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Abstract: Ship hatch corner is a common structure in a ship and its fatigue problem has always
been one of the focuses in ship engineering due to the long—term high—stress concentration state
during the ship’s life. For investigating the fatigue life improvement of the ship hatch corner under
different shot peening (SP) treatments, a series of fatigue tests, residual stress and surface topography
measurements were conducted for SP specimens. Furthermore, the distributions of the surface
residual stress are measured with varying numbers of cyclic loads, investigating the residual stress
relaxation during cyclic loading. The results show that no matter which SP process parameters
are used, the fatigue lives of the shot—peened ship hatch corner specimens are longer than those at
unpeened specimens. The relaxation rate of the residual stress mainly depends on the maximum
compressive residual stress (URSmax) and the depth of the maximum compressive residual stress
(Omax)- The larger the values of oRS max and dpax, the slower the relaxation rates of the residual stress
field. The results imply that the effect of residual stress field and surface roughness should be
considered comprehensively to improve the fatigue life of the ship hatch corner with SP treatment.
The increase in peening intensity (PI) within a certain range can increase the depth of the compressive
residual stress field (CRSF), so the fatigue performance of the ship hatch corner is improved. Once
the PI exceeds a certain value, the surface damage caused by the increase in surface roughness will
not be offset by the CRSF and the fatigue life cannot be improved optimally. This research provides
an approach of fatigue performance enhancement for ship hatch corners in engineering application.

Keywords: shot peening; ship hatch corner; fatigue life; surface roughness; residual stress relaxation

1. Introduction

As a large-scale structure integrating safety, economy and practicability, the ship’s
fatigue problem is the focus of attention. The International Association of Classification
Society (IACS) Regulations for Bulk Carriers [1] and China Classification Society (CCS)’s
“Guidelines for Fatigue Strength Assessment of Hull Structures” [2] both provide relevant
regulations for ship hull structures that are prone to fatigue problems. During the service
life, the hull structure is affected by alternating stress loads such as wave-induced load,
which have a great impact on its fatigue properties. Figure 1 shows a fatigue crack in the
hatch corner of a certain ship. Guoqing et al. [3] proposed to use the equivalent wave
method to evaluate the fatigue life of hatch corners. The results of the equivalent wave
method agree well with those from the spectral fatigue analysis. Selle et al. [4] used the
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finite element method with a fatigue assessment technique developed by Germanischer
Lloyd (GL) to analyze the effect of radii of ship hatch corners on fatigue performance.
Yong et al. [5] conducted stress analysis on ship hatch corner structures based on the S-N
curve method and studied the effects of different structure details on fatigue performance
of ship hatch corners. Xu et al. [6,7] did a detailed study on the method of establishing
a finite element analysis (FEA) model by laser measurement, proposed some optimized
model generation methods, and used the CUF (Carrera unified formula) method developed
by Carrera. [8] for numerical analysis. Jiancheng et al. [9] conducted research on stress
concentration at ship hatch corners with large openings, and analyzed the effect of stress
releasing hole and strengthened plates for reducing the stress concentration. However,
researches on improving the fatigue performance of ship hatch corners has mainly been
conducted to optimize the structure to reduce the stress concentration, and there are
few analyses on improving fatigue performance of ship hatch corner directly through a
certain treatment.

Figure 1. A fatigue crack in the hatch corner of a certain ship.

Compressive residual stresses on the surface layer help to inhibit crack initiation
and expansion, which helps to improve the fatigue life and reliability of structures. For
introducing compressive residual stress in the surface layer to prolong the fatigue life of the
structure, some methods of surface treatment have been applied such as shot peening (SP),
laser shock peening [10-13], high—frequency mechanical impact treatment [14-16], and
ultrasonic impact treatment [17-20]. Among these kinds of treatments, SP is the most used
treatment for its flexibility, low cost, and dispensing with pretreatment. SP is an effective
cold working surface treatment in improving fatigue properties of structures [21,22] and is
widely used in the aerospace industry, automobile industry, and other fields. However,
there are few applications of SP in the shipbuilding industry. It can introduce compressive
residual stresses to the surface layer and enhance the surface hardness and roughness by
impacting on the surface with a mass of metallic or ceramic particles into the surface region.
The compressive residual stress layers in the surface and subsurface of the shot—peened
workpiece can partially offset the tensile stress generated by the alternating external load.
Therefore, the compressive residual stress is recognized as the main strengthening factor to
improve the fatigue performance of the specimen surface [23,24]. Gan et al. [25] studied
the effect of SP on the fatigue life of T-welded joints via fatigue tests and residual stress
measurements, proving that SP has significant benefits on specimens’ fatigue performance.
Wohlfahrt [26] studied the influence of residual stress change by different peening condi-
tions. For shot peening, it is indispensable to evaluate the residual stress field. However,
these studies only consider the effect of the initial residual stress field and ignore the
relaxation of the residual stress field during the cyclic loading process.
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Generally, SP treatment can cause an increase in the surface roughness of the peened
structure while excessive surface roughness has a negative impact on fatigue performance.
Surface roughness is one of the important parameters for evaluating the surface integrity of
materials, which has a significant effect on fatigue performance. The larger the roughness,
the easier it is to cause local stress concentration and induce fatigue crack initiation [27].
Novovic et al. [28] studied the correlation between the surface roughness (R;) and fatigue
life, showing that when R, is less than 0.1 um, its effect is insignificant. If R, is between 2 pm
and 5 pm, it will have a positive effect on the fatigue life. Ruihong et al. [29] investigated
the effect of SP on the surface roughness and fatigue properties of 300M steel by tests,
proving that the effect of SP is not proportional to the peening intensity (PI).

