Doporucena literatura
© =

J.Zelenka: Piezoelectric resonators, Elsevier, 1986

A.H.Meitzler, H.M.O’Brian, H.F.Tiersten: Definition and measurement of radial mode coupling
factors in piezoelectric ceramic materials with large variations in Poisson’s ratio, IEEE Trans.
Sonics Ultrason. SU-20, 3 (1973) 233-239

N.T.Adelman, Y.Stavsky, E.Segal: Radial vibrations of axially polarized piezoelectric ceramic
cylinders, J.Acoust.Soc.Am. 57, 2 (1975) 356-360

A.Ballato, J.Ballato: Accurate electrical measurements of modern ferroelectrics, Ferroelectrics
182 (1996) 29-59

IRE Standards on Piezoelectric Crystals: Determination of the Elastic, Piezoelectric, and Dielectric
Constants—The Electromechanical Coupling Factor, Proceedings IRE (1958) 764—-778

P.Hana, L.Burianova, D.Barosov3, J.Zelenka, Ferroelectrics 224 (1999) 39-46

N.T.Adelman, Y.Stavsky: Flexural-extensional behavior of composite piezoelectric circular plates,
J.Acoust.Soc.Am. 67, 3 (1980) 819-822

J.G.Smits, A.Ballato: Dynamic admittance matrix of piezoelectric cantilever bimorphs,
J.Microelectromechanical Systems 3, 3 (1994) 105-112

J.G.Smits, S.1.Dalke, T.K.Cooney: The constituent equations of piezoelectric bimorphs, Sensors and
Actuators A 28 (1991) 41-61

Q.M.Wang, L.E.Cross: Performance characteristics of piezoelectric cantilever bending actuators,

Ferroelectrics 215 (1998) 187-213
- Ef P e m 209
[~ 4

*
EVROPSKA UNIE

2.12.2011

*oak




CHARAKTERIZACE MATERIALU A ELEMENTU

INVESTICE DO ROZVOJE VZDELAVANI



Osnova
© =

Meéreni materialovych vlastnosti
e Polarizace keramiky a krystalu
e Hysterezni smycky

e Tenzory materidlovych vlastnosti (rezonancné,
interferometricky, hydrostaticky, ultrazvukoveé atd.)

e Teplotni zavislosti materialovych vlastnosti

Charakterizace a testovani parametru piezoelektrickych struktur
e Ohybové aktuatory

e Piezoelektrické transformatory

* Méreni viskozity piezoelektrickym bimorfem
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*Stejnosmeérné napéti

VN zdroj Spellman 30kV/10mA

Vhodny drzak

*Stridavé napéti a pulsy

VN zesilova¢ Matsusada AMT-5B20 (+5kV, 20mA, <20kHz)

Magnetiké michadlo s ohfivacem Heidolph MR 3001K (800W)

Silikonovy olej (Lukosiol M50, nehoflavy do 200°C) — izolace proti
prurazu okolnim prostredim
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9 @ Polarizace keramiky

Slozeni polykrystalu ze zrn (zrno o velikosti 1-10um)
e Polarizace elektrickym polem — feroelektrické latky

(co/mm)

Pred polarizaci po polarizaci
e Polarizace jinymi poli (mechanicky, injekci naboje)

— . PO i)
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Ex)

Intenzita elektrického pole 2-4kV/mm, pfi teplotach
120-140°C
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Aplikace pulzu riznych tvar(
Merzuv obvod

w
g
G
l 2
Switch, § &c -~
t
DC ‘1 P ' .
Supply R =
& - [] . g
. k-—J'_ Trigger In S
J=- Vertical J Oscilloscope _.|. “

Input
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Sawyeruv - Toweruv obvod

——Cy A~ —$ Ry
IR
4 Vertical Oscill
= Input scllloscope \ T
Horizontal
Input

VN zesilova¢ Matsusada AMT-5B20 (£5kV, 20mA, <20kHz)
Kapacitni dekdda Cosinus C-250 (0.1nF-11pF)
Magnetické michadlo s ohfivacem Heidolph MR 3001K (800W)

