Plastic Deformation in Crystalline Materials

Lecture |: Overview
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Crystalline vs Amorphous Solids

* Solids are often crystalline.

* A solid may be found in a crystalline or amorphous
form. Each may have its own applications
For example:

* Crystalline silicon (Si) are used in ICs.

* Amorphous silicon (Si) are sometimes used in Li-ion

batteries and solar cells
* Amorphous metals are often called metallic glasses
It is really hard to make some metals amorphous (e.g.

Ag)



Let’s start with some

elementary diagrams




Stress-Strain Curve

Stress-Strain Curve of a metal under uniaxial loading:
One of the first things we learned in mechanics of materials
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Stress-Strain Curve —
Loading and Unloading

Again what we saw in the first chapters of mechanics of materials
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Bauschinger Effect

€0

Iy

1 Stress o o,

Oy

initial
loading

=0, —* Isotropic hardening €, Erp




Effects of Orientation & Loading Rates
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Nominal stress strain curves (without correction
for area changes and orientation changes) for
99.99% pure Al at two tensile strain rates: three
single crsytals of different orientations and one

polycrystal of a grain size of 0.2 mm.After Kocks
et al.,, Work Hardening, 1968

Questions:

* How does the orientation affect
the deformation?

* What is the difference between
deformation of single crystal and
polycrystal?

* How does the loading rate
affect the deformation?
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Fig. 19—Tensile stress-strain curves, at
two tensile strain rates and at various
temperatures, of Y9.99 pet Al polycrys-
tals of a grain size of 0.2 mm (15 pet of
the grains being on the surface). After
Kocks ef al.®
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Size Dependent Behavior: Experiment
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Another Experiment: Bulge Test
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before pressure is applied
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[Xiang,Vlassak, Scripta Mater., 2005]
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Plane Strain Model:




Bulge Test - I

Effect of Film Thickness: Effect of Passivation:
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Importance of Study of Mechanical Behavior of
Materials at Small Scales

Detailed and quantitative
understanding of size effect
is essential for a reliable

design




Size Effect

First Report by G.|. Taylor

Hall — Petch effect
Brenner’s paper on whiskers
Conference in NY

Small Scale Devices



Continuum Mechanics Approach for Size
Effect

In classical approach:

o = function(¢,T,...) f(o'ij,gg,k) — F(O'ij,gg) _ kz(g;) —0

In nonlocal approach

o = function(¢,Vé,Ve,...,T,...)
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One Solution

* We should consider why and how crystals




|deal Shear Strength

Shear stress
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If <71, : shear strainis elastic and will disappear when the stress is released.

For very low value of y=x/a: =Gy




Why materials become plastic

|deal shear strength >> measured shear strength

81 years ago : Dislocations

G.l. Taylor Egon Orowan Michael Polyani




A.H. Cottrell: [Work hardening] was the first
problem to be attempted by dislocation theory
and may be the last to be solved

U.F. Kocks & H. Mecking Work hardening is as
hopeless as ever

L. Kubin: There is presently no generally
accepted theory explaining how and why
organized dislocation microstructures
emerge during plastic flow
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Work hardening was the first problem that was
considered

>

s
G.l. Taylor Egon Orowan Nevil Mott"

%

Rudolf Peierls® William Schockley® F Nabarro

Frederick C Frank Alan Cottrell J. Friedel T Mura U Fred Kocks H.Mecking

‘- w

N\

John Hirth Jens Lothe

). & J.Weertman “Nobel Laurites

Ladislas Kubin 22



Work Hardening Modeling

 Collective motion of dislocations = Plastic Deformation

* Individual processes are well understood
* Understanding overall effects is challenging without
computer modeling

some main processes into the model
—> Discrete Dislocation Dynamics
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R Courant, 1943
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