AD-R172 278

UNCLASSIFIED

PLRSHB POLYNER CORTINGS TO PREVENT PIPELINE CORROSION
AND REDUCE FRICTIONCU)> POLAR MATERIALS INC MARTIN’S
CREEK PR G W WALPERT 21 MAY 86 DAAK?78-83- C-B/gdii/x

-
N
-

I -




'\;

ki 28 25 :
el £
—_— '™ m§

123 s |

Il

o

ll=

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

-"‘

-
-

Y,
T

-
-
-~

v il

v,

(00

'
3,

LT Wy »

T R LR

) L)
;:h';_ '

&



I o A /,)2/\/ / N

* o ol v ik -
P ot

P )

PLASMA POLYMER COATINGS TO PREVENT PIPELINE

CORROSION AND REDUCE FRICTION

AD-A172 278

CONTRACT #DAAK70-85-C-0100

PRINCIPAL INVESTIGATOR: DR. DEREK SHUTTLEWORTH

g
7
()

REPORT PREPARED BY: DR. GEORGE W. WALPERT

‘U‘d‘b;o‘a;.l-

o NNl A p

-

; : f

o Dr. rge W. wWalpeft
Polar Materials, Inc.

4

N patep: S-21-8b

(\])

LA A
~lalalalal

-

-
Q.
: S
: .- T"‘““‘._i‘““;““""’“"“‘{
P seTumant b b - e
o } U SN ww
' §
w
0
4

. '8¢ 7 1 063

y S50 F b

'ﬁ!l ; Py Ny Py Wy WS, x - WS BRSOROTIv Y.
IR ORI N R IR R R e ,c,.f‘ ﬂ.,z*.,,u".c‘., fa by ..Qng, JuLA L e "rﬁ* LS WPV

w;ll.



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

-

SO H P PR T A Pt T T R S T TNy s ety o P gy O T Ty T T Ty g N T N, L N Py Ky
l‘!‘I‘\.'ﬂt. .:.\.\!l" L .'r AR .i P ¢ . < o x>k’ ‘ J L4 Yoy ,n o 70N £ ¥y, sia ?‘Dl Js‘?ﬁ ’l:‘.l !b ."n ,‘"‘- h ‘i@"‘ﬁ; DA AR &r.!‘ '



4 B

+
DOD No. 86.1
U.8. DEPARTMENT OF DEFENSE

SMALL BUSINESS INNOVATION RESEARCH PROGRAM
PHASE 1— FY 1885
( PROJECT SUMMARY

Topic No. _A-59 y Military Department/Agency _Army .

N

Name and Address of Proposer
Polar Materials Inc.
Ben Franklin Technology Center
Homer Research, Bldg. F
Bethlehem, PA 18016

Name and Title of Principal investigator
Dr. Derek Shuttleworth, Director

Proposet's Title*
Plasma Polymer Ooatings to Prevent Pipeline Corrosion
and Reduce Friction

Technical Abstract® (Limit your abstract to 200 words with no classified or proprietary information/data.)

This program will investigate the preparation of corrosion and friction
reduction coatings for pipeline protection prepared by state-of-the-art
plasma methods. Plasma techniques can produce coatings of ceramic-like
materials with high abrasion resistance. Their chemical unreactivity and

{ wniformity of coverage allows them to function as effective barrier
coatings for corrosion protection.
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(’ PREFACE

The work reported herein was done under Procurement
Instrument Number DAAK70-85-C~0100, August 22, 1985, awarded in
response to SBIR proposal 10r Topic A-59 in Solicitation DOD85-1.
The work was done in the laboratories of Polar Materials, Inc.
during the period August 22, 1985 to April 22, 1986. The
Principal Investigator was Dr. Derek Shuttleworth until March 1,
1986, at which time Dr. Shuttleworth was replaced as Principal
Investigator by Dr. George W. Walpext. Other contributors to the
project include Dr. Malcolm L. White, Consultant and Staff member
at the Sinclair Center for Surface and Coatings Research at Lehigh
University, Dr. H. Ronald Thomas, President of PMI, Terry J.
Hafford, Paula J. Battavio, and Robert J. Babacz, staff members at
PMI.

The Contracting Officer's Representative was ILouis H.
Tagliaferre, STREB-GP, who was kept informed of progress
throughout the project. The contract was originally scheduled to
cover the period August 22, 1985 to February 22, 1986, but a
f0-day no-cost extension was requested by letter from Dr.
Shuttleworth to Mr. Tagliaferre dated February 13, 1986, and
acknowledged by telephone by Mr. Tagliaferre.

The SBIR proposal proposed utilizing part of a Post-Doctoral
appointment at Lehigh University to use non-uncursive in situ

( analytical techniques to characterize the plasma polymerization
process and seek relationships between plasma parameters and
product characteristics. Unfortunately, recruiting efforts for

the post-doctorial fellow were not successful, and this portion of

the project was not done, The monies budgeted for the
post-doctorial effort were diverted to staff members at Lehigh
University for product characterization, test development, and

testing.
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rate of 4 micrograms per square centimeter per minute, but
reasonably good coatings were produced at coating rates of 20 to
30 micrograms per square centimeter per minute.

i ABSTRACT
!
;:‘:.:': x\ . . . .
%2 Three different materials, thiophene, hexamethyldisiloxane,
X and hexamethyldisilazane were deposited on mild steel coupons by
! low temperature radio-frequency plasma polymerization.
, Statistically designed experiment matrices were utlized to screen
iﬁ; a range of operating conditions and optimize coating properties.
o For two of the materials, a narrower range of conditions was used
RS to produce coating weights of about 400 micrograms per square
e, centimeters, and these coatings were evaluated for corrosion
b0 protection and coating physical properties.
R Coatings were produced which yielded 256 hours in air-bubbled
A salt water to 95% corrosion. Uncoated coupons in the same test
:f: rusted to 95% in six hours. The best coating was deposited at a
-:
L}

”

The feasibility of corrosion protection coatings using low
temperature plasma polymerization has been established by this
project, but much process and product development remains for
! commercialization. Recommendations for continued development work

are discussed in this report. & 4 —
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INTRODUCTION

This report presents the results of a study to determine the
feasibility of wusing non-equilibrium plasma polymerization to
produce coatings for corrosion protection and flow enhancement on
the inside of pipes.

The low temperature, or non-equilibrium plasma is currently a
procedure of significant importance in semiconductor fabrication
(1). This development paves the way for other applications of low
temperature plasma by the development of equipment for routine use
and by development of some understanding of the principles
governing plasma technology. Iow temperature plasma, therefore,
affords considerable promise as a source of protective coatings
for use in a diversity of applications.

An opportunity exists to devise coating procedures in which
thin films of high performance material can be deposited at
relatively low cost. The challenge and the opportunity is to
obtain coatings that are hard, chemically inert, of low
permeability to oxygen and water, strongly adhering and low in
defects, such as pinholes. Plasma methods afford the capability
to produce such films, and represent a higher probability of
success than other methods.

A particularly flexible plasma method for the production of
thin films is plasma polymerization (2, 3, & 4). In this process,
volatile materials are caused to react at essentially room
temperature in a gas plasma sustained by high frequency electrical
power. The state thus produced is highly reactive, populated by
radicals, electrons, ions, metastables and electromagnetic
radiation extending into the ultraviolet (5). Energies up to 40
eV are available which is to be compared with typical chemical
energies of 3 to 10 eV. Many reaction pathways are opened in an
organic gas plasma leading to rearrangement of the starting
material and/or deposition of polymeric material on surfaces in
the plasma zone (6). Under the appropriate conditions, materials
generally not considered to be monomers, eg. benzene, xylene,
butane, or even methane gas can be deposited as thin, eg. one
micron, coatings which are pinhole-free, conformal, strongly
adhering, and crosslinked to the point of being insoluble in
common organic solvents.,

Such coatings have been produced for the subject study of
this report from three starting materials, thiophene,
hexamethyldisiloxane and hexamethyldisilazane. Corrosion
resistance of the films, and their physical properties have been
measured and to some extent these responses related to process
conditions.

One of the objectives as stated in the SBIR proposal was to
develop coatings for corrosion protection and flow enhancement.
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One of the criteria for selecting starting materials was to
produce coatings with a range of surface energy, intending to
study the effect on resistance to flow. However, informal
discussions with Navy investigators on fluid flow projects
convinced this author that fluid flow is dominantly controlled by
surface topography (and the character of the fluid) and that
efforts to enhance flow by surface chemistry offered 1little
probability of success with a cursory effort. In addition, the
effort required for the investigation proved to have been
underestimated in the SBIR Proposal, and the election was made not
to pursue the flow enhancement objective.




G

Y
-
»

-
I,

.

e, G
ANy -

h "k(‘f':-‘. LY

El

2t E
-‘-{" A“.E

&?'

‘ SArch )
B )

o
-

RPN

3

TR LA AR
IANPIRELTE W WY N b > e

EXPERIMENTAL

A. PLASMA EOQUIPMENT

A laboratory scale vacuum plasma polymerization reactor of
six-inch diameter glass was set up with monomer flow controllers,
vacuum gauges, R.F. (radio frequency) power supply, and vacuum
pump.

Flow was controlled by Datametrics Type 825 mass flow control
valves, Datametrics Type 1511 multi-channel digital display flow
controller, and ball-float flow tubes, Air Products E29M150MM1 and
E29C150MM2, Pressure was sensed and controlled by a Datametrics
Type 1500 digital pressure display and power supply, a Datametrics
Type 621 Barocel pressure sensor, an MKS Type 252A exhaust valve
controller to maintain constant pressure in a wvacuum system, an
MKS Type 253A-1-40-1 throttling valve to regulate the removal of
gas from a vacuum chamber, and a varian thermocouple vacuum gauge
804-A. The R.F. power generator, ENI Power Systems Model HF-300,
was used with A Heathkit SA2060-A manual impedance matching
network. The Varian CD300 mechanical vacuum pump was fitted with
a 345 foreline trap filled with molecular sieve material. A
Mathis Model TM-100 thickness monitor was set up in the reactor
sleeve but eventually malfunctioned, and its use was discontinued.

The cross-shaped glass reactor was equipped with a rotating
copger heated stage capable of operating at temperatures up to
400 . Temperature was initially read on a Eurotherm Model 983
digital indicating controller and then an Omega Model 199KC
digital temperature indicator. Both units experienced problems
with interference from the pick-up of stray RF power. Temperature
was finally read on an Omega Model 7045-K-1500 analog pyrometer.
For experimental runs without substrate heating, a stainless steel
rotating stage was used. A schematic diagram of the system is
shown in Figure 1.

B. MATERIALS

Monomers and gases used included thiophene (Fisher
Scientific), hexamethyldisiloxane (HMDSO) and hexamethyldisilazane
(HMDSN) (both from Petrarch Systems Inc.), oxygen and argon (both
from Air Products). Substrate materials were 0.5 mm thick, smooth
finish, steel Type OD 0O-Panels, ASTM specification D609.3B.

cC. OPERATING PROCEDURES

The O-Panels were cut into desired sizes, washed with
trichloroethylene, and stored in desiccators. Before each run,
they were individually wiped with a Kimwipe and trichloroethylene,
air dried, weighed, and loaded into the reactor.

