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ALLOY DESIGN FGR FRACTURE‘TOUGHNESS
By
V. F: Zackay and E. R. Parker
Center for the Désign'éf Alloys, Inorganic Matérials Research Division,
Lawrence Bérkeley Laboratory and Departmenf'of Materials Science and
vl'Engineering,véollegeiof'Enginéering; University of'Caiifornia,

Berkeley, California 94720

' INTRODUCTI_ON:

’

The most important mechanical property required of a structural

material is resistance to sudden or catastrophic fracture. For this

reason,'metals are. usually the materials. of. choice where such failure

would result in loss of life or property; The resistance of metals

" 'to catastrophic failure is, however, not an intrinsic and fixed quantity.
"~ On.the contrary, it changes with the dmount and type of stress, the

- temperature, the strain rate, and environmental variables, i.e., macroscopic

féctors,_as well as with alloy comﬁosition and structure, i.e., micrdscogic

 factors;“‘ Considerationfof only one set of these factors in either the
‘déSign of an engineering structure or, alternatively, in the design of an

alloy is inconsistent in prineiple and ineffective in practice.

This review describes some of the progress. made in both the macro-

scopic and microscopic approaches to the problem of designing alloys with

superior fracture toughness. . Following a brief review of the striking

3progress made in the past ten years in the macroscopic field of continuum

mechanics, the influence of the microscopic variables of composition,

defect structure, and microstructure are considered. Illustrative examples

are taken from the authors' own research and from the literature.



DISCUSSION

I. Historical Perspective =

In a review_of aAfield_as active and Qéried as the fracture toughness
of mepals,:historical perépective can be helpful. A simple but reliable
'wayégfiébtaining perspective is to.perdse the published proceédiﬁgs of the
’ natioﬁal:and international fracturé conferenceéithat have been‘held every
five tO-ten;Yeérs,éince 1950;

A'cdﬁférencé én the fatigue and'ffaéturejéf metals was hgld at the
.MassachuéettsiInstitutg4§f Téchnolégy in June; 1950, The papefszon

fracture téughﬁess presented at this conference can be conveniently
grouped into the two categories mentioned previously, viz., macroscopic
and microscopic,-' Seﬁeral‘papers héving the macroscopic'viewpoint_were
‘concerned with interpretatiﬁg brittle failuresvin large structufes such
as shipsvandvplanes. These interpretations were made with the aid of
classicél‘engineérigg stress analysis and were concerned ﬁith designr
criteria -such as the preéeﬁce and'configuration pf'notéhes, faulty
fworkmanéhip encountered-in‘welding practices, and~evaluations of the
quality of the stéel by macrdscopic observations of fracture surfaces.
In other papers with the maéroscopic Viewpoiﬁt, the tendehcy for brittle
fracture in steel, measuféd by either the Charpy; notched tensile or slow

bend test, was discussed in terms 6f the shift of the ductile-brittle

transition temperature. The influence of test variables such as temperature,

strain rate, notch acuity, . and compdsition was recognized but was difficult
to reconcile into a unified theory. . The variation of tramsition temperature

‘with type of specimen and nature of test obvibusly posed great difficulties
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iﬁranélycis to the ccnference cttendees;' It‘is of intefest to note that
pﬁe paper in the microscopic categofy, given by.Orowan,.is now regarded
as.a historical milestone in the dc§elopment of a quantitative theory of
fracture tcughness. OroWan suggested that the surface energy term; Y,.

in the Griffith theory of fracture as applied to metals, be substituted

by a term, Ep’ which symbolized the energy absorbed by microscopic plastic

flow in front of the moving crack. Lastly, the conferees were well aware
of the importance of the role played by microstructure in temper embrittlement
and in fatigue failures, but their knowledge of defect structure and micro-

structure was limited by the low resolution of the available instrumentation

" for the characterization and identification of structure.

The iﬁternational conference on fracture held in Swampscott, Massachusetts
in April, 1959, must be considered a major event in the progreSs toward

a comprehensive treatment of the fracture of solids. Although less than

. a decade had passed since the 1950 conference, tremendous advances had

been made in the understanding of the atomistic and microstructural

features of'fracture in metallic, ceramic and polymeric materials. So

- much significént progress was reported at this conference that it is

difficult tc select_the most important advance;- It was, however, abundantly
clear thét'one'outstanding-achievemeht was the applicaticn of dislocation
theory to. both the théorétical_and éxperimental-aspects of fracture.
Furthef,-thc importance of microstrdctural fcacures such'cs slip bands,
twins, gr;in boundaries, and brittle'phases was qualicatively delineaced

in metals and in some ceramics for fracture under static, dynamic, and

cyclic types of loading at both room and elevated temperatures.'v One

prominent feature of the conference was the reported use of new high
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resolution toolslsuch as theielectfon microscope to cﬁaracterize the
 ;nqeriof structure and the fracture-éﬁrface morpholog& (by replication
techniques). |

The seSsionsvon cleavage fracture, ductile fracture and fatigue, -éi
and'élevatéd tempefature fracture wére summarized by Barrett, Héneycombe,
‘and Grant, respectively. Théy ?estated_some of the pivotal ﬁnanéwered.<
questions raised &uringﬁthé confg;eﬁce. Conferees agreéd that the
Griffith eﬁuation was satisfactofy as a first appr0ximation (in‘its
modified form) but quesfionea whether it could-be made more quantitative:
or tﬁét it would ever bé cépéble of pfedicting the effect of variables
such as temperatufe and strain'rateIOn the fraéture of solids. Another
cénference question related to the diéproportionate emphASis on the
fracture behavior of re}atiVeiy simple méterials,vi.e.; single and bicrystals
df pure-métals. Relativékzlitple understanding had beén gained with
respect to ‘the fracture of the more complex materials of engineering
'sfructﬁres. Last, and perhaps most significént, rélatively littlé had
beén acéomplished.tq recoﬁcile the atomic and microécopic vieWs.of
_ ffacture with the ﬁacroscopic ones of mathematical plasticity --- an
essentialrlinkage if new and superior engineering materials were to be
developéd from the’firét'principles of materials science;_ It is interesting -
 and satiéfying'—4— that ‘all of these questions were partially or completely .
_answered within the next decade.

In the'ensuing fifteen years, there were many national and inter-
’nationalrconferences on the subject of fracture, as well as several new

journals and many new books. The topic of fracture, always intensely

interesting to scientists and engineers for obvious reasons, has become
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one of:the‘ﬁost_populaf areaé of réseérch‘in ph&sicéi metallurgy._ Why
is thisfsd? ' What has happened to bring about this explosion of intergst?
Ciues to the answers ‘to thgsevquestions are %ound in thé queStions
 raised at SQampédott. ' As mgﬁtjonedvpreviousiy,,the conferees at
Swampscotf'had difficulty; in-spite.of their successes, in reconéiling
“the atomistic and microstructural viéwsvof fragture_as'enunciated primarily
by materials scienfists, wiﬁhvthose:of macroséopic mathemétical‘plasticity
as promg1géted'1argely by engineers. . This difficulty was also reflected
in the typé of materials thaf were being stﬁdiéd, viz., most of the
experimeﬁtél effort was on single crystals and/or high purity metals
instead:of the complex alloys used in eﬁgineefing structures.

