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Abstract

In the evaluation of fatigue crack propagation properties, standard specimens such as the compact tension (CT) or center cracked
specimens are commonly employed. However, these specimens are not applicable when the available material for testing is of a long axial
length but small cross-sectional area. Surface cracked rod specimens may be used for this purpose. In the current work, to shed light on
their applicability to the evaluation of fatigue crack propagation properties, surface cracked rod specimens were tested under axial ten-
sion. The development of the surface cracks was examined. Fatigue crack propagation data at the surface and in the deepest interior
point of the surface cracks in different diameter rods were obtained. Comparison showed that rods with diameters of 8 mm and larger
give fatigue crack propagation data similar to that given by compact tension specimens. For a 6 mm diameter rod specimen, growth rates
were slightly higher than the standard if correlated in terms of AK but, fall in line with the standard, if crack closure was taken into

account.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge of the mechanical properties, particularly
fatigue crack propagation properties, of mechanical com-
ponents is one of the starting points for reliable integrity
assessment and residual life prediction of structures. In
the evaluation of fatigue crack propagation properties,
standard specimens such as the compact tension (CT) or
center cracked specimens are commonly employed. How-
ever, these specimens are not applicable when the available
material for testing is of a long axial length but small cross-
sectional area. This is the case for cylindrical shaped com-
ponents such as pins, bolts and reinforcement wires. Boat
samples taken from a large structure for evaluating the
aging degradation of mechanical properties are often of
large aspect ratio and small cross-section. A further exam-
ple of this category is the specimens for testing irradiation
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degradation or for surveillance purpose inside the nuclear
reactor vessel [1]. These specimens are limited in size and
number and it would be helpful if fatigue crack propaga-
tion tests could be based on remnants of specimens used
for other testing. At present, a large amount of work have
been made on the technique of using small amounts of
materials for the evaluation of impact and fracture tough-
ness properties [1-3]. Similar studies on fatigue properties
testing are relatively limited [4-11] and most of them are
confined to evaluation of stress/strain-life curves. A recent
work compared a number of three-point bending speci-
mens [12]. Although results from all the bend specimens
were deemed acceptable, those from the standard Charpy
specimen had a slightly but consistently lower growth rates
than the other specimens at stress intensity range greater
than 20 MPa/m. Hence the results may not be on the con-
servative side. A modified Charpy specimen has better
agreement with the standard CT or three-point-bend spec-
imens. However, the modified Charpy specimen has a
width double that of a standard Charpy specimen and is
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Nomenclature

a depth of a surface crack in mm

b semi-major axis of an elliptical crack in mm

A area of the surface crack

D rod diameter in mm

g—f\‘, fatigue crack growth rate

E Young’s modulus in GPa

F; geometry correction factor in stress intensity
expression K;

K; stress intensity factor at point i

AK; stress intensity range at point i

AK stress intensity range

AK.;  effective stress intensity range

NA Normalized area = :Ag

28 surface arc length of a crack in mm
X Normalized compliance = IEW%B

a nominal axial stress

ep back-face strain

more demanding on the size of the sample. A surface
cracked rod specimen [13] is also suited for the above pur-
pose. However, the rod specimens in Ref. [13] were tested
under rotating bending. While that is highly cost-effective,
the flexibility to vary the load ratio and convenience in
monitoring the crack dimensions and premature crack clo-
sure are sacrificed. In the current work, surface cracked rod
specimens are tested under axial tension. Fatigue crack
propagation data at the surface and in the deepest interior
point of the surface cracks in different rod diameters were
obtained. These were compared with the results obtained
from standard CT specimens to shed more light on the
applicability and limitation of using the rod specimens to
evaluate fatigue crack propagation properties.

