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diffusion(60), the calculated value of 19 Kcal/mole, while determined 

from data at only two temperatures, supports the previous conclusion 

that grain growth occurred in the films following recrystallization. 

6.3 Correlation of Oxida tion Kinetics with Film Structure 

67 

The crystallite dimensions in the initial oxide film, when film 

growth was relatively uniform, were always much less than the film thick­

ness. For example, at 500 °C the crystallite size was 100 to 15og for 

films up to 170Qg in thickness and attained a maximum size of only 850R 

for a film thickness of 3500R, Figure 28. These results suggest that 

it would be appropriate to seek correlations of oxide film growth with 

short-circuit and lattice diffusion, according to the theory advanced 

by Hart<32). A review of this theory involving short-circuit and lat­

tice diffusion by a random walk process was presented in Chapter II . 

In applying the Hart analysis for enhanced bulk diffusion in a 

crystal containing a large number of short-circuit diffusion paths, it 

is essential that the following requirement be met,(33) 

(28) 

where in the present case, ~ is the lattice diffusion coefficient of 

nickel in nickel oxide, t is the oxidation time, and the maximum dis­

tance for ld is the crystallite size. The diffusion coefficients for 

nickel in nickel oxide at 500 °C, obtained from Figure 1, lie within the 

range 1 x lo-15 to 2 x 10-18 cm2/sec. For a one hour oxidation exposure 

at 500 °C, the crystallites must be within the range 20 to 400R. This 

approximation agrees reasonably well with the crystallite sizes found 

in this investigation. It would therefore appear appropriate to apply 



the Hart analysis to develop specific refinements to the oxide film 

model discussed in the theoretical section. These refinements are 

based on the data obt.ained in this investigation for the processes of 

recrystallization and crystallite growth occurring in the oxide film. 

6.3 (i) Oxide Film Model 
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An equation may be developed to describe the oxidation kinetics 

for nickel when oxidation leads to a uniform oxide film. In the light 

of the above considerations, identical assumptions for short-circuit 

and lattice diffusion are employed, as outlined in the theoretical con­

siderations, Chapter III. The equation is formulated on the basis of 

Hart's analysis for diffusion in solids. 

Accordingly, it is assumed that nickel migrates through the 

film by lattice diffusion and by diffusion within a random array of low 

resistance paths. These low resistance paths are associated with crys­

tallite boundaries. The effective diffusion coefficient may be expres­

sed as: 

Deff = DL (1-f) + DEf (29) 

where DeffJ D1 and DE are the effective, lattice and boundary diffusion 

coefficients respectively, and f is the fraction of total available nic­

kel sites lying within low resistance diffusion paths. Under these con­

ditions the driving force for oxidation is assumed to be the concentra­

tion gradient of nickel existing between the inner and outer oxide sur­

faces. The flux of nickel, according to Fick's first law of diffusion,(71) 

would be : 
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= -Deff de 
dx (30) 

where xis the film thickness. This concentration gradient for nickel 

would be relatively low and therefore may be assumed to be inversely 

proportional to film thickness. Thus, 

dx = , SL JNi = S2. Deff Lc 
dt X (31) 

where Jlis the volume of oxide per nickel ion. 

The results of this investigation have shown that the fraction 

of surface area associated with boundaries was virtually constant dur-

ing the initial stages of the reaction. In which case, the integration 

of equation (31) yields, 

x 2 = 2 SL Def~ct = Kp(eff)t (32) 

Thus, the initial reaction should be defined by a parabolic relation-

ship in which the effective parabolic oxidation constant would contain 

terms for lattice diffusion, boundary diffusion and a constant fraction 

of sites within low resistance paths. This effective diffusion constant 

would be, 

(33) 

where f 0 is the constant fraction of sites in boundaries during the in-

cubation period of recrystallization. 

During the rapid increase in crystallite size due to recrystal-

lization, the crystallite growth rate was well represented by the stan-
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dard grain growth equation . The fraction of surface covered by boun-

daries would be the number of boundaries per unit area of film surface 

multiplied by the boundary width . The fraction of sites in short-

circuit paths per unit area at time t would therefore be, 

f(t) == 2d 
Dt (34) 

where d is the boundary width and Dt is the crystallite size at timet. 

