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Abstract. This study investigates the mechanical properties and dynamic damage characteristics
of CFRP laminates under coupled thermal and impact loads. Through thermal environment
simulation, impact loading, and multidimensional data acquisition, experimental data on velocity,
acceleration, stress-strain, and energy absorption were obtained. The results show that the
heat-impact coupling effect significantly degrades the material’s mechanical performance. This
study provides a research foundation for enhancing the structural performance of CFRP under
thermal shock, and lays a scientific basis for its engineering application under complex service
conditions.
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1. Introduction

Carbon fiber reinforced polymer (CFRP) is a lightweight and high-strength material with
carbon fibers and their products as the reinforcement and resin as the matrix, which is widely used
in various fields such as aerospace and new energy vehicles. With technological development,
research on its properties has become increasingly in-depth, and improving its durability and
reliability under specific application environments remains a research focus. Temperature and
impact can affect the interfacial properties of fiber and matrix in composite laminate structures,
leading to microcracks and delamination, thereby degrading material properties [1]. Han et al. [2]
explored the low-temperature impact resistance of engineering geopolymer composites (EGC);
Choudhury et al. [3] evaluated the performance of glass fiber reinforced polymer (GFRP) at
different temperatures. Mu et al. [4], Zhu et al. [5], Swart et al. [6], and Zhou et al. [7] studied the
mechanical properties, dynamic response, and impact behavior of different composites at different
temperatures, respectively. The results indicate that temperature has a significant impact on the
properties of composites, and some studies have established failure models considering
temperature effects [8, 9]. Impact energy also has a significant impact on the mechanical properties
of composites. Bhudolia et al. [10] analyzed energy conversion and dissipation under low-velocity
impact, Yudhanto et al. [11] studied the impact energy-time curve, and Habibi [12] explored the
relationship between impact energy and residual tensile strength.

In summary, studying the mechanical property variation and dynamic damage characteristics
of CFRP laminated structures under thermal-shock coupling effects holds significant importance.
This paper aims to explore the response patterns of their mechanical properties through
experimental research, phenomenon analysis, and summarization, providing a basis for material
optimization design and performance prediction.
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2. Experiment overview
2.1. Experiment piece preparation and working condition design

CFRP specimens were prepared using the hot pressing process, with dimensions of 40mm x
30 mm. The carbon fiber woven material used for specimen preparation was designated as T300,
with a diameter tolerance of £0.3 micrometers. The material parameters are listed in Table 1. The
main process for specimen preparation is shown in Fig. 1.

In this study, high-performance epoxy resin was selected as the matrix material. Given its
characteristics of gel time at room temperature of approximately 3.5 hours and optimal curing
temperature range of 130 °C to 145 °C, a self-made heating plate and stirring rod device were
utilized to measure the gel time through constant temperature heating and continuous stirring.
Additionally, a polarizing microscope was employed to observe the optical properties of the
samples under different temperature fields, in order to clarify the curing process parameters.

This experiment primarily employs an orthogonal experimental design, supplemented by
single-factor and uniform experiments. The design variables for the experimental conditions
include temperature (—50 °C/50 °C), impact energy (20 J/30 J/40 J/50 J), and impact velocity
(2 m/s, 3 m/s, 4 m/s, 5 m/s).

Table 1. Material parameters
Density | Tensile strength | Tensile modulus | Shear strength | Flexural strength | Poisson’s ratio
1.76 g/cm3 3530 MPa 230 GPa 110 MPa 1300 MPa 0.3
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Fig. 1. Preparation process of specimens. Photo by Fengfeng Wang, Material Forming Lab
of Nanjing University of Science and Technology, 2024

2.2. Simulation of test conditions and test process

The low-temperature environment simulation involves placing the test sample in a
low-temperature chamber and programmatically cooling it to —50 °C, maintaining the temperature
for more than 60 minutes, measuring the temperature at intervals of 5 minutes to verify the
uniformity and stability of the temperature field, and finally returning the temperature to room
temperature. The high-temperature environment simulation involves placing the test sample in a
high-temperature chamber heated by resistance wires, heating it at 2 °C/min to 50 °C, maintaining
the temperature for 15 minutes, allowing the test sample to stand for more than 30 minutes, and
monitoring the uniformity of the temperature field using multi-point temperature measurement.
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Fig. 2. Experimental process. Photo by Fengfeng Wang, Composite Material Testing Lab
of Jingling Institute of Technology, 2025

