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FOREWORD | I o

This report is a Final Summary Technical Report on Contract F04611- .,
67-C-0033, covering the period ! November 1966 to 1| November 1967, and
it is also a Halogen Passivation Procedural Guide detailing methods to
render a system safe for exposure to fluorine and other fluorinating agents, .
on that contract and on the previous Contract AF04(611)-10932. The work
on these contracts was carried out at Astropower Laboratory, Advance
Systems and Technology, Douglas Missile and Space Systems Division,
- McDonnell Douglas Corperation, under the supervisicn of Dr. N. A. Tiner,
Head, Materials Department. Dr. W. D. English, Section Chief, Propel-
lant Compatibility, was the Program Scientist, and experiments and anal-
yses were conducted by Dr. S. K. Asunmaa, W. G. Black, W. A, Cannon,
and S. M. Toy, with the technical assistance of C. R. Brown, A. Pinkul,
D. R. Nelson, 8. Miranda, S. Sanders, F. D. Kleist, and R. Ingersoll.
The program was administered by the Air Force Rocket Propulsion Labo-
ratory, Research and Technology Division, Air Force Systems Command,
Edwards Air Force Base, California, under the Technical Direction of
" Mr. Biggers as Project Engineer, succeeding Lt. Ralph Fargnoli.
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This report was prepared by W. A. Cannon, with the assistance of
S. K. Asunmaa, S. M. Toy, and W. D. English, under the supervision of
N. A. Tiner. o

This report has been reviewed and approved.

W. H. Ebelke, Colonel, USAF . o
Chief, Propellant Division ‘ ‘
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ABSTRACT

Thie fina! *ecbaical report summarizes the studies conducted on halogen
ior of flynrine

passivation. In the body of the report, geneial reaction benuvicor

and halogent with metal surfaces and contaminants, and cleaning and passi-
vation procedures for systems and components using fluorine-containing
oxidizers are outlined. A test conducted to evaluate the effectiveness of the
cleaning and passivation procedure applied to a valve assembly is described.
The experimental details have been included in the five appendices. Thes®

‘cover: (l) reaction of fluorine system contaminants, (2) impact sensitivity

of organic residues left from passivation, (3) corrosive behavior of passi-
vated metal surfaces, (4) gases absorted on passivated surfaces, and (5)

"mechanical stability of passivation fluc ride films.
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SECTION 1

SUMMARY AND CONCLUSIONS & o

A study of the effect of exposure of structural materials, impurities,
and components to fluorine and to other fluorinating agents under typical
passivation' conditions has been carried out. The results obtained from
the experiments are interpreted as follows

H
H

a. Thin films of metal fluorides form very rapxdly on
structural metals.

b. The reaction generally ceases after the f11ms are from
5 - 50 Angstrom units thick.

c. Exposure of clean unpassivated metals to high concentrations
of fluorine causes formation of the films without further
reactions. .

d. Typical organic contaminants are NOT cleaned from
systems by exposure to fluorinating agents.

e. Residues of orgunic contaminants remaining after
passivation' are violently reactive with fluorine, sometimes
spontaneously, sometimes upon shock or impact.

i
A

g

f. Ice does not react completely with fluorine in mild fl
passivating'' conditions and unreacted water is dangerously g’
reactive when shocked or impacted 4

g- Reactive metals, those which do not form metal fluoride
films, such as tungsten, should not be introduced into
systems for fluorine. Passivation reduces the reactivity of
such metallic impurities, but there are not yet sufficient
data to design adequate passivation procedures to assure
complete removal of these impurities.

Studies of the metal fluoride ""passive' filrns were also conducted
These included chemical analyses of the films and behavior of the films
when exposed to mechanical and thermal shock, and to moisture. The
results obtained from the experiments have becen interpreted to mean -~

a. The films obtained under mild passivation conditions
consist of a metal fluoride layer lying on top of an
unchanged metal oxide layer

b. The passive films are ha=d and adherent.. Repeated
flexing, cryogenic thermal shock (AT = 400°F), or a
combination of these procedures does not affect the
mechanical stability of th2 films. There is no detectable
cracking or flaking away of the film.

i
:
i
{



c. Exposure of the films to moisture causes alteration of
the film and corrosion of the substrate metal. The
surfaces can be repassivated, except for copper.

d. The films absorb an appreciable concentration of fluorine,
halogen fluorides or hydrogen fluoride. These absorbed
species are difficult to remove.

From the above interpretations it was concluded that -—

a. Passivation of clean metal surfaces is not necessary
prior to exposure to fluorine, but it does no harm.

b. Passivation can not be used tc clean organic impurities,
water, or reactivc metals from systems or components;
proper cleaning procedures and protection from
recontamination are essential for safe systems.

c. Component passivation is less desirable than system
passivation.

d. Passivated systems or components that have been
exposed to moisture must be repassivated. Copper
cannot be repassivated until the original fluoride film is
removed.

ASSURANCE AND MAINTAINENCE OF SYSTEM CLEANLINESS, AND
PROTECTION OF PASSIVE FILMS FROM MOISTURE-CAUSED DESTRUC-
TION ARE ESSENTIAL TO INSURE SAFE AND EFFICIENT OPERATION
OF FLUORINE SYSTEMS.

The conclusions were tested by obtaining a typical fluorine system
component, a solonoid valve, in a dirty condition, cleaning it, passivating
it, and then filling it with liquid fluorine and operating it successfully.




SECTION I
GENERAL CONSIDERATIONS ON FLUORINE PASSIVATION

1. DEFINITION OF FLUORINE PASSIVATION ’
* (PASSIVATION STABILIZES SYSTEMS TO FLUORINE)

Passivation of a flnorine system, or of system components, is defined
as pretreatment of the system or components with a fluorinating agent in
order to stabilize the system or components so that they will not react
catastrophically when {luorine is introduced under normal operating condi-
tions. It is commonly done by exposing to gaseous fluorine under controlled
conditions all surfaces of the system or components that can contact the’

fluid.

All metals and alloys react with fluorine, but they ordinarily react only
to a limited extent by virtue of formation of an adherent, protective fluoride
film. These protective films reach limiting thicknesses characteristic of
the particular metals or alloys. The limiting film is generally known as a
passive f{ilm. s o

2. REACTION OF FLUORINE WITH METALS
(FLUORIDE FILMS FORM RAPIDLY)

The thicknesses and rates of formation of fluoride film on various
metals and alloys have been investigated (References 1, 2). Powdered
metals were used in these investigations in order to provide conveniently
large surface to weight ratios. Experiments with coupons were also con-
ducted for assurance that the state of subdivision did not affect the results.
Some uncertainties exist concerning the method of calculating film thick-
nesses, because it is not “mown whether the fluorine reacts exclusively
with the oxide film on the surface or whether part diffuses through the oxide
film to react with the metal. The compositions of typical fluoride films on
several metals and alloys have been investigated by the electron diffraction
technique (Reference 2). Abundant evidence from the references cited
above shows that the films formed consisted of metal fluorides and un-
changed metal oxide hydrates and that the limiting film thicknesses formed
on metals by exposure to fluorine, at pressures near one atmosphere and
near room temperature, are in the range from about 5 to 50 Angstroms.
The rate studies of fluoride film formation show that approximately 75% of

"the limiting film thickness is reached in 10 to 15 minutes exposure at one
atmosphere. Some metals, notably copper and Monel 400, continue to
react slowly with fluorine gas over an extended period of time and the ap-
parent film growth continues at a very slow rate. However, most alloyb.
including 300 series stainless steels, appear to rea.ch lvmtmg film thick-

ness.




Information available concerning the rates of reaction of the other
potentially useful passivating agents chlorine trifluoride and chlorine penta-
fluoride is less conclusive. Techniques for reaction rate studies developed
for fluorine are not applicable to these materials. It has been necessary,
therefore, to employ less informative methods. On the basis of the studies,
it has been tentatively concluded that metal reaction rates and film thick-
aess for chlorine trifluoride and chlorine pentafluoride passivation are
comparable to those for fluorine. Some differences in film composition and
behavior toward moisture were observed, however (Reference 2). No
definite advantage could be demonstrated for chlorine trifluoride or chlorine
pentafluoride as passivating agents and they are less convenient to use and
more difficult to pu.ge from systems. Also, it was shown that the films
from chlorine fluorides contained metal chlorides. Such residues are sus-

picious, since chlorides-sensitize some metals to stress corrosion cracking.

No applicable reaction rate studies are known for bromine trifluoride
and bromine pentafluoride although these interhalogens are known tc be -
active fluorinating agents and undoubtedly form protective fluoride films on
metais. The low vapor pressure of these compounds at room temperature
practically precludes their use as passivating agents. In addition, passiva-
tion with BrFg was shown to leave a difficultly volatile, fluorme -containing

residue, probably BrFj.

The effect of pressure on the reaction rate of fluorine with metals has
been investigated to a limited extent. Over a range of 100 to 1100 torr the
reaction rate of fluorine with nickel at 77°F showed acube root dependence
on pressure (Reference 2). In a study of copper fluorination at 212°F and

‘at pressures from 6 to 60 torr the reaction rate was found to be independent

of pressure (Reference 3). Another investigation of the fluorination of iron
above 400°F revealed a square root dependence on pressure (Reference 4).

Obviously different mechanisms are operative in the different temperature
regimes, nhowever, the pressure effects are small enough to be ignored

near room temperature.

3. EXPOSURE OF UNPASSIVATED METALS TO

UNCONCENTRATED FLUORINE
(CLEAN METALS ARE STABLE TO FLUORINE}) .

Metals in various states of subdivision from bulk to powders finer than
300 mesh have been abruptly exposed to fluorine gas at one atmosphere
pressure and to liquid fluorine at -320°F. No ignition reactions were ever
observed (Reference 2). The metals and alloys treated include 2014 alumi-
num, 2024 aluminum, 6061 aluminum, Mone! 400, nickel 200, 304 stain-
less steel, 316 stainless steel, and 347 stainless steel. Similar exposure
of finely divided nickel oxide and copper oxide to flucrine gas =t one atmos-
phere failed to result in ignition. Minus 300 mesh 316 stainless steel
powder was abruptly exposed to fluorine gas at 900 psig at room tempera-
ture without ignition. It appears that spontaneous ignition of metals of the
compositions mentioned above is unlikely unless triggered by impurities.

- o e e e e e it -
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Slow, stepwisc, increase in fluorine concentration is unnece'ssary for pas-
sivation of thoroughly cleaned metal. ,

Metal powders as described above were also exposed abruptly to
chlorine trifluoride and chlorine pentafluoride vapors at one atmosphere.
No ignition reactions were observed. ‘

The data collected indicate that, from the standpoint of the clean metal
surface alone, passivation is relatively uncritical. Adequate protective
films are readily formed at any pressure from 0.1 atmosphere to several
atmospheres. An exposure time of 15 minutes is considered to be adequate
for film formation. There is 1o experimental evidence that permits speci-
fication of an optimum time and temperature for passivation — a fairly broad
range of conditions will result in adequate film formation. There are some
" indicalions-that a reiativeiy thin protective tim is to be preferred. Thin
films apparently absorb less moisture if exposed to the atmosphere and
hence cause less secondary corrosion due to HF formatien.

4. REACTION OF FLUORINE WITH ORGANIC MATERIALS
(PASSIVATION DOES NOT CLEAN GUT CONTAMINANTS)

It is generally recognized that cleanliness is required during assembly
operations in fluorine systems to encure safe and reliable operation.
Nevertheless, there is some opinion that passivation can be relied upon for
final clean-up of residual organic contaminants. Some feel that - :
this is the primary function of passivation. However, placing confidence in
the capabilities of passivation to remove organic impurities is courting
possible disaster. While it (s possibly true that trace amounts of organic
materials inevitably left behind by adequate clecaning gprocedures can be
inerted by exposure to fluorine during passivation, we have found consider-
able evidence that even quite small amounts of contaminants are not effec-
tively removed. It has been shown that typical system contaminants, i.e.,
hydrocarbon greases. organic polymers, and halocarbon oils in quantities
on the order of 10 milligrams may Jeave reactive residues when exposed to
passivation at pressures up to 200 psig at 200°F (see Appendix II}). These
are conditions that ordinarily cannot be reached in routine passivation of
propulsion systems. Under milder conditions, say up to 50 psig at room
temperature, many organic materials show a suprising reluctance to react
significantly with fluorine. Also, residual unreacted or partially reacted
materials are vnstable and have been shown to react later due to initiation
by shock or even by contact with liquid fluorine.

The net result of these observations is to put a severe burden upon
cleaning and inspection to insure that no significant organic contamination
finds its way into a system. We emphasize that in no case should passiva-
tion be considered a substitute for efficient cleaning, inspection, and
assembly procedures. Slipshod or careless procedures should not be
tolerated on the assumption that final passivation wiil take care of contam-
ination left from cleaning or introduced during assembly.

3
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Although fluorine may react rapidly or violently with all organic mate-
rials except carbon tetrafluoride, there are conditions under which slow N
reactions can take place. Conditions favorable for this are to be found
where organic material is spread in a thin film on a thermally conductive
substrate. This is a condition that may occur in a contaminated system.
(See Appendix I.)

Numerous experiments have shown that slow reaction between fluorine
and a contaminant deliberately added to a system invariably leads to a par-
tially fluorinated material that is shock seunsitive in liquid fiuorine (see
Appendix II). If the conditions of fluorination are vigorous enough to result
in ignition of the organic material, a slight amount of residue may still be
lett, or under sone conditicns the high local temperature produced may

" lead to ignition of the metal substrate systein. No exposure condition was

found that could reliably lead to complete removal or inerting of the 1mpu-
ntxes short of complete destruction of the system.

The several processes occurring simultaneously when a reactive or-
ganic film is exposed to gaseous fluorine may be considered as follows: A
spontaneous chemical reaction will take place at the solid-gas interface and
the temperature at the interface will increase. The gaseous fluorine con-
centration on the interface decreases and mass transfer of fluorine to the
surface takes place countercurrent to transfer of reaction products away
from the surface. These are normal diffusion processes. At the same time,
the heat generated in the reaction zone is dissipated by convection, radiation,
conduction into the gas phase, and by conduction in the solid phase. If the
heat generation rate exceeds the rate of heat loss from the reaction zone,
the surface temperature will rise to the ignition temperature. Equations
for the above processes can be written but their solutions arc extremely
complex.

Considering the processes described above, it is plain that for a selected
fluorine gas pressure, the heat conduction away from the reaction zone
through the solid phase is very important. For a relatively thick organic
film of poor thermal conductivity, the heat generation at the interface will
far exceed the heat loss and ignition will take place rapidly. For the same
gas phase conditions, but with the organic film spread in a thin film on a
metal base (a good heat conductor), the heat conduction through the solid
phase is improved to the point where the ignition temperature is not reached.
The thickness and conductivity of the film largely determine the maximum
temperature gradient that can be obtained. Obviously there exists some
critical film thickness below which ignition will not take place at a given
fluorine pressure. Variations in the fluorine gas pressure will affect the

" ‘rate of heat generation and will therefore influence ignition. Thus it is

observed that high fluorine pressure is more likely to trigger ignition.

There is another factor not considered in the above analysis. While the
usuzl course of reaction between fluorine and an organic is the complete
fluorination to CF4 and HF, if the conditions are such that ignition does not
ta!re place, partla.l fluorination reactions may occur. Instead of gaseous
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reaction products only, partially fluorinated solid rcaction products are

also formed. Further reactions then take place in the subsurface and dif-
fusion of reactant and product must take place through the partially reacted
surface film. This slows down mass transfer. It is believed that this is

the reason that petroleum jelly, for example, seems to be almost completely
unreactive in fluorine gas at one atmosphere: Under slightly higher pres-
sure, a visible thin skin of perfluorinated halocarbon appears on the surface.