2. Experimental procedures

AISI 304 stainless steel was employed as the testing
material. Standard compact tension (CT) specimens
(50 mm wide x 18 mm thick) conforming to ASTM E647
as well as rod specimens (15 mm in diameter and 200 mm
long) were machined from a plate stock. Fatigue crack
propagation data from these CT specimens served as a ref-
erence to assess whether the rod specimen results accurately
reflect the standard fatigue crack propagation data. Fur-
ther evaluation of the size effect was carried out in rods
with the same length but having diameters of 15, 10, 8
and 6 mm. To avoid excessive machining and waste of
material, this latter batch of rod specimens were fabricated
from a 15 mm diameter ground rod stock. The composi-

tions and tensile properties of the two stocks are listed in
Table 1. Although both comply with the standard material
specifications, the plate stock and rod stock materials have
slightly different compositions. Moreover, the two stocks
obviously have undergone different fabrication routes.
These lead to slight differences in strengths and somewhat
more difference in the percentage elongation. Such differ-
ences however will not affect our later results as cross-com-
parison between the two stocks have not been made.

At the center of each rod specimen, a roughly semi-ellip-
tical surface starter notch was created by electric-discharge
machining using a thin circular copper foil electrode. The
diameters of the electrode were chosen to be equal to the
rod diameter (D). The depth of the starter notches were
about 0.13D. This gave an aspect ratio (a/b, please refer
to Fig. 1 for nomenclature) of about 0.5. For a limited
number of specimens, an electrode diameter smaller than
D was employed to give a larger initial aspect ratio. Before
testing, all specimens were stress relieved by a solution
annealing treatment in vacuum at 1050 °C for 1 h followed
by quick cooling in a continuous supply of argon stream.

Cyclic testing was carried out using a servo-hydraulic
machine at a frequency of 15 Hz. Constant amplitude sinu-
soidal waveform was used. A load ratio (min. load/max.
load) of 0.1 was used for the CT specimens and 0 for the
rod specimens. Surface crack length on the CT specimen
was monitored with a traveling microscope to a resolution
of 0.01 mm.

The rod specimens were tested with a pair of rigid
hydraulic grips. Surface crack length was monitored with

Table 1
Chemical compositions and mechanical properties of the test materials
Element
Fe C Si Mn P S Ni Cr
Plate stock AISI 304 stainless steel
Wit(%) Balance 0.06 0.33 1.26 0.035 0.02 8.11 20.36
0.2% Proof stress (MPa) Tensile strength (MPa) Elongation (%) Young’s modulus (GPa)
265 646 62 198
Rod stock AISI 304 stainless steel
Wt(%) Balance 0.04 0.50 1.29 0.033 0.00 8.25 20.94
0.2% Proof stress (MPa) Tensile strength (MPa) Elongation (%) Young’s modulus (GPa)
259 645 72.9 200
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Fig. 1. Nomenclature of the surface cracked rod.

a rotary traveling microscope to a resolution of 0.026 mm
on a 15mm diameter specimen. On a few specimens,
instantaneous crack fronts were recorded periodically by
creating beach marks using a waveform that has the same
maximum load but with the amplitude reduced to 30% of
the instantaneous baseline loading. A surface crack
length-compliance method [14] has also been employed
on the rod specimens to monitor the crack shape develop-
ment. This allowed the crack size to be measured at much
closer intervals and with much less effort than the beach
marking technique. More details about this method will
be given in the next section. Crack growth rates are
obtained from the resulting crack length-number of cycle
data via a seven-point quadratic fit method and are corre-
lated in terms of the corresponding stress intensity solution
reported in Ref. [15].

Pre-matured crack closure invariably occurs during fati-
gue crack propagation. This is monitored with the widely
used compliance technique aided with an offset method
[16,17].

3. Crack shape monitoring by a normalized area-compliance
method

Owing to the non-uniform nature of the surface crack
through the thickness, accurate measurement of the crack
front profile is often difficult and indirect. A number of
methods have been employed to measure the surface crack
profile [18-22]. However, some of these involved expensive
equipment and cannot provide real time on-line measure-
ment [18,19]. Potential drop techniques are convenient
but are susceptible to electromagnetic and other interfer-
ences [23]. Periodic beach marking [24] is straight forward
and no additional equipment is required. However, it is
cumbersome to carry out and cannot give measurement
at close intervals. A simple method involving conventional
low cost compliance monitoring plus optical measurement
has been shown to give a crack depth resolution of
0.03 mm and an accuracy of 0.08 mm in practical cases

[14]. This method is employed in the current work to
deduce the crack geometry.

