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A Study on Characteristics of Ceramics of Heat Engine
by using a Fracture Mechanics Approach
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SUMMARY

I. SUBJECT

A study on the characteristics of ceramics of heat engines

by using a fracture mechanics approach.

11. Objectives and significances of study

The developed countries have performed the project the
development. of heat engine for the forgoing generation
because of energy crisis in Lhe early 1970's. The heat
engine reduces energy consumption and Increases Theat
efficiency. Among various parts of this project the most
attentive part is the development. of heat engioe using fine
ceramics,

The characteristics of structural ceramics used in heat
engine has high strength at high temperature, excellent
thermal shock resi.tance, low thermal conductivity. Therfore
the heat efficiency can be raised up to 30 - 50 %, besacuse
the ceramic heab epgine can aperate at higher temperature
and without. cooling svstem. Also, the ceramic heat engine
has owall noise, leave less harnful exhaustion gas, and bhas
relativelv longer life time compared to the conventional
metal  engines. From Che above reasons, the enormous
investments have been made in the developed counlries, such

as U.S.A., Japan. Germany. The research s expecled to be
8



commercialized until middle 1990°s.

The car has been one of the mnaln exporting items in our
count.ry, so bhat the intensive inveslment should be made to
catoh up with the technologies in above countries. But the
nost. serious problem in applving Lhe ceramics to  the
enginearing structure is the brittleness of {the ceramic
material. Therefore il ig lmportant Lo rasie up the fracture
tonghnegs,

Tn this study, among the structural ceramics Zrlz is
adopted  because of  high  fracture toughness and  good
cowpatlbility with cast  iron. Fractupe toughenning
mechanism by residual stress alt surface and mechanical
properiy change by low-temperature aging are studied in the
zirconia system. Therefor the properties of zircenia ceramic
are systematically estabilished, This study broaden (he
applivability of structural ceramics, which {s essential to
Lhe development. of ceramic heal, enaine. Also, Lhe effects of
Ehis study are that onbtiling Lools  can be used the ceramics

wilh higher fracture Loughnoos.

ITL, The contents of the research and {ts range

This study is divided inte fwo parts. To the former part,
il is reported Chat mechanical propertis are regorously
degradated for low-temperature (200 - 50070 aging in TZE,
Put the transformation from tetragonal to monociinie makes 4

% dilatational wvolume expansion. This phenominag is used to

9



surfacial strengthening because the transformation can
induce residual COMpressive stress in the early
Low-tenperatyre aging stage. The regidual can improvment to
fracture resistance. Up to now, the cause in degradation of
mechanical properties ts known to coalescence of microcracks
Induced b Lransforrnation at surface. But the degradation
mechanism can be interpreted to the node II fracture by the
sharp gradient of residual stress from surface to inside.
The interpretation g new results,

In the latter part, the mechanical properties of fracture
strength  and fracture toughness  are improved by the
toughenning at surface in ZTA(Zirconia Toughened Alumina) .
The toughenning mechanisa g that Lhe reason Lhat stability
of 7r0z between outer taver and inner layer is not same make
residual compressive stress at outer layey, This 3-Layer 7TA
can controll the depth of compressive  stressed layer, The
resulte can broaden the applicability of using environment

in ZTA.

IV. The results of the regearch and recommendation about {tg

utilization

In the TZP, froture resistance can be Improved by surface
strengthenning that js saused Lo residugl stress because of
the transformation inducerd Vow—-tempera biure aging if used at
room temperature, Tn ihee words, ceranics can be toughened

by residua) compressive  sbress sl surtface. But the longer
10



aging time than 48 hnurs makes the reduction of  fracture
sirength because the sharp gradient of residual stress and
the coalescence of microcracks provide the gite of crack
init.iation. Therefore it is expected that the degradation
mechanism can be found out correctly by the interpretion of
residual stress and the modelling of fracture behavior. And
fracture toughness and fracture strength of 3-layer ZTA are
inproved to 50 % than common ZTA, The experiment. of thermal
shock resistance show that the residuzl stress restrain the
fracture propagation. Therefore the other processess(slip

casting or spray coating) can be applied to Lhis research.
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A 6 4 A2 aging AY

b sl 2 3 mol% Y2035 A% TZP i &+ -2 Aging B st ¥4
o] 250 °C <deolA] A iepydchm Mg asgicvh [17]  wietM, 371 F,
250 oCollA] aging A|7} Z7bof wh@ Foie] vraldalr Frtzt stte, st

Ao v)ale EoHE AR ANAY HokM Fuistsith

Table 1 Raw material used in this experiment.

