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Abstract. Underground wireless power transmission (WPT) systems are suscep-

tible to environmental threats such as high temperatures, water ingress, and me-

chanical impact from above-ground objects. Typical WPT systems electronics 

are safeguarded with civil-grade epoxy coating, thus it is imperative to assess the 

coating's durability in these extreme conditions. Among various environmental 

threats, this study is primarily focused on both experimental and numerical in-

vestigations on long-term water diffusion characteristics of civil-grade epoxy ma-

terials at various temperatures. A series of water diffusion tests were performed 

on the specimens made from two commercially available electronics casting 

epoxy materials at room (23°C) and high (50°C) temperatures. A sequentially 

coupled, multi-physics finite element (FE) model was developed to predict water 

diffusion-induced hydrothermal and subsequent mechanical damage in the epoxy 

materials. The FE model consisted of four sequentially coupled analyses: (1) heat 

transfer analysis, (2) water diffusion analysis, (3) swelling analysis from long-

term water diffusion, and (4) low velocity impact (LVI) analysis. The numerical 

results show good agreement with in-house experimental findings, indicating that 

the framework can serve as a baseline for predicting epoxy coating performance 

on WPT systems. 
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1 Introduction  

Wireless power transmission (WPT) refers to the technique that transfers electrical 

power by utilizing electromagnetic fields (EMF) without the need for physical connec-

tions. Its applications have become extensive in recent decades, encompassing the 

charging of mobile phones, implanted medical equipment, home appliances, and elec-

tric vehicles (EVs) [1]. A typical WPT system consists of a power source, transmitter 

coil, communication, and control systems. In the field of charging EVs, the WPT sys-

tem can be categorized into two groups: (1) static, which requires the vehicle to remain 

stationary and (2) dynamic, which allows the vehicle to be charged while in motion [1]. 

In feasibility studies, dynamic WPT systems showed their capability to offer unlimited 

range and an emerging field of research for sustainable mobility of EVs [2]. For suc-

cessfully transmitting the power from the underground WPT to moving vehicles, 
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uninterrupted functioning of the system and communication between them is required. 

However, the functions and communications can be affected by both environmental 

(e.g., water, high temperatures, soil corrosion) and mechanical (e.g., vehicles passing 

over, impact from falling objects) loadings. The main source of water in the soil under 

the highways is rainfall, where water can severely impact underground wireless com-

munication systems by disrupting antenna return, bandwidth, and propagation path [3]. 

In addition, water leakage inside the electrical system can lead to the failure of capaci-

tors, transistors, and printed circuit boards (PCB) by dielectric loss due to water intru-

sion, dendrite growth, creep corrosion, delamination, and leakage current [4–7]. Thus, 

diffusion through the underground WPT components can lead to the system’s prema-

ture failure and frequent maintenance, which is a big concern in the sustainable appli-

cation of dynamic WPT. 

In commercial practice, to protect electronics from water, casing materials are used. 

Materials with lower permeability are chosen as casing for electronics [8]. Metals, 

glass, and ceramics exhibit lower permeability than polymers due to their densely 

packed atoms which cause them to be heavier in weight [9, 10]. Glass and ceramics are 

too fragile to be used as the casing materials of underground WPT, on the other hand 

some enclosing metals, such as iron and aluminum are vulnerable to corrosion and no-

ble metals are too costly to be used. Potting of enclosing metals can be a solution to 

protect both enclosing structures and internal electronics. Polymeric materials (i.e., ure-

thane, silicone gels, and epoxy) are widely used as potting materials [11]. 

The potting materials should be chosen based on adhesion to the metal casing, heat 

resistance capability, chemical inertness, and hygroscopic tendencies. Epoxies show 

better adhesion to metals than urethane and silicone. In addition, they have higher glass 

transition temperature (Tg), modulus, and strength than urethane [12–14]. Epoxy mate-

rial typically possesses superior overall properties over urethane and silicone coatings. 

