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dPa3oBble NpeBpaLleHU:
-- B 00OBbeme
-- Ha BHELWWHUX U BHYTPEHHUX rpaHunuax
paspgena



dPa3oBble NpeBpaLleHU:

-- Ha BHELLUHUX NOBEPXHOCTAX
(orpaHeHMe-noTeps orpaHkKu)



Why the facets of surfaces and

Interfaces appear?




Two amorhous phases: smooth interface




Crystal inside of an amorphous phase




Equilibrium shape of the crystal

surface




Byas¢s I.B. O ckopocTtu pocra u
PacTBOPEHIsI KPUCTAIOBD
Ip. Bapwasck. obw. ecmecmeoucn.

1894-1895. T. 6. Brim. 9. C. 7-11.

Byas¢s I.B. K% Bormpocy o
CKOPOCTSIXb POCTa U PACTBOPEHIS
KPUCTAIUINYECKUXb TPAHEN

U36. Bapwasck. yn-ma, 1895 (ku. 7-9).
1896 (xu. 1,2). C. 1-120.

Wulff G. Zur Frage der
Geschwindigkeit des Wachstums und
der Auflosung der Krystallflichen
Zeitschrift fiir Krystallographie 1901.
\ol. 34. P. 449-530.




Temperature influence on the
equilibrium shape of the surface

/6)0

0<T<T




Temperature influence....




Temperature influence....
NaCl: (100) facets

T = 620°C T=710°C

J.C. Heyraud, J.J. Métois, J. Crystal Growth 84 (1987) 503



Temperature
Influence on the
equilibrium shape
of the surface

NaCl: (100) facets
T=710°C

J.C. Heyraud, J.J. Métois,
J. Crystal Growth 84 (1987) 503
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Lattice gas model with NN and NNN interactions
C. Rottman, R. Wortis, Phys. Rev. B 29 (1984) 328




Temperature influence....

He4: third
roughening
transition

T=04K
T=0.35K

R.E.Wolf, S. Balibar, Phys.
Rev. Lett. 51 (1983) 1366




Temperature influence....

He3: (100), (110)
and (112) facets

T=0.022 K

R. Wagner, S.C. Steel, O.A. Andreeva,
R. Jochemsen, G. Frossati. Phys. Rev.

Lett. 76 (1996) 263

(112)
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J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)



Au single crystal at 0.95 T ..
(111) and (100) facets

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
(111) and (100) facets

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
(111) and (100) facets

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
(111) and (100) facets

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
(111) and (100) facets

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
Shape discontinuities

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
Shape discontinuities

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Au single crystal at 0.95 T ..
Shape discontinuities

J.C. Heyraud, J.J. Metois: J. Cryst. Growth 50, 571 (1980)




Pb single crystals at 0.97 T_..
No shape discontinuities

J.C. Heyraud, J.J. Metois: Surf. Sci, 128, 334 (1983)




How the Pb facets grow...

J.C. Heyraud, J.J. Metois: Surf. Sci, 128, 334 (1983)




Pb single crystal at 0.97 T ..
No shape discontinuities

J.C. Heyraud, J.J. Metois: Surf. Sci, 128, 334 (1983)




Surfaces of pure metals.
Experiment:

* NO More than two
crystallographically different facets

» facets are isolated and separated
by portions of rough surfaces




Roughening of Pb surfaces: P-T behaviour

center of
crystal

(a) Ideal crystal profile

planar facet

C. Rottman, R. Wortis, J.C. Heyraud, J.J. Métois. PRL 52 (1984) 1009



Rounding near cristal facet

y = A(X = x_)® + higher order terms

Andreev theory (mean-field approximation):
0=2

Pokrovsky-Talapov theory (including fluctuations):

0 =3/2

A.F. Andreev. Zh.Eksp.Teor.Fiz. 79 (1981) 2042

V.L. Pokrovsky, A.L. Talapov. PRL 42 (1979) 65 and Zh.Eksp.Teor.Fiz. 78
(1980) 269




Roughening of Pb surfaces: P-T behaviour

C. Rottman, R. Wortis, J.C. Heyraud, J.J. Métois. PRL 52 (1984) 1009



Equilibrium crystal shapes in

the BCSOS model with

enhanced interaction range

(a) ECS In the exactly soluble
square lattice BCSOS model
with stochastic FRE point.

