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ABSTRACT

Crack detection in an aerospace turbine disk is essential for aircraft- quality detection. With the unique circular
stepped structure and superalloy material properties of aerospace turbine disk, it is difficult for the traditional
ultrasonic testing method to perform efficient and accurate testing. In this study, ultrasound phased array detec-
tion technology was applied to the non-destructive testing of aviation turbine disks: (i) A phased array ultrasonic
c-scan device for detecting aerospace turbine disk cracks (PAUDA) was developed which consists of phased array
ultrasonic, transducers, a computer, a displacement encoder, and a rotating scanner; (ii) The influence of the
detection parameters include frequency, wave-type, and elements number of the ultrasonic phased array probe
on the detection results on the near-surface and the far surface of the aerospace turbine disk is analyzed; (iii) Spe-
cimens with flat-bottom-hole (FBH) defects were scanned by the developed PAUDA and the results were analyzed
and compared with the conventional single probe ultrasonic water immersion testing. The experiment shows that
by using the ultrasonic phased array c-scan to scan the turbine disk the accuracy of the detection can be signifi-
cantly improved which is of greater accuracy and higher efficiency than traditional immersion testing.

KEYWORDS

Aerospace turbine disk; phased array ultrasonic; C-scan device; parameter optimization; flaw detection

1 Introduction

Superalloy not only has excellent creep resistance, corrosion, and oxidation resistance but also have an
extraordinary combination of toughness, high-temperature strength, creep resistance, excellent thermal
fatigue, and resistance to degradation in an oxidizing or corrosive environment, which are widely used in
the aerospace turbine disk [1]. The aerospace turbine disk is the core component of the aero engine.
Superalloy material properties and fluctuations in manufacturing parameters may lead to various defects
such as segregation, inclusions, holes, and cracks [2,3]. Moreover, the fatigue crack defects are often
generated because of force complex and harsh conditions, and fatigue crack defects are often generated
during service [4]. It may also cause serious consequences if there has a small defect in the aerospace
turbine disk [5]. Thus, it is necessary to test the aerospace turbine disk which is minted and in service by
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nondestructive [6]. For the non-destructive testing technology of turbine disks, the relatively mature
ultrasonic testing technologies at home and abroad include the early manual contact pulse-echo method
and ultrasonic immersion method [7–10]. The navigation mark HB/Z34-1998 stipulates that the aero-
space disk should be used for ultrasonic immersed testing [11]. Affected by the stability of mechanical
scanning and the factors of subjective and objective traditional ultrasonic methods have poor detection
accuracy and low detection efficiency which can only ensure that defects larger than a certain size are not
missed. Meanwhile, the detection time needs more than ten hours and efficiency is low. Moreover, the
focus depth of the transducer can’t be changed and the flexibility is poor [12].

Phased array ultrasonic testing (PAUT) has been used in recent years for various non-destructive (NDT)
applications in areas including aerospace, railway, oil and gas, nuclear power, and other fields [13,14].
Phased array ultrasound c-scan imaging detection technology generally uses one-dimensional linear array
probes for linear scanning. The one-time scanning width and scanning depth have greater advantages, and
its detection efficiency is much higher than conventional single-channel ultrasonic testing equipment
solves the problem that high resolution and large detection range cannot be achieved at the same time,
and has higher application. According to different application objects [15], there are many kinds of
ultrasonic c-scan detection devices, such as planar scan device, revolving device, great non-planar scan
device, revolving feed scan device for bars and tubes, and portable scan device. Domestic and foreign
institutions and research scholars have also developed a series of scanning devices for testing.

Howards et al. [16] used the phased array ultrasonic device to detect aviation casting titanium alloy
materials, which increased the detection efficiency by 10 times and optimized the performance of
castings. Kim et al. [17] designed a phased array ultrasonic device for detecting rail cracks (PAUSR) and
use the device to carry out scanning inspection of cracks and welding defects. Zhou et al. [18] developed
a phased array ultrasonic immersion c-scan system and successfully apply it to the detection of different
material samples. Wang et al. [19] designed a phased array ultrasonic scanning mechanical trolley device
with encoder and wedges to detect friction stir welds in sheets. The Beijing Institute of Aeronautical
Materials designed a three-axis device for water immersion detection that was suitable for cylinders,
cones, and circular table sides with certain diameters [20]. Mahaut et al. [21] develop an array ultrasonic
automatic detection system for components such as thick-walled pipes that were difficult to penetrate by
conventional detection methods, which improved the detection signal-to-noise ratio and resolution. There
is a lack of an ultrasonic phased array scanning device for the aerospace turbine disk. Besides, the
existing equipment is not only complex in structure but also bulky, which is not convenient for
disassembly and maintenance. It is limited to use under complex working conditions.

