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ABSTRACT

In the present work, rotating bending fatigue tests have been carried
out to investigate the fatigue strength of plain and circumferentially
notched specimens of Ti-6AL-4V alloy. The purpose of this work is to
evaluate fatigue strength and notch sensitivity under different stress
concentrations . The notch radius of specimens changes from o (plain
specimen) to 1.3, 0.4, 0.2, and 0.1 mm. The fatigue cracks initiate by
approximate 25% of cycle ratio in the cases of o= 1.3 and 0.4 mm while
the fatigue cracks initiate by approximate 15% in the case of p = 0.2
mm. The notch sensitivity of Ti-6AL~ 4V alloy is higher than that of
cast iron, and lower than that of steel material. The non-propagating
micro-cracks at the specimen surface are not existed for not only the
plain specimen but also for all of the notched specimens including plain
specimen under fatigue limit by N =1 X 10’ cycles.

1. INTRODUCTION

It is generally known that Ti-6AL— 4V alloy has excellent properties
such as the high strength to weight ratio, corrosive resistance etc. It has
been used as structural material for aeroplane. Though considerable
amount of studies on fatigue properties have been done until now, most
of them are done on plain specimen [1]. Though the cases over 90% of
failures are caused from notch (stress concentrated part), quite few
reports on the notch fatigue strength under the stress concentration
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have been done. In addition, it is well know that the titanium alloy show
high sensitivity for the sharp notch. In view of ensuring safety,
especially, it is important that the parts which have complicated shape,
is required for enough fatigue resistance at the notch. For the above
reasons, the study of fatigue properties for the titanium alloy under the
stress concentration should be considered as an extremely important in
view of practical use for a construction material.

So, in this study, the fatigue properties of the titanium alloy with
circumferential notch have been investigated using defined depth of
notch by changing the radius of the notch’s bottom and compared to
the results of other materials.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

The material used in this study is the typical Ti—-6AL—-4V alloy.
Chemical composition is listed in table (1). The shape and dimensions of
fatigue test specimen are shown in Fig (1). The specimen has constant
diameter at the smallest section and constant notch depth. The notch
shape is 60° V type, and the notch radius of specimens is changed from
o0 (plain specimen) to 1.3, 0.4, 0.2 and 0.1 mm. After machining, all
specimens were mechanically polished, annealed at 600 °C for 30
minutes afterwards to remove residual stresses, and were then lightly

etched.

- Fatigue tests were performed at room temperature using a rotating
bending fatigue testing machine under the cyclic speed of 2880 r.p.m.

For observation fatigue crack initiation and propagation behaviour, the
replica method was applied to the successive observations of specimen
surface for the cases of dull notch. As, it is impossible to take the replica
for the cases of sharp notch, the specimens were dismantled from the
testing machine, and were examined directly using an optical
microscopy, whenever necessary. All of the fatigue datum were
arranged by the nominal stress at the smallest section of the specimen.

3. RESULTS AND DISCUSSION

3.1 Notch Sensitivity and Duller Notch

Table (2) shows the experimental results, in which, c,, is the fatigue
limit for each notch. Furthermore, stress concentration factor o was
calculated by Neuber’s triangular law.

Figure (2) shows she S — N curves about all kind of specimens. The
fatigue limit is determined by the step of S MP, for the stress
amplitude. The notch sensitivity is investigated for the notch of this
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material on notch sensitivity .factor q, which is calculated by the
following formula: , :

q= (ﬁ-l) / (a -1)
where, B is the fatigue notch factor.
It shows the effect of the stress concentration on the fatigue strength.
From experimental results, it is known that the notch sensitivity factor
g for p=1.3 is the lowest in comparison to the others (see table 2). -
Figure (3) shows the relationship between stress concentration factor o
and notch sensitivity factor q. The datum of an annealed steel, which is
practically used as a structural material, is chosen for comparing those
of Ti-6AL-4V alloy. From this figure, it is clear that the netch
sensitivity for o= 1.3 mm in Ti~6AL—~4V alloy is much lower than that
of the compared material with sharp notch. Regarding to ' this
phenomenon, it is considered that the plastic flow would be
considerably restricted for the circumferential grains, because tltamum
has a hexagonal close — packed lattice {1-4].

3.2 Crack Initiation and Propagation Behaviour a

Figure (4) shows fatigue crack propagation properties of Ti-6AL—4V
alloy. The shown curves only represent the main propagating crack in
the materials. From this figure, it is clear that, in the case of p = (.2
mm, the fatigue crack propagates forward like a straight line in the

smaller range N/N; than 0.5.As shown in figure (4), there are
differences in the crack propagation behaviour of each notch radius.

