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Abstract
To ensure the safety and long-term performance of nuclear fuel cladding zirconium tubes, the wall
thickness uniformity of each cross section is strictly needed. Therefore, this paper presents
comprehensive investigations on development of an automatic ultrasonic wall thickness measurement
system for detecting the nuclear zirconium tubes. Based on the determination of overall scheme,
optimization of key mechanical structures and design of control system, a series of performance testing
analyses of this developed auto-measuring system were performed from aspects of measuring accuracy,
measuring e�ciency, stability and practicability. The results revealed that it could accurately obtain the
wall thickness distribution and effectively guide the subsequent grinding process by automatically
generated deviation correcting procedures to achieve the requirement of the wall thickness uniformity.
The new combination method of ultrasonic auto-measuring and numerical control grinding proposed in
this work would have a great signi�cance for the development and application of nuclear reaction
zirconium alloy container.

1. Introduction
Zirconium alloys have been widely used for fuel cladding and core structure components in water-cooled
nuclear reactor owing to its excellent mechanical and physicochemical properties. Such as low thermal
neutron absorption cross-section, high thermal conductivity, favorable corrosion resistance and
compatibility with nuclear fuel [1-4]. Nuclear fuel cladding zirconium tube is considered as the �rst safe
line of defense in the nuclear power plant, therefore the demands for wall thickness uniformity of cross
sections and the surface quality of zirconium alloy tubes during a series of processing have increased
markedly in recent years [5-7]. In addition, the adverse working conditions (high temperature and high
pressure, neutron radiation and iodine vapor corrosion) will result in the localized corrosion damages of
the tubes and abnormal operation of the nuclear power plant, even causing a nuclear leakage [8-14]. Thus
considerable attention should be paid to a suitable measuring method to primarily assure the uniform
wall thickness of cross sections in the processing of zirconium alloy tubes.

Currently, a large number of measuring methods have been performed to obtain the wall thickness
distributions of different kinds of tubes in industrial �elds. For instance, eddy current measuring,
magnetic �ux leakage measuring, laser measuring and X-ray measuring [15, 16]. Compared with these
detecting techniques, the ultrasonic measuring method showed a great potential in detecting of the
nuclear tubes as a result of its good directionality, strong penetrating power, high sensitivity, and non
destructiveness, etc [17-19]. Although considerable researches have been devoted to ultrasonic
measuring of the tube wall thickness in nuclear industry �eld, rather less attention has been paid to the
ultrasonic measurement of the wall thickness of the zirconium alloy tube blank. Especially, the most of
previously mentioned investigations were performed based on a continuous thickness gauge in the light
of point by point manual measuring method, which would give rise to the detection e�ciency and
accuracy were di�cult to guarantee. More importantly, the forementioned work were lack of a systematic
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study on effectively guiding the subsequent precision processing by the wall thickness measurement
results [20].

In consideration of the subsequent processing, consequently, an ultrasonic wall thickness auto-
measuring system of the nuclear fuel cladding zirconium alloy tube was developed in this work, and then
con�rmed by means of a series of the system performance testing analyses. It was used to accurately
obtain the wall thickness distribution of each cross section and effectively guide the abrasive machining
of zirconium tubes.

2. Development Of Measurement System
2.1 Overall scheme design

Figure 1 shows the complete processing procedures of the nuclear fuel cladding zirconium tubes. For the
sake of ensuring the wall thickness uniformity of the tubes and improving the utilization of Pilgering cold
rolled link, in this work, the development of an ultrasonic measuring system and the subsequent grinding
process guided by the measuring results formed the wall thickness measuring and grinding part marked
by the red circle as shown in this �gure.

Figure 2 displays the common surface �aws of the Zr-4 alloy tubes used in this work. It could be
obviously seen that a large number of defects emerged on the internal and external surfaces of the tube
after a series of abovementioned technological processing. In addition, the external surface was covered
by a dense layer of oxide �lm. Although the surface quality of the zirconium tube could be greatly
improved after the abrasive machining, a few defects would still exist due to guarantee the machining
e�ciency in actual production. Thus it was primarily required that the developed measuring system
should have the ability to adapt to these defects to a certain degree.

