Molecular dynamics investigation on interfacial shear creep between carbon fiber and epoxy
Lik-ho Tam 1, Jinqiao Jiang 2, Zechuan Yu 3, John Orr 4 and Chao Wu 1*

1 School of Transportation Science and Engineering, Beihang University, 37 Xueyuan Road, Beijing 100191, China
2 School of Mathematical Sciences, Beihang University, 37 Xueyuan Road, Beijing 100191, China 
3 School of Civil Engineering and Architecture, Wuhan University of Technology, Wuhan, China
4 Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK


* Corresponding author.	E-mail: wuchao@buaa.edu.cn (Chao Wu)



Abstract
[bookmark: _Hlk26782440][bookmark: _Hlk26782461][bookmark: _Hlk26782498]Carbon fiber reinforced polymer (CFRP) composite is subject to external loads during service life, suffering interfacial creep between fiber and matrix and eventually interfacial slippage.  The interfacial creep degrades interfacial integrity of composites and weakens long-term durability.  In order to understand the degradation, microscopic details of interfacial structural changes during creep are essential.  This study aims to investigate microscopic creep behavior of carbon fiber/epoxy interface at different shear load levels using molecular dynamics simulations.  A molecular interface model consisting of epoxy molecule bonded to graphite sheets representing fiber outer layer is constructed, which is validated by comparing mass density, glass-transition temperature and Young’s modulus of bonded epoxy with experimental measurements.  According to creep simulation, there is a threshold stress for the onset of creep failure, above which the interface detaches.  Comparatively, no interfacial detachment occurs in low stress regime, where displacement–force curve is plotted and used to quantify energy barrier to the onset of creep failure.  Meanwhile, strain and stress evolution of the interface are correlated to interfacial structural changes to understand interfacial creep mechanism.  This study provides molecular insights into interfacial creep behavior in fiber-matrix system and form the basis of multiscale investigation framework on interfacial creep behavior.
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1. Introduction
Due to outstanding properties including high stiffness-to-weight ratio and strong anticorrosion performance, carbon fiber reinforced polymer (CFRP) composite finds an increasing usage in civil engineering field including external shear and flexural reinforcement, internal rebar for concrete components and load-bearing component for all-composite structural systems.[1-4]  Interfacial integrity between carbon fiber and epoxy matrix is important for performance of the entire CFRP composite because stress transfer in the composite structure is determined by the interfacial interaction and bonding quality.[5-10]  During long-term service life, structures made of composite material is inevitably subject to external loads, which generate constant force in the interfacial region.  The induced force in the interfacial region over time results in viscoelastic deformation, i.e., creep, which occurs at the fiber-matrix interface and finally leads to interfacial slippage.[11]  The interfacial slippage gradually hinders stress transfer, weakens the interface and degrades mechanical properties of the composite, eventually leading to failure.[12, 13]  In order to fully understand the interfacial degradation in CFRP composite under external loads, comprehensive knowledge of the interfacial creep behavior between fiber and matrix is of vital importance.
[bookmark: _GoBack]Experimental efforts have been made to characterize the creep behavior of carbon fiber/matrix interface under sustained loads.[14, 15]  Specifically, to investigate the interfacial failure under the constant loads, a typical and effective method is to pull a fiber out of matrix using a constant force, as shown in Fig. 1(a).[14]  When the force was lower than 25 mN, the fiber displacement showed a linear increase during the 30-minute pulling process.  When the force was increased, the fiber displacement increased rapidly and the interfacial debonding was found as a major failure mode.[14]  Apart from the macroscopic creep test on bulk composite sample, local interfacial creep behavior was investigated using nano-indentation technique.  Specifically, a carbon fiber-reinforced composite rod with a diameter of approximately 7 μm was prepared and the fiber was indented under constant load levels, as shown in Fig. 1(b).[15]  It is determined that when the force was lower than 45 mN, maximum fiber strain increased approximately linearly with increasing load, while a sharp increase of the strain was observed when the force was higher than 45 mN.  Interfacial shear strength (IFSS) obtained from the indentation process was about 24 MPa.[15]  The nano-indentation creep test results showed that the onset of cracking between fiber and matrix could be found at applied loads higher than threshold of 45 mN, which led to the sharp increase of displacement and the slipping of fiber.  These experimental results demonstrate that there exists a threshold load level that leads to interfacial deterioration, which results in the failure of composite sample.  However, due to limited resolution and scale of the observations in experiments at the macroscale, the interfacial creep behavior remains unclear at the nanoscale.  Therefore, further studies are needed to examine the creep behavior of carbon fiber/matrix interface at a smaller scale, as shown in Fig. 1(c), so as to understand the interfacial deterioration mechanism of carbon fiber/epoxy interface under sustained loading. 

[image: ]
Fig. 1. Various shear tests of the composite sample at different length scales: (a) macroscopic pull-out tests on the composite sample: the single fiber was pulled out under the external loads; (b) microscopic nano-indentation test on a carbon fiber-reinforced composite rod: the single fiber was indented under constant load levels for the creep tests; (c) schematic diagram of microscopic carbon fiber/epoxy interface, and (d) molecular shear tests for the interface model consisting of epoxy molecule bonded to graphite sheets representing fiber outer layer.