Power| Composition Particle Crystal Production
Size Structure Company
TZ2-3Y| 94.9 % Zr0z 0.4 um Tetragonal Toyo Soda
5.10 % Yals
- - - A
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Fig.2 Microstructure (polished and thermally etched surface)
by SEM.
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Fig.4

(b)

(a) Fracture surface near surface flaw.
(b) Fracture surface far surface flaw,
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Fig.7 Schematic illustrating the basis for crack
shielding by a tYransformation.
(a) Transformation zone size

(b) Modified crack tip stress field induced toughening.
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Fig.11. Transformation profile of samples
aged at 250°C for 24 hrs in air.
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{b)

Fig.14 (a) Scanning electron micrographs of the mode 1!
fractured edge for the TZP-5H aged 48 hrs at 250 °C
(b} Scanning electron micrographs of the mode I1
surface boundary for the TZP-5H aged 48 hrs at 250 °C
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F19.3 Stress - strain curve for an element of material
subject to martensitic transformation. Region I
1s an area attributed to transformation at con-
stant stress. Region II is an area that allows
for the stress decrease due to supercritical

transformation. Region III 1s the strain energy
stored in the wake.
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- zones, indicating tractions needed to
maintain stress continuity,
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Al203 + Zr02 + Mg(N0O3)}2-6H20

Wet ball milling

Drying

Pulverizing

Calcining and sieving

Compacting and C.I.P.

Sintering

Mechanical property

XRD and microanalysis

Fig.8 Experimental procedures.
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Table 1 Raw material used in Lhis experisent.

{ Peswerr | Composition b i e | Cryglal Production "
| Sine sbructyre Coaa l
i TE=3Y ] 94,9 % Py 3.4 um ] Tetragonal Toyor Sody

| 5100 % Yo i J

d1

d dp
b DUOUNNN SN NN NN D

L L

(a) AZO , AZY (b)) AL

F19.9  Schematic specimen shape.
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#stod 600 °Coja 2 AJZFE<  stashgich. spay ¥UF Ffrtel 60
HAHZ AMrEEstoct, AZY AP} AZO AJF 2= 40 mm 7 mm w5 Die ofl A
360 Kg/CmZ2] 2% 1a} A8is}gln, AZL A2 10 v/o Zr0z228] AZO *
g H3tes FAYE Y2 HelFg w2 UF 4YE b 2958 ¢

S Fol 10 v/o Zr0z2] AZY ¥4& Pste FATE €2 ¥ 4¥E 7

ofy
)
pn

# U¥EE TEZ uhxTLE e PHSE A0 $us)
=3}

k.

o

Foff EAIH2 Fol 12 A8spAct. el RE ATV E
1.5 ton/Cm22] ¢}" 2 3 CIP(Cold Isostatic Pressing) & 3tgich., A#=
AW 2 1600 oColA 1.5 A F<t F7i5olisd LZstd Y FHY AX§
LERT 2 stdSre Y4 es Fig.10 of el 2 FH

 AlMe] =2yl 7Zol(L) 32mm, &E(b) 5.6 mmn, FZi(d) 3.4 mm o] P},

H3d AdHE=EFA

ES
FAE FHY o HAYTH FAE st VaeFAE FASAL
]
o

dp = (12)

Wa A REA
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(c)
1600 1.5 h

Furnace Cooling

A s

1000

400

|

2 q 6 8 (Hrs)
Heat Cycle

Fig9.10 Heat-treatment curve,

69



Wausp ¢ 81

A,
T
Waat *+ X

b
o

4¢ o

BHEEE ofEUEo ChY WRgE JY & glony 2t Arel o] &9
T2 Al203 ¢ 3.99(g/cm3), t-2r02 : 6.05(g/cm®), m-Zr0z : 5.56(g/cm)F
T HM 22 AL, w-Zr022 t-Zr022] M X - Ray 2] ¥ oj

VL A7) F3] LEE BT LEE BV Ao,

4™ X-Rays] & H

o

ZTA Alfolla Wadate) Zr0pn wabdAte zroge] W BN

)

45
3to] GarvieS2| H4 w2 Ab2shgith, (34) Zroz(t) Zr0z(a) 2} u]&
Frod Zlxive] £ Zr0oz Yxzbol oh¥F Zrog(t) T Zr0z(m)e] R3] W

Zshsich.

o

Im{111}) + TIa(111)
Xm = (13)

Iw(111) + Im{111) + Ia{111)

Xw ° mon. phase vol. frac. of Zro:
Xt ¢ tet. phase vol., frac. of ZrQ:
I : integrated intensity

As5d YR U kALY 5

}

7 =

[~
)

7= #7424 - Point Bending Test® ®#s}sgich. Alwe) =
ol 5 7l o]lAre] AW-g sl ET-E #100, #400, #8002
Diamond Disc® <dnupstgich. Hie] topubyge ae] 7lo] wsro g s} ol

T, ARY Bozle $Y AF¢ Urigishod Roundingstgich. & 27
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2  Instronod A 200Kkg2] Load Cell, 0.5 mm/min. 2] Cross Head Speed®.

