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THE APPLICATION OF MATERIALS SCIENCE TO THE
DESIGN OF ENGINEERING -ALLOYS

V. F. Zackay, E. R. Pérker, J. W. Morrié, Jr,, and G. Thomaé
: Center for the’ Design of ‘Alloys, |
Inorganic Materials Research Division,. Lawrence Berkeley Laboratory and
- Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, Califqrnia 94720
| 'ABSTRAdT
The funct'ional Ijoles of materials science and materials engineering

in mo&ern al;oy design are discussed. It is suggested that following the
end of World)Wg;(II_evoiutionary trends in both methodology and langﬁage‘
havé'tended fo‘divide, rather thanvunite, thesé tﬁo bran;hes of knowledge.
Ovef a_period of several decades the net effect has been, on the one hand,
to isolate matefials scientists from materials engineers, and ;hereb&
prgveﬁt them.from making gfeatér contributions td techﬁology and, on.the
othe;,'tq deny ﬁo materials engineers the potential benefits of the vast
ﬂunderstanding‘achieved by the materials séiéntists.' Several new progr&ms
'in.the'mAterials education field‘ate déscribe& which have as their aim .
a partial redress of this undesirable situation. The current state of
| development of.alloy design, as seen from an aéademic viewpoint, is
described wifh the aid of four illustrative examplés taken from current
student theses research."These examples are: |
(1) a bee iron allo& haviﬁg.unusﬁalltoughness ét temperatures of liquid
nitrogen and beldw; (2). a series of medium alloy steels whose strength
and tgughnéss are equivalent ﬁo those of the High alloy maraging steels;

(3) an ultra high strength Fe-Cr-C steel of great toughness which was



- v~

developed from fundamental considerations of microstructure and sub-
structure; and (4) bcc iron alloys which utilize intermetallic compounds,

rather than ailoy carbides, for elevated témperature dispersion hardening.
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1.  INTRODUCTION

Materials science and materials enginééring are génerally considered

~ to be separate, though related, fields of endeavor. To the designer of

alloys, a knowledge of both fields is essential. The design of alloys
involves coupling basic knowledge with technological needs. One objec-

tive of this paper is to review some of the attémpts that have been

made to strengthen the coupling between the two fields and enhance alloy

design. A second objective is to describe the interdisciplinary educa-
tional éfograms which have been instituted at thé'University of California
at Berkeley,‘at bothvthe undergraduate and graduate levels, to pfepare
studenﬁs for careers that require éompetencé in both materials science
and materials‘éngineering.

| Materials science is a young relative of the physical sciences, but
it has evolved rapidly to a highly'sophisticated state. Viewed from the
limited perspective of the‘aildy designer,‘there is no question that, in
spite of its relative.youth, thevimpact qf ma;erials scieﬁce upon phys—
ical metallurgy has been‘truly profound.  1In essence it may be said;that
from matefials science have come the basic laws.that goﬁern'the'design of
alloys to méet specific,prdperty requirements. The modern sophisticated

analytical and experimentalvtoqls_of materials science especially those

.using electron optical, diffraction and épectroscopic methods have

enabled the metallurgist to identify the details of defect- and micro-
structures, to ascertain their roles in plastic behavior and fracture of-
solids and, lastly, to produce those elements of internal structure that

endow alloys with superior properties. Desirable configurations of



structure can be produced in new alloys bj'controlling chemical composi~
tion, mechanical-proceSSing, and the phase‘transformation charaeterisfics.
In principle, the metallurgist should be able'to-crea;e alloys
having mechenicel properties that satisfy the design requirements of any
-existing engineering structure by controlling the chepical composition
and the thermal, mechanical, thermomechanical and complex processing
and fabrication treafments of the alloye. Although.thisbis theoretically
possible, it is not often accomplished in practice. .The difficulty is,
of course, that not enough is yet known about the eomplex relationships
between 1nternal\s£ructure and the engineering propercies. Conversely;
englineers cennqt define the properties of structural zlloys in terms of
microstructu:al requirements.. Consequently, designers must rely upon
“experience and use "factors of safety" to guard against certain kinds of
service failures, particularly fracture; |
‘Materiais engineefing is much older than materialenscience‘ It has
evolved slowiy,oyef the centuries. Materials engineering is part arﬁ
and part science--the proportion‘of each continually but subtly changing
with time. ‘As an example, Cahn, in a recent review paper, has described
the roles of materials science, materials engineering'end,eméieicism in
‘the development of modern suﬁeralloys for elevated temperature service.1
In the design of alloys for room and cryogenic service there is a
highly significant develepment worthy of special mention. This is the -
development of a branch of continuum mechanics dealidg with fracture.

ﬁtilization of the recent advances in this field greaﬁly enhances the

coupling between material science and materials engineering.

Al



The resistance to sudden and catastrophic failure is one of the most

important design requirements of engineering structures.  Until the ad-

' vent of modern fracture mechanics, there was no known quantitative way

tO'associate the;microstructure of an alloy with its tendency to fail

catastrophically;" Earlier teSts, such as the Charpy,;do not provide

_quantitative‘design'data."Thevpioneering work of Irwin, et al. in the

‘late fifties has resulted in'a totally new approach to the problems of

fracture of complex engineering structures. As 1s now well known, the

1ntrinsic fracture toughness of certain alloys can be quantitativelytwaluated

in terms of theistress'intensity‘factor,'K, with KC being the stress in-
tensity-requiredhfor the catastrophic propagation of a crack in a sheet
of material“subjected to plane stress, and KIC being the parameter for

( :

thefplane strain state. Of particular interest to the materials scientist

"ig the observation'that both K. and K., are highly dependent on internal

C IC

structure;' Theudevelopment of a QUantitative approach to fracture has

prov1ded a vital link between materials science and materials engineering.

The materials scientist can hence use his knowledge of

defect structure‘and microstructure to produce alloys with enhanced

resistance to fracture. The mathematical'formalism of modern fracture

mechanics has also heen applied to the problem of fracture by fatigue,

but the quantitative correlation‘between fatigue failure and microstruc-

ture is not as uell understood, as‘is catastrophic fracture.
Modern~fracture'mechanics also provides.an important link between

process‘metallurgiSts and their profeSsional'counterparts, the materials

-engineers and thevmaterials scientists. Numerous investigations have

shown that processing variables, especially those influencing the kind,



amount, and distribution'of‘impurities, can have a profgund effect on .
fracture touéhnegs and fatigﬁe strength; Thus, opﬁortunitiesbnoﬁ'exist
for an iﬁtegrated approach to alloy design enéompassing élloy‘chemistry, i
mechanical processing, materials‘séience_and matErials engineering. -

