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A Numerical and Experimental Study on Fatigue Crack Growth of Ti-6Al-4V
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ABSTRACT: Fatigue crack growth is one of the failure mechanisms in engineering structures, which is
intensified by the presence of tensile residual stress. In this research, the effect of tensile residual stress
in front of the crack front on fatigue crack growth has been investigated. The mechanical residual stress
has been applied to the samples using the four-point bending method, and the residual stress has also
been measured using the hole drilling method. Fatigue crack growth tests were performed on single edge
notch bend samples with residual stress and without residual stress and the repeatability of the test was
checked. To investigate the plastic area ahead of the crack tip, the applied residual stress, and obtain the
fracture mechanics parameters, Abaqus commercial software has been used. The results of this study
show the increase in the rate of fatigue crack growth in the presence of tensile residual stress. This
increase in fatigue crack growth rate can reduce fatigue life up to 50%.
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1- Introduction

Titanium alloys have high tensile strength and toughness
and good corrosion and creep resistance. The above
characteristics have led to the use of this alloy in the acrospace
industry, chemical industry, medical equipment, and making
electronic equipment [1].

Estimating the fatigue life of the structure in the presence
of residual stresses is still a challenge for design engineers.
Many researchers have investigated the effects of residual
stresses on fatigue life. “McClung” and colleagues [2]
reviewed the works done in the field of the effects of residual
stress and its stability during fatigue crack growth. Vaidai
et al. [3] investigated crack growth in the welding residual
stress field along the weld line and perpendicular to the
weld line. Tensile residual stress reduces the fatigue life, and
compressive residual stress leads to a decrease in the fatigue
crack growth rate [4].

With the increasing use of titanium alloys in various
industries such as aerospace, where the parts are subjected
to repeated loading, a lot of research has been done on the
fatigue life of parts made of titanium alloys. Neto et al. [5]
investigated fatigue crack growth in Ti-6Al-4V samples under
“overload” loading. The results of their research showed that
the “crack closure” mechanism caused by overload has a
significant effect on fatigue crack growth. “Lou” et al. [6]
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experimentally investigated the effect of “shot peening”
and “laser punching” on the microstructure and fatigue
properties of Ti-6Al-4V alloy. Their results showed that the
residual stress caused by the shot peening process improves
the fatigue life. “Zhang” et al. [7] investigated the growth of
fatigue cracks in titanium alloys in the presence of residual
stresses caused by the “laser peening” process. The results
of their research showed that compressive residual stresses
greatly improve fatigue life.

Although there has been a lot of research on fatigue
crack growth in titanium alloys in the last decade, the effects
of mechanical residual stresses on the fatigue life of these
alloys need more research. The purpose of this research is
to investigate the behavior of fatigue crack growth in the
presence of mechanical residual stresses. The residual stress
was created in the samples using the four-point bending
method. The samples were subjected to fatigue loading and
fatigue crack growth in samples with residual stress were
compared with samples without residual stress.

2- Methodology

A 4-point bending method was utilized to induce tensile
residual stresses in front of the crack tip. Measurement of
residual stresses was carried out by the incremental hole-
drilling approach.
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Table 1. Mechanical properties of grade 5 titanium alloy

Young's Yield Stress Ultimate
Stress
modulus
113.8 GPa 950 MPa 1010 MPa

Fig. 1. Stress distribution after loading

In the finite element analysis, the Bauschinger effect is
ignored. The behavior of the material in the plastic region
of the stress-strain diagram is considered as isotropic
hardening. Material properties were defined as elastic-plastic
isotropic hardening behavior based on Ti-6Al-4V mechanical
properties, which were measured by tensile strength test
(Table 1). Figure (1) shows the stress distribution along the
length of the sample after loading.

The simulation of fatigue crack growth for three-point
bending loading is performed by Abaqus in two samples, one
with mechanical residual stress created by four-point bending
and the other without the presence of residual stress.

In the present study, the Paris equation is used to express
the crack propagation law based on the stress intensity factor
as follows:

dN

3- Results and Discussion

The experimental diagram of crack length growth in
terms of the number of fatigue loading cycles for samples
with mechanical residual stress and without residual stress is
given in Figure (2). The measurement of crack growth was
done by visual method.

