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Highlights 

 A strain triggers the interaction redistribution and active interphase/face responses. 

 Strain-dependent material properties are achieved for the stretched interphase. 

 Highly nonlinear behavior with three statuses is found for the elongated interface. 

 Physical parameters are defined for the interface subjected to general loadings. 
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Abstract Physical responses of nanoparticle (NP)-polymer interphase/interface to external 

stimulus is a topic of great interest in nanocomposites. Previously, the interphase was tacitly 

assumed to have passive responses with constant material properties during deformation 

while the interface was mainly studied under hydrostatic loadings. To explore the unique 

features of the interphase we used a full-atom molecular dynamics simulation to monitor the 

evolution of its mass density and atomic stress profiles during deformation. A cohesive zone 

model was then used to define the key parameters for the NP-polymer interaction, which 

enable one to study the responses of the interface without spherical symmetry and understand 

the unique behavior of the stretched interphase/interface. The conceptual change has been 

achieved showing that an external strain can redistribute the NP-polymer interaction to affect 
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the high compression in the interphase, the physical origin of the interface confinement effect 

in the nanocomposite. This eventually triggers the active responses of the interphase leading 

to the apparent strain-dependence of the mass density and some other properties. The 

redistribution of the interfacial interaction also brings about the stable, metastable and 

unstable status of the stretched interface characterized by the strain-dependent modulus and 

interface debonding. 

Keywords: nanoparticle-polymer interphase/interface, cohesive zone model, molecular 

dynamics simulations, strain-dependent density profile, nonlinear behavior. 

Email: chengyuan.wang@swansea.ac.uk and tangchun@ujs.edu.cn 

1. Introduction 

In nanofiller (NF)-polymer composites [1-6], the large surface-to-volume ratio of the NFs 

enhances the effect of the NF-polymer interaction which separates the two components and 

changes the physical properties of the polymer in the vicinity of the NF-polymer interface. 

Two new phases are thus formed, i.e., the NF-polymer interface and interphase between the 

NF and bulk polymer. This unique feature gives rise to the emergence of the distinct 

behaviour/properties of the interface/interphase which will pass across the length scales to 

impact the material properties of the nanocomposites. The physical responses of the NP-

polymer interface/interphase to external stimulus thus have attracted considerable attention 

from the community of nanocomposites [7-12].   

For the interface between polymer and the various NFs, e.g., carbon nanotubes (CNTs) 

[13-16, 18, 19], nanosheets [13,16,18] and nanoparticles (NPs) [17,18,20], cohesive zone 

models were developed to study its responses to external loads. The closed form expressions 

for the cohesive energy and tensile stress were obtained for the interface at equilibrium state 

or subjected to external load [13-20]. In particular, good agreement has been achieved 

between the cohesive zone models and molecular dynamics (MD) simulations or experiments 
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[16, 18]. Based on the theory, the interface debonding and interface strength were discussed 

[15,17, 20] and importantly, major factors were identified in determining the interfacial 

interaction, interface strength and debonding strain, which include NF size, NF fraction, 

interface spacing and interphase properties [15, 16-20]. In existing studies, dilute solution 

assumption was normally used [14, 16, 17] and its applicable range was examined in [20]. 

Herein, it is noted that previous research on NP-polymer or nanotubes-polymer interface was 

focused on the spherically or cylindrically symmetric interface subjected to radial tensile 

stress [15-20].  The interface’s responses to general loadings, e.g., uniaxial load, have not 

been studied in detail as it is difficult to capture the interface shape and calculate the cohesive 

energy and stress in the absence of spherical or cylindrical symmetry.  

The interphase generated by the confinement effect of the interface [21-25] is another 

fundamental issue in nanocomposite. MD simulations and micro-mechanics models [27-39] 

were employed to examine the interphase/interface effect on the overall material properties of 

nanocomposites. The influence of interfacial interaction, the grafting ratio of the interfaces, 

the interphase properties and the geometric size were characterized for the elastic moduli, 

yield stress, fracture properties, thermal elastic properties, glass transition temperature and 

shear band location of the NP-based nanocomposites [8, 26-33]. The research on the 

interface/interphase effect was critically reviewed in Refs. [9, 12].  

In the past two years, the interphase effects on the thermal and/or elastic properties were 

examined for the copper NP [34], 𝛼 -graphyne nanotubes [35] and nanocones [36]-based 

nanocomposites. It was found that 𝛼-graphyne nanotubes are better nanofillers than CNTs 

due to their stronger interaction with polymer [35]. In addition, the size and properties of the 

inner interphase inside the nanocones were found to change with their geometries [36]. 

Furthermore, the influence of the interphase on the creep behavior was also studied for CNT 

or graphene reinforced nanocomposites [37-39]. The interphase behavior (e.g., viscous elastic 
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behavior) and its size were found to play an essential role in determining the creep responses 

and moduli of the nanocomposites [37-39]. Specifically, it was indicated that thicker and 

stiffer interphases lead to higher creep moduli for the graphene/epoxy nanocomposites [39].  

Moreover, efforts were made to experimentally examine the confinement effect of the 

interface [40-45] and measure the physical properties of the interphase [46-50]. The 

nanoscale experiments however remain challenging due to the limitation of the currently 

available characterization techniques. As a result, computer simulations and mechanical 

models were used as an alternative means. Viscosity and fragility were studied for the 

confined polymer by combining polymer X-ray scattering based dynamics measurements and 

coarse-grained molecular dynamics (CGMD) simulations [51]. The emphasis was placed on 

the effects of long relaxation time of the confined polymer and the thickness of the interface. 

The interphase structure and dynamics (i.e., mobility of polymer chains) were also discussed 

for the NP-nanocomposite based on CGMD simulations [52]. More recently, the first 

principles calculation was used to probe the structural, conformational and dynamical 

properties of polymer chains in the proximity of both bare gold NP (AuNP) and 

functionalized AuNP [53].  

The mechanical properties (e.g., elastic modulus, thermal-mechanical stability), peak mass 

density and orientation of the polymer chains of the interphase have also attracted 

considerable attention in recent studies [8-12, 34-36, 54-56]. It was noted that the interfacial 

covalent bonding and interface compliance are essential in determining the interphase 

properties [8-12]. Nonnegligible fluctuations was also observed for the 

interphase elasticity random field [54]. Furthermore, the correlation between the peak mass 

density and high pressure in the interphase was captured [55, 56]. Such high compression in 

the interphase is found to be a result of the NP-polymer interaction and the physical origin 
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from which the interface confinement effect has arisen [56]. For more comprehensive review 

on the studies of the interphase structure and material properties readers may refer to [12, 57]. 

In previous studies [10, 11, 15, 26, 36, 54, 55] it was tacitly assumed that the interphase 

like bulk materials exhibits passive responses with the material properties independent of 

deformation. This however may not be truth as the nanoscale material properties can have 

unique behavior different than those of bulk properties [58, 59]. In particular, the external 

loads may affect the high compression of the interphase [56] and lead to the variation of its 

mass density and other material properties. Thus, effort is urgently needed to examine this 

issue and bring new insight into the behavior of the interphase under mechanical loads. 

