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ABSTRACT 

An apparatus for the study of the oxidation of nickel in 

pure oxygen at temperatures from 400°C to 1050°C and pressures 

from 0.10 mm Hg to 20.0 cm Hg was designed and constructed. 

The problem of stopping convection current interference was 

solved and continuous readings were taken as the nickel was 

oxidized. Runs were made at 0.130 mm Hg, 1.0 mm Hg, 2.0 cm 

Hg, and 10.6 cm Hg oxygen pressure at 719°C. 

The results were analyzed in terms of oxygen pressure and 

oxide thickness. The oxidation growth law was found to change 

from a logarithmic law to a quartic law at the two lower 

pressures when the oxide thickness reached 90-100 A^g/cm . 

At the two higher pressures, the mechanism changed from a 
p 

logarithmic to a near parabolic at 90x<g/cm and finally to 

the absolute parabolic at about 300 Mg/cm^. In the logarithmic 

region the rate of oxidation varied with the oxygen pressure 

to the 0.27 power up to 2.0 cm Hg. At pressures above 2.0 cm 

Hg the rate seemed to be independent of the oxygen pressure. 

The theoretical model of Grlmley and Trapnell, which 

assumes cation diffusion to be the rate controlling step, 

was used to Interpret the experimental data. 
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INTRODUCTION 

A. Purpose of this InvestIgatIon 

The purpose of this investigation was to study the oxi¬ 

dation of nickel at various pressures and constant temperature 

during the early stages of oxidation. Previous investigators 

have shown that the parabolic relationship prevails for oxide 

thicknesses greater than 10*000 A * approximately 500 X(g/cin 

assuming a surface roughness factor of 3* Several models have 

been proposed to explain the oxidation behavior in the region 

preceding the parabolic law* and it was hoped that this study 

might help substantiate one of these models. The effects of 

pressure and oxide thickness upon the oxidation mechanism 

were studied. 

B. A. General Description of the Oxidation Process for Nickel 

Nickel is a very convenient metal for the study of oxi¬ 

dation mechanisms because only one oxide of nickel* NiO* is 

formed at temperatures above 300°C. This oxide is non-volatile* 

coherent* and adherent to the Ni metal at temperatures up to 

900°C. 

Nickel oxide is a p-type or metal-deficit semiconductor. 

This means there is a stiochiometric deficiency of Ni++ in 
_!  

the lattice resulting in cation vacancies* Ni □ * and 

positive holes* Ni+++ or e$. It is generally accepted that 

the migration of anions in the NiO lattice is nil. Therefore, 

transport through the lattice occurs by the diffusion of the 
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vacancies and holes. 

During the oxidation process, oxygen is first absorbed 

on the surface and receives electrons from the metal or from 

the oxide which forms positive holes in the oxide. The oxygen 

anion combines with the oxide to form new oxide and cation 
_| L. 

vacancies, Ni □ . The holes and the vacancies then migrate 

to the surface of the metal where they are eliminated by 
|- f 

Ni and electrons coming into the oxide from the metal. 

Each of these steps is important and models have been con¬ 

structed assuming each of them as rate controlling. 

The electric field caused by the adsorbed oxygen is of 

great importance in the early stages of oxidation. In the 

"very thin film" region fields as high as 10^ volts/cm may 

be realized. Here diffusion caused by concentration gradients 

is very small compared to the movement set up by the electric 

field and can be neglected. 

A positive space charge develops next to the oxide: 

oxygen interface as the oxide thickens. This charge is 

caused by an excess of positive holes, eO, over cation 

vacancies, □ , which in effect have a minus two charge. 

The space charge reduces the effect of the electric field 

farther into the oxide. In this region of lower electric 

fields, both the electric field and concentration gradients 

are important to the diffusion process. The "thin film" 

and the "very thin film" regions are normally considered to 

be between 100 A° and 10,000 A0 of oxide. More will be 
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said about these two regions in a later section. 

As the oxide continues to grow, the space charge reduces 

the field caused by the surface charge to zero at a distance, 

\ , from the oxide:oxygen interface. A similar space charge 

layer is believed to exist at the metal:oxide interface. 

Here a negative charge forms on the nickel which induces a 

positive space charge in the oxide. This space charge ex¬ 

tends a distance, X , into the oxide. In the interior of 

the oxide, between the two boundary surface charge layers, 

the oxide is electrically neutral and the number of cation 

vacancies is equal to one-half the number of positive holes. 

Diffusion of holes and vacancies is caused solely by concen¬ 

tration gradients in this region of electric neutrality. 

When the oxide layer becomes thick compared with the 

boundary layers \ and X , the oxide may be treated as a 

uniform isotropic layer, and the parabolic growth law may 

govern the oxidation process. The assumptions are made 

that the temperature is high enough to allow diffusion 

through the lattice and that this diffusion is the rate 

controlling step. Reactions at the two interfaces creating 

and destroying the holes and vacancies are considered fast 

enough to reach equilibrium. 

According to the parabolic growth law, the rate of oxi¬ 

dation is proportional to the reciprocal of the oxide 

thickness. Upon integration this expression becomes, 

W2 = Kp.t + C. 
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where W = oxidation weight gain, t = time, and K = parabolic 

rate constant. Quite a bit of work has been done on nickel 

to determine the value of the rate constant, Kp. At a given 

temperature the value of the K 's reported by different 

investigators, see Figure 14, may differ by as much as a 

factor of 1000. The two main reasons that have been given 

for this difference in results are (l) the different 

impurities present in the sample, and (2) the method of 

surface preparation. 

The general form of the oxidation rate equation is 

dW/dt = Ao * f(W) * (Pn )1/m.e-Ea/kT u2 

where Ao = a constant 
W = oxidation weight gain per unit area 
f(W) = a function dependent upon W or the oxide 

thickness, X 
Pn = oxygen pressure 
u2 
l/m = a constant 
Ea = activation energy. 

This equation is applicable to almost all observed results 
Q 

and theoretical proposals. Kubaschewski and Hopkins^ report 

that for temperatures below 300°C, f(W) takes the form e ^ 

and a logarithmic relationship results. For temperatures 

between 300°C and 500°C a cubic relationship has been reported 

and f(W) equals W . In fact most of the observed oxidation 

results, except for the logarithmic growth law, can be repre¬ 

sented by letting f(W) equal W n, where n is a constant. 

