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ARTICLE INFO ABSTRACT

This review systematically examines recent advances in understanding the fracture
behavior of composite materials under hygrothermal environments, with a focus on
experimental studies, phase-field modeling, and the emerging role of artificial
intelligence. Experimental investigations have elucidated moisture diffusion mechanisms
—ranging from Fickian to non-Fickian behavior —and identified critical degradation
processes at fiber-matrix interfaces. The phase-field method has emerged as a powerful
numerical tool for simulating complex crack propagation, with ongoing efforts to extend
its capability to multi-physics scenarios involving thermo-hydro-mechanical coupling.
Meanwhile, machine learning techniques, especially physics-informed neural networks
(PINNS), are increasingly integrated into constitutive modeling and failure prediction,
offering solutions to challenges such as computational cost and limited experimental
data. Despite these advancements, key gaps remain, particularly in fully coupled
hygrothermal-mechanical phase-field frameworks and the integration of physical
mechanisms into data-driven models. Future research is expected to prioritize intelligent,
multi-scale simulation platforms and digital twin technologies to achieve accurate
lifecycle prediction and design optimization for composites in critical engineering
applications.

1. Introduction

Composite materials are widely used in major engineering fields such as aviation, aerospace, and energy, and their

performance is often significantly affected by coupled hygrothermal environments. The combined action of moisture ingress and
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temperature changes can easily lead to material performance degradation, interface failure, and even macroscopic fracture. In
recent years, significant progress has been made in experimental research, fracture phase-field models, and Al-assisted modeling.
This article provides a systematic review focusing on the moisture absorption behavior, multi-physics coupled fracture
mechanisms, and emerging modeling methods of composite materials under hygrothermal environments, aiming to provide
reference for further research in this field.

2. Advances and Trends in Experimental Research under Hygrothermal Environments

The influence of hygrothermal environments on the performance of composite materials has become an important direction
for experimental research, mainly focusing on moisture diffusion behavior, moisture absorption kinetics, and their degradation
mechanisms on mechanical properties. Multiple studies, through controlled temperature and humidity experiments, have
systematically revealed the response laws of different material systems under coupled hygrothermal conditions.

Fan et al. (2009) early on experimentally studied the moisture intrusion behavior in various polymer materials, found that the
diffusion process can be distinguished into typical Fickian and non-Fickian diffusion modes, and established governing equations
for moisture-containing phase change considering temperature effects, providing a theoretical basis for subsequent hygrothermal
aging modeling. Sature and Mache (2017) developed composite laminates with natural fibers, and experiments showed that hybrid
composites possess better moisture resistance, with significantly lower moisture absorption rates than pure natural fiber
composites. Jiang et al. (2013) used the gravimetric method to study the moisture diffusion behavior in GFRP/adhesive systems
under hygrothermal conditions, finding that the interface region between the FRP section and the adhesive layer is most sensitive
to moisture effects.

Jansen et al. (2020) proposed a new multi-step characterization method to investigate the dependency between temperature,
humidity, and material parameters. The study found that when the temperature reaches 85°C, moisture diffusion basically follows
Fick's law, and moisture absorption can be simulated using a single temperature-dependent diffusion coefficient. These
experiments not only reveal the physical nature of the hygrothermal coupling effect but also lay the foundation for building more

accurate multi-field coupled constitutive models.

3. Development and Application of Fracture Phase-Field Models

The Phase Field Method (PFM) for fracture has become an important numerical tool for simulating material fracture due to
its ability to naturally describe complex behaviors such as crack initiation, propagation, merging, and branching. Francfort and
Marigo (1998) proposed PFM based on Griffith's theory, introducing a continuous damage variable to describe material
degradation, avoiding preset crack paths and criteria in traditional fracture mechanics. Subsequently, the method was extended to
multi-physics coupling scenarios. Wang et al. (2020) developed a thermo-elastic-plastic phase-field model based on the Borden
model to simulate the damage behavior of adiabatic shear bands . Liu et al. (2025) proposed a thermo-hydro-mechanical cohesive
phase-field model for hydraulic fracturing in deep coal seams, considering the thermal exchange between cold fluid and hot rock .