[
8}l 2, Span Lengtht Outer Span Length 21 m®, Inner Span Length 7 mam
= shgich. SIRES Pshe A e ok

3p (L -Lz)
{14)

of =
2 b g%

i ¢ inner span length
L2 i outer span length
! fracture load
b : width of specimen

i height of specimen

stzlgd A el %72 Indentation Method® # #¥siaich. A9 Fwule zb
Z7ef AMZS 2 mm 4mm PYEE HTHslo] BakeliteX® Mountingstod
#100, #400, #800, #1200, +2] Diamond Disc® % Pu}¥ Fofl 6 um, 3
um, 1 um, 0.25 um2] Diamond Paste =A% Polishings}dc}. s}2]
’3(K1c) -2 Lawnz} Fullerofl(35) 2j3F oMoz Fe] Fsidn, b5 27

< 10 kgOIgijl Identation2] z}.2 136°0]9t},

T

p
Ec = (15)
{(mC)32 tan( @/2)
& : angle of indenter
C length of crack
P ¢ indentation load

Cracke] ZJo] #7492 loading¥Fof A|¥ 3 o) I <o A Ultrasonic

Cleaner§ o] &3le] FdH o F o2t ~d g S 8 Fof 3 o]z e
2 A3 E ®Ho] 7olF FHAsilvl.
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A 6 74 Thermal Schock Test

EUS 4 TF O SYE 7MAMer wriglsted AlW.g Axlwol
M 25g FUshA $20% Fol, 20 °C Tol vIsbAl# Water Quenching
shsich.

A7 w4z oA

Azt 27]2) a7 AtelS g719)sted SEM A7) .2 2 gich, AW Fu)=
sp)dd g Alel 7o) Polishing®t c©} 2o Ultrasonic Cleanerof A
A2k F 1400 °C o)A 1.5 2]z} E9* Thermal Etching &}Sich. Etching
P& 1 7 ulEE SEM AMRg Ao, wWEF dat =)= Linear

Intercept Methodg o]-23%}od ¥M3}gict. (38)

72



A4 Haw o

A1 3 vl M F=BA

£AdF Ao dxs A2 o oy &y s ps Aol 5
7} 98 - 98.5 % ojglomd  AZYZ} AZOo] u]s) 0.3 % =%k o] 32 AZoo)
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2 £} Table 3 of v}e}uigict. Table 2 oA AZO:= Zr0z2) 3| Bgo} F7}
FFE 714 Al20z2] A8 =r)e astn 2ro, Y2275 Foree
& 3tk mhabrla]E Table 3 o)Al AZYS: Alz0s9] A7y 27 da
shib Zr0ze] oJabmrle BatslA Zolabg oF Aol 2r0z2] R3] Rgof
whZ SEM A E Fig.11 of ubebuigich.  AZost azvel &7 A3 o] u
RIEE A0 AW o $dsholch, AZO-5 AL 2] A Al2032] 474¥
of 2oh2bel A Fig. 11(a) A Al2052] 212840l Zro, Y7t EelEle
Zol Az|rIw¥rct, el AZO-10 A2 Fig.11(b) A 2Zr0z gl x2}-}
Alz03 U cornero] Ezljstaia] sjzjare] A abo] AHE) 52 4 S},
Zeful AZ0-20 A2 2r0p R3] H-go) 14 Fig.11(c)* & Zr0, <]=z}e2)
Coalescencer} dojdg o ot} sy, Ceramic2 7|#|# M=ajo] =z
Eulol EZahstE Flaws Zrjof <dskg utecl,  ohabMd Flaws 3717 4
FZrloll ulefste R Zroe2] M| go wtel Alz032F Zr0z°] <1zt =7}

7h sk Blo) Z)AA Aol =ity vlxA R,



)
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rE
m
=
S
ol

Fig.12 = AZ0-10, AZY-10, AZL(di/d = 0.225)A}% 2] whabd A} Zr0z2]
Hul¥g g T X-Ray ¥ FMojct. AW-& Grindingsty EPodM Y
= Ake]  Zr0z7F ¥ S-xol 2)s] Transformationo] eoji}zjuf¥of X-Ray
2442 Unground Al & 2831312, EFEAIV I AZLAHEL] 7|AH 4 &
s} 23b7] 918 Aol g AZO, AZY A2 10 v/o Zr0zA| ¥ & €hsisict.
Table 4 = 7 Aol A ZrOzAte] ©AAEA Fs|¥&3 YA Zroe7t
ThaAbdAF Zrog R AFelrt dojue AR E vhelulsich. AZO-10 AR
Powder “Feloja] e} DaARA Zrox Y AbE Estz| g A8k 7]z < A
E2E 57.4 % =F Awelrt dolus] YAZrIL 0.46 um ofrh. Zefuh
AZY-10 A} 2 zdubd b 7r0z zb7} 89.9 % o] YA 2|7t 0.83 um B F

