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Aalto University is a
community of:

75,000 alumni

Aalto University :
= Where SCie'nc(g and - with 340 professors
Art meet Technology

and Business

Created from the merger of 3 leading Finnish universities 1 January 2010:
&~ the Helsinki School of Economics (HSE), founded 1911
&~ the University of Art and Design Helsinki (TaiK), founded 1871
&~ the Helsinki University of Technology (TKK), founded 1849
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Finland
Finland e Shen Best country in
Ranked top study on health, Pren
three for education, economy
skills in and politics

wHelsinki world’s
6th best city to

i , P o= live Economist
science, 2 (Newsweek 2010) = Intelligence
mathematics s . : Unit’s
and reading 5 " i Liveability
Ranking and
Overview (2011)
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R&D in FSW Allied Techniques
Friction Surfacing

Corrosiortests (350 houfs
in‘salt spray test, 35 63}

A

AISI 304L over Mild steel

Built-up

Rapid Prototyping Production of Composites

Functionally Graded Materials

o
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R&D in FSW Allied Techniques
Friction Stir Processing

3
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R&D in FSW Allied Techniques
Friction Stir Channeling

Advancing
side "

)
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Potential Industrial Applications

Conformal Cooling / Heating Systems Tailored Advanced Composite
Engineering Metallic Materials

Oil Pressing—
Machine

Wiring inside Solid Components

Material B

No Material

School of Engineering
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Industrialization of FSW
...Demands Reliable Quality Assessment

—
o

- Thus the development of reliable NDT techniques is fundamental

School of Engineering
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Friction Stir Welding
Possible Defects — e.g. Butt Joints

Shoulder

Refreating side Advancing side

Nugget

0

Types of defects:

PR §

1) Root flaw (weak or intermittent linking)

II) Lack of penetration (kissing-bond)

) Internal voids (material flow boundaries with lack of forging pressure)
IV) Particles alignment under shoulder (second phase particles and oxides)

School of Engineering
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Friction Stir Welding
Defects — Size, Location, Morphology

Production and characterization of the typical defects of FSW

Transversal
macrographs of
W beads

S s
Type Il

RN

School of Engineering
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Friction Stir Welding
FSW Parameters for Defects Type

5mm AA2024-T351 plates ; thickness = 3.8 mm

Defect \V/ Q Loin F,
Type (mm/min) | (rev/min) | (mm) (kg)
0 3.8
| 224 710 3.6 950
1l 3.3

[ 10opm | »
Defect Type 0 % = DefectType ! . Defect Type Il
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Friction Stir Welding
Defects — Size, Location, Morphology

Type O

- Particles alignment ~ 100 pm
- Location : Superficial defects at the root of weld bead
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Friction Stir Welding
Defects — Size, Location, Morphology

- Lack Of Penetration ~ 60 um + particles alignment
- Size: Very small (typically: 20 um < £ <300 pum)

School of Engineering
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Friction Stir Welding
Defects — Size, Location, Morphology

100 pm

- Kissing-Bond ~ 200 pm + particles alignment
- Morphology:

-No physical discontinuity

-Weak effect of energy changes (EC, UT, RT)

-Change of the material properties even without defects

School of Engineering
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Friction Stir Welding
Effect of Defects

&= Uniaxial tensile condition is

Mechanical sensitive to lack of

Static penetration and voids
. %~ Root flaw controls bending
o O resistance
L omMS ,'. %
an\S'm K ‘e
» OSERES  FsW
o .
‘{‘:f{?;te xfe° . Performance
B «cccocneccnnnns
deied‘s '\00
09
o
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Friction Stir Welding
Effect of Defects
S-N diagram for the fatigue behavior
220 - ———r—rr—y . ey + e ——
‘ Base Material
200/ _ 2 Tope
\ Base Material oot
130‘” * Typelll
160 e
140L Type Q B
- el
o =
* » -
OH-p
- 1

The most significant defects are the roots ones. Thus, root defects are the target defects on the NDT Techniques

School of Engineering
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Friction Stir Welding
Defects — Size, Location, Morphology

¥~ e.g. Root Flaws:
(weak or intermittent link)

Size:
-Very small (typically: 20 ym < £ <500 um)

Location:

-Superficial (defects at root and shoulder contacting surface) = Difficult with ultra- sounds
-In-volume - Difficult with eddy current \

Morphology:

-No physical discontinuity (even in lack of penetration)
-Weak effect of energy changes

-Change of the material properties even without defects
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NDT for FSW
Conventional Eddy Current Probes

- —— Lift — of f [mm)
10 MHz ——oa [% TACS]
25 —7 [H/]
f1
20 \ y
\S 151
& Planar spiral probes have Lift —off 1
10 the advantage of a clear o1
distinction between the e
s, curves of conductivity and — |
lift-off .
200 kHz 750 kHz
"1 1 15 2 215 :ll 3;5 4 l‘.S 5 5:5 6

Re{Z} [9]
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NDT for FSW

Conventional Eddy Current Probes

However this type of probes are high sensitive to the lift-off’ changes. In fact, the planar spiral coils show a very low

sensibility to the ductivity ch: even in diti (from 100% IACS to 8% IACS)
7 T T T T T
——20C @ f = 500 kHz
@~ 10C @ f = 500 kHz
—+—10Q @ f = 500 kHz 1l
Lift—off1

Im{Z} (9]

w
T

-
'l

5 » 8% IACS

100% IACS

x.\
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8% IACS
100% IACS /

1 15 2

3
Re{Z} [0
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NDT for FSW

Conventional Eddy Current Probes

Planar spiral probes have no sensitivity to FSW root defects

Type O
a.87 ; : T i T ; T s

> —e— Type

a6k f = 400 kHz el |
=2
4.85- Type Il |
——

S asal ReSegagaasan 2
N 4831 Impedance change ) . §
f:: as2- acrossthe weld beads Itis not possibleto |

for 3 different FSW distinguish between

4811 L . 4
conditions: the trends the different welded
48[ are very similar conditions B
470 . . . L L n L . .
“25 —20 -15 -10 -5 ) 5 10 15 20 25
X [mm]
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Innovation in Eddy Current Probes
IOnic Probe

New concept of eddy current probe dedicated for FSW was developed:

2008 Patent

Excitation

coil \ |

2 sy
sensitive
planar coils

- Characterized by a symmetric sensitive coil perpendicular to the inductor coil
- Less sensitive to the lift-off effect
- More sensitive to micro FSW defect

A Aalto University 10t Meeting - AG 52 FSW Processing Materials Joining and NDT
School of Engineering
H

IOnic Probe
Principle of Operation

On the air

Untler s base material Under a defect

" Descontinuidade

>

v/

When a defect emerge under
one halve of the sensitive coil
there is an imbalance of the
e‘jdy cnrrents, prnducing a é ;)dlbobma indutora * f)m espira induzida por b) ® gmdundo por d)

impedance change

v

5 v 9 T 9
69 B induzido por a) “+ Ino material induzido por b) Ina espira induzida por €)
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IOnic Probe
Operating Characteristics

- 3D induced eddy current in the material

10nic Probe Axis-symmetric EC probes

Ayﬁﬂx
/
7w

Current

- A great change of the eddy currents duo to the defects, allowing the detection of defects parallels to the surface

- Method ofinspection based on the rotation of the probe, since it is not axis-symmetric

dae e

- The straight direction of the eddy currents can be usefulif there is a heuristic concerning
to the orientation of the defects

School of Engineering
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IOnic Probe
Numerical Simulation FEW sortnre

CST EM Studio

y current field...
S
v Py

' v

Plane at z
Frequency = 56

Phase = 0 degrees

Hoximum-2d = 2.65301e+@06 A/n"Z at @ / @ / @

2 % <2
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Conductivity Across FSW Bead
Analytical Modeling

- - =FSW with no imperfection
25 ——FSW with imperfection 1
Standard imperfection

Normalized [o(x)]

0.5

-20 -15 -10 -5 5 10 15 20

0
X [mm]

It is necessary distinguish booth electric conductivity changes: defects and sound welds

School of Engineering
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NDT Application to FSW
IOnic Probe Results

N, < Re{Ust) @ f =250 kHz

I

I

S—

2 |
I

|

-20 -15 -10 -5 0 5 10 15 20
< — :
1

o
The 10nic Probe was moved (i
across the weld beads... \J .
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NDT Application to FSW
IOnic Probe Signal

s - How can we understand this results?...
=== FSW with no imperfection —
4 ——FSW wi perfection 1 w imaine the [Oni b
. ‘e can imagine the I0nic probe as a
Standard erfe .
al tondard imperfection /\ ¥ m * |  mathematical function: ‘¥ .(x").
pr- e
e e

The experimental signal S(x) is the product
between Wy .(x") and the electric conductivity field o(x).

