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ABSTRACT

In a preliminary investigation, effects of aging, shear rate, thoria

- concentration, and nitrate concentration on the viscosity of carefully
prepared sols of oxalate ThO, dispersed in dilute HN03 solutions by the
sol-gel process were studied, The ThO, sols were non-Newtonian, thixo-
tropic, and rheopectic. The viscosity increased with relative age at low,
constant rates of shear; the effect decreased as rates of shear increased
and reversed at high shear rate. Equilibrium viscosities were approached
with aging for each shear rate whether rates of shear were increased step-
wise or decreased. Viscoslties ilncreased sharply with increasing NO3'/Th02

mole ratios at all rates of shear.

NOTICE

This document contains information of a preliminary nature and was prepared
primarily for internal use af the Oak Ridge National Laboratery. It is subject
Yo revision of correction and therefore does not represent a final report, The
information is not to be abstracted, reprinted or otherwise given public dis-
semination without the approval of the ORNL patent branch, Legal and Infor-
mation Control Department.
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INTRODUCTION

The purpose of this exploratory study was to determine, for nitrate-
stabllized suspensions of oxalate-precipitated thoria in water the effects
of thorias concentration, nitrate concentration, and time on thelr viscosity.

In the development of the socl-gel process for preparation of high-
density thoria and uranium thorium oxide fuel particles (1,2), widely vary-
ing rheological behavior, Newtonian and non-Newtonian, was qualitatively
observed for colloidal suspensions of thoria in water containing nitrate
ions. The causes for veriatlon appeared to be the source of thoria, thoris
concentration, nitrate concentration, temperature and age of suspension.
Since successful applications of the sol-gel process depend on accurate
prediction and the control of flow of sols and setting of gels, information
i1s needed on how the above variables affect the apparent viscosity of thoria-
water-nitrate suspensions.

The viscometry of thoria suspensions by other investigators (3-7) was
carried out with alkali-precipitated hydrous oxides, and with the exception
of Dhar and Mittra (5), with very dilute thoris suspensions. Dobry (7) -
dialyzed precipitated thoria sols to explore electroviscous effects at
concentrations up to 2 wt % Thqa, and encountered complex behavior believed
to be due to the unwinding of linear polymer species.

In the present study the thoria source was limited to oxallc acid-
precipitated from 30°C thorium nitrate solution, thoroughly digested at
85%, 48 nr, and washed and calcined at 800°C, 4 hr. The reason for se-
lection of a well crystallized species was to eliminate variables other
than those to be studied which might affect viscosity, i.e., wide crys-
tallite size distribution and chemical impurities. The range of ThG,
concentrations studied was 2-3 molar, since this is the range of interest
in the sol-gel process. The effect of N03“/Th02 mole ratio was studied
over the range of 0.042 to 0.048. Aging effects over a 100-hr range were
studied for four different rates of shear.



-3

Apparatus, Materials, and Methods. A Brookfield Mnlti-speed Model
IVT Viscometer, Serial No. 6956, was used for all viscosity measurements
in this study. This is a Couette-type with stationary outer cylinder and

rotating inner cylinder or spindle. The viscometer is equipped with four
spindles identified as No. 1, 2, 3, and 4. Spindle No. 1 was used in all
measurements except those on sols ES3EVA and ES3EVB. The spindle could be
rotated at four different speeds—6, 12, 30, and 60 revolutions per mimte.
This afforded & means of studying the viscosity with rate of shear and is
therefore a means of classifying the sol as to type of behavior.

All measurements were made in a constant temperasture bath of mineral
0il regulated to 25.0 % 0.1°. The sol was placed in a 250 ml tall form
beaker and then in the bath for at least an hour before each measurement.

To minimize evaporation an aluminum cover was placed over the beaker on
all sols except ESI1A.

The viscometer was checked for accuracy using glycerol-water solutions.
The densitles of the solutions were measured using a chain-o-matic density
balance. The percentage composition was then obtsined from tables of den-
sity vs percentage composition. The results are listed below (all measure-
ments at 25°C): From this it is seen that the viscometer is reliable at
viscosities above 20 centipoises and will give acceptable values at lower
viscosities. This standardization was made on the No. 1 spindle.

