p
NANOINDENTATION IN MATERIALS RESEARCH:
PAST, PRESENT, AND FUTURE

.

Warren C. Oliver ' & George M. Pharr 2

1 Nanomechanics Inc., Oak Ridge, TN

2 University of Tennessee, Dept. of Materials Science and Engineering; &
Oak Ridge National Laboratory, Materials Science & Technology Division
Knoxville, TN

» Research sponsored in part by the Division of Materials Sciences and Engineering, Office of Basic Energy Sciences,
U.S. Department of Energy, and by the National Science Foundation, and the Alexander von Humboldt Foundation.

Nanomechanics —_— R T OAK
|
= I "._.__ RIDGE
National Laboratory

Agilent Technologies




OUTLINE

A Brief History

e the instrument (WCO)
* the method for H&E measurement (GMP)
* the obvious applications (GMP)

Some Applications That Weren’t So Obvious

 geology & planetary materials (WCO)
 polymers & viscoelastic materials (WCO)
* the continuum to atomistic bridge (GMP)
* biology & medical science (WCO)

* some unusual applications (GMP)



THE ORIGINAL
NANOINDENTER



THE ORIGINAL NANOINDENTER

 Pethica, Hutchings, and Oliver, Phil Mag A48, 593(1983)




BASIC MEASUREMENTS
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THE ORIGINAL APPLICATION

» Hardness of ion-implanted metals
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THE METHOD:
A BRIEF OVERVIEW
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THE FUNDAMENTAL EQUATION
e Pharr, Brotzen, & Oliver, J Mater Res 7, 613 (1992)
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HARDNESS & MODULUS MEASUREMENT
 Oliver & Pharr, J Mater Res 7, 1564 (1992)
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MONOLITHIC MATERIALS
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ASSESSMENT OF METHOD
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OBVIOUS APPLICATIONS

« Surface modified materials »
- ion implanted QQ
- laser treated ,
- radiation damaged » ? .
* Thin films
-semiconductor e

polyethylene tibl
insert

- magnetic storage

- optical coatings
» Materials of limited size

- powders

- small crystals
» Composite & multiphase materials
« Hard coatings

- machine tool

- thermal spray

- diamond-like carbon (DLC)
* Weldments & joints




GEOLOGY & PLANETARY
MATERIALS



LONG TERM RADIATION DAMAGE
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« Chakoumakos, Oliver, Lumpkin and Ewing, Radiation Effects and
Defects in Solids, 118 (1991)



RADIATION DAMAGED ZIRCON
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POLYMERS &
VISCOELASTIC MATERIALS



CONTIUOUS STIFENESS MEASUREMENT

* Oliver & Pethica, US Patent No. 4,848,141, July 1989
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Storage Modulus (MPa)

AUTOMOTIVE TIRES
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NANOIMPRINT FORMING

Engineering Strain (AHIH)
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THE CONTINUUM TO
ATOMISTIC BRIDGE



GETTING "BETWEEN” THE DISLOCATIONS
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Load, P (mN)

o

POP-IN & THE THEORETICAL STRENGTH
» Page, Oliver, and McHargue J Mater Res 7, 450 (1992)
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ATOMISTIC MODELING
Molecular Dynamics Simulation

(111) copper single crystal
2.5x10% atoms; (30 nm)3
R=8nm; h=2nm
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THE INDENTATION SIZE EFFECT

Ma & Clarke, J Mater Res. 10, 853 (1995)
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BIOLOGY &
MEDICAL SCIENCE



CORTICAL vs. TRABECULAR BONE

* Turner et al, J Biomech 32, 437 (1999)

trabecular Cortical Trabecular
bone (spongy, cancellous)

cortical bone

osteon
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Specimen E (GPa) E (GPa)
Acoustic Nanoindentation
trabecular 17.2 18.2 = 0.5
cortical (transverse) 15.1 16.6 = 0.3
cortical (longitudinal) 20.9 23.4 £ 0.6 .
fransverse section



WOOD CELL WALLS
« Konnerth et al, J Mater Sci 44, 4399 (2009)
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SOME UNUSUAL
APPLICATIONS



HYDROTHERMAL VENT GASTROPODS

“Protection mechanisms of the iron-plated armor of a deep-sea hydrothermal vent gastropod”

- Yao et al, PNAS 107, 987 (2010)



HYDROTHERMAL VENT GASTROPODS

“Protection mechanisms of the iron-plated armor of a deep-sea hydrothermal vent gastropod”

C. Squamiferum (2001)

- Yao et al, PNAS 107, 987 (2010)



HYDROTHERMAL VENT GASTROPODS

“Protection mechanisms of the iron-plated armor of a deep-sea hydrothermal vent gastropod”

C. Squamiferum (2001) Vent crab

- Yao et al, PNAS 107, 987 (2010)



HYDROTHERMAL VENT GASTROPODS

“Protection mechanisms of the iron-plated armor of a deep-sea hydrothermal vent gastropod”

C. Squamiferum (2001)
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HYDROTHERMAL VENT GASTROPODS

“Protection mechanisms of the iron-plated armor of a deep-sea hydrothermal vent gastropod”

epoxy CLL GL ML OL epoxy
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THE LAACHER SEE HYPOTHESIS

“Testing the ‘Laacher See hypothesis’: tephra as dental abrasive”

* Riede & Wheeler, J Archaeological Sci 36, 2384 (2009)



THE LAACHER SEE HYPOTHESIS

“Testing the ‘Laacher See hypothesis’: tephra as dental abrasive”
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* Riede & Wheeler, J Archaeological Sci 36, 2384 (2009)



THE LAACHER SEE HYPOTHESIS

“Testing the ‘Laacher See hypothesis’: tephra as dental abrasive”
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THE LAACHER SEE HYPOTHESIS

“Testing the ‘Laacher See hypothesis’: tephra as dental abrasive”
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Hardness, H (GPa)

TESTING THE HYPOTHESIS
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Hardness, H (GPa)

TESTING THE HYPOTHESIS
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Thanks for your attention !!



