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INFLUENCE OF HEAT TREATMENT ON TIIE FATIGUE CRACK 
GROHTH RATES OF A SECONDARY HARDENING STEEL 

R. M. Horn 

Inorganic Materials Research Division,. Lawrerice Berkeley 
Department of Materials Science and Engineering, College 

University of California, Berkeley, California 

ABSTRACT 

Laboratory and 
of Engineering; 
94720 

The relationships between microstructure and fatigue crack 

propagation behavior were studied in a 5Mo-0.3C steel. Microstructural 

differences were achieved by varying the tempering treatment. The 

amounts, distribution, and types of carbides present were influenced 

by the tempering temperature. Optical metallography and transmission 

electron microscopy were used to characterize the microstructures. 

Fatigue fracture surfaces were studied by scanning electron microscopy. 

For each heat treatment the fatigue crack growth properties were 

measured under plane strain conditions using a compact tension fracture 

toughness specimen. The properties were reported using the empirical 

relation of Paris [da/dN= C l1Km]. It was found that secondary 
. 0 

hardening did influence the fatigue crack growth rates. In particular, 

intergranular modes of fracture during fatigue led to exaggerated 

fatigue crack grmvth rates for the tempering treatment producing 

peak hardness. Limited testing in a dry argon atmosphere showed that 

the sensitivity of fatigue crack growth rates to environment changed 

with heat treatment. 

". 
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INTRODUCTION 

Fatigue crack propagation behavior is very importarit in determining 

the usefulness of high strength steels ",hen they are su_bj ected to 

cyclic loading. The crack initiation period, which adds signiticantly 

to the life in conventional fatigue studies, is often absent 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 been applied to 

crack propagation~ 
1 2 

Paris and his colleagues' have proposed an empirical 

equation relating the stress intensity, K, to crack grm.,th rate. Tney 

showed that the growth rate was related to the stress intensity range in 

the vicinity of the crack tip. Their relation is 

da 
dN 

da where is the change in crack length per cycle of loading, LK is the 
dN 

range of stres.s intensity being applied during cyclic loading, and 

C and ill are experimental constants. This relation has been used to 
o 

. 3-6 characterize-the behavior of many-materlals; ~·investigations of-the 

influence of steel purity and environmental effects have included it./,8 

Someinvestigatio~s have shown that specimen thickness can.change. 

fatigue crack propagation rates;9 the effect of tempering temperature 

. 10 11 on crack growth has also been studled.' Relatively few attempts have 

been made to relate the microstructural changes associated with tempering 

to fatigue crack growth behavior, however. 

Previous fracture toughness work has shown that large variations 

in toughness at equivalent yield strength levels occur in a quenched 

... 

" 
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. . . 12· . . 
and tempered 5Mo-O.3C secondary hardening steel. The microstructural 

changes resulting from different tempering treatments have been 
. . 

characterized by transmission electron microscopy and used to explain 

the observed variation in fracture toughness. The present study was 

designed to determine the fatigue crack propagation behavior of the 

previously characterized 5Mo-O.3C steel in an ambient environment. A 

second objective was to determine how the microstructural features that 

control fracture toughness and tensile properties affect the fatigue crack 

growth behavior. The final objective ,.;ras to ascertain. \V"hat effect a 

dry environment had on fatigue crack growth rates in this s·teel. 
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EXPERIMENTAL PROCEDURES 

Four 20 lb (9 kg) vacuum melted ingots Here used in this study. The 

compositions are given in Table 1. Each ingot Has homogenized at 1100°C 

into bars 2 3/4 in. (70 mm) Hide and 5/8 iri. (15.9 mill) thick. Tensile 

and fracture toughness specimens were cut from the rolled bars, annealed 

at l200°C for 1 hr in an argon atmosphere, ice-brine quenched, and 

refrigerated in liquid nitrogen to obtain a fully martensitic structure. 

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 tension fracture toughness specimens meeting ASTM 

'f" "13 d f h f " speCl lcatlons were use or t e atlgue tests. All specimens ,,,ere 

9/16 in. (14.3 111m) thick to ensure plane strain conditions. Standard 

1/4 in. (6.4 mm) round tensile specimens of 1 in. (25.4 rom) gage ..,lith 

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 loITS machine. 

