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INTRODUCTION
1

This program was initiated to develop an understanding of the mechanisms
by which corrosion can occur in a capillary of 2014 aluminum. Both
experimental and theoretical techniques are employed in the program. The
corrosive media are products of the reaction between:

1. Water and fuel 'a mixture of hydrazine and dimethyl hydrazine).
2. Water and oxidizer 'nitrogen tetroxide).

With each of these two reacting systems, one may form two displacement
systems. In one case the capillary is initially filled with water which
is later displaced by propellant. In the other case the capillary is
initially filled with propellant which i later displaced by water.

The word capillary in this report refers to a crevice of small diameter
open at one end to a propellant tank but closed at the other end. This
is intended to include weld cracks, weld porosity, or huckbolt patches.
For the purposes of this study two configurations were considered in
detail:

1. A uniform cylindrical hole
2. A large cavity connected to a propellant tank by a relatively

narrow hole.

Because of the vast difference between liquid and vapor densities of
the above reactants, it is obvious that liquid filled capillaries offor
greater potential for serious corrosion than do vapor filled capillaries,
Thus emphasis is placed upon liquid phase reactions.

Some aspects of the problem are n~t particularly new. Our literature
survey shows that Joseph Priestly studied the reaction between nitrogen
tetroxiý(, and water in 1786.

CONCLUSIONS AND RECOMMENDATIONS

1. No evidence of signifiLant corrosion was found in specimens
exposed to fuel and water.

2. Of 89 specimens -vn-cr ,• ,ifizer and water, 60 showed no
significant corrosion.

3. The oxidizer corrosion process formed locallzud pits which ranged
from 0.0004" to 0.012" deep. No intergranular corrosion was found.

4. The oxidizer corrosion was more severe in the large cavity than
in the uniform hole.

5. Diffusion theory shows that corrosive media will not remain in
capillaries more than two weeks. Experimental verification was
obtained by both corrosion data and liquid analysis.

1. DSR 11047 - Evaluation of the Mechanism of Corrosion in Capillaries
2. Priestley, J., Experiments and Observations Relating to Various

Branches of Natural Philosophy, vol. II, section XIX, Pearson and
Rollason, London, England (1786).
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6. Significant corrosion in closed capillaries initially filled
with water in a missile propellant tank is unlikely. Even if
it should occur, the results will become apparent within two
weeks after filling the tanks.

7. All available evidence refutes the hypothesis that extensive
and continuing corrosion in capillaries can be catalysed by
water.

8 Present drying procedures following hydrostatic testing in
producing Titan 11 missile propellant tanks are adequate since
complete drying of capillaries is not necessary.

CHEMISTRY OF CORROSION PROCESSES

In general, the principal factors influencing the rate of reaction between
a corrosive liquid phase and metai include; 1) the chemical nature of
the reactants, solid and liquid, 2) the physical nature of the metal
surface, 3) the Imputities present on the surface of the metal, 4) the
activation energy of reactions taking place between the metal and liquid
phase, and 5) the rate of transfer of liquid phase reactant to the sur-
face of the metal through films of inert liquid, layers of solid reaction
products, and by the diffusion coefficient of the reactive liquid component
through inert liquid component.

A Oxidizer __stres

corrosion which takes place in a water-filled dead-end crack or pore
below the liquid level in an oxidizer tank would involve some sno possibly
all of the reactions that are known to take place between nitrogen tetro-
xide and water, and between the oxidizer hydrolysis products and the tank
material, 2014 aluminum alloy. The following reactions appear to be the
most impottant,

1) hydrolysis of nitrogen tetroxide:

N2 04 , H2 0 -.# HN03 , HNO 2

3HN0 2 -* HNO 3 / 2NO / 220

or

3N2 04 / 2H2 0 -# 4HN0 3 / 2NO

2) dissolution of the air-formed oxide filt

A1203 i 6H -- 2A1 3 '420
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S 3) corrosion attackW - ~~~~~(concentrated) A~ N 2 +3 2
Al + 61& .1 3NO3 -- A1+3 + 3NO2 + 3H20

'relatively slow)
'dilute)