' Somebexamples are_ci;ed in”the paper of alloy design for ;ryogenic;
rooﬁ;and eleyaﬁed temperétureisefQiée. The examples chosen represent
attgﬁbts to either imprbbe-the'combinafion‘bf the ambiént temperature
Strength_and'toughﬁess of commerciaily,available ailbys, or to create
new éllofs with properties simiiar to or better‘than those exiéting for .
cryogenic and eievated temperature use. The emphasis is upon the inte~
grated materials science-materials ehgineering'approach,:_The examples
used as illustrations are intended to sdggest séme ofv;he present capa-
bilitieé of thé;materials scientist ahd the materials engineer that can
be applied tévtﬁé design of new alloys. The commercial exploitation of
.wholly new maﬁerials'designed to'mégt in soﬁe way'the needs of present
and future technblogy, must await the estéblishment of cooperative
programs invoiﬁing‘the-talents’of»industry; government and ﬁniversities; ”

| There is another area where educational ihstitutipns can‘make a
significant gént;ibutidn; namely, that §f training students in thev
combinéd fiel&s of materials science gnd engineering design.' In general,
; deéign engineers have a very 1imited knowledge about the relatipnship
between microstruéturé and iechanical properties. Tﬁe language of the
metaliurgist and materials scientist is iargely foreign to desigﬁ
engineers. Conversely, the language and‘analyticaljmethods.of the

designer are equally mysterious to most metallurgists. An intimate-



knowledge of‘both'fields is required for.the design of structures that
will never be in danger of failing gatastrophically in service. The
_need for engineering studenté trained in both fields is evident to
employers as well as faculty membgrs. Consequently, there is a move-
ment in cufricula planning in engineering colleges toward broadening
the tr#ining,base to.permit stﬁdeﬁts to acquire cémpetence in two
éngineering fiélds. These are called "double major" programs. An

example of one such program will be discussed in the next section.



2.  EXAMPLES OF MATERIALS SCIENCE PRINCIPLES APPLIED TO

ALLOY DESIGN |

‘The concept_bf ma;erials scientists designihg new alloys is an
optimistic one. Even though research workers in the materials field
are cognizant of the basic principles of alloy désign and are capable
of developing new alloyé with interesﬁing'propertieé,vthere are
certain éritiéal queétions that they are rarely in a position to amswer.
i'One such question is, "Who needs the new alloys?". 'Anotﬁer is,
"Are the new materials ecﬁnomic'and timely?". Market analyses and
current awareness of advanced.technological needs are not the forte
of professors of materials science. Yét the need for new and better
materials is_bbvious evenvto laymen.> What then, can people in
wiversities contribute to the field ofvusefﬁl materials? The pbsition
. is by no means hopeless. Educational institutions have the
responsibility for training the futufe generation of materials
scieqtists and engineers, and they can do a more effective job than
has been common in the ﬁast. Furthgrmoré, the facnity themselves can
become more #wéfe of the needs of technology by regular interaction
with their colleagues in industry.

.During the past two ‘decades, materials science has grown farther

and farther away from the technologically related fields of materials



engineering‘aﬁd éngineering aesign. In many ways the concehtfatidn of
effo:ts on science oriented subjects has been highly useful. It has :é-
sulted ;n'a far better unders;anding'by metallurgists of the basic
principles of m#terials science that must be.thorOUghiy,mastered before
new and better-glloys-can be designed. HoweQer, it is now time for ma-
terials scientists to apply these principles to the solution of important
téchnologicai pfoblems. ‘Students trained'narrowly in a specialized field,
such as materials science, will'noﬁ be able to do this efféétively after
they graduafe. -A broader éducaﬁiohal base is now required,.consisting.of
core courséé in-materials science, materials engineering, and engineering
design. New;prégrams,of study must be made available to students. They
must conﬁaigfthe,core courses required of majors in at least two of the
convenﬁional departﬁents; for example; Mechanical Engineéring/Materials
Science, or CiQil Engineering/Materials Sdiénce,.or Electrical Ehginegring/:
Materials Scienée. rDouble'Méjor prbgrams in these combined fields have |
been made available to studeﬁts in the College of Engineefing, Univérsity
of California,,Berkeley gince Sepfember'1971. The number of Studénts
selecting these programs hés‘doubled each year, which shows the'growing
attention the programé are receiving. _Equallyvfavorable rééponses have.
_come from empl§yers who are 1earning about theiprogrémé and appreciate
their mérits. | |

At the graduate ieyel, the séme philosbphy has érevailed, but?in a
ﬁuch less férﬁaiized:méﬁner.. Many ;f the students prefer the traditional
science oriehtétion, énd their programs pf study are so oriented. How-
ever, a smaller, but increaéing ﬁumber, are combiﬁing their basic training

in materials science with engineering design and business administration

!



minors. ' Those Who elect this educational route heyond-the Masters degree,
often prefer to receive the Doctor of Englneering degree " instead of the
Ph. D., at the end of their program. The theses topics of such students
are generally‘of the "alloy design" type. Four examples of the products
of such research are citedibelow to illustrate what can be accomplished

in educational institutions as a result of teaching studentsthow to design
new alloys or _enhance the properties of existing ones. 'Students who have
worked in this area carry the new concepts and methods to industr1al lab-
oratories where ‘they will learn how to combine their science based knowl-
edge and experimental skills with practical considerations, such as tech-
nological needs,veconomic,considerations, and fea51bility of production.
Hopefully, the long range results will}be the commercial production of new
and better alloye."

2.1. Enhancement of Cryogenic Notch Bar Properties of an Iron Based BCC Alloy

Metals or alloys with the bcc structure can fail either by shear, as in

fcc metals, or by cleavage. ‘It is now well established that the propensity

. of bee metals to fail by cleavage is influenced by a host of compositional

and structural factors. Some of the compositional and microstructural
features that are desirable in a bcc cryogenic alloy are: (1) the lowest
possible level of interstitials in solid solution (interstials raise the

critical resolved shear stress of bcc metals to the cleavage stress as the

‘temperaturerisvlowered), (2) the maximum amounts of either nickel or

mnganese in solid solution commensurate with other metallurgical consider-
ations, and (3) the finest possible grain size. This listing of desirable
features is, of course, not complete and is intended only as a guide for

the selection of an alloy system for study. Iron-rich alloys in the Fe~Ni-Ti

- ystem meet the requirements cited above. The titanium and nickel contents

1
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in these alidysjéan be véried to meet thé reQuirements (i) and (2) above.
Fine grain sizes can Ee obtained by thermal or thermal—meCﬁanical ﬁeéns.
In the study diséussed.below, the requiremEnts,(l)'and-(Z) were met

by the.alldys.Fé-IZ pct Ni-0.5 pcﬁ Ti and Fe-12 pct Ni-0.25 pct Ti.*
After initial p;oceésing and forming into déSired.shapé, the ailoys'were-'
solution annéalgd for 2 hr | ai£ cooled to room temperature, then re- |
heated to a designated temperature.between 650°C and 800°C, and ice
brinevquenched. | |

| The results of grain siég and impact studies are shown graphically
in Fig. 1. There was not a simple relationship betweén the'phase diagram
and thé-heat treatmehts_required for grain refinement. Current studies
suggest théﬁ;the_refinement‘is produced by an increase in the nucleation
rate of the prior austenite‘grains above the two phése (a+y) region.

Apparently the residual defect structure remaining from the duplex (o+Y)

microstructure provides the additional nuclei. The temperatures for ef-

fective grain refinement were between about 675°C and 775°C,.as can be
seen‘in fig.'l(a); | |

The -19§9C-Charpy Vbnotch im§act énérgieéxof Bqth alloys rehéated
for 2 h:-at temperatures indicatéd are shown in Fig. l(b), The impact
energies'weré'uniforﬁly high for reheating temperatﬁres betwéén 675°C..
and 775“C, aﬁd low for temperatures on either side of this range.v it
was noted that fiﬁe grain size and high'impactveﬁergiés were both ob-
tained'for théfsame'rehéat'températures. Correlations such as thesé
were not possible for room temperature teéts Because of the limited

capacity of the testing machine (225 ft 1lbs).

