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A nonlinear ultrasonic technique has been developed to evaluate sensitization in Type 304 stainless steel. In
order to achieve different degree of sensitization (DOS), specimens have been subjected to heat treatment
at 675 ◦C at varying soaking time (0.5, 1.0, 2.0, 3.0 and 4.0 h). Heat treated specimens were subjected to
intergranular corrosion tests as per ASTM standards A262 and G108. Sensitization in longer soaked material
has been confirmed through ditch microstructures, cracks on the bend tested specimens and higher degree
of sensitization. Nonlinear ultrasonic studies showed variation in the nonlinearity parameter with soaking
time which also confirms sensitization. A good correlation was observed between the degree of sensitization
measured by the electrochemical potentiokinetic reactivation test and the ultrasonic nonlinearity parameter.
This study clearly demonstrated that nonlinear ultrasonic technique can be used as a potential technique for
non-destructive characterization of sensitization in austenitic stainless steel.
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1. Introduction

Austenitic stainless steel has wide applications at
higher temperatures for its good mechanical proper-
ties, corrosion resistance, formabilities and weldabili-
ties [1]. These superior properties make the austenitic
stainless steel to be widely used in nuclear industry.
However, heat treatment of this steels for a sufficiently
long time in the range from 450 ◦C to 800 ◦C leads
to formation of chromium carbide (Cr23C6) precip-
itate along the prior austenite grain boundaries re-
sulting depletion of chromium in the vicinity of the
boundaries which make this material susceptible to
inter granular corrosion (IGC). This phenomenon is
called sensitization[2−6]. Susceptibility to inter gran-
ular corrosion can be qualitatively evaluated by dif-
ferent practices described in ASTM (American Soci-
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ety for Testing and Materials) standard A262. On
the other hand, the degree of sensitization (DOS) can
be evaluated quantitatively by means of electrochemi-
cal potentiokinetic reactivation (EPR) test as per the
ASTM standard G108. EPR technique is nondestruc-
tive, quantitative and rapid for detecting sensitization
in austenitic stainless steels[7]. However, application
of these techniques is limited within the laboratory.
EPR test is strongly dependent on the testing tem-
perature and reveals only the surface features and also
the EPR parameters have to be carefully interpreted
in the presence of sulphide inclusions[8].

Detection of sensitization is important for safe and
reliable operation of a plant. Numerous failures of
austenitic stainless steel components caused by IGC
have been reported[9,10]. Therefore, characterization
of sensitization or IGC is an important aspect for
remnant life assessment. Nondestructive evaluation
(NDE) techniques play an important role in life as-
sessment of components. Eddy current based non-
destructive testing was applied to austenitic stainless
steel weldments to assess and quantify degree of



546 S.T. Abraham et al.: Acta Metall. Sin. (Engl. Lett.), 2013, 26(5), 545–552.

sensitization[11,12]. Presence of defects, wall thick-
ness variations, change in permeability and conduc-
tivity and surface roughness affect eddy current test-
ing. Also eddy current testing is a subsurface test
method. On the other hand, ultrasonic testing, being
one of the most widely used NDE techniques for the
evaluation of materials which relay on measuring the
reflected sound waves, is influence by defect size. Size
of the precipitates in the sensitized material is signifi-
cantly smaller than the wavelength of ultrasonic waves
used in NDE and this limits the application of con-
ventional ultrasonic technique to be used in the eval-
uation of sensitization. An attempt has been made on
detection of sensitization in AISI 304 SS by ultrasonic
spectrum analysis and attenuation studies[13]. But
this method was not effective in quantifying the de-
gree of sensitization. To overcome these limitations in
the conventional NDE methods, nonlinear ultrasonic
(NLU) technique, using the higher harmonic analy-
sis, is found to be effective. Nonlinear ultrasonics
generally involves the investigation of acoustic har-
monics generated from the nonlinear interactions of
the initially pure sinusoidal ultrasonic waves with lat-
tice anharmonicity of the materials, microstructures
of solids, defects, boundaries in crystal structure etc.
In reality, no solid is perfectly homogenous. When
a pure sinusoidal ultrasonic wave of sufficient energy
propagates through a solid martial, the lattice anhar-
monicity present in the material causes distortions in
the wave so that higher harmonics of the fundamental
frequency will be generated as shown schematically in
Fig. 1.