If the above reaction mechanism is correct and generally applicable to
other organic materials, it presents an argument against slow, incremental
pressure build-up in fluorine passivation. Such a procedure raay allow time
for formation of a perfluorinated diffusion barrier on the surface of a con-
taminant, which would leave largely unreacted organic material in the sub-
surface zone. An abrupt pressure application, on the other hand, could
-conceivably permit the desired complete fluorination reaction to take place,
although 1t would not ensure such a reaction, :

There is cxperimental evidence to show that with certain potential con-
taminants, chlorine trifiuoride and chlorine pentafluoride render the system
more passive than fluorinc at equivalent pressures., These agents did,
however, leave reactive residues in many cases It is considered that the
use of interhalogens for inerting organic contammants is a promxsmg area
of further investigation. ,

5. REACTION OF FLUORINE WITH DYE PENETRANTS
(AVOID DYE PENETRANTS IN F; SYSTEMS)

Cast A356 aluminum of controlled Grade 1II porasity was exposed to
typical dye penetrant inspection (Shannon Glow P138A water washable pene-
trant). Specimens were th~n subjected to impact tests in liquid fluorine
(see Appendix II). Specimens that received a bake-out at 220°F in vacuum
for 18 hours after cleaning were apparently safe from rcaction (no positive
reactions in 20 impacts). There are so many variables, however, in
porous materials, that organic dye penetrant inspection cannot be recom-
mended without further investigation. -

6. REACTION OF FLUORINE WITH WATER
(FLUORINE-WATER REACTIONS ARE UNPREDICTABLE)

Although no detailed investigation has been published, reports indicate
that water in vapor, liquid, or solid form can react explosively with fluorine
and has been the cause of major system failure (Reference 5). Under some
- conditions high concentrations of water vapor can ignite and burn in fluorine.
It is reported that in the form of ice, water shows no reactivity with gase-
ous fluorine. However. an explosive reaction occurs when ice is exposed
to liquid fluorine. The reaction may be preceded by a variable and unpre-
dictable induction period. Ice is extremely shock sensitive in fluorine.

. Water contamination represents a hazard in fluorine systems compar-
able to crganic contamination. Due consideration must be given to initial
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drying of all systems and special care must be exercised to avoid intro-
ducing water vapor through leaks or from purge gases. o

. In addition to the possible hazard of explosion, water is to be avoided
because of enhanced coriosion due to reaction of water to produce HF.
Metals vary in their susceptibility to corrosion in HF (see Appendix III), but
in general they are attacked much more severely by HF than by fluorine.

7. REACTION OF FLUORINE WITH METALLIC IMPURITIES

{AVOID TIG WELDING)

There is generally little likelihood of accidentally introducing incom-
patible metallic impurities into fluorine systems. Some concern has been
expressed over introducing small pleces of tungsten during TIG welding.
Tungsten has borderline compatibility in fluorine and its vse is discouraged
because of its failure to passwate and beca.use of its low ignition tempera-
ture in fluorine.

Impact tests were made in liquid fluorine using simulated specimens
contaminated with powdered tungsten (see Appendix II}. The impact test
data revealed that passivation reduced, but did not completely eliminate,
the shock sensitivity of the tungsten contaminated specimens. Until addi-
tivnal investigations are made, TIG welding of fluorine systems cannot be
given endorsement.

8. MECHANICAL STABILITY OF FLUORIDE FILMS
(PASSIVE FILMS ARE NOT DESTROYED BY
MECHANICAL FLEXING OR THERMAL SHOCK)

The mechanical stability of metal fluoride films formed on metal bellows

- by passivation in fluorine gas at one atmosphere and room temperature was

tested. Bellows of 316 stainless steel (annealed), Inconel 625 (annealed),
6061 -T6 aluminum (annealed), and copper (annealed) were subjected to
various combinations of flexing to 75% of elastic limit, cryoshock, and
liquid fluorine exposure without evidence of any loss of fluoride film from
the surface (see Appendix V). Light and electron microscopy were used in
conjunction with electron diffraction identification of particulate mattcr to
ascertain that no significant amount of fluoride film was shed by the test

specimens.

9. HYDROLYSIS BEHAVIOR OF FLUORIDE FILMS
(MOISTURE DEGRADES PASSIVE FILMS)

Fluoride films exposed to atmospheric moisture became hydrated.
This has been established by analysis of films in situ (Reference 2).

. Hydrolysis of fluoride films produces HF, which can cause corrosion of

metals. The extent of corrosion nay be limited to barely visible tarnish
films, but under some conditions observed in the field, corrosion can be

_severe. It is worthwhile to take precautions to prevent exposu~ - "-oride




films to atmosphere or other moisture. These precautions should incluue
thorough purging of systems before opening them to the atmosphere and

maintaining a blanket of inert gas in systems at slightly above atmosphere
pressure so that inward leaks will not carry atmosphere moisture into the

systemn.
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_ SECTION III
CLEANING PROCEDURES FOR FLUORINE SYSTEMS
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1. GENERAL

Recommended materials and procedures for cleaning systems and com-
ponents to be used in fluorine service are summarized here.'

r T e

a. Components of a propellant system should be dxsassembleu
as much as possible for cleaning. o :

b. It is recommended that all final cleaning, inspec‘tion,
assembly, and packaging of components be performed
within 2 clean room meeting the requirements of
Fedevral Stanc. rd 209, Class 100, 000.

c. Components that require precleaning shall be processed
first outside the clean room. Shop oil, marking dyes, dirt,
scale, rust or other major contaminants shall he removed
by appropriate solvents and hand scrubbing until the com-~
ponent is virtually free of contamination. The component
should be dried before final cleaning. T
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' a. Trichloroethylene for vapor degreasing shall be per
; MIL-T-7003. .
f k. Trichlorotrifluoroethane shall be per MSFC SPEC- 237A.
! c. Air used for drying shall be prefiltered to a 100 micron
Py level (absolute), the hydrocarbon content shall not exceed i
¢ 0.5 ppm by weight in terms of n-cetane, and the moisture “
A content shall not exceed 23. 6 ppm by weight (dew point ke
o -65°C). - 4
d. Nitrogen used for drying or purging shall conform to k)
MIL-P-27401B, Type 1 and also shall meet the other
A purity requirements of paragraph c above.
) . e. Acids shall be of ACS Reagent Grade. Hﬂ
| ‘ f. Distilled, de-icnized, or ciean tap water may be used - Y‘
) . but must be free of organic materlals. Cor :
3. CLEANING STAINLESS STEEL, MONEL, INCONEL, NICKEL é
a. Vapor degrease with tr1chlorotr1fluoroethane or trichlo- v
; rethylene. ‘
. ‘b, Immerse in an alkaline steel cleaning solutioa.
Pl 11
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t.

The solution concentration, temperature, and the
component iinmersion time is to be in accordance
with the recommendations of the manufacturer of the
alkaline cleaner used.

Rinse thoroughly with distilled water.

Immerse in a solution of 35% by volume nitric acid,
maintained at 125°F, for twenty minutes.

Rinse thoroughly with clean tap or distilled water.

Blow dry 'with filteréd, dry nitrogen.

CLEANING ALUMINUM ALLOYS

Vapor degrease with trichlorotrifluoroethane or
trichlorethylene.

Immerse in an aluminum cleaning solution. The
solution concentration and temperature, and the com-
ponent immersion time shall be in accordance with
the manufacturer of the aluminum cleaner used.

Rinse thoroughly with distilled water.

Immerse in a solution of 15% by volume nitric acid,
maintained at 125°F for twenty minutes.

Rinse thoroughly with distilled water.
Blow dry with filtered, dry nitrogen.

CLEANING COPPER AND COPPER ALLOYS

a.

b.

e.
f.

Degreasé with trichlorotrifluoroethane or trichlo-
rethylene, _

Immerse in an alkaline steel cleaner for two to five
minutes. : ‘

Rinse thoroughly with distilled water.

Immerse in a solution of ten per cent (by volume)
sulfuric acid at a temperature of 125°F until the
surfaces are free of oxides.

" Rinse thoroughly with distilled water. °

Blow dry with filtered, dry nitrogen.

CLEANING NONMITALLIC SUBCOMPONENTS

a.

. When the fluorine system contains polymeric com-

ponents used as valve stem packing or gaskets
(ordinaril'r only fluorocarbon polymers are en-
countered in this service), they should be cleaned

12
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before installation. Polymers tead to absorb solvents
and immersion or prolongsd exposure is to be avoided.
If necessary to use solvents for precleaning, only a
brief flushing with acetone or trichlorotrifiuorcethane
should be used and this should be followed by through
evacuatioa to remove all traces of solvents. If parts
are extremely dirty or greasy it is better to replace
them with new parts rather than attempt prolonged
solvent cleaning. Glass and ceramic materials may
also be cleaned by the following procedure which is
expressly designed for polymeric materials:

(1) Flush all pacts with a freshly prepared detergent
solution. (Alconox or equivalent) Soft brushes or
cloths may be used to assist detergent action but
care should be taken to prevent scratching or dis-
torting parts, or deposition of lint. '

(2) Rinse thoroughly with distilled water.

(3) Place in vacuum oven or desiccator and heat under
1 torr vacuum at 220°F for eighteen hours. Vacuum
drying may be omitted for glass and a0n-porous cer-
amics, in which case parts may be air dried or oven
dried without vacuum. ‘

Nonmetallic components or subcomponents that are not "
installed immediateiy should be packaged to prevent
~olvent absorption from air.

7. GENERAL PRECAUTIONS

a.

After cleaning, but before packaging, all parts must be
inspected in detail for any residual moisture, corrosion,
oil, chips, dust, glass particles or any other foreign
substance. The presence of any foreign material requires
complete recleaning of the part. Slight discolorations at
welds do not call for rejection of parts as long as foreign
substances are ahsent. Inspection under short wave ultra
violet light is recommended for a method of detecting many
organic contaminant residues. :

Dye-penetrant inspection is not recommended but in case
parts have been so inspected during manufacture, such
parts must be baked out in a vacuum oven or desiccator
at 1 torr and 220°F for 2 minimum of eighteen hour= after
final cleaning. .

All cast parts, porous parts such as filters, or parts con-
taining welds of a porosity greater than Type 1F, deter-
mined by X-ray mSpectmn, must be baked out in a vacuum
oven or desiccator at ! torr and 220°F for a minimum of
eighteen hours after final cleaning.

13
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d. If not assembled into a system immediately, all
parts should be packaged in a manner that will prevent
damage or contamination. Note that all available
packaging materials can result in residues that are
dangerously reactive with F5, so sharp edges on parts
must be covered to prevent scraping. Plastic thread
caps must NOT be used; cleaned aluminum thread
caps are acceptable. If aluminum foil is used for
packaging, a grade that is free of surface oil inclusions
must be used. ‘

8. SYSTEM CLEANING

"After the system is assembled with the previously cleaned components,
it is recommended that the assembled system be cleaned prior to initial
operation. This procedure is to consist of flushing with trichlorotrifluoro-
ethane or other similar halocarbon solvent, until the number of particles
per 100 ml of recovered solvent reach the level of less than 1000 particles,
5 g or larger. The flush is followed by system evacuation or purging with
dry nitrogen or helium (dew point less than -100°F). Air and moisture must

" be excluded to avoid corrosion. If the design of the system does not permit

evacuation or proper purging with inert gas it is better to omit the system
flushing. In this case it is essential that all parts and components are
scrupulously cleaned prior to assembly and that all assembly operations
are carefully conducted under conditions of controlled cleanliness.

14
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SECTION IV
PASSIVATION PROCEDURES FOR FLUORINE SYSTEMS

l. GENERAL

a. Nitrogen

A source of gaseous nitrogen in accordance with MIL-P-27401,
type 1 and having a nominal dew pcint not over -100°F (1. 53 ppm moisture)
should be available. Gaseous nitrogen evaporated from the liquid is suxt-
able and will meet the dew point requirement.

b. Helium

MSFC-SPEC-364B gaseous helium may be used as a purge gas in
place of nitrogen. The dew point must be below ~100°F.

¢. Fluorine

Gaseous fluorine meeting the following requirements should be
used for passxvatxom

FZ 98. 5% minimum
02, NZ’ and inerts 1. 0% maximum )
COZ. HF, and other gases 0. 5% maximum

d. Vacuum Pumps

If used, vacuum pumps must be capable of producing a sysiem
vacuum of one torr or less. If vacuum pumps are not capable of producing
this low a pressure, then durinz the pumping operation, the system must
be backfilled at least twice with dry nitrogen or helium to one atmosphere
pressure with the pumps valved off followed by pumping between fills.

2. VACUUM PROCESSING

If the system will tolerate a vacuum, it is pumped thoroughly. Dry .
nitrogen or heliura is introduced and pumped out again to assist in
removing resicdual water or solvent vapors. While the system is under
vacuum, pure fluorine gas is introduced at a rate of pressurization not to
exceed 15 psi per minute to a final pressure of 50 psig.” The system shall
be statically maintained at this pressure at room temperature for a min-
imum of 30 rninutes. The fluorine gas is vented from the system to a
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pressure of 0.5 psig. A portion of the gas may be condensed for HF analysis
as described in Section V below. If desired the system may be purged with
dry helium or nitrogen, in which case a minimum pressure of 0.5 psig
should be left in the system after pumping.

3. NONVACUUM PROCESSING

If the system will not tolerate evacuation, it should first be purged
loroughly at room temperature with dry nitrogen or helium until it is free
of traces of moisture and solvent vapors. Due consideration must be given
to diffusion from dead ends of the system, etc. Provision should be made
for parallel flow paths if feasible to avoid dead ends in the system. This is
important and each system presents its own design problem. The inert gas
purge is then turned off and a gas fluorine purge started until most of the
nitrogen is displaced. The vent should be closed and the fluorine pressure
increased at a rate of not more than 15 psi per minute until a pressure of
50 psig is reached. This pressure should be maintained until all blind
portions have been exposed to fluorine (75%) for 2 minimum of thirty min-
utes at room temperature. ' o o

As a first approximation which can be used for short stubs and bellows
convolutions, the following considerations apply. The initial purge of the
system with fluorine will replace all inert gas in the portions of the system
which are open to free flow of gas. Thus only the blind portions retain ‘
inert gas. This gas is at a pressure of 0 psig or 15 psia. When the system
is pressurized with gas fluorine to 50 psig (65 psia), the average fluorine
concentration in the blind portions is 50/65 = 77%. Sufficiently rapid mixing
of the fluorine and inert gas will occur so that cne can assume that the con-
centration of fluorine is at least 75% for the total exposure period. If,
however, the 1/d ratio is greater than four, when pressurization with the
fluorine occurs, the fluorine will tend to compress the inert gas ahead cf
it with minimal mixing into the blind portions. Thus there will be a volume
of inert gas relatively free of fluorine at the end of the blind lead farthest
from the main system volume. Mixing of nitrogen into this will depend
uwpon diffusion processes. Relative diffusion rates vary with the reciprocal
of the square root of the molecular weight of the gases involved.

The fluorine is vented from the system to a minimum pressure of 0.5
psig. A portion of this fluorine may be taken at this time for HF analysis
(see Section V). The system should then be purged with dry helium or
nitrogen ‘0 a minimum pressure of 0.5 psig to be left in the system after

purging.

If any leaks are found during these tests, the system should be shut
down and corrective action taken.

