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ABSTRACT: In ultrasonic non-destructive testing of high-temperature industrial equipment, sound velocity drift
induced by non-uniform temperature fields can severely compromise defect localization accuracy. Conventional
approaches that rely on room-temperature sound velocities introduce systematic errors, potentially leading to misjudg-
ment of safety-critical components. Two primary challenges hinder current methods: first, it is difficult to monitor
real-time changes in sound velocity distribution within a thermal gradient; second, traditional uniform-temperature
correction models fail to capture the nonlinear dependence of material properties on temperature and their effect on
ultrasonic velocity fields. Here, we propose a defect localization correction method based on multiphysics coupling.
A two-dimensional coupled heat transfer–wave propagation model is established in COMSOL, and a one-dimensional
steady-state heat transfer condition is used to design a numerical pulse–echo experiment in 1020 steel. Temperature-
dependent material properties are incorporated, and the intrinsic relationship between sound velocity and temperature
is derived, confirming consistency with classical theories. To account for gradient temperature fields, a micro-
element integration algorithm discretizes the propagation path into segments, each associated with a locally computed
temperature from the steady-state heat conduction solution. Defect positions are dynamically corrected through
cumulative displacement along the propagation path. By integrating heat conduction and elastic wave propagation in
a multiphysics framework, this method overcomes the limitations of uniform-temperature assumptions. The micro-
element integration approach enables dynamic tracking of spatially varying sound velocities, offering a robust strategy
to enhance ultrasonic testing accuracy in high-temperature industrial environments.

KEYWORDS: Ultrasonic testing; nonuniform temperature field; sound velocity correction; defect localization; multiple
physical field coupling

1 Introduction
During the service of high-temperature industrial components—such as nuclear power pipelines

and turbine blades—ultrasonic non-destructive testing (NDT) [1] plays an irreplaceable role in structural
health monitoring [2]. However, operation under elevated temperatures often gives rise to non-uniform
thermal fields, leading to spatial variations in material properties such as elastic modulus and density, and
consequently inducing spatial drift in ultrasonic wave velocity [3]. If defect localization is still calculated
using the constant velocity [4] at room temperature, significant errors can occur, potentially resulting in
missed or false detections of critical flaws and posing severe safety risks.
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In recent years, extensive efforts have been made to investigate the influence of temperature on ultra-
sonic inspection. For example, Wu et al. [5] developed a frequency-domain model incorporating thermal
effects and experimentally confirmed the pronounced increase in ultrasonic attenuation with temperature;
Van De Wyer et al. [6] employed numerical ray-tracing to demonstrate that temperature alters propagation
paths in liquid metals; Zhang et al. [7] established a velocity–temperature model for pipelines, highlighting
the sensitivity of ultrasonic accuracy to thermal variations; Stevenson and Wang [8] experimentally validated
correction factors in high-temperature carbon steel, showing reduced velocity and thickness measurement
errors with rising temperature; and Liu et al. [9] proposed a signal-processing-based compensation strategy
that markedly improved guided-wave stability in hot environments. Most of these studies, however, have
concentrated on uniform thermal fields, leaving the spatial heterogeneity of velocity distributions under
thermal gradients [10], and their coupled impact on defect localization [11], insufficiently understood.
Furthermore, the nonlinear dependence of thermal properties such as thermal conductivity [12] and elastic
modulus [13] on temperature is often oversimplified, thereby limiting both thermal-field modelling and
velocity correction accuracy.

To address these challenges, we propose a defect-localization correction [14] framework that integrates
multiphysics coupled modelling [15,16] with dynamic velocity tracking [17]. First, a two-dimensional
thermo-acoustic model is constructed in COMSOL, where experimentally measured thermophysical
parameters are used to define temperature-dependent material functions, yielding a velocity–temperature
relationship [18] that captures the inherent nonlinearity. Second, to accommodate thermal gradients, a
differential discretization approach is introduced: the steady-state heat conduction equation is solved
numerically [19], the temperature of each differential segment is obtained, and the corresponding local
velocity is computed to achieve cumulative correction. Numerical simulations demonstrate that this
method effectively suppresses localization errors induced by thermal gradients, surpassing the limitations
of traditional uniform-field correction schemes. The results provide a theoretical framework and technical
pathway for enhancing the accuracy of ultrasonic inspection in high-temperature [20,21] and structurally
complex environments.

