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ABSTRACT 

Helium migration behavior in an aluminum matrix was 

determined at temperatures from 472°K to 8l8°K with 

temperature gradients from 7^°K/cm to 208°K/cm. Helium 

was observed to migrate from lower to higher temperatures 

by bubble transport controlled by surface diffusion. 

The aluminum matrix was charged with helium from 

the (n,Oi) reactions with boron-10. A boron film on the 

aluminum surface was irradiated in the TRIGA reactor at The 

University of Arizona to introduce the helium into the 

material. Both the temperatures and the temperature 

gradients were monitored by temperature sensitive paint 

and by thermocouples. The migration distances and bubble 

sizes were measured by electron microscopy techniques using 

the Hitachi HU-200 microscope in the Department of 

Metallurgical Engineering at The University of Arizona. 

0 
Migration velocities ranged from 220A/sec for 

O 
bubbles of 200A radius under a temperature gradient of 

91°K/cm at 508°K to 3500A/sec for bubbles of 2200A in 

radius under a temperature gradient of 208°K/cm at 758°K. 

The experimental diffusion coefficients were found 

to be independent of crystal orientation or temperature 

gradient. The surface diffusion coefficient for aluminum 

under the conditions of this experiment is 

viii 
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Dg = 4.78 x 103 exp[ - °^9°] 

where k is expressed in electron volts/°K and T in degrees 

Kelvin and the heat of transport was assumed to be O.67 the 

heat of vaporization of aluminum. 



CHAPTER 1 

INTRODUCTION 

Knowledge of the behavior of helium inside metallic 

matrices under temperature gradients is a necessary step 

toward the understanding of the swelling and embritt1ement 

of structural materials in a fast reactor environment (l-9)* 

Swelling and embrittlement are important to safety and 

economic analyses of fast breeder reactors (6) and further 

knowledge of the mechanisms is required. 

Migration of helium-filled voids under temperature 

gradients has been studied in potassium chloride (10), 

uranium dioxide (11-12), uranium carbide (13), uranium 

nitride (l4), and copper (15)* In this work the migration 

of helium bubbles in an aluminum matrix was studied. 

Helium was introduced in the matrix by irradiating 

samples in contact with natural boron to a thermal fluence 

that would yield helium concentrations in the aluminum 

within the range expected in materials under fast breeder 

reactor conditions. Since factors such as movement of 

dislocations (ll) or vacancy flux under strain conditions 

(7) as well as displacement of boundaries (l6) can affect 

the migration of the bubbles the samples were extensively 

annealed before introducing the helium. 

1 



CHAPTER 2 

REVIEW OF THE LITERATURE 

The concentration of helium in iron was determined 

-7 -10 
to be in a range from 10 to 10 atom fraction by mass 

spectrometry from samples irradiated to fast fluences of 

21 the order of 10 neutrons/square centimeter (3)« It was 

found that 38% of the helium comes from (n,cx) reactions 

with the nitrogen trapped in commercial iron. Cross 

sections for (n,a) reactions with several materials for 

the EBR II spectrum were presented. 

The embrittlement of metallic matrices by the 

presence of helium has been reported for copper (2) and for 

a few of the stainless steels (7)» Systems of copper with 

boron-10 and copper with boron-11 were irradiated under the 

same conditions to the same thermal fluence. Those con

taining boron-11 showed more plastic deformation at rupture 

than the ones containing boron-10. Helium migrated to the 

grain boundaries in the stainless steels producing inter-

granular failure of these materials when stressed, as 

compared to transcrystalline failure in the same materials 

without helium. Rupture time of type 304 stainless steel 

was reduced by k0°/o at a helium atom fraction of 10 The 

2 



stainless steels examined included types 30*t, 316 , 405, 

and 19-9 DC. 

The possibility that helium acts to provide 

heterogeneous nucleation sites for the nucleation of voids 

is suggested by experiments performed at Oak Ridge National 

Laboratory (8), where helium was introduced into type 304 

stainless steel specimens to a concentration of 20 x 10 ̂  

atom fraction using a cyclotron. The helium loaded samples 

21 
were irradiated to a fast fluence of 8.5 x 10 together 

with other samples not containing helium. Transmission 

electron microscopy showed more and smaller voids in the 

samples preloaded with helium than in the others. 

