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A B S T R A C T   

The effects of molecular weight (MW) of cross-linker and degree of cure on the structure and thermo-mechanical 
properties of the Bisphenol A diglycidyl ether epoxy resin have been studied using MD simulations with reactive 
force field ReaxFF and non-reactive General AMBER Force Field (GAFF). Cross-linked structures are created from 
stoichiometric mixtures of Epon and Jeffamine® using a multi-step cross-linking algorithm. The glass transition 
temperature (Tg) is determined by annealing where the cross-linked epoxy is cooled from the rubbery state to 
below room temperature. Deformation mechanisms of the cross-linked epoxy including bond breakage are 
studied under tensile and shear loadings. The effects of cross-linkers of increasing MW (Jeffamine® D-230, 
Jeffamine® D-400 and Jeffamine® D-600) are studied for highly cured (98.5% degree of cure) systems. MD 
predicted Tg is in good agreement with experiments after cooling rate correction using the WLF relationship. The 
highest Tg is obtained for the lower MW cross-linker that exhibits a denser network structure. In addition, the 
effects of varying degrees of cure on properties are studied for Epoxy/Jeffamine® D-230. In this case, the MD 
results shows that Tg increases linearly with degree of cure and that the DiBenedetto relationship can be applied 
using the MD fitted parameters. Lower MW cross-linker yields higher modulus and yield stress and reduced strain 
to failure and energy absorption than the higher MW cross-linkers. Results from GAFF, which is about 100 times 
more computationally efficient, agree well with ReaxFF predictions up to the strain limit at which bond breakage 
becomes significant.   

1. Introduction 

Epoxy, a thermosetting polymer, is widely used in coatings, adhe-
sives, electronics packaging and high performances composite structural 
applications. Fiber reinforced epoxy composites are one of the primary 
structural materials used in lightweight aircraft, helicopters and ground 
vehicles. In structural composites, the cured epoxy serves as the matrix 
material that transfers load to the fibers. The glass transition tempera-
ture of the epoxy matrix determines the maximum service temperature 
of the structure. In addition, the mechanical properties, energy ab-
sorption and damage tolerance of the composite are very sensitive to the 
properties of the epoxy matrix as well as the other composite constitu-
ents (e.g. fiber and interphase). 

Cured or cross-linked epoxies are made from the chemical reactions 
of two components – epoxy resin and cross-linker (i.e., curing agent or 
hardener). There are various types of epoxy resins and curing agents. For 
instance, Bisphenol A diglycidyl ether (Epon 825) epoxy with Jeff-
amine® curing agents are used as matrix materials in glass and carbon 
fiber reinforced polymer composites. A wide range of matrix processing 
characteristics, thermal and mechanical properties can be achieved 
through the incorporation of various MW Jeffamine® curing agents into 
the Epon formulations. Optimization of these formulations for specific 
applications is typically conducted through experimental approaches. 

There are some experimental and molecular dynamics (MD) simu-
lation studies that have investigated the effects of the functionality (i.e. 
di-, tri-, and tetra-) of the curing agents, degree of cure and cross-linker 
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length (i.e. molecular weight (MW)) on the structure and thermo- 
mechanical properties of the epoxy matrix [1–11]. Most of the MD 
simulation studies have focused on the thermal and tensile elastic 
properties of epoxy considering non-reactive type force fields which do 
not have bond breaking and formation capability that prevents energy 
absorption associated with progressive failure to be predicted. Li et al. 
[5] have studied the thermo-mechanical properties of Epon 862/DETDA 
system using the non-reactive DREIDING force field [12]. They found a 
significant increase in glass transition temperature (Tg), Young’s 
modulus and yield strength with the increase in degree of cure. Varshney 
et al. [6] have determined the Tg and coefficient of thermal expansion 
(CTE) of the Epon 862/DETDA system using Consistent Valence Force 
Field (CVFF) [13]. Soni et al. [7] have studied the effects of the 
cross-linker MW on the DEGBA/Jeffamine® properties using General 
AMBER Force Field (GAFF) [14,15]. They have reported that Tg de-
creases and CTE increases with increase in the cross-linker length. Sirk 
et al. [8] have determined Tg and Young’s modulus of the DGEBA/-
Jeffamine® system using GAFF. Young’s moduli are determined at 
different strain rates across the glass transition temperature and, using 
time-temperature superposition a master curve for the modulus versus 
strain rates response has been proposed. Fan et al. [9] have determined 
the Tg, CTE and Young’s modulus of Epon 862/TETA system using 
Polymer Consistent Force Field (PCFF) [16]. Li et al. [17] comprehen-
sively reviewed molecular simulation works based on non-reactive force 
fields which focus on the structure-properties relationships of thermoset 
epoxy. 

Recently, Odegard et al. [10] have determined the modulus and yield 

strength of the Epon 832/DETDA epoxy system using reactive force field 
ReaxFF [18]. Since they were interested in the modulus and yield 
strength their simulations were limited to lower strain range level 
(<18% strain) without failure. In another recent MD study with ReaxFF, 
Meng et al. [19] have predicted macroscopic fracture toughness of cured 
epoxy by developing a molecularly informed continuum fracture model 
which considers fibril strength and crazing zone micro-structure. 

Though much progress has been made through previous studies, 
there is still no complete understanding on the structure-properties 
relationship, energy absorption and failure mechanism of the cured 
epoxy matrix under tensile loading. None of earlier simulations (except 
Meng et al. [19]) conducted tensile loading up to failure of the epoxy 
system to determine the progressive damage modes associated with 
toughness and energy absorption. There have been no attempts to un-
derstand the behavior of the cured epoxy under shear loading at large 
deformation [20]. However, there are many practical applications 
where the epoxy based composite materials undergoes large 
tension-shear deformation and failure. For instance, epoxy resin near a 
broken fiber in fiber reinforced composites experiences significant 
deformation under combined tension-shear high strain rate loading 
[21]. Therefore, it is advantageous to understand the large strain 
response and failure mechanisms of the epoxy system as a function of 
cross linker length and degree of cure to design optimal epoxy matrices 
at the molecular level. 

In this paper, the effects of molecular weight of the Jeffamine® cross- 
linker and degree of cure on the network structure, glass transition 
temperature, mechanical properties, and deformation and failure 

Fig. 1. Molecular structure of (a) Epon 825 and (b) Jeffamine®.  

