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ABSTRACT

This paper provides an overview of the recent results in the area of nondestructive near-surface material characterization
methodologies based on eddy current (EC). A method for residual-stress characterization in surface-treated nickel-
base superalloy by swept high-frequency EC measurements and model-based inversion is explained, with statements
of the accomplished results and challenges toward implementation. The paper also briefly describes non-linear EC
responses in case hardened steels and its use for characterization of case depths in the range of 1~6 mm, operating at
low EC frequencies of 2~32 Hz.
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INTRODUCTION

Nondestructive evaluation (NDE) methods such as eddy
current (EC) have been used for many years to detect service-
induced damages and/or degradations, e.g. cracks, which may
be caused by various operational and/or environmental
conditions such as friction, fatigue, and corrosion. Although
the importance of such in-service maintenance functions will
never diminish, there are increasing trends to expand the areas
of the NDE applications to take more proactive roles in the
component life cycle, before components start to show actual
degradation or damages such as cracking. Naturally, it would
be most desirable if NDE methods could routinely detect onset
of degradation. However, the current NDE technologies have
not quite achieved that level of sensitivity and selectivity yet,
and this is beyond the scope of the present work. Instead, this
paper addresses another proactive maintenance approach that
is readily practicable, namely to support various types of
surface treatment technologies that enhance robustness of
treated components, and to use NDE techniques to ensure that
the protection mechanisms remain in place.

Specifically, this paper provides summary descriptions of two
recent research activities, having to do with NDE-based quality
assurance and maintenance methodologies for protective
surface treatments. The first concerns residual stress protection
against fatigue, and in some cases against stress corrosion
cracking, where the protection mechanism is the compressive
residual stress in nickel-base superalloy surfaces introduced
by peening methods. The presence and quality of the residual
stress is examined by the characterization technique based on
swept high-frequency EC measurements and model-based
inversion [1-3]. The second characterization technique has to

do with induction hardening of steel component surfaces
against friction-induced wear, for which a case-depth
characterization method has been reported by the use of a
nonlinear eddy current (NLEC) method [4].

The two nondestructive characterization methods share their
technology basis in terms of multiple frequency EC, one with
frequency-domain measurements at swept frequencies (toward
residual stress characterization), and the other utilizes a time-
domain wave form that contains multiple harmonic modes to
detect nonlinear EC responses for measuring case depths. By
nature, both the methods seek to detect deviations of
electromagnetic material properties from the nominal value
in the vicinity of the component surface. The purpose to use
multiple frequencies is to gain depth sensitivities and hence
to acquire depth profiling capabilities. For non-magnetic,
isotropic materials such as superalloys, there is only a single
(scalar) material parameter to work with, i.e. the electrical
conductivity σ. Thus, the near-surface conductivity deviation
profile is the key link that can relate the NDE signal, i.e. swept
high frequency EC (SHFEC) signals, to the material condition
of interest, i.e. the residual stress profile. The traditional stress-
generating method is shot peening, where affected layer depths
are in the range of 100~200 μm, corresponding to the
operational frequencies up to 50 MHz for typical superalloys.
In contrast, ferromagnetic materials such as steel have richer
electromagnetic properties to work with, i.e. the electrical
conductivity σ and magnetic permeability μ at various
positions, with the latter being a function of field H due to
magnetic hysteresis. To be specific, we use the Rayleigh non-
linear B-H relation in the vicinity of the demagnetized state
[5,6]. In particular, the non-linear (Rayleigh) parameter ν turns

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
19

11



out to play a useful role in our case-depth characterization
technique. The target measurement depths were in the range
of 1~6 mm, for which we demonstrated case-depth
discrimination capabilities by the use of low EC frequencies
of 2~32 Hz.

NEAR SURFACE CONDUCTIVITY DEVIATION
CHARACTERIZATION

The compressive residual stress is put in place traditionally
by shot peening to improve fracture toughness of components
such as turbine disks of aircraft engines. The benefits of the
protection in extending the component service life are fully
exploited when NDE-based residual stress characterization
method becomes a reality. Among several NDE techniques,
the eddy current (EC) technique was identified as a leading
candidate. Basically, the method utilizes the stress-induced
changes in electrical conductivity, or the so-called
piezoresistivity effect, and attempts to obtain near-surface
residual stress profiles from near-surface conductivity
deviation profile measurements.