* .
All chemical compositions are in wt pct except where otherwise indicated.
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‘MaCrogféPhS of the broken CharpyvV—hotchvbars,vdpticel photomicro—
graphs of the miefostructere showing the»érain size, and scanning3elec-
tron micrographs of the fracture surface of the Fe412N1-0.5T1 alloy are
shown iﬁ Fig._2 for severalfreheat temperatﬁres. It is,reedily apparent
ehat there was a correlation between ;ﬁe grain size and the macro- and
micro-fracture appearance. Séeciﬁens heving,a'fine'grain size showed
gfose amounts of plasticity on the fracturevsurfaces ef the broken .
Charﬁy bars.;bfbeir fracture suffaces at high magnificatien'exhibited
dimpled ruptuie that is eharacteristic of shear (high energy) failure.
Conversely, Speeimens having a large gréin size showed little plasticity -
on the fracture surface of the Charpy bars and their fractu;e surfaces .
at high magnificetion were cha;acterized by flat facets indicative of
cleavage (low energy) faiiu;e; | |

The'effeeclef the'tiﬁerof reheat on toughnees is shown in Fig. 3~
for.temperatures betweeﬂ'650°c.and 800°C. The enefgy absorbed at -196°C
was .clearly e,function bf»both temperature and tiﬁe. :Thefgrein.eize in
microns is shown in parentheses on the cufves ineFig. 3. ‘At the reheat
temperature of 650°C, the energ& absorbed did not appreciably vary from
its initiel 1ow‘velue_for timee up to 30 hr.F: At the highest rehe;; -
temperature of 80Q°C the energy absorbed reached'a low peak in about
1/2 hr andvthen decreased with time'fe a relatively'low value. At
intermediate temperatures, viz , 700°C and 750°C, the impacﬁ energy rose
rapidly as e function of time to high.values“end did not change for timee’
up to 6 hr. - As shown iﬁ.Fig. 3, there was ; corresponding reduction

in grain size with time for specimens treated in the intermediate
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temperature‘region. This‘timeétemperature—grain size relationship was
'especially evident for those specimens reheated at 700°C..

" The -196°C impact toughness and yield strength of the Fe—lZNi—O 5T1v
alloy are compared in Fig. 4 with those reported in the literature for
two-commonlylusedICOmmerCial cryogenic steels? The superior combination
~of strength and toughness of’thernew allo& is clearly evident. The
Charpy‘V-notch impactrproperties at 1liquid helium temperatures were in
excess of 100 ft-1bs.

The Charpy V-notch impact test has the well known advantages of
Being-both ihexgensive and convenient in exploratory alloy design studies
shch as this one. However, the information this test provides has'neither
fundamentai s;gnificance'nqr is it of value in quantitative engineering
design; Accordingly, attempts are beiﬁg made to correlate structure '
ﬁith more meaningful quantities such as the plane strain fracture'tough—
ness‘ahd therfatigue crack growth rate. The relatively low yield strength
(between l&pfane 150 ksi)vand'the high.toughness at liquid nitrogen
temperatﬁres‘ﬁreciuded the determination'of valid plain strain fracture
'tqughness ih 5/8 inch thick‘specimens because excessive plastic flow
occurred.

‘Some typical tensile results are shown'in Table 1 for test tempera-
tures of 237& and -196°C. The tensile prcperties were quite insensitive
to the reheat temperatcre.' It is-apparent that those microstructural
features which‘ihfluence the impact teughness'did not appreciably affect -
the teneile propertiesl In tests at near liquid helium temperatures

_(-266°C) higher yield and tensile strengths were observed with no
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appreciable decrease in ductility. The tensile properties of the _
Fe-12Ni~0.25Ti alloy were similar to those of the Fé—lZNi—O;STivalloy,'
although the strength was somewhat lower (about 5 pct) at all test

temperatures. (For additional details see references 3-8). .

2.2, Ultra High Strength Steels—-Role of Microstructure

As mentioned earlier, the evolution of a unified theory of frac-

_ tﬁre mechanics and the development of reliable test methods for obtaining
an accurate value for the plane strain fracture toughness (Kié) have .
provided the metallurgist with a quantitative method for evalﬁating the
effects of microstructural details on the tendency of an alloy to
fracture in'avbfittle manner, . Studies of the relationship between the
microstructurgiand the fracﬁuré toughness of ultra high strength steels
havq_beeﬁ especlally rewarding. For example, the deleterious effects

of éulfur and other trace impufities have been quantitatively.dete;—

. 9,10

mined. Also, the relative merits of steels wiéh,bainitic, martensitic,

or tempered martensitic microstructures have been well documented witﬁ
respect t§ théir streﬁgth and fracture tovughness.ll_13 Steels are often
ratéd accorﬁing'to their relati?e positions on master plots of plane
strain fracture toughﬁess vs yield strength.14

The aséumpﬁibn is generally made that the high hardénability of
commercial quehcﬁed and temperea steels leads ﬁo uniférmvmicrostrucﬁures
throughout the thickness of fracture tbugﬁness specimens, because the
har&ness is néarly constant throughout the thicknéss.' Elementary

¢onsiderations of micromechanics of fracture lead to the conclusion

that the fracture_toughness of ultra high strength steels should be
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highly dependent on relativeiy-émall ambunts of embrittling micro-

: constituents;‘hhereas such microconstituenfs have liﬁtie effect on the

hardness. Thglﬁétection,df minor amounts of austenite deéomposition

products by"either'optical or electroﬁ mic:oscopiq technique§ is
deggptive’ih its apparent simplicity. Thg detection by opticél micros—

- copy, for example, of small amounts (of.the order of 1 pct) of upper
bainite in a 5/8 inch thick specimen consisting largely of lower bainite
or.autotemﬁeredumartensite demands the utmost care and patience in all
stages of:spegimen prepargtion. . It is now establishéd that high reéolution
electron microscopy is needed to»distihguish between lower bainite

~and autotempered martensite. Unfortunately, the advantages of electron
ﬁicroécopy'are offset by the disadvantagé that large areas cannot be
scanned readily. A coﬁbination of metailographic techniques is general- .
ly the most éffective'way to study the structures of heat treated.steéls.

| When metallégraﬁhic techniqueé reveal the preéence‘of embrittling struc-

turés in conventionally héat freated steels, alternate heat treatments
should be devised to either eliminate, or at least minimize, such

" structures.