In Figure (3), the experimental diagram of the fatigue
crack growth rate in terms of the range of the stress intensity
factor is shown. Using the curve-fitting on the data of the
diagram in Figure (3), the coefficients related to the material
in Paris law are obtained.

The parameters of Paris Law given in Table (2) are of

great importance. With the help of these parameters, fatigue
life can be estimated in different loadings and geometries.
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Fig. 3. Experimental graph of crack growth rate for
samples with residual stress and without residual stress

Table 2. Calculated values of C and m parameters

Parameter With RS Without RS
C 5.31*10 1! 3.94*10 1!
m 3.49 3.15

4- Conclusions

In this research, the effect of residual stress on fatigue
crack growth of grade 5 titanium alloy was studied. The
mechanical residual stress was created by the four-point
bending method. The distribution of this residual stress was
validated using the hole strain method. Simulation of residual
stress and fatigue crack growth was done by Abaqus finite
element software. The results of this research are as follows:

1- Residual stresses have a significant effect on fatigue
life and failure characteristics of samples.

2- Tensile residual stress causes an increase in fatigue
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crack growth rate, which leads to a reduction in fatigue life.
Tensile residual stresses reduce fatigue life by about 50%.

3- The J-Integral is a suitable parameter to investigate
fatigue crack growth in the presence of residual stresses.

References

[1] G. Litjering, J.C. Williams, Titanium, Springer Berlin
Heidelberg, 2013.

[2]R.C. McClung, A literature survey on the stability and
significance of residual stresses during fatigue, Fatigue
& Fracture of Engineering Materials & Structures, 30(3)
(2007) 173-205.

[3] W.V. Vaidya, P. Staron, M. Horstmann, Fatigue crack
propagation into the residual stress field along and
perpendicular to laser beam butt-weld in aluminium alloy
AA6056, Fatigue & Fracture of Engineering Materials &
Structures, 35(5) (2012) 399-411.

[4] Z. Barsoum, 1. Barsoum, Residual stress effects on fatigue
life of welded structures using LEFM, Engineering
failure analysis, 16(1) (2009) 449-467.

[5]D. Neto, M. Borges, F. Antunes, J. Jesus, Mechanisms
of fatigue crack growth in Ti-6Al-4V alloy subjected
to single overloads, Theoretical and Applied Fracture
Mechanics, 114 (2021) 103024.

[6] X. Luo, N. Dang, X. Wang, The effect of laser shock
peening, shot peening and their combination on the
microstructure and fatigue properties of Ti-6Al-4V
titanium alloy, International Journal of Fatigue, 153
(2021) 106465.

[71H. Zhang, Z. Cai, J. Chi, R. Sun, Z. Che, H. Zhang, W.
Guo, Fatigue crack growth in residual stress fields of

laser shock peened Ti6Al4V titanium alloy, Journal of
Alloys and Compounds, 887 (2021) 161427.

HOW TO CITE THIS ARTICLE

Mech Eng., 55(4) (2023) 109-112.

DOI: 10.22060/mej.2023.22012.7556

A. Zangeneh, |. Sattarifar, M. Noghabi, A Numerical and Experimental Study on Fatigue
Crack Growth of Ti-6Al-4V Specimens in Presence of Tensile Residual Stresses , Amirkabir J.

111






75 ool SlSo (owigee g pui

OO U OFY wlbrao AF+Y Jlo oF o)lasd DO 093 ¢ pusS yuol Sl wdins 4 puiis
DOI: 10.22060/mej.2023.22012.7556

S jgpis )3 Ti-0AI-4V gl W )3 (Kiwd S5 ady 9338 9 (2,25 (o 2
& .ss .\sw

2By dee )8 gl G).).] PR Aoau),.,ol

Sl urige 8IS S el inio oS5

18,5913 ey ,U
VFoV/-AUVA bl
VY- YIVR 16,555L
VoV YIYA 1ol
VN[ ¥+ 1o Ml )

