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Abstract: Herein, fatigue and crack propagation tests were
conducted using the small-punch-fatigue (SPF) test to verify
its applicability to assess fatigue strength and fatigue crack
propagation behavior. During the SPF test, a fatigue crack
first initiated at the specimen center and then propagated in
the radial direction. In most cases, three fatigue cracks pro-
pagated from the specimen center to the radial direction in
point symmetry. X-ray computed tomography revealed that
the crack initiated by the SPF test had a quarter ellipse
shape. Elastic finite element (FE) analysis was conducted
to estimate the stress state and stress intensity factor (SIF)
of the specimen, and an approximate equation was obtained
as a function of the applied load. The experimental results
comprising fatigue lives and crack growth rates obtained via
the SPF test were compared with the conventional uniaxial
test data as functions of the stress amplitude and SIF deter-
mined via elastic FE analysis, respectively. This comparison
showed that the SPF test can be applied to the fatigue test
and fatigue crack propagation test.
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1 Introduction

To ensure the safety and reliability of engineering compo-
nents used in thermal and other power plants, periodic
inspections are necessary to assess their damage and
degradation. Generally, the damage conditions and the
remaining fatigue lives of power plant components have
been estimated using experimental methods combined
with numerical analysis. For example, Zhu et al. proposed
a fatigue life prediction method in the structure of a pres-
sure vessel based on the relationship between fatigue-
crack size and residual strength, which was established
according to the permissible residual strength [1]. Gao et al.
proposed a neuro-fuzzy-based machine learning method to
predict the multiaxial fatigue life of various metallic mate-
rials [2].

Experimental damage and degradation evaluation methods
are broadly classified into destructive and nondestructive
testing [3-7]. Destructive testing involves cutting specimens
from a structure and is generally considered more reliable
than nondestructive testing methods, such as ultrasonic
testing techniques [8,9]. However, when sampling relatively
large specimens for conventional uniaxial tests, such as ten-
sile, fatigue, and creep tests, considerable damage to the
structure can occur. The small-sample-testing technique is
a semi-destructive technique used for damage assessment in
periodic inspections. It requires only a small-volume spe-
cimen cut from the part of the actual component. The small-
sample-testing technique is used for quality inspections of the
actual component products.

The small punch (SP) test is a semi-destructive small-
sample-testing technique used for evaluating the damage
and remaining life of small samples. In this test, a small
rigid ball punches a small disk (SD) specimen with a dia-
meter ranging from 3 to 10 mm and a thickness of less than
a millimeter. The SP test method has been used in the
nuclear field for over 30 years to evaluate the ductile to
brittle transition temperature of materials and to estimate
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their fracture toughness [10-12]. Recently, an SP creep test
has been proposed to assess the creep damage of actual
components in thermal power plants [13-16]. For assess-
ment using the SPC test, SD specimens are prepared from a
small sample (e.g., 20 mm x 30 mm x 10 mm in size), which
is cut from the surface of the actual component in thermal
plants; moreover, the SPC test is often conducted under
temperature-accelerated conditions.

The small-punch-fatigue (SPF) test has been proposed
to evaluate the fatigue strength and crack propagation
characteristics [17,18]. It is one of the best methods to esti-
mate the damage and remaining fatigue life of the actual
components in power plants. As fatigue cracks usually start
on the surface of a component, it is important to evaluate
the fatigue damage around the surface of the component.
The SPF test requires only a small part around the surface
of the component; thus, the damage caused by sampling
the specimen can be negligible when applying the SPF test
for fatigue damage assessments.

In this study, to confirm the validity of the SPF test, we
used the SPF test to evaluate the fatigue lives and crack
growth rates and compared the test results with those of
conventional uniaxial fatigue (CUF) tests. In the following
sections, the tested material and experimental procedures
are first described. Subsequently, the experimental and
analysis results regarding the fatigue crack initiation and
propagation morphologies, evaluation of fatigue strength,
and evaluation of crack propagation rates are presented
and discussed. Finally, the conclusion of this study is
presented.

