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Abstract. Fuel channels of nuclear reactors, which are major structural elements of
a reactor core, have to meet strict requirements in terms of operational reliability.
The middle part of the fuel channel, located in a graphite stack, is a tube made of a
zirconium-2.5% niobium alloy. However, zirconium alloys can pick up hydrogen
during operation as a consequence of corrosion reaction with water. Hydrogen
redistributes easily at elevated temperatures migrating down a temperature or
concentration gradient and up a stress gradient.
When the terminal solid solubility is exceeded in a component such as a
pressure tube that is highly stressed for long periods of time, delayed hydride
cracking failures may occur.
To estimate degradation of the zirconium alloy in the presence of hydrides,
predetermined amounts of hydrogen were added to the sections of the fuel channel
tubes by electrolytic deposition of a layer of hydride on the surface of the pressure
tube material followed by dissolving the hydride layer by diffusion annealing at an
elevated temperature.
For estimation of the concentration of zirconium hydride platelets in the
zirconium alloy test samples ultrasonic testing methods were proposed. The first
method is based on precise measurement of velocity of longitudinal and shear wave
at different directions and the second is based on the investigation of high frequency
ultrasonic signals backscattered in a focal zone of an ultrasonic transducer.
The experimental investigations were performed on the zirconium alloy
samples of different concentration of hydrides in the immersion tank at a room
temperature. The results obtained on testing samples using different excitation
conditions and different types of ultrasonic waves are presented.

Introduction
Fuel channels of RBMK-1500 reactor are major structural elements of the reactor core,
which have to meet strict requirements in terms of operational reliability [1]. The central
part of the fuel channel, located in the graphite stack, is a tube with the outer diameter 88
mm and the inner diameter of 79.5 mm made of zirconium alloy Zr-2.5Nb. The RBMK1500 reactor contains 1661 zirconium-niobium pressure tubes. The tested zirconium tubes
were manufactured using the heat treatment technology TMO-2.
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It is well know that zirconium alloys are prone to hydrogen and during the reactor
service life pick up hydrogen which forms as a consequence of a corrosion reaction.
Absorption of hydrogen leads to the formation of zirconium hydride platelets, which are
brittle. Zirconium hydride reduces the mechanical properties of the alloy and thus the
fracture toughness of the tubes. Furthermore, hydrogen can assist the crack growth when its
concentration in the tubes exceeds terminal solid solubility (TSS). In a certain temperature
range [2] the tubes become susceptible to crack initiation and propagation process known
as delayed hydrogen cracking (DHC). Indeed, the DHC was the cause of major failures
which lead to the pressure tube leaks in reactors [3, 4].
Hydrogen redistributes easily at elevated temperatures migrating down a
temperature or concentration gradient and up a stress gradient. In some cases, migration
effects due to thermal gradients or stress cause increase of local concentrations of hydride
in the form of brittle blisters. Data from the RBMK-1500 fuel channel tubes (removed from
service) shows that hydrogen in some cases distributes unevenly and hydrogen
concentration can differ several times between individual FC tubes or separate zones of the
same tube. Consequently, lacking statistical experimental data, it is difficult to forecast
increase of hydrogen concentration and conditions of DHC formation. So, development of
the non-destructive method, suitable for estimation of the hydrogen concentration and
monitoring the hydrogen levels in pressure tubes of nuclear power reactors is thus of a
great interest.
1. Experimental investigation
1.1 Specimen preparation
The aim of this work is to make an attempt to estimate influence of a hydride phase on
parameters of ultrasonic nondestructive testing. Testing was performed using RBMK
zirconium alloy fuel channel pressure tube in TMO-2 heat treated condition. Investigations
were performed on sections of an un-irradiated tube with the length of 70 mm, which was
cut into two equal samples. Hydrogen was added to the tube samples using electrolytic
hydriding procedure described in details [5, 6]. Because the size of hydrides depends on the
cooling rate, after homogenization treatment the samples were cooled in air (cooling rate
about 150 °/min) and in a furnace at the constant rate of 0.5°C/min, which is comparable to
the fuel channel cooling rate during the reactor shut-down. The pressure tube samples were
hydrided to about 100 ppm and 350 ppm H.
At an ambient temperature hydrides in the zirconium alloy are in the form of
platelets which orderly arranges in alloy matrix. Optical microscopy of etched
metallographic specimens shows that hydrides are visible in the form of separate points or
dark lines. We can see in Fig. 1 that the size of hydrides in the specimens cooled in air
(cooling rate about 150 °/min) are smaller than in the case of a slow cooling rate and the
hydrides are arranged disorderly. The length of hydride platelets increases with increasing
of a hydrogen concentration and decreasing the cooling rate. In this case hydrides are
partially oriented in axial/circumferential plane. Hydride distribution in Zr-Nb material at
higher concentrations of hydrogen is shown in Fig. 2 and Fig. 3. Arrangement and
orientation of hydrides formed in zirconium alloy TMO-2 pressure tube wall is determined
by the alloy texture formed during the manufacture of the tube.
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Fig. 1. Hydride distribution in radial-transverse section of RBMK TMT-2 pressure tube material at hydrogen
concentration of 100 ppm. Cooling rate: a –150 °/min; b –0.5°/min
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Fig. 2. Hydride distribution in RBMK TMT-2 pressure tube material with a hydrogen concentration of 250
ppm in radial-transverse (a) and transverse-axial (b) sections
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Fig. 3. Hydride distribution in RBMK TMT-2 pressure tube material with a hydrogen concentration of 350
ppm in radial-transverse (a) and transverse-axial (b) sections
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2. Ultrasonic investigation