Even worse, the hot extrusion and other technological processes would lead to the severe axial
deformation, the �oating radial dimension and the poor straightness of zirconium alloy workpieces, so
that the wall thickness distributions of cross sections were nonuniform.Therefore it was required that the
measuring system should have the ability to be adaptive to offset the deformation, in order to prevent
ultrasound from contacting with air for improving the measuring accuracy.

On basis of actual production experiences about the subsequent cold rolling process, the wall thickness
uniformity of the cladding tube products could be effectively ensured as the wall thickness deviation of
each cross section is less than 0.38 mm in the current link [21, 22]. In view of the certain deviations
derived from the grinding process, the allowable deviations of measuring and grinding are respectively
set as 0.08 mm and 0.11 mm, in order to assure the working accuracy and working e�ciency of each
procedure. Table 1 shows the main technical parameters of the preliminary designed measuring system
in consideration of the practically applied requirements.

Table 1. Main technical parameters of measurement system
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Parameters Values

Measuring range of diameter (mm) 60-90

Measuring range of wall thickness (mm) 0.1-30

Measuring range of length (m) 2.5-5

Measuring accuracy (mm) 0.01

Spindle speed (r/min) 1-300

Axial feed rate (m/min) 0-8

2.1.1 Ultrasonic measurement principle

The frequently-used ultrasonic thickness measuring techniques are mainly divided into resonance,
penetration and pulse re�ection type based on different measurement principles. By comparison, the
ultrasonic pulse re�ection mode was selected in this measuring system because of its high sensitivity,
high positioning accuracy and convenient operation. The wall thickness of zirconium tube was obtained
by recording the propagation time of ultrasonic pulse in the workpiece material back and forth. It could be
calculated by the equation as follows.

where d is the wall thickness of the tube blank, Δt is the propagation time of the ultrasonic wave in the
workpiece back and forth, and c is the propagation velocity of ultrasonic wave in the workpiece material.

2.1.2 Ultrasonic measurement pattern

For the sake of reducing the effect of workpiece vibration and rotation on ultrasonic propagation path, a
speci�c ultrasonic measuring pattern with regard to the relative motion relationship between the tube and
ultrasonic probe was proposed in this work. The workpiece rotated intermittently while the probe
remained stationary in the detection of one cross section, then the probe was shifted to the next section.

Taking the measuring accuracy and e�ciency into account, several cross sections were selected
uniformly-spaced on the tube and the detection points were selected with equal angle. The speci�c
ultrasonic measuring pattern was shown in Figure 3. It was worth noting that the selection principle of
cross section spacing l and the number of detection points n were based on the measured results could
reliably represent the wall thickness distribution of entire tube.

2.1.3 General scheme of ultrasonic measurement

As shown in Figure 4, it can be seen that the whole framework of measuring system was mainly
composed of the following parts: signal transmission and reception, signal processing section, data
processing section, control system and operating section, etc. High speed network communication bus
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was used as the system information transmission bridge and the industrial personal computer was used
as the upper monitor of data processing in this thickness measuring system. On the basis of applying
programmable logic controller (PLC) to realize the relative motion between ultrasonic probe and
workpiece, the wall thickness measurement of zirconium alloy tube could be ultimately achieved through
the emission and reception of ultrasonic signals, high-speed sampling and signal processing.