Thiophene, HMDSO, and HMDSN were vacuum degassed at liquid

nitrogen-temperature. The gas flow from these monomers were
manually controlled by flow tubes.
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After the substrates were positioned on the rotating,
electrically grounded electrode and loaded in the reactor,
pressure was lowered to less than 0.3 Torr, and an autotransformer
was manually adjusted to the heated rotating electrode to maintain
the desired temperature. Substrates were exposed to an argon
plasma (gas flow 28 sccm, pressure 500 mTorr, power 100 w) for two
minutes to clean the substrate surfaces. Thiophene runs A59A1 to
Al3, AS9B1 to B13, AS59Cl1l to C3, and AS59A55 were exposed to the
argon plasma followed by an oxygen plasma (gas flow 25 sccm,
pressure 500 mTorr, power 100 w) for one minute,

Monomers at a prescribed rate were introduced into the
reactor, pressure was set to a prescribed value, R.F. power turned
on, adjusted to the prescribed value and forward power optimized
with the matching network to maintain a glow discharge plasma.
Every 5 minutes during a run, the R.F. power was turned off, the
temperature checked, the autotransformer adjusted if necessary to
maintain the desired temperature, and the R.F. power turned back
on. (Because of R.F. pick-up by the thermocouple 1leads, the
temperature indicator could only be hooked up to the system and
the temperature noted when the plasma was off, although power was
supplied to the heater via the autotransformer during the entire
run,) At the end of a run, the R.F. power, monomer flow, and
heater power were turned off, Pressure was pumped down to less
than 0.3 Torr. Samples remained in the reactor under vacuum until
the temperature fell below 100° C,. Then the system was vented,
the samples removed from the system, allowed to cool to room
temperature, and weighed.

Thiophene Experimental Designs I and II, design orders 2, 3,
5, and 8 were run to different thicknesses on the Mathis Thickness
monitor to estimate the correlation between the thickness rate
calculated from the actual coating formed and the thickness

monitor indication. The remaining design oxders in thiophene
Designs I, 11, and 1III were run to a thickness of 0.25
kiloangstroms on the monitor to the nearest whole minute. A

monitor thickness rate in kiloangstroms per minute was calculated.
For samples having the better film qualities, run times were
calculated to reach a thickness build-up of 500 micrograms per
square centimeter using the thickness rate of the actual coating
formed.

D. EXPERIMENTAL DESIGN

Two-level fractional factorial experiments were designed to
identify the process variables that most significantly influenced
development of a good coating and to begin optimizing a set of
process conditions.

Preliminary experiments included full factorial designs for
thiophene runs with no temperature control, half factorial designs
for thiophene and HMDSO runs with temperature control, and half
factorial designs for HMDSN with no temperature control. The
process variables studied included conditions varying the radio

-4-




1$ frequency, power, pressure, flow, and temperature. The design
;$ matrices and ranges for the variables are shown in Tables 1-7.

E. EVALUATION TECHNIQUES

- The coating properties measured included weight gain of the
coupon, scrape adhesion, tensile adhesion, salt exposure

(corrosion resistance), pinhole microscope tests, conductance, and
abrasion resistance.

ot Coating thickness (coating weight) 1in grams per square
A centimeter was calculated by the coating weight obtained on the
w O-Panels divided by the coated area.

A Pacific Scientific, Gardner/Neotec Instrument Division,

balanced beam scrape-adhesion and mar tester, S$G-8101, fitted with

. a loop stylus, SG-8102 was used for the scrape adhesion test. The
0 Standard Test Method for Adhesion of Organic Coatings, ASTM
) D2197-68 (reapproved 1979) Method A Scrape Adhesion, was used with
) the following modifications to the ASTM procedure: sample size,
, load increments, number of repeated tests, and detection of

. adhesion end point using an electrical contact. A coated 2.5 x
y 2.5 cm square O-Panel was tested with 10-g increments to 100qg,
X 100-g increments to 1 kg, and 1-kg increments to a maximum load of
- 10 kg. End points were repeated as available sample area
s permitted. Two indications of failure were reported. Scrape

Adhesion 1 was the loading for the first discontinuous indication
of electrical contact between the stylus and the substrate, and
( Scrape Adhesion 2 was the loading for continuous contact.

The tensile adhesion test employed a Sebastian I coating
adherence tester (The Quad Group). An epoxy—coated pull stud was
clipped to a coated 0O-Panel, cured at 125° ¢ for 2.5 hours, and
cooled to room temperature. The bond strength was determined by
the amount of force in psi exerted to pull the stud from the
sample. The amount of coating left on the sample was noted.

A

- Salt immersion testing was made by suspending a sample above
5% NaCl solution with the lower half immersed while the solution
was bubbled with air. Samples were observed periodically for
percentage of surface area oxidized to 95% corrosion.

Deviation from the salt immersion procedure was made for some
samples from the HMDSN runs. Samples were submersed into the salt
K solution bubbled with air and placed flat at the bottom of the
- container, Observed percentages of surface corrosion were
" corrected to values relating to the partial immersion testing

described above by comparing uncoated substrates evaluated by both
methods.

P IL IS

Three pinhole measurements were performed using solutions of

neutral CuS0, (Cuboﬁ(SH 20, H,0), acidified Cus0,4 (CuS0y4, H2904'
: H,0), and Ferrox11 ( F‘e(CN)6 NaCl). A drop of one solution is
. placed on a coating surface. Using an Olympus zoom binocular
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microscope at 10x magnification, the time was noted for the
formation of 5 crystals, and then 10 crystals.

The conductance was measured by placing an 0.05-0.1 ml drop
of 3% NaCl solution on the coating, immersing a stainless steel
wire electrode into the drop, using the substrate as the other
electrode, and reading the conductance within ten seconds at 2kHz
with an Extech Model 440 conductivity meter.

The abrasion resistance was measured using the falling sand
technique (ASTM D968-51). 100 ml volumes of Ottowa silica sand
(-20 +30 mesh) were funneled through a 36" long by
three-quarter-inch diameter tube and allowed to impinge on the
coated substrate, held at a 45 angle, until there was some area
of bare metal showing. The total volume of sand to reach this
point was recorded.

Contact angle measurements were taken using a Rame-~Hart Model
A-100 NRL C.A. goniometer and watcr as the liquid.

Density measurements were approximated by wetting pieces of
flaked film in different solutions having a range of densities (HL
aqueous series from Cargille Lab). Film flakes having a higher
density than the solution sank while flakes having a lower density
floated.

Ouality of the deposited films were classified as film (F) or
powder (P). The visual appearance further described the films as
even or rainbow colored, peeled, or flaked. A particular sample
could exhibit more than one appearance characteristic at one time,
usually in different areas of the substrate.
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gﬂ RESULTS AND DISCUSSION

ﬁﬁ' A.  DATA

: ( Three materials were evaluated by plasma polymerization as

W candidates for pipeline coatings - thiophene, hexamethyldisiloxane

;&h and hexamethyldisilazane. Each were selected bhecause of previous

iﬁi personal experience of the investigators, and because of a

gﬁ reference in the literature citing good quality films from these

‘N materials. The evaluation was done by coating coupons in a
i research reactor and measuring film propertles and corrosion

i' protection on the coupons.

30

X For each material, a statistically designed 2-level full
W factorial experiment (8 runs) was run to study the effects of

i process conditions: gas flow rate, pressure, and RF power input.
When the temperature-controlled grounded electrode became

s available, half-factorial designs of 8 runs were made, including
Y substrate temperature as the fourth variable. For the

;jx hexamethyldisilazane runs done at ambient temperature, the four
N variables in the 8-run half factorial were HMDSN flow, oxygen
14 flow, pressure, and power. Design details are shown in Tables
a 1-7.

1O

i:; For each of the preliminary factorial designs, a visual

s evaluation of coating quality was made, coating weight was
)] measured and coating rate determined. Coatin roperties were

g p

of b
K L’;

measured with a scrape adhesion test, and in some cases, a measure
of film integrity was made using a drop of copper sulfate solution
(the Priest Test). Based on these results, a second factorial
design was run at different ranges for the process variables, or
selected runs from the first design were repeated at the same

"
Iy l,s
—

»
",
L

Y process conditions, but different duration to achieve a targeted
' coating weight, or for selected runs, process conditions were
" modified slightly and rerun. A total of eleven "sets"” were done,
-;t comprising 98 individual coating trials. The printout for all of
:‘& the run data is shown in the Appendix as Tables 8 to 18.

S
"'« Tables 19, 20, and 21 present a condensation of the data
RS- where coating weight and coating rates have been averaged for all
the coupons in each run and test data are tabulated by run rather
o than by coupon. These tables were used for analysis of effects of
1Y process variahles and for observations upon which the conclusions
ﬁl were based.
s B. GENERAL
Py The interpretation of the massive amount of data accumulated
?{ for this program, the distillation of results and the formulation
:\. of conclusions is severely hindered by a large amount of
.Aﬂ variability. Individual coupons within a run gained different
WY coating weight per unit of area despite the rotating electrode
o sample holder, replicate runs yielded variable results, and test

o results on duplicate samples from a given run were not
'Y reproducible. Statistical test for significance of the first

’c
: ( -
bl
1Py
51 WYy oy WA,
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order effects of process variables show very few to have

' significance at the 90% confidence level. The objective to relate

%y coating properties to process conditions was only partially

( achieved, and to this extent only because the massive amount of
data enabled some judgemental conclusions based on consistency of
the direction of first order effects,

Since the conclusion of the experimental work on this
contract, the research reactor on which this work was done has
been equipped with a pulse generator to enable pulsing the RF
power input in the range of one millisecond period to one second

P period. Early indications are that pulsing at about 100

AGN milliseconds results in faster coating rates, better film

;:ﬁ properties, better consistency and more reproducibility. Any

T continuation of the investigation should definitely include pulsed
! power as a parameter for study.

J&R The attempt to understand the source of variability has

brought into question the design of the research reactor used for
this study. Emphasis on electrical isolation of the RF power
electrodes resulted in spaces of stagnant gas which have been

by E .&‘l
L

B

4 observed to be the predominant sources of powder, In a
e configuration specifically designed to coat the inside of pipe
K7 with the active electrode centered in the pipe, the pipe itself as
ﬁa both the counterelectrode and the vacuum chamber wall, and
e reaction gases flowing between them, there would be no stagnant
ﬁf_ space, The anticipated effect is for higher quality and more
uniform coatings. Continuation of the project should go directly
" to the coating of lengths of pipe, or at least a research reactor
q:i ( designed to simulate the condition of pipe coating.
'g The compelling observation to be derived from the data is
S: that a number of runs produced reasonably good
* corrosion-protection coatings. Table 23 shows the test results of
ﬁ*’ the coatings from 15 of the trials, 9 thiophene and &6
g hexamethyldisiloxane. The first row in the table is an arbitrary
&,ﬁ set of acceptance criteria for this stage of development and the
hQ5d entries within each family of coating are by decreasing corrosion
i.; resistance as measured by bubbling salt spray. Those properties
= deficient with respect to the selection criteria are underlined.
SN Run number AS59B93 resulted in coupons meeting all acceptance
‘\j criteria., There is no consistency among the other runs for
- properties failing to meet the acceptance criteria. The results
N listed in this table lead to the conclusions that suitable coating
B2, properties are achievable, but that <continuation of the
— development mandates upgrading repeatability, upgrading the design
S of equipment, procedures, and characterization methods.
o
..;_'\ C. FILM DENSITY
"
':: Flakes of coating from some of the coupons which came from
e the reactor with the film flaking off were used to determine
Fﬁg coating density. For these flakes, densities of 1.4 to 1.7 grams
~M per cubic centimeter were observed. At the conclusion of the
oo -8-
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hb
9 experimentation on this contract, a means to remove good coatings,
) eg. coating from trials resulting in good salt spray results, had
q not been devised. It is the consensus of the investigators on

( this project for plasma polymerized coatings, that there is a
relationship between coating density and oxygen and water
permeability, and that for coatings as thin as are targeted, film
density of about 2 will be required. The 1identification of
process conditions to produce this density without internal
stresses that lead to crazing and flaking should be an objective
of any continuation of this project.

