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THE EFFECT OF SILICON ON THE ENVIRONMENTAL 
CRACKING BEHAVIOR OF A HIGH STRENGTH STEEL 

Mario Herminia Castro Cedeno 

Materials and Molecular Research Division~ 
Lawrence Berkeley Laboratory and 

Department of Materials Science and Engineering, 
University of California~ Berkeley, California 94720 

ABSTRACT 

The effect of silicon on the environmental cracking behavior of 

high strength steels was investigated by testing AISI 4340 and 300-M 

steels in various environments. Results show that whether it was used 

as an austenite stabilizer or as a solid solution strengthener, 

silicon reduced steady-state crack velocities by substantial amounts. 

lifetimes, however~ appear to depend more on fracture toughness than 

on any other parameter. The present work has confirmed that the 

environmental cracking behavior of a material can be modified by 

composition and heat treatment variation; therefore, the possibility 

of designing environmental cracking resistant alloys should be 

explored further. 
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I. INTRODUCTION 

The addition of small quantities of silicon to steel above the 

amount needed for deoxidation is an accepted metallurgical practice. 

Some of the reasons for its use are that silicon is known to be a very 

potent solid solution strengthener of iron and also because it increases 

the hardenability of steel'-4, Silicon also retards the softening of 

steel on tempering. thus permitting higher tempering temperatures to 

b d 4-7 e use without severe loss of tensile strength Also, the ability 

of silicon to stabilize the austenite phase1 ,4 could become another 

incentive for its use as an alloying element, since retained austenite 

is believed to increase the fracture toughness of high strength 

steels8-13 , 

Another interesting result of adding silicon to steel ;s an en­

hancement of the corrosion resistance, Investigators'4,15 have reported 

improved general corrosion resistance commonly attributed to the forma-

tion of a silica (Si02) film which protects the material from further 

corrosion. The existence of this film is generally accepted in silicon 

iron alloys and silicon cast irons. Glazkova16 reported a reduction of 

pitting corrosion in a silicon modified austenitic stainless steel. 

Stress corrosion cracking resistance can also be improved by means of 

silicon additions, Lees, et, a1. 17 propose the use of silicon to in-

crease the repassivation rate, i,e, to accelerate the formation of a 

protective film and in this way increase the resistance to stress 

corrosion cracking, Carter18 ,19 reported a reduction in the sub-

critical flaw growth rate for a sil icon modified 4340 steel tested in 

distilled water when compared to the original alloy. 



It was silicon's desirable and sometimes unexpected enhancement 

of the corrosion resistance of steels which was of interest in this work. 

Specifically, the effect of silicon on the environmental cracking 

behavior of high strength steels was investigated from two points of 

view: when silicon was used as a strengthener and when used as an 

austenite stabilizer. 

Previous work on the effect of silicon on the environmental 

cracking of high strength steels include that of Carter18 •19 , in which 

4340 steel with various amounts of silicon ranging between 0.09 to 2,15 

percent was tested. His results showed that at a high tensile strength 

level (280 to 300 Ksi) silicon additions cause no marked change in the 

threshold stress intensity (K ISCC )' but resulted in a significant 

reduction in the crack growth rate. At low tensile strength 1evels 

(230 to 240 Ksi) no difference in the crack growth rate was noted for 

various amounts of silicon. The mechanism for this behavior was not 

completely elucidated but it was proposed that silicon containing epsi­

lon carbides somehow retarded the process. Gerber1ch20 ,21 attributes 

the enhanced cracking resistance to reduced lattice diffusivity of 

hydrogen. 

Little work has been conducted on the effect of retained austenite 

on the stress corrosion cracking resistance of steels. One of the few 

projects reported in the literature is that of Webster22 who reported a 

direct correlation between the amount of retained austenite and the 

threshold stress intensity. In addition, McCoy and Gerberich23 , 

DullS and Chandohk24 and Gold and Koppenoa,25 have reported high 
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resistance of austenitic steels to hydrogen embrittlement. These are 

encouraging results; the generally accepted mechanism of stress 

corrosion cracking of high strength steels proposes that hydrogen 

generated by cathodic reaction migrates to the region of maximum 

. . k" 26-38 triaxial stress and there leads to hydrogen-asslsted crac lng 
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II, MATERIALS PREPARATION AND EXPERIMENTAL METHODS 

A. Materials Selection and Preparation 

The alloys used in this investigation were aircraft quality AISI 

4340 and 300-M, Table I shows typical chemical composition of the two 

alloys, The silicon content of the 300-M alloy is substantially higher 

than that of 4340, Bars three inches in diameter were forged, annealed 

and rough-machined into fracture toughness (K1C ) specimens and blanks 

for tensile test specimens (Fig. 1). 

B, Heat Treatment 

Austenitizing was carried out in a vertical tube furnace in an 

argon atmosphere for one hour, Specimens were quenched by opening the 

bottom of the furnace and dropping the bars into the quench medium. The 

specimens were then tempered for one hour in a salt bath, 

For this investigation the quenching medium and the tempering 

temperature were varied, First, both 4340 and 300-M were heat treated 

according to commercial specifications (i,e, austenitizing at 870 0 e, oil 

quenched and tempered at 200 0 e for the 4340 and at 300 0 e for the 300-M). 

Next, a heat treatment was selected for the 300-M which produced a good 

combination of strength and toughness and a fairly large amount of 

retained austenite. This heat treatment consisted of austenitizing 

at 870°C, quenching and holding in brine at 250°C for one hour, followed 

by quenching to room temperature. and then tempering at 300°C (referred 

to hereafter as the isothermal heat treatment). Finally, two heat 

treatments were selected which produced the same yield strengths but 

virtually no retained austenite in both 300-M and 4340, The heat 
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treatments were as follows: 300-M austenitized at 870 0 e, oil quenched 

and tempered at 470°C; and 4340 austenitized at 870 0 e, oil quenched and 

tempered at 300 0 e. With these heat treatments the effect of silicon on 

the cracking behavior was studied in the absence of austenite. To 

examine the effect of retained austenite, the 300-M tempered at 470 0 e 

was compared with 300-M isothermally transformed at 250 0 e. The five 

heat treatments and the resulting properties are shown in Table II. 

C. Mechanical Testing 

After heat treatment, mechanical test specimens were machined to 

the final dimensions shown in Figures la and lb. For the Fracture 

toughness specimens this involved surfacr grinding 0.025 cm from each 

face in order to remove any decarburized layer and machining a notch for 

the clip-in displacement gauge (Fig. 2d). The specimens were then pre­

fatigued in air at room temperature with 135,000 kg MTS machine between 

maximum and minimum loads of 800 kg and 130 kg respectively, until total 

crack size of 0.2035 cm was reached. The fracture toughness tests, 

performed in the same machine. followed standard E-399-72 and were 

conducted at a machine crosshead of 0.10 em/minute. The results are 

shown in Table II. 

