it. Experiment Overview

The research was conducted to deterrnine which compenents in the ceramics tend
to leach, and if possible, what effect this has on ceramic durability. We did this by
exposing both powder (~2 gm) and "chunk" samples (~0.8 to 1 gm) of each ceramic to
80°C acid at two different pH's. The acid soluiions were prepared with Ultrex Grade
Fisher® brand HC1 and deionized water to make a pH=1 and 2 pH=3 solution. We chose
these concentration because we felt that they could normallty be found in environment or
in industrial conditions. The sample was placed into Teflon® bottles with 30 ml of the
unused leachate acid. These bottles were then placed into a water bath that controlled Lthe
temperature of Lhe reaction. At each sampling time, a 3 to 5 ml sample was taken from
each reaction botile and a drop (~125pl} of concentrated HCl was added to acidify Lhe
sample and reduce the chance of sample precipitation during Lransporl and storage. The
samples were transported and stored in High-Density PolyEthylene {HDPE) bottles. The
concentrations of the species in the samples were Llhen determined by ICP-MS
{Inductively Coupled Plasma - Mass Spectrometry) analysis. The representative data is
presented in graphical and text form in the following pages. Unused data can be obtained
by contacting the Temple University, Department of Geology. We compared our
measured leached concentration of ZrO; to the saturation levels suggested by Shock et ai.
(1997), who studied the saturation levels for pure ZrO,. This was done as a base line to
ascertain if leached ZrQ; reached saturation during Lhe period of our experiment. It must
be noted that the data of Shock ef al. (1997) are for ZrO; and like them we assumed only

hydroxyl complexes. In our experiment we did not use pure ZrQ, but a mixture of ZrO,-
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Y,0; solid solution containing secondary accessory compounds that originated from the
ceramic manufacturing, or that were present in the manufacturers raw zircon sand.
IIL. Bulk Ceramic Data Analysis
i. Electron Micro Probe (EMP) line scan of the V-1 Ceramic

In order to be able (o interpret the time-concentration profiles of the ICP-MS data
it is expedient to look again at the EMP line scan (Figure 4-1} which are z line across a
new YSZ (yttria-stabilized) V-1 ceramic wail. The line scan shows Lhe glass areas
(represented by positive and negative peaks on the data graph) of vistually all the oxide
components analyzed. The grain boundaries are rich in MgO, CaO and SiO,. These
enrichments coincide wilh Lhe presence of the inter-granular glass, which is generally
feldspathic in composttion. It is important to note that the glass malnx contains elevated
concentrations of Y>03 and Zr(O,. It is not possible to determine how much of the
leachate originated from Lhe solid solution grains or the enriched glass matrix. Thereby, [

present Lhe leached concentration from Lhe ceramic by considering the glass and the solid

V-1 Low (wi%} Low (ppb) High {(wi%) High (ppb} Eror %

AlLO, 0.1 1.8E+06 3.1 3.1E+07 5

Ca0 0.6 5.7E+06 1.3 1.3E+07 25
Y20, 3.9 3.1E+07 10.8 1.0E+08 15
ZrOn 0.8 8.0E+08 92.0 9.2E+08 1

FeQ 0.0 0.CE+00 0.4 3.8E+06 25
MgO 0.6 6.0E+08 2.8 2.6E+07 12
Si0, 08 8.0E+06 2.5 2.5E+07 35

Table 4-3 EMP data of the compound concentrations in the new V-1 ceramic. The
data is from Lhe electron microprobe line scan shown in Figure 4-1.

solution grains to be one continuous material. Due to the muiltitude of factors Lhat can add
error {such as beam width, beam energy level and so on) the data have been presented

using the actual instrument results wilhout any manipulation or consideration for analysis
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of areas where the beam analyzed mixed compositions of glass and solid solution grain.
The error percentage data was supplied by the EMP cperator and should be considered
accurate.
ii. Electron Micro Probe line scan of the V-2 Ceramic

In order to be able Lo interpret Lthe time-concentration profiles of the ICP-MS dala
it is expedient to look again at the EMP line scan (Figure 4-2) is a line across the
thickness of a new YSZ (ytuia-stabilized) V-2 ceramic wall. While the new V-2 ¢eramic
does not show silicate grain boundary material (glass matrix), some silicates are found in
the inter-granular pores Lhat are localed at the triple junctions of the grains {where three
grains come together). The line scans show that the inter-grain mineral areas are rich in
MgO, Al,O;, CaO and SiO; at different concentrations throughout the ceramic. Due to
the multitude of factors that can add errer {such as beam width, beam energy level and so
on) the data has been presented using the actual instrument results without any
manipulation. The error percentage data was supplied by the EMP cperator and should be

considered accurate.

V2 Low (w1%) Low {ppb} High (1%} High (ppb) Error %
ALD, 0.1 1.0E+06 0.3 3.0E+06 5
Ca0 0.15 1.5E+06 0.6 6.0E+06 16
Y10, 7.8 7.8E407 9.5 9.5E+07 2
Zr0, 7.8 7. 8E+07 98.5 9.9E+08 1
FeO 0.04 4.0E+05 0.13 1.3E+06 25
MgO 0.3 3.0E+06 0.6 6.0E+08 B
Si0, 04 1.9E+08 18.7 1.9E+08 3

Table 4-4 EMP data of the compound concentrations in the new V-2 ceramic.
Compound concentrations in the new V-2 ceramic. The data is from the electron
microprobe line scan in Figure 4-2.

89






1V. Ceramic V-1 and V-2 - Leachate Analysis for pH=1 Acid
i. General Information

This experiment is presented in two data sets. The experiment was initially run
for 12-weeks at 90°C, with leachate samples removed from the reaclion botiles every two
weeks. We found that there was no peak concentration over the 12-week period, just a
general up-or-down slope trend (o the data. Deciding that we had missed the peak
concentration within the first two weeks of the experiment we re-ran the experiment
focusing on the first two weeks. The 2-week experiinent was preformed under the same
conditions as the 12-week experiment, except that the leachate samples were removed on
a non-linear time schedule. The dala should be comparable if a few caveats are taken
into consideration. The 12-week experiment required that a 3 to 5 ml sample be taken
every two weeks, while the 2-week experiment required 3 to 5 ml samples to be taken
every few days. Because of this difference in the remaining solulion velume, the end of
the two-week data does not match the 12-week data set first 2-week of data where the
two experiments overlap. Specifically, this discrepancy in the data is due to the
difTerence in the water to rock ratio, where the 2-week data had 2 approximate ratio of 1
gm to 10 ml of acid and the 12-week experiment had a water to rock ratio of 1 gm to 15
ml of acid. The different amounts of solution account for the non-linear overlap of data.

Therefore, each experiment should be considered as a separate data set.
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ii. V-I ceramic, Powder pH=1

a. 12-week, V-1 Powder, pH=1 at 90°C The graph of data in Figure 4-3 shows
that lhe concentrations of Fe, Si, Mg and Y (leached from the inter-granular glass)
decrease over Lhe experimental peniod of O to 4 weeks, but plateau over weeks 4 to 8 and
increase sharply over the interval of § to 12-weeks. The initial decrease is due to
precipitation of secondary phases; Lhe over-saturated solution staris to precipitate in an
attempt to reach equilibrivm. The graph suggests that equilibnum may "roughly" be
reached during the lime interval of 6 to 8-weeks. This is confirmed by the increase in
concentrations when the reaction botile is recharged wilh fresh acid at the 8-week dala
point, at which point the samples continued to leach to the 12-week data point. The
figure also shows that the concenirations of Al, Ca and T: increase initially but plateau
over Lhe weeks of 2 to 8 and Lhen increase sharply over Lhe weeks of 8 to 12. The data
suggest that Al, Ca and Ti do not reach equilibnum with respect to the secondary phases
over lhe 12-week time frame of lhe experiment. Figure 4-3 also shows that the Zr
concentration increases sharply dunng weeks 2 to 4 and then decreases gently on a
plateau at a lesser rate from weeks 4 to0 8. It does not appear that Zr reaches equilibnum
before the acid is recharged at 8-weeks. This is because the concentration of Zr in Lhe
leachate sharply increases and reaches what is suspected to be eqnilibrium at the 10-week
period. It should be noted that according to Shock et af. {1997) the concentration for acid
saturation of pure Zr should be 100 ppb. In this expenment the concentration of L ZrO,
is 142 ppb. The increase from the expected 100 ppb to 142 ppb may be due to addition of

accessory compounds in the ceramic, such as
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Llhe Ca-Al-Si feldspathic glass, as well as Y03 Lhat is found in the solid solution with the
ZrQ;. The accessory compounds in the ceramic cause the solution to saturate at a higher
concentration lhan that Shock calculated using pure ZrO,. Shock et af. (1997) only

considers OH™ complexing, an increase in LZr could be due to C!I' complexing and poorly

crystalline, [ine grained accessory phases.

time in weeks  Zr Y Ca Ti Mg Al | Fe
2 8.8 54.3 1.2 283 11653 41528.5 812763 14517
4 62.9 Bt 183506 261 12048 52810.7 290109 13333
6 54.6 83 1799906 273 13458 70740.8 325890 14413
8 4.3 7.2 183447 264 1408 873541 329558 148341
10 142.2 6.8 88598.4 958 44344 361083.6 1012914 50842
12 1429 387 1M61.9 734 47709 4252248  D8O21.5 49859

Table 4-5 ICP-MS data for Lhe V-1 Powder, 12-weck experiment. The V-1 Powder in
acid of pH=1 at 90°C is shown in Figure 4-3. All concenlrations are in ppb. This data
has a £10% error.

b. 2-week V-1 Powder pH=1 90°C Figure 4-4 shows a general increasing trend
over the entire 2-week of the experiment. The concentrations of Al, Si, Ca, Fe, Y and Ti

show a moderate increase from 0.07 weeks {6 hrs) to 0.28 weeks (the next day), and then

time in weeks  Zr Y Ca T Mg Al St Fe
0.07 - 37.5 39661.3 188 1839.5 426201 396613 234.3
0.28 728 46.9 476794 28.¢ 20058 53581.8 476794 3782
0.86 23.% 49.5 46095.5 364 20655 6B700D.9 460955 3785
1.43 14019 2728 2522964 1958 102115 39684119 2522384 21448
214 1420.8 2781 248990.1 2084 10278.8 4561369.6 24B9B0.1 19501

Table 4-6 ICP-MS data [or the V-1 Powder, 2-week experiment. Powder leached
in pH=1 acid at 90°C which is presented in graphical format in Figure 4-4. The
concentrations are in ppb and (he time in weeks. There is a £10% error in these
concentrations.

a slight increase in concentration to Lhe 1.5-weeks data point where (he concentration
then increases sharply to a slight plateau over the weeks of 1.5 to 2.14. The discrete

slope and platcau shape of the graph is likely due to (he change in the water
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to rock ratio as leachate samples were extracted from the reaction bottles. It should be
noted that the overall, trend is the same for all of these ¢lements, but concentralions
differ. The Zr concentration is missing data for the 0.07-week time period, but shows a
decreasing trend from weeks 0.28 to 0.86. This is likely due to analysis error. If this data
point were removed then the data would follow the rend of the other data sets. The Zr
data do show over saturation from week 1.43 to the end of the experiment there was not
enough time for Zr did not reach equilibnum. For comparison the Zr does reach

saturation (equilibrium) during the 12-week experiment.
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in. V-1 Ceramic Solid, pH=1

a. 12-week V-1 Solid pH=1 90°C Figure 4-5 shows that the concentrations of Al,
Si, Ca, Mg, Fe and Y increase from weeks 2 to 8. The concentrations increase sharply
over the interval of weeks 8 to 10 and then increase at 2 lesser rate from weeks 10 to 12,
The solid pieces leach at a relatively constant rate until the recharge period at 8-weeks,
where the increase in the water-rock ratio and the fresh acid cause an increase in the
leaching rate. The leach rate decreases at the 10-week period to approximately the same
leach rate as seen in the 2 to 8 week period. The concentrations of Zr end Ti increase
sharply from week 2 to 4, then show a sharp decrease from week 4 to 6 in the leachate

solution. The 4-week data-points for Zr and Y may be an anomaly or a dilution error as

timein weeks  Zr Y Ca T Mg A Si Fe
2 28 218 109713 435 5600 150637 15063.7  117.5
4 16356 607.5 10621.1 196 BO7.5 19400.5 14023.6 147.2
6 65.2 4.7 104338 103 6845 300036 1617654 1742
3 67.7 4 102368 124 7035 411362 N/A 1921
10 2131 33.5 37140.2 58.6 22079 1783831.0 49801.9 724.4
12 119.5 44.7 354209 389 22476 2064501 458690 633.1

