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FOREWORD

This Final Technical Report covers all work under Contract
F33615-68-C-1433 from 1 April 1968 through 1 October 1969. The manu-

script was released by the author in December 1969 for publication.

This contract with Texas Instruments, Inc., 13500 North Cen-
tral Expressway, Dallas, Texas, was initiated under Manufacturing Methods
Project 474-8, '""Chemical Vapor Deposition (CVD} Barrel Coating for Re-
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tion of Lt. J.R. Williamson, Fabr:lca.tion Branch (MATF), Manufacturing
Technology Division, Air Force Materials Laboratory, Wright-Patterson Air

Force Base, Ohio,

This program was directed by Dr. Gene Wakefield, Project
Manager and conducted by Dr. Carl L, Yaws, Project Engineer. Contributing
to the program were Mr, Charles Epps and Mr, Jim Anderson. Texas Instru-

ments report number is 04-69-09.

This program has been accomplished as part of the Air Force
Manufacturing Methods Program, the primary objective of which is to de-
velop, on a timely basis, manufacturing processes, techniques and equip-

ment for use in economical production of USAF materials and components.

Your comments are solicited on the potential utilization of the
information contained herein as applied to your present and/or future pro-
duction programs. Suggestions concerning additional manufacturing methods

development required on this or other subjects will be appreciated,

This technical report has been reviewed and is approved.
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\/JTACK R. MARSH
Chief, Fabrication Branch
Manufacturing Technology Division
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ABSTRACT

Potential manufacturing-production equipment was established
via CVD-barrel coating technology in this program for applying CVD coatings
to large quantities of small parts (i.e., refractory fasteners for aerospace
structures). In Phase I, the practical equipment was designed, constructed,
installed and tested in start-up. In these initial runs, trideposition reaction
of hydrogen reduction of gas phase silicon, titanium and chromium chlorides
was demonstrated as a CVD chemistry base for depositing chromium-titanium-
silicon (Cr-Ti-Si) coating on small parts. In Phase II, optimization, production
and evaluation studies were conducted with the designed equipment. Coating
improvements including apparent optimum region and key process parameter
effects were achieved with statistical runs and analyses (i.e., T- and F-tests
at 95% confidence level). Process development was scaled-up to large quan-
tities by uniform coating many small parts; (a) 1/4-in. dia. round rods, 3
per run; (b} l-in. threaded studs, 6-10 per run; (c) 11/2-in. hex head bolts,
10 per run; (d) mixed shapes-bolts, studs, rods and flat panels, 20 per run;

(e) refractory fasteners-bolts, studs and nuts, 30 per run; and (f) production
demonstration-refractory fastener bolts and nuts, 30-50 per run. More than
twenty demonstration runs at the increased capability (i.e., coating 30-50 sub-
strates per run) were conducted with reproducibility to illustrate that the CVD-
‘barrel coating technology is within potential manufacturing production scope.
Important coating properties (i.e., oxidation resistance for substrate protec-
tion, Cr-Ti-Si concentrations, mechanical strengths, etc.) were evaluated,
For 2400°F oxidation environment, more than eighty and twenty hours of pro-
tection was achieved for round rod and refractory fastener small parts from
production demonstration batches. Uncoated parts experienced severe failure
in less than one-half hour. Cursory literature screening revealed favorable
state-of-art comparison based on this program and two independent literature
sources. In Phase III, fluoride and chloride routes were investigated for
tungsten-tungsten silicide (W-WSi,) coating of tantalum., For the fluoride
route, tungsten coating of tantalum T222 was demonstrated with uniform
coverage of round rod small parts, This abstract is subject to special export
controls and each transmittal to foreign governments or foreign nationals may
be made only with prior approval of the Manufacturing Technology Division,
Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio
45433.
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SECTION I
INTRODUCTION

The objective of the program was continued refinement of
CVD refractory coating processes and practical production equipment for
applying these coatings to large quantities of small parts (i.e., fasteners
for aerospace structures), The equipment which evolved specifically in-
cluded optimization and production demonstration studies for the chromium-
titanium-silicon {Cr-Ti-5i) coating on cclumbium and coating preparation
studies to illustrate process versatility by deposition of the tungsten-tungsten

silicide (W-WSiz) coating on tantalum.

This program represents a unique contribution in the areas of
processing equipment and refinement of processing techniques. The equip-
ment and refinement aspect of the program is directed toward the need of a
technically oriented manufacturing program to develop processes specifically
applicable to this product type with resulting lower costs and increased ef-

ficiency.

The specific requirement area is the coating of refractory
metal fasteners. The primary need for refractory fasteners is in aerospace
applications. The need for a better refractory fastener coating process is a
reality at this time, and the need five years from now could be critical. Re-
entry body technology at present is based primarily on ablative cooling; how-
ever, as refractory hardware is refined, the next generation of re-entry. ve-
hicles will depend on radiative cooling utilizing the refractories for structural
surfaces, As indication of the immediate order of magnitude, a typical four-
vehicle re-entry development program may require as many as 15, 000 re-

fractory fasteners, each requiring coating. The total sum represents a



significant cost item. Because previous studies have shown the impractically
of coating very large structures, it is apparent that, within the foreseeable
future, large refractory bodies will be built up from smaller panels which
will neceasitate the continued use of fasteners. This need will also become
apparent in the areas of hypersonic aircraft, air-breathing missiles, and re-

usable rocket stages.

Efforts in refractory ceatings have primarily used conventional
coating techniques on shapes and fasteners. Oxidation protection provided by
the coating was generally lost if any deflection or strain of coated parts was
attempted. The inherently brittle nature of the common coating compositions,
particularly with the silicides, is probably unavoidable. The detrimental ef-
fect of fracture, usually of intergranular nature, is increased by the large,
normally ccvlurhnar, grain size, The fracture can propagate rapidly through
the coating and then laterally along the substrate-coating interface to produce
gross spalling, Thus, either a coating must be maintained in a crack-free
condition, or fracture of the coating must be controlled so that the structure

continues to provide adequate protection.

The likelihood of maintaining a crack-free coating seems low
when the application of the coated hardware is considered. Damage during the
assembly process can occur due to mishandling, impact, or being strained to cor-
rect misalignments, The structure during actual use will be subjected to shock;
thermal stress and strain generated by rapid, non-uniform heating; and a high
probability of impact. Designs of flight structures can be developed to mini-
mize and perhaps eliminate flexure, though more optimum utilization might
be obtained by permitting some flexing. The coated fasteners used in as-
sembling components will be subject to damage from handling and wrenching
and will be torqued to produce some elongation. While the capability to apply
patch repair if important, such methods are applicable only to observed and ac-

cessible defects, and then primarily during assembly, rather than during service.




The requirement for a coating having ductility or the ability
to withstand some strain while remaining protective is critical.. Coating pro-
cesses which can control the nature of the structures must be developed to

satisfy this need.

Chemical vapor deposition techniques are especially applicable
to this area of fastener coating because of two basic considerations: (1) the
close tolerance of threaded fasteners or mechanical fasteners requires a very
uniform coating; and (2) since large numbers of fasteners are required in
many programs, a technique must be developed for coating large numbers.
Other coating techniques are utilized in the area of refractory fasteners, but
each has its individual limitations in areas such as coating uniformity and rea-
sonable production cycle, A chemical vapor deposition process provides a
high-purity coating which gives oxidation protection of refractory fasteners

in high temperature environment while satisfying the basic considerations,
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SECTION II
APPROACH

This program was conducted in three phases described in the

following paragraphs.

PHASE 1. Processing equipment for coating large numbers of
refractory fasteners by the chemical vapor deposition process (CVD) was de-
signed, constructed, installed and tested. The design for the equipment was
based on equipmént presently used for coating by CVD techniques. DBecause
coating uniformity is a critical consideration for fasteners, chemical vapor
deposition is especially applicable since it provides a precise control capa-
bility. For testing, the process evolvement of the manufacturing processing
equipment was centered on start-up coating experiments involving preliminary

and parameter variation runs.

PHASE II. The manufacturing equipment and process which
evolved during Phase I was used to optimize trideposition of the Cr-Ti-51
coating on columbium. The technology base for this portion of the program
was work performed under Contract AF 33(615)-3046, sponsored by the Chemi-
cal Processing Branch, Manufacturing Technology Division, Air Force Ma-
terials Laboratory,. During that contract, Texas Instruments demonstrated
the ability to perform the Cr-Ti-S5i coating by a one-step, or trideposition pro-
cess. Subsequent oxidation testing established the good performance levels
of this coating. The specific approach of the current program was concen-
trated on optimization, production demonstration and coating evaluation studies

for coated samples produced in the manufacturing processing equipment,

PHASE III. The specific approach for Phase III was based on
equipment modification, design, construction, installation and coating prepara-
tion studies to illustrate the process versatility for other coatings. The other

coating of major interest was the W-WSi_ system for tantalum alloys.

2
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SECTION III

MANUFACTURING PROCESSING EQUIPMENT DESIGN,
CONSTRUCTICN AND INSTALLATION

Varied and numerous activities were involved in the manu-
facturing equipment design, construction and installation. The processing
equipment, shown schematically in Figure 1, consisted of a reaction chamber
(which rotates and tumbles the parts to be coated), a furnace, gas supply
cabinet and other equipment. The parts to be coated were loaded into the
coating chamber. The coating chamber was then inserted into the furnace

and the coating gases were activated to flow through the neck of the chamber,

Several items for the furnace, which contains the rotating re-
action chamber during trideposition reaction, were incorporated to provide
automatic temperature control. Single phase power supply — using saturable
core reactor for controlling power output — was made available in the labora-
tory since the existing laboratory power supply was not adequate to meet the
furnace power requirements. The furnace resistance heating elements were
reworked and made amenable to the single phase power supply to provide high
reaction temperatures required for trideposition reaction. The electrovolt

assembly and magne'ti.c amplifier were then installed.

The temperature controller-recorder was integrated with the
system, Initial checking indicated satisfactory automatic temperature control,
However, temperature jumps and inaccurate indications were experienced in
subsequent use. Instrument repair required to resolve these problems was

made and resulted in achieving automatic temperature control.

The rotation-speed control was installed to allow the rotation

speed of the reaction chamber to be varied.
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After initial design, construction and installation, several
modifications were made to the track assembly, which is used to transport
the rotating reaction chamber into the furnace. The foundation, moving-
assembly guide supports and gear drive were reworked and assembled. The

track assembly was then center-mounted by using additional supports.

Furnace doors with thiner insulation were fabricated and in-
stalled to allow the rotating reaction chamber to enter the high temperature

zone ingide the furnace,

A photograph of the rotating reaction chamber, installed trac
assembly, furnace and temperature control system is shown in Figure 2.
View a. is with the rotating reaction chamber outside the furnace. View b.

is with the rotating reaction chamber inside the furnace,

The gas supply cabinet is shown in Figure 3. Installation of
the 'I‘i(.':l4 bubbler, rerouting of plumbing, recharging of the He purifier and
integration of SiH4 into the unit were completed prior to conducting the ex-

pPeriments.

A process flow diagram of the gas supply cabinet is shown in
Figure 4. This cabinet was used for the initial preliminary runs using the

SiH4 decomposition reaction,

One of the problems encountered during SiH, decomposition

4

reaction was premature decomposition of the SiH4 in the feed inlet tube, To

overcome this problem, the next preliminary runs were conducted with SiCl

as silicon source using the SiCl, bubbler, added as shown in Figure 5 for

4
introduction during the trideposition reaction. The flow diagram illuatrated

-in Figure 5 was also used for parameter variation experiments,

A temperature range kit was obtained, installed and calibrate

to permit higher temperature variations (i. e., above 1050°C).



a. Rotating Chamber Outside the Furnace

b. Rotating Chamber Inside the Furnace

Figure 2, Composite of Rotating Reaction Chamber, Track As-
sembly and Furnace

10



Gas Supply Cabinet for Processing Equipment
11

Figure 3.
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Additional manufacturing processing equipment design, con-
struction and installation activities were completed prior to testing., These
activities involved: installation of "Limitrol" for overheat protection, re-
placement of electrovolt assembly, adjustment of magnetic amplifier, in-
stallation of new temperature sensing device, modifications of gas inlet and
exhaust, modifications and fillings of SiCl4 and TiCl4 bubblers, fabrication of
reaction chambers, fabrication and installation of several gas feed geometries
for introducing reactants into the reaction chamber, repair of the rotation
speed control unit {(including replacement of fine speed control assembly),
reworking furnace doors, replacing furnace heating elements and installation
of heavier duty electrical power supply. Completion of the manufacturing
equipment design, construction and installation permitted start-up of coating

experiments involving preliminary and parameter variation runs in the pro-

cess optimization.
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SECTION IV
PROCESS OPTIMIZATION START-UP COATING EVALUATION

A. PRELIMINARY RUNS

The trideposition reaction coating chemistry involved hydrogen
reduction of gas phase silicon, titanium and chromium species. In the pre-
4-Cr; T1C14-Cr; SIH4
-Ti; HC1-Cr and trideposition with Si, Ti and Cr chloride feeds)

liminary runs, several reactions (i.e., SiCl decompo-

sition; TiC 14
were studied as routes for introducing the respective gas phase species in-
side the rotating reaction chamber for coating deposition. From this study,
the trideposition reaction with silicon, titanium and chromium chloride feeds
was selected as the chemistry base for next program activity involving param-
eter variations. The demonstrated TiCl -Cr and TiCl -Ti reactions pro-

4 4
vided the respective titanium and chromium species for the chemistry base.

1. SiCl4-Cr and TiC14-Cr Reactions

The reaction chemistry for the trideposition coating was based
on hydrogen reduction of gas phase silicon, titanium and chromium species
inside the rotating reaction chamber, ZFor the chloride species (i.e., SiClx,
TiClY and CrClz), introduction of the SiC 14 and TiCl4 feeds (tetrachlorides)
may be achieved by conventional means of bubbling an inert gas through the
respective liquids and achieving saturation. Introduction of C].‘C].Z presents

a feed entry problem since both chromium chlorides (di and tri) are solids

and have negligible vapor pressure at room temperatures.

Several routes for introducing the chemical feeds into the ro-
tating reaction chamber are detailed in Table I. Two routes, from among sev-
eral, to overcome this feed entry problem are to react SiCl4 or TiCl4 with
solid Cr chips to generate the CrClz. Further, the CI'Clz product should be
generated at sufficiently high temperature so that the CrClz component is

furnished in the vapor phase and available for subsequent hydrogen reduction,

15
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A sketch of the equipment used in the process study of these
two routes is illustrates in Figure 6. The reaction zone in the figures was
used to simulate the high reaction temperatures which was encountered in the

rotating reaction chamber. Inert gas bubblers were used for SiCl, and TiCl‘4

4
flows.

The experimental results for the SiC14—Cr and TiC14—Cr re-
actions are detailed in Table II. For the SiCl, -Cr reaction, the experimental

4
results disclosed cursory reaction feasilibity. In each experiment, the SiCl

was passed over solid Cr chips at high reaction temperatures. Each time tht
solid Cr chips experienced a weight loss indicating chlorination of the chips
and transfer of the chromium chloride product to the vapor. The Cr chips
remaining after each experiment had a dark coating. X-ray analysis of this

coating from one of the runs indicated a chromium silicide (Cr_Si).

3
For the TiC14—Cr reaction, the process study also revealed
cursory reaction feasibility. Experimental conditions included passage of
TiC‘l4 over solid Cr chips at reaction temperatures within scope of proposed
conditions for the rotating reaction chamber. In each of the experiments, a
loss of weight was sustained by the chips disclosing chlorination and transfer
of the chromium chloride product into the vapor phase., Since this route was
conducted at sufficiently high temperature and provided the Cr(l‘lz in the vapor

phase for subsequent hydrogen reduction, the TiCl, -Cr reaction was selected

4
for use in the subsequent program.