Therefore if the oxidation rates are plotted against the 

oxidation weight gain on a log-log plot for a constant 
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pressure., isothermal oxidation process, a straight line with 

a slope of -n will generally appear. The data obtained in 

this investigation were treated in the above manner to find 

if the value of n was dependent upon the oxide thickness. 
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APPARATUS AND MATERIALS 

A. The Nickel Foil and Foil Preparation 

The nickel foil was obtained from the Chromium Corporation 

of America in 6" x 8" x 0.002" sheets. An analysis of this 

"Grade A" nickel is listed in Table 1. 

TABLE 1 

Spectroscopic Analysis of the Nickel Foil 

Ni = 99.4 $ 
Co = 0.53 $ 
Zn < 0.001$ 
S = 0.015$ 
Cu = o.009$ 
Fe = 0.013$ 
Si < 0.001$ 

Pb < 0.001$ 
Sb < 0.001$ 
Cd < 0.001$ 
C < 0.001$ 
Mg < 0.001$ 
Mn < 0.001$ 

The foil was made by electrodepositing Ni on a smooth 

surface. Therefore, one side of the foil is smooth while 

the other side is very rough. In order to have a fairly 

accurate value of the surface area to use in computing the 

amount of oxidation per unit area, it became necessary to 

devise some means of polishing the rough side. 

Mechanical polishing was ruled out because some of the 

polishing compound becomes imbedded in the polished surface, 

and a small addition of metals with a higher valence into 

the NiO lattice can cause a large increase in the oxidation 

rate. 

The polishing method used in this experiment was electro¬ 

polishing. The electropolishing solution was 39 parts HgSO^ 

and 29 parts HgO by volume. The best results were obtained 
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after a few samples had been polished, and the liquid had 

obtained a green tint from the Ni in solution. 

Figure 1 shows a typical voltage versus current graph 

for the elect r o polishing process. The recommended polishing 

region is in the C - D plateau. In this case better results 

were obtained by polishing in the DE zone just above the CD 

plateau. In the CD plateau the polished surface was pitted 

and very irregular. At the lower end of the DE zone there 

was considerable gas evolution, but a mirror surface was 

obtained. A current of approximately 480 milliamperes for 

6 minutes was used for elec tro polishing a sample with an 

2 
area of 3*2 cm . The voltage drop was 3-2 to 3*5 volts and 

the distance between the anode and the cathode (also Ni) 

was 5 centimeters. A stirrer was used to keep the liquid 

moving during the polishing process. The sample was placed 

at approximately a 10 degree angle to the direction of liquid 

flow. This allowed the solution to keep the bubbles brushed 

away from the surface being polished, eliminating one of the 

main causes of pitting. 

The surface obtained by elec tr o polishing was micro¬ 

scopically smooth but was macroscopically bumpy. Under a 

metallurgical microscope, the surface appeared to be smooth 

with gentle hills. The surface compared very favorably with 

that obtained by R. F. Greene of the U.S. Atomic Energy 

4 
Commission . Mr. Greene was able to get good results from 

his experiment in which a good, reproducible surface was 
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i 
(Current) 

FIG. 1 ELECTROPOLISHING CURVE 
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mandatory. His surface was slightly bumpy but was mirror¬ 

like for short reflections. 

A layer of DUCO cement was put on the smooth side of the 

foil 24 hours before polishing. This kept the smooth surface 

intact while the rough side was being polished. The cement 

was later removed with acetone. 

The polished sample was cut to the proper size with a 

pair of nickel coated scissors and measured with a micro¬ 

meter. A hole was then punched near one edge of the foil 

with a divider point to serve as a means of connecting the 

extension fiber to the foil. 

The foil was then washed in an ultrasonic cleaner 

(90 kc) with benzene for 15 minutes., acetone for 20 minutes., 

and distilled water for 30 minutes. After washing* the 

sample was stored in a sample bottle and placed in a dessicator 

until time for use. 

The average weight and surface area of the foils were 

87.I mg and 3•8 cm^. 

B. Gases and Gas Purification System 

The hydrogen was purchased from the Matheson Company. 

It was "Ultra Pure Grade" hydrogen with guaranteed total 

impurities of less than 10 ppm. Therefore* no attempt was 

made to further purify the hydrogen. 

The composition of the "medical grade oxygen" obtained 

from the Big Three Welding Equipment Company is shown in 
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Table 2. To further purify the oxygen., it was slowly passed 

through a purification train consisting of a DE0X0 purifier, 

a U-tube filled with Mg(ClO^g (Dehydrite), and a spiral 

column of activated charcoal. The DEOXO purifier removes 

hydrogen to 1 ppm by converting it to water. 

C. The Vacuum System and Pressure Control 

Two large capacity mechanical forepumps were used to 

obtain "low" vaduum of 0.001 mm Hg. Only one forepump 

was necessary to evacuate the system. The other one was 

used as a means of controlling the pressure. High vacuum 

was achieved by using a Varian 75 liter/sec "Vac Ion" pump. 

Apiezon "L" and "N" greases were used on all stopcocks and 

on the two ball joints between the spring tube and the 

pressure gauge manifold. Red sealing wax was used on all 

the other joints. Gold traps kept mercury vapors from the 

manometers out of the system. A vacuum of 10-^ Torr could 

be obtained in about five hours. 

The existence of a "critical pressure ratio" made it 

TABLE 2 

Oxygen Composition 

Oxygen 
Nitrogen 
Argon 

99.6-99-75$ 
A/ 0.2 $ 

0.05 $ 
< 25 ppm 

< 1 or 2 ppm 

possible to design a constant pressure system which attained 

equilibrium in less than 40 seconds after the initial admission 
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of oxygen. For a given upstream condition the flow of gas 

through a nozzle, orifice, or venturi tube increases as the 

downstream pressure decreases until a critical value of 

^out^in reac^ed. Then the velocity of the gas in the 

throat of the nozzle reaches that of sound in the gas at 

that point. A further reduction in PQU^ will not have any 

effect on the mass of gas passing through the nozzle. For 

an ideal gas the critical pressure ratio is given by 

= = (2/(r+l))(r/r'1) ' out7 in 

where r = Cp/Cv. Cp and Cv are the molal heat capacities 

at constant pressure and constant volume. The value of 

R for oxygen at 15°C is 0.53* If the pressure of oxygen 

on the upstream side of a nozzle is 1 atmosphere then the 

mass flow rate will remain constant for any downstream 

pressure below 0.53 atmospheres. To take advantage of 

this, a net work of three capillaries in parallel with 

individual isolation stopcocks was installed between the 

gas manifold and the reaction system. One capillary was 

3 mils in diameter by 10 cm long, the second was 3 mils 

in diameter by 3 cm long, and the largest was 10 mils in 

diameter by 1 cm long. A vacuum forepump was connected to 

the reaction system and a microvalve was installed to vary 

the flow of gas to the forepump. By operating at pressures 

well below 0.53 atmospheres, choosing the correct capillary, 

and making the right adjustment on the microvalve any 

desired pressure between 20 cm Hg and 0.1 mm Hg could be 
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maintained in the system. As the pressure started to drop 

due to oxygen reaction with the Ni, the flow rate in 

remained constant but the flow rate out decreased until 

the equilibrium pressure was restored. After the system 

reached equilibrium, approximately 40 seconds after 

admitting the oxygen, no change in the pressure was noticed 

for a given combination of settings. 