Upon substituting the expression for Dt, obtained from the grain growth 

equation, equation (26) into equation (32), f becomes, 

2d 
f ( t) == --,,-----

(D~ + Kt) 1/2 

The substitution of equation (29) and (35) into (31) gives, 

dx 

dt 

(35) 

(36) 

Since it is reasonable to assume that boundary diffusion is more 

rapid than lattice diffusion, DB>>DL, equation (36) reduces to, 

2x dx == 2JL DJ:Ac ~ 1 + DB/DL Zd J 
dt l (D~ + Kt) 1/2 (37) 

Upon integration, equation (3 7) yi_elds, 

(38) 

This equation describes the growth of oxide films when both short-cir-

cuit and lattice diffusion of the reactants through the f i lm determine 
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the reaction kinetics. In the absence of short-circuit diffusion in 

the film, equation (38) reduces to the classical parabolic equation, 

x2 = 2.flDr,6ct (39) 

6.3 (ii) Analysis of Data for Oxidation Kinetics 

Additional information on the characteristics of nickel short-

circuit diffusion in the oxide films may be obtained by combining the 

above equations with the experimental results of this investigation. 

These considerations must be confined, however, to films of 600 to 

soooX average thickness whose growth was essentially uniform. It is 

only in these cases where one could expect diffusion to occur by a ran-

dom walk process. 

The parabolic plots, shown in Figure 40, illustrate that the 

initial reaction rates approximated parabolic behaviour. While the 

curves are extended up to 5 hours, only the first 2 hours, shown as 

solid lines in Figure 40, were calculated by the least squares method. 

In this time interval the crystallite size was essentially constant, 

Figure 27. 

This stage of film growth may now be analyzed to yield informa-

tion on the relative magnitudes of boundary and lattice diffusion co-

efficients. Utilizing equations (29), (32) and (39) the ratio of the 

effective parabolic rate constant, to the parabolic rate constant for 

lattice diffusion may be obtained, 

(40) 
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For an average crystallite size of lOOA and assuming a boundary width 

of lOA, a value of 0 . 2 was obtained for f 0 from equation (34) . The 

values for Kp(eff) at 500° and 600° C were determined from Figure 40 and '· 

equaled 1 . 0 x lo- 13 and 7. 8 x lo- 13 (gm/cm2) 2/ sec . , respectively . 

The values for Kp reported in the literature and determined 

from the values for the self-diffusion coefficient of nickel in nickel 

oxide by equation (10), are recorded in Table II, along with the cor ­

responding calculated values for DBIDL at 500 and 600°C, As to be 

expected, the boundary diffusion coefficient is much larger than the 

lattice diffusion coefficient . The ratios lie in range 102 to 105 and 

are in agreement with those reported in the literature(60). Unfortunate­

ly, the wide range of values reported in the literature for the lattice 

diffusion of nickel in nickel oxide, as well as for the parabolic rate 

constant for the oxidation of nickel, prevented an average value from 

being assigned to this ratio . 

By expressing the ratios of DBIDL in the Arrhenius form, 

(41) 

the difference in the activation energies for lattice and boundary dif­

fusion were calculated. These values along with those for EB and the 

ratios EB/EL are also given in Table II. . It is to be especially noted, 

that the values of EB/EL range from approximately 0.5 to 0.7, which is 

in good agreement with those reported in the literature(60), 

An additional test of the model was made for films formed at 

500°C, This was accomplished by taking tangents to the oxidation curve 

for 500°C, shown plotted in parabolic form in Figure 41, at times cor-



TABLE II 

Kp(gm2/cm4/sec ) ~/DL 
Ref. 

500°C 600°C 500°C 600°C 

36 2.30 X 10-l5 5.23 X 10-l4 2,16 X 102 0.75 X 102 

72 6.40 X 10-l6 1.40 X 10-l4 7,75 X 102 2,80 X 102 

51 6,00 X 10-l6 1.08 X 10-l4 8.35 X 102 3.65 X 102 

48 4.2 X 10-16 1.30 X 10- 14 1.19 X 103 3.00 X 102 

45 2.7 X 10-16 7,40 X 10- 15 1.85 X 103 5.30 X 102 

47 2.4 x lo-17 s.so x 1o- 16 2.09 X 104 4.45 X 103 

46 4.0 X 10-18 3,00 X 10-l6 1.25 X 105 1.30 X 104 

--- ---------

EL-~ EL 

Kcal/mole Kcal/mole 

14.2 41.2 

13.7 34.7 

11.0 38.0 

18.4 45.6 

16.5 44.2 

20.6 48.4 

30.2 56.0 

~ 

Kcal/mole 

27.0 

21.0 

27.0 

27.2 

27.7 

27.8 

25.8 

~/EL 

.66 

.62 

.71 

.60 

.63 

.58 

.46 

........ 
~ 



75 

TABLE III 

Oxidation Time Measured Crystallite Calculated Crystallite 
(hrs.) Size (ft..) Size (ft..) 