(b) ECS with a first-order line
extending into the rough
area.

(c) ECS with first-order facet-to-
round boundaries and PTE

points.

(d) ECS with a spontaneous
tilted rough phase, I.e., with
a first order ridge inside
the rough phase.

D. Davidson, M. den Nijs. PRL 84 (2000) 326



dPa3oBble NpeBpaLleHU:

-- Ha BHYTPEHHUX rpaHnuax pasgena
(orpaHeHue-noTeps orpaHKun)



Low angle grain boundary:

Symmetric
tilt boundary,
Individual
lattice
dislocations

Reed (1953)



KpaeBas gucnokauma (edge dislocation)




Energy, o of a low angle grain boundary
In dependence
on
misorientation 6

aJ

A

0 =0,0 (A-In )

Reed (1953)



High angle grain boundary

Misorientation, 6 »

no individual lattice dislocations




Two lattices: coincidence site lattice




Two grains with coincidence site lattice




Two grains with coincidence site lattice




Two amorhous phases: smooth interface




Crystal inside of an amorphous phase




Two crystalline lattices




Two crystalline lattices




Two lattices: coincidence site lattice




Facets In the coincidence site lattice




Facets In the coincidence site lattice
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Coincidence sites lattice 23 (thick lines)
and displacement shift lattice (thin lines)
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Scheme of Cu bicrystal with coaxial X3 GBs

Grain 2




Cu bicrystal with cylindric £9/23 GBs




Section of Cu bicrystal with cylindric
>9/33 GBs, 1020°C, 48 h




>3 tilt GB in Cu, 1020°C
(100)-5, and 9R non-CSL facets
(twin plates are not rectangular)
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>3 tilt grain boundary in Cu, 1020°C
(100)-5, and 9R non-CSL facets

OR 82° facet
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Phase diagram for the £3 GBs in Cu

| ' | ' |
20 40 60
Inclination angle, deg




Rectangular facets in Au
(100)-¢, and (010).-¢, facets

e 3 w »‘" " E L ‘)‘?
G F g*s i b o ; 4 i

P.J. Goodhew, T.Y. Tan, R.W. Balluffi, Acta Metall. 26 (1978) 557-567



>3 tilt grain boundary in Cu, 800°C
(100)-5, and 9R non-CSL facets

/ OR 82° facet
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Phase diagram for the £3 GBs in Cu

| ' | ' |
20 40 60
Inclination angle, deg




>3 tilt grain boundary in Cu, 650°C
(100)-5, and (110).g, facets
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>3 tilt grain boundary in Cu, 650°C
(100)-5, and (130)-5, facets




Phase diagram for the £3 GBs in Cu
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>3 tilt grain boundary in Cu, 400°C
(100)-, and (010).¢, facets




>3 tilt grain boundary in Cu, 400°C
(100)cg, , (130)g and (120)., facets




Phase diagram for the £3 GBs in Cu
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Phase diagram for the X3 GBs in Cu
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>3 tilt GB Iin Cu: Increase of number of
facets with decreasing temperature




>3 tilt GB Iin Cu: Increase of number of
facets with decreasing temperature




>3 and X9 grain boundaries in Cul.
Experiment:

* By temperature decrease the number
of (crystallographically different)
facets increases up to Six

 The GB facets are not separated by
the rough GB portions. The facets
form sharp edges.




Scheme of Mo bicrystal with coaxial 3 GBs

Grain 2




Shape of 23 tilt GB in Mo

Grain 2




How a facet contacts curved
(rough) surface or interface




Roughening of Pb surfaces: P-T behaviour

center of
crystal

(a) Ideal crystal profile

planar facet

C. Rottman, R. Wortis, J.C. Heyraud, J.J. Métois. PRL 52 (1984) 1009



Rounding near cristal facet

y = A(X = x_)® + higher order terms

Andreev theory (mean-field approximation):
0=2

Pokrovsky-Talapov theory (including fluctuations):

0 =3/2

A.F. Andreev. Zh.Eksp.Teor.Fiz. 79 (1981) 2042

V.L. Pokrovsky, A.L. Talapov. PRL 42 (1979) 65 and Zh.Eksp.Teor.Fiz. 78
(1980) 269