Tensile specimens were ground from previously heat treated blanks. 

The grinding and polishing was done under flood cooling to minimize 

heating of the test piece. The tensile tests were conducted at room 

temperature in the same MTS testing machine used for fracture toughness 

tests at a machine crosshead speed of 0.10 cm/min. The results are 

shown in Table II. 



D. ~nvironmental Cracking Tests 

The specimens for the environmental cracking tests were prepared 

in a similar fashion to those used in the fracture toughness tests. 

After fatiguing they were tested in specially constructed machines 

(Figs, 2a and 2b), Specimens were attached to one end of a lever of 

the machine and submerged under water at room temperature. Distilled 

water, containing a 3,5 weight percent of sodium chloride, and deoxidized 

distilled water, obtained by bubbling nitrogen gas through distilled 

water, were used, At the other end, a load was fixed which remained 

constant during the test, A clip-in displacement gauge (Figs, 2c and 

2d) was attached to the specimen and the amplified output was connected 

to a strip chart recorder running at constant speed, The gauge output 

was converted to crack length by means of a compliance calibration 

(Appendix B). With the aid of a computer program a crack growth rate 

versus stress intensity graph was obtained (Appendix C). Each of the 

crack growth rate versus stress intensity curves (Figs, 4 through 6) 

show the test points for two or more test specimens. 

In addition lifetime curves were obtained (Fig. 3). This was done 

by recording the time-to-failure of the specimens. After the failure, 

the size of the original fatigue crack was measured as recommended in 

section 8.2,3 of Standard E 399-7240. This involved measuring to a 

0.0025 cm precision the size of the crack at the center of the crack 

front and midway between the center and the edge on each side. The 

initial stress intensity (K1) was then determined by using the formula 40 : 
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KI = P/BW1/ 2 [29.6 (a/w)1/2 - 185.5 (a/w)3/2 + 655.7 (a/w)5/2 

- 1017.0 (a/w)7/2 + 638.9 (a/w)9/2] 

where: 

P = load on specimen 

B = thickness of specimen 

W = width of specimen 

a = original crack length 

The threshold stress intensity (K 1SCC ) was established by deter­

mining the load at which no failure occcurred in 100 hours41 . The 

specimen was then loaded to fracture in the MTS machine described 

before and the fatigue crack size determined. The threshold stress 

intensity was then calculated. 

E. X-Ray Analysis 

In order to measure the amount of retained austenite resulting 

from each heat treatment, a Picker x-ray diffractometer was used. 

Samples were cut from broken K1C specimens and repeatedly polished and 

etched in a solution of 100 milliliters of hydrogen peroxide (H 202) plus 

4 milliliters of hydrofluoric acid (HF) to obtain an underformed surface. 

Cu Ka radiation was used and the amount of retained austenite was 

42-44 calculated with the formula : 
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v - (Ra/Ry)Iy 
y - I + (Ra/Ry)Iy 

a 

I = integrated intensity 

v ::::: volume percent of retained austenite 
y 

1 
R::::: 2 

v 

v ::::: volume of unit cell 

P = multiplicity factor 

F ::::: structure factor 

8 ::::: Bragg angle 
-21\1 e = temperature factor 

1 + cos2 28 
. 2 Sln e cos8 

-2M e 

The reflections used were the average of the (311) y and (220) y 

and (211) a. The limit of accuracy for this method is between 5_1m;43. 
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All fracture surfaces of the environmental cracking tests were 

examined using an AMR Scanning Electron Microscope operated at 20 Kv. 

The fracture surfaces were covered with acetate replicating tape before 

cutting them to an acceptable size for viewing. The tape was later 

dissolved in acetone. 

2. Optical Metallography 

Specimens for optical metallography were cut from broken fracture 

toughness specimens. They were prepared by wet grinding successively on 

120, 240, 320, 400, and 600 grit papers and then polishing on a one 

micron diamond wheel lubricated with kerosene. Either 2% or 5% nita1 

solution was used as etchant. Prior austenite grain size was measured 

by first etching with the following solution: 

Hydrochloric acid 5 milliliters 

Picric acid 4 grams 

Methyl alcohol 100 milliliters 

3. Transmission Electron Microscopy 

In order to study the retained austenite distribution throughout 

the material, a Siemens IA electron microscope was used. The microscope 

was operated at 100 kv and at a magnification of 20,OOOX. Foils were 

prepared in the following manner: 

a) 0.025 inch thick slices were cut from broken fracture 

toughness specimens. This was done on a flood cooled Dimet cutter to 

prevent heating" 
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b) The slices were chemically thinned to about 0.002 inch in a 

solution of about 100 drops of hydrofluoric acid in 500 milliliters of 

hydrogen peroxide, The solution was kept at constant temperature by 

surrounding it with an iced water bath, 

c) 2.3 millimeters diameter disks were spark cut in a EDM 

machine. 

d) These thin disks were finally electropolished in a twin jet 

electropolisher at room temperature using a chromicacetic acid of the 

following composition: 

Chromium tri-oxide (Cr03) 

Acetic acid (CH 3COOH) 

Distilled water 

75 grams 

400 mi 11 i1 Hers 

20 mi 11 il Hers 

To identify the carbides, specimens were prepared in the following 

fashion, First, heat treated sa~ples were mechanically polished 

successively on 120, 240, 320, 400 and 600 grit papers. They were then 

etched with a 5% nital solution and carbon was evaporated onto the 

etched surface under vacuum, The resulting carbon film was cut into 

squares about 2mm on a side which \'IIas extracted by exposing the sample 

to steam for about 10 minutes and then submerging it under water so 

that the carbon floated to the surface, The carbon squares were then 

cleaned in acetone and extracted with microscope grids and dried. 



I II . RESUL TS 

A. Environmen~Cracking Tests 

lifetime curves for the five heat treatments are shown in Figure 3. 