Experimental results suggested that the surface cracks
in cylindrical rods can be adequately described by a
semi-elliptical profile [13,14,25]. To uniquely define the
crack front, we need information about the crack shape
(such as the aspect ratio §) and a crack dimension (such
as surface crack length 25 or crack depth ). Optical mea-
surement can only give the surface crack length. Compli-
ance is an easily measured quantity and it reflects the size
of the crack relative to the net-section area. However, the
relative crack size and hence the compliance are again a
function of crack shape and crack depth. It has been
shown numerically that a normalized compliance may
be uniquely related to a single parameter, the normalized
area, under different combination of crack aspect ratios
and crack depths. The normalized compliance (X) and
normalized area (NA) are respectively defined as:

. E EB
X=1000 o (1)
NA = 44, /nD? (2)

where ¢ is the nominal axial stress in the rod in MPa, E is
the Young’s Modulus in GPa, ¢g is the back-face strain, A,
is the area of the surface crack (hatched area in Fig. 1) and
D is the rod diameter.

The relationship between the normalized compliance
and the normalized area has been evaluated by finite ele-
ment analysis. Experimental verification has also been car-
ried out on surface cracked rod specimens with different
diameters.

4. Results and discussion

4.1. The normalized area—normalized compliance
relationship

The normalized areas of a number of surface cracks
with crack aspect ratio a/b varied from about 0.3 to
0.9 were deduced from the beach markings on some of
the rod specimens. Fig. 2 shows a typical beach marked
fracture surface. The instantaneous crack fronts con-
formed well to a semi-elliptical curve. These normalized
areas and their corresponding normalized compliance
deduced from back face strains for 15 mm diameter rods
are plotted in Fig. 3. Besides experimental measurements,
compliances were also computed for a number of semi-
elliptical cracks with crack aspect ratio /b =0, 0.6 and
1.0 using the finite element method (FEM). These numer-
ical results are also presented alongside with the experi-
mental data in Fig. 3. It can be seen that all data
points basically fall on a single curve. For NA > 0.7,
experimental compliance tends to be slightly higher than
the numerical results. This discrepancy is more marked
for NA > 0.9. This phenomenon is presumably due to
the effect of plastic zone which has not been taken into
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Fig. 3. Normalized compliance versus normalized area relationship for
15 mm diameter rod specimen.

account in the elastic finite element analysis. Fortunately,
crack growth experiments stopped at NA < 0.6 and will
not be affected. Eq. (3) below describes the normalized
compliance-normalized area relationship. It was obtained
by curve fitting to the FEM data. The degree of the fit-
ting polynomial was so chosen to give an error within
0.5% of the numerical results.

(i) —2.0 < X < 0.95 or 0.04 < NA <0.54:
NA = 0.34167 — 0.174981X — 0.10034X?2 + 2.62825
x 1072X3 4+ 0.15304x* + 1.87761 x 1072x°

—0.149421X° — 0.10801X7 — 2.21154 x 10~*x*
(3)

(1) —15.0<X < —2.00r 0.54 < NA<0.87:
NA = 0.38076 — 9.48426 x 1072X — 9.70327 x 1073X?
—5.34726 x 107*X® — 1.10686 x 107 x*

Elastic finite element analysis showed that the normal-
ized compliance-normalized area relationship is indepen-
dent of rod diameter for diameters ranging from 5 mm to
15 mm [14]. Experimental measurement show that this is
the case for the 10 mm and 8 mm diameter rods as their
data fall on to the best fit curve expressed by Eq. (3) (see
Fig. 4). However, for the 6 mm diameter rods, experimen-
tal compliances are in line with the larger diameter rods
only when the NA < 0.35. For higher NA, the 6 mm diam-
eter rod has significantly higher compliance. Again, this
may be attributed to the effect of plastic zone which occu-
pies a larger portion of the uncracked ligament in smaller
diameter rods under the same NA. For the case of 6 mm
diameter rod, the best fit curve to the experimental data
may be expressed as:

—3< X<0.95 or 0.04 < NA < 0.65:
NA = 0.37168 — 0.206396X — 6.84676 x 1072X?>
+3.04752 x 102X + 1.52974 x 10~2x*

—6.02312 x 1072X° — 5.85953 x 107°X*®
—1.94938 x 1072X7 —2.23873 x 10 °X* (4)

