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The creep behaviour of Synroc and alumina
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The creep of Synroc C and alumina in four-point bending in argon was investigated in
terms of the relaxed symmetric stress and the reference asymmetric stress; the alumina
being used as a reference material. The creep tests were undertaken in the temperature
range from 850°C to 1300°C. The rupture behaviour of Synroc at 950°C indicated a high
stress exponent, and that the creep ductility was unusual in that the strain increased with
increasing test time. A scanning electron miscroscopy examination of Synroc after creep
revealed the development of defect-free oxidised surface layers. For Synroc, neither prior
exposure to pre-heating in air, nor prior indentation affected the creep rate behaviour. This
was attributed to the formation of the oxidised surface layers and the associated “healing”
effects of the damage produced by the indentations. © 2000 Kluwer Academic Publishers

1. Introduction conjunction with the symmetric relaxed stress to anal-
Access to basic creep information is important in as-yse the results of the bending creep tests.
sessing the design, manufacture and performance of
ceramics exposed to high temperatures during fabrica-
tion or service [1, 2]. In contrast to the extensive liter-2. Materials and experimental methods
ature on the creep of alumina, there appears to be nSynroc C is a multi-phase ceramic designed to im-
creep data available in the case of Synroc C, whichmobilise the radioactive elements in high-level nuclear
is a ceramic designed to immobilise the radioactivewaste (HLW) [12]. It has an approximate solidus tem-
elements in high-level nuclear waste. In determiningperature of 1600 K and the following nominal compo-
creep properties, investigators have shown a prefessition (wt %): 57.0 TiQ, 5.4 ZrG,, 4.3 Al,O3, 4.4 BaO,
ence for bending creep tests over uniaxial creep test8.9 CaO and 20.0 HLW. Hot pressing was undertakenin
because of the difficulties of accurate alignment, grip-a graphite die in which Synroc C powder together with
ping, and temperature uniformity required for the lattersimulated HLW was contained within an iron capsule
method [3]. However, one problem with the bendingwhich was separated from the die wall by a layer of
creep of ceramics is that the neutral axis is not generSynroc powder. A pressure of 20 MPa was maintained
ally located at the centre of the beam but is displacedor 3 h at1230 C after which the material was cooled to
towards the compression surface of the beam [3, 4]300°C in about 20 h. The density wasss x 10° kg/m?®.
This may arise from the creep resistance in compresSpecimens were prepared from hot-pressed Synroc C
sion being different from that in tension and can resultcylindrical blocks 80.5 mm diameter by 25 or 80 mm
in differences in creep behaviour when bending andhick. Specimen blanks were sliced from the blocks us-
uniaxial data are plotted in terms of the maximum prin-ing a 2 mmthick diamond saw, then polished to provide
cipal stress. Jakus and Wiederhorn [5] have proposed standard smooth surface using silicon carbide papers
that the estimated values of strain can be considere(l20 grit to 1200 grit), and finished on 0-0.25 dia-
an “average” of the surface strains. While the displacemond paste to remove all visible machining marks and
ment of the neutral axis and the subsequent stress redisurface defects; the specimen edges were bevelled us-
tribution have been analysed in detail [6-10] the analing the same polishing techniques.
yses have proved to be fairly complex and difficult to  For the aluminasamples, commercially available alu-
use [11]. Recently Dyson and Gibbons [3] have intro-mina of 99.7% purity was used. It had an average grain
duced a relatively simple geometry-dependent “refersize of 3—4um, a hardness of 17 GPa and a density of
ence stress” which was shown to correlate the bending.90 x 10° kgm/n¥. The material was supplied in the
and uniaxial creep data for silicon nitride at 1204 andform of sintered flat bars approximately 50 mm long,
1300C. 8 mm wide and 2 mm thick. The bars as-supplied had
The present work reports the results of four-pointa good surface finish with a surface roughness of ap-
bend creep tests on Synroc C and alumina at elevatgaroximately 0.6um.
temperatures to provide creep data and in the case of All specimens were tested in the as-received condi-
alumina to compare the present results with those puliion execpt for those tests in which the specimens were
lished in the literature. The reference stress was used isubjected to prior heating or prior indentation.
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The alumina and Synroc C specimen dimension$g.2. Relaxed symmetric stress
were approximately & 2 x 50 mmor 8x 4 x 50 mm.  Creep data are usually plotted in terms of Hollenberg
The specimens were measured before testing in foukt al’s [16] relaxed symmetric stressgym, for four-
point bending under load control conditions, in an In-point bending.
stron 8561 Universal testing machine. The four-point
bending jig manufactured from silicon nitride had spans @2n+1)
of 20 x 40 mm (load pins rotating) which is consistent Osym = Ue'( 3n )
with the ASTM C 1161 (1990) configuration B [13].