2. SiH,

Decomposition Reaction

The SiH4 decomposition reaction was identified in Table I as a
means for introducing the gas phase silicon species of the chemical feeds in-
to the rotating reaction chamber. The SiH4 represents a non-halide source
of silicon and its use could be advantageous because it reduced the HC1 con-

tent from the trideposition reaction.

20
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After a literature search for decomposition temperatures and

safe handling rules for the SiH4, several cursory experiments were conducted

for the decomposition reaction, The experimental results are listed in Table III.

In the first experiment, the SiH, feed tube was placed at the

4
entry of the furnace and did not extend into the furnace hot-zone to preclude

plugging by premature SiI—I4 decomposition. The feed tube did not plug and

solid deposits were obtained on quartz reactor walls and the sample specimen

located inside the furnace hot zone. Subsequent efforts of {1) combined feeding
of HZ’ He and SlH4
closing the feed tube were not successful in precluding premature Si.H4 de-

in same feed tube, and (2) graphite wool insulation en-

composition when the feed tube was extended into the furnace hot-zone and

each time the feed tube plugged prior to completion of the experiment.

The described preliminary runs with the SiH4 decomposition
reaction were made with a stationary reactor while the rotating reaction
chamber equipment was being completed. Additional preliminary runs were

made using the rotating reaction chamber,

The {first experiment using the rotating reaction chamber was
conducted with satisfactory operation of the equipment. This included suffi-
cient cooling of the locking unit-quartz chamber neck connection to prevent
partial melting of seal material and resulting gas leakage at the connection

point. However, the SiI—I4 feed tube plugged after about five minutes.

In the next run, the feed tube was repositioned so that is was
several inches from the high temperature reaction zone inside the rotating
chamber, The feed tube did not plug during this run. Observation made
after the run revealed that the SiH, did not enter the rotating chamber suf-

4

ficiently for required reaction., The SiH4 feed tube did extend into the

chamber for reaction in the next run, but the feed tube plugged prior to

23
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completion of the run. Subsequent runs to preclude premature SiH4 decom-
position included: (1) hydrogen and SthL introduction in common feed tube,
(2) hydrogen flow in annulus with SiI—I4 feed flow in annulus center tube, (3}
helium flow in annulus including determination of center tube temperatures
at several flows and (4) argon flow in annulus. These attempts to preclude

premature SiH k6 decomposition were only partially successful {i.e., in-

4
creasing length of time before plugging occurred).

The argon was used in the last attempts because of its lower
thermal conductivity compared to hydrogen and helium. Argon annulus flow

provided the lowest center tube temperature.

Complete data and observations for the SiH4 decomposition
reaction are listed in Table IV for these preliminary runs with the rotating

reaction chamber equipment,

3. TiC14-Ti and HCI1-Cr Reactions

Of the possible routes for introducing the chemical feeds into
the rotating reaction chamber, the TiCl4—Ti. reaction was identified in Table
I as a route for achieving parital reduction of TiCl4 prior to the trideposition
reaction. The partial reduction could enhance the trideposition reaction by

reducing the number of moles of HCI in the reaction product,

Several experiments were conducted to determine the cursory
feasibility and conversion for the TiC14-Ti reaction. The stationary reactor
equipment used in the experiments contained a small furnace which was used
to approximate reaction conditions for rotating reaction chamber equipments.
The initial experiments indicated reaction feasibility. This was indicated by
the loss of weight of the Ti chips when 'I'iCl4 (diluted with He) was passed over

them.
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Table 1V

PRELIMINARY RUNS: SiH; DECOMPOSITION REACTION
WITH ROTATING REACTION CHAMBER EQUIPMENT

He Flow (mi/nin) [ STH, Flow (m)/min) | W, Flow (ml/min)

Resctlon

Run Munber | TiC1, | TicY, | siw, [He Dituant| W, [He Dituent [ Temperature Observations
o

Bubbler|Dlluent | Stream | in SIN,‘ Streaml In Hy

© The experiment was conducted In the new
rotary chamber equipment,

® The used fan and furnace-door heat shield
kept the seal materfal (used for locking
unit and quartz chamber) from burning.

The SIHy feed tube piugged 5 minutes after
start of experiment.

CLY-28-68 | 2000 500 | b-5 500 vs00 | 500 1000 o Experiment conducted without SIHy after

plugging.
Graphite substrate sample sustalned welght
galn indicating deposit on sample.

® The SiHy feed tube was placed at approxi~
mate mid-polnt of the chamber of the quartz
rotating reactor.

® The SIHy feed tube was repositioned for the
experiment. It was placed several inches
from the entry of the high temperature zone
of the chamber of the quartz rotating ree
actor,

© The feed tube did not plug during the ex-
periment.

© During experiment, brownish-colored mass
was noted in vapors from exhaust burn off.
I't was suspected to be SiHy not fully enter-
Ing the rotating reaction chamber.

CLY-29-68 2000 1000 45 1000 2000 500 1000

© When the reector was removed, it sppeared
the Sy, feed gas had not entered the
chamber containing the substrate samples.

The graphite substrate samples sustained
some weight gain.

The SiHy feed tube extended Into chamber
to provide si)lcon source for trideposition
reaction.

 Hydrogen and STHy were introduced through

CLY-30-68 | 2000 | 2000 | &-5 - suoo | — 1000 same feed tube.

® Unable to complete experiment due to STH
feed tube becoming plugged after 5-8 minutes
Graphite substrate samples experienced very
small weight gain,

® Hydrogen feed Introduced in annulus with
SiHy feed tube comprising center tube of
the two-tube annulus system. Hopefully,
this arrangement would help prevent early
SiHy decomposition which plugs feed tube.
® In another feed system, hellum was Intro-
cLy-31-68 | 2000 [ 2000 | -5 - 5500 | 5500 1000 duced in annulus with thermawell tube come
prising center tube for anslogous tempere-
ture indication of SIHy feed tube.

Inltial part of experiment completed.

® Thermowe!l lesk developed causing shutdown
of run as siiver solder used for sealing
the thermocouple tube melted at conditions
experlenced In run.

@ Similar set up as previous run except
different thermowell used having a stainless
stee! weld.

® Callbrated thermocouple used In experiment
Indicate temperature in annulus center tube.

CLY-32-68 | 2000 2000 4-5 - 5500 |  5500% 1000 « With He flowing In annulus, temperature in-

dicatlons In center tube were: | min - 700 C

5 min « S40° €, 13 min - B46° C, and 20 min

8740 €.

© Final Tevellng off temperature was 84O ¢
with coollng via He flow in annulus

® Hellum flow in anaulus Increased to 11/ /min
to further cool annulus center tube.

o Lower temperature observed in annulus center

CLY-33-68 2000 2000 - bl 5500 11o00% 1000 tube, but stifl not sufficient to prevent

early SiHy decomposltion,

@ Final leveling of f temperature of 816° C was
achleved In the experiment.

@ Hellum flow In annulus replaced with argon.
Argon has lower conductivity - about 10
percent of He = than hellum,

o Experiment conducted to determine effect of
CLY-34-68 | 2000 2000 - - 5500 | 6200 1000 lower conductlvity on lowering of annulus
. center tube temperature.

to
6800w © With argon low of about 6=7 ¢ /min, lowering

of temperature achleved.
Temperature leveled off at about 736° C.

@ In the run, argon flowed In annulus and
STHy flowed in center tube.

« Experiment conducted to determine 1f argon
annulus flow would provide sufficlent
CLy-35-68 [ ~— - 45 - — | 62004 1000 cooling to early SiHy decomposition which
plugs feed tube.

® Satisfactory Siky, flow achieved Tn first
part of run. But feed tube plugged after
8 min.

® Next experiment in rotary equipment shake-
down w11 utlilze SICly as the source of
silicon.

* He flowing In annulus.
*+ Argon flowlng In annulus.
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Four experiments were conducted to determine extent of TiCl4
partial reduction (i.e., conversion of Ti.C14) using the same Ti chips charge
in each run. The partial reduction was about 40-60% conversion depending
on conditions and chip history in these runs. The results are summarized

in Table V.

The results of the four runs are shown graphically in Figure 7
as weight loss of Ti chips versus He flow through TiGl4 bubbler. The graph
indicates increase of weight loss with increase of flow. On the basis of thege
favorable findings, the TiC14-Ti reaction was selected for use in the sub-
sequent program including parameter variation and optimization studies.

The HC1-Cr reaction was also previously identified as a feed
entry route for providing the chromium chloride in the trideposition reaction.

It further represents a route to provide variable Cr-concentration independent

other metal Si and Ti components of the reaction.

Feasibility of the HC1-Cr reaction was ascertained at conditions
similar to those anticipated with the rotating reaction chamber equipment.
The HC1 converted when passed over the Cr chips was calculated using data
from another CVD project at Texas Instruments. Table VI shows the HC1
conversions calculated using this data, The results reveal that 80% or more
of the HC1 was converted to the chromium chloride in most of the tabulated
runs., Based on these findings, the HCI-Cr reaction was selected as a
chromium chloride back-up route for use in the event that the other titanium
and silicon chloride routes did not provide the appropriate Cr/Ti/Si reaction

concentrations.
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Figure 7. Preliminary Runs: Weight Loss of Ti Chips for TiC14—Ti. Reaction
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4, Trideposition Reaction Using Si, Ti and Cr Chloride Feeds

One of the basic problems arising from using the ,SiH4 decom-

position reaction as the gas phase silicon species for the trideposition was

early decomposition of the SiH4

| . . . . .
work™ with a laboratory stationary reactor had provided chromium-titanium-

in the feed entry tube. Since the previous

silicon coating using the respective metal chloride feeds, the next preliminary
runs were conducted with silicon, titanium and chromium chloride feeds.

These runs were made using the rotating reaction chamber equipment.

Preliminary runs for the trideposition reaction using these
metal chloride feeds indicated feasibility of the coating reaction for the con-
ditions studied. For these runs, graphite and metal substrate samples were
placed inside the rotating reaction chamber. During the deposition time, the
silicon, titanium and chromium chlorides, hydrogen and inert gas diluent
were continuously introduced into the rotating reaction chamber containing
the substrate samples. Substrate sample weight gains and other data for the
trideposition reaction, using metal chloride feeds, are recorded in Table VIIL.
In general, the results were favorable in that the substrate samples experienced
weight gains indicating deposition of coating on the substrates in the reaction

environment,

These favorable results (i.e., coating deposit achieved on sub-
strate using silicon titanium and chromium chloride feeds) provided the tri-
deposition reaction chemistry base for starting up the next program activity

involving parameter variations,

1Wakefie1d. Gene F., "Final Report on Refractory Metal Coatings by Chemical
Vapor Deposition, ' Technical Report AFML-TR-66-397 (December 1966).
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B. PARAMETER VARIATION

The trideposition reaction with hydrogen reduction of silicon,
titanium and chromium chloride feeds was used as the chemistr} base for
parameter variation runs with the rotating reaction chamber equipment. Six
parameters were investigated including reaction temperature, deposition
time, reactant concentrations, rotation speed and flow rate. The investigation
disclosed that the coating deposit from the trideposition reaction was increased
with increase of the following parameters: reaction temperature; deposition

time; Si, Ti and Cr chloride concentrations; H, concentration; rotation speed

2
and flow rate. These disclosures and base parameter values gleaned from the
runs formed the basis for the next activity of optimization and production

demonstration studies with the manufacturing processing equipment.
1. Reaction Temperature

Parameter variation experiments using silicon, titanium and
.chromium chloride feeds indicated coating deposit increase with reaction
temperature increase, This reaction temperature effect on coating deposit
was observed for variable temperature runs in 930-1150°C range. Reaction
temperatures up to 1230°C were achieved in subsequent other parameter ex-

periments,

Complete data for parameter variation runs with silicon, titan-

ium and chromium chloride feeds are recorded in Table VIII.

The initial parameter variation experiments were conducted by
varying the temperature and holding other parameters constant to determine
reaction temperature effect on the coating deposit (determined as weight gain
of substrates). These initial experiments used facsimile samples of graphite
and columbium for the substrates and utilized reaction conditions similar to
the previous effort. Results of three experiments illustrating the reaction
temperature effect — reaction temperature increase provides coating deposit

increase — are summarized in Table IX for 930-1050°C range.
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Table IX

REACTION TEMPERATURE EFFECT ON COATING DEPOSIT IN 930°C TO
1050°C RANGE

Coating Deposit
Reaction (mg)
Temperature ~ Graphite Metal
Run No, (C®) Substrates Substrates
CLY-49-68 930 - 950 4.8 2.3
CLY-39-68 980 - 1000 11.8 4.6
CLY-48-68 1030 - 1050 16.3 11.3

OTHER RUN CONDITIONS:

Slight variation in size of graphite and metal substrates. Deposition time of
30 minutes.

Complete data are listed in Table VII, Weight gain shown for metal substrate
is average for three samples.

Subsequent parameter variation experiments were conducted
at higher reaction temperatures. A comparison of two such experiments at
identical process conditions except temperature is recorded in Table X to
show that the increase in coating deposit with temperature occurred at re-

action temperatures to 1150°C,

Prior to conducting the above experiments at higher reaction
temperatures, a temperature range kit was obtained, installed and calibrated

for use in the rotating reaction chamber equipment,

Maximum reaction temperature of 1230°C was achieved in ex-

periments completed after temperature range kit installation,
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Table X

REACTION TEMPERATURE EFFECT ON COATING DEPOSIT IN 980°C TO
1150°C RANGE

Coating Deposit
Reaction (mg)
Temperature Graphite Metal
Run No, (°C) Substrates Substrates
CLY-53-68 980 - 1000 7 19.4 12.7
CLY-54-68 1130 - 1150 147.1 24.5

OTHER RUN CONDITIONS:
Slight variation in size of graphite and metal substrates, Deposition time
of 120 minutes.

Complete data are listed in Table VIII. Weight gain shown for metal sub-
strate is average for three samples.

2. Deposition Time

Initial parameter variation experiments disclosed that coating
deposit increases with increase of deposition time. The deposition time ef-
fect on coating deposit was investigated for three reaction temperatures in

the 950°C-1050°C range. The data is recorded in Table XI,

Subsequent parameter variation experiments utilized the de-

position time (i.e., 120 min) providing the greater coating deposit.
3. Si, Tiand Cr Chloride Concentration

Increase in coating deposit with silicon, titanium and chromium
chloride concentration increases was suggested in parameter variation ex-
periments. The coating deposit increase was observed with quantitative
gsilicon and titanium chloride concentrations and with qualitative chromium

chloride concentration.
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Table XI
DEPOSITION TIME EFFECT ON COATING DEPOSIT

Coating Deposit (mg)
Reaction Deposition

Temperature Time Graphite Metal
Run Number (°C) (min) Substrates Substrates
CLY-39-68 380 - 1000 30 11,8 4.6
CLY-41-68 980 - 1000 120 38.7 15.7
CLY-48-68 1030 - 1050 30 16.3 11.3
CLY-47-68 1030 - 1050 120 31.2 19.7
CL.Y-49-68 930 - 950 30 4.8 2.3
CLY-50-68 930 - 950 120 8.5 10.3

OTHER RUN CONDITIONS:

Slight variation in size of graphite and metal substrates. Complete data are
listed in Table VII, Weight gain shown for metal substrate is average for three
samples.

