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Abstract
The effect of material property variation on ductility and fracture strain in functionally graded materials (FGMs) is inves-
tigated using the finite element method (FEM) and the Gurson–Tvergaard–Needleman (GTN) model, which is strain-
controlled for void nucleating. The material properties of FGMs in the tensile tests are assumed to be represented by 
a power-law distribution in the thickness direction. A gradation index (n) assigns the material property distribution. 
The lower and upper surfaces are pure hard (n = ∞) and pure soft (n = 0) materials, respectively, in the simulations. The 
ductility and fracture strain changes with varying gradation index. The development of stress triaxiality slows down in 
FGMs, and the total void volume fraction is reduced. The analysis is performed for five values of n, and the results are 
discussed numerically. The aim of this study is to help the researchers for better design and fabrication of FGMs. The neck-
ing strain in FGMs is calculated and it is found that it increases when the rate of hardening in the effective stress–strain 
curve increases. Lastly, it can be concluded that gradation index has significant effect on the elastic–plastic and fracture 
behavior of the functional graded (FG) specimen.
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1 Introduction

There are several methods to increase the ductility of met-
als such as superimposing hydrostatic pressures as per-
formed for sheets under bending [1] and for rings under 
compression [2]. However, another method to increase the 
ductility is cladding the sheet metals. Monolithic materials 
may not provide the desired properties; Laminated Metal 
Composites (LMCs) consist of alternating material layers, 
which exhibit the combined properties of their compo-
nents to obtain composite properties [3]. In Ref. [4], LMCs 
can significantly improve many properties, such as frac-
ture toughness [5], fatigue behavior [6], impact behavior 
[7], and formability [8]. Cladding materials possess the 
combined strength and ductility of metals [9]. However, 

sudden material property change in LMCs creates sharp 
stress distributions at the interface between the material 
layers. FGMs contain two or more constituents that have 
volume fraction that varies smoothly and continuously as 
a function of position along a certain dimension(s) of the 
structure [10]. The sudden and sharp stress distribution in 
a particular direction can be eliminated when the material 
properties vary smoothly and gradually. Figure 1 shows a 
comparison of thermal stress distribution between a con-
ventional thermal barrier and a thermal barrier made of 
FGM. The sharp stress distribution is eliminated in FGM. 
However, to the best of our knowledge, the effect of mate-
rial property gradation on ductility and fracture strain in 
FGMs has not been reported in detail elsewhere.
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Many researchers have investigated the behavior of 
FGMs for instance the static and vibration analysis of FG 
carbon nanotube reinforced composite in [11] and elas-
tic–plastic response of FGMs under torsion in [12] are per-
formed. Kordkheili and Naghdabadi [13] applied semi-ana-
lytical methods to obtain the thermoelastic solutions for 
axisymmetric FGM rotating disks under plane stress con-
dition. The results are compared with those presented by 
Durodola and Attia [14] under centrifugal loading. FGMs 
have also been simulated in finite element (FE) software, 
such as ANSYS and ABAQUS, and various analyses have 
been performed. In Ref. [14], the deformation of FG rotat-
ing disc was determined using the FEM. In these analyses, 
the material is subdivided into several layers in a certain 
direction, and each layer has a different material property 
following a gradation relation. In previous studies, FG 
brake discs were simulated in ANSYS when material prop-
erties vary in radius [15] and thickness [16] directions, and 
thermoelastic contact problems were studied. In Ref. [17], 
the FGM was divided into several layers to investigate the 
sliding frictional contact problem under the plane strain 
state with varying shear modulus in the thickness direc-
tion. Furthermore, the elastic–plastic response in FGMs 

is analyzed numerically for various applications. Gunes 
et al. [18] investigated the elastic–plastic response of FG 
circular plates under low impact-velocities using FEM. In 
their model, the stress–strain curve of layers changes from 
fully plastic material for a ductile metal to linear elastic 
material for a brittle ceramic following the intermediate 
law of mixture. Both experimental and numerical studies 
about the effect of elastic–plastic properties variation on 
low-velocity impact behavior are performed by Gunes 
et  al. [19]. The FGMs are fabricated using the powder 
stacking-hot pressing technique experimentally and the 
Mori–Tanaka scheme is used to determine the elastic–plas-
tic stress–strain curves of the FGMs layer numerically.