In this study, ultrasound phased array detection technology is applied to the non-destructive testing of
aviation turbine disks. First of all, the PAUDA integrated with PA ultrasonic transducer, PA board,
coupling, displacement, encoder rotating, scanner, and computer are designed for accurate safe, and high-
efficiency aerospace turbine disk inspection. Its performance test is conducted by Non-destructive
characterization and verification of ultrasonic phased array equipment. Meanwhile, the influence of the
detection parameters such as the frequency, wave-type, and elements number of the ultrasonic phased array
probe on the detection results on the near-surface and the far surface of the aerospace turbine disk is
analyzed. The detection parameter setting rules for near-surface and far surface defects in turbine disk are
given, which provides a basis for scanning configuration for actual c-scan imaging detection of aviation
turbine disks. To explore the ability and the accuracy of detection when a phased array detects an aerospace
turbine disk, traditional immersion testing and phased array ultrasonic c-scan testing are performed. The
result proved that for the disc forging the scanning efficiency and detection ability of the device developed
in this paper are much higher than that of the conventional ultrasonic water immersion c-scan testing.
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2 Methodology and Materials

2.1 Principle
Phased array ultrasonic detection technology is developed based on radar technology, and its transducer

working principle is based on the Huygens-Fresnel principle. Each wafer in the ultrasonic phased array is
called a unit. When each unit is excited by the pulse signal of the same frequency, the sound pressure
amplitude of the ultrasonic wave emitted by each unit in the array at certain points in the space is
superimposed in phase due to the sound waves. While being enhanced, the sound pressure at other points
is weakened due to the anti-phase cancellation of sound waves, thus forming a stable phased array
ultrasonic sound field in space. When each unit in the phased array ultrasonic transducer is controlled by
a certain rule and timing electronic system, the ultrasonic waves emitted by each unit in the array will be
superimposed into a new wavefront. the ultrasonic phased array transducer is receiving the pulse return
when the signal is waved, the receiving unit is controlled according to certain rules and timing to
synthesize the signal and obtain the display image [22]. Therefore, by controlling the excitation time of
each wafer, the sound beam can be deflected and focused.

The c-scan shows the acoustic image of the cross-sectional echo of the sample perpendicular to the
propagation direction of the sound beam, that is, the acoustic image of the cross-section of the tested
workpiece at a certain distance from the surface where the probe is located. The probe moves with the
scanning mechanism along the surface of the workpiece according to certain rules, and an acoustic image
with a certain depth from the surface of the workpiece can be obtained [23,24]. Because the focal length
of the probe is fixed, a conventional c-scan need to constantly replace the probe to change the focal
length to increase the intensity of the transmitted signal. Phased array ultrasound c-scan can improve the
detection capability by adjusting the focus depth of the transducer and changing the aperture size. The
cross-sectional imaging of the workpiece area within a certain range can be performed without moving
the transducer along the direction of the stepping axis, and the detection resolution of the stepping axis is
equal to the distance between the array elements, which can quickly obtain high-resolution c-scan images.
The schematic comparison of the c-scan detection path as shown in Fig. 1.

2.2 Design of PAUDA
The experiment was based on phased array ultrasonic electronic linear scanning and imaging algorithms

combined with a self-built mechanical scanning device to carry out research c-scan imaging detection on

Figure 1: Comparison of conventional c-scan and phased array c-scan. (a) Scan path of conventional
ultrasound probe; (b) Phased array ultrasound probe scanning path
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aerospace turbine disk. The motion control system is composited of the computer, phased array detection
instrument, phased array probe, placement encoder, and scanner, as shown in Fig. 2. The upper computer
was used to communicate with the instrument and test data collection. Phased array detectors had the
function of calculating the focus law and displaying the scanned image in real-time. The phased array
probe was connected to the instrument to excite and receive ultrasonic waves. The displacement signal
output terminal of the displacement encoder was connected with the displacement signal input terminal of
the ultrasonic phased array which can collect the position information of the scanned part. The scanner
included the rotation axis connected with a displacement encoder three-degree-of-freedom telescopic truss
connected with the rotation axis and probe clamp connected with the truss through a slider. The lifting
and telescoping trusses were connected to the rotation axis to realize 360 degrees scanning and inspection
of the stepped surface of the turbine disc at different heights. The probe can be accurately positioned to
the scanning surface by fine adjustment of the slider. Meanwhile, the probe holder mounted was fitted
with a spring loading actuator that can ensure sufficient coupling force.