There are also some investigations related to the relaxation of the residual stress field
of the shot peening treatment. Residual stress relaxation in fatigue loading is one of the
main factors that affect the improvement of fatigue strength by shot peening, as well as
the surface conditions created by shot peening and the possibility of the relaxation of
compressive residual stress field (CRSF) to push the crack source beneath the surface [30].
In terms of the effect of the stability of the residual stress field on the fatigue life, the
shot-peened specimens will exhibit longer life times than the unpeened ones as long as the
CRSFs of the shot—peened specimens remain stable [31]. Dalaei et.al. [32,33] considered the
main relaxation of the residual stresses that take place during the first sub-block which is
due to the large relaxation during the first loading cycle as well as the maximum strain
amplitude present in the first sub-block. The effect of shot peening conditions on the
stability of the residual stress field is also significant, Huang et al. [34] investigated fatigue
performance improvement of different modified SP treatments, considered that CRSF
stability has a great influence on fatigue strength of shot—peened specimens and suitable
peening temperature can lead CRSF to be more stable. However, the actual structure in
practical engineering has not been paid enough attention until now. All of the objects in
related research are simple standard specimens and the locations of interest are not well
described which makes the results not suitable for complex structures and makes it difficult
to reflect the evolution law of the residual stress field on the actual structure in practical
applications. In the study of the numerical method of the relaxation of CRSF, Ruiz et al. [35]
analyzed the relaxation of high frequency mechanical impact treatment induced CRSF of a
single-sided out-of-plane gusset welded joint by numerical analysis. This analysis method
is also applicable to SP-induced CRSE.

As for engineering applications, even though applying suitable SP for a specific
structure and mastering the law of relaxation of its residual stress field will improve the
fatigue strength and life of the structure, which cannot be solved by structure design or
optimization effectively, there are still few applications of SP treatment in improving fatigue
performance of structures in ships, especially for a structure like the ship hatch corner
,where fatigue damage often occurs. For this specific structure, it is not enough to consider
the introduced initial residual compressive stress field alone because the residual stress
field will relax during cyclic fatigue loading, which leads to the decline of the SP-induced
fatigue strengthening effect. If the SP treatment is to be used in the fatigue performance
improvement of ship structures, the law of residual stress relaxation and how it is affected
by the load and SP parameters should be investigated in detail. The research on SP and
residual stress relaxation in ship hatch corners is worthy of being focused on since it can
provide an approach to improving the fatigue life of the structures in ships that suffer
from serious fatigue problems. Beyond that, a procedure of fatigue life assessment after SP
enhancement can provide some reference for researchers and designers who focus on ship
fatigue problems.

In order to provide a practical assessment of actual ship hatch corner structures
in engineering application, the effects of CRSF and surface topographies on the fatigue
performances of ship hatch corners were analyzed by experimental and numerical methods.
Experimental research based on fatigue tests, surface topography measurements, and
residual stress measurements were conducted to investigate the effect of SP on the fatigue
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life of ship hatch corner structures. Variations of residual stress fields at a specific area
on the structure was derived by measurement during cyclic loading. The variation law
of the residual stress field in ship hatch corners was analyzed. The effect of shot peening
treatment on the surface topography of the structure and the relationship between the
residual stress relaxation and fatigue life were investigated.

2. Experimental Setup
2.1. Specimen Design and Processing

The small-scale experimental specimen and the geometry of the simplified ship hatch
corner are shown in Figures 2 and 3a, respectively. In order to control the positions of crack
initiation, two arc notches with smooth transition were set on the free edges at specific
locations individually. The geometry of the arc notch is shown in Figure 3c while the corre-
sponding location of the arc origination point is demonstrated in Figure 3b. These notches
can be regarded as prefabricated defects, which could cause stress concentration. Therefore,
the initiation area of the crack can be observed conveniently as can the measurement of the
residual stress field’s variation at a specific location. The model is composed of two parts:
one is the foundation support of the T section, an opening made at the web to prevent the
web bulking during the fatigue tests, and the other is the ship hatch corner specimen which
is welded to the panel and welded with the U-shaped chuck symmetrically on both sides
of the upper end.

The material of the specimen in this test was Q235B steel. For ascertaining the related
parameters of material performance accurately, a series of static tensile tests were carried
out as well. The model of the static tensile specimen is shown in Figure 4, and the test
procedures were conducted according to GB/T 228.1(2010) [36]. The related parameters of
material properties measured in the static tensile test are listed in Table 1. All the specimens
were cut from the corresponding 6 mm thick plate by laser cutting directly.

R e S il v TR ~ —__J

Figure 2. The experimental ship hatch corner specimen.

Table 1. Mechanical properties of Q235B steel.

Mechanical Properties Value
Ultimate tensile stress Ry, (MPa) 473
Yield stress o5 (MPa) 294
Young’s modulus E (GPa) 206
Poisson’s ratio v 0.26

Elongation § (%) 26
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Figure 3. The geometry of the hatch corner specimen (a) and the arc notch (c) with the location of its origination point (b).

