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A fleoatation method for determining the density of small amounts of
high-density solids is described. The use of a float combined with an
appropriate floatation liquid allows us to measure the density of high-density
substances in small amounts.

Using the sample of 0.1 g in weight, the floatation liquid of 3.0 gcm'3
in density and the float of 1.5 g cm_3 in apparent density, the sample densities
of 5, 10 and 20 gcm_3 are determined to an accuracy better than *0.002, +0.01
and +0.05 gcmm3, respectively that correspond to about *1 x 10-5 cm3 in volume.

By means of appropriate degassing treatments, the densities of (Th,U)O2
pellets of ~0.1 g in weight and ~9.55 gcm_3 in density were determined with

an accuracy better than z0.05 Z.

Keywords : Floatation Method, Float, High-density Solids, Small Amounts, Accuracy,

Volume, Degassing, (Th,U)0., Pellet
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1. Introduction

Density measurements of nuclear fuels such as U0 (Th,U)O2 and so on

9
have been applied to estimation of the volume changes induced by irradiation
[3i-3]. However the irradiated fuels are so radicactive that the accurate
measurement is very difficult, For this purpose it is advantageous to use
small amounts of the fuels.

A floatation method allows the density of small amounté ( a few mg )
of solids to be measured to an accuracy better than 0.1 % [4]. However
the method is not capable of meésuring the density of high-density ( above
5 gcm-3 )} solids for lack of high-density fleatation liquids with densities
above 4.76 gcm—B, which is the density of thallium formate at 90 °C. The
density of the high-density solid can be determined using an improved
floatation method in which floats are used. Rose et al. [3] have measured
the density of small fragments ( ~2 x lO_3 g ) of unirradiated and irradiated
UO2 pellets to an accuracy of 0.6 % using a density-gradient column technique,
where PTFE floats were used. The method requires a complicated apparatus,
where the whole column is necessary to keep at a constant temperature all
the time at measurement. Also, choice of transparent liquids used in the
method is limited, since the range of the density of the PTFE float is very
narrow, probably 2.1 ~ 2.5 gcm_3.

In the present study, the densities of small amounts ( ~0.1 g ) of ThO2
and (Th,U)O2 pellets were determined using a flcocatation method, where hollow
glass spheres were used as floats. The glass floats have wide-range densities
( 0.2 ~ 2.5 gcm_3 )}, so that many floatation liquids with various densities

such as benzene, water, carbon tetrachloride, methylene iodide and so on,

can be used for determining densities.
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2, Experimental

2.1 Apparatus

A float used in the floatation method requires the following properties
(a) smaller density than floatation liquids
(b) chemical stability to the floatation liquid
(¢) thermal and mechanical stabilities to degassing at somewhat high tempera-

ture and handling
We developed the float to satisfy the above limitations, which was a hollow
sphere made of glass and has a platinum wire of 0.1 mm in diameter to suspend
solid sample. Fig.l shows schematically the glass fleat. The floats were
0.3 ~ 1.0 gcm“3 in apparent density and 0.01 ~ 0.08 g in weight, and stable
up to 500 °C in vacuum. Their densities were determined by a conventional
fleatation method using a mixed solution of distilled water { p20°C=0.9982
gcm"3 } and acetone ( pzooc=0.7920 gcm_3 )} as the floatation liquid. The
float density was corrected by using a volume expansion coefficient of glass
(1x 10-5 KHS ) at each measurement.

Fig.2 illustrates an apparatus, which can heat solid samples and fill
a sample container with the floatation ligquid after cooling.

The pycnometer method was used for determining the density of the
floatation liquid. The pycnometer, made of glass, was ~14 g in weight and
~10 cm3 in inner volume, which was calibrated by weighing the pycnometer
filled with distilled water at a series of temperatures. Thus the inner volume

Vp was calculated from VP(T°C) = Vp(0°c) + oT, where o was a constant of 2 x

10_4 cm3 and T the temperature of the floatation liquid at each measurement.
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The so0lid sample and the float were weighed on a single-pan balance of
-6
20 g. capacity and reading to 5 x 10 ~ g and the pycnometer on a balance of

200 g capacity and reading 1 x 10_4 £.