AI + 4H+ + N03 'l Al+3 + NO + 2H20

finally as the pH approaches 6

2Al+ 3 + 60H --- A1203 . H20 + 2H20

The hydrolysis reactions are known to be relatively rapid and the rate
of the N2 0 4 hydrolysis is apparently controlled by the first reaction of
the two step sequence indicated above. 3

The above equations account for the corrosion process in aqueous systems.
There are considerable data available on the t ffect of nitric acid con-
centration on the corrosion rate of aluminum and aluminum alloys. 4 In
general, the attack rate is low for acid concentrations above 707. by
weight. Below 70% by weight the corrosion rate increases sharply with
decreasing acid concentration and goes through a maximum at a cuncentra-
tion between 15 and 20% by weight.

Consideration of corrosion mechanisms in the "binary" system N2 0 4 -H2 0
is cunplicated by chemical reaction between these substances which intro-
duces the additional components HNO 3 , HNO2 , NO, and N20 3 . Furthermore
the resulting mixtures of compounas are not miscible in all proportions
at ambient temperatures. Examination of the phase diagram for the system
(Figure 1) reveals a region characterized by the appearance of two liquid
layers within the composition range 52 - 98% N2 04 at 200C.5 Over most
of this composition range the more dense lower layer consists mainly of
a mixture of nitrogen tetroxide and dinitrogen trioxide (N203 ); the upper
layer is mainly aqueous niti acid with some dissolved HNO 2 , N2 04 , and
N20 3 •

Materials compatibility experience with the oxidizer MON, mixed oxides
of nitrogen,(N2 04 containing up to 30% NO) suggested that a mixture of
N2 04 and N20 3 (as in the dense lower layer referred to above) is no more
Cork_,, ... 'N.Z-ftee nIL ,gen (tAZJXide.

B. Fuel Systems

Corrosive attack by fuel-water mixtures in cracks or capillaries in the
fuel tank wall would appear to involve the following.

I) some reaction between the fuel components N2 H4 and (CH 3 )2 N2 H2 , and
H20 at all concentrations and consisting of

3. Wendel, M. M. and Pigford, R.L., A.I.Ch.E. Jour. 4, p 249, September (1958)
4. Lyman, T.,Metals Handbook, Am.Soc.for Metals, 8th ed., Novelty, Ohio,

p. 9217, (1961)
5. Lowry and Lemon, Jour. Chem. Soc., p. 6, (1936)
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a) limited formation of the ionic species,

N2H5+ (hydrazonium ion), (CH 3 ) 2 N2H3+, and OH" ion;

N2H4 + H2 0 - N2 H5

(CH3 ) 2 N2 H2 + H2 0 . (CH 3 ) 2 N2 H3+ + OH

b) hydrogen bonding between simple and polymerized molecular
speLies of N2H4 , UDMH, and water.

2. corrosive attack by the OH ion

Al + 30H" + 3N 2 H5 +-- Al (OH) 3 + 3 H2 + 3N 2 H4

As in the case of solutions of anraoniii in water, the concentration of
hydroxyl ions in aqueous hydrazine solutions is always small and is given
by the equilibrium constant for the reaction.

+
N2H4 + H20 N2H5 + OH

I N2H5+ OH_ 8.5700) (250 0)
Kb )N 2H42

p1l 11.0 for 1 molar solution

Since the corresponding constant for the basic ionization of ammonia in
water is

+
NH3 + H2 0 - NH4  OH

Kb = NHl+ OH- = 1.77 (0"5) (5i c)

r NH3 7
1"I - 11.6 for I molar solution

hydrazine is a somewhat weaker base than ammonia. A given conLentr.,t Ion
of hydrazine, therefore, pr-duces fewer OH" ions in aqueous solutions than
an equivalent conLentration of ammonia.