Figure 5 reveals the concrete structure scheme of measurement system. It can be seen that the wall
thickness measuring device was �xedly connected on the grinding head of deviation correcting device,
and the axial movement of ultrasonic probe in different cross sections was controlled by X-axis servo
motor, which was used to drive the grinding head translation. Besides, the workpiece clamping device
was shared to eliminate the benchmark misalignment error arose from the repeated positioning in
measurement link and deviation correction link. During measuring process, rotation of the located and
clamped workpiece was driven by A-axis servo motor in accordance with the designated angle.
Subsequently PLC was used to drive the over�ow box with probe installed on the cylinder down to the
workpiece, and the coupling agent was supplied to eliminate air in over�ow box while it closely contacted
with the workpiece. Finally, the ultrasonic wave was transmitted to measure the tube wall thickness.

With completion of the wall thickness measuring in the current cross section, the over�ow box was lifted
by the shrinking cylinder and the ultrasonic probe as well as the grinding head would be moved to the
next section by X-axis servo motor. Repeating the above steps until the measured data would be storage
and displayed to successfully prepare for the next step of wall thickness deviation correcting.

2.2 Mechanical structure design

In consideration of the relative motion relationship between the measured tube and ultrasonic probe, as
well as the close relationship between wall thickness measuring system and deviation correcting device,
the particular attention should be paid to optimized design of the following key mechanical structures of
this ultrasonic measuring system.

2.2.1 Probe moving

Figure 6 depicts the three-dimensional model of ultrasonic probe moving part. It was used for adjusting
the probe position and controlling the over�ow box down to the workpiece in the process of measuring,
so as to ensure a good �t between the workpiece and seal block. On account of the position accuracy of
the ultrasonic probe would directly affect the characteristics of ultrasonic wave emitted by probe and the
detection capability of ultrasonic echo, so several connected hinges were designed in this device for
neatly achieving the three-coordinate motion of the probe, additionally ensuring the probe perpendicular
to the front surface of the workpiece.

2.2.2 Over�ow

The over�ow part was mainly composed of the over�ow box and seal block, it was applied to adjust the
depth of coupling agent between probe and workpiece as well as leading the out�ow of excess coupling
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agent [23]. The over�ow type of partial immersion was adopted in this work to form an acoustic coupling
between the measured workpiece and over�ow surface. It can be seen that a large hole of the lower end
was used to feed and four evenly distributed small holes of the upper end were used to over�ow in this
designed over�ow box as shown in Fig.7(a). The probe was always immersed in the coupling agent under
the condition of adequate �owing and good sealing, which could effectively ensure the normal
transmission and the reception of ultrasonic signals. The water depth between the probe and coupling
agent was obtained by multiple coincidence method with the calculation equation shown in the
following.

where H is the water depth between the probe and coupling agent, T is the wall thickness of zirconium
tube, n is the coincidence frequency, Cl1 and Cl2 are the longitudinal wave velocity in water and in
workpiece material respectively. The adjusting nut seen in Fig.7(a) was used to drive the probe up and
down for regulating the water depth in measuring workpiece with different sizes. To meet the
performance requirements of this ultrasonic measuring system, the water depth H was calculated by the
above formula for 20 mm in current conditions.

For ensuring the sealability of coupling agent and improving the measurement accuracy of developed
system, the designed seal block was shown in Fig.7(b). The large circular hole in the center of seal block
was used for positioning and installing of the probe. The ultrasonic signal could be well separated from
the air by means of a �exible polymer sealing strip which could be automatically attached to the
workpiece surface. Moreover, the wall thickness could still be measured when a certain deviation emerged
between actual size and theoretical size of the workpiece because of the elastic property of polymer
sealing strip, also the measurement of workpieces with different external diameters could be achieved by
changing the size of seal block. Figure 7(c) shows the physical structure of the probe moving part and
over�ow part. Not only did this device have good sealing performance, but also it was good to meet the
process requirements of quick conversion from the auto-measuring measurement to the wall thickness
deviation correcting.

2.2.3 Workpiece clamping and driving

The measured zirconium alloy tube was positioned and clamped by the double centres and partly
immersed in the coupling agent. The active centre was driven by A-axis servo motor to achieve measuring
with equal angular spacing, and the follower centre was driven by cylinder to clamp the workpiece. Unlike
the equidistant measurement of different interfaces was controlled by X-axis servo motor. The diameter
and length of the workpiece were measured in a range of 60 mm to 90 mm, and 2.5 m to 5 m respectively
for this designed device.

