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ABSTRACT 

The surface a r e a s  of s in te red  uranium dioxide pel le ts  (individual pel le ts  
2 ranging f r o m  50 to  2000 c m  ) were  measu red  with a precis ion of 1.370 and a 

reproducibil i ty of about 470 with a BET adsorption apparatus ,  using krypton a s  

the adsorbate .  

Powder samples  (10 to 50 m g )  of uranium dioxide, anatase,  zirconia,  and 

c e r i a  were  measu red  with a precis ion of 0.570 and a reproducibil i ty of about 370. 

An excellent cor re la t ion  was found between the sur face  a r e a  and the average p a r -  
t icle diameter ,  a s  measu red  with a Fisher  Sub-Sieve Sizer.  

re la t ing the sur face  a r e a  ( S )  and the average par t ic le  d iameter  (D) [S = 1.67/0, 

as compared to  S = 0.547/0 ( i f  the par t ic les  were  spher ica l ) ]  shows the powder 

h a s  a shape factor  of about 3. 

An equation, 

NAA-  SR - 5 3 19 
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1. INTRODUCTION 
n 

A process  for  pulverizing uranium dioxide s in te red  pellets by oxidation- 

reduction cycling, as a s tep in  the reprocess ing  and refabricat ion of spent 

nuclear  r eac to r  fuel, has  been developed.’ The kinetics and mechanism of the 

oxidation react ions have been studied in  detail,  fo r  s intered uranium dioxide 

pel le ts  ( 9 3  to  99% TD)  and fo r  s intered uranium dioxide pel le ts  that contained 

various concentrations of f i s  sion- product oxide s ( f i  s s i a )  . 
In kinetic studies,  the r a t e  of react ion i s  usually proportional to the solid 

sur face  a r e a ;  and, f o r  a theoret ical  interpretat ion of experimental  reac t ion  r a t e s ,  

in t e r m s  of s ta t is t ical  mechanics,  o r  an  absolute reac t ion  r a t e  theory, a know- 

Iedge of the t rue  surface a r e a  i s  important.  

It has  been r epor t ed2  that the p rocess  of s inter ing can be followed o r  

predicted on the bas i s  of four pa rame te r s :  genus, number,  volume, and sur face  

a r e a .  
strength,  ductility, permeabili ty,  and various compacting and s inter ing controls,  

by express ing  them in t e r m s  of these p a r a m e t e r s .  

different labora tor ies  should specify, (a) the number of par t ic les  p e r  unit mass ,  

and (b)  the surface a r e a  pe r  unit mass ,  fo r  any powder metal lurgical  operation, 

these being the most  important var iables .  

It i s  believed that it i s  possible to cor re la te  such proper t ies  a s  density, 
, 

It was emphasized that 

It was therefore  desirable  to m e a s u r e  the sur face  a r e a  of uranium dioxide pow- 
d e r s  (that had undergone var ious oxidation-reduction cyc les )  which were  to be 

fabricated to s in te red  pellets,  and co r re l a t e  the surface a r e a  with par t ic le  size,  
if possible.  F o r  these reasons,  an apparatus  f o r  m e a s u r i n g  the s u r f a c e  area 

2 (10 to 1000 c m  ) of s intered pel le ts  was needed. 

In 1939, Brunauer,  Emmett ,  and Te l l e r3  der ived the equation: 

where 

... (1) 

X = re lat ive p re s su re ,  P / P o ,  fo r  the adsorba te ,  

NAA-SR- 53 19 
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V = volume of gas (STP) adsorbed a t  re la t ive p r e s s u r e  X, 

= volume of adsorbate  required to f o r m  a monolayer on the sur face  

of the adsorbent ,  

c = a constant, given by the equation 

The coefficient of the exponential i s  considered to be approximately unity; 

E ,  = heat  of adsorpt ion in  the f i r s t  l aye r ,  

EL = heat of liquifaction of the adsorbate., 

R = the gas  constant, 

T = absolute tempera ture ,  
, 

a and b = constants.  

Equation 1 has  become very u s e f u l  fo r  interpret ing mult i layer  gas  adsorpt ion 

i so therms,  and has  proved successful  in  the measu remen t  of the sur face  a r e a  of 

solid catalysts .  Until 1943, however, a t  l eas t  a square  m e t e r  of sur face  was 

needed to  make a BET measurement  of any accuracy;  and nitrogen, a t  - 195OC, 

was usually the absorbate .  In 1943, Wooten and Brown4 measu red  the sur face  

a r e a  of the oxides f r o m  radio tube f i laments  when the total  sample had a n  a r e a  

of about 100 c m  . They used ethane and ethylene at - 1 9 5 ° C  and c la imed about 

10% accuracy.  
a s  10 c m  ) of single c rys ta l s ,  using a mic rograv ime t r i c  technique. 

technique has  the disadvantage that very  small samples  mus t  be used. 

2 

In 1950 and 1953, R h ~ d i n ’ ’ ~  measu red  the sur face  a r e a  ( a s  low 
2 This  

The technique developed and used fo r  measur ing  the sur face  a r e a  of s in te red  

uranium dioxide pel le ts  and uranium dioxide powders in this  r epor t  i s  similar 

t o  that reported by Rosenberg’ in  1956. He used krypton a t  -195’C, and was 
2 able to m e a s u r e  the area of c o a r s e  germanium powders (as low as 50 c m  ) to 

1 yo. 
The re  a r e  many other techniques f o r  measur ing  sur face  a reas ,  but they 

usually a r e  not suitable fo r  measur ing  small sur face  a r e a s .  

apd discussion on the various methods of measur ing  the sur face  a r e a  of powders 

is given by Emmett .  

An excellent review 

8 
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2 



T o  m e a s u r e  sma l l  a r e a s ,  i t  i s  preferable  to  use an  adsorbate  (krypton a t  
10 -195°C; butane at -78OC 

of molecules  left  in the g a s  phase during the measu remen t s  i s  of the same  o rde r  

a s  the number that a r e  adsorbed.  

) with a vapor p re s su re  s o  small that the number 

It i s  demonstrated,  in this repor t ,  that surface a r e a s  can  be measu red  to a 
2 precis ion of f 5 c m  . 

ducible surface a r e a s  to within 5%. 
Repeated experiments  on the same  sample gave r ep ro -  

NAA- SR- 5 3 19 
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THERMISTOR- 
POTENTIOMETER 

R - 3  

I .  WATER JACKETED THERMISTOR 
2. WATER JACKETED COLUMN OF CALIBRATED VOLUMES 
3 .  MERCURY RESERVOIR FOR GAS DISPLACEMENT 
4. MERCURY CUT OFF VALVE TO VACUUM PUMPS 
5. MERCURY CUT OFF VALVE TO SAMPLE 
6. THREE WAY STOP COCK 
7. NEEDLE VALVE 
8. TO THE MC LEOD GAUGE 
9. MERCURY FLOAT VALVE 

IO. SAMPLE HOLDER 
I I. CAPILLARY TUBE 
12. I N L E T  FOR CONSTANT TEMPERATURE WATER 
13. OUTLET FOR CONSTANT TEMPERATURE WATER 

R - l  VARIABLE DECADE RESISTOR 
R - 2  1 0 0 0 ~  RESISTOR 
R -2' 1000 + RES ISTOR 
R - 3  VARIABLE DECADE RESISTOR 

Figure  1. Schematic of BET Surface A r e a  Apparatus 

NAA- SR- 5 3  19 
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I I .  APPARATUS AND CALIBRATION 

-63 
A schematic  d iagram of the apparatus  i s  shown in  Figure 1, photographs 

a r e  given in F igu res  2 and 3. 

cal ibrated by weighing m e r c u r y  removed f r o m  the bulbs (between l ines  etched 
on the capi l lary tube between bulbs).  Table I gives the r e su l t s  of this cal ibra-  

tion. The volumes were  accura te  to  approximately 0.002 d, or  f 0.014%, for  

the l a rges t  bulb (72.119 f 0.001 d) and f 0.095'7'0, f o r  the smal les t  bulb 

(1.9018 f 0.0018 m.!). Bulb No. 1 i s  the top bulb, No. 2 the next to the top, and 

so  on to  No. 7 .  Bulb No. 7 was not cal ibrated.  