The initial parameter variation experiments were completed
with variations in silicon, titanium and chromium chloride concentrations
while holding other parameters constant, Silicon and titanium chloride con-
centrations were measured by helium flow through the respective bubblers.
Chromium chloride concentration was only qualitative {i.e., chromium
chloride concentration is increased with titanium chloride concentration).
The run results shown in the last two runs in Table XII suggest coating de-
posit increase with silicon, titanium and chromium chloride concentration

increase,

37



Table XII

Si, Ti AND Cr CHLORIDE CONCENTRATION
EFFECT ON COATING DEPOSIT

S5i and Ti Chloride
Concentrations™ (He Flow Goating Deposit (mg)
Through Bubbler in £/min) ating Feposit tmeg
SiC1 TiCl, H, Flow Graphite Metal
Run Number Bubbler Bubbler {£/min) Substrates Substrates
CLY-43-68 . 045 1.0 6.7 3.2 4.0
CLY-39-68 . 089 2.0 4.7 11.8 4.6
CLY-40-68 . 145 4.0 4.7 l6.7 5.6
OTHER RUN CONDITIONS:
Slight variation in shape and size of graphite and metal substrates. Deposition

time is 30 minutes. Complete data are listed in Table VII.
for metal substrate is average for three samples.
*Qualitative Cr chloride concentration increases with TiCl, bubbler.

Weight gain shown

A chromium chloride generation chamber which would provide
quantitative measurement of chromium chloride was being constructed while

the initial parameter variation experiments were being made. The chromium

chloride is generated by passing TiCl4 (contained in inert diluent gas passed

through the TiCl, bubbler) over solid Cr chips according to representative

4
reaction.

T
2TiCl, + Cr = 2TiCl, + CrCl

4 3 2

Quantative measurements with the generation chamber supported

the qualitative chromium chloride concentration increase with TiCIl4 bubbler
(i.e., TiCJ.4 bubbler flows of 3.25 and 6.5 &/min provided Gr chips weight

losses of 4276. 7 and 7448. 7 mg).
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Although run CLY-43-68 in Table XII was conducted at higher
hydrogen flow, its respective silicon, titanium and chromium chloride con-
centrations are lower than the same respective chloride concentrations of the
last two runs in the table (i.e., the last two runs have higher silicon, titanium
and qualitative chromium chloride concentrations). Since the coating deposit
of the last two runs was higher, the CLY-43-68 run further indicated coating

rate increase with silicon, titanium and chromium chloride concentrations.

Two cursory runs were conducted with an increase of titanium
and chromium choloride concentrations with other parameters constant. Re-
sults, listed in Table XIII, for these runs suggested increase of coating deposit

with titanium and chromium chloride concentration increases.

Subsequent parameter variation experiments were conducted

with higher titanium and chromium chloride concentrations.

Table XIII
Ti AND Cr CHLORIDE CONCENTRATION EFFECT CN COATING DEPOSIT

Coating Deposit

(mg)
Ti Chlorid i *
i oride Concentrations Graphite Metal
(He Flow Through Substrat Subatrat
Run Number TiCl, Bubbler in 4/min) nbstrates ubatrate
CLY-43-68 1.0 3.3 4,0
CLY-45-68 2.0 6.3 5.0

OTHER RUN CONDITIONS:

Slight variation in graphite substrate samples. Fresh graphite samples used

in run CLY-43-68. Graphite samples from previous run used in run CLY-45-

68. Weight gain for metal substrate is average for three samples.
*#Qualitative Cr chloride concentration increases with TiCl4 bubbler.
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4. H2 Concentration

Determination of hydrogen concentration effect on coating de-
posit was rnade in subsequent cursory parameter variation experiment. With
hydrogen concentration measured by hydrogen flow rate, the summary tabula-
tion in Table XIV suggested the coating deposit increased with hydrogen con-

centration increase,

It should be noted that the cursory determination applies at two
reaction chamber rotation speeds (3 and 11 rpm) and constant flow rate (14

4/min),
5. Rotation Speed

Investigation of rotation speed effect on coating deposit was
made at two levels of flow rate and hydrogen concentration, The results in-
dicated some coating deposit increase as rotation speed increase from three
to eleven rpm. The data from these experiments, listed in Table XV, sum-

marizes the results,.

The rotation speed effect was observed at two flow rates, 14
and 7 4/min, and hydrogen concentrations of 3 and 6 4/min, The higher ro-
tation speed of eleven rpm which resulted in greater weight gain was used in

most parameter variation experiments.
6. Flow Rate

Parameter experiments made with flow rate variations suggested
increase of coating deposit with increase in flow rate. The data in Table XVI
illustrated coating deposit increase with flow rate increase during experiments,
These experiments were conducted with the flow rate doubled, including hydro-
gen concentration, and flow rate doubled with hydrogen concentration constant

(last two runs),
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Table X1V

Hz CONCENTRATION EFFECT ON COATING DEPOSIT

Rotation | Flow | HpConcentration: Coating Deposit: Avg.
Run Speed | Rate H, Flow Rate Substrate Weight Gain
Number (rpm) (t/min) L/ min) { mg)
CLY-72-68| 11 14 6 11.6
CLY-73-68] 11 14 3 11,0
CLY-76-68 3 14 6 16.8
CLY-75-68 3 14 3 9.2

OTHER RUN CONDITIONS

Some flow difficulties experienced with SiCly and TiCly bubblers

in first part of CLY=76-68 run. Complete data are listed in Table VIIL,

Table XV

ROTATION SPEED EFFECT ON COATING DEPOSIT

Rotation | Flow | H,Concentration: Coating Deposit: Avg.

Run Speed Rate Hp Flow Rate Substrate Weight Gain
Number (rpm) | ({/min) {4/ min) (mg)
CLY-72-68 11 14 6 11.6
CLY-76-68 3 14 6 9.2
CLY-78-68 11 7 3 5.0
CLY-77-68 3 7 3 4.3

Other run conditions and complete data are listed in Table VILII.
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Table XVI
FLOW RATE EFFECT ON COATING DEPOSIT

Rotation| Flow | H, Concentration: Coating Deposit: Avg,

Run Speed Rate H, Flow Rate Substrate Weight Gain
Number (rpm) | (¢/min) (¢/min) (mg)
CLY-66~68 11 14 6 7.0
CLY-67-68 11 7 3 5.4
CLY-73-68 11 14 3 11.0
CLY-78-68 11 7 3 5.0

OTHER RUN CONDITIONS

eRun CLY-66-68 was conducted at twice the flow rate of run CLY~67-68
on all components including H; Concentration,

¢Run CLY-73-68 was conducted at twice the flow rate of run CLY-78-68
while holding HyConcentration constant.

»Complete data are listed in Tahble VIII,

7. Coating Evaluation

Cursory electron microprobe analysis was completed on sev-
eral samples prepared in parameter variation experiments. The analysis in-
dicated that chromium, titanium and silicon depositions were achieved in the

experiments since the coating deposit contained these respective components,

Microphotographs showing surface of coatings deposited in

parameter variation experiments are presented in Figure 8,

Microphotographs of mounted sample cross sections are given

in Figure 9 to show the substrate and coating deposit.
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(a) CLY-68-68

(b) CLY-72-68

(c) cLY-73-68

Figure 8. Parameter Variation: Microphotographs Showing
Coating Surface (250X)
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(a) CLY-68-68

(b) CLY-72-68

(¢) cCLY-73-68

Figure 9. Parameter Variation: Microphotographs of Cross Section
Showing Coating and Substrate (500X)
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SECTION V
OPTIMIZATION AND PRODUCTION DEMONSTRATION STUDIES

A. OPTIMIZE PARAMETERS

Previous parameter variation disclosures were utilized as the
basis for optimize parameter runs with the manufacturing processing equip-
ment. For optimize parameters, demonstrated coating rate increases com-
prised the key results. Coating rate increases for the trideposition reaction
were achieved with the following important variables: gas feed geometry;
reaction temperature; silicon chloride concentration; flow rate; dual chamber
prereduction of titanium tetrachloride; titanium tetrachloride concentration;
hydrogen concentration and argon dilution level of the hydrogen gas feed.
Coating rates in the runs were the highest to date with the equipment. Addi-
tionally key findings included first and second statistical series results for

use in the next program activity of analysis involving statistical regression

and factorial variance analyses.

l. Gas Feed Geometry Study

Prior to conducting the experiments involved to optimize param-
eter, several gas feed geometries were studied. This included cursory gas
mixing experiments which allowed observation of gas mixing patterns. This

also involved study of different reaction chamber configurations.

The gas feed geometries studied are shown in Figure 10. Re-
sults indicated appreciable difference between coating deposits obtained by use

of each of the gas feed geometries.

The reaction chambers used are shown in Figure 11.
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Prior to conducting the initial experiments with different gas
feed geometries, several cursory experiments were rna.d'e to observe gas mix-
ing inside the reaction chamber. The experiments disclosed: (a) the reaction
of water vapor and TiCl4 provided a white reaction product which permitted

observation of the gas mixing process, {b) addition of SiCl, did not visibly

4
alter observed gas mixing and (c) increase of diluant gas carrying water vapor
to maximum flow achievable with the equipment did not alter the observed gas
mixing. The observed gas mixing in the cursory experiments indicated some
variation of the visible white reaction product with region inside the reaction
chamber. Also, the cursory experiments indicated gas mixing could be altered

with the gas feed geometry used to introduce the reactants into the reaction

chamber.

The initial optimization parameter experiments with different
gas feed geometries were conducted with the 7-in. quartz rocking bottle as
the reaction chamber. The 7-in. quartz rocking bottle (see Figure lla) was
used in preliminary and parameter variation runs discussed earlier. Coating
deposit results for two initial experiments conducted at identical conditions,
except gas feed geometry, in Table XVII revealed that coating deposit was
increased with gas feed geometry change (i. e., greater coating deposit was

achieved with gas feed geometry B than with gas feed geometry A).

The data listed in Table XVII indicates coating deposit using
gas feed geometry B was almost double that obtained using gas feed geometry
A to introduce the reactants into the reaction chamber. As a result of this
increase achieved with change of gas feed geometry, other gas feed geometries

were investigated.

Results for other gas feed geometries investigated are tabu-
lated in Table XVIII for runs with a constant flow rate and silicon chloride

concentration.
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Table XVII

GAS FEED GEOMETRY EFFECT ON COATING DEPOSIT
WITH QUARTZ ROCKING BOTTLE REACTION CHAMBER

Coating Deposit: Avg.

Run Gas Feed " Substrate Weight Gain
Number Geometry (mg)
CLY-72-68 11. 6
CLY-85-68 21.7

Other Run Conditions:

Other process conditions are given in accompanying data table in Appendices.

Table XVIII

GAS FEED GEOMETRY EFFECT ON COATING DEPOSIT WITH SMALL
REACTION CHAMBER

Flow Rate" Silicon Chloride . o
Run Gas Feed Via Measured Concentration Cza:;ngsgsgg.sax:é
Number Geometry Gas Fee‘% Flow Via SiCI4 B‘f‘bbler Weight Gain (mg)
(£/min) (Ar, £ /min)
CLY-B8B-68 B 3,863 . 0225 14,2
CLY-89-68 C 3.863 . 0225 27,7
CLY-92-68 D 3,863 . 0225 36,5
Other Run Conditions:
Other proceas conditions are given in accompanying data table in Appendices.

The data shown in Table XVIII indicated that greatest coating
deposit was achieved with gas feed geometry D (i.e., the greatest coating de-
posit of 36. 5-mg substrate weight gain was achieved using gas feed geometry

D for introducing the reactants into the reaction chamber).
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It was recognized that the other parameters such as flow rate
and silicon chloride concentration influence the coating deposit obtaineu while
using any specific gas feed geometry. However, since gas feed geometry D
provided the greatest coating deposit of all gas feed geometries studied, it was

selected for use in the first statistical series of experiments for optimiza-

tion.

2. First Statistical Series

For optimization, the first statistical series of experiments
were conducted for determining the effect of three of the independent vari-
ables — reaction temperature, silicon chloride concentration and flow rate —
on the coating rate for two levels of each of the dependent variables. Three
other independent variables — titanium chloride concentration, hydrogen con-
centration and argon dilution of hydrogen gas feed — were held constant for
the series, The results, including graphical plots with positive slope curves
for coating rate variation, indicated that coating rate is increased in the in-

dependent variable ranges studied.

The experimental plan for the first statistical series is given
in Table XIX. The general variable range selected for the series was based
on results from previous preliminary runs, parameter variation experiments
and gas feed geometry study. The results for the coating rate at each level
of the independent variables of temperature, concentration and flow are pre-

sented in the last column of Table XIX,

Effect of reaction temperature on coating rate is graphically
illustrated in Figure 12. The curves were constructed for comparing data
points of constant flow rate and silicon chloride concentration. The four
curves with positive slopes indicated that the coating rate is increased with

reaction temperature for the variable range studied.
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Table XIX
OPTIMIZE PARAMETERS: FIRST STATISTICAL SERIES OF EXPERIMENTS

Run No. * %2 *3 Y
1 -1 1 1 0.61
2 -1 -1 -1 0.37
3 1 -1 -1 0. 39
4 -1 -1 1 0. 47
5 1 1 1 0,69
6 1 1 -1 0.59
7 1 -1 1 0.59
8 -1 1 -1 0.37
Variable Description -1 1
*1 Reaction Temperature (OC) 1015 1115
*2 Silicon Chloride Concentration .0225 | . 045
via SiCl, Bubbler (Ar, £ /min)
*3 Flow Rate via Measured Gas 7.73 11,59
Feed Flow {(f/min)
Yy Coating Rate via Average Weight
Gain Rate Per Substrate (mg/min)
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Figure 12, Optimize Parameters: Effect of Reaction Temperature on Coating
Rate in First Statistical Series
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Figure 13 illustrates effect of silicon chloride concentrations
on coating rate. The effect shown was with constant flow rate and reaction
temperature. The bottom curve in Figure 13 show little effect of silicon
chloride concentration on coating rate. The remaining three curves, which
have more poéitive slopes, indicated higher coating rate increase with silicon

chloride concentration.

The effect of flow rate on coating rate is illustrated in Figure 14
at constant reaction temperature and silicon chloride concentration. Each
curve constructed in Figure 14 has a positive slope and indicated the coating

rate increase with flow rate for the variable range tested.
3. Argon Dilution of Hydrogen Gas Feed

-While conducting the first statistical series, an exploratory run
was conducted in which the hydrogen gas feed was highly diluted with argon.
After completion of the first statistical series, an inspection of the coating
~deposit achieved in the series revealed that this exploratory run provided the
highest coating deposit, Confirmation of this finding was made by repeating
the exploratory run and obtaining similar high coating deposit as shown by
last two runs of Table XX, The summary tabulation in Table XX illustrated
the appreciable coating deposit increase due to the high level of argon dilution

of hydrogen gas feed.

The effect of dual chamber prereduction of titanium tetrachloride
was investigated in several runs after completion of first statistical and ex-
ploratory runs, Dual chamber prereduction is the dual reduction achieved by
flowing titanium tetrachloride feed through a dual chamber containing the
solid Ti and Cr chips to permit the following representative reactions:

T

3TiCl, + Ti (solid chips) ——= 4TiC]

. (1

3
T

2.TiCl4 + Cr (solid chips) '———*ZTiC13 + C:t'Cl2 (2)
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54

Coating Deposit (mg per Substrate)




Coating Rate {mg/min per Substrate)

0.8

0.7

0.6

0.5

0.4

0.2

® 1115, .045
@ 1115, .0225

7.73 11.59
Flow Rate via Measured Gas Feed Flow ( f./min)

Figure 14. Optimize Parameters: Effect of Flow Rate on Coating
Rate in First Statistical Series
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Table XX

EFFECT OF ARGON DILUTION OF HYDROGEN
GAS FEED ON COATING DEPOSIT

Argon : Coating Deposit:
Dilution Prereduction Avg. Substrate
Run of Hydrogen of Titanium Weignt Gain
Number Gas Feed Tetrachloride (mg)
CLY-96-68 Low Single Chamber 44,3
CLY-98-68 High Single Chamber 96.6
CLY-107-68 High Single Chamber 95.5
Other Run Conditions:
Hydrogen gas feed of 3 4/min. The '"low'" and "high' expressions used in
argon dilution of hydrogen gas feed are 0.46 and 4. 33 £/min.

