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1. Introduction 

 

Two-dimensional graphene nano-sheet is one the most 

important allotropes of carbon which was first discovered 
by Novoselov et al. (2004). The thickness of graphene is 

one atom and due to its specific structures, graphene enjoys 

excellent strength and toughness as well as superior thermal 

conductivity, optical transparency and electrical 
conductivity (Balandin et al. 2008, Konatham and Striolo 

2009, Kumar and Srivastava 2016, Li et al. 2018, Lin et al. 

2017, Setoodeh and Badjian 2017, Shen et al. 2016). The 

mentioned properties of graphene make it an excellent 

candidate to produce advanced polymeric or metallic 
nanocomposites (Fan et al. 2018). In comparison with 

carbon nanotube (CNT) which is one of the most well-

known nano-scale reinforcement candidate (Farahani et al. 

2012), the interaction of graphene and matrix is higher also 

graphene is much cheaper (Kiani and Mirzaei 2018). 

Recently, the use of GRNCs in different engineering 

applications such as gas barrier (Cui et al. 2016, Yang et al. 

2013), energy storage (Sun and Shi 2013) and Hydrogen 

sensing (Al-Mashat et al. 2010) has been reported (Shen et 

al. 2017b). 

Thanks to the great properties of graphene nano-sheets, 
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their nanoscale behavior (Alian et al. 2017, Ebrahimi and 

Barati 2018, Arani et al. 2013, Safaei and Fattahi 2017) and 

application as nanocomposite fillers have attracted the 

attentions of researches. Among the different mechanical 

analyses of GRNC structures, Rafiee et al. (2009) 

experimentally showed that using 0.1% weight fraction of 

graphene into a polymeric matrix caused 52% improvement 

in the buckling behavior of the resulted beams. Song et al. 

(2017, 2018) presented static and vibrational behaviors of 

multilayer GRNC plates using first order shear deformation 

theory (FSDT). They assumed graphene distribution in each 

layer to be uniformly distributed. However, using different 

values of graphene volume fractions for each layer, they 

considered FG multilayer GRNC plates. Wu et al. (2018) 

studied the instability of FG multilayer GRNC plates 

subjected to uniaxial pressures in thermal environment 

using differential quadrature method (DQM) and FSDT. 

Gholami and Ansari (2018a, b) utilized higher order plate 

theories to study the nonlinear natural frequencies and 

vibrational behavior of FG-GRNC plates subjected to 

harmonic mechanical loads. Nonlinear thermal stability, 

bending and postbuckling behaviors of FG multilayer 

GRNC beams resting on elastic foundations with 

temperature depended material properties were presented in 

(Kiani and Mirzaei 2018, Shen et al. 2017). Moreover, the 

nonlinear bending (Shen et al. 2017b), low-velocity impact 

(Fan et al. 2018), postbuckling (Yu et al. 2018) and forced 

vibration responses (Fan et al. 2019) of FG multilayer 

GRNC plates considering elastic foundations and thermal 
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environments were also presented. For FG multilayer 

GRNC cylindrical panels, Shen et al. (2018) investigated 

nonlinear bending behavior using a two-step perturbation 

method and third order plate theory. Malekzadeh et al. 

(2018) used transformed DQM and FSDT to present the 

natural frequencies of FG multilayer GRNC irregular 

annular plates integrated with piezoelectric layers. Lei et al. 

(2018) developed a kp-Ritz mesh-free method based on 

FSDT to study the buckling behavior of FG-GRNC plates 

in thermal environments. Three-dimensional thermoelastic 

static behavior of FG-GRNC annular and elliptical plates 

with constant material properties at different temperatures 

were analytically reported in (Yang et al. 2017, 2018). 

Hosseini and Zhang (2018) utilized finite difference and 

Newmark methods to present a wave propagation and 

dynamic behavior of FG multilayer GRNC cylinders. 