Bullough, Eyre, and Perrin (l) and Harkness and Li 

(k) also suggest helium bubbles as a preferred nucleation 

site for voids in materials irradiated to fast fluences. 

Gruber (17) warns the experimenter about the fact 

that bubbles of different sizes migrating through a solid 

may coalesce if they travel at different velocities. He 

developed a model to predict coalescence resulting from 

unidirectional biased migration, as in a thermal gradient. 

His model is based on the surface diffusion migration of 

randomly distributed bubbles in a perfect infinite solid. 

On the other hand, Weaver (l4) reports that no coalescence 

occurred in the bubbles migrating under real conditions in 

uranium nitride, even when the bubbles traveled considerable 

distances. Weaver suggested the presence of a strain field 



around the bubbles which prevented them from coalescing by 

keeping the bubbles separated. 

Three models which apply to the migration of 

helium-filled pores or voids through solids were found in 

the literature. Two of these proposed by Shewmon (l8) are 

the bulk (volume) diffusion model and the surface diffusion 

model. His volume diffusion model predicts a migration 

velocity of the bubbles given by 

dx 2Db Q*b dT tn TT — A , \ • J- ) 

dt fkT dx 

dx where: = bubble velocity up the temperature gradient, 

D, = bulk diffusion coefficient, 
d ' 

k = Boltzmann's constant, 

Q*k = heat of transport for bulk diffusion, 

f = correlation coefficient, 

= temperature gradient, and 

T = average absolute temperature. 

Note that this model predicts migration velocities inde

pendent of bubble size. 

For surface diffusion the corresponding expression 

is 

= 
2Ds 6 Q*s . dT . 1 = A ( } 

dt kX2 dx r r 

where: D = surface diffusion coefficient, 
s ' 

r = radius of the bubble, 



6 = thickness of high diffusivity layer (equal to 
the lattice parameter for face centered cubic 
materials), 

Q*s = heat of transport for surface diffusion, 

and the other symbols have the same meaning as in the 

previous model* 

A model for evaporation-condensation diffusion 

(vapor transport) was derived by Speight (19). His com

plete model describes diffusion by both surface diffusion 

and vapor transport, the first one governing the movement 

of big bubbles while a combination of both describe the 

migration of intermediate size of bubbles. The vapor 

transport component is given as 

*2. _E_ . (8!sl)1/2. ft . L . 31 (2.3, 
dt 6 71Y CT2 P. T dx ,2-3' 

/ ^ 

where: y = surface tension (surface free energy) of the 
matrix, 

a = diameter of matrix vapor' atom, 

m = mass of matrix vapor atom, 

= ratio of density of matrix atoms in vapor to 
Ps their density in the matrix, 

i = latent heat of transport per atom, 

and the other symbols have the usual meaning. 

For surface diffusion in clean f.c.c. materials, 

Choi and Shewmon (15) suggested Q*g = 2/3 H^, the heat of 

vaporization, which they found to be true for copper. They 
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also found that the diffusion coefficient for surface 

diffusion in copper is independent of crystal orientation. 

Experiments on different materials have linked the 

migration of helium-filled pores or voids with these three 

diffusion models. Carter, Nadeau, and Rosolowski (10) 

found that helium-filled pores drilled in potassium chloride 

single crystals in a 605°C/cm temperature gradient migrated 

at speeds in good agreement with those predicted by the 

vapor transport model. 

Barnes and Mazey (ll) also found agreement with the 

vapor transport model for helium bubbles in uranium 

dioxide, while M. E. Gulden (12) found better agreement with 

bulk diffusion for very small bubbles in uranium dioxide 

migrating during an isothermal anneal. 

Surface diffusion proved to be the controlling 

mechanism in the migration of helium bubbles in uranium 

nitride as reported by Weaver (l4), in uranium carbide as 

reported by Selleck and DeCrescente (13), and in copper as 

reported by Choi and Shewmon (15). 

All these experiments, except those employing 

potassium chloride and uranium nitride, were performed in 

very thin foils with gradients induced inside the electron 

microscope with hot stage or by heating with the electron 

beam, so the temperatures and temperature gradients are 

only approximate in the calculations of diffusion coeffi

cients. Weaver's (l4) results have a 25% uncertainty 



because his samples reached equilibrium temperatures and 

temperature gradients in a period of time too long to be 

negligible as compared to the total heat treatment time. 