A serieS‘of‘papers_by irwin and his>colieégpes in the late 1950s
and early 19608 dramatically solved these problems. This pioneering
work intrbduced concepts wﬁich have led to sigﬁificant'progress in the
uﬁificati@ﬁ of the microécopic and mécroscopié views of fracture.
Perhaps-moét~significant of all, the practical apﬁliéation of these
concepts has already proven éffective in reducing the possibility of
_'catastroﬁhic fréqture in eﬁgineeriﬁg-structures; : |

Thejoriginal data of Irwin and his colleagues were expressed in
terms of the critical valﬁe of the.strain'(or potential) egergy release
rate Gg, at which unsfabie crack propagation opcurred. Irwin's basic
approach ﬁas, therefore, anélogous-té ériffitﬁ's,;viz;, a'thermodyhamic
one, Irwin's approach provided a conveniént4parametéf to include all
.supplemehtary ehergy—dissipating tefms; such as plasfic flow, which
could in tufn,pfoduce heat or sound, in-addition to thé work required

to fracture the lattice. The constancy of Gp, and hence its use as a
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»meaéure of the reéistance of é material to fracture depeads critically
on experimental tesﬁing COnditibns, but for situationé whére plastic
flow précéding crack-extenSioﬁ‘is.small and localized within a small
area, the Critical value caﬁ alwéys be relafedbtb the failure’streés
using liﬁear elaéfic methods.” Irwiﬁjs parameter, Gg, became known

~ as "fracture toughness,"

élthough.this term is now generally reserved
for the associated valué of criticai‘stress intensity,rKC.

The disadvantégé;of using tﬁe_critical'strain energy release rate,
Ges is.tﬁét fraét&re‘is considered, althoﬁgh indirectiy, in terms of
a comﬁigg?éhergy concept. i This difficulty is femoved if fracture is
considé£éd in-ferms.of thé elastic stress compbnents'édjacent to the

crack tip., Westergard showed that the stress o, in the direction normal

¥y
to the plane of the cfack, and at a point (on the crack plane) distant

"r" from the ecrack tip, reduced to the following expression:

Oy = K21 _ A ) : .

" where K is the stress intensity factor. For elastic loading the strain

| energy ié»Uniquely'definedﬁby the stress distribution. vThus, a simple
relatidnshipﬁéxists between the stress intensity factor K and the strain

energy release raté'G.' For'piane stress, KC2,= GcE while for plane

2 _ CicE
strain, Ki¢ o= — where v is Poissons ratio and E is Young's

: 1-v
modulus of elasticity.
The only section of ffécture mechanics which has so far been rigorously
formulated is that of linear elastic fracture mechanics although much

progress is being made in non-linear concepts such as the "J-integral"

approach. Thus, at present, fracture mechanics can be used only for
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’giastic brittle materials or materials which.approach this limit.
ExampleéAare‘high sfrength aluminum ailéys, glass, high strength steel
(the frécture charécteristics_of these materials are relatively

jinsensitive to femperature and strain rate)land the proﬁagation, but not

~ the initiation; of a crack invlowfstrength stéel.undér cyclic loading.

. Thus, designing against brittle fracture requireé two approaches, one

for strain rate- and temperature—senéitive materials --- the transition
temperature approach --- and the other for strain rate- and-temperature-
! : insensitive materials —-- the fracture mechanics approach.

Both’fhe aBovefméntioned approaches hgve been discussed in.detail
in the fecent literature, - Some representatiﬁe”reviews afe given below.
Tetelmén apd McEvily (1967), in ﬁheir book entitled, "Fracture_of
Structural Materiéls," comprehensively~discuss both the transition ’
temperatufe and the fracturé:mechanics approaches. 'Thevrelétive roles

of composition and microstructure are treated in both these approaches.

f v f Knott (1973), in a recent monograph entitled, "Fundamentals of Fracture
Mechanics," concisely and rigorously deveiops the historical evolution
of fracture mechanics in a manner useful to both the designer and the

physicai metallurgist,

b L - In a provocative study,'Averbach (1968) derives quantitative relation-
ships between the macroscopic and the miéroséopic variables of fracture

of simple.solidé. Pellini and his coworkers have béen.pioneers in the
trapsitién tempgratufe aspect of fracture. Recent papers by Pellini (1968),
Puzak and'Langg (1969), and Loss aﬁd'Péllini (1969) are representative

“of their work. For a detailed and comprehensive review of the whole -
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field of fracturé the series of volumes'edited_by Liebowitz (1968) is

iﬁvaluable. Lastly; the,Prdceedings of the Second Tewksbury Symposium,
editediby‘Osborn et al. (1969). is‘a.fhoughtful review of the progress
made iﬁ'applying what is currently kﬁoﬁn about fracture to the design
of useful énginéeriﬁg structﬁres._ rMuch of the foregoing discussion
waé baSed on the review pépgrs of this sympdsium and on the discussion
of'thevevoquig? of modern fracture mechaﬁicé ﬁy‘Knottl(l973).

IT. Designiﬁgﬂfor Toughness

In.the'ensuing discussion, exaﬁplés of both the transition temperature
and tﬁé'fracture mechgnics approaches to the design against brittle
f;acturé.are preéenﬁed. v Tbe relationships between the macroscopic and

 micr§scopib viewpointsbére stressed. In each case; thevobjective was
to achieve, thfough coﬁposi;ional and microstructural control, improvéd
,cdmbinétions of strength, ductility and toughnessr

A.. The Transition Temperature Approach

Metals or alloys witﬁ the bce structﬁre'can fail either by shear
or by ciéavage. It is now well established that the propensity §f bce

"metals to fail by cieavagé-is influenced by a host of compositional and
 structufél variasles.‘ _The £empefature of transition from a high energy
éhear fraéture to‘a low4ehergy cleavége fra¢ture, fof a giVen‘type of
‘test, is a’coﬁvenieﬁf measure.of the iﬁfluehce,of these variable;. Some
~of thé comfositional and structural variables known fo decrease the
transition/temperature ih bece iron-baée alloys are: V(l) the lowest
.pdssibie level of interstitials in-solid sélution (interstitials raise

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

as the temperaturé is lowered), (2) the maximum amounts of either nickel
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or mangénesé in soiid sdiution-éommensurate with other metallurgical
éonéiderations, and (3) the'finestmpoésiblé gréin size. ~ This listing
of desirable features is, bf cou?se, not ¢omp1ete and is intended only
as a guide for the selection of ah.alloy'systém for study. Tﬁe system

Fe~Ni-Ti appears to be particularly appropriate for such a study. The

‘titanium and nickel contents in these alloys can be varied to meet

 ‘requirements (1) and (2) above. Fine gfain sizes can be obtained by

thermal or thermal-mechanical means. In the investigation summarized
in the following discussion the nickel conteht was varied from 8 to 167
while the titanium content was kept constant at_O;SZ. Details of this

and related work are given in the papérs by Horwood (1972), Sasaki (1973),

‘zackay (1973), Jin et al. (1973 a,b,c), Yokota et al. (1974 a,b), and

Sasaki et al. (1974).

The change in the. impact toughness at -196°C of specimens of an

- Fe-127 Ni-0.5%T4i alloys as a function of‘thefmal and thermal-mechanical

history is summarized in Fig. 1. All specimens‘were‘giVen a 900°cC

-solution treatment and then reheated to the temperatures‘indicated prior

to testing at -196°C. -The range of reheat temperatures included the

1ower‘aﬁdvupper limits of temperature of the two phase (a+Y) region
(Shown by the horizontal broken lines in the figure) as well as the

lower part of the single phase (y) region. The Charpy impact energies

- showed A*gradual increase with reheat temperature in the upper limit

of thegtwo phase (a+Y) region. Abrupt increases in impact energy were

 observed‘wheﬁ the reheat temperatures were inside of a one hundred degree

range which was abovée the lower limit of the single phase. (Y) region, as
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shown by curve Af Reheat temperaﬁuges dbove this range, however, resulted
in a sharp decline in impact toughness, as sﬁown in the figure. All
speéimens.exhibiting the peak'Charpy values were chafacterized by micro-
structures héving a fine.gr;in size, while those»witﬁ low values were
,éoarse grained. Electron hicroscbée examination by feplication techniques
suggested that mnew grains formed at prior austenitic énd martensite lath
colony boundaries via dissolﬁtion of the two.pﬁase (a*rY) duplex structure
which had:fbrmed'on heatiﬁg.

Substantiation of this.apbarent grain refining meqhanism WAS'obtained
by systematically-varying.thé»thermal history of specimens. Specimens |
were first heated to.650°C pfior.to raising thé‘reheat temperature to
between 750—800°C. This initial 1ow'temperatpre treatment resulted in
_broadening the reheatiﬁg temperature vs. Charpy energy curve as shown in
Fig. 1, curve B. 'Thermicrostructufes of specimens within the peak region
deliheatéd by curve B were,_as expected; single phase aﬁd fine grained.