Silikonovy olej (Lukosiol M50, nehorlavy do 200°C) — dostatecna elektricka
pevnost
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Smycky méreny za pokojoveé teploty (23°C) a frekvenci 10Hz, PZT keramiky.
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P.PUlpdan, L.Rusin, J.Erhart, Japanese Journal of Applied Physics 47, 10 (2008) 7953-7958
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Draft 16 of A Working Document for a Proposed Standard to be entitled: IEEE Standard
Definitions of Terms Associated with Ferroelectric and Related Materials, IEEE
UFFC 50, 12 (2003) 1613

Staticka permitivita

Close-up
D Defines £y,
E = E
E
efines 8D/JE
(Slope permittivity »

Dynamicka permitivita
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APC 856 -

90000 4 | Temperature
= 25°C

s 52°C
soooo4 | 7 100°C
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=
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o & Meéreni piezoelektrickych vlastnosti

Vyuziva se primého nebo obraceného jevu
e Rezonancni metody

 Hydrostaticka komora

e Laserova interferometrie

e Ultrazvuk (napt. pulse-echo)

* dj;-metr (jednosmeérny tlak)

e Kvazistatické metody (lock-in)

2.12.2011 Iy
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< Méreni prvku materialovych tenzoru

Rezonancni meéereni

2.12.2011

impedancni analyzator Agilent 4294A (40Hz-110MHz)
starsi analyzatory Tesla BM650 (500kHz-110MHz), Tesla
BM507 (5Hz-500kHz) + citac HP5326B

StarsSi LCR metr HP4261A (120Hz nebo 1kHz, sériovy nebo
paralelni obvod)

Novy LCR metr GW Instek LCR-821 (12Hz-200kHz v 503
krocich)

. e gy [[TLIITTT]
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(1/t) >10,(1/w)’* >10
P —

Std 176-1987

- (I /t)2 >10’(I /W)2 >10 |IEEE Standard on

Piezoelectricity

a/t>10 IRE Std.1961
Measurements of

Piezoelectric ceramics
d/t>20

d/t> 40, vy33i harmonickeé
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Tenkd deska/ty&inka Ctvercova deska
Tloustkoveé strizné kmity Obrysové kmity

IRE Standards on Piezoelectric Crystals: Determination of the Elastic, Piezoelectric, and
Dielectric Constants—The Electromechanical Coupling Factor, Proceedings IRE
(1958) 764-778
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Mechanicka rezonance buzena piezoelektricky
Priklad: keramicky disk, radialni kmity

admitance
: Ji(m)
Y= joC,| 2(k")? L —1}
X (L— 7)1 (M) —nJg (n)
rezonance Y—>oo N Jo () s
antirezonance Y-0 J;(M,)
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Disc, PZT APC841, D=40mm, t=2,2mm
100000 2
—— impedance
10000 - —*—Pphase R j1s
, -1
1000 - 05 =
E | I
-= d
S 100 NN 0 §
N $ 10 05 &
10 '
] 1
1
-1.5
0.1 ‘ -2
10 100 1000
f[kHz]

* % % I-'j. &]III][I
Eflﬁr )
INVESTICE DO ROZVOJE VZDELAVANI EVROPSKA UNE W ?—a%




=

Primy piezoelektricky jev — vzorek je pod vsesmeérovym
tlakem v komore, méren je tlak a nabojova odezva

vzorku
Hydrostaticky tlak
-p 0 0
0O -p O
0 0 -—-p

Hydrostaticky piezoelektricky koeficient

Dy = dy(-p)
0y =y + U3 + Oz

[TTITT
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| ! | ! | ! | ! | ! | ! | !
600 |- .
__ 500F -
N i
£ 400} -
O !
©
O 300 N
< 200F -
O R
100 - .
Zavislost nadbojoveé hustoty na tlaku, oF i
P(VDF-TFFE): 1 = VZfﬁSt, 1’ = pOkIeS | L | L | L | L | L | L | L
tlaku. 0 10 20 30 40 50 60 70
Burianov4, L., Hana, P., Tyagur Y. I. and Kulek, J.:
Piezoelectric hydrostatic coefficients of PVDF and Pressure [ MPa ]

