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FOREWORD

The research reporied herein was sponsored by the Air Force
Office of Scientific Research of the Office of Aerospace Research under
Contract AF 49(638)-1487 and was monitored under the technical super-
vision of Mr. Milton Rogers (SREM), AFOSR. The work was performed
by the Aerodynamic Research Department of the Cornell Aeronautical
Laboratory. Inc. This technical report describes research performed

during the period 1 December 1964 to 31 December 1967. Since this contract
was esgentially a continuation of the previous Contract No. AF 49(638)-782,

much of the work herein described is based on the background obtained
during that earlier period, although a final report was igsued at the end
of that period. A list of reports and papers resulting from these contracts

is appended to this report.

The author wishes to acknowledge the excellent technical assistance
of Mr. J. L. Rasingki in carrying out these experiments and the vaiuable

discussions with, and suggestions of, Dr. Sang-Wook Kang.
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ABSTRACT

A study has been mrde of the initial interaction of atomic exygen
with various metals in steady flows which provide a step-function increase,
or pulse, in the atom concentration. The otservations have been made by
meansg of thin-film resistance thermometry. The results arc presented

under three categcries as follows:

Surface recombination efficizncies ( 2 ) have been measured as a

function of exposure timne in pulses of oxygen atoms over various metsls
in Oseen flows. Cylindrical, circumferentially-coated, thin-film resistance

thermometers were used to determine the rate of heat transfer. The rela-

tionship between the surface and free stream concentration of oxygen atoms
was obtained by means of the mathematical analogy between heat and mass

transfer. It was possible to use reiatively high partial pressures of atemic

oxygen and carrier gas {1% atomic oxygen in a flow pressure of 4 to 6 mm Hg
of an Ar-O2 mixture) which are important tothe accuracy of the measure- b
ments of many of the parameters involved. Under these conditiens, the
dependence of ¥ on exposure time was obtained as a function oi time for
periods up to several seconds. Each of the metals investigated exhibits
a markedly different time history of ¥ during the period of initial gas-solid
interaction, and the ¥ of each mietal eventually reaches a final but different
stable-state value. The final values are 0.12, 0,03, 0.017%, 0.0085, 0.007,

or Ag, Cu, Fe, Ni, Al, and Au respeciively, which values are

generally lower than those previously reported. Reasons for these differences

are presgented.

Atom concentrations have been measured in pulsed or step-function

flows of atomic oxygen. This has been accomplished by employing thin-film
heat transfer gauges along with the NOZ titration technique, which normally
makes use of a visual radiation end point. In the present work, the gauges

have been used to detect the atoms remaining after various known fractions

have been removed by NOZ' A curve results which can be extrapolated to

obtain an accurate end point. A number of determinations made in this way
are pregented., In addition, it is shown how this technique can be applied to
the determination of homogeneous atom decay rates.

iii




The rate at which the recombination heat transf{er on a newly

exposed metal reaches its peak in a step-function flow of atomic ox gen
hayg been interpreted in terms of the rate at which the catalytic oxide
initially forms. The rates have been measured for two different serics

of heat tranafer-time histories involving Ag, Cu, Fe, I\i, and Au. In

addition, a relutionsnip has been shown to exist between the iute of oxida-

tion and the heat of sublimation of the metal.
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LIST OF SYMBOLS

U diffusion constant for O atoms into an Ar—OZ mixture

(cm2 sec-l)

i Eqce energy of activation (kg cal mole™! 'C-l)

FA.—-OL flow rate of Ar-O, mixture (mole svc'l) :
4 sullave 1ecombination efficiency or fraction of atoms colliding i
. with 4 surface which reco:nbines ;
G mass rate of atoms recombining on surface (g em™? sec™h)
AHS heat of sublimation (cal g-mole-l) !
Mcos atomic weight of oxygen
MAr-O,_ molecular weight of Ar-OZ mixture
ng mass fraction of O atoms in gas, at s -face
Mo mass fraction of C atorns in gas, in the free stream
. /th Nusselt number w
N pp mass transfer Nusselt number (=Sh)
ﬁo] partial pressure of atomic oxygen in the free stream (mm Hg)
y total pressure of free stream {(mm Hg) J
f‘:" heat-tranefer rate (cal em™? sec'l) ;
/? gas constant
pt:t total density of free-stream flow (g cm"3) i
Sh Sherwood nomber = Nu__
& angle from direction of axial flow l
T time
Z;/c time for g to reach //¢ of maximum
L linear flow velocity at gauge coordinate (cm sec'l)
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I. INTRODUCTION

The rescarch described in this report is the result of an effort to
studv any unique features which might exist for oxygen atom-metal inter-
actions during initial contact, in contrasgt to their steady-statc behaviour.
The principal characteristics studied were the changes that occurred in
surface recombination cfficiency, ¥, during the initial reaction between
the atom and the metal film as brought about by imposing a step-function
increase. or pulse, in oxygen atom concentration on an argon-maolecular
oxygen flow. The results and their interpretation nave been divided into
three sections, in the following discussion, which describe: (1) the effect
of the duration of initial exposure to oxygen atoms on the value of ¥ , for
a given metal, (2) the manner in which a critical parameter, the oxygen-
atom concentravion during the pulsed atomn flow, was mecasured and (3) an
interpretation of the exposure-dependent values of % in terms of the rate

of surfac¢ oxidation.
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1. EXPOSURE-DEPENDENT SURVACE RECOMBINATICON EFFICIENCIES
IN FLOWS CONTAINING STEP-FUNCTION INCREASES IN
OXYGEN ATOM CONCENTRATION

Prior to observations of surface catalyzed atom recombination in

- . . . . 1,2
steady flows containing step-function increascs, or pulscs, in atomic oxygen,

all such studies, including measurcments of the efficiency ¥, were made

- 4,
under steady-state conditious. >

Under these conditions, 7 was not determined until the parameters
measured had reached limiting values, a process requiring many minutes
and ugually a aignificant fraction of an hour of exposure of a mctal to atomic

oxygen. Howecver, as was shown qualitatively in previous papers, most
of the interesting changecs in surface chemistry which actually determine both
the initial and ultimatec or stable-state value ot 7, all take place in the first
several hundred milliscconds of metal-oxygen atom interaction. It is, there-
fore, onc of the purposes of the paper to present the absolute values of 7,
measured by thin-iilm resistance thermomeiry, as a function of exposure-
time during this early 'conditicning" - xposure to atomic oxygen. This has
been done for a number of metals each of which is shown to have its ovn
unique time history of 7 during this initial gas-solid interaction. A final

or stable-ztate 7 of the metal is then presented and an attempt made to

correlate thege values of § wita the state of oxidation of the metal.

