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Pores caused the final fracture
A AN
2024A| | Y 12 O)E& i% M The other pores
M \oid from particle damage
Particles

8 250

> 200

o 1st

& 150

0 9th
%100 |
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> « Before loading,

O . 1
O 20 40 60 80
Nominal strain, ¢ (%)

Stress-strain curve
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Llﬁad_l] To obtain internal 3D mechanics information

Particles, Micro-pores, etc

/ /0/0
Q/e

{I N |2 |, Tracking

‘o —o— O —o
1st 2nd 3rd 4th

: Loading step
micro-gauge

v Tracking marker position
v' Measurement of displacement
v Calculation of strain
M.Kobayashi, H.Toda et al. : Acta Metar. 56(2008) 2167-2181
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Sample preparation

Al-dmass%PDb alloy
@ Material: 99.99%Al + 99.9%Pb

Mold: Copper mold with water cooling

Cast Ingot: 0.5kg L
-  Rolling: 50% -
50% Ann_eali_ng: 730K-4h -~ 1
+ Grain size: 100-200pm >
)2
Rolling =k ks
QD -
I 1
Ao » KM 5
730K - 4h = s |
Annealing Cut by EDM

ReX and GG
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- e Particle distribution
CT results il i
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- Load- displacemetcuve  { Quantltatlve anaIySIS
40 1 ©
z g of marker particles
T 30 -
& 20 . v’ Location
10 - v Volume

v’ Surface area

A T R S S
0 02 04 06 038 1

Displacement, d / mm

1st step
oth step 8r == all particles
g 6-— F|>9voxels i
5 | dp,=1.88um
g A |
LL 2 i
S 8.8% -
0 -4'8% o 2 4 6 8 10
0% Radiography | .

Diameter of Pb particles, dp,, / um

Macroscopic strain Pb prticle size distribution
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Tracking algorithm

CT image A / CT image B / Registration

-markers -markers L .
- o Minimizing the sum of distance

between corresponding pairs

— Registration

. selected manually § &
—
Matching Probability Parameter (MPP), M,

No

M, > M . .. .. ..
v Mp(h J) —ax ML(I’ J) + IBX MV(I’ J) + VX MS(I’ J)
Yes

Yes M, : Parameter for Location

B AM, > M,"2 M,: Parameter for Volume
\lNo/ Mg: Parameter for Surface area

Pended marker | a, B, y. Parameter's weight (e +f+y=1)
' + | Finding tracked marker
Tracked Rejected Requirements:
marker marker (1) max(M,) = Mpthl
M, M2 Threshold value for tracking (2) AM,= max(M,) — max2"d(M,) > M h2
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Result of marker tracking

Step No. of marker (>9voxel) No. of tracked marker
0" (0%) 30755 -
1% (4.8%) 31195 > 0 1d’ 23329 > Qth-2nd 21914
2" (8.8%) 31811 & 152, 24991

Strain calculation

Assuming a linear displacement
field within the tetrahedron

Strain components:

| {gX’ gy’ gZ’ 7/X)/’ 7/yZ’ 7/ZX}t
= [BI4, 3, 4 a}

Delaunay tessellation [B]: displacement-strain matrix
algorithm o . marker displacement
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Evaluation of strain accuracy

v’ Spatial resolution and sensitivity of
strain depend on gauge length.
v Marker distribution is not controllable.

Effect of tetrahedron size

0.20
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0.10F

Max. error strain

0.05}

Displacement of vertex = 1voxel

O L L L
Edge length on a regular tetrahedron, | / pixel

20

20 60 80 100

- Spatiarresolutiormm

Max. error strain

I
o

o 0

S=1.0

-10{ |, 11093:%7 20 20— -
e ee———"N - _— o
-15- R - S 10
ST/ 10 . 0

5 - s

0 0 Sl o
" -10

-10 TR

S=0.37

Effect of tetrahedron shape

0.30 Fr—r—rr—rr

- Edge len

0.20F

0.15EF
0.10F

0.05F

0.25F Displacement of vertex = 1voxel -

LELELELES B LA BB B
gth on tetrahedron, I=40pix

Shape factor — :
{sf =12r/1_ 6 |-

0.0 0.2

N T T T
0.4 0.6 0.8 1.0

Shape factor of tetrahedron, S;
r : circumscribed sphere

Imax

: max edge length
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Measured strains