D. Reaction Tube 

The most difficult design problem in building a workable 

apparatus was that of designing the reaction tube. Con¬ 

vection currents caused by one end of the tube being in 

the furnace and the other end at room temperature had to 

be stopped or reduced so that continuous readings could be 

made. Convection currents made Frederick and Cornet 

change their original plans of taking continuous readings 

to taking a reading before and after the oxidation. They 

then assumed a parabolic law and computed the rate constants. 

Gulbranson did not mention any convection current problems 

or reaction tube design techniques. His samples weighed 

about 15 times as much as those used in this experiment, 

so he may not have had any problem. 

The first reaction tube was simply a one inch diameter 

pyrex tube closed at one end with a ground glass joint at 

the other end. With this tube sizeable air currents began 

to develop at about 300°C. Pyrex baffles were placed in 

various arrangements above and below the sample in an effort 
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to dampen the air movement. The baffles helped a little 

but not enough to solve the problem. 

An attempt was made to stop the sample oscillations 

by using magnetic damping. According to Lenz's law, the 

direction of an induced current is such as to oppose the 

cause producing it. An aluminum sail was placed on the 

bottom of the spring and an electromagnet was constructed. 

Due to a maximum weight limitation on the aluminum sail 

and a minimum distance limitation between the faces of 

the electromagnet, the magnetic damping was unsuccessful. 

It was originally thought that the sample and the 

spring were the main items to be protected from the con¬ 

vection currents since they were much larger than the 

connecting fiber., but the fiber proved to be the main 

cause of the oscillation problem. Since it passed through 

the zone with the largest temperature gradient., it experi¬ 

enced the largest convection currents. A one centimeter 

inside diameter pyrex tube was installed in the reaction 

tube to surround the connecting fiber as it passed through 

the zone of highest temperature gradients. This design, 

see Figure 2, was successful up to 500°C. The final quartz 

reaction tube, which had the same design as the pyrex tube, 

prevented convection currents from becoming a noticable 

occurrence over the pressure range studied in this experi¬ 

ment and up to 970°C. 
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FIG. 2 REACTION TUBE 
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E. Temperature Measurement and Control 

In order to maintain the reaction zone at a near constant 

temperature, the tube had to be placed in the furnace at the 

proper depth. This depth was found by placing the reaction 

tube in the furnace and recording the temperature profile 

along the longitudinal axis of the tube with a movable 

thermocouple. When the center of the reaction zone coincided 

with the maximum of the temperature profile, then the operating 

depth had been found. The profile in Figure 3 was obtained 

when the top of the reaction tube extended 9*1 cm above the 

top of the furnace. The thermocouple mounted on the side 

indicated 647°C while the thermocouple inside the tube showed 

a maximum of 645°C. This difference will be considered 

negligible in this experiment. 

In order to flatten the maximum point of the temperature 

profile to the extent shown in Figure an iron furnace 

liner with a wall thickness of 3/32" was used. This liner 

became oxidized on the surface and had to be cleaned peri¬ 

odically. 

A Barber Coleman Model 402 Capacitrol was used to control 

the temperature. This temperature controller has a Truline 

time proportioning device which keeps the controller locked 

on the desired temperature. A temperature variation of 

more than one degree could not be detected. 

To protect against temperature errors due to a slight 

misadjusting of the controller between runs at the same 

temperature the controller was turned off with a wall switch 
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Distance Up From Bottom Baffle (cm) 

FIG. 3 FURNACE PROFILE 
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and the knob used to dial in the desired temperature was 

not touched. 

F. The Weighing Apparatus 

The weight gain of the nickel samples upon oxidation 

was determined by measuring the extension of a quartz spring. 

The sensitivity of the spring was 4.80 mm/mg. The spring 

extension under its own weight was 32 cm which left 64 cm 

of extension or 133 mg for the connecting fiber and sample. 

A 7 mil diameter quartz connection fiber weighing 28 mg was 

used. Therefore, a maximum sample weight of 105 mg could 

be accommodated by the apparatus. 

The cathetometer was mounted on a metal stand and could 

be read to the nearest 5 x 10-^ meters. The sample weight 

change could be detected to 0.001 mg. 

The tube housing the quartz spring was made of 1 inch 

pyrex.tubing and was approximately 100 cm long. At the 

top of the tube was a.^pyrex cap fitted with a guide tube for 

an adjusting rod. The rod could be moved up or down by 

melting the sealing wax and permitted adjustment of the sample 

position within the reaction tube. The vertical neck, 3 inches 

by 1/4 inch I.D., near the bottom of the spring tube served 

as a means of preventing the hot gas in the reaction tube 

from rising into the chamber containing the spring. The 

3/8 inch connection leading to the pressure gauge manifold 

had the threefold purpose of (l) acting as a structural 

support for the small neck, (2) allowing for easy 
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gas passage to the spring tube and reaction tube., and (3) 

permitting adjustment of the spring tube and the reaction 

tube position since the connection was joined to the pressure 

gauge manifold with a ball joint. 
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EXPERIMENTAL PROCEDURE 

A. Procedure 

The reaction tube was firmly clamped in the furnace and 

was not moved during the changing of samples. The connections 

between the reaction tube and the spring tube and the bottom 

ball joint on the adjustment elbow were broken to allow the 

spring tube to move up. With the spring tube in the up 

position the sample was attached to the spring system by 

hooking the extension fiber through a small hole in the sample. 

The sample was then lowered into the reaction tube until 

the bottom of the spring tube was level with the top of the 

reaction tube. The two joints were heated with an air gun 

and sealing wax was applied to the male connection. The two 

connections were then joined and the ball joint was clamped. 

The spring tube was adjusted until the extension fiber was 

in the center of the vertical, neck in the spring tube. 

The number 1 forepump was used to evacuate the reaction 

system to 10-^ mm Hg. The Vac Ion pump was used to bring 

the pressure down to 10 ^ mm Hg, and the furnace was turned 

on. The sample was degassed at reaction temperature, 719°C, 

for two hours. 

