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Research progress of ultrasonic in-situ nondestructive
testing technology for aircraft structure

ZHANG Wei, FAN Junling*, ZHAN Shaozheng, YANG Pengfei, JIA Wenbo

(National Key Laboratory of Strength and Structural Integrity, Aircraft Strength Research Institute of China, Xi’an 710065, China)

Abstract: Damage detection is a critical link of aviation equipment development, field operation and maintenance, which directly
affects the development process and service safety of aircraft structure. In recent years, domestic and foreign scholars and scientific
research institutions have carried out a lot of research works in the field of ultrasonic nondestructive testing. Based on this, this
paper, guided by the needs of damage detection in the development and operation of aviation equipment, briefly analyzes the
characteristics and requirements of typical structural damage of aviation equipment and in-situ detection. This paper focuses on
summarizing the latest research progress of ultrasonic theories and methods, advanced detection sensor designs and special detection
device research and development. Furthermore, incorporating new issues, ideas and directions emerging from technological research
and engineering practice, this paper summarizes and forecasts the main challenges and future development trends in areas such as
damage detection technologies for heterogeneous materials, transducer design methods for complex-shaped structures, and the
equipment research and development and engineering application of new non-contact testing devices.

Key words: aviation equipment; structural damage; in-situ nondestructive testing; ultrasonic detection theory; sensor design;

equipment research and development
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Fig. 1 Typical structural damages of aircraft”™"

12 MEEEEARNES5ER

i 2 s TS V2 18 S R i /40 B
ARG, AR S AR AT T, 75
A5 225 5 1A T R R B 25 Ll TR X 4%
FIHEFTHRIED | S0 2228, TR Rl BRIV 45 44 R 48
TERERFIA], ST 388G AR 2 5 01 e
BAMG

Pl 2 D s 2w S A IR A 3 5, AHEE T
TG B LR ARSI T 2, AT 2 4 I G g
SRR LR L5 T8 - (1) B 45 K # T 2
BCARAS 224, A £ s ARSI 1 B 4% 32 BIR, bl
S BE . K s HUAURS R S i T 254, HLIR A
SR S A2 A WR A | IET AR R AE R, g
Wi 22 )2 58 B AR R AR AN 5 (2) R = [l B/ DN, St



5 6 1]

T2 2 A 7 DS TR I B A B 5 3

5 ARG I i 2 1 32 B, dn A shpLfg | ik <L
HEAE A/ T 1 Be2hi i )Rl BUA IR 2%,
R B AN TARASCR 52 (R, dngli kg sie K2 108 AR 2l
fa] MR BHEZR 5 7 | i A s RN AZ 7 B e, B3R
I e | S R AF A MR BT e A A . )

Diverse structural types

Narrow detection space

P, A7 A T A 2 7 R R S A DA 2 | A
PRI T ZHE R ER, 25575 IR B AG INPR 5T | A
b AR 2 (]| St 5 2RI g A A5 A 0
A B AR AR A DR 3 s, 00 o T PRAIE S 5
A BF 2P | AT AR L RV | PR A At

Complex detection
environment

P2 s 2 o SR o AGrN 47

Fig. 2 Typical in-situ nondestructive testing scenarios of aircraft structure
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Table 1 Advantages, limitation and typical application scenarios of ultrasonic testing techniques[lg'zo' 3. 4]
Technique Advantage Limitation Application scenario

Phased array ultrasonic Highly controllable and flexible
beam steering; fast inspection speed

and high efficiency

Laser ultrasonic Non-contact inspection; high
inspection speed, precision and
sensitivity; robust performance in

extreme environments

Electromagnetic acoustic
transducer

Non-contact inspection; broader
inspection range compared to
conventional piezoelectric
transducers; enable electromagnetic
characterization of materials

Guided wave Low energy attenuation over long
propagation distances; large-area
inspection possible with few
transducers and high accuracy;
excitation at a single point can
inspect an entire structure
Highly sensitive to damage or
defects much smaller than the
fundamental wavelength; mixing
techniques can overcome
limitations of second-harmonic
methods for damage localization
and characterization

Nonlinear ultrasonic

Non-contact inspection; capable of
testing components that are difficult
for conventional ultrasound to
penetrate, such as honeycomb
structures

Air-coupled ultrasonic

Require coupling medium;
relatively high equipment cost;
demand strong theoretical
knowledge from operators

Signal amplitude is low and
susceptible to background
noise; complex equipment and
technology

Signals are prone to attenuation
and scattering; relatively high
manufacturing cost; limited
theoretical and practical
research, still in early
development stages

Dispersion characteristics
increase inspection complexity;
multi-mode behavior causes
echo signal overlap, making
defect identification difficult

Second-harmonic signals are
casily contaminated by
nonlinearities in the
measurement system; cannot
localize localized structural
damage

Significant ultrasonic
attenuation at the air-specimen
interface, resulting in low
sensitivity and resolution

Suitable for inspecting a wide
range of materials, including
metals, non-metals and
composites

Especially ideal for components
with complex geometries and
inspections in extreme
environments

Applicable in specialized areas
such as electromagnetic-acoustic
coupling in metallic structures
and electromagnetic property
analysis of materials

Ideal for lap joints, skin and
honeycomb delamination
detection, and corrosion
monitoring in metals and
composite materials

Suitable for detecting micro-
cracks in plates, assessing high-
temperature creep behavior and
remaining life, and evaluating
structural integrity of plates
subjected to repeated cyclic
loading

Applicable to honeycomb/foam-
core composites, multi-layer
adhesive-bonded structures, and
other highly attenuating materials
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Fig. 5 Robot assisted automated ultrasonic testing device (a)automated testing of wing surfaces o,
(b)automated detection of curved wall panels on the fuselage
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Fig. 6 Non-contact ultrasonic automated detection device (a)air coupled ultrasound™”; (b)laser ultrasound
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