The specimen deflection was measured directly withyheren is the stress exponent in the Norton equation
a displacement transducer attached to an alumina rogdy 4" This assumes that sufficient time has elapsed
with a silicon nitride tip in contact with the centre of the fg the initial maximum elastic stress to creep down to
specimen on the tension side. The four-point bendingnhe above value. Robertsenal. estimate this time for

creep tests covered temperatures in the range of 850 {Qumina at 1250C to be “a few minutes” [17].
1300C. The extent of the deflection of the specimen

during creep was limited by the bending jig, which al-
lowed a maximum deflection of 4 mm (or a maximum g 3. Symmetric elastic strain

strain of about 4% for the 2 mm thick specimens andrhg elastic strain for two beam geometries were consid-

about 7% for the 4 mm thick specimens). ered. These were when: (i) the beam geometry is an arc
The time, load, deflection and ram position test pa-f 5 circle between the two inner support points (Fig. 1),

rameters were automatically captured and stored via agq (ii) the beam geometry is an arc of a circle between

A-D board to a computer. The time between readingspe two inner loading points and stress redistribution
could be set depending on the expected length of thg.qrs by creep.

test; an interval of between 1 and 100 seconds was usu-

ally chosen. The total number of points for each test ;) 1imoshenko [18] gives the elastic deflection of a
V\;aj (%%cally between 150 and 2,000 with a maximumpaam in four-point bending at the centsg)(as:

of 4,000.

The tests were undertaken in a split “Severn” furnace P X 5
in dynamic argon atmospheres, which were used in an Yo = 48?“‘ —a){3L° — (L —a)7} )
attempt to reduce the effects of possible oxygen con-
tamination of specimens. Although no information wasyhere| is the moment of inertia ang is the elastic
available on Synroc, environmental effects on the memqodulus. Takingemax= % o= and M =
chanical properties of alumina and other ceramics havé€(t-a \ynereM is the bending moment about the neu-
been reported elsewhere [14, 15]. The spaces arour}pafaxisy in Equation 3 gives
the pull rods were plugged with “Kao wool”, and high
purity argon (Q < 10 ppm, N < 50 ppm) was fed into
the furnace at a steady rate of 15 litres/minute. The
specimens were held at temperature for approximately
30 minutes before teSting to allow all Components tOWhICh is the same expression as that given by Munz
come to equilibrium. and Fett [19].

The stresses and strains for four point bending were (jiy The expression relating the centre deflectigg) (
calculated using the methods given below. and the outer fibre strain has been derived by the au-
thors [20] using a method similar to that of Hollenberg
et al, except that Hollenbergt al. solved for )

()

12hy,

_ 4
2L2 4+ 2al —a? )

Emax =

3. Stress and strain analysis
Two possible models for stress and strain were con-
sidered: where the neutral axis is at the centre of the
beam (symmetric), and where the neutral axis is dis-
placed towards the compression surface of the beam
(asymmetric).

3.1. Symmetric bending stress

The creep tests in four-point bending were undertaken
by setting the testing machine in load control and main- Lz
taining the load P) constant in order to give a symmet- — (L-al2 /2
ric maximum elastic fibre stress of 3 v

————

-~

~

3Pa g 1=

Oel

= 2ome @

wherea is the inner spar is the thickness anld the
width.

L YR

For symmetric bending the neutral axis is located akigure 1 The geometry of the partly circular bent beam, after Hollenberg

the centre of the beam.
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whereas in the present work the solution is fgg)(
The strain at the centre of the beasg)(is

_ hye
- -
() (52%) -7

Equation 5 reduces to Equation 4 whes: 1.

(5)

eep Rate (/s)

3.4. Asymmetric bending
The creep strains (above egs.) estimated from curvatureS
data, have assumed that the neutral axis is at the centre
of the beam. For ceramic materials, the creep strength
in compression is not usually equal to that in tension
and this can lead to a shift of the neutral axis from the
centre of the beam towards the compressive surface.
Recently Dyson and Gibbons [3] have treated theg
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bending stress for creep rupture in terms of a referencgyyation, equation 9.

stress drer) given by

n/(n+1)
1 [(2n+1)} + )

Oref = < Oel
n

6
This equation was shown to be valid for hot pressed<
silicon nitride at 1204C and 1300C inthatrupturedata o
from bend and compression tests were in agreemeng
when the bend test data were plotted in termsof a
and the compression data in terms of the principal axial®
stress. The times to rupturg)(are governed by events  ©
at the skeletal points provided
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Figure 2 Creep rate versus the relaxed and the reference stresses for
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Figure 3 Creep rate versus elastic stress data for ORNL (reference [22])

x> |2 (7)
Oe¢l
where
&f
= — 8
&t (8)

andeg;s is the fracture strain, artdis the time to fracture.

