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FRACTURE AND FRACTOGRAPHY oF METASTABLE AUSTENITES
*W W. Gerberlch IP L. Hemmlngs, ¥Y. F. Zackay .

*Inorganlc Materlals Research Division, Lawrence Radiation Laboratory,

'.Department of Materials Sc1ence and Engineering, College of Engineering,

University of Californla Berkeley, California
tKaiser Alﬁﬁinum and Chemical Corporation, Pleasanton, California
ABSTRACT
Variaﬁioné of extgrnalvtest variables such as rate and température,
and changeS'in alloy:combOSitiOn'arevshown to have a number of effectsvon 

the fracture of high-strength, metastable austenitic steels. An unusual

jrate-dependent, fracture mode transition is explaihed in terms of an

adiabatic heating effect at the crack tip. The normally severe thickness

transition is much less pronounced in metasteble austenites due to the
large energy dissipation associated with thevinVafiant shear of the
strain-induced martensité transformation. Fractographically, it wés
ascertained that at roomftemperature, both phases failed in a ductile
manner, bﬁ# at -196°, martensite containing greater than about 0.27 :
wt %'carﬁon would cleave. This resulted in a fductile—brittle" |
#ransition in metastable austenites at -196°C as a function of carbon
cdﬁteﬁt. Other coﬁpositional variations may change the austenite

stability which controls the amount of strain-induced martensite

’ occurring at the crack tip. It is shown tha£ a plane stress fracture

toughness (Kb) approaching 500,000 psi—in}/e

may be achieved byi
decreasing the stability of the austenite. The variation of'KC with
austenite stability gualitétively verifies a theoretical model for

the invariant shear contributioh to the fracture toughness of metastable

austenites.



INTRODUCTION

‘Over‘the"lastvdecadeg itVWOuld appear.thatxa plateau has*been reached
' w1th respect to the strength-toughness comblnatlons in ultra high-strength
steels. For example, 18 Ni—maraglng steels are limited to plane strain

- 1/2 (1,2)- e

fracture toughness levels near 120 ksi-in: Although some high

strength 12 N -maraglng steels and 9 Ni-L Co—O 2) C steels have exceeded
this" value, these have generally had yield strengths somewhat below

v200,000 ps1.(l ~3) Slmilarly, for th1n sheet, it has been difficult to

1/2

obtain plane stress fracture toughness levels over 300, 000 psi-in . for
'materlals with yield strengths greater than 200, 000 ps1 (3)
One pos31b111ty of markedly exeeedlng these plateaus is'utilization
of thebstrain-induced'phase transformatiOn‘as an energy'dissipation.
.mechaniSmhat the tip of a crack.(h’S) Specifically,vin metastable
austenites thatvhad preViously been warm-worked above.MD'to produce
yield strengths in excess of 200,000 psi, the austenite to martensite
phase transformation provides an array of interesting mechanieal_

propérties. - »Preliminary‘results hadvindioated that relatively
) highbtoughness could be achieved in both thin sheet and thick plate.
The-present study is an extension of the earlier investigations
and.has'the following objectives: (1) A quantitative studyiof an
'unusual fracture transition phenomenon which was strain rate dependent.
(2) & more detailed exploration of‘the dependence of the fracturev
morphology as a iunction of‘composition andbtesting temperature;e

(3) Further verificatlon of‘a proposed theoretical fracture model by

i y:through comp051tion controls. By such

varlatlon.of austenltejstab‘
meens.thehamount of strain indueed rhase appearingvat the crack tip can

be systematically varied.
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" MATERIALS AND PROCEDURES

The étééis utilized in this study are modifications of those
reported b& Gerberich et al.(s’B) Variations in composition, principally
in Cr, Ni and Mo, provide a range of chemical stabilities with respect
to thé straihfinduced phase transformation. Because the carbdn content
is a major_variable influencing fracture morphology and planc strain
fracture ﬁoughness the steels of Table I are.iisfed in the order of
increasingbcarbon contents. Steel F was préduced by the Crucible Steel
Corpor&tion.in the form of T-inch wide by 36-inch long sheets. It was
estimated that the average temperature of prior deformatibn for this
steel was sbout 370°C. All other steels were produced in avlaboratory
mill'accérding‘to procedures given by Zackay, et al.(6) The only
deviationé here were that the plates wvere auStenitized at 1200°C»tox
provide maximum solution of prime carbides and an ice-brine quench was
utilized to minimize alloy segrégatioﬁ during cooling. In addition,
where very thick sections were involved, e.g. for making one-inch thick
platé, upset forging was desirable to avoid splitting during‘subsequent
rolling operations.‘ |