Two additional tests in dry, room. temperature argon were also conducted 

to evaluate the·effect of mbisturein the- air-environment tests. The 

_specimens were tested at a frequency of 6 Hz under sinusoidal tension-

tension cycling. Fatigue crack advancement was measured optically 

using a traveling microscope. Increases in crack advancement of 0.001 in. 

(0.025 rom) could be measured on the pre-polished specimen. The crack 

advancement, ~a, 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 to maximum load ratio of R 0.11 

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

increased. The formulation of the stress intensity for the compact 

l3 tension specimen used is as follows: 

p (29.6(-wa )1/2 
Wl / 2B • 

Because the stress intensity range increased, many data points were 

collected for each specimen. Cyclic loading was stopped and fracture 

a toughness tests were carried out when - reached about 0.7 • 
. w 

Fracture surfaces of the fatigue specimens were examined in a 

JEOLCO-JSM-U3 scanning electron microscope. Specimens cut from the 

fatigue specimen w'ere used for metallographic examination. These 

specimens were mechanically polished and etched with a 5% nital solution. 

Transmission electron microscopy from an earlier study was also used 

f · h' . 12 or IDlcrostructure c aracterlzatlon •. 
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RESULTS AND DISCUSSION 

Influence of Tempering Temperature on Streng.!=h and Toughness 

The variations of the room temperature yield strength and plane strain 

fracture toughness behavior with tempering treatment are shown in Figs. l(a)-

and l(b). There was an increase in yield strength ,-lith tempering 

temperature in the neighborhood of 600°C, where a peak in hardness 

and yield strength occurred, as shown in Fig. lea). The fracture toughness 

dropped significantly where tempering temperatures greater than 225°C 

were used, as shown in Fig. 1 (b). The 10Hest value (tempering temperature 

f 600 °C' - . 1 h h d b G l' 12 o ) was approxlmate y t e same as t at reporte y 00 soy. 

Effect of Microstructural Features on Crack Propagation 

The Paris relation
l 

was used as a basis for analyzing the room 

temperature fatigue crack growth data. A least-squares log-log fit14 

line was used to determine the parameters in the empirical relation, as 

shown in Figs. 2 (a) through (e). Duplicate tests Here made for all tempering 

temperatures- except the 600°C treatment. The results of the tests are 

shown in Figs. 2(a) through (e). Dry argon fatigue tests from single 

specimens for the as-quenched and- 600 c C treatment were also carried 

out. The results of these tes ts are shmm in Figs . 3 (a) and . 3 (b) . 

rne following discussion is concerned with the relationships 

between the differences in microstructural features and the mecha.nica.1 

properties of steel. The effect of environment-microstructure 

interaction is subsequently discussed for two treatments, the as-quenched 

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

growth properties. 
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~licrostructure and Crack Growth Rates of the As-Quenched Steel 

Figure 4 is an optical photomicrograph showing the martensitic 

structure present in the as-quenched material. The large austenite 

grain size, 300-400 )lm diameter, is apparent . As shown by 'transmission 

electron microscopy in Fig. 5, extensive autotempering was present 

in the martensite laths~2having occurred because the M temperature was 
s 

high (about 425°C). The high M of the material was a consequence of 
s -

the relatively low carbon content (0.3%) and the high austenitizing 

temperature. 12 
Goolsby has shown, using dark field transmission electron 

microscopy, that the only carbide present in the autotempered martensite 

was cementite. No epsilon carbide was detected. The martensite was 

predominantly the dislocated lath type, which is characteristic of 

IS steels of this carbon content. Internal twinning was observed only 

in isolated regions. 

Figure 6 is a composite scanning electron micrograph of the fatigue 

fracture. The 6K leveLin the area shown was 35 ksi-in. l / 2 -(38 MN/m3 / 2). 

- -5 
The macroscopically measured crack growth rate at this 6K was 1.SxlO 

in./cycle (3.8xIO-
4 

min/cycle). Features characteristic of quasi-cleavage were 

observed periodically in the fatigue area. An example 6f this is 

shown in the fatigue area in Fig. 6 at point A. This quasi-cleavage 

fracture may account for the scatter in some data points. Surrounding 

the quasi-cleavage area, A in Fig. 6, is evidence of localized plastic 

instability (at B). The diffuse markings resembling striations (at B) 

also suggest that the fatigue crack was not confined to a single plane. 

