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VHCF and FCG Behaviour
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Existence or Non-Existence of
Endurance Limit and Threshold Stress Intensity
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VHCF - Testing Times

Number of
cycles

100 14 hours 50 sec
107 6 days 8 min
108 2 months 1.4 hours
10° 1.7 years 14 hours
1one 17 years 6 days
10" 170 years 2 months
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Ultrasound
Measuring Technique
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Principle of Ultrasonic Resonance Fatigue Loading

) *Ultrasonic
Ultrasonic Booster Transducer:

transducer horn Specimen . . .
Piecoelectric, axial or

I >x forsiona
*Magnification Horn:
N—

Increases the vibration

Displacement amplitude by a factor of

I
amplitude — \ 41015
, *Specimen:
Stress (Strain) /\ Length and shape

amplitude ~—

follows resonance
criteria,

Surface condition is
important

Resonance vibration at approximately 20 kHz Smooth or notched

]
L

RIC i,
X o !m oo Stefanie Stanzl-Tschegg \ :
" 9% 5novembre 2008 9\




Ultrasonic Fatigue Loading — Experimental Procedure

Oscilloscope
Converter

Frequency 19 kHz
Fully reversed loading  Transducer
(R=-1) Vibration gage
Cooling (damping heat):
compressed air
pulse-pause sequences P

pulses: 150 ms (2700 cycles) S
periodic pauses: 2000-3000 ms (& A

Strain gage
amplifier

Process control

Specimen unit

Power control

* Induction sensor b Power unit 1
measures vibration 1)
amplitudes R‘

* Closed loop control A\ Power unit 2

of vibration amplitudes \\
(total strain) \




Ultrasound Testing Equipment

1 —1 .
: s *Amplitude sensor
e
7 | Al - g =Alll -
%Tltrasgnic_ ,//'
,4 c=E¢-> AK
Device — 1 ,
Amplification e Free specimenend —» R=-1
Hom Amplitade Deieion] + Both specimen ends fix— R =1
Specimen
Mountin .
Device It + Cooling Pulse-Pause

7/ + Compressed air
//// * Environmental chambers
— T (corrosion, temperature, vacuum)
Mode II/TIT
Loading” %
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Ultrasonic Testing Procedure

Amplitude feed-back control

Power Ampliﬁer;_l

Ultrasonic Test Generator
Process Control

Power Control |

—).

- |Vibration Gauge

Strain Gauge

|

Strain Gauges

(A

Determination of the process:

Vibration Amplitude: After calibration

Pulse and Pause: Depending on damping
Frequency limits: Stop when specimen failure
Control Circuits:

Vibration Amplitude: Accuracy £1%

Resonance Frequency: Accuracy £1 Hz (0.005%)

mow SaERE  Torino
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Pulse 50 ms - approx. 1000
amplitudes

Increase Time - approx. 100
amplitudes

Decay Time - depending on damping
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Shapes of Fatigue Specimens

Wrought alloy Cast alloy
R=20 R=10
4 F A 65 [
"] : % S S— Fo5-—f— — ol4+—F ol4 ol4
--------- Y Y —| Y 1 A 4
. d ’ 26 Y
. 37 .
74 o 64.7 .
2.5 mm within 20 mm within
| 97% ofemax 97% of epax
Strain- Strain-
Amplitude Amplitude
Amplification factor: 4.9 Amplification factor: 2.2
Loaded volume: 50 mm?3 Loaded volume: 390 mm?3
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Specimen Shapes - Fatigue Crack
Growth
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Ultrasonic Fatigue Testing Procedure -
Mechanical Components

| Ultrasonic Transducer

Testing in different environments
Vacuum

High and low temperature
Corrosive Fluids

Ultrasonic Horn

| ———

Testing at different loading conditions Mamtion Gauge
Superimposed mean loads (R>-1)

Superimposed torsion moments

,,i".‘l

Ultrasonic Mounting Booster Mounting

) ?LLIT‘I’ILH
transducer part _1 hom Specimen part 11 '

*“h—;mn---l-

facuum Chamber

m acuation Pipe

/.
N

Used for Cl ing i
sed Ior Clamping Testing in vacuum
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Random loading