For aluminum the minimum in the corrosion rate vs pH relationship occurs
on the acid side of neutrality and the rise on the alkaline side can be
very marked. While the rate of attack depends, in general, on the pH
there are other factors which can er-rt a strong influence. In aqueous
solutions of pH above 8.5 for example, t0,o resistance of aluminum to
attack depends to a large degree on the nature of the comound or com-
pounds causing the high pH. Although sodium hydroxide and sodium carbo
nate solutionsccause seyere attack, ammonium hydroxide solutions are not
particularly corrosive (Figure 2). Also, the rate of attack is increased
by impurities of low hydrogen overpotential (e.g. Cu, Fe, and Pt).
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Aluminum is rapidly attacked and dissolved by sodium hydroxide and sodium
carbonate solutions. The rate of attack by ammonium hydroxide solutions,
however, is low for all concentrations even at temperatures up to 1200F.
This difference has been attributed to the low solubility of AI(OH) 3 in
ammonium hydroxide solutions. While sodium hydroxide, sodium carbonate,
and other strong bases readily dissolve the corrosion product Al(OH) 3
according to the reaction

Al + OH- + H2 0 --w A1O 2 + 3/2 H2

in the case oi ammonium hydroxide solutions, Al OH) is coprecipitated
with other insoluble minor constituents on the metal surface. This pre-
cipitate presumably hampers tbc diffusion of fresh solution to the
aluminum surface and accounts for the distinct tendency of the attatk
rate in NH4 OH to gradually decrease with time.

Another school oi thought holds that the attack or dissolution of aluminum
in alkaline solution proceeds by an electrochemical mechanism. The
impurities in aluminum or the alloying constituents in aluminum alloys
form the cathodes of loc& cells of which the aluminum matrix is the
anode. The initial attack or dissolution rate is <aie result of the action
of these and other cells, e.g., those caused by grain boundaries. At
anodes aluminum goes into solution or is converted to Al(OH) 3 , while at
the cathodes an equivalent q, ntity of hydrogen is evolved. As the
aluminum metal is dissolved by a solution such as sodium hydroxide, a pre-
cipitate forms on tto urface of the metal. This precipitate, consisting
of impurity compounds, e.g., hydroxides of iron and copper possibly
interspersed with metallic deposits of these metals, can act as a cathude
as corrofive attdick progresses. In ammonium hydroxide solution':,the pre
cipitate tn the nweral surface consists mainly of Al(OH) 3 . This electro--
chemic3l process depcnds on the presence of a conducting solution and may
be limiced by accetssiility of fresh solution to the metal surface. Also,
this mehanism w-uld be favored by increasing water content which gives
a solutýo'o ,-f hijhe, conductivity and by dissolution (-f AI(OH) 3 which Irr-
proves the acre3sibility of the conducting solution to the metal surface.

Although the mechanisms of the corrosion of aluminum discussed above are
based on observations made in studie- using ammonium hydroxide and other
common alkaline solutions, it appears reasonable to assume that the limited
corrosive attack observed for aqueous solutions of hydrazine and ITDMH pro-
ceeds by a mechanism similar to that t,-r ammonium hydroxide solutions be-
cause of the marked similaritieq in the chemical behavior of ammonia,
hydrazine, and U1H1. The hydrazine molecule may be thought of as an
ammonta molecule in which one of the hydrogen atoms has been replaced bv
the more electronegative - NP, -roup. This substitution has the effect
of somewhat reducing the b. .,i, o. the resulting molecule. It is
apparent that in fuel-water ir.s corrosive attack by either an
electrochemical methanism or one governed by the hydroxyl ion concentration
will be dependent to a large degree on the concentration of water present.
This is borne out by results cf corrosion rate studies on aluminum alloys
in, for example, mixtureb of VtDHM and deionized water. In studies Larried
out at 30 and 631C the alloy specimen weight gain or rate of scale buildup
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was proportional to the water content and below 207. water no notice
able effect was observed.

C. Estimation of Diffusion Coefficients

The diffusion coefficients of reactive liquid phase components through
inert liquid components were mentioned earlier as one of the factors
influencing the rate of transfer of liquuid phase reactant to the surface
of the metal.

In the absence of experimental diffusion coefficient data for the
pertinent species in oxidizer-.water and fuel-water mixtures it becomes
necessary to nf ke estimates fir these physical . >nstants. Fortunately,
it has been shown that for a wide variety ot s,)lutea and solvents,values
of the diffusion coeffic ent, D, fall within the relatively narrow -&ge
0.5 to 4 x 10 5 cm 2 /sec.. In Table I examples of literature values of
diffusion coefficients fcr two substances in aqueous solution are given.

