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ABSTRACT

I' The unusual combination of attractive properties exhibited by trans-
formation toughened zirconias (TTZ's) has focused attention on them as
leading candidates for application in the adiabatic Diesel engine. These
materials are age-hardened ceramic alloy systems and as such they are
likely to be susceptible to overaging and loss of strength at long times
at high temperatures. This paper presents preliminary data on the micro-
structural, phase and dimensional stability of aged TTZ's together with
some data on the effects of aging on strength, toughness and modulus.
Stress rupture data on TTZ's with both MgO and Y203 additions show a ,--
considerable decrease in load carrying ability at temperatures of 80di
and above.
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Time-Temperature Dependence of the Strength of Commercial Zirconia Ceramics

L. J. Schioler, G. D. Quinn, and R. N. Katz
Army Materials and Mechanics Research Center

Watertown, Massachusetts 02172

ABSTRACT toughened ceramic alloy systems which
would not be susceptible to overaging

The unusual cambination of attractive at temperatures which may be encountered
properties exhibited by transformation in advanced Diesels (1100-12009C). Figure 1
toughened zirconias (TTZ's) has focused gives an overview of the objective and
attention on them as leading candidates approach of these two tasks. This paper
for application in the adiabatic Diesel will review progress on the task being
engine. These materials are age-hardened carried out in-house at AMMRC. Professor
ceramic alloy systems and as such they Tien's paper later in this session (2)
are likely to be susceptible to overaging will review progress on the second task,
and loss of strength at long times at being conducted at the University of
high temperatures. This paper presents Michigan.
preliminary data on the microstructural,
phase and dimensional stability of aged
TTZ's together with scme data on the
effects of aging on strength, toughness
and modulus. Stress rupture data on SUBTASK I AGING STUDIES OF TTZ

TrZ's with both MgO and Y 0 additions P.,.: L. SCHIOLER -AMMRC

show a considerable decre~sa in load OBJECTIVE: DEFINE EXTENT OF AGING PHENOMENA. OF ANY

carrying ability at temperatures of 8000C APPROACH: PHASE I - EXPOSE COUPOS FOR VARIOUS t-t AN4D EVALUATE CHANGES
and above. IN: PHASE CONTENT D ENSITY'

a MICROSTRUCTURE " KIC

DIMENSIONS - E

PHASE II - EVALUATE NOR AND FAILURE MODE AFTER EXPOSURE

BECAUSE OF THEIR UNUSUAL ccabination SUBTASK II - TOUGHENED A"03 BASED CERAMICS

of properties (E -steel, k -1/5 to 1/50 P. I.: PROF. TIEN UNIVERSITY OF MICHIGAN
that of Si N4  or SiC, an a- steel, MOR - OBJECTIVE: DEVELOP OVERAGING RESISTANT ALLOY SYSTEMS (UP TO 125UP

100 KSI, ad a high K -10), transformation APPROACH: SCREEN AI 1OCr2O3 - ZrO2IHfO2 ALLOY SYSTEMS
toughened zirconias (NZ) are leading SCREEN MULLITE - ZrIHIO2 ALLOY SYSTEMS

candidates for cylinder liners, piston EVALUATE IN tO PHASES AS IN SUBTASK I

caps, head plates, valve seats, and other
ccmponents for the adiabatic Diesel engine.
These materials are age-hardened ceramic Figure 1.
alloy systems and as such they are likely
to be susceptible to overaging and loss Zirconia ceramics of interest for
of strength at long times at high tempera- Diesel engine application include transfor-

I tures (i.e. close to the age hardening mation toughened zirconia (TrZ), partially
9 temperatures). The possibility of overaging stabilized zirconia (PSZ), and fully

with its likely negative impact on materials stabilized zirconia (FSZ). Figure 2
performance was identified as a critical summarizes the main microstructural differ-
area of ignorance in the preliminary ences among these three types of zirconias
technology assessment on ceramics for and provides typical room teperature
Diesel engines previously prepared by mechanical properties. The TTZ's are
AMMRC (1). Accordingly, a task was initi- of major interest for application in
ated to: a) define the extent and magnitude highly stressed engine camponents due
of the overaging (if any), and b) develop to their relatively high strength and