4, SHUTDOWN AND REUSE

If 2 systern must be shut down after assembly but before paésivation,
2 slight positive pressure of inert gas should be kept on the system. If

16
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operations are confined to tightening fittings, flanges, or packings to cor~
rect leaks no contamination will be incurred and no further cleaning is
required. If partial disassembly of the system is required to correct
faults, and the necessary operations may in any way lead to contamination,
then complete recleaning of the parts involved is necessary. Portions of
the system not involved should be capped off without delay after disassembly
and maintained under a slight positive pressure with inert gas. :

1f a system must be shut down after passivation but before operation,
thorough purging with dry, inert gas must be carricd out before opening the
. system. After thorough purging to remove most residual fluorine, the
system may be opened. Pcrtions of the system not involved in any dis-
assembly must be capped and left under a positive pressure of inert gas.
If operations on any part of the system in any way lead to possible con~
tamination, then complete recleaning of that part involvrd is necessary
followed by purging and passivation after reinstallation in the system. The
important consideration to keep in mind is that exposure of passivated sur-
faces to atmospheric moisutre leads to excessive corrosion in a fairly short
time. If passivated systems are thoroughly purged with dry inert gas before
exposing them to atmospheric moisture, the extent of secondary corrosion

is somewhat reduced.
5. PREPASSIVATION OF SYSTEM COMPONENTS

Prepassivation of system components before installation is not recom-
mended. The passivated surfaces may absorb atmosphere moisture during
@ssembly of the system and lead to added corrosion problems, It is better
and safer to assemble clean components and passivate the entire system at
once. If valid reasons require prepassivation, careful exclusion of moisture
during final assembly is advisable. ‘
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SECTION V
EVALUATING A SYSTEM FOR PRESENCE OF CONTAMINANTS

Experience in handling fluorine systems has shown that most failures
resulting in burnout are traceable to initiation of reaction by organic con-
tamination. Any system analysis capable of demonstrating that a given
system is free of significant quantities of organic contaminants is of poten-~
tial value. Such a system analysis may be used in two ways. First, it can
be used as a basis for establishing that cleaning processes are reducing
organic contamination to safe lev=zls, and secondly, it may find application
as a test procedure to establish that passivated systems are free of gross
contamination which might have been inadvertently introduced during
assembly or checkout. Such a system test becomes doubly important in
view of our findings that many typical system contaminants arc¢ not rendered
inert by conventional passivation techniques even at fluorine pressures up
to 200 psig.

After passivation of a system with fluorine gas at 50 psig, any hydro-
gen-containing contaminants, such as hydrocarbon oils or greases and
water, will react sufficiently to increase the HF content of the fluorine gas,
If the surface to volume ratio of the system is favorable, the fellowing
procedure becomes particularly useful: After passivation, and while still
under full fluorine pressure, a quantity of fluorine (recommended sample
size of about 10 ml)} is condensed to a liquid at liquid nitrogen temperature
in a glass tube using a suitable sampling line ~nd valve attached to the
system. If visual inspection of the condensed flucrine indicates a substan-’
tial amount of flocculent, white solids (solid HF), severe contamination of
the system by water or H-containing organics may be suspected. The
applications of this procedure requires that the flucriie used for passiva-
tion be substantially freed of HF before introduction into the system. A
quantitative analysis of the HF content of the fluorine before use and after
introduction to the system will give a more accurate estimate of contami-
nation. »

The sensitivity of an inspection method based on HF analysis of the gas
phase, or the minimum amount of contaminant that can be detected, depends
on a number of interrelated factors that are too difficult to define without
preliminary experimental data. The extent of reaction varies with time,
temperature, and pressure, as well as with the composition of the organic
material. In the case of perfluorinated organics containing no hydrogen,
the prcposed analysis method would be useless. The degree of contaminant
dispersion is likely to have considerable effect on the extent of reaction.

As a first approximation, a well dispersed organic material is likely to
undergo more reaction in a given time due to the greater gas-solid inter-
face presented. On the other hand, a quantity of crganic contaminant in the
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form of a lump or thick smear may be in poorer thermal contact with the
metal walls of the system and hence the reaction will proceed at an acceler~
ated rate due to a higher temperature at the gas-solid interface. The
situation is obviously extrerely complicated. In the final analysis the
volume of the system is extremely importunt. A given amount of organic
material will produce a concentration of HF inversely proportional to the
volume of a system. :

A key requirement for practical application of the inspection procedure
is a sensitive method for analysing HF in fluorine gas. A standard proce-
dure is near infrared spectrophotometry in which the absorbance due to HF
at 2535 millimicrons is measured. A high resolution infrared spectro-
photometer is required as well as an elaborate sampling system and sucha
method is not well suited for field analysis. Mass spectroscopy was inves-
tigated, however reaction of fluorine with traces of organic materials and
moisture in the sampling system produced a significant HF background
which obscured analysis for low concentrations of HF,

1. TEST METHOD AND PROCEDURE

Astropower Laboratory has developed a method of analyzing for HF
content of fluorine. The method is comparatively rapid and requires only
simple equipment. A quantity of gaseous fluorine to be analyzed is
condensed at LN, temperature in a tared, calibrated glass tube. About
10 ml of sample are required for samples low in HF while 5 ml are
sufficient if the HF content is over 0.2% by weight. The liquid volume of
the sample is noted and the fluorine is pumped off while the tube is main-
tained at liquid nitrogen temperature. The receiver is valved off and the
liquid nitrogen bath is removed. The tube is allowed to warm to room
temperature and stand 30 minutes. Finally the tube is warmed in hot water
an additional 15 minutes. The tube is then evacuated, dried, and weighed.
The loss in weight of the glass is due to volatilization of SiF4 produced
through reaction of the HF with the silica in the glass.

The per cent HF in the fluorine is calculated as follows:

wt loss x 1.33 x 100

vol Lsz 1.56

% HF by wt =

Thits a weight loss of 1 mg attendant upon the analvsis of a liquid
sample of 10 ml is

‘ _ 0.001 x 1.33 x 100 _
% HF by wt = TR = 0,009

or roughly 0.01%. This is about the sensitivity of the method and is approx-
imately the concentration of HF to be found in gaseous fluorine which has
been passed through a tower of sodium fluoride pellets to remove excess HF.
Cylinder fluorine, depending on the source, will contain variable quantities
of HF up to 0.25% by weight, hence it is advisable to routinely pass the gas
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through an efficient sodium fluoride tower if the HF content is of concern
at all. '

The test apparatus shown schematically in Figure 1 was constructed.
A stainless stecl bomb — nominally of 1.1 liter capacity - is connected to a
manifold having a pressure gage and appropriate valving to evacuate the
system and admit purified fluorine gas. The calibrated glass receiver is
attached to the manifold as shown on Figure 1. This apparatus simulates
oa a small scale a typical fluorine storage or feed system. Weighed quan-
tities of organic impurities are inserted in the bomb and the system sub-
jected to an appropriate passivation cycle. While pressurized with fluorine,
a sample of gas is taken from the bomb, condensed in the glass receiver,
and the HF content determincd as outlined above. The increase in HF
content of the gas phase is correlated to the extent of the reaction of the

organic contaminant. o w0

To conduct an experiment the system was first thoroughly cleaned and
after final assembly was subjected to prolonged evacuation to remove the
last traces of water vapor. The contaminant used for the majority of
experir~ents was USP petroleum jelly: A weighed quantity was placed as a
uniform thin film on a 3/4" x 3" x 0.025" 316 stainless steel coupon and
inserted in the bomb. After resealing the bomb it was again evacuated and
finally filled with fluorine at the appropriate pressure. With the 1.1 liter
system, the minimum fluorine pressure used was 50 psig because a lower
pressure would not permit condensation of a sufficient volume of LF, for
analysis. Accordingly, the apparatus was modified for later work by re-
placing the bomb with a larger one increasing the total volume of the sys-
temn to 7.5 liters. All experiments were conducted at ambient temperature
which averaged 77°F. The initial HF content of the fluorine gas was
reduced to the lowest practical value by passing the fluorine over sodium
fluoride pellets before introducing it to the system. This reduced the HF
content to about 0.01% by weight.

After the simulated passivation of the system in the presence of the
known quantity of hydrocarbon, a-LN2 bath is placed around the evacuated
glass receiver, which has been weighed to the nearest 0.1 mg, the valve
connecting it to the system is opened, and a sample of appropriate volume
collected. After noting the volume of sample, the fluorine in the tube is
pumped out at -320°F. The valve is closed, the LN, bath removed, and the
tube allowed to warm to room temperature where it is held for 30 minutes.
Finally the tube is warmed in hot water for an additional 15 minutes. The
operator must take precautions in case the tube sh' ¢ld burst from exces-
sive pressure during the analysis. Next, the tube ic evacuated, removed
from the manifold and dried in a vacuum oven at 220°F., After cooling, the
tube is weiphed on the analytical balance. The loss in weight of the tube -
multiplied by 1.33 represents the weight of HF condensed along with the
GF, in tre tube.
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Figure 1. Apparatus for HF Analysis
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2. EXPERIMENTAL RESULTS

The results of tests conducted in the 1.1 liter system are given in
Table I. Trial 1 established that in the absence of added contaminant the
amount of HF found by analysis is in agreement with the anticipated HF con-
tent of the purified fluorine. In Tria' 2 (Table I) 100 mg of USP petroleum
jelly was expored at 50 psig for 1 hour. During exposure, the contaminant
gained 17. 7 mg weight and the calculated HF conteat in the system was 21.2
mg, based on the analysis of the 5.0 ml LF, condensed from the bomb.

This calcuiation takes into account the conversion factor of 1.33 for con-
verting the weight loss of glass to Hr" according to the postulated reaction
as follows:

5102 + 4HF - S1F4 + ZHZO
An additional factcr takes into account that oniy about 90% of the fluorine
in tue bomb can be condensed at I..N2 temperature.

The USP petroleum jelly is assumed to consist of chains of répeating
-CH, groups. The attack by fluorine may be assumed to replace hydrogen
as follows: .

-CHZ- + ZFZ I -CF2~ + Z2HF
MW=14 MW=5C MW=40

For each mole of CH, reacting as above, a molecular weight increase of 36
should Le obtained and two moles of HF are produced. Thrus the weight of
HF produced shovld be in the ratio of 40/36 = 1.11 to the weight increase

of he petroleum jelly.

In some of the trials this ratio is approached. For example in Trial 2
the ratio of total HF to weight gain is 21.2/17.1 or 1.20 compared to the
theoretical 40/36. Most of the ratios run considerably higher. The worst
agreement is in Trial 3, wherein the ratio of HF produced to weight zain is
42.4/24.9 or 1.70. There is a general tendency for the quantity of HF
produced to be greater than that calculated on the basis of the weight gain
of the petroleum jelly., There is visible evidence that the fluorination
causes some degr: 'ation of the hydrocarbon to form volatile fluorocarbons
which end up in the receiver with the condensed sample of fluorine. These
are eventually volatilized and do not interfere witk the HF analysis but the
weight increase of the hydrocarbon is correspondingly less. The extent of
this degradation varies from run to run depending on the experimental

conditions. .

Trial 3 shows that doubling the time of exposure nearly doubles the
amount of HF produced from a given quantity of hydrocarbon but the weight
increase of the hydrocarbon was only about 50% greater. Reducing the
amount of hydrocarbon from 100 mg to 10 mg with a corresponding decreas=

o
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in film thickness (Trial 4), resulted in a greater preportional weight gain,
the hydrocarbon roughly doubling in weight; thus, the thinner the film, the
greater the apparent extent of reaction. Trial 5 invoived the gradual build-
up of fluorine pressure in small increments, starting at 0.1 atmcsphere
absolute, to determine if such a procedure results in less reaction than that
of a fairly fast pres surigation. There appears to be a slight effect in this
directiorn. The pressure was increased incrementally over a period of one
hour to a pressure of 50 psig and this pressure was held for one additional
hour. This resulted in about the same total reaction produced in one hour
at 50 psigin Trial2. Trial bis a rep-zi of Trial 4 to determine reproducibility.
Due to accidental loss of material from the stainless steel coupon, the
weight change of the petroleum jelly could not be determined, but the cal-
culated total HF produced agree.s very well with that obtained in Trial 4.

In Trial 7, 100 mg of KEL-F90 .~s exposed to fluorine in the system. As
expected, no significant weight change or increase in HF was noted.

Table Il is a summary of data obtained in experiments conducted in a
system of 7.5 literstotalvolume. The table is largely self-explanatory.
In general, the quantity of HF produced for a given time and temperature of
exposure is greater in the 7.5 liter system than in the 1.1 liter system.
If this is a real trend and not due to experimeidal error, itcan probably be
attributed to the inhibiting effect of HF at the higher correspondmg concen-
tratior in the small bomb.

I b

For passivation at 50 psig for 2 hours, the foregoing data would indicate
that at least 2 or 3 mg of HF are produced for each mg of petroleum jelly
present in the system at the 10 mg level when the hydrocarbon is dispersed
in a more or less uniform film covering about 2.5 to 5 square inches of
metal surface. From this it is estimated that, under favorable circumn-
stances, one could detect as little as one milligram of similarly dispersed
hydrocarbon material by the HF produced in a system of about 7.5 liters
volume.

If a system is contaminated to such an extent that a concentration of HE
greater than 0.1% by weight is produced in the system by passivation upon
condensation of the liquid fluorine sample, the solubility of HF in fluorine
is exceeded. The presence of HF will be revealed as a flocculent, white
precipitate in the liquid fluorine. Thus, the technique is potentially capable
of detecting fai-ly low concentration of organic contaminants by the appear-
ance alone of fluorine condensed from the system. About I5 mg of HF will
saturate 10 ml of liquid fluorine at -320°F. Any HF in excess of this
amount forms a readily visible flocculent precipitate whu:h is quxte distinc-
tive in appearance. .

25
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SECTION VI

CLEANING AND PASSIVATION PROCEDURE EVALUATION

1. GENERAL SUMMARY

: A solenoid-operated cryogenic valve was selected for the procedure
evaluation program. After due consideration, a valve assembly consisting
-of the Marotta Valve Corporation, Model MV510TX, part No. 806239, with
¢ suitable modifications, was selected. This is a two-way, two-position,
magnetically operated valve with a variety of components such as bellows,
metal seals, and metal gaskets. In addition it permits remote operation,
convenient disassembly, and has limited clearance between moving parts
which provides a good test for operation in a potentially corrosive envi-
ronment. The valve assembly included an MS27851-08 straight threaded
tubing fitting on the irlet port. '

e e ot e o ot 2K i s oy e 3

The valve was purchased in an industrially clean condition — specifically
NOT LOX-clean. '

This valve was subjected to the recornmended disassembly, cleaning,
reassembly and passivation in a flow system. It was then subjected to a
cycle of operations in which liquid fluorine at -320°F and up to 100 psig
pressure was pumped through it at an average flow rate of 1. 7 gallons per
minute. The cycle of operation also included periodically closing the valve
during pumping. Following the program of operaticn, during which time a
: total of 19. 2 gallons of liquid fluorine were pumped, the valve was brought
g ‘. to room temperature, purged, disassembled and inspected.

e o A e e

e et

R e

! The objective of the evaluation was to demonstrate that typical fluorine
system components, subjected to the recommended cleaning and passivation
procedures can be used without deterioration or excessive corrosion.

2. DESCRIPTION OF VALVE ASSEMBLY

e e bt o

ST ey € crer

The Marotta valve is shown in Figure 2. In addition to changes givenin
Figure 2 (EO 10530), the following additional modifications or changes were
observed in construction of the valve:

-

e

a. No Zyglo or other dye penetrants was used on é.ny fabricated part.

b. f No lube or thread compound was used in internal threads of poppet ‘
assembly., Part SK5808 and 815766 Figure 2.

c. Female poppet assembly was constructed of 316-5S.

