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Abstract: The device developed for material fatigue assessment is the core to help the development of related equipment fields 
such as aerospace, nuclear energy systems, and low-temperature storage and transportation. However, when the device 
encounters extreme temperature range (-100 °C to + 600 °C) and medium and high load amplitude (≥ 0.5 times the yield strength) 
at the same time, such devices often appear abnormal vibration and sound beyond the ISO 10816-3 standard, which greatly 
affects the measurement accuracy and shortens the service life. This paper systematically sorts out the common characteristics 
of the source of vibration generation in such work scenarios, digs into the underlying basic physical laws, evaluates the latest 
achievements of multi-physical field coupling simulation, and sorts out the current noise reduction methods. Based on the 
research of SCI / EI related literature content and ASTM / ISO related specifications in the past five years, it is concluded that 
the resonance frequency shift caused by ambient temperature fluctuation and the wide range frequency stimulation during high 
temperature operation are the main triggers of such problems. Noise reduction technology is gradually shifting from the 
traditional isolation method to the intelligent system that anchors the root cause of the problem. This study proposes three noise 
reduction implementation schemes that adapt to the standardized test framework, and also clarifies the core limitations of the 
current numerical simulation methods in thermal effects, force-frequency correlation coupling, and time-space field coordination. 
It is necessary to integrate multiple control strategies to improve. The goal of this paper is to establish a relevant theoretical 
framework for the design, production, capacity optimization and practical engineering use of devices that perform fatigue 
problem detection in complex working environments, and give practical guidance.  

Keywords: Fatigue testing machine; high and low temperature environments; vibration control; resonance drift; wide-
frequency excitation; multi-field coupling; intelligent vibration isolation. 

 

1. Introduction 
With the advancement of outer space projects, high-

performance superconducting magnets and new aero-engines, 
the demand for long-period and ultra-long-period fatigue 
properties of materials tested in extreme high-temperature 
environments has increased [1]. The fatigue test device is the 
core tool. Its role is to give an accurate load in the controllable 
test chamber and ensure that very little noise and vibration are 
emitted during the work. Field assessments and service data 
indicate that substantial variations in surrounding 
temperatures and increased stress amplitudes exceeding 
crucial thresholds can prompt an abrupt rise in the vibration 
magnitudes of the inspection apparatus, which is between 2 
and 5 times greater, accompanied by sharp, high-pitched 
whistling sounds. These events break through the acceptable 
range set by the ISO 3744 acoustic specification, resulting in 
the chain effect of sample offset, extensometer measurement 
instability, hydraulic pipeline leakage and other problems [2]. 

Under the condition of conventional temperature 
environment, the commonly used vibration treatment 
methods, such as rubber material shock absorber, 
polyurethane material sound insulation cover, static 
parameter notch filter, have obtained good practical effect. 
However, in extreme high temperature environments, its role 
often weakens, which is generally due to the deterioration of 
material properties and significant changes in structural 
dynamic mechanics [3]. In the past five years, the top 

international research and testing equipment suppliers (such 
as MTS, Instron) have paid more attention to basic theoretical 
research, and released cutting-edge technical achievements 
such as adaptive temperature control equipment, new 
magnetorheological intelligent isolation methods, and 
hydraulic fluctuation control schemes. Even so, due to the 
complex relationship between thermal fluctuation and high 
stress level, although recent research has done a lot in 
mechanism research, there is still a lack of unified strategy 
test and comprehensive arrangement. 

This study systematically sorts out the core promotion 
content in the professional scope in the past five years (2020-
2025), and analyzes three core issues : (1) In the extreme high 
temperature and strong load environment, what are the main 
factors causing the vibration to become stronger ? (2) Can the 
current numerical simulation methods and noise reduction 
schemes really deal with these problems ? (3) Is there a 
practical noise reduction scheme for various types of 
machinery designed separately and tested by practical 
application ? In general, this paper mainly points out the key 
content that still needs to be deeply excavated, and also gives 
directional suggestions for subsequent research. 
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2. Statistics of Vibration Sources and 
Common Characteristics 

2.1. Failure Case Statistics (Based on 
Literature Review) 

The public information source rarely publishes directly 
corresponding failure rate related data. However, by combing 
the summary data of laboratory accidents left by various 

academic institutions (for example, Tsinghua University 's 
research on abnormal vibration of three-electro-hydraulic 
servo fatigue test equipment in 2021 [4]), combined with the 
retrieval of various materials related to equipment 
maintenance, through text comparison and analysis, we found 
47 cases of atypical vibration in temperature control 
experiments under medium and high stress conditions 
between 2018 and 2024. The relevant specific content is 
arranged in table 1. 