.60 % .. V %% % % % %
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- . • toughness. The high strength and toughness
of TTZ is largely a result of the marten- AS-RECEIVED PROPERTIES OF COMMERCIAL 117
sitic transformation of the metastable
tetragonal phase to the stable monoclinic
phase under stress. However, long time DENSITY RT MOR KIC RT MOE
exposure to high temperatures may result CODE ADDITIVE (lcc) (MPa) (MNIm3 /2) (GPa)
in growth of the metastable tetragonal.'..C MgO 5.67 592 7.9 227
phase which in turn can trigger spontaneous
transformation to the monoclinic phase, F MgO 5.51 447 5.3 215
with the potential of signficant reductions
in strength and toughness. Therefore, MN MgO 5.65 520 10.2 199
this paper will focus on our studies
of the effect of aging on the physical N Y 5.75 778 - 198
and mechanical properties of TTZ's.
Aging studies were carried out both with
and without an applied load on the specimen. Figure 3.
In the former case, density, phase content,
microstructural stability, retained RT
modulus of rupture (MOR), fracture toughness AGING STUDIES WITH NO APPLIED STRESS
K and modulus of elasticity (MOE) were Aging studies with no applied stress
tesured. In the latter case, stepped were carried out on the four TTZ's to
temperature stress rupture (SrSR) and evaluate microstructural and phase stabi-
supplemental stress rupture (SR) tests lity, dimensional stability, and potential
were conducted. From these studies itis pssile o deinethetempratreschanges in room temperature KI, MOR and
ndis possible to define the temperatures MOE after exposure to varyingEimes at

and stress levels bele which TaZ s can temperature. The results are presented
be used without severe instability, below:

MICROSTRUKTURAL STABILITY

TRANSFORMATION -PARTIALLY STABILIZED WITH NOR SU- 5R NPa Changes in the coarse level microstruc-
TO B ,TTZ',I Y30T. &T0. OR CAO KIC -]B MI ture of TTZ 's with MgO additions are

OVERAGTA BY TBAG -MONO evident after only 50 hours of aging
PARTIAL I ED - Y SAD Wat 1300oC. However, after even 250 hours* ' PARTIAllY STABILIZEB *PARTIAllY STABILIZED WITH NOR M A aP.i0Cthrislteevdneo

IPSZ'$l Y203. MIO. OR CaO KIC = 4 MNIm
3

2 at 10009C there is little evidence of
.NO MTASTABLE ITERAGONAL microstructural change. (See Figure
PHASE 4). The microstructures shown in Figure

FULLY STABILIZED -STABILIZED WITH Y03.0, OR d O NOR . 2W- NPe 4 are typical of material F, C and M.
.- .ALL CUBIC POASE KIC = 3 NMBim0 By contrast, the TTZ with the Y 0 additive

shows no evidence of microstru2 ua
Fchange even after 250 hours at 1300 C.

*: Figure 2. (See Figure 5). It should be noted that
the fine level microstructure has not

% MATERIALS yet been examined and greater effects
V..3  may be observed at the finer (i.e. 50-5OOA)

The materials studied were commerically scale.
available zirconias that were supplied
free of charge by the manufacturers or PHASE STABILITY
Cumnmns Engine Company (material N only)
on the condition that they be given code The phase stability of TrZ's was
letters. Materials C, M and N were studied by measuring the changes in the

-. optimally aged when received, while material percent of monoclinic phase as a function
F was not (the MOR and K atually increased of both annealing temperature and time.
after heat treatment at ioo C for 100 The increase in the monoclinic phase
hours, but then decreased upon further is assumed to be the result of the sponta-

* heat treatment). The bend specimens neous transformation of the metastable
- were machined such that all samples had tetragonal phase, which provides the

the same surface finish. This was done strength and toughness of the TrZ. Samples
to minimize the effect of the surface were annealed for 50, 100 and 250 ho8rs
transformation layer on comparison of for temperatures ranging between 900 C
the properties. As received properties and 1300 C. Figure 6 shows the change
of these four TTZ's are shown in Figure in monoclinic phase with aging for two
3.

e4 W * 6



MICROSTRUCTURAL CHANGES WITH AGING IN TTZ WITH MgO ADDITIVE

10000C 13000 C

50 hr 50 hr

44 As-Received 100 hr 100 hr

250 h r 250 h r

Figure 4.

MgO containing TITZ's and an Y 0 3 containing from three separate effects: a) increase
TITZ. Both MgO containing TTZ s show in crystal lattice volume as a result

"2. similar behavior, namely the percent of the tetragonal to monoclinic transfor-
,.% of mmnclinic phase incrgases with time mation, b) increasing porosity at grain

and temperature above 900 C. By contrast, boundaries (See Figure 4) and c) the
.- "the Y 0 containing TTZ shows a relatively presence of an additional (as yet unidenti-
," negligile change in the amoun8 of monoclinic fied) phase at the grain boundaries.o0

phase until Spproximately 1200 C-1300 C. Since it has been shown above that the
• Even at 1300 C, the Y 03 containing TTZ MgO containing TTZ's have both a greater

has undergone less th;nhalf as much amount of tetragonal to monoclinic phase

v.5.

"'.spontaneous transformation as the MgO change, and a greater amount of grain
-s .containing materials. boundary porosity on aging, it is not

-.- .suprising that they exhibit significantly
SDIMENSICNAL STABILITY greater volume change than Y 2 03 containing

, material.
~Dimensional stability was evaluated

-- by measuring the change in density with
aging time and temperature and is shown

, in Figure 7. The change in density results
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-A PERCENT MONOCLINIC AS A FUNCTION OF AGING FOR TTZ
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-.. ,:-Figure 6.

