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d Department of Mechanical Engineering

Materials Research Group

Staff in my group:
3 Academics
2 Research Fellows

~ 10 PhD students

Supported by workshop and admin staff

Research Directions:

Fatigue of metallic and non metallic materials

Solid and Fracture Mechanics

Structural Integrity of welding under fatigue loadings
Material Science

Full scale testing

Structural Health Monitoring
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Materials Research Group

Facilities:
Welding facilities

Mechanical testing capabilities (more than 80 MEuro)
NanolLab

Lazzarin fatigue Lab (15 MEuro)

Collaboration:

Collaborative work with Norwegian, Australian, European,
Canadian and South Korean Universities and Research Centres
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The present work investigates the multiaxial fatigue
strength of sharp V-notched components made of titanium
grade S alloy (Ti-6Al-4V).

Axi-symmetric notched specimens have been tested under
combined tension and torsion fatigue loadings, both
proportional and non-proportional, taking into account
different nominal load ratios (R = -1 and R=0) and
biaxiality ratios (A=1/c=2 and 0.6). All tested samples have
a notch root radius about equal to 0.1 mm, a notch depth
of 6 mm and an opening angle of 90 degrees.

Altogether, more than 250 fatigue results (19 S-N curves)
are examined, first on the basis of nominal stress
amplitudes referred to the net area and secondly by means
of the strain energy density averaged (Lazzarin and
Zambardi, 2001) over a control volume embracing the V-
notch tip.
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e, =—5.373-10 ° (2a)" +6.151-10 " (20.)+ 0.1330

e, =4.809-10 " (20)" —2.346-10 " (20)+ 0.3400

~ —

7 ‘_-—’ 1 e, ,: shape functions, which depend on the notch
‘& | angle and Poisson’s ratio




Plane strain AXxis-sym.

20 [rad] Y [rad] A Ao A3 C1 S)) C3

0 T 0.5000 0.5000 0.5000 0.13449 034139 0.41380
/12 23w/24  0.5002 0.5453  0.5217 0.13996 030588  0.39659
/6 117/12  0.5014 05982  0.5455 0.14485 027297 0.37929
/3 51/6 0.5122 0.7309 0.6000 0.15038 021530 0.34484
/2 3n/4 0.5445 09085 0.6667 0.14623 0.16793 0.31034
21/3 21/3 0.6157 1.1489 0.7500 0.12964 0.12922 0.27587
3n/4 S51/8 0.6736 13021 0.8000 0.11721 0.11250 0.25863

R A —
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Permits consideration of the scale effect

Permits consideration of the contribution of
different Modes

Permits consideration of the cycle nominal load
ratio

Overcomes the complex problem tied to the
different NSIF units of measure in the case of crack
initiation at the toe (20=135°) or root (20=0°)

SED can be evaluated with coarse meshes

It directly takes into account the T-stress

It directly includes three-dimensional effects

Direct link with other local approaches (NSIFs, PS
method, critical distances)

Not specific coefficient to be set up
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Analysis of the bi-axial fatigue behaviour of notched
specimens in Ti6Al4V (Gr. 5) alloy under combined
tensile and torsion loading, both in-phase and out-of-
phase, with particular reference to the evaluation of HCF

Application of an energy-based approach to summarise
the fatigue data in presence of severe notches

Tensile fatigue tests on notched specimens (R=-1 and
R=0 =5-20 Hz)

Torsional fatigue tests on notched specimens (R=-1 and
R=0, =5-20 Hz)

Combined tensile-torsional fatigue tests on notched
specimens

Analysis of the influence of load ratio on the multiaxial
fatigue behaviour (R=0 and R=-1, f=5-20 Hz)

Analysis of the influence of biaxiality ratio on the
multiaxial fatigue behaviour (A=0.6 and 2 , {=5-20 Hz)

Analysis of the influence of the phase angle on the
multiaxial fatigue behaviour (®=0 and ®=90°, =5-20
Hz)
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MATERIAL: Ti6Al4V

= FE= 110 GPa, 6, = 995 MPa, c, =880 MPa

Unnotched specimens

I Notched specimens with
p <0.1 mm
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Ti6Al4V
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100

Stress amplitude o, T,, [MPa]

[ Tension, R=-1 B Tension, R=-1
Un-notched ; B V-notched ; _
specimens OTorsion, R=-1 specimens @® Torsion, R=-1
| ATorsion, R=0 A Torsion, R=0
|| 10 2 2 . 2 3 2 2.1 2 " NPT |
2 1.0E+04 1.0E+05 1.0E+06 1.0E+07
r Number of cycles to failure, N
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Ti6AI4V
62 data

Stress amplitude c,, [MPa]
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V-notched o . o
specimens ® Multiaxial, R=-1, in-phase A Multiaxial, R=-1, out-of-phase
W Multiaxial, R=0, in-phase ¢ Multiaxial, R=0, out-of-phase
= 25 3 2 2 2 3 2 aal 1 2 2 sz s aal
7 1.0E+04 1.0E+05 1.0E+06 1.0E+07
/
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Ti6Al4V

