International Journal of Architectural Engineering Technology, 2019, 6, 17-23 17

Finite Element Analysis of Creep Crack Initiation in Functionally
Graded Materials with Crack Parallel to the Gradient
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Abstract: With the advances in material synthesis technologies, functionally graded materials (FGMs) are developed to
use in high temperature structurals due to the excellent high temperature mechanical properties. To facilitate wide use of
FGMs in high temperature structures, finite element method (FEM) was used in this paper to investigate effects of creep
resistant properties gradients on creep crack initiation (CCI) in FGMs, with crack parallel to the gradient. Results
indicated that when creep resistant properties increased in the crack growth direction, CCl was retarded by creep
properties gradients. However, CCl was accelerated by creep properties gradients when creep resistant properties
decreased in the crack growth direction. CCl position occurred in the two symmetric slanted planes of the initial crack,
regardless of the gradient variation of creep resistant properties.

Keywords: FGM, creep damage, creep crack initiation, functionally graded material.

1. INTRODUCTION

Functionally graded materials (FGMs) have gradient
material properties in one or more directions [1, 2].
Bamboo which is a kind of nature FGMs has been used
in construction engineering for thousands of years, and
its creep behavior is researched by Gottron [3]. Recent
advances in material synthesis technologies have
spurred development of FGMs. The creep behavior of
FGMs has attracted attention of many researchers due
to the outstanding characteristics of these structures in
high temperature applications, such as FGM-rotating
discs which is used in steam and gas turbine rotors,
pumps, compressors, and fly-wheels as well as FGM
cylinders that are used in aerospace industries and
nuclear reactors. Singh [4], Gupta [5], and, Deepak [6]
found that a FGM-rotating disc had smaller steady
state creep rates than a homogeneous material rotating
disc. Mangal [7] and Singh [8] reported that creep rates
in FGM cylinders were lower in comparison with
homogeneous cylinders. Methods to calculate stresses
and creep strain rates in FGM cylinders and spheres
have been reported by numerous authors [9-15]. For
creep crack in FGMs, Chen [16] used finite element
method (FEM) to research creep crack in functionally
graded coatings and found that the crack tip stress field
could be characterized by C’ under extensive steady
state creep stage. Interlayer of multilayered systems
with an interfacial crack was assumed to have
functionally graded creep resistant properties in the

*Address correspondence to this author at the Sino-French Institute of Nuclear
Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China;
Tel: +86-020-8411-2828; Fax: +86-020-8411-2828;

E-mail: sheng158 @hotmail.com

E-ISSN: 2409-9821/19

work reported by Xuan [17]. Lai [18, 19] proposed
estimation methods of C;, C(f) and creep crack tip
stress field of FGMs. Xu [20] experimentally
investigated creep crack growth (CCG) behavior in
Al/Al-4wt%Cu FGM, where the crack was parallel to
material properties gradients, and discovered that CCG
was retarded. Even though fracture mechanics of
FGMs have been studied extensively, focus has mainly
been on elastic-plastic fracture field [21-24]. Effects of
creep resistant properties gradients on creep crack
initiation (CCI) are still unknown. The time of CCl is an
important performance to evaluate the creep life and
ensure the safety of FGMs used in high temperature
structures. To guide the development of FGMs and
facilitate wide use of FGMs in high temperature
structures, it is critical to understand the effect of creep
resistant properties gradients on CCl in FGMs.

In this paper, effects of creep resistant properties
gradients on CCl in FGMs have been studied using
FEM. The analysis was carried out using the com-
mercial software Abaqus. Numerical simulation was
used here, primarily due to the fact that it is an effective
and powerful method to analyze fracture of FGMs [25-
27]. Here, crack parallel to the gradient were studied
and various kinds of creep resistant properties
gradients were used to discuss their effects on CCI in
FGMs.

2. FINITE ELEMENT ANALYSIS
2.1. Model for Creep Damage

Creep damage parameter, w, was defined [28] such
that O<ws<1 and failure occurred when w=1.