However, in addition to high water absorption (2-7%), the mechanical and structural 

performance of common polymer coatings (e.g., epoxy, acrylonitrile-butadiene-sty-

rene, urethane) is significantly influenced by long-term hydrothermal aging [15-17]. As 

water molecules start to penetrate inside the polymer chains of the epoxy, it may lead 

to the plasticization of the material, affecting the mechanical properties and lowering 

Tg. Consequently, the maximum allowable working temperature of the epoxy is re-

duced. Furthermore, internal heat generation from the WPT system may cause the ab-

sorbed water to evaporate, leading to the development of internal vapor pressure. This 

can potentially soften the epoxy coating, making it more susceptible to swelling and 

internal damage [18–20]. Though moderate plasticization can improve the impact re-

sistance/fracture toughness of the epoxy by preventing crack propagation, impact dam-

age may allow more routes for water to penetrate the epoxy layers thus degrading its 

properties over time [21, 22]. 

A higher diffusivity and water uptake are seen when the epoxy materials are sub-

jected to higher temperatures along with long-term diffusion [23]. If the temperature is 

higher than the Tg of the epoxy material, the maximum water saturation may increase 

significantly [24]. Thus, it is essential to understand the epoxy materials’ inherent prop-

erty changes and their contribution to long-term hydrothermal aging for their use in 

underground WPT systems. This long-term hydrothermal aging can degrade epoxy 
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materials, potentially allowing water to enter the WPT components. As a result, it is the 

most significant purpose of the epoxy to reduce water diffusion through it. Experimen-

tally determined water diffusion parameters (i.e., saturation time, diffusivity, and solu-

bility) of the epoxy material can help to predict how far water might travel in fully 

saturated epoxies before reaching the WPT system.   

This research explores two commercially available electronics casting epoxy mate-

rials as coating layers for WPT systems. As these epoxies can be exposed to hydrother-

mal aging environments (water ingression at various temperatures) and low velocity 

impacts (LVI), it is critical to assess the coatings’ performances. Water diffusion ex-

periments at room (23°C) and high (50°C) temperatures were performed on the epoxy 

specimens to understand their long-term durability and performance in water environ-

ments. To predict their responses to both environmental aging and LVI threat, a se-

quentially coupled multi-physics numerical framework is developed and validated with 

in-house experimental tests. The numerical framework considered the effect of internal 

heat generation from the WPT components on the epoxy specimen. Afterward, mass 

diffusion and static analysis were subsequently coupled to understand its water absorp-

tion and swelling. Finally, an LVI simulation was coupled with the previous analyses 

to determine the residual performance of the epoxy specimen. This work proposes a 

novel modeling framework for epoxy coating materials, which can determine their re-

sidual structural performance after the combined effects of heat and water diffusion. 

This framework can be utilized for the selection of appropriate electronics casting ma-

terials for underground WPT systems by eliminating the need for complex and expen-

sive experiments. 

2 Experimental Procedure 

2.1 Materials and Sample Preparation  

The epoxy specimens employed in this work were 832FX and 832TC, supplied by M.G. 

Chemicals Ltd. Both epoxies are two-part potting compounds (part A-epoxy resin and 

part-B hardener) and commonly used for the protection of circuit boards and electronic 

assemblies. The chemical composition and material properties of each epoxy material 

can be found on the manufacturer’s website [25]. The epoxy specimens were prepared 

by mixing the two-part potting compounds of each epoxy with a weight fraction of 

1.1:1 [25]. Then the mixture was thoroughly stirred and sat for 15 minutes to de-air the 

mixture. After that, the mixture was poured into a silicone mold and cured at 65°C for 

2 hours according to the manufacturer’s suggestions [25]. The FX specimen has lower 

Tg (8.8℃) than the TC specimen (50℃). These Tg values make the FX specimen flex-

ible and the TC specimen rigid after curing [25]. The cured epoxy samples were cut 

into specimens with the nominal dimensions of 190.5 × 95 × 5 mm3. The two epoxy 

specimens after curing and those prepared for water diffusion and LVI tests are shown 

in Fig. 1. 
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Fig. 1. Epoxy specimens (a) after curing and (b) cut into specimen size for water diffusion tests. 

2.2 Water Diffusion Test Setup  

Water diffusion tests were carried out in the water bath of tap water following ASTM 

D570-98 standard [26]. A total of 30 epoxy specimens were prepared for all epoxy 

specimen configurations (i.e., rigid (TC- 9 specimens) and flexible (FX- 6 specimens)) 

at room (RT) and high temperatures (HT) respectively. Figure 2 shows the water diffu-

sion test set up in two different environmental conditions. During the test, the speci-

mens were extracted and wiped off with a dry towel, and their weights were measured 

once every two days in the first month and weekly in the second month. The test con-

tinued until three consecutive weight measurements recorded an average water gain in 

a mass of no more than 1%, in accordance with the standard [26]. The change in weight 

(Mt) at any time t of a specimen due to water diffusion was determined using Eqn. 1. 

