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Abstract: Stainless steel containers are susceptible to stress corrosion cracking (SCC) under
certain stress and corrosion conditions. Nonlinear ultrasonic techniques are very sensitive to the
early presence of damage, more so than linear techniques. Nonlinear Resonant Ultrasound
Spectroscopy (NRUS) is used here to measure a nonlinear shift in the resonance frequency due
to a cumulative amount of SCC. Steel rods are immersed in a heated magnesium chloride
solution and removed after different exposure times. NRUS measurements are conducted using
the fundamental longitudinal mode of vibration. Rods exposed longer generally have a larger
resonance frequency shift and are therefore more nonlinear. Thus NRUS might offer a means of

detecting a cumulative SCC damage in a sample.

Keywords: stress corrosion cracking; nonlinear resonant ultrasound spectroscopy;

nondestructive evaluation; nondestructive testing
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1. Introduction

Nondestructive evaluation (NDE) methods are needed to characterize damage on 304L stainless
steel nuclear storage casks to prevent leakage of radioactivity from cracks [1]. One type of
damage of interest is Stress Corrosion Cracking (SCC). SCC occurs when a stress exists,
including residual stresses from welding, and the metal is in a corrosive environment (including
airborne chlorides) [1]. These conditions results in an electrochemical reaction that makes the
metal susceptible to cracking [1]. SCC is most likely to occur in the Heat Affected Zone (HAZ).
HAZs are regions of residual stresses created during the welding process. The intense heat of the
welding process causes the material properties and grain boundaries within the HAZ to be
changed [2]. This affects the strength of the metal and degrades the metal’s capacity to resist
corrosion, meaning SCC is more likely. SCC can be small enough that visual techniques and
linear NDE techniques cannot detect it very easily. Linear NDE techniques often rely on a
reflection of sound off of damage (e.g. cracks and delaminations), but if the crack is too small or
is a closed crack with the crack surfaces in contact, then no reflection will occur and the crack
will be transparent to the incident wave. NDE techniques based on nonlinear acoustics, on the
other hand, are well suited to detect closed cracks because surfaces in contact with one another
vibrate nonlinearly when excited with sufficiently high amplitude [3]. The full extent of the
crack can therefore be measured with nonlinear NDE techniques. Linear techniques also
sometimes monitor the ultrasonic attenuation as increases in attenuation are known to be a sign
of damage in a sample. As will be discussed in this paper, nonlinear ultrasonics are more

sensitive to the presence of damage than the measured changes in attenuation (or quality factor).
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Young’s modulus is strain independent in linear elasticity, but in damaged materials it
depends on the strain experienced by the material. If we strike a damaged steel rod with a
hammer harder and harder, a progressively lower frequency tone will be emitted due to nonlinear
effects and the apparent material softening (i.e., drop of the elastic constants) [4]. Higher

longitudinal strains lower the Young’s modulus according to Remillieux et al. [5],
E(x) = Eg|1- ape™ (), (1)

where E(x) is amplitude dependent Young’s Modulus, E, is the undamaged Young’s modulus of

the bulk material, and en;ix is the maximum strain measured in the longitudinal direction during a

longitudinal mode of vibration. Here . is a nonclassical nonlinear elastic parameter that has

E
been correlated with inhomogeniety. For instance, freshly milled stainless steel will have a very

low, close to zero, a,. A sedimentary rock, such as sandstone, will have a much larger a.
Damaged materials will also exhibit a finite value for a . Remillieux et al. obtained a . from the

amplitude dependence of the resonance frequencies of longitudinal modes and then showed that

a is different when it is obtained from amplitude dependent shifts of torsional mode resonance

frequencies. Prior to the work of Remillieux ef al. researchers typically only measured the

amplitude dependence of longitudinal modes frequencies of resonance.