Table 4-7 ICP-MS data for the V-2 Powder, 12-week experiment. The ceramic
Icached in pH=1 acid at 90°C. Al concentrations are in ppb. There is a +10% error
in these concentrations.

there is no reasonable other explanation for these data points. Weeks 6 to 8 show only a
very slight change in concentration change, but when the acid is recharged at 8 weeks, a
sharp increase in concentration is seen. The increase continues to the 10-week data point,
at which time the concentration for Ti decreases to the end of the experiment. There was
no firm plateau, which would suggest that Zr became saturated in the leachate, which is

likely due to the low surface area of the solids.
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d. 2-week V-1 Solid pH=1 9°C The Figure 4-6 shows a sharp increase in
concentration for Ca, Al, Si, Mg, Fe, Y and Ti over the weeks of 0.07 to 0.28, and Lhen a
slow increase in concentration from weeks 0.28 to 0.86, at which point Lhe concentration
sharply increases over the weeks of 0,86 to 1.43 to a slight increasing trend over the

weeks of 1.43 to 2.14. I believe that "stair-step" design of (hese data points is an artifact

time In weeks 2r Y Ca m My Al Sl Fe
0.07 0.00 6.73 594155 364 25199 488242 3889.32 274.30
028 0.00 9.36 1488405 6560 589.23 12896.09 888346 I75.15
0.88 0.00 1031 2138790 7.66 830.74 1970894 1482833 40576
143 33899 68.49 137133.09 39.24 4765.30 130183.51 106104.29 2039.84
214 51029 7372 158146.66 54.47 5230.73 158146.67 133596.47 2209.99

Table 4-8 ICP-MS data for the V-1 Solid, 2-week experiment. The ceramic was
leached in pH=1 acid at 90°C. The data is represented in graphical format in Figure
4-6. All concentralions are in ppb, There is a+10% emror for all concentrations.

of the change in the water to rock ratio. Zr concentrations increase from a concentration
of zero for weeks 0.07 to 0.86, at which point Lhere is a sharp increasing trend to lhe
week of 2.14. This data suggests that there was an analysis emor for Lhe data of weeks
0.07, 0.28 and 0.86 as it is unlikely that there would be a jumnp from zero concentration to

a conceniration of 338 ppb in two days.”

* The availability of on campus ICP-MS had been anticipated, even guaranteed by Temple’s Administration
ts NSF for this grant activity. Unfortunately, the instrument has not been insialled so all analysis had to be
preformed at The Marioe Slation Instilute at Ruigers. Due to monetary constrainis it was pot possible to
reanalyze questionable dats. Please check for future publications oace Lhe Temple facility is online.
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iv. V-2 ceramic, Powder pH=1

a. 12-week V-2 Powder pHH=1 90°C Figure 4-7 shows (hat the concentration of
Ca, Mg, Al, Fe and Ti increase from weeks 2 to 4, a minor decrease in concentration
from 4 to 6 weeks, end then a minor increase over weeks 8 to 10. It should be noted that
the week-10 data is missing, but if a continuving lrend is assumed, constant the data show
a slight increase for Ca, Mg, Al and Fe and a sharp increase for Y on the week-12 data
point. Si decreases in concentration from week 2 to 4, plateavs for weeks 4 to 6, then 2
decrease in concentration from weeks 6 to 8. Assuming a straight line through the
missing data point, the trend will increase from weeks 8 to 12. The concentration in Zr
increases from week 2 to 6, shows a plateau from weeks 6 to 8, at which point the
conceniration sharply increases in concentration to 2 maximum at week 10 before
decreasing to week 12. If a straight line trend below week 8 to 12 is assumed for the
missing 10-week data, by assuming 2 strait line from week 8 to week 12. Then we sec a
minimal increase in concentration for Fe, Al, Mg and Ca after the acid recharge. We do
see an increase in conceniration at week-8 for (he clements Si, Y and Zr. We did not see

Zr reach saturation in the leachate,

time in woeks Zr Y GCa T Mg Al Si Fe
2 15 9214 71356810 7.1 40304 187083 192986 ©208.9
4 26 10666.0 340170 30.0 58206 4271.0 80220 12890
6 4.0 9487.0 208060 50 42788 35930 7104.0 834.0
8 4.7 10053.0 250520 30 62480 3821.0 2964.0 1460
10 260.3 N/A N/A N/A N/A N/A NfA NiA
12 1348 314768 222228 5.5 133356 70770 575508 21506

Table 4-9 ICP-MS data for the V-2 Powder, 12-week experiment. The ceramic was
leached in acid of pH=1 at 90°C. This data is presented in graphical format in
Figure 4-7. All concentrations are in ppb. There is a £10% error in these readings
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b. 2-week V-2 Powder pH=1 at 90°C Figure 4-8 shows a fairly even trend for all
of the ¢lements. The trend shows a sharp increase over the weeks of 0.07 to 0.28 at
which point the rend continues to increase, but at a much lower rate, to the 0.86-week
data point. At the 0.86-week period the trend shows a sharp increase in concentration to
the 1.43-week period, lhen plateaus to a roughly steady rate. It does appear that the
elements have reached equilibriumn afler the 1.43-week period. The accessory compounds
in the ceramic cause the solution to saturate at a higher concentration than that Shock
calculated using pure ZrQ;. Shock ef al. (1997) only considers OH complexing, an

increase in %Zr could be due to Ci" complexing and poorly crystalline, [ine grained

accessory phascs.

time in woeks Zr Y Ca Ti Mg Al Si Fe
o007 27 421,00 2re2s 73 18042 949 24408 2028
0.28 4169 13009.6 9B20.3 204 67161 3327.5 228550 11135
0.86 3589 17806.3 12823.2 131 BBBIG6 43401 343224  BIV?
1.43 3208.7 974635 66750.1 38.4 43537.2 243350 105148.1 30051

214 38911 093746 681465 388 442089 247687 190302.0 33588.5
Table 4-10 ICP-MS data for the V-2 Powder, 2-week experiment. The ceramic was
leached in pH=1 acid at 90°C. The data is presented in graphical format in Figure
4-8. All concentrations are in ppb. There is a £10% error in these readings.
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V. New Ceramic V-1 and V-2 - Leachate Analysis for pH=3 Acid
i. V-1 ceramic Powder
The experiment ran for 12-weeks with leachate samples removed from (he

reaction bottles every two weeks. We found that we did not see the expected maximum
peak over the 12-week period. Deciding that we had missed (he peak concentration
within the first two weeks of the experiment, we re-ran the experiment for 2-weeks with
samples removed on a non-linear time schedule.

a. 12-week V-1 Powder pH=3 90°C Figure 4-9 shows (hat Lhe concentrations of
Zr, Mg, Si and Ca sharply increase from weeks 2 to 4, then roughly plateau with a slight
increase in concentration over the weeks of 4 to 8, Concenlrations sharply increase in the
10-week period and plateau to the f(inal 12-week period. It appears that Zr reaches
saturation at 125 ppb over (he 10 to 12 week period. The concentration of Ti, Y and Fe

increases over weeks 2 to 6, Lhen decreases to week-8 at which point acid recharge forces

Time In week Zr Y Ca T Mg Al St Fe
2 4.7 3.1 5179.0 0.2 2919 29658 91784 368
R 13.2 a6 12900.6 0.4 123.Y 654.2 17826.2 41.4
1 16.3 04 1549351.2 1.0 89841 623.5 19281.9 55.2
8 74 0.3 15891.0 05 8509 980.5 17355.8 15.3
10 171.5 271 66908.0 275 3279 48322 a7a19 209.0
12 125.8 49 72112 M8 3853 54370 37725 83.7

Table 4-11 ICP-MS data for the V-1 Powd&, 12-week experiment. The ceramic
was leached in pH=3 acid at 90°C. The data represented in graphical format in
Figure 4+9. All concentrations ar¢ in ppb. There is a £10% error in (hese readings.

a sharp increase in concentration to week 10. Concentrations then plateau to the end at
week 12. The dissolved Zr concentration platean between 125 to 171 ppb. This is
slightly higher than the expected value of 100 ppb for saturation with respect to pure
crystalline Zr as suggested by the data of Shock er af. (1997). This may be due to lower

crystallinity of ZrO; or due to chloride complexing.
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b. 2-week V-1 Powder pH=3 90°C Figure 4-10 shows that Si, Ca, Al, Fe, Mg
and Y all follow the same trends seen in previous 2-week data. The elements increase in
concentration at a more rapid rate over the weeks of 0.07 to 0.28 and 0.86 to 1.43, and
increase at a slower rate over the weeks of 0.28 to 0.86 and 1.43 to 2.16. The “stair step”
increase in the graph is likely an artifact of the dilution procedure or the change in the
water to rock, ratio but Lhe overall effect of Lhe data is correct and reasonable. Ti also has
a general overall-increasing trend, except for an anomaly at 0.28 weeks where Lhe
concen(ration decreases; this decrease is not seen in other 2-week data, so it is an error in
the deta. Except for the anomalies that appear to be machine or analysis error, Lhe data
do seem to be consistent wilh olher test runs. Only the concentrations appear to differ.
The accessory compounds in Lhe ceramic cause the solulion to saturate at a higher
concentration than that Shock calculated using pure ZrQ,. Shock er al (1997) only
considers OH complexing, an increase in ZZr could be due to CI' complexing and poorly

crystalline, fine grained accessory phases.

Time in waek ar Y Ca 1L Mg Al Si Fe
0.07 N/A 17.6 K318 1.7 170.8 3092.5 3299.5 167.6
0.28 255 261 7674.8 0.5 M7.3 5860.1 81201 944.0
0.86 14.3 26.8 111424 5 501.9 50546 119516 12621
143 1568 1634 768999 49 32253 294583 819230 6520.6
214 785.5 170.3 100303 51 41361 26017.5 110287.4 61717

Table 4-12 ICP-MS data for the V-1 Powder, 2-week experiment. The ¢ceramic was
leached in pH=3 acid at 96°C. The data is reprcsented in graphical format in Figure
4-10. All concentrations are in ppb. There is a £10% error in Lhese readings.
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ii. V-1 ceramic Solid

a. 12-week V-1 Solid pH=3 90°C Figure 4-11 shows (hat Lhe overall tend for Y,
Ca and Fe decrease in concentration from 2 to 4 weeks and increase fromn 4 to 6 weeks.
The concentration plateavs over weeks 6 to 8 {reaching equilibnum) and then increases
shaerply afler the acid recharge, over lhe weeks of 8 to 10. Equilibrium is reached for
weeks 10 to 12. Al and Si decrease in concentration from 2 to 4 weeks, then sharply
increase from 4 o 6 weeks. The concentration increase at a lesser rate over weeks 6 to 8
and then decrease sharply over the weeks of 8 to 10 to where they reach equilibnum for
weeks 10 to 12. Magnesium (Mg} decreases in concentration from 2 (o 4 weeks and then
increase from 4 to 6 weeks. Mg then increased slowly over weeks 6 to 8 and decreased
over the weeks of 8 to 10, at which point the concentration increased slightly {due to acid
recharge) for weeks 10 to 12. Zr increased in concentration from 2 to 6 weeks at an even
rate, decreased slightly from weeks 6 to 8, then increased sharply over weeks of 8 to 10

before sharply decreasing to the 12-week period. T: shows a zero concentration from 2 to

time In weeks Zr Y Ca Ti Mg Al Si Fe
2 1.5 1.3 27104 KA 1246 1802 ¢ 3037.3 €9.7
4 2.6 0.1 564.9 N/A 9.4 869.8 191.3 17.8
8 4£.0 1.3 27029 041 200.4 4002.8 2205.5 92.1
8 4.7 16 1.1 0.1 280.4 4321.5 39727 103.5
10 280.3 242 161661 214 2266 17327 1494.4 391.1
12 1346 13.6 17801.5 1.8 310.5 1819.2 1530.4 281.5

Table 4-13 ICP-MS data for the V-1 solid, 12-week experiment. The ceramic was
leached in pH=3 solution. All concentrations are in ppb. There is a £10% eror in