.Reéenqlstudies on a secondary hardening 5 Mo-0.3'C.stee1 have
suggested one way in thch improvements in microstructural uniformity

can be achieved,15-17

Increases in fracture toughness of more than
50 pct were obtained in as quenched specimens by the use of high
austenitizing temperatures. In this case, the improvement was

attributed to the reduction of undissolved alloy carbides. In the

present invéstigation several commercial steels were heat treated at
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differentaﬁsténitizing and ﬁempering temperatures and‘théir strength
and frap;ure toughness determined. The fesults obtaiﬁed are réported |
- herein.

| 'Tﬁe'cémpogitions and'préperties of ;he steels used in the present
investigatién a;e shown in Table 2. ‘Speciﬁens for optical and electron
ﬁicfoscopy ﬁete faken from the fracture toughness specimens which had
been designed and testgd in accordance with ASTM recoﬁmended‘practices.
Sufficient sémplinngas done to ensure thaf representétive microstructures
were obtainea, |

The effept)of auétenitizing temperature on the fracture toughnesé
of as quencﬁed specimens of the 5 Mo-0.3 C steel is shown in Fig. 5.
The abrupt increase in fracture toughness at a critical austenitizing
temperature‘wés assbciated with an increase in grain size (ASTM 7-8 to
1); thé'gfain size change was concomitant with complete sélution of the
alloy carbiﬁéé;

Several different microstructural features were reéponsiblg'for
the lower fracture toughnesses of the three éteels when they were |
austenitizéd at‘the conventionglly used teﬁperature.(870°C)."The
optical micrographs of AISI 4130 steel, oil queﬁched from 870°C, clear-
ly showed graiﬁsvof ferrite and many regions of uppef bainite.19 The
'remaiﬁder of the structure was identified by transmission electron
microscopy aé béing lower bainite and autotempered martensite. When
the austehitevgrain size was ihcreased by'first heating the.steel to
1200°C (then furmace cooled to 870°C beforé oil quenchiﬁg), there were

no ferrite grains visible in the optical micfograph, and the amount of
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upper bain#te was'spbétantiélly lower than that formed during the direct
quénch from 870fc; The fracture toughness was increased about 30 pct
.by the 1200°C treacﬁent;l7 |

Free ferrite grains and ferrite plates'in upper‘bainite are regions
that>are mgéhanically weak. They can fail readily by either plastic fléﬁ
or by cle#Qage; and thus they tend-to”initiate microcracks aﬁ relatively
lqw levelsﬁbf;plastic strain. This results in iow values of fracture
toughness, even wﬁen diﬁpled rupture oécurs, as scanning electron micros-
cOpyirevealéd'was:the case for:this steel. In additional experiments,
fractﬁre toughness'specimens'were quenched into iced brine directly from
1200°C. Tbé cgoiing rate‘in tﬁis_éase was fast enough to suppress the
formation:éf‘#pper bainite, although small amounts of a bainitic product
' were'visiblelin isolated régions in optical micrographs; The remainder
of the miérostructure appeared to be'autotempered‘martensite. Séecimens
given the iced brine quench had exceptionallyihigh fracturé toughness

1/2).

Another microstructural feature that can have a marked influence on

(IOO}ksi*in.

fracture t&pghhess is retaiﬁed austenite. The presence of austenite films‘
has been querﬁed-by other investigators, ;nd there hag been some specula-
tion abqut its inflﬁence on toughness;zo_zz. Hdwever in:martensitic steels
it is generally assumed that no retained austenite exists if no evidence
for fcg reflections éan be obtﬁined by x;rayvdiffraction. Since standard
x—fay methods‘héve-a resblution limit of approxiﬁately 1 pc;, and sincé
the morphoi&gical distribution of austenite needs to be characterized it

is necessafy to utilize transmission electron microscopy and diffraction.‘

Proof of the existence of very thin films (approximately 200 A thick)
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ol austenite at marten51te lath boundaries was first obtalned 1n the
studies of Fe—Cr-C steels discussed in Section 2. 3 (see ref. 23)
the case of AISI 4340 steel, the presence of retained austenite in 01l
duenched specimenshwith the larger austenite grains appeared to markedly
enhance the.fracture toughneSs.l7' OpticalvmiCrographs did not reveal
the struCtural ‘nature of‘this steel in any of the conditions investigated.
.Transmission electron microscopy and diffraction showed that the struc—
ture was primarily autotempered martensite with small amounts of lower
bainite and untempered martensite for both the 870°C, and the 1200° to
870°C austenitizing conditions.‘ The only significant difference observ-
able in thevtwo steels was that austenite films, 100 to‘200 A thick; sur—
rounded a majority of the martensite laths.in the specimens that had :
been.heatedlto‘l200°c as can be seen in the dark field electron microe
graph of Fig. 6 whereas there was only a trace of retained austenite
visible in the specimens heated to 870°C. Additional diffraction and
dark field microscopy showed that the retained austenite did not trsnsfonm'
when specimens were cooled ‘to liquid nitrogen_temperature. i

Austenite is.not sensitive to high local_stress concentrations and -
does not fa.il by cleavage, as does ferrite. Consequently, it. seemed
_ reasonable to conclude that in this case, the presence of another phase,‘:‘A
'properly dispersed, can actually enhance the fracture_toughness. . |

As is'predictable from basicvprinciples of materials science,}low
fracture toughness of a quenched and tempered steel is associated with
the presence ofvcertain types of microstructural features. Sulfide in-
clusions act as microcrack nuclei and therefore induce macrofracture

atnrelatively low strains in fracture toughness specimens. Similarly,
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carbide particles undissolved during‘austenitizing lower‘toughness. Free
ferrite, whether present as separate'grains”or as platelets in upper
_bainite_ln ultra high strength steels; lowers fracture toughness by a
substantia.l: amount o |

Autotenperedvnartensite (with no‘interlath carbidesj formed during
the quenching”operationvis tough. Lower bainite and temperedfnartensite
free from lath boundary f11ms of carbides, are also tough and fracture
resistant microstructural constituents.' The presence of retained austenite
films around autotempered laths of martensite adds substantially to the
1nherent toughness.of the autotempered martensitic,structure.‘ The sub-
structure of'martensite itself}is also important, e.g. transformation
twinning in carbon steels lowers toughness.ll | |

Figure 7 summarizes the results of tests:on steels that had been
given:the ;gpbfc'austenitizing.treatment{ The fracture:toughness, KI&
is plotted'against the'yield'strength; In this figure there are two bands
-which show the ranges of yield strength and fracture toughness values
.reported in the literature for commercial AISI 4340 steel and the 18 Ni
maraging alloy. The maraglng steels are usually considered to have the
' highest value of plane strain fracture toughness obtainable at a given
yield strength.- The circlesbare test polnts for steels given speclal |
heat treatments described herein. The toughness values have been moved
out of the loﬁer and into the upper band. Furthermore, there are theoretf
ical reasonsrto'believe-that fracture toughnesses wellbaboue the.maraging
steel banddcan be obtained with quenched and tempered steels through
'modlfications_of chemical composition and thernal treatments.

