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ABSTRACT

The fatigue crack growth rates for A 351-CFBA cast stainless steel were
determined over a range of temperatures from 95°C to 338°C (200°F to
640°F)., The waveform was 17 mHz sinusoidal and the load ratin was 0.2.
The environment was borated and lithiated water with a dissolved oxygen
content of ~ 1 ppb. The results show an easily measurable (factors of 2
to 8) increase in crack growth rates due to the environment. However,
these rates are well within the known band of results for low-alloy pres-
sure vessel and low-carbon piping steels in LWR environments. An exten-
sive fractographic investigation shows fatigue fracture surfaces covered
with brittle-like features. This morphology is similar to that resulting
from the environmental assistance mechanism producing increased crack
growth rates due to stress-corrosion cracking.
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1. INTRODUCTION

Of the ten standardized compositions of heat-and corrosion-resistant cast
Fe-Cr, Fe-Cr-Nf or Ni-base alloys, only two , A 217 and A 351 , are intended
for pressure containment applications. This report describes fatigue crack
growth rates in one of these , A 351 - CFBA. The basic ASTM standard A 351
is a generic specification for a wide range of compositions of high alloy
cast stainless steels. The suffix, CFBA, describes more particularly the
nature of the particular alloy. The first letter, either C or H, designates
the Corrosion or Heat-resistant quality of the alloy. The second letter
designates the chromium and nickel range; the letters progress from A to
Z as the nickel increases. In particular, the F designation represents the
20% chromium and 10% nickel composition. The one or two digit numeral
whicn follows specifies the maximum carbon content for the alloy » 0.8% in
this case. The final! letter(s) describes special alloying additions or
characteristics of the casting process. In this particular case, the A
fndicates heats of steel in which the Cr:Ni ratio is increased within the
allowable limits, giving a higher delta ferrite content, and a higher
strength.

The composition of the alloy examined in this case is given in Table 1. It
has been recognized that some compositions in this "F" category, specifical-
ly those with higher chromium, 21% to 23%, and lower nickel, 7.5% to 8.5%,
will be characterized by a rather large percentage of ferrite in the micro-
structure, and this leads to a long-term low temperature aging or sensitiz-
ation problem in this series of alloys. Elements which promote ferrite
formation, such as silicon, molybdenum or columbium (niobium) will aggra-
vate 'the aging phenomenon. Manganese, nitrogen and carbon tend to promote
austenite and thus offset the embrittliement tendency. The chemical analysis
of this steel results in a delta ferrite content of 17.4%, which is below
the range of values (25% to 40%) at which 2ging is a demonstrated problem.
The m{crostructure of the heat of steel described in Table 1 is shown in
Fig. 1.

Either 25 mm or 50 mm thick compact specimens (1T-CT or 2T-CT) were cut
from the shell of a research pressure vessel which was about 700 mm in
inside diameter, with 65 mm thick walls. Specimens were aligned with the
crack propagation direction parallel to either the axial or circumferential
direction as noted in the discussion. Tests were conducted in simulated
PWR coolant, with a nominal chemistry as given in Table 2.
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Fig. 1. The microstructure of the steel described in Table 1, showing (a) an
optical micrograph of austenite dendrites in a matrix of delta ferrite and (b)

an electron mic ograph of precipitated carbides on the austenite-ferrite phase
bounaary.




Table 1. Chemical composition and mechanical properties of
the alloy used in this study.

Chemical Analysis, % Mechanical Tests, Transverse
0.06 Carbon At Room Temperature:

0.68 Manganese

1.17 Silicon Yield Strength, 0.2% offset
20.42 Chromium 303 MPa (43,950 psi)
8.58 Nickel Tensile Strength,

0.07 Cobalt 560 MPa (81,250 psi)

Elongation, in 51 mm (2 in.) 48%
0.020 Phosphorus
0.018 Sulphur At 650°F:

17.4 Delta Ferrite Yield Strength, 0.2% offset
159 MPa (23,100 psi)

Table 2. Chemistry of the simulated PWR coolant used in this study

Boron (as boric acid) 1000  ppm
Lithium (as 1ithium hydroxide) 1 ppm
Chloride ions <0.15 ppm
Fluoride ions <0.10 ppm
Dissolved oxygen ~ 1 ppb
Dissolved hydrogen (saturation) 30-50 cm3/kg

water

Note: A1l other metallic or fonic species should be at about trace levels.
Some iron, both in solid and soluble form is the inevitable result of a
corroding specimen.