In order to investigate the nanoscale interfacial interactions between fiber and matrix, molecular dynamics (MD) simulation has been increasingly used, as it is a powerful tool to characterize the nanoscale changes in the interfacial structure and behavior.[16-27]  Based on experimental observations, MD simulations offer in situ illustrations of structural evolutions during creep at the atomistic level and are regarded as reasonable outreach of experiments.  According to scanning electron microscope characterization, fiber, matrix and the interface can be modeled.  In the outer layer of a carbon fiber, crystalized graphite sheets are found stacked in parallel preferentially along the fiber axis.  This structure is typically represented by parallel graphite sheets in existing MD simulations.[28]  To form the molecular interface model, the parallel graphite sheets are bonded to the epoxy molecular model, as shown in Fig. 1(d).[16-18, 28-30]  In a recent MD investigation of the carbon fiber/matrix interface formulation, it is found that the simulated interfacial region has a thickness of around 1 nm and a densified matrix layer close to fiber surface is observed, which are consistent with experimental results.[31]  Apart from the structural characterization, the interfacial shear properties of the carbon fiber/epoxy matrix interface are investigated, which are closely related to the interfacial shear creep behavior.  Specifically, by shearing the graphite sheets at a constant speed of 50 m·s-1, the interfacial shear strength is measured to be 34.4 ± 1.4 MPa, which is consistent with the single fiber fragmentation testing result.[30]  Meanwhile, by pulling the graphite sheets out of epoxy matrix at a constant speed of 10 m·s-1 along the shear direction, the interfacial shear strength is measured to be 111.1 MPa, which is comparable with the strength of interfacial bonding of the graphite/polymer composite obtained by molecular mechanics and MD simulations with the value around 100 MPa.[32, 33]  It is noted that the reported values of interfacial shear strength vary due to differences in chemical composition of epoxy matrix, pulling velocity and adopted force field, whereas magnitude of the values is close.  Recently, the interfacial creep behavior of epoxy-silica bilayer system is studied at molecular level.[21]  Specifically, one epoxy monomer is attached to crystalline silica slab to represent the bilayer system and the creep is simulated by applying constant force to the monomer.  It is observed that there is a strong relationship between the displacement and external loads and a threshold stress exists for the onset of interfacial creep.  These results demonstrate the applicability of MD simulation in studying evolutions of structures and properties of fiber/matrix interface during creep, since a valid force field can accurately recap ab initio calculations of non-bonded van de Waals (vdW) and Coulombic interactions, which essentially determine the interfacial behaviors.
This paper mainly aims at understanding the creep behavior of carbon fiber/matrix interface under external loads, with the focus on strain and stress evolutions and the corresponding microstructural changes of the interface during creep.  A molecular model of the carbon fiber/matrix interface is developed by bonding epoxy molecule to graphite sheets.  The model is validated by comparing properties of the epoxy molecule with experimental data.  The interfacial creep is simulated by shearing graphite sheets at different constant load levels using steered molecular dynamics (SMD) simulation.  Threshold stress and energy barrier to the onset of the creep failure are determined.  Meanwhile, strain and stress variation of the graphite sheets are correlated to the interfacial structural changes during creep to elucidate the mechanism of interfacial creep behavior at atomistic level.  Furthermore, the strain response over time is fitted by a constituent model, which provides fundamental inputs to multiscale simulations of creep response.  The molecular interfacial creep behavior reported in this study contributes to the understandings of interfacial deterioration of CFRP composite under external loads during long-term service life.

2. Simulation details
In this section, the development of the molecular model representing the nanoscale carbon fiber/matrix interface is presented to capture the microstructural configurations and the mechanical properties, including mass density, glass-transition temperature Tg and Young’s modulus E.  Afterwards, the details of the creep simulation setup and the calculation for the evaluation of interfacial creep at different stress levels are provided.

2.1. Interface model construction and molecular interactions
The molecular interactions of fiber/matrix interface involve bonded and non-bonded interactions, for which empirical force field is generally adopted in previous MD simulations.[34-36]  In this work, the interactions are described by the consistent valence force field (CVFF), which has been widely used in previous MD studies on structural and mechanical properties of epoxy-based material systems.[16-18, 22, 37, 38]  The energy expressions in CVFF potentials include bond stretching, angle bending, dihedral angle torsion and improper out-of-plane terms of the bonded interactions and van de Waals (vdW) and Coulombic terms of the non-bonded interactions.  Specifically, the vdW and short-range Coulombic interactions are cutoff at 1.0 nm, as the interaction energy between non-bonded atoms over this distance is small, while the long-range Coulombic interactions are calculated using particle-particle particle-mesh (PPPM) solver.[39]  The bond increment approach is used to calculate the partial charges of the atoms.[16-18]
[bookmark: _Hlk51100270]To study the creep behavior of carbon fiber/matrix interface, the molecular interface model is generated by bonding the epoxy molecule to graphite sheets representing the carbon fiber outer layer.  The epoxy molecular model is generated by the cross-linking process of monomer formed by bisphenol A diglycidyl ether (DEGBA), which is the basic structure of epoxy in CFRP composite, and no hardener is involved.[12]  The cross-linking process proceeds automatically by creating new bonds in the epoxy molecule using an effective cross-linking algorithm, and the steps involved in the epoxy cross-linking process are described in Appendix A in our recent paper.[17]  Specifically, the reactive pair of the epoxy molecule is identified automatically if the distance between reactive atoms in different epoxide groups is less than the defined reaction radius, which varies from 0.3 to 1.0 nm.  After that, the epoxide groups are open automatically, and then the identified reactive pair is connected automatically by a covalent bond to achieve the cross-link, where the unreacted atoms are terminated by hydrogen, as shown in Fig. 2.  The procedure ends automatically when the maximum reaction radius is reached or all available reactive atoms are reacted.  It is noted that normally the cross-linking process takes place between an epoxy monomer and a hardener (e.g. an amine molecule).[40]  However, the cross-linking process used here has been proved to be effective in constructing the DEGBA-based epoxy in reality, which possesses the structural characteristics of epoxy resin, including cross-linking degree, density, glass-transition temperature, and Young’s modulus in a good agreement with various measurables in previous MD simulations, and it is an important analogue of the epoxy models with various hardeners.[16-18]  Due to the structural similarity, it is expected that the structural behavior of fiber/matrix interface can be interpreted by investigating the interface formed by the DEGBA-based epoxy in this study.  The cross-linked epoxy molecular model has an initial dimension of 4.9 nm × 4.9 nm × 6.2 nm, as shown in Fig. 2(a), and the thickness of 6.2 nm is larger than the cut-off distance of the non-bonded interactions, so as to eliminate the interactions of the upper-surface epoxy molecule and the local interface.[29, 30, 32]  For the modeling of carbon fiber, the outer layer in contact with the epoxy matrix is composed of several graphite layers stacked in parallel, which consist of zero-charged carbon atoms in interaction with the epoxy molecule through vdW interactions.[29, 31, 34, 41]  In this work, the five-layers non-periodic graphite sheets are used, where each layer has the same size of 7.6 nm × 7.7 nm and it is terminated by hydrogen atoms in the two lateral dimensions, as shown in Fig. 2(a).  The non-periodic boundary condition is used to avoid the over-constraint induced by the periodic mirrored images, where the unexpected interactions between the model and its mirrored images can alter the interaction of local interface.  Meanwhile, if periodic boundary condition is applied, the graphite sheets would reappear in adjacent simulation cell during the shear creep simulation, where the graphite sheets and epoxy remain attached and no interfacial detachment occurs, i.e. the fully debonding state is not simulated.  Furthermore, the non-periodic boundary condition is applied to the polymer bonded interfacial models in previous simulation studies of the interfacial sliding and debonding.[42-44]  The graphite nanoplatelet with five-layers has a thickness of 1.4 nm, which is larger than the cut-off distance of 1.0 nm of non-bonded interactions.  This indicates that the graphite nanoplatelet with five layers is sufficiently large to impede the interaction between bottom graphite layer and epoxy molecule, and it is comparatively effective to a larger model when the focus is on the local region at the material interface.  In the simulation, the graphite sheets are in the center of the simulation box while the epoxy molecular model is placed on the top and the periodic conditions are applied to three dimensions.  The simulation box with the size of 100.0 nm × 100.0 nm × 100.0 nm is sufficiently large to eliminate the influence of the mirror images to the local interfacial interactions.[19]

