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Summary 

The goal of this project was to develop a suite of molecular models to investigate adhesive performance 

as a result of the presence of different levels of moisture. These different levels of moisture are accepted in 

the adhesives community to represent different states of aging. First, our team modeled the adhesive’s 

crosslinked structure. Next, we modeled adding water to the crosslinked structure and used high 

performance computing resources to simulate water diffusion through the bulk adhesive and possible sites 

for chain scission. Finally, we modeled the response of the simulated adhesive to tensile loads at various 

levels of moisture content.  These simulations were validated by experimental characterization by the 

industry partner. We found that the Young’s modulus of the adhesive decreased by about 30% when the 

water content increased to 3 wt.%. Our simulations also identified the likely site where the polymer chain 

could break. Our integration of molecular level simulations and mechanical property predictions using high 

performance computing with experimental studies of a hydrated epoxy system has yielded fundamental 

insights that will help industry advance lightweight joining technologies.       
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1.1 

1.0 Executive Summary 

Carmakers are designing more lightweight content in automobile designs to boost fuel-economy. In 

addition to promoting fuel efficiency, weight reduction helps reduce vehicle emissions, increases the 

range of electric vehicles, and enables the addition of new features without a drastic weight penalty. 

While traditional vehicles were constructed from steel, new vehicle designs include a mix of lightweight 

materials such as high strength steel, aluminum, magnesium, and carbon fiber composite. With this mix 

of materials, the long-term performance of joining techniques using adhesives becomes critical. The 

advantage of adhesives is that they are lighter than welds, can bond dissimilar materials or materials that 

cannot be heated, prevent corrosion in joints, and assembly requires less time and expense. The challenge 

with increased use of adhesives in automobile designs is that =developers lack a fundamental 

understanding of the chemical changes in the adhesive as the joint ages. While experimental work has 

been conducted to assess the impact of aging on structural adhesive performance, there are limited 

molecular models that define aging descriptors and then relate the descriptors to performance. This 

project built structural adhesive molecular models and applied high performance computer simulations 

using molecular dynamics and density functional theory to provide industry with new knowledge about 

the influence of water on the chemistry and mechanical properties of epoxy-based adhesives. Water 

content was used to describe the extent of aging in structural adhesives. 

Our simulations show that the water molecules diffused slower in the epoxy-based adhesive system, 

diglycidyl ether of bisphenol A (DGEBA)  and Jeffamine (JD230), as the cross-linking of the polymer 

increased. We found that the water molecules were mainly coordinated with hydroxyl groups, primary 

amines, and secondary amines of the epoxy network. The ether linkage site is likely to be the site where 

the chain breaks and adhesive degradation starts. Simulated stress-strain data indicates that increasing the 

water content led to deterioration of the mechanical properties. The Young’s modulus decreased by about 

30% when the water content increased to 3 wt.%. By integrating high performance computer simulations 

with experimental characterization, we have generated new insights into the chemistry and mechanical 

properties of the hydrated epoxy system. These insights can help industry advance lightweight joint 

technologies.  

The impact of this work is that it serves to sustain American leadership in developing the next generation 

of vehicle technologies and transitioning to a clean energy economy. 



2.2 

2.0 Introduction 

This project used high performance computing to simulate the influence of water, a descriptor 

for aging, on the chemistry and mechanical properties of epoxy-based adhesives joined to 

lightweight substrates. The goal of this project was to develop models of a relevant adhesive and 

apply molecular simulations to develop new understanding of adhesive performance as a result 

of the presence of different levels of moisture. These different levels of moisture are accepted in 

the adhesives community to represent different states of aging. The project served the need to 

accelerate the development of new structural adhesive development for lightweight vehicles 

while providing real insight into why a certain adhesive chemistry may succeed or fail. 

Problem description: The state of the art in adhesive development is experimental research, 

which often does not reveal molecular-level details of mechanisms of adhesive degradation. The 

problem consisted of developing a molecular model of a realistic adhesive, introducing different 

moisture levels consistent with moisture ingress in vehicle adhesives, and investigating the early 

stages of adhesive aging using computer simulation informed by experimental characterization. 

The different levels of moisture studied here are accepted in the adhesives community to 

represent different states of aging.  

