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Abstract

The impact produced when cavitation bubbles collapse can be utilized to modify surfaces in the
same way as shot peening and it is called cavitation peening (CP). CP is one of a number of surface
modification techniques used to improve the fatigue strength of metallic materials by introducing
compressive residual stress. Although it has been shown by an X-ray diffraction method that CP
decreases the micro-strain related to dislocations in the sub-surface of a polycrystalline material,
the mechanism for this decrease is unclear. In this paper, the movement of dislocations by CP was
observed using transmission electron microscopy (TEM).
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1. Introduction

Cavitation normally causes severe damage in hydraulic machinery such as pumps and turbines by the impact
produced by cavitation bubbles collapsing. On the other hand, local plastic deformation caused by impact en-
hances the fatigue strength of materials, and this is widely known as shot peening. Cavitation impact utilized for
surface modification is called “cavitation peening (CP)”, as shot is not required [1]-[5]. It was found that me-
chanical finishing and/or heat treatment give(s) rise to micro-strain in the sub-surface of a polycrystalline metal
due to the compressive residual stress introduced and that this micro-strain can be reduced by CP [6]. In this pa-
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per, the strain between adjacent grains and random strain in grains is referred to as micro-strain. This phenome-
non is due to dislocations and lattice defects. The mechanism by which micro-strain is reduced by CP is unclear;
therefore, in this work, the sub-surface of a polycrystalline metal peened by CP was directly observed using
transmission electron microscopy (TEM).

CP enhances the fatigue strength of metallic materials by introducing compressive residual stress in the
sub-surface in the same way as shot peening [1]-[5]. Although the compressive residual stress introduced by CP
is small and shallow, the improvement in fatigue strength is better than that achieved by shot peening [2]. It was
found that the full width at half maximum (FWHM) of the X-ray diffraction profile decreased after CP and it
was shown by a fundamental parameter approach that CP caused a reduction in the micro-strain introduced by
mechanical finishing and/or heat treatment [6]. Since micro-strain is a potential precursor for fracture, a reduc-
tion in this should enhance the fatigue strength. However, as mentioned above, the mechanism by which the mi-
cro-strain is reduced by CP needs clarification. Several studies have been done on recovery through polygoniza-
tion and recrystallization. Also, in those studies, TEM was used for observing dislocations [7]-[9]. It was recog-
nized that, in general, the recovery was due to annealing [10]. However, relaxation of micro-strain by CP does
not require annealing. Since ultrasonic vibration can cause dislocations to move in metal [11], the high-fre-
quency vibration induced by cavitation bubbles collapsing might also do this. Thus, microstructural analysis of
materials peened by CP is needed.

In this paper, in order to clarify the mechanism by which micro-strain is decreased by CP, the sub-surface mi-
crostructure of peened samples was observed using TEM and scanning electron microscopy (SEM). It is noted
that this is the first time that movement of dislocations in the sub-surface of polycrystalline metal by CP has
been reported.

2. Experimental Apparatus and Procedures

The material chosen for the analysis was tool steel alloy (Japanese Industrial Standard JIS SKD61) which is
used for forging die, and on which CP has been used to extend the life time [12]. The test material was heat-
treated in the same way as hot forging die, that is, by heat treating at 873 K for 1 h, then quenching, followed by
further heat treatments at 1123 K for 1 h and 1295 K for 1.5 h. The material was then tempered at 833 K for 5 h.
The surface of the specimen was polished using #1500 grade and #2000 grade emery paper and finished by po-
lishing using diamond paste. The size of the specimen was 20 mm long, 15 mm wide, and 18 mm thick. CP was
carried out using a cavitating jet in air [4] at an injection pressure of 30 MPa with a nozzle diameter of 1 mm.
The other condition was same as reported in previous report [6]. The processing time per unit length was 10
s/mm. A non-peened specimen (finished by polishing) used as a control is referred to as the NP specimen in this
experiment.

To make TEM observations it is important to know the depth of the work-affected layer. In order to find this
the residual stress and FWHM as a function of depth were evaluated by X-ray diffraction using a sin“y method.
The analysis was done using Cr Ka X-rays from a tube operated at 30 kV and 8 mA. The X-rays were counted
for 3 sec at each step using a scintillation counter at angles of w =0, 22.8, 33.2, 42.2 and 50.8 deg. Here, v is the
angle between the normal to the surface and the normal to the diffractive face. The lattice plane hkl was (211).
The diffractive angle 26, without strain was 156.4 deg and the stress factor in the X-ray diffraction method was
—318.0 MPa/deg.