[image: ]
Fig. 2. (a) Fiber/matrix interface model consisting of epoxy molecule bonded to five-layer graphite sheets; and (b) the cross-linking process: the covalent bond is created between the reactive pair whose distance is less than the defined reaction radius, and the atom size of reactive pair is increased.  Carbon atoms are drawn in silver, oxygen atoms are drawn in red, hydrogen atoms are drawn in white.

2.2. Model equilibration and validation
After the fiber/matrix interface model is generated, it is subject to an equilibration process to reach the equilibrium state.  Open source code LAMMPS is adopted for MD simulations with a time step of 1 fs.[45]  Initially, the bottom layer of the graphite sheets is kept fixed and the interface model is relaxed in microcanonical (NVE) ensemble for 0.5 ns, and then relaxed in canonical (NVT) ensemble at the temperatures increasing from 0 K-600 K, and at the temperatures down to 300 K, where the total linear momentum of the upper four layers of the graphite sheets and the epoxy molecule is set to zero.  During the NVT equilibration, the temperature change is 100 K and the simulation time at each temperature is 0.5 ns.  After that, the model is subject to isothermal and isobaric (NPT) ensemble at 300 K and 1 atm for 0.5 ns.  After the equilibration process, the fixed graphite layer is set free and the model is further relaxed in NPT ensemble at 300 K and 1 atm for 0.5 ns and in NVT ensemble at 300 K for 0.5 ns, where the total linear momentum of the interface model is set to zero.  Finally, the top layer with a 25% thickness of epoxy model is kept fixed to simulate the boundary condition and the model is subject to NVT ensemble at 300 K for 0.5 ns, where the total linear momentum of the graphite sheets and the mobile part of epoxy molecule is set to zero.  The Nosé-Hoover thermostat and Barostat are adopted for the temperature and pressure control respectively.[46, 47]  The detailed description of the relaxed interface model during the equilibration process is described in the Supporting Information.
In order to validate the constructed interface model, the glass-transition temperature Tg and Young's modulus E of epoxy molecule in the interface are calculated.  The interfacial configuration is chosen after the NPT equilibration where the bottom layer of the graphite sheets is kept fixed, as described previously.  For the epoxy in the interface model, the transition from rubbery state to glassy state at below the Tg is indicated by the variation of the motions of the atoms in the epoxy and the dynamics of epoxy structure.  In this study, the Tg of epoxy in the interface is predicted by measuring the mobility of the atoms in the epoxy at different temperature levels.  The equilibration process is carried out at NPT ensemble with the temperature level increasing from the original 300 K to 600 K with a step of 100 K, and decreasing from 600 K to 280 K with a step of 20 K.  At each temperature level, the equilibration timespan is 0.5 ns.  Meanwhile, to calculate the Young's modulus E of epoxy in the interface model, the uniaxial tensile deformation is performed at NPT ensemble at 300 K, where the bottom layer of the graphite sheets is kept fixed and the epoxy molecule is pulled along the z-direction at a constant pulling rate of 1×108·s-1 using SMD simulation, which is the typical value in MD simulations to perform the tensile deformation.[36, 48]  After the pulling process, the Young's modulus E is measured as the slope of the stress-strain curve in the initial elastic deformation stage.

