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IODINE STRESS CORROSION CRACKING OF ZIRCALOY 

I. INTRODUCTION 

by Shih-Hsi ung Shann 
[December 1978] 

The outstanding high temperature water corrosion resistance and highly de-

sirable nuclear characteristics of zircaloy have made it an excellent cladding 

material of light water reactors. However, low-ductility failures of the cladding 

still occasionally occur, pointing to the need for understanding of the fracture 

mechansim and prevention methods. 

The temperature range of fuel cladding eliminates the possibility of liquid 

metal embrittlement(7), and the fractography of cracked cladding resembles that 

of stress corrosion cracking in the laboratory (7). Previous works (l-12, 23, 

24) have been studied mainly unirradiated specimens in iodine and \vood et.al. 

(6.11) tested irradiated samples, but nothing concerning simultaneous irradiation 

and stress corrosion has been reported. 

Iodine is present as low yield fission product in irradiated fuel rods. 

However, according to thermodynamics, all of this iodine should be combined with 

the more abundant fission product cesi urn to produce tJ1e stable solid Csi. This 

substance is not an active stress corrosion cracking agent to zircaloy, as demon-

strated by out-of-~ile tests (8,23). The main purpose of this project is to 

determine how iodine is released from Csi inside the fuel rod in order to activate 

the stress corrosion cracking process. Our hypothesis is that the strong radiation 

field inside the fuel rod decomposes the thermodynamically stable Csi (14) and 

liberates enough free iodine to permit stress corrosion cracking to occur. To 

achieve this long-range objective, establishment of a complete iodine-zircaloy 

stress corrosion cracking data base is necessary for a reference system and for 

better understanding of fracture mechanism. 

II. EXPERIHENTAL 

The present experiment utilizes a tube-burst (biaxial) test mode. One half 
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inch OD tube samples (ground to 10 mil wall thickness) internally pressurized 

by argon are connected to a pressure tran.sduce.r (Statham PA-89l-3M) and a 

filling valve (Fig. l). The assembly is placed in an enclosure and heated 

resistively. 

For temperature measurement and control, a thermocouple is pushed against 

the zircaloy tube by a stainless steel spring, the force of which is enough 

for the good contact between ·thermocouple and zircaloy, but is too small to 

cause indentation of the tube. Thin thermocouple wire (0.01" diameter) is 

used in order to keep the heat loss through thermocouple wires as small as 

possible. An electronic control system (Omega Engineer, Inc. Model 49) has 

been installed to compare the output voltage of the thermocouple with preset 

standard and to operate a relay in order to turn on or turn off the heating 

current. The temperature can be controlled within + 5°C of the set temperature. 

The tube is pressurized by an inert gas prior to closing the filling 

valve and inserting into the vacuum system. The initial hoop stress in the 

zircaloy tube is calculated from the thin-wall tube formula 

where 0 
0 

p 

R 

w 

0 
0 

initial 

internal 

PR 

w 

hoop 

gas 

tube radius 

stress 

pressure 

tube wall thickness 

( l) 

As the crack propagates, the net section thickness (initial wall thickness-

crack length) decreases, and the stress increases. To prevent damage to the 

diffusion pump following a burst of the internally pressurized test specimen, 

a loose-fitting glass rod is inserted in the tube specimen to reduce the gas 

volume. When the specimen fails, <0.01 moles of gas flow into the vacuum system. 
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Molecular iodine is supplied to the surface through 4.57 mm diameter 

tubing {doser) which is 2-5 mm from the specimen surface. With this delivery 

system, iodine impinges on a spot -5 mm in diameter on the outside surface 

of the zircaloy specimen. 

The iodine flow rate £* (moles/sec) through the doser is calculated from 

Shock's model (17) for flow through small diameter, long tubes. 

L 

D 64 
[ (~- 1 - ~ + 21~ log m) p

1 
+ 22 ( l - ~)? /~] 

where: D diameter of doser tube 

L length of doser tube 

·m - mass flow rate 

p
1 

= dimensionless pressure at tube inlet 

ILz·rrRT (]..!/D) 

P
1 

= pressure at tube inlet (iodine reservoir) 

]J = viscosity 

The intensity I* (moles/cm2sec) of iodine impinging on the surface of the tube 

at a distance d from the outlet of doser is given by 

I* 

where X is the peaking factor (18), which characterizes noncosine emission from 

long channels. 

The equivalent pressure of iodine at the zircaloy surface (P ) is calculated 
c-g 

from 

1* 

p 
eq 

hmnkT 
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where m molecular weight of iodine 

k gas constant 

rr "" temperature 

Two lots of stress relieved zircaloy·-2 were tested. One lot was obtained 

from Stanford Research Institute with unknown lot. number (O.D. "" 0.503", I.D. 

0.453"), the other lot was purchased from Sandvik Special Metals, lot number 

9AX32 (O.D. ""0.486 ±0.002", LD. co 0.414"-1::0.002"). 'rable 1 gives the ch<,;micaJ 

composi t:ion. 

III. RESULTS 

A. Failure Modes 

With iodine, specimens exhibited pinhole-type failure (Figs. 2-6), which was 

completely different from the burst-type failure which occurs in the absence of 

iodine (Fig. 7). 

The Sandvik specimens, with stres~3 level between 54ksi and 42ksi, all frac-

tured in the pinhole mode. Three specimens with stress >55ksi fractured 1n 

non-pinhole mode, even in the presence of iodine. 

'J'he fractoqraphy of pinhoL•' i.l!ld rl11ct i lc faiLures are completely di ffr,n,nt. 

Fig. 8 is a scanning electron micrograph of a pinhole type failure. Fig. 9 is 

for ductile failure. Fig. 10 shows that besides the penetrating cracks, there 

are a number of non-penetrating cracks on the outside surface in the iodine-affected 

region. There are numerous small c.racks branching out from main crack at an angle 

to main crack propagation direction (Fig" 11). As the main crack propagates, 

the remaining intact wall thickness decreases, so the net section stres" increases. 

After the crack length reaches a critical length, a transition to ductile failure 

occurs (Fig. 12) when the net section stress reaches theultimate tensile stress and 

the tube fails immediately. A few grains fail cleavage, as shown in Fig. 13. 

Fig. 14 is a detail of Fig. 13. 
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B. Time to Rupture 

The results from unflawed specimens from SRI are plotted in Fig. 15. Pre

flawed (0.001" depth, 1" long notches) data are shown in Fig. 16. Stress corro

sion cracking was observed at iodine pressure as low as 10-~ torr. 

Control specimen results for the Sandvik tubes at 300°C are shown in Fig. 

17. Fig. 18 gives the time-to-failure versus temperature for 0.05 torr iodine 

pressure. .Fig. 19 and 20 record the times to failure versus stress for two dif

ferent iodine pressures. Fig. 21 is a time-to-failure/equivalent iodine pressure 

relationship. 

The iodine pressure necessary to cause stress corrosion cracking is much less 

than previously reported(l9).. 

IV. DISCUSSION 

A. Iodine oentration 

Most previous works use mg/cm2 as a unit to describe the iodine potential. 

According to basic chemistry, the partial pressure is the correct mc,asure of chemical 

potential. Une (19) performed experiments with different volume-to-surface ratios, 

keeping one variable constant and changing the other. The influence of two vari

ables on the time to failure was recorded. He concluded that in zircaloy stress 

corrosion cracking, iodine partial pressure (e.g., torr) , not the surface density 

(mg/cm 2) is the correct unit for correlating the stress corrosion cracking pheno-

emnon. 

Let us consider the experimental methods for establishing the iodine concen-

tration used in previous investigations: 

(a) A fixed amount of iodine is sealed in the inside of zircaloy tube (23). 

In this case, there is considerable surface other than zircaloy on which 

iodine can plate out. In addition, only the zircaloy is heated and the 

iodine will condense on the cold regions of the system. 'l'he actual iodine 



responsible for stress corrosion cracking is much lower than what is reported. 

(b) A fixed amount of iodine is sealed inside the zircaloy t.ube, and the 

tube is plugged at both ends (1, 4, 5, 8, 24), or iodine is sealed with 

zircaloy in closed system, as in some mandrel tests (6, 7, 11). In those 

cases, the amount of iodine first decreases with time. After certain period, 

there may be an equilibrium between iodine and zircaloy. But we do not know 

what the equilibrium iodine pressure is, or how long it will take to achieve 

the equilibrium. 

From the discussion above, it is clear that in previous investigations, in-

sufficient attention has been given to maintaining contant, known iodine concentra-

tion or even using the correct units to describe the iodine concentration. 

B. 

In our specimen assembly (Fig. 1), one end is free. Under internal pressure, 

the hoop-axial stress ratio is two (in other works, the ratio is between 0.5 

and 1 (8) or not given). The yielding condition of anisotropic materials such 

as zircaloy under biaxial loading depends on the ratio of two principal stresses 

(15, 20), so a hoop stress measurement alone is not a sufficient condition for 

fixing the time to failure. The time to failure can change with different stress 

biaxiality ratios even though the hoop stress, iodine pressure, and temperature 

are fixed, 

C. Stress and Iodine Pressure Thershold 

One Sandvik specimen, held at 300°C and 47.6 Kpsi, did not fail after 89 

hours at an iodine pressure of "013 torr. A possible explation is that the 

stress was below the threshold stress for stress corrosion cracking for the par~ 

ticular iodine partial pressure used" Alternatively, the iodine pressure was 
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below the threshold value for that stress level. The threshold concepts are 

accepted by most previous workers (1-12, 23). The threshold concept implies a 

change in fracture mechanism in narrow ranges of stress and iodine pressure, so 

that time to failure is greatly affected. 