𝑀𝑡(𝑡) =
𝑊𝑡 −𝑊0

𝑊0

 (1) 

where Wt is the sample weight at any time t, and W0 is the initial sample weight. 

 
Fig. 2. Experimental setup in room temperature (RT) and high temperature (HT) diffusion. 

3 Water Diffusion Test Results  

Figures 3a and 3b each show the time evolution of water absorption (Mt in Eqn. 1) and 

the maximum water saturation level of FX and TC epoxy specimens under RT and HT 

diffusion conditions. The specimen’s weight increments from the water diffusion 

Specimen Aluminum pan

Covering with foil to 
protect from foreign substance Specimen submersion 

into tap water

Room temperature diffusion

High temperature 
diffusion
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experiments were recorded for ~71 days and plotted with respect to the square root of 

time, thus ~ 41 hr in the x-axis of Fig. 3a corresponds to ~1704 hr in the actual diffusion 

experiment. Plotting the water absorption against ‘time’ or ‘square root of time’ is 

standard approach. The ‘square root of time’ unit is a widely accepted approach since 

the slope of the linear portion from the plot can then be used to estimate the diffusion 

coefficient.  

  
Fig. 3. (a) Specimen weight change Mt (%) over time and (b) maximum water saturation level 

M∞ (%) of rigid (TC) and flexible (FX) epoxy specimens subjected to room temperature (RT) 

and high temperature (HT) diffusion. 

As the specimens reached saturation, the FX specimens, which could be easily de-

formed in RT conditions due to weaker intermolecular bonds, demonstrated greater 

water absorption rates. FX specimens absorbed slightly more water (2.3%) compared 

to the TC specimens (1.3%) in both diffusion conditions. The relatively weaker inter-

molecular bonds in FX specimens allowed more water to penetrate the molecular net-

work of the specimens. In the HT diffusion condition, both epoxy specimens had higher 

maximum water absorption levels than RT diffusion with higher absorption rates. The 

increased molecular distance between the cured epoxy molecules at high temperature 

allowed more water to be stored in the specimens compared to RT diffusion. In the case 

of the TC specimen, its water absorption almost doubled in HT diffusion, i.e. 1.3% to 

2.7% due to the influence of temperature, which is also similar for the FX specimens. 

Among all material and testing configurations, the FX specimen at HT diffusion exhib-

ited the highest maximum water absorption of ~3.8%, while the TC specimen at RT 

diffusion exhibited the least maximum water absorption of ~1.3%. 

The diffusion temperature significantly influenced the physical state of the speci-

mens over the course of hydrothermal aging. In the RT condition, the diffusion process 

did not result in any noticeable physical distortion in the specimens. However, during 

HT diffusion, as depicted in Fig. 4, the TC specimens exhibited warpage, which became 

increasingly pronounced towards the end of the diffusion period. The diffusion temper-

ature (50 °C) was similar to the TC specimen’s Tg (50 °C) [25], making them malleable 

after water diffusion. Furthermore, the water bath created non-uniform heating despite 

constant oven temperature. The specimen's bottom face got heated faster than the other 

faces as a result of direct contact with the bath pan. Additionally, the larger surface area 

of top and bottom faces compared to side faces led to higher heat flow rates on these 
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surfaces. Overall, these phenomena created non-uniform heat distribution in the speci-

men, and the malleability of the TC specimens allowed them to bend, which eventually 

became permanent over the long diffusion period. However, due to their significantly 

low Tg (8.8 °C) [25], the FX specimens were already malleable before undergoing dif-

fusion. Consequently, despite being subjected to uneven heat distribution, they did not 

maintain their distorted shape after the water diffusion test. Overall, the FX specimens 

experienced a decrease in stiffness as a result of water molecules breaking the polymer 

chains throughout the diffusion. 

 
Fig. 4. Effect of water diffusion temperature on physical deformation of epoxy specimens. 