4.2. Development of crack closure

It is well known that the interior of a through-thickness
fatigue crack will stay open for a larger portion of the load-
ing cycle than that at the surface owing to a difference in
the stress state [17]. The same phenomenon was also
observed in surface cracks [26-29]. A typical back face
compliance trace showed three different regimes (see

10

Normalized Compliance

15 <¢>  D=10mm (EXP, 0.47<a/b<0.91)
I (O D=8mm(EXP, 0.45<a/b<0.86 )
20 [0 D=6mm (EXP,0.39<a/b<0.84)
| D= 15 mm ( FEM & EXP, Polynomial fitting curve)
1 L 1 1 L 1 1 L 1 1
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0 0.1 0.2 0.3 04 0.5 0.6 0.7

Normalized Area

Fig. 4. Comparison of normalized compliance versus normalized area
relationships for different rod specimen diameters.
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Fig. 5). On applying the offset procedure [16,17], two
distinct turning points become well defined. These may
be attributed to the closure of crack at the surface point
G (upper turning point) and the deepest interior point A
(lower turning point) respectively. The plane stress condi-
tion prevailing near the specimen surface will lead to a hea-
vier plastic deformation and an earlier closure at the
surface point G than that at the interior point A. Compli-
ance trace measured by a strain gage straddling the crack at
the tip region indicated a closure level corresponding to the
upper turning point. On unloading, the slope of the back
face compliance trace starts to change as closure at the sur-
face begins to occur, and is continuously changing as clo-
sure spreads from the surface to the interior. The point
on the compliance trace that corresponds to a fully closed
crack is taken to determine the crack closure load for the
deepest interior point [27].

Fig. 6 shows a typical development of closure
responses in terms of AK.z/AK for the surface and the
deepest interior points as deduced by the methods dis-
cussed above. AK is the applied stress intensity factor
range. AK.y is the effective stress intensity range, or the
portion of applied stress intensity range during which
the crack stays open. Closure is heavier on the surface
than in the interior. As the crack grew, the degree of clo-
sure decreased. The surface crack became fully open
everywhere during the whole loading cycle when the crack
depth ratio reached 0.39.

4.3. Comparison of fatigue crack propagation data between
CT and rod specimens

The fatigue crack propagation rate (gN—“) versus the stress
intensity range (AK) data derived from three CT specimens

can be described by:

da _ 4
— =198 x 107°(AK)*> (5)
dN
1 P
measured dita '\
————— offset data ‘\
II’ \
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Fig. 5. Typical back-face compliance trace for identification of crack
closure.
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Fig. 6. Typical development of the crack closure responses at the surface
and in the interior of a surface cracked rod specimen.

where § is the crack growth rate in mm/cycle and AK is in
MPa,/m.

Tests have been repeated on four rod specimens with dif-
ferent initial crack shapes from the same plate stock as the
CT specimens. Reproducibility of the results is quite good.
Fig. 7 compares the baseline CT results with the typical
crack growth responses at the deepest interior point A (dia-
mond symbols) and the surface point G (circle symbols) of a
typical rod specimen. Crack growth rate at the surface point
G is derived from surface crack length measurement.
Growth rate at the deepest interior point A is derived from
the crack depth inferred from the compliance method men-
tioned above. AK values are computed using the closed
form stress intensity solution reported in [14]. Broken lines
in Fig. 7 are the upper and lower bounds of the CT speci-
men data. Agreement between the rod data with the CT
results is acceptable. At low AK values, crack growth in
the interior is slightly but consistently faster than that at

- Rod specimens from plate stock e
S L
S 1x10°E CT specimen data
E F da/ 1N =1.98X10°( AK)*4
é -
e |
s 1x10 §_
< u
; -
o L
5 s
< Ix10 3
o E
g i O Surface point G
o { Deepest interior point A
1X10'6 1 1 1 1 1 1 1 1 1 1
5 6 7 8910 20 30 40 50 60 70

Stress Intensity Factor (AK, MPavm)

Fig. 7. Comparison of crack growth data in terms of AK from a typical
rod specimen with baseline CT specimen results from the same plate stock.
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the surface. At higher AKs crack growth responses at the
two locations merge together. This phenomenon is in line
with the differences in crack closures as described above.