AsiAsiol Arel ZHETA A FEL Rer sloUoh AZL AR

H

mi2e A70-102} 7S Z’dolz]Tr AHFE T2 of ofs| Abwie)rt ol S
Azle]o] 39.3 % Tro] THA}TAY Zroz 2 EalskA B3, whelbd, B 5ol

dwe} dAZZE 0.60 un 2 F7HHE ¥+

Az ozl AAA A

2TA E& AW 7|AF M 2 Frial Aol ot A
B 7r0z 2zt 2718k A4 ERoIn, EHE Z1xA Al2032] ]lzbZ7]o].
gfupstd, vl Egol ArlE Mol 24 F PF2hA] Al0s8} Zr022) WA
A42] atolg} Zroz7} A el d "ol FH AL $Y A FalEolvh. oluf, T
Mol lAlAl FrlAEY vidFde] 277t darrsid xe]s] wlEol
th, 7e|3 3 - Layers A2 FVHI JEFe] {FEHe] 7 Layer F
Aol 2jEsire TPzt 7iAM dAg etk whebM ol Y S5
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Table 2

Specimen AZO — 5 AZO — 10| AZO0O — 15 | AZ0 - 20

Average grain

size of Al203 2.06 um 1.79 um 1.61 um{ 1.50 um
Average grain

size of Zr0 0.39 um 0.47 um| 0.57 um{ 0.68 um

Table 3

Specimen A7Y - 5 AZY — 10 | AZY - 15 | AZY - 20
Average grain
size A1203 2.28 um 1.70 um 1.71 um | 1.59 um
Average grain
size Zr02 0.55 um | 0.55 um | 0.55 um | 0.60 um
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Fig. 11

(d)

SEM microstructure of AZO specimens.

(a) AZO - 5
{b) AZ0 - 10
{¢c) AZO - 15

(d)

AZO - 20



Table 4 The phase transformation characteristics of

the specimens.

AZ0-10 AZY 10 AZL
m— ZrQ0z
ZrQz(total) 57.4 % 10.1 % 39.3 %
Critical Zr0z
particle size | 0.46 um 0.83 um 0.60 um

25.¢1

24,22

by

A

.18

(a)
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(%N

25,0

———

!

1

N
2¢. 28 22 8d
{b)
: - /\J -
Je. a8

32,40
(c)
Fig.12 X - Ray diffraction patterns of
(a) AZ0 - 10

(b) AZY - 10
(¢c) AZL ( dy/d=0.225)
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Fig.13 Fracture strength as a function of
unstabiiized Zr02 volume fraction.
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600 } } |
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Vol. Frac. of ZrO2 (3Y)

Fig.14 Fracture strength as a function of
stabilized Zr02 volume fraction.
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400

200

0.074 0.159 0.225

Ratio of Outer layer

Fig.15  Fracture strength as a ratio of
outer laver.
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(8)

(b)

Fig.16 (a) Thermal cracks in the AZO (AT : 340°C )
(b) Thermal cracks 1nathe inner layer
of AZL ( AT : 380 C )
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o0
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Ko : fracture toughness of the material

or ¢ residual stress
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5 10 15 20 (%)
Vol. Frac. of ZrOs (0Y)

Fi9.17  Fracture toughness as a function of
unstabilized Zro2z volume fraction.
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Fig.18 Fracture toughness as a function of
stabilized ZrO2 volume fraction.
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Fig.19 Fracture toughness as a functtion of
ratio of outer layer.
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Table 5

dy/d

0.074

0.159

0,225

0.372

Residual
stress( ogr)
( Mpa )

~-228

-184

-148

Kic
( cal.)
Mpaml/z

10. 44

9.98

g.58

8.7

Kic
( ex?.)
Mpami“2

10.21

9,50

8.27

7.43

90




Fig.20

(a)
(b)

b)

Indentation crack on the outer layer of AZL.
Indentation crack on the inner layer of AZL.
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A7l gol AZO AlWuTh 4ok, 2TA AR b S Stabilized
Zr0zg ~b&sbe Zlo] Hzbdolch, =3k, shuldMx Awe) 2xwge
AZO A} @t} =),

3. AZL A st R URee] RS oR sty o U
Fol AACNA wAsle] AZY AlMof wls| 3FAYE|x]9}t),

Jeivt P2 42 B2 02 Thernal Shock Resistance-2 &}
el gk,

5. AZL AP e} bl 2 w2 B gYor e & VS
Rl 50 X o] 4} wrAbelgich,

6. AZL A2 %37 ¥7d(Contact Damage Environment)ofA] s}z
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