Roughening of Pb surfaces: P-T behaviour

C. Rottman, R. Wortis, J.C. Heyraud, J.J. Métois. PRL 52 (1984) 1009



Shape of £3 GB In scaling
coordinates

E

F
yA yB
A B 2

| [ [
XoA XoB Xp
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Shape of 23 tilt GB in Mo




Roughening of 2nd order:
Pokrovsky-Talapov behaviour

Ya
A

Ys
B X

Xa

Xoa

l [
Xp

B e = 1.69+0.07

B = 1.72+0.07




dPa3oBble NpeBpaLleHU:

-- Ha BHYTPEeHHUX rpaHnuax pasgena
(cmaunBaHue)



CmaumBaHve BHeLWHen NOBEepPXHOCTH




dPa3oBbiu Nepexon cMaymBaHua Ha '3

3epHo 1 | 3epHO 2




dPa3oBbiu Nepexon cMaymBaHua Ha '3

Ogs < 2065, 0>0




dPa3oBbiu Nepexon cMaymBaHua Ha '3

Ogs < 2065, 0>0

'paHnua 3epeH
B KOHTaKTe C pacniaBom
ycTon4ymBa




dPa3oBbiu Nepexon cMaymBaHua Ha '3

]! = 20—8L9 0=0

Ogs < 2065, 0>0

'paHnua 3epeH
B KOHTaKTe C pacniaBom
ycTon4ymBa




dPa3oBbiu Nepexon cMaymBaHua Ha '3

L \ Ogp > 205, 9=0

'paHnua 3epeH

~ B KOHTaKTe C pacnfaBom
S HeyCcTOM4YMBa U AOIMKHa
3aMeHATbCA XUOKOWU
NMPOCTONKOWU

Ogs < 2065, 0>0

'paHnua 3epeH
B KOHTaKTe C pacniaBom
ycTon4ymBa




dPa3oBbiu Nepexon cMaymBaHua Ha '3

EcTb cuctembl,
B KOTOPbIX TaKoe
npeBpaLleHue
npoucxoauTt c
NnoBbILIEeHUueM
TeMmnepartypbl




dPa3oBbiu Nepexon cMaymBaHua Ha '3

EcTb cuctembl,
B KOTOPbIX TaKoe
npeBpaLleHue
npoucxoauTt c
T NnoBbILIEeHUueM
TeMmnepartypbl




dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,

JHeprusg rpaHny

Temnepartypa



dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,

GcB

JHeprusg rpaHny

Temnepartypa



dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,

GcB

JHeprusg rpaHny

Temnepartypa



dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,

GcB

JHeprusg rpaHny

Temnepartypa T



dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,
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dPa3oBbiu Nepexon cMaymBaHua Ha '3

26,

GcB

JHeprusg rpaHny

Temnepartypa T



dPa3oBbiu Nepexon cMaymBaHua Ha '3
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dPa3oBbiu Nepexon cMaymBaHua Ha '3

KOHTaKTHbIN yron

TemnepaTtypa T



dPa3oBbiu Nepexon cMaymBaHua Ha '3
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Cucrtema Al-Sn

rpaHuLa HaKnoHa
<011>{001} O = 38,5°

C noBbilWleHUemM
TeMmnepaTtypbl
KOHTaKTHbIN yron
NOHMXaeTcH,
CTaHOBUTCA PaBHbIM
Hyrno npu 617°C

N OCTaeTCH paBHbIM
HYI NPy AanbHEULWeMm
NOBbILWEHUN
TemneparTtypbl




dPa3oBbiu Nepexon cMaymBaHua Ha '3
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BTopasa (cmauuBarowias) pasa
MOXeT ObITb TBEPAOWU



915°C, Bce y-I'3 “cmoueHbl” Fe,C

% C

.3 Bec

Fe—-1




Buiwe 905°C Bce y-I'3 “cmMoueHbI” ¢pason Fe,C
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Fe-1.3 Bec.% C, 885°C, yactb y-I' 3 “cmoueHa” Fe,;C
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Fe-1.3 Bec.% C, 885°C, yactb y-I' 3 “cmoueHa” Fe,;C




bynaTtHaa cabna, Ctamoyn 1656
(Mopapok kynua WU. bynrakosa uapro Anekcero Muxamnnosuuy,
konnekuusa OpyxeuHOU nanaTtbl MOCcKoBCckoro Kpemns)