From the literature, the effect of thermal gradient load 

on the mechanical behaviors of GRNC axisymmetric thick 

cylinders have not been previously considered yet, however, 

this effect has been widely investigated in FGM structures 

(Damadam et al. 2018, Laoufi et al. 2016, Moheimani et al. 

2018, Moheimani and Ahmadian 2012) and, CNT-

reinforced nanocomposite structures using mesh-free 

methods (Moradi-Dastjerdi et al. 2018, Moradi-Dastjerdi 

and Payganeh 2017a, b, 2018, Safaei et al. 2018, 2019) or 

other methods (Alibeigloo and Liew 2013, Arani et al. 

2011, Pourasghar et al. 2018, Pourasghar and Chen 2016, 

Sobhaniaragh et al. 2017). In this paper, axisymmetric thick 

cylinders reinforced with functionally graded randomly 

oriented graphene are considered. Thermoelastic static and 

free vibrational behaviors in the considered cylinders 

subjected to internal pressure and thermal gradient loads are 

presented. An axisymmetric mesh-free method is developed 

to study heat transfer and mechanical analyses of FG-

GRNC cylinders. The temperature dependent material 

properties of GRNC are estimated using modified Halpin-

Tsai model incorporated with two efficiency parameters. 

The effects of graphene distribution and volume fraction as 

well as thermo-mechanical boundary conditions on the 

temperature distribution, static response and natural 

frequency of FG-GRNC cylinders are presented. 
 

 

2. Modeling of FG-GRNC thick cylinders 
 

In order to study the thermoelastic behavior of 

uniformly distributed (UD) and FG-GRNC cylinders, first, 

temperature distributions in the cylinders are derived from 

steady state heat transfer equation. Then, the temperature 

and radial location dependent material properties are 

estimated using a modified Halpin-Tsai’s approach. Finally, 

stress distribution and natural frequencies of GRNC thick 

cylinders with inner radius ri, outer radius ro and length L 

are calculated using the estimated material properties and a 

developed axisymmetric mesh-free method (see Fig. 1). 

 

2.1 Estimation of material properties 
 

The considered GRNC is assumed to be made of an 

isotropic polymeric matrix reinforced by randomly oriented 

graphene nano-sheets with length aG, width bG and 

 

Fig. 1 Schematic figure of GRNC cylinder with different 

profiles for graphene distributions subjected to 

internal pressure 

 

 

thickness hG. The radial dependent thermal conductivity of 

FG-GRNC k(r) are estimated by the following equation (Li 

et al. 2018, Shen et al. 2016) 
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where fr is the volume fraction of graphene and superscripts 

G and m are used for graphene and matrix, respectively.  

For the three-dimensional randomly oriented GRNC, the 

equation reported in (Craft and Christensen 1981) is 

employed to estimate thermal expansion coefficient   as 

below 
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where E, K and υ are effective Young’s modulus, bulk 

modulus and Poisson’s ratio of GRNC, respectively. The 

subscripts 11 and 22 show for longitudinal and transverse 

directions, respectively. The location and temperature 

dependent α11 (r, T) and α22 (r, T) in the nanocomposite 

reinforced with graphene nano-sheets are evaluated as 
follows (Shen et al. 2017b). 
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where fm = 1 ‒ fr is the volume fraction of polymeric matrix. 

The effective Young’s modulus of composite reinforced 

with randomly oriented fibers could be estimated using 

Halpin-Tsai’s approach (Halpin and Kardos 1976). 