Uniéxiél tensile and fracture toughness testing methods were

(5,8)

idénticai to those utilized previéusly for the evaluation cof high-

streﬁgth; metastable aﬁstenites. Ih general, tﬁis entailed éither

_singlé-édge-notch (SEN) or centerfnotched speéimens for evaluation of

plane stress (KC) conditions and crﬁck—line loaded specimeps for plang

strain'(KIC) estimates. The only other type of measureﬁent was ‘that
e cmn(9)

of a secant offset estimate of KIC’ according to ASTM standards.

The quality of the thick plate utilized in this investigation

o
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_varled somewhat with- process1ng condltlons and composition. A prior

deformatlon treatment of 80 percent requlres a>start1ng billet 2 l/2 to
5 1nches thlck Deformatlon of the blllets at h50°C resulted in some
edge cracklng. Although alloy A was somewhat eas1er to roll than the
other alloys and th1s d1d not occur,-some cracklng d1d appear in

alloys B, G and H._ As a consequenceiof this edge cracklng there were
some slightly:premature failnres-infthe'tensile tests whieh were taken'
from.the'plate:edges.;dHowever, in the craek-line loaded samples, where

the’preecrack.was locatedvin'the eenter of the'plate,'there was little

' degradatlon of propertles.

For evaluatlon of the mlcroscoplcfracture mode, standard two—step v

'plastlc—carbon repllcatlon was utlllzed for electron fractography.

Shadow1ng w1th platlnumrpallad1um at an angle of about 45 degrees
prov1ded'add1t10nal contrast. A non-standard etching reagent of 5 grams
of cupric-chloride in 100 cc each of water, HC1 and methyl alcohol was

utilized to etch the martensitic regions of some of the fracture surfaces

_ before replication. This reagent did not appreciably etch the austenitic'

regions so that the two‘phases could be differentiated on this basis.
Also, a limited amount of scanning electron mieroscopy of the»fraeture
surfaces was accomplished with a JEOL model JSM-1 operating in the

seeondary.electron mode atiQSKV.
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RESULTS AND DISCUSSION
'A STRAIN RATE DEPENDENT FRACTURE TRANSITION o '
' (5)

It was pointea_out previdusly that there was an unusual fracture
mode transition in metaétéblé austenites in that eitensive slow.crack
.growfh océurred entireiy in a flaf mode whilevfdpid fracfure occurred in
a shear:mode. This flat crack érowth mode was not a brittle fracture
proceés'as it occurred néar stresé'intensity levels of 200 ksi—in.l/2
and electron frdctography vefifiedﬁthat the microécopic node was
microvoid coalescence. This unﬁsual fracture mode was explained in
terms of a two-step fracture process.occurring in.a material‘exhibiting

(5)

a stréin¥ihauced phaéevtrdnsformation. This wiil'be discussed in a
subsequént secfion. If wés observed that the fiat fracture mode
trénsifion to a shear mode depended uﬁdn the crack velocity, wﬁich is a
functibn of fhé testing (crosshead) rété. It was inferred that this
behaviér was probably due tb adiabatic heating at the crack tip. However,
there wﬁs insuffiéient data to substantiate thé'validity of these |
liﬁitedbobserﬁationé. In the presént étﬁdy; additional data on this
meterial (steel A) at -196°C and on D and E at room temperature verify
that this rate effect is general, as seen in Fig. 1. It would élso
appearvthat there is a maximum on the stress intensity at some
intermediate crosshead rate and that for crosshead rates much less than
10_3 in/sec, the fracture toughness decreases.

