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STRUCTURE AND MECHANICAL PROPERTIES OF Fe-Nl—Co ALLOYS
. WITH AND WITHOUT CARBON. - :

Mathur Ramachandran Veera Raghavan v
Inorganlc ‘Materials Research D1v151on Lawrence Berkeley Laboratory and
partment of Materials Science and Englneerlng, College of Engineering;
’ Un1vers1ty of California, Berkeley, Callfornla - : :

ABSTRACT

In en-endeavor to evaluate the effect,of.mertensitic substructure v

'and morphology on strength and fracture toughness, Fe—N1 Co alloys w1th

an W1thout‘carbon were 1nvest1gated. Optlcal and transm1s31on electron
micrdscopy;techniques were used to document the.structure.while tensionif-tu

and.fracture toughness testinngere conducted to record the mechanical -

.propertles.f The martensite in-the two‘carbOnless?Re;Ni-Co alloys,
v whlch dlffered in h7 Nl had widely different substructures (lath’and
' tw1nned) but their mechanical propertles were closely allke. ~This
v indicstedﬂthst-the mechanlcal propertles are'not*affected by-the»mar-Rv’

”tensite‘morphology. Temperlng treatments in Fe—Nl—Co-C steel hay1ng

tw1nned martens1t1c plates caused preferentlal pre01p1tat10n of carbldes

along the tw1ns but the toughness showed no deterloratlon The strength,

' however,-lncreased rapldly on tempering.

: ModeVOf deformation'studies indicated that‘tuinned martensite COuld‘
deform by sl1pp1ng and hence transformatlon tw1nn1ng is not a sufflclent
condltlon to cause the martens1te to deform by tw1nn1ng- It has been “
suggested that the mode of deformatlon rather than substructure of marten-

site 1s«the 1mportant,parameter governing the toughness of_the steels.
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"Many procesSes'hQVe been developed'recently

~1-

I. INTRODUCTION
Antimnortant asnectboftmeterials research.is the'problem of economiC»
enhencement_of strength and ductility of_commercielrstructural steels.
1-3 hut ﬁost of - them involve
mechanical treatﬁents besides conventional heat'treetment. Tt would be
very attréctive to develop highvstrehgth.and.high:toughnessnby heat
treatmentfelonerg High strength is obtainable by'simbly increesing,the

carbon content of the steel, . but- thls serlously 1mpared the ductlllty

The cause of the sharp decrease in ductlllty and toughness w1th increase

; i
i

in carbon'content of the steel has been the toplcvof con51derable{debate;'

in the past. This sharp change in mechanical properties-had_to'be '

accompaniedtby an attendant change in the microstructure. The low

_carbon martensite (carbon leSs than”O 3%) consisted mainly of laths

w1th a very hlgh dlslocatlon dens1ty The strlklng change in the high

carbon (carbon more than 0 Lg) marten31te was that the structure mainly -

‘consisted of plates rather than laths and many of the plates Were

vlnternally tw1nned 5-T These transformatlon tw1ns in marten51te were

due to thellack of sllp at the temperatures of fOrmatlon of the mar-

tensite and this topic has been elaborated by G. Thomas.8’9 It was

.suggested'hyvvarious wOrkers thet the Ms temperature‘of_the steel could

be avcontrolling factor‘governing_the ‘twinning.:ll'o-'12 Suggestions have

'also'been-made that the presencevof twins seriously affects the fracture

toughness 5 13

Moreover on temperlng the tw1nned martens1te, the carbldes pre—

.ferentlly nucleated and grew along the tw1ns. .So two factors have been'

thought respons1ble for the 1nfer10r toughness propertles of the hlgh

carbon steel as opposed to that of the low carbon steel v1z,
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(a) twins per se.

(b) pfeferehtial precipitation of carbide'alongﬁthé twins.
The'élloy systems ihvestigatéd‘so farlh’15fﬁerefunable to confirm
the adverse'éffectg of the above mentioned factof§; if any. The‘inﬁesti—
gations'coﬁdﬁcted thus far have consisted of'coﬁpa&ing the mechaniéal
propertiés of two steels, one with low carbon and‘the ofher with higher.
cafﬁon; | ‘ .

The‘pu;pqse'of the present investigatidﬁ wéé td uniquely évaiuate
the effects of twins ﬁér'se and twin boundary éérbidé.pfecipitation,éq
the'mechahical'properties; Twofseries of alloyé*afe‘needed in_brdérrv.
to aécémplish fhis: |

g(a)_fwé carbonless alloys differing in marteﬁéife morphology .

(b) Two:steels having the seme carbon éohten£f§ut differing in
martenéite horphology. o | | v

Sihéebﬁickel has been known to induce thenmafﬁeﬁsite morphology
change,i6'Ee—Ni sysfem waé chosen as the ﬁasisf_ The.main problem en-
‘countered iﬁ this system was the inability‘to obtain 1bo% martensite at
the highﬁNi content(Iﬁ.> 30%). The reéeﬁt inveétiggtiohs of Davies and

McGee17

éhowed that the effect of Co in.Fe—Ni—Cé}féfnaﬁy system,wds more
‘than toiinérease the Ms-tempefature éf the aild&#fvIt'wasudemonstrated
that Co'increésedvthe Curie temperature (GéL and fhat fc > Ms was a
necessary éondition for the formation oflienticuiér martensife.: Thus,
Co.cauéed the morphology change of martensite in a Fe-Ni-Co ternary at
a110wer=Ni content cémparedvto 8 Fe-Ni binary. .It-was, thus, ﬁdssiblg

to o.bta._in" 100% lenticular martensite in Fe-Ni-Co alloys since they had

relatively'higher Ms tempera.tures.17
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Four alloys were melted and the comp051t10ns are llsted in Table 1,
The carbonless alloys shall be referred to as T- (tw1nned) and U (un—
twinned) whereas the carbon steels shall be termed TC (tw1nned with
‘carbon) and UC (untwinned with carbon). The carbon content is limited
'to O.l%C'lnforder to avoid formetion.of any‘retained_eustenite. Thev
elIOy systems were chosen tovunambigously_determinelthe effectbof twinsf."
rer se (inithe carbonless‘alloys) and tne nreferentiel carbidekorecipf
itatiohl(lnbcarbon”steels) on the twins; N |

The'effect‘of'mode'of deformation of martenslte on mechanicel
properties;has e} farvbeenvlergely’neglected. .Recént‘work by Davis;and
_Mageels on mOde of deformation showed that lenticular martensite: | |
deformed by tw1nn1ng when the- carbon content exceeded 0. 3%, wherees
the packet",martens1te did not deform by tw1nn1né even when the carbon 'V
_ content ;s‘as high as 0.55%C. This work however falled to correlate
the effect_of_martensitic substructure w1tht1ts mode of'deformatlon. It
was the intentlon of the present‘investigation to.document‘the effect.of
tne martensltic snbstructnre on its mode of»deformation‘since'it was
believed that mode of deformation rather»thenvthe martensltic_substructure

could be‘the controlling factor governing the mechanical_properties}_
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II. EXPERIMENTAL PROCEDURE"

A. Material Preparation and Heat Treatment

The‘steels used for this investigation were melted in a vacuum ' -
inductign furnaée and poured into coppér molds in”§é¢uum.' The as—caét 
‘ingots werévwrapped in stainless steel bags, packed with caét iron chips
to prevénf»décarburization and hoﬁogenized at ll50°C for 72 hours. .The
ingots wefe then forged at 1200°Ciintol2 1/8 in, x ;>l/8 in. secfion;'v
bars. Thié.size was close to the éizé of the fracture toughness specimen
and hencgumihimized by material loss diuring machining. | |

Fracture toughness and tensilevspecimenS'WeréAmachined from the "
forged béré, homogenized_in an argdh atmosphergfat l2OO5C fof oné_hdurl.'
and then'qﬁenched into iced brine. They -were immédiately transferred £Q
a liquid.nitrogeh dewar and stored there for abéuﬁfép héur to ensﬁre
completéxtfansformation of austenite. The speciméns were then iemﬁeredb
in & low temperature salt bath at 100, 200, 300, 400 and 500°C for 1 hour.

One Specimen was retained in the as-quenched condition:

B. Optical Metallography -

Speciméns fof optical métallography.were cﬁf’from thé heat treated
fracturg gpécimens,’mounted in Koldmount , abraded on silicoﬁ carbide
papers'doﬁﬁlto>600 grit,'and'polished on a 1l diéﬁond'abrasiﬁe wheel,
They vere eﬁched ﬁith_E% ér 5% nital solution. S o L

C. Transmission Electron Midfoscépy

The stgrting_materiai wére slices (.060 in.). cut from the bulkvheat
treated.speciﬁens. These slices were chemically thinned by a~complex
_chemica;fagentel to about 0.00k in. Disks of the size of & standard
Simens:speéimen holder (2.3 ﬁm dia.) were punched and theﬁ poiished in

a twin-jet polishing apparatus. Electropolishing was done using a



!

&

-5-

chromic~acetic acid solution.(75 gus CrO3 + hOO?ml?acetic acld and 20 ml
of'aistillédfwater); The voltage varied from 26f30frolts and the current
raried from l2;l8vm‘amps at 15°C. The thlnned dishszwereweventually

examlned 1n.a HU625 electron mlcroscope operatlng at 650 kV. The high.

voltage mlcroscope was found extremely useful in scanning in dark fleld

since thewdlffractlon pattern was conslderably smaller'than that at

'lOO”kV.-}Besides,'improved resolution was also ohtained. '

D. Mechanical Testing -

1. TensilevTests

Figure 1A shows the dimensionvof-the tensile specimens‘used, Both_--
the room temperature and llquld nltrogen tests were performed in an
instron machlne w1th a cross~head speedtof 0. Oh23 1n /sec (O,l cm/mln).

