-charge 60 850 kg
Max.Ni-charge 120 1 600 kg
Max.atom.speed 60 150 kg/h
Production Batchtype Continuous

I..O00-1~0OO Rpm

Fig.1 EBRD - Process and its Mai n Data
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Al V Fe 02 112
d a r t i n g  mater i al 6 ,6 4,2 0, 11 0,20 0,007

apti erical powder 6,4 4,1 0,11 0,21 0,005

Al Zr Mo Fe 02
tar t ing m aterial o,2 5 ,0 0 ,5 0,24 0,023 0 , 14

~ i -h c’ ric,t l ~ - c~~ ter 6,0 5,1 0,5 0,24 0 ,021 0.13

A l  V Fe 02 H2

~~~c r t i r m g m , t e r i , c l  0 ,0 -. ,l u, ll 0, 11 0,007
I c 1 , , - ~hed powder 5 , 9 4 . 1 (1 , 12 (1 , 12 0,005

“ i — tip.’ r — mi 1 1 oy s

A l  Cr 0 . N2 112
i t i r t i n g  m a t e r ial 5,0 9,0 6(. ) 8 Ic

~ptce r  i ea I powder 4 ,95 8,95 04 10 9

Figure -I Chem ica l  A n a l y s is  Data cml Ti— and Ni—alloys
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Figu re 5: EBRU a t o r n i i a t i m m r c  plant for  production
of met  c i  p o w d e r
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1- c i ’ : m r t  I iirlcid O c i u d l a i c r i  , d l i ,  mean ill cc li i m-l -c c c c c c  i c c -  cont r I  l i - c l in ( t i c ’  range lP c c - _ i l h c i c i ili a rc—I  dli i

~‘ , - m , f l I , - ? r i m -  t ccticlard mi m - ’ c  i i ?  i c c r c  ca t ~-p i m c c l lv 0 : i — o .  - 1 . P u r l  l v  u - a r c  i t . -  ma tnt a Inied tm , I t c al ot
hi’ star t I ng c - I c - c - I  I, -

- 
( - i ~ i — PH(IFOGRAI-IIY OF THE ($ p  (mf( ( S ‘l- .SS

11cc ci n.-— fil m , to t i c -  t i c  iS ci ii~ , (ian’ i c c l  thi s ~c r c - s c ’ c i i il ion , (‘Xanitnc,-s ( 5 c c  mc- , I m , m i c u  of the
( i~ (~ I m r m m c

( I )  ‘ F t c ’ -  i n c - i t  i c c V  inc h i l i ip t i  5 , - c - i c  c c c i d l c i ( u I  u n  of a t i  ta r i l um c i  itcy i - l i - c - I  r m c c l , -  I m c i c c  Itt ,’
i t  c it Iccp i rum Ii, Ii- -



‘-ci l 2

1 t i c ’  - u s  in? c lb c u r  i m mld 01 sii m ’h d r u u p c .  ct  t ic - c i t - ic  c i i -? c i  t i c I l i i - c c c  I cc i i i  c c l  u - c - r d I i- i  I u cgcm I 
— i m c  I Iii - l- m -

~
’_ n cr1 c c l  I in - i ip c ii t t ic- c l i i i - lid m - -

,‘cl 1 tb , I i  I ncus . t r I l l  a-hi -ic - - u i - I c  c -s h c m s m -  I c c - ,  id s m - t m - c - i ’ d  - w Ia ki-n dur ing ?hc-

m elt c ii ~b c c l  d c i  itliccc di cmii. - i d - C i d  - - I Ac I (V :c I I c  i’m i I , -  - I i i  m u m  - - - - I i  ic  cc i c  cii - I m - c i  cm - - t u m m l  h I Ic c - ( c m t ic  - I
I - - c -  i amb I  in g  and ms t t i m - sc m I , -  s m c c c  c d ’ -  c c i  i i  l c i m i n c c t ion. ‘ i t ic  i -  I - - I c c c i i i -  c c d I i a i u h l i p t  ion

i c - c s  t i  imc’d iii cm I c u O ’ l ; i c  n i t c u l di n t - u - I ion I c s i i c p  c m high - ( c m i ii 1 :11:1 i c c  at b Oll i t : c i t u m - t - c / c— m c - c
i c ’ c ,t  i ’ I d c - i f l~ ( W i t i u u l r c d t i id (dud cc l  t i c , -  c - r u m - d i m -  c m : -  icr mis (c iii- iii l i d -  i c c  c - n c l c i ) I i -  I T s  I t p  t i c  l um-

v i s d i c i ,  - T i c ’ -  d i s i i u t c - p r c d l i o n  t f l t c ,  (I l c c ( c  I c - I S  i i? t I c - -  l i p  c l  ? I u .  (‘ c- c u -  h u m -  tic, -, i i b i : c i - d  In  cm
m u ’  u i — s - c r  t c c -a l  ill c m - u t O r i  c t  5000 fi c uni c -c . c :s a-li t s i  c m l  i~b mc ii ’ - t i m e  t t c c -  rt ,tc ,t l iii - -.p m - m - d
o f  I iii c rud i 1 d m  c c c i : -  nm - c i u c i m ul f r— .cm I I i ’ -  uuc-c i d cc 1 3000- - ( c i i i :  i pm Ui 1000—1 PIlPn’pm . F l u ’
c - i i u l i t  i n s  a icc-i - i-s c-m ar c to g i ’ m c -  s i c ?  I m i l d - c d t s l i m i n g  c l i c u c i c  c c f  i - s _ i -  n l~~, n m c k i n g  p l m c m i- c u t  t i c ’ -
( c m - ni ( i t u c  - n v  of (t i e  c ru (’ til l’ - -

( - ~~~~~~~~~~ H A l l - CTOIIV . \N I c  COOLI\P l c\I LI i A ’ F i I ) N S

I ci 1 - - c m  Ia I i c c i i : ~ ~ I 1_ hi- I’ c m I m - l u  - CS c c l  c c c i  n i t  c c i  ii v molt m - Ii c i V I l  m - I I c d - i  I c m  - ( c c c i  n it c,f

it ’  t d c h I f l i - i i t  cit t i c , -  l ip  of cc r o t a t i n g  u n ’u mc - i b i c -  in cm (Ii r I  j c c n  n i mflg d- n ? i a l  d c i  t i u c m b
i t ’ u i c i l  i c  t u : i m ,  ( d I m ~~m t ” i d c i V  1 c m - i - u  n i - p u r l - c l  liii’ c l i c - c - :cs’- oh pun ,- i l - u d l u  m i s  lap ?h r m ugh i c c . - r i
aI m c - - ~ pl i c - c m - a  c d t  a l m u c s p i u . - r u m :  p Cc-c-i c-- c u i c - b  1), ~lh

c c  s cc lul ccc l i  m c i  I w c c — c i i m , - n s i d c l c : m i m p 1c c ? c l i - oi
mot c i i  of  cc - i C ?  id ,’ moVl flp u n d m - r  1 1  - - c c c  twa c i  n e t  h ccccc , i cmnd g r : m s - i t  cc ? m m ci i I - c r - c i s
r c - c ( u i  r ut . S i  r i m -  i c - C  t h c -  mc, C i t y  of S i t i d c m l ions t i c- I  in 1 1 c c -  (S C  ( c r c - - :. t I c ’ -  l I m - s i c i c i d s
u Sc -- m i  i i ’ - m i  in d f l l  -Cl i i i l i c m t c  n c - p  l u l l  t c m t a m - i - c i  a t c - c ’ a m c i l i n c m -  a n d  t u r i c u i m - u u t t i c - c c
( 0 , 5 -  t Im - -  ‘l i t ) a I i m  c- - t in - itr:cp c c - c - i  f i c i i - n n  has cm i c i l f l t c j m - X  u i m - 1 u ’ -  n i i c n i m .  upon ( cc c r l  c d l i -  s , - i m c c - i ? ’ c ,
a 1 1 c c - I  hc c u l  oh ln i rc-rIi m i t c m l . i ( c p r c c .\ i lll c d l ion t~~c s tic-c - n i  i u l  Ii c j c m -d _ i c c c : — o ’ d  ‘ ‘a d l i . -  i - c c , ’ l i c r  ( c c i i - :  ccf
I .cpp I c -  mud S t i c  (i t u . i c i ( 2 )

T b -  co,cI Ing 0? cm m olt. c i  u i r i i j i l c - t  c a n  ( i c  d a l c u i c c l  c - u i  liv i- c u i d s i u l - - c . i t  u - m n  ci I l l, - - t i _ _ c i t
t r c m i c c - — i m - r I r i MTi t h c - u l r u c p l . - d  by i : m d i c c 1 _ n o n  and lu cr c -d cm u i c \  I ion , m a i t  t i - _i~ sc-s i n s
t r u i m - c I m i r y ,  F l u ’ -  i - c r - c - ui i - - i c c  t i i m n  i o n ?  n’jbul c i i i  cs -s an i - I : up i rj ( ’ a l  u i c r r e l c c t  i (dn( , I l I - c r  I tic-
i pc i u u l m u c c im of  Sh a d - c m - I  I nc.cmb m- ’ n om i R -  In) I tic  d~m a m  c c ?  f l u i d  I I- cm p a s t  a s l it u m ri m , F s d  u p  cc

s c m u i c u r  i i c c - r , - I c c i tc t cd l appr c ” c i m u t i o n  m m - l b - c t  I c c  I l u m m t c - m p i u i y m - u i  I - - i -  I i c m -  C c c l i  i t c ir\ - c c l c - u l:m —
i - i c — c , i c c - c it I - -sa c-s u i cc r I rip small t ime inc C m li,- i l l S  Sun tim - i - 5cc’, - - I I  u - c l  m u ’ jfl r i m , -  l id  c c l

I’ ?l~~ c c  r c u ’  1 Cm m h ~m n p c S ;  th is  (c ni- sc im i’s a ki u c c u c  l i - u p -  c c l  I he ci t u c c i c g - -  ol c-n i  I i c c l ~~c ’ m w i t h  t
I - - i -  I h m -  mat - r i -al hf  the c- plc - n m- Ii cc - u c n p c c c - c c? ion ri! 1 1 c c  l c c I . c n t  i c c - c , I c l s c u l i c i i l  i c - :d I l O f l  lid
t h m -  c - n t i c c m l p~~_’ I m - r n p m - r a t c u r m -  V a i~iaI ion a l l - us c ,  t i c . -  c c c i i i  lag of t I c ’ -  sp l u c - i c  I - c  i c c -  t c i 1 l u ~v, t - u i  f d c - I c c
arm In t l  tal l c - i ? i ( c m - r a t u r - c c i c u c s - m -  t h t -  me l t  ing ( c i u i l d i  - th l - ccc c glu cc c i ?  ic l i c i  i m di 10 :ou ; t m ’ m l c m - c - - .d t u r - .
b - i c - c c  tic ’- s o l c d c m i c

S’ .rtcc ’ cmrb i rcu r c is s u l i lup i  n - u s h c c s c -  d c i  I c . -  m c mi i -  - liii’ in- - - l c c u u i - m - ( t i m -  m i l l ?  i m m i tm - r np c - rc i t u n ’  ti
th -’ drop lc-u , 1 P m -  m - I I c i c- S i v i l i- -  i - I  t i i c -  r i u c u l t . - i u  and s i t  c u i c l y i n g  a p h m - r m -  , 1 1cc ’ I - - I c c  ( c - I

u n i l  i ty  w i t h i n  t ic i — c p t u m - I - c- , t ic .- ? i - m p m - l - : d l u u c - . -  ( c c  w h i m -h I i i -  s p t i m - r m  cc. c c c l c , cc c I I c)  : c y i c l - i
Ii -c _S u l m - i u i - m : m t  l u c t i  c c c i  c l n p m i - t  l id  lb I bm- aa l  ls c_in (c c c - ,,- of l t d .  d I d - l c d --— :,? I m c fl - - I u c c m c u t c c - r  c c c i i  icc’

- tcc c c - i c c ? cc c ii — - I c m l  , - c c l  h i - c l  c_ tn of t Ii’ - i n - - n  t i-b im c-~ s- i d i i i n I hi - - t u _ c l h u t u m  - I -

V a l i u c - - -, a c-u-s c m - - i  i - i n -  I b m - c — ,,- and o t b c - r  ( c : u i - : l i I i c - d  - t - :~ Inc . \ ? m - nhi l i c c p  ? t u c - c - c c i u - u i : m i I cu id s  I m c  I

u ’~ L’,c- m c ?  c c c  d i ’  d i l u j util : mrc - - - - t ccc a nc ccc 11,1 -I m- I , I- - c t Ii’ - (c i i i ’  - -  0? c c p d  m isi  ng Ib m -  c l ucmm h cm - r

T .- \ l u l i- 1

Pc ?c Rm ’tMl Ii (IL .\bb c l! c l i Ic FOR ‘, t u i l i t  I I)) T I F A N H  ‘~I S t - H I - I(L ( I) 1S ’c ’ F I i IN

- nc_i c i h u t  i - di mmli- I ‘ - r 7
(‘rut - i l l ’ -  I’ c l i i ? I c . l i  a ( ic c c i  t u u O O  n .  (m  i_cl -
S ( - t i m - r d  uf c axtc ’ ‘ tm - n  c c l —  ii Ill - cli
I n t t i u b  c~ p t i m - r c -  i . - n u ( c c - r a ? u r c -  i b l I c u c k  ( 1 7 1 7 1 )
T i t a n iu m  m c i ?  i c d i b  c c c i n t  • ‘i nc l i c k  (lPc c )
S (d im - Vu - t .‘fnlpi- Ccc l c r ,  - I - c r  t i- i c i ,  I - - t ?t ccm t I on ccc i I lti~cmi - - I I Sb ~ i N  (Ic; I 7~ ‘C )
11 c c - n ?  gas tm- I c  (i c- na tur .- :1:3K  ( 7c l i

d 
I )

( haircbi’n ac-i l I t m ’ m ( d c n cd i U I’  :1 :1K ( :?cj I~~)
Ip t u - - u ’ -  c - m i s _ S i  v i i  y (I -

inert scm ’, ( c r ~~~5~ u m C c  7. P—7 H1)lduli lip (0 O l — I c , t n r .

c - c l / i -  so tic - at iit’c i p l c - ? ’ ~ c c l  ui_ c c’ r i ’ q o m i m  c i  S i !’ -  I~~O i C c -  can a c i l i h l c t ’ , (in c h -  t i c  imp am - ?  u c i t h  lb ,
- fu ctgnfj, ’ r a c m  I 5 c Ii’ I cm, t .c k m  - a ( mm ii ci icc - nc - c - ? tic b u d  I c c l i i cc 1 mc ic (I ‘, I Ii ,u I - I c sI cud, - - ’ - a I C i  V,  - 1 1 c d

Ic I ha? tim .’> tm c - ucm, I l u  cc t m - l i  ( c c - I c l ’ c i m -  ( l u - I  hi, ’Ic ’ ti n hi- I n - m m - /  i ni g l l d d i d i ?  is c c l  mum I c r  I n n ’  1 -
Fig ,2 i l  l o s ?  r a ? c - a  t ic I’ i m p’ -n u i c - m u - , ml ( d i l l  p l c - - c m  d i c c r n i i ’ i c - c -  (d) ii f t c ’ -  u lmm’i-c ( I~~~) t i ti  I i t a n i t ulti
c -,~ c t m m - n . s i c c  t - ~~ c m t  I C d lii un * . c i c 5 (wh’-r’.’ t ic , - m c ’ I t  i hip  c i c i n t  - 111, , l b d ( u i h)  l c d  Tm — silk for’
lii i ium and c u p  c m i  c i t l l u u c ’ -p1 m n ’ - , m l  7iiOiTidi f ig i t ,  ‘Fbi l tcc , i k - - c i  d ~c - m d  m c , m i l  h i d  t n It _c c ’
s-u lb c i m - m - r , - c c ’ , d i p  ( l c m - c ’ .’ c i m a r u u c - t c - r  i s  c le a r l y - , - c l i  - In ? ii.- i c ing , ’  ‘ h i  s i dhii-r’ c- d i c u i i u c - l  - i S  ii
1 I d I c ~~5 l h O _ . m . tn a l u i c r d c \ i r n a t c -  l u c c - a t  r i — I m i  l c - m c c - h c i ~~c I u , - ? c i m - - ’ii i t ip  d micii l - - i ~ l~~- is  c m c u p i _ b t S l c - c i  t i d i l i
an m - x p i c n c c - l u t  ( fl I ill t i c ’ - r , ’ l u t  i o n _ l c i p  d i i  _~~ld ot O P iu c n  (ic c? hi t i c-i lIOn d I l l u r 1 S d - i c  . l i c u  cc
pan i i d i l i r  - _ p l i c  t ’ ,• d i m c n n i m ’ t c  I , I cc m m m c i  ing I utic a i c c ,  I t i c -  i l i g h d - r  t id i ’ i ’ m uc l , i c i c c i u c t I S  I ?  V pc is  -
lu c i d l y  i c , - t  turn , a i- , - ’3cc m , t m - u -  I cc ,  c c i c c c t m i n  c m i  I c - t w i n 1 ,5 ucnd P ? I c c u i c  in lb , u’cc- - m- c i  I irg m t t i .

( rc’ , I  rug I I f l c~ - C d  I -  c u i c i l I , dt i S t c a v c -  c I a , ,  t d c - c - n i  m~mtI.- i- d r t c i f i i c , - u i  p .c ,idrm -s c c i  ni - ri pac~ -
u i - .ti?c i i i  7 - Ccliii)) m c I  h g  ((1 ii i  c it flu , ) - I Ii ’ - I inc I c l i m b  ( d  - ‘ d c l ’  - Is dc - I m - I - l I d  i c c ’  - I  l’ ’c - I Ic, - I - i  t i c  I !‘c’nlc nn I
tt i ic t  l d c V  t i c ’ -  It ffl pi i - i c c i 1 c c - t r i al  c c c l i - -, I - - c - c li ip i ’ m - m i t  i c ’ i c ’ n t  m d N , c a s m - l  I ni lcn f l i m c l’ I i i  i c c -  s : u i  Id -
l i i i -  mean I n ’ - ’ - I c c ?  ii mn T i c ’ -  mu - ’ - - I t m m c i m - c i i l m - s must I’ d ’ t l d i t d l c c , i n u c m l  1 m c i l l c p c m r m - c i  t O  I ( c c -  5 ( dh l  c - t m -
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c l i m . ’ n s l c m t n s ,  Tii.- c x i  ri m’ - c -m i sc -  ,if vi ny low pressUri-s is  howc’s-i-r a m e n i m m t c l u -  ? ‘ c  ( - a t m - u la t  ion
a t  fl e t-  both dnag I d m r c c - s  and c c. n cs i -c t ion lo s t - cc ’ s  are reduced Is - l i-nd - Rc’dum c- c l argon pn c-s surm -
c - m c c i l nng  t imes , as s- c - l i  m cs tin ’ - u l t im r c t e  cmcs , ’  of radiatim i n only, si’ ’ also illu sl r a t c - d  in
F i p 2, Tb ,-’ d l api ac’c’mc-n I I’’ ,- c m c — , i derab I longi-r t imes shown by t he  ‘ radia l i on only ’ 1 in’’
demccns t rat ‘-a tin - dom I nanc,’ of ditto, I i s - i -  heat losses i’s- m n  m cI cm l i- ti mm, Hg p r m - s s U n ,-  -

In thi’ ~mc ’ r a p t - c -  t iv,- cc f m -hamb,’n d lm .’ns I mi nis - I he mc’ ni rc -1 evant paramniel c-n I ’ m consider
is the dial ance tr:cv ,- I It’d icy  a gi y in sph’ ni- in the (‘(doling time ( t 

~ 
) fc,r the tcimperat Un ’-

interval described abov,- . F i p , 3  511m w_ S the horizontal component of this distanc i- for
sel,s’ti - c l sph&’rm - diarn .’? i -i- s as a fur ic t  Ion of pressurm- for helium and argon atmospheres , as
well Its the radiation only c -m is , - A n approxim m ul. ’ doubling of ib m -  hori ,,onial dista nm - m-
t rav el h- d  in t imi’ t~~ can ic , s c - c - n  i c r  a change of argon 1m m-s _ S u n - from 760 (cc 7,6mm Hg
pn,-ssur,- , a - i l l a further inc ~n m-m c s ’ - by a I cci tm i r of at least two for the ve ry  low pros-sure
cas,- Ht’llu,ui again demon stu-at ,’a its superi ority over argon in c-i th e r re ducing 11cc-
required cham bc-r d imensions for a g i v c - c c  maximum spherm- s l am -  or m m l t e r n a t i v c - Iy  a l l o w i n g  a
larg er maximum aphi-r e diamn et en to be t-ol 1,-c l  i’d in cc chamber of given dimensions,

5, (‘CNCt US IONS

(1 )  The CSC (cnmc i ’~ -SS prov ides  a method for tb’ product ion of high p u r i t y ,  spherc i ml a l
t i t a n i u m  a ll c .y powders in thc - si a m- rangc’ of l00—l000t,m , wd th cc,nsider- ttcl ’ - p o t m n 1  t a t

I c r  sc ud ’ - up and dc-v c-Iopm ent m u m  a production process .

( 2 )  ilt c ’ - m - r s : u t ion in c i c - t c m i l  cf (hi- process -s of melt ing and atom ia cu t ion hcus bet-n

c c m h  1,-v.- d t y means c c l  high s~~ -i -  ci c i  n’- — pho l ograph v -

(3) C a l c u l a t i o n s  c f  tb, t r a j i- c t on i . -s  and c : m c c u l  ing nih -a m c i  pant d c l i ’ s  have di’monal ra tm -d
I c ’ -  d c - u n  advani  a p ’ - s  c c i  nm ’ar—atmosph m’l- ii - p n , ’ Ss c u r c - d i p c - l c m t d m u l l  in b c - I  t unic a tmo _ s ph . - r c -a

mis a ncm-ccua of n’ , - du c m - c n g  t I c ’ -  m i n - - ~-- im chamhc -i- cl u ccim-n c-ci c,n .

i lk I-i- RE Nb I- . S

I H c i d k i i u  ii (~~~ Sc_c t i - i i f t m - , P. W . , Mardoru , P. I c .  - c m i i i  Ruc-,s m - i i , P. i- .

- c c c l ’  r M i  - !±~
I 32 ) 1973 PP 277— 313,

2 ,  Lap i I ’ -  - C - E , and 5 1 c c - p l u m - r d  - C. 13, 1 ni, i - End i i  - ( t mc n h  - h i l it ( c m  p

3. 1 3 - c a c  - P N, , Cl m m xl mn ) - K - T - m a d  L i -a- I s  - 1 - I! - T c c c i c c -  I I I:- ? ( i c - ic . . I - 1:1 1 p ‘Fl 1 -

N ’ , c ’lc~~~ Ic ( F.M ic-NTS

F l u ’ -  c c i ? h - c s  a - i c - I :  t o  l i m m m n k  c h u ~ t r c c u r m ’mi lil I s  m i l l ’ , , -  c c l  I II, ‘c l c t fl.atrv c it 1 1,-i c c i i -  l m c r
l t d - h r  Ii m c _ c n m : l i u i c-.uppi i it  o f l i d , -  C l i i m - — i l c c  I m i ~~d S c p l i \  c u l l  u m (  t h i s  c d (dOV c c c i 13. , J ,  i i d d d h k l t l  c a d
t i c ’ P h c - t c c p r : ~~c h i c ’  Sc-c t ion at  H a r w m - l  I fo r  the - s c- ’ c c l  ‘mn - - I  l i i i -  ( c l i c m l m t g r : m p f i y ,
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-I l i  l~~ ~~~~~~~~ 
- sts

Ttcc’ S . w . r j’ c’x im~~p, m cn  f r  a medium s i c - c- - unit f r  HIP treatment of cemented c c a x ’ b c I m -  ; cc r t m t .  S r  l -mc I , i  f t
prt c.. - Sc a and cold load in€ n_ c- cycle n c r  shift can be made because par t S ~~~~ cool c ruc - ’ I - S t ic ’ -  c - c crc-’--

- mc- . t c -’ ic’i I~ c l , , ’ 1 - i c - c .  T ie  experc once pcd c r u— c l from ‘uuc t cc c c- rcc running ~~‘ ‘ S l 5 ~t’~i S~ l ISP d c c ~~m c -p c : c m . r c t  c -r ‘c .:. ci
r c _ c - - I  c rc r c -h ‘ I c  c rc has hel ped us t - c  asses n i- c I - c i t c - . F :  m c -m rm c c c F - c r  c- g c t c  - c c : atc  - ic fad n dud c :., - r c ’.c - r .  cc.

c i i  ‘,c - S a t c nc ci i  the ex~~ p1e cc- -r un, ets  - V a Ic S c cc- c~3 tat C i r i - du o cc ccc l i  S c - I t -  w - th ci ccm m system , e - c - -  - tr c - ‘-c -

c m ,  l i t-IL anti, C m - . , d ni4c c i . c c t  ‘ ‘cc .

Tic ’ . !cV ’d it. ic c c i c - t cc st (Europe , Jan 1,16) uSc- I Si - c  th’ a S - ’ cm l d c  ic i c _ c - S w c n c c S m _ c d e c_c c t c u t t c , S , c u t :  cc c - - nt i _ c t  C - - s t d l
r _ c i c ~ ’ Soc - lIng are paid as rent.

a) T’:c’ lcr , um i S luata

I! - t  c cc - s t a t i c  press t y ; c -  Ill 5 1)—I tm o/2 ,0—0 - ‘ 5 UCT S- I  - (

I rm-mm surc ’ vessel c , c n um - r heigh t 2.0 i-n
Pressure vesse l cr ju c- r cI - c uc im-t c- r  - - a
Max tm - mru pc c r cc ’c m r m ’  - -

Max pressure i- c i

Il c t  z n,’ vu. ccc ,- c c ,, m

1 )  Pr - I - i - c t  c - i - u Data

-‘Ulc - it  1cr’ d ccc I. - -rc

Ncmcm.l c i- r - f w-c rk c mc g days pm-c - 
~ 

cur
- - t c 1 , c-ct t 1 nc l c tC  t- r c ,

Number -F cyc les per yc’ar 207
Cemented c a rt~ i I” tn m ’cm tc - c t icc ’ r  c:y - Ii 725 kg
(assum i ng S ’  ~. -ii i lizcct licnc -if l i - - t
z nc ,- volume)
1n ,c ci U i: t d .c i c per year 150 ton

Cos tit I- c r cycle

The estimate Iii made in t l um ’  Vol 5 - mu g ~- cu m m c 5 :

A c c c c - c  - ty on t lc i  - r i vm -mc t i c cc - -cm t  21. ’ ~ (7 yrs 12 - l~. r c -m c l  value 20 %)
l ic- c p c m r , -cm 5 57 1mc c’ ~~c 

~~- 1 5 c c c r
5 11 ,4 1 c r  c c i ,

A r~~- c c gas 5 2. ~ I- m r Nicc
Ccac l nj’ water * ci , m i  j u n’ -

r. m - . t i - c c  c 1 j $ c c , i ~~ I - c r k’~h

The -c - s t  Icc’r u :y u :im ’ w i l l  then i ’  appr ~ ~(Xc built up as Vol --i-cm , :
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Capit al costs
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c ” u - c t U~c m - - a,- s’ c ‘ c . W rk~ ,o “ ‘c nc- p mc -cc be a’ c c i ’ ’ . ~cr,- - ~~‘ .‘ c-’ I -s_c, ii
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m co,ul , r I c-mm n ~ 
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I c  I cgi . cci -- .’- d I - -  - c m l , ’ , -  - bill ‘‘I (weig ~it ~700 kg) In a I -r- - i c~.

icc_ c_c c c cct - r. ‘The bI 1. c-t hae b,-en madr’ cii a lc I ic ~ t i . crc I -c -s i m m - I

H IP - c c c - - .
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- n’rd C ,j - : - ‘ ci , “1 c rc’’ c i t  c - c- ’ ’ t ’ n c - c :i ’c , c - -n t - m m ’.c i  - c , tmy t ic im m nt gas cc , ,c_cc c j ccc c c l , .r. The .r u utcm - - cc
S i’ ~- ‘ - ~ ‘‘ SiRS mmvcc ’ - - c . . ,  m’ - m ’ c t  r -c c r , d t i  - - c ccii i C c m i u l c  mc, ’ iiystem. S n ,mct .-c - - -i - t , - - cmi ,,, are I c c  i . I c mc I  j~~

tic.- c , ‘ - mccci ’ I mc ’ ic  i - ,  - i - -• cc c c  ‘ - d - c, ch mc- ’ - icc, I as r-

- ! J c c C c c .  .m ’ a

• ,9 5’ m ’ l C  j cr”sa ‘ - ‘ ,., Ii 80—100/? .’ 1 , , tlH~ 1?i~i) 

. r -  VC HUC I c _ c ’ - r  - ,,-- ‘ 2 .5  m
I r’ - i i  r’ ves sel c ii’- r I - ci - - - - c -  I , c a
Mcmi ‘ “mj- c r~~’ m r ’  ‘c - ’

H - , c c c V dc.- ,‘ rn~
l-’r’ ci c cc ’ I , ‘ -c

‘ itt - ‘ ~r Ic. -’’ I.

i’yi - c t m,- 4 m.
N ,c’,c - ‘r ‘ i’m c-c ac,,- I cydm p - n -  - ‘ - s r  - 

m ’ i- S - c ’ r - c ,
‘,~ cci : er - y ,~~s - - r - - -  .c- ‘ -I ,

c-i ac ’ c r - . -c ; r - ” s~ .-l ;-.-r - -yc c ’ c  m ; ;  r , 1000 a,-’
, u c c u ,c - -. ~c .‘~~~ c , - ,,’. ic of - c z v ccc,’-
B ’mir’ -

~~ 
- r mc. i to;’  rim y c c -  c’ r 20 45

i t, 1,zat , ,n cc ’ in ’ c _ c  V ~I. Scm . j d m . j - ’ - r m c .  5,
par ’ mm

C )  S S l u m ;-c- r cycle

‘Cl,m’ m’s ’ .mate a cc.., ’- i - ,  tI. ’ f - i t , V a,. baitis:

An c.-c- ty t ‘ c m -  , r c vc ’s’ c ., - c .  21 ‘ % ( 1  - r’c , 12 ~~ . ru-st ‘/c , , c,’ 20 %)
$ 51 ;.c-r a’ ti-ci t year

mm w - -c 5 11 -i cm- r c.

Arg’ cc gas I - .  5~ c 
~“c-

- 
- i- c,-’ w , ’ ’- r 1 ‘ .2’ ;c - r cx

I- tr - c -  I ~ ,O ’ I ; m  -r

T’he - cc ’ j - ’ - r  cycle ~~ . ti,e~ I.’ ~i.j r. 
~~ ~~~~ _ cj as I , wc i c

100 %

~~~~~~

\ ~~~~~~ rgon gas
- 

- “ ‘---. ,,Sparei & .int nsno
_ _ _ _

Wages

oost•

—~i~
The - md cl r HIP trsatisen t -f sc~c m ’ ra, I c y  jr c. l cc -’tc~ would wi th
theite wuaptl-rn. be P ~,65 j c c ’ i -’ ag. W u t i .  • hi gher utilization
I ti cs c. I c c -  V - -urns tie costs per kg i’ r consolidation cf

eupcra l I -y powder - c - I b. as w as 5

I - N,,

HIP i s i- w 5 w” - S proven - cu d - i s t  ri c c , pricceas I’ r Suc5p .sjc j c S c  c c i  c .ccs. I’ S r . - - m- nc t  equi pment wi th the reliability
-tic i V ‘ccc. l,i ’ rc,tI . ~ t need ed i r a w ,  l -’ r  c n m c l - s t r  c m .  use Is n - V  avai lable t - the market. The level - c i ’ the

r c - c , m m  rc ~ - st it  rar ,,,rw- Vram a i ,-w tens V ‘c-i - it S S cci c i t  a ci - ,c c r per kg processed material should make
r m mc c V cnt,’roet V r a rim1 - I y Increasing number V applications .

- --
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I F ‘CF_ SS A N t -  1, - 1 - ‘ ‘ IC  C 0 N S ; I I - l I ’ i m l i ’  ‘I -
I I I ’ S  F I c l u U c ’T IOSl  SCALE i l l S  I SO S T A T I C  I F’ I S S S I ’ I  1. 1, 5 1 1

Charl c-s ‘ m m ,  S i c i c i t i c , Jy’ ,S i .  V u - ’ ’  C c c -  i- I ’ - - : ’ , Ercgine ’ - i  l c d ’,
L t p i j c  c, ’ m - c , h i - i c -

~ 51Q ~ m c c ’ 2 2 i - uc l  Sti t i - c i t

S r i m - , c - t c i c ’ ; v l v a n  c - c  16512 USA

IC1Uj ; .tri m ’i ct wh ic h  c c c . m c e s  ‘ I . ’’ II- - ’ Iso~~t i t  i: i c c ’  t - l c c c _ ’ i-’Oc ’ - - c i i ,  0 O c e - S c I C - i S  - r m i ‘ c i i - ib l e
i c - S . - ‘ c - c - c l  ;- c - - c - c - s c m  is a cc c c - i l  c I c ’ j c ’ i m c ç c ~~cj .

S c -  I i - c - I  CoI l , , c c L  } r c - - ” r _ c s S - - ,- s ’ e m s  u cc ~ c r _ c - c t u S -c ;.r- c - I c - ’ t . ’ c c  c I ’ m ’ -ar,’ cycle
O l’’c ’ I c c i  I t , .

‘ i c _ c ’  i C ( - cc ,  I r is - c i us  I - d ’ I c , ’ Wm . ,- ‘ ‘ - c c c . ,  include -- ~ cc c ’,- r c m c r c ’ t ’ / 5 c c ~~0 , m c ’ i i i l P mef l t  c r c s c - s , - und 
S S e c t  - ccc . i’ c c : o l i - -c - c - c -

Ic: i i c - ’  ~ - m  - c-W i -u V -  cc - c a rm cir. c m m  at  , -,‘ -  I _ c - c - c- , ha y_ c - St: ’ _ cl 1c iS .1l’ t imc ’i ‘j i e l  tim-lilt ,d,i’:I’c - - -  a
p cc Sc’ n - ‘c _-ciup- -5 c ’s 5 ’ ,:- i r a  ~m u c u i u t l i , i c  c - c - S i t ,’ m c i p i c t  I c c - a m  - ‘ c ,  ‘Ia-c c, ’ . ‘ - c c - - c i ’ ’  c u ; : le I

S c , ,’ ; rodu, - 1 oni c ,-c I,’ ’ ci ,i t cc- i - c , ’ ’,’ — l our- lec ’ic’ da y .

‘ p ,-X ~ m l  j ’ - c c c , -  I ‘I, ‘c’ c i S c  i S and t i_ ce ea~iipmer ct So c l~~
_c
~t Sc -i - - r l t ’ c -  I i c- a r n , v,,, m o r e

‘I’ ’ cc. , ’ ~i _ c i ;  cr m c -’ rc ’ m c i - I  U:’- ug _ c ’ s;~€’ c : i S  - i _ ion.

- m - sv-~tem t ’,’;’’.s are r i_ c c :  erutly cc c c r . - ‘ ‘ c _ c - -I f o r  c - - I - c c ?  . app l ic .m - ion’us. -
‘

‘ ‘ ‘c ‘ c -  ,- c c c  r . c i i y  ‘ ‘ 5  i c ’ - - :  a s :

A. Cold t Co ld

B, ii-~~I c -  Hot

- ~on - I the b’ ‘ s’,c - c ’ em i m 1 ’ c s t i r,d ;o i n t  depends on ‘he 1crace~~sinCr e , . ic ” - ic, - . - cc ‘ he ma ’ a u , i c ,  I ‘ c, - v , c c ~ ,mii I - l~’~ sy s t  c c - ,

A Cold - Cold S-1 ‘ -‘a i s :,- l ined vms - m ; - r - c c c : m -  in which co ld  m a i m - r i a i  load is  ;- 1-cc e~iI c - ,  a Cci  S t o :  c - c c - - , , c c S  - . ec U~ 0c ’ 1 - ,’ , ‘ Si c S c  c c l - - i c - cd  ‘ t c ’ ’  l - i . m d  - c c ’  r c e - i t e d , p c - i c l o d u r i z e d , c c i i
c l i  cc’ S  - cool toge t i . ’’ c t o  m o a f ’ -  unhc.ia,iii,,’ t

~~- c c c i m . r’ . -m c c u e ,

A S S ’ ‘ H- ’ S y ‘ --crc i t_c - I~-- S  i c c — I - ‘us a - c . ’ - c - - s  in which - c pac ’ ic _ c c - m I’ S in ’ c - ’ a ho’ f , c —
nace , 5c _ c - . tea’ -.- : c - . I  c - p c - s  c c - i c _ c - u i  - - c m _ c l t , u i c m ’v c u c sl’,’ , T ice p - c r c -  is then removed S c : c t
l i - - r n  ‘ he f , c c c

Ifl c r 5m ’ r - 0 m i _ c m - I c - 
~~~~ m u s t  mc ’coc ,,-ci . - i S  c ‘ I i: ’ ion c _ c i c c  s , 1’ is rcc -’ c ’_ c c - ; a r y to mm ,mice

‘he f c c - m u - c’ ‘ ;c e s s  i- c i i  S c ’  r c m e . I c-ess ure -j - -ssel cyc : - le ‘ ime f~~c c tI cc’ 5 ‘ c - c c  Si
S’,c s t mc- ctc is c m - - I . e- I I . -, p c I - t m ’ ,’ i rm~’ II,” cc’ - : I - - c - i .  C o i l  c - - j - Cold cycle t ime is c e - S c  ‘c - -I by
- c - ; i rug -u I - _ c c - :, - ,  - -  cii’,cal-i ’- c t i - - c :  . m - m ’ i c  , c i i i - t  cooli rcg r O t c - c s ,  This S C ’ -  OS f c c c c i . i  - e  is us u—

u~~l’,t c c 1  ‘ c - c _c . : ’ ’  S by 1c-~ t I  m r ’ c i  , c , ma ’ - m m c c i  c high c c c i  i c c ; - c c ’

Sc ‘- ,‘ m  c c ’ S c ,’ ‘ Ice II - FI.~~ and Cold ‘ c c l i  - - - r d - c u ‘c .’ ; - : , ‘ ‘‘ c c c mus’  g i- ,:_ c- - .c c c s _ c , I c c r —
‘ ion  - c i ’ c . - . si rcg S c - u ’ c m  W i c i c : ti m S S , ? - t mc c i - t , u l l _ c i - l’ ica l  t m - c - - c l ’ s and t - - t~~. C 0’~ i- c - c.’ c r  S ex—

ibj ijty : c’ -~ - . ir’cd ‘0  ; c -
- 

‘ - 5 0  , s u l - _ c - - c - , c c c , , t c - m  j al ty p e s .  Icc ~‘
m- c ’ ’  c c i , it ,I ivcc i l  I be c c  ‘ed tI m?

; . m i ’ - mc , be ; - r ’ t cc c c o c , e  I ic c _ c i ’ t c ’ t r  -u Cold t ij  Cold c c  l I c c I  to I i - ?  System. S cc - - n o t u b i c
m ’ x - . .’; ’ i ’ c c c  - mo e : (1) 21 ’ ,c c c i - _ c r c c , w h i c h  r m- - 1o u c - -- , hi ,-. ., - ‘ c r  c t ,- a t m ,  , l c Ic , re , and ( 2 )  - - l r - l c i . .ic’’c ,

W I c l Ic re-lu jr-es 1 c-Sr , ; c - i  u ‘ . 1  “ I ,  icc excess of 1250 ° C - I cc c’ ‘ c c - eS irug.

T,u I - i c -  $ 1 l ,s ’s  advant - mi - m -  - ot t h e  ( ‘ a l - I  I ‘ i S u l c i  Sy - c t e m .

TABLI Ill

1. 1 ~c c  m - d ’ f l V j c  - - i - m a c - i c ?
2 ,  F m - I I c m - i -  rcc - u l. r ap -- i - u - cc -  -

3. Hii’ ? c  ‘ c
~~~

i ‘ ‘ i - i t - c c
-c . Flex ib le  I I c c ’ n r i c c m  I Ii  c l ’ l
5. 1 .- c ,’- 01 s i - c- - r n - c ,  ‘ i c c ’ n’ cccc c l nm c i u i i c in ’jn g.

AUVASS ’S ALII ,  iii ‘5 ‘“ ,,m Ii  I

- ~~~~~ l i - c c  I - c -  ‘ ion c u i - - i m ’ i - i t  ‘ed cc ’ c c - c c m i , , di c c c  m I  u n - I  - ruic i~~- c c c .
2~ - - - -

~~- ‘ - - m ’ m - I [c r ’ c i ’ c - c 1- md - c c i - - ’
c , Le .s cost per - -- c m i i ol ma t m - c  i - c l 1 d m  c ’  .c ; ed -

, - - w m ’ r  c~~pm ’ c - c ’ i rmg cot_ c ’ m l i i c d i - ,  i c !Pi i c  m c i - - ’ ’ .



‘cc

i’ l lcc ’ rc 1 c c  o ml c - ,  I - ‘ i c  ‘ c -  c - c  i 1 c - c - - c c ’ icc c - , c m c ’ , j I - - c  c-mi , - I , ’ _ c ’ ’ u r u  c c c ’ ; - ’ - S i - i c c _ c l ’  i; Ic cc- - 1 5 ’ it  c - - i cc rn-c -. -

I c -  m ’Sc - 1 — ‘ - ic-ct . Cu _ct : 01  1- c c i  cc c ’ c c c c j ; c i ’ c ’ - : ’ - I ’ ’ - - - i  j;’t i - ‘c s ic c- m~ m’ l i - _ m m  ci - S c I c _ c  m ’ cu ru c m . ’ ? -

:“ ‘ - ,- ; - _c~~.ii rol l - C c m l  I S1, - ,’ c c ’ ’m i -  Ic - c _ c - i -  iL- - cl i c c  I’j pd ’ i l m -  S I ,  ‘S i l o  ‘i l. ;’c - ’- m ’ c i  0’ iu S L . ’ - I
1 i i . d i c c ~’ cc l  c l i  c r c , ‘ t i c - - c -  mdc - i t - i , -  I ic rc i , i - , - - - c - c m - l - t  h I c ; r ’ c ’ ’ l ’ - c ’ ari l i - ,- c c , t  - it iS  .I ii . - i i i5 ,

c _ c - - c c ’ ’ cc - i c c _ c - v .-  - s c - i  , c c c  I m cc c c c l  - i c c  , ‘ 1 cr _ c I - c ,i cl S ,i n m - ‘c ‘ m c c ,  S ‘ -  c crc :1, m c I  - cc ,  - Tic i s  ‘c C i1~ c i cc ’ ’ ’
i ’ c ? c. ’ ’ c c S ’ Sdc - ’  Sr,c~ I C 1 c u i p c c _ c - i c t  i ’ m c - ; c _ c c ; -  pica ? ‘ 1  ~ , ; c ’ - - c  ‘ iS  S i S c u c - ,c; erl - m c i - i  -

“h_c- c - c  ‘ r e -i, S icc ’ [ - d c c c ’ - us  lo l l  - cc ’

A .  ‘l u - - c ’  r k ; - 1 -  ‘‘  i ; -S c c cii -c ’ th e  i , :~ ic _c ’, s ’ u i -  cc wh ’-m ” ‘ m c i - I - nm -c ‘ c l c p i ecc c m - ’ - s o c i c u ’ :  - ‘c

B.  rum — ‘ S t i - c e  c-hi -c - c’ ;- i - l c t ’  , ?  / i I l I -  I c -- i cc -s is S d, . 1c c~ I m m - - m i ’  ‘ S u e  - ,c - c  — ; i c - c c  , t m ’t Coc~c, - ’ .’’c S
lt’c t c  i c - m c i  - m c , ; ‘ ‘ c - - c  _c ic-c a ’ i l l,  leo l m c c a ’ i -  S oi, m I - u- .’’ c u- c ’ -, - - n i l  1’; .

- A c - - i ; l c d  i - i , !  ‘ - - i 1  p c ’ c  5 ‘ of l c l mc ’ r - c t  c i - ’  C /c ’!. 1. . I c c - . w c c  in  u r i c - m r  ~~
, ,  ThiS

‘.‘ 5~~c c c o c c i ’ S 01 - i c ’ S c t  Sc- m l c ~~ - c c ’  c - c ? , c- i ’ c - S I ’ c c c i  m ’ ; c c  - -
~ c ’ - , ic - u i  ‘cil 5 Ic ’ t c ’ - - c c - c m

S -Sc hi - l i ~~,

— , c cc ‘ uI - u_c ’, i - c u  ‘5 1 c c ’ ‘ c - - c -  S ’ c ’ i c . u , i - ’,_c cii c - i ’ ci’!, ; cc _c ’ c’- , I , --ui S c - i i c c - -i ’ m- S
Si I. ’ - c - ~ i-- ess cr ’- v’ -s-H c c l  I c- - c nsfei c m - _ c l  c o t  ‘ -  m c , ’-’ ; ‘r c-’- - , c ci - c v i - _ c a ’ - l  - C _ c c  ic c g c- Sad

sc , ’ :  , ‘ ~~ S - c r O c . c c ’ -  i s  so I ’ ’ - - i;a ,e-i t I, ‘‘ ri _ c m - - c - c c- c - s  j u t e  i - c:c c i c ’ , CO’S I

: _ c e  c rc ’c -. _ cS o c  Ic t - ’ f - c m - c u c c e  ar _ c ’ S . ’’ i - - S c ’ -  1? o r a n d  . c c , i j c , ’c j lc c c : ’ -  j c m ’ s c c ’ u r ”  ‘.‘e a c c c - - l

c . ’ c c c, c -, c i ~ , I , m ,- : - - , S . - ,‘ c ’~~ ~~ c i c v c c m t i c , c c u i  c - m n , r ’ c l  i - ; l ; i ; c l - . : c ? .

ç - c - w - - r , d c - cd c c ? i  sd c ’ i l it ic ’ms v u c  - -  c c o c c c c , r c - c - I  0 : _ c i a _ c c, a ic _ c , ’ Oifc u ~v -au 1-, O;.~’—r,1I c-ci pl ug—

c c i - , ’ nm- - c . ’ 1-cc  u ’ c - n  _c ’ -i u S’ d I c - i c c c- base an -i in the ; c - ’  ‘c c c ’ ’  ve ’~ ccl.

Suci ’ i i  ‘ ‘ o cS - ’ ’ i c - c - m- ’, is cl’’ ,m - i - f bed in S _ c - c c - i ’  t c 3 ,  This ‘ s - c  ‘ ‘- -m c ,  c a c u c d j s - o f  ‘ - c c ’ -  - c : i r c g
-  c c - c  s ’ - c ’ . c - t m - .’ c c - c ’ 5 i c - iie u ’ S l c i , , ’ ’ - s ,  ,ct c ’ ’  i i O ’ L ’ d i i ’ c- ’ vesse l  a - : c c ’ -ci inircg a ‘r i o ’ H c  

, c i i  - c - .-c~~r i c c , ’ ? r a r c s c - ’ c  mc ’ I c . m c c c ’ s mic .

‘S’~c”  ~ c OC’- .ci c -m s sIc iW c - c  I y F ig- c m- ~~_c is as 5 ’  i lows :

A ,  cc cc c~~ 5 ’ -  e is pl c i . cdi in t r ’ a n _ c S ’ r  , ‘ c v c _ c I v m i n e r  vu ’ the S ad .cc c 5 ‘ S I ’  i - c -c _ c .

i i .  T h’- co ld  workp ioce  is c - c  u r s I ’ -  r ’r - ”d  ‘ ‘h e  I_c- a t pr- ic - - i ’ Surri ci ce.

- A i ’ c ’ - ~
- ;- c c c t c ’,- .cl : 5 ’ , - c , ’ Si la-i - I is tranu-;S , ’cr ~--I to  I’ p r i - u - c  or t’ v”- - S c c O l  S’ _ c r r c -i c- 

Cm ‘r.l c - l c - i ’ ia n,

Foil cc i r c g ‘ ‘ - m ing - c c c  u - i - - c  ;uj ri cat  c -ru , - Ic ’ S i c ’  bi l l’- ’ is cx ’ri ‘ “ i  - m c c l c’ m - r  c _ c r  S. - ’ I
I c- J  c C ‘ 1’ i- d O ,

iS , A ‘ ‘, p i - ’ c l  I i - ’ c - -  Sc -  - 5 1 5 - S  pren c- iro t c - m l (’ l - c ? l c t - c .  c - ’ ’  le is : : c - cc -c. inc  F i g c _ c r m ’ a- . ,

Y . . r.M S’i c ’ Ic NtC 1 H L - ’-, 5 c 5 ~5

‘ Ca S i’ ~~ c _ c ;  u i - Pc, ‘ -  :i i rc _ c c — c , ’ c ’ - - . 1 c c  S 5 -  r c c - i - h  c c ’ / c : ’ - - c n u . ‘- S i  or ii f-~r’ercv- ,’s sI c- w - i p  in
- ‘nt , . - t~ C c c c , , ’ ’  - , A l  ‘ :. - i c .c g lm ‘ c ‘ ‘ i- ’-  m m - -  ccii i - c c  ur di f I ’ ’ c c - r u m - c c_c iii a t  her mc- ’ - d , , ‘ c c  5m ’ ii - c _ c

corc:- _c l u— r e - I ~~~
c ic u c c l -  c - - S  t . ~ rt  I n c  the - ‘ - i t  con ’ .

For- - - - - c c _ c ’ ’ , ‘ i - _ ’ - — I ’  5 c, , c i  ‘ c - u  m l Co 15 cu r ’ c i i  :m - f o r  S I  ic iii ccc - ’ l u ”v ’  iled,  Il - c c —  
- S Ic - _ I _ c S-c r c- -  I c - I  ‘ c i t  ‘ l c d ’  Su ’ i ’ c - c t ecn c -c ’ t m -  c _ c S c - S . u a ’  S c - c - c c ’ ,- n

~~~
. c . ’ — .’ s i z e _ c _ c i n - - cc —

c’ss of 2-’ ’’ i S - d tSi _c ’ ’ c.’ i - ’  - ‘u - ’ 1 ‘ic C . IC ! t h i s  cc,’c c l ua i jccc m- i , - c _ c ’s c- f  ‘ ; ‘ _ c ~ d l  ; - ~
- -- l u _ c~- ’ i-vm n ‘,- ,.c luc ni e

t i ,!’ Lc’ ’ c ’ n’ c c c - c , ’ I St -c ‘--I - ,r,ml - c c _ c ’ i- - c - - ’- ~~Ic - c ! ’n c c - e y  I v p_ c -  i c ,  ‘ d l i’ 10cc-i cct’.u’ - t .ctmc c c i t t _ c  t ’ uill - I c c - ,_c’,
Co

CO S, Ic ‘I’O CC I.1 II 1 -CC IC -I-

l .  n c -  i - . -  V_ c c s  1 1
2 .  l i i i  L c c c .  m - ‘ -  3 1

- F r  m- he.s t F c c  i - c - u  ‘cci — — — 3
-d . I c - c c ! S I - c ’ i c d r u !c ‘1
‘i , S m  m i - u t ‘i - c-’ - l u - m c i  j Ic 1
1,, S - . w ’ ’ c  SS ~, - - m ’ 4 4
7~ i c c i i i - ,  1 S’1c. tern ‘ 4
‘I , V ~ c I cdc I5 i  Cy ’ - ‘ ‘ cc , c~ cm
- c i - i _ c - ’ - C Y S t - - I c c  I
I (J . Cc, - I c i - c c -’, S- icc  I - ic 1
1 1 . i mo ncc~~- i- . - c cc , -: S , -,- - i ’ . ’ ccc 1
12. C,,5 t -  - c  cc’ , ’ - I I



‘mc ~A ~

‘5

D i . , ’  c , ’ c c c , I : c !,c - ‘~ ‘ c - ‘ ‘ m~ c I _ c  - 1.,,. i l u n g  5 ,- i  - - c c . , - n c , ; C c - ’ t , -  c_c i,, ’ ’ ’d  , ‘ cm, 5,,’’ i c —
5’  d i S c ~~c 1cr’ a c - p c  - c c i ! . -  - -,- 7 5 ’ ~ ‘ c- “ 0 %  uI ‘ I , - -  C d m O ’ ot  n c c’’ ; c c i ’ J- m c - - r d  C o I l  ‘ 0  ‘ I 1 icy ‘ ‘‘ Sc _ c-

c _ c -  ‘‘ - c I , d S i  c _ _ c- ccc - ‘ ‘ c — ’ hcc  ‘ -m m - c c  c - c ’ - -  I , 1 ’  - c c  gi — - u ’ c i , ’ - n’ ’ ’  ‘  r
~ c nu1 -i S-

lcc  - - I I cc’ - t ic - t i , ”.. - c m c ,  1 1 m -  r i _ c’ ‘ I ,  cc  - ~,c cc  ‘ c c _ c t ‘ c’ - i ’ s .  in, c- c c Vii 1 ‘‘c c - V i  ‘ ci - ; -cc -
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NO TE S OM SOME ECONOMIC ASPECTS OF H I P

by

R. M . Conaway, President
Conaway Pressure Systems . Inc

Suite 545
1375 Perry Street

Col unt~us , Oh io 43201

Two areas of interest involving Hot Isostatic Processing
are addressed. Some of the considerations involved in
the co ncept of operation with res pect to preheat are pre-
sented . Additionally, some of the results of a study
inter-.Jed to give indications of floor-to-floor processing
costs a re briefly presented .

Considerable act ivity has been directed In the configuring of HIP manufacturing systems where
the utilization of preheat is viewed as a necessity . Clearl y, there is a c lass of products where the
utilization of preheat is indicated . However , this concept of operation should be chosen on the basis of
a consideration of the trade-offs involved ,

The pr in~ ry reason for preheat is usually for the reduction of vessel residence time with an
attendant increase in throughput. The alternative to preheat is vessel resident heating. A contrast of
these two methods will show the kinds of considerations that should be kept in mind when selecting a
concept of operation .

First , I would like to dispose of the matter of partial preheat . Figure 1 illustrates the cen-
t e r l i n e  tempera ture  of a constant property material when heated with the most rapid method through the
surface , It is obvious that the minimum internal temperature change rate , while fairly rapid initially,

S has a slow roll-in when the temperature defect is small ,
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Fi gure 2 is an i l l c ,stration of this effect by comparing a uniform preheat of a certain amount
(expressed as a percent of the desired temperature), to the reduction in subsequent heating time required
at va rious allowable temperature defects (expressed as a percentage of nondimens ional temperature). Clearly,
preheat of at least 95t is necessary to significantl y reduce subsequent heating time .

LmJ u~=UJU,

ci,

0 2~ ~O 6~ ~0 I~ O

REDUCTION IN MINIMUM HEATING TIME (%)
FIGURE 2

The Important thermophysical features of an asse~~ly are the section thIckness and the mean therma l
diffus ivity. The contination of these two factors determi nes the required heating time ,

If this heating time Is long , say 20 hours , and the vessel resident t i m e Is relatively short , say
5 hou rs , even allow ing a modest transfer t i m e , five preheat furnaces would be required to support the
throughput. There are two interesting aspects to trade-off against the complexity of hot handling and hot
loading. One Is that a properly configured HIP furnace at elevated gas pressure can heat a load near the
max imum theoretical rate , due to the greatly enhanced hea t transfer mechanism , whereas a conventional preheat
furnace cannot. Additionally, as some powdered materials are being consolidated , a dramatic increase in
the therma l diffus ivity is effected early in the process. The cortination of these two effects can reduce
the required minimum heat i ng time by a facto r of 2 to 4 or more , depending on the product. Often this
heating can be simultaneous with the gas compression time required anyway. The conclusion is that a properly
designed single furnace , cold loading system can often have the same throughput as a complex hot loader
wi th multiple preheat furnaces .

Preheat is clearly indicated for products having large time constants (square of characteristic
dimension/mean therma l diffus ivity). Section thickness In excess of 50 cm in most alloyed metal powders or
large thicknesses of ceramic materials (say 8 cm or more) make preheat economically attractive , It is my
view that only a small portion of the products of present comercial interest are clear candidates for
preheat type system s with their attendant increased costs , complexit ies , and lim itations.

Obviously each producer contemplatin g HIP should conduct appropriate analysis of the expected
product m ix prior to coninitting to any particular concept of operation,

‘L,~ ii
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Cost Ind ication Study

CPSI conducted a cost study that was intended to g i ve rough indications of “floor-to-floor ” HIP
processing costs. ‘Floor to fl oor” is defined to be tha t portion of the manufacturing pro cmc’s’ from the
tl’,w the assecitly Is ready for loading into the HIP equipment (including preheat where appropriate ) until
the assestcly is consolidated ari d ready for subsequent processing. The analysis was broadened as much as
practical to allow for variations in concept of operation and type of processed material , The following
cost i tems are included :

(1) Capital equ i pment amortization , includ ing all i tems added to the installed cost

(2) Labor for operation , maintenance , supervis ion , and administration

(3)  E lect r ica l  power required

(4) Materials consumed

(5) Facto ry space , including other utilities , taxes , and general upkeep.

The rates utilized for the various i tems were hi gh average and were based on equipment manufac-
turers quotes and actual operating experience. An equipment availability factor of 651 was utilized.

The most convenient correlation between cost i tems and throughput was found in the concept of
gross vol m,gnetric displacement of the HIP processing chanter. This is the space ava i lable for load w i thi n
a HIP unit, This allows for any packing and tooling considerations to be taken up separately. Although
correlations exist for each cost i tem , I will present onl y the overall results . Fi gure 3 presents tota l
cost-per-gross volume of product as a function of throughput in gross volume per year at variou s vessel
residence times (VRT).

TOTAL COST
50 VS

THROUGHPUT

N ~~~d ° / v l i t y

~V R T

10 i

0 I I I
10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000

THROUGHPUT ( GROSS PP / YEAR )

F IGURE 3

Obv iously, it’ s up to each producer to make an estimate on the amount of product he can get into
the gross volume unit and how many Such units will be processed per unit time .

FIgure 4 Illustrates a further breakdown for only one VRT (8 hours), giving cost-per-unit mass
as a function of unit mass throughput at various product packing densities , a more iimnediately meaningful
correlation .

I wish to emphasize that a ncac~er of simpl i fying assumptions were necessary , and these figures
should be used onl y as an indication of expected costs. For a given product mix and factory location , far
more accura te results can be obtained .
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As an example , superallo y powder processed into jet engine discs at a rate of 1000 tons per year ,
using a typical product loading density of 50 lb per cubic foot and a VRT of 8 hour s , would involve a HIP
processing cost of about 8.50 per pound of product.

Such procesSin9 cost is eminently reasonable when compared to the value of the product. HIP pro-
cessing costs as low as 8.03 per pound have been projected for hi gh-volume applications. Correlations have
been established for less than 3-shift operation but will not be presented in this note .



US I

I)ISCUSSION SL~~IMARY 01- SLSSION I

J N,Fjeck

.m usc, ’ of a latc - ‘ - t a r t , t he ulmsL ussion penccds in thu’, scsscc )cc wu -ru - ‘,c, crc r’what abbreviated

Mcc st c i  the disc L u ssuo lu  regarding powder manufacture ce ntred about tht’ pr mch leni  ‘‘ I inc lusi mncs It ~ ,m— pointed
out that c r i ~ Icu s c ,c ns are c”,pe~ ,m Ik detninental to fatigue perl’ortnarlc - cc l’ lc c us . , m tm g ue t ,- s t  rig should h~ incl uded in  ans
powder (‘% , m l c m , m t m , c r c  .ic- Us m l~

( ‘ ‘ r u t  c- n c  ss ,ms .ilsc c ex pr es s ed ose r  Us~ c c t  potential s mc cc r ,,es cc) c,, on tamc n atccn c ‘,cm~ h as c ruc -  hi,’s , ~Ic’circ cml, ’ holders,
or c’vc’m c c hamber linings in c ccwducntakmng equipment. I’c ’ len t ial s cc l c utl cc c c s ‘ti ered include spe~ c, cl consumable coatings
whic h are c c l  detriment al t c c  the po’~ der

Ihe cost s ituation ~as als cc the s c c h je~ I c c i  scc n ce - dm sc cussion. Regarding the Rotating I Ic,, t nc ,d e Process , It ~ as
noted that c l  t c ’ r t s  are underss a~ to scale the electrode s u e  irc m the present  2.5 inch Um 4 ,,rc r I Ic 5 inch (I 2 ‘

~ cm)
in dma mn c ’Ier In response icc ,m query regarding energy ~‘ it ~ ienc~ of the electrc )n beam l’r ~ c’ss I)r S t e i c l i , c c i  cc  I I c ’ ,j j

t uc ~t the Lm rr e fl t pc c s s e r  c c c r r s c u l r c p t i O f l  is 2.5 to 3,0 kilowatt—hour per kil cc gra nc kWhr, kg) In pr’ duc tmc cn . thus should
he reduced Icc ahom il 0,8 kWhr k~ b r  nick el unc i I II kW hr kg i c r  titan iu m mi c aIlo~s

In c-c brief disk cuss m ori cci the hot-to—ho t HIP kc .mc ic ng concept , t i c u  amount ‘ci preheat ~ as que-~m m ’ c r c e c l It ~ ,c ’ c
agreed th at either .c par t ia l  or tu l l preheat could he Icc hnicalls k’asuhle It v~as a l s c c  noted that A c t , , t ,use E ngineers
t,m s L c N  Ic ’p l c _udin g equipment where,ms .~ SI -‘s ,mds c c c a t e s  hottcnti  loading. I’he -\SI -\ nc’prc’sentatmse suggested that,
b r  c c l  loading, the hot t cmi load ap proac Ii is ad ,m it ,mgc .’ c c  cu s
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‘ c c c cc , is II,,-, , ,lir,’ ,_-tc ’c i ( I , ,  ‘ c c c i  cyclones I’ r c - c c d c c v c ’  accy i i c c ’ -  J -

- c i  t c - r wlcic !c it  i s  - “ c - c ,  c , - !  c c c  a s- -s i c - c ’  - T i c -  t c ” c - ! c s - i  ~:e c c c  in’ c - c
- h Oc! has Icc’cs d , , . c ~ em’ - c . -  ,mt l , c c c -r at i u ,c -c i  ! i n xc ’ i  Ic cc. f c c . ’

cs-i cc- c - - c c  ‘ ‘ ‘ - c c c .  cs - cc I!, , ’ -‘ c ’ s - cc ,  of t i c ’ — , c I , - ,  - - I .c ’~ l c ,’mv - d t c t . ,li c c c l
- t lcc lie: .’,’ W I  cc; , , ,  I ‘-I cc l  b r ,  , I c c i  S’-c’.

I ~s., ! , ’ c  c a .  b c - i c  sic’ ,- ac ,d  0c-c , c - c U y ic- lc l c ’  - i n c - c - - c l  r d  I’,,] Icy ,

c I I ’’ ‘ c I c c- c !~ c; ‘ - c ‘ - ‘ c t

‘I It s’ I c - c - ‘ - i’ ! d cc? i’ic ’ ‘Ii cc’s - I ‘
C! icy crc ’: i c !  I.- ’
(I ‘ c c l ’, I cc i ; c c c  c c  - t ,‘c c . I t ’  - - - t’ ’ -

e l ,,ac, 1t- t s-i cc -cc I c r  and  con ! sq m m c l i ’ , , ,

Al though a d c ’  - I -Ic,, 1 I t ic ’  - i c  t i c !  c S : till 1 - c  be lc,’,c cc; ahou c t ic- -se
- c r  c - I c c , , ,’ lur c c -  u ,c , ,ti t ’,- c c t  su~ c - i d l y ‘~~“ l’  c l a s  Ileen I rcc,!uc c l .

‘I’,- ; ,cal .c ;  c ’,c i ,f l , c ,- , I c y s i c - - c i  I cc)  c - r t  s - c s  a nd -c ,m - levels  :crc’ ’’ c d ~~ c i-c
Fig. S .- u c , cj ‘i - mi ’ 1-  1. TIc’ ’ ~- - w c ’  r s “:,‘,‘‘ ,,tsa l ly I c~~r ic - ci wi t i c thc-
occas c ,cc , .- ,! - c c c  h it,’ part ic le I c  t t l c t  ic-cs - i,,,, c c c c . -  at orn c :c ;-- i ’  and j c - I
cci: , c , c cr -ctjon is such t c, misshapen i c i t id - - ‘ I c - c c -  t - , ‘~ 

i: , c , - ,c , , -  -

or, t;,, , t c c c -c ,  c-c ’ waIl , .10 c , cc t ‘ccc i..

- ‘c c  c c - . I ‘ - ‘,‘ c - i s  l c - t c - c : ’ i c , , , ’,l atc a lyc ic al i l ’  c - c s - a i c c s - i s i o r u  of 6” — . 1 7  t,c i r n  a t

I } . , . I I, are -j ,5 c - ~.Q c c c - , W i t 1  t i e I i c c t c , - r  c c - - c  c r c - - -  o c c - , c r j ’ c c c

icc the coa r c-c fracn i c i c 5 . Tbci s c c ,  co uc i i c - i c - c r - u  by c,cc,c c_ i onal gas c- s - ’  ity
ccc”’., c c, - i,ls’ ti,( coa c c - ’’ i is - i c r d.c ch c t ii is - - 1 , 1 0  is always rc c - - ‘ - c  - by
sieving to —‘F ) r - i s - c  mesh before t - c r ! , c c -r 5 c , cc’ : Sj c - c t , tx y ,c ’ c  and
‘ c i c - r s - c , ’ c ,  conteicts are ‘oc-li below t,’ c - l i c i l -  oc 1 ‘ c-cd 50 ppm respect—
i -,‘ ‘‘ly w i le !  c c c ’ ’  ‘4 (‘C iii,’,! -cto rcci sc c l  ‘ -c i  e r - c l  lay t’owder . Each !,c ca
of j ,owdcc-’r is ‘cc-cl, c c ’, - ’! c i t  only to ‘ I  c c c , -  c ;. -c c-! c c c . d lltc c-s as i c , , ! i c , , t c c I

,t also to analysis for l a s - i c  c ’- c c’ c~ c;i c l a n j,cciudi,,’c t cc imp
ci - ‘ : c c c ’ c , t  con t c ’ c l t .  I Ta b i c -  21  . An .i,1,uitional cc c ,mturc’ of the quality
a,,c- ,, c ’ c c - c  1 , r -x - ’’dure is to monit 5 routi ,cml c,, 5’ ,(- powder in ti c -  - c . t -  ‘t
of conl,,:’ ;,c ,,c d t  I - c r t i e i c - c -  by c-x c -c r i c i n g  small c - c ’ !  c ’ : ’ - c - , t , c t c v e  samples  ‘I
each I ,,,,. m d  blend.

~rci I Ii ’  I t I’!’’ AND C r ;c , ’ I it ATI ’  IN

‘ c c , -  c ‘ 
, 

,- ,,s.’. I c  • has l c c s - - c i ’, c l - c c - ’ - c c c , , !  i , c- c _ i c - c c lity co c cc  c I c ’ c - s - k  , c c
in cci ‘- ‘.‘ c - ’ , accd , clc’~ ,c c c c l j . , s -  otc II,- - c , i~~lc t c I’,’ s’,rc c c i r ’ - c l , a r c -c ,cc k  c- n ! heats - c s

his-i c c , -  c c . 1 : ’  c . i t i . ’ , , ’ c c I c q  is c _ ct  usod t c  c ; , , rc , ’c ’t t i c , -  ccc c . - c iy s i c c  at I
c i  - I’,, to ‘ , j5 dii c - c ’ - ,mll ‘ c S c d c ’  i !canduj ccq  has boon cc ‘ s re i y i c c  ~m i

, c r , c c , c , . t. : ’ c - ,i ’ ’ c , - ’~’ !c ic h mc I ccc r,_, c c cc c.~
_ I I r i - d r  to c ’ s m c c c i n g .  ! ‘ ‘d c ’,, c 1 : c c ~

c-c ’ ! cc., ,- ’ ’ 5’ , a., ,- - , c l - c !  i,ccljctt’d I cc - f c c c  cc - c’ c - c ) - c ’ s . c t c c c ’ c  idI c i ,  c- c- c : c c c - ’
l ’ c c— ‘ - ti.rouc4 lc w l, lc lc tlc(~ ‘wilc-r i’,’ c - ’ i l c d  s - tory c-cc), es ‘ - i  i c i l y
csocco— h,’c ’ ,- c ’ r , t!,I,c c c c - c , ’- ri ng I’  ct  c i i  ad’ , c , r l I , - c I  gas is r ’ ’ ; - c c c ,’ c ’ ,I . The c s-c ’ ’
Oc, 1,- c i v i c ,  c t’ c furnacc- , icc I i’d c l i rc- c rt ly  is -c , , e cc c - ,  t c - ,i ;- , - c  - 1  cans w !, ic-
wl cc-, , c - c i i  , ,m re ‘ r 1 ‘cc ) “ci ‘s-I I r’ ’ cc iy c or c - ‘ c m )  ‘( ‘ t i  UI,.

‘Tice most ,c s-cl’i - -  con soli-l-c I m ull I c - l c .ique I c i mat c- r,a l ‘ cc ;t s:,,-’d t or turbine
disc, , is ic 1 i 0c- ’ ‘ ‘ c c c ’  , c _ ’ ’ c c ; l , c c j  I tIlt :1 - m ‘cci’ I c c i ,  i i ,,: ’,, I c - i  ccc ’ C ’ s - Ic c I

I c’ c, ,tc c - m c i  c - c c ,  c,, } c l - c s -  ci’ ,’,!. ‘I’! ’ ’ - Iii’ c cc, It 5 - - m c c c  t ,,it ‘ - I , . c i c - ,mm i c . ; !
h i , , , j c i c ,,’c’S , Fig. 4 , ad ‘~~c ‘mI t t c c  Ii,,- , c t ’ c c ’ c ,i c,, c ’ cc c i )  pcis.,d m’ ‘ i a c c c c i i ’ ccc,

c s c _ m i )  ,-‘a’,,t i lc a puii c c - c -  built d lily I - t~ ’ c i  c i  ‘ci I i - c c ’ - ‘FIcc ’ I-lIt 1’ cc -c~- c l c ic
- , I . - • c i , c .  1 ) _  c c c  .- c c, ,1 l-~~c) c h i d e )  I - i , ,  ,_ cf  - i ( ’ t d ) l c d c  d Uct!, cc l i  dc t ly
fcc ;Ic ’’ r 5 ’  c ’q - , ’ r , ,t  c c c - ’  c- - c t ,  bc ..cc l ccc ’ v , ’ , I  Wi t ’  i - - c d  d ’ d ) i c ’ ’  s , m c ’ ’  - A c -I

loaci u,c l’ c c ’ !  I css w i  t i c  c, ‘ ‘ c c v i c c , c - ; c ’ c l  I I c i  cycle l i t’ , ,-  , ‘l ’I ’c , - c c ,c r ’m s . d  -
- I )’’ci!i€’d so I c c . . ’ I’crou gfcj  ‘ct c’ c cu t c1 f ’m ’ ’ c , , - c c I I c c l ’ , c ’ ’ ! , i c c ,  I it i c  alsc c c cc t ic-

I ‘ c ~~ ole th,t tIc c ’ ’ ,  pr , .Ic,, cl fc cr c u  c- ’’ - ~~ , c c ’  j ,c c ,,c , c i  I c - c l  ahcI,,c ; w i t ! ,  all I I  -

, ce c ,cccc; - cr,- c o c c i j - u lcm c c-nq egci m m c ’ ’ . 1 . ‘I’lcO c ! lnci’,c’ iom, cc of I_I ’  c,ci ’ k i c c i  c’
c c ,- I c cc - . c .c l c r ’ -  I c—ic c ,Ii, cc - 5 ’ ’. by 5,’c—ic c  lO •ddl .

Arc ,, - ) . . ‘ c - t  I c ,,, ’ has c - c -- c - m v c ’ c l c -n c ’s - Ic ’, . 1 , 1’ -  c_ c c - i y is c l _ c t  cmi II;,’ i ,t ,s,i  1 t c , ’ cit

I l l  ‘‘ci cczcqcacl - , wtm icl, . m l t l , c,uc it , c c ,  a l ’s., icisl ‘ d c c ’ ccc c,mc, i - c c k s~cc ‘ -i c l i v
con., 1 idat ,’ ,l c’ c ,iy ‘ ‘ m dc’.’,) bc - cc , It  c c c  I c s - c c  c c d , c l  t_ Ima t c rc ; ’ ’ , ,  c - i c ’ t , ’ c ’ m c c c c —
,,t locufl c)r, -, c -, — It i i  - c not - r i - c l  c rc  a m ,clatj vel y c d-d c i ‘ iuick ai cc i  c iceu ld  way
c c l h - b c ’c- ’dm nsu,c WI,, i i-- ,  - c ,‘ c i t cc 1 , - , d I has i ‘ ‘ c cc s - c i t y  c,.c ccc;c c li,I.it,’,I. Kic sc’ i c c c d
I c c,. argon 1r’vc’l c c c  c u , -  , MdI, ’r i c  I c c ’  1 —  t ’ ;  c - c , simm 1,-c r I cc ;,,! c - - c c -  Ic c aulci I’ ’

c - c c c i  I,m f l , c ’ - i

- - - - _ -- -‘



I, 1’ .)

cc l , c , c c , ’ c l  -iii Cc .cd c c - c - I I , c d - d ’ ’ 
,, 

~d b  - c  c- .-c l . St I , , , cc  I - c c  I ,icm,,’ ! c c : c : . c c c l ’ c t c - c l l y  S c  1

c d i j c ’  I , c m l  c ‘ c ~ I c ’ il) l ) c c ’ c r ’ c c , . C,,,, c ‘‘ I I, ,  c c , , ,! ‘s’ ic ic : !, I . ~c l l  I ’ , . t ’ U,,, I
I -  1’ ) c ’ d i i ’ ’, ‘I -1 . . I , s c - , ,  t c ri ly  c d c c ’ : : )  m c i - c c  ‘ - - . ‘II ’’ ii’ - ’ - - c , ; ’ , -  o f -~ c c , ’ c thai,
c c u c ~~~,i  , c r d , , c cc 1 , - c - e t c  , - ‘ m cc c ’ s  r i s e  t o  a l - ~ l l — - - ! ’  ic ! -c - c ’ ~ , - ~~lity ccc l ; , c - - - m t’,c
cci m c ’ .  c - - c c  I , ‘ ‘ , I , c , ’ ’ ’ . A r -  mccc - , c ’ - t  c ’ c ’ i c c c c c - c c  c - , - . - . , l I c  .c i_ lc-l cc c l , ’  i , l ,- t ’ c ’  ci t O  ic c- -
,c’c - - , ’ c t , , , l  )cart : t  rc,a!- ’, c c l  )cm cm!i b ’,’ ccc t,I r - , 1 ccc, - c l i  l i i i ’ - - !  c - - ’ : ’; - c ’ c€cd I t ~~, ‘.ci ,’ -  t I c - - c ’
c c c  1 , 1 , 1. 1, , 1-c. ’ f- .c,’d- ’cc cd i  c_ c l - c c- I. c sti”cc c , d ’ c1 c , , 

I. 1sc 1- ic ~c ‘ cmT’t tcc! I  i-i’F”!’i N v t / ,  I-  N

I’ “I c , ‘ , c ! c , ’ r c c a - , . ccc c l .c,’ r c-cf possible , c i l .’ ’ i’ Ic,  ‘ t i ’ ,’’. ,  : - r 5 1 1 c c  , c , c - c c , , c I , c c l,,r’
I,c, I’ , c hc ) ” ’ i cd i ’ c  , ac-i w - , ‘ : - i t i c ’ -  i’ -

~ c i ,  ‘ - c ‘ - - . ‘ c, ” f or  I - ‘ c m l ’  cc  c ic ,  i ’ s ’ —

I c c i ’ s c-cc - c ‘ ‘d,~ S’i c c ’S i l  I ,i c- - c ’.’c ’ ’ l r c -  o f !