D. High Stress Failure 

Three Sandvik specimens stressed near 55Ksi did not exhibit pinhole type 

failure under iodine. The argument that stress corrosion cracking can occur 

only within a limited stress range (21) can explain this phenomenon. According 

to this explanation, stress of 55Ksi is too high for pinhole-type stress corrosion 

cracking. 

E. Data Correlation 

Stress corrosion cracking of zircaloy is a low ductility fracture process 

(strain in the range of a few percent). If crack propagation dominates the life-

time of specimens, the model of slow crack growth under chemical attack for brittle 

solid may be applied to this situation(22). 

In this model, the crack growt.h rate is described in chemical reaction rate 

terminology by: 

da 
dt 

n E* A(P] e:xp(-'::.'.-)F(K) 
eq RT 

where a = crack length 

(2) 

E* = activation energy of the chemical step responsible for stress 

corrosion 

n ~ reaction order 

A constant 

F in Eq. (2) is the functional dependence of the crack growth rate on the stress 

intensity factor, which is 
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Y "" geometric factor 

The hoop stress in the intact section of the wall is: 

where 

Integrating Eq 2: 

w 
0 0 

o w-a 

0 = initial hoop stress (see eq. l) 
0 

w = initial wall thickness 

w-a = intact wall thickness 

1 

a 
c 

exp (!;) J 
a 

0 

da 
F(K) 

( 3) 

(4) 

(5) 

a initial length of the crack pre~existing through manu-
o 

facture or machining (a oe0,22XIo-3 in.) 
0 

a crack length at which the section stress is equal to the 
c 

ultimate tensile stress: 

(6) 

Here it. is supposed that stress corrosion propagates the crack from length a 
0 

to a where ductile failure takes place very rapidly. This final process can be 
c 

seen on the SEM picture of Fig. 12. 

Least square curve fittion of the T and P data gives: 
eq 

E* 7.12 ± 0.9 Kcal/mole (7) 



9 

n = 0. 51 ± • 0 3 (8) 

Three crack velocity and stress intensity factor relations (22) were tried: 

F(K) (9) 

F(K) (10) 

F(K) "" exp ( -B/K) ( ll) 

where B and m are constants. These relationships all fit the stress-dependence 

data to the same accuracy. F(K) = Km case gives m = 4.0 ± 0.1, which is consistent 

with the results of Tuck, et.al. (5) and Polan et.al. (24). 

V. PLANNED EXPERIMENTS 

A. Perform the experiment using Fei 2 , Ali
3

, Zri
4

, and Csi, to see if these species, 

cause stress corrosion cracking. 

B. Determine whether crack initiation or crack propagation is the slow step. we: 

plan to use a camera to record the surface condition during the experiment, in 

order to determine_when the surface crack first appears on the specimen. If this 

method does not work (i.e., if the resolution of the film is not good enough), 

we will have to use several specimens exposed to iodine for different time periods 

and removed them from the system for inspection of crack length. 

C. Apply stress, Csi (or other corrosive agent), and radiation simultaneously 

to the zircaloy specimen to see if radiation liberates iodine and causes stress 

corrosion cracking. 
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Table 1. Composition of Sandvik Zr-Z (9AX-32) 

INGOT ANALYSIS 

COMPOSITION IN PERCENT 

_Spe~ Top Middle Bottom 

Sn L 20-1. 70 1.55 1.47 1.46 

Fe 0.07-0.20 0.14 0.13 0.14 

Cr 0.05-0.15 0.10 0.09 0.09 

Ni 0.03-0.08 0.05 0.04 0.04 

Fe+Cr+Ni 0.18-0.38 0.29 0.27 0.28 

Zr B A L A N C E 
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Figure 1. Stress corrosion cracking apparatus. 
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XBB791-473 

Figure 2. Stress-relieved Zr-Z (Sandvik lot no. 9AX32) failed 

13.17 hrs under 45.8 Ksi and 0.05 torr iodine at 300°C. 

15 
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XGB791-482 

3. Stress-relieved Zr-2 (Sandvik lot no. 9AX32) failed after 
' 5.02 hrs under 53.5 Ksi and 0.05 torr iodine at 300°C. 



XBB791-474 

Figure 4. Stress-relieved Zr-2 (Sandvik lot no. 9AX32) failed after 

9.01 hrs under 53.5 Ksi and 0.032 torr iodine at 300°C. 

17 
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XGB791-476 

~ 

5. Stress~relieved Zr-2 (Sandvik lot no. 9AX32) failed after 

3.23 hrs under 47.0 Ksi and 0.16 torr iodine at 325°C. 



XBB791-481 

Figure 6. Stress-relieved Zr~2 {Sandvik lot no.9AX32) failed after 

17.03 hrs under 45.1 Ksi and 0.05 torr iodine at 270°C. 

19 



XBB 791-329A 

Figure 7. Control specimens of Sandvik lot no. 9AX32 ruptured 

at 300°C without iodine at stresses of 55.5, 53.6, 

and 49.7 Ksi. 

20 
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79l-309A 

Figure 8. SEM fractography of pin-hole type failure (preflawed stress 

relieved Zr-2 from SRI) failed after 20.5 hrs, 52.3 Ksi, 

0.017 torr iodine at 320°C. 

21 
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XBB 791-314A 

Figure 9. SEM fractography of ductile failure (unflawed, stress

relievted Zr-2 from SRI) failed after 5L8 hrs; 320°C, 

without iodine. 

22 
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-31 

Figure 10. Besides main penetrating crack, there are alot of small 

cracks in iodine-affec·ted area. (Preflawed stress-relieved 

Zr-2 from SRI failed after 59.3 hrs, 52.3 Ksi, 0.045 torr 

iodine, 320°C.) 

23 
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XBB 791-308A 

Figure 11. Same specimen as Fig. 10 showing many small cracks 

branching out from main crack. 

24 
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XBB 791-3l1A 

Figure 12. Transition from brittle mode to ductile (dimple) mode. 
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Figure 13. Grain failed cleavage lawed stress-relieved Zr-2 

from SRI) failed after 5.93 hrs; 52.3 Ksi, 0.045 torr 

iodine, 320°C. 
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Figure 14. Cleaved 

2 

XBB 791-313A 

of Fig. 13 at higher magnification. 
'II 
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Figure 17. Time to failure vs. stress for control specimens 

(Sandvik) at 300°C without iodine. 
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Figure 18. Time to failure vs. temperature for Sandvik specimens 

at 45.5 Ksi and 0.05 torr iodine pressure. 
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Figure 20. Time to failure vs. stress for Sandvik specimens at 

300°C and 0.163 torr iodine pressure. 
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Reduction of oo
2 

and Measurement of the Oxygen-Metal Ratio 

by: Kee Kim 

I. Introduction 

Oxygen self-diffusion in hypostoichiometric uranium oxides is of 

importance in predicting the rate of oxygen redistribution and other 

physicochemical processes occuring in an irradiated fuel pin. Although 

there have been many measurements of oxygen diffusion in ordinary oxides 

and in hyper stoichiometric uranium dioxide (uo
2
+) (1) , similar measurements 

in 002 have been proven very difficult mainly because uo2 is a defect 
-x -x 

structure stable only at T > l300°C, and its oxygen diffusivity is likely 

to be large enough to render convertional methods unworkable (i.e., gas 

phase mass transfer of surface isotope exchange are rate limiting). The 

18 
method proposed involves a diffusion couple consisting of oo

2
_x wafer 

16 
sandwiched to a uo

2 
__ x water by a bond of liquid uraniurr~o When heated, the 

18 16 
0 - and 0 will int_erdiffuse. The liquid uranium at the interface is 

intended to eliminate a gap resistance to oxygen transfer in a manner similar 

to a sodium bond in carbide LMFBR fuel pin. The hypostoichiometric samples 

are to be prepared by hydrogen reducU_on of uo
2 

at high temperature: 

UO + xll == 00 + xH 0 2 2 2-x - 2 

The course of the reduct~ion process will be followed by an electromicro-

balance which continuously monitors the weight of sample. Before each 

diffusion test the stoichiometxy of the sample should be determined. 

II. Determination 

Since there is a substantial amount of evaporation at high temperature 

the stoichiometry can not be measured directly by the total weight change 

during the reduction step. This problem can be overcome simply by having 

another piece of urania present during the reduction step and subsequently 

oxidizing this test specimen back to uo 2 at lower temperature while measuring 

35 



0/U 2 . 0 _ 270 dw 
16 w 

where dw = weight gain and w = specimen weight. 