Nonlinear Resonant Ultrasound Spectroscopy (NRUS) is a technique used to measure

[6]. NRUS measures the amplitude dependence of a particular sample’s resonance frequency. A
swept sine wave excitation signal is used to extract the resonance frequency. The amplitude of

the excitation signal is then increased several times and the resulting resonance frequency noted

4
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each time. A downward shift in the resonance frequency with increasing strain amplitude is often
encountered for damaged materials as the elastic moduli soften (as implied in Eq. (1)). The peak
strain at the resonance frequency peak is also extracted. The slope of a plot of the relative

frequency shift as a function of strain determines «, for the sample [6].

NRUS was initially developed to characterize the inherent nonlinearity of natural rock
samples such as sandstone, soapstone, and granite [7]. It has been applied to characterize damage
in inherently linear materials that normally exhibit no frequency shift in their undamaged state,
but that do exhibit a frequency shift in their damaged state, such as fatigue damage in copper and
creep damage in stainless steel [8,9]. It has been applied to characterize thermal damage in
concrete and damage in bone because even though these materials exhibit a frequency shift in

their undamaged state, the shift increases further due to the presence of damage [10-12].

Various nonlinear acoustic techniques have been used to detect and characterize SCC.
Ohara et al. developed the Subharmonic Phased Array to image SCC using surface acoustic
waves [13,14]. Dynamic Acousto-Elastic Testing employs a low frequency pump and higher

frequency probe technique that was used by Riviere et al. to extract a and additional nonlinear
parameters [15]. Ohara ef al. used NRUS to partially locate SCC by analyzing the measured a

from different resonance modes based on whether the mode had a strain node or antinode at the
location of the SCC [16]. An experiment by Morlock et al. used nonlinear Rayleigh surface
waves to characterize SCC on four samples with different amounts of SCC [17]. Morlock et al.
applied different amounts of stress to two sets of samples while they were exposed to sodium

thiosulfate. Within these sets of samples, some were exposed for 1 week while the others were
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exposed for 3 weeks. They reported an increase in the second harmonic amplitude for the
samples will higher stress and with longer exposure time, though they found that the second
harmonic amplitude initially decreased with the first week of exposure (relative to a sensitized
state) and then returned to its original value after 3 weeks of exposure. Anderson et al. used the
Time Reversed Elastic Nonlinearity Diagnostic to explore the depth dependence of SCC near
welds [18]. The majority of the nonlinear acoustic techniques were applied to a single sample for
proof of concept of the technique’s ability to detect SCC rather than being applied to a set of
samples with progressive damage. A book reviewing nonlinear ultrasonic techniques was very
recently published, which includes a description of the Subharmonic Phased Array, Dynamic
Acousto-Elastic Testing, NRUS, Rayleigh waves, and the Time Reversed Elastic Nonlinearity

Diagnostic [19].

The purpose of this paper is to determine whether the measured a using NRUS correlates

with exposure time (likely corresponding to an overall increase in SCC damage) in 304L
stainless steel rod samples, and if so, what that functional dependence is. Samples are placed in a
hot magnesium chloride (MgCl,) bath for varying lengths of time to induce SCC. Here we excite
only the fundamental longitudinal mode of rod samples because that is the type of resonance

mostly commonly used in NRUS experiments. It will be shown that a, in progressively damaged

samples does increase with the corrosive environment exposure time and that NRUS can be used

to quantify the cumulative amount of damage by measuring a . Thus here we are measuring a

instead of the beta parameter associated with second harmonic generation as was used by

Morlock et al. and we exposed more samples to a corrosive environment for different lengths of



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

Hogg, NDT&E International

time that they did. The purpose of this study is not to provide a direct forecast of the a, expected

for a given exposure time of SCC accumulation in storage casks since the corrosion process for
storage casks is much slower than the one used here. Rather this paper indicates that there is an

exponential increase in @, with exposure time for the samples studied here and we suggest that

an exponential increase would be expected for other systems, albeit with different exponential fit

parameters.