 

Table 1. Frequency occurrence and typical characteristics of different vibration sources 

Vibration Source 
Location 

Frequency 
Distribution 

Ratio 

Typical Frequency 
Range 

Main Trigger Temperature Zone 

Self-excited oscillation of 
hydraulic actuators (oil 

column resonance) 
21% 40~200 Hz 

-60℃ to-20℃ (sudden increase in oil 
viscosity) 

Resonance of the fixture-
sample system 

47% 
150–600 Hz (natural 

frequency of the 
sample) 

Across the entire range of temperatures, 
intense heat surpassing 300 °C and 

extreme cold under -50 °C each account 
for 50% of the occurrences. 

Environmental Housing – 
Rack Modal Coupling 

17% 
5–20 Hz (low-

frequency oscillation) 
Rapid temperature change phase 

(≥5 °C/min) 

Foundation transmission 
and external disturbances 

15% <5 Hz or>500 Hz 
Not affected by temperature (mostly due 

to installation issues) 

 

The clear statistical conclusions show that the interaction 
between the fixture and the specimen is the main factor of 
vibration, accounting for about half of the overall contribution. 
When the temperature changes, the relevant frequency will 
show a clear change. It is difficult to properly deal with this 
problem by using conventional isolation methods operating at 
fixed frequencies. It is under the problem of temperature 
changes, and it also shows clear potential characteristics. 

2.2. Physical Induction of Common 
Characteristics of Vibration Sources 

Through the frequency domain analysis method (short-
time Fourier transform, STFT) and the modal determination 
of the reference sample, the vibration source can be sorted out 
into two core commonalities : 

(1) Single clear resonance peak : It often occurs in the low 
pressure environment in the middle and low temperature 
range. It is characterized by a clear and narrow peak. The 
spectral characteristics of this peak are determined by the 
mass factor Q, where Q exceeds 50. The core frequency will 
show a corresponding change with the change of temperature, 
and the speed of change is about 0.2 to 0.5 Hz per degree 
Celsius. This value comes from the curve of the elastic 
modulus of the material with temperature, as mentioned in [5]. 
This kind of performance can clearly show the internal 
relationship between the frequency of the system itself and 
the frequency imposed by the outside world. 

(2) Wide-range long-term excitation category : generally 
occurs in high temperature (above 300 ° C) scenarios, when 

the stress amplitude reaches or exceeds 0.7σ. Its spectral 
characteristics are reflected in a stable rise in the range of 0-
50 Hz, with no obvious peak, indicating a wide distribution of 
vibration energy. The content in this aspect is closely related 
to the nonlinear broadband excitation caused by the 
cumulative plastic strain [6]. 

3. Evaluation of the Main Factors: 
Alterations in Stiffness and Stress 
Intensity Associated with 
Temperature That Result in 
Enhanced Deformation 

This part provides support for relevant theories, and has 
long been the core content of academic exchanges in recent 
years. According to the finite element calculation method and 
the actual observation data recorded in literature 7 to 10, the 
relevant results show that it has the stage characteristics 
affected by temperature factors, which makes it difficult to 
directly implement the scheme. 

3.1. Low-temperature range (-100 °C to -
30 °C): The stiffness transition gives rise to 
oscillation 

At low temperatures, the deformation resistance of metals, 
referred to as elastic modulus (E), becomes significantly 
larger (for example, the E value of 316L stainless steel 
increases by about 8 % to 12 % when the temperature 
decreases from room temperature to − 100 ° C). Such changes 
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result in a corresponding increase in the vibration frequency 
of the material itself [7]. 

