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TECHNICAL MEMORANDUM X-64923

KINETIC STUDIES OF THE STRESS CORROSION
CRACKING OF D6AC STEEL

INTRODUCTION

Environmentally enhanced crack growth in high-strength steels has been
observed by many investigators. To prevent the premature failure of struc-
tures, particularly those that may undergo combinations of varying load levels
and stress corrosion cracking environments, the phenomena of subcritical
crack growth in the presence of the corrosive environment must be character-
ized.

With the advent of fracture mechanics concepts, the crack tip stress
intensity factor, KI , has been shown to be an appropriate parameter to charac-

terize the mechanical driving forces for environmentally enhanced crack growth.
In the development of techniques and understanding about the roll of the stress
intensity factor in stress corrosion cracking, the initial investigations were
concerned with the measurement of the onset of growth [1, 21. Later investiga-
tions dealt with the development of the threshold stress intensity factors asso-
ciated with the stress corrosion cracking process, KISCC [3-51. The most

recent phase of stress corrosion studies is concerned with the kinetics of the
crack growth rates (da/dt) as a function of the applied stress intensity factor,
KI . This has been investigated in steels for a variety of environments and

loading conditions [6-81.

Although crack initiation times and crack growth rates are the two
important factors in determining the life of an engineering structure, recent
work indicates that there are others. Harrigan, Dull, and Raymond [91 show
that steady-state crack growth under deadweight loading may be arrested by
load level changes, thus enhancing useful life. For critical engineering struc-
tures, fracture mechanics design concepts must assume the presence of a
defect in the structure. Thus, for a conservative estimate of the useful life of
a structure under stress corrosion conditions, one cannot include the crack
initiation period of the stress corrosion cracking process. The safe life of a



structure may be decreased in proportion to the number and types of defects

present. For a critical structure, this results in the use of a high factor of

safety based on yield strength. To make a realistic estimate of the safe life of

such a structure, it becomes necessary to determine crack growth rates and

intermediate arrest times caused by load level changes. If, for example,
reduction of the load level causes crack arrest due to a decrease in the stress

intensity K. at the crack tip, the safe life of the structure is enhanced by the
duration o the incubation time before resumption of crack growth. Conversely,
an increase in the load level may result in a crack growth rate higher than the

steady-state growth rate at the operating stress intensity. This study was con-

ducted on D6AC steel to determine the effect of changes in load levels on the
incubation times and subsequent crack growth rates.

EXPERIMENTAL PROCEDURES

This study used D6AC steel specimens machined from the plate form
such that the crack plane was parallel to the short transverse direction, with

crack propagation occurring in the longitudinal direction. The composition of
the specimens is shown in Table 1, and a detailed description of the specimens
is shown in Figure 1. The specimens had the modified wedge-open-loaded
configuration suggested by Novak and Rolfe [101 and a nominal thickness of
12.7 mm (0.5 in.). This thickness was less than that specified by Brown and
and Srawley [111,

B/(KIC YS)2 - 2.5 , (1)

for obtaining plane strain conditions at the crack tip.

TABLE 1. COMPOSITION OF D6AC STEEL

Element C Mn P S Si Ni Cr Mo Va

Percentage 0.48 0.75 0.006 0.006 0.26 0.56 1.09 1.00 0.08

The D6AC specimens were treated to a hardness of Rc44. This was
accomplished by an initial normalization at 9400C (1725'F) for 30 minutes
followed by cooling to room temperature, tempering at 677 0 C (1250 F) for
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1. 5 hours, then cooling to room temperature. This was followed by austenizing
at 885 0C (16250F), quenching into 2040 C (4000F) salt with agitation, stress
relieving at 204 C for 1 hour in a salt bath, and double tempering at 6210 C
(11500 F) for 2 hours to obtain the required mechanical properties. The result-
ing mechanical properties are shown in Table 2.