Figure 4. The static tensile specimen.

2.2. SP Treatment

SP treatments were carried out on ship hatch corner specimens by air blast SP equip-
ment. Cast steel shots S110, 5230, 5280, and S330 were used individually for different
specimens with the same peening pressures of 3 bar and a constant media flow rate of
25 kg/min. The mean diameters of shots (MDS) were 0.3 mm (S110), 0.6 mm (5230), 0.8 mm
(5280), and 1.0 mm (S330), respectively. The diameter of the peening nozzle was 20 mm,
while the distance from the peening nozzle to the specimen surface was about 50 mm. The
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nozzle was kept perpendicular to the surface of the specimen. The peening area included
the specific area around both the left and right arc notches on the front and back surfaces,
as shown in Figure 5. The peening time was 90 s and the peening coverage was close
to 100% in all specimens. Both the left and right peening areas on the front and back
surfaces of the specimen were treated with the same PI. Table 2 shows the different SP
parameters for hatch corner specimens. Three specimens were processed corresponding
to each SP treatment group. All five groups of specimens add up to a total of 15 speci-
mens. All the specimens were conducted with cyclic fatigue tests, and the first specimen
of each group was conducted with surface roughness measurement and residual stress
relaxation measurement.

r 6mm
Back surface || Front surface

/ ) 4 w |«
Peening area L

z
Nozzle Nozzle

I %" e / \
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e W O B eesilss
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Figure 5. Schematic diagram of shot peening (SP) treatment for a hatch corner specimen.

Table 2. The different SP parameters for T-welded joint specimens.

Mean Diameter of Shots

. Mass Flow Air Pressure (MDS) Shot
Specimen Rate Coverage Media

. (bar) d .

(kg/min) Material
(mm)
P1 - - - - -

P2 25 3 0.3 (S110) 100% Cast steel
P3 25 3 0.6 (5230) 100% Cast steel
P4 25 3 0.8 (5280) 100% Cast steel
P5 25 3 1.0 (5330) 100% Cast steel

2.3. Surface Roughness Measurement

In order to investigate the effect of SP on specimens, surface topography measurements
were performed by using a Keyence 3D microscope. The first specimen of each group
is conducted with surface roughness measurement. Thus, the heights of fluctuations in
the horizontal and vertical directions of specimens’ surfaces could be measured. Each
direction generated a contour curve by data averaging from 30 paths, as shown in Figure 6.
Since R, could be measured directly by the microscope, a program was written based
on ISO 4287-2010 [37], which is commonly used in the calculation of R,. The calculation
method of R, is briefly introduced as follows: The baseline is a line with the smallest sum
of squares of the distance from each point on the contour curve to the corresponding point
on the contour curve, which is generated by using the least square method. R, is extracted
as follows
Ei\qui - mxi| _ 211\]|in| (1)

N N
where Y,; is the measured value on the contour curve, m,; is a value of the corresponding
point on the baseline, Z,; is the absolute value of the distance between Y,; and m,;, and N
is the total number of points on the contour curve.

R, =
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Figure 6. The schematic diagram of R, measurement and calculation: (a) the measuring paths along the specimen surface,
(b) a section of surface measured by one path, (c) the contour curve and the baseline for R, calculation.

2.4. Finite Element Method (FEM) Analysis

FEM analysis was performed in order to verify the effectiveness of the arc notch design.
The finite element model contained 973,456 elements including two element types, C3DSR
and C3D4, as shown in Figure 7a. Moreover, the gradually refined transition method was
adopted for the arc notch region, and the final element size near the arc notch was not more
than 0.5 mm, as shown in Figure 7b. The material properties of the corresponding Q235B
were ascertained by the static tensile test and shown in Table 1. It is an ideal elastoplastic
material without considering the hardening effect of the material.

The boundary conditions of the finite element analysis are as follows: MPC constraints
are used on the surface nodes of the fixed holes on both sides of the foundation support,
and the MPC control point is the geometric center of the fixed hole, as shown in Figure 7c;
the constraint condition is defined as U, = Uy = U; =0, Ry = Ry = 0 (U represents the
displacement, R represents the rotation, X, y, and z represent the directions of U and R).
MPC constraints were performed on the U-shaped chuck surface nodes on both sides of
the loading end. The MPC control point was 30 mm above the centerline of the U-shaped
chuck surface, and the load is applied to the MPC control points symmetrically, as shown
in Figure 7d.

The loads were increased from 5 kN to 80 kN gradually and the stress distributions of
the hull hatch corner model were analyzed as well. Results show that the regions near the
two arc notches were always the most serious regions of stress concentration in the whole
model no matter how the tensile loads changed. Figure 8 shows the stress distribution of
the hatch corner FE model which verifies that the design of the arc notch was effective.
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Figure 7. (a) The FE model of the hatch corner, (b) the local mesh refinement around arc notch, (c) the

boundary conditions of the FE model, (d) setting of the loading side.
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Figure 8. The (a) overall stress distribution and (b) local stress distribution of FE model with 70 kN loading.

