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One step in the manufacture of millimeter waveguide involves

the oxidation of electroplated copper in order to provide a more

durable interface for the adhesivé.bbnding of a polyethylené di-

electric liner;' The oxidation is performed electrochemically in

!

. ‘ . ' : : . _ "}"
' NaOH electrolyte. From the results of previous work involving

electrochemical experiments and X-ray diffraction measurements, it
is possible to partially characteriZe'the'OXides and their mor-

phology.

This thesis study eXamined samples from.waveguides'using
~ Scanning electron microscopy with the-idea.of gaining a better
understéndingof why the qxidation improves the bond interface.
The résults indicated the pr;sence'of two oxides; a first stége
consisting of a thin film of CuZO, and a second stage consisting
of needle-like clusters of CuO.. These results were discussed in 
relation to the previously known description and were shown to
agree in-every reSpect. Resulté aiso indicated that the oxida- —
tion process appreciably roughens the copper by forming. a porous,
sponge-like sﬁrface. This is beiieved'to be caused by a com- B
bination of thelneéhanisms involved in both stages of oxide
§  formation.
From the picture ﬁhus oBtained, it is postulated that'the
improved bonding of the liner is a resultgof'some mechanical

interlocking between the adhesive and the oxide. However, twp'
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potential prdbleﬁ areas were pOintedfOut} One is the pOSSiblllty s

of some contamlnant attacklng the ox1de layer resultlng in separatlon

~ at the<copper/ox1de 1nterface. The other is that-the'appearance‘of

the copper surface after ox1dat10n suggests that there'would be a

81gn1f1cant 1ncrease in heat (IZR) losses durlng wavegulde use.

‘~ . ;:: =




INTRODUCTION

. This thesis investigation is related to the development of

cylindrical waveguide for a long diStance,-high capacityﬂtrans-

, missidn system. The waveguide ¢onsists of low carbon steel tubes
of approx1mate1y 51 mm.1n51de d1ameter'w1th an 1nterna11y electro-

. plated ‘copper layer approx1mate1y 0.5 mil th1ck (See Flgure 1 )

The copper is the conductlve medium for the pr0pagat10n of electro-
magnetic energy along the waveguide ét frequencies in the range of
404110 GHz. A polyethylene dielectric liner adhesively bonded tb
the copper aids transmission effiéiency by attenuatiné unwanted
energy'modes. ‘However, the copper/adhesive ihterface is highly
sub ject to cbrrosion upon exposure tolmoisture, causing separation
of thewpolymer from the copper. This, in turn, resulté in strong
degeneration of the transmission charactéristics. In order to
provide a more durable interface, the copper is intenFionally
oxidized prior to lining. fhe presence of the axide results in a
marked improvement in the reliability of the bond. Sumitomo
Electric Industries, Ltd.," Jworkin.g on a similar~waveguidé-traﬁs-

mission system, has published results on the durability of the

interface as a result of the oxidation. They studied oxides formed

Fby both chemical and electrochemical techniques and concluded that

the prOpefEies of both oxides were similar. Results of bond

strength tests and liner peeling rates as a function of exposure

to water were reported for the chemically formed oxides.




| . | | From a pract1ca1 V1ewp01nt the electrochem1cal technlque seems

N

more ‘suited to productlon appllcatlons [ ]51nce the ox1dat10n.can

 be performed Immediately after electrOplating with a minimum Of
1 o . equipment change and product handling. (However other factors
must also be con81dered such as possible contamlnatlon of the d1f-‘

ferent solutlons used for platlng and ox1d121ng ) For this reason,

- o only electrochemlcally formed oxides were 1nvest1gated in this

thesis. Electrochemical growth is obtained.by.anodic oxidation at

- constant current den51ty in a suitable electrolyte while mon1tor1ng

:the change in potential with time. The electrochemical growth in
this case was performed in an alkaline solution. Q;J
| Thehanodic behavior of copper in alkaline solutions has beem
the subject of several investigations.[ ) 1] The results of such
experiments have at times not been in full agreement with each other,
but nevertheless, they_have enabled the development of a picture of

