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

Mario Herminio Castro Cedéno
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 créckiﬂg 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 steeW1a4,

Silicon also retards the softening of
steel on tempering, thus permitting higher tempering temperatures to
be used without severe loss of tensile strengthq"7. Also, the ability

1,4 could become another

of silicon to stabilize the austenite phase
incentive for its use as an alloying element, since retained austenite
is believed to increase the fracture toughness of high strength
steelsS 13,

Another interesting result of adding silicon to steel is an en-

hancement of the corrosion resistance. Investigators14°15

have reported
improved general corrosion resistance commonly attributed to the forma-
tion of a silica (SiOZ) film which protects the material from further
corrosion. The existence of this film is generally accepted in silicon
iron alloys and silicon cast irons. GTazkoval6 reported a reduction of
pitting corrosion in a silicon modified austenitic stainless steel.
Stress corrosion cracking resistance can also be improved by means of

17 propose the use of silicon to in-

silicon additions. Lees, et. al.
crease the repassivation rate, i.e. to accelerate the formation of a
protective film and in this way increase the resistance to stress

18,19 reported a reduction in the sub-

corrosion cracking. Carter
critical flawarowthrate for a silicon 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

18,19 2 which

cracking of high strength steels include that of Carter
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
Tevel (280 to 300 Ksi) silicon additions cause no marked change in the
threshold stress intensity (KISCC)g but resulted in a significant
reduction in the crack growth rate. At Tow tensile strength levels
(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-

20,21 attributes

lon carbides somehow retarded the process. Gerberich
the enhanced cracking resistance to reduced lattice diffusivity of
hydrogeho

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 Titerature is that of Nebsterzz who reported a
direct correlation between the amount of retained austenite and the

threshold stress intensity. In addition, McCoy and GerberichZB,

24

Dulis and Chandohk™" and Gold and KoppenoaTZS have reported high
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resistance of austenitic steels to hydrogen embrittiement. 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

triaxial stress and there leads to hydrogen-assisted cracki’ng%ﬁ%°



IT. MATERTALS 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 (KIC) 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°C, o1l
quenched and tempered at 200°C for the 4340 and at 300°C 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 voom 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



treatments were as follows: 300-M austenitized at 870°C, oil quenched
and tempered at 470°C; and 4340 austenitized at 870°C, o0i1 quenched and
tempered at 300°C. 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°C
was compared with 300-M isothermally transformed at 250°C. The five
heat treatments and the resulting p%operties 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 1b. 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 Toads 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 cm/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 vroom
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. Environmental 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 (KI) was then determined by using the formu?aéO:



Ky = P82 1296 (a/w)'/? - 185.5 (a/w)¥/? + 655.7 (ajm)®/?
S 1017.0 (a/w)’ /% + 638.9 (a/w) %%

where:

P = Toad on specimen

B = thickness of specimen

W = width of specimen

a = original crack Tength

The threshold stress intensity (KISCC) 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 KIC specimens and repeatedly polished and
etched in a solution of 100 milliliters of hydrogen peroxide (HZOZ) plus
4 milliliters of hydrofluoric acid (HF) to obtain an underformed surface.
Cu Ko radiation was used and the amount of retained austenite was

calculated with the formu1a42m44:



v = — (Ro/Ry)Iy
y I, + (Ra/Ry)Ty

where:
I = integrated intensity
VY = volume percent of retained austenite
R-l e ] +2c032 26 oM
v sin~6 coso
v = volume of unit cell
P = multiplicity factor
F = structure factor
8 = Bragg angle
e 2M - temperature factor

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

: 4
and (211) a. The 1imit of accuracy for this method is between 5=TO%‘3.



F. Metallography

1. Fractography

A1l 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 1in aéetone,
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 Tubricated with kerosene. Either 2% or 5% nital
solution was used as etchant. Prior austenite grain size was measured

by first etching with the following solution:

Hydrochloric acid 5 milliliters
Picric acid A4 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 20,000X. 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)Y The slices were chemically thinned to about 0.002 inch in a
solution of about 100 drops of hydrofluoric acid in 500 mi11i1itgrs 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 (CrOg) 75 grams
Acetic acid (CHBCOOH) 400 milliliters
Distilled water 20 mitliliters

To identify the carbides, specimens were prepared in the following
fashion. First, heat treated samples 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 éarbOﬂ film was cut into
squares about 2mm on a side which was 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 1in acetone and extracted with microscope grids and dried.
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ITI. RESULTS

A.  Environmental Cracking Tests

Lifetime curves for the five heat treatments are shown in Figure 3.
The resulting threshold stress intensity (KZSCC) was the same (within an
experimental error of + 0.6 MPavm for all heat treatments of the same
material. For 300-M it was about 18.4 MPavim whereas for 4340 it was
about 16.6 MPavm. 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 MPavm) the time-to-failure 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 Tifetime 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 Tlifetime 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