A theoretical model can be derived based upon the fact that és the | e
crack velocity increases} the temperature build up at the érack front

finally increases sufficiently so that the rate of production of strain-

induced martensite decreases. If the transformation decreases sufficiently,

g
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a fractnre modehtraneition;from flatifraetnre to the éhear fracture
woula occur, since the shear mode Wouldhbe‘charecteristic of a nore
'nearly‘singleephase; highfstrength, duetile materiai; ‘Forrthe model? it
~it first neoeseery to 'deseribe the crack velocity in terms of the :
croeeheed‘reterand seoondly;vtovdescribe thevmexinumttemperature rise
;réﬁndathé'c}ack, treetinévthe craok tip-as a.elowly;moving, point heet
souree. # CL n"
: For the crack velocity enelysis,‘irwin(lo) has-oonsidered_a centrally-'
notched plate under a unlform tens1le load. The teeting'mechine speed, R,
1s.g1ven in terms of the length of a plate, L with compllance, Cs’ under
load, P,.byl . o ‘ t' .' ';
ar | e, dC : | )

=C P —

R=% s at at

 Since the fracture mode'transition occurs near maximun load where ap/at=0,
the crosshead'rate isfapprokfmately,

f ac, - fac_ a - - :
R=Pgg = EE' at) , (@)

/

' 10 : . : R
Irwin .) shows further that for either constant load or fixed grip

conditions, the straln energy release rate per unlt thickness is given
ac

by (P /2) d2s - whlch . 1n~terms of_stress_lnten51ty, K, 1sv

22 (%) 3
4 da C o SRS
where E is Young'S'modulns. Comb1n1ng equations (2) and (3), gives the

crack growth per unit thlckness as



—6-

Putting this in terms of applied stress, OO, and taking into account the
thickness leads to
- REO' W v
" da o ‘
= — | (5)

dt hK2
where W, is the specimen width. |
Next, an estimate of the adiabatic héating occurring as a function
of test rate must be made. The maximum temperature rise about a point
source, such as the tip of a crack, is bééed upon an analysis of the
heat transfer in a plane medium. If the point sourcé is considered to

be a slowly moving crack front, the maximum temperature rise is given

NNEED

i 2
AT =__}/£_g_ [1 -1/2 —%) ' (6)
\f;; pcs pcs —/ . |

dt

where p is the density, ¢ is the specific heat, k is the thermal
cdnductivity, q is the quantity of heat and s is the distance from the
heat source. It was observed that about a 200°C temperature rise in
tenéile épecimens was possible under high strain rate condifions.(l2)

At the tip of a moving crack, where the volume of material undergoing
plastic deformation is relatiyely small compared to a tensile test, such
a temperature build up'might not be experienced. Nevertheless, it is
assumed fhat about ablOO°C rise is possibie, which would be sufficient
to significantly alter the rate of production of the strain-induced
.phase transformation. Obviously, this would be localized near the crack
tip but if it occurred over some microstructural unit, s, involved in

the fracture process, it would still be sufficient to cause a fracture

mode transition. From metallographic sectioning of fracture surfaces,



1t had been observed that the reglon of severe martensite productlon and
*alocal delamlnatlon* was limlted to a reglon about 0.002 to 0. 006 1nches

"ideep for a —196°C test and about 0. 010 to O 015 inches deep for a room
(3)

temperature test For these seme tests, calculatlon of the crack
t1p displacement 2V 5 gave Values of 0.0011 and O 0059 inches. Thus,
as & first approx1mat10n two t1mes the crack—tlp dlsplacement ﬁlght be
a numerlcally reasonable estimate of thls crltlcel fracture region. iFor
,the'thiﬁ plates underrcensideration, this woﬁld Be_given by

s_'~'th~2K2‘ | o ‘ (7)

o E
ys .

where oysrisvthe yield strength.

As an estimate of d for the:material of'this inveStigation'was not
availabie,la rough apbrokimationtwae ﬁede'by taking’the value determined
P L (11) |

by Schonert and Weichert for.a rapidly growing:crack_in mild steel.

Their empiricai equetien is given by
= [0.055-0.00927 in (9§%¥§i)]:eru/lmg | (8)
| 1

where'Clﬁis a constant of 118'in/sec.. Values for k and c were getermined

from data for similar compositions of Fe~Cr-Ni-C alloys available from

Kitte 11(24) (15)

and Sﬁithells. Censidering an amtient temperature'of
'77°K;end'a temperature rise of_eboﬁt iOO°C;,the average valﬁes oftkfahd'
¢ in theueritical’region were'estimated-td_be_2;8Xlth BTU/in/°C end

- 0.191 BfU/Lb/°éffor-allby A. vCombining.equEtione»(6) (7) and (8), it

- 1is 'seen that there is a stress 1nten81ty factor for Wthh a ‘maximum

. temperature rise 1s.atta1ned over the crltlcalvfracture region as given by

¥ This local delamination is discussed more:fully in the next section.