Endurance Limit - Threshold Stress Intensity

A amax 4 da/dN A
Ao ﬁ 1 (m/cycle)
%) — 8 7
6 5 10
z ’ g 10737 N
= ' = "
= S 10 --
£ . o (i |
5 2 ~ 10 |
S -l | i
> G 10 |
10~12 - |
| | [ | T -
106 107 108 109 1010 AKth AK, AKRMS
Number of cycles to failure, N Cyclic stress intensity
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VHCF Aluminium and Magnesium Alloys
S-N Curves
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150 |
200 | -
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=100 | 1 =2
L | Ewl v
2 80 | 1 a
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v B 7] v
60 | L W | 40 | ¥4
&
50l _ _ _ | High Pressure Die-Cast AZ91 hp vl
High Pressure Die-Cast AlSi9Cu3 30|
10 ¢ .
Aluminium Alloys, 20°C, R=-1 Magnesium Alloys, 20°C, R=-1
30 1 L 1 L 1 L1 L1 iinn 1 L1 1 Liiann 20 L raim L1 i 1 Liranin 1 Liinm 1 L iiun L1 i
10* 10° 10° 10’ 10° 10° 10" 10* 10° 10° 107 10° 10°  10%°
Cycles Cycles
Papakyriacou M, Mayer H, Fuchs U, Stanzl-Tschegg SE, Proc. Mayer H, Papakyriacou M, Zettl B, Stanzl-
Stanzl-Tschegg SE, FFEMS 25, 2002. ATEM’93, 2003, 03-207 Tschegg SE, Int J Fatigue, 25, 2003, 245-256
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VHCF Aluminium and Magnesium Alloys

Non-propagating crack
High-pressure die cast AlSi9Cu3

= i
ISt

O

Vi , | 1.05x10° cycles, 47.5 MPa
Dok 55 tog o8 30z msmom (78 % of mean endurance
strength at 150 °C)

Maximum length of
non-propagating cracks: 1.2 mm

Fracture surface
(after increase of load)

Mayer H, Kolloquium Werkstoffe, Fertigung, Konstruktion, Siegen 2004
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VHCF Aluminium and Magnesium Alloys

| Non-propagating crack
Il High-pressure die cast AZ91

| 1.51x10° cycles, 38 MPa
N R e (90 % of mean endurance
' strength at 150 °C)

Maximum length of
non-propagating crack: 1.6 mm

Fracture surface

(after increase of load)

Mayer H, Kolloquium Werkstoffe, Fertigung, Konstruktion, Siegen 2004
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Dehmmgsamplitude {in 107

VHCF X20Cr13 Steel

sy

Axial 20 kHz tension-compression loading Similar  Sakai etal 2002
X20Cr13: 11.3 Cr, 0.2 C, 0.22 Al oo T T
. . | Fan urface-induced fracturef |
(940°C /oil quench/ hardening 400°C/2.5 h) [ 8 Fuheye coutact)
- - Fish-eye (inside)
5 T T TTTITI T T TTITI T T TTTIm T T T 1T T T T TTTI0 T T T T “:]I:]I:] ET_“.ISUO-— ]
1900 £ *Q_
L:;jmm— ‘Jb"‘ﬁ.o ]
al L 1800 - ]
500 1 - I 1 1 1
10° 104 10° 108 107 108 10°
Number of cycles to failure Ny
L 1) $ @ 1700
o o . » Crack initiation from
B 1600
3 ® @
surface
1s0 |® Crack initiation
@ X20Crl3/400°C Aussenbruch > 8
@ X20Crl3/ 400°C Innenbruch - 10 cyCIes from
2 1 L1 IIiin 1 1 1 iaiii 1 1 i 11 111 | I A 1 1 1 1iiil 4':]':] Internal Incluslons
10* 107 10° 107 107 107 10
Lastspielzahlen
Stanzl-Tschegg, DGM Meeting Berlin, June 2006
FrATIR Torino

Stefanie Stanzl-Tschegg

5 novembre 2008



Crack Initiation from Internal Inclusions

Axial 20 kHz Tension-Compression Loading
X20Cr13: 11.3Cr, 0.2 C, 0.22 Al (940°C/ oil quenched, hardening 400°C/2.5 h)

AccV Spo_‘f’iMagn Det” WD I“_—""_l 500 |1m
15.0 kV-3 0M60%, . SE 168/ X20Cr18. 28 * o O

Ac =700 MPa, N;= 1.3x108

Stanzl-Tschegg, DGM Meeting Berlin, June 2006
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Crack Initiation from Interior Inclusions