A second purpose of this paper is to present thec new or unique
aspects of the theoretical and experimental approach used tc obtain some
of the fundamental parameters necessary for the calculation of 7 . The
only previous measurementj of & in step-function flows was made at the
stagnation line of « cylinder (or sphere) which entailed a theoretical solu-
tion valid only for low diffusion Reynolds numbers. The present researth
makes use of a circumferenticl thin-film resistance thermometer wkich
€r, g, around a
cylinder. This makes feasible the use of much higher (by almost an order
of magnitude} pressures both total and atomic, whicn vield higher q's from

which & can then he calculated
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An imiportant sidelight of this rescarch is the quantitative evidence
found for the transfer of cnevgy from excited species (o the catalytic aurfice
when 100% oxygen is ustd as the flow gas, as has becen the case in most
previous studies of the surface recombination of atomic oxygen. This un-
desirable effect has Leen chiminated here. for heterogencous phenomena,

by the method reported by Clyne, McKenney, and Tl:rushb (CMT) for

homogeneous studies, viz., the use of oxygen diluted by argon,

The technique and theory employed and the observations and their

interpretations are described in this section.

A. Expcrimental

The basic apparatus used in this research has been described
previously. However, since scveral important changes have been made
. . . . . * L .
a schematic diagram is shown in Fig. 1. The principal change was in

the probe itself on which were fired narrow circumferential bands of

platinum {l. 5 mm wide) covering some 270° of the pyrex cylinder cir- !
cuinference, instead of the stagnation line gauges formerly used. These
were coated with fired titanium oxide sometimes reinforced with a baked
silicone resin film. The foils, or evaporated films in the case of the
aluminure, coverad several mm above and below the band. The fired
silver leads also were insulated by the baked silicone mentioned above,

The probe was flush mounted into the pyrex tube by means of teflon holders,

since 1t wag found that any cat.ties attected the results guantitatively.

While the platinum and titanium dioxide were only 0.1 u thick
as before, the foils were as thick as i u except for the very thin coating
of evaporated aluminum. The thicker foil was found to have no effect on

the response-time involved in these experiments.

A rigorous quantitative basis was necessary for these determina-

l tione. The flow parameters which required accurate measurement were

- the following: ’ZDJ the partial pressure of atomic oxygen;,i.?ot the total
pressure, and [;4' 0, the molal flow rate. The most difficult of these
=V

. measgurementg was that of the atomic oxygen. This was accomplished by

! e e A—

*A detailed drawing is shown in the Appendix in Fig. A-l.
3
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a variation of the NO2 titration technique which, since it will be described
elsewhere in thia report in detail, is indicated here only in bricf outline.

The atomic oxygen was reacted with various flows of NOZ let in at the point
indicated in Figure 1. However, instead of conventionally following the after-
glow, the atoms remaini. g were detected by a catalytic thin film gauge as
previously deacribed. This provided a dependable and sensitive measure

for the end point. The small flows of NO2 measured were of the order of

1077 to 1078 mole gec” !

The total pressurec was measured by means of a pneumatic pressure
transmitter which provided, on a mercury manometer, magnified values for
the pressure region of interest. The molal flow rate was determined by
observing the pressure differential across a capillary and relating it to
volume flow by calibrating the diffevential against the pressure rigse in an
evacuated reservoir of known volume. The gas used throughout these
studiee for the {inal determination, a rixture of 10% oxygen in argon, waeg

commercially obtained and consisted of ultra-high purity components only,

The measurement of g, the heat-transfer rate, was carried out
as previously described. Summarizing briefly, the thin-film gauges were
calibrated by measuring their resistaice as a function of temperature when,
in protective containers, they were immersed in thermos*atically controlled
water baths. During observations, an electronic analog r :twork converted
the changing regisiance directly tc heat-transfer rates. The temperature
coefficient of resistance of the gauge and an electronicaliy-produced standard
of g were used to calibrate the oscilloscope deflection in terms of absolute

values of heat transfer.

A number of refincments were made in the radiofrequency (RF)
pulsing apparatus which improved the reproducibility of atom production,
These included plastic spacers piaced ..ween the ring electrodes and the
glass to maintain circular symmetry, cluse control of room temperature
and finer measurements of RF input voltage. It was shown, in the course
of the invest';ation, that the effect of temperature on the partial pressure
of atcmic oxygen was not negligible, being of the order of several tenths

of a percent pex *C. This obrervation became possiblc only when the

4
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determination of Jzaj was improved to the extent that the percent error was
3to 5%. The accuracy of the pressure and flow parameters measured was
approximately t 1% whiie that for g was 1 2 to 3%. A typical determination
of ¥ va Z was made by first evacuating (usually to 10—6 nim Hg) and out-
gassing the system containing the probe with its freshly applied 360° band

of pure-metal foil previously washed and degreased. The band of foil over-
lapped the thin-film by several mm on top and bottom and the probe was
placed at the location where the NOz jet is indicated in Fig. 1. The mixture
of 10% oxygen in argon was then allowed to flow for several minutes at a
constant prese .re and velocity. The step-function of atomic oxygen was
imposed on the flow by pulsing the RF field for several hundred milliseconds
resulting in a tracc such as that illustrated by Fig. 1 for copper. This trace
provided a record of the initial é history of the metal over a several hundred
millisecond period. Additional pulses separated by interv.ls of several
minutes, were then applied until it was evident that a stable-state value of