The resulting threshold stress intensity (K 1SCC ) was the same (within an 

experimental error of ~ 0,6 MPa/rTI for all heat treatments of the same 

material. For 300-~1 it was about 18,4 r·1Pa/rTI whereas for 4340 it was 

about 16,6 r,1Pa/rTI, This result was obtained despite the differences in 

fracture toughness. The results were in agreement with the crack growth 

rate versus instantaneous stress intensity curves (Figs. 4 and 5) since 

these show that at low stress intensities (close to KISCC ) crack growth 

rates were similar for all heat treatments of the same material, 

One conspicuous result was the marked increase in lifetimes obtained 

with the isothermal heat treatment. At high stress intensities (above 

25 MPa/rTI) the time-to-fail ure were over two times longer than those of 

the next best heat treatment (300-M tempered at 470°C). The results 

were confirmed by Figure 5, which shows crack growth rate in region II 

(plateau velocity) to be considerably slower for the isothermal heat 

treatment, 

Another interesting result was the fact that the lifetime curves 

(Fig, 3) of the two commercial heat treatments did not show any 

measurable difference. Their crack growth rate at a given stress 

intensity, however, is substantially different (Fig, 4), This apparent 

inconsistency was due to the fact that most of the lifetime of the part 

was spent in what is called the incubation period. During this period 

there is no crack growth and the chemistry of the solution changes from 

1 t . d' t 29 a neutra 0 an aCl lC na ure . The length of the incubation period 
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varied from 50 per cent of the lifetime for specimens loaded to a low 

initial stress intensity to 90% of the lifetime for specimens loaded to 

high initial stress intensities. The lifetime, therefore, was dominated 

by the incubation period and large differences in propogation rates were 

required to make observable variations. 

Another apparent inconsistency is the fact that 300-M tempered at 

300°C and 470°C have similar crack velocities at the same stress inten­

sity (Figs. 4 and 5), but different lifetimes (Fig. 3). This can be 

explained if it is noted that the fracture toughness of the long life­

time material is higher than that of the other. The results were not 

surprising since a higher fracture toughness means that, for a given 

load, the crack had to travel farther at very low velocities. An 

example will prove the point: 

The stress intensity can be calculated with the formula: 

(2.1) 

where: 

KI ~ Plane strain stress intensity 

P :::: Load 

B Thickness of specimen 

W = Width of specimen 

f(a!w) ~ A geometric factor depending on the variables wand a, 

a = crack length 
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Since lifetime curves are determined mainly by fracture toughness 

of the material, another test is needed for elucidating the effect of 

silicon on the cracking resistance of the material, One possible way of 

doing this is by comparing their crack growth rate versus instantaneous 

stress intensity curves, These show three distinct regions commonly 

named I. II and III, Regions I and III show a very steep dependence of 

crack growth rate on stress intensity while region II is the flat part 

of the curve, All three regions can be explained by the environmental 
27,30 

cracking model mentioned before At low stress intensities hydrogen 

migrates to the region of maximum triFaxial stress where it aids the 

fracture process 1 permitting the material to fracture at a lower stress 

intensity. Increasing stress intensities would reduce the hydrogen 

concentration needed to produce fracture, resulting in a faster crack 

growth rate. At high crack growth rates, however~ the diffusion rate 

of hydrogen through the metal lattice is the limiting factor and the 

crack has to wait for the hydrogen to build up to the critical concen­

tration. This results in region II where the crack growth is insensi­

tive to the stress intensity. The crack velocity in region II is 

commonly referred to as the plateau velocity and since it depends on 

the diffusion rate of hydrogen through the lattice, it is a parameter 

which can be used to compare the effect of microstructure on the 

cracking resistance of a material. At stress intensities close to the 

fracture toughness of the material, the failure is mainly a mechanical 

process because the crack propagates so fast that hydrogen production 

and build-up cannot keep pace, 
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In Figure 6, when comparing materials of equal yield strength, the 

following was observed: First g that 300-M isothermally transformed had 

markedly reduced crack growth rates when compared to 300-M oil quenched 

and tempered at 470°C. This could be interpreted as meaning that 

retained austenite reduces the diffusion rate of hydrogen through the 

material and consequently increases environmental cracking resistance. 

Also the fact that 4340 oil quenched and tempered at 300°C had a higher 

crack growth rate than 300-M quenched and tempered at 470° may be 

considered as indication that increasing silicon content is beneficial 

to the cracking resistance of steels, 

To further explore the effect of retained austenite on the environ-

mental cracking of steels 9 tests wre conducted in a 3,5 weight~percent 

Sodium Chloride in distilled water solution, Since the mechanism for 

environmental cracking of austenitic steels is one in which the chloride 

ions act as catalysts for the anodic dissolution of austenite39 , an 

increased amount of austenite could be detrimental to the cracking 

resistance of the material, The two 300-M steel heat treatments of 

similar yield strength were tested and the results are shown in 

Figure 6. The resulting crack~growth~rate versus stress intensity 

curves are identical to the ones obtained with distilled water, Since 

the amount of retained austenite is less than ten percent~ the results 

can most easily be explained if the environmental cracking mechanism 

working in the Sodium Chloride solution is the same mentioned before 

for tes in distilled water, Therefore, it can be stated with 

reasonable confidence that un to 10% retained austenite is a beneficial 
I 
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factor to the stress corrosion cracking resistance of high strength 

steels. 

In order to elucidate the mechanism by which silicon in solution 

increases the resistance to environmental cracking of steels, various 

theories were tested. Hanna et, al,33 reported that 300~M tested in 

deoxidized water had a shorter lifetime than similar material tested 

in regular distilled water. The result was explained in terms of oxide 

layer formation. Since the possibility existed of forming a protective 

layer of silica (Si02) as proposed by Lees, et, al,17, it was decided 

to test 300-M in water which was deoxidized by bubbling nitrogen gas 

while conducting the test. If a silica film was being formed, testing 

in deoxidized water would stop its formation and consequently reduce 

lifetime and increase crack growth rate, The test was conducted and 

crack growth rate measured (Fig. 7). The results show that there was 

no significant change in crack propagation rate for 300~M tempered at 

470°C and tested in distilled water and de~oxidized water. Carter18 

proposed that silicon containing epsilon carbides somehow enhanced the 

resistance to environmental cracking of steels. However, Figs. 4 and 5 

show that the plateau velocity of 300~M steel tem~ered at 300°C is 

virtually similar to that of the same material tempered at 470°C. While 

carbides in the first case were epsilons carbides in the second case 

cementite (Fe3C) was observed, In addition, T;nner and Gilping 53 

attribute stress corrosion susceptibility of martensitic steels to 

the presence of epsilon carbides in the microstructure, however, this 

is a theory not generally held by other invest;gators29, Gerberich1s 
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t f d d d · ff . . t 20,21 . h . th t 1 d t argumen 0 re uce 1 US1Vl Y ,s one mec anlsm a cou accoun 

for the observed environmental cracking resistance of silicon containing 

steels. The fact that the effect is observed on the plateau velocity 

(diffusion dependent) and not on the threshold stress intensity is 

another factor in favor of Gerberich's theory, Supporting evidence is 

the work by Fletcher et. al. 54 in which silicon and chromium were found 

to decrease the diffusivity of hydrogen through steel. 

B. Metallography 

Figure 8 shows, for a single specimen, the effect of increasing 

stress intensity on the fracture surface, At low stress intensities 

(Fig. 8a and 8b, region II), the fracture surfaces were mainly inter­

granular with small amounts of tearing (arrows) and transgranular 

fracture (marked a). At high stress intensities (Fig, 8c, region III) 

a considerable amount of dimple rupture was also evident (marked b). 