Table 1. Calibration of Viscometer

Fluide, Glycerol-Water Solutions of Varying Composition

Viscosity, centiposies

Composition, Measured
Solution Density wt % glycerine Calculated Mean
1.2473 95.8 420 423
2 1.1660 65.9 13.1 13.9
3 1.1651 65.1 12.5 13.2
i 1.1194 48.4 b7 6.8

Materials: Sol Preparation. All sols were prepared from oxalate
oxide-~DT 31 by adding HNO3 followed by a double evaporation at 1350 and
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then suspending in a desired amount of water. The following teble describes

the sols used in this study:
Table 2. Properties of Thoria Sols

Approx. NO_/ThO_,
S0l Moiar ity Density Mode Rafio oH
ES1A 3 1.643° 0.0421 2.20%
ES3EV 2 1.k82 0.0420 2.40
ES3EVA® > - 0.0k2k 2.28
ES3EVB® 2 - 0.0428 2,12
ES9 2 1.k21 0.0480 2,38

a
Average value-increased during measurements.
b

Prepared from 205 ml of ES3EV by adding 0.1 ml of 15.8 M HN03-

“Prepared from 194 ml of ES3EVA by adding 0.1 ml of 15.8 M HNO, -

Methods of Measurement of Apparent Viscosities. The apparent viscosity

of all of the sols studied varied with time for and constant rate of shear
at constant time. Although viscosities never became truly constant for any
rate of shear, it was possible to .establish essentially equilibrium values
within & reasonable time (Figs. 1 and 2). Switches from one viscometer
rate t0 another gave the same equilibrium value at the same shear rate for

the same sol whether rates were varied in ascending or descending order
(Fig 3).

Experimental Results. The most complete work was done on sols ESI1A,
ES3EV, and ES9. A summary of the data from these sols 1s given in Table 3.

The viscosities listed are the equilibrium values determined as previously
described. The densities were measured with a chain-o-matic density balance
and the pH with a Beckman (§) pH meter. The age of the sol is determined

relative to the time of the first viscosity measurement.

Rheological Classification of ThQ. Sols. Previous work on Thozsols

5
(1,2) indicate that they are pseudoplastic in their behavior. Plots of the
viscosity vs rates of shear given in Figs. 4, 5, and 6 indicate non-Newtonian

thixotropic behavior with an extreme, perhaps even asymptotic, rate of



VISCOSITY, centipoises

500

UNCL ASSIFIED
ORNL-LR-DWG. 67530

460

420

380

340

:

»

300

260

220

180

140

100

60

(1) 6 rpm

_—

A——A (2)12pm

A
| S-A— A A A (4) 60 rpm

A A (3) 30 rpm

N I A N N (S N (N SO SO

0

1
8

16 24 32 40
RELATIVE AGING TIME, min

Fig. 1. Variation of viscosity of ThO sol with time at four different shear
rates. Shear rates changed in ascending order. Numbers in parentheses indicate

Ardar of maceiramo rd




UNCLASSIFIED
ORNL-L.R-DWG, 67532

600 o o ® » >
[
540 ./
480 /
420 t
w @
3
g 360
§ . .
° / i (3) 12 rpm
é 300 |— ./.
S |«
2
>
240
o
180
A
- A/""" A A (2) 30 rpm
120 z/
®
Veoo—0—0—0—0—0 i (1) 60 rpm
60 |
l | | l l | l l | | 1 | | | | | l
0 10 20 30 40 50 60 70 80 90

RELATIVE AGING TIME, min

Fig. 2. Variation of viscosity with time at four different shear rates. Shear
rates changed in descending order. Sol ESTA (Run 4) - 7-20-61. Density = 1.65,
pH = 2.32. Numbers in parentheses indicate order of measurement.




VISCOSITY, centipoises

-7~
625

UNCL ASSIFIED
ORNL-LR-DWG, 67533

o
(3) 6 rpm
575

525

475H

425

375

(2) 12 rpm
325

275

2259

—— . — -

175

125

(4) 12 rpm

o>
1

20 16
RELATIVE AGING TIME, min

Fig. 3. Effect of time on viscosity at constant shear rate. ES3EV (Run 3).

Numbers in parentheses indicate order of measurement.



VISCOSITY, centipoises

8-
UNCLASSIFIED
ORNL-LR-DWG, 47531

600 —

550 |- @

500~

450 |

400 +—

350 -

300 |-
Run 4 (67 hr later)

Run 3 (42 hr later)
Run 2 (18 hr later)
Run 1

250

200

150—

100}—

50 I 1 | I | |
8 16 24 32 40 48 56 64

RATE OF SHEAR, rpm

Fig. 4. Viscosity vs rate of shear at four relative ages for sol ESTA.



