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Abstract Equibiaxial compressive residual stress is intro-
duced into steel after peening in order to improve both its re-
sistance to stress corrosion cracking and its fatigue strength.
Thus, a nondestructive and relatively quick method to eval-
uate the equibiaxial compressive residual stress in a surface
layer modified by peening is required in order to evaluate the
peening intensity needed to enhance the integrity of struc-
tural components. The purpose of the work reported here
is to establish an eddy current method to evaluate equibi-
axial compressive stress which can be applied to the resid-
ual stress introduced into various non-ferromagnetic mate-
rials after peening. To this end, hydraulic jacks were used
to elastically deform specimens of the austenitic stainless
steel, Japanese Industrial Standard (JIS) SUS316L, thereby
introducing an equibiaxial compressive stress. In the case
of SUS316L steel, stress-induced martensitic transformation
is rare. The electromagnetic properties of these specimens
were then measured. In addition, the eddy current signals
from peened specimens were compared with these. The re-
sults demonstrate that it is possible to establish a method for
evaluating the equibiaxial stress utilizing eddy current sig-
nals.
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1 Introduction

A nondestructive and rapid method to evaluate the equibiax-
ial compressive residual stress in the surface layer of struc-
tural components modified by peening is needed. The intro-
duction of equibiaxial compressive stress by peening is one
means of improving the corrosion properties of materials,
such as the stress corrosion cracking resistance and the fa-
tigue strength, and therefore, evaluation of this stress is an
urgent requirement.

There are various peening methods used to enhance the
fatigue strength of metals, such as shot peening (SP) [1],
which uses the impact made by shot, cavitation peening
(CP) [2], which uses the impact due to cavitation bubbles
collapsing, and other peening methods such as laser peen-
ing [3]. In previous papers, an improvement in the fatigue
strength and the introduction of compressive residual stress
after peening have been reported [1–3]. In particular, equib-
iaxial, rather than uniaxial, compressive residual stress is in-
troduced after peening [4]. The introduction of compressive
residual stress improves the corrosion properties such as the
stress corrosion cracking resistance. Therefore, a method to
evaluate the residual stress is required. If the stress is intro-
duced into paramagnetic materials like austenitic stainless
steels, the electrical conductivity varies with stress because
of the piezoresistive effect [5]. Measuring stress using vari-
ations in the electromagnetic properties is an effective, non-
destructive, relatively quick method for inspecting metallic
structures.

There are a number of methods that use electromagnetic
properties to evaluate the residual stress in the surface lay-
ers of metallic components, such as the potential drop tech-
nique [6], the Barkhausen method [7], and the eddy current
method [5, 8, 9]. In the present paper, we examine the eddy
current method in order to establish a rapid nondestructive
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test for measuring stress in the surface layers of various
metallic materials, including paramagnetic and ferromag-
netic materials. Using this method, the authors previously
showed that the electromagnetic properties of the surface of
alloy tool steel, Japanese Industrial Standard (JIS) SKD61,
peened by CP varied with processing time [10]. Also us-
ing this method, the electrical conductivity in shot-peened
nickel-base superalloys was found to vary [8, 9]. Blodgett
and Nagy used an eddy current method to show that the elec-
trical conductivity varied with axial stress [5]. Blaszkiewicz
investigated the relationship between the signal from the
eddy current and the residual stress introduced by flexing the
specimen in a vise [11]. However, the relationship between
equibiaxial stress induced by peening and by elastic defor-
mation is unknown, because concomitant plastic deforma-
tion can increase or decrease dislocations causing changes
to the electromagnetic properties [12]. Thus, to establish a
method to evaluate stress in metallic materials using vari-
ations in the electromagnetic properties, a method that can
evaluate stress that does not disturb the microstructure, is
required.

In the present paper, in order to avoid microstructural
changes such as the introduction of dislocations, hydraulic
jacks were used to induce equibiaxial compressive stress
into SUS316L specimens, and the electromagnetic proper-
ties were measured using the eddy current method. Using
hydraulic jacks introduces elastic deformation without plas-
tic deformation. The results show that electromagnetic pa-
rameters such as the electrical conductivity vary with the
applied compressive stress. To compare stress introduced by
hydraulic jacks with the stress introduced by peening, spec-
imens peened by CP which scarcely causes plastic defor-
mation compared to SP were also evaluated using the eddy
current method. Note that this is the first report to show a
variation of the electromagnetic properties with the intro-
duced equibiaxial stress using an eddy current method.