"TABLE I 1 2
HNO 3 in H 0 0.1 g-mole/lirer D 2.6 x 10-5 em /sec.

2 2

CH3COOH in H20 0.5 g mole/liter 1 63 0 F D - 0.96 x 10-5 cm2 /sec.

The diffusion coefficient D increases with temperature, is larger for
small molecules, and decreases usually with the concentration of solute.

For the purposes of this analytical study calculations of values of D
fur various species occurring in oxidizer-water and fuel-water mixtures
were "--de using an empirical .. at ton. ' Results are given in Table II.

TABLE I1

H,0 in N204 20C D 0.85 x 10-' cm2 /sec.

NdO4 in H20 20C D - 1.3 x 10"5 cm2isec.

N2 H4  H10 in Aer-zine 50 10"C D - 2.35 x 10 5 cm21sec

Since there are probably a-.•,,t ration etfe~ts in these systems which cannot
be e.timatcl a(curatelv and t+rtainlv thanges In the actual values of the

dittust,,n Loetficientt, ac-ompanying Lhanges in concentrations of the
diffusing ipecie.) It %.eemed fesirablt t., use a single value tor the diltu-
-,Ion coetticient ) of all !he liquid spectes considered in calculations
based on analytical m.dels. -he value taken was 2.0 x I135 ca 2 l/se".

b. Raleigh and Deer, Cotrobio,, p. 115, Otover, (1960)
1. Sherw-od, T. K. and Pigtord, IK. L., Absorptio'n and Extraction, McGraw-

Htll, 1952)
8. Wilke, C. R. and (hang, P.. A.I.Ch. E., Jour., 1. p. 270, (1955)
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DIFFUSION IN CAPILLARIES

Some of the above reactions show that either fut., or oxidizer may rect
with water to form products which are corrosive to aluminum. Since the
extent of corrosion is critical in predicting wall penetration, both the
length of time a capillary is tilled with corrosive fluids and the
corrosion rate are important. The capillary residence time will be esti
mated by calculations of diffusion rates.

In view of the size of capillaries it would seem that the dominant mode
of mass transport is molecular diffusion. By estimating capillary depth,
diffusion constants, and reactions, one may solve the diffusion equation.
Such solutions give the concentration anywhere in the capillary as a
function of time - thus indicating how long a capillary is filled with
a corrosive media. Because of the number of assumptions, the results are
to be regarded only as approximations. However, one may assume a sequence
of worst case situations and obtain the longest time for a capillary to
be filled with corrosive media. The longest time is of the order of a
week or two.

The rate of diffusion of some species i is usually written as

Fi - -D grad CL (1

Using the above expression to write a material balance around a small
volume leads to the classical diffusion equation

V P div Fgrad Ci (2)

.2 t

where constant diffusivity has been assumed. To simplify the problem
assume the capillary is a straight hole of uniform truss section. In
this case the right hand side of 2) is D times the second partial deri-
vative of C1 with respect to x. Solutions ot (2) are developed for
varying degrees of ccomplexity in the material below.

In the simplest case, assume the Lapillary is filled with subttanLe ,,nt,
at time zero and, as time passes 4 this material diffuses out ot the
capillary. Carslaw and Jaeger, p. 100, have found the solution to be

C2 )n , 1) (2n +1) 7

T n-o 2n + 1 [ Y cos (n +t l)rx i'. (I

Boundary and initial condit tens are

C1  (x, 0) - 1 (4)

C1 (0, t) 0 (x - 0 is c Iro-d end)

SL, t) 0 0 (.- * L &! open ead) (6)

9 Carslaw, I. S., and Jaeger, i.C., Conduti, on of Heat in Solid,
Oxf,-rd Pi s$, 2nd ed. (1959)
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Figure 3 shows the results from (3) for the closed end of the capillary
as a function of time for assumed capillary depths of 0.1" and 0.4". (A
diffusivity of 2.0 x 10-5 cm2 /sec is assumed in this work). Since 0.4"
would seem to be an extremely long capillary and since it is depleted to
107. of the original concentration in 3.7 hours, it is evident that the
aluminum is exposed to a corrosive media for a relatively short time.
Because of the exponential character of (3), one expects a decay to 17.
tof the original concentration in another 3.1 hours etc. Estimates
above show that the diffusivity for fuel-water and oxidizer-water are
about the same. Thus the above result applies to either case.