2.3. Creep simulation setup
To simulate the interfacial creep, SMD simulation is performed on the fiber/matrix interface after the final NVT equilibration at 300 K where the top layer with a 25% thickness of epoxy model is kept fixed, as described previously.  SMD simulation has been proved to be an appropriate simulation method to investigate the creep test and interfacial shear properties.[18, 21]  In SMD simulation, the pulling force is applied to the mass center of the graphite sheets to reduce the oscillations of the atoms and allow for the adequate response of the graphite sheets, as shown in the Fig. 2(a).  By shearing out the graphite sheets at different load levels respectively, the interfacial shear creep is simulated.  At each load level, the displacement of the graphite sheets is recorded and the microstructural configuration is captured.  The creep simulation runs for 30 ns, within which the interfacial detachment is occurred or the interfacial deformation reaches a stable state.  Three creep simulations are carried out with independent starting configurations taken every 100 ps apart from the equilibrated interface model, which is to get the averaged results and to accurately capture the interfacial creep behavior.

3. Results and discussions
The structural and mechanical properties of the epoxy molecule in the interface model are measured and compared to experimental data for the model validation.  Afterwards, the threshold stress and energy barrier to the onset of interfacial detachment are determined.  Meanwhile, the evolution of the strain and stress response of the graphite sheets are associated with the interfacial structural changes during the creep simulation.  

3.1. Validation of molecular interface model 
[bookmark: _Hlk51106102]In the model validation, the density, glass-transition temperature Tg and Young’s modulus E of epoxy molecule in the interface model are calculated.  During the 0.5 ns NPT equilibration where the bottom layer of the graphite sheets is kept fixed, the interface configuration is captured every 10 ps.  The mass density of the epoxy molecule in the interface model is averaged of a specified thickness of 0.05 nm along z-axis, as shown in the Fig. 3.[49]  A pronounced peak is observed in the bottom layer of epoxy due to the interactions with the graphite sheets, which agrees very well with the similar observation in previous density calculations of epoxy in the fiber/matrix interface.[16, 17]  Meanwhile, the densification of the epoxy is in line with the observation of the obvious increase of epoxy storage modulus close to the fiber surface according to atomic force microscopy, as the densified epoxy leads to the enhanced elastic property in the interfacial region, which results in the higher storage modulus.[50, 51]  With the increasing distance from fiber surface, the interaction between graphite sheets and epoxy is weakened, and the mass density starts to decrease, which denotes the interfacial region.  At the distance of around 2 nm, the mass density starts to vary around a constant level when the interaction with the graphite sheets and epoxy top surface is consistent, which denotes the interior bulk-like region.  The interior region ends with a significant drop of the mass density, which transits to the free-surface region where the interaction between graphite sheets and top surface region of epoxy are relatively small.  The averaged mass density for the bulk-like region is 1.06 ± 0.13 g·cc-1, which shows a good agreement with the available value in the range of 1.07-1.20 g·cc-1.[48]  Meanwhile, the calculated density of 1.06 ± 0.13 g·cc-1 is in accord with the reported value of 1.10 g·cc-1 in another molecular dynamics study of similar polymer system, where the reactive pairs in epoxide groups in the monomers are cross-linked.[52]  Therefore, the calculated density in the current work could be justified.

[image: ]
Fig. 3. Mass density profile of epoxy atoms along z-axis with a bin size of 0.05 nm.  A pronounced peak value is observed in the interfacial region.

[bookmark: _Hlk51124314][bookmark: _Hlk51282661][bookmark: _Hlk51282715]The glass-transition temperature Tg of the epoxy molecule is determined by measuring the MSD of epoxy molecule during the NPT equilibration at temperature levels decreasing from 600 K to 280 K.[17, 53-55]  The MSD of epoxy is recorded every 40 fs at different temperature levels, where the log-log plot of MSD curves is shown in Fig. 4(a).  In the initial equilibration process, motion of atoms is diffusive as MSD increases with a quadratic growth rate, i.e. the first derivative of the curve.  As the simulation continues, the MSD curve starts to flatten out when entering the sub-diffusive regime, and the atoms are caged.  The transition time from diffusive regime to sub-diffusive regime is obtained by calculating the curve growth rate, where the growth rate is less than one, and it is around 2 ps for different temperature levels, which is labeled by a dash line in Fig. 4(a).  Notably, the slope of the MSD curves before the simulation of 2 ps is calculated to be in the range of 0.94 to 1.02.  Given that the calculated value is within a small range, it is indicated that the slope is unity.  Similar motion of atoms is observed in previous simulation of different polymer materials.[17, 53-55]  The MSD data of epoxy molecule recorded from the equilibration process between 100 ps and 500 ps when the curves flatten out in the sub-diffusive regime are averaged and plotted as a function of temperature to show variation in the mobility of the epoxy due to the change of temperature level, as shown in Fig. 4(b).  It is noted that the epoxy undergoes the transition from rubbery state to glassy state as the temperature decreases, and the transition is defined as the onset of the glass transition.  By linear fitting the MSD data in the two regions, the Tg of the epoxy in the interface model is calculated as 453.1 K, which agrees very well with the available value of the epoxy ranging from 407 K to 476 K reported in the previous experiments and simulations.[17, 37, 56, 57]  Meanwhile, the Tg value is calculated by measuring the density of the epoxy molecule at different temperature levels, as described in the Supporting Information.[58]  Furthermore, it is noted that a discrepancy in Tg exists between the experimental and simulation measurements due to the difference in cooling rates, where the cooling rate of 20 K/500 ps in molecular dynamics simulation here is several orders of magnitude higher than that of 5K/s in experiments.  Under such high cooling rate, the relaxation time is not sufficiently long for the shrinkage of the epoxy volume, which leads to the higher Tg of MD results.  Nevertheless, the calculated value of Tg in this paper is within the range of the reported value, which demonstrate the applicability of calculating Tg by measuring the variation of the mobility (i.e. MSD data) and density of epoxy at different temperature levels.  To further understand the configurational change of the epoxy molecule during the equilibration process, the radius of gyration Rg of the epoxy molecule is calculated as,