The present study aims to resolve these issues in nanocomposite research by combining a 

cohesive zone model and MD simulations. A full atomic model of AuNP – polyethylene (PE) 

system was established and its mechanical responses under uniaxial load were studied. 

Herein, efforts were first made to calculate the mass density and stress profile for the 

elongated interphase in various radial directions. The correlation between them was observed 

and then analyzed theoretically. Subsequently, the cohesive zone model complemented by 

MD simulations was used to define the parameters for the interfacial interaction and 

characterize the interface response to uniaxial strain. The distinctive behavior of the interface 

was also studied in terms of the strain-dependent modulus, stain-induced redistribution of the 

interfacial interaction and the development process of the interface debonding. 

 

 

2. Methodology 

In this section, we shall demonstrate the modelling techniques used in the present study of 

AuNP-PE interphase/interface. MD simulation will be described in Sec.2.1 to introduce the 

AuNP-PE system studied, the potentials selected and the tensile test procedure for the 
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composite system. A cohesive zone model will then be introduced in Sec. 2.2 to derive the 

formulae of cohesive energy, force and stress of the NP-polymer interface under general 

loadings.  

2.1 Molecular dynamics simulation 

Herein, a full atomic model is employed to study the AuNP-PE composite, as a typical 

example of an NP-polymer system. To construct the initial representative volume element 

(RVE) of the AuNP-PE composite 500 monomer-long PE chains are continuously packed 

into a unit cell containing an AuNP of radius 2.5nm at its center until the mass density 0.46 

g/cm
3 

is obtained for the PE. This density is selected to avoid high-energy initial 

configurations. The obtained initial RVE contains 18 PE chains and 57961 atoms. 

MD simulations in this study are conducted via the largescale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [60]. The equations of motion for all simulations 

are integrated using the velocity Verlet algorithm with a time step of 1 fs and the periodic 

boundary conditions are used in all directions to eliminate the finite size effect. For the 

interaction potentials between atoms in the simulations, the COMPASS force field is 

employed for the description of PE chains, in which the terms of bond, angle, dihedral, bond-

bond and bond-angle interaction among cross-coupling terms, and nonbonded interactions are 

considered in simulation [61]. As argued by H. Sun [61], these terms play a major role in 

determining the physical properties of polymer. We have demonstrated the reliability of this 

force field for the PE by comparing the simulation results with others in calculating mass 

density, Young’s modulus and the glass transition temperature [56]. Embedded atom method 

(EAM) potential [62] and 12-6 Lennard-Jones (L-J) potential are utilized for describing the 

interaction between the Au atoms, and the Au and the PE atoms, respectively. The van der 

Waals (vdW) interactions are truncated at 1nm [63] and the values of its parameters are 

summarized in Table S1. 
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After achieving the initial RVE, a local energy minimum process is conducted under the 

employed potentials with maximum iterations up to 10
5
 by the conjugate gradient method. 

Then a global energy minimum is implemented by a simulated annealing as follows: the 

system was initially thermalized at 500K for 1ns under the NVT ensemble and subsequently 

under the NPT ensemble at 0 atm for another 1ns. After that, the system is cooled down from 

500K to 100K using NPT ensemble within a 2ns period. This is followed by final 

equilibration step of 2ns under the NPT ensemble. After such procedure, the volume fraction 

of AuNP obtained in the RVE varies from 6.5% to 12.1%. Such an annealing process is 

necessary to ensure that the equilibrated AuNP-PE system obtained holds structural 

properties in agreement with experimental and previous simulation data [32, 56].   

A uniaxial tensile strain is then applied to the equilibrated AuNP-PE system at a 

temperature of 100K and a constant strain rate of 10
-6

 fs
-1

. Here the uniaxial strain is realized 

via varying the periodic box size along the tensile direction at a constant rate, the coordinates 

of the atoms are rescaled accordingly so that there is no nonphysical interaction imposed 

between atoms and those of surrounding periodic cells. The pressure along directions normal 

to the tensile direction is kept 0 in order to consider the Poisson effect. Due to the periodic 

boundary conditions used, the AuNP-PE system can be considered as an isotropic 

nanocomposite with periodically dispersed NPs. Noted that, although an affine strain field is 

applied to the equilibrated AuNP-PE system during the deformation process, the presence of 

highly stiff NPs leads to a non-affine strain field in the sample. In the system, NPs practically 

do not experience any strain, but their presence alters the local strain within the polymer in 

the vicinity of the NP [54]. The entire tensile test is conducted under the NPT ensemble and 

the overall applied strain is up to 100%. To eliminate the uncertainty due to the initial 

condition effect, the virtual tests are performed for nine AuNP-PE systems with uncorrelated 

configurations, and the average values are used in Sec. 3. 
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2.2 Cohesive zone model for NP-polymer interface 

To study the interaction between a NP and polymer under uniaxial tensile load, a cohesive 

zone model [17, 18, 20] is used, where, as shown in Fig. 1 (a), a spherical NP (yellow) is 

surrounded by the NP-polymer interface (the white gap between the NP and polymer due to 

vdW interaction), the interphase in polymer (the brown area) and the bulk polymer matrix 

(the gray area). In the figure,  𝑟𝑁𝑃 is the radius of the NP, 𝑟𝑒 is the radial distance between the 

NP center and outer surface of the interface (OSI) (the red line in Fig. 1(a)), and 𝑟𝑏 the radius 

of the spherical boundary of the polymer matrix. Note that the OSI is initially a spheric 

surface but can be of different shapes when being subjected to an external load. To further 

explain the structure of a NP-polymer system, we show the mass density profile of an AuNP-

PE system in Fig. 1 (b) where the mass density 𝜚𝑚(𝑟) of the interphase is a function of the 

distance r between the reference point and NP center. 𝜚𝑚 takes the bulk value 𝜚𝑜 at the OSI 

(i.e., 𝜚𝑚(𝑟𝑒) = 𝜚𝑜), fluctuates around it in the interphase and finally approaches 𝜚𝑜  in the 

polymer matrix.    

The vdW interaction between NP and polymer matrix is characterized by Lennard-Jones 

(L-J) potential function 𝑉(𝑟) where an attractive part is caused by dipole-dipole attraction 

and a short-range repulsive part is caused by Pauli's exclusion principle (Supporting 

Information S1). The cohesive energy between two differential elements of NP and polymer 

is 𝑉(𝑟) ∙ (𝜌𝑁𝑃𝑑𝑉𝑁𝑃 ) ∙ (𝜌𝑚𝑑𝑉𝑚  ) where  𝜌𝑁𝑃 and 𝜌𝑚 are the volume densities of the NP and 

polymer, and 𝑑𝑉𝑁𝑃  and 𝑑𝑉𝑚  are the volumes of the two differential elements. Here, 𝜌𝑚 =

𝜚𝑚/�̅�, �̅� is the equivalent atomic mass of the polymer considered. The cohesive energy 

between 𝜌𝑚𝑑𝑉𝑚  and the whole spheric NP can then be evaluated by [17, 18, 20]. 