E; has been obtained. -

B. Results and Discussion

The calculations of & from the measurements described herein
call upon the mathematical analogy between heat and mass transfer as
applied to the case of Oseen flow around a cylinder. If the mass fraction

of atomic oxygen Ms present in the gas at the surface of the circumferential

"
2
(¢
4]
o
"
i3
Q
2
:
3
LV
[p]
3
bt
[« 98
o
n
(4]

ples of first-order surface kinetics7' 8
7= &
@ Mg Y. (M, -0 )y (1)
t\ZgRT/ Mo

where the symbols are defined as follows:

G = rate of atom recomkination on catalytic metal surface
in g cm~™% sec”

Moy and /"kr_c; atomic and molecular weights of atomic oxygen and

the Ar-Q, mixture, respectively

= total pressure of the flow mixture of Ar-O
P
Cot 2
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Since it is not feasible to measure the atom mase fraction at the surface,

Mg . whereas it is possible to measure the mass fraction in the free stream,

iy . the proolem becomes one of determuining the relationship beiween s

and m, . This is given by the following expression which is simply a
definition of the mass transfer Nusselt number Num. usually known as
the She«rwood number, Sh

m = mgy — Y
.Sh(;m:D,‘1 (2)
where d = probe diameter

@ . = total mass density of the free stream
(]
]

), = diffusion constant for atomic oxygen intc the Ar-OZ mixture

While Sherwood numbers are not available as such, for the case
at hand which is that of average mass-transfer around a cylinder, an ex-
cellent group of determinations is available for heat-transfer Nusselt
numbers Nu under corresponding conditions of average heat-transfer
around a cylinder, 9 By virtue of the mathematical analogy between heat
and mass transfer, 1o Nu and Sh are numerically identical. The appro-
priate value of Sh for a given determination could then be found as a func-
tion of the Reynolds nurnber, Re, for the particular flow conditions used.

Values of Re in these studies fall between 5 and 10,

a for Dl?. were calcuiated with the aid of the Rrokaw
Alignment Charts l and are accurate to within a few percent so that the
diffusion constant is not the limiting factor in the accuracy of these

determinations. Values for DlZ were first calculated for O atoms into

pure oxygen and found to check within a few percent of the values deter

mined experix’menta}.ly12 using EPR.

The other parameters were determined as described i

1 the ex-
perimenta! section. The mass rate of atomic recombination, G, was
calculated from the measurement of q; My from the measured flow of
atomic oxygen, as derived from the modified NO, titration;pmt , the
total rreseure, from the direct transmitter measurement and FA,»OL ,
the total meial flow rate, from the flow calibration experiments. Cor-
rections or adjustments were made for the following factors:

6
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1. While the measurements made were to apply to the average
value around a cylinder (Sh for 360°), the gauge could not be
made to cover more than some 270°. A correction was made
by measuring the q profile as a function of the angle, @ , using
a stagnation-line gauge on a cylindrical probe. The measured
value of the average q for the circumferential gauge could then
be readily extrapolated to 360° to allow for the angle not covered

by thin-film. A typical g~® profile is shown in Fig. 2.

2. It was found that the atom concentration in the flow tube was not
quite uniform in the radial direction. A profile of é ecm)*
as a function of radial distance in the flow tube was obtained by
means of the circumferential probe. From this profile and the
known average value of Mg, a correction (~~10 to 20%) was applied
which was dependent on the distance {rom the tube axis at which the

circumferential gauge was uged.

3. In calculating Re, a knowledge of the axial flow velority profile
is necessary while the velocity available from volur. flow is the
average over the entire diameter. The necessary information
was obtained from the parabolic velocity profileythe symmetrical
existence of which was checked experimentally using the cooling of

the thin-film probes herein employed, as the diagnostic technique.

The 7 experiments were initially carried ocut w
flowing gas, as have been all previous studies (both steady- and non-steady
state) in which the ¥ for atomic oxygen was measured. After the experi-
mental procedure had been brought to its optimum accuracy, as described
in the experimental section, it became clear that evidence was present
for excess heating of the gauge, above that attributable to recoranbination.
This manifested itself in measurements with silver which has the highest 7
known. The calculation of ¥ used herein is quite sensitive, by virtue of

equation (2), to the value used for @ when ¥, and hence & , are high.

*This follows from equations (1) and (2).
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Thus, in the case of silver, it was found that ¢ was too high to
perm}t the substraction which is required by (2) to yield a positive value.
Since it is well known that discharges form excited molecular oxygen, O‘,_'el
{ 'A') this had originally been regarded as a likely source of the spurious
heating

It was at {irst believedz' 3 that the simuitaneous decrease of O
atoms and catalytic heating on the gauge, as the NO, flow rate was in-
creased, was evidence for the existence of heating due only to recombina-
tion. However, if the excited oxygen were de-excited in the gas-stream
when NOZ and the consequent reaction products were pregent, this previous
conclusion would be invalid. It was then noted that CMT were able to show
that 02’.l and its spurious kinetic effects could be eliminated by using mix-
tures rich in argon instead of pure OZ' Atom calibrations and g measure-
ments were therefore carried out with a mixture of 10% 0, in Ar and
compared with the results obtained with 100% 02. It had been noted carlier
that, with 100% OZ' the excess heating increased with RF voltage. This
could be ascribed to increased formation of 02*. A guantitative study of
this effect was made by measuring the ratio 9//207 (recombination heating
per atom) as a function of voltage since this should be constant in the
absence of non-recombinative heating from excited species. A plot of
the results with pure O, is seen in Fig. 3a. It was never possible, under
any conditions, to find a voltage sufficiently low to allow this ratio to be-
come constant. O ithe other hand, with a 90% - 10% mixture of Ar—OZ,

a plot such as that shown in Fig. 3b was obtained. As can be seen. there
i3 no problem in obtaining values for j/,?ﬂ which level out, even at high

voltages, in corroboration of the results of CMT.