TABLE 2. MECHANICAL PROPERTIES OF D6AC STEEL

Property Transverse Longitudinal

Tensile Strength [kg/cm2 (ksi)] 13 175 (187) 13 034 (185)

Yield Strength [kg/cm2 (ksi)] 12 365 (175.5) 12 294 (174.5)

Percent Elongation in 5.08 cm (2 in.) 12.3 12.3

Modulus x 10 - 1 kg/cm2 (10-6 psi) 2.128 (30.2) 2.226 (31.6)

Hardness Rc 44 44

KQ [MN/m 3 2 (ksi ) . 93.5 (85)

KISCC [MN/m/ 2 (ksi N-i.) 21.45 (19.5)

The specimens were fatigue precracked 2.54 mm (0. 10 in.) past the
machined starter notch, and the stress intensity for precracking was always

below 20.9 MN/m 3/2 (19 ksi NFi.) or below KISCC . This ensured that the

fatigue loads that were applied in no way affected the kinetics of stress corro-
sion of the specimen. Figure 2 shows the flow diagrams of the stress intensity
loading sequence of the specimens. The fatigue precracking in air was followed
by loading of the specimen in a creep machine with environment present at the
tip of the crack. The specimens were loaded to an initial stress intensity and
the initial incubation time prior to stress corrosion cracking was determined.
As cracking occurred, the stress intensity increased under constant load.
After a steady-state crack growth condition was achieved, load shedding was
done in either of two ways. In the first method (Fig. 2a), load shedding was ,,
achieved by removal of the required load to give a reduction of the stress-
intensity of AK. The final stress intensity on removal of the load was K

which resulted in the presence of an incubation period followed by crack
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extension. In the second sequence (Fig. 2b), a steady-state crack growth rate

was achieved as in the first case, followed by load shedding. In this case,

however, the load was reduced to zero from its original value of stress inten-

sity at which steady-state crack growth occurred, and then was increased to

the value KF , which was below the original value by an amount of AK. On the

application of the load required for KF , this sequence also resulted in an incu-

bation time followed by crack extension. In both cases, the steady-state

growth condition was achieved after a crack arrest period.

Incubation times and crack growth rates were obtained by the use of

compliance techniques. The system used for measuring crack opening dis-

placement is shown in Figure 3. It consists of a NASA-type clip gage, excited

at 10 Vdc. The output from the clip gage is fed into a Dana high-gain amplifier.

After amplification, the signal is coupled to the y-axis of a Hewlett-Packard

x-y recorder. The sensitivity of the components in the system was adjusted

to allow a 0. 0254 mm (0. 001 in. ) increase in crack opening displacement to

be magnified to 5. 24 cm (6 in.) of displacement, or greater, of the recorder

pen on the y-axis. The x-axis was coupled to a ramp generator to allow 8. 1

cm (15 in. ) displacement of the pen to correspond to 24 hours. This arrange-

ment allowed crack opening displacement to be monitored versus time.

An accurate tracing of one of the results obtained is shown in Figure 4.

Steady-state crack extension is seen on the left, followed by load shedding

resulting in a decrease in the crack opening displacement. The flat portion

corresponds to the incubation time, with the start of crack extension corres-

ponding to the discontinuous portion of the curve. In nearly all cases, the

start of crack extension was discontinuous, and the incubatiori time was

measured to within 1 percent. All drift over a 24 hour period and greater was

eliminated so that no extrapolation techniques were required for analysis.

Crack growth rates were obtained from crack opening displacement

measurements, using compliance techniques as described by Novak and Rolfe

[101. The compliance values of C3(a/w) and CG(a/w) developed for the D6AC

steel modified wedge-open-loaded specimens are:

C3 (a/w) = 30.96(a/w) - 195.8(a/w) 2 + 730.6(a/w) 3  - 1186(a/w) 4  + 754.6(a/w)5 ---(i)

C6 (a/w) = e2 .255964 + 1.65021(a/w) + 12.974822(a/w)2 - 26.02392(a/w) 3 + 18.36501(a/w) 4
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RESULTS AND DISCUSSION

In most studies of stress corrosion crack growth rates, it is generally
assumed that the driving force in terms of the instantaneous stress intensity,
KI, is invariant with respect to time for constant values of K. This is cer-

tainly true for crack growth rates (da/dt) obtained from steady-state studies.
It is not as straightforward for stress corrosion conditions where there have
been load level changes.