2.3 Materials
The tested specimen was an aerospace turbine disk. For the convenience of description, the upper and

lower sides of the aerospace turbine disk were marked as the A defect side, the B testing side. Fig. 3 shows

Figure 2: The overall diagram of PAUDA. (a) Main components of ultrasonic phased array testing system;
(b) The systematic diagram; (c) Structure of rotary scanner
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artificial defective specimens with FBH defects, Fig. 3a shows the FBH defects side, Fig. 3b shows the
detection side. There were 6 FBH defects on the A-side and the B-side, the B-side has E1, E2, E3, E4 four-
step detection side from the outside to the center of the aerospace turbine disk. 0.8 mm, 1.2 mm diameter
FBH defects at 50 mm depth were processed in E2-side. 0.8 mm, 1.2 mm diameter FBH defects at 2.5 mm
depth were processed in E3-side. 0.8 mm, 1.2 mm diameter FBH defects at 2.5 mm depth were processed
in E3-side, due to the complex structure of the disc forging, in addition to the FBH defects reflection wave,
the probe can also receive the bottom echoes from the disc forging F1, F2, F3, F4, F5 side and K1, K2,
K3, K4 block corner reflection. The sectional view of the disc forging, as shown in Fig. 4.

3 Experiments

3.1 Parameter Optimization
The high-temperature turbine impeller is one of the hot end parts of an aero engine. Its grains are

relatively large, and the turbine disk itself is thick and complex. Therefore, choosing the best ultrasonic
phased array inspection process parameters to improve defect detection sensitivity and imaging resolution
is a key step. To compare the imaging quality of defects under different inspection parameters and give
the optimal parameter settings for turbine disc phased array ultrasonic inspection, the probes are placed
on the three defective inspection surfaces of surface B, E2, E3, and E4, respectively. Move the probe in
the circumferential direction of the turbine disc to observe the scanned image of the phased array FBH

Figure 3: Artificial defective specimens with FBH defects. (a) A-defect side; (b) B-detection side

Figure 4: Half-section size drawing of turbine disk with flat-bottom hole defect (unit: mm)
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defects sector. Since the number and position of the excitation array elements will affect the detection signal, to
enable the main sound beam to gather at the FBH defects to obtain higher energy, when an obvious defect echo
signal is found during detection, move the probe back and forth to find the highest defect echo place, save the
image recording inspection data. Analyze the influence of test parameter settings on 1.2 mm diameter FBH
defects detection with a depth of 50 mm on the far-surface and a depth of 2.5 mm on the near-surface. By
comparing and analyzing the image quality of ultrasonic phased array detection different parameters, the
optimal parameter settings for scanning detection in the near-surface area and the far surface area are determined.

The image quality evaluation standards mainly include system gain, signal-to-noise ratio, and near-
surface image resolution. The gain of the system is the gain required when the reflected echo of the
defect on the image reaches a certain amplitude. The image-to-noise ratio is the ratio of the highest
amplitude of the defect to the highest amplitude of the noise. The image resolution is the decibel
difference between the peak and valley of the characteristic signal. During the test, change a single
parameter to obtain near-surface and far-surface detection images and extract A-wave signals under the
same scanning line. Analyzing and comparing image gain, signal-to-noise ratio, and image resolution.
Finally, give the optimal combination of near and far surfaces of the turbine disk.

Fig. 5 shows the test results when the sound beams of different frequency probes are focused at 2.5 mm.
The test results of 5 MHz and 7.5 MHz are shown in Figs. 5a and 5b where the image gains are 40.4 dB and
39.9 dB, respectively. The A wave signal of Figs. 5c and 5d shown that the image signal-to-noise ratio is
11.42, 7.4 and the image resolution is 2.5 dB, 8.5 dB. As seen in Fig. 5, when the center frequency is
7.5 MHz, the detection sensitivity and image signal-to-noise ratio are better than 5 MHz, which is more
suitable for the detection of near-surface areas.
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Figure 5: Effect of different frequency on the test results of the near-surface. (a) Detection map of 5 MHz;
(b) Detection map of 7.5 MHz; (c) A wave signal of 5 MHz; (d) A wave signal of 7.5 MHz
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Fig. 6 shows the test results when the sound beams of different frequency probes are focused at 50 mm.
The test results of 2.25 MHz and 5 MHZ are shown in Figs. 6a and 6b where the image gains are 21 dB and
30 dB, respectively. The Awave signal of Figs. 6c and 6d shown that the image signal-to-noise ratio is 3.14 and
1.82, respectively. As seen in Fig. 6, on the same amplitude, the 2.5 MHz probe requires again lower than
5 MHz and the 2.5 MHz probe has a higher signal-to-noise ratio. However, the defect has less distortion at
the 5 MHz frequency. In actual inspection, we can choose a 2.5 MHz probe to obtain higher detection
sensitivity, but when we want to obtain higher defect imaging quality, 5 MHz frequency is more suitable.