( l) 

'l'he oxidation of UO 
2-x 

can be achieved by flowing gas which has the equilibrium oxygen potential 

of stoichiometric uo2. The equilibrium oxygen potential of uo
2 

AG
0 

, 
+x, 2 

is well known as a function of temperature and stoichiometry and is shown 

in Fig. 1 (2,3). As can be seen in fig. 1, the oxygen potential changes 

sharply in the vicinity of stoichiometric uo
2

. By using known ratios 

of H
2

0 and H2 and controlling the temperature, the desired oxygen potential 

can be obtained as follows: 

l 
H

2 
+ - 0 

2 2 
0 

If 1\GH j) is the standard free energy of formation of H
2
o (g) , have: 

k 

For gas-solid equilibrium the oxygen potential of the fuel must be equal 

to that of the H
2

/H
2

0 gas mixture or: 

p 
H 0 

2R'I'£n-2_· 
p 

H2 

( 2) 

Using this relationship, the ordinate of the Fig. 1 can be converted to the 

H
2

D;H
2 

ratio, as is shown in Fig. 2. According to this graph, at 1550 C 

stoichiometric uo
2 

is obtained in hydrogen-water mixtures ranging from 

H
2

0;H
2 

= 10-
7 

to H
2

0/H
2 

10-
1

. The desired H
2
0/H

2 
ratio is obtained by 

bubbLing hydrogen through water and by controlling t.he temperature of water. 

'Phe hydrogen does not have to be saturated by water because of the extremely 

wide range of oxygen potential of uo
2

. In this experiment the water was 

kept at 7°C, which gives H
2

0/H
2 

ratio of 10-
2 

or Less. 

36 
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III. Exper~mental 

Fig. 3 shows the setup of the furance. The samples are suspended from 

the electromicrobalance by a rhenium wire. The gas is fed into the bottom 

of the molybdenum crucible and flows upward. The crucible is heated 

by a tungsten mesh heating element from the outside. The temperature is 

measured by a tungsten-rhenium thermocouple located inside the crucible. 

The uo2 wafers are 0.5-1 mm thick and 1.2 em diameter. Fig. 4 is a flow 

diagram of the system. Hydrogen is purified by charcoal filled liquid 

nitrogen trap. Gas is exhausted into the air through diffusion pump oil 

to prevent back diffusion of air into the crucible. Samples are reduced 

in pure hydrogen at a flow rate of 20cc/sec at l950°C and 15cc/sec at 

1850°C. Before oxidizing the reduced samples, its weight is measured by 

Mettler microbalance. Then it is placed in a rhenium basket suspended from 

the electxomicrobalance by a rhenium wire. The reduced samples are 

-2 
oxidized to uo

2 
using hydrogen stream of n

2
o;n

2
2_10 at temperature range 

of 1200-l400°C. The experimental procedures is: 

1. Pump out the whole system and degas the sample at 200°C. 

2. Cool down to room temperature and fill the system with helium. 

3. Heat the sample to 800°C and record the electromicrobalance weight of 

the sample in this condition. 

4. Flow hydrogen at 10 cc/sec. (Valves 1 and 2 in fig 4 closed; valves 

3 and 4 open) . 

5. In flowing H
2

, heat the sample up to l300°C. 

6. Flow H
2

0/H
2 

therriixtureby opening valves 1 and 2 and closing valves 

3 and 4 until the weight reaches steady state. 

7. Flow dry hydrogen. 

8. Cool down to 800°C. 

9. Flush t:he system with helium and record the electromicrobalance weight. 

10. Cool down ·to room temperature. 
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11. Take out the sample and measure the final weight using the Mettler 

balance. 

The weight measurements of step 3 and 9 give the weight increases. The 

measurement of the initial and final weights by the Mettler microbalance also 

gives the weight increasment to be compared with the value obtained by 

electromicrobalance in septs 3 and 9. In order to make sure that the rhenium 

wire and basket do not react with H
2

0-H
2 

in the operating condition, a 

dummy test was done without any sample in the basket. This test showed no 

weight changes through 1500°C, so that all the weight increase is attributed 

to oxidation of the sample. 

IV. Results 

II 
Reduci:10, Conditions zing back to uo2. o 

H2 (std) cc/: 
' 

Te: 'oc flow 
W. (g) dw 1 (mg) dw

2 
(mg) 0/U 

l 

---' ---·-
l85o''c 20 1 0.6039 0.99 1.972 

1850' c 10 1 0. 5728 LOO 1.970 . 

1850 c 20 2 0.5702 1.57 1.954 
···-- -I 

;1950 )c 20 2 1.1532 2.651 2.65 1.951 

[1950 c 20 4 1.1886 -- 3.20 1.955 

i1950 'c 20 4 1.2080 3. 298 3.30 l. 954 



w. weight of the reduced sample before oxidation 
l 

dw
1 

weight gain measured by Mettler balance 

dw
2 

weight gain measured by electrobalance 

0/U calculated stoichiometry of t.he reduced sample. 

For example, the first row is for a sample which was reduced for 1 hr at 

1850°C and H
2 

flow rate of 20 cc/sec. The reduced sample weight is 

0.6039 g, which increased by 0.99 mg when oxidized to uo
2

. The stoichiometry 

was calculated from Eq (1) to be 1.972. Precision of 0/U values is 

+ 0.007. As can be seen the reduction rates rapidly slow down with time 

(Le. for the 4 hr run, more than half of the reduction was achieved in the 

first 1 hr.) 

18 
In order to make the uo2~x wafer vvh:Lch is part of the diffusion couple, 

o16 
in a uo~6 wafer will be substituted by o18 

using H
2
o18

-H
2 

mixtures 

using the same method is employed in oxidation of uo
2

_x (i.e. flow H
2 

18 
thru H 20 d 16 h. 0 0 r: 0 ) f an expose uo

2 
. to t ls stream at 12 0 C - 1:J00 C . One wa. er 

-x 
16 

of uo
2 

d 
18 . 16 16 . l 

an one of uo
2 

wll1 be reduced to uo
2

_x and uo
2

_x respectlve y, 

and the diffusion couple will be fabricated. 
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The Surface Chemistry of Epitaxial Silicon Deposition 

by 'rhermal Cracking 

By M. Farnaam 

I. Introduction 

'l'hermal cracking of silane by the reaction SiH 
4 

(q) + Si + 2H
2 

(q) is 

widely used for production of epitaxial layers of silicon on a substrate. This 

technique is extensively used in the semiconduct~r industry and in the Fabrica-

tion of Photovoltaic devices for direct solar energy conversion to electricity. 

Until a couple of years ago, atmospheric pressup:e v•-:action was the standard 

chemical vapor deposition (CVD) growth process. However, the low pressure 

chemical vapor deposition (LPCVD) reaction (0.5 torr .640°C) was found 

t.o give lower costs, higher productivity, and better uniformity compared to 

the atmospheric pressure method(l). Apparently higher vacuum levels and 

lower pressures result in a better control of the deposition process, thus 

encouraging investigators to decrease the pressures and even turn to molecular 

beam techniques. 

Deposition of the epitaxial layers of silicon takes place by the 

incorporation of silicon ada toms :into the growing epi taxia 1 layers, and whether 

these adatoms are produced from a CVD process or by condensation of silicon 

vapor or by any other process doesnot affect the growth process, which is 

driven by the superstauration of the surface with silicon adatoms. In a 

CVD process, the adatoms are produced by decomposition of the molecules 

of the silicon bearing gas on the surface. 

Application of the convc"nt ion a 1 techniques for investigation of the 

silane-cracking reaction (i.e., measurement of the rate of the steady state 

production of H
2 

by heterogeneous reactions) have resulted in contradictory 



mechanistic interpretation for this process (2,3,4). In order to permit more 

detailed probing of the surface processes than can be achieved by steady 

state kinetic studies, our expe.r iment utilizes a modulated molecular beam 

method which has advantages such as phase lag measurements (5). 

I I . Exp~J.-men ta_l:_ 

A. ?pecil1l.en P~eparation_ 

In order to solve the problem of island growth on the crvstal surface 

which was encountered at the hiqh temperatures required for the silane 

beam-crystal chemical interaction, new techniques and materials were tried. 

A new type of crystal prepared by the Topsil corporation using methods 
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which are claimed to give much lower impurity concentration than the czochralski 

method, was utilized. The crystals were undoped in order to avoid possible 

interference of the dopant in the surface structure during the experiment. 

The crystals were in the form of disks 5.0 ern in diameter and 0.25 ern thick 

with a (111) surface orientation. They were cut by diamond saw into slabs 

2.8 ern x 0.6 ern x 0.25 em in size. 

Surface preparation ~;tarted with polishing with 6 j.Jrn diamond paste, 

cleaning in acetone, methyl ethyl ketone and ethanol, dipping in 

hydrofluoric acid, rinsing in deionized water, blow drying with N
2 

gas, 

and finally heating resistively at l150°C in vacuum for about 30 minutes. 

Scanning electron micrographs of this crystal showed a very rough surface 

containing irregular islands and pits displaying the trace of scratches made 

on the crystal during polishing. 

Subsequent specimens were polished, cleaned and heated more carefully 

according to the following treatment; 

The crystal was embedded in the top face of a disk of cold mount material 

about 0.5 ern thick and polished by hand along at 45° to the longitudinal 

direction of the crystal in order to prevent cracking. (0) grade emery 

paper was used in this step which was continued until the whole surface of 
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the crystal was covered only with scratches along the 45° polishing direction. 

