ADVANCED TECHNOLOGIES AND MATERIALS VOL. 46, No. 2 (2021), 19-23
DOI: 10.24867/ATM-2021-2-003

Received: 18 May 2021
Revised: 20 June 2021
Accepted: 05 July 2021

Advanced Technologies & Materials

http://journal-atm.org
ISSN: 2620-0325 (print), ISSN: 2620-147X (online)

Original article

Fatigue endurance analysis of a surface stress raiser

*Slobodanka Boljanovié®, Strain Posavljak®, Stevan Maksimovié®

@ Mathematical Institute of the Serbian Academy of Sciences and Arts, Kneza Mihaila 36, Belgrade, Serbia
b University of Banja Luka, Faculty of Mechanical Engineering, Vojvode Stepe Stepanoviéa 71, Banja Luka, Republic of
Srpska, Bosnia and Herzegovina
¢ Military Technical Institute, Ratka Resanovica 1, Belgrade, Serbia

ABSTRACT

Fatigue-induced flaws play an important role in safety-integrity performances of large moving systems. Therefore, the present
research work proposes a computational model to gain insight into such surface stress raisers. The analysis shows that a
combination of damage-tolerance design with fracture mechanics-based concept is a key to generating relevant relationships

between fatigue life and stress intensities.
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1. INTRODUCTION

Surface flaw phenomenon is one of the major deterioration
mechanisms in existing large moving systems, causing
considerable costs for maintenance and repair. In this
context the development of reliable computational models
to localize and characterize such part-through damage
represented as quarter-elliptical and semi-elliptical crack is
essential to assess the load bearing capacities of structural
components.

Under cyclic loading, the stability of quarter-elliptical
crack at a pin-loaded hole has been analyzed by Rigby and
Aliabadi [1] using J-integral method and the boundary
element method. Further, Yamashita et al. [2] have
explored the driving mode caused by semi-elliptical crack
through the Paris’ crack growth concept together with the
finite element method.

In order to evaluate the propagation of quarter-elliptical
crack coupled with the pin-loaded effect Antoni and Gaisne
[3] have suggested the analytical concept whereas
Mikheevskiy et al. [4] have employed the crack growth
concept proposed by Noroozi et al. [S]. The behaviour of
the same failure-relevant configuration has been evaluated
by Boljanovi¢ et al. [6] through the crack growth concept
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proposed by Zhan et al. [7] and the J-integral method.
Further, Boljanovi¢ et al. [8] have used the stress ratio
dependant crack growth model [9] and the finite element
method to assess the fatigue performances of quarter-
elliptical corner crack at semicircular edge notch.

The present research work discusses the computational
model recommended for fatigue assessments of plate-type
configurations with quarter-elliptical crack-like flaw. Such
fracture mechanics-based analytical tool is aimed at
evaluating of structural responses and defining safety
levels. Furthermore, several cases of technical interest are
treated in detail, varying both the crack shape
characteristics and parameters of loading profiles.

2.  SURFACE FLAW PROGRESSION

At operating loads, surface flaws become sources of
fatigue damages as a result of complex load-environment
interactions. Therefore, the safety and long-term operation
of large moving systems requires the inclusion of fracture
mechanics-based concepts for analyzing the progression of
these stress raisers [3-9]. In this context, the driving mode
due to a quarter-elliptical crack (Fig.1) is herein
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theoretically examined through the crack growth model
proposed by Walker [10], expressed as follows:

da _C,(AK,(a,b)™
dN  (I-R)

db _ Cy(aK,(a,b))™
dN  (1-R)

where da/dN, db/dN and a, b are the crack growth rate and
crack length in depth and surface crack growth direction,
respectively, R is the stress ratio, 4AKa and 4AKg are the
stress intensity factors for two critical crack growth
directions.
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Fig. 1 Cyclically loaded plate with quarter-elliptical corner crack

In the frame of the fatigue endurance analysis the number
of loading cycles N may be evaluated, integrating relevant
crack growth rates (Eq. (1a) and (1b)) from initial ao, bo to
final ay, bt crack lengths with respect to depth and surface
crack growth direction, i.e.

o aCalaK,(ab)™

N :TdN :TO‘—R)mdb (2b)
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3. STRESSINTENSITY EVOLUTION

The fatigue performance of quarter-elliptical corner crack
(Fig. 1) is assessed employing the stress intensity factor
[11], expressed as follows:

AK =M, As |Z2
Q

where A4S and AK are applied stress range and stress
intensity factor range, respectively, a is crack length in
depth direction and Q represents the ellipse shape factor.
Through the stress raiser evaluations the boundary
conditions related to the crack shape, the crack size,
thickness and width of the plate are taken into account by
means of the correction factor Mge, defined by
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where b is crack length in surface direction, t and w are
thickness and width of the plate, respectively, and ¢ is the
angle location.