2 Research Methodology

2.1 Overall Framework of the Defect Localization Correction Method
As illustrated in Fig. 1, the overall framework of the proposed defect localization correction method

comprises four core components. First, multi-physics coupled modeling of heat conduction [22] and elastic
wave propagation [23] is performed to capture the modulation of sound velocity distribution by the
temperature field, which serves as the foundational context for all subsequent experiments. Second, the
sound velocity–temperature relationship, c(T), is established by extracting travel times of ultrasonic echoes
at different temperatures, thereby constructing a velocity correction model that supports defect localization
in uniform temperature fields. Third, a gradient-varying temperature field model is developed, in which
the temperature–position function T(y) is derived by incorporating the temperature-dependent thermal
conductivity of the material; this provides the prerequisite for localization correction under non-uniform
temperature conditions. Finally, correction pathways are determined according to the thermal environment:
in uniform temperature fields, defect localization is directly corrected using the temperature-dependent
sound velocity, whereas in non-uniform fields, the velocity field function c(y) is obtained by coupling
c(T) with T(y), and dynamic correction of defect localization is achieved via the microelement integration
method. This methodological framework establishes a complete chain from physical modeling [24] and
parameter extraction to correction application, effectively mitigating the adverse impact of temperature
gradients on ultrasonic inspection accuracy.
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Figure 1: Method framework

2.2 Multiphysics Coupling Modeling Approach
This study focuses on piezoelectric ultrasonic defect localization under the influence of temperature.

Coupling the thermal and ultrasonic fields forms the foundation of this work. Here, we present a methodol-
ogy for coupling the solid heat transfer field with the elastic wave field in the COMSOL platform, providing
a reference framework for subsequent investigations.

The constitutive equations (Eqs. (1) and (2)) governing ultrasonic wave propagation in solids indicate
that the wave speed, c, depends on the material’s elastic modulus E, Poisson’s ratio ν, and density ρ. Among
these parameters, the elastic modulus E is the dominant factor controlling sound velocity. The equations are
expressed as follows:

cL =

�
���( E (1 − ν)

ρ (1 + ν) (1 − 2ν)) (1)

cs =

�
���(G

ρ
) =

�
���( E

2ρ (1 + ν)) (2)

here, c represents the longitudinal wave velocity, E is the elastic (Young’s) modulus, G denotes the shear
modulus, ν is Poisson’s ratio, and ρ is the material density. All of these physical parameters are temperature-
dependent (T). To investigate the effect of temperature on acoustic velocity, the elastic modulus of 1020 steel
was parameterized by expressing E as a function of temperature T and incorporating it into the material
properties. The E–T relationship was obtained via polynomial fitting of data extracted from the Manual of
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Mechanical Engineering Material Property Data, while the other parameters were kept at their default values.
The temperature-dependent elastic modulus is given by the following expression (Eq. (3)):

E (T) = −1.18e − 07T3 + 4.667e − 05T2 − 0.06598T + 215.2 (3)

here, E denotes the elastic modulus and T represents temperature. In this framework, the ultrasonic wave
velocity is indirectly affected by the temperature dependence of E. By incorporating this relationship,
the thermal field is effectively coupled with the elastic wave physics, enabling the development of a
multiphysics model.