Fig. 7 shows the test result of the sound beams focused at 2.5 mm when the probe is excited with
different wave-type. The test results of L-wave and T-wave are shown in Figs. 7a and 7b where the
image gains are 40.2 dB and 39.9 dB, respectively. The A-wave signal of Figs. 7c and 7d shown that the
image signal-to-noise ratio is 1.71, 1.77 and the image resolution is 14.2 dB, 8.5 dB. As seen in Fig. 7,
both L-wave and T-waves can effectively detect FBH defects. Although the image resolution of L-wave
detection is high, its signal-to-noise ratio is low and the depth measurement of defects is not accurate.
Due to the high energy of the T-wave and the concentration of the sound beam, it is suitable for near-
surface detection wave-type.

Fig. 8 shows the test result of the sound beams focused at 50 mmwhen the probe is excited with different
wave-type. The test results of L-wave and T-wave are shown in Figs. 8a and 8b where the image gains are
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Figure 6: Effect of different frequency on the test results of the far surface. (a) Detection map of 2.25 MHz;
(b) Detection map of 5 MHz; (c) A wave signal of 2.25 MHz; (d) A wave signal of 5 MHz
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30 dB and 37.8 dB, respectively. The results in Fig. 8 shows that L-wave can effectively detect FBH defects,
while T-wave is difficult to detect. Due to the high attenuation of the beam energy of the T-wave at the far
surface, the L-wave with less energy attenuation is more suitable for detection on the far surfaces.
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Figure 7: Effect of different wave-type on the test results of the near-surface. (a) Detection map of L-wave;
(b) Detection map of T-wave; (c) A wave signal of L-wave; (d) A wave signal of T-wave

Figure 8: Effect of different wave-type on the test results of the far surface. (a) Detection map of L-wave;
(b) Detection map of T-wave
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Fig. 9 shows the test results of focusing the sound beam at 2.5 mm with a different number of elements.
The test results of 16 elements and 32 elements are shown in Figs. 9a and 9b where the image gains are 46 dB
and 39.9 dB, respectively. The Awave signal of Figs. 9c and 9d shown that the image signal-to-noise ratio is
3.88, 7.36 and the image resolution is 10 dB, 8.5 dB. The results in Fig. 9 shows that the gain of 32 elements
is less than that of 16 elements at the same amplitude and the signal noise of 32 elements is higher than that of
16 elements, but the image resolution of 32 elements is lower than that of 16 elements. So 16 elements are is
more suitable for near-surface detection.

Fig. 10 shows the test results of focusing the sound beam at 50 mm with a different number of elements.
The test results of 16 elements and 32 elements are shown in Figs. 10a and 10b where the image gains are
38.8 dB and 30 dB, respectively. The results in Fig. 10 shows that 16 elements are difficult to detect defects.
Due to the material attenuation of the sample is large, the noise is large, and the defect aperture of FBH defect
is small, the reflection echo is weak, and the 32 array element with high energy is more suitable for detection.
Due to the superalloy turbine disk has coarse grains and FBH defects reflect weak echo, the 32 elements with
high beam energy is more suitable for detection.
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Figure 9: Effect of different number of elements on the test results of the near-surface. (a) Detection map of
16 elements; (b) Detection map of 32 elements; (c) A wave signal of 16 elements; (d) A wave signal of
32 elements
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Parameter optimization experiments show that frequency, wave type, and element number will affect the
detection results of the near-surface and far surface area. Configuring a 7.5 MHz probe, set up 16 elements,
and exciting T-waves are beneficial for near-surface area detection. Configuring a 5 MHz probe or 2.25 MHz
probe, set up 32 elements, and exciting L-waves are beneficial for far-surface area detection. Detection
parameters of different areas for the aerospace disc are listed in Tab. 1.

