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Abstract

Material-environment interactions (MEI) significantly impact the durability and performance of
various engineered materials, creating uncertainties that complicate the prediction of their service
lifetimes, as well as affect the environment by the release of chemicals and ions. The duality of lifetime
prediction lies in the definitions of failure criteria and end-of-life scenarios. Similar modeling
methodologies can be applied, whether prioritizing "safety," "decomposition” of the material, or
environmental pollution. Conventional experimental approaches are costly and time-consuming,
presenting a substantial hurdle to innovation. Mathematical modeling methods offer a cost-effective
and efficient alternative by combining accelerated testing data and simulations based on fundamental
scientific principles of MEI. This paper presents a modular and multiscale modeling framework,
illustrating how environmental factors such as chemical composition, temperature, acidity, and
mechanical stresses influence material degradation. This framework, applicable to a wide variety of
materials and environments, provides essential tools for predicting service lifetimes, contributing to
both academia and industrial applications.

Keywords: mathematical modeling methods, environment, modular methods, multiscale
modeling, material-environment interactions.

1. Introduction

Materials interact continuously with their environments, leading not only to their gradual
degradation and eventual failure but also to environmental pollution through chemical and ionic
releases. Traditional experimental approaches, involving extensive long-term testing, are costly and
time-intensive, restricting the rapid assessment and innovation in materials design. Thus, reliable,
accurate, and economically viable MEI modeling methods are urgently required to better predict both
material lifespan and environmental impacts [1].

This paper proposes a modular, multiscale modeling framework based on fundamental physical
and chemical principles. The framework incorporates accelerated testing and predictive modeling,
bridging short-term data with long-term predictions, facilitating cost reduction, and streamlining the
innovation process. Given the multicomponent nature of many engineered materials, the approach
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also considers each component individually, addressing their unique interaction pathways and
environmental consequences [2]. The multiscale nature of MEI simulations is shown in Figure 1.

2. Methods

2.1. Modular Concept

The modular modeling framework integrates processes across multiple scales, from atomic-level
chemical interactions to macroscopic responses. Each module is developed separately, addressing
specific degradation mechanisms such as chemical reactions, diffusion, and mechanical stress-
induced failures. The modular approach also explicitly accounts for chemical releases into the
environment, thus enabling comprehensive lifetime predictions from both safety and environmental
perspectives [4]. The modular approach (as an example for composite materials) is schematically
shown in Figure 2. The methodology of the “red” (meaning theoreticized) quantitative structure-
property relationship (QSPR) module was recently developed and described in [5].

2.2. MEI Simulations of Matrix Constituents

Matrix materials commonly undergo degradation through various mechanisms such as hydrolysis,
and oxidation. The modeling methods employed here incorporate degradation rate kinetics, empirical
correlations, and advanced simulations to capture these complex processes accurately. Diffusion-
driven processes such as moisture absorption and chemical leaching are modeled using advanced
diffusion equations, enabling assessment of both the structural integrity loss and the environmental
impact due to chemical releases.

Quantitative Structure-Property Relationship (QSPR) modeling is particularly highlighted for its
ability to correlate molecular properties with macroscale performance, bridging molecular
interactions and large-scale structural responses effectively [6].

2.3. MEI Simulations of Reinforcing Constituents

Reinforcing elements, including fibers and particulates, exhibit diverse environmental
degradation pathways such as chemical dissolution, corrosion, and stress-corrosion cracking.
Predictive kinetic models and micromechanical approaches quantify the degradation rates and
associated chemical emissions. These models facilitate predictions concerning both mechanical
performance deterioration and potential environmental pollution resulting from constituent
breakdown.

Advanced analytical tools are employed to evaluate interactions at the microstructural level,
further linking these micro-level changes to macro-scale material behaviors and environmental
impact scenarios.

An analytical toolbox consisting of seven modeling modules was presented in a recent work
(2021) on the Modular Paradigm for composite GFRPs [7]. The seven developed modules of the
Reinforcement Modular Group within the Modular Paradigm are shown in Figure 3.

Models that predict mass loss and radius reduction are the Contracting Cylinder model [8], the
Shrinking Cylinder model [9] and the Dissolving Cylinder Zero-Order Kinetic (DCZOK) model [10].

The crack growth evolution can be modelled by micromechanical models [11]. The link between
the dissolution kinetics (DCZOK model) and the hydrolytic crack growth is described in [12].

As shown in Figure 2, modules are divided in four sections that relate to the overall composite
configuration and modeling of environmental degradation of individual micro-constituents (polymer,
fibers and interphase).
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Figure 1. Multitude of scales involved in MEI Modeling [3]
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Figure 2. Modular MEI framework for composite materials [6]
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Figure 3. The seven modules for Reinforcement within the Modular Modeling Concept [7]

2.4. MEI Simulations of Interphase Constituents

Interphase degradation between the reinforcement and matrix phases significantly affects both
structural integrity and the potential for environmental contamination through chemical release. Mass
balance and kinetic modeling approaches characterize the degradation processes, enabling accurate
predictions of both mechanical property loss and chemical leaching [13-15].