2 Experimental procedures

The polycrystalline Ni-based superalloy IN 718 was used in
this study. Tables 1 and 2 list the chemical composition and
tensile properties of the tested material. The microstruc-
ture of the tested material is shown in Figure 1. The
average grain size was approximately 15.9 pum. The SD

Table 1: Chemical composition and heat treatment conditions of the
tested material (in wt%)

Fe Cr Ni Mo Al Ti Cu
17.50 17.89 53.93 2.96 0.55 0.98 0.07
Co Ta B C Mn Si P
0.25 0.01 0.0038 0.04 0.09 0.06 0.010

Solution annealing: 1h at 955°C — water quenching.
Aging: 8 h at 718°C — furnace cool + 8 h at 621°C — air cool.
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Table 2: Tensile properties of the tested material
Young’s modulus 204 GPa
0.2% proof stress 1,207 MPa
Tensile strength 1,420 MPa
Elongation 21.0%
Reduction of area 39.0%

specimens were machined from a round bar of the alloy.
The surface of the SD specimen was polished to mirror
smoothness using diamond pastes and choroidal silica
before the SPF test. The diameter and thickness of the
polished disk specimen were 15 mm and 0.290 + 0.05 mm,
respectively. The thickness of each SD specimen was mea-
sured before the SPF test.

Figure 2 schematically illustrates the setup of an SD
specimen and the testing jig. The SD specimen was securely
fixed between the upper and lower holders made of
SUS304 austenitic stainless steel. Cyclic bending load was
applied to the specimen using a 5mm diameter SiC ball.
SPF tests were conducted at room temperature at a load
ratio R = 0.1 and frequency f = 50 Hz using a sinusoidal
waveform on an electrodynamic fatigue testing machine
(Asahi seisakusho, FRDS-20). During the SPF test, the surface
of the SD specimen was observed, and its movies were
recorded using a digital microscope equipped with a video
recording device, as shown in Figure 2. In the fatigue tests,
the fatigue life was determined by counting the number of
cycles until a surface fatigue crack with a length of 300 pm,
which is almost comparable with the specimen thickness,
was observed on the surface of the SD specimen. In the
fatigue crack growth tests, the crack growth rates were mea-
sured for the fatigue crack ranging from ~0.3 to 1.5mm in
length measured on the specimen surface (given in detail in
Section 3.3).
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Figure 1: Microstructure of the tested material.
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Figure 2: Photo and schematic illustration of the SPF test.

In this study, the specimen geometries were selected
and determined based on the load capacity of the testing
machine (max. 100 N). The SiC ball diameter affects the stress
distribution in the specimen; the stress distribution gradient
increases with the decrease in the ball diameter. Therefore, a
ball diameter of 5 mm was determined as the optimum con-
dition for gradual stress distribution. The load ratio of 0.1 was
determined because it is impossible to perform under a nega-
tive load ratio condition owing to the loading mechanism that
involves cyclic ball pushing. Furthermore, the fatigue test
results will be almost unaffected by the loading frequency
in the tested material at room temperature. Thus, the loading
frequency was set as high as possible within the range where
self-heating did not occur in the specimen.

The test results are expected to be sensitive to the test
conditions, particularly specimen geometry and ball dia-
meter. Further studies regarding the effects of specimen
geometry and ball diameter on the test results are essential
if SPF tests are conducted under other conditions.

3 Results and discussion

3.1 Morphology of fatigue crack initiation
and propagation

Typical fatigue cracks generated on the SD specimen sur-
face during the SPF test are shown in Figure 3. A fatigue
crack, which was almost straight, was initiated at the
center of the SD specimen (Figure 3(a)). A small fatigue
crack was then propagated in the radial direction, and
another fatigue crack was generated perpendicular to the
original crack (Figure 3(b)). The three fatigue cracks were
observed to propagate in the radial direction with point

SPF test method to evaluate fatigue strength and fatigue crack propagation
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symmetry toward the center of the SD specimen (Figure
3(c)). Most fatigue cracks propagated in point symmetry
and three radial directions (Figure 3), although a few
cross-type cracks were observed.