The surface of the specimen was etched using 5% nital so that the grain structure could be analyzed by SEM
at 5 kV. In order to investigate dislocations, the specimens were observed using TEM. Specimens for TEM were
cut by a wire cutting technique, polished from beneath using emery paper, and finally thinned by electrolytic po-
lishing using a dual jet electropolisher. The settings for the electropolisher were 20 V and 263 K, and the elec-
trolyte was 5% nital. The specimen size before electropolishing was 3 mm in diameter and 80 um thick. The fi-
nal thickness in the observation area near the center was less than 20 um. TEM observations were done at 200
kV.

3. Results

Figure 1 shows the residual stress and FWHM at v = 0 of the NP and CP specimens as a function of depth. The
FWHM of both NP and CP specimens has been normalized by the FWHM of the NP specimen at z = 0 um. The
residual stress of the NP specimen was about —200 MPa and that of the CP specimen was about —900 MPa at the
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Figure 1. Residual stress and variation of the FWHM with
depth from the surface. (a) Residual stress with depth from the
surface; (b) Normalized FWHM with depth from the surface.

surface. In the case of the CP specimen, the depth of the compressive residual stress introduced by CP is more
than 120 um and is deeper than that of the NP specimen. The FWHM of the CP specimen is smaller than that of
the NP specimen at z < 120 um. Judging from both the residual stress and the FWHM, it can be concluded that
the depth of the CP work-affected layer is greater than 120 um. Therefore, the region observed by TEM was
within the work-affected layer, as the thickness of the specimen at this point was less than 20 um.

Figure 2 shows micrographs of the surfaces of the NP and CP specimens observed by SEM at a magnifica-
tion of 3000. The martensite structure, which has the appearance of creases in the grains, was observed in both
NP and CP specimens. The size and shape of the grains peened by CP were similar to those in the NP specimen.
Although the grains might collapse by increasing the intensity of the CP [2], the grains in the material were not
very much deformed with the conditions used here.

In order to observe the effect of CP on dislocations, TEM observations at a magnification of 10,000 were
done. Figure 3 shows micrographs of the results. Lath martensite was observed in these specimens. The disloca-
tions in the NP specimen are random, as the grains appear to be gray. In the case of the micrograph of the CP
specimen, the contrast in the lath martensite was greater than that of the NP specimen, as the dislocations had
moved and accumulated. To evaluate the crystallinity, electron diffraction patterns of the regions shown in Fig-
ure 3 were obtained.

Figure 4 shows the electron diffraction patterns of the NP and CP specimens. The crystallinity, which is re-
lated to dislocations, can be evaluated from the electron diffraction pattern. If the dislocations are randomly
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Figure 2. Micrograph observed by SEM at a magnification of 3000. (a) Not-peened (NP); (b) Cavita-
tion-peened (CP).

Figure 3. Micrograph observed by TEM at a magnification of 10,000. (a) Non-peened (NP); (b) Cavita-
tion-peened (CP).

@

Figure 4. Electron diffraction pattern observed by TEM (obtained from the region shown in Figure 3).
(a) Non-peened (NP); (b) Cavitation-peened (CP).
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placed, the electron diffraction pattern shows a ring-like pattern. Although the diffraction pattern from the NP
specimen has a ring-like pattern, in contrast, the diffraction pattern from the CP specimen has a discrete spot
pattern. This is more remarkable in the inner circle. This shows that CP causes the dislocations to move. The
reason for this is that the high-frequency vibration induced by cavitation bubbles collapsing moves dislocations
in the same way as ultrasonic vibration [11]. Although the area observed by TEM was restricted, the result is
applicable to the whole area, since the relationship between the FWHM and the micro-strain applies to the X-ray
diffraction measurement area of 4 mm x 4 mm.

4. Conclusion

In order to clarify the mechanism by which CP decreases micro-strain, the surface of tool steel alloy was treated
by CP and observed by TEM. It was found that the micro-strain, which had been induced by heat treatment
and/or mechanical finishing, can be reduced due to movement of dislocations induced by CP.
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