The column of bulbs ( I tem 2, F igure  1) was 

A. THERMISTOR 

T o  m e a s u r e  smal l  a r e a s  by the BET method, i t  i s  nces sa ry  to m e a s u r e  the 

p r e s s u r e  of the adsorbate  gas to high precis ion and reproducibil i ty,  without 

involving a l a rge  dead volume for  the p r e s s u r e  sensing device.  A Thermis to r  i s  

par t icu lar ly  useful because of i t s  high sensit ivity and because i t  can be placed 

in a very smal l  dead volume. 

A Thermis to r  is a smal l  semiconducting oxide bead which has  a n  e lec t r ica l  

res i s tance  that fa l ls  off exponentially with r i s ing  tempera ture .  

pas sed  through the bead, i t  will heat  up and i t s  res i s tance  will drop. 

t empera tu re  of the The rmis to r  will become constant when a steady s ta te  ex is t s  

between the heat input and the heat t r ans fe r  away f r o m  the bead. 

t r ans fe r  i s  very  sensit ive to  the gas p r e s s u r e  a t  low p r e s s u r e s  (10 
i t  is possible  to cal ibrate  the The rmis to r  with res i s tance  a s  a function of 

p r e  s su re .  

If a cu r ren t  is 

The 

Since heat  
- 4  to  3mm Hg), 

The circui t  in  F igure  1 is a simple Wheatstone bridge a r rangement ,  with the 
The rmis to r  as one leg of the bridge. In F igure  1, R ,  is a prec is ion  variable 

res i s tance  (r ight  hand decade box in F igure  2) ,  R ,  and R ;  a r e  1000 s2 wire-wound 

res i s tances ,  and R ,  is another prec is ion  variable res i s tance  (left hand decade 

box, Figure  2).  The Thermis to r  (Type GA 45J1, obtained f r o m  Fenwal 

Electronics  Inc. ) had a res i s tance ,  a t  a tmospher ic  p r e s s u r e  and room temperature ,  

of 45,000 s2,  and had a dissipation constant of 0 .7 .  

Rosenberg'  (L252-A) had a 40,000 52 res i s tance ,  but only a 0.1 dissipation constant.  

As a consequence, he was  able to  operate  with a par t ia l ly  discharged lead s torage 

battery,  whereas  the The rmis to r  used h e r e  needed m o r e  power, two 12-volt 
ba t te r ies  in s e r i e s .  

The Thermis to r  used by 

NAA-SR-5319 
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Figure  2. BET Appar a t  u s 

F igure  3. Glass Buret te  
and Sample Holder of 

BET Apparatus  

NAA-SR-5319 
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Bulb 
No. 

1 

2 

3 

4 

5 

6 

TOTAL 

All Bulbs 

TABLE I 

CALIBRATION DATA FOR GLASS BURETTE 

1.9054 
1.9008 
1.9005 
1.9006 

5.9109 
5.9098 
5.9114 
5.9124 
5.9139 
5.9132 

10.489 
10.446 
10.408 

25.61 1 
25.611 
25.614 

50.449 
50.457 
50.450 

72.121 
72.118 
72.119 

166.464 

Mean 
(ma) 

1.9018 

5.91 19 

10.468 

25.612 

50.452 

72.119 

166.465 

Deviation 
from Mean 

(ma ) 

t0.0036 
- 0.00  10 
-0,0013 
-0,0012 

-0.0010 
-0,0021 
-0.0005 
t0.0005 
t0.0020 
t0.0013 

t0.021 
-0.022 

0 .000  

-0.001 
-0.001 
t0 .002  

- 0 . 0 0 3  
t 0 .005  
-0.002 

t0 .002  
-0.001 

0 .000  

-0.001 

Mean 
Deviation 

(ma ) 

0.0018 

0.0012 

0.011 

0.001 

0.003 

0.001 

0.001 

Mean 
De via t i on /v 01. 

(PPm) 

999 

203 

1051 

39 

59 

14 

6 
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A Leads Northrop (Type K- 3) universal  potentiometer,  in conjunction with 

a galvanometer (F igure  2), was connected with a switch, so  that the potential 

a c r o s s  the The rmis to r  ( V T h )  

To operate  the Thermis tor ,  R ,  was f i r s t  se t  to  1000 a ,  R ,  was se t  between 
50 and 100 Q ,  and the potentiometer was switched to  r ead  Vorr. The res i s tance  

R ,  was  dec reased  until the potential a c r o s s  the bridge was  zero,  a t  which point 
the res i s tance  of the The rmis to r  is jus t  that of R,.  

o r  that a c r o s s  the bridge (Voff) could be measu red .  

Under operating conditions (with R ,  and R ,  set) ,  five var iables  can  change 

the potential a c r o s s  the bridge: gas  p re s su re ,  ambient tempera ture  around the 

Thermis tor ,  change in  the bat tery voltage, change in the The rmis to r  cha rac t e r -  

i s t ics ,  and light. 

In o r d e r  t o  ze ro  the instrument ,  s o  that a change in V would be due only off 
to p r e s s u r e  change, and so  that the same  value fo r  Voff represented  the same 

p res su re ,  some known reference  p r e s s u r e  

must  be used. The m o s t  reproducible and 
accura te  p r e s s u r e  for  this was z e r o  p r e s s u r e  

(<10-5mm Hg). 

1 I 
28 29 31 

'EMPERATURE('CI 

Figure  4. Effect of Ambient 

Re s is tanc e 
Tempera ture  on Thermis to r  

Each t ime the The rmis to r  was  calibrated,  

the sys t em was evacuated to  l e s s  than 

10 
very insensit ive to  p r e s s u r e  changes) .  

- 5  mm Hg (below which the The rmis to r  is 

F igure  4 shows the effect of ambient 

tempera ture  on the The rmis to r  (approximately 

2.50 m v / " C  a t  26.5"C).  

column of bulbs and the The rmis to r  were  

j a c  ke t e d with c ons t ant t empe r a t  u r e w a t e r 

which flowed f r o m  a constant tempera ture  bath 

circulating sys t em (Harshaw Cat. No. H56585- 

Type B), in a t  Point 12 of Figure  1 and out a t  
Point 130f Figure 1, back to the bath. The 

tempera ture  held constant t o  f O.O2"C, so 
that a n  e r r o r  of not m o r e  than f 0 . 0 2 ~  was 

due to  ambient t empera tu re  fluctuation (max- 

imum Thermis to r  sensit ivity was  2 m v / p ) .  

The cal ibrated 

NAA-SR-5319 
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A change in  ba t te ry  voltage could be adjusted for ,  by changing R ,  , and the 8 bulb that held the The rmis to r  was painted black to prevent  any effect f r o m  photons. 

Then, the only variable that would in te r fe re  was a dr i f t  in the The rmis to r  

charac te r i s t ics .  

two o r  th ree  days of operation; and that, once he cal ibrated his The rmis to r  a s  a 
function of p re s su re ,  it was not necessa ry  to  do it again.  

Rosenberg’ s ta tes  that his The rmis to r  was  very  stable,  a f te r  

Unfortunately, the The rmis to r  used in this work was not stable,  and checking 

two other T h e r m i s t o r s  gave the same  problem. 

Two important  problems were  confronted with the system: (1) the tendency 

to  slowly drift  in  one direction, f r o m  day to day, and ( 2 )  the e r r a t i c  shor t - t ime 

fluctuations, during a n  experiment.  