P(VDF,TrFE) copolymer foils at high hydrostatic
pressures. Ferroelectrics 224 (1999), 29-38.
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Laserova interferometrie
© =

e \lyuziva se obraceny jev, vychylka mérena
interferometricky

Vychylky 1012 m az 10° m
e Kvazistaticka metoda, lock-in
e Single- nebo double-beam (micro)interferometr

* Piezoelektrické, elektrostrikcni a elektrooptickeé
materialové koeficienty

2.12.2011 [FITII)
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Laserova interferometrie
© =

Interference dvou svazku koherentniho svétla (bodové)
[=1,+1,+2 1,] cos(4nAd/})

Pro malé vychylky a fazovy posuv 1/2 ve vétvich LI

1 1
/:2(/max + /min)+2(/max o /min)4TCAd/7‘*

Intenzita

Maly AC sighal — odezva interferencniho obrazce
mereného fotodiodou, fazové zesileni odezvy lock-in

L.Burianova, M.Sulc, M.Prokopova: J.Europ.Ceram.Soc. 21 (2001) 1387-1390
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L rFl'|llI'| L] T §F TFTITY
[~ bar (15=4x1 mm)
50 ¢ disk (@ 12%1mm) .
40 o par (13x4x1 mm) 7]

[10%m]

Fig. 3. The frequency dependence of displacement .

T 400 & APCSS56 bar (15x4x1 mm) B
O [ i
g WOT A BALSNS A A JSIIRS pp DD
2 200 | .
:q 100 ] Fig. 1. Scheme of the single-beam laser interferometer.
' a Ty —
10° 10° 10 10° ) . L i
flHz] L.Burianova, M.Sulc, M.Prokopova:
Fig. 4. The frequency dependence of piczoclectric cocfficient ds,. J.Europ.Ceram.Soc. 21 (2001) 1387-1390
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B L T T ll'll!' L] L] T IIFIII L] L] FlFlFI- ?DU Mdg‘mk 5
TE —ﬁ—gu APCBS5E bar (15=4%1 mm) 4 soow B Piezoactuator .
'E : E TV %1 Jouble-beam laser intarfaromatar —: 500 E W‘ i @M —|— Diaphragme:
) L ~ 400 D source 172 plate
O 4 AN A Jame A4 plate T (- P
— 2 YT Y-V Y ¥vvey s P e PO : ¥, PE - 1 M-1
=2k 120 % . re-3Ng—F e
1 b 4 100 @ e | =
n C T T llll-'l'l' T T 'lllllll T T T T FTTRT D =j£_;
3 3 d 3
10 10 f[Hz] 10 10 ‘ 3 A plate
: : A Sample
Fig. 5. Frequency dependence of displacement dy and o5, coefficient. * .
- 4p
AL source ==[-2
p3- K
Seope M-2
FPhotodiode, «B-4

Preamplifier | _H 3 E'J M-3

L.Burianova, M'SUIC’ M.Prokopova: Fig. 2. Scheme of the double-beam laser interferometer.
J.Europ.Ceram.Soc. 21 (2001) 1387-1390
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Rotace kolem osy 2 o0 45°

0 0 0 0 dg O
0 0 0 dsg 0 O

Méfime S,,”, dopocitavame d

1
5'11250'1551

L ]
-i“*i- I & !
* * ..
Qs'*l . i
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v interferometru — d,
: AN

NODAL SOLUTION

STEP=1 JUL 16 2003
SUB -1 11:55:25
TIME=1

uz (AVG)

RSYS=0

DMX =.573E-08
SMN =-_554E-08

-.554E-08 -.431E-08 -.308E-08 - .185E-08 -.616E-09
-.493E-08 -.369E-08 -.246E-08 -.123E-08

PZT square plate in interferometer - face glued to the holder - d33 measurement
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- v interferometru — d;,