'«
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D. COATING PROPERTIES vs. PROCESS CONDITIONS

e
o

The first order effect for each process variable on coating

rate and film properties in each experimental design matrix is
shown in Table 24. A test for significance was done judgmentally
by inspection of computer generated cumulative probability charts
( for each design matrix. Meaningful effects on the table are
underlined. 1In general, the variability in the process and/or in
. the measuring procedures obscures any well-defined relationship
; between process conditions and coating properties. However, some
trends are indicated. 1Increased monomer feed rate (flow) within
the range studied in the program produced positive results, ie.
faster coating rates, better scrape adhesion results, and lower
’ electrical conductivity. The first order effects of pressure were
predominantly not significant, but in many instances, the sign of
the effect was opposite the sign of the effect of flow, The
important parameter may be residence time, a parameter inversely
proportional flow rate and directly proportional to reactor volume
( and pressure, The concept 1is interesting, and wuseful in
optimizing trade-off considerations for coating properties vs.
economics. When the effects of temperature are judged to have
significance, they are mostly negative, ie., detrimental, and the
preponderance of temperature effects even where not judged to be
significant are negative. If this effect is real, it is contrary
to the expected effect based on published 1literature, which
indicates that elevated temperatuxe is required to achieve films
with integrity and good corrosion protection. The ability to
operate at ambient temperature would obviously be an advantage in

a manufacturing process.

T

The range of process variables wutilized for ©plasma
polymerization is limited by regions of the operating conditions
that produce powder rather than deposit film. As was observed in
paragraph B, entitled General, the design of the research reactor
used for this project was a particular offender in producing
powder. With a reactor more carefully designed to simulate the
process of coating the inside of pipes, the range of the variables
studied could be extended and, along with the better
reproducibility expected, a better relationship between process
conditions and film properties could be obtained.

- -9-

|
I
B P e Ca e AT AT A A 4 C et G AT e T R o L AL T A AT T AL -
Y 0> ; War L S s Loy YR e W e » A ol A9 RN AT AN P RE S TN . (R
qr,va M 3D .J. '."».,“ 4 '\‘f‘ l'. y Hf“"‘&'&l: “ -"' , &5;!'- .,.-»"h“, :\ “' y X m "




R YYYY

v l‘l'_'.. -

o3t 3

LA s

Y
Ay
AR A

;;r':

-,

-

"
o)
o)
‘
A

E. ECONOMICS

The process for coating the inside of pipes was not well
enough defined in this program to enable a detailed economic
study., Some limiting costs can be estimated. Coating run
#A59A89, for instance, provided 216 hours of bubbling salt water
protection at a coated weight of 360 micrograms per square
centimeter, applied at 10 watts with an electrode area of
approximately 650 square centimeters in a 66 minute coating run.
For a 21-foot 1length of 4-inch schedule 40 pipe, assuming 50%
material conversion, 50% power efficiency, using chemically pure
thiophene at $15 per pound and 5 cents per kilowatt hour for
power, the material cost would be 6 cents, and the power cost
would be 13 cents, To design a coating plant for reasonable
capital cost and reasonable operating cost is an entirely feasible
prospect.

-10-

*

T WY .

vy Y AR e AT L LI YN o oy ¥ i I T A B e P PRI e R P A ™ 2" p " A, A " " o
O o’ > ; ) h Ny < s W Lol A B
.l‘.'l f'\ n L c.. !“»'ﬁ' 3 , q't‘.‘c.:.'. o !‘e'l AT :'0‘:'*‘&0'»'0 200 5-' JQ '0 ) .|.0‘ oL » .. N \’ X AN

10N T ‘;t;;;d




Shaa Ada aia Al dia aie o o ‘mmmmm---wvw

RECOMMENDATIONS

) The investigation of plasma polymerized <coatings for
i corrosion protection of the inside of pipes should be continued
with a multi-pronged effort:

§: 1. The design of a coating reactor to simulate the inside
A of a pipe. A section of pipe as the reaction chamber

' would be appropriate, suitably modified with a

. demountable (vacuum tight) wall segment for obtaining

oy samples of coating for analysis and characterization.

The ends of the pipe section would be ground flat for a
vacuum tight “O" ring seal to an electrically
insulating end plate including the monomerx inlet and
electrode mount in one end and the vacuum port and
electrode mount on the other end. If controlled
elevated temperature continues to be of interest, then
an electrically heated jacket for the pipe may be
provided.

2. Using the reactor described above, and a starting set
of process conditions extracted from the work covered
in this report, concentrate on achieving reproducibility
of the process and the characterization test procedures.

o’

[Chet S e A S

3. With reproducibility achieved, develop the relationship
between process conditions and coating performance.

7

( 4. Conduct a screening study to select promising material
systems for corrosion protection plasma coating. The
il thiophene, siloxane and silazane starting materials used
: in this study were selected considering literature
references, availability, cost, and safety
considerations. Recent work by this author using
all-hydrocarbon coatings of multi-component monomers,
and two-layer coatings using fluorinated hydrocarbon top
layers have shown promise for corrosion protection.
Several members of each “family" of coatings should be
screened for this application.

wn e

With the understanding of the process and an optimum
‘ materials package from steps 3 and 4 above, develop
% parameters for the design of a commercial plant and

Lot
w

details of the economics of plasma polymerization
coating for corrosion protection of fluid-flow pipes.
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TABLE 1

h THIOPHENE EXPERIMENTAL DESIGN I

Design Run Flow Press Power Run

Order Number sccm mTorr w Order

AS9R9 -

AS9AZ + -

RS9R4H - + -
+ +

)

il

AS3A7
ASSA1L
AS3Re +
RS9A8 -
ARSIA3 +
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+
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-
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Design

NP G-

Note 1:

Note 2:

TABLE 2

THIOPHENE EXPERIMENTAL DESIGN II

Rurs Flow Press Paower Rur

Number sccm mTorr w Order
RS9R39 - - - 8
ASIB3 + - - 3
AS9ER4 - + - 4
AS9B7 + + - €
AS3B2 - - + 2
AS39B6 + - + S
ASIE8 - + + 7
RS9E1 + + + 1
Variables - +
Flow c.1 =9
Press SO0 1000
Pawer S0 100

The following additional thiopherne runs were made.

Run Flow Press Power Run
Number sccm mTorr w Order
RS9C1 3 &30 S0 1
AS9C2 3 S00 100 e

The better samples from Thiophere Experimental

Designe I and Il were repeated to a ccating thickrness of
approximately 0.3mg/sqem. The flow (-) values were charined
from 2.1 toc 3 scem.
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o TABLE 3
“-‘."
e ( THIOPHENE EXPERIMENTAL DESIGN III
3 -
N2
S
\- -.
7-'-‘\.1
-
ar Design Run Power Press Flow Temp Run
. Order Number w mTory  sccm deg € Order
P Tl T
Ay 1 AS59AS9 - - - - 3
”Qﬁ e AS9RS7 + - - + S
Wl 3 AS9RE7 - + - + a
i 4  RAS9AES + + - - &
o AS9REE - - + + 7
s € ASIASS + - + - 1
oY 7  AS9AE61 ~ + + - 4
;; 8 RAS9AE3 + + + + S
! ,\'\F
L—-
%ﬁ Variables - +
oy TTTTmTmmmmm T - _ -
5& Power 10 S0
Ja Press 250 S00
4o Flow 3 £9
Y Temp 50 150
» " ‘
e
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Q TABLE 3
»

: THIOPHENE EXPERIMENTAL DESIGN III

A
o0

s Design Rur Power Press Flow Temp Run

Order Number w mTorr  sccm deg C Order

Y e e e ———— ——— —— ———
. 1  AS9AS9 - - - - 3
| 2 AS9AS7 + - - + <
5 3 AS9A67 - + - + a
R 4  AS9AES + + - - €
B S  ASIAEE - - + + 7
“$; €& AS9ASS + - + - 1
s 7  AS9A61 - + + - 4
b 8 AS9AE3 + + + + 5
R,
WY
- Variables - +

\ _________________________
- Power 10 S0
o Press 250 500

i” Flow 3 £9

S Temp S0 150
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Design
Order

TABLE 4

THIOPHENE EXPERIMENTAL DESIGN IV

Runr
Number

Power

Press
mTory

Flow
sccm

Temp
deg C

Rumn
Ovder

AS9B7E -
AS3B70 + - -
AS9OR7S - +
ASSBR71 + +
AS9B68 - -
AS9B74 + -
AS3BE93 -
AS9R73

[
I+ 41

+

!

+ 4+ 4+
!

+
RN 06U

ODNOYU > T

s Variables - +

Power S0 100
Press 2
Flow , 3.9 &
Temp i

i& Note 1: The better samples from Thiophene Experimental Designs III and
IV were repeated to a coating thickrness of approximately 500 ug/sqcm.
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- TABLE 5
”
v f HMDSO EXPERIMENTAL DESIGN I
N
e Design Run Power Flow Press Temp Run
Order Number w sccm mTorr deg C  Order
e - U
g
[\ 1 AS9501=8 - - - - 8
N 2 AS950124 + - - + 4
‘: 3 AS9S0123 - + - + 3
: 4 A%S380129 + + - - 9
S RS9580130 - - + + 10
™ 6 AS9S0126 + - + - 6
N 7  AS9S0127 - + + - 7
- 8 AS59S801&S + + + + =}
b Q AS9S0120, RS9S80121 1/& 1/ i/2 1/2 1,2
3 AS9S0131, ASIS0132 11,12
-
k-
;3 Variables - + 1/2
-. —————————————————————————————————
; Power S0 200 9%
" Flow 3.5 30 7.8
Press 90 1000 675
B \ Temp 150 250 200
N

‘ Px s
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R0 TABLE 6
o R
W i HMDSN EXPERIMENTAL DESIGN I
SO
R Flow Flow
Design Run Pcwer HMDSN oz Press Run
et Order Number w seem scom mTory Order
A, e et ————— —— ——— ———— .
x, .J‘,
) 1 BE428, BE4213 - - - - 8,13
f:;j; & BB414 + - - + 4
2'G 3 86413 - + - + 3
h 4 86429 + + - - =
"a S 864210 - ~ + + 10
s 6 86416 + - + - &
?3; 7 86417 - + + - 7
-:::'. 8 86415 + + + + 5
3 O 86381, 86382 1/2 1/2 1/2 1/72 1,2
{—‘ 864211, BE4E12 11, 18
- Variables - + 1/2
Power S0 200 125
Flow HMDSN 3.9 29 8
o B Flow O 2 S 3
AT Press 250 1000 625
o
"}5 Note 1: The following runs were made with the pressure valve left
“) open; ie, minimun pressure for the flow rates with the system
P vacuum pump.
o
e
N4 Flow Flow
b Run Power HMDSN 02
A Number w sccm socm
“:J" ——————————————————————— - -
o 864214, B64215 200 3.5 =2
o 864316 200 2.4 e
v
S
4 *.\'1.
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s TABLE 7
2
- HMDSN EXPERIMENTAL DESIGN II
)
&
Nl
k‘ Flow Flow

Design Run Power HMDSN oz Press Run
: Order . Number W scem sSCCM mTorr  Order
% 1 86445 - - - - -
o 2 86457 + - - + 7
b, 3 BB446 - + - + &

4 864510 + + - - 10
" S 86459 - - + + 9
[ = 86443, 864813 + - + - 3,13
o 7 86444 - + + - 4
o 8 86458 + + + + 8
i 0 86431, 86432 1/2 1/& 1/& 1s/e 1,&
. 864511, 8645182 11,12
M Variables - + 1/
S - - —_— — - -
N Pawer 50 200 125
Flow HMDSN 2. 4 3.5 3