It should be noted that the above reactions are not precise rep-
resentatives of chemistry since other titanium and chromium chlorides are
known to exist. The shown reactions are intedned only to represent dual

chamber prereduction of titanium tetrachloride.

The investigation indicated the coating deposit achieved during
dual chamber prereduction was increased over that achieved with single cham-

ber prereduction with only Cr chips as shown by data in Table XXI.

Table XXI1

EFFECT OF DUAL CHAMBER PREREDUCTION OF
TITANIUM TETRACHLORIDE ON COATING DEPOSIT

Coating Deposit: Avg.
Run Prereduction of Titanium Substrate Weight Gain
Number Tetrachloride (mg)
CLY-107-68 Single Chamber 95.5
CLY-108-68 Dual Chamber 112.9

Other Run Conditions:
Both runs conducted with high argon dilution of hydrogen gas feed.
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In addition to coating deposit increase indicated in Table XXI,
microscopic inspection of the single and dual chamber samples revealed that
the coating deposit surface of the dual chamber sample was smoother (i.e.,
less nodule projections) than the single chamber sample. This was confirmed
by comparison made of additional deposit surfaces prepared by both single and
dual chamber prereductions. As a result of these findings, the dual chamber
prereduction of titanium tetrachloride was selected for use in the second sta-

tistical series of experiments.
4. Second Statistical Series with Dual Chamber Prereduction

The second statistical series of experiments to optimize param-
eters was designed to determine effect of the three independent variables which
were held constant in first statistical series (i. e., titanium tetrachloride con-
centration, hydrogen concentration and argon dilution of hydrogen gas feed).
The completed series, at two levels for each independent variable are pre-
~sented in Table XXII. For the series, the independent variables studied in
the first statistical series were maintained at the constant optimum level as

determined by first statistical series results.

The second statistical series resulted in coating rate increases;.
which, in general, surpassed coating rates achieved in the first statistical
series. Graphical plots are shown in Figures 15, 16 and 17. The positive
slope curves, illustrating coating rate increase, indicated that argon dilution
of the hydrogen gas feed influences coating rate more than titanium and hydro-

gen concentrations.

The effect of titanium chloride concentration on coating rate is
depicted graphically in Figure 15, The effect depicted by each curve in the
figure was obtained while holding hydrogen concentration and argon dilution
of hydrogen gas feed constant. The positive slope curves in the figure indicate

that there is a coating rate increase due to titanium chloride concentration.
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Table XXII

OPTIMIZE PARAMETERS: SECOND STATISTICAL SERIES
OF EXPERIMENTS WITH DUAL CHAMBER PREREDUCTION
OF TITANIUM TETRACHLORIDE

X X Y
Run No, 4 XS 6
1 -1 1 1 0. 619
2 -1 -1 -1 0, 469
3 1 -1 -1 0. 535
4 -1 -1 1 0, 576
5 1 1 1 0, 831
6 1 1 -1 0. 567
7 1 -1 1 0.624
8 -1 1 -1 0. 510
Variable Description -1 1
X4 Titanium Chloride Concentration
via Tic14 Bubbler (Ar, 4/min} 3 6
X5 Hydrogen Concentration
via H2 Flow (4/min) ‘ 3 6
X6 Argon Dilution of Hydrogen
Gas Feed (£/min) 3 6
Y Coating Rate via Average Weight .
Gain Rate Per Substrate (mg/min)
Figure 16 shows effect of hydrogen concentration on coating
rate. The effect depicted by curves was obtained while holding the titanium

chloride concentration and argon dilution of hydrogen gas feed constant. The

curves suggest a small increase in coating rate with hydrogen concentration.
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The effect of argon dilution of hydrogen gas feed on coating
rate is indicated by Figure 17. The effect depicted by the curve was obtained
while holding the titanium chloride and hydrogen concentrations constant. The
positive sloped curves illustrate an increase in coating due to argon dilution
of hydrogen gas feed. It is noted that these positive slope curves have higher
slopes than the corresponding positive slopes of the other two independent
parameters, This suggests that argon dilution of the hydrogen gas feed has
more effect on coating rate than titanium chloride concentration and hydrogen

concentration for the range of variables studied,

The above suggestion tends to confirm earlier findings made
in the exploratory runs to optimize parameters: argon dilution of hydrogen
gas feed is an independent parameter providing appreciable increase in

coating deposit,
B, ANALYSIS

Regression and factorial variance analyses of the first and
second statistical series results were performed to provide information for
reference to use in subsequent program activities, Multiple regression anal-
ysis with T -test indicated that flow rate and argon dilution of hydrogen gas
feed appreciably influence coating rate., For I'-test, factorial analysis of
variance confirmed the indicated coating rate influence at 95% confidence level.
The factorial analysis additionally disclosed that variation was not attributable
to first order interactions. On basis of these findings, flow rate and argon
dilution were maintained at high levels in the next experiments (deposit phase

runs) with the rotating reaction chamber equipment.
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1. Regression Analysis

Multiple regression analysis of the first statistical series results

was made for coating rate as a function of the three independent variables: re-

action temperature, silicon chloride concentration and flow rate. The regres-

sion analysis results are listed in Table XXIII.

variable (X

The computed T-value for each
1= 2.99, XZ = 2.99 and X3 = 4,35) exceeds the T-value (2.36) for

95 percent confidence level. This indicates the X Xz, and X _ influence on

1’ 3

coating rate. On the basis of T-test, the X3 variable has the greatest effect.

Table XXIII

ANALYSIS: MULTIPLE REGRESSION ANALYSIS OF FIRST STATISTICAL SERIES
. Regression T T for 95%
Variable Coefficient Value Level
Xl {Reaction Temperature) 1.1x 1073 2.99 2.36
XZ {Silicon Chloride Concentration) 4,89 2.99 2,36
X, (Flow Rate) 4.15x10°%2 | 4.35 2.36

Intercept: -1.22691
Standard Error of Estimate: 0.05196

Multiple Correlation Coefficient: 0.94983
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Multiple regression analysis results are listed in Table XXIV
for the second statistical series. The tabulated regression analysis results
apply for coating rate as a function of the three independent variables: titanium
chloride concentration, hydrogen concentration and argon dilution of hydrogen

gas feed. The computed T-values for X k6 and Xﬁ {i.e., X, =2.37 and X, = 3.53)

exceed the T-value for 95 percent confid4ence level {i.e., t'lI‘ = 2.36), andéindi—
cate a significant effect by X4 and X6 on coating rate. The smaller value,
2.00, for X5 indicates less influence. On basis of T-test, the X6 variable,
argon dilution of hydrogen gas feed, has the greatest effect on coating rate

for the variable range studied in the second statistical series.

Table XXIV

ANALYSIS: MULTIPLE REGRESSION ANALYSIS OF
SECOND STATISTICAL SERIES

Regression T T for 95%
Variable Coefficient Value Level
X, (Titanium Chloride Concentration 3,19 x 1072 2.37 2.36
X, (Hydrogen Concentration) 2.69x10°% | 2.00 2. 36
X, (Argon Dilution of Hydrogen 4.74 x 1072 3,53 2.36
)
Gas Feed)

Intercept: 0.11325
Standard Error of Estimate: 0.05702
Multiple Correlation Coefficient: 0.92017
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2, Factorial Analysis of Variance

Factorial analysis was completed for first statistical series
using the Yates' method, as discussed by Daw'les;;1 for calculatioh of effects
and mean squares. The results for analysis of variance, including F-value
calculated from experimental data and F-value required for 35 percent con-

fidence level, are presented in Table XXV.

In Table XXV, the columns for source of variation and F-values
are utilized. The main effects in source of variation for rows 1, 2 and 3 cor-
responds to variations in the three independent variables Xl’ XZ and X3. The
other source of variation (interactions) corresponds to interactions of the re-
spective independent variables. It is noted that F-values of main effects of

1, 2 and 3 exceed the F-values of interactions {i.e., X, = 8. 97, Xz = 8,97 and

1
X3 =19.0 vs 1,18, 0.074 and 0.073 respectively). These higher F-values in-
dicate that the coating rate variation is attributable to the three independent
variables studied in first statistical series, and is not attributable to first
order interactions of the variables. Furthermore, on basis of F-test at 95
percent confidence level, the highest F-value of 19 for X3 indicates that flow
rate has the greatest influence on coating rate for variable range studied.

Flow rate in the second statistical series exceeded flow rate in first statistical

series on basis of this finding.

Factorial analysis of variance for the second statistical series
is presented in Table XXVI. In the table, with first column for source of vari-
ation, the main effects in source of variation column for 4, 5 and é corresponds

to variations in the three independent variables X4, X_ and Xé which are ti-

5
tanium chloride concentration, hydrogen concentration and argon dilution of

hydrogen gas feed respectively.

1 .
Davies, O,L., Editor, The Design and Analysis of Industrial Experiments,
p. 264, Hafner Publishing Company, New York, New York, 1963:
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ANALYSIS:

Table XXV

FACTORIAL ANALYSIS OF

VARIANCE FOR FIRST STATISTICAL SERIES

Source of Degrees of Sums of F F oo
Variance Freedom Squares Value® Required
Main Effects
1 1 2.42x107°2 8.97 7.71
2 1 2.42X10" 2 8.97 7.71
3 1 5,12X10°% 19. 0 7.71
Interactions
12 1 0.32x10"% 1.18 7.71
13 1 o.ozoxw"2 0.074 7.71
23 1 0.020X10" % 0.073 7.71
123 1 o.-rzoxw'2 - - - - - -
TOTAL 7 1.041x1072 - - - - -
NUMBER OF VARIABLES:
NUMBER OF REPLICATES:
Variance Variance Identification No. of Levels
1 Reaction Temperature 2
2 Silicon Chloride Concentration 2
3 Flow Rate 2

GRAND MEAN:

5K

0.51

*®
Based on combining all four interactions
95 percent confidence level
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ANALYSIS:

Table XXVI
FACTORIAL ANALYSIS OF

VARIANCE FOR SECOND STATISTICAL SERIES

Source of Degrees of Sums of Fooa F % F ok
Variance Freedom Squares Value Required |Required
Main Effects
4 1 1.83x10°% | 5.64 4. 54 7.71
1 1.30X10°% | 4. 01 4,54 7.71
6 1 4. 05X10°% |12.4 4.54 7.71
Interactions
45 1 0.301X10°%| 0.924 | 4.54 7. 71
46 1 0.234X10 2| 0. 722 4, 54 7.71
56 1 0.392X1 072 1.20 4,54 7.71
456 1 0.373X10 2} --- - -
TOTAL 7 8.485X10° 2| --- - .-

NUMBER OF VARIABLES:
NUMBER OF REPLICATES:

Variance Variance ldentification No. of Levels
4 Titanium Chloride Concentration 2
Hydrogen Concentration 2
6 Argon Dilution of Hydrogen Gas Feed 2

GRAND MEAN: 0,591

*
Based on combining all four interactions

K

90 percent confidence level

Fkk

95 percent confidence level
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The other source of variation (interactions) corresponds to inter-
action of the respective independent variables. It is noted that F-values of
4 = 5- 64,
X.=4.01and X, = 12.4 vs 0.924, 0.722 and 1.20 respectively), These higher

5 6
F-values indicate that the cocating rate variation is attributable to the three

main effects of 4, 5 and 6 exceed the F-values of interactions {i.e., X

independent variables studied in second statistical series, and is not attribu
able to first order interactions of the variables. Furthermore, on basis of

F-test at 95 percent confidence level, the highest F-value, 12.4 for X,, in-

6

dicates that argon dilution of hydrogen gas feed exerts highest influence of

the independent variables,

The argon dilution of hydrogen gas feed was maintained at high
level in the next experiments, deposit phase runs, on basis of above favorable

effect in factorial analysis of variance,
C, ADDITIONAL OPTIMIZATION AND PRODUCTION

Additional optimization and production studies were started by
utilizing previous program analysis findings from first and second statistical
series which were conducted with round rod substrates of columbium com-

position.

In deposit phases, acceptable coating deposits were achieved
on threaded substrates — l-in, threaded stud refractory fasteners of colum-
bium alloy Cb 752 composition — in variable loading runs with the processing
equipment. For coating oxidation samples, a statistically designed plan was
formulated and conducted to determine the influence of the seven process
variables on important coating properties (including rate, deposit and oxidation
resistance), The effect of each process variable was established by the Yate's
method in analysis of test which also included a specific method for selecting

process variable values for oxidation improvement.
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Duplicate best coating runs demonstrated that differently
shaped substrates — 1 1/2-in. hex head bolt refractory fasteners of Cb 752
composition — could be CVD coated at high reactor loading of ten substrates
per run. Produce fastener runs further verified that the CVD-rotating re-
action chamber technology was applicable for coating additional different
shapes — bolts, studs, rods and flat panels — in one run. Coating was
achievéd with reactor loading of twenty total substrates per run which is

within scope of potential production equipment,

Cyclic oxidation optimization provided significant coating ox-
idation property itnprovement and uniform coverage of different shapes.
Three shapes — hex head bolt, threaded stud and hex nut refractory fasteners —
were CVD coated at a Ioading level of thirty substrates per run (i.e., ten of
each shape) with uniform coating coverage of very little variation from the
mean. Additionally, statistical base optimization runs — based on statistical
plan results from coating oxidation samples and analysis of test — were com-
pleted to define the apparent optimum region. A tenfold coating oxidation
property improvement over earlier results was achieved by coating the re-

fractory fasteners in the apparent optimum region,

For production demonstration batches, specific refractory
fasteners — 1 1/2-in. long hex head bolts and complimenting 1/4-in. dia.
hex nuts — were coated at increased reactor loading of thirty to fifty sub-
strates per run., A total of more than twenty demonstration runs were made
with uniform substrate coverage at this current coating capability level. In
previous work which served as a basis for this scale-up program, coating
capability involved one substrate per run. The current coating capability of
fifty substrates per run greatly exceeds the previous results and illutrates
that the optimized technology is within the scope of practical production

equipment,
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1. Deposit Phases

Deposit phase runs with threaded substrates — refractory
fasteners of columbium alloy composition — were made using independent
variable values obtained from first and second statistical series which were
conducted with round rod substrates of columbium composition. The coating
deposits achieved on the threaded substrates in the runs were acceptable and
within the same order of magnitude as coating deposits obtained with the round

rod substrates.

Deposit phase runs with variable quantity substrate loading in
the reactor were completed as part of the program objective involving pro-
cess establishment of potential production equipment. The variable quantity
substrate run results disclosed coating rate and coating deposit variations when

substrate loading in reactor was increased from 3 to 12 substrates.

Figure 18 illustrates the variation of coating rate with substrate
"loading. The right vertical axis in the figure shows the variation of coating
deposit. The curve constructed in the figure indicates that coating rate and
coating deposit were decreased as substrate loading was increased from 3 to
12 substrates in the reactor. The coating deposit variation is about 50 per-
cent with the 400 percent loading increase, Also, the coating deposit (about
130 mg per threaded substrate) achieved at substrate loading of 10 was within

the acceptable range for the next experiments, coating oxidation samples.
2. Coating Oxidation Samples

A statistically designed plan was formulated and conducted in
coating oxidation samples runs. The purpose was to determine influence of the
seven process variables on coating properties of interest (coating rate, coating

deposit and oxidation resistance of coating) while conducting a minimum number
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of experiments utilizing previous program findings. A fractional design was
selected which minimized experiments by requiring only one-sixteenth of
total factorial design for process variable effects and neglecting first-order
interactions. Previous program findings were utilized in selecticn of pro-
cess variable base levels in the fractional design. The fractional plan and
results for coating properties at each experiment level are presented in Table

XXVII.

