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~ I. INTRODUCTION

Fatigue crack pfbpagation behavior in high ;trength steels is very
dimportant in determining.the uSefulness of suchjstééls when they are
squected té cyclic loading. 'The crack initiatiqﬁ period, which is
given coﬁsideréble imporfance in éonventional fétigue studies, is
oftéﬁ absent in the high strength materials because of pre-existing
flaws, suchvas inclusions. Linear elastic fracture mechanics has

been applied to crack propagation because of its successful use in

" predicting fracture conditions. Paris and his cblleaguesl’2 have

vproposédvan empirical equation relating the stress“inténsity, K,vto
crack growth rate. They showed that the growth rate was related to
the stress intensity range in the vicinity of the crack tip. Their
relation is

-da _ y vm
dN 'Co(AK)

where da/dN is the change in crack 1ength per cycle of loading,

vAK“isvthe range of stress intensity being applied during cyclic loading,

and'Co and m are experimental constants. This relationship has been
used extensively to characterize the fatigue crack growth behavior of

3-8 The relation has also been used extensively

a variety of materials.
by investigators to show the dependence of crack growth rates in

certain materials on different variables. In particular, fatigue crack

- growth behavior in Quenched and tempéred steels has been shown to

depehd on several factors. Steel cleaniless, i.e., impurity levels



' can'ﬁarkgdi} éffeét ﬁﬁe ctaék growth'r’étes.9 Speéimén thickness,

' which dictéteé whetber tﬁe steei is uﬁder plane‘stréin or not has
been shown to influénce crack-growth rateé;lo The influence of
tempering treatment has also been investigated iﬁ.gome‘Steels, 1eading

'_tb'attempts*to.tbrfelate fatigue crack_grthﬁ'beﬁéQiérzwith yieid

strength as well as”othervmechanigal-properties.ll’lz'VFinally,'there

has been extensive iﬁvés;igation of the influencé of ‘environment on
fatigue.CraCk growth propefties, pérticdlale'iﬁ‘thé QUénched and
tembéred steélé.13 Several investigétors have shown that moisture
levels in air have énviﬁfluenéé oh the fétigue cféck growth p?qperties.g’lé
‘It has béen,shown,vféo, that’ofher variable influénées; such as imﬁﬁrity
leVels; aré éxaggefated in a moist air environment;

Althoﬁgh.theSe many studies havé_ideﬁ£ifiéd fhg variables that
.influencé fatigue czack growth ratés,'there'have beeﬁ few attempté to
relatevthe actual microstruétufe present to the‘fatigue'créék growth
behéviof.A Thé'micréstruCturai changes aécqmpliéhedfby temperiﬂg are
Often small. >Howev¢r, in a secondary hardening spee1 there aré
drastic.cﬁanges,that occur at the highér tempering témperatures.
Austenitizing temperature'éan aiso affect the miérgsfructure drastically
by infiUencing cooling rates and.decomposition prodﬁcts.formed during
initial qﬁenching.l6 |
| Previous fracture toughness work has shown Ehat.iatgé variations
iﬁ toughﬁess at equivalent yield Streﬁgth_leQels.ééCﬁr in.a‘queﬁched.

and tempered.SMo—.BCvsecondary hardening steel.17 ‘The microstructural

changes resulting from different tempering treatments were'characterized'

»




byvtrénsmission electron microscopy and used to explain the observed

variation in frééture toughness. A similar study of a series of Mo-C

secondary. hardenings steels was also successful in explaining the role
of austenitizing temperature on fracture toughnes_s.18 The purpose of
~the present stﬁdy was to investigate the fatigue crack growth properties

~in the 5Mo-.3C steel. The other mechanical proﬁerties for different

auSteﬁitizing'freatments as well as for the different tempering

treatments were determined in the previous study. The major objective

in the presént-study-was to determine how the microstructural features
that controlled the.previOusly measured'fr;cture-toughness and tensile
_properties affected the fatigue crack growth behavior. The study's
purpose was to investigate the fatigue crack propagation rates.in an
alr environment to ascertain the material'’s behavior in a normal

environments. Studies in argon would have helped explain environment -

microstructure interaction, but the extension of crack growth studied

'in this area was not possible because of time limitations.



" II. EXPERIMENTAL PROCEDURE

A, Material Préparation

. The steel used for thiS'iﬁvestigafion'was meited in a vacuum
binducfion furnace. 'Tﬁe'majdrity oftthe material 6f~approkimately_
5Mo-.3C'Composition came from three 20 lb,:ingdts,'whose chemical
anaiyses are éiven"iﬁ‘Table:I;’.Eaéh ingbt-ﬁas hdmogenized for
24 hours at 1100°C ‘in then hot-rolled at 1100°C into bars of width
.2'3/4 in:and thicknééé'S/S in. Material of twd”éthe; compositions,
éiven'in”TaBIe I, wés.alsb'used; This material wéé‘firsﬁ hot-f;rged
at 1100°C, hﬁtvfolled to thickness at 1100°C, and than homogenized

at 1200fC in vacuum for 48 hours.

Specimens for mechanical testing were cut frOm’the rolled bars,'

and then austenitized fop onezhéur in a Vértical tube furﬁace_with
an argon atmosphere. Thg majority of,specimeﬁs werevaustenifized at
870°¢, or 1200°C, Wiﬁh_éne épécimen also auStenitized étv980°C.

v Followiﬂgvausfenitizatiéh,vthe:specimens wefe quenched in agitated

ice-brine, and then refrigerated in liquid nitrogen. The temperéd

speéimens were held for one hour at the desired temperature in a salt

~ bath. The tempering temperatures used were 225°C, 300°C, 500°C,

and»600°C.

.




B. Mechanical Testing

1. Hardness Testing
Vickers microhardness values of heat treated specimens were
determinedvusing a Leitz Wétzlar microhardness testing unit. An

applied loadbbf 1000 g was used in measuring the hardness of the

speéiméns_from metallographic samples taken from fatigue crack specimens, -

Both indentation diagOnals were measured and the average value of
hardness was recorded. Five tests were made on each specimen to
determine the average microhardness.

2. Tensile Tests

‘Tensile propertiesvwere'determined using the l‘in.'gage length,
1/4 in. diameter found specimen shown in Fig,. l; The specimené were
rough ﬁachined oﬁersize, heat treafed, and ground to the final |
dimensions. Tests were conducted at room temperature using a 306,000

pound capacity MTS, at a loading rate of 0.04 in/min.

3. Fatigue Crack Grbwth Properties

Fatigue crack.ﬁfopagation properties were measured using a compact
ténsion Specimeﬁ shbwn in Fig. 2. The'diménsioﬁs'used combly with the
ASTM‘sténdard for specimens used to determine plane strain fracture
toughﬁess.19 The thickness used was 9/16 in. Theicrack—liﬁe loaded:

specimens were machined to the.dimensions displayed prior to heat

‘treatment, After heat treatment, the sides were wet ground to remove

approximately 0.01 in. and the 0,008 in. slot at the tip of the notch

was cut,
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The fatigue crack ‘growth tests were carried out at room tempera-
ture (20 25 C) in air (45-55% relative humidity) using a 300,000 1b.
ycapacity MTS.machine.' The specimens were tested at a freqnency of
SHz under sinnscidal tenéion-tension cycling,4IPrror to monitoring

crack advancements, a fatigue pre-crack was initiated in accordance

with ASTM specificat':ionsf.l9 Once_thé crack-had.been”initiated, fatigue"v

crack adranceﬁenta.were measured onticaliyﬂusing:a traveling micrdscope,
as shown‘in'Fig. 3.. increasee in crack adyancementfof'O;OOI in; conld.
Be meaenred.cnrboth surfaées_ofbthe specimen, an& an_average;wasi

uaed. vThe lcad was_monitored cbntinuously,vandamest rests"nere _
Carried out naing a minimum to maximum load ratiovof R = 0.1 (where‘

R = Pmin/Pmax)' .Although‘draplacement was controllea nsingvthe shcrr
stroke funccion,_the dispiacement.was continuouely'changed.to keep

the loads constant.‘-Therefore, the stress>intensity range at the crack
tip increased>asvthercrack 1ength-increased.' Thelfornulatien of the

stress intensity for the compact tension specimen used is as follows:

1/2

[29 6 (—) 185__.5 & )3/2 +655.7 G )5/2 1017. o & )7/2

- P
I w1/2

| _

+638.9 (3°/2
W

where a, the crack length, was measured from the center of the pinholes.

Because the stress intensityvrange increased, many data pcints were

collected for each specimen.

T

.



4. . Fracture Toughness Testing

" Fracture toughnessIValﬁes.weré determined‘using the fatigue crack
growth specimens. When the.a/W.ratiq reached about 0.7, a rising load
test Qas éonducted using the fatigué specimen, A 5000 kg cabacity
instrbn tééting machine ﬁas used to perform the tests at a loading

rate of .1 cm/min: A craék—opeﬁing displacement (COD) gage similar

to that:déscribed in the ASTM standards was used to monitor crack

19 The calibration curve for the COD gage is

léngth during testing.
giVen'in3Fig.'4. Even though the tests did not meef ASTM specifications

»becahsé of the a/W ratio, the fracture toughness values gave relative

measures of fracture resistance.

C. Microscopy

1. Optical Metallography

Specimens for optical metallography were cut from the heat treated

k fatigue specimens, After mounting in Koldmount, the specimens were

ground on silicon carbide papers to 600 grit; poiiShed on a 1y diamond
;brasiveiﬁhegl,'and given final polish in a sysfem with 0.05 gamma
alumina micfopbiishf Specimens were theﬁ etched with 2% to 5% nital
solutions fq¥'5vt§ 30 seconds.