 

                  (3-1) 

 
When the frequency of the load is set (usually between 5 

and 100 Hz) and the material attains a specific temperature, 
the natural frequency of the specimen precisely matches a 
higher harmonic of the applied frequency (like the third or 
fifth), resulting in resonance and a sudden increase in 
amplitude.In cold circumstances, the material undergoes a 
significant decrease in damping ratio ζ (reaching up to 40%), 
which makes the resonance peak more prominent and raises 
the vibration response coefficient from roughly Q = 10 at 
room-temperature to Q ≈ 25 [8]. 

In the experiment of PLACEHOLDER-0 related research, 
the Ti-6Al-4V sample was tested by frequency scanning at-
80 °C. The test results show that compared with the problem 
of normal temperature environment, the resonance frequency 
increases by 118 Hz, which is consistent with the fifth 
harmonic (120Hz) problem of the actuator. This 
correspondence led to a dramatic increase in the vibration 
amplitude from 2.1 mm / s to 11.8 mm / s, transforming the 
ISO 10816 assessment from a qualified to a dangerous level. 
This situation verifies that the change of stiffness is the core 
reason for the change of frequency. 

3.2. High temperature range (300 °C to 
600 °C) : The increase of plastic 
deformation causes the excitation in a wide 
frequency range. 

In the high temperature environment, the hardness of the 
material will decline significantly, and the elastic modulus 
will also decrease synchronously. For example, the elastic 
modulus of nickel-based alloy in 600 degrees Celsius 
environment is about a quarter lower than that in room 
temperature environment, and its yield strength also decreases 
to a certain extent. In the range of medium to high stress 
fluctuation amplitude, the accumulated ratcheting strain 
becomes very obvious in each loading cycle, which 
eventually causes a slight sliding sign at the contact edge 
position of the specimen and the fixture [10]. The fluctuation 
of this kind of signal is not a common sinusoidal variation, 
but a random excitation with sudden influence. Its frequency 
range shows a wide-band increase covering 0 to 50 Hz, rather 
than being fixed in a single-frequency resonance interval [11]. 

Notable distinctions: In research [12], digital image 
correlation (DIC) techniques were employed to 
simultaneously measure both the strain inside the gauge 
length portion of the specimen and the vibration state at the 
endpoint of the fixture. The discoveries showed a clear linear 
positive association (correlation coefficient R² = 0.93) 
between low-frequential vibration energy and the 
accumulative strain rate ε when it exceeded 1×10⁻⁵/cycle.  
This phenomenon also does not show a direct correlation with 
the change of resonance frequency. This situation clearly 
shows that when there is extreme high temperature and huge 
pressure around, more serious deformation will directly 
generate broadband excitation force, not indirectly by 
changing the inherent properties of the system to increase the 

degree of vibration. 

3.3. Medium-temperature transition region (-
30°C to +150°C): exhibits significant 
interaction impacts 

During this period, the change of material E (T) gradually 
becomes stable, even if the effect of creep and relaxation 
begins to appear ; this kind of situation is affected by several 
factors at the same time, and also shows a non-linear way of 
mutual influence. At present, there is no complete theoretical 
framework that can clearly explain this related field, and most 
of the actual use still relies on the traditional linear 
superposition method. However, the research results of [13] 
show that most of the estimated values after the completion 
of the superposition operation are about 30 % lower than the 
actual measured values, which emphasizes the necessity of 
carefully thinking about the related effects of the interaction 
term. 

4. Progress in Multi-Coupling 
Simulation Modeling 

In the recent period of time, the improvement of simulation 
technology has gone from the research progress of a separate 
range to the establishment of a composite model that 
integrates the interaction of heat, force and frequency. This 
progress extends to the analysis of thermal, elastic-plastic and 
multi-field combination, covering the fields of thermal, 
elastic-plastic and frequency dynamics, which can predict and 
control such variables more accurately. 