However, Shen et al. (2017b) modified this approach for the 

estimation of the mechanical properties of GRNC using two 

incorporating efficiency parameters (η1 and η2) to capture 

nano-scale effects (strain gradients, surface and 

intermolecular coupled stress between matrix and graphene 

nano-sheets) as follows (Halpin and Kardos 1976, Shen et 

al. 2017b) 
 

 

 

11
1

11

22
2

22

1 2 /3
( , )

8 1

1 2 /5

8 1

G
G G r m

G
r

G
G G r m

G
r

a h f
E r T E

f

b h f
E

f

  
  

   

  
  

     

(6) 

 

where 
 

11
11

11

1

2 /

G m
G

G m
G G

E E

E E a h


 


 

22
22

22

1

2 /

G m
G

G m
G G

E E

E E b h


 


 

(7) 

 

where 𝐸𝑖𝑖
𝐺  and 𝐸𝑚  are Young’s modulus of graphene 

nano-sheets and polymeric matrix, respectively. The 

employed efficiency parameters in Halpin-Tsai’s model 

were extracted by Shen et al. (2017b) to match this model 

with MD results reported in (Lin et al. 2017) for the 

mechanical properties of GRNC for different temperatures 

and graphene volume fractions. Furthermore, the rule of 

mixture method is utilized to calculate the mass density ρ 

and effective Poisson’s ratio υ of GRNC as below 
 

G m
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In this paper, linear distributions of graphene nano-

sheets in the polymeric matrix are considered to find the 

best reinforcement behavior with the same volume fraction. 

For this purpose, a UD-GRNC cylinder as a comparator and 

four radial FG-GRNC cylinders (FG-V, FG-/\, FG-X and 

FG-O) are selected as depicted in Fig. 1. The described 

distributions can be formulated as follows (Moradi-

Dastjerdi and Pourasghar 2016) 
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where rm = (ri + ro)/2, r is radial location and Δfr shows the 

difference between the minimum fr
min and maximum fr

max 

values of graphene volume fractions inside polymeric 

matrix. 
 

2.2 Governing equations 
 

We solved steady state heat transfer equation for FG-

GRNC axisymmetric thick cylinders to obtain the 

temperature distribution T(r, z) of the cylinders. This 

equation is given as (Alibeigloo and Liew 2013) 
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where z is axial direction in the considered cylinders. 

The constitutive law for isotropic and elastic FG-GRNC 

axisymmetric cylinders is expressed as 
 

σ Dε  (11) 
 

where stress vector σ, mechanical strain vector ε and matrix 

D are defined as 
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where θ is circumferential direction. In thermoelastic 

problems, both mechanical and thermal gradient loads can 

deform structures. Therefore, total strain in FG-GRNC 

axisymmetric cylinders subjected to thermo-mechanical 

loads includes mechanical and thermal strains. The relation 

between the vectors of mechanical strain ε, thermal strain εT 

and total strain e is defined as 
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 (13) 

 

where 
 

   

, , ,r r r z z

rz r z

e U r e U r e U z

e U z U r

      

     
 

(14) 

 

 . , . , . ,0
T

T T T T     ε
 

(15) 

 

in which Ur and Uz are structural radial and axial 

displacements, respectively. ΔT = T ‒ T0 is the difference 

between cylinder temperature T and T0 = 300K (stress free 

or room temperature). 

The weak form of motion equation for the dynamic 

behavior of FG-GRNC axisymmetric cylinders in the 
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absence of body forces is defined as (Moradi-Dastjerdi et 

al. 2017) 
 

Ω Γ Ω
. ( )dv . ds ρ(r) . dv      σ ε F u u u

 
(16) 

 

where 𝐮 , 𝐮  and F are the vectors of displacement, 

acceleration and surface traction, respectively. 
 

 

3. Discretization with the mesh-free method 
 

This section presents the development of a weak form 

mesh-free method based on MLS shape function to study 

thermoelastic behavior of FG-GRNC axisymmetric 

cylinders. Using MLS shape functions Φ, displacement 

vector u is approximated as follows (Safari et al. 2018) 
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where virtual nodal values vector 𝐮  and matrix Φ are 

determined by 
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in which Φi is the value of shape function at node i and N is 

the number of nodes inside the support domain of each 

Gauss point in background cells. Using Eqs. (13) and (17), 

strain vector can be expressed in terms of virtual nodal 

values 
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Substitution of Eqs. (11), (17) and (20) in Eq. (16) gives 
 

𝑴𝒖  + 𝒌𝒖 = 𝒇+ 𝒇𝑇 (22) 
 

in which mass matrix M, stiffness matrix k, mechanical 

force vector f and resulted thermal load vector fT are 

presented as follows 
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It is worth noting that the eliminating of mass matrix or 

force vectors leads to governing equation for the static or 

free vibration analysis of considered FG-GRNC cylinders, 

respectively. 