	, 	(1)
[bookmark: _Hlk51158806]where N is the total number of the atoms of epoxy molecule, mi, xi, yi, zi is the mass and position of ith atom, and xcm, ycm, zcm is the position of the center of mass of epoxy molecule, respectively.  During the cooling process from 600 K to 280 K, the Rg of the epoxy molecule is calculated at different temperature levels, and the results are described in the Supporting Information.  
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Fig. 4. (a) MSD of epoxy in the interface model recorded at different temperature levels: the motion of the atoms is mainly ballistic in the initial equilibration and then starts to flatten out, which is characterized by sub-diffusive behavior. (b) The averaged MSD data from the sub-diffusive regime: the epoxy undergoes the transition from rubbery state to glassy state as the temperature decreases, and the transition marks the onset of the glass transition.

Apart from the glass transition characterization, the Young’s modulus E of epoxy molecule in the interface model is measured using uniaxial tensile deformation.  During the deformation, the stress of the epoxy is measured as a function of the strain, as shown in Fig. 5.  It is observed that the stress response is linear during the deformation process.  By linearly fitting the data in the elastic stage, the Young’s modulus is calculated as 4.43 ± 0.16 GPa, which is slightly higher than the experimental value ranging from 2.70 GPa to 4.02 GPa.[59-61]  Compared with the experiment approach, the magnitude of the pulling rate in MD simulation is several orders higher, and the thermal motions contribute less to the mechanical response, where the higher modulus is generally observed.[19, 49]  Therefore, the result obtained in MD simulation could have a better agreement with that from the experiment with high pulling rate or low temperature.  Meanwhile, the stress-strain response is from the carbon fiber/epoxy interface, a high modulus is expected due to the existence of a strong substrate, which is composed of graphite sheets that bind epoxy tightly, impede movement of atoms and enhance resistance to deformation.[49]  Apart from these, the overestimated Young’s modulus is also resulted from the construction of molecular interface model free of structural defects or voids, which generally exist in the macroscopic experimental samples.

[image: ]
Fig. 5. Stress-strain curve of epoxy in the interface model under the strain rate of 1×108·s-1: the stress shows a linear increase in the elastic deformation stage, and the Young’s modulus is determined as the slope of the fitted line. 

[bookmark: _Hlk35805395][bookmark: _Hlk51096147]3.2. Creep behavior of fiber/matrix interface
During the creep simulation, an instantaneous constant force is applied to the graphite sheets at different load levels.  At each load level, the simulation is completed until the total detachment of the graphite sheets is observed or it stops after the loading for 30 ns when the displacement of the graphite sheets reaches a stable condition and unchanged, which is sufficiently long as compared to the timespan of several ns used in previous creep simulation of various materials.[21, 62, 63]  The maximum displacement of the graphite sheets from the creep simulation, which is calculated as the maximum distance between the COM of graphite sheets and its original position, is plotted as a function of the applied force, as shown in Fig. 6.  Notably, the data are divided into two regimes based on the observation of the total detachment of graphite sheets.  When the load is smaller than 800 pN, the displacement of the graphite sheets increases with the applied force while the interface is still intact, which is defined as the low stress regime.  When the load is larger than 900 pN, the displacement undergoes a fast increase, and the total detachment between the graphite sheets and the epoxy molecule is observed, which is defined as the high stress regime.  According to the simulation results, there exists a threshold force before the total interfacial detachment under the shearing load, which is in the range of 800 pN to 900 pN.  The corresponding threshold stress leading to the interfacial detachment is measured between 25.62 MPa and 28.82 MPa using the equation S=F/A, where F is the applied force on the graphite sheets, and A is the contact area between fiber and matrix with a value of 31.22 nm2, which is the projected area of the equilibrated epoxy model in the x-y plane.  It is noted that the threshold stress is the maximum stress that the interface could carry without detachment under sustained loading, which denotes the interfacial creep strength.  The creep strength is lower than the simulated interfacial shear strength of 34.4 ± 1.4 MPa as obtained by shearing the graphite sheets out of the epoxy matrix [30], which is in accord with the fact that the creep strength is theoretically lower than the shear strength.  The simulation result suggests that the interfacial creep failure takes place when the creep strength is reached.  In other words, in the strength-based approach to predict creep failure, it is assumed that the sustained stress which causes creep failure is always lower than the interfacial strength.  In fact, the strength-based approach neglects the detachment process of local interfacial region [64], which may result in overestimation of the interfacial integrity before failure.  Meanwhile, the measured range of interfacial creep strength is higher than the experimental interfacial shear strength, as obtained from the nano-indentation test of a carbon fiber-reinforced composite rod with a value of 24 MPa, and from the single fiber pull-out test of the pultruded carbon/epoxy matrix composite with the value of 19.9 ± 8.1 MPa.[15, 65]  The discrepancy could be associated to several reasons. Firstly, the threshold stress from simulation here refers to the localized creep strength on a perfect-bonding interface, while the experimental interfacial shear strength represents the averaged stress value of the macroscale interface, whose stress distribution is not uniform in the interfacial bonding region.  The experimental average shear strength should be much smaller than the maximum stress in the bonded region with nonuniform stress distribution.  Secondly, the voids and moisture content at the interface which disrupts the local interaction between fiber and matrix could also reduce the experimental interfacial shear strength.[17, 20]  

[image: ]
Fig. 6. The displacement during the creep simulation as a function of applied load level: two regimes are observed from the curve, with a threshold force between 800 pN and 900 pN.  The data in the low stress regime is fitted using Bell’s analysis, which is used to analytically quantify the energy barrier to the onset of interfacial detachment.