Improved models linking interphase degradation to global structural and environmental impacts
are still evolving and represent a critical area for further research to enhance predictive capabilities
comprehensively [13-15].

3. Discussion

The predictive modeling of material lifetimes involves clearly defining failure criteria and end-
of-life scenarios, which directly impacts both safety management and environmental considerations.
Similar degradation processes and modeling techniques apply irrespective of whether the primary
objective is structural reliability or minimizing environmental pollution.

Future improvements should focus on enhancing the precision of individual modeling modules,
expanding the integration of modules, and explicitly incorporating environmental release and
pollution metrics into lifetime prediction models.

4. Conclusions

The presented modular and multiscale mathematical modeling framework effectively predicts
material-environment interactions (MEI) and advances multiscale modelling frameworks by
connecting molecular degradation processes to macroscopic mechanical behaviour, encompassing
both structural integrity and environmental impacts.
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The modular design of this framework allows for the integration of additional experimental and
computational tools, enhancing its versatility for different material systems and aging conditions.

The methodology significantly reduces reliance on extensive physical testing, thereby enabling
efficient and accurate lifetime and pollution predictions. By offering on-site, non-destructive solution
for structural health monitoring, this methodology has broad potential applications across various
industries. By offering on-site, non-destructive solution for structural health monitoring, this
methodology has broad potential applications across various industries.

This approach supports sustainable material design and enhances reliability predictions,
significantly benefiting both academia and industry.
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AHoTanisa

B3zaemoois mamepianie i3 006KinIAM CYMmMeBO 8NIUBAE HA O0B20BIUHICIb | eKCHIYAMAayiiti Xa-
PAKMEPUCMUKU PIZHUX THHCEHEePHUX Mamepiaie, CMEopIYU HeGUHAYEHOCMI, K YCKIAOHIOOMb
NPOCHO3VBAHHS IXHbO2O CIMPOKY CILYHCOU, A MAKONC CNPUNUHAIOYU 3a0PYOHEHHs 008K uepes 6U-
OlleHHs1 XIMIYHUX peu0o8ur ma iownis. I1008iliHicMb Y NPOSHO3V8AHHI CMPOKY CILYHCOU NOJIS2AE Y GU3HA-
yenHi Kpumepiis 8i0Mo8u ma cyeHapiie 3aeeputenusn excnayamayii. CXoxci Memoou mMooenoB8aHHs.
MOHCYMb OYMU 3ACMOCOBAHI HE3ANEHCHO 8I0 MO020, WO CMABUMbCA 6 npiopumem — «be3nexkay,
«PO3KA0» Mamepiany yu 3a0pyoOHeHHs 0068KILIA. Tpaouyilini excnepumeHmanvti nioxoou € 3ampam-
HUMU 304 YACOM 1 KOWMAMU, WO CMEOPIOE 3HAYHI NepeuKoou OJisl 8NPOBAONCEHHs THHOBAYIU.
Hamomicms mamemamuuni memoou Moo0ento8anHs nponoHyloms eKOHOMIYHO 8UiOHy ma egex-
MUBHY ATbMEPHAMUBY, NOEOHVIOYU OAHI NPUCKOPEHUX BUNPOOYBAHDL i3 CUMYAAYIAMU, 3ACHOBAHUMU
Ha PYHOAMEHMANbHUX HAYKOBUX NPUHYUNAX MOOENI08AHHA 83aeMO0ii. V yiti pobomi npedcmasneno
MOOYIbHUL OA2amomacutmabHutl nioxio 00 MOOeN08aHH s, AKUU LIIOCMPYE, K YUHHUKU O0BKIIA —
XIMIYHUL CKA0, MeMnepamypa, KUCIOMHICMb | MEXAHIYUHI HABAHMAICEHHS — 6NIUBAIOMb HA 0e2pa-
oayito mamepianis. Lleii nioxio, wo 3acmoco8yemMvcsi 00 UWMUPOKO2O CNeKmpa mamepianie i cepeoo-
8UlY, 3a0e3neuye aNCIUBI IHCMPYMeHMU OJisl RPOSHO3Y8AHHS CIPOKIB CIYHCOU, CNPUAIOYU AK aKade-
MIYHUM OOCTIOHNCEHHAM, MAK [ NPOMUCTIO80M) BUKOPUCHAHHIO.

Knwuosi cnosa: memoou mamemamuuHo2o MOOe08AHH S, HABKOTUWHE Cepedosulye, MOOYIbHI
Memoou, 6a2amopaxmopHe MOOeN08AHHS, 83AEMO0IA Mamepian-cepedosuuye.
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