<
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d. Male poppet assembly was constructed of K-Mornel. ~ (This was
necessary to avoid possible thread galling if both parts were 316 SS. No
thread lubricant could be usecd. ) o

e. Bellows werec constructed of 321-58.

f. Only Heliarc welding was used for joining, except for electncal
parts, which are not in the fluid-contact zone.

g.- All welds were leak checked.

h. Seat (part No. 734979) was made of OFHC copper, 16 m1cro1nch
AA finish, heat treated to dead soft after finishing machmmg

i. Body seals (part No. 734978-1) were made of OFHC coppe‘r, 16
microinch AA finish, heat treated to dead soft after finish machining

}. Sealing surfaces in poppet assembly for copper seat were 16
microinch AA finish.

k. Sealing surfaces in valve body for copper seat and mating surfaces
for body seals were 16 microinch AA finish, L ,

1. Outlet pozt was 1/2" AN male fitting, V-groove butt welded to
valve body with 100% penetration.

m. An MS27851-08 straight-threaded tubing-to-tubing fittihg was used
at the inlet side of the valve for test purposes. This assembly consisted of
an MS27854-08 threaded flange, an MS27855..08 seal, and an MS27853-08
plain flange and MS27852-08 nut. The MS27853-08 plain flange was Heliarc
welded to a 1/2'" male AN fitting. The MS27851 assembly is shown in
Figure 3. The MS27855 seal is shown in Figure 4. Figure5 is a photo-
graph of th: complete valve assembly. ‘

3. VALVE ASSEMBLY CLEANING PROCEDURE

Upon receipt of the valve from the manufacturer, it was disassembled
and subjected to the cleaning procedures recommended earlier for the par-
ticular alloy compositions. The disassembled poppet, with copper seal, is
shown in the center of Figure 6, and the end caps are shown at the bottom.

After cleaning, the valve was reassembled and leak checked. It showed
zero external seal and zero seat leakage at 500 psig nitrogen pressure.

et e Yot e dmn

4. INSTALLATION OF VALVE ASSEMBLY USED IN FLOW SYSTEM

The valve was mstalled in a fluorine flou apparatus for passivation
and flcw testing. The flow appaiacuus cousists ol & pair of expulsion
pumps connected in a double flow loop having check valves arranged
so that as liquid is pumped alternately back and forth between
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the expulsion pumps, a unidirectional liquid flow passes through the test
specimen., The expulsion pumps use helium gas as driver, with metal
bellows separating the d ving gas and liquid being expelled. The flow
system schematic is shown in Figure 7 and Figure 8 is a photograph of
the system with valve assembly installed,

A calculated mean flow rate can be obtained by multiplying the number
of pump cycles per minute by the volume displaced per pump cycle. " This
quantity usually exceeds the actual measured flow rate due to slight check
valve leakage. At higher pressures the check valves seat bett.r and cal-
culated and measured flow rates are more nearly the same.

5. SYSTEM PASSIVATION AND FILL

After ‘nstalling in system and leak checking it, the system was
evacuateu and fluorine gas admitted to 50 psig at room temperature with
the valve open. After one hour the fluorine gas was vented and pumped
oui. The system was cooled to LN, temperature and filled with liquid
fluorine by condensing 1rom a cylinder bank. Approxxmately nine pounds
of fluorine were requiredto fill the system with liquid at -320°F.

6. LLOW TEST

The valve was operated for a total time of 11. 4 minutes with a total
measured flow of 19,2 gallons liquid fluorine at —JZOOF The test con-~
ditions and mecn flew rates are given in the data sheet, Table III.

At the conclusion of che flow test, the liquid nitrogen bath was allowed
to boil oil and the fluorine vented from the system. Approximalely eighteen
hours were required for all the liquid fluorine to evaporate, therefore afior
the flow test, the valve was in contact with liquid or gaseous fluorine for an
additional eighteen hours as the system warnied to room temperature. At
the end of this time the system was purged with dry nitrogen at rcom tem-
perature (valve open) for three hours, The valve was thien removed from
the system and capped.

7. TEST EVALUATION

After removing the valse from the system it was leak checked with
nitrogen at 500 psi. There was zero external leak and a 75 cc/ nin ieak
through the seat. This leak rate dropped to 17 c2/min when the valve was
cycled three times., The leakage was due to fine particulate matter lodged
in the copper seat as explainr:d below

The valve was disasserihled and the various subcomponems inspected
visually with the aid of a lov’ power hinocular microscope. Immediatery
after disasseinbly, all parts of the valve body, inlet and outlet parts, and
poppet assembly had a brishi appearance. The male end of the puppet
assombly became perceptibiy tarrished after exposure to the laboratory
air (40% R at 757 F) for several mirutes: he fluid-contacting part of the

< o . <
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copper seat and body seals were very slightly tarnished. Numerous white
irregular particles which appeared to be metal fluorides were found lodged
in the valve body in locations where the flow was stagnant. These particles
were approximately 10 to 100 microns in size. The source could not be
located but thecy obviously originated in parts of the system other than the
valve. One of the smaller particles, near the microscope's limit of
resolution, could be seen imbedded in the sealing surface of the copper
valve seat. This was possibly responsible for the increased leakage through
the seat following the flow test. The poppet assembly and copper seals are
shown in Figure 9 after the flow test. Aside from slight taraishing of the
Monel and copper parts, no significant corrosion could be detected visually,
The MS27851 assembly and MS27855 seal were taken apart and inspected.
No corrosion could be seen on any of the parts. ‘The MS27855 seal is shown
in Figure 10, It was unchanged in appearance during the test. It has a
satiny nickel-plate finish and sc does not have the bright appearance of the
stainless steel portion of the poppet assembly. :

The various parts including the peppet assembly, copper seat, copper
seals, and MS27855 seal were weighed then exposed in air for an additional
ughteen hours at 77°F and 50% relative humldxty ‘The parts were weigked
again and examined for signs of further corrosion, All weight changes were
less than 0. 1 milligram except the Monel part of the poppet assembly which
gained 1.1 milligrems No change in appearance of any of the parts was
detected. Figure 11 is photographs of the poppet assembly before and after
the eighteen-hour exposure at 50% RH.

8. CONCLUSIONS

A valve component (Marotta Valve, Model MV510TX) containing a
variety of subcomponents and having 316 SS, 321 SS, Monel, copper, and
nickel (MS27855 seal is nickel plated) was cleaned, assemblcd, passivated
and subjected to and operated while containing flowing liquid flqorme at
-320°F. This was followed by slow evaporation of the fluorine as the tem-
peraturc was raised to room temperature over a period of about eighteen
houre. Finally the valve was purged by flowiug dry nitrogen for three hours.

After disassembly of the valve, there was no visible corrosion of any
of the stainless steel or nickel parts immediately after opening the valve
or after additional exposure to humid air.

.Monel and copper parts were apparently slightly tarmisted by exposure
although the tarnish was not perceptible on Monel until it had been exposed
to the leboratory air for several minutes. Observations on the copper parts
were not canclusive because these parts could not be examined in detail
immediately »fter opening the valve. .

Exposure to air at 77°F and 50% RH for an additional eighteen hours
did not result in any farther visible corrosion. During this exposure the
Monel part of the poppet assembly gained 1. 1 milligrams in weight. All
the other parts were unchanged in weight.
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In the absence of any possibility of organic contamination, the stain-
less steel and nickel parts could be returned to service with or'without
additional passivation. it would appear advisable to subject the Monel and
copper parts to cleaning before reuse in view of the perceptible tarnish.

The cleaning and passivation procedures followed were adequate to pre-
pare the valve for liquid fluorine service.

Marotta Valve Mode! MV510TY is suitable for service m liquid fluorine
when properly cleaned and passivated.
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APPENDIX I

REACTION OF GASEOUS FLUORINE WITH
POTENTIAL SYSTEM CONTAMINANTS

1. APPARATUS AND PROCEDURES

The reactions of gaseous fluorine with typical system contaminants
were investigated under a variety of conditions including flow and static
exposure and pressures ranging from one atmospkere to 200 psig. Con-
taminants were smeared as thin filias on one side of metal coupons 0. 5" x
2.0" x approximately 0. 025" thick.

Experiments in which contaminants were exposed at one atmosphere
pressure were conducted in glass vessels so that reactions could be ob-
served. The glass systems used for these exposures are shown in Figure
12. The detailed procedures used are described below.

a. Static System — Incremental Pressure Buildup

With the specimen in place in the Pyrex tube, the system is first
evacuated. Gaseous fluorine is admitted to a pressure of one psia for five
minutes, then the tube is again evacuated. The alternate five-minute pres-
surizations with gaseous fluorine and evacuations are continued at pressure
levels of 2, 4, 8, and 15 psia. The specimen is kept under continuosus
observation from behind a safety shield during the exposure. Neglecting
the time required to bring the pressures to the desired levels and for
pumping out the fluorine between exposures, the specimens are exposed for
a total of 25 minutes at gradually increasing fluorine pressure.

b. Static System — Sudden Pressure Buildup

The contaminated specimen is first evacuated, then tk. system is
abruptly pressurired to 15 psia with fluorine gas. After five minutes, the
tube is pumped out. The specimen is kept under continuous observation.

¢. Flow System - Incremental Concentration Buildup

With the specimen in place in the Pyrex tube, a flow of gaseous
nitrogen at a rate of 100 ml per minute is established through the tube.
Gaseous fluorine is then added to the stream in flow increments of 10 ml/
minute with five-minute intervals betwron increases until the flow rate of
gascous fluorine is 50 ml/minute. The ilow rate of gaseous nitrogeu is then
decreased in increments of 10 ml/minute until enly pure fluorine is flowing
in the system. After five minutes in purc fluorine, the {low is shut off and
the tube is purged with pure nitrogen. The specimen is observed frequently
during the test. The total exposure time following this procedure is
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approximately 75 minutes with a gradually increasing partial pressure cf
fluorine. ,

4. Flow Systerm — Sudden Concentration Buildup

With the specimen in place in the tube, a nitrogen flow rate of 100
ml/minute is established. The flow of gaseous fluorine is abruptly increased
to 50 m!/minute while the nitregen flow rate is simultaneously decreased to
zero. After five minutes the fluorine flow is stopped and the tube purged
with pure nitrogs=n.

e. Static System — High Pressure

For static test exposures ¢f contaminated specimens at higher
pressures, an all metal system was used. This was similar to the static
system shown in Figure 12 except that the Pyrex tube was replaced with an
equivalent section of one inch O. D. stainless steel tubing closed at one end
and having an AN closure at the other end for connection to the gas manifold.

2. CONTAMINANTS

The followiig representative contaminants have bheen used in this phase
of the investigatior. :

Petroleum Jelly U.5. P,

KEL-F 90 — Halocarbon Stopcock Grease

Pydraul AC — Phosphate Type Industrial Mydraulic Fluid
Polyurethane — Polyurethane Foam Insulation

Acrylic Lacquer — Comimercial Clear Lacquer in Aerosol Dispenser

Coupons 0.5" x 2" were cut from 0.025" nickel 200 sheet stock. A
limited number of similar coupons of 2014 aluminum, 316 stairless steel,
and Monel 400 were also used in this phase of the investigation. The edges
of the coupons were filed to remove burre. All coupons were acid etched
and LOX cleuned to remove corrosion products and traces of oil and grease.
Thin, uniform {ilms of contaminants were applied individaally to one cide
of separate ccupons. PFPetroleum jelly and KEL-F 40 were smoothed on
with glass rods. The Pydraul AC was applied as a small droplet from a
glass rod. It did not sprcad uniformly on the surface substrate, however.
The polyurcthane foam was mixed and cured in place on the ccupon. It
does not foan. uniformly due apparently to low temperature during cure.
The acryvlic lacqguer was apnlied as a single wet coat from the aerosol dis-
penser. After final weighing the specimens were stored in a dust-free
environment until ready for exposure.

Due to the difference n film application, the loading varied consider-
ably among the various contaminants. In later experiments an effert was
made to maintain the loadine at a 'evel neir 50 mg per coupon.  The calcu-
Tated filin thickness for petroleurmn jolly at this loading is 4.5 mnils.
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3 OBSERVATIONS

Table IV gives the data for a series of tests of contavmnated nickn}
coupons exposed to fluorine gas in *he static system al a maxunum pressure
of one atmosphere and at room temperiture. Except {or the KFEIL-F 90
spccimens and one of the polyurethnne~coa.tr~d swncirmens, small weight
gains were observed None of the films ignited. Minor chonges in appoar-
ance were observed only for petroleum 1e’1y and Pydraul AC while the otbers
were unchanged.

Table V gives data for a similar series of experiments with the {low
system. Similar results were obtained Cenerally etther weight goins or
small weight Josses were observead.

Different al’oys wer= used for councns 1n the series of stalic system
axperiments in Table VI  Only petrclaum jelly was vsed as the contaminunt
All specimens except one lost weight, but the weight changes were smuslti
compared with the totiul amount of contaminant proesont.

In view of the mincer reaction that tock plac~ for exposure =4 ons otmos-
phere, an additionz’ sories of tests was conducted at fluorine gas prossures
of 50 vsig. The dsta for exposuse of petroleun jelly UPS and KEL - F 90 on
nicke! 200 coupons are presented in Tab ¢ VI for onc hour exposure at rcom
temperature. There was no igmition of the contuminants but relative weight
gains of the petrolatum f{ilms were aporeciakly greater than ot onz atmos -
phere pressure. KEL. F 90 lost wnw}‘t

Som= additions] exposures wure carried cut ot 50 psig fluorine pressure
for 1-hour and 24 -hour periods. The dita and conditions of exposure awre
given in Table VIIL. In this sat of sxporiments one of th= petrcizum joily
samples ignited and wus aimost cempletaly consumed  The othaer stanpie
exposed under spparently idonticsl conditions did not ignite 1t wouid wppear

-thut the conditions are on the borderline mr 1L,mtin;, a petroteur jally fnm.

Both polyurrthane sgrcimans igmited Lild Toft carbonacecus residu s
4 INFRARED ANALYSIS OF ORGANIC RES:!DVES

Infrared spectra wer: mad: of residucs from rowction of gaccous fluo
rine with petrol-um jeliy USP and Pydrwu! AG Sovectra from =xposure tume
f ane hour 4t one stmosphers are shown .n Figurs 13 20 and by These
spmztr'i. arz identics? with the maternia s bofor: exposure, hewaver s
concluded that th=re 1s no reaction with facerina b osdimg to any products that
can be detected by thus infrared wna’ysis. Tl sann’es exnosed te fluoring
at 50 psig show evidence of conside rub!~ C F bond fosmetion as shown an
the spectra of Figure T4y nd bt for one here wxvnosur: of Pydrau? AC ond
24 hours exposure of potrol RN _;nl y USP  “ihe ons hour exposur: saavpls
of petrolewn jelly USP wis not =vailable for enilysis beonuse 1t igmte d
duriny the test.y The C-F bond s indicated by the brond o bqor})non bined
between 7 7 and 9 mic rons..
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TABLE VIIIL.

(50 psig, 77CF)

EXPCSURE OF ORGANICS TO
HIGH PRIZSSURE FLUCRINE ‘

Initial
Sample Weight c
1-Hour Exposure Weight Change % Observation
" Petroleum Jelly USP 0.0575 -0, 0548 -95 Cabi'bon residug
KEL F-éO 0.0503 -0.0009 -2 R
Pydraul AC 0.0497 +0.0123 +25 Semi-solid residue
Polyurethane 0.0496  -0.0353  -71 carbb;; residue
24-Hour Exposure
Petroleum ;Telly usp 0.0484 +0.0237 +49 Solid fiixn residue
KEL F-90 0.0427  -0.0113  -26  Oily residue
Pydraul AC 0.0528  40.0243  +46  Brown solid residue
Polyurethane 0.0537 -0.0410 ,‘ -76 Carb;)n tesid(xe

Petroleum jelly USP and KEL F-20 grease spread on 0.5 x 2"

304 stainless steel panels,

Pydraul AC and polyurethane foam
" contained in ABMA aluminum impact cups (1'" dia x 3/4" Ligh).

e,




4000 3000 2000 1500 CM! 1000 900 800 700

sk Ieedopd 1 1 \PUDVE FUIRR DU U UINTIY T UTUTIE BRI S ae

wpadagasd SYIPRITII VD DO IOV TS U |
" H QS T e ]00

N
(=]

i

TRANSMITTANG: (55

~

<
)
fo

¢ 10 N 15
WAVETENGTH (KICRONS)

{a} Petroteum S0y USP Euxposed to GF, for 1 Hour at One
Atrnosphere Presaureat 259C (77°F)

4000 3000 2009 1560 V! 1003 9C0 800 700

=80
{160
{40
120
? 10 1
ﬂ WAVELENGTH IMICRONS! - . aors
‘ (L) Pydraul AC Exposed to CF(’; for 1 Hioar at One

Atmosphere Pressure at259C (779F)

Figurce 13, Infrarcd Spectra




o
QO

- TRANSMITTANCE (%)

4000 3000
P s LRE oy ot e

ox
[=)

o
()

»
(o)

1500

CrA!