The fatigue crack propagation morphologies could
be observed on the surface of the SD specimen because
the digital microscope recorded it during the SPF test.
The three-dimensional geometry of the fatigue crack
on the SD specimen surface could not be observed in
the recorded video. In this study, several interrupted speci-
mens with cracks of different lengths were prepared and the
three-dimensional geometry of the cracks was measured
using X-ray computed tomography (X-CT). A comparison of
Figure 4(a) and (d) shows that the crack length measured
through X-CT is slightly shorter than that measured by the
optical microscope. This is because detecting cracks through
X-CT can be challenging if the crack tip mouth is closed,
which can result in a shorter crack length measurement
compared with an optical microscope.

Figure 5 shows the typical crack shapes measured via
X-CT, each of which can be approximated by a quarter
ellipse. Figure 6 shows the relation between the crack
depth ¢ and crack length a measured via X-CT. From the
results shown in Figure 6 the crack depth, ¢, can be esti-
mated from the crack length, a, which is measured from the
surface of the SD specimen using the following equation:

¢ = 02126 + 0.07392 In(a). )

3.2 Evaluation of fatigue strength
3.2.1 Finite element (FE) analysis

Elastic FE analysis was performed using ANSYS® Mechanical
APDL 2022 R2 to assess the stress distribution in the SD
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Figure 3: Morphologies of typical fatigue cracks on the SD specimen: (a) just initiated (the still image of the recorded video captured using a digital

microscope), (b) after fatigue test, and (c) after crack propagation test.

specimen because the stress field on the SD specimen surface
varies with the distance from the center of the specimen in the
SPF test. The FE model is illustrated in Figure 7, and the
conditions of FE analysis are summarized in Table 3. The
two-dimensional model presented in Figure 7, which is axisym-
metric and has nodes ranging from 241,188 to 248,891, was
used. The stress distribution in the SD specimen was almost
independent of the friction coefficients between the SD spe-
cimen and SiC ball as well as between the SD specimen and
holders; the difference in the stress at the specimen center was
less than 1.5% of the maximum circumferential stress. The
large deformation in the SD specimen, ie., large overhang
deformation, is speculated to affect the stress distribution. In

addition, the increasing slip between the SD specimen and
holder might increase the specimen deformation. Thus, the
analysis was performed with zero friction coefficient in this
study.

The distributions of the circumferential stress on the
bottom surface (tension side) of the SD specimen, obtained
through elastic FE analysis, are shown in Figure 8. At the
center of the SD specimen, the stress components in the
radial and circumferential directions reach their max-
imum and are the same. However, the circumferential
stress is larger than the radial one at any point except
for the specimen center, and their difference increases
with the increase in the distance from the center of the
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Figure 4: Typical images obtained by X-CT: (a) On the surface of the SD specimen, (b) 0.07 mm below the surface, (c) 0.13 mm below the surface, and

(d) optical microscope image.
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Figure 5: Typical crack shapes measured by X-CT.

SD specimen. The results presented in Figure 8 show that a
fatigue crack initiates at the center of the SD specimen and
propagates in the radial direction.

Figures 9 and 10 demonstrate how the applied load and
the thickness of the SD specimen affect the circumferential

0.3 r T T T
20.2f
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Figure 6: Relation between the crack depth and length measured by
X-CT.

stress. As shown in Figure 9(a), the circumferential stress at
any position increases with the increase in the applied load.
However, Figure 9(b) shows that the distributions of the
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Figure 7: FE model to estimate the stress distribution in the SD specimen.

