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CopepxxaHue aoknaga

MarHuii 1 ero cnnasbl: CONOCTaBnNeHne ¢ Apyrumm Matepuanamm u
noTeHuUManbHble NPUMEHEHNS;
Mpobnembl Npy pa3paboTke TEXHONMOMNIA NONYyYEHUS N3OENNIA U3
MarHueBbIX CMMaBoB;
KntoyeBble aneMeHTbl ynpaBneHusl CBOMCTBaMMN MarHUeBbIX
CNnaBoB:
- KpVICTaI'IJ'IVI‘-IeCKaﬂ pelwleTka MarHna, MexaHm3mbl U TUMNYHbIE TEKCTYPbI
nedopmaumu;
- TekcTypbl METaNNMU4ECKUX MaTepuranos (cripaska)
e [loTpebHOCTbL B BBEAEHMUM TAaKOro napameTpa;
o OCHOBHbIE MOHATUS U MeTOoAbl aHann3a;,
o OTOOpaxeHve n ncnonb3oBaHve NHopmaumm;
- ﬂeFI/IpOBaHI/Ie, (*)a3b| 7] MOp(*)OJ'IOFI/IFl MHTEepMeTannnaos;
YnpaBneHne CBOMCTBaMU B MarHMeBbIX cnriaBax Ha npumepe 3K60;
HoBbI npoekT
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COMNocCTaBrieHNE C ApYrMmm
maTepuanamm

UcTopuueckas cnpaBka
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e Materials drive our society

- Bronze Age

- Now?
e Magnesium Age?
e Polymer Age?
e Silicon Age?




Density (g/cm?) (logarithmic scale)
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Strength (Tensile Strength, in units of

megapascals) (logarithmic scale)
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Stiffness [Elastic (or Young's) Modulus (in units of
gigapascals)] (logarithmic scale)
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Fracture Toughness

Based on data in Table B.5,
Callister & Rethwisch 8e.
Composite reinforcement geometry is: f
= fibers; sf = short fibers; w = whiskers;
p = particles. Addition data as noted
(vol. fraction of reinforcement):

1. (55vo0l%) ASM Handbook, Vol. 21, ASM Int.,
Materials Park, OH (2001) p. 606.

2. (55 vol%) Courtesy J. Cornie, MMC, Inc.,
Waltham, MA.

3. (30 vol%) P.F. Becher et al., Fracture
Mechanics of Ceramics, Vol. 7, Plenum Press
(1986). pp. 61-73.

4. Courtesy CoorsTek, Golden, CO.

5. (30 vol%) S.T. Buljan et al., "Development of
Ceramic Matrix Composites for Application in
Technology for Advanced Engines Program",
ORNL/Sub/85-22011/2, ORNL, 1992.

6. (20vo0l%) F.D. Gace et al., Ceram. Eng. Sci.
Proc., Vol. 7 (1986) pp. 978-82.

Metals/ Graph!te/ Composites/
Ceramics/  Polymers )
Alloys ) fibers
Semicond
100 —
p— 1C-C(H fibers) 1
70 — |Steels
60 — I+
50 — Ti alloys
40 —
Al alloys
30 = emg alloys
20 —
Al/Al oxide(sf) 2
Y203/ZrO 2(p)4
10 — c/c(Lfibers) 1
— Al oxid/SiC(w) 3
7 _— Diamond Si nitr/SiC(w) "
6 — ) ) QA\ oxid/ZrO 2(p)1
2] i&sllo?(iaégldeil SPET Glass/SiC(w) ©
— Si nitride
4 1PP
3= PV
2 — °pC
! = SicRstal PS *Glass 6
0.7 — Glass -soda
82 ] Concrete Qe




Ucnonb3oBaHue

Principal fields of magnesium application (2000)

Worldwide shipments in 1999: 375,500 tons per year

L Oth 109

Aluminium alloys ——__ e ors 10%
45%

Wrought products
(forgings, sheets, profiles)
1%

“— Desulphurisation
of steel
14%

S
Reference: Hydro Magnesium ~— Mg-die castings 30%
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Make our society more sustainable
through...

e Higher structural efficiency:
- LIGHTER VEHICLES =

e = less material to construct;
e = |ess fuel to move;
e = improved energy absorption in collisions (safety)

Make our society more sustainable
through...

e Improved functional properties:

- NEW HORIZONS FOR DEVICES AND
APPLICATIONS =
e > Metals for hydrogen storage;
e = ‘Clean’ and bio-resorbable implants;
e => Up to your imagination...