2.5. Residual Stress Measurement

In order to investigate the effect of SP on surface residual stress, a portable X-ray
two—dimensional residual stress analyzer —X360s (Pulstec® #-X360s, Hamamatsu-City,
Janpan) was used to measure the residual stress at every shot—peened region on each
specimen applying the measuring principle of the cosx method [38] (also referred as the
single incident angle method). This residual stress analyzer only requires one measurement
operation at a specific angle g to collect the diffraction angle transition of a certain surface,
which is used to analyze and obtain the residual stress of the specimen. The schematic
diagram of the measuring principle of u-X360s is shown in Figure 9. The angle « is the
diffraction angle and the angle # is the complementary angle of a. The optical path of the
X-ray and the obtained complete Debye ring are shown in Figure 9b,c, respectively. The
angle selected for the Debye ring is presented in Figure 9d. The definition of the parameter
a1 can be given as follows:

a1 = [(ffa - STL’—IX) + (S—a - En—vc)] (2)

N =
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where ¢, is the strain in the Debye ring, e;_, is the complementary strain, e_ is the
contrary strain.

Specimen surface

Calibration line

Collimator Size
0.8mm

»—" Debye ring

l.aser marker point

(a)Camera image of (c)Complete Debye ring

u-X360s
ER. X.sng'ess Oy -234 upa \
N
(Std. Dev 4 MPa) \
Ty -90 wPa ;
/4
(Std. Dev. 4 MPa)

(d)Changes of Debye ring on

(e)Calculated residual stress result i :
incident X-ray

Figure 9. The schematic diagram of measuring principle of y—X360s: (a)the camera image of y—X360s, (b) the working
principle, (c) the detected Debye ring, (d) the changes of Debye ring, and (e) the calculated residual stress result.

With the strain g, on the Debye ring, the residual stress can be calculated by the
formula given as follows:

E 1 1 ,

M Y sin2ig sin2y (acosoc

) ®)

where o represents the residual stress, E represents the Young’s modulus, and v denotes
the Poisson’s ratio. In this work, the Young’s modulus E and the Poisson’s ratio v of Q235B
steel specimen were determined as 206 GPa and 0.26 according to Section 2.1, respectively.

The first specimen of each group was conducted with residual stress relaxation mea-
surement. In order to show the variation of the residual stress field near the arc notch in
detail, some measuring points were defined near the arc notch to measure the dynamic
change of the residual stress field. The location of the first measuring point was defined in
detail as schematically shown in Figure 10 and the residual stress measuring procedures
were as follows: (1) Draw the vertical line of the tangent to the deepest point of the arc
notch as the measuring path. (2) Attach a ruler sticker parallel and below at least 0.5 mm to
the vertical line to avoid any influence on measurement and align a tick mark on the ruler
with the tangent line of the arc notch. (3) Adjust the analyzer to align the green cross in its
camera image with the laser mark irradiated on the surface of the specimen to calibrate the
measurement distance. (4) Adjust the analyzer to align linel in the middle of the first two
tick marks and overlap line2 in the camera image, the first measuring point is defined as
Pointl, and then start the measuring program of the analyzer. (5) Move the analyzer 1 mm
along the measuring path to the next measuring point and repeat the measuring operation,
as shown in Figure 11.
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Figure 11. The schematic diagram of the measuring points at one shot—peened region.

There were a total of ten measurement points, and the residual stresses in the y;
direction (the vertical line of the tangent point) was measured where x and y were the
original coordinate system axes. The measuring points were named as Point1-Point10
from the distance to the arc notch in sequence. There was another measuring point named
as PointAy which was 1 mm below Pointl along y; direction near the arc notch of each
specimen. In order to obtain a value of residual stresses in depth before fatigue tests,
residual stress measurements in PointA( were also carried out by iterative electrolytic
removal of thin surface layer. Although the measurement path was not necessarily the
same as the crack propagation path, it was enough to reflect the changing law of the
residual stress field near the arc notch.

2.6. Static Loading Test and Fatigue Tests

The static loading test and fatigue tests were carried out by the MTS322 250 kN
Dynamic Fatigue Testing System at the Ship Structure Laboratory in Wuhan University of
Technology (Wuhan, China) under room temperature. Figure 12 shows the installation of
the hatch corner test model and the loading direction of tests. Both ends of the hatch corner
model were fixed on two ear seats (1) (2) by bolts, and the ear seats were fixed on the test
base (3) by bolts; the U-shaped chuck (4) at the upper end of the model was clamped by
the fixture (5) of the MTS testing system, and the loading direction is shown in Figure 12.
The maximum and minimum stresses near the arc notch were about 218 and 21 MPa with
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70 and 7 kN loading measured by strain gauges, respectively. The hot spot stresses at the
left and right arc notches are shown in Figure 13.

- W

Loading direction

Figure 12. The installation of hatch corner specimen: (1), (2) the ear seats, (3) the test base, (4) the
U-shaped chuck, and (5) the fixture of the MTS testing system.
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Figure 13. The relationship between tensile load and hot spot stresses at the left and the right
arc notches.

Fatigue tests were carried out after the static loading test. All the specimens were
conducted with constant amplitude cyclic loading of 31.5 kN and the stress ratio was 0.1.
The loading frequency was 5 Hz and the loading direction was the same as static loading,
as shown in Figure 13. The sinusoidal loading curve is shown in Figure 14. The criterion
for judging crack initiation was when the crack was beyond 0.1 mm, and the criterion
for judging the fatigue life was the number of fatigue cycle loading when the crack was
beyond 1 mm.
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70kN

F(kN)

Figure 14. The schematic diagram of the sinusoidal cyclic loading curve for fatigue tests.

