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a b s t r a c t 

This work aims to experimentally investigate the mechanical properties and fracture analysis of a functionally 

graded material (FGM) made from sphere glass and epoxy resin composites using a hand lay-up process. The stress 

intensity factor is determined by the digital image correlation (DIC) technique for the compact tension specimen. 

The results of the DIC technique are compared using the meshless extended element-free Galerkin method. The 

applicability of the experimental method is demonstrated for a five-layered epoxy/glass FGM with layers ranging 

from pure epoxy to 60% glass–40% epoxy in the glass-rich side. The relevant results obtained from the experi- 

mental work agreed well with those of the numerical method. This study is important for researchers to address 

the unavailability of an explicit code and standard in the hand lay-up process and conforming specifications of 

the fracture mechanism of FGMs. 

1. Introduction 

Recently, functionally graded materials (FGMs) have been recog- 

nised as one of the most significant and innovative approaches of the 

composites industry with their applications in various areas such as 

space, bioengineering, nuclear reactors, mechanical cutting tools, elec- 

tronics, transportation, military techniques, and medical equipment. 

The concept of FGM was first proposed by Japanese scientists in 1984 

[1] during the preparation of the materials for the thermal barrier in 

a space plane project. In general, there are two types of structures for 

FGMs: continuous and step-wise. In continuous FGMs, the material com- 

ponents gradually vary in properties and specifications with their posi- 

tion, while step-wise FGMs are multi-layered structures with an inter- 

face between the discrete layer [2,3] . The main priority of this study is 

to make the manufacture of step-wise FGMs easier than that for continu- 

ous FGMs, which require special high-tech procedures [2] . Glass/epoxy 

is one of the commonly used FGMs with applications in brake rotors and 

leaf springs [2] , where their combination improves the performance and 

properties of the resulting material compared with their constituents. 

The aim of this study is to investigate the fracture behaviour of step- 

wised glass/epoxy FGMs. 

Many studies focused on the fracture analysis of FGMs by using 

numerical methods rather than complex theoretical methods. Shanmu- 

gavel et al. [4] reviewed the trends in the fracture behaviour studies of 

FGMs between 1994 and 2012. Rao and Rahman [5] used the element- 

free Galerkin method (EFGM) to calculate the fracture parameters of 
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an isotropic FGM by developing two interaction integrals with homoge- 

nous and nonhomogeneous auxiliary fields. Kim and Paulino [6,7] con- 

sidered the mixed-mode crack growth by operating an automatic sim- 

ulation of crack propagation in homogeneous FGMs using the finite el- 

ement method (FEM) with a remeshing algorithm. Rao and Rahman 

[8] presented a continuum shape sensitivity method with FEM to calcu- 

late the mixed-mode stress intensity factors (SIFs) for a stationary crack 

in FGMs. Gao et al. [9] presented a 2D crack analysis in nonhomoge- 

neous and linearly elastic FGMs by a boundary-domain integral formu- 

lation. Bayesteh and Mohammadi [10] employed an extended finite el- 

ement method (XFEM) to investigate the SIF and crack propagation in 

isotropic and orthotropic FGMs with crack tip enrichments that repro- 

duce singular stress field near the crack tip. Khazal et al. [11] developed 

an EFGM for the linear elastic fracture mechanism of cracked isotropic 

and orthotropic FGMs. Grag and Pant [12] implemented a modified 

EFGM to simulate the thermoelastic fracture in FGMs by solving sim- 

ple heat transfer problems. Recently, Khazal and Saleh [13] adopted 

XFEM for the crack propagation analysis of FGMs under mixed-mode 

and non-proportional loading. 

In addition, many researchers experimentally studied FGMs and their 

problems. Butcher et al. [14] prepared the spatial gradation of the 

Young’s modulus of an FGM using optical interferometry, compared the 

results with the finite element computation, and examined the failure 

performance of the FGM relative to the piecewise-homogeneous and ho- 

mogeneous specimens through fracture tests. Lambros et al. [15] pre- 

sented a novel technique in the fabrication and fracture testing of large- 

scale polymeric-based FGMs. Rousseau and Tippur [16–18] experimen- 

tally and numerically evaluated the crack tip deformations and fracture 

parameters in functionally graded glass-filled epoxy beams under static 

and dynamic loading. 
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