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Nanocrystalline metals show unigue mechanical behaviors and the

potential for tunable properties

= Nanocrystalline (NC) materials are generally defined
by having an average grain size of < 100nm

= When grains are at the nanoscale, unique
mechanical properties and plastic responses are
observed

=  Typical NC metals show:

= ultra-high strength & hardness (up to 10+ times
that of CG counterparts!)

= high wear-resistance
= high fatigue strengths

The potential for ultrahigh strength, hardness, and
fatigue resistance make NC metals good candidates for
advanced applications — but we are only beginning to
understand their unique deformation behaviors.
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Some reports have suggested that “stress concentration may not be
relevant at the nanoscale...” Is this true?

=  Stress concentrations and their potential effects on material behavior
are “old” problems. But...

Kumar et aly Appl. Phys. Lett. (2009)

= Stress concentration effects are
= Complicated during plasticity
=  Even more convoluted during cyclic loading

=  Unknown for NC metals!

= Some reports have shown insensitivity to nano-notches in NC materials =g alag!
during monotonic loading

= |s any notch sensitivity observed during fatigue in NC metals? Fracture
U

= Are there potential size dependencies (e.g. grain size-to-notch size
ratio) that may be playing a role?

= |f fatigue stress concentrations are prevalent, how do they affect the
deformation and fracture behaviors?

Understanding stress concentrations and flaw sensitivity will be paramount for the reliable
and predictable performance of NC metals for advanced applications.




Two sets of NC NiFe specimens were pulse-electrodeposited at different
current densities — grain size and tensile properties were identical
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NC NiFe was selected as a representative NC material due to its ultrahigh strength & fatigue
resistance — previous reports have also highlighted potentially unique fatigue deformation
and crack initiation mechanisms, which are not well understood.




Electrodeposition can inherently lead to processing-related flaws. How
might these native defects affect the fatigue properties?

“Lotl” and “Lot2” are nearly identical, except Lot1 consistently showed one or more 2-5 um surface
defects (not present in Lot2).

P

The nearly identical mechanical properties imply that these “defects” do not make up a

significant portion of the material — microscopy showed only one or two in each Lot1l
specimen.

Generally, fatigue is a “weakest-link” phenomenon... will these native features affect the
fatigue performance?

e

Examples of surface flaws observed in the Lotl specimens — one or two features were found in each
Lot1 specimen, none in the Lot2 material. Typical feature size in Lotl is 2-5 um.



Single-edged semi-circular notches with 10 and 20 um radii were
prepared using focused ion beam milling

S P IR T
< ey

Example of the free-standing electrodeposited
NC Ni-Fe tensile specimens used in this study.
Gage width: 0.5 mm, gage length: 2.4 mm,
thickness: 10-20 um.
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Schematic representation (a) and SEM micrographs (b,c)
of the semi-circular notches FIB-milled at 30kV, 3nA

* Theoretical elastic stress concentration factors, Kt=2.89
and 2.43 for 10 and 20 um notches, respectively




No obvious FIB-induced abnormal grain growth under notches

Location/orientation of TEM sample

(notch edge)




Notched fatigue tests revealed dramatic fatigue stress concentrations
and high notch sensitivity!
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Not only is stress concentration relevant, but the notch sensitivity is an
order of magnitude larger than for conventional metals!
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Primary vs. Secondary defects (critical flaw)
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=  The 10 um notched Lotl and Lot2 specimens =  We begin to see the potential effects of surface flaws
showed nearly identical fatigue performance and can start to characterize the actual stress

= The larger stress concentrations from the concentration effects on the fatigue performance

“primary” defect (the notch) overcame the effects =  The inherent notch sensitivity (or “flaw” sensitivity)
of the “secondary” defects (the surface flaws) leaves these materials vulnerable if a pristine
condition is not reached

=  Fatigue is a weakest-link phenomenon — the
highest stress concentration wins! (or loses...) =  Even though monotonic tests showed no difference
between the materials, fatigue tells a different story...




AGG was observed directly underneath crack initiation sites
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Crack initiation regions consisted of faceted “blocky” features, similar to
previous reports of fatigued AGG regions

FIB cross-sectioning revealed 1-2 um sized grains underneath the notches!

Well-developed regions of AGG were found underneath the fatigued notched regions!
This validates our hypothesis that the AGG is a deformation process (not pre-existing)

Are these processes cyclically induced or only a result of the final fracture?