The influence of the process variable on coating properties
listed in the table was determined by Yate's method. The calculated effect
tended to confirm earlier reported results applicable to different process
variable value ranges. The calculated results disclosed that the coating rate
and the coating deposit on substrates increased with corresponding increases
in reaction temperature, silicon chloride concentration, flow rate, titanium
chloride concentration and hydrogen concentration. Reaction temperature,
silicon chloride concentration and titanium chloride concentration exhibited
more influence on coating rate and coating deposit than the other process
variables for the variable range studied in coating oxidation sample runs,
The coating property disclosure applies for l-in, threaded stud substrates

which were coated at high loading levels of six and ten substrates per run,

A detailed tabulation of process conditions and results for
coating oxidation sample runs is presented in Appendix IX. A summary tabu-
lation showing loading level (quantity of substrates coated in the run) and
coating deposit (quantity of coating deposited on the substrate) is given in
Table XXVIII. Itis noted in the table that eight demonstration runs were con-
ducted at a loading level of ten substrates per run with a complimenting coating

deposit 80 to 160 mg per substrate.
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Table XXVII

COATING OXIDATION SAMPLES:
PLAN AND RESULTS FOR INITIAL COATING OXIDATION SAMPLE RUNS

Resultat Coating Properties
Process Variables of Intereat
Run No. Xl XZ Xa X4 X5 X6 X.I, Yl Y2 Y3 Y4
1 -1 -1 -1 -1 -1 -1 -1 . 513 92.1 2.0 .5
2 +1 +1 -1 -1 +1 +1 -1 1.210 218.5 26.5 9.0
3 +1 -1 +1 -1 +1 -1 +1 . 320 165.5 17.3 1.0
4 -1 +1 +1 -1 -1 +1 +1 . 457 82.0 9.8 2,0
5 +1 -1 -1 +1 -1 +1 +1 . 605 109.7 11,8 6.5
& -1 +1 -1 +1 +1 -1 +1 L T76 141. 7 2.0 27.5
7 -1 -1 +1 +1 +1 +1 -1 .617 111.1 103.5 42.0
8 +1 +1 +1 +1 -1 -1 -1 1. 160 209.8 2.0 34.0
Process Variables
and Coating Low High Unit Base
Properties Description Level Level Level
-1 +1 --- .-
Xl Reaction Temperature {°C} 1000 1100 50 1050
Xz Silicon Chloride Concentration via . 040 . 080 . 020 . 060
SiC14 Bubbler {Ar, 4/min)
X3 Flow Rate via Measured Gas 17 21 2 19
Feed Flow ({/min)
X4 Titanium Chloride Concentration 4 6 1 5
via TiCl4 Bubbler {(Ar, {/min)
XS Hydrogen Concentration via 4 [} 1 5
HZ Flow (&/min)
X6 Argon Dilution of Hydrogen Gas 4 [ i 5
Feed (L/min}
X? Substrate Loading via Quantity of 6 10 2 8
Substrate in Reactor
Y1 Coating Rate via Average Weight Gain Rate per Threaded Substrate {mg/min)
Y2 Coating Depasit via Average Weight Gain per Threaded Substrate {mg)
Y3 Initial Coating Oxidation Resistance at 2200°F via Average Test Time in High
Temperature Oxidation Environment Before Failure (hr)
Y4 Initiel Coating Oxidation Resistance at 2400°F via Average Test Time in High

Temperature Oxidation Environment Before Failure (hr)

73




Table XXVII

COATING OXIDATION SAMPLES: LOADING LEVEL AND
COATING DEPOSIT RESULTS FOR COATING OXIDATION SAMPLE RUNS

Run g::::t: I;;"h Coating Deposii Weight Gain of Subatrate (mp) Substrate

Number Subsatrates 1 ? 3 4 5 ] 7 8 9 10 Avg. Identification

CLY-)47-68 6 131, 7 132.8 | 138.2] 115.2 | 129.3|124, 0| — -_ — 128.5 | Threaded Subatrate
CLY-148-58 [ 92.9 93.6| 92.4] 9.2 L5 | 900 —— — ] — —_ 92.1 | Threaded Substrate
CLY-149-68 16 162,0 | 263. 0| )68, 5] 16B.4 | 166.0 |164.B| 165.5| 165.9 | 166.6 | 164.5 | 165.5 | Threauded Substrate
CLY-150-68 1¢ 111.2 109, 6| 113, 5] 112, 2 | 1i1.8 |108.0) 106.4) 109.1]109.1 107. 0 109.7 Threaded Subastrate
CLY-151-68 [} 114. 5 115.2 | 106.9] 111, 9| 106.6 |112.0] — —_—— — 111.1 Thresded Substrate
CLY-152-68 [} 220.5 189.5|242.9| 216.8 | 223 B |217.7| — _ -_— 218.5 | Threaded Substrate
CLY-153-68 10 59. 8 90.2| BO.1| 56.2 90,0} 91.2 B9.5| 91.8}) 90.7 80.7 82.0 | Threaded Substrate
CLY-154-68 10 147.1 138.8 | 134, 1] 145.4 ) 134.4 136,656 142.0 144.1 | 147. 0 147.9 141, 7 | Threaded Substrate
CLY-155-68 [ 205,0 | 207.8|210.7}210.3 | 200.4 [224.5] — w—— f— —— 209.8 | Threaded Substrate
CLY-156-68 10 136. 6 130,5| 133,25 127.3 | 134,2 } 134, 9| 135, 7| 132.2 }135.5 139.3 134,9 | Threaded Substrate
CLY-157-68 10 117.0 104.9{10), 7] 103.4 ) 108.4 1103, 4] 107.3| 106.6 [110.3 106. 0 106. 9 | Threaded Substrate
CLY-158~68 10 93. 4 93.1] 93.6) 951 93.4 | 94.2 94.7| %6.7] 95.7 98. 4 94.1 Threaded Substrats
CLY-159-68 1] 137.9 | 136.8]134,9] 139, 0| 143.0|138. 4] 139.9] 142.3 [141.1 140.4 | 139.4 | Threadsed Substrate

¢ l-in. Threaded Stud Substrate

» Reaction Chamber C (small reaction chamber}

Completion of this program activity of coating oxidation sam-
ples revealed that I1-in. threaded stud substrates may be CVD coated at loading
levels of six and ten substrates per run whiéh' is within the scope of potential
production equipment, Additionally, it provided necessary data for the next
activity — analysis of test — involving process variable effects on coating

oxidation resistance,
3. Analysis of Test

In analysis of tests, the effect of process variables on coating
oxidation resistance was determined for samples from coating oxidation sam-
ple runs. Yate's method was utilized for calculating the effects. The cal-
culated results based on 2400°F oxidation test results for the coatings are

shown in Table XXIX,
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In Table XXIX, a positive value in the column for calculated
effect indicates that coating oxidation resistance is improved with positive
increase of that test process variable. Within this scope, the calculated re-
sults indicate that coating oxidation resistance at 2400°F is improved with
increase of silicon chloride concentration, flow rate, titanium chloride con-
centration and hydrogen concentration., The negative values in the calculated
effect column suggest that coating oxidation resistance is improved with de-
crease of reaction temperature, argon dilution of hydrogen gas feed and sub-
strate locading. Of these calculated effects for improvement with process
variable increase, it appears that titanium chloride concentration and hydro-
gen concentration possess more influence on oxidation resistance than the

other process variables for the variable range studied.

These findings for process variable effects on coating oxidation
resistance were utilized in experiments for coating oxidation improvement,
For their implementation, the respective values in the calculated effect and
unit columns in Table XXIX are used. The product of the calculated effect
and unit values is determined for each process variable, This product is then
added (subtracted if the calculated effect is negative) to the base level of the

variable to provide a new process variable value for oxidation improvement,

Multiple regression analysis for coating oxidation resistance
as a function of coating thickness and composition was made for samples pre-
pared at two coating thickness levels according to contract specifications. The
cursory correlation applied for 2200°F and 2400°F coating oxidation resistance.
Due to low computed T values and composition data spread, it was concluded

that the correlations comprised only a rough estimation method.

2'Li, C.H., "Work Sheet Gives Optimum Condition, "' Chemical Engineering,

151-156, April 7, 1968,
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In further work for analysis of tests, multiple regression anal-
ysis correlations were compiled for 2200°F and 2400°F coating oxidation re-
sistance as a function of the seven process variables {reaction témperature,
silicon chloride concentration, flow rate, titanium chloride concentration,
hydrogen concentration, argon dilution level and substrate loading). The
correlations including regression coefficients and computed T values are pre-
sented in Table XXX. In the table for 2400°F coating oxidation resistance,
the columns for regression coefficient and computed absolute T values are
used. The positive values in the regression coefficient column suggest that
2400°F coating oxidation resistance is improved with increase of silicon
chloride concentration, flow rate, titanium chloride concentration and hydro-
gen concentration. In the column giving the computed T value for each of
these process variables, it is noted that their computed T values exceed T
values for 90% and 95% confidence levels. Within this scope, the tabulated
results further indicate influence of silicon chloride concentration, flow rate,
‘titanium chloride concentration and hydrogen concentration for coating oxi-

dation resistance improvement at 90% and 95% confidence levels.

The findings from completion of this program activity — espe-
cially the indicated influence of the process variables on coating oxidation
performance — provided a good method for process variable value selections
in remaining program activities concerned with improving coating oxidation

resistance,
4, Duplicate Best Coating

Selection of process variable values was completed for experi-
ments in the plan for duplicating the best coating. The plan for duplicating
best coating runs involved using program results for 1-in., threaded studs as
substrates and the small reaction chamber (Reaction Chamber C in Figure

1lc) as the reactor.

[
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The steps in this plan were {a) repeating runs which provided
best coating oxidation resistance at 2400°F testing, (b) repeating runs which
provided best oxidation resistance at 2400°F testing with substrate reactor
loading of ten and (c) conducting additional runs utilizing findings of previous
activity — analysis of tests — for process variable effects on coating oxidation
resistance. For the additional runs, process variables of silicon chloride
concentration, flow rate, titanium chloride concentration and hydrogen con-
centration were increased from their base level values on the basis of cal-
culated effect for coating oxidation improvement. The substrates were 1 1/2-

in. hex head bolts of specified columbium alloy composition,

Initial experiments with 1 1/2-in, hex head bolts and small re-
action chamber disclosed that, after short periods of operation, the gas feed
geometry system was broken by the different rotation volume of hex head bolt
substrates. To solve this problem another reaction chamber (Reaction Cham-

ber D in Figure 11d) was fabricated.”

Complete process conditions and results for the duplicate best
coating runs are presented in Table XXXI. The first two runs in the tabulation
were made at process conditions which provided best 2400°F coating oxidation
resistance with 1-in. threaded stud substrates according to steps (a) and (b)
in the above stated plan for duplicating best coating runs. The remaining
runs comprise the additional runs for coating oxidation improvement. All
runs in the table were made with high substrate reactor loading of ten sub-

strates.
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The distribution and mean of coating deposit and rate are shown
in Figure 19 for a representative duplicate best coating run. The partially
darkened columns correspond to coating deposit and rate for each substrate
(i. e., individual data for each substrate), The darkened column is the mean
value for the ten substrates coated in the run. The individual data and mean
value in the figure illustrate that there was little distribution of coating deposit

and rate among the ten substrates coated in the run.

Completion of duplicate best coating runs demonstrated that
the fabricated reaction chamber (Reaction Chamber D) may be utilized for
coating 1 1/2-in, hex head bolt substrates at high substrate reactor loading
of ten substrates per run. Further, the 1 1/2-in. hex head bolts were coated
at high loading with very small variation of quantity of coating deposited on

each substrate.
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Figure 19. Duplicate Best Coatings: Mean and Distribution for
Coating Deposit and Rate for Representative Duplicate
Best Coating Run {1 1/2-in. Hex Head Bolt Substrate)
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5. Product Fasteners

For 'produce fasteners,' process variable values were gleaned
from duplicate best coating runs which were completed with 1 1/2-in hex head
bolt substrates, The initial "produce fastener'' runs within the scope were
started using the reaction chamber just fabricated (i.e., Reaction Chamber
D). These initial runs revealed that a larger reaction chamber was required
for coating different shaped substrates — such as threaded studs, hex head
bolts, hex nuts, flat panels and round rods — at high substrate reactor loadings
within contract specifications. Procurement ofa larger realction chamber for

use as the reactor in product fastener runs was started and completed.

Produce fastener runs were made with this larger rotating re-
action chamber, The results for a representative run are shown in Figure 20
which plots coating deposit (i. e., quantity of coating deposited on a substrate)
for the different shaped substrates coated in the run. Based on individual sub-
strate data and mean value for each differently shaped substrate, the graphical
plots indicate little coating deposit variation from the mean. This is especially
true for the 1-in. threaded stud, 1 1/2-in. round rod and 1 1/2-in. hex head
bolt. This small coating deposit variation is within acceptable limits. Itis
further noted that twenty of the different shaped substrates were coated in the

run,

Completion of produce fastener runs demonstrated that, with
the larger reaction chamber, the CVD-rotating reaction chamber technology
is applicable to coating a variety of differently shaped substrates — including
1.1/2-inl hex head bolts, l-in, threaded studs, 1 1/2-in. round rods and flat
panels, Further, the completed produce fastener runs revealed that these
different shaped substrates rﬁay be coated at loadings within the scope of pro-
cess development of practical production equipment according to contract

specifications.
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6. Cyclic Oxidation Optimization

Using previous results as a starting point, cyclic oxidation runs
provided significant coating oxidation property improvement and uniform coat-
ing coverage of different shapes, Uniform coating coverage with very little
coating deposit and coverage variation from the mean was achieved for three
different shapes — hex head bolt, threaded stud and hex nut refractory fas-
teners — prepared at loading level of coating thirty substrates per run (i.e.,
ten of each shape). The uniform coverage permitted attachment of the coated
hex nut to complimenting coated threaded bolt and stud substrates suggesting
that the CVD coated components are still amenable for use in their original
application. For coating oxidation property improvement, mean test times
to failure of eighty plus hours for protection in a 2400°F oxidation environment
were obtained for coated 1 1/2-in. round rods. The round rod substrates were
coated in statistical base optimization runs to define apparent optimum region,
Use of the apparent optimum region for coating 1 1/2-in. hex head bolt re-
fractory fasteners provided a tenfold improvement. Results indicated mean
time to failure exceeding twenty hours, compared to previous several hours
protection, For comparison, the uncoated fastener fails with severe oxidation
after only one-half hour, Coating thickness was several mils (mostly 3-4
mil range) for providing high temperature oxidation protection of the base sub-
strate., These coating oxidation property test times to failure c:f eighty and
twenty plus hours surpass all previous results for substrates coated at cur-
rent high reactor loading level {coating twenty to thirty substrates per run)

with several shapes,

For cyclic oxidation runs, Figure 21 presents representative re-
sults for coating deposit mean and distribution based on individual substrate
data and mean value of the distribution. The figure applies for three differently
shaped refractory fasteners — hex head bolt, threaded stud and hex nut — which
were coated in the same deposition run at high reactor loading level of coating

thirty substrates (i.e., ten of each shape). The fairly uniform height of the par-

tially darkened — individual substrate columns for each different shape in the fig-

ure - reveals very little coating deposit and coverage variation from the mean.
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Shaped Refractory Fasteners Coated at High Reactor Loading Level
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The uniform coating coverage of the three differently shaped re-
fractory fasteners is shown in Figure 22. For the bottom two samples, attach-
ment of the coated hex nut to the respective coated threaded substrates (threaded
stud and hex head bolt refractory fasteners) suggested that the CVD coated com-

ponents were amenable for use in their original application,

For coating oxidation property improvement, results of the statis-
tical base optimization runs to locate the apparent optimum region are contained
in Figure 23. The coating oxidation property (i.e., test time to failure illus-
trated by the darkened columns and the left vertical axis) was determined as the
mean time from testing four coated samples in the 2400°F oxidation environ-
ment. The figure illustrates the coating oxidation property improvement with
successive statistical base optimization runs (i.e., process parameter changes
illustrated by horizontal axis). The improvement is demonstrated by the in-
creasing height of the darkened columns {i.e., test times to failure exceeding
10, 20, 30, 60, 70, and 80 and 40 hours with the leit vertical axis). The coating
thickness of several mils {mostly in the 3-mil range) on the 1 1/2-in. round rod
substrates is given by the partially darkened columns and right vertical axis,
The mean test time to failure of eighty plus hours protection in the 2400°F oxida-
tion environment indicated in the "apparent optimum region' surpasses all pre-
vious results for samples prepared at this reactor loading level (total: coating
twenty substrates per deposition run, individual substrate shape: ten round

rods and ten threaded studs}.