& weeks then slightly increases from 6 to 8 weeks. Ti concentration increases sharply
from 8 to 10 weeks (in response to the acid recharge) and then decreases from 10 to 12

weeks. Zr does not reach equilibrium during this experiment. This is/was also true of the
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a plateau from weeks 1.43 to 2.14. According to Shock et al. (1997) the expected
saturation of Zr in the leachate shouid be 100 ppb, which is what Is seen over weeks 0.28
to 1.43 bnt climb thereafler perhaps the glass is dissolved and new surface area is
exposed in the solid pieces.
iii. V-2 ceramic Powder

a. 12-week V-2 Powder, pH=3 at 90°C Figure 4-13 shows that the overall tend
for Y and Mg increase in concentration from 2 to 4-weeks, plateaus from 6 to 8 weeks,
and then increases in concentration over wecks 8 to 10. The concentrations plateau and
reached equilibrium over weeks 10 to 12. Fe and Ti increase in concentration from 2 to 4-
weeks then roughly platean from 4 to 8 weeks. The concentration then increases over the
weeks 8 to 10 {dne to acid recharge) then concentrations decrease sharply over weeks 10
to 12. Si and Zr have similar trends; the concentration decreases from 2 to 6 weeks then
Si increases sharply in concentration to 10 weeks, at which point the rate of increase
slows to 12 weeks. The Zr decreases from week-6 at variable rates to the end of the
experiment at week 12. Ca and Al have similar trends; the concenlration increases from 2
to 4 weeks then the Ca decreases st a slow rate to the 12" weeks with a slightly

decreasing plateau from weeks 10 to 12. The Al concentration decreases over weeks 4 to

time In weoks r Y Ca L My Al L] Fe
2 67714 14 12427.6 04 3728.7 32562 161323 2013
4 9570 8228.0 56464.0 11.0 123460 7Y052.0 22290 518.0
6 603.0 8205.0 35693.0 120G 55450 4062.0 2324.0 961.0
8 5270 7740.0 29767.0 8.0 54260 3608.0 7384.0 621.0
10 3024 320312 220385 182 135140 75654 61309.7 22236
12 283.1 26890.5 24289.2 21 142435 12215 65674.9 $9.1

Table 4-15 ICP-MS data for the V-2 Powder, 12-week expeniment. The ceramic
was leached in pH=3 acid at 90°C. The data is presented in graphical format in
Figure 4-13. All concentrations are in ppb. There is a £10% error in these
readings,
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6, plateaus from weeks 6 1o 8, increases to 10 weeks, then decreases sharply to the 12"
week. It is apparent that the spike in concentration of all of the elements, (except for Zr)
is due to the acid recharge. [ am unable to explain Lhe decrease in the Zr from a high at 2-
weeks to 2 low at the week 12,

However, Zr is approaching Lhe Shock limit for saturation. The accessory
compounds in the ceramic cause the solution to saturate at a higher concentration than
that Shock calculated using pure Zr0O;. Shock ef al. (1997) only considers OH"
complexing, an increase in LZr could be due to CI' complexing and poorly crystalline,

[ine grained accessory phases.
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b. 2-week V-2 Powder, pH3 at 90°C Figure 4-14 shows no data for Zr over the
weeks of O to 1.43. The missing data should be considered to be a zero concentration.
The concentration of Zr slightly increases from weeks 1.43 to 2.16 denoting that Zr is
close to equilibrium and saturation. The concentration of Si and Mg decrease from
weeks 0.07 to 0.28, increase from weeks (.28 to 1.43, and then plateaus to the end of the
experiment at 2.16 weeks. Y and Ca increase from weeks 0.07 to (.28 at a rapid rate,
then continue to increase at a slower rate duning weeks 0.28 to 0.86. Y and Ca then
continue to increase at a slight rate from weeks 1.43 to the end of the experiment at 2,16-
weeks. The slight slope of the Y and Ca lines from week 1.43 to the end show that the
leachate acid is close w saturation. The Al line shows an increasing slope from weeks
0.07 to 1.43 where (he line tums down denoling a decrease in concentration over the
weeks 1.43 to 2.16. The shape of the Al line suggests that the single peek is over
saturated and Al is attempting to reach equilibrium, which will be lower in concentration
than point 2,19-weeks. The Ti line is very close to (he £10% allowed for it to be non
variable at 1 ppb. The graph suggests (hat Ti is trying to reach equilibrium around 1 ppb

a5 it exceeds 1 ppb and appears to settle at 2.16-weeks.

tima In weeks Zr0: Y Ca mn Mg A 91 Fe
0.07 NfA 15772 13073 12 nry 300.8 1775.6 53.4
0.28 NfA 8544.5 52431 0.5 2533 360.3 727.6 266.7
0.86 NIA 124449 104195 0.4 70321 2668.C 25448.1 173.7
143 3727 703842 608495 21 371628 127674 1474063 4904
214 5193 79B629 718064 1.5 452209 30738 132058.7 496.1

Table 4-16 ICP-MS data for (heV-2 Powder, 2-week experiment. The ceramic was
leached in pH=3 acid at 90°C. All concentrations are in ppb. There is a =£10% error
in these readings.
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iv. V-2 ceramic Solid

a. 12-week V-2 Solid, pH=3 at 90°C Figure 4-15 shows that 8i, Y, Ca, Mg, Al
and Fe increase at a relatively common rate (except for Y which increases at a
considerably rapid rate) over weeks 2 to 4 and continue to increase in concentration at a
slightly more rapid rate over weeks 4 to 8. At 8-weeks the acid recharge appears to force
more leaching as the concentrations increase considerably from 8 to 10 wecks. At 10-
weeks Lhe rate of leaching slows considerably, suggesting Lhat these elements were close
to equilibrium at the 12™ week. Zr appears to have reached its maximum conceniration at
the 2-week data point as Lhe line shows a decreasing concentration to the 8" week where
the acid recharge increases leaching. Ti plateaus from weeks 2 to 4, Lhen Lhe dccreases
from weeks 4 to 8. It increases sharply to the 10-weeks data point, at which time the
concenliration decreases to the 2.16-week point. The Ti concentration line suggests that

the acid is saturated with Ti from 2 to 4 weeks, and the reduction in concentration from 4

Time inweeks  Zr Y Ca Tl Mg Al Si Fe
2 293.0 25.6 12758 0.5 1729 NiA, 1204.2 242
4 60.2 11154  1288.8 0.5 5262 4755 1701.9 493
] 24.9 2404 9 331.3 0.5 12359 805.8 4181.3 54.6
8 8.3 44158  3881.6 01 21482 107285 @ 73032 52.2
10 2189 20078.8 201706 223 101322 54476 453226 2147
12 1721 22941.7 219444 22 127162 45122 527870 1235

Table 4-17 ICP-MS data for the V-2 Solid, 12-week expenment. The ceramic was
leached in pH=3 acid at 90°C. All concenirations are in ppb. There is a £10% error
m lhese readings.

to 8-weeks suggests Ti precipitation.
The accessory compounds in the ceramic cause the solution to saturate at a higher

concentration than that Shock calculated using pure ZrO;. Shock et al. {1997) only
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considers OH" complexing, an increase in £Zr could be due to Cl compiexing and poorly
crystalline, fine grained accessory phases.

b. 2-week V-2 Solid, pH=3 at 90°C Figure 4-16 shows that the concentrations of
S1, Y, Ca, Mg and Al increase over the weeks of 0.07 to 0.28, and continue to increase in
concentration at weeks 0.28 to 1,43 at a slower rate, At week 1,43 the increase in
concentration is at a very slow rate. The shape of the lines suggests that the ¢lements do
not reach equilibrium during this experiment, but show a general increasing trend. Fe
increases rapidly in concentration over weeks 0.07 to 0.28, then decreases in
concentration over weeks 0.28 to 0.86, and increases to the week 1.43. The Fe
concentration reaches equilibrium between the weeks of 1.43 to 2.16. The line for ZrO;
shows that the [irst three data points are missing, but also shows an overall slow increase
of concentration over Lthe weeks 1,42 to 2.16. The accessory compounds in the ceramic
cause the solulion to saturate at a higher concentration than that Shock caiculated using

pure ZrO,. Shock ez al. (1997) only considers OH™ complexing, an increase in ZZr ¢ould

Time In wooks  Zr Y Ca Tl Mg Al Si Fe
0.07 NIA 157172 1307.3 12 7777 300.8 1775.6 53.2
0.28 N/A 65445 5243.1 0.5 2533 360.3 7278 266.4
0.86 NA 124449 104195 04 70321 2668.0 254481 1736
143 3727 703842 609495 21 IN622 12767.4 147408.5 490.7
214 519.3 798629 T1BDE4 1.5 452209 13079.8 182058.7 486.2

Table 4-17 ICP-MS data for the V-2 Solid, 2-week experiment. The ceramic was
leached with pH=3 ecid at $0°C. All concentrations are in ppb. There is a £10%
error in these readings.

be due to CI" complexing and poorly crystalline, fine grained accessory phases. Ti is at
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its the highest concentration at week 0.07 (6hr} and continues to decrease to the 0.86-
week data point, at which point the concentration increases to Lhe 1.43-week data point
and then decreases to the 2.16-week data point. The data suggests lhat the Ti leached
very early on in the experiment and (hen started to leach for a second time after the 0.86-
week data point.
Y1 Zr/Y Stoichmetric Ratio
i. General Discussion

The mass of the data just presented is’was formidable to decipher; so herein we
have tnied to sumnmarize it by some ratioing. The following section 1s a discussion of the
acid dissolution data when plotied as Zr/Y mass ratio in Lhe leachate solution. Bolh of
the primary ceramics contain ~8-w1% Y,0; from Lheir respective manufacturers, which is
approximately 2 5 to 1 ratio (by weight) of Zr to Y in the ZrO;-Y;0; ceramic. This 1s an
estimate as we are not exactly sure of either the actnal composition of the raw zircon
sand, or the exact cowmposition of the yttrium components that are used dunng
manufacturing. Tables 1 and 2 are the chemical analysis for the ceramics and were
supplied by Lhe manufacturers. The primary ceramics conlain secondary phases such as
Ti-, U-, Al-, Ca- and Fe-silicates are introduced during the manufachuring process or
contained in the raw crystalline zircon sand. See chapter 3 for more information on the
secondary phases found in the ceramic. It must be noted that all the contradictory results
from (heses expeniments are very difficult to explain. Unfortunately, due to time and
monelary constraints, further analysis on the leachate was prohibited. We were not able
to identify the difTerent crystal sizes or the precipitates from the secondary phases, which
we Lhink would explain why the two ceramics possessed such a different durability, even
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though the basic components were comparable. Therefore, the representative data is
presented in the hope that with future SEM, EMP and ICP-MS analysis explanation can
be found. Thermodynamic data show that pure Zr,O is relatively insoluble and Y;0 1s
highly soluble in acidic solutions. The following sections presents the leading
charactenstics of the V-1 and V-2 ceramics feached in pH=1 leachates.
ir. The V-1 Ceramic

a. 12-week, V-1 pH=1I at 9°C {s0lid and powder) The graph of the solid ceramic
(Figure 4-17) shows the Zr/Y ratio increases t0 2 maximum vzlue of 16.8:1 at 6-weeks.
The higher Zr/Y ratio in the 6 to 10-week interval suggests that Y 1s precipitating to a
greater extent than Zr. This is surprising because Y which scemed the most likely Y-
bearing secondary phase, is highly soluble according to thermodynamic data (HSC). This
high leachability of Y,0; from V-2 was mentioned earlier from observations made by the
V-2 manufacturer. Therefore, Y must be precipilating as another phase, either as yttna
silicate or as 2 Y>03-ZrO; solid solution. The sotubility of the Y,03-Zr0O; solid solution
is not well known; however if the yitria is bemg precipitated as a Y;0:-Zr0O; solid
solution, then the solubility in solution is similar to that of pure ZrQ; as the solution will
be poorinY. Figure 4-18 shows concentrations of Zr and Y over the same conditions as
is seen in Figure 4-17. The [igures show that while concentrations of Zr and Y increase
mn the leachate solution, they are leaching non-stoichmetrically (figure 4-17}. The two
fipures show that the maximum leached Zr concentration is found at 4-weeks, at which

