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Introduction

Bi,O; is an excellent ceramic candidate for transformation-mismatch plasticity because of its low
melting point, its allotropic nature and the rapid creep rate of its high-temper&fpinase. Transfor-
mation-mismatch plasticity, which has been reported in many polymorphic metals, alloys and com-
posites [1], is a deformation mechanism taking place during a phase transformation: internal mismatck
stresses produced by the coexistence of the two polymorphic phases are biased by a small externall
applied tensile stress, thus producing a strain increment. Such compressive strain increments wer
indeed measured by Johnsen al. [2] for Bi,O5 subject to a single thermal excursion about the
allotropic transformation under a compressive stress. For metals and alloys subjected to repeate
allotropic cycling under a tensile stress, these strain increments can be accumulated up to total tensil
strains well in excess of 100%, a phenomenon known as transformation superplasticity [1]. We describe
in another publication [3] such tensile transformation superplasticity experiments g, Bor which

a good understanding of tensile isothermal creep properties under small stresses is however firs
necessary. With all prior creep studies 0§Bj having been conducted in compression and at relatively
high stresses [4,5], the purpose of the present paper is to investigate the low-stress creep behavi
8-Bi,O5 in tension. Also, we investigate whether thermal cycling about the allotropic transformation
under stress affects the subsequent isothermal creep properties.

Experimental Procedures

Electronic-grade, 99.9995% pure-Bi,O5; powders (from Metal Specialties Products, Fairfield, CT)
were sieved to—-45 um, and the fine fraction was ground with 6 wt. % de-ionized water for 5 min.
before being dry-pressed at 65 MPa for 90 s into rectangular bars. After evaporating the water, the bar:
were cold isostatically pressed at 275 MPa for 10 min. The bars were then heated on an aluming
substrate to 700°C at a rate of 5°C/min and sintered for 24 hr. in air to approximate dimensions of 57
17 X 8 mm. The density of each as-sintered bar was measured according to ASTM C-373 and found
to be between 97.6-100% for all specimens used in mechanical tests (except for specimen S3 with
relative density of 95.7%). These densities were much higher than the valuer@?86eported by
Vilette and Kampe [4] after cold-pressing at 560 MPa and sintering at 700°C for 24 h, and similar to
those achieved by Zaripaat al. [5] (>98%) after hot-pressing at 650°C and 500 MPa.

After polishing to 0.3um alumina, a sintered specimen with 98% relative density was thermally
etched in thex-phase for 1 hr. in air at the sintering temperature of 700°C. The mean grain diameter
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of as-sinteredx-Bi,O; was 13um, somewhat larger than then value reported in Ref. [4,5]. The
sintered bars were machined into flat tensile specimens with overall dimensions of 3&1 X 2.5

mm and with a gage section 16.7 mm long and 4.6 mm wide. The radius at the end of the gage was sma
(less than 1 mm). Every surface was hand-polished with 600 grit SiC paper to remove any small chips
incurred during machining and ultrasonically cleaned in acetone prior to testing.

Two types of mechanical tests were used. A first series of tests (denominated S in the following)
were conducted on a servo-mechanical MTS machine operated under constant tensile load condition
where the elongation of specimens was determined from cross-head displacement and temperature w.
measured with a thermocouple at the gauge length. After soaking at the test temperature 51760
for 10 min., the load was applied and a minimum creep rate was measured on each of six specimen
(S1-S5, S7) at a constant tensile stress in the range of 0.09-0.78 MPa. Specimens were subsequen
cycled about the transformation range under load, as reported in more detail in Refs. [3,6]. One
specimen (S6) was subjected to increasing stress values from 0.14 MPa to 0.78 MPa at 760°C t
determine the stress exponent n. Subsequently, specimen S6 was tested again at a lower stress of 0.
MPa, thermally cycled 10 times under that stress, and then crept at 760°C at 0.36 MPa.