Figure 8 shows the approrimate range‘of results obtained with TRIP
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’steel'szvlp-zn7 gﬁd'how the fracture Eoughness valués.qoﬁpare with those of
quanched ada tempered, and maraging steels. The.TRIP;stééls arebﬁetastable
austenitic7ﬁltré high strength steels that traﬁsform m;rtensitiéally'when
'plastically'deformed. These steels contain 0.3 pet carboﬁ.of more, and

ﬁﬁe stréiﬁ—induced'martensitE_forﬁétion provides an édditibnal strengthén_
.. ing mechéniém. ?AfVOlume increase of appfoxiﬁately 3 péﬁ (corresponding
toba linear change of 1 pct) is associated with the austenité to martensite '
‘ ﬁransforﬁaﬁi§n;  The transformation étrains'éﬁgmént the ductility aﬁd

add to the fréc;ure'toughness. Thé.vdlumetric expansion tendS’to reduée
thg:thfeé dimensional tensile stresses that afevdeveloped'dufing plastic
'stfaining near thé apex of a nbtch. Thié changes the stress state toward

a conditiﬁn ﬁhich'favbrs a mpré'ductile performance of a frécture tough—‘
ness spécimgn._

At leaéﬁ‘ié‘thgory, steelé with lower alloy cénteﬁt than TRIP steels;
bgt.with soﬁe'TRIPvéharacteriStics; can be designed; The fractu;é tongh-.;
ness valueé for such steels should fall in the.region beﬁween the maraging
and ﬁhe'TRIP steeltbands‘ (fqr additiona1 de;ai1s see reféréncéq-15dl7,
19, 28 and 29). | S

2.3, Development of Tough, Ultra-Higb Strength Fe-Cr-C Steels

The‘objECtive of this study was to select a low alloy hardenable steel
‘haviﬁg transformation characteristics that would permit control of micro~‘
cpnstituéqts that are deleterious to f?acture toughness. In thisvéése,
the purpose was to devisg_ways of avoiding the formation of twinﬁed mar-
tensite, which 1s known to reduce fracture toughness.30 Iron—éhromiumf
carbon s:eeis were éelected for the investigation. Chromium is not an ef-

fective solid solution strengthener in ferritic alloy steels,31 and so



~19~

substructural cﬁaﬂges due to alloy additions can be readily correlated:
with.changes in mechanical properties. Furthermore, chromium is relative-
ly inexpensive, énd it is effective.in increasing hardenability. The
compbsitions of-thé steeis are given in Table 3. All steels were aus-
tenitized at 1100°C and quenched in agitated oil. |

A mixed morphology of dislocated and twinned martensites was found
in all the as;quenched steels, Increases in either_cérbon or chromium
content raised the percentage of transformation twins (Figs. 9 and 10).

" The 0.17 pct C steels were only slightly twinned, but there was a notice-

~able increase in twinning as chromium level‘increasea. Although all.three
0.17 pct‘C steels exhibited autotempering, it was more prevalent at the
lower chromium levels (with correspondingly higher Mé temperatures).

The 0.35 pct C steels sho’wed”thg ma_lximu'm difference in relative
amounﬁs‘of'twinned martensite. The twin density increased by a factor of
approximately two when the chromium content was raised from 4 to 12 pct.
These‘reéults demonstrated conclusively that at a given carbon level,
chromium enhances transformation twinning in martensité. (Some auto-
tempering was observed in isolated areas of steel 0435).
| The mechaniéal properties of as-—quenched martensites are summarized
ianig..lO. The low cafﬁon steels showed little change in strength or
toughness with increased chromium.. This'corresponds with only‘a minor .
increase in the amount bf twinping, and confirms that chromium is not a
solid solution strengthener in steel. However, the high carbon steels
had a major increase in streﬁgth and drop in tOughneéé as . the twin'density
increased with chromium additions. The brittleness of steel 1235 was

also indicated by quench cracks along prior austenite grain boundaries.
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Quénch crécking’ﬁas not encountered in steel 0435, The qdenchICraéks did

not compromise the K_. results, since scanning electron microscopy showed

IC
that crack propagation was transgranular.
. One of the most interesting results.was.the_resolution‘bf thin sheets -
of highly deformed retained éusteﬁite surrounding sone of the matﬁensité
.laths‘in ail the aséquenched #1loys (identified as austenite by selécted
area diffréctio# and dark field imaging of fcévspofs; Fig. 11). " On tem-
pe:ing at 200°C, the interlath éustenite was'oBsefved less frequenti&.'
Afteflgémpering at 400°C;.none was seen, indicéting that fempéring céﬁsed.
the retained austenite to-tranéform to ferrite, followed by préci@itation _
of interlath;qarbides;'.This repiacement of the austenite by interlath
carbides wésf#cccﬁpanied by a,drop‘in toughness. The variation in.proper-f

ties with tempering is shown in Fig. 12(a) and (b).
30,32

Séveralvauﬁhprs 'haye proposed that chemical-composition deter—-
mines @artepsitic'substructureftthugh its effects on Mgitemperature andA
sttength of m&rtensite; Since'mDSt élloying elements act as solid sqlu~.
tion stréngthénérs in austenite, they increase the therﬁodynamic driﬁing
forcé needetho initiate the martensitg shear transformation, and hence
lower the MQ témperature. The strength.of the martensite over the temper-
ature raﬁgeé of transformation then becomes the conﬁrdlling factor,,andA
"slip or twiﬁning'ér both will depend on the relative valueg df the critical
resolved shéér stress 6ver_the MS—ME température range'.30 ‘In fhe préseﬁt '
work, the stegl 0417 had the lowest allo& cgntent,‘the'highesf M tempera-
ture, and was mainly dislocated. Conversely, the steel 1235 with the

highest alloy content had the lowest M.s temperature and the highest

twin density.
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The obserVatiOns of retained.(stsbilized) austenite between martensite
laths confirmed suggestions ofVSealvsnd Honeycombe,20 that the absence of
interlath carbides in Fe-Cr-C steels at.tempering temperatures below
400°C is related to the presence of austenite films at lath boundaries.
Such films of retained austenite are thus important in stabilizing the
microstructureland properties up to tempering temperatures of 400°v.' In
the preéent;study; austenite'filmsvdisappeared after'tempering at 400°C,
and were'repleced‘hy;interlath carbides. » |

This’workvshowed the impbrtant role of substructure_on the mechanicel
properties when composition is varied with one_component held constant.

The differencehin as—quenched yield strength in the steels studied can be
explained by the relative contributions to ‘solid solution strengthening,
especiallyvthat.from carbon, and transformation substructure as discussed
in detail.e_].sewl'iere.:s.:i-35

.. The effect of.chromium'as'a solid solution strengthener in'martensite

is shown to he»negligible by the results obtsined‘for<the low'carbon'alloys
‘(Fig. 10);"Hence;.for a given carbon leVel"any increase in strength as-
;sociated with a higher chromium content must be caused by the increased
twin density, not by the chromium addition directly. Kelly and Nutting33
have drawn attention to the crystallographic restrictions on slip due to
transformation.twinning. Recent . work has shown that twins ‘can themselves
be twinned which imposes further restrictions on the continuity of d1s-
slocation motion.36 Carbon atom pinning of dislocations is also'important.
Tuinning has also been ohserved‘to increase the‘hardness of fcc:metals.37.
If slip is difficult, mechanical twinning‘is very deleterious, since

twins are known to be effective as crack nuclei in bcc metals.34
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Furthermore twinning dislocatidns.in the bcc structure cannot‘crOSs'slip
and are not as effective as total dislocations in blunting cracks by
: olastic flow.  In untempered martensites especially, twinning must be
auoided if‘high toughness is to:be achieVed.38 These conclusions are
well demonstrated in Fig.'lo where for the:b 17 pct carhon steels. Al—
though yield strength did increase as chromium content was increased '
from 4 to 12 pct, the toughness dropped as the twin density increased
(8 pet Cr).- The prOperty changes were more dramatic for the 0.35 pet C
steels wherehfor a three-fold increase.in chromium content, which caused
a two~-fold increase in twin density, the strength of the as—~quenched |
martensites increased from 240 to 300 ksi, while the toughness dropped
from 70 to 20 ksi-inch’ /2. It is also evident in Fig. 10 that a higher
yield strength does not necessarily correspond to lower toughness in
martensite.. The as—quenched yield strength of steel 0435 was 84 ksi -
higher than that of steel 1217, yet both had the same fracture toughness.
The increased_carbon content of steel 0435 raised 1ts yield strength over
_that of steel‘1217;.while.the'simultaneous“reduction'in chromium pre-
IVented‘a large increase in twinning and a corresnonding drop in tough—
ness. Hence, by adjusting carbon and alloying element contents in order
to control the substructure the strength of martensitic steels can be
"improved without suffering a loss of toughness. This suggests a simple
'three—step process for alloy steel design. | |