2.3 A Modeling Approach to the Sound Velocity-Temperature Relationship
Based on a multiphysics coupling model, a two-dimensional 1020 steel test block with a side length of

0.5 m was subjected to a safe operating temperature range of 20○C–400○C. An excitation source was placed
at the center of the upper boundary of the model to simulate piezoelectric ultrasonic [25,26] excitation, as
illustrated in Fig. 2. Bottom echo times of the test block were recorded at different temperatures, and the
corresponding ultrasonic velocities were calculated using Eq. (4). Because the longitudinal wave produces a
more distinct echo, it was chosen as the focus of this study; hereafter, the term “wave velocity” refers to the
longitudinal ultrasonic wave velocity. The ultrasonic wave velocity is calculated as follows (Eq. (4)):

c = 2H
t

(4)

where c is the ultrasonic wave propagation velocity, H is the thickness of the 1020 steel block (0.5 m), and t
is the ultrasonic wave propagation time.

Figure 2: Ultrasonic propagation model

Ultrasonic wave velocities were measured at different temperatures, and a cubic polynomial fit was
applied to establish the quantitative relationship between ultrasonic velocity, c, and material temperature, T.
This yielded the temperature-dependent ultrasonic velocity model expressed in Eq. (5):

c = a ⋅ T3 + b ⋅ T2 + c ⋅ T + d (5)

where a, b, c, and d are coefficients, c is the wave velocity, and T is the temperature.

2.4 Modeling Approach for Gradient Temperature Fields
In non-destructive testing, the inspected components are often exposed to non-uniform temperature

fields with spatial gradients. Consequently, simulating gradient temperature fields is necessary to provide
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realistic conditions for subsequent defect localization. Heat transfer in solids is governed by the heat
conduction equation, expressed as follows (Eq. (6)):

ρcp
∂T
∂t
= ∇ ⋅ (k∇T) + Q (6)

here, ρ is the material density, cp is the specific heat capacity, k is the thermal conductivity, Q denotes the
internal heat source, T is temperature, and t represents time. For simplicity, the heat transfer model is reduced
to a one-dimensional steady-state thermal conduction problem, while accounting for the temperature
dependence of k. The thermal conductivity–temperature relationship was obtained via linear fitting of
data from the Manual of Mechanical Engineering Material Property Data, and k was implemented as a
temperature-dependent material property. This configuration directly affects the temperature distribution,
resulting in a gradient thermal field. The relationship between thermal conductivity and temperature is
expressed in Eq. (7):

k(T) = −0.0315T + 48.49 (7)

where k is the thermal conductivity and T is the temperature. The simplified heat transfer Eq. (8) in the
one-dimensional steady-state thermal conduction model is as follows:

d
d y
(k (T) dT

d y
) = 0 (0 ≤ y ≤ H) (8)

here, H denotes the thickness of the test block (0.5 m), y is the vertical coordinate of the geometric model, and
k is the temperature-dependent thermal conductivity. Based on this formulation, heat conduction in a two-
dimensional cross-section [27] of the component was simulated, with the ultrasonic propagation direction
aligned parallel to the heat transfer direction. Under non-uniform temperature conditions, the temperature-
dependent thermal conductivity induces the formation of a gradient thermal field, as illustrated in Fig. 3.

Figure 3: Non-uniform temperature field
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2.5 Defect Localization and Correction Method
2.5.1 Defect Localization Correction Method under Uniform Temperature Field

In ultrasonic non-destructive testing, precise defect localization is critical to ensuring detection reliabil-
ity. To address this, a defect localization model was established by coupling heat transfer in solids with elastic
wave propagation, while employing the ultrasonic echo method for quantitative evaluation, as illustrated
in Fig. 4. The defect depth is determined from the ultrasonic propagation velocity and the corresponding
echo time at which the wave interacts with the defect, as expressed in Eq. (9):

S = c × t
2

(9)

where S is the calculated position of the defect, c is the propagation velocity of the ultrasonic wave, and t is
the echo time at the defect location.

Figure 4: Echo method

Conventional methods typically use the room-temperature sound velocity (20○C) for defect localiza-
tion. In contrast, the proposed approach accounts for the temperature dependence of ultrasonic wave velocity
by introducing the corrected propagation speed. By substituting the velocity–temperature relationship
in Eq. (5) together with the measured defect echo time tT1 into Eq. (9), the corrected defect location can
be obtained.