Figure (5) shows the results of successive observation of surface state
for p = 0.4 mm and p = 0.2 mm. Fatigue crack initiates at N/N; = 0.25
for o= 0.4 mm, and at N/N;= 0.15 for p= 0.2 mm. From this result, it is
concluded that, according to the stress concentration factor at the notch
bottom being smaller, the fatigue crack initiates at lower fatigue life
ratio. Furthermore, the obtained results from the successive
observation of surface state indicated that as for the dull notched
specimens (0 = 1.3 mm and 0.4 mm), the fatigue crack almost initiates
from only one point, then propagates, until failure occurs. On the other
hand, as for the sharp notched ones (o = 0.2 mm), fatigue crack usually
initiates in many places at the same time. These cracks propagates, and
combine to a rather long and to be a discontinuous crack, and then
after the final fracture occurs. In addition, in the case of dull notched
specimen, the fatigue cracks slowly propagate along the circumferential

“direction. The number of initial cracks increases with an increasing of
notch bottom sharpness. It considered that the work — hardening of the
sharp notched specimen is higher than that of dull notched specimen.
Therefore, initial cracks are observed in many places.

201



Figure (6) shows the surface state under the fatigne limit by 1 x 10’
cycles for the case of cycles p=1. 3 and 0.2 mm. The non — propagating
cracks are not observed.

Figure (7) shows the relationship between c,, and stress concentration
- factor «c concerning with respective notch radius. In spite of non —
propagating cracks do not exist for the specimen with a sharp notch, it
is well understood that the fatigue limit becomes decrease with decrease
of notch radius. In this material, the reason why non — propagating
cracks are not existed unlike the cases of steel [5] or cast —- iron 6], is
that this kind of material is hard to harden by work — hardening or
harden age - hardening. The fatigue strength ©,,is equal to the crack
strength G,,. The branching radius in this material does not exist while
- it generally exists in cast — iron or steel. From the above results, it could
‘be said that the fatigue limit of this kind of material is determinant by
the crack initiating limit.

3.3 Comparison with other Materials on Notch Sensitivity

Figure (8) shows the relationship between -(c./c,) and the stress

gradient 4 on the notch bottom. Fig. (8) compares the relationship
between oc’ (cw/cwﬂ) and the stress gradient in the notch bottom of this

kind of material and other two kinds of compared material, S 50 C steel
[7] and cast iron [8]. From this. figure (8), it is concluded that notch
sensitivity concerning with crack initiation of this kind of material is
higher than that of sphercidal graphite cast iron, and lower than that of
S50C steel.

‘Figure (9) shows the relationship between fatigue limit ratio o,/ and

stress concentration factor oc among the three kinds of materials with
respect to notch radius. The non — propagating crack is not observed in
the case of titanium alloy even about a sharp notch, while non —
propagating cracks are existed for in the case of cast — iron or S50C
steel. As there exist the fatigue strength and the fatigue crack strength
in the compared materials (cast-iron and S50C steel), the fatigue limit
of these materials becomes constant even if increasing the sharpness of
notch radius. The fatigue limit of Ti-6AL-4V alloy decreases with
increasing the sharpness of notch radius, because non-propagating
cracks exist in the compared materials, and do not exist in this material
over the range of higher sharpness of notch radius. Finally, from the
above results, the notch sensitivity of this material increases with
increasing the sharpness of radius notch .
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4. CONCLUSIONS
From this study, the following conclusions may be drawn :-

1.

2‘

3.

Ti-6AL-4V alloy shows low notch sensitivity for dull notch, because
this alloy has a hexagonal close-packed lattice .

The notch sensitivity of this material increases with increasing the
sharpness of radius notch .

Non-propagating cracks are not observed under the stress
amplitude of fatigue limit by 1 x 107 cycles, even if the notch radius
becomes rather sharp, because the work-hardemng effect of this
material is very low .

The notch sensitivity for crack initiation of this alloy is hlgher than
that of spheroidal graphite cast-iron, and lower than that of S50C
steel.
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Table (1) : Chemical composition of the alloy % -

AL | V Fe O C N H Ti
6.15] 423 [ 0.12 | 0.14 | 0.011 0.01 0.004 | balance
Table (2) : Experimental results.
2 mm o B X mm"1 q Ow MP a
w0 1.00 1.00 0.40 — 420
1.3 1.42 1.14 1.98 0.33 370
0.4 1.96 1.79 5.26 0.82 235
0.2 2.44 1.71 9.25 0.49 245
0.1 3.47 2.27 21.54 0.51 185

o : Stress concentration factor

% : Stress gradient .
o, : Fatigue limit .

B: Fatigue notch factor .
q : Notch sensitivity factor .

204




p=%, 1.3, 0.4

0.2, 0.1 mm
& &
___..........‘.--..-.— o - S » —fr——— - fp——
20 {1 o)
80
me

Fig. 1 Shape and dimensions of specimen.

00 _
1 B p=co (Plain spacimen}
[ 0 p=1.3
550 f
A p=0.4
& 4 * p=0.2
= 500 | |
O p=0.1 mm
cm
L]
nd50 : Q "
b - /’D
- 400
- ° 2 /b
3 A
Hasop
é .
@ 300 o a
A i %
] 3 A
st = ﬁ
' o
200 } s a E/“’
150 " i a " 2 gl 1
ix10* 1x10° 1x10° 110’

Number of cycles to failure , N

Fig. 2 S-N curves.