~8-

5 O 02'[ o (REGOW]~ <k o >2 )
K° = L5 = 170,168 1n 1 -1 o L5 (9
pcATmax v hKQCl , pc 2RO W

where C, is a constant of 0.0133 BTU/INQ. The stress intensity may be

calculated by iteration, end for this purpose equation (9) may be rewritten

as-
_____1{_2__ + 0.168 1n (1—3—)= 1 (10)
A(1-D?) K2
o _EC, REG_ o K
VIR A= Dear 3BT TIc, ¢ P T ZRo_wee

The ~196°C dats for steel A from Fig. 1 were utilized for testing of
the empiriqalvmodel develéped above since this was the most complete set
of data. Furthermore, these wére the only tests obtained on 6 inch wide,

'éenter-notch plates for which thevactual créck growth rate had been
'measu?ed. Thebyield strength for this alloy was 258,000 psi at -196°C.
The remaining parameter to be established is the value of the applied
stress at instability. FIt was observed that this varied somewhat butv
was about 75;060 psi * 7,000 psi.‘ Althoﬁgh this variation would
normally be significant in a stress intensity célcuiation;’becaﬁse of
the nature of equation (9), calculation showed this to be a negligible
effect as compared to the rate effect. kThus, for simplification,_co.
was taken as a COnstént équal to 75,000 psi?

With the values of the constants and the material parameters as
given above, it was possible to calculate stress intensity as a function
of crosshead rate. Tﬁis was compared to the actual stress intensity at
the point of instability in Fig. 2. The agreement is reasonable with a
maximum on K, being predicted near 10~2 in/sec, which is very close to

C

that observed. At the very slow crosshead rate some disagreement exists
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bﬁ£ft£ié nsjvbe treced'tolsn.inaccnracy'of equstionl(S)‘ln cescribing the
crack veloc1ty‘ Measured values‘of the average crack growth rate were
.':determlned over the 1ncrement of\slow\crack growth preceding fracture.v
Cons1der1ng.the facf that.the crack is acceleratlng, thls would give a
lower bound esnlmate of (da/dt) ;x at the point of 1nstab111ty. This
data is;compared to ralues calculated from equetion (5)_in7Fig{ 3. |
Althonénlfhe:conparisonlisnreasoneble at the nigher crosshead rafes, the
discrepency‘nould.be_at lessf an order of'magnitude at‘the slowest
testing”sbeed.l'Sincelthislorderlof maénitnde snift-in dé/dﬁ can explain
. the'discrenancy-at tne'slower'crossheao rete in.Fig; 2;.one mignt
conslderethef fhis epproachlls.onenfitatiﬁely quite eccurate. However,
thé'aécufaéy of eouanlon-(B)Jln,describing_tne heat flow etbthe crack
tip 1n the present'ma‘t‘erial,;};ais que’s"vtiona,ble.' Furthermorie:, l:he estimate
of AT". and'S'canlonly;ne'considered accurate within a fector of two.
Thus, the agreement in Flg. 2 1sbprobably fortnltous since equally
'reesonable estlmates of AT éx and s could have been used wh1ch would
give estimates of K off by a facnor of £w¢ or“nore,;'Neverfheless;vthis
reletionship qualitatively explains the effect of crosshead speed'on the
'resulting stress intensity atlthe fracture mode trensition produced by
B adiabatic heating. It is significant that the theory indicaﬁes‘there
: should be. no tran81tion below a certa1n crosshead rate, a fact that had
_been observed for alloy D( ) and has been observed by others(l2 16)
alloys of" SLmllar composition. |
The other testingvvariable which could influence the fracture:
: behaﬁior ls thevthickness transition which normallyiis'quitevsevere in