' AN

NODAL SOLUTION
JUL 16 2003

STEP=1 50 2008
SUB =1 12:16:4

TIME=1
UX (AVG)
RSYS=0

DMX =.157E-08
SMN =-.107E-09
SMX =.765E-09

-.107E-09 -866E-10 .280E-09 _474E-09 -668E-09
-.103E-10 -184E-09 .377E-09 .571E-09 . 765E-09

PZT square plate in interferometer - face glued to the holder - d31 measurement
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VvV interrerome

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
USUM

RSYS=0
DMX =.160E-08
SMX =.160E-08

(AVG)

0

-355E-09 .709E-09 :106E—08
.177E-09 .532E-09 .886E-09

PZT square plate in interferometer - d15 measurement

-124E-08

AN

JUL 16 2003
12:09:59

-142E-08
-160E-08

*
* ok
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Ultrazvukové mereni
© =

Rychlost ultrazvukové viny je funkci elastickych
konstant, piezoelektrickych modult a permitivity

Metoda ,,pulse-echo” (méreni ,time-of-flight”)

vzorek vVZore

\

UZ prevodniky

polarizace UZ — podélna nebo pricna vina

2.12.2011
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2%

Christoffel(iv tenzor

EkiiV iV iCitdV IV i
- E Kif¥ kY JEiklV Vi
Smér $ifeni viny (propagation direction) (Vl Vo V3)

Podminka nalezeni rychlosti a médua vin

det(lj — pV*S) =0

[TTITT
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Materialové tenzory

000 dy 0 O
000 0 -dy O
000 0 0 O

a11 0 0
0 é11 0
0 0 £33

INVESTICE DO ROZVOJE VZDELAVANI

a1 a2 az O
a a; az O

g3 a3 ¢ 0
0 0 0 C44

0 0 0 0 Caq

o O o o

o O O o o

1
0 0 0 0 0 “(ar-ap)
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FO A o
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2%

(T 0 0) _ E _ E _E
- (1)1 g I11=0a1.120 = Cs6.133 = Cug
22 [p =T13=Tp3=0
.0 0 TIzz)
V=T 1 podélny kmit o —
IO 11 / B 3 (lisovani HA)
V2 =T,,  2pficné kmity
pVf =Ta3 I d 2
Piezoelektricky volné kmity !
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I 0 Iy
L0 0
pV =Ty
pVf =T33

Piezoelektricky volné kmity

0 )
0

33

E
[11 =19 =iy, 133 =
[0 =T33 =T53=0

2 pri&né kmity

1 podélny kmit

E
033

T
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2
1, £ E 1, F
Ty 0 I Ty =2 (ai+caa). T2 = (Cas + 59145),
o Iy O €111 €33
1, £ E
\F13 0 F33/ F33 — 5(033 + 044)1

1 E . E
15 =0,I73 =§(013 +Ca3). 123 =0

,OVZ — 1“22 Pricny kmit (piezoelektricky upnuty)

1 1 podélny
pI; = E{Fll + F33 + \/(Fll — F33)2 + 4F123} 1 pfiény kmit

Piezoelektricky volné kmity
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1.0

(.8 S

Magnitude A

—ﬂﬁ,ﬁ' T T T T T I ¥ I
10,00 11,00 12,00 13,00

time [us]

The response of PZN: 4.5%PT {111}. The crosses sign the times of the flights t;.
P.Hana et al.: Ferroelectrics 319 (2005) 145-154
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Ex)

Kvazistatické meéreni, jednosmeérny tlak je aplikovan na
vzorek, je analyzovan generovany elektricky naboj ve
srovnani se vzorkem se znamym koeficientem d;

d;;-meéreni — mechanicky tlak kolmy na elektrody
d;;-meéreni — mechanicky tlak rovhobézny s elektrodami

