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Abstract In the present paper, fatigue tensile tests are
carried out on a servo-hydraulic fatigue testing machine to
study the whole propagation process of the inclined crack.
And the scanning electron microscope is employed to
observe the micromorphology of the fracture surface to
further probe the crack growth rate from a microscopic
point of view. Meanwhile, the finite element method has
also been applied to predict the crack propagation trajec-
tory and the fatigue life of the sample with two finite
element analysis codes. The fatigue tensile tests indicate
the inclined crack propagates along the direction perpen-
dicular to the external loading and the crack growth rate
increases continuously based on the micromorphology of
the fracture surface. The numerical analysis results reveal
the variation of the stress distribution at the crack tip as
well as the crack trajectory at different extension steps.
Moreover, the stress intensity factor values are discussed in
detail. And the computed results, the inclined crack prop-
agation path and fatigue life of the sample, agree well with
the experimental ones, which provide certain referential
significance for the prediction of the inclined crack prop-
agation in thin plate.
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Introduction

The crack generally is prone to initiate at the stress con-
centration areas where there exist the rivet holes, sharp V-
notches that are simplified from complicated local geo-
metric features, and so on [1-4]. The crack and its
propagation can lead to the decrease in the structure
strength and even result in catastrophe eventually. Conse-
quently, it is of great necessity to acquire a better
understanding of crack propagation behavior. And the
historical origins for crack researches can be traced back to
Griffith’s pioneering work which makes crucial contribu-
tions to the fracture theory on the brittle material in 1920s
[5]. Irwin proposed stress intensity factor (SIF) in 1957 and
established crack propagation criteria based on the previ-
ous studies [6], which greatly facilitated the advancement
of the fracture mechanics. And in the past few decades
there have been many studies devoted to the cracks in
mixed mode condition. The mixed mode fracture takes
place when bi-/multi-axial stress state [7] or cracks that are
non-perpendicular to loading direction exist in the sample.
Shlyannikov investigated the fatigue crack paths for the
inclined surface cracks and the surface flaws under the
biaxial loading [8]. Slobodanka et al. examined the mixed
mode crack propagation process for an Arcan and a single
edge specimen using the proposed procedures under mixed
mode conditions [1]. Benedetti et al. experimentally
researched the influence of the notch geometry on the
fatigue cracks propagation in sharp V-shaped notches and
employed linear elastic fracture mechanics to analyze the
experimental results [3].

In order to accurately forecast the crack growth rate,
several crack propagation laws have been proposed. In
1963, Paris growth rate model was put forward based on
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the fracture mechanics, which described a simple power-
law relationship between the crack growth rate and SIF [9].
Later, R ratio was introduced into Paris model and the
Walker growth model was established [10]. Nevertheless,
both of them are insensitive to the near-threshold and near-
critical region. Accordingly, other modified equations
including coefficients such as the fracture and stress ratio
simultaneously were presented in succession [11]. Fur-
thermore, new methods like two-parameter driving force
model combined with the equivalent SIF have been used to
calculate the fatigue life of the components in recent years
[1,2]. Hu et al. posed a new enriched finite element method
to study the fatigue crack growth [12] and pointed out the
fatigue life could be calculated after the corresponding
equivalent SIF exceeded the material fracture toughness,
which signified the initiation of the crack instability prop-
agation. Similarly, such failure criterion was also adopted
in predicting the fatigue crack growth in compressor blade
[13], cracked gear tooth [14], etc.

The aim of the paper is to probe the possibility of
simulating growth process of the inclined crack in a single
edge inclined notched (SEIN) specimen with the codes
ABAQUS 6.14 and FRANC3D V6.0. The fatigue tests are
carried out, and the micromorphology of the specimen
fracture surface after the experiments is detected to eval-
uate the crack growth rate at different stages. Moreover, the
predictions of the propagation trajectory and fatigue life of
the cracked SEIN specimen have been implemented via
numerical analysis method and are compared with the
experimental results. This study enables one to further
understand the process of the crack propagation in aero-
space aluminum alloy components with edge notch.