Moreover, the same mesh-free formulation is developed 

for axisymmetric steady state heat transfer equation as 

discretized in the following equation (Moradi-Dastjerdi et 

al. 2018, Moradi-Dastjerdi and Payganeh 2018) 
 

T  k T q
 (24) 

 

in which thermal stiffness matrix kT, temperature vector T 

and flux vector q are determined as 
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4. Results and discussions 
 

In this section, first the accuracy and convergence of the 

developed mesh-free method for thermoelastic problems 

have been verified. Then temperature, stress and 

displacement distributions as well as natural frequencies in 

GRNC thick cylinders subjected to mechanical and thermal 

gradient loads are evaluated. Temperature dependent 

nanocomposites are assumed to be made of PMMA as a 

polymeric matrix which is functional graded reinforced 

with graphene sheets as nanofillers. The length, width and 

thickness of graphene are aG = 14.76, bG = 14.77 and hG = 

0.188 nm, respectively (Lin et al. 2017). In the following 

simulations of GRNC, the temperature dependent thermal 

expansion coefficient and elasticity modulus of PMMA and 

graphene have been considered as given below (Shen et al. 

2017a) 
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where T is the temperature (K) of GRNC cylinder. The 

other material properties of were assumed as: υm = 0.34, υG 
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= 0.177, ρm = 1150, ρG = 4118 Kg/m3, km = 0.247 W/mK 

(Shen et al. 2017a), kG = 5000 W/mK (Balandin et al. 2008) 

and Rk = 3×10-9 K.m2/W (Konatham and Striolo 2009). 

The values of efficiency parameters (η1 and η2) are 

presented in Table 1 for different temperatures and graphene 

volume fraction (Shen et al. 2017b). It should be mentioned 

that a two-dimensional spline interpolation function is 

utilized to create a smooth variation in η1 and η2 with 

respect to graphene volume fraction and temperature. 

Moreover, following non-dimensional parameters were 

utilized for displacement, stress and natural frequency 

(Moradi-Dastjerdi and Payganeh 2017a, 2018) 
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(29) 

 

where ω is axisymmetric frequency of cylinder. Em, αm and 

Gm were evaluated at room temperature (T0 = 300 K). 

 

4.1 Validation of models 
 

In this section, we verify the accuracy of the developed 

mesh-free method results by comparing with exact results. 

Therefore, the exact solutions of steady-state heat transfer 

and stress distributions for isotropic thick cylinders 

subjected to thermal gradient loads reported by Hetnarski 

and Eslami (2009) have been considered. Their reported 

equations are provided in Appendix. 

Fig. 2 show temperature, hoop stress and radial stress 

distributions for two different thermal gradient loads of Ti = 

300, To = 500 K and Ti = 500, To = 300 K at two different 

radius ratios of ri/ro = 0.5 and 0.75. The results clearly 

reveal that the developed method enjoys a very good 

accuracy in predicting the thermoelastic behavior of thick 

cylinders. 

 

 

 

 

In order to examine the convergence of developed 

mesh-free method, the first axisymmetric natural frequency 

of an O-type FG-GRNC cylinder are calculated for different 

node arrangements along the radial and axial directions 

(n×n). In the considered O-type GRNC cylinder, we 

assumed that the two ends of the cylinder are fixed (Ur and 

Uz = 0), ri/ro = 0.5, L/ro = 1, Ti = 300 K, To = 500 K, fr
min = 

0.03 and fr
max = 0.11. Fig. 3 shows that the developed mesh-

free method is rapidly converged and after 25×25 node 

arrangement, there is a negligible variance in the predicted 

frequency. Moreover, it is observed that the error of 

predicted frequency with 5×5 node arrangement is less than 

2 percent. 
 

