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Abstract: This paper presents computational modeling of a crack growth path under mixed-mode
loadings in linear elastic materials and investigates the influence of a hole on both fatigue crack
propagation and fatigue life when subjected to constant amplitude loading conditions. Though the
crack propagation is inevitable, the simulation specified the crack propagation path such that the
critical structure domain was not exceeded. ANSYS Mechanical APDL 19.2 was introduced with the
aid of a new feature in ANSYS: Smart Crack growth technology. It predicts the propagation direction
and subsequent fatigue life for structural components using the extended finite element method
(XFEM). The Paris law model was used to evaluate the mixed-mode fatigue life for both a modified
four-point bending beam and a cracked plate with three holes under the linear elastic fracture
mechanics (LEFM) assumption. Precise estimates of the stress intensity factors (SIFs), the trajectory of
crack growth, and the fatigue life by an incremental crack propagation analysis were recorded. The
findings of this analysis are confirmed in published works in terms of crack propagation trajectories
under mixed-mode loading conditions.

Keywords: XFEM; ANSYS mechanical; smart crack growth; stress intensity factors; LEFM; fatigue
life prediction

1. Introduction

Since the end of the Second World War, the failure of materials under stresses even
lower than the yield stresses has gained significant attention [1]. Ensuring the stability
of critical structures while establishing their safe working condition is vital. In most
industries, the accurate estimation of both crack path and fatigue life are crucial in terms
of reliability. In various applications, such as aerospace manufacturing and the aviation
industry, experimental studies are necessary for fatigue analysis, but, because of high
costs, precise computational methods are required for crack propagation analysis to predict
the direction of crack growth and fatigue lifetime in both static and dynamic loading
conditions [2]. The failure is related to (a) the presence of flaws such as interfaces and
cracks, and (b) the nature of fluctuating loads. Cracks tend to initiate and propagate when
subjected to fluctuating loads until a point when the structure does not bear the load that
contributes to complete failure. These cracks are considered fatigue cracks and the expected
life is one of the major parameters to determine the safety of the structure. This is computed
by adding the number of loading cycles required to nucleate the fatigue cracks that lead
to failure. The calculation of the growth rate of the cracks is usually based on the relation
between the range of the stress intensity factors (SIFs) and the cracks’ geometry.

The extended finite element method (XFEM) is an alternate way to predict the SIFs
using computational methods. In general, the initiation and propagation of cracks must
be associated to the SIFs in a complicated state [3-6]. The extended finite element method
proposed by Belytschko and Black in 1999 [7] has been widely used in recent studies. It is
based on the standard finite element framework and uses a special displacement feature to
allow discontinuities to occur, overcoming the need to re-mesh continuously throughout
the crack tip expansion process. To evaluate the SIFs, XFEM was used to perform crack
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growth analysis without updating the mesh [8]. Extensive work was undertaken to develop
efficient models to evaluate the fatigue crack growth (FCG) and fatigue life in order to
overcome fatigue failures. There are several proposed experimental models, but they
become prohibitive both in terms of cost and time. An effective way to reduce the laboratory
work, time, and costs is to incorporate a simulation methodology that involves numerical
analysis and use of the ANSYS APDL.19.2 extended finite element method. Many fatigue
crack problems identified in the literature to date use different computational approaches
in simulating simple and complex two- and three-dimensional geometries [2,9-15].

This work used the ANSYS APDL 19.2 XFEM to precisely predict the mixed-mode
stress intensity factors along with the associated fatigue life for a modified four-point
bending beam and a cracked plate with three holes. In particular, three methods have been
widely used to illustrate the fatigue assessment of materials: the fracture mechanics method
developed by Paris and Erdogan [16], the strain-life method independently proposed by
Coffin [17], and the stress-life (SN) method proposed by Wohler [18]. The first approach,
by which the crack tip can be described separately by the SIFs, was employed in this study
for predicting fatigue life. The second approach is suitable in the lower cycle fatigue range,
whereas the third, SN approach estimates the time spent to initiate and grow a crack until
the component breaks into parts, which requires stress results from a linear static analysis.
The main motivation for this work was to make a significant contribution to the use of
ANSYS as an alternative tool for simulating fatigue crack propagation problems during
mixed-mode loading and to monitor the trajectory of crack growth in cases of the presence
of holes in the geometry.

