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UNTEMPERED ULTRA HIGH STRENGTH STEELS OF HIGH FRACTURE TOUGHNESS

E. R. Parker, V. F. Zackay, G. Y. Lai and R M. Horn
Inorganic Materials Research Divisibn Lawrence Berkeley'Laboratory and
»Department of Materials Science and Englneerlng, College of Engineering;

Unlver31ty of California, Berkeley, California 94720

ABSTRACT |
Tne»bbjective of the present investigation wasﬂﬁb establish, in nign

yield.stfength steeis;'reiationships between microetructure, fracture
toughness and fatigue crack growth. eExtensive'microsttuctural'
‘examination and cnaracterization were conducted on as—qnenched, and
quenched and tempered AISI 4340 steel which was ausfenitized bpth at
the conventional (870°C) and the high (1200°C) austenitizing temperatureé.
Changes in fraetnre'teughness resulting from varietions in austenitizing
and tempering treatments were related to changes in the amoune_and
distribution nf'retained_austenite, the morphology and distribntion of
carbides, and the martensite snbetructure.and‘morbhoiogy; The influence’
of microstructure on fetiguevc:aek propagation was invesfigated in
as-quenched, and quenched andhtenpered‘SMo—O.BC'secondary herdening
steel. MiernstrUCtufes resulting from several different tempering
treatments-&ere charaeterized and attempts were made to‘relafe‘micro-
 : structural changes to observed'differencee'in.strength, frecture

toughnesé and»fatigue crack growth behavior.
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' I. INTRODUCTION . . .
A large number of currently avallable ‘high yleld strength steels
are llmlted by thelr low toughness, espec1ally at y1eld strength levels

exceeding 200,OOQ.ps1. At such high yield strength levels catastrophlc_

- failure can occur at very low critical flaw sizes. It is now well

known that microstructure plays an inportent role on the fracture
toughness'of high yield strength steels whenlthey are subjected to
monotonic'loading.: The influence offmicrostructure~on crack growth
under cyClic.loading, on the other hand, is a subject where a great
deal of controversy still.exists. | |

An essential.first step in understanding-the role of microstructurev

on fracture toughness or'fatigue crack_growth'is characterization of

microstructural features. A combination of optical, electron and

X—ray'metallography and scanning electron fractography in conjunction

~ with mechanical testing is needed for microstructural characterization.

When microstructural features that result in loW'toughness are identified,

it should-be5possible to eliminate or minimize such undesirable features

by changing'either the alloy cOmposition, or'the,heat'treating procedure,

or both. - The main objective of the present study was to_estahlish,

-using high yield strength steels, relationships between microstructure

'and.fracture toughnesslon one hand, and microstructure and fatigue crack

growth on the other

The low alloy AISI 4340 steel was. chosen for obtaining relationships
between microstructure and toughness,z Thevc0nvent10nal heat treatment
used for-this steel consists of austenltlzing et.the lower end of the

austenite phase region (870°C):to minimize grain size, following which



the steel is uil quenched'and‘then tempered; *Recently it was shown (1)
thatvthebroon temperaturedplene strain fracture_toughnese_cf as#quenched
AISIT 4340 steel wae ccnsiderably improved when, instead of using the
conventional austenitizing treatment, the steel wes first austenitized
for one hour at 1200°C, then furnace:cooled'to 870°cC, held for‘30:min,
and o0il quenched. iﬁ the nresent investigation extensive microstructural
examination and characterization were conducted on AISI 4340 steel which
was austenitized‘both by the 870°C and the 1200°C+870°C treatments,'and
tenpered.at’several temperetures. ' The increase in fracture toughness
resulting from the'use of high austenitizing temperature was related

to several microstructural features. 3The mornhology and distribution
of carbldes that precipitated durlng tempéring were also examined and
poe51ble reasons were extended for the observed 1nf1uence of temperlng
temperature on fracture toughness.

Mlcrostructural 1nfluences on fatlgue crack propagatlon were

_investigated in a 5;Mo—0.3 C;secondary hardening steel. Earlier studies (2)

had shown that large varietions in toughness at equivalent yield strengths
Qccurredjin quenched and tempered 5 Mo-0.3 C steel. MicrOStructural
changes reeuiting from different tempering'treatments were characterized
by transmission electron microscopy and used tc explain the observed
variation in fracture toughness. Fatigue crack growth rates were
meesured for several stress intensity ranges.’ Plots of Eﬁ'(change in
crack length per cycle of loading) and AK (etress intensity range applied
'during cyclic loading) were obtained for the 5 h0—0.3 C steel tested in
as—-quenched and seueral quenched and tempered conditions; Attempts

were made to relate microstructure, fatigue crack growth rates,ffracture

toughness and strength.



II. MICROSTRUCTURAL FEATURES INFLUENCING FRACTURE
TOUGHNESS OF AISI 4340 STEEL

A. EXPERIMENTAL PROCEDURE

The,AISI 4340 steel used in this inveetigation was received in a
fully anneaied eondition. It had the following_chemical composition in

weight'perCent:-»0.40.carbon,_0.80 manganese, O.72_chromiUm, 1.65 nickel,

0.24 molybdenum, 0.24 silicon, 0.19 copper, 0.0l sulphur and 0.004
_pﬁdsphorus; : Two'eustenitizihg treafments were.psed'througheuf this

investigation. 'One'was’tﬁe codventional heat treatment which consisted
vof austenitizinggaf 876°C for one hour edd.oil quehching; ~The second
itreatmeﬁt_eonéisted'of austeﬁitizing at lZOOdd_for one hour followed by
e.eooling?to 8705Ciand ﬁoldiﬁgrfor 30 min prior fo'oilvquenching;’rTemperiné

was carried out for one hour at various temperatures. Austenitizing

treatments were conducted in an argon atmosphere, and salt baths were
used fér'tempering.
Tensile properties were measured w1th round spec1mens of 0.357 in.

diameter and 1.4 in.’ gauge 1ength and with threaded ends. These specimens

were grognd fromithe.blanks that had been'previously heat treated. The

blaﬁe streiﬁ'frectufe“toughness was detefmined_using-tﬁe ASTM specified
compact eension.testing'specimens (B)Je All freeture £0ugﬁness specimens
were maeﬁined‘from 5/8 in. thick pletes.tb_finai.dimensioﬁe except for the
tﬁickness and the 0.008 in. crack staiter slet_ After heat treating

0.010 in.lwas ground off each surface and the 0.008 in. thick slot was

machined. A 300,000 1b MTS machine was used for tensile testing, fatigue

- precracking of the compact tension specimen, and for fracture toughness

testing. Both teﬁsile and_fracture.tbughnesé tests were'performed at room



tempéfatﬁre at a cross head spée& of 0;04.in./min; all.specimens were
- tested in the loﬁgitudinai direction. The étresé intensities Qere
ldeterminéd from.ﬁhe'Collocation solutioﬁ'giVen by Srawley and Gross (4).
Thin foils for transmission electron micréécopy ﬁere
obtained direétly ftom.the,fracture toughness specimens to insufe that
there would be ﬁo ambiguityAin correlating microstructure with ffacturé
toﬁghness.' Foil prépérétioﬁ consisted of chemically thinning the 0.020
in. thick samples, which'wérevmechaniéally sectioned in flood cooiing>
“'with extrgme éare from fracture toughhess_specimens, in.é-mixture of
'hydfoflﬁoric acid and hydrogen‘peroxide;'down to a thickness of O.OOSViﬁ.
Ifollowed-by electropolishing.in chfbmic—aéétic acid electrolyte, uSing
"the window techniqug. Foils_were ekaminéd in a Siemens Elmiskép IA
transmissibn.electron microscope opérated at 100 kv.
The fracture surfaces of fractﬁré toughnéss specimens were examined
in a JEOLCO JSM-U3 scanningvelectron mic;oscope with a éecondary emission
operated at 25 kV.