. high strength steels. Maximum stress intensity -data obtained from



-1.0-

steels B, C, D and G ét room teﬁperature are compared to two medium.and
loﬁ alloy steels in the samé strength fange as a function of thiékness
in Fig. 4. It is séen that the drop in toughness is only about one half
.of that normally observed fdr high strength steelé. The reason for this
High toughness in thick sections may be partially attributed to the
‘strain—induced phase transformation. First; it haé been suggested(l3)
that under triaxial stress coﬁditions, the raﬁe bf production of
martensite per unit sfrain is greatef than under uniaxial conditions.
Secondly, the strain-induced transformation ifself is a large pléstic
energ& dissipator(S) due to the orientation of the shape change in the
.direction of thé mécroscopié shear. The orientation‘of the martensite
piates in the direction of theumacroscopié shear is seén to be a general
effect for various steels, thicknesses and ﬁest temperatures as seen in
Fig; 5. These facts would tend to indicate that a larger amount of
energy may be dissipated in the center of a thick plate than is normally
possible without a strain-induced phase transformation. 1In fact, it

may be'difficult to approach a truly plane strain condition in these
materiais; The exception to this is discussed'in the following section.
FRACTURE MORPHOLOGY AS A FUNCTION OF TESTING VARIABLES

In the present study, a ductile-brittle transition was observed with

respect to fracture in the strain-induced phése as a function of tesf
temperature. As this transition was dependent upon the carbon
concentration, the discussion of fracture morphology will be in two parts:
for steels with carbon levels from 0.20 - 0.24 wt, percent and for steels

with 0.27 - 0.35 wt. percent C.

First, consider the relatively stable alloy A which, at room



- This fracture morphology was explalned

—ll-_"

temperature, exhibits relatlvely llttle stra1n 1nduced—phase transforma—'

tion, In Flg 6, it is seen that completely dlmpled rupture occurs on

the fracture surface, whlch is characterlstlc of the fracture in
austenite. On the other hand the same steel fractured at’ —196°C shows
tuo diStihct modes of rupture as seen in Fig. 7. The fairly large shear
dimples oﬁ;the order of two.microns in eize erebrepreSentative of
fracture:in austenite Whiie the very;emali dimples, which seem to be

oriented along a series of fine bands in the lower right of Fig. T(b),

“are characteristic of martensite fracture. These regions were verified

to be martensitic as they were etched by the reagent prior to making the

"repliCal"Ih between these major regions,ta stretched region'is noted

as seen in the upper left corner of Fig. T(a) and in the middle of Tig.

7(b). It may also be noted that the dimples in the austenite next to

fthe-stretched regions were oriented perpendicular to the stretched bands.

- The morphological factors described above can be more clearly seen
in a 'composite of a similar region, as shown in Fig,_8. "As can be seen

from upper left to lower right there are alternating regions of dimpled

: rupture'in the austenite, a stretched region, fracture in martensite,

another stretched reglon, and, finally, dlmpled rupture in austenlte.

(5)

in terms of the marten51te

fracturlng,flrst, followed by a tearlng in the austenite regions in

: between, the ‘result being that local fracture in austenite was perpen-

dicular to the macroscopic crack growth direction. Additional clarifi-

cation of this fracture mechanism was obtained with scanning electron
microscopy of a similar specimen that had not been etched. A series of

magnifications of one area in,Fig. 9 shows the local delamination that
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ﬁes indicated in Fig, 5.> Here, the deeb furrows are about 10y apart
which is about.the eeme as tﬁe auetenitic grain size. Thus, one is
teﬁpted to say that the abrupt change in fracture direction is simply
_due to locel delaminatien at the grain boundary. However, as seen in
Fig. 5(a), the.fracture in steei‘A does not follow along the grain boundery
and iﬁ many ceses the leeal delamiﬁation is transgranular. In addition
the.deteiledvchafacteristics of these local delaminations may be matched
exactly to the electron fractegraphic observations obtained‘on replices.
For exempie, the lower pﬁotomicrograph in Fig. 9 ehows dimples, a
sfretched region end a martensitic fracture regioh frem eitreme right to
’.left. 'These alterﬁafe fegions match up to those indicated previoﬁsly

in Fig. 8. Heﬁce, the deep furrows are heavily martensitic. The regular
striafiens preceding the large furrow in Fig. 9 suggest an orderly
fracture process. Since the martensite is oriented with respectvto'the_
macroscopic shear planes as seen in Fig. 5, it is possible tﬁat a |
repeaﬁed crystallographic slif'process is responsible for the duetile
fracture precess in the.martensite. Thus far, all of the fractographic
analysis has pertained to steel A, most of it being for tests conducted
at -196°C. A similar fraétﬁre transition region was observed in steel
: B_at room temperature since the compositien was sufficiently low to
allow considerable meffensite fofmatioﬁ during testing. Although nof

so well defined, such a transition region is seen in Fig. 10 for an
unetched surface.