A similaf imprbVement in_toughness and assbciated microstructufes was
producéd-by a process essentially equivalent to that described above,

viz., By slowly heating the specimens.through the tWo’phase (o+ v) region

on the-v‘*}a'}’”up‘to the higher ﬁemperatures. foold working prior to reheating

~ produced an even finer g;gin size»ét the reheating temperatures investigated.
The Chagpy energy as a funétion of reheating temperature for the cold

. worked specimens is shown in Fig.'l,.curve C.

The:relationship between the refined prior austenite grain size
and the resulting;impéct toughness‘is giveﬁ_in Fig. 2, in which the impact
_energy.at —196°C is*piofted_gg, the grain size,for the several grain

‘refining treatments described above. The results showed that regardless

-
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of the grain refining method use&,.there was a Sharﬁfdrop in impact energy

_above a critical grain size of about 15 microns.. Similar relationships

éxistedAfor_all the alloys investigated. For the 8% Ni alloy, the
critical grain size was about 5 micxoﬁs; and for the 16% Ni alloy, about .
30 micfons,

Studies of the type deséfibed‘above established useful relationships

between nickel content, grain size and impact. toughness for a family

of nickel?containing and titanium—-stabilizedalloys. Practical implementation

of these studies could eventually result»in the:design_6f cryogenic
sfeels with desirgble cdmbinétions of-étrength3 ducﬁility, and toughness.
B. The Fracture Mechanics Approach
.'1. Metastable Ausfenitic Steels
The mechanical properfies of steels.with a ﬁetastable austenitic
matrix are known to be highly»dependént on the composition, the temperature
éf'testiﬁg,_the‘state of'stress, the prior history of processing, and':

the strain rate (Bhandarkartgg_gl., 1972). In some élloy systems a

" phase transformation may be initiated by elastic or plastic deformation.
‘Some commercial stainless steels (AISI Type 300 éeries) undergo an
austenite to martensite phésé transformation when deformed. However,

'these‘commercially available steels haVeirelatively low yield strengths.

In a recent development, deformation induced phase transformations were
utilized to create a new class of ultra~high strength metastable austenitic

steels, known as TRIP steels (Zackay et al., 1967).  (The word TRIP is

~an acronym of transformation ipduced plasticity.) The alloy content of

TRIP steels is adjusted so that the face centered cubic phase is thermally

stable .at room temperature. “When these alloys are deformed, they transform



.po the body'centered mértensitic phaéé; and fractufe is atteﬁded.by a
conside;ébie amount'éf-plasfic &eformation’eyen at high strength levels.

Both fhe'plastic deformation and the transformation enhance énéfgy absorption
at thevtip of a moving crack énd resﬁlt in a_higher critical.energy release
‘rate (GiC) for crack propagafion. : This suggeéts'that a fractufe mechanics

. approach -can be fruitful in designing high strength TRIP;steels with.high

| toughneés. | | -

. The.fréctioﬁ of the volume that tranéfofms for each'unit_of strain
‘depends upbﬁ auéfénite stability, which in turn is determined by the
composition,;the prior'hiétofy, the téét temperature, and the test strain
‘rate. jThé uniform elongafion, rate of ﬁork hardening; &ield strengtﬁ,
ultimate tensile stréngth,.and fracture toughﬁess are all strongly
influenced by‘the stability of the auStenite; as is shown in detail in
a latér'Section. | |

In a recent study, Bﬁéndarkar et gl..;(19725 determined the influences
of compoéition,‘processing éonditions,.ana test temperaﬁure on ﬁhe
'étabilit&-éf austénite. Parts of the foliowing discussion are based
‘”upén_theirééultsfof their study. The chemical‘compdéitions of several
fof‘the_sﬁeelé invbl&ed are giveﬁ in iable I; All the alloys iisted-
were Qeforméd 70%_a£ a temperature of 4$O°C;.unless otherwise designated.

. The‘primary purpose of such prior deformétion of the austenite in TRIP

" steels is to raise'the'yieldAstrength, often to 200,000 psi or more.
-It is possible to obtain expérimentally an austenite stability
index for TRIP steels. With this index, predictions can be made of

the effect of cOmposition'and processing conditions on mechanical
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propefties;' Géfberith.gg_gi. (1970) have suggested that the volume
fractionvdf martenéite, Vs produced during a tensile test varies as
f_Va = .me

where m is a constant for a given set of test conditions and €-is the

conventional strain. The transformation coefficient, m, was found to

" be a useful index of austenite staBiIity, with higher values of m

‘indicating lower degrees of stability.  The:vélue of m is readily

1

'thained_by'piotting Va vs. éz and fitting the best .straight line to.
" the plot. Typical experimental data for steel CN8Cr are shown in

.Fig. 3 for a test temperéture cf —78°C{ In TRIP steels the coefficient

m can be varied from zero (completely stable) to about 3.5 (highly
unstabie). 'The value of m is zero when the test temperature is at or

above the My temperature ~-- the temperature above which plaétic strain

will not ‘induce a transfarmation. Another phase transformation temperature

of importance in these steels is the MS,'which is the'temperature at which

_martensitexstarts to form. in an unstressed steel ‘during cooling. The

M; is always below the Mg. TRIP steels are designed to be used at

service .temperatures between the MS and Md; In this temperature range,

‘the austenite is thermally stable with respect to the service temperature

but unstable with respect to strain. At temperatures well below the

. Mg and close to the Mg, the steel becomes so unstable that even an

elastic deformation can induce a transformation (Scheil, 1932; Kulin et al.,

1952; Angel, 1954; Fahr, 1969 and 1971; and Bhandarkar et al., 1972).
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ﬁhaedarkaf g£.gl. .(1972) demonstrated the relationships between 7
sfability and mechanical properties_fbr steels_With stabilities varied
- by changes in teetetempereture (22° to —l96°¢), eomposition, (8, 12, 16,
and 21% oﬁ Ni) and the prior deformation temperafure (25° to 450°C).
Examples of their results are shown in Figs. 4 and 5.

Theeengiﬁeéfiﬁg.stress—strainvcurves at 22°C and -78°C are shown
in Fig. 4_fer tﬁevCNSCf steel (compositioevgiven in iable.I) defofmed_
1702 ae 450%C. The m valﬁes ere also shown in the figure. The stress-
;sfrain curve obtained at 22;C.exhibi£ed a Well-&efined Liders strain of
about 6%; a iew stfain hardening ratej and an elongation of 20%; the m
value'Vas'i.SS; :'The relatively low_fate of.sfrain hardening was a
conseéuence of the comparatively ioﬁ rate’of'martensite formation'with
strain,' At a test temperature of -78°C, the stress-strein curve was
quite differene. _.The yield étrength was lower by about 60,00Q psi than
‘tﬁat at 22°c, the Lﬁders strain was smaller and less well defined, the
rate of efrain_hatdenihg wé§~much Higher; and.the elongaﬁion was abeut
one-half of tﬁe room temperefure value, These featufes are a_
eoneequence ef‘the change in ehe stability produced by the temperature
change (as reflected By the m-valee); Of particular interest‘are the
‘ low yield stfengthfand the high rate of ‘strain hardening. These features
‘are charactefisfic.of an alloy undergoing a étress induced phase
'tfansfefmetion. At a strain of only_0.02, about half the austenite

had already'transformed,te martensite in the -78°C test, .as shoﬁn in

Fig. 3.  1In the specimen tested at 22°C, less than 10% of the austenite

4

had transformed at the same strain.
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'Thé stability can aiso be altergd by chahgiﬁg the chemical composition
or the pfior deformation temperature." The stress—strain curves for three
steels of differéﬁt.nickel contenfs,'deformed 70% at 450°C and tested at
. =78°C, are shown in Fig.‘S (Bhandarkar'gg_gl,,.1972)._ The striking |
‘differenqe betweeh the curves is worthy of note. " As Bressaneili and
i Méskowitz (1966), Gerbefich é£.§l°',(1970)i énd Tamura et al. (1970)

_have obséfved, maximum elongation results when martensite is produced
'.at an optimum fate,with sﬁrain. Too'little mértepsite'forming per
_vunit of strain results in éarly.neckingvand ﬁoo muéh cauées preméture
.failure.‘ The relatively low m yaiué for Steel.CN12Crv(estimated to be
betweén,i.O'and 1.5) indicates that the criterion ofvan opfimum m value
for a large elongation has been met.