A dead-load tensile creep apparatus was used for 8 additional isothermal and cycling specimen:
which are denominated C in the following. Specimen elongation was measured from load-train travel
outside the hot zone and specimen temperature was determined with a thermocouple at the center of t
gauge length. Two tests were carried out at a tensile stress of 0.30 MPa and increasing temperature
(710-760°C for specimen C5 and 680—-740°C for specimen C6) to determine a creep activation energy
To insure that these specimens were indkghase during the creep tests, they were first heated under
minimal load to 760°C then cooled to the lowest temperature of the test while still id-gase.
Furthermore, six creep specimens (C1-C4, C7-C8) were tested in air ab760at one or two tensile
stress values in the range of 0.10—-0.50 MPa and were subsequently subjected to thermal cycling unde
load about the allotropic temperature [3,6]. Except for specimens C1 and C4, fracture occurred before
post-cycling creep could be measured. The pre- and post-cycling creep rates of specimen C1 wer
measured after 6 cycles at 0.11 MPa and 10 cycles at 0.21 MPa, both between 595 and 755°C
Post-cycling creep was measured in specimen C4 after 6 cycles at 0.31 MPa between 600 and 760°C

Results and Discussion

After mechanical loading, a primary creep region was observed where the strain-rate decreasec
smoothly over a strain of about 0.3—0.8%. Subsequently, a secondary creep regime characterized by
steady-state, minimum creep rate was established over a strain of about 1.5-4%. Figure 1a shows
double logarithmic plot of the minimum strain-rat¢eat 760°C as a function of the stressaccording

to the power-law creep equation:

€= K-an-exp<—F?T) (1)

where K is a constant, n the stress exponent, Q the activation energy, R the gas constant and T th
absolute temperature. An average stress exponenfli8 is determined from a best-fit line in Fig. 1a,
which also shows a band corresponding to a deviatiortb9% from the best-fit line, corresponding

to the typical creep experimental error expected at low stresses [7]. According to Eq. (1), Fig. 1b gives
the temperature dependence of the minimum strain rate for specimens C5 and C6, from which activatior
energies of 200 kJ/mol and 130 kJ/mol respectively are calculated, with an average value of 165 kJ/mol
For this average activation energy, the power-law constant determined from data in Fig. 1a has a valu
of K = 6.0- 10° MPa *3s ™.
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Figure 1. a. Plot of strain rate vs. stress ®Bi,O; at 760°C showing an average stress exponert @.3. Dotted band
corresponds to a typical creep error0650% from the best-fit solid line. b. Logarithmic plot of strain rate vs. inverse temperature
for 8-Bi,0, at 0.3 MPa, yielding activation energies €200 and 130 kJ mol~* for specimens C5 and C6, respectively.

We are only aware of two studies of the high-temperature creep behavioy@f 8nder isothermal
conditions. First, Zaripoet al. [5] measured the compressive flow stressxeBi,O; at 650°C under
constant strain rates in the range of B0 °-5- 10 3 sec * and for stresses in the range 8—-30 MPa.

In the low strain-rate region, they measured a stress exponent of about 2.5 and large compressive strail
on the order of 75%. Examination of the samples after deformation indicated that the equiaxed grains
were stable, the texture was decreased and grain boundary sliding was the dominant deformatior
mechanism. Based on these features, they identified the deformation mechanisBig),; as
microstructural superplasticity. In contrast to the above results, Vilette and Kampe [4] found that
a-Bi,O; deformed in compression only 1% before cracking at 700°C, which may have been due to the
larger amount of porosity of their specimens. However, these authors found-BigD; exhibited
extensive compressive ductility under constant strain rate conditions. They reported stress exponent
and activation energies from creep in the stress range 0.6-2.5 MPa and temperature range c
750-800°C.

Figure 2 shows our tensile creep data plotted together with the compressive creep data of Vilette anc
Kampe [4]. Our highest stress at 760°C (0.8 MPa) is very close to their lowest stress at 750°C (0.95
MPa), and the discrepancy in strain rate for these two data points is about a factor 4, somewhat large
than the typical scatter in our data. We note that Vilette and Kampe’s specimens exhibited high porosity
(14%, as compared to our values which are less than 2.4%), so that densification could have contribute
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Figure 2. Double logarithmic plot of strain rate vs. stress&@i,O5 at 760°C (from Fig. 1a) and at 750-800 °C (from Vilette
and Kampe [4]).