2.5.2 Defect Positioning Correction Method in Non-Uniform Temperature Fields
In this study, the thermal conductivity was parameterized as a function of temperature and incorporated

into the material properties. This coupling modifies the heat conduction process, thereby shaping the
modeled temperature field into a gradient distribution governed by the temperature dependence of k.
Using COMSOL numerical simulations, we first obtained the steady-state temperature distribution (Fig. 5).
The temperature data along the y-axis were then extracted, and polynomial fitting was applied to derive
temperature–position functions for each condition, expressed in Eq. (10):

T (y) = e ⋅ y2 + f ⋅ y + g (10)

where e, f, g are parameters, T is temperature, and y is the vertical coordinate corresponding to temperature.
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Figure 5: Non-uniform temperature field correction model

Substituting Eq. (10) into the velocity-temperature relation Eq. (5) yields the velocity field func-
tion Eq. (11):

c (y) = a ⋅ [T (y)]3 + b ⋅ [T (y)]2 + c ⋅ T (y) + d (11)

where a, b, c, and d are parameters, c(y) is a function of the sound velocity field, T(y) is a function of the
temperature field, and y is the coordinate of the vertical axis of the geometric model.

From Eq. (11), it is evident that the ultrasonic propagation velocity becomes position-dependent within
a gradient temperature field, with its value varying continuously along the propagation path. Consequently,
the defect position cannot be directly determined using Eq. (5) and the measured echo time t. To address
this, we adopt the micro-element method, as illustrated in Fig. 6. In this approach, the total echo time is
discretized into 2n segments, each of duration Δt. The forward propagation from the excitation source [28]
to the defect corresponds to n increments of Δt, with the propagation distance of the n-th segment given by
ΔSn = yn − yn−1.

Figure 6: Differential element method
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This leads to the correction formula for defect localization Eq. (12):

Sb2 =
n
∑
i=1

ΔSi = yn = yn−1 + ΔSn (12)

here, Sb2 denotes the corrected defect location, while ΔSi represents the ultrasonic propagation distance
corresponding to the i-th time increment. The coordinates yn and yn−1 refer to successive nodes along the
y-axis, and ΔSn corresponds to the propagation distance within the n-th time segment. When Δt is sufficiently
small, each segment ΔS1, ΔS2, . . . , ΔSn can be approximated as a locally uniform temperature field. In this
case, the ultrasonic wave is assumed to propagate uniformly within ΔSn at a velocity c(yn−1) defined at node
yn−1. Thus, the distance ΔSn can be obtained from Δt and c(yn−1), as expressed in Eq. (13):

ΔSn = c (yn−1) × Δt (13)

Substituting Eqs. (13) into (12) gives Eq. (14):

Sb2 = yn = yn−1 + c (yn−1) × Δt (14)

The initial conditions are further set and Eq. (14) is solved by iterative method as shown in Eq. (15):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

y1 = y0 + c (y0) × Δt
y2 = y1 + c (y1) × Δt

. . .
yn−1 = yn−2 + c (yn−2) × Δt
Sb2 = yn = yn−1 + c (yn−1) × Δt

(15)

Combine equations Eqs. (11) and (15), substitute the initial condition y0 = 0 and the corresponding echo
time into the combined result, and the corrected defect location under the gradient temperature field can
be obtained.

A one-dimensional steady-state heat transfer model was adopted here as a simplified assumption
for numerical validation, because such temperature distributions are common in typical components,
such as pipes and plates, and because it highlights the fundamental effect of temperature gradients on
sound velocity and defect localization errors. Crucially, the proposed microelement integration correction
algorithm is independent of the one-dimensional assumption: its only input is the local temperature along
the ultrasonic propagation path [29]. Therefore, in practical scenarios with complex boundary conditions
or irregular geometries generating two- or three-dimensional temperature fields, the algorithm remains
applicable. By obtaining the temperature field via simulation or measurement, extracting temperatures
along the ultrasonic path, and mapping them into the temperature-dependent sound velocity relation
c = c(T), a corresponding velocity field can be derived. The microelement integration method can then be
applied to perform cumulative calculations, enabling accurate defect localization correction under arbitrary
temperature distributions.