N ‘ Flow O2 0 2 2
"s : Press 175 250 213
)
0
i
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- TABLE 8
o
f; DATA FOR THIOPHENE DESIGN I
:3 N
) (
-
3 -
- Desigrn  Run Power Press. mT FlowlFlow? Fiow Time Sample Weinht
; Ovder Number w Set Obt Set 0Obt sccm wmin Number Bailrn., ©
'.' _____________________________________ e o e ma e mn  o———————
1 AS9A3 10 250 50 10 2.1 ie 1 0.0002
N iz & 0.0003
KX ' 12 3 0. 0008
o iz 40,0001
Ko & AS%AS i0 50 250 150 293 15 10,003
) 15 = 0.0034
15 30, O04as
2 is 4 0O,00358
32 AS3R4 10 500  S00 10 2.1 40 i 0. 0020
‘?;i 40 2 C.O0lLE
| 40 20, 005
¢ 40 4L g
N 4 AS3A7 10 500 SO0 150 135 20 23 i
&3 z
rﬁ? 2o 3OGLCLLE
o & & 0LG0O33
Qﬁ S  AS9A1 50 @50 250 10 2.1 10 L 0. LOce
W 10 g 0.0004
10 g 0. Q002
h ( 10 4 Q. GOGE
Py € AS3AE 50 250 &%0 150 29 P L MY ste Ty
\ = 0.0008
K 2 3 0. 0006
o < 40,0009
7 AS9A8 50 500 S00 10 2.1 45 1 0. 000F
N 45 2 0.0004
Sl 45 3 0. 0004
L 45 4  0.0004
! 8 RAS9A3 S0 500 500 150 29 [ I 0.006%
R € 2  0.0062
() 3 Q. 005z
i~ 6 4 0,0061
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Wt Rate
a/min

C
L

v

i
HeRo X
> B

LN VI OO O I s o B I’l." [
u) 0
mnm m
[
Z :
4 m

SE-04
0E-0F5
OE-0QE
OE-QS
CE-QS
TE-04
cE-04
IE-04
LE-Q4
OE-05
QE~-05
OE-QF
OE-035
SE-04
QE-04
QE-04
SE-0Q4
1E-0S
SE-06&
SE-06
BE-06
. 2E-0Q3
1.0E-C2
8. 7E-04
1.0E-03

bl[’t‘l:-‘:bmbl-bg.ﬂ-h;!‘-bflﬂl_'

“mmsbw-bbl-b

Thickrness Thick Rate T-mon
n/sqgcm/min

———— T o ————— —— ———— = (- — . M- S A Wt Sy et B W o S S s

g/sacm

3. cE-03
4. BE-QS
3. 2E-0OS
1. 6E-QZ
S. 1E-C4
2. 4E-04
€. E-0O4
€. 0E-0Q4
2. CE=C4H
. BE-04
« EE-O4
. 7E-04
18-03
4E-OZ
BE-0I
EE-03
1. ZE-04
6. 4E-05
1. 6E-QS
3. 2E-0S
1.1E-04
1.3E-04
3. 6E-0S
1. 4E-Q4
8. OE-0%5
6. 3E-0S
6. 2E-05
6. 3E-05
1. 1E-03
9. 6E-04
8. 4E-04
9. 6E-04

iy pa Moo

(Y
L ] -

2. 7E-0Q6
4, OE-06
E. 7TE-QE
1.3E-06
4E-0O5S
. EE-0OS
6E-0S
. CE-QS
OE-06&
4E-QE
4LE~-O6
« 8E-0OG
4E~OT
SE~DS
SE-0S
SE-0S
SE-0S
. 4E-06
« GE-QO&
. cE-0Q6
S. 6E-0S5
€. 4E—-0F5
4, BE-05
7. 2E-0QS
i.8E-06
1.4E-06
1.4E-06
1. 4E-06
1.8E-04
1. 6E-04
1. 4E-04
1.6E-04

3

WMoy OOO D S

n

TABLE 8

Anp/min
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TABLE 8

ammerits avicd Observations

0

Film
Film
Ovi olass. film
On pmliass. falm
Slignt opowder
Slicht powzoer

fiece unmaed to too electroce curing run

Dn plass. sliopht powder

Powders: oress. Cron, toork 10 min to line cut
Powder: opress. crop. took 10 min to iine out

Orn olass, Dowcer: aress. orop, took 10 min tao lins
Ov plasse, powder; press. orop. took 10 min to line
Bowcers: flow droppned to 130

Powcer: flow droaposd to 1305

Orn class. powcer, some Tilng Flow dreopoec to 130
On nlass, opowder, some Tilm:; Flow Sropored Lo L3I0
Piece jumped to top electrode during yurn

Diece jumped tco top electrode duarirng ruan

Orn plass, film

On plass. film

Film, small amt powder

Film, smalili amt powder

On plass, film, small amt powder
On plass. film, small amt powder
Film, sma.l amt opowder

Film, smali amt powder

On nlass, film

Orn class. fiin

Loose powder

Loose powder

On plass. 1oose powder

On nlass. ioose nowder
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¢
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h 100
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-
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[
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Screten

100
SOQ0

1500

2000
SOO0

300
Q00

500

400
400
700
S0O00
4Q00
S000
800
E0D
1000
300
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TABLE 8
Pull Poie CuBl4 heut CuSl4  Ferroxil
Test Sory LOcitv Seory 10cry Scorv 10ery
Q Q 0.1 0.2 C.1
1.8 3.5 Q. 6 o.& 0.Z
=0
YO0..5 2.9 YO. 4
0.2 0.3 S & YO &
1140
=20
0.2 0.1 0. & O Q
OGo2 0.4 Yi.2 0.1 Q.2
Q.2 0.9 JX0.4 Yo. 2

" oy
oAk h
RN

. {'I-
Lt

Note for microscope tests time

to & and 10 crystals is in min

and > means time to less tham O
crystals.

A N ¢ A N R e T T A A R L T R R
AR e Ly S R e *.&. .1*‘ﬂﬁ:* Syt ST O o Y

SR 4 2 L e




-5 5
-

>
-

-

Pg. 5 of 5

RN

TABLE 8
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CC X ]

Y Ar CuS04 formed 500+ crystals in 27 sec

A Scratch test & cuesticornable
oy Scratch test & ouestionable

cuesticnable

m

B Scratch test

- o
SISO
A0, 8, 4 -l.‘

Ferraxil formed S0+ crystals in 10 sec

» .

EAAAL.
—

Stug riot affix to ccative for Pull test
Scratcecn test 2 guesticonable
Scratch test & cuestiomable
Scratch test & ouestionable
Stud ricot affix to coating for Pull test
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TABLE 9

DATA FOR THIOPHENE DESIGN II
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9
:2- Desiorn  Run Power Press., ml FlowiFlows Flow Time Samblie weigst
:ﬁ Orcer Number w Set Obt Set O0Obt eccom min Nunoer Gairn. ¢
. i ASSE3 30 S00 D00 10 el T4 1 G.0006
" 74 & 0.0007
;jz T4 I 0.0018
o 74 4 CLO0L0S
- & ASSEI S0 500 S00 150 29 4 10,004
" pA Z 00,0039
. 4 3 Q.G03ET
K 4 4 0.0036
2  RASS5B4 S0 1000 S10 10 e 1 i7 i Q.00
=? 17 Z 0.0012
n 17 3 0.000%
LY 17 4 0.001E
* 4 RIIRT SO 1000 1000 140 135 20 7 L0, 0067
N4 7 2 0.0063
e 7 3 0. 004€E
k.. 7 4 0.004E
".- S RISSBES 100 SQQ 300 10 .1 co i Q. 0004
=5 Z 0. 00085
. &5 3 Q.00C3
5 25 4 0.0003
< € ASIEE 100 SO0 500 150 23z L 0.001]
%5 2 Z 0.0011
::'.l %’ = (:1 . (:i 10
= 4 Q.0011
e 7 RASTE8 100 1000 (1000 10 .1 = 1 Q.0007
o 4z 2 0.0006
- 4e 3 0.0018
-2 42 4 0.0028
ot 8 RAS9R1 100 1000 1000 150 23 3 1 0.00386
v 3 2 0.0038
3 3 0D.0034
o z 4 0.0034
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TABLE 9
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DATA FOR RUNS AT CONDITIONS MODIFIED
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DATA FOR SELECTED RUNS FROM THIOPHENE DESIGNS I AND II
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W Commerts anc Observations
HEE
\ﬁc Falmy zicow oress. orop (250-206-197): fiow unstable
*’f Film: eiow prese. crop (250-206-197): flow unstable
'g;{ Tiimy elow oress. dron (250-206-197); flow urncstable
‘(ﬂ Fiim: silow pDress. crop (ZE0-20E-197): flow unstable
oA Film: slcw oress. croap (Z50-206-197): flow unstable
i Fiim: siow Dress. crobp (@50-206~197): flow unstadle
;:E “ilmy oreszs. drop; flow unstable
¢§§ Films press. crop: fliow unstable
:ﬁ Filmg oress. drop: fiow unstable
) Film: press. crop: fiow unstebie
By Filmy oreszs. orops flow uncstable
Film: press. drop: flow unstasle
“ilm raintow with cold hue
Fiim raimbow with poldc hue
Film rainbcw with cold hue
Filw rainbhow with toloc hue
Filw wainoow with golid hue
Fiim ralvoow with tola hoe
Film vainoow with colo hue, slichily Dawcery
Film rainbocw with cold hue, slightly plwcery
Film vairnoow with pold hue, slithtly sowcery
Film rainbow with oold hue. slichtly powdery
Film raivbow with golo hue, slighlly powdery
( Film rainbow with poalid hue, sliphtly powdery
fﬁu Film: some orown powders: flow unstables; press. croo to 206
tﬁ: Film: gome brown powcer: Tlow unstable: press. drop to J09
\?}; Film: eome Irown Dowder: Tlow unstables: press. crod to 2068
ﬁ&} Silm: scome orown powcer: Tlow unstable:; press. drop to €.
A Film: some orawrn oowcers flow unstables oress. droo Lo ZGE
j Fiim: sowme brown powcer: flow unstable: oress. cros bto D00
4 Bart film + oowder:; oress. + RF power reverse unstable
%;E fart film + powder:; press. + RF power reverse unstabie
?Q. Part film <« powder:; oress. + RF power reverse unstable
:f Part film + powder: press. + RF power reverse unstable
A Part film + opowder: oress. + RF power reverse unstabdle
o Pari fiim + powder; oress. + RF power reverse unstas.e
;ﬁﬁ Film., emall ami brown powder
$%f Filwm. smail amt brown powder
Jt& Film, small amt browrn opowder
\4& Film, small amt brown powder
pl Film, small amt brown powder
3 Fiim, smalil amt browrn powder
.;ﬁj Th?ck powcery flow unstable
S Thick powder: flow unstable
'?t Thick powcer: flow unstable
-hﬁ- THick powder: flow unstable
f" Thick oocwaers: flow unstable; samnie droapoed
*—D Thieck oowder: fiow unstable
d% Deen browr ocowcer, scome film
ﬂw Deex bprown powter., somne filw
oA Deed orown oowcer, some film
ﬁ. Deenp Drowyn powder, sone il
cre Deen brown oowder, some film
i Deen brien oowcer. come filo
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2o TuSl4, Locry 2 205 bDoth CuBl4. crap oried

% 23t teer Tailez 188% GlicOn{test interruaztec OX?
{55 Blaeos filim ma-e9 salt itest (BE33-9) hard to adcce
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2
SN
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S TABLE 16