Even under the constant loading conditions, subcritical crack growth
has several stages: incubation period, crack acceleration, steady-state crack
growth, and catastrophic propagation to failure. With the presence of load
interactions, each of these stages undergoes a change. Therefore, the use of
time-to-failure curves for stress corrosion cracking processes may lead to
incorrect estimates of the structural life if the material is strongly dependent
upon the prestress levels.

Figure 5 shows the incubation times associated with rising stress
intensity factors. In each case the specimen was precracked with a maximum

stress intensity factor of 20.9 MN/m 3/2 (19 ksiJ .) in dry air, the environ-
ment was then added, and the specimen was loaded to the final experimental
stress intensity factor. Figure 5 shows that the incubation times decreased

from a value of 18 hours for an applied stress intensity of 38.5 MN/m (35
ksiNflin.) to less than 15 minutes for an applied stress intensity factor of

82.5 MN/m / 2 (75 ksi i.). This is in contrast to the results of Williams [121
who reports an incubation period for subcritical crack growth in TI-4A1-3Mo-
1V to be independent of initial stress intensity. In this work it should be noted
that the incubation time is given as the time to the first measurable change in
the compliance-versus-time curve. Since the system is extremely sensitive
and capable of detecting almost infinitesimal crack growth over short periods,
the incubation times are not equatable to the normal definition of less than
2. 54 x 10 - cm (10 " in. ) per hour. For the condition of the presence of a
defect (a crack) in the material, under stress corrosion conditions, it is
apparent that initiation of crack growth occurs in relatively short periods.
This is different from the situation of no defect present initially, where stress
corrosion crack growth can occur only after a defect has been introduced -
generally by pitting or crevice corrosion. The times required for the defect
to be introduced and for cracking to be initiated by these processes are much
greater in comparison with the incubation times in Figure 5. This serves to
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illustrate that by using conservative design criteria by assuming the presence

of a defect in the material, the useful life of a structure is considerably
reduced under stress corrosion cracking conditions.

The rate of steady-state crack growth in D6AC steel is shown in Figure

6. The deadweight-loaded specimens of this study had a crack growth rate at

different stress intensities that were slightly above the rates for identical

specimens under wedge-open-loaded conditions. A comparison with the rates

of crack growth of D6AC from the study by Harrigan, Dull, and Raymond [91
has also been made. Their rates were for the initial growth rates, before the

application of any load interactions, and are higher than those obtained in this

study. Even with these differences the changes in crack growth rates under

steady-state conditions are not too different. The difference may be attributed

in part to the difference in tensile strength and fracture toughness of the parent

materials: 15 852 kg/cm2 (225 ksi) yield and 64.89 ± 6.6 MN/m/2 (59 ± 6
ksiNT.) K for Reference 9 versus 12 330 kg/cm2 (175 ksi) yield and 93.5 A

4.4 MVN/m /2 (85 ± 4 ksi i.) KQ for this study.

A similar conclusion about crack growth rates may be obtained from a

comparison of rates for 4340 steels. Based on an analysis of three separate

studies [6, 9, 131, it is seen that to a first approximation, the steels with the

higher yield strength show higher growth rates at the same stress intensity.

All three studies were conducted at room temperature in 3. 5 percent salt

solution, and the results are shown in Table 3.

TABLE 3. COMPARISON OF CRACK GROWTH RATES FOR DIFFERENT
YIELD STRENGTHS IN 4340 STEEL IN 3.5 PERCENT

SA LT SOLUTION

Reference Yield Strength Range of Stress Intensities Crack Growth Rates
No. [kg/cm 2 (ksi)] [MN/m3/2 (ksixAW.)] [cm/hr (in./hr)l

10 16 909 (240) 22.0 to 71.5 (20 to 65) 1.27 to 3.2 (0.5 to 1.26)

12 15 218 (216) 22.0 to 55.0 (20 to 50) 0.76 to 2.29 (0.3 to 0.9)

6 14 515 (206) 22.0 to 55.0 (20 to 50) 0.30 to 0.64 (0.12 to 0.25)
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Figure 7 shows a plot of the incubation times required for measurable
crack growth after shedding load. The curves are plotted as a function of the
drop in stress intensity factor. Thus it can be seen that if the drop in stress
intensity factor increases (increasing load shedding), the time to propagate
the existing crack increases. The two curves are plotted as a function of the

baseline stress intensity factor. For the baseline of 93. 5 MN/m 3/ (85
ksi Nrn.), the loading sequence was as follows:

98.7 to 93.5 MN/m/2 (89.7 to 85 ksiN 'i.)