The spec1men surfaces were ground to remove any decarburlsed layer

2. Fracture Toughness Tests

Plane straln'fracture-toughness values were-obtained'by-testing

: standard compact tension.crackline loaded toughness specimen. 'Figure,2_

'1llustrates the d1mens1ons of the spe01men. 'PleceS’were cut from. the

forged'bar; machined OVErsiZe ‘heat treated and.thén ground to final
dimensiOns.7 The K calibration for th1s spec1men geometry has been worked
out by Srawley and Gross. 9 They expressed stress 1ntens1ty as a functlon

of specxmen geometry and-load: and the solutlon was in the follow1ng form

2f(—>

wl/



where K = stress intensity

a = crack length .
P =load - A — -
| B = thickness of the‘specimen .
W =:ﬁidth'of the specimen ' "3: : ' o ' 7
F(%Q'= § fun¢tion dependent on (%) of the spebiﬁeh |
Thus;.givén the criticél crack iength and l&éd at whichrthe viSible'
crack growth.o;cuis3 it éhould be possible tb calculéte the critical
_st?esé jnfenSiﬁbeIC.
Appéndix I listé.the computed values of F(%J:for variquéiyélueS-qf‘
(%), ana Fié;:3,is a plot,betweén: B
———-——KBW;/g and (E) .
P
The_critical crack lengfh at which inétabiiity occurs was -obtained by’
using a-Crack Opening Displacément (abbreviated a§ CCD) éaéé'attached to
the specimeﬁ (Fig. 4). 1In ordef to be aﬁle to.dégphis a prior calibration
" between ﬁhe créck length and COD had to be eétabliéhed. This was done
by maéhining crack length inéreasing in steps; ;na'cdrrespondingly ‘
measuring the COD for a predetermined load of 3000 lbs. The_resﬁlts are
piottedlih‘Fig. 5 and show the relation betWeen tﬁ¢”dimensionleSS param-
etérsvggz-and(sﬁ where v is ﬁhe displacement (in_inéhes) reédrded by the - - »
COD gage. | o | )
) s

A MTS machiné (of 300 Kip Capacity) was used to fatigue precrack
the fracture toughness specimens at a cycling rate of 6 cycles/sec. The
cracks were fatigued tova minimum length of 0.050 . in. regquiring approxi-

mately5lO,OOO cycles for this growth. The fatiguélcrack~growth was
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observed through a low power optlcal mlcroscope at the surface of the

'spec1men. Max1mum loads were kept high enough to prov1de reasonable

4

fatlgue crack ‘growth rates and yet not so hlgh that loadlng exceeded the
19

recommendatlons in ASTM publlcatlons 7 which are.j';

4

mgx = o.ooiz-in;l/z}
.Kﬁax ° : | :!iii:
' =) <~ 0.02 in.
ay.
Ry
max 2

1y

-where Kﬁa¥ _the maximum stress intensity used during fatiguing

E = Young's modulus
Oy = yield strength
'1KQc=‘conditional stress'intensityvdeterﬁihed.in the subsequent

fracture test.
Thevprecracking‘was invariahlyvdone'at'roomﬁtem?eratureland the
fracture.toughness_tests were‘conducted at liquid hitrogen.temperature.
" The experimehtal seteup-forvliquid nltrogen frahture tests is shown in
Fig. '6:':During every fracture test -two plotstwerefmade.' Load vs COD(v)

and Load s, short stroke (dlsplacement of the ram of the machlne) were

d 3

‘1ndependently recorded on tWO'X—Y recorders._ The llnearlty of the COD
oo ‘ gage ‘was - checked before every test to ensure the valldlty of the COD-
'gage readlng The crltlcal stress 1ntens1ty values were calculated in

accordance w1th the procedure outllned by the ASTM 19



3. 3Charpy‘impact Tests

Charpy specimens were machined from the fracture toughness specimens

after thé fracture tests were over. Figure 1B illustrates the dimensions >

of a‘étahdard Charpy specimen. . Two spécimens'wefé'fested for each heat
treatment and the average value was reported. Av120 ft-1b capacity impact
machine was ﬁsed to evaluate the impact propertieé;r

E. Fractography

The fracture of everj fracture‘toughness spécimen”wés éxémined using
a JEOLCO JSM-V3 scanning eléétfon ﬁicroscobe (SﬁM), The fracture sur-
faces wéfe éovered withfacetafé:tépe'aﬁd the fréctu%e area extehdihg from>_»
thejtip df.the machined'notch.té about 3/8 ﬁi.&és siiced frgm.theﬁséégimépui.
‘S0 as tq Sﬁit the specimeh'holder diﬁehsiohs. Tﬁeiééétate‘tépe'wés tﬁeh;
strippéd_andvthe'éurface was repeatedly éleahedbﬁifh.acetoﬁe and then
dried. ‘The sliced fracture was then-examined'in theaSEMvopérafing at

25 kV.

F. Mode of Deformation Studies
In ordér to document the mode of‘deformationfsf thé twinned mar-
tensite, & fensile specimen which was previousl&gheat‘treaﬁedeas used;
The speciéen Was_mechanicaily ground and cheﬁicéllylbolished in.é'chromic-
acetic acid-solution_at 20 volts and 15°c. -Thelpplisﬁéd:tensile-specimeh;

was deforméd 5% at liquid nitrogen temperature'and the. structure was

observed'inban optical microséope under polarized'light. This brought ’ g

out the fine upheavals due -to the slip traces in gdbd contrast. The
.specimen was also observed under a scanning electrbn miéroscope at

higher magnifications.
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G.. X-Ray Analysis

In order to ensure that”cemplete transformatioheof austenite 'is

'martehsiﬁe oCcﬁrred when cooled tovliQuid nitfogen temperature, X—ray' -

analysesﬁvere conducted on all the heat treated speCimens; Specimen
slices wefefcut from the heat treated fracturevspeeimeh and then scanned

in & G.E. X-ray diffractometer using MoK, radiation. A 3° slit was

“used to:eover'a larger area. The scanning was conducted from 30-40° in

order to be able to detect the-(zeo)y,,(zll)a, and (311)Y peak at the
26 engles of 32{50’ 35.3° and‘38.3° respectively, as suggested;by-Miller;ge

In all the ceseS-the retained'aﬁstenite contentlﬁas too low'te‘be;deﬁected_

: by'X—ray ahalyses. It was thus cenfirmed‘that.retained'auStenite'wasf 5

absent br pfesent in negligibly small amounts.
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ITI. RESULTS AND DISCUSSION

A. Optical Metallography |

_Optical microscopy preceedéd transmission eleﬁﬁroh microscopy work

for all heat treatments. 'Specimens were cut frémftested fracture
: foughneéé specim¢né. Extreme care Was{exefcised-i#'interpretipg the
' optical‘miérographs becauée the systems under iﬁyés£igation were nof
very we;i'do¢ument¢d. During tempering of marteﬁsité‘in carboﬁ alloyé .
the maximum.tempering temperature ﬁas always limitéd by the As (start of
austenife'f¢fmation) temperature of the alloy. tThié demanded avﬁefj
careful Qﬁtigglrstud& of the tempered steels tofengurévthét temperiné WgS 1
dOne'bele:the As tempérafﬁre. ' o

1. Carhonless Alloys

'Figuré‘fvshowé ﬁhé opﬁical.ﬁicrographs of éteéijT énd.U; Stéei T
has the.typiéal_lenficulﬁr marténsitic stfucturezéhd steel U had the
typicél."ﬁa;sive" sfructure:aé deééribéd-by Oﬁeﬁ;ef{al.23 However, fhis
massive-mértensite showed fine laths under the elééf?on miéroééope._'It
was bf;ihterest to note that the twins in lenticuiéf?martensite were visiﬁle
even in the light microscbpe; Figurev8 shows the éniarged image of the
ienticﬁlafimartensitic—plates which yvaried widei&.ffom 20U to 1p in_width.
Botth—réf énd opticél techniqﬁéS'showed no fetaiﬁed austenite. 'Both
carbon and’qarbonless alloys hadvadequate hardénébility to transform to
martensite uniformly across the thickness of.the.fracture specimen during.
quench. This wasvéxpected due to ﬁhe high Ni coﬁtéﬁt, whigh inéfeaseé'the

hardenability, though cohalt is shown to have the opposite effect.
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2. Carbon Alloys

Optical studies of tempered steels TC and UC showed that the mar—.-
tens1tic structure was retalned to at least 500° f‘-Temperlng was‘not
obvrous-until.300°C‘1n the»optical micrographs Carblde prec1p1tation
at the twin boundarles was not resolvable even.at high-magnifications
Figures 9-12 show the optlcal micrographs of steel TC and UC in tempered
conditlons._ Both the steels retained the marten31tic structureveven

when tempered at SOO°C Which‘undoubtedly indicated'thattA temperatures

h of the'steels were above'500°C Thus no- austenite formed during the . )

tempering treatments of the steels. This p01nt was. later confirmed by rs
X-ray analyses and electron microscopy. The importance of this point B
shall be elaborated 1n a later section in the llght of the temperlng

response of the steels ‘on the mechanical properties. Bes1des the above

mentioned detalls, any macro 1nhomogen1et1es (of compos1t10n) in the

alloys could be detected due to variation in etchlng characteristlcs

of optical spe01mens._ The alloys 1nvest1gated did not show any such

characteristics.

B. Transmission Electron Microscopy

In order to correlate the fracture properties ﬁith the microstructure,

.careful transmission electron microscopy was-conducted to characterize

' the_microstruCture.» To. avoid any ambiguity inlestablishing the'correlation,

thin.foilshwere made directly from the fractnre:touéhness’specimens. This:
precautiOn.was'not-always observed by earlierryorkers in this field,.who
made thin foils from heat'treated thin.sheets.‘iThis could lead'to
éfroneéus interpretations_Since'the'auto_tempering_effects.present in

quenched thick section will be‘absent in quenched thin sheets, Thus,



in order to be able to interpret the mechanical (especially fracture)
properties; the thin foils for microstructure studies have to be made
from the thick fracture toughness specimens.

1. Carbonless Alloys

The morphology and substructure of the.carbonless alloys were docu—'
mented and are shown in Fig. 13-15. In order to . compare the fracture
properties_of lath and (tWinned) plate martens1te 1t was necessary to

.obtain'representative structures. It is apparent that the alloy T was

extensively tw1nned plates (Flg. 13) though presence of untwinned pletes.r

was alsovohserved (Fig. 14). The structure can be best described‘gsfa
mixture of twinned and untwinned plates, the-former7heing dominant. In
general, it was observed that the twins in the adJacent plates could not
s1multaneously be broughtnlnto contrast. This was essentlally.due to the
fact thetathe plates. were separated by.either tWin_boundaries.or‘hlgh
angle bonnaaries'asvopposed to small orientation'changes between the

: adjacent'laths.6’luv Thus; for a gitenefoii orientetion; it may”not'be

poss1ble to image the twins in all the plates._ This fact has to be kept

in mind before quotlng the: extent of twinning in . the structure _However,

by adequate tilting of the thin foil it should bevpossible to hring the
twins in each plate to contrast. Hence, the insging of the twins was
essentielly:limited b& the amount of tilt allowea'by the microscope.
_Flgure l3C shows the dlffractlon pattern correspondlng to the brlght
fleld 1mage (Fig. 134) and the indexing is shown in Flg 13D The darkv
fleld 1mage of the tw1ns 1s shown in Fig. l3B In cases when the tw1nn1ng
plane was‘not normal to the foil surface (1n'other words, the twinnlng

plane isvnot in diffraction condition), trace:anslysis-was extremely

v

»
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useful in. evaluatlng the tw1nn1ng planes Trace analys1s, though not

'unlque was a helpful tool in documentlng other crystallographlc features

as indicated,later. The alloy U has ‘the typlcal lath morphology as
. 5,6,14

deScribed by earlier workers. Figure 15 shows the brlght image of

lath martensite.