In our series of publications, an approach based on SHFEC
measurement has been proposed as an implementation of EC
residual stress characterization, where the frequency is swept
from 100 kHz up to 50 MHz or higher to achieve a skin depth
less than 200 μm. A technical trick was introduced to suppress
instrumentation effects and lift off noises, by the use of liftoff-
normalized vertical component EC signals. This V-component
EC signal approach not only meets the original objectives,
but also permits direct comparisons of experimental data and
model predictions, thanks to the effective removal of
instrumentation effects, thus enabling model-based inversion
of conductivity profiles from the impedance data. Furthermore,
the theoretical V-component formula takes a remarkably simple
form under appropriate approximation that holds valid under
our measurement conditions. Explicitly, the formula reads

(1)

where Δσ(z)/σRef denotes the relative conductivity deviation
profile for small conductivity deviation Δσ(z) as a function of
depth z, and where l and δ denote the controlled lift off and
the skin depth, respectively. Other benefits of the V-component
approach are listed in the references [1-3].

Having established the foundation of the approach, we
continue to develop the methodology toward technology
implementation, while addressing various challenges: (i)
Experimental capabilities to acquire V-component signals have
been established. Challenges are to improve detection
sensitivities and to broaden applicability to curved surfaces.
(ii) Equation (1) states that the V-component signal V(f) is
essentially the Laplace transform of the conductivity profile
Δσ(z)/σRef , indicating that the inverse process of calculating
Δσ(z)/σRef from V(f) via Eq. (1) is mathematically ill-posed.
We instead take a matched-filter approach [3], i.e. first assume
a functional form of Δσ(z)/σRef, perform its Laplace transform
analytically, and then fit the transformed function to the data
V(f). A priori knowledge of the material conditions in generic

peened layers is needed to make the most credible assumption
on Δσ(z)/σRef, as the quantitative results depend on the assumed
functional form. (iii) Microstructural effects, including cold
work effects, are yet to be sorted out completely, as strong
hardness dependency of V-component EC signals has been
observed in shot-peened Inconel 718 samples [3].

The accomplishments to date can be found in the publications,
including the microstructure effects observed in the SHFEC
data from shot peened surfaces, on heat treated superalloy
samples with different secondary phase contents. A trend is
that shot peening effects on the SHFEC signals are generally
stronger for soft samples, and diminish in magnitude as the
hardness increases toward the fully hardened condition. A
matched filter technique with assumed profile functions
generated conductivity deviation profile results, given in [3].
An additional challenge is to explain the apparent
overestimation of conductivity changes in the shot-peened
layer, in direct conflict with the piezoresistivity relation
measured under elastic deformation.

CASE-DEPTH CHARACTERIZATION VIA
NONLINEAR EDDY CURRENT

In Reference [4], we reported a case-depth discrimination
capability by EC, working experimentally with case-hardened
samples made of steel alloy containing 0.45 wt% C. A multiple
low-frequency (2-32 Hz) EC method demonstrated
discrimination among 1~6 mm case depths, while meeting
additional requirements, i.e. non-contact measurement with
finite lift off of sensor probe not less than 0.5 mm, and one-
sided access for complex surface profiles, including non-planar
and non-cylindrical parts.

To uncover the foundation of our case-depth discrimination
capability, we further examined the behaviors of the EC signals
as a function of the drive voltage (current), which turn out to
exhibit nonlinear behaviors by way of dependency of the
impedance signals on the drive voltage.  Consider, in general,
an EC measurement apparatus that drives the probe with the
drive current Idrive and detects the response voltage  Vout. The
system impedance signal Z is given by the ratio Idrive / Vout. If
the overall system responds linearly, then is independent of
Idrive. Thus, in order to quantify the amount of EC signal
nonlinearity, let us vary Idrive up to Imax

drive and observe the
behavior of a dimensionless variable α defined by the relation

(2)

The variable α parameterizes the percent deviation of the
impedance from the nominal at Imax

drive , and acts as a nonlinearity
indicator because α=0 if the system responds linearly, while
α≠0 in general if the system exhibits non-linearity. By
definition through the ratio, α is insensitive to a possible
instrument transfer function.

To confirm the nonlinear behaviors in our EC signals and their
effectiveness in case-depth discrimination, we collected EC
data while driving the sensor system at three different drive
voltages, namely VD = –6.0, 6dBm where 0 dBm=0.224Vrms,
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and calculated the nonlinear parameter α according to Eq. (2).
The resulting α vs. VD plots are shown for each case depth in
Fig. 1, where the result at the frequency of 16 Hz is shown.
The plots clearly show the nonlinear effect, and also the orderly
decrease of the effect from the unhardened to the deepest case
samples.

