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ABSTRACT. In this paper the fatigue crack growth tests were carried out on
surface-crack tension (SCT) specimens, made of 7050 and Ti6Al4V alloys,
with initial semi-elliptical surface cracks. Pure Mode I conditions were realized
on SCT specimens with crack plane located orthogonal to the loading
direction, while Mixed-mode conditions were observed on SCT specimens
with inclined crack. Optical microscope measurements and the crack mouth
opening displacement (CMOD) method were respectively used to monitor
crack length and calculate crack depth. Current crack shape during the tests
was highlighted by alternation of loading spectrum with baseline load block
and a marker load block. The stress strain field along the crack front of semi-
elliptical cracks in the SCT specimens was assessed by Finite Element Method
(FEM) analysis. The stress intensity factors (SIFs) were calculated along crack
fronts and equivalent elastic SIF formulation was used for crack growth rate
assessment under mixed mode conditions. As a result, the fracture resistance
parameters of aluminum and titanium alloys were obtained for two crack
propagation directions under Mode I and Mixed-mode loading. The benefits
of using the computational and experimental results of SCT specimen for the
assessment of the surface crack growth rate in aluminum and titanium alloys
under Mixed-mode loading conditions were stated.
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INTRODUCTION

urface cracks are typical damages in aircraft structure components, and their growth can lead to catastrophic failures.
In service, fatigue surface cracks were found to grow in turbine disks, high-pressure compressor disks, turbine blades,
load-carrying components of a frame structures, levers and the airplanes’ landing-gear components [1]. A surface
flaws feature is that the crack grows simultaneously in two directions and changes its shape from initial i.e. related to the
defect nature (risk, pore, pothole) to final i.e. at fracture. At the same time, a significant crack growth rate reduction in the
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deepest point of the crack front with respect to the crack front intersection with the free surface of the tested specimens
can be observed as a function of loading conditions [2].

Although some surface cracks in structural components are subjected to uniaxial or Mode I loading type, in most cases the
loading direction and the operational damage plane are not perpendicular to each other and such defects are considered as
inclined cracks [3]. The elastic—plastic stress fields and mode mixity parameters for semi-elliptical surface cracks on biaxial
loaded plates have been investigated in [4] using detailed three-dimensional finite element calculations. Different degrees of
mode mixity are given by combinations of the far-field stress level, biaxial stress ratio and inclined crack angle. Normalized
mixed-mode stress intensity factor equations were presented in the paper [5] for deflected and inclined circular surface and
corner cracks in finite-thickness plates under uniform tensile loads. In the resulting equations, different deflection and
inclination crack angles were considered, and plate thickness effects were included.

However, at present time, there are no fracture resistance parameters for materials under Mixed-mode loading conditions
for defects with initial shape close to operational damages. In this paper, the computational and experimental results for
inclined surface cracks in SCT specimens of aluminum and titanium alloys are provided for Mixed-mode loading conditions.
The fracture resistance parameters for inclined surface cracks and their comparisons with results available in the literature
are presented.

SUBJECT OF THE STUDY, MATERIAL PROPERTIES, AND EXPERIMENTAL CRACK PATHS

surface cracks as well as the modified ASTM E740 [6] SCT specimens with inclined surface crack are widely used
for the Mixed-mode fatigue growth under tension and bending loading [7-10].
The SCT specimens’ thickness B is equal to 10 mm, the specimen’s width I is equal to 40 mm, and the specimen’s length
L is equal to 56 mm. The SCT specimens with starter notch =2 mm, ¢=2 mm and initial inclined plane «=0° are used for
pure Mode I loading conditions (Fig. 1a). The SCT specimens with starter notch =2 mm, ¢=2 mm and initial inclined
plane «=30°-45° are used to provide 3D Mixed-mode problems (Fig. 1b).

T he subject of this study is surface-crack tension (SCT) specimens of aluminum and titanium alloys. The plates with

a) b)

Figure 1: SCT specimen geometry for pure Mode I (a) and Mixed Mode loading (b).