Motivation for the project: There is a pressing need to develop clean energy technologies to 

transport people and goods across the United States motivated by energy security and mitigation 

of environmental impact of energy use. This project directly addressed the need stated in the 

HPC4Mtl solicitation: to model how adhesive bonds evolve over the life of a vehicle. The 

findings of this work will benefit the design of structural adhesives for lightweight vehicles.  
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3.0 Project Approach 

The project combined density functional theory (DFT)-based simulations, molecular dynamics 

(MD) simulation, and experimental characterization to understand the aging of epoxies.  

The simulation work was initiated by developing models of diglycidyl ether of bisphenol A 

(DGEBA) epoxy with Jeffamine (JD230) curing agent. Two different cross-linked (CL) epoxy 

network models, 63% CL and 72% CL were generated. Initially, 25 different configurations were 

optimized. The configuration with the minimum total energy was chosen for subsequent cross-

linking simulation carried out at 160 ℃ and 1 atm pressure. When the distance between nitrogen 

in the amine group and the end carbon in the epoxy ring was less than a specified cut-off value, 

the epoxy ring was opened, and a bond was created between the nitrogen and the carbon. The 

algorithm stopped the process when the desired degree of crosslinking (63% or 72% CL) was 

obtained.  

 

The structures generated were further used to study the interactions with water molecules and 

resulting mechanical properties. To represent different stages of aging, 1, 2 or 3 wt. percentage 

of water molecules were introduced in the epoxy network. The LAMMPS code [1] was used to 

perform MD simulation with OPLS-AA (optimized potentials for liquid simulations-all atom) 

force field parameters to model bonded and nonbonded interactions in the epoxy network [2] and 

F3C (flexible 3-center) force field for water [3-5]. The equations of motion were integrated using 

the velocity-Verlet algorithm [6] with a time step of 1.0 fs at 300K temperature. For the tensile 

test, a larger system of 68640 atoms was used with the “fix deform” command in LAMMPS to 

perform tensile tests with a strain rate of 109 s-1. The MD simulation setup is shown in Figure 1. 
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Figure 1. Illustration of the configurations used in the MD simulations. 
 
 

DFT-based molecular dynamics simulations were performed to determine the bond breaking 

sites of the epoxy network using a 37-atom simplified model of the polymer solvated with 64 

water molecules for a total of 229 atoms. The polymer consisted of a single chain connected to 

itself through periodic boundary conditions in one direction and contained at least one instance 

of each reactive site of interest, including amines, C-O-C ether linkages, and aromatic rings. This 

ideal system was designed to estimate the energetics of polymer chain scissions at different 

reaction sites. In addition, use of periodicity allowed the imposition of arbitrary strain on the 

polymer. The DFT simulations were performed with the VASP code [7-9] using projector-

augmented wave function (PAW) pseudopotentials [10, 11] and the Perdew-Burke-Ernzerhof 

(PBE) exchange correlation functional [12]. The simulations sampled the  G-point of the 
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Brillouin zone, only, with normal planewave accuracy settings. The total imposed strain on the 

system was up to 20% using a timestep of 0.25 fs.  

The work function of hydrolytic scission was estimated by performing MD simulations at 

constant volume and temperature with a fixed strain on the system and one water molecule 

constrained to a distance between 1.15-4.0 Å from a given reaction site. These calculations were 

run at 400 K to help promote efficient sampling. In each simulation cell, all the atoms were free 

to move except for the oxygen atom of the closest water molecule and one of the atoms of the 

polymer reaction site (e.g., the O in the C-O-C linkage or nitrogen in the primary amine group). 

The MD simulations were run for a total of 2 ps each and average values were obtained over the 

last 1.5 ps to evaluate the average energy of the system.   

To complement the high-performance computations and gain physical insights on interactions 

between epoxy adhesive and water molecules, near-infrared spectroscopy (NIR) and mid-

infrared spectroscopy (MIR) were performed on experimentally synthesized epoxy adhesive 

films.   NIR were acquired using a commercial FT-NIR instrument equipped with a diffuse 

reflectance fiber optic probe. A resolution of 16 cm-1 between 12000-4000 cm-1 was chosen with 

a 40 kHz velocity scanning speed over 128 scan averages for each collected spectrum.  Raw 

spectra were pre-processed using extended multiplicative scattering correction (EMSC) in the 

wavelength region between 7600-5500 cm-1. An additional 5-point Savitzky-Golay second-

derivative treatment was used to improve resolution of amine region between 6650-6250 cm-1. 