2. Carbon Steels

‘Transmission electron microscopy was conducted.on specimens tempered

" at fiVehdifferent tempering.temperatures besides‘the"as—Quenched

structuretk Sllces were cut from the tested fracture spe01mens, chemlcally.
thlnned and subsequently electropollshed in a- tw1n Jet pollsher .Slnce_'
the purpose.of 1nvest1gat1ng these carbon steels was to establlsh the
effects of carblde prec1p1tat10n at the tw1n boundarles on the mechanlcal
propertles; special attention was d1rected towards the preferentlal
perc1p1tatlon of carbldes. It has been p01nted out by G. Thomas13 2k -
that dark fleld studles rather than brlght fleld are unlque 1n 1dent1fy1ng
and demonstratlngbany prec1p1tatlon. Hence extens1ve tlltlng and scanning.
in'the:dark field.was perforned in order- to uambiguously image the pref- .
erential precipitation-of carbides. -Carbidekspots:in general were very
weak,compared to the'matrixkspots and hencehcould not-bervisually ohserved
on the 1mag1ng screen, except at hlgh temperlng temperatures v'So;: B

scannlng 1n the dark field vas done by mov1ng the objectlve aperture

over. the entlre dlffractlon pattern and observ1ng the dark fleld images

"'untll-the,carbldes reversed contrast Once the carblde spot was Jlocated,
: the beam tlltlng dev1ce was used to obtaln high resolutlon dark fleld
As already mentloned,_the Hltachl 625 kV m;croscope operatlng at 650 kV

was foundxvery‘suitahle'for this purpose due to the small aiffraction -

pattern;
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The as7quenched étructures bf Steél TC and UC.ﬁerevtwinned apd
vuntwinned]martensites respectively. 'Thé as—queﬁqhea lathvmofophologyv
of'steel:Ué as showh‘in Fig. 16. ‘Besidesnthe morphology and sub-
structuié'qf the as-quegched.martensite of sfeels”chahd UC the main
pdint oftinterest was the absence of aﬁy auto-témpéring in.eifﬁér
structu?é;"Abseﬁcé of'autb—tempering was confi?méd_by-extéﬁsive tilting -
and dark fiéld ééanning. This was to be expectéd.éinéetthe Ms temper-
atures bfvéfeels'TC.and UC are very low. ‘No Ms méaéurémepts were
made on;fhesé éteelé but'bylextrapoléting Daviés éﬁd McGeé?S’wo;kl7
onAFeANi—Covternary alloys, the éstimated Ms tempefatures.are abdut 
80°C for. steel TC and about 220°C for steel UC. The va,bse.n:c.e_of».anyv .
auto-tempéfing-enabled the'coﬁparison of the as;qgeéched-properties_-
- of steelsvTC and UC. IR

Itﬂwés, thus,'pdésibié fo obtaih O.l% carbdn éﬁeels TC and UC
ha&ing moétiy twinned and ﬁostly disloéated 1ath martensitic struqfures
respéctivély; The sfructures of carbonless allp&$ f‘and ﬁhe cérbon
steel Té.wefe very similar. Steel UC.consiSted;of:a mixfure df;plates
and laths aé opposed to finé lath marténéité §f éér$onleés alloy U..
However,;iﬁrwﬁs convincingly.shown that ﬁhevcarbdﬁ_steels TC‘andiUC'
had entirely'different morphoibgies, as élreadyvmentidned. Steels TC

~and UC afe hence concluded éligible to represent ﬁhe morphologieSIOf

_high.and'low carbon martensites but each having only 0.1% carbon. ' ¥
Tempering at 100°C for 1 hour did not cause any precipitation in either

steels. Previous work on Fe-29% Ni—ogl%C25'shoﬁedithat g-carbide formed
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on tempering this steel at 100°C for longer agiug times. Tilting both
in brightfaud dark.field'did not reveai any preéipitetion.:.However,'the

absence of any pre01p1tat10n does not preclude the posslblllty of carbon
!

atoms eegregatlng at lattlce Imperfectlons such as twin boundarles, dlS—
‘1ocatlon5f Jogs, lath boundarles, etcri Though uhere was“uo Way of unlf -
quily proViug sucu‘seéregation of the oarbou atomeifrom microstruofural
investigeﬁions}dit could cause an observabie-cheﬁge’in'the tensile
vproperfieS»due to the'partial depletiOn of carbon atoms frou_the'matrix;
Hence,‘enydchauge in tenéiie propertieé withoutieh;etteudaut5ohehge in
'thevuicroetructure'skould not be oousidered anamoious. 'This point Shall
be referred to whlle dlscuss1ng the mechanlcal propertles of the steels -
Temperlng at 200°C for an hour resulted in exten31ve prec1p1tatlon :
in bothetheﬁsteels.; In steel TC the precipit&tion_Occurred both_in the |
matrixkaud_at the twin bouudaries. Figure 17 ie fhe:bright‘field image
showing{discontinuous’nucleauion.of carbides at ﬁkeetwin:boundaries,
The'twineuere not'in contrest‘but thedfraees are:faintly visible and are
indiCéted“b& an arrow. .Figure 18A is the bright{fiéld image ehouing the
tw1ns and prec1p1tatlon of carblde at the twins. Tﬁe dark field'image
of the‘tw1n§ (F;g.,lBB; and the carbides (Fig. 180) along the twins were_'
obtalned by imaging the tw1n and carblde spots,respectlvely. Thus,’
the prec1p1tatlon of carbldes at the tw1n boundarles was uniquely demon-
strated by dark erld 1mag1ng. Due to the lack of enough carblde dif-
fractlon spots, the carbldes could not he unlquely 1dent1f1ed : However,
- by trace analy51s the carbldes prec1p1tated in the matrix. were 1dent1f1ed
.as‘cementlne sinoe it is known that'comentite preoipitates on the {110} |

plane of martensite while e-carbide forms on the {100} cube piaues."The
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structure ‘of steel UC tempered at 200°C is shown 1n _Fig. 19'. The
carbides are'identified as a mixnure'of e—carbide_and cementite, The
e—carbidesjbesides forming on'thex{lOO}”planes are also wavy. The
€—carbideslare indicated by arnows indthe sﬁructnfe.

' -Tempering at 30@?@ caused additionai precinitanionvalong-the-tyins.
The carbides were long’and_fonmed almost continnonsly along the tWins,
In the absenCe'of any twinning in the plate or in the untwinned regions
of the plat-e, precipitation was of the typical Wid.manstatten type. The
carbides'formed after 300°C tempening were found'ianger in dimension
compared to those formed at 200°C tempering. Tne"nain problem'often.:
encountered was to establlsh the type of carblde prec1p1tatlon, i. e., '
whetherWthe>carbide had formed on the twin or nonc ~Asnmentioned earlier;
it was not always possible to tilt the foil to bring the _tn'in in‘.co_ntvrastf
Nevertheless,'the carbides could be-in contrast@» infsucn cases careful '
trace analysis.was done to show fhat nhe carbides did form:on one of the
{112} Variants and not on the {110} planes. In order tO“acCompiishH
this, the foil was always tilted to such an orienfafion~to minimize
any ambignity (a low index orientation wsas alwaysfpreferred to work with).
For example, <ll3> orientation was found advantageous compared to a

<133> orlentatlon since in the former case the {110} and {112} poles are

w1dely separated thus maeking the trace analy51s less amblguous. Figure -

20A shows the bright field image of carbide pre01p1tat10n on the tw1ns
The twins were not in contrast and hence it seemed.uncertaln Whether the
carblde formed on the twin boundarles or in the matrlx Trace analysis

unlquely 1dent1f1ed ‘the carbide trace to belong to (211) plane; Figure 20B
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shows another bright field image 1nd1cat1ng the changing carbide morphology -

in the tw1nned and untw1nned regions of the martens1t1c plate Careful

1nvestlgation alSo-revealed that_plate bonndary~carb1de precipitation
occurre&_asishownpin the;dark.field image in Fig{;él; P |

| Steel-UC'essentially consisted of Widmanstattentcomentite precipi—
tates;.as shown in‘Fig. 22, There were. also 1nd1cations of lath—boundary
carbide prec1p1tatlon. Flgure 23B shows a dark field micrograph show1ng

reversal of contrast of lath—boundary carbides but the bright field )

" image (Fig 23A) did not reveal the carbide prec1p1tat10n. The pre01p1—

26

tation was less exten51ve compared to the recent work on Fe—Mo C steels

Since it was speculated that the lath boundary carbides could be detr— R

15 26

mlntal to the mechanical properties of the steels extreme care was 2

taken 1n'documenting the structure. Besides, the-fracture tonghness of

the steel_UC tempered at 30Q°c was found to be 1oﬁ._'

Tempering at hOO°Cvandv500°C of steel TC shoned,identical carbide .
morphologies as shown in Figs 2h and 27. ‘The:carbides.formed "qnasiév
continuously along the twin boundaries. Moreorer;fthe.extent of matrix
prec1p1tatlon was less predominant compared to the lower tempering tem-
perature. Figure 26 shows the bright and dark fleld 1mage of carbldes

forming along the tw1ns. Again, trace analysls’was used to establlsh

. the twin boundary precipitation of carbides.. Theéefcarbides formed -
’ effective-barriers to slip_resulting in appreciahle'changes‘inrthe

.mechanical properties of the steel Figure 26A shows the bright ‘field

1mage of steel TC tempered at 400°C" demonstrating exten51ve prec1p1tation
along the:tW1n ‘boundaries while Fig. 26B‘shows the,reversal of contrast

of the carbides.' Steel UC, when tempered at h00°C, resulted in partially:
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sfherodised.carbide érecipitates in the plates and ieths. ‘Figuree 254
‘and B demor;etrate the matrix precipitation. in the 'vsvteel UC while Figs.
26A end‘B ihdicate the increasing cerbide precipitetion.alqng the lath
and plate;beundaries; ' . . | |

| Tempering of steel TC et 50Q°C showed that;eerﬁides preferentially
formed eienéﬂthe twin boundaries and the precipitétibﬁ was almost con-
tinuous aieng the twine. Figures 274 and B represent the brlght and dark
field imaées of the carbide prec1p1tat10n on the~tw1ns. Thus,'lt was
shown that with 1ncreas1ng tempering temperatures, the carbldes pref-
erentially formed grew along the twins in steel TC, and in’ steel uc: 1t
resultedrin:increasing-lath’boundary precipitation‘andvpartialvephereet.g’
disatienyqf the eerbides‘ S | |

C. Tensile Propertiest

As. already mentioned, flat tensile specimens.ﬁere used. to test
the tensile preperties. The valuee of yield stre#gth (Oy), ﬁltimate .
_strength (Gu),»and elongation. were measured-byteenventional.methods., The
values of etrain-hardening coefficient, n, andltrﬁe strein at. fracture,

Ef, were determined from the following equations: -

€f,= 1n (1 * ef) o | ' | .

. - - o +v ;f-:. . v _
n=e In (1 - eu) B o t | oy

true ultimate strain

where €
u

-engineering ultimate strain

e =
u

. Prior to each tensile test, the specimen was scanned in an X-ray dif-

fractometer to ensure absence of retained austenite.
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1. CarbonleSS Alloys

The ten's'ile..propert.ies of Steels T and U ere listed in Tables 1T
and IIT. It was apparent that the strength of tw1nned martens1te was
comparable to that of the untw1nned marten51te Earller work on_Fe—N1:

binary_alloys_hy-Speich_and Swanng‘7

‘indicated that‘the»norphologyiof
martensite_did not significantlj affeCt.its strength Based on a dlSlO—
cation modelﬁKelly endﬁfollard28 suggested that the sllp d1slocatlon had to
~assume e z1g—zag conflguratlon due to the presence of the 1nternal tw1ns
and that the.most fayorable conditions for slip occurred when the two dls— p
locatlon components shared. the same sllp plane._ Thelr results predlcted |
that the 1nternally tw1nned martensite should be stronger than untw1nned ?'
lath marten51te by a factor in the reglon of 1. OS to 1. 20. However the ”'?
experlmental results showed ‘that the factor varles between 1.08 and 1.30.
Though the theory predlcted that the twinned’ marten81te be stronger than
untw1nned martens1te, in practlce it was 1mp0551ble to 1solate the effect
of substructure alone. Besides'the martensitic substructure, the aus-
tenitic grein size;29 the lsth or plate size andhthe lath‘or plate

size distribution contribute to the strength ofjthe-steel. It was.