4.2 Steady state heat transfer in FG-GRNC 
cylinder 

 

The effects of profile distribution and volume fraction of 

graphene upon the steady state heat transfer response of UD 

and FG-GRNC cylinders are shown in Fig. 4. Fig. 4(a) 

shows that, in comparison with other types of graphene 

distributions, using /\ and V types result in the 

corresponding cylinders to have higher temperature when Ti 

= 2 To and To = 2 Ti, respectively. Fig. 4(b) discloses that 

the decrease of graphene volume leads to more linear 

temperature distribution in FG-GRNC cylinders. According 

to Figs. 4, it can be concluded that by enhancing the overall 

thermal conductivity of nanocomposite, the use of graphene 

in different distribution profiles leads to considerable 

changes in the steady state heat transfer responses of FG-

GRNC cylinders. 
 

4.3 Static response of FG-GRNC cylinder 
 

The effect of graphene distribution on the static 

responses of FG and UD-GRNC thick cylinders subjected 

 

 

Table 1 The utilized graphene efficiency parameters for different fr and T (Shen, Xiang, et al. 2017) 

 T = 300 K T = 400 K T = 500 K 

fr 0.03 0.05 0.07 0.09 0.11 0.03 0.05 0.07 0.09 0.11 0.03 0.05 0.07 0.09 0.11 

η1 2.929 3.068 3.013 2.647 2.311 2.977 3.128 3.060 2.701 2.405 3.388 3.544 3.462 3.058 2.736 

η2 2.855 2.962 2.966 2.609 2.260 2.896 3.023 3.027 2.603 2.337 3.382 3.414 3.339 2.936 2.665 
 

   

(a) (b) (c) 

Fig. 2 Comparison of exact (Hetnarski and Eslami 2009) and mesh-free distributions of (a) normalized hoop stress; 

(b) normalized radial stress; (c) temperature along the radius of isotropic cylinders 
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Fig. 3 Convergence of the first normalized natural 

frequency for clamped-clamped O-GRNC cylinder 

with ri/ro = 0.5 and L/ro = 1 

 

 

to thermal gradient loads is presented in Fig. 5. In these 

simulations, long cylinders with Ti = 300 K, To = 400 K, 

ri/ro = 0.75, fr
min = 0.03 and fr

max = 0.11 are considered. The 

results disclose that the profile of graphene distribution has 

a significant effect not only on the stress distributions but 

also on the radial deflection of the cylinders. Fig. 5(a) 

shows the values of radial stresses at internal and external 

radii are equal to mechanical pressures at these locations 

which are zero. However, the distribution of graphene 

governs the location and value of maximum radial stress. X 

and O-GRNC cylinders are exposed to the highest and 

lowest values of radial stress, respectively. Moreover, the 

 

 

 

 

maximum values of radial stresses in /\-type cylinder is 

observed at the inner half of cylinder thickness, but in V-

type cylinders, it is happened at its outer half. Fig. 5(b) 

shows that O-type cylinder has the minimum value and 

minimum gradient of hoop stress along the cylinder 

thickness. However, the highest values of hoop stress are 

observed in X-GRNC cylinder. According to Fig. 5(c), V 

and /\-GRNC cylinders under thermal gradient loads have 

the highest and lowest values of radial deflections, 

respectively. 

Fig. 6 illustrate the effect of graphene volume fraction 

on the static response of O-GRNC cylinders subjected to 

thermal gradient loads (Ti = 300 K, To = 400 K) and internal 

pressure (Pi = 10 MPa). The increase of graphene volume 

fraction increases all values of stresses although it decreases 

the radial deflection values. Furthermore, the application of 

internal pressure for cylinders under thermal gradient loads 

results in an intensification in radial and hoop stress values 

only at the inner half of cylinder thickness. Fig. 6(c) shows 

that internal pressure leads to a significant increase in radial 

deflections, especially in lower values of fr
max. 