The e r r a t i c  shor t - t ime fluctuations were  due to  the ba t te r ies .  By replacing 

the The rmis to r  in the circui t  with a precis ion res i s tance ,  i t  was found that the 

circui t  was  completely stable fo r  long per iods of t ime,  which proved that the 

slow dr i f t  was  due to changing characterist ics of the The rmis to r  i tself ,  

F igu re  5 shows a r e c o r d  of the The rmis to r  charac te r i s t ics ,  over a period 

of 160 days. A relationship between R ,  , V,,, V T h ,  and the bat tery voltage 

140 

120 

130 

.c .I- 
O ’ 80 

n 
a 
z 

f 60 

40 
I 

20 

0 

0 V,=l.5823 volts 
RJ = 72.9R 
TEMP.= 25 .OO0C 
BATTERY 24 volts 

@ Vm=1.5860 volts 
R 3  =65.651 
T.25.00 OC 
ADDED 6 volts 
BATTERY x) volts 

0 Vth= 1.5771 volts 
R = 5 7 . 6 n  
T = 2 6 . 9 0 ° C  
CONSTANT volts 
SUPPLY AT 36 OOvolts 

0 V t p l  6 volts 
R3 = 5 7 6  51 

T =  2 6 . 9 0 ° C  
vo,=o.ooo volts 

20 40 60 80 100 120 140 160 I80 

TIME (days) 
200 

Figure  5. Change of Thermis tor  Charac te r i s t ics  with Time 
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(VB) is: 

8 ... (3) 

where 

I = curren t  passing through R ,  . 
It i s  seen, f r o m  Equation 3,  that if VTh is held constant and vB changes only 

slightly, R ,  is proportional to Vorr , as seen in F igure  5. 

It is believed that, during Per iod  2 of Figure 5, R ,  had to be adjusted 

because of a change in  the bat tery voltage and the The rmis to r  res i s tance .  At 

68 days, the ba t te r ies  were  disconnected and replaced with a constant voltage 

supply (the voltage was  se t  a t  36 v)  which eliminated e r r a t i c  pulsating fluctuations 

in VOfr during an  experiment.  

The Thermis tor  changes charac te r i s t ics  dramatically,  with a sudden change 
in  input voltage, mechanical shock, or  sudden l a rge  p r e s s u r e  change, 

B. THERMISTOR CALIBRATION 

The instability of the Thermis tor  made i t  necessa ry  to cal ibrate  each day 

as follows: 

1) After zeroing the apparatus,  Valves 5 and 6 were  closed, and a sample 

of krypton was  l e t  into the sys t em through the Needle Valve (I tem 7, 
F igure  1). 

. 

2)  The McLeod gauge was used to measu re  the p r e s s u r e  a t  various 
m e r c u r y  levels,  a t  the same  time recording the value of vo,-,- at 

each level, as a rough check. 

made with the McLeod gauge, because i t  was only reproducible to 57'0, 
and the volume change in making the McLeod reading was la rge  enough 

to make a significant p r e s s u r e  change during a measurement .  

An accura te  calibration could not be 

A p rec i se  internal  cal ibrat ion was  made as follows: 

1) The apparatus  was  zeroed, a krypton sample was  le t  in  to about l o p ,  

a s  r ead  by the McLeod gauge, then the m e r c u r y  cut-off valve (Item 4, 

Figure  1) was closed. 



2 )  The m e r c u r y  f r o m  I tem 3 Figure  1 was  ra i sed ,  f r o m  bulb to bulb, 

and the value of Voff measured  for  each bulb. 

3 )  Starting with the initial McLeod reading a s  a re ference  point, a 
p rec i se  value of the p r e s s u r e  could be calculated with the per fec t  gas  

law, since the bulb volumes were  known to bet ter  than 0.170. 

Only one McLeod reading was needed a s  a re ference  fo r  the en t i re  cal ibra-  

tion. 

(F igure  1)  to a voff 
of gas  was le t  i n  to  r a i s e  the p r e s s u r e .  

fine control could be obtained with the Needle Valve. 

It was necessa ry  to adjust  the gas p r e s s u r e  with Needle Valve 7 

value identical with a .prev ious  value, each t ime a new sample  
This was not too difficult to do, a s  very 

C. DEAD VOLUME 

If the m e r c u r y  in  Valve 5 (F igure  1)  i s  r a i sed  to Point 14, and that in 

Valve 4 i s  r a i s e d  to  Point 16, the unknown dead voIume ( V d )  i s  that in  the capi l lary 

tube, in  Valve 9, and around the The rmis to r .  A value fo r  Vd can be obtained f r o m  

the equation: 

where the V’s a r e  the known volumes in the cal ibrated column of bulbs.  Table I1 

gives the valuesfor  the p r e s s u r e  a t  various bulb sett ings ( i .  e . ,  bulb sett ings 0, 
3 1, 2, and 3 r ep resen t  a total known volume of 0, 1.902, 7.814, and 18.282 c m  

respectively,  a s  can be seen  f r o m  Table I). There  a r e  n ( n - 1 ) / 2  combinations 

for Equation 2, if II measuremen t s  were  made. The six calculated values of 

Vd , and the s tandard deviation fo r  these,  a r e  given in Table 11. The average 

value f o r  vd i s  6.340 * 0.018 c m  . 3 

NAA- SR- 53 19 
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Bulb 

TABLE I1 

DEAD VOLUME DETERMINATION 

P 
( P  

950.5 

731.7 

425.4 

244.8 

0 
1.902 

7.814 

18.282 

0 
1392 

3324 

447 5 

Calculated V a l u e s  

6.361 

6.330 

6.341 

6.307 

6.331 
6.373 

Standard 
Deviation 

0.021 

0,010 

0,001 

0.033 

0,009 
0.033 

Average 6.340 f 0.018 
I 

a 
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111. PROCEDURE FOR A SURFACE AREA MEASUREMENT 

To replace a sample without interfer ing with the vacuum system, the 
8 

m e r c u r y  in Valve 5 (F igure  1) was allowed to  r i s e  until Float  Valve 9 closed. 

The 2-mm capi l lary tube between Points 11 and 10, F igure  1, was  broken to  

remove  the sample f r o m  the previous experiment.  Next, the 0.5-mm capi l lary 

tube (F igure  1) was  broken, so that a new sample (Note F i g u r e  6 )  could be placed 

in the sys t em by glass  blowing. After the new sample was  on, a vacuum was  

Figure 6. Quartz Sample Holders 

pulled with a forepump, through Point 11 of Figure 1, the fine capi l lary was  

sealed,  and Valve 5 opened again to  fur ther  evacuate ( to  l e s s  than 10 

Valves 5 and 6 were  closed, a sample of krypton was  le t  in, and Valve  4 was 

-5  mm Hg). 

closed. 

recorded  each  t ime.  

average  number of moles  of gas  in the sample can be determined with the per fec t  

The m e r c u r y  was r a i sed  f r o m  bulb to  bulb, and the value for  V off 
The Vojj values can  be t rans la ted  to p r e s s u r e ,  and the 

gas  law. 

measu red  again, which allowed an average value of the volume ( V S C )  
Valve 5 was then opened, and the p r e s s u r e  a t  various-bulb levels  was 

f r o m  

n 

NAA- SR- 5 3 19 
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Point 14 of Figure 1 into the sample holder, to be determined. 

was  evacuated again, Valve 5 was closed, another gas sample was let  in, and 
the number of moles  determined as before. 

the sample to  Point 17 (Figure l), then Valve 5 was opened, 

measu red  a t  the different bulb levels  again. 

of moles  of original sample and the moles  of gas left a t  each level allowed a 

calculation of the number of moles  of gas adsorbed a t  each p r e s s u r e .  

t empera ture  of the liquid nitrogen was  measu red  with a n  oxygen vapor p r e s s u r e  
thermometer ,  as shown in F igure  2. 

proved to  be the same for  all measu remen t s  (77.2"K or  -195.9"C) and was 

determined f r o m  the oxygen vapor p r e s s u r e  data  reported by F a r k a s  and 

Melville." 