2. Sample creation

Samples of 304L stainless steel having a weld and a cylindrical shape were created. The simple
cylindrical geometry ensures that individual modes may be identified and excited. The weld
provides a HAZ where SCC would most likely develop. No external stress is applied to the
samples. The actual samples were created by welding two 6.35 cm (2.5 in.) length pieces to
create 12.7 cm (5 in.) long samples. The weld material is 308 stainless steel, the same weld
material used for nuclear storage casks. Figure 1(a) displays a photograph of two virgin samples
with the weld and HAZ identified. Visually the samples appear to be welded similarly. Figure
1(b) displays a photograph of two damaged samples with visible cracks identified by the arrows.
Prior to inducing damage in the samples, the fundamental longitudinal resonance frequencies
were measured to determine a measure of the consistency in the samples. The mean frequency
value was 19.49 kHz and the frequencies ranged from 19.42 kHz to 19.55 kHz, implying that the

samples were made in a fairly consistent manner.
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To induce SCC, samples are placed in a hot, corrosive environment to accelerate the
development rate of cracking. The environment consists of a 42% MgCl, solution created by
mixing tap water with anhydrous MgCl,. The 1 L beaker used to contain the solution is
maintained at the 500 mL mark. The solution is heated to 80° C using a hot plate for the duration
of the exposure of the rods to the solution (see Fig. 1(c)). The high temperature causes
evaporation, necessitating refilling the beaker. Evaporation is minimized by using a watch glass
to mostly cover the beaker, allowing evaporated water to condense on the watch glass and drip
back down into the solution. Only water is needed to restore the MgCl,-water ratio, since only
the water evaporates. Adding additional MgCl, causes oversaturation. When samples are
removed, MgCl, and water are added to maintain the 42% solution since some salt adheres to the
removed rods and needs to be replaced. Twelve samples are initially placed in the solution and
one is taken out every two days. Figure 1(d) displays a photograph of 5 of the samples with
varying degrees of exposure and visible cracks identified by arrows. Any residual salt that

collected on the rods was washed off.
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Fig. 1. (color online) (a) Close up photograph of 2 of the samples prior to exposure. Also depicted are the
weld region and the Heat Affected Zone (HAZ). (b) Close up photograph of 2 of the damaged samples with
cracks identified by arrows. (¢) Photograph of some of the samples in the hot magnesium chloride solution
in a fume hood. (d) Photograph of five of the samples with differing amounts of exposure and cracking

(identified by the arrows).

3. Experimental setup
NRUS experiments are controlled and data are acquired using custom LabVIEW software. A
stepped sine wave excitation signal is output from a National Instruments PXI-5406 FGEN card
(16-bit resolution and 40 MHz sampling frequency). Each step consists of a sine wave that lasts
for the duration of the specified 50 ms ring-up and 50 ms acquisition times. This allowed for
avoiding the transient ring up and to record approximately 800 cycles of time during the steady
state portion of the sample excitation. This signal is amplified using a Tabor Electronics
amplifier, model 9400 with a fixed 50x gain. The amplified signal is sent to a cylindrical, APC
International piezoelectric transducer of type 851, with dimensions 15.7 mm diameter by 6.4 mm
thickness. The response of the sample is measured by a Polytec PSV-400 Scanning Laser
Doppler Vibrometer (SLDV), whose output is digitized with a National Instruments PXIe-5122
digitizer (14-bit resolution and 100 MHz sampling frequency). The laser is shined on the flat end
of the cylinder opposite to the piezoelectric transducer (PZT).

The frequency range of the stepped sine wave signal is selected to excite the first
longitudinal mode of vibration of the sample. This sample, of mass m and length L excited by
wavenumber k can be modeled as having a mass loaded end (with the piezoelectric transducer as

the mass load, mb) and a free end,
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tan (kL) =- (m/m)KL. 2)

This transcendental equation is used to predict the longitudinal resonances [20,21]. Samples of
length 12.7 cm (5 in.) and diameter 1.59 cm (5/8 in.) are found to have longitudinal modes that
are sufficiently separated from torsional and flexural mode frequencies that were estimated by
assuming free-free bar boundary conditions (experimental measures of the modal frequencies of

all three types of modes were in decent agreement).