Further, the interaction between the ellipse crack shape
effect (a/b>1.0), and the effects of angle location and width
of the plate are theoretically examined via the correction
factors Q, fg and fy, expressed as follows:

b 1.65
Q=1+1.464[j (10)
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4.  FATIGUE DURABILITY EVALUATIONS
4.1  Residual life analysis

The present Section examines the fatigue performances of
the plate with quarter-elliptical corner crack (Fig.1), made
of 2024 T3 aluminium alloy. Such failure evaluations are
performed adopting the applied maximum stress equal to
Smax= 310.63 MPa and 240.79 MPa with R = -1, and the
following geometrical and material parameters: W = 76.2
mm, t = 2.3 mm, Ca=Cg=1.2x10""", ma= 3.02, E = 73.1
MPa, v=0.33. The initial part-through crack is
characterized by relevant lengths equal to ag =bo=20 pum in
the case of depth and surface direction.

Under cyclic loading the stability of damaged plate is
estimated through the stress intensity factor and residual
life, using Eq. (3)-(12) and Eq. (2a)-(2b), respectively. The
evaluated number of loading cycles, as a function of crack
length in depth and surface directions, are shown in Fig.2a,



ADVANCED TECHNOLOGIES AND MATERIALS VOL. 46, NO. 2 (2021)

2b and Fig.3a, 3b for maximum stress equal to Spax=310.63
MPa and Spax=240.79 MPa, respectively. In order to verify
the life evaluations, experimentally tested data available in
the literature [12] are reported in the same figures. By
examining different comparisons, it can be deduced that
safety-relevant results are in a quite good agreement for
two critical directions.
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Fig. 2. Fatigue life evaluation for the plate with a quarter-elliptical
crack (Smax= 310.63 MPa): (a) a— N and (b) b — N (calculated curves
are the present results and experiments are reported in Ref. [12])

4.2 Effects of stress ratio and thickness on the residual

strength under cyclic loading

Now, through the stability evaluations the effect of applied
load is examined in the case of surface corner flaws (Fig.
1). In this regard, the fatigue endurance of a plate made of
2024 T3 aluminium alloy (assuming the following applied
maximum stress and geometrical parameters: Sma= 300
MPa, t =8 mm, W = 50 mm, ap = 1.85 mm, bp = 2.1 mm
mm) is explored for three values of stress ratio (R=0.1, 0.25
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and 0.625). According to the developed fracture
mechanics-based analytical model, the driving mode due
to quarter-elliptical crack is herein analysed through Eq.
(3)-(12) and Eq. (2a)-(2b), respectively.
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Fig. 3 Fatigue life evaluation for the plate with a quarter-elliptical crack
(Smax=240.79 MPa): (a) a— N and (b) b — N (calculated curves are the
present results and experiments are reported in Ref. [12])

Fatigue life and stress intensity factor which are evaluated
as a function of crack length in depth and surface direction
respectively, are shown in Fig. 4a, 4b and Fig. 5a, 5b for
three values of the stress ratio, assuming the same material
parameters as those mentioned in Section 4.1. Moreover,
the stress raiser analysis examines the fatigue behaviour of
three plates (W = 60 mm, ag=bo = 1.85 mm, Spax=250 MPa
and R = 0.1), made of 2024 T3 aluminium alloy. Such
plates with a quarter-elliptical crack are characterized by
the following thicknesses: t = 6 mm, 7.5 mm and 9 mm,
respectively. Relevant fatigue evaluations for the number
of loading cycles, as a function of crack length in depth and
surface direction, are shown in Fig. 6a and 6b, respectively.
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Fig.4 Fatigue life evaluation for the plate with a quarter-elliptical
crack (Smax= 300 MPa): (a) a— N and
(b)b-N(1-R=0.1,2-R=0.253-R=0.625, calculated
curves are the present results)

From theoretical outcomes presented in Fig. 2 to 5, it can
be deduced that the effects of applied loads can seriously
compromise the structural durability under cyclic loading.
Also, relevant comparisons shown in Fig. 6 indicate that
the thickness is a factor that can have an important impact
on the safe functioning of plate-type systems.

