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Contents for previous class

Microstructure: structure inside a material
that could be observed with the aid of a microscope

Observation of Microstructure: to make image
from the collection of defects in the materials

== OM, SEM, TEM, AFM, SPM

. Microstructural
Properties
Parameters
» Strength + Grain size
* Toughness + Grain shape
+ Formability - Phase structure
« Conductivity « Composite structure
« Corrosion Resistance » Chemical composition
+ Piezoelectric strain (alloying)

» Crystal structure

« Defect structure (e.g. 5
porosity)

» Dielectric constant
+ Magnetic Permeability



Contents for previous class

“Tailor-made Materials Design™

Processing

Performance

Microstructure Properties

optimization of material properties through control of microstructure



Structure, Processing, & Properties

* Properties depend on structure
ex: hardness vs structure of steel
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e Processing can change structure
ex: structure vs cooling rate of steel

Data obtained from Figs. 10.21(a)
and 10.23 with 4wt%C composition,
and from Fig. 11.13 and associated
discussion, Callister 6e.
Micrographs adapted from (a) Fig.
10.10; (b) Fig. 9.27;(c) Fig. 10.24;
and (d) Fig. 10.12, Callister 6e.



Contents for today’s class

Length Scale of Microstructure

1) Effect of atomistic length scale on material’s
properties

Including brief introduction for microstructural observation
methods

2) Effect of defect structure on material’s properties

Including brief explanation of polycrystals and crystal
orientation



Length Scale of Microstructure

Structure

1 1 Nanostructurel 1
0.1-100 nm

swaomie — momic  [ictosconic  BullK

<0.1 nm 0.1-10 nm 1-1000 um >1 mm
1nm=4x10%in. HRTEM, STEM  Optical  Naked Eye
AFM Microscope
SEM, TEM,

XRD



Length Scales of Microstructure

* Many important intrinsic material properties are determined
at the atomistic length scale.

* The Properties of materials are, how, often strongly affected
by the defect structure. For example, polycrystals have different
properties than single crystals just because of the variation of
crystal orientation, combined with the anisotropy of the property.
This immediately introduces the idea that the behavior of a
material can vary from on location to another.



e Amorphous — from the Greek for “without form”
not to materials that have no shape,
but rather to materials with no particular structure

Crystals Liquids, glasses

Building block: arranged in orderly,  nearly random = non-periodic
3-dimensional,

periodic array
* grain boundaries * no grain boundaries



X-ray diffraction results

[ Location @nd intensity of peaks
~ location|and arrangement of atoms
~analogpus to a fingerprint
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Figure 3. Characteristic Diffraction Patterns from Crystalline
Material (Top) and Amerphous Material (Bottom). [3] 9



XRD (X-ray Diffraction)
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Max. Diameter (mm)

Recent BMGs with critical size =210 mm

30

M3
=

Zr,,TigCugNi,Be,, Johnson (Caltech)

— Vitreloy

PdgoCu,oNi; o Psg Inoue (Tohoku Univ.)

Fe,;,Cr,:Mo,,Y,C,.Bs Poon (Virginia Univ.)

— Amorphous steel

CagsMJg,Zn,, 1I5mm  Kim (Yonsei Univ.)
CagoMg,cNi,; 13mm -
MggsCU,,Ag:-Gd,;, 11mm
MggsCu,, cNi, . ZNnAg-Gd Y, 14mm

I

A.L. Greer, E. Ma, MRS Bulletin, 2007; 32: 612.
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High strength of BMGs
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Young’s Modulus (GPa)

High fracture strength over 5 GPa in Fe-based BMGs

A.L. Greer, E. Ma, MRS Bulletin, 2007; 32: 612.
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Engineering Stress (GPa)

Limited Plasticity by shear softening and shear band

2 Microscopically brittle fracture

==) Death of a material for structural applications

3.0

Amorphous metal
- limited plasticity (0~2%)
- catastrophic failure

2.5 =

Conventional metal
- low strength

I ' I ' ' r
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N

Engineering Strain (%)
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SEM (Scanning Electron Microscopy)
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Plastic deformation in metallic glasses