152 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



MECHANICAL RESPONSE AND DAMAGE EVOLUTION OF CFRP LAMINATES UNDER COUPLED THERMAL-IMPACT LOADING.
FENGFENG WANG, JINYU ZHOU, LEI LI

An impact load is applied to the test sample using a pendulum impact testing machine. By
adjusting the mass and drop height of the hammer, an impact energy of 20-50 J is obtained. An
electromagnetic release device is used to precisely control the impact velocity within 2-5 m/s. The
system error of the testing machine is calibrated by comparing theoretical calculations with actual
sensor measurements, ensuring the force measurement error is controlled within £2 %. The testing
process is illustrated in Fig. 2.

Mechanical properties of CFRP laminated structures were tested using an electronic universal
testing machine. After systematically organizing the test data, a stress-strain relationship model
for the material was established, based on which key mechanical parameters such as elastic
modulus and yield strength were calculated. For acceleration and displacement response data,
signal processing techniques such as Fourier transform were applied to present the dynamic
response of the material under impact loading.

3. Result analysis
3.1. Mechanical response
Based on the comprehensive experimental data, after eliminating invalid values and taking the

average of each operating condition, the displacement and acceleration responses obtained are
shown in Fig. 3.
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Fig. 3. Mechanical response

As can be seen from Fig. 3, at the same temperature, as the impact energy increases, the
displacement also increases, reflecting that the impact failure of CFRP is a process of energy
absorption and deformation development: at low energy, elastic deformation predominates, with
small displacement; at high energy, the proportion of plastic deformation increases, and the
displacement increases. Under the same impact energy, the displacement at low temperature
conditions is significantly lower than that at high temperature conditions, indicating that low
temperature can enhance the elastic modulus and deformation resistance of CFRP, while high
temperature can lead to a decrease in its stiffness. The acceleration rises to a peak and then decays,
and its peak value is positively correlated with the impact velocity. The greater the impact velocity,
the greater the acceleration, indicating that increasing the speed will increase the impact energy
absorbed by the material per unit time, allowing it to withstand greater loads. Under the same
impact velocity, the lower the temperature, the greater the acceleration and the rate of decay.

Ignoring the detailed changes near the yield point, the stress-strain relationship of the CFRP
laminated structure under different temperature conditions and combinations of impact parameters
is shown in Fig. 4 for specimens tested at —50 °C and 50 °C.

As can be seen from Fig. 4, under —50 °C conditions, the slope of the stress-strain curve during

'VIBROENGINEERING PROCEDIA. APRIL 2026, VOLUME 61 1 53



MECHANICAL RESPONSE AND DAMAGE EVOLUTION OF CFRP LAMINATES UNDER COUPLED THERMAL-IMPACT LOADING.
FENGFENG WANG, JINYU ZHOU, LEI LI

the elastic deformation stage of the CFRP laminated structure is the largest. As the impact energy
increases, the stress increases, the strain decreases, and the deformation process accelerates. Under
high impact energy, the dynamic load transfer is stronger. Combined with the high stiffness
characteristic, the stress increases significantly, while the matrix loses its plastic deformation
space, resulting in a smaller strain. At the same time, the material mainly undergoes brittle failure
characterized by matrix cracking and interfacial debonding, with concentrated energy release
leading to an accelerated deformation process. Under 50 °C conditions, the plasticity of the resin
matrix increases, and the stress increases very slowly during the yield stage, with the smallest
slope of the curve. In the strengthening stage, the fibers become the main load-bearing carriers,
and their high strength limits the development of strain, resulting in minimal strain changes.
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Fig. 4. Stress-strain relationship

