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Abstract  

 

In the present study the mechanical behaviour under compression of graphene monolayers 
embedded in polymer matrices is examined. Using four-point-bending apparatus compressive 

strains of -1% were applied gradually to the sample and Raman measurements were taken in-
situ at every loading step. By monitoring the shift of the 2D Raman band with the applied 
strain the critical strain to failure is estimated. The critical strain was found to be universal 

for all dimensions ratio of the flakes with mean value of -0.6±0.11%. Using Winkler’s model, 
the interaction between graphene-polymer is simulated with linear elastic springs. An 

analytical formula for estimating the critical strain to buckling is obtained, as well as the 
buckling wavelength. Finally, DFT analysis was performed to gain more insight for the 
estimation of the analytical parameters.  

 
 

1. Introduction  

 
The mechanical behavior of graphene sheets embedded in polymer matrix under compressive 

loadings was examined experimentally using Raman spectroscopy. Samples with different 
dimension ratios were investigated. Using a four-point-bending frame the samples were 
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compressed up to -1% of strain. The measurements were performed at the center of the 
grapheme flakes with a strain step of 0.05%. Raman spectra have been measured at 785 nm 
using a MicroRaman (InVia Reflex, Rensihaw, UK) spectrograph, monitoring the profiles of 

2D peak. By monitoring the Raman shift of the 2D peak position vs strain a non linear 
behavior was observed. The region of small strains can be captured by second order 

polynomial curves. The critical strain to failure was estimated at the maximum of the above 
polynomial fitting curve. At the failure point graphene flakes exhibit a multiple rippling form 
that is mainly affected by the degree of the graphene-polymer interaction. In the case of an 

embedded graphene sheet the ripples cannot be optically observed due to the intervening 
PMMA layer. Simply supported graphene flakes under compression showed a multiple 

rippling form of instability which was confirmed through AFM. Theoretical guidelines are 
provided for correcting data for cases with incomplete stress transfer.  
 

Simultaneously, an analytical approach of Winkler type is used to simulate the interaction 
between graphene and the polymer matrix. Within the framework of continuum mechanics, 

Winkler’s theory models the film–foundation interaction though linear elastic springs. Using 
energetical arguments we produced the equations for the critical strain of buckling and have 
estimated the wave form, half-wavelength and amplitude of the buckling mode.  

 
To quantitavely estimate the interaction of graphene with the polymer matrix we have 

performed calculations based on density functional theory employing the B97-D functional as 
well as the highly accurate B2PLYPD functional, which include dispersion corrections. We 
have complemented and compared our DFT results with SCS(MI)-MP2 calculations. For 

graphene fully embedded in the polymer matrix using our theoretical model we estimated a 
maximum value for the Winkler stiffness, kWmax, for s-PMMA and i-PMMA. 
 

2. Analysis and results 

 

2.1 Experimental 
 

In previous studies [1, 2] single layer graphenes under compression were examined using the 

technique of the cantilever beam. As shown in these studies, the critical strain to failure can 
be estimated by monitoring the shift of the 2D Raman band with the applied strain. Further 

experiments were carried out using a four point bending technique. Several graphene samples 
of almost rectangular geometry with varying dimensions ratio were tested. In table 1 the data 
and the results of the previous studies and the newer are presented.  

 
As it seen in figure 1a, the behaviour is non linear and can be capture by a second order 

polynomial curve. The critical strain to failure corresponds to the point that the slope of the 
curve is zero. The value of the slope at zero strain of this curve is a crucial parameter for the 
design of graphene polymer nanocomposites, because it reflects the efficiency of the stress 

transfer from the polymer to the graphene. From the experimental results, it is observed that 
graphene sheets with length of about 4 μm, have smaller slope from these with larger length. 

The mean value for the slope from the flakes with sufficient transfer length is 60 cm-1/%. 
Thus, in order to obtain the actual strain for graphene with small length the following formula 
is proposed (figure 1b): 
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Figure 1. (a)Typical curve of Raman wavenumber of the 2D peak versus applied strain for a flake of 
length of 30μm and width 6μm(b) dependence of the 2D Raman peak on the strain for the flake with 

l=4μm and w=21μm. The open circles correspond to the applied strain of the beam and the solid 
circles represent the corrected strain values in accordance to eqn 1. The black (dark) and blue (light) 

lines are second order polynomial fitted curves. The black line is described by the equation 
Pos2Dblack=2595.3 – 38.0ε – 23.9ε

2
, and the blue line is a rescaling to a slope of 60 cm

–1
/%. 