4 Numerical Study  

The epoxy coating can experience generated heat from the WPT and diffusion from 

surrounding water, causing it to swell due to high temperature and water content inside, 

and be subjected to impacts from external objects. A numerical study was carried out 

using ABAQUS to simulate their combined effects on the epoxy specimen [27]. The 

proposed finite element (FE) model consists of four sequentially coupled analyses to 

simulate water diffusion, swelling of the epoxy specimens, and LVI. First, transient 

heat transfer simulation was performed with the DFLUX subroutine to incorporate the 

effect of internal heat generation from the WPT system. Thermal properties (i.e., con-

ductivity, coefficient of thermal expansion (CTE), and specific heat) of the epoxy spec-

imen were defined as the input parameters in this simulation. Second, the water diffu-

sion behavior of epoxy specimens was determined by using mass diffusion analysis. 

The specimens’ water diffusion parameters and nodal temperatures from the heat trans-

fer analysis were defined in the diffusion simulation as input parameters and predefined 

fields. Third, a static general analysis was performed with the UEXPAN subroutine to 

determine water-induced material swelling resulting from hydrothermal aging. The 

elastic properties (i.e., Young’s modulus and Poisson’s ratio), CTE, solubility, and co-

efficient of moisture expansion (CME) properties were required in the analysis. The 

UEXPAN subroutine was introduced to capture the combined hydrothermal expansion 

due to temperature distribution and water absorption. Lastly, a dynamic explicit analy-

sis was performed to determine the residual structural performance of the epoxy speci-

men under LVI.  
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4.1 Transient Heat Transfer Analysis 

The epoxy specimens might be subjected to heat generation from the underneath WPT 

system. To simulate the generated heat, a nonlinear transient heat transfer analysis was 

performed for both epoxy specimens. Table 1 lists the thermal properties of the epoxy 

specimens used in the heat transfer analysis [25]. 

 
Table 1. Thermal properties of epoxy specimens. 

Specimen 
Thermal conductivity 

(W/m/K) 

CTE 

(ppm/℃) 

Specific heat 

(J/g℃) 

FX 0.3 218 0.80 

TC 0.7 114 0.30 

 

Using the DFLUX subroutine, a moving heat flux of 1000 W/m² was simulated over 

the specimen's bottom surface, moving in the longitudinal direction at 1.78 mm/s with 

a 10 mm radius. The heat transfer simulation was performed for 100 seconds. Note that, 

while the magnitude of heat flux and time duration were used as reference values, fur-

ther investigation is needed to determine the actual parameters for internal heat gener-

ation in WPT components. Following a mesh sensitivity study, a global element size of 

2 mm was chosen for the analysis, resulting in 13,680 three-dimensional (3D) linear 

hexahedral heat transfer elements (DC3D8 in ABAQUS). Figure 5a shows the FE mesh 

with the heat flux applied on the bottom surface of the model. A uniform initial tem-

perature of 23℃ was considered. Figures 5b and 5c each show the nodal temperatures 

in the FX specimen at 2 and 100 second of heat transfer simulation. From the tempera-

ture distribution contours, a circular-shaped heated area is seen on the specimen. The 

FX and TC models, when subjected to 1000 W/m2 heat flux, showed the maximum 

temperatures of 29.8℃ and 28.1℃, respectively.  

 
Fig.5. (a) FE model with heat flux loading, nodal temperatures in the FX specimen at time t at 

(b) 2 s, and (c) 100 s during the heat transfer simulation. 

4.2 Water Diffusion Analysis 

In general, the water absorption characteristics of polymeric materials are described 

using the Fickian diffusion model [28]. According to the model, water is transferred 

into a polymer only by diffusion, which is the movement of water from a region of 

higher concentration to a region of lower concentration. The Fickian diffusion model is 

built into ABAQUS, where the diffusion process is controlled based on the normalized 



8 

concentration [27]. The water diffusion in polymeric materials can be described by 

Fick’s diffusion equation [28], as follows: 

𝜕𝐶

𝜕𝑡
= 𝐷 (

𝜕2𝐶

𝜕𝑥2
+
𝜕2𝐶

𝜕𝑦2
+
𝜕2𝐶

𝜕𝑧2
) (2) 

where C is the concentration, t is the time and D is the water diffusivity of a material. 