For the higher carbon alloys, the frectographic characteristics at

room temperature wefe similar to those observed for steel B. Ho&ever,

for those specimens tested at -196°C, fractography demonstrated a



'whichfhad,é K" ofu67.5;kéi;in,

may be interpreted from Fig. 12.

-13-

distinct mbfphdlogicai difference. :Typicai‘miCrographs from steel G,
' 1/2'vvu‘. "_ﬁ> R T
IC _,are shown_ln F;g. 11. The relatively

fiat.featufqless.régions'are éleavage in the martensite and on either side

of theée'regiohs'sdme very small dimples may be noted.. Further inveétigation'

shbWed'theSé“dimpleé:td be ‘associated with fracture in the austenite as
Here, a very long marﬁensitic cleavage
régicn is shqwn.in the middle'qf thése'micrographs. To the left of this

region there is a stretched region which is most clearly seen in the upper

left hahd'fractograph. Immediately to the left of this are very fine

_ éhéar'dimplesthich are aﬁaloébué‘to‘the shear dimples identified before
as being rupture in the austénite'petween}ﬁaftenSitic fraéture regions.
"AlthOugh”not’perfeéfly'oﬁvioué} thesé shear dimples again are oriented

_pefpendicﬁlaf to thé}martéHSitié region aﬁdvhehce perpendicular to the

mécfoéédpié'fiécture’diréctibn." Thus; the fracﬁure prqéess in the higher
carbon steels is identiéalvto'that_described abové-for.the»lower carbon
steels except.that at lower temperatures,'e.g._~l96°C,vthe martensité
cleaves instpd@ of tearsﬂ  |

of coﬁrSe; this has a large effect on the ffacﬁure toughness .
because of the>iow crack pfopégétion‘resistance assoéiated with clga&age

in untempéfed'martensite."That-is, as soon as the strain at the crack

.tip-is'suffiCieﬁt to pfodﬂce a significant amount of martensite, the

Co - ot ' R B S ' o
martensite could cleave .and the crack could run as fast as the strain-

induced phase‘transformation-could occur. -The.effect of this on the

plane strain fracture:toughnéSS is dramatic as is seen in Fig. 13, For

+_ This assumés that the cleavage.fraéture stress.'is less than the stress
at the crack tip, i.e. the flow stress elevated by the plastic constraint
factor, which is probably the case for these untempered martensites.
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carbon levels'less than ebout 0.2k wt. pércent, no cleaVage was observed
and unusually high toughnessés,were obtained at‘-l96°C. On the othef

values

'hand, where éleavage occurred for the higher carbon contents, KIC ‘

1.typicél of tempered marténsitic steels at —196°C were observed. Thus, it
would éeem that iﬁ order to take full advantage of the inherent toughness
jbssible from the straiﬁ-indUCéd phase transforﬁation, the strain-induced
bhésevshouid haveba'reaéoﬁable fesistance to fractufe.

ROLE OF AUSTENITE STABILITY IN FRACTURE

.ﬁ_If'thé strain—induééd phaSe.is.reasonably tough, then one should be
llaﬁiétgé éphdnce thé:frgéfu;e toughness of these matefials by providing
éfeater émounts of traﬁéfofmafion product. This was earlier proposed by
(5)

. Gerberich, et al. who showed that the strain-induced phase trans-

1Tqrmatioﬁ is a plastic energy dissipation mechanism that is as much as a
ifactb%,df,five largef ﬁhéh_the_normal plastic dissipation processés
oécﬁrrihé at a‘cra¢£ tipf' The éresent study provides further cbnfirmation
‘of fheiéérliervpropoéai;v That is, as the composition.varies, the degree
~of metastability varies and thus fracture toughness should be dependent

- upon some parameter which is avfunction of the MD and test temperatures.
The following discussion demonstrates this relationship.