Fig. 2. Curing reaction between epoxide and amine groups of Epon and Jeffamine® molecules.  
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mechanism of the Epon 825 epoxy resin have been studied using mo-
lecular dynamic methods. Large-strain tensile and shear simulations are 
conducted using reactive force field ReaxFF [18] to determine elastic, 
yield and strength properties, energy absorption capability and the 
associated deformation and progressive failure mechanism. The glass 
transition temperature, which does not require bond breakage, is 
determined using non-reactive force field GAFF [14,15]. For comparison 
with ReaxFF prediction, tensile and shear simulations with GAFF are 
also conducted to identify the limits of applicability of this non-reactive 
but computationally efficient force field. 

2. Molecular simulations details 

2.1. Force field 

Two types of force fields – non-reactive general Amber force field 
(GAFF) [14,15] and reactive force field ReaxFF [18,22] are used in the 
present study. GAFF is used to describe atomic interactions in the 
cross-linking algorithm, quenching to glassy state, tensile and shear 
simulations. GAFF is applied for non-reactive simulations due to its good 

performance in earlier studies of predicting thermodynamics and me-
chanics for epoxy networks [7,8,11,23,24]. van der Waals interactions 
are truncated at 0.9 nm with tail corrections applied for the energy and 
pressure [25]. Partial charges of atoms are calculated using the 
AM1-BCC method [26,27]. Coulomb interactions are calculated using 
the particle–particle particle–mesh (PPPM) method with a real-space 
cut-off of 0.9 nm [28]. Although GAFF provides a good model for 
many organic molecules, it cannot model bond breaking and formation 
due in part to the harmonic functional form for the bond interactions. 

The state-of-the-art reactive force field ReaxFF is used during the 
mechanical deformation to capture bond-breaking and formation pro-
cesses. ReaxFF includes a continuous bond length and bond order rela-
tionship and a polarizable, geometry-dependent charge calculation [29, 
30]. A full description of the ReaxFF potential functions can be found 
elsewhere [31]. ReaxFF parameters sets developed by Liu et al. [18] are 

Fig. 3. Flowchart of the cross-link protocol.  

Table 1b 
Molecule data for Epon-Jeffamine® models.  

Model 
Designation 

Number of Epon 
Molecules 

Number of Jeffamine® 
Molecules 

Total 
atoms 

Epon/J230 1740 molecules with 
n ¼ 0 
260 molecules with 
n ¼ 1 

400 molecules with n ¼ 2 
600 molecules with n ¼ 3 

158180 

Epon/J400 1392 molecules with 
n ¼ 0 
208 molecules with 
n ¼ 1 

720 molecules with n ¼ 6 
80 molecules with n ¼ 7 

154544 

Epon/J600 1218 molecules with 
n ¼ 0 
182 molecules with 
n ¼ 1 

700 molecules with n ¼ 9 155526  

Table 1a 
Molecule data for Epon-Jeffamine® models.  

Model 
Designation 

Jeffamine® Molecule Epon Molecule 

Epon/J230 Jeffamine® D-230 (n ¼ 2.6, MW 
¼ 225.7 g/mol) 

Epon 825 (n ¼ 0.13, MW ¼
378.8 g/mol) 

Epon/J400 Jeffamine® D-400 (n ¼ 6.1, MW 
¼ 429.5 g/mol) 

Epon/J600 Jeffamine® D-600 (n ¼ 9.0, MW 
¼ 598.4 g/mol)  
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used in this study, as they have been shown to accurately describe the 
structure and energetics of epoxy systems [10]. 

2.2. Model development 

To check the effects of the molecular weight (MW) of cross-linker, 
three cross-linker lengths with index n ¼ 2:6; 6:1 and 9:0 which corre-
spond to commercially available cross-linker Jeffamine® D-230, Jeff-
amine® D-400 and Jeffamine® D-600 are considered. Fig. 1 shows 
Jeffamine® with Epon 825 molecules. We make these molecules using 
Arguslab [32]. LAMMPS’ [33] compatible topology data are created 
using Antechamber [14,15], and Moltemplate [14,15] is used to 
randomly pack these molecules. Table 1a, b provides details on the 
different molecules with MW and number of molecules used in the three 
models developed in this study. For convenience, these models are 
designated as Epon/J230, Epon/J400 and Epon/J600. In all models, 
Epon with index n ¼ 0:13 describes our epoxy resin. Two MWs of Epon 
with n ¼ 0 and n ¼ 1:0 molecules are combined in the 6.7:1.0 ratio to 
get the average index n ¼ 0:13. To achieve Jeffamine® index of 2.6, 
two MWs of Jeffamine with n ¼ 2 and n ¼ 3 are combined in the 2:3 
ratio. Similarly to get Jeffamine® index 6.1, two MWs of Jeffamine® 
with n ¼ 6 and n ¼ 7 are combined in the 9:1 ratio. For Jeffamine® 
D-600, all molecules with n ¼ 9 are considered. The number of mole-
cules meets the stoichiometric ratio 2:1 for Epon and Jeffamine® in all 
models. To study the degree of cure effects, four average degrees of cure 
(98.5%, 83.5%, 69.6% and 55.2%) are considered for the Epon/J230 
system. Degree of cure is defined as the ratio of reacted epoxide groups 
to the total epoxide groups. It should be mentioned that due to steric 
hindrance effects as well as reduction in molecular mobility due to 
gelation, 100% cross-linking may not be possible to achieve experi-
mentally. Using the FTIR spectroscopy experiments, Jones et al. [34] 

reported that they achieved 97% (at 70 �C) and 100% (>90 �C) degree of 
cure for the DGEBA-Jeffamine® D-230 system. 