                                    dΦ = (𝜌𝑚𝑑𝑉𝑚) ∫ ∫ ∫ 𝑉(𝑟) ∙  (𝜌𝑁𝑃𝑑𝑉𝑁𝑃 )
𝑟𝑁𝑃

0

2𝜋

0

𝜋

0
                                     

                                          = 𝜌𝑚𝑑𝑉𝑚𝜌𝑁𝑃 ∫ ∫ ∫ 𝑉(𝑟)
𝑟𝑁𝑃

0

2𝜋

0

𝜋

0
𝑟2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃𝑑𝑟                         
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 = 𝜌𝑚𝑑𝑉𝑚𝜌𝑁𝑃Φ0(𝑟)                                                                       (1) 

The specific form of Φ0(𝑟) can be found in Supporting Information S1. In Fig. 1(a), a 

polymer cone (the dashed blue lines) along a radial direction r of the NP can be defined by a 

combination of (𝜑, 𝜃) in a spherical polar system whose origin coincides with the NP center. 

The height of the cone is 𝑟𝑏 − 𝑟𝑒  and the area of its base on the OSI is 𝑑𝑆 = 𝑟𝑒𝑠𝑖𝑛𝜑𝑑𝜃 ×

𝑟𝑒𝑑𝜑. Note that, in the spherical polar system 𝑑𝑉𝑚= 𝑟2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃𝑑𝑟, the cohesive energy 

between the NP and the differential polymer cone in radial direction can be obtained by    

                                     dΦ𝑟 = 𝐸𝑟 = ∫ 𝜌𝑁𝑃𝜌𝑚(𝑟) ∙ Φ0(𝑟)
𝑟𝑏

𝑟𝑒
𝑑𝑉𝑚                                                 

 = 𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃 ∫ 𝜌𝑚(𝑟) ∙ 𝑟2Φ0(𝑟)𝑑𝑟
𝑟𝑏

𝑟𝑒
                                        (2) 

The NP-polymer interaction in the radial direction defined by (𝜑, 𝜃) can then be characterized 

by an equivalent cohesive stress 𝜎𝑜𝑠𝑖 on the OSI. Keep in mind that 𝜌𝑚(𝑟𝑒) = 𝜌0 we have  

𝜎𝑜𝑠𝑖 = (
𝑑𝐸𝑟

𝑑𝑟𝑒
) /𝑑𝑠 = −𝜌0𝜌𝑁𝑃Φ0(𝑟𝑒)                                                   (3) 

Eq. (3) shows that 𝜎𝑜𝑠𝑖 is determined by 𝑟𝑒 which is generally a function of (𝜑, 𝜃) on the OSI. 

Subsequently, the cohesive energy Φ𝑖𝑛𝑡 and equivalent cohesive force 𝐹𝑖𝑛𝑡 between the NP 

and whole polymer matrix, respectively, can be obtained based on Eq. (2) and Eq. (3) as 

follows  

                                       Φ𝑖𝑛𝑡 = ∫ ∫ dΦ𝑟
𝜋

0

2𝜋

0
                                                                                 

= 𝜌𝑁𝑃 ∫ ∫ ∫ 𝜌𝑚(𝑟)Φ0(𝑟)
𝑟𝑏

𝑟𝑒

𝜋

0

2𝜋

0
𝑟2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃𝑑𝑟                       (4) 

                                       𝐹𝑖𝑛𝑡 = ∫ ∫ 𝜎𝑜𝑠𝑖
𝜋

0
𝑟𝑒

2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃
2𝜋

0
                                                           

= −𝜌0𝜌𝑁𝑃 ∫ ∫ Φ0(𝑟𝑒)𝑟𝑒
2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃

𝜋

0

2𝜋

0
                                     (5) 

Here  𝐹𝑖𝑛𝑡 is not a real force but an algebraic addition of 𝜎𝑜𝑠𝑖 across the OSI. This term thus 

can be used to measure the vdW force between the NP and the surrounding polymer. 

Next let us calculate the cohesive energy Φ𝑜𝑠𝑖 between the NP and the OSI. Based on MD 
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simulations the thickness of the OSI equals to 1Å. Similar to Eq. (1), Φ𝑜𝑠𝑖 between the NP and 

a differential area 𝑑𝑆 = 𝑟𝑒𝑠𝑖𝑛𝜑𝑑𝜃 × 𝑟𝑒𝑑𝜑  can be calculated as 

𝑑Φ𝑆𝑢𝑟 = (𝜌0𝑑𝑆 × 1Å) ∙ 𝜌𝑁𝑃 ∙ Φ0(𝑟𝑒) = 𝜌0𝜌𝑁𝑃𝑟𝑒
2Φ0(𝑟𝑒)𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃 × 1Å           (6) 

Thus, the cohesive energy between the NP and the OSI can be represented by 

Φ𝑜𝑠𝑖 = ∯ 𝑑Φ𝑆𝑢𝑟 = 𝜌0𝜌𝑁𝑃 ∫ ∫ Φ0(𝑟𝑒)𝑟𝑒
2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃

𝜋

0

2𝜋

0
                         (7) 

 In terms of magnitude, we have we have  Φ𝑜𝑠𝑖 = −𝐹𝑖𝑛𝑡 based on Eqs. (5) and (7). Here, the 

formula obtained can be used for the NP-polymer interface subjected to different loads and 

thus of various contour shapes. In particular, as will be shown later,  𝐹𝑖𝑛𝑡，𝜎𝑜𝑠𝑖 and Φ𝑜𝑠𝑖 are 

independent of specific mass density distribution of polymer (See Sec. 3.1) and determined 

primarily by the contour shape of the OSI or the NP-polymer interface, which varies with the 

type and magnitude of external load (See Sec. 3.2). 

 

 

3. Results and discussions 

Herein the MD simulation demonstrated in Sec. 2.1 will be used to investigate the 

strain-induced variation of the mass density distribution in the interphase and 

understand the observations by calculating the changes in atomic stress profiles due to 

the strain (Sec. 3.1). The simulations will be further employed to capture the strain-

induced changes in the configuration of the stretched interface. With this information 

the formulae derived in Sec.2.2 will be used to calculate the strain-dependence of 

cohesive energy and cohesive force of the interface and compare the results with 

corresponding MD simulations (Sec.3.2).  Subsequently, the formulae complemented 

by the MD simulations will be utilized to study the nonlinear mechanical behavior of 
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the stretched interface and show the redistribution of the interfacial interaction due to 

the strain. The results will then be used to reveal the physical mechanisms of the 

interface debonding and the strain-dependent atomic stress and material properties 

found in the interphase region (Sec.3.3). 

3.1 Physical changes of the NP-polymer interphase  

Previous efforts [15, 17, 31, 36, 54, 57] were made to study the interphase between NP 

and polymer, where the interphase was tacitly assumed to have passive responses to external 

loads. Under this assumption, the interphase modulus was measured, which is independent of 

the load applied and distributes uniformly in circumferential direction. These studies are of 

importance as the interphase will eventually impact the material behavior and properties of 

the bulk nanocomposites via percolation process.  