3. Results and Discussion
3.1. Surface Roughness and Topography

The changes in surface roughness of specimens caused by the different diameters of
shots can be calculated by the method mentioned in Section 2.3. The calculated surface
roughness data of specimens are shown in Table 3, which show that SP treatment can
increase the surface roughness of peened specimens. The R, value of unpeened specimen
P1 was about 0.07 um, which was much smaller than the minimum R, value of peened
specimen that appears in P2. The surface roughness increased with a value of MDS. The
maximum R, value appeared in P5, which was peened by the largest shots with diameters
of 1 mm.

Table 3. The calculation results of surface roughness of specimens.

MDS

) R, (um) Average R,
Specimen d

(mm) Horizontal (x) Vertical (y) (um)
P1 - 0.08 0.06 0.07
P2 0.3 1.41 1.26 1.34
P3 0.6 2.27 2.44 2.36
P4 0.8 3.14 3.28 3.21
P5 1.0 3.38 3.92 3.65

Figure 15 illustrates the differences in surface topography between each specimen.
Compared with the unpeened specimen P1, which had only a few tiny bumps on the
surface, all the shot—peened specimens became rough after SP. It can be concluded that the
diameter and the depth of a single dimple increase with a value of MDS. The maximum
dimple depth appeared in P5 with a value of 16.30 um, the minimum dimple depth
appeared in P2 with a value of 12.02 um. It was complicated to define the diameter of a
dimple due to the difficulties in finding clear boundaries, but it could be estimated based
on the color of the cloud in Figure 15. The case of P5 had the greatest diameter of dimple
caused by a single shot for SP with the largest MDS.
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Figure 15. Cont.
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Figure 15. The specimen surface graph of (a) P1, (c) P2, (e) P3, (g) P4 and (i) P5 and the processed 2D topography of (b) P1,
(d) P2, (f) P3, (h) P4 and (j) P5.

3.2. CRSF and Residual Stress Relaxation

Before residual stress measuring, the peened surface was electrically polished to avoid
test error due to an uneven surface. In order to describe the CRSF quantitatively, three
characteristic parameters including the surface residual stresses (0%%,,(), the maximum
compressive residual stresses (0RS,1ax), and the depth of RS ax (Omax), were defined. The
specimens were measured for CRSF at PointA(. Figure 16 shows the residual stress depth
profiles of PointAy in the y; direction. The maximum value of (TRssurf appeared in P3
with a value of —376 MPa, the minimum value of c®° surf appeared in P2 with a value of
—364 MPa, and the values of oR® surf in the other two specimens were both around 370 MPa.
The maximum value of o8, appeared in P5 with a value of —463 MPa, and the values
of 085, in other three specimens increased with MDS from —392 MPa (d = 0.3 mm) to
—447 MPa (d = 0.8 mm). It can be seen from Figure 16 that values of &,y in all specimens
also increased with MDS from 0.063 mm (d = 0.3 mm) to 0.144 mm (d = 1.0 mm). This
phenomenon shows that the values of oRS surf Will not increase with the values of MDS
remarkably. Addtionally, the values of RS, o and 8ypay in all specimens increased greatly
with the values of MDS, which means an increase of PI.
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Figure 16. The compressive residual stress field in depth at PointA of different specimens.

In the process of fatigue loading, the residual stresses were measured at 10 measuring
points every 50,000 times of fatigue loading until crack initiation. Figure 17 shows the
variety of residual stresses with fatigue loading of five ship hatch corner specimens. For
the unpeened specimen P1, it can be seen from Figure 17a that the residual stress at each
point on the surface was not uniform compared with other specimens. The residual stress
fields began to relax just after the fatigue loading began.

It can be seen from Figure 17 that relaxation rates of the residual stress field were very
fast at the first 50,000 cycles of fatigue loading, and then they were reduced to varying
degrees. The relaxation rates of the residual stress field gradually decreased from the
measuring point from the arc notch. The closer the measuring point to arc notch was, the
greater was the relaxation of the residual stress field at this measuring point. During the
fatigue loading process, the relaxation rate of the residual stress field decreased gradually.

—o—0 fatigue cycles

—0—50,000 fatigue cycles

—~—100,000 fatigue cycles

——150,000 fatigue cycles

—C—Crack initiation: 197,110 fatigue cycles

Figure 17. Cont.
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Figure 17. The variety of residual stresses with fatigue loading at each measuring point of (a) P1, (b) P2, (c) P3, (d) P4 and

(e) P5.