Secondary cracks due to intergranular corrosion can be seen in all 

three surfaces. 

Figure 9 shows, for a constant stress intensity, the effect of the 

heat treatment on the fracture surface, The fracture surfaces, all in 

region II, are predominantly intergranular with various amounts of 

tearing. Comparing the two commercial heat treatments (Figs, 9a and 9b) 

it can be seen that the 300~M shows a considerable amount of tearing. 

When comparing materials with equal yield (Figs, 9c through ge), it can 

be seen that the material with the most tearing is the isothermal heat 

treatment whereas the least tearing was present in the 4340, 
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Final fracture surfaces are shown in Figure 10. Both commercial 

heat treatments (Figs. lOa and lOb) are similar with dimple rupture 

surfaces. The fracture surfaces of 4340 tempered at 30QoC (Fig. 10c) 

and the 300-M tempered at 470°C (Fig. lOa) are both a combination of 

dimple rupture with some cleavage regions. The isothermal heat treat-

ment, however, produced a completely different surface which can best 

be classified as quasi-cleavage. 

Optical micrographs are shown in Fig. 11, Heat treatments a 

through d resulted in martensitic steels at various stages of tempering. 

However, the 4340 steel tempered at 200°C (Fig. lla) shows little 

carbide precipitation during tempering, The isothermal heat treatment 

resulted in a lower bainitic structure with up to 50% martensite 

according to the TTT diagram52 , 

Figure 12 is an electron micrograph of the 300-M steel isothermally 

heat treated, Figure 12a is the bright field and Fig, 12b is the dark 

field of the (002) austenite reflection, It is interesting to note that 

the austenite is between the martensite laths as observed by Lai'2 before, 

Since Shively et.al ,45 found the diffusivity of hydrogen through auste­

nite is at least three orders of magnitude slower than through ferrite, 

it is possible that interlath austenite slows the diffusion of hydrogen 

through the material, This can be accomplished by either slowing the 

process or by limiting the hydrogen migration to the continuous marten­

site matrix~ resulting in a longer path, Also~ V,A, Kovalenko46 

reports that diffusion of hydrogen through bainite is considerably slower 

than through martensite (the time~temperature transformation diagram for 
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300-M shows that up to 50% bainite was formed with the isothermal heat 

treatment) . 
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IV. DISCUSSION 

A. ~nvironmental Cracking Theories 

Results of the present investigation are in agreement with the 

generally accepted mechanism explaining environmental cracking. the 
. 14 22 . 37 50 stress sorptlon ' or decoheslon • theories. These theories 

propose that hydrogen, either existing in the environment or produced 

by cathodic reaction in an aqueous environment, migrates to the regions 

of maximum triaxial stress where it aids the crack propagation process. 

The maximum diffusion rate at a given temperature results in a constant 

crack velocity over a wide range of stress intensities. This constant 

crack velocity, commonly called region II crack velocity. should depend 

on the diffusion rate of hydrogen through the lattice, The fact that 

silicon, retained austenite and lower bainite appear to work by reducing 

the diffusion rate of hydrogen through the lattice, is an encouraging 

sign. 

The experiment, however. was not designed to refute the less popu-
29 lar internal pressure theory , This theory proposes that hydrogen 

precipitates on internal voids and cracks. where it exerts a pressure 

on the surrounding material, This pressure is then believed to aid 

void coalescence and finally~ fracture, The pressure theory, however, 

is most plausible for materials containing considerable amounts of 

hydrogen in solution at high temperatures which are then cooled to room 

temperature, Under such conditions a large hydrogen pressure is more 

likely to be produced on interval voids and cracks than from externally 

generated hydrogen. Also~ the fracture surfaces observed were mostly 
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intergranular with very little microvoid coalescence except at stress 

intensities close to the fracture toughnesso It is very unlikely, then, 

that the internal pressure theory could explain the observed results as 

well as the stress sorption/decohesion theoryo 

Another theory which could account for the environmental cracking 

h 0 h 1 1 t h . 1 h 0 51-53 h' h P enomenon lS t e pure y e ec roc emlca mec anlsm . In t lS t eory 

the stress aids the process by breaking any protective film that may form. 

However, in view of the fact that the existence of a silica (S;02) film 

was not confirmed and the good correlation observed between diffusion 

rates and region II crack velocities, it can be stated that the stress 

sorption/decohesion theory provides a better explanation of the observed 

facts. 

80 Alloy Design 

It has been shown that one of the main factors determining the 

lifetime of a part is the materials fracture toughness, Since a large 

amount of research has been devoted to that objective~ it is possible 

to make use of that wealth of information in designing environmental 

cracking resistant alloys, The resulting al1oys9 promising to be of 

high fracture toughness and of high environmental cracking resistance, 

are bound to be technologically useful, 

In addition to high fracture toughness 9 a low stage II crack growth 

rate is desired, Thic an be obtained by reducing the diffusion rate of 

hydrogen through the material, In the present experiment this was ac­

complished by the addition of s;l;con p the existence of retained 

austenite and by the presence of lower bainite on the structure, The 

optimization of these microstructural features, however, remains to be done. 
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v. CONCLUSIONS 

From the available evidence the following statements can be made: 

,. '.6 per cent silicon in steel decreased the subcritical flaw 

growth rate by a substantial amount. The result was obtained when 

comparing materials of a similar yield strength and also when comparing 

. 1 f 1 f t t h P' k18 h d h h' materla s 0 equa rac ure DUg ness, reV1Dus wor a sown t 1S 

conclusion to be true for materials of similar ultimate tensile 

strength. The reduction in subcritical flaw growth rate was probably 

due to a reduction of the diffusivity of the hydrogen atoms, 

2. A microstructure containing up to 10% retained austenite in 

the form of films between martensite/bainite laths showed considerably 

slower subcritical flaw growth rate when compared with quenched and 

tempered material of the same yield strength where virtually no 

austenite was present. The improvement was probably due to a slowing 

of the diffusion rate of hydrogen through the material, 

3. The fracture toughness was one of the principal factors 

determining the lifetime of a component. 

4. The environmental cracking behavior of a material can be 

modified through composition and heat treatment variations, Consequently, 

the possibility of optimizing the design of alloys resistant to environ­

mental cracking should be explored further. 



-22-

ACKNOWLEDGEMENTS 

The author gratefully acknowledges the constant encouragement and 

guidance given in the course of this investigation by Professors 

E.R. Parker and V,F, Zackay, He would also like to express his grati­

tidue to Dr, R,O. Ritchie for suggesting the topic and for helping in 

every possible way, 

The author is also thankful to Professor I. Finnie and G. Thomas 

for their valuable comments and to the entire technical support staff 

of the Materials and Molecular Research Division for their continuous 

help. Last~ but not least t the author is thankful to his wife for 

her patience. 