point the leachate solntion precipitates Zr and Y. Figure 4-17 shows that the
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Zr/Y ratio for V-1 Ceramic pH=1
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Figure 4-17 ICP-MS Zi/Y Data of the V-1 Solid pH=1 12-week. Graph of Zr/Y in
leachate solution from the V-1 ceramic solid pH=1. The experiment ran for 12
weeks with an acid recharge at the 8-week time interval. The data contains a +10%
error represented by the error bars. A Zr/Y ratio of 5:1 is stoichmetric for 8-wt%
Y203 ¢eramic.
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Figure 4-18 ICP-MS Zr & Y Data of the V-1 Solid pH=1 12-week. Graph of the
Zr and Y concentrations ieached from a V-1 ceramic solid in pH=1 leachate
sclution. The e¢xperiment ran for 12 weeks with an acid recharge at the 8-weeks.
The data contains a +10% error represented by the size of the data points.
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concentration in the feachate is not stoichmetric, such that, at its maximum Zr/Y ratig, the
leachate solution contains 2 stoichmetric ratio of Zi/Y of approximately 14:1, where a
stoichmetrically ratio of 5:1 should be seen in the graph Figure 4-20 shows Lhe V-1
powder requires approximately 9-weeks (o become saturated with respect to Zr. Data
from Shock et al. (1997) mdicates that a pH=1 solution containing a 100 ppb dissolved
Zr should be saturated with respect to pure ZrQ,. Therefore, based on the data in Figure
4-20, Zr began to precipitate strongly between 4 to 8-weeks. The concentration of Y
decreased over the wecks of 2 to 4 and then stayed low until 8-weeks where it increased
after the actd recharge. The interaction of Zr and Y is seen in figure 4-19. Where Lhe
Zr/Y weight ratio (stoichmetric ratio) reached its maximum at 4-weeks, Lhe stoichmelric
weight ratio is approximately 7.8:1 (Zr to Y) compared to the expected 5:1 ratio that
would be 1deally stoichmetnic. This peak is likely the result of precipitation of Y as seen
in over 2 to 4 weeks (Figure 4-20). Future EMP analysis will allow us to determine in

what form Y is precipitating.
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Figure 4-19 ICP-MS Zr/Y Data of the V-1 Powder pH=1 12-week. Graph of Zr/Y
in leachate solution from the V-1 ceramic powder pH=1. The experiment ran for
12 weeks with an acid recharge at the 8-week time interval. The data contains a

+10% error represented by the error bars. A Zr/Y ratio of 5:1 is stoichmetric for 8-

wt% Y.QO; ceramic.
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Figure 4-20 ICP-MS Zr & Y Data of the V-1 Powder pH=1 12-week. Graph of the

Zrand Y
solution.

concentrations leached from a V-1 ceramic powder in pH=1 leachate
The expenment ran for 12 weeks with an acid recharge at the 8-weeks.

The data contains a £10% error represented by the size of the data point.
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b. 2-week, V-1 pH=1 at 90°C (solid and powder) The V-1 solid ceramic leached
slowly for weeks O to 0.74 suggesting Lhat Y is preferentially leaching, possibly from (he
mter-granular feldspathic-glass-matrix (Rodrigues et al., 1997), and then increased to a
maximum value at 2.14-weeks. The Zr/Y ratio (Figure 4-21) is approximately zero until
about 0.86 weeks, at which point the Zr leaches at a greater rate. The Zr/Y weight ratio
reaches a maximum of 7:1 at the end of the 2-week expenment and a maximum leachate
concentration of ~510 ppb for the Zr and 74 ppb for Y (Figurc 4-22). Figure 4-20 shows
that the ceramic exceeded the expected stoichmetric weight ratio of 5:1, and figure 4-22
shows that the concentration of Zr has exceeded saturation. Shock ef al. (1997) predicls
that a pH=1 solution containing 100 ppb or greater dissolved Zr should be saturated with
respect to pure ZrQ;. Neither graph suggests that the Zr is precipitating but does suggest
that Y could potentially start to precipitate after week 0.86 as it no longer increases in
concentrasion. Imtially, the ZrO; surfeces may be protected by the inter-granular-matrix
(see Chapter 3). Afler dissolution of Lhe glass the ZrO; grains may be exposed and begin
to leach at a faster rate. This may explain the initial concentration values of zero

followed by a sharp increase in the rate of leaching.
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Figure 4-21 ICP-MS Zr/Y Dala of the V-1 Solid pH=1 2-week. Graph of Zt/Y in
leachate solution from the V-1 ceramic solid pH=1. The experiment ran for 2
weeks. The data contains a +10% error represented by the error bars. A Zr/Y
ratio of 5:1 is stoichmetric for 8-wi% Y,O; ceramic.
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Figure 4-22 ICP-MS Zr & Y Data of the V-1 Solid pH=1 2-week. Graph of the
Zr and Y concentrations leached from a V-1 ceramic solid in pH=1 leachate

solution. The experiment ran for 2 weeks. The data conlains a +10% error
represented by the error bars.
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For the powder we look at Figure 4-23, which shows Lhat the Zr/Y ratio increases
within Lhe first 2-days, then decreases to 2 minimum at 0.86-weeks. Figure 4-24
confirms Lhat the Zr increased in concentration early followed by Y, which would cause 2
downward siope in the Zr/Y matio graph. At 0.86-weeks the Zr leachate concentration
increases to 1,401 ppb at week 1.43 and ends with a2 maximum value of 1,421 ppb at the
end of the 2-weeks, which according to Shock ef al. (1997} is considerably oversaturated
with respect to Zr (Figure 4-24). Figure 4-23 shows that Zr is at its maximum vatue at 2-
weeks. The powder is non-stoichmetrically oversaturated and possesses a2 Zr/Y weight
ratio of 6.5:1 {(Zr to Y). The two figures suggests that the leachate solution started to

precipiiate both Zr and Y afler 1.43-weeks.
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Figure 4-23 ICP-MS Zyr/Y Data of the V-1 Powder pH=1 2-wegek. Graph of Zv/Y

in leachate solution from the V-1 ceramic powder pH=1. The expenment ran for

2 weeks. The data contains a £10% error represented by the error bars. A Zr/Y

ratio of 5 is stoichmetric for 8-wt% Y»0O, ceramic.
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Figure 4-24 ICP-MS Zr & Y Data of the V-1 Powder pH=1 2-week. Graph of
the Zr and Y concentrations leached from a V-t ceramic powder in pH=1
leachate solution. The experiment ran for 2 weeks. The data contains 2 +10%
error represented by (he error bars.
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iti. The V-2 ceramic

a. 12-week, V-2 pH=1 at 90°C (solid and Powder} For the solid (Figure 4-25)
we see that Zr and Y did not leach stoichmetncally. In fact, the ceramic leached Y at 2
considerably faster rate then Zr. Figure 4-25 shows Lhat the Zr/Y ratio is greatest at 2-
weeks 2.6:1 (Zrto Y). Figure 4-26 confirms this by showing that Y is higher in leachate
concentration than Zr throughout the experiment, and considerably higher than the V-1
ceramic where the leached Zr dominated the graphs. Figure 4-26 show that the
maximum leached concentration of Zr (1,034 ppb) is found at 12-weeks and the
maxiinum value of Y (25,059 ppb) is found at 10 weeks where the Zr/Y ratio is
approximately 0.04:1 {Zr to Y). Both of the graphs suggest that Zr is precipitating afler

the 6th week and Y is precipitating after the 10th week.
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Figure 4-25 ICP-MS Zr/Y Data of the V-2 Solid pH=1 12-week. Graph of
Zr/Y in leachate solution from the V-2 ceramic solid pH=1. The expenment
ran for 12 weeks with an acid recharge at the 8-week time interval. The data

contains a +10% error represented by the size of the data point. A Zr/Y ratio of
5:1 is stoichmetric for 8-wt% Y ;0 ceramic.
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Figure 4-26 ICP-MS Zr & Y Data of the V-2 Powder pH=1 12-week. Graph of
the Zr and Y concentrations leached from a V-2 ceramic powder in pH=1
leachate solution. The experiment ran for 12 weeks with an acid recharge at
the 8-weeks. The data contains a 110% error represented by the error bars.
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The ceramic powder leached non-stoichmetrically (Figure 4-27). It needs to be noted
that the data point at 2-weeks appears o be an anomaly. The graph (with the 2-week
point removed) averages a Zr/Y ratio of approximately 0.05:1 (Zr to Y). This shows that
like the other V-2 ceramics, the Y is considerably more leachable than Zr. This 1s
confirmed by Figure 4-28, where the Y concentrations plateaus at an average of 10,070
ppb end peaks at 12-weeks at an concentration of 31,500 ppb Y. The graph shows (hat
yttrium is preferentially leaching to a greater degree in this experiment than was seen in

the V-1 expeniments.
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Figure 4-27 ICP-MS Zr/Y Data of the V-2 Powder pH=1 12-week. Graph of"
Zi/Y in leachate solution from the V-2 ceramic powder pH=1. The experiment
ran for 12 weeks with an acid recharge at (he 8-week time interval. The data
contains a +10% ermror represented by the error bars. A Zr/Y ratio of 5:1 is
stoichmetric for 8-wi% Y»0, ceramic.
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Figure 4-28 ICP-MS Zr & Y Data of (he V-2 Powder pH=1 12-week. Graph of
the Zr angd Y concentrations leached from 2 V-2 ceramic powder in pH=1 leachate
sohation. The experiment ran for 12 weeks with an acid recharge at the 8-weeks.
The dala contains a +10% error represented by Lhe error bars.
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b 2-week, V-2 pH=1 at 9°C Figure 4-25 shows the data for the V-2 solid
ceramic. The hgure shows that Zr leaches at a greater rate then Y over the weeks of 0 to
0.86. At 0.86-weeks the Z1/Y ratio reaches it maximum ratio of 0.86:1 (Zr to Y). After
0.86-week he Y starts to leach at a greater rate. This is confirmed in Figure 4-29 by the
downward sloping line and in Figure 4-30 by the sharp increase in the leachate
concentration of Y to a maximum value of ~61,810 ppb at 2.14 weeks. The maximum
concentration for Zr at 2.14-weeks is 11,300 ppb, which is considerably more than the
saturation level of 100 ppb suggested by Shock e al. (1997). This ceramics does not
possess a inter-granular feldspatic-giass-matrix, thereby containing Si than the V-1
ceramic. This could explain why Y concentrations are higher as Y-silicates would not be
as likely to precipitate as (hey would in the V-1 ceramic. This would be trug for both the
solid and powder V-2 ceramic sampies. For the powder, both Figures 431 and 4-32
show that Y leached at a considerably greater rate then Zr. Figure 4-31 shows that the Y
leached nou-stoichmetrically and at 2.14-weeks, which is the maximum value, ieached to
a stoichmetric ratic of 0.04:1 {Zr to Y). The maximum leached concentrations of Zr at
2.14-weeks 1s ~3,900 ppb which is considerably more than the saturalion levels suggested
by Shock et al. (1997). The accessory compounds in the ceramic cavse the solution to
saturate at a higher concentration than that Shock calculated using pure ZrO,. Shock et
al. (1997) only considers OH" ¢omplexing, an increase in ZZr could be due o CI
complexiug and poorly crystalline, [ine grained accessory phases. Y reached a maximum

concenlration of 99,400 ppb at 2.14-weeks.
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Figure 4-29 ICP-MS Zr/Y Data of the V-2 Solid pH=1 2-week. Graph of Zr/Y in
leachate solution from the V-2 ceramic solid pH=1. The experiment ran for 2
weeks. The dala contains a #10% error represented by the error bars. A Zr/Y

ratio of 5:1 is stoichmetric for 8-wt% Y03 ceramic.
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Figure 4-30 ICP-MS Zr & Y Data of the V-2 Solid pH=1 2-week. Graph of the
Zr and Y concentrations leached from a V-2 ceramic solid in pH=1 leachate
solution. The experiment ran for 2 weeks. The data contains a +10% error
represented by the etror bars,
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Figure 4-31 ICP-MS Z:/Y Data of the V-2 Powder pH=1 2-week. Graph of Zr/Y in
leachate solution from the V-2 ceramic powder pH=1. The experiment ran for 2
weeks. The data contains a +£10% crror represented by the emor bars. A Zr/Y ratio
of 5:1 is stoichmetnc for 8-w1% Y,0; ceramic.
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Figure 4-32 ICP-MS Zr & Y Data of the V-2 Powder pH=1 2-week. Graph of the
Zr and Y concentrations leached from a V-2 ceramic powder in pH=1 leachate
solution. The experiment ran for 2 weeks. The data contains a +10% ermor
represented by the error bars.
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VIL. Conclusion
i. General Overview

The following conclusion will only address the durability of ZrQ; and Y;0s, &s
these are the elements that allow (he ceramic to function as a solid electrolyte by
tncreasing conductivity of the ceramic. Y,0: is added to Lhe ZrO; ceramic to slabilize
the normally monoclinic ceramic inte a more stabile cubic polymorph. Thereby, if Y is
leached out of lhe solid solution, the fully cuebic stabitized ceramic could, over time,
revert back to the tetragonal or monoclinic polymorph. If this were to happen, the
ceramic would be susceptible to thermal shock failure or, at the very least, a reduction of
conductivity and subsequent reduction in accuracy of sensor readings. In addition, if Lhe
Zr were to leach out of the solid solution, the ceramic would become very fragile or
disaggerate. Our data show lLhat the ytiria and zircomia rapidly leach from the Y,0; —
Zr(, solid solution grains.

