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FUNDAMENTALS OF ALLOYYDESIGN
Earl R. Parker and'ViCtor F.'ZaCkay '
Center for the Design of Alloys
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Englneering, College of Engineering;
Unlver31ty of California Berkeley, California 94720
ABSTRACT
The status of alldy design is summarized. Progress in this area
of materials science has been slow because of the comnlex nature of the
interactions,of3the various factofs involven.in controlling the structure
sensitive properties (particnlarly mechaniCal'nrbnerties). :Fracturen
characteristics are‘particularly sensitive to many.faCtors, including
chemical composition, thermal treatnents, nelting and.proceesing-
practices. |
The_extensive storehouse of basic knowledge accumulated since World
War.II has'not yet been used'effectively to ptoducevnew alloys with
properties superior to those‘of commefcially anailable’materials, and
nractically all of the allcys available'today'were accidentially dis-
covered and empirically develoned decades ago.' The picturevis slowly

changing, however, and new alloys have been produced with compos1tions

~ and treatments based on the principles of materials sc1ence, although -

these,alloys are not yet in general commercial use. Discuss1onsvof the
new developments from basic’investigations.are discuesed with literatnte
references.cited. Much of the current alloy design work is still largely
of emplrlcal nature, and so the discu881ons are categorlzed as Basic

Investigatlons, Semi-Empirical Research, Empirical Alloy Design, and
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"Alloy Déirelopment. These range from bas_ic to technologically oriented
product deveioément. ~ Over SO recently published papers werev‘ used as
the basis for the manuscri‘pt'. ' These 50 were seleéted frém’ a much
larger nuﬁber-of papers revi.ewed for this prurpose.' There aré 76

references included in the bibliography.
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INTRODUCTION

_Learning~h§; to design alloys from’basic principleé has béen'a=goal
ofvmetallufgists féthélf a century. ‘in-the»AIME‘i9$2 Iﬁstitute.bf Metéls'
Division Leéguréf¥]Paul-D. Méfi;a’stated that the ﬁeééiiurgis;»ﬁﬁas been
obliged to dié;d%é? rather than to design.alloyS"Q fDi;vﬁf F. Mehl, who
vdelivered‘tﬁe‘l936 Institute of:Metals,Diﬁisian Lectﬁf?,?'said‘“Metallurgy:
is in the habbyﬂstate vhere there is.much in:the.futﬁré,.wﬁére Siméle
facts and siﬁpie:theories-remain ﬁofbe diséovered; aﬁdeﬁere thé;deﬁglob*-
ment of the science will lead to practicai épplicatipns;of widevindqsﬁrial'
conseéuencésé.}fBoth of these.men visualized that'itvshoq;d'be pOSsible
to design alléys from bésic principles, but progreés hasrbeen.so slow that\
- this goal hasfﬁot yet been realized in thé practical séqée. Vi£¥ually all
of the ailoys cufféntly used for-étructhral purposes w¢ré-accidentally
discovered ahd_éﬁpirically.developed decades'ég01 |

Why has prdgress not been more rapid? It seems particuiérly strange
that thé extenéive basic réseérch efforts in the degédes following Wofid't
Wa: II have nog prqvided us with adequaté knowiedge té,&esign éiloys with
~desirable propérties. One of'the frustrafing fa@toré:is;thét ﬁécﬁanical
prgperties a;é.hiéhly structufeléenﬁitiyé, and £hev¢oﬁé1ék theoretical
5ackgfoﬁnd neééed for an understandiné of the phenoﬁena involved, éﬁch as
fracturé, has Béén_only partially'déveléfeq in a quantitative manner.

Small changes iﬁ ‘the fine details 6f'internal st;uéturé»pan produce major.
changes in fréctu;e.strength. ‘These fine séale feat;réggare often unre-.

solvable with optical microscopes.
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In contrast with fracture, the processes of plastic flow.and the ways

in which. the yield strength of an alloy can be controlled are:understooa rea-

sonably well. They are primarily»based upon the dislocation theory (conceived)

in 1934), which can be applied with considerable success in designing

" alloys to meet“specific yield strength requirements. The probleu of

designingfailoys for structural applications resides not so much-in meet; .
ing the yield strength requirement but in produc1ng resistance to fracture
at low strains. Except for rather elementary consideratiors, such as the
variation in yield strength with the.grain_size for.Single.phase-alloys, or
the effect:of soacing of precioitated particles onfthe yield strength,3
available theories are inadequate to account for the'uicrostrueturalv'
effects on other properties (such as elongation and‘fracture strength):"

It was nearly two decades after dislocations were conceived to explain the

low yield strength of metals that primitive explanations of the roles.

played by dislocations in fracture were offered; even today,our understand-

ing of fracture phenomena is grossly inadequate.

A maJor research breakthrough occurred in 1957,when Hirsch and his
colleagues“'demonstrated that it was possible to see dislocations in
uotion with transmission electron microscopy. ‘Immediately thereafter,_
observations of moving dislocation and‘studies of the complex arrangements
of dislocations in solid metals became kidespread, andvrapid progressvwas
made in determining the' characteristics of7disiocations.‘ Soon, hooks on
A Eventuaily,.it heeame possiblerto o

observe directly same “of . the microscopic events that precede fracture.

Even though important 1nsights into the micromechanics of fracture were
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obtained, ﬁhe m;;roscopic7éspectsvof.fiaé;uré,uwithgﬁhiéh en2iQéerS
are concerned (such as the'failures of.lafgeVSttﬁctures),céﬁld nbt_be
' rationalized on the basis of the micromécﬁéniéal'studiesf._fhe gép'between'
,.the micromecbanigs‘and‘fhe macréﬁeghanics-offfractufé sti1i:exists..fw
.I%ranelkhgthé devéiopment of dislocatioﬁ.mechanics Vas.the'growth of
‘fracture meéhanics kthe phenomendlogicai apbroéch.fbfffaéture probIeﬁs).
This'sﬁbject waé‘iﬁifiated Ey'Griffith] in 1921, to ékplain.cféck proﬁa—r.
gation 1in elastic media. The Griffith relation is | |
o - (20.1.2'/‘1rc)li or 0 = (G E/Trc)%’ o
m . n c S

where o is thé:ﬁean tensile stgess acting on a piece 6ffmatérial contain-
ing a small flaw in thgvform of a crack-of length 2C; E ié Yoﬁngs modulus,
a 13 the surface energy of the matefial,»and G, repiééég 2agwﬁehvpla§tic
flow occurs.“\Irwiﬁ extended the Griffith éﬁal-ysis8 to,i@clﬁdé_thg case
where some plésti; flow occurs in the:vicinity~of-thebfracfure $urfﬁce.
In this cas&.the fractﬁre energy is greater, becauselthe5energ§'required
for plasﬁic flow is mudh larger than the surface energy’bf the’ﬁaﬁetiaig
Irwin replaced ﬁhe,surface energyzterm; o, in the»GriffiEh-equation, with
the term Gc.-lfhis bhaugé.coﬁstituted an'eXtenSion‘offfhe,Griffitﬁfs elas-:
tic theory té'inclﬁde‘fractﬁres of metals whiéh 5afe felétively brittle,
but in whiéh'there is a 5m$11 am0qnt of plastic flow'ﬁrior fo fracture.r
‘The early_wérk of Irwin'iéad to an exfensivg expansiénzof_the subje¢t of
fracture mechaﬁics.g'i? However, coﬁtipued attempts to gé#plé’disiqcation
‘mechanics and fracture mechanics haye-béen relativelffﬁhsuccessfui.

In génerai; theAéouplipg of mate:iéls sciencé and materials éngineer-

ing is a problem that remains with us. Design engineers think in terms of
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continuum mechanics whereas materials scientists think mainly in terms of

dislocation mechanics. Since both concepts are valid 'and‘the-gap betﬁeenn

them remains essentially unbridged at present, it is necessary for those

working in the field of fracture, whether they be design engineers or .
materials scientists, to understand both languages. Through changes in ~

educational programs in universities, and through technical meetings, a .

~common language is slowly devélqping between the two groups of workers.

 Before materials scientists can be effective in désigning new'alloys

for structural applications they must understand the technological require-

ments as defined by design engineers. Most designs for structural appli-

~cations involve the use of mechanical pfoperties data obtained from ten-

sion tests on unnotched bars. The safe lifetime of an engineering struc-
ture cannot be predicted from such simple test data, and so it is' common

practice to use "factor of safety" to guard against unanticipated fracture

during service; The factor of safety is a number which is divided into.

" the yield strength of the material to obtain a service'design stress.v3f

Factors of safety of the order of 2 are commonly employed in practicé;;.In

recent years the material property, KIC’ has become part of materials pfo—

curement specifications and is used as a quantitative design parameter in

a few instances. Plane strain fracture toughness values are determined’
experimentally by means of uniaxial load tests on notched specimens, and

are presented in terms of linear elastic fracture mechanics. The Kic'

-values are obtained with specimens and'testingnprqcédures outlined in ASTM

E399-72 "Standard Method of Test for Plain Strain Ffacture Toughness'
Testing of Metallic Materials" (1972) . " The plane strain fracture tough-

ness parameter, KIC,»relates the size of a'flaw; C, such as a fatigue
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.crack, to the‘;fitical stress, &c, that the'sfructurg qa# Withst;ﬁdiwithqut_,
catastrophiC'faiidre. This gormulétiOn is in the ﬁoliéving férmi
O = ARy (O =
The constant A]depépdsuupoﬁ_thezggometry of the pérticﬁlar str@cture under
considerétion andfkic is a property qf thé'méterial. |
Alloys muStbbe designed for some_purpose;iuéﬁall§ éfva technologiﬁal
nature, such_as»designing against fracture wﬁeﬁba-fla;léfVcrack 15 present
in a material. Alloys_éan also be'designgd foi,many.othex'purpéges,‘such
as for good formability_ (abili;y to’be.shaped into ééﬁélicated=formsvin
anieaéy manner),vto méet‘specific magnétic fequiremeﬁﬁé{;to resis; radia4
tion damage in nuclear réactors,:to have ﬁnique‘électéicai.ﬁrdperﬁies
(e.g.,superéondﬁctivity). These are but a few examplesidf aréas where the
concepts of alloy design aré being applied to mee:.advancéd technological
needs. v | |
~-Alloy désigﬁ'involves mahj faéets-;basic science,'5pplied‘scien€e,
alloy theory,’phasg,transformations, morphology'of'tﬁéﬁ;formation érpducts,
kinetics of solid state reactibﬁs, migrostructural contréi.during_éolidi-
fication,.thermbméchanical processing, fabricaﬁion>prdcedurés, heat treét;
ments, and testing‘methods. Thé design of a new ailoy réquifes_the avéi;—
"ability of the newer tools of.sciénce. It is necessary ﬁo have access td v
boﬂitransmiésibn‘glectron microscqpes and scanning'electrqn microséopeé
fof visual examination of the fine details of mic;bstfhétdfe. Examples
of other modern instruments are the eleétfon beam=micr§bfdbe; fof'deter—
mining local variations in chemicalkcompbsition in thé:dimension raﬁge of -

a micron and Auger sPéctrdscopic»equipment, for quantitatively measuring
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the degree ofvpaftitioning of elements to grain boundaries. Equally im-

portant is a knowledge of manufacturing processes, because methods of

' melting andvprocessing can ﬁave»major'effects on.the properties of any;

alléy. ‘Eﬁen the economic factors must be given serioUs consideration.
Alloys with'superior propergies may never be used in technological aépli—
cations if ﬁhe cost is éubstantially more than fhat of commércially availF
able alloys. Cost savings is sometimes'carrigd to an-ex;reﬁe by designj
engineers, and occasionally this reéulFS_in seiioﬁé éervice féilureé}f