' B. EXPERIMENTAL RESULTS

1. .Mechanical Properties
The room temperature yield (0.2.pct offset)'and ulfimate tensile
.strengths and the plane;strain fracture:toughnessv(KIC) of AISI 4340
steel are plotted in Fig. 1 as a function of tempering temperature for
both tHe 870°C and.the 1200°c+870°C auStenitizing treatmenfs. From the
figure it is;evident that the yield and tensilé strengths in the as -°
‘quenchéd conditiop Werévessentially the same for the two éustenitizing
treatments. Aléo, the variation of strength with increase in'tempering

temperature up to 350°C was similar for the two austenitizing treatments .



However, a remarkable inprovement in plane strain fracture toughness

waslobservédbervthevaS quénched steel when the austenitizing temperature
was raised to 1200°C.

The influence of tempering temperature. on plane strain fracture

. tbughneés was.signifiéantly different for the two austenitizing treatments.

’ConSiderable.improvément in toughness was observed whén the steel

austenitized at‘87Q°C was tempered at 200°C. The steel austenitized at
1200°C exhibitéd'aAsmaller increase in toughness when tempered at the

same'temperature.  When the tempering temperature was raised to 280°C,

there was little change iﬁ toughness for the 870°C austenitizing treatment

while the steel tempered following the 1200°C>870°C. treatment exhibited a

‘considerable decrease in toughness. The toughness of the 1200°C austenitized
'steel did not appréciably’change when the tempering temperature was raised

to 350°C.7'The'steél'austenitizéd'at 870°C, however, showed a further increase

in toughnésélt The toughness of the steel austenitized at 870°C for

'guenched and tempéred‘éonditibhs,'was in-genérél?agreement with published

. data (5,6).

2.+ Fracture Morpholégy
| Scanhing'éléctron microscope exaﬁinatidn ofvbroken plane strain
fractﬁre'tOughnes; sﬁéciﬁéns_indicatéd'that_thé mode -of fraéture for the
as;quenchea'specimens'Chahged from a mixture of dimpled rupture'aﬁd
quasi—cieavage to prédéminaﬁtly dimpled ruptﬁfe when aﬁ;ténitizing
temperature was raised from 870°C to 1200°C,'Fig. 2;

The;frédtufe'surface of specimen austenitized aﬁ 870°C and tempered
at 280°C~(Eig..3<a)) exhibifed dimpiés éndbquasi—cléavage facets, and the

fracture was similar in appeérance to;that of the as—quenched specimen



riﬁ@észwere noted-in fhe tempered specimen. The fractﬁre surfaee'of
the:Sbecimeneaustepitized at 1200°C.and tempefed at 200°C wae siﬁilef
tqbthat of.the as4quenched sbecimen excepf‘that deepee_dimples, indicating
more plastic‘deformation,-were observed in the tempered specimen.
Intergranular fracterebat prior austenite grain boundaries was observed
in specimens tempered at 280_and.350°C following'austenitizing et 1200?C,

Fig. 3(b).

3. Microstructure of As-Quenched AISI 4340 Steel

a. Martensife Morphology. The inereaee in austenitizing temperature

froﬁ é70°C to:IZOO?C resultedfin an increase ie‘grain size from ASTM 7-8
to ASTM 0-1. ‘EgeensiVe ekamination b?feptical and trensﬁission electron
microscopy indicatedAthat 0il qUenchiﬁg from beth austenitizing temperatures
resﬁlted-inva.bredeminantly ﬁartensitic‘micfostructure wieh a small amount
of‘lower bainite. No upper béieife Af proeutectoid ferrite was detected
in as—queeched steels. |

_‘Two ﬁypestf martensite merphoieg&‘were observed in ﬁhe as—deenched
steel austenitized both at 870°C and:1200°C; The firSt type, often
referred to-és~plate-marteesite (7); consisted of large mertensitevplates,
which formed as individual plates (rather than -in groups), and some are 4
ﬁarked P in Fig. 4(a), .(b) and (c). fThe~eecoﬁd>type of martensite was -
lath marteneite (7-9) in whieh laths were generally'aligned parallel to
_one enotﬁef in groups or packets, Fig. 4(b); (c) and (d). The pleee
martensite in the.sfeel austeni;ized at 870°C éenerally extended aeross
an entire austenite grain; Fig. 4(b), while in tﬁe steel austenitized

at 1200°C the martensite plates nucleated at prier austenite grain boundaries




_ were arfeSted in the grain interior, Fig.'4(c).”

b. Substructure of Martensite. ~The size of martensite laths did

not differvsignificantly by the change in austenitizing temperature,
Fig. 4(b) and (d). The mértensite‘léths within a packet were

geﬁerally,sépérated from one another by low angle boundaries, aﬁd'contained

"a high density of tangled dislocations. ‘Occasionally, the laths contained

infgrnal tWins; Fig.'4(b) aﬁdl(d); However, thé_éméuntuof these twins
was:small and approximately the“same fbr.bbth thé 870°é and'the
1200°C-+870°C‘austenitizing_treatménts. |

The larée martensite platés observed in the steel austenitizéd'at
870°C cohsisted of two diffefént typeé'of sﬁbstruc;ure.' Some plétes wére
highly dislocated (Fig. 4(b)) while many others ééntaineé.ektensive
and fine tranéfofmation‘tWins in addition tqbdigldcatiohs, Fig. 5.

Appropriate foilvtilfing insured that the obsérved absence of twinning in

.some plates was real and was not caﬁsed'by_the-drientation of the plate

with respect to the electron beams. Furthermore, it was found that the

uhthinned_plates.contained hﬁmerous fine carbides that resulted from
i autotempefing whereas the twinned plates did not. This suggested that’

‘the twinned plates were formed at lower temperaturés where carbide

formation did not occur. “The'twins in mérténéite plates were identified -

'by selected area diffractibn;aﬁalysis and dark field imaging of>tW1nA

spots, and their twin planes were determined és-{lthﬂ, Fig. 6. The

extensively twinned martenéite plates were eliminated when the steel

‘was austenitized at 1200°C. The 1arge~marten$ite plates observed in the

steel oil quenchedvfollowing the 1200°C+870°C treatment contained numerous

fiﬁe cross—hatched € carbides which formed as a result of autotempering..