The dependence of the acoustic nonlinearity para-
meters on the crystalline structure suggests that the
geometry of the local atomic arrangement and shape,
rather than the strength of the interatomic potential
are dominant factors in determining the magnitude
of the nonlinearity parameter[14]. Material defects
and microstructure can significantly alter the crystal
structure or symmetry which could lead to changes
in the values of the nonlinear ultrasonic parameters.
NLU technique has been widely used for characteriza-
tion of precipitation hardening[15], microstructure[16],
dislocations[17] etc. It is also sensitive to ageing[18],
creep[19,20], cold work[21], fatigue[22−28], cracks[29],
radiation damage[30] and thermal degradation[31,32].
Objective of the present study is to evaluate sensiti-
zation in AISI 304 stainless steel using nonlinear ul-
trasonic technique.

2. Ultrasonic Nonlinearity Parameter

The linear relation between stress (σ) and strain
(ε) for an elastic solid is given by the Hooke′s law

σ = Eε (1)

This linear relation has been derived on the as-
sumption of infinitesimal amplitude of the elastic
waves propagating in the homogeneous material and

Fig. 1 Schematic diagram of the harmonic generation in
a nonlinear solid and the corresponding frequency
spectra

is applicable only for ideal linear elastic media that
does not exist in nature. This linear law is valid for
a homogenous and isotropic medium when the ap-
plied stress amplitude is infinitesimal. However, ma-
terials in nature are not perfectly homogeneous and
isotropic and hence the stress-strain relationship can
be expressed by the power series expansion of strain
as

σ = E1ε +
1
2
E2ε

2 (2)

where, ε = ∂u
∂x is the strain, σ is the stress, E1 and E2

are the elastic coefficients.
Consider the one dimensional wave equation

ρ
∂2u

∂t2
=

∂σ

∂x
(3)

Substituting Eq. (2) in Eq. (3), we get

ρ
∂2u

∂t2
= E1

∂2u

∂x2
+ E2

∂

∂x

∂2u

∂x2
(4)

An approximate solution to Eq. (4) can be found
through the use of perturbation theory where the dis-
placement (u) is assumed to be of the form

u = u0 + u1 (5)

It is also assumed that

E1 >> E2, and u0 >> u1

Substituting Eq. (5) into Eq. (4),

ρ
∂2(u0 + u1)

∂t2
= E1

∂2(u0 + u1)
∂x2

+

E2
∂(u0 + u1)

∂x

∂2(u0 + u1)
∂x2

(6)

When this equation is expanded and rearranged
by considering the linear solution

ρ
∂2u0

∂t2
= E1

∂2u0

∂x2

and the perturbation conditions given above, we get

ρ
∂2u1

∂t2
= E1

∂2u1

∂x2
+ E2

∂u0

∂x

∂2u0

∂x2
(7)
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Table 1 Chemical composition (wt.%) of the experimental steel

C Mn Si S P Cr Ni Mo Ti

0.053 0.803 0.494 0.021 0.054 18.356 10.498 0.308 0.011

Cu Nb Al V B Co Sn Pb N

0.045 0.010 0.001 0.008 0.0003 0.081 0.007 0.000 0.024

Table 2 Parameters of heat treatment of the experimental steel

Specimen No. Heat rate (◦C/h) Soaking temperature (◦C) Soaking time (h)

1 200 675 0.5

2 200 675 1.0

3 200 675 2.0

4 200 675 3.0

5 200 675 4.0

A solution to this first order equation can be found as

u0 = A1 sin(ωt − kx) (8)

Substituting Eq. (8) into Eq. (7),

ρ
∂2μ1

∂t2
= E1

∂2u1

∂x2
− 1

2
E2A

2
1k

3 sin 2(ωt− kx) (9)

It is to be noted that the second term in Eq. (9)
is a second harmonic sinusoid. One solution to u1 in
Eq. (9) is

u1 = −1
8

(E2

E1

)
k2A2

1x cos 2(ωt − kx) (10)

This solution indicates that the amplitude of the
perturbation (second harmonic) is

|A2| =
1
8

(E2

E1

)
k2A2

1x (11)

occurring at frequency of 2ω. The nonlinearity para-
meter β is then defined from Eq. (11) as

β =
E2

E1
=

8
k2x

A2

A2
1

(12)

where A1 is the amplitude of the fundamental wave,
A2 is the amplitude of the second harmonic wave, k is
the wave number and x is the propagation distance.
This equation implies that the nonlinearity parame-
ter β of a material can be evaluated by measuring the
absolute amplitudes of the fundamental and second
harmonic components and can be correlated to the
changes responsible for the nonlinear behavior.