When Epon and Jeffamine® molecules are mixed together in ex-
periments, a cross-linked epoxy structure is formed through the curing 
reaction between epoxide groups of Epon and amine groups of Jeff-
amine® molecules. Due to this reaction, Epon and Jeffamine® mole-
cules are connected through C–N bonds (Fig. 2). The reaction cure 
kinetics are highly dependent on temperature and cure times can span 
several hundred seconds to hours. This time primarily depends on 
reactivity and molecular weight of the reactant molecules. In all-atom 
MD simulations, it is computationally prohibitive to model the curing 
reaction with these high molecular weight molecules. Therefore, after 
mixing the Epon and Jeffamine® molecules at stoichiometric ratio in a 
three-dimensional box, a multi-step cross-link algorithm is used to 
enforce the cross-link curing reaction by connecting adjacent epoxide 
and amine groups through C–N bonds. Similar cross-linking methods are 
available in the literature [6,11]. Fig. 3 shows the protocol/flowchart of 
the multi-step cross-link algorithm. The following assumptions are made 
in the cross-link algorithm:  

1) Epoxide groups of Epon molecules are hydrogenated (Fig. 4),  
2) Both primary and secondary amines have the same reactivity,  
3) No etherification reactions and  
4) No cyclic reactions (Fig. 5). 

The first step of the protocol is to create low density stoichiometric 
mixture of Epon and Jeffamine® molecules by randomly placing these 
molecules in a three dimensional cube. The mixture is then densified by 
equilibrating at high temperature (700 K) and high pressure (200 atm. 

Fig. 5. Schematic of two different types of cyclic reactions.  
Fig. 6. Cross-linked EPON/J230 epoxy model. VMD [36] is used for visuali-
zation purposes. 

Fig. 4. Molecular structure of hydrogenated Epon molecule.  
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Fig. 7. Loading and boundary condition for (a) tensile and (b) shear loadings.  

Fig. 8. Spatial distribution of (a) cross-link and (b) mass density in Epon/J230 model with 98.5% degree of cure.  

Fig. 9. Variation of specific volume with temperature for (a) models with different MW cross-linker at 98.5% degree of cure and (b) Epon/J230 model with different 
degree of cure obtained from MD simulations with cooling rate Qsim ¼ 21:9 � 109 K=s. (Data for one replica in each model are shown.) 

S.C. Chowdhury et al.                                                                                                                                                                                                                          



Composites Part B 186 (2020) 107814

6

pressure) for 0.5 ns and then at room temperature (300 K) and 1 at-
mospheric pressure for 1 ns using NPT (isothermal-isobaric) ensemble. 
Atomic interactions are modeled by GAFF with 1 fs time step. Unless and 
otherwise stated, in all simulations, an equation of motion [35] incor-
porating a Nos�e-Hoover thermostat and anisotropic barostat is used with 
time constants of 0.1 ps and 1.0 ps, respectively. All MD simulations are 
carried out with open source molecular simulation software LAMMPS 
[33]. The second step creates the cross-link reaction where C–N bonds 
form between C atom of epoxide and N atom of amine groups. The 
cross-link algorithm searches for the nearest neighbor reactive sites 
within the search radius and creates C–N bonds. This is implemented by 
using ‘fix bond/create’ command available in LAMMPS. Then the system 
is equilibrated with multi-step relaxation process with NVE (micro--
canonical) ensemble for 0.1 ns and NPT (P ¼ 1 atm., T ¼ 300 K) 
ensemble for 0.1 ns. In the multi-step relaxation process, long bonds are 
brought to the equilibrium length step by step. We use very low bond 
stiffness for the long bonds so that the associated atoms do not feel large 
force and as results the simulation becomes stable. For instance, we use 
five steps relaxation with stiffness (Kcal/(mol.Å2)) and length (Å) of 
(1.0, 10.0), (5.0 7.5), (10.0, 5.0), (20.0 2.5) and (320.6, 1.47) during 
cross-linking with cutoff distance greater than 1.0 nm. This second step 
is repeated with an increase in the cutoff search distance until the target 
degree of cure is reached. To get the 98.5% degree of cure, we start with 
cutoff distance 0.5 nm and then incrementally increase the cutoff dis-
tance by 0.5 nm up to 4.0 nm. To get the 55.2%, 69.6% and 83.5% 
degree of cure, single step with cutoff 0.56 nm, two steps with cutoff 0.5 
nm and 0.7 nm, and two steps with cutoff 0.5 nm and 1.0 nm are used 
respectively. Incremental cutoff distance is used to avoid frustrated 
bonds (i.e., long bonds) after equilibration. We do not see long bonds 
after multi-step relaxation at low degree of cure. However, we find very 
few long bonds in some models when cutoff distance becomes very large 
(>3.0 nm). We discard model with long bonds. All of our final models do 
not have any long bonds. The final step is annealing, where the 
cross-linked system is heated at high temperature (T ¼ 650 K) using NPT 
ensemble for 5 ns to remove any residual stress. The system is then 
cooled to room temperature for further simulation (e.g. mechanical and 
thermal loading for property and glass transition temperature determi-
nation). During cooling, temperature is reduced stepwise with 25 K in-
crements and at each temperature the model is equilibrated for 1 ns. At 
each temperature step, data was collected during the last 0.25 ns to 
calculate the specific volume of the model. The glass transition tem-
perature is calculated from the specific volume versus temperature 
curves which will be discussed later. At the end of this model building 

procedure, the MD models are sufficiently large (>10 nm in dimension), 
allowing us to compare results to the literature and capture damage 
evolution. For each model, three replica structures are created using the 
above model building procedure. 

2.3. Equilibration with ReaxFF 

As mentioned earlier, tensile and shear loading simulations are also 
carried out with reactive force field ReaxFF to understand the atomistic 
origin of deformation and progressive damage mechanisms. The cross- 
linked models developed with GAFF are first equilibrated with ReaxFF 
to reduce any initial internal stress arising from differences in these 
potentials. At the equilibrium stage, the model is gradually heated from 
1 K to 300 K temperature for 250 ps and at 300 K for further 125 ps with 
NPT ensemble. MD simulation is conducted with time step 0.25 fs and 1 
atm pressure. This equilibrated model is then used in tensile and shear 
simulations with ReaxFF. Fig. 6 shows an equilibrated cross-linked 
epoxy model. RDF profiles (not shown here) of the GAFF and ReaxFF 
equilibrated structure are similar and density of the ReaxFF equilibrated 
structure is slightly higher (see Table 2a) compared to the GAFF. 

Fig. 10. (a) Variation of Tg with degree of cure for Epon/J230 model at two different cooling rates and (b) effects of the cross-linker MW on the variation of Tg with 
degree of cure. 