In order to better understand and confirm the creep behavior in an extended simulation time in the low stress regime in Fig. 6, the creep simulation is extended from the original 30 ns to 100 ns at two stress levels in the low stress regime of 25.62 and 22.42 MPa.  During the extended simulation time, the strain increases from 2.15 nm to 2.92 nm at 25.62 MPa and from 1.53 nm to 2.29 nm at 22.42 MPa, while the interface is still intact, which indicates that the displacement only increases to a certain value at longer time.  This observation suggests that the original timespan of 30 ns is sufficiently long to investigate the creep behavior at atomistic scale.
During the creep simulation at different load levels, the interface changes from the attached state to the detached state when the load is over than the threshold, which suggests there is an energy barrier characterizing the onset of interfacial detachment.  Accordingly, the Bell’s analysis has been used to link up the interfacial deformation from the attached state to the detached state with the energy barrier, which advances the understanding of the interfacial creep behavior at molecular level.[21]  Specifically, the displacement-force data in low stress regime where the interface remains intact is used to quantify the energy barrier, according to the following equation [21, 66]:

	, 	(2)
where xd is the displacement of the graphite sheets during the creep simulation, Eb is the energy barrier to the onset of the interfacial detachment, xb is the distance parameter related to the energy barrier, kb is the Boltzmann's constant, T is the system temperature, and ω is natural frequency of molecular vibration of 1 × 10-13 s.  According to the Bell’s analysis, the energy barrier is determined to be 13.64 kcal·mol-1, which agrees reasonably well with the adhesion energy of carbon fiber/matrix interface obtained in previous interfacial debonding simulations with the value of 12.76 and 15.77 kcal·mol-1.[16, 17, 37]  The energy barrier represents the external applied energy required for the onset of the interfacial creep failure.  The close agreement of the value between calculated energy barrier and interfacial adhesion energy suggests that the interfacial creep failure is mainly constrained by the interfacial adhesion between carbon fiber and epoxy matrix resulted from the vdW and Coulombic interactions.  Therefore, as long as the energy barrier reaches the interfacial adhesion energy, the interfacial creep failure takes place.  The simulation result indicates that the energy-based approach is more suitable for characterizing the interfacial creep failure in comparison with the strength-based approach as discussed previously.
[bookmark: _Hlk51096270][bookmark: _Hlk51283014]Further investigation focuses on characterizing the interfacial behavior in low and high stress regimes.  Accordingly, the interfacial strain responses during creep, which is defined as the displacement of the graphite sheets in reference to its original position, are analyzed and the corresponding microstructural changes are shown in Fig. 7.  Meanwhile, the radius of gyration Rg of the mobile part of epoxy and the potential energy of the system are examined during the creep simulation, as shown in Fig. 8.  It is noted that the variation of potential energy of interface and non-bonded energy between epoxy and graphite sheets is plotted for a better understanding of the interfacial creep behavior.  In low stress regime, the interfacial strain response at the stress levels of 12.82 MPa, 19.22 MPa and 25.62 MPa is shown in Fig. 7(a), which correspond to the load levels of 400 pN, 600 pN and 800 pN respectively.  By measuring the increasing rate of the curve, the strain response is divided in three stages, where the result from the stress level of 25.62 MPa is used for demonstration, and the interfacial configuration before deformation is shown in Fig. 7(b).  Accordingly, the atom of the epoxy is colored according to its strain during deformation.  The stage division of the strain is adopted in the division of the curve of epoxy Rg and potential energy.  In the first stage, the strain increases at a constant rate, where the applied load leads to the straining of epoxy and the slight sliding of interface.  Accordingly, some of the epoxy atoms change from white to red with the strain variation due to the compressed intramolecular space within epoxy molecule, as shown in Fig. 7(c), and the epoxy Rg shows a decreasing trend, as shown in Fig. 8(a).  Meanwhile, the non-bonded energy between epoxy and graphite sheets decreases due to the interfacial sliding, and the potential energy of interface decreases due to the straining of epoxy together with the interfacial sliding, as shown in Fig. 8(b) and Fig. 8(c) respectively.  In the second stage, the strain increases at a slower rate, where the straining of the epoxy and the interfacial sliding slow down, as demonstrated by the similar pattern between Fig. 7(c) and Fig. 7(d).  Accordingly, the decreasing trend of the Rg of epoxy, the non-bonded energy between epoxy and graphite sheets, and the potential energy of interface slow down, as shown in Fig. 8.  As the loading continues, the strain reaches a constant level, where the deformation of the system reaches an equilibrium state, and the interface remains intact, and number of the red atoms becomes stable as shown in Fig. 7(e).  Accordingly, the Rg of epoxy, the non-bonded energy between epoxy and graphite sheets, and the potential energy of interface oscillate around a constant level, as shown in Fig. 8.  Furthermore, the strain-time curves in low stress regime are in a good agreement with previous experimental result, which shows the similar deformation stages with no interfacial detachment.[14]

[image: ]
Fig. 7. The (a) interfacial strain response and (b–g) microstructural changes during creep in low stress regime of 12.82 MPa, 19.22 MPa and 25.62 MPa, and high stress regime of 28.82 MPa, 35.23 MPa and 41.64 MPa.  In low stress regime, (c) the strain increases at a constant rate at stage I, where the deformation occurs in the epoxy, and (d) then the increasing rate of strain drops at stage II, where the epoxy straining slows down; (e) as the simulation continues, the strain reaches a constant value at stage III, where the interface is still intact.  In high stress regime, after the similar first two stages, the strain increase accelerates at the third stage, where (f) the interfacial slippage proceeds rapidly, and (g) the interfacial detachment occurs, and the atom of the epoxy returns to its original position.  The atom of epoxy is colored according to its strain during deformation, and the color bar is shown at the bottom.
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[bookmark: _Hlk51126778]Fig. 8. The variation of (a) radius of gyration of epoxy in the interface model, and (b) non-bonded energy between epoxy and graphite sheets potential energy of interface, and (c) potential energy of interface during creep at the stress level of 25.62 MPa and 28.82 MPa for the low and high stress regime respectively.