2 Experimental Apparatus and Method

The test material was JIS SUS316L austenitic stainless steel.
The chemical composition of all specimens made of JIS
SUS316L correspond to AISI 316L type stainless steel [13,
pp. 3–13]. General thermal refining of the JIS SUS316L
steel was conducted. The chemical composition of the stain-
less steel used in the study is as follows: 0.014% C, 0.6%
Si, 1.0% Mn, 0.03% P, 0.004% S, 12.0% Ni, 17.5% Cr,
2.1% Mo and the balance is made up with Fe. The 0.2%
yield strength was 304 MPa, and the tensile strength was
576 MPa. The grain size was 20 ± 7 µm. The length,
width and height of the specimen to which equibiaxial stress
was applied were 16, 16, 10 mm, respectively, and this
was designated the equibiaxial specimen. Figure 1 shows

Fig. 1 Schematic illustration of the experimental apparatus used for
introducing equibiaxial compressive stress

a schematic illustration of the experimental setup for intro-
ducing equibiaxial stress. The equibiaxial stress, σb, is in-
troduced by two hydraulic jacks as shown in Fig. 1. Strain
gauges are attached to the underside of the specimen, and
on the upper side is a coil for eddy current testing. The
electromagnetic properties evaluated by the eddy current
method were compared with the stress measured by the
strain gauges. Young’s modulus and Poisson’s ratio of the
material under test were assumed to be 193 GPa and 0.3, re-
spectively. In the present study, the induced stress was con-
sidered to be plane stress condition. The specimen holders
illustrated in Fig. 1 were made of SUS316L.

For comparison, the residual stresses induced in speci-
mens peened by CP, designated as CP specimens, were also
evaluated by the eddy current method. The size of the CP
specimens was determined by considering the edge effect
of the eddy current. The thickness, width and length of the
specimen were 6, 100 and 200 mm, respectively. CP was
conducted at the center of the specimen. Therefore, in the
present study, two types of specimen, equibiaxial and CP
specimens, were used. The CP conditions were determined
based on previous results and conditions [14]. A high-speed
water jet pressurized to 30 MPa by a plunger pump was in-
jected into a low-speed water jet and discharged into air. The
pressure of the low-speed water jet was 0.05 MPa. The noz-
zle diameter was 1 mm and the distance between the nozzle
and the specimen, the standoff distance, was 45 mm. The
processing time per unit length, tp , was determined as fol-
lows,

tp = n

v
(1)

n denotes the number of scans, and v denotes the scanning
speed. In the present study, tp was varied to introduce differ-
ent residual stresses into each specimen. The CP specimens
are used to determine how the electromagnetic properties
vary with residual stress introduced by CP and to compare
this with the equibiaxial stress introduced by the hydraulic
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Table 1 Properties of the coil

Properties Values

Number of turns N (turns) 240

Wire diameter dw (mm) 0.1

Outer diameter 2r2 (mm) 6.9

Inner diameter 2r1 (mm) 3.0

Lift off s (mm) 0.3

Thickness hcoil (mm) 2

jacks. To vary the compressive residual stress, 7 CP speci-
mens with tp = 0.25,0.5,1,2,5,10 and 20 s/mm and a non-
peened (NP) control specimen were prepared. The CP scan-
ning direction was normal to the longitudinal direction. The
roughness of the NP specimen was 0.12 ± 0.01 µm, and that
of the CP specimen at tp = 20 s/mm was 0.86 ± 0.10 µm.
Erosion due to peening did not occur in the samples in the
present study. Also, the samples were not polished during
the experiments.