‘ c - I  ‘ - ; m ’ - - ,’ s  I - c s - c ,’ , cc l c i ! .~ - !e’,’c - I  c , 1 ’ c - cc ’ c , I t ic- ’ . ,’- Ic .  -ca y I c ’ lc ’ i ’ c . € ’  ‘ ,iI. i —
.,i t~- III ) ‘ rc:l t ic s  t o ! ; ’ -  , cc : I , i c ’ c - - ccc l  for dc - sc - I - I - i c - c l !  ,- - - c c c ’ -  S a licccy c,- ’ cl

~~~~~ - - , ‘ ; l c ! i ’ ’ , I by i N ! -’ , c ’ l l , ’ ’ ”c - , s-,I i - c — c - C ’ s - -- , , ,  - ‘  1 ’ - c-,’ d c c ’ c ’ c !  c c

c ’ cc ’ c l c a ’ ,cc,’il i c c c r - i  j rc c ;  - - I  c - )  ‘in ‘ ; c - i s  d .: - - I I cc cy -l c -- . ‘i i,,: r c S ) c .,l r c - c c ’ - ,t , . c cc 1 1 , 1 , -s
I -i i , - , t i c , -  c c -  ~,‘uct ” re  l Ice  powder ,d 1 - ) . r  c- cc .‘ ‘;i ccc~- l’,’ I

cc c, . r c’ i,- tm i i lc ’t  ii, c c  icc~c r c ~~ ,.~ivac,i- c ~’ c !  alloy c -c-mi ! , , ! .  i ’ I cr coi ls -c- Icc i s - m c i  ‘5 

c c i  : c c r c l ; c c l .  I c- c - cc ’, b ecom,ommci.c -c c - c c !  - c c  view II,, rc c ; c i_ ’ - i’c-iy be cc -c - c - c --
costly ‘ I,,,:, lu~c c.~ t c h  ‘,: , ( c c c  t - ‘ c c - ’ i,ci a It ’ .-,:, , ,dv ac cc c c ’ c!  c l lc.cy sills-c- ic i l i’- !

• ,c 
~~~~ c’c: -c ; l ‘- - c _ c c ,  1cc -c 11 ,1, - I , 1 cc,’c ’ ’,’ ,:r ‘sc,c’c e of ‘ I  s - - .1  may 1c c - c i’’ ’C .cc ll ‘ -~~

- I c , ’ ’  I c ’ ‘II,- ., ’, c c  c ’ ,’ S t - c  11 y i’  l c u s  I c’s-nc cc ,,:‘ci cc - c - c : : ,  ‘ c ’  c ,  - ; - 5 c i,cq Ci i l - c

Tl: ,- i.; , - ,  - c - I , , - :  - c-c, I - c- , , c  ,- c i ic I .,t c ,‘ dcc-c - c I c - c -  c- I l s - -  I ic,~m i d i S C  : c c c , c ) c c - . A c c cls - c f cc ’ r
of 1crcbl,cr’ s - t ill ,ce ,’d ‘ - icc’ ‘ d cci,!, - c c , ’ ’ _c f  w icl c’ Ic IS Ii, ’,, i - c c — ’ I c ’ ’ ,l. r ’ c c - ’ t ic -’ ’,’ I - ’ , I c - c c I
c - i  a i’, i c - c c  cc- cc - c j - , - . ‘I’lc ic. c is c cc”’ cl i ’ ,’ I .c ~r . cr,.ccc ,c by c it .,’’ - . ‘:clc t c  .c - 1n ; c c l  c . ‘ ‘ s - t i—
i , : - . - ,c r ,c -ccclc im ,c ’ ,l  . . 1 , c s . ’ ! - ~~CI, c r I!,,- ,  m a C ! c l d , e d l  I c 111,1 I l d i c - c ’ic d i ’ ,I

. 1 , t l c c ’ r ’ - i o r . ,’, a s — l u l l - I  ,lJ,dIC c , , , c ’  b’ s - c - , ,  s c - c c : ’  I t , c t I c  sc ’cLm im ’ cc’ar

I i - , ’ - I ci cc-’,’,’ c c ‘ c c - c., r c - ) .m ’c- ’cc ,’c , l S ,c . 11cc , 1 i - c l  - - h c c - c ’ s - c c , , . T ic t ’  cccc ’ c lca ’ , s c - ’ - c l  c r - c —

- c - i t t , ’’: c-cchi.c’,’.’c! 01, as—l I l t  ccci . - cc , c l  c , , - , ! t c- c; . - cI. ’ -s -  :‘ ,, , t c ’r  i_cl ,,rcc vc :r’.-’ c c - iccc .cus c ’ ; im ,-I
Ic ’ s;  c c c l ’ -  cs-c I. ‘ cu’.c ‘if ~ , . c - - ‘ i - c d , - ’  ii’ ,’ c ‘ ccci ’ - !  c- c r c - c , ’ ,i i -c ,c c-c hi~~’; , Cccl it

c r c - c ’ s - I t I , -’ ,’ c- Irs - c c c  i c . , c n  I. , . ’ l,,:,i: avail, ,,cl’- c-icc f -r- ,c ’d )c -si .: ’ - c :‘ ,c ,t ccc ’ i - i l~~.

I-i I’ I - - -~ ‘ c c c ,  c c c , - : - , ,  ts.- - c x  1 c c - c - - c - - , is II, , -  I co s s i !c  ii i 1.- ‘c i  I!! 1 - 51 c c; c clcccpc c ’i I :.cr ,c 11cc - ,

c ” -  , so if I c - i c - c , :, ‘0cc-i’ - - !  c c c . 1  - c c c i  - I dcc’s,, , ;  d c cc , - !  ic’ it ic I S  1500

s - s c ’ ’’ I c . - ; I c - : - - ,:’ ;c s - ç ,  Ii ’

A ‘sc - i c c I cc-f tic ,.cii c ci )c) c - i c c - !  c ’ -  - c c - c - c t  i 1’’s - ’ :cc cc t  c s - icc: ;  I ‘ c l :  c ’ d i  W i t s - . c, - c c , ccc,, —
Ccci) , , , c  m n.; cic - cc c - -  . c i  1-cy , ‘. iciw i~ cr! - cc. - ‘ c s i c _ c c  cc a c, c - . ! ’ ,’ 1—c - c — c - _ cl - _c it.—
c’cc _ci y lccl c c - c i c t c — m s ’ ,,,,i cs-c— , c i : .i,’- i- c I  ltd . c c 1 c r. .c l I~~ ,’ k,Icc s’c-’c cc l ‘ - c : ~~c 1ly c-c s’ c c - I t’ 1. ~I!c ,
lit !  ‘S c : , , m c : , ’ ,md’Il’ - c r- : ci c 11 , 1-  ,

~~. c ,  I t I , c ’ 1 c . ’ - - , c II,’ ,’

1. I’,~~, ,c-,: c1 ”:’;i.c,’ii ‘1/0 F - .* ~- , i

‘i’!,,- ,~,, Il • ac - i ’ - cc c t c , m  - . - c ’ - s. cm; I - .tc-ic -se jcrcc -c; cc flc day ‘F

, d t ~- ; i c c . c  I ’d,;;,, I . c , ’,c I ‘ t c ~~~
c - m c .  ,ml ‘c w i l l ,  c-c r ‘c c cl.,! 1’.’

c c t A f t  i c  ..,, m c c i , ‘ ‘ ‘  I c - c - S  c ’,’ c ’ r  c s - c r c - c , ’ Il-ic c - c l i ’ ,’ ,.

I. c i t l c , l  I t~~,i,’,’ccc w i l l  ‘ c c  c 
~~

, c , ’ ; I, ‘ c c c  , . c , , c ’7’ I - ’  - — i c - - c - ’ - c - d i d

I cod Icy ,mcu, c I I y c I c -c ’ : - , .’ c’b,,cc c - c d t 01,1 (it t i c ’,- c- cl Soy ‘m c c c  I - ‘ I
t .c : ’ -  S,0 - t i c  p c ’c ’ . - . cuc c c . d ’ i i d , c - l  c a c ’ I - -  I -  i - s c - c  i j i t _ d I , - i d c t r , c —

c c c n c c l . c n l y c . ’ ’ c’ r  . , ic. , , c c c c r c  c 1cart ic i ,c  ! c , c c u , c l , c r ic ’ :  icy
m c c c ,  I III (,~‘ c c l c -  ) ‘ , . r , ccc , ,  c - ,  , i~~ c ’ ~ ‘ - . 

~I~’I !l~ ~
‘ I’d ’ i ’ ’

- c i d d l , ! c ’ S  ill I r c-Ic- r c c ,c C e I - I Iy
~ 

‘ c , .

‘ I c , , -  c’s., - c i t ’ ,,’ - , t  t l c c ’  cc- c ,.’!’ , I c - c ’ - - - , ~-,‘m f c ,.cd~ ct_ c - , , cl c , cc c :, -t c -’ 1

s c - c - s  i - c c ; .  . ,, ,I l I c . - . c c - c ! c  - c ’ , ,’x ’ - , c . m : , , -  c i c  c - - c t  c ic,I ’ c w m y
xrc ~c i c ~i h - . c - ~c c  iii’ -’ ’ - - ul ‘ I - I  , - , x c - c - , , I c - i :  li-i — is- , - u i , , , s c ’ t , - c .  l i i i—

1’ • c - c , , ,  t t j ) ’ ccc l  icc ‘ci Ic _I c- c c - - i  c ..c ;c m l, ’ !  I ‘ c - d c ’ ’ ,  j , c — ,c o c , ,m ’ by
I -,.- . - ‘ ,c ; ’ -  , ) -  r c - - c c c  Tic, . m c m - -c- m ‘ - c c ’ , rout - - , c r - c c c c  i,c I c - - - I t i c ,

r i - ,  ,.c . . I c , c c’ i ‘icc,) I. - ‘ c - C _ i  Icc ’ s - c c ‘ cc l . I~’ , c  1 , c , ,  c li o 1 , c - c —
- ‘ , , c c c cc  c’ la,l,jiflc ; ~,c c c c  1 , 1  - . 1 ‘ - ‘ ‘ 1  - ,r c , i c c k c l _ i , _ m c c c  i!’l~

_’ic was f ,. cc - mc , , l
- ci m . r - ccc ’ ’ ’ c c s - c c c m y ‘ ‘ ‘c i  I c c - , ,  cm1 t c ccc: mtcc f cc s c ; t ’ , c l c c - I  it’,’ .

-c ; ‘ c c~ c ci ’ -‘ . 5 c c,, 1 c c ’c lu rct i  cc , - . c-’.-, - i c,v ’, h , , . c I  - c l  , , cc c t
‘~ 1titc c~t ’’i y c!,oncccc ‘ c-cc:!, ‘ ic , ’’ I - - c t ,  1 ty s.c -cc-Icc— s. ’- - t I c - , !  “c mecX i ,cc . ’ - ’’
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MANT1FA ( .’TURF , OF LOW COST P/M ASTROLOY TURBINE DISKS

Dennis 3. Evans
Pra tt 6 Whitney Aircraft

400 Main St r ee t
East  H a r t f o r d , c ’l) n c c , ’ c ’ licut  06108

The per f c c l ’ I”- m c c c - - .’ requirements of advanced m i l i t a r y  gas turbine eng ines have feo tc ’r ”d
the development of many hl ’ i l c  s t r c ’ c c c l t h  alloys f o r  his-h temperature disks. Typ ica l of the-se
high strengt h , hi gh t em ) ’ . ’ m’a t u r e  Ccc p a tc h l i l ’j’ disk a l l oys  is Astroloy.

The use of I d d c w i,’n me’allurqy I c ,  produce components from d i f f i c u l t  to forge alloys
has been demonst cat,’- ! , ) icdw, .v ,’ r , as the costs  of raw m a t c - r i a l s , labor and processing m rc-
cr c - i c cc- rapidly, the stimu l us I -- n  co , ’ inued ~c - ’w ’ l c - r  processing developmen t shifts from per-
I d c t ’ Ic-cance I that c - c f  raw m c ’ e r i a l conservat ion an d cost  reb i c ic t i on .

It was the object  01 ‘his Iclogram to d e m o n s t r - . lc -  t f c , ’  reproducibil i ty of ‘he Ic r Dd L” l
c d - t a m ed f rom t i c , - t I n g i n g  0~ a n n u l a r  11 ,-forms using a carbon modified Astroloy 1 c c ’ w ’ t ” r  and
to es t a b l i s h  c’ I ” I c i c ’ t  ion processes mcc l s~ ’.’ ’jfi ”ai ion s relevant I c c  this product .

Ti_c e n , ’d ’ld n c c ’,il ai c l - r d c c i c ’h taken was to procure hot isosta tica l ly ~c r -ss ed I c c w  carbon
,‘c c c - t r o l ‘y f c c r c c i n g  prc ,’ f d c r m s  f rom two powde r sou rces .  One source u t i l iz e d  high press circ ’
consol-c. :-, ’ion , the o’her l w  pressure consolidation. These as-HIP ’ ,.’cl pr ’- fc -rrc -c- were ham-
mer f c .crc )c ,’cI at L a u g h  Company. Subsequent mechanical property evaluation verified the
c~ c _ c a l i t y  of these components and a disk for engine qualification was made available for
testing .

‘l i - c c, ’.- as-HIP’,’c l annular contour preforms were purchased from Kelsey HayE s Company,
Bri ghton , Michigan , for evaluation as a source for powder metal preforms consol ida t ,’- ’ I
under l w  pressure (750 pai l and high temperature (—2250F). The preforms were f a b r i ca i s - ’- i
as shown schema t c c - c - a l l y  in Figure 1.

2. INERT CLASSIFYING

fl ~~ E~~ ~~~;.~~~~~~~~~~~~~~~3~~ ERT BiENDING/ 

_

6. P R E H E A T I N G

1, INERT ATOMIZING 
I 

~~~~~~~ L~,> ~- 

“ ‘ ~‘ 
_____

4. HOT DYNAMIC VACUUM
DEGAS S INC

______ 8. CONT A INER STRIPPING

1, HOT IS OSTAT IC
PRESSING

FI~~JRE 1. SCHEMATIC OF PROCESS IJSED TO PRODUCE h I P  PRF,FORMS AT KEI,SEY HAYES .

V im ’ :bi um 1 111111 - I co n me l t ,- ’ !  Ingot of iii,’ ‘li’sired chemist c ’, w mcc -  d c l  - c jt lc - ’d from -Iic,’cial Mc’t,,ls
Inc ., t tc ,’ n  vacuum r t c c - i l , -c i  and argot, .m t omj ’,’~’~i int.o powder by Kelsey Hayes. The all inert
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t b , m I b d l c ’’I — 8 0  1Ic’ ’c ;lc dd d wdl( ’n was I c c - c t  dy n , a m i u —c- ’ i I  ly vacuum out - t m ; ’ ; ’ - ’  I lc - ’,’ ‘j j l c r , c ’  ic , q  i i i ’ -  l c c c c : ; ’ ’
-t. ’r . I c ’ c ’ n c  an m c i  c i c , ’d! ) d l , i c , c ’ in vacuum -‘it ,1) c ) d m c c X m f l c l i  . 1 ’ ,’ 4 1 c c - l i ’  i l c i ’ c  d 1 ’ d ’ — f ’ V a c d c , l i  ‘‘‘I I 1 1 c c - c l  s i l  ic- i

- ‘ - c i n c - c s .  ‘i’Ii,’s. ’ f t lI,’cI cont m iners w c ’ r c ’  c c - , ’ , i l e c l ‘,‘ad - dccan I i - t l c i  m l  ~cr elc~ ’ m t . ’ - )  - m l  220 0 F  for
‘Il l n c c x c l c - b _ m t c ’ I y t h r e e  l b c - c c r S , I ,_c m c i ( ’ c l  hot i c d t c ’  t he  Km” lsey l i -b ’ S  i c c t ’ ’ l t d f l l y  I c ’ ’ ,’c i  ‘ - - I - c c  I c _ c ’  ( m V ’ -
inc - I  ,.‘c m nsol m c l , mt c ’, ! II 2250F for two hours ,mt 750 psi .

Irn( c c - I  I dc- rq i ng  of I Ic. ’ ~,l ‘ ‘f c c r mnc c c- w i c ,  - ; c i c ’c ’ ’ - ’ c - c ; l  ully lc ’ c ’ rdncl ) d l  ish ’’cI ct Ladish . i r , t m ’ c r n ’ ’ c l m —
‘d l’’ r- -I c .- ,mts were c i s , ’ c l  bel iE’’ . -  ci SI, ik ,’c; when ci , ’ ’, ’ s c ; , m n  y i~~’ r n c , m i c c t  ,im n I Ii~ ’ c r c , 1 , c ’ r  f o r q b c c d )  t_ c ’ r l l —

1 ,‘ r . m I  c c ’ , I - c - c c - t i ns- I c c  c ’ c i r n l c i d - l  ion ( ‘ I c ’ ’  f i l l )  w a c - ;  not p o s c c i l c - l ’ ’  in t ( c - c ’  I c c _ c l c f - l i e s  ‘c - f  s i r  t E e s
as i i , - , c

~ ’,’, Si  ,‘c ’  n i t ore c f  the pr.. ’ t d c i ’nl, c ’ n c ’ , c t , ’ c (  ,‘x c ’ ,’ c - c c-c I i  ~sh in l ! c , ’  tim preven ting h ,m c c -~c - —
f l l m c c - t  t he bor’- . The lot  ic c s - s  w e r , -  trimme d d c l  f I - i s h  c c l - !  success! ‘li ly forged I c - c  comp le-
tion. A l’ )  f’ c - i r ,’mf l c” t’ 0! the ‘ c s — f  ordl(’ c l d is k s  is ’ d c - l c c c W l c  in I - c - O c r ’  2.  An average re duct b c- c r c  in
thickness c c )  25’ was imparted t I u rc c i - ;  lii,’ forqinq .

‘ 2 ~” 

~~~~~~L’~ 

c-

~~~:

F I GU R F :  2 ,  APPEARANCE OF THREE TURBINE c I S K S  I-URGED FROM LOW CARBON ASTRO LOY PREFORM S
HIP AT 2 250F , 750 PSI,

A ll forg ings  w c ’ n c ’  I c c - c-m t  I , . - , c t , ’- i  as 1 1 1 w- c 1 1 0 , 1 ) 1 - 4  hours/SQ (600 F)  + 1600F/8 hours/AC 4
1800F/8 hours/AC + l200F, 24 hours/AC + 14 0 0 ) - / B  hours/AC .

The forg ing was S e d .’ i c c ., r ce c i  and ev a l u a t c ’ c l  l c  1 1 1 c c ’,’ dIe a thorough d o c u m e n tat i o n  of micro—
st ructure and mechanical p I s - c c  I t  I ’ S  ‘ l , r c . c i ; i c d c c b l  t Ic ,’  I b s k .  Grain size , c- l t’c l r t ’e  of r c ’ d’n y s —
talli,,i l i o c c  and grain t c ’ x t c - i m , ’  varied consid l c -I mb l y throughout the disk depending on i C c ’
,‘x t , ’ r c t  c c l  f o rg ing  work in each c _ c f  the respective ,m r, ’,cs. This is easily seen by comparing
th~’ m c cro gtr ,mc t nm re of t i c , ’  web l o c a t i c c r c ,” r c - , c l i ; m l d i r e c t l d d l c , F ig u r e  3 , which has been heavily
w o r k e d  and h,icc a re l ic t  cvely fine grain smi, ’ compared to the bore location/tangen t tal
c l i r,e ’ t  ion , w ! , i c ’ h has been deformed little and i l _ c c - i  4 coarse r , more c ’c)uiaxed grain size.

N c-c h i n  i c i i  d r c _ c ) c - c c r I  c c ’ s ,) t I c i  digk were determm ned using I c ’ c , s  i I . ’ , s t r e s s  rupture,
creep , low cycle f a t i gue  and fat igue c r c - k growth rate t. ’sis .

Tensile t e s t c n c c ~ -it room temperature and l4 00F was c ’cdcbd l c mc ’t, ” l at six representative
locations. Fi- l c i n e ’  4 show s room t f ’ l t d ) c f ’ r , i t c i r m ’  strength and ductility to be sctisfactory .
The 14 0 0 F  s t r eng th  was -cls o s - m i  isfa c tory , however , the i~ore duc t i l i t i e s  were generally
lower than in other test local c c’ cl c ’c . Low bore ductility is attributed i ’ c  insufficient
work penetr ati ’ c - rc during forging .



I’ I 5 1

‘ “.:, ~~ -

A ’~-5 4’ - 
‘

~ ~~~~~~~~~~ ~~~ ‘.
~~

- “ 
,. c-

- 

:“ 
-

~~~~~~
_

~~~~~~~ 

‘ 

8 

01

~~~~~~~~ ~~~ I!~~;-
~‘~~~ —~~~~.

I’ ~~~~ - , ‘~~~~~~~~~
‘ -

~~ ~~~~~~~~~~~~~~~~~~~~~~ 

~
‘
.

F: c- - , ‘- ‘ : - , - ‘ ‘ ‘ ‘ 1 ’  ‘I-l I - , - : - , - . - d c c  -‘, c l i i i ,’- ’ I,’ !A. -: REAT I,t) I,- di’, c ’7,Oic -

- ‘, H I P  PI.t t S  I- ’ c ’-iS c- I- :’c ‘ l ’  RH Nt’ - 1 :  ‘ -

TENSILE
TEMPERATURE 2% vs UTS EL RA

70 °F 150-1 59 KSI 205-219 KSI 15-22%~~~.. 19-34 %
TARGET 140 195

,,, ~~ ~~
_ 15 — 

_ 18
1400°F 125- 132 15O-165 _ _ .,,~15-2 3 _ _ _ J8-42
TARGE L _ 

— —  ~ _ _ 125 — 
_ 150 15 20

STRESS — RUPTURE
1400°F / 85 KSt - 19 -29 HOURS - 

___ ,_ _. ___ 12 -1 5 % EL
TARGET 15 - - - 12

CREEP
1300°F /74 KSI — —  - 2 10-220 HOURS ., - 0.1 %

TARGET

F IC,IJPE 4 . tt t , c ’IIic 5’ 1’ ’ fc i P) dd d l’F- :P’rtI’:S d l - ’ F l I P  ‘ I I ’ S  I- ’nIO;E-lic t , d c W  ‘ ‘ A C I d Ic ’ !  ASTI4OLOY T ! d 1cB i ’~l’  l) tSKS .
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St to ss  r ig-I ure t -nt  c I c - I  W,’iS ) S ’ t ’ f c  c c  ccc, -ci c - i s  ins- combi c m  I ion c - r n  c c _ c ’ ,  t Ic — c,  d i  ‘ I c c ’ ’  I ( r’ t = 3 . 5 )
S ) l~ ’C imens ‘ d . c - c from c ’ ,m, ’Ic c , f t he - , l c d d ’,’ d ’ - - ment toned si x a reas . Tes’ c c , ~ was - I ’ ’ c ,”  at I 4 ’ i O F
-it  a st , .~‘ss Of B5 ,dOII ) c s c  . ;,c1,-m c c l , I l l  ilj t  i ’ s  in the I d c , r c -  c - c rea  ‘,,c’’re l c c - w , ’ r  t h a n  ma rc ’
i’c , ’ , m ’ ,’ ily  w c ’ r k , ’’ )  I’ c ’c I iOf l S , w i t , h m I ~- - i u a t c -  l i ves  in d l  ,1 Id ’ ,iS .

C t d ’( ’Ic t - c - c t  i ii -t  , d t  1300F/ 74  k s m  c ’  1 d d ’ ,’~~’ 1 t I ,~ - c c , i t  c’ c a l to C’’ a - I , ’ - ; c , m l c ’ , W I  t h  t ime to (1.1’
d ’ 1 n- ca t ion  l’X d ’ ‘ 4 ’ - Ic 1bO 200 hot i t ’cc  in ‘i I I c- - ;

~ 
‘ - ‘  c c  c l c c ’ c , c ;  I ‘ cc l  c ’ ~I . A 4 c 1  Is -cec imen I ‘c~’ cyc 1’’ f - i  ‘ i s - ’ ,-

( ‘ t ~~~ li l -miS l.’ , d ; c  cond uct ed m t  f r e d l c c & ’ n d ’y of 6 0 cps t I d  1 c -~ OV i d ) , ’  a bas i s  for  c ’ - c c c c p , i r  I I,c- J t i d d ’  f - c t  b ’ J ’ i d

l i V m ’ s c - I  i ’ ’~ ’~I~ ’~ i _ I _ c Id ” .’ ssed low d c - _ i l  i - n  A c - - I  I c- d c)7 t O  C on v ent i o n- t i  d c c , ’ - i c - i s  wrouqhl ,‘c c - ; ’  roloy .
St i , ,S s  - ‘ ccc l  to l l’ ’~

) t s t  in,~ w i n  i - c - i  fo ,’ rrcc ’ d on s c c s c c c t h  a n d  r , - ’ t  - ; I i’ ’~I 11( 1 2 , 3) spec Ime ns m~
1 1 7SF ,it ‘ ,lr ious st  ro ss I .‘‘,‘c ’  I s . c cc c ’ ;; - ‘ ol I’ I = 3 s~ c ’ ’ I nc - l b s  was I c ’ ;  I ‘ ‘ i  a ‘ 1000)- ’ , w c I P, lit. 1 i I e - i c c - i c c  al I r and! t ions exceed ing component I c l i b i  i t’ ’ ’ i l dd ’ r b !  c - c

A second - l i sk  f o c i . - ’ !  by Lad ish f rom m ‘ P l c ; ’ ’ ’ ,’ Ita yes  h I P  I r e I~~c - c - c  w c m c --i cc’ - m c ’ I ,c n e d  to lh’ ’
s, ’nic conf ; tur d ’ i n  and i i c c - ; F c d ’ d ’ t ’ ’cI by ic r o I ic ’ t  ion ‘ Pc I  l d l c d d ’ d i d c r t S  to - ‘ ‘ c - c ’! c~’ c c  t innal A nt  I
l . - - l i i I c ’lll c ’ c - c c- , and w , d c c c ’ ! ; - , ’ ~~1I I I  I I - -  an c - c - c - t i l l,’ , S d i I d S d ’ c 1 d i d ’ 1 b t l ’ ~’ , the d is k  i-,”ms f i n i s h  ‘ci mc ” I , i n e ~I
c r  i c c - I t  0 expe m c c c c c ’ r c t ml  ~‘nqmne 1 s t  i n -j .  The d is k  lc c ’ ’ pa n d’nq b cc ~ ’ I c - c c I b c  ; in - c S I - c ’ j C  ‘ ‘X i c ’ ’I’i’
menta l d ’ l b c I ’ c c - ’ t e S t  i n c  ‘ l i t  ins- in I) c - c -c c - ’ l ’ - ’r , 1) 7 5 .

‘i- c _ c c- c ’c- ’ ,ilt,, - m I  ‘ ‘  an c - i l  t ‘ - r  c ; , c t  l ye  I (I lccw c l - S  sun ’ HIP c c - i c - f o r m  consol c da t  c ‘ c - c - c  , Prat t  - . WI; it  :c ”y
A i r c r c c  t c c - r , I c ’ r e d  f c d , n c 1,-i I ish c ’occ - c }c ’ i c l y  t u r l c i c - c ’ ’  d i s k s  c c - c  

~‘ ‘ I  f r c c n c  P r ’ - I ’ ’ r T c c  Fl IP’ ’ -  ~ at 15 ,00()
1)5! . One c~ , - t  0 1  t Ic i c e  I - c c -  c c -  i c -~’~ l_ c c ,- f ’ d n ’ rn c - ;  s c - c c - c -  c ) r c - I r ’  c c - ’ ’  I Icy t ,ac l is h and c c -  I’ ’ ’ ’  I c - i c I c I in r c - c c - i c - !~ t he
‘ c d c - c - l c ’  w a - ,’ ,is t~h c ’ c -~

,_’ ; c - P ’  ‘ c ’ - - I by c i  c-c- ,
- ! I ,c ~~ci’~~. c - c  l I d 1_ i c ’ ’  ) d l ’ b f l i d l  y e Xc ’~~’ 1 c - f  b ’ d l c I )t  t h c ’  use of

~ m , c O l ’  Si II I P press c i c ’ r’ ins I c- - c  I ( dl  t he 750 pS i F l I P  used by !‘~c - I  c- ;~’-z )la yes.

S i , l , - t  ‘c c- l i , ’ n t  t I -  a rgon a I -~c n c z , c t , o n , much of IC , ’  hand ling c c - f  I Ic ’  d c lw d i ’ c - r  W, d ’ l ~~~c - i ’  r ! ( c r n , --
in - d i r .  Tue remova l c b f  s- i t - - i  -~‘~m ( - c - _ c r  , m c l s c c r l c c ” I  dur ing -c i i ’  handling wan accomp l;shed I c y
i,c ,ik , l c  i lii,: ~ c - ‘ i  in ai r ml 2~~OF for appl’’;’ : c c - lI ly one hour. A i d  c c  d l ry in -4 , th.’ p ’ c i E c lc’ - 1
W, lc - i  I I ,c :c s  C c -  I d ’ d I ( ho t )  in c c  c- c r l t c c  a c h a r s - m r  wh ich  was then “ ‘ - c c - - o Il ‘ ‘ - I  to 1— 5 microns vacuurnc .
Th ‘‘ c - c - -s ‘l’,- r was  poured in v a c ’ i c i r c  at  t I c - d c - c - c  t c ’ r n 1  - c - c  m I - c r c  - into Icr~~— a - c d t  ‘ c - I  a t ,c,, t_~ ‘c- c t j c  st _ c l  L5 —
less steel containers.

The 1)r, ’ t ; c r n c  container was rc ’cno c -,’(’d I by T Ic - ic - h I S i r b - c  - c c - c l I Cc ’  ~ c c- form inspected usinq f luo—
:‘ , ‘ s c ’ent ; - - c ,  ‘ rant , ~~~ d f l , c w c - c  W c l l c ’  found . A macrod ‘ ‘ Ic of - t c c -  s ’ ; r ’ I a c ’ c ’  did r c - ’,”,’ -al 5 1 1  i it  iOns
c a u s ed c c -’ nc’ - ) r e g dt ’ c :  l ay e r s  , d f  c ’c ’ ,c r s e  and t i n e  I d d c w d c - r  i c - a r t i c l e s .

1-i c c- - c  n iC t ires of c- cc -~~~’ c I,’ r f i ll t cc he  locat c - ccc s we c c - ’  doc cm’ -c - c l - - - I  us ins- d c-I t ical mic ro—
sc rc~~y i c - c - c -  were found t c c  possess heavy pr io r  c i r  t icl,c’ I c d d c i i b d l , c t  y c c - c c -  ~pitates. i’i, ‘er m a l  mc - ’
t w c c  of th ,- s c ’ , - ‘,‘ - c ’ ’ c - c at  ion tubes was analyz”dI  i c r  oxygen , d l d c c -  ni t roq”c ;  and found I - c -  contain
more t h i n  2 00 ppm of o x - - o n .  This heavy concentrat ion of  ox-,- ’;.’rc of t he  prior c - - c r t c v l e
Ic-aundar ic c -c ;  indic~c t  ‘‘  imprdc ,t c c c r  handi c lit  ,‘d l b d i , - c c  i n s u f f i c i e n t  c c ’ c t c c , c s ’ c  I ng of the f ’ rds ’ c i - - r .

S ince one f o r g ing p r e f o r m  had an acceptable s c c c i c ’ t u r , m l  appearance it_ c both the f i l l
t u b e i c - c - i  c- c rc -  the sur! Ic ’ .- r c s - c  I i” ,m , it was decided I t c - , c -  II; is  preform had the best chance of
y it ’ l u i  c c c l i  a lccw ‘ x ’ ,’ c c ’ c - d , forqeab le s t r u c t c c r e .  A 1” cI !a nc ’ t c ’ r  pin was removed from c l i ’ -  m id—
radius , c- c - - c - roOt I c c ! rid analyzed I - c c  oxygen ,cnd nil , c c g c ,’n a t  t I c ’ - te l - , c c c i c i , i l c -  arid bottom
of I c c ’  pr ’ t ’ f c d r m .  Striatjons were shown to exist t h r - - ,, i ) i - c u c l  tin’ ‘ r c ’ f o t  m and S E c - I c ’ not j ust
-‘ cc ;go c i c - i t & ’ c I  W i t l c  t i c - sur fc - u-e .  An c - c x ’1’ ’ c c c - n  gi- c - c c 1 i~ ’ c, (  c c l  a p p r o x i c - c - c c t c - l y  70 ppm a l s o  e x i s t c ’ d

r ots I~~~c ou t u,ide I c ,  the ‘ c- c - s - c - I  c-if I ! - ’ I’ c-d dc ,’ c- , , c ’ t ~ ( 5 2 — 7 7  ppm in t l c d ’  c e n te r  and 12 1— 1- 1 1 ppm
c-- ’, ‘-r i wi  t i c  in 1/ 16” 01 the surf ;mc ’ c (

T1p d c i l c ’ l c t  ly i-h.’ combin,tt ion ol air handi c c - - c  and a sccl’seq’i’’nt l , c c ’k of l d Id ” , l ’ b c - d t d ’  hot
c i yn_ iiidic o I i i c ) : d : c s i l b l c ’ r m it t . ’ c I  the re t. ’ r c t ion ‘ c - I  c i q h  quant i t  c - -- ,c l ’ oxyqc c c - on the surf,ic ’c’s
‘ 1 IcE ’  I ’ d d W d l c ’ I  c - c - - ’ c s -  c-,c c l , c t c ’  I in ti c ’ ’ d i d ’  I c c i ci . /c, l,i t’ c~e ‘a rt i nc- _c c c i  t h i s  ax-,’c p’n d i f f u s e d  I - c s  c c - - i
th’’ - c c t , ’ r  w a l l ’ , ‘ ‘ t  ‘ I b ’ - i ; . ’  ~- n c ’ t c c - l t c 1 ~ ; c c _ c  t I c - c ’  m i t  i- -c l s t , m - l ’ ’ c c 0! h I P  cs  t I c ,  o u te r  p o r t i o n s
h e m ’ 0<! f i n  ic _ I  ; ,‘t  t u r i r c ’ t  the- ,i’,’ ,c i  i c i c l e  o xy c - l e n .

‘c- sc e ’c c ri-l set of his-li p ressc - d1  c -  HIP } , c - c - 1  arms  w i g  c _ c r d l e r c ’ d I  by Lad m sh f rom d c - b d c t l c , ’r c - ’ c l S ’ c - I c ’ l

su -1- l i m ’ r . ‘l’hese I c c - i  -~~c~ c ’~ r d ’ l o r m s  were  ma’!.- us ing  11- IOn a t o m i z e d  low c i t  1 c c - I cc  A c - _ c ! roloy pow—
c c - i c - c c - c c - I  in stainless sic - c - I  , ‘ c c l c i  - m b c - l i ’ i ’,; and } t J P ’ ed m t  15 ,000 psi .

‘ -c - c l m c ‘ ,I , c d c - , l e S S  ‘ c _ c - I  c c - ’ . i c t c u i c c c ’Is w c c r c ’  I o n I c - I w i l t ,  l c c c w d l , r in , cm r , evacuated with
a c’; - c c - l c c c , i - ’ ,i I c - - ic  iC ing p ’ i c’ uj I c  a low vacuum ann h - I  hulk O c l t d l a s g < c I  at a t d ’ c - c - d i dd, c - ,i t bit ’ d ’ 0’
1’ , d c l c F for m~~ - i c , v, b i c - , ,c t  .-( y T ic l a i n  s ,  ‘i’ i b f ’  c on taine rs  s r  e c~~’ , c I c ’ d  m l  ‘cli i ‘I c-c ’ ’1 I c Bat c li,-
‘I’ c- ’ - r i ml 11c c - c - I t t  c- ;te sh .’l e I’ .’ ’ ,’ S d - I ’ ’  H IP’ ’’ - !  at  20501” f c c n’ t h r c ’ c ’  l c , c c c c  S i t 15 ,000 ps i  c c c  ic-c -

inl’’ rn i l ly  I c c - a t  c _ _ I  - m c i i  ‘ , - c - l , i ’, .’ .

‘JX ’,’ ’ ; c ’ T b  analy sis ,‘ - c d ’ l  lo r ~~~d on in,, 1 - c -  ial t , n k c ’ i c  I rom tic. ’ f i l l  I c~ t c , - ’ , at i l l  I l l ’ - ’ ’
; c - n c - l - ,r , ’ i c - :  10 1 , - t ,  rmi r c c ’  if  o ut ; ’ic ; s i c c - ;  pro c ’-clccres w . ’ t ’e , i c l , - - c - ’ i , c t ’ ’ . ‘Fhc ’ sc ’  m ,‘su lt ~ showed t iE
;cr c’ ” ’ t I c-cs 1 c c -  lb,ive ’,’,c - , - r 201) ppn~ c c l  cb)< y )c - fl with the t h i n ’s- ‘ r . - c c ~ I cc - c h a v m t i q  ,m l l n d d x c m a t e l y  l O s -
ppm ‘ - I o x y ’ t . ’ c c

i~~c cr ier I ’ d  v ol  m l y tI n ’c - ; c -  l v.’ i c - c  c I t  c c x y . J c ’ m c  in l I ,’  l , , c l k , .1 cc - o ns c i l  l i t  iO rii~ c - I  I 1 1cc ’ Ic i g h
a c - / c - r d  ) c r c ’ ! ’ d c I l d s , 1 c , c - , , -  — I , , m lf  inch ‘ t ick n rc . )  was t l c I , , m i d C , c d l  from I Ii,,’ 1 1 1 1 ’  of t I,.’se ‘i , ‘ t c c - r m s ,
Oxygen i c c i ly s i s  s-i c t ) -~~- c - ,  c - c , , i c l c ’  arc I c r  - ‘ d c - c - I d l e S  tak,’rc I rom I’ ’’ i c - b I  - c  t o n c c f  t h i s  r i r,q 4 0 0

- i i ’ c m n  . ‘l’iiiS ‘ ‘ ‘ ‘l i t m e l  t i c - -  h i s - I c  c d x y p’ rb  b’ ,d l i i , ’ ’ c l  5 f d d b d c b ’ !  in t h e  t i ll  I , m l c , ’  w i t  I c ‘‘ ‘I s c - - c - -, 101)
c c - i 211. ppm oxygen . T t c m ’  m c c , c c ; t  c ccc l o re  of t h c - c c , -  r i n d s - S  s c - r e  ‘ ‘ x , c m m n e c - t . ,inc) b uns- I~~’ t i l l
,‘xh ib Cm iv i I y 01 c c  3 i nc’ml pr t O t  c - c l  I c c l . ’  l c d  c l d c d d  I i  r c c - c l .

)“ .,rd) I c - c d )  s-c ’ , th i n! c I t - nI l- I ‘ - ‘ I  ‘ c C  I I c , -  l w - c -  I ~ix ’~’, ; c ’ c c  p t c ’ f o t c - ’ n t  ucl i c - tc~ ,i )dt c’h i’ c it c l  c c d d ,  221 ) 1’) )-’ ,
- u I _ i t - I  c i n c l d , I d ’ I  t c ~ r gc r cg tc ’ctc n i ’ c c .’ , c t - ’ I l , , , ’ I ic - ; l i  c l i . ’  c d l b i ) c - k - ;  j .m ’ .,  ,i l c ’ p , , c l  c - I  t I c . ’  )dlc ’v io u sl y

s,c’ ’’c - .’sc -, ! - a I  c r c. ’c - d l ,j r m ’c . ‘ b I t - I  c .rc I y 1 w ,  l ’ l - . w c - , ,  i n c  w h ic h  ‘ ‘ c ci t han  101 c l c ’ l ’ ’ l l c - c , d t  iOn W , i 1
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~~~~~~~ . 1 , ,  ‘i I - i ’ l i , d l  c r ic k - c b l  r ’ ’  1 i n c  I I,’ o - , t ’ - r  ‘ l c - c c r c ’ - ’ ’ ’ c  c c l  I I , ,’ 1 , 1 1 1 - ’ , The cr ’m , ’ ke c l  a r’ ’a
5 cc _ c t ~‘Iti m c - ’,’,’ ,I i c - i l  d - ’t - m c c c l  c ’ ’< - ic ’  - - c n s ’ c I  c c- c - i c c - c - -  c . s - c c d - c l  l’~ c c - c d  m ‘ ‘ I - d c - ’ ,‘ ‘ c c ’Ic,l l ly in a r c at  1 d - c ’ c 1 - t  I c - c  i c - i c r, —
I i I ‘

~
‘ ‘ 1cc ’ c’,’m c c c -ce I - c l  c ’ r , ic -k c c - b - c .

1-i c ’ i , l d ’ c - , I  if  c - m i - k . ’ ‘ ‘ c c - c I a  c - c , , t  I ‘ c- a l c c - , ’ c i l ’ I  i c c ’  1 . , , i r c l .  ‘F I c ’ - r m ’  s- - c c - c  a lso  no in d i c a t _ c c - c n  c c l
I ic - c ’ : -  ; Id r io t ’  1 m 1  I c c l ’ ’  l c , c c i c c c l , m t’ ’, I, r - - -  ‘ c c -  c t , i t . ’ s .  c c x y c p - r i  i c - c  m 1 ~~ t~c~ ci cc r i  _s c ’ ’ c im e n s  t , i k c - c c  1/8” b ’ —
I c - c-s t Ic, ’ s u r f a c ’t- oi ‘l it en ,c - ’l , ‘ c , ’ ’ -  i r i d c ’ ’ m I c - ’ I li’’,s ’ ls  i c ’ ’  w - c ’  ri 120 c r c - I  c c c -  ppm. To I c - ’ - rrn i rc n•
“s - c . t Ic - c,’,  I sc ‘.‘ ,‘c l c i t ’ r .  ‘ ‘S. ’ l ,’ I ‘/ L) ical ol t i c ’ -  oCt  i re  d c ’ - f c d c t s , m 1/2”  - i i , c c - ’ c c ’ t c , r  a x i a l  co re  was
c’ c - - c -c  , ‘ ‘ ,‘ (j 1 1 1 c c - c - I  t I c , ’  t h i c - ’~, ’’  ‘ ) d d c r ’ b i d i n i  c . l ’ Ic ’  d isk , s - t i - l i  d c x y c ; . ’ c c  c’ c - , d l d t ’ - c - ct c - c - c - . ’ c s l c t ’ ’ c l  c l  severa l
l c c c ’ , m t  b , c t b S .  ,‘bI’i,dl l’s c S  c - c f  t h i s  ‘ ‘ 1 1 4 ’  ;how’’’ I I t i’ oxyc iu ’n 1’’’ ,’ m ’ ls  t o  ic r ’  accc -’ c t c d l c l c ’  w i t l ,  a c - ; r . m  I i c - r c t
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FIGURE 5. APPEARANCE OF TWO TURBINE DISKS FORGED FROM LOW CARBON ASTROLOY PREFORI4S HIP
AT 22l5F , 15,000 PSI.

In order to determine the effectiveness of the Federal Mogul vacuum o’,c- tgassing and
ioad ing ’prOcess , material was taken from five locations in the second disk and analyzed
for oxygen and nitrogen. Oxygen and nitrogen contents were very low with a gradient of
40 to 70 ppm oxygen detected.

As a result of  this work , it was concluded that conventional forging of hot i sos ta—
tically pressed 1,stroloy preforin s y ields acceptable properties for application to turbine
disks.

4.



ADVANCEMENTS IN SUPERALLOY POWDER PRODUCTION AND CONSOLIDATION

LOUIS J. FIEDLE R
Chief-NI ccteria ls Eng ineering and Development

Material s & Process Technclogy Laboratories
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Stratfm c- rd , Connect icut  06497

SUMMARY

A program was initiated to reduce the cost of fabricating
superalloy turbine eng ine components  through the utilization
and improvement of powder  metallurgical techni ques . To
date , investigations have been conducted on both powder
production and powder consolidation. Specifically, it was
demonstrated that the cost of powder product ion could be
significantly reduced at the expense of small p r o p e r t y
changes through the use of virg in materials and powder
rever t  during melting, minimizing inert  handling, and
the use of coarser mesh f ract ions .  Relative to consolidation,
it was also shown that ceramic molds can be used to produce
near net shaped parts by direct HIP or by s inter  plus HIP
techniques. The verif ication of these processes  is cur ren t ly
in progress  through the fabrication and evaluation of a full
scale turbine disc with an integral stub shaft .

INTRODUCTIO N

Initial superalloy powder developments resulted from e f fo r t s  to improve the quality and homo-
geniety of wrought billet material .  Subsequently,  activi ties were  directed at achieving very high strengc-c-
levels using compositions normal ly  considered suitable only f o r  casting.  This has resulted in a unique
class of PM turbine disc m a t e r i a l s ’-, however, they can general ly  only be cost e f f e c t i v e  w h e r e  high level~
of pe r fo rmance  arc’ required.

The basic purpose of this program was to reduce the cost of superalloy powder components so as
to b roaden  thei r base of app lication and mak e them cost competitive with a wider range of conventional
superal loys .  Specifically, the p rog ram was to establish improved and more  economical p rocesses  for
both superalloy powder p ’-oduction and powder consolidation. Argon atomization for  powder production
and t w o  d i f f e r en t  hot isostat ic  p ress ing  (HIP) techniques for  powder consolidation w e r e  s elected ,ct the
outset  as basic p r o c e sse s . Variables that were  investigated in this program included melting and
screening pract ices, and consolidation t imes  and t e m p e r a t u r e s.

The program involved two ma jo r  subcontrac tors , the Crucible Mater ia ls  Research Center  (CM ic - C
and the Udimet Powder Division of Special Metals Corporation (SMC). CMRC used a d i rec t  HIP process
which employed an Outer p r e s s u r e  ti ght can with an inner  ceramic mold, while the SN IC process  cons i sc- ,
of a p r e - s i c - c t d c - r  cycle in a r eusab le  cer ax , ,ic  mold followed b y a HIP cycle. The density ol,tained during
- ‘ i c - t , c ’ i c - , c  was hig h enoug h to produce closed-cell  poros i ty  and the reby  eliminate the need of a can during
HIP. In each caci c,c- , the program goal was to produce a near  net shape and t he r eby minimize nc -a te  rial
input.

Time supera l loy  composition used in the p rogram is PA 1OI , a hafnium modified 1N792 mat e r ial .
It has demonstra ted  exceptionally high p r o p e r t i e s  when extruded bil let  was forged and direct  aged; room
ler pe ra tur e  yield s t ren g ths w e r e  typically 230 ksi (1585 MPa). Using such a material  in tim e HIP cond i tu ,
followed only b y heat t rea t ing  would obv ious ly  r e su l t  in some loss of s t r eng th .  However, prior data
indiczcte ’I  t h a t  this level of s t reng th would be adequate to meet  or exceed the propert ies  of o ther  conventi
w r o u g ht super c l l c _ c y c - , such as Inconel 718 , Waspaloy,  and D979.

PROGRAM PLAN

‘rhi’ overall  p r o g r a m  was divided in to  two phases .  The objective of the f i r s t  phase was  t o
Inves igate v a r i o us  procc ’ss  var iables  and t }c ,c-n def ine  an optimum powder i s t o r c c i , ’c ,t iun ,  and consolidation
pr m ,c c i ’s s  based on p roper ty  and cost t r a d c -  - o f f s . The ~ clec tc ’,I p rocesses  w e r e  then demons t ra ted  b y
the f a b r r c , .t i o n  ,cfld , ‘ v a i - c c t i d c cc of a simulat ed turbine disc. Phase U Involves ver i fying  th e se lec ted  pro-
cessin ig  p r o c r d . c r , -  b y the f ; c J ,rj cation of a f u l l - s c a l e  tu rbine disc and then  conducting a complete r , c a t c r i . , l
cha r a c t r c  r i h a u - , .n . An or g c n i i , . c - , I i c _ c . c  . I i . g r m t r n  fo r  the nca jor  p rogran ~ tasks  Is shown In Figure  I .

-J t i e  m 3ha c I I , i U n - t  consolidation, t r ia ls  for  each of the m a j o r  s u b c o n t r a c t o r s  w e r e  based on
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separate partial factorial  exper iments. Process ing variables that w e r e  invest igated in each case were
related to atomization, powder handling, and consolidation pa ramete r s  as noted in Table I. Evaluation
of test material result ing from these  experiments included ul t rasonic  inspection, metailography, gas
analysis, room tempera tu re  tensile and 1200° F (649° C) s t r e s s  rupture testing. In addition, cerarr c
mold material  studies were  conducted to determine the compatibility of the superal loy powder witn the
mold material during consolidation. Following these activities, the optimum processing variables and
techniques were  selected and demonstrat ion trials conducted using the sirn ulat c’-c- turbine disc shown in
Figure 2 as a shape goal .

The second phase of the program was directed at verify ing a PM process by the production of full
scale turb ine  discs and then character iz ing pertinent material  p roper t i e s. The Phase U disc has a stub
shaft, as shown in Figure 3, that is iner t ia  welded to a forged disc when conventionally fabricated.  The
mater ia l  input f o r  the conventional D979 disc is 102 lbs. (46 . 27 K g),  whereas  the goal for  the PA 101
disc was initially set at 35 lbs. ( 15 . 88 K g) .  Phase I of this p rog ram has been com pleted and f ab r i ca t ion
of Phase II discs is c u r r e n t l y  in p r o g r e s s . Only Phase I resul ts  will be discussed in this paper .

TABLE I - PROGRAM VARIABLES

DIRECT_HIP SINTER 4- HIP

Melting Practice VIM VIM
Virgin Virgin + Revert
Rev ert

Powder Particle Size -28 Mesh (595 U) -28 Mesh (595 ~
-60 Mesh (250 1.1) -60 Mesh (250 -)

-100 Mesh (149 1.1) -325 Mesh  (44 ~)

Powder Handling Air Ai r
Inert Inert

HIP Temperature 2000° F ( 1093°C)  2 100°F ( 1149° C)
2100°F (1149°C) 2175°F (1191° C)
2175° F (1191°C)  2250°F ( 1232 ° C)

Sintering Time - -- 2 Hours

HIP Heating Method Internal Internal
External

DISCUSSION AND RESULTS

The billets consolidated for  the Phase I partial factor ia l  experim~- c t ~ w e r e  simple cy l inders
nominally -1 inches (10 . 2 cm) diameter by 10 inches (25 . 4 cm~ hi g h. Slices 1 inch (2 . 5 cm) thick were
removed f rom each end of the billet and heat t r ea t ed  following u l t r a son ic  i n s 1 c e c t i c - c , . The heaL t rea t
cycle consisted ol solutioning for  two hours  at 2050°F  (1121°C)  and double ag ing for  16 hours  each at
1400° F (760°C)  and 1250° F (677° C). Room t e mp e r a t u r e  tensile t e s t s  and s t r e s s  rup ture  t e s t s  al
1200° F f 16 0  ksi (648 . 9 °C / i  101 . 2 MPa) were  conducted on specimens  machined f rom each sh e, .- .

Soun d bl1let~ w e r e  obtained for  m o s t  of the processing combinations except  for  two of the s in te red
and HIP b i l l e t s  which contained some poros i ty  throug hou t ;  severa l  o thers  had minor  porosi ty at one end .
The incidence or p or o s i t y  a p pe a r e d  unre la ted  to  processing va r i ab le s  being invest iga ted .  0ni y data f rom
sound m a t e r i a l  was used  in the  analysis  of the  mat r ix  exper iments.

Ave rage  p r op e m ’ t i n - s  rep n’ c - sen t in g  t i c - c -  15 direct HIP billets and 22 sin te r  plus  HIP bil lets ar e  l i s ted
in Table  U. Proper t ies  f o r  d i , n ’c t  HIP m a t e r ia l  w e re  slightl y hi gher  at room t em p e r a t u r e  bu t  its s t r e s s
r c - c ; t u r , -  p r o p e r t i e s  wer e  l ower  compared  to the s in te red  and HIP ma te r i a l .  This was a t t r ibu ted  to a
d i f f e r e n c e in g r a i n c  size ;  the dir ec  t HIP material showed a nominal g r i m  si- - c of AS TM No . 7 to 9 (32
to 16 microns)  while t i c - c -  s i r c t c - r e d  and FlIP mater ia l  had a l a r g e r  g ra in  si,, e that ranged fro i ic -  ASTM ~c - c - . 4
t - - 7 (9 ( 1 to 32 mic rons) .  The g ra in  b ounc- l a r i e s  of t i c - c .- di rec t  HIP m i t e r c il w e r e  t y p ically v e r y  c lean and
fr e q u e n t l y  not dl st i ngu i sh cfcle  as shown in I- i g c - c - r c -  i. Tic-u s intc , - r p lus 1-lI P n c . , t ’r i a l  showed c - c o r e  c i i - t i c c c t
outl ining of the g rz m i c -  b o u n di r i e s  b y d c - s c  c c l , ’  par t ic les  as shown in Figure  . These p c r t i c ’l&’ s were
iden t i f i ed  as NI 2 3C 6 carbides  and ap p a r e n t l y f o r m  as a r , - s c c - l t  of s o n c - c i,’ slig ht  - c i . c t i c c - c in g  c c - f  the p r i mar y
MC carhides du r ing  the Icc -gb t c - c c i p e r c c t u r e  s i n ter  C c c l - . c c t J c , ’ rwl se  t ic - c.’ c - , t r c c c t c c res  a re  s imilar , wit h
l a rge  agg lomer ited pic r t i , , I e s  of p r i n i m a r y  g ; i c n c n n ’oc p n c - ne  and smal l p a r t i c l e s  of ag ing  g i n o n m a  prince in a
gamma m atrix .

‘Fhe ana l y c  es of t I c - c -  pa rli.d factor i ;, !  ex 1c c r i n r c e c c l  - - t i c  de t e r m i n e  th~’ r e l a t ive  i ic l l cmc ’n cc .’ of prc cc -s s i c - m g  

-
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TABLE UI - \N A I YSLS OF VARIABLES RELATED TO POWDER PRODUCTIO N

A. I N F L U E N C E  OF M E L T  PRACTICE

DIRECT HIP (CMRC) SINTER 4 ID!’ (~ c-~~~ (2 )

VIM VIRGIN REVERT VIM VIRG IN + IU - , V I - . R i
Tensile

UTS +0 .4 -1 .! 4-0. 7 0.0
+0 .7 -0.7 0. 0 + 1 .2  -0 . 6

Elong .~~c %  2 . 9  -3.8  0. 0 - 1 . 9  ‘ 1 . 9
F~A ,‘\ % + 11.2 —6. 5 -4 . 7 -4 . 5  3. 6

Stress Rupture

Log Life A% +5. 5 +5.2 -16. 4 -1.7 -6. 5
Elong +13. 6 -1 3. 6  0. 0 6 .5  6. 5
RA -4. 5 -18. 2  + 2 5 . 0 - 1 . 6  - 3. 1

B. INFLU ENCE OF POWDER PARTICLE SIZE

DIRECT I-rIP SINTER + HIP

-28 Mesh -60 Mesh -100 Mesh -28 Mesh  -60 Mesh  -325 Mesh
(595 1-’) (250 -c-) (149 p) (595 c-) (2 50 

~
-) (44 -c-)

Tensile

VTS /‘.% -2. 0 + 1 . 3 +0 . 8 -1 . 3 -0 . 4 - 1 . 8
YS -0 . 6 4- 0. 2 +0 . 4 - c - . 6 ‘ 1 . 2  0. 0
Elong -6 . 7 4 2 .9  - 1 . 8 -3 . 8 - 3 .8 ‘7 . 0
RA Ic-c-To -6. 5 +2. 8 --1 . 8 - 3 . 6  - 3. 6 ‘7. 3

Stress Rupture

Log Life A% -16. 5 -3.9 +14.2 - 1 .1 -0 .5 ‘1. 8
Elong -1 3 .6 -4.5 ~18.2 +3.2 -o .5  - b .5
RA 0. 0 -4 . 5 ‘4 . 5  * 1 . 6 - 1 .1  0. 0

C. INFLUENCE OF POWDER HANDLING

I)IRECT HIP SINTER + HIP

Air Inert Air Iner t
Tenaile

UTS + 1 . 2  - 1 . 2  ‘0 . 6  -0. 9
+0 . ! -0. 1  - 0 .6  - 1. 2

Elong r ’ ,To + 4. 9 -5 . 9 i Z . 0 -2 . 0
RA 4-9. 2 -9. 2 -3 . 6 + 1. 8

Stre.. Rupture

Log I i f e  t~% +1 . 1 -1. 3 +3.4 -3. 9
Elon g +8. 7 - 8 .7  0. 0 +3 . 4
RA 0. 0 0. 0 + 1 . 6 -1, 6
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TABLE IV - ANALYSIS OF POWDER CONSOLIDATION VARIABLES

A. INFLUENCE OF HIP TEMPERATURE

DIRECT HIP (CMRC) SINTER + HIP (SMC)

2000°F 2 100°F 2175° F 2100° F 2 175°F 2250° F
Tensile (1093°C) (1149°C) (1191°C) (1149°C) (1191°C) ( 1232° C)

hiTS -2. 1 +2. 1 0. 0 +0 . 4 0. 0 0. 0
YS + 2. 9 +0. 8 -3. 7 -0. 6 +0. 6 +1.9
Elong -17. 3 +6. 7 +9. 6 +3. 8 -2 . 8 -0.9
RA -12. 2 +s. 6 +6. 5 0. 0 -0. 9 +0. 9

Stress Rupture

Log Life ~~~ +3.0 +a, 2 -5.1 -1.9 +0 .1 +3, 2
Elong -22.7 +18. 2 +4. 5 0. 0 -12. 9 +6. 5
R.A -2 . 3 +2. 3 +2. 3 -4.7  -3. 1 +6. 3

B. INFLUENCE OF SINTERIN G TIME (SINTER + FlIP ONLY)

Tensile

2 Hour s 5 Hours
hiTS +0.4 -0.4
YS 0.0 +0,6
Elong +5. 7 -3. 8
RA +3. 6 -3. 6

Stress Rupture

Log Life ~~% -2. 5 +0.9
Elong +6. 5 -3. 2
RA +6 .4 -1.6

C. INFLUENCE OF HIP HEATING METHOD (DIRECT HIP ONLY)

Tensile Internal External

hiTS +1 . 8 -1 . 8
YS + 2 . 6 -2 .6
Elong ATe +5.7 -5.7
R.A +4 .6 -4 .6

Stress Rupture

Log Life ATe ‘5 . 9  -5. 9
Elong A% 8. 3  -8. 3
RA ,,~ % -2 . 2 +2 . 2

- ,
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Sr .  I r e  - c  t Mc lal  I c c r g  h St
U n i t c - c l  I c c ! c c , c - Iog i c - s  Inc .

Pratt & Whitney Aircraft Croup
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West  Pa lm I t eacic , F l o r i d a  33402 - USA

S UMM ARY

The GATORlZINC
1’
~ forging process is a Icot die isotherma l techni que used to

produce comp lex configurations. This 1cr c c c ss utilizes the superp lastic behavior
i:c -c ( cr t i- d to advanced superalloys through prior processing and/or controlled
forging parameters . This techni que is currentl y being used in the production of
all of the turbine disks and many of the compressor disks used in t h e -100 engine
pr g r c - ccc . The CATORFZING techni que has allowed P&WA to produce a diverse array
ot crc-cision forged net and near net shape scc (c enchlo y components. Furthermore ,
becaus c- t h e  process u ses ho t  d ies  and nc I c - L i v e l y  low forming ra tes  , the response
of the as- (ATORIZED workpiccc to subsequent heat treatment is remarkably uniform.
Finally the GATORIZING process offers strong economic advantages ,cver conven-
tional forming techniques in app lications which use expensive raw materials ,
require ma x imum material properties , or require comp lex component configuration.

I .  INTR0 00 CTIc- )N

hr F l!(0 eng ine which  p o we r s  the A i r  Force ’ s F-15 E a g l e  c u r  s u p e r i o r i t y  f ig h t e r  and the F-16 a i r
c- c-sc-bat fig hter is , perhaps , t i c - c - c - c c - c - s t  advanced augmented t u r b o f a n  c t  eng ine in e x i s t a n c e in the  wor ld .  ‘lIce

design of  t i c - i c - c -  eng ine was p r cdi c i c - d  on Lice philosophy of maximu m thr ccst to weight ratio. This design
ph ilosop hy imp lic -- ci the need for turbine and compressor materials w h i c h  would  exh ib i t  ex t reme l y h igh strength
to  density ratios . Earl s in the 1100 c l c v c - l o p n c c - e n t  p rogram , it hec — cr, cc - obvious that ti c - c most advanced operating
turbine disk mat eri cI c--it tic - c t time , Astro loy , possessed an instcffic i -nt strength tc - c weight ratio to satisfy
the goals of the c - r cw- r , c - c - s .  C o n s c - c - 1 c , c - i c t l y ,  a new breed of high strength , 1i~ !ct weight turbine disk alloys was
reqc-.c - i r i -c - h . l & ~~c-\ ‘ c - c - c -  t t h i s  chal l ange  w i th  c - I c e  deve ! ! c c - c - c c - - c c t  of powder  c - c c - e t c h  l u rgy  processed IN lOO , a hi gh gaclmca
prime Con t -ci I so c- c - c -  r c h loy  chc - c r - cc r t c r 1  ed b y so c - c - c -- n c r  cc -  r c - c c - ~i h and e x c e l l e n t  r e p r o d u c i b i l i t y  of prop e r t ie s  in
c- h,- t em pc -- r . - l t c - c r c  r c - c c-,- - R I  to l/c- IiO”I- -

ye s, - t( cc ma c-cr i t t  r i b c - c t e  c - c f  t i c - I s  c - n l I c - c y  s y s t e m , name l y ex c e l l e n t  high c c-cc - c I c - eri tur e str c - cc c - - c I c -  - Ic- c-c c - c - c e
i c - -  c-mi c - n  d c i  r u - c- c c c -  wIc - c - rm c - ! c  -c 1 1cc - v  s y s t e c c - c -  i c -nc- wed to  c - c e ss en t  i .c  h l y  u n f o r ge a b l e  b y conven t iona l tc - - c- ? c - c c i qcc cs
i c - i n b c - c - t b  e c c n c , c - c -’cR a nd md c l  ! u r 4 - i c . c - 1  mc - sons • I i  r c - - t , the  prLe of the  powder processed b i l l e t  w.cs hig h , and
c- Icc. ’ n ec -  - i  t c - c c - c r - c  t i - c t  c r i t i ca l  dimenc  c - c r c - s ( c -

~ ovc rs  I re  ! ‘c -r e ings  led to  t e r r i f i c  was te  c- c -h the  c - - x p e c - c s i v e  raw
i v ct r r i i h s .  s e c & c n d i y ,  c- i c c -  e t c - c - e t c .  c - ct d i e  ch i l l  w i t h  t h i s  h igh s t r e n g t h  s y s t e m  o lt e n  led to gross edge cr,cck- 

‘ c - r i  c c - g  ti c - c. f o r +  l u g  c - c c - c - c -  n c c  ion .

I’ ccc . ’-. ,  at ’ i c c -  c c - c - -c rc c’ c - c - c - i t  ‘ r i - d c - c - c  t s  l c - i v l s i o n , sc -d yed t he s , -  pr c.cb lems w i t l c -  t I c - c -  i nvent ion  and development
- I  c i ’ .  !,A i c - R T Z I N c ” ( c - - r g in g  c r c - c - c c - e s .  As w i l l i c - c- cc- h ccwni be low , th is t e c h n i que o t l c - r s  t he most economical

thou ‘n i c- c r ”c L uccc - hig h st r e n g t l -  n i c k e l  and t i t a n i u m  bc - c - sec.! a l l o y s .

I i .  TIlE (c-A c- ‘ F c - l Z I N c c -  PROc-c - i  SS - W1IA T IS IT?

I Ic - c  d e t c - c -  I l s  c - c - i  c - i c c -  ( A T c - ( R l 7 .  I N ’ ;  c - r e c e s s  a rc  c - r c - s en tc ’d in U . S. P ci c c - c - i  N o .  3 — 5 19 — 5 0 3 . l !c - c -w e ver , t Ic - c
c - n c - c  ,s is Ec .;c~Lc c I 1 y c- I c - c - c t  c - t I c - -  Ic - ,c rnnc-lrcg n c - - c h n i q c c c - . ‘- I c - c - s t  c - i  th e  w, c- rk c - c - c- d . c - c - c ’  Ic - c - cs ic - c -c - -n i p e r t a r m e d  cs a hot

- 
‘ r -- c - .c I c -’~c - c - r c- t i c - c - n  where  b c - - i  h 1- - r g t c - c ,- d l c .-s -c-nd wc c -r I<  p iec i  c - n c -  h e a ted  tcc- t ic - c - -  c - s t , cb  I ta lc - i ’d  I c - r g i n g  t e m p e r a -

t o t  c-nd moist c - c - I n c  c-I c - c t  t I c - i c -  t i - c c - c ! c - c . ’ r c c - t c c - r c  t h r c - c - - c - g I c - c - c - c - c - t  t he  fo rming  c- c - I c - c r i t i c - c - nc.

i Ic - e  I - c - s i c c -  lements  req I red c c - c r  t he  process - c r c  shown c- schema t t e a l  l y In  Fi gure 1. t I c - c  d i e s , t ic-emselves ,
c r c  n r r c c - l l y f a b r I c -  a t c ’ c - i i rons T’ZM g rade Mol y b d c - c - c - - c - - c - c. Mo l y b dc. -ccccc - n c -  is used b e c , c - c - c s c - -  01 i t s  r e l a t i v e l y h i g h

.s t n c - - c c - + t h  at  c levat  c-c-I t c -cc c - I cc- r ctc - c - r es and i t s  excel I c - - c - c t  t i c - e t c - c - c l  c o n d u c t i v i t y  which c - i c - s c - c - r i - s  i so therma l c c c - c c d i t i o n s .
c - c  c,- , - v .  r - s h n c c e  M c - !  cc - i -- Ic c - c c - c - icc- c c - s i c - I t  zen , r .- i i c i d ly c - n  d c - w i t  c- -d t emp c . -r a tu r e s  , c-ic-cm,’ form at  p r o t e c t  iv ,-  environc ic-eni t

c- nc - sI’ be nic - a i n n -n m e d . A l t  eric -a t i c i l y , i t  Is pos~~ib Fe to  c - c l  i l i z e  hi gh S t  r e c c g t h  c - c - c - s t  n i cke l  base d i es  wh ere
tic - cc - fhc - c -w str,-’c- c- - of th e  wcnrk p tece Is low and long soak eyc- h-s c- ire ap p l i e d  to e q ui l i b r at e  t empera tu res  pr ior
t o  I nning, tic-us lii [l tt — c - t lnc -+ - a k c - r g c - -  r i- dc - c - c - L ion ic-c- die costs .

The workpiece is normally proces’c - c-d i c - c -  produce c-c tempo rc-c-rv condition of low strength and high duc-
t ihi ty (ec-c-perp lcc -st ictty) at  the torg mt c-g temperct ure’ prior t o  charging to t he  press .  For sic;ce r,clloys , th is
cond it c- ,ni imp l ies an c-xlreme ly ftnc- grain size ( ‘ f t c - n  ASTM 10 or smaller) which is developed during a
pr cltmii cc-c-ry c-~~cnn !c r c - - 5 s t V e  w o r k i n g  ‘ c - I c - c -  r , c n  ion au di  as extrusion, A l pha/hl etc - c titanium alloy8 such c-s Ii 4G .:,

and Ti ‘-2-4-4’ are in lu- r c-cctl y s u c - c - c - ’ c c - I c c c  rile c - i the t c -crm ing t empera tu res .  Con .equec-c-tly, these alloys are
ccc - crm a l l y  C.AT0RIZEIJ di r e c  t ly ci c - c r  the  convers ion op c’rc -ct ion . Figures 2 , 3 end 4 i l l  c - c - s i r , ct c - - how IN 100 .
A st r . -l oy. aid t i t a n i c - c - c c - c -  8-i-I nt-spond to tensile loading in this condition of lc-ig h duct i lit y ccnd low

~t r e n g t h  c- cc - . -c f u n c t i o n  c i  t e m p e r c t n c r c - . The f c - c - r g i n g  t e m p e r a t c - c r e  is usual1y chosen tc - c correspond with that
r e m p e r c t c c - r e  which i xh i l c i t i  t he best  c ombina t ion  c - c - f  high ductility and low Ilov stress.

-



PS-

Phys ica l ly, the CAT )RIZING process relies on the establishment of a dynamic balance between the
mechanical damage induced in the workp tece by the forging operation and the thermally activated process of
recovery , recrystallization and grain growth. When properly established , this balance leads to the main-
tenance of a uniform ly fine , essentially strain free matrix which stays highl y superplastic throughout the
forg ing operation.

I I I .  CHARA C TERI STICS OF THE GATORIZ INC OPE RATI I )N

Since the workp iece remains essentially strain frc.c-e and fine grained throughout the forging operation ,
cc- c-ny high reductions can be taken in each forging pass and most components are normally formed in a single
step operation. In fact , the limitation of the reduction is generall y established by either the thinning
and consequent breakdown of the forging lubricant or the limitations of the press , as the forging expands
and the area reaches the point where the flow stress requires a prohibitative press load . At (c-PD this
second limitation is normally reached when a ten (10) inch high , six (6) inch dia . forging molt is reduced
much below approximately one inch in height in a single pass , a single reduction of greater than 905c- .

The need to establish the previously mentioned dynamic balance between therma l and mechanical effects
implies a relatively low strain rate. Tic-is requirement is fortuitous in that relatively low loads are re-
quired and , consequently, small forg ing equipment may be utilized . Most of the production GATORIZINC work
has been accomp lished on forging presses of 5000 tons capacity or less. This work includes the forging of
all c - c - f the 1100 turbine disks . The GATORIZINC process does not require the acquisition of specially de-
signed forging equipment , although some modification of con vent ic -c-nc l equi pment is normally necessary to
allow for heating and protecting the dies.

The workpiece , after forging , is extremely fine grained in nature , often finer grained than the input
stock. An added advantage of tIc -c process La the uniformity of strain app lied throughout the forging. This
uniformity in grain size and strain yield a remarkably uniform response to subsequent heat treatment.

However , the greatest attribute of the GATORIZINC process is its shape making capability. Because
of the low flow stresses required to activate the process and the freedom from die chill , extremely comp lex
die configurations can be filled with relative ease. More will be said about this fact later , but the
ability to forge to net or near net shape leads to large savings in input weight , metal removal time , and
scrap. Unfortunatel y complex dies of TZM Molybdenum are not inexpensive. Consequentl y, the savings
associated with the GATORIZING process become most pronounced when expensive and difficult to machine raw
materials are to be fabricated to intricate configurations .

IV. CURRENT APPLICATIONS OF THE PROCESS

The only present production app lication of the GATORIZING process is in the fabrication of rotating
components for the FlOO engine. These nine as listed in Figure 5 are produced from 111100 powder m e t a l l u r g y
billet stock.

Shown in Figure 6 is the as-forged configuration of the 9-11-13 compositc- disk forging along with the
forg ing ~iultip le utilized in fabricating this shape . Early in the F100 program , before INIOO powder billet
bc-  c.- c - c - c - c - e a v a i l a b l e , t h is component was produced from Astroloy by conventional forging as shown in Figure 7
and weighed 250 lbs. This generous conf igura t ion  was necessary to protect the actual p art  geometry [rots
ec - I g.- c r a c k i n g  c-nd t e a r i ng  c-normal l y aSsocia ted wi th  convent ional  forg ing techn iques.  A l so , shown in Fi gur e
7 is t he  s c h e m a t i c  section of the as-GATORIZED component which was shown in Figure 6. Note that the
GATORiZED component in the as-forged configuration weighs 124 lbs less than the convent ional  forged
component . -

Figccre 8 shows the cross sections of the as-forged IN100 forgings used in the FlOO engine. These
parts -ire all being i crged to h e i r  net sonic shape . c-\l l of these sic-apes are the product of a one-step
GATOR IZIN C ope ra t i on  from a cylindrical forging multi p le. Due to changes in the design of the parts ,
several of these configunitions arc - - now obso le t i c - . FRDC has produced over 1500 full scale forgings in over
25 c o n f i g u r a t i o n s  fcc - n use in the F lOO engine s ince  the program was i n i t i a t e d .

V . FU T1 RI - APPL ICATIONS -

In order to realize the f u l l  p o t e n t i al of the CAT ORI Z ING process for  reducing costs , i t  is necessary
to forge to c-c-ct , or near net , shape . For aIrcraft applications , however , this has not been possible
because of the requ i r e - c c - c c - n t  c - c - I  a square cu t  out l ine with a min imum envelope of material to facilitate ultra-
sc-c n c ic  I n c - s p e c t  ic - cc - c -. Hccv ,-v er , recent  improvements  in u l t  rc-asonic techni ques made inspection of close tolerance
iur g c - c - c g s  feasible. As a r e s u l t , th r i cc-c - gh t u e  use c - cf mul t i p le forging opera t ions , nec-it net shape fo rgthgs

c - c t  18100 for  the n ine  (9) FlOO e n g in e  pa r t s  coc - i ld  be produced w i t h  c - i t o ta l  b i l l e t  ir c-put weight of 500 lbs
inc -stead c - c - f  t h e cu r re n t 990 pou nds .  Co nsequi n c t l y , ci ma~ c - cr  deve lopment e f f o r t  is being expended to achieve
this reduction in componenc-t c c - c - s t s  for the 1100 engine progr c-~

‘he full etc-tension of tic-c near nc - c t shape forging approach is illustrated in F l g c c r c - s  9 and 10. Figure

“ exhibits the s ic-se component illustrated previously in I’igc-c-re 7. Also shown . ii, the proposed near net
sic-ape GAI ’c-Ic-- LZED forg inc-g outline. Note thit this outline includes some negative draft angles in c - Ic - c -- i n t e g r a l
irm ~ec tic -c-ns. l’ til izing a two-step GATORIZING sequence , this conf igu rc - i t  ion ba a been produced in subscale
fc - ’r m as Is i i l u s t r , c - t e d  in figure 10. One c c - i  the n i a j c - c r  c-d y ic - cc - ages of the GATORIZING lc-roce~ s is the ability
to d irectl y opgrc-idc’ ~ubacale configurations to [ciii scale size . Work is currently being conducted to qualify
this cc .nfigciration Ic - cr engine use. When qualified , this conti gicration will save approximatel y 200 lbs per
at-ige , c - n  about 600 ib~ per engine in input weight over an equivalent conventionally forged Astroloy
C c- cc cc - poflen t

‘this a1cpr c)c-ich is ah~ o applicable tic - titanium components as is illustrated in Figures 11 .cnd 12.
Fi gure 11 shic-we the two-step ;ATORI’LLNG i c - r c - c c c  is cc - i lu cid in producing tints conftgurcc-tion . The top and
bottom view of this component c-r i’ shown I cc - i igure 12. This comp onec-ct is fabricated irons l’i-f,Al -2Sn-47,r-icM,c.
a deep l c - . c , c l e n a b l e  t i t anium a l l o y  because it was inittalt’q designed as c-c c on v en t tc - c -nc - c - l  forging w i t h  the  out -



i i c - c - e  shown on the  l e f t  side of Figure 13 . ‘l’h e grc -css cross section of t h i s  c o n v e n t i o na l  f o r g i n g  made i t
impossible  to harden less s o p h i s t i cat e d  a l l o y s  such as Ti 6-4 to  meet  t he  r e q c c i r eme n t s  of the FlOO e n g i n e .
The cross s e c t i c - c n c - c - il ou t l i ne  of the equ iva len t  c- ;c -\ l’c c - R I Z E D  c - c - c - c c c - ; c c - c - c - c e n t  is c- c- Ic c - - w c - c  on the  r i gh t  s ide  of F igu re  13
and rep resen t s  - c - ne t  r e d u c t i o n  In inpu t  weig h t  t inder  the  convent iona l forg ing of more than  80 lbs .  Rote ,
,- , l so . t i c - a t  the cross sections c - cf  the GATOR IZED component  - c - n c - -  si g n i f i c a n t l y  t h i n n e r  t h a n  those of the
c c -i c - c c - -cc - i ional component , t hus a l lowing the p o t e c - c t i a l  use of Ti 6-4  ins tead of Ti 6 - 2 - 4 - 6  wi th  the p o t e n t i a l
ach ievement  of e q c - c i v a l e n t  m e c h a n i c a l  1 c r c - c - 1 c - t - r t  i cc - c - .

In a d d i t i o n  to the on-going e f f o r t  on t i c - c  forming of components  i - c - n  t he  F l ( i c i  c c c - ,c - ine , d e v e l c c - p c c c - c - c - c - t  work
is cur r e n t l y  be ing conducted to demons t ra te  t ic-c app licabilits- c - c - I  t i de GATORIZING process fcc-n the p r o d u c t i o n
oi  nc - c -ta r components  for small tccrbine engines primaril y i c c - n  anc-t omo t ive and indus  t n i c - c  1 cc-s - c - - . The p r i  c- -cc - n y -

emphasis of th is  work has been i c - c w c r i  low m a n u f a c t u r i ng ,  cos t .  C c - c - n c s c c 1 c - c - e n c t l y ,  our objective has been to
c-;ATORIZF c-s c lose  as pc-css lb le t o  actual net component size and shape , t h e r e b y m i n i m i z i n g  f i n i s h  m a c h i n i n g .