For many high-strength sheet materials, including 
aluminum alloys, which contain a significant amount of 
second phase particles, micro-voids often result in the 
vicinity of particles during large plastic deformation dur-
ing formation. These particle-induced micro-voids are 
known to localize plastic flow and limit the formability 
of sheet materials [20]. One of the well-known models of 
ductile void growth that is often utilized in analyzing large 
plastic deformation of ductile metallic materials is the Gur-
son model [21], and its later modification called the GTN 

Fig. 1  Comparison between a 
conventional and FGM thermal 
barrier [16]
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model, proposed by Tvergaard and Needleman [22]. These 
models treat voids as spherical cavities and capture their 
effects on material yield following a modification of the 
von Mises yield criterion [21].

Many researchers investigated the elastic–plas-
tic response and fracture behavior of cladding metals 
employing FEM. Chen et al. [23] investigated the effect of 
cladding a ductile layer in ring and sheet metals under 
plane strain tension on necking and fracture strains by 
using the GTN model. In Ref. [23], cladding a ductile ring 
increased the necking and fracture strains and enhanced 
the work hardening rate. The necking strain increased fol-
lowing the rule of mixtures, and cladding delayed void 
nucleation and growth, resulting in significant ductility. 
The topological arrangement of cladding in the ring was 
also investigated. Although the topological arrangement 
of the cladding ring affects the fracture strain, the neck-
ing strain is unaffected. The effect of cladding material 
on bendability is studied in Ref. [24]. Results show that 
bending fracture strain increases with increased cladding-
thickness ratio. A comprehensive study is performed to 
understand the effect of cladding material stress–strain 
curve on bendability. A previous study [24] has revealed 
that fracture strain is unchanged when the rate of harden-
ing in the cladding material stress–strain curve is constant 
for those specific stress–strain curves in cladding and core 
materials.

In this study, the elastic–plastic response and fracture 
behavior of FGMs are investigated under plane strain by 
using the GTN model in ABAQUS/Explicit software. The 
FGM is simulated using several layers, and each layer has 
different material properties. The material properties vary 
in the thickness direction following the gradation rela-
tionship, where the surfaces of the specimen are cladding 
and base materials with parameters used in Ref. [23]. The 
stress–strain curves and a typical ductile fracture param-
eter in the GTN model vary from base metal located on the 
bottom of the specimen to the cladding material located 
on the top of the specimen. The effect of material property 
change in thickness direction is analyzed. The results show 
that ductility increases when using FGMs without having 
sharp and sudden stress distributions along the direction 
where material properties vary.

2  Constitutive model

The GTN model [22] is used in this study to understand the 
effect of grading index in FGMs on ductility and fracture 
strain. Void growth and nucleation in the GTN model cre-
ate damage growth and it leads to coalescence and even-
tually ductile fracture in metals. The void growth and void 

nucleation growth are expressed in Equations (1) and (2), 
respectively:

where, DP is the plastic strain rate.

where �̇�
P
 is the effective plastic strain rate. Chu and 

Needleman [25] suggested that the parameter A follows 
a normal distribution as:

here, εN is the average void nucleating strain, fN is the vol-
ume fraction of void nucleating particles, SN is the stand-
ard deviation of void nucleating strain.

The void nucleation can also be assumed to be 
stress-controlled:

where, A and B are taken to depend on the current stress 
state value of the matrix equivalent plastic strain. In 
ABAQUS, only the strain-controlled void nucleation is 
considered and the stress-controlled void nucleation is 
not available.

The evolution of void volume fraction in the GTN model 
is the summation of the void growth and void nucleation 
growth as follows:

In order to consider the effect of coalescence, the fol-
lowing expression [Eq. (6)] for the void volume fraction 
(f*(f)) is defined in the GTN model. f* is assumed to be dis-
tributed randomly. When f reaches fc, coalescence happens 
and on the contrary fracture happens when f reaches ff.

where, the parameter f ∗
u
= 1/q1 is defined.