2255.8 p ,  f r o m  a n  equation relating vapor p r e s s u r e  and temperature ,  by 
Meihuizen and C r  ommelin.12 

The sys tem 

0 
Liquid nitrogen was  placed around 

and the p r e s s u r e  was  

The difference between the number 

The 

The tempera ture  of the liquid nitrogen 

The vapor p r e s s u r e  of krypton at  77.2"K is calculated to  be 

I 

N U -  SR- 5 3 1 9 
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IV. CALCULATIONS * 
A 

S T E P 1  

To  determine an average value for  VSC , (volume to the left of Point  14 of 

F igure  l) ,  c lose Valve 5 to Point 14, c lose Valve 6, le t  in krypton, c lose  Valve 4 

to  Point 16. 
n levels.  

level ( P a : )  f r o m  1 to  n levels.  

Raise  m e r c u r y  to  obtain the p r e s s u r e  a t  the ith level ( P i )  from 1 to 
th Open Valve 5 to  Point 15 and again m e a s u r e  the p r e s s u r e  a t  the i 

v s c a v g  . . . (5) 

where Vi 's a r e  the known volumes, including Vd . 

S T E P  I1 

Obtain a gas  sample and determine the average number of moles  ( N a v g )  . 
Evacuate,  c lose Valve 5 to Point 14, c lose Valve 6, le t  in sample,  c lose 4 to 

Point 16, r eco rd  Pi a s  before.  

S T E P  I11 

T o  de termine  the moles  of gas ( Ni ) left  in  the sys t em af ter  adsorpt ion h a s  

taken place a t  the p r e s s u r e s  Pi , place liquid nitrogen around sample,  to  Point 17, 
open Valve 5 to  Point 15, r eco rd  pi a s  before. 

Ni = P i V i ' / R T  . ... (7)  

Now 

V i  = Vi + T V h / 7 7 . 2  + V,, ... (8) 

*Nomenclature used in this section is that set up to conform with the format used for the computer. 

N U - S R -  53 19 
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where 

T = ambient ( I tem 2 of F igure  1) absolute tempera ture ,  

77.2 = t empera ture  of the liquid nitrogen 

Vh = volume of the sample holder with the sample in. 

The manner  in  which values fo r  Vh were  obtained i s  given in Appendix I. 
i s  the volume between -Points 14 and 17 in Figure 1, and i s  obtained by V,, 

subtracting V,, f r o m  V S C .  

S T E P  IV 

T o  obtain the number of a toms of krypton [ ( C A P ) N l  adsorbed on the sample 

and g lass  holder at p r e s s u r e  P i ,  

( C A P )  N = ( N a v g  - Ni) 6.02 x . . . . (9) 

STEP V 

A correc t ion  must  be made to account f o r  the difference in the p r e s s u r e  a t  

the sample and that measu red  a t  the Thermis tor ,  due to thermal  t ranspirat ion.  

Since the volumetric buret  and the sample holder a r e  maintained a t  widely 

different tempera tures ,  and a r e  connected by a capi l lary tube with a d iameter  

(2.  mm) close to the mean  f r e e  path of the gas, t he rma l  t ranspirat ion will, if 

neglected, lead to high values for  Pi around the sample .  A cor rec t ion  for  this 

has  been worked out by Rosenberg7 in  the f o r m  of a n  equation: 

where 

PB = pres su re ,  i n  mm Hg, measu red  by the Thermis tor ,  

D = capi l lary diameter ,  in  mm. 

This  equation is  subject only to the res t r ic t ion  that PBD 9 0.07 mm Hg. 

NAA- SR - 5 3 1 9 
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STEP VI 

It is now possible  to  determine values fo r  P , , / P ,  and P s c / ( P o -  P s c ) N  
(Note Equation l) ,  where Po i s  the vapor p r e s s u r e  of krypton a t  liquid nitrogen 

t empera tu re  and N i s  (CAPIN , as determined above. 

- 8  

A Plot is made of p s c / ( P o  - P, , )N P s c / P o  and a l eas t  squa res  slope and 
intercept  of the line is evaluated. 

The number of a toms in  a monolayer is  

1 
Slope + I 

N =  

where I i s  the intercept .  The sample surface a r e a  i s  jus t  

Area = N,  x 19.41 x cm2 ..All) 

since i t  has  been demonstrated7 that a n  a tom of krypton covers  19.41 x 10 -16  c m  2 

on the sur face .  

NAA- SR- 5 3 1 9 
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V. IBM 709 COMPUTER PROGRAM 

Rather than plot values of V v s  p r e s s u r e  fo r  the The rmis to r  calibrations,  off - 
a fourth o rde r  polynomial expansion; 

Pi = A. + A ,  Voff + A, Voff2 + A ,  Voff3 + A,  V0ff4 I. .( 12) 

where the A’s a r e  constants, was  found to  co r re l a t e  the data to  the des i red  

precis ion (to 0.1%). 

five independent measu remen t s  were  needed. 

measu remen t s  were  made, which took about one hour each morning. 

To solve this equation for  the five coefficients, a t  l eas t  

Usually nine or  m o r e  calibration 

A complete p rogram was  wri t ten (on fi le a t  AI), in  F o r t r a n  language, to 
solve Equation 1 2  for  the coefficients by a leas t  squa res  approximation, and then 

place all of the values of Voff  obtained during the experiment  into this equation 

and solve fo r  the Pi’s . The computer would then, with the Pi values and c o r r e s -  
ponding known volume values, compute all of the equations in  Steps I through VI. 
It would then make a leas t  squares  approximation of 

determine the slope of the line and the intercept,  solve f o r  the a r e a  of the sample, 

and repor t  a root mean  square  e r r o r  for  each of these.  

p s c / ( P o  - P s c )  N data, 

The computer would then plot the data Psc/ (Po - P s c ) N  on a cathode-ray tube 
and photograph it. 

a surface a r e a  measu remen t  is given in  Appendix I1 (F igure  14). Photographs of 
the cathode-ray p ic tures  a r e  shown in Figure 15 of Appendix 11. 

An example of the r e su l t s  re turned f r o m  the computor for  



VI. RESULTS 

Figure  7 is a n  adsorption i so therm for  krypton adsorbing on a 50-mg - 6 3  
sample of uranium dioxide a t  liquid nitrogen tempera ture  (77.2"K). 

that the curve  is sigmoid, o r  a Type I1 isotherm: 

desorption. 

adsorption. 

It is seen  

and showed no hys t e re s i s  on 

This type of i so therm is generally ascr ibed  to multimolecular 

P 

Figure  7. Krypton Adsorption I so therm on 50-mg Sample (E) 
of U 0 2  Powder 

The i so the rm in Figure 8 is for  a s intered U 0 2  pellet  that contained 0.570 
fissia (a mixture  of f iss ion product oxides). 

of 10.16 g / c c  and a wet density of 10.27 g / cc  (wet density m e a s u r e d  by water  

displacement,  93.6% TD). 
shows a hys t e re s i s  effect on desorption, which is generally associated with 

capi l lary condensation. The pellet  mus t  have had many microscopic  pores ,  with 
d i ame te r s  of the o r d e r  of atomic dimensions. 

in  Figure 9, where the value of Vofr ( p r e s s u r e )  is plotted as a function of t ime.  