To further explore the material behavior in the interphase region, we have, based on the 

full-atom MD simulation, conducted a uniaxial tensile test for an AuNP-PE system where the 

tensile strain 𝜀𝑥 is applied along the x direction (Fig. 2 (a)). The stress-strain relation obtained 

is shown in Fig. 2 (b) in comparison with the stress-strain relation of pure PE. Here the axial 

stress 𝜎𝑥 grows with rising 𝜀𝑥 and reaches its maximum value 166 MPa at 𝜀𝑥 = 8%. After the 

yield point, 𝜎𝑥  declines with growing 𝜀𝑥 until 𝜀𝑥 = 38%. 𝜎𝑥 then remains nearly a constant at 

𝜀𝑥 >38%, i.e., the effective modulus is nearly zero and the material is flowing without 

significant strain-hardening. The evolution of the interface contour shape is illustrated in Fig. 

2 (c) to (h) at strain increasing from 0 to 20%. 

Here we shall first focus our attention on the mass density profile of the interphase 

stretched by raising 𝜀𝑥. As will be shown later, the OSI subjected to a uniaxial strain will 

become a rotational ellipsoid which is symmetric about the x-axis. The mass density thus 

should remain nearly constant on the circle obtained by intersecting the ellipsoidal OSI with a 

rotating cone represented by the red lines in Fig.3 (a). The position of such a circle on the 
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OSI can be labeled by the apex angle 𝜑 of the cone, which grows from 0 to 
𝜋

2
 and to 𝜋 (Fig.3 

(a)). Here the density profile is measured along the radial directions of the AuNP with 𝜑 

rising from 0 to 
𝜋

6
, 

𝜋

3
 and 

𝜋

2
 (Fig.3 (a)). The smoothing spline interpolation is used and detailed 

in Supporting Information S2. The results are shown in Fig.3 (b), (c), (d) and (e), respectively, 

where 𝜀𝑥 rises from 0 to 15%. The corresponding curves obtained at the same radial direction 

but with fixed strain are plotted in Fig. 3 (f) to (i). In these figures, the smooth curves given 

by the spline functions are plotted, where various dots are used to distinguish the curves 

associated with different strains. 

The MD simulation data from which the spline functions are derived are not shown here. 

At 𝜀𝑥 = 0 Fig.3 shows nearly the same sinusoidal density profile in all radial directions 

considered, where two peak densities are found at around r = 2.8nm and 3.3nm, respectively. 

With increasing radial distance r, the density fluctuates with decreasing amplitude and finally 

approaches its bulk value 0.9g/cm
3 

in PE matrix. The interphase thus is limited in a 0.8nm-

range of r. The highest peak density is about 1.46g/cm
3
 which is 62% higher than the bulk 

value. In this particular case, the interface (or the OSI) is a spherical surface, and the 

interphase density varies along the radial directions but remains constant in circumferential 

direction. These results are found to be consistent with the density profiles obtained in 

previous studies [34-36,55-57] for NP-polymer interphases when there is no external load 

applied.  

When 𝜀𝑥 is applied in the x-direction, the interface elongates along the radial direction at 

𝜑 = 0 and becomes a stretched surface. It is thus noted in Fig. 3 (b) and (f) that the two 

density peaks of the interphase move away from the AuNP and their heights decrease 

significantly with rising  𝜀𝑥.  The peak densities become quite close to the bulk value at 𝜀𝑥 = 

8% to 15%. Similar trend is observed in Fig. 3(c) and (g) at 𝜑 =
𝜋

6
 but the strain-induced 
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displacements of the density peaks and the reduction of their heights are found to be smaller 

than those at 𝜑 = 0. This trend can still be observed but becomes much less pronounced 

when 𝜑 rises to 
𝜋

3
 (Fig. 3 (d) and (h)) and 

𝜋

2
  (Fig. 3 (e) and (i)).  

These MD simulations clearly show that the interphase exhibits active responses to the 

uniaxial strain leading to the redistribution of the mass density in the radial direction. Such a 

strain effect turns out to be more and more significant when the radial direction is getting 

closer to the direction of the strain applied. Accordingly, at a given strain the mass density of 

the interphase distributes nonuniformly in the circumferential direction. In previous studies 

[17, 31, 54, 55], the elastic modulus obtained for the interphase with higher density was 

found to be significantly higher than its bulk value showing the dependence of the modulus 

on the density of polymer. The density-dependence of glassy transition temperature is also 

observed for bulk polymer [64, 65] and the interphase region of nanocomposites [21, 23, 56]. 

The denser material in the interphase may also lead to the change of the electron tunneling 

barrier which is essential for the electron transfer behavior at the nanoscale [66]. As a result, 

the decrease of interphase density due to rising strain will be accompanied by the strain-

induced changes of other interphase properties and eventually lead to the strain-dependent 

mechanical, piezoresistive and other material properties of the bulk nanocomposites. 

In what follows let us study the physical mechanisms behind the observed strain-

dependence of interphase properties. In 2022, Reda et. al. [55], calculated both the density 

and atomic-stress profile of the NP-polymer interphase at 𝜀𝑥 = 0. The authors found a peak 

hydrostatic pressure in the interphase and concluded that it “will be strongly correlated with 

the local density and this will be reflected in its distribution”. Consistent with this, our recent 

study [56] showed that such high compression is the mechanical response of the polymer to 

the interfacial vdW interaction. In particular, this peak compressive stress gives rise to the 

nanoconfinement effect of the interface leading to the peak density and upshift of Tg of the 
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interphase at 𝜀𝑥 = 0 [56]. To confirm the correlation between the peak compression and peak 

density in the stretched interphase we have calculated the atomic-stress profile in the tensile 

test. The method used can be found in Ref. [55]. The results at given 𝜀𝑥 are plotted in Fig. 4 

(a), (b), (c) and (d) with 𝜑 equal to 0, 
𝜋

6
, 

𝜋

3
 and 

𝜋

2
, respectively (Fig.3 (a)). Here we take the 

compressive stress positive and the tensile stress negative.  

 It is seen from Fig.4 that at 𝜀𝑥 = 0 the atomic-stress also shows a sinusoid distribution in 

all the radial directions which looks quite similar to the density profiles in Fig. 3. Specifically, 

the two peak compressive stresses are located in the places quite close to the two density 

peaks. Once 𝜀𝑥 is applied, the two peak compressive stresses shift to the right of the figures 

(Fig. 4 (a) and (b)) and their magnitudes decrease significantly along the radial directions 

with 𝜑 = 0  or  
𝜋

6
. This trend becomes trivial or negligible when  𝜑  is raised to 

𝜋

3
 and  

𝜋

2
  (Fig. 

4 (c) and (d)). The comparison between Figs. 3 and 4 shows that under uniaxial strain the 

density profile varies (Fig.3) in nearly the same way the stress profile changes (Fig.4). These 

simulation data thus show clear evidence that the peak density and peak compressive stress 

are closely related to each other, which suggests that the strain-dependent interphase 

properties are a result of the strain-induced change of the peak compression in the interphase.  