2. EXPERIMENTAL PROCEDURES

The hardware and general procedures used in these tests was generally
described in Ref. 1. In the four years since that reference was published,
several improvements have been made, and this report presents an oppor-
tunity to discuss all of these changes.

2.1 Test Facilities

The test facilities remain essentially unchanged from the description given
in Ref. 2. Since the publication of that reference, the single specimen
autoclaves were installed in hot cells and were used in the testing of
several irradiated specimens of pressure vessel steels (Ref. 3). Subse-
quently, they were relocated and reinstalled at the Nuclear Science and
Technology Facility in Buffalo, NY, and are currently in use. In both
cases, extensive replumbing of the water circulation loops was accomplished.
“he low-temperature test chamber (<100°C (<212°F)), and the multispecimen
test chambers (MTS #1, #2 and #3) were reinstalled in the Materials Engi-
neering Associates laboratory in Lanham, and at that time were upgraded by
addition of a new pressure pump and an improved plumbing scheme. Subse-
quently, the #3 unit was further upgraded to operate at the higher pressure
and temperature required for the 338°C (640°F) tests as part of the present
study. Additionally, a high-pressure, high temperature circulation pump
became available, and one of these was installed on unit #2. The basic
components of the current system are shown in Fig. 2.

2.2 Crack Length Measurement

2.2.1 Measurement Methodology

Very few changes have been made to the basic evaluation of crack lengtk
using the computer technique as described in Ref. 4. The computerized data
acquisition system computes current crack length at specific cyclic inter-
vals by recording 100 pairs of crack mouth opening (CMO) and applied load
(P) readings during the rising load part of the cycle. The crack length is
then calculated from a formula of the form

aEB (CMO)
a=f

P

in which a is crack length, B is specimen thickness, E is the elastic
modulus, and the function f is dependent on specimen geometry. The use
and significance of the correction factor (a) is given in Section 2.2.3.
While some laboratories have adopted a procedure which specifies data
acqiisition during the decreasing load part of the cycle, there should

4
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be no fintrinsic difference between the two, assuming measurable crack
extension does not occur during the cycle and the specimen response is
purely elastic. Each CMO and P data pair is actually the average of
four CMO and three P readings, which are finterlaced (CMO-P-CMO-P, etc.);
the system requires about four milliseconds to take these readings.
This digital averaging procedure greatly i{mproves the signal-to-noise
ratio fn the acquired data, and results in a much higher correlation
coefficient for the linear fit of the CMO vs. P data set. Independent
crack length readings are taken for three successive cycles, and are
averaged, providing further resolution of the - -ack length calculation.
For each specimen under test, the previous five readings are used to
make a rough evaluation of the current crack growth rate, and this fis
used to "predict" when the next reading should be scheduled. This provides
for constantly decreasing cyclic intervals between readings, as the crack
growth rate steadily increases over the course of each test.

2.2.2 Techniques for Multiple Specimen Testirg

The 100 1iter autoclaves normally contain four 50 mm thick compact (CT) or
wedge opening loaded (WOL) specimens. These are often four difrerent
steels, different crack orientations from the same heat, or a combination
of the two. The specimens are notched and precracked to a/W ratios of
~0.35 to 0.40. The specimens are installed in the autoclave, which is
then sealed and filled with water mixed to the nominal PWR chemistry shown
in Table 2. The water is heated under ambient pressure to about 95°C
(203 °F) to drive out the dissolved oxygen and held for 10-15 hours. Since
the water expands as the temperature increases from ambient to 95°C, the
top overflow valve is left open to allow the excess volume of water and the
effervesced oxygen to drain away. The autoclave is then sealed, pressurized
and the temperature brought to the desired set point. The water continues
to deoxygenate by passing through a pressure regulation valve, and circula-
ting to the feedwater tank, which is continuously purged with flowing
hydrogen while an equivalent amount of thoroughly deoxygenated water fis
pumped to pressure and flows to the autoclave. In this way the last few
parts per billion of dissolved oxygen are removed and the entire system
(the most recently loaded autoclave as well as others on line) settles to
the operating level of O to 2 ppb dissolved oxygen.