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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. h f h h the AK was 40 kSl"-1"n. 1 / 2 (43.)- MN/m3/ 2). mlcrograp 0 anot er area were u • 

-S 
The measured average microscopic spacing of these striations 1.6xlO in. 

-4 (4.0 xlO mm) was approximately equal to the macroscopically measured crack 

-5 -4 growth rate 1.8xlO in./cycle (4.6xlO TIlm/cycle). The growth properties 

were associated \"lith a microstructure characterized by autotempered laths 

of predominantly dislocated martensite. The fatigue crack growth 

associated with this microstructure follmved an approximate second power 

dependence (m = 2.05) as shown by Fig. 2(a). 

The excellent strength and fracture toughness properties of the 

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

uniform microstructure, characterized by dislocated autotempered 

martensite. No residual carbides or extensive lath boundary pre-

cipitation products \vere observed in the transmission studies. The 

yield strength of the as-quenched material \vas over 200,000 psi 

(1380 :t<IN/m2), and the fracture toughness was about 90 ksi-in. l / 2 

(97 }IN/m3/ 2). 

Figure 8 shows the fatigue crack propagation rates of the as-quenched 

5Mo-O.3C steel along \vith crack growth rates for other quenched and 

tempered steels having yield strengths of about 200,000 psi-

(1380 MN/m2).7,9,11,16 As the figure shows, the as-quenched SHo-0.3C 

steel displayed fatigue crack propagation rates at high values of !::,K 

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. l(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 

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 ~o1ere also 

charac·terized by a second power law (m = 1. 9); the growth rates for 

a given 6K were essentially 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, 

17 
characteristic of the high fracture toughness. This, too, was similar 

to the appearance of the fracture surface of the as-quenched specimens. 

Microstructure and Fatigue Crack Growth Rates After Tempering at 300°C 

Tempering at 300°C led to a significant drop in yield strength, as 

well as to a drop in fracture toughness, as shown in Figs. l(a) and l(b). 

Transmission electron microscopy revealed that substantial growth of 

lath boundary precipitates had occurred, as shown in Fig. 10.
12 

In 

the fast fracture area, the lath boundary precipitation led to 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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of a 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 toughness 

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 shmm in Fig. i2 

1/2 3/2 
where 8.K \vas35 ksi-in. (38 I1N/m ) and the coefficient, m, remained 

approximately 2. There was no increase in grmvth rates even Ivhen 

maximum stress intensity, Kmax' approached K1C .. 

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

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

. 18 
a common characteristic of quenched and tempered steels. In this 

steel, the embrittling effect was attributed to the presence of additional 

. . . 1 h b d . 12 1 d' . d . prec:!..p:!..tates at martens:!..te at oun arles, ea lng to a ecrease ln 

19 fracture toughness, characterized by the quasi-cleavage fracture. Lath 

boundary precipitation has also been observed in other steels after tempering 

20,21 
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 

was observed in 4340 steel by Anctil and Kula. 11 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; 

h . fl·· . d h 1 f h .. 1 22-24 t.ere 1S con 1ct1ng eV1 ence on t e ro e a suc part1c es. 

23 Pelloux found increased growth rates in aluminum alloys with increased 

volume fraction of particles, but in his experiments the changes in 

volume fraction were large. Glassman and HcEvily24 found decreased 

rates in aluminum alloys with an increase in particle volume fraction. 

This \-Jork, however, was carried out at very high stresses with thin 

sheets under conditions of plane stress. 

Static fracture does not necessarily 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. 

Hicrostructure and Fatigue Crack Growth After Tempering at SOO°C 

Tempering at SOO°C led to a small increase in yield strength, as 

shown in Fig. l(a). This increase was caused by secondary hardening. There 

was a concomitant drop in fracture toughness, as shown in Fig. l(b). 