625

575

525

475

425

325

VISCOSITY, centipoises

275

225

175

125

75

-9~ UNCLASSIFIED

ORNL-LR-DWG. 67536

—_—

Run 4 (168 hr later)
Run 3 (120 hr later)
Run 2 (24 hr later)

Run 1

| | 1 | | | I I | | [ 1

8 16 24 32 40 48 56
RATE OF SHEAR, rpm

Fig. 5. Viscosity vs rate of shear at four relative ages for sol ES3EV.
M™% e 1 AQD L)l — D AN e il i



200

180

160

140

120

VISCOSITY, centipoises

60 s
°

40 s
° °
\ '

20

ol 0 10 a4

0 8 6 24 32 40 48 56

-10-

UNCL ASSIFIED

ORNL-LR-DWG, 67538

Run 4 (168 hr later)

Run 3 (96 hr later)
Run 2 (72 hr later)

Run 1

VISCOMETER SPEED,.rpm

Fig. 6. Viscosity vs rate of shear at four relative ages for sol ES9.



wlle

increase of viscosity at low rates of shear. This behavior was shown to be
very reproducible for different sols and for varying ages of the same sol.
The effect of changing rate of shear on apparent viscosity is similar for
the range of densities, pH and age of sol used in this study.

Table 3, Densities, pH, and Variation of Viscosity with Rates of Shear
and Sol Age for Three Thoria Sols

Apparent Viscosity, centipoises Relative
Run 6 rpm 12 rpm 30 rpm 60 rpm Density, pH Age,
No. g/cc hr

Sol Preparation ES1A

1 Li2 260 - - 1.639 2.12 o}
2 460 271 135 80 1.639 2.19 18
3 555 314 150 88 1.643 2.26 i)
L 594 331 158 90 1.647 2.32 67
S0l Preparation ES3EV
1 550 310 148 88 1.482 2.40 0
2 567 318 151 90 1.481 2.40 2L
3{(a) 605 349 178 >100 1.482 2.40 120
(v) 596 342 176 >100 - - 12k
L 632 362 180 >100 1.482 2,40 168
Sol Preparation ESQ
1 110 62 33 28 1.411 2.42 0
2 - 84 48 32 1.k21 2.36 72
3 180 107 58 37 1.425 2.38 96
L - 128 61 39 - - 168

Aging Effects. Viscosity increases with the age of the sol (Table 35
Figs. 7, 8, 9). This effect has been cbserved before (5). The rate of

this increase with age is more proncunced at lower rates of shear. This
is indicated by the increasing slopes of the plots from 60 down to 6 rpm.
Other aging effects are gpparent from Table 3. In sol ES1A and ES9
the densities increased with time and in ES1A; the pH decreased. The pH
change in ESY is inconclusive. ES3EV showed no change in density over a
period of 7 days while the viscosity was increasing steadily. It is ﬁ
significant that the "pH" of this scl alsc remained unchanged during



VISCOSITY, centipoises

-12-

UNCL ASSIFIED
ORNL-LR-DWG. 67534

680

600

520

5

360 |—
B ® 12 rpm
|
200 —
L —@
o
e 30 rpm
120 |—
_— @ @
‘‘‘‘‘ 1 60 rpm
40 +—
| { i | | | | l i | il | | [
0 10 20 30 40 50 60 70

RELATIVE AGING TIME, hr

Fig. 7. Effect of time on viscosity of ThOz sols at four rates of shear.

ESIA,



VISCOSITY, centipoises

UNCL ASSIFIED

ORNL~LR-DWG. 67537

200

180

160

140

120

100

80

— Y
60 rpm
40 “/ o P °
| S Y y— | [ I N e
0 20 &0 80 100 120 140 160 180

RELATIVE AGING TIME, hr

Fig. 8. Effect of time on viscosity of ThO, sols at four rates of shear

for sol ES9.



VISCOSITY, centipoises

640

580

520

460

E.N
o
o

280

220

160

100

-1k~

UNCL ASSIFIED

ORNL-LR-DWG. 67535

20 40 60 80 100 120 140
RELATIVE AGING TIME, hr

Fig. 9. Effect of time on viscosity of ThO, sols at three rates of shear.
ES3EV.

160

180



-15-

this 7 day period. The only significant difference in preparative pro-
cedure for ES3EV and the other two sols was that it was prepared by evapo-
rating & less concentrated sol to sbout one-~half volume.

Taeble 4 summarizes and comperes viscosities of sols ES1A, ES3EV, and
ES9 at approximately equal times from date of preparation. Since ES3EVA
and ES3EVB were prepared from ES3EV their ages are greater than those of
the other three, However, for the purposes of comparison the effect of
aging can be estimated from Table 6, which is calculated from the data in
Table 3.

Electroviscous Effect. Additional work was done on sol ES3EV in an
attempt to determine, quantitatively, the effect of nitrate. Sol ES3EVA
and ES3EVB were prepared from ES3EV by successive additions of 0.1 ml of
15.8 M HNO3. Although data was limited (Table 6) it was observed for the
three sols of series ES3EV that there was a definite increase in viscosity
with added nitrate, even when calculated aging éffects (Table 5) were
subtracted out.