00

80

140

20

4000 3000

7 8

9 10
WAVELENGTH [MICRONS)

1000

9(?0

(a} Petroleum Jelly USP Exposcd to 50 psig Flunrmu for
24 Hours at 259C (77°F)

15

10¢

TRANSMITTANCE (%)

e
[

o«

o
<

ES
(=)

Figure 14,

V'/AVFLEN TH IMICRONS!

(b) Pydraul AC Fxposed to 50 paiyp
25(;(: (77?)}_*)

1

Fluorine for I Hour at

Infraved Spectra

P J]OO

80

40




e

3

5. EXPCOSURE OF ORGANICS IM CONTROL JED
ENVIRONMENTAL BDALAMNCE

The controtled environment balance provides for continuously following
the weight change of a specimen whilz it is exposed to flowir - fluorine gas.
It ccnsists of an Ainsworth single pan analytical balance with a platinum -
chain hang-down extending through & vertical tube into a cylindrical reaction
chamber. The chun terminates in the chamber and supperts a specimen
pan. Fluorine gas 1s fed into the chamber at the bettom and 1s exhausted at
the top through @ side arnn an the vertical tube through which tke platinum
¢hain hanes  This - rrangoement insures that relatively htt!c fluorine gas
escanze from tha chirber into the room; whut does escape is exhausied
through the {ume heo” enclosing the balance assembly. A systemn of baffles
inside the chan.u 1 orevents direct impingement of flowing gas on the
bilance pen Sawmp'ss are placed on oA renmoved from the pan thrcugh a
gasketed civsurs cn the front of the chamber.

Figure 15 gives results for exposing separate samples of petroleurr
jelly, Pydraul AC, und polyurethane foam to {flowing gaseous fluorine in he
apparatus at 25¢C 77°F;  With a fiow of {luorine into the chamher of 50
m!/rran and with = tetal chambet velumre of 400 ml, szveral minutes are
required for the ffuorine concentration to build up to a high level as air is
displaced This probably accounts for the delay in the weight increase
shown for the poiyurethine specimen.  After the initial dolay, the specimen
showed a continuous gain in weight but at 3 decreasing rate for the period of
exposure. A total weight increase of approximately 13 mg for a specimen
of initial weight of 49 mg was observed. .

Pydraul AC, 350 mg, was exposad in an aluminum cup {l inch diameter).

After approximetely 45 minutes during which a shallow minimum in the
weight was obscrved, the specimen gradually increased in weight during the
150 - tminute exposurs~ tims. At this time the total wright gaan was about 7
rlligrams ' ‘

Petreleum j:7y USP, spread as a uniform 50 mg f:Jm on a cne-inch
squar. 304 staan'ess stee coupon, did net change wmght during 150-minutec
gxposure, as shown in Figure 15

) HIGH TEMPERATURE H'CH PRESSURE EXWOSURE
OIF ORTGANICS

In view of the tecomplete combustion of typics! system contzminants ot
fluorine pressures to 50 psig, addit ons! exposures were cirried cut at

temperatures to 2009F and pressur=s to 200 psig  The organic contamanants

wrere sprecd as fitims on 0 0165 % 0 57 x 2" 304 stanlugs stes) counons,
Each conuon whe doshea shightly wath a rectangulsr puach to kelp rotan the
oreanie mate 1l while the coupon Lies flat 1n the bomb  Liquaefication of
sumie of the oryanc r_‘(‘m:;»:mn'mts at the elevated tormprrature wou'd other-
wise result in !m.s of matirial by creeping ovar the :dges of the coupons.
Losding the orzyme materi-) was maintained 8s near as (ructxc bt to 50
g per coupen
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Weighed test specimens were e.:por - individually to fluorine gas in
stainless steel bombs 1" 1D and 6' long. For exposures at elevated tem-
peratures the bomb was inserted in an oven thermostatad at 200°F. Expo-
sures of each of four organic contaminants were carried out at three dif-
ferent temperature-pressure conditions as follows: (a) 200 psig fluorine
pressure at room temperature; (b) one atmosphere {luorine pressure at
200°F; and (c) 200 psig fluorme pressure at 200°F. All exposures were
for periods of one hour.

. In these exposures, all materials reacted extensively except KEL-F 90
grease under conditicns (a) and (b) above. The data are summarized in
Table IX. Appreciable residues are left for all materials under conditions
{a) and fb). Based on previous experience, it is considered that such resi-
dues would be impact snsitive in liquid fluorine. Under condition {c) only
minor residues arec left as c¢videnced by the weight loss data of Tabie IX.
Visible caibeonacenus reaction products were left from KEL-F 90 and
Pydraul AC. No evidence of any organic residue was found in the petroleum
jelly specimen. The failure to show a weight loss of 100% is probably due
to the increase in weight of the metal coupon by reacting with fluorine. Dis-
coloration of the coupon is evidence of very high local temperature during
exposure. Photos of the coupons following exposure are shown in Figure 16.
The polyurethane foam specimen ignited during pressurlzatlon destroying
both bomb and coupon.

7. REACTION OF CHLCRINE TRIFLUORiDE WITH
SYSTEM CONTAMINANTS

a. Apparatus and Procedure

The static system (Figure 12) was used and chlorine trifluoride
vapor was irtroduced abruptly to the evacuated system containing the con-
taminated coupnn. A maximum pressure of one atmosphere was used with
the system initizlly at room temp,rat.zre

b. Observations

The r-sults for petroleum jelly and KEL-F 90 contaminated nickel
200 coupons are given in Table X. The petroleum jelly film ignited in chlo-
rine triflvoride proving that this medium is more reactive than fluorine at
equivalent pressure. However, the residue ieft weighed approximately 50
prreent more than the original petroleum jelly film.. The KEL-F 90 film
liquefied and bubbled This behavior is attributed to the reaction of the
chlorine trifluoride with the finely-divided silica used as a thickener in the
grease, to form silicon tetrafluoride.

8. . REACTION OF GASEOUS FLUORINE WITH CONTAMINATED
POGROUS STAINLESS STEEL
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TABLEIX, EXPOSURE OF TYPICAL SYSTEM CONTAMINANTS TO
FLUORINE GAS

(a) 200 psig GFZ: room temperature; one hour

Wt Contam- wt Changc | %
Spec No. Contaminant © inant (mg) (mg) Loss
J-22 Pet. Jelly USP 50.5 ' -43.1 85
J-12 - KEL-F90 51. 1 - 2.8 5.5
3-7 Pydraul AC 49.9 ©-33.9 68
J-1 Polyurethane Foam 48.5 o - -44.4 4 92
(b) 1atm. GF,; 200°F; one hour - |
J-17  Pet. Jelly USP 51.8 -1L7 23
J-10  KEL-F 90 56. 1 -5.8 10
I-14 Pydraul AC 48.4 .37.3 77
J-18 Polyurethane Foam 44.9 -20. 4 45

(c) 200 psig GF,; 200°F; one hour

J-24 Pet. Telly USP 51.4 . -47.2 92
7-16 KEL-F 90 49. 6 o -48.7 98
J-21 Pydraul AC 49.8 ‘-48. 4 97 -
J-6 Polyurethane Foam 52,5 ~_ =Specimen Destroyed-

% Specimen ignited during pressurization with fluorine gas ard destrdyed
bomb. .
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a. Apparatus and Procedures

Stainless steel (type 316) filter elements in disc form 1/16" thick
and 1/2" diameter were impregnated with Halocarbon oil and dye penetrant
fluid. Samples covering a range of porosities from about 30 .0 50 percent
were used. Mean pore sizes were on the order of 30 microns.

Impregnation was carried out by immersing the discs in the respec-
tive fluid, heating under vacuum to about 50° - 60°C to remove air from
pores, then releasing the vacuum and cooling the specimens under the

‘impregnating fluid. Finally the specimens were removed from the fluid and

the surfaces superficially dried by blotting with absorbent paper. The
impregnated specimens were tested for reaction with fluorine by exposure
in the static test system to fluorine gas at one atmosphere for one hour at

room temperature.
b. Contaminant Fluids

Halocarbon Oil — Series 13-21 Halocarbon Products Corporation.

Dye Penetrant Fluid — Contrast Dye Penetrant-MIL-1.-25135,
Group 1. This material partially volatilized during the vacuum impregna-
tion of the porous stainless steel discs. :

c. Obrervations

The results of the exposure of the contaminated specimens to fluo-
rine gas are given in Table XI. The Halocarbon iinpregnated specimens
were unchanged in weight or appearance. The Dye Penetrant-impregnated
specimens burst into flame upon initial pressurization with fluorine. The
flame subsided after a few seconds after which pressurization with fluorine
was resumed and exposure continued for one hour. The weight losses of the
specimens ranged from 10 to nearly 50 percent of the original weight of

contaminant.

9‘. REACTION OF GASEOUS FLUORINE WITH DYE
PENETRANT FLUID IN GLASS CAPILLARIES

‘a. Apparatus and Procedure

3

Two Pyrex glass capillaries, one 100 micron and the other 30
mi - ron inside diameter wer= filled with Dye Penetrant fluid. One inch sec-
tions of each capillary were broken out and the filled capillaries exposed '
individually in flowing fluorine gas in the flow system (see Figure 12). The
tubes were kept under continuocus observation with a binocular microscope

during the exposure.
b. " Contaminant

Dye Penetrant Solution — Contrast Dye Penetrant-MIL-L-25135,
Group 1.
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c¢. Observations

After about five minutes exposure the dye penetrant fluid in the 100

"micron capillary turned black or dark blue at the meniscus. This change

from the initial red color penetrated further into the fluid in the capillary to
a depth of about 400 microns after one hour. The meniscus was originally
700 microns inside the capillary and did not recede further during the expo-

sure of one hour. In view of these observations it seems that only a very

‘'slow reaction takes place due to slow diffusion intoandout of the capillary.

The observations with the 30 micron capillary were similar except .
the depth of discoloration in the fluid was only about 100 microns.
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APPENDIX II o o

IMPACT SENSITIVITY

1. IMPACT SENSITIVITY OF ORGANIC RESIDUES
FOLLOWING PASSIVATION

Type 316 stainiess steel impact specimens (discs, 5/8" diameter by ﬁ
0.016" thick) were individually coated on one side with the followmg organic 5
contaminants.

a, Petroleum jelly, USP :
b. KEL-F 90 halocarbon grease S ﬂ
c. Acrylic lacquer : o X

d. Polyurethane foam insulation

Contaminant coating was held as nearly as possible to 50 mg per square
inch (15 mg per specimen). After applying organic contaminants, the
specimens were exposed to a simulated passivation cycle of orne~-hour expo-
sure to gaseous fluorine at one atmosphere at 25°C {77°F). Following
passivation, specimens were impact tested in the modified ABMA tester in
liquid fluorine at -195°C (-320°F) at 72 ft-1b encrgy level (Reference 6).

All impacts yielded reactions ranging from moderate to extreme, indicating
that all organic residues were impact sensitive. The data are summarized
in Table XII. -

One of the two petroleum jelly coated specimens and one of the two
acrylic lacquer coated specimens reacted violently in the liquid fluorine
before actual impact. Reactions occurred spontaneously after about 5
seconds contact with liquid fluorine. Neither the KEL-F 90 nor the poly-
urethane foam contaminated specimens reacted prior to impact. It should
be mentioned that the specimens are cooled to - -320°F (LNZ temperature)
before the LF, is added. .

2. IMPACT SENSITIV_ITY OF DYE PENETRANT RESIVDUES

Cast alvminam impact specimens (discs, 0,040 thick by 5/8"" diameter).
were machined from an A356 aluminunr: biilet of grade III porosity. Speci-
mens were exposed to dye penetrant inspection using Shannon Glow P138A
water-washable penetrant. A normal rinse with water was used for
removing dye penetrant. After drying, all specimens were vapor degreased
in Genesolve D. Fluorescent residues were still present on all specimens
after vapor degreasing. These could be detected under low power magnifi-
cation with ultraviolet i1llumination. Some of the samples were exposed to a
vacuum bakeout at 105°C (220°F) for 18 hours after vapor degreasmg
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TABLE XII. IMPACT SENSITIVITY TESTS
PASSIVATED ORGANIC CONTAMINANTS

Oxidizer —~ LFZ

Samples -~ Coatings on 316 Stainless Steel

Arabient Temperature; 54°F: Test Temperature; 320°F
Atmosphere ~ Dry GN?.

Impact Energy — 72 ft-1b

Drop

: . Type of Reaction ~
No. Sample Extreme Moderate Faint None Remarks
1 Blank x
2 KEL-F 90 x
3 KEL-F 90 x
4  Petroleum Jelly x
5 Petroleum Jelly : x 1 Reacted before
‘ , impact
6  Acrylic Lacquer x
: 7 Acrylic Lacquer S Reacted before
impact
8  Polyurethane x
{ 9 Polyurethane ‘ x
10  Blank x
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Fluorescent residues could still be detected after vacuum bakeout but the
number of fluorescent spots was reduced.

Previous work in this laboratory (Reference 7) has shown that A356
cast aluminum W1th grade 1II porosity fails to pass impact tests in liquid
fluorine at -320°F when subjected to Penetrex ZL-22 dye penetrant inspec-
tion followed by the cleaning and baker ut procedure described in the pre-
ceding paragraph. (Shannon Glow P138A used in the current investigation
is the equivalent of Penetrex ZL-22. The latter ‘was no longer availaole for
use.) The bare metal, unexposed to dye penetrants. is stable in LF,

impacts.

AT

In the current investigation, after passivation in gaseous fluorine for
1 hour at one atmosphere. pressure at 25°C (77°F), no reactions were
obtained in 20 impact specimens in liquid fluorine at -195°C (-320°F}) using
the modificd ABMA test at 72 ft-1b energy (Reference 6). Cne out of six
specimens passivated in gaseous CTF for ! hour at one atmosphere pres- ;
sure at 25°C (77°F) reacted on impact and one out of six passivated in i
gaseous fluorine after normal cleaning, but without the vacuum bake out,
also reacted. The results indicate that it the cleaning cycle includes a
vacuum bake out at 105°C (220°F) for at least 18 hours the xmpact sensitivity
is materially reduced if not eliminated.

gnn el

3. IMPACT SENSITIVITY OF TUNGSTEN CONTAMINATED
SPECIMENS ,

L

Inclusions such as those that might be introduced by electrode sputtering
in TIG welding were simulated by plasma spraying a mixed aluminum and
tungsten powder onto A356 cast aluminum impact specimens. Layers of
slightly less than §.002-1nch mean thickness were produced. Three different
concentrations of tungsten powder (1%, 3%, and 10% by weight) were studied.

e

g o

Examination of the specimens by means of a stereo microscope (30X)
showed that tungsten grains were definitely present and identifiable in the
aluminum coating rnatrix. The tungsten appeared darker in color, and the
crystal grains had much sharper angles than the alummum, which had
partially melted. -

The specimens were divided; half were 8asswated in gaseous fluorine
at one atmosphare pressure for I hour at 25°C (77°F). Five of twelve
unpassivated specimens reacted on impact in the ABMA tester in liquid’
fluorine at -195°C (-320°F). Only one of exghtecn passivated specimens
reacted on impact, The data are summarized in Table XIII.