Table 2a 
Effects of MW of cross-linker on mass density at 300 K and Tg obtained with 
GAFF at 98.5% degree of cure. (Density reported in the parenthesis are obtained 
with ReaxFF.)  

Model 
Designation 

Density (g/cm3) Tg (K) 

MD Expt. MD Expt. 

Epon/J230 1.1111 � 0.0008 
(1.205) 

1.157 �
0.001 [4] 
1.159 [46] 

437 �
7 
328- 
353* 

353-365 
[47–49] 

Epon/J400 1.1026 � 0.0009 
(1.187) 

1.138 �
0.002 [4] 
1.123 �
0.002 [11] 

419 �
7 
310- 
335* 

303 � 4 [11] 
313-325 
[47–49] 

Epon/J600 1.0924 � 0.0002 
(1.177) 

– 411 �
3 
302- 
327* 

–  

* MD prediction at the expt. cooling rate obtained with cooling rate correction 
(Eq. (3)). 
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2.4. Boundary and loading conditions for tensile loading 

Epoxy formulations are isotropic. To apply a uniaxial tensile load, 
the model is subjected to uniform tensile strain in a specific direction (i. 
e., either X or Y or Z direction) as shown in Fig. 7a. The solution domain 
is linearly expanded with a constant axial strain/displacement rate by 
scaling the coordinates of all atoms along the specific direction at every 
time step followed by MD time integration [37–39]. To mimic the 
plane-stress condition, transverse direction movements due to Poisson’s 
effect are allowed (i.e. zero net force in these directions). MD time step 1 
fs for GAFF and 0:25 fs for ReaxFF are used and NPT ensemble with 
temperature 300 K and pressure 1 atm. is considered. Strain rate used in 
the tensile simulations is 5:0� 109s� 1 and periodic boundary is applied 
in all directions. 

Stress is calculated using the classic definition of virial stress 
[40–42]. 

σV
ij ¼ �

1
V

XN

α¼1

�

mαvα
i vα

j þ
1
2
X

β 6¼ α
rαβ

ij f αβ
ij

�

(1)  

Where V is the model volume, N is the number of atoms in the model, m 
is the mass of atom, v is the velocity of atom, r is the inter-atomic dis-
tance and f is the inter-atomic force. The subscripts i and j stand for X, Y 
and Z directions values. The above virial stress corresponds to true 
stress. Engineering stress is determined by scaling the virial true stress 
with the initial cross-section area of the model. Engineering stress and 
strain are defined using the following formula 

σ¼
σV

ij � A
A0

(2a)  

ε¼ δn

L0
¼

L � L0

L0
(2b)  

Where A is the instantaneous cross-section area, A0 is the initial cross- 
section area, L0 is the initial model length and L is the current model 
length. 

2.5. Boundary and loading conditions for shear loading 

Simple shear deformation [43] is applied in a specific direction by 
scaling the corresponding position component of all atoms followed by 
MD time integration [39] as shown in Fig. 7b. NVT ensemble with 
temperature 300 K is used in the simulations. The shear strain rate used 
in the shear loading is 1:0� 1010s� 1. Shear stress is calculated from 
virial formula (Eq. (1)) and shear strain is determined from the ratio of 
shear displacement (δs) to the model length (L0) perpendicular to the 
shear direction [44,45]. 

3. Results and discussion 

3.1. Properties of structure 

To analyze the structure of the cross-linked epoxy network, we 
determine spatial distribution of cross-links (i.e., C–N bonds density), 
spatial distribution of mass density and overall mass density for different 
models obtained after equilibration at 300 K with GAFF. To determine 
spatial distribution, the model is split into several divisions with equal 
thickness in three orthogonal X-, Y- and Z-directions. Spatial cross-link 
and spatial mass density are determined by dividing the total number 
of cross-link C–N bonds and total atomic mass available in a specific 
division with the volume of the corresponding division. Fig. 8 shows 
spatial distribution along three directions for Epon/J230 model at 
98.5% degree of cure. Both the cross-link and mass density fluctuates 
around overall system density indicating that the created epoxy network 
structure is homogeneous. Variation of mass density for different models 
are shown in Table 2 along with Tg (which will be discussed in the next 
section). In case of GAFF, average properties with standard deviation are 
obtained from three replicas while in case of ReaxFF average properties 
are obtained from two replicas. Model with shorter cross-linker 

Fig. 11. (a) Effects of cross-linker MW on the tensile stress-strain obtained with 
GAFF and ReaxFF with strain rate 5:0� 109s� 1. (b) Variation of broken bonds 
with strain obtained with ReaxFF. Data for one replica in each model are shown 
for comparison (Inset in Fig. 11b shows breakage of C–O bond in Jeffamine® 
cross-linker.). 

Table 2b 
Effects of degree of cure on mass density at 300 K and Tg obtained with GAFF for 
Epon/J230. (Density reported in the parenthesis are obtained with ReaxFF.)  

Degree of cure (%) Density (g/cm3) Tg (K) 

MD MD 

98.5 1.1111 � 0.0008 (1.205) 437 � 7 
328-353* 

83.5 1.1078 � 0.0015 (1.189) 424 � 2 
315-340* 

69.6 1.1070 � 0.0005 (1.185) 408 � 1 
299-324* 

55.2 1.1045 � 0.0002 (1.180) 395 � 1 
286-311* 

0.0 1.0782 � 0.0001 341 � 4 
232-257*  

* MD prediction at the expt. cooling rate obtained with cooling rate correction 
(Eq. (3)). 

S.C. Chowdhury et al.                                                                                                                                                                                                                          



Composites Part B 186 (2020) 107814

8

molecules and higher degree of cure has higher density due to the closely 
packed network structures. The densities obtained from MD simulations 
are in reasonable agreement with experiments, considering that the 
experimental values lie between the GAFF and ReaxFF densities. Mass 
density and thermo-mechanical properties (shown later) obtained with 
GAFF agree well with the previous MD simulations [8,11]. 