Radial and hoop stress distributions along the radius of 

V and /\-GRNC thick cylinders with Ti = 300 K, fr
min = 0.03, 

fr
max = 0.11, and ri/ro = 0.75 for different outer temperatures 

To are shown in Figs. 7(a) and (b), respectively. Further-

more, Fig. 8 show similar results for cylinders with ri/ro = 

 

 

 

 

 

  

(a) (b) 

Fig. 4 The effects of graphene (a) profile distribution; and (b) volume fraction on the steady state heat transfer 

response of FG-GRNC cylinders 

   

(a) (b) (c) 

Fig. 5 Normalized (a) hoop stress; (b) radial stress; (c) radial deflection along the radius of thick cylinders under 

thermal gradient loads for different graphene distributions 
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0.9. It can be seen that rising thermal gradient load results 

in the increase of the values of stresses as well as the 

gradient of stresses along the thickness of GRNC cylinders. 

The maximum values of hoop stress are observed at the 

inner radius of /\-GRNC cylinders, however, it also happens 

at outer radius of V-GRNC cylinders. Comparison of Figs. 7 

and 8 reveals that the decrease of cylinder thickness leads to 

a considerable decreasing in radial stresses, but it has an 

insignificant effect on hoop stress values. These results are 

 

 

 
 

in line with the exact results shown in Figs. 2(a) and (b). 

 

4.3 Natural frequency of FG-GRNC cylinder 
 

In this section, free vibration analysis of FG and UD-

GRNC cylinder under thermal gradient effects are 

presented. Table 2 provides the first axisymmetric natural 

frequency parameters of clamped-clamped (C-C: Ur and Uz 

at two ends are fixed) and clamped-free (C-F) GRNC 

   

(a) (b) (c) 

Fig. 6 Normalized (a) hoop stress; (b) radial stress; (c) radial deflection along the radius of O-GRNC thick cylinders 

under thermal gradient and mechanical loads for different graphene volume fractions 

  

(a) (b) 

Fig. 7 Normalized (a) hoop stress; (b) radial stress along the radius of V and /\-GRNC thick cylinders with Ti = 300 K 

and ri/ro = 0.75 under different thermal gradient loads 

  

(a) (b) 

Fig. 8 Normalized (a) hoop stress; (b) radial stress along the radius of V and /\-GRNC thick cylinders with Ti = 300 K 

and ri/ro = 0.9 under different thermal gradient loads 
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Fig. 9 First frequency parameters as a function of entire 

temperature of clamped-clamped GRNC cylinders 

with ri/ro = 0.75 and L/ro = 1 

 

 

cylinders with ri/ro = 0.75, L/ro = 1, fr
min = 0.03 and fr

max = 

0.11 for different thermal gradient loads and graphene 

profile distributions. 

In C-C cylinders, UD and FG-O types have the highest 

and lowest values of natural frequencies, respectively. 

However, in the most cases of C-F cylinders, UD and FG-V 

types have those highest and lowest values, respectively. 

Due to having more constrains, the frequencies of C-C 

cylinders are much higher than C-F cylinders. By 

 

 

 

 

decreasing the elastic modulus of GRNC components and 

the stiffness of nanocomposite cylinders, rising the entire 

temperature of the cylinders or the improvement of thermal 

gradient loads results in a decrease in the natural frequency 

of nanocomposite cylinders. In UD-GRNC cylinders, the 

natural frequencies of cylinders under thermal gradient 

from inside to outside are higher than those under reverse 

thermal gradient. However, the natural frequencies of FG 

cylinders depend on both graphene distribution and thermal 

gradient direction. 