2. Scanning Electron Microscopy

Both the fatigue and riéing load areas of the fracture surfaces

of each fatigue specimen were examined uéing a Jeolco JSM-U3 scanning

electron microscope. The’surfaCe_was protectéd with acetate tape
during preparation for observation. Prior to insertion into the micro-
scope’ the acetate tape was stripped off and the specimen was ultrasonically

cleaned in acetone.



III. RESULTS AND DISCUSSION

A. Results and Discussion of Treatments
Subsequent to Austenitization at 1200°C

1. Mechanical Properties

a. Hardness; tensile, and fracture toughness. 'The’SMo?.3CZSteel used
in this study is classified as a secondary hardenlng steel This |
category of steels retains high room temperature strength after
tempering at'high temperatures following a quenChing from an austeniti-
'zing treatmeht in whichﬁcarhidesihaVe been dissolyed;' lhis behavior
has been verified in this steel in'preyious studies.17

‘The hardness vs. tempering temperature curvevfor-this-steellis
shown in Fig. 5. As expected there is an 1ncrease in hardness 1n.'
" the neighborhood of 600 c, where a peak occurs._ The tensile'properties
are listed in Table II, and'visually displayed in'Fig. 6;,vThe yield.
strength behavior increases follows.the hardness'behavior.

The fracture toughness values with tempéring'temperature are
listed in Table IIv and.shOWn in:Fig 7. The fracture toughness
: dropped signiflcantly when tempering temperatures greater than 225 C
were used. The lowest value, observed at the tempering temperature
of 600°C, was s1milar to the value. shown by Goolsby 17

b. Fatigue crack growth propertles. The fatigue crack growth rates

for varying AK values were determlned for all tempering treatments.
‘The data are listed in TAbles I1T through VII. The Paris relation
was used as a basis for the fatlgue crack-growthlanalysis and arleast-

" squares log—log'fit20 was used to determine'the‘parameters in the

e oy

JERF R

B



3 e * )
empirical relation, as shown in Figs. 8 through 12." Duplicate tests

were conducted to detérmine the fatigue crack gfowth parameters for

all tempering treatments, except the 600°C treatment.

In the following discussion an attempt is made to determine how
fatigue'cfack grdwth is related to the microstructural features of

the steel and to establish whether the same microstructural features

’affécting yield strength and fracture,toughness’affect fatigue crack

growth properties in a similar way.

2. Microstructure and Crack Growth Behavior

a. As—Quénched.steel. Figure 13 is an optical'thtomicrograph showing

‘the martensitic structure present in the as-quenched material. . The

large austénite grain size, 300-400) diameter, is apbarent. As shown

By transmission electron microscopy by Goolsby, extensive autotempering
was present iﬁ the‘martensite laths. Extensive éutotempering oécurred
bdcause the,MS'temperature was high (about 425°C)‘ The high MS of
the material was a consequence of the relatively low carbon content
£0.3%) and the‘high austenitizing temperature. Goolsby has shown,17
using the da;k“fiéld transmission electron micréécopy techniques, that
the only carbide present in the gutétempered martensite was cementite.
No- epsilon carbidevwa; detecfed. The martensite was predominantly the
dislocated lath type, which is characteristic of steels of this carbon
content.21 Internal twinning was observed only in isolated regionms.
Figure 14 is:a composite scanning electron micrograph of the

fatigue fracture. The AK‘levélvin the area shown waé 35 kSi—in.l/z.

The macroscopically measured crack growth rate at this AK was

1/2

* T
AK values entered as psi-in.
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'l.5><10'.-5 in;/cycle. Features characteristic of quéSi—cleavage were

‘ therued throughout the fatigué.area. ‘An exsmple of this is shown in
the fétigue area in Fig. i& at point A. This qussiécleavsge feature

. may aCcount for.the-sCatter in somevofvthe dats;f'Surrounding the

h quasiecleeuage area A.in Fig .14'his eVidence.of locslized plastic-

instability (at B) on the fatigue fracture - surface. The diffuse"

markings resembling striatlons (at B) also suggest that the fatigue h

crack was not conflned to a 31ng1e plane. At C»in Fig. 14, indicatlons

of striations are also seen. ‘Striations are reveeled'mOre clearly'at ’

A in Fig. 15,'which.is a'scanning electron'micrOgreph of another

area where the AK was 40 ksi—in.;/z. The measured average microscopic

- in.) was approkimately equal

spacing of these striationsb(l.6ﬁ10
to the macroscopically'measured‘Crack growth rate!(1;8X155'in;/cycle).
The fatigue crack growth rateﬂfoilowed an approxiﬁate second p0wer
dependence (m=2.05) " Growth pr0perties were associetea‘QIth s
‘microstructure characterized by autotempered lathS’of predominantly'
dislocated martensite.- Ihe.observed scetter in;the crack growth rate
.datavwas ascribed to certain unidentified embrittiing microstructural

features, the presence of which was revealed by quasi-cleavage areas,

“as shown in Fig. 14;

The'fracture toughness properties were Very.good. The fast fracture . °

" region, as shown in Fig 16,'showed prlmarily dimpled rupture,_
appearance. ThlS appearance 1is characterlstic of high toughness
materials.22 The high yield strength and’ fracture toughness propertles

of the steel in the as-quenched condition were attributed to the




te

 and'the fracture toughness was about 90 ksi-in.

11

relatively uniform microstructure, characterized by dislocated
autotempered martensite. NoO residual carbides or extensive lath
bOundarY’precipitates were observed in the transmission studies.

The yield strength of the as-quenched material was over 200,000 psi
' o o 1/2

b. 225°C tempered steel,- Temﬁering at 225°C resulted in a significant

increase in fracture toughness, as shown in Fig. 7, and a drop in

Yield.strength,'which.Was shown in Fig. 6. fTransmisSion electron

ﬁicroSqopy:feﬁealed-that tempering at 225°C led to ho obvious alteration
in tﬁe microstructure from tﬂat in the es{duenched'COndition,l7 altﬁough
the loﬁer yield strength reflected ﬁormai tempering effects, such as
the growth of carbide pafticles..

The fatigue crack. growth rates in'fhe tempered.samples were also

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

vfor a giVen AK were essentially the same as those for the as-quenched

specimens.'bThe appeafaﬁce of the fatigue fracture surface was the
same ae found in the as-quenched condition, as shown in Fig. 17.
Extensive secondary cracking was observed in all féﬁigue regions as
shown for the 225°C treatment. Figure 18 reveals the shallow—dimpled
repture appeafance of the fast feature area, chafeeteristic of the
high fracture toughness.?2 This, too, was similar to the appearance

of the fracture surface of -as-quenched specimens.

c. 300°C tempered steel. Tempering at 300°C led to a significant

‘drop in yield strength, as well as a drop in fracture toughness, as

~ shown in Figs 6 and 7. Ttransmission electron microscopy revealed that
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substantial growth of lath boundary precipitates had occurred;l7 The

lath boundary precipitation led to a'change'in appearance’in the fast

fracture area. There was a change from dlmpled rupture characteristic

of the 225°C tempered spec1men to’ quasi—cleavage. IFigure 19 shows a:'
scanning electron micrograph of a surface in- the fast fracture reglon..
v Quasi—cleavage fracture features are_ev1deht in thc-figure. The
_ fatigue crack growth rates.did.hot refieCt the'same-deterioranion as
‘the fracture toughness. They did, in fact,’improve slightly. The
fatigue fracture surface appearance waS‘unchangedfaspshowu in Fig, 20,
and the coeéficieut, m, remained approximately’Z (1.9). There was no
increase in growth rates even when magimum stress ihtensity, K s

max

approached KIC'

~ The deterioration of7fracture toughness in. the 260-315°C tempering

rahge isvusually referred to as “tempered marteosite emhrittlement"
and is a.common characteristic-of quenched and'tempered steels.23 The
embrittliné effect is aftributed‘to the preferential iath‘bOundary
precipitation of'cementite.17’24’25 Boundary precipitates provide a‘
crack path with a high den31ty of brittle partlcles, which decreases
the fracture strength. Fracture properties in quenched and tempered
steels have been shown to be dependent on brittle,particie spacihg.26
The structurai_features causing tempered martehsite:embrittiement
were uneXpectedly.fouhd_to 1ead to an improyement invcrackvpropagation.
rates in this steel. A siﬁilar»discrepancy between toughness'ahd

crack growth rates was thervedvby Anctil and Kula in_4340 steel.12
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‘Becaﬁsébthe fatigue crack growth propérties'are’not deleteriously

affected'by the présehce of lath boundary precipitates it can be
concluded that some of the microstructural features controlling fracture

toughness dovﬁot affect the fatigué crack prbpagation in the same

" manner., Plastic deformation of the matrix is a requisite features

of fatigue crack'growth, and for a given set of test conditions, the
characteristics of the matrix‘largely governs the crack growth rates.
Thé influence ‘of brittle particles is unclear; there is conflicting

27-29 Pelloux28 found increased

evidence on the role of such partiéleé.
growth rates in aluminum alloys with increased particle density, but

in his experimentS'the:changeé in particles density were large.