The eddy current testing was conducted by measuring the
coil reactance, X, as a function of the frequency, f , of the
coil to investigate changes in the electromagnetic proper-
ties such as the electrical conductivity. X as a function of
f was measured 3 times at the center of the specimen us-
ing an LCR meter, HIOKI 3532-50, connected directly to
the coil, and the average value only of X was calculated,
considering the variation of the coil resistance with f due
to the phase rotation derived from the instrumentation ef-
fect, the sensitivity of the coil lift off variation and stress.
The resolution in the LCR meter measurements of X for
1 ≤ X < 10 �, 10 ≤ X < 100 �, 100 ≤ X < 1000 �, and
1000 ≤ X < 10000 � were 0.0001, 0.001, 0.01, 0.1 �, re-
spectively. In the present study, to reduce the effect of ther-
mal drift, the tests were conducted at room temperature, and
the eddy current test was conducted more than 60 minutes
after the power of the LCR meter was switched on. Table 1
shows the coil parameters used in this study. The ratio of the
inductance at f = 400 kHz compared with that at f = 1 kHz
was 1.02. In the present study, no compensation was applied
to X for the inductance ratio and no assumptions were made
regarding the equivalent circuit of the coil. The amplitude of
the current driven by the LCR meter was 0.8 mA. With this
and with f = 400 kHz, the measurement accuracy of X was
0.8%.

The penetration depth, δ, when using an alternating cur-
rent with frequency f is given by (2) [15]

δ = 1√
πf μ( 1

ρ
)

(2)

where μ denotes the permeability and ρ denotes the electri-
cal resistivity. In the present study, the resistivity and rela-
tive permeability used for calculating the penetration depth

of the eddy current are assumed to be 74 × 10−8 �m and
1.003, respectively [13, pp. 489–494]. With f = 400 kHz, δ

is calculated to be 0.7 mm from (2).
Stress-induced martensitic transformation hardly occurs

in the case of SUS316L steel. If it does occur after pro-
cessing, the ferrite phase and the magnetic permeability in-
crease. From the residual austenitic ratio calculated from
the integrated intensities of the X-ray diffraction profiles
of both the α-Fe phase and the γ -Fe phase, the residual
austenitic volume ratio of 3 NP specimens was found to be
91 ± 4%, and that of a CP specimen at tp = 20 s/mm was
91.2%. Thus, it was concluded that the deformation-induced
martensitic transformation did not occur after CP. Thus, in
this study, only the variation in ρ, the inverse of the con-
ductivity, and not the magnetic permeability was considered
after the introduction of the compressive equibiaxial stress.
The method, however, cannot be applied to SUS 304, for
example, because of the martensitic transformation.

The impedance of the coil above the specimen was calcu-
lated using the Cheng-Dodd-Deeds model [16]. The coil ge-
ometry, parameters and models for the calculation are shown
in Fig. 2. Figure 2(a) is the model used for the equibiax-
ial specimen and Fig. 2(b) is that used for the CP speci-
men. In Fig. 2, z1, z2 denote the z-coordinates of the bot-
tom and top, respectively (z1, z2 > 0). dk denotes the dis-
tance between the surface and the bottom of the kth layer as
shown in Fig. 2. In Fig. 2(b), dk (1 ≤ k ≤ 6) were determined
from the thickness of the surface modified layer, ζ , derived
from Ref. [14]. ζ varies with tp as shown by the results of
Ref. [14]. The relationship between ζ (mm) and tp (s/mm)
is given by the following [14]:

ζ = 0.270
(
1 − e−4.87tp

) + 0.149
(
1 − e

− 4.87
21.5 tp

)
(3)

The peened layer is divided into 6 layers of equal thick-
ness. The electromagnetic properties of layers larger than
z = ζ = d6 were set to the following reference values: rela-
tive permeability, μr = 1.003, and ρ = 74 × 10−8 �m [13,
pp. 489–494]. In calculating ρ for the CP specimen, we take
into account that the electrical resistivity of the kth layer, ρk ,
has a linear relationship with z because the residual stress,
σR , has a linear relationship with z in the case of SUS316L
after CP treatment [14].

The impedance of the coil in free space, Z0, can be writ-
ten as follows:

Z0 = jωK

∫ ∞

0

Int2(qr1, qr2)

q5

×
{
(z2 − z1) + exp[−q(z2 − z1)] − 1

q

}
dq (4)

where

K = 2πμ0N
2

(r2 − r1)2(z2 − z1)2
(5)
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Fig. 2 Cross-section of the coil and models used for calculations us-
ing the Cheng-Dodd-Deeds model. (a) Model used for the equibiaxial
specimen. (b) Model used for the CP specimen

Int2(s1, s2) =
∫ s2

s1

sJ1(s)ds (6)

J1(x) denotes the Bessel function of the first kind and first
order.