Equation 2 is the 3D Fickian model for isotropic material (i.e., Dx = Dy = Dz = D). The 

solution of the Fick’s diffusion equation (Eqn. 2) can be determined as, 

𝐶 =
𝑀𝑡

𝑀∞

= 1 −
8

𝜋2
∑

1

(2𝑖 + 1)2
𝑒𝑥𝑝

(
−(2𝑖+1)2𝜋2𝐷𝑛𝑡

ℎ𝑛
2 )

∞

𝑖=0

 (3) 

where C is the concentration, Mt is the water absorption at time t (Fig. 3a), M∞ is the 

maximum water saturation level (Fig. 3b), Dn and hn each are the water diffusivity and 

thickness of a material. 

The water diffusivity Dn was determined for the FE diffusion model by fitting the 

analytical model (Eqn. 3) to the experimental data. An in-house MATLAB code was 

developed to determine Dn and the predicted maximum water saturation level (M∞). 

Figure 6 shows the fitted curve from the analytical model (Eqn. 3) with the experi-

mental data for each epoxy specimen configuration. The water diffusion parameters 

obtained from the experiments are summarized in Table 2. The fitted parameters were 

used in the model to predict the water diffusion behavior of the epoxy specimen. 

 
Fig. 6. Water diffusion results fitted with 1-D Fick diffusion model. 

Table 2. Diffusion parameters obtained from 1-D Fick fitted diffusion model and comparison 

with the experimental value. 

Specimen 
Predicted/fitted value Experimental value 

D (mm2/hr) M∞ (%) M∞ (%) 

RT-TC 0.0029 1.49 1.29 

RT-FX 0.0051 2.41 2.32 

HT-TC 0.0047 2.83 2.70 

HT-FX 0.0096 3.78 3.80 
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A water diffusion model was developed and sequentially coupled with the previous 

heat transfer model to capture the water diffusion analyses for both specimens in RT 

and HT conditions. Note that, in ABAQUS, heat transfer element can be used in mass 

diffusion analysis. Thus, the global element size and type used in the water diffusion 

analysis were kept the same as the previous heat transfer model [27]. A total diffusion 

period of 1704 hours (~71 days) was simulated as motivated by the actual water diffu-

sion test period. When applied on the WPT as a coating layer, only the top surface of 

the epoxy will be in contact with water. To simulate the actual water diffusion condi-

tion, the normalized concentration (i.e., φ is the ratio of concentration and solubility) 

boundary condition (φ = 1) was set at the top surface of the specimen and (φ = 0) was 

set at the bottom surface to create a through-the-thickness diffusion process. After that, 

the nodal temperatures from the previous heat transfer model were incorporated into 

the diffusion model as the predefined field. To simulate both RT and HT diffusion con-

ditions, the diffusion process was modeled at two different temperatures (23 and 50℃). 

 

4.3 Swelling Analysis  

Swelling analysis was performed to characterize long-term water diffusion induced hy-

drothermal aging of the epoxy material. As the predefined fields of this analysis, the 

normalized nodal concentration (NNC) and nodal temperature fields from the previous 

water diffusion simulation were incorporated. All model parameters were kept identical 

to those of the water diffusion model, except for the element type: solid linear hexahe-

dral elements (C3D8 in ABAQUS) were used in the swelling analysis to determine 

hydrothermal strains in the model. As motivated by physical boundary conditions, the 

bottom surface was made ‘fixed’ in the analysis. An UEXPAN subroutine was adopted 

to calculate the incremental strains as a function of NNC and nodal temperatures. Total 

expansion due to hydrothermal strains expan was calculated in the subroutine and up-

dated during the analysis, i.e.,  

𝑒𝑥𝑝𝑎𝑛 = 𝛼 × Δ𝑇 + 𝑆 × 𝛽 × 𝑁𝑁𝐶 (4) 

where α is the CTE; ΔT is the temperature difference; S is the solubility; β is the CME. 

Table 3 lists all material parameters used in the swelling simulation. Note that solubility 

is defined as the maximum quantity of a substance that can be dissolved in another 

substance and thus is equal to M∞ in this work. The CME values are taken from Tever-

ovsky et.al [29] and other parameters are provided in the manufacturer’s website [25]. 

 
Table 3. Material parameters used in the swelling analysis. 

