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Ionic Conductivity and Association Energies from Analysis of Electronic
Impedance of Mullite/Zirconia Composite

Student : Wei-Kai Shih Advisor : Chien-cheng Lin

Department of Materials Science and Engineering

National Chiao Tung Unversity

Abstract
The effects of different zirconia content on ionic conductivity and
microstructure in mullite/zirconia composite are studied using AC
Impedance, SEM and XRD.: Theractivity energy of mullite is about
0.63(eV) at 300°C~1300°C; . The MZY 10 and MZY?20 have a gradual
transition in a temperature about/700°C", however the temperature is
smaller than 700°C, its activity energies are 0.57(eV)and 0.68(eV).
When the temperature is above 700°C, its activity energies are 0.93(eV)
and 1.15(eV). The activity energy of MZY30 is 0.98(eV). The activity
energy of MZY40 is 0.82(eV). Compare the activity energies of
samples with the activity energies of the related equal circuit, we could
presume that the ionic transport way in samples. Using the diagram of
Rirconia/ Ran VS. ZrO; could predict the critical volume at 30 vol%~40

vo01%.
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S RN A ED G A AN B R - B N N

g U810 witgar 4 — % o M (isotropic) L ¢ > H - & ff el £
(flux) & +* >+ 3% # 5 )k & $ & (concentration gradient) :
dC
J,=-D|— 2-1
=0 5] )

He g ®(1/em>sec) D : H4c hlic(emsec) » C ik B (1/em’) »
ZREEEMHT FERPAR S »(cm)

Fick’s first law £ v F 5 & < |2 2 &1 @ 42 ¥ 4! Fick’s second law

ot oX oX

il A - N

1. Steady-state solutions

L —pvc=0 (2-3)
ot

de Vi i .
X C:Laplacian of C

2. Non-steady-state solutions

2
o« _poc
ot o0X

(2-4)
* Non-steady-state solutionsc ¥ /2 4 & 3 * A k4 g ¥ 21 > 42
FoMTHABRGAGE NS o

< 1> Thin-film solution

bC —x?
C(x,t) = Dt exp{ Dt } (2-5)

6



H ¢ p:thickness > CEE » X:FE3 > C:FFRF > D:#B3r %8 o

for[ x>0,C >0 as t—>0
forx=0,c >0ast—0

Boundary conditions:{

< 2> solutions for a pair of Semi-infinite Solids

c' X
C(x,t) = E{l +erf (Tﬁﬂ (2-6)

c=0 forx<0,att=0
c=c forx>0,att=0

Boundary conditions:{

<3 > Infinite system-surface composition constant

C'—Cy |, X )
C(x,t)—c, = 5 {1 erf(zﬁﬂ 2-7)

c=c, forx>0,att=0

Boundary condition:
c=c' for x<0,att=0

2-5 Nernst-Einstein Relation

Nernst-Einstein = #25¢ £.d & B o> me o I ke -
Nernst 2. 1888 £ % % » m ¥ — K & Einstein® 1905 & 3 % 510 11T §_
PN O o e R R s N en & P .
F-BADLT IR A- BT R 3 P AL B i

Y
»



(2-8)

f, = —ze(§J
OX
H ¢ f :the force with x-direction » E :electrical potential > x :distance

v zelw T B o

Ad g F AR - B Gibbs pod f¢ B R e 3 PEFT AT e

g_

(2-9)

P N <)
N, | ox

N, :Avogadro’s

# ¢ G, :partial molal Gibbs free energy -

7~

Number(6.0222x10%) -

V, =B f, (2-10)

X

# ¢ Vv :particle velocity(cm/sec) p-Bizabsolute mobility(cm®/sec - v + A)

or(cm?/sec - joule)

# (2-10)%F » 3](2-8)Fr(2-9)¢ ¥ 14 7 3]

V, — 2B, (ﬁ) 2-11)
OX
V. = _E[a_GiJ (2-12)
N, [ ox
L‘?/;". -:h}im‘\;\: :‘%
Jo=nzeV, FQ2-11)7F » b 2387 1017 3
(2-13)

3, =n B ()



* partitial conductivity = 3% &

o; =0 (Zie)2 B,

(2-14)