For the MIR measurements both the presoak and post soak samples were analyzed using the 

Perkin Elmer Spectrum One C20470 instrument with Durascope accessory and a diamond 
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crystal. All background and sample spectra were acquired using 16 scans and scanning from 

4000-650 cm-1 with a resolution of 4 cm-1.  

 

In addition to the spectroscopy, tensile test was performed on the epoxy adhesives under dry and 

wet conditions to study the mechanical properties. After curing, the synthesized adhesive films 

were cut to 12.7mm x 177.8mm strips using a diamond cutter.  Prior to submerging the samples 

in de-ionized (DI) water, each was measured for weight, thickness, and width. The averages of 

these values were recorded as 2.5g in weight, 1.06 mm in thickness, and 13.3 mm in width. The 

length of prepared specimens was assumed to be an average of 178 mm. Samples were grouped 

into quadruplicate sets, labelled then submerged in a sealed container of ambient temperature DI 

water. To obtain tensile properties of the adhesive (in both dry and wet stages), the specimens 

were removed from the water, padded dry then weighed using an analytical balance. Samples 

were then tested at room temperature using INSTRON model 5567 universal test machine with a 

load cell capacity of 30 kN, a constant pull rate of 12.5 mm/min, and a 127 mm gauge length. 

 

 

 

 

 

 

 

 
 



 

4.7 

4.0 Results and discussion 

Results 
 

Classical MD simulations were used to understand the diffusion and transport of water molecules 

in the adhesive. Table 1 presents the diffusion coefficient (D) of water molecules in epoxy 

adhesive with different water content. The calculation showed that the diffusion coefficient of 

water molecules was approximately two orders of magnitude lower compared to bulk diffusivity 

of water. Water immersion gravimetric experiments were also performed to determine the 

diffusion coefficient and the measured value was 8.84×10-10 cm2/s. The reason the diffusion 

coefficients were higher in MD simulations compared to experiment may be related to hydrogen-

bonded interactions. These interactions may not have been adequately represented by the force 

field and the complexity of the cross-linked structure might be different between experiment and 

simulation.  While the absolute values are different, the trends with change in water content and 

extent of cross-linking can offer useful insights. 

 

Diffusion coefficient values calculated in this work were comparable to those from previous MD 

simulations of epoxy adhesive systems [13]. In general, the diffusion coefficient decreased upon 

increasing the percentage of cross-linking. Penetrated water molecules stayed at the cavities 

inside the epoxy adhesive systems. It is likely that with an increase in the percentage of cross-

linking, the volume of the cavities decreases, which ultimately has an impact on the diffusion 

coefficients of water molecules. Furthermore, the diffusion coefficient of water molecules 

generally increased with increasing water content as presented in Table 1.  
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Table 1: Diffusion coefficient of water molecules in epoxy adhesive systems. For comparison the 
bulk diffusivity of water molecules is 2.9 ×10-5 cm2/s at room temperature [14]. 

The radial distribution functions (RDF) among key atoms of the epoxy and water molecules are 

shown in Figures 2 and 3. From the RDFs in Figure 2, it is clear that for all cases there is an 

association between water molecules and parts of the epoxy polymer around 2 Å distance. This 

association is comparable with the hydrogen bond between epoxy polymer and water. Water 

molecules were strongly associated with hydroxyl groups of the epoxy system. The RDFs also 

showed water association at the C-O-C ether site, that is consistent with the bands centered at 

1230 and 1030 cm-1 in the experimental mid-IR spectra presented below. Additionally, it is 

evident from Figure 3 that water molecules strongly associated with N atoms of epoxy system. In 

the simulated epoxy system, N atoms are divided into three groups, namely primary amine 

nitrogen (-0.893e), secondary amine nitrogen (-0.727e) and tertiary amine nitrogen (-0.561e). 

Differences in partial charges on N atoms should have an impact on the RDF with water 

molecules. The RDF between different N atoms and water molecules revealed that mainly 

primary and secondary N atoms of amine groups in epoxy polymer strongly coordinate with 

water molecules. 