Under ii c c - c -n t r c - i c - t  funded by thc- Environmental I nc - c - n  c--c tion Agency, a program is being conducted t - ~
demonstrcte low cost manc -c-tact tc-ring techni ques for producing integrall y bladed automotive turbine rcctors
a nd e s t i m c t i n g  the  m a n u f a c t u r i n g  cos ta  fo r  p r o d u c t i o n  r a t e s  of 1, 000 , 000 n c - c - m rs per y e c c - r .  Phase  I of  t h i s
e U - n c - . whi ch has b ec- n s u c c e s s f u l l y comp leted , de a l t  w i th  d e m o nst r a t i n g  tlc-e f e a s i b i l i ty  of p roduc ing  such
a rot c-cr.

:‘ t l l iz i n g  a 1 3/4” d i a .  x 3 3/ 8’ long cy l in d r i c a l f o r ging m u l t i ple prodc - c- ced I rcc-c c o n v e n t i o n a l l y pro-
cesse d L N l O O  i c c - g c - c - t  , the p reform c c - c n f ig ur : c t i o n  shown in Fi gure  14 was prc - duced in a o n e - s t e p  G A T c 1 R [ Z i N c
o p e r a t i c - c - n .  In the  a s - f o r g e d  condi tIon , t ic-c p r e f o r m  e x h i b i t e d  the u n i f o r m , f i n e  g r a i ned , and r e c r y st - i t l i z e d
c - ten ,-s t rc c -c-, tc - c - rc- also illustrated in F igure  14. A f t e r  r e lu br i c~c- t ing  the p r e f o r m , it was reclc -c-rged intrc the

Ic -,c-r g ing pre ss and GATORIZED to the configuration shown in Figc c-re 15. Fi gure 16 shows the  s c - c e  f o r g i ng
a f t e r  t i p  g r i n d i n g  and vapor b l c - c s t .  c- r cc - c- c- s s e c t i o n a l  s c h e m a t i c  views of t h e  p r e f o r m  and f i n a l  too l ing  c - n e
sb - -sc- c -, in F igures  17 and 18, and the actual TZM grade Molybdenum tooling is sc- c - c - c - sc - ic- in Figures 19 and 20. The
c a v i t i e s  fo r  the 53 b lades  c - r e  formed by s imp le sp l i t  in se r t s  i l l u s t r a t ed  in the 5Y model shown in Fi gure
21. c-c i t i c  this two step approach , the pre l imina ry  cost  e s t i m a t e s  i nd i ca t e  that this component can be
f a b r i c a t - d  at r a tes  of one m i l l i o n  u n i t s  per vc - c- c - r for approximately $52 per unit.

A simi lar  program , conducted unde r Ai r  Force fund ing , has been comp leted  wi t h  the aim of p roduc ing
an 18 inch diameter rotor. This component , shown in the a s - f o r g e d  c o n d i t i o n  in F igu re  22 and in f i n i s h
machined condition in Figure 23, was actuall y engine tested and c-xi cibited a sic - c-g e e f f i c i e n c y  of  over i i )

The sequence  us ed t c - c -  g enera te  t h i s  conf igur .-c-tion is i l l us tn c - c - t cc - c i  ic-i Fi gu r e 2-~ .

VI. SUMMARY

The CATORIZINn f o r g i n g  i c - r c c - c e s s  is an ex t r eme l y f l e x i b l e  technique  f o r  fo rming  comp l ex  configur-c-tions
‘ 1  h igh s t reng th , s o p h i s t i c a t e d  a l loy  cc -c m p o s i t i o n s .  I t  c c t i l i z e s  r e l a t i v e ly s m a l l  f o r g i n g  equipment  c-c -nd
b ec ’c nc - c - e s  c - r c c - g n e s s i v e l y  more etonomicc-c-l as raw material and mc-c-chini cc-g costs increase , and wicen e x t n c -- n c - l y
comp lex condtgccrations are to be formed. The product c- c -f the GATORIZING ‘ic-c-ration is c-c- fine grained ,
uniform ly v- r i - c - - c - I  structure which c:-xhibits eici-ll ent and reproducible response to heat treat -c c-n t . the tn ’ -
ce-es h a s been full y I c - n c - c - c - i c c - c t  icc-c - c - demon strac- c - c - i  c-c-nd Ic-as pro-v-c-c-n its ability to form some of c - i c e  most advanced
ae rospace mate n ic -ci s t i  directl y usable configuratic-,na .
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IMPROVEMENTS
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MFTAI. POWDIR PRODIJCT]{)N BY VACU u M A TOM I /AUrN

J. M . Went zell
Pres i ulen t
Homogeneous Metals , Inc .
P. 0. Box 752
Herki iuier , New Yo rk 13350

The r ’ rulmru s Sir ,,. i t  in ru td 1 a N)rr i za t ion have spurred
the l, ve I r; ~ i u i  if  v i i  wIr at o m i z a t i o n , a process show ing
muc~i ; r r i u . In this process, the potent ial energy f u r
a t o m i ’ u r  i O ? i  iii be stored within ‘he molten meta l, w h i c h
iu ir ru ’a-,p, t hu e f f i c i e n c y .  A l e , the bt ~ hpr tap rlen~ i t ies
of v u  h u m - u  t I zed powders , as u rixrp .ur,’ii with u rqon-a tom —
iz’~d wi - s . is a d i . t  iro t udvan t i r l , .  . All o y powderc
based in Ni , to . Fe. Cu , Al . and misch  metal have a l l  been
maul Suc ( e. sfu lly by this rrii ess . Powder riieta ll urqy
wi ll play a ci ~ri if ica nt role in t h u s  era ( if  I iin ,erv a t ion
and ( S t  reuir ~ I ton , and vacu uiiu a tom izat ion h i’ hewn tha t
t he unconv e n’ tonal approach may of fer  the most p rac t i ca l
solut ions to some of our rrir r un t problems.

r i CT ~N

Powder se ’,it lurq u became a feasible w t y to el im inate the segregation problem s in conventionally cast , corn-
i rIe ~ al lhr v s over a decade ago . The highly reactive elements in superal loys ruled out the possibilit , of

t o o  powder of i n - se a l l eys by conventional a tomi zinq techni ques . Substituting inert gas for the water
or s te e r  in conv ’oti on al atom izers and developing a dry ” system was the natural step toward getting a
il~~rr c qua I ‘y prorlu t

u11,10~, and Si u’ v e rt developed the very useful gas laws which state tha t the higher the pressure of a
gas .f’r a solu ’ion , the higher is the conce rutrat ion of that gas in the solut ion. In the case of a
d i u t ’ ’c qa’, .r i s h  as hydrogen , the law is developed front the equilibrium equation

H2 ~~2H+

(aH+) 2 
~~

(aHs)2
P P

(P~ )
~ u il4 f (p )Z

Hence, in ‘ b, r a e  ~ h yiroqen , ‘l5~ a i i urrt ((I gas in so lu t i on  is directly proportional to the square
• ~ ~~ u re ti re 0 ‘ ‘r,  gas iv ‘~

-r~ sol ar ‘ ‘i

TM i TA L A~ (iM~ !AT ~u

Cons d u r i n g  the un , ’ ru ’ iu I red • d i s ;  e r ,  a b i ) h - n r ia ss  material  w ith  a 1 ow— ma ss gas whose ve loc i t y
1 tin i t r i  by ‘s ’  4 v ’ eni  ~ S u ’ -  • u~~~u u t e r i :  i ’ or appeared to have inherent r e s t r i c t i o n s .  The expense

if I t  u p ’  l e l u t i ’  I i’ i t  ps.  • pur r f  ca t  ion ‘ r u  ‘is , and u ;  ng and s torage equi~ nent seemed to d i c ta te
level ,;,’ tnt of an a 1 ’~ r na tive rriethod ~~‘ was r r u lL’ u l  t h u t  there could be a way to atomi ze meta l using
energy stored in the Sv t ”  wh ile m a i n t i r n i r u g  a very pure atmosphere. The molten meta l could be atomized
by using ‘1~~ u1ea t energy supplied by ‘ 4 1 bath . A hydrogen goes into solution as H# , the H-H bond is
c r r k e r , t a k i r u  just over 100 cal/mol e Pre su riz in g a 1 00—kg heat of material , i n the order of 5 moles oh

~e. could be held In solu ti on at pres ires i f  about 7 atm . If it Is assumed that al l of the heat released
du ring •1p de ;assi ng was used to hea t the H7, it’  tempera ture would rise from the melting temperature of
abou t 2000’)’ to  ov er 10 000’K instantaneously. The amount of energy available for atomization due to the
ru~srprr huna’ to 4 the H-H to hi? is almost 200 t iulues tha t needed to obtain an average particle size of 25p

Part of the ener p is used ‘o u i e r f n , a t  the hydrogen-metal interface thus lowering the surface
‘e ’ rs ion r a k i n g  me tal sep aration Pa icr ;  much of the excess enerqy is radiated to the receiver walls. The
ef fr icr ’ qa ’ would  be lire H2 Further e s t i m a t e s , using the surface tension arid available energy , indi-
cated tha ’ the avu’ ra’7e drop let size would be in the proper size range for a powder-metallurgy product.
Building a roieivu .r f o n tai n the preu lr i ted explosion became u f concern. T he force would  no t be g reat ;
however , receiver dimensi on could n u t  be calculated and this necessita ted a few exper iuiuents .

Fi r st , a 50-lb. furnace wa ’ constructed wh ich was capable of maintaining vacuum and 150—psi pressure .
I t was built in se h a “r,unne r that the molten irteta l could be blown Into the atmosphere. The initial melt
was ca’,I iro n , an d N2 was use d as the sol u b l e  ~is at a pressure of 100 psi. The resulting metal—gas
ex plosion ro u l u j not be controlled , mo l ten met al literally filled the room and gas vented at sonic velocity .

It was then e’,t n a t e d  that a tank approximatel y 30 ft . hi gh would contain unost of the spray . Fur the r
experimen t In the completed pilot-plant unit depicted in Fig. 1 proved tha t a superior product could be
made. During the in i t i al work , a resistance-heated alumina tube was used to transfer the molten metal from
the melt chamber to the vacuum receiver , Unheated qraphit e pi pe was a lso used , bu t some carbo n pi c kup was
experienced when usIng graphite. Variou s tube s i zes were tried , rang ing In diameter from 1/2 to 1/4 in.
The sm aliur tube sizes had a tendency to freeze. Nozzles were also tried with some success.
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The production unit incorporat ed the ,uiiiu ~ principles as u’ ,,’ l in f 7 ~u ’ p i lo t plas t p1 is many a d d i t i ona l
t ,’at1u ru ’ . to al Icu w fi st tur n around . The produ ction unit is depicted i n Fig . 2. Bec ‘ i ’  it is des i r cubl e
not to expose the powder to ai r , t he unit was desi gned wi th a sloping floor so to.’ ,url”r ~erjt d drain
from th e tank under vacuum , thu lower chaunher was desi gned so till’ c r 1  t c o u l d  be re id , ’  remote from tb ’
unit and moved under vacuum to the bla t m g  pos it ion . Hence , a l u w ~’ u .i n i its could i, in eu er i t  en it
the su ite t i c ’, almost doubl ing production Lock s were des joule,) (r i te the v ,ui uijm rece uv er , so tb , fri rna p

could be moved into position , sealed . t ,’us’e,l , and ,,
~n r( v u . i , the tube l i .i r n l u ’ i , ,iw f t~~. ),w iu ’r r u ’ l r n i ,yu ’ h i  w o n  le

maintainin g t” u p 1 .‘lver under vacuum . The u ni t  has been pr ’rat ed iii ‘cr ’ s 4 ‘- ‘r or it ni ‘n o d s  a i r h ; l u t

expos ni ; the re eiver to ,,tl os I,h.’.’iC pressure. The rue ri  ver need onl , tie br o i l r i i l t ,  u t :nosp h’ ru’ w O n
a change if alloy requ i res cleanin g . The receiver is 10 I f in dia rn u e t ,, . in i ‘~1) I h ig h . An • ‘ -n ’ u s
osi~’.hled in the receiver for cleaning .

In going from tilu ’ pilot plant to the 7ro luc t ton unit , Ut i n . ’  ‘‘‘ ri nu t ru ” i l c  table rob ‘ii . su re en—
c ,‘i t ,’nu’d ; tht product ion unit would proel i ce onl y very coarse ow ler and Ii uk , ’ - T I , . riuc I u i ’ I onr and growth
‘ the usc in the molten metal occur ’. at the speed of sound. [hir in g 1,. , i g n ii ’ ‘b. large 0~~i r , t nt, ’ tra nsfer

• 
~u’ was lengthened to two and one-half times t O u t  used in the pilot ‘Lunt “ six atl o oin ’ r ,

1 i ff , ’ru ’nt ial distributed over the longer tube resul ted in degasc ing in t in . tt j l i u  r lb ’ ‘‘ i i .  a ’ ‘he o r if isp .
Onre tsp problem was recognized , a solution was rapidly worked out - Th u p r, w lu’ r hu ’ .t i , h ’  fi n u’ r as .i
pressure - 

~ t ime increased . By simpl y increasing the pressure drop i n  u n i t 1 i l ’  • ~~ unit inci s e pro-
i., I lv i ’

An , a til i n uzing process is dependent on the surface tension of the li l t id being at omized. T hu .  . j r f u u ’

tension increases with dec reasing temperature , and is also affected by ‘h’ ad d i t i o n  ‘ el “i s rub i 0
I w”r the :il ecu la r attraction. The “ f l u i d i t y ” of steel can be incr ea .u’ l n i’s ver , - ‘a l l addit io ns
(3 t s  5 p~xr 1 ,f calcium , Therefore , we have two important factors causing vy ria ’ ion s un ‘‘u cu r ‘ -In’ t en-
sion and c inise iuen tly the powder particle size , We also have the pu ’eour. ’-tiune relation n i p  and tb. ’
‘.is’.-veloc ity relationshi p of the gas being utilized .

It was discovered several yea rs ago t hat  ar go n , which is the corrruon g i  us” in c r00.1 ! tona l u ionhiz a-
t i on , became entrapped in the powder particles .1 Beinq a large and inert m olecule , it v u -  i rr ip oc si bl u’ ‘-o
exclude the entrapped argon by diffusion . Upon reheating a consol ud a t u ’d ,o..ui,’r bar ‘ u near the in c i p i u ’ n l t

melting point, the argon was found to expand , causing porosity in w 1l i  prev i ous l ,- u ; ; ’ , . ,  to he u
theoretic a lly dense bar . It was further found tha t t h e vacuum- atomized product was n et j~~jec t to
the r r. i a l l u induced porosity.

One superalloy powder producer tried to atomize with ny drogen by bl as’ ing t ilt ’ 5’ i n cur Or . ~ f iiit’~~i I

w ith the gas, knowing hydrogen could be readil y dif fused , Unfortunatel y . iOu ’ v e l o c i t y of a ~as l ” s v i n g
a nozzle is limited by the speed of Sound in t l~u gas , and although tI e ~ y”r.d if , n i , - l  i n  ~ y-j roqen i~ ‘ sir
t imes that in. argon , the density of hydrogen is only abou t one-twent n un, tha t of it- p m . so flu u .n e r ly
availability in hydrogen is  about P0 tha t of argon . In addit i on , s i r h - v1 t .lu .n I n c ci t eel
ad i v u a t i c a l l y  when expanded , the metal would not be cooled as wb,’ri ato mizin g un a r g o n  Tills Cr11 attemp t
was ‘ i t  followed by a successful proces s, indicating tha t h ydro’;et is no t a sat i f ac t y gas I. .. c’,nven-
iona l atomization

ADVANTAGES OF VACUUM ATOMIZATION

Tm’ the vacuum atomization process , the mass—velocit y r e l u t  u o nshi ; e v i st v~ fu,ivu ’ bi ,,‘ t u -’pl with
both Co a nd M y successfull y. Not enough experiments were ru In nor were T hu ‘~Q Iu h i h 

, r ies n lu ’v. j r , ’tj ‘ a
sri t irm wheth ,’r the ini ass effec t was responsible for the variation in particle di s tr i huti u u ru A . ; in ‘u s

he u’m: ;n’r elat ed into the transfer tube to st imulate  the conditions u c~~st i ’ ;  t u r i n ;  ‘l v i  0 ; ’ .  i l g I ’  ifica-
lion. [The ratio of initial teuuipera ture to teeming temperature in the ca’” of anrpi.l u s about equ iv alent
ti ‘ h u . au,ed by the theoretical bond energy of hydrogen on recombin tion , and the cha”p ’ un
di s tr r but io n is abou t what could be expected from the nuass-ve loci ’ y r ’l ation s hi p in co n up a r inig ’ uin ‘W I ,

gasses.]

Vacuum atomization is a rapid process. The melt itself contain s thu ;llti ’ n n t i al cn ,’rgy ‘ n tO, ’ a t o l l .
zation and the more rapidly that energy is released , the finer the powder , In t h e p i l o t  pla t o , 50 lb . ‘

‘ u  tu[ is blown in less than 10 sec.; in the production unit , we take as long as mi n i t i  blow 1 11) lb.
The unit was constructed in what wou ld be considered - n “u pside down ’ ii’ .iqn . It w i f u e l ,  to ii lo.~ ‘h,’
particles time in ‘,u’.pension to radiate most of their thermal energy. It would have been i t np r a c t r c a l
l i onu Str u i .t a receiver high enough to allow the particles , particularly ili. larger I S , i cool in a
free fall [ ,‘fo rc’  collecting . The collected powder in the bottom of the receiver is about toi i F
iirinediatel y f o t l o w i n g  the blow ,

Alloy powders based on Ni , Co , Fe. C u , Al and misch meta l have all been made ‘.ucn . ful l y by vu ti l l
at tu n ’ ,iza t lo n. The most exot ic  a l l oy  was a 61) unisch meta l-40 alu m inum composit ion We h ay , ’ u v ided

i~.nk lng alloy’ cont a i n it ,~ highly volatile elements , so h as z tic , and also alloys con ta inir ,g Ph , Hi , Sb
and of her elrn ’l,’nt’, which cou ld lead to deleter ious c o n t a m i n a t i o n  of supera l loyc .

The tap density of the vacuum-atomized powders is about 50-7% higher tharu tha t of rn ,  a rg on-it em ized
The di ffercnc” has been attributed to the particle —dist ribution d i ff ’r,’n, ra I n n  t ’na , to t u 0~

imfferen ce noted In the powders . The v at lull i- ,i tonuized powders have very few particle’ . tfu u ’ are s tu j, J
t .’Iether arud are termed “sate llmt c . , ’ as compared with the large nuurubers found in ,ur;iur .- at uil ’ lize d ;j rt ic les .
I tue v a c u l . - ,m t ., ’ ’ zed powder has a un i ter ’  distribut ion w rth a notable abserucu’ of a t i l i t r i l l  curve It is
t he  sort of distribution one would expec t from in exp losion . Other known processes result in c l ass mi
r” rrna l curves. The hi rict tap dens i t tu’ s have very definite advantages in consolidation , partii iu lar l y when
consol idat lnq t o  near net shu;.e ’. , and when consolidating u si rm q the )4’lt bu tt Can ” teu,h nu , i u , ’ . Disa dvantag es
in lie random di s t i ibu tion uu , .ur when a narrow distri bution of parti , I ’  Slip s hS de to ured . s~,h u. is ut ’-

i ui red for plasma spray irq

INA ’A TN 0-6072 Eva luati on of a Cobalt Ba r’ A lloy , HS-31 made by extrus Ion of rr ’allo yed powders: John
C. Frec he , R ichard L. Ashbrook & Wil l iar , J. Waters; Lewis Research Center , Cleveland , 0)1 44135

.4 - -
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From the time the ‘m e lt St iii ~ u s placed in the furnace until the powder Is a consolidated product ,
t he a l l o y is never expotopd to a i r . The powder is handled in vacuuur u , h ydroge n , nitrogen , or argon . Con-
siderable C ’ n i t n i v , r , .  um i u r ’r r iir i g the deleterious ~‘ff ’ t of a i r  exposure is sti l l  going on but we know of
no data that o nt m rn ’ tha t inert handling is absolutely mme i”~’.ary to achieve a satisfactory produ”t.
Howeve r , we have considerable data to show tha t inert proce ssttm ’m ‘l ip ’, y ie ld an excellent product. Many
of the same pa n ’,i ’ir ’ t u ’r ’, tha t are subject to control in argon atom i zation mud also be controlled in
v a ’ Uun atomi zat ion. Beinu~ able to store the energy for a tom ization within the mo l ten metal has proved
to be v’ .’ efficient in the atonu i zation process. Now , after several years of intensive develo~urent work ,
the pr~~i 1 u m t i i i n i  unit is operatin g properly and producin g a product with excellent properties .

CONCLIIS ION

v~’p are entering a new era in metallurgical processing , one of shortages and conservation . In the
aerospace market we are seeing an ever increasing variety of very expensive materials and relatively low
vol ,u ’ie’u , and continu i ng high interest in cost reduction without a deterioration in technology. Powder
r’.r ’tallu r q , will play an important role in th i ’, era of conservation and cost reduction , and vacuu m atomiza-
tion has shown that the unco nventional approach may well offer the most practical solution to some of our
urrent problems .
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ITS

TX — .7 A ’l ’,’;u mi. ’,’ l Fab rlr ’ ; i t ion ‘l’ o ’l rui qo .’ :i
em I C l u e  r I s c -  .fl ln I Imp ; I cat  I ‘ n o .

~n J c ~ fl ’0’’. Iii ” ) t’u’I’I,’, l ’ ~ I ’ll ~’ ‘.l”, ’. ’.I(ifl 11
hiy W . W ’ullace ,

i- t o i l  A ‘ ‘u ’  u - : ,Ot I t o  I Em t n t  llrh irn ’ ’i ’i t ,
t i l t  i - eel R , ’o , ’ : i  u ’ ’  1 Coon ’ ii 1’ O enada

The s e s s I -  -n ~~u u r I  St  ‘ 1  f ‘1 :  n c ’  p u  p’ ’ r rm and r l ~ r ’ s h i r t  : I ; t . r l t  ; ‘ l e o , ‘ ‘ a- of
a t a b  wo re i’d l e l ‘ u s  - u l  II ‘ 1 -  1;:, 1 ‘ ‘‘ms t o  t he  program and p ru ’su ’nt ‘.l ‘Iurin ~’ an ox ’ ‘‘i ; I - i
l I m o  .o slou nit ’ h . ’ ‘~I; 1 1 ‘ h’ 1:, ’,’ ~~~~~~ on:  ii II emphasized the n- ru: ; 1) lotIon and bh ;’ e r ’ rruo —

‘— n ‘han S ~: r oc e s s t t , ,r c C so; ‘‘ralloy ‘a-I rs to -  produce “am ’  . uyO;i. ~ y ; . . ” pr~~iru ’;to .Auc h rio
-‘:1’ ’ CL ’ : ’ : 1 1 :  , ‘ I; mu l I , re:i ’,’s’’ I ‘a I’ m’ I ’ m ’ - - h u n t  lieu , m ,  co ru s i l  ‘‘ r~.’ I r i , ,  u l i , i T t i ’ S  - sC O Il’

‘ ‘‘‘“~ I t , , ’ :u: 1’ : ‘  ¶ f’ , c m i i i., ’ a ‘rk load .‘h ,n i racterlst.l cs u r u l b f , .’ u.; ’- of I ~“ ‘ ‘ ‘ nif. , liri l
- i C-~ r t b , ’’r c. m , ’ m ’ i l ; ’ l - . u -  1 ’ - s c m ’ I L ” - I  e x r  l c .s ive  Cor :: ’j i i;t  Ion j f  : w  I ’ - : ’ : . To c l o s e  ‘ i i ’ ’  ~c o o I  -r i
u Cl im a ,s s h ut . l ’ ’ s c ’ r i l -  ‘ .,- t ii’’ ACEA Proc c : ns  t’ -~ l’ ; - W  I’ m ’ r .ceSS I lit ~.

I ’  W , .  ip ’. . u : ” ’ m  ‘ I:; is- ~~‘ P 0  ‘ ‘rs t h a t  c i c o t u m i c  f’ :u t o r’ ;. n u n , ’  i m i . u m ’ t . a n t  I n  j u o t . l f ; l m ,f’
‘h ’  I I ; t P m ” ’ s t  Ic, , i t t i n e  ‘ C  - w - 1 ’ ’ r ’ .: . I. w . ’ r ’  , m ::t S ‘acre oC t  i n  ‘v o s o e l a t ” - l  ‘ a t f i  1 -w et’ rn’ i t . ’ . r ’ l u l
In: -0 t o  n m  I is’ ’  a ~‘I’i .-’n ;- - ir ¶ (priper s I~~~~~n’l P5, and m - . m t , rj b c t . 1 n PIA). For ex’umn~ le it .

t O t  n-vt - I a ’ ui t m i c ’ y  (I - i/u ) ,  F / M  A s t . ro l.,’ I 1, :c r’irg1m~ ’,:; a- n’ : ’  I r io- I’ d using 120 lb leo,;
isa’ c r 1- f  ‘ b rie a uli b’’ r . ’’ ’ 1’’ -: t ;  p r o- lac e  t l~ ’ ,sarn’- m t r A i t  C m ’  ‘is ii~~~.’, rn’d ’ ’ r ’ I  ii. Advnir, r ‘A V ’ ’ .:
a” rr :i j~~, -  nissoci a ’ c l  a i t t  ‘ he c it  is n i t  ion . C I’ - rglriy: (I r” r ~~’ ot is (P5 , P~ A )  , a h n i  nod
r u t ’ t, i . I r .~’ ‘it ’’ ’ r C -reing, (F’ , P i I A ) ,  ‘~~ :l w i - h  lm I r’-;v ’’ ’l rnostI r ,:abili ty (Pb ‘i t - i  P LI A ) .  In
‘‘r ’ ’ , im ;  c i ’ ’’:; , a u - h  ‘on In t ‘ . .- Pratu ar I W h i t n e y  Cor g imu f of u’,; ’ r o l o’j d I S C S , ‘.hese L - ’ ; u u ” f t t s

- i ’ ’’ - ’ . n, S ’. ~~ I s u f C l c l o ’t ; t - t ‘ ‘ u ; ’  if’,’ the uoc’ 0!’ p w l ’ ’ m ’  w i t i u . u i  r ’ ; c re o . :s l r i l y  ‘ ‘xpect in ,~’, a
I t  t~iu’e ’ ’ u m • I  n i l  m . , - r f ’ - rn ’ , m ’ , . In ‘ h i s  cas e t nor~’ C r ’ ,’ , t - t rget ru;’ ’ ’rt ieo for  the P O’t

r ru - l us t s  a r ’ ’ ‘o : : -;’; - u : ’ o l  C r  t im , ’  e l u Iv n , l ’ ’r;b t :t:;’ plus wrought r i-i ’s.

urlies r” p,,rt ‘‘ -I by t ’t ’ ’ss erschm lt  t —Il ~~1k .r a_ Blohrfl h:,v,’ indi;:i ’. ’’ -l t l o t  for th ;’ ’

I’ ‘ n’ us i i  ‘ ‘. 5 , ‘ ‘ : 1  sav im; ,’. :; t h :’ i ;1’I; HIP  could rely Ito real iou’ I If t h e  
~~~~~~~ 

ot 1u’~rw t i 3 o
invoive 1 1. I,n; . m nu- ’ ; i n i m m g  c o s t s , that  S , r’’;it,S ‘ x c e e - h l m u R  at 0 r 60~ of’ t b: ’ f - t  ni l. H I P  w’,s
cor .::1 I re-I ‘;t rih lo’ - ely If It all - ; ’a’- ’l :;ut :;t ,ru mu t ,i;i l m t;- ’’ I n  in t h o s e  machining cmos ’ ,;, In
I r u  ‘I Icr .’ ’ ’ . ’ ’ ’ ’.OS ’  .;a’zImiv. ;r ;ur’,’ not d ir i’c t  ly - r i .; ri l i ii to the r’. ’ -l - ,.r t .I; ’ ui in rn- ic l, l mu ’. r . c m ,,

I n a c  C C m I . ’ h .  m a , n h : I m I  m,y t r i  r io- n ’ a t he most n’x t ’ i sns lv.’ 1 ‘ ‘ m it , ion . HIP w o s  a l s o  c m m c m l  j r
‘ 0 L ’s’ l l r n t ~ ‘‘1 1 ‘- ca u : ;un f si r .’ ru’ .; t n o t i o n s .  Port ‘ ‘ luei; i,ly t e l ,’ abs ;l 15—20 -u: ’ ’ .: m: el l,s’Om;

rI, ‘;j mu i ~~ j .’jt,o;’, fo r’ PIP.

cO nSe m ;: ; -u: :  w e ;:  t m:nu ’ t I c  b-Clo ut . ’  n t  sav 1ri ~:: I h ; ro ’ u ,cmh . - -ai r ‘
~ u i - I  t o  anhie’i’’  I by

t o ’I — sh im I I  P rocess  I c  of p:u:’. .s , a t  tit ut subse ~uent C’ rot t o ,, r i :uI I n- l i: a’ - n.: of  m’
‘ - wo rd : ;  tru is ‘;l~~ec’ I V ”  ar m” ~‘i ’i”mu. ‘uta “s -ru t i’;I by Hen ry ‘~ t o,o,Io emi l Co. (P3) cmi. ‘a’ - I

s i t  whil e I m ;  m ’ ,‘‘‘m”m ,ts a o l d I’ ’  a c h t , r v , ’ I  l u ’  I’ r’cI r; , ’, rne ’ha:;L t e l  u ’op’m’’ lea of o.. — , m e s s e d
‘I’ ’ .~ a- -n ” ’ - C ’  ‘‘ m , e ;- , I V ;u I ” nu ’. ‘ , and s-mn , ’t im n. ’ :: i t t  I ’ m’ t~~1;01 ‘ hose ‘if W t ’ i l O I C b ; t  jn1C- .- t . mmuet ’ -- r la l

oh Ifs - 530’- ci n;osi: ‘ r e .  Thui ’ ’ - -m , t. r ibu t ion  f rom AVCO Lycounlng ( F i B )  .; b c w . ’d h u l l  C0S~ lex ,
c lo s e  ‘ len in , ‘‘‘ ; ,i’ ’ s a-  ~u l l  b’’  : m ’ - - I - u - ’’.’ - l  1 0  a vac .u ; urn  r I o t  . ‘r lus HIP route . Trio ’ ‘no ‘ -~ e;3S

a:  ‘ m is la’’ e:’ -a rk a- ,s l nur’C ’ ly  It’; - ‘ m t  h unt - - m u  the 1..v . l i p r n e m u t . 1 :1’ c e r a m I c cmi . 1  t e c l : : u -; 1~’-~~,’ ,
WI ’’ . t’~~~ni l ’, i  1’’,’ ‘ 0  m- r rrvl ’ i ’ ’ en ‘. ‘Il u ’ , ; r n b a  I i  .h. !’ Irut t lc’i; i r u  t’ u. ’  p n i i i m r ’t ;s.

1 1” oem . m : i c  con;; 0 i i I , , ; w ’ ’  no’ of’ pri nt’ ’ ‘ i i , , ; . ’ m m , , mO,;t ‘-li t. i n ’ ,; ‘a re able I - -
l’ ’ o v .n ,o ’  r u ’ ’ ‘ ‘‘ - ‘ l ,t ; I ’ ’ -j l -

‘ li:,’ , ‘ :uo,’’;’, ~l i m ‘ - ;~‘1; powder t r r ’ n , ’~- ’:::n 1no,. M o ’ h i  . 1’ the W l’W a:,.-
c’,’! - . 1 m m aI ’t i.’ -a ~‘ ‘ r ’  l - r - ’ ’o o : ; i n cm if nmm lgh :‘. ‘o ’ ’ r ,o, t  h i “ ‘ ‘u’.:t l im o I v; ’ o alloy:; ouch as 10—10 0
‘it Pr- u ’’ i n, I ~ : . 1t n:” ,’ ( P5 ) ,  t m ’  a - l i f t ’ -  I IIl ~~7 l . ;j t A V P O  Lycoming ( P I B) ;  or bor- i . ’rl!:;n’
C t i t l e , ’ a ,‘~ °, so: A s t  i’ lay nuu’l Its m .hl  f l - ui l i i  API(l ‘it PW A— t -u ;;t ha rt C m l  (PIA) and

I I”, ‘i t ,n~I m , i t ,  I Co .  ( P 3 )  re . ; . ’ ’ ’ I Os’ 1 y . Thu siu ~ - ’ ’ u ’ l  or Ii tin t ~-‘.,.‘i i ’ I 0 9  ‘C I ‘a- Icr i- n .’ 1~~- ’t s was
I n’- I l’s; r ’ ‘ tr .’ ’. m  t mp m ’ ‘ ‘u n i t  C- ;m’ o . ’ ml i i i ’,,’ d u , ’t ng C n’;’:’mu t .lon’t l I’ tm ’o, l e~ ( P IA )  ‘1mm -I

I ~r t n ’ - : i m ‘, m ’ ; - l a a ’  Ic C) : ’ , I m u , ’  (F’ ’,) ,  f t im i lau’ l ’,’ It rnoge rm ’ ’ t y  was doriS 1.1 ,‘r’u’ - I Ing m t  sm ut in
‘i t t  1’ ’ ’, inn on I l’orml j I I  i’ m, me-n an I :01 p r o e  rt I e:m I m i  P/M pro’iuc t a .  These we m n ’ ‘f I to compare
fa/n:’’,: ly - w I th, t b , ’ bet t , ‘‘n j - u ’ -  o u t  t e s  ir; wr mo,bt t !um o, t m i t  ‘ ‘r ’ lel  wh ’ r r ’ .’ l ’ropr ’rt ies :0u iW

• ‘ . i”:” ’ or Ilu’ ec ’  I- :m; ’ u l l ’ y (P3).

Wh . l i e ’.l’~ v , . ) - ; m . ’ r t ’ : :  w ’ ’r’ ,. u’ .’ ; .i m ’ t  ‘1 Iii m i t  ~ c m h m : u - ’ ’  H I P  tf ~C l , l u l u t .V , r h . ’  I r ; .h i’n i t Ions are
‘ h i ’ 1’ m ’ ,’ t r i v  a t  1) ‘‘~r’i u t r i  a rm imp -n t  t int p e t  ‘- i ’ superalloy : u m l i t  - i m m i u m  p .w - h ’ ’ r  metallurgy
I - n- seas Iii ’, C u’ s -m n ’ ’ t ime ¶ - n un.’ . I’ni l ’’rS P’ , PS nu t - I l’ i iA t i l  t i  .5 . 1  m i i i ’,’ i.:t~~’ ,’ t  s - ‘I’ t ’ - m ’ n, l;.g,

I’ -rn ‘i;; I a a - us m : ‘ -u ; ’’r ’ . i:i. ;t 1cm fi ro,t i,,’. Tb .’ T/P Proc,’os - I ’ H e e l - u ’  W I ,‘,o ,I i,  and Co. emerged
as ‘j r a lt ’’ r’ rue ’ lie to ‘ b ’ ’ ( i i ’ , r I z l r , o ,  t’ r iot ::; of Pratt o u t  Whi t  n y .  “C h n ’ rmoplnuu ’. Ic Proc—
e s s i r i t” im ,v ’ .lv”~ cold wI nking riot ’ tu com pact  Ion , so t h a t  t I n ’  p- w het ’ m’ec ’ ryot  :1111 itt ’;:

1 ur’Ir ~~ c - - r ’ pe” ’  ion I’ .lu vu l’~ f lu. ’ CI m ;. ’ i’m - t i n  size ru.’ ’ .’ ,O ; nir ’ ’ i’ t ’or’ s up, r ’ l . I : I s t  ic f l r m t r t ~’,. The
‘n - i ll rollin g -i ~~’s ri , ’, tip [ ‘ ‘ 5 , ,’  tO t n t  ‘n fo r, ’ a l t  1; t am -I . ’nali ‘/ or ;nil :;, ’ s O r t  ‘Orfl[ i t  t o m u ,
alu .t.ou,,b , sc rn’ , ‘ trat I fic’ut Io n -I ’ powd.’r w:,s not ed. The T/P i’r’ t tn, ’ s~ avo t ;io 1.lu ’ ext m ’ t m;:I ~~m ,
n_ n ’ ’’ ‘m o O Imut , ’’ r”’ m~~ io p - n  - r’ I;’lr,,’ , i i i  t f u n ’r’ . ’ m ’ rn ’ may - - hfe r  ,‘, r’ . ’ : it ’ ’r I’ l ’ x l b i l t ty  in pre form
‘ n n uuu f l g - ; m ’ ’u ’ i’’r u. Pr ’’limni ‘ 1 /  W - -il ’ n’ ’’p ’ r t e d  1.:,’ P r a t t  e m i l Wh itney t n  a s _ h i [ [ u .’.l ci’miu[- n t,rts
i nd lcma I ,~~ ‘ha ’ tint s mater iel responds well to is tth ,’rn ial forging. A s— h i~’~’u’ i b illet offer’s
CO: ‘ in s ti l ngs v u ’ ’ -  x t r e .l, ’,t 01 1 1 ’’~. ;tmu ’ i t fu ’’i” ’for’ ,; t his may become t i m ;  pre l”’r’”e l material at
I W A .

Tb’’ econ c-mnlc t , ’ ’um r ’f ’ I t i of l i t  l i , ’ r ’ rn :u l  t’u r g luug ,  r’’ lut r’ t i  i wer mat r;rial i u,-;eg,’ :irmtl
‘.0 r u  ‘ ‘ii rnu . t i, in ing ,  is: a u’ ’’ . u h f  o f  u l rum , ’ ums lana l  a c c u r a c y  . 1I - t m ’ ’ of’ Iii,’ p 0  e m i t  t a l  savings
o r’’’ - ¶ 1 ’ : ; ’ ’ ’  aga In : : ’  t In’ high ‘ , ::t s of i re ’ ’ I sb n li es , be a ver ov eral l , a ri ot :; ivlm;p , is
i” l I” ’i.’ I. In tif l’  “rem ,’ of t,ho ruIn ” !l— 00 pr’ l il t l i i  t i n t s  f i r  the U.S. A i r ’  F”rcr’  F 100

“ r u t h  ‘ ( P 5 ) ,  Si !.‘ - t :;avln;g of $1 000 was r,’;ut rt ,’,i by ‘ ri ’ ¶ uni t W l u i t u i t ’y  . Die lift’ was



r’~’~’ort od t,o be g.e - I -ml u siu :il ly :t iu ff i , ’l , ’n it to produce the required quanti ty of a giv”ru
rWA rep’ r’t q;u ’ur mt in 1”:-; of 300—I00 ;uu ’ r s without replacing dies , however t Im’ , upper

li m i t s  have not l -e em u lit  e r’m l:, ’’ ’i

Ac,’e r -l I t o  t o Pr;, t t ‘, m m ’ I Whi t ruu’ ,y another nit , t r’a i;t I ye feat,u r’’ of mop’, rpla:;t Ic
C- m ’ging is t I ”  a bIlity ¶ 0 r”— :r t rike nu part that Show:; defects erich :1:; incomplete ‘lie
fill leg ’ It; ;‘; , r m v , ’ m u t  ional l’ irging the:;e small fin ishi mg, :;t .rains would lead to ;il,ruormru l
‘Iru l u n u ; l c ,~,:p t able , grain growth. In order t.O retain t h i s  re—str ike capability, f’ir ’gImug
design bis i : ; t o  be care fully con st -l ’’u’ ,’;i . Pratt arid W h l t . m u n ’ y  also report that grairu s l i t’ ’  In
g u t  orb it ed al .’-ols c ur: b” contro l 1”-] to some degree , to ach ieve hi gb temperature propertie s

bini l’’ sec tion s aru il 1 i- w . ’m’ t empe ra t u re  proper t ies in t h e  disc.

Dts.ru:r :;I-s ’r, r,’v”:iled much interest in no n—dest  r u n t , lye inu;;t u;ct ion of P/M pr’s~”1’Acm ta .
A , ’ c’ r r , l ing p” Fr’:i t ¶ ~rt i  Whitney (PIA ~ sonic Inspection was ru t, mm prol,lem wit ,h their Astr olny
dIsc C ‘rgi go , and no changes in sonic at andarda or requirement: ; are being -norms li ne’].
hImt Ian l~

,’ I f; ” gsi t ‘m ’ ized parts of PWA—Florida (P5) ,‘tir fl ,l b’ Insper’ t .ed , w i t h  resolut ion, to
w I t h i n  0.: ’- ” ‘ if  ¶ lie surface w i t h o u t  a t tenua t ion .  Their’ aim is ir ’uopu ’~m t  c- n r i : ;—I ’ m’ m t d
r m at e r t  j i w i t  l u - ou t  -.i:rlng mi sur face cut .

In the case of the net—shape , sinter plu s HIP part:: of AVCO (PIB) the ability
of ‘h e  ceramic mol.ls t,o produce intricate shapes wnu:: ll r nlt’d by ultrasonic inspe ct.t- ~m
c-apab ’.lity. AVCO explained that simpler shapes must sometime -cm be produced to allow
lns~ ect I -n. AV(”O reported that thermally Indu it ci micro—porosity (residual gas) cannot, be
de ’ ”cte’ i  non—destructively and therefore met.allography on heat treated samples is the mos’,
::.a t is fa . ’t o r y  ‘e s ’

Exten::I ve discussion centered on the three priority items Identified by
D:’. Peterson ir, the Keynote Address , these were : a) the quality and cost of’ ptiw l~’m’:: ,
t ) In~’ r.;ved m .’thods of’ inspection , and c) alternative methods of compaction .

Concern was expressed over the trend to lower material consumption. An estimate
C 2~ million ~~,ur;i5 of powder for the 1980—81 market was cons idered insuff ic ient 0 ;

:o.5 ’ ‘I ’inu t w o  producers . Alternative markets for aerospace powders must there fore be
I”v ’ 1-. p”d ¶0 maintain business viability. Powder producer’s emphasized the relationship
between cost. , ~~~~ market volume , and confirmed that low cost powders will be available to
bulk buyers. :t:i~—oralloy powders can be produced by t h e  Vacuum A t o m i z a t I o n  Process  for
less than $9/lb Car volumes of about 50 ,000 lb/year , or less than $8.’lb If scr’aj can be
included in t Ie Input charge . Similarly a projection of less than $10/lb was given for
eith er’ s u[t ’ralloy or titanium powd”r’ by the Rotating Electrode Process In q;maru t It I~~;; of
200,000—Pt0 ,000 lb/year.

Recycling scrap was conside red a viable route to l’.’ w”r powder costs. Problems
-were related to the cross contaminat i n  of’ alloys and to the pre:n.’ nec of high oxygs’mu
- n r ,r u t enrs jr titanium turnings . AVCO reporteti the use of large volumes of scrap (op to
5h% of ‘ i t ” charge ) by certain ; owsler producers with no de t. n’rimental effects , b u- wever ,
I m t  ‘;‘rn:ui ly g”r;”ra’ ed scrap wes recommended from ¶ he point of view - f  cleani m ess .  In
p”ner’ ril, s- snap cou ld  be used fo r ’  :;uperalloy pow ii’ r s  w i thout  m nm . ’i jor pr’ .ii .lems , since al loy
chemi stri” :; an” gen”nl cnul ly similar and adjurtmer ;ts can bus’ unti l” in the l1ni t.h before
s’u ts-,rn l ::rutl’ ,n u

In ‘he case -f titanium , cro ss contamination of alloys , fore i gn oiije ’.’t. C i m u tam i—
m iu t.i ’ni ;ur;’ I ;X’,’g”t; r’ ntam inat loru were cnis ruoidered more serious pr- O l in,; . However , w . rk
L u ’ Al /ti ’s C”l”iye’’ ‘Fi tnu ru lum , ;u r , il,.r U.P  . Air For;;” sponsorship, was repom’’ ‘‘d t r b i - uve :;hi ~~wn;
t . l a t  ‘.ltani -irn , scr”I; can b’ .’ r r ’cy s l ed .  In t he’ A lvac  p rocess  w f ; I  0 u;:es a co ld l e ’u’tl u .:kull
mm, ”l t ira’, f- irnacu; , b, u’a’u y me tal c r ;t r umnul n a t i or i from ‘.001 b i t ,s , ; u m m - i p osit ly u it aru lum ni t. ri -he
parti cles , ;ur’ ,’ trapp” -I In ‘he ::aull. SIngle melted or consumably ms’ lte ,l bar fr’ .rn this

r”- cmoss ant:: ‘n- ,r;s I — I o n s - I  t i m _ r u b le iti p ~~t mat erial for tI n ’ Rotat ing Electr’ iti. ’ Process. At
Pratt and Wh l ’ ,ney FlorIda , ,_

~~_ ii_ ( Ti all y from this process , produced from 1 ‘ ¶ scrap ,
-asia confirmed t.o havu r oxygen ; WI’ h i mu specific’ut l t n  (0. 15% Max), and this had been used to
m m ”  - ‘Iu”e t.hir’l ,n ’ ag’ ‘uis cs . These ils c~ are currently b ”i rig machined and if 1u ’il if ir ’tl
‘.bls will ~uali Cu ’ hi’ Tel’’’ltine pr’oc’.’ss for’ recl;uiming Ti scrap fir rotating p’ir’t , 1;u ’ilit.y

The scrap us’ -i in ‘ti is cmi;;,; we;; pn’ - 1 :ul , ly premium material , n’’ 0 1 ron parts rot , her thin
‘. ‘irni tu g ::

A c r o r i l  ru g to it her u,:”r:; , exp”n’tence with P/M titanium materIal has .;Iu , ’wu u it
‘,o 0” n m ”  t o l e r a n t  t O  .xym ” nu  t h u n  ingot material , and therefore the arbitrary limit: ; ,
• ‘,‘j-icail y 2000 ppm in curr ’ i ’ ru t ;;p” ;i fintu t . ions , may eve rut ually be raised. A gre.it deal
men ’- Infirm;u t’. I on or Crs,’: t im n’ t. ’ ’nm g,bur ;’ ’ ss  ; i ru rl  “rack growth rates are needed to est :ut, 1 ish t his.

In e eoc 1 1:1 1 m m , 1’. was suggent. ” l t h a t  mnu n uy of the a l ternat ive powder production
I r.000ss,.:; wom’ ,’ very similar , in.] probably all caj”th le of meeting volume requirements. Some
tr”~ .;..Ss”:: ma-i ‘ -Cfer a ’l ’u rtrmt ages In pr ” i vi t li mu g, rr’f in ing, atmospheres , rather than simply main—
t ;uin i r u g tht-’ In t u ’;r”ru ’ ~. ‘e ’ 1 t i  ‘0’ the charg.t’ . Others a r e  felt to offer advantages in their

t m  iii’ -j t~; [ - n - - I i’ ”  ext r’’u f Irm ” t’ w ’ i~’r. Thu I;; was cit rus i’In’r ”’ I important In providing ultra—
r, lgm .  soil l l t’ I”a ’.lon u’t , r,~ ’:: (g r’c .nut , ’’r t han ‘ ““F/ace) r’ t ’-~uired to hold hardening elements in
~ O ’i ‘i t i’,ru. 1” ~ ‘ ire I. n -r i - i ; ; in ~- ‘ w’ O r’: ; mmi ’y ‘to t’ it ’ ,’ c iplt : it  loin hardening by phases other than
v’,rtmmmu ; —prim ’m ’’ , pb,e;:t ’ : ;  s~ ’dm as carOl l”s n it , b u n  intermetal lic compounds. The co n t rolled
pr ” r l p l t ’ u ’, i ’ un i  - ‘ C  ‘ hen” pIes ’ s will requin”  very fine , ful ly austenlt  Ic starting powders.
Els”w imere , I m1 ’o’n’’:;t w’,;i u ’xp nu’:rm u r. i in the development of co ld  co mpactat mle j : .iw iIt ’ ;’nr , that
w’’’uld tu ll ow ‘u’ ,l ii r n u ’ ’ pr” u ’i v’t 1 m m  of p r ” ’tl~~i ’’ n m p a n t s  un’ ~t’’ rf ’ orms  by ni p ress p ’uu u :; sinter’ route.
This 0 ,1 0 t r  ‘~ lrcumvrt rit t t m ’ m .r ’ ,l l•’nn:n ‘I’ l w  vo l i um * ’ , ‘ i i n r t  ,and i iml t t” I  t i lme ums ional  accuracy
in n HIP r u n

-
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[)avid II. Ar nol d
i ~~~~~~ 1 I .-‘ t t r ii I r, m jittI y
C l n c u , u t , , , t  a , O l u t , ,  ~, “,2l ”,

I ?tl’RO(xJCTiON

Rene ’ 95 ix a w rought n i c k e l  -1’,,se a t  toy developed by Genera l F, lect ,  it wader Unit ad Stat ,~~ Air  Force

sponsorship. It i s  conai , t er . ’d I i .  ~ l i’o itga ’s ( of t h e  co,Tvsart A ;,  l i v  ava i  l,,l,i .‘ a I loy s for t ur t , i , ,e and
compre sso r ,l is ks • s haft  a , I ,~~1 .11 i n ’j  sea ls , and re lated t a r t  a , oper ,. l log a t  t e mper ’ t  tires ti p t o  I ,ri~~iF

10 ‘ u , u r ”  I ) .  To l i t  a’ , ov e i 7ux ~ ,~~ x i I,,a,u,.ls o f dou t t l e vacuum mel t a d  Rer~ ’ ‘ ‘1” h av e  I’ , ’ , ’ , pr~a•l~u t-e d ari d use d
l v  i enp~’al l’, l ec t  ri for appl ii a t  au tas  a t •  var ious d~ v r ’ lo pmett t and da’monst i i i  ‘,r a’r~ij a t ~a’ s .  The a I b y  has
l.eeru a~adt. a~’onutw rc iail y avu ,il a l ’le i t ,, ,,te. source wi th in the (re. world.
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I ug , I Tensile s t rength - René 95 vs other disk ;ulIo~

A x would ii’ exp ect ed , the ve ry hig h stren gt h of Rena ’ 95 poses c ha l l er ug as t ’t -o ,uven t l o t u a l method s ‘ u
producing guaM t , u r b i r ,e  hardware parts. Opt ,m ,am propert I ,-a in for ged Ret,,’ ’ 9” , p a rr a ,,r,’ ,,a,au,t u t a t  i’d w i t h
dup lex , neck laced st ructure • con s i s t i ng  of la rge , w a rm—worked t u r ,aj,as surrounded by ,, ,,ec hi.,i ,‘ of  I i  ne ,
r ec r ys ta l l i zed  l r , , ur , s (Figure m ) .  Ach ,.. v ing f b i 5  s t ructure i n  i t a t ri , ‘ ;at p g,u ia t u r l i i  rae l , , , t - , l ,,.,r ,’ t t ’ q . u  u res
str ut u g e ri t control of melting ,uad forg ing p rac t i c es .  As w i t h  other wrou g ht .1 loy s , t in ’  t o t a l  l . , t r ’ ,1~~,a re
( ost is furth er esr , a i ,,l ed by l ess ,‘ffi “ ient mat ,‘rj ,,l ut i I i,,,au io ,i ,ar,d excessiv .’ m a t  l~ i n i n g  t h o r  whi t - h
cha r , , i . te r a  ze the procen si ng arid man ufactur i nru Sequences requ u red to produce “ ,u ,uu t IC  p a  I a from c e’ t i lagots
Figur e 1 , for example , i l l us t r ates  a typ ica l  ex am p la ’ o l the mu l t i p l e  forging Mtt ’1o~, ,nach i i u u ” u  oper a t ions
and t he rdt t ii inear sonic envelope s required for t h e  makin g of •a compres s or d isk .  \,tt,’ I l , , a t  t hi’ Ii t ,~ Sf,-
p a r t  weight amounts uo o n ly  about 5% of the i ra l aa i t  weight.
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I ig ,~ “~i’~ kI.i~ c ’ st ructure In René 95 I’ig ,3 l’ y pical pruict ’ssiulg Ot’uIU eIiis t’ b r  ~,tst

and w roug h I Re tue 95 disk Input’ output
weight ratio - - 19:
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P it’ ~

Iri , ’ t , i , ’  a t o  I ak. ’ f m i l 1 ,aa b n , . a t , i  - , , i r ’ ,, I l,u,~l ,— nt t t a ’ t , ~~t Ia a l  b o y s , f , ir adam et,l a i ( s i u , , a , g a ’  a i •‘p~.l,lt ‘ a t  s ,a t ,s t  a , ,—
i i i  i v  low ar c ,, ni t  , ,f  i , , a a ’ , iw , a r a ’  pra~1uct i o ta  ,,t-,’ ulesi r ’ , a i , b e .  To h u nt etad , 1 ,’-t, ,’ r - , ’ i E l ’ ’  I t i t  1 1 , 1 1  a , , t  , ‘ai

i ,,t , ‘ n , sas ’ , e f i , , t - t i r a  Itatwaia ~r m,’l a I la i a— 1jy ti Iha ,,,, ~ ‘1” , “ ‘ ‘ v a ’ r - , , l  ya ’ , t r ’ s  ‘out, w h a t - ta t i ,,  f a,w t It ’ i  tn ,’~ a l  l u a r t i ~ , l i , r ’ ,- ’
emc rt jr ’ab an -a s- i . , l ’  i t ’  I ,’, l , , , a ,  i ,, nuv I i , ro mu , u l, I la, r t m l ,a t a ea I b a - v a ’  lu la n ta .u ,t o f  1~ a~ d~’t’ p r t x it ,c t io ta  , a , a , 1  hot i .‘,‘,st at a ’
u m . ’ a a a , , ,u (uuIPI . II a a t i , ,  iat aI ’ l t(ase o l t h i n  l ain ’ , - t o  l , r j e f  b y  rt ’v i .’w I I,.’ 51,0 tan ‘ ,f  t i , a  a ‘ ‘ f f o r t  to ad t ’ a
u m a d i ,  a l  a m.a ‘ ‘ a t b i  rar I ia) tu s i t ,  w l a i t  Ia l a, w a b . ’ m mat a l  ,ur ’~jy Re,,, ’ ’ 9”, a n  l i i , , ’  l y  t t t  m ,ak . ’  II,.’ mo.l Ma ‘ p a l  ( a t  , , , , t
tn , tt,t t a l ’ ’ it  a,,,,.

Pot.l*:}l ,Ml’ :TAl , l , i 111,1 l’lillt l- : m-~r~l st

I,, Ri-tat ’ ’ ‘I”, compu,tm i t tor i  ( 1 . t l ’ l c ’  i i  a s  ‘ u t ’ i ’ l t l ’ ’ l \  s a l  u,d to Powt l ’ m int’l,, i i ’ a t  ‘iv i r a , .’ amA,, ,1 . TI,,’ l ’ u , l ,, ,a ‘‘

1 , 1  a.,’,’, e t a  I’ c, t a c o , , t a ’ , , r  , ti (, a , , r l - a , i a ’  forms,’. a 1 W  ata rI “j o ( 
• n ata l  ~li 

, , , m- l ’ ad , ’  1, , , , , , , ~ (i I, ,,,,,l I a  I nta pprt- ssr-s
ia t ,w uo, t  eat ,‘a r l ’aa Ie pm - ,’, u p a l  :I I ,’ ,, ,,, i t  au - pt iwd .’r’ j~ t r I ic I. i ’ , , , a a ,d , ar  i a ’ s .  S, , jq , t  • ‘n ,” u’ , , ,  ,,f  h l , . s  lal,e ta otl et aot l I

r , , n i ” t , Ia ’ a ’ q ~’d , ,  p r e r e a i , a u s a t a ’  I ’ m  a l a , , t  , a ~pt . ,t , l r -  powder ta,a .t ;a t l , , a , i , -  , , i  b y .

TA BLE I

Chemical Composition of PM René 95

Element Percent Element Percent
Carbon 0.04-0.09 Colu mbium 3.30-3.70
Manganese 0.15 Max. Zirconium 0.03-0.07
Silicon 0.20 Max. Tit anium 2.30-2.70
Sulfur 0.015 Max. Aluminum 3.30-3.70
Phosphorus 0.015 Max. Boron 0.006-0.015
Chromium 12.00-14.00 Tungsten 3.30-3.70
Cobalt 7.00-9.00 Oxygen 0.010 Max.
Molybdenum 3.30-3.70 Nitrogen 0.005 Max.
Iron 0.50 Max. Hydrogen 0.001 Max .
Tantalum 0.20 Max. Nickel Remainder

mm.e t I,,,,ls ,,l t a . ,  i,’ r m,tk u tag i , ,a s- , ’  l i i i ,  i t t  a’ I , , J ,a ’ ,  I ,a , , , l  , , s a ’ , l  to ,  ~‘ ,‘ , , rs  a , ,  t ha t ’  ( n ,w ,  l,’t at . - ’  , , b  i , , a  ‘ is
a n h u s t  m - m ’ n ,fo,’t,at,,,r a u  , i i,,- , , , , t  t ar ’ a ’ , , I  t i a c k i - l  h is,’ stup .’ m a t  t t t s ’ s m i n t ’s , a a t a u . ’  ,, I l it . I ~‘ ,a,j j I a , , , , . ,  I , - ,  I u , , - ~ ’ , a ’  *

ii,, ,l , i ’ mr, a u ,a l , t t t t t l u l e x i t 5 - t t stipa.r - a I  i,,v,. v l a t ~ a , t i b y  t a t ~ ’~ 
i , , , l ,’s I I , , - ,, a,- , , I  l - i , ’ , , , l , ’ a I  ,‘ I,’ na ,’ ,,~~. , (

i a .  i t t ’ s .  t I e r ‘ i t  a r i , , , ’ , ,  t r , tm a , ., , t  no, vi sed for  01 i,, ’ r ,a - t - - , l l  t n t ’ ,  I p~ a .’ tb a ’ r  a u s  , , , , n  I , - . , s u  i - u ,  I - . , ,,,,~~~ - o f
I i , , - pai n— , . , t m  , b i t s - , ’ !  , ‘n i t  , , m a m , , , I  u c ,t u by s ,ac i u a , , t , — a  nit a t  a t a l  , ‘ i , ’ rma , r a t  a a s  , , x ’ , t p — t ,  — u t  r , , , , i a ’ t , , , u,d I,’o i m t ,  ia ’ ’ . ‘ l , , , i  —

m i / t I  uo , ,  i i  i r , t t ’ r ’ , — t it  i i i  c o a a t a m a , , , , t  i o ta  is  t r a m  i ,,I ,,,,t o a t l y  I t ,  a m a , a l t a t , , a t ,  t i a , ’  t t ’ t ~~ ‘li ii, I l , a ’ m u ,  a l  at
r . ” i ira u ‘ , n  .,t i r aaj  i t t  .0 t o y s  for ta ,a a  1 , , r  1,1, , , ’ , ,  it ta t a l , , , ,  t a t  ( i ,  ‘ ‘ s ,  l t a i  I t l , - t a s i t s  ,u ,, b u , , t  a m , a l  a- i , , t r ’ r —

m. ’ i’,,,,t t ,i’l ‘l,~r ’ u ,,q uu iP , ,tr as o i i , b , , r  io t a. J ’ a t , , a l  i y ,  1,, ,, Ia, m l , ’  l uu ‘ i l a ,,sl , , I  I i,,’ ,— t a i r  i a , t u m a l i - r a i l s  fi n
M a u i ’ . - ,  at  l , ’ s  a , pi.awd c ’ r m, , , i , , l , , ,  c u r i n g  mmw— t Iao d s ,,,,l a ,,p~~l i , .  uI proabt a i m , , i  ,, l a i q it , , ‘ in i  , tr , a s . , i ’ I a ’  I ’ , t a . t l • ’ t  a r t ’

I , ,  t a’c , ‘ mut  s i a m  a , a u n u, , a  b a a  L i l a c  , , , I v , a a t c , ’ s  h , , , s , ’  I, t a n ,  m,,,i, ’ u ,  , l a ’ v e i , a ; t a o ,  I , ,  I , , , i c  i i  I ’ , .,, c- , - p t  , , l - m ,  — i i ’,’ a - i  i , ,s
p t a. i , a  ma ’ , ! . , ,  t ’ ,t u , , , j  ta t iuaiques ,ua, b i , , s t , a l  h aa g Iar ’ odta , 1 , 0 1 , — M a  u i  I , , ,  , l i t  a , ’ , ,  t o  lt t ’ txh n a t  ~‘ s t u u ’t- t , ,i i t s -  ~ ,,a. l a ’ m
I n  ,.- ,, u,n , , , m , , m a  i t t  i , it ,  u t  ni t -  M5  t at ,  prod u c e- 1 ,1gb p u r It y  l , t - a ’ , , I  I , ,s , ’ , l  s , u i t ’ t  ‘ I  io ’ , p a .~ I a ’ t  s . I i ,  t h i s  ~,r’ , , , . ’

a’ Iemem,t. ,i m,,t , ’ r l  ., I s  S m  ; ,t ’ a ’ a l  i ,,s, ’ ,I 5 , t t  ‘ i t e m  mr ’ b t , ’ , l  a t~ q ,t t  a a r t ’  , ,,, ‘a ,, ’ ,, a t t e l , a u  I a , , , ,  t, t a ’ l I t i  ,,t i,t ,, ‘ n t  ,‘ .am , ‘ m II,,
st i l t  i ’m ,  t a b  b y  i n’ J ao u a r . ’ ab i , ,t o ,, n - ‘ i i i , ’  , h ,,, n ,l ,a ’ r I a  l i t — i l  a. a t h  ‘t  i t i t t , i ’ as .  ( I ,  u i ,  t a~’t~~si~a ,‘ a i i ’ ’ , ,  i t s  a ’ x l t I o t l a ’

hu t— sca b t ’  ‘ -  ‘mm r ,- ,t m a t , t o  a s a m ’ , I u , i r ’ l  ,- ,b a sp at nut-ti 
~I,’’’’’, ~t l  po wt la ’ r i , , ,  I u ,  l , ’s . Ii,,’ ar got , , a t , , n , a  t a t  an t ,  Itr ~ t~~t ’ is

ut  r ‘ ‘ t a t  l y  I ’ m , ,  I,’ . m a-al [ tar p rt at l ua a m u t u  l i , ’ n ,a ’ ‘ ‘I”, powder.

n -s t ’ s  as , a a  l , a i ’ i  ,‘ 10 , ‘ a , ,s o l  , , i , , t , ’  It t t w t te t , . t  , , ,s , ’ r  a w i t h ’ np,’t - t a iim , bail t i tan ’  ,, I t i ,, ,,, , lul l ’  ( h o t
a ’  P r p t as a t , , u  I • ‘pu’’’ . ‘ m  5 t t n  h a ’  I hut ’ tna t lt t utr ca n l is ita g . lilt’ r o raso l 1,1 ,1 a ,t t ~ h~,,t , I ~~~~~ ia* r ’ t ,I t o  pr’otltn ’ •’

,l , ’ t t maa— ~‘ m ‘‘ I’ onns u , ,t s , , l , no ’ , 1 , , a ’ t i t  l t t m ’ i i i  ‘‘ ‘ i ’ m - a t~ l I i aag  a r , t I  ,t l ’ la ’ r$ m ,,’ I, , , ,  ,- , , , , , i a - 15) 1.—ta t a , ,  I ol proa In ,~
- i t i g

n a - a r  , i i  , , omtt l t ’x al u ,apcs .

i l a ’ u b ,  m emuac’ , , a t , aa . -  , , , a ’ t  I tu as , a , u m , , ,  I , a v i ’  a, w h i t  It ,are - , a l t , a I l a ’  o f coatso b id iat ing Itt-ia, ’ ’ ‘1 ’ I~ow da- rs to  ( t a l l
d , — m , n , t v  1 , 1  i t i ’  ,, ,t , , . ’  01 t w o  , ,t ht ’ , 1 ,tr i a— sn it .at mti-l y, l aa , i l ,  t> 5000 p s i )  ta rad tow 1,n’a ’~,~,, a a ’ I’ -, 5Ot,)() Psi I u i i au t  ‘a .

11,1 1 1, ~~t~~’ 5 ~ ’ ’ i t  a - , , , Ioc l ava - s  c , , , i  I’ , ’  f t a r t t a e r  ,,t ab d iv ida ’ ad i n t o  those t a s i t , t j  an ,  u t , i  t o u r ’ , a l fa ia ’n t , a t - ,’ .ca td t hose w h i t  I,

- ‘ ni a -~ , , , ,  , , t  a- l , a m t , , , ,  p a , ,  I r a t  I I , , - , ,  , m , t  , a i , , , ’ r  a,1 powder to that’ c o m aso l  i t lal  iota temperature. Ira , a l l  cases
I , ya b ra , - ’ t  , a t i c  i , a t ’ a ~~n u n a ’  i t t  ,p~,l  ed wit Ia a, ,  ut ter t  gas. Both high ,a t , , l  t a .  Itr ass ure ,auu l u t - I , a v m ’ , ,  , , a a ’  s c a t t , , I ’ l a ’
for pr odu I i ot a ‘ if l a urn ~i ng pref orna s .

a ‘i ,, i f  i t t , ,  r ~, a ’,, , I r t ’ as  mani a’ i r a  a - t ’ , - a ’ t , i  v a’ , t t  a, in the proceaain aaj tec ’h r ao log ies o f  powder i t ’ ’ ’  i ,, I iota ,
a oma s o l , , I , , t  it ,,, , atar i s la n t ’ . ’  m,,ki t,

~u ta ns aucti iv ua l ed l , a r ’ t l m ’  sca le ex p l o i t a t t io n in rt ’ , l , ac i m t t i  coSt s ob ’ ,-x peta s iv e
I ‘ , t  I ‘‘‘I ‘ - ‘ ~ 

I n .  is’, i ,ro ct ’ss v n ra , , t  t or t s wh ict a are prima , ; a r , ,b i da a t es  for uacc omp l IShArag t l a ia  expl o l  t a t  ion
a r .  ( I I HIP f o l l o w e d  by f o r t l a t ~~u , aa , , l  I,t ’ , a l  t , i i i  mar,t •ataal ( 2 )  A s — l i l t ’  fo l lowed by h ut ’ , a l  t reaatm amn,t s tone.
lull-’ ph as t a  qe is  expec I .‘,l to  I a , , , I  h,roader uapp l icat Ions i m , i t i a  I l y .  W i t h ,  time , liow eve ,’ , rapport t i i l i  I it’s
en a n t  t o  p1 a mi m i , t l  p f r  q a a, a om l a la . I “ l y  for some p,a r l s. A key to t h e  suc , , -ss  of a - i t he r  ,approan,t a is t ite
,lev a I opma.r,t ‘ a t  I •‘i hiao logy to r a’ i t r a t i l  ,aa l it I y m aaaaa i o t i a ra  prec i mal on sh ip.’ t ota I ouare’d pi’e forms.
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The pot t ’m ,l a , ,  I I i i  cost reda ict j o t ,  b u ,as In data  been I t ie ma j t t r  a l r iv a au I,,r, a’ i ra  powder meta l lu r gy
Ratte ‘ ‘)“ . I~u , , , u m ’ ,,nvr, ,,l I ,, I ly showy, ii , I ’ ,  ‘i,,,, ’ 1, a m ’  t ,i’ reductions ira  tn.,I a r i a  I input y e A ght ,,,,,l mauiu—
f a a  u t ari li g ope r~’at ’aot t s whetu the t~~1 , u u , , I  disk •how n in ~‘igura ‘I in produced by b l iP ‘ forge and As- l i l t ’
i a .  her inet a I I , a r ~t uv i t ”  emm a ’s , u ta c ompari sona w i l  h corave m at lona t processing. Tb ,a’ ma’ I;, I i v . ’  coSt s i ,a pro—
,I,,, t u ,,,, ~~~~~ a t  a t ’ s  t n,,,,,, a u  ,~,I w i th ,  tha t ’  I hurt ’ ,’ ap1t ron ch es in, mak a , , t i  r’ ,, u , ab  i t u , ~ 1l ,’ ,,r ’ ‘I ” , hu, rdw ti ra are
1 1 1 , 1 s t  a - , , ha ’ ,I a t ,  ,g,,,,

~ 
‘i. A l l  h , , , , u , u b ,  t h e  , , ,a t  l , t ’ , , m ’ I’i t s  w i l l  vary w i t h  the par t icu lar  part s i z e  r,,, ,l

geome t ry , it in , l,’ ,a r t hat the  o v e r a l l  p o t e n t i a l  for cost reduction associat ed w i t h  tha t -  powder metal-
I ’ ’ ,  ‘ i s  ,t ppr’ lt ,a e b ,pn are very s, ut ,st 11,1 a a l  , ant;’.” i i  I by  w i t h ,  the As—l i l t ’  proces s . Ira addit ior, t o the pro je t te d

‘‘a t red uar ’ t io n s , ‘a i  a,, u I , ,  , a , , i  t h e ,  a u’ ,,s i ’ s a , ,  i n pu t  raw It,,at n- r ’ i , , l  w i l l  be real ized . Th ese po ten t i a l l y
a Iflc,,,ti l t ‘‘ oVer ‘4 .Ix ’w~ it,,, 

~‘~tt l 1 ~‘‘

Conventional HIP + Forge As HIP

In~~t PM Preform Near Net Shape

Pancake
Forge C ~I)

~~~~~ 
_

Machine
for Heat ~~: c=zQ

Treat

Machined
SofliC 5.~, [~:=~ c=t~] Sonic ü=t~ ~~~~~Envelope

Input lOutput
Weight Ratio 19:1 Finished Part 3.5: 1

Fi g,4 Comparison of manufacturing methods of René 95 disk

100

(5,
~ 75

_ _ _ _ _ _  As HIP

50 HIP

Forge
a)

~ 25 
_ _ _ _ _ _ _

o Conventional
Processing

0
I’ ~g ~ ( uis t red uc 111)11 

~‘ ‘Ii’ 1111,1 1 Ii ir a selected go 111 p ,If Re ni~’ ‘15 p,u ri
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I a t  a , a I  a.,,ni , , a , i  ‘ ‘ ‘ a . ’  i - a  m a t  a u  i~ a ’ i v ~~~’ I Rema t ’ ’ ‘ I” . tat  ‘•i,.’. ‘‘I I - I a - ,  t r i ,  focu sed on Ihe processing of
11 1 1 ’ , . - , , , - ‘ ‘ l ,  I’a’ ’ ’ l , ,n mn a ,,.a i t , , i , ,,,,v ,’t , t a , , , , , , l  m a t , ,  Iw a , r k u n , , i  ii ’, hua a a q t , en .  l’ h , , a  wits so o ra f o l  bowed by a t n , i t ed

n •- , .  ‘51, 1- ,’ ,’ ’ -  , ,,, ,ti - ,,t t II’ h i ! - I ” —l , ’ )— u — 1 (12”,) I,, ,b, ’t er mna ,, .’  t hat’ t i ta n I y of powt hi ’ r req uair ed for sup a’ ral boy

l°’I I ‘‘ m u ,, , a, . i s , ,  p r i m . , t ’ ’,- t , ’ , , t  l , , n ’a , ,a , ,a  a. a n t I , ’  i , s - r ’ , I  f rom t h i s  na t  , , ‘ i s  til ,it I, hu,,d a mmvi j or i m l ,u a t  t ota PM
Ii, a , ,  ‘ - I ” - 

~
,t ,,, ,’ s m a t , ’ u .

F i r s ,  • I ’,,. a - , , ,  I - , , , ,  I , ,,ihh’S, I Rca , ,— ’ ‘I’ , I , ,a n. a m u  ‘t o t f a t  o t t I v  a i r - a l t  a ’ ,  to le r u , , , ,  a’ fo r oxyge n ,,,t,l ami, ,,at ion
n l i i ,- — . t  , , , , I , a r ’ ,h la -mast n ’ , , ‘ . l ” ’ % ~ 4, I . T t , a  ‘a t a , , ,  l i m b o  r es u l t  a ’ , b  A , ,  a macluau t a t , , ,  of  t b , r ’  carbo n l eve l

a f , ,- ’ h I ,,, t i , ’  i’ ’~~I’- ~ ,rmet, , I  i , , t , ~v t i n ’ , , , , ,  a if ~~~~~~~~ t o  a a omp o m a i t i o a ,  ralage of 0.01, to  0.09 w . - a , j h, t
S’ i , , i !  I , ,  a- , . ’ , hi , ,  n a t,,,, a .’’ ,’’  ,,,,i r

~ ’’i’ itt-t i I,, a ,  I, a , - s - a ’  , ,, , a ’~ , i ,,I,te ant-char,,, ua l  propert ies iru
“ ‘a., I ,- t  m a n  t I  i i i ,  ‘ u ’  il~ ’ , , a ’ ’ ’ i ’ ~ f ’ n a ’ ’ u i  a i , n a _  lI,~~S I ,  ,,~h i n u j  s . ,s  u n a ,I u, - ,’, I c -o ,, t  r , , s i  10 prior i ’x p r ’ t - ie,,ce on

i — a  a. , ,
~~i ,  l it mu l l a n  a I • W I i i ’ l  • ‘ ‘ I  t ‘ - ‘ j a ,  t i ons  , ,1  80 n ’ ‘l~ ’a , a,  a’ 

~~‘‘~~‘ 
i a  red to  produce I I,,- desired

‘ r i ’ ; ’ • ’ r t  a ’ s . I I , ,’ a ’ , , , , a , , m i c ’ i m p l a t  a u u ’ , , , . , I t h i s  , , , n ,u  I t a s i o m ,  a . , ’ t a ’  s i , t t , i  I t ’  , a t , I  , a , , , , ’  t he  mraa,uu f acture o f
c l ‘ . ~~, - , ,, n t t i n ni’s’ a r  met a l  h u m  a , ’ ,- I’ i t ’ ,i ,, , , is r’ a” e b t u i r l m , , l  oa, l s ’ ’ , ’ ’  s m , , i  1 for g intg redu ict iot,  ( ‘10 to  ‘i(s) appea red
ho  I - a - ,, a . , h I a ’  ~‘ m t’ in , , I u , , n i ’ u ’ ’ ,

A ,, , , , I , h a t  i , t , u - , I  i r~ i t ’ ’ t I  ‘ i , , t , ’ ”  , ‘, t i ’ I’ , , a ’ t , ’  ja ’ ,,, a m  (I ’ I ’ I ” , — T i — (  —1428), c o tu d u ,-t eci a n 1 9 7 1 — T i , f i r s t
,b,-m,,,,,a t i’ ,, ad the ’ f a n s u l ’ a  I l l s - f l tm tx l t l c - i , , , i  l . a  r ip ’  ,j aane tt’r ’ Rente ’ ‘i ” , t ,m~,, , , , ra , , I  s by conatour cross rob li nig
‘ ‘ 1  ‘‘ - ‘ ~‘- ‘ I p,~a. I ’ - ,  m t - i  ,,i  I , ,t  - , v  hilt’ i t  ,-f, ,t-,ta ,a I i ’  i , u , , r a ’  I I . Thin’ s , g t , t  f a ,  ,, ,, I ef f e c t  o f  heat t reatment ,an , t I
,- ,,,, m i  , ,,I ,‘ ot , I,,,, a.- ’ ’ r  k , , h - ,  l i l y  ,, r , ,h m i t  h ,ta , , a u ‘ I  l imo liert i a - s  w as , a l  a,, m - s t u a i , l  a shed by th is  i navent un l , , I  j ot , .
I lie ‘ ‘ ‘ a ,  - I  I ,’t ,t ia,’ ’ l , , a t ,  a ,  t i  l r , t I~.’r t u ’ s  I ‘ ,,i’ I a’ 2 )  and mu cr ust ruct urea achieved provided in ,cre ased impetus

“ a t  ‘I prod ,uv a u i  I~-4 co m po m ie t l t  a, from lilt ’ pm n ’for t ns . Ait exa mple o f  liii ,, t - f f o r t  at General El ech ri c is
A l  b - u ~~t n ed t ’ ~ t hat ’ hlP~ d is k  sI, ,,’an, i n ,  F a i m - a ’  7. The’ I , , r  ‘p d i , , ma ’ t e r  (20 in. 0.1) . )  and 1a — a ~ ,.  bo re
t i ~ a ck, i ,’s”  tn,-uka’ it Ii I I a ’  , , I I  t o  I , t t i i , ’  t t , i  5 d i sk  from , - a l  i ‘lot d,j e 10 inacre as ed propensi ty  toward
n - a ’ , ,  i- , ,  ‘n vi ta ,,,,,i m , , n ’ s a s - l ’  c , , r b ’ a , h , ’  f o r m a t  lot, in I, . ,  ,~a’ i m , t jc , t a . By us i u , , i  PM—soaped preform s (Figure 7),
,Ii s Wat  01 h i , , ’  ni ,ma ’ ‘ i ” ” i ’ i ’ ’  were- prodt icaaci l v  bt , r n u i m a g  i t ,  co nvent ior ,a l d i r ’ s , w i t h  mech,ua ,, i ca l  proper t ies
I’ , la- eq m a ‘a - ‘  l i n t  , ,r auap r-r i~ t i - t ,, tb , ose of t l ,e cast n I  us wro t atj ht cou l,ta’ r l ,art s (Figure 8 ) .  Two of t hese
101 l i n k s  s a t , - s - , , , i i r ,e  t , ’ a l e u i .