3.2. Glass transition temperature Tg 

Glass transition temperature (Tg) is a key thermal property of epoxy 
resins which limits its service temperature. Glass transition temperature 
is calculated from the specific volume versus temperature curves. Fig. 9 
shows the variation of the specific volume with temperature for the 
98.5% cross-linked Epon/J230 model. The resin is in the rubbery and 
glassy state at high and low temperature. Therefore, the temperature 
profile shows two distinct slopes at the high (T > 500 K) and low (T <
300 K) temperature regions. Tg is determined from the intersection of 
the two slopes. Table 2 shows Tg values for different models. The overall 
trend is that the epoxy with longer cross-linker and lower degree of cure 
has lower Tg value. Longer cross-linker molecules are less rigid (i.e., 
mobility is higher at thermal excitation) compared to the shorter cross- 

linker molecules. Experimental measurements also exhibit this trend 
[47–49]. However, MD simulation values are higher than experimental 
values which is due to the higher cooling rate used in the simulations. 

The effects of cooling rate on Tg has been shown experimentally to 
follow the Williams-Landel-Ferry (WLF) equation [50]: 

ΔTg¼
� C2log10

�
Qexp

�
Qsim

�

C1 þ log10
�
Qexp

�
Qsim

� (3)  

Where ΔTg is the shift in glass transition temperature due to difference in 
experimental and simulation cooling rates Qexp and Qsim. For the uni-
versal values of WLF parameters C1 ¼ 17:44, C2 ¼ 51:6 K [50], Qsim ¼

21:9 � 109 K=s and Qexp ¼ 0:033 � 0:33 K=s [8], ΔTg is in the range of 
84 K–109 K. Applying this cooling rate correction to the MD simulations 
results in good correlation with the experimental values measured under 
low cooling rates. In one recent study, Khare et al. [51] have also shown 
that the WLF equation with material specific constants also provided 
good correlation with experiments after the simulation data is corrected. 

As shown in Table 2b and Fig. 9b, the glass transition temperature 
increases with the increase in the degree of cure. At approximately a 
degree of cure of 55%, the glass transition temperature is equal to room 

Fig. 12. Progressive damage of Epon/J230 model with 98.5% degree of cure under X-direction tension obtained with ReaxFF. (Black oval marks in Fig. 12a show 
damage area). 
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temperature which implies that this Epon resin is approximately at gel 
state at lower degree of cure which is true for this system. 

The DiBenedetto Equation (Eq. (4)) [52] is widely used to predict the 
relationship between Tg and degree of cure (XÞ. 

TgðXÞ � Tgð0Þ
Tgð∞Þ � Tgð0Þ

¼
λX

1 � ð1 � λÞX
(4) 

Here Tg(0) and Tgð∞Þ are the glass transition temperature of uncured 
and fully cured resin and λ is an empirical parameter approximated as 
[53]: 

λ¼
Tgð0Þ
Tgð∞Þ

(5) 

Using the results presented in Table 2b for the Epon/J230, λ based on 
Equation (5) is 0.71–0.78. MD predictions for Tg as a function of degree 
of cure is given in Table 2b along with the corrected low cooling rate 
values. Fig. 10a shows the variation of Tg with the degree of cure for 
Epon/J230 at both cooling rates. A regression fit of the full DiBenedetto 
relationship in Equation (4) to the MD results for each cooling rate gives 
λ ¼ 0.99 with R2 value of 0.999 and Tgð∞Þ value at 100% degree of cure 
is 2 K higher than that of 98.5% degree of cure. This proves that the 
variation of Tg with degree of cure is linear for the Epon/J230 system 
and that λ ¼ 1 should be used in the DiBenedetto relationship (Equation 
(4)). For comparison purposes the DiBenedetto Equation is also plotted 

(solid lines in Fig. 10a) with the λ calculated from the Tg ratio (i.e., λ ¼
Tgð0Þ
Tgð∞Þ

). This approach underestimates the glass transition temperatures at 
intermediate degree of cure compared to the MD prediction with a 
maximum difference of 5 – 8 K. Fig. 10b shows the effects of cross-linker 
MW on the variation of Tg with degree of cure plotted with DiBenedetto 
Equation using λ ¼ 1. At a particular degree of cure, Tg is higher for the 
lower MW cross-linker due to the higher cross-link density. 

3.3. Tensile stress-strain response and failure mechanism 

Fig. 11a shows the effects of the MW of cross-linker on the tensile 
stress-strain response obtained with GAFF and ReaxFF for 98.5% degree 
of cure models. Stress-strain curves show four distinct regions – initial 
linear response, yielding (i.e., plateau stress level), strain hardening and 
progressive failure. GAFF and ReaxFF predictions agree well up to the 
strain where material starts to fail through bond breakage. At larger 
strains, GAFF predicts dramatic stiffening and unrealistic high stress 
levels as bonds stretch without breakage while ReaxFF shows realistic 
progressive damage and energy absorption. The strain limit up to which 
GAFF prediction agrees with ReaxFF depends on cross-linker length and 
degree of cure. At 98.5% degree of cure, GAFF prediction is limited to 
75–110% strain levels but it cannot accurately predict tensile strength 
and energy absorption. Fig. 11 provides guidance on the limits of 
applicability of the GAFF potential based on the strains at which bond 

Fig. 13. Effects of MW of cross-linker on the bonded and non-bonded energy in tension. (Data for one replica in each model are shown.)  
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breakage initiates. 
To understand the deformation mechanisms at different stages of 

loading, major energy contributions from bond, angle, dihedral, non- 
bonded vdW and columbic interactions, H-bonds as well as broken 
bond data during ReaxFF simulations are monitored. Fig. 11b shows 
evolution of broken bonds with tensile strain for the three systems. 
ReaxFF bond order cutoff 0.30 is used in LAMMPS to identify broken 
bonds. Usually the C–O bond in the cross-linker molecules (shown in the 
inset in Fig. 11b) and C–N bond either in the epoxide-amine reaction 
junction or in the cross-linker fails. To explore why these specific bonds 
fail, we perform bond stretching analysis of the key bonds which are 
present in the backbone of an Epon-Jeffamine® molecule. We consider 
Ethane, Methylamine, Methanol and Phenol molecules. First we equili-
brate these molecules and then stretch the C–C bonds in Ethane, C–N 
bond in Methylamine, C–O bond in Methanol and C–O bond in Phenol 
along the corresponding bond axis with ReaxFF. Figs. A1-A2 in Ap-
pendix A show the force-displacement and energy-displacement re-
sponses and bond peak force and energy are summarized in Table A1 in 
Appendix A. Bond stretching analysis shows that the C–O and C–N bonds 
have low failure force (6.5 nN for C–N and 8.2 nN for C–O bond). 