Plastic deformation in metallic glass
* No dislocation / No slip plane

* Inhomogeneously localized plastic flow in the shear band
Interrupt the localization of stress and deformation
« Prevent propagation of single shear band E==) BMG maitrix composites

* Multiple shear band formation




Ex-situ BMG matrix composites

1) Casting : hard/ductile particle

a, MPa

Stress (MPa)

2000 |-
BT ]
1800 _‘-"”-105} +10% Nb, 3um
1600 - +10% Ta, 2um
1400 - +50% Mo, 80pm
1200 = . S
1000 |- +50% Ta, 30um
BOO =
o +50% Nb, 200um
400 = /
200 =
o 1 1 L 1 ] 1
E.,%
2) Extrusion : ductile powder
3000
r Monolithic BMG
2500 Max. compressive strength: 2.44 GPa
L MGMC(20vol% brass)
Max. compressive strength: 2.05 GPa
2000 Total strain: 2.8 %
Plastic strain: 0.8 %
1500 |
3 MGMC(40vol% brass)
Max. compressive strength: 1.64 GPa
1000 |- Total strain: 4.7 %
| Plastic strain: 2.7 %
500
strain rate at room temp. = 6x10°s™
O . 1 1 . 1 . 1 . 1 . 1 . 1 . 1 .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Strain

200pm
(Johnson et al., Acta Mater.,1999)

(Kim et al., J. Non-cryst. Soligﬁ% 2002)



In-situ BMG matrix composites

1) Solidification : formation of primary ductile phase

1800 1 Pure amorphous . _In-situ composite
4 X

2 4 - 6 a 10 (Johnson et al., Acta Mater., 2001)
& [%]

2) Solidification : precipitation of ductile phase

3000

2500

[
=]
(=]
[=]

Stress (o/MPa)
i

1000

500

As-cast

(Cu Zr, Ti, ), Ta,

(CugpZrzTiyg)esTas e
Uniaxial Compression ,,f ¥ =
Strain Rate = 1 x 10™s” : _ A
254567 8 810111213141516 17 Tarich particle (Johnson et al., Acta Mater., 2001)
Strain (3:)
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Size of heterogeneity

Shear bands are ~20 nm in width

ol

_TEM image of a shear band

= Prevent propagation of single shear band

mm) Micro- or nanometer scale heterogeneity

18



TEM (Transmission Electron Microscopy)

TEM< electron beam©] 38 4= 9J == ultrathin sections< Hso] #F S 5
UVEE ol 7154 AR 2 o8 71X 4zl A A¥o 2 FAE N Qi

Fluo-screen Monitor Computer



Observation of SBs after three point beam bend test

J. J. Lewandowski et al., Nature Mater. 5 (2006) 15

Melting of Sn coating on the surface of Vit. 1 on the compression side

— evidence for temperature rise (T . =2327)
p m, Sn 20



Observation of shear bands after tensile test

TiyyZr,yCuyNigBe,, Angle between split
7-1 shear bands:

Crack propagation direction

2 Width of shear band : 10 nm
2 No crystallization in the
shear band




OM images for interruptions during compression

e Stress—strain curves and related OM images for each interruptions
during compression test

3000
Ni_Zr Ti .Si,SnNb,
2500
= 2000 -
1500
1000
500 Uniaxial compression
Strain Rate =1 x 10 s
0 L 1 L 1
0 2 4 G &
Strain (%)

J. Y. Lee et al. Acta Mater. 54 (2006) 5271-5279
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Structures of Optical microscope and Electronic microscope
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* SEM: Szanning Electron Microscope
| J 23
Apprnx. 1.,'|]D|]'I Electron beams’ with a wavelangth shorter than that of 'light

allows you to see objects magnified 19 million times!



Size of heterogeneity

@ Elementary flow event in an metallic glasses
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Enhancement plasticity in BMGs with atomic scale heterogeneity

Effect of quenched in quasicrystal nuclei

25



Effect of quenched-in quasicrystal nuclei

2 mm rod

(@) ZrgsTisNb,Cu 5 gNig sAl; (b) Zrg; TigNb, sCu 5 gNiyy Al 5

3 mm rod

B -Zr particle(~70 nm) in amorphous matrix Fully amorphous structure
26



Stress (MPa)

Effect of quenched-in quasicrystal nuclel

2000

1500

=
o
o
o

500

e Compression test

Strain (%)

Injection-cast
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Effect of quenched-in quasicrystal nuclel

e EXAFS analysis

Extended X-ray Absorption Fine Structure

—es—alloy rib.