It is to be noted that void growth and nucleation only 
happen when the stress state of an element is in tension. 
However, the approximate yield function in the GTN model 
is as follows:
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ḟ
)

nucleation

(6)f ∗ =

{

f for f ≤ fc

fc +
f ∗
u
−fc

ff−fc

(

f − fc
)

for f > fc

(7)

�
(

�, �, f
)

=
�
2
e

�
2
+ 2f ∗q1 cos h

(

3q2�H

2�

)

−
[

1.0 +
(

q2f
∗
)2
]

= 0



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:2135 | https://doi.org/10.1007/s42452-020-03901-w

where, σ is the macroscopic Cauchy stress tensor and 
σe, σH and � are equivalent stress, hydrostatic stress and 
matrix stress, respectively. Also, q1 and q2 are the fitting 
parameters.

The power-law function is used to express the uniaxial 
elastic–plastic undamaged stress–strain curve for the 
matrix material as presented in Eq. (8).

3  Problem formulation and method 
of solution

The schematic of an FG sheet containing 25 layers with 
length lo and thickness h is shown in Fig. 2. The sheet is 
assumed to be sufficiently wide and has no deformation 
in width direction to consider the plane strain state. A rel-
atively stubby specimen is considered because only the 
neck region is of interest and displacements are applied 
on the edges to deform the specimen in Y-direction. The 
length of the tensile specimen is threefold higher than 
the initial thickness of the tensile sample, as simulated in 
Ref. [26]. The layer located on the bottom surface of the 
specimen is the base material, and the layer located on 
the top surface is the cladding material. The properties of 
each layer (P) include elastic–plastic stress–strain curve 
and average void nucleation strain (εN) change following 

(8)𝜎 =

{

E𝜀, for 𝜎 ≤ 𝜎y

K𝜀
∼
n
, for 𝜎 > 𝜎y

the power-law distribution in the thickness direction, as 
follows:

where Pcladding denotes the material property of the top 
surface (cladding material), and Pbase denotes the mate-
rial properties of the bottom surface (base material) of the 
tensile test specimen. The grading index (n) indicates the 
material property variation through the thickness direc-
tion Y. The other parameters in the GTN model remain the 
same for every layer.

4  Results and discussion

Displacements in the X direction are applied on the oppo-
site surfaces of the FG specimens perpendicular to the X 
direction while the other directions are constrained. The 
results are presented in this section and the effect of grad-
ing index as well as cladding stress–strain curve on the 
ductility and fracture strain are discussed.

4.1  Effect of grading index on ductility and fracture 
strain

The elastic–plastic properties of the base and cladding 
materials are specified as in Refs. [23] and shown in Table 1. 
The values of the mechanical properties of the matrix 
material for the GTN model, which is strain-controlled for 

(9)
P(y) = Pcladding((2y + h)∕2h)n + Pbase

(

1.0 − ((2y + h)∕2h)n
)

; n ≥ 0

Fig. 2  Schematic of an FG 
tensile test specimen

Table 1  Matrix and cladding 
material constants

σy/E ν K ∼
n q1 q2 fN εN SN fc ff

Base material 0.0033 0.3 414.9 0.1 1.5 1.0 0.04 0.3 0.1 0.15 0.25
Cladding material 0.002 0.3 492.1 0.2 1.5 1.0 0.04 0.5 0.1 0.15 0.25
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void nucleating are taken from Tvergaard and Needleman 
[22].