2.2.4 Couplant supplying
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From the point of view of the acoustic transfer characteristic, enough in�ltration of the �uid couplant was
required to eliminate the air gaps caused by the rough surface between probe and workpiece. In addition,
its acoustic characteristic impedance was close to the specimen as possible to increase the ultrasound
energy transferred into the workpiece [24]. The shared supplying mode of coupling agent and grinding
�uid was adopted in the work, and the details of the supply process were shown in Figure 8. It can be
seen that the grinding �uid extracted by water pump was shunted into two strands of liquid. One was
sent to the over�ow box as a coupling agent to meet the requirements of the probe and workpiece, the
other was transferred to the grinding head to play a role of coolant in wall thickness correction link. Both
coupling agent and grinding �uid eventually converged into the clean liquid through once paper-based
�ltering and twice precipitation �ltration. This couplant supplying model was in line with the requirements
of current green and sustainable manufacturing.

2.3 Control system design

Figure 9 illustrates the PLC installation layout mode of the electric control system in this work. It was
used to control of the important movements of developed device, such as localization and translation of
the probe, the workpiece clamping and rotating, the over�ow box pressed down and lifted up. Further
completing the control of data acquisition, data processing and data storage, to achieve the wall
thickness measurement of zirconium alloy tube and provide guidance for the subsequent grinding
process.

2.3.1 Data acquisition

The transmission and acquisition of signals were performed by ultrasonic card ZXUS-PC4 and its main
technical parameters were shown in Table 2. The monitor software was utilized for measuring the
ultrasonic velocity, adjusting the waveform and setting the parameters of detected materials. Then the
initialization of ultrasonic signals and acquisition of ultrasonic data were realized by the programming
technique. The liquid immersion �at ultrasonic probe with a diameter of 12 mm was selected with the
emission frequency was 50 KHz.

Table 2. Main technical parameters of ZXUS-PC4 ultrasonic card 

Technical parameters Value

Sampling frequency (MHz) 100

Sound velocity (m/s) 250-16000

Resolution ratio (dB) ≥40

Transmission gain (dB) 0.1

Emission pulse width (ns) 50-500

Emission delay (us) 0-400
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2.3.2 Data processing

Figure 10 demonstrates the determination principle of the section numbers for zirconium tubes. The
probe center was used as the positioning standard during measuring process and the cross section was
taken at intervals of l from the reference point in the system. The number of cross sections was
calculated by the following formula to obtain a favorable sealing performance, where l1 was the length of
the seal block.

Based on the measuring pattern of workpiece rotating and probe translating intermittently, the data
processing strategy was divided into two cases of the same section and different sections in order to take
account of the measuring e�ciency and measuring accuracy synthetically.

On the same cross section, all the tested points were repeatedly measured three times. Assuming that the
data of a detection point was a, b and c (a>b>c), the measured result of this point was de�ned as β, and
the critical value Δ of deviation was set to 0.08mm for judging whether the data was abnormal in this
system. The �nal wall thickness measuring result of detection point was determined by the following
formula. Furthermore, all the measured data of this cross section was judged to be invalid if more than
tenth measured data in the same section was abnormal.

On the different cross sections, the wall thickness distributions of two adjacent sections were
approximately the same, thus the data processing program of different sections could be divided as
follows.

Strategy 1. If a large number of inaccurate data appeared in one of the middle cross sections, the average
value of the corresponding point of the two adjacent cross sections would be taken as the wall thickness
value of this section.

Strategy 2. If a large number of inaccurate data appeared in the �rst cross section, stopping the program
and eliminating the other reasons, and then continued to measure.