Fig. 14. Effects of degree of cure on the tensile stress-strain response obtained 
with GAFF and ReaxFF for Epon/J230 system with strain rate 5:0� 109s� 1. (b) 
Variation of broken bonds with strain obtained with ReaxFF for the same sys-
tems. (Data for one replica in each model are shown.) 

Fig. 15. Effects of strain rate on the tensile (a) stress-strain response and (b) modulus and yield strength obtained with GAFF for Epon/J230 with 98.5% degree 
of cure. 

Fig. 16. Effects of cross-linker MW on the shear stress-strain obtained with 
GAFF and ReaxFF with strain rate 1:0� 109s� 1. (Data for one replica in each 
model are shown.) 
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Consequently, these bonds fail during mechanical loadings of the cured 
epoxy system. Very few bonds break in the strain hardening region. 
Bond breakage starts to increase at the end of strain hardening (ε¼100% 
in Epon/J230, ε ¼ 135% in Epon/J400 and ε ¼ 150% in Epon/J600). As 
the loading continues, bonds gradually start to fail and stress remains 
almost in the plateau level for a certain time and strain increment and 
then reduces. This is analogous to the progressive damage in the con-
tinuum length scale. Bond breakage curves are sigmoidal – rate of bond 
breakage starts at zero, increase to maximum value at the strain where 
stress starts to drop (ε ¼ 150% for Epon/J230, ε ¼ 190% for Epon/J400 
and ε ¼ 226% for Epon/J600) and then decreases to zero at large strain. 
Bond breakage evolves into voids and fibrillary structure leading to 
complete failure as shown in Fig. 12. Very few bonds break in the strain 
hardening region giving a local drop in the stress without affecting the 
overall stress-strain response. 

ReaxFF energy data for the same three systems with 98.5% degree of 
cure are shown in Fig. 13a–c and comparison of the bonded (bond þ
angle þ dihedral) and non-bonded (vdW þ coulomb) energy is shown in 
Fig. 13d. For each types of energy, energy difference (ΔE) from the 
reference energy at 0% strain is considered. Non-bonded interaction 
dominates within the linear and yield regions while the bonded inter-
action starts to pick up at larger strains within the strain hardening re-
gion. H-bond interaction has insignificant energy contribution due to the 
lack of polar OH and NH groups in the cured epoxy system. As shown in 
Fig. 13d, non-bonded interaction is more prominent in case of shorter 
MW cross-linker at low strain range giving high modulus and yield 
strength (reported later). At high strain near the peak force, bond 
stretching and the associated angle and dihedral deformation absorb 
significant amounts of energy. 

Effects of degree of cure on the tensile stress-strain responses are 
shown in Fig. 14a for the Epon/J230 system and the corresponding 
broken bond data are shown in Fig. 14b. ReaxFF energy data for 83.5%, 
69.6% and 55.2% degree of cure models are shown in Figs. B1a-B1c in 
Appendix B for completeness. With the decrease in degree of cure, strain 
hardening region disappears in the stress-strain curves (Fig. 14a) and 
non-bonded interaction energy dominates throughout the entire loading 
(Fig. B1b & B1c). Number of broken bonds decreases as degree of cure 
decreases and no bond breakage is observed in case of 55.2% degree of 
cure (Fig. 14b). At 55.2% degree of cure, epoxy structure has some 
uncured regions randomly distributed throughout the system. Under 
deformation, the system fails at these regions through the separation of 
uncured molecules without bond breakage. 

Tensile mechanical properties are tabulated in Table 3. The modulus 
is determined from linear regression in the initial linear stress-strain 
portion (<2% strain). The yield strength is determined using both 
0.2% offset method and from the plateau stress. Stress-strain responses 
show plateau stress near 10% strain in between the linear and strain 
hardening regions (Figs. 11a and 14a) where the stress gradient becomes 
zero. It should be mentioned that this plateau stress is also considered as 
yielding state of materials [24,54]. In case of ReaxFF simulations, ulti-
mate strength is determined from the peak stress and total absorbed 
energy is obtained from the area under the stress-strain curve. To 
determine the average values with standard deviation in GAFF simula-
tions, three replicas of all models are loaded in the three orthogonal 
directions. For ReaxFF simulation, average data are obtained from two 
simulations of two replicas. Models with higher MW cross-linker and 
lower degree of cure give lower modulus, plateau stress and tensile 
strength. Yield strength obtained with 0.2% offset method doesn’t show 
any specific trend. The cross-linkers become less rigid with the increase 
in their MW. This low rigidity cross-linker reduces the stiffness and 
strength of the epoxy. In case of low degree of cure, there are sufficient 

Fig. 17. Effects of degree of cure on the shear stress-strain obtained with GAFF 
and ReaxFF for Epon/J230 system with strain rate 1:0� 109s� 1. (Data for one 
replica in each model are shown.) 

Table 3a 
Effects of MW of cross-linker on the tensile properties for 98.5% degree of cure 
obtained with strain rate 5:0� 109s� 1 at 300K. Values reported in the paren-
thesis are obtained with ReaxFF.  

Model 
Designation 

Modulus (GPa) 0.2% 
Offset 
Yield 
Strength 
(GPa) 

Plateau 
Yield 
Strength 
(GPa) 

Ultimate 
Strength 
(GPa) 

Energy 
(GJ/ 
m3) 

MD Expt. MD MD MD MD 

Epon/J230 4.91 
�

0.19 
(5.29) 

2.36 
�

0.07 
[4] 

0.187 �
0.007 
(0.170) 

0.345 �
0.017 
(0.324) 

(1.143) (1.66) 

Epon/J400 4.76 
�

0.23 
(4.74) 

2.37 
�

0.11 
[4] 
2.36 
�

0.23 
[11] 

0.171 �
0.010 
(0.172) 

0.300 �
0.008 
(0.290) 

(1.090) (1.89) 

Epon/J600 4.57 
�

0.14 
(4.61) 

2.36 
�

0.07 
[4] 

0.175 �
0.010 
(0.158) 

0.269 �
0.006 
(0.259) 

(0.885) (1.82)  

Table 3b 
Effects of degree of cure on the tensile properties for Epon/J230 model obtained 
with strain rate 5:0� 109s� 1 at 300K. Values reported in the parenthesis are 
obtained with ReaxFF.  