Experiments
Experimental Conditions

The material 7075-T6, a high-strength and low-density alu-
minum alloy, was selected due to its wide application in
aerospace manufacturing field, and the chemical composition
of the material (wt.%) consists of 0.04Ti, 0.19Cr, 0.10Si,
0.25Fe, 0.09Mn, 2.55Mg and 1.76Cu. The brick SEIN sample
was 100 mm long, 60 mm high and 2 mm thick, which was
fabricated employing wire electrical discharge machining
(WEDM) from the commercial product of 7075-T6 alu-
minum alloy sheet. An inclined notch located at 45° angle
with respect to the loading direction and a pre-crack with
5 mm length at the tip of notch were also fabricated by
WEDM. And after cutting, the SiC sandpapers with grain size
of 1200 were adopted for wiping off the burrs at the edges.
Subsequently, the fatigue tensile tests were conducted
on a servo-hydraulic fatigue testing machine with a loading
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capacity of 100 kN/500 Nm at room temperature. Two
ends of the SEIN specimen were, respectively, clamped by
the top and bottom fixtures, as shown in Fig. 1. The cyclic
load with maximum value of 5 kN and load ratio of 0 was
loaded on the SEIN specimen, and the frequency was 8 Hz.
The fatigue test information incorporating the dynamic
loading curve, real-time displacement as well as the load-
ing cycle numbers was documented during the
experiments, and the crack trajectory was also recorded by
an industrial camera at a certain time interval.

Test Results

After a long time of tensile fatigue test, the SEIN specimen
is broken into two pieces. The broken sample and its
fracture surface are presented in Fig. 2. Along the crack
propagation direction, the fracture surface can be divided
into the larger smooth area, the smaller rough area and the
last necked rupture area which possesses a characteristic of
fatigue failure. Therefore, the propagation process of the
pre-fabricated crack can be segmented into three stages,
namely the stable crack growth stage, the unstable rapid
crack growth stage and the abrupt fracture stage.

To observe the micromorphology of the fracture surface
explicitly, SEM with voltage 5 kV was employed and
seven typical regions shown in Fig. 2 were selected and
detected to reflect the rate of crack growth.

Figure 3 depicts the surface micromorphology of the
crack pre-fabricated by WEDM located at region 1 in Fig. 2.
As shown in picture, there exist numbers of craters and
globular particles on the machined surface. As is well
known, the electrical discharge between the wire and sample

Fig. 1 Fatigue tensile experiments
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Fig. 2 Fractured sample and
micromorphology of the
fracture surface
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Fig. 3 Surface micromorphology of the crack pre-fabricated by
WEDM

causes the transient high temperature, which melts the
material around the wire, even vaporizes a small portion of
the metal material. Meanwhile, the high temperature also
leads to the vaporization of a part of the operating fluid
flowing in the electrical discharge zone during the
machining process of WEDM. The vaporized material and
operating fluid expand instantly and form the micro-explo-
sion. The shock wave of explosion generates a high pressure
on the heated soft surface, tossing the melt material from the
matrix and forming craters. And the melt material adhered to
the surface exists as droplets eventually after cooling.
Figure 4a, b, c, d, e and f display the micromorphologies of
the regions 2—7 in Fig. 2, respectively. In Fig. 4a and b,

Rapid crack growth zone

numerous rugged crystallographic facets and river-like pat-
terns can be observed clearly, which indicate that the crack
propagates along different crystallographic facets. At this time,
due to extremely slow propagation of the crack, the fatigue
striations cannot be viewed even at a high magnification. With
the propagation of the crack, the ripple-like parallel fatigue
striations can be seen in Fig. 4c, d and e. The fatigue striations
are perpendicular to the crack growth direction, and the spac-
ing between them corresponds to the crack propagation
distance per cycle during fatigue test [15]. From Fig. 4c, d and
e, it can be computed that the average spacing of the fatigue
striations is about 3.1, 4.4 and 5.6 um/cycle, respectively. The
fatigue striations are getting wider and wider, which indicates
the crack growth rate is increasing continuously. And when the
crack growth enters into the unstable crack propagation stage,
the parallel fatigue striations disappear and the dimples exist on
fracture surface, as displayed in Fig. 4f, which result from the
formation and rapid growth of the micro-voids in the vicinity of
the defects in material. The inclusion particles can also be
observed in the figure, and they can accelerate the crack
propagation. Consequently, the crack growth rate increases
promptly at this stage. During the crack growth process, the
relation of the crack growth length with the cycle numbers is
plotted in Fig. 5, which also verifies the crack growth rate
continues to increase.