4.1. Temperature-dependent Material 
Properties and Damping Modeling 

The reference [14] gives a set of integrated rigid frames. 
The goal is to accurately cover the mechanical performance 
of metal materials in a wide temperature range from − 150 ° 
C to + 650 ° C : 

 

     (3-2) 

 
When the temperature is lower than-50 ° C, the loss factor 

η (T) is significantly reduced, and the vibration response in 
the resonance range is increased to about 2.5 times of the 
initial value. The accuracy of the model is verified by three-
point bending resonance test, and the frequency prediction 
difference is less than 3 %. 

4.2. Nonlinear Modeling of Contact Between 
Fixing Device and Sample 

The clamping pressure of the fixture may fluctuate, 
because as time slowly passes, thermal expansion and 
contraction and plastic deformation under high-strength stress 
conditions will reduce the contact stiffness. Reference [15] 
presents the Iwamatsu-Wu adjustment method, which 
specifies the contact stiffness \(k_c\) based on mean stress 
\(\sigma\) and plastic deformation \(\varepsilon\): 

 

          (3-3) 
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The simulation results of Abaqus user-defined element 
(UEL) module show that the accuracy of vibration response 
prediction above 500 Hz at the fixture end can be improved 
by considering contact degradation, and the error range can 
be narrowed from ± 20 % to ± 5 %. 

4.3. Broadband Excitation Simulation Induced 
by Plastic Strain 

Reference [16] is studied by explicit dynamic simulation 
tool (ABAQUS / Explicit) to study the cyclic loading 
performance with the increase of stress level. The conclusion 
shows that when the stress peak exceeds 0.75σ, each cyclic 
plastic region will extend about 2 to 5 microns. This process 
produces a weak stick-slip motion, which is characterized by 
the presence of a pulse of about 0.2 milliseconds in the 
frequency range of 0 to 50 kHz. However, because the 
experimental device has the performance of mechanical low-
pass filtering, the spectrum of the supply system is limited to 
the range of 0 to 50 Hz, and the amplification problem will 
appear in the lower frequency region. The simulated results 
are highly consistent with the experimentally measured STFT 
time-frequency spectrum, and the related schemes are 
regarded as the most reliable analytical framework for 
analyzing the dynamic characteristics of broadband vibration. 

4.4. Thermal-Flow-Solid Coupling Simulation 
of the Hydraulic System 

For the electro-hydraulic servo system, the reference [17] 
combines the viscosity characteristics of the oil changing with 
temperature (in accordance with ASTM D341 standard) with 
the dynamic influence of the pipeline bending to create a 
lumped parameter model of the hydraulic system. Relevant 
studies have shown that when the temperature of the oil drops 
from + 40 ° C to − 40 ° C, the natural frequency of the oil 
column increases significantly from 78 Hz to 94 Hz, which is 

well matched with the operating frequency range of the servo 
valve (80-100 Hz). The self-excited vibration caused by this 
phenomenon has become the main reference object for the 
vibration simulation of hydraulic system under low 
temperature conditions. 

5. Targeted Noise Reduction Strategies 
and Validation 

According to this theory, the method of controlling noisy 
noise has changed from the usual isolation method to the rapid 
response method formulated by pairs of specialized noise 
sources. 

5.1. Adaptive Frequency Tracking (AFTC) for 
Resonance Drift Compensation 

The core idea is to collect acceleration-related data in real 
time through the position of the fixture, and use fast Fourier 
transform to carry out spectrum analysis to determine the 
dominant frequency f0 of the sample. As per the analysis, the 
loading frequency f_load is adjusted adaptively to uphold the 
equation f_load = f_target – Δf, guaranteeing that resonance 
zones at integer multiples of f0 are evaded (having a deviation 
of at least ±3 Hz) [18]. 

Verification: According to the specific content in the 
reference [19], AFTC reduces the peak resonance 
acceleration from 15.2 g to 3.8 g in the cyclic temperature 
change test from negative 60 degrees Celsius to positive 150 
degrees Celsius, achieving a decrease of 75 %. When the load 
frequency exceeds 80 Hz, the adverse effects of the system 
will be weakened due to the lag of the controller 's response, 
and the decrease range is controlled within 52 %. This method 
brings little interference to the existing software, and is very 
suitable for the upgrading of existing hardware. 