1036 CREEP PROPERTIES OF DELTA-BD, Vol. 43, No. 11

to their measured compressive strain rate. Also, our experiments were conducted under constant loac
while they used constant strain-rate conditions and observed some strain-hardening. Nevertheless, Fif
2 shows that the two sets of data are mutually consistent if a change of stress exponent occurs at abo
0.5-0.8 MPa. The stress exponent=n3.3 for the data of Vilette and Kampe at higher stresses
(0.95-2.5MPa) is indicative of dislocation creep, as originally suggested by these authors. Using our
data point up to 0.5 MPa (and thus neglecting our four highest stress points in the transition range of
0.5-0.8 MPa), the best-fit slope gives a stress exponentIn0, suggestive of diffusional creep or
grain-boundary sliding. For comparison purpose in the following, it is mathematically more convenient
(and statistically as accurate) to describe the whole data set (0.1-0.8 MPa) with a single stress exponel
n = 1.3, rather than using+# 1.0 for 0.1-0.5 MPa and & 3.3 for 0.5—-0.8 MPa. Together with varying
initial porosity and cracking which are discussed later, different initial grain sizes ia-gi@se can
contribute to the relatively high sample-to-sample variability observed in our creep data; this is because
the diffusional creep regime, unlike the dislocation creep regime, is sensitive to grain size. We note that
while the grain size in thé-phase cannot be observed at room temperature, it can be expected to be
comparable to the measuraegphase value of 13m, since grain growth is inhibited by pores which
dictate the steady-state grain size. However, variations in porosity among specimens may have lead t
variations in grain sizes for both- and 8-phases.

Vilette and Kampe [4] determined activation energies from two sets of experiments at 775°C and
800°C over a stress range from 0.5 MPa to 3.0 MPa, and reported values decreasing with stress fror
about 250 to about 210 kJ/mol. Given their small temperature range of 25 K, these values are in
reasonable agreement with our specimen C5(200 kJ/mol, Fig. 1b), measured over 50 K for a stress
of 0.3 MPa. There is however a significant discrepancy with specimen G6 {Q0 kJ/mol, Fig. 1b),
which also shows a strain rate lower by a factor of about 4 as compared to specimen C5 at the sam
nominal stress of 0.3 MPa. Again, it is possible that the differences in both activation energies and strain
rates between specimens C5 and C6 in Fig. 1b may be due to variatié+&i jO grain sizes, leading
to different contributions from the two deformation mechanisms. Cracking may also have occurred in
specimen C5 because of higher porosity levels and contributed to the measured strain rate, as discuss
in more detail later. Creep is expected to be controlled by the self-diffusion®6f Because oxygen
anions have a much higher mobility than bismuth cations-Bi,O;. An Arrhenius plot of bismuth
self-diffusion coefficient (measured by Palketr al. [8] at 700°C, 750°C and 780°C on pressed and
sintered pellets 08-Bi,O;) gives an activation energy of 160 kJ/mol in good agreement with our
average activation energy for creep.

When characterizing a metallic system for creep at low strain rates, typical experimental error on
strain rates ist50%, which can be subdivided roughly equally between errors in testing parameters
(e.g.,temperature and stress) and errors due to microstructural differences from specimen to specime
[7]. The latter effect is expected to be more important in ceramics than in metals because of the
relatively large residual porosity and high brittleness of ceramics. Higher porosity is expected to lead
to higher creep rates both directly (by reducing the load-bearing area of the specimen) and indirectly
(by increasing the propensity for cracking and by reducing the grain size). The effect of initial porosity
is illustrated in Fig. 3a which shows that the seven samples with a high porosity (arbitrarily chosen as
larger than 0.5%) all exhibited creep rates higher than the best fit line. Eliminating from the data set
those seven specimens gives a stress exponent 2 which is only slightly smaller than the value of
n = 1.3 calculated taking all data into account. Similarly, the predicted magnitude of the strain rate is
decreased only by a small amount (10-30%) in the stress range of interest.

Also shown in Fig. 3a are the six data points (crossed symbols) collected on the same specimen (S6
under conditions of increasing applied stress, except for the second point near 0.3 MPa which was
collected last. Ignoring the point at the highest stress where dislocation creep may be active (Fig. 2),
these data points show a stress exponent h.4, close to the expected value, and are shifted to the
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Figure 3. a. Comparison of strain rates for initial specimen relative density above and below 99.5%. Crossed symbols corresponc
to multiple tests on the same specimen (S6). b. Comparison of strain rates for tests C1, C4 and S6 conducted before and afte
thermal cycling about the phase transformation ofCBi

lower range of creep rate, as expected from the low 0.1% porosity of that specimen. This indicates tha
once thed-Bi,O; grain size had been established after the phase transformation, subsequent grair
growth or recrystallization (which were suspected to occur in the study of Vilette and Kampe [4]) had
no significant effect for the low range of stresses in the present study (specimen S6 was tested for the
longest time in the present study). Finally, the higher strain rates previously noted in specimen C5 as
compared to specimen C6 (Fig. 1b) also correlate with the different porosities of these two specimens
(97.9% and 99.1%, respectively, Fig. 3a). The activation energy determined from the denser specimel
C6 (Q = 130 kJ/mal) is thus probably more accurate than that for specimen G5 2Q0 kJ/mol).