The impedance change, �Z, of the coil placed on the
multilayer specimen is given by

�Z = jωK

∫ ∞

0

Int2(qr1, qr2)[exp(−qz1) − exp(−qz2)]2

q6

× qμr − p

qμr + p
dq

= jωK

∫ ∞

0

Int2(qr1, qr2)[exp(−qz1) − exp(−qz2)]2

q6

× V1

U1
dq (7)

where

p =
√

q2 + jωμrμ0

(
1

ρ

)
(8)

ω,μr and μ0 denote the angular frequency, relative mag-
netic permeability and the permeability of air, which is 4π ×
10−7 H/m, respectively. In the present paper, μr is set as
the reference value for 316 type stainless steel, where μr =
1.003 [13, pp. 489–494]. The term, V1/U1, in (7) represents
the conductor reflection coefficient. These equations apply
to an infinite solution region, which presents us with some
numerical difficulties. Applying the extended truncated re-
gion eigenfunction expansion (ETREE) method [17, 18]
which, based on the analytical method of Theodoulidis and
Kriezis [19], assumes that the solution region is finite in the
radial direction, (4) and (7) can be rewritten as follows [19]:

Z0 = jωK

∞∑
i=1

Int2(qir1, qir2)

[(qib)J0(qib)]2q5
i

× 2
{
qi(z2 − z1) − 1 + exp

[−qi(z2 − z1)
]}

(9)

�Z = jωK

×
∞∑
i=1

Int2(qir1, qir2)[exp(−qiz1) − exp(−qiz2)]2

[(qib)J0(qib)]2q5
i

× V1

U1
(10)

where [18]

J1(qib) = 0 (11)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Uk =
(

pk−1

μk−1
− pk

μk

)
e−2pk(dk−dk−1)Vk+1

+
(

pk−1

μk−1
+ pk

μk

)
Uk+1

Vk =
(

pk−1

μk−1
+ pk

μk

)
e−2pk(dk−dk−1)Vk+1

+
(

pk−1

μk−1
− pk

μk

)
Uk+1

(12)

UM = pM−1

μM−1
+ pM

μM

(13)

VM = pM−1

μM−1
− pM

μM

(14)
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pM =
√

q2
i + jωμ0μM

(
1

ρM

)
(15)

p0 = qi (16)

J1 is a Bessel function of the first kind of order 1. b de-
notes the solution region which was set to a size such that
it had no effect on the calculation. pi denotes the discrete
eigenvalue. Uk and Vk indicate that the formulae are recur-
sive. k = M signifies a semi-infinite free-space layer, and
the electromagnetic properties of the layer are as follows,
ρM = +∞ �m and μM = 1. M was set to 2 for the equibi-
axial specimen as shown in Fig. 2(a), and set to 8 for the CP
specimens as shown in Fig. 2(b). To analyze the resistivity
from the eddy current results of the CP specimens, the val-
ues of ρk of the top 6 layers in Fig. 2(b) were set such as
to minimize the error between the calculated and measured
reactance, taking account of the stress profile as a function
of depth from Ref. [14] and assuming that the relationship
between the stress and resistivity is linear, i.e. the piezore-
sistive coefficient is constant. Considering the intensity of
the eddy current with depth, the resistivity at the smaller z

in each layer in Fig. 2(b) was used to determine the stan-
dard resistivity. From measurements of the full widths at
half maximum (FWHM) of the X-ray diffraction profiles,
the plastic deformation caused by CP is at a relatively lower
level than that from SP, and so its effect on the eddy current
results is less and limited to a depth less than d2 in Fig. 2(b).
In the present study, the effect of plastic deformation on the
eddy current results was not considered.

To compare the stress induced by the hydraulic jacks and
that introduced by CP, the actual stress at the surface is re-
quired. The stresses in the CP specimens and the equibiax-
ial specimen without loading were measured using an X-ray
diffraction sin2 ψ method. A Cr tube, operating at 30 kV
and 8 mA, was used to produce Kβ X-rays. The angles be-
tween the normal to the surface and the normal to the lattice
plane, ψ , were 0, 22.8, 33.2, 42.1 and 50.7 deg. X-rays were
counted for 4 s for each step using a scintillation counter.
The diffractive plane was the (311) plane of γ -Fe, and the
diffractive angle without strain, 2θ0, was 148.5 deg. Diffrac-
tive angle measurements from 143 to 153 deg in 0.2 deg
steps were made. Under the present conditions, the stress
factor was −369.5 MPa/deg.