42 new data
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Ti6Al4V
48 new data
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* Plain (unnotched specimens): Beltrami’s expressions

= Ao-%om
Pure tension AW = ¢y, oF

__ AT?
AW = ¢, (1 4+ v) ——

Pure Torsion

E

e V-notched specimens: SED in a control volume

AT = S AK? . AK3
=7 |€1° - €3 _
E Ri(l A1) Rg(l )\3)
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For mode 1 loading:
- AK, , =452 MPa-mm®*> ; Ac,, =950 MPa

For mode 3 loading:
. FAK3 A = 1216 MPa-mm’333 ; At,, = 776 MPa

Qg’ R;

R;=0.051 mm
R,=0.837 mm




STRAIN ENERGY DENSITY AT THE NOTCH TIP
MODE 1 + MODE 3

» AK, and AKj are the NSIFs range under Mode I and Mode I1I:

AKq=k{d' A0, = 2.260 AG,,,, (MPamm%445)

AKy= kad™3At, = 2.096 ATy,  (MPamm©333)  9(°

» e, = 0.146 and e; = 0.310 depend on the notch opening
angle and Poisson’s ratio;

» The control radii depend on the fatigue strength of
unnotched specimens and on the stress range of the NSIFs

values:

1 i

AK]_A 1_11 93 AK3A 1_)\'3
Rj = (\/281 : AGlA) = 0.051 mm R3 = ( /1 e T = 0.837 mm
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20

Number of cycles to failure, N

Ti6Al4V R,;=0.051 mm
251 data R;=0.837 mm
_ O O k=5.90
= > Xatuingn O’A @0 o O SED range (2x105, P.s. 50%)= 3.08 MJ/m?
5, [ & © S TETO-@n D A A o) o0 © "
4 - S ) AV -
5 O m A MeTOARAG Oy © BB .
3 —~ A A“ e CSINSS 85 O A O ‘:) @
£ oo Y A R @
,C N A )
s €O AT AN 6,800 ~ s
> Q. CGPQOA A AA K - W
g A CLsTaE] &
3 2 F o M
? Un-noteliod —<> Tension, R=-1 Vonotehied ¢ Tension, R=-1
c : .
g SpeCimens OTorsion, -3 <R<0.5 specimens ATorsion, -1 <R<0.5
‘= = = -
) ® Multiaxial, R=-1, in-phase ©Multiaxial, R=-1, in-phase
V-notched B Multiaxial, R=0, in-phase AMultiaxial, R=-1, out-of-phase
specimens o — A=0.6 o . — A=2.0
A Multiaxial, R=-1, out-of-phase EMultiaxial, R=0, in-phase
& Multiaxial, R=0, out-of-phase ¢ Multiaxial, R=0, out-of-phase
0-2 2 L 2 2 2 R T T I 2 2 L 1 2 . | L L L L L I 2
1.0E+04 1.0E+05 1.0E+06 1.0E+07
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— L Ry=0.28 mm
= - . 5 .
s laa o 900 fatigue test
é -A OQO .r x R, R, data
Z | A oo 0. O A - .
— * TR o &0 Q Inverse slope k=1.5 Various steels
5 1.0 ; A A ’& >, .J.':)",'E:'e AR
> f 4 a® 0, Caxpigena g o Taw=133
e s 00, T T
n - ®) 3 oe,w.of_} aBed2a®
§ i :*‘7&1&.3;.).&;;?,9‘-@#‘; 5 0.192
oy O 2D, failure from the weld toe, R = 0 R
= O
,; 0.1 - A 2D, failure from the weld root, R =0 °
< N ‘
j‘_—; B A . . _ (0)o
é [ Butt welded joints -1 <R <0.2 PS 977 % @ QOO
% [ @& 3D,-1<R<0.67 0.058
S i
Q B Hollow section joints, R =0
< 0.01 - T - R - N ———
10 10° Cycles to failure, N 10¢
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0.4

About 900 data

from static tests

Duralluminium pvC

|+ ceramic materials
| © PMMA data

x metallic materials and other materials

0.4 um <Rp< 500 um
2.5<6,< 1200 MPa
0.15 < K< 55 MPa m*?

Steel AISI O1

0 <R/Ry< 1000
0<2a<150°

Mode 1 and mixed mode

R=0 — (1 R/R, 1

100 1000



Coarse mesh

Department of Mechanical Engineering

(t/4-1)/2
b, T e Y4 (h-1)12
¢ ne > [S=A 5]
] h h
| Series 1

5 elements in the volume
7 35 elements in the entire model
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Coarse mesh

324 elements
Mesh 4 Mesh 5 Mesh 6

96 elements SAialsS 4 elements
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3D Number of Degrees of — K
models FE freedom W 5 [MPa m11n0.326]
in the volume (complete model) Nmm/mm

1696 8.6:10° 0.07937 373.5 0
768 4.610° 0.07903 372.7
324 2.5-10° 0.07896 372.5

A%

24 4.5-10* 0.07790 370.0

1
2
3
4 96 1.7-10° 0.07895 372.5
5
6 4 1.1-10* 0.07594 365.3
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{[L]
n <— Free surface
1l |

l.ll= o a-a-8--8-0O--8--4 ;;.s
Poisson’s ratio increasing "

(0]
0 0.5  Kp(z/h)
0.3 9o
Oo oo o I(II

) _ Primary fracture mode

Mid-plane->»
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Front view

Fig. 1 5i specimen with notch.