A typical aerospace material, 7050 aluminum and Ti6Al4V titanium, were chosen for the experiments due to its extended
use in industrial applications. 7050 aluminum possesses high specific strength and stiffness, excellent fabricability and low
cost. The TiGAI4V titanium is applied in the acronautical industry due to high specific mechanical strength, fracture
toughness, fatigue strength and high temperature stability. The SCT specimens were taken from rolled aluminum and
titanium alloys such that longitudinal (I.) grain direction would be under investigations.

The tensile properties of considered alloys at room temperature were determined according to the ASTM standard E8 and
are listed in Table 1: oo is the monotonic tensile yield strength, o, is the nominal ultimate tensile strength, o, is the true
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ultimate tensile strength, a is the strain hardening coefficient, # is the strain hardening exponent, E is the Young’s modulus,
8 is the elongation and ¢ is the reduction of area.
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. 00, os, Ou, E, 3, ¢,
L Y MPa MPa * o GPa % %
7050 472 524 701 1570 10.85 70.57 11 28
TiGAI4V 886 964 1290 1.225 1259 118.00 16 29

Table 1: Main mechanical properties of aluminum and titanium alloys at room temperature.

Fatigue precracking of SCT specimens was performed under three-point bending mode according to the method described
in [6]. SCT specimen with starter notch plane «=30°-45° was turned relative to test tool set in ordet to obtain Mode I
conditions at notch tip (Fig. 2). Precracking was completed when the crack length ¢ reached 4.5-5.0 mm. The nominal
stresses magnitude during fatigue precracking was such to not exceed material yield strength and was equal to 157.5 MPa.

Figure 3: Test equipment for SCT specimens fatigue crack growth tests.
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The SCT specimens fatigue crack growth (FCG) tests are carried out on an MTS Landmark servo-hydraulic test system with
a maximum capacity of 100 kN at 10 Hz frequency and with R,=0.1 stress ratio (Fig. 3).

The Mode I and Mixed-mode tests of the 7050 and Ti6Al4V SCT specimens were performed by applying uniaxial forces
P=42 £N and P=60 £N, respectively. All tests were carried out with sinusoidal loading. LLoad control was estimated to be
better than +1%. The crack length on the specimen’s free surface was monitored using an optical microscope. Crack mouth
opening displacement (CMOD) measurements was used for crack depth determination. The displacement gage length was
equal to 10 mm. For SCT Mixed-mode specimen the CMOD device was placed in the load application direction (Fig. 3).
Two different stress ratio values (0.1 and 0.5) were applied several times to each SCT specimen in order to fix the current
crack front position. During each test, beach marks were produced for each SCT specimen by increasing the applied stress
ratio from 0.1 to 0.5 at a constant value of the maximum cyclic nominal stress, while the surface crack length was increased
by approximately 0.1-0.2 mm. As shown in [11-13], the beach mark loading does not induce load history effects or overload
retardation. The typical fracture surface marks are shown in Fig. 4a and 4b for SCT Mode I and SCT Mixed-mode specimens,
respectively.

7050 SCT Mode 1 7050 SCT Mixed Mode I/11/111

Ti6Al4V SCT Mode 1

@ ()
Figure 4: Fracture surfaces for (a) Mode I and (b) Mixed-mode loading.

Factory roof patterns were found on fracture surface of SCT Mixed-mode specimen from titanium alloy. Factory-roofs
initiate by elementary Mode I branches at particular sites on the fronts of semi-elliptical surface cracks growing under Mixed-
mode I + I1I [14]. The factory roof patterns’ roughness (or visibility) particularly depends on the applied cyclic shear stress
amplitude and also the material microstructure significant influence. These conditions, along with the material yield strength,
constitute the main reasons why the factory roof patterns are not observed in the 7050 aluminum alloy.