Ultra-fine grained Mg for...

Superplastic Deformation

Elongation =
1400% . . =003 57
1700%

= £ =0.003 57
2040% \ =
£=0.0003 57
R -

(The slide materials are a courtesy of Prof Yuri Estrin, Monash University, Australia)

Mg can be a material for...
Hydrogen Storage

The automotive industry demands:
-at least 6-7 wt.% of H, in hydride;
-H, should be released below 200 C;
-Fast desorption kinetics

(The slide materials are a courtesy of Prof Yuri Estrin, Monash University, Australia)



Example
In Mg alloy ZK60

ZK60 ECAR

Hydrogen [wt.%]

= 7ZKB0 after ECAP [Krystian et al., 2010]
A coarse grained ZK60
® ZK 60 after ECAP or HEBM Skripnyuk et al. (2004

10 15 20 25
Discharging time [min]
(The slide materials are a courtesy of Prof Yuri Estrin, Monash University, Australia)

Mg can be a material for...
Vascular stents

Stents are used o hold open areas of arleries
narrowed by atherosclerosis.

Requirements:
-Strength  oc1/.,/GRAIN SIZE

-Reproducibility of properties == Ultrafine granularity
(The slide materials are a courtesy of Prof Yuri Estrin, Monash University, Australia)




U3penusa ns marHmeBbIX CNNaBoB
e

e [1pobnembl Npn paspaboTke TEXHOMOMMN
NoSyYeHus:
- Hunskasa texHonormnyeckasi n1acTUYHOCTb

e BO3MOXHbIN NyTb peLleHuns:
- JInTbeé KOHEYHbIX N3oenun;

- CospgaHue npoueccoB gedopMalnoHHon 06paboTkm ¢
npeobnagaHnem BCECTOPOHHErO CXXaTusi B CXEMe
Harpy>XeHus;

- YnpaBneHue TeKkCcTypou

U3penusa ns marHmeBbIX CNNaBoB
e

e [1pobnembl Npn paspaboTke TEXHOMOMMN
NoSyYeHus:
- Huskas npo4HoCTb

e B0O3MOXHbIN NyTb peLueHns:
- JNlernposaHue;
- N3menbyeHne CTpyKTypsbl;
- YnpaBneHue TeKkCTypou




U3penusa ns marHmeBbIX CNNaBoB
e

e [1pobnembl Npn paspaboTke TEXHOMOMMN
nonyyeHuns:
- Huskas koppo3noHHaa CTONMKOCTb

e BO3MOXHbIV NyTb peLleHuns:
- HaHeceHue 3alUunTHBIX NOKPbLITUNA;

- JlernpoBaHue ona ynyyweHnsa KOppo3MOHHOM
CTOMKOCTK NO BCEMY OObEMY;

- Wcnonb3oBaHue agpdekTa

MarHum n ero cnnasebl

Kpuctannorpapomsa n MexaHn3mMbl
Aedopmaunm




Simple Cubic Structure (SC)

* Rare due to low packing density (only Po has this structure)
+ Close-packed directions are cube edges.

* Coordination # =6
(# nearest neighbors)

(Courtesy P.M. Anderson)

Body Centered Cubic Structure (BCC)

» Atoms touch each other along cube diagonals.
--Note: All atoms are identical; the center atom is shaded
differently only for ease of viewing.

ex: Cr, W, Fe (o), Tantalum, Molybdenum
» Coordination # =8

Adapted from Fig. 3.2,
Callister & Rethwisch 8e.