CHAPTER 3 

MATERIALS AND EQUIPMENT 

Sample Preparation 

The samples were hand cut from an aluminum ingot of 

99•999% purity obtained from Research Organic Inorganic 

Chemical Company. They were given a metallurgical polish 

on all surfaces of interest. The polishing of this 

extremely soft material was difficult since some of the 

grinding particles were entrapped in the surface. This 

difficulty was alleviated by a fifteen minute chemical 

polish in a 5% hydrofluoric acid solution after the fine 

grinding. This chemical treatment removed the embedded 

particles. Coarse and fine polishings with aluminum oxide 

particles followed. After the fine polishing the surfaces 

were given a two-minute etch in the hydrofluoric solution 

to remove all smeared material from the surface. The 

specimens were then annealed at 570°F for 72 hours and 

cooled inside the furnace to relieve any stresses and to 

induce excessive grain growth. The samples had as few as 

two grains, a situation which was desired to avoid inter

actions of the migrating bubbles with the grain boundaries* 

Tables 1 and 2 describe the features and use of the 

samples. 

8 



Temperature Gradient Furnace 

The temperature gradients were rapidly induced by 

means of the simple furnace illustrated in Fig. 1, The 

high temperature was obtained by heating the upper plate 

directly with a natural gas-oxygen flame. The low tempera

ture end was cooled by immersion in water. After the heat 

treatment the furnace was flooded with cool water to reduce 

the temperature as fast as reasonably possible. 
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Fig. 1. Temperature gradient furnace. 



CHAPTER 4 

EXPERIMENTAL PROCEDURE 

Injection of Helium into the Aluminum 

The metallurgically polished surfaces of the 

specimens were coated with a suspension of amorphous boron 

(95 +% .5-1.5 (l) in acetone. The boron was obtained from 

Research Organic Inorganic Chemical Company. The samples 

were carefully introduced into the thermal neutron irradia

tion facility of the TRIGA reactor at The University of 

12 — 2 Arizona and irradiated at a flux of 10 neutrons cm 

~*l —8 
sec for 30 minutes. A helium atom fraction of about 10 

concentration was obtained in a band approximately 13 

microns below the polished surfaces. 

Heat Treatment 

Upon removal from the reactor, the samples were 

assembled in four columns and treated in the temperature 

gradient furnace as indicated in Table 1. Heating time for 

all samples in the temperature gradient furnace was fifteen 

minutes. Control samples were heat treated as shown in 

Table 2. Heat treating temperatures ranged from lt72°K to 

838°K, and temperature gradients from 74°K/cm to 208°K/cm. 

The heat treatment of the columns is presented as a function 

of time in graphical form in Figs. 2 and 3« 

11 
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Table 1. Heat treatment of columns. 

Samples 
Thickness 
(cm) 

T emperatures 

Min 

» °K 

Max 

Column A: 
A2 0.250 562 612 
A3 0.210 612 655 
Ak 0.265 655 708 
A5 0.2^5 708 758 
A6 0.210 758 800 

Column C: 
Cl8 0.235 508 531 
C19 0.270 531 557 
C20 0.310 557 587 
C21 0.210 587 608 
C22 0.285 608 636 
C23 0.300 636 663 
C2k 0.365 663 696 
C25 0.315 696 724 
C26 0.335 724 753 
C27 0.300 753 779 
C28 0.300 779 8o4 
C29 0.195 8o4 821 
C30 0.195 821 838 

Column X: 
XI 0.930 488 572 
X2 1.035 572 660 
X3 0.975 660 742 

Column Y: I 
Yk 1.625 472 593 
Y5 l .425 593 698 
Y6 1.435 698 802 
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Table 2. Treatment of control samples. 

Specimen 
Designation 

Boron 
Coated 

Irradiat ed 
30 min. 

