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" INFLUENCE OF HEAT TREATMENT ON THE FATIGUE CRACK
GROWTH RATES OF A SECONDARY HARDENING STEEL

. R. M..Horn
Inorganic Materials Research Division,,Lawrence'BerkeleybLaBoratory aﬁd
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California 94720
| | | o ABSTRACT |
The relationships between microstructure and fatigue crack
propagation behavior were studied in a 5Mo~0.3C steel. Microstructural .
differences werevachieved by varying the fempering treatmeﬁt; Thé
amounts, distribution, and types of carbides présent were influenced.
by the tempering temperature. Optical metallography and transmission
electron ﬁicroscépy were uéed to éharacterize the micréstrﬁctufes.
Fatigue fracture surfaces ﬁefe studied by séanning'electgép microscqpya
Fér each heat treatﬁent the fatigue crack growth proﬁertie$.were
measured unaef plane-étrain conditioﬁé using.a‘combact tension frécture
toughness specimen. Thé pfopérties were répérte& usiﬁg tﬁé empiriéai»bb
‘relation of Paris [da/dN:¥>COAKm]{ "It was found that secondary
hardening did influence the fatigue crack groﬁth rates. In particular,
'intergrénﬁlaf ﬁddés of fracture dufing farigue led to exéggerated
fafigue crack growth-rates.for the.teméering fréatmen£ producing
”_ péék hardngss.  Limitéd_téstithin a dry‘atgon atmpsphere showed that
the-senéitivity of fatigue crack growth fafes to énvironment changed

with heat treatment.



" INTRODUCTION

Fatigué_craek propagation behavior is very important'in determining
the uséfulness of high streﬁgth sfeels when fhey_are subjected to |
cyclic loading. The crack initiation_period, which‘adds signifiéanily
to the life in conventional fatigue studiés, is often abseﬁt_in the
high strength materials because of pre—-existing flaws, such as inclusions.
Because of its successful use in predicting fracture conditions under
static'loading, linear elastic fracture mechanics has beeﬁ dpplied to
" crack propagation. Paris and his colleaguesl’2 have proposed an'empirical
equation relating the stress intensity, K, to_crack growth rate. Théy
Vshowed that the growth rate was related to the stress intensity'rénge in

the vicinity of the crack tip. Their relation is

da _ T
T CO(AK)
where Qé-is the change in crack length per cycle of loading, AKX is the
, dN . :

range of :stress intensity being applied during cyclie loading, and
Co and m are experimental constants. This relation has been used to

characterize-the behavior of ‘many- materdials; .. investigations. of -the
influence of steel purity and environmental effects have included it. >~
Some investigations have shown that specimen thickness can change . .
e A v o 9 e ' L ' o
fatigue crack propagation rates;” the effect of tempering temperature

10,11 Relatively few. attempts have

on crack growth has also been studied.
been made to relate the microstructural changes associated with tempering
to fatigue crack growth behavior, however.

Previous fracture toughness work has shown that large variatiens

in ‘toughness at equivalent yield strength levels occur in a quenclied



and'féﬁpered 5Mo4O.3C secondary harden'ing’ste'el;12 ‘Thé microstructural
changés resulting frém different“tempéring treatments have been
characterized by tfansmissibn electron microscopy and used to éxpléin

thé observed vafiation in fracturé toughness. The present étudy wés

. designed ﬁo determine the fatigue crack prépagation behavior of fhe
previously characterized 5Mo-0.3C steel in an.ambient,environment. A
second objective was to determine how the micfostructural‘features>that
.control fracture toughness and tensile properties éffect the fatigue crack
growth behavior. -The final objective was to ascertain what effect a

dry enviromment had on fatigue crack growth rates in this steel.
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EXPERIMENTAL PROCEDURES

. Four 20 1b (93kg) vacuum melted ingots Qere used in this study. The_
compositions.ere given in Tebie'I. Each ingot wes ﬂomogenized arbllOO°C
into bars 2 3/4 in. (70 mm) wide and 5/8 in. (15.9 mm) thick. Tensile»
and fracture toughness specimens were cut from the rolled bars, annealed'
at 1200°C for 1 hr in an argon atmosphere, ice-brine quenched, and
refrigerated in liquid nitrogen to obtain a fully martensitic strueture.
Quenched specimens tempered for 1 hr in salt baths at_225°C, 300°¢C,
500°C and 600°C and air cooled were also tested.