Transmission synchrotron X-ray diffraction can provide means to detect

AGG in a NC matrix
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In-situ scans showed the same anomalous peak present after
26,600 cycles, 30,000+ cycles before final fracture!
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Conclusions

=  Micro-notches provided effective stress concentrations that dramatically reduced the
fatigue resistance (notch sensitivities an order of magnitude larger than CG metals)

=  The notches also led to localized deformation and fracture initiation

= Stress concentrations are relevant for NC metals! Most likely dependent on notch-to-
grain size ratios...

= Abnormal grain growth (AGG) is a predominant precursor for crack initiation, the onset of
which is likely dependent on the stress concentrations

= Understanding the AGG/crack initiation process will be paramount to devising means of
improving the notch sensitivity in NC metals

The ultrahigh fatigue resistance of NC metals make them attractive for advanced
applications. But, for these materials to be reliable we must understand the underlying
deformation and fracture mechanisms, in addition to their sensitivity to flaws and defects.

Using a combination of micro-notched specimens and non-destructive detection of AGG
during fatigue, we can begin to understand the origins, causes, and effects of stress
concentrations on the mechanical properties in NC metals.
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The suppression of dislocation-based mechanisms can lead to dominant
GB-related responses, e.g. AGG
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= High fatigue strengths are commonly observed in NC
metals

= This is usually attributed to the inhibition of dislocation-
based plasticity (e.g. persistent slip bands) and thus, a
delay in the crack initiation and fracture

I”

= With this suppression of “traditional” fatigue deformation
and fracture, new GB related mechanisms arise




Proposed mechanisms for crack initiation in NC metals

1 fatigue induced
I grain growth
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Figure 14. Schematic showing different scaling regimes for fatigue behavior with respect to
the grain size.



AGG in NC Metals
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Fracture toughness of NC metals has been shown to be much lower
than for ufg and CG counterparts
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In samples that fractured > ~10,000, the initiation zones consisted of
“blocky” protrusions (not present in samples with Nf<10,000 cycles)

Possible change of mechanisms? Possible time-dependent (or cyclic
dependent) behavior?




Some cyclic hardening was observed, in addition to monotonic
“ratcheting” throughout the fatigue life
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Cyclic hardening is expected based on work-hardening effects observed during
monotonic tension (likely some dislocation activity)
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Monotonic accumulation of strain (separate from the cyclic hardening effects) indicates
possible boundary-related activity (e.g. Coble creep mechanisms)




Sample Preparation




Current & potential applications for NC metals

Ultra-hard thin films

wear resistance in complex
geometries

(1) www.enduracoatings.com
(2) www.lotvacuumamerica.com
(3) www.sri.com
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Solid/dry lubricant coatings MEMS & Micromachines
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Nickel/iron chemistry make-up

NiSOy4 Nickel Sulfate 112 g/LL

FeSO, Iron sulfate 5¢/L

Na3;CsHs07 Sodium Citrate 75 g/l

KSO, potassium Sulfate 1.5 ¢g/L

CsHsNOsS Saccharin 1 g/l
1. 100 nm deposition of 2. Patterned front side 3. Electrodeposit material
Cu on Si wafer of wafer '

— -*

5. Lift-off Ni-Fe 4. Remove photoresist
samples in Cu etch



Bench Top to Industrial Plating

Bench Top Plating Industrial Plating Bench
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ECD Benefits & Challenges
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Benefits Challenges
1. Cost effective vs dry techniques 1. Multiple parameters
2. Easy setup 2. Materials Compatibility
3. Room temperature Challenges
4. Efficient 3. Bath contamination
5. Scalability 4. Solubility
6. Fast deposition rates 5. Reproducibility
7.

Change Stoichiometry
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X-ray Diffraction




This x-ray technique identified the AGG region, despite only occupying
< 0.0001% of the sampled volume!
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Before Fatigue

After Fatigue (N~63k cycles)
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Force-controlled fatigue tests to failure were performed on the notched
NC specimens

= Pjezo-actuated custom tester

= R=0.3(f,. /f..) [i-e. tension-tension
fatigue, to avoid foil buckling]

= freq:4-6 Hz (sine)




63mm  Signal A= SE2 EHT = 5.00 kv WD = 8.1 mm Signal A= SE2 Width = 44.89 um

EHT = 5.00 kV WD = 6.5mm Signal A = SE2 Width =21.33 ym '_' EHT = 500 kV/ WD = 8.1mm Signal A= SE2 Width = 35.35 ym