# ¢ n mumber of the charge carrier » B, :absolute mobility(cm®/sec - v -

A) or(cm’/sec - joule) » ze: % j ¥k o
SEERYE.]
"G, =G, +RT Ina,
: Eﬂ(mj
“oxon ax
P (2-15)7F » 3(2-12)F 7

V. =KTB, l(‘alj
OX

Risgd g = — _KTB. (an j Pt 3N 3 B2Fick’s first law © 3
OX

D, =kTB, D, :tracer diffusivity

g3 s N i £% Z o Einstein & 4250 o

X g (2-17)Fr(2-14)3 B> f2 0 B L A - 4w L EF

D, = KT o, Or o= [(ze) JD”

(2-16) & (2-17),T£ H 4o ¥ 4 &k 7 Nernst-Einstein * #23¢ -

Xt S e SR E ey

2
Ototal = ((Zke-l)-t n JDitr

(2-15)

(2-16)

. =-D, (ﬂ] 5
OX

(2-17)

(2-18)

(2-19)



t =—— t :transference number
O total

Gtotal : Gion + O-e + O-p

H ¢ 5, : conductivity of electrons * o, :conductivity of ions °

o, :conductivity of positive holes e

PEEPBIE 28> RNATH A

G = ((Zi):”‘ JD-” (2-20)

N

39D A St B R B H AR A Al ¢ R
I B F % F LT AR R S A

Feid 4l 5 3P 1995 Compaan# Haven &3 4 0 D, 22 D' § 4o 2 B

2

D" =1fD

1 \

(2-21)
HY D% =¥Hca¥c o f ! correlation factor °
FIUb 5 0 A @ d 3 er R acs s U DY R H B oy, oD

BT ] (2-21) 58 #(2-20)58 2 Y &

T = ((Ze)z i jD:f (2-22)

Kt f

P2 AR N T 1 -DY 87 o 3% 1 Nernst-Einstein & #2358 % & - 42 o

10



2-6  Arrhenius Diagram

A AT B

Q
D" = D, exp| - —% 2-23
exp[ RT] (2-23)
D,=ad’zv
LR F]F o U:},%!—i-)“ffhiiﬁ_ﬁo
a . iR o Q : FHitaw o

#(2-23)7 &~ (2-22)38 7 12 17 5

e)'n.
ool <[ E e 2 (2-24)
952 (o, T) = 1n[(zi)t_ “i J+ In D} _% (2-25)

;}’U (2 25) =\ 4» (lj f’]’;‘j,ﬂfpi-é,\ s V1Y /fg I]J'T ;\4
d 1n(o-totalT)
1)
T

~ ~ 1 ~ , 7 AL \ Ve = PN
d P F i rrﬁfbln(atota.T)ﬁ; FRIE A FIL ¢ 3750w @ 2t R

--Q (2-26)

% Arrhenius diagram > 4 * Arrhenius diagram¥ 12 & & 11 2 ‘v sample
5 1 qe (Q)E o F B 3t Zirconiafrmullitesris i wc B AP M AT 3 2E% 0
f 1

22-26
g [ ]

K= oL

» 2 /F*J% ¢ dp dimulliteshis i .5 5 0.65eV @ Zirconia¥)
1.05eV - 4p ¥+ Zirconia mullitesp A~ 7 Tl g 2 5 - @ HAF &

ML R BT ARG < LF*J%J’J d s A F B #-4* AC Impedance

11
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2-7 Haven ratio
Haven ratio &_% 77 4 Nernst-Einstein = #2;% #1238 4 & e 47 1%

Be(D, )& B &A% St Bile 4 of R0 AT k(D ) st

B H e EAT
D
H, :D—T (2-27)

EwE RS e 1’%6 » A0 g - Haven ratio £v: 2 3 a4 p A
TR R MR el o AR KR S e }?&‘,ﬁ"ﬁﬁé’»— Haven ratio 4 » ¥ g 2
?ooF FRY @ T 4 g transference numbere 7 4c » 7 Haven ratio {$ »