Fig. 9 shows the first frequency parameters of clamped-

clamped FG-GRNC cylinders with ri/ro = 0.75, L/ro = 1, 

fr
min = 0.03 and fr

max = 0.11 as a function of the entire 

(environment) temperature of cylinders. Due to the smooth 

decrease of the mechanical stiffness of GRNC cylinders, the 

increase of temperature leads to smooth decreases in 

frequency parameters. Also, the significant effect of 

graphene distribution is clearly observed such that UD and 

FG-O cylinders have the highest and lowest values of 

frequencies for all considered temperatures. 

The effects of graphene volume fraction and geometrical 

dimension are illustrated in Fig. 10 for clamped-clamped X-

GRNC cylinders with Ti = 300 K and To = 400 K. Sharp 

increases in the frequencies of cylinders are observed by 

increasing the amount of graphene from fr = 0.03 to 0.06, 

but further increase of graphene content from fr = 0.08 to 

0.1 has an insignificant effect. Moreover, the decrease of 
 

 

Table 2 First frequency parameters of GRNC cylinders with ri/ro = 0.75, L/ro = 1, fr
min = 0.03 and fr

max = 0.11 

T (K) 
C-C C-F 

UD /\ X V O UD /\ X V O 

300 14.5138 13.5956 13.9091 13.9573 13.5630 9.8096 9.2994 9.4709 9.4797 9.3651 

350 14.0582 13.1452 13.4472 13.4931 13.1127 9.5017 8.9907 9.1562 9.1647 9.0542 

400 13.7523 12.8682 13.1635 13.2080 12.8342 9.2949 8.7996 8.9616 8.9695 8.8613 

500 13.4781 12.7093 13.0030 13.0468 12.6695 9.1096 8.6861 8.8467 8.8531 8.7455 

300400 14.0899 13.1240 13.5423 13.5443 13.1332 9.5169 8.9597 9.2241 9.1948 9.0609 

400300 14.0834 13.2366 13.4240 13.5218 13.1446 9.5232 9.0675 9.1330 9.1921 9.0774 

300500 13.8496 12.9149 13.3507 13.3528 12.9137 9.3500 8.8101 9.0867 9.0644 8.9001 

500300 13.8410 13.0526 13.2140 13.3269 12.9272 9.3583 8.9384 8.9826 9.0622 8.9195 
 

  

(a) (b) 

Fig. 10 First frequency parameters as a function of graphene volume fractions in clamped-clamped X-GRNC 

cylinders with Ti=300 K, To=400 K and (a) L/ro = 1; (b) ri/ro = 0.75 
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thickness and/or increase of length caused considerable 

reductions in the natural frequencies of GRNC cylinders. 

 
 

5. Conclusions 
 

This paper developed an axisymmetric mesh-free 

method to study heat transfer, static response and natural 

frequency of thick cylinders reinforced with UD and FG 

randomly oriented graphene nano-sheets subjected to 

thermo-mechanical boundary conditions. A modified 

Halpin-Tsai model incorporated with efficiency parameters 

were employed to estimate the material properties of 

GRNC. The overall thermoelastic behavior of FG-GRNC 

cylinders were investigated and the following outcomes 

were found from our simulations: 
 

 Depending on the surface temperatures, /\ and V-

GRNC cylinders could have higher temperature than 

other profile types of graphene distributions. 

 X-GRNC and O-GRNC cylinders under thermal 

gradient loads have the highest and lowest values of 

stresses, respectively. 

 Increasing graphene volume fraction considerably 

increases the values of stresses in GRNC cylinders 

although reduces radial deflection. 

 Rising thermal gradient load increases stress values 

and changes their locations along the thickness of 

FG-GRNC cylinders. 

 In comparison with the distribution of graphene, its 

volume fraction has stronger effect on the natural 

frequencies of FG-GRNC cylinders. 
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Appendix 
 

The exact solutions of temperature and stress 

distributions in isotropic thick cylinders subjected to 

thermal gradient loads reported by Hetnarski and Eslami 

(2009) are 
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