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Abstract: Cr–Mo steel and Ni–Cr–Mo steel have higher strength and hardness than carbon steel, and
they are occasionally used in harsh environments where high temperatures and high pressures are
simultaneously applied in an oxidizing gas atmosphere. In general, in order to improve the fatigue
strength of a material, it is important to impart compressive residual stress to the material surface to
improve crack resistance and corrosion resistance. Conventionally, the most famous technique for
imparting compressive residual stress by surface modification of a material is shot peening processing.
However, in shot peening processing, there is concern that particles adhere to the surface of the
material or the surface of the material becomes rough. Therefore, in this study high temperature and
high-pressure cavitation was applied and the material surface was processed at the time of collapse.
A theoretical and experimental study on a new processing method giving compressive residual stress
was carried out. In the present study, we will report stress relaxation behavior due to the heat of
cavitation in processed Cr–Mo steel and Ni–Cr–Mo steel.

Keywords: cavitation processing; surface modification; stress relaxation behavior; Cr–Mo steel;
Ni–Cr–Mo steel

1. Introduction

Cr–Mo steel and Ni–Cr–Mo steel refer to steel having a total of alloying elements of about 5% or
less, including chromium molybdenum steel, molybdenum steel, high tensile strength steel, weathering
steel, fireproof steel, and low-temperature steel. For these steels, elements such as C, Mn, Mo, Cr, Ni, V,
Nb, and B are added according to the purpose.

Compared with carbon steel, chromium molybdenum steel (Cr–Mo steel) and nickel chromium
molybdenum steel (Ni–Cr–Mo steel) have a high strength and high hardness, these can be used in parts
designed for high temperature and high pressure. Applications of Cr–Mo steel include automobile
clutches and flywheel parts, and applications of Ni–Cr–Mo steel include aircraft parts and engine parts.
Since these parts are sometimes used in an environment exposed to high temperature, the measurement
results of temperature dependence become important.

In general, it is considered important for improving the crack resistance and corrosion resistance to
impart compressive residual stress to the surface of the material as a method for improving the fatigue
strength of the metallic material [1,2]. Conventionally, shot peening processing has been mainly used as
a method of surface modification of metallic materials, and it has been widely applied [3,4]. However,
concerns have been raised that shots (particles) of metal and ceramics adhere to the workpiece or the
surface becomes rough. Therefore, cavitation (especially multifunction cavitation, MFC) was applied
instead of shots. Ultrasonic waves were irradiated to cavitations (bubbles) generated by injecting
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high-pressure water into the water, creating a high-pressure cavitation at high temperature [5,6],
and processing the specimen, thereby imparting compressive residual stress to the specimen [7–9].
In this report, we aimed to clarify the stress relaxation behavior by heat of cavitated low alloy steel.

2. Experimental Procedure

2.1. Specimens

The samples are Cr–Mo steel (SCM435) (Uchidakoki corporation, Ube, Yamaguchi, Japan) and
Ni–Cr–Mo steel (SNCM630) (Uchidakoki corporation, Ube, Yamaguchi, Japan), and their chemical
components are shown in Table 1. The sample is a flat-plate shape with a length of 30 mm, a width of
30 mm, and a thickness of 5 mm. In order to suppress errors of residual stress, samples were cut from
the same material.

Table 1. Chemical composition of Cr–Mo steel (SCM435) and SNCM 630 (Ni–Cr–Mo steel). (mass%).

C Si Mn P S Ni Cr Mo Cu

Cr–Mo steel (SCM435) 0.38 0.30 0.79 0.016 0.012 0.11 0.95 0.15 0.09
Ni–Cr–Mo steel (SNCM630) 0.29 0.24 0.44 0.011 0.018 2.98 3.01 0.56 -

2.2. Cavitation Processing

Cavitation processing is “water jet cavitation (WJC) processing generated by injecting high
pressure water into water” and “irradiating ultrasonic waves to generated bubbles, causing isothermal
expansion and adiabatic compression of bubbles, and high temperature/high pressure functional
cavitation (MFC) to cavitate”. An untreated material in the as-received condition was prepared as a
comparative specimen. The processing conditions are shown in Table 2. The distance between the
specimen center and the WJ nozzle is 65 mm, and the distance between the specimen center and the
ultrasonic oscillator is 52 mm (MFC only). The water temperature was 20 ± 5 ◦C, and the sample was
processed using tap water.

Table 2. Processing conditions of low alloy steel. (WJC: water jet cavitation; MFC: multifunction cavitation.)