(5)

It was shown that the invariant shear contribution to plastic

energy dissipation could be given by

R
P o.\1/2| R 1/2
Bf m€ o, (—%—) £ _1 rdr (11) ‘v
o |

ool=

Ug =

=
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-is the invariant shear, o

where Rp is the'plastic zone diameter, EISJ

q'

and OY'réfer to the flow stresses.of martensite and austenite, r is the

_distance from the. crack tip.énd m is a transformation coefficient which

ié felaﬁedvto fhe élloy égaﬁility in ferms of thé stréin—induéed phase
tra_.ns_f_ormatiéri.i The térm»outside.fhe‘ihfégrél is the plastic zone shape
faétor.timés thé tﬁickness while fhe term inside the integral represénté
the summafion of énergy‘aensity throughout the plastic zone. The trans-
formation coefficient is a simplé,function of sﬁrain for these high—

(7,16)

strength metastable austenitic steel given by
(12)
where V , is the volume fraction of martensite. Furthermore, it has been

) A
(7)

shown that m may be calculated from the MD and test temperatures so

-that m is directly related to the chemical ffee energy'of the systemn.

For a balance of the elasticlenergy release rate by the plastic:energy

dissipation rate; BUp/Bé, one obtains the critical stress intensity KC to be
- Jau 1/2 | |
. 1 —-—E . .-E—
Ko [aa B] o (13)

(5)

Since m is a constant for any particular test and since it was deﬁermined
that'UIS was the major energy dissipation term, it may be seen from -
equations (11), (12) and (13) that a first approximation gives

K, « mi/2 | - | 'v  '  v(1h)

Consider next how this relationship compares to the experimental data.

Most of the data were normalized to a crosshead rate of 0.01 in./sec,

e.g. see Fig. 3 for alloys D and E. The only exception was steel F
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which did not reach a fracﬁure instgbiiit&»at such léw érosshéad speeds{
Tﬁefefofe, data obﬁainéd at sevefai fates on the order of 0;03 to
O.3~in./sec are repofted._ If aﬁ extrapolated value had been utilized,

an eﬁen higher_toughness would havé resulted but tﬁis did not appear to

bé justifiéd(at‘this fimé;: These déta; along with sévéfal other
.soﬁfceé;(12’16’l7) show ffacfuré toﬁéhness fo be an increaéing function
of'thé transfdrmatibnbcoefficient in Fig. 14, Cénsiderihg that no piastic
zone size correction was made.for‘thése estimateé, these‘toughness levels
arebvér& high’aﬁ highér Valﬁeé of m, Upon interpdlation at values of

1/2 /2

m=0.5and m=2, K, values of 235 ksi-in. and 460 ksiain.l are

1/2, it would appear that equation (1L)

obtained. Since 235/460 ~ (0.5/2)
is reasonably well followed and the theory is at least qualitatively con-
firmed.

In Fig. 14, there appears to be a secondary composition effect in
thét increasing amounts of (C+N) tend to deérease the overall level of
toughness. The thepretical model developed thus far does not adequately
take this into account. On a physical basis, it is an efféct similgr to
that noted at the low temperatures where increased interstitial levels

promoted cleavage.  Nevertheless, it is not the same mechanism since no

cleavage was nbted in tests performed at room temperature.



1coefficient m.

“As a flrst approx1mat10n, K, is proportlonal to m
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CONCLUSIONS
The piane:sﬁrese fracfureFtouéhness'of higheStrenéth, metastablea
auetenites is”a‘fuuCEionJof crackjvelocity as controlled by the
adiabatic_heatihg produced at the crack tip. | |
Iu order for>£his effecu fo be obeerved; fhe»adiabatic temberature
rise muet oevsufficientvfo eiguificantly aiter theﬁrate'of production
of sfrain-induced“marfenSite; | | |
A theoretical.modei.is dereloped to predict fracture toughhess as a

function of:cr0sshead rate.

iFractographlcally, the fracture process is observed to be a two-step

process w1th the fracture nucleatlng in marten51t1c reglons and then
tearing in austenitic,regions between.