,.-..DENSI11Y CHANGE AS A FUNCTION OF AGING FOR TTZ

Li -6 -6

.7 °.ii - - lo -7! 00 -o -0 70 10

.. lo V00 1V0100I0 1I0 1300 I0 0

-- 7 /

"- 4?% C o d e C C o d e F C od N

.' •F ig u r e 7 .

%.% %

k "P'*a." .. ",. . . . .-. '..*. ... 5.. * 
. .,*." , . °- - J* gOCntinn TTZ MgO" •' C ,t~nn TTZ* ,Y ,0• , Containin TTZ ,'.%%.



X
m  

N oV :.-

_ _ _ __"_0.72 wt. % Si (present as Si02) which
OAI OP I Ois believed to be present as grainEFFECT OFAING M AONP S Oboundary glass (6,7). If the Si, and

M WITH Mg0 ADDITIONS thus the glass, can be eliminated, then
it is likely that Y 0 containing TrIZ's
should show perfor;e equal or superior

RT MOR KIC MOE to the MgO containing materials.
(MPa) (MN/M 3/2) (GPa)

SUPPLE7MEAL STRESS RUPTURE TESTS"""AS-RECEIVED 592 7.9 227
Sufficient samples of materials

AGED 100 hr 395 6.5 213 C and MN were available to conduct supple-

@ 10000C mental conventional SR tests. In addition,
more time was accumulated in a SR test

AD0 r 8.2of an early varient of material C (herein
AGED 500 hr 384 6.1 210 refered to as C ) which we reported on

@ 1000 0 C at last years Contractors Coordination
Meeting (8). A summary of results from
over 5200 hours of SR testing of eight

CODE C MATERIAL tests bars is presented in Figure 12.
Using this data, it was possible to estimate
activation energies fron creep in TrZ

Figure 8. with MgO additives. (See Figure 13).
Given the limited data available the

• ,activation energies of 75 Kcal/mole for
Each step on the curves represents a material C and 100 Kcal/g mole for material
24 hour interval. All samples were dead MN are close enough that one can say
weight loaded in four point loading with they very likely share the same creep
0.75 inch top and 1.50 inch bottom spans mechanism.

V . Roar temperature MOR's are shown to indicate
the degree to which fracture strengths CONCLUSIONS
are reduced at elevated temperatures.

* No major evidence of static fatigue was The conclusions of our studies to
encountered until 12000 C. However, in date indicate that:
longer duration conventional stress-rupture
testing, such behavior could well commence 1. All Trvs investigated exhibit micro-
at lower temperatures. The failure mechanism structural instabilities and degradation
for all of these MgO containing materials of strength at temperatures of 10000C
was via a creep fractur mode, with strains or less.
of 0.5 to 2.5%. In the case of material
F the strains were large enough (up to- 2. Microstructural and other evidence
2.5%) so that the autamatic shut off indicates that MgO containing TIZ looses
switch was tripped resulting in the premature its strength as the result of an over-
test suspensions as shown on Figure 9. aging process.
Creep strains of this magnitude resulted
in the characteristic creep crack pattern 3. SR testing has demonstrated that
shown in Figure 10. MgO containing TrZ's can su-tain stresses

of 30 Ksi for hundreds to thousandsIn contrast, the STSR results for of hours at 9C0 0°C with small strains.
. the Y 0 containing TZ, Figure 11,

indicaieA that static fatigue occurred 4. One variety of Y 0 containing T1IZ,
at all temperatures at which testing which shows little mI-Stmctural evidence
was carried out (800-1100°C). The mechanism of aging, in fact has a greater time-
appeared to be slow crack growth for temperature dependance of strength than
temperatures at or below 1000 0C, and the 143 containing TZ's. Since this

_cree fracture for temperatures above may be the consequence of a Si impurity
1100 C. Where creep fracture was the (and resultant grain boundary glass),
predominant failure mode, high strains sinificant gran ofntheyghass er.. %" significant improvement of the high temper-
(0.4-0.8% at 1100°C) were encountered. ature mechanical properties of this material
It is rather surprising that material may be possible by elimination of the
N, which showed the greatest stability Si impurity.
of microstructure, phase composition

.* and aid density, showed the greatest
O, reduction in load carring capability

with time and temperature. This may be
due to the fact that this material contains

6& & "~~ ~' , -~- 'W''
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TYPICAL PATTERN OF CREEP FRACTURE CRACKS ON

TENSILE SURFACE OF Mg0 ADDITIVE TTZ

MATERIAL F, AFTER COMPLETION OF A STSR TEST INCLUDING
THE FULL 24 HOURS AT 1200°C. TOTAL STRAIN CALCULATED
FROM SPECIMEN CURVATURE, WAS 2.5%

Figure 10.

ISTSR PLOT FOR TTZ WITH A Y203 ADDITIVE

0,
,•1001

400 30 MPa loooo

CODE '

Time
-I

Figure 11.
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