5cm




bynaTtHaa cabna, Ctamoyn 1656
(Mopapok kynua WU. bynrakosa uapro Anekcero Muxamnnosuuy,
konnekuma OpyxenHon nanatbl MOckoBcKoro Kpemns)




MpeacmaumBaHue, npeannaBneHne




GB segregation:
fracture surfaces of
Cu-50 at. ppm Bi
polycrystals

e\
A |s00°C
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W (-‘f’ VR GB segregation:
‘EF & ot AL | A fracture surfaces of
_. g C ¢ (. Cu-100at.ppm Bi

L ( bicrystals
c c ¢ E% GB 33.2

Py 3 °<100>
e t SO 900°C

., GB 36.5 °<100>
gy 800°C



PSEUDOPARTIAL WETTING: BETWEEN
COMPLETE AND PARTIAL

——<

Pseudopartial wetting for grain boundaries=



Al-30wt.% Zn after HPT. no completely
wetted GBS
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® 3
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Al - 30 wt. % Zn, 5 GPa, 1 rpm, 5 rot

Al Grain 1

X

Al Grain 2

Pseudo-
partially
wetted
GBsl!!

20% of
all Al GBs



WC-Co CEMENTED CARBIDE




Thin GB layer of Co, 0 = 88°

Tl e

0.020 0.040

Fosition (um)

Pseudo-

partially
. wetted
P\WC Grain 2 |  GBs!l!



MpuknagHoe 3Ha4YeHue

* XngkonoaobHble paBHOBECHbIe '3 NpOoCNonKu
C Bbicokou andhpy3MoHHOU NPOHULLIAEMOCTbIO:
+ aKTUBNpPOBaAHHOE CreKaHue
— oxpynuyuBaHue '3 unu KatacTtpodpunyeckas

areKTpomMmurpauus

 BUucmyT B npunoax ana megu:
obrnacTb 6e3onacHbIX KOHUEeHTpauun



dPas3oBble nNpeBpaLleHud:
-- B OObeme
non BO34eUCTBMEM KPy4YeHUsA nog
BbICOKUM OaBrneHuem



What is severe plastic deformation?

Material Is strained,
but
--It cannot break and
--conserves its shape



Principle of High Pressure Torsion

Upper Plunger

Specimen

Lower Plunger

< .‘_ > Torsion
Tool with a sample Tool with cavities
located within a cavity in both anvils

In a support anvil



Principle of Equal Channel Angular Pressing

Plunger

Route B




Principle of Accumulative Roll Bonding

@urfaceTreatme@ - (Cutting) <

Degreasing
Wire-Brushing

(Roll-Bonding)

| Stacking Heating

D —_—

1




Principle of Cyclic Extrusion and Compression

CEC-Axis

\

Compression




Principle of Twist Extrusion




Severe plastic deformation accelerates
diffusion and drives phase transitions:

- Decomposition of supersaturated solid solutions
Al-Zn, Cu—Ni, Cu—Co, Cu-Ag

- Formation of supersaturated solid solutions
Cu—Co, Cu—-Ag

- Crystalline phase = one or two amorphous phases
NiTi, NdFeB, Ni—Nb-Y

- Amorphous phase = Crystalline phases
NiFeSIB, FeSiB, CuZrTi...

- fcc-Fe =» bcc-Fe, fcc-Co = hep-Co, aTi—BTi—wTi

- Grain boundary phases

Can we predict, what happens with phases by SPD?



Steady-state and grain refinement

0.40490 /+ (h)
> 0.40485

0404801 § AI 30wt.%Zn 371

0.40475
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Lattice spacing, nm

Microhardness, GPa
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High Pressure Torsion angle, deg.

Torsion torque, N-m

B.B. Straumal et al Scripta Mater 70 (2014) 59



Steady-state (saturation) during SPD

Steady-
State

condition?