© 2019 Avanti Publishers
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Relationship between the creep damage rate, w, and
the equivalent creep strain rate, ¢_, is expressed as:

o=t (1)

s

where ¢ ;
calculate by [29]:
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where o, is the equivalent stress, o _ is the mean

is the multiaxial creep ductility and can be

()

stress, ¢, is the uniaxial creep ductility, and n is the

,
power-law creep exponent. Value of s*f/sf was not

significantly affected by n, when n was larger than five
[30]. Since no work has been reported in literature

which studies the variation of g, in FGMs, it is not easy

to simulate the creep crack growth in FGMs. Therefore,
in this paper, all cases were assumed to have the

same material properties at the crack tip and £, was
fixed at 0.49 at the crack tip.

At any instant, w is the integral of w up to that time,
t

w= [y 3)

Since crack tip region has the highest equivalent
creep strain rate, failure occurs in the region of the
crack tip when w=1.

2.2. Specimen Geometry and Material Properties

Standard single edge bend [SE(B)] specimens for
FGMs were studied as shown in Figure 1, where the
creep crack was parallel to the material properties
gradients, denoted as ‘crack parallel to the gradient'.
Detailed dimensions of the specimens are shown in
Figure 1.

(49.05, 49.05)
Y

f

£
(24.05, 44.05) (74.05, 44.05)

Figure 1: Standard SE(B) specimen with crack parallel to the
gradient (specimen thickness was 5 mm); unit: mm.

Based on the observations of the creep damage
model [Egs. (1-3)], it was found that creep damage was

mainly dependent on the creep strain rate and the
value of stress ftriaxiality of om/oe. Thus, effects of

elastic properties gradients on the creep damage were
too small to be ignored. Therefore, elastic properties of
Poisson’s ratio, v, and Young’s modulus, E, were fixed
at 0.3 and 179.4 GPa, respectively. Creep properties
were assumed only through the y-axis graded direction
and by obeying the power-law gradient. The creep
constitutive of FGMs was assumed elastic plus power
law. Therefore, for crack parallel to the gradient, the
total creep strain rate could be given as:

=0,/ E+A(y)o"” (4)

where A(y)=A4,y" and n(y)=ny".

In the above equations, ¢ is the total creep strain
rate. 7, is the equivalent stress rate. A(y) and n(y) are
the y coordinate-dependent power-law creep coefficient
and exponent, respectively. 4, 4, n,, and n are

constants. As shown in Figure 1, all SE(B) specimens
had the same coordinate values of x, ranging from
24.05 mm to 74.05 mm, and y, ranging from 44.05 mm
to 54.05 mm; crack tip was located at (49.05 mm,
49.05 mm).

Table 1 shows creep properties of all cases used in
this research [18]. They all had the same material
properties at the crack tip. In particular, case 1 was a
homogeneous specimen made of a homogeneous
material. The results of FGM cases were discussed in
comparison with case 1. For cases with crack parallel
to the gradient, as shown in Table 1, creep properties

decreased in the crack growth direction when 4, or n,
was negative, and vice versa. For example, A with
negative 4 decreased in the crack growth direction

and n with positive 7, increased in the crack growth

direction for case 8. Therefore, creep resistant
properties in cases 2 — 4 increased in the crack growth
direction, while creep resistant properties in cases 5 —
7 decreased in the crack growth direction. The reason
was that the larger creep properties meant the smaller
creep resistant properties. Gradient variations of A and
n were completely opposite for cases 8 and 9, as
shown in Table 1. Therefore, they had mixture of creep
resistant properties gradients.

2.3. Finite Element Model

Commercial finite element program Abaqus was
used to simulate a three-point bend test in order to
investigate the effects of creep resistant properties
gradients on CCl in FGMs. All cases used the same
finite element model for SE(B) specimens, as shown in
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Table 1: Creep Properties of all Cases [18]

A(y) MPa™/h n(y)
Case

A, 4 n, n
1 1.36E-24 0 10.94 0
2 1.10E-37 -10 10.94 0
3 1.36E-24 0 3.28 -04
4 1.10E-37 -10 3.28 -04
5 1.69E-11 10 10.94 0
6 1.36E-24 0 36.55 0.4
7 1.69E-11 10 36.55 0.4
8 1.10E-37 -10 36.55 0.4
9 1.69E-11 10 3.28 -04

Figure 2. Since the grain size was about 50 uym for high
temperature materials [31], the region ahead of the
crack tip had finer square meshes with size of 20 um,
as shown in Figure 2b. Finer meshes at the crack tip
could avoid mesh dependency effects in the simulation
[31] and was needed in order to simulate crack growth
in FGMs due to large strain gradients [32, 33]. The
model includes 15588 elements. Element type was
CPE4, which is a four-node and plane strain element.
The crack tip was initially sharp. As in actual
experiments, for the simulation, the specimen was
supported by two rigid pins and a load was applied to
the specimen using a rigid loading pin. Surface friction
coefficient between the pin and specimen was fixed at
0.3. All applied loads were fixed at -200 N. Span length
between the two supporting pins was 45 mm.

