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a b s t r a c t

In this research, a procedure employing a laser ultrasound technique (LUT) and an inversion algorism is
reported for nondestructive characterization of mechanical and geometrical properties in Zircaloy tubes
with different levels of hydrogen charging. With the LUT, guided acoustic waves are generated to prop-
agate in the Zircaloy tubes and are detected remotely by optical means. By measuring the dispersive wav-
espeeds followed by the inversion algorism, mechanical properties such as elastic moduli and
geometrical property such as wall-thickness of Zircaloy tubes are characterized for different levels of
hydrogen charging. Having the advantages of remote, non-contact and point-wise generation/detection,
the reported procedure serves as a competitive candidate for the characterization of Zircaloy tubes gen-
erally operated in irradiative and temperature-elevated environments.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Hydride induced hydrogen embrittlement in Zircaloy cladding
tubes is reported to be responsible for the tube’s degradation in
mechanical properties while in reactor service [1]. The degree of
embrittlement was reported to be affected mainly by hydrogen
concentration (HC) [2]. Many methods, destructive or nondestruc-
tive, have been developed for HC characterizations. Hot vacuum
extraction mass spectrometry (HVEMS) [3], inert-gas fusion (IGF)
[4] and quantitative metallography [5] have been employed for
destructive HC characterization. While nondestructive HC charac-
terization is desired, researches based on eddy current technique
[6], neutron radiography [7], and ultrasound techniques [8] are
continuously been reported.

In a previous study, an ultrasound-based technique employing a
low-frequency acoustic microscope was reported for nondestruc-
tive HC characterization in Zircaloy cladding tubes [9]. Recently,
another inspection method known as laser ultrasound technique
(LUT) was reported for the HC characterization [10]. Using optical
methods for the generation and detection of ultrasonic waves
[11,12], LUT offers advantages of remote and non-contact ultra-
sonic inspections over traditional piezoelectric transducers and
ll rights reserved.
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can be applied to the inspections in hostile or inaccessible environ-
ments. The generation mechanism of elastic waves with a pulsed
laser is shown in Fig. 1, where the laser’s electromagnetic energy
is partially absorbed by the sample’s surface and further converted
to thermal expansion to generate ultrasonic waves [13]. The laser
optical probe used to detect the ultrasonic motions can be a
knife-edge probe [14,15], a heterodyne Michelson-type interfer-
ometer [16], a Fabry–Perot interferometer [17], or a photorefrac-
tive interferometer [18]. Each of these optical probes exhibits
individual advantage over others, depending on the interested
applications. Since the LUT was introduced in 1980s, it has been
successfully applied to many application areas involved with non-
destructive inspection [19,20], material characterization [9,10,21],
and other fundamental researches in ultrasonics [22].

It is much more valuable if some of the major mechanical or
geometrical properties can be accessed while the inspection pro-
cess is completed. To extract useful properties from measured
ultrasound data, inversion procedures based on simplex algorism
are generally employed. In 1965, Nelder and Mead proposed a sim-
plex method for solving minimum solution [23]. Since then, the
simplex method has been applied to solve regression curve [24].
In the area of ultrasound inspection, the simplex method was ap-
plied to obtain mechanical properties from leaky Lamb wave mea-
surements on composite materials [25], to calculate material
properties of thin film from measurements with scanning acoustic
microscope (SAM) [26], and to characterize material properties of
two-layered Zircaloy tubes [27].
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Fig. 1. A schematic showing the generation mechanism of ultrasonic waves with a
pulsed laser (after Scruby and Drain [11]).
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In this research, a novel procedure employing LUT together with
a simplex-based inversion algorism is reported to characterize
properties of Zircaloy tubes with different levels of hydrogen
charging. Details of the current study are described in the following
sections.
Fig. 2. Optical micrographs for the hydrogen-charged Zircaloy samples: (a) FCR02,
(b) FCR05 and (c) FCR12.
2. Zircaloy samples

