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Abstract: Various peening techniques have been used to improve the fatigue strength of steel structures.
Among them, base metal impact hammer peening shows significant improvement in fatigue strength
in ordinary steel, but the effect on high-strength steel has not been sufficiently studied. Accordingly,
this study applied base material hammer impact peening to test specimens of 780 MPa grade high-
strength steel (HT780) and 490 MPa grade ordinary steel (SM490), and the residual stress was
measured and simulated. The experimental results clarified that a large compressive residual stress
was introduced into the inner part of the plate thickness near the indentation in the high-strength
steel, although the range of introduction of residual stress was equivalent in both the ordinary steel
and high-strength steel.

Keywords: base metal hammer impact peening; residual stress; elastoplastic analysis

1. Introduction

Steel structures support industries and infrastructures such as bridges, buildings,
power plants, industrial plants, energy storage, and transportation, and thus are important
social capital in Japan. These steel structures must be able to be used safely in normal
service conditions, and must not collapse in abnormal situations such as disasters, at which
times fatigue becomes a problem. Efforts are being made to increase the fatigue strength
of the weld zone, such as by improving the weld toe shape, gliding of the weld toe, and
various types of peening [1–4].

In this study, we focused on hammer peening, which is a method for converting
tensile residual stress at the weld toe to compressive residual stress, to improve the fatigue
strength of the weld zone. Hammer peening increases the fatigue strength and suppresses
the generation of fatigue cracks by applying a compressive residual stress in the vicinity of
the weld zone. In this study, we used a technique for improving fatigue strength by base
metal hammer impact peening (BMHIP). A previous study [5] clarified the relationship
between the surface residual stress due to BMHIP, the number of impacts, and the effect of
improving fatigue strength for ordinary steel (490 MPa grade steel).

Studies [6,7] have induced compressive residual stress by BMHIP to high strength
steels, but verification by analysis has not been conducted. In another study [8], residual
stress has been measured for the effect of BMHIP on 490 MPa grade ordinary steel and
570 MPa grade high strength steel. The results showed that the maximum value of residual
stress introduced in ordinary steel and high strength steel was almost the same.

In this paper, we focus on the residual stress distribution inside the plate near the
impact zone, and present the results of measuring the residual stress by the BMHIP on
the test specimens of high strength steel (HT 780: steel with tensile strength of 780 MPa
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class) and ordinary steel (SM 490: steel with tensile strength of 490 MPa class), and also
report the results of comparing the properties of the residual stress introduced into high
strength steel and ordinary steel by experiment and analysis by simulating peening by
three-dimensional elasto-plastic analysis.

2. Measurement of Residual Stress
2.1. Specimens and Test Conditions

All steel materials used in this study are in the Japanese Industrial Standards (JIS [9]).
We selected 490 MPa grade standard steel (SM490) and 780 MPa grade high-tensile steel
(HT780). The test specimens were steel plates of 150 mm in length, 50 mm in width and
9 mm in thickness. Eight specimens were used: four specimens each of SM490 and HT780.
BMHIP treatment was applied at a length of about 100 mm in the longitudinal direction of
the center of the specimen. Figure 1 shows a photograph of the test specimen (after one
BMHIP execution).
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Figure 1. Specimen (HT780, 1 time).

According to [5], the BMHIP air tool, which is machined so that the flat part of the tool
tip has a roundness (R) value of 1–3 mm square and the edge becomes 0.5 mm, as shown
in Figure 2, is hit while being pressed perpendicularly to the test body base material.
The speed of the BMHIP treatment is about 5 cm/min, the air pressure of the air tool is
0.63 MPa, and the frequency at which the air tool is applied to the object is about 90 Hz.
In this study, continuous impact given to one line is defined as one execution frequency,
and four types of test specimens were prepared with an execution frequency of one to four
times. Table 1 shows the results of measuring the difference in the depth of the depression
according to the number of execution times using a 3D shape measuring machine. The
values are the average of the maximum depression depth measured in nine sections with a
spacing of 2 mm. For all execution times, the indentation was shallower for HT780, and in
the case of four execution times, SM490 was 0.201 mm, and HT780 was 0.093 mm, which is
half the depth. This is likely the case because the high yield stress of high-tensile-strength
steel requires substantial energy for plastic deformation by BMHIP.
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it is shown by a comparison with the residual stress measured nondestructively by syn-
chrotron radiation [10]. 
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Table 1. Depth of indentation due to BMHIP (Unit: mm).