29

aneutral to an acidic nature The length of the incubation period
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varied from 50 per cent of the Tifetime for specimens loaded to a low
initial stress intensity to 90% of the 1ifetime for specimens loaded to
high initial stress intensities. The Tifetime, 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 Tifetimes (Fig. 3). This can be
explained if it is noted that the fracture toughness of the Tong 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) K, = P/BU{f(a/w)}

where:

ki

KI = Plane strain stress intensity

P = Load
B = Thickness of specimen
W = Width of specimen

fla/w) = A geometric factor depending on the variables w and a,

a = crack length
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Since 1ifetime 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, IT 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
cracking model mentioned before27§30‘ At Tow stress intensities hydrogen
migrates to the region of maximum tri-axial stress where it aids the
fracture process, permitting the material to fracture at a Tower 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 IT where the crack growth is insensi-
tive to the stress intensity. The crack yvelocity 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 becausebthe 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, 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 %educes 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, tests wre conducted in é 3.5 weightepercent
Sodium Chloride in distilled water solution, Since the mechanism for
environmental cracking of austenitic steels is one in which the chloride
jons act as catalysts for the anodic dissolution of austenite395 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 enyironmental cracking mechanism
working in the Sodium Chloride solution is the same mentioned before
for tests in distilled water, Therefore, it can be stated with

reasonable confidence that up to 10% retained austenite is a beneficial



-15-

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, 31,33 reported that 300-M tested in
deoxidized water had a shorter 1ifetime 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

Tayer of silica (Sioz) as proposed by Lees, et, a1017

, 1t 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
Tifetime and increase crack growth rate. The test was conducted and
crack growth rate measured (Fig, 7). The resu1t§ 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 tempered 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 (FeBC) was observed, In addition, Tinner and Gilpingss
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 iﬂvestigatorszgg Gerberich's
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argument of reduced diffusivityzo°21 is one mechanism that could account
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. 81,54

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 11), the fracture surfaces were mainly inter-
granular with small amounts of tearing (arrows) and transgranular
fracture (marked a). At high stress fintensities (Fig. 8c, region 1II)
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 varijous 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 9e), it can
be seen that the material with the most tearing is the jsothermal heat

treatment whereas the Teast tearing was present in the 4340,
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Final fracture surfaces are shown in Figure 10. Both commercial
heat treatments (Figs. 10a and 10b) are similar with dimple rupture
surfaces. The fracture surfaces of 4340 tempered at 300°C (Fig. 10c)
and the 300-M tempered at 470°C (Fig. 10a) 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. 11a) shows little
carbide precipitation during tempering. The fsothermal heat tréatment
resulted in a lower bainitic structure with up to 50% martensite
according to the TTT diagram52q

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 La112 before,
Since Shively etoah45 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 Tonger path, Also, V.A, Kova1enkoa6

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.  Environmental Cracking Theories

Results of the present investigation are in agreement with the
generally accepted mechanism explaining environmental cracking, the

14,22 37550 theories. These theories

stress sorption or decohesion
propose that hydrogen, either existing in the environment or produced

by cathbdic 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 Tower 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-
lar internal pressure theowyzgq 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 Targe hydrogen pressure is more

likely to be produced on {nterval 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 toughness. It 1is very unlikely, then,
that the internal pressure theory could explain the observed results as
well as the stress sorption/decohesion theory.

Another theory which could account for the environmental cracking
phenomenon is the purely electrochemical mechaﬂism51”53‘ In this theory
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 (SiDz) film
was not confirmed and the good correlation observed between diffusion
rates and regijon II crack velocities, it can be stated that the stress
sorption/decohesion theory provides a better explanation of the observed

facts,

B. Alloy Design

It has been shown that one of the main factors determining the
Tifetime 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 alloys, 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, a low stage II crack growth
rate is desired, Thic an be obtained by reducing the diffusion rate of
hydrogen through the material. 1In the present experiment this was ac-
complished by the addition of silicon, 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:
1. 1.6 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

18 had shown this

materials of equal fracture toughness. Previous work
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 1in
the form of films between martensite/bainite laths showed considerably
stower 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 Tifetime of a component.

4, The environmental cracking behavior of a material can be
modified through composition and heat treatment variations. Conseqguently,
the possibility of optimizing the design of alloys resistant to environ-

mental cracking should be explored further.
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APPENDIX

A. Crack Growth Rate vs. Instantaneous Stress Intensity Curves

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 B, Appendix) permitted the
calcutation 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 formuia:

dal _ %+ 17 % -1

A ) 55T
where:

da . C . .

pral : Crack growth rate at time i,

i
as 1 ¢ Crack size at time 1 + 1,
ay 1 : Crack size at time 1 - 1.

At : Time between displacement readings.
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The crack size was also used to calculate the stress intensity by

means of the equation below:

A2 Ky = /B2 129.6 (o) /718505 (o) 4 685.7 ()Y 2
-1017.0 (a;/w) /% + 638.9 (a,/w) %]
where:
: Stress intensity at time 1.
ki
P ¢ Load on specimen.
B : Thickness of specimen.
W : Width of specimen.
a. : Crack Tength at time 1.

i
A1l the previous calculations were programmed into a digital

computer (section C, Appendix), whose output was the crack growth rate
and the stress intensity as a function of elapsed time for all the
specimens tested. The specimens were thendivided into groups depending
on their heat treatment and environment used for the test. Each one of
the resulting curves (Figs. 4 through 7), contains the results of at
least two different tests.

B. Compliance Calibration

The objective of the compiiance calibration was to permit the
calculation of the crack size (a) when the following was known: The
Toad on the specimen (P), the specimen geometry (B,W), the clip-in

gauge displacement (v) and Young's modulus (E).