4. Results and discussion

The creep properties of Synroc C and alumina in four-
point bending have been evaluated in terms of the re-a
laxed symmetric stress and the reference asymmetri
stress. The use of the relaxed stress has been widely
used to express bending creep data, whereas the more
recently introduced reference stress has the advantage
that bending creep test results can be related to those of
uniaxial creep tests.

Rate (/s)

and ANSTO aluminas under flexural loading.
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Fifty eight creep tests were completed, 48 on SynroGigure 4 Creep rate versus compressive and reference stresses curves
C and 10 on alumina. In addition, 6 Synroc specimendor ORNL (reference [22]) and ANSTO aluminas.

were tested under non-standard conditions in which the
specimens were subjected to prior heating or prior in-

dentation (see Section 4.3 below). Scanning electroneference stresses in the Figs 2—4. The creep rates were
microscopy was undertaken on four Synroc specimentaken after the transitions from a primary to a secondary

after creep testing.

creep stage in a creep rate versus time plot as described

by Lin and Becher [21]. The Synroc results at 960
suggested that the stress dependence increased from

4.1. The stress dependencies of the creep
rates of Synroc and alumina

n=1.6 to a higher value of about 10 at a stress of
osym~ 110 MPa.

The stress dependencies of the secondary creep rate forAn Oak Ridge group has given alumina results for
Synroc and alumina are given for the relaxed and/oboth bending and compression creep tests [22]. Their
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bending results are compared with the present data iaccepted mechanism in this general stress and temper-
Fig. 3 and these show some agreement, particularly ature range, the nature of this sliding, that is whether
the lower stresses. However, the Oak Ridge data haviaterface-reaction or transport of matter controlled, ap-
a higher stress exponentz 2.3, compared that of the pears to depend on the grain size dependence of the
presentresulte,~ 1.2, see below. The Oak Ridge com- creep rate, something which was not investigated in the
pression results were compared with the present resulfgesent work.

plottedin Fig. 4 as a function of the reference stregs,

given by Equation 6. Fig. 4 shows that the present refer-

ence bending-stress data were in reasonable agreemend. The creep rupture behaviour of Synroc

data obtained by Salem and Choi [22] for material teste@ptained alosym> 150 MPa because of the jig limi-

at 1200C and 1300C. _ _ tations mentioned above. These data are given as log
The creep rate data were fitted by regression analysigypture life) versus log(stress) in Fig. 5a for both the re-
to a Norton type equation of the form: laxed and reference stresses. Results for two specimens
tested to longer times without failure are also given.
. Ao”exp<£> ©) The Figure suggests a stress exponenmot 12.4,
RT wherem is given byt; oco~™. The value ofm may

be in accord with the suggested higher valuenait

With the creep rate based on Equation 9, that is g¢, stresses- 110 MPa. The four ruptured Synroc speci-
the stress given by Equation 2, thatois= osym, and ~ mMens conformed to the inequality given by Equation 7.
for osym < 110 MPa (because of the change of slope at Fig. 5b gives the rupture strain or final strain results
about this stress). The regression analysis gave: as afunction of test time at 950. The Figure indicates
that, despite only four rupture results being obtained,
For Synroc,n=156(1-0.14), A=3.168x 10°, and  there is a clear indication that when taken together with

Q =443(22) kJ/mol. (Correlation coefficien®? = the other non-rupture test results, the creep strain in-
0.948). creases with test time. This time dependence of the
For alumina,n=1.17(+0.23), A=3.313x 10° and  rupture strain is the opposite to that found with many

Q =531(56) kJ/mol. (Correlation coefficienR2= materials [29, 30] and appears to be related to the forma-
0.954). tion of a defect-free oxide layer at both the compression

The figures in parenthesis indicatehe Standard Er- and tension surfaces.