Post Irradiation Anneal 

Temp °C Time, min. 

la yes yes — — 

lb yes yes 570 l 

lc yes yes 570 k 

Id yes yes 570 8 

7xy no yes — — 

8xy yes yes 250 1 

9xy yes yes 4oo l 

lOxy yes yes 550 1 

llxy no no — — 
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Sample Preparation and Examination 

As soon as the sample columns were removed from the 

temperature gradient furnace, a longitudinal cross section 

of the column was obtained by grinding away half of the 

sample using a water-cooled belt sander. A metallurgical 

polish was given to these surfaces using an intermediate 

chemical polish as described in Chapter 3, except that the 

final etching was three minutes instead of two. This 

proved to produce a smoother surface on which the sectioned 

bubbles were easily recognized. 

Two-step carbon-platinum replicas of the surfaces 

were made as soon as the samples were polished to avoid 

contamination or possible anneal of the small bubble holes 

at room temperature. The replicas were made using Bioden, 

an acetylcellulose replicating film, dissolved with methyl-

acetate. A double shadowing with platinum and observation 

in the electron microscope at lOOlcv instead of the usual 

single shadowing and observation at 50kv for replica 

examination proved to enhance the contrast of the bubbles. 

It also allowed more ease of detection and of measurement. 

The size of the bubbles was read directly from the electron 

microscope screen by comparison with a scale placed along 

the edge of the screen. 



CHAPTER 5 

RESULTS 

Control Samples 

Sample la 

This specimen was coated with boron and irradiated, 

but no post irradiation anneal was given. No helium 

bubbles were found anywhere in the sample. 

Samples lb, lc, and Id 

These three samples showed helium bubbles. Sample 

lb, which was annealed at 470°C for only one minute, showed 

the bubbles in a band 4 microns thick located approximately 

11 microns below the boron coated surface. In the other 

samples the bubbles migrated randomly, forming a band 

extending as far as 20 microns below the boron coated 

surfaces. 

Samples 7xy and llxy 

No bubbles were observed in these samples. 

Samples 8xy, 9xy, and lOxy 

Sample 8xy showed a band similar to that on Sample 

O 
lb in which bubbles as big as 5000A in radius were common. 

The other samples showed smaller bubbles with an average 

17 
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o 

size of about 1000A in radius for Sample 9xy and about 

0 
200A in radius for Sample lOxy. 

Diffusion Coefficients for Bubble 
Migration Calculations 

Determination of Migration Mechanism 

Experimental observations demonstrated that the 

bubble migration velocities were inversely proportional to 

the radius of the bubble, which rules out the evaporation 

condensation mechanism which requires velocities to be 

linearly proportional to the radius of the bubble. The 

bulk diffusion coefficient for aluminum from Samsonov (20) 

—12 is of the order of 10 at 650°K, about the mid-temperature 

in this experiment. Upon substituting this value in 

Shewmon's (l8) expression for bulk diffusion, velocities 

O 
of the order of 1A per hour are obtained which are many 

orders of magnitude smaller than the observed ones. After 

ruling out evaporation-condensation and volume diffusion, 

the surface diffusion mechanism was used to compute the 

diffusion coefficients for helium bubble transport in 

aluminum. From Equation (2.2) 

dx 2Ds 6 Q*s dT 1 /r. „ ̂  
3t ' —^2 ° dx ' r (5"1) 

which may be rearranged as 
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dx kT2 dT 
Ds = S * 

s 

where Dg may also be represented by a function of the 

form (21) 

Ds = °o exp(~ kT} (5*3) 

c3x 
and = velocity of helium bubbles up the temperature 

gradient, 

D = surface diffusion coefficient, s ' 

6 = thickness of the high diffusivity layer (equal 
to the lattice parameter for f.c.c. materials) 
(18) 

Q* = heat of transport for surface diffusion, s 1 ' 

= 2/3 H , the heat of vaporization, 

= 2.17 e.v. for aluminum (20), 

r = radius of the helium bubble, 

k = Boltzmann's constant, 

—— = temperature gradient, 

T = absolute temperature, 

Q = activation energy for surface diffusion, and 

Dq = preexponential term in Equation (5 - 3)-

Calculation of D 
s 

After substituting all constants in Equation (5.1) 

the following expression is obtained: 

D = ^•93 x 10~6 T2r . dx 
s dT dt 

dx 



20 

Table 3 shows the results of bubble migrations and 

Table 4 presents the calculated diffusion coefficients. 