This work was done under the auspices of the U,S, Energy Research 

and Development Administration, 



-23-

APPENDIX 

A. vs Instantaneous Stress Inten 

The first step in obtaining the crack growth rate versus instanta-

neous stress intensity curves was to analyze the raw data from the dead 

load tests, This data consisted of the output of the clip-in 

displacement gauge as recorded by a strip chart recorder moving at a 

constant speed (see Fig, 2d), 

The output of the displacement gauges was in millivolts, but by 

a simple calibration procedure was converted into displacement, A 

compliance calibration, (see Section S, Appendix) permitted the 

calculation of crack size from the displacement information, Since 

the recorder was moving at constant speed, the time between displacement 

readings was known, Using both variables (crack size and time), the 

crack growth rate was calculated with the following formula: 

where: 

dal 
dt ' 

1 

a, 
1 + 1 

a, 
- 1 1 

lit 

Crack 

Crack 

Crack 

dal 
dt ' 

1 

growth rate at time 

size at time i + 1. 

size at time 1. 

Time between displacement 

1. 

readings, 
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The crack size was so used cula 

means of the equation below: 

A,2 ~ P/BW1/ 2 [29.6 (a./w)1/2 - 1 
1 

s intens Hy by 

-1017.0 (a./w)7/2 + 638.9 (a./w)9/2] 
1 1 

where: 

B 

W 

a. 
1 

Stress intensity at time i. 

Load on specimen, 

Thickness of specimen. 

Width of specimen, 

Crack length at time i, 

All the previous cul -j ons were into a digital 

computer (section C, Appendix), whose was the crack growth rate 

and the stress intensity as a function of el time for all the 

specimens tested. The specimens were then divided into groups depending 

on their heat tment and ronment for the t. Each one of 

resulting curves (Figs. 4 through 7), contains the results of at 

least two different tes 

iance Cali 

The objective of the compl ance calibra on was to permit the 

calcula on of the crack size (a) when the following was known: The 

load on the specimen (p), the specimen geometry (B,W). the clip-in 

displacement (v) 9 I S mod u 1 us (E) 0 



The resulting equation was of the form: 

(A.3) EBv 
-p-

To find the exact equation. a CTS specimen was used for calibration 

according to the following procedure: First. a crack of known size was 

made with 1/32 inch abrasive wheel. Next. the specimen was loaded in 

an MTS tensile test machine and a clip-in displacement gauge was 

attached. The load versus gauge reading (P vs. v) was obtained. and 

the slope dP/dv was measured. The left hand part of equation A.3 

becomes: 

(A.4 ) EBv '" 
EB 
dP 
'dv 

This process was repeated for various crack sizes and plotted in 

semi-log graph paper with a/won the arithmetic axis. Then. a power 

series fit to the data was obtained by using the least squares method 

(see page 137. reference 47). The resulting equation was: 

(A.5) Log lO := 1.5"129 - L0971 (a/w) + 3.044 (a/w)2 



However, what the computer program ui was crack size (a). 

In order to find a/was a function of EBv/P, the following set of 

points were predicted with equa on A.5, 

a/w log(EBv/P) 

0.427 1. 

0.688 2,199 

Next, the following equation was fitted through those data points: 

(A. 6) a/w = a + b (log EBvjP) + c(log EBv/p)2 

This was done by ving the simultaneous equations: 

0.427 ~ a + b(L599) + c(L599)2 

0.688 '" a + b(2.199) + c(2.199)2 

0.854 '" a + b(2.796) + c(2.796)2 

solution was: 

a :;;; -0.729 

b:= 0.9325 

c=-0.131 

Figure 13 presents of ginal of equations 



C, Computer Program 

Figure 14 shows the flow chart of the computer program while the 

print-out and results are shown below. As they are self-explanatory. 

no more comments are deemed necessary, 

D, Identificaton of Carbides 

Using a camera contant (AL) of 21,91 Amm9 the following lines were 

identified: 

r(mm) 

6.4 
8,5 
904 

10.75 
12.35 
13.05 
14.025 

r 

8.1 
9.38 

10.3 
12.08 
13,68 
14,38 
19.5 

300-M TEMPERED AT 470°C 

3.42 
2.58 
2.33 
2,04 
L77 
1.60 
L56 

300-M TEMPERED AT 300 0 e 

AL d - ~ .. 

2,7 
2,34 
2,13 
1.81 
1.60 
1.52 
1.12 

r 

020 
112.021 

022 or 210 
212 
221 
130 

(nkL)s_Fe C 
2 

100 
002 

102 

1129201 



STRESS 

0(1)00010 
0014678 
00141> 18 

OOH61® 

002n1® 

OOlOO:!!} 
00300411 
0030061l 
0030118 
0030138 
0030UB 
00302"'8 
0030248 
!H'I3Ol4B 
0030341l 
0030]"'B 
00304C18 

M3040B 
0030"''''8 

00304413 

1. 
2. 
3. 

4. 

5. 

6. 
1. 
8. 
9. 

H). 

12. 
13. 
1"'. 
15. 
16. 
11. 

HI. 
19. 

20. 

t 
C 
C 
C 
I: 
C 
C 

I: 
C 
C 
I: 

I: 
t 
I: 
I: 
C 
C 
C 
C 
C 
c 
e 
C 
c 
C 
C 
C 
I: 
C 
C 
C 
C 

e 
c 
c 
c 

$*PROGRAM STRESSlyNPUT,OUTPUT,TApE6)$$ 

PROGRAM STRESS~ NPUT,OUTPUT,T~PE61 
DIMENSION VIIOO),TIIOOI, lOOI,CPRIIOOI,CPI:11001 
REAL ~IIOOI,~211001 

NPUl O.ll.lA 

R EtliJ. E, S, 1>1 

E~YOUNG'S ~COUlUS IN PSI 
Il=TH!CKNESS IN INCHES 
1>I:IrHOTH INCI'ES 

REAO,P,Nl,OTl,N2,OT2.IO.IHT 
I'mlOAD IN POUNDS 
O~IOENTif!CAIION NUMBE~ lEG. ~23i 

NlsNUMBER Of O~ll POINTS iINITIAl PO~TiON Of OAT'I 
N2zNUMBE~ Of POINTS [fINAL PORTION Of DATAl 
[HlmHME INTERVAl BEH/EIEN POiNTS UlIEGINNING! i-ll<S 
OIZ-TIME INTERVAL BET~EEN DATA POINTS IENOI IN HRS 
HITsHE!!!l TREAT~ENT 
IHT·l-'I(IO~,tI 81'0 c, C'l. T l@ll C, OIST W.II.lER 

2-3(0)M,A ®10 C OQ T 01,10 C OIST litlllER 
l-300N,A 610 C, HOLD 250 C. T 300 C, OIST W.II.lE.R 
4-300~,A el@ C, 00 1 C, SOlN 
5-300~,A S10 C, HOLD 250 C, T 300 C, SOlN 
6-43 .. 0,11 IHa C, OQ, T lOD C ST "" TER 
1-434o,tII 810 C, OQ, T 300 C, OISl WtllTER 
6-4340 81@ C, QQ, , 300 C, DEOXIDIZED ER 

lI12mIU<-N2 
If IP.EQ.O.OIGO TO 1000 
WRITE 16,81! 