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 1in
an MTS tensile test machine and a clip-in displacement gauge was
attached. The Toad versus gauge reading (P vs. v) was obtained, and

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

becomes:
EB
(A.4) FBv dpP
p dv

This process was repeated for various crack sizes and plotted in
semi~Tog graph paper with a/w on 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:

(h.5)  Log,, {E?’} = 1.5129 - 1.0971 (a/w) + 3.044 (a/w)°
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However, what the computer program required was the crack size (a).
In order to find a/w as a function of EBv/P, the following set of

points were predicted with equation A.5.

a/w Tog(EBv/P)
W~O,427 1.599

0.688 2.199

0.854 2.796

Next, the following equation was fitted through those data points:
2
)

(A.6) a/w =a +b (log EBv/P) + c(log EBv/P

This was done by solving the following three simultaneous equations:

0.427 = a + b(1.599) + c(1.599)°
0.688 = a + b(2.199) + ¢(2.199)°
0.854 = a + b(2.796) + c(2.796)°

The solution was:

a = =0.729
b= 0.9325
¢ = =0.131

Figure 13 presents the plots of the original data and of equations

A.5 and A.b5.
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€. 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 Amm, the following Tines were
identified:

300-M TEMPERED AT 470°C

po AL
r(mm) d == (th)Fe3C
6.4 3.42
8.5 2.58 020
9.4 2.33 112,021
10.75 2.04 022 or 210
12.35 1.77 212
13.05 1.60 221
14.025 1.56 130

300-M TEMPERED AT 300°C
AL

r » d = - (nkL)EQFeZC
8.1 2.7
9.38 2.34 100
10.3 2.13 002
12.08 1.81
13.68 1.60 102
14.38 1.52
19.5 1.12 112,201




STRESS

0000008
014678
Q014678

0UL&6T8

Q02TViB

0030038
Q030048
0030068
4330138
Q030138
0030148
0030248
0030248
0030248
0030348
Q030348
0030408

0030408
2030448

0030448

lo
2.
3.

So

bo
To
8o
Do
10.
Ilo
12e
13
4o
1%
L6e
iTe

18s
9

200

OO A0OeaOAAREOOOOOn A0 OaeOA00

[eXsRaNs)

sePROGRAM STRESSUINPUT QUTPUT ,TAPER) %%

PROGRAN STRESSCIMPUT OUTPUT ,TAPES]
DIMENSION VE100I,TEI00,A(L00) cCPRILOOD (CPC{L0QD
REAL KEI00DsK2(1L001

INPUT DATA

READo EoBoW
E=YOUNG®S MCDULUS In PSI
B=THICKNESS IN IMCHES
W=WEOTH IN ENCHES

10 READPoNIoDTEoNZeDT20 1D ITHY
P=LCAD IN POUNDS
I0=TDENTIFICATION NUMBER (EG. M23)
M 1IsNUKMBER OF DATA FPOINTS (INITIAL PORTICON OF DATAY
NZ=NUMBER OF DATA PUINTS (Final PORTION OF DATAD
DTL=TINE INTERVAL BETWEEN DATA POINTS (BEGINNING) IN RS
DT2=T [ME INTERVAL BETWEEN DATA PQOINTS (ENO} IN HRS
IHT=HEAT TREATRENT
IHT=1-30QM,A 870 Cy €Oy T 300 €o DIST WATER
2-300¥%. & B70 Cs 0Q T 470 Cy DIST WATER
3-300M, & BT0 Co HOLD 230 Co 0Qs T 300 €, DIST WATER
4-300M.A 87@ Co 0Q T 470 Co NACL SOLN
5-300Ms 4 870 Co HOLD 250 Co 0Gy T 300 Co MACL SOLN
6-4340,4 @TC C, 0Qy T 200 C, DIST WATER
T-4340,4 870 C, GUs T 300 Co DIST WATER
8-4340,4 870 Co 0Qe T 300 C, DEOXIDIZED WATER

Riz2sNLleNZ
IF (PEQ.0.0160 TC 1000
WRITE {6,871
87 FORMAT (1ML}
IF (IHT.GT=50G0 TU 25
WRITE (60 T6IP¢iDoINT
Te FORMAT (53XKo2HP=yFBo204H LBSs10Ko &HID=M, 12, 10X, 4HIHT= oL L, 470
GO 10 26
25 WRITE (6o TTIPoED o INT
77 FORMAT (40No2HP=9F8.2;4H LBS 10X, 3HID=,12, 108, 4HIHT=,10 7/}
26 WRITE (671D
71 FORMAT € 15X, GHTIME 10X L2HCRACK LENGTH, 16X, LE6HSTRESS INTENSITY 12X
Lo LTHCRACK GROWTH RATES
WRITE (60721
T2 FORMAT §15XoSHIHRS) o LIXoBHEINCHESY o 12X, BHEKST IND BN THIMPA ME 16X
LoTHIIN/HRD ¢BRIHINIC/SEC) D
T0=0.0

INPUT COD OATA fwlil) IN INCHES

ﬂgzw



STRESS

0830448
0030478

0030%%8
0030638
GQ30T0B
0030748

0031308
0031318
0031338
0031358
0031368
2031418
0031428
0031448
Q031478
0031518
Q031548
Q031578
0031638
0031648
0031708
0031738
0031778
0032108
0032108
QO32LEB
B032L58
0032408
Q032408
0032418
0032438
0032478
00322728
0032738
Q03311
0033258
Q033258
0033308

2le
22e

23,
24
250
2Go

2T o
280
29
30.
3le
32.
33e
3o
35
L2
37e
38.
39,
40e
4lo
$2a
430
GG o
4S80
&bo
47 o
48
£9,
50e
5kLe
52e
S3s
54
5%
56q
S7a
58

91

92
81

82

4%
73

83
T4

86

98
99

1¢oc

ssPROGRAN STRESSSINPUTY DUTPUT,TAPES 1%

DO 8L I=1,M812
READSVEIY

ALG=AL0G I0EEEBsY(LL/PY

AE={ 0. 93250ALGI-0.729- (0. 1318 (ALGHE2) ]
AEID=AYSH
KETI=C¢PriBESORTINDIISC((Z0.62(ANTT 5 00~0185.52{AKEEL,5)04( 655, TH(AH
1282650 b~ LOLTo®(AWES3,5) 1 5(638.9% (AWETL .50 ) %001
K21 )=KET 155099