lfound difficult toveveluatebthese effects indiwidually; In spite of"

the fect.that both thevsteels.T'and U were identiCally processed prior

to testing; the austenitic grain sizes were'founditovbe sllghtly dif-
ferent;s Thus;‘the differencevinjstrength,of eboutl5 Ksi between the
velloYs‘T End U could be due to a CUmulative effect‘of above mentioned
factors; It was,hence concluded that the strengths of tw1nned and

untw1nned martens1te did not dlffer apprec1ably

It_was,observed_that the strain hardening coefficient.of twinned
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’dﬁartehsite was higher'than that of untwinned hartensite. Sleeswyk and
Verbraak3o proposed a dislocation mechanism for the passage of dlslocatlon‘
through the twins. The mechanism involved the d1ss001atlon of 5-[111]M

- matrix dlslocatlon into a 6 [115] dislocation in ‘the twin. - The %-[113]
dlslocatlon then dissociated 1nto a —-[lll] sllp dlslocatlon in the tw1ns.
Thus the passage of dlslocatlons through the’ martens1t1e tw1ns resulted
in a series of dislocation_interactions which ultimetely eaused the steel
to work herden more. This part,.however, has hot'yet been pointed.out

by earlier workers. S

2. Carbon Steels

The varlatlon of yleld and tensile strengths of steels TC and UC
are.lndlcated in Flgs. 28-31. Figure 28 shows the verlatlonuof the -
tensiie.properties of steel TC with the temperihg»tempereture;

The'yieid strength showed an initial dip, followed‘by.a gradual:ihcrease‘
up to 500°C temperlng The ten51le strength showed a similar varlatlon.
The strengths reached a minimum when tempered at lOO 200°C and then
;ncreased at hlgher-temperlng'temperature.. The 7 elongatlon dropped

on tempering at 100°C ahd'then remaihed fairly COQStant. This hehavior,
at the outset, seemed anamolous compared.to theteonventionai.tempering
response‘ofvsteels where the strength progressively decreased with
increasing:tempering temperature. The response:of7IOW*carboh‘steels to.
temperlng was investigated by Winchell and Cohenh and Chllton and Kelly. 16
‘The authors p01nted out that carbon could be, 1n‘certa1n cases, a more
effective'strengthener as precipitates (carbides) than as solute_in solution.

The.ihitial decrease in strength eould be dﬁevto segregetion of

carbon atoms at the twin boundaries,prior to carbide precipitetion, which

W
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caused partial depletion of carbon from the‘matrtx:r'Withvinoreasing
temperlng temperatures, the carhides formed more contlnuously along
the tw1n_boundar1es Thus, the dlslocatlons encountered sheets of car— f
-bides as“they moved across the marten51trc‘plate The dlslocatlon
cannotpassthrough the carbldes as they did through the tw1ns by a dls-‘
soc1atlon mechanlsm Thus, there was a deflnlte strengthenlng effect
due to the carblde precipitation. The room temperature ten51le prop-
erties of steel TC plotted 1n Fig. 28 showed a s1mllar varlatlon as
the —196°C tests. Howewer; the increase in strength'duertovtemperrng
is rapid at —l96PC”compared to.the-25°C tests. T | |

An earller study by M1h11351n3; on Fe—Nl-Co alloys p01nted out ._u.
that 8 positlve strengthenlng was observed when those alloys were aged :
' at h50°C for 72 hours.v The 1ncrease-1n strength‘was‘due to-flne pre;
cipitation_of austenite during aginé. In orderjtovensure that thé' .
observedkincrease in_Strength.in(the present'inweStigatiQn was'not due_
'to.any austenite preoipitation‘but due to_the'carhide'precipitation;‘
specimens after the tempering treatmentshwere suhjeoted to X-ray.snal— .
ysis. No austenite was detected in any of the'tempered.sPecimens.

The ten51le propertles of steel UC are plotted in Flg 29. lThe
strength at —l96°C showed ‘8 small. decrease on temperlng at lOOo
followed by an increase up to hOO°C temperlng From_the ten51le pro-
perties at-el96°C and 25°C, it was' apparent that:steel uc also‘showed a
strOnghdependence‘of flow-stress'with.temperature:as’steel”TC, Thus, in.

both the steels,vthe'flow.stress,increased rapidly'at -196°C compared to
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the increase at the room temﬁerature. It caﬁ'heﬁée-be'inferred thatv
this.flow'étreés dependence was not-due to‘the substructural differences
since‘if'was observed both in steels TC and UC. The tensile properﬁies - .
of steels TC and UC ate compiled in Figs. 30 and 3l; " These piéts indi-
cated that the trend éf the sfrength properfieéféfvsteels TC and Uwaere i
identical,:énd'hence the tempering respoﬁse of,thébsteel was ihdepéndent
of itsvma;tensitic substruéture.. In these low éérﬁon steels,:carbon wQs
an.effeétivevstrengthener"as carbides rathef thén.as'solute in éoiufion. .:
In the high carbon steels, the initial strength of the mértensite>ié Very 
ﬁigh and overrides the "precipitation hardening" éffeét’due ﬁoicarbidesv“J:v.
on tempe?ingf B
| 'D. Fracture Probefties"
Tésfé‘wére‘conduéted to e#aluate the plane éfrain fracture toughness

value, ;for each heat tréatment. A few Charpy tests were édnductéd

K1g: _ |
ét the foom‘temperature, thdﬁgh the results have.ﬁeen interpreted on the
‘basis of the fracture toughnéss measﬁféménts.  Th¢vprimary advaﬁtage of
meaSﬁring,fraéture’toughness o&er Charpy impact‘béhavior is that the
p;ané strain fracture toughness, KIC’ is a matérigigproperty Whiie the
Charpy'impact value gives only & relative indiéation of toughness»under
extreme loading gonditions. :Thus,.it shbuld bé possible to correlate
KIC and the microstructural features.

The strength levels of the low carbon martéﬁéites are low and are
of the order of 150-180 Ksi at room temperaturé; "Heénce, in ofder
to obtain valid plane strain ffacturé toﬁghnesslValues, it was necessary
to resqft to thick specimens. The empiricalvdésign'criterion regarding

thickness of the fracture toughness. specimen is:
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B> 2.5 (al—c>

thickness of the specimen in inches

' where B =
Kio = fracture toughness, (Ksi V1 )
and_'oy = yleld strength (K51)

Due to limitation of nateri'al'and other e;‘ccessofiés', 1 in. thick ASTM
1Qifracture.toughness was chosen and testshwere conducted at -
-l96°C to ensure plane strain condltlons. At the llquld nltrogen temper—
ature the yleld strength of the steel 1ncreases wh1le the fracture
toughness:value decreases; Thus the fore-ment;onedvthlckness Crlterig.
was“more readilvaatisfled, .Before exPerimentalftests’were beéun,Athis‘f".
specimen slze'was checked for through—thickness:hardenability to martensite'
hy us1ng optlcal metallography, mlcrohardness measurements and X—ray
analy51s (to detect any retalned austenlte) .

Durlng heat treatment the 1n1t1al quench was done in iced brlne

and then after about 15 secs, the spe01men was transferred to liquid -

' n1trogen. . The. spec1men was checked for any cracks whlch could have

resultedvdue to thermal stresses dur1ng the’ rapld quench of l 1n. thlck

section. Presence of cracks rendered'the spec1men 1nva11d for fracture

_toughness testlng

1. Carbonless Alloys

', TableuII lists the mechanical properties of:alloys T and U. Four

fracture toughness tests were conducted at —196°C of alloys T and U,

but no valld plane strain conditions were obtalned _ The P .vs vvcurve is

shown in Fig. 32A. The_curve shoved extenslvevslow Crack growth and no
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instability. The critical value of stress intensityvcalculated by'con—
structing the secant line was found to be an apparent value and not plane

strain fracturevtoughness value. The values did nhot-satisfy either

the thickness criterion or the deviation from linearity criterion. These

criterla are enumerated in a later section. The apparent values (KQ)
were not. 1ndlcat1ve of the fracture toughness because they do not represent
the stress'intensity at which instability occurs,' They simply indicate
the stress:intensity at which plastic flow.initiates:at tnevcrack tip,
Thus, the apparent value, KQ’ was not useful in‘interpretingutoughness;
The apparent values obtained for alloys T and U 1ndlcated that both the-'
alloys were very tough and that spec1mens of larger dimens1ons had to.
be‘used:to evaluate the plane strain values. Since.tne KQ values do not
indicatelthe absolutevfracture7toughness‘of'the.alloyS,Charpy tests were .
conducted;at -196°C in order to evaluate the resistance of the alloy .
to impact..An 11 ft-1b difference was observed'between alloys T and U.
This difference of 11 ft-lbs could not belattributed only to the sub- -
~structural variation since it could be due to other differences between
the alloys as grain s1ze, and the difference in Nlckel contents.
Fractographic anglyses, which ‘shall be described later, indicated no
embrittlement in the alloys T and U. On the contrary;.the fractographs -
showed'conplete dimpled rupture. This'called for.the conclusion that
the,twins in the martensitic structure vere not detrimental to the

-toughness of the steels.

1)

3 I
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2. Carbdntsﬁeels
Thevfracture ﬁoughness values of specimens 6f sfeels TC.ahd UC are
given'ih Tables‘Vband VII. Line drawings.éhowihgfthe variation of K4

vs tempérihg_tempefature are shown in Figs. 33.. Vd1id plane strain

ffactﬁre"tbughness'values were obtained for all‘temﬁéring treatments.

~ These véiués_obtained are apparent toughneSS‘valuésf(KQ)'and'aré quotéd

. IC . KIC 2 ) . -
for each specimen was greater than 2.5 5 and 2) the deviation
from linearity of the load (P) vs crack-opening displacement (v) curve

9

was greater than thatirecommended.in ASTM'publicaﬁidns.f

as valid"K vaiues;because of two reasons: l)*Thé_specimep ﬁhickness

The ﬁypical»load (p), crack opening diéplaceﬁent_(v)véﬁrve is;éhownj9 '

_in Fig.:32B; A_définitefslow crack growth was dbserVediin'almbsf all

jcaéesIfOllbﬁed by a "pop-in". The secant line had to be drawn due to

the slow crack and its intersection with the P vs v curve taken as the
criticalﬁload.

A glance aﬁ the variation of K_ , of steel TC révealed two important

| | Ic
featurg;;- a) The KIC

until 200°C. b) A drop in KIC at 300°C followed by'an'inCreasé on

increased gradually with temperihg temperature

subsequént tempering. Steel UC, on the contfary,.showed an increase in

K_ ., on tempering at 100°C follqwed by a décrease when tempered at 200°C

IC

and 300°C and then an increase when tempéred_atﬁﬁdoqc._ The interpretation

of these results shall be discussed in the ligh£ of the miérostructural

feafures-in:a later chapter.

. Figure 34 shows the yield strength vs fracture toughness values

for steels TC and UC end are marked "twinned" and "untwinned" regions re-

spectively; It is apparent'that for a given yield strength. steel TC had
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.better toughness than steel ucC. Though this 1ncreased toughness of steel TC
over steel UC was not very appreciable, it definitely proved the steel TC
was not embrittled, by the preferential tW1n—boundary carbide prec1p1—
tation. vlhus, ‘the tw1n—boundary carbide prec1p1tation was shown to have
no detrimental effect on the toughness of steel. TC

Figures 35 and 36 show the variation of fracture toughness. and

»% Elongation_with tempering. These plots shall he'referred to in a later
chapter in order to establish that fracture toughness uas a more.structure'
sen51tive parameter compared to % elongation and: that the later was ‘not.
indicative Of the toughness of the steel. It shall be shown'that theﬁ
tensile properties cannot predict the fracture-toughness'value which_'
was obtained‘only from a.fracture test.- Theaclassical notion that’the-

% Elonéation represented the toughness of the steel“shall be rehutted
and thefimportance of fracture toughness value_asfa'true toughness;

bparameter shall be emphasised. .