81 fOR'UT I un I 
If IIHT.Gl.5IGO TO 25 
WRITE 16,16IP,IO,IHT 

16 53X,2HP:,f8.2, lS$.lO)(,4HIOmM, 2,lDX,4HIH13,1 ,II! 
GO TO 26 

25 WRI1E !6,11!P,10,IHT 
11 fORMAT 140X.2Hl'z,f802,4M lBS.10X,3HIDm,12,10(,4HIHl z ,11,111 
26 WitHE 16.HI 
11 FORMAl 115X,~HlIME iOX,12HCR.II.CK lENG1H,16~,16HSTaESS INTE~SITV.12X 

1,11HCRA(1( GROWTH 
I>IRliE 16,121 

72 fORMIIl n.5X.5HI~SI.Hx,8HnNCHES! .nX.SHI!(SI· INl ,S)(.lHIMPA ~1,16)( 
1 IN/HRI,8X,9HI~IC/SECII 

INPUT COD OATil \/1 III IN INCHES 

PAGE 1 

t 



STRESS 

OMO"'41'! 
O(J3(J41!l 

OO]l()551?! 
(J(J306311 
O()3070® 
(J0301'lI'l 

(j()3u\01?! 
OO:nnB 
003UlB 
003135!! 
00 31361'! 
003141.13 
00314213 
'l031446 
O()3Hl!1 
0031516 
'103l54B 
@03151il 
003163il 
'lO:H646 
003il'01'! 
00311ll1:1 
'lO:nHS 
003210S 
(H13210S 
003l2UI'! 
0032156 
003l"'OB 
003240S 
0032418 
OOl2431l 
0032"> 113 
0032126 
0032BS 
003HHI 
003325B 
0033258 
0033l3()B 

21. 
:22. 

( 

C 

$$PROGR~M 5T~ESS!INPUT.OU1PU1,T~PE61*$ 

00 IH !ml,IHl 
REAlO.IIU 

23. ~lGmAlOG l()~E$S$\lllI/P 

24. 0.9]125~AlGI-O.129-IO.131$ AlG$*211 
25. U I 
26. ~Iil~ P/IB*SQ~lIWII 1129.6$IAW$$.511-1165.5$IA~*$1.511+«655.?*!AW 

1*$2.51 UH 1. '*!AW$'"3. 511 ~ 1638. 9" I I\W$'"'" .5111 * .00 1 
ll. K2IIlmKIII$1.099 
28. 11IIsTO 
29. iF iI.l1.NIIGO 10 91 
30. GO 10 92 
31. 91 10z1111+011 
32. GO 10 
33. 92 10ml1II+012 
34. 81 CONTINUE 
35. IF INI.IEQ.IIGO to 94 
36. DO 62 J m 2.Nl-l 
31. CPRIJlaIAIJ+11-AIJ-1II/IZ.$oTII 
311. ®2 CPClJ ImCp!! 1"'2.54>~2,. 711118 
39. IF IIIIZ.HI.OIIGO TO 94 
40. 00 84> JmNl~l.Nll-1 

CPRIJI-IAIJ+II-AIJ-111/12.*OTZI 
42. ~ CPCIJlm(PRIJI$2.54*2.71116 
4>3. '9"> "'RIlE .13IHlhAIU.I(UI.K21 I 
••• 13 FORMAl 113I,F8.4.10x,Fl.4,1 •• ,FI.2,9X,F6.21 
45. F IN1.EQ.UGO TO 23 
46. 00 83 l-2.Nl-l 

S~ ~R[lE 1~,1"'iTlll.Alll,Kll! I,CPRIll.CPCI I 
48. 14 FORMII 113. FB.4.10X,F7."'. F6.2,9X,F6.2,15I,FI.4.91,FI.41 
49. If IN2.IEQ.OiGO TO "" 
5(). If IN2.EQ.IIGO 10 98 
51. 00 S6 lwNl+1,N12-1 
52. 66 TIE 16,1411 ll"lll.~lll.K2 I,CPRlll,CPClll 
53. GO TO 99 
54. 91 ~~KTEI6.1.IAIN11.~IN11,K2INll.CPRINli,CPCINll 
55. 99 ~R!TE 16.1311IN12I,AIN121.KiN12I,K2iN121 
56. 23 GC TO 10 
51. H)OO SlOP 
5S. END 

PAGE 2 

I 
N 
to 

'~, 
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p" 11'118,00 LSS Tf)g,"'1() !H"f,,'l\ 

(PACK lENGTH 5T~ESS Y I\j'fF"lS lTY (Q aCK (;R fjW'fH P/I'f!' 
IT \lQCIoIES I IKSY 1Nl (MI'A IIIjI ! PIIK" I ! 1IIj' ClSEe I 