After degassing hydrogen was admitted and the sample 

was annealed for 4 hours in 10 cm Hg of hydrogen. This served 

to remove the initial oxide layer from the surface of the 

sample. The sample was degassed again for an hour after the 

hydrogen annealing was . finished. The samples that were run 

without this last degassing did not exhibit a smooth oxidation 

curve. This was probably due to some adsorbed hydrogen on 



21 

the nickel. 

The gas manifold was isolated by closing the capillary 

manifold valves and the valve leading to the Vac Ion pump. 

Oxygen was admitted to a pressure of 1 atmosphere in the 

gas manifold. 

The small capillary valve for the 0.13 mm Hg runs or 

the medium capillary for the 1 mm Hg runs was slowly opened 

until a movement of the spring indicated oxygen was entering 

the system. At this instant the stop watch was started. 

The capillary valve was opened fully and the microvalve was 

opened the desired amount, 11 turns for 1 mm Hg and 8 turns 

for 0.13 mm Hg. The pressure reached equilibrium in approxi¬ 

mately forty seconds after the initial oxygen admission, and 

the sample was steady enough to start taking cathetometer 

readings one minute after the oxygen was admitted. 

The procedure for runs at 2 cm Hg and 10.6 cm Hg oxygen 

pressure was essentially the same as above with one exception. 

The manometer was used to measure the pressure in these runs. 

It could not be left open to the system during the degassing 

periods or mercury would vaporize and collect in the trap. 

This was undesirable so the manometer was filled with oxygen 

to 1 mm Hg before the furnace was turned on. As the oxygen 

was admitted to the reaction system, the stopcock to the 

manometer was opened when the thermocouple gauge registered 

a pressure of 1 mm Hg in the system. In this way no surges 

of gas were introduced into the system to disturb the spring. 

The large capillary was used for both the 2 cm Hg and the 

10.6 cm Hg runs,.and the microvalve was opened 2 and l/8th 
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turns respectively. 

Extreme care had to be used to slowly open the capillary 

valves when admitting gas to the system. The quartz springs 

were fairly fragile and several were broken during preliminary 

runs. 

B. Experimental Data 

The experimental data is tabulated in the Appendix. 

The cathetometer readings, R(mm), at the times indicated 

were subtracted from RQ, the cathetometer reading at time 

zero, and multiplied by 10^ to get R0~R in micrometers (Mm). 
p 

The weight gain per unit area (Mg/cm ) was then obtained 

by dividing Rq-R by the area of the sample and the spring 

sensitivity, 4.80 Mm/Mg. 

One run was conducted at each of four oxygen pressures; 

10.6 cm Hg, 2.0 cm Hg, 1.0 mm Hg, and 0.13 mm Hg. Confirmation 

runs (5*6) were run at 1.0 mm Hg and 2.0 cm Hg to assure the 

reproducibility of the data. A comparison of the two runs 

at 1.0 mm Hg and the two runs at 2.0 cm Hg shows a difference 

in weight gain at the end of two hours of only 0.6$ and 

1.5$ respectively. 
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DISCUSSION OF RESULTS 

A. Results of This Investigation 

The weight gain due to oxidation is plotted against 

time for the various runs on Figures 5* 6, and 7* Figure 5 

shows runs number 1, 2, and 3* which were conducted at oxygen 

pressures of 0.13 mm Hg, 1.0 mm Hg, and 2.0 cm Hg respectively. 

It is evident from these oxidation curves that the amount of 

oxidation at 719°C is a function of the oxygen pressure for 

pressures between 0.13 mm Hg and 2.0 cm Hg. A comparison 

of runs number 4 (Figure 6) and number 3> which were carried 

out at 10.6 cm Hg and 2.0 cm Hg oxygen pressure respectively, 

reveals only minor differences. Therefore, it appears that 

the rate of oxidation is independent of the oxygen pressure 

for pressures greater than 2 cm Hg. Figure 7 shows the 

oxidation curves for confirmation runs 5 and 6. 

The oxidation curves of Figures 5 and 6 were graphically 

differentiated to obtain oxidation rates, dW/dt. The logarithm 

of the resultant rates were plotted against the logarithm 

of ¥, the amount of weight gain due to oxidation, and the 

results are shown on Figures 8, 9* 10 and 11. At oxide 
p 

thicknesses above 90 /Kg/cm , the plot of run number 1 

(Figure 8) can be approximated by a straight line of slope 

n = -3 indicating a quartic growth law. For oxide thicknesses 
p 

below 90 /Kg/cm , the plot can not be approximated by a 

straight line. This region was replotted on semilog paper 

plotting the logarithm of the rate against W (Figure 12). 

The result is a straight line meaning that the logarithmic 



growth law is followed in this region. 

Run number 2, which was run at the next higher pressure, 

exhibits a plot similar to run number 1. However, the straight 

line with a slope of- minus three on log-log paper does not 
p 

occur until the oxide thickness reaches 120 Mg/cm (Figure 9)* 
p 

Again the region below 90 M.g/om plots as a straight line 

on semilog paper as shown on Figure 12. Therefore, the oxi¬ 

dation mechanism of nickel at the low pressures of 0.13 ram 

Hg and 1.0 mm Hg seems to obey the logarithmic growth law, 

W = log (K^t), until an oxide thickness of about 90-100 
p 

Mg/cm is attained and then it changes to a quartic growth 

law, = K t. 
q 

Oxidation runs number 3 and 4 were examined in the same 

manner. The oxidation rates plotted in a straight line for 
p 

oxide thicknesses below 90 xg/cm on semilog paper, see 

Figure 12, once again pointing to the logarithmic growth law 

during early oxidation. The log-log plot of oxidation rates 

versus weight gain produced a straight line for oxide thicknesses 
p 

greater than 90 x^g/cm', but the slope of the lines is -1.4. A 

slope of -1.4 does not conform to any well-known oxidation 

law, but it is closer to the slope corresponding to the 

parabolic law (n = -l) than it is to the cubic law (n = -2). 

At the upper end of the log-log plot for run number 4, oxide 
p 

thicknesses greater than 280 xxg/cm , the slope of the line 

changes to a minus one indicating the familiar parabolic growth 

law. There also appears to be a slight tendency for the slope 

of the curve for run number 3 to approach minus one. 
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While working with nickel at 1100°C, Campbell1 also 

found logarithmic and quartic growth laws. In his experiment 
p 

the transition from one law to the other occurred at 25 ^6<g/cm 

To evaluate the effect of the oxygen pressure upon the 

rate of oxidation, the logarithm of the oxygen pressure was 

plotted against the logarithm of the oxidation rate for two 

oxide thicknesses in the range of the logarithmic growth law, 

Figure 13. The rate was found to vary with to the 0.27 

power for oxygen pressures below 2.0 cm Hg. Above 2.0 cm Hg 

the oxidation rate was essentially independent of the pressure 

Wagner and Grunewald found that the oxidation rate of nickel 

in the parabolic region at 1000°C varied with the 6th root 
_2i 

of the oxygen pressure for pressures between 10 and 1 

atmosphere. 