Table 3: Conditions of FE analysis to evaluate the stress distribution in
SD specimen

Young’s modulus SD specimen 204 GPa
SUS304 holders 193 GPa
SiC ball 400 GPa
Specimen fix pressure by holders, p 10 MPa
Friction coefficient SD specimen/ 0and 0.3
SiC ball
SD specimen/ 0and 0.3
holders
SD specimen thickness 0.285, 0.290, and
0.295 mm
Applied load, F 30, 40, and 50 N
1500 . .
- Radial stress
- Circumferential stress
g 1000
%
w
=
& 500
O 1

1
0 1 2 3
Distance from specimen center [mm)]

Figure 8: Typical stress distributions obtained by the FE analysis: applied
load, F = 40 N, SD specimen thickness = 0.290 mm.

circumferential stress normalized by the applied load were
independent of the applied load. The maximum circumfer-
ential stress ggnmax is proportional to the applied load (Figure

DE GRUYTER

— 1500 : |

— F=30N
—— F=40N
—— F=50N

1000 |

500 |

Circumferential stress [MPa

I s | s | s
00 1 2 3
Distance from specimen center [mm]
(a)
Né ; . : :

RS — F=30N
2= 308 —— F=40N [
£z | —— F=50N
=2
b= 3 20 +
3
5 |

=
Ex 10T
OTé L

) L 1 L 1 L
= 00 1 2 3
Distance from specimen center [mm]
(b)
=
§?1500-
28
2 £1000}
T g max = 28.80 F
g5 a 2_ ]
2% soof ¥ =099953 1
i g i
<
=

30 40 50 60
Applied force, F [N]

(©

Figure 9: Effect of the applied load on the circumferential stress: (a)
effect on the stress distribution, (b) distribution of circumferential stress
normalized by the applied load, and (c) relation between the maximum
circumferential stress and the applied load.
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9(c)). From Figure 9(c), dgmax Can be evaluated from the
applied load F using the following equation:

0p, max = 28.80F. 2
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Figure 10: Effect of the SD specimen thickness on the circumferential
stress.

As shown in Figure 10, the circumferential stress is
affected by the thickness of the SD specimen around its
center. However, the difference in stress decreases with
the increase in the distance from the center. The thickness
of the SD specimen was maintained at 0.290 + 0.05 in this
study. Within the limited thickness, the difference in the
maximum circumferential stress due to specimen thick-
ness was negligible as it was less than +4% (Table 4).

3.2.2 Test results

The results obtained via the SPF test are shown in Figure 11.
The fatigue data obtained from the CUF test are also
included in the figure for comparison. The stress state at
the crack initiation point, which is located at the specimen
center, is the equibiaxial condition in the SPF test. Thus, the
equivalent stress range at the crack initiation point in the
SPF test (Figure 11), Adeg, is as follows:

Adeq
3

1
= ﬁJ(Aor - Ady)? + (Ady — Ad,)? + (Ag, ~ Ad,)?,

Table 4: Effect of specimen thickness on maximum circumferential
stress

Specimen Maximum Difference with
thickness (mm) circumferential data for

stress (MPa) t=0.290 mm
0.285 1,198 +3.84%
0.290 1,154 —
0.295 1,1M -3.68%

SPF test method to evaluate fatigue strength and fatigue crack propagation
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Figure 11: Fatigue strength obtained from the SPF test.

where Ag,, Agy, and Ag;, represent the stress ranges in the
radial, circumferential, and thickness directions of the SD
specimen, respectively. Furthermore, Adeq = Ady as Ag; = Adg
and Ag, = 0 at the center of the SD specimen. As shown in
Figure 11, the fatigue lives obtained through the SPF test were
nearly equivalent to those obtained via the CUF test. This indi-
cates that the SPF test can be used to determine fatigue
strength (Figure 11). The IN 718 alloy is a brittle material, and
its crystal grain size is sufficiently small compared to the SD
specimen thickness. If the SPF test is performed on ductile
materials, they might undergo ductile failure instead of fatigue
failure owing to ratcheting deformation. Moreover, the crystal
orientation of the grain that initiates a fatigue crack may affect
the fatigue strength of large-grain materials if the SPF test is
applied to large-grain materials. Therefore, verification of the
applicability of the SPF test to ductile and large-grain materials
is required.