5 19 90 e Efl\ ﬁ rﬂ' ® ‘Plumﬂ
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o & Teplotni zavislosti materiadlovych vlastnosti

e starSi analyzator Tesla BM507 (5Hz-500kHz) + cita¢ HP5326B

e LCR metr HP4261A (120Hz or 1kHz, sériovy nebo paralelni
obvod)

e Ultrathermostat U-10 (xnékolik °C, pokojova teplota-80°C)
e Rezonancni méreni

e pec Classic (pokojova teplota-1200°C) — méreni Curieovy
teploty z méreni teplotni zavislosti permitivity s vyuzitim
Curie-Weissova zakona

2.12.2011

. > gy [[TLIITTT]

* * »

R ® ¢

Pt . M- 247
EVROPSKA UNIE el i




200713
.A

£8 rr

* *
* *
* *
* ok
EVROPSKA UNIE

INVESTICE DO ROZVOJE VZDELAVANI



R ANS

Elastic constant s11E for APC850

15.60
N
15.55 N
\
\\\
N
15.50 S
‘
\\ il
N y =-0.0042x + 15.64
N L R’ = 0.9894

15.45

S11E [107-12 m2/N]

15.40 \\

‘\
TN
\\
15.35 -
| |
15.30
15 20 25 30 35 40 45 50 55 60 65 70 75

temperature [°C]

BEEECr 7 e

: : ® y
.t 4 .

c 1/ e
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R ANS

8

Temperature dependence for APC850

¢ 1/C —linear fit [1/C]

T.=319°C

12

y = 0.00701x - 2.23695
R%=0.99230

0.8

0.6

1/C [nF-1]

400 450 500

-0.4
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0, Piezokeramicky bimorf

0

E] PZT

Kovova
deska
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Laserovy svazek

U<< X X>> X,1¢ > L

\
screen

light beam / Ve x

0 20 40 60 80 100
VIV]

S S S S S S SS a3
E
12 (X+X0 )2 —(L+|s)2 X02 & N 500 1000 1500 2000
U~
2
2XO[(L+|S) +2x(x+x0)} 2 - (e

* % % Ll [TTILIITTT
ML \Or 7 e
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SE+07 - Q
- .G610E+07 0 & -42EE+07

Farallel Eimorph
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- 103E+07
=.109E+07

Farallel Eimorph
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» 170E+07T
=. 17TOE+07

SE+0T - LzSE+0T FEIT I 7ag157 ’ . 17SE+07
- .175E+07

Farallel Eimorph
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X0, MTI2100 Fotonicky senzor

O
. o , o Elptir.'a'IPeah
Intenzita odrazeného svétla g
Sondy ol i :*—gti"n%“ufr

MT2062R (1-1500um)
MT2125R (1-4000um)

1
Typlcal
Lirear

Output Voltage

Target Displacement

Fiber Distribution

Random (R} Hemispherical (H) Concentric (CTI)
S50 2
@%ﬁ!ﬂ -a@

r;tg ;ILc 'I | c:nc:n |

\;;o'd‘]fz/ v@@

@ Receiving Fiber i Transmitting Fiber

T g
!gl i j i I B 256
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Ag
Kovova elektroda
membrana
PZT
keramika
Sirénky;,

s Helmholtzovym rezonatorem
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Scan povrchu unimorfu (rezonance, peak-to-peak méreni)

50 T T T T T T T T T

40—

10~ X —

| | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X [ dpp

Vychylka podél smeéru x pro unimorf 20-1230, FT 41T, U=5V, f =
927 Hz; fitovano parabolickou kfivkou u,, =-282.5-(x / d,,, —
0. 512)2 +40.75
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Mechanické upevnéni na obvodu — vychylka ve stfedu unimorfu

80

70 s

60

: /] A
A i
m S AN
R R

Peak-to-peak vy'/chylkaf[:/z]e stredu unimorfu
20-1230, FT 41T. Amplituda napéti 5V.