This research shows that the V-2 ceramic is more suscepiible to leaching
compared to the V-1 ceramic. During the experiment the solid “chunks” of V-2 ceramic
(in pH=1) completely disaggerate into a powder whereas wilh the V-1 “chunks” show no
visible changes. We also see, based on the concentrations of (he compounds in Lhe
leachate solution, lhat the solid “chunks” leach at a greater rate compared to the powders.

a. 12-week, V-1 and V-2, Zr(}; Concentrations Figure 4-33 shows Lhat the V-2
powder @ pH=1 and V-2 powder @ pH=3 have the highest leach rate with the final
conceniration of Zr for the V-2 solid @ pH=1 leachate being the overall greatest. The

graph tells us that the V-2 ceramic is considerably more susceptible to durability
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problems than the V-1 ceramic. The graph also shows lhat the VY-1 ceramic is
considerably less leachable and therefore more stable (han the V-2 ceramic in Lhe same
conditions. The V-1 ceramic leaches at a relatively consiant rate to he 6-week point,
then starts to decrease. The decrease is ikely due to a combination of (he decrease in pH
of the acid (by HCl vapor loss) and precipitation of ZrQ, from the over-saturated
leachate. This is confirmed by the sharp increase in ZrQ; concentration in the leachate
after the acid recharge at 8-weeks, where (he ZrO; concentration hits it maximum at week
10 and then plateaus to 12 weeks. We also see that overall the pH=1 acid leached as
expected much more rapidly than lhe pH=3 acid. It is interestmg that the [inal
concenltrations at the end of the 2-week period are distinctly different [or the V-1 and V-2
ceramics. This gives us a clue to the amount of leached Zr in the solution from e¢ach
ceramic: the data show that the V-1 ceramic powder @ pH=3 leached as much in the
final solution as the V-1 ceramic solid @ pH=1. The data also show that the V-1 ceramic
powder @ pH=1 leached as much Zr as the V-1 solid @ pH=3. The overall Zr

concentration in the V-2 leachate increased as the V-2 ceramic solid @ pH=3 leached

Zr12-week  80°C solution ppb
high V-2 Solld pH=1 1034

pH=1 Intermediate V-1 Powder pH=1 143
fow V-1 Solld pH=1 118

high V-2 Powder pH=3 283

pH=3 intermediate V-9 Solid pH=3 121
low V-1 Powder pH=3 11¢

Table 4-18 ZZr 12-week leachability, Shows the
relative leachability of the ceramics with respect
to Zr concentrations. High = highly leachable,
I.ow = low leachahality
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with the lowest final concentration. The V-2 ceramic solid @ pH=1 leached with (he
highest final concentration. It is quite interesting that the V-1 was more durable overall
In comparison to the V-2 ceramic, with the V-1 solids leaching slower in comparison to
the V-1 powders. The V-2 ceramics were similar, the powders in the pH=1 leached the
fastest, with the V-2 solid in pH=3 leaching at a similar rate to the V-1 powder in pH=1
acid.
b. 2-week, V-I and V-2, ZrQ, Concentrations Figure 4-34 shows (he combined
Zr(; data for the high-resolution 2-week leach test. The graph shows that the V-2 solid
@ pH=1 and the V-2 powder @ pH=1 lines possess the same "stair step” increasing
trend. The V-2 solid @ pH=1 graphs as 2 hgher concentration than the V-2 powder @
pH=1. The¢ powder would possess a higher surface area in comparison to the solid, which
would be represented by the powder icaching more Zr than the solid. These two lines
{experiments) show the exact opposite relationship. The reason for this discrepancy is as
of yet inexplicable, but is most likely due to CI' and/or OH’ complexing in (he leachate.
In the V-2 solid @ pH=3, V-2 powder @ pH=3, and V-1 solid @ pH=I, graph lines
show Lhat there is missing data from weeks 0.07 to 1.43. The missing data is due to
errors duning ICP-MS sampling. These concentrations are not zero. These lines follow
each other to their maximum concentrations at 2.14 weeks where the V-2 solid @ pH=3
shows the highest concentration, and the V-2 powder @ pH=3 and V-1 solid @ pH=1
show roughly equal final concentrations. This shows that for the same type of ceramic,

the powder in a weaker acid is leaching as fast as a solid piece in 2 stronger acid.
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The V-1 ceramic possesses an inter-granular glass matrix that contains elevated levels of
Zr0; and Y»0, by Rodrigues ef ¢l. (1997). The solid solution will “mix“ wilh the glass
phase such that the ZrO; and Y,0; will diffuse out of the solid solution into the
surrounding glass phase during sintering. The glass is more susceptible to leaching than
the ZrO;-Y20; solid solution. Therefore, the elevated levels of Zr found in the leachate
solution for the solid V-1 ceramic are derived by the dissolution of the glass phase rather
than from disselution of the ZrQ; solid solution grains.

The V-1 solid @ pH=3 and V-1 powder @ pH=] start at the same concentration.
The solid leaches faster and then slaris to reach equilibrium up to week-1.43 where it then
increases sharply Lo the maximum concentration at 2.14 weeks. In contrast, the powder
drops in concentration aefler the [irst data point and then increases to a maximum
concentration that plateaus to the end. This V-1 ceramic contains the glass phase.
During the powdering process the ceramic broke along the grain boundaries (through the
weaker glass). This means the grains of the powder were armored with a coating of
glass. Omnce this glass was leached ofY of the solid selution grains, the acid was able to
atlack the solid solution and leach the Zr. This cxplains why the graph shows a high
imitial concentration as the [ew exposed grains leached, followed by the reduction of
concentration as (he acid attacked Lhe glass, and finally a spike in concentrations as the
acid reached saturation from leaching the solid solution grains. The solid V-1 ieached
similarly. An increase in concentration is seen after the 0.86-week data point where the
acid leached Lhe exposed grains, and then a reduction in concentration as the acid

attacked the glass phase. Once the acid leached (he glass phase it was able to atlack the
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solid solution grains that were exposed at the surface, as well as the solid ceramic piece
afier the glass was dissolved.

The V-1 powder @ pH=3 also shows the slight reduction of concentration at the
0.86 week data point, as was seen in the other V-1 ceramics. This is due to Lhe leaching
of the glass that is armoring Lhe solid solution grains. Afler the leaching of the protective

glass, the ceramic continued to leach at an ¢ven rate to a maximum at 2.14-weeks.

Zr 2-week 90°C solution ppb
high V-2 Solid pH=1 11,279
pH=1 intermediate V-1 Powder pH=1 1,421
low V-1 Solid pH=1 508
high V-1 Solid pH=3 1,889
pH=3 intermediate V-2 Solid pH=3 748
low V-2 Powder pH=3 510

Table 4-19 £ Zr 2-week leachability. Shows the
relative leachability of the ceramics with respect to
Zr concentrations. High = highly leachable, Low =

144



¢ 12-week, V-1 and V-2, Y Concentrations Figure 4-35 shows that the V-2
ceramic leaches a greater amount of Y203 in comparison to the V-1 ceramic under the
same conditions. The V-2 ceramic expenments leach at an ever slope (rate) to Lhe point
of acid recharge (8-weeks), where the concentrations then sharply increases to the 12-
week point. The final leachate concentrations are very close to each other (less then one
order of magnitude apart) suggesting that the concentrations are ¢lose to saturation in the
leachate. It is interesting to note that the final 12-week data points for the V-2 ceramic
are considerably greater (close to 3 orders of magnitude greater) than the highest
concentration of the lower concentration V-1 ceramic.

The graph also shows that the V-1 ceramics leached considerably less Y then the
V-2 ceramic over the 12-weeks period of the experiment. The V-1 solid @ pH=1 leached
the greatest amount of Y with the V-1 powder @ pH=1 leaching 2 little less. The V-1
solid @ pH=3 leached a little more than the V-1 powder @ pH=3. The V-1 solid
ceramics teached a greater amount of Y than the powder samples. This is because this
ceramic has an inter-grain matnx glass that becomes enriched in Y0 during
manufacturing and subsequent sintering as the Y leaches out of the solid solution into the
glass. The acid will leach the glass much easier than the solid solntion.

During the powdering process the powder is sifted through a sieve to obtain a
cerlain size fraction. The glass, being less hard and more prone to fracture than the ZrO;
solid solution grains, would break into smaller grains and pass though the smallest sieve

as waste. Therefore, the solid ceramic pieces possess a greater bulk amount of glass per
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weight, lhan what is in lhe powder per weight. It has been confirmed by X-ray
diffraction, that the grinding waste of the powdered ceramic is rich in inter-granular
material. Therefore, as the solid pieces of ceramic still contained Lheir original amount of
glass per unit mass in comparison to the ground powder per unit mass, the solid leached

more Y into the leachate.

Y 12-week  90°C solution epb
high V-2 Powder pH=1 31,477
pH=1 [ntermediate V-2 Solld pH=1 24,746
low V-1 Powder pH=1 36
high V-2 Powder pH=3 24,744
pH=3 intermediate V-2 Solid pH=3 14
low V-1 Powder pH=3 5

Table 4-20 £ Y 12-week leachability. Shows the
relative leachability of the ceramics with respect to
Y concentrations. High = highly leachable, Low =
low leachabiiity

d. 2-week, V-1 and V-2, ¥ Concentrations Figure 4-36 is a graph that shows all
the Y-leach results for the 2-week experiment. The graphs show that overall the V-2
ceramic leaches at a greater rate than the V-1 ceramic. This is similar to the 12-week
data, except that some of the final V-2 concentrations are higher in the 2-week data. This
is an arlifact of Lhe diflerence in the water to rock ratio of the reaction, whercas Lhe water
to rock ratio of the 12-week expeniment was higher than the 2-week data. The water to
rock ratio of the 12-week data was approximately 10ml leachate to 1gm of powder, and
the 2-week experiment was approximately Sml of leachate to 2gm of powder. The lower
water to rock ratio in the 2-week data will increase the concentrations overall in

comparison to the 12-week data. The highest concentration of leached Y is from the V-2
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powder @ pH=1 with the V-2 powder @ pH=3 close behind. These results are expected
as the V-2 phase, and the powder possesses a greater surface area than the solid pieces.
The V-2 solids are next in Y concentrations with the pH=1 leachate solution above Lhe
pH=3 solution. The initial concentrations from 0.07 to 2.16-weeks show Lhat the solids
react at a much slower rate than the powders. This is to be expected as the powders have
a greater surface area in contact with the acid allowing for greater leaching. There is a
considerably large difference in concentrations between the highly leached V-2 ceramics
compared to the V-1 ceramics. The four V-1 ceramics follow (almost exactly} the same
trend amongst each other, with the powders of pH=1 followed by the powder in pH=3,
the solids in pH=3, and the solid in pH=1. It should be noted that the V-1 solids reverse
concenlrations, in that the pH=3 solid appears to have leached more Y than the pH=1
leachate solution. At this time it is unknown why the pH=3 leachate contains a greater

concentration of Y than the pH=1 leachate. The data has been checked and confirmed as

Y 2-week S0°C solution ppb
high V-2 Powder pH=1 99,374
pH=1 inlermediate V-1 Powder pH=1 276
low V-1 Solid pH=1 74
high V-2 Powder pH=3 79,862
pH=3 imemmediate V-1 Powder pH=3 170
low V-1 Solid pH=3 92