Glassman and McEvily29 found decreased rates in aluminum alloys with

an increase in particle density. This work, however, was carried out

at.very high stresses with tﬁin sheets and under conditions of plane
stress,

- Static fracture does not necessériiy require plastic deformation;
failure may be by cléavage'in bee alloys. Fracture is highly sensitive
to microstructurél features,.especially thosé offering easy crack paths.
Thﬁs, it is not surprising that certain heat treéting procedures may
cause a severe drop in fracture toughness'without appreciably changing
fatigue crack growth behavior. |

d. 500°C.témpered<steel. Tempering at 500°C led to a small increase

in yield strength, as shown in Fig. 6. This increasé was éaﬁsedvby

.'secondary hardening. There was a concomitant drop in fracture

toughness, as shown in Fig. 7. Transmission electron microscopy
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molybdenUm carbides were detected, they were undoubtedly present in

v révealed Fe C'preéipitate nétworks at lath boundériés.l7 Although no'
small quantities because the 600°C tempering:tréétmént'(discuésed
~in detail iatér) ﬁroducéd substantiai amounts of.eaSilyvidéntifiéd
" 'molybdenum carbide. | “
‘ The fracture crack growth rate increased considefably'on tempering
at 500°C. The exponént,:m, was 2.55. Figure 21 sﬁo&s fhe appéarance

" of the fafigue regionbat'AK of 31'ksi—in.v1/2

.  fh¢ cqrrespondingvcraék
growth fate was 2.5><10-5 in./cycle. The coﬁposiie_photograph reveals
that the faﬁigue surface contained'féatures similar to thdée_obServed 
in the 300°C temper condition. It was cdncludéd'that,the thickened |

and extensive cementite films, as well as'élloy carEides; léd to the

observed increase in growth rates for the 500°C -tempered specimen. .

The fast fracture region, shown in Fig. 22, shows the same-qﬁaéi-cleaVage_

_behaVidr és_exhibited'by the 300°C treatment,'astOuld be'exPectéd.

e. 600°C temperéd steel. A large increase in yield strength and a
further decrease in fracture toughness were.observed for specimens
tempered at 600°C. The results are shown in Figs. 6 and 7. Transmission

"electron microscopy revealed Mo,C dispersed within the martensite

2

' laths; electron diffraction showed that Fe

3
17,30

C was no longer ptesent

in ‘specimens tempered at this temperatufe.  Extensive precipitation

was revealed by optical metallography, as shown in Fig. 23.
The fatigue crack growth rates increased significantly over those

characteristic of specimens tempered at lower témperatures. As Kmék

approached KI ‘the growth rates increased to very high valueé, as

c

shown in Fig. 12. The exponent, m, increased to 4.5, and there was
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considéraﬁlé scattér in thé»growth.;ate:Aata. Séanning electron
micféécopy of thé fatigué surfaée revealed the notaBle reasdné for
the increased crackAérOWth rate and the caﬁse of ‘the larger scatter
iﬁ'the déta. Figure 24 isva composite photograph of the fatigue
surféce takenvfrom a specimen which éxhibited é crack growth rate

5 1/2

of 1x10” in;/cycle at AK of.21i5 ksi;in. ‘The figure shows that

an integranular failure mode was present in the fatigue region, as

well as the usualvductile mode éharacteristic of é_fatigue fracture.

In the low»sffeés intensity ranges, the crack grthh rate curves for
specimens teﬁpered at both 500°C and 600°C oyerléppgd, suggesting

a basic similarity'ih behavibt in the lowér streés‘fénge. The increase
in gréwth rates and the large scatter for the 660°C'tempered specimen
can Be attributed to the adaed inﬁergranular mode of féilure preéent
_dﬁring fa;igue in the speéimen'tempered at 600°C. .Similar observations
have been made on other steéls.6 Richie.and Kndtt31 observed the
presence'of grain boundary éfacking during fatigﬁevin "temper brittle"
EN30A (embrittled at 580°C) under plane strain conditions. Richie and
Knott also found an increase in the exponent deécribing-thg fatigue
crack growth properfies. The embrittliﬁg phenoménoﬁ, leading to the

: intergranqlar cracking, has been attributed to several mechanisms.

One ié the‘segregatioh of impuriﬁy elements to prior austenite grain

' boundaries.32 Prééipitation at prior austenite grain boundaries could
-also_léad to detefiorated properties by providing a'néarly continuous

film.33
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, The fast—fractﬁre region is éhown is Fig. Zs.v:The characteristic
: quasi—clea?age appearance is shown as would be expeéted for low

'toughnéss béhavior.b Ihtergranular modés of'failufevare aléo'observed
v as'shoﬁn in Fig.. 25, indicating the presence of Wéak films at prior

austenite grain boundaries.

B. Results and Discussion of Tréétﬁents
Subsequent to Austenization at 870°C

1. Mechanical Properties

a. Hardness, tensile, and fracture toughness. The 5Mo-.3C steel,

although secondary hardening in nature, showed little in the way -

" of propeftigs associated with this category of materials; ifhié is
due to the low austenifization treatment temperatufé. >Thevhérdness a
vs tempering temperature éurve is shdwn:in Fig. 27. vBécause of fhe
lack of éarbide,dissolufion, the as-quenched hardnesé and subsequent
hardqus values are low. Although there are changes in behavior;gthe
values are all very low. Only with temﬁering at 600°C is'phere soﬁe‘_

increase that might be connected with some small amount of alloy

~carbide formation. The tensile'properties'fof_the.differént treatments

are listed in Table II.  The yield strength variétidn, in partiéular,
is displayed in Fig. 27, showing behaviqr that'follb@s-the hardnessv>
behavior.

The fracture toughness,vaiues are listed in Téble I1 and éhown
in Fig; 28. The initial as-quenched fracture'toughness is fairly
low, as would be expected with the large volume fraction of brittle

particles dispersed throughout the matrix. The values increase




somewhat with teﬁpefing. The only change in trend was seen for the
600°C tempering treatment, where the value decreased again to the level
seen in the as-quenched condition.

b, Fatigue:Crack growth properties. -The fatigue crack growth rates

for différent AK values were determined for all tempering treatments.
The data;aré.listed in Tables VII- through XII;» THe'Paris relationl
>was used for this steel‘after austenitization a§.1200°C, The plots
“are shown in Figs., 29 through 33. The empiricélly;determined
coefficients are 1isted on the respecfive blots;' Duplicate tests were
vconductedvfdr all treétménts except the'as—quenched steel and the 225°C

- tempering treatment.

2. Microstructure and Crack Growth Behavior

" Figure 34 is anvdptical-photomicrograph showing the typical
‘7micr§struqtﬁfe after quenching from the 870°C austenitizing temperature.
Immediately apparént was the high volume fraction]df carbide particles.
These spheriodiéed éarbides were of two size distfibutions; the larger
Qere 1—3ﬁ in diameter while the émaller oneslwerebo.l - 0.2u in
diameter, This'das'seen:earlier bvaom._l8 Hg identified the carbides,
using ektraction feplica,,as being of.the (Fqu)6C type. The surrounding
microstructure Qas very'fine'due_to thé finé prior austenite grain

" size (ASTMv6). From a section through the ternary phasevdiagram, it
can be seen that, atvthis-low austenitizing tempefature, the steel
could easily lie in a thrée_phase régioh;34 Ferrite could still be
,rgtained at this tempefaturé-aléng with the austentie and carbide

phases. The microstructure showed evidence of*light areas, characteristic
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of ferriﬁe régibns; ‘The hardness vaiues, as shown in Fig. 26, are low
‘féf a'mértensite-cérbidé matériél. The yield strength values, too,
are low as éuggested by Fig; 27. Isothermal'tfanéformation data at
480°C following aUstenitization at.870°C and_rééid-quenéhihg to
tempéfature,'Suggestéd_too thaf'approximately 5% ferrite could be
present aftef proCessing. Because of theVSuspecte&-presenée of
retained'ferrite fhroughout thévﬁicfostructure; it is not surprising
that all meChaniéél propertiés, hardnéss'andbyieldsstreﬁgth, réﬁain
faifly constant'witﬁ tempering treatment, as_shown in Figs.’26 and 27.

The fatiéue’crack growth propertiés also rgmaipéd unchanged &iph,
the exéeption of the.600°C temperiﬁg treatmeﬁt. The data for the
other four treatmeﬁts_belonggd to essentially oné'écatter band.- The
crack gro?th pfoperties, toé, were very good. :The fatigue crack growth
rates were much differehtvfrom those observed‘for the'higher'austenitif
zing treatment. The empirical coefficient; m, deécfibing the slope
was larger; around 3.‘ HoweVér, the initial‘ratés-df'graék'gfdwth_aﬁ
low AK values (4K < 4O'ksifinl/2) were much lower,than thosé observed
with the'higﬁer austenitization temperature. Oniy tﬁe 600°C tempering -
treatment wés close in behaﬁiof in'tﬁe AK fange td those obserQéd for
the highér austenitizatioﬁ‘treétment.- |

Figure 35 is a composite scanning electron micfograph of the
fatigue fractufgvsurfacé for an as—quenched specimen. The regioﬁ
shows the fatigue region bordering the fast fraéfure'regidn. Throdghout
the fatigue region there were. evidences of many carbide particles

dispersed through the matrix. These did occur randomly, hbwevér, and
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did nof'appegr'tb be the controlling microstructural feature for
cratkvprobagétibn{x»Thé'fétigue surface did show diffuse striations,
ev@denée of the éomplex microstructure. There were no areas of
quasi-élea?age as found in the material austenitized at 1200°C.
Alfhougﬁiit was sgspécted that ferrite regions controlled crack growth,
’itbwasvnot appafeﬁt-from'the fracture surface. |

.The fast fracture surface is sﬁowﬁ in'Fig. 36.' The surface
showed characferistic,quasi—cleavage appearance. Howéver, the areas

of cleavage were much smaller due to the smaller microstructural

_'featufes in this steel. Carbide particles werevclearly seen on the

fast fracturQJSurface also.
. Although the behavior in the material tempered at 600°C differed,
the same problems existed in attempting to distinguish the controlling

vmicrostructural'features from the fatigue crack surface. The

_déterioratioﬁ in crack growth properties could be attributed to the

slight secondary hardening that might be taking place causing an upswing
in hardness and deterioration'in ffacture toughness,
With the lower austenitization treatment, three microstructural

changes 6ccurred. (1) Carbide pafticles in large volume were present.

