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Capability of Matrix Phased Array UT for the RV Head Mockups
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INTRODUCTION
PWR reactor vessel (RV) head has a number of penetration nozzles, including nozzles with thermal
sleeve for control rod drive mechanisms (CRDM) and without thermal sleeve. These nozzles are
typically made of nickel-based Alloy 600 or 690 and welded to the inside of the RPV head. Cracking
has been reported in Alloy 600 nozzles and the J-weld regions.
These nozzles are normally inspected by eddy current testing (ECT) and ultrasonic testing (UT).
In the case of nozzle with thermal sleeve, blade probes with TOFD and/or zero degree UT sensors are
applied without removing thermal sleeve. On the other hand, bore-type probes with time of flight
diffraction (TOFD) and/or zero degree UT sensors are applied for the inspection of nozzle without
thermal sleeve [1,2]. However these probes are not enough to inspect weld region because of
attenuation of ultrasonic wave in weld.
Phased array UT technique has been utilized to improve the capability of UT inspection for the
components with complex configuration and coarse-grained materials. Phased array probe consists of
many elements that are able to change beam angle and focal depth without optical lens or special
wedge by electrical scanning. Recently, these probes are applied to various components which are
difficult to inspect using conventional UT probes because of complex geometry and/or coarse-grained
materials.
Although it is known that UT inspection of Alloy 600/82/182 weld is difficult because of
attenuation of ultrasonic wave due to the varied microstructures, it is expected to increase the
detectability of cracks in the region if appropriate focal point is created in weld region. In our previous
study [3], blade phased array probe that can insert into the small gap between the thermal sleeve and
CRDM penetration nozzles was developed and a series of laboratory tests showed that phased array
technique can improved the detectability in weld region of CRDM penetration.
In this study, bore-type matrix phased array UT probe, can insert into nozzle with the dimension
of RV head penetration nozzle, was developed by optimizing various design parameters. The
capability of the matrix phased array UT probe is demonstrated by using RV head mockups with
various signal sources in the weld region.

PHASED ARRAY TECHNIQUE
Phased array UT technique has been utilized to improve the capability of UT inspection for the
components with complex configuration and coarse-grained materials. Phased array probe consists of
many elements that are able to change beam angle and focal depth without optical lens or special
wedge by electrical scanning. It is expected to increase the detectability of cracks in weld region if
appropriate focal point is created in weld region. Figure 1 shows the principal of phased array
technique.
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Figure 1 - Principal of Phased Array Technique

MATRIX PHASED ARRAY PROBE
Figure 2 shows a schematic drawing of penetration nozzle without thermal sleeve. These nozzles are
typically made of nickel-based Alloy 600 or 690 and welded to the inside of the RPV head. Inner
diameter of nozzle is φ70.2mm and the thickness is 15.7mm.
Bore-type matrix phased array UT probe, can insert into nozzle with the dimension of RV head
penetration nozzle, was developed by optimizing various design parameters using beam simulation
software. Developed matrix phased array probe is shown in Fig. 3 and the specification is shown in
Table 1. The characteristics of matrix phased array probe are as follows;
• Low frequency (2MHz) to increase the permeability of ultrasonic wave into the welding.
• Matrix configuration (16 × 8) to change beam angle and focal depth.
• Curved probe surface (R=35mm) to fit nozzle ID.
• Stabilizer for probe centering.
• Spring to press a probe against nozzle ID.
Figure 4 shows the example of beam simulation of matrix phased array probe. It is confirmed
that ultrasonic beam is clearly focused and refracted in intended depth.
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Figure 2 - Schematic Drawing of Penetration Nozzle without Thermal Sleeve
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Figure 3 - Matrix Phased Array Probe

Table 1 - Specification of Matrix Phased Array Probe
Element
Frequency
Probe Size
Radius of Surface

128 (16 × 8)
2 MHz
57 × 38 mm
35 mm

Spring

4 elements

8 elements

15 mm

(a) 0 deg.

(b) 15 deg.

(c) 30 deg.