“ :

I ig ‘ (‘ontour criuss rolled PM Rene ‘)~ di sk

TABLE 2
Mechanical Properties of Powder Metallurg y Contour Cross-Rolled Plate

Tens Ile PropertIes

1200F15O i(Sl
RI 1200F Stress-Ru p ture

Spec ime n 2°-~ VS UTS El, RA , 2°o VS UTS El. RA , Life El .
Material Location (KSI) (KSI) (°) (°~) (KSI) (KSI) (° o) (°-o) (I-Irs) (° o)

Contour Cross Hub 197 250 13 16 187 225 10 14 251 4,5
Rolled PM
Disks Rim 199 254 15 22 189 226 10 15 126 5.5
Cast + Wrought Specification 180 230 10 12 167 207 8 10 56 30

Forg ings

_ _ _ _ _ _ _ _ _ _ _ _  - - -



*

I 
- ‘

Forging Preform: Finish Forged Disk:
(151/2” OD x 81/2

” thick) (20” OD x 4” thick at bore)

I i~i 7 1-uuII—s ~.iI(’ Ri,’ne ‘15 t ,’tti ing preto rtli and IIP’l disk I u , l ’gulh).’
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II b(,

A si ’ , ’ l es  01 out S t a t a d j t , a u  a,  , i tm l t l  uriia,ia ’ ,,l H ~‘ n , , t I , a ,  i’d by l ilt ’ ‘ , , , t , v , ’ , i b  a , , , , . ’  I l y f ,,n-tn ,’ ,i PM lie,,,— ’ 9”
l ’r’ , t , l , . ,ma , a long  ‘ a i t h  m’ . q ’ a t l l y m ’ a s i i a g  raw m i l le t  a , , l  , , , s b s , 1 , ’ ’ u i ,  t a l l y  led to i ad d j t i oa t ,m l co al r a’ , I , , ,  l i o n ,
ta c t a s ’ , ’  a, ’ , ’ . l i i , ’  I ’ n ’ a m , m n s  oh, t ’ ’ ’-I i s o - n  of I b ,, ,,,’ t a t  ic i t  ia’ s ta t  a ’ ~

1 )  ili ’ ,I,ie,- i’ ,aa. - m,aI i n - m a  I im ~pt i i  wa-

2 1  Il,’tl~,, a’ ,u,u m I ‘ , - t , ,t  ma-I , a b w , t r k j , , , i  open - al ion ,s

3 )  lii ’~I,,, ,‘ tat a m l , e r o f  lnac h , a l i i , , q ,,1, i ’  rt , h io , ,s

‘a t  J mj ’ n~ ts .’ t , a ’ , , l ’ t u , ’ h  ul I uaso t, u , i t i s ; ~i’ , I j o t ,  I , ,  b , , , i  q,i,’ni

Is ’ , ‘‘bo pma’tit ,,I h o t  d a c ’  I t t - i t  i , ,~ , , , i , , , l ,j  l i t  a l ’ s  is .t k,’,- ,‘‘~‘ , u  r( ’ mo ’ m,t i t ,  I h i s  i ’ , , , Ia ’ ,’ a v , , r  — Tb ,a hol die
‘a s on - ms nt i , ,  l v  m a t h , , , , -  I i , , ’  s a v e r ,  I s - , , I s t a r t , , ,  e cha I l  u , ,q  a t , l , t ’ i  , , , t  i t ,  t h e  c-ot, vc-t, t u o , , , , l  “ , ~ I~l’’
ats - MI a -rn , t l , , us  pcr ’ m t at a a n a l  u, r a ’ , b ’ u , - t  ao a , 1,1 proti ’ , I I ‘ a ’  m i t  n- I ’ , , ,  i ,.,,‘a-,’ I ,,~~a- , , l o ’ u , , , l  Ih ia ’  p a r t  . III ; t tht l  I I  jon , ,
n b , , a ‘‘‘ui P!-l ~‘r ’ a- I’ ’ rm t a ’ ’  l l n l , , l , , u i ’ a  s a l  i c i  i t t i l la t i te i -,n’ uu r ’ ‘i n , , , , , ,  I a ’ ’ , ’  of  ,,l ,lm a ’ , ‘n u nu .t ry i n pu t  m m a t a ’ r i  i and iii so

e-, ,o - ,— n h , ,  t m,u n ~~a ’ n a~t noa h ii v i t a l s  ut , ’i o pea— u at lot, , , requ ai re,l to u ,, , , , I , r’ liii, l a s t  mo—e l m i t t  o a t r - ,, , t ,r , ’ ,a ,,,,I
me, I , ,a , , i ,  a l u ’ m ’ ~i ’ a-  r I t a - s . A_ it , , ,t i i i  - ‘ I  1 , 1 , 1  of t I,, ,, 

~~~~~~ I, w i l l  ii i ’ t h e  o b a ’ v e l a , p t n a - n u b  o f  a,, u lt r aso) l , i t
it ,,’ i’’ ’ t t ot , t , - ,  h m ,o ba ,a m’u t ap . i l ’ h e  of ot in . j ,~’ t I ~~~ ,-i, r’v n’d , tat -a r , u n ’ I  nuI, , , i , , ’  (‘ o lf l t t ot ,a ,t, ts .

h u ’ ’ ’ a- a- l op armn ’ t , t  of II,,’ t ’~-t f arg int u preform I i’ ,  li tnol ,, ’iv , A,i ~ It a di tog I he mob i I a n .y to I ,,h , t ’ i c .t t c  shaped
c’ eimpott enl t ‘a , u~~ j ’ . , s - m n , , i  ihe a . , , v  for o’ u , ’ , i  i t t ’  t i  m a  t o O t  I , t ’ m t a ’ f ih  a from powder rnia l t, l I t i n - g y  p nt , u  e s s i m m g .
I , , , ,  ,a b ‘ a n ‘ u i h , a ’ S  ‘‘ 1 PM i ’ m a ’ I , , rm ’ a a i t , l a ,  , , I  a’ ,l t h , , , t  ma ’ , h , u a a a i r - a 1  Itro it ai’l ma-s  t—o t mapn - u i t , j v~’ w ith hi , , ,s , ’  t,t I , i t ’ v , ’ ,
an , l a  ia a . ’,,’ , o , u h , b  la ”  , , i  I;, a , a e d  u n ,  III I’ ,a,,al I,’’,,, t , a ’ ,,ted Ba’,,,’ ’ ‘ i ’  compac - l 5. Ai lt l I I  A , o , , u a l  cost  red, ,ic t i ota
l ’ s  a- I  i mi , u , , t  m n a u i  t i , ,  1 ,o n i i ,  n i  o I ’ o ’ r . , t  a , , , ,  from t u e  mma.-a t , u i f . ’ , ,  I uar ’ i , ,q s a ’ p i a ’ t u  t a’ of  som e’ PM pui r l s j s th , ,s wa, l I
s a t  hin t I Ii,- m ‘ ‘ i b m  iii m a ’ ,, l i t - s . -

( h A _ I l l ’  \u .t’~S \ i- i ‘II Ic l’i’ !-’(hit’l S

I - i a - t i n  ml m ,,ut ,o but , ’a ’ ,’ i - a ,.,, m ade in, the past si’s-a’ , ,,i s- , a t , l  a, , l a , r t I , , ’ t -  a ’ f l , , mn  ‘a tori ’ req ui re-t I t o
‘1’ ’ ’ “ 101, u s -  a t  net I i  , ,n ijs ;,m ~

,, 
~‘ a ’ n~a ‘ ‘ i  o f  a u t i p a ’ r a l  l’ )s- M i , , t o  a m u atu r— , ’  t t ’ c h a m o l o g y _  Paniot,q t h a n  ,‘ ,a ’ a ’ . ‘ at of

u t  c rest  t i ’  pow ~lt ’ r h,-at u d I a t u q ,  ah a p c — m a k a , , a 1  r’a’p ro dum c ib i I i t y  , pro d t uct j o t , ,  ,,,i IIIP I,,, , I i n  i t ’ s ,
non ’ le—t  ,,‘ t a ’ a - ,- i uia,~a’~- t j o t , ,  Ar qot, .,I om a / , 1  I o n  is a sd I — t a n , t I , I  isI,ai d i,I’ ’,, ,ess of pow tia ~’ r pr ~ t~i a , , ’ t  j o t , .
hl owa -s a’ r . bu. ’,,~I l m a o  oh  i,t,,n’,’ i,,,l.,ui’rs up to  ai,d i , tc l t , d jn , , 1  the poim ~o of  cor ,s o l idat  io, , a , ‘ ‘ u i , i re s  j ,,d,asj t v —
‘a udna , a t O r u n i h t ’ a , I qu~a 1 a t y  c omub , , , l  m’’ .aa , i r  ‘ ‘a , to  ,av , , u , 1 c o u a t u a m i , , , , j  ion . 4,’buj in ’ the m,’uk i t ,n j  of  a a ’ i , , t  i c e l y
s a m p l a ’  ai bu,,pl’s I ’ ,- I F,e tao — l i l t ’  p roc a ma’ is  a ,ow . 1  ha’ai ,d , t h e  c a j ~.~lui I i t y  of repro i1uc il~l y lab ia  i ‘ -at ing
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S U M M A R Y

In th is paper the potential advantages arising front Dowder metallur g ical production of
turbine discs using different processin g methods are discussed . Our res earch wor k In-
cl uded the following productio n method s :

- powder compressed by ho t extrusion , c’isc shaping by forging in a convention a l
fo rg ing  pres s;

— Ar go n—atomi se d powder compressed by hot isost atic pressin g (HIP), disc shapin g by
for ging In a convent ional forg in g press ;

— Ar gon—atom i sed powder, comp ression and s imultaneous disc shaping by H IP

‘ he influence of different steps Is discussed , e.g. HIP - p arameters , forgin g p ar am eter ~and heat treatments on ~icr ostruc ~ ure and results of tensile tests (from PT up to 800 C)
cre~ p ru pture test (650 C and 730 C) and low cycle fati gue tests (test bars a t  PT and
600 C a nd sp inned discs at RI), Para meters have been found for HIP In combination w i th
th er n uomechanical post treatment which produce a microstruct u re i n  wh i ch the previous
pa r ticle grain boundaries are not densel y covered by c a r b i de s .  Th is  microstructur e
lea ds to mechanical and technological proper ties which appear to be a d e p u a t e  for the
use of these PM—materials for turbine discs.

1. IM’T RODU C’TIO N

Powd e r — m e t a l l u r g y  p r o c e s s e s  hav e  been d e v e l o p e d  so f a r  tha t  th~ manuf a c t u r e  of c r i t i c a l
components for a i r c r a f t  eng ines  by t h e s e  processes can be considered . If those proc-
esses are used to produce turbine d i sc s ,such Darts are expected to offer the following
a dvantages over conventional forged ones:

- Improvement of the minimum values of the mechani cal properties of comp onents , by
ei ther ra i sing the mean values usin g higher —alloyed materia l s , and/o r b y restricting
the s c a t t e r - b a n d  of the mechanical properties I n  comparison to conventionall y manufac-
tured components.

- Reduction of the total costs of the components by saving material and mac h i n i n g  work
u s i n g  shapes of  the rough p a r t s  c l o s e l y n e a r  t h e  n e t shapes of fini shed part s ,

The goal of t he work reviewed here was to investigate the extent to which these expec-
ta tions can be ful f i l l e d ,

On p r i n c i p l e  to p roduce d i s c s  by p o w d e r - m e t a l l u r g y  p r o c e s s e s  the f o l l o w i n g  s t e p s  are
needed (C f . scheme In F ig.  1 ) :

M e l t i n g  of a l l o y
Powder I ia t l on
Cann ing of powder

C o n s o l i d a t i o n  of powder
T e s t i n g  of b l a n k  p r o D e r t l e s  a f t e r  hea t  t r e a t m e n t
Mach in ing  to f i n i s h e d  par t

V a r i o us  p o s s I b i l i t i e s  and a l t e r n a t i v e s  a re  known  for c a r r y i n g  out each of the b a s i c
ste ps shown In the scheme . Vari o u s  c o m b i n a t i o n s  of these separate steps are p o s s i b l e
to produce the f i n i s h e d  component. The choice will depend on which of the ob jective s- Impro v em ent of properties or cost savings - is nta d~ predo m inant.
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2 .  E X P E R I M E N T A L  P R O C E D U R E S

2 .1.  S e l e c t i o n of t h e p r o c e s s

The s e l e c t i o n  of p r o c e s s  steps for the Investi g atio n ’ s described here was deternn inp d
pa r t ly by the a i m e d - a t  goa l and p a r t l y by th a a v a i l a b i l i t y  of test and product i on
f a c i l i t i e s .  Three  me thods  of p r o d u c t i o n  were  a d o p t e d :

A . Argon ato mization of the alloy and consolidation to 150 mm a la stoc k by h o t
extrus ion pressing (orocured from Federal Mo gul , U S A ) , for g ing t O  “ pa n cakes ”
in a d r o p — f o r g ing p r e s s .

8.  A rgon atomization of the alloy (at TEW: Th ysse n Ede l stah lwer ke A’ , Yr a ’ fe ld , B R D
r es p . K H : K e l s e y  H a y e s , Petroid , USA ) and hot i s o s t a t i c a l l v  p re tsing (h ippin g )
in steel cans (at TEW) without any ~orq In g .

C . Argon ato mization of the alloy (at TFW resp . (H), hi p r l n i g in ste e l cans and
fo rg irq In car. nl n g s into disc blanks in a for g ing press .

It was possible to adopt method A without del ays , this serving to g a t h e r  e x p e r l e n r ~ on
the parameters for hot-forming powder—metallurgy pre m at e r i a l . ‘a he ha ni a l ica p g t h i s
method Is t he restriction imposed on the disc diameter by tbp diameter of the a v a i l a b l e
ex trusion presses and by the heiqht/ ’;ross section ratio in u p s e ’ a t i n q ,

Cos t savings can most likel y be ex pected from method 8, particular attention havin g  t o
be g iven to ensuring the aimed—at properties. A hot isostatic p ress with an ad eq ua t~
useful d iameter is a prerequisite , h o w e v e r .

M e t h o d  C , like A , offe rs good prospects of achieving the mechanical properties ai m e d -
at w ith o ut close restrictions on the diameter but entails the disadvanta ge of h i g h e r
product ion costs than B.

2.2. SelectIon of materials

Invest igations were carried out with Udimet 700 and IN 100 as materials .

Mea n compositions are:
C Al Ti ‘ Mo Cr Co Fe V Ni

U 700 0 ,15 4 ,25 3 ,50 5 ,25 15 ,0 18 ,5 1 ,0 m a x , i — I ~em
I N  100 0 ,16 5 ,49 4,82 3 ,04 9,R 6~ 15 ,0 0 ,38 1 ,02 R~ m

Discs of U 700 are al ready produced by conventional forgin g , so that data for compari-
son a re available, Tht s is not the case for IN 100 , or i g i n a l l y  developed for cast
turbine blades. The alloy com position , h o w e v e r , promises some adva ntages ~nr hi gh
temperature applications. Rela tive to the nominal composition of IN 100 the carbon
conte nt was lowered.

- Udim et 700: TEW powder to 0.03C - 0.050 5 C

KH powde r to 0.020 5 C

- IN 100 : TEW powder to 0.030 - 0.050 5 C
KM powde r to 0.020 5 C

Fo r c annin g , powder part icles less than 80 mesh (p a rticle diameter less than 180
microns ) we re screened out under vacuum or inert gas , the ave rage tap density of al l
powders being about 65 5. The oxygen content of the powders , determi ned with sam p l es
prior to canning, was

- Udir net 700: TEW powder between 80 - 140 porn 0?
- IN 100 : TEW powder between 80 - 200 ppm 02

KM powder 130 ppm 02

2 .3 . Canning

After atomiza t ion , the powder was collected in containers w hi ch could be evacuated;
part icles with diameters less than 180 microns were separated under vacuum or inert
gas , transferred from the container to the cans in a glove box respectively vacuu m
screener. After this , the filled cans were heated up during evacuation , a n d w e l d e d
tight l y. The can consisted of two deep—drawn Dot section s of 18/8 steel wel de a i together ,
Figure 2 shows how a can looked prior to (a) and after hi ppin g (c). The s l i g h t e s t  l e a k s ,
par ticularly at the we ld , lead to puffi n g-up of the can during 0hi e dropping o~ the
pressure after the hipping operation (b). This means in the case of large diameters,
that the furnace of the press can be destro led . C hecks for hermetic sealin g and sp ecial
pre-heat ln g cycles virtuall y exclude d such mi sb ap e s ,

.4 -
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2 . 4 . S e l e~~t Io  n of HI P p a r~~m e t e r s

O~ par t i c u l a r  importance Is the determination of the ri g h t  HI P p a r a m e t e r s  f or proc ess-
ing me th oam s B and C. Hot i s o s t a t i c a l l y  p r e s s e d  s p e c i m e n  with rn i cr o p o r c as , pa r t i c u l a r l y
1’ these must be attribute d to ga s i n c l u c i a ’n ns , cann o t he healed ou t  by s u b s e q u e n b  ho t
wor ’ Ing .

The b est h i p p i n g  temperatures for Ron~ 95 , U ’iimet 700 and I’~ 100 powder m a t e r i t ,~,s were

~o be id e n t i f i e d  from a seguen re o f p r e c s ~~nn1 t e m p e r a t u r e s  b e t w e e n  1’)SO and 1300 C us ing
the same pressing time of two hours (Fig ure 3), No connecti on was found be twp e n m icro .
pores and h i p p i n g  temperature at the temperatures select ed ,

A l l  i n d i c a t i o n s  are , that if there are a lot of m i cr opor es , the y are caused by faul t’ ,
c a n n b n g  or even by the use o~ powders w i h b  qa~ i n c l u s i o n s ,  I~ the HIP paramet ers are
-‘ssess~ d on the basis o tensile te n ts at 535 C and 730 0C , a n d  o f time-to—ru p ture t e n ts
at ~u 5 ’ ) 1’ on smoot h and notched cn ec im en 5 taken from h i p — c o n s o l i d a t e d  m a t e r i a l  up- ne t-
f o r g e d  i n c o  d i s c s  and  he a t  t re atnil , it is  ov i de n t  t h a t  h igh  p r e s s u r e s  p r o d u c e  f a i r l y
good results at a l l  temperature s for a pressin g time of 2 hours (Figur e 3).

F’or  t~ e assess me nt of HIP parameters , p os t h i p pin g te icr os tructure s must be taken vs a
i-,u1’~a ”: in the case of the allo y  IN 100 with the lowered ca rb on cont en t , no heavy
c a r b i d e  d e p o s i t s  do f o rm  on the  p r e v i o u s  powder particle boundaries at pressing
tem peratures lower than the ‘n - so lutio n temperature (Fig. 3 ) .  The previous powder

~~“ t i c l e  boundaries are s t i l l  v i s i b l e  in the consolidated material using press —
te m p eratures up to abou t I050 0C . In t hi s  temperature region one can also f i n d  i s o l a t e d
nn icr 000 res neighbourin g coarser partic ~ os .  Us ing press tem p eratures above the ‘n —

solu tion temperature (up to about 1220 C) com pl ete recr~ sta l l i s a ti on oc cuj r~ s du r i n g
the con s o l i d a t i o n  process. In some cases , howeve r , the previ ous p a r t i c l e  boundaries
are l i m i t i n g  the g rain growth . Press in g at s t i l l  higher temperatures result in a
m 4 c r o s t r u c t u r p  s h o w i n g  f e a t u r e s  of e u t e c t i c  ‘y / y  -formation s i m i l a r  t o  i n c i p i e n t
m e l t i n g  in cast sp eci m en .

In the  ‘o s t s  t b e r e a ’t e r , H IP t e m p e r a t u r e s , w h i c h  m i g h t  lead to i n c i p i e n t  me l!’ ng were
avoided since the effect of such structural ch anges was not know n , espec i a l l y  w i t h
regard to fatigue life .

t-e ot herwise untreated . h ipped Udimet 700 specimens of the first test seri e s , at
h i p p i n g  t e m p e r a t u r e s  a b o v e  11 60°C , all showed heavy deposits of c a r b i d e s  on what on ’ce
were the boundaries of the powder particles.

V a rious h i p p i n g  cycles (Fig. 4) were then employed in an attempt to achieve a micro-
structure whic h  after hippin g  would be free from heavy pre cipitat i on s on the former
powde r p a r t i c l e s , Hi p p ing cycle IV gave th i s result , the former powder p a r t i c l e
bc~~ndari p s h ow ev e r remained in the microstructure in the form o~ g rain  boundaries.
Cyc le V a g a i n  p roduced  c a r b i d e  p r e c i p i t a t i o n ’ s  on the b o u n d a r i e s  o f the powder
p a rticles , ~ u t  these did not form so dense l y closed layers as obtained in previous
t e s t s . C ycles I , II an d II I  emnl oyed additional p r e—he a ttreatm e nt s a c h i e v i n g  a
st ructure w hi c h w ould be less susceptible to MC p r e c i p i t a t i o n  durin g the HIP pr o c e s s .

F ig. S l l l u s t r a ’es the results on microstruc h ure obtained by this measure , Al s o from
the aspect of a t t a i n a b l e  m e c h a n i c a l  c h a r a c t e r i s t i c s , double pressin g (p rocess I I I )  is
to be pr e~~e r r p d  to single pressing (Processes I and II ).

2. 5 . ~o t  I

D i s c - f o r m i n g  tes ’s on eot rud p d PM p r e m a t e r i a l  ( m e t h o d  A )  s h o w e d  t h a t  h o t — f o r m i n g  o f

such h i g h l y alloyed m a t e r i a l s  requires pro tective cannin u3s . Th is cans h ave to keep the
t e m p e r a t u m r e  n e a r l y  cons t ,tnt and roughly consistent over the entire b i l l e t  and its
sur ’ace s . Fo r metho d  C , the protective c a nninas n o r m a l l y  include the c a nn lnq m a t e r i a l s
from ~~P co nso l i d a t i o n  and a d d i t i o n a l l y a cannin g of structural steel (Fig . 

~ ) .  Us ing
starting em pe r a ti j r es of 1170 °. 11 € 0°, 1150 0 and 11700 for PM Udimet 700 , and 17000 ,
11 80°, 1 1100 a nd 11500 for PM IN 100; the upset operati on on a for ging press was done
s u c c e s s ’ul li in several steps or else t n one up ~o a total de formation of about 70 % .
From n h e h I P c o n s o l i d a t e d  p r e m a t e r i a l  of a b o u t  130 mm In ’ diameter and 180 mm in h e i g h t ,
fl a’ ‘ I I S C S  w a - r e  made approx im atel y 270 mm in diameter and 45 to 50 mm high . Photographs

~ pme discs after hot forming are shown in Fig. 7 . Of the 70 discs made of this si :o ,
no more ‘han’ two exhI b i t e d  tears , which w i l l  have to be viewed in connection with
l e a~~,m gec a ’tpr hot isost a t i c c o n s o l i d a t i o n , h o w e v e r , Hot forming does onl y deform 5be
ma t e ri a l , it w i l l not remedy mi crofl a ws coming as a r e s u l t  of remaining gas between
‘he p ow de r particles enclosed durinq con s olidation .

2J ,  “ a- -i ’ T r e a t m e n t

For Ud ime ! 700 material produced by the norma l m e l t i n g  proces s , the commonl y recommen-
ded hp~~ ‘ re a t m e n t  is :

11 800C 4b r/A c • 1080°C lh r/ A r + 850°C 2dhr/A , + 7600C 16h r /A c .
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For Pw ’ .prem eter ia l produced per m e t h o d  A ,
1 1 2 0 °C 4 hr/Ac • 850°C 24 hr/Ac a- 760°C 16 hr/Ac

ha s given q n ’eater benefit in terms of the 06?-v l e l d strength up to 8000C p roof tempera-
ture creep rupture strength at 6300 and 730 C under high load .

For HIP consoli d ated material without any forgin g (method B), we feel that heat treat —
‘ e n t  le p e n d i ng  on H I P — p a r a m e t e r s  s t i l l  needs  pe rfectin g . Discs acc or d in g m ethod C (HIPa-
t o t  ‘orm i ng ), when heat treated by the second method , have already shown good results .

Na ~ e s t a b l i s h e d  he a t  treatment processes for conventionall y produced m a tor l als of IN 100
is k n o w n , For P M _ I N  100 hot fgrmed material , t he following treatment has shown good
re sults: 1220°C 2 hr/Ac • 890 C 24 hr/Ac + 750 0C 4 hr/Ac. Before a selection of a
~ r c a — e S S  use ful f o r  the turbine disc a p p l i c a t i o n , c a n  be m a d e t h e hea t t r e a t m e n t w i l l
s t i l l  need some op t i r n i s a t i o n  work .

3 , RESUVS

3 .1. Results from Discs from ho t  extruded pre m ateria l U 700 (Method A)

Spec im en s, t a h e n p rom discs  produced by upsetting hot ex~ ruded oremateri g i and
co’n X e ’ a t i o n a ll - l heat treated (HT I: 1180 °C 4 hr/Ac + 1080 C 4 hr/Ac a- 850 C 24 hr/Ac +
7~~ C ~f hr/ A c ) ,  s h o w e d  a t  e l e v a t e d  t e m p e r a t u r e  t e n s i l e  test results (Fig. 8) at or
lu s t  below the mean values ~or co n ve n t i o n a l ~~y pr o d u c e d  m a t e r~ a l , Us ing a modified
h eat tr eat ment (HI II: 1120 C 4 hr/Ac + 850 C 74 hr/Ac + 760 C 16 h r / A c ) ,  t h e
c h a r a c t e r i s t i c s  for the 0.2 li mit were improved considerably es o ec l all y for te mpera—
•‘,,rp ç below 7~~0°C.

No r e l a ’ ’ o n s b i p  between pro o erties and position resp . orientation of the specimen in
t r e disc would seem to be indicated.

‘bp stress r upture performance a t 630 °C s u r p a s s e s the data for cgnve n tiona l material
e x p e c t e d  by ext r a p o l a t i o n  of La r s o n - M i l l e r  (cf . Table 1). At 730 C the e x p e c t e d  t imes
a t  rup ’ -~re are not fully a chieved , For bot h temperatures , heat treatment HI II has
aff ord ed an advantage. T imes to rupture of notched specimens are normall y l o n g e r  th a n
th ose o f p l a i n  s peci m ens, Considering the usual scatter band for stress rupture test
r e s u l t s , the o r i e n t a t i o n  of the specimen in the disc has no effect on stress rupture
st re n gt h .

‘~ot h p d ~‘ p r oduces turbine d i s c s  in PM-Ud im e t 700 with m o d e r a t e l y  im p roved  propertie s
over c o r v e n t i o r ~a ll y made discs.

3. 2.  ~esu l t s  f r o m  u n f o r g e d ,  H IP c o n s o l i d a t e d  D i s c  B l a n k s  (Me thod  B)

A s s e s s m e n t  o~ t h e  m a t e r i a l got  by the hot pressing me thod employed here goes by the
a o llowi n o c r i m e r l a :

— m i c r o p o r e s
- mech anical pro per ties in onl y h ip ped condition

- mechani cal pro perti es a fte r heat trea tment

A reproducible r e l a t i o n s h i p  of m i c r o p o r e s  to the hot  p r e s s i n g  pa r a m e t e r s  would not
seem to be indicated . W hile certain HIP parameters would normall y p roduce material
‘ r p p  ‘roe micr o po re s , some of th e pressings showed considerable micro p orosity at the
sa me H IP paramet e rs, The survival of m i cropor e s in the structure , then , w il l  hav e to
be att rIb u ’ed I’) canning methods and the selection of powder .

P~~n e  me c h a n i c a l  properties (Fig . 9) in ’ the only hip p ed condition (without heat treatment)
var y with th e ‘ - d i s t r i b u t i o n  and -s i7e achieved by thp thermal treatment during
pressing and by the “bonding ” achieved between the former ponder partic l es. The 0.2
yiel d st reno ’h (Fig. 9) at test temo erature s up to about 700 C greatly reflects the

-size achie ved by the thermal exposure. A t  elevated temperatures the “bonding ”
o ’ ‘he  p a r t i c l b s  is o~ greater importance with regard to the 0.2 yield strength
a n d  the  stress r u ptur p performance . T he examples shown i u’u Fig, 9, indicate that t he
‘wo s t a g e  H I P — p r o c e s s  w f l l  give the best bonding.

“ h i s h olds true also f~~r heat treated HIP specime ns (Fig. 10), w here at test tempera-
t , r e s  a b g v e  700°C the d ouble-pressed specimens prove to be sup erior , afte r both heat
‘r e e tm en n s , t o  ~he si n gle pr essed specimens. Difficulties are encountered at tem p er a—
‘ ‘jrp% ab ove 700 C in the matter of stress rupture performance , The m aterial is very
‘ n s I ’ i v e  t o  a t c rupt  t r a n s i t i o n s i n  c ro s s  ~~ct ion such as the y occur between the gri n
end a n d  •‘ ta~~ lau ge l ea u g s h . Not r h  çe n s l t i v i t y  becomes apparent also from the timø to
r~ pt ure of not r h e d specimens:
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H I P  pat tern Heat Test I Load t r ~tr eatment  tamp . 2C N/mm h I S S

I V  100C °C 500 bar MT II 650 1030 8 .3 3 .6 9 .7
5 h r MT II 650 I 1030 6 ,1 no t ched

V 1050 °C 1900 ba r
2 hr HI II 650 981 43 ,7 - 2 .0 8 .5+ 1 1 7 0  C 1900 bar HI II 650 981 16 .7 2 .0  7 .8
c hr - HI II 650 981 27 .4 3 .2  11. 2

HI II 650 981 48 .2  4 .4 11.5
HI II 650 I 981 - 28 .6 n o t c h e d
HI II 650 981 30 ,4 notc hed

In our i nv e s t i g a t i o n  Method B d it  not ye t  g i v e  d i s c s  wh I c h wou ld be sure to p ro v i d e
all des ired characteristics reproducibl y.

3 . 3 .  Resu lts from Discs from forged HIP- p remat e r i a l (Method C)

Assess ment of the re-formed discs went by

— m i c r o s t r u c t u r e
— v ariation of tensile test characteristics with

test temperature

- fatigue performance (LCF at RI and 600°C )
- c r e e p  rupture  s t reng th

T he m icrostructure is assessed from the aspects of m icro p orosity and grain structure.
Mi c rop oro slty comes with the hipped material and is not healed out by post HIP hot

~o r m I n q , es pec ially not if it is attributed to gas inclusions, The g r a i n  structure is
su bject to change by hot forming, es pecially when after HIP consolidation particle
bounda ries are not densil y covered by ca rbide p r ecipitation s . (Fig. 11) ,

‘he production parameters for the material to investigate the n o t - h o t — f o r m e d  condition
(U 11) were  the f o l l o w i n g :

980°c iS hr a- 980°C 3 hr 1780 bar + 1120°C 3 h r 1920 ba r

powder  m a n u f a c t u r e r :  TEW , 0 2 c o n t e n t :  105 ppm ,

size after hipping: 130 mm di a and 180 high

Disc U 15 was hot formed from p rematerial with nearly Identical HIP-parameters as
p res sing U 11 (pressing cycle III)

980°C 15 h r + 980 °C 3 hr 1930 bar + 1120 °C 3 hr 19S0 bar
powder manufacturer: TEW , 02 conte nt: 140 ppm

hot formed on a forging pres s in bica nning at

1150 °C i n two upset steps of 50 5 and 20 5.
Fi nal size of the pancake: 275 mm dia and 50 mm hiqh ,

F ig, 11 shows , that the microstructure resulting fr om h e a t  t r e a t m e n t s t r o ng l y dep~ nd s on
the micro structure entering the heat treatment. I n tensile tests at rOO °C and 700 C o n
bee t tr eated specimen pr essing U 11 shows higher 0 ,? yield strength but poorer rupture
s trength and d u c t i l i t y  compared with U 15 .

One disc (U 3) was investi g ated in a total cut; the production parameters were nearly
the sa me as with disc U 15,

980°C iS  h r + 980°C 3 hr 1870 bar + 1170°C 3 hr 1960 bar

powder manufacturer: KH , 02-content: 150 ppm

hot formed on a forging press in b i c a nning

at 11 ’~0°C w ith steps of 30 ~ - , 20 5 and ?S S deformation .
F i na l size: 2 70 mm dia and 45 mm high .

T he mi c ro structure achieved after hot forming and after heat treatmen t

1 12 0 °C 4 hr/Ac + 850°C 24 hr/Ac + 760°C 16 hr /Ac

is g iven in Fig. 12.

-I,’ _____  ______________  ___________________________



On ~ b is disc , 0.? yi el d  strength and ruotur e stren g th up to  proof temperatures o~70C’ C (Fi g. 13) range above the mean values of conventionally manufactured materi a l .
P e c u l t ç  obtained from this material in fatigue tests Indicate a notable inde p en d enc e
‘ s p e c i m e n  “ r i e nt a t io n  ira the  disc, The obtained 1fF teS” res ul t c were s l i g h t l y

c~~p .rm or t o  the r~~aracter i st i c s obta ined for discs in Was pal ov . I t  i s  m e r e l y  t h e  t i m e
to ru~~’ure of 13°  C of ra d i a l  specimens which does not meet expectations,

~ ,a ct t a ~ ’m: . Lo ad T im p to Elongation Reduction of area
-
~ r u p t u r e

h

‘ S O  fl? 17 , 7 6 .0 I 10 , 5
fl ? - ?~~,5 notche ’i
PR? 31 , 8 4 ,5 rup ” ure  a t  t r a n s i t i o n ’

‘30 PR? 35 .5 no t r h e d  
I

588 73 ,4 3 .5 rupture at t r a n s i t i o n
4 ,5 no tched

22 .0 3 ,~ r u p t u r e  a t  t r a n s l m i o c
1 ,5 no tched

1’ a p ’~a ’ a rs  ‘“ it discs ~f h i p p e d m a t e r i a l  e x h i b i t  not ch s p ” si tiv i t’ , e v e n  l~ t ” ev  are
“ “  t ‘~~~ “~~~1~~’(

h v  ~~e t s o d  C •lso ~a i scs of IN 100 were produc ed , The m i c r o c t r u c t ure 0~ ‘wr’ o’ these
“1 5 c c ‘S g ive n  in F i p ,  14 , T h e  differ e nce In t h e i r  m anu~~a c t u r i n r ’ i  p a r a m e t e r s  i~~, one ,
I n  d ’ c f e r e r t  t e m p e r a t u r e s  ~ t t h e  se co nd  step of hot i s a ’ n s t a t i c  prps~~ 1r g  In the c o u r s e
o f d o a b l e  p r e s s i n g  and , t w o , In ’ different for ging step s: three St ep s f pr  disc IN 19
a n d  t w o  steps for disc IN 30 , T hese differences p rod u ce d d i f f e r e n t  p r a m  sizes at the
sa m e “ eat treatment (Fig. 1 4). On ’ d i s c  IN 30 , remainders ra ’ former powd er p a r t i c l e
b o u n d a r i e s  with precip i t a t i o n  were still noted .

Ttp characteristics for ~hese two discs (Fig. 15 )  ob t a~,ned from tensile testing up to
cr oe ftemp eraturec of 700 C and from LCF testin g at 600 C differ l i t t l e  one from the
other . It is onl y a t  800°C that d isc IN 30 gives su n eri o r 0,? yi el d stren g th and
r’j o tur p p erformance. No differences were noted between rad i a l  and tangential specimens.

P resen t results from stress rupture testing at 730°C on disc I’I 30 s t I l l  n ive no
i n d i c a t i o n  of the effect the orientation of the test specimen may have on the data
at rupture:

Tem p. I Load lime at :~ Elongation Red uction In Orientation of
- 

2 rupture area spec imen0C kp/mm h S S

730 a 60 162 .6 6.0 9 .6 tangentIal

- 
3 1 . 9  7 .2 17 .3 rad ial

55 370.3 1.2 8,3 tan gentIal
416 ,9 3 .6 8.2 radial

IPi e compa ~~a t i v e ly low d e f o r m a t i o n  a t  rupture , which also Is obtained in tensile tests
a b o v e  7 30 C , i s  a notable i n d i c a t i o n ,

3 ,4, S p i n n i n g  test

I n a d d i t io n  to the common testing methods using test bars for tensile test , c reep t e s t
and fatigue test , d iscs produced from PM-material have been spun . Two types of tests
have been used for gett i ng a better knowledge of the service p erformance of these
ma t e r i a l s  u t i l i z i n g  the uneven stress condition of a rotatin g disc . The discs show
almos t the some strength along the radial direction and have got a bore in the centre ,
which acts as a notch . The diamet er of the test disc is about 120 mm ,

At te st type A at room temperature the revolutions per minute of the disc are increased
to ce rtain steps. The disc i s  stopped then and the gained enlargement of diameter is
record ed. In Fi 9 . 16 this parameter is drawn against the revolutions per minute for two
discs from onl y h apped PM-U 700 (U 11 ) and for one disc from hipped and a d d i t i o n a l l y
forged PM-U 700 (U 15). By this the results of tensile test are confirmed qualitative-
l y: t he d i sc , produced from the on l y—h ipped material U 11 which shows the higher yield
s t r e n g t h compared w ith U 15 , is less deformed than the disc from post forged material
a t the same rev olutions per m inute. The spinning was not continued until burst of the
d i scs , S ince these were needed for further ICF-tests . The number of r .p. m. at bu rst
wo uld show whether the hig her ultimate strength of po st forged U 15-material is
confirmed also .

In test type B also at room temperature the revolutions per minute of the disc are
Inc reased w i t h i n  about three minutes to a fixed maximum value and are then reduced to
Z p r O  a g a i n . This cycle m~ repeated until  the fi rst crack appears re cpect lve l y the disc
b u r S t S , F i g .  17 Shows thI s number of cycles drawn against the maximum stress in the

_A
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c e n t r a l  no tch  of the di sc at maxi mum r .p.m . For comparison some re s u l t s  are g i v e n  for
d i s c s  of  W a s p a l o y  and IN 718 materials which are quite s i m i l a r  to U 700 . With 8400
cycles to fracture the onl y h i pped U 11—PM-material n e a r l y  r e a c h e s  the v a l u e s  of the
well es tablished conventional materials. A t 5000 cycles the last crac k inspection w a s
done and no cracks have been found in the disc.

4. DISCUSSION AND CONCLUSIONS

I n this investigation the goal of improoved strength could be reached for tensile
properties in the temperature range up to 700°C for bot h alloys U 700 and IN 100.

Above t his temperature the tensile strengths of PM-U-700 just meet the properties of
co nv e n t i o n a l l y  produced material or even drop to lower values , There is almost no
difference between the properties obtained according to the different production
m e t h ods  A , B and C fo r PM-U-7 00 in the temperature region up to 700°C , but above this
t e m p e r a t u re m e t h o d  A g ives slightly better values then method B and C.

Si milar results are found for PM-IN 100: at temperatures above 700°C to 750°C the
te nsi l e  properties drop considerabl y below t hat of the cast material .

Fo r both al l oys this behaviour might be explained by insufficient strength at high
temperature of the boundaries between former powder particles. The better properties
o f extruded PM-material (method A) show that some Improvement could be achieved for
HIP-material also. Anot her h i nt for attainable improvements with regard to powder
particle boundaries is given by the good performance of double pressing in method B
and C , w hich aims strictly at influencing the structure of these boundaries.

The notch sensivity, found in testing of bars prod uced according to method B , did not
show a negative influence on the performance of the disc in spinnin g test. In this
LCF-test t he number of cycles to fracture is well comparable to values gained from
conve nt i o n a l l y  produced disc material like Waspa loy and IN 718. Further tests w il l
show how reproducible the results are.

I n creep test the longest times to rupture were achieved wi th method-A-material. The
reason for that seems to be found in choise and handling of the powder , since method
C—material was forged also and the times to rupture are not satisfactory In this case .
Compa ring the not extruded materials , IN 100 shows the best times to rupture under
s i m i l a r  test conditions. In general the creep performance of PM-materf al s t i l l  needs
a lot of improvement.

As a result of this investigation it shall be pointed out , tha t it seems to be
possible to achieve by powdermetallurg i cal meth ods , the material properties demanded
for c ritical engine parts like turbine di scs. Further investi gations a iming at
perfo rming the demanded material properti es at full scale and reliably, should be
g uided by the following points:

- development of modified alloys for PM—purposes , which do not tend to form
prec ipitation layers on the surface of powde r particles.

- Pretreatm ent of the powder for gettin g an optimum structure within the particles
before pressing with regard to stronger boundaries in the pressing .

- r eproducible good degas ing and tight encapsulation of the powder .
- opt imi sa t i on of HIP-parameters.

- opti m isat i on of heat treatment.



P ‘ ti

T a b l e  1 S t r e s s  rupture p rope r t i es  of PM U 700 a c c o r d i n g  to product Ion  method A

lemp . S t r e s s  I heat o r I e n t a t i o n  end I t ime to e longa t ion  R .A .
2 t r e a t m e n t  k ind  of spec imen ruptureC N / mm - 

PP 1 S

650 981 HI I R s 17 ,3 23 ,2 10 ,0

650 981 HI II R s 30 ,6 22 ,0 29 ,3
650 981 MI Ii 8 s 111,0 21 .0 26 ,6
650 I 981 HI II I n 570 ,4 — —
650 981 MT II I s 29 ,8 22, 4 29 ,6
650 981 HI LI  A n 26 ,3 13 ,2 - 26 ,3
650 981 a HI II A S 64,4 15 ,2 - 2 2 ,5

650 981 MI 11 A I 4 5 7  — -
650 932 III I R s 69 ,0 10 ,5 15 ,5
650 932 HI I R n 97 ,4 - -

650 932 HI I A s 38 ,8 12 ,4 21 ,9
650 932 MI I A n 87 ,7 - —
730 I 540 

- 
HI I 8 s 314 ,9 8 ,4 - 14 ,0

730 540 MI I P s I 245 ,1 5 ,6 12 ,0
730 540 HI I P n 374 ,4 — -

730 540 III I I n - 514 ,4 — —

730 - 540 141 1 A n 338 ,8 - -

730 540 MT I A n 589,? — —
730 540 HI I A n 417 ,8 - -

730 540 HI I P s 198 ,7 8 ,0 18 ,3
730 540 HI 1 1 s - 341 ,5 9 ,6 10 ,3

730 540 HI II R n 791 ,8 — —

730 540 HI II A s 495 ,7 8 ,8 18 ,4
a 730 540 MI 11 s 331 - —

730 540 kIT II P n 1244 ,3 — —
730 540 HI II A s 217 ,2 7 ,2 13 ,0

Proper t i es  of c o n v e n t i o n a l  forged U 700 are a c c o r d i n g  to L a r s o n — M i l l e r — d i a g r a m :

650 °C 981 N/mm 2 : 0 ,3 hr
932 H/ mm 2 : 1,8 h r

730 °C 540 N/mm 2 : 84 4 ,5

A: axial 1
I’ ad l  1 ~ o r i e n t a t i o n  ofr a 

r spec imen  in d isc
I: tangential )
s:  smooth spec imen
n: notched specimen



p

A I I a a y .  melting ° U700 I~~~~
1oO I¶11,10 “a “e d t  _______________________

powder 
~~~~~~~ I VH2 I I ~~ I I POP I

cannin g [ metai I gias I

____________________________________ 1 ______________________________

c o a a c J i du lan  HIP HE J ~ 
PP

L H  
_ _  _ _

forging hammer forge press lc~~p formin g

_ _ _  

-4
~~~~~~~~~~~~~~~~~~~ _ _ _ _

heat treatment NT l___J HI II HI Il l

_ _ _ _ _ _

Ill

_ _ _ _ _ _ _ _ _ _

machining to Im ifling ,, t urning , qr a acI nq , ECM .1finished I t

properties 
~~~ creep, sp inning

F ig, 1. Scheme of possible produ ction steps for a turbine disc of PM—material .
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INF LUENCE SUR LES CARACTERISTIOUES MFCA N IOUES DES CONDIT IONS
DE MI SE EN OE UV R E DE POUDRES DE SUPE RA L L I AGES A BAS E DE N I CKE L

pan Pierre LISCOP
Soc,ênë Nar,onale d’ftude of Co,,sr,-p,v r,parr c/. M,,feua ’s d’a4 a v i ? i a a r a

(SNCCUa4). Oirecfpo,r Technique (Jvne - ‘1 v,y Cothe,l SP 56
9110? I a,rho,) F

Michel MARTY ef A n d r e  W A L D E R

( l f l , a o  National ,i’t P a /rn en ide RøOiea ’p ht ’i Aei ’asp ,itaa/es ‘ONF HA -

92320 CMnallon Ira,,, e

Résumö

Las caractéristiques des alliaqes a base nickel , elaborés a pa rt ir  de po udre s f i i ~~,a I I ic”a~ sa , r O all,1,’,,, a- , ”. pan a h~ r , j  a,p ’ Oa ” , a

rations successP4es de mise en ~ uvre Le but tie ct lr ,w,iil 4 51 de montrer I ,‘ffet pies pna a ,
~a,,,i , Parara ,a-!nes f l - Is  que

I” proc~dé d’atom,sation di- Ia poudre (electrode t ournant i - at o m isa t iP )rl a l’ argon) ,

-- Ia granulométnie de Ia poudre .
a teneur en carbone de l’ alliage ,

le mode de densif icatton Ifrlag~, pressage isostatiqiae Cipnven tionne l , press.,af i’ Psostat ique r.iliarlr’ , ia f l r t a r4 ’~,SaiP fl unu a .  ale pseudo

asostat ‘‘l iJ~’ 
I

les trai lements thermiques et lea conditions iii- forgeage selon lii domaine de I ’mp#l ,I , a a ’ ‘ a ’ 1, ‘.dll’ I iaa l , a I ,I ,I i Iac atPi if l

Lea structures et lea propr,étès mécariiques (trac t on , fluage , f ait gui’ a l  aqi pl y) i~~a i - ’  1aPr 41 e , ,m, ra , - r ’ s  sun I”, a) I a~~qcs a- abores a

I p ’ t ht i ) p ’  du laboratoire IN 100, Astroloy( et sur des produits andpis l r ie ls ‘Ii’ daat”si’ ,, pruvenances I Rca ‘P ’ As’ , a i ry  ha’, r I ” - ’ ”

INFLUENCE ON THE MECHANICAL PROPERTIES OF VARIOUS PROCESSING PARAM I fl RS
APPLIED TO NICKEL BASE SUPERALLOYS POWDERS

Summary

The characteristics of nickel-base alloys , fabricated from pre alloyed powders , are inf luei ’i p’d f i t t  each 1 th~ ‘,,,C( i’S5IV ~

lions This paper aims at showing the effect of the main parameters , such as
- Ivawder atomisation process Irotat uve electrode , argon atomisa t ion l,

powder granu lometry,

a i r  Pr ’ ’ ’  corPten l a , f  the alloy,
- de~ a s P  A ,i lipn mode lea (rusiori . convent Pond) SiiS t,it p. conlpactinq, les t is, a’. ¶ a I at compac t org. 1,seudo ‘51 ,51 .11 ic unia il romp’ es

sion) ,
thermal I a  ‘ ‘ i l  naio II arid forging a , r , a j , t i a  ii,’, acci rh ing Ii t he temperature range considered f a i r  the appi icait ion

14,i - SI ‘ t a i l ares and the i t t ,  hap a ip ,a I p1 op ert es (tension , I i el f  a low cyc le 1,1 iguel ,ire a’ iii a a u p  I on ,,)Ia Iyi, fabric ated at I ,ila, ia

Oil y stale IPI 100, Asli ial i ,1I arid on industrial priiiliii Is if various origins I f f i ’ né 95, A ’ .Ia a ili tt low ,~~ib iaa , l

I — - ‘ - - — “r - — ,“~~ -h ~‘1 ’
,-r ”r ,ts - 0 u l ’ -S In 1.1(151 1’: cato

q .1 0/, ‘ I, n a!, t i t  a ’ s  (N - it~~ a ’  O~~ ’ ’ his,” l,S0(h ’ at

C’/LFP - ’’ - r a  ~t. I ques mp ’CaIu , f ar’ - 1r’ .~ lI a a ’ ’ ( ’ a I IV ’ -l : .t I noel ‘i c- .aa , ! a r , ’I : 3 a t , ’c i S O St a—

“n t ,  ~~jht, r— , ‘ a, o- l.’ :,i” kr’~ , ~al r t  - -r~~s .. t k ’ )  a” ro il In c:-t . , c, ai~~r r ’ i 3 j a a ’,-, i t l_ 1 L X ) i , f ’

- ‘o’’. a r i~ p’~ • r’°ft ,r ’ t i i l ’ r ’ - - , soot i n T l  ~‘ .e’ 1” p ’ ’ a l  1~~1 50111. ‘it a a r a - Otit ‘‘ ,rm IS IR r lu’ 1” ‘a-
p’ir ‘ . . -~~ e H’S 0p. -r ~it i0 f l a  s a c c . ’ a l a a  a yeS In iii al ’ : 1 -  r” ’. r e , ’ ,  ~‘ t a T  .‘t p’ ’,a’ i m r  ~“tr :n 1’ a p ’ : ,

Cr.  ‘a ” IV X ”  , ‘ alI t Sr i OSV I ’S a -Ic his pri_’nisratt t o ,  I’- . •“  a pr 5’r a l t ’  1 liii aid . l 1 - 2 ~’i) ii’0 - t .  Pt, ’ ,’ -
Ia -~~ In’, et Ii’ 1I1 a i n la S  N - -P it  ~ Ofl 

~ 
I’ a ’’’ ’ , - a a  ,I1 1111 11 in-i- - - - ,  t r,s l t p’ rn r ’a ,t~ t . a ’ r r ) l - la a n - ; .

- trat te:s’’~,t  , t:aia r’”:q a - a  ‘ an  t erIso_ r~Ia - a ’ r t r , a 1 - a , -  . lr ’rn a ‘‘rd l-,raI, la .11015 -l ,”nera l I- a  I i i’j taa~n -I a ’
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1 ‘ b a ’ ’ ’ u u a ’ t s  , ‘ a , ’ ’ ’j a-m t -a - i ,  a a - a - P f l ’ ’, j a i l ’ ; , ’ ’’ a u ll a ,‘ .‘ ‘ ; a l c  ‘ a - a ;  ‘ r s a - ’ P i ’ ’ a - ’ r : a -a

,t, a’ a- ‘ ‘ ‘ - - ‘ ‘ ‘ ‘ n ‘ I ‘: n - ‘ 5 ‘‘ ‘ ‘ a , ’- ’, a - ’ ’ ’  , I’ S . P a a ‘ ‘ a- ‘ p , a- , a , a 5; a- ‘ I 5; , ‘ a ‘ a ar,’Pi’i I-, I t~ ‘‘ “ u ’ ’ -  ;‘ , a- I ‘,~a- ’a n 1 1 -5 n
S - s O w’ : 5 - ‘ i s a , ’  t ‘‘ ‘ n - - a ’ ’ a ’ S ’ ,’ t a- i t S  f a l s a - a l a  s a -  a , i ’ ’ ’ , t ’ u a ,’ ’ l 5,’ ,’ in’ - ‘ u -  ; ‘ a ’a a ’ a a ’ - s s ’ , - a - ’ u r a , ’  ‘a- ;; . ’
, ‘ s ’ ; , ’st i ’ ’ .,, ’ ’ 1 - ’ ‘ a ’  ar’ - 1; P c  cs b- ’a - a’ a , ’ c ’ r’  ‘ a -’  1 0’ .’ .i t ; , ,a .t  a- l i a ’ ’ , ’ i ’ a -  ;w I’ ’ ’’’! , I a - a u n t ’ ’

,a - s a ’ s c ’ : I s u - ’ s’ ’ i  11 n a t  a- b u l k ’ .’ rn/P t ‘ , a ’ i u ’ r a

‘ a .” I ’ , - ’ ’ ’  . T}’I ‘‘- !,i\I;I’ 5~,\t ~, P ~ Il ,‘,, ‘‘ I / . S ’

~
‘a- ; t  ,, ., , , I ‘11 , t a - ’ ’ . i’ a ’ P h u .s . a - a ; .  ‘ .ihnl a - -i a inn a - : ’ ’ n ,u, a ,’ h th a u t s ‘a- ,a-nde r h’veionan a- ’ ’ ’s’ .s’

. I’,,’ - ‘ i~’,’ 5a , ‘ ‘ i ’ . , ’ Cain a - a - a -  ‘ a-ra t ‘ ‘ a - ’  ia ; , lj ’ -,’ i a l ’ s u - a - I ‘‘n a -a - c a - a - ’ ’ .  a ‘a s a - I ‘ a- s - a ‘ f a a - - n  n’ - . ‘ s l ‘ u a ,  — - “ ‘ - - s i t , ’
.a - i  a ‘ c i ’  i ‘,h , , a - u ’ c

‘~—a- a - , .  s t ’ I, a- 1 1’ 1 .‘ ,‘a’ a ; a , m ; ’  ~ ‘ a - ,  ‘ , a - 5 ’ a ’ i c , a - ’  j ail ‘ a - ’ , ’ h a a i a , ‘ ‘ a -  a”,a - ,a. a re .a ,,u i ’  in • ‘r r’ss p ” a r s ;  ‘ a ’ ;a r’ ’ ”c’ a’

‘ l’s , ‘ ‘ ‘ , ‘ ‘ ,  ‘ ~i,os , ‘ ~~~~~ , ‘  ui a’ u’ a i ‘ a r  ,i’’’,I S ,‘ . a - t ion - I t l s ,  (‘a- i s)( l S I. ’ a ‘I’P’a a - - na’ ’ “ a -  a- n ’ s  ‘ b~- ca
‘ 5 ’ ‘

_
j ni-s ‘ ‘ ‘a’ ’ ‘ t a u t ’; ‘si’ v:,;;, a- nut hi a,, P a ’  s f ’ s s pa ’s  a n  ;‘ , ‘ ‘ a ; s s  r a t  a l la ” , a - ;;s i ’ ’ a a a -  , “a- ,’ a - a ”  , , t  s i  a ’ ’ ; ’ ’ ’ rat in,’

a ’ , , ’ a a- n,in i: a - a - ’ s j sa- I a - l a - a t  ‘ ‘ ‘ — a a - > a - is f ’ S !  a-c ; u , u - _ j 1  ‘ ‘a-air ;;’ . ~ P s i  r’,I p i’ ’’  v i , a P i n a - ’  a- ’ i ‘ I’ ’  n”a a”: a- ’ ” ’  ac c i a ’ I ’ l i n a”
a.” pr’s ’ \’c’ i’,’ 

a’ 5 5  ‘;‘a ’ ’ . ia l:r ‘ ion , st r i P ‘ - ‘ s n ’  h ‘ ‘ r ’ovidi; u’ if nec,’ ’ . ; .arv , ‘ a ’ r  c a n a l  in~’ a r  ‘ s i  r f a ’ s  1
‘-,‘ a - i a- ”: ’ r,’d u c t : a a a ;  ~‘ : a - s ’ s ,a - t ’ ,’;~ “s comb i i a - a d “ - a- t a r i c - , ’ ion i -chni na,es in/ia -’ - a ” c - na- I ra- , ’  a- ’,, cos
a- a - t a - - c ;  iv;’ ‘a - a ; ’ l n u’ ’ - ’ : , r a - l ;/ u .’ l S ’ - I n ’ , ‘I”,- n r o c e s s t a ’ s ,’ r a a a u l e ’ s ’ - , , ’ a - ’ r’ a la ’ ’ ,’a - - i ’ ’ a - a ’ s a - ’ n t’ a ’ a-I a - ’,! inph’’use
C : a - a ; , n a b a -  is - ‘ ‘ “~~~‘, i n  V u ,  ‘arc ‘a -

(‘, a a’uraerci :i I and deve ln” - aa -s a ’  ‘ n a - a l a ’ ’. of 1 ha - ’ n i a t e c l  t a u t ; ’ ; ’ ’; w a r , ’  (0 5 as p d ia-a’a a,’ a a - ’ n
a - Y e  ;‘ r” c s pa ’ a - ’ a t S a n ’  th ,’ i. :a-a’n’ r , i m .’ i a s a ’ a s  &‘ (‘ a - - a -  i ra - ’ha p s u ’ . a - - ‘-‘ l ec’  r i c a  (In nsa- i a - a - ’ ia-n It ‘a-,’-a ;,

‘ ‘‘n f l n’a”.a - - a! ‘ ‘‘ :a - ’ ta - d i ’ s a--’ i a’ ;’ a -si  r a - i a- ’ a- ‘ ‘ - a ’ P np’ a- a’ S) S- l a ’ ’ ’ , 5 5  ni’ ‘‘0 ‘ a , -  ‘ u P  a ’ ,’ I , “a- va-n ’ a- a

s- ’ r a ’l ’ , ’ ’ s 1 0 5 5  ,iS a “a ’ ” ’ t i ’  a- i’ a s S  a ’k , ’ i — i n a l ’ i a - ’ a - - a ’ r e ’ r v s t a h l i s a - a - t i , ’ n  a- ’ ’’: ’ i’ll’) °‘ S - d i e s
j na _i i , s a - a - ’ .! ‘ 0 . a - s /, isa - i, ,‘ r ’ ’a ’s ‘.; a- ‘a-’ co.’s t I np s - ‘ “ ha- “ ‘ a - i  na-a- ia ca-a-rh , -ic “n h a ‘ ‘ s i ’  a-’ n i t r s l i  o a-’ san i ‘

‘ s n  ‘n ’,’ ’ .,’a-’ ra” , “ a - ’ a- ,‘ t i ’ ,’a - ’ di ft a p;ss a ’ n barn ic ’ rs  I-s c r a P. ‘a-i va- noun at ,, na - i’ ia-n ((“Pa- a’,’i’
‘0~’ a - -n ’ - s’ -~, i’ ,- t , ’a t to  a li’ ’a c a s i t  co nt i n u o aa - s iv  ‘ . ‘ a ’ ‘f ‘ h a - ’ ; , -  c a ’ a a - t i n , ’ a--

“ 7~ a ’  n a - e l  ‘ ‘n u n ir ix i .- a - P and a - f a -- ax i s postaionin p ‘f ’ p h o a u’..,s a - , l s  o f  “a- a - u . s  in a
a’,,’is ;a ’,l a-’;,nial-ale thickness atrfa’ui l shana - ’ ruled a-u t iaa-olten r’, a - ’ t a l i nf i l; r ’ , ’,io;’ a - a - ’  .1
‘ n - c l s n i q a t e  f a a - n ca ’nal’ inin,’  S t e  “ i lano’.  ‘ a - i ’ , a ’a aa - tr ix si l l’s ’ ;  ii was dec : ; i ea P  ‘ ‘a - a -’ s ’ a a - ck -- c ne
rs’ aa ’ s u’;I ;a- ’- ’ , -”  a,’ ’ ’s’ s a ” ’ s j p ’ ; ’  a” ’ ie s  s.’s, - . “ru ’ a - ’ n t i :a - i iv  a-au ca-s’ ~~~~~~~ I i ’ . ’,- r ’ ae t ha ’ a - l  ‘ a ” f’;i”- a ’ [ , a a - t j ; s a’ I a-ac
a- l u ’ ’  il;’ ,- ! a - b a a - r c a -  . : ‘ i S i ’  p lie s  ‘,.‘‘ a a ui, ai c , ’’;S i s a  • uf  ai l. s a - ’ a ; a - ’ - f  c - a - I  a d  a- ’ i h ras ’a -  s. , ; ;at ’.,’ ; a ’ ’ s a - a P  h,’ t ’4 ’ s ’ ,’ as
i:,’,’ n - n a -  of mat  rix ,iI la-v - ‘I’ P a r ’ s’ , ,-a - t a - i  x ai iovs cons i u S a - - n a - a t  we r ’ ’  a- ’ en a - ’ ra t  lv C a’; I nickel his;’
s’t s”a’ ra -IIr’v cu ;a ’a a -m a -slt ions ‘‘ a -a t rix 1 ,-a si a -’ can t’m u ’  n’a’’’ ula - t ca - ’ ,I coaaama - ’ rc ia- l l ’ :  Ira -apr ah oy p.’a’ - S a - ’ r
a -,, is : S a s n ’ s ’ , I  w i t h  s m , i ~~ ahia- ’  u’ rp,a-a-nic h i n a l a - ’ r s  and p1,,’ .! s a ’ l ,a i ’ rs .

ha s u c k - c a l  pu t’s could ha - c,as~~ol iaI a, ’ a t  by pressure al a; ! a- a- ,.;, ; hi ’ ;a ’a-’ ,’n boa d i e s  - ‘ a -
i s a - a - t a - ’ ic nr ’ s ’s ;S i r ’sj ’ ( j a i l ’ )  - “ta ,  l a a - t I , - n  process  was s ,’ l e ct e d  s ince  it was ca-n’ .  i , t a ’re,

‘ a -  5,, , m a n , -  a , laa - ru ’ , a - ’ - I u- ‘0  n’ r’ aa al uc in p ‘s ’ a ’ ri-a” inc’d a-’ ’ ’’’ — a S  a’ ’ , - :  I ‘-s P’na a - a ’ a -’s , - iaa I had a n p l i c a a - t u i i  P a  ‘a-
o ’ t , ,  a-

‘I”sa ’ pn P na a - rv  a’!’ cc i  a- ‘c a-s a - r i a, ”,,’ ia-hr I a- ’,, a ion ;u rot’ ,’ a - a - is to P a ‘ u P ; ; , - a - ’ va-a-ne st ra P hi a-a -dc
a- h.,; u~a s ’~~~ ’Pi ’ I c~~ a r ’ , ‘ s b ’ , ’ - ,‘ n a a ’ t a - ’; t a m  f j r;,i - ‘ s a ” i ’ l a ’ - l u ’Pns such ‘ S n a p  5 ,a , a t m a chiniaa ,’ and t a - m a - e N — a -
a - ’ n ia- ,L a: ; ’ a - f  ‘ ‘a - i -  a s r a- e a l P a -  a a - i l  t h a I  la - r’ a - ’ qu i r a - ”d t o  a a t : a - l f l  the desia ’i’ ’t f i a a , , l  ‘s Psaa - p , ’  ‘I’!

ne ’ ‘ , t a , a a ’ a - ’  1’ is ‘‘ a - ’ u ’ a ’ u ’ a a s , ’ a - ’ a P  r t t a a - ’  Ib i s  n,’l a - ; h s a - p i ’  a r 5 a - a - ’ .’’  jv’s~ may not he
;a- a s i a - - i - a l  a a - a ’ ’ a ’ a - ’ a iis p or tion during DIP ~- i h,. ‘‘ : vi’ l ’ ’ p’ n - ,‘ ‘ ‘ a a r  . a - i n i a a , ’ rho ‘ aars p ’ a ’ ’ . u t a ’  a- i r’;’oil
n r a -  fo rm a a - r , a - c k -  a - n a t a m a - I  nix ah oy nowder w i l l  ha-’ a i j ” f ’ i a ’u s i  1 ‘ a ’  el i a ’ a i r a . a - t ’ s’ a’,amp’ i,’ ’ n’ Iv For
‘ h i s  a- i- - a - son , a h a - ’  d a - ’ ’,’ a - ’ l u ”  - ‘t a r  l p ; c l a u u t a - ’ ’. a s t u s , I .  nat  t h ,~~’,su ,l. ,, ,a ’ a - , a a - a i u .  ‘ a - I  ~‘a ’ ’’ a-’ c s s i na - ’  ( ‘P ’S’ ’l’ P , a - n
‘ a - s  isc n a- , a - nmal P ’ u a ’a-’ ins ’  or a - l a - - n  s f’ormiaat- ’ , as a- ra - a - ’ . , l t ’ c m l ’ a - a - ;  t a a i p a i t a a - ’ ‘ sna l  . a - i r f  ‘‘ii a t i r a i , ’ n s a - a
f ra n; na- a - I n — a t e !  a-h a p ,

‘V ia, ’  p n a - , ,l t~
, ’i ’ a, n a ’ , ua a-- a l  iv,’ p a - a - a - r i a- ’ , a- ’ a . i ~ ~~ is c’ a- m a a s l d a - ’ i’ u.d ta - a  S a t ’  a I’,’’la u :a ’ a’a’a-’nI I’,

a- ‘ a p ’ ,’ a - a , a ls of ha - a i r ’, 0 1’ opc r ;a - t  la- in wi ‘ N  lIlt-I ai star~ aa-’’ a’ I ,- r a; l ’ , - n ’,, a lil a’ S u I’ 110 0°C and aba-’.’,’
a - - a - , , a a - P a - i modit i a -a - I  .ihumj ni’sje nack- - . ‘sa - -., ’ s ;a a - I l a u r a  ‘s’ u’ .a - t ip;a” .s , phv s tca l  vapo r a- ia’pa -’ a - i t a - ’.t
5 ’  ‘ a A IY  a i v a - r l a v t s , or sr c ’ u a ’ a S ’ ~~a ; a , t  ion - ‘ ‘la ’ ’ awn , have shown ‘‘ I , ‘a , t i a l  for i lO’ °i ’ s . c  t hat
‘a - na- . ‘ ci ‘ ‘a- ’ . ,  ‘ h,na ,sa p.d a a ,a , r s  ca- o t ’ a - ’ r .a - ’  l a u r a  i ’ s  pT a - s a u l’ s  ‘e l  hair: a- n ri; p a - m a r s  het ’a n r u ’  r ’ t ’ ’s ’ a n . l ’ i s
u s  req u i rc a l, -‘‘ mn i n i l a a - s t  a’i ; , I a-’ ,’ai, a a i r t ’ i r n t ’ , , , i t  Is a le s l r ’ i- ’ t  ( I , ’’ ‘ t a - is ;; a - ’ a ’ v i a - ’ ,’ I i ! , -  he
a - s I  u’a a , t , ’a l I ’ ’  a-a- ’ l a - ’ aa - ’-.’ 10 , 001 hours hefor a n a - -oat i a , 5 - The rco ;a- a - r a ’ r ’ l a - ’ n a  as ’ .,’,’ imp,’;’,’ a-
ilt n I ’a ’ i a - n  ‘‘a , I a - ,e a , - ,, f t i , ,  c u ’ a ’ ra - ’ ) os l ’ u ’  a a - a . i t e r i a l ,

P- a - a - ’  t a i a a u n p  is a a - ’ ; , i i  r u t  t , ’a- pna ’u a t a l u ’ u ’  hI , a - a - t , ’ p’ ’ a a r t  ;a a - ’ a ’ r ,a -t ican s , and a- a - a le ‘;lat’ ,a aa - ’ ta a
u’ ’ un ’ :a- ’ nI  i a - n a - a - I  t ,’chr’a ia - ’ j ’ i a - ’ s ’ n a m u u ’ 1, s a - ’ . ‘‘ a ‘ ‘ a - a  P a i n e ,  a - a - i n d i a , ,’ anal m l i i  ing can hi’ used t , ’ a ’ t ‘ ; u ’ s e

‘‘‘ ‘ ‘ s t  r ‘ ‘ a t - a- 8 ,  A t a s a - j f l l a / a ’  P i a a a a - 1  u n t il u lime nsi, ons ~ n aIl ; :a- net shape l i S a - ’,’ r , ’ ’ n a ii r ’ a- ’ t i ’ c h f l j u
- , i , a t  ‘ ‘ ‘ ‘ - a t  a ’ v , a - luat lØp5 ci a- I a-’ ,’b nj ’ ; n i , ’ ’ , a - a - a - a -h is ,‘ ,‘na ‘ ‘ ‘ an  p r i r ; t i a a a - ’ , a - ’i e ct r i, ’a a - i , liaa a-’ha ra-’c
a-’r ’ u r ;alln p, or m acha - nin a ” , sta id ‘ i a - a - n  r , ’ a - - t a , - a s ; ;  a~ , , 1  a ’ , . a - a - t , p ing.

a - h . p  ia-aa uraa- mar rix a i i a - av I,; o p e ra  i a - a  a - r i ’ , n bta ai a s a - ’ d l v  t ; , ’ a a - a  t rea tment  - Cona - .s a - l , ’ t ’ , a - a  icia-
m c i ’  P a -  ii P a n e - - m a t r i x  m a p  a’s a - u - t i o n , and ma -a- a r ix - a - i l  iv a-’ n a -  I a- size ia- na- i pi a - su n te r’rsrrr’uho I ‘m u’ i t ’ s

‘‘r r- ,oir ~~ ‘ ‘ a n  h - - it  t na- ’ . t  a a a , ’ a , a  an d ap,inp, .
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Fi N a - a - ’  ‘
‘ -~aa- 1 S n’ij’, ’’ ‘ ‘:‘ (‘buns P ,,ça-~ I \a a - a - , a -m a / ; ’  ‘I a - ’ : ’ ’ ’  a I I S ‘ -ii

The ‘ ‘ ‘ ‘ a - ’  - I  “ - ‘ a ’  di  f f ’ ’ ; - . a ’ ’ a i  ~ua - nr Icr a ‘ ‘ ‘ a - ’ i a ; j ’ S on ‘ ‘ ‘ p a - a - r c ’ ’  .1 ‘ ; a - ’ : ’ ’ ’ a - ’ ’  “ a- ’, a - a - s  ‘,~,‘a -s
a - ’ ., ’ ,’n ’ , u i r / a - ’  I S a-i s’ ,’ ’  , a-’,,nra- ina-, a ’ u a a n a a . a - !  i a - a - l i p . ~~~~~~~~~~ a-~ c ’ l a ’ ’,’a- ’ a - - - S  ‘ ,‘ara a( ’ n ’ a - t ’ u t ( ’ s ,  ‘ ‘ r aa ’ ’ ; aa - ’ n ’ d
“ sh re s  a- u - n a -  a- ‘ ‘ “  i. : .