1) ‘add that amount of carbon which will produce the de51red strength;

2) add other alloying elements to produce the required hardenability
‘and whatever other properties are desired; and 3) theltotal solute content

must be restriCted to avoid extensive twinning and thereby retain desired

'toughness'(e;g. C <0.4 pct).
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An important result ofvthis research was further experimental
evidence tha;'és—quenchéd martensites are not necessavrily btitfle'(e.g.;
noﬁe of th¢'0.17 pct C martenSites.were brittle, as-quenched). While
it has ofteﬁ been assumed that martensite must always be tempered after -
quenching to raise toughness to a usable level, so thét the consequent
reduction of strength on tempering ié unavoidable, it is emphésized that

1/2

steel 0435, with a plane strain fracture toughness of 70 ksi-in. and

yield strength.of 240 ksi, qualifies as an ultra high strength,“high
toughness s£eel in the As-quencﬂed éondition. Its ﬁoughneés is improved
withoﬁtva'serious loss in strength wheﬁ tempered at 200°C.  Similar high
strength and toughness in és—quenched, autotempered, Fé—5 Mo-0.3-C
martensite héve been reported.l'5 Figure 13 compares tﬁé ultimate

tensile strgngth and fracture toﬁghness of steel 0435 with seyeral
commercial giéra high strengthvstee‘ls?9 It shows that the steei 0435
matches 6: e#ceeds the properties of 18 Ni maraging steels. (For
additional details, please see refefence 23)f

| >.S§m§ fﬁrther exaﬁples'of thé'utilizatioh of phase transformations v
include current programs on dispersion strengthening-of'martensite. Tﬁis
program involves application’of the principles ofvdispersion strengthen—_
ing by producing precipitation in austenite prior to the phase transférma—'
tioﬁ to mafteﬁsife—-contfolling éonditibns so as to obtéin disloéated |
martensite. The dislocations generated during the transformation mdltipiy
at thé particles and simulate the structures otherwise obtainable by |

34,40

thermal-mechanical processing such as ausforming.: Initial results

utilizing ausaging41 and spinodal transformations42 to produce disper-

sions in austenite are very encouraging.
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2.4. A BCC Iron Based Alloy for Elevated Temperature Service -

Most éommércial creep resistant materials derive tbeir stréngth from
a fine.dispersion of a second phase which hiﬁdets the:movement of dis-
locations. In creep resistant ferritic steels, the fine dispersion al-
most invariaﬁly consists of cafbides, whereas in high nickel_contént
. superalloys, tﬁe dispersed phase may Be'an;intefmetallic compound such.
as N13(Al;fi). ~The particle size, morphology, distributioh and voluﬁe
fraction ofvthé second phase,vthe‘degfee of its coheréncy with the matrix,
and the mechanical properties of the ﬁatrix all affect the creep reSis— 
vtance‘of disperéion strengthened alloys. The thermal stabilify of the
seéond phase p@rticles is also an importaﬁt factor. |

The mo}_'pholdgy and coxvn‘pos‘itiqn_'of cafbide particles tend»to change
‘slowly af'eiQVated tempéfatureé and this ofténvresulté in an incréasevin
creep rate.‘ An example of such an éffect is the loss in c;eép strength
of O.lC*l.OCr—O.S Mo.steel after'loﬁg time'exbosurg at service Becéuse
of thg formation of an M%C type of ;arbide.4h | |

The cdnéept of uéing inteimetallic cOmpounds, rather than carbides,
for increésing'the high temperature strength of allqys is decades old,
but progress’;qward a realization of this concept hasvbeen slow. The
effects of intérmetallic compounds such as the sigma-phasé and Ni3(Al,Ti)_
haQe been investigated by Mihalisin, e't:>all‘5 andvDecker.46 Mihalisin
et al45 found that‘the presegce of sigma loweréd both stress—rupture aﬁd
room témperaturé stfengths. _Décker46 aléo summarized thejstatus of
knowledgé about . the effects of the Laves ﬁhase particles oﬁ strength.
He concluded that in general, when the Lavés ﬁhase is present in signifi-

‘cant amounts it n...canrdegrade room temperature ductility with little
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effect on~creép‘properties"; The results_from.theipresent investigation
showed, however, that with ﬁicrdétructutal control, éétisfactory valués
of room temperatufé s;rength éﬁdﬁductility, as-Well_as good stress-— |
rupﬁure life,‘can be aﬁtainedrin very'léw carbon alloys s;rengthenedA
with the La§e§ phase FezTa.'

.'Rbcéntly it was demonstrated by Jones,et_a147

that in bcC'Fe—Td_
alloys, the bfittlenesé;_which was due to the presenge'of a cbnéiﬁuous'
grain boundary network of the Laves phasé’FeZTa, céuld be‘overcome by
a simp1e heat treatment which'spheroidize& the precipitate.’ Spherqidizar
tioﬁ*of tﬁeALaveé'phasevteSulted in‘coﬁsiderabie enhancéﬁgﬁt'of room
témperature.ductility and e1evated temperéturélstrength of Fe-Ta alloys.
Two majbr 1imitétions of Fe-Ta alloys with respect to their possible
‘practical utilization for elevated temperature service were:

(1)"the hiéh o - Y and Y + § phase transformation ﬁemperatures.that
neceséitatéd high temperature heat treatments, and (2) inadgquate oxida—-
tion resisfancé; ‘An examination of the binary Fe—Cf'phase diagram.l‘8
indicated that increasing chromium additions to iron'continudﬁsly lowered
the vy *‘6 phase transfbrmation teﬁpefatures. fhe d’?‘Y trénéformation
'teﬁperatﬁre, on the other hand, was 1owered'by ch:omium additions of up

to 7 pct, but was raised by fufther additions of chromium. It seemed
reésonéble to expect that qualitatively, a similar trend would be observed
on addition of chromium to Fe4Ta‘alldys.' Also, it is well kﬁowﬁ that
improvements'in oxidation resistance are not obtained in ferritic alloys
until about 7 pct chromium is pfesént.49’50

‘The above consideration led to the development of a ternary

Fe-1 at pct Ta-7 at pct Cr alloy (hereafter referred to as alloy Ta7Cr).
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The Fe-riéﬁ‘portibn.of the equilibrium phase diagramsi of the.Fe-Ta
system is éhpwp in Fig. 14, :Thefe are three SOiid solutién regions,‘
o (bece), Y (f'c_c_) and § (bcc). The intermetallic cdm_poi;hd, Fe,Ta, is a
Laves phase; and it has an hexagonal Manz'strucfhre. " The & phase -
decomposes euteéﬁoidally'at 1239°C in accordance with the following
reaction:.f

48 (l,i at pct Té) + vy (0.5 at pct Ta) + ngTa '

The Y phaseifeacts peritectoidally with FeéTa at 972°C to produce the
o solid solucioﬁ: | | | | | | |

Y (0.3 at pct Ta) + Fe,Ta > a (0.6 at pct Ta).