—e—alloy 1mm
—es—alloy 2mm
—es—alloy 3mm

20

FT[K (k)]

Distinctive structural change around Ni atom

Intensity change due to microstructural change

(b) Zrg;TigNb, sCu 5 gNiyy Al 5

—e+—alloy " rib.

—e—aloy 1mm
—es—adloy 2mm
—es—aloy 3mm

0.20 -

—e—alloy 2mm
—e—alloy 3mm




EXAFS Analysis

Extended X-ray Absorption Fine Structure (EXAFS)« 1A4|& £33k X-Al

o) §4 spectrum® EA3te] PAG9le] F2E RS YYo= 1 ek A
NFEL TAF A, Zv), 1A AR, TAEAR F I =S Yt

EA A4 F99 local structure £2433}7] Y3l @o] AL&5 o] g}




Resistivity, p
(10-8 Ohm-m)

O =2 N W & OO0 O
I

ELECTRICAL Properties

[Cu] f % k.B.

* Electrical Resistivity of Copper: o & 60 4 20 o
1400 Liq fd____d____::d'—;-

12004 -
N /_P__,____F/f:’

~ 1000 """
=S

800 4 S (Cu,Ni)
600 4

400 4 a 67.3%, 355¢ Oz
ST <
200 —— T 2
0 20 40 60 80 100
[Ni] / % .B.
Adapted from Fig. 18.8, Callister 6e.
(Fig. 18.8 adapted from: J.O. Linde,
Ann Physik 5, 219 (1932); and
C.A. Wert and R.M. Thomson,
Physics of Solids, 2nd edition,

-200 -100 0 T (°C) g/lgc%r;:lw—Hill Company, New York,

o Adding “impurity” atoms to Cu increases resistivity.

« Deforming Cu increases resistivity.
30



Thermal Conductivity

THERMAL Properties

 Thermal Conductivity of Copper:
--It decreases when you add zinc!

K)

(W/m

| l I —

400 :
300 Ik
200

100} -

0 | | |
0O 10 20 30 40
Composition (wt%Zinc)

1200 | L | |

Cu 0oWeight Zn

Adapted from Fig. 19.4, Callister 6e.
(Fig. 19.4 is adapted from Metals
Handbook: Properties and Selection:
Nonferrous alloys and Pure Metals,
Vol. 2, 9th ed., H. Baker, (Managing
Editor), American Society for Metals,
1979, p. 315.)
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OPTICAL Property

e Transmittance:
--Aluminum oxide may be transparent, translucent, or
opaque depending on the material structure.

polycrystal: polycrystal:
single crystal low porosity high porosity
lattick parameter: unif cell x-
shear\strain (6.2) | {
nite Ahange in a pgramete
i rstrain (6.2)

4820 Adapted from Fig. 1.2,
L : Callister 6e.
0T = true strain (6. ' (Specimen preparation,
: J 8% P.A. Lessing; photo by J.
n = viscosity (12.7) Telford.)
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Polycrystals

-----------------

phases is termed a grain boundary or homophase interface and
Is, obviously, a planar defect.

Why can grain boundaries be observed? The different
arientations of the crystal directions in the grains on either side
of a boundary mean that there is a discontinuity across the
boundary. In metals and ceramics, the discontinuity is very

---------------------------------------------------------------------------------------

in rocks and minerals).
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Crystal Orientation: texture

* The best method of quantifying texture is to
measure the crystallographic onentation of a
statistically representative set of grains in the
matenal.

« Histoncally, this was a tedious exercise with
Laue X-ray diffractograms that was only
possible on single crystals or very coarse
polycrystals.

« The standard characterization method for
texture (crystallographic preferred
orientation) in an average sense is to
measure x-ray pole figures.

« A more modern technigue is that of
Onentation Imaging Microscopy (OIM), which
Is readily available in the SEM (and much
used here at CMU). This technique
produces a map of orientation measured on
a regular grid of points (pixels).

—
=750 b = D0 sess PPODY)
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