All meagurements were made, therefore, with the Ar~0Z mixture.
Tae curves of § vas exposure time to the atom pulse are shown in Fig. 4.

They were obtained from a series of traces resulting from pulses of 300

——— — e
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msec duration, starting with previously unexposed metal and repeating
the pulses at regular time intervals until 7 reached a constant or stable-

+
state value. The data' corresponding to the stable-state values of ? are

given in Table L

Table I

DATA FOR STABLE-STATE VALUES OF ¢

Meral @t /m”"?) /)ol (cu%»*m") S (cnlf?gt") 7
Ag 5.73 0. 0838 0. U435 1.91 397.¢ 0.110
Cu 5.73 0.0838 0.0351 1.91 397.5% 0. 031
Au 5.66 0. 0856 0.0143 1.92 410.5 0. 0047
Fe 5. 66 0. 0856 0.0303 1.92 410.5 0. 0180
Ni 5.66 0. 0856 0.0210 1.92 410.5 0. 008%
Al 5. 66 0. 08546 0.0184 1.92 410.5 0. 07168

It is clear from these traces, that the forimation of the stable-state
catalytic oxide is a complex matter. In half the cases, over three seconds
total exposure to atomic oxygen is requires to forrn the final oxide. And
in no case is & final J high compared to that of silver, in line with the theory
pertaining to silver presented in a previous paper1 and contrary to some of

the earlier values for the 7 of copper. The reasons for this disagreement

4 P E K I
will be discussed st

107tly in conjunciion with Table IIL

In all cases except Ni, 7 decreases from an initial peak value
before going on to form its final stable-state value., Even in the case of
Ni, there is an early change of slope which may be evidence of an un-
resolved peak. Remembering frcm eq. (1), that # is a monotonic function
of g. part of the initial 4y may be attributed to the initial heat of formation

cf the oxide, e.g., Ag,U, at the surface. However, where the area under

* All metal foils had to be exposed, of necessity, to molecular oxygen
before the atom pulse was generated.

tThe complete data for these resulte are given in Table A-I of the Appendix.
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the curve is great, e.g., Ag, Cu and espe. ally Al, this involves much
n.ore total heat evolution (4H,, =./f(f ) than can be accounted for by
the formation of a few layers of silver or other oxides. * The only

possible source of 80 much energy is recombination and the most likely
explanation for why it dies out is that the catalytic oxide responsible is

an unstable one and is superseded by the final more stable one.

The final-stable-state values obtained for J are presented in

Table 1l and compared with data previous'y published.
Table 11

SURFACE RECOMBINATION EFFICIENCIES (7 ) FOR OXYGEN ATOMS

Metals Oxides
Greave313 Hartunian3 C,‘nreaves13 Dickens14
and Thompson & and and

Linnett Safron Myerson Linnett Sutcliffe
Ag 0. 24 0.15 0.116
Cu 0.17 0.15 0. 03 0.043 (Cu'?) 0,11
Fe 0.036 0. 017 0.0052 (Fe'3) 0. 0085
Ni 0. 028 0. 04 9. 0085 0. 0089 0. 0015
Al < 0,01 0. 007 0. 0021
Au 0. 005 0. 0058

The value given for Ag represents an average of 10 determinations.

Those of Greaves and Linnett13 and Dickens and SutcliffeH were deter-
mined by a steady-gtate technique while the other3 applied step-function
or pulse techniques. It will be seen that the rmost significant difference
is that the present results for metals are, in general, lower than those
obtained previously. It is believed that the principai reason for ihe dii-
ference is the extra heating produced by excited oxygen, as previously

disucssed, which deposits varying amounts of heat on a metal, dependent

*A typical calculation illustrative of this point may be found in Ref. 2.

10
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on the natur> of the metal or its oxide. It is perhaps significant that
agreement 18 better in the comparison of the present results, which are
believed to represent the stable-state oxide, with thoee obtained previoualy

for oxides, in spite of the fact that very small amounts of heat are i1nvolved.
It may well be that the contribution of excited oxygen is minimized by the

use of the bulk oxide in the steady-state work, as just menticned.

Other factors which may be involved in the difference, insofar
as comparison with step-function data are concerned, are the inherent
capacity for more accurate measurements of the parameters involved
herein, as provided by the higher pressures and the modified technique

for measuring oxygen atom concentratijons.

C. Conclusions

The early history of 7. the surface recombination efficiency, has
been studied as a function of exposure time to atomic oxygen, by observa-
tione made under conditions of relatively high pressures and by using small
percentages of oxygen in argon. It is necessary to apply the analogy be-
tween heat and mass transfer to determine the relationship between surface-

and free-stream atom concentrations.

11
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1II. THE DETERMINATION OF OXYGEN ATOM
CONCENTRATIONS IN PULSED ATOM FLOWS

This section of the report describes the determination of the
g2s-phase oxygen atom concentration through the application of a thin-film
gauge. as used herein, to the NOZ titration technique. In addition, it has
been shown that the gauge can be used to measurc the rate of disappearance
of atomic oxygen in homogeneous reactions such as 0 4 02 4 Oz-b 03 + 02.
This is in contrast to the usual function of this gauge as a detector of gas-

surface phenomena as illustrated throughout this program.

The requirements for measuring atom pulses of short duration
(0 to 300 msec) differ radically from those for steady flows in which studies
of atom concentration and recombination have previouely been made. It is
not poasible to run the discharge continuously with the power and electrode
configuration invoived and the linear flow rates are, in general, faster than
those used in afeady flows because of the need to maintain a sharp atom
front. These factors, along with the pulsed nature of the atom flow, pre-
clude accurate use of the afterglow visual titration mcthods. Here measure-
mente have been made, during the pulsed flows previously described, of the
free-stream oxygen atom concentration using, as a basis, the linear rela-
tionship between gsurface-recombination heat transfer and free-stream atom

concentration.

