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Princip nanoindentace :

» ZatlaCeni malého (vétSinou diamantoveho) hrotu do materialu a vytvoreni otisku

Residual
deflection

Indentation probes

Berkovich Conospherical Cube Corner Sphere
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Uvod

*Nanoindentace je vykonna technika pouzivana pro vyhodnoceni
mechanickych vlastnosti v nano / mikro-meritku.

*Pouziva se pro ziskani parametri materialu, jako je modul pruznosti, tvrdost,
mez kluzu nebo viskozni parametry z experimentalnich dat zatiZzeni indenteru a

hloubky penetrace

» Zatézovaci sily jsou obvykle v rozmezi nN- mN a hloubka v
radu nanometru

*Pro vytvareni otiskl do materialu Ize pouzit rizné druhy hrotu

*Mohou byt stanoveny vlastnosti velmi malych objemu materialu v fadu
nékolika desitek nanometrt pod Spickou nanoindenteru
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Pristroje

Hysitron

q

picoindentor
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Hysitron

*In-situ SPM imaging | Plezodoatripiscanner o |
+ nanoDMA 0-300Hz e TN
* Modulus mapping

 Scratch test

* Pyramidal indentation (Berkovich)

» Load range 100nN- 30mN (@3nN)

 Z-resolution 0.2 nm

 Load/depth control

* Active anti-vibration

5/27



5 um SPM image shows

nanoindentation, nanoscratch, and

nanowear tests; image also

captured using same probe used
for testing (in-situ SPM imaging)

L

Nanoindentation

|

Nanoscratch

Indenter-based SPM

Nanowear

5 Um area
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Moznosti indentac¢nich technik

Nanoindentation Compression

Tension

°
2
Reo ~ Y 3 > -
o
Dislocation density (1E14 m™)
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Micromaterials

P ———= IE_'— *Pendulum system; Temperature
and humidity chamber
j:_,/_ *Spherical/Pyramidal indentation
e i e (Berkovich)
ey _ﬂ, I «Z0o0om microscope 40x
e « High load 0.1-20 N and low
D ———— load head 0.1-500 mN
azcampy, [ \\—Dampmgplale

*High temperature stage 5000C
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CSM Instruments

* High-end climatic chamber

* Pyramidal indenter (Berkovich)

 Optical microscope 5x,100x - Nikon (4000x
CCD camera)

 Load range 0.1-500 mN

* Depth resolution 0.5 nm

» Reference-ring system

* Cyclic loading

« Static and dynamic testing (sinus 0-20Hz)
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Teorie nanoindentace

Elasticky kontakt
Problem elastickeho kontaktu byl fesen jiz v historii:
1882 - Hertz: feSeni elastického kontaktu dvou kouli s riznymi poloméry
1885 - Boussinesq: vyfeSene namahani a posunuti v pruznéem télese
pomoci tuhého axisymetrického indentoru
1939,1952- Love: kontakt kuzelu a plochy
1965 - Sneddon: obecny vztah mezi zatizenim, posunem a kontaktni plochou
pro jakykoliv hrot, ktery je popsan jako rotacné soumeérné téleso

(Hertz a Love jsou specialni pfipady)

[.N. Sneddon, The relation between load and penetration
in the axisymmetric Boussinesq problem for a punch of
arbitrary profile,Int. J. Eng. Sci., 3 (1965), pp. 47-57
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Teorie

Obecny Sneddonuv vztah

P =rxh™

P.. Sila

h... hloubka

m.. parametr tvaru (m =1 pro valec, 2 pro kuzel, 1.5 pro kouli)
K...konstanta
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Teorie

Reseni deformace pruzného poloprostoru

A

f(x).. Funkce popisujici tvar hrotu, x=(0;1)

» X=r/a

Rovnice posunu v zavislosti na geometrii kontaktu (tvar hortu)

ot f(x)
h—[]mdl

2

- . LS ()2
Sneddonova rovnice pro kontaktni silu P = QETQ,/ dx
0

1l —x
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Teorie

Ekvivalentni poddajnost dvou pruznych téles (Hertzovo reSeni)

1 (1—2v?) (1—=v7)

B E L

E,..redukovany modul
E, v...charakteristiky indentovaného télesa
E;, v,... charakteristiky hrotu
1 (1—1?)