The oye;all v /cost effectiveness.may'becémelnegative when service
failﬁres.ﬁccur. Laborator? workérs,as well as design,engineeré ofténisee
oanly onelpa:f of the complex picture of alloy design and ufiligatiép};:fhé
need for continuing education programs in this area of knoﬁledgelié:-
strongly felt by engineers and materials scienﬁisté alike;

The field of alloy design ranges from basic investigéﬁioﬁs to:pfqduct.
development. The following discussion is dividgd into four categqries;
Basic InveStigations,'Semi—ﬁﬁpirical Research, Empirical Alloy Design, and
Alloy Devélopment. These categbries were arbi;rarily selected for:thek |

purpose of grouping together discussions of recently published results

_that have some commonality. Overlapping-betweenrthese categories'exists;

there was no intent to restrict the classification of any contribution to

: the.cétegory in which it was discussed. Some'of'the contributions'in~each'

of the”categories involved basic investigations, and empirical and develop--

mental work was involved in many of the cases discussed under the basic

[N
i .

section. The principal reason for separating the discussions into cate-
gories was to provide the reader with a better overall perspective of alloy

design.
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_The ﬁﬁmber of pﬁbligations related to alloy design is not large, but
" the rate of publication in this field is increasiﬁg each year. About 50

. recent articles provided the background information for this paper.

. BASIC INVESTIGATIONS
) Tpeiterm Bééic;}nyesfigatiohs as ﬁséd-hereiq refers to research con-
duﬁtéd with the:0b3écfive of designing new'élloysrprimarii? by inﬁokingl
the basic principles of materials science.

.1t is .well knoﬁn'from both theory and expériment.tﬁét a finé, uﬁiform
dispersibn'éf_second phasevpagticles is essential for high yield and ten-
811e streng;hs. Most of .the rgcent literature4contributioﬁs»have.been
_concefned with strength consideratiqns, bﬁt designing élléys>for étrengthv
alQne is not sufficient to meetAtechnologicaivfequirements, ‘As glléysbafé
ﬁ#de stfénger; their toughness.decreéses,-with the highgét.strength matéf-
i#ls being'és brittig as glass. The term ";oughness“ refers to the
streﬁgth of a material when a macro defect'ié‘preggﬁt (such as a weld
- crack, fa#igue crack, slag inclusion, or a man—méde nétéh)Lb The presence
of éuch‘&efects has led t§_unanticipate¢ catastrophic serﬁice»failurés.of
ﬁachiﬁe parts and largé‘structures (suqh as automobile pérts,.aircraft
compoﬁents; motor and'tufbine shafts, bridges, pipeiines,_storage.tanks,_
' ahd ships’. |

In this séction, pafers déaiiné'ﬁith second-phéée;gtreﬁgthéning are
. discussed, és'well as those usingkspihodal,decomposition of sﬁpefsaturated
soiid soiutidns tbvéro&uce a»fine'scalg flucfuating st:ucﬁure that foims
rwithqut thévﬁucieétioﬁ of a.second‘éhaée.‘_The 1gtter method of sﬁreﬁgtﬁ— _

ening is relatively new and only recently have attempts to use this
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 phenomenon as a basis for alloy design been encouraging enough to attract

the interest of potential users.

It is much easier to obtain major changes in the microstructure . of

metals such as iron and titanium, that undergo phase transformations.

during heéting’andvcooling,:than it'isin‘alloys'such as those of aluminum
and.nickel, which retain fhe éaﬁe crystal SCructﬁre at all témpera;ufés
below the melting point. Because the ﬁumﬁer of possible morphological
?ariations.is so great,:andvthe‘reaction”kingtics are so variable, in;alloyé
that uhdergo allotropic transformations, the relevant theories for‘sugh
alloys are more complex than_those-relatedbto the simpler systeﬁs, Steels-
agezin thé‘more complex category. They often cohtain a f¢w>percent of‘
elements other than iron and carboh, such as chrqmium;vnickel, and;ﬁolybj
denum.. The numerous variety of steels commercially availablthoday.haVe
all been ih.common-use for decades. All of thé variationé resuiﬁed’from
frial and error_experimentation. Not a single commércial Stéel was
designed'froﬁ_the basi; princiéles of materials.scieﬁcé; 'However, this 

does not mean that no basic investigations have been conducted on steels-

. Quite to the contrary; a great deal of first rate research on iron-base

alloys hasvbeen reported‘during the past three decades. The importantvv
point‘is'that the results of the basic research are oﬁly;now being'ﬁﬁi—'
lized to imprbve the properties qf existiqg alloys.(whichvwasulohg tHnght
to be avfruigyess line of research) as well‘as to design new.alloys;;
Progress in stéel_rgsearchlis diécuésed‘in—this section. | |
 'A1sovincluded_i$-a discussion of the use of'powdér métallurgy tééh-
niqpes.tbiproduce.a highvfield supercohducfiﬁg wire with a microstructure

dictated by theoretical requirements.
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Strengthening With Second Phases .
Two recent papers, both by R;:F{ Decker, 3:12 “are -concerned with
alloy deéign:using second phases to increase strength. In his papet on

tr 12

"qtrengchenlng Mechanisms in Nlckel Base Superalloys Decker review-

ed the role of the Y! phase [Nl (A1,Ti)] in the Y (face centered cublc)

ma;rix. The strengthening provided byvthe presence of the y' phase is due'

to several factors, including anti-phase boundary and fault:hardening, Y'

strength, coherency strains, volume ?ercent of Y', and the y-y' modulus
wismatch.
Nickelabase'hardenable alloys were discovered four decades ago. In

the intervening time they have assumed impoftant roles in advanced tech-

nological applications, particularly in the aircraft and power generatibn -

fields. These alloys have permitted equiphent to operate at higher teﬁ- E
pefatures wieh greater efficiency than was possible before. They are |
called "superalloys'" and they coaetitute about sz.ofathe weight'of

. advanced aifcraft gas turbines. ‘There a#e about 40 different compesition-
. al-§ariatioas of the nickel base alloys in use today.. Most of these con~
eist of aunickel—chroﬁium matrix, hardened by the:y' precipitate. . Other
additions consist of eobalt,-iroa, tungsten, molyedenum; vanadium,
niobium, tantaium, boron, zirconium, and carbon. All of these different

alloys have evolved from empirical research. During the past two decades,

many ba31c 1nvest1gatlons have been conducted on the superallovs, but the

main obJectlve has been to understand the mechanisms whereby the presence

of the Y' precipita;e produces the useful-properties,
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The formation of the'Y' precipitate is liﬁited fo high ﬁigkel'
matriceﬁ."Bdth Y and Y' phases are face centerea eubic, with lattice-
mism;tches of less than 1 éét.< Tﬁély' phase can form in the iétﬁice of:
the matrix as a:coherené:precipitate withflow sﬁrfacevenérgy, and Yf has
long time stability at teﬁperatures ranging up t§ abdut"l800°F.

The y' phase has uhique charééteristics; ~It_ha§ an ordered le
structure which contributés stfengthening to the alloy because it coﬁtains
antifphase.bouhdaries. Research haé shown that this'uﬁique phase actually
becomes stronger as the temperaturé is increased. This is in sharp-cqﬁ—
trast to thg effect of teﬁperature on the stréngth of practically-ali'.'
other metallic typesof phases. Aiso, Y' has an.iphérentVduétility;  'j
dislocétions can pass through the crystals of fhis-?haée at,moderéﬁé
stresées»and £emperatures. _This prevents severe embrittleﬁgnt whén.thé>‘

' phase forms at grain boundaries, in contrast to the brittleness reSulfing
from the formation qf sigﬁa aﬁd Laves phaées at grain boundaries.

A theofy of hardening due to coherent, ordered‘Y' ﬁas been_deviéed.
Disiocations (b = a/2<110>) move in pairs during shearing. The mofidn of
the leading dislocation is impeded because it mustAcreéte an anti—phégeA
Boundary in the ordered étructure, whe;eas the motion of the trailingiﬁis—
1ocation is assisted because it annihilates.the:anti—phase boundary creat-
ed by the leading dislocétion. The creation of the_anﬁi—phase boungary
provides an increméntrof strengthening for which G1éite: and Hofnb@gé#%a
deriQedva matheﬁatical reiationéhip. In_thié theor&, the'incrementél
increase in the flbw streés is equal to the anti4phasé boundary energ§

divided by two Burger's vectors.
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Coheteﬁcy strains play an importaqtvrole in;the strengthening of
suéerélloys._ Decker and Mihalisinlu'isoiatéd_and-measufed-qqherenCy
strain.effeéﬁsrin,nickei-alumiﬁumégernary eleﬁent‘alloys. By varying thé
: alloy_éontent, they‘increased the Y—Yf.mismatch ffom 1ess;than Q.Z to‘0.8
pct. | This added 200 Vickers hardness points, or about IOO?OOO'psi t§ £he
yileld strength. This result wés in excellent agréemént'ﬁith the theory -
of Gerold énd-Habe¥26fn15 for coherency strain_héf&eniﬁg.

Thefmagﬁitﬁdé‘of‘the coherency strain éag be adjusted by controlling
- the chemical éompositipn 6f the.alloy, Both ti:aniﬁm and ﬁiobium increase
coheréncy SCraiﬁsvbecause they‘partition to.thé»Yf phase and expand its
lat;icé §On$;ant;  Chromium, molybéenuﬁ,-and irbn-déﬁréase.coherency
étfainsvbeé;ﬁSe they partition to,tﬁe.matrix whérg they exﬁand the lattice.
The Qlldysithat,ﬁaxiﬁize_the coherénby.stréins are moiybdenum-fréevand
contain a.high rétio of titanium to aluminum._. | |

Theqrétical considerations'® indicate that a modulus mismatch between
Y and-y? would contribute to the hardening du;ingvaislbcation cutting.
This conclusion has not yet been checked because of the lack of modulus
data fo;iélloyed y'. | o | o

Wheﬁ:the particles of the Y' phase become largér, it becomes_increas—
ingly difficﬁit for dislocatibﬁs to'pass through them. Beyond a certain
" size of paftiéle, Bypaésing, rather than cutting, will §ccur.eithér by
looping or by disiocatiqn climb. The inc;ementa} iﬁcrease in the.flow
stress reéﬁiréd-for_diélocation looping is predic;able from.the Forema#_ _
18

and Makin?7 modification of the theory of Orowan. Decreasing the inter-

particle spacing or increasing the Y' particle size would increase the
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flow stfegéﬁ Increasing the coherency étrains by=inffoducing'alloyihg
: elemeﬁtsjfhat would increése'therlattice-mismatch wéuld-pro&ide additional
strength;niﬁg by making the paﬁticles‘éppear'tb be lafger to dislééétions.