There was a definite lack of twinning, Fig. 7. The cross-hatched

arfangement of € carbides was similar to that observed by other inves-

tigators (10). The occurrence of autotempering in the'as-quenched specimens

is discussed

c. Re%giﬁéd Austenite. Another ?rbminent changg in microstfucture'
when austenitizing'temperature was raised from 8?0°C to 1200°C was the
considerable incréase. iﬁithe amount of retained austenite. The specimen »
éuéténitized«at 870°C'and-dil quenched contained very little retained_'
-austenite? as indicated by an examiﬁation of the bright field micrograph
in Fig. 8(a) and the dark field micrograph (obtained from an austenite

:reflecti6n) in Fig} 8(b). Conversely; thé'1200°C+870°C tfeatmeﬁt
vresultea_in exfensivé retéinéd'austenite films around marfensite laths
aélshown by the brightbfield micrqgrapﬁfin Fig. 9(a) and the dark field
microgréph.iniFig..Q(b). The dark fiela.image in' Fig. 9(b) was obtained
_fromvan (002)vausteﬁite'reflgction:in the diffraction pattern shdwn in
Eigf 9(q),>'The diffractioﬁ pattern.shQWn iﬁ:Fig.'Q(c) is indexéd in
Fig. 9(d). | | |

Thé retained austenite;-approximately 100 to 200A thick, exhibited
“the Kurdjumov—Sachs orientaticn‘relatiqnshiﬁ with respéét‘to marﬁensite,_

Y

»of’earlier workers (11). Additional transmission microécopy of specimens

i}e., ¢1io) I (111)M, Fig.-9(¢); which was in agreement with the results

'refrigeréted in liquid nitrogen}immediately'after quenching indicated

that the retained austenite was thermally stable down to -196°C. The

presencé”of retained austenite was not detected by X-ray methods. This could

mean either that the total amount of retained-austénite was within the



1imit of detection»hy X—rayzmeasurements‘(approximately within 3 pct)

or that the amount of retained austenite which. may well be above the

limit of detectlon by X—ray methods, was too highly deformed to allow

detectionl

'd. Autotempering. The occurrence of ‘autotempering was observed in

_asfquenched‘specimens'austenitized both at 870°C'and;1200°C. Two types =

' of.carhides;-namely cementitevand'e carbide, formed as a result of

autotempering. Cementite formed as fine particles within martensite

laths. A.typical-micrograph illustrating'autotempered'martensite

"containing cementite is shown in Fig 10 for ‘the 1200°C+870 C

austenitlzing treatment, A 51m11ar structure was also obtained for
the 870°C treatment. The €rcarb1def>that formed in a cross-hatched
pattern'in’antotempered martensite was’ identified by trace analysis

of its habit planes and by dark field 1mag1ng Micrographs illustrating

the morphology of € carbide are shown in Fig.>ll for both the 1200°C>870°C

’and the 870 C austen1t1z1ng treatments. The present investigation

showed that € carblde formed on {100} planes and along (100) directions,

in agreement with,the-findings of other;inVestlgators (10,12),'

The dlstinction between antotempered martensite and untempered
martensite required a 31mu1taneous examination of both bright and dark
field images,'and selected'area.electrOn diffraction analysis involving'
extensiye'foil tilting. This led to great difficulty in attempts to
obtain quantitatlve estimates of the dlfferences in the amounts of
autotempered martensite resulting frem the two different austenitizing

treatments.



-10-

4. Structure of Temperéed Martensite
When specimens austenitized at either 870°C or 1200°C were tempered

at 200°C, ‘a ‘uniform dispersion of € carbides formed within martensite

laths andapiates, No lath boundary carbides were observed. The retained
austenite.in as-quenched specimens did not_deeompese during tempering
at 200°C. However,_it decomposed at 280°C andt350°C.

In epeeimena austenitized both.at 870°C and 1200°C cementite
ﬁas the,predeminant carbideSthat formed during temneringVat 280°C
although in a few regions € carbide Was.also detected. Cementite
precipitation occurred both at»lath‘boundariesAand within laths and
plates as illustrated in Fig. iZ. in addition the precipitation of
 cementite as discrete platelets at prior austenite grain boundaries was
4 also observed as shown in Figs. 13 and 14. Grain boundary precipitation of
carbides din not result Sin'eontinuous carbide_networks. The distribution
'and'morpnology'of cementite tnat formed on tempering at 280°C were not
51gnificantly different for the two austenltlzing treatments.

C DISCUSSION

1. - Factors Contributing to the Improvement of Fracture Toughness of
As-Quenched AISI 4340 Steel

It was evident from the present inﬁestigation that a iarge imprevement
was obtained in the.fracture toughness of as—quenched.and‘low—temperature
(200°C) tempered AISI 4340 steel by nSing a much'higher_austenitizing
| temperature (1200°C)(than that conventionally used (870°C). This improvement
in'fracture toughness was accompanied by a change of‘fracture mode from a
mixture of dimpled rupture and quasi-cleavage to:predominantly dimpled

rupture when the austenitizing temperature was changed from 870°C to 1200°C.



The as-quenched structure for both austenitizing treatments consisted

of autotempéred and untempered martensites. .It is well known that

increased autotempering causes improvement in toughness and decrease in

tensile strength of as-quenched martensite. The differencé, if‘ény, in
. the extent of autotemperiﬁg'in the aszuenched-structures obtained in

‘the present investigation for ﬁhe'870°C_and the 1200°C+870°C auSténitizing

treatmentslcould'not be'quéntitativély‘éstimated. Hoquef, the similar

ultimate tensile strength levels in as—quenchéd'conditibné for both

'austenitizing treatments suggested that differéence in the extent of
‘autotempering, if any, was not -large enough to contribute to the observed

- large -difference in.fracture)tbughness."r-

The:martensite'mbrphOIOgy’in'as—qﬁeﬁchedfstructures1fbllowing'both'

- austenitizing treatments was characterized by laths and plates. For both
‘austenitizing treatments the martensite laths were dislocated and few

internal twins were present within the laths;  However; in the steel

austenitized at 870°C a large number of martensite plates contained

extensiVe'and"fiﬁe internal twins. These twinned martensite plates were

-virtually eliminated when the steel was austenitized at -1200°C. It was

cohcludéd that the elimination of twinned martensite plates was at least
paftly responsible forfthe observed increase in fracturé_toughness of

spécimenS'auétenitizéd.at'12009C. Thé,lpss,of toughness due td';he

‘presence of extensive twinning has also been reported by other investi-

.gétors (13,14) who ¢6mpared the toughneSS'betﬁeen twinned martensite and

iower bainite (untwinned) and between twinned martensite and dislocated

martenéite. -The exact role of twinning 6n toughness is not yet’c1ear.

Keily and Nutting“(ll) suggested that the available number of slip systems
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is reduced by a factor of four when twinning occurs since the operative

"~ slip. system must be.such that the slip plane and the slip direction are

common toﬂb“ 1rhe'twin and -the matrix.. Krauss and Pitsch (15) and Bevis,

et al. (16 : nniteted that martensite with infernal twins is more likely
to-deform-byaﬁechanical twinning ﬁhan by slip. Cracke induced
by twine in metais Have'been'ebserved‘by Gilbert, et al. (17).