** % ﬂ&lllll[l
Eflﬁr T
INVESTICE DO ROZVOJE VZDELAVANI EVROPSKA UNIE ¥ ?—a%




Di=sc Bender [(unimorph)
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Ex)

Transformacni pomér — P.Pulpan
Rezistivni zatéz — dekada Cosinus R1-1000 (1Q-11MQ)

VOLTAGE GAIN

\ 4 . 4
> © © |-
@ o
Function  Multimeter Multimeter Resistive
generator  Agilent Agilent load
HP 3325A  34401A 34401A

19 9011 o Efl\ ﬁ rﬂ' : ‘Plumﬂ
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Ex)

Ucinnost — P.Palpan
Rezistivni zatéz — dekada Cosinus R1-1000 (1Q-11MQ)

EFFICIENCY
Differential
probe
N2772A
5R62

V Z
Function Oscilloscope Oscilloscope  Resistive
generator DS03202 DS03102 load
HP 3325A

MR Cr Y
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Ring-dot disk PT, r; = 3.4 mm, r,=12.5mm, t=2mm

35
30 I
——100Q
2 —1kQ
——10kQ
— 207 ——100kQ
c ——no-load
@
© 15-
10 -
5 -
0
92 93 94 95 9% 97 98 99 100 101 102
f [kHz]
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Ex)

Ring-dot disk PT, r; = 3.4 mm, r,=12.5mm, t=2mm

Zatez 5kQ

100 A — 2
— 90 - T 15 =
2 c
— 0
> o
2 80 - T 1 )
S S
= O
w70 A —e— efficiency T 0S5 =

X gain
60 T T T T 0
98 99 100 101 102 103
frequency [kHZz]

=

=T . ’P T
* * O
t!‘*t
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Ring-dot disc PT, r; = 3.4 mm, r,=12.5mm, t=2mm

100

80 -
=
= 60 -
(@)
o
o 40 -
L

20 -

0 T T T T T T

1 10 10°  10° 10® 10° 10° 10
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Ring-dot PT, r;=3.4mm, r,=12.5mm, t=2mm

(a) 100 60
—=—-efficiency 1
809 | —=— out.power o
£ T 40
% G0
= T 30
S 40
.2 T 20
Ll
20 N T 10
0 T T T T T T ™ 0
2 3 1 § B 7

P.PUlpan, J.Erhart: Transformation ratio of “ring-dot” planar piezoelectric transformer,

=&
]
=&
]
i
=
=
—r
i
=

Load[ Q]

Sensors and Actuators A140 (2007) 215-224
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Planarni mod kmitu

[

o
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4-segment ring

ﬂ”

APC840
d;=25mm, d,=15mm, t=5mm

Transformer type Step-up | Step-up ratio Max. Load impedance
parameters ratio (at max. efficiency | (at max. efficiency)
(no load) | efficiency) [90] [kQ]
Ring-dot bar 9-12 2.3 68 10
,—B
’ APC880 )
I=17.4mm, w=2.4mm, t=1mm
2-segment ring 25-33 3.6 85 20
’ APC840
d;=25mm, d,=15mm, t=5mm
18-30 3.5 84 14.1
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Transformer type Step-up | Step-up ratio Max. Load impedance
parameters ratio (at max. efficiency | (at max. efficiency)
(no load) | efficiency) [9%0] [kQ]
Ring-dot disc 8-30 3.4 98 5
our IN
APC841
d=25mm, t=2mm
d=40mm, t=2.1mm
Double ring-dot disc 17-20 1.9 95 2
our IN
APC841
d=30mm, t=0.7mm
Planar shear disc 4-20 1.5 87 1.3
IN ouT
’ APCBAL
d=28mm, t=1.8mm
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0, Kmitani teles ve vazkeé tekutiné
o

Kmitani poloroviny — tlumené kmity, hloubka priniku o
Z

~2/8 5 j(z/5-ot)

v=u,e el

27
. o= |
u=u,e PO

Mechanické napéti od vazkych sil — fazovy posuv

T =—/wpnu, cos(wt + Z)
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o & Kmitani koule ve vazkeé tekutiné
©

Sila odporu vazké tekutiny proti harmonickému pohybu

i—ue 5= 2

o)
F = 67an(1+ Rju +37R? /2’7"(1+ ZRj i
o) @ 96 ) dt

Wuziti piezoelektrického bimorfu pro buzeni kmitu i
snimani odporujici sily
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Bimorf
ponoreny
do kapaliny