3 Experimental Analysis

3.1 Sound Velocity-Temperature Relationship Modeling
Simulations were conducted on ultrasonic wave propagation under eight uniform temperature fields:

room temperature (20○C) and 100○C, 150○C, 200○C, 250○C, 300○C, 350○C, and 400○C. Probes were placed
around the signal excitation point to capture pressure-vs.-time curves at each corresponding temperature.
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To enhance the contrast of bottom echo time data across different temperatures, the results were compiled
into a stacked plot, as shown in Fig. 7. After subsequent processing, the bottom echo times were recorded,
and the ultrasonic wave velocities in 1020 steel at each temperature were calculated using the ultrasonic
velocity Eq. (4). The specific values are listed in Table 1. The data reveals that, with a model thickness of 0.5 m,
the ultrasonic wave velocity decreases from 5952 m/s at 20○C to 5589 m/s at 400○C, a reduction of 6.1%.
Concurrently, the bottom echo time progressively increases, demonstrating that ultrasonic wave propagation
slows as temperature rises.

Figure 7: Echo waveform stack diagram

Table 1: Ultrasonic bottom echo time and propagation velocity at various temperatures

Temperature (○C) 20 100 150 200 250 300 350 400
Echo time (μs) 168.011 169.952 171.704 172.503 173.853 175.364 176.772 178.923

Speed of transmission (m/s) 5952 5884 5841 5797 5752 5703 5657 5589

Based on Table 1, regression analysis was performed using the least squares method. The quantitative
relationship between ultrasonic propagation velocity c and material temperature T was obtained Eq. (16):

c = −2.142 × 10−6 ⋅ T3 + 0.0008702 ⋅ T2 − 0.9559 ⋅ T + 5971 (16)

here, c denotes the ultrasonic wave velocity and T the material temperature. The coefficient of determination
R2 for the polynomial fitting reaches 0.9996, reflecting excellent agreement between the fitted model and the
numerical data. As shown in Fig. 8, the velocity–temperature curve displays a distinctly nonlinear decreasing
trend: within the investigated thermal range, ultrasonic velocity decreases progressively with increasing
temperature, with the rate of reduction accelerating at higher temperatures. This behavior is fully consistent
with classical thermodynamic theory and prior studies on temperature–velocity effects, thereby confirming
the robustness of both the experimental procedure and the adopted fitting model.
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Figure 8: Speed-temperature curve

3.2 Simulation of Defect Localization Correction under Uniform Temperature Field
A reference defect was embedded at a depth of 0.44 m (y = 0.44 m) from the specimen centerline

for simulation analysis (Fig. 4). Uniform temperature fields ranging from 20○C to 400○C were configured,
and the corresponding defect echo times were recorded under each condition. The detailed results are
summarized in Table 2.

Table 2: Defect echo time in a single temperature field at different temperatures

Temperature (○C) 20 100 150 200 250 300 350 400
Echo time (μs) 147.850 149.557 150.601 151.803 152.991 154.304 155.559 157.452

The initial defect location Sa1 was estimated using the room-temperature (20○C) ultrasonic velocity
(c0 = 5952 m/s) together with the measured defect echo time tT1, producing the uncorrected localization
results listed in Table 3. As temperature increases, the deviation between the calculated and actual defect
positions progressively enlarges. This trend highlights the pronounced influence of the temperature–velocity
effect on localization accuracy, underscoring the necessity of correction methods for high-temperature
ultrasonic testing.

Table 3: Uncorrected defect localization results

Temperature (○C) 20 100 150 200 250 300 350 400
Defect location Sa1(mm) 440 445.082 448.189 151.766 455.301 459.208 462.944 468.577

In order to eliminate the temperature effect, this study proposes a correction method based on the sound
velocity-temperature relationship by substituting Eqs. (16) into (9) to obtain the following defect location
correction Eq. (17):

Sb1 = (−2.142 × 10−6T3 + 0.0008702T2 − 0.9559T + 5971) tT1

2
(17)



Struct Durab Health Monit. 2026;20(1) 11

Sb1 represents the corrected defect position, T denotes the model temperature, and tT1 is the echo time
at the defect location. By substituting the temperature T and corresponding echo time tT1 from Table 2
into equation Eq. (17), the corrected defect positioning values under different temperatures in a uniform
temperature field are obtained, as listed in Table 4.