Pro dokonale tuhy hrot E=ac —
E, E
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Teorie

Kontakt kuzelu s plochou

A A

) f(r)=r cot(«) o | f(x)=a cot(a) x
2 » X=r/a
1
x=[0,1]

r

f () = acot(«)

/ fl /() d t( )fl ! d t(a)[aresin(z)],
L = r = acot(a = acot(a)|arcsin(z
0 v1—a? 0 1 — 22 v

h = gacot(a-)
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Teorie

Kontaktni hloubka

he = f(x)|z=1 = acot(a) = ;h. = 0.64h (nezavisla na P)
e —h—h, =772,
T
2
Vztah pro kontaktni silu = 2F,a / d;}[ = 2F,a*cot(a )/1 - =dx
0 —
E 2
P = —FE.tan(a)h
7
- dP 4 Alhe)
Elasticka tuhost S = A ;Ermn(a)h =2F,a =2F, NG
! 2 27 Sh
A(h.) = ma “lgp ==
(he) F= m 4 2
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Teorie

Oliver-Pharr method A
PITIaX
Initial ;
) a | surface | dP/dh
~ 0 | Elastic
5 | K i unloading
3 o < ;
¥ ) _ ' | Loaded ‘I -
;Slr?;:eed | surface h, h,
P hmax

Elasto-plastic contact

Elastic only at unloading

Power law fit of unloading curve P = x(h — h,)™

Kontaktni hloubka he = hinaz — ha

T
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Teorie

From Sneddon  (h —h,) = 2%
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Teorie

Experimentalné mérené hodnoty: P Ny S

max?’ " ‘'max?

Materialové charakteristiky

Tvrdost (hardness, H)... hodnota maximalniho stfedniho kontaktniho tlaku

Pmﬁﬂ: Pma
H =
A(he) [ ]
- A v ) .
P 3 h XI

Kontaktni hloubka | /e = fimae = ha = hmae — ¢ h. -

Sy
Redukovany modul E, = VT

2. [A(h,)

O o L_(—v) (-0
Younguv modul pruznosti E. (E) E,
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Teorie

DalSi geometrie hrotu

‘Kuzel ¢=0.7268
Valec =1
Paraboloid ¢ =0.75

Nerotacni tvary
* Berkovich & =0.75

Korekce na nerotacni tvar

Kruh =1
Trojuhelnik (Berkovich, cube corner) 5 = 1.034 oo S/
Ctverec (Vickers) p =1.012 " 23,/A(h,)

R.B. King, Elastic analysis of some punch problems for a layered medium
Int. J. Solids Struct., 23 (1987), pp. 1657-1664
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Load [mN]

Méreni casoveé zavislé deformace

*Mnoho materiall (plasty, kovy, dfevo, beton atd.) vykazuje ¢asové zavislé
chovani pfi zatizeni, nazyvané dotvarovani (creep).

*Creep pusobi béhem celé historie zatézovani.

*Projevuje se hlavné béhem faze drzeni zatizeni (holding) a muze byt pozorovana
takeé v Casti odtizeni kfivky P-h

«Standardni elastické parametrym, jako je modul pruznosti muze byt ovlivnhén
dotvarovanim , protoze se porjevi na sklonu S kfivky P-h

25 4 25 - 300 -

24 250 A
200
150 A
100 A
20 A

1.5 A 15 4

Load [mN]
Depth [nm]

0,5 7 0,5 i

0 100 200 300 0 20 40 60

Time [s] Depth [nm] Time [s]
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Holding y

*NejCastéjSim zplsobem, jak hodnotit dotvarovani, je uplatnéni konstantniho
zatizeni po urcitou dobu (Cas drzeni).