At high stress levels of 28.82 MPa, 35.22 MPa and 41.62 MPa corresponding to the load levels of 900 pN, 1100 pN and 1300 pN, the result from the stress level of 28.82 MPa is used for demonstration.  The strain response of the interface exhibits a slightly shorter initial stage compared with the low stress regime.  It is observed from the simulation trajectory that the initial epoxy straining and interfacial sliding evolve faster under the high external load.  Accordingly, the value of the epoxy Rg and the non-bonded energy between epoxy and graphite sheets decrease at a faster rate compared with the low stress regime, as shown in Fig. 8.  In the second stage, the increasing rate of strain reduces compared with the initial stage but is higher than the low stress regime, where the straining of epoxy and the interfacial sliding slow down compared with the initial stage but proceed at a faster rate compared with the low stress regime.  Accordingly, the Rg of the epoxy and the non-bonded energy between epoxy and graphite sheets decrease at a slower rate compared with the initial stage, and reach to a lower level compared with the low stress regime due to the more severe epoxy straining and interfacial sliding, as shown in Fig. 8.  As the loading continues, the increasing rate of strain response accelerates at a larger rate, where the sliding of the interface proceeds rapidly, and the interface starts to detach, as shown in Fig. 7(f).  Accordingly, the epoxy Rg oscillates around a constant level due to the equilibrium deformation of the epoxy, while the non-bonded energy between epoxy and graphite sheets keeps decreasing due to the accelerated interfacial sliding.  It is noted that the potential energy of interface shows a larger decrease compared with the non-bonded energy curve in the third stage, which is due to the reduced bonded energy of the system caused by the deformation of epoxy and graphite sheets.  Finally, the accelerated strain increases to over 100%, where the graphite sheets separate from the system and the epoxy returns to the initial position, which denotes the final detachment, as shown in Fig. 7(g).  Accordingly, the epoxy Rg returns to the initial value as the epoxy molecule restores to its initial position, and the non-bonded energy between epoxy and graphite sheets reaches almost zero due to the separation of the graphite sheets, and the potential energy of interface reaches the lowest level.  For the three investigated stress levels, the interfacial detachment occurs at the simulation time of 29.7 ns, 8.7 ns and 5.5 ns, respectively, which indicates the faster pull-out of the graphite sheets under the higher applied load.  Such observation is consistent with the interfacial creep experimental results of carbon fiber/polymer interface and the simulation results of epoxy-silica interface, where the detachment occurs at a shorter time as the applied load increases.[15, 21]
The interfacial structural changes indicate the changes of the instantaneous stress on the graphite sheets during the creep simulation.  The examination of the shear stress of graphite sheets could be used to further understand the difference in interfacial response between the low and high regime.  Accordingly, the instantaneous shear stress of the interface is measured using the equation S=F/A as described previously, where the contact area A changes with time during creep.  Similar to the strain response, the load levels of 400 pN, 600 pN, 800 pN, and 900 pN, 1100 pN, 1300 pN are examined for the low and high stress regime, respectively.  In low stress regime, the instantaneous shear stress of graphite sheets remains almost constant as the contact area remains relatively the same during creep, as shown in Fig. 9, which further demonstrates that the interface is still intact at low stress levels.  When the load level is over the threshold, the change of the stress becomes obvious, which is similar to the strain response.  Specifically, the stress of graphite sheets remains almost constant at the first and the second stage, and the stress increases as the slippage initiates in the third stage, which proceeds rapidly afterwards and goes to infinity finally, indicating the interfacial fracture.  This observation corresponds close to the creep response of epoxy-silica interface, where the stress oscillates at a constant level in low stress regime and increases with fluctuations in the high stress regime.[21]
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Fig. 9. The instantaneous shear stress of the interface during creep: the stress remains almost constant in the low stress regime, while it increases with fluctuations in the high stress regime, which goes to infinity finally, indicating the interfacial fracture.

[bookmark: _Hlk51017293]3.3. Discussion of interfacial creep
The atomistic simulation of interfacial creep behavior with the observation of microstructural changes associated with epoxy deformation and interfacial slippage could be further extended to investigate the interfacial creep behavior at larger length scale.  Specifically, the constitutive creep model is used to characterize the strain response of the interface at atomistic level, where the result from the stress level of 25.62 MPa in low stress regime is presented.  The strain-time curve from this stress level is shown in Fig. 10(a), which is characterized using the Kelvin-Voigt (KV) model with the fitting coefficient R2 of 0.9963.  Notably, the KV model has been used to explore the creep behavior in CFRP composite under nano-indentation [67], which consists of a spring with shear modulus G and a dash pot with viscosity coefficient η composed in parallel, as shown in Fig. 10(b), and the quantitative equation is