This pellet  had a geometr ic  density 

The i so the rm is similar to that for  a U 0 2  powder, but 

This  proper ty  is fur ther  i l lustrated 
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Figure  9. Time f o r  Adsorption to Attain Equi l ibr ium 
(Pel le t  G-2-C- 11) 

NAA- SR- 53 19 
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P I P 0  

Figure  8. Krypton Adsorption I so therm on Sintered 
U 0 2  Pe l le t  (G-2-C- 11, Wet Density 93.6% TD), 

Showing Hysteres i s  on Desorption 
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Equilibrium was not reached for  100 min (2.75 x 10 a toms of K r  adsorbed);  

whereas ,  fo r  powder samples ,  i t  was a lmost  instantaneous.  The effect shown 

in F igure  9 is not due to a delay in the pellet  coming to  tempera ture  equilibrium; 

because repeated experiments ,  in  which the pellet  was left in the liquid nitrogen 
for  various lengths of t ime under vacuum (up to 2 h r ) ,  made no change on this 

curve .  
mos t  pel le ts ,  because of diffusion into the smal l  capi l lar ies .  

It is believed that equilibrium was not reached for  about a n  hour,  for  

A. SURFACE AREA MEASUREMENTS 

Table 111 gives the r e su l t s  for  a s intered uranium dioxide pel le t  (G-6-C-11), 

uranium dioxide powders, anatase powder, z i rconia  powder, and c e r i a  powder. 

The f i r s t  column in Table I11 identifies the sample;  the second column gives the 

slope and the r m s  e r r o r  of the BET plot [ P s , / ( P o  - P s c >  N x lo’* vs Psc / P o ]  ; 
the third column gives the intercept  and the r m s  e r r o r  fo r  the BET plots;  

column four  gives the su r face  a r e a  and the rms e r r o r ,  and the fifth column gives 
the values fo r  C in  Equations 1 and 2.  In Table 111, the average  values a r e  given 

with the s tandard deviation for  the different  independent experiments .  

mean  square  e r r o r ,  recorded  with each experiment,  indicates the e r r o r  involved 

fo r  a single experiment;  whereas  the s tandard deviation, given with the average 
of a number of experiments  on the same  sample,  indicates the reproducibil i ty 

of the measurements .  It is seen, fo r  the s intered pellet, that the r m s  e r r o r  for  

the slope of the BET plot averages  about 170, the r m s  e r r o r  for  the’ intercept  
averages  about 7%, and the rms e r r o r  for  the sur face  a r e a  averages  about 1 . 3 % .  

It is  interest ing to note that the surface a r e a s  a r e  near ly  a function of the slope of 

of the BET curve  alone, since the intercept  values a r e  so  small. 

t e r ed  pellet, the sur face  a r e a  was reproducible to about 4%. 
of C for  the uranium dioxide pellet  is 57.6 f 11.1, a s  compared  to 376 f 62 fo r  
uranium dioxide powders. 

l a r g e r  value f o r  the heat of adsorption of the f i r s t  l ayer .  

. 

The root 

F o r  the sin- 

The average value 

A l a r g e r  value of the constant C is indicative of a 
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TABLE III I 

BET SURFACE AREA MEASUREMENTS O F  VARIOUS MATERIALS 

Sample 

U 0 2  Sintered 
Pe l le t  

Average 

U 0 2  Powders  

A 
B 
C 
D 
E 
Average 

T i 0 2  Powder  

Average 

Outgassed 
with Torch  

Z r 0 2  Powder  

Outgassed 
with Torch  

C e 0 2  Powder 

Outgassed 
with Torch  

1.58 f 0.04 
1.65 f 0.02 
1.72 f 0.02 

1.68 f 0.07 

8.85 
3.64 
2.40 
2.00 
1.77 

2.21 f 0.01 
2.04 f 0.03 
2.06 f 0.03 
2.16 f 0.02  

2.11 f 0.07 

1.76 f 0.01 

0.846 f 0.003 

0.758 f 0.001 

0.680 f 0.008 

1.00 f 0.003 

Intercept  
18 

(XI0 1 

0.04 f 0.003 
0.04 f 0.002 
0.02 f 0 .003  

0.03 f 0.008 

0.022 
0.015 
0.005 
0.005 
0.005 

0.02 f 0.002 
0.05 f 0.003 
0.02 f 0 .003  
0.009 f 0.003 

0.024 f 0.012 

0.008 f 0.0006 

0.004 f 0.0003 

0.005 f 0.00006 

0.0200 f 0.0003 

0.005 f 0.0002 

Surface A r e a  

1197 f 28 
1144 f 14 
1114 f 14 ~- 
1129 f 39 

217 
528 
800 
960 

1280 

868 f 6 
928 f 15 
932 f 13 
895 f 10 
906 f 24 

1095 f 8 

2281 f 8 

2542 f 5 

2786 f 30 

1932 f 7 

40.2 
42.2 
87.0 

57.6 f 11.1 

403 
24 3 
480 
400 
3 54 

376 f 62 
- 

111 
42 

104 
242 

125 f 59 
- 

221 

212 

153 

35 

20 1 



The average  values of C for  ana tase  and c e r i a  a r e  125 f 59 and 35 r e spec -  

- @ tively, when the samples  were  outgassed a t  room t empera tu re ,  Outgassing 

samples  a t  high tempera ture  with a torch gave C values f o r  anatase,  zirconia,  

and c e r i a  of about 200 for  all th ree  samples .  These values compare  well  with 

those of Rosenberg'  fo r  krypton adsorbing on crushed  germanium (i.  e, f resh ly  

c rushed  germanium yielded a C value of 204, a s  compared  to 116 f o r  the same 

germanium sur face  with a chemisorbed layer  of oxygen). 

the effect of high tempera ture  degassing of ana tase  and cer ia ,  and probably 

zirconia,  i s  to remove  a chemisorbed gas, such a s  oxygen o r  water .  Although 

outgassing a t  high t empera tu res  increased  the sur face  a r e a  of ana tase  f r o m  

about 900 to 1100 c m  , i t  decreased  the surface a r e a  of c e r i a  f r o m  2786 to  

1932 c m  . 
one experiment,  and then outgassed a t  room t empera tu re  for  the r e s t .  

sur face  a r e a  proved to be 20% higher for  the high tempera ture  outgassing. 

other  exper iments  were  outgassed a t  room tempera ture .  

that g rea t e r  precis ion i s  obtained if  the measu remen t s  a r e  made in the lower 

p r e s s u r e  range [ e.  g . ,  many of the measurements  were  made in the P s c / P o  range 

of 0.05 to 0 .3  (average r rns  error-1.370), whereas  the anatase, zirconia,  and 
c e r i a  samples  were  measu red  in the P s c / P o  
r m s  e r r o r  -0.50/0) 1 . 

It is p re sumed  that 

2 

2 One uranium dioxide pellet  was outgassed a t  600°C fo r  15 min f o r  

The 

All 

It has  been observed 

range of about 0.01 to 0.05 (average  

As was  mentioned in the introduction, a number of uranium dioxide powders 

had undergone various oxidation-reduction cycles  ( U O  to U 0 ), and there  was  

a need to  co r re l a t e  sur face  a r e a  with the number of oxidation-reduction cycles  
and the average  par t ic le  d iameter  of the powder. 

2 3 8  

It was  important  to  determine whether an accura te  relationship could be 

found between the powder sur face  a r e a  and the average  par t ic le  d iameter ,  as 

m e a s u r e d  with a F i s h e r  Sub-sieve Sizer  (gas  permeabi l i ty  method). 

cor re la t ion  could be made, the powder cha rac t e r i s t i c s  ( a s  to d iameter  and specific 
sur face  area) could be determined very  quickly (-5 min / sample )  with the Sub- 

Sieve S izer ,  and the sur face  a r e a  measu remen t s  (-2 to  3 h r / s a m p l e )  would not 

be necessary ,  in  fu r the r  powder metal lurgical  p rocess ing  of uranium dioxide. 