Cﬁanges in stability markedly inflﬁence the shapé'of stress-
strain curvés becéﬁse L&dérs st?ain, strain hardening rate, and elongatioﬁ
to;fraéturé are affected by_stability changes. In Fig. 6 are shown
" plots réiating the stability cbeffiéient, m, with elongaﬁion to fracture
(Fig. 6(3)) and Luders strain (Fig. 6(b)) fbf a large grbup of ailoys of
widely Varying compositign;‘processing histbriés, and'tesfing temperatures
(Cerberich\ et al., 1970).

Several investigators have sﬁggested_that a étress or strain induced
phase traﬁsformatioﬂ might'enhanceﬂthe absorption of energ& and thereby
increasebfracture'toughness (Gerberich ggiél.,”l968, 1969, and 1971;
j.Antolovi¢h,f1968;.Gerberich and Birat, 1971; apnd Antoibvich-anévSingh,1971),
Thé frécture»ﬁoughness of TRiR steéls has been studied from both the
theoretical and experimental viewpoints. It is clear*froﬁ these studies

that the toughness is dependent upon the stability, the chemical composition
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of the strain induced martensite, and the strain rate. Gerberich et al.

(1971) have shown that, as:.a first approximation, the fracture toughness
' ‘ :

Ke, is proportional to m2 . Room temperature plane stress fracture
. . . . _

_-toughness values of almost SOO,OOOVpsi—inZ were reported for highly

unstable-(m = 2) §tee1svhaving yieid stréngthsiof ZOb,QOO'psi'or'higher;

- a sumhgry-qf the}éééa is shown in Fig. 7. The fractdfe toughneéé‘is
_decrease& with iﬁ;feasing'amounts of carbon plus nifrogen in an alloy.
The effecf of carbon-an& nitrogen cohtents_on the'appérent Kyc value

_ af -196°C is ‘shown in Fig{;S;v. Fréétogfaphic analysis showed that the-
ﬁartensite in the higher carbon steels (over. 0.27%) had a tenden§&~to
fail by cleavage rathér thaﬁbby shear. Tﬁe yériétion with carbon
v:content'of<apparent'KIC,Valﬁes at —196°C refleétslthié change of fracture
mode.

GerBérich'ggjgl. (19695 and Antolovich and Singh (1971) have
'vderivaa anélytical expressigﬁs which'iﬁcludé,the;conﬁ:ibution of the
phase tfansformétion to_the‘obéerved fraéturé”tdughnesé of TRIP sfeels,i
: Both'grouﬁé of ihvestigators héve'cohcluded from pheorétical and
" experimental evidenéé thgt the>phase trahsformatioﬁ is a -major sburde.
6f-theif_fractu;e toughnesé._‘ Antolo?ich and Singh (1971) experimentally
' détermiﬁed this contribdtioﬁ to be beﬁwéen two-thirds and th;ee-fsurths
‘6f the ‘measured crack'extehsion‘fbrCe, Gic- . However, no attempt has
_yet been ﬁade (to»the Qchoré' knowledge) to estimate fhe chanée in

stress stéte.existing near the tip of é crack in a steel undergoiﬁg a
stressiofvs;raiﬁfinduéed transformation. This is a very importént

factor, When austenite transforms to martensite, there is a .volume
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increase of about 3%. . This corresponds to a linear increase of 1% in

each of three perpendicular directionms.: This volumetric expansion

effectively cancels a large part of the triaxial stress that exists

near the root of a sharp crack or notch. The reduction in the triaxial

-component of stress has a marked effect'on-therbehaviorrof thick specimens,

where triaxiality is a méjér contributor to briftle behavior. As a

consequence, TRIP steels exhibit an unusual variation in fracture

' tdughness with specimen‘thicknesst The fracture toughness of virtually

~all high strength alloys decreases sharply with increasing thickness.

This does not'éppéar to be the case with TRIP steels. - As shown in

Fig. 9, the critical stress intensity factors (K) at'robm temperature

‘of bothythe lowvailoy quéhched and teémpered steel and the pfecipitation
,hardeniné stainless steel decrease with thickness more severely. than

those of the TRIP steel (Gerberich et al., 1971).

It has been shown both-apathically and'experimentally that the

rate of production of strain induced martensite decreases with increasing

v

crack velocity.bécéuse of adiabiatic-heating (Dokkd, 1969, and Gerberich
et al., 1971). The consequence is a decrease -in the fracture toughness.
Thé-powerful beneficial effect of the transformation of metastable

austenite on the fracture toughness of steelé"apparently peréists even

. when the metastable retained austenite is a minor dbﬁstituent_ih a bee

iron matrix.  This aspéct-bf alloy design is discussed in the hext section.

2. Quenched'and Tempered Steels

Ultra~high sfreﬁgtﬁ;stéelé are relatively Briﬁtle, and their

meghaniéal properties are not sensitive to small changes in temperature

and strain rate.  Application of tﬁe‘fracture mechanics method of



-18-

vanalysishto‘allOy'design-is therefore»naturalv(Knott,>1973). ‘It should
‘be recalled that thekfirst;rests on_Irwin's pioneering-concepts in fracture'
,fmechanics were made on‘this class of ‘steels.

Afwoluminoustliterature.now ekistsfongboth the macrosc0pic and
microscopic_aspects of_fracture.ofvultraéhigh strength steels;: No
,:attempt'is‘madeiin‘this{report~toireview'the7literature in its.entirety;

,rather}”a feW-typical”enamnles arevused to illustrate progressvmade

'_1incthérdégignfofhexperimental steels.with'COmbinations”ofjstrength and
toughness superior to those conmerclally available. |

Several years ago, anvexten51ve program was undertaken at the .
lauthors laboratory on the fracture toughness of high strength steels.
'Onevprincipal objective in this study was to identify -and characterlze
“those. elements of defect structure ‘and m1crostructure that 1nf1uenced the
plane strain fracture toughness. It.was surmised that some elements of
.structure would enhance, while others would degrade, the fracture. toughness.
In the.planning phases of thlS orogram it was assumed - that‘weak or brittle
:microconstituents would degrade fracture toughness while others might
: prove beneficial .7 For example, the lamellar or plate—like forms of
Z:ferrite and cementite which occur in pearlitic -and upperbainitic micro-
structuresjwere considered to be detrimental. A Slmllarly, the presence
of both nonemetallicginclusions and undissolved hrittle:carbides was .
'thought'to'he undesirahle.v Also,;evidenceisuggested that twinned
_martensitelnlates,_asfopposed'to-untwinnedhplates‘or laths,.were detrimental.
bn the beneficial‘side,_there was‘speculation andrsome evidence that
retained austenite night;ﬁunder‘certain.circumstances, improvebthe
"fractureitoughnessfof'high‘strength steels. Accordingly, a series of

-heat treatments was devised for both commercial and laboratory-type steels
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with the bbjectivé of minimizing the aeleteriQus compositional énd
structura;,features‘while maximiziné the benefiéial'ones.