Strategy 3. If a large number of inaccurate data appeared in the last cross section, the measured data of
reciprocal second cross section would be taken as the wall thickness value of this section.
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Strategy 4. If a large number of inaccurate data continuously appeared in two adjacent cross sections,
the system would alarm and stop detection, then restarting the system after a comprehensive check.

2.3.3 Data storage

The wall thickness measured data was displayed in two forms. To facilitate the processing and
calculating of subsequent data, one was stored in the form of text and the detection results of one point
were listed in sequence of sectional position, angular position, the average wall thickness and wall
thickness deviation. However, this storage form could not directly show the distribution of wall thickness
deviation of the whole zirconium tube. Especially, this problem was more prominent when the workpiece
was longer. Therefore, the wall thickness deviation of whole workpiece was calculated and then plotted in
the form of color histogram in this work. Figure 11 shows the distribution of wall thickness deviation in
this storage form, the horizontal and vertical axes represented the axial and circumferential position of
the detection points, respectively. On account of the critical value of deviation correction was de�ned as
0.38 mm as mentioned above, it can be seen that the wall thickness deviation correcting was required in
the two areas circled by red line. Consequently, it was thus clear that this data storage form could directly
and quickly determine the wall thickness deviation correcting areas, which were needed to be performed
on the corresponding grinding with the accurate machining allowance.

3. Experimental Veri�cation Of Measurement System
3.1 Measuring accuracy

Measuring accuracy was one of the important indicators to judge the reliability and accuracy of
developed system. Hence a high precision Olympus hand-held ultrasonic thickness gauge and this
developed auto-measuring system were respectively used to measure the wall thickness for the same
zirconium alloy tube with no obvious defects. Figure 12 shows the wall thickness measuring curves of
two arbitrary selected sections of the identical workpiece obtained by these two ways. It can be evidently
seen that the deviation of measurment results between ultrasonic auto-measuring and manual
measuring was about 0.01 mm, except for the deviation of twentieth points in the cross section No.1 was
0.03 mm. Therefore, the measurement accuracy of this developed system could be approximately
determined as 0.01 mm in current conditions.

3.2 Measuring e�ciency

The main factors affecting the detection e�ciency were workpiece rotating velocity w, number of
detection points in one cross section n and distance between adjacent cross sections l. The time t used
for detection of a single section was obtained in Table 3 under the combination of different parameters in
condition of the spacing of adjacent cross sections was set to 100 mm. It could be deduced that the time
used for detection of individual section would be reduced with the increment of workpiece rotating speed
and the reduction of number of detection points. In comprehensive consideration of the requirements of
measuring accuracy and e�ciency, the detection e�ciency standard determined as time-consuming of
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each section was 1’47’’, which was improved by nearly 3 times compared with the working e�ciency of
manual measurement.

Table 3. Measuring e�ciency in different combination of n and w

w(rpm)

n

20 30 40 50

15 1’51’’ 1’33’ 1’30’’ 1’22’’

20 2’05’’ 1’45’’ 1’40’’ 1’33’’

24 2’11’’ 1’55’’ 1’47’’ 1’44’’

30 2’27’’ 2’11’’ 2’05’’ 2’01’’

3.3 System stability

Two nuclear fuel cladding zirconium tubes without any obvious surface defect were selected in these
tests, and the measured consistency of two repeated detecting for each workpiece was used to evaluate
the system stability. The detailed detection parameters of workpieces were shown in table 4.

Table 4. Detailed detection parameters of two workpieces

  Workpiece No.1 Workpiece No.2

Length×diameter (mm×mm) 86×3750 86×3900

Number of cross sections 26 27

Section spacing (mm) 150 150

Total number of detection points 624 648

Figure 13 describes the wall thickness morphology of repeated detecting for each workpiece based on the
measured results. It can be seen that the wall thickness pro�le obtained by two measurements was
basically the same except slight difference existed in the local areas. By subtraction of the two groups of
measured wall thickness data, the maximum difference between the two measuring values at the same
point was less than 0.03 mm. Moreover, it could be deduced that the measuring process was well sealed
and stable from the smooth graphics surface. Therefore, these were enough to prove that the developed
auto-measuring system was reliable.