4 Loading pin

‘\Supponing pin

45
(a) Meshes of the whole model

Crack tip

rrrrrrrrr

(b) Meshes around the crack tip
Figure 2: Finite element model of the three-point bent test for
SE(B) specimens.

Two user defined field subroutines (USDFLD) were
compiled and implemented into Abaqus. One was to

achieve creep resistant properties gradients [18]. The
other was to simulate CCl in FGMs based on the model
for creep damage from part 2.1. In the latter subroutine,
the Young’s modulus of failure nodes with w=1 was
set to 0.1 MPa in order to reduce their load-carrying
capacity. This method has been widely used by others
[34-36]. The computations were performed with explicit
algorithms.

3. RESULTS AND DISCUSSION

3.1. Crack in Homogeneous Material

Development of w for case 1 of a homogeneous
specimen is shown in Figure 3. w was very small and
its maximum value was less than 1 at t = 108.1 h, as
shown in Figure 3a. When t = 298.1 h, two failure
nodes with w = 1 were first observed in the two
symmetric slanted planes of the initial crack, as shown
in Figure 3b. This was observed because concentration
of equivalent creep strain CEEQ did not occur ahead of
the crack tip for an initial sharp crack [37], as shown in
Figure 3 for the development of CEEQ. This
phenomenon was first realized by Rice [38] and also
observed by Ozmat as shown in Figure 4 [39]. With the
increase in creep time, the initial sharp crack tip
became blunt and the failure nodes began to appear in
the symmetry plane of the crack. Therefore, the
damage first appeared in the two symmetric slanted
planes of the initial crack, and then appeared in the
symmetry plane, as shown in Figure 3c. The time that
failure nodes first appeared was referred to as CCI
time, 7., and the position of the failure nodes was CCl
position. Note that CCI position of a creep crack was
affected by crack geometries [37, 40].
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Figure 3: Development of creep damage and CEEQ of case
1 of a homogeneous specimen.
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Figure 4: Experimental observation of initial creep crack
growth for specimen with initial sharp crack [38].

3.2. Crack in FGM

Development of w for case 2, with increased creep
resistant properties in the crack growth direction, is
shown in Figure 5. As shown in Figure 5b, two failure
nodes were first observed in the two symmetric slanted
planes of the initial crack at t = 435.7 h. After that,
failure nodes were found at the crack tip, as shown in
Figure 5¢c. The damage contour and CEEQ contour
were symmetric to the medium plane of the initial crack
and were similar to case 1 (Figure 3). Development of
w and CEEQ of other cases, with crack parallel to the
gradient, were similar to case 2. Therefore, to avoid
repetition, they are not shown in this paper.

(a)1=2257h

(b)1=4357h  (c)1=6383h

Figure 5: Development of creep damage and CEEQ of case
2 with crack parallel to the gradient and increased creep
resistant properties in the crack growth direction.

Table 2 and Figure 6 show ¢ for all the cases. ¢,
was normalized by 7, in Figure 6, where 7, was 7, of

case 1. As shown in Figure 6, 7, of cases 2 — 4 was

larger than ¢ . Creep properties in cases 2 - 4

decreased in the crack growth direction. It is known
that creep resistance increases with smaller creep
properties and vice versa. This implies that their creep
resistance increased in the crack growth direction and
increased with an increase in the magnitude of creep
properties gradients. Since all cases had the same
material properties at the crack tip, creep resistance of
cases 2 — 4 was stronger than case 1. Cases 2 — 4
hence needed longer time for CCIl. Creep properties
gradients of case 4 were the sum of cases 2 and 3. As
a result, case 4 had a stronger creep resistance and

had larger ¢, than cases 2 and 3. It could be deduced

that case 3 had a higher magnitude of creep properties
gradients and stronger creep resistance than case 2,

because case 3 had larger ¢, than case 2. Therefore,

t, was increased by creep properties gradients and

increased with an increase in the magnitude of creep
properties gradients for cases with increased creep
resistant properties in the crack growth direction.