DATA FOR HMDSO DESIGN I

A Jesign Rur Sower, W Flow Flow Press Temo.ocecl Time
v: Crcer humber est okt set scem set cet abt min
A0 s e e ———— e e e ————
31 i RTI801:&8 S0 15 3.8 350 150 147 3G
L 30
. 30
o 30
§ ::: .:5(51
b ; . . ) o2
‘¢; & RISISO1Z4 =00 196 i 3.5 350 230 &4 30
. 20
. S0
e 20
::f =0
2_: 20
e 3  RSIS0:1&23 S0 18¢ 30 3850 290 251 20
A 30
A Z0
25 30
.:_ 30
Y 30
;: 4 RASH50123 200 160 150 S0 350 150 i8i 30
: 30
{ 30
M. 20
. 30
o 30
rf S AS3S0130 S0 15 3.5 1000 &850 250 30
. 30
o 30
{} 30
Vo 30
oy 0
: € RS3801Z =00 187 18 5.9 1000 150 155 30
= 20
30
:.: 30
ks 30
"i: 30
%s 7 RAS350127 S0 150 30 1000 150 159 30
=4 30
30
e 30
T 30
i 30
tﬁ 8 APRS35012S 200 154 150 30 1000 E50 263 30
) ZQ
o 0
(.. 30
3',-: ' 30
o 20
<
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TABLE 16
Sample Weight Wt Rate Thickness Rate Gual
Number Gair, o p/man o/sccm p/scom/mir Lty

1 Q, 0013 4, SE-Q5 i.4E-04 4. SE~QE F
2 0.0011 3.7E-05  1.1E-04 3.B8E~0E F
3 Q. 0Q07 c. 3E-0S 1. 1E-04 3. 7E~0Q06 F
4 0. 0006 Z. OE-05 9. 6E-0S 3. 2E-068 F
5 Q. Q003 1, 0E-QS 8. 4E-0%5 2. 8E-CQE F
& 0. 0004 1. 3E-05 1. 1E~-04 3. 7E-Q& F
i 0.0018 €. OE-0S 1.3E~-Go 6. 2E-QE& F
= 0. 0023 7.7E-0S Z. 4E-04 7.8E-GE F
3 Q. 0012 4, OE-0S 1.3E-04 €. 4E-0QE F :
4 0, 0013 4, SE-OS . 1E-Q4 &.9E~06 F
S Q. 0007 2. IE-O5 . OE-Q4 €. SE-CE
& 0. 0005 1. 7E-05 1. 4E-0Q4 4. 6E-06 F
i O, QOO =
= 0, 0001 2. 306 1.C0E-QS5 3. 4E-07 =
3 e OO0 =
4 O, G000 =
ks 0. 0001 2. 3E-08& 2. 8E~0S 3. 2E-Q07 &
€ -—0,000Z E
i O, 0023 5. 7E-0S 3. OE-0Q4 1. 0E-QS =
& C. QOS5 9. 7&-05 Z. DE~D4 1. 0E-03 F

{ 3z 0.0020 €.7E-05 3. 3E-04 1.1E-05 &
4 0. 00z 7.322-09 3. 6E~04 1. 2E-0% F
S 0, 0011 3. 7E-05 3. 0E~04 1. QE~-QT  F
6 Q.QoLz 4, OE-OF 3. SE~Q4 1.1E-0% F
1 0. 0008 2. 72-09 8. 4E-0% Z.8E-06 F
z Q.001% 3. 7E-0S 1. 1E~04 3. 8E-06 F
3 0.Q007 S 3E-05 1. 1E~04 3. 7E~-0Q& F
4 Q. Q007 2. 3E-03 1. 1E~04 S. TE-QE F
S 0. G006 2. 0E-05 1. 6E~-0Q4 S.8E~0& F
& Q. 0003 1. 0=Z-05 8. 4E~-05 2. 8E-06 F
1 0. 0036 1.2E-04 3. GE~0Q4 1.2E~-05 F
& 0. O0z4 8. VE-QS 2. SE~04 8.3E-06 F
3 0.0015 5. OE-QF 2. 4E~04 8.0E-06 F
4 0., 0012 4, GE-0S 1.3E-04 6. 4E-06 F
S Q. 0006 2. QE-0S 1.6E-04 E.5E-06 ¥
& 0, 0008 2. 7E-03 e 2E~-Q4 7.4E~08 F
1 Q. 0034 i. 1E-04 3. 6E~-04 1. 2E-0Q% ©
= 0., 00324 1.1E-04 3. 6E~-04 1.8E-0S F
3 0. 0024 8. CE-0S 3. BE-04 1. 3E-0S  F
4 0. 0033 1. 1E-04 S. 4E-C4 1.8E-05 F
S C. 0016 5. 3508 4, SE-04 1.5E-0S F
& 0. 0010 3. 32-05 &. 8E-0Q4 9. 2E-0E F
1 Q. 0008 c. 7TE-05 8. 4E-0% 2. 8E-Q& F
= 0. 0015 5. 0E-0% 1. 6E-04 S5.2E~-06 F
3 0. 0007 C. SE-0S 1. 1E-04 3. 7E-06 T
4 0. 0063 T 3E-04 1. 1E-03 3. 7E-OS  F

' S  0.0008 6.7E-06 @ S.7E-0%S 1.96~-06 -
[ 0. 0007 2. 3505 S QE~0O4 - E£.SE-07  F
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TABLE 16

Commernte anc

Opeervat ions
LM rairntow: ~rese fluctuates betweer: EI4~-3E3.
cmen 2i1vee out: Salt test (1) failleo E37%;
FuLi (3)Y % fFilm left: Micro., (4) CuS04. very
ESwvali Ccd Crys; Ferroxil, biue crys

L |

)

Fiirm. ra.nbow: Salt () failed EL0C%: PLll (4)
COA film lect; Micrao.o (3) Cubl4, Cu orysg
rerraxil, blue crys

Ti1lrn, rainbowy Pull (3)
MLigro.e (4) CuBl4, ™y

At bl C
SaLt () Fairiec 309T-58%

stud rnot affix to samoles
s; Ferroxii, biuve crve:

F1lin. silver with fairt lime rairmbow; Flow reeced
: pericdic adrustment: Salt (1) failec ®35%:
U 5011 (3) 20% film 1eft?; Micro. (4) CuSD4, browr,
emall Cu crys: Ferroxil, biue crys, 100+ faintg,
small brown spats

Film, rairnbow; Press fluctuated befween 37&6-10C20
cortirnuonsiv: Salt (1) failed E28%: Pull ()
30-40% film left: Micro, (4) Cu8S04, Cu, colid,
siliver, brown crys: Ferraoxil. blue crys

Film, silver, trarnsoarent & pbeels arcurd edoes:
temo mor failed after 10 min: Salt (&) failed @25%
“0ull (3) stud riot affix to sample: Micro, (4)
within sec larpe area turns Cu from CuS04. biue
from Ferroxil, film wrirkles: film can be easily
scraped off with reedle

Film, silver with white sticky, bpowcer-—-1iike
surface: Salt (1) faileg @38%: Pull (4)

59% film left; Micra. (3) CuS0D4, ooid, Cu, rust
crys: Ferroxil, biue crys, salvn terde to roll on
ample surface

Film, rainbow w pcld hue; charnved temp mor 1& min
into run; white foam orn samples: Salt (2) failed

e #95%; Pull (3) stud came off; Micro. (4)
'} CuS04, Cu crys (Neut; small crys, alsa brawn,
L \ rust)y Ferroxil, blue crys
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WY Ceslnv Rur Power. w Flow Fiow Press Temo.cdepl Time
B » .
A Jrcer Numsber set obt <et scem set set obt  min
) e e e e e e ————
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N O RSISCLEC 35 &0 7 675 &00  i&6: 30
e 20
S0
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[Ny O RrITBEBCiIzd 25 &G 7 €75 ES00 205 30
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L 20
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AN

weicht
Gair. g

Q, 00z2
¢, 0021
G, 001SE
0. 0013
O, QOOE
0. Q007
Q. Q017
0. 0012
O, 0011
0, CC10
¢, O00%
Q, OO0
Q, 0023
C,.0C1L 3
Q. 0009
Q. 0818
O, 000
0, oo
0. 0027
Q. 0041
0, 0017
Q. 0044
Q. Q013
Q. 0014
0, GO0
0. 0023
0, 0010
0, 0014
0. Q008
Q. 0007

3P N »
R c.!'c‘.l XA 5

TABLE 16

Thickriess

a/saem

Rate

o/sacm/min

—— ————— ———— —_————— —— o - —— — ————— o ———

7.3E-05
7.0=-0%
5. OE-03
4. 3E-05S
2. OE-05S
&. 3E-05
S5.7e-0%
4. OE-03S
3. 7E-05
3. 3E-05
1. 7E-05
1.7-08
7. 7E-0S
4, 3E-05
1. 7E-0QS
S 3E-05
€. 7E-06&
&. 7E-06
9. 0E-0T
1.4E-04
5. 7E-0%5
1. SE-04
6. SE-0S
4. 78-05
6. 7E-05
7.72-05
. SE-0S
. 7E-05
7E-QS
« SE-0S

m

o e e

l" . .’l‘ ’
(G

OE-04
. BE-04
. 2E-04
. BE-04
. EE-04
« HE-O4
« GE-O4
« GE-O4
. 4E-C4
1E-0S
. GE-O4
. 7TE-QTS
. TE-0OS
. BE-04
. CE-C4
. 7TE-Q4
. 2E-04
« 4E-04
3. 9E-04
. 1E-04
« 4E-0O4
. EE-04
e 2E-04
e SE-04
. QE~-O4
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PR3 = o
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LTt L Lt

[ XK)

7.6E-06
7. 2E-06
8. 0E-0C6
€. SE-06&
S. SE-06
&. SE-06
S.9E-06
4. 1E-C8
5. 3E-C6
5. 3E-Ct
4., 8E-0E
4. 6E-0B
7.92-06
4. SE-0S
. 7TE-06
8. SE-CE
1. 2E-0¢6
1.39E-Ce
5. 3e-06
1.4E-05
3. 1E-06
. 4E-05
1. 8E-0%
1.3E-05
€. 3E-06
7.3E-06
5. 3206
7.5E-06
7. 4E-Q6
€. SE-06
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Sample
Number

——

vy W & B S S e « ST SN O (YU o DO L T S SRR SO A - SO SR Sl (AR L i O IR EU

Q. 0021
0. 0015
0. 0013
O, QQOE
0. 0007
0.Q017
0, 0012
O, 0011
0. CC10
O, OO0
O, GO0
Q, 0023
5, OC1 3
O, 000s
0. 0016
O, 00Oz
Q, ooz
0., 0027
O, 0041
0, 0017
0., 0044
0.001%
0, 0014
0. GO0

0. 0023 7.7E-05
0. 0010 3. 2E-0S
0. 0014 4, 7E-05
0. 0008 2. 7E-03
Q. 0007 2. 3E-05
m‘s N A
k&.& -&.._s.ﬂuu'r-;‘

Wt Rate
c/min

7.3E-05
7.02-05
5. QE-03S
IE-0S
QE-0O%
SE-03S
7€E-0S
QE-0S
7E-05
SE-0S
7E-0S
TE-QS
7E-0S

>

Gl Sz] ST

O N L
~§ Gy
min
vt
o le,
o

L
L)
m
|
<
n

m
~
m
|
o
™

€. 7E-06

1.4E-04
S. 7E-05
1. SE-04
€. 3E-0S
4.7-035
&. 7E-0S

TABLE 16

Thicknrness

o/socm

M1 O,
n|1m
o
» >

4E-Q4
1E-0Q4
6E-04
QE-0Q4
8E-04
ZE-04
BE-04
CE—-Q4
4E-0O4
LE-Q4
4E-Q4
4E-C4
1E-QS
6E—04
7E-QS
7E-QS
8E-04
SE-C4
TE-Q4
2E-04
4E~Q4
9E-04
1E-04
4E-04
. EE-0O4
ZE~04
. cE-04
. OE-04

(DR R RO N NI IR I I G O B (VRO S el ol (VIR (U (LR AU L

L ,
vv“'

Al .