F igure  10 gives BET plots f o r  the five uranium dioxide powders. 

f o r  P s c l P o  c0.25, the experimental  points fall  on s t ra ight  lines, a s  requi red  by 

If such a 

It i s  seen  that, 
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- 0  

0.446 

1.05 

1.60 

1.90 

2.56 

10.8 

5.05 

3.21 

theory. 

l ines  increase  in a smooth manner  with increasing par t ic le  s ize .  

the average sur face  a rea ,  a s  a function of par t ic le  s ize  and the number of 

oxidation-reduction cycles.  
par t ic le  d iameter  i s  given in F igure  11. 

fall c lose to the curve (a l eas t  squa res  f i t  of the experimental  points).  

The l ines  converge at an  intercept  c lose to zero,  and the slopes of the I 

Table IV gives 

A graph relat ing specific sur face  a r e a  and average 

It i s  s een  that the experimental  points 

3.09 
1.58 

1.12 

0.77 

0.66 

0.45 

1.32 

0.96 

TABLE IV 

CORRELATION OF SURFACE AREA vs AVERAGE DIAMETER 

Powder 

u02 
A 
B 

C 
D 

E 

T i 0 2  

Z r 0 2  

CeOZ 

Number 
Surface 
Area  

Measurements  

Sample 
Wt 

( m g )  

48.6 
50.0 

49.9 
50.6 

50.0 

10.1 

50.4 

60.2 

Average 
Surface 

A r e a  
( c m 2 )  

217 

528 
800 

960 
1280 

1095 

2543 

1932 

The lower c u r v e  in F igure  11 is  a theoret ical  hyperbola, re la t ing the s u r f a c e  

a r e a  of spher ica l  par t ic les  with par t ic le  diameter ,  the equation being 

S = 6 / D p  , ... (13) 

where 

S = specific sur face  a r e a  

p = density of the ma te r i a l  

D = diameter  of the sphe res  
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F o r  uranium dioxide, this equation becomes Q 
S = 0.541/D , . . . (14) 

which is the equation fo r  the lower curve in  Figure 11. 

for  the experimental  uranium dioxide data, averaged by the method of leas t  

squares ,  i s :  

A log-log relationship 

log S = (-1.086 f 0.089) log D + (0.2086 k 0.022) ... (15) 

The data  a r e  plotted in F igure  12, the s t ra ight  line being the l ea s t  squares  

fi t .  

From the experimental  measurements  

on uranium dioxide, an equation relating 
surface a r e a  and average par t ic le  diam- 

e t e r  i s :  

S = 1.68/D ... (16) 

- 
-0.4 -0.2 0.0 0.2 0.4 0.6 

LOG( average p a r t i c l e  d i 0 m e t e r . p )  

Figure 12. Log-Log Plot  of Specific 
Surface A r e a  vy- Average Pa r t i c l e  

Diameter  of U O  Powders  2 

Since the lower curve in F igure  11, 

o r  Equation 14, r ep resen t  the minimum 

surface a r e a  f o r  a par t ic le  of any 

diameter ,  a shape f ac to r  can  be obtained 

as :  1.68/0.547 = 3.07. 

indicates how much the actual  par t ic les  

deviate f r o m  sphe res .  Microscopic 

examination of the powders show the 

par t ic les  to consis t  of aggregates  of 
sma l l e r  par t ic les .  The F i s h e r  Sub-sieve 

Analyzer gives the average d iameter  of the 

aggregate,  whereas  the sur face  a r e a  is 

that of the individual par t ic les  ( a r e a  that 

is exposed) in the aggregate.  

The shape fac tor  
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To determine whether the cor re la t ion  for  uranium dioxide was applicable 
in general  (for other  powders),  powder samples  of anatase,  zirconia,  and 

c e r i a  were  measured .  
was  obtained f r o m  the National Bureau of Standards,  with a s ta tement  saying 

that the powder had a surface a r e a  of 10.4 m / g  f 50/0, a s  measu red  by the 

BET method in  a number of different labora tor ies .  

s ample  of this anatase (af ter  outgassing with a torch, a s tandard procedure)  gave 

10.8 m / g  f 370 (Note Table IV) .  

proved to be 0.45c(, which gave a surface a r e a  of 10.8 m /g,  using the uranium 

dioxide cor re la t ion  (Equation 15). 

ex t r eme  extrapolation, However, the zirconia (D=1.32 p )  had a surface a r e a  

of 5.05 m / g ,  a s  compared to  2.38 m / g  f r o m  the correlat ion;  and c e r i a  had a 

sur face  a r e a  of 3.21 m / g ,  a s  compared to 2.57 m / g  f r o m  the correlat ion.  

The r e su l t s  a r e  given in Table IV.  The ana tase  sample 

2 

Measurement  of a 10.1 m g  

2 The average par t ic le  d iameter  of the anatase 
2 

This resu l t  i s  surpr is ing,  in view of the 

2 2 
2 2 

B. SURFACE AREA OF DUMMY QUARTZ SAMPLE HOLDERS 

In o rde r  to  determine the surface a r e a  of uranium dioxide pellets,  i t  i s  

necessa ry  to  know the surface a r e a  of the g lass  holder,  since the surface a r e a s  

of both the holder and the pellet a r e  measured .  F o r  powder samples ,  the g lass  

surface a r e a  was negligibly smal l ;  whereas ,  for  pellets,  the sur face  of the g lass  

i s  of the s a m e  magnitude a s  the pellet .  

g lass  ho lders  (Note Figure 6 )  and were  sealed to the system, there  was no way 

of measur ing  the holder a r e a  independently. 
of the pel le t  sample holders,  th ree  quartz  dummy holders  (with no pel le ts)  were  

made with different volumes (two of these a r e  seen in F igure  6) .  

Since the pel le ts  w e r e  sealed into the 

To  eliminate the surface a r e a  

Resul ts  of the surface a r e a  measurement  of these holders  a r e  given in 

Table V. The f i r s t  column in Table V gives the volume of the holder,  the 

second column gives the slope and r m s  e r r o r  fo r  the BET curve,  column three  

gives the intercept  and rms e r r o r  for  the BET plots, column four gives the 

surface a r e a  and r m s  e r r o r ,  column five gives the geometr ic  a r e a  of the holders,  

column six gives the roughness f ac to r s  (BET a r e a  divided by the geometr ic  a r e a ) ,  

and column seven gives the values for  the constant C. 

If i t  is assumed that the quartz in each holder had the same  roughness factor ,  

i t  i s  seen, f r o m  Table V, that some other factor  i s  influencing the measu remen t s ,  

since the calculated roughness fac tors  dec rease  with increasing volume. A check 
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I 

In tercept  
(x1017) 

N 
00 

Geometr ic  
Area 

B E T  
Surface 
Area 

(cm2) (cm2)  

TABLE V 

DETERMINATION O F  SURFACE AREAS OF DUMMY QUARTZ SAMPLE HOLDERS 

0.02 f 0.003 

0.08 f 0.007 
-0.04 f 0.016 

Holder 
Volume 
(cm3) 

172 f 3 
183 f 8 
180 f 10 

1.60 

2.17 

2.97 

0.005 f 0.019 
0.08 f 0.029 

0.09 f 0.045 

0.01 f 0.088 

0.05 f 0.039 

0.09 f 0.058 

Slope 
(x1017) 