2. Mixed-Mode Fatigue Life Evaluation Procedure Using ANSYS

ANSYS (version 19.2, Ansys, Inc., Canonsburg, PA, USA), can model three kinds of
cracks: arbitrary, semi-elliptical, and pre-meshed. The pre-meshed crack method requires a
crack front employed by the Smart Crack growth analysis tool, whereby the stress intensity
factor is the criterion of failure. The node sets that were rendered were distributed to the
front, top, and bottom of the crack. The latest feature presented in ANSYS is the Smart
Crack growth mesh-based tetrahedron, which adds the pre-meshed crack requirement after
completion, enabling the selection of the type of crack growth. The sphere of influence
process can be used in refining the mesh around the crack tip about the geometric edge
that passes through the thickness. The geometric regions to be described are the crack tip,
the crack top, and the bottom surfaces of the crack; each of these regions is associated with
a node set to be used for analysis. The ANSYS software considered mixed-mode loading
where the maximum circumferential stress criterion was implemented. The following are
the formulas for the direction angle of crack propagation in ANSYS [19,20]:

o (3K§, + Ky /K +8K§I>

M

K3 +9K?,

where Kj = max K] during cyclic loading and Kj; = max Kj; during cyclic loading.
In ANSYS Mechanical APDL 19.2, by using XFEM, crack growth simulation was
restricted to region II of the typical fatigue crack growth graph, which can be represented as:

da
AN = C(AKeq)m )
From Equation (2), fatigue lifecycles may be predicted for crack increments as:

Aa i AN
a
PEN— dN = AN 3
O/ KT 0/ 3)

The equivalent range of the stress intensity factor formula is determined as follows [19]:
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AKeq = %cosg[(AKI(l—FcosG)) — 3AKj;sin 6] 4)

where AKj = the stress intensity factor range in mode I loading and AKjj = the stress
intensity factor range in mode II loading.

Based on numerical analysis, there are many methods formulated for evaluating the
stress intensity factors. The interaction integral technique is usually the most accurate
method that has the ability of estimating K; and Kj; separately. ANSYS proposes two meth-
ods for computing SIFs: the displacement extrapolation method (DEM) and the interaction
integral method (IIM). The second method was adopted because it is numerically easier to
implement and has better precision with fewer mesh requirements. This approach uses the
domain integral approach [21] where an auxiliary field is used to separate K; from Kjy, as
this ability is missing in the domain integral itself. The energy release rate in terms of the
mixed-mode stress intensity factors Kj, Kjj, and Kpjy was proposed as [21,22]:

E
K% + K2 14+v ——— Plane strain
(S) = L E* = + E K%H E* = (1 - Vz) (5)

E Plane stress

The superimposed state Equation (5) becomes:

1 14+v
J5(5) = 25 [ (Kp + K§™)? + (Kip + K32 4+ == (Ko + K3

= J(s) +J™¥(s) + I(s) (6)

1 1+v
I(S) = E(ZK;K‘;“X + ZKHK?}M) + ?(ZKHIK?}?)
Here, superscript (S) denotes the superimposed state; /(s) is the domain integral for
the actual state; ]"**(s) is the domain integral for the auxiliary state; and I(s) is an integral
with interacting actual and auxiliary terms.
By setting K{"* = 1 and K7}* = K{[{ = 0, Equation (6) yields:
E*

Kr=— (s) @)

By setting K7/* = 1 and K{** = K{/{ = 0, and selecting K{{} = 1, K{"* = K{}* =0
gives the relationships between Kj; and Kjj:

Kip=2-1(s) ®

Ky = pl(s) ©)
where E and y are the modulus of elasticity and the modulus of rigidity, respectively.