NRUS data have a frequency resolution of 0.2 Hz. The frequency range used depends on
the resonance frequency of the sample under test. Relatively undamaged samples have a
frequency range that is slightly wider than the full width at half maximum span of frequencies.
More damaged samples require a wider frequency range that extends further below the sample’s
resonance frequency, because the frequency shift is greater in damaged samples. The sample
exposed for the longest time, which is expected to have the most damage, is measured from 14.8-
15.4 kHz while the undamaged sample was measured from 18.2-18.5 kHz. These frequency
ranges correspond to the span necessary to capture the resonance frequency peaks at each of the
drive amplitudes. The NRUS measurements utilize excitation voltage levels of 10V-100V in

increments of 10V output from the amplifier to the transducer.

4. Results and discussion
Figure 2(a) displays sample NRUS measurements from samples exposed for 6, 14, and 22 days.
Once the NRUS data is obtained, a parabolic peak-finding algorithm is used to carefully identify

the peaks of the resonance curves, including the frequency at which the peak occurs and the
10
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amplitude of the peak. The measured peak amplitudes and resonance frequencies are exported to

MATLAB to apply linear curve fitting in order to extract the a, of the sample. The relative

frequency shift is defined as

Af (fi_fo) 3
ST 3)

where f; is the measured resonance frequency (obtained from the peak-finding algorithm) at the
ith excitation amplitude and f ; is the lowest amplitude resonance frequency measured. The

strain for each resonance curve is calculated by dividing the peak velocity measured (obtained
from the peak-finding algorithm) by the sample’s longitudinal wave speed [5]. Note that this
estimation of the strain is an approximation based on a homogeneous sample. Our samples are
not homogenous due to the weld material in the middle and because these samples have localized
cracking in them. It has been recently shown that the nonlinearity obtained using NRUS is an
average estimation of the local nonlinearity driven by the local strain field over the entire sample
[22]. The strain, €, reported should represent values close to those actually experienced in these
rods, particularly where the damage appears to be most prevalent, near the weld towards the
middle of the sample where the strain is expected to be the largest.

(a) ) (b)
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211 Fig. 2. (color online) (a) Sample nonlinear resonant ultrasound spectroscopy plots from three samples
212 exposed to 80°C magnesium chloride for 6, 14, and 22 days. (b) Relative frequency shift as a function of
213 induced strain, €, for the three samples whose results were plotted in (a). Included are trend lines which
214 indicate the linear fits to the data.

215

216 The relative frequency shift values are plotted as a function of the strain and analyzed in

217 MATLAB using a least-squares linear fit to extract the slope of the data. The absolute value of

218  the slope is the measured a . Figure 2(b) displays three sets of relative frequency shift data as a

219  function of strain for the NRUS results displayed in Fig. 2(a) along with the linear fit to each

220  data set. The measured a are 5.80x102, 2.47x10%, and 1.03x10%, respectively. The respective

221 coefficient of correlation, R, values were 0.992, 0.992, and 0.996.

222 Table 1. Results given for experiments conducted on 13 samples. The quality factor and Young’s modulus
223 are measured during a low level excitation. There is a general increase in & as the days exposed to MgCl,
224 increases.
225
{ Af
Days Quality Young's Max — Max Strain
Exposed Factor Yodulus o (ue) “ R
p (GPa) (x 10%)
0 455 175 0.48 259 21.7 0.953
2 460 176 0.31 239 9.26 0911
4 473 175 0.44 24.7 7.71 0.807
6 298 171 8.37 14.0 581 0.992
8 138 162 10.5 4.20 1690 0.999
10 294 162 5.56 11.6 3140 0.974
12 152 161 10.3 5.23 1970 0.997
14 182 163 21.5 6.50 2480 0.992
16 166 164 21.5 5.70 3710 0.994
18 234 158 22.1 6.50 2170 0.999