Figure 24 displays results for 'apparent optimum region' from
2600°F cyclic oxidation testing. The figure applies for 1 1/2-in. round rod

substrates coated in the statistical base optimization runs,

Use of the statistical base optimization runs (i.e., process
parameter values gleamed from the apparent optimum region) for coating 1 1/2-
in. hex head bolt refractory fastener substrates provided significant coating
oxidation property improvement, Figure 25 illustrates the improvement by
comparing previous and current test times to failure. In the figure, mean
test time to failure was determined as mean time from testing four coated

samples to gross failure in the 2400°F oxidation environment.
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Figure 22, Cyclic Oxidation: Uniform Coating Coverage of Differently
Shaped Refractory Fasteners Permits Attachment of Coated
Threads and Nut (High Reactor Loading Level: 30 Substrates
Coated in Run CLY-177-69)
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COATING THICKNESS (mils)
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Previously, mean test time to failure for the coating was only several hours
protection of substrate from high temperature oxidation., Current results,
for three different runs as disclosed in the figure, indicate a mean time to
failure exce.edi.ng twenty hours which comprises a teniocld improvement over
previous results. This twenty plus hours protection before gross failure
exceeded all previous results for samples coated at this reactor loading level
(coating twenty to thirty substrates total per deposition run with several sub-

strate shapes comprising the total).

Completion of this program activity of cyclic oxidation dis-
closed that differently shaped substrates — including refractory fasteners
such as hex head bolts, threaded studs and hex nut — may be coated at a high
reactor level of coating twenty to thirty substrates per run with uniform
coating coverage of the substrate. Further, the cyclic oxidation program
activity results — specifically the process parameter values gleaned from
the apparent optimum region — comprise a base for coating refractory fasten-
‘ers at increased loading in the next program activity — production demonstra-

tion batches,
7. Production Demonstration Batches

Coating of refractory fasteners-hex head bolts and hex nuts —
required for 'production demonstration batches' was completed at increased
loading. A comparison of previous and current results disclosed that the cur-
rent coating capability of coating thirty to fifty substrates per run exceeds all
previous results. Twenty plus demonstration runs were conducted at this cur-
rent coating capability level with uniform substrate coverage. For the four
batches selected from the demonstration runs for external testing, 2400°F
cyclic oxidation test results revealed twenty plus hour coating protection of

the refractory fastener substrates,
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The previous program activity, cyclic oxidation, served as a
base for coating of the refractory fasteners. Specific use involved coating
the refractory fasteners with process parameter values gleaned from the ap-

parent optimum region.

Representative results at the increased coating capability are
illustrated in Figure 26 which plots coating deposit mean and distribution for
the columbium alloy refractory fasteners. The figure additionally compares
previous and current coating capabilities which are denoted by the two hori-
zontal darkened lines with turned down ends above the individual and mean
data. The current coating capability comprises coating fifty substrates per
deposition run (i.e., evidenced by shown individual substrate coating deposit
data on thirty hex head bolts and twenty hex nuts located below the horizontal
darkened line for current coating capability). In previous work which served
as a basis for starting this scale-up program, coating capability involved
coating one substrate per deposition run (i.e., evidenced by shown data on
single flat panel). The current coating capability of fifty substrates per run
exceeds all previous results for refractory fasteners and is within the scope

of process demonstration of practical production equipment,

Process conditions and results for additional production demon-

stration batches are given in Appendix XIX. A total of more than twenty
demonstration runs were conducted in the coating capability range of thirty
to fifty substrates per run. Uniform coating coverage (with only minimum
percentage of coating deposit variation within the individual substrates) was

achieved in the twenty plus production runs.
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SECTION VI
COATING EVALUATION STUDIES

A. OXIDATION TESTING

Oxidation test results for protection of the substrate by the
coating deposit were made on the samples obtained from the first statistical
series tests, The samples were subjected to a 2500°F oxidation environment
in the initial testing., The test results are shown in Figure 27 by plotting
weight gain (caused by oxidation) against the test time in the environment. The
curves indicate that satisfactory initial oxidation resistance for several

hours is provided by some first statistical series samples.

Oxidation test results for second statistical series samples are
shown in Figure 28. The curves indicate that satisfactory initial oxidation
protection for several hours was provided by nearly all second statistical
series samples. Upon exposure to test time exceeding ten hours, 3 of the 8
second statistical series samples provided satisfactory oxidation protection
for the substrate. In general, oxidation resistance of second statistical series
samples was better than results for first statistical series samples. Round
rod substrates of columbium composition were utilized in both first and second

statistical series,

For deposit phase runs, threaded substrates — l-in. threaded
stud refractory fasteners of columbium alloy composition Cb 752 — were
utilized. Oxidation test results for representative samples are illustrated in
Figure 29. Each data point in the figure corresponds to weight gain without
visible substrate oxidation. The last data point for each curve is that weight
gain determined prior to visible substrate oxidation which was observed at
next weighing. The curves disclose both satisfactory initial oxidation resis-
tance for several hours and substrate protection for long exposure to test

time exceeding 10 hours,
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Oxidation Testing: Oxidation Test Results for First
Statistical Series Samples
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In general, oxidation test results for ''deposit phase runs with
threaded substrates' surpassed results for first and second statistical series
with round rod substrates. For first and second statistical series, 3 samples
provided oxidation protection for test time exceeding 10-hours. In deposit
phases, adequate oxidation protection for test time exceeding 10-hours was

provided by all 6 representative samples shown in Figure 29,

Oxidation test results at 2200°F are shown in Figure 30 for rep-
resentative samples from coating oxidation sample runs. The curves constructed
in the figure illustrate the coating oxidation resistance for protection of threaded
substrates. Five of the samples provided adequate oxidation resistance for test

time exceeding eighteen hours in the high temperature oxidation environment.

Figure 31 presents oxidation test results at 2400°F for repre-
sentative coating oxidation sample runs. It is noted, in the figure, that three
samples provided threaded substrate protection from oxidation for a test time
greater than thirty hours. In general, oxidation test results for coatings from
coating oxidation sample runs showed improvement over previous results from
first statistical series, second statistical series and deposit phases because of

process variable changes.

Additional 2400°F oxidation testing was performed on samples
prepared in coating oxidation sample runs. The additional testing involved
four samples from runs conducted at high substrate loading level (i.e., 10
substrates per run). Figure 32 presents the mean and distribution of the ad-
ditional 2400°F oxidation test results for the coated 1-in. threaded studs, The
undarkened columns in the figure indicate the distribution of test time to failure
with each of the four samples tested. The mean value is disclosed by the
darkened column. In the figure, the run providing the best 2400°F oxidation
test results is run CLY-154-68 with mean time to failure of 27,4 hr. Thesge
results served as a base for starting the next experiments — duplicate best

coatings — with 1 1/2-in. hex head bolt substrates,
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CLY-154-68

CLY-150-68

CLY-149-68

Oxidation Testing: Mean and Distribution for 2400°F Oxidation Test Results
for Samples Prepared at High Substrate Loading Level in Coating Oxidation

Figure 32,

Sample Runs (Coated Refractory Fastener: Coated l1-in. Threaded Stud)

Gl




B. METALLOGRAPHY

Photographs showing representative surfaces of coating de-
posits for samples prepared in gas feed geometry study and first statistical
series are presented in Figure 33, Both flat panel and round rod substrates

are illustrated in the figure.

Figure 34 presents photographs of mounted cross sections to
show coating and substrate for representative second statistical series sam-
ples. Round rod substrates of columbium composition were utilized in the

second statistical series.

For threaded substrates — l-in., threaded stud refractory fas-
teners of columbium alloy composition Cb 752 — photograph of mounted cross
sections is shown in Figure 35 for deposit phase run sample. Coverage by

the coating is illustrated in the figure for the threaded subatrate.

For additional metallography, the structure of the Cb 752 alloy
before and after coating is shown in Figure 36 for 1-in. threaded stud sub-
strate. A nitric acid-hydrofluoric acid-glycerin solution was used as etchant
in bringing odt structure showing grain size and boundary. Figure 3ba shows
the structure before coating. Figures 36b and 36c depict the structure after

coating,

Photographs showing surface of Cb 752 alloy before and after
coating are presented in Figure 37. Figures 37a and 37b show the columbium
alloy as received and after etching prior to coating. The surface, after coating,
is shown in Figures 37c and 37d for representative samples prepared in coating

oxidation samples runs,
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(a) CLY-90-68 (Flat Panel Substrate)

(b) CLY-93-68 (Round Rod Substrate)

Figure 33, Metallography: Photographs Showing Representative Surface of
Coating Deposit from Gas Feed Geometry Study and First
Statistical Series (250X)

104



(006 X) 891I9g [BO13S13RIS PUODdg woxy Furnsay
ojeI1sqng pue Suyeo) SUlMOYG UOIIDISG $SOI] JO sydexSojoyyg :4ydeiforrejsN ‘¢ oandig

89-911-A1D (P) 89-611-X1D (2)

89-¥11-X1ID (q) 89-¢11-X1D (®)

105



Figure 35. Metallography: Photograph of Mounted Cross
Section for Deposit Phase Run Sample Showing
Coating Coverage of Threaded Substrate (50X)
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Figure 36.

(a) Before Coating, as Received

(b) After Coating (CLY-138-69)

(c) After Coating (CLY-139-69)

Metallography: Structure of Cb 752 Alloy Substrate Before
and After Coating (l-Inch Threaded Stud, 500X, Etchant:

1 Part HNO3, 1 Part HF and 1 Part Glycerin)
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C. ELECTRON MICROPROBE

" electron microprobe traces showing

For "coating composition,
chromium, titanium and silicon concentrations in the coating deposit are pre-
sented in Figure 38 for representative samples prepared in gas feed geometry
study and first statistical series, In the figure, the microprobe trace height
is for each component concentration in the coating. The traces for both flat

panel and round rod substrates disclose that Cr, Ti and Si components are

contained in the coating with negligible siliciding of substrate.

For representative second statistical series samples, coating
compositions are illustrated with the electron microprobe traces shown in
Figure 39. It is again noted in the figure that the respective components com-
prise the coating deposit with minimal siliciding of substrate., On the basis
of relative constant level component traces across the coating (i.e., from
coating-substrate interface to coating surface), the traces further reveal

fairly constant component concentrations for Cr, Ti and Si in the coating deposit.

Coating compositions from electron microprobe traces for
chromium, titanium and silicon are shown in Figure 40 for samples from
coating oxidation sample runs. The graphical plots in the figure disclose the
respective chromium, titanium and silicon concentration in the coating from
coating-substrate interface to coating surface. The coating composition shown
in Figure 40a is for the sample providing high oxidation resistance at 2200°F
test temperatures., Figure 40b displays coating composition for sample with
high oxidation resistance at 2400°F testing from coating oxidation samples

with reactor loading of ten substrates.

Coating compositions for all samples prepared in initial coating
oxidation sample runs are presented in Table XXXII, The average component
concentrations for chromium, titanium and silicon in the table apply for coating

at the base of the 1-in. threaded stud substrate.
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Table XXXII

COATING COMPOSITION FROM ELECTRON MICROPROBE
ANALYSIS OF SAMPLES FROM INITIAL
COATING OXIDATION SAMPLE RUNS

Coating Composition: Average
Run Component Concentration
Number (wt %)

Cr Ti Si
1 8.7 61.0 30.3
2 11.5 53.7 34.8
3 8.7 61.3 30.0
4 11. 9 55.6 32.5
5 1.3 52.5 28.2
b 17.5 54.3 28.2
7 14.5 55.2 30.3
8 18.4 51.0 30.6

Other Conditions:

e Average component concentration is based on average electron micro-
probe analysis for each component in coating at base of threaded sub=-
strate.

¢ Run number refers to run in statistical plan for initial coating oxidation
sample runa.

D, STRAIN EFFECT TEST

"strain effect test-evaluate' strained

Progress was achieved in
samples which involved applying strain on the sample and testing for oxida-
tion performance of the strained sample. Application of strain on sample at
two strain levels was made by equipment shown in Figure 41, Figures 4la
and 41b illustrate the sample shape before and after strain. The compression
and tension sides of the strained sample are depicted in Figure 41c. In most
of the samples, a several hundred pound load was applied to deform coated
sample and obtain strain on one quarter inch diameter samples., The resulting

displacement from original shape was approximately ten mils for the high

strain level and five mils for the low strain level.
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Strain Effect Test: Equipment Sketch for Applying Strain to
Sample at High and Low Strain Levels (1 1/2-in. Hex Head Bolt)
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Figure 42 presents oxidation performance results of the strained
samples. The figure applies for 2400°F coating oxidation resistance for sam-
ples with and without strain (i.e., no strain, high strain level and low strain
level). The undarkened graphical colums in the figure represent test data for
samples without strain, The darkened graphical columns correspond to sam-
ples at high and low strain levels. Based on data shown in the figure for testing
of twelve coated samples, completion of strain effect test-evaluate strained
samples suggests that oxidation performance of the strained samples is within

the scope of results for unstrained samples.
E. CYCLIC OXIDATION

Cyclic oxidation testing of samples — coated 1 1/2-in, hex head
bolt refractory fasteners of columbium alloy composition Cb 752 — prepared
in duplicate best coating runs was made at test temperatures of 2200°F, 2400°F,
and 2600°F. The mean and distribution for cyclic 2400°F oxidation test results
are graphically shown in Figure 43 for the 1 1/2-in. hex head bolt substrates
which were coated with the fabricated reaction chamber (i.e., Reaction Cham-
ber D). The first two runs in the figure (i.e., CLY-160-69 and CLY-161-69}
were made at.process conditions which provided best 2400°F coating oxida.ﬁon
resistance for 1-in. threaded stud substrates which were coated with the small
reaction chamber (i.e., Reaction Chamber C). Comparison of the test results
at high substrate reactor loading of ten (mean time: 27.4 hr. protection for
l1-in. threaded stud versus 2 hr. protection for 1 1/2-in. hex head bolt as shown
in Figure 43} indicate that change of substrate and reactor influences coating
oxidation performance. Further, the comparison of mean test time to failure
on successive runs in the figure indicates improvement of coating oxidation

performance.
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CLY-165-69

CLY-162-69

CLY-161-69

2400°F Oxidation Test Results for Samples at No Strain,

High Strain Level and Low Strain Level (1 1/2-in. Hex Head Bolts)

Strain Eifect Test:

Figure 42.
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CLY-165-69

ClY-163-69
o

Cyclic Oxidation: Mean and Distribution for 2400 F Oxidation Test Results for Samples

CLY~-162-69
Prepared in Duplicate Best Coating Runs (1 1/2-in. Hex Head Bolts)

CLY-161-69

CLY-160-69

Figure 43.



Figure 44 displays the mean and distribution of 2400°F oxidation
test results for different shaped substrates coated in subsequent representative

"product fastener' run., These results — especially the relative test time to

failure for 1 1/2-in. round rod and 1 1/2-in hex head bolt substrates — were uged

as the base for the next experiments for coating oxidation property improvements.

Oxidation test results are shown in Figure 45 for representative

cyclic oxidation runs in which round rod substrates were prepared at the reactor

loading level of twenty substrates in the deposition run. Based on three dif-
ferent runs, the figure discloses coating protection of the round rod substrate
from 2400°F oxidation for a test time exceeding thirty-five hours. Additional
cyclic oxidation runs for coating oxidation property improvement were conduc-
ted, Figure 46 contains the oxidation test results for the additional runs. The
figure reveals that for three coated samples (i.e., samples from three different
runs) the coating protects the base substrate from 2400°F oxidation for test
time exceeding eightly hours. This test time to failure of eighty plus hours

was a considerable improvement over the previous thirty-five plus hours of

protection.