Then, using a new (0) grade emergy paper, the crystal was polished along 

the direction perpendicular to the initial direction until the whole surface 

was covered with scratches in this new direction. After cleaning the crystal 

ultrasonically, it was polished successively with (00), (000), and (0000) 

grade emery paper in a similar manner. The polishing was continmC>d using 

6 ]Jm and l ]Jm diamond paste on the automatic rotary wheeL The last step 

of polishing was done using vibratory plates covered with microcloth 

polishing pad and containing 0.05 ]Jm )'-Alumina powder dispensed in distilled 

water. Ultrasonic cleaning was always used between polishing steps. The 

crystal was removed from the embedding material by heating with hot air, 

which causes swelling of the material and releases the crystal without damage. 

The crystal was cleaned ultrasonically and then degreased in the solution 

of phosphoric acid (3 parts) H
2
o

2 
(2 parts). At this stage, the U-step 

(6) 
cleaning method was used for cleaning the crystal. 

As before, an optical pyrometer was used for measuring the temperatures, 

but a heating filament was installed below the ceramic crystal holder. This 

filament can be heated independently of the crystal and serves two purposes. 

First, it is used during baking of the system to bake out the whole assembly 

holding the crystal (ceramic, tantalum clips, wiring, etc ... ) and the part of 

the chamber adjacent to the crystal. Secondly, pre-heating of the crystal 

by the filament causes the resistance of the crystal drop drastically, 

thereby making it much easier to heat the crystal resistively to high tempera-

t.ures. 



III. Results 

A specimen prepared by the method described above was heated in the 

vacuum system to ll50°C while a molecular beam of silane impinged on the 

center. Fig. l shows the scanning electron micrographs of this crystal 

taken after the experiment. It is believed that (7) the triangular 

vaporization pits on the region of the surface not exposed to the silane 

beam (Fig. 1-a) results from carbon-contamination. If the surface is clean, 

vapo.r iza tion is a 2-D process and no topographic effects occur: in other 

words thermal etching is the exact inverse of growth. The growth morphology 

in the region exposed to silane (Fig. 1-b) is also believed to be an indica-

tion of heavy carbon contamination, and at the high temperatures involved 

this would almost certainly be present as B-s.c. 
l 

The crystal used in the experiment was one of the purest types available 

for epitaxial growth, therefore the bulk of the crystal is not responsible 

for the contamination. But the crystal surface itself could be the source 

of the contamination i.e., polishing and cleaning methods should be modified 

and if necessary new steps must be added. 

Planned Modifications 

In-situ He~ etching is one of the most widely used etching steps 

for preparing silicon specimens. Therefore a doser for Hcf has been installed 

in the vacuum system adjacent to the crystal. 

The effect of another step of polishing called Electroless Silicon 
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polish will also be investigated. This step is a chemical-mechanical polishing 

process which will follow polishing with 0.05 wm y-Alumina. 
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Another possible solution is t.he use of epitaxially-grown surfaces, 

i.e., a film a few microns thick grown on a substrate by conventional 

silicon process technology. This material will simply be mounted in the 

vacuum system and heat cleaned for a few minutes at ll00-l200°K. which 

is claimed to be adequate to remove the carbon (from adsorbed atmospheric 

) t b 1 h d t · l · · ' f 1 uC::ual d t t · h · ( 7 ' 8 ) gases. o e ow t e etec lon _ .lml -c o sever a ~ _ e ec lOn tee nJ.ques . 

The vacuum system may also be modified (e.g. by replacing thEe! diffusion 

pump by a cryopQmp) to reduce contamination due to background gases. 

Once pitting evaporation is eliminated and 2-D evaporation and growth 

is achieved, the kinetic studies of the silane cracking reaction will be 

continued. 
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The Kinetics of Laser Pulse Vaporization of U0
2 

by C.H. Tsai 

I. Introduction 

The laser pulse vaporization technique has been developed recently to 

. . . (1-3) 
investigate the ultra-hlgh temperature thermodynamlC propertJ.eS of 00

2
. 

The experimental determination of this thermodynamic information is necessary 

because of the great inconsistency in theoretical calculations as mentioned 

in the previous report. 

Two techniques, namely the photographic and mass spectrometry techniques, 

have been conducted independently for vapor pressure interpretation. The 

transient optical pyrometry is used for surface temperature measurement in 

each of the methods. A computer code has been developed to calculate the 

surface temperature and surface composition of uranium oxide during the 

laser evaporation transient ih order to compare with the experimental measure-

ments. 

The current year was devoted to the vapor phase angular distribution 

determination and surface temperature measurement by optical pyrometry, 

in which the mass spectrometry technique is ultilized. Some preliminary results 

of these measurements are given. 

A sketch of the experimental set up of laser pulsing on uo
2 

is shown 

in Fig. la. 



A uo2 sample is preheated by electron-beam bombardment heater to 

(4) 
"v l400°C, the ductile-to-brittle transition temperature of uo2 I in order 

to avoid sample cracking resulting from the huge thermal gradient induced by 

laser heating. At this temperature, the absorption cut-off of uo
2 

is also 

shifted to L 3 ]Jm wavelength (longer t.han the wavelengt.h of Nd-glass laser 

1.06 ]Jm) which avoids in-depth heating by laser radiation penetration into 

(5) 
the target. 

The laser beam is partially split to a MgO diffuser and absorbed by 

a pre-calibrated photodiode which gives the power shape as well as the power 

as a function of time. The laser power together with the laser beam radial 

intensity profile measured by knife-edge technique as mentioned in the last 

year report gives the laser peak maximum power density of each experimental 

run, which provides the input data for corresponding computer run for the 

temperature calculation. 

A single-wavelength (0.65 [Jm) transient optical pyrometer is used 

to measure both the surface temperature of the pre-heated target. and the 

surface temperature during laser heating. The transient optical pyrometer 
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calibration is performed by a master manual optical pyrometer pre-calibrated by 

NBS and a graphite black-body cavity with the capacity of reaching 3000°C. 

Above this range, the absorbing glass filters are used to establish the 

extrapolation up to 6000 K. 

Two arrays of small teflon disks and aluminum disks are placed around 

the target by a collector assembly mounted in z-direction to collect part of 

the ejected uo
2 

from laser-heated spot, as shown in Fig. la & lb. A stain-

less steel flag is controlled by a linear feedthrough in x-direction to avoid 

vapor deposits on the collector disks during target pre-heating and it is 

removed before laser shots. The teflon disks are then irradiated in the 

Berkeley Research Reactor to determine the angular distribution of vaporized 

uo2 by counting the fission product radioactivity and to provide an independent 
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estimate of the total amount of oo

2 
vaporized. Calibrated standards consisting 

of known amount of uranium from uranyl nitrate solution deposited on teflon 

disks are used to determine the absolute magnitude of the quantity of uranium 

deposited on the disks by the laser evaporation process. The aluminum disks 

are examined microscopically to determine whether the ejected material consists 

entirely of vapor species or emission of liquid droplets occurs. 

II I , Results 

A. Laser Light Absorption Plume 

'rhe degree of thermal ionization in the vapor cloud above the surface 

has been estimated to be 2. 7% at 4400 K. (
8

) 'l'he partially ionized vapor plume 

does not satisfy the double inequality characterizing an ordinary kinetic 

plasma(B), so the optical absorption is dominated by Bremsstrahlung absorption. 

(9) 
According to the Bremsstrahlung absorption theory assuming all the ions are 

singly charged, the absorption coefficient 
-1 

is 0.0466 em for 1.06 pm Nd-glass 

-1 
laser and 0, 0107 em · · for 0. 65 llm optical pyrometer. Assuming an absorbing 

layer of 0.5mm(lO), the absorption of 1.06 llm laser light is 0.2% and that 

of 0.65 Jlm optical pyrometer is 0.15%. It is obvious that the optical absorption 

is negligible in t~his temperature range. 

B. 

The maximum surface temperature measured by the t.ransient optical 

pyrometer is 4200 + 60 K for the run at laser total energy of 27.85 Joules. 

After taking the spectral emissivity of oo
2 

at this temperature at 0.65 ]Jm 

("-' 0.92(ll)) int.o account, the maximum surface ·temperature is about 4268 K. 

The result of the temperature calculation by our computer code is 4410 K 

and 4200 K with and without considering surface composition depletion res-

pectively. The focal distance of the optical Pvromete.r is 'V 53 em, and 

the diameter of the focal spot correspondinq to this focal distance is 

''' 1. 33 mm. Since the optical pyromet.er is sighted 45° to the target normal, 

the pyrometer focal spot. is elliptical with a majo.r axis of 'v l. 88 mm. 



According to the laser power intensity profile across radial direction on the 

tarqet measured bv knife-edqe technique, the error of the optical pyrometer 

measurement corresponding to this power variation across the pyrometer 

focal spot is only 5 K (see Fig. 2). 

In order to verify the temperature measurement, graphite and tungsten 

are being studied to compare the experimental measurement and theoretical 

calculation by taking the advantages of well-known high temperature properties 

of both materials. 