Specimen 
Density 

(Kgm-3) 

Young’s mod-

ulus (MPa) 

Poisson’s 

ratio 

α 

(ppm/℃) 

β 

(%/%) 
S 

RT-TC 1700 2850 0.30 114 0.18 0.015 

RT-FX 1100 2.60 0.35 218 0.26 0.024 

HT-TC 1700 2850 0.30 114 0.18 0.028 

HT-FX 1100 2.60 0.35 218 0.26 0.038 
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4.4 LVI Analysis 

An LVI simulation was performed after the swelling simulation to determine the resid-

ual structural performance of the epoxy specimen after swelling. In the model develop-

ment, the part dimension, element size, and number were kept the same as in the previ-

ous analyses, except for element type. Solid linear hexahedral elements with reduced 

integration and hourglass control (C3D8R in ABAQUS) were chosen for this analysis. 

A hemispherical impactor with a 16 mm diameter was modeled as a discrete rigid part 

with an inertia of 4.92 kg at the center of mass of the hemisphere. In this work, a 3J 

impact energy was applied to the simulated model. Note that a series of LVI tests is 

required to determine the critical impact energy to provide an in-depth understanding 

of the dynamic failure of the epoxy specimen after water diffusion. An initial velocity 

of 1.1 m/s was assigned to the impactor to create the 3J impact energy. As boundary 

conditions, the four sides of the specimen were encastred and the impactor was made 

to translate only in the impacting direction. An approximate global element size of 1 

mm was applied to discretize the impactor with bilinear rigid quadrilateral elements 

(R3D4 in ABAQUS). Figure 7 shows the boundary conditions of the LVI simulation.  

 
Fig. 7. Boundary conditions applied in LVI simulations. 

5 Numerical Model Prediction 

5.1 Water Diffusion Prediction 

Figure 8 shows the NNC contours of the specimens at four distinct diffusion periods. 

The experimental findings indicated that water diffusion saturated after 1704 hr, so the 

diffusion process was simulated for the same time frame. The NNC contours depict the 

water intrusion in the thickness direction of the specimen, where the top surface of the 

specimen is exposed to water. Comparing the RT and HT diffusions, the FX and TC 

specimens both showed higher diffusion rates and concentration in HT diffusion. The 

FX specimen exhibited an early saturation with higher water concentration compared 

to the TC specimen, which corresponds to the experimental findings. Although the in-

itial diffusion rate was higher in the FX specimen, the diffusion rate decreased as the 

specimen approached saturation, which led to a smaller difference in overall concen-

tration between the TC and FX specimens. After the diffusion was concluded, the trav-

eled distance of the water through the thickness was comparable in both specimens.  

5 mm

‘ENCASTRE’ 
U1=U2=U3=UR1=UR2=UR3=0 at 

the sides of the specimen

Discrete rigid impactor 
with 16mm diameter  

U1=U2=UR1=UR2=UR3=0

3D deformable 
specimen

190.5 mm

95 m
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Fig. 8. Predicted NNC in the specimens at 400, 800, 1200, and 1704 hr at room temperature (RT) 

and high temperature (HT) diffusion conditions. 

 
Fig. 9. Predicted normalized nodal concentrations (NNC) in the thickness direction of (a) FX and 

(b) TC specimens in room temperature (RT) and high temperature (HT) diffusion. 

Figures 9a and 9b each demonstrate the NNC variation from the top surface to the bot-

tom surface at four equidistance locations (i.e., 0, 1.67, 3.33, and 5 mm) of the FX and 

TC specimen, respectively. For both specimens, the internal water concentration is 

higher in the HT condition than in the RT condition in all locations. In HT diffusion, 

the FX specimen displayed no significant change in the water concentration after ~800 

hr, which indicates that the specimen reached saturation. In RT diffusion, in contrast, 
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the FX specimen began to saturate after ~1200 hr. The HT condition also accelerated 

the diffusion rate of the TC specimen. For instance, the NNC in HT after ~1200 hr was 

higher than the NNC in RT diffusion after ~1704 hr. However, the NNC of TC speci-

men in HT had a slower increase compared to the FX specimen, which continued till 

the end of the diffusion process. 