ror. With the reference stress based on Equation 6, that

is, o = oref, and the creep rate based on Equation 5 as

before, the regression analysis gave:= 1.685x 10'° 1000

for Synroc, andA =6.929x 10° for alumina and the s Synroc

same values of the other parameters. [
As noted above, no known creep data for Synroc

were available for comparison, however, Sherby andy | X

Miller [23] have found that, for a range of materials, 100 £ kg

the stress for a given strain rate is primarily a function : -

of the corresponding elastic modulus and more recentlys - 10

Raj [1] has pointed out that the lattice diffusion coeffi- ¢ i

cient often correlates with the elastic bulk modulus. If 10t

Synroc C conforms to this latter correlation, then tak- 102 103 10 10° 10°

ing the elastic modulus as 161 GPa (as measured on Test Time (s)

the present material), the activation energy for lattice (a)

diffusion is about 460 kJ/mol, which is comparable to o

the above value for creep (44322 kJ/mol). 0 P e
For alumina, the present data are in general agree- [ |® ruptured

ment with the results of creep tests reported by Heuer o unbroken

et al. [24] Robertsoret al. [17] and by the Oak Ridge I o 1

group [21, 22, 25] who report stress exponents of about 10-2L o o i

n from 1.1 to 2 and activation energies of 390 and . __’_/ ]

568 kJ/mol. The values ai~ 1 to 2 were suggested L o: ]

to arise from grain-boundary sliding. Robertsatral. [ Synroc Rupture Strain or

reported the activation energies at the lower end of the Final Strain at 950°C

above range and suggested the diffusion of oxygen and 10° ?02 s

Al in alumina [26] is controlling creep mechanism.

However, more recent work by Le Galt al. has in-

dicated a higher value (510 kJ/mol) for Al in alumina (b)

smgle CryStals [27] which s closer to the value ObtamedFigure 5 (a) The Synroc creep rupture results at 950Arrows indicate

in the prese_nt Wor_k- Calderon'Mf)r_eBD_al- [28] point  unbroken specimens. (b) The Synroc creep rupture and final creep strain,
out that while grain boundary sliding is the generally e, results versus test time at 950

100

Stress (MPa)
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4.3. Pre-exposed and indented Synroc nisms as creep tests in a good vacuum were not possible
Six tests on Synroc specimens were undertaken withith the present apparatus.
non-standard conditions, these were:

¢ Two tests, which were made on specimens pre4.4. Microstructure of Synroc C
heated in air at 100C for 4 h prior to creep testing The present creep tests were undertaken in a dynamic
at 950C in argon in the standard way; and environment of argon to reduce the possible effects of
e Four specimens, which were each subjected téhe ambient air atmosphere on the results. Nevertheless
three 20 kg Vickers hardness indentations (one aafter creep, the microstructure of Synroc C revealed
the centre of the beam and one 5 mm either sidéhat oxidised surface-regions had formed at both the
of the centre) at room temperature prior to creeptension and compression surfaces in the form of a
testing at 956C in argon in the standard way. surface oxidised layer and a modified structural layer.
Fig. 7 shows a scanning electron micrograph of a sec-

The former two tests were undertaken to determine ifion which is typical of the original Synroc C mi-
prior exposure to air at elevated temperature influence@rostructure consisting of titanate phases, hollanglite
the subsequent creep behaviour in argon, while the lagirconolite+ perovskitet titanium oxides and/or mi-
ter four tests were performed to examine if pre-existing1r calcium-aluminum titanates, plus small amounts
cracks might lead to an accelerated creep rate with pogf metallic alloys and a calcium-rich phosphate (see
sible premature failure. The creep rate results for théeference [12] for details). Fig. 8a illustrates a scanning

non-standard specimens are compared with those fé€ctron micrograph of a through-thickness section
the standard specimens in Fig. 6. near the tension surface of a specimen which had been

These creep rate results indicate that, at@dei- subj_ected to creep f<_)r 15 h at 98Dand had sustained a
ther prior heating at 100C nor prior indentation had Strain ofec = 7.6% without failure. No detectable grain
a significant influence on the creep rate. boundary- or transgranular-cracking was found either

The specimens subjected to prior exposure to heatinti the oxidised or the modified structural layers, or the
in air for 4 h at1000'C apparently had the formation of 2djoining centre region. Fig. 8b shows the oxidised
the oxidised surface layers enhanced without affectingurface layer and the modified structural layer at higher
the creep rate. Similarly, the formation of the oxidisedMmagnification. Fig. 8c shows the transition region be-
layers on the specimens given prior indentations wouldween the modified structural layer and the un-modified
tend to “heal” the cracks and the damage associategentral region. The oxidised layer was approximately
with the indentations. This is supported by constan#> wm thick and the adjoining deeper modified
stress-rate tests on indented Synroc specimens testedSuctural layer was approximately 1z@n thick. The
bending in argon at 90C, where the fracture stress in- Mmodified structural layers appeared to have formed by
creased with decreasing stress rate or increasing time th€ 10ss of metallics from the surface region leaving a
failure [31]. Choi and Tikare [32] have discussed threeSmall amount of micro-porosity with pore size2 xm.
possible crack healing mechanisms: bond restoratiodhe oxidised surface layers appeared to have resulted
of clean fracture surfaces, reaction with the environfrom recrystallisation and the loss of micro-porosity
ment resulting in new phases across the crack plandfom the near surface modified structural region. A
and transport of existing phases across the crack plan&canning electron microscopy examination of other
All three mechanisms could have played a role in theSPecimens after creep testing for periods of 0.3hto 14 h
healing of the indented Synroc specimens. However@t 950C also showed no evidence of cracking and indi-
while the latter two mechanisms appear more |ike|y’cated that the thicknesses of both the oxidised surface