Equation (3) is deficient in that it does not account for the formation
of the corrosive media in the capillary. It is imagined that initially
the capillary is filled with water (substance 1) ana the main tank .on-
tains either fuel or oxidizer (substance 2). These materials react to
form substance 3 at a rapid rate. If this reaction rate is large compared
with diffusion rates, the process may be described as a moving boundary
problem. Assume, now, the pore opening is at x - . Initially the
materikls react at the boundary, xb, which is at x - 0. As tir•e passes
this boundary moves deeper into the pore. Between the pore, opening and
the boundiry only substances 2 and 3 exist. Substance 2 is diffusing
t •_. r d t hI o Iou ar v :1 s uh st n.it u 3 ,!i U' ( _f c t o .ir d t tt, Op(.n 1g

Between the boundary and the pore end, only substances 3 and I exist.
In this region substance I diffuses toward th,, boundary as substance 3
diffuses toward the pore end. Iwo parts comprise this anal-sis; a react-
ing part in which the boundary moves from x - 0 to x - L; and a depletion
part in which substance 3 is replaced by substance 2 via diffusion. The
only exact solution for the reacting part vf the problem is that of
Neumann, see p. 285 of Carslaw and Jaeger. 9 Unfortunately, this applies
for an infinitely long capillary. By using the Neuraann solution only
until the moving boundary strikes t!,e capillary end, and then usir.g the
usual diffusion solution for removal of component 3 the deficiencv in
Neumann's soluti,' causes little error. For the first part of the process
the Neumann solution i'r

C - 1 2 ert x i' X <
2 J'Pt)

C2 - 0 ,<

CI - I - 2 ert( x , h xb•( : "(8)

C 1 u .Ox..Xxb

0.954 *Do , Q- LS0.9s ,D

Figure 4 illustrates the conct-ntration distribution J 8 hours after tilling
the propellant tank. At this time the boundary Is t.LIf-wav thro-u" 1?e
capillary. Concentrations of components I and 2 ire labeled on the figure
and one may estimate the concentration of component 3 by noting the diff-
crr%, between the curves and the horizontal line, C - I. In this konnection
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one may say thot the moving boundary is a source of species 3 which then
diffuses away from the boundary. After 15.7 hours the boundary reaches
the end of the .-apillary and only species 2 and 3 remain. Figure 5 shows
the concentration of species 3 at this time. Further time lapse implies
diffusion of species 3 out of the pore; see the result for 23.5 hours,
also on Figure 5. In round numbers, this study shows that species 1 and
2 react in a di'fusJon limited process in about 16 hours. In a total time
of 24 hours, 90. of the product species has diffused from the capillary.

Emphasis is now pk.ced on the N2 04 - H20 system as this seems to posses
the greatest potential fer corrosion. Assume N2 04 and water react to
produce HNO2 and HNO-1 and th3t this is the only chemical reaction occurring.
Wendel 3 has measured the approprtate rate constant for N204 reacting with
water at very low N2 04 concentrations. His results, reported for a first
order reaction, was a rate constant of 290 sec- 1 . In the present applica-
tion a second order model wuld be more appropriate since the reaction
rate must. vanish if either water or N2 04 disappears. Thus Wendel s cons-
tant is divided by 55 (the molar concentration of pure water) to obtain
the estimated second order constant of 5.3 liters/mol. sec.