Although all the specimens were observed to relax the residual stress field, their
relaxation rates were not the same under the same fatigue load, which can be reflected by
the curve distance in Figure 17. As seen in Figure 17a, the compressive residual stresses of
the unpeened specimen P1 reduced by 78.7% (—89 MPa to —19 MPa) after the 1st 50,000
fatigue cycles at Pointl and turns to tensile residual stresses with a value of 15 MPa after
crack initiation. As for Figure 17b, the compressive residual stresses of P2 reduced by 19.9%
(—371 MPa to —297 MPa) after the first 50,000 fatigue cycles and by 64% (—371 MPa to
—133 MPa) at Point1 after the crack initiation. As for Figure 17c, the compressive residual
stresses of P3 reduced by 20.9% (—367 MPa to —290 MPa) after the first 50,000 fatigue
cycles and by 52.3% (—367 MPa to —175 MPa) at Pointl after the crack initiation. As
for Figure 17d, the compressive residual stresses of P4 reduced by 13.8% (—384 MPa to
—331 MPa) after the first 50,000 fatigue cycles and by 42.7% (—384 MPa to —220 MPa)
at Pointl after the crack initiation. In Figure 17e, the compressive residual stresses of P5
reduced by 11.2% (—375 MPa to —333 MPa) after the first 50,000 fatigue cycles and by
37.6% (—375 MPa to —234 MPa) at Pointl after the crack initiation. After 50,000 fatigue
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loadings, the residual stress relaxation rate at each point also decreased, but the trend was
still similar to before.

Combined with Figures 16 and 17, it can be found that the specimens with greater
values of 085, and J,,,.x had lower residual stress relaxation rates. Although their surface
residual stresses were similar before fatigue loading, they show different “retention capa-
bilities” of residual stress or stability of CRSF during fatigue loading. P5 had the greatest
value of 085, and 6,4x, and the remaining residual stresses were the greatest when the
crack was initiated and the remaining residual stresses of other specimens decrease with
the decrease of MDS. In other words, the specimen with deeper CRSF had better retention
capability of surface residual stress.

Figure 18 shows the local stress distribution of numerical analysis results at 70 kN
loading and the Von Mises stress of each measuring point. The Von Mises stresses could be
alternatively regarded as the amplitude stresses in fatigue loading here. Combined with
the residual stress data obtained in X-ray diffraction measurement, the relaxation ratio
of the residual stress at each measuring point of shot-peened specimens P2 to P5 could
be compared. Comparing the residual stress after every 50,000 fatigue cycles with that
before fatigue cycles, the results shown in Figure 19 are the calculated relaxation ratios
of the residual stress per 50,000 fatigue cycles. It can be seen that for all the shot-peened
specimens, the relaxation of the compressive residual stress was also greater where the
stress is greater. As the stress decreased linearly, the relaxation of the compressive residual
stress also decreased, but it was nonlinear. Although the specimens P2 to P5 were processed
by SP with different MDS, they all showed insensitivity to residual stress relaxation when
the stress was below 174 MPa (Point6 and subsequent measurement points). It can be
noticed that there was a threshold value of the stress amplitude that allowed the residual
stress to relax. When the stress amplitude was lower than the threshold value, regardless
of the size of the MDS as well as the number of fatigue cycles, the compressive residual
stress barely changed. Combining the experimental data and the FEA results, the threshold
value of the stress amplitude should be between 171 MPa and 174 MPa.

S, Mises
(Mpa)

+2.940x102
+2.695x10?
+2.450x102
+2.205x10*
+1.960x102
+1.715x10?
+1.470x10?
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+7.354x10"
+4.904x10*
+2.455x101
+5.012x102

| Point1

Figure 18. The finite element analysis (FEA) stress distribution near the arc notch and the stresses at measuring points.

The residual stress relaxation ratio of each specimen at each fatigue loading stage were
also different. For example, P2 and P3 had large residual stress relaxation ratios in the first
and second 50,000 fatigue cycles; the relaxation ratios of P2 after the first and second 50,000
fatigue cycles were about 20% and 22% at Poin1, 12% and 18% at Point2, and 9% and 14%
at Point3, respectively; the relaxation ratios of P3 after the first and second 50,000 fatigue
cycles were about 21% and 12% at Poin1, 13% and 14% at Point2, and 13% and 9% at Point3
respectively. These two specimens had a great stress relaxation in the early stage (100,000
fatigue cycles) of fatigue loading. By contrast, the relaxation ratios of P4 after the first and
second 50,000 fatigue cycles were about 14% and 6% at Poinl, 9% and 6% at Point2, 5%
and 7% at Point3, respectively; the relaxation ratios of P5 after the first and second 50,000
fatigue cycles are about 11% and 9% at Poinl, 8% and 8% at Point2, and 3% and 7% at
Point3 respectively. Compared with P2 and P3, P4 and P5, which had deeper CRSFs, had
better performances in resisting compressive residual stress relaxation. It also can be seen
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from Figure 19 that nearly all the residual stress relaxation ratios of P4 and P5 were below
10% at all measuring points in every fatigue loading stage.

For the actual design and construction of River-Sea-Going ships, the stress concen-
tration at the corners of the hatch is difficult to avoid, but the stress amplitude should be
controlled. It can be found that if the fatigue performances of the hatch corners are expected
to be improved by SP treatments, the residual stress relaxation should be considered when
local stress is beyond the threshold value. If the stress amplitude at the hatch corner is
lower than the stress threshold value of residual stress relaxation, the residual stress field
will barely change. It is also a feasible method to change the parameters of SP treatment
to introduce a deeper residual stress field into the surface of the hatch corner structure to
reduce the residual stress relaxation ratio and keep the CRSF more stable in fatigue loading.
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Figure 19. The residual stress relaxation ratio of (a) P2, (b) P3, (c) P4, and (d) P5.