Crack initiation from ca. 10-20 um
Al,O,, CaO, MnS, MgO inclusions
after ca. 10— 10° cycles

AccV ptMaqn Det WD l—'—"'—'—'—'—"i zUpm 5
16.0kV 50 |000! S5E 105)‘ GCrI'i "

EDAX Analysis (Wt%)
a) b)
Al: 22.40 18.44
S: 24.55 27.06
Ca: 17.74 22.59
Mn: 6.96 5.80
Mg 6.07 4.49
Fe: 5.34 8.81

¥ :
# AcGN" Spot Magn '.-iDet WD f“"'_""*‘—“| f} M
2 15 0kV 5.0 1000x ; SE ' H 7 X20Ck13.22 £

Stanzl-Tschegg, DGM Meeting Berlin, June 2006
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Crack Initiation from Interior Inclusions

Axial 20 kHz Tension-Compression Loading
X20Cr13:11.3Cr, 0.2 C, 0.22 Al  (940°C / oll guenched, hardening 400°C/2.5 h)

g

‘1\;'0{\/ f;S'_pooT ;a&gn geET \1‘\:!3?8 X20Cr13_82 e b f‘;ﬁv?fw 06&5- @4‘. X
Interior crack initiation from EDAX Analysis (Wt%) Fe:  64.10
Carbide inclusion Cr: 10.01

Stanzl-Tschegg, DGM Meeting Berlin, June 2006
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Frequency Effect?
S-N Curves Al alloys

400 mrrrmm T T TIrmr T T I T T TTTr T T T TTT
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L] 100 Hz
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100 4I ||:|||||5| |.1nuu6| ||||l|||7| lllllllgL[llll!lng 11 103 104 105 106 107 108 109
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Number of Cycles to Failure Cycles

. . Papakyriacou M, Mayer H, Fuchs
Mayer H, Papakyriacou M, Pippan R, U, Stanzl-Tschegg, Wei RP,

Stanzl-Tschegg SE N @) fre q uen Cy eﬁ:e Ct FFEMS 25, 2002, 887-896
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Frequency Effect?
S-N Curves Nb and Ta

350 T 450)
— 2 Niobium annealed 1| 400 - Tantalum annealed |
%300- 157350}
, i &
= 1 23001 o 0
5250_ ° & 00 o d
% ® Aﬂ J 1 %250 © §
| . &d° 13
v i —e—20kHz W | —o— 20 kHz
| o 1000z J © 100 Hz
200 s
2?%5 1 10 1F 10 o 10° 107 108 10°
Cycles Cycles
Papakyriacou M, Mayer H, Plenk H, Pypen C, Stanzl-Tschegg SE, Mat Sci Eng A 308, 2001, 143-152
Yield strength R, , = 385 MPa Yield strength R, , = 240 MPa
Endurance limit at 2x108 cycles: Endurance limit at 2x108 cycles:
240 MPa - 20 kHz 220 MPa - 100 Hz 365 MPa - 20 kHz 290 MPa - 100 Hz
Niobium: No frequency effect Tantalum: Frequency effect
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Crack Growth Rate, Aa/AN, (m / Cycle)

Frequency Effect?
Fatlgue Crack Growth in Humld Alr

10° ¢ : 10°°
E 2024- T3 Vacuum ]

2024-T3, Amblent Alr

107 [ 1 & 107 1
108 [ 1§ 10% = A ]
' Z, 9 - l_lﬂ‘{“ ]
o | A | - & 7 Y [ ] .
_ A * < ) a ]
10 FL e { g 107 e ;i 2T
¢ Y » Y 11 . :
107 | o af . 1 g 10 3
102 L e 0KHZR—1 ] E 102 o WKEZR—1 ]
1 0 E
10_13 3 W @ ; A 20kH’ZR005 ] -540 10_13 # @ %u A 20kHZR095 ]
® 20kHzR=05 ] @ . 5 3
[ 20 Hz, R=0.5 1 O ; 05
-14 , T , 1014 , , N  RA0S
10 1 2 3 5 7 10 20 1 2 3 5 7 10 20
Stress Intensity Factor Range, AK, (MPam '?) Stress Intensity Factor Range, AK, (MPam '?)