TL{Ib=T0

IF ([.LToNLIGDO TO S1

60 YO 92

TO=T1I100TL

G0 TO 81

TO=T ¢23eDT2

CONTINUE

IF (N2.EQ.LIGO TO 94

DO 82 J=2.Ni-1

CPREJI=EALI+LI~ALI~L 008/ (2,9DTLD

CPCLS §=CPREL102,5492, 77778

IF (N2.EQ.QIGD TC 94

DO 84 J=Nlel.N12~1
CPREGI=(ALI¢L A0S~ 1D} /0 2,0DT2)
CPCESI=CPRISIER.5622.7TTT8

WRITE (6oT33TCL0 AL} KELE,X2(LD

FORMAT (13X:FBoboL0XsFTatodeXoF e 2o 9U,Fho2)

IF (NL.EQ.11G0 TO 23

DO 83 L=Z,N1-1

WRITE (6076 iTCLDoRACLD KLY K2(LDoCPRELE HCPCILD
FORMAT 13X F8o%sb0XoFTabe o FEaZe INsF6a2: 15K FBaboPNFBabD
IF EN2.EQ.0160 TO 99

IF {N2.EQ.LIGO YO 98

DO 86 LzMi+loNR2-1

WRETE (60740 TELI oATLD o KIL) oK2L D, CPRELE,CPTILD
GO YO 99

WRETEIG o TSI ALNT Do KENLD o K2 ANL Do CPRENLD oCPTINLD
WRITE (GoTIDTINLI2IAINLIZ) ,KINL2Y ,K2(N12)

GG 70 10

stop

END

PAGE

2

£

P
Y
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P= 1878,00 LBS 1D=¥30 FHT=3R
CRACK | ENGTH STRESS YNTENSTITY CRACK GROWTH BATE
LTNCHES)Y (®RST N9 {#MP A ™§ (iN/Hey {MYC /SECY
- 8699 21,84 28,01
«BTTT 272,07 24,76 -0116 0819
- 8815 22,19 24,39 -009% - 0669
- 8872 22.36 2%.58 sODTH -0831
-8891 720472 2h.04 « (3165 o1161
- 9037 27.88 25.16 2018} 21780
-8072 22,99 2%5.727 .0108 0744
-9162 23,22 25.51 0272 » 1917
-« 9344 23.R9 76,725 20330 s 2327
09672 24,33 26.74 - 0190 01363
<9534 26 .56 26.99 00242 . 1710
«9T14 79,22 27,71 <0767 1881
-9801 25.5% 28.08 - 0280 -1975
- 989%4% 26031 28.92 3350 02673
1.0151 26,96 29,63 « 0319 0 7250
1.0313 27,67 30.41 -031%9 2 7397
1.06%90 28,68 31.30 0509 : 2887
1.0722 29,61 32.%% - O&RT 3638
1.0977 30,95 34,02 « 0544 - 3839
1.1266 A2:.67 35, RS 0832 44459
1.1609 36,83 38,27 - 06586 26630
1.1923 37,08 L0.76 0627 s bbb ?
1.2262 39,67 £3.%9 0718 5062
122637 43,31 £7.60 - B700 - 4940
1o2942 46,50 51,11 0597 %216
1.3238% 49,93 54.87 s 0672 25763
1.2614 54,95 60,39 - 0664 o b BB
1.3899 549,20 65,06 RN 24101
1.4195 64,12 T0.47 « 0591 5168
14489 69,55 T&.43 - 0571 s &0732
1.4767 75,21 87 .65 0531 «3745

1.5020 80.88 88.89



[ L i i L i 4

e E E sl 5 H ot

o ¥

Pa 17264,70 L&S {D=M83 fHT=S
CRACK LENGTH STRESS INTENSTTY CRACK GROWTH PATF
CINCHESY {RST INY (Mep My (IN/HRY (MYE/SEC)
.8338 19,12 21,01
- 8698 70, 06 22 .06 0284 - 2006
-B906 20,63 22.68 0383 2701
K-TY.Y3 22.32 26 .53 0576 - 40606
1.,0059 26,83 26.82 .0608 .4293
1.10%6 28,83 31.68 - 0690 4870
1.137¢ 30,55 33,58 0682 068173
11,1739 32.81 36,06 0721 .5089
1.2093 35,28 28,78 08654 28616
1.2393 37.65 &1 .37 23523 s 2689
1.2618 39,50 43,69 20607 s &282
1.3000 £3,30 47,88 - 0681 - 5804
103296 48,56 51 .16
P=s 700,50 LBS IN=M56 THT =6
CRACK LENGTH STRESS YNTFNSITY CRACK GROWTH RATE
{INCHESY KSY INY (upa My LIy /7HR g (MYCASECH
CBTYIT 19,82 21.79
8T 19,87 21,79 0 ]
S BTLT 19,82 21.79 0 )
<8717 19, 82 21.79 0 0
.B717 19.82 21.79 9 0
. BTLY 19.82 21,79 0 o
28717 19.82 21,79 5 0
SBTLT 19.82 2379 - 0803 . 2844
,9970 23.74 26 .08 L2821 1, 9936
1.0087 25,17 26.56 .1%83 1.1030
1.0282 26.93 27.40 . 2158 1.517%
10517 25,90 28,67 . 2079 1.6318
1.0688 26066 29,29 22648 1. 8686
1.1067 28,38 31.19 L 3TET 2. 6580
1.1442 30,53 39,56 26272 3,0144
1.1901 33.43 360 74 . 3855 2.7196
1.2213 35,69 39,22 0 3T4T 2. 6434
1.2650 39,33 6%,23 .6363 3.0784
1.3085 63,58 47,90 26863 35167
1.3619 49,87 56,75 . 5468 2, 8582
1.4179 57,80 63,52 25957 4,2027
1.4810 67,95 75,78 . 7388 5,2124
1.5656 88,27 97 .00
P= 1724,70 LBS iD=#%g THY=g
CRACK | ENGTH STRESS INTENSTTY CRACK GRAYWTH RATE
(INCHFS) (RS TN (MPA My CINZHRY (MIC/7SECY
1.0662 26,03 28,61
1.0728 2722 29,91 - 1768% 1.7592
1.0819 27,65 30,38 21638 1.0123
1.1015 28.62 31.65 - 2096 14773
1.1238 29,80 32,75 - 2061 1.56538
1.1827 30,87 33,93 21833 1.2931
1.1606 31.95% 35,11 21723 1.21%5¢
1.177% 33,03 36,79 22273 1, 5687
1.2049 14,96 38,42 - 2781 1.9622
1.2327 37.11 60,79 52156 1.5267
1.2682 38,40 £2.20 .1905% 1. 3442
1.2708 80,63 45,83 L2767 1.9698
13060 63,72 48,05 . 3511 2.4769
135611 67,91 52 .65 +3979 2, TTLO
1.3826 %3, 33 58,61 3092 7.1179
1.4011 56.07 61,57 - 5180 1. 6550
105862 70,97 77,99 7782 5.4905