In previous studies [23], the purpose of cladding is to 
enhance formability and ductility. Therefore, the cladding 
material is assumed to have higher hardening and ductility 
than the base material. Compared with the base material, 
the cladding material has relatively lower yield stress but 
higher hardening and resistance to void nucleation [23]. 
The values of the material parameters for the cladding 
material are assumed to be the same as those for the base 
material, except for σy/E, K ,

∼
n and �N . As mentioned previ-

ously, the index n in FGMs indicates variations in material 
properties in the thickness direction. The specimens are 
fully base material when n = ∞ and fully cladding mate-
rial when n = 0. In this study, various n values (0, 0.5, 1.0, 
5.0, ∞) are considered. Figure 3 shows the variation in the 
true stress–strain curves of FGMs with n = 0.5, 1.0, 5.0. The 

stress–strain curves for n = 1.0 are distributed evenly. The 
stress–strain curves of the layers are prone to the base 
material stress–strain curve when n > 1.0. The stress–strain 
curves of the layers are prone to the cladding material 
when n < 1.0. The effective stresses of each case are calcu-
lated following the rule of mixture. Figure 3d shows that 
the effective stress for n = 1.0 is the average of the two 
stress–strain curves of the base and cladding materials. 
The stress–strain curve for case n = 0.5 is close to that of 
the cladding material. The stress–strain curve for n = 5.0 is 
close to the stress–strain curve of the base material. Fig-
ure 4 also shows the variation in εN in terms of thickness for 
various n values. The εN value of the layers for n = 1.0 is dis-
tributed evenly. The εN values for the FGMs with n = 0.5 and 
5.0 are higher and lower than those for FGM with n = 1.0, 
respectively. The average εN values for FGMs with n = 0.5, 
1.0 and 5.0 are 0.366, 0.4 and 0.432, respectively.

Fig. 3  Stress–strain curves in FGM layers for various values; a n = 0.5; b n = 1.0; c n = 5.0 and d effective stress–strain curves in FGMs
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This study mainly aims to investigate the effect of 
material property gradation on the ductility and fracture 
strain of sheet metals. Thus, the results and conclusions 
are not exclusively dependent on the values of the mate-
rial parameters used in this study. This study only explains 
how the grading index in FGMs affect the ductility and 
fracture strain.

ABAQUS/Standard does not provide failure in the GTN 
model. Therefore, ABAQUS/Explicit is used in this analy-
sis. However, mass scaling method is used to eliminate 
the dynamic effect of the sample when a sufficiently low 

target time increment is used. For the sake of verifica-
tion, the force–displacement curves obtained from both 
analyses before fracture initiation are compared and it is 
observed that the results are compared well.

Mesh sensitivity is inevitable in FE simulations espe-
cially involving localized deformation and fracture. Thus, 
different meshes are considered in this simulation. Figure 5 
shows the FE configuration of an FG tensile test specimen, 
with a typical mesh consisting of 100 × 225 plane strain 
quadrilateral elements (CPE4R), which are biased to the 
middle section of the specimen where necking and frac-
ture are expected to happen. The effect of mesh sensitiv-
ity on fracture tensile strain will be discussed later in this 
section.

Figure 6 represents the normalized force (F*) as a func-
tion of the tensile strain ε for fully base material and the 
effect of mesh sensitivity on this curve is also included. 
Force is normalized by the yield stress of FGMs calculated 
using the rule of mixture and ε = ln(1.0 + Δl/lo). Initially, 
the sheet is in the elastic state with increasing small 
amount of applying strain and the load increases lin-
early. With a continuous increase in ε, the load increases 
slowly, and it reaches the maximum value. A sharp knee 
on the load is observed with further increase of strain. 
This knee corresponds to the fact that the f reaches fc at 
the center of the specimen in the middle section and it 
is when coalescence happens. Eventually, a rapid drop 
in the force–displacement curve happens immediately 
after the sharp knee. The rapid drop in force indicates the 

Fig. 4  Average nucleating strain (εN) variation in thickness for vari-
ous values n 

Fig. 5  FE configuration of FG 
tensile test; a FGM layers in 
ABAQUS; b a typical mesh for 
the metal sheet with 100 × 225 
quadrilateral elements (CPE4R 
in ABAQUS/Explicit)
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rapid loss of load carrying capacity of the sheet metal 
because of a burst of void growth and nucleation.