Holper B, Mayer H, Vasudevan AK, Stanzl-Tschegg, Int J Fatigue,26, 2004, 27-38
* No influence of plastic deformation rate on Aa/AN (vacuum)

* Frequency effect at Aa/AN > ca.10° m/cycle owing to air humidity
* No frequency effect on AKy;, c<hold
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Frequency Effect on S-N and
AalAN curves - Summary

Frequency effect present

e At high loads close to yield stress (e.g.Tantalum!)

— Testing of strongly damping material problematic
At higher crack growth rates in corrosive environment

No frequency effect

* Al-alloys

» High-strength steels

e Titanium alloys Ti-6Al-7Nb and Ti-6Al-4V
Mg — high pressure die cast alloy

‘:: §7% 5 novembre 2008 tetanie Stanzl-1schegg _




Mechanisms of Fatigue Damage

Crack initiation mostly from or from
SURFACE IMPERFECTIONS like INSIDE
@) IR AX7 77
- — —
notches, i i
scratches inclusions PSBs inclusions,...

V4

Relevance of PSBs in copper
for crack initiation, propagation and

life times (endurance limit?) in the VHCF range

S0,
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Material and Specimen Shape

97% of Astotmax/2 ===
within 2.5 mm

Electrolytic copper (DIN1787/17672/1756)

Cylindrical, 7 mm diameter, 80 mm long

* | ?=203n;1r21 Hourglass shape, inner diameter: 3mm
¢ m["y\ - 750°C /75 min, vacuum/ air cooled
A1mm - Mean grain size: approximately 60 pm
07% of Attimad? — _ - Mechanical and electrolytical

within 15 mm | \ polishing (2V, 42 mA/cm?)
| - Calibration:

Induction sensor at specimen end
Strain gages along the whole
specimen length to measure
total axial strain amplitudes ¢,

48 mm

7 mm -- -

80 mm

e
i
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Experimental Procedure

Ultrasonic test:

- Not stress (Ac/2) controlled, but

-  Displacement or total strain (As,,,/2)
(strain rate, A’ ,/2) controlled

- Plastic strain (A¢,/2) control not
possible

Therefore —

1. step: Calibration: Determine Ae /2
2. step: Experiment. Ramp loading

m Torino _ ;
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Determination of Stress Amplitude Ac/2 in
“ductile” material

Ao

Hooke’'s Law:
E=Ac/Ac,

and with:
Ag, = Ag + A8p|

Ag, J2= Ae /2 + Asp|/2

— Acl2 = E-(Ag,,/2 - Ae /2)
=E - Ae,/2

Ac(ge)) Ac(gyy)
Ag

A,

Agyy
Agy/2 elastic cyclic strain
Ag,/2 plastic cyclic strain
Agy/2 total cyclic strain
Ac/2=Ac /2 cyclic stress
E =130 GPa Young’s modulus

W oz gy Torino

4" 9% 5 novembre 2008

Stefanie Stanzl-Tschegg |




Identification of PSBs: Re-appearance of Slip
Bands after Electropolishing PSBs and Reloading

— ,,Conventional“ PSB threshold
Acl2 = 63 MPa (Aep,IZ =~ 6.1x10°)

. K —
Initial loading 2x10%  After polishing + Reloading 2x10°¢ cycles

Load direction: top to bottom.

:1. '. Torino )
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PSBs in VHCF range also below PSB threshold

- ,,VHCF“ PSB threshold
Acl2 = 45 MPa (Aep,/z = 3.6x10¢), N = 2x108

Acl2 = 50 MPa (Asp|12 = 4.1x10-)
Initial loading 2x108 cycles After polishing + Reloading 2x10°6 cycles

(Load direction: top to bottom)

&4 Torino |
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Structure and Development of PSBs (SEM)

AccV Spot Magn Det WD —— &m
0 4000x  SE 100 Cu9_04_170206

5.00kV 3

AccV SpotMagn Det WD ————— 5 m
B.00KkV 84 4000x SE 989 Cu9_14 220206

\"
%
kb

G

AccV SpotMagn Det WD —— &um
6.00kv 33 4000x SE  10.0 Cu9_09_200206

N = 7,0x10°
Ac =59,2 MPa

~ 3.0 MPa
below

PSB
threshold

AccV SpotMagn Det WD —— 5m
500kV 3 4 M SE \10_0 Cu9_203230206

P N = 5,0x107 N =1,0x108
GRupR [
FRATIURA
L]
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Structure and Development of PSBs (SEM)