15567 87.19 9%.8?2
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P= 2767.00 Lgs 10=#20 {HT=2
CRACK LENGYH STRESS INTENSITY CRBACK GROHTH RATE
{TRCHER Y RSy 83 (Mop My {IN/MRY (MIC/8ECH
11772 §2.99 58,23
1.16837 53,69 59.00 25852 3,846
1.1881 56,17 69,54 - 5091 B.5917
11938 54,82 50,24 6647 4, 6885
1.2014% 58,68 61.19 6053 &.2707
1.,20%9 86,22 &1.78 5458 3.8439
12123 56,97 62,61 « 7099 S GOBS
1.2201 57.9% 63,67 - 8939 4.8959
12261 58.69 64 .50 o BTL3 4. 7574
12336 59,66 65 .56 - T798 55018
1.28Y7 40,73 66,74 . TG73 5.625%4
1.2496 61.80 67,92
B= 233B,00 LRS {(D=Mid I =2
CRANK LENGTH STRFSS TNTENSITY CaAfK GRAMTH RATE
{ TNCHES) (KSY 1w (HMPA MY IN/HR Y (MIC/SECH
<8768 ?7.%% 30.18
8766 27.4% A0.1% ¢] ]
« 8764 27.63% 36,15 4] 0
<8764 27,63 30,19 0 0
8756 27,473 30,15 0 [}
29061 28,58 31 .61 - 3866 2. 7119
1.2607 53, %5 58. 8%
Pz 2767,00 LRS TOsM20 {HT=2
CRACH L ENGTH STRESR INTEMSITY CRACK GROWTH RATE
(INCHESY (ST Ny {8va M) (R TAELS {MYC/SEC)
. 8644 31.9& 35,10
- B6&4 31.94 45,10 i} 0
«B6LE 31.94 35,10 .06017 20117
< BTTT 3257 35,76 20062 - 0296
<8980 33,44 36,75 00862 0368
- 9194 KL 3 37.87 . 0088 0387
« 941 8 35,58 39,70 <00%&7 . 0328
G567 3635 39,95 « 06046 20325
9787 37,56 61,28 - 0058 - 0409
10030 38 N 42,84 006% 04563
11,0290 Lt 56,63 0072 - 0507
1.0638 *2.98 67 .24 s0119 . 0819
1.066% 43,20 57,68 (233 - 1647
1.0752 £3.8% 48,19 . 1027 7248
1.1178 67,29 51.97 <1836 1.2939
1.1669 51.91 5705 223372 1.6457
12345 89,76 65,68 -« 3297 2.3227