 

5.2 Swelling Prediction 

Figure 10 shows overall hydrothermal strain fields in the epoxy specimens exposed to 

RT and HT diffusions. As previously mentioned, the bottom surface of the specimen 

was fixed. As a result, both specimens expanded the most at the top surface. From the 

strain fields, the effect of temperature in diffusion induced swelling prediction is seen 

on the top surfaces of both specimens. Both specimens expanded the most in HT diffu-

sion i.e., the maximum total strain increased from 1.1% to 1.7% and 0. 4% to 0.8% in 

the FX and TC specimens respectively. High temperature allowed both specimens to 

achieve greater water molecular mobility which is the reason behind swelling more in 

HT condition. The temperatures in both RT and HT diffusion conditions were above 

the Tg of the FX specimen (8.8℃). As a result, the FX specimen became malleable/flex-

ible before diffusion. After diffusion, it absorbed more water due to weaker inter-mo-

lecular bonds in the polymer chains than the TC specimen. Finally, the FX specimen 

swelled about two times the TC specimen in both diffusion conditions. 

 
Fig. 10. Predicted total hydrothermal strains in the FX and TC specimens due to room tempera-

ture (RT) and high temperature (HT) diffusions. 

 

5.3 LVI Prediction 

The LVI numerical models were developed to predict the residual structural perfor-

mance of both epoxy specimens after diffusion. To compare the effects of water diffu-

sion and corresponding swelling in the specimens, the LVI responses of the epoxy spec-

imens before and after water diffusion were compared. In this work, the LVI simula-

tions were performed only with the available elastic properties (Table 3). As a result, 

the specimens were considered as fully elastic materials that recovered the energies 

after the impacts. So, this model could not capture any internal damage and energy 

absorption by the specimens from a 3J impact. 

Figure 11 compares the predicted energy-time and load-displacement responses of 

the FX and TC specimens, respectively. As both specimens were modeled with only 

the elastic properties, there were no loops formed in the load-displacement curves, re-

sulting from zero (calculated) absorbed energy. In this work, the residual performance 

of the epoxy specimens was compared based on peak force and peak displacement (Fig. 

11). As for the FX specimen, water diffusion, regardless of RT and HT, did not affect 
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the residual LVI performance. The FX specimen had the same peak force (168 N) and 

peak displacement (43 mm) before and after water diffusion. However, the TC speci-

men exhibited a decrease in the peak force for both RT and HT diffusions. For instance, 

the pristine TC specimen had a peak force of 1,878 N which decreased to 1,846 N in 

RT and 1,798 N in HT diffusion. The peak displacements slightly increased after water 

diffusion. The peak displacement of the TC specimen was 3.7 mm in pristine condition, 

and it increased to 3.8 and 4.0 mm in RT and HT conditions, respectively. This model 

prediction suggests that the structural degradation associated with the microstructural 

change of the TC specimen was due to diffusion. The TC specimen exhibited a signif-

icantly higher peak force compared to the FX specimen, resulting in increased vibra-

tions of the impactor, which can be observed as higher oscillations in the load-displace-

ment curve of the TC specimen (Fig. 11). Additionally, the model predicted that the FX 

specimen experienced lower peak forces and larger displacements. This allowed the FX 

specimen to dissipate the impact energy more gently throughout its structure, reducing 

the likelihood of local damage. In contrast, the TC specimen encountered higher peak 

forces and low displacements, increasing the possibility of local damage. Therefore, it 

can be suggested that the FX epoxy is more suitable for reducing the severity of damage 

to WPT components when subjected to LVI. 

 
Fig. 11. Predicted energy-time and load-displacement responses of the epoxy specimens due to 

3 J impact in pristine, room temperature (RT), and high temperature (HT) diffusion conditions. 
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6 Conclusion and Future Works 

In this work, a sequentially coupled numerical framework was developed to investigate 

the application of two commercially available epoxy potting materials for underground 

wireless power transmission (WPT) systems. The framework successfully captured the 

effects of internal heat generation from the WPT system and long-term water diffusion-

induced damage in the epoxy materials through low-velocity impact (LVI) simulations. 

The model predicted that under both room and high temperature diffusion conditions:  

• The flexible specimen absorbed more water, leading to greater swelling com-

pared to the rigid specimen. 

• The structural performance of both epoxy materials was not significantly af-

fected by diffusion-induced swelling. 

The model prediction suggested that the flexible epoxy material is more suitable for 

protecting WPT components by reducing the likelihood of environmental aging and 

LVI damage. As part of future works, LVI tests will be performed on pristine and water-

diffused epoxy specimens to validate the model prediction. Additionally, plastic prop-

erties and damage parameters will be incorporated into the model to predict the damage 

resulting from hydrothermal aging. 
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