© (2) Prior austenization grain size was small 1eading to smaller

as—quenched micrpstructural'features. (3) Ferrite'retained during
austenitization could be present. All these features could influence
fatigué crack growth rates. However, it was impossible to judge

which did help improve properties, from the‘fatigue fracture surfaces.
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C. Results and Discussion of Additional Work

In an attempt to explain the excellent fatiguevcrack growthv
properties found for the 5Mo-.3C steel after austenitization et 870°C,
.fatigue_cfack growth rates fer another austenitizing treatment_and
seme additional compositions were investigated. Austenitization at
980°C for the 5Mo-.3C steel was undertaken tovattempt to deeide
whether the carbide particles or ferrite led to the fatigue property~

improvement, Two compositions of lower Mo content were investigated

to.determine whether prior austenite grain size led to the improvement.

1. Austenitization of 5Mo-.3C at 980°C

Aﬁstenitization at 980°C for one hour, 110°C higter than thati‘
producing improved crack'groﬁth rates, foliowe& bf"én.ice—brine
quench, &gs investigated. The microstructure produced‘eontained
a high volume fraction of carbides, as shown in Fig; 37. The
‘hardness, ef the as-duenched material, H, 490, wae_
definitely higher than that of the-870°C treatment, indieating an
abeence”df any ferrite during austenitizatioﬁ. |

The fatigue crack growth properties are Iieted in Table XIII
an& sﬁown in Fig. 38. 'The crack growth ratesvére again characterized
by a ceefficient cloee to 2(1.7) end‘lie in the same scatter baﬁd
as those for the 1200°C austenitized, as—quenched material. . The rates
are worse at low AK values than those for the 8705C eustenitieation

treatments. The fatigue fracture surface as shown by SEM in Fig. 39
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contains features similar to surfaces for the 12005C treatment. The

‘ ffaéture.region is shown iﬁ Fig. -40. It contéined‘quasi—cleavage
| featgres similar to the 870°C austenitized matefiai; and exhibited
'simiiardfractﬁfe'behaviof. From this test, it could be concluded
- that ;hg‘large carbide particléé were not the feature that improved

propertiesf

2. Investigation of 1Mo-.24C, 1Mo-.34C Stéel After Austenitization
© at. 870°C _ .

Investigation of these lower Mo-steels was undertaken to clarify
the role of prior austenite grain size and the martensite morphology
it produced‘dn fatigue crack propagation. The microstructures of the

1M6—.24c;v1Mo-.34C stéelévafter quenching are shown in Figs. 41 and 42,

“respectively. Both show a martemsitic structure similar to that of

the 5Mo-.3C steel after austenitizationat1200°c, The hardness values,

HV 542 and Hv 624, respectively indicate the martensitic nature of

the steels, Tom in his study used replicas to show that the alloys

had no carbides pifesent.18

The fatigﬁe crack growth pfoperties are listed in Tables XIV and XV.
Figures 43 énd 44 show the rateé correlated with AK levels using
thé Paris relétionwllThe empirigally determined slopes, are around
2.5 fér both. vThé fatigue fracture surféces are.shown in Figs..45
and 46. The appearance is basically tﬁe samé fpr both alloys, and
very similar.to the éurfaces for the 1200°C austenitized 5Mo-.3C steel.
Finally the fast-frécture sgrfaces, shown in Figé. 47 and 48 . both'
showed dimpled rupture‘aﬁpeérance, indiﬁating the high fracture.tough-

ness values as seen by Tbm for these alloys.18
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Although the martensite structure size was smaller from that for

the 5Mo—.3C material after high austenitization, there seems to be né
apfarent Change_iﬁ fatigue cfack growth rates. 'Marfensite morphology,
too, may havé changed. Kélly and Nufting21 observed a change from
dislocatedvmaftgnéite to twinned martensitevas'cafbén level iﬁcteaseﬁ.
Therefqre thé smalier miérostructural features brought about by lower
austenitization'temperatures were not responsibie'for'thé.improved

fatigue crack growth properties observed in the 5Mo-.3C steel.

e
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'IV. ~ SUMMARY AND CONCLUSIONS

The’fatigue crack growth properties and fracture toughness
properties.for the high austenitized 5Mo-0.3C steel in the as—quenched
dondition are compared with the other tempering treatments in Fig. 49

(the crack'growth properties are shown as the number of cycles to

grow one inch at a given AK). This figure clearly shows that there

is no uniqué relation between fatigue créck growth.rates and fracture
toughﬁesé;: Specimens tempered at 300°C had lower‘vélues of fracture
toﬁghnesé,.whereas fhey exhibited a feduction iﬁ‘érack growth rate
when compared ﬁith’specimens tempered at 225°C.

Figure 50 shows the fatigue crack propagation rates of the

as—quenched 5Mo-0.3C steel austenitized at 1200°C along with crack

-growth rates for martensitic steels having yield strengths of about

9,10,12,35 . _
200,000 psi. As the figure shows, the as-quenched 5Mo-0.3C steel

displayed fatigue crack propagation rates at high values of AK that

were appreciably less than those reported for other steels.

Comparing the 870°C austenitizing treatment with the 1200°C

tréatment,'different conclusions are reached, however. Figure 51

~ shows the fatigue crack growth rates compared for the two austenitization

treatments, It is easily seen that the low austenitizing treatment

had much better properties. Aithough thévfracfure toughness is lower
for the 870°C austenitized material, the fatigue crack growth properties
control - the lifetime for this steel when it is used under cyclic loading.

Figure 52 compares the cycles to failure for thé two treatments for
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different loads, given a specifié'flaw size and.coﬁfiguration. For
511 cages except very‘high loads,fhe'low éustenitization treatments
led to longer lifetimes even tﬁough'éc’waé smalier.
The general conclusions gleened from the s;udy;of fatigueé crack
propagation in 5Mo-0,.3C steel are summarized beléwf.
(1) vMicrostructural changes in quénchedfstéels brought about
by austenitization or tempering't:eatments can 1e;d‘tovdrastic changes
in fatiguevcrack growth rateé.v |
(2) Thevmiérostfuctural'features affecting fracturé #oughness
do not always affedt.fatigue crack propagéfioﬁ in tHe same way. There
is no uniqﬁe relationship between the fracture £0qghness and crack
growth rates that holds for allrmicrostructures; Iﬁ the>case'of
5Mo-.3C steel austenitized at 1200°C, ceméntife precipitation at
lath boundaries lowered fractufe toughneés while having nd deleteﬁious
effect on the fatigue crack growth rates. When the carbide precipita-
tion became more ex?ensive, however, both propefties deterioréted.  
in the éase of tﬁe 5Mo-. 3C s;eelvaustenitized,at 8?O°C, a miérostructure
containing'a high vplume fzaction of carbides had excellentvfatigug
crack gfowth1pr0pe¥ties and poorvfracturé toughness. '
(3) The'presenée of additional.failuré modeé_in the fatigue
area, such as intergranular fraéture; causes an increase in‘craék
growth rates, as chargctérized by the empirical constants in the

Paris equation.
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(4) Fatigue crack pfopagation can overweigh fracture toughness
in importanée inrdetermining a steel's usefulness for certain applica-

" tionms.
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Table I. ‘Chemical analyses of alloysfﬁsed.

Alioy No. Mo Mn - c Fé. C - A ) !
: - ' ' A
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 -
321 | 1.0 .66 0.24 ‘baianée
324 1.0 .66 0.3 balance
|
|
g
;
|
ol
|
|
|
;
I
i
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" Table II. Mechanical Properties ofvSMo—;BC Steel.

A. Austenitized @ 1200°C

Tempéfing

2 - avg. values

o . Elong. R. A. Fracture Toughness
Treatment -2% X.8. UTsS A z ﬁa/w =.7)
As-Quenched 217 274 8.3 20.4 922 ksi-int/?
225°C 202 239 10.6 29.6 103
300°C 179 223 10.0 33,7 76.5
500°C 187 227 10.5 33.8 452
600°c? 251 259 1.0 5 367
B. Austenitized @ 870°C
Tempéring e Elong. R. A. Fracture Toughness
Treatment '24 Y' UTS % % (a/W=.7)
As-Quenched 182 216  11.0 46 67
225°C 186 213 11.6  36.8 70
300°C 164 185  13.1 53.5 662
500°C 171 178 17.3 59 832
600°C 171 175 16.5 50.4 642
1 - Ref. 17




Table IIL. Fatigue Crack Growth DatafZZOQdF Aust.; As-Quenched.