% Cross-linking Wt.% Water D (10-7 cm2/s) 
63 1 1.1 

2 2.2 
3 2.5 

72 1 1.5 
2 1.5 
3 1.6 
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Figure 2. RDF between epoxy polymer and water for 63% CL in the top row and 72% CL in the bottom 
row for 3 different hydration levels. From left to right, the RDFs are for O-HN, O-HO, H-N, H-OH, and 
H-OS pairs. Here, H = H atom in water, O = O atom in water, N = N atom in polymer, HN = H atom 
of amine group in polymer,  HO = H atom of hydroxyl group in polymer, OH = O atom of 
hydroxyl group in polymer, OS = O atom of ether group in polymer. 
 
 
 

 
 

 

Figure 3. RDF between primary amine nitrogen (N1), secondary amine nitrogen (N2) and tertiary 
amine  and H of water for 63% CL in the top row and 72% CL in the bottom row. From left to right, the 
RDFs are for 1, 2 and 3 wt. % water 
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The experimentally measured near-infrared and mid-infrared spectra from the pre-soaked and 

soaked epoxy are shown in Figure 4 and these results are consistent with the RDFs presented 

above. The RDF of water and C-O-C ethers site interaction seen in Figure 2 (e, j) is consistent 

with the bands centered at 1230 and 1030 cm-1 in the mid-IR spectra presented in Figure 4 (a). 

Moreover, the hydrogen bonding interactions of amines with water molecules, seen in Figure 3, 

is evident from the NIR spectra presented in Figure 4(b). The region of the NIR spectrum from 

~7600-6200 cm-1 in this adhesive contains intensity from C–H second combination bands 

(~7400-6800 cm-1), the secondary hydroxyl O–H overtone from reacted epoxy groups (~7000 

cm-1), and primary/secondary amine N–H overtones (~6470 cm-1). A broad combination band

from water O–H symmetric and asymmetric stretches (ν1 + ν3) is also convoluted in this region. 

The results show a red-shift of the higher-energy amine stretches at ~6510 cm-1, leading to 

greater intensity in the lower-energy ~6460 cm-1 band. The IR spectra provide validation for the 

simulations and show that hydroxyl groups, primary amine, secondary amine and ether groups 

are the most active sites for water association or forming hydrogen bonds. Due to aging, these 

strong associations with water molecules can introduce hydrolysis in the epoxy network, which 

will increase with temperature. Hydrolysis can lead to production of small molecules and 

cleavage/fracture of backbones depending on the location of the reaction. From the polymer 

design perspective, it is important to know the bond breaking sites of the epoxy network during 

aging. Insights from the RDFs and IR spectra served as inputs for DFT-based calculations of the 

local chemistry to identify the potential cleavage location. 
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Figure 4. Infrared spectra of presoaked and soaked epoxy adhesive, (a) mid-infrared spectra and (b) near-
infrared spectra with Extended Multiplicative Scattering Correction (EMSC) treatment. 

Constrained reaction site DFT-MD simulations between both the ether (C-O-C) and the amine 

(NH) sites and a water molecule showed no strong difference in chemical rupture reactions for 

highly strained systems. Thus, the discussion here is limited to strains of 10% only. Chain 

scission did not occur at 10% strain in the absence of water. For the NH site, chain scission only 
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occurred when the N-O distance was at its sampled minimum of 1.15 A. This resulted in the 

spike in the energy for the smallest constrained distance as presented in Figure 5. As indicated by 

the RDF, such a close approach is highly improbable and occurs with high energy cost, which 

appears to indicate that the primary amine is an unlikely rupture site. In contrast for the C-O-C 

site the polymer fragment broke when at constrained distances between 1.76 and 2Å (in the 

graph this is the 4th smallest distance). Results shown in Figure 5 combined with the RDFs 

shown in Figure. 2 indicate that these bond distances as well as the energetics make the C-O-C 

ether site much more likely to be involved in chain scission. 

 

 
Figure 5. Energy vs. constrained distance from DFT-based simulations. Errors bars were computed as the 
standard deviation over each constrained simulation. Arrows indicate points at which chain scission 
occurred. 
 