The many determinations of oxygen atom ¢oncenirations in flow
systems have all been made under conditions of continuous flow, except for
the pulsed flow studies of Hartunian. 3 The latter and many of those using
continuous atom flows have made use of the NOz titration technique for this

purpose. However, while the titration reaction

3
N
O
*
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=
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has buen used in the present case, it has bren found that a necesgsary
improvcmcnt* in accuracy could be achieved by using the th:n-film probes
developed herein, in place of the radiation end point method. By applying
the rapid responsc of the thin-filmi thermometer to the detection of the
atoms remaining downstream of a point where a known cxtent of reaction
(I) had taken place, a method was ¢volved that provided reliable and ac-

curate regults.

With the establishment of the gauge application described above,
it became relatively easy to develop a means of measuring the rate of

loss of atomic oxygen in gas-phase reactions such as

O +0, TM — 03 +M (1)

This involves only a measurement on the atomic probe heating at two
different points dewnstream of the electrodes, and the frec-stream
velocity at the gauge locatien. Preliminary observations of this type

of measurement were made before the elimination of 02* through the

use of Ar-O‘2 mixtures and prior to a number of other changes necessarvy
for the final determinations reported. Hence, no quantitative results for

homogeneous rates are reported.

A. Fxperimental

The basic components of the apparatus used in this work, such
as the probe and flow system, are essentially the sarne as those described
in Section 1I so that the configuration of the system used to perform the
present experiments also is shown schematically in Figure 1. A doughnut-
shaped spray-head with four small holes from which NO2 was allowed to
flow upstream, was mounted at a point in the flow tube at which the con-
centration was to be determined. The detailed apparatus used for N')Z
calibration is shown gschematically in Figure A-2 of the Appendix. The
very small flows of NO2 were measured precigsely by means of a separate
system. The NO‘a flow was calibrated by measuring its pressure drop

across a capillary 6" in length and 0. 017" in diameter, and relating the

% .
This improvement was mandatory for the measurements of § previously
described.
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drop to the flow rate. The flow itself was measurced by following the
pressure change in a {ixed volume., Sensitive pncumatic transmitters with
stainless steel diaphragms were used throughout to measure pressures.
The serious errors introduced by manometer fluids were thus completely

eliminated.

The thin-{ilm probe was placed 8 cm downstream of the NO2
jets and provided a rmecasure of the atom concentration after removal of

a given {raction by NO,. In anactual expcriment, the NO, flow was firat
stabilized at a deaired value. The atom pulse or step function was then
formed by rapid application of the radiofrequency field and a value obtained
for (; corresponding to f[o] at the probe. Since there exists a slow drift
of the efficiency (2 ) of the silver in the presence of NO, after initial con-
ditioning., all values of q were referred back to a standard q represented
by 9 This was accomplished by observing q for a standard pulse of f’toi
(ae controlled by a given and constant voltage) at regular intervals during

any series of observations.

The experimental configuration was altered if one wished to
determire the tirne required for'a given loss of 60] between two points
in the flow. An observation of g was first made with a probe in the up-
stream position (where the NO‘2 inlet is indicated). Then the upstream
probe was removed and a measurement of q made with a probe in the
downstream position, under identical physical conditions. The possible

interpretation of such data will be discussed in the succeeding sections.

B. Resuits and Interpretation

1. Determination of ‘?OJ in an Ar-O2 Mixture

The determination of IZ'OJ in the fast, pulsed flow of 10% O2
in Ar cannot be accomplished with any desirable degree of accuracy by
visual observatio: of the end point. On the other hand, the titration
curves which will be described here provide a high degree of accuracy
and dependability. The measurement of /[)01 corresponding to a given

set of gas parameters and RF field (voltage) consists of a series of

14
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obscrvations of g, cach ‘made after establishing a different and known
flow rate of NQ, in the gyetem of Figure 1, as described in the «xperi-
mental section.  This procedure results in a serics of traces of the type
shown in Figure 5. From such a series, a plot of éNO‘;_/éO as a function
of FNO,» can be obtained as shown in Figure 6, *Hcre qNOg/dO represents
heating duc only to the oxygen atoms remaining after removal of & given
fraction by the flow of NO& whose rate is plotted on the x-axis. The end
point ig recached when the rate of change of (}NOZ/dO with respect to FNO&
first attains a siope of zero.

It will be noted that the traces of Fig. 5, although for conditioned
silver, show a decreasing (but leveling) trend for q with time. It was
sometimes found that this condition began to manifest itself after the RF
gencrator had been used to provide many pulses in succession. This situ-
ation typically occurred in the case of the 1’\«‘02 titration where many pulses
were run before beginning observations and where the presence of NO.Z
appeared to amplify the slope-effect in question. The decreasing q and
hence ﬁﬂ during a pulse can be attributed to o decreasing, gas-cou;.)led.
RF iield produced by the generator during the pulse. This drift of g had
no effect on the end-poi it interpretation, since the same part of a pulse,
viz., that just after the initial maximurn, was always used for the end-

point plot. Furthermore, dNO)/ ’O was found to level off tc its minimum

~t tia oA~ T €fav Aar mmemomieteontl Alheanorn ot Af tha e lae MThea ~nn el

Wi LIV o o I\’O 1 AU wmay VGHGasvlieY LAl ol st Ve il pusoi,. 400 Lwatay
. . - *»

pulses (e.g., the first 10 or so) for a given series showed constant qg's,

es illustrated by the flat portion for Cu in Fig. 1, and provided the traces

used for the ¥ -measurements of Section II.