Degree 
of cure 
(%) 

Modulus 
(GPa) 

0.2% Offset 
Yield 
Strength 
(GPa) 

Plateau 
Yield 
Strength 
(GPa) 

Ultimate 
Strength 
(GPa) 

Energy 
(GJ/m3) 

MD MD MD MD MD 

98.5 4.91 �
0.19 
(5.29) 

0.187 �
0.007 
(0.170) 

0.345 �
0.017 
(0.324) 

(1.143) (1.66) 

83.5 4.69 �
0.21 
(5.03) 

0.167 �
0.005 
(0.143) 

0.274 �
0.008 
(0.260) 

(0.670) (1.32) 

69.6 4.58 �
0.24 
(4.72) 

0.167 �
0.008 
(0.147) 

0.260 �
0.007 
(0.254) 

(0.300) (0.96) 

55.2 4.50 �
0.12 
(4.54) 

0.158 �
0.009 
(0.134) 

0.252 �
0.006 
(0.235) 

(0.236) (0.44)  
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amount of non-bonded free molecules which are embedded inside the 
system, however, they do not contribute much to the mechanical 
response. Therefore, it could be postulated that epoxy with larger MW 
cross-linker and low degree of cure would give lower stiffness and 
strength. Conversely, with the 62% decrease in the cross-linker MW (i.e., 
from MW ¼ 598:4 g/mol for Jeffamine® D-600 to MW ¼ 225:7 g/mol 
for Jeffamine® D-230), tensile modulus, plateau yield strength and ul-
timate strength increase by 7–15%, 25–28% and 29% respectively. 
Similarly, with the increase of degree of cure from 55% to 98.4%, tensile 
modulus, plateau yield strength and ultimate tensile strength increase by 
9–17%, 39–46% and 384% respectively. This suggests elastic modulus is 
less affected by the cross-linker length and degree of cure since me-
chanical deformation is mainly controlled by the non-bonded interac-
tion and not by the bonded interaction at low strain level as discussed 
earlier. Total absorbed energy is not significantly affected by the 
cross-linker MW for the highest degree of cure system (i.e. 98.5%). 
Although the smaller MW cross-linker system has reduced failure strain, 
this potential reduction in absorbed energy is offset by its higher yield 
stress and high stiffness strain hardening response (Table 3a). However, 
absorbed energy decreases significantly with decrease in the degree of 
cure for all MW cross-linkers as shown in Table 3b. 

MD predicted properties are higher than the experimental values 
which can be attributed to the high strain rate and nano-scale structure 
with no larger length scale defects included in the MD simulations. The 
strain rate dependent stress-strain response and the strain rate effect on 
the modulus and yield strength are presented in Fig. 15 for the Epon/ 
J230 system at 98.5% cure. The modulus and plateau yield strength 
increase significantly with strain rate, as expected [55]. For example, a 
100-fold increase in strain rate (1010 to 1012 s-1) increases the plateau 
stress by a factor of 4, similar to the behavior reported in an epoxy resin 

by Tamrakar et al. [54,56]. Likewise, the yield stress versus strain rate 
shown in Fig. 15b follows a bi-linear relationship on a semi-log scale that 
resembles previous results for a DER 353 epoxy [54,56]. We note that 
the MD predicted properties are significantly higher than experimental 
values. For example, the modulus of Epon/J230 has been reported as 
2.4–2.8 GPa [4,11,57], whereas our predicted value is nearly 5 GPa 
(Table 3). The reason for this discrepancy is the ballistic strain rate 
employed in our simulations (�107 Hz), compared to the quasi-static 
experimental strain rate (~10� 3 Hz in Refs. [4,11,57]). As shown in 
Fig. 15, the modulus and strength increase significantly as the strain rate 
is raised. Thus, our results are best viewed in the context of ballistic 
strain rates. An in-depth study on strain rate effects on the 
visco-elastic-plastic stress-strain response and failure mechanisms will 
be the topic of future work. 

3.4. Shear stress-strain response and failure mechanism 

Effects of MW of cross-linker and degree of cure on the shear stress- 
strain response are shown in Figs. 16 and 17. Like tensile response, shear 
stress-strain curves also show linear, yield, strain hardening and failure 
regions. Strain-hardening region disappears with the decrease in degree 
of cure (Fig. 17). GAFF and ReaxFF curves agree well up to strain 
hardening regions (90–135% strain) for 98.5% cross-link models. At 
higher shear strain, bond breakage commences and GAFF stiffens un-
realistically and cannot accurately predict strength and energy absorp-
tion. However, they agree well throughout the entire loading curves for 
low degree of cure systems (i.e., 55.2% degree of cure shown in Fig. 17) 
since there is no bond breakage. Epoxy with low degree of cure (55.2%) 
behaves more like a viscous material (Fig. 17) since the Tg (corrected 
value) of this resin is close to the room temperature and the resin would 
be in liquid state near the room temperature. 

Fig. 18. Shear deformation of Epon/J230 epoxy system with 98.5% degree of cure with ReaxFF.  

Table 4a 
Effects of MW of cross-linker on the shear properties for 98.5% degree of cure 
obtained with strain rate 1:0� 109s� 1 at 300K. Values reported in the paren-
thesis are obtained with ReaxFF.  

Model 
Designation 

Modulus (GPa) 0.2% 
Offset 
Yield 
Strength 
(GPa) 

Plateau 
Yield 
Strength 
(GPa) 

Shear 
Strength 
(GPa) 

Energy 
(GJ/ 
m3) 

MD Expt. MD MD MD MD 

Epon/J230 1.96 
�

0.06 
(1.98) 

1.09 
�

0.01 
[60] 

0.153 �
0.014 
(0.130) 

0.259 �
0.009 
(0.250) 

(1.18) (2.25) 

Epon/J400 1.91 
�

0.11 
(1.88) 

1.01 
�

0.01 
[60] 

0.139 �
0.012 
(0.121) 

0.250 �
0.006 
(0.220) 

(1.17) (2.47) 

Epon/J600 1.82 
�

0.10 
(1.79) 

– 0.129 �
0.009 
(0.091) 

0.233 �
0.008 
(0.197) 

(0.96) (2.50)  

Table 4b 
Effects of degree of cure on the shear properties for Epon/J230 model obtained 
with strain rate 1:0� 109s� 1 at 300K. Values reported in the parenthesis are 
obtained with ReaxFF.  