2.2 Procedure

After degassing at a temperature above 200 °C and weighing in air, a
sample is suspended by the glass float. The joined sample is degassed for 1
hour and, if necessary, at elevated temperatures in the'appafatus as shown in
fig.2. After cooling, the floatation liquid is poured into.the sample
container through a stainless steel tube.‘ The floatation is conducted in air by
dropwise adding a mixed solution with preper densities and, at the same time,
the liquid temperature is measured. After attaining the floatation equilibrium,
where the density of the liquid is equal to the joined density of the sample and
float, the liquid is transferred intoc the pycnometer. The pycnometer filled

with the liquid is then weighed.
2.3 Floatation liquid and solid sample

A mixed solution of methylene iodide ( DZO°C=3°325 gcm_3 )} and benzene
{ pzooc=0.8790 gcmm3 )} was used as the floatation liquid. Both are miscible
each other and not highly wvolatile,

The floatation methed was applied to determinations of densities of non-~
porous and porous sclids, which are several metals of above 99.99 % in purity

( zinec, silver, tantalum and platipum ) and oxide ceramics ( ThOz, and 0.5(Nc.1l)

and 7.1(No.2)mol% UOZ—ThO2 so0lid solutions )}, respectively.
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3. Theory

3.1 Basic formulation

In the floatation method, the density of the solid sample ps, which is

supported by the float weight W_ and density Pe at a measuring temperature,

£
is calculated from the equation [3]
W_p

W , .
5 = s L - s . 1
5 WS+ Wf(l-pL/pf) v :

where WS is the weight of the sample and p. the density of the floatation

L

liquid at floating equilibrium, From the previously measured Wp and calcu-
lated inner volume VP of the pycnometer at the measuring temperature, the

density can be calculated from the equation

W -W W,
Py 5 - - v (2)
p P

where W; is the weight of the pycnometer filled with the liquid and WL the

weight of the liquid necessary to fill the pycnometer.
3.2 Estimation of errors

Tn the floatation method, some errors come from the following experi-
mental procedures and natural phencmena :
(a)‘weighing the sample, float and pycnometer with and without the iiquid.
(b) measuring the temperature of the liquid at which the liquid attains the
same density as the joined sample.
(¢} the judgement whether or not the floating has attained equilibrium.

(d) the attachment of air bubbles to the sample, float and pycnometer.
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(e) the evaporation of the liquid during weighing.

The errors in weighing Wl and w2 were estimated to be approximately
1l x 10'5 and 2 x 10_4 g, respectively, which are twice as much as minimum
readings of the balances. The temperature change AT of the liquid during
weighing was estimated to be within 0.5 K. The error which comes from an un-
certainty of the judgement on the floating equilibrium may be negligible, since
the sample and float appear to be easily changed from sinking to rising in the
liquid by a little fall in teﬁpeyature near the temperature of the floating
equilibrium. The weight loss of the liquid by evaporation during welghing was

4

found to be less than 5 x 10 g. This value is equivalent to about 1.7 x 10"3

% of the fractiomal error of the density of the sample Aps/ps. The Apslps can

be calculated from the equation

Ap AW &v
s _ 1.2 s 2,1/2
S (R (2D 3)
s ] S
with
NG o W AW AW B Av
S 8 s f .2 1 2 2 .2 p 42
= [( ) {2( )T 2( =) + ( )T+
v W o W W v
W AW AW av
(E20( =20 w20 =27+ (=Rt “
b W W v
£ £ L p

where Wi is the weight of the mixed solution of distilled water and acetone
necessary to fill the pycnometer in measuring the density of the float. The
fractional errer of the volume of the pycnometer AVP/VP may be calculated

from the equation

AV AW Ap
e )
P Ho0 H,0
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where WH 0 is the weight of distilled water required to fill the pycnometer,
2

the density of distilled water at T °c, ApH the sum of the errors

szO 20

come from the measurement of the temperature of water and the change of

the temperature during weighing. The value of DHZO was calculated by taking
account of the volume expansion of water. The value of APHZO was estimated
to be 2.1 x 107" gcm"31<“l near 20 °C.

Fig.3 shows AT ( the error of the temperature of the floatation liquid )
dependence of the fractional erfor’ApS/ps { AVS/VS Yy, for WS¥0.1 2, pS=10 gcm—B,
pf=l.5 gcm_3, WL=34 g and pL=3 gcm—B. In the following estimation of errors,
the AT was assumed to be 0.5 K.

Fig.4 shows the float density dependence of the Aps/ps for different
sample weights, sample and liquid densities. The decrease of the error may
be possible by increasing the density of the liquid and the weight of the
sample and decreasing the density of the sample. The error appeares to be
minimized at roughly the half of the density of the liquid.

Fig.5 shows the sample density dependence of the Aps/ps for several
different sample weights. Using the sample weighing 0.1 g, the float of
1.5 gcm_3 in density and the liquid of 3.0 gcmﬂ3 in density, the present
floatation method allows the sample densities of 53, 10 and 20 gcm—3 to be

measured to an accuracy better than #0.0025, *0.01 and *0.05 gcm"3, respec-

- 3
tively that correspond to about il x 10 > cm in volume.
4. Results and discussion

4.1 Densities of nonporous solids

The filoatation method was applied to the measurement of the density of
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where WH is the weight of distilled water required to f£ill the pycnometer,

20

the density of distilled water at T °C, Ap the sum of the errors

szO Hz0

come from the measurement of the temperature of water and the change of

the temperature during weighing. The value of szo was calculated by taking
account of the volume expansion of water. The value of ApHZO was estimated
to be 2.1 x 107 gcm'?’K"l near 20 °C.