30—

Min. Load

‘Max. T.oad

. : . /
Specimen. Cycles (?%;5 ‘(iﬁ‘) an.) (1h.) AK-ksi-in. =’

15-1 5000 .828 .861 " 300 . 2700 23.40
12000, .861 .887 300 2700 24 .35
2000 .887 .905 300 2700 25.00
2000 - .910%  -.933 300 . 2700 25.69
2000 - .933. .954 300 - 2700 26.58
1000 .954 .960 300 2700 27.15
© 2000 .960 .985 300 2700 27.75
© 2000 . .985  1.008 300 2700 28..80
2000 1.008 1.034 300 2700 30.11
2000. 1.034  1.058 300 . 2700 . 31.30
1000 1.058  1.072 300 © 2700 32.06
1000 1.072  1.085 300 - 2700 32.60
1000 1.082% 1.096 - 300 2700 33.42
1000 1.096 - 1.111 300 2700 34.28
'1000. 1.111. 1.127 300 - 12700 35.20
© 1000 1.127  1.142 300 2700 36.15
1000.  1.142 1.159 300 2700 . 37.15
1000 1.159 1.171 300 2700 .38.20
1000 1.171  1.186 300 - 2700 39,32
1000 1.186  1.206 300 12700 ' 40.38
1000 1.206 . 1.223 300 2700 40.82
1000 1.223  1.242 300 - 2700 43.19
1000 - 1.242 - 1.268 300 2700 45.27
500 - 1.268 1.283 300 . 2700 47.58
500 1.283 1.294 :300 2700 48,04
500 1.294 1.309 -300 2700 . 50.35
. 500 1.309 1.320 . . 300 2700 " 51.48
500 1.320 1.334 300 2700 " 53.72
1000 1.334 1.374 300 2700 56.03
500 1.374 1.395 300 2700 © 60.33
18-1 - 10,000 1.092 1.132 300 1950 23.07
10,000 1.132 1.170 300 1780 22.93
10,000 1.170 1.204 - 600 1780 - 19.38
10,000 1.204 1.231 600 1680 . 18.87

10,000 1.270 600 . 1680 . 20.13

1.231

*
Specimen removed and crack lengths measured u31ng a metallurglcal

microscope with a calibrated stage.

2




Table IV.: Fa;igue Crack Growth Data; 2200°F Aﬁst;‘Tempered at 225°C.
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Specimen Cycles (?i.) l(iﬁ,) Minklk??d Mé?1£?§d AK—ksi«in.l/2
18-2 5000 .831 .870 300 2700 23.56
5000 .870 .906 300 2700 24.66
5000 .906 .946 300 2700 - 25.87
L4000 .946 .979 300 2700 27.36
2000 .979  .991 300 2700 28.35
2000 .991 1.006 300 2700 28.71
2000 1.006 1.019 300 2670 28.92
2000 1.019° 1.039 300 2700 29.96
2000 1.039 1.056 300 2670 30.66
2000 1.056 1.077 300 2700 32.08
2000 1.077 1.101 300 2670 33.00
1000 1.101 1,110 300 2700 34.07
1000 1.110  1.124 300 2700 34,61
1000 1.124 1.133 300 2670 34.79
1000 1.133 1.144 300 2640 34.91
1000 1.144  1.159 300 2610 - 35.66
£ 1000 © 1.159 1.172 300 2700 38.20
1000 1.172 1.187 300 2700 39.07
1000 1.187 1.194 300 2670 39.71
- 1000 1.194  1.214 1300 2640 40.00
1000 1.214 1.228 300 2610 40.96
1000 1.228 1.248 3n0 2700 43.82
1000 1.248 1.270 300 2640 45.17
1000 1.270 - . 1.293 300 2700 48.43
500 1.293 1.306 300 2700 50.08
500 1.306 1.315 300 2640 49.96
500 1.315 1.331 300 2700 52.77
- 500 1.331 1.346 300 2670 54.65
500 1.346 1.363 300 2700 57.03
500 1.363 1.379 300 12640 58.47
500 1.379  1.398 300 2700 63.09
16-2 2000 .985 1.003 1300 2700 25.66
' 12000 1.003  1.023 300 2700 26.38
2000 1.023 1.038 300 2700 27.20
2000 1.038 1.061 300 2700 28.05
2000 1.061 1.081 300 2700 28.96
2000 1.081  1:104 300 2700 30.18
2000 1.104 1.121 300 - 2700 31.20
2000 1.121  1.146 300 2700 32.12
1000 1.146 1.156 300 2700 33.28
1000 1.164 2700 33.80

1.156

300



T

Table IV. (Cont.)
Specimen  Cycles éxji ) (irfx.) M-ir(libl.";ad ’M'é}({ibl.‘;ad | A}(—ksi—in.l/2

16-2 1000 . 1.164 1.177 300 2700 - 34.23
1000 1.177 1.188 300 22700 35.21
- 1000 1.188 1.204 300 2700 35.90
1000 1.204 1.220 300 . 2700 36.98

11000 1.220 1.233 300 2700 37.86 -
1000 1.233  1.250 300 2700 30.06
1000 1.250 1.266 300 © 2700 40.48
1000 1.266 1.284 3000 - 2700 41.82
1000 . 1.28% 1.305 300 2700 43.74
1000 1.305 1.328 300 2700 46.00
1000 1.328 1.350 . 300 2700 48.23
1000 1.350 1.384 300 2700 51.26
1000 1.384 1.399 - 300 54.54

2700
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Table V. Fatigue Crack Data; Aust. @ 1200°C, Tempered @ 300°C.

. Min. Load Max. Load

1.085

300

_"SpeCimen‘, Cycles (i%.)'4_£i£ ) (1b.) (b)) AK—ksi—in.l/z
15-3 2000 .839 . 844 300 - 2700 23.48
-2000 .844 .848 300 2700 23.63
5000 .848  .872 300 2700 24.10
5000 .872 .906 300 2700 24.90
2000 . .906  -.917 300 2700 25.75
2000 .917" .928 300 2700 26.29
2000 .928 .934 300 2700 26.47
2000 .934 .948 300 2700 26.85
2000 . .948 .962 300 2700 27.41
2000 962,973 300 2700 27.81
2000 .973 .989 300 2700 28.43
2000 " .989  1.008 300 . 2700 20,27
2000 1.008 1.025 300 2700 29.94
2000 1.025 1.053 300 2700 30.89
2000 1.053 1.070 300 . 2700 32.13
2000 1.070 1.089 300 2700 33.20
2000 1.089 1.114 300 2700 34.34
1000 1.114 1.126 300 © 2700 35.56
. 1000 1.126 1.137 300 2700 36.50
1000 1.137 1.149 300 2700 37.17
1000 1.149 - 1.160 300 2700 37.86
1000 1.160 1.174 300 2700 38.57
1000 1.174 1.188 300 2700 39.71
1000 1.188  1.207 300 2700 41.30
1000 1.207  1.222 300 2700 42.55
1000  1.222 1.236 300 ~ 2700 43.90
1000 1.236 1.255 300 2700 45.79
1000  1.255 1.276 -~ 300 2700 - 47.00
- 1000 1.276 1.293 300 2700 48.28
1000- 1.293 1.319 300 2700 51.13
1000 1.319  1.339 300 2700 54 .56
1000 1.339 1.369 - 300 2700 57.24
. 1000  1.369 1.399 300 2700 62.12
16-3. 5000 .941. ,953 300 2700 24.20
’ 2000 . .953 .970 300 © 2700 24,71
. 2000 - - .970 .982 300 2700 25.06
2000 .982  1.001 300 2700 25.81
2000 © 1.001 1.018 300 2700 26.58
2000 1.018 1.030 - 300 2700 26.98
2000 1.030 1.051 300 2700 27 .44
2000 1.051 1.068 300 .2700 28.32
2000 - 1.068 1.085 300 2700 29.06
2000 © 1.106 2700 29.84
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(Cont.)
Specimen  Cycles <ii )f .(iﬁ;). M}?ib%gad ‘ Ma?iﬁ?sad AK-—ksi—in.l/2

16-3 . 2000 1.106 1.127 300 2700 30.88
2000 1.127  1.148 300 2700 31.94
~1000 1.148 1.162 300 2700 33.08
1000  1.162 1,173 300 2700 - 33.68
© 1000 1.173 1.186 300 2700 34.66
1000 1.186 1.200 300 - 2700 '35.68
1000 1.200 1.214 300 - 2700 36.38

1000 1.214  1.227 . 300. 2700 37.50
1000 1.227 1.241 300 2700 38.70

1000 1.241  1.259 300 - 2700 39.63
1000 ~ 1.259 = 1.281 300 2700 41.63
1000 1.281 1.299 300 2700 43.24
1000 1.299 1.316 300 2700 44.72
. 1000 1.316 1.337 300 12700 46.886
1000 1.337  1.360 300 2700 49.40
500 © 1.360 1.379 51.88

300

2700

-




Table Vi. Fatigue Crack Growth Data; Aust. R1200°C; Tempered @500°C.
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Specimen Cycles (?i;) ‘(iﬁ ) Ml?ibLgad Ma?ibLgad AK-—ksi—in.ll2

18~4 5000 - .834 .868 300 2700 17.85
2000 .868 .885 300 . 2700 18.43

2000 - - .885 .903 300 2700 18.80

2000 -.903 .916 300 2700 19.32

2000 .916 .932 300 2700 19.72

2000 .932 .952 300 2700 19.96

2000 .952 .971 30n 2700 20.70

2000 .97 .993 300 © 2700 21.31

2000 .993. 1.011 300 2700 21.96

. 2000 1.011 1.036" 300 . 2700 22.81

2000 1.036 1.056 300 12700 23.52

- 2000 ‘1.056 1.084 300 2700 24.30

2000 1.084 1.110 300 2700 25.10

-2000 1.110 1.148 300 - 2700 26.70

2000 1.148 1.183 300 . 2700 28.45

1000 1.183 1.200 300 - 270N 29.85

1000 1.200 1.225 300 2700 31.06

1000 1.225 1.251 300 2700 32.72

1000~ 1.251 -1.277 300 - 2700 34.90

1000 1,277 - 1.326 300 2700 37.55

1000 1.326 1.348 300 2400 35.16

1000 1.348 1.375 300 2400 36.33

15-4 10,000 -  1.130 1.151 600 1560 14.36
' - 10,000 1.151 1.170 600 - 1560 15.14
10,000 1.170 1.200 600 - 1560 15.63

10,000 1.200 1.236 600 1560 16.78

10,000 1.236 1.286 600 1560 17.98
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- Table ViI.  Fatigue Cfack Growth Data; Aust. @1200fc§ Tempered @60Q°C. 