 
Another significant finding is that the critical strain to failure is not affected by the size of the 
graphene. From the experimental results a mean value of -0.6±0.11 % was obtained for the 

critical strain. Considering the monoatomick thickness of single layer graphene, this is a high 
value of compressive strain that graphene can sustain, making it a sufficient filler in polymer 

nanocomposites.  
 
2.2 Analytical 

 
The problem is treated analytically with the well known model of Winkler’s. The interaction 

between graphene and the polymer is considered as linear elastic springs which are described 
by the Winkler’s modulus. Winkler’s modulus represents the stiffness of the springs with 
units N/m3. Starting from the energy balance [3] of a system that consists of a plate embedded 

in an elastic foundation, a formula for calculating the critical strain to buckling as well as the 
form of instability is obtained. The energy balance of this system is:  

 

b fE U U T  
                                                                                        (2) 

  

where E is the total energy of the system, Ub is the plate bending energy, Uf  is the additional 
energy from the linear springs between the plate and the foundation that resist to the out-of-
plane deformation of the plate, and T is the axial compression energy released by the flake 

buckling. The corresponding expressions for the terms of eq3 are given by: 
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Where Nx is the compressive force per unit length applied in x-direction, D is the flexural 
rigidity and v is the Poisson’s ratio of the plate and Kw is the Winkler modulus. 

The assumption that the embedded flake buckles is made, and thus the form of solution of the 
function u(x,y) of the previous equations is taken as:
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Where m, n are the half-waves of the buckling mode in the x and y directions, respectively. By 

inserting the expression of u(x,y) to the energy expressions and after some calculations the 
following equation for the critical strain to buckling of an embedded plate is:  
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In the above relation C is the tension rigidity of the plate which has been found to be 340 Nm2 
for graphene [4] while the Euler geometric term k is defined as follows: 
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m is the number of half waves that the plate buckles at the initiation of instability. It can be 

obtained by energy minimization of equation 2, after the calculation we have: 
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In our problem, the Winkler modulus is unknown. Considering the critical strain obtained 
from the experimental results, a system of three equations 7-9 with two unknown parameters, 
the Winkler’s modulus and the number of half waves is obtained. Thus, we solve this system 

of equations and the obtained results are presented in table 1. The problem of estimating 
Winkler’s modulus is examined in the next section using DFT calculations. The mean value 

for Winkler’s modulus is 6.7 GPa/nm. Finally, since the number of half waves that the flake 
buckles is known, the buckling wavelength can be estimated by dividing the final length of 
the flake with the number of half waves. Thus: 
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The values for the buckling wave length are of the order of 1-2 nm. This value is about three 
orders of magnitude than the wave length for buckling of a free standing graphene, without 

the presence of the polymer (figure 2a,b). Analogous phenomena have been observed for 
embedded rods in soft matrices [5].  

 
 

 
Figure 2. (a) An embedded graphene exhibits multiple rippling under compression with small 

wavelength. (b) A free standing graphene buckling with orders of magnotude larger wavelength 
without the presence of the polymer.  

 

 
 
 

2.3 DFT analysis  
 

 
3. Conclusions 

 

Graphene monolayers embedded in polymer matrices were examined under compressive 
loadings. It was found that graphene can sustain high compressive stresses considering its 

monoatomick thickness and it is potential filler for polymer nanocomposites. Moreover, it 
was shown that graphene’s length must be over 4 μm for efficient stress transfer. An 
analytical formula was derived for estimating the critical strain to buckling of an embedded 

plate. Applying the model to embedded single layer graphene sheets, the Winkler’s modulus 
was estimated. Also, graphene exhibits a multiple rippling instability form, with a buckling 

wave- length of 1-2 nm.  
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Table 1. Full presentation of the critical strain for buckling and the geometry of every specimen 
examined here and previously (ref. 3). Strain correction has only been implemented for data the slope 
of which lies outside the boundaries of the standard deviation va lue of + 5 cm

-1
/% from the mean 

absolute value (60 cm
-1

/%). a. Applied strain calculated from beam equation. b. Data from reference 
14. c. Corrected data for short transfer length (eq 1).  
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