The étrain hardéning rate is incréaséd wheﬁ dislocations, 1oopi§g:'
arOundvpartiéleé, léAVe ringsvsurrounding’them. This makes‘tﬁe particles
éppear.to bevlarger to the dislocations that follow.

lThevmére general topic of second phasé'strengtheniﬁg was preseﬂtéd
in an excé}lent paper by Decker-entitléd "Alloy Design, ﬁsingnSecon&':
Phases".? This ééper was the 1973 Institute of Metals Lecture of the
Metallurgical Society of AIME. Decker discussed processes for introduéing
second phases, the seiection of second ékases, the,design of second.pﬁase_
morphology, the use of second phases for'controlliné grain size, the -
1mpurtance“éf stabilizing dislocation networks by second phése particlés;
‘the effects on toughness and ductility, optimizing‘the combination éf'high
strengﬁh with high toughness, fatigue, and stress corrosion crackiﬁg;.
Decker classified the processes used to int;oduce'seéond pﬁase partiﬁles
as gas-solid, liquid—solid,vﬁnd solid-solid., The gas-solid reactions éxe
carburizing, ﬁitriding, internal oxidation, and vapor deposition. Liquid-
solid_methqu ithlve eutectic reactions, electfo-deposition, co-preciﬁi-
tation of gelé; melt su5pépsions, atomizing,.aqd spiétv;osling. Solid
state reactiops include eutectoid_decomposition, sloping solvus preéipif
tation, spinodal decomposition;»short_range-ordér, and po&def meﬁallﬁfgy
7 methods. | - .

Factors to be considered in the selection'of‘secpnd phaées included
cost of ailoying elemeﬂts,.hardness of the Secoha phase at the servicéb

temperature, modulus of e}asticity, ability to bond strongly to the
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matrix, ductility and toughness, crystal stru;tﬁre and lattice spaéing;‘
aﬁd a téndencyvto-prder and form antiphase boundaries. The size, shapé,
and voiume fraction of secoﬁd phase particles are_major'design_options in
cuntrolling the properties of alloys. o

Most of:the alloy systems involve heterqgeﬁeous nucléation; often k[
catalyzed by préferred'sites,21
grain Bqﬁﬁdéries. )Tﬁe rates of.nucleation_increase'witﬁ increasing denSiﬁy
of such_siteé and.with the degree of supersatﬁration.__Tﬁe ﬁucléation
rate»is:highest ;t some reaction température of optimum undercooling. Thé
impe:fecf~status-of the lattice at the pfeferred‘nucleation sites provides
regions in which the free energ& for fo;matidn of"nuclei is'léss‘than it
1s within thé.volume of perfeétvcrystals.‘ Such sites are'also_fegioné-in
which larger of smaller size atoms .tend to conéenttate, because thé’.
lattice,straiﬁs afouﬁd such atoms are reduced when they,are'so.concenf'

trated. Nucleation is favored in these regions of higher concentration

because of the existing, higher degree of supersaturation. -

Dislocations are very effective in speeding up precipitation reactions.

Deckerlillustrated this for anAiron—base alloy'coatéining 87ZNi and 137Mo, -
for which the‘aging time was reduced 25—fold.by increasiﬁg the dislocation
density of thévferrite ffom;lds to iOIQ/cm% by cold working.. A very ﬁigﬁ ‘
density of dislocations G x 10*/em?) was obfained_in‘another.investiga-
tion by a ﬁartensite transformétion in anviron—bése allpy containing. 
’18%Ni7ZC05%M0.22 Thié material, witﬁ ité'highéf dislocation density, aged
100 times:faster.than the cold worked 8%Nil3ZMq alloy. |
| The‘shapevcf.second phasé parficlés.is contrdlled by surface and

strain energy considerations, with elastic anistropy prlaying a major role.

such as dislocations, stacking faults, and



accelerates the spheroidization process.?® The average size of the
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‘Most second phases are incoherent and are shaped like plates or rods to

reduce strain energy. Spheroids ‘have the minimum surface and tend to form

when the 'second phases are coherent and the strain energy is low. In -

‘eutectic and eutectold systems the shape of the second phase particles is

generally that of plates or rods, even when the.tfansformation‘is iso-

thermal. When the temperature gradients are high during'thévfransfofmé~-

‘tion, the plates, or rods, are more perfectly formed than is the case for
isothermal transformation. The.rods and plates will eventually break up

into spheroids when the alloy is heated below the eutectoid temperaturé

for a long period of time. Plastic deformation, éither hot or cold,

N

spheroidal particles in an alloy will gradually increase if the alloy is

~heid at a constant high temperature for a long period of time. Thé growth

kinetiés cqﬁmonly follow the Wagner-Ostwald ripening relationsﬁip Qithfthé
rédius increasing as the one-third power of time. . The raterf gfovth ist
aiso affected by surface energy,vdiffusion coefficient, the concéntratibn
éf the second phasé elements in the matrix, and the:temperature.3 it is
interesting to note that the time dependence of gfowth of sécond phase

particles at grain boundaries is different from that of particles within

the grains, the radius being proportional to the one-fourth power ot time.
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Partic1e5‘Cut by Disloéatiéﬁs

' When the,second'phasé particles are small,.0r7fhrough ﬁhiéﬁ disioca—~
tion#_éan mbvé, the particles strengtheﬁ by‘one o;‘a_combination of foﬁf 5
mechanisms:? . |

() Anfi—phase—bouﬁdary (APB) or fault energy-(T)

,— 0'56fl/3r1/2(YAPB or 1'-)3/2 o

.:‘_'_.;'--,"‘AOAP‘B or AI“ = RYZRY
where
*APB ='anti-phésé—59updary'energy
'F . = fault ené#gy  |
C ='shéar'modulus , '
b = Burgers vector -
f = volume fraéﬁion‘
r o= radiusfof particles

(2) Lattice-mismatch

L ec(r)M?
Bog = SERE—E

c

 where 6; isvthe coherency strain

(3) Modulus mismatch _
' ' : V _ zbifz'
Ag. = 0.86b (1_ _h)

EN Ej

where kd = interparﬁicle-spacing
E;. = modulus of soft phase
Ez = modulus of hard phase
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(4)‘.Peierlé force mismétch
- fZ r2 "
pp = 2% ,(qp.0m>

strength of particles

where ©
P

Y

n strength of matrix

Thé cutting méchanisms described aﬁoﬁe show-that the. flow stress will
increasé as the partiéle,size be;omes~iafger, iAt;some'poiht, howeﬁér; the
particles become so strong that they resist cutting. This critiéalipsr-
ticle size varies with different alloys and depends upon how strong'fﬁe
pafticiéé»ére, The particles may be so strong (e.g. carbides), that even
the’tiﬁigsﬁ.particles'cénno; bé ﬁraveféea'by dislocations. Forkpérticlés.
that caﬁﬁ;é be cut, the Orowaﬁ—Ashby equtién»appliéé;zs

_ 0.136b ,

OA Ad n

o'l

g

When the cutting process cannot occur, dislocations bypass'par:icles'by

. passing between them, leaving residual dislocation loops around each

particle. This mechanism is simpler than cutting.

High Témpérature Strength

At high‘temperatu;es (above about 0.5 of thg melting'temperatufe'in
degrees K), thermally activated feéo#efy probeéses ocecur afYStrBSSes 1ower
ﬁhan the'short_time_yiéld strength. . Withigbpaf#iclesLdisordered by'mbviﬁg
disiocationé; rédrdering occurs becaﬁée of diffusion. This effeétively
diminishés..thé.inérémental in;reasé in stfength prbﬁided by anti?phase

boundaries. When_the second‘phase bartiéles contain slowly diffusing
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components, such as Mo, creep is retarded.. Dislocations can cross-slip

f

or climb over umcut particles, and.creep can occur at-stress levels below

the Crowan flow stress, ' Networks of.dislocations fcrh-in the matrixidur—
ing‘the‘creep. The presence-of_Seeond phase particles causes the dislo-
vcation network.spa;ing_to_be smaller, sometimes te the point where avall-
Vable vacancies’ ere 1nsuff1c1ent to satisfy the Cllmb requlremehts ot Sllp
dislocatlons pllea up at partlcles. -When thls occurs, higher actlvatlon

energies are observed, and_interstltlal atom movement is thought to be

involved.2?® The interfaces between ad oining grains are high ener sur= .
. . 1joi g . g By ¢

- faces consisting mainly of vacancies and fragments of dislocations. . -
Boundaries are both sinks and sources of vacancies.

At high temperatures (above about 0.7 of the melting point in °R)

“graln boundaries oftep undergo sliding. The creep‘strain‘ceused'by grain

boundaty sliding can, in an extreme case, be as high as 90% of the tetal
c¢reep. 27 29 lncreasing the grain slie reduces.the grain boundary area;
which.results in a reduction of the creep ratelatfa given stress; Thus
" the alloy de51gn concept that higher strength is associated with finer
grain 51ze, applicable at low temperatures, must be revised for elevated
temperétures where higher strength is ‘associated with larger grain sizes.
An optimum design for creep is one ih which the grainvboundarles are
all parallel”tofthe direetion‘df'loadihg, so that none-of the bounderies
are subjected to shear stresses. Thls is the case for the high strength
| directionally Solldlfled gas . turbine blades. With these;long slender
grains, the distance.between bounderies has the sahe effect at high tem-
peratures thet_lt_has at low temperatures, namely that hlgher Strengths

- are produced by shorter interboundary distances.
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In an article by Duhl, Erickson and Sullivan,»éntitled'"Advaﬁces:in
1Dire¢tionai‘Solidification Spur Usage in Turbine'Airfoil Shépes"',20 the
authors pointed out thét the directional solidification of sUperaildy 5
airfoil shapes, which has been under development at Pratt and Whitney.
Aircrgft»sinée 1965, has continuously evplved, until at present the tech-
nique is”beigg used to_éast'a.vériety of édvanced'turbine airfoils for
both commercial and military applications. Directional solidification
eliminates transverse’ grain bounda;iés which ére siteé for microcrack
- formation in service. This development is an excellent illustration.of
the need fbr combining a knowledge of microstructure and micrOmechaniCS of
fracture'ﬁith methodé of'mAnufaéturing in drder{to.proque alloys'Witﬁ
superior proﬁerties for a specifi; application.f In recent>years,'research
in_directional solidifiéation has béen'focusea on improving produé£i§n |
rateé, resulting in the development, of a high rate solidificatiéh pfgéess;
| Also, émpiricallexperiments have shown that additions of hafﬁium-to'u
-nickel base superalloy compositions produce an enhancement of.trénéverse
ductility. In tﬁe fastéf technique the solidification front advanCeé.
upward in.the casting because of heat condﬁction:of a chill plate:locétéd
ét the base.. This allpy development was assisted by heat transfer analyses
using a computer pfogram. The strengthening of‘supefalloys’by the
coherent Yf phase represents a relatively simples, but very impdrtanf s

case of alloy research.