1.3315% 75,06 82 .46



X
P= 747,00 LRS Th=Me7 THT=13
COACK LEMGTM STYRESS INTENSITY CRACYK GROHTH BAYE
{ TNCHER ) RSY INY (Hpa My { TN /HRY (MIC/SECH
- 8195 18,96 20,88
<8510 20,03 22,01 07486 +5261
8941 20.95 23,03 . 0598 4218
9207 21. 75 23,90 08679 - 3380
9420 22:.67 2&.648 - 0380 - 7?7685
«9588 22.97 25,25 0327 + 2309
s 9T48 23.52 2% .85 0371 22617
9959 26429 26,69 - 0269 - 1899
1.0017 24,51 26,93 »0198 - 1399
1.0157 25,095 27.53 0275 - 1940
1.0292 25.%9 28,12 - 0187 -1318
1.0%48 25,81 28,36 .0129 - 0910
1.0521 26,17 28. 72 - 0176 1244
1.0520 26.%6 29.19 0126 « OBTS
1.054% 26,67 29,31 0096 . 0681
1.0617 26,99 29,867 20119 « 0861
1.0666 2T.21 29,90 + 0151 01063
1.07&7 27. 69 30.%3 <0115 -0810
1.0778 27,75 30.69
2= {598,500 LAS Jh=M 4 IHT=1
CRACK LENGTH LTRESE [MTENSITY CRACK GROWTH RAYF
{INCHES Y (KSY INY {MpPa My CIN/HRY MIC/SERY
29621 20.56 27,60
- 9496 20,78 2? .84 0783 «1293
<9568 21,01 23,09 : + 0393 22778
+9810 ?21.78 23.93 - 0699 6935
1.01728 22,87 2%.13 - 0850 «h069
1.0698 26,27 26,67 . 092? -6508
1.0866 25,813 28,39 (1074 - 6BT?
1.1277 27.82 30,58 10866 « 7378
1.1702 30.19 33,18 S1117 - 7883
1.2171 33,25 34655 21187 -8118
1.2623 36, T4 60.38 1235 o RT22
13160 &1.72 4% ,8% . 1327 - 9362
1.3684 67,62 52,35 214310 =114
1.4288 55,98 61.573 - 1602 11303
16966 6777 Th &7
P= 25060, 00 LBS IN=M & YHT=1
CRACK LENGTH STRESS (NTENSITY CRACK GROUTH RAYE
{INCHESY Ry INY (9P s My (ImM/HRY {¥YC/SEC)
5521 20,13 22.13
<5588 20,2% 22,25 - 1239 2 B76S
- 5686 20.6? 272 .65 «1458 1.0289
s 5TB? 20060 22.6% - 1656 1.1684
- 5007 20.88% 22,91% - 1393 -9826
» 5968 20,97 23,05 21352 - 9538
6087 21,22 23,32 - 30622 2.137¢6
oBRTY 21.8% 264,02 - 2938 2. 0732
- BHBTY 22,11 24,30 -1600 1.1290
6584 2236 24.58 2676 1.8878
<6835 23,01 25,29 . 2963 2. 0903
6979 23,39 25,71 a 2652 173072
s TLO? 23,91 26,27 23326 2.365%
s T627 24,67 77,11 4869 3.4352
,T8IL 25,89 28.46 < &RKE 3,0725
-8003 26.53 29.16 3754 2.72960
8245 27038 30.09 <4681 3. 2028

-B627 28,79 31.65
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Ps 22860.00 L8S 1g= 2 (HT=7
CRACK LENGTH STRESS YNTSNSTTY CRACK GRMUTH BATF
CINCHES ) (RS Y IMY (MPA M) (RETALY {M{C/SECY
9816 56,70 51 .37
9941 57,57 52.28 1,871% 13,2016
1.0003 68,01 82,76 1.8036 12. 7254
1.0122 &8, R7 83, 7Y 2.4R73 17,5143
1,06251 LG -1 56,78 2.1250 16,9867
1.0332 50,49 55,49 1.8454 12,0203
1.0638% 51, 20 86,37 2.3780 16,7784
1.0572 §2.47 87561 2, 9794 21,0277
1.0733 53,81 59,14 2.9177 20.5862
1.0864 86,99 60,673 2.6669 i8.816¢6
$.1000 86,27 81 .84
P= 1402.70 LBS b= & THY=7
CRACK  BNGYH STRESS fNTENSITY . CRATK GRAWTH PATE
¢ THCHES)Y (RS TN (Hp A MY CIN/HRY MY C/SECY
- 9666 15,12 16067
1.6589 17,39 19,11 .0nasg NETH
1.1867 20.%9 27 .63 007 . N%16
1.20%3 22,62 26,85 0039 20774
11,2342 24,01 26,719
P= 1450,00 LBS {0=15% THT=4
CPACK LENGTH QTRESS TNTENSITY CACK GIAWTH 24/%F
{ INCHESR) (RS INY {MPA MY (AT LR (¥IC/SECH
. 9370 14,99 16,67
- 9501 18,27 16.78 0783 . 5577
8596 15,32 16,804 L3877 1,%r912
9866 18,00 17.68 24063 2. 9658
1.07%9 17,28 18,99 59136 6,% 880
1.1083 19,49 21,74 00480 7,0273%
}.227% Tl o TE 27,21 1.3335% 9, 40073
1.3720 34,710 37,57 1.5021 11,2399
1.5517 85,66 61.06
P= 1757.50 18% {0=148 {HT =f
CRACK LENGTH EYRESS [NTENSTITY CRACK GRNAWTH RATE
CTNCHES S (RS YMJ (mMpa ¥y (R YLELY! (MY 7RENY
-9077 17,46 19,17
L9190 §17.72 10,48 L5E96 13,9553
- 9259 17,89 19,66 34773 2.6155
. O304 18,00 19,78 ,3259 7, 3690
.9371 18,17 19,97 23315 2.%389
.941% 18,28 20 .09 . 1964 1.3856
. 95637 18, 24 20,15 1207 9151
0658 18, %0 20,71 1289 . 0096
9479 18,.4% 70,77 51915 1.35%4
0522 168,56 20:40 2ATTPR 2.5619
0605 18,78 20.64 6733 4, T503
- 9746 19,16 21,06 . 5098 %, 27265
9805 19,33 ?1.24 .2919 2.0%95
L9866 19 .66 71636 22302 1. 6242
-988?7 19,85 21.48 . 2837 2.0017
.99738 19,73 23.6¢ 08652 3.1409
1.0030 19.98 21.9% TN 3o R408
1.0120 20,28 22,26 .57a98 2, 7384
1.0207 20,52 22,88 6656 3,2851