 
To further study the effect of aging of the epoxy adhesive (as represented by the increasing water 

content) on the mechanical properties, we simulated tensile tests of 63% cross-linked epoxy 

structure without water and hydrated epoxy structure with 1, 2 and 3 wt.% water content as 
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presented in Figure 6 and Table 2.  The simulated Young’s modulus of the dry 63% cross-linked 

structure was ~5 GPa. This compares to the experimentally measured Young’s modulus of 2.26 

GPa. Given that the experimental sample may have defects and imperfections that could have a 

negative impact on the measured mechanical properties and that the simulation applied a strain 

rate that is many orders of magnitude higher than the experimental rate, the discrepancy in the 

magnitude of mechanical properties is not surprising. The value of simulations lies in identifying 

trends in the performance of the epoxy under different conditions and the underlying 

mechanisms. The present work’s simulated Young’s modulus value is comparable with 

previously published data of 4.72 GPa where a reactive force field was used [15]. Additionally, 

the decreasing trend of Young’s modulus with increasing water content agrees with the 

experimental results. The simulated stress-strain data indicates that increasing water content 

degrades the mechanical properties as presented in Figure 6 and Table 2. The Young’s modulus 

decreased by ~30% with increasing water content up to 3 wt.%. 

 
Figure 6. Stress-strain curve of dry and hydrated 63% cross-linked epoxy. 
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Table 2. Mechanical properties of simulated 63% cross-linked epoxy compared to experimental 
results. 

Sample Experimental 
Young’s Modulus 

(GPa) 

Computational  
Young’s Modulus 

(GPa) 
0% water 2.40 5.13  

1% water 2.10 (12.50% lower) 3.71 (27.60% lower) 
1.7% water 1.71 (28.70% lower) - 
2% water - 3.58 (30.21 % lower) 
3% water 1.58 (34.20% lower) 3.57 (30.40 % lower) 

 

Discussion 

 
This work showed that water uptake, used as an indicator of aging, changes the epoxy structure 

and results in a decrease in the Young’s modulus. At a water uptake of 3 wt.%, the Young’s 

modulus decreased by 30-34% consistently in experiments and simulations. RDFs for key atom 

pairs of the epoxy network and water molecules show a strong association between water 

molecules and hydroxyl groups, ether groups, and primary and secondary nitrogen of the amine 

group of the epoxy system. This association was also evident in the experimental Fourier 

transform infrared (FTIR) spectra of the soaked epoxy. The ether site is much more likely to be 

involved in chain scission than the primary amine site. Water uptake is known to swell polymers 

and decrease the strength of intermolecular interactions, which is referred to as plasticization.  

 

The plasticization effect is known to lead to several deleterious issues in the polymer industry. 

Polymer membranes lose their molecular sieving ability because of the plasticization effect. In 

the packaging sector, the problem is delamination and induced corrosion. Water absorption 

invariably degrades the mechanical strength of epoxy resins. This work has resulted in several 

presentations including presentation at the cross laboratory HPC4EI PI forum and a manuscript 
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that is being submitted. The simulation results have been validated using corresponding 

experimental results.  This integration of high-performance computing and targeted experiments 

has revealed new molecular-level insights into epoxy aging that are of value to the industry 

partner. 

Implementation 

Milestone 1: Determination of the diffusion coefficients and specific volume in the bulk 

adhesive as a function of water content and crosslink density.  

Deliverable 1: Report describing the generation of atomistic crosslinked structures of 

representative epoxy-based adhesives with and without water content, followed by model 

validation against experiments. Completed. 

Milestone 2: Development and validation of atomistic models that enable the determination of 

hygroscopic aging effects on adhesive performance under tensile loading conditions. 

Deliverable 2: Report describing the identification of molecular and physical changes that 

determine the hygroscopic aging effect on the mechanical response. Completed. 

Milestone 3: Obtain a mechanistic and probabilistic picture of the stress induced chemistry at the 

bulk (polymeric matrix). 

Deliverable 3: Atomistic models that enable the determination of the failure mechanisms and the 

integration of chemistry and mechanical response under environmental aging conditions. 

Completed. 