Base Material 1 Time 2 Times 3 Times 4 Times

SM490 0.070 0.055 0.141 0.201

HT780 0.017 0.042 0.063 0.093

2.2. Method for Measuring Residual Stress

Figure 3 shows a schematic diagram of the measurement points of the surface residual
stress after enlarging the area outlined by dots in Figure 1. The y-direction components
of the residual stress were measured at 10 points, namely, the center position point G
and points F and H at 1 mm from the plate width direction within the BMHIP treatment
range, and the distance shown in Figure 3 from points E and I at 1 mm from the boundary
outside the BMHIP treatment range. The surface residual stress was measured by the X-ray
diffraction method (Cosα method: Collimator diameter 1 mm, measuring range diameter
2 mm) using Cr-K.ALPHA (µ-X360, Pulstec Industrial Co., Ltd., Shizuoka, Japan) (17 kV,
2.0 mA) as the X-ray source.
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Figure 3. Measurement of residual stress.

In addition, the distribution of residual stress in the depth direction was measured
at the point located at 1 mm from the boundary (point E or I) and corresponding to the
toe position, and at the farthest point (point A) when the BMHIP treatment was applied
to the weld. The depth profile of the residual stress was estimated by X-ray diffraction
and electrolytic polishing. In this estimation method, the stress is measured at the concave
bottom surface after local electrolytic polishing (about Φ8 mm) and is regarded as the
approximate stress at the depth position in the unpolished state. The exact residual stress
distribution is not obtained because the residual stress is redistributed by the polishing.
However, when the electrolytic polishing is shallow, the error from polishing is small,
and it is shown by a comparison with the residual stress measured nondestructively by
synchrotron radiation [10].

2.3. Surface Residual Stress Distribution

The measurement results for the surface residual stress of SM490 and HT780 are
shown in Figures 4 and 5, respectively. For both SM490 and HT780, points F, G, and H
of the BMHIP application range are about −200 to −400 MPa for SM490 and about −100
to −400 MPa for HT780. Points E and I at 1 mm from the BMHIP treatment boundary
also showed a compressive residual stress of about −100 to −300 MPa. However, little
compressive residual stress was generated at points A–C and K–M at more than 4 mm
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from the boundary. On the other hand, for both SM490 and HT780, the number of times
of BMHIP was not significantly changed from the first to the fourth in SM490, and the
magnitude and the range of compressive residual stress caused by the increase in the
number of times were not significantly different. For HT780, in the impact area (F to H), the
first blow is the largest residual stress, which tends to decrease as the number of impacts
increases. On the other hand, the compressive residual stress near the impact area (D to E
and I to J) tends to increase as the number of impacts increases.
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When the surface residual stress distribution is compared between the SM 490 and the
HT780, the depth of the HT780 is about 1/2 of that of the SM490 as shown in Table 1, but as
shown in Figures 4 and 5, the maximum value and the range of the compressive residual
stress distribution are similar. However, in the case of HT 780, the residual stress inside the
impact area (F to H) tends to decrease as the number of impacts increases.