Two different meshes of 100 × 225 elements (100 
elements in the Y direction and 225 elements in the X 
direction) and 200 × 300 elements (200 elements in the 
Y direction and 300 elements in the X direction) are 
used for FE configuration of FGMs. The effect of mesh 
sensitivity on the force–displacement curves is shown 
in Fig. 6. The figure shows that mesh size has an insig-
nificant effect on the force–displacement curve for the 
two cases investigated in this study. It is to be noted 
that the mesh sensitivity on force–displacement curve 
is reported in other studies frequently such as in Ref. 
[23] for elastic–plastic problems. However, the fracture 
strains for FGMs with various grading index n will be cal-
culated in in this sub-section and the mesh sensitivity 
will be observed.

FGMs with various number of layers for the case n = 1.0 
are simulated, and the effect of number of layers on 
force–displacement curve are investigated. Results are 
shown in Fig. 7. It is observed that the force–displacement 
curves for FGMs with 2 and 5 layers are not converged. 
Conversely, the results for FGMs containing 10, 25, and 50 
layers converge. In this study, the results for FGMs contain-
ing 25 layers are presented. Notably, the two-layer FGM 
is the same as the cladding material with 50% thickness 
ratio.

Figure 8 presents the crack patterns in sheet metals for 
various n values with two different meshes. Two crossed 
shear bands are developed, and fracture initiates at the 
center in the middle section of the specimen and propa-
gates along one of the shear bands. The initial geometric 
symmetry cannot be retained. Instead, the simulations 
result in a nonsymmetric solution with a single crack as 
it dissipates low energy. In one specific case (n = 0.5 with 
200 × 300 elements), the crack propagates from the center 

of the specimen and along the two different shears bands, 
creating a V-shaped crack.

The effect of the n on fracture under plane strain ten-
sile test is studied. Figure 9 shows the effect of n on the 
normalized force–tensile strain curve and found that the 
maximum force increases with decreasing n as the effec-
tive stress–strain curve increases in FGMs. The elongation 
in FGMs also increases because the specimens become 
soft with decreasing n. With decreasing n, the stress–strain 
curves in FGM layers are prone to the cladding material, 
which is softer than the base material.

The necking point in the specimen occurs when the F* 
reaches the maximum value (dF* = 0) [27]. In Ref. [27], the 
necking point strains (εu) for cladding materials with vari-
ous cladding thickness ratios (Γ) are calculated using FEM 
when dF* = 0 and compared with those obtained using the 
Considere rule. It is observed in Ref. [23] that the results 
calculated using FEM are comparable well to the results 
obtained using the Considere rule. The results are com-
pared well. The εu values for FGMs with various n values are 
calculated when dF* = 0 and shown in Table 2. The results 
show that εu increases with decreasing n. The rate of hard-
ening and the stress–strain curve are involved in the calcu-
lation of necking point following the Considere rule. The 
effective stress–strain curves for FGMs are shown in Fig. 3d.

The effect of the n on the normalized minimum cross-
sectional area (A* = Amin/Ao) is shown in Fig. 10. Amin is the 
minimum cross-sectional area, and Ao is the initial cross-
sectional area of the specimen. The A* decreases with 
decreasing n. A decrease in A* indicates a high fracture 
strain and increased ductility. The tensile fracture strain 
(εf = ln(Ao/Amin)) in the middle section of FGM specimens 
is shown in Table  3. The fracture strain increases with 
decreasing n, and the specimen becomes increasingly 
ductile. As mentioned previously and in Fig. 4, the εN val-
ues in the layers of an FGM decrease with increasing n. The 

Fig. 6  Effect of mesh sensitivity on normalized force–tensile strain 
curve Fig. 7  Effect of number of FGM layers on force–displacement 

curves
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average void nucleating (εN) in the GTN model is a ductile 
fracture parameter. Fracture is delayed with decreasing n. 
The mesh sensitivity study on the fracture strain is per-
formed, and the fracture strains for two different meshes 
are compared in Table 3. The mesh has a relatively insig-
nificant effect on fracture strain.