4 560 280 

8 675 370 

13 845 500 
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responding to those for which average crystallite sizes were deter-

mined. The tangents, Kt, are equivalent to the instantaneous reaction 

rate constant at those times. In a similar manner to that used to 

derive equation (40), it can be shown that, 

Kt - = l + J131Dr, f (t) ~ J131Dr. f (t) 
Kp 

(42) 

where f(t) is the fraction of sites within boundaries at time t. 

From equation (42) the following expression was derived, 

f(t) 
= ---=a= 

(43) 

where Kt is the limiting tangent as time approaches zero, D0 is the ini-

tial crystallite size and Dt is the crystallite size at time t. 

The values of Kt were determined from tangents to the curve 

shown in Figure 41. These calculated values are given in Table III, 

along with the experimentally measured values. The calculated crystal-

lite sizes are not less than one-half the measured values. This is 

reasonable agreement within the limitations of the experimental accur-

acy of the kinetic data and the determinations of crystallite sizes. 

Similar calculations were not carried out for 600 °C since sufficient 

experimental data, preceding the formation of non-uniform films, was 

not available. 

The results of this analysis, for the evaluations of the ratios 

of the diffusion coefficients DB/Dr,, the activation energy ratios Esl 
E1 and the calculations of crystallite sizes from the oxidation curve 

at 500 °C, all support the validity of the assumptions based upon lattice 
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and short-circui t diffusion of nickel in the ox ide films. Furthermore, 

the value of 19 Kcal/mole calculated for the activation energy for boun­

dary migration i s in good agreement with the values of 21-28 Kcal/mole 

calculated for boundary diffusion. 

There are, however, serious limitations to the above analysis 

and assumptions for the oxidation film model. It was assumed, that the 

kinetics determined by oxide weight gain measurements defined a uniform 

film over the entire metal specimen . However, the results obtained 

from transmission electron microscopy clearly revealed that the films 

were only uniform on individual metal grains. Consequently, an averag­

ing process has been assumed for the analysis of the data for oxidation 

kinetics. This assumption appeared to giv e a good approx i mation be­

cause of the large number of grains constituting the polycrystalline 

metal sample . Also, triplicate oxidation tests sh owed a maximum devia­

tion of less than ±27 per cent in the early stages of the reaction. 

In the der ivation of equations based on the proposed oxide film 

model, all crystallite boundaries were assumed to be equivalent short­

circuit diffusion paths . This approximation was made in order to obtain 

a tractable mathematical expression for the growth kinetics. As pointed 

out in the first section of this chapter, the effectiveness of crystal­

lite boundaries to transport material by short-circuit diffusion de­

pends on the misorientation of the crystallites. Transmission electron 

microscopy showed that the misorientation of the crystallites was differ­

ent on different metal grains, Figures 12-15, and that it decreased wi th 

increasing oxidation for a given film orientation, Figure 16. In addi­

tion to the fact that differences in crystallite misorientation were 
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not considered, all of the crystallite size determinations were made on 

films of only one orientation. Thus, the correlation obtained between 

the oxidation kinetics of the polycrystalline metal and recrystalliza­

tion and grain grawth process occurring in the oxide film must be re-

garded as only a first approximation to a system exhibiting complex 

reaction parameters. 

6.3 (iii) The Growth of Non-Uniform Ox ide Films 

In all cases where non-uniform growth was observed the films 

were no longer composed of small oxide crystallites. Instead, the 

films consisted of large grains wh ose thickness was equal to that of 

the oxide film and whose area was approximately the same as the ori-

ginal metal gra i ns, Figures 30 and 31. In the thinner areas of these 

films it was possible to distinguish dislocations and their distribution 

varied from a random arrangement, Figure 29, to well defined sub-boun­

daries, Figure 34. Since only a limited number of non-uniform films 

were examined in this investigation, the structural changes which oc-

curred can only be described qualitatively. 

The two most salient features of the structure of the films at 

this stage of the oxidation process were the high density of disloca­

tions and the large grain size. Although no direct observations were 

obtained concerning the growth of the large grains it seems reasonable 

to postulate that they resulted from the preferential migration of some 

highly mobile boundaries as occurs in conventional recrystallization 

processes in metals< 73 2. 