3.3 Evaluation of crack propagation rates
3.3.1 FE analysis of the fracture mechanics parameter

As previously mentioned, most fatigue cracks were found
to have propagated in point symmetry and three radial
directions, as shown in Figure 3. Thus, to account for this
symmetry, a 1/3 model with the crack shown in Figure 12
was used for the FE analysis to estimate the stress intensity
factor (SIF). Three-dimensional (3D) FE analysis was per-
formed using ANSYS® Workbench 2022 R2. The total number
of nodes in the model used for the 3D FE analysis were
118,840-431,125. As shown in Figure 12, the FE model, each
cross-section of the SD specimen, the holders, and the SiC
ball are set as the periodic symmetric boundary. This study
assumed a quarter ellipse shape for the fatigue crack based
on the results of X-CT, as shown in Table 5.
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Figure 12: FE model to evaluate the SIF.

Table 5: Conditions of FE analysis to evaluate the SIF

>\

Crack A

Bottom view

SD specimen

Young’s modulus (GPa) SD specimen

SUS304 holders

SiC ball

Specimen fix pressure by holders, p (MPa)

Friction coefficient SD specimen/SiC ball
SD specimen/holders

SD specimen thickness (mm)

Applied load, F (N)

Crack size, (a, ¢) (mm)

204

193

400

10

0

0

0.290

30, 40, and 50

(0.3, 0.1236), (0.5, 0.1614), (0.75, 0.1914), (1.0, 0.2126), and (1.5, 0.2638)

The impact of the applied load on the SIF obtained
through FE analysis is illustrated in Figure 13. The SIF distri-
butions along the crack leading edge, as shown in Figure 14,
are represented in Figure 13; the average node spacing along
the crack leading edge was approximately 2 um. As shown in
Figure 13(a), the SIF increases with the increase in the applied
load. However, Figure 13(b) reveals that the SIF distributions

N
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Position from SD specimen center [mm]

(2)

Stress intensity factor, K [MPa m®? ]
S
T
1

normalized by the applied load were independent of the
applied load, similar to the stress distribution shown in
Figure 9.

Figure 15 illustrates the impact of the crack geometry
on the SIF. When the crack length is relatively short
(almost less than 0.5 mm), the SIF is almost uniform along
the crack leading edge. However, as the crack length

st
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Figure 13: Effect of the applied load on the SIF: (a) Distribution of SIF, (b) Distribution of SIF normalized by applied load.
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Figure 14: Schematic illustration of the definition of the position for
calculating the SIF along the crack leading edge.
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Figure 15: Effect of the crack geometry on the SIF.

increases, the distribution of the SIF becomes nonuniform.
When the crack length exceeds 1mm, the SIF around the
center of the SD specimen decreases considerably. This
decrease in SIF around the center of the SD specimen
with the increase in the crack length is related to the crack
geometry. A comparison of Figures 5 and 15 shows that the
area with a low SIF corresponds to the area where the
crack tip extends beyond the neutral plane of the spe-
cimen. Based on the results presented in Figures 5 and
15, it can be concluded that the fatigue crack is unlikely
to penetrate through the thickness of the specimen as the
driving force for crack growth is reduced around the
center of the SD specimen.

Based on the results obtained and the crack length
measured at the SD specimen surface, the SIF for the given
crack length was determined. The SIF was calculated as the
average value along the crack leading edge in the region
from the SD crack surface to a depth of 50% of the surface
(i.e, to the neutral plane). Figure 16 shows the relation
between the SIF and crack length. The SIF remains con-
stant and independent of the crack length. Generally, the
SIF, K, is represented by the crack length a and applied
stress g as follows:

SPF test method to evaluate fatigue strength and fatigue crack propagation
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Figure 16: Relation between the SIF obtained from the FE analysis and
the crack length.