2.1 Investigation technique
Ultrasonic investigation was carried out on the zirconium alloy tube samples with a
different concentration of zirconium hydride. One test sample, in which the hydrogen was
not added, was used as a reference test sample.
The two different techniques were used in the investigation. Pulse-echo and pulse
through transmission techniques were used for estimation of influence of the zirconium
hydride concentration on the ultrasound velocity in the alloy. The ultrasound velocity was
measured on each test sample at different orthogonal directions, because some order of
orientation and distribution of the hydride platelets exists in the samples. The directions of
measurements in the test sample are presented in Fig. 4.
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Fig. 4. The measurement directions used for estimation of the ultrasound velocity. A (axial) – direction along
the tube; T (transverse) – direction around the tube; R (radial) – direction perpendicularly through the tube
wall

The measurements of the ultrasound velocity were performed by means of a high
accuracy ultrasonic measurement system. The wide band ultrasonic transducers with the
central frequency 20 MHz were used.
Geometrical dimensions of the test samples were precisely measured at different
points of the sample and only negligible variations were found. Average values of the
sample dimensions are presented in Table 1.
Table 1. Geometrical dimensions of the test samples
Height (A), mm Width* (T), mm Thickness (R), mm
69,94
131,34
4,127
* Average sample length in the middle of the wall thickness

The measurement results show that there is no noticeable anisotropy of the
longitudinal ultrasound velocity in the investigated zirconium alloy samples. Some
increment of the ultrasound velocity (Table 2) takes place in the test samples with added
hydrogen in R and T directions in comparison with the corresponding ultrasound velocity in
the reference test sample.
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Table 2. Measured values of the longitudinal ultrasound velocity in the test samples
Test sample
ZR / c, m/s
ZRH / c, m/s