Fig.3 shows AT ( the error of the temperature of the floatation liguid )
dependence of the fractional erfor’ApS/ps ( AVS/VS ), for Wséo.l g, ps=10 gcm"3,
pf=1.5 gcm_3, WL=34 g and pL=3 gcm—B. In the following estimation of errors,
the AT was assumed to be 0.5 K.

Fig.4 shows the float density dependence of the Aps/pS for different
sample weights, sample and liquid densities. The decrease of the error may
be possible by increasing the density of the liquid and the weight of the
sample and decreasing the density of the sample. The error appeares to be
minimized at roughly the half of the density of the liquid.

Fig.5 shows the sample density dependence of the Aps/ps for several
different sample weights. Using the sample weighing 0.1 g, the float of
1.5 gcm_3 in density and the ligquid of 3.0 gcm—3 in density, the present
floatation method allows the sample densities of 5, 10 and 20 gcm-3 to be

measured to an accuracy better than z0.0025, *0.01 and +0.05 gcm—3, respec-—

. - 3
tively that correspond to about *1 x 10 > cm” in volume.
4. Results and discussion

4.1 Densities of nonporous seclids

The floatation method was appiied to the measurement of the density of
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several nonporous solids. Table 1 shows thecoretical and measured densities

of metal sample weighing about 0.1 g, indicating errors calculated from eq. (3)
and lattice parameters used for calculating the theoretical density. The
theoretical one was calculated from pth=MN/VA, where M is the atomic number,

N the number of metal atoms per unit cell, V the wolume of unit ceil and A

the Avogadro's number ( 6.022045 x 1023 }. The measured densities are in good
agreement with the theoretical ones and support the essential validity of the

present floatation method.
4.2 Comparison of the floatation density with the Archimedes one

An Archimedes method is frequently used for measuring the density of
relatively large amounts { greater than about 1 g ) of solias [6,7}. On the
other hand, Cawthorne and Sinclair measured the density of stainless steel
only 0.03 g with repeatability better than £0.05 % using a micro electro-balance
of reading to 1 x 10*7 g. However the applicability eof the Archimedes method
to porous solids such as ceramics, whose poré structures would require
degassing procedures, is doubtful.

In the present study, the Archimedes density of porous solids such as
ThO2 and (Th,U)O2 pellets was measured using water and a balance of 200 g
capacity and reading to 1 % 10“4 g. Table 2 shows the weights of the sample,
the Archimedes densities and the calculated errors of the ThO2 and (Th,U)O2
pellets. An accuracy better than +0.05 7 was obtained by using large amounts
of the samples. Table 3 shows the floatation densities, and the experimental
{ 30 ) and calculated errcors. The sample was degassed at room temperature
for 1 hour in the apparatus as shown in fig.2. The floatation density is

higher than the Archimedes one, indicating that water, in the Archimedes method,

would not penetrate well in open pores of the sample. In the floatatien
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method, the experimental errors are much higher than the calculated ones.
This suggests that the degassing procedure would not be sufficient and that

there may be a difference in density among samples taken from a batch.

4.3 Effects of degassing procedures at elevated temperature on the floatation

density in porous solids

Following the suggestion of the previous section, we tried to make the
degassing condition most suitable. The density of the (Th,ﬁ)OZ—Z pellets
weighing about 0.1 g was measured after degassing at several temperatures
room temperature, 100, 200 and 300 °C for 1 hour each, as shown in table 4.
The density tends to increase with degassing temperature up to 200 °C and
remain constant above 300 °C, indicating that the degassing condition of

about 200 °C is probably suitable. Under the degassing condition, an accuracy

better than +0.05 % was obtained.
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5, Conclusions

A floatation method for determining the density of small amecunts of
high-density solids is described. In the method, hollow glass spheres with
variable apparent densities are used as floats, so that many floatation liquids
with various densities can be used for determining demsities.

Using the float of 1.5 gcm_3 in apparent density and the fleoatation
liquid of 3.0 gcm“3 in density, Fhe method allows the samplé densities of
5, 10 and 20 gcm_3 to be determined to an accuracy better fhan +0,002, £0.01
and *0.05 gcm_3 for about 0,1 g specimens, respectively that correspond to
about *1 x lOd5 cm3 in volume.

With mixed solutions of methylene iodidi and benzene as floatation liquid,
the densities of (Th,U)O2 pellets with density of approximately 9.55 gc:m_3

were determined with an accuracy better than #0.05 % for ~0.1 g specimens.