Numerical Simulation

A coupled use of ABAQUS 6.14 and FRANC3D V6.0
software has been implemented in numerical simulation
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Fig. 4 Micromorphologies of the fracture surface at different stages (a)—(f) correspond to the regions 2-7 in Fig. 2
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Fig. 5 Crack propagation length at different loading cycles
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process. ABAQUS 6.14, a set of engineering analysis
software, is developed by the HKS company in the USA. It
has two main solver modules ABAQUS/Standard and
ABAQUS/Explicit. For the former one, ABAQUS/Stan-
dard is a general analysis module, which can solve various
linear and nonlinear complicated problems. And ABA-
QUS/Explicit module is suitable for analyzing the transient
dynamic problems such as laser shocking and explosions.
In this paper, ABAQUS/Standard module is employed to
establish the initial model and to analyze the stress field in
current case. FRANC3D V6.0 (FRacture ANalysis Code
for 3D/version 6.0) is a new-generation crack analysis
software developed by FAC (Fracture Analysis Consul-
tants, Inc.) in the USA. And it allows one to define initial
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cracks inserted into the finite element model, which
depends on the finite element analysis code to analyze the
cracked model and utilizes the above analytical results to
calculate the SIF values [16].

Finite Element Model

According to the size of the mentioned above-tested
specimen, a finite element model was established with the
code ABAQUS 6.14. The material mechanical property
parameters, the elastic modulus 71.7 GPa, Poisson’s ratio
0.3 and the fracture toughness 938.25 MPa~mrn”2, were
used to describe the mechanical behavior. The element
with eight-node hexahedral linear reduced integration was
adopted to mesh the established model. A linear loading
with 0.083 kN/mm was loaded upon its one end, and the
displacement constraint was applied at the other end, as
shown in Fig. 6.

Fatigue Crack Propagation Model
The Paris equation has been widely used to estimate the

crack growth rate in the past, which proves effective only
to the linear stable crack propagation region. Another crack

N S B B

X 0.083 kN/mm linear loading

Fig. 6 Geometry of the finite element model

growth rate equation, NASGRO model, is effective to the
whole region of the crack propagation curve [17]. The
NASGRO model takes into consideration the R ratio and
the influence of crack opening effect on the crack growth
rate, which is more intricate than the Paris equation. It can
be written as [18]:

da <1—f >"(1—AA’§3)”
—=C AK s
dN 1-R (1_K;:x)

where a represents the crack length, N is the loading cycle
number, da/dN denotes the crack growth rate, and C and n
are empirical data, which resemble those describing the
curve’s linear region in Paris model. Exponents p and ¢
signify empirical coefficients illustrating the curvature of
the near-threshold and near-critical region of the crack
propagation rate model. R is the stress ratio; parameter f, a
function about the crack opening, is expressed in Ref. [14].
K. relevant to the materials’ fracture toughness expresses
the critical value of the SIF. K,.x is the maximum value of
the SIF. AK is the SIF range, which mainly depends on the
applied loading, and its value relies on the difference
between the values of the maximum and the minimum SIF.
AKy,, the threshold SIF range, defines a value from which
the crack extension initiates, viz. crack will cease to
propagate below the value. These applied sixteen fitting
parameters in this equation can be selected from the
database of the program if the material is determined.

(Eq 1)

Establish the initial model
Analyze the stress in ABAQUS 6.14

Insert the crack to the initial model in
FRANC3D V6.0

¢
<

Remesh the new cracked model in
FRANC3D V6.0

. Extend crack
Analyze the stress in ABAQUS 6.14 In FRANC3D V6.0

¢ '}

Calculate the SIFs in FRANC3D V6.0

Kequiv=Ke

A K< A Kth

Fig. 7 Flowchart of crack propagation simulation
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Fig. 8 Stress distribution around the crack tip as well as the predicted crack propagation trajectory extracted from ABAQUS 6.14 (2 times
magnification for its displacement). (a) Analytical result, (b) 1st step, (¢) 2nd step, (d) 20th step, (e) 40th step, (f) 60th step

Flowchart of the Numerical Simulation

As mentioned above, two codes ABAQUS 6.14 and
FRANC3D V6.0 are employed to simulate the crack
growth. Initially, the finite element model is developed and
analyzed in ABAQUS 6.14 software. Then the analytical
result is imported into FRANC3D V6.0 to implement the
insertion of the corner crack and remeshing of the cracked
model. Afterward, the stress analysis is executed based on
the built-in program in code ABAQUS 6.14 for calculating
the SIFs of the crack front. K.qyiy, equivalent SIF, is

Ki
— Eq 2
> (Eq 2)

1
Keqmv = + 5 \/K12 + 4(1'155KH)2 + 4K12Ha
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where Kj, K;; and Ky are the SIFs for mode I, mode II and
mode III, respectively. Kequiv is used to compare with the
fracture toughness of the material Kc. When Keugiv is
greater than or equal to K¢, the crack growth will enter into
the unstable rapid crack growth stage [17]. The process of
simulation is shown in Fig. 7.