Each test begins by fatigue cracking the specimens about 2 to 4 mm using
al Hz sinusoidal waveform and the test loads which are desired. The
purpose of this is twofold. First, it brings the cracks closer to an
a/M ratio of about 0.5 and a regime in which the compliance to crack
length function has a significantly greater slope than for shorter cracks
(say a/M = 0.3). This results in greater accuracy in determining crack
extension. Secondly, this procedure should result in significant "pumping"
of the environment, and in time, should assist in establishing a steady-
state electrochemical condition near the crack tip. This latter point
has not been proven, since that would require crack enclave measurements
which are not possible at this time.

wWhen any one of the four specimens has achieved ~4 mm of extension at
1 Hz, the cycling is stopped, and the function generators are adjusted




to the desired test frequency and waveform combination; we have used 17
mHz sinusoidal in this program. The test is then restarted. In the usual
case, one specimen will arrive at the desired terminal crack length before
the others. No specimen is allowed to fail unstably, since the final crack
length must be beachmarked for the purposes of post-test correction. Thus,
when one specimen does reach the terminal crack length, the test ic inter-
rupted, the loads are reduced 50% to 60% and the test frequency and wave-
form are changed to 1 Hz sinusoidal. The daisy chain is then fatigued to
allow that longest crack to grow through the specimen, leaving a clear
beachmark indicating the position and curvature of the crack front at the
end of the test for that specimen. Crack growth in the remaining specimens
1S usually slight, but is carefully monitored during this phase.

When failure of the first specimen 1is complete, the loads and test
frequency and waveform are returned to their desired values, and testing
resumes on the remaining three specimens. As before, one of the remaining
three specimens progresses more rapidly to the terminal crack length and
the above reduced load/increased frequency procedure is repeated. When
the second specimen is adequately beachmarked, the test resumes on the
third and fourth remaining specimens. After the third specimen reaches
the desired terminal crack length, and is also beachmarked, the test
continues on the final specimen until it reaches its terminal length
and the test is stopped.

At this point the autoclave is cocled to a few degrees below the boiling
point and the water is dumped while the specimens are still warm. This
assists in the r2pid evaporatior of water from the specimens and helps
eliminate oxidation (rusting) which would confuse subsequent oxide analysis
of the fatigue fracture surfaces. The autoclave is unsealed, and the speci-
mens are removed and broken open to reveal the fatigue fracture surface.

The above procedure results in specimens which are beachmarked between
one and three times, with concurrent crack extension ranging from essantial-
ly zero up to several millimeters. Table 3 gives a summary of & typical
set of crack extensions for an autoclave loading involving some of the
results for this test series. We have completed testing several autoclave
loadings using this beachmarking procedure, and have concluded that this
does not introduce significant transfents in the fatigue crack growth
behavior. This is best demonstrated by examination of plots of crack
growth rate vs. crack length, shown in Figs. 3 and 4. These data sets
correspond to specimens indicated {in Table 3. In each case, fatigue
crack growth rates resumed the same trend before and after each beachmarking
incident. Photographs of two of these specimens are shown in Fig. 5. Tha
beachmarks resulting from changes in load or frequency are visible, especi-
ally on the smoother fatigue surface of the low-carbon steel, F2P-89.

2.2.3 Pre- and Post-Test Corrections
At the finception of any test, the experimentalist approximates the notch

length of a precracked specimen on the basis of the crack length measured
at the surface. At the beginning of each test, once at temperature, our



Table 3. Multispecimen Test History - Autoclave #3 - 338°C (640°F)

Begind End End End End End End
1 1 2 3 4 5 6

50.5 53.0 70.5 74.7

48.9 50.7 62.33 62.9 67.3 .

49.8 53.6 59.4 60.7 62.8 65.4

50.2 53.4 57.5 57.8 58.5 58.7 60.0 72

1 Hz fatigue 17 mHz test 1 Hz beach- 17 mHz 1 Hz Continue Continue Stop
precrack in on all mark on test on beachmark 17 mHz last Test
water en- specimens A9-107. Some three on A9-110. test on phase
vironment growth on specimen Some growth two FOP of 17 mHz
FOP-89. No remaining on the re- specimens test on
growth on A9-107 maining two FOP-90
FOP-90 breaks specimens
somewhere
in this interval