5. CONCLUSIONS

limproving the understanding of surface flaw mechanisms
is a relevant task that can prevent the onset of sudden
fatigue failure in large moving systems. Therefore, in the
present research work a novel analytical model is
proposed, in which the Walker’s crack growth model is
extended to quantify the progression of surface stress-
raiser due to cyclic loading.
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Furthermore, novel relationships for the life assessment are
presented, and the estimated results demonstrate that the
developed computational tool can be successfully applied
for evaluating the fatigue stability of plate-type structural
components with a quarter-elliptical flaw.
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Fig. 6. Fatigue life evaluation for the plate with a quarter-
elliptical crack (Smax= 250 MPa): (a) a— N and
(b)b-N(1-t=6mm,2-t=7.5mm, 3-t=9 mm, calculated
curves are the present results)

ACKNOWLEDGEMENT

This research work is supported by the Serbian Ministry of
Education, Science and Technological Development
through the Mathematical Institute of the Serbian Academy
of Sciences and Arts, Belgrade and the COST (European
Cooperation in Sciences and Technology) Organization
under the Action CA 18203, Brussels, Belgium.



ADVANCED TECHNOLOGIES AND MATERIALS VOL. 46, NO. 2 (2021)

REFERENCES

[1]

[2]

(3]

[4]

[5]

[6]

[7]

Rigby, R., Aliabadi, M.H. (1997). Stress intensity
factors for cracks at attachment lugs, Engineering
Failure Analysis, vol. 4, no. 2, p. 133-146.

Yamashita, Y., Shinozaki, M., Ueda, Y., Sakano, K.
(2004). Fatigue crack growth life prediction for
surface crack located in stress concentration part
based on the three-dimensional finite element
method, ASME Journal of Engineering for Gas
Turbines and Power, vol. 126, no. 1, p. 160-166.

Antoni, N., Gaisne, F. (2011). Analytical modelling
for static stress analysis of pin-loaded lugs with bush
fitting, Applied Mathematical Modelling, vol. 35, no.
1, p. 1-21.

Mikheevskiy, S., Glinka, G., Alegra, D. (2012).
Analysis of fatigue crack growth in an attachment lug
based on the weight function technique and the
UniGrow fatigue crack growth model, International
Journal of Fatigue, vol. 42, p. 88-94.

Noroozi, A.H., Glinka, G., Lambert, S. (2007). A
study of the stress ratio effects on fatigue crack
growth using the unified two-parameter fatigue crack
driving force, International Journal of Fatigue, vol.
29, p. 1616-1633.

Boljanovi¢, S., Maksimovi¢, S., Carpinteri, A.,
Jovanovi¢, B. (2017). Computational fatigue analysis
of the pin-loaded lug with quarter-elliptical corner
crack, International Journal of Applied Mechamics,
vol. 9, no. 4, 1750058:p.1-17.

Zhan, W., Lu, N., Zhang, C. (2014) A new
approximate model for the R-ratio effect on fatigue
crack growth rate, Engineering Fractire Mechanics,
vol. 119, p. 85-96.

23

[8] Boljanovi¢, S., Maksimovi¢, S., Carpinteri, A.,
Cosi¢, M. (2019). Fatigue endurance design of plates
with two semicircular edge notches and one quarter-
elliptical corner crack or through-the-thickness
crack, .International Journal of Fatigue, vol. 127, p.

45-52.

Huang, X., Moan, T. (2007). Improved modeling of
the effect of R-ratio on crack growth rate,
International Journal of Fatigue, vol. 29, no. 4, p.
591-602.

Walker, E.K. (1970). The effect of stress ratio during
crack propagation and fatigue for 2024-T3 and 7075-
T6 aluminum. In: Effect of environment and complex
load history on fatigue life, ASTM STR vol. 462, p.
1-14, ASTM Philadelphia, Pa, United States.

[11] Newman Jr., J.C., Raju, L.S. (1984). Stress-intensity
factor equations for cracks in three-dimensional
finite bodies subjected to tension and bending loads,
NASA TN-85793, Langley Research Center,
Hampton, Virginia, United States.

Grover, H.J., Hyler, W.S., Kuhn, P., Landers, C.B.,
Howell, F.M. (1953). Axial-load fatigue properties of
24S-T and 75S-T aluminium alloy as determined on
several laboratories, NACA TN-2928, Battelle
Memorial ~ Institute,  Langley = Aeronautical
Laboratories, United States.

[9]

(10]

[12]

NOTE

This paper is based on the paper presented at 15th
International Conference on Accomplishments in
Mechanical and Industrial Engineering — DEMI 2021,
organized by University of Banja Luka, Faculty of
Mechanical Engineering, in Banja Luka, Bosnia &
Herzegovina, May 2021.