The physical mechanism behind this observation can be understood via the changes of the 

free volume in the interphase, i.e., the volume of matrix that is not occupied by polymer 

chains. A peak compressive stress achieved in the interphase can significantly decrease the 

free volume and thus enhances the local mass density and make local polymer stiffer and 

harder, i.e., higher elastic modulus. The mobility of the polymer chains is also dictated by the 

availability of the free volume as the less free volume makes more polymer chains entangled 

but with less free space to move. The peak compression thus can restrain the mobility of the 

polymer chains by decreasing the free volume, which in turn improves the glass transition 

temperature Tg in the interphase. In the tensile test, raising the tensile strain decreases the 
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peak compression in the interphase (Fig. 3), which increases the free volume gradually and 

thus continuously decreases the peak density as well as elastic modulus and Tg in the 

interphase. As a result, the interphase properties vary significantly with the type and 

magnitude of the external loadings. Herein the mechanistic pathway of the tensile strain to 

impact the peak compressive stress is another important issue, which will be discussed later 

in Sec. 3.3.   

Here it is worth mentioning that the passive mechanical model is unable to predict the 

sinusoid stress profile achieved by MD simulation even if the real density profile is taken into 

consideration. Thus, the stress and density sinusoid distribution and their variation with rising 

strain obtained in MD simulations reflect a series of active physical changes in the interphase 

region, which is triggered by the high compression in the interphase due to the interfacial 

interaction and implemented via the reorientation and redistribution of the polymer chains or 

changes in the free volume and occupied volume. This dynamic process remains unclear and 

deserves to be studied in more details in future. 

 

3.2 Deformation of the NP-polymer interface  

In the previous section we investigated the active responses of the interphase to tensile 

strain. Next, we shall further study the deformation of an NP-polymer interface subjected to a 

uniaxial strain to capture its shape evolution driven by the strain.  The OSI marked by the red 

line are shown in Fig. 2 (c), (d), (e), (f) and (h) at 𝜀𝑥 = 0, 2.3%, 4.9%, 8%, 15% and 20%, 

respectively. In this process, the inner surface of the AuNP-PE interface (i.e., the AuNP 

surface) is always a spherical surface and the OSI maintains a smooth closed surface at 𝜀𝑥  ≤  

15%, Based on this understanding, in what follows when we discuss the deformation or the 

shape of the interface, we mean the deformation or the shape of the OSI. With rising 𝜀𝑥 the 

original spherical interface elongates along the x direction but contracts in the directions 
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perpendicular to the x-axis. In particular, the shape of the interface should be symmetric 

about the x-axis. It is therefore reasonable to assume that under 𝜀𝑥  the original spherical 

interface will transform into a rotational ellipsoid with the long semi-axis a in the x direction 

and the short semi-axis b in both y and z directions. The deformed interface (or OSI) can thus 

be described by Eq. (8) in the polar coordinate system shown in Fig.1. 

 
(𝑟𝑒𝑐𝑜𝑠𝜑)2

𝑎2
+

(𝑟𝑒𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝜃)2

𝑏2
+

(𝑟𝑒𝑠𝑖𝑛𝜑𝑠𝑖𝑛𝜃)2

𝑏2
= 1                                   (8) 

When 𝜀𝑥 is raised from 0 to 15% the values of a and b are measured for the AuNP-PE 

interface obtained in MD simulations (see details in Supporting Information S2). The results 

are shown graphically in Fig.5 as functions of 𝜀𝑥. The polynomial curve fitting to the MD 

simulation data is also shown in Fig.5 as a guidance. Here a is found to increase 

monotonically from 2.73 nm to 3.28 nm when 𝜀𝑥 is raised from 0 to 15%. In contrast, b is 

fluctuating slightly around its initial value 2.73 nm without significant change. This is 

because the high repulsive force between the AuNP and polymer can resist the significant 

reduction of the gap between the AuNP and surrounding polymer along the radial directions 

with 𝜑 =
𝜋

2
. 

Based on Eq. (8) and 𝜀𝑥 − dependence of a and b (Fig.5), Φ𝑖𝑛𝑡 (Eq. (4)) and Φ𝑜𝑠𝑖 (Eq. (7)) 

are calculated against 𝜀𝑥  (solid lines) in Fig.6 (a) in comparison with the data obtained 

directly based on the full-atom MD simulations (dots). An excellent agreement is achieved 

between the ellipsoid model and MD simulation in calculating Φ𝑜𝑠𝑖  as both techniques 

account for the strain-induced shape change of the interface and the density variation along 

radial direction has no influence on  Φ𝑜𝑠𝑖. However discrepancy is found in the magnitude 

of Φ𝑖𝑛𝑡 obtained by the two techniques primarily due to the density variation in the interphase,
 

which is captured by the MD simulations but neglected in the ellipsoid model where a 

constant mass density  𝜌0 is used to replace 𝜌𝑚(𝑟) . Despite this, the two methods predict 
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nearly the same trend of Φ𝑖𝑛𝑡 or the rate of change of Φ𝑖𝑛𝑡 with 𝜀𝑥, i.e., 
dΦ𝑖𝑛𝑡

d𝜀𝑥
. 

From these results it follows that though the density function 𝜌𝑚(𝑟) keeps changing with 

𝜀𝑥  the total cohesive energy  Φ𝑖𝑛𝑡 = 𝜌𝑁𝑃 ∫ ∫ ∫ 𝜌𝑚(𝑟)Φ0(𝑟)
𝑟𝑏

𝑟𝑒

𝜋

0

2𝜋

0
𝑟2𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃𝑑𝑟  is still a 

continuous function of 𝜀𝑥. Specifically,  
dΦ𝑖𝑛𝑡

d𝜀𝑥
  varies with the rising 𝜀𝑥 as the semi-axis a and 

b are the functions of 𝜀𝑥 (Fig. 5). 
dΦ𝑖𝑛𝑡

d𝜀𝑥
, however, is found to be independent of the specific 

density profile 𝜌𝑚(𝑟) at given 𝜀𝑥 (Fig. 6 (a)). To understand this, let us consider 𝐸𝑟 (Eq. (2)), 

i.e., the cohesive energy along a specific radial direction. Based on Eq. (2) we have  
𝑑𝐸𝑟

𝑑𝜀𝑥
=

−𝜌0𝜌𝑁𝑃Φ0(𝑟𝑒)𝑑𝑠 ∙
𝑑𝑟𝑒

𝑑𝜀𝑥
 showing that the rate of change of 𝐸𝑟 with 𝜀𝑥 is entirely determined 

by the contour shape of the interface (or 𝑟𝑒(𝜀𝑥)) at the specific radial direction (Eq. (8)) but 

not affected by the density distribution 𝜌𝑚(𝑟) in that direction. Here Φ𝑖𝑛𝑡 can be obtained by 

adding 𝐸𝑟 in all radial directions across the OSI (Eq. (4)) and thus should exhibit the same 

behaviour as the that of 𝐸𝑟 . Moreover, this rule should also apply for the cohesive radial 

stress  𝜎𝑜𝑠𝑖 defined by  (
𝑑𝐸𝑟

𝑑𝑟𝑒
) /𝑑𝑠 in Eq. (3), the total cohesive force 𝐹𝑖𝑛𝑡 in Eq. (5) and the 

modulus  𝑌𝑖𝑛𝑡 =
𝜕𝐹𝑖𝑛𝑡

𝜕𝜀𝑥
 that will be given in Eq. (9).  