Table 4-21 £ Y 2-week leachability. Shows the

relative leachability of the ceramics with respect to

Y concentrations. High = highly leachable, Low =

low leachability
accurate. A possible cause for elevated levels would be CI" or OH™ complexing of the
HCI, but at this time no data exists o support any reasons. Overall we se¢ that the V-1

powder leaches at a greater quantity than Lhe V-1 solids. This is to be expected as

powder posses a greater acid to ceramic contact area in companson to the solids.
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ii. Zr/Y Stoichmetric Ratio

When Lhe data are plotted as Zr concentrations divided by Y concentrations, we
are reducing Lhe data to a ratio based on weight that can be used to compare the
stoichmetric ratio of the secondary components in Lhe leachate to the stoichometry of the
primary ceramic. If (he graphed linc of (he data is approximately 5:1 on the Zr/Y ratio
BXis we can say the solution was produced by stoichiometnc leaching. None of the
ceramic combinations leached ideally stoichiometric. Some lecached at a high ratio
representing that Zr leached at a considerably greater rate then Y and some leached at a2
very low ratio representing that the ceramic leached Y at a greater rate then Zr.
Unforrunately, in most of the data, the graphed lines did not show easily explainable
behaviors. It is possible Lhat the unusual behavior of the leachate is due to the presence
of U-, Ti-, Ca-, Al- or Fe-silicates, which could change lhe precipitation of Lthe secondary
compounds (Zr and Y}. We also must take into account OH™ and Cl” complexing where
the results of the graph are ZZr or Y that was leached.
iii. Comment

Figure 4-37 is a generic graph showing the relative concenlrations of all (he
ceramic/leach combinations. This graph suggests that the V-1 ceramic is the most
durable of the two. The V-1 ceramic was Lhe most durable in both acid soluttons, while

lhe V-2 ceramic was Lhe least durable.
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other pH/solid area controlled phenomenon, However, it does approach Lhe Shock value
for the high side. The accessory compounds in the ceramic cause the solution to saturate
at a2 higher concentration than that Shock calculated using pure ZrQ,. Shock ez al. (1997)
only considers OH™ complexing, an increase in ZZr could be due to C)' complexing and
poorly crystalline, fine grained accessory phases.

b. 2-week V-1 Solid pH=3 at 90°C Fipure 4-12 shows that lhe overall tends for
Y, Mg, Al, Ca and Si increase in conceniration from 0.07 to 0.28-weeks, and then
increase at a lower rate from 0.28 to 0.86 weeks. The concentration increases at a faster
rate over weeks 0.86 10 1.43, and then plateaus over the weeks of 1.43 to 2.14 where they
reach equilibium. The general trend of this data is similar to other 2-week data, Fe
increases sharply over weeks 0.07 to 0.28, sharply decreases over the weeks 0.28 to 0.86,
and then increases sharply over the weeks of 0.28 to 1.43. The leachate concentrations
decrease from weeks 1.43 to 2.14. The dala trend is considerably diflerent tlhan what has
been seen in the other data sets, but there is no reason to believe that there is any general

error in these readings, aithough Lhe trend is unexplainable at this ime and will require

time in weeks Zr Y Ca Te Mg Al St Fe
0.07 NA 8.2 8.5 23 49.8 452.6 4526 105.6
0.28 68.4 1.4 1670.3 22 4056 12564 11227  1796.%
0.88 179.6 138 2810.1 0.8 150.2 23120 1766.2 137.0
1.43 97.9 75.0 175936 29 8476 158531 159500 21728
214 18884 822 217364 30 10513 194728 202120 8450

Table 4-14 ICP-MS data for the V-1 Solid, 2-week experiment. The ceramic was
leached in pH=3 acid at 90°C. All concentrations are in ppb. There is a £10%
error in these readings.

more research to explain. The concentration of Ti decreases slightly over Lhe weeks 0.07

to 0.28, decreases at a faster rate over the weeks o[ 0.28 to 0.86, then increases sharply to

a piateau from weeks 1.43
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CHAPTER 5
CONCLUSION
L. Introduction

The ZrO;-Y,03 ceramic pH/fO, sensor will produce a tevel of underslanding of
our natural and man-made resources that we do not currently possess. These new levels
of understanding will allow wise management of hese resources so that they will be
available for many pgenecrations. Environmental impacls from volcanoes, parbage
incinerators, muclear reactors, and high-pressure steam wells will very likely someday be
managed by active control systems governed continuously by input from ZrO; sensors.
These types of active sensing and/or control systems are already in use in today's
environment. Every automobile assembled since 1980 has a ZrQ, sensor mounted in the
exhaust stream. This sensor allows he car or truck’s onboard computer to actively
control emissions, reducing waste gases and increasing mileage. This same sensor,
constructed in a slightly different configuration has been useful in ieak detection in liquid
sodium cooling lines of boiling water nuclear reactors and can be placed into the exhaust
stream of a fossil fuel power plant where (he sensor will allow active management of the
combustion process, thereby reducing waste and increasing efficiency.

In the future this sensor will be placed in (he steam lines of geothermal wells,
fossil and more generally in nuclear power plants, and in the decomposition chamber of
super-crilical water waste incinerators. These latter processes currently must be managed
by taking samples of fluids and only after cooling can pH's can be determined and
extrapolated to the proper temperatures. The ZrO:; sensor would allow pH and fO,

measurements of cntical fluids in-sif and at the proper temperature, thus allowing active
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and automatic management. Since the mid 1960°s ZrO»-fO,, sensors have been utilized
to control metallurgy, for example, “hitting the end point’ in the production of low carbon
steels. A ZrQ; sensor emplaced into a volcano (such as Mount Etna) or in a fault line
(such as the San Andres fault} can detect minute diflerences in the eflluent gases,
allowing researchers to predict (sometimes within a few hours) when the next volcanic
eruption or sarthquake will occur. On a recent Irip to Mount Eina, I was told by the
volcanic research team from the University of Palermo to be off the mountain by 1PM.
The research team, using an amray of geophysical and geochemical sensors including an
IR (infrared) gas detector, was able to estimate that the volcano would erupt by 1PM. In
fact, Mount Etna erupted at 1:30pm, only 30 min off of their original estimates. If the pH
and fO; of the volcanic gases could be detected in-situ, rather than collecting gases to be
later analyzed 1 a lab, 2 higher accuracy could be oblained. With more research the
Zr(;, sensors couid yield highly accurate readings that could be employed as part of an
automatic active warning system and could potentially saving lives around the world.

II. Purpose of this research

Unfortunately, while the fO,-sensmg abilities of the ZrO; sensor are understood
for the high temperature environments, sensing mechausms for hugh temperature pH and
Tow temperature fO, are not completely understood.

The purpose of this research was to open the door to high accuracy readings and
to gain the understanding of what allows these sensors to function as 2 pH and fO; sensor
over a variety of conditions and temperatures. We studied the ZrQ; sensor by looking at
three commercially available ceramics; denoted as V-1 (CoorsTek®, formetly Coors

Ceramics), V-2 (Zircoa Corp®), V-3 (Vesuvius Ceramics®). The manufacturer stabilized
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the ceramics with Y03 s0 that the ZrO; would behave as a solid eiectrolyte and would be
thermally volume and phase persistent. The Pennsylvania State University Materials
Science Department (PSU-MS), which was a research partner in the NSF grant that
funded this research, performed all liquid testing (pH) using the V-1 ceramic in a variety
of pH’s in aqueous solutions. Qur PSU colleagues were able o oblain an accuracy of +
0.05 pH log units under leboratory conditions (Lvov ez al., 2001). The material presented
m this paper addressed only the research preformed at Temple University, where we
looked at the textural difTerences, the durability of these ceramics, and the operational
mechanisms for fO,-sensing in laboratory condilions that were designed to be closely
parallel Lo natural and industrial conditions.
IIL ¥-1 Ceramic

The V-1 ceramic is a fully cubic stabilized ceramic containing a 3-dimentional
Ca-Al-Si feldspathic glass that is willfully added by the manufacturer to aid in sintering.
This glass has many effects on the ceramic. Importantly, the ionic glass has been found
to contan elevated levels of Zr- and Y-oxide. Rodnigues et al. (1997), by purposely
adding Na-rich glass to their ceramics, found that during sintering the Zr- and Y-oxides
leach out of the solid solution grains tnto the inter-grapular-matrix glass of their test
ceramic. We have also found (his to be true for the V-1 ceramic. The enriched inter-
granular-glass has been determined to effect the bulk conductivity of the ceramic; in
effect the ionic glass minutely shorts the ceramic electronically and ionically. By
ionically shorliing the ceramic, the giass will allow the 0% ion lo snigrate in reverse
direction and thereby reduce the potential emy of the cell. The reduction of potential emy

will cause a difference in readings of about 2.5 log fO; over the temperature ranges when
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the glass starts to soften and melts. This also raises the issue of whether the pH and/or
JO: of Lhe solution is being sensed vig the ZrO;-Y,0; solid salution grains or the glass in
the V-1 ceramic. In as such, can this sensor be characterized by calling it a ZrQ; sensor
with a glass phase or a glass sensor with a ZrQ, phase? The answer is solely based on the
perspective of the person answering the question. This glass, while having an effect on
the readings, has been found to have an effect on the durability of the ceramic as well.
Through EMP and SEM analysis, we have determined that the feldspathic glass, over
several hundred hours of exposure, will hydrate to form zeolites. These zeolites appear to
preferentially form in the tnple-grain-functions of the ceramic. When the zeolites grow,
they will force the grains aparl causing mechanical degradation of Lhe ceramic solid
solution grain-to-grain cohesion, i.e., strength of the ceramic approaches failure. Dunng
the hydration process of the glass, the glass will also "wash" or leach away leaving the
prains unsupported since Lhe glass also acts as a substrate glue. The loss of the glass
leaves the grains weakened and they will "pluck” away from the ceramic. Thus affecting
the ability of the sensor to sense its environment, since Lhe ceramic acts as a solid
electrolyte promoting migration of €, H* and 02, The loss of the glass also reduces the
ceramic’s bulk conductivity, eventually causing tonic and electronic failure. While the
previous stated condilions require immersion in a liquid, we have also seen glass-induced
failures in gas immersion of the sensor during fO, experiments. We have determined
that he fO, readings are not perfectly Nemstian. It is unknown if this is because Lhe
sensor operates vig multiple mechanisms (glass and ZrO, with difTerent o* carriers) that
overlap, or if the mechanism is discreetly O wilh the addition of secondary emf from the

ionic qualities of Lhe glass matrix and P/CQO; catalysis. Further research will be required
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to determine what effect potential overlaping mechanisms and/or secondary em/’s have
on the accuracy of the readings, and what conditions influence the deviation from perfect
Nemstian (N=4, O™ migration) behavior.

The feldspathic glass causes sensing issues, and durability issues (discussed
previously). During the pH wet testing research preformed at The Pennsylvania State
University, catastrophic failure of the V-1 ceramic was seen after several hundred hours
of exposure to the test solutions. Upon EMP and SEM analysis of the failed ceramics, it
was determined that the glass between the grains hed been leached away, leaving an open
gap in the triple-grain-junctions, which allowed zeolites to form. We determined that the
failure of the ceramic was due to the mechanical "weathering” of the ceramic by the
growing zeolites, and the loss of the glass, which was holding the grains together. In our
shorl term (12-week) experiments we found that the V-1 ceramic possessed the greatest
durability in comparnison to the other ceramics. In elfect, the glass appears to protect the
solid solution grains from contact with the leachate solution.