C. Target Characterization 

The irradiated uo
2 

target has been examined by scanning electron 

microscope. Fig. 3a shows the laser-irradiated area. Melting out to an 

ellipse of major radius 3.81 mm and minor radius 2.35 mm is' seen in this 

micrograph. An apparent ring structure on the target surface is observed 

within the molten area. The ring structure is attributed to the radial 

propagation of a central disturbance on the liquid surface in the form of 

capillary waves. (l
2

) The discontinuous quasi-periodic liquid displacement 

from the centre of the "pool" due to the recoil force of the evaporating 

material is believed to be the driving mechanism of this disturbance. 

Figs. • 3b and 3c show the uo
2 

surface under higher magnification 

with and without melting respectively. The white dots appearing 

mostly along the grain boundaries in the irradiated area (Fig. 3b) probably 

uranium metal aggregates which are expected due to the preferential evapora

tion of oxygen under strong free evaporation. 

D. Depo~i~s o~~~~ __ Aluminum Collectors 

Figs. 4a and 4b show scanning electron micrographs of the aluminum 

disk collectors. It is evident that there is condensed uo
2 

on the disks, 

some with donut shape and some spherical. The radii range from 1 pm to 

15 pm. Elemental analysis (EDAX) result (Fig. 4c) reveals that they 
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from the melt occurs this is also suggested by the small craters in the 

central area in Fig. 3a ~- or (b) liquid droplets are formed by condensat.ion 

in the collision-dominant continuum layer of the vapor plume. 

E. Distribution 

A single uo
2 

target was subjected to five laser shots to measure t.he 

vapor angular distribtion by teflon disk collectors. The amount of oo
2 

collected on each teflon disk ranges from 15 wg to 60 wg, which corrospor1ds 

to about 120 R to 480 R thickness of uo2 layer if uniformly deposited. Taking 

into account the geometry of the collectors, the total amount of uo 2 evaporated 

is estimated approximately 2.2 mg, compared to the theoretical calculation of 

about 7.9 mg assuming Langmuir evaporation. 

The angular distribution of mass flux from uo
2 

vaporization is shown 

in Fig. 5. This plot shows that the angular distribution corresponds quite 

well with the cos
20 distribution. It has been found(

6
) that the angular 

2 
variation of the supersonic free jets from sonic orifices obey a cos 0 

relationship. This measurement reveals that the flow is not an equilibrium 

Maxwellian distribution; the vapor flow from strong free evaporation into 

vaccum can be simulated by a supersonic free-jet from a sonic orifice 

which is consistent with the conclusion of dynamic sampling method by 

( 7) 
mass spectrometry. 
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Figure 1. The collector assembly for angular distribution measurement 

and liquid droplet collection in LBL's apparatus. 
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Figure 3. Scanning electron microphotographs of molten uo2 surface (a) 

and (b), and non~molten surface (c). 
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Figure 4. Scanning electron microphotographs of aluminum disk 

collector surface {a) and (b), and the EDAX analysis (c). 
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RETENTION AND RELEASE OF \rllATER VAPOR BY URANIUM DIOXIDE 

by Douglas Sherman 

I. INTRODUCTION 

Uranium dioxide is known to absorb water vapor from the air. When the 

uo 2 is subsequently heated the water is released. This water is a potential 

source of hydrogen which can cause hydriding of zircaloy cladding. In earlier 

experiments, (1-3) degassing of uo
2 

which had been stored in air resulted in 

predominantly low-temperature release of water vapor. 

In recent work in this laboratory (4) on the retention and release kinetics 

of water vapor by uo
2

, the samples were infused with D
2

o instead of H
2

o in order 

to avoid the large H
2

o background in the vacuum system. In addition, the re

lease of D
2

o during degassing was monitored in situ by a mass spectrometer 
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instead of a post-release transfer of the gas to a separate chamber for analyse~;, as 

in Refs. l-3. 

'I'he experimental technique has been described in the previous report. (4) 

Briefly it consists of monitoring the release of a modulated molecular beam of 

o2o by a mass spectrometer (Fig. 1). 'rhe beam is produced by heating the pellets 

in a refractory metal crucible which is suspended in a tungsten mesh furnace. 

The entire crucible assembly is kept at eleveated temperatures of up to 600°C 

so that no D
2

o can be absorbed on the inner walls. The outgassed o
2

o then effuses 

from the exit capillary and is chopped, thus producing a modulated molecular 

beam. The output from the mass spectrometer which detects this molecular b(~am 

is fed into a lock-in amplifier which eliminates the d.c. component of the signal, 

thereby achieving a sensitivity of ~10-l ?g o
2
o;sec. The mass spectrometer is 

calibrated with a known flow rate of neon. 

The experiment reported in Ref. 4 was conducted over the range of room 



tempera'cure to 1600°C, using a platinum crucible. A total of 12 Jlg o
2
o;g uo

2 

was reported to have been released, 95?6 of it at temperatures above l000°C. 

This year, an attempt was made to reproduce these results. In this dupli-

cate experiment, similar results to those reported earlier were observed. 

In addition, however, it was decided to investigate to see if the mass spectra-
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meter signal really corresponded to o2o release. The mass spectrometer was tuned 

to mass 9 where no signal could be expected. On raising the voltage in the 

furnace, a burst in the signal was observed of similar magnitude as that of 

mass 20, which was supposed to be o
2
o. Since no signal should have been detected 

at mass 9, this indicated that the high temperature "release of o
2
o" that had 

been observed here and in the first experiment was due entirely to electronic 

pick up from the furnace. 

To avoid electronic pickup by the mass spectrometer, an aluminum sheath 

which encased the mass spectrometer (except for a hole to admit the molecular 

beam) was installed. A blank was run and no appreciable signal was detected, 

even at high temperatures. A neon calibration was run to insure that the mass 

Bpectrometer could dctr:ct masf:> 20 sinqals. 

II EXPERIMEN'rS OF JULY 1978 -----

Three different types of uo2 pellets of known open and closed porosity 

were prepared by Exxon Nuclear Co. These are designated as runs l, 2, and 3 

in Table L 

The samples were outgassed at 250°C for 24 hours in vacuum, cooled and 

immersed immediately in liquid o
2
o for 2-4 hours. Excess o2o was removed by 

rolling in a lint- free towel, and the samples were transferred to the crucible 

and placed in the vacuum system. To remove any loosely bound surface D
2
o 

the samples were evacuated at room temperature for 18 hours prior to the temp-
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era ture increase. 

To measure the background, a blank (empty crucible) was run for the entire 

temperature range. During the outgassing the temperature was ramped up contin

uously instead of in discrete steps. In Run l, the high open and closed porosity 

sample was outgassed for 5. 5 hours with a linear temperature ramp of 300°C/hr. 

As seen in Fig. 2 the release rate had a major peak at l20°C of 480 ~g/hr. This 

decayed to 15 ~g/hr by 300°C. The background rate of approximately 0.3 ~g/hr 

was reached at 1100 C and persisted at higher temperatures. A total of 17 pg o
2
o; 

g uo
2 

was released with 94% appearing at temperatures <300°C. The large amount 

of absorbed D2o is due to the high open porosity of this sample. 

Samples 2 and 3 were outgassed 6.5 and 1.8 hours at linear temperature in

crease rates of 250°C/hr and 900°C/hr respectively. For these two samples, which 

had low open porosity, the amount of o
2
o released was negligible (see Fig. 3). 

In Run 2 the release rate was at or below background. In Run 3 the release rate 

was double the background level determined prior to Run 2, but because of uncer

tainties in calibration of the two runs, this release rate is probably at back

ground as well. For both samples there was no observed release of D
2
o at high 

temperature. From these experiments, it appears that water adso.rbed on sintered 

pellets is only loosely bound. A porous sample (no. 1) , absorbed a great deal of 

water, but the moisture was removed at very low temperature. In the samples with 

low open porosity (nos. 2 and 3) no o
2
o was observed at any temperature, obviously 

because very little D20 had been absorbed. No effect of closed porosity was ob

served. 

III POROSITY MEASUREMENTS 

The open and closed porosity of some of the uo
2 

samples was determined using 

a standard technique. (5) The samples were infused with H20 in the apparatus 

shown in Fig. 4. The samples were first heated in vacuum at 250°C for 24 hours. 
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They were then cooled and weighed. The samples were replaced in the apparatus and 

heated in vacuum for 24 hours to 250°C, then cooled and immediately immersed in 

H2o. T'ne samples were rolled in a lint~free towel to remove excess water and then 

weighed. The difference in the two weights divided by the dry weight is the open 

porosity. The closed porosity is determined by the suspension technique where 

samples are weighed while suspended in water. The difference between the suspended 

and dry weights divided into the dry weight gives the closed porosity. Four different 

samples were measured. All had been used in the previous investigation (4). 

The results are compared to these obtained at BNWL (Table 2), who used an immer

sion technique on the same samples to determine their porosity (6) . 

I'il EXPERIMENTS OF 1978 

In order to observe high temperature release of o
2
o it is believed that the 

U0 2 had to be infused with o
2 

and/or o
2
o at high temperature. Exxon Nuclear Co. 

prepared U02 pellets by sintering in a o
2
-o

2
o atmosphere at 1720°C (used in .Runs 

4, 5, and 7, see Table 1). 