Cycle
Count 93638 102007 166565 175874 288319 327180

Day 34 36 43 a4 51 53 81

a@ Begin/End refer to the phase of the test sequence through which a particular frequency and load combination are
used. Phases 1, 3, 5 and 7 consisted of 1 Hz sinuscidal cycling, phases 2, 4, 6 and 8, 17 mHz sinusoidal cycling.
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Fig. 5. Two specimens from the autoclave loading described in Sec. 2.2.2.
The beachmarks are distinguished more clearly on FOP-89A.



general procedure is to “force" the first computer-acquired and processed
data point to be equal to this approximate crack length. This is computa-
tionally sccomplished by adjusting the factor a(=1) in the equation for

crack lengtn,
EBS
a= fla ) (1)
P

’

thus, if B, 6, P and a (corrected for tunneling) are accurately known,
and a = 1, then E should be the actual elastic modulus for the material.
However, the elastic modulus is not known for every heat of material tested,
and an approximate value is often used. Other small system-related errors,
such as aging-induced calibration errors in the displacement gage, or
changes in gain of the load and displacement transducer conditioners may
affect unnoticeably the factors in the compliance equation over a period of
time. Thus the a factor, when properly adjusted, makes up for these
accumulated errors or inaccuracies. In practice, a is combined with the
raw data for B, E, and P, and is varied, to the fifth significant digit,
until the correct initial crack length is computationally generated. The
a-factor thus becomes a way of simultaneously correcting for variances in
any of the variables in the compliance equation. This fitted a-factor is
then used in every application of Eq. 1 during the balance of the test.

It must be pointed out that this method corrects only for errors in the
computation of crack length. While within the context of the crack length
equation, it does account for variance in load cell calibration, along with
all the other variances of the compliance-determination "system", it does
not account for a load cell calibration error by itself. Hence, errors
Tn the Yoad cell calibration factor, whether 1nfr*ns!c to it, or whether
occuring during a test, will still be directly reflected as uncorrected
errors in AK, and will result in erroneous shifts in the data on a da/dN vs.
AK plot. Frequent checks of the load cell calibration are the only
assurance that this error will be minimized.

Specimens are usually chilled in liquid nitrogen and broken open, leaving
sharply defined profiles of the intermediate and final cracks which can be
easily measured. In spite of the surface-oxidation caused by the high-
temperature, aqueous environment used in this research, the precrack front
and beach marks caused by the load and frequency changes, are visible and
measurable. Each of these crack fronts should be measured using the five-
point method included in ASTM-E647 (Ref. 5). The differences between the
optically-measured crack fronts, and the corresponding a-adjusted, com-
pliance-inferred crack lengths 1is termed the crack length correction.
In the ideal case of no error, this amounts to a correction only for curva-
ture, which is not measurable from the surface trace of the precrack, and
which may change during the course of a test, and therefore E647 refers to
a "crack curvature correction."”

The curvature correction described in E647 is to be applied linearly with
resyect to crack length, using the customary “lever law" type of proration.
When a compliance technique is being used, a different method of correction
should be applied. In essence, a correction factor (aq) is derived to

12



correct the compliance values for the initial crack length error and curva-
ture combined, and a second correction factor (ap) is derived, to correct
the compliance values for the error and curvature correction to the final
crack length or beach-marked interva'. The list of compliance values for
all data points is then corrected, using a separate a value for each point
obtained by 1linearly scaling between ay, and ap against cyclic count,
N. This amounts to scaiing against time, since the underlying assumption
is that errors accruing in crack length are due to time-wise drift in the
displacement gage or load cell conditioner circuits, or elsewhere in the
analog instrumentation associated with the compliance measurement system.
In the ideal case a; = ap, indicating that the curvature remained con-
stant throughout the test, and that no errors accrued in the measurement
systems.

It is the authors' recommendation that this correction method be applied in
every case, regardless of the 5% criteria of E647. Physically, this
procedure provides exact matches of the initial and final crack lengths,
and accurately corrects for all intermediate crack lengths assuming only
time-wise, linearly-accruing errors in gage or load cell calibration. The
procedure is shown schematically in Fig. 6.

It should be obvious that there could be case-by-case adjustments tn the
above procedure. For example, if the specimen fracture surface contains
a non-deliberate beachmark which also can be accurately related to a cyclic
count value, then the above procedure can be broken into two parts: a
complete correction from precrack to beach mark, and a second complete

correction from beach mark to final.
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Fig. 6. A schematic illustration of the computation and application of

a-factors to produce corrected crack lengths on examination of the
fatigue fracture surface.