The results indicate that tungsten particles arc impact sensitive in LF,
and that they become materially less so after passivation. More tests will
be required to establish if pa.sswatxon alone can render tungsten contamina-

" tion safe.
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TABLE XI. INMPACT SENSITIVITY TESTS
TUNGSTEN-CONTAMINATED CAST ALUMINUM

Oxidizer = LF)

Samples — A356 Al {Tungs.en Contaminated)

Ambient Temverature: 55°F: Test Temperature; -320°F
Impact Energy -- 72 ft-]b o
Atmosphere — Dry GN;

Drop Type of Reaction
No. Sample Extremc Moderate Faint None - Remarks
1 A2 ‘ X
2 A2 x
3 A2 . X
4 B2 x
5 B2 x
(& B2 X
T B2 X
8 B2 X
9 B2 X
10 C2 , b4
Il C2 , X
12 C2 ‘ X
13 Al x
14 Al X
15 Al x
16 Al ) , X
17 Al P x
i Al x
19 Bl x
20 Bl X .
21 Bl ' x ’ Flash, no sound
22 Bl X :
23 Bl X
24 B x
25 Cl X
26 (of] X
27 Cl X
28 Clt X
29 Cl PYe
x

30 Ct

Al =17 W = passiveted
Bl = 3% W — passivated

' Cl— 107 W ~ passivated

& A2~ 1T W = as deposated
B2 ~ 3% W — a5 deposited
C2 - 107 W =~ 45 €:posited

6H6




4. IMPACT SENSITIVITY OF ORGANIC RESIDUES
FOLLOWING PASSIVATION IN GF, AT 50 PSIG
AND IN ClFg AT ONE ATMOSPHERE

Type 316 stairless steel impact apecimens, in the form of discs, 5/8"
diaineter and 0. 016" thick, were individually coated on one side with the
organic contaminants tabulated below. The loadiag in each case was 15 mg
of contaminant per specimen (equivalent .0 50 mg per square inch}.

Contarninant Average‘ ‘TI:xick’n‘ess‘
a. Petroleun jelly, USP 0.0038"
b. KEL-F 90 halocarbon grease 0.0017
c. Pydraul AC hydraulic fluid 0.6G021
d. Polyurethane foam iasulation ~ 0,010

The estirnated film thicknesses in the tabulation is calculated from the
densities of the materials if uniform thickness of film is assumed. The
polyurethane films were foamed in place and the densities are much higher
than typical for such foams. When spread in such « thin film the dissipation
of heat from the polyure*hane during curing is so great that relatively little
foaming takes place. Under the circumstances the material is likely to be
less reactive with fluorine than if it were fully fecamed, howevex the
simulation to accidental spillage is appropriate.

After application of contaminant, specimens were exposed to simulated
passivation cycles as follows: (1) gaseous fluorine at 50 psig for one hour
at 25°C (77°F), or (2) gaseous chlorine pentafluoride at ore atmosphcrc
(15 psia) for one hour at 25°C (77°F). Specimens were expesed in stainless

steel bornbs in sets of three samples which included only on2 type of con-
taminant in the bomb 4t a time.

The appearance of the specimens shown in Figure 17 following the
simnulated passivation treatments gives some indications ¢oncerning the
relative reactivities of the various contaminants. Petroleum jeily USP,
partiaily burned in chlorine pentafluoride as shown in Figure 174 leaving
variable arnounts of a rarbonaceous residue on the impact specimens. In
gaseous fluorine at 50 psig, the petroleun jelly reacted to farm a semisoclid
skin on the surface of the film having a wrinkled appearance. This is in
agreement with previous observations with petroleum jelly wherein chlorine
pentafluoride was found to be more reactive thdn fluorine, even ‘with the
relatively large pressure difference.

KEL-F ° Figure 17b), except for partial liquefaction, is relatively
unaffected by wither chlorine pert:fluoride or gaseous fluorine under the
exposure conditions used. Conversion from a grease-like consistency to a
viscous fluid is a1 normal consequence of the exposure, but thero i3 no
evidence of any extensive, reaction or dirmunition in amount of material
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Pydraul AC hydraulic fluid (Figure 17¢) is converted to a semisolid

during exposure to chlorine pentafluoride and fluorine. The residues
following exposure to chlorine pentafluoride are darker in colecr possibly
signifying more reaction than in fluorine; however this observation is only
of qualitative significance. /1thorgh the Pydraul as applied to the discs
originally covered substantially the entire surfaces, after exposure the
residues are drawn up in samll globules, which implies that moderately
high local temperatures were produced during part of the exposure.

Polyurethane foam reacts e¢xtensively both in chlorine pentafluoride
and gaseous fluorine. Less residue was left from exposure to the latter,

- which implies the reverse order cf reactivity observed for petroleum jelly.

Figure 17d clearly shows the extensive carbonaceous residues left distri-
buted all over the coupons exposed to chlorine pentafluorine while only a
minor carbonaceous residue is left around the rim of the coupons exposed

to gaseous fluorine at 50 psig. The central parts of the latter are apparently
completely free of any organic residue although the surface is very slightly
discolored due to fluorination of the 316 stainless steel. :

Following the exposures to oxidizer the specimens with organic
residurs were impact tested in the modified ABMA tester in liquid fluorine
at -195°C (-320°F) at 72 ft-1b energy levels (Reference 6}, All organic
residues were impact sensitive. The data are summarized in Table XIV.
Samples were run in triplicate except in cases where the violence of reaction
dictated limiting the test to two specimens to lessen the chance that flying
specimens and holders would interfere with subsequent tests. Biank tests
are conducted at the beginning of the test program and after every 10 or 12
tests to ensure that the system is free of moisture or contammatmn which

might lead to false reactions.

Reactions generally ranged from moderate to extreme except for the
polyurethane coated specimens which had been exposed to gaseous fluorine
at 50 psig. The reactions with these were faint, probably because only a
very small reactive residuz was left. Two specimens reacted in liquid
fluorine before impact, One was a petroleum jelly residue and the other a
polyurethane residue both from exposure to chlorine pextafluoride. These
reactions were classed as extreme but the evaluation by the operator may
be influenced by the premature ignition. Type of reaction is judged by the
operator according to the size and intensity of the flash produced, but the
presence or absence of the striker pin and drop wezgat will readily affect
the visibility of the reaction flash

5. IMPACT SENSITIVITY OF ORGANIC RESIDUES . .
FOLLOWING HIGH PRESSURE PASSIVATION-200 PSIG

To determine the impact sensitivity of the organic residues, 5/8"
diameter stainless steel discs were coated on one side with 15 mg of each
of the following: (1) petroleum jelly USP: (2) KEL-F 90; and (3) Pydraul AC,
Polyurethane foam wad omitted from this series of tests because of the
possibility of (gnition of the coupon at the high fluorine pressure. Specimens,
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in sets of three, contained in aluminum impact cups, were exposed to
fluorine gas at 200 psig at room temperature for one hour. Separate
specimens, again in triplicate were exposed to fluorine gas at 200 psig for
one hour at 200°F, Extensive reactions occurred with all materials,
generally of the degree indicated in Appendix I, Fxgure 16 and Table IX,
involving the 0.5" x 2'" test coupons. ,

Sperimcns, with residues intact, were subjected tn impact sensitivity
tests in the modified ABMA tester in liquid fluorine at -195°C (-320°F) at
' the 72 ft-1b energy level (Reference 6). All residues from the exposure at
200 psig at room temperature were impact sensitive. Of the nine specimens
exposed at 200 psig and 200°F, five yielded positive results on impact test.
The data are presented in Table XV. Therefore under extreme exposure
conditions, reaction residues are left even though partzal purning of the
contaminant has occurred. : :
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APPENDIX 1II

CORROSION OF PASSIVATED SURFACES

1. TEST METHOD

In work described before (Reference 8) corrosion test coupons (1" x 3'")
of 2014 aluminum, Monel 400, nickel 200, 315 stainless steel, and copper
were passivated by various techniques, then exposed to 90-95% relative
humidity at 160°F to determine relative corrosion rates. Weight changes
of specimens in one week were generally less than 2 mg per specimen and
in many cases no weight changes could be detected at all. Therefore, the
extent of corrosion was too small to discriminate among various passivation
methods. .

A more rigorous accelerated corrosion (-st was devised to induce
greater corrosion; this could then be used as a basis of comparison for
passivation methods. At the same time it was desirable that the accelerated
corrosion test simulate to a degree the corrosion conditions that might be
encountered in actual practice. The accelerated test procedure initially
developed involved exposure of passivated test coupons and unpassivated
controls to the vapor of 10% aqueous HF solution in a closed system at
100°F. Exposure times of 24 hours were used. The detailed procedure
has been described previously (Reference 8).

2. RESULTS AND DISCUSSION

Scts of test coupons (3/4'" x 3'"") of the five alloys were given various
passivation treatments then subjected to the accelerated corrosion test.
For each set of specimens a set of unpassivated controls was exposed at
the same time. The relative corrosion rates are based on the increase in
weight of specimens during exposure to the accelerated corrosion test.

The passivation procedures investigated are tabulated below together
with reference to the corresponding figure which presents the results of
the test.

a, Passivation in gaseous fluorine at one atmosphere at room
temperature for 24 hours. Evacuated for 30 minutes at
pressure of approximately 1 torr at room temperature.
Refer to Figure 18, :

b. Passivation in gaseous fluorine at one atmosphere at room
temperature for one hour. Evacuaicd for 30 minutes in
vacuum oven at pressure of 1.5 torr at 200°F. Refer to
Figure 19.
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c. Passivation in gaseous chlorine pentafluoride at one
atmosphere pressure at room temperature for one hour.
Evacuated for 30 minutes at pressure of approximately
1 torr at room temperature. Refer to Figure 20,

d. Passivation in gaseous chlorine pentafluoride at one
atmosphere pressure at room temperature for one hour
followed by evacuation in vacuum oven for 30 minutes at
pressure of 1.5 torr at 20095, Refer to Figure 21.

e. Passivation in gaseous chlorine pentafluoride at one
atmosphere pressure at room temperature for one hour,
After evacuation for 15 minutes, liquid nitrogen was
condensed in the system at -195°C (-320°F) to completely
cover passivated coupons. Concurrently liquid nitrogen
was condensed on unpassivated control coupons in a
separate system. The liquid nitrogen was allowed to
boil off and the gas vented from the system. After the
specimens warmed to room temperature they were
evacuated for 15 minutes at about 1 torr pressure. Refer
to Figure 22,

f. The passivation and post treatment of test specimens
and controls were identical to those outlined in (e.) above
except that carbon tetrafluoride was used instead of
liquid nitrogen for rmsmg and purging. For data refer
to Figure 23.

Although the data produced during this general survey outlined above,
indicate certain interesting trends, it is apparent that the variation from
run to run is too large to permit definite conclusions. This is particularly
true of the 2014 aluminum specimens where the corrosion film is so thick
that some flaking off may have occurred during the exposure. The other
alloys apparently have thin adherent films, but considering only the
corrosion of the control specimen, there is great variation from one expo-
sure test to another. Copper gave the most consistent results; all weight
gains for control specimens fell in the range from 21 to 28 mg. The weight
gains for the nickel controls, on the other hand, ranged from 11 to 49 mg.
In view of these results it became necessary to devote further study to the
corrosion test in an effort to eliminate factors contributing to scatter of the
data. :

The data presented in this section indicate that in most cases coupons
which have Leen prepassivated in fluorine or chlorine pentafluoride suffer
greater corrosion during the accelerated test than unpassivated controls,
The use of liquid nitrogen and liquid carbon tetrafluoride to rinse and purge
specimens appeared (o reduce the secondary corrosion more nearly to that
of unpassivated controls. Baking out specimens at ?00°F in vacuum follow-

"ing passivation does not have a significant effect on secondary corrosion.

These results must be viewed in light of additional data to be presented in
subsequent sections. The data for aluminum may be completely unreliable

¢ o
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due to the very thick corrosion scale and the probability of flaking during
handling.

3. INVESTIGATION OF HF CORROSION OF ALLOYS

The scatter of corrosion test data cited above prompted additional
study of HF corrosion. A review of test data and procedures revealed
several possible sources of error. Some of them were: (1) lack of temper-
ature contrel in environmental chamber; (2) potential dripping of condensate
on specimens during exposure; {3) inefficient circulation of vapor in environ-
mental chamber; and (4) loss of HF solution via evaporation during the
relatively long (viz. 24 hour) exposure. Also, no information was available
concerning the extent of corrosion as a function of time.

The accelerated corrosion test was modified as follows: (I) the
chamber was modified to prevent dripping of condensate on specimen; (2) a
more efficient fan for circulation of vapor was employed* (3) better temper-
ature control was achieved by placing a thermocouple in a protective well
directly inside the chamber; and (4) the duration of the test was shortened
to produce somewhat thinner corrosion films., To compensate for the -
shorter time of exposure, the test temperature was increased to 1309F.

Five metal corrosion coupons (3/4" x 3'"") were subjected to the
modified corrosion test described. Time of exposure was 4 hours and the
weight change data are presented in Table XVI. Corrosion films were
observed to be more uniform and adherent than those obtained previously.

Attack of the metal by HF in the presence of water vapor results in
formation of a hydrated metal fluoride film with corresponding weight
increase. The fluoride films are water soluble and can readily be removed
by treatment of the specimens with hot water. This was done for the
specimens listed in Table XVI and after drying the specimens the weight
losses compared to the original specimen weights were obtained. The
arithme:ic difference between the weight gain due to film formation and the
weight loss due to metal present in the fluoride film represents the weight
of metal fluoride produced during the corrosion test. These weights are
listed in Table XV1II and are compared with the theoretical weights of metal
fluoride based con the weight loss of mnetal and the assumed metal fluoride
composition. The fairly good agreement between observed and theoretical
weights indicates that the assumptions concerning the composition of
corrosion products are substantially correct. Data on penetration are
presented in Table XVII to show that corrosion rates for 2014 aluminum
are roughly ten times that for the other alloys. Mcnel, nickel, and copper
are most resistant to HF attack.

Another significant factor is the rate of attack as a function of time for
the individual alloys. This was determined for the five alloys by con-
tinvously weighing 3/4" x 3" coupons while suspended by a platinum wire in
the environmental chamber containing vapor of 10% aqueous HF at 120°F,
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The weight gain dzla are presented in Figures 24-28. Each curve has an
induction period at the start during which time the vapor concentration and

. temperature are building up. With the exception of aluminum, none of the

alloys reaches a limiting film thickness in 5 or 6 hours. The metal

. reaclion rate of aluminum is very rapid and slows down rather abruptly

after 2 hours exposure. This could be due to a charge in mechanism or
flaking off of the film. Some of the other alloys - notably‘ copper — show
inflection points which may or may not be due to errors in weighing or. '
inadvertent changes of environment durmg a particular run.

The degree of reproducibility of the accelerated corrosion test was
investigated by exposing five samples each of 316 stainless steel and Monel
400 simultaneously. The observed weight changes are recorded in Table
XVIII. There still exists an undesirably large scatter in weight increases °
for supposedly identical coupons. These variations are probably related to

" factors such as surface treatment, position in the chamber, and possibly

alloy composition. Further evaluation appeared unprofitable and it was
considered that any inferences to be drawn from corrosion data should be
based on statistical analysis of a number of replicate samples.

4. APPLICATIONS OF MODIFIED CORROSION TEST

Five 3/4" x 3" 316 stainless steel corrosion test specimens were

~ passivated in gaseous fluorine at one atmosphere pressure for 24 hours at’

room temperature. The fluorine was pumped off and the samples were

evacuated at less than 1 torr pressure for 30 minutes. The five passivated

coupons together with five unpassivated control specimens were subjected

Zo the modified corrosion test in the vapor of 10% aqueous HF at 130°F for
hours.

The observed weight changes for the passivated coupons and the un-
passivated controls are shown graphically in Figure 29. The question of
whether there exists a significant difference between the sets is best
answered by a statistical analysis of the data. Such an analysis is presented
in Table XIX. The results-of the analysis show that there is a significant
difference and that the passivated samples undergo slightly greater corrosion
than the unpassivated controls.