JAERI-M B4-167

Acknowledgements

The authors wish to express their thanks to Dr. K. Iwamoto for his

interest and encouragement in the work. They also wish to express their

thanks to A. Ttoh for his helpfull discussions.

References

Kingery W.D., XKauffmann Y., Bruet M. and De Bermardy B.: J. Nucl. Mater.,
26, 204 (1968).

Nakae N. and Kirihara T.: ibid., 74, 1 (1978).

Rose K.S.B., Williams J. and Potts G.: ibid., 51, 195 (1974).

Cullis C.F., Norris A.C. and Trimm D.L.: J. Phys. E, 3, 911 (1970).
Ratcliffe R.T.: J. Appl. Phys., 16, 1193 (1965).

Yamagishi S., Takahashi Y. and Shiba K.: JAERI-M 9302, "High Accuracy
Measurement of ThO2 Kernel Density by Buovancy Method" (1981) [in Japanese].

Cawthornme C. and Sinclair W.D.J.: J. Phys. E, 5, 531 (1972).



JAERI-M 84-167

Acknowledgements

The authors wish to express their thanks to Dr. K. Iwamoto for his

interest and encouragement in the work., They alsco wish to express their

thanks to A, Itoh for his helpfull discussions.

References

Kingery W.D., Kauffmann Y., Bruet M. and De Bernardy B.: J. Nucl, Mater.,
26, 204 (1968).

Nakae N. and Kirihara T.: ibid., 74, 1 (1978).

Rose K.S.B., Williams J. and Potts G.: ibid., 51, 195 (1974).

Cullis C.F., Norris A.C. and Trimm D.L.: J. Phys. E, 3, 911 (1970).
Ratcliffe R.T.: J. Appl. Phys., 16, 1193 (1963).

Yamagishi 8., Takahashi Y. and Shiba K.: JAERI-M 9302, "High Accuracy
Measurement of ThO2 Kernel Density by Buovancy Method" (1981) [in .Japanese].

Cawthorne C. and Sinclair W.D.J.: J. Phys. E, 5, 531 (1972).

_'—107



JAERI-M 84-1§7

Table 1 Comparison of theoretical and floatation densities

of several metals

Sample  Weight Density ps(gcmm3)
*1
T.D. .
Ws(g) D meas Aps (Aps/ps)
+ o
Zn 0.151221 7.1377 7.1317 x 0.0064( 0.089% )
Ag 0.129785 10.5015 10.5185 x 0.0168( 0.1607% )
Ta 0.106920 l6.6345 16.6562 x 0.0511( 0.307% 3
Pt 0.104060 21.4616 21.4567 * 0.0870( 0.406% )

*1 T,D,=theoretical density calculated from pth=MN/VA,
where M is the atomic number, N the number of metal
atoms per unit cell, V the volume of unit cell and

A the Avogadro's number,

Table 2 Archimedes densities of oxide ceramics

using distilled water

Sample Weight Density
-3
w_(8) p (gem ) Bo . (bo /o)
Tho, 7.941,  9.560, 0.002, ( 0.027% )
1

(Th,1)0,-1"" 8.413,  9.801, 0.002,( 0.026% )

*2 g
(Th,1)0,-2"" 8.174,  9.470, 0.003,( 0.040% )
¥1 Th

0.929%.071%2

b3
2 Thg 995Y, 00572
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Table 3 Floatation densities of oxide ceramics using methylene

iodide-benzene mixtures

Sample Number Density Ap, ( Aps/ps )

of samples ps(gcm_s) 3o cal.
ThO2 2 9.6038 0.0394( 0.410% ) 0.0083( 0.086% )
(Th,U)02-1 6 9.8334’ 0.0430( 0.437% ) 0.0034( 0.035% )
(Th,U)02-2 23 9.15337 0.0371( 0.389% ) 0;0031( 0.033% )

Table 4 Effect of degassing on fleatation densities of (Th,U)02—2

pellets
Degassing  Measurement Density Aps ( Aps/ps 3
conditions times ps(gcm—3) 30 cal.
Room 3 9.539, 0.008,( 0.089% ) 0.008,( 0.091% )
temperature ’ '
100 °cC & 9.5441 O.Ol57( 0.165% ) 0.0075( 0.0797 )
200 °C 4 9.550l 0.0029( 0.031% ) 0.0075( 0.079% )
300 °C 4 9.5485 0.0040( 0.0427 ) 0.0075( 0.0797 )
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hollow
glass sphere

———hook( 0.1Tmm¢
Pt wire)

C

Fig.1 Hollow-sphered glass float with a platinum wire hook of 0.1 mm in

diameter.

liquid container

/leqk valve

— t0 vacuum

stainless steel tube

sample container

electric furnace

%

Fig.2 Apparatus for degassing samples and pouring floatation liquids into

the sample container through the stainless tube.
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Fig.5 Sample density dépendence of Aps/ps for several different sample

weights.