 

3.3 Nonlinear responses of the AuNP-PE interface  

The ellipsoid model (Sec.3.1) combined with the cohesive zone model (Sec.2.2) enables us 

to study the responses of the NP-polymer interface to uniaxial strain. Fig. 6 (a) shows the 

strain-dependence of Φ𝑖𝑛𝑡 (Eq. (4)) and Φ𝑜𝑠𝑖 (Eq. (7)). The cohesive force 𝐹𝑖𝑛𝑡 (Eq. (5)) on 

the NP-polymer interface also varies with rising 𝜀𝑥. Thus, the equivalent modulus 𝑌𝑖𝑛𝑡 of the 

interface can be defined by Eq. (9) to quantify the ability of the interface to resist 

deformation. 
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𝑌𝑖𝑛𝑡 =
𝜕𝐹𝑖𝑛𝑡

𝜕𝜀𝑥
= −𝜌𝑚𝜌𝑁𝑃 ∫ ∫ [

𝑟𝑒
2 𝑑Φ0(𝑟𝑒)

𝑑𝑟𝑒

+2𝑟𝑒Φ0(𝑟𝑒)
] (

𝜕𝑟𝑒

𝜕𝑎

𝜕𝑎

𝜕𝜀𝑥

+
𝜕𝑟𝑒

𝜕𝑏

𝜕𝑏

𝜕𝜀𝑥

) 𝑠𝑖𝑛𝜑𝑑𝜑𝑑𝜃
𝜋

0

2𝜋

0
                    (9) 

Here 𝑟𝑒 =
𝑎𝑏

√𝑏2𝑐𝑜𝑠2𝜑+𝑎2𝑠𝑖𝑛2𝜑
,  

𝜕𝑟𝑒

𝜕𝑎
=

𝑏3𝑐𝑜𝑠2𝜑

√𝑏2𝑐𝑜𝑠2𝜑+𝑎2𝑠𝑖𝑛2𝜑
3  and 

𝜕𝑟𝑒

𝜕𝑏
=

𝑎3𝑠𝑖𝑛2𝜑

√𝑏2𝑐𝑜𝑠2𝜑+𝑎2𝑠𝑖𝑛2𝜑
3  can be 

derived based on Eq. (8) and a, b,  
𝜕𝑎

𝜕𝜀𝑥
 and 

𝜕𝑏

𝜕𝜀𝑥
 at given strain can be obtained directly from 

the data in Fig.5. In Fig. 6 (b) 𝐹𝑖𝑛𝑡 and  𝑌𝑖𝑛𝑡 are shown as the functions of 𝜀𝑥.  

Similar to the interphase mass density,  𝜎𝑜𝑠𝑖  should also remain constant on the circle 

represented by the red line on the ellipsoidal OSI (Fig.3 (a)). Thus, calculating 𝜎𝑜𝑠𝑖 on these 

circles as a function of 𝜑 can intuitively reveal its spatial distribution across the ellipsoidal 

OSI, and its redistribution induced by rising strain 𝜀𝑥. These studies are of interest as they can 

bring in a deep understanding of the nonlinear responses of the interface, the growth of the 

interface debonding and particularly, the pathway of the tensile strain 𝜀𝑥 to reduce the high 

compression in the interphase (Sec.3.1). Here the results are illustrated in Fig. 7 (a) to (d) at 

𝜀𝑥 = 2.3%, 4.9%, 8% and 15%, respectively. In what follows, we shall consider the following 

four different stages of the interface (or OSI) to describe its mechanical responses to the 

uniaxial strain 𝜀𝑥.   

(1) At 𝜀𝑥 = 0, i.e., the equilibrium state, the cohesive energy Φ𝑖𝑛𝑡  (Fig. 6 (a)) has the 

minimum value and the corresponding cohesive force 𝐹𝑖𝑛𝑡  (Fig. 6 (b)) is zero. In the 

meantime, the maximum cohesive energy Φ𝑜𝑠𝑖 = 0 (Fig. 6 (a)) is achieved on the AuNP-PE 

interface.  

(2) At 𝜀𝑥 < 4.9%, it is seen from Fig. 6 that raising 𝜀𝑥 leads to higher Φ𝑖𝑛𝑡 with 
𝑑2Φ𝑖𝑛𝑡

d𝜀𝑥
2 >

0 and stronger attractive force 𝐹𝑖𝑛𝑡 (𝐹𝑖𝑛𝑡 > 0), i.e., the AuNP-PE interaction is intensified due 

to rising external strain. Φ𝑜𝑠𝑖  (=−𝐹𝑖𝑛𝑡 ) however, declines monotonically. In this process, 

positive 𝑌𝑖𝑛𝑡  is obtained in Fig. 6 (b), which rises slightly at 𝜀𝑥 <  0.5% but declines 

drastically at larger 𝜀𝑥. These results indicate that the AuNP-PE interface is in a stable status 
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and can efficiently resist the deformation of the interface. Such an ability quantified by 𝑌𝑖𝑛𝑡 

however diminishes swiftly with rising strain.  

In Fig, 7 (a), a dumbbell-shaped distribution is achieved for 𝜎𝑜𝑠𝑖  at 𝜀𝑥 = 2.3%. Here, the 

highest attractive 𝜎𝑜𝑠𝑖 of 148 MPa is found around the two ends of the interface (i.e., 𝜑 = 0 

or 𝜋). 𝜎𝑜𝑠𝑖 then decreases when the reference point moves towards the inner section of the 

interface and turns out to be a repulsive stress in the middle of the interface (i.e., around 

𝜑 = 𝜋/2). The uniaxial load thus is transferred from the PE matrix to the AuNP via the 

attractive force around the two ends of the ellipsoidal interface’s long axis. 

(3) At 𝜀𝑥 = 4.9%, while Φ𝑖𝑛𝑡 reaches a turning point with 
𝑑2Φ𝑖𝑛𝑡

d𝜀𝑥
2 = 0 (Fig. 6 (a)), 𝐹𝑖𝑛𝑡 has 

achieved its maximum value around 7.9nN (Fig. 6 (b)).  At the same time,  Φ𝑜𝑠𝑖 (=

−𝐹𝑖𝑛𝑡) on the interface has reached its lowest value and 𝑌𝑖𝑛𝑡  becomes zero in Fig. 6 (b). 

These results indicate that the interface has reached its metastable status and lost its ability to 

resist the external strain. 𝜀𝑥 = 4.9% thus indicates the beginning of the interface debonding. 

𝜀𝑥  = 4.9% and 𝐹𝑖𝑛𝑡 = 7.9nN obtained can thus be considered as the fracture strain and 

strength of the AuNP-PE interface under the uniaxial strain.  