A critigal‘phasé in the heat treatment of aﬁy steel is thé‘austenitizing
‘step. | During aUStenitiéatiOn mahy comﬁositional and stfucturél changes
occur and profoundly influence tﬁe final microstfucture and itsk;ssociated
, mechanical propertigs. 'For'example,<low austenitiziﬁg tempergéures favor
- a small austénite grain size but may leévé.a iérger frac;iéﬁ.of brittle
.undissolvéd'carbides. - Conversely, high ausfehitizing tempérétures lead
to dissolution of»a greéﬁér propqrtionqu sgch carbideé But céuse a
concomiﬁaht increase in austénite graiﬁ'size.- .The'cémple; anJ often
unpredictable net effect of ﬁsing é parficulér austenitiéingItemperature
led, therefore, to a detailed study of its influence on the éffgﬁgth and
toughness of a number of éommerciai and laboratory-type séeels;

| g,fAustenitiziﬁg Temperature and UndiSsolve& Alloy Carbides

'As‘preQiously.suggested,'the.presence,of large undissolved

particies of alloy carbides is likely'to resulf.in'a deterioration of

fracture toﬁghness. The volume fraction and size of undissolved carbides
‘left in the ausfehitic matrix prior to quenching, for a given composition;
varies invérsely with the austenitizing temperature. In an effort to
évaluate relatiohships between éustenitizing‘temﬁerature, voiume fraction

of undissolved carbides;bfracture toughness, and strength, seﬁeral laboratdry—
type secoﬁdary :hardeﬁing steels werelstudiéd.v Thei£ comp;sitions are
“shown in Table II. | |

The effect of_varying tﬁq ausfenitizing temperature,on.the room
temperature yieid étreng#h; ultiméée.étrength,and tﬁe fracture toughness
of as-quénched 0.30C—5Mo and 0.4lC—5Md_s£eels is shown in Fig.:lo

- (T. Tom, 1973). In general, both strength and fracture toughness increased
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. with increase’indthe austenitizing’temperature. The increase in fracture

' toughness with austenitizing temperature for the-lower carbon steel was

particuiarly striking. Metallographic examination of these high

molybdenumrsteels indicated that extensive solution of alloy carbides

occurred above a critical austenitizing temperature. The fracture -
toughness was observed to increase markedly in the same temperature range.

Associated with’the'increased:solutiOn of carbides and the_improved fracture

toughness was, as expectedana pronounced increase in grain size. ~Similar

‘experiments were perforﬁed with another set of lower alloy steels in which

complete-dissolution of carbides could be:effected at austenitizing

temperatures:aSTlow as 8709CL" In this"instance the fracture toughness

of either steel was relatlvely 1ndependent of the austenltizing temperature

’(or grain size) as shown in Fig..ll._

Transmis31on.eleCtron microscoplc studies using carboh replicas

‘1ndicated that an austenitlzlng temperature of - 870°C left undissolved
d_carbldes of approximately 0 05 microns indlameterfor a 0. 320—2Mo steel

' and of 1 3 microns for the O BOC SMo steel -as shown in Figures 12 and 13

respectively. -vThe deleterious_effects of‘the larger carbides was

suggested by the'valuesvof the ratio of plane strain fracture toughness

' _to yield strength for the two steels in the as—quenched_condition.,
" These werev0.42 forhthe O.BZC—ZMO steel and 0.27 for.the'O.3OC-5Mo steel.

'Furthermore, the ratios were'equal'for the.O 32C-2Mo steel austenitized at

870 C and the 0. 30C-5Mo steel austenltized at. 1200 C.  These resultsf

_'strongly indicated that the presence of hard br1tt1e undissolved particles

)

above a certain critical size could lead to a,significant degradation of

" the fracture toughness of .alloy steels. - The results also suggested that
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the fracture toughness was insensitiQe to 1éfgé Variatioﬁs in prior
austenite'gfain size for thdsé alloy steels Qhoéé matrix"wés free of
.undissolved carbidés'of_Sizes abové.afcritical value. © Additional
tiﬁformatiqﬁ on these steels is found in the inﬁeétigatidnévof Géolsby'(l97l)
and T. Tom (1973).
EA'Austénitizihg_Temperatﬁre and Hardenability
The fofegoing discussion showed that using relativelf high

'aﬁstenitizihg temperaturé dissolvedva greater p;opoftion_of alloyfcarbides
‘and that this waé'usuéily éssociéted'with ablarge increase in:pridr
austenitic grain size. Both the.above phenomena tedd'té increase
..hardenabiiity,:i.e., either a thickgr séction qén be through—hardenéd
for a given qﬁeﬁching raﬁe, or, aiternativeiy,’a_sioﬁé? qﬁenching rate
-'may be used for a giveﬁ sécfion size without enco;ﬁtériﬂg the.hsuélly
ﬁndésirable microstrhctufal effects'of metastable austenite decomﬁosition.
VAustenifizing températures Higher than those cbnventionally'empioyed may
thereforé be usedr: ¢D)] to'éhhance the hardengbility.df low alloy éteels,
~ and (2) té promogé‘thevpfeSence of.deéirable phasesvfor:enhanced f?acture
toughness, sﬁcﬁ as retained austenite. Anvéxample of eaéh of these
pdssibilities is discussed in the following secfioh.(see also Katz, 1961
“and 1965). | |

The room temperatﬁre plané strain fracture tougﬁness of a relatively
.iow hardeﬁability steél;'AISI 4130; is shown in Fig. 14 as a fﬁnction'of
'tempering temperature fof several austénitizing treatments. The
tempering response ofﬁthis'steel and others as a function of austenitizing
temperature is discussed in a‘subseQGent seétion. TLe ﬁlaﬁe stréin
fracturé toughness of the as—quencﬁed steel varies ﬁérkedly with austenitizing -

temperature and sevérity,of quench. An austenitizing temperature of 1200°C
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fcllowectby'an-ice-Brine qcench and tefrigefation in liquid nitrogen.(IBQLN)
resulted in nearlj a tﬁo-foid‘ihcrease in rooh‘temperature fracture
tcughness compared to thét:obtained by the conventionally'recomﬁended heat
: treatment.ct austenitizing at 870°C and oil quenChing. " A somewhat.slower
quench from 1200 C, i, e., oil quench vs. 1ce—br1ne, also improved the
#toughness relative to the: commerc1a1 hest treatment but notso much as

the more severe quencht:‘;ASSoc1ated w1th_the anreases inifracture
tocghness;were cdrresécnding micrbStrcctutal Chaﬁges, as shown in Fig.

15 (a) and (b). .'The:micrcstructcre”of a fracture tocghness'specimen

Tdii quenchedhfrom“870bC'cohsisted of a mixture'Of blocky ferrite and.
martensite,'as shown in. Flg 15 (é) ' Extensive transmission electron
mlcroscopy c51ng thin f01ls revealed that some of the martensite was
autotempered. .The miCrostructural aphearance of a specimen ice~brine
quenched ftom.lZOOAC Wes,quitevdifferent, viz:, thefe'was virtually no
:eVidence.ef ferrite, as.showh.in Fig. 15 (b). Avsimilat correspondence
'betweeh*heat treatﬁent, frACture,toughness-andgmicrostructure existed'
.'fofhsteel AiSi Aﬁsoghf;flotstf plein'strainﬁftacture toughness.gst
tempefing temperatcre'fcf_tﬁc aUstenitizing tfeatments are shown in
"Fig. 16;' ‘Aaditionaiginformation on these steels is found in the
inVestigations of Wbod et al. _(1973). |

Unconyentiohél heatvtreatments,of the’hind described above for

:steels of high hardenahility resdlted_in similar improvements in fracture
toughness even though thete appeared to be no_cOrrespondihg micro-
strﬁctural.changes'except the‘expected gtain_size diffetences,.as determined
by optical métallbgraphic-observations_ The rooh tempereture ﬁléne
'strain fractUre toughness of AISI 43ﬁb'steel is clotted in'Fig.vl7 as a

function of tempering temperature for two austenitizing treatments. - The
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preferred héat treétmenf involves é étep—queﬁch from 1200°C to-870°C followe&
By an oil.queqch;v Quéﬁchvéracking ocaunxuiiﬁ,the steel when it was
vqﬁenéhéd from the higher temperature or if a quench mofe drastic

than oil was used. - As caﬁ be seep'frbm Fig. 17 the pianastrain'fracture
Eoughness of the és—quenched.steel was'nearly doubled by,the-step—quench_
heat treatment. . - Examination of the ﬁicrostrﬁctureé by transmission
électron micfoscopy of sﬁeéiﬁens'givén-Béfh types of heat treatment
:revealed differenées in the_amounf of rétained éﬁstenite and in the
nature of the substructure. . As showp:in-tﬁe bright and dark field
‘transmission micrpgraphs of the speéimen convéntibnally heat treated,

" the amount_df refained austenité.(réQeaied'By_uée of an’austenite
reflecfion) was smail, és shown in.Fig. 18 (a) and (b). In contrast,

the saﬁe"metallographic feqhhique revealed extehsive hetwofks of retained .
'austenite -—=— in somé areas of tge'spécimen almost every martensite plate
énd.lathvwés shrrounded by éustenite_films that were 100-200 & thick,

.aé showﬁ in'Fig. lQ,(a) and‘(b).