Courts P.M. And .
(Courtesy P-M. Anderson) 2 atoms/unit cell: 1 center + 8 corners x 1/8




Face Centered Cubic Structure (FCC)

» Atoms touch each other along face diagonals.
--Note: All atoms are identical; the face-centered atoms are shaded
differently only for ease of viewing.

ex: Al, Cu, Au, Pb, Ni, Pt, Ag
* Coordination # =12

Adapted from Fig. 3.1, Callister & Rethwisch 8e.

(Courtesy PM. Anderson) 4 atoms/unit cell: 6 face x 1/2 + 8 corners x 1/8

Hexagonal Close-Packed Structure
(HCP)

+ 3D Projection » 2D Projection

T A sites Top layer

j_ B sites Middle layer
A sites Bottom layer

Adapted from Fig. 3.3(a),
Callister & Rethwisch 8e.

« Coordination # =12 6 atoms/unit cell
ex: Cd, Mg, Ti, Zn
*cla=1.633




HCP Crystallographic Directions

Algorithm

1. Vector repositioned (if necessary) to pass
through origin.

2. Read off projections in terms of unit
cell dimensions ay, a,, a;, or ¢

3. Adjust to smallest integer values

4. Enclose in square brackets, no commas

[uviw]

Adapted from Fig. 3.8(a),
Callister & Rethwisch 8e.

ex: %, % -1,0 => [1120] @s*

dashed red lines indicate %
projections onto a, and a, axes a,

HCP Crystallographic Directions

» Hexagonal Crystals
— 4 parameter Miller-Bravais lattice coordinates are
related to the direction indices (i.e., u'v'w') as

follows.
[u'vV'w'] - [uviw]

1

u=—Q2u'-v'
3( )

V= l(2v'-u')
3

t =-(utv)

a‘l W: Wl

[1100]
Fig. 3.8(a), Callister & Rethwisch 8e.




Crystallographic Planes

» Miller Indices: Reciprocals of the (three) axial
intercepts for a plane, cleared of fractions &
common multiples. All parallel planes have
same Miller indices.

 Algorithm
1. Read off intercepts of plane with axes in
terms of a, b, ¢
2. Take reciprocals of intercepts
3. Reduce to smallest integer values
4. Enclose in parentheses, no
commas i.e., (hkl)

Crystallographic Planes (HCP)

example a, a a3 ¢
1. Intercepts 1 0 -1 1
2. Reciprocals 1 1o -1 1
1 0 -1 1

3. Reduction 1 0 -1 1

4. Miller-Bravais Indices (10?1)

Adapted from Fig. 3.8(b),
Callister & Rethwisch 8e.




Possible Deformation Mechanisms
Dislocation slip:

« A dislocation moves along a slip plane in a slip direction
perpendicular to the dislocation line

* The slip direction is the same as the Burgers vector direction

Edge dislocation

Adapted from Fig. 7.2,
Callister & Rethwisch 8e.

<
Direction Screw dislocation
of motion
= \ =
T
(b)

Single Crystal Slip

Direction
of force

Adapted from Fig.
7.9, Callister &
Rethwisch 8e.

Slip plane

|

Adapted from Fig. 7.8,
Callister & Rethwisch 8e.




Deformation Mechanisms

Slip System
— Slip plane - plane on which easiest slippage occurs
+ Highest planar densities (and large interplanar spacings)
— Slip directions - directions of movement
+ Highest linear densities
Adapted from Fig.

7.6, Callister &
Rethwisch 8e.

(b)

— FCC Slip occurs on {111} planes (close-packed) in <110>
directions (close-packed)

=> total of 12 slip systems in FCC
— For BCC & HCP there are other slip systems.

Stress and Dislocation Motion

* Resolved shear stress, 15
— results from applied tensile stresses

Applied tensile Resolved shear Relation between
stress: c=F/A  stress: 1z=Fg/Ag o and 15
slip plane =
A PP o TR=F/A S
normal, nS»

As Fcos A Alcos ¢

Tr= GCOSACOS {




Critical Resolved Shear Stress

« Condition for dislocation motion: TR > TCRSS

/
typically

104 GPato 102 GPa

* Ease of dislocation motion depends
on crystallographic orientation

Tr=GCOSACOS

r r r

._________
A
Py
1l

=m0 | e |
= |[A=90° 2 A=45° =90°
arss !