Rate

o/sacm/min

7.6E-06
7.cE-06
8. 0E-C0&
€. 9E-086
S. SE-06
€. SE-06
S. 3E-00
4,1E-06
S. 9E-CE&
. 3E-CE
4, 6E-0E
4.6E-06
7.3z-0&
4, SE-CS
z.7E-0CE
8.SE-CS
1. 2E-Q€&
1.9E-C8
3, 3E-06
1. 4E-0%
9. 1E-0¢6
Z. 4E-05
1. 8E-05
1. 3E-0S
€. 9E-0Q6&
7.3E-06

S. 3E-06
7.5E-06
7. 4E-0Q6
€. SE-06

Cual
1ty
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P ' TABLE 16

Eita)
B2
A5
s

fre "

d v

R i

) Commerts and
.xb Observations
‘Ol
4 T et e e
fﬁg Fi1lnr., rainbow w gray huey ternd rebt cecreasink

AN thria ruan: Salt (1) failed @38%: Pull (3)

S0%n Filim left: Micro. (4) CuE34. Cu corys., withirn

N/ 1 - “yx ; . frang

&i 45 sec orown streaks cover J0-40% of drooy Ferr,
% hiuwe oryve, within § sec brown streaks cover 10-80%
!:S croo, brown soots FTore O & 10 orys in 001 i

7 Filim. reirvbow w orav hue! ficw B 20: Salt (I)

Bt failec @3586%; Puli (2 situd came offg

iero. (4) CuCO4, Cu corys: Ferroxil, bkiue coryse

T Tilm, rairndow w o oray buwe; Pull (3) stuc cane of T3
gﬂ ¥ievyo, (4 CuB04, Cu & small eilver corve: Ferroxil,
a4 tiue orys, ornly S formed: Salt (1) failec ®33%:
P cart sorev samnle rot crustec with ruast like other

ﬂﬁ zamales irv this malrix seriles
A

s Biiver w faint lime rainbow: Salt (&) failec
E s Pull (3) B80% Film left; Micro. (&)
{ CuS04, Cu. silver, rust spots: Ferroxil, blue corys

m, siiver w faint lime raindows; Salt (1) failed
Yp Pall (3 10 oo B0% Film left?:

ro. (4) CuBb4, very small siliver corvs, & Ccouc.e
¢ ornes: Ferroxil, blue ecrys (i 1n EE mind

-
J
s
thi
ot
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e

X
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TABLE 16
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0.7

Cuslhé Newt CuBSD4 Ferroxil
dcryv Sory 10ory Sory L0ory
0.2 Cai Q.2 0.2 l.E
Q.4 .6 0.8 7.l 1Z.9

15.0
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TABLE 17
DATA FOR HMDSN DESIGN I
‘ Std Run PowerPowerFlow FlowPressPressTimeSample Weight Rate
OrdNumber set obt HMDSN 02 set aobt min Number Gainyg p/sgcm/min ity
1 86428 SO 1S 2 @2%0 1S5 A SE-04  S.3E-06
15 B 6E-04  6.4E-06
15 C BE-04 8.SE-06
15 D 1. 0E-~03 1.1E-05
15 E 4E~04  4,3E-06
1S F 8E-04  8.SE-06
Z B86414 200 1S 2 1000 15 A 2.0E-03 . 2.1E-0S
15 B 2.2E-03 2.4E-0%5
15 C 2.5E-03 2.7E-05
1S D 1.7E-03 1. 8E-05
15 E 1. 6E-03 1. 7E-05
15 F 1. 7E-03 1. BE-0S
3 86413 SO 150 2 1000 15 R 9E-04  9.EE-06&
15 B 7E-04  7.SE-06
1S C 1. 0E~-03 1. 1E-05
15 D 1. 7E-03 1. 8E-0S
15 E 1. BE-03 1. 9E-05
15 F 1.8E-03 1. 9E-05
4 86429 200 160 150 & 250 305 15 A 1.SE-03 1. EE-05
1S B 1. 7E-03 1. BE-05
15 C 2.8E-03  2.4E-05
1S D 2.7E-03  2.9E-0%
( 1S5 E 2.4E-03 2.6E-05
] 1S F 2.7E-03 2.9E-05
. S 864210 SO 15 S 1000 15 A 1. 6E-03 1. 7E-0S
b, 1S B 1. 4E~03 1.5E-05
Lo 15 C 1.6E-03 1. 7E-05
»ﬁﬂ 1S D 1. 8E~03 1. 9E-05
L2> 15 € 1.8E-03  1.9E-05
’ 1S F 2.0E~03 2.1E-05
- 6 86416 200 170 15 S5 250 15 A 6E~-04 6. 4E-06
= 15 B 9E-04 9.6E-06
I 15 C 1.0E-03 1. 1E-05
i 15 D 1.1E~-03 1.2E-05
15 E BE-04  8.SE-06
15 F 1. 0E-03 1. 1E-05
7 86417 50 150 S 250 300 15 A 1. 4E-03 1.56-05
1S B 1. 1E-03 1.2E-05
15 C 1. 4E-03 1.SE-05
15 D 2.3E-03 2.4E-05
15 E 1. B8E-03 1. 9E-0S
15 F 1.96-03 2. 0E-05
8 86415 200 147 150 S 1000 15 A 2.5E-03 2.7E-05
15 R 4,7e-03 5.0E-05
15 C 4, 1E-03  4.4E-05
15 D 4,0E-03  4,3E-05
15 E 3.9E-03  4.2E-05
1S F 4, 1E-03 4. 4E-05
0 86381 125 90 3 625 30 A S.2E-03 &.B8E-05
30 B S5.7E-03 3. 0E-05
30 C 3.3E-03 1. BE-Q5
300D S.0E-03 2.7E-05
30 E 4, 3E-03  &.6E-05
SR R P i o T P T S
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O 86382

0 8642i1

0 864212

1 864&13

864214

864315

864316

¥ X
AR PPN

125

125

=10)

2090

200

200

'’ vy ~am

183

179

181

N CNeKg

90

90

90

15

15

10

(]

TABLE 17
625
.625

&eS

250

172 185
196 216
188 188

SRRSO A Lttty

”

30
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
b 37
15
30
30
30
30
30
30
35
35
35
35
35
35
&0
60
60
60
60
60
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4.9E-03 2. 6E-05
1.7E-03 1. 8E-05
2. 8E-03 2. 4E-05
&. 8E-03 3. 0E-05
2.9e-03 3. 1E-05
2. 8E-03 3. 0E-05
2. 6E-03 2. 8BE-05
1.8E-03 1.9E-05
1.7E-03 1. 8E-05
1.6E-02 1.7E-05
2. 8E-03 3. OE-05
2. 6E-03 2. 8E-05
2. 5E-03 2. 7TE-05
1.9E-03 &. OE-05
2. 0E-03 2. 1E~-05
1. 8E-03 1. 9E-05
2.9E-03 3. 1E-05
2. 9E-03 3. 1E-05
2. 4E-03 . BE-05

9E-04 9. BE-06

7E-04 7. SE-06

8E-04 8. SE-06
1.28E-03 1. 3E-05
1. 1E-03 1.2E-05
1.0E~-03 1. 1E-05
3. 1E-03 1. 6E-05
1. 6E~03 8. 5E-06
3. SE-03 1. 9E-05

7E-0Q4 3. 7E-06

IE-04 4, 8E-06
1. 3E-03 6. 9E-06

9E-04 4, 1E-06
1. 1E-Q3 8. 0E-06

9E-04 4. 1E-06
3. 2E-03 1.5E-05
3. 6E-03 1. 6E-05
3. 0E-03 1. 4E-05
4.5E-03 1.2E-0S
4.0E~-03 1.1E-05
3. 7603 9. 9E-06
1.1E-03 2. 9e-06

9E-04 2. 4E~-06
1.2E-03 3. 2E-06
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tr : TABLE 17
o
»
v{%
}Ha
Ko
.qb Glass Comments and ScratchScratchPull
K. Stage Observations 1 2 psi
5§§ G Film rainbow; rotating stage
2 G not running; Pull B&E stud 4 2000
. G came off, O0-S% film left on
4h0Y S sample
igﬁ (] 20 2000
‘Qﬁ G Film on glass silver w agua 4 1500
h G rainbow, on stape silver &
G uneven film, easily scratch;
2 S Pull RRE stud came off, O0-20%
oA s film left 20 2000
b S
:gj G Film on glass silver, rainbow,
B (1 G on stage silver, cilyj Pull C&
» £ G E 80-100% film left, Pull F 4 100 20
25? S not wiped w TCE, stud came off
4 S 4 4 780
5 8 4 4
Q}é c] Film dull gray; Trouble
" , G setting powers; Pull B 95% film 4 400 190
t G left, Pull D stud came off,
25 s 90% film left 800 1500
a \1-, S
L
> - S
~
- & Film slight lime color; Pull S0 4000
R G A stud came off, Pull E 10%
" G film left
o s
e S 150 4000 &0
':'.r: S
:*’: G Film green & pink rainbow;
Rl P G Trouble matching powers Pull C
, ) 20-30% film left, Pull E stud 4 500 0
xﬁ S came off, 30% film left
g S 10 300
.
' ? G Film on glass slight rainbow,
A G on stage silverj Pull B 60-70% 4 300 SO
N G film left, Pull D stud came
¢}} S off 10 800
o S
v S
Aah G Film dull grayj Trouble
! G matching poweri Pull B&D stud 4 1500
: G came off, 90-100% film left
7, S 30 1000
:ﬁ):-: S
o G Film silveri Pull B 70-80%
X' G film left, Pull F 10% film 200 900 20
G left
T s
o §
f. v 4”-"’("'"’,1‘“ n;" L) P e ) Vo 2N oy N N AL R n - LI Ty T a%a eV, 1 « -
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o TABLE 17
g?l
oS
K 1
0
e S 500 700 450
N 6 Film silvery Pull B 2Z0% blue :
R G film left, Pull E 10% blue 4 1000 80
iy G film left
:"!l S
s S00 1500 &
oY S
v G Film on glass slightly lime
| ;i G colored rainbow, on stage dull 100 S00 0
I G gray; Pull B 10% blue film
Ty ) left, Pull E stud came off,
S 1-5% film left 400 800
S8 S
033 G Film on glass slight lime
- G color, orn stage dull gray;s S00 700
:? G Pull B stud came off, 20% blue
Wy S film left, Pull D stud came 400 500
P S off, 95% film left
F) S
uﬁ; G Repeat Std Orgd 13 film
Y G rainbow; Pull B €0% film left, 4 2500 120
) o G Pull E 10-20% film left
$~ S
( s 4 2000 450
1 S
b G Film on glass crazed, slight
é& G lime rainbow, orn stagpe flaky -
' G rainbow; Press openj Pull C 0% i0 500 440
0 S film left, Pull E 60% film
‘ S left, both Pulls cream film 4 90 120
N S peels off
‘.3;?, G Repeat run 8642143 film flaky
f}& G rainbow; Press open; stage not
QN G at ground potentialy Pull C 4 500 2920
DY s 30% film left, Pull F €0% film
S left, film similar to 864214,
b o) S samples D-F more flaky film 4 20 2920
’;Q c] Film rainbow; Press openy 40 900 100
¥ ] G Pull A 5% film left; Pull D
3Q G stud came off
- -] 10 2000 w
. S
o s
O
0 )
g
A
:?
o
s‘.ﬁ
M
5y,

e
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TABLE 18
Jo o DATA FOR HMDSN DESIGN II
A,
2 Std Run PowerPowerfFlow FlowPressPressTimeSample Weight Rate Gual