The multiphase structure and complex failure behavior of composite materials place higher demands on modeling. Zhang et
al. (2020) combined the phase-field method with the cohesive element (CE) model to construct a numerical framework capable of
simulating delamination, debonding, and matrix cracking, and validated it through simulations of cross-ply composite laminations .
Yin et al. (2023) further embedded the cohesive zone model into the phase-field framework, achieving accurate capture of the
progressive failure and damage behavior of multi-fiber systems, and systematically explored the effects of fiber distribution, fiber
volume fraction, and boundary conditions.

However, the difficulty in accurately obtaining composite interface parameters hinders the practical application of models.
Zhou et al. (2024) proposed a Modified Crack Surface Displacement Extrapolation (MCSDE) method to identify the actual
interfacial fracture toughness and studied the crack propagation behavior in bimaterial structures and sandwich specimens with
different initial notch positions. Regarding hygrothermal coupling, Au-Yeung et al. (2023) established a coupled phase-field

framework considering moisture diffusion, hygroscopic expansion, and fracture behavior, studying composite performance
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degradation across micro, meso, and macro scales, but this study did not consider temperature effects. Furthermore, some scholars
have studied the effects of hygrothermal conditions on the nonlinear viscoelastic fracture behavior of epoxy resin and
nanocomposites under finite deformation only involving the thermal environment, without introducing humidity conditions, such
as Arash et al. (2023) who coupled PFM with a nonlinear viscoelastic constitutive model in a thermodynamically consistent
manner and explored the effects of temperature, deformation rate, and moisture content on the force-displacement response of
nano-boehmite/epoxy samples, but did not further investigate the influence of moisture concentration and temperature distribution

on the fracture behavior of polymer nanocomposites, indicating a research gap in this area.

4. The Rise of Artificial Intelligence in Material Constitutive and Fracture Modeling

In recent years, artificial intelligence (Al) technology has deeply integrated with traditional mechanical modeling,
significantly enhancing the ability to establish constitutive relationships and predict fracture behavior in composite materials.
Raissi et al. (2019) proposed Physics-Informed Neural Networks (PINNs), providing a new paradigm for solving forward and
inverse problems involving nonlinear partial differential equations. Chen and Gu (2021) developed an elasticity identification
method (ElastNet) based on measured strain distributions, overcoming the ill-posed nature of traditional elastographic inverse
problems.

In constitutive modeling, Li and Chen (2022) used neural networks to directly represent the multiaxial stress-strain
relationship of hyperelastic materials, avoiding the limitations of traditional model equations . Abdolazizi et al. (2024) introduced
Viscoelastic Constitutive Artificial Neural Networks (vVCAAN), whose constitutive behavior relies on the concept of a generalized
Maxwell model enhanced by nonlinear strain (rate)-dependent properties represented by a neural network, and demonstrated that
vCAAN can accurately and efficiently capture these material behaviors without human guidance .

In micro-mechanical and composite modeling, Al also shows great potential. Qu et al. (2021) developed a machine
learning-based constitutive modeling approach for granular materials informed by micromechanics . Li et al. (2023) proposed a
mechanics-informed machine learning approach that uses a small training database to predict the elastoplastic behavior of
unidirectional fiber-reinforced composites by incorporating mechanics-based strain and stress decomposition into an Artificial
Neural Network (ANN) . Sepasdar et al. (2024) proposed an image-based deep learning framework for predicting nonlinear stress
distribution and failure patterns in the characterization of composite microstructures, which includes two stacked fully
convolutional networks; their research showed an accuracy of up to 90% in predicting nonlinear stresses and failure patterns . To
address complex loading conditions, Chen et al. (2021) proposed a method for failure prediction of IM7/8552 unidirectional
composite laminates under triaxial loading based on ANN combined with micromechanics, and the trained model showed high
accuracy in biaxial compression .