3 Results

Figure 3 shows the reactance, X, of the coil in air, Xair,
and the reactances with the specimen with σb = 0 MPa,
X0 MPa, and with σb = −200 MPa, X−200 MPa, as func-
tions of frequency, f . X is the imaginary part of the coil
impedance, Z. These were used as standard values in cal-
culating impedance using the Cheng-Dodd-Deeds model.

Fig. 3 Variation of reactance with frequency

Fig. 4 Variation of coil reactance normalized by σb = 0 MPa with the
equibiaxial compressive stress at various frequencies

From Fig. 3, Xair increases proportionally with f , and this
tendency is consistent with the theory.

Figure 4 shows the variation with σb of the reac-
tance, X, normalized to the non-compressed specimen at
f = 20,100,400,1000 kHz. From Fig. 4, the variation of
X/X0 MPa increases with f . In general, the quantity of eddy
current generated in metallic materials increases with f .
Thus, the variation of X/X0 MPa increases with f . However,
the relationship between X/X0 MPa and σb is nonlinear with
f = 100 and 1000 kHz because of the measurement resolu-
tion limits. Thus, an appropriate f at which the equibiaxial
stress should be evaluated needs to be selected. The large
error bars may be derived from the measurement accuracy
of the LCR meter and the up and down movement of the
coil. Incidentally, from 10 measurements of X of the NP
specimen with the affect of the up and down movement of
the coil, the normalized standard deviation of the average
value of X at f = 400 kHz was 0.0003. In addition, thermal
drifting at f = 400 kHz causes a variation of 0.00007 of
the normalized reactance which is smaller than the variation
due to the introduction of equibiaxial compressive stress. In
addition, it was shown that movement of the coil and the dis-
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Fig. 5 Variation of correlation coefficient between normalized reac-
tance and equibiaxial stress with frequency

tance between the coil and the specimen holder, as shown in
Fig. 1, had little effect on the eddy current results.

To choose an appropriate f , we examined the correlation
coefficient, Rc, between X/X0 MPa and σb as a function of
frequency, and this is shown in Fig. 5. If there are n pairs
of coordinates (xi, yi ), the average of these, (x, y), Rc is
defined as follows:

Rc =
∑n

i=1(xi − x)(yi − y)√∑n
i=1(xi − x)2

√∑n
i=1(yi − y)2

(17)

The definition of Rc is based on statistical science, and from
the definition it has no units of measurement. Rc shows the
correlation between x and y. If Rc is close to ±1, the n

plots consisting of (xi, yi ) are arranged on a line. If Rc is
close to 0, the n plots consisting of (xi, yi ) are not arranged
on a line, and it can be concluded that there is no correlation
between them. To calculate Rc for the linear relationship be-
tween σb and X/X0 MPa, they are substituted for x and y

in (17). From Fig. 5, we see that Rc is high at relatively low
f . The induced eddy current increases with f . At higher f ,
noise and the surrounding conditions affect the result more
than at lower f . However, the eddy current is small at low f .
To evaluate the equibiaxial stress, the accuracy of the mea-
surement is greater at higher f because the variation of X by
the introduction of equibiaxial compressive stress increases
with f . In addition, the cause of low Rc at f = 100 kHz, as
shown in Fig. 5 is the limiting measurement resolution. The
values of X0 MPa at f = 80 and 100 kHz are 97.83 � and
120.4 �, respectively. From these, the resolution capability
of X at f = 100 kHz is worse than that at f = 80 kHz. The
differences between X−200 MPa and X0 MPa at f = 80 and
100 kHz were 0.019 and 0.02 �, respectively, considering
the resolution capability. In the case of f = 100 kHz, it was
difficult to detect the variation in stress because there is only
one significant digit. With induced stress, the difference be-
tween X−200 MPa and X0 MPa increases with f , shown by the
raw data for X given in Fig. 3. Thus, a dip in Rc appears

Fig. 6 Variation of differential reactance with the equibiaxial com-
pressive stress at f = 400 kHz

at f = 100 kHz. Besides, δ at f = 400 kHz is calculated to
be 0.7 mm, and δ at f = 20 kHz is 3 mm from (2). Taking
these values of δ into account, in evaluating the peened layer,
a higher value of f is more appropriate for measurements
employing the eddy current method. In the present study,
taking account of Rc in Fig. 5, the variation in reactance in
Fig. 4 and δ calculated from (2) applied to the evaluation of
the peened layer, X at f = 400 kHz was chosen to evaluate
the equibiaxial stress.