.116<19 21.84 24.01 

.81n 22.()/' 24.?6 • 0116 ,0IlJ'1 

.8815 22 .1<1 24.39 .00"1'5 .066'1 

.8872 22.36 74.5B .001<; .()'531 

.M'H :>2.42 24.64 0165 • 11!> 1 

.<10'17 n.RA 25014 .01'11 .1?!l0 

.9012' ;:>;».'1"1 2<;,? l' ,0H)'5 .01'44 

.9142 n.n 25.51 .on;> .1 <n 7 

.9344 23,Aq ;>f>.25 ,o:no .2327 
.9472 24. ::n 26.74 .01 "10 .1343 

.9534 24.56 ;>6,"1"1 .0;>42 • ! 710 

.'HI'" 7'),22 27,n ,0;>61' .1 !'lIH 

.'1801 Z'i.5" ?1l.OS .02'10 .1'175 

.9'194 ;>6,31 28,92 .:n<;o ,7473 
1,01 'n 26,<)6 29.63 • O'll 9 .?2'5() 
1.0:31 :3 27.il7 30.41 .O3~<) • '>3<)'. 
1.04'10 2A.48 31.30 .04(Y) .2fl!l1' 
1.01;>2 2'1.61 37.54 .04"17 ,"14'18 
1.0'171 '30",Q5 '14.02 .0544 • '1819 
1.12M -"'2,,6") 3'5.115 ,01-"32 .445'1 
1. Hoq "3'>.83 38.2~( .0656 .'-6"30 
1.1923 37.0~ 40.76 ,06"'? .446? 
1.2242 1'1.67 43.'5'1 ,011 " .501,2 
1.2637 [,3.31 47.60 .0700 .4'l40 
1. 2942 4b.50 51.11 .0<;'17 s4~16 
1.:n3'5 4'1.'13 '54.61 .0672 .1,71,3 
1.3614 '\4,'15 60."3'1 .0<'>64 ,4'"''14 
1.3Sqq 5'1,;>0 6'5.06 • (J"i'l' .4101 
1,41'15 64.P 10,4 l' .0591 .'-lbll 
1.4489 6'1.5,) 7b.43 , (J51l .4(J'l? 
1."767 1'5,21 87.65 .0')11 .374'5 
1.5020 AO.8~ 88,~q 
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Pm 1124.70 l!1S H"d'l" 3 Hi,m'5 

C~ ~C!( lfNGTH STIlFSS yml'NSHV Cll.lIrK G~(JW'fH ~A"'F 
lYNCHES) I K <:Y !1Il) If>!1Pb Ml !!"4ff·IIC(1 (M1FfSHI 

.1)338 1 'l.12 21.01 

.!J69!l ?0.06 :21'.04 .O21l4 .7004 

.1)'l06 ::>0.6'\ 22.M .03!l3 • nOl 

.<1I4M 22."'12 ;>4.'53 .0'576 .4066 
\.0059 24041 26.!l2 .OM)" .4293 
1 .10 ')6 711.83 31.6B .06<)0 .4B70 
1.1 '171 30.'55 'n.ss .0682 .4tH 3 
1.1 n9 320111 36.06 .0121 .5089 
1.2093 3'1.711 3~. 78 • (H'>'54 • IH> 11, 
1.2393 :Hol>" 41.'17 .0'5'3 .'lI61'l'l 
1.261'5 "'I'l.'51! 4"1.4'1 • O<'>f) 7 .4282 
1."1000 43.30 47.';8 .061'll .4804 
1.32% 4tJ."56 51.16 

1'8 ! 100. 50 UIS Yfl"M'56 Y!-l'fg" 

e~&CK l!,NGTH ST~ ESS HHFIIlS!TV e~Ar.K f;~(Jj,FH ~A'fF 

I !\\!(f1!'S I (I('>V HI! (W11' A M) ( !'l/H~ I ("llefS"CI 
.t'l'711 19.B? 2t.19 
.871 7 19.8:> '1.7<1 0 0 
• 8n 7 19.62 21.79 0 0 
.8711 19.8? 21.19 I) 0 
.8n '7 1'1.8 ? 21.7'1 () 0 
.!l1l 7 19.82 21. 'J'CI 0 0 
.8717 !I.<). III n.79 I) 0 
• t1711 19.82 21.79 • 040~ • ?fl44 
.9'PO 23.74 n.oe .211 ?' 1,9906 

1.OOfl7 :>4.11 26.% .1"63 1. to 30 
1.0282 24.<)3 27.40 .21'51 1. ~ 17'i 
1.0'517 25.<)0 ?B.47 ,20 ?9 t. 411 8 

1.06M 26."'" 2'1.29 .2641\ 1.8684 
1.1047 ZB.3!l 31 .19 .3167 ;>.('500 
1.144<' 30. '53 33.55 • 4? 12 3.0144 
1.1<)01 33.43 36.74 .3AS5 2.1196 
1.2213 3'5.6'1 39 .22 • '1747 2.1>434 
1.2650 39.33 4"1.B .436'l "1.0184 
!I..30~5 1,3.",,1 47.90 .4M3 3.~161 
1.3619 4<).82 54.7'5 .5468 3.Il'5R? 
1."119 "7.tlO 63.5? .'59'51 4.:>on 
1.I,®H) 611.95 75.78 .7388 'i.llH 
1.56% SA.i'!' 97.00 

1''' ! 1'24.70 UIS vo","!",1'l y Wr "4 

naCI< lFNG'fM S'fI1fSS t\\!HI\ISTTV c~ AC!( GR"W'fH RA'!' 
q YlIIl.Hf S I CK51 UH 1MI'll. "" I PlfHR I IMIClS~CI 

1.0462 26. ()3 28.61 
1.07;>e 27.1'2 ;>9.91 .111l"5 1. ''597 
1.tHll<l 'n. 6 '5 30.38 .14~'5 1.0123 
1.101'5 2fl.61' :31.45 .2094 1." 773 
1.1238 2<).80 '12.75 .lOol 1'''53~ 
1.1427 30.!11 33.<1"\ .le3~ 1.2931 
1.1M"> :H.95 35.11 .11'73 \.2154 
1.1771 33.03 36.?9 .n'3 1.'i6A7 
1.1'049 "l4.<JtJ 31'1.4? .2781 1.'1627 
1.2371 37.11 40.7"1 .;n "" 1. '5n1 
1.24f12 38.40 42.2'0 .1905 1.3 .... 2 
1.2708 40.43 11,4.43 .1'1'12 1.'1698 
1.,011,0 I,!.n 48.05 .3511 2.476'1 
1.3411 1l,1.91 5:1'.6'5 0'3Q79 7.77;'1 
1.3826 '13.33 'i~.61 .30' ;> "l.lll''1 
1.4011 'H>.07 61.'51 .'5HlO 3.6"550 
1.1\.1162 70. 'rr 77.9'1 .7782 '5,"905 
\.'5%', B1'.1<1 95.B? 



clue K UI'IG'f1-\ 
! T\I!tHI'~ I 
1,1772 
1. Hi'll 
1,iRS! 
1.193 S 
1.2014 
1.2'0'59 
1.2123 
1,n01 
l.n6l 
1.2136 
l.:?">17 
1,2496 

CIi'Af:K l!'PIIG'fH 
( tNCHEq 

.ln64 

.81M 
• !!164 
.11764 
.II"I>~ 
.9061 

1.::>607 

CRIICI< t fNGTH 
IYNCHESI 

.8644 

.3644 

.864". 

.8717 

.0980 

.<)194 

.9418 
.9'561 
.9787 

1.0030 
1.0290 
1.0635 
1.0665 
1.0752 
1.1118 
1.1669 
1.2'34'5 
1.'3"11'5 
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STf\~S5 
II(SI YIIll 

'52.9"1 
'5"1,69 
54.17 
54.S2 
55 • .,8 
5.,.2" 
'56.97 
'5".94 
'58.6<) 
'5'!,66 
6(l,n 
1'>1.S0 

"" 2'338,00 

~T1!FS$ 
q K$ ~ HI! 