The high density of dislocations in the films may have occurred 

as a consequence of the stresses generated by the volume difference 
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between the oxide and the substrate (1:1.65 for nickel and nickel oxide). 

The dislocation density of 10 10 /cm2 calculated for the oxide film shown 

in Figure 29 is similar to the densities reported by Pashley<74) for 

the epitaxial growth of thin metallic films on non-metallic substrates. 

In order to reduce the total energy of the system the dislocations can 

be arranged by climb and glide processes into well defined sub-boundary 

walls(75) such as shown in Figure 34. Such rearrangements would be ex-

pected to occur at the temperatures and times involved in the oxidation 

process. 

As previously discussed, the short-circuit diffusion of nickel 

across the film via dislocations, resulted in preferential film growth 

in the neighbourhood of dislocations oriented approximately perpendicu­

lar to the plane of the film. As would be expected, on the basis of the 

above argument, the films which contained well defined dislocation net­

works were the most uneven in thickness, Figure 30. As shown in Figure 

35, thickening of the oxide film has occurred overlying sub-boundaries 

oriented perpendicular to the plane of the film. If it is assumed that 

the film thickness was sooo! in the thin areas of this 8000! thick film 

formed at 600°C, then nearly all of the dislocation networks which ap-

peared in good contrast, as shown in Figure 34, were inclined at less 

than 20 degrees with the plane of the film. 



CHAPTER VII 

Suggestions for Further Work 

1) Many of the limitations to the proposed oxide film model may be 

avoided by carrying out an investigation, similar to that described 

in this thesis, on single crystal nickel samples . This would eli­

minate the averaging process which must be assumed for polycrystal­

line materi al. The oxide film th i cknesses and oxidation kinetics 

could be more accurately determined, as well as the relationships 

between average crystallite size and oxidation time and film thick­

ness. In addition, by monitoring the decrease in misorientation be­

tween crystallites during the early stages of oxide growth, when no 

change in crystallite size was detected, and by comparing results 

from nickel crystals of different orientations, information may be 

obtained concerning the relationship between crystallite misorieta­

tion and short-circuit diffusion via crystallite boundaries. Such 

information would permit further refinements to the present film 

model in which all boundaries have been treated as equivalent short­

circuit diffusion paths. 

2) More observations are necessary in order to describe in greater de­

tail the transition from a film composed of small crystallites to 

one consisting of large oxide grains. The present investigation has 

indicated t hat this can best be accomplished by working at the higher 

temperatures of 700° and 800°C. At these temperatures the transi­

tion occurred at film thicknesses of less than 1000! making these 

films more suitable for transmission electron microscopy . 

81 
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3) Direct measurements are required to determine the magnitude of the 

effective diffusion coefficient for nickel in nickel oxide films of 

different crystallite sizes and dislocation distributions. The 

radioactive isotope nickel-63 could be useful in making this deter­

mination. 



CHAPTER VIII 

Conclusions 

1) Thin nickel oxide films formed on nickel at 500° and 600°C varied 

both in thickness and orientation from one metal grain to another. 

2) Varying degrees of preferential oxidation occurred overlying the 

original metal grain boundaries but not at twin. boundaries. 
y 

3) The oxide fi l ms were composed of numerous small irregular shaped 

oxide crysta l lites for average film thicknesses up to at least 

3500 and 5000!) formed at 500° and 600°C) respectively. 

4) For a given average film thickness the misorientation between crys-

tallites was less for the thinner areas while the crystallite size 

was approximately the same for both thin and thick regions. 

5) For a given film orientation) the oxide crystallites increased in 

size with increased oxidation time and the misorientation between 

the crystallites decreased. 

6) The increase in crystallite size was controlled by recrystallization 

and grain growth occurring in the oxide films. 

7) An oxide film model has been advanced which correlates the initial 

oxidation kinetics with simultaneous lattice diffusion and short-

circuit diffusion of nickel via oxide crystallite boundaries. 

8) At a later stage in the oxidation process) the preferential migra-

tion of some boundaries resulted in the formation of large oxide 

grains. These films contained dislocations) whose distribution 

varied from a random arrangement to well defined sub-boundaries. 

83 



9) The short-circuit diffusion of nickel via dislocations or sub­

boundaries, oriented approximately perpendicular to the plane of 

the film, resulted in non- uniform film growth . 

84 
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