Toughness and Ductility

When second phase particles are added to a ductile matrix to increase.

the strength, the toughness‘and ductility decreése, generally in propor—'
tion to the'vdlume'fracfion of the:seéond_phaSe..‘fhe'redugtién in duc-
tility -can be miniﬁized»by controlliné the éhaée, size, spacing,.and'
aefotﬁébility ofv;hé particles.v Pérticlé,cracking teﬁdsﬂto occur with

non-metallic and brittle intermetallic partiélés._ The'stressvfeqUired to

crack a particle is invefsély proportionalbto the Sqﬁare root of the par- -

‘ticle radius.; Thus small particles are better for‘resiéting crack ini- |
tiation;due to stress éoncentraﬁions'at the interface of the particle ana'
the'maﬁrix.  In steels,-spheréids ébee3C with rgdii equ;1‘to or léss o
than 0.3 microns resist cracking while largér ones feﬁd to craék during
_tensile'deforma;ion.?° Sulfides and oxides have smaller criticél siées.
AhFééuailj impOrtant'faétor in controlling toughness and ductility is the
gréin siZe;_ér the mean free path forvdislocation movéﬁent. -Réduciﬁg the
dislocation ﬁeanyfree path can have a very large effect ﬁpdn the'fracture
toughness of a material. The effect of such reductions is to reduce fhe 
stréSs concentrapioﬁs'at the ends_of slip'bands whgre.dislocations are
:forced’to-pile up against barriérs. Thg stress coﬂcentration is general-
19 consideréd to be invefsely'propbrtional ﬁo the sqﬁare rooﬁ of fhe-free
slip disﬁaﬁge.' | |

| goft.phases ﬁayvprovide—markéq iﬁpro&ements5ih~toughness;  For'
éxémpie,>infa:titani#§ alioy’ﬁaving a 8 matrix, the presence of g gréin
boundary enééiopé Qf_d,Will iﬁptoye~thé.fracturg toughness when-tﬁe enve- :
lopevis more thén 3:microns_thiék;‘but.nb-additioﬁal improvement occurs

‘ above-about 5 microns. 3} Another éXample‘is'that-of the 97Ni steel, the

‘Parker -~ 20 .
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f Charpyiimpact.vélue being enﬁanced'by the presence of 107 austenite

S , 32,33
dispersed in ferrite.

Additional benefits were found when finely
dispersed éustenite was present in quenched and tempered steels.? (This
case is discussed in detail in Section F.)

The presence of a soft phase does not necéssarily always have a bene-

ficial effect on fracture toughness. It is well known that a grain 3

 boundary nétwork of ferrite in quenched and tempered steels is detrimental.

For a beneficial effect, the softer phase should be more resistant to -¢rack

- propagation than the matrix so that an advancing microcrack is blunted when

it contacts the softer phase.
Fatigue Strength

High gyéle fatigue strength is proportional to the square root of the

- product of the yield strength and the modulus of elasticity;3§ Fatigue

failures require reverse stressing, which may occur-1dca11Y:evén‘when'the
loading is from some maximum value in tension to Zefo. The exacf mechanism
of crack nqcleatibn due to fatigue is not yet understood clearlf,-but i;‘
is knqwn thaf'dislocation networks dobfqrm and change continuouslyrduringi
fatigue, eventuallyfleéding to local crack nuéleation.

The dislocations that move rather freely back and forth'betweén béfriers
during cycliévloadingvéén be pinned, at least partialiy, by aging'éefiéd— |
ically during thé fatigue loading process.as’36 In general, the fatigﬁe
strength is reiativgly'insensitive-éb'vafiations in.ﬁicrostructure,}wiﬁh

alloys having the same yield strengthf(regardless of the microstructural

variations) having the same fatigue properties.
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’ Ehhancing Ffécfﬁ;e.Toughnesé_Through Mi¢rostructur;1rControl
Tﬁe é&oiutidn of 5 unified theory of fractufé mechanics and the"
developﬁeﬁt.of reliablé teét methods for obtaining aéqurate values ofv
piane strain fractu#e toughneés (KIC) havé'pfovid;d'metallurgists'with a
jTq_uanfitative method for eyaluating'the effects of mic;dstructural details
A:{Sp the tgndeﬁéy of alloys to fractﬁre iﬁ a brittle ménner. The test
'7--method3'énd'proceduresva;e‘specified by the American chiety for Testing
7

Ma;erials.3 'Recent investigations of -the relationships between the

microstructure and fracture toughness of ultra high strength steels have

"been espeéially rgwardihg. The deleterious-effecté_of sulfur‘and»other

trace impurities have been quantitatively de_termine_d.aa’a_9 The ‘influences

on strength and fracture toughness of the microstructural components

bainlte, martensite, and tempered martensite have been well documented: in

recent publications.*?’*! Retained austenite, even when present in rela-

tively small amounts, can have a major beneficlal effect on the fracture

.toughness'df quenched steels, as was ‘demonstrated in.two recent contri-

425343

butions, In the paper by Lai et al., it was éhown.that the fracture

1/2

toughness of'AISI’4340 steél could be increased ffom‘about 39 ksi-in to

“about 65 ksi—inl/z by increasing the‘éustenitizing temperature from 870°C

to 1200°C (folléwed By Siow cooling ﬁo 870°Cvpfior to oil duenchihg).. The
improyement in fracture toughness occurred even thoggh the austenite grain
size.in.the material austenitiéed at .1200°C was an drder of magnitude-
llarger than the.g;ain éiée in tﬁe specimens freéted ;ﬁ 87C°C prior to oil
quenching.:‘No férrite.pr uppef'bainite was presen;>in any of the micro-

structures resulting from these two treatments. Transmission electron

AN
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microscopy revealed that both treatments produced mixed microstructures

.consisting‘of'édquempered'martensite, untempered martensite; aﬁdﬁgméli
amounts of_lowér bainite. The’mostlétfikiﬁg diffefence fduhd in the
microstructures resulting from tﬁé two different éustenitiziﬁg'tréatmeﬁts
was the a@ount.of>retained ausfenite; _ﬁn‘thé speCiﬁeﬁs-heatéd to é?d’q;
very iitﬁlé'retained épstenife:was present, whéreaszin fhe specimens
given the higher temperaﬁure treatment,'there were extensive. networks-of
austénité filﬁs, 100 to 2004 thick, sur;ounding the martensite plétesténd
_packets'of.léths.' fhe yield strength and ultimate'teﬁsile strengthvwefe'
éubstanFiqlly indepgndént of_thé'austeéitizingvtempe:atpré. .The.exélépéf
tiou‘for'1mproved.fractufé'tbughﬁess apbeéred-;o iie:in‘fﬁd éréaé: théfe
Wils 1esu>£ﬁinhing with the Aighef austenitizing températﬁre; éﬁd theré
Qas a iaége increase in the amount of‘fetaiﬁedvéﬁSténité. 'Tﬁe;aﬁséénité
films,_which.ére very duétile, tend’to blunt'any’ﬁicrociacks that formf

" and also help to prevent the formation of microcracﬁs at-lath>boﬁndari¢§
by.diépersing the highly congenfrated stresses phat.sémetimes.are produced
at boundaries by plastic flow in the laths, The presénce‘bf retained

austenite has been shown by Webster*"

to improve toughness through its
crack arresting ability.-AIn his paper,Webster described how high magni-

'

fication movies were employed to follow crack propagation. He found that
cracks propagated through the martensite,but were stopped upon intersect-

' ing regions of retained austenite. Upon increased loading, the cracks -
~were found to branch out and grow around,the austenitic areas.
Antolovich et al. investigated the effects of changing the micro-

structufe of 300 grade'maraging steel onv":'Eract:ure_t-'oughness'."3 They
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obtained'differeﬁt amounts of retained austenite'in an aged martensitic
matrix by varying the heat treating procedure. The fracture‘toughnessﬁof

cuuventibnally heat treated material was found to be about 70 ksi-inllz:'

at 2 Stféqgth'lével.of 280’ksi;. Thé toughness-incréaééd:to 106 ksi}inllz
at'avétréngth_ievel of 240 ksi‘as:a_résult of a single thermal cycle
(consisting.of_ﬁeating ét a rate of .33°C per,éeébﬁd, hdlﬁiﬁg ét 825°¢C
for 2 miu,-ﬁnd_cooling to‘rooﬁ femperature). Antolovich et:a}. als§
develépéd”a mathematical mbdel’fbr-prédicting fractqfe téughness-éf
spécimens §ontaining a mixture of different microcantitueﬁts.: They
.obtainéa Vefy close:agreément between'the'pfedictions.bf the.modelband'
the vilues obtained éxperimentaliy.. |

WOnd”ﬁv1n§estigated the effect of austenitizing tempefatures on the
fracture toﬁghness and ﬁicrostfuctures of qﬁenched énd temperéd low;ailoy
steels, AISL 4130, 4330, 4140, 4340, and 3140, as well as steel 300-M.
When the dustenitizing temperature was raised fro@ 870°C_to lZOOfC,.thé
ffa;ture ﬁéughnesses of all of these steels were significantly incréaseda
For some of‘thevstegls, ice Brine_duénching from 1200°C (instead of oil
quenching),léd_to a still furthér increase in fraétu;evﬁdughness. When.
the treatﬁent_cénsisting-of,first heating to 1200°C folloﬁedvby cooling
sloﬁly in:thé-fﬁrhaCe to'870fC'before oil quenchiﬁg wéé used, the _- ;
resultingffragture toQghneésés weré’not'as.high.as those fof specimens. ‘
quencheé directly from 1200°C, but they were higher than those obtained -
by ﬁsiﬁg ogly'the 870°C oil éuenching treatmént.- | |
‘In a recent paper,Zackay'gt al."® diséussea.fhé influencezéf‘some

microstructural features on the fracture toughness of high yield SCrength‘
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steels. They éhoWéd that felatively sma1l amounts 6f”embrittling micfé—
-cdnstituenté, often detéétable Oni§ by a combinafioﬁbof ca;eful ;ptical
and‘électréﬁ»microsc0py, can have a ﬁajbr inflﬁeﬁcé on thé fracture
toughness of ultra high'sffength steels. Invan allqy steel containiﬁg
57%Mo ;nd‘.jzc, undissolved carbides wére détectedlwhen ﬁhe steel was
austenitiéed at a commonly used temperature of 870°C. In the ésequenéhed
condition this steel had a fracture toughness of abput'SO'ksi—inl/Z.
When the austehitizing temperature was'increased to 1200°C, all éa;bidés
| were‘dissolved énd the frécture tqughness doubled;"Similar expe:iments
were made'ﬂith.AISI 4130 and 4340 steels. In thé-fofmer case, the

1/2

fracture toughness was increased from 57 to 73 ksi-in™ '™, and in the case .

of the 4340, thé fracture toughhess.was raised from 35»t9‘63 ksi-iﬁl/?.