21'.0,"1 
2"1."; 'I 
;>"1.41 
2'f. 0, "1 
:n.";"1 
2!1o '58 
'53."'5 

,,~ 2167.00 

ST~ES<: 

!Kq 1 III I 
:') 1 ,9<1, 
31.94 
31."4 
32.52 
:n.o,,. 
'%.46 
'l'5.'58 
3&.3'5 
37.56 
3" 

.. 2.98 
43.20 
";3.85 
41.29 
'51.'H 
'5<).16 
1'5.04 

!l'!iElIlS !TV 

U\$ 

(II;!>~ 11;1 

'5S.e3 
59.00 
59.5<> 
60,;"'. 
61.1<) 
61.78 
62.61 
63,(,r 
6">.50 
65.% 
66.74 
67.9? 

YI\!'f!'I'!SlT'f 
O~!>I\ 1'41 
30.1'5 
:')0.1') 
30.1,) 
:') 0.1 '5 
30.l'5 
31 .<1,1 
'511,8'5 

L!\S 

INIENSlTV 
IfilDA fill 
35.10 
35.10 
:')").10 
''l'l.74 
'l6.75 
'11'.61 
39.10 
39.95 
0.1.28 
42.i'l4 
44.61 
47.24 
,,;,.48 
48.19 
51.91 
'51.00; 
6'5.68 
82.46 

!r;"~J.6 

IOg~20 

C~At~ GflOWTH PAT!, 
11NfHf\1 !~YC:fSECl 

.,,0,'52 
.5091 
.64'14:> 
.6053 
.511,11,8 
.70<)9 
.M39 
.6743 
.1'796 
.7973 

HFg? 

C"jlfK GlIf'1\4'fH 
! l'UH~ I 

0 
0 
() 

0 
• '3S<I,4 

tl-Fg? 

C~I\Cl( GRnllrH 
• 11\lf'lQ I 

() 

• 001 "I 
.0042 
.00'52 
.00"<; 
.()()47 
.0046 
.00'3 fl 
.0061 
.0072 
.OH<) 
.021"1 
.Hl21 
,11'134 
.23":' 
.3?'P 

RA ... " 

3. !l 11,6'5 
:').5911 
0,.M165 
4.2101 
3.1\'>3"1 
'S.OO!lS 
4.13,,"9 
4.7'574 
'5.50HI 
'5.6254 

O"!C/SF.CI 

0 
0 
0 
0 

2.7119 

1Ii\"'~ 

p,r USEe) 

0 
.Oll? 
• 0 ?<II; 
.0:')68 
.0381 
.0:'1'11 
.0:')20; 
.040<) 
.O44'l 
.0507 
.O8~<) 

.'6<1,7 

.72<1,8 
1.:><1'3<) 
1.611t'57 
2.3227 
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,,,,, 114'l.OO LI'S H'~"'7 Tf.1Ta '3 

eOACI< lfl'4GTH ST~1'<;~ H')Tl"NS !TY C~i\(K GIHIIlTH 1)1\"1' 
t TN( H!", I IKq TN I 1MI'll "'1 , tNfHll.l (Mj ClSFCl 

.81 Q'5 HI. 'II> 20.1'4 
.8610 20.0'3 22 .01 .en41> • ')261 
.!'941 20.'1'5 23.0~ .0'5'J!j .4Z18 
.n07 21.7'5 23.'10 .0479 .33flO 
.'11420 n.4? 24.64 .03f10 .?!)8~ 
.<1'586 2l.'17 2'5.2''5 .0'l27 • n09 
.'1748 2'3.'52 "'i.li? .0'311 • 7611' 
• 'II '1'5" 24.:>"1 :>6.6'1 .0,,6'1 .IRqq 

1. 001 I' 24.'5' 26.'13 .01'18 • , 3')') 
1.01'51 25.0'5 21.'53 .021'5 .1''140 
1.0292 ;>'5.'5"1 28.12 • (11)1 .1318 
1.0344 2'5.el 28.36 .(H'1'9 .O'HO 
1.0421 26.1 '1 28.12 • en 1(, .1244 
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FIGURE CAPTIONS 

Fig. 1. Fracture toughness and tensile specimens used. 

fig. 2. Equipment used, (a) Creep machines and recorders. 

(b) Creep machines. (c) Environment container. 

(d) Clip-in displacement gauge and method of attachment. 

Fig. 3. Lifetime curves for tests in distilled water. 

Fig. 4. Crack propagation rate versus instantaneous stress intensity 

curves for commercial heat treatments (tests conducted in 

distilled water at room temperature). 

Fi g. 5 Crack propagation rate versus instantaneous stress intensity 

curves for equal yield strength heat treatments (tests 

conducted in distilled water at room temperature). 

Fig. 6. Crack propagation rate versus instantaneous stress intensity 

curves for ts conducted in 3.5 weight percent sodium 

chloride solution. 

Fig. 7. Crack propagation rate versus instantaneous stress intensity 

curves for tests conducted in deoxidation water. 

Fig. 8. Effect of increasing stress intensity on fracture surface. 

Specimen was 4340 steel tempered at 300°C, (a) 30 MPalim 

(b) 40 MPalim (c) 50 MPalim (all stress i ities 

approximate) . 

Fig. 9. Effect of heat treatment on fracture surface. All surfaces 

formed at a stress intenSity close to 35 MPalim. 

(a) 4340 tempered 200°C (b) 300-M tempered at 300°C 

(c) 4340 tempered 300°C (d) 300-M tempered at 470°C 

(e) 300M isothermally formed. 
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Fig, 10. Final fracture s (a) tempered 

(b) 300-M tempered at 300°C (c) 4340 tempered at 300°C 

(d) 300-M tempered at 470°C (e) 300M isothermally transformed 

Fig, 11. Optical micrographs. (a) 4340 tempered at 200°C 

(b) 300-M tempered 300°C (c) 4340 tempered at 300°C 

(d) 300-M tempered at 470°C (e) 300-M isothermally 

transformed. hant used was ther 2 or 5 percent nital. 

Fig. 12. Transmission electron micrograph of isothermally transformed 

300-M showing retained austenite distribution. (a) Bright 

field. (b) Dark field. (c) Selected Area Diffraction Pattern. 

(d) Indexed Diffraction pattern. 

Fig. 13, Plot of original data, compliance calibration and equation 

tted to compliance calibration equation (See Appendix B 

for deta n s ) . 

Fig. 14. Flow chart of Computer program used to calculate crack 

propagation and s intensities. 

Fig, 15, Di on patterns obtained from carbon replicas, a) 300-M 

tempered at 300°C. b) 300-M tempered at 470°C, See 

Appendix D. 
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