Figure 3b shows a comparison of creep rates before and after thermal cycling in specimens C1, C¢
and S6, which are discussed in detail in the following. For specimen C1, the post-cycling creep rate aftet
6 thermal cycles at 0.11 MPa (point (b) in Fig. 3b) was three times slower than the pre-cycling rate
(point (a)). One explanation may be that a steady-state creep rate had not yet been achieved befol
cycling (point (a)). Subsequent deformation during thermal cycling at 0.11 MPa allowed the specimen
to progress from the primary to the secondary creep regime, leading to a lower post-cycling creep (point
(b)). Another explanation is that tieBi,O4 grain size was larger after thermal cycling, thus lowering
the strain rate. Point (¢) shows the strain rate after the stress was increased to 0.21 MPa. After 1(
thermal cycles, the stress had increased to 0.23 MPa due to area reduction, and the post-cycling cree
rate at point (d) was somewhat higher than expected. While the rate increase from point (c) to point (d)
is well within experimental error, cracks observed along the gauge length after cycling may have
contributed to the faster deformation. The pre-cycling creep of specimen C4 (point (e)) is close to the
best-fit line prediction. After 6 thermal cycles, the stress increased due to reduced cross-section and th
strain rate correspondingly increased to point (f), as expected from the best-fit stress exponent
Similarly, for specimen S6, the increase in stress after 10 cycles lead to an increase in strain rate fron
point (g) to point (h) which was only slightly higher than predicted by the best-fit stress-exponent. For
this specimen too, a crack was observed in the gauge length after cycling, leading to fracture shortly
after post-cycling creep was achieved.

In summary, while thermal cycling can produce cracking and possibly grain size charégBsg, s,
the four cycling experiments shown in Fig. 3b indicate that there is no significant change, within
experimental error, in creep properties as a result of thermal cycling. This is further illustrated by
calculating a linear fit in Fig. 3b to all creep data except post-cycling creep: the stress exponent is
unchanged at & 1.3 for all data, and the best-fit line is only slightly shifted to higher strain rates. These
observations are in disagreement with Johnebal. [2] who reported that both the- and -phases
exhibited large drops in isothermal compressive creep rates after thermal cycling about the phase
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transformation. A possible explanation is that densification and/or grain growth occurred in their
experiments.

Conclusions

Isothermal tensile creep tests were performed-di,O5 (with an initial grain size of 13um in the
a-phase) in the stress range of 0.1-0.8 MPa.

e A stress exponent of B 1.3 is measured at 760°C in the stress range of 0.1-0.8 MPa=ot 10
in the range of 0.1-0.5 MPa. A stress exponent ef 8.9-3.3 was reported by Vilette and Kampe
[4] for compressive creep data at a somewhat higher stress range of 0.6—-3 MPa and over ¢
tempe-rature range 750—800°C. Together with our data points in the range 0.5-0.8 MPa, this
suggests thab-Bi,O; transitions from a low-stress deformation regime (diffusional creep and/or
grain-boundary sliding) to a high-stress regime (dislocation creep) at a stress of about 0.5-0.8 MPa

e An average activation energy of © 165 kJ/mol is determined from two experiments in the range
of 680-760°C for a stress of 0.30 MPa. This value is lower than that reported in the dislocation-creep
regime (Q= 210-250 kJ/mol [4]) but similar to the activation energy of self-diffusion fof BiQ =
160 kJ/mol [8]).

e Significant scatter exists in the measured creep rates and may be due to sample-to-sample variatio
in initial 8-Bi,O5 grain sizes (important in diffusional creep) and in the density of cracks and pores
(important for tensile tests). Specimens with higher initial porosity were indeed found to deform at
higher rates than average.

e Creep rates before and after multiple thermal cycles about the allotropic range under stress were
altered only slightly, indicating that microstructural changes due to cycling (cracking, grain growth
and recrystallization) are negligible within experimental error.
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