2.4. Distribution of Residual Stress in Depth

The measurement results for the depth distribution of the residual stress in SM490
and HT780 are shown in Figures 6 and 7, respectively. In the case of SM490, small tensile
stresses of +30 MPa were measured at point A at all depths up to 2 mm. On the other
hand, in the vicinity of the BMHIP treatment boundary (1 mm from the edge: point E or
point I), the compressive residual stress increased as the depth increased. The maximum
value appeared at a depth of 120–200 µm and tended to decrease as the depth further
increased. The maximum value at each treatment frequency was −223 MPa for one time,
−256 MPa for two times, and −350 MPa for four times; although the maximum value
was not obtained for three times, the values tended to increase as the treatment frequency
increased. In addition, the compressive residual stress decreased to about −100 MPa



Appl. Mech. 2021, 2 936

immediately after the maximum value was reached for one and two times, while for three
and four times, a compressive residual stress of about −200 MPa was generated up to
about 1000 µm.
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In the case of HT780, point A was approximately 0 MPa at all depths. In the vicinity
of the BMHIP treatment, the compressive residual stress increased with the depth, reached
a maximum value at a depth of about 120 µm for a frequency of one or two times, and
then decreased to −400 MPa or less. On the other hand, a maximum value was reached
at a depth of 600–800 µm for a frequency of three or four times, with a large compressive
residual stress of over −600 MPa generated at about 800 µm. The maximum value at each
treatment frequency was −491 MPa for one time, −704 MPa for two times, −818 MPa for
three times, and −835 MPa for four times.

The previous study [5] showed that a fatigue strength of over two grades could be
obtained at a BMHIP treatment frequency of over four times in SM490Y material. It was
also confirmed that the compressive residual stress value of the ordinary SM490 material
in this study was almost the maximum at a treatment frequency of three times; the value
levelled off at a frequency of four times. When BMHIP was applied to HT780, the depth of
the indentation was about half that of SM490, but a larger compressive residual stress was
introduced, and similar to SM490, the indentation tended to plateau at a frequency of three
times. That is to say, it was proven that stable residual stress was obtained by performing
the base metal striking work more than three times for both SM490 and HT780.

3. Elucidation of the Mechanism of Residual Stress Introduction by Analysis

The mechanism of the introduction of compressive stress by peening was examined
by analysis. In the literature [8], the residual stress was simulated by BMHIP assuming a
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thermal expansion strain, but the physical meaning of thermal expansion strain is not clear
and the relationship between a concave shape and residual stress is not known. Therefore,
in this study, it was simulated by deformation by the indentation of a rigid pin, and the
generation of residual stress was examined.

3.1. Analysis Conditions

On the assumption that the central part of the test specimen shown in Figure 1 was hit
by a pin, the analysis was carried out using a one-quarter symmetric model, as shown in
Figure 8. The flat portion of the pin was assumed to be a rigid body of 1 mm2. The pin was
pushed so that the indentation was about 0.1 mm, and it was moved up and down until it
completely separated from the base material. As shown in Table 2, the two cases of SM490
and HT780 were analyzed.
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Table 2. Analysis cases and mechanical properties of base material.

Case Base Metal Young’s Modulus
(MPa)

Yield Stress
(MPa)

Tension Stress
(MPa)

Case 1 SM490 205,000 371 533

Case 2 HT780 205,000 824 840

Elastoplastic analysis was carried out using the general-purpose program ABAQUS
(Version 2016, Dassault Systemes) and a multilinear moving hardening rule for the material
constitutive law. The analytical model was modeled with hexahedral isoparametric solid
elements with a detailed mesh near the contacts. A rigid pin was pushed in, and when
a prescribed deformation quantity was obtained, the pin was raised until the contact
separated. A contact condition was given to the pin and base metal, and the friction
coefficient was set at 0.4. The bottom surface was rigid, and the contact condition was the
same as the base material bottom surface and the pin.

3.2. Analysis Results

Figure 9 shows the relationship between the indentation depth δ due to the pin and the
load P. From this graph, it can be seen that the plastic deformation starts at an applied load
of ~0.91 kN for SM490 and ~1.7 kN for HT780, and the maximum load leaves indentations
of ~0.1 mm at 2.3 kN for SM490 and at 3.7 kN for HT780.