N OrdNumber set obt HMDSN 02 set obt min Number Gain, g g/sgcm/min ity

N 1 86445 S0 10 0 175 €0 A 1.0E-03 &.7E-0€ F

60 R 1.0E-03 2.7E-06 F

60 C 1.0E-03 Z2.7E-06 F

60 D 1.2E-03 3.2E-06 F

60 E 1.1E-02 2.9E-06 F

60 F 9E-04 2.4E-06 F

2 200 10 O 250 60 A 2.8E-02 7.SE-0E F

60 B 3.0E-03 8.0E-06 F

€60 C 4, 2E-03 1.1E-05 F

. 60 D SE-04 1.3E-06 F

€60 E EE-04 1.6E-06 F

for- 60 F SE-04 1.3E-06 F

:}; 3 86446 SO 15 0 250 €0 A 1.9E-03 S.1E-06 F

s 60 E 1.9E-03  5.1E-06 F

A 60 C 2.0E-03 S.3E-06 F

60 D 2.26-03 S5.9E-06 F

60 E 2.2E-03 S.9E-06 F

60 F 2.3E-03 6.1E-06 F

4 200 15 O 175 198 €0 A S. 1E-03 1.4E-05 F

€0 B 4. 5E-03 1. 2E-05 F

60 C S.4E-03  1.4E-05 F

€0 D 1.6E-03  4.3E-06 F

60 E 1.8E-03 4.8E-06 F

60 F 1.86E-03 4,8E-06 F

5 50 10 2 250 60 A 1.1E-03 2.9E-06 F

60 B 1.8E-03 3.2E-06 F

60 C 1.1E-03 &2.9E-06 F

60 D 1. 1E-03 2.9E-06 F

60 E 1. 1E-03 2.9E-06 F

o, 60 F 1. 1E-03 2.9E-06 F

e 6 86443 200 169 10 2 175 183 30 A 6E~04 3.2E-06 F

A 30 B 7E-04  3.7E-06 F

oy 30 C 7E-04  3.7E-06 F

. 30 D 6E-04 3.2E-06 F

, 30 E SE-04 &.7E-06 F

s 30 F SE-04 2.7E-06 F

; 6 864813 200 10 2 175 194 60 A 4, 4E-03 1.2E-05 F

60 HE 3.4E-03 9, 1E-06 F

€60 C 4. 1E-03 1.1E-05 F

60 D 1.2E-03 3.2E-06 F

€0 E 1.2E-03 3.2E-06 F

) 60 F 1.4E-03 3,76E-06 F

A 7 50 15 2 175 191 60 R 2.5E-03 6.7E-06 F

Y 60 B 2.5E-03 6.7E-06 F

W 60 C 2.3E-03 €.1E-06 F

bl 60 D 2.5E-03 6.7E-06 F

— €60 E 2.4E-03 6.4E-06 F

Y 60 F 2.4E-03 6.4E-06 F

e 8 200 1S 2 2s%o 60 A 3.56-03  9.3E-06 F

Rncts 60 B £.8E-03 7.SE-06 F

gs, 60 C 3.4E-03 9, 1E-06 F

L 60 D 1. 1E-03 2.9E-06 F

- 60 E 1.0E-03 &.7E-06 F
35
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h , . TABLE 18

60 F 1.0E-03 2.7E-06 F

O 86431 185 2 213 60 A 3.SE~03 9.3E-06 F

€0 B 4.8E-03 1.3E-05 F

60 C 4.5E-03 1.8E-05 F

60 D 2.2E-03 5.9E-0€ F

60 E 2.4E-03  €.4E-06 F

60 F &.1E-03 S5.6E-06 F

0 86442 185 213 €0 A £.1E-03 S.6E-06 F

60 E 1.9E-03 S5.1E-0& F

60 C 1.4E-03  3.7E-06 F

60 D 1.6E-03  4.3E-06 F

€60 E 2.0E-03 S.3E-08& F

; €0 F 1.2E-03  3.2E-06 F

¢ 0 864511 125 2.5 213 60 A 4. 4E-03  1.2E-05 F

¥ 60 B &.2E~03 S.9E-06 F

' 60 C 4,6E-03  1.8E-05 F

b 60 D 2.0E-03 5.3E-06 F

. €0 E Z.1E-03 S.6E-06 F

” 60 F &.3E-03 6. 1E-06 F

- 0 864512 125 2.5 & 213 60 A 4.9E-03 1.3E-05 F

- 60 E 4.6E~0Z 1.8E-05 F

o €0 C 4.3E-03 1.8E-05 F

\ €60 D 2.4E-03  6.4E-06 F

60 E 2.3E-03 €.1E-06 F

- €0 F 2.3E-03 6.1E-06 F
-~
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s
;Et TABLE 18
Y
56
.ak

e Glass Caomments and ScratchScratchPull
e Stage Observations 1 2 psi
- G Film on glass rainbow, flakysj

:?Q G on stage more flaky, silver

‘ G Pull(C)30% film left, may have 4 100 9280
109 S been loaded improperly, Pull

N s (F) 70% film left

o S 4 40 2570
v G Film rainbow streaky, flaky 4 30 150
e G gold; Pull(R) 95% film left,

e G Pull(D) 94 film left

. S 4 30 1380
SO S

oy -

Y o

s G Film silver w slight lime 200 400 410
R G rairnbow; Pull(R)95% film left,
{} G Pull (D) stud came off

- gur =1 0 400
A S

4‘:;:' S

‘-7 G Film on glass gold w pink

oy G stripes; on stage gold, crazed 4 700 8810

! G & flaky, silver underneath;

T S Pull(B) 90% film left, Pull(E)
o, S S50% film left 20 600 7760
o S
Z::;. G Film rainbow; Pull(C) no film
;‘f G left, Pull(E) S0% film left

, G 4 SO0 10
o s

P s 4 1000 0
", s

Ny G Film green, pink rainbowj

’ 5 Pull (B,E) stud came off 4 100

¥ G

s

I s 4 800

' S

2{ G Repeat; film on glass pink,
\ 7o G green rainbow; on stage same

=~ G w gold, crazed around edges; 4 300

g; 8 Pull(C,F) stud came off, no

:A S film left

7 S 10 300
‘*’ 6 Film silver w very slight lime 100 500

bl G rairbow; Pull(A,D) stud came

. G offy, 0-10%4 film left

o S 100 800

:‘ s

!... S

:s' G Film on glass rainbow, silver 4 10 2750
'yl G where coat flakedj on stage

G silver, more flaky coat;

T? s Scratch 2(R) 300 on rainbow, 20 2000 830
) 8 1/4 of sample: Pull(A.D) 40%
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TABLE 18

film left

Film on glass silver, rainbow;
onn stage pale gold, crazed,
flakys; Pull(R) 20% film left,
Pull(E) 30% film left

Film on glass silver, flaky;
on stage pale gold, flakys
flaky rainbow whenrn remcved
from vacuums Pull (R) &0% film
left, Pull(E) 30#% film lefty
Scrz2(E) 70, 400 opposite edges
Film silver w faint lime
rainbow, flaky arcound edges}
Pull(R) stud came off, Pull (E)
80% film left

Film ornn glass silver w faint
lime rainbow, flaky at edges;
on stage same w gold, crazed,
flakys Pull (R) stud came off,
no film left, Pull(E) 90% film
left

10

40

S00

200

400

S00

3000

10

1000

460

9870

5300

1480
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% TABLE 19

ot SUMMARY OF AVERAGED DATA OF RUNS Il THIOPHENE

250 BESTGN T, II, III, AND IV

o SHPLE DESIGN PR FLON PRESS. TEP TIME FILM WI.GN. RATE THINS, THK.ATE  SCR. SCR. PWLL S.5. CuS0, FERR

e §  ORDER WATTS SCOM mlorr ¢ min, QUAL _mg A/min MY/cR AY/OR /min 1,9 2.9 psi hrs _min' min

b ASH9 1 10 21 250 12 F 0.2 17 R 27 50 100 a4
AS2 2 10 29 25 1S FP 3.7 245 590 39 1000 5000 20 3.5

s ASM4 3 10 2.1 00 @ P 1.7 43 280 7 500 5000 1140 25

AS? 4 10 2 500 2% P 125 435 2000 69

g ASAl S 50 2.1 250 10 F 0.4 38 60 3 200 500 30 a «

N ASHE 6 K 29 2% 2 F 0.8 375 120 60 1000 5000 a4 q

ASMB 7 50 21 500 5 F 0.4 9 65 1.4 50 900 a
AS33 8 0 2% 5000 6 P 61 102 %5 161 a4  «q

N ASH9 1 S0 2.1 500 74 F 0.8 10 122 1.6 500 a

s ASR3 2 9 29 500 4 F/P 2.8 9% 610 153

NN AS9B4 3 5 2.1 510 17 p 14 67 178 |

S ASB? 4 5 20 1000 7 P 56 803 868 124

> ASB2 S 100 2.1 500 5 F 0.4 15 63 3 100 600 a «a

L ASIBE 6 100 29 500 2 F 11 54 175 88 10 1000 a q

ASBS 7 100 2.1 1000 2 F 1.3 2 22 5 200 a4 qa
ASIB1 8 100 29 1000 3 P 3.6 1200 520 190

ASICL 5 0 3 150 6 F 0.5 79 75 13 80 500 a «

hale  ( ASC2 5 100 3 450 10 F 04 k] 56 6 20 1000 3«

Ay

;::;. ASHAI3 1 0 3 22 120 F 3.6 60 517 43 2000 9000 1 45 5.9

ok ASAll 5 55 3 153 120 F 2.8 23 368 3.1 300 10000 1 26 «

R ASK3 S 56 3 25 3B F 11 28 120 4.4 500 5000 48 1 2.2

’.::g: ASHAI0 6 5 29 25 12 F 43 3% 583 9 S00 5000 10 1 1.4

Asacd 7 S0 3 400 12600 F 2.9 24 3|0 3.2 500 7000 1 3.3 6.0

! AS9B13 1 0 3 310 120 FP 3.9 33 537 4.5 10000 10 1 2.8 4.0

- ASIBI1 5 100 3 500 124 F 2.2 18 27 2.4 50 5000 10 48 1.8 1.7

oy ASIB10 6 100 25 500 13 P 2.6 582 1053 1

o ASB12 7 100 3 1000 120 P 47 39 645 5.4 1000 10000 810 S5 2.9 3.5

s ASRS9 ) 0 3 2248 % 10 F 0.2 2 32 3 q

e ASHS? 2 % 3 48 147 3 F 0.2 50 4 14 4

~ ASHE? 3 10 3 485 146 8 F 0.1 12 16 2 4

o ASMES 4 59 3 S0 S8 4 F 0.2 3 2 6 4 400

h AS6AGE 5 100 29 249 148 5 F 0.1 20 16 3 4 10

o ASHASS 6 S0 29 249 5 3 F 0.7 240 110 33 20 700

- ASHEL 7 20 29 S0 S0 13 F 0.2 3 48 4 4 10

o ASHME3 8 29 S50 160 3 F/P 1.0 335 16 5 10 900

b

Oy AS9B72 1 S 3 249 146 4 F 0.4 10 64 1.6 410

N ASB70 2 100 3 49 254 2 F 0. 5 16 0.7 4

by ASI875 3 % 3 500 246 I F 0.3 9 9 1.4 4 50

ASB71 4 100 3 500 156 45 F 0.3 6 a 0.9 4 20

nd ASB68 5 S 29 250 240 15 F 1.4 76 19 12,5 4 2500

g 99874 6 100 29 253 155 15 F 1.6 105 255 17 250 7000

:;: A59B69 7 S0 29 S00 140 15 F/P 5.0 330 7% 525 3000 4500

5 ASB73 8 100 29 498 251 15 F 1.8 120 2685 19 70 3000

0
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SUMMARY OF AVERAGED DATA OF SELECTED RUNS
FROM THIOPHENE DESIGNS III AND IV

SCCM  mTorr

248
248
499
498
248
248
499

230
500

1
230
250
498

°t

4
149
150

76
148

68

47

155
248
134
238
131
252

TABLE 20

120
36
120
83
66
14
125

120
120
5
42
29
26

e T I T T T

ina Bt Bins B s Mg B |

RATE THENS THK RT

PWR FLOW PRESS TEMP TIME FILM WT.GN. m9/

min, QTY »g min,

167
172

395

by
367
360
360
420
%2

2333

138
430
393

2
4
657 22.6
L

-
New oS

-3
n ¥

21

1
9.4
9.