3. Experimental

3.1 Specimen preparation

Solution annealed AISI 304 stainless steel plate of
12 mm thickness was chosen as the material of inter-
est in this work. Chemical composition of this steel
was analyzed by optical emission spectroscopy as per
the ASTM standard E1086 and was given in Table 1.
The plate was cut into a number of pieces for different

experiments and grouped them into five sets. Each set
has been subjected to sensitization heat treatment in
a muffle furnace. In order to obtain different degree
of sensitization in these specimen blanks, heat treat-
ments were carried out at 675 ◦C for 0.5, 1.0, 2.0, 3.0
and 4.0 h as given in Table 2. Temperature variation
at the test temperature was ±1 ◦C. After comple-
tion of heat treatment, specimens were cooled inside
the furnace. These specimens were then subjected to
intergranular corrosion tests such as oxalic acid etch
test, bend test, electrochemical potentiokinetic reac-
tivation test followed by nonlinear ultrasonic testing.

3.2 Intergranular corrosion tests

3.2.1 Oxalic acid etch test
For performing the oxalic acid etch test as per the

ASTM standard A262 practice A, a 10 mm×10 mm
sample was cut from every heat treated specimens.
These samples were mounted in epoxy resin and pol-
ished up to the diamond finish. The polished speci-
mens were electrolytically etched for 90 s in 10 wt.%
oxalic acid solution and then examined under optical
microscope.

3.2.2 Bend test
To determine the susceptibility to intergranular

attack associated with the precipitation of chromium
rich carbides around the grain boundaries, Cu-
CuSO4-16% H2SO4 test as per practice E was con-
ducted on the specimens. This test involves exposure
of heat treated specimens in this solution followed by
180 ◦C bending. Degree of sensitization is qualita-
tively revealed by the extent of crack appeared on the
convex surface.

3.2.3 Electrochemical potentiokinetic reactiva-tion
(EPR) test

The intergranular corrosion resistance was exam-
ined by double loop electrochemical potentiokinetic
reactivation (EPR) test following ASTM standard
G108. For each specimen, the activation and reacti-
vation curves are recorded. From these curves, degree
of sensitization (DOS) was evaluated by Eq. (13)
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Fig. 2 Schematic diagram of the experimental setup for
nonlinear ultrasonics

DOS =
Ir

Ia
× 100% (13)

where, Ir is the reactivation current density and Ia is
the activation current density. Lower the DOS higher
the corrosion resistance.

3.3 Nonlinear ultrasonic testing

Second harmonic generation technique was used
to measure the ultrasonic nonlinearity parameter of
the heat treated specimens. Schematic of the exper-
imental set up is shown in Fig. 2. Two ultrasonic
transducers are placed on either side of the speci-
men to transmit and receive the signal. The speci-
mens were polished with 600 g emery paper to obtain
proper coupling with the ultrasonic transducers. In
order to maintain alignment and parallelism between
the two transducers and to fix them properly on the
surface of the material with proper contact and con-
stant pressure, a special fixture was designed. Non-
viscous oil was used as the coupling medium. A high
power pulser-receiver (RITEC RAM-5000), which is
specifically designed for nonlinear ultrasonic measure-
ments, was used for exciting the ultrasonic transducer.
Hanning windowed tone burst was excited by a con-
tact longitudinal piezoelectric transducer nominal fre-
quency 5 MHz and diameter 9 mm. Hanning window
was selected due to its little effect on the measured
nonlinearity[33]. Number of cycles in the tone burst
was limited to 10. A long signal improves the accuracy
of the measurements but if the signal is too long, the
incident and reflected wave interfere at the receiver
side. Therefore the signal length was restricted to be
slightly lesser than twice the thickness of the material.
A broadband 10 MHz transducer was used to acquire
the second harmonic waves. The output from the 10
MHz transducer was fed to a digital storage oscillo-
scope (Agilent 6032A) and the time domain data was
stored as CSV format with 1000 data points for post-
processing. Amplitudes of the fundamental (A1) and
second harmonic (A2) waves were obtained by digi-
tal signal processing using a fast Fourier transform
(FFT).

To increase the accuracy and repeatability, signals
have been acquired with different power levels (40%
to 100% of RITEC power levels) on each specimen
and repeated for different locations on those speci-
mens. A graphical plot is made between A2 and A2

1

for the seven different power levels for each specimen
and the slope of this graph provides the ultrasonic
nonlinearity parameter β. From the obtained β val-
ues, a relative β parameter was defined as

βreltive =
βheat treated

βbase metal
(14)

4. Results and Discussion

4.1 IGC tests

Optical micrographs of etched specimens are
shown in Fig. 3. From Fig. 3(a) it is evident that the
base metal has step structure. With 30 min of soak-
ing at 675 ◦C, the microstructure has become dual,
as shown in Fig. 3(b), which indicates that the sen-
sitization is initiated. With further increase in soak-
ing time, ditch structure is formed since the carbides
are fully dissolved in electrolytic etching, as shown in
Fig. 3(c)—Fig. 3(f), which indicates that the material
is fully sensitized after 30 min of soaking.