Normalized [ (x))

Moving this mathematical product across the weld beads
we obtain the complete signal S(x).

o Bone
B
S6= [0 W () i
15 = Borate
) 2
i —/\ Re{Us} 0 f = 250 kHz
o \
= 05 \
E 0
Z 05 b -
£ / ' §
2 r
E "
T 5 0 5 10 15 2 2 ° °
X [mm]
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NDT Application to FSW
IOnic Probe Results

The results clearly show a signal disturbance which is proportional to the size of the defects
x10* IOnic Probe in AA2024 - T351 @ 100 kHz

g
(] =
=
£
=
- -4
Defect Type 0 -25 -20 -15 -10 -5 0 5 10 15 20 25
X [mm]

Im{Zsu} [0

X [mm]

Im{ﬂﬂl-'“ 1

-25 -20 -15 -10 -5 0 5 10 15 20 25
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NDT Application to FSW
Defect Index

v Dedicated algorithm was computational implemented to quantify signal disturbance, allowing defects sizing

v' The algorithm compute the area defined by the difference between the signal S(s) and the line r(x)
x10° x10°

—Type 0

) #2,5(22) st DpI= / 15(x) — r(x) | dr = 0.0001482
(f = 250 kHz) Js
4 \

r(x)

S(x)

B —

3 DI = f S(x) = r(x) | dr = 0,00039401

lm(—‘iﬂ)[ﬂl
r(x)

S(x)

T4 !
,(,, o8 |
' Ty 2
= {
’l s(Fll

0 15 2 25 S0 -5 0 5 10
X [oum] X [mm|
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NDT Application to FSW
Defect Index

The application of the Defect Index to the 3 defects types clearly show a proportionality between then.
This result is confirmed by different frequencies.

F] . T T
B/ =50 kHz
s = 100 kHz
25 q
Il = 250 kH»
4 [ = 750 kHz
= 0
=
N
ﬁ/ 15
5
s
Il 1
~
=
05
0
Type 0 Type I Type IT
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NDT Application to FSW
Circular Spiral Planar Probe

When using the planar spiral probes, the 3 curves present a very similar trend between them. In fact, unlike the 10nic
probe there is no distinctive signal feature allowing the distinguish between each defect condition

cot [ =100 kHz ot =250 ki w0 f =750 kHz Particles

——Tipo 0 ——Tipo 0 —e—Tipo 0

\
WAVE y
s
-20 -10 0 20

-20 -10 0 10 20 -20 -10
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8} ——Tipol [ J— Tipo 1 e Tipo |
= | 15
- 6
—a
~ p 1
=) : \_J b
-20 -10 0 10 20 . -20 -10 0 10 20 -20 -10 0 10 20
X feuis X frum] X foum]
x10™ x10™ x10”
S Tipolt 8 Tipoll ——Tipo Il
P 15
G4 6
N . !
= 2|
g : o
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
X [mm| X jmm| X [mm|
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Innovation in Eddy Current Probes
New features of 10nic Probe (1/5)

Prototype of the dedicated NDT electronic system for I0nic Probes

Probe Probe
acquisition driver

Interfaces Processing Scarining
Core controller

Generate + Analyze the probe signals using digital processing
Allows controlling scanning devices with up to three axis
The use of programmable digital logic devices and the possibility to configure the number and type
of peripherals on the probe interface enables the system to be reconfigured in agreement with
probe and testing requirements
v’ Several communication interfaces allow the system to be controlled using a PC

ANANERN

School of Engineering
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Innovation in Eddy Current Probes
New features of 10nic Probe (2/5)

New system uses a customized support where the 10nic Probes are fixed and connected.

v’ This support also includes an electronic pre-amplifier allowing to measure very small
amplitude signals without the influence of cables electromagnetic noise added.