12
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20 242 166 13.4 7.05 1960 0.938
22 74.6 149 33.2 2.51 10300 0.996
24 103 121 26.8 2.40 7500 0.977

The process outlined above is followed for 13 samples. Table 1 displays the measured
quality factor for the lowest amplitude excitation resonance curve, the effective Young’s
modulus calculated from the sound speed in Eq. (2) and the lowest amplitude resonance
frequency (assuming the mass of the rods was unchanged), the maximum frequency shift

measured at the highest excitation level, the maximum strain induced, the measured e, and the

R of the linear fit for each sample. The quality factor changes by a factor of 6.2 and the Young’s

modulus by a factor of 1.5, whereas a . changes by more than 3 orders of magnitude, by up to a

factor of 1300, demonstrating the much higher sensitivity of a nonlinear technique over linear

techniques that rely on changes to the quality factor and/or the Young’s modulus.

x10* (a) (b)
3r * 3 x
w — Experimental Average W, P
S - - Exponential Fit S 10%:
5 29 5
5 2 g 10°
© & I
o 15¢ o L
@ 3 2|
e 1 £ 10%:
= IS {
g 05| ZO —— Experimental Average
101 L o = = Exponential Fit
0> L . £ i ' i )
0 5 10 15 20 25 0 5 10 15 20 25

MgCI2 Exposure Time (days) IVIgCI2 Exposure Time (days)
Fig. 3. The measured nonlinearity parameter, &, as a function of exposure time for the samples tested. (a)

linear and (b) logarithmic scales. The “X” symbols represent each of three measurements on each sample

and the solid line represents their average values. The dashed line represents the exponential fit of Eq. (4).

13
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Figure 3 plots e as a function of time exposed to MgCl,. NRUS was conducted on each

sample 3 times (the “x”” marks on the figure) and the average of the 3 results is depicted by the

solid line. It should be noted that while there is not a consistent monotonic increase, & appears

to increase exponentially with a longer exposure time. A least-squares empirical fit to the data,

between 6 days and 24 days, with an exponential function yielded

0.16t

ap =250e (4)

where t is time in days, with R = 0.828. Other fit functions (i.e. linear, quadratic, and power
law) did not provide as high of a R value. The use of a large set of samples exposed to MgCl,

may provide for a better empirical fit &, versus exposure time, but the purpose of this study was
to show that & increases with exposure time for a set of samples. In the application of NRUS to

structures of interest, the rate of growth in a, versus exposure time would likely be different

E
because the corrosion conditions would likely be different and the condition of the residual stress

on the structures would be different. Prior to 6 days there was essentially no change in . The
a, for the virgin sample is actually slightly higher than the e, for the samples exposed for 2 and
4 days, though the a, for all three of these samples is very low, suggesting that no damage was

induced until 6 days of exposure. Note that the fit parameters will almost certainly be specific to

the rods and corrosive environment used here.

Several assumptions were made that could account for discrepancies in the data. It was
assumed that the welds on the rods were identical with identical rod geometries. Differences in

the welding process for each sample can result in different residual stress conditions. Different

14
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residual stresses in the rods could easily result in damage induced at different rates since the
difference in HAZs (e.g. greater variability in grain boundaries) would mean that certain rods
would be more susceptible to SCC. It was also assumed that the piezoelectric transducers are the
same and that they were bonded to the samples in the same manner. If this assumption weren’t
true, each bar would have different excitation amplitudes, resulting in different strain

measurements, which affects the measured a . One advantage of NRUS measurements is that
the determination of «, is independent of changes in the linear elastic modulus and the mass of

the sample, meaning that baseline measurements of samples before and after corrosion

treatments are not as imperative as they would be for several other NDE techniques.