Computing Results

After a series of calculations according to the
flowchart shown in Fig. 7, the stress distribution at the
crack tip, crack propagation trajectory as well as the crack
growth rate can be obtained.
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Simulative crack trajectory
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Fig. 9 Description of the crack propagation trajectory

Stress Distribution and Crack Propagation Trajectory

Figure 8 depicts the stress distribution around the crack
tip at different crack extension steps. As presented in
Fig. 8a and b, the stress field at the crack tip is asym-
metric at the initial stage, and it turns to be symmetrically
distributed along the crack propagation direction with the
added crack extension steps, as displayed in Fig. 8c, d, e
and f. It can be concluded that the crack growth direction
has changed in accordance with the variation of the stress
field at the crack tip. Furthermore, the meshes of the
model at the corresponding extension steps are also shown
in Fig. 8.

Figure 9 depicts the whole crack propagation trajec-
tory, from which it can be obviously seen that the crack
does not grow along the direction of the initial pre-fab-
ricated inclined crack and the growth direction alters. The
crack almost propagates along a straight line which is
perpendicular to the direction of applied load. Addition-
ally, the experimental crack path that is almost a line
under the same conditions is also demonstrated in Fig. 9.
The correctness of the numerical analysis can be well
verified.

SIFs at the Crack Front

The SIF, an essential factor to judge the process of the
crack propagation, deserves further analysis. In the current
case, the SIF values for K, Kj; and Ky can be figured out
from FRANC3D V6.0. Figure 10 displays the calculated
results of the SIF values at four stages. As shown in
Fig. 10a, SIF values of modes I, II and III are, respectively,
presented. The value of K; ranges from 275 to
300 MPamm'? and K; changes slightly around
— 140 MPa-mm'”?, while Kir approaches 0. The results
indicate the crack propagation belongs to mixed mode
dominated by modes I and II at initial crack growth stage.
And with the increase in extension distance, the SIF values
of Kj increase, while Kj; and Kj; are almost constant, as
shown in Fig. 10b, ¢ and d. For example, at step 40, the
maximum Kj is up to 709 MPa-mm'?, while Ky and Ky
are about zero. It indicates the mixed mode crack propa-
gation turns into mode I in later crack growth stage due to
the effect of external loading.

Figure 11 further displays the SIF values of K from step
66 to step 70 individually. And it can be seen that the K;
values at the crack front increase continuously. Due to
dominant mode I, K.quiv is approximately equal to Kj in the
calculation. At step 69, the maximum K; of the crack front
is about 936.20 MPa-mm'? which is close to the Kc
(938.25 MPa-mm"/ 2) of the tested aluminum alloy. And at
step 70, the maximum K reaches 944.90 MPa-mm'? and
Kequiv 1s greater than Kc, which indicates the crack has
entered into an unstable rapid growth stage.

Crack Growth Rate

Figure 12 reveals the relation of the crack growth length
with the loading cycle numbers, and the corresponding
experimental results are plotted together. As shown in the
figure, a large similarity exists between two curves for the
same overall trend.

At the crack initial growth stage, the crack grows slowly
with the increasing cycle loading numbers. After the
loading cycle numbers reach 48,790 in simulation, the
crack growth rate rises obviously. And the crack subjected
to 50,891 cycles enters into the unstable rapid crack stage
with the predicted crack growth length 30.2 mm. In the
experiment, when the SEIN specimen experiences 59,274
loading cycle numbers, the initial crack length grows to
35.6 mm and then the specimen breaks abruptly into two
pieces. Compared with the experimental values of crack
length and cycle numbers, the predicted values deviate by
15.2% and 14.1%, respectively, which verify the validity of
the developed finite element model and further analysis.
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Conclusion
The process of the inclined crack propagation in a SEIN
specimen has been investigated by experiments and the

finite element method. Under the external cycle loading,
the crack propagation mode alters from mixed mode I/II in
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Fig. 12 Relation of the crack length with the loading cycle numbers

initial stage to mode I, and the crack propagates faster and
faster while fatigue striations become wider and wider.
Finite element method can be applied to predict the fatigue
crack growth path and rate, which can provide an example
for the analysis of the mixed mode crack propagation
problem with ABAQUS 6.14 and FRANC3D V6.0
software.
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