TraﬁSmiésibn'elgctron micfoscopy reveaied énother distinct micro-
_.structural differencé between specimens given;the £WObheat treatments.
'Thé paékets Qf lath martensite were very similap for both austenitizing
‘treatments; . However, fwinned martensite plates were observedvin the
.conventional t;eatment oﬁlyj the use of the step—austepitizing treatment
.éppareﬁtly'resultéd"in the virtual e]imination of twinned marténsité
plates, as .shown in a comparison Qf Figs. 20 (a) and (b). A detailed

discussion of the role of these various changeé in the microstructure

apd their possible effects on fracture toughness is found in a‘paper by
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Lai et al. _(1974). Briefly? it appears £hat both the presence éf
fretained‘aﬁsténite, éspecially in the oBsefved.morphology, and the absenée‘
Qf twinnea martensitg plates favor fhe frac?ﬁre tbughness of specimens
giﬁen the step-austenitizing heat treatment. 'Webster.(1968 and 1971) -
-and Antolo&ich_ggug;{ - (1974) havé suggested tﬂat retained austenite may
- enhancé‘the fractur?,toughnesé'of ﬁigh strength steels by either blunting
an advancing'crackiéfjby;undergoing'a'étrain— Bf'stress-induced transformation
_:ét the adﬁancing é;ack tip. The consequencés.of the latter have been
conéidered By'GefEerich EE.El; (1971) and Antolo&ich'and Singh (1971),
‘as well as by Zackay gg_gl.-:(l973), - Das and Thomas (1969),.Thomas(l97l),
aﬂd Thoﬁas and Da§>(1971) have compréhensiveiy treat¢d the problém of
twinned,mértensité plates as'théy influence the fracture toughneés of
'ultra—higﬁ strength stéels.‘, With the existiﬁg information; it is not
.péssible to establish the individual dr_combinedArole of these micro-
étructurél»features on the fracture toughness.of compiex'high strength
sfeels, - fhe neéd for defiﬁitive_sqlutions of these énd other problems
fin the design of néw.and superior steels is discussed in'é 1ater,section;
- c. Austenitiéing'Temperature and.Tempering Respdnse
Iﬁ the fpregoingAdiscussion, attention was ééntered on'the
'effects'thét variations.in the austenitizing temperature can.have on
the plape strain fraéture toughnesé‘of as—quenched steels. It was
7.shown that these effects,.whether.beneficial or detrimental, could usually f
bé tréced to the appearance or diéappearance of some element‘éf micro- |
stfuctufe orlsﬁbstructure. The sﬁme can be said of the tempering
response, aithough the causal relationships are less clear énd are

dependent in some cases upbq subtle combined chemical and mechanical

"effects which appear to take place on a sub-microscopic scale.
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The influence‘on tempering wifh variations in sustenitizing
~temperature andvseverity of.quench_was shown-earlier for severei,commercial
_steels, viz., Fig. 14 for‘AISI 4130‘Steel, Fig..16 for AISI 4330 steel,

and Fig. 17 for AIST 4340 steel. The chemioal composition of'ﬁhese
steels;and one other -—— the 300-M soeel, are shown in:Table IIi. _The

. last mentioned.steel is.a modified nerSion of'AISI 4340 steel eontaining
0.08% vanedium and 1.597% silicon. A comparisonvof Figures 14; 16, and 17
reveal that the use of higner austenitizing.temneratnres resulted in
tempered martensite embrittlemenp for'the.AISi.4130 and 4340 sreels in
tempering rsnge of 200—35050; This*rype of embrittlement was not

observed for the AISI 4330 and 300—M steels treated at the high austenitizing
”temperature or for any of the sLeels conventionally heat . treated. The
fracture of the embrittled spec1mens was intergranular along prior austenite'
ngrain boundaries, while thet of unembrittled‘specimens (eitner in the as-
duenched-eondition or temperedvat 200°C)-ochrred by.dimpled rupture.

| No significant nicrostructural differences'conld‘oe‘detected by transmission
.electron_microscopy between tne embrittled and the unembrittled specimens. -
- The oniy conpositional difference between the embrittled:and unembrittled
steels was theopresence of vanadium in the 1etter. Several possible
.causes_Of the observed change in fracrure mode have been discussed in
'.aetailjbf Lai.gg_gl. (1974). 'One:of the possible mechanisms'for this
.type of-emorirtiemenﬁ is the presence,of certainAimpnrity elements as
suggesred'oy Capus and Mayer (1960), Low (1969); Kula and Anctil (1969),
"eno Ohtani et ai: (1974), among éthéts. | Kula and Anctil suggest that

when cementite grows at. prior austenite grain boundaries during tempering,

such impurlty elements as phosphorus, which are probably more soluble in
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fefrite‘than:in ceméntite;_will diffuse out of the cementite into the
surroﬁhdihg ferrite. A'filmiof segregéted impurities might build up
at the interface between.feffite and-ceﬁentite; "~ The presencé of the
film may then gggult in a lowering of the'ihterfacial eﬁergy and provide
e : , :
a low—energyfﬁéﬁﬁ:for intergranular fracture. Ohtani et al. (1974) have
- suggested a §im§igr mecﬁanism,fcr~témper embrittlement. These workers
contenavthat tﬁe classic equilibrium segregation theory of teﬁper
eﬁbrittleﬁént may'hévebfo be discarded. In accordance with their model,
'-éfgbiliéatiqn of carbides by elements such as molybdenum or vénadium is
afpossibié way 6f suppressiﬁg embrittlement._ The experimental results
"ﬁresén#ed iﬁ this sectioﬁ on the té&pefing_fééponse of vénadiﬁm—containing
 and vanadium-free éommerciai;steels subjécted to high austenitizing
fémberatures are therefore not inconsistent with the Kula and Anctil
model.for:temﬁéred-marteﬁsite embrittlement. |
Finally, no réview df impurity effects on.the toughness éf high
strength.sfeels should exglﬁde meﬁtion of the.deleterious influénces of. ‘
sulfur and ﬁhosbhorus. A.¥ecent-representative study in this field was
l thét of Birkle et al. (1966), who éxamined £he relationship bétween
| the density and diétribution of sulfide inclusions and plane strain
“f£acturé toughness.. The ‘effect of the sulfur level on' the fracture ' ' .
:toﬁghﬁess_of'0.45C—Ni-Cr—Mp:stéels is shown in Fig. 21, from Birkle et al.,
‘(1966). The authors éonciude from fractdgraphic studies that fﬁe crack
éroﬁth pfoceés consists of the growth and coaléScence of vbids nucleated
be sﬁifide inclusions and cérhide ﬁarficles.‘ The avérage spacings
.between.théAsﬁlfide inclusions decreased with- increasing sulfur content

and correlated well with the "process zone" sizes computed using .a model
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by Krafft'(l964) in which the'onset ofvplane strain fractnre instability
isjrelated to the tensile plastic flow'instability in avsmall zone of
material ‘ahead of the crack tip. |
In a'study of theprole of impurity elements (P{ S, Cu, As, Sn) on
ithe critical flaw_size for catastrophic'fracture, Cottrell (1970) stressed -
the importance»of the synergistic influence of impurities. For example,
thebcombined effect of As and S inrdegrading fracture toughness was far
:greater'than the sum of their individual'effects.: As might be expected
~‘_the most serious deterioratlon of toughness was observed at a tempering
,temperature when both temper embrittlement (dependent on tempering temperature)
‘and sulfide embrlttlement (1argeley 1ndependent of tempering temperature)
occurred. | |
It may be concluded from theserfew'representative studies that
impurity lepels and types'have major‘influences on the plane strain
vfractnre'toughness of ultra-high strength steels. = As Cottrell points
out in his paper, the effect of purificatlon on the cr1t1cal defect size,