Compact teusion fracture toughness specimens meeting ASTM
specificationsl3 were used for the fatigue tests. All speeimeﬁs were
9/16 in. (14.3 mm) thick ro ensure plane strain COnditions;_‘Standard
1/4.in. (6;4 mm) round tensile speeimees ef'lvin. (25;4 mm) gage with

threaded ends were used to measure tensile properties.

Fatigue tests were carried out at room temperature (20-25°C) in air

(45-55% relative humidity) using a 300 KIP (1.33 MN) capacity MTS machine.

T&o additional tests-in dry, reom.temperature argoh were alse eonducﬁed
to evaluate the effect of moisture in the’air'environment‘tests. "The
Lspecimens,were tested at a frequency of 6 Hz under sinusoidal ﬁension—
tension cycling. Fetigue crack advancement was ﬁeaeuredvoptically

using a traveling microscope. Increases in crack aavancement ef 0.00;'in.
(0.025 mm).could be measured on the pre-polished specimen. The craek
‘advancement, Aa, was measured on both surfaces of the specimen, and an
average was used. The load was monitored continuously, and the tests
were carried out using a minimum tolmaximum load ratio of R:= 0.11

(where R=P_ /P . ). Because the minimum and maximum loads were kept
max' ~min )
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constant, the stress intensity range increased as the crack length

increased. The formulation of the stress intensity for the'compact
. . . 13

tension specimen used is as follows:

R = —0 . 29.6(§>1/2 - 185.5(§>3/2 + 655.7<§)5/2
I Wl/2B \"4 \"4 \%

_v1017.o(%)7/2_+ 638.9(%)9/2
Because the stresé intensity range increased, many data points were
collected for each specimen. Cycliciloadinngas stopped apd fracture
toughness tests were carriea out when.%-feached about 0.7.

Fracture surfaces of the fatigue specimens were examined in a
JEOLCO~JSM~U3 scanning electron ﬁicroscope. Specimens cut from thé
fatigue speciﬁen were used for metallographic examination. These
specimens were mechénically polished and étched with a 57 nital solution.

Transmission electron microscopy from an earlier study was also used

. . . 1
for microstructure characterization.”



RESULTS AND DISCUSSION

Influence of TemperingATemperature on Strength and Toughness

The variations of the room temperature yield strength and plane strain
fracture toughness behavior with tempering treatment are shown iﬁ Figs. 1(a) -
and 1(b). There was an increase in yield strength with temperiﬁg
temperature in the neighborhood of 600°C, where a peak in hardness | -
and yield strength occurred, as shown in Fig. l(a). The_fracture toughness
droppedvsignificantly where tempering temperatures greater than 225°C
were used, as shown in Fig. 1(b). The lowest value (tempering temperature

"of 600°C) was approximately the same as thaf reported by Goo‘lsby.l2

Effect of Microstructural Features on Crack Propagation

The Paris relation1 was used as a basis for analyzing the room
teﬁperature fatigue crack growth data. A least-squares log-log fitlé
line was used to determine the parameters in the empirical relation, as
shown in Figs, 2(a) through (e). Duplicate tests were made for all tempering
temperatures. except the 600°C treatment. The results of the tests afe
shown in Figs. 2(a) through (e). 'Dry-argon fétigue.tests froﬁ.simgle
" specimens for the as-quenched and 600°C treatment were also carried
out. The results of these tests are shown in-Figs.-3(é) and 3(b).

The following discussion is éoncerned with the relationships | o
between the differences in miqrostructurai features and the"mechanical'
prbperties of steel. The effect of environment—miérostructufe
interaction is subsequently discussed fof two treatments; fhe as-quencﬁe& —

and 600°C tempering treatments, which yielded extremes in fatigue crack
g

growth properties.
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| Microétructure and Crack Growth Rates of the.As—Quenched Steel

Figure 4 1is an optical photomicrograph showing the martensitic
‘structure present in tﬁelas—quenched material. The large austenite
grain size, 300;400 Um diameter, is apparent. As shown by transmission:
electron microscopy in Fig. 5, extensive autotempering was present
in the martensite lathgfzhaving occurred because 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,l2 using dérk‘fieid,transmission electron
microscopy, that tﬁe oﬁly carbide present in the autotempered martensite
was cementite. No eﬁsilon carbide was detected. bThe martensite was |
predominantly the dislocated lath type, which is characteristic of
steels of fhis carbon_content.15 Internal twinning was observeé oﬁly
in isolated régions. |