3.2. Strength and toughness
To further evaluate the performance of CFRP laminated structures, the material strength and
toughness are reflected through elastic modulus and energy absorption, respectively. The elastic

modulus results of CFRP obtained from the test are shown in Fig. 5, and the energy absorption
situation is shown in Fig. 6.
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As can be seen from Fig. 5 and 6, the elastic modulus and energy absorption performance of
CFRP materials exhibit specific patterns as temperature conditions and impact energy vary. The
core reason lies in the synergistic effect of temperature and impact energy on the internal structure
of the material. At low temperatures, impact energy enhances the microstructure, leading to an
increase in elastic modulus but with diminishing increments. At high temperatures, energy
disrupts the structure, causing a decrease in elastic modulus. Therefore, at the same energy level,
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the modulus is higher at low temperatures. At the same energy level, higher temperatures promote
greater deformation and energy distribution, resulting in better energy absorption. When
temperatures are the same, the greater the energy, the more active the damage and dissipation,
leading to more energy absorption.

3.3. Damage morphology
The visual inspection method was employed to record the surface damage characteristics of

the specimens, encompassing macroscopic defects such as crack geometry, deformation, and
breakage. The damage morphologies under various working conditions are illustrated in Fig. 7.
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Fig. 7. Damage morphology. Photo by Fengfeng Wang, Compc;site Material Testing Lab
of Jingling Institute of Technology, 2025

The impact damage of CFRP specimens progresses with increasing energy. Under —50 °C
conditions, microcracks appear on the surface upon 20 J impact; after 30 J impact, the number of
cracks increases and some become connected, with a width of up to 0.05 mm; under 40 J impact,
the surface is covered with dense cracks, forming a fragmented crack cluster, with cracks
measuring 2.1 mm in length and approximately 0.09 mm in width; at 50 J impact, the surface
material of the specimen is completely fragmented. Under 50 °C conditions, the surface deforms
slightly upon 20 J impact, accompanied by a small number of fine thermal expansion cracks; after
30 J impact, cracks are densely distributed, measuring 1.5 mm in length and forming an irregular
network with a width of approximately 0.07 mm; under 40 J impact, the surface is severely
fragmented, with cracks disordered and measuring 2.8 mm in length and approximately 0.1 mm
in width, and material detachment in some areas; at 50 J impact, the surface is covered with cracks
measuring 2.0 mm in length and approximately 0.1 mm in width, with large areas of
fragmentation.

Taking the numerical simulation under the condition of 50 °C/40 J as an example, the damage
variation contour plot is shown in Fig. 8. At the beginning of damage calculation, the laminated
plate deforms to resist the impact. As time progresses, damage begins to occur at the stress
concentration points and gradually expands. After 2 ms, the damage situation worsens, but the
macroscopic area of damage does not change anymore.

a) 0.1 ms b) 0.5 ms c) I ms d) 2 ms e) 3 ms
Fig. 8. Contour plot of damage variation under 50 °C/40 J working conditions

Based on the comprehensive comparison of experimental results, at the same temperature, the
progressive increase in impact energy leads to the gradual evolution of CFRP damage. From
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matrix microcracks to fiber fracture, matrix fragmentation, and ultimately macroscopic fracture.
Under the same impact conditions, high temperature exacerbates interfacial delamination and
matrix damage, while low temperature restricts molecular activity and enhances rigidity, resulting
in significantly lower damage levels compared to high temperature.

4. Conclusions

This study focuses on a specific CFRP laminated structure and investigates its mechanical
properties and dynamic damage characteristics under the coupled action of heat and impact
through experimental methods. The results indicate that the coupled action of heat and impact
significantly affects the mechanical properties of composite materials. When the temperature
remains constant, there is a positive correlation between impact energy and impact velocity.
However, under the same impact velocity, the lower the temperature, the smaller the displacement
but the greater the acceleration, the higher the stress and the lower the strain, and the faster the
deformation process but the less energy absorption. This study helps to reveal the mechanism of
the influence of heat-impact interaction on CFRP, providing a scientific basis for its engineering
application under complex working conditions.
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