205




Notch sensitivity q

e
w

o
@

©
n

<
r

[ . A Steel

B Ti-6Al-4V

=1, 3mm

(o= 1.3 0.4 0.2 0. Imm

e | P I V| i 1

1.5 2 2.5 3 3.5
Stress concentration factor «
Fig. 3 Relationship between o and q.

-l i X

0.2 0.4 0.6 0.8
N/Ng

Fig. 4 Fatigue crack propagation properties.

206

4




N={ s 9x10’ Ix10* 1.5x30° eyedes

< - Axial direction 100 pm

1 N=0 ix10* 1.5x10° 2x10° 2.5x10% cycles
‘ <4— - —P Axial direction (100 jsm
5 P =07 mm ( ©,=320 MP,, N&=5.4x10° cycles)

Fig.5 Successive surface observation of crack initiation for £ =0.4 and 0.2 mm.

I N=t) 110" eycles N=0 1x107 eycles

i

(@ P =1.3 mm (5,370 MP,) (b) P =0.2 mm (c,=245 MP,) :
< P Axial direction 100 pm
|
| Fig.6 Surface state under the fatigué limit by 1x107 cycles for# =1.3 and 0.2 mm.

207



@ 0’"/0'“0

R

® Broken
p=1. dmm Q Not brokaen, no eragk

0.0 Fv\

e

o
-

0.3 F-

0.7F

0.5 | ....4
! ~
Y

0.4 ~.
\'-.
S esg T~
0.3 F =~
p= 1.1 0.4 6,2 0. 1mm
02 l- N | P | 1
t o 1.5 2 2.5 3 3.8

Stress concentration factor o

Fig. 7 'Relationship between ow and stress concentration

factor o concerning with respective notch radius.

e,

2.5

v!r patBranching radius

1.
m Ti-6Al-4V o 5=980 MPa 7
I @ Cast iron o =730 MPa .
5T A S50C Steel o 5=1010 MPa
:p=1.3 0.4 0.2: 1 E lQ.‘lmm .
Yo s 10 15 20 25
Stress gradient x mm

Fig. 8 Relationship between ao./owe and the stres
gradient y on the notch bottem.

208




A 35500 Steel o ¢=1010 HPa2 p o=0. {me

6 £o :Branching radius
0.9 9 B o=l Im awl:Fatigue crack
L owZ:Crack strength
0.8 F
$0.7 5
b L
~ L
x s
bosr
!
0.5
0.4 r
s
: = 1.3 0.4 0.2 0, 1mm
0-3 L aoa a b e a ¥ s g aoa a0 o Lo o o b s 2l
1 1.5 2 2.5 3 3.5 4
Stress concentration factor «
X Ti-BAI-4¥ o §=980 MPa  p 5 tNot exist
@ cast iron o g=T30 WPa g 4=0. 2mm

Fig.9 Relationship between fatigue limit ratio ow/Owe
apd stress concentration factor «.

209



IS deglie ohe (Sadt) piith heubuor
Ti-6AL-4V iSawat JHSH § 3di Elgbury

C&wiﬁi JEPTYRPEL B
iaiadlly Y dunki pud
g daatyr - faor p1adSlg duskigh] A4S

oyl pasld)

sty (ol A Aaglia o (Jad) AL Luabua il Aul gt A ol gy
Bosiie DS LG clie Aaiul dagd) B a3y . Ti-GAL-4V Al DISH ¢ d
gl s A )i aladiad o Gagl Jaidy . O Ayl VoGiga dda o (o e g siad)
Joh) Asle alastuly SSH il WS3) cupaly o Jad) phE cliall Adlida addy cliad) 0
Replication technique ! alsdicd o &aglf Jaidly .50 il Auliadyl s
Goagl) Jaidf ellls . S il Ladt ol cliall phal o IS # 50 sady Ldde aadl
Al A0 sl e 8 e cyal Ale ol gy pali AR e
’ 0 aliall g

AN L N Gt ol Uiy

JhB Chual (o5 Lasie Cyele ratio (N/Np) 5 s 4ail %Yo e DU # 55 i L
A skl ciai % Ladie Bl Apadd %t e die L Ldu aae st VLY () Sad
aar, Y

AL Ll Chead Baa b i 435 (Gadl) LA Abua LY

¥ iy ARBA ¢ a,dl dalsi a ) 0ad) clial JS phul eadl gl cgll LY
el da Jlgaly clisl Juead aic &3y Non-propagating micro-cracks sai
olgd AMadN} abeaih il palial o pial cpud Sy 8508 Yo x) @l dmd
Al

A 0da (B PISY Fapd Liad (Gad) AN dwbua of ) AR mils okl L
-0 clall A e Ga By ad el a5 paalt G Lbua g e

210