Having confirmed the non-linearity as the basis of our case-
depth discrimination capability, we then conducted a
fundamental study of the underlying material parameters where
the capability originates. For this purpose, thin strip samples
were cut out of the core and case materials of case hardened
samples. Their conductivity σ was measured by four-point
direct current potential drop, and their minor hysteresis loops
were measured to yield initial permeability μm and Rayleigh
parameter ν, defined through the nonlinear B-H relationship
[5,6]

(3)

The measured material parameter values are tabulated in
Table 1. As seen from the material data, the material properties
vary substantially from the core material (two-phase ferrite-
pearlite structure) to the case material (martensite). A
particularly drastic change is found in the nonlinearity
parameter ratio ν/μin between the core and case materials,
namely for a field H of ~1 Oe (or 79.58A/m), the core material
exhibits ~11% of nonlinear effects, while the case material
shows only ~1%. Our case-depth discrimination capability of
Fig. 1 is assisted by this significant disparity in the nonlinearity,
i.e. the α = 6% nonlinear effect of the core material response
exhibited by the untreated samples is gradually shielded out
by the case hardened layer which responds practically linearly
against the same EC excitation, as the case thickness increases
as 1, 2, … mm.

Although not given explicitly here, it is possible to reproduce
the NLEC effects of Fig. 1 approximately in theory, by solving
Maxwell’s equations by means of Born approximation that is
valid for small excitation fields, where the nonlinear
constitutive relationship is applied to the core material, while
the case material is treated as linear by approximation.

The fact that the nonlinear effect diminishes with increased
hardness is hardly accidental. Indeed, in the martensitic case,
there exist highly dense dislocations and strong short-range
stress fluctuations that hinder (a) dislocation motion leading
to increased higher hardness, and also (b) domain wall bowing
(reversible) or jumps (irreversible) leading to lower and ,
respectively.

Compared to the NLEC approach, there are factors working
against the standard linear EC approach. First, for linear EC
measurements the excitation field strength must be kept low
to avoid the nonlinearity effects, leading to poor S/N. The S/
N issue is exacerbated by significant variabilities in
conductivity and permeability, both sample to sample and
position to position. Perhaps the most problematic is that the
linear EC method relies on detecting the insignificant
impedance mismatch between the case and core layers, i.e.
Zcase = 0.84 Zcore as calculated from the parameters of Table 1,
whereas the NLEC utilizes the order of magnitude difference
in ν/μin for case-depth characterization.

CONCLUSIONS AND PROSPECTS

In conclusion, this paper outlines the recently reported
approaches to surface material characterizations based on EC
NDE methods, specifically targeting maintenance applications
on residual stress protection applied to shot peened superalloy
and on anti-wear protection applied to case hardened steels.
The developed methodology and procedure via SHFEC is
summarized, quoting the explicit results in the referenced
papers [1-3]. As for the case-depth characterization, it was
found that there is an order of magnitude disparity in the
nonlinearity parameter ratio ν/μin between the case and core
materials, which plays the decisive role in case-depth
characterization via NLEC. Experimental data demonstrating
a case-depth discrimination capability via NLEC are presented
in terms of the nonlinearity indicator, and the basis of the
capability is explained from the disparity in the Rayleigh loop
parameters between the core and case materials.

In terms of future directions, more applications of NDE-based
material characterization are anticipated to emerge, for use in
proactive maintenance approaches to improve production
quality control and maintenance/monitoring of protection
against service-induced damages and material degradations.
This paradigm shift from defect detection to material
characterization presents challenges to the NDE community
to develop new techniques or advance the existing metrology
toward higher sensitivity and improved selectivity than needed

Fig. 1 : The nonlinearity indicator vs. drive voltage plots,
where the impedance data were acquired at 16 Hz from
steel rod samples that are either untreated (labeled as
“Untrtd.”) or induction-hardened with case depths in
the estimated range from 1.36 mm to 5.92 mm.

Table : Measured electromagnetic properties of the core and
case materials. (100%IACS=5.8 S/m)
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for detection of crack-like discontinuities. More research is
needed, not only in instrumentation improvements, but also
in material models for deeper understanding of material
responses, manifested as macroscopic material property
deviations, that arise from the underlying, often
microstructural, changes of materials. The applicability of
NDE models should also be broadened in scope, with the
“defect” conditions not only being crack-like discontinuities
but also including subtle material changes. The NDE modeling
capability for probe design will be in higher demands to
achieve the necessary sensitivity and selectivity.
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