Another preminent.microstructural cnange.accompanying the increaee of
anetenitizing tempereture>frem 870°Cjto'1200°C was a large increese in
the amount of.reteined austenite.- Austenite is known to be a tough phase
which can effectively arresticracks. Increases in toughness with
-1increasing.retainee austenite content in steele have been.observed
before (18)7_.It has been.suggested that the distriburion of retained
.austenite'may‘hane aAgreater influenee on toughness than.the total amount
of retained austenite. . The austenite observed rn AISIT 4340 steel
austenitfned at 1200°C was in.the form of films surrounding martensite
laths. eAusteniterin such_forn ean relax strees concentratien and delay
’the formation of.microcracks,‘and also can effectively arrest propagation
of nicrocracks when they do develop. This can_result in considerable
enhancement of fracture toughness. |

2. Tempered Martensite Embrittlement

Room temperature plane strain fracture toughness measurements failed
to reveal tempered marten81te embrlttlement in specimens austenitized at
| 870°C (ASTM grain size 7—8) and tempered at 200 to 350° C - The fracture
mode of all tempered‘specimens was observed to be transgranular with
reSPect to_nriorbaustenite-greins, and was cneracterized“by a mixture'of

dimpled rupture and quasi-cleavage. In contrast, specimens austenitized
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“at 1200°C-to attain'an austenite grain size of ASTM 0—1,=exhibited

embrittlement when they weregtempered.at 280°C_and'350°C,. The fracture
of-embrittled specimens was intergranular along.prior austenite grain

boundaries while that of unembrittled spec1mens (as-quenched condition or

'tempered at 200° C) occurred by dimpled rupture. ‘Microstructural observations

indicated that embrittlement occurred'when cementite was the predominant

preéipitate,fOrmed during tempering}v However,-the observed'difference in-

embrittlement behavior between ‘the tWovaustenitizing.treatment'could.not

be attributed to cementite precipitation alone since the distribution

ﬂand morphology of cementite at lath boundaries and prior austenite :

'grain boundaries were similar for the two treatments used in the :

present investigation, and yet, specimens austenitized at 1200°C were .

'embrittled .on tempering while those austenitized at 870°C were not _It.was

believed that the difference in fracture behavior between'the 1200°C
austenitized (coarse grains) specimens and the 870 C austenitized

(fine ‘grains) spec1mens after tempering at 280°C and 350 C might be due .
to some’ other factors which are discussed below .

Tempered martensite embrittlement has been previously reported by a

,”number of . investigators (19 21) who based their conclusions on room

temperature Charpy impact tests With recent developments in fracture

vtoughness theory and testing, considerable data have been produced on the

effect of tempering temperature on fracture toughness of AISI 4340 and

other steels which were austenitized at around 870 C (resulting in fine

'austenitevgrains) prior to tempering (5 6 22—25) All these data showed

no evidence of tempered martensite embrittlement. In'fact,isome '

-investigations showed a smooth'increase in fracture toughness with

increasing tempering‘temperature,rwhile,others showed that fracture
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toughness.wés relatively constant in the 200°C-300°C range and increased
rapidly at.higher tempering temperatures. The results of the present '

investigation were in general agreement with earlier findings in that

there was no apparent embrittlement in specimens austenitized at -870°C. .

Ronald (26) recently investigated tempered martensite embrlttlement

:i‘of AIST 4340 by using V—notched and fatlgue—precracked Charpy specimens of
'various smzes tested in 1mpect and slow bend modes. The specimens were
austenitized ‘at about 850°C prior to tempeting, and wefe-tested'at roem

1 tempereture.” In a plot of energy absorbed per unit area in breaking

.the specimen vs temperihg temperature, he.foundgthat whether or not
eﬁbrittlement could_be detected was dependent on the type and size of the
specimen,.and also on the tyPebof test, i.e., impact et slow bend.' In
impact testing, embrittlement was aiﬁays observed'with varied specimen
thickness whether specimens were V-notched or precracked. In siow bend
testing, embrittlement ﬁas always observed in V—nbtched-specimens with
varied»thieknees from 0.030 to 0.394 in., but when‘precreeked specimens
were used embrittlement was obserVed eniy‘id thin specimens from 0.030 to
0.050 in.,‘add Wae_not observed in thiekfspecimens from 0.075 to 0.394

in. Kula end Anctil (6), while observing tempered ﬁartensite embrittlement
of - AISI 4340 in room temperature Charpy impact‘tests, found no:_evidence'
of'embrittiement in room temperature'K tests. However,dthey observed

IC
a. slight embrittlement wheﬁtKiC_tests were conducted at -45°F
The above discussion indicates that the detection of tempered
‘martensite embrittlement depends on many factors including the type and

size of test specimens, 1qading rate (static or dynaﬁic loading), and

testing temperature. Varying some of thesé parameters, for example,
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increastng the loading rate from static to dynamic loading or decreasing

testing temperature, could enhance the detection of tempered martensite

"embrittlement.

There is little'information on»transition temperature for fracture
toughness values in- low alloy high- strength steels. Steigerwald (27)

observed that the plane stra1n fracture toughness continued to decrease

relatively sharply as the-testing temperature was lowered from room

temperature‘to ~73°C for AISI 4340 and 4140 steels'austenitized at

' 850°C and tempered at either 260°C or 427°C. It'is well known that

increasing grain size results in an increase in Charpy impact ductile to
brittle transition temperauure.i,lt,is reasonable to expect.that.increasing;‘
grain size may also result in an increase in fracture toughness transition

temperature. The likelihood of detecting tempered martensite embrittlement

is enhanced when the testing-temperature is at or -below the fracture -

toughness transitionftemperature, It was believed that the observed

.tempered martensite embrittlement in the: 1200 C austenitized specimens of

the present investigation was due to increased prior austenite grain’

size which-pdsSibly raised the fracture,toughness transition temperature'

.-

" to above. room temperature.’

v,Although'the‘meohanism of tempered martensite embrittlement cannot

be determined from the resnlts.of the.present'investigation, some general

" comments can-be made. Several investigators (21 28,29) have reported that

the occurrence of embrittlement is associated with the precipitation

of'cementite platelets. AIt has been further demonstrated by Alstétter,

et al. (30) that'inereased'silicon content in steel raises the temperature

at ‘'which cementite precipitation first occurs and also raises the tempering
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temperauﬁfé at_which‘émbrittiemént oécurs. Theimicrostfuctural
obéervations of the presenf iﬂvestigation substantiated that embrittlemént
occured whén cementite was the predominant carbide phase; In addifion”'

to the pfeCipi?ationfof cementite both'within the laths and at lath
boundafies, diécrete precipitation of cementité platelets wés ob;erved
atlﬁrior auségﬁite_grain boundaries. The fracture mode of the embrittled
éteel was,intérgranulaf along.prior auétenite grain bduﬁdariés. In a |
‘similér'investigation on AISI 413075teel which also exﬁibited tempered
martensité-embpittlemeht'with.an intergranular fracture in 1200°C>
'aQStenitized specimené tempered étA280°C, aiscfete cementite platelets
were observed'atvpfiof'auétenite gréin boundaries (31). It was not clear
whether the discrete grain_béﬁndary'éarbide aloné,'under appropfiate
conditions‘of tesfing temperéture, loading rate; prior austenite graih
size, etc., could induce intergranulaf fracture and cause:embrittlément;
:Recénf work by Capus and Mayer (32) has shown‘ﬁhat the-pféSence of certain
impﬁrity eiéﬁents has a sigﬁificant influence on tempered.marténsite '
embrittlement. An embrittlémentimodel ﬁroposéd by Kula and Anctil (6)
suggests that when cementite at priér austenite gréin boundéries4grows
during tempering,kcert;in.imﬁurity elements such as phosphorus, which
Zmight be;more soluble in ferrite than in cementité, will diffuse out of. -
cementite in#o the surrounding ferfité. This results in é segregated

film of impufities,af'the interface betWeen'fer¥ite and_cémentiﬁé, These
impurities might lower the inferfacial enefgyband prﬁvide a weak interface

‘for fracture.
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III. . MICROSTRUCTURE, FRACTURE TOUGHNESS AND -FATIGUE
- " * CRACK GROWTH OF 5 Mo-0.3 C STEEL .