there was no way of discriminating between the mechalayer and the modified structural layer increased with
increasing time at temperature and tended to level off

Reference Stress (MPa)
00

10° 10 1
'S'yhr'o'é' -+ —t
L + ]
: . 5 :
T 10 =4 i
" 2 +% E
s 8
Q B + ! 1
g o107 * __
E + + Standard ]
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L o Pre-heated at 1000°C| |
108 L .
10 100 1000
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Figure 6 The stress dependence of the creep rate &t@%dthe stan-
dard Synroc specimens and the creep rates of pre-heated and indentEidyure 7 A SEM micrograph of Synroc showing an area which is typical
specimens. of the original structure. The bar represents.dn.
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at 950C for 13.7 h to a strain of; =2.1% without
failure showed the presence of oxidised surface layers
similar to those of the standard specimens, however,
the thickness of the modified structural layers were ap-
proximately twice that of the standard specimens. This
suggested that the high temperature exposure prior to
creep testing affected the size of the modified structural
layer but had little influence on the size of the oxidised
surface layer. The similarity in the creep behaviour of
the prior oxidised specimens to that of the standard
specimens (Fig. 6) suggests that it is the oxidised sur-
face layers, rather than the modified structural layers,

Figure 8 (a) The tension surface region after creep for 15 h af@50
and a strain ok, =7.6% without failure . The double headed arrow
indicates the extent of the modified structural layer. The bar represents
100 um. The marked areas indicate the regions shown in Fig. 8b and
c. (b) The surface area marked in Fig. 8a at higher magnification. The
double headed arrows indicate the extent of the oxidised surface layer.
The bar represents 10m. (c) The transition region shown in Fig. 8a at
higher magnification. The arrows indicate the approximate depth of the
modified structural layer. The bar representg.d0.

after~5 h which suggested that the surface layers were
protective.

A through-thickness section of a specimen exposed
to air at 1000C for 4 h prior to being creep tested

4212

which determine the creep strength.

5. Conclusions

e The creep behaviour of Synroc C and alumina in

four-point bending in a dynamic test atmosphere of
argon was investigated in terms of the relaxed sym-
metric stressdsym) and the reference asymmetric
stress ¢ref). The creep data were fitted to a Nor-
ton creep rate equation using both these stresses.
Regression analysis gave:-

From 48 Synroc creep tests at 25 to 150 MPa
and 850C to 1000C, for osym<110 MPa
n=156(+0.14), and Q =443H22) kJ/mol.
(Correlation coefficientR? = 0.948).

From ten alumina creep tests at 25 to 125 MPa
and 1200C and 1300C, n=1.17(+0.23) and
Q =53156) kd/mol. (Correlation coefficient:
R%2=0.954).

The creep rupture behaviour of Synroc at 950
and osym> 150 MPa indicated a high stress ex-
ponentm~ 12 where the rupture life is given by
troco~™. The creep ductility of Synroc at 950

was unusual in that the rupture strain or final strain
increased with increasing test time.

Microstructural examination using SEM of Syn-
roc after creep testing revealed the development of
defect-free oxidised layers30 um thick at the
compression and tension surfaces; this was despite
the tests being undertakenin adynamic atmosphere
of argon.

For Synroc, neither prior pre-heating in air at
1000C for 4 h, nor prior indentation using a
20 kg load affected the subsequent creep rate be-
haviour in argon. This was attributed to the for-
mation of the defect-free oxidised surface layers
and the “healing” effects of the cracks and damage
produced by the indentations.

The most appropriate stress for creep tests in
bending appears to be Dyson and Gibbons' ref-
erence stressrfg) in that, for alumina, the refer-
ence stresses, which were derived from the bending
stresses, were reasonably consistent with uniaxial
stresses (Fig. 4).

Itis useful to give Hollenbergt al’s relaxed sym-
metric stressdsym) for comparison purposes, be-
cause other investigators have used this stress.
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