Calculation of Q and D for Aluminum 
o 

Using Equation (5*3) at two different temperatures 

an expression independent of Dq was obtained. 

D
1/D2 = exp "Q/k (f (5-8) 

from Fig. 4 

— 2 2 = 2.2 x 10 cm /sec 

T = 832°K 

= 5 x 10 ̂  cmVsec 

T2 = 500°K 

from Equation (5*8) 

Q ( .002 - .0012) log 44oo = 
8.616 x 10~ 5  

Q = .905 e.v. 

from Equation (5»3) 

D = 2.2 x 10 ̂  exp [ ^ ] cm^/sec 
°  8.616 x  10" 5  (832)  

D = 5*78 x 10 ̂  cm^/sec 
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Table 3» Results of bubble migration. 

°K T/T 
m 

Specimen 
Designation 

T eraperature 
Gradient 
°K/cm 

Bubble 
Size 

A 

Bubble 
Velocity 
cm/sec 

472 0.506 Y4 74 125 1.37 X 10*"5 

487 0.523 XI 87 1040 2.38 x 10 - 5  

487 0.523 XI 87 810 3.25 x 10" 5  

508 0.543 Cl8 91.2 200 2.22 x ID" 6  

508 0.543 Cl8 91.2 975a 2.22 X 10-5 

508 0.543 Cl8 91 .2 975a 00
 

•
 

to
 

x 10_5 

562 0.604 A2 208 520 1.16  x 10" 5  

562 0.604 A2 208 2000 3.6  x 10-5 

562 0.604 A2 208 3000 2 .67  x 10- 6  

572 0.6l4 X2 87 125 2 .96  x 10-5 

593 0.637 Y5 74 100 6.67  x 10 - 5  

608 0 .651 C22 91.2. 700 1.39  x 10-5 

655 0.702 A4 208 3000 1.37  x 10_5 

688 0.737 C25 91 .2 
i 

650 1.0  x 10" 4  

818 0 .876 C30 91.2 2275 2.17  x 10-k 

a. Bubbles were faceted which should not be 
expected at this low temperature. 



22 

Table 4. Results of diffusion coefficients by temperature. 

T emper atur e 

6K T/T 
m 

Specimen 
Designation 

Temperature 
Gradient 
°K/cm 

Bubble 
Size 
A 

Surface 
Diffusion 
Coefficient 
cm^/sec 

472 0.506 Y4 74 125 to
 .
 

to
 

x 10 - 5  

487 O.523  XI 87 io4o 3.34  x h
 
0
 1 •p
-

487 O.523  XI 87 810 4 .76  x 10~ 4  

508 0.543 Cl8  91 .2  200 6 .20  x 10- 6  

508 0.543 Cl8  91 .2  975a 3.03 x 

1 0
 

rh 

508 0.543 Cl8  91  .2  97 5a h
 

• h
 

to
 

x h
 

o
 1 u3

 

562 o.6o4 A2 208 520 4.50 x 10~ 5  

562 o.6o4 A2 208 2000 5.38 x 10 - 5  

562 0.604 A2 208 3000 6 .00  x 10-5 

572 0.6i4 X2 87 125 6.90  x 10-5 

593 0.637 Y5 74 100 1 .56  x 

1 0
 

h
 

608 0 .651 C22 91 .2  700 1.94 x 

1 0
 

h
 

655 0.702 A4 208 3000 4.16 x 

1 0
 

rh 

688 0.737 C25 91.2  650 2 .03  x 

ca 1 0
 

rh 

818 0 .876 C30 91.2  2275 1 .78  x 

oj 1 o
 

r h 

a. Bubbles were faceted which should not be 
expected at this low temperature. 
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Fig. k. Experimental surface diffusion coefficients for 
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and the surface diffusion coefficient for bubble transport 

in aluminum is approximately given by 

Dg = 5.78  x 10 3 exp [- ^ J cm^/sec 

where k = 8.6l6 x 10 ̂  e.v./°K 

T = absolute temperature in °K 

if we use R = 1'. 985 calories/mole 

Dg = 5*78 x 103 exp [- - 3 cm2/sec 

These approximate values of Dq and Q were fed into GOSPEL 

(22), an optimization software package, and a least-squares 

fit yielded 

Dg = 4.78 x 103 exp [- cm2/sec, ( 5 . 9a) 

or 

Dg = 4.78 x 103 exp [- ] cm2/sec (5«9b) 

Discussion 

It was found from the control samples that inert 

gas atoms rapidly agglomerate into bubbles as shown in 

Figs. 5 and 6. These figures show the helium-charged 

regions after one-minute anneals at 570 degrees centigrade. 