Photographs of the bend tested specimens as per
the practice E are shown in Fig. 4. Exposure of stain-
less steel to the Cu-CuSO4-16%H2SO4 solution led to
dissolution of Cr depleted regions. This occurs when
there is a total loss of local passivity in these regions
as a result of decrease of Cr below 12% which lead
to formation of microscopic grooves which acted as
stress concentration sites during bend testing. Inter-
granular cracks are evident in 30 min soaked spec-
imen, Fig. 4(a), indicating the material is suscepti-
ble to IGC. With further progress of soaking, severity
of IGC cracking increased which resulted peel-off of
material from the surface of bend tested specimens,
Fig. 4(b)—Fig. 4(e). These photographs clearly indi-
cate that all specimens soaked 30 min and beyond are
highly susceptible to IGC.

From the double loop EPR test, the activation and
reactivation curves are evident and typical plots for
base material and 4.0 h soaked specimens are shown
in Fig. 5. From these curves the degree of sensitization
is calculated as per the Eq. (13) and is plotted in Fig. 6
as a function of soaking time. DOS value was found
to be 0.14% for the base material and this value pro-
gressively increased to 10.34, 37.87, 40.30, 37.75 and
38.70 for 0.5 to 4.0 h soaking respectively. Though,
maximum DOS was found in 2.0 h soaked specimen,
it is clearly evident that DOS value remains constant
with marginal variation from 1.0 to 4.0 h soaking.
However, for sensitisation experiment, specimens to
be heat treated at 675 ◦C for 1.0 h as per ASTM A262.
Therefore, results obtained in the present study are
in line with standard practice. Though, DOS value
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Fig. 3 Typical optical metallographic images of the specimen with different soaking time: (a) base metal showing
step structure, (b) 0.5 h showing partial sensitization, (c) 1.0 h, (d) 2.0 h, (e) 3.0 h, (f) 4.0 h showing fully
sensitized structure

Fig. 4 Specimens after practice-E bend test with differ-
ent soaking time of 0.5 h (a), 1.0 h (b), 2.0 h (c),
3.0 h (d) and 4.0 h (e)

decreased at 4.0 h soaking (38.70%) from maximum
value (40.30%), the change is minimal and hence it
can be assumed that 4.0 h is insignificant for any self
healing of the sensitized material. Further, study may
be required to understand the hold time effect on self-
healing.

4.2 NLU test

The fundamental and second harmonic signal am-
plitudes A1 and A2 have been measured for seven dif-
ferent power levels (40 to 100 of RITEC) on each spec-
imen. Fig. 7 shows a particular Hanning windowed
signal at these power levels and the respective Fast
Fourier Transform spectrum. It is obvious that as the
power level increases, amplitude increases.

A typical plot of A2 vs. A2
1 as a function of increas-

ing power levels is given in Fig. 8 which shows the
linear relationship between A2 and A2

1 as in Eq. (12).
The relative β parameter was calculated from the
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Fig. 5 Activation-reactivation curves for base metal (a)
and sensitized specimen with 4.0 h soaking (b)

Fig. 6 Curve of degree of sensitization (DOS) vs. soaking
time

slope of this plot and averaged over the results for a
number of experiments. Fig. 9 shows the variation
of the relative β (averaged over a number of experi-
ments) with soaking time. For 0.5, 1.0, 2.0, 3.0 and
4.0 h heat treatments β increased by 15%, 40%, 56%,
62% and 63% respectively compared to the base ma-
terial.

Second harmonic generation is due to the distor-
tion to the sinusoidal form of the ultrasonic waves dur-
ing propagation in the anharmonic solid. Supported
by literatures [2−6] and from the above experimental
evidences, it is seen that the dominant microstruc-

Fig. 7 Signals at seven different power levels: (a) time
domain signal, (b) corresponding FFT spectrum

tural change that leads to the anharmonic behavior
in the present study, is the precipitation of chromium
carbide along the grain boundaries. Generally, crystal
structure of precipitate phase is different from that of
the matrix phase. The misfit parameter δ is defined
as