/

the oxidation process. This picture consists of three stages to

e et e Cirtn e .t oo et e it o e mea S et

describe the oxidation. The first stage is the formation of
!f Cu,0. [3-8] The existence of this oxide has also been confirmed by
X-ray d1ffract10n studles.[:] ‘The second stage involves the forma-
tion of Cu0O or Cu(OH)2 [3 7] The existence of Cu0 was confirmed by
~ X-ray diffraction,[:}but only at temperatures of 40°C and above.
| The reason for this behavior is attributed to the fact that'whilem
Cu0 is more stable, its formation is more complgx'and is therefore
retarded, favorlng the formation of a metastable Cu(OH) [7]

third stage 1nvolves the formatlon of Cu203 [7 8 1d]

However, this




ox:l.de has been observed only .at high anodic \potentlal neer oxygen -
evolutlon[ ]and only after repeated anod:n.c-cathodlc cycllng
'of the same copper electrode.[] It has been concluded[ ]that
the _first and 'third stages involve film formation and growth'while
th:e" second stage involves a diseolution-precipitationproceSS;
The p.1cture of copper ox1dat10n in alkal:.ne solutlons JllSt
descrlbed is an overall v1ew. - The 3pecifios of eéoh Stage, suoh
as thickness of the oxide. and the time to- form it, depend on the
.parti..cular solution used end the .conditions of the oxidation. Ih‘
the. present work, however‘; the main objective was to gain further
insight into the nature of the improved bonding of the polymer
liner. Therefore, ?o complete the picture alreedy described, an
inrestigation of the structure and morphology of the copper/copper
oxide region was 'éonducted. | Sampies from electrochemical oxidation

were examined both in plan view and in cross-section using the

scanning electron microscope (SEM).

L
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The samples used in this investigatlon'werefobtalned from

124

~sect10ns of prevlously'manufactured'Wavegulde which were avallable.

| As already described, the wavegulde consisted of a low carbon

steel tube with an 1nterna11y electr0plated layer of copper. The_,

ecopper“was subsequently_oxidized by,electrochEmical'techniques,f

1~

The electrochemlcal ox1dat10n had been performed in 2N NaOH
solut1on at approx1mately 176°F (80° C) The samples used in this
1ﬁvest1gat10n did not have the polyethylene liner bonded to the
ox1de . [2] F

Prior to cutting, the samples were coated'with Krylon® #1302
clear acrylic spray coating to protect the oxide during the cutting
operation. The samples were then cut on an abrasive cutoff wheel

with a water dpray coolant. First, a %" cylindrical ring was cut

from the waveguide sections. Each ring was then divided arbitrarily

into quadrants; Three samples were obtained from each quadrant,
one for surface oxide studies, one for a transverse,cross-sectioﬁ,
and one for a longitudinal cross-section. This enabled a‘rough
check to be made of uniformity around the waveguide circumference.
Final'sample size was approximately %" x %", (See Figure 2.)

Just prior to mounting, the samples were soaked in,acetone |
for epprox1mately 15 minutes to remove the Kryloh , and then rinsed
in methyl alcohol and blown dry. Not all of the Krylon® was removed
in this ﬁeriod of time. However, this did.not'create any problems

\

during subsequent polishing and microscopic observations. MThe

o
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-samples were then mounted in bakelite ring forms with an epoxy

".'mi'xture eonsisting of 100 parts by weight of Epocastr H-1368 castihg
resin to 10 parts by weight of hardener 955. Both were p,urchased.
from Furane Plastics, Inc;, Fei’rfield, NJ A eeramic filler
(Buehler No. '2‘0-8148. AB, 80 mesh) was also added to aid in edge
Preservation during pelishing. - Each mount centain‘ed four samples,
«'one from each quadrar.lt'of the waveguid‘e. Tﬁe meun'ted ,samplee we,re
cured at reom temperature for three ’da}.rs. '~_They were then rough
gfoﬁnd on a 120-grit belt .grinder With water eeolant..' Interme‘diate_
- grinding was done on 240, 320, 400~,- and 600-grit silieonr carbide
abresive paper. They were “polishéd with 12p and 3u diamond paste,
and finally with 1lu and 0.05p alumina.