5. Conclusion

Twelve stainless steel samples have been exposed to hot magnesium chloride for different
lengths of time ranging from 2 days to 24 days to induce Stress Corrosion Cracking (SCC) in an
accelerated manner. Nonlinear Resonant Ultrasound Spectroscopy (NRUS) was used to measure
the amplitude dependence of the first longitudinal resonance frequency of the samples. The

nonlinear parameter, a, was extracted from the relative shifting of the resonance frequencies,

measured as a function of assumed strain levels. It was found that SCC can be induced in a
relatively fast manner using lower temperatures than typically used in the literature [23]. It was
also found that while there is not a perfect monotonic increasing trend, there still is a general

exponential trend between exposure time and the measured a, which suggests that the NRUS

results are likely correlated with the cumulative degree of SCC in a sample. Differences in the

15
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data are thought to be due to differences in the welding process when the samples were created.
Given the assumptions made, the trend shown in Fig. 3 indicates that higher quantities of SCC
damage exhibit larger nonlinear shifts in resonance frequency. Application of this process to
detecting SCC in storage casks, or other systems, would require determining the relationship of

a to exposure time for that specific system, though an exponential increase in a, with time is

expected based on the results shown here.
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376  Table 1. Results given for experiments conducted on 13 samples. The quality factor and Young’s

377 modulus are measured during a low level excitation. There is a general increase in a; as the days

378  exposed to MgCl, increases.

379
Days Quality Young's Max = Max Strain
Exposed Factor Modulus o (ue) “ R
(GPa) (x 10)

0 455 175 0.48 259 21.7 0.953
2 460 176 0.31 23.9 9.26 0.911
4 473 175 0.44 24.7 7.71 0.807
6 298 171 8.37 14.0 581 0.992
8 138 162 10.5 4.20 1690 0.999
10 294 162 5.56 11.6 3140 0.974
12 152 161 10.3 5.23 1970 0.997
14 182 163 21.5 6.50 2480 0.992
16 166 164 21.5 5.70 3710 0.994
18 234 158 22.1 6.50 2170 0.999
20 242 166 13.4 7.05 1960 0.938
22 74.6 149 33.2 2.51 10300 0.996
24 103 121 26.8 2.40 7500 0.977

380

381
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Fig. 1. (color online) (a) Close up photograph of 2 of the samples prior to exposure. Also
depicted are the weld region and the Heat Affected Zone (HAZ). (b) Close up photograph of 2 of
the damaged samples with cracks identified by arrows. (¢) Photograph of some of the samples in
the hot magnesium chloride solution in a fume hood. (d) Photograph of five of the samples with

differing amounts of exposure and cracking (identified by the arrows).
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Fig. 2. (color online) (a) Sample nonlinear resonant ultrasound spectroscopy plots from three

samples exposed to hot magnesium chloride for 6, 14, and 22 days. (b) Relative frequency shift

as a function of induced strain, €, for the three samples whose results were plotted in (a).

Included are trend lines which indicate the linear fits to the data.

21



395

396

397

398

399

Hogg, NDT&E International

x10* (a) (b)
x
3 N X
w — Experimental Average W
< | | = — Exponential Fit ST
5 2.5 E
2 2
5 7 g 10°
© © =
o 157 o L
3 S
2 1t 2 10°:
= =
2 05 3 3 —— Experimental Average
101t x - — Exponential Fit
0 = I I} 1 1 L 1
0 5 10 15 20 25 0 5 10 15 20 25
MgCI2 Exposure Time (days) MgCI2 Exposure Time (days)

Fig. 3. The measured nonlinearity parameter, @, as a function of exposure time for the samples

tested. (a) linear and (b) logarithmic scales. The “x” symbols represent each of three
measurements on each sample and the solid line represents their average values. The dashed line

represents the exponential fit of Eq. (4).
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Highlights:

e Nonlinear Resonant Ultrasound Spectroscopy detects Stress Corrosion Cracking.
e Longer corrosion exposure leads to a greater shift in the resonance frequency.

e Nonlinearity appears to have an exponential dependence on exposure time.

e 304L stainless steel used here is the same as used in spent fuel storage canisters.