///

SEEENETE PN RS TS B L TR LIPS S

is & d Nernst-Einstein & #2 ;% #7375 3 e e h fern 2 W) ¥ 104 5

54 M Frea L o

2-8 Electrochemistry Impedance Spectroscopy
TUFREFOEHE Y DT R R T F BRSO

THLiE R RplEgR o BT RN L HR KA AL 2
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FI* 2R 7 R & T hCole Cole’s Plots%’ﬁ\z’ TR BREMGE ST
BAT 0 A BT EHC Y B A B R 0K e 1 AR $ RO
Model ¥ 4} 1443 p #% efDescribe electrodes ~ Grain Boundaries£? Grain
r sl SRR PRI e oh S LIS A

w|4rFig.2-1 & - B &% e7Cole Cole’s Ploth] » + } * ch{_ v
ARCR: RIe» C: R F)E»TE > " Z-viewdt 88 t 2t (4w
Pl AvE s — Bt R TR DE e AL E AT R P e
#rFitting ) k 0 % B ~ 2 & & W] {7 = Fig.2-2(Reciprocal Capacitance
Versus Temperature) ¥ Fig.2-3(Resistance Versus Inverse Absolute
Temperature) > 2% Curie-Weiss Law A

g o« C, o % (2-28)
Be g i AT ¥ CILF KIFPR¥i T I G9HER -
¥ o g & en2 %7 I RICT 5 Shell region ~ R2C2 % Grain boundary
region ~ R3C3 % Ceramic/electrode Interface ~ R4C4 % Core region ©**1 -
UL E S mg&%,ﬁk{iﬂs“v RATE LG hE B A 2 R E
B iTs i BH T rlvgf,{ﬁ:@?! ST E R PER o e AN R -
B B R bldezirconia 0 H AR A it ARG AR T F 4

» 2 > 2= ¥V 2| : L) [ VY 30
IR 4 ere $i7 5 ¥ Grain boundary#g 17 P07
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38

ARy AR E W mullite/ZrO 48 & 4L 3 B 7 B ’%‘;ﬁ 12

R BRSPS T MR

31 kAR E

MZ ok xR i T % & mullite(KM-mullite, Kyoritsu  Ceramic
Material Co., Nagoya, Japan)# 3mol%-Y,0;¥% & % 2_3% i & % %
(TZ-3Y > Toyo Soda Mfg. » Co. > Tokyo » Japan) ; #- %8 er3-L 355 5 -

WEReHCEHTR ~ CESRYANTable] o H P Lok s ang

B R R ITEE > WA R R P * pycnometer(Multivolum pycnometer

1305, Micromeritics, GA, USA)> @ +* % & &~ 1 F = & Bld R #& =
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3.2 BB UG
3.2-1 mullite/ZrO,4F & H ¥ % el &

B A% ¥ somullite ~ ZrO,a f&ds & 4 8117 o 2 At Bl (S
berRE > TableI B A A G R ENFTER o % 2 3 K F 3 H
1% NaOH# #PHE 3] 10 > ¥ 42§ A &R T % (Model XL-2020,
SONICATOR, Heat Systems Inc.Farmingdale, NY) & i 5~10 4~ 48 #-4%
s F 37800 A =2 5303 SRR 0 RS e AR TR
ReiFir » BRPRER T Y 2R T I50C g 0 MR
FE > B8 41 80 meshéi il v o Mk R 5~ FREL? o 2 Bk A
i ELAr = & 4oTablelll #47me & 2202 mullitefrZrO,5ip H 8 7~

R EARE

3.2-2 HEBER

Bl FrdF s A B~ B /S 25mm3 B 10mme 7 EHEE P 0 57
GHFERER B BApT R R E S - TR SEALREY R
MEERFIFLS RIE o B E S #F2B P > w02 SMPas/R 4 Bk
AR AT o XA BB A o E 3 B 2107 Torris B e 0 ¥

BB 300°CH 11 E A4 10°C Hug BRI e Ho X RIFE S Ry



Pk AR 2 dLF o AR 00C M ~ g F I LA F R EALSE
fbgb 4 > T4 RS F) SMPa- %8 & FliE 1000°CHF » *54c R4 3
10MPa » < 3 1600°C PF4R 134 4 B 4 3| 25MPa > 35§ 45 ~ 48 o
BRTREAR 0 R BB RIIE R 1100CHR Y Bzl > £