The plotting of g rather than /Z ] is justified by the relationship
]

. [avE] [i/-az_m(’ofx 1m
= 7 (i-vai)ShCo,+2324 | % )

Mo V2
- £
where = —/::'ot (I_Tr—kgr—)

* . - . S . :
In this case the noncatalytic or convective heating is also included in q

and it is normalized by dividing by Sh (= qstandard) 28 described previously.
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which follows from equations (1) and (2) and which shows that, fo1 a giv.n
set of conditions, q is linear in my,, the free stream atom concentration,

since all quantities within the bracket are independent of mee.

The titration curve values are modified by twn major factors. Ont
of these ig the gradient of oxygen atom concentration in the concentration
boundary layer around the cylindrical gauge. This in principle ee not
modify the linear relationship of the variables. The other is the effect ;
of further recombination of atomic oxygen, with the NO produced during the
C+ NO2 reaction acting as a more effective third body than either O‘2 or '
Ar. This resgults in a curved-line titration curve as was obtained hy
West2nberg and Haaslﬁ in a steady state measurement Ofﬁc] by EPR. In
Figure 7 are shown typ.cal curves calculated {or the purpose of illustrating
the gsuccessive effects of gas phase recombination and concentration layer

gradient, The recombination lcss is calculated from the theoretical rela-

tionship resulting from the processes '. .
0+ NO+0y — NO, + Oy (111)
O+ O+t —> O3+M M=0;) I

It was assumed that the reaction time between detection points was too

shert to permit any significant‘é.{t:ibution from

0 + NO,, —» Q5 + NO (1v) !
and :
O+ O3 —» 0, +0, (V)

Any contribution from these reactions would simply increase the concavity

of the curves. The concentration gradient in&o] between the catalytic

gurface and the free gtream wacg calculate
obtained as described in detail in Section II. It will be seen that the

general shape of the titration curves is gimilar to those in Figure 7.

Atom concentrations were determined for a number of different

conditions as summarized in Table III.
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Table III
RESULTS OF PROBE DETERMINATION OF "9[0]
RF at 700 volts
4 6

Froe Farso0,*1° Uo | Frno, * 10 fz03
(mm Hg) (mole sec-l) (cm sec ') (mole sec '} (mm Hg)
4.35 5.43 488 8.0

435 5. 43 488 8. 05 0. 0722
5 73 5.40 367.5 6. 63

573 5. 40 367. 5 6. 65 0.0788
5. 73 5. 84 397.5 7.5

573 5. 84 397. 5 7.7 0. 0838
4.73 5.40 4450 7.5

4.73 5.40 445. 0 8.0 0. 0761

2. Application of the Method to the Measurement of Atom Decay Rates

With the development of more sensgitive probes, it became evident
that the gauge technique offered an excellent means of measuring the rate
of decay of atom concentrations as the pulse moved down the tube. Measgure-
ments were made, in separate experiments, of q resulting from identical

pulses (there was no problem with reproducibility in this respect).

With a knowledge of the ratio of é it was

upstream/qdownstream
possible in principle to calculate the rate of atom decay. However, the
only rate observations made were at a congiderably earlier stage of the
research than that at which the final 4 measurements were made. Pure
oxygen had been used as the flow gas* and a number of additional changes,
which were eventually found necessary. had not been made. However, it
was found that excellent reproducibilily could be obtained. Thus, it would
appear that this method should provide a rather clear-cut and accurate
method of measuring various processes involving atom decay. It should
be possible to extend this method to hydrogen and nitrogen atoms as well
as to any other species which provide recombination heating on catalytic

surfaces.

See previous sections concerning spurious heating in OZ'
17
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C. Conclusions

It has been shown
accurately determined in pulsed oxygen atom flows by combining the
use of thin-film thermometry with the NO2 titration technique. In

addition, feasibility has been established for the use of these gauges
in measuring homogeneous decay rates of oxygen atoms and probably

other recombining atoms in pulsed flows.

18
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IV. AN INTERPRETATION OF INITIAL RECOMBINATION HEATING
IN TERMS OF THE RATE OF OXIDATION

In the first section of this report, we have described the measure-
ment of the initial and rapid process whereby ¥ ., the surface recombination
r efficiency, undergoes a complex time-history until a stable state is achieved.
It has been possible to interpret the changes in recombination heat-transfer
which are responsible for these chang=s in¥ , in terms of the rate of oxida-
tion of the metal by atomic oxygen. Instead of waiting for the slow gas-
solid adsorption processes at high coverage, as is usually done, it is
possible here to follow instantaneously the rapid interactions of atomsa

L with the bare surface.

A. Experimental

The apparatus is that fully described in the previous sections.
The gauges used were both of the stagnation and the circumferential type

as indicated in the text and figures.

B. Discussion

It is important to note, in the ensuing discussion, that the heat

evolution with which we are concerned is not that of direct chemigorption

hc oxygen atoms on the meial surface, It ie rather that eveoived by a

£
Ci

er

catalyzed recombination of the atoms on the surface into moiecules which
then leave the surface as a gasf Fronm previous workl’ Z it hag been shown
that bare metals themselves are not, in general, very catalytic; that the
ability of a metal to cause catalytic recombination ig directly correlated

with, and dependent on, oxide formation. Thus, if the recombination i

heating can be measured from the very inception of the metal-atomic gase

interaction, the rate at, and extenr tc which the gaseous atorn is interacting
with the metal lattice can also be deterimined. In addition, it then becomes
possible to deduce other fundamental characteristics of the atoms, metals

and interactions involved.