A. EXPERIMENTAL PROCEDURE'

‘Three 20 1b ‘vacuum melted ingots were uséd in this study. The
compositions are giﬁen'in Taﬁlg I. Eééh Engot was-homogenized at 1100°C
fdr 24 hr, hotffofged at 1100°C, and then h;tfrolled_at llOb°C into
>'baré of width 2 3/4 in. andzthiékness 5/8 in)_-Tensile.and fracture toughness
’_spécimensrﬁere cut from the rolled bars, austenitized at 1206°C fbr_oEe.
hqﬁr in anh argon atmosbheré,‘ice—briné quenched, and refrigerated in
liquid ﬁitrogen to obtain a fully marteEsiticlstEucture. in addiﬁion tb?
the.as-quenched conditién, specimens tempéred at 225°C, 300°C, 500°C and
| 600;C were tested. The specimens reéuiring tempering were -held .for one
_hour at Ehe.désired tempeféture-ih a salt ﬁath. | |

Compacﬁ ténsioﬁ‘fraqturé:tbughness spgcimens meetihg ASTM sﬁecifi;
caﬁions (35:wereAused for the fatigueftesfs. All.specimenéEwere‘é/l6 in.
; Eﬁiék tolipsufe pianeLStrain.cpnditions.v StEndard 1/4 in. found Eensile
_sPeEimensEbf one iﬁch_gége_lquth and hifh threadea.endS'WéEé uséd-fp
méESUre tensile properties. |

:Fatigue tests were carried out at Foom temﬁéra#ure'téb—quc)'in.air
(45-55 pct rélafive himidity).in a 300,000 1b Eépacity MTS machine. The
bspecimens were tgsted at aEfreQuency of:6AHz uhder‘éinuSOidal tepsioné'
teEsion cycling.. Fétigue craék_advan@ementvWas,measureq.optically_usiﬁg
a Eraveliﬁg miéroscdpe, Increases in crack gdvanéement of 0.001 in. Eould
be’méasuféd on fhe pré—polished specimeﬁ. TheAcréck advEncement; da, was
measured on both surfacesiof the specimen, and an avérage‘was'used, The

" load was monitored continuously; and the tests were carried out using a
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mlnlmum to maximum load ratio of R = 0 11 there R=P /P ). Because
‘ - min’ max
the minimum,and maximum loads were kept,eonstant5 the stress intensity range

increased as the crack length increased. The formulation of the stress

intenéity for the compact tension specimen used is as follows::

S TRt 72 RN V2 - .
K, = 55— °* 29.6(—) - 185.5 —) + 655.7(—
I 1/2 \'4 \4 \d
o w ,
S a-7/2 a 9/2
- 1017.0(—) + 638,9<—)
, ‘ \"J “\w
- Because the stress intensity range increased, mahy.data pdints were
collected for each specimen. Fracture toughness tests were carried out
using the fatigue specimeﬁs,-when %-reached about 0.7.
Fracture.surfaces'of the fatigue specimens were examined in a
JEOLCO JSM-U3 scanniug electron microscope. Optical metallography
was performed on speeimens'cut from the fatigue specimens. The specimens
were mechanically polished and etched with a 5 pct nital solution.-

B. RESULTS AND DISCUSSION

51. :Influence of fempering‘Temperature_on Strength and Toughness

The variations of the room temherature yield strength and plane strain
freeture-toughness'beheviorlwith temperinévtreatment,hare shown in Fig.~15
and Fig. 16 For’ the secondary hardenlng steel used, there was.an increase
‘in y1e1d strength with temperlng temperature in - the nelghborhood of 600°C,
where a peak in-hardness and yield strength occurred. - The fracture. toughness
droppedvsignificantly where tempering temueratures greater than 225°C uere
used. The lowest. value observed at the temperlng temperature of 600°C

t

was similar to the value shown by Goolsby (2)
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2;:_Effecf of Micfdétructural Féature$-dn Cfack>P;6pagéti§h

Tﬁe»Paris ielatibn’(33) Waé used as a basis for thé fatigue crack
growth data; and a ieaSt—squareé.log—iog fit (34) was used to detérmine
the_parameters in the émpificél relation, asvshowﬁ in Figs. 17 through 21,
Duplicate tests were conducted‘to determine the fatigue crack growth\
pafametérs for‘all témpgring‘treatments; except the 6005C tfeatmént.

In the following discussién an atfempt is made to determine how
 fatigue crack growth*is_;élated to the'microstructural features pf the
steel and;tovéstablish whethet.the same ﬁicrostruct#ral features:affecting\
‘yiéld strength-and fracture toughness affeét fatigue cfack growth p?operties

in a similar way.

3;‘4Microstructure éhd Crack Growth Ra#es‘of the Aé—Quénéhed'Steel

| figure 22.15 an.opticalbphotomicrbgraph-showing thé martensitic structure
preégnt in the as—quenched_maﬁerial. Thehlarge priqf austenite gféin size,
which is not'evident from the figure; was»390%400u, As shown by transmission
velectfon miCroscgpy in Fig. 23,-extensivéVautotempering Qas.preséhf in the
matténéitg'iaths;‘ Extensive autotempering occurred becéusé the MS tempera-
tufe was high'(aboufr425°c). .The higthS df'the”méterial was a génSequence'
: of the relatiVely low carbon confent'(0;3ipct) andtthe high austenitizing
'temperatufé. ‘Goolsby‘ has shown, using dark field'transmission electrom
microséopy'fecﬂniqués, that tﬁe only carbide present in‘thefautotempered _
martensite was céméntite 2). No.€ carbidg_was détected. The martensite
was predominantly the_disloéatea.lath'typé, which is characterisfié of
steels.of this qarbon content (11). 'quernal twinning was observed only‘

in isolated regions.
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Figure 24 is a cbmposite écanning»electroh micrograph of the.

‘fatigue fracture.. The AK level in the area‘Shown was 35 ksi-inil/Z.

The maéroscépically meésured crack growth rate at this AK was 1.5*10f5
in./cycle. Features characteristic of_quasi—cléavage‘were observed through-
out the fa;%@@e area. An example of this is showﬁ in fhe fatigue area in
Fig; 24 atiﬁgiht A;A_This duasi—cleaVage‘feature-may account for the
séétter inuéome of the data. Surroundiﬁg thevquasi-cleavage'area,'A in

Fig. 24, is evidence of locaiiZed plastic instability (at B) on the fatigue
ffacture surface. ' The diffuse markihgs resembling striations (at B) also
'Suggest that the fétigue crack'was not confined to a single plane.