1, 0275 20,76 22.79
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f= 1711.00 LAS 10=60 IMT=R
CRACK LENGTH STRESS INTENSTTY CRACK GanNUTH RATF
CINCHES ) (RSY TN} {HPA M} fiN/HRY {MIC/SFCY
+B690 19.68 21.6886
. 8796 ?0.16 22,16 1050 7408
28900 20.85% 22.48 <1807 1.0636
- 9098 21,02 23,10 .1927 1.3%94
.928% 21.58 23,72 <1737 1.2258
<9445 27,09 26,27 . 1731 1.2210
<95672% 272,69 24.94 S1T32 1.2221
.9792 23.2% 25.5% « 2997 2.1144%
1.0231 26,88 27.34 3756 2. 6500
10843 26,17 28,76 s 3093 ?.,1822
1.0849 ?T.87 40.30 s 3621 2:.5%68
1.1267 29,72 32.867 +&131 2.9149
1.1676 37,14 35,33 -4193 2.9583
1.2106 38,10 38.58 . 5210 3,6761
12718 40,19 &6 17 6372 46,4603
1.3370 57,08 81,70 TET2 5.6131
1.6252 59,33 685,71
8= 1711, 00 8% Th=6A1 THY =8
CPACK LENGTH STRESS JNTENSTYY CraC GROWYH RATE
{INCHESY (KSY N} {Mpa M} (IN/HRY (MyC/7SECY
284 ?1.08 23.16
+97249 21,647 23.60 L0B8&D <5930
.928% 2158 23,72 . 0654 + 37206
- 9339 21,75 3,91 +0&50 Pl 4
J9ATE 21,86 24,03 <0616 25369
094663 272.1% 26 .33 - 0949 L EBIS
<9565 272:47 24,70 0878 8527
09648 22,78 25.00 .1134 + 8004
9792 23,24 25.58 . 1485 1. 0480
<9945 23.79 28.1% s 1496 1,0852
1.0091 24,33 26. Tt 1768 102673
1.0298 25,15 27 .64 2011 1.4186
t.0492 28,96 28,53 « 1890 1.3333
1.0676 25,77 29 .67 « 2059 1.6826
1.090% ?7.84 320.560 « 2808 1.6992
1.118a 79,13 372,02 . 2679 1.7488
1.1401 30,48 33.69 « 2545 1. 7960
1.1687 37,09 36,27 <2896 2.0435
1.1980 25,19 37.57 ° 3405 2.4021
1.2348 36 .98 &0 .66 23973 2. 8031
1.2774 40,73 464,78 H662 3. 7894
1.3780 46,00 %0.56 25621 3. 86467
1,3899 $3,93 89,27
®= 1723.70 LRS [H=yxy THT=8
CRACK LENRTH STRESS INTENSYTY CRACK GROWTH RATE
LINCHESY {RSYy 1My iueas MY (A Fa L8 (MY 7SECY
-B558 19,94 21.91
-8658 19.94 21,91 O 4]
- 8658 19.94 21 .91 ¢} ¢
«B65H 19.96 21.91 [} 0
«B68R 19.94 2191 <0105 - 0762
< 8868 20.51 22 .5% .0280 21974
«94&66 22,37 24.5% s 0578 5060
- 8792 23.4%? 25 .74 « 0673 -4398
1 .0690 24,81 26,96 0698 5913
1.04689 26,13 28.72 . 0731 « 5159
1.0821 27:6% 3038 20711 -5018
11200 29,98 32.51 <3698 <4924
1.1519 321.61 34,57 0668 -&T16
11869 33,67 37.00 (B6RQ %859
1.2208 386,16 39,72 « 0664 «&B685
1.253% 38.82 &2 .66 - 0847 - 56566
1.285% 41. 81 5% ,9% 0665 + 54552
1.3178 45,19 52,68 < 06NY 28798
1.3863 68,52 §3,33 - 3539 - 3805
18717 51,80 56.93 «0%23 3689

1.3986 58,62 61.12
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Pe 1711.00 LRS 1060 iHT e
CRACK LENGTH STYPESS TMTENSITY CRalK GafdYH BavYE
 TREHES ) XSy 1M} (upa &) (TR (MYgrSEC)
~B690 19,88 21 .64
+8796 P0.16 22.16 1650 . T408
-8900 20,45 22,68 21507 1. 0636
9098 21,02 23,10 .1927 1. 3594
,9285 21,58 23,72 L1737 1.2258
29646 27,09 24,27 . 1734 3.2210
<9621 27,869 24,96 L1732 1.2221
°9792 23,26 25,65 . 2997 2.1186
1.0231 26,88 27,36 .3756 2.6500
1.0543 26,17 28,76 ~3093 2.1827
1.0849 P7.57 $0.30 3621 2.5558
11267 29,72 82.67 6131 2,9149
1.1676 32,14 35,33 e619% 2.9583
3.2106 35,90 38,58 <5210 3, 6761
1.2718 &0.10 66,17 56372 6,5603
1.3370 57,05 51,70 STBT? 5.6131
1.6267 59,13 65,21
p= 1711,00 LB8S fR=61 fHT a8
COACHK LENGTH STRESS FNYENSTITY CRACK GROMTH BAYE
{ ENCHES ) (RSY TN} tups M) TIN/HR) (uICrSEC)
IR 21,08 23,16
.92769 21,47 23,60 0849 L5930
.928% 21,58 23,72 0654 .3706
+9339 21,75 23,91 20450 G172
,937% 71,86 26,03 C06 1A L8349
« 9563 ?22.16 26,33 - 39469 0 6695
.956% 27,67 24,73 0975 £6527
<9647 22.75 25.00 1138 <8004
9797 23.24 25.58% < 1485 1.06R0
09945 23,79 26.15% .140¢ 1.0552
1.0091 26,33 26.76 L1768 1.2673
1.,0298 25.1% 27,64 .2011 1.4186
1.0492 25,94 28.53 . 1890 13333
1.0676 25,77 29,87 « 2089 1.2526
1.090% 77,84 30,60 .2808 1.6997
1.1158 29,13 32,07 . 2679 1.768R
1.1401 30,48 33,49 . 2548 1. 7960
1.1667 32,09 35,27 ~2896 2,0435
1.1980 36,19 37,57 3405 2,6021
1.23438 36.98 50,66 3973 2.8031
1.2774 80,73 &4, 76 8667 3, 2894
1.3780 46,00 50,56 286721 3. 9667
1,3699 $3,93 59,27
s §723,70 LBS §Heu& P THT=%
CEACK LENGTH LYRESS IMTENSTITY CRACK GROYTH AATF
CINCHES) (RS (M) (aps H Sy (97 ° 7SECY
8658 19,94 21,91
~B658 19,94 21,91 o o
. 8658 19,94 21,91 6 o
28658 19,94 21.91 ) 0
.865R 19,904 21.91 . 0105 00762
. BHOH 208,59 22 .55 <6280 L1974
.B466 27,32 26.53 ) 6578 08060
. 9791 23,67 25,76 «0673 .4398
1.0090 24,93 26,94 JPETS 284913
1,0689 26,13 26.72 .0731 . 5159
100821 27064 30,38 <0711 .5018
101200 29,38 32,51 -08698 06924
1,459 Bladl 34.52 0668 L6716
11869 38,67 87.00 +DERT &B859
1.2208 36,15 39, 72 . 0664 LT
1.72533 B8.87 52 .66 - 0687 4566
1.78%% 81,81 68,95 00645 06552
1.3178 85,99 59,66 <0819 08206
1.3663 58,52 84,33 <0539 +3805
13717 51,80 $6.93 .0573 23689