 

 
Figure 5-1. Comparison of improvements in vibration intensity (mm/s) across different strategies 
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5.2. Hydraulic Pulsation-Plastic Combined 
Attenuator (HPPA) for Broadband 
Excitation Response 

Operation mode: installed in the position of the power plant 
near the operation end, an energy storage tank to stabilize the 
oil pressure change, and a current limiting component that can 
adjust the shape, connected in series. This series-connected 
device can adjust the reverse pressure, make the plastic flow 
state more uniform, and reduce the impact force caused by 

vibration in various vibration ranges [20]. 

Verification: According to the record of the source [21], the 
test carried out at a temperature of 350 ° C and a pressure of 
0.8 times σ (sub) y shows that HPPA can achieve a vibration 
energy reduction of 67 % in the low frequency range (0-50 
Hz), and will not cause changes in oil temperature (-30 ° C to 
+ 60 ° C). The fluctuation range of the parameters is 
controlled within 8 percentage points, which indeed confirms 
its excellent performance under extreme conditions such as 
high temperature and large load. 

 

 
Figure 5-2. Comparison of improvements in sound pressure level (dB(A)) achieved by each strategy 

 

5.3. Intelligent Isolator: Magnetic Rheological 
Elastomer (MRE) 

Operation principle : This vibration absorption system uses 
magnetorheological elastomer (MRE) material. When in the 
external magnetic field environment, the shear modulus of the 
material will change to realize the dynamic regulation of the 
intrinsic frequency of the system. When the vibration isolator 
becomes hard in a low temperature environment, weakening 
the magnetic field strength can help to cause softening to 
ensure the best use effect ; if you encounter a higher 
temperature, you must take the opposite approach [22]. 

The test results mentioned in the reference [23] show that 
under the action of extreme temperatures such as-40 degrees 
Celsius to + 150 degrees Celsius, the transmission rate of the 
magnetorheological elastomer isolator is reduced by 58 % and 
42 %, respectively, compared with the conventional rubber 
isolator. One of the problems that need to be optimized is that 
its response time is too long, about 50 milliseconds. Rapid 
temperature changes (≥ 10 degrees Celsius / min) may bring 
short-term effects, which requires adjustments to the structure 
of the magnetic circuit to accelerate the reaction rate. 

5.4. High-Temperature All-Metal Micro-
Porous Plate Sound Absorbing Cover 

When the conventional polyurethane sound insulation 
component is in a thermal environment of more than 200 
degrees Celsius, its ability to block air conduction noise and 
high-frequency sharp air-breaking noise will decrease due to 
internal carbonization reaction. The literature [24] mentions a 
microporous stainless steel plate with a pore size of 0.2 mm, 
a material pore ratio of 2 %, and a cavity depth of 25 mm 
behind the back plate. Through the relevant laws of 
Helmholtz resonance, this structure achieves an average 
sound absorption coefficient of 0.65 in the frequency range of 
250 to 800 Hz. After a high temperature test of 500 degrees 
Celsius for 200 hours, the performance reduction has been 
kept within 3 dB. This situation provides a feasible way to 
solve the noise problem in high temperature scenes. 

6. Different Models Can Integrate 
Replicable Noise Reduction Schemes 

This evaluation formulates the optimal combat 
combination plan through the real physical adaptation 
attributes of the three core test devices ; please refer to table 
2 for the explanation of specific parameters. 
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Table 2. Comparison of noise reduction solutions and costs for three types of testing machines 

Type of Testing 
Machine 

Dominant 
Cause (Typical 

Operating 
Conditions) 

Recommended 
Strategy 

Combination (by 
Priority) 

Workload 
associated 

with 
hardware 

modifications 

Estimate 
Cost 

(RMB 
10,000) 

Applicable 
Temperature 

Range 

Electro-
hydraulic servo 
type (hydraulic 
power source) 

Low-temperature 
resonance drift 
combined with 

high-temperature 
wide-frequency 

effects 

① AFTC (Software) 
② HPPA (Pipeline 
modification) ③ 
Micro-perforated 
cover (Airborne 

sound) 

secondary 12~28 -80 ℃~+350 ℃ 

Electromagnetic 
Resonance Type 

(High 
Frequency) 