The general consensus is that pure ZrQ; is stable (insoluble) during exposure to
acids. This is not the case for ZrO; once Y20s is added to form the solid solution grains.
While the Y,0; introduces the lattice defects necessary for ionic operation, these defects,
being ‘unusual’ energy sites in the lattice, apparently also increases Lhe ceramics
vulnerability to ieaching. It should be noted for future use that ZrQ; does, in fact, react
with acid and is not as insoluble as is generally thought. A tabular represeutation of this

conclusion can be found in table 5-1.
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Advantage

Disadvantage

Useable for
70,

Useable for
pH

pE=1

pH=3

V-1

-Easily available in
many configurations.
-(lass phase armors
the solid solution
grains and protects
them from Lhe
chemical environment.
-Fully stabilized

-Low bulk resistance
-Longer chemical
durability than the V-2

-Glass phase shorts Lhe
ceramic raising the
issue of whether the
cerannc or the glass is
sensing the chemical
environment.
-Degradation of Lhe
glass:

2evlite formation

glass dissolution
during exposure
-High amount of
accessory compounds

-Yes

-Yes, with limited
exposure time to acidic
solution

Zr Y

Powder 143 66
Solig 1635 45

Powder 172 13
Solid 260 27

N e L T T T or AP AN

Maximum Leached Concentrations {ppb)

V-2

-Easily available in
many configurations
-Does not contain a
gless matrix

-Fully stbilized
-Conlains less
accessory compounds

-Increased
susceptibility to
acidic conditions
-Higher bulk
resistance than V-1
-Shorter chemical
durability than Lhe
V-1

-Yes, with short
exposure hme to
acidic solutions

Zr Y

Powder 8463 31476
Selid 1034 24746

Powder 6771 24746
Solid 293 22941

A T N T

¥-3
-Easily available in
many con(igurations

-Not fully stabilized
~Non-homogeneity
problem in the
grains

-Yes, only in
specific temperature
conditions

~Unable to
deterrmine at this

No data

No data

Table 5-1 qualitalive summary of results generated during this research.
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IL V-2 Ceramic

The V-2 ceramic is similar to the V-1 ceramic in that it has been stabilized to have
a persistently cubic polymorph with 8-wi% Y»0s. Although this ceramic does not contain
a glass phase, it does contain grain boundary phases of MgO, CaMgSi 0, CaSiO; found
in the miple grain junctions. Without a 3-dimesional-glass phase, the V-2 ceramic is
characterized by a greater grain-to-grain contact. Thus as these sensors operate, Lhe
charge carriers will be forced to migrate throngh the solid solution grains and cannot
transmit through the non-existent glass phase. We have found that this ceramic does
possess a greater bulk resistance, compared with (he ionic glass-rich V-1 ceramic. The
increased bulk resistance reduces the emf (over certain temperature ranges) that the cell
produces in response to known calibrants. This is a predictable effect of the ceramics
lexture and can be calibrated out of the readings. It was found that, like the V-1 sensor,
the V-2 sensor also appears to operate with a non-ideal Nernstian behavior over certain
temperature and reducing/oxidizing (redox) conditions.

This ceramic does have durability problems. Upon exposure to acid the yttrium
oxide (Y;0;) leaches from the solid solution. The leaching of Y,0; is catastrophic in that
the Y;0s-loss from the solid solution will cause a degradation of the ceramic’s
polymorphic phase stability. The ceramic requires that the solid solulion grains contain
at least 7.5-wi% Y,0; to maintain the necessary persistent cubic polymorph. When the
solid solution loses the Y,0; it (potentially) will retrograde iu its cubic polymorphic
persistence, eventually causing catastrophic thermal shock during volume changes cavsed
by polymorphic changes. The loss of the Y,0; also causes a secoudary effect, in that
Y20; is required to create vacancies in the crystal lattice. These vacancies allow for the
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ionic migration necessary for the sensor to operate (Chapter 2). Once the Y,0; is lost
from the solid solution, the ability of the ceramic to perform as a solid electrolyle will
also be lost as there will be a change in conductance of the bulk ceramic.

In our research we found that at the end of the 12-week acid leaching experiment
that the V-2 ceramic solid pieces, in both the pH=1 and pH=3 solutions, completely
disaggerated into a ceramic powder on the bottom of the reaction bottle. The
manufacturer of this ceramic is aware of this problem and has started to experiment with
stabilizing the ZrO, with CeQ; in place of the Y,0; with the hope that CeQ, will not
leach as readily from its solid solution in ZrO;. While this sensor does in fact read fO;
quite accurately and is suilable for industrial and environmental conditions during short-
term use it is not currently suitable for long-term use in applications where the ceramic
will be exposed to acidic solutions. A labular representation of this conclusion can be
found in table 5-1.

IIL. V.3 Ceramic

The V-3 ceramic is characterized by a lack of stability. This manufacturer adds
only 7-w1% Y:0; and thus stabilizes the ceramic to a tetragonal polymorph. While this
ceramic is stable "enough" to be used in conditions where the temperature will not cycle,
it is not suitable for our experiments, nor for use in most environmental and industrial
applications. Therefore, afler some minor texture and fO, characterizalions, we chose to
conserve research resources {money) and not look further at its leachability. This
ceramic does not contain a glass of any type and is generally pure, but the ceramic is not
homogeneous in ils solid solution. The ceramic possesses periodic spots that are enriched

or deficient in ZrO; and areas that are enniched or deficient in Y203. The pnimary issne is
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that the ceramic is not fully stabilized. In all of our fO; experiments we found that the
sensor ceased operalion at ~560°C. This temperature correlates with a phase change from
cubic to a mixed polymorph of cubic and monoclinic. It has been theorized Lhat the
polymorphic density change will cause 2 bulkceramic-volume change that will cause the
ceramic to physically move away from the internel electrode contacts, causing a loss in
conduction. This sensor has been constructed in several configurations in an atlempt to
solve this problem, but none of these were successful. This ceramic can be used as an
JO» sensor, but its operational environment should be limited to temperatures above
600°C. Due to the lack of data, the durability of the V-3 ceramic in aqueous acid
solutions has not been determined. Therefore, until further research is preformed on the
V-3 ceramic, it should not be used as an autormated pH-sensing platform. A tabular
representation of this conclusion can be found 1n table 5-1.
IV. Comment

The goals of this research were to characterize three commercially available
Zr0,-Y,0; stabilized ceramics in an attempt to determine the ceramics durability,
stability and quality of readings over a wide range of pH {or f0O;) and temperature
conditions. During the research, data was gathered on the ceramics conductivity, textural
composition, chemical composition, impurnty levels, aqueous stability, performance as a
pH sensor (preformed by PSU-MS, Lvov et al.,, 2001), and performance as a fO, sensor

(lhis manuscript). A labular representation of this conclusion can be found in table 5-1.
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Appendix A - Data set for the V-1 Ceramic taken on February 25, 1999

mpgTC

972
day
ar1
onz
898
a7
919
873

J28g3

751

8093

835
605

513

514

588K

415
3D

393

gEEH

317
06
290
264
247
220

Table 5-2 Data uscd for the log fO; graphs for the V-1 ceramic.

1T

890
82
820
85
85
8.5
84
%4
8.7
aa
9.1
93
9.5
9.8
100
104
10.7
1.0
114
1148
1148
123
12.7
128
110
1318
149
145
151
150
150
153
156
162
165
170
17.3
17.8
186
192
2049

§o2)

5.40
587
5.29
&55
681
6.67
626
714
in
7.60
818
888
9.28
9.74
10.20
10.95
1141
1200
12.58
13.20
13.18
14.30
14.69
14.38
1467
16.63
16.89
17.08
19.57
19.10
18.70
1887
19.62
20.27
20.90
20.27
20.65
2041
21.06
.85
19.78

fumace
f(Q2)
10.580

11.090
10.530
12.110
12.280
12120
14.770
12920
13.080
13.450
14.320
15.9%0
18.050
16.890
17.680
19.180
22210
21470
22.670
24.100
24.310
28.060
ar.140
26.760
25.060
30.380
31.080
312.360
34.910
34.470
33.780
33910
34.800
36.040
30.520
37.620
38.060
39.180
40.670
42.530
41.450

top emf

281.400
479.600
2B83.200
293.400
288.200
289.100
293.100
301.200
304.4eD
304.700
313.860
3124.260
333.760
345.860
355.760
379.760
386.500
414.600
434.400
448.600
483.270
437.540
471.020
474160
495.320
475.000
483.180
499.130
480.960
486.700
474.490
470.980
458.460
453.520
441.080
474660
459.920
489.120
482.9T0
520.610
$19.8680

bottean emf alr blank tolt top emf cor tot emf

-608.580
£30.610
-508.5H0
666750
574840
671.250
656.140
£96.95¢
-705.830
-748.920
744,940
~718.880
800.030
-821.060
-345.530
+885.090
-508.150
53B.780
464,660
$88.210
059.490
~1017.280
~1030.690
-1026.120
-1042.860
-1054.000
«1070.340
~1076.280
-1082.030
-1084.010
-1121.530
+1148.170
~t088.900
-1076.020
-1077.720
«1078.190
«1074.350
-1073.830
-1070.680
-1089.280
-1058.240
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41.972
41.108
41933
39.599
39.429
39.749
40,167
39.633
39.55@
38192
37.075
36.072
35.308
J4.505
33.764
32,561
31.577
30.800
29.582
28,648
28.500
7.302
16.506
16,785
25939
24.439
23,924
23.179
22333
22491
22437
22,007
21.561
20.792
20.466
18.080
19.512
18.963
18.110
17.831
16893

281.085
279.585
283185
293,368
288.186
269.086
283,006
3ot.287
a07.987
304,687
33707
J24.108
KKER: ]
345789
355.680
379,630
396.491
414.591
434,392
446,792
453,283
457,540
474.014
474154
495.314
474.995
493.175
490.126
480.956
468.696
A74.4T6
470.985
455.457
453.517
441.075
474.659
469.918
489.118
482.969
520.609
519.979

265224
309.980
283462
333,767
347,208
32415
322807
KETR(X]
359207
377.041
4.0y
418419
431.004
442766
456.07Y
472849
450,002
4%1.589
500.686
510.769
507,727
§32434
$§33.170
$25.802
521.607
§64.586
553.241
§53.975
579.741
5§74.023
624.8616
623.087
611.882
601.711
616.189
591.653
584.920
585.749
569.602
$31.140
521.367

Haas

8471
6778
64380
7.332
7.389
7275
7.918
7710
7.741
7589
8391
as1
8156
9.585
9.946
10.607
11.174
11.780
12.454
11113
13222
14144
14803
14.565
15297
18714
17242
18,048
19.025
18.838
18.800
19.311
19.985
21.012
21412
22.335
22.502
23.191
25.27%
28372
27.661

Dalnes

10.470
10.990
10.501
11.863
12.056
11.869
11.560
12.645
12.678
12,926
13.168
14.543
18.188
15.680
16.533
17.744
18.678
19.735
20.917
22,067
22,253
23.870
25.020
24647
25.891
28370
29.280
30.710
32420
32.047
32.202
32911
J4.005
asam
36.710
38203
39.197
40.845
43.363
45260
47,530



Appendix B - Data set for the V-2 Ceramic taken on May 6, 1999

avgTC 1T 102} fumace Lopemf bottam emf air blank tol top emf cor totemf Haaa
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15.9
1.y
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s
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48.2
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233

EE RS
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7
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BEEEEEREES
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e

6049
£87.9
4mM.3
487.3
-750.3
-T96.4
835.2
gr2.6
9272
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10976
-1159.3
12444
-1169.2
~1184.5
12809
-1235.8
12500
~1237.5
+1248.9
ANTH
-12922
-12%0.3
-1325.4
-1338.7
13984
-1367.3
-1210.3
1134.8
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«1361.1

3B.920
34.683
ar.030
35.698
33819
31.804
30.552
25.380
28,096
27.304
26.333
253
24.41%
24,048
23.037
22,653
21.981
21.187
20.699
20173
49.626
19417
18.980
18.T1
18.444
18.147
17548
17477
17494
16,875
18.437

204.000
232.999
241.999
252.999
301.969
348.097
a77.996
397.986
418,088
4280995
416,995
444,935
451,995
452995
457,995
457.99%
482,995
453.995
485.095
307,095
489.995
471.985
495,994
502.994
512.894
517.664
530.883
533.993
568.593
635.991
855.991

$07.988
$64.733
509.939
§27.447
§22.215
$11.996
512.235
517218
$24.257
530.245
543.576
556.344
568.695
5714.545
91.104
601.120
618.135
626.453
638.258
844.107
649.200
654.308
845.005
639.057
635450
834.908
630.136
625.008
605.250
545007
$27.192

Table 5-3 Data used to plot the fO; graphs for the V-2 ceramic.
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7.596

9.377

8381

6.984

10.022
10.980
11.810
12.593
13.525
14.143
14.951
15.648
18.738
17112
10.208
18.6456
19.959
20.475
211442
21.897
22417
22.958
23.763
24.166
24.660
25.211
25.168
28477
Zr.oq
zr.7n0
27.780