95.5 to 93.5 MN/m 2 (86.8 to 85 ksi Nf.)

94.6 to 93.5 MN/m 3/ (86 to 85 ksi Ti.)

94. 0 to 93.5 MN/m 3/ 2 (85. 5 to 85 ksiI'in.)

The incubation times varied from about 17 minutes to over 50 hours. As would

be expected, the incubation times for the base of 95.7 MN/m3/ 2 (87 ksiN/- )

were shorter than those obtained for the base of 77 MN/m 3/2 (70 ksif i. ), but
both curves follow the same trend.

The incubation periods following the load-shedding sequence passing
through zero load are shown in Figure 8. It is plotted as the incubation time
in hours versus the amount of load shed for a baseline load level of 82. 5

MN/m 3/ 2 (75 ksi' in). The resulting plot is seen to be a straight line similar
to that obtained in Figure 7. One difference, however, is the slope of the line,
which is seen to be considerably less than for the case of load shedding not
passing through a zero load. Incubation times obtained following this unloading
sequence are much lower than for the first sequence, even though the baseline

load level of 82.5 MN/m 2 is much lower than for the case of 95.7 MN/m/2
(87 ksiN i. ). Passing through zero load level reduces the periods of crack
arrest, but it is not yet certain why this is so. It is known that the sequence
results in a change in the size of the zone of plastic deformation at the tip of
the crack and also generates new surfaces at the tip of the crack, since it can
be considered as one fatigue cycle. The fracture mechanics approach, how-
ever, is a continuous one and does not give information regarding the detailed
structural features at the crack tip. However, efforts are now under way to
study the phenomenon of stress corrosion cracking by conducting an in-depth
study of the kinetics of the process.
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A comparison of the load-shedding behavior of the specimens in this
study was made with the specimens of the Harrigan et al. study [91. By plot-
ting the results of the square root of the incubation times versus the value of
AK/KF in Figure 9, an empirical relationship was obtained. Here AK is the

amount of load shed and KF, the baseline stress intensity. The empirical

relationship of incubation time to the load-shedding ratio for D6AC has the
form of

AK
-= 370 - -2.9

F

in hours.

The incubation times for the specimens in this study are longer than for
the sames values of AK/K F in the study of Reference 9. If, for the same

alloy system, similar equations can be obtained for incubation periods caused
by load shedding, then the constants in the equation are a measure of the
retardation to crack growth caused by the load shedding. The specimens in
this study show greater resistance to stress corrosion cracking than Harrigan's
specimens, which may be attributed to the higher value of the fracture tough-
ness of the specimens in this study. In general, if the value of the critical
stress intensity in plane strain is increased and the yield strength correspond-
ingly decreased, the resistance to stress corrosion cracking is increased.
The increase in resistance is manifested by longer incubation times both
before initial crack growth and after load shedding and by slower rates of
steady-state crack growth.