Property

Strain



Steady-state (saturation) during SPD

Rate of  Rate of
defects recovery

production

Property

Strain



Grain size in steel, ,,up and down*
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5 10
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Y. Ivanisenko et. al Acta Mater. 51 (2003) 5555
S. Lee, Z. Horita: Mater. Trans. 53 (2012) 38




Grain size in Ni, ,,up and down*

MC nickel

~200 nm
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Equivalent strain, £,

R. Pippan et. al Annu. Rev. Mater. Res. 40 (2010) 319



Diffusive phase transfromations

With change of the composition of phases
and mass transfer

Displacive (martensitic)
phase transformations

Without change of the composition of phases
Without mass transfer
Atoms conserve their neighbors
Orientation relationships



Let us consider pure diffusive
Phase transformations

- Decomposition of supersaturated solid solutions
- Formation of supersaturated solid solutions



Principle of High Pressure Torsion

Upper Plunger

Specimen

Lower Plunger

< .‘_ > Torsion
Tool with a sample Tool with cavities
located within a cavity in both anvils

In a support anvil



Does the composition of phases
after SPD
depend on the
composition of phases
before SPD??



What happens, if we deform fully homogenized
and fully precipitated alloy???
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What happens, if we deform fully homogenized
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Torsion torque reaches steady state after 1.5 rot.

Fully precipitated Cu-4.9 wt.% alloy (540°C)
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Lattice spacing and Co content in Cu-matrix

Pure Cu
570°C, 840h

Fully'precipitated
Cu-4.9 wt.% alloy
After HPT
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Lattice spacing and Co content in Cu-matrix

Fully b‘recipitated
Cu-4.9 wt.% alloy
After HPT

50°C, 10h 2 "

C
O
=
(T
—
-—
c
)
O
o
(&)
O
@)

_ 2N
l’,& 500 nm

1000 1500
Rotation angle, deg

Mater. Lett. 118 (2014) 111



Lattice spacing and Co content in Cu-matrix
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Lattice spacing and Co content in Cu-matrix

Fully b‘recipitated
Cu-4.9 wt.% alloy
After HPT
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Lattice spacing and Co content in Cu-matrix

Fully b'recipitated
Cu-4.9 wt.% alloy
o After HPT
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Lattice spacing and Co content in Cu-matrix
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Supersaturated solid solution partially
decomposes to 2.5 wt.% Co.

Co precipitates partially dissolve
In the Cu-based solid solution
up to 2.5 wt.% Co in (Cu)

Dissolution and precipitation proceed
simultaneous and compete
with each other



What happens, if we deform fully homogenized
and fully precipitated alloy???
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What happens, if we deform fully homogenized
and fully precipitated alloy???
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Does the composition of phases
after SPD
depend on the
composition of phases
before SPD??

No!!l

(equifinality)



The composition of phases
after SPD

IS as If they were annealed
at 900°C

(so called equivalent
or effective temperature)



SPD-driven mass transfer is equivalent
to the bulk diffusion with

Extrapolated bulk diffusion coefficient
at 300K is Dgpp ~ 102> m?/s

Bulk diffusion coefficient
at Teff |S Deff — 10_14 m2/S



The SPD-driven mass transfer
IS equivalent to the annealing
at 900°C

(equivalent or effective temperature)



Why Teff Is equal to 900°C?

What happens in other Cu-based alloys?
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Concentration “corridor” in Cu-Sn alloys
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Correlation between T and activation
enthalpy of bulk diffusion of the dopant
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Correlation between T and
T of the dopant
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Correlation between activation enthalpy
of bulk diffusion and T of the dopant

Impurities in Cu
[H. Mehrer (ed.), 1990
Diffusion in Solid Metals and Alloys]
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Facets In twin GBs In pure Cu after HPT
are as If the sample was annealed at
| 900iO°C
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If T pr INCreases, then T_decreases
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Diffusion- and diffusionless
(martensitic) phase
transformations

Ti-Fe alloys
aT1—-BTI—WTI



aTi—BTi—wTi transformations
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aTi—BTi—wTi transformations
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Percentage of m—phase

aTi—RTi—wTI transformations
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Conclusions

1. Composition of phases after HPT does
not depend on that before HPT.
It IS, therefore, equifinal.
2. It Is equal to that after equlibrium

annealing at certain Tess.
3. Reason: high steady-state concentration
of lattice defects in dynamic equilibrium
4. T~ (T, and Q,) of the dopant
5. Diffusion- and diffusionless (martensitic)
phase transformations
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