Min. Load ~ Max. Load

Specimen  .Cycles . . (?%rl," (ig')- (15.) (1b.) Akasi+in.l/2

15-5 2000 .919 .923 180 - 1500 o 14.71
- 2000 923 .932 180 ©.1500 . 14.91
. 2000 .932 .935 180 1500 ©15.01
2000 .935  .947. - 180 - 1500 15.12
. 2000 .947 952 180 . 1500 15.33
4000 .952  .958 180 1500 15.44

© 40000 .958 ..970 . 180 1500 15.55"
5000 ~.970 .983 180 . 1500 15.80 -
5000 . .983 1.005 180 -~ 1500 16.37
5000 '1.005 . 1.025 180 1500 16.87
2000 '1.025 1.044 180 1500 18.98
2000 1.044  1.054 180 1620 19.40
2000 1.054 1.070 . 180 1620 -+ 19.72
2000 - 1.070 1.084 180 . 1620 20.21
. 2000 1.084 1.098 180 - - 1620 20.71
- 2000 1.098 1.115 180 1620 . 21.03
2000 1.115 1.153 180 1620 0 21.96
1000 1.153 1.183: 180 1620 . 23.19
1000 - 1.183 1.236 180 1620 - 24.80
100 1.236 = 1.248 180 1620 26.88
100 . 1.248 1.255 180 1500 25.70
100 1.255 1.261 180 1500 25.65
100 ‘1.261 1.278 180 - 1500 26.22
. 1000 1.279  1.289 180 1200 21.20
1000 1.289 1.309 - 180 1200 21.92

1000 1.309 1.331 180 1200 22.92
1.331  1.356 180 23.35

1000

1200
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Table VIII.. Fatigue Crack Growth Data; Aust. @ 870°C; As-Quenched.

a; v ag Min. Load Max. Load 1/2

Specimen Cycles (in.) (in.) (1b.) (1b.) AK-ksi-in.
18-6-2 . 5000 .921 © .930 300 . 2700 26.49
' 5000 .930 .941 300 2700 26.66
5000  .941  .960 300 2700 27.22
5000 .960 .982 300 2700 28.01
5000 .982 1.000 300 .- 2700 28.84
5000 . .997*% 1.018 300 2700 29.72
5000 1.018 1.043 300 . 2700 © 30.64
5000 - 1.043 1.069 300 2700 31.88
2000 1.069 1.082 300 2700 32.92
5000 1.082 1.118 300 2700 34.36
2000 1.118 - 1.134 300 - 2700 - 35.86
2000 1.134 1.151 300 2700 36.84
2000 1.151 1.171 300 - 2700 38.22
2000 1.171  1.194 300 2700 ° 39.46
2500  1.194 1.227 300 2700 41.90
1000 1.227  1.241 300 2700 44.06
1000 1.241 1.252 300 12700 45.01
1000 1.252 1.276 . 300 2700 47.03
1000 1.276 1.293 300 - .2700 48.83
1000 1.293 1.315 300 2700 50.20
500 1.315 1.327 300 . 2700 . 52.94
1.327  1.359 300 2700 55.50
1

.359 1.400 300 '_ 2700 60.56

Specimen removed and crack lengths measured using metallurgical
microscope with a calibrated stage :



Table IX. Fatigue Crack Growth Data; Aust. @ 8706C;vIempered @ 225°C
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Min.‘Load Max. Load

. a; a .' , .o 1/2
Specimen Cycles (i;.) ,.(ig.) (1b.) (b)) AK-ksi-in.
18-6-3 5000 .837 .843 300 2700 23.33
5000 .843 .857 300 2700 23.63
5000 .857 .868 300 2700 23.94
2500 .868 - .884 . 300 3000 27.65
5000 .884 .916 300 -3000 28.40
2000 .916 . .926 300 3000 29.18
2000 .926 .939 300 3000 29.77.
. 2000 .939 .954 - 300 3000 30.41
5000 .954 .968 300 2700 27.41
5000 .968" .985 ~ 300 2700 28,01
5000 ~.,985 . 1.010 300 2700 29.06
' 5000 1.010 1.036 300 2700 30.17
. 5000 1.036 1.063 300 = 2700 31.37
5000 1.063 1.101 300 - 2700 33.22
12000  1.101 1.117 300 2700 34.62
2000 1.117 1.136 300 2700 35.54
2000 1.136 1.153 300 2700 36.84
2000 ©  1.153 -1.173 300 . - 2700 38.22
2000  1.173 1,193 300 - 2700 . 39.70
2000 1.193. 1.222 300 2700 41.73 -
1000  1.222 1,237 300 2700 . 43,90
1000 © 1.237 1,254 300 ..2700 - 45.30
1000 1.254 1.274 300 °2700 46.20
1000 1.274  1.296 300 2700 48.85
1000 1.296 1,321 300 2700 51.71
1000 1.321  1.346 300 2700 53.85
1.346  1.379 300 2700 57.60

1000
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_'Table . X. VFatigue Crack Growth Data; Aust. @ 870°C; Tempered @ 300°C.

MaX.-Load

Specimen,‘:Cycles ’(ii;)  (ig.) Ml?ib%§ad (1b.) AK—ksi—in.l/2
15-6-5 . 5000  .854 .866 300 12700 24.25
- 5000 .866 .882 300 2700 24.58
5000 .882 .896 300 2700 25.07
5000 .896 .906 300 2700 25.58
5000 .906  .924 300 2700 25.93
5000 .924 .943 - 300 - 2700 26.48
5000 .943 - ,966 300 - 2700 27.42
- 5000 . .966  .973 300 12700 28.01
5000 .973  .990 300 2700 28.43
5000 .990 1,007 300 - 2700 29.27
5000 1.007 1.029 300 2700 30.17
5000 1.029 1.051 300 2700 31.12
5000  1.051  1.076" 300 2700 32.40
5000 1.076 -1.104 300 2700 33.54
5000  1.104 1.133 300 2700 35.02
2000 1.133  1.149 300 2700 36.84
2000 1.149 1,166 300 2700 38.23
2000 1.182  1.199 300 .2700 40.49
2000 1.199 1.216 300 2700 42,13
2000 1.216  1.236 300 2700 43.62
2000 1.236 1.258 300 2700 - 45.50
2000 1.258 1,286 300 2700 48.08
2000 1.286 1.312 300 2700 50.53
2000 1.312  1.348 300 - 2700 53.90
1000 1.348  1.369 300 - 2700 58.32
18-6-6 5000 .859  .866 300 2700 23.86
5000 - .866 .874 300 2700 24.02
5000 - .874 . .886 -300 2700 24.50
'5000 .886  .899 300 © 2700 25.00
5000 .900%  .904 300 2700 25.16
5000 2904 - 915 300 . .2700 25.33
5000 .915 .931 . 300 2700 25.86
5000 .931 . .947 300 2700 26.58
5000 947 963 300 2700 27.14
5000  .963 .980 2700 27.75

300
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1.362

2700

Table X. (Cont.)
| Specimen Cycles (ié.) (?é;) Mi?ib?§ad. Mé?ib%?ad AK—ksi—‘in.l/2
18-6-6 . 5000 . .980 - 1.005 300 . 2700 28.74
: 5000  1.005 1.029 300 2700 29.83
5000 1.029 1.056 . 300 2700 31.07
5000 1.056. - 1.088 300 ©. 2700 - 32.61
2000 1.088 1.103 300 2700 33.68
2000 1.103 1.117 - 300 .2700 34,57
© 2000 - 1.117 1.134 300 . '2700 - 35,50
2000 1.134 1.151 - 300 12700 36.48
2000 1.151 1.170 300 2700 37.86
2000 1.170  1.192 300 . 2700 39.07
2000 1.192 1.214 300 - 2700 40.64
2000 1.214 1.238 300 2700 42 .48
2000 1.238 1.271 300 2700 44,97
2000 1.271 1.312 300 2700 48.30
1000 1.312 1.340 300 2700 52.72°
: ' 1.340 300 55.98

Specimen removed and crack lengths measured uSing'a;metallurgical
microscope with a calibrated stage.: : ' '




' ‘Table 'XI: Fatigue Crack Growth Data; Aust. @ 870°C; Tempered @ 500°C.