" The samples were then studied by scanniné electron microscopy
and replica electron microscopy to in_veétigate the morphology and
Structure at the copper/copper oxicie interface.’ Replicas for the
electron microscepywere ma.de by a two stage Formvar/carbon technique.
The.angle of shadowing was.30°. Sample orientation in the SEM is |
usually 45° with respect to a plane normal to the e1ec'ﬁtrbn beam.

In several instances, however, the engle was increased for improved
contrast.

Several samples were etched to try to aici in identification
of the actual interface and to aid in identification of the oXides
at the interface. Two etchants were used. Etch #I' was a mixture
of, by volume, 1 part NH,OH, 1 part H,0, endIZ parts 3% szz. -

‘Etch #II was a 1.2N NaCN solution.




4
Attempts also were made to examine the samples underﬁhé'
-light microSc0pe3 but the oxide thickness was near the limit of

resolutlon attalnable w1th 11ght mlcroscopy  Because of the un-

N

e

certainty of the interpretation of these photographs, they were

S The thlckness of the copper platlng waS'measured on a Leitz

'metallograph with a Vickers image Spllttlng measuring eyepiece.
Data on oxide thickness were alreadypavallable‘from.previous
_'studies on the waveguides from which the samples were"obtained.[z]

These data were obtalned from chronopotentlometrlc analysis. The -

,technlque[ :]13 descrlbed br1ef1y in the Appendlx.




guides from'which‘the.samples7were obtained. The results from-the‘_'

.sence of two oxides of copper. These results are in agreement with =

RESULTS AND DISCUSSION

v . . ) T ' . - ¢
‘Qn

b'Table'I is a list of the samples used in this inveStigation,

along with information related to the characteristics of the wave-

chronopotentiometric analysis given in the Table indicate the pre-

- the results described earlier in the Introduction._

Scanning electron'mlcrographs of several samples are shown

in Flgures 3 thru 10. It should be noted at this point that the

samples for cross-sectional viewing were highly pollshed prior to

--------

observation in the scannlng electron.mlcroscope.' As a result,

there were very few topographic differences within a sample. Since

the contrast in the secondary electron image depends heavily on
topography, the photographs do not show good contrast at the inter-
facial area of interest. As a comparison, the reader is asked to

note the particles of ceramic filler which can be seen in several

of the photographs.

Figure 3 is a photograph showing the surface topography of
oxide sample no. 125. This 1s typical of thevelectrochemically
formed oxides investigated in this work. The visible morphology
consists ef needle-like clusters. From the earlier description,
this oiide could be either second stage Cu0, second stage Cu(OH)

or third stage Cu203. However Cu203 has been observed only upon

‘repeated anodic-cathodic cycllng [?] Since the ox1dat10n in thls

case'was only a one-time anod1c half cycle, it seems reasonable to . -

Pe i

[
s .




N -assnme that 'C-u203 is not present. Also, since the oxida,t:i.on was

.‘performed above 40° , it seems reasonable to assume that this oxide

'1s second stage CuO [] The appearance of this ox1de also seems to

be consistent Wlth the dlssolutlon pre01p1tat10n mechanlsm of

| 1,13
| format:u.on. One poss:Lble reactlon[ ) in the formatlon of CuO

1nvolves the dlssolutlon of the copper the formatlon (in NaOH

. electrolyte) of Cquw in solutlon near the copper and then the

Foran somnan s bbawa y 2t

precipitation of Cu0 given by the folIowing reaction:

NCu02= + H,0 —» Cu0 + 20H" . o (1)

[}

The dissolution of the copper occurs in two ways.,‘_[- ] One is the

oxidation of Cu(+l) to C‘u‘"(+2), and the other is the oxidation of

Cu(0) to Cu(42) as shown in equation ,('2). ~ Some of the Cu(42) then

dissolves into the solution.
Cu(0)solid —» Cu(+1)solid —» Cu(+2)solid -+ Cu (+2)solution (2)

At this point it should be noted that, considering the complex

nature of most electrochemical reactions, it is possible that some

| reactlon other than (1) may also account for the formatlon of -

CuO. [14]