At this metastable status, the dumbbell-shaped 𝜎𝑜𝑠𝑖distribution (Fig. 7 (a)) has transformed 

into a butterfly-shaped distribution (Fig. 7 (b)). The results show that attractive 𝜎𝑜𝑠𝑖 drops 

swiftly at the two ends of the interface (Fig. 7 (b)) where the gap between AuNP and PE 

grows gradually, and highest attractive 𝜎𝑜𝑠𝑖 shifts from the two ends towards the inner section 

of the elongated interface. The maximum value 148MPa of the attractive 𝜎𝑜𝑠𝑖  however 

remains unchanged in this process. Repulsive 𝜎𝑜𝑠𝑖 also increases slightly in the middle of the 

interface. Here it can be seen from Fig. 7 (a) and (b) that at 𝜀𝑥 < 4.9% the attractive force 

𝐹𝑖𝑛𝑡 = ∯ 𝜎𝑜𝑠𝑖𝑑𝑆 increases (Fig. 6 (b)) with 𝜀𝑥 mainly because the interface area associated 

with the maximum 𝜎𝑜𝑠𝑖 grows substantially. At the same time, 𝑌𝑖𝑛𝑡 generally decreases (Fig. 
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6 (b)) primarily due to the decreasing growth rate of the interface area with the maximum 

𝜎𝑜𝑠𝑖. 

(4) At 𝜀𝑥 > 4.9%, with rising 𝜀𝑥 Φ𝑖𝑛𝑡 grows with 
𝑑2Φ𝑖𝑛𝑡

d𝜀𝑥
2 < 0 (Fig. 6 (a)) and 𝐹𝑖𝑛𝑡 declines 

and approaches an asymptotic value around 5.8nN at sufficiently high 𝜀𝑥 (Fig. 6 (b)). In the 

meantime, 𝑌𝑖𝑛𝑡 becomes negative and approaches zero at large strain, e.g., 𝜀𝑥 > 10% (Fig. 6 

(b)). The results indicate that the interface is in an unstable status, which cannot resist the 

strain. In other words, the debonding grows on the interface and the external load cannot be 

efficiently transferred from the PE to the AuNP. The AuNP thus behaves as if it was an 

empty hole.  

At this unstable status, the butterfly-shaped distribution of 𝜎𝑜𝑠𝑖 obtained at 𝜀𝑥 = 4.9% (Fig.  

(b)) is flattened at 𝜀𝑥 = 8% (Fig. 7 (c)) and then transformed into a double flying disc-shaped 

distribution at 𝜀𝑥 =15% (Fig. 7 (d)). From the redistribution of 𝜎𝑜𝑠𝑖  we can see that the 

interface debonding starts at the metastable status ( 𝜀𝑥 = 4.9%) and spreads out into the inner 

section of the interface (𝜑 ≈
𝜋

2
) at the unstable status ( 𝜀𝑥 = 4.9% ). Thus, consistent with the 

above theoretical analysis, we can understand intuitively from Fig. 7 (c) and (d) that at the 

unstable status, the interface cannot efficiently transfer the load to the AuNP along the x-

direction where the strain is applied. On the other hand, no matter how high 𝜀𝑥 is 𝐹𝑖𝑛𝑡 cannot 

be zero but approaches a nonzero value as the AuNP and surrounding PE will always be 

interacting with each other via the highest attractive 𝜎𝑜𝑠𝑖 and repulsive 𝜎𝑜𝑠𝑖 in the small area 

around the center of the ellipsoidal interface (i.e., 𝜑 =
𝜋

2
). 

To confirm the results, let us compare the AuNP-PE composite with pure PE in a tensile 

test in Fig. 2 (b). The elastic modulus of the AuNP-PE composite (around 2.72GPa) obtained 

at low strain (i.e., the stable interface) is higher than its counterpart of the pure PE (around 

2.38GPa), whereas its yield strain and stress (8% and 160MPa) achieved in relatively high 
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strain (i.e., the unstable interface) are significantly lower than those (18.6% and 191MPa) of 

the pure PE. Furthermore, at 𝜀𝑥 > 38% pure PE elongates at a stress level (around 150MPa) 

much higher than the stress level (around 50MPa) at which the AuNP-PE composite stretches. 

This observation is attributable to the equivalent empty hole in the composite system, which 

substantially reduces the area that can withstand the external load.  

Here we shall attempt to understand the physical mechanism underlying the strain-induced 

reduction of the peak compression shown in Fig. 4. Fig. 5 shows that the uniaxial strain can 

stretch the spherical interface into an ellipsoidal one whose long semi-axis a grows with 

rising strain. The strain thus can substantially redistribute the cohesive stress 𝜎𝑜𝑠𝑖 on the OSI 

of the interface (Fig. 7). Here we first look at the radial directions with 𝜑 around 0 (e.g., 

0 ≤ 𝜑 ≤  
𝜋

6
 ) or 𝜋 (e.g., 

5𝜋

6
≤ 𝜑 ≤  𝜋) (see Fig. 7(b)). Fig. 7(c) and (d) show that when 𝜀𝑥 is 

raised to 8% to 15% the AuNP-PE interaction 𝜎𝑜𝑠𝑖 is very weak or negligible in these radial 

directions. In other words, the interface debonding occurs in the areas. Thus, the tensile stress 

cannot be efficiently transferred from the PE matrix to the AuNP. In this case, the strain or 

stress in the PE of the local area (or the interphase) almost vanishes and thus, the peak 

compression (Fig. 4 (a) and (b)) and peak densities nearly disappear (Fig. 3 (b) and (c)) in the 

strain range of [8%, 15%]. Next let us consider the radial directions with 𝜑  around 

𝜋

2
 (see Fig. 7(b)). In these directions, Poisson ratio effect gradually raises the radial repulsive 

interaction between NP and polymer, i.e., negative 𝜎𝑜𝑠𝑖 when 𝜀𝑥 rises to 15% (Fig.7 (a) to 

(d)). As a result, the peak compression (Fig. 4 (c) and (d)) and thus the peak densities (Fig. 

3(d) to (e)) in the radial directions remains nearly unchanged despite that the PE in the local 

area is subjected to a tensile strain 𝜀𝑥 in the x direction. It is thus concluded that the reduction 

of the higher compression primarily arises from the strain-induced redistribution of the NP-

polymer interaction shown in Fig.7.  
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4. Conclusions  

This paper studies the physical changes of stretched NP-polymer interphase/interface 

where the spheric symmetry of the NP-polymer system is broken. Efforts are also made to 

uncover the rationale behind the distinctive features of the interphase/interface. The new 

findings are summarized as follows.   

A uniaxial tensile strain leads to an ellipsoidal interface where the AuNP-PE gap along its 

long axis grows with rising strain. This results in the continuous redistribution of the 

interfacial interaction, which weakens the AuNP-PE vdW interaction and thus decreases the 

peak compression found in the equilibrium interphase. As the peak density of the interphase 

arises from the reduction of the free volume due to the peak compression, the uniaxial strain 

eventually decreases the peak density in the interphase and reshapes the density profiles in 

both radial and circumferential directions. For a similar reason, the elastic modulus, glassy 

transition temperature, and electron tunneling energy barrier of the interphase can also 

change with the rising strain. The interphase thus exhibits active responses to mechanical 

stimulus and the substantial strain-dependence of the physical properties due to the strain-

induced interfacial interaction redistribution.  