Two equations are now necessary to describe the process

,,j 1  ,. 2 C1  -k Cl ,2 (10)
t D

zD kC 1 C2  (11)

Let subscripts 1 and 2 denote water and N2 04 respectively, then the
boundary and initial conditions are:

C1 (x, 0) = 1 (12)

C2 (x, 0) 0 ý13)

C1 (0, L) 0 (14)

C2 (0, t)= 1 (15)

= =0 at x = L

x •x (16)

Since (10) and (11) are nonlinear, exact methods of solution do not
apply. By using the numerical technique of Saul'ev1 0 , solution was
etfected using an IBM 1620 computer. Twenty space increments were
employed. Results are presented for the reacting par' in Figure 6, and
for the depleting part in Figure 7 for a uniform ca ' 'pry. About 5
hours are necessary for the reaction to reach comp' i. After about
24 hours, the closed end of the pore contains only a) 5% reaction

10. Larkin, B. K., Math. of Comp., #86, April, (1964)
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products, see Figure 7.

The fitial case which was treated was the restricted capillary. This
capillary has a large inner pore (a cavity) connected to a propellant
tank by a smaller pore. In this case each pore was 0.2" long and the
cross-sectiono' area of the cavity was 30 times that of the small pore.
Equations (10) through (16) still apply, but in addition one must use
continuity of concentration and flux at the junction between large and
small pores to complete the problem. Figures 8 and 9 show that this
change in geometry has increased the time scale considerably. In Figure
8 we note that after 36 hours the reaction zone has not reached the large
pore. Because of the longer time, concentrations are nearly uniform with-
in the large pore. After 78 hours the reaction portion of the process
ends as the water disappears. The depletion of the products also is
slowed, see Figure 9, by the restriction. It takes 270 hours for the
large pore to reach 847% C2 concentration.

Although the above results contain many questionable approximations,
the conclusions concerning the general time scale are unavoidable. Nearly
all liquid phase diffusion constants are within an order of magnitude of
I0-5 cm2 /sec. Regardless of what reactions do occur within a capillary,
any corrosive products must diffuse out of the pore in about the times
described above. Thus corrosion within a closed capillary can only last,
at most, about two weeks after filling the propellant tanks.

EXPERIMENTAL - CORROSION STUDY

Ar experi.mental corrosion study was performed to test the results of the
analysis. This was done by subjecting capillaries to three different
enviroiunents. Th- first environment consisted of having liquid nitrogen
tetroxide in the .- ,pillary, while the exterior of the capillary was an
"infinite" suppl- of water. An "infinite" supply is so large that onccentra.
tion changes are negligible. The second condition was a reverse of rhe
first, that is, the capillary was filled with water and the exterior was
an "infinite" supply of liquid nitrogen tetroxide. Finally, the capillary
was filled with water anc then surrounded by an "infinite" supply of liquid
Aerozine-50. The specimens were subjected to these environments for periods
of one, two, three and four weeks.

The capiilaries were maihtned in two different types of blocks. One
block was machined from 2014-T6 to a size of 8" x 3" x I". The second
block was made by Ihbutt welding two blocks (8" x 1 1/2" x 1") to create
a block 8" x 3" x 1". The weld bead was then ground flush. There were
three different types of capillaries In the parent metal block. Two
capilla:ies were straight blind holes which were 0.046" and 0.020" in
diameter. The third capillary was made by plug welding over a hole 0.250"
in diameter and then drilling an 0.046" D hole through the plug weld to
create a capillary with cavity. (See Figures 10 and 11). All capillaries
in the welded blocks were .046" D blind holes. These were staggered such
that they penetrated weld metal, heat affected metal, and parent metal.
(See Figure 12). Specimens were also created by lockbolting two 6" squares
of 2014-T6 together with fije lockbolts. The lockbolts were found to leak
he liuti in excess of 2 x 10" atm cc/sec, as determined with a helium mass
.; )ect' - 1t eer.
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The specimens were filled by first heating to 250°F and then immersing
them in water. In filling the capillaries with nitrogen tetroxide
the blocks and panels were heated to 90°F and then immersed. This
method of filling created, approximately, a 307 air pocket in the uni-
form capillary. Tht cavities were completely filled with liquid, how-
ever. Such a procedure would seem to duplicate conditions in a blind
defect in a propellant tank

After filling, the blocks were placed in a closed system of about five
gallons liquid volume. The blocks were placed so that the capillary
opening was pointed up. Exposure temperature varied from 60 to 80 0 F.