Figure 6'is a.composite scanning electron micrograph of the fatigue'

1/2 3/2

(38 MN/m™' 7).

fracture. The AK level. in. the area shown was 35 ksi—in.
The macroscopically measured crack growth réte ét this AKX was l.5><10_5
in;/cycle'(3.8XlO—4 mm/cycle). Features characteristic of quasi~c1eavége were
observed periodically in the fatigue area. "An example of this is

shown in the fatigue.area in Fig. 6 at point A. This quasi;cleavage
.fractgre méy account for the scatter in some data points.v Sufrounding

the quasi—cleavage aréa, A in Fig. 6, is evidence of localized plastic
instability (at B). The diffuse markingé‘resemblihg striations (ag B)

also suggest that the fatigue crack was not confined to-a'éingle ﬁlane;

At C in Fig.. 6, indications of striations are also seen. Striations

are revealed more clearly in Fig. 7, which is a scanning electron
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1/

micrograph of another area where the AK was 40 ksi-in.’ 2 (43.5 MN/m3/2).

.The measured average microscopic spacing of these striations 1.6X10*5 in.
(4.0><l0—4 mm) was approximately equal to the macroscopically measured crack
growth rate 1.8><1O—5 in./cycle (4.6><10“4 mm/cvele) . The growth properties - -
were associated with a microstructure characterized by autotempered laths
of predominantly dislocated martensite. The fatigue crack growth
associated with this microstructure followed an approxiﬁate second power

_dependence (m = 2.05) as shown by Fig. 2().

The excellent strength and fracture toughmess properties of the
steel in the as—quenched cqndition.were attributed to the relatively
uniform microstructure, characterized by dislocated autotempered
martensite. No residual carbides or extensive lath boundary pre—
cipitation products were observed in the transmission studies. The
yield strength of the as—quenched materiagl was over 200,000 psi

(1380 MN/mz),‘aud the fracture toughness was about. 90 ksi—in‘l/z

(97 MN/‘m3/2).

Figure 8 shows the fatigue crack propagation rates ofvthe as—quenchéd
5Mo~0.3C steel along with crack growth rates for 6ther quenchéd and
tempe#ed steels having yield sﬁrengths of about ZQ0,000 psi-

(1380 MN/m2).’»2-11,16

-

As the figure shows, the as-quenched 5Mo-0.3C
steel displayed fatigue crack propégation rates at high values of AK

that were appreciably less than those reported for the other steels.
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Microstructure and Fatigue Crack Growth Rates After Tempering at 225°C

Tempering at 225°C resulted in a significant increase in fracture
toughness, as shown in Fig. 1(b), and a.drop in yield strength, as
shown in Fig. 1(a). Transmission electron microscopy. revealed no obvious
differences in microstructure between the as—quenched condition and the
o 12 .
225°C temper, although the lower yield strength reflected the
tempering of the martensite formed at lower temperatures during initial
quenching.
The fatigue crack growth rates in the tempered samples were also
characterized by a second power law (m = 1.9); the growth rates for
a given AK were esséntially the same as those for the as-quenched
specimens. The appearance of the fatigue fracture surface was the
same as was found in the as-quenched specimens. Figure 9 reveals the
shallow~dimpled rupture appearance of the fast fracture area,
' s s ; 17 . . ,
characteristic of the high fracture toughness. This, too, was similar-

to the appearance of the fracture surface of the as—qdenchedvspeciméns.

Microétructure and Fatigue Crack Growth Rates After Tempering at.300°C ::
Tempering at 300°C led to a éignificant drop in yield stréngth, as:
well as to a drop in fracture toughness, as showﬁ in Figs. 1(a) and 1(b).
Transmission electron microscdpy revealed that“subsfaﬁtiai gfowth of |
léth boundary precipitates had occurred, as shown in Fig. 10.12 In
the fast fracture area, the lath boundary precipitatibn led té a change

in appearance from dimpled rupture, characteristic of the 225°C tempered

specimen, to quasi-cleavage. In Fig. 11, a scanning electron micrograph
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ofla surface in the fast fracture region, quasi-cleavage fracture
features are evident. The fatigue crack growth rates,did.not reflect
 the lowering of properties that were found in the fracture toﬁghness
tests. In fact, the parameters from the Paris relation derived from
crack growth data show a slight improvement in fatigue properties. The
fatigue fracture surface appearance was unchanged, as shown in Fig. 12

1/2 3/2
where OK was 35 ksi-in. / (38 MN/m /

) and the coefficient, m, remained

‘approximately 2. There was no increase in growth rates even when

maximum stress intensit K approached K
Vs Bpax> #PP ic.