E. FraCtAgraphy

The fracture morphology of each fracture toughness spec1men was .
thoroughly documented by means of optical macrophotography and scanning’
'fractogrephy. The optical macrophotographs were. useful 1n evaluating
‘the typejOflfracture (plane strain or plain stress) and the fatigue
crack length.of the fractUred toughness‘specimensﬂ They»also_clearly_
'indicated the presence of quench cracks formed during the quench of the
fracture'specimens, Every specimen had to be'cheCked for the presence
of'quench;cracks since the subsequently formed_fatigue’cracks‘should'be
longer'than the quench.craCks. The specimens'for‘optical macrofractography

were marked for rapid identification.

3]
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1. Carbonless Alloys-'

The fracture surfaces of alloys T and U are shown ln Flg 37. The
mode ofvfallure was not plane straln as seen from the large shear llps.
The,scannlng fractographs of (the fracture toughness spe01mens of steelu
T and Uiarefshown ln Fig. 38 and_they indiCated'clearly that ductile
- crack nronagation wasvthe only mode’of.failure.'7No;iﬁdications of
cleavagedwere'observed. The dimple sizes also aﬁneared.similar though
no'stereo:pictures were taken tohobtain“the exact;dimpledsiae.iji

Sinceathe fracture toughness specimens didfnot yield ualid plane
:straln tests, Charpy 1mpact tests were conducted at llquld nltrogen X
temperature., The fractographs of the Charpy speclmens are shown in
Fig; 39,» The fracture morphology of the Charpy spec1mens ‘was 1dent1cal
to thatsof_the fracture toughness specimens. No_trace ofvembrittlement
was detectediin alloj’T or U. Thus the_Substructureiof:martensite did

not seem to affect the fracture mode.

é."Carbon’Steels

- The:optlcal macrogranhographs of steels TC.andVUCTare shown in
v Figs. hO.and:hl. It.was.noted thet all‘specimensverhibited,small
.shearTlips. The portion of'flat fracture was indlcative of -the extent
of blanegstrain fracture that thé specimén underuent;"The ASTM stand—
rardslg requirezthat the perCentage»of-shearrlip.be.quotedbalong with
the KIC'value., The results are tabulated in Tables V. and VII. The
quench cracks uere dlstlnctly visible as dark (ox1d1zed) areas at the
notch tlp; .They were smaller than the subsequent fat1gue cracks and

hence caused no problems. No other 1nformation regarding ‘the fracture

mode was obtalned from this optlcal study and scannlng electron



-08-

microscopy was resorted to in ofdef to obtain details regarding fracture
morpholoéy." |

| Four modes of fracture were geherally‘obser%edkin all the steeis.
They are (a)'cleavage, (b) duectile (dimpled) rupture?v(c) qﬁasi-cleavage,
and (d)'intergranular failures. These types-of faiihres are.enumerated

by Beachem and Pelloux32

and ASTM publicatioﬁs.33i All the specimens
showed & mlxture of these modes but their relatlve proportlons varied
dependlng on the heat treatment. |
| The.as~quenched'specimen of steel'TC shows_érain boundaryieeparation,

regions'of ouasiecleavage and dimpled rupture (Fig;ohz).__The poiot'of
interesflwas the appearance of quench crack at theknotch'tip?of“ﬁﬁe
speciﬁen._ These cracks can be readily detected 1n the mlcroscope 51nce
they can be easily dlstlngulshed from the fatlgue cracks The,quenched'
cracks have black ox1d1zed surface since these cracks ‘form above room
temperatureaas opposed to the fresh.surfaCe of tké*fatigue cracks.‘v
Figure hj‘shoﬁsvfhe scanniné electron fractograph_of the”ﬁotch tib and
the two.types of cracks were easily dietinguiehabie{ The quench ckacks
were,usﬁaliy small and they did not pose anyvproblems éince'tﬁe fatigue
cracksbwere.longer than. the quench cracksi' ln | |

Steel TC tempered at lOQ°C showed a mixture;of_quasi;cleavage:and
dimpled rﬁptu?e as shown in Fig. LL. Tempering:at:200°c showed a
similarimode'of failure and at 300°C the fracture'mode showed increasing
piopoftions'of quasi-cleavage (Figs. ks ano 46)7_-Thus; a gradual vari- |
ation of.fracfure moae ooourred during tempericé?;_TemperingAaf 400°C
and 5005¢_caused the steel'to fail predominantiy indﬁctile mode as

~ shown inﬁEigs. 7 and 48. Thus, the variationvinffracture topography
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.followed.thefKICvvariation with tempering..
Steel uc exhlblted aAmlxture of cleavage and dlmpled rupture in the
V asequenchedicondltlon (Flg hg) The proportlon of dlmpled rupture was:

" less than‘that'of steel'TC On temperlng the steel at lOO°C no s1g—
nlflcant dlfference in fracture morphology was observed »The structure
cons1sted;of a mlxture of cleavage facets, graln boundary separation and
va'smalléproportion'of dimpledirupture as indicated:in Fig. 50."The
,spec1men tempered at 200°C showed a mlxture of quas1—cleavage and flne d_'
dlmpled rupture (Flg 51). Isolated examples of cleavage was alsoh
observed.. At 300 C temperlng the steel showed the same fracture modes. :
Quasiecleavage and cleavage Were‘agaln the predomlnant modes as.shownvln'
Flg 52 Very llttle dlmpled rupture was observed 1n spec1mens tempered

. at 200°C and 300°C. - The toughness lncreases vhen“the'steelvwas tempered '
at h00°C:and a‘correspondlng:change in fracture;modervas observed - QuaSi-
cleavage and dlmpled rupture predomlnated the. fracture morphology as
1nd1cated in Flg. 53. Thus, it was apparent that both steels TC and uc’

showed a one—to—one correspondence between the fracture toughness and

'fracture mode;

F. Mode of Deformstion
The mode of deformat1on.of tw1nned martens1te was observed both under
'optlcal~and.scanning electron mlcroscopes ‘ For optlcal metallography, po—"ﬁ
larized llght was used in order to image the flne upheavals. The polarlzer
was f;xed and.polarlzedvthe beam of llght lncldentvon the specimen.' The
reflectedlbeam fromvthe specimen was again‘polarized‘by‘the analyzer which

was'adjustable about the optic axis. The analyzer was adjusted so a8 to
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obtain a good éontfast of the details. Figures SL;SS show a series of
optical microgréphs showiﬁg the structureé of stéel;TC in fhe‘undeformed
étate,'éftér.s% tensiie défofmation at Fi96°C aﬁdvaftef subsequent'poi—
ishing..JThé_microgfaphs were of the same area, iﬁithe‘tensile_specimen.
Figure 5h shows the martensitic platés in steel.Téﬂqﬁeﬁched to liquid

_ nitrogenvtémpérature. The martensitic plate bdun&éfies_and_mid—ribs
could Beicléariy seen in the micrograph. ' The twin§ in these_plateslwére,
however,: not revealed. Figure 55 shoWs the'structure of the'Same area

after 5% deformation at liquid nitrogen temperature. Wa?y‘slip traces

were visible inside the plates and were observable in ali the martenSiticg o

plates‘:_whén the defbrmed specimen_ﬁas electrbpoiiéhed for aboﬁt one
minﬁté, the éame area showed:n6 slip traces as shéﬁn“ih Fig.456 " The
deermed:specimén was.also-obserVed'undervthe séanning elecffon micro;'
scope. _Figﬁres 57 and 58”éhbwvthe:scanning'elecf;dnvmicfogfaphs of the
defomﬁéd SPécimen.-. | o |

Thé_réSults 6btained.dufing-thié invéstiéétiénfﬁnambiguOusly cor—
related the ﬁartensite subétructﬁré and its‘modelofrdéfofﬁétion} The
martenéité 6f TC was shown to consist of twinned §létes (referbto Fig. 8)
and so@é léths.‘ As alread& éuggested by Thomas? the twinned plafes formed
at lowér'teﬁpefétures where thé critical_resqlve§ shear stress'(CRSS)
for twinning was less than that required for siippingg .Since the mar-
  tensitic:plates of steel Tvaere extensively'tﬁinﬁed, oh Quénching to
liquid nitrbgén temperaturé, the CRSS for twinniné;wasnlowér.than that
Ifqr'slippiﬁg at the liquid'nitrogén temperéture.'.In.ordér.to eValuate‘
the deformation mode of twinned martensite, deformétion‘was‘perférmed»

at the liQuid nitrogen'temperaturé. This assufed'ﬁhat the martensite

2
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was deformed‘at a temperature at which it formed_hy twinning, thus

eliminating:any ambiguitywin the correlation.

| Thaiaétical_metallography results showed presence of wavy.traces‘inv
each martensite plate. The traces, however dlsappeared on subsequent
pollshlng, thus conflrmlng that they were sllp traces and not deformatlon'
twins. ThlS is due to the. fact ‘that- the surface rellef caused by slip
steps are removed durlng pollshlng whereas the deformatlon tw1ns, that
caused &an orlentatlon change, pers1sts_ even after pollshlné. 'The |
_results;:hencés indicatedfthat”the deformation mode‘Of marten51te~was_»
indebendentiof itsvsubStructure, Thus a tw1nned martenslte need not
.necessarily}defOrm by tWinniné. Davies and Mcgee;8 have ‘shown that the
deformation mode of lentlcular martensitelchanges-from slipping to »
twinning when the carbon content exceeds 0.3%. On the contrary, even
O 5%C d1d not 1nduce the transformatlon in lath martens1te. The authors,
however did not 1nd1catevhow martens1te could retaln‘lts lath morpology
when thejcarbon content is as high as 0.5%. They also did not draw any
corresnondence between the. substructure and deformatlon mode. of martensite.
The presentjlnvestlgatlon flrmly'lndlcated thatvtwlnned substructure
.Qas notva.sufficient condition to lnduce\deformation'twins in martensite.
-It'was'pointed out'bytDavies and Mcgeele'thatideﬁormation twinning'could
be more easily*induced’in the tetragonal‘lenticular‘martensites'than

in the cu-'bic packet 'martens'ite's . They contend that the preferentlal
occupancy of.the carbon atoms in certaln octahedral 51tes in’ the
tetragonal marten51te promoted deformatlon by twrnnlng However, as
already mentloned the authors observed that a threshold carbon content

" of 0.3%ﬂwas required to induce deformation twinn;ng in the lentlcular
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martensites. From Richman's wc>rk.',.3l‘l carbon seemslfo havé a direct effect
on the mddeJof deformation of martensife. It, hence, seemed that sub-

structure.bf-martensite did not play a decisive role in governing its

deformafion mode . Baéed on the earlier work it;could'only'be sug-
gested thét»the_alloying elemenfs_(carbon in parficulér) control the
mode of deformation of martensite, and that»the sﬁb$tru¢ture plays only

a secondary role.
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IV.. CORRELATION OF FRACTURE TOUGHNESS AND TENSILE PROPERTIES

Prior to thé developmeht of fracture mechaniés,;it was believed

that high toﬁghness can be identified. by either good5elongation.or

féductionlin.afea.- With'the_advent"of ffacture'mechanics'and availability -
of KIC_détaifbr:various commercial stéels the fécenﬁftrend is to try to
correlate"fhé'paraméters of a tensile test (yiéld é£fength, ultimate
éﬁrength;‘;tfaih hdrdening'cdefficieﬂt, été.) wiﬁhithé fracture toughne;s.
KIC It would be x}ez;y -at'tracti:ve if it w:ex.fe-':PQs‘s‘ibJ__é t‘o‘cc-Jmpute'
the KI¢ ff9@’the date optginéd‘in a tension teéf?viTﬁis is”desirgble

because of,thé'largé size of the fracture tdughneésﬁspecimen‘and the -

. tedicusftesﬁing pfocedure’involvéd.iﬁ conducting'affracture&tést. _Bésideé;

it Would,aléo enable”evaluation of fracture touéhngSs‘values_of low -

strength materials where valid plane strain conditions are attained only

in very thick: specimens..