113  f 8 

6 5  f 3 

7 5  f 6 

4 6  f 4 

78 f 5 
8 2  f 8 

1.10 f 0.02 
0.97 f 0.04 

1.11 f 0.06 

1.71 f 0.12 

2.90 f 0.14 

2.51 f 0.20 

4.21 f 0.36 

2.42 f 0.14 

2.26 f 0.21 

3.80 f 0.38 0.21 f 0.005 I 4 8 f 5  28.3 

I I 

23.1 

25.0 

~~~ 

Roughness 
F a c t o r  

7.5 

7.9 
7.8 

7.7 

4.5 
2.6 

3.0 
1.8 

3.1 

3.3 

3.0 

1.6 

C 

51 
1 3  

2 9  
31 

34 

37 

29 
42 

49 
26 

36 

19 



of the possibil i ty that the problem might be in the cor rec t ion  for gas volume 
a t  liquid nitrogen t empera tu re  i s  a s  follows. In Table VI11 of Appendix 11, i t  

is seen  that an  e r r o r  of about 0 .2  c m 3  in the measurement  of the holder volume 

changes the surface a r e a  determination by about 40 c m  

holder  would have t o  be low by 0.6 c m  

of 7.71. 

does not l ie  h e r e .  

@ 
2 3 

[ i. e . ,  the 2.17 c m  
3 3 (1.57 c m  ) to  yield a roughness factor  

3 Since the holder volumes were  measu red  to  f 0.06 c m  , the problem 

There  i s  a possibil i ty that the different glass  ho lders  did have different 

roughness factors ,  and that Table V i s  ent i re ly  co r rec t .  It can be seen, in 
3 F igure  6, that the holder on the left (Volume = 1.60 c m  , Table V) had m o r e  heat  

t rea tment  during g lass  blowing than the one on the right (Volume = 2.17 c m  , 
Table V )  by the whitening effect on the outside sur face .  The l a r g e r  holder 

(Volume = 2.97 c m  ), although not shown in  Figure 6, looked much like the 
cen t r a l  sample holder in F igure  6. 

3 

3 

Most of the holders  containing pellets had gas volumes of about 2 .7  c m  3. , 

so  that, a s  a good est imate ,  a value of 2 was used fo r  the roughness fac tor  of 
the quartz .  

Rosenberg' l  r epor t s  a roughness factor  of 1.8 for  P y r e x  glass .  His value 
of C f o r  quartz  was 48, a s  compared with an  average  of 31 o r  36 in Table V. 

A good es t imate  of a pellet  surface a r e a  was made by subtracting the 

surface a r e a  of the glass  holder,  using a roughness factor  of 2 ( o r  about 
70 c m  , in mos t  cases) .  2 

C.  SURFACE AREA O F  U 0 2  PELLETS,  USED T O  CORRELATE 
OXIDATION RATES 

In the introduction, i t  was mentioned that a p r i m e  purpose for  the surface 
a r e a  device was to  m e a s u r e  the t rue  surface a r e a  of uranium dioxide pellets,  

so  that the r a t e s  of oxidation could be cor re la ted .  

know the surface a r e a  available for  react ion with a gas ,  fo r  heterogeneous,  
gas-solid,  reactions,  if a theoret ical  interpretat ion is to be made. 

It is of vital importance to  

Table VI gives the sur face  a r e a  and roughness f ac to r s  for uranium dioxide 

pel le ts  that had been surface oxidized a t  362°C and 590 mm Hg oxygen p r e s s u r e .  

NAA- SR - 5 3 19 
29 



The f i r s t  column in Table V I  identifies the pellet, the second column gives the 
number of oxidation-reduction cycles  the pellet  had undergone (oxidation was  

allowed to not more  than 0.5 mg of oxygen pickup on the pellet  surface and was 

then reduced with hydrogen), the third column gives the average (3  o r  4 measu re -  

men t s )  surface a r e a  of the pellet, with the s tandard deviation, and column four 
gives the roughness fac tor  f o r  each pellet  (the pel le ts  weighed approximately 

16.5 g, and had a geometr ic  sur face  a r e a  of 7.7 c m  ). 
were  used to co r re l a t e  the r a t e s  of oxidation fo r  the var ious pel le ts  which a r e  

repor ted  in  another technical repor t .  

2 These sur face  a r e a s  

13 

P e 11 e t+ 

G-4-C-7 
G- 3- C- 12 
G- 2 - C -  11 

G- 1- C-  12 

G- 1 - C- 11 
G-6-C-14 

G- 6- C- 11 

G-5-C-12 

TABLE VI  

SURFACE AREA O F  UO, PELLETS 

Number of 
Oxidation- 
Reduction 

Cycles 

1 

6 
14 
26 

19 
0 

20 

26 

BET Pe l l e t  
Surface 
A r e a  
(cm2)  

69 f 17 

150 f 8 

388 f 30 
480 f 40 

753 - 
810 f 20 

1061 f 4 0  

1918 f 103 

Roughness 
Fac to r  

( f )  

9 
19  
50 
62 

98 
105 

138 

249 
* The pellets had a geometric area of 7.7 cm2 and were oxidized with pure oxygen at 

590 mm Hg and 362" C .  
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VII. SUMMARY AND CONCLUSIONS 

8 A gas adsorption apparatus  h a s  been built to m e a s u r e  the surface a r e a  of 

s in te red  pel le ts  and powder samples .  

burette m e r c u r y  type, but a Thermis tor  was used f o r  p rec i se  p r e s s u r e  m e a s u r e -  

ment  (0  to 2 0 0 0 ~ ) .  

The apparatus  was of the conventional 

Sintered uranium dioxide pellets,  with surface a r e a s  between 50 and 
L 2000 c m  , have been measu red  with a precis ion of 1.370 and a reproducibil i ty 

of about 4%. 

zirconia,  and cer ia ,  a s  sma l l  a s  10 to 50 mg, have been measu red  with a 
prec is ion  a s  high a s  0.5% and a reproducibility of about 3%. 

The surface a r e a  of powder samples  of uranium dioxide, anatase,  

A corre la t ion  was made between the surface a r e a  and average par t ic le  

d iameter  of a se t  of uranium dioxide powders that had undergone var ious 

oxidation-reduction cycles ,  
and that a powder surface a r e a  can be accurately predicted by rapid m e a s u r e -  

ment  of the average par t ic le  d iameter  (-5 min pe r  sample)  with a F i s h e r  

Sub-Sieve Sizer .  

It was concluded that an  exceLlent cor re la t ion  exis ts ,  

Measurement  of the surface a r e a  of s intered uranium dioxide pel le ts  allowed 

a compar ison  of oxidation ra tes ,  a s  a function of t rue  surface a r e a .  

The goal of high precis ion has  been accomplished. F r o m  2 to 3 h r  a r e  

requi red  to  make the BET measurements ,  and a l l  of the computations a r e  made 

by the IBM computer in  l e s s  than 1 min.  
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APPENDIX I 
METHOD FOR DETERMINATION OF VOLUME AVAILABLE TO GAS IN SAMPLE HOLDERS 

It is seen, f r o m  Figure 6, that a n  accura te  determinat ion of the volume in 

a sample holder cannot be made f r o m  the holder geometry.  

F igure  13 is a drawing of a n  apparatus  used to  m e a s u r e  the surfa'ce a r e a  

of powder samples  by the Lnnes Method.14 An apparatus  s imi l a r  to  this was used, 
with the exceptions that  the constant tempera ture  bath was not necessary ,  and 

the samples  (as shown in F igure  6 )  were  attached with Tygon tubing, r a the r  

than a ground glass  joint. 

PRESSURE ,TO VACUUM 

VACUUM NEEDLE VALVE 
SAMPLE 

TRANSDUCER INPUT- 
VOLTMETER 

ON-OFF SWITCH - 
INPUT VOLTAGE 
POTENTIOMETER - 

TRANS CONSTANT TEMPERATURE 
WATER BATH 

VACUUM VALVE 

WATER OUT 

WATER IN 

VACUUM VALVE 

PRESSURE GAUGE 

WATER IN I 
CALIBRATION SWITCH --L ZERO ADJUST 

Figure 13. Surface A r e a  Measuring Device 

The p r e s s u r e  i n  the s y s t e m  could be recorded,  as a function of t ime,  with 

a p r e s s u r e  t ransducer  (Statham PA 130-25-350) connected to  a Leeds Northrup 

variable span r eco rde r .  The t ransducer  p r e s s u r e  range was  0 to  2 5  psia,  and 