Figure 7 shows the helium-charged region before the one-

minute anneal. 

Helium-bubble migration in aluminum was found to be 

from lower to higher temperatures, as expected. 



Fig. 5· Sample lb, x 3500 -- Helium bubbles after a one
minute anneal at 570°C. 

Fig. 6. Sample lb, x 10,000. 
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Fig. 7• Sample la, x 15,000 -- Sample was loaded with 
helium but no subsequent anneal was given before 
examination. 



27 

The magnitude of the migration velocities and the 

1/r dependence of the velocity suggest a surface diffusion 

mechanism for migration of helium bubbles in aluminum. 

Plastic deformation occurred around large bubbles. 

This was expected since in a large bubble the ability of 

the surface tension to hold the pressure inside the bubble 

is decreased. Figure 8 shows small satellite bubbles 

trapped in the strain field of a large bubble. 

© 

Bubbles smaller than approximately 300A in diameter 

traveled without segregating by size as should be expected 

from the surface diffusion model. This is attributed to 

the smaller force required for a lattice defect to stop a 

g 
small bubble ( 9) • A concentration of about 10 defects 

per square centimeter of surface was determined by counting 

the number of regions where small bubbles formed strings or 

loops. Loops ranged in size from approximately 1000 to 
O 

5000A in diameter. 

The grain boundaries acted as barriers for the 

migration of bubbles, but no coalescence of the bubbles was 

observed in the associated pile-ups, as predicted by Gruber 

(17). This is in agreement with Weaver (l4), whose observa

tions in uranium nitride showed no coalescence of bubbles. 

This suggests the presence of a strain field around the 

bubbles due to high pressure inside them. Figure 9 shows 

a grain boundary in Sample C30. It can be seen in this 

figure that some of the larger bubbles that migrated 



Fig. 8. 

Fig. 9· 

Sample Cl8, x 10,000 -- Large bubble with small 
satellite bubbles around it. 
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Sample CJO, x 10,000 -- Bubbles traveling through 
a grain boundary. 



through the boundary are faceted. Faceted bubbles were 

observed for temperatures over 0.7 of the absolute melting 

temperature of the aluminum (0.7Tm). This is explainable 

since the surface tension can keep very high pressures 

inside small bubbles while in larger bubbles the lattice 

must sustain the pressure and some distortion will occur. 

At high temperatures the mobility of the atoms is so high 

that they soon accommodate in planes or facets which have a 

lower energy than a spherical surface. 

The diffusion coefficient for bubble transport 

obtained for temperatures below 0.5Tffi from the replicas was 

extremely large as compared to the expected values from the 

extrapolation of the curve at higher temperatures. The 

extremely large (1-1.5 micron) rhombic pits that yielded 

these results were produced by the etchant in this fashion: 

below 0.5Tm the mechanical properties of the metals are 

close to the maximum values while atom mobility is not very 

high. The larger bubbles which could not be retained in 

size by the surface tension of the matrix expanded dis

torting the lattice some distance inside the matrix. At 

these temperatures the strain was not annealed out during 

the heat treatment as it happened on the samples that were 

heat treated above 0.5Tm« The etchant attacked this high 

energy region around the bubble much faster than the rest 

of the material creating false rhombic "bubbles." 



30 

The distance migrated by bubbles of the same size 

in different grains in the same sample were similar. This 

indicates that helium-bubble migration in aluminum is 

independent of grain orientation. 

The surface diffusion coefficient for helium bubble 

transport up a temperature gradient in high purity aluminum 

was found to be, 

Dg = 4.78 x 10^ exp L ^ cm*Vsec (5»10a) 

where k is expressed in electron volts/°K. Alternatively, 

Dg = 4.78 x 10"^ exp [- —] cm^/sec (5«10b) 

where R is in calories/mole-°K and T is in degrees Kelvin 

for both (5.10a) and (5.10b). 