Zircaloy-4 tube specimens were hydrogen-charged by Institute
of Nuclear Research (INER) to three target HCs by weight of
200 ppm (labeled as FCR02), 500 ppm (labeled as FCR05) and
1200 ppm (labeled as FCR12). With smooth surface condition,
these Zircaloy samples have outer radius of about 5.4 mm, thick-
ness of about 0.6 mm and 60 mm in length. The specimens were
hydrogen-charged by a thermal cycling process. After oxide re-
moval operation in an argon atmosphere, the Zircaloy specimen
was encapsulated with a pre-determined amount of purified
hydrogen in a Pyrex capsule of sufficient volume such that a low
hydrogen partial pressure could be obtained to avert the formation
of hydride layers. The encapsulated Zircaloy specimen was then
thermally cycled between 90 �C and hydriding temperatures for a
certain number of cycles, depending on the target HC level. The
hydriding temperature starts at a temperature of about 180 �C,
which increases with an increment of 10 �C for succeeding cycles
up to 300 �C. Precautions against re-oxidation of the surface-trea-
ted Zircaloy specimens were exercised before completion of the
encapsulation operation.

Hydrogen concentration of the hydrided Zircaloy specimens
were determined by an inert-gas fusion method using a LECO
RH-404 hydrogen determinator. The measured HCs for the three
hydrogen-charged samples are listed in Table 1, where the aver-
aged HC for the FCR02 sample is 209 ppm, 428 ppm for the
FCR05, and 1070 ppm for the FCR12, respectively. Also, the hydrid-
ed Zircaloy specimens were examined with optical microscopy to
reveal the hydride morphology. Fig. 2 shows micrographs for the
three Zircaloy samples with different HCs. It is shown that precip-
itated hydrides are circumferentially orientated and evenly distrib-
uted along the thickness and circumferential directions. While the
HC increasing, more precipitated hydride can be observed in the
micrographs. The Zircaloy samples are then tested with LUT in
the air at room temperature for further material characterizations.
An archive Zircaloy sample without hydrogen charging is also
tested for a comparison with the hydrogen-charged samples.
Table 1
Measured HCs for the Zircaloy samples.

Sample Average HC (ppm) Standard deviation

Archive 0 0
FCR02 209 5
FCR05 428 22
FCR12 1070 81
3. Laser ultrasound technique

A laser ultrasound technique (LUT) is used for the measurement
of dispersion spectra of guided acoustic waves propagating in the
Zircaloy tubes. Fig. 3 shows a schematic for the experimental con-
figuration of the LUT system. The LUT system includes a pulsed
Nd:YAG laser, an interferometer, a scanning stage, and a computer
with fast A/D converter. The pulsed Nd:YAG laser (Quantel YG780)
with a wavelength of 532 nm, a duration time of 6.6 ns, and an en-
ergy of about 100 mJ is used for the generation of ultrasonic waves.
The interferometer (Polytec OFV 511) used for the non-contact
detection of ultrasound is a heterodyne interferometer with a
detection bandwidth of 30 MHz. The scanning stage controlled by
the computer drives a mirror to scan the Nd:YAG laser beam along
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Fig. 3. A schematic showing the experimental configuration of laser ultrasound
system.
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Fig. 4. Time-domain waveforms measured with the LUT while the generation and
reception positions are separated axially by distances of (a) 9.4 mm, and (b)
14.4 mm on the surface of the archive sample.
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Fig. 5. B-scan data measured with the LUT for the archive Zircaloy tube.
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Fig. 6. Measured dispersion curves for the archive Zircaloy sample.
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the axial direction of the Zircaloy tubes. The computer with a fast
A/D converter is used for controlling the scanning stage, waveform
acquisition, and signal processing.

Figs. 4a and b show time-domain waveforms measured with the
LUT while the generation and reception positions are separated
axially by distances of 9.4 mm and 14.4 mm on the surface of the
archive sample, respectively. The LUT-generated guided waves
propagating in Zircaloy tubes are dispersive, meaning the phase
velocity is a function of the frequency. To measure the dispersion
relation of the guided waves propagating in the Zircaloy tubes, a
B-scan scheme followed by a two-dimensional fast Fourier trans-
form (2D-FFT) signal processing is adopted. For the B-scan, the
impinging spot of generation laser is initially placed near the
illuminated spot of the interferometer by a distance of about
5 mm, and then scanned away. A total scanning distance of
15 mm in 300 steps is used to obtain a set of dispersion spectra.
After the waveforms at each step are collected, a set of B-scan data
for the archived sample is shown in a gray scale format in Fig. 5. In
this figure, the horizontal axis denotes the elapsed time, the verti-
cal axis denotes the scanning position, and the gray scale repre-
sents the relative amplitude of acoustic waves. Multi-mode
dispersion spectra are further extracted from the B-scan data by
the 2D-FFT signal processing. In the 2D-FFT, the first FFT is taken
with respect to time, and the second FFT with respect to the scan-
ning position. The 2D-FFT transforms the B-scan data into ultra-
sound amplitude as a function of frequency (f) and wavenumber
(k). A peak-detection routine is used to find the trajectories of peak
amplitude in the f–k space. Finally, the dispersion curves in the
form of ultrasound phase velocity (V) versus frequency are ob-
tained with the aid of the relation V = 2pf/k. Fig. 6 shows the mea-
sured dispersion spectra for the archive sample. The first four
longitudinal guided modes are labeled as L(0, 1), L(0, 2), L(0, 3)
and L(0, 4).
4. Inversion algorism