Transmission electron microscopy revealed Fe
3

C precipitate networks 

. . 12 
at lath boundaries. Although no molybdenum carbides were detected, 

they were undoubtedly present in small quantities accounting for the 

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

later) produced substantial amounts of easily identified molybdenum carbide. 
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The fatigue crack gro'\.lth rate increased considerably o,n tempering 

at 500°C, as compared ",'ith the 300°C tempered specimens. The exponent, 

m, was 2.55. Figure 13 shows the appearance of the fatigue region at 6K of . 

31 kSl"-1"n.1/2 (34 MN/m3/ 2). -5 The corresponding crack growth rate "!;vas 2. 5x10 

-4 
in./cyc1e (6.3 xlOmm/cycle). The composite photograph reveals that the 

fatigue surface contained features similar to. those observed in the 300°C 

tempered condition. It was concluded that the thickened and extensive 

cementite films, as well as alloy carbides, led to the observed 

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. 

Hicrostructure and Fatigue Crack Gro1;vth After Tempering at. 600°C 

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. l(a) and l(b). Transmission electron microscopy revealed 

Mo2C dispersed within the martensite laths; electron. diffraction showed 

that Fe
3

C was no longer present in specimens tempered at this ,tempera-

12 
ture. 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 K 
max 

approached K
IC 

the growth rates increased to very high values, as shown 

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 



-13-

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 

-5· -4 exhibited a crack growth rate of 1x10 in./cycle (2.S XlO mill/cycle) at ~K 

of 21.5 ksi in. 1 /
2 

(23.5 MN/m3/
2
). The figure shows that an intergranular fai1-

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

characteristic of a fatigue fracture. The added mode Has observed at 

both low and high level of K with respect to the lo,y Krc produced 
max 

by this heat treatment. The increase in gro';-lth rates and the large 

scatter for the 600°C tempered specimen can be attributed to the added 

intergranular mode of failure present during fatigue in the specimen 

tempered at 600°C. 
6 Similar observations have been made on other steels. 

25 
Ritchie and Knott saw the presence of grain boundary cracking during 

fatigue in "temper brittle" EN30A (embrittled at 540°C) under plane 
/ 

strain conditions. They also found an increase in the exponent 

describing the fatigue crack growth properties. Rayner et a1.
26 

found 

that in similar steel, Mo2C nucleated at cementite/ferrite interfaces 

as well as on matrix dislocations and at grain boundaries. This precipitation 

would lead to extensive lath boundary and grain boundary 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 
shown to lead to deterioration in properties. Hm-lever, a degradation 

in fracture strength has also been attributed to impurity segregation 

to these boundaries.
28 

The only clear result was that the tempering 

treatment producing peak secondary hardening led to increased fatigue 

crack growth rates. 



Hicrostructural Environmental Interaction and Fatigue 
Crack Propagation on_ the SHo-a.3C Steel 

Having established that in air the fatigue crack growth rates vary 

~vith microstructure, it was necessary to eva1uat == the effect of 

environmental-microstructural interaction. Limited fatigue tests in 

I 

a dry argon environment were carried out to do this. 

Figures 3(a) and (b) show the fatigue crack growth rates in dry argon 

for the as-quenched and 600°C tempering treatments, respectively. The 

broken lines represent the ambient properties. It is clear that moist 

air environments enhance crack grmvth rates in the as-quenched steel. 

~ h b dl h 1 h h h 1 8 , 29 Tllis as een repeate y s own on simi ar ig strengt stee s. 

The 600°C tempered material showed less sensitivity to environment, 

however. The fatigue fracture surface for the specimen tested in dry 

argon still showed evidence of intergranular failure modes both in Im.v 

and high l'1K regions. For this microstructure, having unusually poor 

fracture toughness, the undesirable features dominated environmental 

effects. 
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SUMMARY AND CONCLUSIONS 

The fatigue crack growth properties and fracture toughness properties 

for the 5Mo-O.3C steel are compared for the different tempering 

treatments in Fig. 16 (the crack growth properties are shmm as the number 

of cycles to grow 1 in.,· 25.4 rom, at a given 6K) ; This figure shows that 

after tempering treatments through 300°C, fatigue crack growth properties 

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 general conclusions gleened from the study of fatigue crack 

propagation in 5Mo-O.3C steel are summarized 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 a substantial decrease 

in fracture toughness while it had little effect on fatigue crack 

growth rates. 