The self-diffusion coefficient for aluminum, from 

Samsonov (20), is 

r 34.000-! 2, 
Dg = 1.71 exp [- —gTf J cm /sec. 

Diffusion in f.c.c. metals is now generally conceded to be 

the result of a vacancy mechanism in which the atoms jump 

into vacant lattice positions and thus migrate through the 

lattice (23)* An atom in a step on the surface of a f.c.c. 

meterial has 6 neighboring atoms, while an atom adjacent 

to a vacancy inside the matrix has 11 neighboring atoms. 

The diffusion of atoms from one step on a surface to 
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another step at a lower temperature on the same surface may 

be considered as a "partial" vacancy moving from lower 

temperature to higher temperature since the number of 

atomic bonds broken for this jump is smaller. The activa

tion energy for this jump must be a fraction of that 

required for a vacancy to make a jump. It should be 

expected then, that the activation energy for a jump on the 

surface to be close to 6/11 (0.p^5) of the activation 

energy for a jump inside the matrix. The value obtained 

for the activation energy for surface diffusion in aluminum 

is 0.608 of the activation energy for bulk diffusion given 

by Samsonov (20). The preexponential term in Equations 

(5«10a) and (5*10b) is a function of the form 

™ 2 r AS -Dq = a v exp [g-], 

where a is the lattice parameter, 

v is the frequency of vibration of the atom in the 
lattice, 

AS is the change in entropy associated with the 
process, and 

R is the gas constant (23)* 

When an atom reaches the position on the step from 

where it can make a jump, its freedom and thus its entropy 

are increased. This explains the higher values of Dq for 

surface diffusion than for bulk diffusion in which the 

atoms are restricted in movement by 11 neighbors. 



CHAPTER 6 

COMPARISON OF THE RESULTS TO OTHER INVESTIGATIONS 

The results obtained by other investigators in some 

face-centered cubic (f.c.c.) materials are presented in 

Table 5* It may be seen that even for the same material 

a large spread exists in the values obtained for D and Q,. o 

Those results obtained by Gjostein (24), Shewmon 

(l8), and Kuczinski in (24) could be grouped as having order-

of-magnitude agreement with the results obtained for . 

aluminum in this study. 

The only experiments which have been performed in 

bulk material were Weaver's in uranium nitride and the one 

on aluminum described in this study. In the experiment on 

aluminum the temperatures were measured directly while in 

the others they were estimated. In this type of experiment 

an overestimate of 20% on a temperature may change the 

k 
estimated diffusion coefficient by as much as 10 , even at 

temperatures as high as 0.8Tm« The effects are larger at 

smaller temperatures thus yielding very large activation 

energies. The value of Dq is highly dependent on the 

estimate of Q and an overestimate in the value of Q will 

yield an overestimate in D^. 

32 
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Table 5« Experimental surface diffusion coefficients. 

Investigator 
in Ref. No. Material ( cm 2/sec) 

Q 
(cal/mol e) Q/T 

m 

Gjostein(24) copper 6 • 5 xlO2 40,800 30.0  

Shewmon(15) copper o xlO^ 49,000 36.3 

Kuczinski(24) copper — 56,000 41.3 

Gjostein(24) gold 5 xlO^ 47,000 35-0 

Kuczinski(24) silver 2 • 5 xlO3 36,000 29.0 

This 
investigator alurainum 4 .8 xlO3 20,900 22.2 

Menzel(24) copper — 13,000 9.5 

Nickerson(24) gold — 15,700 H
 

H
 

• 

Nickerson(24) silver 0 .2 10. 3 8.3x10" 3 

Drew(24) silver 1 • 5 xl0~5 8. 1 6.5x10" 3 

Blakely(24) nickel(111) 1 • 9 xlO-3 14. 3 8.3x10" 3 

Blakely(24) nickel(100) 2 .1 39,200 22.6 

Blakely(24) platinum 4 xl0~3 26,100 12.8 

Weaver(l4) uranium 
nitride 1 •92X103 42,000 l4.4 

Selleck(l3) uranium 
carbide — — — 
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Weaver (14) and Selleck and DeCrescente (13) 