Direction of measurement
A
T
R
4601,0 4574,9 4632,9
4601,6 4601,4 4641,9

ZR – reference test sample, ZRH – the test sample with added hydrogen

The difference of ultrasound velocity are ΔcR=9 m/s for the R direction and ΔcT=26
m/s for the T direction. These values are higher then the average measurement uncertainty.
The measurement results enable to predicate that the zirconium hydrides have some
influence onto elastic properties of the zirconium alloy, which may estimated from the
ultrasonic measurements. This method may be called integral, because the ultrasound
velocity is measured along the propagation path of ultrasonic waves, which is of a finite
length.
The ultrasound backscattering technique is one of the means used for the
investigation of the structural properties of metals [7-10].
In order to find a more efficient method of estimation of a concentration of hydrides
we propose to exploit backscattering of high frequency focused ultrasonic waves by
hydride platelets in zirconium alloy. This method due to application of focused ultrasonic
waves enables to investigate different spatial zones of the zirconium samples, e.g., to get a
spatial distribution of the backscattered ultrasonic signals along or across the samples.
The focused ultrasonic transducers with the central frequency 50MHz were used for
investigation of the structural noise in the test samples. The measurements were performed
in a pulse-echo mode. The “Agilent” digital oscilloscope “Infinium 54830B” was used for
acquisition of the ultrasonic signals with the sampling rate 4 GSa/s. The scanning along the
test samples with the step 0.1 mm were performed at different depths of the focal point of
the transducer in the zirconium sample. The number of signals uk(t) at the different spatial
positions have been acquired. The B-scans of the test samples with different concentrations
of zirconium hydrides, when the focal point was set in the middle of the wall thickness, are
presented in Fig. 5. From the results presented follows that the strongest backscattered
signals, which may be named as a structural noise, are observed in a focal zone of the
ultrasonic transducer (darker spots in Fig. 5).
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Fig. 5. The B-scan of the test sample when the focal point is set in the middle of the wall thickness: a – the
reference sample; b – the sample with the 105 ppm zirconium hydride concentration
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Analysis of the measurement results shows that the hydrides have influence on the
focusing feature of the ultrasonic transducer. The higher concentration of hydrides causes a
stronger scattering of ultrasonic signals and as the result of it the sharpness of the ultrasonic
beam at the focal point becomes less and the wider distribution in depth of the structural
noise takes place.
In order to get a quantitative estimation of this phenomenon the signal processing
based on the Hilbert transformation was carried out. For these purpose first of all the
envelope of the backscattered signals is calculated:
(t − t s )c z
U H ,k (d ) = H {u k (t )} , where H stands for the Hilbert transformation, d =
,
2
k = 1...N s , Ns is the number of the signals, cz is the velocity of longitudinal ultrasonic wave
in the zirconium alloy, ts is the delay time of the signal reflected by the front surface of the
test sample.
N
1 s
The average envelope is found as U HΣ (d ) =
∑U H ,k (d ) . This envelope shows the
N s k =1
spatial distribution of the backscattered signals in a focal spot of the transducer along the
propagation path of an ultrasonic wave in the zirconium specimen. This spatial distribution
K1
may be approximated by the function F (d ) =
, where K1 is the coefficient
K 3 (d − K 2 ) + 1
estimating the signal amplitude at the focal point, K2 is the coefficient representing the
sharpness of the focal point, K3 is the coefficient depending on the depth of a focal point.
The average envelope and the approximation for different concentrations of
zirconium hydrides are presented in Fig. 6.
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Fig. 6. The average envelope (blue curve) and estimated function of approximation (red curve): a – the
reference sample; b – the sample with the 250 ppm zirconium hydride concentration

The dependences of the coefficients K1, K3 and the ratio K3/ K1 on the concentration
of hydrides are presented in Fig. 7. These dependences clearly show the unambiguous
relationship between the concentration of zirconium hydrides and the introduced ratio K3/
K1, which is determined by the ultrasonic backscattering technique.
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Fig. 7. The dependences of the coefficients K1 (a), K3 (b) and the ratio K3/ K1 (c) on the concentration of
hydrides

Conclusions

Ultrasonic investigation of the zirconium alloy samples with different concentration of
zirconium hydrides shows a very low influence of the concentration of hydrides on the
velocity of a longitudinal ultrasonic wave.
A more efficient is the proposed method, based on analysis of the high frequency
ultrasonic signals backscattered in a focal zone of an ultrasonic transducer by platelets of
zirconium hydrides. This method enables estimation of the concentration of the zirconium
hydrides in the range of very low levels (<100 ppm).
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