Figure 6 shows the variation in differential reactance,
�X, at f = 400 kHz with σb. �X is the difference between
X and X0 MPa. From Fig. 6, X decreases with equibiaxial
compressive stress. The cause of the decrease in X is a de-
crease in electrical resistivity, ρ. The equibiaxial compres-
sive stress was introduced into the specimen by elastic de-
formation using the hydraulic jacks, and variations in the
microstructure, such as an increase in dislocations, did not
occur. Thus, the decrease in ρ is derived from the piezore-
sistive effect [5].

To establish the relationship between the piezoresistive
effect and the equibiaxial compressive stress, the variation
of ρ with equibiaxial compressive stress was investigated
using numerical analysis. Figure 7 shows the electrical re-
sistivity, ρ1, calculated using the model shown in Fig. 2(a),
varying with equibiaxial compressive stress, calculated us-
ing (9) and (10). The resistivity at σb = 0 MPa, ρ0 MPa, is
taken as a reference value, where ρ0 MPa = 74 × 10−8 �m
[13, pp. 489–494], and ρ1 is normalized to ρ0 MPa in Fig. 7.
From Fig. 7, ρ1 decreases with the equibiaxial compressive
stress because of the piezoresistive effect. The gradient of
ρ1/ρ0 MPa with respect to σb is 30 ± 20 TPa−1. The chem-
ical composition of JIS SUS316L shows iron to be the ma-
jor component of SUS316L. Comparing this with the ref-
erence value of Fe, which is 24 TPa−1 calculated from the
relationship between the resistivity and induced stress [20],
the equibiaxial compressive stress can be evaluated from the
variation of the electrical resistivity.
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Fig. 7 Variation of electrical resistivity with the equibiaxial com-
pressive stress calculated using the Cheng-Dodd-Deeds model at
f = 400 kHz

Fig. 8 Variation of the normalized reactance of the CP specimen with
residual stress at the surface at f = 400 kHz

To establish this as a method for evaluating the equibi-
axial compressive stress in peened materials, we compared
the results for the equibiaxial specimen with those for a CP
specimen, in which the microstructural changes are rela-
tively small. Figure 8 shows the relationship between coil
reactance and stress at the surface of the CP specimen. The
large error bars in Fig. 8 may be derived from the mea-
surement accuracy of the LCR meter and the affect of the
up and down movement of the coil. In addition, from the
peened and annealed specimens, which was used to relieve
the residual stress while maintaining the surface roughness,
it was shown that the surface roughness had little affect on
the eddy current result. In both Figs. 6 and 8, X decreases
with induced compressive stress. In Fig. 8, the variation of
X increases with the introduced compressive residual stress.
The variation of X is affected by the penetration depth, δ,
calculated from (2) and the thickness of the modified layer
where the compressive residual stress is introduced by CP.
The stress distributions of the equibiaxial and peened spec-
imens are different. The variation in resistivity due to the
introduction of stress causes variations in X. Thus, X alone

Fig. 9 Variation of electrical resistivity with stress at the surface at
f = 400 kHz

cannot be used to evaluate the equibiaxial stress induced by
peening. To estimate the equibiaxial stress induced by peen-
ing, the distribution in resistivity has to be assumed from
the stress distribution. Moreover, the variation of the elec-
tromagnetic parameters with equibiaxial stress induced by
hydraulic jacks and peening should be established. Thus,
the equibiaxial compressive stress induced by peening tech-
niques cannot be evaluated from the variation of X obtained
by eddy current testing. Instead of using X, the equibiaxial
compressive stress for the peened materials should be evalu-
ated using the variation in ρ, taking account of the thickness
of the modified layer and the depth distribution of the resid-
ual stress. In the case of CP, σR has a linear relationship with
z [14]. Thus, for calculating ρ, the model shown in Fig. 2(b)
was used for the CP specimen and it was assumed that ρk

had a linear relationship with z based on constant piezore-
sistivity.