Figures 4 and 5 are SEM photographs of longitudinal cross-

| sectionsv of electrolytic oxide sample no. 125. A somewhat needle-

like structure is apparent, and the oxide layer is non-uniform across
the copper surface. These observations are consistent with the sur-
face topography in Figure 3. A faint white line follow:i.ng the- oxide

| edge of the copper is also v:i.s:i.ble in Figures 4 and 5. This could

be attrlbuted to either or both of two th::.ngs. One is a charg:.ng

) N hoe ’ ! . b
. ' . [ .
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effect due . to the electron beam striking a non- conductive ox1de at

the copper edge. The other is a p0331b1e "edge" effect which arisesfq~

when the electren beam strikes a sharp edge resulting in a greater
intenS1ty of secondary electren am1331on at the edge. It 1s thls .
effect Wthh enables the high contrast to be obtalned in the SEM

Of itself, 1t is very difflcult to say'What the cause of the white
1ine is. \However, the etching studies to be described later, and_
observations at higher-magnifications such as in Figure 6,iindicate
that it is most likely due to a layer of exide.

Figure 6 shows photographs of a transverse cross-section of
electrolytic oxide sample no. 125. fOne can again observe the
non-uniform;covering and the clusters of'needle-like structure. -
Again the faint white line is visible, but in these higher magF
nification photographs, there does not appear'to be much of an
edge. This would lead'cne to suspect that the line is dne to an
oxide. If this is the case, then a logical assumption is that the
oxide is a thin film of the first stagevCuzO. ThlS, along w1th
the evidence for two oxides given in Table I, makes the picture

developed thus far consistent with the description mentioned earlier

'in the Introduction.

Figure 7 shows photographs of a transverse cross-section of
electrolytic oxide sample no. 725. The oxide appears more dense

and uniform compared to sample no. 125, but otherwise the obser-

- vations are the same. The more uniform appearance was expected

because upon visual examination of the surface of these two samples

fio—
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| '5c“pfibrft67mounting'it*was nbtedfthat}samplew725 was very-black'in'f

Lk
1Y

aﬁpearaﬁce'while sample 125 was grey. This difference in color is
directly related to the density of the oxide covering. Thelmoré

dense the oxide COvening, the blacker the surface appearance. The

| observations.dn these twoséﬁples are not consi#tent‘with the

thickness data in‘TableiIin that the thonopotentiometric anélySis

ghowéd saﬁplelzs to have a thickerAdxide. HSWever, it éhéUldbé_' - jf%*f*
noted that the chronopbtentiometrywﬁas performed on a larger

(1 foot long) section of thé Waveguide;*which would‘feﬁ& to éverage

out any non-uniformity in thickness. The particular samples used

in this in&estigatizn'were chosen at random, thus.thefe'wéé a real
possibility ofobtaining samples of varying oxide density. It is
seen.then,‘thét/caution must be exercised in'interpreting the

thickness data in Table I. The thicknesses obtainedhErom.the

chronopotentiometric technique are average thicknesses, assuming

a dense, uniform film of oxide. Althdugh the technique is well

established, the assumption made is not a very good one in this

case as can be seen from Figure 3.

It is known from the results of the coﬁlometric reduction
technique given in Table I that two oxides are present in the
‘samples. Unfortunately, these oxides are not readily distin-
guishable in cross-section, although one can speculate on the
basis of the description presented in the Introduction. For this
reason, two etches were tried in‘an attempt_to delineate the.

structure at the interface and to try and distinguish between the

-0
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 oxides. These results are given in Figures 8a and 8b Which.shOW |

P

etched cross-sections of eiectrolytic oxide sample 125: ‘Figure 8a

shows the results of a 1-2 second swab in etch #I (ammonium

‘»hydrox1de hydrogen perox1de) Th1s etch. has not brought out any
---.81gn1f1cant structure in the copper, however, it does appear to