Deines

12.428
15.539
13.787
14.854
18.657
18.338
19.797
21.185
22813
23.870
a5.300
26455
28.409
29.031
30.959
767
34.036
34869
38.192
J7.458
38.358
39.291
40.845
41.405
42,308
43.229
44.203
45.447
ag8.441
47.592
47.747



Appendix C - Data set for the V-3 Ceramic taken on May 20, 1999
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141
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233
17.2
243
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201
97
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$.0
125
140

mﬂmaee top emf botiom emf air blank tot top emf cor kot emé
oD

10.8
121
13.0
15.5
37.6
21.7
22490
247
25.5
29.3
Rs
kS K
gs
e
43.0
s
84
56.2
456
479
$1.2
517
56.6
69.5
85.6
59.9
66.2
63.1
61.9
5.8
57.%

227
243
ans
300
40
s
401

SENIRE

695

691

EEEETE

1168
965
967

1344

1168

1194

1053
957

-589
£44
688
=75
410
455
HS
-1000
~1033
997
-1194
-1102
-1339
-1189
1418
A182
-1178
-1723
~1369
1397
-1484
-1507
-1539
-1829
-1518
<1492
-1603
-1518
<1429
-1310
-4308

39.867
38.270
35914
34.364
32291
30.683
26.959
27.958
27.031
26.279
25.30
24.588
23.959
23.185
42.653
42.047
21.384
21.059
20.626
20.099
19.647
19.330
16.700
10.064
17.514
17.136
16.631
16.537
15.928
15.852
15.660

226.499
242,969
a75.198
290.548
340.417
374.497
401.266
599.572
520.984
§r0.092
660
699.120
605.188
695,340
82,738
650.650
686.610
1264319
875.768
701.950
123200
834,587
1054.980
1168.201
968.185
566 885
13431 77
1187.780
1193680
1052.483
956785

32433
36271
386.707
416938
437,552
549830
484.576
7z
485218
av.aze
448.906
78222
$09.673
450.855
432,692
489.473
ATH.105
437.752
472948
814.751
722.783
$52.602
464.837
641.648
531.001
508.039
242.792
313.883
219.612
301.915
335.815

Table 54 Data used to plot the fO, graphs for the V-3 ceramic.
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Haas

7.230
7.857
&.584
9.636
10,755
11727
12.882
13.630
14.384
14.990
15.848
16.566
17.205
18.040
18.548
18.3724
20.215
20,647
21.245
42,006
22.681
23.191
24.23%
25.308
268.404
27.158
23220
20.425
29.809
29.968
30.452

Deolnes

11.776
12.895
14.557
16004
17.883
19.642
21.684
22,958
24.274
29.362
26.855
20,098
29.248
30.710
31.767
33.011
34.503
35.249
36.308
37.643
30.762
39.695
41.829
4.429
45.322
48.628
45.524
44.869
51.204
§1.602
52.380



Appendix D Part 1

V-1 pH=1 90C SOLID

webk zr Y ca tl Mg Al Si Fe
0.07 - 6.73 594155 364 25400  4,659242 3,899.32 279.)
0.28 . 936 1486405  5.69 589.2%  12,398.10 888346 37515
0.86 - 10.33 2138790  7.66 83074 195,708.84 1462633 405713

143 338.99 6849 137,133.08 3824 4,76530 130,183.81 106,104.39 2,039.54
214 51029 73.72 148984.44 5447 523073 158,14B.68 133,596.47 2,209.99

2 2.84 2185 10,971.38 4.50 56000 1384840 15,063.76 117.57
4 183558 57243 16,621.15 11.67 607.52 19,400.57 14,023.83 147.22
6 65.29 476 1043287 1034 684.58 20,003.88 18,175.48 174.26
8 61.72 541 10,256.86 12.41 703.54 41,136.02 .1,284.25% 192.17

10 213.11 N.S7  37,140.22 5870 2,207.99 176,263.20 49,8301.87 724.50
12 119.51 4479 3542993 3890 2,247.66 208,450.18 45.868.05 633.11

V.2 pH=1 80C POWDER
week zr y ca 4 Mg Al Si Fe
0.07 4227 412105 2,79255% 738  1,504.22 054.97 2,440.84 202.59
0.28  416.92 13,009.63 9,62633 2046 6.716.13 3.327.53 22,855.05 1,113.95
0.88 399.92 17,806.32 12,823.24 1315 §,383.68 434012 34,32242 637.71
143 3,208.76 97,463.57 66,750.18 3847 43,537.62 24,335.82 138514915 3,805.16
214 3,891.18 99374.60 ©68,146.54 38.82 44,208.79 24,768.71 190,302.03 3,586.51
2 8,463.33 92.19 7,135.81 711 4,030.04 1,670.87 19,298.85 629.79
4 1,003.00 10,668.00 3401700 30.08¢ 5,820.00 4,271.00 8,022.00 1,289.00
8 618,00 95,487.0¢ 20,806.0D 5.0¢ 4,276.00 3,593.00 7,104.00 334.00
8 562,00 10,053.00 25,052.00 8.00 6448.00 3,821.00 2,064.00 1,156.00
10 - . . . . . - .
12 652.89 31,476.69 22,222.80 5.50 13,335.67 7,077.06 57,550.89 2,150.65

V-1 pH=3 90C SOLID

woek 2r y ca ti Mg Al Si Fe
0.07 0.00 8.24 60253 234 49.9¢ 452.61 452,61  105.65
0.28 ©8.47 11.44 1,670.34 223 105.57 1,265.48 112271 1,786.80
0.88 179.68 13.89 2,810.13 0.88 150.22 2,312.02 1,766.28 137.01
1.43 97.92 7581 1758366 291 84765 15851189 15950.70 2,172.82
214 1588941 8226 21,73648 304 105163 1947287 20,21203 B45.01

2 1.52 1.37 2,710.48 0.59 124.67 1,802.30 3.037.35 .17
4 2.60 0.10 564.93 0.00 3942 869.81 191.36 17.18
8 4.89 1.30 2,702.88 0.11 20047 4,002.88 2,205.50 92.19
3 4.7 1.66 3,911.49 0.10 280,41 4,321.58 397278 103.51

10 26033 2429 1818618 21.49 226.69 1,732.17 149444 M1
12 134.69 13.62 17,801.55 1.95 310.51 181923 153041 291.57

Table 5-5 ICP-MS data used to create the graphs in chapter 5, Part 1. All data contains
a nominal error of 10% and all values are in ppb.
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Appendix D Part 2

V.2 pH=3 30C POWDER

weeK zr y ca ti Mg Al Si Feo
0.07 0.00 1,577.21 1,307.13 1.22 7.1 300.87 1,775.64 53.42
0.28 0.00 &,54453 524312 .59 253.33 360.35 TXT.62 26B.74

0.86 0.00 1244492 1041954 043 7032192 2,668.08 25448.18 173.76
143 37274 70,3B4.27 60,949.54 219 3716282 12,787.48 14740653 49B.47
214 51937 79,88293 71,808.45  1.59 45,220.90 3,079.82 182,058.71  486.12
2 877144 149 1243768 043 3,728.70 3,256.20 16,132.32  201.36

4 95700 822800 5646100 1100 12,348.00 7,052.00 2,229.00 518.00

6 603.00 820500 35693.00 1200 5,545.00 4,062.00 2,324.00 961.00

8 57700 7,740.00 29,767.00 8.00 5,426.00 3,608.00 7,384.00 621.00

10 30244 3203125 22,838.52 18.27 13,514.19 758541 §100.72 2,223.60
12 20340 26,890.52 24,2893¢ 2197 14,249.59 3,221.55 6567439 6310

V.2 pH=1 90C BOLID

week zr y ca ti Mg Al Si Fe
0.07 34.53 131.76 T428% 347 99.81 203.82 265 14047
0.28 356.24 519.99 75298 520 336.86 463.88 1,077,010  202.45
0.86 93672 1,194.10 1,404.78 9.24 729.80 739.05 1.901.87 23592
143 9,900.80 1784524 1457520 5353 8B,323.94 5641.1C  31,92431 3.219.17
214 11,279.79 61,810.05 46,098.61 &87.05 29,921.79 13,318.40 93,056.75 4,953.59
2 541.03 221.43 1,180.98 527 298.05 14.36 2,166.24 68.40
4 £1497 347022 401678 11.77 1,849 1,800.51 5,53619 236.32
6 2329 552.86 1,050.63 1.35 1.016.83 53121 1,427.08 69.18
8 22052 7,921.3¢ 5801.22 931 3,523.78 1,86221 12,041.33 391.07
10 B75.97 26,053.05 20,048.12 26.38 11,581.27 6,822.82 51,5340 1,365.24
12 1,004.17 24,746.87 1950180 16.29 11,074.85 6,243.44 50,B05.63 1,304.97

V-2 pH=3 90C SOLID

weoeX 2r y ca tl My Al Si Fe
0.07 0.00 68.90 245480 13.02 90.96 23421 56,40 150.08
0.28 0.00 37139 615.11 1.75 253.33 360.3% 72762 154148
.86 Q.00 924 45 2,247 37 Q.35 612.59 1,036.12 1,715.66 186.47

1.4 429.11 10,015.64 977083 802 511823 4,86529 21,72640 684.89
214 74839 20,271.01  18,480.31 3.36 10,356.04 6,966.70 41,599.85 804.07

2 293.07 28.67 127559 0.51 172.95 1,284.25 24.02
4 60.28 1,11544 1,258.88 0.50 526.23 47558 1,761.98 4513
6 2495 240496 2,35133 0.15 1,235.90 805.83 4,181.36 54.95
8 .34 441589 3.8681.68 @11 2,148.26 1,072.50 7,303.24 5225

10 21598 2007868 2017047 22.39 10,122.25 544764 45322868 21474
12 17241 2204175 2194445 224 12,716.26 4,512.21 52,767.40 123.54

Table 5-6 ICP-MS data used to create the graphs in chapter 5, Parl 2. All dala centains
a nominal error of 10% and all values are in ppb.
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Appendix D Part 3

¥+1 pH=1 80C POWDER

waek zr y ca tl Mg Al Si Fe
¢.07 - 3757 40,1455 1877 1,63952 4262009 39,661.28 234.28
0.28 ary 4695 4530295 28.03 200583 S3,581.TT 4767942 375.15
0.86 23.54 4949 4414408 3640 205547 £7,00098 46,09551 37348
143 140188 272.76 245,038.75 195.81 10,211.46 336411.88 252,206.38 2,144.87
214 1,420.rT 27612 244373.20 206.42 10,279.B8 461,3658.55 244,990.10 1,950.10

2 B.78 54.60 122 2627 1,6525 4152845 231,276.25 1451.71
4 €2.92 4068 1835084 26,08 120478 5281089 29,070.97 1,333.25
8 54.61 834 17,999,003 2730 134544 70,740.79  32,569.01 1,441.32
B8 44.28 720 18,548.69 2637 140375 8735409 32,955.58 1,463.08

10 142.16 860.83 6859837 9580 4,43440 361,083.64 101,201.43 5,084.18
12 142.98 3571 7016198 T340 4,770.91 42522460 9892145 4,955.99

V-1 pH=31 90C POWDER

woek 2r y ca ti Mg Al Si Fe
0.07 0.00 17.47 3,431.66 1.77 170.82 3,092.51 3,299.58 167.68
0.28 25.59 26.12 7,674.88 0.59 347.32 5,660.13 8,120.13 944.05
0.56 1433 26.85 11,142.84 348 501.840 59565 11,951.70 1,262.19
1.42 158.85 1683.41 76,899.98 430 322583 29435833 81,922.01 6,529.62
214  T785% 170.33 100,030.35 818 4,136.91 26,017.5% 110,267v.42 §,173.72

2 4,76 317 6,176.08 .82 291.94 2,965.8¢ 9,779.40 .64
4 13.20 3.69 12,900.38 .34 72374 654.24 17,826.26 4144
6 1538 0.43 15.951.21 1.7 898.1¢ 823.51  19,281.98 55.29
8 7.18 0.38 15,891.02 0.54 850.84 990.51 17,356.81 16.38
10 171.52 2717 66808.07 27.53 327.99 4,632.27 3, 73191 200.01
12 125.88 498 71,211.27 34487 385.37 5,437.05 3,772.54 93.79

Table 5-7 ICP-MS data used to create the graphs in chapter 5, Part 3. All data
contains a nominal error of 10% and all values are in ppb.
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