FAEPE R T R ERE P B AR P AR X 2 4oTablelll

,
ATIT o

3HFF 41 w2
BAGE A DR ERG o F IO o £ 2 B A G
Smmx6mmx>2mm fhE A Em TG B B (MINIMET) B+ 4

o LB RT 0.0um s B AR FRRE S A G IR S RE TS P

-)M
44
o

34 %R 2 &P
RYOHMPARANFALRZRE -FABESE ~ 3 45 k7

bAcBEL S 24 G FEIFELEMREY RO

?:%“

e 2

mo TE * S X f(Model R200D, Satourius AG, Goettingen, Germany)

16



RIEBEM-ERIBERIZZRLLEELEA G Ao 2808

BB RMEYE kY HERRIELS

F_k
-\-1/\,.
=F
o
"
>
\1‘
JENTN
fuaty
T
I
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FEDEREp,

B
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M-S
BBBFPOELGRRLFTY LA AR AR WOT RAP
hm AP BAS BRI PRRMRR EE T RGRES
B2 o TablellAg 7 & F A Y chip R R E - TR =

R YT 98% 1 P ep it RR E o

3.5 x-ray ¥4 47

1% x-ray 385 %k (Model M18XHF, Mac Science, Japan)#f 44 i§ 3
W F A 45 1 EERAP Y] 0 % LR IR 5 40mA ~ TR 100kV 12 Cu
Ko SRS d NiFilter gk (6 £ 3F 5 & % 217 10 & 3] 80 & ¥ 45 -
FhERELZEFL4H10 A & 20=0.01° 48— = xray % B » #

Be kA5 2 JCPD + 2 4p U AR Y] o
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S6SEM:EH 4 ¢ L2
" FR e N T F B st (Model JSM-6500, JEOL, Tokyo, Japan)¥t:i&
PRFAG R FITRF O ETRE 20KV T EY e T —

Roo & B RS > MEFFET 45 BT R ® 4 Charging Effect

3.7 Impedance & 7|

HARYSEAERLI0IImE b AR F L — KO £9F 8
2z » % F % (CM Rapid Temp Furnace)® # 1100°C ® %8 30 ~ 4511 3
' d W avkF F R v Ay af BRECFHEIZEITVERNF
FRARLDEZEY DEELA Fli R REFRS &5 2
AP HZFTER G MO ImmA PRl F RGBT KAIF 2
o FE ik (Model 4194A, Hewlett-Packard, Tokyo, Japan) & B 1! 3% 38 &
sriphase angle( )£ Impedance=.5 ¥ & (|z] )& frequency( f )=k 7% > 1
R R

z' =|z|cosd (3-1)

z' =|z|sin6 (3-2)

Mz xdho 2" & yihg ) Cole Cole’s Plot B © ] #* Z-view #it %8 ¥ 12

18



AT GRS BT RS BT IEER) ARSI TR ¥

x
d an';ma'T _ Q (3_3)
v
T
7 LR Flno,,T ;j‘ ¢ Arrhenius Diagram o H 4L 5 7 8 4138 5

FARE e E Y Zoview SRR Y FE e
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Table T 4 4 127

Tympgs | A G| RAHTA 8= 5 (wt) XRD #p
(um) | (m*/g) (g/em’)
Aleg/SlOz F6203 NaOz MgOZ ZrOz/Y203
Mullite 0.2 24 3.19 2.56 0.03 0.03 0.01 Mullite
3Y-Zirconia | 0.3 18 6.05 17.2 t-Z

3Y-Zirconia: 7 3 3mole%Y, 0538 > % 2 ¥ 1t 4

t-Z:tetragonal ZrO,
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Tablell #» * £ & %
Spas | EHmA | BAREE |0 AN Vit £ £
E
(g) i (g)
Mullite 3.19 31.31 0 31.31
Mzy05 3.33 32.72 2.97 29.75
Mzy10 3.476 34.12 5.94 28.18
Mzy20 3.762 36.93 11.88 25.05
Mzy30 4.048 39.74 17.82 21.92
Mzy40 4.334 42.54 23.76 18.79
Mzy50 4.62 45.35 29.70 15-65
Mzy60 4.906 48.16 35.64 12.52
Mzy80 5.478 53.78 47.52 6.26
Zirconia 6.05 59.39 59.40 0