A set of five 316 stainless steel coupons {2/4'" x 3'") were cleaned and
passivated in gaseous fluorine at one atmosphere pressure for one hour at
room temperaiure. Following the passivation the samples were pumped
down to less than 1 torr and left under continuous vacuum for 72 hours.

" After this time they were corrosion tésted in aqueous HF vapor ard the

weight gains compared with a set of five unpassivated control coupons. The
weight gains are presented graphically in Figure 30 and the statistical data
in Table XX. Inasmuch as the means fall very close together it is obvious
even without completing the statistical analysis, that there is no significant
difference in corrosion of the passivated samples and unpassivated cortrols.
Therefore, the longthy evacuation has reduced the propensity of the
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Figure 24. Corrosion of 2014 Al Coupon (3/4'" x 3") in
Vapor of 10% HF Solution at 120°F
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TABLE XIX. ANALYSIS OF CORROSION DATA. '

Passgivated Samples

‘ ; Deviation From o 2
Sample Aw (mg) Mean - X : X

1 43.2 ' 1.9 1.0

2 41.3 0.9 0.

% 43.9 1.7 2.9

4 38.8 3.4 ' 11.6
43.7 | Ls 22

' 18.5

Mean ( MX) = 42.2

" Variance s ¥ = O‘x *NT - 3
Standard Deviation = o, = 2.15 ~

Unpassivated Contrc'.s

Deviation From ; ‘ 2

Sample Aw (mg) Mean - y ¥
1 26.4 - 0.1 0.0
2 23.5 3.0
3 26.4 0.1 0.0
4 22.1 ' 3.8 14.
5 33.5 7.0 L 8.0
72. 4

Mean (My) = 26.5
2 72.4 18.1

Variance = V¥V = ¢ S —
y 4

Standard Deviation =ay = 4.25 -

{Continued)
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TABLE XIX. ANALYSIS OF CORROSION DATA. (Continued)

"t" Test
Pasgivated Samples Unpassivated Controls
N = \j =
X 5 l\y 5
M, = 42.2 - M = 26.5
X v b4
o, = 2.15 ay = 4,25
% = 0.96 1.90

¢
g, = o = =
M M —t

VN

=\[y 2 2 _ -
X y X Yy

M, - M
t = &_x____)’_ = %ii% = 7.33
M~ M :
y
t is greater than 3 therefore the difference in means is
certainly significant. \
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TABLE XX. ANALYSIS OF CORROSION DATA.

Passivated Samples

. Sample _ ’ Deviation from 2
No. Aw (mg) Mean - ¥ X
. 1 ' 31.2 0.1 ‘ 0.0
2 32.6 ‘1.3 ‘ 1.7
3 32.5 .2 1.4
4 29. 4 .y 3.6
5 31.0 ‘ 0.3 0.1
M = 31.3 : = .8
ean (Mx) . T.X 6
Variance = ¢ 2 = -6--‘?- = 1.70
x 4
S. D. = o'x = 1.3
Unpassivated Controls
Sample Deviation frorr'x’ 2
No. Aw (hy) . Mean -y y
1 32.6 1.2 1.4
2 33.3 1.9 3.6
3 30.1 1.3 . 1.7
4 27.8 2.6 , 6.7
5 33.1 1.7 2.9
M M = 31.4 - Z "= .
ean ( y) | v 16.3

Variance =0’y = -3 4.08
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passivated materials to corrode in the environment. The results of the
two foregoing experiments serve to confirm observations that systems or
components which have been poorly purged or incompletely pumped down
following exposure to fluorine, frequently suffer excessive corrosion when
exposed to warm, humid air. Conversely, systems which have been care-
fully purged need not suffer adverse corrosion.

5. EFFECT OF SOLVENT RINSING ON SECONDARY
CORROSICN

A few exper*m_..ts were described previously in this section in which
rinsing of metal speczmens with LN, and carbon tetrafluoride appeared to
reduce the extent of secondary corrosion following passivation. Definite
cenclusions could not be made because of scatter of data and the 11m1ted
number of samples.

The following experiment was designed to permit a better statistical
average of results. A total of ten 3/4" x 3" 316 stainless steel coupons
were passivated - five specimens in each of two glass vessels connected
to a common manifold. The passivation treatment consisted of exposure to
gaseous fluorine for 24 hours at one atmosphere and at room temperature.
Following the passivation, the fluorine gas was pumped off and liquid
nitrogen condensed in one of the tubes in amount sufficient to completely
immerse the specimens. The liquid nitrogen was then rapidly evaporated.
Both sets of specimens were finally evacuated and the total pumping time
for both was 30 minutes. Both sets were then subjected to the accelerated
corrosion test. - The data are presented graphically in Figure 31 and the
statistical data in Table XXI. :

The mean of the weight increases for the liquid mtrogen - rmsed
specimens is higher than the untreated specimens but application of the gt
test reveals that the difference is probably not significant. Thus it is
concluded that the liquid nitrogen treatment as imposed in this experiment
is not effectiv. in reducing secondary corrosion,

A simil... e periment was carried out to test the efficiency of carbon
tetrafluoride a . rinsing and purging agent of the passivated surfaces.
The experiment was identical to the one described immediately before
except carbon tetrafluoride was condensed on the specimens instead of
liquid nitrogen. The weight gain data for the samples are given in Figure
32 and Table XXII. Again, on the basis of the statistical analysis, no
significant difference can be established between passivated specimens and

- passivated and rinsed samples.

<
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TABLE XXI. ANALYSIS OF CORROSION DATA -
LN2 RINSED SPECIMENS _

Passivated Samples

‘Passivated and LN2 Rinsed Samples

Sample Deviation from 2
No. : Aw {mg) Mean - X X
1 49.3 2.0 4.0
2 56.0 4.7 22,1
3 49.4 1.9 3.6
4 49.4 1.9 « 3.6
5 53.5 2.2 4.8
Mean (M) = 51.3 zxz = 38.1
2 _ 38.1 _

Variance = ¢ = —-;;-—- = 9,52

'S.D. =g = 3.1

)
Sample Deviation from 2

No. ' Aw (my) Mean - y xJ__

1 64.3 5.1 26.0

2 57.1 2.1 4.4

3 69. 4 . 10.2 104.0

4 62.9 3.7 13.7

5 42.5 16. 7 279.0
Mean (M ) = 59.2 £ %= 42101

y Yy

Variance = ¢@ = 4' = 106.8

“{Continued)
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: TABLE XXI. ANALYSIS CF CORROSION DATA -
{ LN2 RINSED SPECIMENS (Continued)

ﬁ il Test

Passgivated Sarﬁples Passivated and LN2 Rinsed

' N, = 5 N =5
. X y
M

‘ .2
; X 59

51.3 M
Yy

3.1 ] 10.3

Q
"

Oy = = 1,38 o

: 10.3
; X V5 vy Y 5
o = 24+ 0 2=\/1790+zxz=4so
M,-M_ “VM M : . g
X Y X Y

M - M A
t = XY - 51.3—59,2 = —1.65

Oy - M 3,80
Xy

= 4.60

i b

Py S

With a value of t less than 2 the difference of means is
probably not significant. i




TABLE XXII. ANALYSIS OF CORROSION DATA - CARBON TETROFLUORIDE-
RINSED SPECIMENS.

Passivated Samples

Sample Deviation from 2
No. bw (mg) Mean = X X
1 26.9 3.0 9.0
2 24.6 5.3 28.0 )
3 39. 6 : 9.7 93.7
4 29.7 o 0.2 9.0
5 28.6 ' ‘ 1.3 1.7
© Meam(M)=29.9 zx?‘ = 142.4
. o2 _ 142.4 _
Variance = ox = 3 = 35.6
S.D. =g = 6.0
Y

Passivated and 11-"4‘- Rinsed '

Sample Deviation from 2
No. Aw (hy) 4 Mean -y y
1 - 24.2 3.6 . 12.9
2 28.5 . 0.7 0.5
3 32.0 4.2 17.6
4 24.0 3.8 14.4
5 30.3 2.5 6.2
Mean (M ) = 27.8 . 22 = 51.6
Y ( y
. - ¢ _ 51.6 _
Variance = OY = 3 = 12.9 .
S.D. =¢g = 3.6 | .
Uy A | .
Continued)
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TABLE XXII. ANALYSIS OF CORROSION DATA - CARBON TETROFLUORIDE -~
RINSED SPECIMENS. (Continued)

"t Test

Pasgsivated Samples Passivated and LF4 Rinsed

N, =5 N =5
M
27.8

= 29. M
X 9.9 y
.0 = 6.0 ‘ (4] = 3.6

g

6.0 3.6
2 ee— = 2,68 o = = = 1.60
°iv1x N M, TS

= 2 C
O M = \/oM t oy -w. 18 + 2.56
X 'y X y

3.10

¢ = My = My . 29.9-27.8 _ o
) - 3. 10 R
M, - M
X Ty
)

t being less than 1 the difference in the means is
not significant.
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Figure 32.
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APPENDIX IV

DESORPTION FROM PASSIVATED SURFACES

1. PROCEDURE

Eighty grams of 304 stainless steel powder were placed in a bomb,
evacuated, and p:ssivated by exposure to fluorine gas at ons atmosphere
pressure for 1 hour at 25°C (77°F). The surface area of the powder was
1010 cm2/gram as ineasured by the krypton gas B.E. T. method. Thare-
fore, the total metal surface area was roughly eight square meters.

Following the passivation cycle, the bomb was evacuated to the hest
vacuum obtairable with the mechanical cil pump used in the system -
roughly 0.5 torr. The evacuation was continued for 15 minutes at room
ternperature.

The bomb was valved off under vacuum and attached to the inlet system
of an Aerova: AVAl mass spectrometer. The residual gas in the bomb
was leaked into the analyzer at a total pressure of 5 x 10-2 torr and the
mass spect.um scanned from AMU 12 through 70.

The bomb was again numped with the mechanical pump for an additional
15 minutes and reattached to the mass spectrometer and an additional scan
made over the same mass range. Finally, the bomb was heated to approxi-
mately 100°C (212°F) while attached to the mass spectrometer and a third
scan made.

2. RESULTS AND DISCUSSION

The relative peak heights obtained in the mass analysis for the separate
samples are shown in Table XXIIi. The relative peak heights are not
directly related to concentration because of the variable response of the
instrument to each molecular specirs. The results are therefore most use-
ful from a qualitative standpoint. :

The most prominent peaks in the spectra are due to oxygen, nitrogen,
fluorine, HF, and an unknown constituent with AMU of 46. This has been
identified in gaseous fluorine from soame sovurces and is evidently strongly
adsorbed in the metal powder because it shows up more strongly after
hea*ing. Water vapor ~ AMU 17 ard 18 — is not prominent. Itis almost
absent after the first evacuation cf the bomb.




TABL £ XXIIi. MASS SPECTRA OF RESIDUAL GASES
FROM PASSIVATED SURFACES

Relative Peak Heights Above Background
(1) : (2) (3)

Probatle After Initial After Second Bomb

AMU Ion - Ewvacuation Evacuation - Heated
14 N* 0 0.05 0.05
16 ot 0.10 - o.20 0.20
17 oun’ . 0.03 T 0.10 0.0
18 H,0" o 0.0 . 0.0
19 * 0.07 oz 0.15
20 ur' e 2.4 2.4
28 N cot L1 L9 1.9
32 o‘g 025 0.5 0.6
34 - 0.5 . . o1 0.1
44 co,* 0.02 - 0.0 | 0.0
46 3 0.2 0.4 0.5
50 - ~0.02 ©0.05 0.1
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APPENDIX V

MECHANICAL STARBILITY OF METAL FLUORIDE FILMS

The degree of mechanical stability of fluoride films formed on metal
structural components used in fluorine rocket propulsion systems is not
well known. A mechanically stable passive fluoride film acts as a protective
coating against corrosion attack by the fluorine. However, loose hard,
grainy metal fluoride particles can scratch or erode the sealing surfaces,
i.e. valves, resulting in poor seal leakage performance for the sealing
component. Accumulation of such particulates can also plug orifices or
other restrictive channels.

Mechanical stability tests were designed to evaluate the metal fluoride
stability on metal bellows of 316SS, Inconel 625, A16061-T6, and copper
when exposed to various combinations of flexing, cryoshock, gaseous
fluorine and liquid fluorine conditions. The test data seem to indicate that
the mechanical stability of metal fluorides formed are excellent and that
for all practical purposes very little (max. 0.007%) of the expoved metal
fluoride surface is depleted.

Precleaning of the test system introduces a high background of particu-
late contamination as evidence by residue on 0.45 micron filter prior to the
mechanical stability test. Flakes as large as 1000 A have been coll>cted.
The evidence suggests that most of the different kinds of particles arise
during the assembly and servicing of the test. Once the structural compo-
nents are assembled, the test assembly must be flushed a sufficient number
of times to minimize the background contaminant.

1. TEST APPARATUS AND MATERIALS

The Repid Screening Tester with fixtures for testing metal bellows
specimens under repeated bending by alternate compression is illustrated
in Figure 33.

The basic apparatus consists of a double walled stainless steel test
container, a specimen mount attached to the lid (to allow translational
reciprocating motion of the specimens), a metal bellows seal on the reci-
procating shaft, a variable eccentric cam drive to change the axial displace-
ment of the shaft, and an electrically driven, variable spced rotary motion
power unit.

The jacket of the test container contains no direct plumbing connections
with *he interior of the container. It is used as a temperature control bath
by flowing HZO or LN2 through it during different tests.
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The apparatus is connected to supplies of GN,», LX,, vacuum, GHe,
GF,, to instruments and to a venting system by means of stainless steel
lines. A particle coi cctor is connected at the bottom of the test chamber
and is immersed in LN, to maintain it at -320°F wnennecessary. The
instrurm 2nts used with the tester include two Bourdon pressure gages

v
w
b

P
5,
W

(compound, 60 psig), a strobe lighting unit, and a reveclution counter, ji

4

mv

. Materials tested were in the form of Bellows specimens, They were i

formed from cold rolled mill annealed {dead soft}) sheet. The sheets were ;

rolled into a tube, butt welded and hydroformed to contain three typical 2

. bellov's outside convolutions. Figure 34 is a drawing of the specimens. %

: i

The bellows test coupons were prepared from four «lloys, aluminum .

6061-0, mill annealed 316 stainless steel, annealed Inconel 625, and ;@;

annealed copper. During fabrication of the bellows, the weld is work 5
hardened (1/8 to 1/4 full hard). Al 6061 was heat treated to the Té condition g :

after forming operation, the others are annealed. Coavolution heights, h,
were different in each alloy. Table XXIV also contains a listing of the
selected parameters of the bellows coupons.

W,

The calculation of axial displacement of bellows from the rest position
(ae) is based on the maximum stress (0,,) at the root of convolution being
equal to 75% yield stress. On the basis of elastic theory, using exper.men- i
tally derived correction factors, it can be shown that {Refereance 9, 10) »,

For stainless steel type 316

_4l.4x 10% t o

o ;
m I3
N n® i
c :
For Nickel alloy Inconel 625 3
o =42.7x108¢t0, |
m

th
c

For aluminum allcys

6
. . 17.6 x10° t ¢
- m

th,
c

For copper

- 6
o :2b,3x10 t @,
m 5
N h
c
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Figure 34. Typical Convoluted Bellows Specimens
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TABLE XXIV. SELECTED MECHANICAL PROPERTIES;
HEAT TREATMENT AND DIMENSIONS OF
HYDROFORMED METAL BELLOWS

i
.
&

Yield Stfength, Heat Treatment

. ksi t L After Hydro- 4
Materials RT 320°F in. in. forming Bellows @
Inconel 625 100 160  0.008 0.31  1900°F for o
(annealed) 5 min. ¥ )
316 SS 65 60 0.009 0.31  1400°F for ; ,
(annealed) 5 min. i
A16061-T6 35 45 0,016 0.33  T-6 | R
Copper 8 14 0.010 0.45  800°F for ¢
(annealed) 10 min.
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where t is thickness of ply

Nc is number of outside convolutions

h is mean convolution height

Application of these formulae resulted in calculation of cam displace-
ment values for the metal bellows as detailed in Table XXV. The cam
displacement is set by a micrometer dial gage. The following cleaning
procedure was used on the metal bellows before assembly for testing:

a. 31658 and Inconel 625 bellows were soaked in
HNO; + HF at 180°F, rinsed in distilled water,
rinsed in acetone, dried with GNZ. ultrasonically
cleaned in Freon bath, dried with GNZ and w1re
brushed to remove ink stains.

b. Copper beliows were rinsed in acetone, dried with
GNZ. soaked in Oakite No. 33, rinsed in distilled
water, rinsed with acetone, GNz dried, ultrasonically
cleaned in Freon bath, dried with GN;,, dipped two
minutes in HC1, rinsed in water, GN3 dried, rmsed
in acetone and GN dried.