Milestone 4: Develop a database of information on adhesive properties 

Deliverable 4: Final report to DOE. Completed. Data provided to industry partner. 
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Issues or Challenges 
 

The main challenge encountered during the project was the COVID-19 pandemic. The computer 

simulation team worked from home. The project team, from two national laboratories and an 

industry, was able to communicate regularly and effectively to mitigate this challenge.  

 

Impact 
 

Company Impact: New structural adhesives are needed to mitigate corrosion issues associated 

with joining dissimilar lightweight metal materials. The modeling and simulation work coupled 

with experimental validation provided a clear picture of influence of moisture on the chemistry 

and adhesion properties of epoxy-based adhesives. This project helped PPG to fundamentally 

understand the chemistry that occurs in the adhesive as it ages. Thus, the output of the models 

developed under this project are intended to help with shortening new adhesive development 

time while providing insights into why different adhesive chemistries succeed or fail during 

aging.  

 

The collaboration with both Pacific Northwest National Laboratory and Lawrence Livermore 

National Laboratory was vital to recognize the value of including modeling and simulation into 

the product development process.   
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National Impact: The approach of using high-performance computing with targeted experiments 

for validation holds the promise of improving the competitiveness of American manufacturing 

by accelerating materials development for clean energy and transportation applications. 

Rejuvenation of manufacturing can lead to job creation in this industry.  

 

Future Work 

 
This work will not proceed to Phase 2 under the HPC4 program. The national laboratory 

investigators are exploring other opportunities to continue the fundamental science work. The 

use of reactive force field molecular dynamics has the potential to shed further light on bond 

breaking and strength degradation in the future. 

 

Products Developed 
Publication: 
M. N. Taufique, M. Losada, S. Hamel, N. Goldman, M. DiTucci, L. Pagnotti, D. Willis, and R. 
Devanathan, "Molecular Dynamics Simulation of Aging Effects in Epoxy Polymer." Journal of 
Physical Chemistry B (submitted; under review 2021) PNNL-SA-161079.  
 
Presentations: 
M. N. Taufique, R. Devanathan, N. Goldman, S. Hamel, and M. Losada, "Molecular Dynamics 
Simulation of Adhesive Response to Aging for Epoxy Polymer." Presented by M.N. Taufique at 
HPC4EI Manufacturing Day (Online) on September 1, 2020. PNNL-SA-155755. 
 
M. N. Taufique, S. Hamel, N. Goldman, M. Losada, and R. Devanathan. "Computer simulation 
of aging of adhesives." Presented by R. Devanathan at 2nd Cross laboratory High Performance 
Computing for Energy Innovation Forum (Online) on January 13, 2021. PNNL-SA-159000. 
 
Collaborations: 
The project fostered strong collaboration between PNNL and LLNL in multiscale modeling and 
supported the career development of postdoctoral researcher Mohammad Taufique. 
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5.0 Conclusions 

This work coupled high performance computer simulations using molecular dynamics with high 

computational throughput quantum chemistry methods to understand mechanical behavior of 

epoxy adhesive under hydration. To validate the models, adhesives were prepared in the lab 

consistent with the chemistry and crosslink densities of the simulated materials. Water 

absorption was measured using gravimetric analysis. The diffusion coefficient and equilibrium 

water uptake corresponding to saturation were determined. In addition, uniaxial tensile tests were 

performed after saturation to obtain stress-strain curves. The experimentally measured absorption 

and tensile characteristics were compared to the corresponding outputs from MD and DFT-based 

simulations. The models were validated by comparing the results to experimental spectroscopy 

and tensile tests. The results show that water molecules were coordinated with hydroxyl groups, 

primary amines, and secondary amines of the epoxy network. The chain is likely to break and 

start adhesive degradation at the ether linkage. Increasing the water content led to deterioration 

of the mechanical properties. The Young’s modulus decreased by about 30% when the water 

content increased to 3 wt.%. These models predicted trends in performance. Our aim was not to 

simulate the exact aging process of the adhesive, but instead simulate different molecular 

configurations that are considered to represent states in aging based on input from the industry 

partner. This unique coupling between quantum and classical MD and experiments has helped 

develop estimates of the age-aware mechanical response during tensile deformation. All the 

planned milestones have been reached and deliverables have been completed. 
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