’s~j w ith i a - v  a- ’ a a - n l ’ a ’n P a - n  a - 5 2 00 ‘ - a ’ a ’ 4 u t a - ’ n  , l~~i I’ _ (  , a rs so l P ita ’ c t  a-a- a-
a- ; : P ‘“~ ~

a-
~~a- a n’ S e xaa a a a - a - ’ - l in  \‘ ,‘ i r , aa /a ”  ‘ -n  “,‘r inds  ,,a -’ ‘ is ’ ,. t a - p ‘ - ‘ 1fl ”Va ha - s u p’s a’  I 100 Oa-”

S ‘ ‘ a ; ; ’ a 5 (a) II ~a: . a a r a t a - ’ s  a b a - ’  r e c r v s ’  - a - h i za ’ a - ’ ’ : -  n c c a a - r r i n a ”  in t h u  ‘ ‘ s t a r s  t ’ s~ n a-Pbn, a- a- ” ’  a - n

I ,.”’) hu ’ ss r ’ a  ‘ a - ! 1200 “(I

~~~~~~~~ carbide and “,:a - a- f l / ’ un’ n i t n l - t a - ’  we re se b e cta -’ ’ a- n’ ’ , ‘ sn ‘:u’ n,,I ‘s’a ’ a-’ n ’ isa - I d l ’ ’ ’,~~i’ ’ ’
- ar r ~ er c oa ”  ~~~ mater i a ls by a crapp,an lson a-i f’ “a’ ,-  I : . ‘ a - n t ‘ a- a - ’ a -” a, ’,l’.’n a;’ i, ‘ a ” , ;,‘,‘ a - - a - ”  a-a- pa l
e xs”e:’ i”.enat al a-’cra a” at i5” i1.it~’ t e s t  s a.a-’i ‘ 5; ‘‘ a r “ - 7”) a-’) a - i  ‘ - - ‘ a- t ‘ a’s” ; a ’ ’ n - u  ‘ sn , - ’ la- s 1,i s b  : a - ’ a  I ‘~“D’l°C
“ sta -~ r s’aa en la l s  e’,’a~~’ : a - a - ’ a - - a -I a-:,’re - A l ‘uP , 1’” ’ ’  - , “‘ aa - a- (‘ a- ” , ‘551 ’  - ‘ s r ’ S ‘ I i  ‘ ‘ ‘ h i,’ ‘ a u r a - ’ - 5 (N) ‘ ta i l ( c a t
s ’-r,a-r w “ae  ““f e c ’ i vene ss - ‘ “  “a /.i~ a t h i c~” 5 5 c ( ’  

~~~ j~ ”’’ 1 . u ’ , ’c ’ r ’ - in n ra ’  ‘ ‘ a - ’ -n a - ’ , , ’ r i-a c n’ a- ‘ - ‘a ’ - a - i l l  a-;, ’ ia-n
a- f s aa - a - s~~er. . a ’ a- -n 100 hours .i’

The nroL’ ,’ s ses  . ‘ ‘: a a - l , ; a a - a a ’  ~ “ ‘ - a ’ ’ h n’  u l a - ’ s a c r ’ . i I  i o n  0 a-’ 
~

a -1 ’  a - ;  ~ m a -’’ a- n a -~ ia- r , ’ s ‘ a - a - ; ’ e u ’’ ac ’ ’’ i c s a - I
\‘su i”ou,ur - h’n’ ” i -a it i ’ ’n  . ‘- ‘ - ‘ ; ‘ t a - ’  a - S n,’ , ion— ” l : a - ’  m a - ’  anti i - l a - ’ ,  ‘ n’’r; Pmc aa - ” a- ‘.‘: a - ” l a -’ i - a - n “ “ ‘ c b a u j c , ’
s.f CVI’) ‘- a - a - s  “ a - a .  ‘ aip a ca -” n’ : ;an ia- ’’a” a- a-’ a- Sic~ a- I’S a - m u c h as a ’ a a-a- i n- ’s I-’ l ,‘ . 1” nu’s l  ‘ c ’, a’r’ a- s t  r’a- a,” I
“a- i :r ‘ a - ’ a - i a -’’  a - i re  , a- S hea - ion  , t h ic i- ’ ; ; a - ’ s a -  con ’ n - i  , n r a a - ce’c . s ’ P;r ’a ’- -  ‘ a n g  a- - ‘- s - n  a ’  ‘ a- l a ’ ~ ‘‘n ’ ’’
.1 I ,a - ”~~abi lit  ‘i to a- ran ’ inuousi’,’ coa t  long lengths o ” ~ihn,’ , a- nd sc ;a - Ia-’ - na - n  a a - a - ’ s

:~ a - , ’ - ;’  , t ia-n a- ‘ P a-’ a ” pa-p’s~l D ‘ ‘‘ has S ‘ ‘ - ‘ - a - ,  sm a ’ a- “‘an ” a - - , I ‘‘n ,’ ’: , or ma I v I ~ , a- . , ‘ ~ ~ 
I’L l’

!‘ a- ’ a’ns’e;’ al ’ U a ’a 5 a r s e u t  ~ - ‘ r ’  t he  a- p a - It  irmn - a” ~a- i a - ’ a - a , ’  n a - l a - ’ ’  i.,hs la-u n,’ , ‘a a - ,w , ’ ’,’ a - ’ n  ~~~i ” a a - ‘ ‘  a - n
‘ u ’ , ’ ’ - u e ; 1 a - r u , ’  P~it  i’ ,; r a - ;, re ’ ‘ ‘ r a t ion “f u a a ’ I  m a in n e a - h . a - ’ ’ r c a l  ‘rn’ ’ . “‘ P a -  - “ ‘ ‘ - a

1 ‘ 5 1 5 - S t  a-ta ‘ s ’u r , ’ S  , (‘a - ras h ! ions f u r  a a- a a le’’’’ s s  ‘ u a u a s  ‘‘I j a - m a -  t a - n t  P a- , ‘ l a - a - w a n ‘ u ’ ’ ’ , raa - ’  u s ’  , - a t  a - a -
so- s. ’’ a ~‘a- ;,- t ,. ;‘n ’ a a - ’ . ’ ’ a i s a - ’- l a - ’  ,t a ’ nu ’s i  ‘ ion ra’  a - s  coa- i ld a- ,,, a - ’ ’ ’  a- i ’ - a - ’  P ‘ a -  t a-a- Pm , a - , 1 ‘ ‘ a - ’  ~ ‘ a- ‘ iu ~

’ ( ‘‘‘ 5; ‘ a - ;
Si cc ’ ; a - ’ s op. a - ’ , ’ ‘ ‘ ‘ ‘  ‘ A ~, - s c a ’ i ‘ ‘ a  :1,1’. o ” a a’ a a -  ~~~ Pa o u S “ a a - s r  ‘ a - ’ I i s h i r s a ” ,  a - - a - n a - a  ‘ ‘ a - ’ l a -  c a ’ ~ ‘I , ‘ r ’ u a s , ,  ‘ a-’
‘

. 
“ ‘ - I a - ’ ’  a -- a - i  ‘ ion c~~ 

a ; a ’ 1 ’ a - a n ’ a - ”  t , : a - s  I u - a n’ a - ’ i ’,’a - ’ n  a ’ ]  ‘ - ‘ - i a , - ’  . (“ I  a - a - S  a - bc ’ sas l - t a- , c a - r n ;  a- i ‘ p u t  “ - ‘ r
~t a - ’ ’ a iIs ,

!‘ n io n  ‘ 0 Ca-~
- u l  in,’ , ‘hi’ ‘ ‘ ‘ n ;  It ’d i , s p ; ; , r a- , a; t’ ; ’a r a - s  -a - n ; ’  s u P a ’ ’ - c ’ ’ .1 l~~- : ‘ a n ; , ,e  p - I  P h s ’

a -a -n P u ’ I a - - a -a - ; a - i ; ’ ,’ , Ta’,” met P’ i ,a c ls we;’ m’ , - ‘.‘a - i i ua re d  c ,~- a a s n l : a - . n  pa- u ishu;;,’ , I - h a -,’ ‘ a - a - r i  , ‘ 1,.’ p ’ S s a - h i a - a y
a - _ s I  ‘ s in a-”u a a ’ r her a - a - s  ‘ a - i’ s  t h a n  a- f ’iu s a - ’ , P  s a i t  t a - u u ‘ ‘ , ‘ a-~~u S ‘ ‘ a - , ‘ ‘ a - a ’ s ’ ;’ a’’,s ‘ s , l - a s ; ’ ’,l  a - s
s t ; a u n a -Pa - rcl  am ” ‘a - , - , t a n , -  , Pa~:, , n S a ’  a l a - n a - a - i  t ia-n , ‘ 

/ 5 ,  t h a a n i ; a - I  a -’ ’l ‘ ‘ ; a s a ’ ’  ‘ a  ‘ la  ‘ i i i : ,  a - a - a’ , C a ’ s ; ’ S ‘ - ‘ ;. ‘ ‘ u ’~ I
Si Y,i ;~ / ‘- u , ’ ;u. a ! in his-I -a ;‘ ;unia ‘a- . a - r a - ’ a’un .ii I ‘00°C N’; ,ippi i c ’ s a - t i ’ u n  ‘ f  a - ; ;  ‘ u ’ .s i sa - l a - ’  n i - - ”~ ‘ a - ’  a - a - :’
a - 5 a  55 i ’ ,-a-

V i u - a - n a ’ - a-’. a- h , ua,’s a dis ,, ’;’ , a - a ’ a a t ’ r~5 a -’ a - / ’, ‘‘ a - -a - ”  , a u .a- e d a- or r ha- c a - a n ’  I;;’ ;a . a 5  ci a - - s r i ’ ’. ; ’ ;‘ ‘ a ;  ‘ ‘ lit’ ’
aa - a ’, ’,i H4 ’ ’I ‘an l ’ ’ ~ n i , ’ , ‘ I  ;,in~’s t e n  f i t a n a - ’ s .  It u,’, ’ aa - s is ’ ’ - o1 a n . ’ ’’ nart ’au . . The u P , a n u h l ,  a’ a - I  i a - - P
c h ha un i , na t i ,a n ’ , ,.‘ h:aa ’a-t ,a ’ r ‘is u s a , !  t a n  t t a a ’  i ra  s i’ u chu rn ‘ a - . , ’ , ion by Phi ,‘.a - ’ a a - f  ~-. , a - ’ n i ’ L m r’at’~~a - i
chi ps a a - t  I’n’)°C ~bt ’  n a - a - n c’! ion a - ’ : a - ’ a , - a -  , , 

~~
, saul a ~‘ f a n  11fC a1a- ~a a - u; ’ i5 ion , on i~ a - n a t a- ‘ C r

‘ t a - - a - s i t  ion , m ix  s~ a the ‘ a t ’ ,’ r ‘ ‘: ‘ a -  I - a - - f a u s t ’  a - a  ii, ’; ’ s a - a - ,’ ’ fa , ’ ,h - a ’ a ’ms i t  i n  i t;  a- sasS - n ,  ‘Vi ; i ’  t a  : a o a - u  1
,‘h,a-pl’ ,’ ;’  i s  , ,  s i so  of , l a ’ a , ’ ’ l;- a-a- a - a - i l  cons!  rua-.- t  i a n  ;a - a s , P l ,as ‘,.s ; , t e r— co , , l,’,l n a - a - ncur’,’ a - a - au s a- ho t a ”,
a - a s ’ S ’ , t o  s s o l a - u t a - ’  ‘ ‘ at - a- ’ h , s ” h a - ’ n  f r a n’ th~ ‘ ‘ a ; ’ a - i d a - ’  - a - ’ a n a ’ ’ ; p h a ’ n a ’  ca - na - I also ti n a - ,  s r  a - a - a - a 1, - c t  t I c - a - i
c a - t a -c a t s  fo r  r e s i s t  i a - a l ’ ;  P a a - ’ a a -~ la ng t t s a - ’  r ’ s a - a m,’ a p a p .  “i’ a - a - a ,

‘its,. a’ sa -Il s ‘~~~‘ ‘‘ ; u ’  depos i; in; u ’ l ; ,, i ’ ’ P ,a -_a a -  a,; ’ ,’ ma ; ; ; 1 , , i raea i  ta-i a - t a i l  ,‘,a s - O C  h’.’ ha- a - t i : : ,’ w i t h
t he a - isa - a - I ‘ ‘-u;’, o:’ Nv a-i ra -mi ,’ wool is; ’ ‘ s i - a - s  u r n  t ’ u  rn ’ , , s ; a  t b’ haf~:i a - u ;a - , a,’hioi’ ’c u l a - ’ s  in ‘ l ;a - ’  ga -a - -’ ’ , ! a - a - a - ’ ,
‘Fbi,’ ‘a - s n ’ - is ma- ’ve,l a - i sa - S t he  ia:a ; a - ’ a- ‘ a s a .,, a - !’ t t a - a - ’  , l a - ’ a ’ u a - a - i t  ia-n chamber a - ’ a- , saa i’ -‘n a’: a’ ‘ c
us h a g  a, vs r s u I- a I ‘ s;’,,;’ I a -’ , , - ‘ a a i r a  a- ’ a ‘a;;!, i r a _ a - i  i/ ’n n, i I It I, hat ta-un , i s  a - a - a - s c’ a-,; a- a a-a- k a- - ’ — ,ir’ a - a s a - P ‘

a i- SI a- a- m a - ’ , ’ I a-
TI-ac m’ap a- ; ’ is  an;- ,s’ u’tu l ro i led  1’’; c lu tch,’ ’ .  I , ’ a’ a: , i;;I - a- in (‘nnslant’ ’ , ’ a -  i -S-r n ,mp ’, ; h,,-’ w i n ’ ,’

‘VP’,,’ a - _ f i t _ a _ a  0!’ c h i n a - a - s  s p a  a S s , ’ , l a - ’  a - , a s u t  j ua n t , ’ s ’ I a - ’ a - ’ a - a / ’ lu n a ’ s —  in ‘ I - n  n a / I a - a -  ‘ a ’  ‘ a - ’ ’ ‘°C — 1 1 : 1,10 ;’ ,
gas  caun po sm ‘ ~- ‘a ’:~-’ ’a - a’.d gas f low n a - p  a ’ s ’  a-n ‘ S - at ’ n a - a - t a ’ s  - t ’ l i’ pos;  t inn , deposit m , n r a m t l , u l a - a - ’ : a ’ ., ‘a- r a t
s ’ a - a P u . ’ h u u n r i s a - ’’ rues of the Hfh a- a -na - I }t fD a l, ’ r uu ’ s j t s aa - ru.- “ a - i n c inv , ’s sti a ’.it a - ’ a I , (‘‘ ‘ ia-a- i t  as 1 i r a - l c n - ’ su .’u’ pa-’ ,
‘ - u - -a- a ’, ra - I n p  e l ec t r u ’ s mlca’ na -c ’ ,’:’’,’ and x—ra y a - l iffra a - ,’r i a ’ a ;  S a - n ’ ,’ u s - a - ’  al ‘ a -  c h : a - n . a - a -’ a i - :  Isa - a - ’ s ’:, t a p  a n _ a : ’ ’, .

j ta - a - fn iia-m a - ia - P i ta - ’  a l a - . p , u ’ a i P . , - u’:in)’ w i d e ly  dl f t  a - ’ a ’ s a a , ’, aa - s a u r ’ p holu ’ ,a- ’ i a- ’ ’ a . a - a s a l s t - / r i  c ’hiomet n i a - ’ ’ a ,

a- l a - _ i a -’ a - a - ; , ’ a- 2 a- ” ’ ’  i a n  c’a ,nhu’n f’ r ,u rs i t h u  a - I oi e ’ hioa aa et rica a,’ ’ m n a p a u ’ . i 1 i i ;  can ha-a - ‘ ‘ 5 ’ ’ a- a - j r ; a ’ a l  5” ’;
intr o-I’; , i a - ’  ch a ru a ” a - ’’. Ia’s t b ,  ,t a - ’p cas i t Inn pan .a - a ; a a - ’ t n a - . Cc-un ! n a - a l t ’ s a o s a ,’h i. ’ ;a - s , ’ ’ a-’ : ; a - r a a -i 1 , - a - a - a ’
a;s’ ’ n p P n a a l ’ ’ v i a - . s  a- ’ a 11t h’ deposi p a-, is more ‘ ‘ ‘ nap - a le x  t ’i a a - a ,  f ’ ,’n DP ~’ ’ ( a a - ) , In a-’ , ’ ; ; a ’ n , a - I , ha-wa ver , H;’ t~
depnma -i ’ a- c lo’ ,a - ’ ta - a - .‘o ic -hi ‘n’’- tric can he ta - p a - a - l a n ’ ’ alt  II t a -  P rat  ios a- f  I - t at a ,‘ ‘- ‘,;a i ’ p ’ , a - t  s ,” ,’a-
in ‘ ha- rap;” 1200 °r - 1 300 0,.

In . ;‘na’ .,a- : . ’ , th e CVD •;vsrem a t a - ’ ’,’ , ’ l a u s a i ’ a l  t a . , ’  a - ’ , ’ a ’ r ;  shown to be a ’;a - pm .a - tala -’ a ’ !  u,’oat ia/g l a u r a l ’
i a - n a - a  ha -  oP ‘ ‘- ‘ni a - a  a- ’d tuna - a - t e n f i t - a n u s in a-a ca-nt inuous manner with IIfC . a - a a ,I 1 5 t h ’ au ft ’ ;;s ion
t . a - a - r r i t ’ r  a- ’ uu; a - t Ings , It is carr ;side ra - ’cl a - a n  I,,’ a l : i t a ’ u r ’ a a - a a u a ’ v seal,’ a ’ ; ’ a ’ a ’ a - ’ a - a -  a - a  l t , a s  a - ’  :a-g,c a-~,,t it
can P a- ’  ca - a - a - It-al up fur auru u a t u u a - t  ion with anni v minor u - t . a - aas ’ a - ’ s  hem ,’ p s a - ’ a - a - ’ s s : a - n ’,’

i’I ’ c !‘r,ac ’,.’sa-,

‘ ‘ a - a t ’ ’ ’ ’ - s P c  piia -’ ;; of vary ing ,  a - h a - p t ’  a ua , , l  si,’ ’ a - a’ ,’ requia ’a - ’u l t n  pa’ u u ali i a - ’ a ’ a ha’ pa ’ ’’’ c a t v s’ t ’
r el nfu un ce,t a i r t il shape shown In F i a ” a u n , ’  7~ The PI P,’;, a-r i ’ f , a - t ’ nia - ’ a a a ’,l ia-rim tl ’a t- a- a-a -a -a-_ cal
reii a l ’ ’ r u ’ i n s’ f ih ra - ’ and ma r nix al loy t a - a u , ’  l’t ;n’ t a a - p r a - ’  is pr’•ua - l u a ’ a - ’ul P a ’, a’; ~10~’) mesla ma t r i x  ,a - Ii a m v
l . ’ a w u l a - ’ r  ‘ I S a - ’  che m ic ,a - 1 compoa-c 1 t i op  , , ra ,1  i’ . a - rt I - i a - -  si c ’’ . ! ;  - , I a ’ s l ’ uu t  ion ‘ ‘ S  ‘ P a , ’  a a - r ’ a ” a ’ a a  a - t a - a ;  ‘ a - a l
P’ t a ,a ’ M.~,’fl () ;a- n,’ t u a ’ a - ’ u a - ’ n s t ’ ’ al In Tables I a - r a t ~,I a’a’sp ea- .’t i v a ’ i v ,

Presentl y , ‘a n. , , : !  I t  it ’s  a - f  P t; , . pciwcitn r Si r ’ ,’ a ; ’ s’na t a - n  a c’ ,’raa a i aa - ’ r ’,’i. a - i ‘‘ l a - t a - u i i cr  ma - i l ,  ‘ a ’ ,u;’., t uI na - ’ a-
rhem with prop nu t-a ; a - r y  m i x t / u r u ’ s  of organic b inul a -’ns , a--up tim i.’ed f ’a ’ a ’  a - n a - a - a -’ a - j a - I  i a -,’ ; a - t  i, ’ a a , t a - a  f,nrna- i a-

ma- i n a - n r v ,  The slurr y Is dispensed through an o r lfic ’ e from a m i x i na - ’ a- ’ a r p i a - , a - i a m , ’ a  , a - r s , l a-n r c) a
moving ‘a - h a - - i t of pa- I  ‘ a - a - ’ t h y i  a- na - ’ . ‘l’ht’ n a t / a - i  red a ;a - pa - ’ th I cknt’s s li~~~u’ la i u  vu - al  t .’~’ 

ja-p a - ui ~a- sta -a-h I,’
pla te which r t’ m a-’ ’ J a - ’ ’ ; excess s l n u r n v  a - s  a - t a , ’  s l a - u a ’ n v  ! m ; a - ;;aa - u ’ a ;  under a - N t ’  p l . a - t t ’  ‘I’he a i , ’,’ u l  a a - pa - ’



p.-

“,t ‘ 5

i 5 a - a - a - n a .,! a ’ : , ’ ’ I an ii a- ia - a - m i u -n ra t 0 a - li - - a - a - a l  , a ;,, ‘ a o l  i a- vi t h u a - u ’  I , ‘a ’ I ive S.’ ., ‘5’ ‘ a S  5’ , a - s ’ a ’ a ’  1 a a ‘ C a-i a, ‘/ P 5; a’
F’ a - n a - ’  ‘ ‘ a - ; ; ’ p,i; ’ a’ ’ ’ -  :,‘S . , . a- a .u

~ ’ a - -  a ’ i , t a  ‘a- ‘ ‘! 201) ‘na-ri u s ; ’ I  a t t a l , ’ I ’ a ; a - ’ ss  a - f  O ,? ’ aa- r’ar;, a - a ’ ,’ a - a ’’’ ’,’ i ’ l a - ’ u i ,

TI-a-c’ ‘ ii ’,’  , a - r s , t  a- ’ , ’;u ! ‘ P  ‘.,‘ i a ’t’ ‘ a - a ’ ,’ a’a-mln i a a a - ’ a - I  t o  f ’ ’ a ’ s a - :  ta - n au nP ’.. i I a-h a - p a - ’  t a - i  a S i a - ’  f - I  ‘ ‘a-win ;;’
S i i ‘ p -r -

1 , u\ s i i i c ’ ’ a a a - ’  a’ a ; P ’ ’ ’ a ’ a -  a-’nola l  i s  f aur ’ a s ; , ’ ’ l w i t ! ,  a- c . u v i t  ‘, ‘ ‘s t , ; , :,’ i a - r n  a ’ s ’ ’ ’ ’ , i s ,,’ ‘ ‘ t a a - ’
,I, ‘a- i a - e a t  ;iin ’ ’’ il , a ’ ; ’ ! ;  in - a - I l owa ncu ’  ‘ ‘ ‘ a - ’ c u r l - a l P t a - a  i ’ a a a  . I; r: ;;k , , , ’ a

2 . A la u a’aa- a’s ,’ I ‘ i as a-’ pa- I p a St S s -a ,” , u 1 h - a- 1 1 a-’,’ P a- ,‘ a- - a t : a ’ , I , a ‘ 5; ’ ‘ ‘a:, u ~ . S ‘ a - u t a , a-is; ‘ a - mu a, P a- ‘ ‘ a P 1
: a ’ P l s a - a , I a - ’  ‘ P  , u ’ c a - a - ;;  be a I a - ’ t ’a ; a - r , , ’ u l au ra , t  a - a - a - a - l i ’,’ r;.’i,’’ S S ; a - a ’  I ,

_
3 . ‘I’he ca - a - a- ‘ irs,’ is ‘ 1 aa -~ t , i a - ut , Wi ‘ 5 ’ , - ‘ ‘ : ‘  ‘ Is. - - a - ‘ a ’  I ia-pa , ‘ ,n a u p ’a ’ a i a u, ’ ,’ a a - a ; s i’ ,a-a” I P 5 i a- il .l: ;, a -’ a ’

“a ‘Pa,  ‘ I sa- ’ ‘ a ’ ’ ; a - ’ ,I a - i ’. ’ i a - a - ’  is  ma-un ’ a - ’ , l ama,  ‘a- a-u i’ a - - i, l u a u  m d  s r s u ’ u - c ’ s s i ’ ,’u’ rri i ii a - I s a ’
aa ;,,, ’ h i ra ,’  a - a u ’ -a a - a - a -’ p’ ‘ a - .  1a - ’ , Tha - ’  t h s a - ’ m a s c a - ’ a  o f  s a - : , a - t erjua - 1 a- -a ’ s ’ ’:,-, S i s  at a ’ S ” ’ ’  n t , , , “a;

P a- a - , - , ,I;’si a’ u ’ , l f i t - a n , ’  a - m , a i s a a s : a -  f n , , , ’ a  ‘n , ‘ a- a u  k;sa - aw n anas t n i  a- I aa - a , ’ ’  .s h a - P a ; k ’ u a ’ a ’  f ;a - c t n n ,
,in ,i ‘ ha-’ n;u’ .a - su re al ‘ I ‘ a ’  ‘ kna - ’ ’a s - ‘ P  ‘ t s a -  ;a a’ a ’ a - a - .  ‘ a - ’ , S a- a-rnpc ’a- sa S ‘ a- ~~~~ a - ’ ;  dea’c c.- r’ s bea- l l aa - ’ a.’r ,

c . T h a - -  “ a - .aa -’ P; i ; ;c ’d a - s a P - a - ,’ ,’ in, “ ;u t ’ ,u ’ a ’ , ’ r ’ . a - ; ’ l ; a ’ a I  a a - f ’  , r n s a - a - I n  a ’ ’ ; ’ a n  P r u ) a - ’ i u S e  a- ‘ ra ,, ’ a-,’ fo r
a - a -cab ;‘iv n S a - p t a - r n . Smu t : , l ’ I a ’  h ; a l n ’ x i ;  a , ’ :’a-- ‘ ia - I’s s,p ’  a - ’  pa “ a ’.’ ’  ~ , l m , I  s i  I a a -~ each a l’; can
‘‘ a a ’ i , u ’ ’a l  r a ’ l , a - i  i’.’ a a  anc ’ i a - i - a ’  P r  a t a , ’ :’a’ a a a ’ n ’ a’ pa , a - i  I ia-n a ,’ ; m i ;, ‘ ‘  a - ; ’ , ,  S t  , a - , ’ k a - ’ d ,
F’ :;’luni ’ .a- ,.lsa”., “ a ’ ” , ,’ ’,’a a - n  l . a - a  ion u P -  ;‘i.’; a- ha - it-r i- s ! ;a ’~~’,a - a ’ a - ’ i ’ ,  two a - e l ’ ’ , ‘ u - cl a - a - c t  t O PS ‘ ‘ P
‘ 1;, - 1’ 1 ‘ a - I I i-as a- ‘ a l a - i n  f’~ ‘ S 1 s a , m ‘ t a’ a-pa

,‘ i~a s; ’ ~ i,,.c a- m a- , a- a-a , ; a , “ i ’ s ;  a - f  ‘~ / 1  rix  a l l oy  m a a - s ’ , -  an, ’  ,- ; u a for esach p1’; .

7 _ Tl~., ra- ’ ’ ;u i a ’ n - ’ ’ f’ ;ba ’a - ’ s  ‘ ‘ ‘a’  n ’ ,’uch s u l’.’ a a - n a - ’  p o c i t i ’ a n a a ’ a t  in a - a - ‘; a - ’ S a - ’ a - ’ ’ !  a t ! , - ‘.;hich is
~~~~~~~~~ ‘ , -  ;‘a’ a a m ,’i,!;’ the ,l, - s i r ’ ,’,l I i h r a - m  s p aa - a -’ i r ; a - ’ ,

a-; , ~~~~~~~ a l l oy  ‘ a - a - ’ , -  i s  ‘ ; ‘ ‘ ‘ s i’  ia-ned a-n a - a l a - ’  s i d e  a r f  I s , ’  a - i s , ’ a ; a ’ , h f i h a a - ’ : a  a;; ! pr ’a ’ ’ -a- - a-’ d
a- n t: h .a - ’ m a - a - , .  ~ ‘‘ ‘ a ’ ,’ ’ - ; , a t ! a u  a’ ,’ ‘ a ’  ~l;u~ P a - a -p a - ’ . The ‘ - a - :’’’ and a’ s l ’ a r ’ , ’ a -  ‘ a - s i -  t hen r a - ’ ’.’ a - ’ ” a - a - ’ a-i
:a-a; a-SI is a - i  l . a - n  ‘ an”;’ I aver i a- p i ta - a - a - u I  ‘va - a’ ‘ I:, “ 5 bra-s  I a ía-ran tha- ’ compos i a a ’

‘a 
~

a, , , a 5 , ‘- ,s r f , a - : c - ,s a- f a- a - caN p1’,’ ta r ,’  co vered a’ i i l;  ;a- I:a- ’.’ u ’ a  a u f  a- ‘ ‘ ‘ 1 ; ’ ’  ‘ ! s ’ .’ lene a - ! a u u t  ,‘and
n r a - — a - a - - a l l a m  a l l a ua ’  the a - ’ ; , a - r  ‘ i x  r : a - p a - ’  ~ ua f ’L , , ’~; 5’ a - ’ I~ ,,,’ , ’ , ’  5’ , C a - a ’S; 5 ~~

10. a’a - f t a - ’ a -  a - u ’ s ” ’ : ,]  a- if t l;a- :‘a ’ l ve th’ .’lene a- 1; , ’ a - - r  a- , t he ‘ l ie s  a - a - a - a -  rc a- t v  a r  S r  : a - a ’I” i n g ,
sa nd ‘ a ’ r as a - a r ; , ’  ‘ a - ct -a -  to f l,,. a u ni, ’ S i;:a- l a - a - irfoi l a - h a - p a -’ , The SI a - a - I ”  in, ’ is pa - :’ ! ’ ’ns” a ’ a I on

1a-a-cqu er— ca -SaI i- I , a-. :;] P I  c a - ’ r a a - a ’ a - i c  rr,au la l  ha- is ; , ’  t h, - ulc’ s in,,’a- I a a i r f t a i 1 sI - a - u s a -’ :a- S a-a-
c a - v i a ’,’ . It its ta- a ’;is pc-a i r-a t a l ; , ’ c a - a u s s — p l i e , a -  a - a a ; a I , l  l a ’  j p’s a - sa - ’ r ’ ; ’ u ’ a —,’a- ;a- i,i l’a’ n o f f — a x i s
. - ‘ a a ’ : , ’ ’ hening , S a- a ” t P a  a - a ; ! La- a - - n a - ’ ’ ! ’ ‘ ; s a n a ’ i n t ’ ’ n a - , , ’a l t a - p a - -  a - na ’ ’.-,’ ’:,,:’:’r ’ a l :a - n ’ ’a ind 7;,,’
a - a urs’c ”a -a - ita - ’ l a a sa ; ,I 1 a - a - t u ~ era s-aura - ’ : a - l  l a - a - s t  0 , 5”) a-”: na-f ‘a - ni” ‘ -a ’ : ’ ’ . a- n., ’ a l - ’ a - i l ,’’; a - L a - a -Pa l ing
a-u, ‘ !:-u5, no t’a - b s’ ,- s ‘a - ;’ ’ - a ’ x a ’ u u ’ . a ’ a l  ‘a - f ’ ; ’’; ’ ciuaasa -a l a l., , ia -n .

1] 1’t ,, a- u s a - a d  p1’,’ ba-indi a-’ is u s a - - a - a - t a - u S  5 ; ’ ’ , ’ ‘ 5 ’ , , -  , - ‘ a a - p a - ’,s ;a - ’ r  p t a - : , ’ is  m ss e d  ‘ a ’ s ’  HIP—
a ’ a a a S a . ’ I j , S : a l  ion . ‘Il’a- e c ’ ’ a a ’ ,uil au’ r i s  - a - i r f ’ u s l  sha- ’ ’,’ ,l - u a a - . I  i s  a - a - a - a - l i d  a t  u s a - I ’ ;  In,,’
u sa-I ‘ a- rn-a- k - a -  ; ‘ a a ; ; s i h l a - ’  I I ; , -  P p ’/a - a ’:’i a’;; a - S  t f a , ’  t ’ a u ’ , . r j e  a - ia - a-i ‘ , ‘ ;‘;.‘m ’ :u r  i / u ’  ‘ i s  ex i t

a- - r h in , l a - ’ r  ca/ ;~~a - a - a - s s i n , ’,

17 ‘I’’ : , -  c’ s m n ’ ,, i;’s a - ’ n  ‘an d i ’ s a- ala ’ i-as s a- art’ p 1 - a - ,  a - ’ ,t i;i ‘ a - a ’,’; c r ’ ’ . a - ; s a -l , n a - j ;  g a - a - a - - u ’ ’ ! u p - a  h’a’d r .’ ; ’a -’ n;
‘ a- a’ a ’a s ;c ’u’,’u ’ a ll ‘ a’ u , , a -  . - ‘ ‘ ‘ ‘ , ‘ hinder’ - . s ’a - ’ a - ’ s , a ’ a ’ ’ j r  I n -  palS a - ! a-- i >’ a - I  la - v  t a - : ’ ,- , A

‘‘ a-a - il i r a - i t  g a - a - a - s i ; , ’  a - va - I a -  c a ’ n s  i a~~ -a- o f inn  / ‘ i a - I  l v  a- ’v a l,,’ u t , a - !  u na- a S a c  na - i  - a ; ’ ’ aa - n d
l a u d ’ ! ;  ilin,’ n,’i’ , l;’,’ l; ’ ;’ , . a - s ;  ‘‘ , f c a n ’ u - ha-:, ’ l a - a , ’  c’ cn pntpr,,-aa,’ , - s ,  u\ ‘‘ , a - is ’ a - aas ’ , I;, ,,; — a  a -’ a - a - t a ’
-~ f l ’Y )0a - ‘en  hour S a- a - n , p i ’ ’ v a ’ , i  t o  his-) ” A r ‘ t a i s  ‘ a - ’ s s s p a ’ r a ’ n a - a - a - - , ‘ 5 ; , - a - a -’ I a - a - r t  iS

P and S- - a - a - k iii la - a l  w i t h  h a - l a - ’ ,’ a ’ a a - , a - , ’ ta- i a , , t hu P u t u r ; u l l a - ’  s a -  s l t a a s c c p i u ’a ; ’ lv
a- i’d r a -  a- 5 a , 0 a- ’ - ‘a- a- I n - a- wh ia-t; t F ; a - ’  f , a - r ’ n m : a - a - ’ u ’  i s  c u r led  ‘ a- n,aua ra u !i,’ala;l, - ; , , ’, ;;n, - ta-i

a - - ’;’ s ;a-l a ’ ’  a- L~ a , ,,‘vci a-’ , S t r a - - ’ : - , a - l a - a t  a i r ,- 1 a- a - a  S :; , a a- c a - i r a - a b a - a’ r e d  l ,‘ a-Va  i u s a - I a’ a - Isa’
a- - S P u ’ ; ’ s  a - v a - n a - a - s  - ‘ S  a - !  u -  Sa ul a - a - a ;  a - u / i  ;‘ . , ‘ / S l  Pl a - ’ 1 nu’ ,- u ’ a ’ a - ea ’I - rl s” a - - a - s r ; , ’ r ; ’ a  wa r,’ ;‘a-a ’t’ - u : ’a-d lu’,
HI P— c a - a - a s ;  ‘I I n l : a - r ‘ ‘‘I: l i v  - I sa - a- ‘‘ 200 p u w , t a - - r ’  . ,;;,1 1’P, a - p  1 — 70( 1 ‘ ‘ ‘a- ,! , ‘ r ’ :’r’ , ’ , l u s a - a ’ ,t t ’ ra - ur;
li’,’ ,P n a , a - ’ a - n s - . a a u t a - ’ , , s . :a, , ’ a - i  ; , a - ; a m ’  ‘ r n - a - p s ca- induct  a-,’d - a - ’ ‘a -a - a s° a- ’ a - I a - ,S .i ’ a, a- ’ a - a - - s  l,,’’,’, - I  a ; !’

/,1-” 3 ~~~~~~ . i a - l , t , , I l,: a- a ’ ’-; u n a , - ’’ : 11,_ a’ ;‘u: a - a’ , a - a - ’ , n ’ a a - ’ r’s . ‘ ‘ a - a - a ’  a ’ a’ ,, s: s I’a ,’ a - I  n _ - i ’ , ’  50 fu r’ t , m t h  m “ t a - a - s
‘S pa -’ ,  li’a i ’ a a  a-a

l ? .  E’ a - a - I l a u w i r , a - ’  r , - s a - : a ’ ’ : , a - l  f r ’ ’ ’ a a - a  the a’ a - ’ a , ’n ’ n , the r- ,u ,’ r s a - a -’ t  ia - a n ‘ . !a,’ i I  is-u ’,,’,’ I a t a ’ aP m u ’ the
a - a a ; ; ’ a- i;,, a ’ - ‘J’his’a part  of  a - i a , ,  a - u u a s ;  , , i ; a a - r  a - a - I a - u n  ina- lud ,.’a- t!;, ’ a- ’.’ a - u - h u t  ion t ;ul’t ’ t h u s
Is a a ’ a ’ u i r e , I  f u r ’ pr e— HhF ’ pa-ul a - a- ’ ,;,a i rl a - ’ - Dry a at a , a  a-’Px a a a ’ w , la - r ’  Pa ; a - al, ! , - , ! a ’  t t a - , ’ a- a - m t  a - i a - icr
br a -a -a - ,’!: p ha - - a- ’ .’ ., a:’, :a - ‘ ion a ii,,,’ to ía ‘a —ar , a hi’ a’ , ‘‘ ‘a - s o - a t  ia-n

14 , Ar ‘ ‘ I S  I /ta - I n’ , tli a’ a - ’ ’ n , p : a - , a a , ’ r  is n,’ .,,lv fai n u - v a - a - I / O  1,-rn a - an , !  ,a a ’ : u i i n a - ’ .

The ‘ I a - ’’ a a -’ri’ ’u ’d ‘ n a - n ’  a-s cci flt aia ua - .  ‘ ‘ v a - - a ’ :, I ma t c’ps ta - tad is ,,‘o ra - s j, It - ’r,,’,t u a-, he a-a- a - t a - h  r a r ’u ’a- ’ a- ’ss ,
- ; m a - i’ .,’’ la - a -’  a-n i’; P - - n ‘ not / t a - p  a - ’ a r ; p . ’ ’ ; i ! n -  : a - I n P u , j l  f . , l u r uc a - a t ion . Au t ‘ a ’ :, a t  ion r a ’ ’ t, ’ u , t l .a - i ,‘xi;. a s (‘‘a-
a - c i a - n a - u i  ot  ‘ f a a - - a - a -’ s t e p s  in a p l l oa  i r i , u n a I  a-’ p r e_ l u r ’ a r a t u a - a -- t  a u ra s a - ’ a a - i , ’  ‘ ‘ a ’ ’- ’ ’  .,t ian . ‘ ‘a’ , ‘a -., a - a’a aul , ’ ,
t~~ a- a-.,. coil a- nsa- I t Ion , I:, ; , , -  pi ;a - u ’a - ’ t aaa - -n t , , a - a a,I ,,‘ ua - n a t m a - s i  a - , ’ pl y r ar ’ u -sa a - inp, wau a - a - I , i  lm , ’ S a l a ’ u r ’ ;’ u ar a’ a - t  - .1 s a l  a-)

a- 5 in;’ 1 a - - ca-nt inna -ou ra- aa 5 u ~’a’ aa - t  I ’

((I J’ l a u r a ’ ,,, l i l a - a -  Ion

Ni ,  k - a - i  i a ’ a - ’ a a - ’ ’. l a - p a - ’ a-’ .a- l l o y pa-wa -la-rat ‘ , , r ,  i r a - ’  i ons - a - a u  i a - t a - a  a - a l  t r y  a - u  th ,’r’ l a a - ’ t  a - l i , ’ pr e s s / a l i t  or
HIP (Hot I a - n s a  a - t i c ’ P i e - s t  HIP was cho’,,’r, P a r ’ a-;, ’ a u a ’ i t r ; , a - a  ‘,‘ a - a - l a - n a - i s - u



r- -

iit 7 5

( a- t 1 ~ a - ’  ;‘ r’ a’ ‘ ‘ a- i a- a - -’ S a- a - a - a - h  I ‘ - a- ’ r a o t a’ i a ’ a , , ‘a ;. ’ I a- ! t
’

a - ’ ’ ‘ ma - wh I . a- , - , a- a- 1 a - ad a ‘ 
, a- a - a t ’ ’  ans i , I a - a  a -’

a- ‘ un s~u u  I i 1 aa - a j , ‘ ru

( 5 ~) a ’:,’ 1111’ 5 ’ t ’ ’ ’ ~~~’ ’  a - a -  l a , , ’ - ot i ;,’ r  p a l - s . f i s a - I . u ; ’ t a l l , . ’a - t  l ops in ‘ ‘ - ‘r m a l i - m y ,  such a-a - s
,I i t’ P ius l , ’ a a ba nal S ;; a’ a-na - I t he is a - a-a- I I a;;’ a - f  u , ,  ‘a ( 5 ala - ’ de P a - . ’ ‘

T’ a ’ a ’ , t , - r ,‘a- nso l i P a - I  inn , 1’’; 1410 or ; ‘ a - a - s  pr’ a - ’ s ; : m a - r a ’  l , a a r ; , l ; a a - ’  , S ; , ’,’a ’ I ’ ,’ a- ’ ’; ‘ 5 : , ’  a a - i m ,aI  m . a - a ’u e , r a a ’ ,
a - r ’ ; ’ l a- - ‘ a - ’ ‘ la ‘ ‘ a -  j s , ’i n u t a t i,,’ ;‘r ’a ’ a - s ; u r ’ u -  ;a-nd ‘ u ’ ’ ’  , s ’ , ’ p ’a a - t’ a - s s ’ ,’ t o  a -’ : ’ - ’ ii lu’’a’ a S a - - r s  ,‘ u a s , ’ a- inca- I in an

a- .,, , a - a , , u , a - i  a - i , pr ’ u ’ s s a a - r e  t i a - ’ t a ’ , ‘ l a - - P  a ’ n ’ a ’ ; ,  u~a ] , -  c ’ s ’ ’ , ’ ’ -  h at ,, , ’ , ‘~‘a- a t ’  s ’ r , ’ ’ ; a - / a - r ( ’  ( ‘ ‘ a  . ‘ a - ’ - ! f a a - ’  ;‘‘‘ ‘~ ‘ 1’ n  ;‘ :a - r ’  id a - - a
i n’o  i n s !  S 5 a - , , a - l a - -  a- ‘ ‘ r i t a - a - ,- t I’ ’,’ a - a - e €’p I n - f - a r ’  -a- ’ ia- n  so ‘ P s - u ’ d il  ! a , ’ .ion bond ing , ,  ‘ i c a - ’ u a - ’ a  , a - ’ ’ u - s ”  a - n - n  , t , u n a - - - ,

a _ a - n a - i ‘ ‘ i n- a - h I  v l a- a - a - a- a h a - na a a- i a - a - a - a - ’  a ; a ’ u ’ a ’ ; . a - I  I ‘-‘ r e q u i r a - - u t  P’u ’ n ,‘ ‘ u n a - ’  ,‘ a - ’ a ; t  i u u a ’ a . t I a - a - n a  i - r i  fla-, , }(iP~
ca ’r’.s ,a l 5 u!a a - ’ ,‘ ,i pu u w i ~’r ’s ‘ a : , ’ ra ra- .u I i a -  a x l a u l a i  a , - ‘ a ’ a - a t  u - n  a hta- p ‘ a - ’ a-~’ a - f  t he  ‘ l a - - a r , ’ ’  1,- a - i  au i  I’ ’.’ dens ia  - i .

Ia- i’’,’ a - - p ’ ; a - l :1’ ,’a -a ’ ; ;ases a m a  u r i a , ’ ; s  i n  a S i a -  a - t a - a s i a -  ‘ ‘!~ HIP ,‘ a a a a l , a - i f l  a - n’ ;::, ‘ i r is - a -Is t a n  Pet u n  a’s a - - a a - r-
is ,  ‘ - S a , a - ; ’ a- p ’ a  -m a-hi a ’ ’ i u ’  p a .  ‘i”be t w r m  m ’ a - a a - ’  , I S  r a - ’ ’ t u i a ’ a - ’ s s : a - ’ s ’ t  5 , u a - a - -  t b- i ’ I ha-’ mar c ’n ia l  ‘ - a - -  t a la s ’  ~c a, ’ ‘ a- ,,

; ‘ n -uc ~’s ; a- ‘ a - is a - i a - n  a ’ 5 ; - n cru d : ,a- i ’ .ihla ’ ‘~ f heir,;’ a - i a - h a t  i a - a t  a- ‘a pa - a l ’ , ‘ure- ’ I s I s ’ c o n la i s ;a - ’ r ,  Ot her
i a - ,  a- ‘n” , - uua - h . a - s  a - a - i s P  , f ’ ’a- n: ,i l’ i l it ’ ; , a - n , , ’ a - . , - , ’  au ’ r a ’ , ’ - ’ ’ .‘:,l a - i a - c r  e nt , ’ n  s a ; t o  ‘ h i -  a u ~

n a - S  ,- n i  a - i ’  i,- t  ; u n P ’ r ’ , (‘(c u r’ c x;’ a- ‘ a ’ s , ’’ a ,  a ’  t o  ‘ t , a - r  a -’ 5 ; , , ’ ;  1 , - n - a ;  a ’ , . u ; a a - l v w i t h  tm - a - ioli’ s ia- a - a - nat  la-nw carbon
‘~t u ’ a - l ‘ - ,‘ t ’ r ’  ~ t h i ck - ; : , ’ , a - s  r a a - n g s n ’a- ’ f n , r r n  0 , 7 ‘ , ,  ,‘ , S  a-na , T hea -c ’  r: - a - ’ a - ’ a - i ;a - i s  - ia - a - ’  n’a - ’ l a ’ i ’w m l y
a- a - a - a -  a- ‘ l’. ’ ;s i  a - as S we l l . However , t ’ a u a  h a - a  a - a - i n i a ’’- us  ,,r;,1 c ’ a - r ’ l a ’ ; n ,  a - a  ia- - I  w a - c a - l a P  have ‘ ‘ a  ~, a - ,  n i ’ s ’ . . ,:!

a- ‘ ‘ i i ~a- I I’ — ‘ -,,na - I i a l a a - ’  P u r n ,

i’u’e a - P t , ’ n r a - i ’ m ! I’. u Xp ionlna - ~ l ;a -’ puu ;as ib i l  S t y  a I l is,ing , a - r ;  ‘ - a - ”  ,i,t . a - t  ‘ ‘ tn  n a - ’ ss i:, t a aa a t .  ‘ 1 5 5 , , ’ , - ’

, a - i 1 a -~,~ s , a - c’ la a - a -  h’ i c f a - r ’ ’ ’ rna - ’ , P t a - t un ic C’~.’ a - 3 or ‘ ‘ a l a - ’  ( ‘ a  ‘ h a - ’  ‘a - n  ~“ I,Y ovc rl;a- ’ ;  ,- . ‘ : a - t m a - ’ t’ ;t’t- ail,’’;s
(‘~‘ha- ,’ r a - ’  1 ’ i’’ u: ’ , l a - ,  i a - ’  , Ca- ‘ ‘ a -  P1) . These c a n ’  ,iners would no’ P a ,-  na - - s ’ s r ’ ’.’ ,’ u l a t  ‘ a- ‘ n ; ’ r ’ a  a a - a - s i n g
l- _ s ; ’ ‘,,‘,‘a u la t  - a s : ,  ‘ i a ’ a  :a - S ,‘la-i ox i d a’ io r i  r c a - i - I a - a n’ ca .’ ’ i r a -, f a r ’ II;,- a - , i r f o i i s  . , ‘ft c- a - , ’ - a - ,ibili~~’;
C I usu: ig  ,,‘a - a ’ : a - a s . ; a -  ‘n a - l a s s  Cor: t a a - u n ,’ r ’ h— i s -a ,‘ils,i be ing ,‘ ‘ ,‘ : , l au .  a - m a S s  I nc a - -  ‘ P ;a ’v  ‘ f t ” a - ’ ; ’ co s t
i _ i  S c  C ’ i ’ c a ’ ; ;a - ’ S S for -‘n” ‘ L x  s - al ; , - , pa - ’ ’ - - a - r u t a a - r e  c - : a - s v  to ra ’s n , ,va - ’  . O x i d at  i r a -  ,a - a ;u t  ,‘ en” ,sa- : ic
ins 5 1’ a- ‘ ‘ ion an , aa - ’; na-’ ’ ‘ a - u t in surfa ,  a ’ ca - n t a - l’ ; i I a - . a - a  i a - a n of t I-a c c n nso l i d ; , ; a - - , t  powda-;r , This is
n a - t a -,’n t i a - t  lv ,, 1 i r n i’~in,’ f a a - t a r ’ t a - n  ‘ l a - n ’ t i a - a a -  ‘ a  a - f  a a - ’ a ’ a ; t l a l C  d o n a , a - i ; n a - - r’s a’ a r ’ S,,,, t ; n ’ ’ , i ’ s u ’ t i ’ ’ a ’, a - a ’
s , a ’ a ’  sP ; ,’ a - p u - s

I’.’l , - n  t h a -  - a ’ ‘ s s ’ . , i a ;a - - a’ is f i l l ,- ,! w i t h  th e  s upe ra l l aa ’ p,ua’ , la -’ a’ it is ‘:‘ :a - , t ” ’ ’ - !  for 1’”a-
;‘ni ’sstu ru’ ] a -  ks a - a - s ta t  t” ,’sa- ,,’ ’ u . , t  ed a- a- , P a  u- ’ ’ : , ’ . a  1 0 — 5  , a - ; a - ,S i0~ a-~ ala-at ‘f Hi’ , The a- ‘.‘ a - c ’ ; s - a - t j o n  ‘ ‘a- be is
h a - u ’ a - S  , p i; ;a- heat f ’ t  ,,,; , , ia ; ’ I i a- ‘ h,-r ; hunn,”,l n If by ‘n a -  w a - - I d i r a g  to - ‘a - a- h S u, ‘ : u 1 ‘~ a ’  f inal ‘,‘aduum
“ c- _ i l  , 11’a- e a - - a - r ’ t is ‘ ;;a ’ ’  ,: a -c a - i l’,’ P’a u a -  c’ uu;i,.,’ i l I s p  ia -a ; ,

.i .S ;a- , III!’ s v s t  a- isa- ,‘a - t  Wes ’  inghoua-c ’  Ca - ia - ta - a - ala was a- I : a - i n  a- ’ , l t na ’sa, ,’,’ ’  , ‘ a ’, 1.’a -’ , a - ’  Er;,’ irs a - a n ’ - ,
I; is ‘ahu’a’a ; ‘ aa -’ P a a - a - ’a - s . , t u a - , a -I lv  in 1” ; ; ’ , s r’ n - q , The a- ‘ ‘ a’ ’ ’ tern consist- a a- ’ a f ive s:ona-’ Pum a - a - a - -,
300 s”ss’ , I D ,  by qOO :a- ;na- long, l a - a - a - !  ed in a sIt a - a - - i  r ’ r c ’ - - a u a - u ’  v,,’’- ‘ a - l a - ’  1 which ca- n lua - P a - a - a - a - a - a - P a - a -ui
a ’ ;  ] ‘, ‘l ‘11 3 n~’ i h ina-’s nn . The f ’ a s a ’s ; . a - a ’ a -’ is c a a u a a - l a - l a - ’  ‘f  t e m p e r a a a s n u ’ s  up ‘ ‘“ 1,’ l’)°C, F’or rna-x ina ;u:: ,
1 : f ’  a - f  ;‘: a - -  k - , , n m P a , l  e i a - a - s ; a -  ‘ a ; ’ ’ a , ~ 1 . , ’  t a - ’ a - a a ” a - ’ n , a - !  t a - a -  is maintained a / I  app n a u x i a ” a - a a ’ lv 8f l0 °C bet a- a - a - a s
c a - u - lea -  - TP;e va- a - a -- a - i  i s  a - a ’ a a a -;ur i :’c’ u 1 b y a a-.’ ’ d i;a-phragm compre s s ua ns - s  opa - ’ a - a a -a a- ’d in seri ,’s . The

a :  ‘ ‘ ‘a ; is ::a’rn’:a-l I ‘a- a - a - - a - i a - i  m a - - u t  a - ut  the conclusion of a- a -a - a -h cyc I,’ , Tha-’ van s ‘‘ ass. steps in
a-’ ,ut -a a P t a - a -  a i rue, :a- a a-p i t ’ .a - 1 a-ai rs lta-’ a- , it a- consol  i d - a - t  ion run ar e  shown in Fi a- ’ in,- 10 .

‘ ‘l , i ’  p a - n a - m a - - P  e r ’ ;  shown in FL i/ a - a’ 10 wc’rc’ ‘l a - -va - -i a - p aul as a comproara i a- a - ’ h i r a - a - a - - ”  t wa- ”
‘‘ f l ic ; m a;’ ‘‘‘ a - Is , One shora -Id ‘use a-a- low PIP ‘_ empena a - t ure ‘,a mi n irni .a- ,_ - m a - a  n S x ~~!

’ i S ’ a - a - ’
i p;e n a , a - t ! . a a a -  whe a- a - ’a - a-s a hi ,’ la 1111’ te m p e r a - a a s a - a - ’  w i l l  ‘ a - i a - l a !  improved m a t a ’ ix  p rope r a -  i a - ’ s~ It a- a- a s
foura ci a ha’ c’’;:’t ’ 1’ ‘ ,‘ uhuna s if i da ,  a P a-na ca  ‘‘ii , ! bi- ob taP n,’,t l ra ’  tw a - en 1000 °C a-tad 111)0 O~ for the
h ’ a -r 11 — 00 s a - I l o y . t l ’ a a ’ e ’,’e n this t a ’ s ; a r u a - ’ n a a - a , , n , ’  rain,’ ,’ l i es  a -e li below tl ; c’ ‘

~~
‘ solvus

~‘n;a p e r a - ’ ’,u; a ’  :us ;, l a’ , ’ s n a - I r  a- in a, ~‘r’ r’ ’,’ f s a ; i ’ — c ’ r ’a ira- a-,’d , weak , a-a - i t - r a - .a ’pl :a - : . a ic rsa - a - t  r ;  a- (10), as shown
in I - ’ i a - ’ , ura - - Ii (a). The ln i ;’ts t e’astp i ’r :a-t a-i r a - -  s t n i ’ r l a - ’ t h  of  the a i r f a ’i 1 - ’ is large ly supp lied by
i ia-~ ’ a - a - ’ i ; ;f u ’ r a - - in,’ f i l a n a - ’ s ’, I r a  t h i s  “ a - a - n a  a - f  the ‘Lu t e , a su~aa -’ a - p l a - a - s t t c  matr ix  mi ;’ Ps t he
. a - a - ’ c a - ’ ; ’ t ahii , Il,’w,’’;a--r , II,, - h laa - , l n ’  a - a t  and ml;, ,a - i rt ,’au il t i p w i l l  not be f ; !u r’ a- ’ — r e s a s l ’a ’ r ’ a- ’,’d ,
a l a e ’ ,e a - a - a - a -- a - ’ - aa - , ; a -  ‘ th eret ’ na -  p o S a - . a ’ s s  a - u , l a - ’ q u a a a ’  a - a a-cna- ’th in the una - a ’j n f , ’ ra - e ’ d  condit ion , Such

S leve ls  a- a - rn only ‘ u ’  ob t aa - ine ,t lay ua - u u a - a - -’ - s i n g  a - a  t c ’ an rs - , ’ r aa l  i a - es  sb ’’,’,’ th e ~~~
‘ a- a- lvus

P a -  na a ’ a - - r ’ a ;  r n ’  , fa ’ll a-wed hi a,;’ ing to o pt  imize ‘
~~~

‘ and (‘r uin ;  l uaa uai,l a , n v a - p  a - e a s ; s s P ; a - ’ r a a a a - i ’  - In the
l i lt ’  Lyc l a -  i l l a a - - - i  n - uted in t i  a - a - i r a - ’  10 , a S a c  f i rs t  i ;u’ l rn  of the soak period t a - a - k - i a -  p i - u a - ’ a ’ - a - t
I lh’) ° C anal most , I ‘ l a n ’  c a - a - n a - a ’ l  i dat ion w i l l  occur sa t  t h i s  t empera tu re .  Durir;,’ a i . a -  sea- ,ip-a ,t
ha - s i r , a 1 , e -  I a ’ a s ;p a  a . , ’ ‘ t a - u  is i nc r, ’ a u s a - ’ u t  a , ’  1230 °C , whi ch is aba-ave the 

~~
‘ soi vus temperature ,

aa - r;d ‘,‘ ia - ’I ds the a’ ’ s ’ a j . a - xc’ ,t , fully scilut ; a r r u a - ’ a t  m ia - r ,m a u a n ; ia - ’ a u r e  des i r ,_ ’ a - t  t a n  the , i ; ,a ’ a - ’ s a u f a ’ r a - a ’ a l
p a n ’  a- of ‘he b I a - a ! - l- a - a - a t; a-u St a - l a - a - i  ua-,’ Pm , P l lustr,sa a - ’ ,! in Figure 11 (h) , If in the fu t t a - re
it should p a - u a v u -  a - u - a - a- ’ sa un y t .O S U1 ) ] e d t  the p a r t s  a n ’  a u r a  isothermal f ’ a u a ’ ;’ in g  operat ion for
fi n ,a a - i a - lu .up ia ;fr ’ , a- a - a - ’ shoui,l a - a - ’ nr ,a - in iv t ail’,’ aa-lvan t.a- ;’, a - ’  o f  the sa-a - pe ’ rpla s t  i a -,’ ’ ,’ a  , u a u a - ’ n t  it ’ s by
,‘ a r l a a - S n n i  I ‘ l .a - I ion - a - P  ii ( a - ( m ° (’ Tb i a- aulso m m m i  zi’ s a I,,’ thermal a - ’x t u a u s u r e  a m t ’ the f ib res  - The
m i  a- ’ n ’’ - I ra u ct tire t i’ ” i red for the unrelnfona- ,’ ,t  rca-’ Ions can be ha a - i ned by subsequent hea’
P r u - a- ’, tTa- er;I

t’,,st-HIP Pna-ucess In,’

Seve ral p n ’ u a - a ’ a - -. i n ; ’ , ‘a a a -’~’s 
remain ta - a l u , performed aft,’r consolidation. T1-ai’ ,:a - ’ can

P a -  broadly d i v i da - ’a l  l i a r ’ ’  a l a , ’  i nc a - a -  of envelope removua -i , machining a-nit forming, quality
c a - a - nt  rol a-nd l;~’ u t  a n , ’ a a - a  menu -

It wa .s prev iou;u iv  sugges t ed  that  a-ri,’ m i g i” . he a - t a l e  t a - u  use an Inherently
a - a x i u i , a - t  P a r r ,  r a -’ ’.I ;,r . u r s t  ass , ,  a e r i a l  f a a - r  t iat ’ III!’ envelope , If a - hi s  prov ed f eas ible , envelope
r , ’ naa c u ’ a’, u I  would a / a - u t  Ia ,’ necessary , If rh,  envelope ma ten i , a - i went ’ stainless a - - a r  carbo n s tee l ,
t l;e ’; coui la- l he remOV€’( l by eith e r cOfl va - ’ a h a lonsa - l or cia -i t roivt Ic p ickling. Ceramic envelope’
ra e  p a-’r i a - i l s ta - n a - I a ‘ a  s p a a -  ii o f f  a la - a - r i ng  cool i ta- from the HIl’ a , ‘ a a , i r a - ’ n : a - r  l a - n a - ’  - One u- at the

a - a - a - u i - s  of u , ‘ r a u a ; a i ,  m a - u l a -ling “ a . i t a - ’ n ia i s  is that cm lv sa - grit t u l s a - s a t log operat ion is r a - ’ u p u i n a - ’ut



“a- ‘a-’

1 n ’ c a ura p la ’t u ’ envelope na-na -oval -

1 a -’ a l a n s- a- a - a - r u , ’ . ,‘ , u t t a a a ’ t  l u ’  a - r u t ’  a - a - ’ a  S c a - n s i a - I a - ; ’ ’  I v  i - i  HI P— ca - na - u t  ia- Ia ’ a-on , iso m ‘ “a -n ”  - a - I
‘ . a n a - ’ i a a a - ’  w i l l ( ‘ a - ’  a’ ’ ’’ a ’  i n n ’ , t to  rc a - i n- ac I a-~ a- va- a; ’ -  ., n , a t  h i s a - a l a - ’  a i r f o i l  ‘ a- l i ; a - p u i ’ ; a In t h i s  c ; a - a - a - a -  , ‘h’
ca-nsa- I  I , taa - t Ia ua i I . a - t ’ a a - n m a - ’ t  i n s  w a - a - i l ul a- ,a -~ ,‘S a a ’ s , a ’ a a  t a r  a a a - l ’ , ’  a u ’ l ; .’ a a - a ; t . a - ’ ’ ’  ‘f ’ I a , superp l a - a - s . t ic pr ’ n ’ m a - ’ r t  P a - ’ ; ;
,,f ‘ ha -’ ‘‘ a- ’ a s s  a l loy , a b a - a n t , ’; aa - h ia a i nss i :s in p pr ’ s - a - s ! u u a , a - t s  - a - a l a !  a l l , ’  w ea r ,  ‘l’he ‘ ‘ a - i a - t a -r ice of a
S ‘s ; ’ ’ ,’ ; s ’ l a a - ” ’ i c ’ n ’a - a t r i x  ins a - I s o  exa ’ ,’a- ’ t a - ’ at  ~~‘ u  ; ‘ a s a s i a a , i ;;(’ ‘ hu ’  s ,, , ’ ,’ a i t u i l i ?  ‘a- o f  f : t u n  c - S - a - s ’ s - a - ’  ‘c dun n,’
a, I. ‘ a’ a-’ i a; a- uupa- .  n a- I I ‘ ‘a ;

‘ ,‘i;\ ’ ,’ s a - t  s a u s , , a - I s” :,, ’h i n a r a  u ’ a i ’ a -  t ;~~j a - , a - a - . a -  such a- a - , a ;’n;’  ,;u ! ; s t s ’  ‘a - n t a - - i  h ung can t a a - ’ ’ s ; a - - d on
h l a , u ’  no- ’ ’ a- a-aid ‘,‘ra- n a- ’ ’ - ! a n a ’ a a - r  is s in, ,’a ’  ‘ ‘ a n ’ ’ : ’  v i I 1 a- -nr;;; i s n  s idi-1  y a a f  a’;,, ’ a ix  a- h a- n i Ji any
5 ’ , , , ’ :a- 1 a u  nu ’ a a - , a - l  i a- r’ a ’ a l a a - ir ’ a ’ u ! “ a’ ’’ ;- ,: r h ’  a - ’ , ’ ;’ au r a - a - i ’ ’ ’  au r I c a - u s , a - r u ’ ;’,’ , ‘ a - a - u’,’ a a- a: a - n ;  u u a - ; r u .’al a - i  I I probably
P a -  a - n - a - t a - i r a- I a’, a- ’1 ,: a - a’ a a - , ’ a u ’ a - i S ! i C  a-’ a - a ’ ;”  , ,, u ,a - j m , -  :‘ ,, ‘ m ’ r ia l s  c ’ c , a i s i s a i r l a - ’  a - r i  ‘ a - a ’ ::,’ r ix a- ; ’ ; a,

~ln u ’ n a ’ s , a- I a - ’ x p . a - ; ; a - i ’ a ;  a- ’ a ’ , ’ f ’ ” i c ia - ’ r ; t 1,- i r a - a - - a ’  t ’,- , n ‘ ‘  a- ’ ‘ ‘ ‘ I a- ;’ ;‘ r ’ i n P ’ a ’a ’ a- ’ i a ; , ’  f ’ ihr i’ ’ ,  is ~~~ ‘ a ,  r a ’ ’ , a - ’ a u a ’ a ’
‘ , f n a - ’ s i , l m s , a - I  a- ‘ ‘ a -  ,a--t sa ’s A r ra - ; au aa - :  t a ’ a ’ a - p u - a ’ a- u t  ure , t ’a - a - ’  I sa a , tn i a -~s is ; s a i P ’ i a - - u ’t  ‘ ‘‘  a, rea - ic t ua - l  ‘

S ‘ n  a- ’ ; ; a- a’!; a rca -s  ‘ ‘5, - 1 i ! a ;‘ ,. S art’ in a- ‘ u rn’ - a - pr ’ ,’ a- s-s i a-fl , l_ , ca- , I 5;, a, ‘ i np P’ n un:- aa - P - aaus i ye i a -  i nut I rig a- n
n a - c hin ina’  c a - p a - i a - !  r, ’ ’ a ; s l ‘ in loca l i a ’a - ’ uP v ia- ’ l din ;’, ‘ ‘ a ’ u’ ’ ,’’ ; a- n a a - a -1in ;’, a - P r he ~ a u a n ix,  .‘,Il’a ’ i

f l,i,I i ’v  c o n ’a - ’ ’ l  a - a l a - a ss’ ;’ : a - a - ” , : ’ he a - a - a - - u s  ‘f  a l i m a - - s ; a - a a u a a a a -l a - ’ a n ’ ’ n’ u i , powder
a- a - ns a -l i l a - a - p ia-n , a a - ’ ;a - I  a ’ a - ’ i n f ’ ’ a ’ ,’ u a - s s , - a ; a l i t - a re  i n i , - , ’ a - i a  v ‘and l a a a - . a - a  i a - u ’ :

i’t i ;’ ,-;’,a - I ’ u s ’ ,,l c o n a r n l a’ ” -‘ a - a - a - ’ ’  , a - ’ . it ’  a r - s  id e ’ , i ’ I S a  u ’ s ” ’ ’ ’  a - I’ ‘‘ ‘ a ’  ‘ s fa ,’’ sur ’ ,’ s h oa - a ld  a- ’ ’ ’
. 5 5  ,‘ ‘

- u r ;s’ - a - r ’i’ a’ - ! l ’,’ Ia ‘ a n ’ ’ ‘a - a a - t  f ’ ’ n ’  a - a u a ; ’,’ ,-;’ , ?  ‘ , a ’ s s ,  1 c a - s t  c a- a - ‘ ‘ ‘ a - g u i r a ; n ’ ’ i s ; r -  p a - a - t a -  ‘PS a- a-’ re is ,
Saa ’ a ’ , \‘a- ’ r , one ru’ s u ’ ’ a - a  i a - a - i r ra - t - a 1 a-’ n , ,  ‘area a h a a -~ ‘a - ; ; : ’ l ; a - ’  ‘ ‘ - a - ’ t  I;; ;al i a ; a l when - ! a ’ :a - lina-’ a- i ’ ”
,‘ , as ” s , , ’s i  In’ ;’  ‘I S a , ’  th ra’n: , a - I  u ’ x a ’ a u a , ’ ~ion a - a -’n a ’ ’ f ’ i c i a ’ aa - r d a -  ‘ f ! ’u ’ r ’ a - a c  P ‘ a ’ ’ .’ , ,  a ‘ ‘ a - i ’ s”, . - a- ’r i”  - n ’  a - S
n’ ,’ a - ; s ’ - ’:’ . ’ a ’ a ’ : , - n a - t f i ” n a - ’ a -  a ’ a - ’ , . a ; l  ‘ a- in ‘ ! ; e  noss ihil  P t a -  of  ( t i r a ; a - ’ n s i a u a a - , a - l  c h ’ a - s u a ’ e  or a t i ~~~~au r t s  ‘ m ’  a - a -  a-
na s a - t i !  a - f  a ’;,’ra”.a - a- l. c v , , - l i a a a - ’  d a r n i n g ,  :“ a , , ’ ; , P ’a a - a ’ r a a - r a ’  “a- dunis ; ,’  ; sa - a a- ”~ ‘!‘a- a - i S  a t i s t u ’ : ’ ’  ion or
a’ a ’ ,‘~~ a -’ ’ ’  . in a g ’’ , ‘ a - s  i’ ~ .is !‘u’ ,’n a ’ , ; l l a - - a l , ar i s e s  a - t a - a - n  n u - ’ - i a l ; a a , l  s ’  na- l a - e s  ‘ - a - a - a - ea t ‘ l a - a -  ‘ a - I a - l a !  s t r ( - : -;s

‘ u p ’ 
~!; a - - na’ ’ a 7 f ’ ’ n , i” ,’ f i h n r  s ‘t h u  , a - s ” , ‘ ; s  ‘ a - I  d i s t a - n p i a a n :  is a- ‘ ‘ n ’ s ’  a L ,  a l a- pe, n, !m ,a ;~ a-n ‘ h a - ’  S, ’ ;a- ’ a- ’a - ’a-

v a - l ’ u”'’ a-’ P
.
” at e ’ i,un cm ’ ‘ l’s , ’  r n ’ s ” f a - , n , ’ ia;,’ u’a -a ”a - pn n ’ a - n~ ( I I ‘I a- ’ . . ,.,), ’p I ~;t,,., l ct,ia “a- s,i,’;’ a- ’.’ a- ‘ ‘  ‘a - : , ’ , it

‘ a ’ ’’ ‘.‘a ’ ! ’ r ; ’ a - a - ’  ‘ n a - u - a  lu irm a- ‘ a” - a - s t a r , ,’,! ‘ ‘a m a ’ a - t  a h i ’  a - I  n, ’ s - a s’ t ‘ , a - a - I  ‘ u  f t~~, u sun - a - a ’ s ’ ’ pros ’ r ’a- n
(50”’ ‘ ‘ a ’  mo:’ , - ~ , a ’5 ,’ ” ’ ’ a - a l a - l i a - t a u n t I a - r r  shca -uu ld no’ a - c a - u i ’  An , ‘ a - ’ s a ’ u ’ I ; t  i a - n  ‘ a ’  Ib i s  c u u n c l a u a - i ; u a ;
;n i a -,ht !a - ’  In l i i i  ize,i . u a ’a - ’ :a - ’. such is I ‘a, ’  a rai lia;,’ c i a - a - ’ ”  a ’;, n’ f a a- a r ’ ,’ r,’ a - I ’ t ; a -’ ,’ I: a - a -’’ ions ‘a - s
l ’ s ’ :a - ’ ’  25’  ma’~’ a’ u’ s u lt  a- a-~a- ’ a a - ’ u s i a -  o f the a , a ’ n ’ a l  I’ ’  a ’ a : , s n l a a - s ; a  a s : :a - I r ix  r -ana - r t a a -~ a ion ca-mn !;’’ ,‘lv ar ,m;u:;’ l
‘i ,a - . c i a - r C a -  ‘P’ r ’ ,a- ’ P n p  c’t f 5 ~~~~~~ p - , ‘a- ir a- o ils  a - i l l  ~a- /‘ u s ; a i ; a ’u , t I ’ ’  ,l , - m  a - a~s’ ~; s a , -  i a -  t ”a - ’ ’ a ’ s ” - a - l
a l m a - i  5 ’ ’  ion wi  ii j ndeu’ ,l P a , ’  aa - na - ’ ’ ’ - l a - ’ s ’ a- w i t h  t ! i a - -  p a - a - a - I  i c u l a a - a- r ;a s ’  r ix ‘a nu S na - m in t’ a ’ : ’ ’ ’ ’ a” a ’ ’ a - ’ a-a- n ba-
cons j cie r ,a - t i a i

‘l’a-.i-a ,! , - f a - - a - I  s- a - lea-c l ing  ‘o na- a - a r  a - ; , :a - l i t y  in H I P — c o n g a - l u  - ‘ , . u ’ a - ’  a~l as-a-a - ia - a- c,’a-n a’ a- ,’ ’ a c ’ a ’ ,u l l ’a -  a-,;a-
. a - a - a -- i - a t  ! a ’  d if f enn ”;t ‘ vs’,’ , of  co nta iner  lea - a - I- s . ( ) r ;a -’ i ‘ ‘ : ‘ a - ’  is ‘ ha- ’ loss of ‘ , ‘a a-a - ’ l i s - ta 1a - 5 ;; ‘ I;,,’
-‘ - ‘a- ,’ !, a- c’a-n’ . n inc’ r  lust na- ion r o  a -- an a S i a - i s : ,’ I ’a - , ’  v a c a s a i r a -  sea l ing oo a - ’ a - : , ’  Pa- n . Thu re s i s t ;  is s s iii
‘ a - s m - a - l e t a--a- ntain ,,mr hut v i a  h air he ‘s ,’,’ , - a ’ , t ” e : ‘ a mn- ,’ a la - ’ r  “ ‘ i r t i c a l a ’ ’ - , The r a - ’ ac t  ia - a -  a i .1a -y ina- ’
‘i sa- u ‘ ‘ ‘. ca’s ’sh i ne w i t h  ~ta e a ir  to form nir n a - la’ ;’  a a - a ; ’ !  a u x i a l a - ’ s-a ‘a ; ‘ ‘na - su r ”.,, o f  ~ha -” pa’s- a l a - n

s - a - n ’ P c l a - ’ s  duri;’,g, 1111’ p r o c e s a - i n a - ’  anal s.’i Il ‘- l i ii ‘ a - i a - - i d  an ;a a a r u a - a - r , - ’ ; t l v  c a - n s a - l i ’ S - a -’ . a- 1’a, ;a e
;a , , .,;a- ,~, n  i ” a- a- -a - .ininas -s ’”;,’ rni a - a - - ’’ Sl n - au, a ‘ta-a-’ a- a-’ ‘“, a- “a:a - ; a - s x . one ‘ h a - a - a - v u ’ s  pri ”r “airt a - c i a -’
‘a ‘ ‘ i I s , ! l a - r u , - ’, (PP1I ) l’t;,. a - P a -i a - I  is ;i ,a ,s :,I l’ .’ most a - s a s s - - a - r e n t  a - a - a  I ! a i: ;  s e a - P  ions , - a - ,-’ a - b a - - a - a - ’  P a - a - a , ; up
“ a - a - t a -n t ::,I; t a- a - ,  a - - an na - ’  n a S a - a - a -  i a - a - ’  sec’ ‘ as s . The na- a-n v ,‘a-s; I t s ; ; i a ’ l , s - a  Ii inn w h ia - - ’-a for;’;’; , inhibits
s:, S; a; ,’q -:5 ’ r e c n v s a a - i l h a;:, ’ ion a- ; ; ,l Carl rca - nil t in ‘ ; ca -au r a l s u a ’ a  S l i t ’ ,’ 5”,- t , , l l a , ,’ ra-a-ph ’ :  a a - p n a a - ’ S a - n :- ; ta he

“ ‘i ’ ’nlv ’ w — a - v  by which r P n a - ’ o resence  a- i’ air in a ; a - .  Ph t’ a-,’, I _ u i  n a- a- is . ! a ~ t a - ’ , ’ t  ,‘uh la- - I’ :a-p:’ a - ’ a -a - a- a -
I il ’u’ l ’ .’ a ’ , i t  aa - r a - u ’ t : a - 1 l u u a -’ n a a -~ u ’a P u ,’ s p u ’ a - i r a u ’ t ’  ~ ill ‘a : a - v a - -  r c a  he p a’ a- ’ : a a - r c ’ a t  t’r ’ar ial  a - a - a - a -’!: a- ’’’ s ’ h s u a ” s i l e

-in ’ i d e  Th is  s p a - ’ c i m a - ’ n  a ’,u, u l . ,l Sue a-h r : a -  in,- ’ f na ’ s ’’ , i S a - a - -  a -’ ’,’ a a - a - ’ ua - t  ia-n a ; s l ’ a - ’  I’ is  a l a - ’ ’  possib le
f ’ ;’ leaks t o  develop ‘l u r ing  ml’ ,, - H I P  ;‘r ’a ’ a - ’a - ’ss  S’~i the ‘ a - - a - n s a - l a - ’  ‘ ‘ f  ‘,.‘a - ’ l c ls or s p l i t !  i;;, sit ; ‘; : a
na -p o ts I;; ‘‘ s, a ’ n a - ’,’,’ l,u ra a- ’  Thea- i l,. a- a - a -’ s w i l l  a - a -’ - m a l t  in irt c a-rnp ln ’ ’ e a ’a -~; a - ’ m Ij a ! , ; t  ia-ri ,

(‘h a - a - a - l i ’ ‘,‘ ca’r,t a - a l  a- , , ~’ fibre Ic ica-ri on is f i a ’ c ’ a - ’ s s - a - s a - a - ’,’ since tha-’ : ‘ a ’ . ’ a- o x i , l , a - n  ion
ra - a a i a - t a n  c ’ , ’ ’  f’ a ;u; ; ;’’~ r en ,t l u ’ t ,a - a , ’ s - :  t h : a - I  ‘ a - i l  a - a - ’ i r t fc m rc ’  ii;;’ I: t a a ’ a - ’ a -  ra l is; t lie surr’,’;us ;a - !a ’ ,! by s’a - .a - ’ ’,’ix
‘a-h a-’,’ - ‘ha- n ‘ Pa - a - ’  min imum mat n i x  thickne ss ra ’ r a ’ , i rc ’ ,l l a  p a - a u t e c a  ‘ ‘ a - , ’  a-~~h a - , ’ a -  h a - a - a  been

- ‘ u ’ ’ a - ’ r ’r S S a ’, , ’ u i  nondest a - us, ’t  iv,’ t a - s t i r ; ; ’  w i l l  Sn,,’ a’a’qu ir ’ ( ’ i a m  n,- :a- - .,ta ’ u a ! ; , - ma ’ n~ix c i : a - l a l i ’ ; g
‘‘ S 5 a -~~I a a - ’ : S ,  It Is a- ’ xa ,’a -t ,-d t h a t  a - ’ x i s ! i n s ’ t u ’ a ’P ; i ; ; a p a ; a - ’ ; ;  such :,‘; x — a - : u v  a - s i t S  ‘ u s ’  a - :a - phv a - m au l

a a - l t r a - a - s , a r , i a -  ‘ a - s t  m a - ’  u ’a - a-a m he a- I s a - s a l  a - a l  to t hu-i s- a r ’,uh leraa air ’,’ ,, ‘l’~;a - , a - ’ x i s t e n c  a-~~~,, a-’ ‘ ‘a ’ a ’i’ ,’ia f PP ’ a ’ ,,-a-
- - ‘ , a-~~l~~t - a - l a - u ,  be ‘ 5 , - ’ r-u ’ aab l a - ’ ha- such ? a - . a -(’pnia ’ j la - a - -a -

The f i na l  pa- ’ , ’ ’ a - ’ a a s i s s m ’ s t e p ( s )  a - - i l l  c o n s i s t s  a - f  a ! ; , ’ aipnl, i cat  f a r t ,  ‘f ’ an oxidation
r,- ’ . i ’ a ’ s i n’  c- ’:,’ i a a ~’ ( i f  oxi a - l , a - a -a t a l l  n a - a - l . a  : , f l t  H I P  r ’ aava ’ l a m a ’ a , ’’; a- a’ ,’ a- a r t  used), t’o l l ’ n ,’a -’ ,l by l;a- ’ . a - I
‘ u’ a ’ ., ’ s ’ a i - r ’ t  - Hea t trea -m r m u . a a - r a’, a ’ s l a l  l a a - n ’ a’ , u ’ l v  1’’’ .‘i a a- a-aa ’ c l  .11 ,p 1 lmi,s-’, i na , ’  5 - I  a - u t , ’ a’u ’ a m t p i a - a ’ s ’ a ia’ s - a
- i n c a - ’  ‘ ‘ se ,- r t a ’ r a m in,’ a , ‘ rs aa ; i - r , ’ l t aunu ’  ‘f r ’ - a a -  v / a i r ’  anal h I a u . l a ’  au r ’ f ’’ u i l s  w i l l  he t r am h igh a ’ -’

u - x pei ’ 1 .i a a t a a - , ’ a ’ i ; a - l u l a - .  Iu’ r , , ’ ’ , - r ’s’ l a - - i s - a P i !  a- from ha - na -  a nu’ :u t ‘saa’aa’

Cia -’~~’l , a - ’ D t 1 ’ t a  ( “ i ~a-\~. p( ’ t

A ‘ ‘ ‘s lu r a r a - , ’ r : a - l  l , u r ’,’v t una - au - i - a - s  ‘a - a - a - ‘ ‘ a - a ;  a l a - ’ v a - ’ l .’ u ; ’ ,’ ’ ! on :a- laa - ho r ’ a a - t  a-ny a - a -’ a - h e  t a r  s ’r ’,’at; a.’a-’
s u a - t u a - a’,lh i a - ’ r ’,’ s ’ a a a - l  ; i x -t ”s a ’ a - i a - t a - I  ‘ a - / n a - a - s p a- a ; u ’ u u a i p r u r ’ a l t  a - ’  ‘a ’ : : a - p a - ’. The - ‘‘ m t i a a a a - a ’ m a - a -  a l a - p a - s i t  i a - a ,  a - f

- a 1r , I a - a - ra  a - ’ a a - r t ’ P a P ’ -  - a - s a u l  t aau fn iaa - m n i t  n i t , -  II í a - m a - a - i a - u n  h a - n a - i a ’s a-an a na - ; a , ’s ’t ,, ’tu win’ , - lu’, ,‘ la, ’ rs ; , c:a - l
‘i,,s u u u u a - r  ‘ a - ’ ’ ’ ’  j m  s a r i  St., ’, ! aa - -, ’n; ‘ ! a ’ a - ’ , a u l , ’ .I ns a - ! a - a l ,  (‘a - a - a  a - i  f i l u a - , ’ ; a  m a - a - v a - .  P a - ra ca-nrh i ;a , ’ u l  s i  ‘ a- a - ’ , , , ’  a - s a-

a - h  Ia - )y  ‘ a - p a - -  a a- p a u l a - a - ’ , , ‘ u ’ a ’ a a , a ’ s  i t , -  p a - lit ’s , The a r t  Si ’s e ta - a - i 5 ’ , ’ ‘at .a-c ki ’ ’t , a- aa - t  a- ’ a , s a - , ’ u t ‘ a - ’
c’ , u n i sa - u l  i t - a - ’ a -’ . l by h a - u n  i s a a - s t . u t  Ic pressing l a - r u na - a - j r—a ’ I u ’ r’ pa - s a - i t u ly net  c n s - I r a p u u a ; i t a -  sta,a-r’,’sa-

5 1 , . r j ,  ‘ a - I  f a - c t n ns  ra - a - ’ qu i r u- ’1 a - ’ a ’ i u u a i ; t  consider ’ , a - t  / - r i  ‘a - - P  ‘ ‘ r n ’  t a - ,,, pa ’ ur ~ r a u ’ s ,’ ,5 p r u u a-’ a - ’ a - s  a- a s -I/lai
a - - I s a - a t  a ‘I a. , ‘ a - t u i l u u t  p l . , r a - r  sa’aIt’ for pr - a da - a - d na-’ ‘ a - s n - a  in nn ua - n aua t v a - i u ’ a - n a - u i , ’ - :  P’a-m r

‘ - isss - ’t l a ur aS a ,ur t u i a , a -~ a-’ s a lop, . 5”’ ;’ - a-s- a- a - he rra iu am i s’,;’’ ’ a- a - a , ’ a ’ !’ t l a , ’ ’ a , ’  f a a - u - t o t ’ s a - a ’ ,’ —



-‘

p-,( ‘7,7

(‘a-) T”a-e as ,’a - ’d t o u I a - - r , u r n , ’ ,r  n s a - a c  ‘ ‘ a a -  a- c p a - . ,  , j’.’a ’ ;,a - ’ ,a- cuf I t ie
d i f ’ P’a is , ion 5 - a - a n s i  a s  ira a t a t , t l a i t  ins’ n i c k a - ’ l — i a a ’ t u s u a - ’ u l
r’ u ’, ’ a - ’,’ s ; m .,ll i z at  u t ; a - a n  a- ’ Ie , a - ’ ; n 10 ,000 a- t r a i n s

(1;) Cn’ a ’ a ’:’ sand a-tress a u / a ’ ’ ‘ a - na-  a u r a - p a - r n  t a - _ i a  of  u ’ a u a s ; a ’ u u ’ .i ‘ a ’ ’ ’
pr ’a ’ u l a sa ’ a’u l by a- }

~~ ‘ p a ’~ s u ’ a - ui ‘~ a’ a a u ’ a - ’ ’ a S  mus t a’ n - I  ‘ t a - i;;,’
re q a r i  reralent a-

(c) Dist u n n t i on r( ’,aau] ri t a - ’ P a ’ ”  m h , ’ a - a’ a a - i a - Ir e’ ,, ., ’ on ‘ ‘-

composite air f ,a i Is ma -a -s S -a t arn ’ na-i I t a - i  with ir a accep tab le ’
a-Ia-sign l i m i t s .

prta- F Rt”NC F

- D W ‘ a - ’ ’  r , a - a ;, ’ k- a -a - nd R ,A Sia- ’nore hli . l1,\CA”l,ewis Resa - ., rch Cen’ a - n , ‘‘“ ‘ na - a - -  Ra in’ a - i ra  a - nut
‘l’,’:,’.jl,’ t ’n.’ :’ ,’r’ i,’m; of  R e f n a c ’ a a - n ’,’ ’~”a - - t a l W i r a - ”  a - a  ;‘ooo ‘an t 77(t (’) F ( 1 00 ,  a - nd 1 / , C)
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FIG. 1 Performance improvements in a regenerative industrial gas turbine engine
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row vane and blade trailing edge thickness ; (c) increasing compressor
turbine inlet temperature from 1010°C to 1060°C.
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I’ S ,‘ - , a , a - ,  - I 5 , , -  a r a - ’ a - ,’ u , a a - a  - a - , ’ a- a-a- a - , a -  ‘ -- a - , s u , ’ r a - , a - a - a ,  a s , , -  ( i ’ ’ a - s a - t u l a - a ’ . 5 ,, ‘ ,‘ . ;a - ’ . a a a a g  i , ,g I, h a - a  ‘ c r, a - a ) ,
a i ’ s u ’ ,~ a - a  a - r a m  u , ’ u t , , a , ’  a ‘ - a a - pa- ’ ‘ . , a a , r , ’s  a ,  a u ’ - - ; , , ’ , ‘ , uu , ’ ’ , a ! , , P a a u ) , a I l — t , , u a - , ’  ., I l a a y s  (,r a ’ u,, r”’I f ,a - ’ “ a ’  ‘ ‘ f r a u

‘ I’ ‘ P a -  , I,,,,, (‘ a - i ’ S .