Notch

Fig. 2 Scanning electron microscopy image of the specdamen with
notch




©NTNU

Department of Mechanical Engineering

Microscale

Cracklength

UIPIA 19810
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Additive Manufacturing (AM) materials under fatigue

loading from full scale to nano level.

Examination of the state-of-the-art shows that fatigue
assessment and quality assurance of additively manufactured
components cannot be performed accurately due to a lack of
bespoke methodologies allowing the specific microstructural
features as well as the specific mechanical/cracking behaviour
of additively manufactured materials to be modelled
effectively.
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Topological complexity

Material/Hierarchical
complexity

Functional complexity

L+ soad Quality assurance
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45.3
4&

O®R ~0.02 mm
OR=0.2 mm

E=206000 MPa
v=0.3
c0=100 MPa Linear Notch

C=a/p=5 Mechanics
Kt:5 .61

0.0001  0.001 0.01 0.1 1 10 100 1000 10000
a [mm]=C p
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Inter

453 Plateau of short cracks and U-slits

° s o

® R =0.02 mm
OR=0.2 mm

E=206000 MPa

v=0.3 Linear Notch
oo=100 MPa Mechanics
C=a/p=5
K=4.82

Plateau of double U-notch
100 1000 10000

1 : .
0.0001  0.001  0.01 . 1 10
a [mm]=C p
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STEELGIANTS |8 BNTNU

NEW LOGKS IN ATLANTIC SIDE THIRD SET OF LOCKS NEW LOGKS IN PACIFC SIDE

Very proud!!!! (design of the gates and of the ships for the
transportation 10.000 Km by sea)
Cimolai has financed 5 PhD (500 KEuro) and employed 10
master students opening a research centre dedicated to
advanced structural problems
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= Dedicated post-processor for massive
fatigue check of weldings, notches and

base material.

U AUTOMATED APPROACHES:
=  Nominal stress
=  Modified nominal stress
=  SED and N-SIF (shell element based)
=  Hot-Spot stress

0 IMPLEMENTED STANDARDS:

=  Eurocode 3 - Design of steel structures: Fatigue

= ]IW - Recommendations for fatigue design of welded joints, Hobbacher
=  EN 13445 - DNV-GL (Hot Spot user defined)
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0511 05110411

OFFSET STRESS READING:
v'Nominal stress: default 1.5t
(DVS 1612 and Hobbacher)
v'Hot-Spot stress: default 0.4t;0.5t;0.5t (EN 13445)
v'User defined (SED and other local approaches)
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4. Set the fatigue class details

Attributes Check Line

Nomal stress ‘ Shear stress |

Detail type
Data

[¥] Activate
Method

Combinazione di carichi

[] Keep selection 50.2: C1-Transv Butt wel] | Load cases | Fatigue Load Group |

Grot
24: modo 2 - 25 mm e
25: modo 5 - 27 mm

_
26: mode 2 + [Combination 1]
27: mode 2 - [Combination 2] ‘ << @@
28: mode 5 + [Combination 3]

29: mode 5 - [Combination 4] Cydes number:
2.89e08

IF

Related Loadcase:

ol 6. Fatigue check

27: mode 2 - [Combinatio

1] Fatigue diagrams

Name: —
[50.2: c-C1-Transy.Butt weid - [@\
¥|Report Actvate ol | Deactvateat] |

Data
Method: Nominal Stress
Stress in property:

| 5: colotta dx thk 38 -

Surface Uniform value

7]Mid plane |ax -

7z Check side

74z (=t |

Compression
| Geometr, ampif. (] OrPress
pataicoett. | | || PALMGR -MINER
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100 100 lim.Norm.
@ (tmpactFact.)
1.00
__P-M. =033
A g
] y .
Aalt -
N
) & —_—
£ ey
¥ X,
0.00 / + + + \ }
0.00 500.00 100000 1500.00 200000 250000 2000 00 |
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ESIS Technical committee 15 (Chief)
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The fatigue behaviour of Ti6Al4V under multi-axial loading and
in presence of notches was investigated

The nominal load ratio was found to have a great
influence on the fatigue strength while the
influence of the load phase angle seems to be
limited

The re-analysis of the fatigue data in terms of the
strain energy density range at the notch tip
allowed us to summarise all the multiaxial data on
notched specimens in a single fatigue scatter band

The proposed approach results therefore a very
useful tool for the fatigue analysis of components
subjected to multiaxial fatigue loading in the
presence of severe notches
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