2
Chromium additions change the compositions and temperaﬁures of»thgse
transforxﬁ'atibns,52 as. shown in Table 4. .The o -+ Yy and f"+ 6 transforma-
tion temperatures listed in Table 4 were obtained by dilatometrﬁ, and |
the (y + §)?; §;and (FeéTa + 6) + 8 teﬁpefaturés were determined by
metallography;v~> |

The structure of the alloy TaiCr in_the solution treated‘(for;l hf ‘
at 1320’C) and water quénched:COnditiOn was éharacﬁerized by large
.grains (approximately.l mnm in average diameter) of the‘;etained $ éhase,
and by an algost continﬁous grain bouﬁdary netwo?k of precipitate. Wheﬁ'
‘the alloj waé,aged at 700°C’ additional pregipitate formed within the
gfains, but‘there was no noticeable’change in fhg gréin boundary network.
Microhardneéé measurements on sampels aged for'several time intervals at
700°C showed that the hardness first increased with increasing aéing time,
‘reached. a maximuﬁ after 40 minutes of aging, and thenAdec;eased. The

microstructure of the alloy in the peak hardness condition is shown in

Fig. 15(a). When the aged alloy was heated to 1100°C, the matrix
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transformed to ;he face centered cubic solid'soluﬁion, and the érain
boundary precipitate spheroidized. On cooling from the 7y phase fiéld,
the matrix.again transformed to o, with a‘éonsequent refinement in grain
size. The structure after this treatment gonsiéted éf_Spheroidized
precipitate parﬁicles in a ﬁatrix of a thch was éharac;erizad by ir-
regular grain boundaries, as shown in Fig. 15(b),v In Fig; 16 is shown
"a_trénsmiss;onAelectfon ﬁicrograph of a carbon extraction replica showing
a uniformvdistributionbof alﬁost'éphefical particles of_the La?es phase
in the sphef§id12ed alloy.”3

o Thé tensile properties of the Ta7Cr alloy, after aging at 700°C for
40'minu;es wéfe characterized.by yield and ultimate'tenSilé.strengths -
which decreaéed very gradually with,inéreasevin test temperature up to
about 600°C; at'this'temperétpré the 0.2‘pct offset yieid strength was
about 70 pct.ofhthé room temperature value. The room temperature frac-
ture was bri;tie as ipdiCated by the'scanﬁing'éiectron fractograph shown
in Fig. l7(a);"The room temperature fracﬁure behavior was'changed from

~ brittle to ductile by the spheroidizing heat tfeaﬁment that followed éging.
The fracture surface of the tensile specimen tested at room temperatﬁre
after spheroidizing at lldO?C for 10 miﬁutes is-shown in Fig. 17(b). 1In.
;his figure, fhere is evidence of a significant amount of plaétic
deformation, as indicate& by.a dimpléd éppéarance. Fracﬁure occﬁrred by
void nucleatign and growth gt the interfaces between FeéTa pérticleé‘ |
-and the matr{x. The yield strengthfvcensile sftength, and fracture |
elongation are plotted as a function of the ﬁest temperature in Fig; 18
‘for the alloy in sphefoidized condition. The fesults Qere similar to

those of the alloy in the aged condition_excepﬁ that all the mechanical

*0.2 pct offset.
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propertiesvwere'increased in the‘spheroldizedtelloy."The impfovemedts
were attrlbuted to the combined effects ofdepheroidléetion of the'grain
':boundary precipitate, reduction iﬁ'graih size, and an.ihcrease’ln dis-
-location deosit?. | |

Short-time tensile properties do not provide adeduate information
about hightteﬁperature strength, and.so stress-rupture tests were made on
the Ta7Cr alloya jThe'temperatures'seleetedifor evaluation were 1000°F
(538°C) and 1100°F'(593°C) Stress vs time.to rupture.data for l100°F
(593°C) are plotted in Fig.'19. Also'showh in the figure‘are the stress-
_rupture properties reported in the 1iterature for O. SC—l Cr-1Mo-0.25V
steel,:O lSC—9Cr—lMo steel Greek Ascoloy and 403, 410 and 422 stainless
steels;sa- At 1100°F, the Ta7Cr alloy results were above those reported ,
'for the 0.150—9Cr—1Mo steel,fand 403 and 410 stainless steels, but
below those for‘the Greek Ascoloy; 422'steinless_steel,and the
0. 3C-1Cr—lMo-O 25V steel. |

The strengthening ‘effect of molybdenum in solid qolution in ferrite
vv_is_well knoﬁns5 =37 sovO 5 at pct of molybdenum.was added to the Ta7Cr
alloy, and the alloy Ta7CrMo was developed. The expected'strengthening
 was found when stressfrupture tests were performed at>1100éF (593°C) on
the Ta7CrMo alloy. The results are shown invﬁig. 19. Additiooal def

tailed informatlon on this study is reported elsewheregsg’sstO
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3. SUMMARY

V‘The functional roles of materialé science and.materials engineering'
have been bfoa&ly discussed. It has been suggested that following tﬁe
end of World War II evolutionary trends in_bd;h ﬁethodology andvlangﬁage.
"have tén&ed to inide, réther than unite, these two branchés of knowledge.
: over-é pefi;d of several decades the net effect has>bgen, on the one
hand, to iéoiaﬁe méterials sclentists from materiéls engiﬁeers,“and
thereby preﬁent them from méking_greafér contribution# to technology and,
on the other, to deny to materials engineers the potential benefits of
the vast understanding achieved by the méterials scientisté._ Several
new programg;ingthe'materials education field are described which havev
as théir ai@fa,p;rtial fedreés of this undesirable situation. "

' Tﬁe'currént state of development of alloy design, as seen from an
acadeﬁic viewpoint, has been described with the aid of four illustrative
examﬁles‘taken from ;urrent'student'theses research. The examples used
for illustfation are by no means ready for immediate engineering ap—-
piications.f,Thergraduate students involved in these programs héve
écquired a bxgadth of_éxperimental skill as well as basic knowledge in
both.matefials science and materiéls éﬁgineering. When these students
: 1eavé the univefsity to go into industrial and government laboratories
they will be‘in-strong positions té combine their feseérch experienée
. and fundamental knowledge with the pfactical consid’erétions of cqmmérce.
Armed'wi;h this knowledge and experience they should‘bevin a favorable
position‘to.attack the.uhsolved technologiéal pfoblems of modefn

society.
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TABLE 1. Tensile Properties of the Fe-12Ni-0.5Ti Alloy

153.0

. 2 Hour Reheat at 750°C 2 Hour Reheat at 850°C
Test | Yield Ultimate | Elong.,| Red. | Yield | Ultimate | Elong. | Red.
Temp., | Strength, | Tensile pet | in | Strength | Tensile pct in
" °C | ksi Strength, Area,| ksi ‘Strength, : Area, -
' _ ksi pet ksi pct-
23 | 90.3 98.6 21 {8 ( 90.8 | 983 | 21 | 86
-196 | 139.5 18 75 | 140.0 - 150.5 21 74

*
0.2 pct offset.