Tn both caées the steels were cooled to 870?6 from 1200°C prior to'oi1 
quenching. 'Thus, thére was no différence‘in CGoiing rates or quenching'-
étresses in the specimens austenitiZéd.at fhe twg'different temperéturés;
Thebfracture”foughnéss values were forbspeCimens tested iﬁ the as-quen¢hed
- condition. Additional tests were méde on'thevspecimens‘that ha& been1’
similérly treated,.buﬁvhad beéh'temperedAat temperatdres raﬁgiﬁg from
100°C to 400°C. ‘A plot of‘fractgre toﬁghness (KIC).VS yield strenggﬁfié
shbwn in Figuré 1" for quenched and tempered 4340 steel_and coﬁ@ercia} B
187N marqging'steel. Also.éhowp in this Figure (as cifcles)‘are the
fesults éb;ainéd with commerciai 4130 aﬂd 4340 steélsband.for‘the s§écia1
5%Mo0-0.3%C steel that Qere austenitized at 1200°C instead éf the COmhoﬁly
.uéed tempéragurébdf_870°c. Simply by changing fhé apstenitizing_tempéféf'

ture for conventional quenched and tempered steels, it was possible to
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obtain, af_é'givén yield étrength,'fracﬁdré toughnesses that were eq@iva—
1en; to thése previously obtainable'only with thg more expensive IBZNi
maraging’éteel. There are good‘feaSOns'to belie?é that fracture tougﬁ-
nesses well .above the.maraging’steel band can be obtained with Quenéhed

_ énd fempefedfsﬁeels, thrbugh médifications.of cheﬁical'COmpoﬁiﬁions_and
thermal tréatgéﬁts.. An example of what might be expected as an uppef
.limit“bandéis shqwn in'Figure‘Z; Whichfcontainérthe same ban&é as shown
in.Figﬁre } fér.the?4340;and 18Ni_maraging steel;. In this figure, there
is a shaded.érea which is‘marked‘TRIP steels. This is a band.obtainea

| wlth-éxperimental étéels, called TRIP steels, which are metastable

austenitlc ultra high strength steels that transform martenmsitically when

plastfically deforme&;“7: These steels contain about 0.3%C in addition to

varlous amounts of chromium and nickel. They are thermomechanically

processed at temperatures ranging from 200°C to 500°C and strains ranging

‘ﬁp to 80%'réduction in cross sectidnal'a;ea. .Théy have yield strengﬁhs
abo§e.200;600 psi and fracture tougﬁness in'the.neighborhood of'iSOI
ksi-inl/z,.ér higher. Plastic straining causes the metast;blé austeﬁite
to transform, and with this 'fransformation ;ﬁere is-associated a 32”
volume;fié expansion. The longitudinal portion of tﬁe strain associated
witﬁ-thé yélume Change-hélpsvto épread the plastic zone bvgf a sgbstan-
tially bigger vdlume.  The volumetric expansion tends to réduce the threé
dimenéiona1 tensi1e stresses.that are developed'dﬁring plaétic straiﬁ’.
:near the gpex of a notch. This change in étress sﬁate, toward a condition

which favors a more ductile performance, enhances the fracture toughness

of the specimen. It is not unreasonable to assumé that steels with lower
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alloy conte#t than TRIP steels,'bﬁt'whicﬁfhaVe TRIP_Eharéctefiétics; gén
be desigﬁed;v The fracture toughnesses for such’steels’éhdui&.fall in\ﬁhe
 region bétween the‘ﬁa;aging and the TRIP steels. |
" The microstructures of 4130 and 4340'qﬁenched and tempered steelé_i

were thoréughly'characterized by both optical andftrénsmissioﬁ electron
microscov'py'.’a""‘9 In the 4340 steél, the 1200°C auétenitizing temperature
was’ found to eiiminate‘viftually all of thé twinned martensite platesif;
(which aré kﬁdwn to reduce fracture toughness), and to iﬁtroduée'a*éigﬁifi+
cant amount of retained austenite in the form of filmS'ﬁhich surrounéed'the
mafteﬁsite 1aths. In the casé'of the 4130_steels, ﬁhe 870°C oil quenéhéd
specimené Qefe found to contain mixed microstfucfures'conéiéting of ?fiﬁaryv'
' ferrité, upper bainite, lower bainite, and:martensite. . When . the aﬁstéﬁi—
: tiziug;temperature'was incieésed to 1200°C; the austenite gréin sizé':
1ncréased . from ASTM 7‘to ASTM 0. 1In the largér g£ain size specimens, the
| _émount of hiéher temperature auétenité_decpmﬁosition producfs &e:e greatly
‘réduced, particularly primary ferrite and upper bainite.. The elimiﬁafién ‘
ofithese unfavorable microstructﬁral features produCéd a marked:improfe;
ment in'frécture:toughness.‘ Howavef, neither ghe ﬁltimate tensile
strengths nbr_the yield strengths were significantly affected by thé_
higher températufe austeniéiziﬁg treatﬁent.’ The mic:ostrﬁctﬁré ¢f'speci_

mens quenched from the 1200°C temperature cdhéiéted';1moéﬁ eﬁtiré1y éf; 
: untwinﬁgd lath martensite, a étructure Whiqh‘has high toughneés._ Thé;'
. martensite was observed to_be'autotempered, and.there weré retained .
austenite films between the martensite 1éths.‘ These features undoubtédly

added to the fracture toughness. More than a dozen micrographs in each
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of the Lai et al.'papérs_provide excellent illustrations of the micro-
structural fedpufes of the steels investigated;

Recognition ofvthe‘fact that the kinetics of auéténité decomposition ‘
In the bainite andimartensité temperature faﬁges, as wéiiva§-the'm§rpho-
logy of the décompogition products, can markedly affegtvthebfractufe
toughness of-abqﬁencﬂéd steel, led to the concluéibn-that ﬁore‘pfecise
and more rapid means for studying austenitevdecompositipn rates Qeré iﬁ
order. A new magneticfperméability-method; capablé of accurate1y indicat-
Ing decomposition rates within 2bsec.'after the start'quQueqéhing to an
isothermal tempefdture, was developed.®’ TTT curves ﬁéfé#obtained for
AIST 4360 5° and ‘AIST 4140, D6AC, and AMS6416 (300-21) '-é"_teels."“ The |
llnet ey nf'thebbainitic reaction below the martensite start température
(Ms) were (determined, and the martensite trgnsformatién rangé was
measurad, The shapes of some of the TTT curves diffeféd significantly
from those préviﬁusly published. Also, thé effééts offéhéuging the‘
austenitizing'temperatures from 880°C to 1200°waeré esfablished for the
AISI 4130 and.BOQ;M steels., In this inVestigatioﬁ, compuferaided computa-
tional mgthods‘were used tb decodg,'analyée and plot ﬁhevaustenite
decomposition data.

The marteﬁsité‘transformation temperatufe ranges:forrﬁost'qf_the
steels studied in the investigétion had beeﬁ feported,iﬁ:ﬁhe'literature;v ‘
However, a number of vaiueé foﬁﬂd in the literature weré‘ﬁbtvin“accord
with those detérmiﬁed by the.néw magnetic technidué.. fﬁe*new tééhﬁique
provided a direct experimental meéﬁé for dgte#mining the rahge‘ovér Whiéh'

martensite formed. The MS temperatures determined by-thé new technique
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were in :éaédnable agreement with published vélqés, but the percentége ¢f
martensite‘formed at lower tempe;atures differeé significantly froﬁ'those
 previous1y»reported. Othef inveg;igatdr$52’53fhave sugggéted fhat the, 
metallographic technique, used in conjunction wifh gﬁpiricél eduations ?hd
the quenched temper te_c:h_n:i.ql.u.e,sl+ has the tendeqcy to indicate thevMSO

énd M90 températureé higher than actual values, Thus the new method seems
" to have provided a more accurate means for studying_martensite transformaq
tion behavior. Consistent with observations bf thers, the new method
.is\capable‘of resolving the bainitevC gur&eiinto'two C curves, one for -
upper bainite and the other for.lowervbainitg, Also, as has been observed -
previously, the magnetic method showed‘that the.1¢§er bainite reacﬁioq.'
exgends below thé Ms temperature and that'the‘lowgf;béiqite reac;ion 15.

accelerated by the strains induced by the martensite transfbrmation.

'Enhancement §f Notth Bar Properties ét Crydgenic Tgmperatures

It is weil known that body centered cubic metais have a"ﬁarked
tendency t§ faii'in a brittle manner at cryogenic temperatures, ana-tha: v
this téndency is exaggerated by'ceftain‘éompositional and miéro#truétﬁféi
‘factofé.b Inte;stitial impurities, sucﬁ as‘éarbOn and nifrbgen,jiﬁcreasé
‘the tendency for body centefed metals to faii by cleavagé at lowgr | |
temperaturés}. When nickel is édded to iron, the témpefature‘of transi?ion
from ducfilé'fo bfittle behaviorvis lowered. Anbtﬁeffimﬁértant féctor  
is that’émall_grain_size favors tﬁe reten#ioﬁ of toughness to iowér
temperatufésf. In a recent investigétion;sga.it waéfshoﬁn that'anviron 7
base alloy_containing IZZNi‘and O.SZTi could be heét treatéd to'prodﬁée a

very fine grain structure. When this was done the. toughness, as measured
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| »by-tﬁe,v—nétgh Charpy test, was shown to bé high'at'liquidvnitrogen
tempé;aturé_in an alloythét had a highiyield_strenggh; The'resultsfare'
shown. schematically in Fig. 3.  Tﬁis Figurelis a com?arétive,plot-of the
“yield strength and . Cﬁarpy_V-notch,impactltqughness at ;196éC for two
com@erciﬁlicfyoéenig Steelé.dﬁd for the Fe-lZNifO.STiballoy.‘ Charpy

values in. the neigﬁborhood of 150 ft 1bs at -196°C were obtained'with;

grain sizes of less than 10 microns diameter. With grain sizes 25 microns

or higher, the Charpy V-notch energy dropped to 25 ft'lbs or 1éSs.

: : (.
Design of a Creep Resistant Alloy
-Most of the creep'resistant materialsbdérive their strength from a
disperﬂed-sécdnd-phase which interferes with:ﬁhe.movement‘of,dislocations.