A simplex inversion procedure is employed to extract material
and geometrical properties for the Zircaloy samples based on the
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Fig. 7. A block diagram showing the inversion procedure.
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Fig. 8. (a) Convergence test in the t–E subspace showing the determined properties
agreeing well with the prescribed values, (b) dispersion curves calculated with the
prescribed properties and various inverted properties.

0 3 6 9 12 15
0

3

6

9

12

15

Ph
as

e 
ve

lo
ci

ty
 (k

m
/s

)

Frequency (MHz)

 Archive
 200ppm
 500ppm
 1200ppm

Fig. 9. Measured dispersion curves for all the four Zircaloy samples.
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LUT-measured dispersion spectra of guided modes propagating in
tubes. The procedure based on the simplex algorism to extract
properties from the measured dispersion spectra is illustrated in
a block diagram in Fig. 7. In this algorism, the LUT-measured dis-
persion spectra are now used as a reference for a comparison with
the theoretically calculated spectra with undetermined properties.
The algorism starts by choosing five sets of initially guessed prop-
erties and adjusts the properties recursively until a tolerance is
met to determine a set of properties. The determined properties
represent for the properties obtained with the proposed inversion
procedure.

Theoretical models for calculating dispersion spectra of guided
waves propagating in a tube can be expresses as:

D3 ¼

C11 C12 C14 C15

C31 C32 C34 C35

C41 C42 C44 C45

C61 C62 C64 C65

���������

���������
¼ 0: ð1Þ

Here the matrix coefficients Cij (i = 1, . . . , 6, j = 1, . . . , 6) can be
referred to Refs. [28,29].

An objective function defined in the following equation is used
as a measure of error between the calculated and measured disper-
sion spectra:

fobj ¼
Xn

i¼1

mðfiÞExp � mðfiÞTh
h i2

: ð2Þ

In Eq. (2), there is a total of n points selected for the evaluation
of objective function fobj. For each point with a frequency fi, the
measured and calculated velocities are represented as m(fi)Expand
m(fi)Th, respectively. The objective function is defined as the square
sum of difference between the measured and calculated phase
velocities.

A benchmark test is performed before the inversion procedure
is used to determine properties from LUT measurement. Purpose
of performing the benchmark test is to test the convergence of
the procedure related to the objective function, and not covering
the effects of noise in the LUT data. In this benchmark test, the
measured dispersion spectra in Fig. 7 are fed with a set of disper-
sion spectra calculated using the theoretical model by substituting
a set of prescribed properties. The procedure is then used to invert,
or back-calculate, the properties, which are then compared with
the prescribed properties. Quality of inversion algorism can be
evaluated by checking the agreement between the inverted prop-
erties and the prescribed properties. In the determination of
guided waves dispersion spectra, there are five independent prop-
erties, namely, Young’s modulus (E), Poisson’s ratio (m), mass den-
sity (q), inner radius (IR) and outer radius (OR). Note that the wall-
thickness (t) is related to IR and OR by the relation t = OR � IR. Also,
the dispersion spectra is very sensitive to t, however, not sensitive
to IR or OR. In this benchmark test, q = 7.85 g/cm3 is fixed while the
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Fig. 10. Initial and determined properties in (a) t–m, (b) t–E, and (c) m–E subspaces.
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Fig. 11. Inverted values on (a) E, (b) v, and (c) t as a function of HC.
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inversion procedure is used to determine the other four properties,
E, v, t, and OR. A set of prescribed properties are given as
E = 207 GPa, m = 0.3, t = 0.5 mm, and OR = 5 mm. The prescribed
properties signify a steel tube without texture. However, this algo-
rism is also valid for Zircaloy with precipitated hydride. Fig. 8a
shows the six sets of initially guessed and determined properties
in the t–E subspace while Fig. 8b shows the corresponding disper-
sion curves calculated by using the constants in Fig. 8a. The deter-
mined properties converge to values very close to the prescribed
properties within 0.01%. Accordingly, the dispersion curves shown
in Fig. 8b calculated with the determined constants agree well with
the benchmark dispersion curves based on the prescribed proper-
ties. Results of the benchmark test advocate the reliability for the
inversion procedure in extracting properties from the dispersion
spectra.
5. Results and discussions