‘have 11ghtly attacked the ox1de/metal 1nterface dellneatlng a very

porous or Spongy surface. Also ev1dent in the photograph are
clusters of surface oxide which are embedded in the epoxy‘mount.
Figure 8b shows the results of a'1-2 second swab in etch #II (NaCN);
Again,.no signiticant structure of the copper isievident, however,
the etch appears to have heayily attacked the interface. There
even appearshto‘be a uniform separation all along the sample between
the copper and the mounting epoxy. It is known that NaCN'w111
dissolve both cuprous and cupr1c oxides of copper. However, its
rate'of attack on each is different. It will dissolve-CuZO usually
in less than 1 second, but tahes'several minutes to dissolve CuO.
With this in.mind, returning to Figure Sb it appears that this etch
has not only delineated the oxide/metal interface, but has dis- 1
tinguished between the two oxides by preferentially dlssolv1ng one
of them, namely the CuzO It then appears that the separation was
caused by a thin layer of Cu20 which had been dissolved away. The
layer of Cu0 is still present *in the epoxy. With these results
then,.along with the results described previously, it appears that

the visual picture of the morphology,of-electrochemical oxides is

consistent with that predicted from electrochemical measurements

-13-




" as .déscr'ibed'-irli the _Ititroduction. The uniform separation at '_i':h'e_ I

| metalloxide interface just described also.Suggésts,apotential°
prbblem'in deiamination of the waveguide dielectric liner even

: affer oxidatipn. Anyhcontaminant which has an effect oﬁ the OXidéS\ o o
of copper similar to.the'effect ofNaCleill.result in separation'~ L R

 of the liner at the copper/oxideinteffacé.‘ ;— o - '_ {  | | |
- - Figure 9 shows a.pﬁotogréph of an éleétrolytié.oxide.saméle_ ) S ) |
f;om.whiéh theﬁoxide had been'cdmpletely dissolved in etch #II.-
Note the 5pdnge-liké porosity of the copper sﬁrface. This is con-
sistent with the cross-sectional pbservations iﬁ Figure 8a.
Figure 10 shows a'partially etched sample. The etch loosened the
oxide (by dissolving the underlying‘CdZO) such that it flaked off
when blown with nitrogen. It is felt that Figures'9 andllo are
representative of the effect of the oxidation on the copper surface.
Preliminary experiments on unoxidized copper plated waveguide
sections showed that the NaCN etch does not appreciably roughen the
copper surface even after an 8 minute etéh. The results in these
photos also suggést that, since the copper is the conductive medium
in the waveguide, the surface roughening due to the oxidation
process will result in some increase in heat_(IzR) losses. Surface
roughness has bgen shown[lS-ZIJ to have a significant effect on .
the attenuation characteristics of ‘waveguides. Morgan [15] showed‘
theoretically that for grooves transverse to the direction of

induced current flow, losses may increase anywhere from zero to

100%, depending on the ratio of r.m.s. surface roughness to skin

. ' R ’ . N : “I N\ ’
. . . . ) i . ' . Wt -

' [ : . . P }

. . .- - i

. , : :

. . . : H

1]

i '

- .
-youen




¥ g

':’dep"th. Iﬁcrjeases inet‘tenuatiéh of up to 22%,i;§et'e ohsetved;'in
' copper waveguldes that had heen exposed to atmospherlc corros:.on
for several months. [ 6]

It is not known what causes the porosi.ty 'ohserved on the
copper Surface w‘hen“ the oxide’ is dis-solved avtey-. It could result
from the format1on of the film of Cu20 the rate of which is
controlled by the diffusion of ionic species. in the SO].ld [11]

It could also result from the dissolution-precipitation process
"of Cu0 formation discuesed previously. Hotvever, the complexities
- which usually exist in electrochemical reactions ‘suggest that the
-porosity might be the result of some“combination of all the
reaetion stages of the oxidation. Additional investigation into
this aspect could involve_the oxidation of some samples only to
the point of Cu20 formation, then stripping the oxide and
examining in the SEM.

Some results from the replica electron microscopy are shown
in Figures 11 and 12. The dark areas with light tails on the
phetos represent depressions on the samples. These photographs
are difficult to interpret and do not show much information, but
. they are presented as a matter of record. Figure 11 shows an
interface between the copper ahd the epoxy mount. The fact that
this interface is rougher than either the copper or the mount
suggests that this. might be evidence for the existence of an oxide
layer A similar sample etched in NaCN is shown in Figure 12,

There appears to be a separation similar ‘to that discussed with
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? B | © - respect to Figure 8b{
| S Photographs of all samples were not included in this thesis.
.‘This seemed unnecessary in view of the fact that no significant

| B ‘,differences.between samples were obServed‘other than those already . ‘wi -

described.
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SUMMARY AND CONCLUSION . . - = . . . .