3. RESULTS AND DISCUSSION

3.1 Crack Growth Rate Results

Fatigue crack growth rate studies on this class of materials (CF8, CF8A and
CFBM? have been conducted by several authors. James has extensively inves-
tigated growth rates in air environment for CF8 and CF8M over a wide range
of temperatures, at R values of 0.05 or 0.1. (Ref. 6). Bamford has pub-
lished data for two load ratios, R=0.2 and 0.7, and frequencies of 170, 340 .
and 1000 m4z {n a PWR environment (Ref. 7). The Bamford data show little
environmental effect, presumably because of the rather high test frequen-
cies. More recently, Amzallag, Bernard and colleagues have begun publishing
results from an extended program to study aging effects in some of the
higher ferrite casts (Ref. 8, 9). Some initial results, presented in
August, 1983, show a factor of three elevation in growth rates for aged
materials in a PWR environment (Ref. 10).

The results from the present investigation are shown in Figs. 7 through 11.
In the latter three cases (T = 232°C, 288°C and 338°C) the growth rates for
two orientations, axial and circumferential, are shown in separate panels,
however, the differences between the results due to orientation at any of
the three temperatures are undetectible. Overall, the lowest growth rates
are for the intermediate temperatures of 232°C and 288°C, with the rates
increasing moderately with both increasing ani decreasing temperature.
Each set of data, except the set for 177°C, shows a slight plateau behavior,
although there appears to be no particular pattern to the AK range or
da/dN range over which the plateaus extend. In all cases, the data sets
reside well below the ASME Section XI, Appendix A reference lines (Ref. 11)
for crack growth in pressure vessel steels; the reader should bear in mind
that the Section XI reference lines appl, only to carbon and low-alloy
ferritic steels. However, the available dati: from this study and Ref. 8,
9 and 10, indicate that stainless stecls also reside below the ASME
reference lines. This suggests that they also could be considered as
candidates for inclusion in the Section XI scheme.

The reader should note that the crack growth rates in these steels are
comparable to those for ferritic pressure vessel and piping steels,
particularly those with lower sulfur content (Ref. 12). For these stainless
steels, the AK range over which rates are measured is foreshortened
becasue they do not have sufficient flow stress to maintain the constraint
necessary to satisfy the ASTM £ 647 validity requirements. However, the
growth rates show about the same dependence on AK, and a small “plateau"
fs developed at AK values of about 25 MPa#. There is little wmeasurable
orientation dependence.

3.2 Fractographic Results

Macrophotographs of several of the specimens tested are shown in Figs. 5, 12a
and 12b. Viewed optically, the fatique fracture surfaces are rough,
reflecting the influence of the large austenite grain size. The crack front
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Fig. 10b. Fatigue crack growth rates vs. applied aK for A 351-CFBA cast
stainless steel with the crack running in the circumferential direction.
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288°C (550°F).
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Fig. 12a. Macrophotographs of the specimens tested in the axial orientation
for three temperatures, 232°C, 288°C and 338°C (450°F, 550°F and 640°F).

The crack front tended to have a somewhat irregular profile for this orien-
tation.



Fig. 12b. Macrophotographs of the specimens tested in the circumferential

orientation for three temper>tures,

232°C, 288°C and 338°C (450°F, 550°F

and 640°F). The crack front is uniform, but quite deeply tunneled.



fs sometimes scalloped, rather than smoothly convex. The fracture surfa'e
profiles shown in Fig. 13a and b indicate the way in which the fatigue
crack propagates. In most cases the crack orients so that it cuts the
A -ferrite phase at near-normal incidence. Secondary cracks are present
at some of the austenite/ A -ferrite {interphase boundaries, but only on
the edge met by the crack as it proceeds from austenite into A -ferrite.