Universal I0Onic Probe support:

I0nic Probe connections:

L2 2 2 A 2

Aalto Unlversity 10t Meeting - AG 52 FSW Processing Materials Joining and NDT
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Innovation in Eddy Current Probes
New features of 10nic Probe (3/5)

Optimization of 10nic Probe: 6 main geometric parameters

Excitation - Sensitive
Driver ) [ & i Coils

N° of turns

Width and
spacing

Z Location - . Diameter &
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Innovation in Eddy Current Probes
New features of 10nic Probe (4/5)

Production of lonic Probe on flexible subtracts (e.g. Kapton®)

%= Allow NDT Inspection of curved surfaces
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Innovation in Eddy Current Probes
New features: The IOnic Probe Plus (5/5)

PT N.° 104089

- Allow different electronic configurations depending of the excitation mode

Pom—

Magnetic fields associated to
the different excitation modes
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Innovation in Eddy Current Probes
New features: The 10nic Probe Plus (5/5)

The main advantage of the 10nic Probe Plus is the electronic rotation . »

of the direction of the magnetic field : ﬁ] F&

by changing the amplitude and/or phase of the current in the excitation filaments %' ﬁ\.
T lone Fre o Fedramn ] ¥ Complete signal

analysis along one L4
rotation

&~ Detection of defects
parallel to the surface

%~ Complete NDT
Inspection of all the
geometry including the

components edges

... Allowing the detection of defects in all directions, and a very “rich” data acquisition

School of Engineering
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Conclusions
IOnic Probe Application to FSW

&~ Conventional axis-symmetry EC probes such as planar circular spiral probes are
not able to distinguish small local variations of conductivity, caused by typical FSW
root imperfections with depth below 200 ym

&~ The experimental results shown that the 10nic Probe is able to identify different
levels of FSW root defects by a distinctive perturbation on the output signal. It was
also shown that exist a good proportionality between the defects size and this signal
perturbation
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New Application of Eddy Currents
Evaluation of Structural Properties (1/5)

36 T T 210
+}:!f“d"'(“1 {uctivi Z = -6.0 mm

35h —o— Electrical conductivity 2 1200
190 —
=
1180 >
3
<4170 g
4160 E
4150 o

<140

2 \ | . \ | | 4
-%0 -15 -10 -5 0 5 10 15 2030
X [mm]
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New Application of Eddy Currents
Evaluation of Structural Properties (2/5)

3
. - 33
Electric £ a2
Conductivity ~ 3t
30
29
Hardness » %
£
%% 15 ED s ) 5
X fmm) "
A’ Aalto University 10t Meeting - AG 52 FSW Processing Materials Joining and NDT
chool of Engineering
H

20



New Application of Eddy Currents
Evaluation of Structural Properties (3/5)

J = 400 kHz

sl
355}
‘-%5 20 -15 10 -; 0 5 10 15 20 25
X fmm
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New Application of Eddy Currents
Evaluation of Structural Properties (4/5)

Experimental Procedure

The electrical conductivity measurements:

_ Absolutehelicoidally shielded eddy current (EC)
_ -

Permanent lift-off of thin polymer of 50 pm
thickness.

Conductivity measurements weremade alonga
sweep in the X-axis perpendicularto the processed
bead, at halfthickness.

90 mm long segments werecharacterized with
200 pm distance between each valueacquisition.

Measurements were taken in samples extracted
fromthe starting and ending zones of the
processed runs.

Microhardness Vickers measurements:
Load = 1.96 N (HV02)

School of Engineering
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New Application of Eddy Currents
Evaluation of Structural Properties (5/5)

Hardness Electric
Conductivity
Observed . .
Area
Basic “Macro” “Micro”
Phenomena (Dislocations and (Electronic Mobility)
Precipitates)

T G. Bantos, R. M. Miranda, P Vilaca, J. P. Teixeira, Electrical Conductivity Changes in

Friction Stir Processed Aluminium Alloys, Int. J. Advanced Materials Technology, 2011

T. G. Santos, P. Vilaca, R. M. Miranda, Electrical conductivity field analysis of for evaluation of
FSWjoints in AA6013 and AATOT5 alloys, J. Mat. Processing Technology, 2011
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Conclusions
Application of Eddy Currents to Evaluate
Structural Properties

%~ Measuring electrical conductivity field with eddy current probes shows potential to
constitute a feasible, reliable and expedite procedure to pattern microstructural small
scale features and is also able to detect superficial defects/discontinuities

&~ Electrical conductivity is controlled by local electronic mobility and thus is very
sensitive to local grain size and less sensitive to precipitation and dislocations

&~ For FSW of heat treatable aluminium alloys the electrical conductivity typically
decreases in the nugget and increases in the TMAZ and HAZ. This evolution has
typically an inverse consistence relation with hardness
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