Figure 47 presents 2600°F oxidation test results for representa-
tive cyclic oxidation runs in which round rod substrates were coated.

For production demonstration batches (i.e., coating of refrac-
tory fasteners — hex head boits and hex nuts — at increased loading), four
batches were selected from the process demonstration runs for use in the ex-
ternal testing. Cyclic oxidation results for the batches — A, B, C and E — are
presented in Figures 48 and 49 for 2400°F and 2200°F test temperatures. The
graphical results apply for both refractory fastener bolt and nut shapes (i.e.,
in testing, the CVD coated hex head bolt was attached to hex-nut as shown).
Failure in most cases (for both test temperatures) involved small pin hole oxi-
dation breaks in nut and thread regions. In general, the test time to failure in
2400°F oxidation environment exceeds twenty hours. It is noted that the twenty
plus hour coating protection of the substrate applies for refractory fasteners
coated at the increased current coating capability of coating thirty to fifty sub-

strates per deposition run.
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HEAD BOLT
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Figure 44. Cyclic Oxidation: Mean and Distribution for 2400°F Oxidation

Test Results for Differently Shaped Substrated Coated in

Representative Produce Fastener Run
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F. MECHANICAL TESTS - EXTERNAL TEST — COMPARE TO STATE-
OF-ART

Mechanical tests and external tests involved mechanical prop-
erty testing and an independent evaluation of the coated refractory fasteners.
Specific mechanical testing included ultimate and shear strengths in the re-
spective temperature ranges of 80-2600°F and 80-2400°F. This testing was
conducted by Standard Pressed Steel Co. (See tables in Appendix LV) on Cb
752 refractory fasteners which were coated at the increased current capability

of coating thirty to fifty substrates per run with the processing equipment.

Ultimate tensile strength results including post-heat treatment
coated samples at the variocus temperature levels are presented in Table XXXIIT
for fasteners from production demonstration batches. The tensile strength ver-
sus temperature is shown in Figure 50. The results indicate low tensile strength
at room temperature but good tensile strength in the higher temperature ranges
beginning at 600°F and extending into the 2000°F plus temperature. The room
temperature tensile strength is significantly improved with post-heat treatment

as shown for random production samples.

Table XXXIV gives the shear strength of coated refractory fas-
teners from the same production demonstration batches. Figure 51 depicts the
shear strength versus temperature plot. Two of the shown batches exhibit low
room temperature shear strength with better strength in the 600°F temperature
range. With post-heat treatment, the shear strength at room temperature is

appreciably enhanced as illustrated by the positive dotted lines.

Relaxation and reusability test results are shown in Tables
XXXV and XXXVI for the refractory fasteners coated in production demon-
stration batches. For reusability, the tabulated results disclose slight and

negligible coating damage at 2000°F test temperature.
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_ Table XXXV

RELAXATION TEST RESULTS FOR COATED REFRACTORY
FASTENERS FROM PRODUCTION DEMONSTRATION BATCHES *

Length Length
Batch | Temperature | After Soak After Soak Change in Residual
T ype °F (Seated) (Unseated) Length Load, psi
A 2000 1.6755 1. 6752 0. 0003 3750
2000 Broke Loading
D 2000 1. 6650 1. 6648 0. 0002 2500
E 2000 1. 6764 1.6761 0.0003 3750
A 2400 Broke Loading
B 2400 1. 6855 1. 6854 0.0001 1250
D 2400 1.6638 1. 6637 0.0001 1250
E 2400 1.6809 1.6808 0. 0001 1250

TEST CONDITIONS

Hex head bolts preloaded to 15, 000 psi and exposed to elevated

temperatures as shown for two hours.

:rTests conducted by Standard Pressed Steel Co. (SPS)
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Table XXXVI

REUSABILITY RESULTS FOR CCATED REFRACTORY
FASTENERS FROM PRODUCTION DEMONSTRATION BATCHES *

Difficulty of Nut Removal
Batch Coating
Type Starting Turning Damage

Test Temperature — 2000°F

A Very high breakaway hard (wrench required) slight

A high breakaway easy (finger loose) Nil

B high breakaway easy (finger loose) Nil

B Very high breakaway easy (finger loose) Severe

D high breakaway easy {finger loose) slight

D Very high breakaway hard (wrench required) slight

E high breakaway easy (finger loose) Nil

E finger loose easy {finger loose) ‘ Nil
Test Temperature — 2400°F

A no movement

A no movement

B Very high breakaway hard (wrench required) severe

B no movement

D no movement

D no movement

E no movement

E no movement

TEST CONDITIONS

Bolt, nut removal of parts tensile tested at 2000°F and 2400°F

ES
Tests conducted by Standard Pressed Steel Co. (SPS)
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With respect to state-of-art, it is recognized that the coating
oxidation protection of a substrate exposed to high temperature oxidation
environment is influenced by many factors (substrate material, shape, tem-
perature, exposui'e time, coating thickness, coating process, etc.), For
columbium alloys, several of these factors are mentioned and discussed in

a fairly recent literature review.

A cursory state-of-art comparison for cyclic oxidation and
mechanical properties is presented in Table XXXVII, The tabulation is
based on limited literature screening, The tabulation invelves several of
the many factors influencing oxidation protection, i.e., substrate material,
substrate shape, coating thickness, temperature and cyclic oxidation life.
For cyclic oxidation, the data discloses thirty plus hour protection of hex
head bolt substrate exposed to 2400°F oxidation environment for both this
program and the other source presenting data for the same refractory fas-
tener shape. For mechanical properties, room temperature tensile and
shear strengths for this program are quite good for the post-heat treatment
samples. In general, the remaining tabulated data suggests a favorable
state-of-art comparison (i.e., comparable cyclic oxidation life and tensile

shear strengths for shown temperature range).

Completion of this program activity disclosed the mechanical
and cyclic oxidation state-of-art properties of coated Cb 752 refractory fas-
teners from production demonstration batches. For mechanical properties,
tensile and shear strengths were favorable in temperature range of 80°F
to above 2000°F. For cyclic oxidation, cursory literature screening re-
vealed favorable state-of-art comparison based on this prograrn and two

independent literature sources,

3Maisel, L., Metal Finishing, pg 76, January, 1968,
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SECTION VII

EQUIPMENT MODIFICATION, DESIGN,
CONSTRUCTION AND INSTALLATION _
FOR TUNGSTEN-TUNGSTEN SILICIDE COATING

Phase III which involved tungsten-tungsten silicide (W-WSiz)
coating on tantalum was started with equipment modification, design, construc-
tion and installation. The equipment from Phases I and II was modified when
applicable. Design, construction and installation of additional materials and
equipment was made including procurement of a special flow control system
for the reactive tungsten hexafluoride (WFG)' The assembled equipment for
the fluoride route to the deposition is shown in Figure 52. In the process flow
diagram, a Hastings mass flow meter is used for flow control of the reactive
tungsten hexaflouride (WF6). A Figsher-Porter rotameter is utilized for flow
control of the hydrogen required in tungsten deposition reaction. The figure
further discloses the following equipment required for the tungsten-tungsten

silicide (W-WSZ) coating: (a) H, purifier, (b) inert gas bubbler flow control

2
for silicon tetrachloride (SiCl4) bubbler, (c) inert gas purifier, (d) furnace

containing rotating reaction chamber, {e) temperature control unit, (f) rota-
ting reaction chamber and {g) motor — fine control system for rotation speed

control of the reaction chamber.

The equipment modified, designed, constructed and installed

in this program activity served as a base for the start-up coating experiments

(i.e., coating preparation studies) for the fluoride route to tungsten

deposition.
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SECTION VIII
COATING PREPARATION STUDIES

In coating preparation studies, fluoride and chloride routes
were investigated for the tungsten-tungsten silicide coating of tantalum. This
was accomplished in a concentrated effort to resolve technical difficulties and
problems. Modified equipment from the Cr-Ti-Si coating work was utilized
for the chloride route. Similar equipment was designed, constructed and in-
stalled as shown in Figure 52 for the fluoride route. In accelerated process
variable screening, partial success was achieved for the chloride route based
on deposition of silver gray tungsten coating in gas feed nozzle and reactor
wall regions? Follr the fluoride route, improved partial success was demon-
strated based on silver gray tungsten coating of tantalum T222 substrates

with uniform coating coverage of the round rod small parts.
A. FLUORIDE ROUTE

The fluoride route for the tungsten-tungsten silicide deposition
was based on simplified CVD reaction chemistry shown below for the tungsten

(W) deposition:

TEMP
INERT GAS

WF, + 3H FLOW

o
6 2 REACTOR W+ 6HF

\ \ FEED NOZZLE // /

WEF H / HF

\ L/

COATING

SUBSTRATE

137



Sk s i B

The key process variables influencing the tungsten deposition
include reaction temperature, reactant concentrations (tungsten fluoride,
hydrogen, inert gas), flow rate of gases, reactor design and gas feed nozzle

design for introducing the reaction gases into the reaction chamber.

Initial start-up of coating preparation runs for the fluoride
route was made in the equipment modified and assembled as shown in Figure
52. Observations made in the initial runs are recorded in Table XXXVIII. In
the first run for tungsten deposition, satisfactory operation of temperature
control, rotation speed control and other equipment units was demonstrated.
Constant reaction temperature was achieved throughout the deposition run,
The coating deposit achieved on the substrate was analyzed by X-ray scan,
The X-ray scan indicated that the coating deposit was tungsten on basis of
deposit peaks matching tungsten ASTM reference peaks. In subsequent runs,

reaction chamber breakage and other technical problems were experienced.

Process conditions, results and observations for the fluoride
route are given in Tables XXXIX and XL for the process variable screening.
Prior to conducting the tabulated deposition runs, initial experiments were
conducted with the reactor and gas feed nozzle designs of previous Table
XXXVII. These experiments disclosed some fluoride etching of the quartz
material of construction, For the other ten plus deposition runs shown in
these last two tables, the hydrogen gas feed nozzle plugged in the first run.
From subsequent runs, a gas feed nozzle design was selected which did not
plug after several hours of operation. Reactor problems including reaction
chamber cracking was experienced. The next tungsten deposition runs were
conducted with a metal cage reactor having improved strength qualities. This
reactor was then selected on the basis of several runs without any cracking
and breakage of the reaction chamber. In conducting these experiments, some
success for tungsten deposition in the fluoride route was achieved and several
silver gray coatings were obtained. Additional runs were conducted in a con-

centrated effort to resolve the technical difficulties and problems.
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COATING PREPARATION STUDIES: INITIAL RUNS FOR FLUORIDE ROUTE

Table XXXVIIL

Run Process
Number Conditions Observations
CLY3-1-69 650°C s Coating deposit achieved on sub-
WF. flow diluted strate, coating submitted for X-ray
witl He analysis
WFg = 0.012 L/min| ® ?Iydrogen flow not sufficient, need to
increase
= L/ mi
Hp = 0.048 /min ¢ Fine needle valve needed for better
WF6 flow control
CLY3-2-69 650-700°C e Both tungstem and tungsten-silicide
'WF() flow diluted dep?sltlon reactions conducted in
with He equipment
WF(, < 0.15-0.20 e Some coating deposit obtained on
L/edin round rod substrates
_ s Reaction chamber broke during run
ilfn:lf 10-0.20 due to reactor support, large reactor
size or subatrate binding with gas
ieed inlet nozzles
CLY3-3-69 650-750°C ¢ Tungsten and tungsten-silicide depo-
WF,, flow dilated sition reactions conducted
with He ¢ Large metal reaction chamber utilized
WEFg ~ 0,045 /min | ¢ Several diiferent substrates used
Hz ~ 0.3-0.6 4/min| e Stainless 316 tubing-coating deposit
obtained
® Quartz tubing - some etching and
reduction in size, some deposit and
apparent diffusion
e T222 alloy-coating appeared to be
bonded
¢ T121 - come coating, some bonding
problem
e Coated hex head bolt — come coating
CLY3-4-69 650°C ¢ Some coating deposit on reaction chamber
WFg flow diluted e Insufficientcoating inside reaction chamber
with He chamber on substrates
WFg ~ 0.015 t/min | « Reaction chamber did not break, sug-
H, ~ 0.10 4/min gesting previous breakage due to sub-
2 strate binding with gas feed inletnozzles.
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Table XL

COATING PREPARATION STUDIES:
OBSERVATIONS FOR FLUORIDE ROUTE

Run
Number

Observation

CLY3-5-69

e Silver colored coating inside reaction chamber

e H; feed nozzle plugged

CLY3-6-69

e Introduced Hy thru larger feed nozzle
e H, feed nozzle did not plug

e Other feed nozzle with WF, and SiCl
operation period.

4 did plug after short

CLY3-7-69

e Increased flow with diluent gas thru nozzle feeding WF6 and
SiCl
4
e Feed nozzle plugged after longer operation period

CLY3-17-69

e Conducted deposition run with hand fabricated new nozzle
with separate feed entries for WFy, SiCl4 and HZ"

® Feed nozzle did not plug after three hour operation with

¢ Substrates experienced weight gain indicating coating deposit

CLY3-18-69

e Conducted deposition run with welded new feed nozzle having
separate feed entries for each reactant,

e Feed nozzle did not plug after four operation including one
hour operation with SiCl4.

e Graphite reactor cracked during deposition run.

CLY3-19-69

e Conducted deposition run with metal cage reactor having
improved strength qualities.

e Metal cage reactor did not crack in deposition run.

e Silver gray coating deposit achieved in run.

CL.Y3-20-69

e Conducted second deposition run with metal cage reactor.

e Reactor condition satisfactory without cracking after three
hour operation for W deposition.
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Table XL {Contd)

Run
Number Observation

CLY3-21-69 | @ Conducted WSi, deposition run for two hours with metal
cage reactor and feed nozzle having separate entry for
each reactant.

e After two hour operation feed nozzle did not plug including

SiC 14 entry.

CLY3-22-69 | e Conducted WSi, deposition at higher reaction temperature
using S5iCly.

e Dark powder obtained as reaction product.

CLY3-23-69 ( @ Conducted WSi, deposition run using SiHy.

e After short operation period at 400°C reaction temperature,
the S5iH, feed flow started dropping and continued dropping
due to partial plugging.

CLY3-24-69 | @ Conducted WSi, deposition run using SiCly.
® No pluggage after three hour operation.

o Dark powder obtained as reaction product.

In the additional runs for the fluoride route to tungsten depo-
sition, some substrate damage was experienced in the first several runs which
were conducted with the metal cage reactor discussed previously. After con-
ducting the next several runs without substrate damage (using a graphite re-
actor), the graphite reactor was selected for use in subsequent deposition
runs. Several tungsten silicide depositions were conducted in the subsequent
runs. A silver gray coating deposit was obtained on the T222 substrate in the
experiments, Emission spec analysis for two of the tungsten silicide deposi-
tion runs disclosed very little silicon content in the coating {i.e., coating com-

position: Si = 1-100 ppm, W = 99+ %).
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Subsequent runs for the fluoride route were conducted for tungs-
ten deposition with partial success, i.e., some silver gray coatings were de-
posited on T222 substrates in these runs. A photograph showing the surface

and uniform coverage of this silver gray coating is presented in Figure 53,

Figure 53, Coating Preparation Studies: Tungsten Coating Deposit on
T222 Substrate for Fluoride Route (CLY3-36-69)
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B. CHLORIDE ROUTE

The chloride route involved the following simplified CVD re-

action chemistry for tungsten (W) deposition:

TEMP
INERT GAS
WClx + 3H, FLOW > W+ XHCI
REACTOR / /
\ \ FEED NOZZLE /
WCl_ H, ,/ HCl1
/
\ / /
/
COATING
SUBSTRATE

For initial runs, the tungsten chloride (WClx) was generated
by passing gas phase chlorine over tungsten chips. The important process
variables as shown above for the chloride route are reaction temperature, re-
actant concentrations (tungsten chloride, hydrogen, inert gas), flow rate, re-

actor design and gas feed nozzle design.