These pellets were heated up to 2740°C, very close to the melting point, to 

investigate the high temperature release of o2o and o
2

. The whole assembly above 

the heater approached temperatures of 600°C at the highest furnace temperatures. 

The high temperatures of the furnace 'Was monitored with an optical pyrometer. 

Four different runs were conducted (see Table 1). The first two, denoted 

as runs 4 and 5, were conducted using pellets sintered in o
2
o;o

2 
and the release 

of D
2
o was monitored. Run 6 was a blank which used a pellet from the same batch 

as run 2 which had been sintered in H
2
0/H

2 
and had shown no appreciable release 

of o
2

o in a previous outgassing. The last run, number 7 was conducted using the 

"arne pellets as used in runs 4 and 5, but the mass spectrometer was tuned to mass 

4 to detect release of o
2

. 
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Run 4 was conducted for 9. 3 hours. The results are shown in Figs. 5 and 

6. Because low temperature water release was not of great interest, the t.emperature 

of the crucible was raised rapidly to 910°C. The signal reached a maximum of 

107 ]Jg/hr within 1. 8 minutes. The system was kept. at this temperature until the 

signal decreased to 3 JJg/hr. The rest of the outgassing was conducted with the 

temperature being raised in discrete steps, the signal reaching a maximum and then 

decaying to almost background. The signals observed during the 2440°C and 2640°C 

anneals were different in charact.er from the lower temperature releases in that 

the signal did not immediately reach a maximum and then decay exponent.ially. This 

may be due t.o the sample changing phase with the opening of the closed pores or 

some other internal reorganization of the sample. On raising the temperature from 

2700 to 2720°C no more D
2
o was observed and the experiment was terminated. A t~ota1 

of 46 ]Jg D
2

0 was released in the outgas with "-'24 pg D
2
o being released at temp

eratures <1000°C. 

Run 5 was an attempt to duplicate run 4 with similar temperature increments. 

To see more temperature behavior the first outgas was at 550°C, with subsequent 

anneals of 910 and ll25°C. 'I'he other anneals were similar to those in run 4. 

The results of run 5 are shown in Fig. 7 and 8. The maximum signal was obo:;erved 

to be 38 pg/hr. Like the previous run, the very high temperature outgasses showed 

a different behavior with no imme,diat.e rise followed by decay. In addi bon, there 

was a sharp rise during the 2450°C outgas after an initial rise had been observed. 

This burst in signal was probably due to some change of phase or structure in the 

sample which caused a sudden D
2
o release from the sample. After seeing no appre

ciable rise in signal at 2760°C the experiment was terminated after 6.5 hours of 

outgassing. The total D
2

0 observed was 17 pg with 7.5 pg of that above l000°C. 

'l'his is less than ln run 4 with the difference due to some experimental uncertain-

ties and possible differences in the samples. 
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Run number 6, which is the background run, is superimposed on Figs. 5 and 7 

in dashed lines. It is seen that at the end of the outgas the signal had almost 

reached backgrocmd. 

In order to observe the release of D
2 

from the samples in run 7 the:; mass 

2;pectrometer was tw1ed to mass 4. The mass spectrometer was calibrated with a 

known flow rat.e of deuterium prior to the outgassing experiment. The outqas was 

conducted similarly to that of runs 4 and 5 but for a much smaller time. Due to 

the much higher diffusivi ty of D
2 

as opposed to D
2
o, the anneals at individual 

temperatures were short because the D
2 

was quickly released after the temperature 

had been raised. In addition, no D
2 

was observed at low temperatures, so the 

temperature was quickly raised to l620°C, then increased in discrete steps as 

before. The experiment was terminated after an outgassing of 161 minutes. As 

before, a sudden pulse of o
2 

was observed during the middle of the 2590°C anneal. 

This burst occurred at about the same temperature as the D
2
o burst in run 5 and 

may again be due to the sudden opening of closed porosity in the uo
2 

sample. 

Accounting for the mass difference between D
2 

and o
2

o the ~>ignal levels shown in 

Fig. 9 and 10 have been multiplied by 5 to permit comparison with the D
2

0 release 

t<•o; t~; ( nms 4 and 5) . Nevertheless, the D
2 

release rates are much lower than 

A total of 7 wg o
2
o (equivalent) was released, with all of it 

being observed at temperatures above 1000°C. 

Alt.hough the melting temperature of uo
2 

was not achieved in Runs 4-7, complete 

evaporat.ion of the sample occurred. Because of the temperature gradient in the 

tungsten crucibles, the oo
2 

was found after the experiments as a solid block 

above t.he bottom of the crucible where the pellets had been originally placed. 

This movement of the ~;pecimens is attributed to vapor transport of the oo2 , and 

insured complete release of o
2 

or o
2
o even though melting did not occur. 

4 em 

According ·to th0~ results of Runs 4, 5, and 7 shown in 'I'able 1, we conclude 



that 2-4 Vg D
2
0/g uo

2 
(including D

2
0--equivalent of D

2
) are retained by uo

2 

pellets which are sintered in a D
2

0/D
2 

atmosphere. Because of t.he equilibrium 

D2 + ~0 2 = D20 which probably occurs during the release process, it is 

not known which component of the sintering gas is responsible for the retained 

deuterium. The D
2

0/D
2 

ratio of the gases released at temperatures > l000°C 

is between 1 and 3, which is compatible with stoichiometric uo
2 

only at tem-

() 
peratures > ~ 2200 C. It therefore appears that complete equilibrium of the 

released D
2

0 with the oxygen potential of the fuel does not occur. The 

different rates of release of D
2

0 and D
2 

suggest that the ratio of these two 

species is not controlled by decomposition processes occurring outside 

the specimens, i.e., on the crucible walls. 
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TABLE l SUMMARY OF uo2 PELLET OUTGASSING EXPERIMENTS 

-

I l Pellet Characteristics 

l Date 

1 
Sintering Conditions 

I D
2

0 
Run Porosity,% Max Temp 
No. open closed Nt,g loading oc 

l 7/28 1450 °C, 2 hrs 16.2 A 1800 

2 7/28 l750°C, 6 hrs 18.2 A 1700 

3 7/28 17 50 ° C , 6 h rs 25.2 A 1700 
I 

4 12/78 l700°C,6 hrs 14.2 B 2740 

5 12/78 1700°C, 6 hrs 14.2 B 2760 

6 12/78 same as 2 9.1 none 2740 

7 12/78 l750°C,6 hrs 14.2 

I 
B 2740 

A sintered in H
2
o;H

2
; immersed in boiling D

2
o prior to outgassing experiment 

B sintered in D
2

0/D
2 

(40°C dew point) 

C equivalent D
2
o release D2 released x 5. 

' 

D
2
o release, 

T<lOOO C 

17.5 

0 

0 

1.6 

1.7 

0.03 

I 
0 

llg/g uo2 
T>l000°C 

0.3 

0 

0 

1.7 

0.5 

0.06 

0.5 

Comments 

control 

. D2 

release 

()\ 

CD 



Sample 

I 

II 

III 

IV 

TABLE 2. POROSITY MEASUREMENTS 

Open Porosity 

This work 
(%) 

0.18 

0.13 

0.16 

0.22 

BNWL 
(%) 

0.08 

0.015 

0.020 

0.04 

Geometric Density 

This work 
(g/cc) 

10.13 

10.20 

10.13 

10.21 

BNWL 
(g/cc) 

10.16 

10.23 

10.20 

10.22 
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Thermal Gradient Migration of Metallic Inclusions in U02 

by R.L. Yang 

I. Introduction 

The purpose of this experiment is to build a temperature gradient 

furance to study directly the migration mechanism of metallic fission 

product inclusions in uo2 under the influence of a temperature gradient. 

A. c Sample Preparation 

The uo2 used in this experiment is supplied by General Electric 

Vallecitos Lab. They are 95 ~ l% T.D. pellet~ 1.3 em long, with average 

grain size rv 15 ]Jm. 'rhe pellets are centerless - ground to fit into a 

tungsten crucible leaving a radial gap about 20 ]Jm between the specimen 

and the crucible. Two 0.1 em thick wafers are sliced off each pellet 

using a thin diamond blade. Both faces of the uo
2 

wafers and pellets 

arc first ground on 400, 600 SiC paper, and finally polished with 6 ]Jm 

diamond paste. A layers of 3-6 ]Jm spherical tungsten powder 

inserted between the uo
2 

wafers and pellet (Fig. 1). (Which simulate 

the metall~c fission product inclusion). The tungsten powders are 

sited on the uo
2 

surfaces by the following method: Two drops of 

Triton x 100 (a dispersant) are added to 0.1 gram of tungsten powder 

in a 100 m9~ beaker, then 40 m9, of methyl alcohol are added to the beaker. 