The oxygen pressure differed in runs 1 and 2 by a factor 

of 7.7 and in runs 3 and 4 by a factor of 5.3. The difference 

in pressure between rims 2 and 3 was a factor of 20. This 

large pressure difference between runs 2 and 3 will later 

be used as a possible explanantion for the difference in the 

oxidation curves at high and low pressures. 

A value of the parabolic rate constant was computed 

using the parabolic range.in run number 4 from 260 to 

340 yUg/cm2. The resultant Kp was I.51 x 10
-11 g^cn/*" sec. 

It was plotted on Figure 14 to compare it with values obtained 

by other investigators. It compares quite favorably and lies 

approximately in the middle of the range of previously re¬ 

ported L's. The K obtained in this work is a factor of 
Q 

24 larger than that obtained by Gulbransen and Andrew0 in 
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195^. Possible explanations for this difference: are (l) 

the nickel used by Gulbransen and Anderson was much purer 

than that used in this investigation and (2) Gulbransen used 

abraded samples instead of electropolished samples. Gulbransen 

and Andrew have shown that electropolished samples may have 

25^ more oxidation than abraded samples under the same 

conditions. 

B. Interpretation of Results 

The theoretical model which best describes the results 

5 6 
of this investigation was proposed by Grimley and Trapnell 

in 1955* Cation diffusion is the rate controlling step and 

the model predicts a shift in the oxidation growth law from 

the logarithmic to the quartic law as the thickness of the 

oxide increases. 

The equation for the drift velocity of a charged species 

in a periodic lattice due to an electric field F is 

V' = 'i) ae-1^/^* 2 sinh (-§-zeaF/kT) (l) 

where = frequency of vibration 
a = jump distance 
z = charge of the ion 
U = the activation energy for diffusion in 

the absence of an electric field 

Since sinh x = ex-e-x, the following approximations can be 

made to equation (l) for different values of F/kT. In a 

high electric field where F]2£> kT, equation (l) becomes 

V' = l) ae -U/kT. 2 e ̂zeaF/kT (2) 

If the electric field is small, F <$CkT, equation (l) can 

be approximated by 
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V' (3) 

Another factor that strongly affects the form of the 

rate equation is oi = -eV/kT. V is the potential drop 

across the oxide and is related to the field F by 

where x = 0 at the metal surface and increases outward, 

cx is the term which interrelates the oxide thickness, the 

electric field F, and the concentration of the adsorbed 

species which produces the field. 

The model of Grimley and Trapnell assumes that the 

adsorbed species, which may be 0~, 0”, or 0~ , is in equi¬ 

librium with neutral pairs, charged ions bound to adjacent 

positive holes in the oxide. In the following derivation 

0” is assumed to be the field creating ion that is in 

equilibrium with neutral pairs (0~e©). Adsorption sites 

are indicated by DS and e/Ni represents electrons in the 

metal. The reactions involved in the adsorption process are 

V (4) 

io2 + ns (.0 e®) (i) 

□ S + + e/Ni = 0-ads 

(0~e©) + e/Ni = 0-ads (HI) 

(II) 

The respective equilibrium expressions are 

1 

n(0~e®) = P2(02) ‘ n( □ S) * Kj. 

1 

n(0") = P2(02) • n (DS) * KI]; • e 

n(O') 
III 

n(0"e«) * K. 
-cx 

-Of 

(5) 

(6) 

(7) 
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n(0 ), n(DS), n(0 e©) are surface concentrations, and the 
_ oi 

e terms come from the change in electrical potential 

involved in the transfer of a charged species across the 

oxide. The electric field is assumed to be constant 

across the oxide and is related to V and n(0_ads) by 

F = -V/X = 4Tre n(0~ads)/e (8) 

where £ is the permittivity. 

The fraction of the surface covered by charged ions is 

given by 

9 = n(0“ads)/N = - €V/47TeNX = cxA/X (9) 

\ O 
where A= €kT/47Te N, and N equals the total number of ad- 

2 
sorption sites per cm , which equals the sum of vacant sites, 

neutral pairs, and adsorbed ions. Then by substitution from 

the equilibrium expressions; 

9 = P^(02) ‘ K][I e-<*/ (1+P^(02) KJI e-c*+ P^(02) Kj) (10) 

Grimley and Trapnell state that even in a hard vacuum the 

number of vacant sites is small compared to either the number 

of neutral pairs or adsorbed ions so 

e-<*/ (KIIIe"°<+l) = «Vx. (11) 9 = K III 

since = K^^/Kj. 

Equation (ll) can be approximated in several ways under 

various limiting conditions; 

(a) 9 <<C 1, then 

9 = ocA/X ^ (12) 

(b) 9 1,«<C1, then 

= o<\/x ^ KX11 9 (13) 
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(c) 9 = 1, ( n(0-ads) = N ) 

9 = cxA/X = 1 (14) 

Now consider the situation that leads to the logarithmic 

growth law. This is the very thin film region where the 

drift velocity of a charged particle is governed by 

equation (2). The conditions for using equation (2) are 

a very strong field and X«C X, where X = ea Ivl/kT = a<x . (15) 

Cation vacancies are formed by the reaction 

i02 + 2(e/Ni) = NiO + Dc(X) (IV) 

where Dc(X) = cation vacancies at the gas:oxide interface. 

The equilibrium expression is 

nD (X) = P^(02) * KIV ‘ e“2o< (l6) 

Since the oxide growth rate is proportional to the product 

of the vacancy concentration and the drift velocity, 

dX/dt = k1? P^(02) KIV e -°<(
2-a/X) (17) 

This equation becomes logarithmic under two conditions. 