3. Numerical Results and Discussion
3.1. Modified Four-Point Bending Beam

This case corresponds to a single cracked beam with a hole, loaded in the upper
two points and constrained in the lower two points, i.e., a modified four-point bending
specimen as shown in Figure 1. This refers to a problem of plane strain that was solved
numerically in [23,24]. The geometry is 125 x 30 x 10 mm?3 in size, and the hole radius,
R =5.2mm, was located 9.3 mm from the left of the original crack and 14.8 mm above
it. This specimen was simulated under fatigue loading with a constant amplitude load
ratio, R= 0.1, and the quantity of the applied loads were P = 100 N. The initial mesh of this
geometry is shown in Figure 2. The material for this specimen was cold-rolled SAE 1020
steel with the following properties as shown in Table 1:
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Figure 1. Geometry of the four-point bending beam (dimensions in mm).

Figure 2. Initial mesh of the four-point bending beam.

Table 1. Materials properties for cold-rolled SAE 1020 steel.

Property Value in Metric Units
Modulus of elasticity, E 205 GPa
Poisson’s ratio, v 0.333
Yield strength, oy 491 MPa
Threshold stress intensity factor, Ky, 11.6 MPay/m
Paris’ law coefficient, C C=45x10"10
Paris” law exponent, m 2.1

The predicted crack growth trajectory was smooth and identical to the experimental
path predicted by [23] and can be further compared to the predicted trajectories obtained
using other numerical methods, such as the finite element method based on local Lepp-
Delaunay mesh refinement used in [24], the finite element with configurational forces
used in [25], and the coupled extended meshfree-smoothed meshfree method used in [26],
as shown in Figure 3a—e, respectively. In the initial period, the crack grew with a small
increment when the crack tip was relatively far from the hole. The crack growth direction
changed with a large angle and gradually affected the hole with the crack proceeding.
Figure 4 illustrates six different steps of the crack growth represented in the von Mises
stress distribution, whereas the three-dimensional distribution of the von Mises stress
distribution with and without deformation is shown with a legend in Figure 5.
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Figure 3. Comparison of the crack growth trajectory for the four-point bending beam; (a) present study; (b) experimental
observation reproduced from [23] with permission from Elsevier 2003; (¢) numerical reproduced from [24] with permission
from Elsevier 2010; (d) numerical reproduced from [25] with permission from Elsevier 2017; (e) numerical reproduced
from [26] with permission from Elsevier 2020.

Figure 4. From top to bottom, six different steps of crack growth for the four-point bending beam.
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C: Static Structural

Equivalent Stress
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Figure 5. Von Mises stress distribution for the last step of the crack growth with and without deformation.

The distribution of the maximum principal stress is shown in Figure 6 with enlarge-
ment of the crack tip area.

C: Static Structural

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1.

06/10/2020 1712

406.73 Max
E 3573
307.88

25845
209.03

1596

11017
60.749
11.324
-38.102 Min

Figure 6. Maximum principal stress distribution.

For fatigue life evaluation, the SIFs are the important criterion. For a normal four-point
bending beam, various handbooks may include analytical calculations of the SIFs. For
the regular four-point bending beam without a hole the SIFs solution is formulated

as follows [27]:

6P (s —r)\/ma
W2t
where Kj is the first mode of SIFs, f(a/W) refers to the dimensionless SIF, W is the beam
width, t is beam thickness, P is load applied, s and r are the distances defined in Figure 1,
and a is the length of the crack. The dimensionless regular stress intensity factor for the
point bending beam without holes was formulated as [27]:

Ki = f(a/W) (10)
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w
The presence of a hole created a curved crack trajectory in this modified geometry,
hence, Equation (11) was no longer valid as a consequence of the curved crack direction.
ANSYS can obtain accurate expected f(a/W) values rather than manual solutions for the
regular four-point bending beam specimen. In order to achieve the dimensionless stress
factor f(a/W), mode I SIFs (Kj) were obtained from ANSYS and substituted into Equation
(11). Fitting the fifth-degree polynomial into the stress intensity factors for the modified
four-point bending beam gave the following equation:
fla/W) =12.116(a/ W) — 88.937(a/ W)? + 336.46(a/ W)> — 595.59(a/ W)* + 417.66(a/ W)’ + 0.4287 (12)
A generalized linear regression method facilitates usage of the formula, which displays
SIFs as a function of both the relevant crack and contact parameters, easing assessment
of crack growth behavior. For the modified four-point beam specimen used in the above
analysis, the numerical dimensionless SIFs were compared with the analytical solution
in Equation (11) for the standard beam without a hole, as well as with the dimension-
less SIF values calculated by [14] applying the boundary element method (BEM) with
BemCracker2D (BC2D) software as shown in Figure 7.
24 ;
E —s— Analatical (no hole)
=% 5 —+— Gomes and Miranda (2018)
3 _ —de— Present study
~ 18 T
t B
3 ]
Si1s T
14 T
1.2 T
1 : T T 17T 1T T 17T 7177 : LI : LI B | : Tl T : T 17 : T 7177 : LI I I | : =T 10
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
(@)

Figure 7. Dimensionless stress intensity factors for the standard and modified four-point bending beams.

The predicted values of both modes of stress intensity factors, i.e., Kj and Ky are shown
below in Figure 8. As seen in this figure, the crack started to grow in a straight line as the
first mode of stress intensity factors dominated the crack growth direction. When the crack
direction was influenced by the presence of the hole, the crack grew toward the hole and
changed its direction, increasing the values of the second mode of stress intensity factors.
The predicted fatigue life according to the number of cycles was compared, as shown in
Figure 9, to the experimental results performed by [14] alongside the numerical results for
the same authors with two software programs: Vida and BemCracker2D. According to
this figure, there was a strong correlation between the present study’s result and the Vida
software compared to that of the BemCracker2D. According to Figure 8, the bimodality
ratio (Kj/Kr) was not zero. The direction of the crack was dominated by K at the beginning



Metals 2021, 11, 397 8of 14

of the crack growth since the Kj; values were small compared to the K] values. After that, as
the second mode of stress intensity factors, Kj; was increased gradually up to a maximum
value of 21 MPa(mm)!/2, leading to a change in the direction of the crack toward the hole.

350

300

Pt
Ln
=]

200

150

100

Stress intensity factor (MPa mm!?)
w
=

T

Crack extension (mm)

Figure 8. Predicted values of the stress intensity factors.

19 7
17
15 T
FAT T
E ]
el 4
£ 11 -
[-7 ) N
F-] -
- 1
= 21
a2 ]
G 71+ o Experimental (Gomes & Miranda 2018)
& it Mumierical with BC2D (Gomes & Miranda 2018)
] —s— Mumerical with Vida (Gomes & Miranda 2018)
3 =
Present study
Y Y Y S
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Number of cycles (N x10%)

Figure 9. Comparison for fatigue life of the modified four-point bending beam.
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3.2. Cracked Plate with Three Holes

Consider a 120 mm x 65 mm X 16 mm rectangular plate with two 13 mm diameter
holes near both ends and a 20 mm hole near the middle of the plate, as seen in Figure 10.
At the middle of the plate is an initial edge crack of 10 mm. The plate was made from
aluminum 7075-T6, with the material properties shown in Table 2, and the amount of the
fatigue load was P = 20 kN with a stress ratio R = 0.1. Linear elastic material behavior
was assumed. The initial XFEM ANSYS model with an eight-node tetrahedron mesh is
shown in Figure 10b. The size of the mesh element was set as 1 mm, creating a mesh of
581,980 nodes and 398,566 elements.