performed experiments in bulk samples of uranium nitride 

and uranium carbide, respectively. Their results appear to 

3 be too large by as much as 10 as compared to those for 

aluminum when extrapolated to the temperatures at which the 

experiments were performed, i.e., below 0.5Tm« 

In the current experiment with aluminum it was 

found that below 0. 5T the replication method is not 
m 

reliable for measuring the size of the bubbles. The 

etching process required to clean the surface after the 

fine polishing tends to attack the strained regions much 

faster than the rest of the matrix. This causes the 

bubbles to appear much larger than they actually are. For 

aluminum this method yielded a factor in the size deter

mination as large as two orders of magnitude in some 

samples at 0.5^^. It should be noted that only bubbles 

above a given size will have a distorted region around 

them. This distorted region is "seen" as the limits of 

the bubble even in transmission electron microscopy since 

the distorted material around the bubble does not have the 

same diffraction properties for the electron beam as the 

rest of the matrix. Weaver (l4) mentions that he "saw" 

the bubbles by transmission electron microscopy and that 

the bubble size was of the same order of magnitude as those 

obtained by replication; he also mentions that the bubbles 

had a bright spot in the center. It is probable that this 



bright spot was the real bubble and that the surrounding 

region was just the distorted area around the bubble. If 

he had the same difficulties with the etching as this 

investigator had with aluminum below it is probable 

that his results are much smaller than he thought; perhaps 

as much as three orders of magnitude. 

If the results obtained by Weaver (l^) (see Table 

5) are translated to high temperatures by the guidelines of 

aluminum, the surface diffusion coefficient for uranium 

nitride may be more nearly approximated by 

Dg = 2 x 103 exp [- 67-;°°-] cm2/sec 

In the derivation of this expression those points 

farther below 0.5T were neglected since the etchant effect 
m 

would be greater in the specimens that were heat treated at 

the lower temperatures. The above expression for the 

surface diffusion coefficient yields a value of Q/Tm of 

21.5, a value close to that obtained for aluminum. 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Diffusion of helium in aluminum under a temperature 

gradient occurs by bubble migration from lower to higher 

temperature regions and by a mechanism of surface diffusion 

as described by Shewmon (l8). The surface diffusion 

coefficient for aluminum is virtually independent of grain 

orientation in the range of temperatures and temperature 

gradients studied. The surface diffusion coefficient in 

aluminum is not dependent on the temperature gradient in 

the range from 7^°K/cm to 208°K/cm. 

After analyzing the results of other investigations 

it seems that the surface diffusion coefficient for all 

f.c.c. materials may be given by an expression of the form 

Ds = S~ GXP (7-l) 
v H 

where is the heat of vaporization expressed in e.v., 

TJJ is T/T^ in absolute temperatures, 

is approximately 2 x 10 , and 

tj is approximately 10. 

Iri the previous expression, «a varies slightly from one 

material to another since it is a function of the lattice 

36 
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parameter and of the change in entropy associated with 

surface diffusion which changes only by a small amount from 

one material to another. Parameter Id is proportional to 

the energy required to remove an atom from its position on 

the surface, so it should be proportional to the heat of 

vaporization of the material. Since no data were found for 

other but f.c.c. materials, Equation (7»l) does not neces

sarily apply to other crystalline structures. 

It is suggested that all these materials mentioned 

before such as silver, copper, platinum, etc., be examined 

b y  r e p l i c a t i o n  t e c h n i q u e s  o n  b u l k  s p e c i m e n s  a b o v e  0 . t o  

test the validity of Equation (7«l) and refine the con

stants . 

After more evidence is obtained to justify the 

validity of Equation (7»l) this expression may be used in 

computer programs such as OLYMPUS, SWELL, LIFE 1, CYGRO 2, 

and START (25). These computer programs are used to pre

dict the behavior of cladding materials such as the stain

less steels and of ceramic fuels such as uranium carbide, 

uranium oxide, and uranium nitride in a reactor environ

ment. All these materials have a f.c.c. crystalline 

structure. 

Equation (7»l) may also be used to calculate the 

heat of vaporization of high melting temperature materials 

without the need to actually vaporize the material and 

without performing the delicate measurements. 
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