In the study of the behavior of the stretched interface, the cohesive energy Φ𝑖𝑛𝑡, cohesive 

force 𝐹𝑖𝑛𝑡, radial cohesive stress 𝜎𝑜𝑠𝑖  and modulus 𝑌𝑖𝑛𝑡 are first defined for the NP-polymer 

interface subjected to general loadings. It is interesting to find that the cohesive energy Φ𝑖𝑛𝑡 

remains a continuous function of strain 𝜀𝑥  despite that the density profile keeps changing 

with rising strain. Specifically, the uniaxial strain changes 𝐹𝑖𝑛𝑡, 𝜎𝑜𝑠𝑖 and 𝑌𝑖𝑛𝑡 primarily due to 

the strain-induced contour changes of the interface and the resulted redistribution of the 

interfacial interaction. It is however independent of the density profile changes with the rising 

strain.  
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Furthermore, the strain-induced redistribution of radial cohesive stress  𝜎𝑜𝑠𝑖  results in 

highly nonlinear behavior of the interface with three distinct stages characterized by the 

strain-dependent modulus 𝑌𝑖𝑛𝑡 . Positive 𝑌𝑖𝑛𝑡 at low strain signifies the stable interface that 

transfers the external load from the PE to the NP via the attractive 𝜎𝑜𝑠𝑖 around the two ends 

of the stretched interface. At a critical strain 𝜀𝑥 = 4.9%, 𝑌𝑖𝑛𝑡 is zero indicating the metastable 

interface where the interface debonding starts around the two ends of the ellipsoidal interface. 

𝑌𝑖𝑛𝑡 turns out to be negative at higher strain showing an unstable interface, where the 

attractive 𝜎𝑜𝑠𝑖 shifts to the center and the interface debonding spread from the two sides of 

the ellipsoidal interface to its central part. The AuNP thus is unable to take external load and 

nearly equivalent to an empty hole.    
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Figure 

 

 

 

Fig.1 (a) The x-y-z coordinate system and mechanical model of an NP-polymer system where 

the yellow sphere is the NP and the white, brown, and grey areas are the NP-polymer 

interface, the interphase and bulk polymer. Here rNP is the radius of the NP and re and rm are 

the radial distance between the NP center (i.e., the origin of the xyz coordinate) and a point on 

the outer surface of the interface (OSI) and the bulk polymer, respectively. In addition, r 

indicates the radial direction of the NP, 𝜑 is the angle between the r and x directions, and 𝜃 is 

the angle between y-axis and the projection of the r direction on the zy plane. a, b and c are 

the semi axes of the ellipsoidal OSI in the x, y and z directions, respectively. Initially, the OSI 

is a sphere with a = b = c. When a tensile strain is applied in the x direction, we have a > c = 

b. (b) The r (radial) distribution of the mass density obtained for the PE in the vicinity of the 

interface when no external load is applied. The NP surface is at r = 2.5nm and the position of 

the OSI is found at the place where the density first reaches its bulk value 0.94 g/cm
3
. 

Moreover, the interphase has been divided into two regions, i.e., interphases I and II as shown 

in (b). 
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Fig. 2 (a) An AuNP-PE composite system in the x-y-z coordinator system, which is subjected 

to uniaxial tensile strain in the x direction. (b) Stress-strain relations obtained for the AuNP-

PE composite system in the tensile test in comparison with its counterpart of pure PE system. 

The details of simulation for pure PE system can be found in Supporting Information S3. The 

shapes of the AuNP-PE interface (or the OSI) observed at points c, d, e, f, g, and h in (b) are 

shown in (c), (d), (e), (f), (g) and (h) where 𝜀𝑥 rises from 0 to 20%.   
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Fig.3 (a) The ellipsoidal AuNP-PE interface, the NP and a cone (red dashed lines) having an 

apex angle 𝜑 with the x-axis. The radial directions r of the NP can thus be labeled by 𝜑 rising 

from 0 to  
𝜋

2
  and 𝜋. (b-e) the density profile of the PE along the radial directions r of the 

AuNP with 𝜑  rising from 0 to 
𝜋

6
, 

𝜋

3
 and 

𝜋

2
  and 𝜀𝑥  growing from 0 to 15%, (f-i) the 

corresponding density profiles of the PE measured at the four radial directions and five fixed 
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strains.  

 

 

 

 

 

 

 

Fig.4 (a)-(d) Distribution of the atomic stress 𝑃𝑚 measured in the PE interphase along various 

radial directions of the AuNP characterized by 𝜑 = 0,  
𝜋

6
,  

𝜋

3
 and 

𝜋

2
, respectively, when the 

uniaxial strain 𝜀𝑥 applied to the interface is fixed at 2.3%, 4.9%, 8% and 20%, respectively, 

as shown in (b). 
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Fig.5 The strain 𝜀𝑥 -dependence of the long semi-axis a and short semi-axis b of the 

ellipsoidal outer surface of the AuNP-PE interface (see Fig. 1(a)) obtained by the MD 

simulations (dots) at 𝜀𝑥 ≤  15%. The polynomial curve (solid line) fitting to the MD 

simulation data is also shown as a guidance.  
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Fig.6 Strain 𝜀𝑥-dependence of (a) cohesive energy Φ𝑖𝑛𝑡 of the AuNP-PE interface and the 

cohesive energy Φ𝑜𝑠𝑖 on the outer surface of the interface (or the OSI), Here the results given 

by the cohesive model (solid lines) are compared with the MD simulation data (dots). (b) 

cohesive force F𝑖𝑛𝑡 and tensile modulus Y𝑖𝑛𝑡 of the AuNP-PE interface obtained based on the 

cohesive model.  𝜀𝑥 =  4.9% is the critical strain obtained at the metastable state of the 

interface. 
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Fig.7 The gray envelop curves of the red arrows describe the distribution of the radial 

cohesive stress 𝜎𝑜𝑠𝑖 on the OSI obtained at (a) 𝜀𝑥 = 2.3% (dumbbell-shaped), (b) 𝜀𝑥 = 4.9% 

(butterfly-shaped), (c) 𝜀𝑥 = 8% (flattened butterfly-shaped) and (d) 𝜀𝑥 = 15% (double-flying-

disc-shaped), respectively. As shown in (a), the inner circle (yellow) and the outer ellipsoid 

(light yellow) represent the AuNP surface and the OSI, respectively. The large red circle and 

the inner yellow circle give the maximum stress 𝜎𝑜𝑠𝑖 = 148MPa and 𝜎𝑜𝑠𝑖 = 0, respectively. 

In addition, the outward arrows denote the attractive force between the AuNP and PE, i.e., 

positive 𝜎𝑜𝑠𝑖 and the inward arrows represent the repulsive force between them, i.e., negative 
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𝜎𝑜𝑠𝑖. 
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