1605 Clols
K S 5
Slouy (55
psslis 5]

T 5

b3 (S Wlony A5 (059 3929 b oS bl on (i (slmojl )3 CenSld el p3lSe | (Sid S 5 0 oY
Cslid)S 18wy 3)90 (Sid S5 AD) S9) 0 S A Sl ) (S Slowy G5 I (igR (nl )3 235
L Slowy i (65031 peicmed g Cunlodd Jlos! b diged (59) 2 alai jloa s g, il eslitnl b (SlSo wlawy i3
O L 4 S5y had (cladigas (g) 1 (Siud S5 4y (o3l ol 8,5 plosl g (s G195 b 3l 03l
S5 S5 Sty 4l gy 2 pelaio 4yl 00 gy 2 ool (620,55 g Aoy s Slaney (AT (g g Sl
3o s 2 gl sl o o3litsl agS Ul (5008 158l 5 1 s Sl (gl 20l 099,] sty 5 Mool Silony S5

Mo B b (Siwd S ady g Glidl cplamy o ol 1) oS Slows (i jods 0 (Siwd S Ay 5 il

e ials ]y Siud jes Mg o

S S5 4l ) Slawy (ot b 0B (Shy ol & 28l
il o Slowy G5 jga> )3 ol (s joe (100505 Al 0
03l> L ldise yslw Olddss gl ..\ﬂ@ Jos 4 2l losige (ol
b lojle (Sud yoe g5y lalanMe LB 51 Wloww (i &S Cul
ooy (Swd jes 59y oy i SIS ook (e [Y]
plosl )l (6y950 (owyp 4 F] olSen 5 "IN S Lsles S
(S S5 ady e o) b g Slews G5 ST anej ) oad
Ly (255 g g0 Slodl wyp 4 0] o) " cluly sy,
s by 0 S ad) <l 93 )5 b Sl sy 0jg> > S5
or 4 [P hen 5 " S gl bl g bS s dgas 5 o>
455y Mbhy Sleas G5 ol (g slaojl (Siud plSoul
B 5 Slowy QLT QA8 e 53 0 plonil claimo3 ($)950 (2
e S 1) Sd jee adidS Slows (i V] caby baojle
W ) g (N S L) g5 Gl 4 e ()l Slewy A5

Al 29500 (S yoe 138

dodko -

) YU Koy g (oS plSotil y ogMe poslis (slasll]
5l 5 g (alie (B 5 (S0 4 Cueglia S (35 sbales
(lesd glio dadln mlio ) W1 cpl 38 el 358 sla Sy
ol 0l (Sg 5iSl l o0 il g bacilies] o S5 Olinzs (S0
po3) ilisee wlio ;5 poslis I 953l5g) odlitul & avg5 L [V]
o 8k cos Ul ol plos 5 (SolSe )3y g, 1 iy Sliios
Dy 3934 calisie

036,55 IS5 Jlael 1 b o3le (S, b Cignd o St
aS amd o Fy Sloj g0l e g oig i (6,3l coaml opl Asb o
BT gt (Std s 2,8 8 Slog )5 )k cov oo S
g ojl (s jos Julod IV bl oo 35T (192 gy S g (3
6ol pEIRYG5 CenSld le (St sl o sl o 2 g0 olse
03l s (Sealad (Shg S (Kt yoe [V] Conl iatio (sladalas |

sattari@aut.ac.ir :olsle Jboge odiwg ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

oLy



1200

1000

800

600

Stress (MPa)

400

200

0.04

True Curve

0.06

Engineering Curve

0.1

Strain

0 %5 gl ST G5 S — SIS dode ) JSS

Fig. 1. Stress-strain curve of grade 5 titanium alloy.
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Table 1. Mechanical specifications of grade 5 titanium alloy.
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Fig. 2. Four-point bending test settings.
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Fig. 3. Strain gauge rosette attached on grade 5 titanium alloy plate.
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Fig. 4. Geometry and boundary conditions applied to the finite element model.
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Fig. 5. The gray coloured areas in the finite element model are reached to yield.
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Fig. 9. The radius of the plastic zone at the crack tip.
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Fig. 10. The J-Integral values in the 1.5 to 6 mm crack without residual stress.
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Fig. 11. The J-Integral values in the 1.5 to 6 mm crack in the presence of residual stress.
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Fig. 12. Experimental diagram of crack growth according to the number of cycles for 2 samples with
residual stress and 2 samples without residual stress.
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Fig. 13. Experimental graph of crack growth rate for samples with residual stress and without residual stress
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Table 2. Calculated values of C and m parameters.
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