Fracture delay can be explained by presenting how 
n influences stress triaxiality 

(

�H∕�
)

 , where σH = (1/3)
(σxx + σyy + σzz). Figure  11 presents the 

(

�H∕�
)

 at the 
fracture initiation site for various n values. The figure 

shows that the development of 
(

�H∕�
)

 slows down with 
decreasing n. 

(

�H∕�
)

 has a significant effect on void 
growth, and the decrease in n helps delay the fracture. 
Figure 12 presents the void growth at fracture initiation 
sites with various n values and demonstrated that void 
growth slows down with decreasing n. Moreover, the 
average εN value of FGM layers decreases with decreased 
n, which helps delay the fracture.

Fig. 8  Predicted fracture modes in FGMs specimen with different values n and number of elements

Fig. 9  Normalized force–tensile strain curves of FGMs with various 
values of n 

Table 2  Necking points of FGMs with various values n 

n 0 0.5 1.0 5 ∞

εu 0.162321 0.131069 0.116233 0.092219 0.080093

Fig. 10  Normalized minimum cross-sectional area of FGMs with 
various values n 

Table 3  Fracture strain �f = ln
Ao

Amin

n 0 0.5 1.0 5 ∞

εf (100 × 225 elements) 0.429 0.354 0.323 0.275 0.242
εf (200 × 300 elements) 0.41 0.369 0.311 0.261 0.236
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4.2  Effect of cladding material stress–strain curve

In this subsection, the effects of cladding material 
stress–strain curve on necking point and fracture strains 
are studied. A constant value for grading index (n = 1) is 
considered, and the stress–strain curves and εN of every 
layer in FGMs changes gradually following the power-law 
distribution presented in Eq. (9). Ductile fracture param-
eters for every case are the same, and the average εN value 
of FGM layers for every case is 0.4. The other material prop-
erties are the same as studied in a previous subsection. 
FGMs with various values of K and 

∼
n for the cladding mate-

rial stress–strain curves are simulated. These stress–strain 
curves are shown in Fig. 13. The rate of hardening in the 
cladding material stress–strain curve changes with chang-
ing 

∼
n and decreases with decreased 

∼
n . Conversely, the rate 

of hardening in the cladding material stress–strain curve 
is constant with varying K. The necking point and fracture 
strains of every case are calculated, and results are shown 
in Figs. 14 and 15, respectively. As shown in Fig. 14, the 
necking point strain is almost unchanged with changing 

K and increases with increased 
∼
n . Figure 15 shows that the 

effect of 
∼
n is more significant than that of K on fracture 

strain as necking-point strain increased with increased 
∼
n.

5  Conclusion

A finite element analysis of plane strain FG tensile tests for 
sheet metals is carried out to help the researchers for better 
design and fabrication of FGMs. The lower and upper sur-
faces are pure hard (n = ∞) and soft (n = 0) materials, respec-
tively, in the simulations. Material properties are distributed 
evenly if n = 1.0. The effective properties of FGM are prone 
to the soft material if n < 1.0. Meanwhile, the effective prop-
erties of the FGM are prone to the hard material if n > 1.0. 
Decreasing the gradation n increases the fracture strain sig-
nificantly as the material becomes soft and developed �H∕� 

Fig. 11  Stress triaxiality at the fracture site in FGMs with various 
values n 

Fig. 12  Total void volume fraction (f) at the fracture site in FGMs 
with various values n 

(a)

(b)

Fig. 13  Stress–strain curves for the matrix and cladding materials 
with various values of a “ 

∼
n ” and b “K”
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slows down, thereby delaying void growth and microvoid or 
microcrack coalescence. The necking strain in FGMs is calcu-
lated and it is found that it increases when the rate of hard-
ening in the effective stress–strain curve increases for lower 
values of n. The effect of cladding material stress–strain 
curve on necking point and fracture strain is studied and it 
is found that the necking point strain and fracture strain are 
unchanged with changing K and they increase with increas-
ing 

∼
n in the cladding material stress–strain curve.
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