Table 2: Creep Crack Initiation Time of all Cases

Case t h Case t h
1 298.1 6 150.2
2 435.7 7 102.7
3 566.4 8 2251
4 830.3 9 376.9
5 196.9
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Figure 6: Normalized creep crack initiation time of cases with
crack parallel to the gradient; 1 — increased creep properties
in the crack growth direction; | — decreased creep properties
in the crack growth direction.

For cases with decreased creep resistant properties
in the crack growth direction, ¢ of cases 5 — 7 was
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smaller than 7, as shown in Table 2 and Figure 6. The

reason was that creep resistant properties in cases 5 —
7 decreased in the crack growth direction. This means
that their creep resistance was weaker than case 1 and
decreased with an increase in the magnitude of creep
properties gradients. Hence, they needed only shorter
time for CCl in comparison with case 1. Case 6 had a
higher magnitude of creep properties gradients and
weaker creep resistance than case 5, because case 6

had a smaller z than case 5. Since creep properties

gradients of case 7 were the sum of cases 5 and 6,
creep resistance of case 7 was weaker than cases 5

and 6. Case 7 hence had smaller ¢ than cases 5 and
6. Therefore, high the magnitude of creep properties
gradients resulted in smaller 7 for cases with
decreased creep resistant properties in the crack
growth direction. This phenomenon was contrary to the

results of cases 2 — 4 with increased creep resistant
properties in the crack growth direction.

Cases 8 and 9 had mixture of creep properties
gradients in the crack growth direction. ¢, of case 8

was smaller than 7, while ¢, of case 9 was larger than

t,, as shown in Table 2 and Figure 6. These results

mean that the gradient of n had a higher magnitude
than A for cases 8 and 9. Only in this way, creep
resistance could decrease in the crack growth direction

and 7, could be smaller than ¢, for case 8, and the
creep resistance could increase in the crack growth
direction and ¢, could be larger than ¢, for case 9. In

other words, the interaction effect of the gradients of A
and n lead to decreased creep resistance in the crack
growth direction for case 8. Whereas, for case 9, creep
resistance increased in the crack growth direction.

Therefore, it could be concluded that CCl was
retarded by creep properties gradients for cases with
increased creep resistant properties in the crack growth
direction, but it was accelerated by creep properties
gradients for cases with decreased creep resistant
properties in the crack growth direction. For cases with
mixture of creep properties gradients, CCIl was
dependent on creep properties which had a higher
magnitude of gradient.

Since applied load and material properties were
symmetric to the median plane of the initial crack,
damage contour was symmetric to the median plane of
the initial crack and creep crack should propagate
along the median plane of the initial crack, for cases
with crack parallel to the gradient. The creep crack
propagation path for the three-point bend test of Al/Al-
4Wt%Cu FGM is shown in Figure 7 [20], where the

crack is parallel to the material properties gradients. As
shown in Figure 7, creep crack propagated along the
median plane of the initial crack, even though the path
was not a straight line. Note that the creep crack
propagation path in the FGM was the marked part, the
upper part was the path that the creep crack
propagated from the pure Al (aluminum) layer to the
FGM layer. Therefore, simulated CCIl for cases with
crack parallel to the gradient agreed with the
experimental result.

Creep crack propagation path in FGM

Figure 7: Creep crack propagation path of Al/AI-4Wt%Cu
FGM with crack parallel to the gradient [19].

4. CONCLUSIONS

FEM was used to investigate the effects of creep
resistant properties gradients on CCl in FGMs, with
crack parallel to the gradient. The main conclusions
that were made in this study are listed below.

1. When creep resistant properties increased in the
crack growth direction, CCl was retarded by
creep properties gradients. However, CCI was
accelerated by creep properties gradients when
the creep resistant properties decreased in the
crack growth direction.

2. When the creep properties had mixture of
gradients, CCl was dependent on the creep
property which had a higher magnitude of
gradient.

3. CCIl position occurred in the two symmetric
slanted planes of the initial crack regardless of
the gradient variation of creep properties.

4. This work could guide the development of FGMs
and facilitate wide use of FGMs in high
temperature structures.
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