.Copper oxides fonmed electrochemically in alkaline solution

- were 1nvest1gated u31ng scannlng electron mlcroscopy The mor- -

Tt b bt b it s e et 52 et SV o

phology of the oxide as observed in plan and in cross- sectlon

~ appeared to be con31sfent with the proposed descrlptlon forlthe .
“formétlon of such ox1des. The results'lndicatedthe présence~oﬁ
two'oxides; a first stagé thin film of Cu20,‘and,a second stage of

-Cﬁolcon31st1ng of needle-like clusters. )

Data from the chron0potent10metr1c ana1y81s showed the pre-
sence of two oxides on the samples. 'These resulté comblned with
the results from the etching studies on cross-sections, ‘were in
agreement with the pr0pbsed description.

The results ffom the etched cross-sections suggested a
-pofential delamination problem due to contaminants which might
attack the oxide layer.

It was demonstrated that caution should be exercised when

interpreting'the oxide thickness measurements. The results from

this technique may not always correléte with photographic obser -

vationé. . . ;
The effect of the oxidation on the surface of the copper: was

determined by‘Chemically stripping the oxide. ThiS'revealed a

Spongy, porous surface. The mechanism which causes this is unknown

at this time, but it seems.most likely due to some combination of

the reactions involved in both stages of oxide formation. The ap-

pearance of the copper surface also suggested that there mightVbe_av*;
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a 31gn1f1cant increase 1n heat (IzR) losses as a result of the S -II;J3' 

»-

"0x1dat10n.
' ¢

The visual picgure'thatfhas been put. forth concerning the

Lmorphology'of the ox1des gives some 1n81ght 1nto why ox1datlon of
the copper would improve its bondablllty W1th the polyethylene )
I ridlelectrlc. The adhe31ve-used\to bond'the dlelectric oan easily

N ~surround the needle-likeffbers to fofmea gooomechanical type~
| o | " of bond. -With this'in'mind,'then, a future project'mdght be to
» | attempt a mechanical type of'anaiysis involving the strength

characteristics of the oxides, particularly the strength of the

g ~ - bond between the CuO peedles and the CuZO.
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| TABLE 1. WAVEGUIDE SAPLE DATA
- SamPLE [, Copper PLATING THICKNESS(MIL)  OxIDE THICKMESS (ANGSTROMS)*
AVERAGE * RANGE o Cwd G
5 L3 LBl . %3 s
65 1390 1.330--1.410 @ 39l 679
725 0.663 . 0.652--0.6%2 2846 . 3560
. 726 0.651  0.5%4--0,696 = NAKH L Na,
s 727 0,675  0.63--0.710 13 e
' * As DETERMINED BY CHRONOPOTENTIOMETRIC ANALYSIS IN 0,72M N CL. ‘
™ Bravys1s PERFoRMED BY [Rs, M, HiceINS OF THE VESTERN ELectrIc Co., .
._ ENGINEERING RESEARCH CENTER. o g
. " NuAL = NOT AVAILABLE,
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CROSS SECTION' OF DIELECTRIC LINED WAVEGUIDE
FIGURE |




(a) CuT CYLINDRICAL RING  ~ (b) DIVIDE ‘!N'ro QUADRANTS
| AND CUT SAMPLES  S
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SCANNING ELECTRON [11CROGRAPH OF SURFACE
TopoGrAPHY OF Ox1DE SAMPLE Mo, 125
(SOJOX == qso)

\N

F IGURE
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MOUNT

OXIDE

COPPER

-€C-

STEEL

(A) 1000X =-- 45° | - (B) 5000X -- 45°

SCANNING ELECTRON I11CROGRAPHS OF A LoNGITUDINAL
CRoss-SEcTiON OF OXxIDE SAMPLE No, 125

FIGURE 4




OXIDE

-9Z-

COPPER —

(A) 1200X --45° o () 6000X -- 45°

SCANNING ELECTRON MICROGRAPHS OF A LONGITUDINAL
CRoss-SecTion oF Oxipe SampPLE No. 125