(1) If the surface is saturated with charged ions, 

9 = 1, then (14) applies and o<= X/\ 

therefore dX/dt = k^ P*(C>2) e"^
2//^ (18) 

(2) If oc<l and 9 <1, cx = X/A 

and =k17p2(o2) KIve^
a//^^Km^ e"^

2KII3/^X 

As the oxide continues to grow and X gets large with 

respect to A but remains smaller than A and A , the oxide 
O X 
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film advances into the thin film region. In this region of 

a reduced electric field the drift velocity of charged ions 

is proportional to the electric field and equation (3) is 

applicable. Thermal diffusion is also important and must 

be taken into account. The flux of vacant cation sites is 

given by 

JQ = -Dn dnn (x)/dx + 2nn(x) v^V/X (24) 

where JQ = ionic flux of cation vacancies in 
vacancies/area.time 

Dn = diffusion coefficient 
VQ = mobility of the vacant cation sites 

In the steady state of oxide growth the flux of cation 

vacancies is independent of x. Equation (24) can be solved 

with the assistance of Einstein's equation, v^/D^ = e/kT, 

to give 

JD = (2Ibo/X).(no(x)e
ao«/x--na(0) )/(eSotx/X-l) (25) 

At x = X, nj-](x) = nj-j (X). The flux of cation vacancies is 

related to the rate of oxide growth, dX/dt, by XI, the volume 

of NiO per metal ion. Then equation (25) becomes 

dX rs 2c< Dn XI / / v \ 2 0( / _ \ \ // 20( \ f r\C \ 

dt  X (n □ (^-)e “ nD (0) )/(e -1) (26) 

Under the following limiting conditions, equation (26) 

transforms into a quartic equation. Ifo<^>l and nj_j(X)>n^(0), 

then ng(X) e ))5$>nQ(0) and equation (26) yields 

d| = gDD.« XI (nn(x)) 
X (27) 

The concentration of cation vacancies at the outer surface 

of the oxide can be obtained from (l6) and 
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dX = 

dt 

If 9«1, e 

equation. 

dX = 

dt 

2DD«nP
2(02) KIV e 

-2cx 

X 
(28) 

-2<* 
comes from (12) and (28) becomes a quartic 

2DDO<3ilp2(02) KIV X2 

K' 
III 

X -3 
(29) 

x» X; x«XQ, XXJ c*»ij e « i. Conditions: 

By plotting log cX versus log X/X for various values of 

Km* Grimley has shown that c* increases linearly With X 

for small values of oc. For large values of o< , cx is 

independent of X. Therefore, <x is constant under the 

conditions stated for equation (29). 

Campbell'*' has stated that condition two for the loga¬ 

rithmic law Is not feasible. Therefore, in order to have 

a shift in oxidation laws from logarithmic to quartic, a 

condition chance from 9=1, X«X to 9«1,<X»1, X^>X 
must occur. The X, )( relation is easily explained by. the 

thickening oxide layer. The 9 and <X changes can be explained 

in the following manner. At small values of X,o<is small in 

accordance with Grimley's graph and cx increases linearly with 

X ( o<X/X = l). Here V (V = -o<kT/e) increases and F(F= -V/X) 

remains constant. As o< gets larger, c* becomes independent 

of X. Now V remains constant and F and 9(9= <xX/X) both 

decrease. 

In Campbell's experiment, the shift in laws from logarithmic 

2 
to quartic was observed at 25/Mg/cm . In this experiment the 

shift occurred at 90-100 Mg/cm . There are two factors which 

help to explain this difference. Recall that X = eaV/kT. 
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Therefore,, the difference in temperatures of the two experi¬ 

ments would cause the found in this observation to be 1.4 

times as large as that found at the higher temperature. Also 

at small cx, V increases with X and this would cause an 

additional lengthening of X!. 

At 1200°C, Campbell calculated that \ and \ were 
O X 

p p 
equal to 120 Mg/cm and 25 Mg/cm . Grimley stated that 

both X and X increase rapidly with decreasing temperature 
O X 

p 
so the quartic region between 100 and 200 >tg/cm would seem 

to fit the requirement that X«\A) \v. O X 

The thickness of the boundary layer at the oxide:gas 

interface, \ , is given by 

x P i (30) 
\x = (6RT/24TTed nn(i) )2 

where i indicates conditions at the inside boundary of the 

boundary layer. For the reaction 

^02 + 2(e/NiO) = NiO + (Nin ) + 2(e«) (31) 

n □ = nQ Q P
l/6(02) where 

nn o = concentration at 1 atmosphere Og pressure. 

Therefore, \ is proportional to If the pressure 

is increased by a factor of 10 then \ decreases by 18^. 
X 

X 
In the logarithmic zone, the factor P2(02) arose from 

the equilibrium expression for nD(X) , the concentration of 

cation vacancies at the oxide:gas interface. The surface was 

assumed saturated with charged ions (9 = l), and therefore, 

the electric field is independent of the pressure. The rising 
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concentration of cation vacancies at the oxide:gas interface 

together with X decreasing as the pressure of oxygen 

increases serve as a basis for explaining the transition 

region between the logarithmic and parabolic growth laws 

found at the high oxygen pressures. At high pressure, 

the concentration gradient is such that it almost dominates 

2 
the reaction in the transition zone from 100 to 300/Mg/cm . 

2 
Above 300 Mg/cm the parabolic law becomes firmly established 

and X>X0* Xx- 

C. Summary 

The logarithmic growth law, W = log (K-^t), occurs during 

the early stages of oxidation at 719°C until the oxide thickness 
2 

reaches about 90 Mg/cm . This oxide accumulation requires 

20 minutes at 1.0 mm Hg of oxygen pressure and only 6 minutes 

at 2.0 cm Hg. At the low oxygen pressures of o,13 and 1.0 

mm Hg the growth law changes from the logarithmic to the 

4 
quartic law, W = K t, when the oxide attains a thickness of 

Q. p 
approximately 90-100/Mg/cm . The growth law shifts from a 

. p 4 \ 
logarithmic to a near parabolic growth law (W " = K^t) at 

the higher pressures of 2.0 and 10.6 cm Hg when the oxide 

thickness reaches 90 Mg/cm , and finally becomes a true 
2 2 

parabolic growth law (W = K^t) at about 300 Mg/cm . 