608 23.

~M9/om2/ SCR SCR PULL S.S.

1,9 29 psi hrs.

700
4
900
700
10
800
9%

2000

10
700

2000
3000
9000

3000

20
6000
3000
S000
7000
3000

3000

1000
10000
10000
10000
10000

126

48
152
245
216

72
120

128
R
72

120
72
24

=R

VLV e

CuSO, FERR COND ABRAS
M sl/sand

200
700
300
200
400
200
100

Y5000

600
200
400
200
400




TABLE 21

21
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SUMMARY OF AVERAGED DATA OF RUNS IN HMDSO DESIGN I

2
=

. L

Sl

-.‘{s‘

%

bl i
£ SPL. DES
b $  ORDR

v $ OROR

.‘d’

Pt $0128 1 S0 3.5
. $0124 2 1% 3.5
. §0123 3 50 30
'~. S0129 4 160 30
S 80130 5 50 3.5
A S0126 6 187 3.5
ot §0127 7 0 30
- 80125 8 154 30
e $0120 M 95 7
Y st M 95 7
AN s0122 M 95 8
b7\ 80131 M 95 8
. §01322 M 95 8
L 3K

iy

e

[} ﬁ

"\-_,,;

:,

(

‘ol

Nt

1-3-_:

L9

535

4

'%a

e

Ll

2

P

kSN

K

R a1
A A,

WITS SCCM wmlorr

350
330
350
350
1000
1000
1000
1000

675
675
673
675
673

RATE THKNS THK RT
Mg/em2/ SCR SR PULL S.S. CuSO, FERR COND ABRAS

PR FLOW PRESS TEMP TIME FILH WI.GN. s/
C min, AN a3 min,

147 30 F 0.7 24
242 3 F 1.3 43
251 3 F 0.1 3.3
181 3 F 2.1 68
230 3 F 0.7 23
155 3 F 1.7 %
159 30 F/P 2.5 84
263 o F 1.8 60
161 I F 1.4 47
205 0 F 1.0 34
204 3 F 1.0 34
204 I F 2.7 90
200 I F 1.5 )|

..........

L+ ]

—

[
WO W WO oy W

—
S~y

MR WU

O o oN e D

L 2.9 psi
4 700 0
20 400 30
4 90
100 500 140
4 500 190
30 1000
300 700 410
4 1000
4 1000
4 S
4 1300
10 300 20
a0 500 30

hrs.

80
48
120
144
144
6
9
56

48
72
168
144
152

OIS I R I NN U TN P TS PR AL T N NS T e
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l.., " " “" N, 4 O \' l ‘l" rn o

min min AS ml/sand
(1 8.4 580 200
(1 9.1 34 400
(1 9.5 200 400
1 15 9 200
1.9 15 700 400
2100
1.6 (1 310 4001
4 (1 46 400
1 1.8 39 400
(112.9 930 400
(114.1 240 300
(1190 20 200
1.5 30 300
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) * TABLE 22
e
:1: SUMMARY OF AVERAGED DATA OF RUNS IN HMDSN DESIGNS I AND 1I
>
2%
.!,a
SAMPLE DESIGN PWR  FLOW SCCM PRESS. TIME FILM WT.GN. RATE THKNS THK.RQTE SCR. SCR. PULL S.S.
< § ORDER ATTS HOWN 0, mlorr min. QAL mg Amin MY se/on/min 1.9 24 psi hrs
‘\'_: 86428 1 S50 2.9 2 250 15 F 0.68 109 7.3 20 2000
W 864213 1 30 35 2 250 15 F 1.0 152 10.1 4 2500 450
86414 2 200 3.5 2 1000 13 F 2.0 312 20.8 20 2000
Pl 86413 3 S50 29 2 1000 15 F 1.3 210 14.5 4 100 780
;’} 86429 4 160 29 2 305 15 F 2.2 352 23.5 800 1500 190
j."\- 864210 S 50 3.3 § 1060 15 F 1.7 270 18 150 4000 20
-{: 86416 6 176 3.9 5 250 15 F 0.9 144 9.6 10 300 20
e 86417 7 50 29 S 300 15 F 1.7 264 17.6 10 800 50
86415 8 147 29 S 1000 15 F 3.9 62l 41.4 30 1000
wt 86382 ] 125 8 3 625 15 F 2.9 400 26.7 500 1500 80
_t 864211 M 125 8 3 625 15 F 2.2 348 23.2 400 800
‘.,\- 864212 M 125 8 3 625 15 F 2.3 3n 24.8 S00 700
':.‘ 86381 X 125 8 3 629 30 F 4.8 773 25.8 500 706 450
Y 864214 X 200 35 2 185 30 FAF 1.9 2% 9.9 10 500 440
864215 X 200 3.5 2 216 35 F/F 241 339 9.7 4 300 2920
. 864316 X 200 2.4 2 188 60 F 2.6 411 6.9 10 2000 100
. 86445 i 30 24 0 175 6 F/F 1.03 166 2.7 4 100 9280
- 86457 2 160 24 0 250 60 F/F 1.93 309 9.2 4 30 13680
( 86446 3 50 3.5 0 250 60 F 2.08 333 9.6 200 400 410
864510 4 178 39 0 198 60 F/C 3.37 539 9.0 4 700 8810
--j: 86459 S 50 2.4 2 250 60 F 1.18 17 3.0 4 1000 10
:-: 864813 & 169 2.4 2 194 60 F/C 2.62 418 7.0 10 300
e 86444 7 S50 3.5 2 191 60 F 2.43 389 6.9 100 800
86458 8 179 K <] 2 230 60 F/F 2.13 34 2.7 20 2000 2750 48
86431 M 125 3.0 2 a3 6 F/C 3.25 320 8.7 40 200 9870
~'- 86442 M 125 3.0 2 a3 60 F/F 1.70 2n 4.5 4 400 4920
':'J 864511 M 125 3.0 2 A3 60 F/F 2.93 469 7.8 200 3000 248 6
- 864512 M 125 3.0 2 A3 60 FF  3.47 55 93 200 1000 1480 8
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TABLE 23

PROPERTIES OF THE 15 BEST CORROSION PROTECTION COATINGS

it

,i'! SWPLE (16, YT,  CTG.AATE  SCRATCH  SDRATCH  PULL  SALT SPRAY  CuS0,  FERR. COND, ABRASION
4 /o Ag/om/min .2 2 psi hrs. min°  min ml sand

N5 CRITERIA 10 400 1000 100 100 400

:;; A59A88 30 4.3 700 000 1060 245 6.9 2.2 10 200

: AS989 360 5.5 10 S000 1070 216 3.8 23.7 2 400
o AS9A90 387 3.2 900 8000 1280 152 191 17.4 2 300
;3 AS9893 2533 2 2000 000 1850 128 13.8 9.2 5 5000
, " AS9A87 562 4,5 % 3000 150 120 2.2 45 14 100
\_ A59B91 393 9.4 2000 10000 50 120 8.6  11.7 2 400

;_: AS934 420 e 800 7000 160 2 % 1.6 22 200
:\3 AS9B95 657 22.6 5000 10000 €50 2 8.3 12.8 57 200
o € asops2 4% 9.4 200 10000 860 2 3.2 17 9 200
: AS950132 208 6.9 2 500 30 12 1.5 350 300
AS9SDIZ2 140 4.6 4 1300 0 168 a 14 240 300
‘ :3 ASISO129 320 10.7 100 S0 140 144 51 15 9 200
oo AS950130 109 3.7 q 500 19 144 1.9 15 7m0 400
it AS9S0131 438 14.6 10 300 2 144 a 19 2 200
*’-j AS950127 397 13.2 300 20 410 9% 1.6 a 310 400
:
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o FIRST ORDER EFFECTS OF PROCESS VARIABLES
R 2t
L
b vy
¢ FIRST _ ORDER  EFFECT ON__ RESPONSES
oy DESN W WAR  THX SALT FERR
. DESIGNNO. WR  WR INITS RANGE RATE  SCR1  SCR2 PULL  SPRAY  CuS0, SOL COND  ABRAS
g | y
"y
e THIOPH 1 POMER C  WATTS  10/50 27,7 -75  -925  -282 -1.275 0,15
sy FLW A SOM 24/29 78 M0 875 -288 0425 0
Rt PRESS B ol 2507500 32 -425 U5 272 -0.325 -0.05
e THIOPH 11 POWER € WATTS  50/100 25.8 27.5 450 0.23  0.10
e FLW A SCOM  2.1/29 107 -22.5 50 -0.28 -0.05
- PRESS B ol 50071000 -5.6 -27.5  -350 0.8 -0.10
e
o THIOPH III POMER A  WATTS 10750 11.5 5.5 495
FLOW C  Stm /29 5 5.5 302
e PRESS B ol 250/500 -9 -2.5 149
e TEMP b ¢ 5/150 -5.5 -2.5 -49
u THIOPH IV POHER A  HWATTS  50/100 -7.6 -680 74
R FLOW C SM 29 241 8% 4229
( PRESS B T 250/500 10.5 635  -486
< ™ 0 150/250 -9.6 ~-785 -14%4
B,
L THIOPH I11-A POMER A  WATTS 107100 6.4 76 -1245 -102 -7 177 5.8 219 100
;«; FLOW C  SoM /29 84 -25 s 172 -6 -27.6 -1.5 -164 -100
B PRESS B T 250/500 -5.6 169 1245 384 49 6.2 4.4 -7 -150
‘ TOP D c 50/250 =-6.5 -219 225 463 -2 133 41 2m 250
o ROSO I POWER A WATTS 507200 3.4 -34.5 240 -92.5 47  0.48 -23 202 -100
b FLOW B SIM 353 3.0 8.5 -9 67.5 35  1.08 -1.7 -610 100
e PRESS  C  ar 35071000 3.3 57.5 3% 9.5 -2 -0.63 =65 686 0
el ToP ) c 150/250 -3.8 -105.5  -240 -67.5 10 -1.03 2.5 -402 200
S5 HOSN 1 PBHER A WATTS  50/200 9.1 172 =525 -216
P FLOW B SUOM  3.5/29 10.0 164 -1225 189
e OXYYGEN €  SCM  2/5 4.8 -159 125 =276
= PRESS D  oF 250/1000 8.8 -157 625 7
;:
. BOSN 11 POHER A WATTS  50/180 2.3 -67.5 183 810
e FLW B SN 2.4/3.5 2.2 75.5 618 325
’ OXYGEN €  StM 072 -0.1 -19.5 718 -4280
e 2 PRESS D  af 175/250 -1.4 27,5 383  -3385
Y
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