, Hahn”and Rosenfiéldh8.deﬁeloped,a ductile ffaqfure model which tries
to.correiate,quantitati?ely thé_fracture_tbughnesé.éﬁd thé tensile
propertiéé,v Théy arrivéd aﬁ a relationéhip involving fﬁe uniaxial yiéld
strenéﬁhid?; true‘étrain.af'fraéthre € | |

P Young'é’modulus'E and the strain

k. =[2Ec 20 MR
IC 377 Tyl

is the'plane'strain fracfure toughness. The.authors_obtainéd:

hardening'céefficient'n;"

where_KIG

reasonable agreement between the calculated KIC values based on some

commercialztitanium_alloys,”steel and'aluminum;allbys; Tables'III and V -

list the calculated values of K,

based on the tensile parameters for

'steels TC and UC. A glance at Tables III, V, and VI clearly indicates
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neither the Hahn—Rosenfield.mbdel nor the % Elongatibn to'fracture.are_

good measures of the fracture toughness of these steels. Ductility is

49

also-notfréadily related to fractufe tdughness.1~Jones and Brown and

. Brown anderéwleylg made similar observations aﬁd it7Was concluded

tha# KIC

is:not proportional to ductility.. Tﬁus dﬁctility’cannot 5e_
‘regardéd'aété direct measure of toughness. Thbugﬁ'épﬁe wb?kéfs have‘
triéd.ﬁguéxpiain the discrepancy between the caléul&ted ahdymeasuréd
KIC.vaiueSfon thé bésis of the micfomechaniéms qfif?acture,igo such -
'trend vas‘observed. This.is to be "expected becéuéefihe tenéile‘brOPer—.
ties gre'iéss sensitive to microstructure than ﬁheiﬁbughneés._ ﬁehce,
bffactureAfoughness seéms to be a unique’materiai_érapgrfy énd"is_iﬁ ﬁo_,
épparent-ﬁé& related to the uniaxial tensile prqbé;ties.ilAﬁ ?resent it

één be évaluated only by a fracture toughness tést;
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V. MICROSTRUCTURE-FRACTURE TOUGHNESS CORRELATION

_ Thé'concepts of fracture mechanics:have'been widely accepted only

.durlng the past few years and since the plane straln fracture toughness

' value has been shown to be 1nd1cat1ve to the toughness of a steel, a

one-to-one COrrespondence between the fracture toughness values and the -

' microstructure Shouldybe nossible. ‘In«order"tovbe;able to accomplish

this;extreme care was'observed.both in fracture.toughness testing and

transmission electron'microscopy. Extensive tlltlng and dark fleld

.technq1ues were used to unamblguously document the morphology and sub— :

structure of quenched and tempered martens1tes. -

A. Carbonless Alloys’v

Valld plane straln fracture toughness tests were not obtained for

alloys-T'and U.' Both of these alloys exhlblted ductlle failure and no

'embrittlement was observed. The only qualltatlve conclus1on that could

be ‘arrived at from these tests is that the substructural‘differences

"between alloys T -and U do not affect_their'failurefmode;

B. Carbon Steels
Fracture toughneSS:tests results onvsteelsVUC;and TC showed that the
toughness increasedlwith.tempering.temperature.v'Though the absolute KIC

values of these steels were different, the trends;of KlC values with

temperlng temperature were s1mllar The curvesvshowed an initial increase,
a dip when the tempered at 200—300°C followed by 1ncreas1ng KIC values

' when tempered above 300°C. The'embrlttlement occurred in the 200-300°

range for steel UC whereas it occurred only at 300°C for steel TC Many

investigations have been conducted on this embrlttlement phenomenon

especially in high.strength steels.BS—hh Though  no consensus has
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been reached same factors haye been found to be responslble for

45,46 has 1nd1cated that the change

this embrittlement ; Baner jee
of carblde pre01p1tatlon from e—carblde to cementlte oould result in
inferior toughness. Some workers speculated thatathe impurity elements
could play a decisive role invthe embrittlement'whiie others pointed out
that'the precipitation at the martensite lath boundaries could be im-
portant in causing the embrittlement. It was not pos'sible to isolate

the effects of the factors mentioned above (espec1ally when the factors co-

' ex1st) v For instance, in steel UC the embrlttlement in the 200°C temperlng

range could be due to the pre01p1tat10n of e-carblde (Flg. 19) as suggested' C

by Banerjee and at 300°C the prec1p1tat10n of carbides at the lath boun—
 daries (Flg. 23) could be deleterlous. Temperlng steel UC at lOO°
caused no observable pre01p1tat10n and the toughness 1ncreased The
. first dropvln toughness occurred at 200°C temper;ng.as thevstructure
consists of‘a mixture of g-carbide and cementite»followed‘by lath boundary
carblde prec1p1tat10n at 300°C. Thus, it was speculated that the lowv
toughness of steel UC when tempered at 200- 300°C is due to the presence
of e—carbldevand lath boundary precipitation of_carbldes. Temper1ng~at
400°C resulted in partially spherodized carbides.and these vere apparently
not detrimentaivto the toughness which increased:to:a.KIC vaiue‘of
71 Ksi Vim. | e

The tempering behavior of steel TC differed from that of'steei uc
-in that the toughness drop ‘occurred only at 300°C-temperingt >Careful,
mlcrostructural 1nvestlgatlon revealed presence of plate boundary '

pre01p1tat10n at 300°C temperlng Prec1p1tat10n of carbldes along twin

_boundarlesbwas first observed after 200°C temperlng but plate_boundary_

£ 44

R 2
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preclpitatlon ‘was detected only at 300°C (Flg 23B) “Thus, it seemed

‘ that the 1n1t1at10n of preclpltatlon of carbldes at the marten31te plate
or lath bOundaries caused a drop.in toughness. However, spherodizatlon
_of the-carbides at thesedboundariesvwas 'harmlesslvahe substructural

and morpholOgical differences‘between steels TC and Ucrdid not seem to
_contribute to7the toughness‘of the steels as expected: On the contrary,'
prec1p1tation of carbldes along the twin boundarles acted as barriers

to sllp and enhanced the strength of steel TC when tempered above hOO°C
The toughness of the steel showed an attendant 1ncrease.

Having shown that the substructure of martenslte dia not cause
adverse effects on the toughneSS'of the steel, the reason for the lOW.
toughness of the‘high carbon:steels.still ¥emains to be seen.' Though .
positivelproof was'not available, the following factorsvcould be dél_s
eterious'torthe toughness : a) micro4cracking'in3acicular-martensites_
as observed by Marder and Benscoteruj and b) mode“of.deformation of
martensite. -Microcracking across the»martensitichplates,have;been

'obServeddindcarbon_steels where carbon.content ewceeds 0.6%. No micro-
crackingdhas so far been observed in O.ﬁ%C martensitles. However pre-
vious 1nvest1gatlons have shown that even 0. h%C steels exhibit poor-

ks 15_ Thus , it seemed unllkely that mlcrocracklng causes the

toughness.
inferior toughness-of the high carbon_steels. It‘is,believed that the
mode of-deformation of martensite is the prime'factor invdeciding the
vtoughneSS'of the steel, Richman3h pointed,out.thatao,h%c martensite
deformsvby'twinning, Nevertheless, deformation.mode ofvtempered mar-

tensitesvhas not been investigated and no correlation hag yet been drawn

between.the mode of deformation and fracture toughness. Huang and -
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Thomas15 dbsef&ed that manganese incfeased the éxﬁéhﬁ df twinning in the
martensitéévénd alsé.iﬁpared.the toﬁghngss of the high‘manganese steéls.

It'coﬁld be éointed out that menganese, besides increasing the propenSity- .
to twinni%é 6fbmartensite, could also change the deférmaiion mode of the
m&rtenéitel 'it is needless to reiﬁerate that no félationship exists
between‘thélfbrmatiqn of transformation and défOrmaﬁién twins, thbﬁgh a
twinned égbséfuétufe waé shown18 to be a necessary (bﬁt not sufficient)
condition~to_induce deformation twins in martensife. It thus seéms that
the correlatiOn among subétructufe, mbde of deformatién and'ffacture
toughness ié very important and should be paid méfé attention in order_

to-unambigU§usly'interpret the mechanical behavidf'dffthe éteels;
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" VI. CONCLUSIONS

'.:Twins'per se did not have any effect on the:toughness'of'the

'steelsfﬁ

The tw1ns in- the marten81te 1ncreased the work hardenlng rate

‘he pre01p1tatlon of carb1des in the tw1n boundarles durlng temperlng

“in: steels TC d1d not cause any detrlmental effect on the toughness

On the contrary, 8 pos1t1ve strengthenlng w1th an attendent 1ncrease:‘n

in the:toughness was observed as the carbldesrformed along the,twlns.

Initiation.of precipitation at.the martensiticﬁlath:andvplatefboun—

' daries.during tempering caused an observable decrease in»the touéh—

nessfvalues of the steels. A mlxed pre01p1tatlon mode 1n the

'matriit<cementite and e-carblde)-was also found detrlmental to the

toughness}
The prec1p1tat10n of carbldes in the tw1nned martens1te occurred

d1scont1nuously along the tw1ns and in the matrlx at low temperlng

'_temperatures (below 20090). At.hlgher temperlng‘temperatures>the

precipitation was predominantly'on the'twin+matrix interfaces. - In

the untw1nned marten51te, pre01p1tatlon occurred 1n the matrlx below

' 200°C and on temperlng above 300°C. both" lath boundary and matrlx'

7

pre01p1tat10n were .observed.

In the low carbon Fe—Nl—Co—C steels 1nvest1gated Carhon was' a, more N

effectlve strengthener ‘as carbldes than as solute in solutlon.'
The strong temperature dependence of flow-stress in the carbon'-“y

steels was found to be independent of thejSubStructure1of'martensite,
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The;ﬁéchanical properties of twinned martensitic. steel were. found

somewhat superior to those of the lath marténSitic steel.

The -mode of deformation was independent of the_martensitic sub-

 structure. Thus, a twinned martensite need not necessarily deform

10.

13.

by twinning.' Twinned substructure is a necessary but not sufficient
condition to cause the steel to deform by twinning. Based on the
results obtained in this investigation, it was speculated that the

mode of déformatibn; rather than the substructﬁre, of martensite

vcontrolied the toughness of the steels.

The fracture toughness, KIC’ is a very structﬁre sensitive'material_ _

prbpefty.‘ Eveh small changes ‘in microstructure éaused noticable
changesjin Klo values. |

KIC is én‘unique éngineering parémeter andf@gnibé'obtaiped.oniy by
ffactgré tests. Correlations of tensile prb@éfties andbfraéture.

toughness have thus far proved unsuccessful. .No,corrélation‘between

the.fraétUre toughnesé yalues and the ductilities obtained in tension.