3.4 System practicability

As mentioned above, if the wall thickness distribution of zirconium tube acquired by this ultrasonic
measuring system was not satis�ed with the deviation request, it was necessary to conduct the following
grinding process. Hence the wall thickness of two zirconium tubes with different diameters (86 mm and
64 mm) were measured before and after the grinding, it was worth noting that the allowable deviation of
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wall thickness was 0.38 mm and 0.30 mm, respectively. Figure 14 presents the wall thickness deviation
of zirconium tubes before and after the correcting. It can be obviously seen that these two workpieces
were not satis�ed with the requirement of wall thickness deviation before correcting. However, the
maximum wall thickness deviation of workpiece No.3 and No.4 were about 0.28 mm and 0.22 mm
respectively after numerical control grinding, which were both meet the deviation requirement. Therefore,
the measuring accuracy and practicability of this system were indirectly proved by these experimental
results.

In order to further verify the practicability of developed system, the wall thickness of nuclear fuel cladding
zirconium tube was measured and polished by the combination of ultrasonic auto-measuring and
numerical control grinding method. Figure 15 visually displays the change of surface quality before and
after grinding based on the measured results. It could be distinctly deduced that this measuring system
had an important guiding role for the subsequent wall thickness correcting. Additionally, this new
combination method could effectively improve the wall thickness distribution and manufacturing
accuracy of the zirconium alloy tubes.

4. Conclusion
In this present work, a series of comprehensive investigations on the development of an ultrasonic auto-
measuring system have been performed to solve the issue about the strict uniformity requirements for the
wall thickness of zirconium alloy tubes. The main conclusions obtained were summarized as follows.

(1) A suspension type and partial liquid-immersed ultrasonic auto-measuring system was developed to
accurately obtain the wall thickness distribution of zirconium tubes, further effectively guiding the
subsequent grinding process by the deviation correcting procedure directly generated from the measured
results.

(2) Comprehensive performance testing analyses were performed for this developed system from aspects
of measuring accuracy, measuring e�ciency, stability and practicability. The experimental results
revealed that this system could commendably meet the requirements of wall thickness measuring. It was
worth mentioning that both the deviation and uniform degree of wall thickness could achieve the
corresponding objectives after numerical control grinding.

(3) The new combination method of ultrasonic auto-measuring and numerical control grinding proposed
in this work would gradually replace the current manual measuring and manual polishing, as it could
effectively improve the manufacturing accuracy of zirconium alloy tube and had an important
signi�cance for the development and application of nuclear reaction zirconium alloy container.
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Figure 1

Processing procedures of the nuclear fuel cladding zirconium tubes

Figure 2

Common surface �aws. (a) Convex dges; (b) Oxidation �lms; (c) Grooves.

Figure 3

Speci�c ultrasonic measurement pattern of the system
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Figure 4

Overall framework of the measurement system

Figure 5

Schematic diagram of three-dimensional structure of the developed system

Figure 6

Three-dimensional model of the probe moving part

Figure 7

Designed over�ow part. (a) Over�ow box; (b) Seal block; (c) Physical structure

Figure 8

Supply pattern of the coupling agent

Figure 9

PLC installation layout mode of the electric control system

Figure 10

Determination principle of the section numbers

Figure 11
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Color histogram of the wall thickness deviation

Figure 12

Comparison of the obtained measuring results. (a) Section No.1; (b) Section No.2

Figure 13

Comparison of the wall thickness morphology in two repeated measurements. (a) Workpiece No.1; (b)
Workpiece No.2

Figure 14

Wall thickness deviations of zirconium tubes before and after correcting. (a) Workpiece No.3; (b)
Workpiece No.4

Figure 15

Changes of machined surface quality before and after grinding. (a) Before polishing; (b) During polishing;
(c) After polishing