~43-

Max, Load

Specimep Cyc;es. (i%,) (in-). M%?ib%§ad (1b.) AK—ksi-in.l/2

18-6-7 . 5000 .806 .817 1300 2700 22.51
5000 -.817 .830 300 12700 22.80

5000 ~ .830. .837 300 2700 23.10
5000 - .837 .856 300 2700 23.55

5000 - .856 .872 300 2700 24,02

5000 ©,872 .889 300 2700 24.51

5000 -.889 .905 300 2700 25.00

5000 ..905 -.922 300. 2700 25.50

5000 .922 .946 300 2700 26.40

5000 .946 .969 300 2700 27.34

5000 .969 .993 300 2700 28.15

. 5000 .993  1.020 300 2700 29.21

5000 1.020 1.050 300 2700 30.59

2000 1.050 1.059 300 2700 31.55

2000 1.059 1.071 300 2700 32.06

- 2000 1,071 - 1.083 300 . 2700 32.39

. 20000 1,083 1.099 300 2700 32.96

2000, 1.099 © 1.113 300 12700 34.07

2000  1.113 1.127 300 2700 34.98

2000  1.127 1.143 300 2700 35.91

2000 1.143 1.160 300 2700 36.92

12000 1.160 1.179 300 - 2700 38.08

2000 1.179  1.203 300 - 2700 39.59

2000 .~ 1.203 1.258 300 2700 42.09

2000 1.258 . 1.255 300 2700 43,82

2000 1.255 1.286 300. 2700 46.49

1000 1.286 - 1.304 300 - 2700 49 .45

1000 1.304 1.324 300 2700 50.86

1000 1.324  1.353 300 2700 53.99

-1000 1.353  .1.381 300 2700 57.73

15-6-8 5000 . .858  .860 300 - 2700 23.86
‘ 5000 .860 .893 . 3000 3000 27.39
- 5000 .893 .911 . 300 2700 25.19

5000 .911 .924 300 2700 25.67

5000 .924 .944 300 2700 26.21
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Table XI. (Cont.)

1/2

Specimen Cycles (i Jf | Ml?ibL§ad :Ma?igL§ad AR—ksi-in.’
15-6-8 . 5000 944 .969 300 2700 27.15
5000 .969  .993 300 2700 28.14
5000 .993  1.007 300 2700 ' 28.76
5000 1.007  1.047 300 2700 - .30.14
2000 1.047  1.059 300 2700 31.55
2000  1.059 1.069 300 - 2700 32.06
2000  1.069 - 1.091 300 2700 32.88
20000 1.091 1.103 . 300 2700 ©33.70
2000 1.103 - 1.122 - 300 ° 2700 34.59
2000 1.122  1.136 300 + 2700 ~35.60
2000 1.136 1.151 300 2700 - 36.58
2000 1.151  1.176 300 - 2700 37.98
2000 1.176  1.202 300 - 2700 . 39.58
2000  1.202 1.226 300 - 2700 . 41.62
2000 1.226 1.254 300 - 2700 43.54
2000 1.254 1.300 300 2700 46,73
1000 1.300 1.327 300 2700 - 51.49
1

'lOOO "1.327 .364 . 300 .-2700 ~ 54.95
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"Table XII. .Fatigue Crack Growth Data; Aust. @ 870°C; Tempered @ 600°C.

Specimen _”Cyéles ' (in;) (ig.)? Ml?ib%?ad Mé?ib?§ad AR-ksi-in.l/?
15-6-9 5000 .837 .860 300 - 2700 23.79
- 5000 .860 .883 300 2700 24.42
5000 .883  .910 300 2700 25.25
5000 .910 .943 300 2700 26.30
5000 .943 .973 300 -2700 27.43
5000 .973  1.013 300 2700 28.06
© 2000 1.013 1.031 300 -2700 30.17
20000 1.031 1.052 300 2700 31.12
2000°  1.052  1.069 300 2700 32.18
2000 1.069 - 1.090 300 2700 33.20
+ 2000 1.090 1.116 . 300 2700 34.42
2000 1.116  1.143 300 12700 35.85
2000 1.133 1.171 300 2700 38.01
2000 1.171  1.205 300 2700 40.24
2000 1.205 1.219 300 2400 37.23
1000 1.219  1.232 300 2400 38.00
1000 1.232 1.247 300 2400 . 38.52
1000  1.247 1.266 300 - 2400 39.93
- 1000 1.266  1.287 300 - 2400 42.16
1000 1.287 1.310 300 2400 43,80
1000 1.310 1.336 300 2400 46.10
1000 1.336 ~ 1.369 300 2400  49.56
© 1000 1.369 1.391 300 2400 52.76
18-6-0 ~ 5000 - .836 = .848 300 2700 23.63
: ' 5000 . . .848°  .878 300 2700 24.26
5000 .878 .890 . 300 2700 24.91
5000 .890 .921 - 300 2700 25.59
5000 - .921 .956 300 2700 26.86
3000 .956 .980 300 2700 28.02
2000 .980 . .998 300 12700 28.85
2000 .998  1.016 300 2700 . 29.72
2000 1.016 1.036 300 2700 30.64
2000 1.036 1.058 300 2700 31.62
2000 1.058 1.080 300 2700 32.45
2000 1.105 300 2700 33.55

1.080



§
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Table XII. (Cont.)
Specimen .Cyc;'les (i% ) (in ) Mn(libL;’a-d ' Ma)(ci,ch))ad AK-—'ksi—in.l/2

18-6-0 - 2000 . 1.105 1,135 - 300 2700 .35.35
1000  1.135 1.151 300 2700 36.94
1000  1.151 1.169 3000 .. 2700 .. 37.98
- .1000  1.169 1.187 300 2700 38.82
1000 1.187 1.209 . 300 2700 40.38
1000  1.209 1.233 300 2700 42.18

1000 - 1.233 1.261 300 2700 . 44 .16 }

500 1.261 1.284 300 - 2700 46.92 |

500 1.284 - 1.303 300 . 2700 . 49.07 ! : o

500  1.303 1.326 300 - 2700 - 51.65 _ |

500 1.326 1.352 300 2700 . 54.81 :

i

i

|

|

!

|

|

i

!

|

[

|

|
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Table XIII. Fatigue Crack Growth Data; Aust. @ 980°C; As-Quenched.

Specimen Cycles (ii;) (ig.) Mi?ib%§ad Ma?ibL§ad AK—kSi—in.l/?

1800-1 5000 .900 952 300 2700 26,77
' 2000 .952 .976 300 .- 2700 28.30
2000 .976 - 1.000 300 12700 . 29.36

2000 1.000 . 1.026 300 2700 30.46

2000 1.026° 1,054 300 2700 31.65

2000 1.054 1.080 300 2700 . 33.25

1000 1.080 1.096 300 2700 34.52

1000 1.096 1.111 300 - 2700 35.42
1000 1.111  1.128 300 2700 36.34

- 1000 1.128  1.146 300 2700 37.08

1000 1.146 1.163 300 2700 38.46

. 1000 "~ -1.163 1.181 300 2700 39.92

1000 = 1.181 1.203 300 2700 41,50

1000 1.203 1,223 300 2700 43,18

'-1000 1.223 :1.246 300 -.2700 44,99

~1000 1.246 1.279 300. 2700 47.16

1000 1.279 1.313 300 2700 50.65

500 1.313 1.338 300 . © 2700 53.90

100 1.338 1.347 . 300 2700 57.30

100 . 1.347 1.355 300 2700 58.70

1.371 300 60.16

255

1.355

2700




Table XIV. Fatigue Crack Growth Data; Aust.

~48¥

- @ 870°C; AS—Quenched .

Min. Load"

/2

Specimen' Cycles (i%.) (ig.) (1b.) ﬁa?ib%§ad AK-ksi-in.
321 2000 .905 .910 300 2700 24,15
- - 2000 .910 = .916 300 2700 24.32

2000 .916.  ..924 300 2700 24,48
2000 .924 .939 300 . 2700 24.82
2000 .939 . ..957 300 2700 25.53
-2000- .957  ..979 300 2700 26.27
2000 ..979 1.000 300 2700 127.05

2000 1.000 1.022 300 2700 27.86

2000 1.022 1.042 300 2700 28.72
2000 1.042 1.064 300 . 2700 29.64
1000 1.064 1.076 300 2700 . 30.62
1000 1.076. 1.087 300 2700 31.38
1000 . 1.087  1.099 300 - 2700 31.92
1000 1.099 1.110 300 2700 32.47
1000 1.110 1.123 300 2700 133.04
1000  1.123 - 1.138 300 - 2700 33.92
1000 1.138 - 1.151 300 2700 34.85
1000 1,151 1.169 300 - 2700 -35.50
1000 1.169 1.180 300 2700 36.52
1000 - 1,188* 1.207 300 12700 38.72
1000 " 1.207 1.222 300 2700 39.90°
1000 1.222 1,240 300 2700 40.90
1000 - 1.240 1.262 300 2700 42,40
1000 1.262 1.284 300 - .2700 44,00
1000 1.284 1.309 300 2700 . 46.54
1000 1.309 1.340 300 2700 50.57
500 1.340 1.358 300 2700 53.35
100 1.358 1.363 - . 300 .. 2700 55.02
100 1.363 1.368 300 - " 2700 - 55.37
1.368 300 2700 63.46

100

1.377

N -
Specimen removed and crack lengths measured using a metallurglcal
microscope with a calibrated stage.
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" Table XV. Fetigue Crack Growth Data; Aust. @ 870°C; As-Quenched.