After exposure the specimens were evaluated. The acid concentration
of both the cavity liquid and surrounding water was determined by
titration. The water content of the surrounding N2 04 was determined
by a corductivity method. The liquid in fuel exposed specimens was
analyzed by a gas chromatograph. The specimens were then randomly
sectioned and polished for a metallographic examination. The sectioned
specimens were first examined with a stereomicroscope at 7x to 30x
magnification for evideice of corrosion. After examining the surface,
the specimens were then polished and lightly etched so as to allow
examination of the hole for any appreciable depth of corrosion. The
lockbolt specimens were examined metallographically in the same manner.
The results of the metallographic examination are presented in Tables
3, 4, and 5. The results of the analysis of the entrapped liquids are
listed in Table 6.

The tabulated metallographic data indicates that the corrosion is no
worse at the end of the fourth week than it is after the second week.
This is also substantiated by the weekly analysis of the acid concentra-
tions. Due to the small amount of corrosion, and inherent mechanical
damage corrosion of the lockbolt specimens proved to be indeterminate
The surfaces of the 2014-T6 sheet were very irregular and gouged from
the ii•tentionally improper installations

The tabular data contains a "worst case" descriptive analysis of the
specimens. Along with the description there is a fractional number,
the denominator of this number is the number of specimens examined and
the numerator is the number that exhibited corrosion. A percentage
figure is also listed. This figure presents the relative depth in the
capillary of the corrosion pit locetion. The decimal figure is the
distance of the pit into the capillary wall

In the welded block, the only capillaries that are listed are those
that penetrate both weld metal and heat-affected parent metal. The
data pertaining to the large cavity is taken only from the lower por-
tion of that cavity. This was done so that the effects of plug weld-
ing would not confuse the corrosion data.

These data lend strong support to the conclusions from diffusion theory
concerning the residence time of corrosive fluids in a capillary. Both
corrosion data and chemical analysis of liquids show little difference
during the last two weeks of the test.
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That the more severe attack was noted in the cavities may be explained
in several ways. Because of the flow restriction, the residence time
of the corrosive fluids was much longer than in the uniform holes. The
cavities, because of their larger diameter, contained more corrosive
fluid per unit metal surface area than did the uniform holes. Thus
there was more fluid available to corrode In the large cavity.
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1/4 47'/ 1 ý & 4'"

j-it t £ng ,*nt No e 1 dentc A c or ros i- Nt r tmusion

005"

1/42
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N .IN (APILL

Wecks _______________farent Mft

Fusr Largc .avit~y 10.046"
ISow- Iotal1?cd pitt No c i Ident r

ting 0.006" depth
mebtly on sides.

2 Localized pitt-ing 0 09)4" N, v~n ~
to 0.010" on stacs

1/3

3Lazgc pits at t. Ynttu- *.k~aizcd pitti
0.012" dcep su~tta .(0
pitring to 0.001

4No laige pits. Som io~al pitt
.004"

0/i. 907.
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TABLE I V

LARY - H2 0 SLRROi!NDTNNG

tai Bl.ck __ idfd Blok Atl
) r0,0,e 0. 0O" h.,Ic 0.046" D

toTr.. ton Nc fvilcnce ot corrJsion N, corrosion

0/4 0/2 0/1

(o.rosion One pit to a depth Lt Some lcalizeu
0.006" pttLng 00_UI"
0!• 70• /2 587 t12

ing 0.00l" N-, ewiderit. of Ltort;bon Slight pitttng
apt roximate LV

000-4" t o 0008"
Old1/

ting up to One small pit 0 0002 Lcxalized pitting
maximum depth up to 0 004"

1/5 62. i12 55'- 112

"S)



H 20 IN CAPI

W~eks Parent

Exposure LarSe Cavity 0.046"