Sets of SEM photo?raphs from specimens tested at the three highest tempera-
tures are shown in Figs. 14 to 22. These fractographs are arranged in
groups of three for each specimen examined, showing three AK levels for
each. The most distinctive feature is the very brittle-like appearance of
the fatigue fracture surfaces. This characteristic pervades over all the
temperatures, frequencies and AK levels tested, indicating that environ-
mental effects influence strongly the cracking morphology, and hence the
growth rates. There is no pitting evident, and the striations, where
observed, are clear, well-defined and very regular. The striations appear
in one of three forms. At low AK values, brittle-1ike striations are founc
on the fan-shaped features. At higher AK values, ductile striations are
found on the fan-shaped features, and at the highest AK values, pure
ductile-striated surfaces are seen. There is a siight increase in the
amount of ductile-striated area on the specimens tested at the higher
temperatures. A more complete analysis of the fractography is presented
in Ref, 13,

Other observations can also be stated.

(a) The amount of ductile fatigue failure, in the form of striations
and ductile tearing, increases with both increasing temperature
and increasing AK.

(b) the brittle appearance bears a strong resemblance to the brittle
characteristic observed {in stress-corrosion cracking faflures
fn stainless steels (Ref. 14).

(c) The brittle appearance occurs for both 1 Hz and 17 mHz test
frequencies.

(d) Both ductile and brittle striations can be observed. In a few
fnstances, cross-slip steps are visible.

(e) There is no connection between the finclusions &and the advunce

of the fatigue crack, findicating that the {inciusfons play no
role as centers for environmental degradation.
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Fig. Fatigue fracture surface of specimen A9-108C, tested

at 232 C (450°F Applied AK = 20 MPa/m. Note the clearly
defined, urittle like features, the microcracks along the
fnterphase boundaries, and the embedded carbide particles,
which play no role in the advance of the crack.

Fig. 15. Fatigue fracture surface of specimen A9-108C, tested
at 232°C (450°F). Applied a¥ = 25 MPa/m. In this view,

the brittle-1ike appearance ‘s very clear.
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Fig. 16, Fatigue fracture surface of specimen A9-108C, tested
at 232°C (450°F). Applied AK = 36 MPa/m. The fincreased

ductility resulting from the higher stress intensity factor,
and higher growth rates is evident in this view.
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Fig. 17. Fatigue fracture surface of specimen A9-72, tested at
288°C (550°F). Applied AK = 18 MPav/m. This photo shows the
boundary at the very start of the environmentally-assisted test.
The surface at the top is due to a 20 Hz precracking phase in
air at room temperature; toward the bottom s due to 1 Hz in the
pressurized, high-temperature water. Note that the change in
fracture surface characteristics is immediate.

Fatigue fracture surface of specimen A9-72C, tested at 288°C

Applied 4K = 30 MPa/m. The crack propagation 1s heavily

fluenced by the crystallography, but the amount of ductility 1s increased

above that at the lower temperature.
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Fig. 19. Fatigue fracture surface of specimen A9-72C, tested at 288°C
(550°F). Applied aK = 39 MPa/m. Some ductile striations have formed
on some of the transgranular fatigue fracture surface.
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Fig. 20. Fatigue fracture surface of specimen A9-107C, tested at 338°C

(640°F). Applied &K = 20 MPa/m.
AK = a/m. As the temperature i
of the ductile fatigue component increases. ’ N TV .

Fig. 21. Fatigue fracture surface of specimen A9-107C, tested at 33s°C
(640°F). Poplied AK = 25 MPa/m. Ductile striations and embedded carbides

are the important features in this photo.
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Fig. 22. Fatigue fracture surface of 2Rgcimen A9-107C, tested at
388°C (640°F). Applied AK = 30 MPa/m At this temperature
and applied AK level, the fatigue fracture surface is largely
composed of ductile striations. Note that voids formed around
the embedded particles, but that these do not {influence the
formation of the striations.
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4. CONCLUSIONS

Consideration of the fatigue crack growth data and the supporting metallo-
graphy and fractography leads to the following conclusions.

There is an easily measurable, environmentally-induced increase
in fatigue crack growth rates of cast stainless steels. The
environmental effects are present at both 1 Hz and 17 mHz test
frequencies, but growth rates are similar to those of low-alloy
steels tested under similar conditions.

There is 1ittle effect of temperature on the trend of the crack
growth rates. The fracture surfaces show slightly increasing
ductility with increasing temperature.

The fractographic results indicate a highly brittle appearance of
the fatigue fractures. Very clear striations are seen on some
of the fan-shaped features. These can be efther brittle-like in
appearance, or very ductile-like. The ductile striations are
frequent sites for secondary cracks. The amount of brittle-like
striatfons decreases with increasing AK.
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