¢. Aluminum 6061- T6 was soaked in alummum cleaner
No. 980 at 80°F per 5 minutes, rinsed in water,
rinsed in acetone, GN7 dried, ultrasonically cleaned
in Freon for 5 minutes and dried in GN,. A prior
precleaning cycle consisting of soak in Oakite No. 33
for ten minutes, rinse in water, ultrasonic cleaning
in Freon for five minutes, and wire brushed to remove
ink stains was found to be inadequate.

2. TEST PROCEDURE

The mechanical stability of fluoride films was evaluated by the low
cycle fatigue test, 5 cps, in the rapid screemng tester according to the
following four test sequences:

Test 1 = The metal bellows is fluorinated in gaseous fluorine, GF;, at
1 atmosphere for 1 hour, flexed for 500 cycles, and then thermally shocked
by flowing liquid nitrogen during an additional 1500 cycles. Total chill
down time is 3 minutes. The LN3 is then turned off. The LN, containing
any spalled off metal fluoride particles is drained into the particle collector
below the test chamber. The particle collector is kep in a LN, bath to
maintain it at -320°F., . .

<

The test chamber is rcheated to room tempe‘r;ture'by circulating
water through the chamber jacket for at least 30 minutes. The low cycle
fatigue and thermal shock treatment is repeated four more times on the

metal bellows. The particle collector is warmed up after the last test cycle.
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TABLE XXV, CAM DISPLACEMENT SETTING FOR METAL BELLOWS IN
ONE DIRECTION FROM REST POSITION.

Axial Displacement

Cycle in one Direction

RT - Room Temperature
LNz - Liquid Nitrogen Temperature

Material RT LN, RT LN, )
Inconel 625 0.031" 0.047" £0,031" £0,047" 4
{(annealed) '
316 SS 0.018" 0.017" +3,018" +0.017"

{annealed)
Al6061-T6 0.015" 0.019" +£0,01I5" +0.019"
Copper 0.007" 0.012" +0.007" +0.012"
{annealed)




L e oy S S o e o s A Ty s

The particle collector is warmed up after the last test cycle. The test
chamber and particle collector are evacuated and the particle collector
valve closed. The test chamber is flushed by 500 cc of filtered Freon TF
by sucking it in under vacuum. Next, the test chamber is pressurized with
GN3 to 20 psig. The collector valve is open for the Freon to enter and the
GN; is vented through the colliector exhaust valve.

The particle collector is disconnected from the rapid screening tester
ard a 0. 45 micron millipore filter unit con:._cted to one entrance port. The
other entrance port is pressurized with 15 psig GNy. The Freon {iltrate is
collected in a plastic bottle for reuse. The millipore filter unit is capped
off and opened in a dry hox. The 0.45 micron filter paper is removed and
immediately placed in a small jar filled with Freon TF to a 1/8" depth.

The sample is subjected to metallurgical examination and analyses. If no
significant amount of metal fluoride particulate are found on the filter
paper, skip Test 2 and proceed to Test 3. If metal fluoride on filter paper
is above the background amount go to Test 2.

Test 2 — Test 1 procedure is repeated with same retal bellows speci-
men without flexing. Metal bellows and filter paper sample are subjected
to metallurgical examination and analysis.

Test 3 — A new metal bellows is passivated, tested for 2000 cycles in
1 atm GF3. The fluorine is flushed out with GN,, and particulate matter
is collected into particle collector with Freon TF. The filter paper and
nietal bellows are subjected to metallurgical examination and analysis.

Test 4 — A new metal bellows specimen is cooled to -320°F. LF; is
condensed into the test chamber. The immersed bellows is flexed for 2000
cycles and then is draired into particle collectoi.. Th~2 test anparatus is
purged with GN; and flushed with Freon TF into particle collector. The
filter paper sample and metal bellows are subjected to metallurgical
examination and analysis.

3. TEST RESULTS
a. Stainless Steel Specimens

The first series of low cycle fatigue tests was conducted on a
31688 hydroformed metal bellows No. 1. It was run through Test 1.

Examination of the millipore filter unit revealed a large amount of
particulate on the 0.45 micron filter paper and support screen (Figure 35).

Microscopic observations revcaled flakes of copper, brass,
Teflon, 100-500 } thick flakes of a crystalline material (interference
colors), microdroplets of a resin type matcérial (other than Teflon} and
some metal other than copper were observed both in a filter paper uzed
for wiping the screen and on the millipore filter. Square shape particles
were more frequent than elongated fl: kes or polymer ribbons with

3
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repeated

dimensions varying from 0.5-0.6 millimeter to 40-50 microns. The
smallest particle size approximates the microscope resolution limit of 0.5
micron. Brown polymeric material with high porosity and hrge pore ..1ze
appeared to mdxcate matérial cther than Teflon. '

The great majority of collected particles consists of the thin
crystalline flakes (500-1000 A) with some larger structures. The particles
are reminiscent of mica fragments, but may indicate a surtace «.oatmg on
the test sample or on the bellow surfaces. :

The heavy amount of particulate material eollected leads one to
suspect the backgrcund particulate wag too high during this test. There-
fore, the test system was Freon cleaned six times before the fxrst test was

Decreasing amount of p.srtlculate matter was observed on the mxl-
lipore filters from the consecutive cleaning tests. Polymer flakes, metal
fragments, mica type flakes and small amounts of amorphous substance
penetrating into the millipore structure were noted. In sample’5 some oil-
type substance partly covere.d the filter pores giving it a translucent ‘
appearance. The oil-type liquid did not evaporate during storage at ambi-
ent temperature in a2 desiccator for several days. In the samiple 6 from

"the final cleaning stage, no amorphcus background material was noted, but
- . a few mica type laminated flakes about 400 u dxameter were observed .For
‘detaxls see Table XXVI. Do e

After establishing the background partxculate by these cleamng

- tests, the same 316SS Bellows No. 1 was rerun through Test I, an exami-

nation of the particulate collected for this test revealed (1) three rnica type
flakes. (2) very small fragments of polymer, and (3} "structureless”
coating covering the entire millipore surface. OSpecimens one and three
were examined bty selected area electron diffraction.’ : .

The sample one flake (1), pressed between twn °lectron micro-
scope grids was sufficiently thin at flake borders for transmission analyszs
Computed diffraction patterns indicated muscovite type material. The = -
origin of this material cannot be explained, unless material of this type
was used for packiig of Freon containers or was mtroduced ‘rom rhe liquid
nitrogen systcm : :

Specimen 3 was transferred from the millipcre filter surface to a
nitrocellulose film for selccted area diffraction. Computed diffraction

" patterns are givenr in Table XXVII columns 1 and 4. Iron fluoride in addi~ |

tion to Fe oxides were identificd. The major fraction appears to censist
of irun oxides rather than iron fluorides,. Fe3 F35 . 3Hp0, Fey Fg - TH30,
and FeF  were indicated by the principal lines and a series of additional
lines in rather pood agreement with the ASTM tabulated data

The sarae 316SS bellows No. 1 was subqe(,xently run throug,h Test
The particulate matter trom this test revealed more polymer flakes -

Y
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TABLE XXVII. COMPUTED FLECTRON DIFFRACTION PATTERNS FBR PARTICULATES
I TO 5 COLLEGTED IN S$31( BELLOWS TEST NO. | (FLEXING, LNz THERMAL SHOCK,

2000 CYCLES REPEATED FIVE TIMES) AND REFERENCE LINES FOR THE
COMPCUNDS IDENTIFIED {THE PRINCIPAL 1i/F.S ARE UNDERSCORED)

Specimen
T 2 3 . 5 | FepF5 - TH,0 | Fe,Fg - 3H,0 | FeF, | Fe,0,
£, 0o 6.28 5.49
4.54 4.5 4.69
4.24 4.25 4.18
3.98 3.81
3.56 3,71 3,68
1.28 3.22 3.22
3.16
2.92 3.09
.86 2.97
2.70 2.74 2.67
2. 66-63 2.63 | 2.68 2.60 2.63
2.55 2.42 2.54 2.51 2.53
2.30 2.30 2.34 R ,
2 21 2.19 ‘2026 3
2.02] 1.99 2.05 2.08 CoufozeeT
1.95 1.92 Lo
] 1se 182 ! 1.83 1.86 | 1.83
1.75 1.77) 1,76 ] 1.78 1.81
1.74 BT+ 2 N
1.69 1.68 1.66 | 1.69
1.60 1.61 1.60 | 1.63
1.53 1.524 1.51 { 1.53 ] 1.85 .57 |
1.49 | 1.48
1.40 1.45 1 o148
1.42 o
t.31 1.35 1 1.31 1,38 | 1,34
1.29 1.264 1.27} 1,274 .29 1.33 | L.31.
1.20 t.22] 125
: . d 116 1.16 Lis
110 112 1,09} 1.09 RN
1.05 1.07 1.05 c
1:03 1.0t
0.99 1 0.99
[-0.93° “Jo.91] 0.93} 0.89] 0.91 - ]
116
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than in Test 1. The mterference colors noted indicate that the flake thick-
nesses approximate 600 to 1000 i. Gray and dark material adhered to the
polymer flakes appears to be the main particulate matter collected. Elec-
tron diffraction indicated mainly Fe203 and NiO with minor amount of iron
and nickel fluorides. Note Table XXVIII columns ! through 6. FeF2 and
Fe3Fs5 with 7 and 3HpO are indicated. The total amount of fluorides

. appears to be very low and represents a thin surface la.yer. Some extracted
surface materxal is shown in Fxgure 36

The fluormated bellows surfaces were examined under a binocular
. ‘ m1croscope, at a magnification of about 30X and under a rretallograp"nc
rmcroscope ata magmf;catmn of about 100X.

, Local removal of the surface layesr due to mechamcal damage wzs
observed close to the regions e .posed to ha“d‘mg Minor areas of attack
were noted on the bellows ed ges urndor meaximum tension.

The material ~ collecting area cf the millipore filter approximates
3.14 ¢m2. Consider that one per cent of this area or 0,03 cm2 bz covered
; by fluoride carrier oxides. The surfacc area of the bellows proper (inside
3 _ and outside surfaces) approximates 396 cm2. The extracted fluoride
: coated material thus may be estimated 2s 9.C007%. Other fluorinated sur-
: faces exposed to the same treatment as the lwdows except flexing, con-
7 stitute about 95% of the entire surface that contributes to the collected
: particulate matter. Consequently only 0.0003% or 3 ppm of the actual
surface may be depzeted of 1ts fluorxde ceating.

b. Copper Spe czmens

, The aecond series of low cycle fatigue tests was conducted on
copper bellows. Cu beliows No. 4 was run through Test No. 1 procedure.
Copper bellows No. 3 was run through Test No. 3 procedure, except that
two atmospheres of GF was used. Copper bellows No. § was run threugh
Test 4 procedure. No vzsual damage of bellows was seen.

- The computed electron diffraction patterns mdxcate copper,
copper oxide CuO and copper hydroxide Cu{OH}; which were recorded

from surface protuberances and at the thin edges of extracted surface
flakes of the particulates collected from bellows flexing. Only the crystal-
line fractions are identified by means of this method. An identification
made on the basis of the d-values using the ASTM X-ray standards indi-
cated CuF2 in one diffraction pattern only. It was recorded froma '
selected area, about one micron diameter. The observations suggest that
a minimevm amount of the passivating CuF, coating has been removed from
the bellows under flexing. The trace amount found was detected at the
edges of a copper flake which may originate from the machined parts
where apparently some mechanical damage resulted from handling. It
should be noted that the copper fluoride was identified as CuF rather than
- . as CuF2 - nH20 or CuOHF. It is thus concluded tbat any contact with

< o atmospheric humidity and its decomposing action have been prevented in
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TABLE XXVUI COMPUTED ELECTRON DIFFRACTION PATIERNS OF PAPTICULATE !

} TO 6 COLLECTED X SS316 SELLOWS TEST NO. 2 (FLEXING, LNz THERMAL SHOCK,
2000 CYCLES REPEATED FIVE TIMES) AND REFEREINCE LINES FOR THE
COMPOUNDS IGENTIFIED (THE PRINCIPAL LINES ARE UNDERSCCRED]

Dot ivaen
1 2 3 | 4 [ 6 | Fe,Fo.7H,0 |£e,F . 3H,0 | FeF, [Fe,0, [NF, |y
8.60 *
5.40 549 {48 | "
_ v ) 4.69 4.69 . jass
a.38] 4.40] 4.40 4.40 4.51 : '
4,28 : 4.25 4.18 410
3,890 3.83] 3.85 3.8% 3.81 3,71 3.81 3.78
, 3.56| 3.66 : . 3.68
13,38 3.55 | 3.46 1
3,20/ "3.29( 3.2¢ 3.29 3:27 | 329} 3.22 3.22
TR S I 3.16 3.1} 3
3.06 o . 3.09 : : !
2.86 292 2 REXLE
2.69 2.7 2.4 2867, ' . s
- : 2.60 A 2.63 '
, 2,53 ‘ .54 z.53 \ ) 2.81 12:53
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< Figure 36. Electron Miérograph of Material Collected From SS-316
‘ Bellows After Quenching and LF2 Cycling Test. Note

‘ . Areas That Presumably Depict Fluoride Coating Proper.
’ Magnification 60, 000X
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the liquid Freon used as 2 storage envirooment for the particulates col-
lected. Virtually no parts of the passivating cozating have been detached
due to failing adhesion at the copper-Cul; interface.

- Other éi‘ystalline fractions were identified among the particulates,
such as Fe;03, FeO(OH) and calcium aluminate hydrate apprcmmatma
Ca3Al;04 - nH20. See Table XXIX.

The computed diffraction patterns from particulates 1 through 6

“and the X«ray powder data of interplenar spaces, d-spacings for a set of
“rnown compeunds used as identification standards are alsc given. The

. principal lines are underlined. It should be noted that the experimental

‘errors are large for the short radii in the electron dlffraction rirgs and

thus in the corresponding ‘=rﬂe-d—4pacirqs. The 2 ement between the
exper rimental and theoretical spacings is cptimum in f.ne lower part of the
colurnns and less accurate above 3.6 1. The smglx. crystal patterns are
not well adapted for identification from electron dif i action since orly
selected planes diffract simultaneously and selected d-spacings are ob-
tained. A more complete set of the crystallographic characteristics is
obtainable in samples with randomly distributed sub 'croscopic crystals

y1e1dmo duiractmn rmgs rather than spot paiterns.

: I is concluded tl*‘ai: only trace amounts of the pas sivating coating
are susceptible to the flexing attack. A great majority cf the particulate
matter collected appears to originate from other parts of the reaction
chamber than the passivated copper bellow surfaces.

" The computed diffraction patterns 1 through 4 and the reference
lines are hsten in Teble XXIX.

szual observa.,xons of samples from copper bellows Test No. 3
procedure were similar to *hose from Test No. 1 procedure,

~
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