Research on the fracture behavior of composite materials under hygrothermal environments is undergoing a critical transition
from phenomenological observation to mechanistic understanding, from single physics to multi-field coupling, and from
traditional methods to intelligent enhancement. Although current research has clarified the existence of both Fickian and
non-Fickian diffusion modes for moisture, and identified the interface region as a sensitive weak point for hygrothermal aging, the
underlying physical mechanism of how temperature and humidity synergistically act to precisely trigger the complete failure chain
from moisture absorption and swelling to interface debonding and even matrix cracking remains incompletely understood. As a
powerful tool for fracture analysis, the phase-field model, while demonstrating unique advantages in describing complex crack
propagation, is still in the early stages of exploration for applications in fully coupled thermo-hygro-mechanical scenarios, facing
challenges such as complex constitutive relationships and difficulties in accurately obtaining key interface parameters. Meanwhile,
artificial intelligence technologies, represented by Physics-Informed Neural Networks, are bringing new hope for solving the
challenges of nonlinear constitutive modeling and cross-scale failure prediction in composites through the new paradigm of
"data-driven + physics-constrained"; however, ensuring the physical consistency and extrapolation reliability of models under
small-sample conditions remains an obstacle that must be overcome for their engineering application. In summary, the

breakthrough point for future research lies in the deep integration of physical mechanisms and data intelligence, constructing a
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thermo-hygro-mechanically fully coupled phase-field theoretical framework strictly validated by multi-scale experiments, thereby
achieving accurate prediction and proactive design of the service life and failure behavior of composite materials in harsh
hygrothermal environments.

Based on the analysis and organization of relevant literature, we have constructed a timeline diagram, as shown in Figure 1.

Figure 1. Evolution of Research on Composite Fracture in Hygrothermal Enviromments
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Through a focused analysis of the timeline diagram for research on composite material fracture in hygrothermal
environments, a clear four-stage evolutionary path of research paradigms in this field can be observed: The starting point focused
on fundamental experimental observations and single-factor analyses (2010-2015), followed by a stage of vigorous development
in numerical simulation techniques, where advanced numerical tools like the phase-field method began to be widely applied
(2016-2020). In the third stage (2021-2023), the research focus shifted towards multi-physics coupling modeling and began
exploring the application potential of artificial intelligence technologies. The current and future stage (2024-) is characterized by
the deep integration of intelligent simulation, with digital twin technology emerging as the dominant research direction. This
evolutionary process fully reflects the paradigm shift in this field from phenomenological description to mechanistic exploration,
from single-field analysis to multi-field coupling, and from traditional methods to intelligent algorithms. It also indicates that
future research will place greater emphasis on interdisciplinary integration and the precision and intelligence of engineering
applications.

Looking ahead to the next five years, research on the fracture behavior of composite materials under hygrothermal
environments will exhibit distinct characteristics of deep intelligence and multi-scale precision. The research focus will
concentrate on developing fully coupled thermo-hygro-mechanical phase-field models embedded with physical mechanisms,
aiming to break through the bottlenecks of computational efficiency and physical consistency in traditional numerical simulations
by deeply integrating Physics-Informed Neural Networks (PINNs) with multi-field coupled phase-field theory. Simultaneously,
the "experiment-model-data" driven paradigm based on digital twins will gradually mature, achieving a closed-loop research
process from microstructural image recognition to macroscopic performance prediction, and further to inverse design. This
progress will greatly rely on interdisciplinary collaboration, promoting the formation of a new system for predicting the
full-lifecycle performance and design optimization of composite materials under the guidance of the materials genome initiative

concept, ultimately providing highly reliable material solutions for major engineering fields such as aerospace and new energy.
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