The deterioration of fracture toughness in the 260-315°C tempering

range was a result of "tempered martensite embrittlement', which is

C s ' 18 o
a common characteristic of quenched and tempered steels. In this
steel,. the embrittling effect was attributed to the presence of additional
s . . 12 . : .
precipitates at martensite lath boundaries, leading to a decrease in
. 19 ) : . .
fracture toughness, characterized by the quasi-cleavage fracture.  Lath
boundary precipitation has also been observed in other steels after tempering
. . 0,21
in this temperature range.
The structural features causing tempered martensite embrittlement
did not affect fatigue crack propagation rates significantly in this _ .
steel. A similar discrepancy between toughness and crack growth rates
. S & | '
was observed in 4340 steel by Anctil and Kula. Because the fatigue
crack growth properties are not deleteriously affected by the
"presence of lath boundary precipitates, it can be concluded that some

of the microstructural features controlling fracture toughness do -

not affect fatigue crack propagation substantially. Plastic
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deformation of the matrix is a requisite feature of fatigue crack
growth, and for a given set of test conditions, the characteristics
of the matrix largely govern the crack growth rates.

_The influence of brittle particles on crack growth rates is unclear;

. . L ' . 2224
there is conflicting evidence on the role of such particles.

23 . . . ' s . '
Pelloux ~ found increased growth rates in aluminum alloys with increased
volume fraction of particles, but in his experiments the changes in
. . L 24

volume fraction were large. Glassman and McEvily =~ found decreased
rates in aluminum alloys with an increase in particle volume fraction.
This work, however, was carried out at very high stresses with thin
sheets under conditions of plane stress.

.. Static fracture does not necessérily require plastic deformation;
failure may be by cleavage. Fracture under static loading is highly
sensitive to microstructural features, especially those offering easy
crack paths. 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.

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. 1(a). This increase was caused by secondary hardening. There
was a concomitant drop in fracture toughness, as.shown in Fig. 1(b).

Transmission electron microscopy revealed Fe,C precipitate networks

3
at lath boundaries.l2 Although no molybdenum carbides were detected;
they were undoubtedly present in small quantities accounting for the

rise in strength. The 600°C tempering treatment (discussed in detail

later) produced substantial amounts of easily identified molybdenum carbide.



-12-

The fatigue crack growth rate increased considerably on terpering
at 500°C, as compared with the 300°C tempered specimens. The exponent,
m, was 2.55. Figure 13 shows the appearance of the fatigue region at AR of °

31 ksi-in.>’? (34 mn/m>’? 5

). The corresponding crack growth rate was 2.5X10—
in./cycle (6.3X10—4-mm/cycle); The compositelphotograph‘reveals that the
fatigue surface contained features similar to_thése obserVéd in the 300°C
tempered condition. It was concluded that the thiékened and extensive
cementite films, as well as alloy carbides, led to the obser§ed

increase in growth rates for the 500°C tempered specimen-‘ With extensive
films present, the average crack growth rates reflected the lower

toughness of the steel in this condition.

Microstructure and Fatigue Crack Growth After Tempering at_ﬁOO?C

A large increase in yield strength and a further dec:ease in fracture
toughness were observed for specimens tempeted at>600°C.- The results
are shown in Figs. 1l(a) and 1(b). TranSmission.electron microscopy revealed
MOZC dispersed within the martensite laths; electron diffraction showed

that Fe3C was no longer present in specimens tempered at this tempera-

ture.lz - Extensive precipitation was revealed by optical metallography,

as shown in Fig. 14. The fast fracture region contained large regions of -
integranular- failure along with quasi-cleavage features.
The fatigue crack growth rates increased significantly over those

characteristic of specimens tempered at lower temperatures. As Kmax

approached'KI the growth rates increased to very high values, as shown

c

in Fig. 2(e). The exponent, m, increased to 4.5, and there was considerable

scatter in the growth rate data. Scanning electron microscopy of the

fatigue surface revealed the significant reasons for the increased crack
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growth rate and the cause of the larger scatter.in_the data. Figure 15
is a composite photograph of the fatigue surface taken from a specimen which
exhibited a crack growth rate of 1><10_5 in./cycle (2.5X10~4 mm/cycle) at AK