AccV Spot Magn Det, WD ————— 5um
b00kV 34 4000x. “SE 10.0. CuS8_36_210306

AccV Spot Magn, Det WD ——— &5um
500kV 34 4000k SE 100 Cu3_28_040306

N = 3,3x108
Ac = 59,2 MPa

~ 3.0 MPa
below

PSB
threshold

b |

3 Y \
Acc.V- Spot Magn '\ Det WON—1 6m
B.00O kv 34 4000¢. SE 9.9 «Cu8_48_ 070406

- o N "

. ¥ . . o e p -
AccV, Spot Magn D?l.‘% —— S5um *
500 kv36 4000x SE 9.9% 1 > Cu8_54_060506

i, N = 1,0x10° N =2,0x10°
A cnpro Mmg}

mmm  Sae=d  TOrino -
i B Stefanie Stanzl-Tschegg
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Slip Band Formation at and below PSB
Threshold: Appearance of first (P)SB

61

32

10°

O

1t

raaal

L |

10’
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10°
N, cycles

10°
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Increasing Number of PSBs
with Ac/2 and N

45
40 -
® 3.0x10"6
— 1 ® 7.0x10"6
°\.:.35 ® 1.0x1017
o | 2.5x1017
'g 30 © 5,0x1077
® 1.0x10"8
m . H
a25 ©2.0x10°8
o 0 3.4x10"8
=20 A © 5 0x1078
* ©1,0x10°9
=15 - ©2.0x10%9
=
/)] 10 ] /
c
‘U -
E‘) /
- T T :@—i

stress [MPa]
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PSB Structure and Surface Roughness

Measurement: SEM and MeX — 3D profile analysis software

AG/2 = 62.1 MPa AG/2 = 62.1 MPa
/ . N =5x10" cycles N = 5x108 cycles
TR O

Ja=tt Torino _ |
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PSB Structure and Surface Roughness

Measurement: SEM and MeX — 3D profile analysis software

[rim]

Ac/2 =62.1 MPa . /\ g
o
— 7 |
N = 5x107 cycles ; Ty ATZT
£ ¥ AN
mean height = 111,83 nm | __/ - o
RMS =117.49 nm ﬂ
m [um]
[ \ 18]
Ac/2 = 62.1 MPa \
N = 5x108 cycles . 7\ , \ /
mean height = 164,8 nm W, \/ o /
RMS =172,38 nm .o v

]
L

L TR T
; R
wlnd Pty
[ "t "lﬁ
W w42t Torino
) &R |*4 fa
% b

'/
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Measurement of Surface Roughness

AFM Topometric Explorer

in contact mode, set point 10 nA, Si;N, pyramid tip, 50° angle, 50
nm radius

o 185 arn 528 744 BAm

um - 5[]um Distance
Ac/2 =53 MPa, N = 1,28x10° cycles N, ~400 nm, h,;, ~ 230 nm

Torino _
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PSB Structure and Surface Roughness

Plastic replica and SEM

Ac/2 =100 MPa, N =1 x 107 cycles
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Surface Roughness

MeX — 3D profile analysis software
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Ac/2 =100 MPa
N = 1x107

Direct SEM:

Intrusion depth:
353 nm

Replica:
Intrusion depth:
362 nm




Summary: Surface Roughness

Increase of surface roughness with Acs/2 and N

Roughness
Ac/2 Mean Min. Max.
34 MPa ~ 20 nm ~14 nm ~ 30 nm
! ! ! !
60 MPa ~ 200 nm ~80 nm ~ 350 nm
! ! ! !
100 MPa ~ 400 nm ~200 nm ~1000nm

E.g. Surface roughness ~ 200 nm for Ac/2 ~ 60MPa, N ~ 10'° (mean of
three measuring techniques) - high local variation.
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Dislocation structure (TEM)

Ac/2 = 64 MPa (~ 1 MPa above PSB Threshold (< 63 MPa))
1,5x1070 cycles

Dislocations clusters and cells
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Fatigue life diagram, 19 kHz: Woéhler (S-N) plot
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Failure:
Ac/2 ~ 93-97 MPa
N; ~ 3x107-1.1x1010