The beaker is then placed.in an ultrasonic cleaner for 5 minutes to shake 

loose any agglomerated tungsten particles. After turning off the 

ultrasonic cleaner. A polished uo2 pellet (or wafer) is placed in the 

liquid for "v 20 seconds to collect a layer of tungsten powder. After taking 

the DO pellet out of the l 
2 

so that the separated 

, the let is allowed to slow1y 

do not coagulate during the drying 

80 
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··~ 

]Jroccss. A typical photomicrograph of the uo 2 surfac(~ with tungc;t·cn powdr:rs 

on it is shown in Fig. 2 

B. Sintering the Pellet-Wafer Assemblies 

After tungsten powders are deposited, two uo
2 

samples, each consisting 

of two uo
2 

wafers, one uo
2 

pellet and two layers of tungsten powder, 

separated by a molybdenum disk, are pressed into a molybdenl® yoke for 

sintering (Fig. 3). To insure that the uo2 is under high enough stress 

at sintering temperature to deform plastically , a 12.5 foot-pound torque 

is applied to the tantalum nut on the sintering yoke at room temperature 

before it is placed in the furance (Fig. 4). The lower part of the yoke 

is heated in the furnace to ~ 2000°C for 12 hours in 4% H2 + 96% argon 

flowing at 2.5 C.F.H. The gas is passed through magnesium perchlorate 

trap (to eliminate water) and heated titanium chips (to eliminate water 

and oxygen) before it is fed to the bell jar. The purpose of this pro-

cedure is three-fold. 1. To provide an atomsphere capable of reducing 

the uo
2 

to stochiometric or substochiometric uranium oxide, so that the 

urania will not oxidize the tungsten inclusions in the subsequent thermal 

gradient: experiment. 2. To sinter the uo 2 to eliminate the gap between 

the uo
2 

wafers and the pellet and to insure that the tungsten powder is 

embedded in the uo2 . 3. To densify the uo2 sample. 

Two pellet-wafer assemblies are sintered simultanously. One sample 

is used in the temperature gradient migration experiment and the other 

is sliced longitudinally, polished and checked microscopically to serve 

as a reference. A photomicrograph of a uo 2 pellet-wafer assembly after 

sintering is shown in Fig. 5. 
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The sint_er ing procedure is successful in the following ways: 1. The 

urania 1s reduced so it does not ineract with the tungsten inclusions 

and the tungsten crucible. 2. The tungsten inclusions were well inbedded 

into uo2 sample after the sintering process: no voids surround the.tungsten 

particles which might impede the motion of tungsten inclusions during 

subsequent thermal gradient heat treatement. 3. The uo
2 

sample undergoes 

a great deal of structual changes e.g., densification and grain growth, 

during the sintering process. The microstructure of uo
2 

before and after 

the sintering process is shown in Fig. 6. 

c. Thermal Gradient Furnace 

Because uo
2 

is heated in vacuum, it must be encapsulated to prevent 

excessive vaporization. The pellet-wafer assemblies are contained in a 

tungsten crucible with an integral top lid in which a 1 mm diameter, 6 mm 

Loner radial hole is drilled by spark discharge for temperature measurement. 

A schematic diagram of the temperature gradient furnace is shown in 

Fiq. 7. 

After a sintered uo 2 pellet-wafer assembly (7) is inserted into the 

tungst~en crucible ( 5) a tantalum collar ( 10) is electron beam welded to 

tlw bottom of the crucible. The tungsten crud c Le, with the uo
2 

sample 

in it, is then put on top of a tantalum push rod (12). The tantalum 

(13) holds the tungsten crucible down while the stainless steel nut 

(16) the tantalum rod against the bottom of uo 2 sample to keep 

it in close contact with the top of tungsten crucible. A W/1-'J-Re therm-

couple(ll) is inserted into a slot in the tantalum push rod to measure 

the bottom temperature of oo
2 

sample. To make the bottom temperature 

of uo
2 

constant, a tantalum partial sleeve ring (9) is placed between 

the top of tan·talum push rod and the tungsten crucible. Radiation shields 
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(8) and alumina insulators (14) are put between the tantalum yoke and the 

to tungsten crucible to keep the yoke cool. 

The top of the tungsten crucible is heated by electron bombardment from 

a 0.020 inch tungsten filament which is ~ 3 mm away from the top lid of 

the crucible. The bottom temperature is controlled by the tantalum push 

rod which acts as a heat sink. A stainless steel dome-shaped shield 

and rotary glass carousel is used to protect the viewing path from 

being coated, so that the top temperature can be measured by a pyrometer 

during the entire thermal gradient migration experiment. 

-6 
The experiment is carried out in a vacuum of 2 x 10 torr. 1-Jhen 

heating the specimen, the temperature is increased slowly to avoid cracking 

the uo
2

. When the top temperature reaches~ 2650°C (at the black body 

hole in the crucible), the bottom temperature is,,, 1200°C. There is 

a 1000°C/cm temperature gradient across the uo
2 

sample. The sample is held 

under these condition for ~ 10 hrs. Following the thermal gradient heat 

treatment, the specimen is sectioned longitudinally, ground with 120, 

240, 320, 400, 600 grit SiC paper subsequently and finally polished with 

6 }Jm and 1 }Jm diamond paste. Tl1en, it is observed microscopically to 

determine the migration distance of the inclusion. The grinding/polishing 

process is repeated several times to obtain good statistical results by 

uncovering additional tungsten inclusions. 

III Results 

Several migration experiments were carried out in the new tungsten 

crucible. A sketch of the uo
2 

specimen after thermal gradient experiment 

is shown in Fig. 8. A concave gap is formed between the uo2 specimen and 

the tungsten lid. The gap arises from the porosity in U0 2 sample (which 

is not completely eliminated by the sintering step) and the residual cracks 

in between the uo
2 

wafers and pellet. Both of these void source migrate 
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to the hot lid under the influence of thermal gradient. From the experiments, 

however, we saw some of the tungsten spheres migrate up to the hot region. 

However, migration is limited to powders on the periphery ('v 2 mm way from 

uo
2 

surfaces). A possible explanation for this is that due to the presence 

of t.he gap which was formed shortly after the temperature gradient is 

imposed, the temperature in the central region is significantly lower than 

at the periphery. Therefore, powders in the central region do not migrate. 

IV. Future Work 

1. The main problem is how to eliminate or reduce the gap caused by 

porosj migration to the top lid. There are two approaches to solve 

this problem. One is to melt uo
2 

to obtain a porosity-free uo
2 

sample. 

'The ot.her is to sinter the U02 sample instead of isothemally in tempera-

ture gradient in a fixture shown in Fig. 9. Under the temperature 

, the porosity should migrate to the hot region, thus leaving 

high densj.ty uo
2 

behind. By repeating this process several times, we hope 

to obtain a very low porosity uo
2 

sample to be used in thermal gradient 

migration experiment. 

2. A foil is to be inserted between the tantalum push rod and the 

boU:om of uo
2 

sample to insure the bottom temperature of uo
2 

is constant. 

3. A stainless steel spring (as the one shown in Fig. 9) is going to be 

used in thermal gradient migration experiment. When the uo
2 

densified 

leaving a gap, the stainless spring will expand and close the gap between 

uo
2 

and the lid of the tungsten crucible. 

v. Profile Calculation 

'I'he two measured temperatures (T 
1 

at the hole in the top 1 id 

andT2 at thebottom of the UO pellet) and the heat flux input by E.B. 
2 

heating serve as a basis for calculating the tempEc'rature distribution 

in the specimen. This requires numerical solution of the heat 
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conduction equation in the cylindrical coordinates with the non-linear boundary 

condition of radiation heat transfer. We calculate the temperature dis

tribution using HEATING 5 code developed by Oak Ridge National Lab. A 

nntwork of 40 lattlce lines parallel to the cylindrical coordinates 

Y and z were laid across the specimen. The intersection of the lines 

form 420 nodes. The heat conduction equation is replaced by a system 

of finite difference heat balance equations at each node. To take into 

account of the difference in thermal conductivity in uo2 and tungsten, 

andthevarious boundary conditions, we divided the specimen into 9 

zones, with 4 different boundary conditions (Fig. 10). The thermal 

conductivity of tungsten is assumed to be constant at 1 W/cm°K in this 

temperature ranges. The thermal conductivity of uo
2 

is allowed to vary 

with temperature. The accuracy of this calculation depends, among other 

things, on the validity of the following assumptions: 1. The specimen 

is in good thermal contact with tungsten crucible on the sides. This 

should be a very good assumption because uo
2 

expands much more than tungsten 

container at this temperature and in addition any radial gap between the 

uo
2 

and tungsten crucible would be closed by evaporation after very short 

heating periods. 2. Thermal radiation makes up most of the heat 

transfer in the gap between top and uo
2 

sample and tungsten lid (region 

4 in Fig. 10). This assumption is valid because the contribution from 

the conduction of the gas in the gap is small compared to radiation heat 

transfer at such high temperature. 3. The bottom temperature of U0
2 

sample is constant (T
2

). 



An estimated heat flux q to the top lid is used to calculate the 

temperature distribution, then the calculated temperature at the black 

body hole (T
1

) is compared with the value measured by optical pyrometer. 

Adjustments of the value of the input heat flux are mad<'> until the 

calculated value of T
1 

and the experimentally measured value are the same. 