Iu ferrltlec alloys, the dispersed phase is almost always A’cérbide, but

in the high nickel super'alloYS, the phase generally of the Ni3Al type_ofv

intermetallic compound. Carbide precipitates are not stable at elevated
temperatures. They often change composition, morphology, and even crystal

structure with long exposure to high temperatures. Such changes almost

inVariab1y éct in the direction of increasing the créep rate at a constant

'vstress. .The_concépt‘of using more stable intérmetallic cohbounds, rather
_ than carbides, for enhancing elevated temperature strength is decadgs'f
:old,‘but prdgressrtoward the feéiiZation of this coﬁcept,has been sléw;
The majbr deterrent to the use of intermetaliic COmpbunds'hés been‘a:_
tendéncyfdf sgch compounds to precipitate és thin films on.grain bouﬁd—

' ariés, which leads to severe embrittlement at room temperature.
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In a recent investigation, a means was found for eliminating the
. embrittling grain boundary film in an irombase alloy containing 1 at pct

of Ta and 7‘at pct of Cr. In this alloy, the di#persed phase was a com-

‘pound Fe, 3% A brittle grain boundafy network of a Laves

phase formed during the initial heat treatment, but it was made to spher-

Ta, a Laves phase.

oidizelby.a thermocycling treatment'conéisfing of heating the alloy through
" the o>y>a transformation. The thermocycling produced new irrégular grain
boundaries. The preexisting brittle network sPhéroidized relatively
» 'rapidly.and was eliminated. The.tensile elongation at room temperéfﬁfe
was_increased from 13 to ZOZ by the spheroidiiing treatmeqt. .Creep énd
stﬁeés rupture tests were méde at both 1000°F (53850) én&‘1100°F.(5939q)
‘for the 1:éc§ Ta and 7 pct Cr alloy, and at 1100;F (593°C) for similaf 
alloys to whigh .57Mo had been added. Figure 4 shbws.thé stress rupture
plots for these alloys,‘aléng‘with commercial materials currently'ﬁSéd in
- this temperature range. The sfréss rubture curveé for fhé new-alioys”fall
'near,the middle of thebrange of the coﬁhercial matefials.'.Tﬁe fact tﬁét
‘these resﬁlts were from preliminary experiments. leads to the enéouragiﬁg‘.
v conclusipn'that, with further development, it might be poséible to pfodhce
alloy variatidns that have properties superior to those of alloys now ;n

- commercial use.

. Design of Refractory Carbide Cﬁtting'Tool Alloys
Dr. Erwin Rudy has recenfly devised a new‘method fof producing
superior ref:actpry'carbide cutting tool‘typé of alloyé.5§’57 Small,

effective grain sizes and resistance to grain growth can be obtained
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through the use of spinodal decomposition reactions.safsq' One of the

majOr reéttiétiphs to thé use of spinodal decomposition phenémena in
alloy design is3the scarcity of suitable ailoy syétems. Td un&ergo'
dééoﬁpositidn; alloy Systemsvmust:havevmiscibilit&_gaps; andvuséful alloys
must alsg be”tomprised.of matériaIS'Qf technological interesfi

Dr. Rudy developed the thermodynamic requirements in mathematical

form that define the spinodal reactioﬁfin COmplex'multicomponent systems;.'

such aé Ti—MQ-C-N; It is wéll:kﬁown to therquynamiéts.that‘phase
equilibria'in solid solutions systems are sblely de;érmined By'the free
eﬁergy of mixing, and are not direcily affected SY‘tﬁé stébilifies of the
.ﬁonstituent elements or phases. fTh¢>tatio pf;afomic.sizes is_the most
Al,m[n»)rt;.lbnt Eu}clt:.or contribuﬁing to ‘posi'-tive devi.a'tion.fromfidealit‘y, vand
thusvtn it decrease in the stability-of a solution;v-Thevatomiq size r#tio
largely determines the extent of miscibility.-vThe coheréﬁcy sfresses
‘caused by lattice mismatch give rise to an'elastié energy term, which
must be add¢é>tg‘the éhemicalfree.energy.VlDr. Rﬁdy's work showed Ehaf
the most impoftant aspect of his study concefns the thefmédynaﬁic pre-
diction, verified.by experiment on a specificvsystém, that critical
solutions phéﬁomena can be induced by.thermodynamic'factors-other than
those associated‘directly with sdlutidns fofmation, i.é;, the free
enérgies oﬁ ﬁixing. In £he four component system'uéed‘by Rudy’t5 check
theAthermodynamic prediqtions, intermixing of atomé.én at least tﬁé
vdifferentYSublattice sites was required. Rudy has‘successfully applied
his;thepry_pf the . decomposition reaction in higher Qrder‘carbonitride

solid solutions to achieve high strength and resistance to’ grain growth
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. in alloyshpotentially'useful as machine_tool'components and weat:
resistant alloys. | :

‘In the specific ekanple of cemented_Ti—Mo-C—N base alloys,-the
following conSiderations were considered to be’inoortant°‘

1.‘ The o —phase (Ti- and N-rich phase) has superior wear charac—:.
teristics, but is very poorly wetted by iron metal‘base blnders thus‘
yielding alloys with insufficient strength; the o'"-phase, on the other |
- hand, has excellent wettability, but has inadequate wear resistance when
':present in cuttlng tool alloys.

This problem was circumvented by choice of an alloy composition

: which, upon coollng, disproportionates into a flnevgralned agglomerate
of'a"+ o' phases. When combined with an iron metal binder, the'a"v
(which by virtue of its lower stabllity has a much higher solubility 1n l
. the binder phase) is transported preferentlally by the liquid binder
.phase during 31ntering, physically enclosing the a'-phase and separating
it from the blnder. The sintering and_binde:—hard phase bonding-characf
. teristics_arelin this way entireldeeterminedjby the_a"—phase.

2. iNoncoherent gtain boundaries between two hatd-phases, such as_h‘
al and a" in our example, represent areas of high.Stress concentrationﬂii
-and act'as<crack nucleation centers. Because these allOy typestgenerally_
‘i need considerably lower‘stresses to propagate_craCks than those requited
,‘for their initiation, fteedom from crack nuclel is vet& important for’.;h'

-jgood strength and fatigue properties,
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This_pioblem was minimized‘by choosing such'ailoy compositions, for
which tne lactice dimensions of the'a'c+ a" phases‘are metcned to within
1%, and the thermal.exoaneion characﬁerietics differed.by-less than 10%;
o 3. Thg'cafﬁonitride-allofsiof theigroup-IV metals (Ti,Zr,Hf), which

bare normallyvquice stable, are'reac;ivgly attacked by iron grOup metals

' at'eintening'temoeiatures. They mnet'be sintéred nnder nitfogen to

v prevent'conéosi;ional changes.v'Sincering under nitrogen, however;vis
’nndesirablé becéuee of the danger of gae,entrapment, oxygen contamination,
end poorﬂeurfece quality of‘the sintered parts; - |

Because the a' phase is not in contact with tne‘binder; andithe'd".
" hardly contnins any nitrogen,.the alloys can be sinterediunnerfhigh

\

viacuum,

4, Oxygen contamination in excess of 0. 57 in group v metal carbides

aud ca1bonitrides renders “them un31nterable because the presence of
oxygen causes poor wetting. Oxygen is well known to ‘cause pfoblems 1n
the fabrlcation of TlC tools, .and necessltates-extreme care in the
selection of raw materials and proce351ng‘techniques;:

At oxygen levels below 2%, the distribution coefficient for oxygen
betweenvthe o' and aﬁ phases is about 40:1, so thgt even sizeable gross'
.concémination‘will not significantly affect sinterability and final
' properties of the alloy, '?10 has the same'etructure And'simiiaf param-
eters as TiCiend‘TiN, and snallvcnanges in,thebcomoositionvof ;he soiid'
Solﬁtion Ti(C,N) oy oxygen suostitution do not noticeabiy affect the v
disproportionation behavior of the-alloys andiﬁhe properties of the inter-

face o'/a". Figufes'5; 6 and-7.illustrate the.results.of_this research,
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Design of a-High Field Superconductihg Alloy

One of’the best high field superconducting materials‘is‘the inter-
metailic COmpound, NbSSn, which is cspeble of carrYing a sustained.‘ |
current in excess'ofv1005000’A/cm2zin magnetic‘fields that exceed 100 kC
at 4.2°K. The difficulty of utilizing the very excellent superconducting
properties of Nb.Sn, however, is that this compound is extremely brittie;
-Ip order to make use of the extraordipary.supercOnducting properties, it

is necessary to prepare Nb,Sn in the form of a tape or a wire. The early

3
efforts to fabricate such wires have_been r_eviewed'by.Kun_zler.Gl These
early efforts included”tpe’cored-wire processeS'deVeloped at the Bell
Telephone Laboratorles, and the process developed by the Radio Corporation
of America 1nvolv1ng vapor dep031tion of thin layer coatings. Sometimes
vsolenolds made from such wires had to be wound before the’ Nb.and Sn were
reacted in_order to ev01d'cracking_ofvthe‘NbSSn duriog windlog, “Reacting
~Nb and Snvefter Qinding ﬁas,a costly and inconveniest procedure. 'A |

flexlble tape with Nb Sn present as a thin layer was obtalned by a

3

dlffu51on process described by Benz.é2 More_recently,.Plckus and his,;.
colleagues 6358% "4h a new approach to this probiem produced a flexible
»composite w1th tﬁe NbBSn phase in the form of thin,rlnterconnected fila—
ments, dlspersed in a ductile matrix.. The-fllaments had thlcknesses_of

approximately 2 microns. The composite was.prOduced by roll-compacting

Nb powder to produce'a tape that contaioed'a series of interconsected -

pores, which were subsequently.iofiltrated with_liquid'sp. The thickness

of the roll compacted tape was sbout 0.020.in. After infiltreting,~the

Y]
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taﬁe was reduced in thickness 75 pct 6? morevby'céld”rolling. 'Ihereéfﬁer,
the Nb and Sn wére‘féacfed in.fhe temperature.range.of 950 té 1000°Cf ‘

Heating.for 3 min or 1éss in thiégtemperature f;ngé;produqed the coﬁpgund. "
.Tapes made in this wéy could bg ﬁrapped”arouna é mandrei i. inch.in v !
diametef withvno.meqhanical damage £6 the filamgnt_and Vith n§ measﬁrable |
deterioréﬁion in tﬁelsupercon&ucting propertieé.. Tﬁe_cur;ent densities

obtained at diffe:ent pulsevmégneti; fiélds-witﬁ ;hisvtape.are éhown.in )

Figure 8.

g SEMI-EMPIRICAL APPROACH ~

v'Ih th}é section; as well as‘in the ones that follow, fhe materiéi
hite been tukén'from publications tﬁat_appeared in journals éoncerned with )
fabricatiou; treaﬁments, and uses of metals ratﬁer_than from scientifitx o
~public#tions;_ The semi-empirical approach to alioy déve1opmén£ inéolves .
work ﬁaiﬁ;y‘concerned with the improvement of existing commer;ial ailéysL
AImprovgmenésﬂexpectéd:from a'knowledgefof the-Eaéic_principleé'ofumaterials
séience arévrealiZed through modifiéations in chemical coﬁfositionsior
variationétof:heat treatﬁeﬁts.» Ah éxample of this kind of work is that o
of Denhard and Esp_y,65 which was concerned with producing austenitic
stainless steels ﬁith ﬁnusual.mgcﬁanicai and ;orrosion propg;ties. Thé
authors'reported imprdved reéulté with Ni-Cr stainiess steels modified by.
-addi;ions bf Mn and N. The three éteels that they investigated were
18Cr-3Ni-12Mn-0. 3N, 21Cr-6Ni-9Mn-0.33N, and 22Cr-13N1i-5Mn-0.3N. The
comhon1y>ﬁ§e& aﬁstenitic Stéinless Steelé_bf the AISI 200 énd 300 series

are ductile, weldable, and have good corrosion and oxidation resistance.