1n a conventional low alloy steel with a yield strength of 240 000 psi,

o may be far greater than that achieved by the alternative route of the

'substitutiOn'of the low alloy steel with a-maraging steel Darmara
(1967) has rev1ewed some then current and proposed methods of purifying
1stee1 "It 1is clear from his remarks and from the continuing high level
-‘of activity in this area that. the steelvmaking processes of the‘future
will produce steels with combinations. of mechanical properties_that are

achieved now .only in the controlled purity alloys of the research 1aboratory.
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C. ég.lmpoftant Unsolved Problem .

The alloying elements‘oflstee; an& the solid state reactions whiéh
they undergo detefmine the structuré-and, therefore, the properties of
. steel. The complex natufe of these reaétions islhot yet fully
‘understood and an understanding of the nature of these feactions important
. in the eéonomicbdesign”of.superior steels. »lFbr examplé,‘even if the

influences of all the common alloying elements.were individually known

©

on the thermodynamics ™ ndikinetics of the principal isothermal reactions

, éf plain cérbon‘steef§§f£hé'information would be insuffiqiént for the
effecﬁive design §f coﬁpiex'steels‘because commércial stgels'contain.i
mény-interacting elements'whoée total effect is often different from
-%that predicted on the basis‘of the individual eleﬁents alone. >A real
need exists'thérefore férma,technique for rapidly prediéting the single
and theICOmbinea'effects éf ail thé common'ailoying elements.on the
k‘éolid state metallurgical reactions that are important in the heat
treatméﬁt of steel. . anwing:the:initiation {incubation) and finish
: tiﬁes of these reactions_and‘theiptaséociated.kinetics is parﬁicuiarly
~importagt. Pfogress madéﬂin the aufhors' labofatorfriﬁ-aevelopihg
t such a-téchnique.is describ¢d below. |

The féﬁid method of Sgudying the isothermal‘reactions in'étéels
céhéists in Quenchingvthé steel sample'ffom the austenitizing temperature
foua subdritical temperature in an isothermal bath and holding it within
‘the magnetié field of ag inductor coii.' The increaée in permeability
,accompanying austenite décompogitibn-increaseé the inductange-of the ooil,
_»Jand thisﬂchanges the ;esonant frequency of the circuit. An automatic |

continuous recording of- the corresponding period provides a convenient
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and accurate method for foilowing.thevaustenite decomposition;h Quantitative
-information on austenite.decomposition kinetics can be obtained within two’
»seconds after the start of quenching (Babu. et al., 1973§;andaEricsson et al.,
1974). - An ‘example illustrating someuof the.preiiminary results obtained
by this method is described below. |
In the recently reported T-T~T diagrams for AISI 4340 steel, the

bainite_range is showm as-a.smooth C—shaped curve, Fig. 22 (a).’ Investigations
‘by‘the new method showed,significant differencas in the shape.and character
of thellower.bainite regionr ,AS shown in Fig._ZZ (b), the incubation
_period'for the'formation:of:iower hainite decreased at temperatures‘just.
above Mg and gave an S-shaped curve.for the bainite reaction. This
dacceleration of austenite decomposition at temperatures Just above Mg has
been observed previously (Howard and- Cohen, 1948; Schaaber, 1955 and
Radcliffe and Rollason, 1959)

That part of the lower bainite curve which extended below the M
| had a C-shiape, asvshown'in Fig. 22 (b). .'Immediately_below the Mg, the t M
hainite‘reaction,hegan almost instantly after the end’of~the martensite |
,.reactiony .This rapid onset at temperatdres just beiow thevMS'is-well
vestablished in the literature.and is associated with the increased
nucleation’of‘the bainite reaction by the strain effects associated with
the austenite to‘martensite transformation. The decreased rate of
dfbainite formatidn“at temperatures well below the MS was apparently due
to the‘iover diffnsion,rates of carbon. |

| Reactions of the type‘describedlahove'and their associated

microstructnres have meaningffor both the user of existingvcommerical

steels and the designer of new ones. To the user of commercial steels,
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the pfecise‘iocation and shgfe of the 1ower_and'upper'bainite reaction
c#rves is signifidant-from'a hardenability.viewﬁoint; Avoiding certain
cooling ratgs can preﬁentﬂfhé formation of ﬁppér bainite, an undesirabie
microstructure for mechanical properties.. 'This is_espeéially important
'iﬁ'complex parts.w;th varying section sizes. To the designer of new
steels; knowledge éf the détéils of thetlowef”béinite and martéﬁéite
reactions.p?esen;sian oéﬁo:funity to eValuate“the mecHanical properties
of steels with the unusUalimixed microstructufes of lower Sainiﬁe,
:éutotempéredrana téméered‘maftensite, énd retained éustenite. It is
‘hoped thaf this new,expérimental fechnidﬂe'for.the rapid detefmination

. of T-T-T diagrams, coupled with basip.studieévof austeﬁité decdmposifion
on simpierhigh purity steels such as those, fér éxample, of Aaronson

and Doﬁian (1966) and,Heheﬁahn ggngl.v‘(1972),_Qill.e§entua11y provide
the basis for designing complex steels.that are both_ecpnomicaivand

superior in properties to those currently available.
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- TABLE I

'CHEMICAL COMPOSITIONS OF TRIP STEELS

- Compositions, Wt.Z.

Ni

Cr

. 0.287

'Designa;ions e Mn
cNSCr 0.325 '.8.0 _v'é.o 2.0
on120e 9;290 izfo 9.0 2.0
CNisci ‘0;292 16;0 9.0 2.0
nzice 21.4 9.0 2.0
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 TABLE II

_ CHEMICAL COMPOSITIONS OF C-Mo STEELS

Compositions, Wt;%

Desigﬁéﬁiéns‘. | ¢ Mo N Mn.:" s P

0.34C-1M0 034 0.95 o | 0.63  0.005 0.008
-0.306-2Mo' ~0.32° 1.96 --=  0.65  0.005 0.007
.o.30¢—5ﬁ6 o 6.30 5.03 5—;' ~0.60 0.005 _0;008
| 0.416-5Mo ; o _f 0.41  4.93  =-- _fo;s; | o.oosi>o.007
0.35C-1Mo-3Ni C o35 '0.95 31 0.61  0.005 0.007
_0.356—2M053Ni | 0.35  1.90 3;i 0.67 . 0.005 0.007

" Sm, Sb < 0.002%, As:< 0.005% and

Si < 0.02% in allﬁsfeels,‘



'_  TABLE III
CHEMICAL COMPOSITION OF LOW ALLOY STEELS
Compositions,.Wt.Z
© STEEL - ' |
c Mu G N Mo S Si Cu P v

| AIST 4130-A 0.31  0.57 0.85 . 0.15 "0.18 0.009 0.28 0.21  0.008 <6.oos

AIST 4130-B 033 0.63 0.90 0.15 0.18 0.000 0.27 0.1 0.008 <0.005
©AISI 4330 oizs» 1.02 0.85 1.80 0.40 0.005 0.28 0.10 0.009 o.O7'

‘AiSI 4340 A_'p,4o 0.85 0.72 1.73 0.26 0.010 0.22  0.14 0.004 <0.005

300-M 0.41  0.79 0.75 1;85 0;53 :o;ooz' 1.55_, 0.04 0.008 0.08

-6€— -



Fig. 2.