FIGURE 5
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COPPER

(A) 11000 -- 65° . (8) 11000 -- 45°

SCANNING ELECTRON MICROGRAPHS OF A TRANSVERSE
CRoss-SecTion oF OxIDe SampLE No, 125

FIGURE ©
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MOUNT ——

STEEL

(A) 1200X -- 45° _ | . (8) 6000X -- 45°

SCANNING ELECTRON MICROGRAPHS OF A TRANSVERSE
CRoss-SEcTIioN oF Oxipe SampLe No, 725

FIGURE 7
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STEEL

(A) NHyOH-H509 ETCH -- 10500% -- 65° ~ (B) NaCN EtcH -- 1100X -- 45°

SCANNING ELECTRON MICROGRAPHS OF EtcHED CROSS-SECTiIONS
ofF Oxipe SampLe Mo, 125

Ficure 8




OCANNING ELECTRON 'ICROGRAPH OF SURFACE
ToPoGRAPHY OF OXIDE SAMPLE ilo. 625 AFTER
COMPLETE ETCH 1IN ilACH

(5000X -- 45°)

Fi1cure 9
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SCANNING ELECTRON MICROGRAPH OF SURFACE
ToroGcrAPHY oF OXIDE SAMPLE !lo, 625 AFTER

PARTIAL ETCH 1N HACH
(4500 -- 76°)

Ficure 10
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MOUNT

COPPER

Repi.ica ELecTROMN 'ICROGRAPH OF A LONGITUDINAL
Cross-SecTioN oF Oxipe SampLe ilo, 125
(10009X)

Ficure 11
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MOUNT

COPPER

REPLICA ELECTRON [1ICROGRAPH OF ETCHED
CRoss-SecTION OF OXIDE SAMPLE No. 125
(NACH ETcH -- 5000%)

Ficure 12
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APPENDIX -

The chronopotentlometrlc technlque was flrst developed by

Evans and Bannlster[ ] and by Miley! [23’24] . and was modified by

Campbell and Thomas[?SJ It invdlves cathodic reduction of the

,ox1de fllm at constant current den31ty wh11e monltorlng the change

- in potentlal w1th time. A sudden change in potential 1nd1cates

that the- f11m lS gone and another process, usually hydrogen

| evolutlon, must occur to maintain the flow of current. A typical

potentiai-time curve is shown in Figure Al. When rhe current is
turned on, the potential jumps to ‘the value characteristic of the
film being reduced. When the fllm.has been reduced the potent1a1
then.jumps to another value characteristic of another reaction,
ueually hydrogen;evolution. The tine, 7 , for reduction of the

film is measured from the time the current is turned on to the

inflection point of the potential transition. The thickness of

the film can then be calculated using the following équation:

A () (7) (A1)
(m) (F) (d)

where
T = calculated thickness in Angstroms.
M = molecular weight of film.

current density (ma/mmz).

Jde
]

L
il

= Faraday's constant = 96,493 coul.
d = density of the film (g/cm3).

T = transition time (sec).

I ' “ - 5
ol . '
. . B .
. -
'
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a

i = number of Faradays requlred to reduce one . "

gram.formula weight of the film.

In some instances, as with the cuprous and cupr1c ox1des of

- copper, two separate succe881ve tran31t10ns are observed- a110w1ng
individual thickness calculations for each.
There are several assumptions 1nherent in the use of equatlon -

Al. It 1s assumed that the reductlon rqactlon OCCurs w1th 100%

- g
current eff1c1ency, i. e., that all the current goes toward reductlon

of the film and none toward side reactions. It assumes that the

inflection point represents reduction of all the film. The current

density, i, implies a knowledge of the true area of the specimen

although the usual procedure is to use the apparent area. Use of

the equation also assumes that the density of the film is equal to

the bulk density.
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COULOMETRIC REDUCTION CURVE OF POTENTIAL VS TIME
AT CONSTANT CURRENT DENSITY

FIGURE Al
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