R ARG M L n(2.5)%em’

E R :0.5cm

Mullite32 %

% A& :3.19g/cm’

Zirconia® ¥ % & :6.05 g/em’
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Tablelll # % 508 & A 2 #R £ (&

Sample = > = (Vol%) pomiE XRD#* Y BR
Mullite 100% Mullite 1675°C/50min | M 97.8%
MZYO05 | 5%3Y-TZP+95%M 1675°C/45min | M+t-Z+m-Z | 98.3%
MZY10 | 10%3Y-TZP+90%M | 1600°C/45min | M+t-Z+m-Z | 98.7%
MZY20 | 20%3Y-TZP+80%M | 1600°C/45min | M+t-Z+m-Z | 98.0%
MZY30 | 30%3Y-TZP+70%M | 1600°C/45min | M+t-Z+m-Z | 98.5%
MZY40 | 40%3Y-TZP+60%M | 1600°C/45min | M+t-Z+m-Z | 98.1%
MZY50 | 50%3Y-TZP+50%M | 1600°C/45min | M+t-Z+m-Z | 98.5%
MZY60 | 60%3Y-TZP+40%M | 1600°C/45min | M+t-Z+m-Z | 98.0%
MZY80 | 80%3Y-TZP+20%M | 1600°C/45min | M+t-Z+m-Z | 99.0%
MZY 100 100%3Y-TZP 1600°C /45min | t-Z+m-Z 99.0%

YEBEFIEE LS - A FBRArF 4 T2 &4 5 25MPa

*<M:mullite ; t-Z:tetragonal-zirconia., m-Z:monoclinic-zirconia
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Table IV

& | ¥2 mullite/zirconia & Z 4§ & # k2 B % B

N Mullite | Mzy05 | Mzyl0 | Mzy20 |Mzy30 |Mzy40 |Mzy50 |Mzy60 |Mzy80 | Zirconia
)7

Mullite grain size | ~1.3um |~1.3um |~13um |~lpm ~1pm ~lpm ~1pm ~0.9um | ~0.9um

(nm)

Zirconia grain ~03um | ~03pum | ~03pum~03um | ~0.3um | ~0.3um |~0.4pm |~0.5um |~0.5um

size(um)
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A
B

¢ 300 400 500 600 700 800 900 1000 1100 1200 1300
Mullite 3.71E6 | 1.46E6 |730978114405360 |231998 |150610 | 110243 | 84751 59203
MZY?20 | 1.83E7 4.39E6 1.49E6 576473 264233 123351 55261 26229 16299 10202 6571
MZYS80 | 155516 | 13736 1362
zirconia | 13605 966.2

XA BEAECC)sB: 2rEE(ohm) ;s C: A o
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S R,

Table VI

BHHRE T B2 F R A&

= i
ik
FALT R Mullite MZYO05 MZY10 MZY?20 MZY30 MZY40
All 0.63(eV) 0.69(eV) 0.57(eV) 0.68(eV) 0.98(eV) 0.8(eV)
Mullite grain | 0.75(eV) 0.7(eV) 0.58(eV) 0.71(eV) 1.09(eV) 0.96(eV)
Zirconia 0.77(eV) 0.56(eV) 0.65(eV) 0.99(eV) 0.82(eV)
grain
Motk & 700C Grain 0.51(eV) 0.32(eV) 0.53(eV) 0.43(eV) 0.72(eV) 0.63(eV)
boundary
All Mullite MZY05 0.93(eV) 1.15(eV) MZY30 MZY40
B R R 700°C Mullite grain | #& & 3% 2 9 1.04(eV) 1.28(eV) #2973 £  3
Zirconia BR e B e 1.07(eV) 1.24(eV) B e BR e
grain
Grain 0.81(eV) 1.03(eV)
boundary
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Table VI

Mullite/zirconia F 34§ & #3235 # #5 /T B
i) N
B, Mullite~MZY 10 MZY20 MZY30~MZY 40
" Mullite grain / grain boundary Mullite grain / zirconia grain Zirconia grain
BYAL N
3 Mullite grain / grain boundary Mullite °! ‘grain/G.B  or zirconia | Zirconia grain
fAr A

grain/GB
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