ﬁesfs was obseryed.

Charpy impact values Vere useful in obtainiﬁg-ah indication regarding
thg-faiiufe of the stéel under extreme loading'éonditions.. They.are
not very sensitive to microStfucture changes;thbugh'they follow the
same ﬁ?énd as the KIC values. | | |

An excellent correspondence between fracture toughness and fracto-

graphic morphology was observed.
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APPENDIX TI. S
- "K:BWl/Q

Computer output of variation of Y parameter { = P with (%)

- ' values for a WOL specimen for the K calibration: °

. /2
r= KBP' - . :
29.6 (22 _185.5 (22 + 655,71 (972 _ 10170 (T2 + 630.9 (29/°]
() ro N Y
45000 8.3376k , 47500 - 8.93225
45100 8.36015 47600 8.95751
. L5200 8.38277 : ATT00 8.98289
45300 8.40548 | 47800 © 9.00840
45400 8.42830 o .b7900 9.03403
45500 8.h5122 | L8000 9.05979
45600 8.h7h2k | . .u8l00 9.08568
45700 8.49736 . .48200 9.11170
45800 8.52059 k8300 9.1378k
45900 8.45392 It A48koo ' 0.16M12'
46000 8.56735 | ..8500 9.19053 .
46100 8.59090 48600 9.21707
46200 8.61455 .~ 148700 - 9.2437h
.46300 8.63831 .48800 9.27056
. 46400 8.66218 .18900 9.29751
46500 8.68616 k9000 9.32460
- 46600 8.71025 49100 9.35182
6700 8.73kk5 49200 ©9.37919
. 46800 8.75877 .149300 9.496T1
46900 8.78320 Jbokoo - - 9.43436
k7000 8.80775 - .149500 - 9.L46216
47100 8.83241 . 49600 9.49011
L7200 8.85719 L9700 - 9.51821
47300 8.88209 .49800 . '9.546k45
47400 8.90711 k9900 . 9.67485
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.57300 .

.57400
.57500

-57600

57700

.57800

57900

.58000

58100
.58200
.58300
. 58400
.58500
. 58600
.58700
.58800
58900
.59000

59100 .

.59200
.59300
59400
59500
59600
.59700
.59800

57100

11
11
12
12
12

12.
12.
12.
12.
12.
12.
12.
12
12.

12
12

12.

12

S12.
12.
12.

12

12.
13.
- 13.
13.
13.
13.

13
13

13.
13

.95180
.99489
.03828
.08195
.12592

21476

30480
35027
39606
Ly216
.48858
53531
.58236
6297k
67Tl
.T2547
7738k
8225l

.92095
97067
02073
0711k
12191
17303
22451
.27635
.32855
38112

L3ko6

17019-

25962

87157

Lle

.59900
.60000*:'
.60100 -
.60200 -
60300 -
.6oth,'?f“
.60500. _" 
60700
.60800
.60900
.61000
.61100 |
.61200
61300
.61400
61500
61600
61700 -
61800
61900
.62000 -
.62100_'
.62200
.62300
62400
62500
.62600
62700 .
62800
.62900
.63000
.63100

13.
13,
13.
13.

13

©13.
13,
13.
.98451
1k,
© 1k,

1k
1

13

1k

1k

1k

1b.
1k,
1k,
1k,

15

:]_5

15
15

15.
.34287

15

15.

48738
54107
59513

6h9591
RONEE

75965
81527
92769

0L173
09935

15739
.21584.

- 1k.27h72
1b.3
.39373
14
1k,
1k
1k,

33401

45388
51445

5T0LT

63692

.69882
76116

82395
88719
95089

.91505
.07967
.1Lu76
.21032

27636

L0986




 15;
15

15

15

15

15

15
16-

16

16

- 16

16

- 16.
16.
16.

16

16.
16,
7.
B ¢
17.
25257
©17.33346
Jh1ko3
49700,
.57967
17,
-
17,
17.

17

7
AT

17

47735

54532
.61378
.68274
65220
. 15.82216
15.8926k
.96362
03512
16.10715
~ 16.
16.

82216

17969

25276
.32637
.Loost
47519
55041

62618
70251

.T7939
85683

93483

01340
.09255

17227

66294

.TL681
83130
91640

U5

66500
66600
66700 - -
.66800 - -
.66900 -
67000
67100 .
67200
o0
L6Th00 T
67500 .
67600 -
67700 .
67800
67900
68000 .
68100
.68200
. .68300
68400
©.68500
.68600 7
68700 " "
.68800 -
68900
69000
.69100
.69200.
69300 -
.‘69&00 '_
.69500
169600
- .69700

18.
18.

18

18

18

~18.
18
18,
18.

19

- 19

19

19

20

20
20
20.
56746
.672k0 -

77810

.88U56 -
.99178 - -
£1.099

20
20

20
20

20

00213
08847

L7545
- 18.
18.

26305
35130 -

.4k018
18.

52972

.61990
T1OTH
.8022k
8okkO.

98724

.08075
17493
‘ .26980
9.
L6161
19.
- 19.
19
19.
.'19
20

36536

55856 .
65621

75456

85363

.95342
.05393 -
.15516
.25731
.35983

6327

09978



69800
.69900.
.70000

.70100
.70200

.T0300

.70L00
70500
.70600
70700

.T0T00 .

.70800

.70900

71000
.71100
.71200

. 71300
.71400
71500

. 71600
.T1700
.71800
71900
72000
72100

. 72200

. 72300
. 72400
. 72500

. 72600
72700

'.728bo»

21.
21.
21,
21.
21.
21.

21

22
22
22

22

- 23.
23.
23.
23.
23.
23.
23
23,

2L
2L

2k

ol

20855
31810
L28L4L
53958
65151
76424

BT778
21.
- 21
22,
22,
.34012
L5778
.57628
22.
22.
193686
05877 .
18155

99213
10730

10730

22330

69562
81581

30520
L2972
55513
68143

.80862

93671

L06571
.19562
24,
2L,
ok,

32645

45820

59088

.T2hkg -
85904

)6

a
(;ﬁ

72900
73000
.73100
.73200
.73300
63400
.73500 |
LT3600 <
.T3700-
.73800
:73900
.Th000
7h100.
.7&200{31,
4300
,7&&00"' .
74500
.TH600
.ThT700
.Th800
47900
.75000
75100

2k, 99ksk
25.13099
25.268L40

25 . 40677
. 25.5L611

25.68643 -
25.82773

25.97001

26.11329

'26.25756
- 26.40285
© 26.5491k
- 06.69645.
©26.8L4T8 -
26..9941L4 _'
27.1kbsk

27.29598
27. 44847
27,6oé02
27.75662

- 27.91229

28.06903
28.22686
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Composition of alloys used
in the investigation. .

~50-"

Teble I -

Alloy
Designation

"Alloy Compositién %

Fe

Ni

Co

C

T

Bal.

28.5 -

'lojf

Bal.

25

10

TC

Bal.

o7

10

0.10 - .

uc

Bal.

19

0.10




Table II.

Mechanical propertiés 6fvs§eels_T andvU at 25°C,

 Heat

»,Yleld '
- Strength

1)

.| Ultimate: | -
“| ‘Strength, -
S ey
+ (Ksi)

- Elongation |

True Fracture
Straln ef

LStraln -
-| Hardening
‘fIndex n:-

" | Charpy -
'ﬁImpact :
ft. lbs.

Kig- (Calc).iL 
~(K51 /1n )

.95

100

ll;S.

. 0.109

0.037 "

o B

16

101

121

8.5

' - 0.08"

0.016

‘i_liﬁ

6.30

1
\n
';_, :



Table III.

Technical properties of steels T and U at--196°c.

Heat | Yield . | Ultimate + .%_ Tfue.  Strain iv jChéfpy E * Kro** K10 g KCfiti_;

No. | Strength, | Strength, |"Elong. | Fracture | Hardening | Impact (meas.) | (min) (Calc) " (Ksi vin)
o % : Strain, | Index, Value (Ksi vIn) | (Ksi vin) | (Ksi vin) '
(Ksi) (Ksi) €, (ft. 1bs) T ‘

T 14l 170 12.5 | 0.117 0.065 75 1h3 82.5 37 400.0

U 147 17 10.5 | 0.048 | 0.025 91 175 93.0 9 360.0

The Kq values obtained durlng the test are apparent values and do not qualify as valid Kpp values as per
the ASTM Standards.L9 ,

*%

‘Maximum value of KIC that could have been obtained at the given conditions of yield strength and spe01men'

K
~ thickness based on B = 2.5 ( IC) criterion.l9

:fKIC_values.calculated based(on Hahn and Rosénfield§8 model where Kian = [%4

~11/2
E € n20] .
f vyl

_ag_
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7 TaB1e IV;”»Meéhé@iéal:prbpertiesfoffsteéi~UCgat'é5bc.;bn

|- As Quenched |

'_'TempéfinéfTéﬁbé?afurev(°C) ”

‘100~ I

200

Yield Strength,

- 0.

. 126f

:130 :

132

1133

Ultimate . .
. Strength; Oy, -
O (ksi)

17

151

i

9

o . "‘1'50’ .

% Elongation™ .. .

3.0:'5“

8.0 |

‘“Cc”f;O;h 

. €6}0..;_v.

‘True Fréétﬁréf’
‘Strain, €p "

””0,03'”'

 0.078 |

o078 |

0.067

o.060

Strain Hardening

Index,»ﬁ‘*

0.016

0.023

0.028 |

o018 |

 0.023

Charpy Impsact.

Value (ft. 1bs) .

© 10.5

10,5

105

18,0




Table. V.

_5y_

0.25 .

 0.288

Mechanical properties of steel UC at -196°cC.
As. o
Quenched Tempering*Temperature (°C)
100 200 300 400"
Yield Strengfh B : S T .
Oy o 176 172 180 S ATT 196
(Ksi) - : ' S
" Ultimate - o _
Strength, Oy 198 200 180 - 191 204
(Ksi) ' _ '
% Elongation 9.6 5.3 —— 5.8 12.0
_ Trué'Fractnreff ; : N . - ’
Strain, ep 0.092° 0.053 - 0.058 0.114
Strain Hardening ‘ ' 1 A -
Index, n - 0.05 0.037 0.0k i,_ov._018‘5
Kic (meas) . ' o o ‘
Kic* (,sg_lé-) o | : — _ :
(Ksi v/in) 27.5 15.2 17.5 ;2.0
KCrit — v B
(Ksi Vin) 92 116 91.5. 1 81.5 90
2 '
0.287 0.423 0.327

. |
2.5(%)
NA -

® _ S } _ 'i v' -
KIC-value.calculated from Hahn and Rosenfield model%s_where

_f2 2
KIC = [3 $ €. 10

1/2
y] h
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IVT;4 T3ble*VI"fMeChaniéal1pr0pertie$ﬁof Steel;fclaﬁ 25°C. . -

tﬂ_;'Quenched:-

" Tempering Temperature (°C)

100

200

300

400

Yield

Strength, o, -

¥y

(ki) - 0T b

120

| s

.  {113 '.

a3

Ultimate

”vf'Strength,{Gu_;

(Ksi)

‘ ;1!42 -

i3l+ ’

Aisur‘__.

o

: %4 Elongation -

12

lO

{140

~True Fracture o :
Strain, €. |

0.11k

0.078

9

' ‘._,;1’.'7;_' X

.11

',\0.13 B

Strain

 Hardening |

Index, n .