T maximum at A = ¢ = 45°

Dislocation slip systems in Mg
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Possible Deformation Mechanisms

+ TWINNING

» Twin boundary (plane)
— Essentially a reflection of atom positions across the twin
plane.

¢+ . _-Twin plane (boundary)
T

Adapted from Fig. 4.9,

/ “‘\7\
\ e T, : :
\\%ﬁ / Callister & Rethwisch 8e.
\-f(\\/y’

Twinning in Mg

(To12)

An hep erystal lattice showing three twinning planes, (T011),
(1012) and (1013), which share the common zonal axis parallel to
[1270]. Atoms are represented with solid circles in A-type (1210} plane
and emply circles in B-type (1210) plane. The spadng between adjacent
A-type and B-type (1210) planes is equal to /2, where a is the lattiee
constant. The intermediate basis lavers of the hep cryvstal are omittad for
clarity.




Direction of twinning in HCP metals
S . B

g, TWINKING SHE AR

¥ = eda, AMIAL RATID

B WVariation of twinming shear with the axial ratio, For t

hexagonal metals, a filled symbaol indicates that the twin mod
active mode,

Typical rolling texture of Mg
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X-Ray Diffraction
Electromagnetic Spectrum
THz 1kHz 1MHz Frequency (Hz)
1.0 10% 108 10° 1012 10" 10'8 102 102
I ! In#rareli [Ultlravic[Iet

T T 1T 11 T T 1
- FM, TV
Long Radio Waves Microwaves Visible Light

Gamma Rays
AM Short Radio Waves T XRays

N I N Y S A S A Ny I I N W

10° 108 108 1.0 103 10% 10° 1012 108
1 km Tm Tum 1nm

Wavelength, % (m)

+ Diffraction gratings must have spacings comparable to
the wavelength of diffracted radiation.
» Can’t resolve spacings < A

» Spacing is the distance between parallel planes of
atoms.




X-Rays to Determine Crystal Structure

* Incoming X-rays diffract from crystal planes.

extra
distance 63 5

travelled

by wave 2\ s

Measurement of
critical angle, 0c,
allows computation of
planar spacing, d.

%

KN Q

N 6,
. reflections must
¥ bein phase for

a detectable signal

Adapted from Fig. 3.20,

0 Callister & Rethwisch 8e.
* spacing
d between
vy __ planes
X-ray
intensity -0 }”
(from 2sinfc
detector)
; )
f >
Oc

Intensity (relative)

X-Ray Diffraction Pattern

20

30 40

60 70 &0 50

Diffraction angle 20
Diffraction pattern for polycrystalline

a-iron (BCC)

100




Miller indices of a pole

Miller indices are a convenient way to represent a direction or a plane normal in a
crystal, based on integer multiples of the repeat distance parallel to each axis of the
unit cell of the crystal lattice. This is simple to understand for cubic systems with
equiaxed Cartesian coordinate systems but is more complicated for systems with lower
crystal symmetry. Directions are simply defined by the set of multiples of lattice repeats
in each direction. Plane normals are defined in terms of reciprocal intercepts on each

axis of the unit cell.

Fig. 2-39 Determination of the Miller indices of a pole.

When a plane is written with
parentheses, (hkl), this
indicates a particular plane
normal: by contrast when it is
written with curly braces, {hkl},
this denotes a the family of
planes related by the crystal
symmetry. Similarly a direction
written as [uvw] with square
brackets indicates a particular
direction whereas writing within
angle brackets , <uvw>
indicates the family of directions
related by the crystal symmetry.

The Stereographic Projection

« Uses the
inclination of the
normal to the
crystallographic
plane: the points
are the
intersection of
each crystal
direction with a
(unit radius)

anlhh e~

Fig. 2-25 {100} poles of a cubic crystal.