I a ”  ¶ a a - ’ s a 1,,ira ‘ ‘ a  II.” a - a - -a r), ‘ a t , , , ’  ri a ’ ’ ’ ’ - 1’ N t  a-. ‘ S a t ”  s r a a r a a a - , , a , a u , a -. ( a ~ ‘.‘. a  ‘H S o  a ’ ~ 1 ’ ~~a- ’ ‘ a ’ ’, a- ,r ,
I ‘ ‘  ‘ ‘ t -  ,~,,,i ‘~~a r u  a , a-’ ‘ u a - - I , a - ’  ‘u ’’ a- - a , , ’ ’ ’ P c , a . a a a , P a -  )

~v a - a - P i i l  - , a - ’ ’ l a , a , a ’ a ,  c u ’ - r a -  a r ’ a ,) p a r , ’ . , ( , a a . u t  a ’ ’ , ’ ,  f a
I ), a - -  a - , -  ‘ia,) ( a i r a , Ia -~a - c , , a - a - a - a l a  1’ NI c r a a - ’ P  “ a - a - u ’  a , l , , : , a a u r a -  a - a ,  a - a - a ,  “ P- I I , ‘ ‘ Cr , ~ a- ’ ’  5 ‘ ‘ , \ ( . ,  b”~ ’(’ a- a - a - a - a ’ S “ a - a -  t ( , ,a - n
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. a a ’ r
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- Lu~~~~a-i a- r i’, p— a ’ u j a t ’ , r ~’ s l re u, , ,’ t S

‘ P u , u a - e r(,,,v va -a ,,) ,‘v ‘h’sa - r ‘ ‘ a - u )  in  rca cul l I a - a u ’  r a t a ,  a’” a,,’, ,’ s l a v,,, a l a - a c  a) ., ’ . a ( a p a ) a a ’ a t ; a ) , ,  u t  5a- a-a- ‘ Pa -’a,  , - a . , P ’  . rc :  I’ N1~ a u ’ ,ht,;,,,,,’ s , a - - a - , , I ,a ,a , ‘ \ t r i ,g i a - ) n  a r , ,)  h u t  a - a - a - r a t , ’ ( u r a - ’ S S a - u , g  ‘ ( i l l ’ -  a - u i ari ’ a ! i ’ a - u ’ u ;  paa a-a -’ de rs
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• a -a ’. ‘ ‘- ‘0 g ra - c a~~ S i r , ,  ‘ ‘ ,r”  w i l l, g~aia i (  s !r , ’a - a - r ’ , a l a - r i ’  , - . ,‘s a u r a - a u g  ‘at p ro ca ’ c ’ i s a - - a - I ’, - ‘o c r  a - e cc tpe r t a n ’ s
a , r v a  ~a - r a a a l ’ , ,  ‘ a -  a a - t a a a - , ’ ’ ’, , . ,  ry e  ~ t a ’) )i’ ,” c u , , u , , ’ - a a c ,  k ’ P , u , e ’ ’  a- a r , , ,  O a r , ’ , h-i’,, S c ’  ri a a a , a - ’ - g r , , u i ’ a)  v a r , , ,  a , , r e
a - i ’ S  t I ,  re,,sirt a-a ‘‘‘‘ :a ~ u ’ p r ’ - ; ’ ’ r I ’ s

A ’ a -  . a t a - p a ’ r t .~ a t ’ c , a - l a , r , ’  ~‘t t h u  a-a- ark a aac ad u a - . t i - P aip a u c a - nw — at , ’ ’  - ‘
‘ c ’ ) - S , , , s r ’  s~~ )a c ’ r a - i ) ) a - s  a s  ha i l  a m - , ’

c ’ ’  ‘ ,,, l a,  a - - n a - P  l a s  ‘ a - , - , ,  a - a  ~pp lv I’ NI a - u ’ ,’ l, c, a a - 3 ,~,’y t ‘ a , , , , , ,  r , u ’ , , , , I a l l a y s  u , i ’ r , , a - a - a -s k’ a ,sc , i  i ra  a - i s ’  a usa -  a r
‘~~r u a a a g l , a -  , , ~ ‘ ‘ ; , t a - a a , i s  A r  a s , .’ - , a - ’ r ’ a - a,,.. a - a , a - I . ,- a l ) ’ ’ ,’ a ) ,  u , , a - s t r , ,’s  h,a- a-’e ‘ ,,‘ ,‘,l s l i g h t l y  a t a , ’ d a i a a - ’ aP a - r u  ‘ ‘ r u ic ’ r t u ’

- a - a  i’ p r i a a - a ’’rr’a ia- - ‘ c 0.  a ’ i’ ta r . ’ , i p a a . a a a - a a r i  a t  ,\(a a y  a-’ , a r t a , u Sa - ’ c a -  ‘ a c -i a - I c ’  p r , . ’ r  p a - a - r I t a - - i c ’  ‘ ‘ ‘ a ; u m a i , , r i e s  (1’ I’ H) a - a - i s a - u ,
c - S . f ’  r ‘ ‘ a - r a p  u a- a- - ‘ ‘ a ’  S 5

( ) ,t  I.e , u ’ n a a - , ’ ,  r~ - a - i . e .,dfl u iii a) . . ’  p r e a - i ’ c , t  S t t ~ j v  w,i s a ’ ’  c ’ a - . , l a a . , a - , ’  l i e ’  j , a u s a - a t a i l i a a  ‘ a !  a- ’’ r aa i a - inicc;, ia - u
‘ ;, ,‘  r , r u , e u , a - , u i ,‘ a l ’ ’ a P t ’ a - i . , e e  I’ NI - uII ’ a i’ v , a- .’ - i- r i l  s a t ’ ’’ ,  a - t ) c ’ t a - , a a g  0:i’ . l a - ; u , , a i a , a~ m a - u ’ ) , , )  i ’ ’ l U l , a a , ,  S t  r’ i’ ’ ,~~t ’, a- ta a - ,

s and a - a r  ‘ , a ” r c c , , ’ a , , l l , ,  ‘ ‘ cc i pu ua - nc is  pre . , 5 a ; a - , , t a - a a , , l  a - s i l l , ., i a - u - a  t - ’  a - a - a ( r a c ’ a a r , g  hi glu s tr i ’ u , ca ! , la - a - a - h a -  a
I u ’ ’ ’ ’ a ’ ’ , ’ ’ ,  I,,, a a-’ a - c ra p ’’ ,- ,, a ’ , u-u’ a-

t V i t u ’ r l ’  pe r t ’ ’ t ’ r  a,.’’ P ‘ , , a ’ l a - ’ r t i -  ‘ ‘ i a - a l  v i ci ’ raeu .i r sIa - , !a a u ( I I ,,- a- ) , . ~~I t  ! n I o r a - , a , , a - a a a c a  ( P c a - , t r e ’  a - P _ I, a , ) .,nd ta-it’I r a - S t O u t  pc a-u r  I’ I’ , u u ,  ‘ a u , r , a ; i ’ a u , a - ’ a a t  ‘ P . ’  l a -  I” ,- , a - ,e r ,  S c ’  d , i , a s  l ’ I ndua -~~a - r , a - ’  c i  l’ -’\ g r i a ’ a - i l a - u , r e  ( I, R b , !, A . ) ,  w i a - itina S . ,- ‘ r , , , , a -’a - a - ’ ’ r i ’  u t  ,, I’ , ,a ’ , 1 ,, ’ .,ia ( ‘ a - n a - a  “ ra’ ’ , l  A , IS ’ , ,  oct I I ,- a - , ,, ,a- I’ a, ra - a - j c ae \ t , , a , ’ r’ a- ,, lS a- ( t i - I’ 5 a - a - s ,
a - - s I’ ,’ , ,- ‘ ‘ u  anti “, u ’ l r a a l a , 5  a u .  a - r u l e - i , ,  - a -  i’ , ‘ii ‘ - u ’ , , u ’ ra i ‘ h - a - r i , , ( ‘ Pha’s

- ( )(u a - is .‘u t a , a - 5 a - ’  ‘a - cia - irk a t  l a , a c ’ r c i , u a - a a a , a - a J  ‘ 5 , , p , - , ‘ a--S ,’,
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,,\e ia’on’tpared a - a u  , u a ,  Pc I . I)aSa-’ a - a - u i p e r ; a - l I ’ u S ’I. a - i a - c  icuf u r r r a , a l  ‘ ‘ a t  ,, v a i l a l a l a - ’  a-)n P M  a- ’ a i a a l a -  - m , , s e

, , , a - ’ ’ a -  a-a is 5,  . a - r a a - v .  I’revioue ‘aa- ,a r Ia a - a - a r t ’ l ’ ’ ’  a - a - a , )  a- in i a ’ , , ’  .‘ a - ’ , a a - a a a u a a - u l l v  a aC t  a-i ntl i a r ) a i d e  - a - a a r e u a , a - t ) ,  a - ’ u a c ’ ’ P a l loys has
s h,i’aa- n a ) , , a - l  l iae a ara- ,i , Ic a c t - a - a r ’, ‘ , ‘ r r , u a - ’ d c la - i r ing sol id ,) a a l t ar ,  is , r a , p a h ’ a a - ’ l y , ta - ’~~t roa -  - a - ’ ’  I b - a- ( ‘ i  demornr’uat ion

a r  p r a u a e ls ing by P ‘NI t e a  I tn iqa - i cs  ari d is rep laa - ed be a ho n t a - a g c a a  . ‘ a a u  as a h e p e r s i a a n  a a a  , a- u rl,i,ia-’ v

Fi g. I , i P l a , s a - r , u l e e  the a - t a , c r a - v a - r , a a  ta - i r a -a -i e v ’ ’ l a , t i a ’ t r  of a - a - a - s t  i a - a - b a i t  ‘ I a ; u - ’ a - a - ’  a l l oys , NIa - , r— N1 — 5 1) ’I and
t ” t e I l ,a -e  ia . iiuring l a - ’ ’ a -  w ’ ’ r k i r t ; actd p r a a a  a- ’ aa- s ing ),y P /N i  t e u ’ l , u a , r 1 a a , ’ a ’ , r es p e i  a a ’ .’a-” ( y a-u , 7) ,
The S ir ’ , ,  r,, r,i I a l i Sa - a g e s  u u ) , s e r a - ’ c d  t a , a a a - ’  a- i ( a e r , e t a a -  t a - a - i C I t e ,  t on a - I , , ’  t , ’ , , a ’ , l a - ’  n a - t r c ’ u , a - ,’ a - ) ,  at , r a t a - ’ r r t a - e d a - - , t , ’  t i - r o pe —
ra a - i , ra - ’ S , a s  sho w n in Fig. _I ‘ a r  th e X — 4 0  a l l u a v  a -a , 8). Ii a ira l)a-a Seen t ) , a - a - t, a- ip ‘ a  ai ,a-) rit 700’ ( , t Ie  it  r c ’ u~ gth
arid da- i , a , l a I y  ‘ at  the t a ’ r ge d air !~ NI a l l a y  a r e  eupa” r , - ’ r  a - a  a - ba - u s e  of Is a Se t  a u u a - i n t e r p u r a .  Sar r i ui l ta neruusl y ,
a . ’ a-a- a - , ’  ,‘ r , ti- ic hia- Sa . a - e r u , ( , e  r , a t u r e  s t r e s s  - r up t ure  st reng th  is ule ,  r , ’ a - a s e d .  A s  an e x a m p le , I ) . a - ’  liha- I’ C/
, ‘  SlaIN a ~‘ ru i pt u re l ip,’ of h a l — a rk,’ ,) Nl . , r - N l  S m ; ’ ’  is a ’ , a l v  of lb, a a r a - i e r  ‘ a t  s,’ u.’c r al  m a r a ’ , t , ’s , as c orripared
w i a - ( ,  a a , , ’ r e  l l , ,a - ,u itO hours t ’ , r  t h e  a a c t  a llua- .y I e . a . a- is t I , ’ ’ ’ i a - a -l a a -  t ha t  thi. a l e ,  r i - a C e  stern s f r a a r r :  a) ,. ’ de s t ra - , c ’ —
t iori a-If t l , u  , , u r ) a a , f t ’  n et w o r k , v.’ ( , i c i, us t a , u r a - a - , .- u l l ’ , a ,,’ , ,,‘ ,se ‘‘I s r g n i ) l a  a - a - a - a l  I,,, ;,l a a r b i u t i ’  r e i n l o r c e c ’ n e r , r ,

I I ’ ’ ’ a a - e a - a - ’r , it is 1 a ’ u s a - i f ,  I,’ I’’ i m p r a - a ’ i ’  a a , , a - C i d , ’ r a S , F ,’ a - i a- ’  s t r e s s — r u p t u r e  p ro per t ies  by I c r — a r e a —
tang  the 1, - I - o r b,’ ,) or I’ NI r , a a - u t e r i a l 8  a - i a  a lc - ’ a a Cue r , it r i re , a I a ’ . ’.i’ the sol idus ten’ape r ’ a - a l a a r c  (6 , ‘5 ) ,  In parti ’
cula r , I I  ha e been shown f o r the X ‘- (( a al loy r ) . , , t  liv app li ‘ ; a ,  a-a- s uch a treat me nt , i ,au ) a ’ r p r e ss u r e  in an auto-

_ Pa - , ’,,’ , i t  us po es a t a l . ’  t ’ u obtain , On i’ s t r’ , ’ P, ’ d I’ NI produa te , I ,a a-s i’ - l e c t a p e ra t u r a - -  s t r es s -  rupture h a - c ’ s a-’ O n s i —

de ra), l ’,’ hP a-p la c r  than those of a - la - c c a s t  p r a a a i u i ,  I, r ) a - ’ ’ u a , , I a -  at  C a-am p e x p e n s e  to ducti l i ty ‘II, It has , , a -~n r e p o r —
led t ) , a - u r  t hix improved s t r e s s  -rupture t a t ’  is r e l , , a e u )  to the p r i ’ s c r a a  e of a f a i r l y l a rge  amo unt  of ‘‘ c a s t

C a - r u c l u , r c  , , t  the grain boundaries , as a - a - e l i  a s  a ’ ’  at , r c a - a  r ca - a - it’ d grain si - ,e ,

I’ ),p aim a - u i  the p r e s en t  v a ’ r k  a - u  s I’’ obtain .‘‘a- per ime nta l  co l,alt ’ i ,ase 1’ NI a l loys , ‘ i,a ra- , , te -

r i z e d  by ci r i a a e  - ,p ra i , ,ed and s t~~t a le m ic ro s t r a - i ,  la - i re , a u , , a i t ’ a r r r a  d is t r ibut ion of fine car biules a, au i  a r  i n a a - ’ r —

a - u . a - ’ t a -~ I Ii a- ’ u ’ ’a u: p ’’’’ .a a a) s , and a s tab le  d is loc at ion s u b s t r u c t u r e ,  In this r e s p e c t , p re ’ . a ’ u a a - s  work si ,a .,a-a-’ed that

t a . a ru te n ing  of a cu t a aa - I t - b a s e  alloys by means of uniform prei s i pitation of a f. c,c, O r a l,’,,’ ) Y ‘ a - a - pa-a phase was
a t  pa r ’~ , u a - l ,-u r i n t e r e s t  in obtaining hig h s t ren a- t ia -  l eve ls  at , u , a e r m e n( ia t e  t empera tu res  10), N,is  a - a - u u  rk also
s ’ , ’ - ’ a e u i  a- ha l  among the a - ’ a r a , u a , a -  pcuss ~ lu le a-f ’  ‘(‘o~~X compounds , where  >5 r e p r e s e n t s  e le rne r i as  v a ; c h  as Ti ,
‘I’a , Nb , NI” or W a- the ‘a ’ - ( 1 a - a 1Ti phase was  the moSt stable al e l c ’ .’ .,a,’ d temperatures ,

FXPE RIM F- NTA L P R O C E I ) I ,JRE .

NI a la - ’  r a - a is .

I’rea l l’ ’a  p u S  p u ’s ’t , ’  rv ’  a t ’ ca r h i de - s t r e n ,c t l , a - ’ r  s’d a - I l a a y s  containing (0  to lC’° N,, Z0 ”, Cr , 10 NI .-

and up ha- a -  I , a-a- ”a- (P - ‘ c r c  obtained tav n itro gen ato mi ’,a-,a - a - t t ’  a .  I ” a a u I s ’ r s  of a l l a a > ’ s a a u r a a . i a u l i n g  1 S ”a - t , r , 3 a ’
0 , 005 t . -  0. I a-’ and SC ’,’I’ i we r, ’ a lso  p rc ’ pa red  by e i ther  u a a a r a a g e a a  a tomizat ion or U~,’ r’ r . , a at a a - e l e a  r r u ’ a ) e

pr - ,  u’ s , ( a (- I’ m , ‘T’ a , c ’ purpose of a ) a - ’ s a - ’  powders wa- i s to s l u a - u i a -  streng thening l,a-’ pre a- ’ ip i t a t a - ’ a , a  i.a a a- ‘ - Co 3 1

:vpe phase , and the, r Ni and Ma, a - c a r , t e n t s  we re  reduced ia- i o rder  t a  o v e r ,  ome “ ‘ d e s t a ) a , l a - , a - , t : ’ u t  1 0 ) ,

Table I ,,‘ a - , c ,’ t l , a -~ ac - t a - ia )  ‘ ‘ , r t , p a a a s i t i o n  of the pa w’aJe rs , including a- lie O~ and , in s a a r , ae  a- a s e s , a- l ie
ra t e n t s .  A f t e r  nitr’ ’ ; i’ ’, atu m izati ca n, the 0_I ,‘i)r’tlent is r e la t i a - a - ’ l v  high, in par t i cu la r for tire T i — ,  ‘ta-

tam in g po s t e r s  V h , I n a ), ” carbid e-st reng t he n a e u l V 0 to V 5 powders , this a ‘ ‘ r a t e r - i t  d e c r e a s e s  sharp ly a - is
‘ a  e a - a rbo r, a-’ ‘a ,t en t is r a - ,rscul up a - a ,  a b a - a - a - i l  0 ‘ a ” ’, . On t ) , ,~ ‘ ‘ r l ,e r  hand , a - ) , e RE!’ I i — ,  ‘ ‘ u I a . a i a - - i i n g  p a R ’  rs a - r e
a -bar ; ,, l e n i zed ‘v a lu’u’a’ (I , a- ’ ’ - a ’ , a e a a t  of le s s  l h a u a i  100 ppm .

I f s ’  s i z e  of the powders l ies be low 4 0 0 _ S O O S a  m ‘ a - ( ae a - a , ’,’ d is t r ibut ion i s  illustrated in Fi g, 3
t a r  5 ,, - V 1 3 a- ri Se F’ ) gs a- . 1 and 5 ta - l a ’  va tha I li,e powders a rs’ a-, i a - ’  r a a 1 and e x h i la , I  a dendrit i ,  s a - r , a ,  t a - i r e ,
In a d d ; r ; ’ ’ r a , t u e  R (-:l’ p - ~ da - ’ re u a a r a a - a - u a r ,  pores  I a - u a - a t e , l  a - a - a a - i a a t ,  the i r,ter , Iendri t i ,  a - r c a - i s  l’’ , a - ,  5 ).

Corn pa u t  ‘In and ‘ a t  - a-a. ’’  r ’,’ ing.

p re a l ) u .a ’ e a l  powders a-c t’ re  iiump~a - a.- l e i l  ‘a- ’ hot .’ ‘ ro Sa - on  in ma- 1,1 st ,’ ,’ P c’ane I’ ’ ruula in d , , ua , , a - ’ ’
ter  and 100 mm l a a n g  a- st t c ’ r a ~p e r a a u a r c ’ s r a - ra a - a -ing from l l a ’ ,l) t a  1100° C , v,’ i t h  “x l ra ,s i’ ,’ a - u a - i a - a u’s a a a a - u a p r i s e d

‘ ae l’.’,c’ ,’f l  a l a ’ u , a l  ‘ 5 antI 6,2 , ‘l Ime e x t r a - t ie ’ S  a - a ’ n u p , s ( a - ia - w e r e  a- hen h - a  wa- ’ r ’~c ’ ’ t  S a y swa - ig i~i a-,p a r  rolling at 11 0a - S ° (
F a r  i f , e c a r l . , ’ ) e ...t r e n g a t u ’ a , . ’ d  V 0 to V 5 a - u l l ’ , y s , t i c ’  a- m ourn of r a - ’ u i ’ a a - t i a a , a  per p a s s  a s - i s  1 , c r a a r c ’ ’ I a ’’ 20”a- , 5, ’

.t, , l ua - e f o r r c ’ i , s t , u a c i  ratio i ie ia ug at abo u t SO iL , l iar a b a - ’  ‘Ii — ( a a - r i l a a - r a i t a a - p  ,, r , , a ! a - - s , h u e  ,a- rru ,,u a , t  a - i f  r e - S - a - i a - i a ’ , ,  per

pa- i ce was ~i e p e r u d a - ’ n t  ‘ am, a l a - ’  0, and I c ’ a , n t i ’ n a - S  in a l a - ’  ( a a ’ ’ s a ) i ’  rca - - i t  w a - a -  of 5 . , order  of S and t0’C t a r  the N’ a- ,

and V 14 g ra n t ee , r e s ( a - a - ’ . t , . ,’I ’,’ ,

l’X I’F .R IMEN IA ! .  P 1 - S I ’ ) ,  IS

u . i r F a a i t e - u t r e n u g l t ~cne c l n, ,,Ie r a , u l s .

F i gs , a - , acid 7 i l l u ist ra te l i ’  m Rr ’ ’ s t r ,i ,  h a - r e  ‘‘I the 0 , 0 ) 5 1  and 0 , 65 CC a l l a y s  V 0 a- nd V .1,
re• p c a - h i a - a e l v ,  a - l i t e r  e x t r u s i o n  and a - a i r l ’ ,e r 1 , 1  a-v a ’ r P  r a g  a - a - c u , )  ag ing . Ii,, ’ l au w -carbon V 0 grade exh ibit s ,u

- a . i r s e — g r a - a - a r a e ’ t  rr- i iu r a i C a - r u a s  t ’ , r , ’  ‘ a - a t i a  NI ,a- ~I 6 s ’ a n iu i n le i  p r e a  i l u i l a - a - a - a - t a - a - p  ‘ ‘a t g r a in bounds ri, . a) a , ra - a u , a h e a t —

tr ’ .,,a r ,, e a , t I t a,ll , M 2 ~~~ 
and NI , a- , ,, r i u i c l e e  w e r e  i d e , a a - i l t a - ’d rI the nil, r i ,s t r u i a -’ l a , r i ’  a ’ )  V I ta V S g ra d e s ,

5 , ,’ a rna-,ur i l a-u t  N I - ’  , a - a - hide i , a , e . ’ r a - ’ , c s i n~ w i l l , 1),, ’ , . , r l u , ’ ’ i  a- ontent,



I, ( a - a- a

I,.,, m e - a  s a uu a-S Ihe a a- rboc i ,‘o nt era - t I a ’  above 0. 3 ‘1C a - u ‘ ‘ a - ’  a r i se to an imp ..’ r a a - n t  a- r - a  a a~ ri I a r ,a - ’ rv a -e mr I t a the a - i s - e x t  ru
‘ Pa- . ,, condi r a ’ ’ n a  {F’ ig. a - ’ ) .  ‘ ‘ a t ’ s a - ’ ’ ; u e c t l  itot a-a. a r ) , a u , g  i n p r a - u a - ’ e s  the un i f o rm ia -y  ‘ ‘ I  5 , , -  p r i r r u a r ’ , u t r la , ’ I ,’  d i s t r i b u —
l i a a t i  ‘ I- 

~~
I”ig. a-a- show a Ilte re lah i a i a - - i sh ip ( a - e t a - r e c t a  h a - c  room - a - a - c o p e  r;ita-i ra-’ and ( a N t i ” ( ‘ tens i le  ( a r ’ ’ ( a a - ’  r t i e s

and t h e a - - a r i a , ’ , ,  a a a n a t i ’ n a l , a f t e r i a -  a-a- ’ a ’ r ) u a a u g  and a f inal 800° C ‘l l a - ) , / A ( , ; a - g a r a g  t r ea a r u , u ’ a u l  a ’  enh a- ina a- ’  p r e a  ‘ I ’ ’ —
ta t ia- in of is-a rb ides , l’ )ae l e a - a - she p r a - u p e r t i es  ‘ i f  t h e  a , ’ ,’, a a - a r S a a a a - a  ‘a- ’ 0 a l l a - y .i ra-’ t a - a  ia-c a t l r a l a ’ , a - e u I  r u a a i n l y a ’ .  s o l id—
s ’ ’ l a a l , a ’ a ,  and work ) a a - u r a ) e a n r a g s ,  W ith in, r e u s i n g ( ‘ ar ha- un a a a a a t e a a t a a , the R , ‘1’, d u c l i P , a - >  is a, ‘ - u ’  n to u i , ’ , V ’aa, .”
a ‘ u r a a - i u  a , , , , ’  .~ s ly .  s a l , , ’ r e as the R . T. c i l ia- mate  le nsi le s a - r e a , a -’ t l ,  a n t  ia - l a r,’ ;u ,s a - ’ s  rip a ’ ’  14 50 NIP S m2 and t ia en
de c ’ r e . a a - u ’ s  s l i a - s t , a - ) a - ’, ‘a r ,a r ha - un  a ‘ u , , aa - ’ , u t e  ,a luau ~~a- ’ 0, a - , S ’ , , , i , , a - ’  a , ,  t he  , . ‘ ‘  r a r , , u t , ’ a a u  ‘ i t  i na - - r e a s i ng  a - u r r a u , u i a~ lau ‘ a t
is Oarsi ’ a ,ir bide~ a - i a - a - m a - i r a  bounda r i es ,

(_)~~ t Ie a - i a - her  hand, the a - , ’u t l ° (‘  t e n s i l e  S t  r a - ’ a , a , p t l .  ‘ l e a  r ’a - ’ , ,ses a ua n t inuoa - is l y ira-am a - u baa , , t  I 000 1,’
go0 s t i~-: a n , ” a - a - i r S ,  n ra ,  rc ’ - a s ; n a g  a - a - ar(,’’,, a-’onlenls , This a - a - a - n a t i o n  is probabl y re(a led  t a  t l a ”  rs ’ n , ua u ,’al of solid
S ’ ’ l u i l ; O n  e t r e r , , a l la e n i e r $  t t a r a a u a g ( a t ’ ’ r r , a , u t  , , a n , a a  a ‘a l ,  a a- , and NI- ~C 3 , ,rF,ides ,

F ia - p .  a- l l l t u s l r a t e s  t i- ic e t a i ” , a  a a t  , a - a - rita-n , o r,te nI on t he ( 50 ° C  a - a - t r e s s — r u p t n i r e  life a f te r  r ’ a l l a u a g
at 1100° c and applying final ~a -00 ° ’ - 1 a - S , ’a’a - ( ’  a g a u a a p  Irea tment , a-a- i t ) ,  or u s l a - ) a a a a , t  an , a , t s ’ m r a a e u ) a , a - t a - ’  I _I ( ) I’I’a- , I ) ,
‘ a a a la .t io n t re at n ient ,  l’ l,e app l a c ’ d s t r e s s , 5 , 3  NiP’ S a r , ’5 , is t h a t  Ia -’ . au l i , a a - ’  ru a r u , 1 a t uar a - ’  l ife al 100 ) , a a u a r a -  in the
a s ’ c ’ a s a -  >5 t m ,  a - a - 11 (~y A s  compared to Ihe X - . l mm a l loy , the Iow- ,a rbon  V 0 P NI al lo y  e x h i b i t s  an i m p r ’ a V e a )
‘, t re a-, 5 - rupture ii t a - ’ a - t a l e  m ‘ ‘ a )  r a pe 5 of he,il — a  re a t m e n l  -

,‘\ ; a e r  r a a l l ; a i g  arid a); r ec t  a-u a - ,p a n g ,  t lae  s t r n ’ s  a- - rupture lit,’ as ’ , a - e a s e  s down a - a u  a la ”  Ic’, e I ‘ a t  t ) a - e
a c - c a s t  >5 - 4 0  -~ lI”~ a - is a- lie . ,, mba-n , ‘ ‘ a , t a - ’ u , I  is i nc reased  nip to about I “C . (hi the ‘ a t her hand , a f t e r so lu t ion i ng
and ag ing ,  ‘~ ~‘ C a - n e s s  - m u a - j , l a , r , ’  S t e  a n n , r e a s e s  with the u arbor, , ‘ a a , t e n t  I a’  a maximum of I S t a r , , i ’ s  the life
, ‘ a  a-. s — a  a-a- a - a  \ , ( a ’ a- ,, r h a - c  S , ~“,c g r a -~u)a -’ N’ 5, ‘Fitis re Ia a- t i onsh i p probabl y rc’  v u a - l t s  f ra- im the l a - a - ,  t a )  ‘~ ia -  t i,e car —
‘ I’”- ,. a re so l u t i o ned d a - i r i n g  the S ,t a l m a ’C heat t reat rnen h sa- that the amou nt  “I grain-bouridar5 ‘ a ,urbides
presen t  a ’ a e r  a y ’ a - r a g  m a  m a- a - u s e s ,  A s  shc uw n in I”i g. I 0 for t i e  1 , b . C  s a - l l a a ’ ç  V “,, the i n t e r m e d i a a u ’  so l u t ion
t r e a t m e n t  g i v e s  n sa -’ a- -a a t , ’ r a - a - g i n a - ,  t~~u a u i a a p le’a ’’ ml, r a a s t r a , a  t a a r e  in w hich a ‘ aa - a  ry e  , ,a r ’ a a - u i a - ’  ~ a re  p r e s e u a t  in

‘ ‘ r i ,  t h e  grain l,a’un,Ianies and the matr ix ,

“ ‘ - s l r e u a a - t ) , c ’ u , a - ’’; m at e r i a 1 a .

1’ ‘ a -s ~ I i l la i s l ra t e s  tIre long itudinal mic ro s t r uc t u r e  of the V 6 and N’ 1 3 P NI a - u l l a . y s  in the as -
e ’ a t r ’ , , ) a - ’ - s  , ‘ ‘ u , u ’ , , t , ’ ~~ u , , i)a- ,th ma he f i a l s  are  c h a r a c t e r i z e d  b y i n t e rna a - I y r c a  ra - ’ s t a ) l i ze d  and elongate ’ )  prior
I,”, r a a- a I , ’  a-. iv’ , a S ,  ‘ , - , a ,  , ,‘ ra ‘u , y 

~ a T a - c  PPI3 pre ci pita tes , ‘I’lae e longated pa r ti i. Ic s ac ‘~~ a a  ‘a , ,’ fine r a ‘ a t ,  r fur ther  sw- a —

g a - n a -  al 11 00°C, a- u s  a - )  ‘ ‘ ‘ - ‘ a ,  in I’ a - .  I I f u r  the V 1 3 alloy ,

I’ . Pe, ’ I r ,a - n  and ion a--n i , r ’ ’ 1 a r  ‘ ‘ ‘ a-’ anal y s e s  pe r a u rnai’ ’ i on loa- t g itudinal s e a  t ions of a m , ,’ as - ,‘ aa t r ude d
N a- u a l l ay a - i ,  ‘ ‘ s i- u S t a - i a  a S a - s~ p r a m p a - i r h i a  Ic l a ’ ’ , i , ,u i a - i r i e a - ,  a r t ’  , ‘ u a r a ,  a - e d  mainly in t ita nintr ’ra ,a ixv gen and ar i aaa aa -
(I-  ‘ a - ,’ . I l , I t.. , ‘ ‘ r r o u a - p a ’ ’ a a - u t a u , a - p  PI’It p r e a -  ip; t . a t i ’ ’ . are 1ar ’ i ha ),lv T i ’ r ic h  ‘ ‘ “ a - P c ’ s , in r e i a - u a - a a a n a  with t u e  h a - a - i’,
‘ ‘ 5 ’ . ,‘ i ’ ’ - c - - t a - - n h  a-a ‘ a . .’ N , a - u a u , muzed a ’ a a a - u i , ’ r a -  I l a S t , ’  II , a - , n iu )  ,\ I a  a-arb id ,’ s t , a r r a , a - ’ u )  a-a- a- i p r I , e , a t a a ’ s i  the canned
p “a-a- u S e r s  1aI’~ - ’r t a ’ a a a  r , }a - a -u a t t a u n t ’

ES,., I r a n :  m a ,  a- probe exan ia- rast iuns  we re  also made ‘ar a l a - a - ’  low-oxygen R E P  powders  1 a - , a s ,  I),
of  a - S t  55C I’ a - O . 1 ~ uC c r - a ’ ; , ’  N’ 1 3 ,  A s  shown a-n Fig. 13 , a l a - ,  u l , ’ , , , l r a l ia ’ a ’u , t ,  r ’ u s l m u a a  ta-ire a-al the a s — r e ’  c a - a - i ’d
‘ ‘ ‘ a - a - u S e r s  ie related a - a ’ I a sc ’ g regat ion in t he i n t e r , ) , — n t d r i t , ,  r’eg ia ’ i s . The dendr i ti  a- ’ s t r u t ,  a - a - ire tea : , ) ,’ to ‘ S a y —

appear a lt e r  holdin g a- lie po w d e r s  under argon i’ a ’ m 1 l ,a .a u i m  at 1100 to lZ Q O ° ( P  (F a - a - ,  1 -0 . I’here as a a- ’ O r re s -
p a ’ ’ ’ a - ’ ’ a - n , a - .’ d ’ ’ ’ n e a s e  ‘ ‘1  in ta-’ ra, ,, I Ti S e a - r e  g a - u l i a a , a  l a - a - i t  a-u T i — n n , ’h a- ’na a --a - ’lo pe l ’ a r a o a-a il the s,n:e a,,,,,’ on the parti-

e s  I p l a t t e r  ‘ a a , a - e  r ‘a - a - ti ’ ’ ,, is In ., ,p r a- ’ement ‘a-i a- F, the f o rma t ion  of ‘I’ ; - a - i  a - h ‘al a ca nb),),’ ,, on the ~~}~ }) s
aen  t ) , e  powder is S e a - .  t e l  fur a ‘ar t, p u  tion (5) and a - a - a l l ,  the ‘ ‘ S ic ’ rved r u a j C r O s  r m a ,  tune of ala , ’ extruded V 1 1

I—’ M aI I ’ . ’v IF ig . II ),

‘rhe o c a u r r , ’ a a a , — ’a f  a - u T i — r i u h  , ‘ s i a - u ’ t u , p a , ’  a - u r ’ u a a n d  t ) , a - ’  ‘a- ’ I)  paia-a-’nle rs a l t e r  I ’  a t  t r eaa - i i s g  a - u t
P l a - h a , ,  I , tOO° ( a - , u ’ u a , a -  I’ ’ (,e nel l” ’)  a - a ’  5 , ,’ , ar h a - n  , , , , , a . ’ , , t  as ,‘‘a ,l arn — ne, l Icy s i c ia i l a r  a - ’ ’ a ) u i ’ a ’ a t u a ~ ’ri t a-’
a r , , ’).’ a - a n  p~a~ ’ a - I ’ r a -  ‘ a t  I a - ’  IN- I  00 a - r a - i n l e s  a - - a a a - u l a - a i n n n g  0 , 1 8  arid 0, 007’LC and l e s s  t l ,a - in 100 ppmr-a- (i_ I . F i g . 1 4
show s that , a a ae r a- 1150 ° ( .  I h a r’’ - a a n , , c ’ a ,  a unul e r a r g u a a - i , the ~l~x — a - i ,  h c ’ a o c - I .  ( na- ’  15 ‘ ‘ i a - s e r v e d  ‘ ‘ t n l a - ’  ,,rot ,nia- i the

n a - h -a -a rbo r ,  I N- I  00 pu- -a ‘ Pa- ’  rca - i t  has hei r, a u f i ’ , , t ;  a e d  lay X - ray t hO r , , ,  lion anal ysis as a a ar ho -n ia - ri d e
p a- a-c Sr .

‘ a l a - ,  a l , e a ’ t a - e r l it,,) , t r ’ u a a ’ a - n-n i s s a ’ a r ’a c- Ic , l a - a r, m i  r u a s a - a u p e  o b s e r a ’ ,, r a a a n a s  on a- he I’ , — a ’ ’ u a a a - u a a a i n g  com-
p a c t s a - e  c a - a - I a t i r u n l u u n m  p r ea -’ i p i a a a - i a ’ c s  n a t  sm a l l  ,a ,a i l  ,- u ’ l , a - ’rent p a r t i a  t a - - S  ‘‘I a 1, . . a - - , a ’ r u ) a - ’ r t’d ‘ .C o 3 ’I’ i type
pa- )  i a - c  a - a - i a - h a n  t S. a - ’ a - r a i n s , T ha- . is i l l u s t r a t e d  Ira - I’’n g, l a -i t a - a r  the ‘u, ‘‘ a l l i a y , u t t e i  S a a - I t i t t a ’ c l i a n g  ‘ a -  I ,‘ I m a a a p ’  h a -~I f o u r and a - i a - a , ’ , ’  u t  800° c , ‘ a r  a-a- a - , ’ ’ u , n~~. J ig .  15 a l e c ’  a - a - l a - a-a - s that lb.’ V phase a Ia’ ,’~ a-ic-it r a - ’ ’ n a , i i n  eta ’ S, ’  du-
r ing r x p a ’ a N ’ . re  a t  a- - a - h a - i a -c , ba- it g i ’ . s ’ v  r i c e  a - ’  the a t , , , . ‘ ‘ n , l , u , a , O i i I  pr ec  i p i a - , i t t u a a a  a I a- i t~u’ ’ s a g O a - a c l  ,‘r,b’ r’,’ ’ )  ‘‘ — ( a i 5 Ti

‘ ‘ r a a p a a u a - n d  s l a n t i n g  am ’’mc’i ‘ ) a e  a - , p r a - i t r a  l a ’ ’ u , n i i ) , a - r i e s , h a t s  r ca ,  a - t a - a , ,  has p n c ’ a - i a u u , s l v  lucen stud ied inn  c t- -a - s t ‘‘a-
w r’ ’ ’ , ,aI , t “‘.a pernmnentai l a - ’  l ,,, It ‘be t a ’ ’  . iIIuiy~ a-u r m a - ’ u , , p a S . , ’ u , e d  b y the y ‘ — p has e  m i l l )

I n a  ‘ u m ’ l e r ia- n ‘ ‘ a - e m ,  ‘ ‘ c , , e  the ( a r ’ i l a - ’ u r , !  a s s , , ,  a , , r i ’ a l  w i t h  t l,e Pt’() pmt’ a- t p a a u a - ; a - n  uil o x a a i , ’ , a -  and ‘ala -
p a n h n u  r s , and w a - a - I ,  II ,, ’ C • a-a phase t r a r , a - u l a a r , , a , , r , , , , ,  d u r a a a g  S e a t  t reatmn ,’ u a a , l a - i r t l u e r t a - S t y  ~ ‘e re r’n;a- ,le on
I’ F l a -  powders a - i f  liar ,,‘ r , , a l a - ’  ‘a- ’ I - ! , 5 , ’  ( 5  a - u , ’ )  ‘a t  a - , - - , ,  t , ’ a , l s Of  w h i c h  ‘a- — re n - c . , ) , ’ )  r ’ ’s 1 u a - ’ , r a a - e l ’ u ’  t ’ ,  0. siO c anti I a - C
(‘ I’ a l , ,a - ’  I A s  ~ ha-a -~~’u’, ia - i F t a - ,  I t,  t a r  a t , ,  a S  a- — ’ a l r ’ , a I , ’ u l  n , , . - i a - a - ’ r ial _ a S, ’’ p r i a a r  Fd a - a - t a  I,— a, ir e— I n c a - a - l a - - r e - a  a- s t i l l ’ . ,’,’ d
.c nd h,.’am I, ’ a ’ , a , a i , , , a - - c a-l e e - n ra - a ’ ’  I,,’ r c l , , t , a e l 1’ , )a - ’ ,, n - u s  a a a c n a p a - u  r u - u )  a - a ’  the as a - ’ s l r u , u l p d  V a- , ac id V i 3 i H ’ ’ a - - s
(1’ t a - .  I. ). l ’ -’ ’,a-.’ -, cr , a t  l,,i ’a a - i re - , ,  ca - S ’ ’ ’” .’-n lain the V I t  a ll ’ ’ a - - that a- inc a - a - . i n s  , ‘ ‘ ,,a a - ’ ,, av :cu, rca-i.e ta .18 (1 and
ISO ppm ne s J u t ’ a a - c ’  a - ,  , ‘ t a - ’ r e x l m u , c i ’ a r ,  • a-i s , ’ , , , .  - p u - a  a - a - I  wi th  tine l oft- ppm C), a - a - n i t  10 ppm N . al ea - ermn a - in c, I  ‘ ‘ a - n  t h e
a s - r e ’  a - t ’,e ’l p a a a - l e m c  I a - a l e  e ra - r i , iin enI a t . proba b l y d i e  a - a  5 , ,’ t a - a  a- a - l a - a - l ea - s t i n g  ‘a - a - a re ,‘‘a - ( ra - is ia . uc i  a-’,,,e a t m —
r,,’ ’i O u t  in s i n  a-a i t i , ’ , , i l  J ar ‘‘m l,’ 

~~~~~~~ 
i a! , , ’  a a - a - r i , t e , i  pc- iw ’ ders ,



I’ I a — ‘b

I - - ‘ ‘ a -  a n ’ ’’ ~a - a - u ’ n  h e - s r i  1 u n ’ m t a a n n , a , ’ a l  al i n , ,  mi ’ a- Is l ng t • ’ n i p c r a -~ l u a a - .’i On t ) , c ’  as  u v,t ra-ide,1 N’ I I alloy ha’ ,e
a- a- , , . ,a-~~, a - I , a - , t  a l a - , -  pn i ia - n  pa- a- ‘ t i ,  P u ’  I , ’ ’ ’ a , a ’ ) , , n t e e  h e - t a u t  a ’ ’  ‘ i a s a - a - p p e a r  acid a - )~~ t m e ,  r~ s l - , I la , . u l i o n  aa f a u” v , ’ a- a - r a - u a a , s  C la r I s

a - - -  a . ,  , ua - r  n ( a t r a - n a g  h,ut a - a - ’ aar ta a - na g i t  t ec a , 1 ue r a - a - t n i m a - -s ‘ a ;  ‘ a  l,’ , ,s t  I t t S l l ° < , ‘ l ’ l ans ‘ ‘ S , s n ’ m ’ . a - . t ; ’ a n a a -, is in ‘ , g r a ’ u ’ r a a , — , a t ‘a a r t ,
t i _ i’ a- i ’ s a - S a c  o f ) , , , r ‘ ‘ ‘ ‘ - - s  t a a a - ’ , u a - , , m c ’ a a , a - ’ u , t a - u  , , , . , ,I, a - u - a u - n a-i I — h a - t a - i c  a - ’ ’~puasni rn’ ia -  a - n a ,  r ’ a- ’ , u s a n , a,a- a , -  nu pi’ r . ,t ’ . r ’ ’ ’ a -  a-a- F , i ,  ),
t . , a - a - ’, ,, s ) , , ,a- ,,’ ra t ha t  If , , -  t a - , l e n c , i e ’ t , u I l a ,  - ‘ ‘ a , , 1 , ’ ’  a - a d  ) ‘a- ‘ ‘1 a m  I , , - , ,‘,, ( a l a s e )  so lvus  l t ’ n t p e r . . t u a r e  icur a s .  c u r ’ , ,  a - a -a- l .a
( i , —  l S ” L  a m — ~~” N l ’ ’ —  ‘ “.b ’ f — O , I ’i’a - ( ’  ‘ a - l l ’ a \  a - s  a- u bo a -a - t  1 a - ’a - a - t l a - , l O S O° C. A a -  , ,  a-, m a - a l u m of ta - i a- , J i g .  l(, show’ s S i r  the
a - n a t ,  r a ’ s t r u , .  l a a .  a-’ a , )  t i . ’ , x t m a a u l a - ’ a I  ‘a 1 ~ I’ 1,1 a l l’ ’~ , , ; t a - ’ r r a I l ing  a - u t  I 1 0 0 °C.  is r c a  r v a - a u l l a t ” ’ I , ‘ a - i a -Ia- a - l an  grain
5 , , ’ ,’ f l ,  r e . is n n a - ,  ‘ - , ‘ a - .  a - c - n  a t , , -  e a - p i ’ n i a ,  a - u t a h  a ‘ ‘ r a - ’ I a l n u ) n r s a- ’ ’ ’ u a y , u ) a - ’ rc’d , w i t ) ,  t a _ a - ’  a , , t , , i a - u n r a ’ . u , , , I  ‘ ‘ t  a - ) a - ’ t ’ , m n , , a - , t i ( a - n

I i , o  a.’ . , n ’ a , a r , o c ,a - ’ in l , a - , r d n , , ’ s s  u s  a - , Ion, a ’ ’ ’ a  of ag in g a - a n , , , ’  ,u nd t i ’ t u a - p u ’ r i a a , r e  ma- ’  a - a - i ’,,’,, in F’ ig, I 7
liii’ a t  ‘- a n t ,  — a - a - n- - u  a - c u t  ‘a S I ’  NI a l I’ ’~~, i a - ’ , r . I 5 ~., ) in ‘a , , ’ ’  l , ) a ’va  a- , l  111115 ° C,, w I t ) ,  l0”~

, a - , ’ , .  t a u a a ,  i n  , m a a s s  a’’ , t a - u a r a ,
,\s a-a- a- i t. I ’ , . c ’ a ’ a S s , ’  r a a r p~ rd ’ ’, a . ’ ’ ‘ a s _ a -  s r u , da , ’ , i  a- ‘ — s t n e ’ a - , a -’ ’ ‘ ‘ t a - c a - )  a - ’ a - , f a a - , l r — I a . , a - u ’  ; a - t I u a - ’~ S l i m ’ , a , , ,  ),,, r ’ S a a ” s s  f i r s t  i n—
, a , ’ _ , a - a - ’s ‘‘un a- I, rI ~a - i a - a - a~ _ ‘ p u ,  r a - ’ a u ) a - ’  a S , , , ’  a~ a a l a - , ’  un i l a -anr ’n a - n t i S  , u u ) , e r a ’ u ,  t p a a ’ •’ a - p  a t . , t a -  ‘ a n u a u l ’( ’ p a - i m l i ,  I cy , O’. a-’ m a - a - g a - t a , ’
‘ a ,  a - ta  in re i .’ ut  ‘ ‘ a - a - a - a - a t ’ , t )  ,- ‘,‘ ‘ ‘ t . ’ s I , , l a - , l , , . , a , ’ a a ,  g ia- ’ ing r ise a . ’ u’ a - ,  ‘ ‘ a - I t ,  a , a - ’ , u  a .  a n ’ ,’ , a a a , a a - c t i i u n  ‘ a - I  a s , .  ‘‘ phase
s t , rl,na-,, ‘ a - a t ,, r ) ,e ’  a - m a l t a  f , ’ ’ ’ a , a r t a r , ’ ’ s ,

F’ a - g .  I I, a - ’ a - n a , n ’ t a r ’  , , ‘ , ‘  a, n i - i a ’ S t  ‘ a t  t i e  h e - n y u ’  p r ’ ’ a -~u’ a - t a c t .  d e l e r a , , a - , , t ’ ’ ;  so t a - i a -  O a a  5 c’ V ‘ — s I r e - n a - a t ‘ a i d
I’ ‘-P g r i a - c ’ ’. ,\s a- . a n u a ~ a - .a ncct I,, a l a - c  ‘a’ I 1 a ) l ’ u v , lire n’~

, ) u a a . n , Iy la - a s.,’ s t m a - ’ u a a a -t f ,  and a) ’ , ,  a i i i a - y  ‘ a ;  II,.— a-, ‘, all’,’,’ at
I~~. 1’ and a- - ’,I’l° ( ,  a r ’ a - m a a - i f a i a - -  St , ’ , ,  t a - a n ,  Ihe t ’ u m a , a a - a t , o n  a a f  s a g a , a t i , a - , a a l  ,, rn , , ‘ ‘ a - a ,  t s  ‘ a )  I’l l ’ . a u x , ’ 5 i ’ ~~~ , II,,’ ‘a’ I 3 ,,Il,,y
,,,

~a , , i , ,t s  a ,‘ , u
~ ’ u S a. - - - r a , J , r ’ ’ a , a a s o  a , ’,’ ’, i’’’ , ‘ t u ’ , , a - a - l,’ s t r c ’ t a - g t I a -  a - un , , )  ,Iua-, l a i , a ’ , , a - a - u t t e r  a - I , , , , ,  thus ,’ a ~ . n ’ ’ . ’ - ‘i - ‘ . a - t h  t h e

a . a - , r ’ - , a t ,’ SI , ’c ’ a ,‘a-~ S ~ ‘ a - a - m a O ’ s  ( F  a,’ ’ MI a l t ) , ’ ’ ’  a- ,,’), I S a - p  a - i l t a r r a a - , a , ’  t i - a , ’, a - a - ’  S t m c ’ u , , ” t ) ,  ‘I.’ , ma- ’ ,,s ,’ u’ a- a ’ ’ - , ,  a about 1 701)
a ’ ’  l ,S o a - a -  NI ’S n , , ‘ a S a - ’ c ’  t e s t  a i ’ r a i p c a - a - u t ’ re is r ’ , a a ,e,l t a - ’ u r r t  0 , 1 , a ’ .

,,\ s r c a - a - r u t s  a l a - i ’  ‘a’ I all,,’,’ in a l e  a s — r , a l l e d  a ‘ a r a , l a I i ’ u n , the l , a a , a - h ’ . s t  t , ’ nsi le  c a - a  ‘ a - - ’ ,‘R l,’’..’ ls .n r’ ’
, aa t r a - d  in 5 ,‘ t a -  - ,a - r , , a , a - c ’ al n n , , , a - , ’ m a , , l s  , , a - a - i t S ,  n i lt  n , a a - u t , ’  a i ’ , , s a - i a - ’  s t r a - a ’ a a g r l a - s  uI  , ,~ a ’ , ,  a I t a - S i )  a - c i a - I  I 35 0  NIN ‘m2 at P . I ,

, , a , ’S c, ’ i m , ’i , m ” S pe t a - ’ u ’ 5 5’ . a - t n, a 1 i’ ’’ t l . u ’ r hand , a m a - a - ’  a- a - a a - i r s e _ g m ,a a a a e a P  n , a a - a t , ’ r a - a - , I s  n ’ x I a - a - I , a  t a - u i ’  ‘ o r  c a s t l e  u ) a t ,  l i l a - -

l a _ i . - , ‘ C , c - a , a , ’  oI a l a - ,155 - l , a u t t r  e x po s u r e  at 700°C ‘‘a, a- he t e u n s a l e  a r ’ ’p a u ’ m a - le e  ‘,t t t , ’- ra-illed a a a - , n t a - ’ r ial
l~ a ’ a - i ’ ; a c ’ . ’ )  ‘ a t  ‘ i . ” ‘ a - m . a t a u  a - a - ,’” and Iiae e x t e n t  of mc ’ , r v s t a l l a , ’ a - u t , ’ ’ , ,, A a - t r ig  a S , ,’ a - a - a , , ’  .g na --a - a - a n e u )  niate rt a l

rc u f aa - , es a-~’ , ’ a e’ nstS ,’ a a r c a . a - r t a -  al P. T . i a , , )  ‘‘S O° C a ’ ’ . a f a ’ a a a - r  1 4 ’ ’ ’ ’  and 1 300 ,\)N no ’’ reap , , ’ - t a - c i a -, as s i l l ~is
‘ S c —  P . I’ . doa -’ l t l ; l a -  , i S a - i a - , ’  a - ’ a m a , u r a - ’ ’ a , .s can a , ’ ’ a t  u t ’ . ’ ,’ ha -’ I,’’ . u t a r a - t a u a t c ’ d  to g r a l n — S a u u u a n a ) a - u r ’a-’ e m t , m a t a l f ’ u a , . ’ a a l  t I a ra ’ ’ ; , ’ i ,
a r a a a s t a ’ m  r a , a - a a ; ’’ , , ‘it ’ ‘u ‘ ( a a  ‘ , pn ’abab l y ,‘a ,I a - , , ,, a - u t  la y t l a-’ sa--’,a - r l ’ h a r n l e n i n m a -  of ala - c n n t a  r ,a s tra ,a -- a’ a-m ,’ , (in the con —
a- a - a r ’, ,  a - u a - , i , , ’  a- Ire ,,a,a r s e -  , a - a - a - u , a - i e , I  n u , , , a t ’ m n a l  i m p n r u a \ i ’ s S , a a a ) ,  tensile strength and du a - a a - a l i a - y ,  ia- I n - u s a -  a - a - a -  ‘‘50°C,
Nia i  m a ,s a r , , ,  t a - n a - al e x a - , n : a n - , t a a ’ a - ,s a - , r a - ’  in J u m a a g r ( ’ s s  in o rder  l~ a clar i f y the , ‘a - ac’ a - I  u a t ’ the u g a n i g t re at n ’ t en l  on a l t ’
, ‘ ‘ ,s . S c ’  p r o ; ”  r I t es ‘ ‘ t  a l a - u ’  r a i l e d  V 14 1’ NI alloy ,

(‘~ a- 1 . 1 ‘SI( )NS ,

A t  a- hp pre sent  sa., a- c of t )t~ v a ’  ml’ , the fol lowing a m a , ,  tus io ns a- ‘ a - r i  be dma - a - a - a -n,
- c a r l . a - , l e  S I r e - a - a -  a i .c ’ n ing of a ,, . l O  a ’’ I S~ CN, - a - S O ” C C r — l O ”, ,’a - I , ,  ( ‘  N I a I l a ’ v ~ g i’, e~ r i s e  to a ma - i d e - ra te  t ens i l e

S’ r a - - ’ , ,a - t l,, ‘fl ” r , , ’ ’ s t s t a t , ) , ’  p r o p e r t a e s  a - a m , ’  a - ’ I , t , , a - t , a - ’’ )  w i t la -  t h e  ln .ns a-’ — , a - a - r b o n  0 , 03 ”~ C grade , w h ich  ex l a a - a a a - t a -
an ul t imate lens i S c ’  s a - r e a - a gr ia  a u )  abo ut  I 300 ,,r P , I - a-a -nd 1000 N I N  a - n, ’- a - a - I  ~,5 0° C.

— ‘ ‘ a n ’ ’ , ,, . ‘ ‘ ‘ ‘a’ ’ ac- id a - a n t i ’ S , ”  t . t a’ o a a a - t S a - a - ’ u a a a a g  in- i T ) — u ’ a ’ n l a -~ at i i t ig P NI . u l l a ~ys  a - i a - e s  r ise to pro)aie rmi s related t a
a s. ’ p n e a  t 1 a - t t , , t a - ’ ’ , ,  of ‘r i — m i t  it ,a nt ’a - ’ )es a - ia p r i a a r  p a rt i a le  boundarie s (PPB) ever - i  wi th c a n t o n  a - n u ) u l , l i a , a a s  as

“a-a- as 0 , 05 to 0 , 1 ~C ,
- s l r ’ u , g a ) , e a a a - a a g  ‘ a t  C o— C r  - N I ’ . l ’ 

t P - N t  a l l a y s  by a , , , ’ans of a aa n a - t a ’ ’ m n n ,  preci pi ta t ion of a- i ‘a - — a  u a ~ Ti type pha-
se a a l ic  I ‘ar m. ” us,’ of p n c a l l a v . ’ u I  po a - a - u ) t ’ r a-a- watt, a - c r y  low’ ‘ ‘ x v g o n a  and , a - na - l , , , , ,  , ‘ ‘ t a t a - t n , r S , ir, a ’ r ,f o r  ta  O a - e r —
- ‘ ‘ a ,  a - c  s e  10’)’- pr - I S a - ’ , , ,  }‘ u r t i a e ’ n m o m e , a-he , ua a , t c n t s  ‘ ‘ I  s o l i d — s o l u t i o n  h a r c i e n e r s  m uS t  be limit ,’ ,; a ’  less
as, ,, an 3 —  5”, t a - i ’ m ’ ; ”  r t u ,  re s Ir,, t a 5 , .’ eX t a - - nt of II., ‘

~ ‘ — “ t r a n s t o  n matnon ac - id the r e s u l t a n t  a- m a  t a t - bounda —

r a -  e nn a- r ,  t t l p r , i , ’ , , t
a -’ a c ’ a , s a - i a - ’  ,r’ ’1 ,i ’r’ , ’’s of  5 . ’  a- ‘ —~~t r e c a ,’ t S , , - , , c ’ ’f I’ NI a l l ’ u a - s  can lie a a ’ a a t n ’ ’ u ll,’ ,t S a y  i a  t a a a a -  ‘in the ) a a a l — a - a - ’~u m k i n i , ’

‘ ‘ t a n i a a a - ’ , r a~~, - u I , , ,  a - a -  a-u ’ ’ ’. i’m a l a - ’  ‘ ‘ S a r a - n a t ; ’ , , ,  of a a,,,’ — ‘ am ‘‘ a - a - s c  ‘, ‘r , a - u a , ’ a l  mu ’ , m ’ ,’ s t a - a l l ,zed n’u i a . a - n o s t m u a -- l u a r ,’ , and
a,, ,- hina l aging ,- i’ n d i t a ’ a u a - e ,  

2l,’ ’ a a - r , , a a c ’  a - - s a l e  S tm e n a-u tl, s of , i i a u a u , n  1850 a - ct P . T, a - u , a ’ t  1350 MN a- ,, al  a - ,~~Su °C ia aa- ’u ’  t ,ee a - n ach ieved  in h a - c
a - n e — g r a a ” ’. ( ; o — I ~~a- ’ L C a - - t~~C N t , ’ — 5 ~~L’I’ i I’ NI ;uhhoy with  the n i a - n r e s p u.a- ndinng do, a - d i t i e~ l i n i i te ’ at  a ’ ’  4~ ’,, The

rta-i , ‘ a - I . ’y  is m a i a r k e d l v  I a a - , a I a - a - ’ r t a r  a l , , ‘ ‘ .a r a - a’ — g r a-a a t a - e u i  t,,,ata -’r i,a -l , h ’  ~a n ’ a - c ’ r , a t ,,’ a- - a - a - n rt ’s l ia u m u i a - a a g  s t r e ng t h  a s  hi n n i—
a - a - . , ,  a , ,  Ip’ ’ ’  it It , I , and 1000 a- -, ) ’ S J , , , , ’ a , ‘ ,i) ° ( 5 ,-ar , a - a - aa a..’ imp r e a l t l a r a a u a g h ., a m a- i l ,ug t r ig  t r e atn ie c - n I ,

- F o r a a , a -’ n a - a  a p a t ’ . ’ d n a - a i l S  in  the tu ’ , as , Ic’ p a a - a , 1 a a - ’  n t i e s  should i,e p aa sc a - t ble by nun, r c - u s a n a a -  a- ‘ — s t re ng lha ec n ng .  In
a - I ,,. r e s p a c ’ - t , a-. inI, a- s a , ,  I ’ a - ’ ’ a -  mc ’ ss  a-in ,u (.Sa - — 1 f a ”~~( P r ’ 1 T , N l , ’ — 7 ’ . ‘l ’ a — O , l a - a - t S P, a-,’ I’ ta- I u S i a - pnep a nea l  b y hot

‘‘‘ a, ,,,,’I i ,,ci ,t n oll ed i a  sa-’ a a r k ing.

,\F’’ 5 ua-WI,EI)(;ENl F~~ IS .

I S -  , a a a a l , c , n s  w i s h  a , ,  u S , , , , , l ’  ‘ a i r .  I ’ , (a n i I l . u a - a u a , c ’  a r  his a a a , a - t a - a l a u i t i a ’ , ,  to the a - au ’ ’ ) ’, ‘ a t  ce r ta in
I ‘ ‘ ‘ u ’ s ,

- - - - - - . —
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9. J. C. Freche , R.L. Ashbrook
Cobalt n°2 (1973), p.33

10. P. Viatour , J, M. Drap ier , D. Coutsouradis
Cobalt n°3 (1973) ,  p’ 67

TABLE I - Actual compositiOr~ :wt, %) of the prealloyed cobalt-base powders,

Grades (*) Ni Cr Mo Ti C 02 N
2(ppm) (ppm)

V U  14 ,9  20, 1 10 . 0 - 0.03 703 nd**
V i  11 . 0  21 , 1 10 .5 - 0,29 522
V 2 1 4 , 7  2 0 . 1 1 0 , 2  - 0,  65 226
V 3 14 , 5 20 , 1 10,4 - 0.95 296
V 4  14 ,7 20 .0 10.0 - 1 , 3 6  280
V S  14,8 20.0 10.0 - 1 . 8  273
V 6 - 15 . 7 5 . 0  5, 1 0 . 0 5  1806
V 1 3  - 1 5 , 3 3,3 4,5 0, 103 60 16
V 14 - 16.2 3.0 5. 0 0 .005  100 32

*1 V 0 to V 6 powders obtained by N2 atomization
V 13 and V 14 powders obtained by R E P

la- mat ; n d .  : not determined
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A I ’ V A N C F H  FA RRICATI ON TECHI~I0( i c
I) IS( ( S S I (  \ SI~MMAK \’ OF SI SSION I I I

by

A .  J .  W i l l i a m s
Pept . of Er.’~r~tv , M i r e s  t Resources , °~~ . i w r , ‘ r - a l m

The pr in ci pal discussion of Pr. Arnol’I ’s paper (P . t )  ad’~ressed the question of wh’-’i.er~~r- a r - - i C F ’
Fen e 9f product with its great cost advantage car be produced w ith sufficiently ~- mod çr~ - 1er ~~ies  to s a ti ~~f y
pre sent  tene ~~r ap p licati ons . it  appears that Heneral Electric haS dons s u f f i c i e n t  work to convi ,’” ‘i-er~
selves that their a s — H I P  F er -e  ‘35 with i t s  A~ TMR grain s ize  can be use ’l for most prenor .? ap p l i c a t ions in
cp i’s o f t i e  loss of the ~up3ex necklace microstructure. Because of the very large cc5  Savi ,~ av a i l a b l e ,
th ey are also l ook ing  at the possibility of substituting as—HIP Rene 9’, for  lower r ’ - g h  s~ ;,era1l oys (718
for e x i p i e ) .

After tf.e presentation cf Dr. Betz an 1 Dr. Schubert (P. 7) there was consl erab e ~iscussior ~f ‘-s
unusual scatter in the low cycle fat igue results on Uditset 700 and INlOn at F,00°C. I’ we’ es ml l i shed that
the  scatter ir, LCF data was lue to the presence of many Ti-rich and some Fe-rich in c i s ions , w i th th e evi-
der ,ce pointing to the fart that premature failure occurredwheri inclusions were Ioca e~ ear the spec ’Pr.
sur±ace. The origin of the inclusions was not clear but it appeared that they ~i I rot  Or igi n a~~ duriog pow-
-fer h a n d l i n g  or pre-treatr.er.t of the pressings . I t  was speculated that the Ti-rich cr-es —ay have rri ginated
in tI e ingot used for powder production and the Fe-rich ones at the wall of the powder production vessel.
Alt I cugh no fir-n conclusion could be drawn as to the orig in of the i nclus ions , the fiscussion ~rew atter-

to i-e necessity for extreme care in powder production and in all subsequsr,t handling and processing
steps.

Oiscussion of M . Wal der ’s presentation (P. 8) centred on whether forging of the a l loys  di scus sed was
real ly necessary after HI° consol ida t ion , since the properties of the as-HIP materials were virtually the
sa—e as those of the forged materials. N. t.escop explained that it was true that tensile properties were
vir tually iden t ical in both forged and unforged parts bu t tha t forg ing conferred superior [CF properties .
Particularly in Astroloy, the duplex necklace structure with its concomitant superior fatigue propertie’
could only be produced by a forg ing procedure .

Discussion of Dr. Wallace ’s paper (P. 9) dealt with the occurrence of sulpho-carbide flakes in super-
alloys consolidated by super—solidus sintering und pressure. Relatively few suipho—carbide particles formed
wi-er- the pressing was done at sub-solidus temperatures. However , when super-solid us sintering was performed
to achieve the large grain size favourable to good creep properties , the structure was characterized by
masses of suipho-carbide flakes at the grain boundaries. These were seriously detrimental to ductility.
Dr. Wallace postula ted that the presence of  the li quid phase during consolidation allows the rap id d i f f u s i o n
of C an d S, and the gettering elements present in the alloy combine readily wi th these to form the coarse
intergranular flakes. He doubted , for this  reason , that super—solidus sintering ha’f much potential as a
powder consolidation method.

In answer to a number of questions following his paper (SC 7), Mr. Mazzei provile l a number of further
details of the proposed manufacturing process for W reinforced composite turbine blades for ground based
turbine application. The model system being used is that of W fibres coated with an HfC diffusion barrier
in a Mar M200 powder matrix. Experiments have been conducted with composites containing 25-65 vol % W wire
but trost testing has been done on a 50 vol % composite. A simulated root section is being formed as ar, in-
tegral part of the experimental blade and the W fibres are being terminated in a randomized fashion with an
average 1/2-in, penetration into the root sectior.. An attempt is being made to optimize the fibre termina-
tion method by finite element analysis. During lay-up the powder is handled incorporated in a polymethyl
r- ethacrylate tape. If careful vacuum degassing is employed , the tape can be completely removed and no undue
carbide precip i tation or porosity occurs if low carbon (.02% or less) powder is used. An isothermal forg ing
step is envisaged as the final blade shaping procedure. Westinghouse is well aware of the potential thermal
fati gue problem with this type of composite material . However, they believe that the combination of high
volume percentage of fibre together with the final isothermal forging step will sufficiently reduce the
tendency towards thermal fatigue damage . Thermal cycling under load up to 1100°C for two thousend hours has
not yet produced any evidence of thermal fatigue tendencies or barrier coating damage.

During discussion of N. Drap le r s  paper (P. 10) several suggestions were made as to how to avoid pro-
-i-acing carbides on particle boundaries during the processing of experimental cobalt-base superalloys , other
than that suggested by b i n  of keep ing the C content low. Work described by Simms and Hagel on Rene 14 1 sug-
gests that if consolidation Is carried out at a low enough temperature (1000—1100°C in their case) subse—
quest heat treatment produces random carbide precipitation . Therefore, a duplex heating for consolidat ion
woul d seem ‘c be a useful approach to avoidance of boundary precipitation . The addition of niobium to com-
plex the carb i des m ight also be useful. Very rap id heating for consolidation would reduce the time for dii-
fusion of Ti and C to the part icle surfaces before compaction . In addition to these suggestions , Dr. Wenzel
offered his view regarding the mechanism of this boundary carbide precipitation. At temiperatures below the
y ’ solvus the free energy of formation of y ’ Is higher than that of titanium carbide . As the temperature is
ra ised , the Y’ tends to go into solution and the activity decreases. During this period , C migrates to the
particle boundaries because of the high dislocation density there. As the Ti is released from the y’ as the
la tter dissol ves , it also migrates to the particle boundaries where it reacts with the C already there since ,
at the higher temperature , the free energy of formation of the carbide Is higher than that of the y ’.
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COMPARATIVE EVALUATION OF FORGED Ti—6A1-4V BA? MADE FROM SHOT

PRCDUCED BY THE REP AND CSC PR OCESSES

R F Vaughan, P A Blenkinsop * P H Morton
New Metsl~ DivisIr.~

Imperial Metal Industrins (Kynoch) Ltd
Witton, Birmingham 86 7BA

SUMMARY

Ti—6A1-4V shot was obtained from two sources , the Cent rift~ al Shot
Casting Process (CSC’ and the Rotating Electrode Process (Su p). The chem-
istry and size distribution of the two types of shot were com pared prior to
an evaluation of the cons olidated products. Alloy shot billets were produced
by hot isoetatic pressing (RIP) and the mechanica l propert ies of as—RIP end
as—RIP + forged/rolled materia l compared.

The two type s of shot behaved in a similar manner and generally prod-
uced mierostructures, tensile and fracture toughness properties similar to
cast and wrought material. However , the low cycle fatigue behaviour of the
consolidated material was inferior to that observed in the conventional
product. Internal fatigue origins were found to be aesoc isted with defects
in the shot and in general tI.e degree of scatter was higher and fatigue
strengths were lower than in convenUonal material of a similar section size .

INTRODUCTIOM

Like other studies of titanium alloy powder the present evaluation was tarpetted towards potential
aerospace applications of consolidated material , in particular use in rotating aero—engine components.

The technical advantages, which are expected to accrue from an alloy powder route are summarised
below:

(t) Billet can be produced which ie free from contamination by large defects. The fine grain size
should also improve the sensitivity of ultrasonic inspection for defects .

(2) Long range compositional variations caused by ingot segregation will be avoided.

(3) Consistent fine grain size and microstructure will be achieved throughout the billet. The fine
structure is expected to be maintained in all parts of the forging itself.

(4) As a result of 2 and 3 even large complex forgings are expected to poeseas a higher and more
consistent fatigue strength and improved crack propagation characteristics.

(5) Greater flexibility will be possible in the design of the fcrging route to the finished shape.
Control of metal flow in different parts of the forging will be less important and this could
result in cost reduction.

(6) In the long term new alloys will be developed which cannot be produced by conventional casting
and vor~~ng.

The initial approach to the question of titanium alloy powder has been similar to that of other
organisationa in the field. After first considering the alternative form s of powder, ie hydride—dehydride,
elemental, gas atcuised and shot, the conclusion was reached that the latter route offered the beet prom—
pacts of success , particularly when interstitial and surface contamination and seas of h~ndlinr were
cose jd.r.d.

Tb. data presented in this paper detail the p~.liainary evaluation of Ti—6Al-.4V alloy shot obtainçdfrom two sources, the Rotating Electrode Proc.ss (1 )(REP) and from the Centrifugal Shot Casting process~u 2)
(csc ). An initial assees.ent of the shot was made prior to consolidation of two billet sties by hot
iso .tat ic pressing (HIP). Comparativ, data was then produced on the mechanical properties (tensile, low
cycle fatigue and fracture t oughnees ) of the consolidated material both as—HIP and after rolli ng and
f org ing.

A~~ES~~NNT OP SHOT

The Ti—6A1—4V alloy shot was obtained from 4~RE Harsel l , y r (cSc ) and Nuclear Metals m c , ~s (REP).
Tb. details of the proo. sas ar. given els.whsr .~ 1 .2) .

Tb. C~C shot was produo.d from a 50 — $ x 500 ma long cast and wrought bar. Th. shot was formed in
am argon—h.lima atmospher , wi th a yield of about 6(~ umeable material. (The yield of shot i. limited
by th. ii.. of the furnace chamber and not by any basic limitation of the process). Th. analyses of the
starting electrode and the sho t are given in Table I and the s iev. analysis ii detailed in Table 2.

‘fh . corresponding analytical and size infor mation for the REP shot ar, given in Tables I and 2.
resp.cttvely. Mo imfos~~ ticm we e available on the oomposition of th . starting electrode for REP shot .
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TABL E I

ANALYSIS 0? SHOT AND ELECTRODE KAT~~IAL

Type Al V Fe 02
w t %  pp.

CSC Electro de 6.56 4.50 0.14 1600

CSC Shot 6.56 4.54 0.16 1650

REP Shot 5.8 4.4 O.C~ 1159

TABLE 2
SHOT SIEV E ANA LYSIS

Sieve Size p. 1180 710 500 355 250 180 125 90 PAN

% Retained on
Screen CSC 0.28 5.4 21.79 39.24 21 .85 7.52 2.73 1 .17 0.27

% Retained on
Screen REP — — — 7.20 26.79 39.42 18.13 5.83 2.63

CONSOLIDATION OF SHOT

Although a number of consolidation processes were considered for the alloy shot, it was felt that
hot isoatatic presaing offered the beet and most reliable route, particularly as comparative data was
being generated.

Both types of shot had a tap density of about 65%. All enca psulation was in mild steel cans. Two
sizes of cans were umed, on. 150 ma z 25 ma $ and the other 216 ma x 100 ma $. Both electron beam and
TIG welding techniques were used in the construction and sealing of the evacuated cans. No significant
difference was observed in the subsequent behaviour of the cans, irrespective of which welding process
was used.

All cans were HIP presse d for 4 hours at a temperature of 950°C and a pressure of 1.03 kbar. The
pressing reduced linear dimensions of the cans by about V~. The .ild steel cans were removed from the
ti tanium alloy billets by mach ining prior to further evaluation and processi ng.

TRE~~ 0-XECRANICAL PROCNS SING

(i) ~~~ll Billets

After remova l of the cans the billets were approximately 20 ma 0. A section was firs t removed for
assess ment of the as—RIP + heat treated properties of the materi al . The remaining material was then
rolled at 95()ec to 12 — square; a reduction of about 55%. Both types of consolidated material deformed
in an identical manner, s imilar in fact to the norma l cast and wrought product.

All samples we?, beat treated at 960°C air cooled + 2h at 700°C.

(2) Laruze Billets

Th. as—machined bi llete were approximately 175 ma x 85 mm 0. A •lice was taken from each billet for
evaluation of the as—RIP material, and t he remaining material was forged.

The material was forgad between flst plattens. A small a,ount of preliminary deformation was carried
out at 1125°C to square the secti on, but the maj ority of the processi ng wa s performed at 95O’~C, to 50 mmequare (54 deformation ). Figuare I s howi the fin .i shape of one of the forginge. Although some cracking
occurred it was limited to the surface. Both forms of consolidated billet performed in a similar manner,
end were not signifioantly different from conventional material.

Th. forged REP and CSC billets were beat treated at 960°C, water quenched and annealed for 2 hours
at TOOeC.

M~TALL~RCI CAL AN!) KECRANI CAL PROPERTY ~VALUATI0N

The .icrostructures of the as—HIP + heat treated material, in both the small and lare’e billets
were very similar. The only difference between the CSC and REP mat erial (Figures 2 and 3) was in the
fact that the form er contained .ore alpha phase. This fact was due to the difference in ~ tr ansu~ of
the two me~erials, it being higher in the CSC case, due to the higher level of oxygen in the alloy.

Room temperature tensile values for the as—RIP + heat treated material (20 mm 0) are riven in Table
3. The small quant i ty  of rolled bar produced from the 20 .j~ ~ billet was used e n t ir e l y  to renprste low
cycle fatigue data. All the testing was carried out at roo, temperature under constant lo~d (z.ro
minimum) conditions and a f requetucy of 10 cycles /minute. The ~~sulte are presented in Figure 4.
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~~cure I HIT’ + ‘orged CSC Shot Billet

~‘icrost-ucture of CSC, HIP Figure 3. ?~icrostructure of REP, HIP
+ ‘e~tt Treated Billet X1 50 + Heat Treated Billet X1 50

1000 r . .. I

I — — - —  CAST ~ W~~GHT 25mm . DIA
j — C S C SIIOT I

~ 0 .  L - — ~~P SH0T

6oc
10~’ 10~

PU~lBER OF C~vtLES

Figure 4. Low Cycle Fatigue Data for Alloy Shot Bar (12 mm square) and Conven iorn~l 25 mm 0 lIar
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A more extensive mechanical property evaluation was nossible on the forged billet. The tensile
property levels in the as—HIP + heat t reated condition were similar to those observed in the small
billet material. Both transverse and lon ’itudinal tensile tests were carried out on the forged bar.
The tensile renults are presented in Table 3. The results of fracture toughness testing in the trans-
verse direction are shown in Table 4.

TABLE 3
TERSILE PROPIP TIES

Piaterial 0.2~’ Proof UTS Elong 4J~~o R in A
S tress N.ima 2 N. 2

CSC HIP • Heat Treated° 957 1 075 18 36

REP HIP + Heat Tre-ited ° 907 103fl 21 40

CSC RIP + forged + ‘P 922 1038 16 38
heat treated L ‘ 942 1053 15 39

REP HIP + forged + T ~ 940 1048 20 40
hea t treated L 903 1026 19 40

Conventional material
(7s mm T 951 1032 20 37

• 20 mm 0 billet

~~ 50 mm square forging

TABLE 4

FRACTURE TOUGHNESS PROPERTIES

Materi al E~

(~o ma rqu ’~re~ REP HIP + forged + 68
heat treated

(so n~ square ) CSC HIP + forged + 67
heat treated

Conventional material 57

Ficroetru cturally the materials appeared similar, Figures 5 and 6 show the structure in REP and the
CSC forginga respectively. Figure 7 shows the structure of conventiona l cast and wrought bill.’t for
~omparison.

Figure 5. ‘~I.-rrstri~’ture of Figure f . Piicroet ructure of Figure 7. V.ic roat ructu re of
REP , RIP + forged + heat CSC . HIP + forged + heat conven ional cast and wrought
trda ted Billet X1 50 treated Billet X15O Bill . t El SO

-.-.
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Low cyc le fatirue data was obtained on longitudina l specimenS and is presented in Figure 8.

~000 r— ..

900 ~5 ~s 
S

Os ~~~~~~~

800 

— FDRCO( FROM CAST 4 WROU GHT BILLET
——— CAST 4 WROUGHT 25mm OIA BAR

700 . X R EP SHOT X
(X s REP SUB-SURFACE INITIATION )
° C SC SHO T

(oS CSC SUB-SURFACE INITIATIO N )
e CAS T I WROUGHT BILLET

600 ______________________________________________________________

io2 io~ 10~
NUM BER OF C~ttLES

Figure 8. Low Cycle Fatigue Data for Alloy Shot Forginga (50 square) and Conventiona l
Billet ar4 Ba.r

A striking f°a~ure of all the low cycle fatigue data was the degree of scatter and the presence of
inter-r’l initiation sites . Both optical and electron netallographic techniques were used to study the
phenomeron of internal initiation . ?‘etallographic sections through the REP material revealed the presen ’e
of a significant nurber of angular part icles, Figure 9. The serticles were up to 2O0~~m long and were
identified tv electron prob .~ nicro—an’ilysia , as tungsten. Scanning electron microscopy was used to rtudv
th, fracture surf~ces of the failed fatirue ~amplos . Figure 10 shows the origin in one of the R~F spec—
imera~ while Vir~ re 11~ an x—ray distri bution photograph , reveals the presence of tungsten at thr’ origin.
In f ‘t a ll the in’er”al origins were found to be associated with tungsten particles .

~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~ 

‘
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Figure 9. Tun gsten Inclusions in RlD~ Billet

X70

-



I’ I

-‘ 

.
. 

, ,-‘, ~ k 
_____________
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~‘~ tirue Soecimen X120 XI20

A ~l r  ex,riny .on was made of the CSC fatigue specimern . Once again the intorn~ l or~~ ins were
fe ’~~~ t~ be is• - c a ’ o~~ .i ’~~. f-reign particles , Figure 1 2. In this particular ins t ance ‘he oririo was an
~11o~ s t ’~e1 stot par’ i - le .

?tgure I ?. Inclusion in ~‘rmcture Surface of
CSC ~atieue Specimen

XI 50

Crie of th e ohservn~ lon~’ ‘o come out of the results is that although there was a significant d i f f e r —
ence in ‘h size rarice between REP and CSC shot the two materials handled in a similar way . No d~ ff~ r-coes
were observed in ~he way ‘hey consolidated or subsequently de formed . The chemistry of both the CSC and
REF nh~~’ was ‘ori’r~ 1 led and the intersti~ ia1 contamination in the CSC shot was ne~’l igible. The prcblen
r f  y~ eH in t he CE C process appears to be a function only of the tank size and not a fundas~n t al l imi t-
at ion of t~-

In genera l both connolidated materia ls hehaved in s normal ma riner and the tensile and fracture
t ’ughr .eas levels were at least compa rable with conventiona l cast and wrough t matnriai. However , a mn .’or
divergence from norma l was detected in the low cycle fatigue behaviour of both materi’ds . in particular
the degree of scatter , the levels of resul ts and the presence of internal initiation sites.

The internal initiation si tes were readily explained by the presence of ‘foreign’ particles.
Howe ver , the observation does underline the necessity of entirely eliminating defects , if an a lloy ahot
rou*e is ever to be successfully used fcs’ rotating components. Furthermore it is significant that only
the fatigue test revealed the presence of the defects , unlike the tensile and fracture toughness tests
whi~ h were apparently unaffected . The sources of the defect9 ~n the present batches of material are
known . Tungsten particles have been se’~n before in REP shot”3), and come from the non—consumable elec-
trode. They could clearly be eliminated by a change in the electrode materiel. The contamination of
the CSC shot is not a basic problem of the process, but due to cross contaminat ion from previous runs.
The situation should be overcome by the exclusive use of a furnace for titanium alloy melting and re-
design of ha tank for ease of cleaning.

Al though the preeence of internal origins reduced the fatigue life significantly, the general trend
in surface m i t  ated specimens, in both the small and large billet material , was for l ower fatigue
strengths and a greater ~~grer’ of scatter tha n in convent ion~il cast and yr ught  material of a similar
section size (Figures 4 an’~ 8). It ie porhaps relevant ~o compare the results on alloy ehot with the
fatigue data of conventiona l billet , which has had about 80~ work from the ingot (solid circles Figure
8~. Whereas no interna l origins were seen in the conventiona l material the scatter in the fati g ue res-
ults is similar to that of the coneol idated materia ls , which have had about 54% work from the as—cast
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state. The microstrurture in the conventional billet (Figure 7) is similar , though sl ightly coarser,
than the consol idate d and deforme d materials (Figures “ and 6). An explanation of the fatigue be)y~vieur
of conventional billet has been sought in the degree of chemica l segregation, texture and grain size.
Work has shown tha t a minimur amount of reduction , of the order of 100:1 , is required to aaximise the
fatigue properties. The fatigue results of the consolidated and forged mat’ rials would also suggest
that further work is necessary to maximine the levels. It could be argued that this ~eforniatien is nec-
essary to minimiSe the content of micro—segregation within the former shot particles and possibly to
strengthen the inter—particle bonding. However , although the evHence in not ern~-l uefve , because of the
presence of defects lça4ing to internal fatigue oririn and prema ture failure , it does suppor’ ob~erv ’i’—
ions of other workc’rst3 ’ on the high cycle fatigue orere~r’ies of consolidated REP shot . The results
presented do call into question some of the possible advantages of the alloy shot route . In particular
the cla im t h a t , because of the fine grair size , components can either be pressed to shape or nearly to
shape~ requiring either none or little subsequent forging; such components may have significantly in—
fertor fatigue performance compared with coiwentionally cast and vrouvbt m~ t ’~rials.

CCNCLtTS I CN~

1. The behaviour  and perform~ nra of CSC and REP consolidated shot ore r i n i l a r .

2. Microstructur, and tensile and fracture toughness properties in HIP and HIP + deformed
materia ls are at least as good as ‘those i n cast an d heav i l y  worked mater i~ l.

‘ . Sca tte r and fatigue strengths in HIP + worked material are in fe r ior to those in conventional
material of an equivalent size.

4. The fatigue properties in RIP + worked nateri als are highl y susceptible to the presence of
foreign particles , which lead to internal initi stion origins.
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1. INTRODUCTION AND SCOPE

Titanium users are interested in HIP processinR because of the potential cost

savings in producing intricately shaped parts.

The feasibility of fabricating complicated shapes in a one—step process has al-

ready been proven . However , fabrication techniques have to be optimied in order

to ob ta in  hi gh mechanical properties without sacrificing economy.

It in the purpose of this short contribution to discuss briefly the mechanica l

~roperties of HIP titanium TiA16V4 produced under different cond itions and to in-

vesti gate the  f ac to r s  which  inf luence the f a t igue values.

~
‘, EXPERIMENTAL PROCEDURES

2. 1 PO~/ DER

It is obvious that the quality of the starting material will greatly influence the

f i n al mate r ia l  properties. Several methods for producing titanium powder have been
diecussed in literature (1), (2)~ (3) ,  (4). For the present investigation only
commercially available powders have been used.

F’i~~. I shows the characteristics of three typical powders , produced by the Rota-

ting Electrode method (REP) or by Electron Beam Melting (EBN). While the phys ical
proper ties , e.g. shape and microstructure, are similar, there are impor tant dif-
ferences  in the fo r e i gn element content. The EBM powder shows the highest puri ty ,
this may be influenced by the fact that it has been produced in a pi lo t  plant set-
up. It. has to be noted that in the REP materials contamination was found to be
precent not only as solid solution in the titanium matrix but also as discrete

inciusionr of’ foreign particles , such as tungsten and the alkali metals. Powders A
and h have been produced in the same plant but with modif ications to the operati-
onal mode. The increased purity of batch B indicates that improvements in powder

manufacturing are possible ; the results of this study show that they are necessary.

Fig. I also ind ica t e s  th~i t there are considerable differences in the gas content
ari the mesh size of the three powders. Therefore , detailed specifications had to

be develope d to insure reproducibility of the final product.

.2 POWDER HANDLI~P;

Al though titanium is less sensitive to oxygen pick—up than superalloy powders ,
adsorption of gl~ies and mointure may be a problem. Therefore three different ope—
rat ing procedures are being investigated .