The amount of oxidation shows a positive pressure de¬ 

pendence for pressures up to 2.0 cm Hg. At pressures above 

2.0 cm Hg the oxidation appears to be independent of oxygen 

pressure. 
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If the model of Grimley and Trapnell correctly applies 

to this investigation, the final conclusion is that the 

adsorbed species seems to be 0" or 0g in equilibrium with 

neutral pairs because only 0~ or Og together with neutral 

pairs will produce a quartic law. The existence of 0~ 

in equilibrium with neutral pairs would cause the e_0< 

in equation (12) to become e- and a cubic equation would 

result. 
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FIG. 6 OXIDATION CURVE 



FIG. 7 OXIDATION CURVES 
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FIG. 8 OXIDATION RATE 1 
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FIG. 9 OXIDATION RATE 2 
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FIG. 10 OXIDATION RATE 3 
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FIG. 11 OXIDATION RATE 4 



• U
T

U
I 

uio /b'n) 
42 

FIG. 12 SEMILOG PLOT OF 
OXIDATION RATES IN THE 

LOGARITHMIC REGION 
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(°C) 

499 560 635 727 887 977 1156 1394 

A - Goldbeck 

B - Pilling & Bedworth 
C - Matsunaga 

D - Kubaschewski & Goldbeck 

E - Moore 

F - Gulbransen & Andrew 

O - Present Work 

FIG. 14 PARABOLIC RATE CONSTANT 
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NOMENCLATURE 

a 

D 

F 

JD 

K 
I, II, III, IV 

KI 

K
E 

K 
c 

k 

N 

R 

U 

V 

V' 

VD 

W 

X 

z 

or 

£ 

X 
X 

o 

Jump distance between particles in a lattice 

Diffusion coefficient of cation vacancies 

Electric field 

Ionic flux of cation vacancies 

Equilibrium constants 

Logarithmic rate constant 

Parabolic rate constant 

Quartic rate constant 

Boltzmann constant 

Total number of adsorption sites per area 

Cathetometer reading 

Activation energy for diffusion in the absence 
of an electric field 

Potential drop across the oxide 

Drift velocity of a charged particle in a 
periodic lattice 

Mobility of cation vacancies 

Weight gain due to oxidation 

Oxide thickness 

Charge of ion 

Factor of oxidation equations (-eV/kT) 

Permittivity 

p 
Factor in oxidation equations ( 6kT/47Te N) 

Thickness of the electric boundary layer at 
the oxide:metal interface 

Thickness of the electric boundary layer at 
the oxide:gas interface 
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X- Thin oxide thickness characterized by a high 
electric field 

V Vibration frequency of a lattice particle 

n. Volume of NiO per metal ion 

e Fraction of charged surface covered by charged 
ions 

□ or □ c Cation vacancy 

□S Vacant adsorption site 

e$ or Ni+++ Positive hole 
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APPENDIX 

SUMMARY OF EXPERIMENTAL DATA 

1. Sample Number   1 

Oxygen Pressure 0.13 mm Hg 

Temperature 719°C 
O 

Area of Sample  3.786 cm 

Time Reading, R (VR) (W-Wq)/A 

(min) (mm) (Am) Cng/cm2) 

0 : .31.313 _ _ _ — 

1 31.098 215 11.9 
2 30.941 :-372 20.5 
3 30.840 473 26.1 
4 30.727 586 32.3 
5 30.681 682 37-6 
6 30.534 779 42.9 
7 30.456 857 47.2 
8 30.391 922 50.8 
9 30.327 986 54.3 

10 30.265 1048 57-7 
ll 30.188 1125 61.9 
12 30.145 1168 64.2 
13 30.093 1220 67.2 
15 29.981 1332 73.2 
17 29.895 l4l8 78.2 
19 29.810 1503 82,7 
21 29.730 1583 87.2 
23 29.667 1646 90.7 
26 29.588 1725 95.0 
28 29.514 1799 99.1 
31 29.422 1891 104.1 
34 29.364 1949 107.4 
37 29.289 2024 111.4 
4o 29.241 2072 113.9 
43 29.178 2135 117.5 
46 29.111 2202 121.1 
49 29.070 2243 123.6 
53 29.000 2313 127.1 
58 28.950 2363 130...1 
63 28.900 2413 132.7 
66 28.864 2449 134.8 
69 28.837 2476 136.2 
74 28.791 2522 138.9 
79 28.727 2586 142.2 
84 28.690 2623 144.4 
89 28.630 2683 147.8 



49 

Time Reading,R (R0-R) (W-Wq)/A 

(min) (mm) (M m) (Mg/cm2) 

94 28.620 2693 148.1 
99 28.585 2728 150.0 

104 28.546 2767 152.2 
109 28.522 2791 153.5 
114 28.482 2831 155.6 
120 28.462 2851 156.8 

2. Sample number   2 

Oxygen Pressure 1.0 mm Hg 

Temperature 719°C 

Area of Sample  3.850 cm2 

Time Reading,R (R0-R) (W-Wq)/A 

(min) (mm) (Mm) (ag/cm2) 

0 27.903 — 

1 27.663 240 13.0 
2 27.448 455 24.6 
3 27.286 617 33-4 
4 27.163 740 40.0 
5 27.034 869 47.0 
6 26.924 979 53.0 
7 26.833 1070 57.9 
8 26.757 1146 62.0 
9 26.681 1222 66.1 

10 26.603 1300 70.3 
11 26.544 1359 73.5 • 
12 26.480 1423 77.0 
14 26.369 1534 83.0 
16 26.266 1637 88.5 
18 26.167 1736 93.8 
20 26.090 1813 98.1 
22 25-995 1908 103.1 
24 25.922 1981 107.2 
26 25.832 2071 112.0 
28 25.783 2120 113.7 
31 25.673 2230 120.7 
34 25.591 2312 125.0 
38 25.46o 2443 132.2 
42 25.370 2533 136.9 
46 25.297 2606 141.0 
50 25.204 2699 145.9 
54 25.l4l 2762 149.3 
58 25.089 2814 152.0 
63 24.989 2914 157.4 
68 24.907 2996 161.8 
73 24.840 3063 165.7 



Time Reading, R (VR) (W-Wq)/A 
(min) (mm) (/urn) (Mg/cm2) 

78 24.748 3155 170.5 
83 24.688 3215 173.8 
88 24.641 3262 176.4 
93 24.569 3334 180.2 
98 24.521 3382 I83.O 

104 24.471 3432 185.3 
110 24.394 3509 189.7 
115 24.364 3539 191.2 
120 24.319 3584 194.0 

Sample number   3 

Oxygen Pressure   

Temperature   . . 719PC 

Area of Sample  

Time Reading, R (R0-
R) (W-Wo)/A 

(min) (mm) (Mm) (Mg/cm2) 

0 25.566 — — 

1 25.063 503 29.4 
2 24.730 836 48.9 
3 24.483 1083 63.3 
4 24.302 1264 73.9 
5 24.156 1410 82.4 
6 24.019 1547 90.5 
7 23.918 1648 96.4 
8 23.811 1755 102.4 
9 23.711 1855 108.5 

10 23.624 1942 113.5 
11 23.527 2039 119.1 
12 23.437 2129 124.4 
13 23.355 2211 129.2 
14 23.261 2305 134.9 
15 23.183 2383 139.4 
16 23.121 2445 143.1 
17 23.055 2511 146.8 
19 22.930 2636 154.1 
21 22.799 2767 161.9 
23 22.690 2876 168.1 
25 22.589 2977 174.1 
27 22.476 3090 180.7 
29 22.372 3194 186.7 
32 22.226 3340 195.2 
35 22.089 3477 203.2 
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Time Reading, R (R0-R) (W-Wq)/A 
(min) (mm) (am) (Mg/ cm2) 