3.3. Fatigue Life

Table 4 shows the fatigue life and other characteristic parameters of all specimens,
including not only the specimens for residual stress relaxation research but also the other
two specimens in the same SP treatment group that were conducted with fatigue tests.
In Table 4, N;, represents the crack initiation life (crack from 0.0 mm to 0.1 mm), ANy,
represents the ratio of crack initiation life increment, Ny, represents the crack propagation
life (0.1 mm to 1 mm), ANy, represents the ratio of crack propagation life increment, N¢
represents fatigue life (crack from 0.0 mm to 1 mm), and ANy represents the ratio of fatigue
life increment, where all the increments are based on the comparison with P1. It can be
seen that the fatigue life of P1 without SP was about 214,550 in the first fatigue test. The
increment comparisons of subsequent data were based on the first fatigue test data of the
P1 specimen. The maximum fatigue life appeared at the P4 specimen in the third fatigue
test with a value of 347,710 when MDS was 0.8 mm. It can be concluded through Table 4
that all the SP treatments can improve fatigue lives of ship hatch corner specimens greatly.
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Table 4. Fatigue lives of ship hatch corner specimens.

MDS N; Ny, N,
Specimen I:I)lflr;:’ir d (fr;) (Cyclic AN; (Cy’;lic ANy, (Cyglic AN¢
(mm) Number) Number) Number)
P1 1st / 0.07 197,110 / 17,440 / 214,550 /
2nd / / 173,530 —12.0% 17,210 -1.3% 190,740 —11.1%
3rd / / 186,220 —5.5% 21,460 23.1% 207,680 —3.2%
P2 1st 0.3 1.34 226,740 15.0% 20,420 17.1% 247,160 15.2%
2nd 0.3 / 237,270 20.4% 19,850 13.8% 257,120 19.8%
3rd 0.3 / 206,160 4.6% 21,584 23.8% 227,744 6.1%
P3 1st 0.6 2.36 262,380 33.1% 25,160 44.3% 287,540 34.0%
2nd 0.6 / 248,220 25.9% 21,240 21.8% 269,460 25.6%
3rd 0.6 / 278,600 41.3% 24,770 42.0% 303,370 41.4%
P4 1st 0.8 3.21 294,650 49.5% 27,610 58.3% 322,260 50.2%
2nd 0.8 / 315,510 60.1% 28,120 61.2% 343,630 60.2%
3rd 0.8 / 319,380 62.0% 28,330 62.4% 347,710 62.1%
P5 1st 1.0 3.65 281,510 42.8% 27,120 55.5% 308,630 43.8%
2nd 1.0 / 291,940 48.1% 26,430 51.5% 318,370 48.4%
3rd 1.0 / 303,770 54.1% 28,020 60.7% 331,790 54.6%

Specifically, the average of AN;,;s within each group were 13.3% (P2), 33.5% (P3), 57.2%
(P4), and 48.3% (P5); the averages of AN),,s within each group were 18.2% (P2), 36.0% (P3),
60.7% (P4), and 55.9% (P5); the average of ANs within each group were 13.7% (P2), 33.7%
(P3), 57.5% (P4), and 48.9% (P5). Although the fatigue life extension of each group showed
differences for a single specimen, it can be found through the comparison between the
groups that when the PI increased, the differences in the ANs within each group were
gradually reduced. It can be analyzed by the comparison of AN, of each group that in
the crack initiation stage, shot peening had a very good effect on the suppression of the
crack initiation. SP also suppressed the crack growth rate in the crack propagation stage,
which can be analyzed by the comparison of AN, of each group. AN;;, ANy, and ANy all
increased initially with the increase of MDS (when d= 0.3 mm, 0.6 mm and 0.8 mm), but
when d = 1.0 mm, the increments of AN;,;, ANy, and ANf were not obvious compared with
those when d = 0.8 mm, and some of the data even decreased. This means that prolonging
the fatigue life of the hatch corner by only increasing the MDS has a limited effect. This
can be caused by the excessive surface roughness caused by the increase in MDS. P4 and
P5 both had better residual stress stability, and thus they had larger AN, values than P2
and P3. With the increase of MDS, the crack initiation life and fatigue life both showed
an increasing trend. It can be seen from this that the fatigue lives of P2, P3, and P4 all
increased with the increase of o®5,,,; and &,y values. At the same time, the effective
residual stress at the arc notch at the crack initiation time also increased with the increase
of oRS,,.x and 6,uac values. On the other hand, P5 had larger oRS,ax and byar values than
P4 and its remaining effective residual stress when the crack initiated was also greater, but
its fatigue life was not improved; however, it was reduced. The reason for this may be
that P5 has a larger R, than P4. Although the remaining effective residual stress on the
surface is slightly larger than that of P4, it is not enough to offset the effect of surface defects
caused by the larger R, value, so the fatigue life of P5 is slightly smaller than that of P4. For
P5, which has larger RS0 and b1, the influence of surface roughness was even more
severe. When increasing the PI of SP treatments, a value of R, would also increase. If R; is
beyond a certain value, the limited improvement of CRSF cannot offset the negative effect
of increased surface roughness on surface integrity. This is manifested in the local defects
caused by the increase of surface micro-damage, and the micro—stress concentration, which
makes it easier for cracks to initiate and propagate at the defects.