" Fig. 3.

”Fig. 6.

‘Fig. 7.

Fig. 8.
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Figure .Captions *

Plots of Charpy'V—notchAimpact energy at -196°C vs. reheatlng

»temperature for-FeélZNi¥O,5Ti alloy.,  The heat treatments are

indicated.
Relatlonshlp between prlor austenite graln size and Charpy :

impact energy at -l96 C for the Fe—12N1—O 5Ti alloy.'

The relation»between engineering strain and the wvolume fraction
'of marten51te that is produced in steel CN8Cr, deformed 70% at -

- 450°C, when tested at a temperature of 78 C.

The englneering stress-strain curves of steel.CNSCr, deformed

70% at:4506C (PDA is an abbreviation for prior deformation of
austenite), tested at 22°C and -78°C. The values of the

'stability'coefficient, m," are shown.

The engineering stress-strain curves for steels containing

'ZJ8, lZ,Nand'l6%'nickel, deformed‘702>at 450°C and tested at

: -78°C.  The Values of the stability coefficient, m, are

shown,
The correlatiOn between the stability coefficient m, and

(a) the elongation to fracture, and (b) Luders strain. Data

. were obtalned from a large group of metastable austenitic steels

of w1de1yvvary1ng composxtion, processing<histor1es, and testing
temperatures.
Influence of austenite stability (m value)‘on the plane stress

fracture toughness of high strength metastable austenites.

"Effect of carbon and nitrogen contents on cleavage of martensite

U

and_hence on apparent K1gs at -196°C.



Figure Captions,icdntd. -41-

“Fig.

Fig.

Fig.

Fig.

Fig.

- Fig.

‘Fng,

Fig.

Fig.

10.

11.

Influence of thickness on the critical stress intensity factors

at room temperature for a TRIP steel and two -commercial steels.

Plots showing_thevinfluencefof austenitizing temperature on.

l.rqom tenperature fracture,toughness (KIC or KQ),'yield’strength
.i(Y.Sa);“and ultimate strength (U.Ss.) of O.3OC—5M0 and 0.41C-5Mo
dsteels. a

'Plots of room temperature plane strain fracture toughness vs.

_-prior austenite grain size (indicated by ASTM grain size number)

L for as-quenched 0. 34C—1Mo and 0. 350—1Mo-3N1 Steels.

12,

13.

-Transmission electron‘micrograph of a carbon repllca.shewing
fine undisSOlved-earbidesdin as-quenched 0.32Ce2Mo steel,

i_austenitiZed at 870°C. |
}TransmissiongelectronOmierograph'of-a carbon replica showing

1-3 nicron size undissolved carbides in as-quenched 0.30C-5Mo

.Ad-steel,'gustenitized at 870°C.

14,

15,

16.

17.

Plots of room temperature plane strain fracture toughness vs.

stempering tenperature for AISI 4130 steel. Austenitizing

temperatures andhquenching media are indisated.-
Microstructure of AISI 4130 steel (a) austenitiZed'at 870°C
and oil quenched (arrows indicate ferrite and upper bainite);
and (b) austenitlzed at 1200 C and ice-brine quenched.

Plots of room temperature plane strain fracture toughness vs.
tempering temperature for AISI 4330 steel. Austenitizing
tenperatures and quenching media are indicated.‘ |
Plots of room temperaturebplane'strain fracture toughness vs.
temperingvtemperature forvAISI 4340 steel. Austenitizing

temperatures and‘quenching media are indicated.
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Fig., 18.

Fig. 19.

42~

Trénsmission'eiéctron micrographs of as-quenched AISI 4340
steel: (a) bright field and (b) dark field of austenite

réflectionifor:the.870°C austenitized specimen.

‘Tfansmission electron micrographs Qf_as—quenched AISI 4340

‘steel: (a) bright field and (b) dark field of austenite

Fig. 20,

Fig. 21.

reflection for the,iZOU?C > 870°C austenitized specimen.

Transmission electron micrographs of martensite plates in |

“AISI 4340 steél:ﬂ(a)-austehitized at. 870°C, .showing eitensive

fine transformation twins in a martensite plate marked P, .
(b) austenitized at 1200°C,féh0wing'absenceiof transformation'
twins and presende_of e}carbidesiin a cross—hatchedrmorphology

in martensite plates marked P.. A prior austenite grain bduﬁdary

‘is marked GB.

Influence of sulfuf'leVei‘On plain strain fracture toughness

"_and strength of quénched'and tempered 0.45C-Ni-Cr-Mo steels

Fig. 22.

(from Birkle §£_§£., 1966).

T-T-T diagrams of AISI 4340 steel:(a) as reported in the

- literature, and (b) as determined by the new magnetic

‘permeability technique.



1000

o_
c

REHEATING TEMPERATURE,

1w
192~

b
T+
o8
3\4
Ty

- 400L—— L | ‘
o) . 40 80 120

43—

8
o

o

—

|

 ALLOY Fe-I2Ni-05Ti
A. ONE- STEP REHEATING
B. TWO-STEP REHEATING
C. COLD WORKING AND REHEATING

SINGLE PHASE (y)

CHARPY ENERGY, FT-LBS

Fig. 1

XBL 741-5482 A

REHEATING

REHEATING



| 120

CHARPY ENERGY, FT-LB

80

40

. l-.-lil}"

Fig. 2

P I —T T
]
|
"l
| _
|
il
:g;| |
N /]
|
|
-
| ——
| ,
|
|
Hl_
e 7
| f
|.
I .
N -
AR
I i L [
10 = 20 30 40 50 60
GRAIN SIZE, pum.
XBL73lI- 5599A



' VOLUME FRACTION MARTENSITE

' .L()() — | T
0.80 1
0.60 —
0.40}- - -
- O EXPERIMENTAL POINTS
——GERBERICH'S CRITERIO
0.20b (m=2.37) : ]
oL 1 ? L 1
0 . 005 ol0. 0I5 020

'ENGINEERING STRAIN

XBL 7110-7501A

- Fig, 3



ENGINEERING STRESS, 1000 psi

300

200

100

~4ifm

X -78°C (m=237)

X 22°C (m=1.85)

STEEL CN 8 Cr _
70% PDA AT 450° ' '

TEST TEMPERATURES AND
STABILITY COEFFICIENTS
AS INDICATED

1 e I

0.10 020 0.30
ENGINEERING STRAIN

XBL7110-7504A

L4

Fig. 4



w»

ENGINEERING STRESS, 1000 psi

300

200

100

-47-

CNIBCr
(no transformation)

CNI2Cr
{m, 10 to '15)

' ]
~ol 02 03

. ENGINEERING STRAIN

Fig. 5

0.4 05 -

XBL7I1 ~7666 A



- TRANSFORMATION COEFFICIENT , m

O

o
o

n o
o O
|

ke
|

-

O
o
I

b

e,

ﬂ?o
B
Q

o)

o .

o°
o
o

00 'i§§5° ,

c,oif¥}

0 O
) o o

6 8 o

o

N I |

o

02 04 06 08

'ELONGATION TO FRACTURE,

Fig. 6(a)

€

XBL 7111-7662

0 12

v



49—

S S R R
O o o o o. T
(o) o b
8 R B
I | |

o
J
0
&o
5
|

 TRANSFORMATION COEFFICIENT, m

o
l

o

8
o
| o]
(0]
o
|

O
o
|

%5 005 0l 0l5 020 025 030

~ €_,LUDERS STRAIN

" XBL 7IN-7661

.. .Fig. 6(b)



PLANE STRESS FRACTURE TOUGHNESS, K, ksi-in"2

50— -

(J‘ .
o)
O .

400 .

300} —

200 | —

. 6 024-027C

| » : _

O 6 0.29-035(C+N)

ol N R L L

0 05 1.0 1.5 2.0 25
TRANSFORMATION COEFFICIENT, m

 XBLT7Ol-6952A

Fig. 7

¥
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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 Commissicn, 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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