For alloys with less than 0.2 wt % C, martensite fails by a ductile

fracture process; for alloys'with more than'0}27 wt % C, martensite

exhibits ductile fracture af room temperature but cleavesvat -196°C.
At -196°C,‘a ductile-brittle transition results as a function of car-
bon content with low carbon alloys havihg plane strain fracturer

toughnessv(KIC) values on the order of 1L40 ksi-in;l/2 and medium

carbon alloya having K., ~ 50 ksi-in.l/zr

Ic-
Plane stress fracture foughness values as high as hSO ksi—in.l/2 were

obtained..

" The highest-fracture toughness levels were achieved by making the

_austenite more unstable, a measure of which is the transformation

1/2
c .

- verifies the prevlous model which accounts for the large amount of en-

ergy plastically absorbed during the invariant-shear of the transformatiOn,

This qualitatively
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Table 1. Chemical,Compositions

Designétion Composition, Wt. % Nominal thickness,
- , INCHES
c Cr Ni Mo Mn Si
A 0.20  13.5 8. 3.0 2.0 1.0 0.5
B 0.2k 9.0 8. L.o 2.0 2.0 0.5
c 0.24 9.0 T. k.o 2.9 2.8 0.075
D 0.26 10.1 8. 5.5 1.7 2.0 0.08
E 0.26 9.0 9. 4.9 2.5 2.0 0.10
F 0.27 11.2 8. 1.9 0.4 0.1 0.10
G 0.27 9.0 7. 4.0 1.0 2.0 1.0
H 0.28 8.8 7. 3.9 1.0 2.0 0.5
I 0.35 9.0 8. 'h.o 2.0 2.0 0.08
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* Uniaxial Tensile Data

Room Temperature Tests

(a)

-196°C Tests

( )

(b)

37

© vierd,'® ultimate, Elongatlon (b) viela,'® Ultimate, Elongation,
Steel ksi- © ksi ksi ‘ksi %
A-1450 18é. 196 v9}6(°)v 258 326 39
B-b50 206 215(®) zs(d)_  215 225(a) g.1(a)
€-250 237:' O oug 37 - - -
cbso 23 250 34 - - -
D-250 235, 256,., ‘3é, 256 '29u(d) 13(8)
E-L50 225 _ 2&5' 38 - = -
F-370  ' 210 235 a7 - - -
G-b50 22k v235(d)" oyla) 226 206(d) 9.0(d)
dso. 230 o aust@) 19(d) - - -
I-450 201 20 195 367 f18

Yleld is associated with a yield point where sufficient straln—lnduced

martensite forms to allow propagation of a Liders band.

(b)v Elongation in one inch except for Steel F which was in two inches.

(¢) Not sufficient transformation to prevent necking.

(d) Premature failure due to mierocracke formed‘during'alloy preparation.
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. FIGURE CAPTIONS

Effect bf crosshead rate on plane stress fracture toughness.

‘Theoretical prediction of crosshead rate effect.

Relationship betwgéﬁ.crack growth rate aﬁd crosshead rate.

Effect of thicknesé on the critical étress inteﬁsity_factors for
high strength metastable auéfénifes and two commeréial steels.
Strain-induced martensite (etched bands) near the fracture surfaces
of four different metastéblevaﬁsteﬁitevfracture coupons.

Diméled rupture in alloy A testedvat room temperature where little
strain;inducéd martehsite result;d.

Mixed fracture mode in alloy A tested at -196°C with etched bands

. representing fracture invmértensite and dimples representing

fracture in austenite.

Alternatihg fracture regioﬁs.of austenite and martensite showing
local opientation of austenite fracture to be perpendicular to

the macroscopic c}aék:grOWth direction. -

Scénhing eiéctron microséopy of a éimiléf fracture surface of
alloy A tested at -196°C. |

Eleéfron fractography of:alléy B fested at room temperature.
Cleavage and dimpled rupture resulting in alloy G tested at 5196°C.
Cleavage ofva very idhg'martensitic region in élloj G tested at |
-196°C.

Efféct of carbon cbntent>on,cleavage of martensite-and,vhénce, on
apparenthlé_at -196°C.

Influenéé-of austenite stability on ﬁhe plane étreés fracture

toughness of high—strength, metaétable austenites.! Note:  All data

- are normalized to & crosshead rate of 0,01 in./sec except steel F

vF', F" denote increasing crosshead speeds from 0.03 to 0.3 in./sec.
D - - o | :

where F,
i
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Fig. 2
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Fig. b
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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