Figure 4 - Example of Beam Simulation - (Excitation=8×4 elements, Focal depth=15mm)

MOCKUP
RV head nozzle mockup with many intentional weld defects shown in Figure 5 was prepared to
demonstrate the capability of matrix phased array probe. J-weld is multi-layers weld, which is applied
by arc welding method with an Alloy 600 welding rod to attach Alloy 600 nozzle on the low-alloy RV
head. Some intentional defects, mainly lack of fusion, are induced in J-weld region with 25-35 mm
distance from nozzle ID by introducing the defects during welding process.
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Figure 5 - RV Head Nozzle Mockup

EXPERIMENTAL SETUP
The capability of the matrix phased array probe was demonstrated by using RV head nozzle mockup
with some defects in the weld region. The inspection setting is shown in Table 2 and beam pattern is
shown in Figure 6. The mockup was set in water and inspected from nozzle ID using automatic
scanner.

Table 2 - Inspection Setting
Acquisition System
Mode

TOMOSCAN -PA
Pulse-echo, Pitch/Catch
Pulser : 32
Receiver : 32
35 mm
0 deg, -15 deg, -30 deg
(Axial Direction)
1 mm
1 deg
100 mm/sec

Element
Focal depth
Beam Angle
Scan Pitch
Index Pitch
Scan Speed

Pulser/
Receive

Pulser

Receiver

0 deg.

0 deg.

-15 deg.

-15 deg.

-30 deg.

-30 deg.

(i) Pulse-echo

(ii) Pitch/Catch

Figure 6 - Beam Pattern

EXPERIMENTAL RESULTS
The mockup was inspected by using matrix phased array probe. Since two modes (pulse-echo,
pitch/catch) didn’t make much difference, the results of pitch/catch mode is discussed after here.
Figure 7 shows C-scan and D-scan data for the mockup. The following tendencies were observed.
• 0 degree data has various signals defined as noise.
• -30 degree data, detected 8 indications clearly.
The maximum amplitudes of each indication are measured and evaluated signal to noise ratio for each
signal. Table 3 shows beam angle with maximum signal and the signal to noise ratio for 8 indications
(A-H). Matrix phased array probe showed adequate signal to noise ratio to distinguish indication
signal from weld material noise by the judgment from various beam angles.
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Figure 7 - C-scan and D-scan Data
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Table 3 - List of indications

ID

S/N

Beam Angle with Max. Signal
(deg)

Signal Location from
Inner Surface
(mm)

A
B
C
D
E
F
G
H

6
4
9
7
5
5
3
4

-30
0
-15
-30
0
-30
-30
-30

34
29
28
26
30
31
36
30

DESTRUCTIVE TEST
The mockup was destroyed to confirm the source of signal “B”, “E” and “G”. The results are shown in
Figure 8 and Table 4. Each weld defect was confirmed at the same position as the indication by UT
signal. It is revealed that matrix phased array probe have a good permeability of ultrasonic wave into
the weld.
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Figure 8 Comparison between the Results of Destructive Test and UT Signals

Table 4 - Results of Depth Sizing
ID
B
E
G

Measured Depth (mm)
28.5
29.5
34.0

Depth sizing by UT (mm)
28.7
30.1
36.3

CONCLUSION
Matrix phased array UT probe, can insert into nozzle with the dimension of RV head nozzle, was
developed by optimizing various design parameters using beam simulation software. The capability of
the matrix phased array UT probe was demonstrated by using RV head nozzle mockup with various
weld defects in the weld region.
The mockup was inspected and some indications were detected in weld region. Matrix phased
array probe showed adequate signal to noise ratio to distinguish indication signal from weld material
noise by the judgment from various beam angles. The mockup was destroyed to confirm the signal
source and each weld defect was confirmed at the same position as the indication by UT signal. It is
revealed that matrix phased array probe have a good permeability of ultrasonic wave into the weld. As
the results, we could confirm the effectiveness of matrix phased array probe for the inspection of RV
head nozzle.
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