Stress corrosion crack velocity following the end of incubation is plotted
in Figure 10 as a function of the amount of load shed for a given baseline load
level. The crack growth rates are higher for lower values of load shedding
and differ from the results of Marcus and Sih [141. The slower rates of crack
growth obtained with a larger amount of load shed are a trend that is also
observed in retardation due to peak overloads in cyclic flaw growth. It is
believed that the causes are similar in nature, namely, retardation due to the
increased plastic deformation caused by the overload. Their measurements
of stress corrosion crack velocity in titanium at differing stress levels show
no changes in crack velocity due to load interactions. While going from 250 to
227 kg (550 to 500 lb) and from 273 to 227 kg (600 to 500 lb) for TI-75A in a
methanol 0. 01N NaC1-0. 3 wt. percent aqueous solution, there was no change in
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crack propagation rates at the lowered load level. However, it should be
recognized that the rates of crack growth discussed by Marcus and Sih are
several orders of magnitude faster than those exhibited by the high-strength
steels, e.g., 0. 003 cm/sec (4.251 in./hour) for Ti-75A versus 0. 00508
millicentimeters/hour (2 milliinches/hour) for D6AC steels. Thus the influ-
ences of load shedding may not be observable at the faster crack propagation
rates, or in proportion may be much smaller than the difference in the rates
observed in the D6AC steel.

CONCLUSIONS

The results of this investigation into the behavior of D6AC steel under
deadweight-loaded conditions are

1. Load shedding under stress corrosion cracking conditions causes a
temporary arrest of growth of the crack.

2. The period of crack arrest depends on the amount of load shed and
the baseline stress intensity of the specimen. The greater the amount of load
shed, the longer the incubation period, and the higher the baseline stress
intensity, the shorter the incubation period for the same level of load shedding.

3. Load shedding, done by passing the specimen through a zero-load
condition, namely, the-sequence shown in Figure 2b, results in a shorter
incubation period than for the same amount of load shedding, using the sequence
shown in Figure 2a, which does not pass through zero load.

4. The crack growth rates following incubation caused by load shedding
depend on the amount of load shed and the baseline load level. Crack growth
rates are lower following greater values of load shedding.

5. The "resistance" to stress corrosion cracking depends on the
fracture toughness and yield strength of the specimens of a particular alloy
system.
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b. Load-shedding sequence passing through zero load.

Figure 2. Flow diagram for stress intensities applied to specimen.
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SPECIMEN CLIP GAGE

RAMP
GENERATOR

S- TO X-AXIS

GROWING CRACK d AMPLIFIER TO Y-AXIS X- Y RECORDER

Figure 3. Block diagram of experimental technique.
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SCALE: X-AXIS: 38.1 cm (15 in.) CORRESPONDS TO 24 HOURS
Y-AXIS: 15.2 cm (6 in.) CORRESPONDS TO 0.001 in. INCREASE IN COD

CRACK GROWTH FOLLOWING THE INCUBATION PERIOD
(NOTE THE DECELERATING RATE OF GROWTH)

INCUBATION PERIOD RESULTING IN ARREST F CRACK

GROWTH FOLLOWING APPLICATION OF A PEA1 OVERLOAD
TO THE SPECIMEN

INCREASING CRACK OPENING DISPLACEMENT
FOR SPECIMEN AT 99 MN/m' / 2 (90 ksi VA.)
INITIALLY SHOWING CRACK GROWTH

POOR

Figure 4. Tracing of recorder plot showing steady-state growth and crack arrest.
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3.5 percent salt solution.
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Figure 7. Incubation times for load shed not passing through zero load
from a steady-state condition of crack growth.
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Figure 8. Incubation times for load shed passing through zero load
from a steady-6tate condition of crack growth.
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Figure 9. Ratio of stress intensities vs square root of time for incubation
after load shedding not passing through zero load.

21



20.32
(8)

RESIDUAL STRESS INTENSITY = 77 MN/m-' / (70 ksi .)

X-AXIS PEAK OVERLOADS [MN/mf' (ksi vi.11

Y-AXIS CRACK GROWTH RATES [millicentimeters/hour (milliinches/hour )]

o

15.24
o (6)

0
NOMINAL STRESS INTENSITY

10.16 95.7 MN/m~ (87 ksi J.)
(4)

c-

NOMINAL STRESS INTENSITY
O 77 MN/m (70 ksi .)
(-

5.08
(2) Q)

0 0.55 1.1 1.65 2.2 2.75 3.3 3.85
(0.5) (1.0) (1.5) (2.0) (2.5) (3.0) (3.5)

LOAD SHED [MN/m 3D 
(ksi .)]

Figure 10. Crack growth rates following incubation vs load shed
not passing through zero load.
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