0.069

6046 |

© 0.0L15

0.095 | 0.092

~0.0345

10.060 -

- Charpy
Impact.
Value,

(£t. 1bs) -

18

18

'Léf”lﬁjfﬁ
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Tablé.VII. Mechanical properties‘of steel TClat -196°C.

As

" Quenched

' Tempering'Température (°c).

100

., 200

300

koo

500

Yield Strength,

O.
(Ks1)

165'

1155 -

156

170

- 186.

205

Ultimate
Strength 9 Ou .
(Ksi)

200

18.6

188

19%

| 205

210

% Elongation

15

10

12

10

True Fracture3 
Strain, €¢

10.095

- 0.11k

" o.o7k

1 0.095 |

T 0.0Th

Strain Hardening
Index; n

0.10

© 04055

0.048

©0.055 |

0.08 |

1 0.018

Kic (meas) -
(Ksi vin) .~

70

,Th

80

(O

90 -

..90

K1c* (calc)
(Ksi Vin) =

61.5

3k.0

26

b6

9.8

.KCrit‘-—- R
(Ksi V'in)

129

13k

124

122

122

2 .
2.5(-039) (in.)"
y '

0.45

0.57

0.665

) 0.425

0.59

o.h85

% Shear Lip

1L

12 -

8

12

*

2 2

Ic T3

. 1/2
K =-[—' E_Ef,n' Oy] .

KIC valug:éalculated from Hahn and Roéénfield,modél48.where




: \{/ (
B ‘3 /8'!4‘3 ) 8"4 L

"f-*'.f-'_'-_(O)"TEN‘SI'L'E' SPECIMEN THICKNESS = 0.10" =

| v L '._'.'o._o_lo“‘ .

(b) CHARPY v- NOTCH IMPACT SPECIMEN |
| XBL 722 sous

o
(8]
[ {o IO
Y
o
o
m-

- - -]

'~—-—L/2——>| |1

265" L——> ‘—-.0392.',-

' 'Flg 1 Dimensions of (a) a flat tens:s.le spec1men a.nd (b) a st_a.nd_a.,rd“
S Charpy spec1men o . . ‘ L :



05" Dia., 2 Holes

: ’a2ﬁ5“;_ .“ _ mgvt:v ‘ .k ”:_

 XBL 722-6015

iz. 2 Dimensions of a,standard Compact Fracture Toughness specimen.

. 3 v

-85~




- '-—595

s

© T045 50 55 60 65 710
| A han
= Icﬁwl/e | | s XBL 722-60I7

Flg 3. ( P/ Vs. (;ﬁ plot for the Standard Fracture"
o Toughness speclmen. . S ,




60—

~—
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(B) XBB 721-~30Lk

Fig. 7T Optical micrographs of the as-quenched structures
of alloys T in (A) and U in (B).



=

XBB T721-300

Fig. 8 Magnified image of twinned plates of alloy T showing twin markings
(indicated by arrows).



Fig. 9

-65-

(B) XBB T21-389

(A) Optical micrograph of steel UC, as-
quenched, showing fine plates and laths

and plates and (B) shows lenticular martensitic
plates of steel TC in as-quenched condition.
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100H
etiiinfocl
XBB T21-379

Fig. 10A Optical micrograph of steel TC, quenched and tempered at 300°C.
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XBB T721-306

Fig. 10B Optical micrograph of steel TC, quenched and tempered at 500°C.
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XBB 721-376

Fig. 11 Optical micrograph of steel UC, quenched and tempered at 200°C.
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XBB T21-303

Fig. 12 Optical micrograph of steel UC, quenched and tempered at 400°C.



Pig, 13

AT e

o [113] Wotrix

(C) g[l_s_i]mn

(D) XBB T22-T5k

Alloy T as-quenched, (A) showing the bright field image of
the twins in the martensite plates which reverse contrast

in the dark field image. (B) The plate had a (113)
orientation as shown in (C) and the indexing is shown in (D).
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XBB T22-763

Fig. 14. Alloy T as—quenched, bright field image showing untwinned
plates.



o[ s

XBB 722-768

Fig. 15 Alloy U as-guenched, bright field micrograph showing martensite
laths.



XBB 722-762

Fig. 16 Steel UC as-quenched, bright field micrograph representing
the martensitic lath structure.
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e
XBB T22~T66

Fig. 17 Steel TC quenched and tempered at 200°C, showing nucleation of

carbide (cementite).at the twins. The twin traces are faintly
visible and are identified as (112) Traces.



Fig. 18
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(€) XBB T722-T55

Steel TC quenched and tempered at 200°C, (A) bright field image
indicating nucleation of carbides along the twin-matrix
interface. A twin spot reverses contrast of the twins in

the dark field image (B). (C) represents the dark field micro-
sraph showing the reversal of contrast cementite that had
preferentially nucleated along the twins.

The foil was in a
(110) orientation.
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XBB T22-T6L

Fig. 19 Steel UC quenched and tempered at 200°C, bright field image
showing the precipitation of cementite and e-carbide
(indicated by arrows).
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(B) XBB T22-761

Fig. 20 Steel TC quenched and tempered at 300°C, (A) bright
field image showing carbide precipitation along the twins.
The twins are not in contrast but trace analysis unambigu-
ously revealed the traces to belong to (211) plane. (B) shovs
bright field micrograph indicating change in the precipitation
mode at the twinned and twin-free regions of the plate.



Fig. 21

= TR

A

(B) XBB T722-753

Steel TC quenched and tempered at 300°C. (A)
Bright field image showing precipitation of
carbides along plate and twin boundaries which
reverse contrast in the dark field image(B).
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XBB 723-1265

Fig. 22 Steel UC, quenched and tempered at 300°C, bright field image
showing Widmanstatten cementite precipitation.
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(B) XBB T22-760

Fig. 23 Steel UC quenched and tempered at 300°C, (A) bright
field micrograph revealing no preferential precipitation
of carbides along the lath boundaries while the dark
field image (B) uniquely demonstrates preferential
precipitation along the lath boundaries.
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(B) XBB T22-T59

Fig. 24 Steel TC quenched and tempered at 400°C, bright
field image (A) showing extensive carbide precipitation
at the twins which reverse contrast in the dark field
image of a carbide reflection (B).
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XBB 722-756

25 Steel UC quenched and tempered at L400°C, (A)

bright field micrograph showing partially spherodised
carbides in the martensite plate and dark field
image of a carbide spot reverses contrast of the

carbides in (B).



(B) XBB T22--758

Fig. 26 Steel UC quenched and tempered at 400°C, (A) bright field
image indicating no preferential precipitation of carbides
along the lath boundaries whereas the dark field image of a
carbide reflection (B) shows adequate precipitation of carbides
preferentially formed along the lath boundaries.
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(B) XBB T22-75T

. 27 Steel TC gquenched and tempered at 500°C, showing almost
continuous precipitation of carbides along the twins in the
bright field image (A) and a dark field image of a carbide
reflection (B) reverses the contrast of these twin boundary
carbides.
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Fig. 32A Load vs. COD curve obtained during the fracture toughness
test of the carbonless alloys. The tangent line OA and secant
line OB along with the apparent critical load P and O.8PQ are
indicated. The test is an invalid plane strain fracture

toughness test.



9

% 08P,

P

Load,

Crack Opening Displacement, v —

Fig. 328 Load vs. COD curve obtained during the fracture toughness test of the carbon steels.
tangent line OA and the secant line OB along with the critical load Py and O=8PG are indicated.

The curve shows some slow crack growth before the "pop-in" and is a valid plane strain Iracture

toughness test.
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Fig. 35 Variation of fracture toughness values and % elongation
of steel TC with Tempering.
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XBB T721-380

fig. 37 Optical macrofractograph of the fracture specimens of alloys T
and U.



(B) ¥BB 721-386

Fig. 38 Scanning fractographs of the fracture specimens of
alloys (A) T and (B) U.



(B) XBB T721--388

Fig. 39 Scanning fractographs of the Charpy impact specimens
of alloys (A) T and (B) U.
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XBB T721-382

Fig. L0 Optical macrofractograph of the fracture specimens of steel
TC. The shear 1lip (s), quench-crack (q) and the fatigue crack
(f) are indicated.
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XBB 721-381

Fig. 41 Optical macrofractograph of the fracture specimens of steel
UC. The shear lip (s), quench-crack (q) and fatigue crack (f)
are indicated.
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(B) XBB T721-385

Fig. 42 Fractographs of the fracture specimens of steel TC
' as~quenched showing (A) quasi-cleavage and (B) dimpled
rupture.
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XBB T721-390

Scanning fractograph of the notch tip of the fracture specimen of steel TC
showing the presence of gquench crack besides the fatigue crack.
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XBB T721-375

Fig. 44 Fractograph of steel TC quenched and tempered at 100°C
indicating a mixture of quasi-cleavage and dimpled rupture.
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XBB T721-373

Fig. 45 Scanning fractograph of steel TC quenched and tempered at 200°C
showing regions of dimpled rupture.
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XBB 721-371

Fig. 46 Scanning fractograph of steel TC quenched and tempered at 300°
showing extensive quasi-cleavage rupture.
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(B) XBB T21-38T7

Fig. 47 Scanning fractographs of steel TC, quenched and
tempered at L00°C showing extensive dimpled rupture
in (A) and in (B) an enlarged view of the dimples.



(B) XBB 721-383

Fig. 48 Scanning fractographs of steel TC quenched and
tempered at 500°C showing (A) dimpled rupture and
(B) a magnified view of the dimples.



LT

XBBT21-3Th

Fig. 49 Scanning fractographs of steel UC as-quenched showing grain-
boundary separation, cleavage and dimpled rupture.
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XBBT21-378

Fig. 50. Scanning fractograph of fracture specimen of steel UC,
gquenched and tempered at 100°C showing regions of dimpled
rupture and quasi-cleavage.



106~

XBB T21-37T7

Fig. 51 Fracture morphology of steel UC, quenched and tempered at
200°C showing a mixture of quasi-cleavage and dimpled
rupture.
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XBB T21-372

Fig. 52 Scanning fractograph of steel UC quenched and tempered at 300°C
showing quasi-cleavage failure.



-111-

XBB T21-384

(B)

Fig. 53. Scanning fractograph of the fracture
specimen of steel UC, guenched and
tempered at L00°C showing (A) quasi-
cleavage and (B) dimpled rupture.
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Fig. 54 Optical micrograph of alloy T in the as-quenched condition
showing martensitic plates and mid-ribs under polarized light.
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Optical micrograph of steel T, quenched and
deformed 5% in tension at -196°C. Note fine
(slip) traces inside the martensitic plates.
The micrograph was taken using a polarizer and
an analyser to accentuate the contrast of the
fine upheavals. (same area as Fig. 5k4)
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XBB 722-T765

Fig. 56 Optical micrograph of steel T quenched, deformed 5% in
tension at 196°C, and subsequently electropolished
showing no traces. (same area as Fig. 54 and 55.)
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XBB T21-305

Fig. 57 Scanning micrograph of steel T quenched and deformed 5% in
tension at -196°C showing traces. The wavy nature of the
traces confirm that these traces are slip traces.
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(B) XBB 721-299

FPig. 58 Scanning micrographs, of steel T, quenched and deformed
5% in tension at -196°C showing slip traces in (A) and
(B) shows a magnified view of the slip traces.
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that its use would not infringe privately owned rights.
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