Table 4: Corrected defect localization results

Temperature (○C) 20 100 150 200 250 300 350 400
Defect location Sb1 (mm) 440 439.997 439.830 439.773 440.002 439.997 439.998 439.994

Under a uniform temperature field, the calculated defect locations with and without correction are
compared in Fig. 9. Without correction, the apparent defect depth increases systematically with temperature,
leading to a progressive divergence from the true location, with deviations reaching up to 6.5% at 400○C.
By contrast, the corrected results remain essentially coincident with the actual defect positions across the
full temperature range, with the maximum deviation limited to 0.05%. This demonstrates that the correction
strategy effectively eliminates temperature-induced bias in ultrasonic measurements, thereby providing a
robust pathway for reliable defect quantification in high-temperature environments.

Figure 9: Uniform temperature field defect location

3.3 Simulation of Defect Localization Correction under Non-Uniform Temperature Field
As described in Section 2.5.2, the correction method for defect localization under a non-uniform

temperature field was implemented by constructing a one-dimensional heat transfer model in COMSOL. The
upper boundary was fixed at 20○C to simulate convective cooling, while the lower boundary was set to the
maximum temperature Tmax. Seven high-temperature conditions ranging from 100○C to 400○C (increments
of 50○C) were applied (Fig. 3). The temperature distribution was obtained by embedding the temperature-
dependent thermal conductivity k(T) into the material properties and solving numerically. Temperature
data along the y-axis were extracted and fitted with polynomial functions to yield the temperature–
position relationships for each case (Table 5). The corresponding profiles are plotted in Fig. 10, showing
that temperature increases monotonically with depth, with the slope of the curve steepening in deeper,
hotter regions. This indicates that the temperature gradient is larger at high temperatures and smaller at low
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temperatures, consistent with the physical principle that the thermal conductivity of 1020 steel decreases with
temperature. Reduced conductivity at elevated temperatures suppresses heat transport, thereby producing
steeper local gradients.

Figure 10: Temperature—depth curve

Table 5: Temperature-position function for different maximum temperature conditions

Maximum Temperature Tmax (○C) T(y)
100 T (y) = 1.232 × 10−5 y2 + 0.1538y + 20.02
150 T (y) = 3.141 × 10−5 y2 + 0.2441y + 20.04
200 T (y) = 5.986 × 10−5 y2 + 0.3298y + 20.07
250 T (y) = 9.83 × 10−5 y2 + 0.4103y + 20.14
300 T (y) = 1.475 × 10−4 y2 + 0.4852y + 20.25
350 T (y) = 2.078 × 10−4 y2 + 0.5544y + 20.40
400 T (y) = 2.803 × 10−4 y2 + 0.6173y + 20.62

As shown in Fig. 3, a two-dimensional model of 1020 steel with an edge length of 0.5 m and a defect
location at y = 0.44 m was used as the study object, and the ultrasonic echo time at the defect location was
collected under seven sets of temperature fields, as shown in Table 6.

Table 6: Echo time at defects in a gradient-varying temperature field

Maximum Temperature Tmax (○C) 100 150 200 250 300 350 400
Echo time tT2 (μs) 148.849 149.309 149.749 150.199 150.639 151.079 151.529

Defect localization was first evaluated using the conventional ultrasonic echo method [30,31]. The room-
temperature sound velocity (c = 5952 m/s at 20○C) and the echo times tT2 from Table 6 were substituted
into Eq. (9) to calculate uncorrected defect positions under seven gradient-varying temperature fields
(Table 7). The results show a trend consistent with the single-temperature case (Table 3): deviations in
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defect position increase with rising temperature. Notably, however, the errors in gradient-varying fields are
substantially smaller. This reduction can be attributed to the lower average temperature of the gradient-
varying fields, which yields a higher effective sound velocity that more closely reflects room-temperature
propagation conditions.