No evidence of Nu evidence ot
corrosion

2 No evidence of One pit to 0.0
corrosion

3 Nc evidence ot No evidence ot
corrosion

4 Slight pit at bottom No evidente of
0.0006" maximum depth

* No data taken



TABLE V

ILLARY .. A 50 StBOUNDINC

--- -

Ural Blotk Welded Block - All
D Hole u. Oi" D Hole holc. - 0.046" D

34 Iortos$on No Evii(fn.wt I cort(oLEtrn No t'.lt(nru" of
corrst Ion

,001" Sum •light pitring

)t (.0ZOs1lborl Nc'• e•,1dc~n• 'dt (.o!lOfln

f corrosion Nil eidence oft (olroslon

_ _ _ _ _ No

*1*

S. .., ,, ,, !! ! !q ![! ! !! .!!!!!S
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TABLE VI

CONCENTRATION DATA

'NTO in Capillary H20 Surrounding H20 in Capillary - NTO SurroundinL
'bath (Water

Week Cavity Bath Cavit! Content)

1 0.006N O.O001N 0.6N 0.11%
(P- (pH - 4) (pH - .22)

2 0.023N 0.0152N 0.53N O147.
(pH - 1 64) (pH - 1 8?) ipH 0 4)

3 0.038N G.0152N 0 72N 0 147.
(pH - 1.43) (pH - 1.82) (pH - 0.143)

4 0.14N 0.019N 0.504N
(pH - 0.96) (pH - 1.72) (pH - 0.301
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EXPERIMEINTAL - WATR, TETROXIDE REACTIONS

Mixtures of water and nitrogen tetroxade werp prepared and examined in
a test cell, see Figure 16. The cell was made joing two 6" x 16" x 1/2"
stainleds steel plates. A 4" x 14" x 1/2" glass plate, which allowed
visual observation of the mixtures, was held between the metal plates
by 24 bolts. A polyethelene gasket was used to effect the necessary gas
tight glass to metal seal. In the back metal plate a milled channel of
3" x 12" x 1/3" hold the mixtures. In preparing a miature in the vertical
test cell, a small quantity of water was introduced from a burette, sen
Figure 16, into the bottom of the cell. Next the system was opened to a
water aspirator to remove most of the residual air. The tetroxide supply
was contained in a pressure bomb which was submerged in a water bath at
120"F. After evacuation of the test cell, the tetroxide valve was slowly
opened, allowing liquid tetroxide to enter the test cell. Initially the
oxidizer liquid fell to the bottom of the water and the reaction seemed
to occur very rapidly with considerable gas evolution. As no gas was
vented, the pressure in the cell increased with addition of tetroxide.
WiLh increasing amounts of oxiuizer the cell liquid changed color from
light blue to very dark blue. Finally two liquid layers were formed, a
likht green and a dark blue layer as described above.

In the initial design phase of the project it was intended to take con-
ductivity measurements through the glass cell. By relating conductivity
to concentration. one could then use such data to determine diffusion
coefficients for the tetroxide-water system. For two reasons, this
technique was impossible. In the early stages, when a single liquid
phase existed, gas evolution provided turbulent mixing. Thus diffusion
was not an important mixing mechanism. Later, as gas evolution stopped,
the existence of two liquid phases made it Lmpossible tc relate conductance
measurements to concentration.
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SYMBOLS

C Concentration, moles/liter

D Diffusivity, cm2 /sec.

F Flux, moles/cmn2 , sec.

k Reaction rate constant, liter/mole, sec.

L Capillary length, cm (or inches)

t Time, sec.

X Distance variable from capillary end, cm.

xb Moving boundary position, cm,

0
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Figure 10 - Cross Section of Specimen Showing
Large Cavity and Two 0.020' Holes
Mag 1X

Figure 11 - Longitudinal Cross Section Through

Specimen - Showing Varying Depths
of Holes Mag IX
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Figure 12 - Transverse Cross Section Through

Weld Specimen Mag IX

Figure ! - Showing Pit Corrosion in'Cavity to

a Depth of 0.0048". NTO in Cavity

H20 Surrounding. G-e Week Exposure
Kag 4 0OX
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0

b!

4

'I

Figure 14 - Showing Pit Corrosion - 0.0025" H2,0
in Cavity. NTO Surrounding N Whree
Week Exposure Mag 400X0

I- e

O Figure 1' - Shoving Pit Corrosion - 0.002" NTO In

Cavity - 1H20 Surrounding Two Weeks
Exposure Hag 400X
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