No failure:
Ac/2 £92.2 MPa
until N = 1.7 x 10" cycles

,WVHCF*“ PSBs:
Ac/2. ~ 45 —61.7 MPa
N ~ 106 - 2x108 cycles

Stefanie Stanzl-Tschegg _: |




Dislocation structure (TEM) close to endurance limit

s 4 Torino

F)

5 novembre 2008




PSB Threshold (“conventional” as well as
“VHCF”’) and Endurance Limit are Different

,conventional »VHCF* ,Endurance Limit“
PSB Threshold | PSB Threshold (N; = 1.14x 1079)
(N ~106) (N ~2.6x108)
Ag, 2 4.88 x 10 3.49 x 10 7.27 x 10
Ag /2 6.1 x 10 3.6 x 10°® 2.1 x10°
Acl2 63 MPa 45 MPa 93 MPa
'f( / " %?? 5 novembre 2008 Stefanie Stanzl-Tschegg




How does 4K, correlate with Ac,?
—s Fracture Mechanical Measurements
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Measurement of Crack Propagation

Cold light
source

Screen
showing
crack
growth
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Ultrasound Fracture Mechanics

R =060
Crack propagation and T\LM_
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Aa/AN vs. AKI2 (= K
| Cu, 19 kHz, o
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Long crack threshold

Kmax,th -
3.4 - 48 MPam *

for Aa/AN = 10-14 — 10-10
m/cycle
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Comparison AK, - Acy/2 (Kitagawa Diagram)

e — 8: Cu, 19 kHz, o
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--K__=3.4MPam'? Aa/AN ~ 10™"* m/cycle
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S
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= 4.0 MPa m'?, Aa/AN ~ 10™"-107"2 m/cycle

= 4.8 MPa m'?, Aa/AN ~ 107'%-10"" m/cycle

arrest (1b'14) | grO\;vth (10'10-1 0'12) m/cycle
0.34mm - 0.66 mm
short cracks
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Short-crack length =

0.34 mm
for K axin = 3.4 MPa m'2

Longer short-crack
lengths
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5 | (up to ~0.66 mm)
for higher K__ . values
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Reasons for difference of PSB Threshold
and Endurance Limit?

B,y N, S
A

Acc.V/ Spot Magn Det WD Exp |—| 20 -,l'
200 KV 6.0 800x SE 99 1 Edb_10_180708
. . T

TR

Numerous small crack, but no ohg crack
K4 o, below endurance limit (Ac/2 ~ 87 MPa)

T T W

;Z..;.;nlm -'l:'-_l'_'. TOI‘ InO .
@ 5 novembre 2008 Stefanie Stanzl-Tschegg \




Formation of LONG cracks above endurance limit,
but only SMALL cracks below endurance limit

Formation of long propagating cracks (VHCF, 19 kHz)
+ at Ac and Ag, values ~ 50% above “conventional” PSB threshold

* necessary “short” crack (or notch) length (from Kitagawa
diagram) 2 340 um

- at “conv.” PSB threshold crack length actually only < 20um

Ac 2 93 MPa: Ac < 63 MPa
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Evolution of Damage
(VHCF, 19 kHz)

i PSBs Intrusions —
slipbands | — —>

intrusions more and deeper

Below endurance limit, above PSB threshold:

numerous non-propagating small cracks
— stress relaxation of loaded volume

Above endurance limit, Ac or AK high enough for

long propagating crack | — failure
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Summary

Ultrasonic fatigue technique most efficient for VHCF
testing.

S-N curves beyond 108 up to several 10" cycles —
question on existence or non-existence of fatigue limit may
be answered (,fish-eye” fractures...).

Analogous: (Aa/AN vs. AK) curves down to 10-'* m/cycle
— (non)-existence of AKy 1eshold

No frequency effect for most technical alloys.

Frequency influence for very ductile materials and in
corrosive environment ABOVE AKy csholg
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Summary

Tests on polycrystalline copper:

PSBs form below ,conventional® PSB threshold (63 MPa)
PSB formation depends on amplitude AND number of
cycles (,VHCF threshold“: 45 MPa)

Endurance limit (Ac,): Failure at Ac = 93 MPa after
1.1x101° cycles. No failure below Ac, within 2x10"" cycles.

Correlation of AK,;,, Ac, and relevance of PSB threshold
Kitagawa diagram —

Critical short-crack length is ~340 um for AK,

At/below PSB threshold: actual crack length ~ 20um —
No long crack propagation — no failure
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Thanks for
your
attention/
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