1

120

(a) (b)

Figure 10. (a) Description geometry of the cracked plate with three holes (dimensions in mm); (b) initial mesh.

Table 2. Materials properties for aluminum 7075-Té.

Property Value in Metric Units
Modulus of elasticity, E 71.7 GPa
Poisson’s ratio, v 0.33
Yield strength, oy 469 MPa
Ultimate strength, cu 538 MPa
Fracture toughness of Kjc 938.25 MPa mm?>
Paris’ law coefficient, C 527 x 10710
Paris” law exponent, m 2.947

The crack path growth simulated with ANSYS software was compared, and had strong
agreement, with both experimental and numerical results from ABAQUS software obtained
by [28] as well as with numerical results performed by [29] using XFEM with a controllable
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crack propagation strategy, as seen in Figure 11a—d, respectively. The distribution of the
maximum principal stress, the von Mises stress, and the equivalent strain are shown in
Figures 12-14, respectively.

(a) (b) (c) (d)

Figure 11. Comparison of crack growth trajectory; (a) present study; (b) experimental observation reproduced from [28]
with permission from Elsevier 2009; (c) numerical reproduced from [28] with permission from Elsevier 2009; (d) numerical
reproduced from [29] with permission from Elsevier 2018.

A: Static Structural

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1

0940172021 07:10

877.09 Max
I 814.15
751.21

| 688.27
= 62533

562,39

499.45

s 436.51

373.57

310.62

= 247.68

184.74

121.8

58.862
-4.0782 Min

Figure 12. The maximum principal stress distribution.
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A: Static Structural

Equivalent Stress
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Unit: MPa

Time: 1
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Figure 13. The equivalent von Mises stress distribution.

A: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm

Time: 1

08/10/2020 21:17

0.0042163 Max
.. 0.0037479
|— 0.0032794

— 0.0028109
0.0023424
0.0018739
0.0014054
0.00093697
0.00046848
1.2e-10 Min

Figure 14. The equivalent elastic strain distribution.

The maximum value of the von Mises stress was in the last step of the crack growth,
in which the area around the crack tip is known as a plastic zone. In this area, the behavior
of the material is plastic. The plastic zone is created when the stress goes from minimum
to maximum values and is called uploading. The plastic zone is plastically elongated in
the loading direction. It becomes longer than it was before. As a consequence, the zone is
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loaded in compression during unloading and reversed plasticity occurs. As pointed out by
Rice [30], reversed plasticity requires a local stress increment in the reserved direction in
the order of twice the yield stress.

The predicted values of the two modes of stress intensity factors, i.e., K; and Kjj, are
shown in Figures 15 and 16, respectively. As shown in Figure 14, the crack starts to grow in
a straight direction, indicating the domination of K; followed by a curved direction with an
increasing negative value of the second mode, Kfj, that results in the crack growing toward
the hole.

1600
1400
1200
1000

M 80O
&00

400

200

=]
(%5
=
=

15 20 25 30 35
Crack length (mm)

Figure 15. Predicted values of the first mode of stress intensity factors.

Ky

-B0

-90

-100

Crack length (mm)

Figure 16. Predicted values of the second mode of stress intensity factors.
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4. Conclusions

The crack propagation direction can be specified by simulation techniques such as
implementing ANSYS software and ensuring the critical domain of the structure is not
exceeded. In order to demonstrate the accuracy and to reveal the merits of the implemen-
tation, various numerical examples of crack growth were solved. Different issues were
addressed through these examples, such as the effect of hole position on the trajectory of
crack growth, mixed-mode stress intensity factors, fatigue lifecycles, and various stress
distributions. Depending on the location of the crack, the presence of a hole in the geometry
affects the crack and deflects it in the hole’s direction, so the crack changes or even passes
through the hole and grows until the hole is missing. The validation of the software results
were revealed by consistent comparisons with the numerical results of crack propagation
by ANSYS and the experimental results.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.
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