However, in the experiment, the predetermined indentation was generated in both
HT780 and SM490 by repeating the impact force. If the pin was continuously struck at a
moving speed of 90 Hz of 5 cm/min with a pin area of 1 mm2, the number of cycles was
estimated to be about 100 per time of one line as one execution. To obtain an indentation
of ~0.1 mm in HT780, an impact of about 400 times is considered to be repeated, and in
SM490, an impact of about 200 times is considered to be repeated.
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Figure 10 shows the Von Mises contour plot and Figure 11 shows the minimum
principal stress contour plot of the base metal with the pins completely separated from the
base metal. The stress ranges of the contour plots are the same for SM 490 and HT 780 for
comparison. From these figures, it can be seen that the range in which the residual stress
occurs shows the same tendency regardless of the material, but the absolute value of the
residual stress is proportional to the yield strength of the base metal. The contour diagram
of the minimum principal stress in Figure 11 is similar to the distribution of Von Mises,
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Figure 10. Contour diagram (Von Mises stress). (a) SM490, (b) HT780.

Figure 12 graphically shows the measured and analyzed residual stress distributions
in the plate thickness (Z direction in Figure 8) (0.35 mm and 1 mm from the pin contact
end). In the case of SM490, the maximum residual stress value of −338 MPa (−86 MPa in
the surface layer) was measured at a depth of about 0.2 mm. In the analysis (at the pin
end distance of 0.35 mm), the maximum value was −438 MPa (−212 MPa in the surface
layer) at a depth of 0.75 mm, and the residual stress tended to be slightly deeper than the
experimental value. In the case of HT780, the measured value showed a maximum residual
stress of −835 MPa (−253 MPa in the surface layer) at a depth of 0.7 mm, and the analyzed
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value showed a maximum value of −841 MPa (−345 MPa in the surface layer) at a depth
of 0.75 mm, confirming good agreement between the measured value and the analyzed
value. On the other hand, in the analysis (1.0 mm pin end distance position), the maximum
residual stress was largest in the surface layer.
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Figure 13 shows the surface residual stress distribution of σxx in the direction away
from the pin end. In the analysis, the maximum residual stress appeared at about 0.8 mm
from the pin edge in both SM490 and HT780. Experimentally, this tendency is observed in
SM490. The surface residual stress distribution of the analysis shows that the peak value
of both members becomes the maximum residual stress at about 1.5 mm from the center,
and the maximum surface residual stress of HT780 is about two times greater than that
of SM490, but the tendency of the compressive residual stress to become 0 at about 8 mm
from the center is the same for both members.
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4. Conclusions

1. The surface depression of high-strength steel (HT780) caused by base metal hammer
impact peening (BMHIP) was about half that of ordinary steel (SM490), but the
maximum value of the residual stress distribution in the surface layer was about
−400 MPa for both the high-strength steel and ordinary steel, and the distribution
was similar. However, in the depth direction, the maximum value of −350 MPa was
generated in the vicinity of 150 µm depth in the ordinary steel, and the maximum
value of −835 MPa was generated in the vicinity of 800 µm depth in the high-tensile
steel, and it was proven that the residual stress in proportion to the steel strength
appeared inside.

2. The number of times of BMHIP treatment greatly affected the distribution of resid-
ual stress generated by BMHIP in the depth direction, and as the number of times
increased, the magnitude of the maximum compressive stress increased, and a large
compressive residual stress was generated deep inside, but it reached the limit at
about four times.

3. It was shown that the residual stress condition after the BMHIP was carried out could
be simulated by the elasto-plastic analysis in which the pin was pushed in.
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4. The peak value of the residual stress was proportional to the yield stress of the
material. In addition, it was proven that in the vicinity of the impact by BMHIP,
the value reached the maximum inside the plate thickness, and the maximum value
tended to approach the surface as it separated from the impact part.

In conclusion, the difference in the property of residual stress induced by constructing
BMHIP on the base material surface of normal steel (SM490) and high strength steel (HT780)
was clarified by measurement through the experiment and elasto-plastic finite element
analysis. In the future, the verification of fatigue durability by fatigue tests could advance
this work.
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