Fig. 8 compares the growth rate from the CT specimens
with that from the four rod specimens correlated in terms
of the effective stress intensity range AK.y. The baseline
crack growth data from standard fatigue crack propaga-
tion testing on CT specimens may be expressed as:

da
dv

where 517@ is the crack growth rate in mm/cycle and AK.g is
in MPa,/m.

Also shown in Fig. § are the upper and lower bounds of
the CT specimen data (broken lines). Both the surface
growth and interior growth fall in line with each other
and with the CT specimen scatter band throughout the
whole range of AK.q tested. This suggests that the 15 mm
diameter surface cracked rod specimen is a useful alterna-
tive to CT specimen for obtaining the fatigue crack propa-
gation properties.

=9.569 x 107 (AKop)>*" (6)

4.4. Development of crack shape

From Eq. (5), the crack growth increment in one cycle is
proportional to the instantaneous stress intensity range
raised to the power of the Paris law exponent. Assuming
that, in a small number of cycles AN, the crack growth
increment at the deepest interior point A is Aau, the growth
increment at any point i on the crack front, Aa,, is related
to Aaa by:

AK,' 34 F, 34
Aa,« = ALZA (m) = ACZA (F—A> (7)

where AK, and F, are the instantaneous stress intensity
range and the corresponding geometry correction factor
at point x.

[ Rod specimens from plate stock
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E o'l
) E
s £
1 L
§ 1x10° 3
2 E
2 r < Deepest interior point A
1Ix10° ;
§ E (O  Surface point G
o o
1X10'7 1 1 1 1 1 1 1 1 1 1 1
4 5 6 7 8910 20 30 40 50 6070

Effective Stress Intensity Factor (AK¢fr, MPavm )

Fig. 8. Comparison of crack growth data in terms of AK.y from four rod
specimens with that from CT specimens from the same plate stock.

The geometry correction factor F, is a function of the
crack depth ratio a/D, the crack aspect ratio a/b and the
position of the point x on the crack front. For each specific
crack geometry, F has a characteristic pattern of variation
along the crack front. Eq. (7) therefore suggests that the
development of crack shape is dependent on the initial
crack shape and the Paris law exponent but is independent
of the applied loading. With the availability of a closed
form stress intensity factor (or more precisely, geometry
correction factor) solution for the whole surface crack
front [14], it is quite straight forward to compute the pro-
gressive crack fronts given an initial crack shape and
dimension using Eq. (5). In the current experimental work,
this has been carried on using the initial crack dimensions.
In practice the incremental growth chosen must be small
enough to ensure there is no significant change in the local
stress intensity during that increment. Trial and error
showed that a Aa smaller than D/400 will give convergent
results. For each successive crack front computed, a best
fitted elliptical curve is evaluated and the aspect ratio a/b
is obtained based on the fitted curve. Solid lines in Fig. 9
show the predicted development in the crack aspect ratio
a/b for a series of initial crack shapes under a Paris
law exponent of 3. Except for an initial circular front
(a/b = 1), all other cracks show an initial increase and sub-
sequent decrease in aspect ratio as they increase in depth.
During the decreasing phase, different curves tend to merge
together. This implies that, regardless of the initial shape,
surface cracks will eventually develop into the same shape.
Similar behavior is expected for other Paris law exponents.
Also shown in Fig. 9 are two broken lines that represent
Paris law exponent of 2 and 4 for an initial a/b = 0. By
comparing the three curves for an initial a/b =0, it can
be seen that the effect of Paris law exponent on the aspect
ratio develop is small at first but increases as the crack
grows. After passing through the maximum aspect ratio,
the aspect ratios under different exponents decrease at

initial a/D=0.1

m=

Aspect ratio(a/b)

0 T T T
0 0.2 0.4 0.6 0.8

Depth ratio (a/D)

Fig. 9. Predicted development in the crack aspect ratio for a series of
initial crack shapes.
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different rate and crack shapes may approach each other
again. On going through the cross-over point, crack shapes
diverge increasingly.