δ =
ap − am

am
(15)

where ap is the lattice parameter of the precipitate
and am is the lattice parameter of the matrix. For
the fcc austenitic stainless steel matrix, the lattice
parameter is 0.359 nm and for the chromium car-
bide (Cr23C6) precipitate, the lattice parameter is
1.05 nm[1]. This mismatch between the precipitate
phase and the matrix produces local strain fields and
may increase the stress. The radial stress σr in the
matrix at a radius r from a spherical precipitate of
radius r1 embedded in a finite body matrix is given
by[14]

σ1 = −4μδr3
1

r3
(16)

where, δ is the precipitate-matrix lattice misfit para-
meter and μ is the shear modulus. Hence the local
strain fields from the lattice mismatch will increase
the stress and at some point of time it is enough to
distort the ultrasonic waves to generate higher har-
monic components. The increase in β with increase
in soaking time is in agreement with the published
literature where it was shown that nonlinearity para-
meter increased from minima value with precipitate
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Fig. 8 Variation of A2 and A2
1 with increase in power

level

Fig. 9 Variation of relative β of the sensitized specimens
with soaking time

growth[34]. Several works have demonstrated the in-
fluence of precipitation on the ultrasonic nonlinear-
ity parameter[32,34−36]. It is a fact that the nuclei
of M23C6 precipitates can form in austenitic stainless
steel during cooling cycle of the heat treatment if wa-
ter quenching is delayed followed by solution anneal-
ing heat treatments. These precipitates grow continu-
ously during soaking at 675 ◦C and get interconnected
and get thicken. These carbide precipitates will act as
a source of acoustic nonlinearity when they are excited
by a high power ultrasonic wave. In order to confirm
that the change in beta is because of the chromium
carbide precipitation, the sensitized samples were sub-
jected to solution annealing heat treatment at 1050 ◦C
for 30 min and then analyzed by oxalic acid etching
and second harmonic method. The relative β values
for the specimens after solution annealing are plotted
in Fig. 10. The relative β values remains almost close
the non-sensitized base material.

It is clear that, the variation in relative beta with
respect to the samples in the solution annealed con-
dition is much less compared to that in the sensitized
condition but it is not same as that of the base metal.
Of course, ideally, the value of relative β parameter
should have come down to that of the base metal,
which is not sensitized. Slightly higher value of β

Fig. 10 Variation of relative β of the solution annealed
specimens with soaking time

Fig. 11 Microstructures of a solution annealed specimen
which was previously soaked for 4.0 h

with respect to that of the base metal could be due to
other microstructural changes that have taken place
in the material during the two additional heat treat-
ments. The comparison of Fig. 3 with Fig. 11 shows
that the grain size is increased in the solution an-
nealed specimen. Further, there are some isolated
grain boundaries which are still showing some sort
of ditched structure even after the solution anneal-
ing. These factors could be the reasons for different
relative beta values. However, substantial reduction
in the relative beta value from the sensitized condi-
tion indicts that the de-sensitization is also can be
detected by non linear ultrasonics.

Correlation between the DOS values calculated in
EPR test and the relative beta values observed in non-
linear testing has been calculated by the Pearson cor-
relation coefficient method by the following formula

ρx,y =
cov(x, y)

σxσy
(17)

where, cov(x, y) is the covariance of the two variables
(x corresponds to DOS and y corresponds to the rel-
ative β), σx and σy are the respective standard de-
viations. The coefficient was found to be 96% which
is reasonably a good correlation considering the ex-
perimental uncertainties. One to one correlation be-



552 S.T. Abraham et al.: Acta Metall. Sin. (Engl. Lett.), 2013, 26(5), 545–552.

tween degree of sensitization evaluated with different
conventional procedures specified in ASTM standards
and the relative nonlinear parameter has been ob-
tained. Hence, the present study clearly demonstrates
the potential of using nonlinear ultrasonics as a non-
destructive testing technique to study sensitization of
the austenitic stainless steel.

5. Conclusions

AISI Type 304 stainless steel has been subjected to
different sensitization heat treatments. Degradation
by sensitization has been studied by nonlinear ultra-
sonic techniques. It was found that relative β para-
meter increases with increase of soaking time which in
turn due to increase in degree of sensitization. With
0.5, 1.0, 2.0, 3.0 and 4.0 h heat treatments at 675 ◦C,
β increased by 15%, 40%, 56%, 62% and 63% respec-
tively compared to that of the base material. One to
one correlation between degree of sensitization evalu-
ated with different conventional procedures specified
in ASTM standards and the relative nonlinear para-
meter has been obtained. Hence the paper clearly
demonstrates the potential of using nonlinear ultra-
sonics as a non-destructive testing technique to study
sensitization of the austenitic stainless steel.
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