- 

~~~~~

~-
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PROCEDU RE A

The powder is stored in air and filled into the capsule without special precauti-

ons. The capsule is then evacuated , degassed at 300°C, for 8 hours and sealed.

Several days may elapse before HIP processing.

This is a low—cost procedure.

i’}dCCEDURE B

The powder is stored in a protec tive a tmosphere (purified N2). It is then trani~—
rerred ‘0 a specially developed filling station (see figure 2) while still being

in a nitrogen atmosphere. Subsequently , f i l l i ng  s ta t ion  and capsule  are evacua ted
and the powder is filled into the capsule under vacuun conditi ris. After degassing

at 4~O
0C for 16 hours the capsule is sealed and stored in an evacuated container.

PROCEDURE C

In  this procedure (not yet fully realized) the powder will be filled into evacu-

ated containers righ t a t  the powder product ion plant. Any contamination during
shipping and storage will be minimized .

In all cases low alloy carbon steel was used as the capsule material. Simulated

production parts were run in steel , nickel and titanium capsules (Fig. 3).

3 HIP PROCESSING

All samp les were hot pressed in AS EA Qill 1t presses Al 2 0, was use d in some cases as tilling between samples

as a pressure carry over medium. Sonic problems were encountered in obtaining uniform temperature distribution

along the specimens.

‘. MECHANICAL PROPERTIES

To find use in airframe applications , HIP material must reach or exceed the

strength values of conventionally produced IiAl6V4 , aspecially forged and machined

material. Comparison is not always easy because testing conditions vary widely

between different laboratories.

3. 1 STATIC VALUES

Flgure\4 shows the static tensile properties of HIP T1A16V4 obtained with different

sets 01’ HIP parameters. It is obvious that strength values comparable to forged
material can be obtained by choosing suitable pressing temperatures . In the range

of pressures investigated in the present study , there appears to be no dependence

of tenBile properties on HIP pressure.

If the II transus of’ the alloy is exceeded during HIP processing, UT~ and YS values

decrease by 10 to 15 %. While the reduction of area decreases , there is some in-

crease in total elongation. This is somewhat contrary to the results obtained in

the heat treatment of conventionally processed material.

It is interesting to no te that the static properties are relatively independent of

the processing parameters and of the soundness of the material:

Nil—specification values  can be obtained even with relatively porous rtructures

~nd large quantities of’ inclusions. Therefore , it is concluded that HIP processed
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ma t er ia l  canno t r easonab ly  be e v a l u a t e d  by static tensile teoting.

FATIGUE I }~~i ’kk TIES

F i t i g u e p r o p e r t i e s  are much more dependen t  on i n t e rna l  d e f e c t s  t iari ntat ic

p i’op er t ie~~. P h y  a re ~i efe r r e d  fo r  e r r  ;irisoo of d i f f e r e n t  powders  and fabri-
cation schemes.

3. .i NOTCHED SAI’~ LES

To e v a l u a t e  the notch s e n s i t i v i t y  of the  m a t e r i a l , two b a t c h e s  of samp ler  were
tes ted ; one processed above , one processed below the beta transus . In both
cases procedure A was used , the samp les contained inclusions of foreign ele-
ments. During samp le preparation it was discovered that , fo r  reasons no t yet
determined , a large number of spec imer i- processed in the ~(/13 region contained

some poros i ty~

However , they were included in the test program to obtain inforiration on the

influence or internal defects.

All spec i nen s were tested under tens ion  at a no tch  intensity f a c tor -

The results are shown in figure 5 together with mean values for forged material

(5 )  (full line). The data permit the following conclusions to be dra~ r :

— scatter of data of the ~~/l3 material is surprisingly small , considerine ~r~e

influence of porosity in some samp les

— ~ proce ssing (no porositiec) results in similar f~~t . i f - ue prot erties

— he fact that no influence of porosi ty is visible indicat es tha t some o r e s

fsc tor , too , is influential in limiting notched fat iRue life.

7 .2 .~~o~TH ~;Pi~~II’~~

The influence of pr-ocessing variables on the fatigue behavior of smooth round

specimens has been investiga t ed extensively. Some typ ical resu l ts are s u m r r r r i e d
in Fig. 6 for  m a t e r i a l  processed under  the  f o l l o w i rs

cond it ions

Procedure A

curve 1 ~~ mm 1~~O ()  bar
2 ‘( sin 200C bar 1050°C

Procedure B

curve  ~ 60 sin I ‘( 0  bar

For compar i son  ju rpor ~e r- the data  o b t a i n e d  unli s he :ime t x ; e r im e r i t a l  con ~~i t i —

sr~r; f orm a f oj ~~ed a n t  ro l led  p l a t e  arc also  m c l i i i  1 in  th e  gr~ p i . (lJixectio—

nali ty was excluded by taking sam p le s at t ) ° , o5~ and to the rolling direc-

tion.) The follow ing conclusions can be Irawn :

— Fatigue strength of the rolled ma te rial is approximately ~.O N /mm
’ . In o il

cases HIP—processed material is inferior to conven ’in al tit :rriuni

— Fat i gue s t r e n g t h  of ~—proce sred III ’ titanium amounts to lEfl ) N/mm’. By ~~~, 1
pr (,cerslng , this value I r c r & ri~;eO to about  iMP N/mm ’ , . i m i l a r  va lues  have been
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riven in lit e r atrr: ’~~’ ’ . ‘ he  i n f l u e n c e  )f pressing below or above the B transus

or the fatigue ; ror’~~r tm e r - corresponds to what is known as the influence of for-

ging temperature

in t he ~~/s range m inor temperature variations (9~ ’(j vs 875°C) do not appear to

have a significant influence on properties

— Con tro l led  powder handling markedly increases fatigue strength to 195 N/mm
2.

~~~. DISCUSSION

Resul t s  obtained to date show fati gue properties to be inferior to those of forged
or rol led m at e r i a l .  The ma in  reason appears to be impuri t ies  in the s ta r t ing
powder. The fact that controlled handling in an l iner t  atmosphere improves the
mechan ical proper ties , po in ts to the i n f l u e n c e  of adsorbed gase s and moisture.
Obtainin g optimum properties may well require an integrated powder cycle , where

the powder may stay under vacuum or in an inert atmosphere from the powder produc—

‘ ion plant t o the fina l filling and canning installation. Such a system would cer-

tainly influence the economic picture. However to date , this influence of’ adsorbed
gases has been shown only indirectly by comparing mechanical properties of products

handled in air or under vacuum. Chemical analysis has not indicated any clear—cut

differences.

n’hile the effect of gases is not yet fully understood , it is obvious that inclu-

sions play a vital role in diminishing the fatigue life. In most cases the fracture

or ig in is well discernible in broken samples , and micrprobe analysis can be made.
it. w~~n found that fractures tend to start at inclusions , typically tungsten or

alkali metals. Examples of inclusions are given in figures 7 and 8 both optically
and by ~~~~ Fi g. 9 correlates the fracture origin and the microprobe data. The fact
tha t the ma jor i ty of the broken samples investigated contains inclusions in the
fracture surface suggests that these inclusions are the true reason for the relati-

vely low dynamic properties.

~ l i m i n a t ion of these impurities should not be impossible: Tungsten quite certainly
stems from the W—electrodes frequently used in the REP processes. Efforts are being

made to rep lace them by titanium electrodes. Careful analysis of the alkali inclu-
si on s corrobor at es the hypothes is  that  they may ori ginate in the heat shields of
the REP installation. Here , again , improvements should not be impossible. As to the

use of ~~M powde rs , resul ts to date are somewhat conflicting and will have to be

substantiated before final conclusions are possible.

OUTLOOK

To be truly competit ive with conventional fabrication methods , the HIP techno logy

of ti tanium will have to fuilfill three essential conditions :

Po~ s1bility of manufacturing complicated components

coøt advan tages

satisfactory mechanical proper t ies

— The first point appears to be solved . E’ven complicated par-tn can be fabricated

wi thout major problems and with good dimensional reproducibility (Figs. 10 — 12

show some titanium airframe parts produced by HIP). For intricate shapes the

manuf acture of appropriat e canning may pose rose problems but electroforming on
wax or alum inium ma ster forms has been found to be an elegant solution
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fo ’ al c I t  for HII proces si ng of titanium can ori l:i be dt ersined a~ ‘er all tech-

nic al prob lems  are  solved , e s r e c i a l ly :

Ci~l ’~5 c h a r a ct e r i s t i c s

o~ n ier  handling and storage

contro l of HIP parameter s , e . g .  u i r i f e r s i t :  of t empera ture  d i s t r i b u t i o n

s i ’  re r t  rucr use

— : echt r;~ cal nro :erties of NIP Ti Al 1 st il l tre to be improved . The challenge will

b~ to f r ~ - n c  t i s n i r ~ parame t er -n ~ielui ng optimum fatigue data without unduly

~r c r e o n i r i r  C o s t .
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Container for cylindr ical specimens
low carbon steel 20’x 230mm

Con tam er for 20 cylindrical specimens
g~•~45 x 21.0mm

Fig.3 Container for fatigue specimens
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Fig.9(a) Microprobe analysis of inclusion shown in Figure 8
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11(11 1 SOSTATI(’ PRESS! Nb c c  Ii —6A I— ‘IV

POts1)ER 1- 01(61 Nb PREF’OIIMS

R - E.  P e t - t i l e s  (Nit) E7-1 )
Gen et~~i 1 E I t - c ’  t i i ’  (2 ,~ -

i - v e n d :  i t ’ , O h i o
-1521 5

SUMMARY

A cc ,iidi’uaat io ii of t he  zesu l t i - ;  obIajn~ d h u m  an A u  F
M~ t&- i ’ ia Is  L a l i u t a t c i ’ s- apciiisuui ’ t-d contra c t , of  t h e  same- l i t  f e ,
(F33615—72— (’— 1449) a lt - leper t~~d i n t h i s  paper - D a t a  sit’ pi e—

u t  ed (‘uni t-i ni ng 
~~‘ c w c l t - i  i ha rat -  l i- r i/ a t  ion , ti c, t [sos tIl t ~~i ’ pl’ essi h g

(HIP) p a z - a m e I l i c -  s t u d i u- s , pi ucico ing and [ui-gills HIP i i  , ‘ l i , r m s , and
he dci e im i  n a t i o n  ol maul’ mechanica I jii ’ iupc- r t i t - s  I i-em f u r  ~ in g s  as

w e l l  as as—HIP mat e r i al The- j e s u i ts  of the mec- l l l i r ’ iu I i l II opert v
t i - s t i n g  ar e  compared to t l ioa,-  i t  the c onventional i - l I s t  and wi -ought
l :p p r i ’l o - I i  as c e - l i  I ts to  each ot h r  flie ec o n o m i c s  of  f c r g i n g  pr wth- i
~~l t - t  el ms - and i t  using the a t  lo~ in the as—consu l ida) e d  (by HIP)
a l t -  d isc u sse d  as well as court -nt pi-i lilems

D1S (’CSS ION

The ob jective ol thii- e l i o r t was to establish a m anut~u t w i n ~ mi-Shod t i c  prodi m i
li t ! Os~~iO I’ q u a l i t y  t i t a n i u m  p a i l s  by f o rg i n g  lii i i s ’— t a t u , - a l l v  p r u ’ ’ — s i - d  (HIP) p r t a l l o v u - d
t i t a n i u m  pc w d t - i  p i i -  t i n - m s

To iu-c’ompl i -di t l i  is  o b ; e c  t i v i -  , an ingot was c,i-deu-ed t o  ASM -1925 (Ii m;A 1— il I t - x u i - j ’  I
l i i ’ - ’ ’  v o -n  u t e n t  wa- spec 11 ied at $00 ppm (max. ) ‘Ito’ inbot wa- cc ‘nv, - i ted to the ajupr u—

‘ i la t e  a l / c  b r  u -i nversion to powders via the co t a t ilig t ’ l t - u - t i ’ l u ’  p 1’u u eaa (REP) of N i  1, - a r
Mi l l: is . In c  - , v ia the hydr ide—dehydr ide (lmH) proc ess by Nun:, , - and by limi t (Di v i s i o n  of
1 Mt -\) . H v d t  idi -d (HYD) , a n d  crushed piuwdec- - pe r  as , pi du - -d liv Time I - w i t s  a l~~o eva Itia ted
i ht -  i t - s u i t s  o l t h e -  p i iWdei ’  t ’ t ia racte i ’ i , a tion  i n u i c a t e d  l i i  sp l i t - n eal REP pu 5 d t - n i ~ -o ntai ned
Ii gc~~at .’i f r a c t i o n  of c ’ u , ~i i s t - r par ti c le— than did th i - HDH pr o d u c e d  l iv  u - i  t h er  N am e s  an d
Tim et - h u t  , i n  t a m ed a larger ti - ac tion if t h e  f l i t - i  ru sh s i / I ’s t h a n  d i i  ( l i e  HYD pi di m -ed
l i v  Time !. Thit - j iuva i c a li v appai ‘-li t di I l (’r,’n (’e’s among t l i t a e  p c ’W d c - r s  is indic-at ed iII Fig . 1.
The ~~ w h,’1’ p a l- l i s t , ’  s l i t’  and shajii ’ a r c -  he l ie v e d  to he the major dc -te i’m ii iio . l a c I e r —  which
I - ’— i l l e , l  i i i  tht- d i i  I t - r e - i c ,  e ’ — i n  the vibrated t h e c i e l  ical di -r i si t i t - ~ (TD) : Rl- P — 652  Ic )
HUH — 51 2 t o  52 2 , a n d  HYD — a bc - c it 5-I’ , . t I c,- t i -suits i f  previous t I  forts indicat ed a hi gh

— iul l ’  ID) taj ,Iensj Iv is re In! i t ’ d  t o  p i t - v e n t  the mt,-t al e c , n t a i n t - i ’  - i l s , ’ ,l I thi s i- Il rt -
I s  u r n  w i  inkl ing in t h i s - a u t c i c - l a v e  at I c - a p t - i  i t i i i ’ - and pi’u- ss urt - . .1 rt-pc odui -ih le v u b n a t u - d

h n s i  I V  is  ne( ,~ ss a l- ’, s ii ; u -  t h i s  - t i l i r a c t u - l  ir - ;t ic - dc-tei’mjnes t he  amount of p owder  r e q u i : t ’ I
t -  f i l l  t i c , - , s t a i n e r  t i - i  , - i , n s o i l u l l i l ion . 1)t- to - iac -d v i br a tt -d  t I i t - ~~ - e t  u c a I  de l i — I  l i t - s  ~i i t
t o l & - i  i C ! - - it: t fi e t h e l  u c , n t l i l n t ’ i  s y s t e ms , b u t  i t  m us t  he r e j m , , d c i e - i b i , ’  l i-em l ot  i c  liii -

1 bit-  u ’ h i t m j a I l  i i t  I u Iii l i t - i and I h i -  p I -w ,h , ’ i  (Tablu’ 1) i nd~~ -zi ted I l l , -  REP did ti n t
I t  j ’ J l t ’ ’  icOil ‘,- ii It- i  t Ics - c-li .-n:is Ii v the Nam e HUH sh ows about a 200 pjtm in i u ’ .i~~i in u
u ,F l i ’ n t  : ~:iici 1 l u  ‘ limi t ((Y B i i i t t c ’ a t e d  l i h o i l t all $00 ppm m u  ease- in u xv g i - n  a- ce ll as I L

mlnol  am’ unt  . ‘ ,-sidual chl orine i, nt i t’ i i- u t in i l i-c 1)1- ne Ss a t  t h a t  t i m e - .

TABLE I

MAJOR C H E M I S T R Y  — WI ’ I b I l l__PEI 1( ’F .NT

A l  
- 

V ( ‘ I  C (I it N

B i l l e t  (Supplied by GE) 6 ’ l  ‘ 1 .2  — 0 . 022  0.Ot i  0 .01 0.01
N , , ’ 1 , - l i h  M < - I a I s , Inc . (ItEP) II.3 - 1. 2  ‘I i- 0 .01- 1 0.0&i 0.007 O . oui
N i ims - i -  (III)H) 6 . 2  1 . 1 Fr 0.012 (1 1)5 0.005 0.01
Tim. t (HYD) 6.1 4.0 0.018 0.1 )1 1 0.1-i NI) 0.006

It  w i t s  , l , - I ,- i ’ m i i i s- c I  t h a t  I In - REP Iuewdel- c o u ld lii Ot i Ig l l sSed a t  l oom tem j-c-l ll t uu - t- wit h no
it ’ ll im s-nI Ill s - f eu 1 , hul III 1 u , ( l i t - u  I ypes i’ :-qu i i-e d hot u , ii tgassing t o  ~u i e v e i i t ccun t am inli t Ce ’S

ob t h i-  u - t i n s el  i d a t - c l  h i l  l i t , , l - e s c : m a h l v  as a i’t-sii it oh aulsi i-hi,- i l wa’ eI’ Va lo r on t h e  hi gh sili —

h a t e  t o  volume ~ingu1ai’ powdei par t h e - l i - a . It W~~s 2515 (1 detei-mined t h e  m i n o r  t e c h i u j i c a l  l i t - u i - I i t
ijb t aine-cI fi- om u s i n g  a as -  l i - c  t t - - I  ~ u - i ’ t - e- li I s a c - I  ton c u u c i l d  m it  lit- c - u - u u i i u u m l u - a  l i v  j c : s t i  I t e d .  l t i , - s i
i - u , n c - 1 , i - i , n - , a:’e hiass -ti u n  t h e  i - e s u l t , --, c i i  u l t - i i - - 1  m y ,  m i c - i - os t i - c i u - t u i - ,- , i-item t em l a-i- ati ll’ (- tens i i(
N’ ’  i ’ ’ ’  l i t - a , a n d  KQ,  a meast ~t-~ - ‘ii f i a t - I  l ie  t o ugh ius - sa  as dot i - i -m in t- d  by a s Iciw —be itu l pi’e—e -i - ae -k e-d
(‘hi~’ r ~v s l u t - u  u n i t - n  l i - a c t  ui-c.
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A ho t  i s u u a t S l  i i  pi , - s a h n g  (hIP) l t l l h l t m e t i i i  s t i t c h ,  W i t s  l i i i h i - m t - u , h a s t - u t  ‘ i i i  ii s t a t  :s-
t h - I l l - l a n , I i -  d t . t s - l ’ m l u i t -  i l u , -  i - h  l e t  - h  I t - m l i e - u - a t i l h - e — 1-151) 1 ( 7 9 l ) ( ’)  - ISSO F (5- 151’) 17 50F
(ii ,5p) lt i i i h  I S h I l l  (10 i5C) - i  I a ‘ — - -- c r , -  — 1000 I s i  ( I i  .9 MP~t ) - - 111 ( i ) )  p s i  (2 7  . l u MPa ) , MOOt) p s i
(55.2 MP I t ) , l O , i t ( t l i  lis t (CS I) Ml’ ) - l iu icl 15 , 000 p si ([u:t MP~s) I l l u u u t  - h t i m e  (0.5 , 1 , 2 , and
3 i , ~~~i a )  -

l - i t m u - t i ’ - t i  d i i  I t - n t - u t aut ’’ c-la v e - vi le- s it i - i - . -  m a i l , -  i u t  It L h i i i t i-c~~a i 1 l t i -  l u  t h u  e i u i e  i n d u u - l s t e d
i n  F i g i t i t -  1. A pt - u - I t - i  i- c - - h  c-~’ i - l , -  of 175( 11 — l0 . t t I l l )  psi — 3 h i c i u i  - — (955C—s;s .’ MPa — :t l i i — )
W a —  ‘ - t - l e c t i - d  h i l l 5 s — e t  in  t h e  i t-s u its - f  I i  — - ‘ i - u - I l ,  a 1 d t- i i — — i Iv — i c i u u m  t t - m j t s - ,  I l l  l u - I -  I t l i s i  I i -  p r i —

I t i c ’ s  a n t  H i t -  Ri-_ P ‘w ht- i wa~ s,’l e u - It c f  h a - i - a u - — , -  i i  j l s seipe l i i i  pi ept ’t t o -— -, , i i - —  p u - - ia liv
I l s  h i g h s - i ’  ~‘ t h t i - .m I , ’ h  l i - i t s i  I v ;  a u u d  i t s  (-alua h i l i l y  I b i t I n g  t o l d  u I g l s s s I - d

r Im- I - u - - I - i  i’ed h i r g u n g  p l u i ’ a n m ’ t u - i  s w e t , -  t h u - I s - i - m i n t - - h  hi-i i h , u - :-- , i - t I I j y t -  ( 5 )  sill,s, als - i l a t
t i - i c i n g  pi - t - I u i u - m s  a l l  u - -n s u , l i d a l t - ,i i n  u n i t ’  I u I t ’ , - l a v , -  c v,  I t -  i t  t i c ’ ’  i i - I t - u i - - h  HIP pat ’ lu me ’ t . -z ’s
( F  i g i c  - -  1 ) ,  l n i ’ l c i c h , - c i  i n I I i , -  sani,- l o i i o , - l l i v u -  u - v u - I , -  i t t - u - u -  1w , ,  l l s l I l P  t a i l s .  ‘F l i t  i i i ’ g i~~ , . of
t h u  h i v e -  — ,c b is u I l l s -  i c - I nm~ p l u s  a s u e  h u n  u- h h h -  six m u-h ( 1 5 , 2 - 1  - r n )  l i i i  l e t , ,u s s- ,h as h i - u - I
m a l i - t i ,  1 1 0  I i i , ’  i - I i h i o u s  p i ’w -~ h i - i  j r ~~o h t t i - I  on p l o u - I -  sses - was I m j I  i — h i - I  -n a igh l v l u s h - i , —
m e-uiled pue ss . Pant-i u - h c i c t i - ’ i i s  of 2))., .I5 ~ - Itlid 50’: a l  l7 5 )uF (055 1 ) in t h e  al jdia p l u s
h ’ , - t ; ,  t - u n j - e l  a l i t u  u -  I t t - l i t  w I - u s -  u u i ip l i t - t t - , h  i n  ‘n - p t -  r l i h u - i u ; c l - i  u ’ l i ’  i t - t i c - I  l u i n s  oh i 5 _  and 50’
i t t - i t -  t m p a s ’ t t - , t  v i a  ‘ c i - u i v , - n l  j o n a l - ‘  I ,u -I a pu - t~c -t- s a u n g  i n  l i t  - ‘pu - i t  i l l s , t h i e  I i l - s t f - , r g i n g
hi low l i l t ,  -ye I he - l i t - t a  ) u a l i s i u s  l s -m p o r a  t i t l e - , arid I h i s -  I u n a l  10’: u - u - d u i - h 1 ’ , u u  h i s - i  ng im l u a l ’  l i - i l  in
I l i t  - a 1 j i l t  I i  p l u s  hi- I a I i i  - 1(1 l i t  I i  s t ’j ’ l i  i at i - p t - i  a I ion . ito - it i - a g  i l  I - I [Ii - I it iS I i -  g s - ’I  332  v i a
i i i , -  a l p h a  ; u l u s  b i t - t a  t i n g i n g  i - c -  h i , - :  I .c- . - i n s  c l j i u n a l  - u  17 50F ( ! s ’ T ( ) i n  t In - 1ul p ha
p l u s  b e t a  t e m p t - v a  heir ,- r c - g i m , -  -

Tb i t ’  ii t e - m ; - t - r a t u r e  t e n s i l e -  p roper  I i t - s  and t a t  j g ’ t t -  s t  i t - n - g t l i s  c , t  l b ~~- s i x  I ’ r g , - .l
c - -iu d i t i - n a  i n d i e - a I , - h I C ,  - 5U’~ I - l i n t - I m’ edu u ’ t  t ics liv bot h - a g i ng proc c- duu ’ u - s  wa s  l i t - h i - u t  i d .
A pi- t - l u- m was d , - - — i c z n t - c t  t o  he h i - g i - t h  i n  t he I u u i i s h  h i t ’ s  I -  p i ’o du i t -  t i c  a C t I l I i -J79 I t i — I
— t i  rnj ’i s - s s e r  d i s k .  T l u e - s , -  r t - f o n r n s  i t , - n t -  m a c h i n e d  t i n  t w o  n i - a s o n s  (1) the fo r ge- a ht i ii lv
of  a n  .;—— h l lP s i t u  h u u u -  w a s  un ki ,t -w ii h i d  (2) the - a p a hi  L i i i - c i i  I t o -  p c -e t o i -m  s u i t -  t~ , p i’ odu c - e ’
p i t - h i - t m - - t ‘ight dimt n sii -ulu l t i - l i - n ~u n i-s-s was unknc,wn (up I t -  th u s t i m , -  dimensional accura, - v
h a d I n ’ t  lie-c i~ a - - p h i c -in c -nt) - To ,-htain malt-n i l s i i n  t I c,- I t — — HIP i rid i lion I - i -  a su ht b~’
side - c-omj-~~u i tin w i th the - l e ngt h pre loims , lw ’ pai ts of d iil e is- i t t c’’ ii l i gui at iutli s W e r e -  con—
so l i d a t c - .h i l l  t i -  l h l i c i  a u h o - I a v s -  c y c l e  Its the forging prel run s The lw , i- c cnf igui-ati uc n s
a r e -  shi it n i i i  F i g l i n t  4.

The f - r ging — i b i —  on tra ct -i i Iorg,-d tw ’- pi wd t-t - prt-b orm s i i i  one blow in I b i , -  a l pha  p lus
b i t - I l :  Is-rn t - rahur e Lie-Id , and two powde r prt-f ut rms via u-onventiona l ’’ l it-ta t i n g i n g  pu-actice ,
im ~~l srI u uig a total of  appi- c x i nuatt ’I y so-; pane l  r e d u c t i o n  in  a l l  ea st - s - The t iii- geabili (v
was s- x , - , - l  l e n )  - a l t h i u i u g h  p i -oh a b l y  m l  l i e n i - e - d  by t h e  e x c e l l e n t  s i u n l a c - , ’  I in i s h  and weigh t
e - - i i t u u , l  ( F i g i u r t -  3) A l l  s i x  p a i -t s . f o u r  b ’rgc- d and  two as—HIP , it - c - n , -  n o n — d e s l i - u c t u v e l v
I c ’ — I  (-ci I NI)! ) v i  it  I lu ‘re-st -eu t pene l i - a l )  t iispeu - t i on  , X—Ray and U 1 t i - a s o ni  i - s  . A l  1 passc-d I lie

- c u l t - n t  GE atau id a td , al thcuugh the u l tra a ci niu- s did i t m d i i -~ mt c- some marginal art- its , whit - h will
I i i ’ di ’— ’ ee—t- d  l a t e r  -

The I h r t  c c o n d i  I i n s  wi-ri- a c u b j e c -  ted I i  - ex t  t - n s i ve  1 a h ) i - r  a t o r y  me t -ha l )  i , -a 1 pr -t ie r I v
I t - s t  1 ng - , - t , u i s is I ing t i t  loom and 600F (3 ISC) I ens i le pr~~pu- r t i e ’ s , c r c ’ s - p - St m e s s  i ’upl  u r e  -

i c - I  h — t i m , - — I r a - - t u r u -  - h i g b c  c v ’ -  It -  f a t  ig i i e  ( smoc , th  ar id  n o t c h e d , K t  4 0) low c y c l e  f a t  I gut- -
t i l l  l u r e  I i i u g b i ness , - n lu - k  g i  - w t . h r a t e - . and  C ha i -p y  I m p a c t .  I n  a l l  I t - s l i n g  modes a l l  pm o—

‘ u - n  l i t - s me t  t h e  AMS 4928 u ’ q c u j  rt -n ie- n t , t’xc e l tl the strength of  the as— ItIP m a l t - n  i~il was
2— 3  KSI (13 .8  — 27 - Ii kPa ) I - i t - , a r e-s t I t  of  I h e -  c in u s ua  1 ly  low ox y g e n  c o n t e n t  u I  t h i s
ma l t - h - i ll 1 (600 ppm vs - t h e  n c i r m a  1 1600 t o  1800 ppm ) a nd t h e  lae k 01 i - t - s i d u a  1 w a r m  wu r k
I r i m  h - - I  g i n g .  I I  is a n t i c i p a h c - d  t i t a t  hsighe i’ i - x v g e u i  mat t- i-ia l w o u l d  i n e -r e a s,- t h e  s t r e n g t h,
w i t h  o n l y  m i n u - n  i - h  I t - c - I s  on th € -  ( i t h i , - n  m s- , - h a i u i i - a l  p i-o p er t i e s  l u - s l e d .

[ b u t ’  h - c li n i c - a l  I s - I l s i b i l u  t y  c u b  its ing a s — H I P  m a l t a - :cs l w i t s  pu - c e - u i  i n  t h i s  e l i - i t - The’
‘n i -  j i  u i h lem s - c i v i c - n t  It- a s S t i c - i l l t s - d  w i t h  t h i s  I c ’ c ~hno 1og-v is t h e  i~u - ,-~~ - ’ - e- i - I  i n c - l , i s i i u n s ,
prim ari lv t u n gs t en , a s shown i n  F i g ui - e- 6a. The au - uii- c -e of t h i s  t y p e ’  I i t t i - l u s m o n  is the ’
n u u n —  - - i i — i~~ li 1) 1 . -  l u n g s  h I - n  c - I s - u ’ t r i c k -  ct s e - d  i n  I he REP h t r o( ’ess . (A c u r  n t - n t  AI- ’ML f u n d e d  i ’ e u n —
I i  a u - t  w i t h  N M I  i s  h i  u - i ’ , - I t c h  t u u w a i ’ d  c - s c - l i e - i o n  oh a l l  m a h i - u - i a l  c u t l i i . i  t h a n  t i  I l u n j u j m h i - d im l I t , ’
R E P  l n i , , 1 ss)  - A l t h o u g h t h u - s t  t i u i - i c u s i i i n s  w e r t -  p r e se u i t , a~ i n d i c a t e d  by X — R a y  e - v a l u a t i - - i u
i i i  f~ s u  led l e r i a l  is ’  b a r s , i t - u l a i  l i m i t ’  u I  ~t u i v  h t h r o u g h o u t t h e  s - I l l i n s -  u - o n t i - a c t  t i  t o i l c o u l d
he a t t i - i b c i l s - i h l i i  an  i i i i - l u s i i , u t  u , h  a n y  kind. The marginal I t r t ’ I I s  noted during the u l t i ’ l i —
s u u r u i u -  ND ’I we i  t ’  j u  b i l l b l y  l i i i -  I i h s e i u i t s  I h e i w e v s - i ’  - t h i s  w a s  n o t  pi- c i ven  . The i l i e -  i u s i o n  s h ow i u
in  h b was  u u h s - f l t i  I i t - i t  as p i n t -  ,- t l h - ctm lum , t h e -  sii uhi’ u ’ e- ‘ ‘ I  w h i l e - h  bulls n o t  been u , h t - n t i i  led . I t
is — l u - W I  t i  u r u i l i i - a h t -  t h . .  l i l t - n t  i a l  p r o b l e m  i t t  c i -u s a s  u - i u rt t a m i n a h i i - u i  i i i  I t O h ’  pi iwi h i- u m e t a l l u i - g v
pr u i u - s - s ~— m e g a r dl es s  o f  all y - This 1 u l s . i i l i l i l p u -ob l e m  m l t v  u u i u l v  t~ l t l l e v i a I t - d  by e x t r e m e
c-art- in all ph~tsu- ’-, -- I lii w tht -t making anti handling , rigi d  lv u - i iu it rol li-el by -x e-elleuu t qua il lv
con tm o 1 p1 iu - t ’du iu - es -

A r~tt he-i- u l l r s f i i i  , ,  ou num ue a i t a l ~ -ats un d h ’ -at(-d abc~ul a 5 to  150 c u i s t  i-e-ductjon
j i l t - n h  i a l thi - u t igh i I b u s -  u se  t u i  t b u , -  f i u i - g i n g  pi e . f or m  I e e I i n u t l n g y ,  T h u s -  l l h r g t - h -  i-i ’rti on of t h i s
u - u s I savings ,-ii mt -s I r i ,m s , ’ m t - w b c l t  t ‘I u - a s  -d malt-i m ; t I inpu t (and u ’ons equi- n I lv less final
mach inin g) and I r u m  t i u e  1 , - h i l t - e d  n u m b e r i l  f t t r g j n g  p u - r a t  ions . The I a u - t  t h a t I u r g i n g  v i - —
ma In s  a t i u - i - e s s l  l y  i h i ’ , - i - , - ~ia - - . the u - d u s t  h - c - d i t i - t i i l i  l u t e - n t  j u t .

A must- h gi-eat i t  , - i , s l r e u j u , t i , t t t  may he r t - a l h , e - , h  t h i - o u g h  Ih e  use ’ ct f a s — H I P  to  neac - — n e t —
shape (NNS) t t - u - I u u u u u l - g y .  A n  h u u — i b t - p I  t i  s t u d y t u f  t h - h r , - t -  r o t a t i n g  e - i ) m l i l u h i e ’ t t l s  i n d i c a t e d  i - , u s t
reduc t lusts i i i  30 I i ,  ‘11) 1 ~l iuiii Id lit’ ac’h leval, I s -  . T h i s -  hot i s u t s t a t i c  prs-ssing to NNS technology
1 — . hs - it ig  i h t - v t - l u u p e d  unde i- an AF ’ML s j u u l i s i h - s - u h  , u u u h r l t , t se ’h i e ’c i i t led I i i -  comp letion t a l e ’  in  1976
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Tungsten Incbusion in As-HIP Disk

Pure Chromium Incbusion in Beta Processed Disk
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%‘EU~J31LTTY OF tI(II’ ISC~3TATICALLY PI~~~SED
PREAISIA1YED TITANIUM 6A1-4V P(M~E}~~

by

R. F. (EIS~~ IX)RFER , L. P. CLARK AND M. A. GREF~ FIELD
AIR Ii ~~~ W’ITERLAU LAHDRALORY

WRIr1rF-PA’FrEI~~~4 AIR IDR~ BASE , OHIO 45433

I .  INTI%JtX1 ’FIOH

A recent ly cxuclpleted study by Pecbles , (1) sunTnary results of which are presented in this repert (Short
Cnu-n .ribution Nuuther 9, Session IV), s1x~~d that hot i sostatic pressing (I l I P)  of r it t a t  tng  electrode ~REP )

roi l  l oyut l  Tit ar -uluin , t iAl— 4V jwler prcxItx~ed fu l l y dense forging pre forrm . A current- study by Fleck is
st t u ~ IT~ . t lng II  I i r s tns t . r ,u te  the capability of crcuducrnq near net parts for use in the as— t hi P condition wi th—

- u t  uit ’mnchau- y werku,n -I  operations and with tota l cost reductions of up to 50%. It is therefore vk- su r -’iblu ’
- ‘ deterrriine as ~itny applications as passible for applying this developinq technology. Since miny air-

c~r and engine parts requ i re u-~ ’lding, the ~~wder nvtu’ullurqy product must be weldable i f  useage is to hi-
“: i x x r n l zed . Although scee preliminary werk has been done’ to he’tc’rr_uc ne- the weldab ility of consolidated
- i tani1~ Tl jxMder , no systematic stu dy has been carried out. Thcrofore , this study was undertaken to gain
a l c - - t t e r  in t,’rst mc(un of the weld characteristics of the as—HIP product in ant l c i ~ iation of future
rsu ,  u r”r I .-n t - s

‘~w nr ’ - t ~ loyed Ti 6A 1—4V I .  te it~r sha~s -s wu:-r ’ investigated : REP spherica l jx~~ Ier (Nuclear . -‘et i i s , Inc.)
and H/Oi l u r  r - -  iul ir powder ~~~~~~~~~~~ . litath tyocs were i-- ~ uluiited after 3 different t i n r - — t - - i ’ l%- r a t ur , -— ,c r c -s sur e
RH ‘d)I I i S . t ions, In idifition , a fourth HIP cycle ahove the hx-ta trarisuS was conducted with spheric,il
:‘~~j ’lcc t only . ~* l lung was - ‘u nc l ui ’ t t ’ I on as—co~~~ugt~~ t in i te r ial  using the bead—on—plate gas tungsten arc
‘ochi-iiq~~- W m ’~ c ‘t r atuon and O5iSt t~It weld u t u uu ’ i - t - - r s . WeidiTents were evalua ted Lu’; bend , tensile ,
and touu ifnu ’ts s  te St m l  i n  c~~n}cruc-t ion with radlu utr aphi c and ut-mtalloqrapt-uic tu’ehn i~ utes,

I I . El~’ERr -tt I’: ’d ‘iIt rl~~i IRE

A. Mit - c  , -
All r t ,m r t i n q  -su t c-r -ia l was f r -sm the 4,u i ’C’ heat of Ti 6A 1—4V alloy purchase-c l to AMS 4928 except that

a l t e~ ‘x ’ - u - c i -~~Slten t (800 j~sn maxirruon) w u s  sp-ci t ied to allow for p_utentia l pick up dur ing jx,,.ider pred iction
and handl unq. The- cherrustr ies , nrrtchan ucal propsc-rties and microstruinture of the starting materials, ful l

1I u r s ’ t c - r l  / t t  i-in uf the starting S~~uk- rs , and canning, outgassing and courpaction techniques used are given
in t he- re:. - 1 t  by i’ u ’e i c l ~~s. ( I )  Seven corrpacts f rcts Phase I of the Peebles study were selected for weldabi lity
evi lua t i on  t i -oi~ -r - i ran to of crepaction parairetors including a cycle known to yield less than fu l ly  dense

The ItIP r5 -cr u c s - t ,-rs used for bath txa~3er types are shown in Table I. In order to perforru weld-
I u ty tests , the as rece- t ‘ed aLx’t art s were decanned and macl-ii.ned into flats . Figure 1 shows a typical

dstca_ruj’ued onT-1 ,uc -t ar-id ‘h- f i na l f l i t s  c b u t t u r a ” I .

II. Welding

Spec I~~i’c c were welded in the as-HIP condition. All specirlens were pickled in a htNO rItF acid
soi lt ion prior to u-s iding to rt~tove any surface contamination . Full penetration bead on plate gas tungsten
arc welds were made using 10.5V dcsp, 190 cu-t Ip., and 5 .5 i~ rr travel speed (21.8 Kj / i n .  energy i nput). Aaspn
was c- ~~’-) for the shielding gas with the torch operated at 15 cfh , trailing 30 cth and backing 15 cfh .

C. T i-st n t

Thnsc le , face’ bend, and slow bend Q-uar-~~’ testing along with microhardness neasurectents were used
tO r±u,ar- icterize the -,aclianjca l behavior of the welded HIP lx~ der product . All tests were conducted in
1 .üJ)r,ut )ry air i t  rcy~_u t u Iul s - r , u t u m r e .  The face bend speciurens (approximately 7 in. long, 1.5 in. wide and
0.10 in. thoic) -~~ - i u ’  ground , ~silu-shed, and pick led to reutove any surface contamination occurring a f t e r
‘hi - u-~ - 1firuu t - u ~,- ra tcon . These specin-er-is were bent in the longitudinal direction with the face of the weld
ci 0 ‘rc ~c ion. ()j it~ I bend I c- s t  procedures were fol lc~~id with the die radii between 2 incheit and 3/4 inches.
mt rad i us - f ths’ die used prior to f , u i l u r e  was recorded and the elongation (in one inch) treasured for
- - - nh e ; s ’u ’ In r ru . The lonqitcxlina l weld  guided bend test was used in order to determine the ductility of the

-,~~- l - k - d  sairples, This test is preferred siiucu - all part ions of the weld zone (FZ , RItZ, Base) are strained
equa l b y ,  t ,hs-ru .fore g iv ing  useftil hu e- t duty data.

I~un teu1~~~ra tc i r u ’  tu-n s i le  tests transverse to  the weld bead were conducted with -, standard sheet
- I .c’cu-irt’n u~-t~~ri’t ry with - u  1 inch gauge length . Slow bench fracture toughness determinat ions were made in
‘j u t - he ,u i f  f . - r t eid zone and fusion 7/ rut ’ , using precracked Charpy V—notch speciurens of 125 inch thickness,
in con j unct ion with -i  Mu iuh , th s t’%shs-1 5fl—750 tester at a crosshead speed of 0.1 in ./m itu ut u - . The load—
- it - f  l ecti-in curves recorded ,u l l c ~m~d tis’ -h i ’h ermin at ion of KQ va lues using the rrethsls Iu’ccutlTlt?nded in P,S’Thl
n arut-Jard T399 f - c r  l - 1% , in t  bend specirrens arid rising load conditions.

li t .  r~ St JLTS

The rs n su l tc ;  of transverse t’e n sj l u ’  l u ’ c-ml . s  on -‘is—s’~i lc i t t d  REP and Il/ElI 1x~~~her ‘ t i u m i t i  t eh . u t ed  under different
(Yrspact ion c t r t r u s ’ h s ~rs , i r t -  presentcc I i n  t u t i l e  I .  In - i l l  cases the speciuirtns fai k-cl i n  the base uteta l with

105 s i m i l a r  to t y p i c a l  wroux~’ut Ti —6Al —4V welubients. I u u u u i t i t u d i n a l  L W - r u b  tests , Table II , shots~ud thatti’~ f usion zrxw - was the iou t i  at. ion site ftur fr,iu ‘t u n -  - As the bending Strain was increased the cracks gru~~
o’ itward thri , i’jh the I IAZ and base Itt-I - i i .  The ~ ln~~ bend prs’rr~Tccked frar- t cure toughness results are al so pro—
ss-c- ’ i~ 1 in ‘raid,- i. it can LW - sos-ru tha t the fusion z iucu - and IIAZ bath exhibited superior toeuqhne’ss to the

c ilia—beta Il l I’ base itt-I ,tI arc h inter iou’ viii ca-s t t  - t h e  beta HI P o unpacts. Although a di rec-t quant it : t  u ve



tut 10-2

czstparison - i f  these data cannot be made since the base netal specinens ware of a different thickness
(standard Charpy size of 0.394 jr-id-es as op~ ised to 0.125 th&.es), the trend that was exhibited has been
previously i- T-jWcrted (3) for alpha-beta processed versus beta processed material.

In nest cases the waldinq of FlIP specim en s presented no problene when conpared to Ti-6A1-4V wrought
l u ’  d uct. Figures 2 and 3 are nonta~~ s of the microstrix~tures of walclrents of REP au-id H/ElI uxrpacted
lx~ ders. respectively. As weuld be e çiected the fusion and near heat affected zones of each are similar;
h~~~ -v~ r larc~ thfferenc-u -s did occur in the middle and far lUtZ , as will be discussed later.

Al though there was no difference in th~ fusion zone unicrostructures of the twe ixa~der types, therewas considerable Ii  fference in the tendency for uOj d for-net ion. Porosity was encountered in all Il/Eli
welds alt~s’cc~h u -r unpa ’ts }I/[1il6 and H/C&17 were determined to be fully dense . The occurrence of this çorosity
was iii the result of ixx r weld process control , since no voids were evident in the starting and str~~~ ing
wrought Ti-6A1 -4V tabs. Likewise , no ultr usity was encouunterc-d in fu l ly  dense REP ixceipacts.

I V ,  0ISCUSSl (i~

I t  LW - - cu - a~par u - ru t  during this investi t- it u-- l u that density cb-tuu-rminations of cenpacted pcs’&lers alone
‘i - ru -  u n s c u f  ficcu’nt to descr ibe the material’s weldability. Fully dense m a t e r i a l , is determined -oluttet—
ricaily can s t u l l  ha’,” -  u rosu tiy or lack of banding ut the individua L part ide interfaces in the base

- Although thu s type of defect was vn-r~- fine ( and not obse rvable opt ical ly) ,  the stresses and
fi t - i t  s’a~~)lis-d lu r ing  -~~‘ ) - l c r t i wr ’r u - su f f i c i en t  for vo i ds of large duamro ter to form , presusebly by ceales—

-u -n -u- , in the tus ion zone , in the instances where t I r s u -c it y  was nero extensi n - . as in the case u t mater ia l
‘ u -a s ted vo luen - tr i ca l ly as 99.9% dense , it made the r it t e r ia l  unweldable due t o  outgassing in the fusion
zone w i t h  the r sc-s mit ,an t lack of penetraticx-u . This is clearly shown on the welds of coctpact Il/El-I S , a
nenta~e - t wh i du- is shown in Figure 4. A qtunt itativt ’ inege analysis (using a Quan t in-et kude l 720) of the

ce su ’ rwita l region - f  Figur - 4 shcs-,ed 2.7 L .5~ porosity. Ixiring welding, the arc becarre unstable and , as
s:u - ’,m in Fu tu re 5 erratic penetration resulted in a very ~xxir underbead .

In r iou - to r,itionctlmzu- these results, it is necessary to discuss the re la t ive  ease of ceunpaction of
hese’ ’u’i diff u t - u t  t” ut ’ s  of tx~tiders. Conpacted under the saute conditions Ri and H/r/dS achieved d i f f e ren t
ls cflSm teS u-s cre~’m uusIy noted . l~e fact that REP can achieve vibrated packing densities of greater than
bi% c f  the thce r”tica l densit -c  and that Il/Il l p~~-s-ler wi th  5I~ vibrated density, required cold isostatic
c t cpau ,-t cO n prior to  RIP to achieve a comparable density is indicative of the effect of shape and , to a 

< t c - r . t  , irticle size distribution on achievable packing.

The Hill-I pc~?ier typical ly has a B .E. T. surface area of .060 m2/g as oppased to a value of .009 m2/g
for the REP lxW.i-ier. T h u s  six f ,ld di f ference in surface area is particularly sigaificant in titanium

I loys whu -ru  th e  tendency for contamination by gas adsorption/absorption readily occurs . These differences
in p ar t ic le  sh ,utut ~ and s ( t t - : i f i c  surface urea a f fec t  cenpaction and later the tendency for void formation
ciurin~) we I ci n - I .  ‘tl-e base mict-ostructures of Lu)th t i ~-s of ix~~der cxsipacts fran the 1 700F/8000psi/ ihr I-hIP
cycle are sfi~~~ in Fig~,mr c 6. Th~ hydride-dehydride azrpact , 6a, shows irregular baundaries at the particle
intc-rfac es with evidence of recrystallized equia erd alpha. In addition, stored werk is evident as set-n by
thu ‘ - c  cling of the acircilar plate l€ - t s  showing that the powder has rticchanically deforiTed as it joined to—

~-ths- r  dur inq coi l -t ilpaction or u - u r l y  in the IIIP cycle. This is less evident in the P3 cruerpact , 6b , where
-in u -p t u u r en t  l y  st r u i n  f r - - u - acicular s t ructure  with very few prior particle interfaces is seen .

Linear - ro s i ty in the f usion zone adjacent to the heat affected zone was always observed in or~a- -t

of h/Il-h , n-ue b u - r  - In - ur de r to uletertmiine that this porosity was not a result of residual hydrogen , a s t u t s ’ u .al
blank was welde-f cud then hu- h y ir ided in a vacuum f urnace t I  lSOOF for 6 hours. A second weld was made on
the sonic ~c l - i t u  and i t  can be seen in the radiograph (Figure 7) that the porosity was still evident. It is
unl ikely  ~tu ~t t  hydrtx~cn i s  the cause -f this porosity. In fact , cheui-uical analysis shci~~d that the second
ass w:u-s -‘~ i - b u ’ whu’-r thu t - t u I  hydrogen content of the plate was only 27 parts per mi l l ion .  The origin - f

t h u -  l r u u ’, i r  - c ~oSity in the weld z unu ’ is believed due to adsorbed gases, other than hydrogen , on these very
hu --~’u -c ;ut-u - ific surfaces. ‘fl~e linear porosity encountered in H/El I ccztpacts did not appreciably affect the
pr-op-u ties rt- ,usured in this inve stigat ion;  h~~cver , it is anticipated that property degradation weuld have
.-r -lrr(-ci i f  fa t i tcin test s had been perforrtsu-d.

The fr i- -t i re t t t u u - ~ mness in the heat if  fectu -u l zone and fusion zones in all but the beta processed , R4 ,
- -cilpact stx i’ueud higher -,-alues than the base material , as mient i oned earlier. This was not an effect of the
,~~kr but a result of the change in microstruct ure f ran that of equiaxed alpha particles to a none

- u  icular structure . In the R4 cranpact , since the entire material was beta processed arid exhibited an
acicular structure , the fr .eO uire toughness of the heat affected and fusion zones in fact was slightly
lower because the rapid coding rates in these zones did not allow the platelets to grow to sufficient
thickness f-cr  opt umin tnucjhrtess . (! >

v. ar-iausxci~s

This study has s)~~~n that rotating elect rede process (REP) lwler consolidated by hot isostatic
pressing (HIP) is weldable; wtw-reas, hydride-dehydnide (I VE II (  process Ix~~der cumpacts cxmsistently exhibited
1 ins -ar porcse i ty in ti’t fusion zone and hence may not be acceptable for sonic applications. Of the t~~ p~wder
t yons evaluated, the REP ix~~ler appears less sensitive t m u  the requi reuments for ful l  density . ‘I~~ [x)ros i ty
s incnun tered in the Il/Ill p~~~1er carpacts , as exhibited t i - t i r e  and after welding , is att ributed to the high
speu’~i f ic  surface of the tx~~ktr ted tJ~ - refore tI-sc -lre ,tt u- r  ,‘etount of adsorbed (tT absorbed gases and/or other
contaminants which persist th.rouc$u the- HIP cycle. I%ith p~ der types have acceptable as-welded tensile , bend ,
awl toughness properties after HIP.

This stuxty su~ j ests tha t a s iimple bead on plate type waldability test may be a useful technique for
screening as cuisol ida ted pc~~1er caspacts prior to further processing.
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ThBLE I AS WELLED PIOPERTIES OF IPJ~ ISCl-’ITuTICALLY PRLSSED Ti-6A1-4V

YIELD ULTIMATE REDIJçTION FRACT VB E TOUGHNgSS
COMPACT ’ DENSITY STRENGTH STRENGTH OF aREA EL0NG~ TION BASE HAL FUILON LONE
NUMBER HIP PARAMETERS 

_______ 
KS ! KSI 

__________ 
K SI / IN

Ri 1550”F/1OKsI/2HRs >99.9 124 133 33 10 42 54 54
HIDH5 99.9 N O T  W E L D A B L E

R2 1750’F/lOKsI/ lHR 100 113 123 36 11 51 56 55
H/DH6 100 119 132 27 8 48 54 55

R3 1750’F/8Ksl/3HRs 100 111 124 38 11 ~ 53 55
H/DH7 100 120 131 11 46 55 58

R4 1750”F/ lOKsI/iHR PLUS 100 111 122 27 10 63 54 56
186tJ°F/10Ks i

WROUGHT 100 125 133 30 8 51 56 57

• R — ROTATING ELECTRODE POWDER

H/DH - HYDRIDE/DEHY DRIDE POWDER

ALL SPE CIMENS FAILED IN THE BASE MATERIAL

ThBIE II AS WEIIIcD If1~~IThDINAL lImo PI~T)PERT I ES

RADIUS OF DIE CRACK
AT ONSET OF %ELONGATION INITIAT ION
tRACKiNG iN .1 INCH SITE

Ri 7,5i 6.7 FZ
H/DFI5 NOT WELDABLE

R2 7.5T 7.1 FZ
H/DH6 7 - ~ 8.6

R3 lOT 5.1 FZ
H/DH7 lOT 6.3 FZ

R’i 7,5T 7.4 FZ

WROUGHT 7,5T 9.4 FZ

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 1. Typical Osipact and Final Flats for Evaluation.
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Figure 2. T-ts~thrpn of ~~ld in R3.

FIgure 3. Ikc*-itaqe of lu~ ld in 11/1117. 
-

- 
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Fioure 4. r-tmnta~~ of Weld .n H/ti-IS .
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Figure 5. :r m uum : ~-~- I t  Flu - ad Penetration in Il/OIlS .
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1 - i - t u i ru -  6. ~~~~; -  -~ u - u - - u  - ±ures of t~~~~er Wcmpacts; A. Il/El! out B. PIT.

F i - p i r - .- 7. R i l i - i q u - i p h y  i) f  ? Pass Weld iii - i i i  H/Eli acm ct (2nd p uss 1- ~ e - r )
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R.II. Wit_f
(;r(iup lieu

-talvanc-cu l ~c late i1als and I’r cesses l)evelopnient
Grumman .-\ e r ospuu c -e  Corporation

Plant 12 , l)epartment 117
ltethpage, NY ., 1171-i , I . S.\.

SI - M MARy

Interest  in P - u u - t e i  Met a I lur g~ ( P M )  I - i  titanium a i r f rame puurt .s t u u u s  been directed toward i u - u l u c tion or
mln ImL-amiom-i -f I t o -  acquisition co s t  of t i t anium allo~ parts such us t t u sc -  pi-ocluceu l from machined forgings or plate.

a ia- sui t ,  effor t -u am - ’-  being ullrcs-tec l prin iar1l~ toward the use .1 I ~u I techniques to pr ciul uc-c im - a m - - n e t  shapes .
\I us t  at rfrano- part-u with large Ixdc- ntuat - --d savings have deep ~ i - k ct s  and canno t be e u e - i t ~ k-nstfieul to c- u se to
(m at - i mi u e n — i - ti u -  tog c onventional powder nieta 11c m rg’,- proc c -ames le. u~ . cc - I I  p reu c s— -u i mit c r , hot p ru-s -~un g) .  This papc i-
Ieals p r l nu a r i Iv  with i- c- ~ uu it s  of studies related to this u-hu u i lenge and the In! lowing tupproaclucs

• Cold Isostatle pm - c-s~~lou ( C I t  anul -mintering ‘IAi produc e higli—d c-nsitu pr(-fc i rms for subsequent hot forging
to t u i l — F c - n - m 0 ~ , n c - a l — n e t  st u a p -s

• Hot— pm - c - -sing (II I ’ u -1 shapes

• lint  is -static pre s sim ig (i ll !  I fu I1—de n s i t ~ , neau - —n c-t shapes in a l ie— step ola -rat iu n .

Ihe  p r l n uar ~ t i t a n i u i u u  c l i  - s  Invest igated In such wc rk have been Ti—c; .-\ I — - t V  and Tj — c ; .\ l — O V — 2 S m u  . Ai lv ~i i u t : u g - s ,
llsaulvantages , t u - -lmno l og ic al and cm nnu m uul c  -nm isi-Ie rat ion s a m i  summ ac- i ,u -d  for eac h approac h ancu po ten t ia l  fu tu u-c
airframe applk-uuti on - crc presented.

INTRO !) ! C ElF  ‘N

The hig h u - s t  - -I nuanulactur ing titanium har ,tw arc-  using ccunventional tcchiu i gui c-- -u such as forging u u l  machining
has been a f in i te  deterrent  to th c- use of t itanium a l ln ~ s In the aerospace inc lu u t rv  except where absolutely require d .
This high c- -cat Is due prlniarlI~ to the limitations on producin g close—to—final— shape part -u . I- i- ex uc m i upl e , it is

ft t -n  ne c-c-ss ar~ to hti~ f iv e  to ten time- u the amount ccl titanium a l loy  that ac t u a l l y  is used In the airc raft, , \ l c i s t  of
the aIlc -~ is machine- i into sc-rap.  Thu ratio -f the original forging u v u - i g l u t  ta the fthal machined weight of the finished
part is known us thu ~xtu —to—fly ratio iliFIlt. This problem has manifested itself In u-c - c ent s e a m - s on major airc raft
-m uu-h  Is the F—l I . 1 — 1 5  and I t — I  p r c g r a u u u - . Thu mater ia ls  u t i l u , u u t i ~ n , therefore, Is poor and in t i u c -  present
c,- cm sc nu y It bc-c onies c-xtrcmelv Important for a i rcra f t  manufacturers to su c k  methods ci f manufac ture of c-omp (~nent.s
which can maintain e -o n ucnm v wi th  q u a l i t u  . t m -  ti tanium to be competitive In many future app l ic -at i ns , It is
u u l m--u i c u t u - ly nee e—sa r ~ that  c - - st~ be c-ut e f l c a - t i v e i ~

Since the la te  s ix ’ u , - s ant i earls s c - u  eth i c s , attempts luau-c been nuaule to emplo y vari ous powder meta llurg\ -
mu - c- hn lquu-s  to pr c ,cI u ~~ - near— us -I shapes in t i t a n i u m  al loy tm effec t such potential shuv im igs . The fi ,l l uring 1’ \ l
t u - - t i n iquc - - - l u a u , -  l u - c - n  i - u  mu - l b -r e -c l - rit ica ll  tm attempt tm produce typica l , deep—poc keted airframe parts sue-h us
thos C -mb - ucn In I- u go cc - I

• (‘old p u t — s i n g  C I’i ni uki i~ st a t ic -  pressing (C IP) amid sio~erln g

• I ’ll’ , —o ut , i antI i. - ac -  or extrude

• (~i l, slntm -r anti hot i - -~t u ut Iu pi t- s--cog (lilt’)

• lin t I ’ r cs—dng (1Db

• I u i - u ,  t 1111 ci h l l l t - t m , prt-Iccrm iis c m  stuap -s

Li— tn F li- low c u t -  the sequentia l steps Involved in manufac turing typical forgings liv t -on vc-nt lona l  I cu-ging
ant I th c c~ c Inv c lvus l in produc ing c- se—tm lerance fo rgings u t i l in ing  d c-menta l pc u u i t e r  me t a l  In rgic at

prefou-u i c - u , as an -xanmp h- f an c-sse- nti uclly one—step operation.

— j l 0  IN.

(II . T u M A T E S T R E N G T H  uf
~ 

149 KS I
V I I  ID ST RENGTH IF ,~ ) 144 KSI
FL0N (,AIIu)N 11%

I lc ~ - I lens li e l’ ruip eu t i c - c l  C lccse— Iolvranu-c . low !)raft—Angle I-:xperlm -nuu l I’art
IM ’ c t I i t - i~1iua I t l  Fn r g.- - i  l- r ’cn i T t — ’ . \ l —  I V l’owule- r i’ rc- ic u-nis

_ -
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Co nvt — nt i - -m , a i I - - u ~ m mu ~ — t - cj cu , - n I ’ . Pt!. Forging Su- cu cue’m ,~ t-

1. Cut -, m m c u  b I . is, cuc tat ic ( - - nsotlclattuin (PVC niolcis

2 . 1 poet I d l i -  \ . I - ~~. Vac uum Sintc- r

:1 . ffl e ,k  (l) It - N - 
- - :1 . I c c r g l n g  (I ) l c -  No . I

I . Tri m I . l i sa-I  F in i s h

5.-mi — I m l  h (l) le No. 1c

0,

7 . I m u sh i i t o  l i t  N ’’ , I

Warm I r i m m u

h an- I i- lnu -m h

N- - I t -  t h u t  ttu e- I’ / N Io u-glng u lsu- - - on l - -m a - fcu’ging operation. The pmelc rn, used oulcl a l t e rn at e  Iv ~- 1tbu - i ~ atc’l
ti~ 1111 ‘-r In same ca se— by I I I ’ .

in the ?o l l c wlflg - - c - c l u - n a , result-— are brIefly summarl -,ed for CII’ pri c~ a - s - - t s , hot pressing amid - l i r u - c - t  III! ’
proc - - - m a  iu c t i n g  - mu -c t i - c n  sum u m u ar l , es  r -su lt -m and possible future  tr e-nml s . l’lu~- pr ime fac to rs com um i - I c r ec I
thrccughu-u t tht---, evaluation s wer,- :

• A s—c -u unp au-t eu l pr’cpertles

• \ -ar — n et shape - pru~c I u, t i - i n  capahi lity

• ( - st

C I I ’  l I l t uu ’ESS l-

in t h u e- s ix t i e s  it a s -  found that (‘I!’ plus sintertng of T l — O A I — 4 V  t i t a n i u m  u u l l c , v s  c a c u l c l  produc t- f rom 90 t o  95
k-os,  - -ompa c ti- having te ns lie strengths above 110 ksi with decent elongations at the higher densities. Since these
prnpel tiu-s we-re- enc-ouraging , but not adequate, It was then considered possIble to reach spec-Ific-atlon minimum
requirements b~ using powder compacts for prefornis and then forging or extrud ing to obta in the necessary
prc pertu-s . In the f- l lowlng paragraphs , results obtained with fo rgings are discussed but extrusions are not
Inc l ud ed for one primary rca-son, namely, the Investigation was concerned with processes that can produce net
- - - mponents at minImum cost,

Iwo approac-hes ha”e been Investigated In producIng CIII plus sintered preforms for forgings mainly based on
the type of powciers ‘-~nployed :

• I’ re-alloyed powders

• Soft blen d ed elementa l with master alloy powders

Ihe fccrmer has the advantage that the alloy Is homogeneous and gi nera lly the problem of segregation i-u
eliminated. In both prus-esses, It appeared that use of hvd rlde—dehydrlde (111)111 powders might add to cost-
effe-,-tiveness b~ using scrap as feed material, but to d ate, high—quality powders have not been produced from scrap
feed nuaterlal.

Il ls to be noted that in these studies only powders made fro m sponge or by the 111) 1! pro c-c-s-u we re utilized .
t lu cr i u ai  powders such as those produc-em ’ by the rotatIng electrode process (REP) c annot be eoidl—c-c)muipa (-ted

, - ffe -  mivel v and , therefore, were considered only In later hot—pressing and 1111’ studl,-s.

I t it- CIP consolidation process utilizes preshaped flexible molds which are filled with pow-k-u--- . evacuated ,
and - c u I c~u - c teti to the required pressure In either liquid or gaseous medium. In the course of the cc-n--u -licl atl on
c~pcr atio n , pressure is applied uniformly over the surface of the molt! resulting In a uniform ‘green -lemmI t ~
cj lst r il ,u t i cn , The isostatic c-onzuolldatton process permits manufacturing of prefctrnis d o - ’,- tm the requ ired con-
ftgurat lc-n . thereby Increasing freedom In d esign of comp le x forgings and fl InlniI-,ing mater ia l  win- Eu - . l tvcl rau lk -
Isostatic- presses equipped with compression chambers up to 16 tm-l ie-s in ciiaur u c-ter and 0 feet In lt -migt h are dur r en t i \
in u -n mm c r , - ia l  use . Installation of larger chambers Is being contemplated by many industrial conc erns .

Controlled vacuum sln tering Is required for parts that have been eold- -ompa -teu l . -~inter lng takes plac- - between
2 2 T c () O F tm 2 1500F usually In two— to four-hour cycles.

In na i ng pre -a llcc ’,n’ I powders (Ref. 1), it was found that as—sintered densities normally ran between 85 to 9O’~
- c i  t h euc, ” tlcal and It was necessary to develop multiple steps to fabricate a component. l’h e Initial c qx-rat lon for
~‘-al l ng ccurfact- por ’csIt~- was cri tical to ultimately producing parts of acceptable quality. This initia l fcurgln g step
m,~ J suht u-qut’nt reec)ndlltlonlng ccl the surface seemed to be difficult to apply to deep—pocketed parts.

I 1, -r i-f o re , an Inves tigation commetu-eu l (Ref. 2) which determ ined the feasibility of m anufacturing close—tol eu-anc -e ,
low-draft-angle li- c i .

~I—-lV forging s f roni prefo rm s fabricated fro m elemental powders. In the cou m se of thIs
pr’ c gram , tccrgi ng processes and powder selection studies were Initially perfo rmed prior to proclu -ing the part
shown In I- tgure I (u cr  subsequent mechanical property evaluation.

In the eour uuu - ‘f the work , five preform vendors were utilIzed . All  employed powders p roduced fro m sponge
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except cflt - , wIth -h used 111)11 p owclu -m- s . l’hree forging prrn esse-s s- c rc - also , - v :u l cu : c t r e t , o auu u c - k  , c onventi onal - t i - -
forging (800” i - ( , high—e-nerg’c—rate fccrgi ng (IIEIIF— -I00°FI and Isothermal ficu-ging (1651( 1 7 T I ~’l - .

A l l  prefot-ms In the fc rglng p r c c u - ( - s s  selec tion stud ies wc-re- miuanufac~ureml Icy Is--statI c- ~cr c- ssumg cci c l e n u c n t a l
powd ers at 60 ksl and sinte ring at 2~~ c0 ’ l- in vacuum at llr 1 torr. The c-hara -teristk-s and properties cci the
powders anti pr e fou -mmus u t l i l - ,ed are sununiarl,ecI fri Tables I and II. ThIs Ix iv-ler hau l a u -e lati~~- l v  h igh N:u( l content
0. 25 percent) tau t was used . sIne-c sonic d ata in,IIc-ated that resIdual chlorI d e c-c uld he u c - m i u c u v o l  by n u ccc h l f l c-at k cn ccf
the sintering proc ess perfo rmed by the seIec-~~- cl ven dccr.  Electron—lit-am wc-lding and c lo- i c - u c I  stu clk -s perfo rmed
later dlii not c-onflrm this lnfc c rmatlon (FIgure 2 ) .  Nu- v u - r t l i e i e - s s , the work confirmed the fac t that i. -uc tl c c -r i c u a l
for gi ng gave l00 1 d ense parts. The c -ct ht- r processes u u c - h  indic ated m - u - i - i - t i m a l  p o rc -~i I  --y en u ft e m - reduc tions as
high as 45 . l e -ns ik -  evaluations of is--thermally forgesl parts that had been s l i t - s / u  relieved at 1:100° F fo r lw- hours
showeul that tensile and y l e l i  strengths ext-ced ed requirements of M l l — i - t f f l  17 , l)ut elon g :utic n values sc u d -  low ,
around 5 perc ent. llowe-ver , later work on is~tiuc- u-maI forging 111)11 powd ers in powd er -ut - le - i t iu n st iuch ies showed
that the spec ification minimum elongations of 10 . could he ex -e- eeh ed c-onsistently. The preform varl ahlu -- - usc-cl
lii these stuthies are presented in Table III. As Indhic-atce l , only the forgings produ c ed fi-o m - l u - i u u c - m m t a l  h i l ) l I  ti taniun u
hl end ed with -\ 1— ‘c ni a sic- r ali ctv powdc- u-s - - x -ec -c  t i - c t  specIfi c at iomm rd-c ui  rc - mu - - ut s. C omple t e  den si fh-:, I i  - cm c - o I l  I d s I
be obtained In fo rgings prepared frc ,n m powd er ble uich s which s- c - u - ,- p repar e-i l from N a —  and M g — i c - d uc t-- i sponge , d y e - m u
th ough proprieta ry proc esses were employed to Improve powdem- charac teristics.

It Is note-d that complete clensific-atlon was also obtained when p re—al lo  sI 111)13 p c w i u - i s  uv e -re f crgcd unck-r
Id entical con- i i t to m y-u . ilowever , properties were - I rm cst ic al lv reduced , It was found in metal Iographk- evaluatkcns
that an intc - r g ranu lar  netwccrk (probably oxidc- ( sas thc- c ause of n i l  d u c t I l i t y  and low sti-c-ngth . Th ese- pm - c- I  i-ms tm iau l
a I c - m u - ’ i t~ of less than 1(0 (Table III) and c ontained inter l c c lu im ig poro sit\-. This i n d i u - a l u - - - c-cn an c-x tgg -rak-d s e - t I c -
what c-an luappe n when pr e—al  I c ~ el powders au-c used for C I I ’  - sink-red prefccrms and sm u uf:e u - c - por cc s i t -  Is n- - I
p1- -ge m - l i  sc-ale-t i p r io r  to forging.

l - - c rging s pu-c-par ed fro m blen u ls c-onta ining titanium I s -u i -her s  pro c-essc-c I by ye-n i-irs ’ p ropri etary purif ic ation
techni ques t iaui elo ngatiur ’ values In the range cu f  7 Eec 9 .

1-orgings prepared from blends whic h contained titaniumum powder manufactured fro m the spccnge exhibit ec i  low
elccngation propert it- s and c ontained extensive regions of microstructural inhomogeni-itv. Constant-anupl ihm cle ,
axial tcn si--mu—t u-m uslec n (it 0. I I  fatigue test_s Indic ated the en clurane -u - - l im i t  (I q7 cy c les) of f c cm -gi n g - u prep ar e-c l from
hid ri le- - f cl vil rlclu- titan ium and A I — V mast e r u u l i o~- p o a c h e r s  to Ice In the- range- of 55 I cc  75 k s i  for u n m m u c l c - l u -dl
spe- m u / e mm a . It is t K l l e - y e c l  that these re-sti l t_s coul d be i m u u p m ~~vn- I 1~ additional thermal tm - u-a t nu ent . N-- Ic - l i t - c t fa t igu e
upec-lnucns N 1 - I )  IndIc ated a 10- cy c l e -  endurance l imi t  of approxImately 2: 1 ksi , whic h c ompares f : u y c r a t c l ’ -  wi th

- - -uuv u-ntiona i b ate rial

Coated -upu-rimens subjected to 1750 l- - ’ I hr treatment-s in an air furnac-c- revealed no IndIk-ali c -n- - f t l u e r n i a l l~Ind uced porosity for time ele mental pos-dc -m- approach wlucmea s the ones nmauie frccm p r e — a l l c u v e - l pc-w:leu-s shouvc~t
po t i .

I able I Cha t - a c - I c - m i  t i c s  of I - : l c - u m u c - u u t a l
l- cw c ie m - s ht j l)icd ii the  Cout- - u c-  of

P r e- l imin ar u  - t u l l e - s

COMPOSITION . WT %

ELEMENT Au- V
ELEMENTAL MASTER S INTERED
TcP OWD E R ALLOY PREFORMS

C 00 1 N D  0.02
N 0.013 ND .  0039
0 010 0.0) 0.18
H 0 004 ND . 0002
N c  0.099 ND.  N D .
CI 0.15 ‘ I D .  N D
Al u 59 6.42
V 41.6 7 4 1 5

Nt-ITt ND. - NOT DET ER M INED.

SCI1tEN ANALYSIS TYPICAL )

M E n  
- 

PERCENT

100 - / t  -12
200 ‘ 325 32
175 26

I a i ca - II 5- u ,- Physic-al ui  I Mt-c-tuan i c-al
I d . d k u — t i  u —  c c l  Sinme recl I u- i - l i - mu —

PRI(PI ( ( T V  
~
[_ VALUE

DENSITY 1% TH E - - - i t - AL I ~~ (1 05 1
TENSILE i d - f’  - .-~ c S I  11 4  122
Y t F L O , l (~~~~ u ( T 4  F eSI 97 11-i
I I - u N - t - t I (u N - 3 1%
R A %  

— 
4 8 1.0

MET ALL O GRAP FIY NO FV II)E NC E 1(1 GROSS VOIDS IN
CLUSIONS OR NnOMuoI NId IY
RAO (OC,RA PI-4Y ME I TS AM 263S F I I  M DE NSITY RE
QUIREM ENTS 

_________

- - --
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a . l m - u  ll a licl e I - m u m ,  u I  h . bhlgluc- u— I h a l l c m  I tutu-mum

1 - i g. 2 Elec t ron— b eam \ V el u t s  in I ’ ~i I 1  

I I I  - It III l r  pc- rtle- s—I  c t  he- rma I I-orgeabi lit v .~~ i u c t v

VENDOR 
- --  -______

A B C D

POWDER E + MA PREA E MA E c MA E MA E • MA
T Y P E
Ti POW- H/D H O  PROP EX P  PROP . C R 4  P IPROP .( MG-RED
D E S  M F G
COMPAC ISO. ISO . ISO. ISO. ISO . MECH
TION
COMPO STD. STD. ELI STD. ELI STI .
SIT ION
NO OF 4 2 6 1 6 6
PREFO RMS
D ENSITY . 98 MIN - 9 0  95 MIN 98.5 MIN 94 MIN N D
% THEOR .
FORGED 100 100 1 1)  131 131 131 131 12 1
DE N S I T Y
% THEOR
F KSI 152 4 7 1 2  140 4 1453  125 6

150.2 02.3 140.0 144 8 115 .0
F
5 

KS1 151 7 14 1 138 4 138.2 124
148.0 4i ‘39 0 138 8 (4)

ELONG % 14 NIL 9 7 1
1 ’  GAGE 13 1 8 8 NIL
It NC T H I

M I L T 9 O 47 :CEO U I R EM [ NrS 
~~~ 

— 
13O K S I M I N I M U M

~ 120 KSIMINIMUM
ELONG. - lOy MINIMUM

NOT~~S I l l  INTEAGR AN U LAR PF) At DET ECTED
(2) STRUCTURE INHOMOGENEITY .
131 POROSITY .
141 PR E M A T UR E  F A I L U R E

EXPLANATION OF SYM B OLS:
E • MA ELEMENTAL TITANIUM AND AL V MASTER ALLOY .
PREA - P R E A L L .OY E D T -6A1 -4V POWDER
H O  - I - IYD RI D E/ DE HYDR IDE
PROP - P R OPRI ETARY
EXP - - EXPERIMENTAL
CR e P - u ( E M I C A I  REDUCTION AND PURIFICATION
ISO - ISOPRESSED
ND - NOT D E T E R M I N E D

The fina l task -f the prog ram to prd cti u( -e - prototype bulkhead parts euu m p ie iv ec i 111) 11 c-ic-menta l t i t iu m i t un u blended
with A l — V  mastc-r ill - tv powder pre-icirms. Isothermal fw-ging tm~~~~k place abeve l C S O ° l -  fc llcuwlng preheatIng mm-
I 7MI’’i- prior to fo rgi ng . I - u i  I ’, - l i - m u s t -  ii,rglng s were ol,talnec l except c l the tu~p dii the ribs she-re the e -c iuui p rduu s i-~ t-

s we- re ni- ct adequate- . - I in - lack - ci work was c-e ,nfl rnteu l by - - - - mu c-n - u g m a  Im i si ,c-s  In t im c sc- t~ - - - ut t u - us . I Old- - -t hie r
pr’’luli-m was t- x l s-Ilt -m l - - i - d l  wi th - l h - — i - p - c - I I c - m l  I d r d - .s s I I u - i - s  wh k-h resulted In I , l ~~i m m u c c l web u In the part. l l u i —  appears
to t - related t i c proper I e u t c r ( c - a m l c m u ct l c i - i - w i s u -  draft angles m~u : c u have to be Inc-i-eased . .-\s a r esult  -I these
I m u t - - t lgat l. ems , It a us cc cnc - luck-i I t t  u - u I hi n b c  r -u t i u - I i t - s  arc required tu t cipt liii l i t -  p r , - I - - I l l  - ecmnfigu rations ‘sau l
m u - m e l s  r d l n ,  ~-~c n t u c ~I -u in the tot-gig cip t -r aticun to provicie imp ni )veu I u i i o - u i c s t u - m u e - l u u i - a l  e iitro l utnd adequate late-u-al
meta l flow untb- r -ompre i4slve stresses In a l l  parts of a t -c rni p lex forging. Muu -h wo rk is als , -  requ l m i — I  on
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h u t - r i  d l i ii t d , -hm n id l u u c - s  c l i -  I VS V S I - -  I - u i - c - i -  ~~ i - I c - u t - - I I - -mu l ii i t s  ail - r t - c u — i ~I u u t - .  It was cl — i c - u u r u i u i - -_, - m t I l i : u i  a p 1 c c  , - - 8
s l im -h I cs l Ill’ m uu i l~l c -  c d l d a I ~l, ccl Ici c- lu ig l ie )) I c - l u - - c -  I t i c - i -u .s. uv lci - - t u h e u l c l  l n m p u — i u - e -  I - - i - I l c - : e ) i u i - . rluis is
- I l s c d u S S d d I i t um- t l uc -u  il l  a s t m I - s u - c j d u , - i u l  .—s-c It -~ :.

h O u r  P1(1- 1-t- -ci\I l h I I ~~I

I l i i — - p ss u t i l i . - ,-s hot pu- es-u ni t- in a - I i  u i - c t vin-uuuuI u - aim e-u m c- : up- - u i u i u u t i n g  ni - t h u — I  en i p l c -u  i m i t -  u : u l - u c I I I i  l e - ~ l ln i 7 u
Cu,nva i u - \ c— m — up ; u c -  ha:- i - ,-p u~Ic - l cul l s cci the - lu -  I h i l c m i s c~ - I u  l c : I I .i - um t pe -m i — il ng l  w l u i c - h  c l o t - I c o s  the l : t I I , - i -  t e - i -hn i qu e

I~~-t .  1, .