Specimen ';Cycles (?%;) (ig )' nl?ib%sad Ma?ib%;ad AK—ksi~in.1/2

324 2000 .971 .998 - 300 2700 27.27
1000 .998 1.012 300 2700 28.10
1000 -1.,012 1.021 300 2700 28.55
- 1000 1.021 1.032 300 2700 28.94
- 1000 1.032 1.047 300 2700 29.63
1000 1.047 1.060 300 , 2700 30.34
1000 1.060 1.072 300 2700 -30.84
.1000 1.072 1.084 300 2700 31.34
1000 1.084 1.100 300 2700 32.14
1000 ~1.100 1.117 300 - 2700 33.25
1000. 1.117 1.133 300 2700 34.13
1000 1.133° 1.149 300 2700 35.08
-1000 11.149 1.165 300 2700 36.01
1000 1.165 1.183 300 2700 37.09
1000 1.183 1.200 300 - 2700 38.56
1000 1.206* 1.224 300 2700 40.51
1000 ’1,224 . 1.250 300 2700 42.25
1000 1.250 1.269 300 2700 43.98
1000 - 1.269 1.293 /300 ©'2700 45.98
"500 1.293 1.308 300 2700 48.42
'500 - . 1.308 1.326° 300 2700 50.40
500 1.326 1.343 300 2700 52.23
100 1.343. 1.348 300 - 2700 -53.85
100 1.348 1.353 300 2700 54.50
- 100 1.353 1.361 330 3000 61.79
100 - 1.361 1.370 330 3000 62.98

100 1.370. 1.380 330 . 3000 64.20
1.391 65.83

100

1.380

330

3000

. ,
Specimen removed and crack lengths measured using a metallurg1ca1
microscope with a calibrated stage.
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FIGURE CAPTIONS

Round fensile specimen.

Compact tension fracture tbﬁghness specimen; 9/16 in., -

" thickness used.
sSetup'usédbfor‘fatigue crack growth studieS'shbwiﬂg MTS -and

‘allignment scope.

Calibration curve for COD gage.

' 'Hardness as a function of tempering temperature. 5Mo-.3C

steél'éustenitized:étv1200°c;

Yield strength‘as’a fuﬁction of_tempering fempérature
5Mo~-.3C stéel austenitized at 1200°C. | |

Plané strain fract@re toughness as é,fuﬁction of témpéring

temperature. 5Mo-.3C; austénitized at -1200°C

* Fatigue ‘crack propagation rate vs streSstintensity range for
. the as-qﬁenched 5Mo-0.3C steel.austenitized at 1200°C. -Data

- from épecimens 15-1 and 18-1. (Paris'relationvfitted for

1/2

units).

'Fatigue crack propagation rates vs stresé intensity range

for 1200°C austenitized, 225°C tempered 5Mo-.3C steel. Data

from specimens 16-2 and 18-2.

Fig. 10. Fétigue crack propagation rates vs.stfeSS.intensity range -
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from specimens 16-2 and 18-3.
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Fatlgue crack propagation rates vs stress 1ntensity ranne

»for 1200°C austenitlzed 500°C tempered 5Mo-.3C steel Data
" from specimens '15-4 and 18-4.

‘Fatigue crack‘propagation rates vs stress intensity range -

for 1260°C°austenitiéed, 600°C tempered'SMo-.BC steel. Data

. from specimen 15-5.

13,

14.

15.

"16. .

17.

18.

'Microstructure'of'as—quenched 5Mo-.3C steel after austenitiza-

“tion at 1200°cC.

Fatigue fracture region in 1200°C austenitized, as~-quenched
5Mo-.3C steel. (a)_Overall appearanceyof surface. AK-35 ksi-

in.l/z.' (b). Comp051te enlargement show1ng quasi—cleavage at

- A, fatigue cracking through bulk mlcrostructure at B and

. local striationS‘at C.-

Fatigue fracture Showing striations in 1200°C austenitized

vas—quenched 5Mo=-.3C steel. (a) Overall appearance of fatigue

1/2

_surface.v AK—40 k51-in . Striations appear at A.

~(b) Enlargement of striations.

¥

Fast fracture region of 1200°C austenitlzed as-quenched

5Mo-. 3C steel

Fatigue,fracture surface of 1200°C austenitized, 225°C

tenpered 5Mo-.3C steel.

‘Fast fracture appearance of lZOOfC'austenitiZed, 225°C

tempered 5Mb—;3Cistee1 showing primariiy dimpled rupture

appearance.
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Fast fracture appearance of'1200°C_austenitized, 300°C .

" tempered 5M6+,BC'steel showing pfimafilquuasi—cleavage
' appearance;
vComppsité of fatigue fracture surface of 1200°C austenitized

' 300°C tempered 5Mo-.3C steel. Genéfél fatigue appeararce

resembles that of ‘as-quenched material. AK=35 ksi—ih.l/z.

Composite SEM fractograph showing fatigue fracture surface

~of 1200°C Qustenitized,'500°C'tempered15Mo—.3C steel.

1/2

Quasi-cleavage visible. AK=31 ksi-in.’ .

Fast fraqtﬁre appearance of 1200°C austénitizéd, 500°C

tempered 5Mo-.3C steél’showing quasi—cleavagé appearance.
Microstructure of 1200°C austenitized, 600°C tempered

5Mo-.3C steel.

.Composite SEMvfractbgraph Showing fatigue fracture surface

of 1200°C austenitized; 600°c temﬁered,SMb—.3C steel.

Intergranular mode of failure évident‘inﬁfatigué afea.'

AKR=21 ksi—iﬁ.l/z. |

Fast fracture appearance of 126Q°C,éustenitized 600°C
tempéred 5Mo—.3C's£eé1. (a) Intergfaﬁﬁlaf médes shoﬁn

b) ngsi—cleaﬁagevéhown. . |

Hardness vs tempering tempered for 5Mo—{3C steél austénicizgd
at 870°C.

Yiéld strengtﬁ as a function of temperihg temperature for

5Mo-.3C steel austenitized at 870°C.
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Fracture toughness as a function of tempering temperature

for 5Mo-.3C steel austenitized at 870°C.

Fatigue crack propegation rates vs stress intensity range
for 870°C austenitized, as-quenched 5Mo-.3C steel. Data

from specimen'18¥2(6),

'-Fatigue crack propagation rates vs stress intensity range

for 870°C austenitized, 225°C tempered SMo-.3C steel. Data

from spec1men 18 3(6)

'-Fatlgue crack propagatlon rates vs stress intensity range

for 870°C austenitized 300°C tempered 5Mo-. 3C 'steel. Data
from specimens 15 5(6) and 18-6(6).
Fatigue crack propagation rates vs stress intensity range

for 870°C austenitlzed 500°C tempered SMo— 3C steel. Data

‘5from specimens 18-7(6) and 15-8(6) .

Fatigue ersck propagation rates vs streSS intensity range
for 870°C austenitized, 600°C tempered Sﬁo—;SC steel. Data
from specimens 15-9(6) and 18-0(6). |
Microstrneture of 870°C‘austenitized, as-quenched 5Mo-.3C
steel.r (a):High frection:of carbides shown (b) Light areas,
pessibly ferrite shown. | “

Fatigue'fracture regiOn bordering fastvfracture region for
870°C austenitized;'as;qnenched, Sﬁo—.BC.steel. (a) Overall
.appeerance. :(b)'Composite enlargement:of region.

Fast fractnrevappearance of 870°C austenitized, as-quenched,

5Mo-. 3C steel. “(a) Overallvsppearance.»'(b)‘Enlargement

showing quasi-cleavage appearance.



Fig. 37.

Fig. 38.

Fig. 39.

Fig. 40.

Fig. 41.

Fig. 42.

Fig. 43.

Fig. 44.

Fig. 45.
Fig. 46.

Fig. 47.

Fig. 48.
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Microstructﬁfe of'és—quenéhed 5Mo-. 3C stéel after
auéteﬁitizatioh af 980°C. ' Undissolved @éfbides present.
Fatigue crack grdwfh rates vs stress intensity range for
§80°C austenitizéd, as~quenched 5Mo—.368féel;:'Déta from
sﬁecimen 1800-1.. | “
Fatigue:fracttré appearance in as—quen?hed 5Mo-.3C steel
thét_was austenitized at 980°C. |

-

Fast_frécture appearance for 980°C auétenitized, as—-quenched

. 5Mo-.3C steel. Quasi-cleavage is primary feature.

Microstructure for 1Mo-.24C steel. Material was austenitized

at 870°C, icésbrine quenched.

Microstructure for 870°C austenitized, as-quenched 1Mo-.34C

steel.

Fétigue crack growth rates vs stress intensity range for
870°C austenitized, as—quénched lMo—.éC;steel.’ Data from
speciﬁen 321. .

Fatigue craék-growth rates vé stress intensity raﬁge for
870°C austenitized, as—quenchéd 1Mo—.34é steel, Data ffqm
specimeﬁ 324. |

Fatigue fracturé appearanée for specimen 321.

Fétigue ﬁractﬁre appearance for épeciﬁeﬁ 324.

Fast fracture éppearance for specimen 321. Dimpledvrupturev

characteristic of surface.

Fast fracture appearance for specimen 324,




Fig.'49a

Fig. 50.
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Comparison of fatigue crack growth and fracture toughness

“properties for the different tempering  treatments given the

ESMo—O.SC steel.after austenitizatibn;ét'1200°C. " Number of

cycles to grow one inch at a constant stress intensity range -
are used to measure crack growth characteristics.

Comparisons of fatigue crack propagation rate vs stress

'.intensity range of 1200°C austenitized aséquenched 5Mo~.3C

Fig. 51.

steel with rates reported for other high-strength steels

(A-Ref. 10, B-Ref. 12, C-Ref. 35 and D-Ref. 9).

Comparison of fatigue crack growth rates vs stress intensity

. range for as—quenched 5Mo-.3C steel.

Fig. 52.

Comparison of number of cycles to failu}e for differents

“loads for 5Mo-.3C steel. Life determined by integrating

Paris relation.
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LEGAL NOTICE

This report. was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy 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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