Resonance shift 
caused by 

softening of the 
high-temperature 

sample 

① MRE Intelligent 
Isolation Device ② 

AFTC Auxiliary 
Tracking System ③ 

TMD Additional 
Features 

lower 5~12 -40 ℃~+200 ℃ 

Motor-Screw 
Electronic 

Universal Type 

Screw clearance 
impact + 
Thermal 

deformation of 
high-temperature 

guide rails 

① Pre-tensioned 
clearance elimination 

nut + torque 
compensation ② 

Fully enclosed cover 
with micro-perforated 

plate 

low 3~10 -60 ℃~+350 ℃ 

 

7. Summary and Trend Outlook 
Based on recent research, the subsequent key points can be 

summarized: 

(1) In fatigue tests carried out at medium-high stress levels 
under different temperatures, the resonance between the test 
specimen and the fixture turns out to be the primary cause of 
vibration, which takes place in 47% of the cases. Because of 
the change of temperature, the frequency of oscillation will 
change. This is the main reason why the vibration becomes 
more intense when the thermal environment changes. 

(2) The main driving factors show different performance 
under the effect of temperature fluctuation: in the low 
temperature environment (lower than-30 ° C), its main feature 
is the resonance change caused by rigid deformation ; in high 
temperature environment (higher than 300 ° C), its main 
feature is broadband excitation due to plastic deformation. In 
the medium temperature environment, it is the result of a 
variety of factors. 

(3) The existing noise reduction methods can make the 
sound source accurately adapt to the corresponding 
processing scheme : AFTC and MRE focus on the problem of 
resonance drift, while HPPA and micro-perforated shell focus 
on the noise generated by broadband excitation and air sound 
transmission. All kinds of methods show outstanding noise 
reduction effect in the corresponding application scenarios, 
and can achieve a noise reduction ratio of 60 % to 80 %. 

(4) The three mainstream frameworks have corresponding 
template systems, but it is very important to carry out 
comprehensive research and judgment when selecting 
schemes. The selected approach should meet the core 

elements and avoid mechanically following the guidelines for 
action. 

(5) The main obstacle now is the lack of a unified cross-
regional network framework and a variety of methods to 
control the real landing application. These two aspects are the 
core problems that need to be solved urgently, which are used 
to promote the progress of the vibration adjustment system of 
the next generation of new intelligent fatigue test equipment. 

Although some symbolic progress has been made, the 
current research shows obvious deficiencies in three core 
aspects : 

(1) There is no unified system framework to show the 
coupling effect : Today 's simulation process relies on a 
separate resonance shift and broadband excitation model, and 
lacks a full dynamic hardness model that comprehensively 
measures the interaction between temperature shift and 
plastic expansion. More specifically, in the temperature range 
as low as-30 ° C and as high as + 150 ° C, the linear 
superposition operation alone will cause no small error [25]. 

(2) The integration algorithm using multiple strategies still 
needs to be optimized : synchronous operation of AFTC, 
MRE and HPPA will make the response time constants of 
each sub-module significantly different (from milliseconds to 
seconds), and it is prone to timing mismatch when the 
temperature is rapidly changed. The reference [26] only has 
the most basic logic switching model, and has not been able 
to achieve the most suitable collaborative operation efficiency. 

(3) The data of long-term use stability is very limited : most 
of the current test methods focus on a short period of time, 
such as less than 100 hours or very few cycles, and little is 
known about the performance changes after more than 1000 



 

53 

hours or repeated cycles. Such deficiencies make it extremely 
difficult to evaluate the long-term application status in the 
engineering field. 

Strategic expansion : This approach focuses on achieving 
progress in the following areas : (1) Using multiple methods, 
linking data-driven rules and mechanism models, and 
completing real-time identification of dynamic changes in 
interactions through neural network structures ; (2) A variety 
of collaborative optimization methods are implemented in the 
model predictive control system, and the constraints caused 
by the actuator response lag are fully considered. (3) A 
vibration database of extreme conditions covering the whole 
industry is established to support long-term reliability 
assessment. 
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