Table 7: Uncorrected defect localization results in a gradient-varying temperature field

Maximum Temperature Tmax (○C) 100 150 200 250 300 350 400
Defect location Sa2 (mm) 442.975 444.344 445.653 446.992 448.302 449.611 450.950

Substituting the temperature field functional T(y) from Table 5 into the sound velocity-temperature
relation Eq. (16) yields the sound velocity field functional as shown in Eq. (18):

c (y) = −2.142 × 10−6 [T (y)]3 + 0.0008702 [T (y)]2 − 0.9559T (y) + 5971 (18)

Next, the microelement method is utilized to calculate the defect location, as shown in Fig. 6, and
associating Eqs. (11) and (15), and substituting the corresponding temperatures and echo times in the
gradient-varying temperature field to obtain the corrected defect location under the gradient-varying
temperature field, as shown in Table 8.

Table 8: Corrected defect localization results in a gradient-varying temperature field

Maximum Temperature Tmax (○C) 100 150 200 250 300 350 400
Defect location Sb2 (mm) 440.676 440.673 440.643 440.660 440.649 440.626 440.604

The defect localization results obtained under gradient-varying temperature fields, both uncorrected
(Table 7) and corrected (Table 8), are compared in Fig. 11. The uncorrected results show a clear temperature
dependence: localization deviations increase progressively with temperature, reaching a maximum of 2.5%
at 400○C. In contrast, the corrected results nearly coincide with the true defect position across the entire
temperature range, with deviations not exceeding 0.15%. This demonstrates that the correction method
markedly enhances localization accuracy compared with conventional calculations.

It should be noted that, for numerical validation, a two-dimensional test block with a side length of 0.5 m
was used for systematic parameter analysis and algorithm verification. The primary purpose of this model
was to confirm the methodology and assess numerical stability; it serves solely for validation. The results
indicate that when the temperature gradient within the component is small, the proposed correction method
has limited impact, whereas its effectiveness becomes pronounced under larger temperature gradients. In
industrial applications, component sizes typically range from millimeters to meters. Smaller components
generally exhibit minor internal temperature gradients, while larger components are prone to substantial
gradients, amplifying the spatial modulation of sound velocity. Consequently, the temperature-field-based
microelement integration correction method presented here is particularly suited for large-scale components
in practical engineering scenarios.
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Figure 11: Defect location in non-uniform temperature fields

4 Conclusions
This study proposes a defect localization correction method that integrates multi-physics coupled

modeling with dynamic sound velocity tracking to address localization errors caused by non-uniform tem-
perature fields in high-temperature ultrasonic inspection. By incorporating temperature-dependent material
properties into a two-dimensional thermoacoustic model and discretizing the ultrasonic propagation process
through a microelement integration approach, the method effectively reconstructs the sound velocity
distribution and reduces localization deviations induced by thermal gradients. Compared with conventional
uniform-temperature correction models, it demonstrates a significant improvement in accuracy, providing
a high-precision tool for online ultrasonic inspection of industrial systems such as nuclear power pipelines
and aero-engines. These findings lay the foundation for enhancing the accuracy and reliability of ultrasonic
non-destructive testing under elevated temperatures.

The central focus of this method lies in correcting the influence of internal temperature fields within
the inspected structure on sound velocity and defect localization. It should also be noted, however, that
temperature not only affects ultrasonic propagation inside the specimen but also impacts the transducer
and its measurement system (for instance, the sensitivity of piezoelectric materials decreases near their
Curie temperature). Future work will integrate the proposed correction algorithm with established trans-
ducer temperature-adaptive strategies—such as waveguides or high-temperature wedges, active cooling
designs, high-Curie-point piezoelectric materials, and, under extreme conditions, non-contact ultrasonic
technologies—to further enhance the robustness and applicability of ultrasonic evaluation in harsh ther-
mal environments.
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