Table 4. Aging Effects: Apparent Viscosity of Various Sols at
Comparable Times from Preparation®

Viscosity, cp, at various

Time from NO3/ThO,, Density, _rates of shear, rpm
Sol Prep'n. mole ratio g/cc  pH 6 “12 30 60
ES1A 9 days 0.0421  1.643 2.26 555 31k 150 88
(Run 3) ‘
ES3EV 10 days 0.0420 1.482 2.40 600 3ks 177 >100
(Run 3)
ES3EVA 17 days 0.042k - 2.28 965 530 265 160
ES3EVB 19 days 0.0428 - 2,12 1420 820 380 220
ES9 8 days 0.0480 1.k25 2.38 180 107 58 37
 (Run 3)

aCompare ES1A, ES3EV, and ES9 and ES3EVA with ES3EVB.
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Table 5. Effect of Aging on the Apparent Viscosity of Sols

Aging Factors, centipoises/day

Sol 6 12 30 60
ES1A 51 ' 24 12 5
ES3EV 10 6 L
ES9 17 9 L

Table 6., Effects of Increasing NOG/ThO Ratio on Apparent

Viscosity of ThO, Sols” -
Relstive
Viscosity, centipoises Age,
Sol 6 12 30 60 H N03/Th02 hr
ES3EV 632 362 180 >100 2.40 0.0k20 0
ES3EVA 965 530 265 160 2.28 0.0L2k 96
ES3EVB 1420 820 380 220 2.12 0.0428 1k

Dhar and Mittra (2) reported that the relative viscosity of Th02 sols
peptized with Th(N03)h varied with the molar ratio of nitrate to thorium.
In a plot of increasing MKO /MTh vs viscosity, the viscosity decreased to
a minimum at approximately 0.3 Mﬁo /MTh’ then increassed. The reason for
the spperent contradiction is not Known, except that the thorisa sources
and peptizing agents were very different. In this study also it appeared
that apparent viscosity increased with decreasing pH. It is not known,
however, if variation in pH is merely & response to added nitrate or if
it is a cause for variation of the viscosity.

Effects of Th()8 Concentration. Dhar and Mittra (2) concluded that

relative viscosity of thoria sols increased linearly with ThO2 concens

tration., In this study an attempt was made to measure Th02 concentration
by sol density. Measurements on ES1A and ES9 sols (Table 3) showed that
density increased with aging, while the gross concentration of ThO2 in the

system remained constant. This fact makes density an unreliable measure
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of concentration, and hence no statement based on data‘in this study would

be meaningful.
CONCLUSIONS AND DISCUSSION

The behavior of the ThO2 sols, studied in this system, is definitely
non-Newtonian and thixotropic.

There is a definite electroviscous effect of increasing viscosity
with small amounts of added nitrsate.

There is no simple correlation between density of a sol and its Th.O2
concentration; the density is apparently & function of 'I‘hO2 concentration,
nitrate content, and age.

A study of Fig. 3 indicates a structure formation in ThO2 sols under
shear. The viscosity increases to an equilibrium value at each rate of
shear as the speeds are decreased stepwise'from 30 to 6 rpm. Reverssl of
this process, increasing speeds from 6 to 30, gives the same equilibrium
value. This could be interpreted (§,2) as being due to structure formation
(rheopexy), the amount varying invefsely with the rate of shear. As the
speeds are decreased, the structure becomes more definite. Upon in-
creasing speeds, the structure is partly destroyed resulting in a de-
crease in viscosity. On standing for a few minutes the viscosity will
once again start at & low value and increase with time for a given rate
of shear,indicating that the structure formed by shearing is weak enough
to be disrupted by ordinary thermal forces at 25°C.

The aging process can be ascribed to & combination of effects. First
the discussion above indicated that the sol structure is perhasps polymeric,
the chains being aligned by shear and recoiling when the shepr is removed.
The aging process therefore could be partly due to growth of the chains
causing the structure to become more rigid with time. '

Another sging effect may be due to the adsorption of CO2 from the
air since ThO2 is known to adsorb CO8 strongly.

Both of these processes should result in release of nitrate to the
liquid surrounding the sol and therefore a corresponding increase in
conductivity of the sol., This increase in conductivity with age has been
observed by Dhar and Mittra (5). |
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RECOMMENDATIONS FOR EXTENDED STUDIES

It is believed that an extensive study of the rheological beheavior

of Th02 sols combined with experiments on light scattering would provide

g means of proposing & structure for the sol and the mechanisms of its
stebilization. Studies which would be of value are:

(1) Study of the aging process by controlled environment with

measurements of viscosity and conductivity over an extended period.

(2) Detailed study of quantitative dependence of viscosity upon

nitrate content and ThO, concentretions.

2

(3) Experiments designed to study the adsorption mechanism on Thog.

(4) Light scattering experiments designed to measure (or calculate)

sol particle size,

9.

10,
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