1/2 /2). The figure shows that an intergranular'fail—

of 21.5 ksi in. (23.5 MN/m3
ure mode was present in the fatigue region, as well as the usual ductile mode
characteristic of a fatigue fractufe. The added mode was observed at

vboth low and high level of Kmax with respect to the low KIC produced

by this heat treatment. The increase ingrowth rétes and the large

scatter for the 600°C fempered specimen can bé.attributed.to the addéd
intergranular mode of failure present during fatigue in the specimen‘
tempered at 600°C. Similar observations have been madebon other steels.
Ritchie and Knott25 saﬁ the presence of grain-Eouﬁdary cracking. during
fatigue in "temper brittle' EN30A (embfittled at 540°C) under plané

strain éonditions. - They also found én increase in the exponené
describing the fatigue crack growth properties. Rayner.et al.26 found

that in similar steel, Mo,C nucleated at cementite/ferrite interfaces

2
as well as on matrix dislocations and at grain boundaries. This precipitation
would lead to extensive lath boundary and grain bdundary precipitation
of the new carbide. Small precipitates would also pin dislocations
accounting for the increased strength. With matrix dislocations
unable to move, cracking at grain boundaries could occur during cyclic
loading. Carbide films at prior austenite grain boundaries have been

.27 | S
shown to lead to deterioration in properties. However, a degradation
"in fracture strength has also been attributed to impurity segregation

. 28 . .

to these boundaries. The only clear result was that the tempering

treatment producing peak secondary hardening led to increased fatigue

crack growth rates.
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Micrdstfuctural Environmental Interaction and Fatigue.
Crack Propagation on the 5Mo-0.3C Steel '

Having established that in air the fatigue crack growth rates varf
with microstructure, it was necessary to evaluatz the effect of
environﬁental—microstructural interaction. Limited fatigue tests in
a ary argon environment were carried out to do this.

Figures 3(a) and (b) show the fatigue crack growth rates in dry argon
fbr the as-quenched and 600°C tempering treatments, respectivély. The
broken lines represent the ambient properties. It is clear that moist
air environments enhance crack growth rates in the as-quenchéd steel.
This has been repeatedly shown on similar high strength stééls;g’zg
The 600°C tempered material showed less sensitivity to environment,
however. The fatigue fracture surface for the specimen tested ih.dry
argon still showed evidence of intergranular failure modes both in.low
and high AKX regions. TFor this microstructure, having unusually pﬁor

fracture toughness, the undesirable features dominated environmental

.effectsf
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SUMMARY AND CONCLUSIONS

The fatigue crack growth properties and fracture toughness properties
for the 5Mo-0.3C steel are compared for the diffefent tempering
treatments in Fig. 16 (the crack growth properties are shown as the number
of cycles to grow 1 in.;'25.4 mm,'at a given AK). This figure shows that |
after tempering treatments through 300°C, fatigue crack growth pfoperfies
are insensitive to the microstructural changes that clearly affect
fracture toughness properties. Figure 16 also shows that tempering
at 500°C and 600°C, however, lead to changes that adversely affect
both fracture toughness and fatigue crack.growth properties.

The generalAconcluSions gleened from the study of fatigue crack
propagation in 5Mo-0.3C steel are summérized below;

(1) In this steel, fracture toughness properties were more |
sensitive to microstructural change than were fatigue crack growth
rates. In particular, tempering at 300°C led to é substantial.decrease
~in fracture toughness while it had iittle effect on fatigue craék
growth rates. |

(2) The secondary hardening process, however, Can'adversely affect
both fatigue crack growth and fracture toughness properties. 1In
particular, tempering at bdth 500°C and 600°C in this steel led fo
microstructures having increased crack growth rates gnder éyclic loading
at_KmaX values well below KIC.