	, 	(3)
where ε(t) is the strain as a function of time, σ0 is the initial applied constant stress to the KV model.  In particular, the shear modulus G of the interface is calculated as 80.91 MPa, and the corresponding viscosity η is 0.07 Pa·s at the stress level of 25.62 MPa.  The calculated interfacial shear modulus is at the magnitude close to the interfacial shear modulus of graphite/epoxy interface obtained from MD shear simulation, with the value of 105.37 MPa.[32]  Meanwhile, the viscosity is used to describe the resistance to viscous deformation, which is resulted from the interfacial behavior during creep including the epoxy straining and graphite sheets rotation, and further illustrates the initialization of the second stage of the strain response.[67]  Based on the shear modulus and viscosity, the relaxation time of the interface defined as η/G is calculated to be 0.9 ns, which agrees with the transition time of 0.8 ns between the first stage and the second stage of the strain response at which the first derivative of the curve starts to decline and the straining of the epoxy slows down.  Furthermore, the shear modulus G and corresponding viscosity η obtained at the stress level of 25.62 MPa are used to predict the strain-time response of different stress levels using Eq. (3).  The stress levels of 19.22 MPa and 12.82 MPa are used for demonstration, and the predicted curves are shown in Fig. 10(a), in comparison with the data from creep simulation.  It is determined that the fitting coefficients of the two curves at 19.22 MPa and 12.82 MPa are 0.9781 and 0.9819, which indicates the applicability of the reported value of G and η in the prediction of creep response at various load levels.  Meanwhile, it is noted that Eq. (3) does not include temperature term, while shear modulus G and viscosity η decreases with the increasing temperature, as observed in MD studies of different materials.[68-72]  For the fiber/matrix interface at temperature levels different from room temperature studied here, a series of interfacial shearing simulation could be carried out at different load levels.  According to the simulation results, the threshold stress could be determined.  Meanwhile, the strain-time response in low stress regime could be fitted using Eq. (3), and the G and η of the interface at temperature levels different from room temperature could be predicted.  Furthermore, the predicted variation of the G and η with temperature could be compared with the reported measurements to validate the applicability of Eq. (3) in characterizing the strain-time response of the fiber/matrix interface at different temperature levels.  In the multiscale investigation, the carbon fiber/epoxy interface is bonded to the adjacent epoxy matrix and carbon fiber to form the macroscopic CFRP composite.  According to the structural configuration of macroscopic CFRP composite, the constitutive model of the fiber/matrix interface, epoxy and graphite sheets could be assembled in series and in parallel to derive the model of macroscopic CFRP composite.  By dealing with the constitutive model of macroscopic composite, the creep behavior of composite materials can be predicted, including the threshold stress under which no interfacial detachment will occur at a given life time, so as to give an estimation of the macroscale mechanical properties.  
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Fig. 10. (a) the strain response of the interface at stress level of 25.62 MPa, which is fitted using (b) Kelvin-Voigt (KV) model consisting of a spring with shear modulus G and a dash pot with viscosity coefficient η in parallel: the dots represent the simulation results and the curve represents the fitted KV model.  The predicted strain-time curves at 19.22 MPa and 12.82 MPa based on the G and η obtained at the stress level of 25.62 MPa are compared with the data from creep simulation.

In this study, the carbon fiber outer layer is represented by pristine graphite sheets without considering surface modifications used in industrial production process.  Meanwhile, the simulation here does not consider the absorption of water and the inclusion of impurities and structural voids in the structure as well as changing temperature levels.  In order to investigate interfacial creep in consideration of these factors, it requires a larger scale interface model, which could incorporate the functionalization of the graphite sheets with different functional groups, the structural voids, and the suitable passage for the water and impurities diffusion.  It is believed that the strategy presented in this work could be applicable to investigate the interfacial creep under the effect of these factors, so as to provide a more comprehensive understanding of the interfacial integrity between fiber and matrix during the long-term service life.

[bookmark: _Hlk51096710]4. Conclusions
[bookmark: _Hlk39744018]In this study, we have developed a molecular fiber/matrix interface model and studied the interfacial creep behavior using SMD simulation, with focus on the interfacial microstructure and deformation behavior during creep at different load levels.  The epoxy molecule in the model possesses physical and mechanical properties in accord with the available data.  According to the creep simulation at different stress levels, the threshold stress and energy barrier characterizing the onset of interfacial detachment are determined.  It is shown that interfacial creep failure may occur before the interfacial shear strength is reached, but it takes place as long as the interfacial adhesion is reached, as demonstrated by the close agreement between energy barrier and adhesin energy.  The simulation results reported in this study suggest that the energy-based approach is more suitable for characterizing the interfacial creep failure than the strength-based approach.  In conventional engineering design, a creep strength is always adopted, which is generally lower than the corresponding strength from transient tests.  Meanwhile, the creep strength is normally obtained through creep testing which is time-consuming and inefficient.  This is considered as a common practice in the strength-based approach to understand creep behavior.  However, the energy-approach uncovered in this study provides a much efficient way for characterizing the creep strength, which is to measure the adhesion energy rather than transient strength of the material.  In combination with MD simulation, creep strength can be obtained when its energy barrier reaches adhesion energy.  Meanwhile, the molecular interfacial changes together with the radius of gyration Rg of the epoxy and potential energy of the system are captured and examined from the onset of creep to the final detachment with the increasing load levels.  The molecular interfacial changes including the epoxy straining and the interfacial slippage contribute to the fundamental understanding of interfacial creep mechanism, and also reveal the microscopic details of the continuous debonding process during creep. 
Furthermore, the interfacial strain response in low stress regime is fit against a constituent model, which is validated by predicting the creep response at various load levels.  It is expected that the derived constituent model could be used as the inputs in investigating the interfacial creep behavior at a large length scale.  The strategy presented in this work can be readily adapted to evaluate effects of various treatments to the fiber-matrix interface, such as graphite functionalization, adhesive additives, harsh environmental exposures, contributing as pilot studies to the development of advanced FRP reinforcement techniques. 
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