.- \c hm e m u l : c u : c - —  d Si imu eti l ic i tId e puis -e-s u u u u - l m u c l e  tic ,- I - I b u y i n g :

• I u t , f l t i : u I  c duc t sau iu mg -u  In u - d - c I u n - i m m t- n i u u - l u i m u i m i t -  and affc c niling m u : u l e - r i : c l  I d - c h i c  t i - - t I : -  f 70 t m -  ~I I

• It- -c t i t l d m u l t u i m u  a b c - u  p a l i . ~ s i t u  f ine smit h uum i f o u - m i i  t -rm u in — - t u - i u c - I u u rc-

• I c - m u - - i  I c -  pi- - l ic u~t i d - s r -qu ivnlen t  I- - mm -nought a h lcm ~ s

• I -‘ s em m l i a l l ’ , ~~~~~~~ p ss - - - m u , -  s u u m l : c - c n l a d -h i n i u m g  ~i~uu~ 1+-  r e q u iu - e e I  th e - u u t - h  - .

• N -  - l i - all ant - i -- - require-il In tm~~ ls

• f i t - Il — l e t lIn t- c al l —- u Inols d l - ,-  r e - i u — — a I ~I,-

• N- p Ip o - I im ug u - equin e-t i

• lI e- at lvc-iv 1 -mv p m c  - uu m t - - u  a u t -  a-I c-quate

• si ts wllJ u i t - c - p  j i t c eketa , - h u e - i  i m u g radii and w ah i t h I c - f . m u e - s - i c - s , t ap eu - c-- I s :u l l  - . - kc c-I s - . , ai-c- 1x -u - uit - l e -.

• Part s  c-an hi- ncc nul -— Im -u u h u e - h  te-stt -tI for poi- usila - c m - inmpu ri tk-- u ; e l v a n t : u g e -  c- i aime c i cv eu - d u i l u u : - i - - uu
h m i i t l e d  par t—u i .

I 1 c prccpe rtie-s of Ill p/u i -ti- at Ci . lc-tusi t~ level s in l i — I i .- \ l —  IS I c r , -  l i s te d in C c l ~lc- IV anil - o u u u p ; u i - c - l  with
CII ’  — i m mli -r t—f and Cli’ . -u i u m t e - u - . forg e-e l lur p e- r t i e s . 1-Siur cotu uplc- x li l tin gu-u c ac-h nine in~- Iue- .-u squau-t_- with
I I 2—un~- I— - It - c -p p ci-k c-ti- I cl i lle -m - c-mm t wai l  thickti~-s-ues an-h u-alit , cm -c- c c- hot p i t - - us c- - I by Coom -aiu- . The- a l t - u  \ v c - m c -
fin e—t -r: mi r u t- - i hardness :I i IR ~- and Ic -mu- - l Ie p1-opt -u-t i e- -u w e l d -  c-q cmival ent  to Il u c se oi wrough t Fl — c -SI— (V a I i m - .

I - r a i - t u u r e  tm u g hu m ie-ss  was equival - mu t  I- c c astings c c c  wni cu ghu t  mel-al. 1- lexum re fatigue- life- ut I I I  - 1  f h - x u  m c  u l t im m uat e
load t - x ~- e-cc l ed l u )  - u - k - u u  but tonsicrn— tc-mu-~ion fatigus- -ul u --we il an end urance lImit - h i cu u ly  50 k - u i .  N-c  chc,ul,t t i mi s
wa-u caus ed h Iii r e - s i - l u sh  1’ rd — i I \

p - b-u - legal ly  of p rod ucing -501c c -  coun p lc -x  - lu lIpe l :  but it —u u uit c - r s f m -- t u u the f-- II - uvimu t - linu itat ions dc l
l ie-  v o u m u p u i c  t i - U I  t~~ebmnic ~i.ies

• C annot c ompac t parts with c - — c - I l l  ran t cul t -  k - u

• Confined I--  p l c - - u s i n g  r i - h u l k  e - I ~ s i m i m p i e  s luape s with nuO cit-n iul_ c- L/l) ratios

• lue-rusitie- s attainable are- only 99 , 5 -I theorc-tl -: u l fatigmue properties

M a i n l y  I I t - s e -  c - I thc- latter limitatiouu . th i s p1-c u-c-s/u c-an onl~ tic cu seul fccr sec-ondar~
- st rU cDJi -c-/ u In the-

alrfram : c - Irielusl i- u . Jo - l c - v e - I cp full fatigu e pt’Olwrtie /u , It is  n ( -c- t -s suerv  Id) f l -ge- to final shmape. Ni lath have bee-fl
repd c rtedl on foi-gei h , !mot —pm - c-- u uu c~ I part~— , lu w i - y e - c .

11(11 ISl eS - i - 5 1 l( - l t m l t l - f - u s l N ( ;  (h IP)

Flue 1 1 1 1 -  p -u - c-onsi- - - t - u , in i-sscnci- , -f enc apsulat ing nu ( -t . a llk- powd ers In s u i t - c I li shape-cl (shc-ils) nuolds,
t-vae-uatlng ara b st- sling the mold c- u e - m u u l d u  , and positioning ii  In a h l g lm — te u mu p e m- u t u i m - c - pu - c -- sn m m -  auut oc -l ave de’signc-d
tic cccnta in  t - d - d  I I -  uiteclia (1-1g. 3). In the- c- -u en- of the 111 1 - c \  c - I t - , bui l t—In h u e - a t e -  eu Inc rca~-u - time- tenuperatu re- cf

I c l - h i -  IS ( - cm i u p a l i s o f l  c c i  Il l’ . (h 1 + Siiul, -u and l I P , S i m u l c-r 4- Fo u’gecl Propel-tie-s

PROPERTY 
—~~~~~~~~ H! CI Pt S I NTER 

- - 
CIP SINTER . FORGE

• uI NSITY % THEORETICAL  995 95/98 100

• TENSILE

F , KSI 135 1 110/1 25 148

122.2 99/ 110 143

% E LONGATION I l l  14 . 2 11 12 1 1

E 110 6 PSII 165 17.0

• FRACTURE TOUGHNESS KSk,/IN 60’ 65

• CHA RPY V N O T u I t

IMPACT jIll N(,TH l E T  LBS) 16.5

• FAt I G U E LIMIT KS) , )1 0~ CY C I

I 50 55. 15

11, 4 22v

‘ItO
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1 . POWDER 2 - MOLD 3 OUTGASSING

—
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0)

4 HIP 5 100- DENSE
CONTOURED SHAPE

Fig. 3 Fundamentals of the 1b hP Process

the mold to Its softening range and the app lied pressure Is transmitted through the walls of the mold to the
enclosed charge. Ilu the combined action of temperature and pre ssure- the powd er can be consolid ated Into lolI
d ense shapes of d esired configuration in a one-step operation.

Compared with P M processes discussed previously, H I l ’  offers a nu m be r of unique advantages. Some ccf  the
following may ulttmatelc become important for airfram e applic ations:

• Process gives 1OO~i dense configurations In one-step operation

• H ighly alloyed powders can be used

• Fab rication of complex configurations with close tolerances Is potentially feasible

• Original fine-grain microstructure c-an be retained

• Substantial cost savings can be realized through reductions In excess material and machining time

• Exploratort studies have shown that tensile prope rties of hot isostatically pressed parts meet forging
specification requirements when proper parameters are used .

The above- potential advantages of the process are based cm prelim inary Investigations (Ref. 1) on panc ake-ty pe
compacts and some Initial work on mak ing a 1.5-pound shape (Figure - ( 1 Most of this work was accomplished using
a p rocess patented by (ruclble Materials Research Center which utillue s ceranuic molds. Another process patented
by the Ke-Ise-v-lhaves Company which employs vitreous molds has been utilized to a limited extent.

t int-  inuportant aspect of this process Ii that the apparent density (tap ilensltv of the powder is important and
should I~ - the- maximum attaInable for packing Into mcukls. Spherical powders are- preferred. For example. 111)11
powder does not ham-c a high apparent -hens 1k anu h was not used in these stubles.  Powders produced at Nuclear
\lt-tals Corp by the- rotating el -i-tr tsbe proc ess (REI’) are spheric-al and exhibit excellent packing characteristics.
Moi;t of the wo rk we have clone on 1bh p , therefore, has been with IIFI’ powders.

The- component shown In FIgu re 4 was llhI’ —processed using the Crucible process and while feasibility is
shown for ne-ar-net shapes further work Is required to nit-ct engineering drawing requirements. Some track-otis W ill
most l ikely have to be effected before c ompli ance Is achieved .

In this work the Importance of oxygen content of pcuwd c- r and processing parameters on te-n-sile pro per ties Is
not e-il froom the results of va rious fl i P cycles on Tl— 6A 1— -IV powder as shown in Tluble- V.

Figu re 5 shows tension—tension fatigue results for material processed at HI P c yc les signific-antly above antI
he-low the beta transus in c-tmrnparison with annealt-c t plate as a baselIne. Fatigue- limits above 70 kid appear to be
attainable . but further work is requir e-c l on conmponentkc to c-ompare results -hire -c-tI ’, with forged plet-es .

Wo rk on Ti- I-SI- c V—ZSn 1m m powders shows sImila r trends for tensIle (Figure 61 and fatigue prope rties. The
oxygen ecuntent in this e ase appears Ecu have a more inportan t beari ng on the properties attainable for the proc-essing
times utilized .

The fracture toughness of till’ materials also appears to be acceptable (Table VI). These i-c-suits generally
are equivalent to ret-rystahllzecl annealed titanium alloys.

In general , it can he concluded that the 1111’ process exhibits sIgnificant potential to continue wo rk to ch-termlne
its nid-he In producing net or near-ne t shapes. The most -rltlcal requirement found so far appears to be the fatigue
properties attainable. Should future Investigation show that forging Is requ ired , extensIve work will have to be
directed toward preform design ictuelles ctaupled with optimIzation of the forging process Itself for prushucing net
shapes.

C (IN (  LE SION

The major advantages axitl d Isa d vantage s cci  1-IM techn Iques for producing airframe components have been
presented throughout the foregoing discusalon of various processes. ‘l’he fluajor Incentives towards us ing P - M
techniques for airframe- ccimponents Is predominantly economic for reasons explained In the intr oduction relative
to u-e, ~ t of mac-hlne il forginga and 11w ef fee-I of the IlI- ’R on usage of t lt anlunu . Some technological advuerul eges may
also be found but It Is too early to define where these oxl~t.
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T a h c h e —  5 I i l e - c - l  of I I I ! ’  I ~ e le c u d  ( ) x y g e - u u  ( c c n t e - u ~I en
i c - u u s i l c -  c e r t i e s  ( l i - l i - S I -  I S (

1~~~~GEN J HIP CYCLE
CONTENT TEMP /PRESS /TIME 

~~ 
F 1 - ELONG REDUC

I F/KS I/H R KSI AREA % 
1 000 1 1 5 0 1 5 - 2  124 .3 113.1 17 5  4 4 3
1140  Oc ’ 0 1 5 1  135.5 176 2 1 8 3  4 2 5

14~ 1 551) 5 1 137 . 1 128,8 167 368
- I 1~~N 7~ t~0 10 1 130 4 176 9 75 1 7 7

140

1 :10 0 • 3 HR )
~~( ) l

. o 0 1 HH ( e C L E

120 M~N

M I N ~~~~1O~~~~~~
’

1500 1 700 1900 2100 2 300
HIP TI M P E R A T U H E . F

I i~ eru -cb he- 1 s-mIli- .—— ci  h i l l ’  i l — Il-S I— iS

It is -, I , -  u-c l u t  p r u - - - i - n l  that  1111 ’ - f fu l ly  - l i - r u s e  pre -fo rnus and - - c r  near—net shapes would have a gre at impa ct
on ~c m - c - - i i i c  ‘ I - - n - - f l , - , -  I c — r u -  u - l u - I  - lopu- - - th ca l l , m - u - - . c - u c t I \  are p roduc e-u I f r , cni  ni ac-hlnesl fo rg-lngce . Su c h  c-c cn mp u ,ne nt s
i i ’ -  n ua lnl ~- i _ u - c l  In i~~- , - I a 1 - , -  - .- i u ~ and h u l l  I , -  or r u - l u c l e - l slm-il - t uum- u-s . In th o se are-uu s , tlt.anlunu u t I l e - i - s  nu av give—
abun uinunc an- h s l u - i l -  l dco r (  ~- m n ~ c u- I i t l n . if tJu - — i u \  l u c ) ~ -~ pr cum lsvu l l~~ utillza tiu cn c - f  I M I- -  priicluee net—shapes
u b t l i n u u t t - l e , mat er iali zed .

cJ - -
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Fig. 6 Tensile Result s of HIP Ti-6Al-6V-2Sn

Tab le VI llIP T i—6— 6— 2 and T l— 6— 4 Fracture Toughness
Prope rtIes (1400 PPM Oxygen)

HIP TEMP. F FRACTURE TOUGHNESS (Kq). 
—

ALLOY POWDER MESH xs i IN0H~~ AVG

Ti-6AI- 1650. -35 67 .5 88.8 69.5 686
6V-2Sn 70.5’ 70.9’ 707

1650 -100 53.0 54.0 633 566
1800. -35 71.8 73.2 76.9 74.0

1800 -100 604 63.8 66.3 63.2

Ti- 6A1-
4V 1550. -35 62.3 661 68.5 65.6

.K ,c

On the basis of results obtained for HIP mechanical properties, there Is a good possibility that an essentially
cune- step consolidation process from powder to component will be fully developed for some alloys. However , If
the results are rx t rep eatable on scale-up, or If fo rging quality c annot be attaIned , It will be necessary to provide
mechanical deformation to assure meeting specification requirements.

rhe greatest limitations to advancement lie in the fo llowing areas :

• Sources of non-contaminated, reasonably priced powders with good apparent densities

• Limited number of processes for lbIP of near—net shapes.

• Limited avai l ability of h iI P reto rts of ad equa te size

• Need to run extensive dimensional runs on each new component to be fabricated to establish net
c linue-nslcunj e an-I finalize tool ing .

• If IllP parts must be given further work , methods of defining preform shapes must be perfected

• The need for data on mechanical properties of as-HIP or as-forged surfaces is lacking

l’erhaps the greatest lim itation at present Is the degree of acceptance by ai rfram e designers for I’/M
products. Suc h acceptance can only be advanced after experience Is gained with actual fl ight hardware.
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D ISCUSSION SU~-U-1ARY OF SESSION IV

b y Rober t  F.  Ge i s e n d o r f e r

The- d i s c u s s i o n  of Session IV cen te red  on a t t e m p t s  to explain the differences in
t es t  results shown between European and American studies of consolidated prea ll oyed REP
titanium powders , princ ipally tensile , toughness , and h igh cycle fatigue properties and
~he c t f e c t  of inclusions on fracture behavior . Other top ics discussed were canning
t e c h n i q ue s  and the  poss ib le  e f f e c t  of the c a n n i n g  m a t e r i a l  on c o n s o l i d a t e d  powder prop-
e r t i e s , powder  p u r i t y  and s t a n d a r d s  to control it , comparative tooling needs , and the
prospects for increased powder usage in aerospace component fabrication

Considerable discussion was prompted by the suggestion that the very low oxygen
l evel (t ~flo ppm) oi the  m a t e r i a l  evaluated in the American stud y (R.E . Peebles) contri-
buted - u l evel  01 forgiveness or t o l e r ance  to defects or i n c l u s i o n s  that , al though pre-
s e n t  i n  t h e  m a t e r i a l  of each s tud y ,  were found associated with specimen f r a c t u r e  in it i -
ut ion sites o ni y in the European studies (PA Blenkinsop , W Keinath) . It was further
su~-acsted that perhaps the way to insure good toughness in a titanium structure is to
lowe r the oxygen content. However , it was quickl y pointed out that oxygen has histor-
icallv been n ee ded for strength and designers would be reluctant to accept lower
st uu .- ngth for most app lications . It was further suggested that perhaps the oxygen level
sh - lul d i-c shown -ulong with the tensile properties. (It should be noted here that the
I v  oxygen ic-vel of material in the Peebles study was specified to allow for pickup
during powder production and subsequent handling experienced primarily with hydride !
1&hv dr ide powders evaluated in Phase I The result is that in the future for REP
p -wdvrs or others of equivalent quality, low oxygen will most like ly not be specified )

The intri guing question was further pursued of why no inclusions were found on the
fr.uv ture surfaces of test specimens of the Peebles study; whereas , tungsten (and alkali
~s-tal ) inclusi ons were often found at fracture initiation sites of specimens of the
Eut- opean studies reported here . Even though Keinat hu , et .al exam ined pe rhaps sever al
times the number of fracture surfaces (primarily fatigue specimens) than did Peebles ,
it is un l ikely that none would be detected upon examination of some thirty specimens
assuming , of course , t h a t  the qual ity o f the powder was the same in each study It was
i n d i c a t e d  d u r i r u g  subsequent  discussion that the disparity in high cycle fatigue is per-
hap s exp lained by specimen geometry In the Peebles study , rotating beam specimens
with a minimum cross-section at the center (hour glass shape) were used thereby fo rcing
~hc- failure at that location , the f r a c t u r e  surface of which is less likely to contain
an inclusion in the associated small central volume assuming a uniform distribution of
defects. Th e Pe ebles  stud y used parallel-sided low cycle fatigue specimens howeve r ,
and  the results were comparable to the results of Keinath and coworkers .

W ith respect to canning techniques , discussion brought out that the Europeans have
evaluated mild steel , titanium and some other materials but detailed analysis of dif-
fusion zones and any other effect the can has on compact properties has not been done but
perhaps should be looked at It was pointed out that in studies at AFML using mild
s t e e l  can s and s imi la r  H I P  cycles as tho se used by Peebl es , the reaction zone depth in
the compacted powde r is in the order of 003- 005 inches Making the container in an
c conomic way does not appear to be a problem and several proprietary processes exist
with good shape making capability .

W ith regard to purity level , the comment was made that the powder producer is
bl amed primarily for contamination and not the user even though amp le oppor tun it y for
contamination exists during subsequent handling and processing by the user and hence a
spec ific ation is needed to check the quality of the powder before it leaves the pro-
duc er. The response was that existing military specifications are close to what must
he produced but perhaps not detailed enough to effectivel y cope wi th specific contamin-
ati on problems that have been experienced; namely, tungsten in the case of REP powders

Tool ing  needs for  H I P  were c i t e d  in the p r e s e n t a t i o n  by W i t t  as a problem ; whereas ,
I ’  was commented  t h a t others consider the less costl y tooling requirements as an advan-
tage of HIP powder metallurgy. The response was that indeed an advantage is shown in
the ca se of H I P , bu t that at this relativel y ear l y s t age of devel opmen t , it is important
t o g et  at the tooling prob lems  now to avoid lengthy devel opmen t s as occurred in the
anal--gous case of diffusion bc)nded component development .

Granted the undesirable effects of tungsten on properties , and further , if the
t ungsten Is no longer a source of contamination (prcucess modification is currentl y
being attempted t o  eliminate the tungsten electrode in REP powder prod uction), then the
q ue stion was where was the  response from users indicating that the PM process is a good
one and now -a rts can be made from powders as well as wroug h t materials. The response
was that even though a great deal of interest in I’M exists with aircraft manufacturers ,
the desi gners and str e s s analysts must he con ”inced b y substantial comparative data
It was further I nd i c u t e d  that clue m a inly to the incre a sing l y imp o r ta n t rol e of economic s
in t h e  production of a i r c r u f t , powder met .cl lur g i c a l components will be used in the
future in  p lace of their wrought counter p a r t .s where economicall y jus tif ied .
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FINA 1~ SUMMARYPART I - I ’OWDER PRO DU CTI ON
lc V

P W .  Sutc ll f fe
Chemistry I)ivlslon , A. E R . E . .
Il arw e - il , Oxon. OX1I ORA , U K .

1 - INTROldCTION

-‘ s i g n i f i c a n t  p r o p o r t i o n  of t h e  papers and short contributions pru .sented to the
I cdi  si  s ’ M e e t  I ng a c - r e -  c once rned  W I t h  the  necessary prec ursor  of a n y  powder

m u t a l l u r g i - - a l  f i b r i c a t  u - - n  process , namely  the  p r o d u c t i o n  of t h e  powder i t s e l f .  S i n c e
in  t h u -  p l a n n i n g  of t h i s  m e e t  i n g  I t  had been a n t  i c i p a t u c I  t h a t  t h e  p roduc t i o n  of t i t a n i u m
a l lo y p c o~~iers . for fabrication t c c  high —int e gr ity, highly str e sse d aerospace parts , was
a more  c r i t i c -al area than their nicke l based counterparts , rathe r greater emphasis in
the- s e-lu-c t ion of p r u s en t a t  i ons  was g i v e n  to t h e  p r o c e s s e s r e l e v a n t  to  t i t a n i um  a l l o y s .

F u r  presentations (P1 , Sd , SC2 and SC3) described alternative forms of
ce n t r i f u g a l  at-cmisation which currently is the predominan t powder manufacturing process
for t i tanium alli cys. One~ paper ( P 3 ) ,  repre s e n t a t i v e  of a number of S(cUr ( u-s capable of
me ting volume requirements of nickel-base alloy powders , described the more established
technique of argon atomisation. One- contribution (SC6) described the alternative
technique for nickel alloys already proven in a production environment , that of v;u(-uu rn
atomisat ion .

The  main features of the powder production processes described in the meeting , are
summarised in Table I Although not complete in all details , the table provides a rapid
compar ison  of many  of t h e i r  s i m i l a r i t i e s  and d i f f e r e n c e s . More specific comments on
the status the  v a r i o u s  processes have currentl y achieved , their limitations and the
quality -c f powder produced , are most conveniently made by consideration separately of
those applicable to titanium alloys and to nickel alloys.

2. TITANIUM ALLO Y POWDER PRODUCTION

2 1 P rocesse s

The re-active nature of t i t a n i u m  towards both interstitial elements and re fra ctory
crucible materials has led to the devc-lopment of processes c losely  r e l a t e d  to
co nv e ntional i ngot melting procedures , but incorporating centrifugal action to break up
thu mu- i t j ntcc discrete droplets. Hence all four of the titanium processe s of Table I .
require the start material to he in solid electrode form . Two of these  p r ocesses
(Rotating Electrode and Centrifugal Shot Casting) use arc melting in an inert atmosphere-
and so benefit from the reduced flight path required for solidification of droplets
provided by t h e  predominant convective heat loss , although capabl e onl y of m a i n t a i n i n g
t h e  composition and pur ity of the starting electrode . Two processes (Electron Beam
Rotating Disc and Electron Beani Rotating Electrode) involve electron beam melting within
a h i g h  v a c u u m  e n v i r o n m e n t ;  are ’ r e s t r i c t e d  to radiation losses for droplet cooling; o f f e r
I c t u n t i a l  f o r i n t e r s t i t i a l  r e f i n e m e n t , but  s u f f e r  from significant matcria l loss or
composition variation by vo latilisat ion .

Two of t h e  p roce sses ( REP and EBRE ) r o t a t e  t he  e l ec t rode  whose t i p  is  b e i n g  m e l t e d
and h e n c e  place m o r e -  stringent requirements on the shape , straightness and integrity of
the ‘-1,-c t r ole In the CSC and EBRD proce sses the wat e r— cocc ied crucible- and disc
re spectively, are rotated at high speeds not the electrode , and offer greater
f l e x i b i l i t y  of electrode form .

The tour centrifugal atomisatton processe s diffe r mor e significantly in t h e  natur e-
and e x t e n t  of powder cent umination influencing their quality and also in the pu ese -nt
stage c)f development and progre ss towards volume produe -t i o n . The Rotating Electrod e
P r o c e s s  has c learly he-c-n used most widel y in titanium alloy powder fabrication and
eva luat Ion programmes It has the experie .nce of volume production in other mat erials
that pr ccv ldes t h e  capability to operate at 100 tonne per annum per ‘long—bar ’ machine-
it the demand fe,r titanium powders required It. However all this production experience
l n v o l v e , s  the ’ cisc cc l ‘ non—consumab le- ’ tungsten cathodes which can give rise- to the
prese n c e -  of t u n g s t e n  i n c l u s i o n s  w i t h i n  t h e  alloy particles . Although apparently
con f l i c t i n g  e v i d e n c e  was heard  (P11 , SC8 , SC9 ) of the cIu- le te~ iou~ effec t upon fatigue
p r o p e r t i e s  of suc h i n c l u s i o n s  I n  t i t a n i u m  a l l o y s , i t  may be poss ib le  to r a t l o n a l i s e ’
th i s conflict in terms of matrix s t r e n g t h  s’ n s i t  i v i l v  and f a t i g u e  specimen and test
differences I t Is un li ke ’ly however that REP powders containing tungsten contamination
will gain acceptance- for use in aerospace applications and possible ways of replacing
t u n g s t e n  as a c a t h o d e -  m a t e r i a l  w i t h  t i t a n i um a l l o y  are c u r r e n tl s  under  i n v e s t i g a t i o n .

I r n t l l  t h e — c , ’  st u d i e s  a re  c o m p l e t e , t he  R o t a t i n g  E l e c t r o d e  Process for  h i g h  q u a l i t y
t i tan i um alloy powder prod uct lccn m ust be regarded as being in a development phase

The Centrifugal Shot Cast trig Process, although under investigation for a number of
years , has made limited progress towards volume production . The’ present pilot plant
ope r a t  c’s (In a s i n g l e  e l  .~c t rode l , at c h  cy ~ l u , a nd has  r e s t r I c t e d  e o l  I eel Ion e’hanib er
dime nsions , l e-’adlreg t c c  low m a t e r i a l  t h r o u g h p u t and u t i l i s a t l o n  for  high tap density
spherical produc t . Although potentially fri-c ’ of contamination f r o m  proc’ ess componecnts
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seem, ’ u mo- . t a n c , - o  of c i -  s - c - - u i t i u i ) i n a t j o n  ( s e - c -  P1 1)  c , f  0 c m — i  I i c e n j u m  u i  i , c v s  I c m e - v i ~ - c i . l ~ 
-- co c cI h c u v u -  o e u r r c ’ d  due  t o  a n o n — o p l i mi s e ’d  c h a m h c - r  I c - s i g n  t o  e s e  of  ( l e a n i n g .

Th e’ p r e s s -n t  e i ; i u i p m e n t  cii the Ilectron Iteani R o t a t i i  e t c - c d t -  a. i s  c l e a r l y  ci
purpose . built p r o d u c t i o n  u n i t  c a p a l c l c -  of  ccperat ing c t  r n - - d u s t  c a i c c u c  I , almost 10 i c - / a n n u m
fo r 50mm c - l e t r - - e t c - s , w j i b  f a c i  l i t  i c - s  f o r  r e m c c t c -  e l . - c I i c - d c -  c i u c e u i g i n g  ; u r ~ t I c - c a ~ i c - r t a k e - — c l  I
w i t h o u t  re ’ — e - v a c u a t i c n . The small su e- of c a - li p l c - c t r ot ,- i s  t h u g r , - cut c - - t l i m i t a t i o n  i c c
in c r e ase d s c a l e -  and m a t e r i a l  u t i  l i s c u t i o n , I n  a d e l i t  i on  a t i - y e - I  m e-the,d c u t  a c h i e v i n g
s o l i d u  f i c - cu t i o n  i i i  s p h e r i c - a l  p a r t i c l e s  c e i t h i n  reas -ciiatcl e- c l  l u - - t i c o c  chamber d i m e - n t - - u i - c u —- .
u s i n g  an a b l a t i v e  I - r c - i -  C u c - t c c r v  c O c u t i ng on a c o , c l e . c l  c l e - f l , - c - t c c r  p l o t ’ - , r e - c p u i r ~ - -. ‘ -

~~~~~ - - - -

t ic ,- i m p i n g i n g  d r c c p l & - t s  to  ire - sb  r e - g l e n s  i d  c - c a t  i n g  at  so - c o i v e  i i i t c - r v c u i r i . ~- c i e - i  a
- - c - n s u m c u t c l e -  c o a t i n g  of  fe r s  a pot ent l a l  o c c d u r c e c c l  ca rbon p i - k  u p  : u l t h c , u g h  u - v u i e - n c - -  t o  d a t e -
s u g ge s t s  t h i s  i s  i n s i g n i f i c a n t

The most r e c e n t  and  l ea s t  e v a l u a t e d  of t h e  f o u r  c e n t  r i  f u g a l  a t  c - m u s a t  l , c n  -s i s
t h e  E l e c t r o n  Beam R o t a t i n g  D i s (  p r c c e e - -’-cs . t i n e  c r i t i c - a l  aspec t oh  t h i -  pr  so i d e - n t  i t i e ’ d
so f a r  is  t h e  p r e f e r e n t i a l  lccss of more v c c l a t i l e -  a l I c - v i n g  addItions —ae c h cs  alum i nium .
losse s of a l u m i n i u m  f rom T i — 6  A l — 4 V  a l  h -v  i n  e x - c- ss  c r 1  I h ’  s l c e - c  i l i e - c u t i - - n  r a n g e -  h a v e -
be-en experienced during m u  ial trials at the present s ca i c- of 010-rat i -- n , i i r c - - - d l - u i  i y  b i c-

i c c  t b ’  larger area of molt u n  surface , and the- more extended t ume- the’ all- -v is molt e n  in
th ~ drip melting /disc - atomisation as compared tc c earlier laborat cc rv e - x p c - r u r e - m c t s  o h
actually consuming the rotating disc- .

2.2 Conclusions and Rerommendat ions

None of the titanium alloy powder produ ction p soc --u has c c - i  c l ccurl t- i cm -- u- - tr ate ’d
i t s  (-apahi li l y of producing powder  , c f  suf lie ien cjcca l i t  v to give une- d i cu iv -- ’ - a 1 ly
ac - c e - i c t a b l e  s t a t i c -  and d yn a m i c  p r o p er t y  l u - v t - I S .  C c - n t a m i n a t  ion  oh l c c c w c l - rs  - e n I - d iv l I e-c l

i n t o  categories That which is basic to t h e  I c r - - c e- os u s c - h  f r  w h i c h  I c r - i c e
m o d i f i c a t i o n s  are r e q u i r e d  t i c  c i  i m i n a t e -  t h e .  s c - c l  t i -o c r ; u r O i ! c u l  ion . T I d a l  of i-rosue —
c o n t a m i n a t i o n  of powders of d i f f e - r e - n t  c i c m p e c s i  i o n , a h i ~ -h  in p r i n c i~~d Ic c -an 1. - n c I n i m t s e - d
i v r e s t r i c t i o n  of a p a r t i c u l a r  ; u t o m i s , - r  t i c  u t - c c- t c - r  t i t a n i r u m  cl I c c ~~s c - r H  y -  I n - r e -  t i c - ,-

hccwe ver in a Situation of I n s u f t  c i u n t  c te-t ic ceue c t for t i i a n c c c n  
~- -- ~ 

I -  r -  i c e  e - - o n , f l n i v a h l t -
monopoli se- the use of one- atomi sc-r , its e l i m i n a t i o n  us Ic-— — - s t r c e r~~~I t t c c r c  c~~~t f r - ct a
powder producers viewpoint.

The n o n — d e s t r u c t i v e  e x a m i n a t i o n  of powde rs - - C r i c - s i  r c -  t I - ‘ - s c u m  m c c i  i u f l  - i
eccnsoljdated powder sample .s for q u c e l i t v  c - - c u t r i  l O I t l c c - - -~ - - o es’ c i i  i - - i  t r ’ c d - u r n  r e m
contamination to an acceptable- l e v e l is - t i e -  c u r ’ s r u - i l e u i m i n c  f u r l  t c e r  I n v e st  i~~ .c t I u c n .

W i t h  such technical difficult i , - s  st  i l l  out ,-u t u n d i m i g  , i t  i s I d l e l i a t u r , .  t e e  - - n s i i . - r
powde r cost p ro jec t i c - n o  for v o l u m e -  p r i c d u - t  i - - o r p e - r I a e l c s  I a r ~z ’ -  e- c~~- c i t  i i v e - s t m ,  n i t  i n
‘ , c c l u m (  p r o d u c t i o n  f a cj l i t  ic- s u n t i l  f l o u r  soluti on l i e s  h e  c - t i  u h i t - C a d  c c l  u - c ’  i e s - r u t i l e - i c c ’ -
in acceptable- l c r c c p e r t y  l e v e l -  i s  c - s t a h l  i s h , - e l  -

3 N l (K fl. ALLOY POWDER I RO1)U(’TII)N

3. 1 P roi e’sse-s

A l t h o u g h  t h e -  p r i e - e - s su - s , c - c n - o l e - i - ’ - c l  i n  t b  I c e - - u t  a , - e  t i r e  to  I - ’  m e - i - ,- i- , - Ic-va ui t t e d
t i t a n i u m  a l l e - cv powd c -r  p roduc t i - t i , u i ’  i n t o - r e - n i l ’ ,  c ’c e l sut I~~- -f i t t - l I c e ’ ‘fl i c c  n i - - k -  - t c c es--
a l i c e y s  - t h e  c - c - c c n c , r n u c - pu -- n a l t ~ - of i he I - c - - v l s i - - i c  of scfl i i  c - l e c i  I -  s t a r t  m u t e  r i c e  I
p a r t i c u l a r l y  i i i  h i g h  t e- crn; cc-r :utur e ’ c r - c - I c - r e s i s t a n t  a h I c - ~~cc , r u l e s  s i t  t I c ,  I r  c - . - in v ,elume-
p r o d u - t  Ic cn . P r i c e - u - s o c - s  su, - h u - -u a r g e c n  c e i c c n i i s c u t i on  e n d  v s  c iune d u t e e m i s u ’ i - e l  I C e  i n  g - n e - r c e l
reac h - -c t a degree c c f  d e - v e - l o p m e - n t  , c- -c - b - i c - - r i -- u t  ru te- u d hc ~ c c c c - p t e t c h , -  c G e d  c - r i - c  u i  l i v  and
prope’r t y lu .ve .1 s in prc o lu e -  t i on q u a n t  i t Ic-s , t - c r  t his - rn  to - c  meer ,- c - s t  d c l  i o t c , el ~c r - c s s,s -

Ar&ofl atomisation, as i i  l u s t  m c e t c - c t  Lv t i c , -  mu - -a  i r u t c - c i - a t e d  j c c c a W - r  c r  - b c - I 1cm and
c o n s o l i d a t i o n  f a c i l i t  i es  - f  I I e - n r y  Wi gg it e cru d ( c c . (P3), it - . t i c -  n - - r e -  p r e - c u l a n i  - i  t h c -
two prc - - e -- ,sc-s wi th a numbe- r ccl l c C c c b i t ion fcc - - I  l i t  i e - s ~ fc:c rt i e - u l a , - i v  I n  t t c c -  -hI . E a r l  i c r
prob l ems c - f  re-st n e t  ion of  g r a i n  ~t u - c a t h  I c ’ ,  p r i e d - -a r t  i c I c -  - - - n r c - i c r ’,  p t c c u —. - e - o  - Ih e cugh n t
s p e c i f i c  t o  argon a t o m u s e - c I  n i c k e l ~~1 c ’ ,  I a - - m e - c  c c c c c c e - . c  c c -  i c - c — - t t h e i r  rrc- t e s t c u i - l c
s i c c i e -  as produced and hay’- c C -c-ti cc ’, c c ,me- I c ’ ,  m e c u l  i f  i - c t  c c - m e -- t -  t i c , -  c i i - - ’ ,  e t i e m i s t  rv and
i cn ji,h jdalj ofl c c c i i d i l t i c e n s  l)it f i c u h t  i c - s  c cl e - i , - y a t c ’ d  ‘ e - n d l i c - r c u i u r e  i r i c b u c - , - c t  I s i t e  -
caused h e ’, a r g i e n  f i l l e d  lo re-s w i t h i n  i h c  l a r g e r p a r t i c i ,  — c u  - 0! t i n  c t i - . - t n i l c u t i e c n
o i -z,’s normally produc -u ’- l I cy  a rgon  a t o m l c c I  i - e n  , a r - - I -~~l c , - r I u - n e - c  c i  Ih , ’s . -  b c e ’ , , -  be en
c - l i m i n c u t e d  by re-st r i - t i n g  the  u s e f u l  port i on  c c l  I L ’ -  t o t c e l s i r - - - l i s t  n i - r d  l i i n  o -  be l e s s
t han  150 or 1 5 ( 1 c m  p a r t  l c- le sir-,- w h e n -  argcen l e v e l s  c c l  ‘2pp ctu e m , -  f e i n t f e C  c c c c  c - ; c  t e l - i c

se - i -  P3) . Clear l~- th is p1 ac e’s a 1 im i t a t  i e n  cc ii m a t e r  i c e  I u t  i i  i o u t  ion - - I I hi arg~cmu
atomisat Ion i c r ccde .~-cs In ert gas  h c e m c c h l  In g  I c e - - I l  i t  les hid ’ , ’ - h i - i -n :ecl --t m t i ’d h~~- t a , - ’- mc
atom Isat Ion arid i- n e apsu 1st Ion Though n e - i  f u l l y  pr ( e v e- cn i c c  f c c -  ‘ - i c r I r i -i y n e c ,  -- - -- c  rt - - i f e e - s
are l crc elcai c ly an ac ivi o ce ic le pr e ’caut lem n becau se- mit ’ the’ in c - r , - c u s - - d  p t Ion of I 1 0c r
part i c u .  slze~ below 5Otu m that crc ’ pr i-se- nt in argon atcemis e -e l as urc i c c ur ~ d to
centrifugally atomised powders . Tramp i’lem -nt i - ,mnl e ’nls , I f u e l  e e)Uld I -’ - m l  I n i i e  -‘d Ic ’, e r u e c  I t - ~~e
Interact Ions and nozz li- c u-ro t-c ion , appear to he c’ap:’ hi s ’ oh f c c  - i r c e t  e c o u t r -  - I hu ed a I I c  in
acceptoble live -Is .

Vacuum atomisat ion, a proces s unique to Homog -ne’ous Met cei s , I re  ( S t  , has h - c-en
shown to produ ce’ ncci-ptab le pc,wder at comparable- u c i o t  , that Ice-he y ’ -- ‘cr 1 I e i ’ m’t c -a t i c - I c  al t hi
almost Indistingui shable similarity , to argon atomiss-ci powdu-r. It i n .  l nmnuun,- t e e  s m c - 0
f i 1 led porosity d i ffIculties . The finer si  -it- dl sf r flute t tern makes i t even ii t - i u  I 1 c
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t i c u  r id I c  - unde’r h i gh  p u r i t y  u n e - n t  g as  c-oven - Ii was cia imc’ (l that vacuum at ‘cm i t - c u t ion off ’ - no
p cc te ’n t ic c i a d v c c n t a g e - s  c e v u r a lt e- rnativc ’ processe s in that it is c - a t c : u t e l e  o f  producing
c xi re’me-Iv fine ’ part i d e  s i  i c - s  ( - lOum ms— an d lrt mc cter) . Tb is was c-tens u c l e r u d i m p o r t  a n t  i n
fut ur,- a l  Ic y de - vu ’i e cpm e -nt - in w h i c h  retention in so luu t ion cml i nc n e -a s e ’c I  c o n t e n t s  of
hardening e’lct-men t .’-c may he achieved I cy  h i g h e r  s o l i d i f i ~ - c e t i c e n  r a t e - s  Tb , ’ vacuum
unvir em nment pr c cvi d ing radiativ e c oi c lin g only , may partially nu llify this potential
advantc cg c ’ as compar ed  tce rather coarser sizes coo l ed in an in - r t  atrnospbc’re environment
n..-~- s( :( ) , unl~-n.t - the- u nc-s idual hydrogen con t  c - n t  of the coc,l I ng envir onment provir lc o

signifi cant e omi ve ’c t i v e -  coolin g

: .2  Conc l usi o ii s  and l te e’ommendat  i o n - c

A rgon end Vacuum A t  omis c it  ion p r o c e s s e s  ar’ we-i 1 esi ah l  Ished n i c k e l  —base s upera l  i c c y
1c c cCc c l c r  pi’c -cdu e -t u c m proc- c-soc-s - No s ’- r i ou s  t c - c - h n  i ca l  l i m i t  c i t  i ons  h a v c -  so far he-c-n
lde-n t ih i e d that cu r ’ -  l i k l e - v  to  u s u r p  t h e i r  pre-ser u t p o s i t i o n . Three - source-s  - c f  such
pe cw dle -rs are currentl y fully qualified to produce powdc-rs for fll ght quality powde r
f~ i 1 1  e t S  (15)

T h e i r  p r e se -n t  p r i ce-  range of $7— 12/lb together with the- significant materials
and  ~ rdc ce’ssin g savings offered by powder fabrication routes , make them economically
‘ , i c i h c l c -  in hi gh performance military aeroturhines . The potential for reducing powder
e d - st s ai th incre-cased market volume and possibly scrap re— ut ul isat ion will dictate- their

~i’ n et r c t t r d - n  i n t o  cl ’,- i 1 aircraft applic’at ions

Ad c-q u c ute capacity to mee t projected early 1980’s demand for nickel alloy powders
is alre ady available. One twist of fate that re sults from the major advantage- of P/M
I- n -sing , nanue-ly improved material utilisation , may lead to a situation of
overc’ap cu - iiv unl ,-ss alternative outlets for P/M nickel-super alloys can be found or
c , Ite rnat iv , - I ’ , use o f  P/M facilities in other compatible nickel containing al i c o y f i elds
can  i - u -  increase-d ,

Copyright © (ontroller IIMSO . London I )7ic
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PART II - POWDER CONSOLIDATION

LARRY P . CLARK
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I. INTRODUCTIO N

The rap id advancement in powder metallurgy (PM) for aerospace applications in recent years has been
due primarily to the availability of acceptable quality powders at reasonable prices ; and secondarily, to
t h e  development of consol idation techniques which lend them selves readily to scale-up for low-cost manu-
‘ac t ~ rrng . The st a te-o f - the-ar t  for both titanicat i and supera lloy powder production techniques was dis-
c u ssed i n  the previous suimmary . The state -of-the-art for consolidation and associated processing tech-
niques will be discussed in this sutrima ry.

The format of this meeting was establ ished to fo lloc . a logical sequence , beginning with powder pro-
duction methods and ending with consolidation methods Thi s was accomplished throug h specific papers and
thort contr ibut ions by the var ious authors on the resul ts of their e f for ts  in the consolidation of both
titani un- and supera lloy powders .

Th is  discussion is organized to follow the same general sequence from the handlin g of powder , throug h
con solidation , and to eva lua t ion  of the final products where all of the contributions wi l l  be integrated
into an assessment  of the technology. Conclusions are drawn as to the state-of-the-art of powder conso l i—
da ’ i on into usable shapes and f inal l y, recocrfnendations are made for future act iv i t ies .

I I .  DISCuSSION

For tee purpose o~ t h i s  di scus sio n , the technology of powder consolidation leading to finished com-
pacts nas been di~ 1 ded into f i ve  d is t inct  stages. They are : (1) powder handling , (2) canning techniques!

~rocedur es , (3) consolidation techniques , (4) secondary processing , and (5) post compaction thermal treat-
ments, V rthermore , the evaluat ion of the final conso lidated product has been separated into three dis-
t inc t  ar eas of concern , Continuing then , these are: (5) nondestructive evaluation , (7) mechanical proper-
ties , and (8) process economics. Each of these areas w il l be discussed wi th reference being made to
p aper s and short contributions presented at th is meeting . These areas will be discussed in the order that
they are listed above

1 . Powder_Han dli~~
Powder handling Is vital to the production of consolidated products that have acceptable proper-

ties The inclusion type of contamination in the consolidated product was noted by several contributors
for both superalloy products (P7)(Note 1) and titanium products (P1 1 , SC2, SC9). Most of the contatrrina-
tior - could be attributed to the powder production process through cross-contamination (use of the same
‘-~c iIi t y for the production of more than one type of powder) or through the inherent nature of the process
- - tungsten contamination In the REP process for titanium (SC1). However , the distinct possibi l i ty
ex i s t s  that the powder could become contaminated after its manufacture . Part iculate matter from the
a tuttosphere (if air handled), foreign matter from screening , stora ge , degassing , canning or other non-
dedi cated facilities required for processing the powder could harbor additional sources of contamination .

Gaseo us conta minat ion poses another problem for PM technology in that powder has a relativel y high
surface to volume ratio which permits the absorption of significant quantities of surface gases . Ex-
perience has been varied with respect to atmospheric exposures. Fiedler (P4B) reported that air handling
of PA1O1 posed no unusual problems in As-HIP -and- heat-treated products, whereas Evans (P4A) reported the
lack of forgeebility in LC Astroloy unless extreme measures were taken to either vacuum handle or hot
dynamic vacuum outgas prior to consolidation . A point of agreement was that inertly (argon gas) handled
powder must be outgassed to preclude the possibility of thermally I nduced porosity (TIP) in the micro-
structure during post-consol idation therma l treatments. Symonds (P3) reported that argon anal ysis of HIP
compacts Is a good technique for validating that compact full dens i ty has been achieved , thus preclud i ng
the possibility of TIP. Generally, the consensus was that Inert handling of superalloy powder is the most
reasonable approach. This , in turn , requires outgasslng procedures to preclude TIP.

Powder handling requirements are less well defined for titanium. Both Keinath (SC8) and Peebles (SC9)
examined powder handled in various ways ; Including vacuum , inert gas (argon) and air , with conflicting
results . Peebles concluded that air handling REP titanium powder was an acceptable procedure. On the
other hand , Keinath concluded that Inert gas handling improved fatigue and possibly other mechanical proper-
ties . However , early fatigue failures in REP powder due to nonmetallic inclusions of unknown origin
suggest that handling may be critical, It can be concluded , therefore , that there Is a need for additional
work in the area of titanium PM processing .

Mote 1 : Refers to numbered Papers (P) and Short Contributions (SC)contalned in this Report.
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2. Cannin~ Teç~~j_ques

Suitable low-cost and reproducible canning techniques are essential to the consolidation of
powder into fu l ly -dense , usable products regardless of the consolidation techni que used . Several canning
techniques were presented at this meeting . Mild steel , and in some instances stainless steel , canning
techniques were the most widely used for both titanium and superalloys . In most cases , the cans were
simp le cy l indrica l shapes ; as described by Blenkinsop (P11 ), Allen (P5), Symonds (P3), Lescop (P8) and
Betz Huf f  ( P 7 ) .  Symonds (P3 ) a lso discussed sp inning and superplast ic forming of more complex (sonic out-
l ine) steel cans for producing disks up to 40 cm in diameter. Fiedler (P4B) discussed and showed a fully -
dense and complex 28 cm diameter disk made by a proprietary ceramic mold technique developed in the
United states . Fiedler indicated that the process was both low-cost and reproducible. Likewise , Keinath
(SC8) showed photographs of several complex titanium airframe structural parts made by a proprietary
European process which consists of electrofor iming nickel on master forms . Keinath indicated that the
pc-ocess was within the state-o f-the-art , w i t h  complex shapes posing no major problems for them . Mazzei/
va n Drunnen (SC7) showed results of the technique that they used in which stainless and low-carbon steel
sh e°t was formed into complex a i r f o i l  shapes for subsequent powder consolidation.

Other canning techn iques , such as the “Glass 8ag ” technique of Kelsey-Hayes (US) and the “Quick H IP ,
technique of Snecma (France) were mentioned but no details were provided .

In  large measure , the potential economics of PM are tied to the develop ment of low-cost , reproducible
canning techni oues which will result in parts which are near to net shape (i.e. buy-to-fly ra t ios  of l e s s
than 2:1). Theref~ re , considerable effort should be , and is being , expended to develop reproducible and
econo rt-ical canning techniques that will yield near to net shape parts with a minimum of surface contamina-
t ion

3. ConsolIdation

Al though several consolidation methods were discussed , the primary emphasis at this meeting was
on Hct Isostatic r ressing (HIP). HIP technology is being evaluated in almost every NATO couctry ( in  11
p o c f - r s )  for potent ia l  app l ica t ion  to the production of powder metallurgy parts for aerospace components.
Other con solidation techniques discussed were extr-jsion (P5 ,P7) , sinter~ p l u s - iP ( P4B) , p r es s - a n d-s i n t e r
(P12) and explosive coctipactior. (Note 2).

~‘te paper (P2) and two short contributions (SC4 ,SC5) were g iven which dealt with general HIP tech-
nology ari d eci~ i pnient !econotrrics , respectively. These contributions pointed out severa l reasons why HIP
technology is receiving so ruth attention today. First , the technique is simp le In concept and Is rela-
tivel y low cost. Both Larker (SC4) and Smith (SC5) Indicated HIP costs in the order o~ $.2O to $1.00
( U .S . )  per Kg, depending on the kind of HIP faci l ity used . Thus, th e proc es s , when used in conjunct ion
w i h  a variety of canning techniques , has demonstrated the capabi l i ty of producing cumplex parts at con-
ti~ e~raL ie cost sav ings when compared wi th  conventional processing techniques

The HI~ proce ss is versatile in that it can be used for producing any product confi gurat ion f ror
y rmp l e bill et stoc~ for conventional processing to shaped preform ’s for subsequent forging and complex
e c a ~~~ret  shapes which do not require f urther metal workin g . The nurlerous approaches that can be tak en
-r. jrodu clnn parts by the HIP process were discussed in detail by both Syirtonds (P3) and Arnold (P6). HIP
is also versatile since it can be used for any alloy system or composite systems. An example is the work
Jon e by Ma zzei ~an Drunnen (SC7) to produce superalloy rnatrix/thoriated tungsten composite shapes Also ,
~IO r~or-ess~nj has oec onstrated a capab i l i t y  to produce parts which , in many instances , have properties
o t - Q u r v a l e n t  to their wro cjht counterparts; as will be discussed later

HIP technology is currentl y used in production by Crucible in the U.S. and Stora !Kopparburg in Europe
~SC5) ~or producin g high grade tool s tee ls .  The technology application is , therefore , a proven oroduc-
‘ion process and the equ ipm ent has been shown to be capable of sustained production usage.  Severa l
approaches to HIP system s were discussed , from told load/cold unload to hot load/hot unload. It was gener-
cu ll~ - oncluded that the high cost of capitalization for either type of system and the supportive equi~ tcent
w a r r a n t s  a c lose examinat ion of the potential usage and throughput before selection o~ a g i ven  syste r
is made

The extrusion process is used to consolidate cylindrical billet stock which is subsequentl y isotherm-
al ly t sri~ed to produce parts. This techno l ogy is currently being used by Pratt and Whitney Aircraft (P&WA)
‘o~ the productior ~f IN- lOO turbine engine parts for the F100 engine. Allen (P5) reported that P&WA pro-
duction and service experience with the extruded/isothermall y forged approach was excellent. Work on
extrusion of ~M products was also reported by Betz/Huff (P7) for IN- lO O and U-700 and Grapier , et. al.
1P1O) ~or cobalt base alloys. However , Jrapier subsequently worked the alloys by swaqing and rolling
-mYh r than extrusion.

Th e s inter-plus-HIP approach ( P4 8)  appears to be a no-iel , low-cost method for the production of small
s~peral loy parts su~ b as turbine buckets . The process is rather new and hasn ’t been fully evaluated for
pint  pr operties , shape making capability or econo mics , but looks promising for the future.

T h e  press-and-s in t er  approach was d iscussed by Witt (P12) as applied to titanium. Severa l different
kind s Y t r tan ° un’ powder , such dS the blended elemental and hydride-dehydr ide , were exam i ned in this effort.
T’- e approas~- has found l i t t le  support for the production of primary str-jcture but may hold som e promise in

eie j t~ re for non-structural or secondary structu ral parts due to the potential economic advantages in-
herert ~ the process - - such as hi gh production rates and low input material  costs

Bo’i Kellerer and Geisendorfer reported work done to compact titanium powders into billet stock by
exp losU e techn i ques. The results suggest that some potent ia l  may exist for this method , althoug h further
work mUSt be done to es tab l ish  it as a v iab le  process.

‘lote 2: Conrents f rom the floor by Kellerer (Germany ) and Geisendo rfer (US) ,



4. Secondar ~ j j e t a iw o rk 1 n~

For supera l loys , conventional and isothermal lorging of HIP preform s and billet stock have been
nten si vel ~ evaluated . Likewise , the forging of extruded billet stock has also been extensively evaluated .
~m:onds (P3), Evans (P4A), Arnold (P6), Betz/Huff (P7), Lescop P8 and Wallace (P9) all reported on work

done w ith HIP-plus-forged products. A l len (P5), and Betz/Huff P7 reported work done on extruded-plus-
forged products , while Drapier (PlO) worked wi th extruded-plus-swaged and extruded-plus-rol led mate r ia l .
D~scu ’S iOn bro~~bt Out that ~r les : a supera lloy powder com pact Is fu l ly dense to beg in w i th , subsequent
~eta lwork inc w i ll not sa t i s fac to r i ly close nor metallurgicall y heal porosity. Apart from that considera-
t i on , it was shown that PM preform ’s or billets are easily worked by conventiona l methoth and properties
equival ent to wrou ght are at ta inable.  Furtherm ore , the state-of-the-art has advanced to the point where
som e PM~p lu s~secondary_metaiwo rked products are being used in major eng ine struct ural app l i sa t i ons in the
U.S . Isothermal forg ing of extruded li~-l0O powder bi l let is a current production process ~-r ‘-ajor ro ’at-
ing structural parts in the FlOO eng ine , while conventional forging of HIP-consolidated Astro lsy powder
prpf ~ r’-’5 has been qualifi ed for use on the TF3O engine . In both instances , the use o1 t~-e - ‘~ a;proac~ hasresulted in considerable savings in both material and cos t .

Peebles (SC 9) and Blenkinsop (P11) both reported the r e s u l t s  of conventional ‘o r j l ng  w~ rk do ne on ‘ i P
Ti-6Al -4V preforirrs and billet stock , respectively. Neither contributo r noted any ~nusua1 prob v’- s en-
ountered during secondary metalworking which would suggest any proble r s in work in -. HIP t1t~ n l u~ pOwdC

products.

In sunrary , a variety of deformation techniques were reported ; none of w r ic h experler ec .. , -d ‘‘‘~ ‘ l
ty in working any of the various alloy s and alloy systems . It is therefore , concluded trat , ~or 

v pro
ducts consolidated to full density material , deformation behavior Is predictable and similar to tnat
e~pected from conventionall y processed material wi th similar metal lurgical s t ruc tures.

5. Post-Compaction Thermal Treatments

~allace (P9) indicated that partitioning of MC type carbid es to the surface of supera iloy powd er
p a rt i es occurs during solidification. This behavior requires subsequent processing uf the powders dur-
inq oct~- consol idat ion and secondary metalworking , wi th  c lose attention given to the spec ific ther -al and
t c- r— -c -m ecbanl ca l cycles during processing to insure tha t des i red  m i c r o s tru c t u r e s  are obtained in the
~‘ra l  product. Betz/ Huff (P7) reported on an effort directed at integration of the thermal cycles to pro-
d,~r.e co mpact s w i th  acceptable properties . Although this work has been discussed by the other particip _ nts ,
l i ttle add iti onal information was presented and not much discussion was directed at the subject area .

It is , therefore , pres umed that for most Individuals in this area , sufficient importance has been
ec’pia cized in the earl y stages of their development of the technology with little additional discussion
it ‘‘ is -ee t ing .  It is apparent however , that as the consolidation technologies continue to evolve ; such
a cot load -u nload vs cold load/unload HIP cycles , canning method variations , secondary metalworking im-
pro~erents , powder production methods and alloy modifications ; the consolidation and thermo-mechanic al
- , l e  d i ll ont ’nue to require considerable effort in order to produce metallurg icall y stable products

‘ ‘ des ire d mecha nical p roperties .

€ Ncndestr oc tive In~pection Techniques

!t is  apparent roni the complex As -HIP shapes shown by Fied ler (P4B), Keinath (SC8) and Witt (P12)
th a t , as ~ technology ‘lo ves toward the producti on of near-net shapes which are inside the conventional

u l t ra s o ’ r i c  enve lope ’ capabil i ty and nonrecti l inear in shape . NDI w i l l  be the limiting factor for the
‘Ut.. re use Cj 4 s u c h co rplex parts in critical applications . Fiedler indicated that the shapes he presented
we re too ccrple~ to be adequatel y inspected ; and in production , the s hape would have to be modified to acorn-
m O - i j t e  current capabi l i ty .  The complex spun cans show n by Symonds (P3) were made to the sonic shape for
i n :~- m~ ion purpos es , and apparentl y could have been a more complex shape if It were not for the ND I shape
restr ictions. Cym’onds and Arnold (P6) both concur and place additional work on net shape NDI high on their
pri or i ty  l i s t .

ri Mr . Peterson ’ s keynote address , he summ ari zed the need for improved NDI techniques as a two-fold
problem . First , there is a need to develop more sophist icated ul trasonic test methods which reduce or
el im inate the dead zone at the surface of part and can inspect non-rectilinear parts including non-parallel
Su r faces , undercuts and sharp radii. Also , multi-axis tracking systems must be adapted to NDI equipm ent
tO r a.toc-ated inspection of complex shapes .Computer techniques also need to be established for anal ysis of
t h~ data generat ed during parts inspect ion .  Secondl y ,  NDI techniques are “seeing ” defects which are much
sr a ll e r t han can be observed in conventional wroug ht products due to greater “transparency ” ; which is
a tt ributed to more uniform . fine-gra ined microstructures. Therefore , the need exists for establishing new
accept reject criteria for PM products which is not excessive and hence , overl y restrictive.

n suiTrlary , the technology for making complex shapes by PM techniques has surpassed the abi l i ty to
ade ruate ly inspect them f or use in c r i t i ca l  appl icat ions . Therefor e, in order to derive full economic
L-c~nef it of Pt’i technology , NDI techniques must be advanced for the inspection of complex , near-net shapes .
Thi s w r l l  doubtless be the pacing Item for the near future i ntroduction of critical , net-shape PM compo-
nents rn the aerospace industry .

7. M.ich~ ri~ c~ l Pro~~r t i  es

A grea t deal of dis tussion was generated by the large amount of property data on PM products
processed by th e variou s methods described at the meeting . Wi th regard to HIP , data was presented for As-
HIP products as well as HIP-plus-secondary-metalw orking processes .

For superallo1~ , it was generally reported that PM propert ies were ~.ornewhat less than their wrought
counterparts. For this reason , Wal lace  (P9) suggested that th~ best near-term application for HIP super-
alloys is the production of forging preforms. Others indicated , that for many applications , high grade
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superalloys (such as Astroloy , René 95 and PA1O 1) could be As -HI P produced to near-net shapes and sub-
stituted for lower grade alloys (such as Waspaloy , IN-7 l8 and 0-979 respectivel y) at substantial cost say-
I nqs.

Properties of HIP-plus-secondary-metalworking (forging) were reported by Evans (P4A), Symonds (P3),
Arnold (P6 ) and Lescop (P8) to meet or exceed conventional product properti es . Symonds further noted Out-
standing low-cycle fatigue properties in AP K1 (modified Astroloy).

Betz/Huff (P7) evaluated both extrude-plus-forge and HIP-plus-forge properties for I~1-lOO and 13-700.
Their work led them to conclude that superalloys must be worked to obtain properties equivale n t to wrou qb~products . However , they believed that additional work was needed in alloy m od lHcation and process
optimization to achieve these goals.

Allen (P5) Indicated that extruded -plus-isothermal-forged properties of Ir~-lOO were acsec ta5l e and
that service experience with th is alloy was excellent.

Pr u pe r ties reported for PM tit a n i -ur alloys were equivalent to their wroug ”t cour -ter oa rts ~.
‘ t’ the

exception o~ smooth low-cycle and hi gh-cycle fatigue properties as reported by -‘~einat ~ ,~C8) arcBlenk insop (P11). Both reported low value s and scattered results wn ich were at :ritutem l tu inc ’ up ’J n s
(both tu n .sten and nonreta llic type) at the fracture origins.

Peebles (SC9), on the other hand , showed acceptable low-cycle and hig h-cycle fati gue re su ’ ts . How-
ever , h i s results were rationalized as due to the low oxygen content (600 PPM) of the selected powder and
heat-treat condition of the compacts ; as wel l as the hourglass specimen configuration In the case o~ h igk-
cycle fati gue. Both Keinath and Blenk insop tested material in the STA condition , while Peebles conducted
his tests on fully annealed material. Peebles did indicate that he had also observed inclusions in tri e
titaniu m compacts, but that no failures could be attributed to these inclusions. It was generall y agreed
that the primary difficulty remaining with titanium PM is powder cleanliness. With the anticipation of
a near_tern solution to this problem , near-net HIP titanium parts for primary structural applications will
soon be a reality.

8. Economics

Much of the discussion centered around the potential economic s of PM technology. It was generall y
agreed that si gnificant cost savings potential exists through many of the possible PM processing methods.
If the “consolidate to preform plus forge ” method is considered , savings accrue from the require ment for
less ‘-aterial and fewer forg i ng steps in order to achieve an equival ent end product when compared to
conventional processing . Syrnonds (P3) indicated a 10-40~ cost reduction possible by this method . Arnold
(P6) was somewhat more optimistic , indicating a 30-40% cost savings potential. The “consolidate to near-
net shape ” method is believed to have the greatest cost savings potential , since in addition to signifi-
cant materials savings , secondary operations are completel y eliminated and machining cost is reduced
sig nificantl y, with little or no machining required . Symonds anticipated a 50-60 cost reduction poten-
tial via this method , whereas Arnold anticipated a 45-80% savings by this same method .

For titanium alloys , Peebles (SC9) reported that their cost anal ysis showed a savi ngs o~ about l5 g
for the HIP preform plus forge ” method . Keinath (SC8) indicated that considerable cost savings are
possible for titanium parts which presently require “large amounts of machirin g ” .

III CONCLUSIONS

It has been demonstrated that HIP technology is capable of producing titanium and superalloy powder
compacts to full density . The process is generic and has significant potential for the production o~critical parts for aerospace applications.

Powder handling techniques are critical to the production of acceptable compacts. Tir e p o t e r t ial + 5r
cross-contamination or degradation of properties due to adsorbed gases dictates that either rnert gas
handling with advanced outgassing techniques be utilized or that powder be vacuum handled to preclu3e
adsorbed gas problems.

Canning techniques are rapidly advancing , resulting in the manufacture of complex net shapes in both
titanium and superal loys . However , additional work is required to extend the techniques into production
pra ctice , demonstrate reproducibility and validate potential economics.

Of the many PM processing methods , HIP technology appears to be the nearest-term process with pro-
duction potential for aerospace applications. The process is versatile and can be used for th E produc-
tion of billet , forging preform ’. and net shapes . As -HIP-p lus -heat-treated supera lloy products show good
properti es but sli ghtly less thci~ wrought products. The highest grade superal loys (IN- lOO , Astroloy ,
René 95) have improved properties over lower grade alloy s (Waspaloy, IN-7 l8 and D-979) and could be
directly substituted as near-net shapes with economic advantages . As -HIP-plus-heat-treated titanium
alloys show equivalent properties compared to wroug ht products, with the exception of fatigue. Most PM
product premature fatigue failures can be attributed to inclusions In the powder. With the advent of
“clean ” titanium powder , It is anticipated that PM titanium allo W s can be used as direct substitutes
for their wroug ht counterparts.

Non—dest ructive inspection of PM products loom s as the greatest near-term barrier to che use of
complex near-net or net shapes. The current NDI technology limits shapes to being rectilinear with
envelopes of greater than .100 inch (.25 cm).

The potential cost reductions for superal loys were reported as 10-40% for forg ing preforms and 30-80%
for net shapes. The cost savings potential for titanium alloys was somewhat less , but still sign i fi ti ’~t ,
at 15% for forge preforms and greater than 35% for net shapes .
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IV. RECOI9’IENDATIONS

As a result of the powder consolidation deve lo~~erits presented and~~ scussed at this meeting , the
following recommendations are made :

1. Efforts should continue to establish HIP technology as a viable PM part production teo r que for
aerospace applications .

2. Developments in canning technology should continue , with the reproducibility and poter t ’al
economics of the more sophisticated net shape canning technologies validated.

3. Outgassing techniques should be refined to assure that low cost , effective methods are available
‘or removing adsorbed gases from powder.

4. Effort should be devoted to the NDI of complex net shapes in order to achieve the maximum
economic benefits possible with PM products.

5. Efforts should continue for improving the fatigue performance of PM titanium alloys. Hopefully,
this will result from improved , hi gh qualit y powders .

6. PM parts must be produced and flight-tested to  verif y their usefulness and reliabilit y. ~uf-fic lent data must be generated to provide desi gners with ‘allowables ” properties. Specifica-
tions must be written for both powder mu teria l production and processing .

7. New or Improved alloy s should be developed and tailored to the PM process , since PM alloys would
not be lim ited by constraints of being either ‘castab le or “workable ’ .

8. The adaptation of advanced PM techniques to the prod uction of metal m atri v composite structu res ,
or other ‘eng ineered ’ systems , should be pursued to take full advantage of the versatility of the
°“ process.
Research and develop ment of a mor e fundamental nature should be pursued to increase our under-
standing of the deformation mechanisms of specific alloy systems occur ing during compaction , as
well as the metallurgical effects occuring during and after cons olidation. This will assist in
the select ion of optimum processing cycles.

10. Work ers in PM technology should stay abreast of other competing technolog ies currentl y being
developed in order to best assess the competitive position that PM technology does (and will) have
In the f uture. Compet i t ive technologies being establ ished include advanced structural  cast ings ,
dual alloy concepts for disks and blades , and complex built-up structures utilizing diffusion
bonding , superp lastic forming or other approaches .
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