1.3986 55.67 61.12
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TABLE I. CHEMICAL COMPOSITION OF ALLOYS INVESTIGATED
Alloys Weight Percém
C Mn P S Si Ni Cr Mo Va Cu Fe
4340 0.41 0.8 0.006 0.004 | 0.26 1.75 0.79 0.23 Mone | .06 Balance
300-M 0.42 0.76 | 0.007 0.002 | 1.59 1.76 0.76 0.41 0.10 Balance

.,Z?m



TABLE II. HEAT TREATMENTS AND THEIR PROPERTIES

Material Heat Treatment - Prior Austenite % Retained Sy Su Kg@ KESC
Grain Size Austenite Ste
- | MPa MPa Wa/m  MPa/m
4340 Austenitized at 20 <2% 1652 2039 16.6
870°C-011 gquenched 1572 2135

Tempered at 200°C Avg. 1612 2087

one hour

4340 Austenitized at 20 <2% 1476 1652 63.2 16.6
870°C-011 guenched 1597 1842 60
Tempered at 300°C 1423 1770 65
one hour Avg. 1498 1755  62.7

300-M Austenitized at 20 10% 1425 1820 92.3 18.5
870°C 1482 1832 87.4
Isothermal hold 1570 1934 85.7

at 250°C for one
hour-0il1 gquenched
Tempered at 300°C

Avg. 1492 1862 88.5

“g‘pﬂ

one hour
300-M Austenitized at 20 <2% 1441 1701 67.2 18.0
870°C-011 quenched 1526 1743 70
Tempered at 470°C 1523 1633 69.4
one hour Avg. 1497 1683  68.9
300-M ABustenitized at 20 5% 1697 1940 67.2 18.6
870°C-011 quenched 1728 2046 64.8
Tempered at 300°C 1787 2032 63.1
one hour Avg. 1737 2006  65.1
where: Sy: yield strength Kfﬁz Plane strain fracture toughness

Su: ultimate strength KISCC: Threshold stress intensity
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FIGURE CAPTIONS
Fracture toughness and tensile specimens used.
Equipment used. (a) Creep machines and recorders.
(b) Creep machines. (c) Environment container.
(d) Clip-in displacement gauge and method of attachment.
Lifetime curves for tests in distilled water.
Crack propagation rate versus instantaneous stress intensity
curves for commercial heat treatments (tests conducted in
distilled water at room temperature).
Crack propagation rate versus instantaneous stress intensity
curves for equal yield strength heat treatments (tests
conducted in distilled water at room temperature).
Crack propagation rate versus instantaneous stress intensity
curves for tests conducted in 3.5 weight percent sodium
chloride solution.
Crack propagation rate versus instantaneous stress intensity
curves for tests conducted in deoxidation water.
Effect of increasing stress intensity on fracture surface.
Specimen was 4340 steel tempered at 300°C. (a) 30 MPa/m
(b) 40 MPavm (c) 50 MPav/m (all stress intensities
approximate).
Effect of heat treatment on fracture surface. A1l surfaces
formed at a stress intensity close to 35 MPas/m.
(a) 4340 tempered at 200°C (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.

Fig.

Fig.

Fig.

Fig.

Fig.

10,

11.

12.

14,

15.

o g w3

-45-

Final fracture surfaces. (a) 4340 tempered at 200°C

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

(d) 300-M tempered at 470°C ({e) 300M isothermally transformed
Optical micrographs. (a) 4340 tempered at 200°C

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

(d) 300-M tempered at 470°C (e) 300-M isothermally
transformed. Etchant used was either 2 or 5 percent nital.
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.

Plot of original data, compliance calibration and equation
fitted to compliance calibration equation (See Appendix B

for details).

Flow chart of Computer program used to calculate crack
propagation rate and stress intensities.

Diffraction 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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