From the crack front shape obtained by beach mark procedure, the crack length measurements ¢ on the free surface
(width/height direction) and the crack depth @ of growing sutface crack (thickness direction) can be obtained for SCT
specimens using an optical instrumental microscope. The experimental crack sizes combinations for SCT Mode I and
Mixed-mode specimens for aluminum and titanium alloys are presented in Table 2.
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Materials

7050
Ti6AI4V

Mode I
Surface crack sizes a/c
(mm/mm)
1st front 2nd front 3rd front
3.19/5.00 4.32/6.27 6.19/8.51
2.50/5.08 4.10/6.18 5.90/7.73

Mixed-mode
Surface crack sizes a/c
(mm/mm)
1st front 2nd front 3rd front

2.53/4.55 4.47/7.25  7.70/12.50
2.50/4.65 4.00/6.70  7.70/13.00

Table 2: Experimental crack sizes for SCT' specimens.

For SCT Mixed-mode specimens the crack length ¢ was measured along the curvilinear crack path on the specimen free
sutface, the crack depth  was measured on a plane orthogonal to the specimen's axis (Fig. 1b).
The fracture surface of SCT Mixed-mode specimens, as shown in Fig. 4b, illustrate the tortuous path the crack propagated
through the microstructure. The curvilinear shape and orientation of the growing crack need to be modeled based on FEM
methodology, which is not simple. This assumption was made because the tortuous crack path did not facilitate direct crack
inclination angle measurements from the fracture surface. An alternative way is to do the initial inclination angle measurements
(after precracking, Fig. 5a) and final inclination angle on the back side of the specimen (after fracture, Fig. 5b). Based on the
crack plane inclination angle o performance along SCT Mixed-mode specimens thickness (Fig. 5¢) it is possible to calculate the
inclination angle for any experimental crack fronts. It is clear that while the crack, in its initial configuration, starts out as a
Mixed-mode crack, after a substantial growth, the crack configuration is in a near pure Mode I state.

=
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Figure 5: Crack plane inclination angle o (a) on the front side, (b) on the back side and (c) behavior along thickness of SCT Mixed-mode

specimens.
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As mentioned above, crack growth was monitored using the optical microscope and CMOD for Mode I and Mixed mode
loading conditions on SCT specimens’ tests. The relationships between CMOD and crack length on the free surface for
both considered alloys under different loading conditions are plotted in Fig. 6. A strong correlation was found between
these two parameters, and this information can be very useful for the crack growth rate diagram’s interpretation in thickness
direction.

Thus, the obtained experimental data of the crack front shape and orientation for various fatigue failure process stages will
be used in this study to calculation the fracture parameters distributions along the crack fronts in terms of elastic and
equivalent SIFs for all tested SCT specimens.

Al-alloy 7050 SCT Ti6Al4V SCT
0.16 0.16
—O—Mode | —O—Mode |

0.12 012 -
£ —Mixed-mode € —0O—Mixed-mode
£ £
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Figure 6: Relationship between CMOD and crack length on the free SCT specimen surface for (a) aluminium and (b) titanium alloys
under different loading conditions.

MIXED MODE CRACK GROWTH PARAMETERS

Equivalent stress intensity factor
D Mixed Mode problems are characterized by the fracture superposition Modes I, 11 and 1I1. While an existing crack
3 under Mode I loading conditions will propagate within the original crack plane, Mode 1I loading generally leads to a
crack kinking, Mode III loading causes the crack front twisting, for 3D Mixed Mode cases depending on the Mode
1I- and Mode I1I-portions a more or less intense crack deflection or crack twisting can be observed. This means, that within
the linear-elastic fracture mechanics scope the SIFs Kj, Kir and Kjrr are of importance for the fracture risk estimation in
structures as well as for the stable crack propagation evaluation processes [15] and can be defined by Eq. (1):

KIZO'J,\/ﬂ'd'YvI, H—T ~NTT U’ H]:TJ?:V”‘Z'YIH (1)

In general, the SIF depends on the stress (oy, Txy OF Tys), the crack length 4, and on the boundary correction factors (Y, Yn
or Yni).