In the experiment encoder fixing device was placed in the hollow disk hub of the disc forging and the probe
was fixed on the probe holder mounted. Because the c-scan shows the echo sound image of the cross-section of
the sample perpendicular to the sound beam propagation direction the array elements should be arranged along
the radial direction of the turbine disc when the probe is scanned along the circumference of the disc forging the
testing. The probe was respectively pushed down on the three detecting sections of disc forging B side E2,
E3 and E4 by adjusting manually telescopic and lifting rotary trusses. According to different diameters
testing-side, the encoder needs to be calibrated before each testing. Slowly push the truss to drive the
phased array probe to make a uniform circular motion along the surface of the disc forging, meanwhile,
rotary encoder records the rotation angle to collect the position information of the detection probe, so that
the ultrasonic phased array equipment can complete the real-time scanning and imaging work.

3.2 Results and Discussion
First, the disc forging specimen was tested using a conventional single probe ultrasonic water immersion

C-scan testing. The testing results were shown in Fig. 11. Fig. 11a shows that 1.2 mm, 0.8 mm diameter
FBH defects at 2.5 mm depth can be scanned by immersion testing, and the image had a good near-surface

Table 1: Detection parameters of different areas for the aerospace disc

Type D/mm f/MHz Wave-type N Coupling

Near 1.2
0.8

7.5 L 16 Wedge

Far 1.2
0.8

5 2.5 T 32 Contact

Figure 10: Effect of different number of elements on the test results of the far-surface. (a) Detection map of
16 elements; (b) Detection map of 32 elements
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resolution. Fig. 11b shows that 1.2 mm diameter FBH defects at 34 mm depth can be scanned by immersion
testing. With the low-quality images 0.8 mm diameter FBH defects at 34 mm depth were not detected.

To verify the performance of the fabricated scanner for aerospace turbine disk and the ability of phased
array detection artificial defective specimens with FBH defects were scanned by the developed PAUDA. The
results are shown in Fig. 12. Figs. 12a and 12b show the phased array c-scan result of 0.8 mm, 1.2 mm
diameter FBH defects at 2.5 mm depth. The detection image of the 2.5 mm depth hole has a higher
resolution and less distortion which has the same detection capability as the conventional immersion
testing in Fig. 11a. Figs. 12c and 12d show phased array c-scan result of 0.8 mm, 1.2 mm diameter FBH
defects at 34 mm depth. It not only can detect 1.2 mm diameter FBH defects at 34 mm depth but also
detect 0.8 mm diameter FBH defects at 34 mm. In the contrast, the detection image has the worst
imaging effect by the traditional immersion testing in Fig. 11b. In addition, 0.8 mm, 1.2 mm diameter
FBH defects at 50 mm depth were scanned by the developed PAUDA as shown in Figs. 12e and 12f.
The feature of phased array ultrasonic c-scan images is listed in Tab. 2.

Figure 11: Immersion c-scan results in different depth regions. (a) Immersion c-scan result of FBH defects
at 2.5 mm depth; (b) Immersion c-scan result of FBH defects at 34 mm depth
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Figure 12: Ultrasonic phased array c-scan result in different depth region. (a) 2.5 mm depth and 0.8 mm
diameter FBH; (b) 2.5 mm depth and 1.2 mm diameter FBH; (c) 34 mm depth and 0.8 mm diameter
FBH; (d) 34 mm depth and 1.2 mm diameter FBH; (e) 50 mm depth and 0.8 mm diameter FBH; (f)
50 mm depth and 1.2 mm diameter FBH
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4 Conclusion

(1) The phased array ultrasonic inspection capability is superior to conventional ultrasonic, and it can
perform accurate and efficient non-destructive inspection of various defects in the complex
structure of the superalloy aerospace turbine disk.

(2) Optimization of ultrasonic phased array detection parameters of aerospace turbine disk different
depth areas can effectively improve detection accuracy and improve imaging quality. In the
actual detection of the near-surface area of the aviation turbine disc, using a high-frequency
probe, set a small element number, and excite the T-wave can obtain higher image resolution and
high image quality, which is convenient for subsequent qualitative and quantitative research.
Using a medium and low-frequency probe, set more array elements, and exciting L-waves are
beneficial to the detection of the far surface area of the aviation turbine disk.

(3) The developed phased array ultrasonic C-scan device for detecting aerospace turbine disk cracks has
greatly improved the detection efficiency and the detection ability compared to the conventional
ultrasonic water immersion C-scan device. Moreover, it has the advantages of convenient
operation, high precision, and low cost.
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