It is generally believed that the surface compressive residual stress has an important
influence on the fatigue performance of the structure. In fact, the surface residual stress
changes during the fatigue load, especially in the initial stage of the fatigue loading, it has a
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large relaxation rate. Under the fatigue loading, the relaxation performance of the residual
stress field of different specimens was different and closely related to the characteristic
parameters of CRSFE. The surface residual stress relaxation rate of the specimen with deeper
CRSF was slower, and the surface compressive residual stress before the crack initiation
was larger, the crack initiation suppression effect was better, and the crack growth rate
could also be slowed down.

In the aim of improving fatigue lives of hatch corners in the River-Sea—Going ship by
SP treatment, both residual stress relaxation and surface roughness should be considered.
It can be concluded that when the parameters of SP treatment are correctly chosen, the
fatigue life of the hatch corner can be improved greatly. In terms of optimizing shot peening
parameters, the approach to reduce the increase in roughness induced by shot peening
intensity should be investigated. On the other hand, the assessment of the residual stress
stability of the hatch corners should be combined with the actual load of the River-Sea—
Going ship.

4. Conclusions

Given the fact that there is almost no application of fatigue improvement by SP
treatment in the ship engineering field, this paper illustrates the relationship between
the stress relaxation and fatigue life of the actual ship hatch corner structure in the shot-
peened region under a constant amplitude fatigue load, and shows the sensitivity of the
residual stress relaxation at different positions during the cyclic fatigue loading. Moreover,
it provides an approach to improve the fatigue strength and life of ship hatch corner
structures by SP treatment and a procedure for evaluating the fatigue life of the actual
ship hatch corner structure after SP. The effect of SP on the fatigue life of ship hatch corner
specimens made of Q235B steel was investigated at a stress ratio of 0.1 and cyclic loading
amplitude of 31.5 kN. SP intensity was changed by changing the mean diameter of shots
of SP. The surface roughness, residual stress, and fatigue life tests were carried out on
ship hatch corner specimens. The surface residual stresses were measured with the aim of
analyzing the residual stress variation at different locations in each specimen during cyclic
loading. The residual stress relaxation ratios of different specimens at different locations
were compared and analyzed. The following conclusions have been reached:

1.  Introducing compressive residual stress into the surface layer by SP is an effective
method to prolong the fatigue life of the ship hatch corner. The larger the values of
RS ax and dmax, the slower the residual stress field relaxation rates are under cyclic
loading.

2. It was found that the compressive residual stress near surface layer is beneficial to
both the initiation life and the propagation life of fatigue crack. Compared with the
unpeened specimen, the increments of crack initiation life are about 13.3%, 33.5%,
57.2%, and 48.3% on average, and the increments of crack propagation lives, are about
18.2%, 36.0%, 60.7%, and 55.9% with MDS of 0.3 mm, 0.6 mm, 0.8 mm, and 1.0 mm,
respectively.

3. The magnitude of residual stress relaxation does not decrease linearly with the linear
decrease of stress under the same number of cyclic loading. When the stress is less
than the threshold value for the relaxation of the residual stress, the residual stress on
the surface of the structure will not relax. Specimens P4 and P5 with deeper CRSFs
have better residual stress stabilities and better fatigue performances compared to P2
and P3.

4.  Inpractical engineering applications, increasing SP intensity can increase the values of
RS x and 8yay in the compressive residual stress field, as well as the residual stress
stability. Moreover, it also increases the surface roughness, which has adverse effects
on the fatigue life of the hatch corner specimen. Therefore, the effect of residual stress
field and surface roughness should be considered comprehensively in the SP process.

Results of this research prove that shot peening is feasible in improving the fatigue
performance of ship hatch corner structures. In order to achieve better fatigue property
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improvement, residual stress relaxation and surface roughness should be taken into con-
sideration comprehensively. Residual stress relaxation is highly concerned with the depth
of CRSF and the stress amplitude. Increasing the depth and value of CRSF via increasing
peening intensity can reduce the residual stress relaxation at the same stress amplitude in
practical application.
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Abbreviations
SP Shot peening
MDS Mean diameter of shots
d Value of MDS
PI Peening intensity
CRSF Compressive residual stress field
FEM Finite element method
FEA Finite element analysis
U, Displacement in the x direction
uy Displacement in the y direction
u, Displacement in the z direction
Ry Rotation in the x direction
Ry Rotation in the y direction

RS

0" max  Maximum residual stress in depth

o®Sgp  Surface residual stress

Omax Depth of RS ax

R, Surface roughness

N Numbers of points on the contour curve
Y, Value of contour curve

My Value of baseline

Zyi The absolute value of the distance between Y,; and m,;
E Young’s modulus

R Ultimate tensile stress

O Yield stress

v Poisson’s ratio

o Elongation

o Diffraction angle

7 The complementary angle of «

aj Intermediate parameters

€y Strain in the Debye ring

fI— Complementary strain

€ gy Contrary strain

Po Operating angle of the X-ray analyzer
Ni, Crack initiation life

ANy, The ratio of crack initiation life increment
Npr Crack propagation life

ANpr The ratio of crack propagation life increment
Ny Fatigue life

ANy The ratio of fatigue life increment
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