The temperature distributions in uo
2 

specimen, with or without a top 

gap, are shown in Fig. ll and 12 respectively. 
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L filament holder 

2. high purity alumina insulator 

3. stainless steel post 

4. tungsten filament 

5. tungsten crucible 

6. black body hole (.Q,jd '\; 5) 

7. sintered uo
2 

pellet 

8. tantalum radiation shield 

9. tantalum partial sleeve 

10. tantalum collar 

11. W-Re thermocouple 

12. tantalum push rod 

13. tantalum yoke 

14. alumina washer (heat insulator) 

15. molybdenum collar 

16. stainless steel nut 

17. shield 

18. rotary glass shield 

19. pyrometer 

20. brew furnace 
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Figure 1. uo
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pellet-wafer assembly. 
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Fi9ure 2. Photomicrograph of 
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Figure 3. Sintering yoke for uo2 pellet-wafer assembly. 
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b) Microstructure of uo2 Before Sintering 

(b) Microstructure of U02 After Sintering 

I•~igu,re 6. Microstructure of before and after Ginterinq p.rocesG~ 
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Figure 7. Temperature gradient furnace. 
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Figure 8. Schematic ciagram of U0
2 

pellet-wafer assembly after 

thermal gradient migration experiment. 
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Figure 10. Cross section of the specimen for temperature calculation 

(all dimensions in em) . 
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Figure ll, Temperature distribution in uo2 when top of U0
2 

is in 

good thermal contact with tungsten lid (no gap). 
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void formed on top of uo
2 

(geometry of Fig. 10). 
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Molecular Beam Studies of Atomic Hydrogen Reduction of Oxides 

By Douglas F. Dooley 

I. Introduction 

Oxide insulator materials exposed to the hot hydrogen fuel of a CTR 

plasma will be subject to chemical as well as physical corrosion (1,2) 

To better understand the nature of the chemical attack, the reduction 

reactions of thermal atomic hydrogen with refractory oxides, uo
2 

and A£
2
o

3
, 

are being studied by the modulated molecular beam method (3,4). 

Although previous studies have made qualitative observations of atomic 

hydrogen/oxide reactions and other have predicted corrosion rates based on 

thermodynamic equilibrium models, there is little information about the 

elementary reaction steps which comprise the overall reduction reaction and 

the values of the associated rate constants. This information can be obtained 

by modulated molecular beam mass spectrometry, which is a technique of 

studying heterogeneous chemical reactions in a detail not attainable by 

conventional chemical kinetic experiments. 

II. Experimental 

D
2 

rather than H
2 

is used as a reactant. The lower mass spectrometer 

noise background at the D
2

0 (mass 20) peak compared to t.he H20 (mass 18) 

peak allows measurement of lower· reaction probabilities in less time with 

high precision. 

A palladium "diffusion filter" has been installed on the reactant 

deuterium gas line to eliminate beam impurities. 

A beam monitor mass spectom~ter has been installed on the molecular 

beam axis. Monitoring the beam indicates that the impurity content is below 

the detection limit (l part in 10
5
). The purpose of the direct - line 

100 

mass spectrometer isto measure the D to o
2 

ratio in the reactant beam directly 

rather than by the other mass spectrometer in the system which detects scattered 
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species only. The D/D
2 

ratio in the reflected beam, in general, is not the 

same as in the reactant beam since recombination of D atoms to form o
2 

may occur on the target surface. 

In the past, the deuterium effusion oven was supplied with power for 

electrical resistance heating through a single vacuum feedthrough which even-

tually failed due to current in excess of rated capacity. The subsiquent 

loss of vacuum resulted in damage to the tungsten oven assembly. Dual h~ed-

throughs of greater current capacity were installed to prevent recurrence 

of this problem. 

The reactant atomic deuterium beam formed by effusion from the thermal 

dissociation source is modulated by a mechanical chopper prior to striking 

the surface of the heated oxide target. Severe reaction between the 

A£
2
o

3 
samples, and tantulum target holders occured at high temperature. 

To prevent such reactions, the oxide targets are now wrapped in rhenium foil 

prior to clamping in the target holder. 

o
2
o molecules as well as other species produced by the reduction reaction 

are defected by a mass spectrometer. The output. signal is processed by a 

lock-in amplifier and analyzed to determine the mechanism of thereduction reaction. 

III. Results 

Results of the U0
2

/H investigation indicate that reduction of uo
2 

by atomic hydrogen proceeds by the production of water vapor and hypostoichio-

metric urania: 

( l) 

The reaction probability for water production as a function of uo
2 

temperature 

was measured at a fixed H atom beam intensity and modulation frequency. The 

reaction probability increased from the noise level at low temperatures to a 

high temperature plateau at l300°C. At the plateau, approximately one H atom 

out of seven striking the surface undergoes reaction and returns to the gas 

phase as water. 



Data on the rectuction of A9,
2
o

3 
have been taken at temperatures 

from 300°C to 2040°C (the melting point) at a fixed equivalent hydrogen 

~4 
pressure (~5 x 10 torr) . Water production by reduction of Ai

2
o

3 

remains too low to be defected (i.e., reaction probability~ 10~4 ) 

until the temperature is greater than 1300°C. The low reactivity of 

A£
2
o

3 
to H below l300°C is consistent with the other findings (5,6). At 

higher temperatures, both H
2

0 and A£ are detected by the mass spectrometer 

as gaseous reaction products. Other products, such as A£0, A£H, A£0H, 

A£0H, A£
2
0, and Ai.OH were sought but not found. The reaction probability 

- L 

increases with temperature, but remains two orders of magnitude below 

the maximum value for the uo
2

/H reaction. These data indicate that the 

reaction proceeds according to: 

(2) 

Contray to uo
2

, the range of deviation from stoichiometry of A£
2
o

3
_x is 

probably so small that even slight reduction of A£
2
o

3 
requires production 

of the metal. Because alumina cannot be rendered hypostoichiometric, its 

reduction by atomic hydrogen results in production of aluminum metal. 

IV Discussion 

The relative ease which uo
2 

is reduced by atomic hydrogen compared with 

Al
2

0
3 

is due to two factors. The first is related to the thermochemistry 

of reactions (1) and (2). Although thermodynamics cannot be invoked to 

predict chemical kinetics, one can at least expect that thermochemically 

favored reactions should be the most readily observed. 

A rough estimate of the ease of reducing Al
2
o

3 
by atomic hydrogen 

can be obtained from the standard free energy change of reaction (2), which 

is: 
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(2a) 

where /I,G 0 and 6G 0 

0 
are the standard free energies of formation of atomic 

H H
2 

hydrogen and water, respectively, and 6G 0

1 0 
is the free energy of formation 

A 2 3 

of alumina (per mole of o
2

) . The equilibrium oxygen pressure over the 

A1/Al
2

0 
3 

couple is given by: 6G 0 

1 0 
"" RTlnp

0 
where R is the gas constant. 

A 2 3 2 

The comparable quantity of uo2 is the oxygen potential i':.G~-. Hence I the 
2 

standard free energy change for reaction (1) for small x is: 

(la) 

The free energy change of reaction (la) at 1000 K is -310 kJ/mole (for x ~ 0 

103 

in uo
2

_x), whereas that of reaction (2a) is -71 kJ/mole. The fact that both of these 

free energy changes are substantially negative suggest that, barring kinetic 

restrictions, reduction of the oxides should proceed in atomic hydrogen. 

However, urania should be easier to reduce that alumina because removal of 

oxygen from uo
2 

does not. require production of the metal. 

The second feature which favors efficient reduction of uo
2 

but not 

of Al
2
o

3 
is the oxygen diffusivity. As the reduction reaction proceeds 

at the surface, oxygen depletion of the surface layers will quickly stop 

the reaction unless oxygen can be transported to the surface from the bulk 

solid. The self-diffusion coefficient of oxygen in hypostoichiometric 

urania has not been measured, but is probably very large (7), whereas 

oxygen migration in alumina is smaller, probably by many orders of magnitude 

(8). Consequently, oxygen transport from the interior of the solid to the 

reacting surface takes place easily in uo
2 

but in alumina, evaporation of 

the aluminum metal reaction product appears to be necessary to prevent 

a protective scale of Al from halting the surface reduction process. 
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l) Fresh A£ 2o
3 

samples have been prepared for study at the high 

temperatures where the reaction probability is large. Although the mass 

spectrometer noise background at these elevated temperatures makes 

measurements difficult, attempts will be made to obtain precise phase 

lag as well as reaction probability data since both these quantities are 

necessary to properly interpret the reaction mechanism. 

2) Some observers have reported enhanced reduction reactions of 

A£
2
o

3 
in the presence of H

2
0 vapor (9,10). The effect of H

2
0 vapor on 

the reduction reaction will be investigated by the use of a doser to provide 

a D.C. source of H
2

0 vapqr to the A£
2
o

3 
surface. 

The previous uo
2 

samples stw:Hcc:i were probably hyperstochiomctric 

due to prolonr;c:d exposure to atmospheric oxygen and moisture. Furture 

experiments will investigate the effect of changing oxygen-to-metal 

ratio upon reactivity by using both stochiometric uo
2 

and hypostochiometric 

uo
2 

polycrystalline wafers as targets. A single-crystal 00
2 

target will 

also be studied to determine the effect of grain boundries and crystal 

orientation upon reactivity. During these experiments, the possibility 

of the existeance of "C)ljtile uranium - bearing species from the uo
2 

reduction reaction will be checked. 
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