* Vyslednou kfivku deformace Ize analyzovat pomoci riznych teorii, jako je
napr. viskoelasticita.
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Teorie visko-elasticity

Viscoelasticky material Ize charakterizovat dvéma zakladnimi prvky:
epruzina a
tlumic

Kazdy prvek je popsan materialovou konstantou: modul pruznosti E a
viskozitou n

Napéti v pruziné o =Eg(t)

LJ|-_| Sila v pruziné F = Eu(t)
N

Sila v tlumicCi je umérna rychlosti vychylky F =nu(t)

Napéti v tlumici je umérné rychlosti deformace o =ns(t)
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viskoelasticita

Chovani materialu maze byt popsano dvéma a vice prvky spojenych sériové
nebo paralelné.

Napfr.
E, E. E,
UF
n
i 5 <E,
Mo E,
Maxwell Kelvin-Voigt Maxwell-Kelvin-Voigt

(Burgers)
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viskoelasticita

t
Boltzman integral pro strain a stress e(t) = / J(t—7)
T=1%0

t
t) = R(t - d
o= [ RS
Step loads
x | R .
oo J... l\ ...... z- o
ty ty —f" to ty ?
in 1y _t"
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viskoelasticita

o(t) =ooH(t,0)
I ) = ent o 511) = 00310
Maxwe .
ét) = “’g) n JS) é(t) = (.0) + T
E, e(t) = Z2H(t,0) + ?t_go (;+3) — a0 J (1)

M4

—=

9 m 1 1
Pro kénicky hrot  /7°(t) = —Iycota | — + —t

Ui

Kelvin-Voigt

= (Z pOdml’nky kompatlblllty) ElEQE + El'?hE = (El + Eg) o+ '?]1(5"
1

s calih )
Ny L] E2 - — Y0 El EQ ’

T 1 1 By
Pro konicky hrot W2(t) = = Pycota (f + o (1 _ e tm ))
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Viskoelasticita

Maxwell-Kelvin-Voigt
(Burgers)

=

n

UPRE

1

3

E,

Pro konicky hrot

hz(t) = — Pycota ( 4+ —

(1 _ e

| =
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Priklady analyzy

157
1800r
_ = "experiment
E 1700F é 10— _model f|'[ ||||||||m\4|-\?
= : s
= I 2 experiment ge) \\3‘
3 1600 —model fit S 5 &
1500 ‘ ) ) ‘ ‘ ‘
10 20 30 . 40 50 60 70 0 L | |
Time [s] 0 500 1000 1500 2000
Depth [nm]
Priklad:
° P M MA Tab. 1: Calculated parameters assuming Poisson’s
ratio=0.32.
*Burgers model i | o - - =
lichobéznikovy tvar zatizeni se tremi No. | IGRal |[GPasT]| [GPas']| [GRal
t 01 0.95 280.11 8.64 1.50
Segmen y 02 1.52 22539 7.64 1.31
(15, 50,15 s) 03 119 | 26024 | 7.31 1.37
*Maximalni pouzita sila byla P = 10 mN. 04 | 112 | 22563 | 560 | 110
05 1.52 240.07 7.30 1.27
06 1.22 286.48 10.51 1.66
Mean 1.25 252.99 7.83 1.37
St. dev. 0.23 26.78 1.64 0.20
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Generalizovany Maxwell model Generalizovany Kelvin model

Iy .
by Eq —AMA—
E, SE, 5 i W ] m
h m 72
M e 3
. 1 1 .
L‘J L‘J L‘J L‘J J(t):E_—FZE(l—e Tz’)
S L g i
’ 7/ - &
1 E%
g =
R(t)= B+ Y Eie ™ '~ E,
_m -
1T E@ )
.2 o0
Pro kuzel h2(t) = %/ Tt — T)dzg) gr
ana Jq _
a
astep load 2 = W(Qlt— “p ( L (1 - ))
allcy
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