Shlyannikov [16] generalized the numerical method to calculate the geometry dependent correction factors Y7, Yir and Y7
for the SIFs Kz, K, and Ky under mixed mode fracture. The present study explores the direct use of FE solution results for
calculating the SIFs Kj, K, Ki, ahead of the crack tip (6=0°):

FEM [5 FEM [5 FEM [5
=0y r Ky =0, » Ky =04, N27mr @

where 7, 6, and o are polar coordinates centered at the crack tip, and & are the stresses obtained from the FE solution.

To describe the Mixed-mode crack growth along the curvilinear crack path the equivalent elastic SIF includes Mixed-mode
effects such that
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K, =\/(1—v2)(1<,2 + K5 )+ (14v)KG, 3)
was obtained from the energy release rate G definition for plane strain [17]:

1—12

G=G +G,+G, =

K>
(Kf +Kj, L i ] “
where E is the Young's modulus, vis the Poisson's ratio.

NUMERICAL STUDY

Elastic—plastic stress—strain fields along the crack front
T he numerical calculations in this study are connected with the stress-strain state (SSS) SCT specimens’ analysis with
Mode I and inclined surface cracks. The ANSYS FE code [18] is used in the mechanical analysis. Twenty nodal solid
brick elements with quadratic interpolation were used to mesh the 3D FE model configurations, which is a quarter
of the SCT Mode I specimen and full geometry of the SCT Mixed-mode specimen. The FE models of SCT specimens wete
loaded with forces which coincides with the maximum experimental loads value and are P=42 £N and P=60 &N for 7050
and Ti6AI4V alloys, respectively. In order to perform numerical calculations, the main mechanical properties listed in Table
1 were used.
The crack tip shapes obtained by beach mark procedure has been considered in the numerical part of the study. The crack
sizes for both alloys are presented in Table 2 and the crack inclination angles for SCT Mixed-mode specimens have been
defined consistently from the Fig. 5¢c. As a result, for each considered material type, from 6 to 7 3D FE models with different
crack front positions were analyzed under experimental loading conditions.
The SIFs were calculated using the topology building principles of FE meshes, the elements sizes, and their distribution
density in the radial and circumferential directions, as applied to surface defects in real structures, components and
specimens, which are described in [2, 4, 9, 19-21]. Thus, in order to accurately characterizing the influence of the strain
gradient, a very refined mesh is used near the crack tip, where the elements' size is in the one micrometer order. The nodes
number in the 3D FE models were varied from 1 000 000 to 2 500 000. Typical FE meshes for the SCT Mode I and SCT
Mixed-mode specimens with surface crack are illustrated in Fig. 7a,b and 8a,b, respectively.
The typical equivalent stress distributions for the SCT Mode I and SCT Mixed-mode specimens with surface crack are
illustrated in Fig. 7c and 8c, respectively.

@) (b) ©

Figure 7: Typical (a, b) FE meshes and (c) equivalent stress distributions for SCT Mode I specimen with surface crack.
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a

Figure 8: Typical (a, b) FE meshes and (c) equivalent stress distributions for SCT Mixed Mode specimen with surface inclined crack.

Stress intensity factors distributions

One of the main objectives of the present study is the elastic fracture mechanical parameters calculation for real shape and
surface cracks sizes, which were obtained by uniaxial tension tests on two SCT specimens types. It should be recalled that
the SCT specimens with crack plane located orthogonal to the loading direction was used to realize pure Mode I loading
conditions, and the SCT specimens with inclined crack was proposed in order to reproduce the Mixed-mode loading
conditions around the crack tip. The elastic SIFs K, Ky and Ky distributions and elastic equivalent Mixed-mode SIFs K.,
were obtained by Eq. (2) and Eq. (3), respectively. All parameters are determined at the crack tip distance range r/a=0.0025-
0.01, where the numerical solution provides a stabilized result. To compare the parameter distributions along surface crack
tip, it is convenient to introduce dimensionless coordinates in the following form:

x, =A@cos,, y, =Apsing,,x, = Apcose,, y, = Apsing, ,x, = Apcos@,, y, = Apsing,,

9, €[p.0.].00=0, -9, ®)
<, _ X T X ,Z:J/z_ﬂo, R _ b ,Xf+1@2,Re[O,1] ©)
XO_X: .yf_.y() \/E

whete @pis the angle determining the crack tip initial point position, and @.is the angle cotresponding to the crack tip last point.
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Figure 9: Distributions of the elastic SIFs along the crack fronts for (a) aluminum and (b) titanium alloys under model 1.
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In the following numerical results representation, the authors will use the variable R in the 0 to 1. R=0 indicates the SCT
specimens extetior free surface (¢ direction, Fig. 1), while R=1 indicates the crack tip deepest point (z direction, Fig. 1).

The SIFs K; distributions along several crack fronts for both alloys at pure uniaxial tension loading conditions are plotted
in Fig. 9. Kir and Kjrr are nearly zero during all crack fronts (consequently, K., and K values nearly coincide), therefore were
not reported.

Looking at this figure, it can be noted that the elastic SIFs K; for the SCT Model I specimens are changed by a moderate
amount in the range of 0<R</7. Insignificant changes of the elastic SIFs K; distributions are observed for front 4 in titanium
alloy, which related to thickness effects.

The SIFs Kj, Kir and Ky distributions along several crack fronts for aluminium and titanium alloys at Mixed-mode loading
conditions are plotted in Fig. 10 and Fig. 11, respectively. It is possible to note, that at approximately the same crack sizes
and the same maximum load magnitude the SIF Kr values for Mode I loading conditions are insignificantly lower compared
with SIF K for Mixed-mode, while the SIFs Ky values and Ky are nonzero. As expected, the SIFs Kiy maximum values are
observed on the SCT specimens’ free surface; on the contrary to this the SIFs Kiy maximum values are observed on the
crack front deepest point. It shows that Mixed-mode loading conditions are realized for SCT specimens with initial
inclination angle «=~25°-30°. It should be note, that K; keeps increasing trends while Ky and Ky are stabilized during the
crack growth. It confirms that this Mixed-mode crack becomes the Mode I dominated one while growing.
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Figure 10: Elastic SIFs (a) K, (b) Kir and (c) K distributions along the crack fronts for aluminum alloy under Mixed-mode.
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Figure 11: Elastic SIFs (a) K, (b) Ki and (¢) Ky distributions along the crack fronts for titanium alloy under Mixed-mode..

The elastic SIFs K., behaviors in the thickness direction and along the free surface (width/height direction) of growing
surface crack are shown in Fig. 12a and b.
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Figure 12: The elastic SIFs Ky comparisons: (a) the crack front deepest point and (b) the crack front free surface.

In these figures, the crack depth @ and crack length ¢ are normalized by the SCT specimen’s thickness B=70 7 and width
W=40 mm. It should be noted that at the wide ranges of crack length and crack depth, the elastic SIFs K, are significantly
changed at different loading conditions, and they have increasing trends. Looking at these figures and considering changes
in the SIFs along the SCT Mixed-mode specimens’ crack front, differences in the crack growth rate between Mode I and
Mixed-mode loading conditions are evaluated. Analysing the equivalent SIFs K, distributions for both alloys and for all
loading conditions will help for experimental results interpretation. For the further description of the fatigue fracture
diagrams, the mixed mode elastic SIFs K, as the crack size (4, ¢) function can be presented in the polynomial equations
form.