At C in Fig. 24, indications of:striations are also seen. Striatioms

are revealed ﬁore clea;ly at A.in Fig. 25, which’is a scanning electron

micrographgbf'another area where the_AK was 40 ksi—in.l/z. The measured

average microécopic épaéing”ofvthese striations'(l.éxlo_s in.) was
'approximately‘eqUai to the magroscopically measuréd crack growth'rate
(1,8*10_5_inr/cyclg). Theffa;igue crack growth rate folldwéd an approximate
second‘power_depeﬁdence (m’=L2;05). Growﬁh properties'were associated with
é ﬁiérostructure characterizedvby autotempered laths of.predéminantly
disldcated'martensite.‘ The-ébserved scatter in thé crack growth rate aata
ﬁas ascribed to certaih unidenfified embrittliﬁg microstructural features,
the bresence of ﬁhiqh wésbfévealed by quasi—éleavage areas, as shown in
"Fig. 24,
The excellent strengtﬁ and fractﬁre toughnéss propertieé of the
‘steel in thé as—quenched condition wefe attributed to the rélatively uniform

microstructure, characterized by dislocated autotempered martensite. No

residual carbides or extensive lath boundary precipitation products were
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~ observed in transmission electron microscopy studies. The yield strength

of the_as—quenched_material'was over 200,000 psi and the fractureitoughness

1/2

wss about 90. ksi-in. .
sFigufe:26-shous_the fatigue crack oropagation fates:of the as-quenched

5 Mb;0.3‘C steel alonngith cfack growth rates for martensitic Steels hauing

yield strengths of about 200,000 psi-_i(35‘—385. s the figure shows, the

as-quenched 5 Mo-0.3 C steel displayed fatigue crack propagation rates at

high values of AK that Were-aporeciablyhless than those reported for other

steels.

4. Microstructure and Fatigue Crack Growth Rates After Tempering at 225°C

Temoering'at 225°C resulted in a-siguificant increase in fracture

Atoughness, as shown in Fig. 16, and a drop in y1e1d strength, wh1ch was

shown in Flg. 15. Transm1331on electron microscopy revealed that tempering
at 225°C led to no obvious alteratlon in the microstructure from that in

the as—quenched conditlon (2), although the lower yield strength reflected

rnormal tempering effects, such as addltional precipitation and growth

-_of carbide particles.

The fatigue crack growth rates in the tempered samples were also

‘characterized'by a second power dependence (1.9); the growth rates for

a given AK were essehtially'the same as those for the as-quenched specimens.

The appearance of the fatigue fracture surface was the same. as found in

the as—quehched condition.' Figure:27 reveals the shallow-dimpled rupture

appearanoe'offthe fast featufe'area, characteristic of the high fracture

- toughness (39). This, too, Was'simiiar to the appearaﬁce of the fracture

sutface of as~quenched specimens.
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5. Microstvuctﬁre'and Fatigue Crack Growth Rates After Tempering ét 300°C
Tempering ‘at 300°C.led to a significant drop ‘in yield strength, as

well as to a drop in fracture toughness, as shéWn in Figs. 15 and 16.

én electron microscopy revealed»that'suﬁstantial growth of

lath boﬁ@d;fy precipitates had occurfed (2). bThe lath boundary pre-
cipitation led to a change in appearénce in the fast fracture area. There
v'vﬁas a change from dimpled rUptﬁre, chafacteristic of the 225°C tempered
specimen, to'quési—cleavage.‘,Figure.28 shows a scanning electron micrograph
of a surféce in the fast fracture region. 'Quasi—cleayagé fracture features
are evident in the figure..‘The‘fatigue crack‘growth'rateé did noﬁ reflect
the same deteridration'as the fracture foughness; They did, in fact,
imﬁrove slightly. Thé fatigue fracture surface appeafance was unchanged
as.shoﬁn in Fig. 29, and the coefficient, m, remainéd,apprOXimatély.Z (1.9).
' There was no increase in growthﬁrates eVen.whgn.maXimum stress inténsity,

Kmaxf apprQached KI

c- _

.  The"de§erioration>of fraéture tdughness in the 260f315°C tempéring
‘range was dué to tempéréd ﬁartensite embrittlément. The sﬁfuctural
features cgusing tempered martensite embriftlemehf were uneipectedly.found
to lead to a reduction‘v in crack propagation rates in_thié steel, A
similar discrepancy between toughness.and crack growth ratés was observed
by Anctil_and‘Ku1a4in 4340 steel: (37). .Because the'fatigue créck growth
prdpertieéiarelnot deleteriously affectedlby the'ﬁresence of 1ath'boundary
precipitafés it can be concluded thét some of phé microstructurél features
-confrolling‘ffaéture toughness do nof affect thé.fatigue crack propagation

in the same manner. Plastic deformation of the matrix is a requisite

feature of fatigue crack growth,*and for a given set of test conditionms,
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the ‘characteristics of the matrix largely govern the crack growth rates.

vThe'influenCe of brittle particles is unclear; there is cOnflicting evidence

.on-the,role of such'particles (40-42). 'Pelloux (41) found increased.growth

 rates in aluminum alloyS'with increased_particle density, but in his
.experiments the changes in particle density were large., Glassman‘and

'_NbEvily (42) found decreased rates in aluminum alloys w1th an increase in

particle density. This work»~however ‘was carried out .at very high
stresses w1th thin sheets and under conditions of plane stress.'

. Static fracture does not necessarily require plastic deformation;

‘failure may be by cleavage. Fracture is highly sensitive to micro-

structural features, espééially those offering easy crack paths, as was

;illustrated earlier for AISI 4340 steel. . Thus, it is not surprising_that

certain heat treating procedures may cause a severe drop in fracture
toughness withoUt'appreciably_changing_fatigue crack growth behavior.

6. Microstructure and Fatigue?Crack Growth After Tempering at 500°C

»Tempering'at_500°c led to. a small.increase in yield strength, as
shoWn in Fig. 15. This increase was caused by?secondary hardening. Thefe
was a c0ncomitant “drop in fracture‘toughness, as‘shown in,Fig, 16.

Transm1331on electron’ microscopy revealed Fe_C prec1p1tate networks at

3
lath boundaries (2). Although no molybdenum carbides were detected, they

were'Undoubtedly present in Small quantities beCause the 600°C tempering

treatment (discussed in detail later) produced Substantial amounts of

T

" easily identified molybdenum carbide.

The fatigue crack growth rate increased considerably on tempering
at 500°C. The exponent, m, was 2.55. Figure 30 shows the appearance

of the fatigue region at AK of 31 kSiQin.l/z.- Ihefcorre3ponding crack
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. growth rate’ﬁaé 2.5x10+5 iﬁ./éycle. ‘The composité,photograph reyeals
thatvthe'fatigue surface containedrfeatures similar to ﬁﬁose observed
vin the 300°C temper condition.v It was concluded that the thickened and
ext;nsive gé&éhpite films, as well %s‘alloy carbides,_led tb the observed

increase iﬁﬁgréwth rates for the 500°C tempered épecimen.

7. Micfostfﬁéture and Fétigﬁe Crack:Growth After Tempering at 606°C

| A lafge increase in yiéla strength and a fﬁrther decrease in
fracture toﬁghness:ﬁgfé obse;ved for specimens temperéd at 600°C. The
'résults'are show; in‘Fig. 151and Fig. 16; Traﬁsmission elecfron ﬁicroscopy
revealed Mozé disperéed within the maréensite laths; élegtron diffraction

showed that Fe,C was no longer present in specimens tempered at this

3
ﬁemperature (2,43).. Extensive precibitation Qas revealed by optical
metallogra?hy, 3§ §h§wn in Fig. 31.