*As discussed in Section II, it is quantitatively impossible to account for any
sigmficant fraction of the heat evolved. in terms of metal oxidation.
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Examples of the types of q ~ t curves resulting from the inter-

action of atomic oxygen with a nunber of metals are s

own in Figurcs 8a
and 8b. Figure 8a repreaents data obtained by means of the circumferential
gauge in the Ar-OZ studies of Section Il. The data of Figure 8b comprise
initial observations made by means of a stagnation gauge using pure 0,.
Thies was prior to the change to Ar-0O, so that these latter data are subject
to effects due to 02* and several other uncertainties subsequently eliminated.
As has been noted previously, each surface yields its own characteristic
trace on its initial exposure to atomic oxygen and can in fact be virtually
identified by this 'conditioning''. It must be emphasized that this initial
trace does not represent interaction of O atoms with a ''clean' surface,

but one ‘'cleanly" covered with adsorbed 02 only. For, under the condizions
of the experiment, although the surface is outgassed in a vacuum of 10~
mm Hg or less, it must be exposed to molecular cxygen (and argon) before
the atom pulse impinges on it. In general, these traces can be interpreted
in terms of an interaction of atomic oxygen with the metal, first to replace
or "clean-up'' the adsorbed 02 with chemisorbed O atoms and in sume cases
to form an unstable oxide. After this initial step, the rate of heat transfer
drops down and subsequently begins to rise again when the oxygen atoms
actually begin to form chemical bonds in the metal lattice yielding a stable
cxide at a rate, and with a catalytic recombination efficiency, characteristic
of the metal aa described in Section 1. The curves of Figure 8 (all corrected
for noncatalytic or thermal heat transfer by substracting out the g recorded
simultzneously on a noncatalyst, TiOZ) have been interpreted in terms of

the formation of an oxide as described above so that attainment of a peak
value of c’; represents completion of the oxide formation that catalyzes the
surface recombination, as previcugly mentioned. Rates have been extracted
from the curves of Figure 8, by calculating the time required for c; to rise
from its low value to l/e of the peak value ( 27/: ) in accordance with the
pattern indicated in the preceeding description. The reciprocal of 2'4/‘

is taken as representative of the rate of oxidation. The results are given

in Table IV,
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Table IV

RELAXATION TIMES FOR INITIAL METAL OXIDATION

Circumferential Gauge in 10% OZ in Ar

Metal . fi,.r o1 Wes A Z-ﬂt '/ L:/c_l
{mm Hg) {mm Hg) {cm gec™ ') (msec) (msec-1)
Ag 5 73 0. 0838 397.5 22 4.55%
Cu 5.73 0. 0838 397.5 30 1.11
Fe 5. 66 0, 0856 410.5 i07 0. 94
Ni 5, 66 0. 0856 410, 5 108 0.926
Au 5. 66 0. 0856 410.5 220 0. 45
Stagnation Gauge in 100% O,
Ag 5.0 0. 08 660 10. 8 9.3
Cu 50 0. 08 660 24 2 4.1
Fe 5.0 0. 08 660 63.8 1.6
Ni 5.0 0. 08 660 135.5 c.7

It is clearly seen that the rate at which the atoms penetrate and
react with the metal jattice varies widely from several milliseconds for
silver to hundreds of milliseconds for nickel. Furthermore there are
differences in the catalytic ability of the compound formed and in the

stability of the compounds.

With rates of the initial oxidation of the metal lattice deduced
from thege data, it is then in order to seek the fundamental property of a
meial which determines its rate of oxidation. It is believed this has been
found in terms of the strength of the metal-metal bond of the lattice which
the O atorn must rupture in order to enter the lattice structure. This bond
strength in turn may be characterized by the heat of sublimation, AHg , of
the metal. If this is correct, then it should be possible to incorporate the

AH; into a bond energy and this in turn into an activation energy. Thus,
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using the Hirshfelder rule” for the sake of simplicity, the rate of incorpora-
tion of an oxygen atom into the metal lattice should be proportional to € - Bact
= e~0984AMs 4 pioi of the rate terms 1/,  of Table IV shovid, there-
fore, show a monotonic relationship between rate and activaton energy.

These plots are gshown on Figure 9 for both sets of data.

It will be seen that, in general, the higher the heat of sublimation,
the faster the reaction and that the relat onship forms reasonably smooth
curves except for the case of Au. It is also interesting to note that the
order is the same for both curves in spite of the fact that the early stagna-
tion data involve 100% OZ. and hence OZ*, as well as other experimental
imperfections, as indicated previously, One might conclude from this, that
the ability to recombine atomic oxygen and to de -excite O,* are, more or
lees, in the same order although obviously these abilitieshdo not bear any
simple relationship to each other.

It would appear that this interpretation possesses sufficient merit
to warrant more sophist.cated studies of initial oxidation rates along these
lines. The relevance to corrosion and erosion of metals is especially
striking. Among the requirements for more sophisticated studies are more
definitive surface preparation, characterization and outgassing (e.g., ultra-
high vacuum) and the elimination of molecular oxygen from the scene of

initial oxidation.

C. Conclusions

It has been demonstrated that the recombination heat-transfer
studies of metals in pulsed flows of atomic oxygen may be interpreted in
a manner which provides knowledge of the initial rates of oxidation of the
metal. A relationship is shown to exist betwen the rate of oxidation and

the metal's heat of sublimation.
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Figure 3 HEAT TRANSFER PER OXYGEN ATOM AS A FUNCTION OF
RF ELECTRODE VOLTAGE
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APPENDIX A

The following table and figures are presented as an appendix
bacause of their detail. Table A-I includes all the experimental and
theoretical parameters involved in the final measurements which pro-
vided the rcsults given in Table I and Figure 4 of the report. Figures
A-1 and A-2 are detailed schematic diagrams of the complete apparatus
used in the determination of 7" for the various metals studied, and the
very small flows cf NOZ used in the modified titration procedure for the

determination of [O] .
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Table A-l
COMPLETE DATA FOR TIME-RESOLVED 2’ DETERMINATIONS