Fig. 10a and b compare the numerical prediction and
experimentally measured crack aspect ratio development.
The initial crack shape points (in black) shown for the
experimental specimens are the starter notch by electric dis-
charge machining. The overall agreement between the pre-
diction and the measurement is reasonable. It should be
noted that during pre-cracking, the crack may not initiate
uniformly along the whole notch front at the same time.
Besides, there is the differential crack closure effect that will
affect the actual distribution along the crack front. On the
other hand, the elastic solution for stress intensity solution
has been employed for numerical prediction. This may
explain some of the discrepancy between the measured
and predicted data.

4.5. Effect of rod diameter

Rod specimens with diameters 10 mm, 8 mm and 6 mm
had also been tested. Fig. 11 shows the measured fatigue
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Fig. 10. Comparison between experimental and predicted crack shape
development for two different initial crack shapes.

crack propagation rates for different diameter rods against
the applied stress intensity range. The solid line represents
the Paris law fit to the crack growth data of five 15 mm
diameter rods while the broken lines are the upper and
lower bounds of the scatter of these data. The majority
of growth data from smaller rods fall inside this scatter
band. However, the data do not exactly center about the
best fit solid line of the 15 mm diameter rod data. In fact,
the interior growth rates of the 6 mm diameter rods tend
to lie on and sometimes beyond the upper bound of this
scatter band. This discrepancy may be related to a violation
in size requirement. It may also be caused by a difference in
the premature crack closure behaviors since the degrees of
plasticity among the different sized rods are different. In the
ASTM E647 standards for fatigue crack propagation prop-
erties evaluation [30], a size requirement is imposed to
ensure that the remaining ligament is not under net section
yielding and is greater than the crack tip plastic zone. In the
current work, in all the rods, the net section stresses at the
end of testing are slightly below the initial yield. If based on
the initial yield strength, the plane stress plastic zone sizes
at the end of the testing are larger than the corresponding
remaining ligaments. However, the test material strain
hardens heavily. If the average between the initial yield
and the ultimate tensile strength is used, then all the plastic
zone sizes are within the remaining ligaments. All in all, the
deviations in the crack growth data among different sized
rods shown in Fig. 11 are still within acceptable experimen-
tal scatter. However, since the size requirement as well as
the degree of plasticity is material strength dependent, the
smallest rod size applicable in the current work may or
may not be applicable in a different material. It is suggested
that careful validation is needed for any specific material
concerned.

Fig. 12 shows the crack growth rates for different rod
specimens correlated in terms of the effective stress inten-
sity range. Again, the solid line represents the best power
law fit to the 15 mm diameter rod results and the broken
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Fig. 11. Comparison of crack growth data from different sized rods in
term of the stress intensity range AK.
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Fig. 12. Comparison of crack growth data from different sized rods in
term of the effective stress intensity range AK.g.

lines bound the scatter band. By taking into account of
crack closure, the growth rate data of smaller rods all fall
within the scatter band of the 15 mm diameter rods. More-
over, the best fit straight line for the 15 mm diameter data
is now also the best fit to the whole set of data from all the
rods. This suggests that the current rod specimen is a fea-
sible alternative to provide valid fatigue crack propagation
behavior in AISI 304 stainless steel.

5. Conclusions

Fatigue crack propagation properties have been evalu-
ated with a surface cracked rod specimen under axial ten-
sion in AISI 304 stainless steel. Here are the major
conclusions from the study:

1. The normalized compliance—normalized area relation-
ship for surface crack profile evaluation is size indepen-
dent and agrees with elastic finite element analysis when
the rod diameter is equal to or greater than 8 mm. For
6 mm diameter rod, the corresponding compliance is
higher than the elastic solution when the normalized
area is greater than 0.35.

2. The evolution of surface crack profile can be reasonably
predicted by employing a closed form stress intensity
solution for the whole crack front and the correspond-
ing material Paris law exponent. Evolution of the crack
profile is dependent on the initial crack shape and the
Paris law exponent but is independent of the applied
loading. Moreover, in the same material, different initial
crack shapes will eventually develop into a common
final shape.

3. The current rod specimen with a diameter of 8 mm or
above is a feasible alternative to provide valid fatigue
crack propagation behavior in AISI 304 stainless steel.
For the 6 mm diameter rod specimen, growth rates are
higher than the standard if correlated in terms of AK
but fall in line with the standard if crack closure is taken
into account.
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