- 1sts(t2%0/) No. Of;j;?gedmn Strain error estimation —
= . o
0%-2"7 (8.8%) 96612 Tl“m / 24.1um = 0.042
6w—_ Microtomography resolution
I 40—+ 40— 40—
S 10 ] 30f & 1 sl g, 1 a0l & -
s | ] 20} 1 2] 1 20k —-
s I ] < 1w} 1 10F 1 10f -
L Sf 7] T:/ 1 - 1 1
i h'h}’:\ve. =241um | £ 005 o 005 005 0 005005 0 0.05
] 8 40— 40— 40—
| | | | | LL 30-_ }/Xy _- 30-_ 7/yz _ 30-_ 7/zx _
0 20 40 60 8 100 [ 1 sl 1 50l 1
Edge length of tetrahedron, l.oq, / pm ol j\¥ 1wl j\ 1 .l A 1
Distribution of edge length of tetrahedron ... /. \. . .1 L./ A\ .1 L./ A\ ]
-0.05 0 0.05 -0.05 0 0.05-0.05 0 0.05
Strain

Measured error
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3D strain image map

10um grid
Measured strain l
position is random. k
(thickness=10um)
* Voxel Image |. -
% 100 200 300 460 500 600 700 800 3D Iinear interpOIation
Sum grid o
[ 0.2
| - 10.1
Assign mean 0 g,

value of

.I'i'.'::|.
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T. [ o |




OOOOOOOOOOOOOOOOOOOOOO

Results of 3D strain measurement €eq

(a) 0% I (b) 4.800 T~ (C) 8.8% /;:‘ 03
_§ K ?K ; ?K % ? !02
1 O @‘: " - L

-0.1
‘L/ v IO.Z
4% ool 03

Evolution of equivalent strain during tensile test

1 ) -
T o A 0.3
s B .
= - - /s
o @ 111
] -
[¢b) ,——f,—r
. W
GC) h/‘_—\' ’... -
]
Z = : ‘ < 001 101 00

-

00um
L,Xl " (a) IPF Map [TA] (b) &
Comparison of strain maps with grain microstructure
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Fracture path estlmatlon (RO 5 mm notch)

" Before loading

20 40 60 80 100
Fracture strain, ¢ (%)

Stress-strain curve

"~ 100 pum
Reverse chronologlcal tracklng the two fracture surfaces
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Fracture surface (Unnotched) Fracture surface (Pre-cracked)
Dimple patterns originated from micro pores in the three TPs

Properties Unnotched Notched Pre crack
: Micro pore 3.7 4.6 4.2
. GRS () Particle damage 3.3 3.6 3.8
. Micro pore 546 € 623 < 67.1
Areal fraction (%) Particle damage 45.4 377 32 9

B Dimples originated from H pores occupy more than 50 %
B Fractional area increases with the increase in stress triaxiality
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RIS AT R AL

3D grain

op
:
A N
Ga
Al /|
Grain boundary s Gk
Linear absorption coefficient in 20KeV : 100um

Aluminum 8.56 cm-1

Gallium 239.27cm?

v'Available for heavy deformation
v'"Real 3D morphology
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Beam stop

Sample rotation
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Al alloy
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Beam
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Cd : 11D[110], (11D[101], (@1D[011],

o R (111)[110], (111)[101], (111)[011],
FzramtusEodyyg (@1D)[110], 111[01], @1[011],
e st (111)[110], (111)[101], (111)[011]

WILEY (2003)
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Before deformation
orientation
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Strain distribution
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Grain 5
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111

Grain size: 150um 1st S“p SyStem
Table Result of slip analysis (one point data)

101

slip system (h k1) [u v w] Amplitude, ¥ Ratio, v/rg
1st (-1 1 1) [ 0O 1 -1] -0.75 1.000
2nd (1 -1 1)[ 1 o0 -1] 0.44 0.586
3rd ( 1 1 -1) [-1 1 0] 0.36 0.480
4th (1 -1 1) [ O 1 1] -0.34 0.453
5th ( 1 1 1) [ 0 -1 1] 0.26 0.347
6th ( 1 1 -1) [ O 1 1] 0.21 0.280
7th (-1 1 1) [ 1 0 1] 0.08 0.107
8th (1 1 1) [-1 0 1] 0.01 0.013
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Grain 1, 4, 9DFT RYE[EXD7ELY, Grain 2, 10D T ARYE(EZLY,
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BE426 T RYZRFETHELNTLNS, (TRESIIZEZHIADELY)

L @

INRIER], BEWAS, L a3vh Y-y, BERERFR20134F (5F150[E) MEIEEX = (2013)
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TEM observation
In aluminum

Dislocation cell structure
depend on deformation
and orientation.

Type 1 .

o Slip system activity

X. Huang: Scripta Mater. 38 (1998) 1697-1703
G. Winther: Acta Materialia 56(2008) 1919-1932.
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BEDFER

500Lm . S—
N ——— M Fretting fatigue crack in S35C
M Creep void in SUS M Hutch No. 1, BL19B2
B Hutch No. 1, BL20XU M 35 keV, resol’n: 26um
90 keV, resol’'n : 4.5 um Shiozawa et al., Journal of The Society of

Cheong et al., 2007A beam time report, Materials Science, Japan, 56(2007), 951-957.
SPring-8
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