The fatigue,érack growth rates’iﬁcreaséd Significantly overithose
chafacteristic of.Specimeﬁs.tempered aﬁ lower temperaturéé. As .K

max

approached KI the growth ratés increased to Very high values, as shown

C
in Fig. 21. The exporent, m, increased to 4.5, and there was considerable
 scatter-in_the growth rate data. Scanping.electrén micfoscopy of the
fétigue‘surface revealed the notablé reésons for the iﬁcreased cfack
grdwthvrateland the cause of the larger-scattet in the data. Figure 32

is a composité photograﬁh of fhe fatigﬁe surface taken from a specimen
which exhibited a crack growth rate of 1X10_5-in./cyc1e at Aﬁ of

21.5 ksi in.llz. The_figure shows that an integraﬁular failure mode

was present in the‘fatigue region, as well as the usual ductile mode

characteristic of a fatigue fracture. In the low stress intensity

‘ranges, the crack growth rate curves for specimens tempered at both
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.500°C and 600°C overlapped, suggesting a basic similarity in behavior

in the lowgr'stréés tange. »The incteése in growth rates and thé 1a:gé
scatter for_thef600°cytempered specimeh'can‘be attfibuted to the added
intergranulér.ﬁqde ofifailure preseﬁt during'fatigue in the specimeﬁ

tempered at~6Q05C},,Similar obéervations have been made on other steels (44).
Richie éﬂd Knbtt (45) saw the presence of grainiboundafy éracking'during
fatigue in"“teﬁpergbrittle” EN30A (eﬁbrittléd at'SSOfC) under ﬁlane

strain conditions. Richie and Knott also found an increase in the

’ekponent'describing the fétigue crack growth pfoperties.' The embrittling

phenomenon, leading to the intergranular cfacking, has beén-attributed to

several mechanisms. One is the segregation of impurity élements to prior
austenite grain'boundari¢s (46). Precipitation at pfiof austenite grain
boundaries could also lead to deteriorated properties_by.pﬁoviding a

nearly continuous film 47). .
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" IV. SUMMARY AND CONCLUSIONS
The roomvtémpefature .plahe strain fracture toughness of AISI 4340

was greatly improved without the loss in strength levels in as-quenched

and low-temp ture tempered conditions when the austenitizing tempera—J

‘turg was ri?sgd‘from 870°C to 1200°C.; This improvement in fracture
téughnessbéifﬁ increase in:austenitizing tempe?éfure was attribﬁted to
(a) the virtual elimination of twinned mértensite plates and (b).the
large increase in the amoﬁnt of retainéa austenite films surrounding
martensite laths.

'Wheﬁ AISI 4340 steel, foildwing'éﬁétenitiéing at. 870°C (resulting
in the austenite grain size ASTM 7—8); was tempéred, there was no evideﬁce
of’tempéredfmartensitevembrittlement in thé rooﬁ temperature plane strain
fracture tougﬁneés méasurements. This was in agreement with the
investigatidﬁs of other workérs. HoweQer, embrittlement was observed
.after tempefing at 280°C and 350°C in specimens of AISI 4340 steel
thgt were austenitized atH1200°C (resulting in the austenite grain size
ASTM 0—1).' The diStribution°énd morphology ofICemehtite platelets
both at lath boundaries and pribr austenite grain boundaries, reSuiting
vfrom tempering at 280°C, wéfe similar for the two auétenitizing treatments.
The discrete»précipitation of cementife at prior austenité gréin boundaries
kwas observed:in both cases. The fracture mode of the embrittled 1200°C
austenitized specimen was intergranular along prior austépite grain
Eoundaries,-while‘#hat of the unembrittled 870°C austeniﬁized specimen
was transgranular.#nd consisted of both dimpled rupture and quasi-cleavage.

Thus, the microstructural and fracture surface observations failed to

:rééolve the difference. in fracture behavior between the embrittled 1200°C
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austenitized specimen and the unembrittled 870°C austenitized specimens.
From a study of the results reported in the literature and the

evidence obtainéd“in'the;presént investigation, it was concluded that

detection of tempered martensite embrittlement was dependent on many .

factors such as loading rate (static or dynamic>loading); testing

temperature, austenite grain size, and specimen geometry. The observed

_'é@brittlement‘in the 1200°C austenitized Speciméns (after tempering at -

280°C and 350°C) was believed to be associated with the large austenite’

’grains_which.possibly enhanced detectiOnb(br-seQerity) of tembered.

martensite embrittlement in room temperature tests by raising the
fracture toughness transition temperature.
The fatigue crack gfowth_properties arid fracture toughness

properties for the 5 Mo-O.B"C steel are compared for the different .

tempering treatments in Fig. 33 (the crack growth properties are shown

as the number of cyéles to grow one inch at a given AK). This figure

~clearly shows that there was no unique relation between»fatigue'craék
. growth rates and fracture toughness. Specimens tempéred at 300°C had
.1ower values of fracture toughness, whereas they exhibited a.réduction

‘in crack growth rate when compared with specimens tempered at 225°C.

The general conclusions gleened from the study of fatigue crack
propagation in 5 Mo-0.3 C steel are summarized below: .

(1) Microstructural changes during tempering of quenched steels

‘can lead to drastic changes in fatigde crack growth rates.

(2) The microstructural features.affecfing fracture.toughness

do not always affect fatigue crack propagation in the same way. There

vis'no unique relationship between fractureitoughness and crack
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growth rates that holds for ail microstructures. In the case of
' 5 Mo-O 3 C steel, cementlte prec1p1tat10n at lath boundarles lowered
:fracture toughness-while having no doleterious effect on the fatigue
crack growth'rates. When the carbide precipitation became more
extensive,,howeVer;4both properties déteriorated.A
(3) fThe‘preéanoe of additional failure modes‘in tne‘fatigue'area,

such as intérgrannlar‘fractore, causes an increase-in crack growth
rates, as characterlzed by the emplrlcal constants in the Paris equation.

C(4) The fatlgue crack growth propertles of as~quenched 5 Mo—O 3C
steel wh1ch had an autotempered martensltlc structure,.were generally
good, particularly at high values of AK. The crack growth'rates

followed an approximate second power dependencé.
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' Ta_b'l‘é 1. ‘Chem‘ica_l .ana_ly.sé's':o‘f Mo-C Steels

Alloy No. Mo Man  C Fe

723-15 5.0 0.66 0.28 balance

723-16 5.1 0.70 0.26 balance

723-18 5.2 0.62 0.28 balance




"Fig. 1.

Fig. 2.

Fig' 3- -

Fig. 4.

Fig. 5.

Scanning electron micrographs of the fracture surfaces of

33

FIGURE CAPTIONS

Effect of'austenifizing and tempering temperatures on strength and -

fracture toughness of AISI 4340 steel.
as—quenched AISI 4340 steel sbecimens austenitized at (a) .870°C
showing dimples and quasi-cleavage facets and (b) 1200°C showing

predominantly dimpleé}

.Scanning éléctron micrographs of fracture surface of AISI 4340

steel specimens tempered at .280°C after austenitizing at (a) 870°c,

-Showing“a1mixture of.dimplés and quasi-cleavage facets, and

(b).1200°C,‘showing predominantly intergranulér_fradture}

1Aquuenéhed:structure of specimens ofVAISi 4340 steel, - (a) Optical.
: micrograph, and (b)Atransmissioh electron micrograph, showing ‘
: .a‘ﬁixture_df‘martensite laths and plates for the 870°C austenitizing

‘treatment, (c) Optical micrograph showing both martensite ﬁlates

;

nucleating from prior austenite grain boundaries and martensite

. 'laths within prior austenite grains, and (d) transmission electron

- micrograph shoﬁing martensite‘léths.fdr-ﬁhe-1200°C+870°C

austenitizing treatment. Some martensite plates are marked P

and the internal twins in martensite laths are indicated by

‘smAll arrows.