Fig. 9 shows the measured dispersion spectra with the LUT for
the four Zircaloy samples with different HCs. Effects of hydrogen
charging involving changes of various properties can be observed
from the shifting of dispersion spectra for the four guided modes.
It is noted that dispersion curves for the guided modes shift to-
wards to the right, or the high frequency, while HC increases.
Changes in properties associated with hydrogen charging govern-
ing the movement of dispersion spectra will be explored thorough
the inverted properties form these LUT-measured spectra.

Inversion on the interested properties for the hydrogen-charged
Zircaloy samples is based on the procedure in Fig. 7 and the mea-
sured dispersion spectra in Fig. 9. In this inversion process, mass
densities (q) for the four samples are measured independently by
using the Archimedes principle. There are three properties left



Table 2
Determined properties from the inversion process.

Archive FCR02 FCR05 FCR12

E (GPa) 98.7 104.3 104.7 105.7
v 0.306 0.311 0.310 0.298
Thickness (mm) 0.561 0.623 0.610 0.590

Table 3
A comparison on the inverted and measured wall-thickness.

Thickness Archive FCR02 FCR05 FCR12

Inversion 0.561 0.623 0.610 0.590
Calipers 0.56 0.63 0.61 0.58
Error (%) 0.18 1.17 0.08 1.77
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for the inversion procedure to determine, namely, wall-thickness
(t), Young’s modulus (E), and Poisson’s ratio (m). Fig. 10a–c show
the initial and determined properties for the archive sample in
the t–m, t–E, and v–E subspaces, respectively. The initial guessed
values for t ranges from 0.5 to 0.6 mm, E from 80 GPa to 150 GPa,
and m from 0.26 to 0.35. From each of these initial guessed values,
the determined properties all converge to values near (t, E, m) =
(0.561 mm, 98.7 GPa, 0.306). Fig. 10 suggests that the inversion
process from the measured dispersion spectra to have consistent
convergence.

Inverted properties from the measured dispersion spectra for
the four Zircaloy samples are shown Fig. 11 with detailed numerical
values in Table 2. Several clear trends can be summarized from this
table as HC changes. Regarding to the elastic moduli, no clear trend
can be observed for the Poisson’s ratio (m). Inverted values of m for
the four samples are 0.306, 0.311, 0.310, and 0.298. The inverted
Young’s modulus shows a clear trend that E increases as HC in-
creases. E shows an obvious increase from 98.7 GPa for the archive
sample to 104.3 GPa for FCR02, and keeps increasing to 104.7 GPa
for FCR05 and 105.7 GPa for FCR12. It is further noted that wall-
thickness for the four Zircaloy samples varies substantially as well.
The thicknesses are 0.561 mm, 0.623 mm, 0.610 mm and 0.590 mm
for the archive, FCR02, FCR05, and FCR12 samples, respectively.
Independent measurements for the thicknesses of the four samples
using calipers are listed in Table 3 for a comparison. The measured
values are 0.56 mm, 0.63 mm, 0.61 mm and 0.58 mm. These two
sets of thickness data show good agreement with low discrepancy
ranging from 0.08% to 1.77%.

6. Conclusions

A procedure combining a laser ultrasound technique (LUT) and
a simplex-based inversion algorism is reported to characterize
material and geometrical properties of Zircaloy tubes with
different levels of hydrogen charging. The reported procedure
demonstrates its ability to obtain mechanical properties such as
elastic moduli in a nondestructive way. In the meanwhile, geomet-
rical properties such as wall-thickness of about 0.6 mm are charac-
terized with a confirmed high precision of better than 1.77% in a
remote way. The reported procedure is a remote, non-contact opti-
cal technique, and therefore is suitable to characterize Zircaloy
tubes normally operated in irradiative and temperature-elevated
environments. This procedure is under development for the char-
acterization of inhomogeneous distribution of hydride across the
thickness direction.
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