PZT
deska

kov
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Nahrada bimorfu kmitajici kulickou v kapaliné
Nucené kmity v kapaliné

2
(M, + Mi)(3t3/+(bin +b)cdl§[/+ Ky = F,e™
M, =27zR3,0(1+95j p = 67’ (1+5j
-3 2R ) ) R

M., K a b;, Jsou efektivni hmotnost, tuhost bimorfu a vnitini
tlumeni
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Mechanicka rezonance bimorfu je snimana elektricky
na impedancnim spektru (piezo)

- Volné ve vzduchu - rezonance
n. K

o M,

- Tlumeni v kapaliné - rezonance

2 2 1 2 2 K b+bin
=) — , . = , =
max 0 27/ 0 Me+Mi Y

Q

Sitka rezonanéni kfivky

[TTHIIITT
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e Kalibrace na znamé kapaliné pro ziskani polomeéru
odpovidajici kulicky

 Impedancni spektrum bimorfu kmitajiciho v kapaliné
2V, Whax

e \lypocet viskozity a hustoty
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INVESTICE DO ROZVOJE VZDELAVANI



Bl

Druha rezonancni frekvence bimorfu v kapaliné
Fazovy uhel vs frekvence PZT bimorfu 600-200-.60-SA

Fazovy uhel[rad]

-
%]
!

=
b
'

-
2]
I

Frekvence[kHz]
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0, Parametry rezonance

Bimorf 600/200/0.60-SA

typ kapaliny (1) y(1)/2m f(2) n (f(2)/f(1))
(Hz) (Hz) (Hz)
vzduch 67,7 7,88 575,44 46 8,49985229
voda 37,584 4314 497,876 36 13,24702
5% PVA 36,03 6,951 496,731 37,724 13,7865945
9% PVA 35,755 7,394 487,665 40,529 13,6390715
12% PVA 30,2 sum 487,665 46,109 161478477
15% PVA 29,969 sum 482,082 71,806 16,0860222
glycerin 30,903 7,28 480,974 42 15 5639906
silikonovy olej 33,625 6,825 494,43 40,805 14,7042379
Bimorf 600/200/060 SA R vody=97,788 mm Bimorf 600/200/060 SA R glycerinu=96,00 mm
1 Hopplerovym 1 bimorfem n Hopplerovym n bimorfem
typ kapaliny viskozimetrem typ kapaliny viskozimetrem
(Pa-s) (Pa-s) (Pa-s) (Pa-s)
voda 0,007 0,001 voda 0,001* 0,0341
5% PVA 0,74 0,1108 5oL PVA 074 02474
9% PVA 2,07 0,1235 g%, PVA 207 0 2664
12% PVA 4 1335 3,5042 12% PVA 41335 4 3872
15% PVA 30,474 6,3669 15% PVA 30474 7673
glycerin 1,5065 1,0437 glycerin 15065 1.5003
silikonovy olej 0,05+ 1,0878 silikonovy olej 0,05 1,5142
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9

2.12.2011

< Dalsi klicové vybaveni
Lock-in zesilova¢ SR830 (100kHz)

Elektrometr Keithley 6514 (V,A,Q,Q)

Generatory funkci HAMEG 8150, Metrix GX1010, Motech
FG503, HP3325A, METEX MXG 9810A, ...

multimetry HP34401A
Milivoltmetr Goodwill GVT427B (2 kanaly, 100Vp, 1MHz)

Fotonicky senzor MTI2100, sondy MT2062R (1.5mm),
MT2125R (4mm)

VN zdroj HP6516A (3kV), Spellman 30kV/10mA
osciloskopy Agilent DSO3102, DSO3202
Impedancni analyzator Agilent 4294A

VF bipolarni zesilovace HSA4011 (150Vpp, 1A, DC-1MHz),
HSA4052(300Vpp, 2A, DC-500kHz)
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Dékuji za pozornost!
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