WJ Pump Output Ultrasonic Frequency, Ultrasonic Power Output

as-received - -
WJC 35 MPa -
MFC 35 MPa 28 kHz, 225 W

2.3. Charpy Impact Test

Before clarifying stress relaxation behavior by heat, a Charpy impact test of Cr–Mo steel (SCM435)
was carried out and an impact property evaluation was carried out. The number of test pieces is three.
A No. 4 test piece (2 mm V notched specimen) according to JIS Z 2242 was used at a swing-up angle
of 144.4◦.

2.4. Heat Treatment

A stress relaxation test was carried out using the same specimen in an electric furnace (AS ONE
Corporation, Nishi-ku, Osaka, Japan) heated to 500 ◦C and 1000 ◦C. Three specimens (as-received
material, WJC material, MFC material) of Cr–Mo steel (SCM435) and three specimens (as-received
material, WJC material, MFC material) of SNCM 630 (Ni–Cr–Mo steel) were placed on the wall surface
in the Al2O3 boat (TGK, Chiyoda-ku, Tokyo, Japan), and samples were periodically taken out and the
residual stress was measured during the experiment.
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2.5. X-Ray Residual Stress Measurement

As an X-ray residual stress measuring device, MSF-3M manufactured by Rigaku Corporation
(Akishima, Tokyo, Japan) was used. In order to measure Fe-based specimens, compressive residual
stress was measured at the part with a high machining degree by forming peening marks using an X-ray
residual stress measuring apparatus with a vanadium filter inserted. The tube current of the X-ray
residual stress measuring device was 10 mA and the tube voltage was 30 kV. Based on the Bragg’s
law, residual stress is calculated by ψ angle and peak shift of the X-ray diffraction (XRD) pattern
(Rigaku Corporation, Akishima, Tokyo, Japan). Stress analysis was carried out by the method of the
full-width-at-half-maximum method and the Chromatogram method. the full-width-at-half-maximum
method is a method of defining the midpoint of the full width at half as the stress value and the
chromatogram method as the stress value of the peak top [10].

2.6. Microstructure Observation

Microstructure observation was carried out using an optical microscope (HIROX Co., Ltd.,
Suginami-ku, Tokyo, Japan) and a scanning electron microscope (SEM) (JEOL Ltd., Akishima, Tokyo,
Japan) in order to confirm the occurrence of the microstructure and cracks of the heat-treated specimen.
After specular polishing of the specimen, etching was carried out using a 5 vol% Nital-solution to
examine the crystal grain.

3. Experimental Results and Discussion

3.1. Charpy Impact Test

As a result of the Charpy impact test of Cr–Mo steel (SCM435), the energy value was 95.9 J for
the untreated material, 99.78 J for the WJC-processed material, and 101.22 J for the MFC-processed
material, and the effectiveness by functional cavitation processing became clear. The appearance of the
fracture surface of each specimen is shown in Figures 1 and 2.

A shear lip was formed on the fracture surface of the sample after the Charpy impact test, and
a ductile fracture surface and brittle fracture surface were confirmed as shown in Figures 1 and 2.
1© and 2© in Figure 1 show the position of the fracture observation, and the microscopic microstructure

thereof is shown in Figure 2.
The ductile fracture rate was WJC 77.1%, MFC was 86.9%, and as-received was 71.1%. 95.9, 99.78

and 101.22 J of the Charpy impact test results are close values to conclude that the functional cavitation
processing of the ductile fracture rate was clear.
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Figure 2. Scanning electron microscope (SEM) images for the Cr–Mo steel (SCM435) (MFC) Charpy
impact test.

3.2. Residual Stress

The results of the stress relaxation test at 500 ◦C are shown in Figures 3 and 4. Figure 3 shows the
Cr–Mo steel (SCM435) results and Figure 4 shows the SNCM 630 (Ni–Cr–Mo steel) results. The results
of the X-ray residual stress measurement are evaluated by two kinds of methods. The outline plot
in the figure is the measurement result by the half-value width method, and the solid painted plot
is the measurement result by the peak top method. It was confirmed that there was a slight error
(the full-width-at-half-maximum method and the chromatogram method) in some measurements but
these measurements were correlated.
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The initial tensile residual stress was given to the untreated material by processing the specimen
surface by grinding. This was done to mitigate the shakedown effect. It is a technique for shifting
to the higher compressive residual stress side due to cavitation processing by applying initial tensile
residual stress to the specimen. Therefore, WJC-worked material and MFC-worked material contained
high initial compressive residual stress.