P P 3 Sh
E:zf' tot (0 -: iy Sherwocd Uy r t

{mm Hg) | (mw Mg) | (cot cm™ eec™') | Number (cm sec™') | (msec) /7
Ag) | s.73 0.0788 0.0398 i.87 367.5 STASLE- | 0.101
Ag 2 | w.85 0.0722 0.0477 1.90 ¥8s.0 STATE | 0.108
Ag 3 | .73 0.0761 0.0us6 1.90 ¥45.0 0.090
Ag v | 5.73 0.0838 0.0437 1.9 397.5 0.119
Ag5 | 5.73 0.0838 0.0445 1.9) 397.5 0. 144
Ag 6 | 5.73 0.0788 0. 0405 1.87 367.5 0.122
Ag 7 | .35 0.0722 0.0480 1.90 8.0 0.115
Ag8 | 5.73 0.0788 0.0410 1.87 367.5 0.143
Ag9 | s5.73 0.0838 0.0435 1.61 387.5 0.110
Ag 10| W.35 0.0722 0.0480 1.90 48e.0 Y 0.115
EAg || 5.73 0.0838 0.0476 1.91 397.5 100 -
EAy 2| 5.73 0.0838 0. 0450 1.9 397.5 500 0.125
EAg 8| §.73 0.0838 0.0435 1.9 397.5 1000 0.110
Cul | 5.7 0.0838 0.01u4 1.9 397.5 70 0.0049
w2 | 5.73 0.0838 0,009 1.9 397.5 120 0.0028
3| 673 ©.0838 0.0056 1.91 397.5 270 0.0015
Cuy | 5.73 0.0838 0.0213 1.81 397.5 420 0. 0052
Cus | 6.73 0.0838 0.0351 1.91 397.5 820 0.031
Aul | S5.66 0.0856 0.006Y 1.92 4105 65 0.0017
A2 | 5.66 0.0856 0.0052 1.92 410.5 120 0.0014
Au3 | 5.66 0. 0856 0.0105 1.92 410.5 420 0.003!
Auy | 5.66 0.085¢ 0.0135 1.92 410.5 750 0.00u43
Aub | 5.66 0.0856 0.018) 1.92 410.5 1100 0.0066
Aub | 5.66 0.0856 0.0143 1.92 410.5 1700 0. 0047
Fe i | 6.66 0.0856 0.0306 1.92 410.5 90 0.0184
Fe 2 | 5.66 0.0856 0.0283 1.92 410.5 200 0.0153
Fe 3 | 5.66 0.0856 0.0318 1.92 410.5 500 0.0204
Fe 4 | 5.66 0.0856 0.0303 1.92 410.5 2400 0.0180
Ni1 | 5.66 0.0856 0.0110 1.92 410.5 50 0.033
Ni 2| 5.86 0.0856 0.0298 1.92 $10.5 310 0.0172
Ni 3| 5.66 0.0856 0.0210 1.92 410.5 Y400 0. 0085
AL 1 | s5.66 0.0856 0.0254 1.92 410.5 250 0.0t21
Al 2 | 5.66 0. 0856 0.0221 1.92 %10.5 430 0.0093
At 2 | .86 0.0856 0. 0098 1.92 10,8 0.0020
Al Y | 5.66 0.0856 0.0096 1.92 410.5 730 i 0.0728
Al s | 5.66 0.0856 0.0035 1.92 $10.5 0. 00088
AL 6 | 5.66 0.0856 0.0016 1.92 ¥i0.5 1800 0. 00039
AL 7 | 5.68 0.0856 ©.0048 1.92 $10.5 1680 0.00126
A8 | 5.66 0.0856 0.0085 1.92 510.5 2050 0. 0024
A g | s.es 0.0856 0.0147 1.82 410.5 3200 0. 0049
A) 10| 5.86 0.0855 0.0184 1.92 ¥10.5 4800 0. 0068
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APSTRACY

‘A study has been made of the initial interaction of atomic oxygen with
various metals in steady flows which provide a step-function increase, or pulse,
in the atom concentration. The observations have been made by means of thin-
film resistance thermometry. The results are presented under three categories
as foliows: ) '

Surface recombination efficiencies (¥) have been measured as a function
of exposure time in pulses 0ol oxygen atoms over various metals in Oseen {lows.
Cylindrical, circumferentially-coated. thin-film resistai.ce thermometers were ]
used to determine the rate of heat tranafer. The relationship between the surface E
and free stream concentration of oxygen atoms waa obtained by means of the
mathematical analogy between heat and mass transfer. It was possible to use
relatively high partial pressures of atomic oxygen and carrier gas (1% atomic
oxygen in a flow pressure of 4 to 6 mmHg of an Ar-O, mixture) which are im-
portant to the accuracy of the measurements of many of the parameters invoived.
Under these conditions, the dependence of 4 on exposure time was obtained as a
. function of time for periods up to several secconds. Each of the metals investigated
exhibits a markedly different time history of 9 during the period of initial gas-
solid interaction. and the 9 of each metal eventually reaches a final but different
N stable-state value. The final values are 0.12, 0. 03, 0.17, 0.0085, 0.007, and

0. 005 for Ag. Cu. Fe, Ni, Al, and Au respectively, which values are enerallz
lower than those previously reported. Reasons for these differences are prese ted.
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Atom concentrations have beenr measured in pulsed or step-function
flows of atomic oxygen. This has been accomplished by employing thin-film
heat transfcr gauges along with the NO, titration technigue, which normally
makes use of 2 visuial radiation end point. In the present work, the gauges
have been used to detect the atoms remaining after various known fractiouns
have been removed by NO;. A curve results which can be extrapolated to
obtain an accurate end point. A number of determinations made in this way
are presented. In addition, it is shown how this technique can be applied to

the determination of homogencous atom decay rates.

The rate at which the recombination heat transfer on a newly exposed
metal reaches its peak in a step-function flow of atomic oxygen has been
interpreted in terms of the rate at which the catalytic oxide initially forms.
The rates have been measured for two different series of heat transfer-time
histories involving Ag, Cu, Fe, Ni, and Au. In addition. a relationship
hag been shown to exist between the rate of oxidation and the heat of sub-
limation of the rmetal
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