However, these standard steels have some drawbacks; for example, their
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uses are restricted in areas whére severe corrosion problems are encountered

or wherevéold forming feSults in the undesirabie formation of3méteﬁsite.
The three improved steéls~;nve§tigated by these’authbrs aré béing produced
by ARMCO Steel Cofﬁoration. They have good noécﬁ'f0ughness, éuSténite
stability,‘and Cgrrbsion resistance féﬁging from ﬁhat of AISij304 to well
above tha£ of AIST 3i6. ' In achieving these Superior'ﬁropérties, good
'weldabilitj was retained. The steels do not embrittle‘ih the 800°F teﬁéer;
ature range, -and &eletéribus’gréin boundary prgcipitatioﬁ-does nqt-océur
during welding. The modifiéd steels have yield strgngths approximétely:
ﬁwice thoée‘of the AISI 300 series steels. - | | |
In éﬁotﬁer recent papef; Sadowski related the story'of thé_déVeloﬁ—
ment of a stainless maraging steel.®® This is a new-paten#ed a&ditiﬁnfto'
-tﬁe series of maraging steelé. It is desighated IN-736'and cbntains:J
10%Ni-10%Cr-2%Mo. The yield strengths of this stéel,.in vérious_gonditions
Cof treatment, range from 150,000 to 195,000 ﬁsi. The steel has high
téughness,-fanging from 48 to 150 ft lbs of Charpy'V4nofch impact:enérgy,
and the alloy has better atmospheric cbrfosion resistance ﬁhan type 410
stainless steel. It is aléo‘réported to have excellent Géldability.f The
approach in this developmentfwas-to utilize a nickel stéél with a low:

éarbon'martenéitiq matrix. To this base,”mpiybdenuﬁ was added for étréﬁgtb,
resistance to téﬁper eﬁbrittlement, and for éorrési&ﬁ fésiStange. ‘Chréﬁiﬁm
'.was'added fér ébrrosidn':ésistancé and stféngth. 'Optimuﬁ téughness a1§ng
with high strength was obtained by‘utilizing'smallfambuﬁts of aluminum  v
and titaniuﬁ gdditioné; and-by aging at an‘oétiﬁuﬁ’temperatdre. ‘The |

compésition was balanced so that the desirablé mechanical properties could

v
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be obtained with a sim@le heat treatment, comsisting of solution treating
plus‘égiﬁg.' The experiméntal program in this caée coﬁsisted.of making 30
1h héats of.33 alloys'with different variations of,compositions. 'The
effectsAof various combinétions of elemehts'ﬁére studied and the Opfimﬁm-'
heat.treatments wé;g;détermined empiricaily.

' Doqgh;Wébétééf;éﬁérted the developmgnt'bf a high stfquth stainiess‘

* fThe highest strength

steel with improved toughness énd‘ductilivty._q
stainless steels normally:évailable‘commeféially'contain as major'alloyiﬁg
elements; carbon, chromiﬁm, cgbélt, and moiybdendm,_.Tﬁése are aircraft
t§pe steéls éommonly used at élevated teﬁperatures.: They ére identified
by Alr Force specifications AFC77 and AFC260. Alioy AFC77 contains ~
14Cr-13C0=5t0-0.16C. AFC260 contains 15Cr-13Co-4to-2Ni-0.14Nb-0.08C.
Wehstar mudlfie& the AFC77 composition by adding 0.13 Nb,‘and he modified
the AFCZQO b} inéreasing the,niobiuﬁ to b.22 and reduciﬁg the nickel to
.1;0, with the carbon content being raised to 0.16. .The'steels‘in-the.
standard form were not designéd for high toughness,'Bu; Webster showed
that the toughneés could be improved by the selectiﬁn of a nonstandard
austenitiéing»témperature whiéh controlled the aﬁbunt of retained
aus;enite present after heat_tréafment. 'The objective‘of the‘hew work

was to produce a stainless steel with properties-Superidr_to AFC260 and

AFC77 by virtue of modifying the composition slightly and taking adﬁantage_

of the benefifs of improved toughness associated with the retention of
austenite in conjunction with small grain size. When the steels were

austenitized at 1200°C, large amounts of retained austenite were present



' Parker - 39

{approximaté1y_ioz in the_modifiea 77 ‘alloy andizoz-inithe'mOAifiéd'ZGO
-alloy). fHdweVer, the high temperature treatmeﬁf produced lafgé grains in
both alloys, with resultiﬁg deteiio;ation in somefproperties.'

The COmﬁositional modifications made to the twoballo§s wéré designed
to refine the austenite g;ain size énd to increase the stability of the
‘austenité after heat treatment. 'Benefits-included'increases.in strengthv
- and stress corrosion resistance as well as decreased fatigue crack,'
growth rates. The niobiﬁm addifion was a caneniént'way to fefine ;he{
_austenite'grain size, alﬁhough for maximum gfaig refinement the niobium -
carbide dispepsion had to be optimized By a»preliminary‘agsteniti;ing  |
treatment'ét 930°C.before'the fihal higher temperaﬁufe'heat treatment.
Improvements -in fracture toughness for the‘77 steel weré'prqduced by B
:retained ad§tenite, and mo;ion'pictures takgnvdufing créck growth sho&éd
that austenite was an effectiﬁe crack stoﬁpe;; Craéks growing thrdughv
maftensite were arrested uponzreaching én area of austenite., B

Speich, Dabkowski, and Pértervinvestigated the effects of alloy
modifications of the basic alloy”lONi, 0.1—0,29. They introduced various
" amounts of chromium (0 to BZ)Q_molybdenumv(O to 2%), and cqbait (0 tb‘sZ).
 They made‘lQ-different alloys and determined the effects of various a
combinations of the alloying additions, and tﬁe effecté 6f différent ﬁéat
) treatments on the hardness, the yield strength, aﬁd the Charpy'V—notqh'j
-impacﬁ energy. Following quenching from the austenite temperature rangé,'
fhe steels wére_examinedlaftervtempering for 1 hfrat tempgratUres ranging

from 100 to '700°C. The authors exémined_the structurés_with transmission



~ Parker - 40
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‘microscopy and dislocation theory, they were able to calculate the yield
strength that might be expected with the observed structures. . These
calcnllativons were in reasonab_le‘agreeme'nt with the values of the yield

strength that were observed.

- EMPIRICAL ALLOY DESIGN

Work in this,area.is générélly carried out,without employing'adVanced
theory_eicher tb’guide the research or to anélyzé the.fesults; For
certaih purposes this is-an‘informatiQevandeorthwhile épproach fo'ailoy
ﬁroblems. .Rééently, two articles aﬁbeared'on the efféct éf:heat tfeatmént
and miud;.Vnriations in éhemical compositions on the low temperature
propertlos of 6INi steels,®7»68 .Iﬁ thé firét of these, ﬁﬁeAaUtho?s
descrihe& the effects of alloysadditions on.the toughneSS; They found
that manQAnesé refines the‘microstrﬁéture:and'improﬁes toughness, but
promotes’suscéptibility to tempered embritflemen;,' The.additi0n ofﬁ
molybdenu@:énd tungsten-was,beneficial in preventing‘témper-brittleness
when the'mangénese content was high;'molybdenﬁm énd tungsten were also
effective'in'producihg finely dispersed and stable,auStenite islands.
Ch;omium.was found to Ee anvineffective additioﬁ. The gffect‘of copper '
.wés_siMilar'tobthat‘of mang#ﬁese. BASed on their resﬁlté,Ea modified
étéel was.&e?élope&:coﬁtainiﬁg'6 pct nickel,‘l to 2 pcf mahganese, and
0.2 pct mol&bdenum_or 0.45 pcf tungsten. . This sfeel_was found to have
impfoved npﬁch toughnesé at.—i96°C.- in a‘second ?aper;68 the effect of'

heat treatment in the ferrite-austenite region on notched toughness of
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67N steel ‘_wés reported. 'The obj;ective §f the investigation was to
improve the low temperatpre{tdughness'of the Aéwly deveioped.6ZNi steel.
Thé stéellﬁas partially 4ustenitized at the’tehPérature range whéré Both
ferrite and austenite weré bresent befbre quenching. Tﬁis'treatmént- H
followed ﬁhe conyentionai qﬁenching'treéﬁmenf from the austenite.ﬁempéraf
ture range. The reasoﬁs~that the special heat'treatment markedly_improved
the low temperature toughﬁess ﬁere reported as foiloWS: |

1. A large amount of finely dispersed austenite in the form of
small isiénds was fofmed dufiﬁg.the heat treatment. This austenite was
stable even at -196°C; 'Its.presence interfered with propagation of 
brittle éfacks:" | |

2, ihe‘témpervbrittléness was Suppreésed.beCause“tﬁe embritfleﬁ
ﬁrior aqStenité‘boundariés‘Were converted to mgrteﬁsite by the speéial'_
ﬁeat treéfﬁénﬁ.'v | |

‘3. The ductility of thé-fefrite matrix was improved because_of the -
séa?éngiqg‘effect‘qf the austenite that formed'during fhe heat treatheﬁt,
By the use df this heat trééﬁméﬁf, the Chafpy V-néécﬁ.energy at e1969C:
was nearly’dbﬁbled. | | |

vAnother exampie of useful research of the em?iriéal type %s tbatléf
Schneilder énd colleagues,s9 who foﬁnd a process>féf”enhancing_the dra&;
‘ability of 430 stainless steels. The fomability.of 430 type stainless
steels is ndtivéfy good. This material nofmally déeé not fi§w=unifofﬁly
-in diffefentvdirections, and causes conéidefable diffibulﬁy dﬁring’meﬁal

forming opératioﬁs, Consequently, these steels are generally employéd .
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only for products requiring a minimum of formability; "The object of the
investigation was to attempt to improve the formability of these ferritic
stainless steels. The iﬁvestigation was centered on the development of a

crystallographlc preferred orlentation Whlch is known to 1nfluence the

drawing characteristics, The authors attempted to optlmlze the crystallo—'

grephic-preferred orientetlon*texture by controlled'cold reductlon
processes;. They were'successful‘in this attempt;rend they were able to
translate their laboratory.experimeuts into effectiuerproduction-processes
in the millp._The autﬁors obtained a patent'on-the.process;

70 developed a new family of gear steels

‘Tipnis'and his colleagues
thh improved machlnlng characteristics.. | Automotive plulons,kgears; and
. worms are used.in differentials, transmiSsions,'and steering mechanisms |
as_structural'power transmitting members. Power is transmitted through
the gear'teeth ‘which must withstand high bending loeds‘ the teeth must
resist bending and contact fatigue, .as well as prov1de wear re51stance.
bThe steels commonly used for such applications are carbur121ng grades of

1ow alloy_or carbon steels. Such steels are generally made by aluminum .
deoxidation practices-to produce fine grain structuresefor the best -
combiuations of case and core properties'after-carburizing. Aluminu§‘
deoxidation produces numerous small hard oxide partlcles that are
particularly. harmful to the hlgh speed tools used for cutting gear teeth.
Because of the alumlnum ox;de partlcles, these steels are difficult to
ﬁachiue.' Consequentl&, it wes'desirable to produce a steel that did not
~contain suco pérticles. Severel alternative deoxidation processes for

~

steel weredconsidered, but the calciuu deoxidation process appeared to



:Parker - 43

have'the hest nerits;' Calcium—siltcon and calcium—manganese;silicon'
deoxidlzers have been ayailable since~1930. However, the effectiveness..
of such'deoxidizers has remained in dOubt.. Several BQF; electric.furnace,
and open hearth furnace.experimental heats were made,.'These heats were
jevalua_ted metallographically to study the'inclusions; A calcium deoxldaf
tlon practlce that consistently modified the‘nonmetallic_inclusions'in
the deslred manner was. developed The machinabilitylof these steels waS»d
: s1gnificantly 1mproved and steels of this type are now marketed coumer—
cially. Over 300,000 tons of such steel was used during a single year
‘following the.development. - The use of such steel'resulted in‘suhstantial

’_cost'savinga:and productivity gains.