Projection from Sphere to Plane

 Projection of
spherical informatior
onto a flat surface

— Equal area projectior
(Schmid projection)

— Equiangular projectic
(Wulff projection, o
more common in ol
crystallography) @

Fig. 2-27 The stereographic projection,

Stereographic, Equal Area Projections

| bl
» o
. AR
Stereographic ‘,3{;:%‘.:,:; n,:::\s;:‘::“
/]
(Wulff) —y mazesiiititn
P T () 1

Projection™: i I
OP’=Rtan(42) ““-::‘.“ L

Ll
T ;'
SRUITIAZA

s

et N g . (@
Equal Area 2V
(Schmid) o/ |

Projection: o7 ’ .
OP’=Rsin(412) w




Pole Figure Example

« If the goniometer is set for {100} reflections, then all
directions in the sample that are parallel to <100>
directions will exhibit diffraction. The example shows
a crystal oriented to put all 3 <100> directions
approximately equally spaced from the ND.

Miller Index Definition of a
Crystal Orientation

» We use a set of three orthogonal directions as
the reference frame. Mathematicians set up a
set of unit vectors called e, e, and e;.

* In many cases we use the names Rolling
Direction (RD) // e,, Transverse Direction (TD)
Il e,, and Normal Direction (ND) // e;.

» We then identify a crystal (or plane normal)
parallel to 3 axis (ND) and a crystal direction
parallel to the 1st axis (RD), written as
(hKkI)[uvw].




Cube Texture (100)[001]:
cube-on-face

» Observed in recrystallization of
fcc metals

« The 001 orientations are parallel o
to the three ND, RD, and TD
directions. 7

A100}

! - > {001}

—

4
{010}

Sharp Texture (Recrystallization)

» Look at the (001) pole figures for this
type of texture: maxima correspond to
{100} poles in the standard

ctarann-—--hir nrniection
RD ND
LID
RD
¢ I .
Vs
{010}




(a) [G]

(Bunge)
Euler Angle
Definition

Euler Angles, Ship Analogy

« Analogy: position and
the heading of a boat
with respect to the
globe. Latitude (©)
and longitude (y)
describe the position
of the boat; third
angle describes the
heading (@) of the .
boat relative to the i expiamed mert
line of longitude that
connects the boat to

A L1 m




Meaning of Euler angles

 The first two angles, ¢, and @, tell you
the position of the [001] crystal direction
relative to the specimen axes.

« Think of rotating the crystal about the
ND (1st angle, ¢,); then rotate the
crystal out of the plane (about the [100]
axis, @);

« Finally, the 3" angle (¢,) s YOu how
much to rotate the crystal about [001].

Euler Angles, Animated

e’ 3= eS:Zsample:ND

3d position (final)
[010] 2nd position

27 t iti
¢1¢ Yerystal=€2 15t position

[001]

ZcrystaI:e3
e e’ls

b, i
€
e,=Y TD
Crystal RD 2 sample
q XcrystaI:el, [100]
TD




Complete orientations in the Pole

_p (f, D)~
1T (30°,70°,40°).
M‘\-\.

b

Note the loss of
information

in a diffraction
experiment if each
set of poles from a
single component ¢,
cannot be related

to one another.

Fagard 22T Th orieabated off e orpeial  direetisad I e (100 T == [T0F]
E" = [01] 1 he ibervogrrpdic prajehiin in the inmple csdrdinaie sgeien {pale fipane)
rrpreased by e Erniex angla ¢, O,
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Mopdhonorus nHTepmeTannmos




Possible precipitate shapes in Mg alloys

-"l-

E K

,-"-Jil:m”ih“ -
e
- J-‘fj&'«*"’

L omme

[Nie,
Scr.Mat. (2003)]

= 7

Possible precipitate shapes in Mg alloys

[10a] ar [2170] plate .
LS

[Nie,
Scr.Mat. (2003)]




Integrated extrusion and ECAP

to improve performance
of magnesium alloy
ZK60

Scheme of Integrated Extrusion and ECAP

Initial Intermediate SPD-processed

[Orlov et al, Conical Section |PC Section

Acta.Mat. (2011)]



Mg ZK60, Tensile Property Performance

Engineering stress, MPa

L
I ZK60, £=1x10% s
l SPD-Processed |
f=== Initialﬂ

 mi— 1 L 1 i
6 8 10 12
Engineering strain, %

2 4

[Orlov et al,
Acta.Mat. (2011)]