TABLE 2. Austenitizing and Tempering Temperatures, Fracture Toughness and Yield Strength
of 5 Mo—O 3C, AISI 4130 and AISI 4340 Steels :

Steel ' Austenltlzlng Quenchlng : Temperlng ~ 0.2% Yield = Fracture

V(Compdsition) Temperature, °C  Medium ~ Temperature, °C Strength Toughnfii,.'
o ' . . BT . T < ksi-in '
5Mo-0.60Mn-0.30C 870 - Iced Brine ~ As Quenched 194 52
(Laboratory heat) - 1200 Iced Brine. As Quenched : 214 - - 100
o - - 1200 Iced Brine 150 ’ 210 o 104*

v _ 1200 Iced Brine = = 225 o 196 - 109*%
AISI 4130 870 © 0il  As Quenched = - 201 57
(0.30C-0.85Cr- 1200-870%* : 0il As Quenched 210 73
0.46Mn-0.20Mo). - 1200 Iced Brine As Quenched 214 100
(Commercial steel) 1200 Iced Brine - 200 210 110
AISI 4340 . g;0 oil As Quenched = 231 35
1(0.40C-0.72Cr. . 1200-+870%* 0il As Quenched 1231 .63
1.73Ni-0.80Mn- 870 - 011 200 235 > 62

- 0.24Mo) ' 1200-870%* . 0il 200 - 230 75
. (Commercial steel) ) : . a
~*KQ, rather than KIC’ values.

**Specimens cooled slowly from 1200°C to 870°C before quenchlng to maintain quenchlng
condltlons 1dent1ca1 with 870°C austenitized spec1mens . Lo

_L's_
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TABLE 3. Chemical Compositions of Fe-Cr-C Steels

' Alloy ‘Composition, wt pct ' Mg

Number c Cr - Si 0 Temp,,v°C
0417 = 0.18 4.2 0.14 0.001 408
0817  0.16 8;4 ©0.15  0.002 358
1217 0.7 12.0  0.15 o.¢oz~' 286

0435 0.35 4.0  0.06 0.003 320

1235  0.34  12.2  0.10 0.002 182
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..TABLE 4;“ Phase Transformation Temperatures for Fe-Ta-Cr Alloys'

" Alloy Composition

Phase Transformations
and Temperatures (°C)

a>y | y=>3$§ y'+ § > 6 or
Fe ,Ta + § + §
2
Fe-1 at pct Ta 97h 1238 -1340
Fe-1 at pct Ta-3 at pct Cr 890 1230 1300
Fe-1 at pct Ta-5 at pct Cr | 880 1210 1280
|Fe-1 at pet Ta-7 at pet Cr 870 1160 1250




Fig.

Fig.

Fig.

Fig.

. Fig.

- Fig.

5.

plane strain fracture toughness, K

—40-

FIGURE CAPTIONS '
The effect of reheat temperature on (a) the grain size of the
Fe—lZNi—O.STi alloy, and (b) the Chérpy V-notch impact energy

at -196°C for the Fe~12Ni-0.5Ti and Fe-12Ni-0.25Ti alloys. The

‘time at reheat temperéture was 2 hr in each case. -

Macrographs of broken Charpy bars, optical micrographs of
microstructure, énd scanning electron fraétographs of Charpy

bars of the Fe—lZ—Ni—O;STi'élloy reheated for 2 hr at the

_indicated temperatures, tested at-196°C.

The effect of time of reheat at indicated temperatures on the

| Charpy V-notch impact energy at -196°C for.the Fe—lZNi—O;STi

~alloy. The grain size in microns is shown in parentheseé on

the curves.
A comparatiVe plot of the yield strength and Charpy V-notch
impact toughness, both measured at -196°C, for two commercial

cryogenic steelsz and the Fe-12Ni-0.5Ti alloy.

'Influence,of austenitizing temperature on the room température

Ic° of as-quenched

5Mo—0.3C steel.

Transmission electron micrographs of AISI 4340 steel heated

to 1200°C before oil quénching; (a).bright field image,

(b) dark field imagé, showing reversal of contrast at austénite‘

films between martensite laths.
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Fig. 7;' Plots‘of fracture toughness, KIC’ vs yield strength. The
_two shaded bands represent the range of values found in the
literature for AISI 4340 and‘maraging steels. VThe circles

. are data points from the present investigation.
Fig. 8. P;ots'of fracture‘toughness vs yield strength. Bands for
- commercial steels»(KIC) and metaStahle austenitic TRIP
~ steels (K;) . |

Fig.‘9. iransmission‘electron micrographs of as-quenched (a) dislocated

| : (Steei 0435); and (b).twinned (Steel 1235) martensites.

Fig. 10. Room temperature mechanical properties and twin densities of
3as-quenched martensitic steels:'

Fig. 11._ TranSmission electron micrographs showing retained austenite
at martensite lath boundaries in steel 0817, (a) bright field
image, and (b) dark field image.

Fig. 12; ﬂRoom temperature mechanical properties of as—quenched and
tempered (a) 0.17 pct C steels,'and (b) 0.35 pot C steels.

AhDrop in toughness.at the 400°C tempering‘temperature-is‘due_
to precipitation of interlaths carbide films.

Fig.»13; Tensile strength and fracture toughness of steel 0435 compared
hto.some commerc:l.al_alloy-stee_ls.23 »39 N

 Fig. 14;:»iron—rich:portion of‘the equilibrium phase diagram of the
Fe—Ta system A o

Fig. 15. ;Optical micrographs showing the microstructure of alloy Ta7Cr,
(a) aged at. 700°C for 40 mln, and (b) aged at 700° C and

spheroldized at 1100 C for lO min.



Fig. 16.

Fig. 17.

Fig. 18.

Fig. 19.
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Transmission electron micrograph of a carbon replica showing

fhevLaves phase particles extracted from alloy_Ta7Cr

spheroidized at 1100°C for 10 min.

Scanning electron fractographs’ofvalloy Ta7Cr teéted in
tensile tests at 22°C following (a) aging at 700°C for 40 min,
and (b) aging at }00°C; and spheroidizing at 1100°C for 10 min.
Effect of feét temperatﬁre'on the short-time yield strength,
ultimate tensile stfength,.and ffécture,élongation of

spheroidized alloy Ta7Cr.

" Stress' vs rupture time at 1100°F (593°C) for alloys Ta7Cr and

Ta7CrMo. Also shown are the results feported in the literature54

for 0.3C-1Cr-1Mo-0.25V steel, 0.15C-9Cr-1Mo steel, Greek

Ascoloy, and the AISI types 403, 410 and 422 stainless.steels.
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information, apparatus, product or process disclosed, or represents
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