Model 
Designation 

Modulus 
(GPa) 

0.2% Offset 
Yield 
Strength 
(GPa) 

Plateau 
Yield 
Strength 
(GPa) 

Shear 
Strength 
(GPa) 

Energy 
(GJ/m3) 

MD MD MD MD MD 

98.5 1.96 �
0.06 
(1.98) 

0.153 �
0.014 
(0.130) 

0.259 �
0.009 
(0.250) 

(1.18) (2.25) 

83.5 1.82 �
0.06 
(1.80) 

0.126 �
0.008 
(0.108) 

0.252 �
0.005 
(0.206) 

(0.77) (1.92) 

69.6 1.79 �
0.09 
(1.74) 

0.129 �
0.008 
(0.094) 

0.232 �
0.004 
(0.193) 

(0.48) (1.71) 

55.2 1.75 �
0.08 
(1.62) 

0.124 �
0.004 
(0.111) 

0.224 �
0.003 
(0.182) 

(0.29) (1.49)  
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Energy partitioning curves are shown in Fig. B2 in Appendix B for 
different cross-linker MW and degree of cure. Like the tensile loading, 
shear deformation is also controlled by the non-bonded interaction at 
low strain. However, non-bonded interaction dominates throughout the 
entire loading in case of low degree of cure (Fig. B2f). Damage initiates 
through bond breakage (broken bonds data is not shown), but due to the 
nature of loading it is hard to visualize these damage areas in the shear 
deformed amorphous structure (Fig. 18). Even after failure, damage 
surfaces slide over each other giving a constant shear reaction of about 
0.18 GPa at large strain (>400% strain) as shown in Figs. 16 and 17. This 
behavior has been observed in the micro-droplet test after interphase 
debonding under shear deformation [58]. 

Corresponding shear mechanical properties are reported in Table 4. 
Plateau yield stress is calculated around 20% shear strain. To calculate 
the absorbed energy in shear, stress-strain curve is integrated up to the 
strain limit where stress reaches the plateau value 0.18 GPa. Shear 
modulus, plateau yield strength and ultimate strength increase by 
8–11%, 11–27% and 23% for 62% decrease in the cross-linker MW (i.e., 
from MW ¼ 598:4 g/mol for Jeffamine® D-600 to MW ¼ 225:7 g/mol 
for Jeffamine® D-230). Whereas modulus, yield strength and ultimate 
strength increase by 12–22%, 16–37% and 307% for increase in the 
degree of cure from 55.2% to 98.5%. Absorbed energy in shear is not 
significantly affected by the cross-linker MW, however, absorbed energy 
decreases monotonically with decrease in the degree of cure. 

As we noticed in the shear loading MD simulations, normal stress 
develops (not shown here) in the shear direction (i.e., normal stress in 
the X-direction develops in case of the XY-plane shear loading) which is 
also reported in Ref. [59]. This means simple shear load creates com-
bined effects of shear as well as tension at large deformation. At ultimate 
strength, the same type of bonds break in shear and tensile loading, 
therefore, tension and shear give the same ultimate strength. Yield 
strength ratio (i.e., shear yield strength/tensile yield strength) varies 
between 0.73 and 0.92, indicating ductile behavior of the epoxy resins. 
Poisson’s ratio calculated from tensile simulations are in the range of 
0.25–0.29 (GAFF) and 0.30–0.41 (ReaxFF) and it follows the isotropic 
relation G ¼ E=2ð1þνÞ at small strains linear region below yield. 

4. Conclusions 

All-atom molecular dynamics (MD) simulations are conducted to 
study the effects of the molecular weight (MW) of Jeffamine® cross- 

linker and degree of cure on the structure and thermo-mechanical 
properties of Bisphenol A diglycidyl ether (Epon 825) epoxy resin. 
Three MWs for cross-linker (Jeffamine® D-230, Jeffamine® D-400 and 
Jeffamine® D-600) and four degrees of cure (98.5%, 83.5%, 69.6% and 
55.2%) are considered. Cross-linked networks are created from stoi-
chiometric mixtures of Epon and Jeffamine® using a multi-step cross- 
link algorithm. In MD simulations, atomic interactions are modeled by 
both General AMBER Force Field (GAFF) and reactive force field ReaxFF 
to establish the limit of applicability of the GAFF predicting stress-strain 
responses. Simulation results show that epoxy systems with lower MW 
cross-linker and higher degree of cure have closely packed, higher 
density structures. Such structures give higher Tg. With the Williams- 
Landel-Ferry (WLF) correction considering its universal constants, MD 
predicted Tg agrees well with the experiments. MD shows linear rela-
tionship between Tg and degree of cure and that λ ¼ 1 should be used in 
the DiBenedetto relation versus λ ¼ 0:71 � 0:78 reported in the litera-
ture. Epoxy with lower MW cross-linker and higher degree of cure give 
higher modulus and strength. However, lower MW cross-linker gives 
low strain to failure and low absorbed energy. Results indicate that 
energy absorption can be tailored by blending different MW cross- 
linkers. Stress-strain responses predicted by GAFF agree with ReaxFF 
at low strain range (up to strain hardening), and then deviate signifi-
cantly when failure initiates through bond breakage. 
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Appendix A. Bond force and energy data    

Fig. A1. (a) Force-displacement and (b) energy-displacement responses of different bonds.   
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Table A1 
Bond force and energy data.  

Bond Type Peak Force, nN Energy, kJ/mol 

C–N (Methylamine) 6.5 311 
C–O (Methanol) 8.2 385 
C–O (Phenol) 10.3 438 
C–C (Ethane) 11.3 376  

Appendix B. Epoxy energy data   

Fig. B1. Variation of energy with tensile strain for different degree of cure for Epon/J230 system.   
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Fig. B2. Variation of energy (ΔE) with shear strain for different MW cross-linker and different degree of cure.   
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