ALLOY DEVELOPMENT |
.Alloy:development is-usually'conducted for the purpose of_lowering:.'
cost or improving the properties- of a commercial product .Some-enamnles
‘of this type of alloy work will be con51dered in this section.

The first of these is ‘a powder metallurgy alloy steel designed tor
be used for cr1t1cal components, 71 Alloying powders to be used for making
hot formed metalfsheets present problems because‘the alloying elementsvk}'
that are usedtare strong oxide formers which tend to bevpreferentially

' onldlzed durlng proce551ng rHowever 'the preSence of alloying elements
is necessary in order to have high enough hardenability, so- that the part-
belng made can be hardened properly durlng subsequent heat treatment.

Elements that oxidize readily, such as silicon do not contrlbute to.

hardenability in powder metallurgy parts because they are present mqstly
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as oxides, Aildyingvelements such-as chrqmium and manganese ;lso‘éendvtd
be preferéntiallyvoxidized‘duringvprocessing of the powdefs,- The alloy‘
now beingfuse&'ﬁost‘widely for making powdgr'metallufgy;parts is moaified
A600P /M éteei (Q.SZMQ, Z.OZNi). This modified composition? however; is
too.costly.féf'manyjau;omotive.compénents. ConSeqﬁently, aq_invéstigation

was stéfted Wiﬁh the objective of developing a lower cost P/M;steel which

could be processed in conventional equipment &and would provide consistency

~in end product;pro?erties.' Several suitable-alloy compositions wereAfound_

._whicﬁ wouiqusefve the pufposé; ‘One of.these is now‘in commercial usé; it
contains 0.35%Mn, 0.45%Ni, ;m-d 0.60ZMo.

| Lenel,:in.a éurrent article,72_dé§cribed'processes,for §rqducing ’
powder metnllﬁrgy components. Hevstated:that among de§elopments in powder
‘metallurgy, two.technologies héve recéntiy come inﬁo cdﬁﬁercial use and
that. they should find accelerated usage in the near fUCure;"These tech-
nologies aré (1) hot forging“of‘powdef mefallurgy preformed1cqmpacts.and
(2) hét consolidatioh techniques for highiy alloyed powders, @ainly_
,.supera110ys.and high speed steels. ‘The hot forging qf‘preforms is én
advanced devélopment of the'conventionﬁl powder metallurgy teéhnique_of
close dimensiqnél control. 'The mechanical-propertiés'pf compacts,_sﬁch'
as étrengthnand dqctiiity, &epend upon the»density of the sintered-compaét,
Cloéé-dimensional control is-diffiqult when high deﬁSify»is.required._' :
One method pf producing‘dimensional control is repressiﬁg of ;he compact
after éintering, sometimes followéa'bf_:esintering, However, the degree
tobwhich the.dehsity-éf'sintered éompacts éan be iﬁc:eaéed byvcold

pressing is limited.v The origin of hotAfdrging of powder metallurgy
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" preforms comes from the tedhhique of precision fdrging——i,e.,'hof"foiging.

‘to close dimensional tolerances. An important difference“between the

blaﬂks made from sintered powder metals énd those cut from wrouéht stoQkf_
1s their deﬁsiéy. This'differéhce mﬁst'Be taken ihto‘accduntkin designing
forging dies for poWder metallurgy ﬁreforms. A maj&r incentive forvthé

development. of ne& processes for powder metaliurgy-forming_is the changiqg

relative costs of powdered metals vs hdt_rolled steels. In 1967, iron

powder for molding parts cost 11-1/2¢ per 1b; this decréased to 9-1/2¢ -

pér 1b in 1972, During the same period, hot rolled carbon steel bars

increased from 7¢ to 9¢ per 1b. Similarly, the prices of bfealloyed‘

- steel powder and hot rolled alloy steel bars are now approaching each

other, Numerous investigations are now underway in commercial plants

where hot forged P/M preformé are»beiﬁg considered as replaceﬁents for "

‘bar stock forgings.

» Highly élioyed powders are also‘consoiidated for.thevpurpqSe'of‘
prdd&qing semifiﬁished products that must be further.férmedd  Tﬁe pfoblemé»
iﬁvolvéd in.making and using highly ailoyed powders are_diyided inté .
three areas: (1) powder produétion, (2) powder conéolidatioﬁ; and,(s) i‘;
pfoducing pa;ts.of superalloys and high éﬁeed steélskby powder météllufg§'

methods. A, number of new methods for producing highly alloyed powders in’

vacuum or inert atmospheres have been patented;f The powders'are usuélly?
:consolidatedkby a hot pressing technique. One of the first such prodesées
‘was that used for consolidating beryllium powder, which was pressed in

graphite molds in vacuum at 1100°C. Another technique is to place the -

powders in metallic shells or cans and then extrude them together with
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 the can. 'Extruéion'oftsuperalloysvat_billet teméEratﬁres sligﬁﬁly below
the fecfysta;liiafionvtémperature_1eads to extrusiqnéﬁfhat hévé been
recrysfalliééd_and have very fine grain structures'(édaitional hea;ing :
Qccurs,during;extrusibﬂ); 'Other‘type$ of processiﬁg are under expefi; '
mentation. - |
.High‘Speéd.stéels with very gmall grain_siée and'ﬁith smail carﬁide
particies éan be prodﬁged.by'the consolidated bowder_qompact method.
High-épeed_steels, as well as superalloys,.can be produced by hot conséli—
dation from powders and have the same chéﬁicai éomé?sitiqné as cdﬁQenﬁional
alloys. Active developmentsworkvfp produgéfpfbduct§ frém pbwdg#s to‘
éomﬁéte-with those ma&e from cast alloyé is now uﬁ&érwayi: H
Annthu;»example of alloy development is that of a new bearing steel
" which coubines the desirable properties of high hardenability and low
gost.73 _Uagrs héve felt a growing need for an ecOndmical thﬁough;
hardening bail bearing s£ee1.:'To meef tﬁié’need, fhé Timken Company
(the maiﬁ produ;ers of ball bearing steels) have patented a new grade
cailed-PBS-9. ‘The test results oﬁ this steel indicate thatvit‘bfférs
service properties equivaienc to those steelé‘now cqmmercially_availabie
on the marké;,vbut at a lower cost.rvCustémersrusing.tﬁe new steel may
sayé asjmucﬁ,gg $70‘perrtOn.i‘The new sfeels'contain about'O.9%C,'0.6%Mh,”
: O;3ZSi, 0.3%Cr, and 0.1%ZMo. | |
Additidﬁal’examples'of alloys developed to meet specific teéhnologi;b_
cal needs can.bé found in current issuesvof the publications cited as

references for this section.’
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Plots:of fgacturé tgughness'(Kic) vs.yield_stféngth. -The t&b.
shaded bands_represenﬁ-th; range Qf véiues fbund_in-the literature
for cdmmerqial'AISI 4340 and 18%Ni maraging steeis; heat:treated
iﬁ;acéordaﬁce with conventional pracﬁices. The circles are data
points . for commercial 4130 and 4340 steels, and for the special 

57%Mo~0.3%C steel, that were austenitized at 1200°C instead of the

‘ comﬁonly used temperature of 870°C. " The higher group of pointéf

is for 4130 and 5%Mo-0.3%C steels; the lower group is fof‘4340_

steel.

Plots of fracture toughness vs yield sfrehgth, showing bands for'

commercial 4340 and 18Ni maraging steel, along with the band for.

tﬁe metastable austenitic TRIP steels.

A comparative plot of yield strength andeharpy V<notch imbaét '

toughness at -196°C for two commercial ‘steels-and the Fe-12Ni-0.5Ti

alléy. Data for the 304 and 9Ni Steels were obﬁained from the'i_
litérature. The Charpy values for_thé 9Ni steel cén be‘increaséd
to 80—90.ft by speéial heat treatment,

Stress—ruptgfe curves at 1100°F>f§r the neW'Fe;lTa—7Cr and
Fe~1Ta—7Cr—O;5Mo alloys, .Also shoquare pﬁblished.results for
O.3C;1Cr—lMo—6.25V steel, 0.15C—9Cr—qu;steel,‘Creek Ascoloy,} v
and AISI 403, 410, and 422 stainless_steels; - |
Bending stfength of modified.spinodal alloys (d"+ d") énd'of '
céménted titanium;carbonitride as'a fﬁéétién bf the Bin&ér cbhtent.

Note: Mo exchange in spinodal alloy; 17 at §Ct.. (Cburtesy'Dr. E.

‘Rudy) !
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'.'Fig. 7

Fig. 8

Dr. E. Rudy).

Parker - 56

\

:"PhdtomiCEbgiaphs showing grain growth charaéteriStics of

cemented &' and o' + a" alloys. Top photographsiv_Left,

a' + binder as sintered;f Right, (a' + a'") + binder as'

Sintered. Bottdm photographs: “Left, a"+ binder after
additional heating for 64 hours at 1470°C nght (a' + d")

+ blnder after addltlonal heating for 64 hours at 1470°C

Note: -1solated black spots in photomlcrographs are where

free graphite'had formed by interaction with hitrogen gas

. :during‘the 64 hour ‘treatment. . (Courtesy Dr. E. Rudy).

Electron miérograph of modified spinddalﬂTi—Mo-C—N alloy

.Vwith Ni binder. Note enclosure of o' phase by a", the

latter forming the 1nterface with the blnder. (Courtesy

!

;Plot of overall current density of Nb3Sn-Nb comp031te super-

conducting tape produced by a powder metallurgy process is

 _shown as a function of magnetic field (produced by a pulsed

technique).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes .
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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