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BD as a critical phenomena

critical localized
transition emission

High field

e We describe BD nucleation as a critical transition in mobile dislocation
population.

* Minimal model which does have:
* Inherent sources and sinks for mobile dislocations.
e Self interaction of dislocations.

e Observational expectations
* No observable pre-nucleation surface structures

e Extrinsic as well as intrinsic conditioning.
. Intrinsic - saturation of dislocation structure.




Plastic response - below and on surfaces...
strongly driven (fatigue) “non related”

Pt coating

(®)

Cu, fatigued

~

Polycrystal Cu - fatigued ~101° times sub PSB threshold Above threshold
Haél Mughrabi Phil. Trans. R. Soc. A 2015;373:20140132



Large scale PSB-
lead to surface protrusions

* Previously observed on fatigued surfaces.

* Significant sub-surface PSB leading to
these surface features.

e Stochastic response at sub-yield stresses.

e PSB exist in various scales —down to 10
nm. These should produce nanoscale
protrisions

individual PSMs macro-PSM
in single- and polycrystals in single crystals specimen
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Previous observations...

Significant plastic
activity at BD sites

BD craters can be small
(RF/DC)

Or engulfed in large
pools of melted copper

Service Mode

‘iﬁ’ man HY curr WD =P dat  mede tilt
AN 2500x 10.00ky 0.10nA 40mm 166 um ETD SE 520°

But in general do not
hold info on what
‘ preceded them...
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Example: Sample with no field exposure — four dark-field images of the dislocation
pattern, each one with a different TB diffraction condition

B Dislocation contrast vanishes for TB 224 and TB 115
= Burgers vector is b =[110]

Burgers Vectors of Two Dislocation Patterns

Sample Type Field Lamella Type Burgers
Exposure Vector

RF23 Cross section [0-11]

reference No Cross section [1-10]
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Microscopy what have we shown

* BD characterization — localized large plastic deformation with
extended plastic deformation below the surface

* BD are similar in nature across test-stands

* BD are not intrinsically self generating —
may repeat ("topography”) but in general do not produce repetitive
same spot events

* Dislocations in specific orientations
(fits selective slip planes activation hypothesis)
density consistent across soft samples (d~50-100 nm)



And what's new

e Cellular structure - initial trials

* Conditioning —
* Indications of a stronger variation of dislocation shape, rather than density -
increased density of junctions.
Constantly evolving ability to characterize dislocations.
* Comparison of none-half-full conditioned state
Contrast with fatigued state. - different “strain path” different end state.

The main theme here is reproducibility. Looking for consistent description of
end state.



Surface — Subsurface link

v Mmag 1 HV curr WD HFW det mode tilt
&) 249 993 x 20.00 kV 0.80 nA 3.9 mm 166 pum TLD SE  0.0° _
o5 .

&

g, mag O HV curr WD HFW det mode tilt
H 65 024 x 20.00 kV 0.80 nA 3.9 mm 6.37 um TLD SE 0.0 °




Low field (Half conditioned)

mag HV W HFW det
119 987 x 20.00 kV 1.6 nA 3.9 mm 1.73 ym TLD SE

High field RF sample (T24)
Fully conditioned

mag = HV curr WD HFW det mode tilt ——1" L L1 La—
120 000 x 20.00 kV 1.6 nA 3.8 mm 1.73ym TLDSE 0.0°




FFT +Mask Density Versus entanglement

d~50nm - 2-10°cm™?
‘ Assuming 1 um between planes
\ p~2-10%cm™2

100 M
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‘\ Fatigue — Mainly sub grain structure. Considerably less violent than a crater....



Stochastic Model

e Validation

e Qualitative (only indirect ):
 |dentify dislocation density and structure - initial and saturation values
» Relate saturation structure with conditioning.
* Intrinsic conditioning — related to new stabilized dislocations state
e Similarity in features of electrodes with similar performance
* Critical fluctuations
* |dentify fluctuations - current / AE
* Time constants — relate to mechanism

* Activation temperature and functional form

e Critical missing components:
* Time dependency
» Spatial evolution and interactions



Temperature dependence —
the need for cryogenic system

Temperature dependence :  BDR as a function of the -
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Summary and Outlook

* Proposed model — stochastic in time and position.
consistent with microscopy

 Dislocation population characterized, Near BD as well as Pre and post
conditioning.
* Possible intrinsic conditioning mechanism —
Increased density + entanglement -> surface hardening

* The main upcoming drive force - Upcoming critical experiments —
cryogenic temperature (Uppsala), fluctuations(Cern), AE (huji??).

* Theoretical challenges —
e improved critical transition model (huji)

 Where can this take us:
* improved control over material effects (design?!)
* Optimized conditioning
* Warning signals?



Challenges ahead

Model — 2D, time and spatial evolution
 Compare to new experiments

Microscopy —

e Continued characterization of conditioned state (including evolution).
Finalize method and move to “production”, Density versus entanglement.

Fluctuations — Dark current - Analysis, separating noise from signal.
* Acoustic emission

New directions- Self organization in future electrode materials?



Effects of controlled material structure?

ELSEVIER Scripta Materialia 68 (2013) 777-780

Ultrahigh Strength and High T T——=—

Electrical COI’IdUCtIVIty In Copper Solid-solution copper alloys with high strength
Lei Lu, Yongfeng Shen, Xianhua Chen, Lihua Qian, K. Lu* and high electrical Conductivity

Science, 304 (2004) page 422 Kazunari Maki,* Yuki Ito, Hirotaka Matsunaga and Hiroyuki Mori

Miisubishi Materials Corporation, Central Research Institute, 1975-2, Shimoishitokami, Kitamoto, Saitama 364-0022, Japan
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Fig. 1. TEM observations of the typical microstructure in an as-deposited ~ were obtained from the many TEM images of the same sample. Electron
Cu sample. A bright-field TEM image (A) and the electron diffraction diffraction patterns [inset in (D)] indicate that the twins in each grain are
pattern (inset) show roughly equiaxed submicrometer-sized grains with  parallel to each other in {111} planes (D), and high-resolution TEM
random orientations separated by high-angle GBs. The statistical distri-  images (E) show that the twins follow a sequence of ATATA..., with
butions for grain size (B) and for thickness of the twin/matrix lamellae (C)  twinning elements, for example, A: (111)/[112] and T: (111)/[112].




Not today



Producing samples

mag U HV curr WD HFW  det mode —Sum— HYV curr WD HFW det | mode tilt | Bt et ) i1t e | mag B HV curr WD HFW det  mode | tilt mag I HV curr WD HEW  det mode tilt | m— 111

24997 x 10.00 KV 1.6 nA 4.0 mm 16.6 ym TLD SE 5.00 kV_0.20 nA_4.0mm 829 ym ETD SE __ 0.0° 20 000 x_5.00 kV_0.10nA_3.9mm_20.7pm TLD SE___ 52.0° 65 000 x 5.00 k¥ 0.10 nA 3.9 mm 6.38 um TLD SE_ 0.0°




Estimating correlation length

&2 mag / e C
20 000 x 20.00 kV 1.6 nA 4.0 mm 10.4 um TLD SE

mag & HV curr WD HFW det mode tilt
65 000 x 20.00 kV 1.6 nA 4.0 mm 3.19 uym TLD SE 0.0°

* Minimal ~1micron; up to 10 microns (ebsd)




Higher density — after field exposure

Reference RF 23




RF 23 CS near the iris

| Sample surfa ce/r
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* We do not observe significant variation of
dislocation density with depth.

Dislocation Density
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