K = oJmaB, 4)

where B represents the shape coefficient. In the conven-
tional fatigue crack propagation test on a compact tension
(CT) specimen or center-notch specimen under constant-
load conditions, the SIF increases with crack growth.
However, the results presented in Figure 15 indicate
that the SPF test enables the fatigue crack propagation
tests under a constant SIF condition. In the SPF test, the
SIF remains unaffected by changes in the crack length
because the stress at the crack tip decreases with the
increase in the crack length.

Based on the aforementioned results, this study eval-
uated the crack growth rate in the crack length range of
0.3-1.5mm. The SIF range AK was calculated using the
following equation:

AK = 0.2655(Fnax — Fain) = 0.2655 (1

= R)FRyax (0.3 mm < a £ 1.5 mm),

)
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Figure 17: Relation between the fatigue crack growth rate, da/dN, and

the crack length, a.
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where Fy,x and Fp,;, represent the maximum and minimum
applied forces in the SPF test, respectively, and R represents
the load ratio (Fnin/Frax)-

3.3.2 Test results

The SPF test was performed to investigate the behavior of
crack growth. a is defined as the average distance between
the specimen center and crack tip for three radial cracks.

Figure 17 shows the relation between the fatigue crack
growth rate (da/dN) and a obtained via the SPF test. This
relation indicates that the crack growth rate increased
with the increase in the applied load. The findings shown
in Figure 17 reveal that the crack propagation tests under
the constant SIF condition can be conducted via the SPF
test, as the crack growth rates are almost independent of
the crack length at the given load condition.

Figure 18 shows the crack growth rate correlated with
the SIF range obtained from the average crack length using
equation (5). For comparison, the crack growth curves
reported in previous studies are also shown in Figure 18
[19,20]. As observed in Figure 18, the crack growth rates
obtained via the SPF test are relatively higher than those
reported in the previous studies. However, the difference
in the crack propagation test results between this study
and the previous studies is not significant.

The reference data shown in Figure 14 are obtained for
relatively large crack sizes using single-edge notched bend
specimens or compact-tension specimens. Furthermore,
the crack growth data in this study were evaluated for
the surface cracks whose lengths were less than 1.5 mm.

—
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Figure 18: Fatigue crack propagation rates obtained by the SPF test
correlated with the SIF range.
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The difference in the crack propagation rates shown in
Figure 14 might be related to the crack size difference,
i.e., the “small crack effect” [21].

The aforementioned results indicate that the SPF test
can be used to conduct a constant-SIF range test. However,
further verification is required to determine the applic-
ability of the SPF test to ductile and large-grain materials
for crack propagation testing.

4 Conclusion

Herein, the morphologies of fatigue crack initiation and
propagation for the Ni-based superalloy IN 718 were inves-
tigated through the SPF test to verify the applicability of
this test in evaluating fatigue lives and crack growth rates.

The main conclusions can be summarized as follows.

(1) A fatigue crack was found to initiate at the center of the
SD specimen surface, where stress was the maximum.
In most cases, three fatigue cracks propagated from the
center to the radial direction of the SD specimen in
point symmetry.

(2) X-CT results revealed that the fatigue crack initiated by
the SPF test had a quarter ellipse shape. Based on these
results, an approximate equation was obtained to cal-
culate the crack depth from the measured crack length
for the SD specimen.

(3) When the fatigue lives evaluated via the SPF test were
related to the range of the maximum stress at the SD
specimen center obtained through elastic FE analysis, the
fatigue strength determined via the SPF test was almost
comparable with that determined via the CUF test.

(4) The elastic FE analysis results indicated that the SIF for
the fatigue crack in the SD specimen was independent of
the crack length; further, it could be calculated via the
approximate equation using the applied load regardless
of the crack length.

(5) The results of the crack propagation test and elastic FE
analysis confirm that the SIF test can be used to con-
duct a constant-SIF crack propagation test.

Based on the aforementioned results, the applicability
of the SPF test to assess fatigue strength and crack propa-
gation behavior was confirmed.
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