Transmission electron micfographs of martensite ﬁlates in as-
quenched ATISI 4340 steel austenitized at 870°C,jéhowing extensive

fine transformation twins.



Fig.

Fig. .

Fié;

Fig.

Fig.

1\.870°C. (a) Bright field image‘showing‘the {llZ}M transﬁormétion

. _34_‘ .

Transmission electron micrographs*of<a_twinned martensite plate

in the as-quenched specimen of AISI 4340 steel austenitized at

twins and the electron diffraction pattern showing both the matrix -

and twin diffraétion patterné; (b) dark field image of twin spot

indicated by the arrow) showing~the reversél of contrast of the twins.

Transmission electron micrograph of a martensite plate (marked P)

in as-quenched AISI 4340 steel austenitized.at 1200°C showing

the absence of the transformation twins. The plates contained

numerous cross—hatched € carbides formed during quenching.

‘Transmission electron micrographs of as-quenched AISI 4340 steel:

(a) bright field,'and.(b) dark field Of'austenite‘reflection; for

the 870°C austenitizing treatment. .
v Transmission'eleCtrOn micrographs of as-quenched AISI 4340 steel

_ specimen, austenitized at 1200°C,_show1ng extensive amounts of

. retained austenite films sUrfounding martensite laths:- (a) bright

10.

_field-image, (b) aark-field image of ‘the (002) austenite

‘reflection showing reversal contrast of retained austenite

films. (c) 8Belected area diffraction pattern (d) schematic
éﬁetqh of‘the.seledted areé’diffraction patternnwith austenite () .
and'martéﬁsite o) reflectidns indexe&,

Tyéiéal aptotempered martensite in an asfquenchéd specimen of

AISI 4340 steel austenitized'at 1200°C: (a) bright field image,

(b) dark field image of cementite réflection showing fine

cementite'precipitaté within martensite laths. These micrographs

are also representative of autotempered martensite in the steel

austenitized at 87Q°C.



Fig. 11.

‘35;l

Typical=tréhsmission*electron micrographs,showing autotempered

‘ marten51te containlng € carbide which forms on {100} -planes

and along (100) directlons in as—quenched AISI 4340 steel

austenitized at (a) 870°C-ahd (b) 12007C.

Dark field micrographs formed-from.a cementite reflection
- show1ng the precipitation of cementite both at- lath boundaries

~ and w1th1n the laths in AIST 4340 steel specimens tempered at

280 C after austenltizlng at (a) 870° C and (b) 1200°C.

'Transm1331on electron mlcrograph of a spec1men of AISI 4340 steel

tempered at 280° Ciafter austenitizing at2870 C, showing discrete

precipitation of‘eementite platelets at prior austenite grain

' boundaries (marked'GB).

Transm1531on electron micrographs of a specimen of AIST 4340

_'jsteel tempered at 280°C after austenltlzlng at 1200° C showing

Fig, 12.
Fig. 13.
Fig; 1l4. -
Fig. 15.
- Fig.' 16..

Fig- 17 ¢

dlscrete preelpltatlon of cementlte_platelets at prior austenite

. grain bdundaries (marked GB):._(a) bright field image, (b) dark

Field image of a cementite.reflection;

ROOm;temperaturefstrengthfas a funetionvdf'tempering temperature

for 5 Mo-0.3 C steel.

Room temperature plane strain fractdre;toughness as a function

‘of tempering temperature for 5 Mo?0.3 c steel.

» Fatigue crack propagation rate vs stress intensity range for

the as-quenched 5 Mo-0.3 C~stee1. Data fromiSpecimens 15-1 and

©18-1.
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Fig. 25.

Fig,

18, .

19.

20.

21.

22.

23.

24

26.
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Fatigue crack pa:pagation'rate vs stress intensity rangé for

'

‘the 225°C. tempered 5 Mo~0.3 C steel. Data from specimens
16-2 and 18-2,

Fatigue crack propagation rates vs strésé intensity range for

thﬁ;300°C tempered 5 Mo—0.3'C'steel;,vData from specimens

15~ 3and 16-3.°

Fatigue crack propégation‘rates'vs stress intensity range for

the 500°C tempered 5 Mo-0.,3 C steel, Data from specimens

15<4 and 18-4.

Fatigue crack propagation rates vs stress intensity range for

the 600°C'temperéd 5 Mo-0.3 C steel. Data from specimen 15-5.

Microstructure of as~quenched 5 Mo-0.3 C steel.:

- Transmission electron micrographs:of as-quenched 5'Mo—0;3 C
“steel showing in bright field (a)’autotemperéd, dislocated

) martensite laths, and in dark field (b) cementite precipitation.

Scanning électyon micrographs of fatigue fracture region in as—'

-quenéhed 5.Mo-0.3 .C sﬁeeL (a) Overall appearance of surface.

AK~35 ksi-in.l/z. (b) Composite'énlargement.showing quasi-
cleavége at A, fétigue cracking through bulk microstructure at

B, and local striations at C.

Scanning electron miérographs of fatigue fracture showing

striations in as—quénched 5 Mo-0.3 C steel. (a) Overall

appearance of fatigue surfaée. AR = 40 ksi—in.l/Z. Striations

~ appear at A. (b) Enlargeﬁent'of striations. .

Comparison. of fatigue crack propagation rate vs stress intensity

range of'asfquenchéd'S Mo-0.3 C steel with rates reported for
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Fig.

Fig.

Fig.

‘Fig.

‘ Fig.

Fig;

27,

28.

30.

31..

32.-

33.

- mode of failure evident in fatigué_érga. AK‘%'Zl ksi-in. R
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qther'higﬁ—strehgth steels (A-Ref.“36, B-Ref. 37, C~Ref. 38 and

D-Ref. 35).-

‘Scanning electron micrograph of fast fracture appearance of

{

225°C tempered 5 Mo~0.3 C stéel shoWihg primarily dimpled rupture

characteristics.
Scanning electron micrograph of fast fracture appearance of

3006C.tempéred'5 Mo-0.3 C steel showing'quasi—¢1eavagé :

“characteristics.
‘Composite of scanning electron micrographs showing fatigue

.ffacture-SQrface of 300°C'tempefed-5”Mo—O.3 C steel. General

fatigue appearance résembles.that-of'as—quénched materiai.j

&K =35 ksimin. /2,

Composite scanning electron micrograph showing fatigue fracture

_'surface of 500°C_tempered 5 Mo-0.3 C steel. - Quasi-cleavage

1/2

'Visible.>‘AK = Sl'kéi—in; .

Microstructurefbf*600°€ temperéd 5 Mo-0.3 C steel.

Compesite:scanning electron micrograph showing fatigue fracture

surface of 600°C'témpered_5.Mo;O.3 C steel. Intergranular

1/2

Comparison of fétigue crack gfowth and fracture toughness

‘properties of 5 Mo~0.3 C stee&rforIthe‘different'tempering
:vtreatments.~"Number of cycles to grow one inch at a constant
fstfess ihtensity range are ﬁsed to measure crack growth .

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