38 21.960 3606 210.9 
42 21.786 3780 220.9 
47 21.598 3968 231.8 
52 21.408 4158 243.1 
57 21.258 4308 250.8 
62 21.098 4468 261.4 
67 20.946 4620 270.1 
72 20.787 4779 279.4 
78 20.612 4954 289.6 
84 20.451 5115 299.4 
90 20.317 5249 306.8 
97 20.160 5406 316.4 

104 20.026 5540 323.4 
ill 19.877 5689 332.3 
120 19.696 5870 343.0 

Sample number  .... 4 

Oxygen pressure  

Temperature   ... . 719°C 

Area of Sample   

’ime Reading, R (R0-R) (W-Wq)/A 
min) (mm) (am) (tig/ cm2) 

0 29.927 r _ _ 

1 29.347 580 30.0 
2 29.000 927 47.9 
3 28.757 1170 60.5 
4 28.555 1372 71.0 
5 28.395 1532 78.3 
6 28.233 1694 87.7 
7 28.097 1830 94.7 
8 27.944 1983 102.7 
9 27.845 2082 107.8 

10 27.726 2201 113.9 
11 27.632 2295 118.8 
12 27.530 2397 124.0 
13 27.439 2488 128.7 
14 27.341 2586 13410 
15 27.268 2659 137.5 
16 27.180 2747 142.2 
17 27.091 2836 146.7 
18 26.016 2911 150.7 
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Time Reading, R (Hc-R) (W-Wq)/A 

(min) (mm) (/Mm) («.g/cm2) 

20 26.879 3048 157.8 
22 26.749 3178 164.3 
24 26.616 33H 172.3 
26 26.496 3431 177.5 
28 26.391 3536 I83.O 
30 26.274 3653 I89.O 
33 26.121 3806 197.0 
36 25.984 3943 204.0 
39 25-857 4070 210.8 
42 25-724 4203 217.4 
46 25-555 4372 226.0 
50 25.389 4538 234.6 
55 25.197 4730 244.5 
60 25.016 4911 254.0 
65 24.841 5086 263.5 
70 24.664 5263 272.0 
75 24.511 5416 280.0 
80 24.370 5557 287.5 
85 24.210 5717 295.6 
91 24.041 5886 304.5 
95 23.908 6019 311.0 

100 23.782 6145 318.1 
105 23.644 6283 325.5 
110 23.511 64l6 332.2 
115 23.386 6541 338.0 
120 23.257 6670 345.0 

5. Sample number   5 

Oxygen pressure   1.0 mm Hg 

Temperature . . • 719°C 

Area of Sample  3-772 cm2 

Oxygen pressure   1.0 mm Hg 

Temperature . . • 719°C 

Area of Sample  3-772 cm2 

Time Reading, R (R0-R) (W-W)/A 

(min) (mm) C«m) 
^ O 

U<g/cm ) 

0 20.666 __ 

1 20.429 237 13.1 
2 20.214 452 25.0 
3 20.059 607 33.6 
4 19.919 747 41.3 
5 19.815 851 47.0 
6 19.718 . 948 52.4 
7 19.635 1031 57.0 
0 19.559 1107 61.2 
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Time Reading, R (R0-R) (W-W )/A 

(min) (mm) Cum) 
Q 

Cug/cm ) 

9 19.479 1187 65.6 
10 19.411 1255 69.4 
11 19.345 1321 73.0 
12 19.300 1366 75-5 
13 19.234 1432 79-1 
14 19.173 1493 82.5 
16 19.076 1590 87.9 
18 18.973 1693 93.5 
20 18.884 1782 98.5 
22 18.803 1862 103.0 
24 18.738 1928 106.5 
26 18.661 2005 109.8 
28 18.603 2063 114.0 
30 18.550 2116 116.0 
33 18.461 2205 122.0 
36 18.386 2280 126.0 
39 18.323 2343 129.5 
42 18.247 2419 133.5 
46 18.173 2493 137.8 
50 18.097 2569 141.8 
54 18.010 2656 147.0 
58 17.945 2721 150.4 
61 17.888 2778 153.5 
66 17.810 2856 158.0 
71 17.714 2952 163.O 
76 17.634 3032 167.5 
81 17.555 3111 171.9 
86 17.490 3176 175.6 
91 17.438 3228 178.1 
96 17.385 3281 181.5 

101 17.334 3332 184.0 
107 17.275 3391 187.6 
ill 17.221 3445 190.1 
116 17.176 3490 192.8 
120 17.141 3525 195.1 

6. Sample number   6 

Oxygen pressure 2.0 cm Hg 

Temperature 719°C 

Area of Sample 4.052 cm^ 

Time Reading, R (RQ-.R) (W-W )/A 

(min) (mm)  (>um) Cug/cm^) 
0 28.886 
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Time Reading, R (R0-R) (W-Wq)/A 

(min) (mm) C«m) U<g/cm2) 

1 28.284 602 31.0 
2 27.943 943 48.5 
3 27.694 1192 61.3 
4 27.487 1399 72.0 
5 27.315 1571 80.8 
6 27.163 1723 88.6 
7 27.014 1872 96.3 
8 26.876 2010 103.4 
9 26.759 2127 109.4 

10 26.662 2224 114.4 
11 26.547 2339 120.4 
12 26.449 2437 125.3 
13 26.359 2527 130.0 
14 26.257 2629 135.2 
15 26.175 2711 139.4 
16 26.109 2777 142.7 
18 25.953 2933 150.8 
20 25.801 3085 157.7 
22 25.658 3228 166.0 
24 25.547 3339 171.6 
26 25.423 3463 178.0 
28 25.318 3568 183.5 
30 25.182 3704 190.6 
33 25.021 3865;-. 198.8 
36 24.857 4029 207.0 
39 24.720 4166 214.1 
42 24.585 4301 221.0 
46 24.4l4 4472 230.0 
50 24.265 4621 237.4 
55 24.074 4812 247.0 
60 23.905 4981 256.0 
65 23.731 5155 265.0 
70 23.560 5326 273.5 
75 23.422 5462 281.0 
80 23.267 5619 289.0 
85 23.124 5762 296.5 
90 23.000 5886 302.5 
95 22.873 6013 309.4 

100 22.761 6125 315.0 
105 22.633 6253 322.0 
110 22.516 6370 328.0 
115 22.416 6470 332.5 
120 22.306 6580 338.0 