RESULTS AND DISCUSSION

Crack growth rate interpretation
ne of the main aims of the present study is the calculation of the aluminum and titanium alloys fracture resistance
O parameters for two surface crack propagation direction under Mode I and Mixed-mode loading, which were
obtained by uniaxial tests on SCT specimens. In this section, the difference in FCG rates between surface cracks
and through-thickness cracks will be presented on the fracture resistance parameters base in the literature [22].
The simple Paris law equation was used for describing the FCG rate for each load case and crack front positions:

da/dN=C-(K,) )

de/dN=C-(K,,) ®

whete da/dN is the crack extension rate based on crack depth @ and cycle count N, dr/dN is the crack extension rate based
on crack length ¢and cycle count N, C'and » are material constants, K, are elastic equivalent SIFs, obtained from Fig.12ab.
Crack growth rate diagrams as the elastic equivalent SIFs K., function for both alloys and different loading conditions are
plotted in a log—log scale on Figs. 13 and 14. As shown in these figures, for both alloys a significant crack growth rate
reduction is observed in the crack front deepest point direction for Mixed-mode loading conditions. The opposite behavior
is observed for Mode I loading. As shown in Fig. 14a, for titanium alloys the significant FCG rate increasing on the crack
front deepest point is obtained. On the contrary, the crack growth diagrams for aluminum alloy (Fig. 13a) are barely affected
by crack front positions. In any way Mixed-mode loading leads to lower crack growth rates in comparison to pure Mode 1
for both alloys.

Moreover, FCG rates obtained in this study are compared with those obtained using compact tension shear (CTS) specimens
of the same material and sampling direction [22]. As shown in Figs. 13a and 14a, FCG rate variation is not consistent with
that paper even for pure Mode I conditions. Indeed, different loading conditions leads to different crack growth curves that
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are substantially different from fatigue crack growth determined on the CTS specimens. Possible reasons include the
different cracks types involved that can potentially affect the FCG rate.
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Figure 13: Crack growth rate versus equivalent SIFs for aluminum alloy 7050 at (a) Mode I and (b) Mixed-mode loading conditions.

These FCG features for surface and through-thickness cracks at Mode I, and especially, at Mixed-mode loading conditions,
should be taken into account in the engineering structures design and evaluation, as well as in procedure of crack propagation
numerical simulation implemented in many specialized software tools, based on FEM, like e.g. FRANC3D, ZENCRACK,
ADAPCRACK3D and so on.
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Figure 14: Crack growth rate versus equivalent SIFs for titanium alloy Ti6Al4V at (a) Mode I and (b) Mixed-mode loading conditions.
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Material constants C and 7 of Egs. (7, 8), determined on the present research, shown in Table 3. In general, the constants
C and » values, which belong to the FCG diagrams linear parts of each investigated material, are determined as a result of
statistical processing of the diagrams of the tested materials.

Material Fracture mode (da/dN) vs elastic SIF Keqv (dc/dN) vs elastic SIF Keqv
m C m C
7050 Mode 1 3.501 0.683*10-11 3.724 0.369*%10-11
Mixed-mode 3.534 0.541*10-11 2.604 0.879*10-10
Ti6AI4V Mode I 8.461 0.638*10-18 4.459 0.653*10-13
Mixed-mode 5.483 0.310*10-14 4.036 0.321*10-12

Table 3: Cyclic fracture resistance parameters for tested materials.

CONCLUSIONS

specimens made of aluminum and titanium alloys were provided for 3D Mixed-mode problems. The SCT specimens

with surface crack plane located orthogonal to the loading direction were considered to pure Mode I conditions
realization. The experimental shape, orientation and inclination of growing surface cracks angle were determined by catreful
analysis of all tested SCT specimens fracture surfaces. The FEM analysis was used for SIFs calculations along crack fronts,
and equivalent elastic SIF formulation was applied for crack growth rate assessment under mixed mode conditions. The
fracture resistance parameters of aluminum and titanium alloys for two crack propagation directions were obtained under
Mode I and Mixed-mode loading conditions. The experimental results’ comparison with the fracture resistance parameters
available in the literature for through-thickness cracks are presented.

I n this study, the computational and experimental results for inclined surface cracks in the modified ASTM E740 SCT
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