It was observed that the relaxation progresses gradually with the heat treatment time of each
specimen. In particular, in Cr–Mo steel (SCM435), stress relaxation was promoted between 10 and
60 min of WJC-worked material and MFC-worked material. In SNCM 630 (Ni–Cr–Mo steel), as well as
Cr–Mo steel (SCM435), stress relaxation was promoted within 10 to 60 min [11,12]. Stress relaxation is
defined as “the stress level decreases as initial elastic strain is transformed into inelastic strain”. Thus,
relaxation involves a gradual transformation of elastic to inelastic strain, with the stress decreasing to
maintain the proper correspondence with the remaining elastic strain [13]. The relationship between
stress relaxation of the material and residual stress is determined by the spring and dash pod of
viscoelastic behavior [14].

When comparing the WJC-processed material and the MFC-processed material, the MFC-processed
material had a higher degree of workability due to the collapse of the cavitation, and the stress
relaxation was further suppressed. This is because a high-temperature reaction field (hot spot) is
generated inside the bubble by irradiating ultrasonic waves onto bubbles of about 100 µm generated
by the water jet, and by “micro forging” (a phenomenon in which micro-level bubbles tap countless
numbers of sample surfaces) the specimen surface, MFC. This is due to the fact that the machining
was done further to the inside.

The results of the stress relaxation test at 1000 ◦C are shown in Figures 5 and 6.Appl. Sci. 2019, 9, 299 6 of 9 
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Figure 5 shows the Cr–Mo steel (SCM435) results and Figure 6 shows the SNCM 630 (Ni–Cr–Mo
steel) results. In Cr–Mo steel (SCM435), the stress relaxation behavior of MFC-worked material was
the best, and all samples relaxed their stress in about 5 min. In SNCM 630 (Ni–Cr–Mo steel), the error
was large for the unprocessed material and for the MFC-processed material was about 5 min. It is
presumed that the scale formed on the specimen surface affected X-ray diffraction when heat treatment
was performed.

3.3. Microstructure Observation

Figure 7 shows the results of microstructure surface observation of a specimen subjected to the
stress relaxation test of Cr–Mo steel (SCM435) at 500 ◦C for 5 h. The results of observation of the
microstructure of the specimen subjected to heat treatment at 1000 ◦C for 10 min are shown in Figure 8.
Cracks were observed in the WJC-processed material near the grain boundaries of ferrite (α phase)
and pearlite (α phase and Fe3C lamellar structure). In the MFC-processed material, cracks were not
observed near the grain boundary, and only peening marks were confirmed [15]. In the MFC-processed
material, cracks were not observed near the grain boundary, and only peening marks were confirmed.Appl. Sci. 2019, 9, 299 7 of 9 
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In addition, although all samples were polished and corroded under the same conditions, a large
number of corrosion pits were formed in the untreated material, as shown in Figure 9, and the existence
of cracks in a radial pattern around the corrosion pits was confirmed. It is considered that this is
a surface which is lower in surface potential and easily forms corrosion pits relative to the sample
subjected to various cavitation processes.
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From the above, it is considered that the MFC-worked material has no cracks or corrosion pits
in the vicinity of the grain boundary, which can be a destruction starting point, as compared with
the WJC-processed material and the untreated material, and is a processing method leading to an
improvement in crack resistance. MFC processing is considered to be an effective surface modification
method for parts used in a high-temperature environment. We plan to compare this with shot peened
treated materials in the future.

4. Conclusions

Experimental study on stress relaxation behavior due to heat of low alloy steels subjected to
high-temperature and high-pressure cavitation (MFC) processing revealed the following:

(1) Both Cr–Mo steel (SCM435) and SNCM 630 (Ni–Cr–Mo steel) showed higher values of initial
compressive residual stress in MFC-worked material compared to WJC-processed material.

(2) In the stress relaxation test, under heat treatment at 500 ◦C for 5 h, the stress was not sufficiently
relaxed and the state in which the compressive residual stress was imparted was maintained, but at
1000 ◦C it relaxed in about 5 min. As a result of Cr–Mo steel (SCM435) other than 1000 ◦C, stress
relaxation was suppressed in MFC processed material compared to that in WJC processed material.

(3) In the stress relaxation test at 500 ◦C and 1000 ◦C, the MFC-worked material showed the best
results with the least stress relaxation.

(4) As a result of the observation of the stress in the stress relaxation test specimens at 500 ◦C and
1000 ◦C of Cr–Mo steel (SCM435), cracks were observed near the grain boundary in the WJC-processed
material, but not in the MFC processed material. In addition, a lot of corrosion pits were formed in the
untreated material.
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