Mg ZK60, Fatigue Performance

u]

Stress Amplitude, Ac/2

m]

O As-received (m]
W SPD, DE+ECAP o

50 T T T
10° 104 10° 108

inograd t al,
Q/CL_M%L ((2)\(/)162)‘;1 Number of Cycles, Nf




Mg ZK60, Corrosion Performance

SPD Processed-ED
SPD Processed-ND

—=— |nitial-ED
Intermediate-ED ¢,
Intermediate-ND
SPD Processed-ED
SPD Processed-ND
Mg
Zn
Zr
MgZn,

Intermediate-ED
Intermediate-ND

Potential (mVy.)

i (Ncm:)

[Orlov et al,
Acta.Mat. (2011)] i (Alcm?)

Mg ZK60, Corrosion Performance

Grain Size (um)
=

T 1 T
Initial Intermediate SPD-Processed

[Orlov et al, .
Specimen state

Acta.Mat. (2011)]




Mg ZK60, Microstructure Evolution by LOM
along conical section of the die

[Orlov et al,
Acta.Mat. (2011)]

Mg ZK60, Microstructure Evolution by EBSD
in PC section of the die

{1070}

Intermediate

et poioy
— e ‘A
s S R ]
R
i ht
[idSae -

SPD-Processed



Mg ZK60, Intermetallics Evolution by SEM

and optical pro
R 2.

BEFORE

[Orlov et al,
Acta.Mat. (2011)]

AE in Mg ZK60 Alloy

Start of loading

O

Monotonic tension

=

E

=

E
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-
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E Ccoarse grain
S poleoarsegmin R 10 4 8 12 16 20
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w
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0 2. fine grain_ X | , : |

b 0 02 04 06 08 10 10 fine grain
(b) Time, t/ ms 0 5 0 15 20 25 30 35 40




Correlation between the
AE amplitude and grain
size

e Both obey log-normal distribution

—— Log-Normal Fit

D #11, Experimental Distribution

AE Amplitude

o
2
L

000

| | T
0.002 0.004
AE Amplitude, Up /' V

Grain size

Grain Size. d / ym

Mg ZK60, AE rms and median frequency

As received

After integrated extrusion

AE medan fequengy, fm / kHz

0

2

Engineering strain, « (%)

4 L

&

:ta]cnarse glraml

0
" b} fine graln]

Time, t/s
Engineering strain, ¢ (%)
H 10 15

i

Stress, o

Time. t/s

Stress. o | MPa

I WPa




4F 10"
Evolution of AE | (a) coarse grain - -
cluster members 2 #  Cmrdgwming
5 3 /
2 /
5
: |
B
L Cluster 2 (slip)
w
10 Y i l /
coarse grain E /
H g ol - " L
g — 4 8 12 16 24
g Tmeus
g )
E R (b) fine grain i Cluster 2 (slip)
_E E 25 1
4 &
LI
N
&
g 15
i
w
<
g 1
= Cluster 3 (twinnin
E o v e — 791
o / /"'-----
) 8 18 24 32 40
Time, t/s

Summary

e Four-meter long bars were manufactured by
integrated extrusion and equal channel angular
pressing.

e Tensile, fatigue and corrosion properties were
simultaneously improved by such processing.

e Corrosion property is controlled by particles
redistribution, while mechanical properties depend
primarily on microstructure and texture evolution.




HoBbIW NpoeKT: uenu

e /13yunTtb MexaHu3mbl geopmaunm B MarHMEBbIX
cnnaeax ncnone3ys A3 n EBSD aHanuna kak
OCHOBHbIE NHCTPYMEHTI;

e [MoHATL NnapameTpbl 06PabOTKM U CTPYKTYPHOTO
COCTOSIHMSI MarHMeBbIX CNNaBoB onpeaensoLlme
MexaHu3Mbl aedopmanuny;

o HayHI/ITbCﬂ ynpasndatb MEXaHNYECKUMU U
q:)yHKLI,I/IOHaJ'IbeIMI/I CBOMCTBaMU MarHMEBbIX
CcrnjiaBoB

Thank you for attention!