(2) The secondary hardening process, however, can adversely affect 

both fatigue crack growth and fracture toughness properties. In 

particular, tempering at both 500°C and 600°C in this steel led to 

microstructures having increased crack growth rates under cyclic loading 

at K values well below K
IC max • 

(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 showed variation in 

sensitivity to moisture effects during crack propagation with micro

structure. In particular, the as-quenched material exhibited rates at 

least 50% higher in moist air as in argon, while for the 600°C 

tempered specimen the data for the two environments overlapped. 

(5) The general fatigue crack growth properties in the as-quenched 

5Ho-O.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 CAPTIONS 

Fig. 1. (a) Yield strength as a function of tempering temperature. 

(b) Plane strain fracture toughness as a function of tempering 

temperature . 

Fig. 2. (a) Fatigue crac~ propagation rate vs stress intensity range for 

the as-quenched SMo-O.3C steel. Data from specimens 15-1 

and 18-1. 

(b) Fatigue crack propagation rate vs stress intensity range for 

the 22SoC tempered steel. Data from specimens 16-2 and 18-2. 

(c) Fatigue crack propagation rates vs stress intensity range 

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

"Cd) Fatigue crack propagation rates vs stress intensity range for 

the SOO°C tempered steel., Data from specimens 15-4 and 18-4. 

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

the 600°C tempered steel. Data from specimen lS-S. 

Fig. 3. (a) Fatigue crack propagation ratesvs stress intensity range for 

the as-quenched 5Mo-O.3C steel carried out in dry argon. Data 

from specimen 17-1. Dashed line represents rates in air. 

(b) Fatigue crack propagation vs stress intensity range for the 

600°C tempered steel carried out in dry argon. Data from 

specimen 17-5. Dashed line represents rates for steel in same 

condition in air. 
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Fig. 4. Microstructure of the as-quenched material. 

Fig. 5. Structure of as-quenched specimen showing in bright field 

(a) autotempered, dislocated martensite laths, and in dark field 

(b) cementite precipitation. 

Fig. 6. Fatigue fracture region in as-quenched material. bK-35 ksi-in. l / 2 

(38-MN/ru3
/

2
). Composite enlargement shows quasi-cleavage 

at A, fatigue-cracking through bulk microstructure at B, and 

local striations at C. 

Fig. 7. Fatigue fracture showing striations in as-quenched material. 

Fig. 8. Comparisons of fatigue crack propagation rate vs stress 

intensity range of as-quenched steel with rates reported for 

other high-strength steels (A-Ref. 9, B-Rev. 11, C-Ref. 16 

and D ... Ref. 7). 

Fig. 9. Fast fracture appearance of 225°C tempered steel showing 

primarily dimpled rupture characteristics. 

Fig. -10. Structure of 300°C tempered material shmV'ing in bright field 

(a) cementite precipitation in lath boundaries and dark field 

(b) of cementite reflection. 

Fig. 11. Fast fracture appearance of 300°C tempered steel shm"ing 

quasi-cleavage characteristics. 

Fig. 12. Composite of fatigue fracture surface of 300°C tempered steel. 

General fatigue appearance resembles that of as-quenched 

material. 6K = 35 ksi-in.
l

/
2 

(38 MN/m3 / 2). 
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Fig. 13. Composite SEM fractograph shmving fatigue fracture surface of 

500°C tempered steel. Quasi-cleavage visible. AK< 31 k . . 1/2 u - Sl-ln. < 

Fig. 14. Microstructure of 600° tempered steel. 

Fig. 15. Composite SEM fractograph showing fatigue fracture surface of 

° 600 C tempered steel. Intergranular mode of failure evident 

in fatigue area. 6K = 21 ksi<-in. 1 / 2 (23 MN/m3 / 2). 

Fig. 16. Comparison of fatigue crack grul;vth and fracture toughness. 

Properties of the different tempering treatments given the 

sMo-O.3C steel. Number of cycles to grmv one inch at a 

constant stress intensity range are used to measure crack 

growth characteristics. 
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Fig. 4 
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Fig . 9 
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Fig. 11 
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Fig. 12 
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.--________ LEGAL NOTlCE---------......, 

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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