To establish the method for evaluating equibiaxial stress,
ρ was compared to the stress at the surface, σsurf. To apply
the stress measurement using the eddy current method for
peened materials, the variation in ρ with equibiaxial com-
pressive stress should be compared with the variation in ρ

with the stress induced by peening. The electrical resistiv-
ity of the top layer, ρ1, shown in Fig. 2, was used. Fig-
ure 9 shows a comparison of the relationships between ρ1

and σsurf for both the equibiaxial and CP specimens. Note
that, ρ1 of the equibiaxial specimen was obtained from the
model shown in Fig. 2(a), and ρ1 of the CP specimen was
obtained from that in Fig. 2(b). The resistivity is normal-
ized by that of the control specimen, ρ0, assumed to be ρ0 =
74 × 10−8 �m. This value is the non-peened (NP) spec-
imen for the CP specimen and the non-compressed speci-
men for the equibiaxial specimen. In addition, considering
the yield strength, the minimum equibiaxial stress was set
as σb = −200 MPa. From Fig. 9, ρ1 of both the equibi-
axial and CP specimens decreases with compressive stress
because of the piezoresistive effect, and the relationship be-
tween ρ1/ρ0 and σsurf in both cases is linear. The gradient
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between ρ1/ρ0 and σb of the CP specimen shown in Fig. 9
is 50 ± 30 TPa−1. The reference value is 24 TPa−1, which
is the value for Fe, considering it is the major component
[20], and the gradient of the equibiaxial specimen obtained
from Fig. 7 is 30 ± 20 TPa−1. Considering the confidence
limit, the variation in resistivity of the CP specimen is re-
lated to the introduction of equibiaxial compressive stress.
From the results, a method to evaluate equibiaxial stress in-
duced by peening using eddy current signals can be estab-
lished. The large piezoresistive coefficient and error bars of
the CP specimens seem to be derived from the measurement
accuracy obtained with a moving coil, the difference be-
tween the chemical composition of SUS316L and pure iron,
and the assumptions about the depth distribution of the re-
sistivity. Moreover, when the thickness of the peened layer
is needed to determine the peening intensity, an additional
inverse analysis using variation of the electromagnetic prop-
erties after peening should be done.

4 Conclusions

In order to establish a method for evaluating the residual
stress in a surface layer modified by peening, the equibiax-
ial compressive stress, induced into a specimen of SUS316L
by elastic deformation using hydraulic jacks, was measured
by evaluating the electromagnetic properties of the specimen
using an eddy current method. The electromagnetic proper-
ties of a specimen peened by cavitation peening (CP) were
also measured by the eddy current method in order to com-
pare it with the mechanically loaded specimen. The reac-
tance measured in the eddy current test was used to evaluate
the equibiaxial stress. The results obtained are summarized
below:

(1) The reactance at 400 kHz decreases with the elastically
induced equibiaxial compressive stress. It is possible to
evaluate the equibiaxial compressive stress by measur-
ing the reactance of the coil used in the eddy current
measurements.

(2) The electrical resistivity decreases with the elastically
induced equibiaxial compressive stress. The variation in
electrical resistivity can be used to evaluate the equibi-
axial compressive stress.

(3) The reactance at 400 kHz and electrical resistivity of the
CP specimen decrease with induced stress. The varia-
tion in resistivity of the CP specimen is related to the in-
troduction of equibiaxial compressive stress. Thus, it is
possible to establish a method to evaluate the equibiax-
ial stress induced by peening using eddy current signals.
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Table 2 FWHM of CP specimens

tp (s/mm) FWHM (deg) ζF (mm)

0 (NP) 1.457 –

0.25 1.477 0.004

0.5 1.481 0.008

1 1.500 0.008

2 1.621 0.041

5 1.783 0.045

10 1.858 0.068

20 1.958 0.105

Appendix

Table 2 shows the variation in full width at half maximum
(FWHM) of the X-ray diffraction profiles obtained simulta-
neously with the residual stress, published in our previous
report [14]. The table also shows the depth, ζF , with CP
processing time, tp , which has the same FWHM as that at
the surface of the NP specimen. The FWHM depends on the
dislocations. From Table 2, the FWHM increases with tp .
However, ζF at tp ≤ 5 s/mm is lower than d1 in Fig. 2(b).
Especially, ζF for the CP specimen at tp ≤ 1 s/mm is much
smaller than d1. ζF at tp = 10 and 20 s/mm affects the depth
to d2 in Fig. 2(b). In addition, the FWHM of the SP speci-
men at the surface is 2.020 deg, and ζF is 0.25 mm.
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