i t s  calibration factor  was  1 8 8 . 6 ~ ~  (open circui t )  pe r  volt p e r  p s i .  

necessa ry  to have a constant input p r e s s u r e .  

regulator  was attached to a nitrogen tank. 

regulator,  a precis ion p r e s s u r e  gauge was connected (Ashcroft  Laboratory 

tes t  gauge: 4-1/2- in .  dial, 0 to 30 psi, Cat.No. 1082A), and then connected to  the 

inlet tube (F igure  13). 

It was 
To accomplish this, a low p r e s s u r e  

On the lower p r e s s u r e  side of the 

A forepump was  connected to  the vacuum outlet (F igure  13). 
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The procedure for  measuring the volume in a sample holder was  a s  follows: 

@ a sample holder,  similar to those in Figure 6, was attached with Tygon tubing 

and evacuated ( < l o  p ) .  

s y s t e m  was tes ted  for  leaks by watching the r eco rde r ;  if the r e c o r d e r  remained 

a t  zero,  t he re  were  no leaks.  

The valve to the vacuum pump was  closed, and the 

Next, the gas  inlet needle valve was c racked  jus t  enough to let the p r e s s u r e  

r i s e  a t  a suitable ra te .  

maintained, the p r e s s u r e  would r i s e  between 0 and 100 mm Hg with a constant 

reproducible r a t e .  Once the intake needle valve was adjusted to give the p rope r  

r a t e  of p r e s s u r e  increase ,  i t  was not touched until the measurement  was 

c omple t e.  

It was found that, i f  a constant f o r e - p r e s s u r e  was 

The intake needle valve allowed the gas  to en ter  a t  such a slow r a t e  that 

the sys t em could be evacuated without closing this valve. 
was  measured ,  f i r s t  with the sample holder,  then with a known volume g lass  

holder, and then with a cap. This was repeated two o r  th ree  t imes ,  to  give 

an  average  value. 

i s  a s  follows: 

The r a t e  of gas  inlet  

An example of the determination of a sample holder volume 

Let  Vcar be the volume of a g lass  tube cal ibrated by .weighing it with and 
without water .  

Let  Vh be the volume of the sample holder.  

Let Vc be the volume in the sys t em between the needle valves and down to 

where  the sample holder is attached. 
3 The r a t e  that the nitrogen 

en tered  the sys t em was  a s sumed  to  be constant, with a constant f o r e - p r e s s u r e  
and a constant needle valve sett ing.  

The cal ibrated volume was 3.675 f 0.003 c m  . 

Then, f r o m  the perfect  gas law, 

where  
R = gas constant, 

T = absolute tempera ture ,  

dn/d t  = r a t e  g a s  pas ses  the intake needle valve, 

. . .( 17) 

t = t ime.  
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Now, P i s  direct ly  proportional to the voltage, as r ead  f r o m  the r eco rde r  

char t  paper,  so  let  

. . . (18) 
dmv K d P  
- = -  = R  

dt dt 

where 
mv = millivolt reading f r o m  the char t  paper 

K = proportionality constant, 

s o  that R is the slope of the line on the char t  paper .  

Equation 17 can be wri t ten 

It can be seentha t  

o r  

where  R c  and Rcal a r e  the slopes of the l ines  on the cha r t  paper during the 
t ime the cap was  on and the cal ibrated volume was  on, respectively.  

Now 

s o  

F o r  the holder containing a U 0 2  pellet (G- 5- C- 12), 

NAA- SR- 5 3 19 
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8 

Then 

and 

1 s t  
Measurement  

R, = 0.909 

2nd 
Me as u r  ement 

0.909 

0.222 

0.266 

0.222 
0.909 - 0.222 v, = x 3.675 = 1.187 cm3 . 

3rd 
Measurement  

0.926 

0.222 

0.266 

(0.909 - 0.272) 
0.272 v h  = 1.187 = 2.787 cm3 . 

3 
An average  value fo r  the three  measu remen t s  is Vh = 2.847 f 0.040 cm , 

Table VI1 gives the r e su l t s  f o r  a number of sample holders  with pellets 

and a l s o  the th ree  dummy glass  holders .  

Holder 
with 

Pe l le t  

G- 5-C- 12 
G-6-C-11 

G- 2-C- 11 
G- 1- C- 12  

G-6-C-14 

G-6-C-13 

G-4-C-7 

Small  Dummy 
Quartz  Holder 

Dummy Quartz  
Holder 

TABLE VI1 

VOLUMES O F  QUARTZ SAMPLE HOLDERS 
_-_I 

'h 

1 st  
~ 

2.787 

2.333 

3.770 
2.693 

2.916 

5.234 

1 1.783 

1 1.665 1 2.17 

Dummy Quartz  @ Holder I 
1 2.97 

2 nd 

2.877 

2.311 

3.770 
2.661 

2.935 
- 
- 

1.565 

- 

2.83 

3 r d  

2.877 

2 .299  
3.771 

2.727 

3.101 
- 
- 

- 

- 

2.73 

4 th 

2.877 
- 
- 

3.101 

2.727 
- 
- 

- 

- 

- 

Average 

2.847 *0.040 

2.314k0.012 

3.770 *0.0003 

2.796 *0.153 

2.887 *0.116 

5.234 

1.783 

1.615 *0.050 

2.17 

2.84 k0.08 
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APPENDIX I I  
EFFECT OF EXPERIMENTAL ERRORS ON SURFACE 

AREA DETERMINATION 

To determine the effect of experimental  e r r o r s  on the final surface a r e a  

determination, experimental  data f r o m  a given experiment  were  sent to the 

computer a number of t imes  with only one variable change each t ime. 

gives the r e su l t s  of these computations. 

Table VIII 

F r o m  Table VI11 and other data, it is seen that the effect of experimental  
2 e r r o r  i nc reases  rapidly a s  the surface a r e a  dec reases  below about 100 c m  . 

It should be pointed out that the holder volume (V,) is cor rec ted  f o r  liquid 

nitrogen tempera ture  by multiplying by 300/77.2 2 4, which magnifies an e r r o r  

in  V, by a factor  of 4. 

V, o r  V S C .  

higher, for  the low surface a r e a  g lass  holder, as compared  to the equivalent 
e r r o r  for  the 135  c m  

Then a 770 e r r o r  in V, is equivalent to a 2870 e r r o r  in 

Even so, the e r r o r  in the calculated surface a r e a  of 80% i s  much 

2 surface ( 7  x 2) of 1470. 

A change in the vapor p r e s s u r e  of krypton of 0.770 changed the calculation 

of the surface a r e a  by only 0.1%. 

Switching Thermis tor  calibration data changed the calculated surface a r e a  

by 270, in two cases ,  and by 16 and 2170, in two other cases .  

encountered in this study was the instability of the Thermis tor .  

a Thermis tor  with a dissipation constant of 0.1, with a lower power requirement ,  
may give bet ter  stability, a s  found by R ~ s e n b e r g . ~  

The wors t  problem 

It may be that 
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TABLE VI11 

E F F E C T  OFERRORSONCALCULATEDSURFACEAREA 

Change in  Measured  Variable 

F r o m  
~~ 

6.340 

2.97 

2255.8 

T o  

6.040 

2.77 

2270 

E r r o r  
(70) 

5 
7 

0.7 

Switched cal ibrat ion data  with those of another 
day 

day 

day 

day 

Switched cal ibrat ion data  with those of another 

Switched cal ibrat ion data  with those of another 

Switched cal ibrat ion da ta  with those of another 

Change in  Surface Area  
Calc  u l a  t ion 

( c m 2 )  

F r o m  

135 

48.4 

1893 

556 

473 

969 

1053 

To  

132 

86.5 

1895 

568 

461 

835 

871 

E r r o r  
(70) 

2 

80 

0.1 

2 

2 

16 

21 
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A 

b. BET Surface A r e a  P lo t  

a. The rmis to r  Calib ra t ion 

F igure  15. Photographs of Data on Cathode-Ray Tube 
(The experimental  points a r e  on the l ines ,  the plus signs (t) only 

identify the location of these points) 
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