(3) The presence. of additional failure modes in the fatigue area,
such as intergranular fracture, causes an increase in crack growth
rates; These changes are reflected in the values of the empirical.

constants from the Paris relation.
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(4) Limited testing in a dry argon environment éhowed variation in
sensitivity to moisture effects during crack propagation with micro-
structure. In particular, the as-quenched material exhibited rates at
least 507 higher in moist air as in argon, while for the 600°C
tempered specimen the data for the two énvironments-overlapped.

(5) The genéral fatigue crack growth properties in the as-—guenched
5Mo-0.3C steel, which had an autotempered'martensite_structure, were
comparable to other high strength steels in an ambient environment. The

crack growth rates followed an approximate second power dependence.
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Table I. Chemical analyses of alloys used.

Alloy No. Mo Mn C . Fe

‘ 723-15 5.0 0.66 0.28 balance
723-16 5.1 0.70 0.26 balance
723-17 5.1 0.66 0.26 balance

723-18 5.2 0.62 0.28 balance
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FIGURE CAPTION_S
(a) Yield strength as a function éf tempéfing téﬁpefatuxe,
(b) Plane strain fracture toughness és.a function of tempering
temperature. . |
(a) Fatigue crack propagation raté vs stress intensiﬁy rangé for

the as—-quenched 5Mo~0.3C steel. Data from specimens 15-1

and 18-1.

" (b) Fatigue crack propagation rate vs stfess'intensity range for

the 225°C tempered steel. Data from specimens 16-2 and 18-~2.
(¢) Fatigue crack propagation rates vs Stress intensity range

for the 300°C tempered steel. Data from specimens 15-3 and 16-3.

(d) Fatigue crack propagation rates vs stress'intensity range for

Fig. 3.

the 500°C tempered steel.. Data_from_specimens 15-4 and 18—4.'

(e) Fatigue crack propagatibn rates vs stress intensity range for

the 600°C tempered steel. Data from sﬁecimen 15;5.

(a)Eatigue crack propagation rates vs stress intensity.range for
tﬁe as-quenched 5Mo-0.3C steel carried out in dry argon. Data
from specimen 17-1. Dashed line represents ratéé in air.

(b) Fatigue crack propagation vs stress intensity range for the
600°C tempered steel carried out in dfy argon. Data from
specimen 17-5. Dashed line represents rates fof steel in same

condition in air.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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11.

12,

-2

Microstructure of the as~quenched material.
Structure of as—quenched specimen showing in bright field
{(a) autotempered, dislocated martensite laths, and in dark field

(b) cementite precipitation.

1/2

Fatigue fracture region in as—quenched material. AK-35 ksi-in.

-(38—MN/m3/ ). Composite enlargement shows quasi-cleavage

at A, fatigue-cracking through bulk microstructure at B, and
local ‘striations at C.

Fatigue fracture showing striations in as—quenched material.

K = 40 ksi-in.™'? (43.5 my/n’?).

Comparisons of fatigue crack propagation rate vs stress
intenéity range of as-quenched steel with rates réported for
other high-strength steels (A-Ref. 9, B-Rev. 11, C-Ref. 16

and D-Ref. 7).V

Fast fracture appearance of 225°C tempered steel showing
primarily dimpled rupture characteristics.

Structure of 300°C tempered material showing in bright field
(a) cementite precipitation in lath boundaries and dark field
(b) of cementite reflection.

Fast fracture appearance of 300°C tempered steel showing : -
quasi-cleavage characteristics.

Composite of fatigue fractu&e surface of 300°C tempered steel.
General fatigue appearance resembles that of as—quenched

1/ 3/2

material. AK = 35 ksi-in. 2 (38 MN/m

).
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Fig. 13. Composite SEM fractograph showing fatigue fracture surface of

500°C tempered steel. Quasi-cleavage visible., AK -~ 31 ksi--in.l/2

(34 MN/m3/2

).

Fig. 14. Microstructure of 6001o tempéred steel.

Fig. 15. Composite SEM fractograpﬁ showing fatigue fracture surface of
600°C tempered steel. Intergranular mode of failure evident

1/2 (23'MN/m3/2).

in fatigue area. AK = 21 ksi-in,
Fig. 16. Comparison of fatigue crack gfowth and fracture toughness.

vProperties of the different ﬁemperipg treatments given the

5Mo~0.3C steel. Number of cycies to grow:one inch at a

constant stress intensity range are used to measure crack -

growth characteristics.
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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 Energy Research and Development Administration, 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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