In initial process variable screening, Table X1l contains pro-
cess conditions and results for the chloride route. The table discloses that
more than eleven deposition runs were conducted, In each run, the tungsten
chips experienced a weight loss indicating generation of tungsten chloride feed
by passage of chlorine over the chips. With respect to tungsten deposition in
the runs, some cursory coatings were obtained in the immediate region of

chip holder exhaust for the gas feed nozzle design.
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Further process variable screening for the chloride route was

completed including specific screening of process variables of reaction tem-

perature, reactant concentrations {including hydrogen, tungsten chloride and
inert gas dilution), flow rate and gas feed nozzle design. Detailed specifics

including process conditions and results are presented in the appendix. For

O e g oy Rt R ‘
Sl ok T TETATERT s e g

this cursory screening with tungsten chloride feed generation by passing gas

phase chlorine over tungsten chips, silver gray coating deposits were achieved
and reproduced in the immediate region of the gas feed nozzle design. But
such coating deposits could not be achieved on the substrates because of tech- \
nical problems. The effort was then switched to the chloride route with tungs-
ten hexachloride (i.e., tungsten chloride feed generation with inert gas passage

over the tungsten hexachloride). ,

Approximately fifteen deposition runs were conducted — pro-
cess variable screening for the chloride route with tungsten hexachioride. Re-
action temperature, reactant concentrations, reactor design and gas feed noz-
zle design were cursorily screened. In some of the runs, coating deposits were
possibly suggested by the substrates experiencing slight weight gains (usually
several mg). In those runs with reactor design screening, some silver gray
coating was obtained on the reactor walls. Additional specifics — process

conditions and observations — are given in the appendix.

Completion of the program activity of coating preparation dis-
closed partial success with tungsten deposition on T222 substrates via the
fluoride route. The concentrated and accelerated work effort further disclosed
that the technical problems — associated with the tungsten and tungsten silicide
depositions in program activities of coating preparation, oxidation test and me-
chanical tests — could not be resolved in the short Phase III contract time even

with the inclusion of additional resources.
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SECTION IX
CONCLUSIONS

The following conclusions were made as a result of work com-
pleted in this program for continued development of CVD coating refractory
processes and practical production equipment for applying these coatings to

large quantities of small parts:

1. The trideposition reaction with hydrogen reduction of gas
phase silicon, titanium and chromium chloride feeds was demonstrated as a
CVD chemistry base for depositing chromium-titanium-silicon (Cr-Ti-Si)

coating on columbium with the processing equipment.

2. Coating rate increases for the trideposition reaction can be
achieved with the following important process variables: gas feed geometry;
reaction temperature; silicon chloride concentration; flow rate; dual chamber
prereduction; titanium tetrachloride concentration; hydrogen concentration

and argon dilution level of the hydrogen gas feed.

3. Statistical analyses {i.e., T- and F-tests) confirmed the
process variable influence for coating rate improvement at a 95% confidence
level for coating 1/4-in. dia. round rod substrates of columbium with the

developed CVD-barrel coating technology.

4. Acceptable coating deposits may be achieved on threaded
substrates — l-in. threaded stud refractory fasteners of columbium alloy

Cb 752 composition — with the processing equipment.

5. Other refractory fastener shapes including 1 1/2-in. long
hex head bolts of Cb 752 may be CVD coated at high reactor loading of ten

substrates per run.

147



SR T RS,

6. Application of the technology for coating additional shapes —
bolts, studs, rods and flat panels — in one run was demonstrated with the

potential production equipment at loading of twenty substrates,

7. Three refractory fastener shapes — hex head bolts, threaded
studs and hex nuts of Cb 752 composition — may be CVD coated at a loading
level of thirty substrates per run (i.e., ten of each shape) with uniform coating

coverage,

8. From production demonstration batches, specific refractory

fasteners — 1 1/2-in. long hex head bolts and complimenting 1/4-in, dia. hex

nuts — may be coated with reproducibility at increased loading of coating thirty
to fifty substrates per run. Based on a total of more than twenty demonstration
runs, this current coating capability illustrates that the developed technology is

within the scope of potential production equipment.

9. The uniform coating coverage achieved on refractory fas-
teners permits attachment of the coated hex bolt to coated hex nut. This sug-
gests that the CVD coated components are amenable for use in this phase of

their original application.

10. For coating oxidation properties, eighty plus hours of
coating protection in 2400°F oxidation environment can be obtained for 1 1/2-
in. round rods that are CVD coated in the apparent optimum region at high

loading level with the practical equipment.

11. Coating of 1 1/2-in. hex head bolt refractory fasteners
in apparent optimum region provides several fold coating oxidation property
improvement, Results of twenty plus hours protection compared to uncoated
fastener failure with severe oxidation after only one-half hour maybe achieved

at high loading level {coating twenty to thirty substrates per run).
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12, From production demonstration batches, CVD coating of
specific refractory fasteners — hex head bolts and complimenting hex nuts —
provides twenty plus hours coating protection of the substrate from high
temperature oxidation (2400°F), This applies for refractory fasteners coated
with the developed technology at the increased current coating capability {i.e.,
coé.ting thirty to fifty substrates per run) with the potential production equip-

ment.

13. For mechanical properties of the production demonstra-
tion batches, room temperature tensile and shear strengths are signifi-
cantly enhanced with post-heat treatment. Mechanical properties in
general are favorable in the wide temperature range of 80°F to above
2000°F. For cyclic oxidation, cursory literature screening revealed
favorable state-of-art comparison based on this program and two inde-

pendent literature sources,

14, From electron microprobe analysis, the component traces
reveal that columbium alloy substrates including refractory fasteners may be
CVD coated with the technology to provide a Cr-Ti-Si coating with minimal

siliciding of the substrate.

15. For tungsten-tungsten silicide (W-WSiZ) coating, a silver
gray tungsten (W) coating may be CVD deposited ~— via the fluoride route —

on tantalum alloy T222 round rod substrates with uniform coverage.

16, This program has demonstrated that the developed CVD-
barrel coating technology is a reproducible process for Cr-Ti-Si coating of

refractory fasteners within scope of potential production equipment.
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SECTION X
RECOMMENDATIONS

The CVD-barrel coating technology was shown in this program
to be a reproducible process for Cr-Ti-Si coating of columbium allow refrac-
tory fasteners within the scope of potential production equipment for applying
such coatings to large quantities of small parts. To continue the process de-
velopment for further practical extension, the following additional works is

needed:

1. Process development of equipment to permit tungsten-tungsten silicide

coating of small samples in batches of several samples per run.

2. Additional development of tungsten-tungsten silicide coating of tanta-
lum alloy and evaluation of coating properties such as oxidation performance,

coating-substrate interaction and reliability.

3. Optimization studies for tungsten-tungsten silicide coating of tantalum

alloys including coating procedures and process parameters.
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COMPOSITION OF COATING (Cr, Ti and Si}
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APPENDIX II (CONTD)

X, X_ RUN NUMBER

6 s
o6 & CLY-117-68, CLY-113-68
46 3 CLY-115-68, CLY-122-68
w3 6 CLY-116-68, CLY-118-68
3 3 CLY-120-68, CLY-121-68
*7 1S COMBINED TOTAL MOLS OF Cr AND Ti
- MOLAR RATIO* MOLAR RATIO™ |
Z, (Siya | - ez, Si,
Z‘L 7513 * SE - . 24. 35i3-
- ﬂ .
_24. i3 . \. mZ5 45%
Z5 153 aZg 55|
L 1
L] T
R _
1 1
3 6

TITANIUM CHLCRIDE CONCENTRATION
ViA TiC14 BUBBLER (Ar, 4/min}
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APPENDIX II (CONTD)

Xb X5 RUN NUMBER

*5 6 CLY-122-68, CLY-113-68
45 3 CLY-115-68, CLY-117-68
"3 6 CLY-121-68, CLY-118-68

*3 3 CLY-120-68, CLY-116-68
*Z IS THE COMBINED TOTAL MOLS OF Cr AND Ti
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COMPOSITION OF COATING (Cr, Ti and 5i)
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APPENDIX II (CONTD)

X RUN NUMBER

>

4 5
*6 & CLY-118-68, CLY-113-68
a6 3 CLY-121-68, CLY-117-68
"3 6 CLY-116-68, CLY-122-68
3 3 CLY-120-68, CLY-115-68
*
Z IS COMBINED TOTAL MOLS OF Cr AND Ti
* -
| MOLAR RATIO MOLAR RATIO -
Z3_ 9Si3a *Z, . Si,
.-2.4' 7513u i: —3 AZ4. 7515
Z;, 1Sipe & . *Z, g5
Zg 45150 . 'z{,_ 53ig
-
- . .
1 1

3 &
ARGON DILUTION OF HYDROGEN GAS FEED {{/min)
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APPENDIX VII

'DEPOSIT PHASES: CHEMICAL COMPOSITION OF
COLUMBIUM ALLOY THREADED SUBSTRATES

Element

Identification Composition

Cb (Columbium) 87. 89

W (Tungsten) 9.85

Zr (Zirconium) 2.26

N2 (Nitrogen) trace {. 0076)
H2 (Hydrogen) trace (. 0004)
Total 100. 00

Rt A S o S skt L, e

Note: The chemical composition of the columbium alloy
used to fabricate the threaded substrates was fur-

nished by the fastener supplier (Standard Press
Steel; Jenkintown, Penn, ).
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APPENDIX X

ANALYSIS OF TESTS: CURSORY MULTIPLE REGRESSION ANALYSIS FOR
2200°F AND 2400°F COATING OXIDATION RESISTANCE CORRELATIONS

Computed T Value
Regression Absolute for Confidence
Coefficient T Value Level
Variable 2200°F 2400°F 2200°F 2400°F 95% 90%
X_.-Coating Thickness -14. 8 11. 8 2.46 0. 813 2,36 1. 90
{mils)
X,-Coating Cr 0.699 -0, 324 1.63 x 1073 | 0.31 x 10-3 2.36 | 190
Concentration (wt%)
X, ,-Coating Ti 2.60 -2.41 6.06 x 1073 ]| 2.34 x 10-3 2.36 | 1.90
Concentration (wt%)
X, -Coating Si -0.923 -1. 07 2.15 x 103 1. 04 x 10-3 2.36 | 1.90
Concentration (wt%)
Intercept -92, 39 156. 7
Standard Error of 4,26 10. 3
Estimate
Multiple Correlation 0. 899 0. 650
Coefficient '

. Y3and Y4 =aX, + bxa + cX 0 + dX,. + Intercept

8 1 11

e a, b, c and d = Regression coefficient

Y3 and Y4 = Coating oxidation Resistance at 2200°F and 2400°F viz.

Average Test Time Before Failure (hr)

e Correlation based on samples attwo coating thi~rkness levels from coating
oxidation sample runs

e l-in. Threaded Stud Substrate
e Reaction Chamber C (small reaction chamber)

e Gas Feed Geometry D
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APPENDIX XVII (CONTD)

Quantity Coating Deposit: Weight Gain of Subatrate (mg)
Run of Substrate

Number |Substrate 1 2 3 4 5 6 1 8 9 10 Avg. Identification
CLY-160-68 10 146.5% 1159.6 170.8 1B2.7 183. 6 193, 6 194,7 | 193.0 191,3 |167.8 178, 4 D
CLY-161-69 10 125.4 |152.0 147.7 143.6 143,46 138.0 157.3 | 163.2 156.1 |145. 6 147.2 D
CLY~162-6% 10 300,5 [294.4 297.0 297.8 302.0 294.7 294.11294. 0 295.6 1302.6 297.3 D
CLY~163-69 10 314,6 |305.0 311.4 302.2 305. 5 305.4 296.7 | 296.7 317.3 |313.7 306.8 D
CLY-164-69 10 67.5 | 66.7 99.3 82.9 63.0 69.1 94,11 79.2 86.1 {106.D 81,4 D
CLY-165-69 10 326.5 )337.9 331.6 333. 6 28,7 327.4 329.8(332.9 | 329.3 (329.0 330.7 D
CLY-166-69 5 84,7 | 83.4 83.8 83. 4 86,0 - - - - - 84.3 c
CLY-166-69 5 47,3 | 45.9 46.1 55.0 53.6 - - - — - 51,4 B
CLY-166-69 5 128.9 [133.9 132.5 136.0 132,11 - - — — - 132, 7 A
CLY-166-69 5 193.7 [191.5 197. 4 183,11 195.3 —_ - - - - 194, 2 D
CLY-167-69 10 112,5 |120.1 128,5 114.1 128,1 113.4 129.3 | 68.5 136, 4 |138.5 118.9 B
CLY-167-69 10 223,7 {217.7 223.6 222.9 | 223.%9 | 221.2 218.5 | 228. 4 | 227.9 [234.3 224.2 A
CLY-168-69 10 261.4 [264.1 259.8 261.8 263.2 269, 6 270.9)270.4 273.5 |267.0 266,2 A
CLY~-168-69 10 104,3 |105, 1 112,3 111. 7 118,56 110,9 138,7 | 117.0 87.9 1124. 8 1i2,3 B ]
CLY=-169-69 10 259.4 |261.5 268.1 268,3 | 261.3_‘ 267.9 268.3 |272.3 2?6.‘;‘378.0 2617;?_1 g,_ﬁ___
CLY-169-69 10 100.9 |104. 1 113. 8 114,5 118.9 121.0D 120,9]12B.0 127.1 |133.9 118, 2 B
CLY-170-69 10 152,49 [157.9 155, 9 189,7 158,13 165.3 164.5 | 163. 4 165.4 |166.1 160, 9 A
CLY-170-69 14 §7.1 ¢ &5.8 65.5 TL7 73.7 73.8 79.3; 80.2 81,3 ] 78.9 TJ.LL B
CLY-171-69 10 181.9 |184.8 185.5 190.5 1B3. 4 183.7 208,5 ;204.8 204.0 |205.4 193.2 A
CLY-171-6% 10 94,4 [107.0 101.0 107.1 98,8 102.7 19,7 [ 1117 116.5 (123.4 108.2 B
CLY-172-69 10 342.5 [347.3 351.1 356, 3 354, 8 35-1.7 353.0] 366, 6 357.2 1363, 4 358.2 A
CLY-172-6% 10 101.1 |102.4 115.8 i03.0 108.9 112.3 107,87 112.4 113,2 (128.8 110.9 B
CLY-173-69 | 10  |160.2 |146.3 | 159.4 | 160,0 | 160.9 | 156.0 | 157.5175.9 | 98.3 |158.8 |151,3 A
CLY=-173-69 1o 128,5 |130,0 127.5 134.8 137.7 133.1 121,2| 143,8 132.9 | 148. 2 134.2 B
CLY-174-69 10 144.7 |140.8 15B8.3 147.5 154.9 153.5 161, 1{157. 4 199;7 158,13 157. 6 A
CLY-174-69 10 142,94 1151,1 160.9 154.8 169.2 174. 2 173.6 | 166.0 158.4 | 178.0 161.9 B ]
CLY-175-69 10 6Bh.2 [693.6 | TO2.5 696.7 695.7 684, 3 6B8.4 | 685.2 | 711.8 [695. 8 589, 0 D
CLY~176-69 10 336.2 |349.1 346, 8 344.3 346.9 339.7 358.6 | 351,1 352,21349.8 347.7 A
ClY-176-69 10 78.8 | 75.6 90,0 81.8 79.2 95.9 99.7| 84.2 104,0| 93,1 B8, 4 B
CLY-177-69 10 §21.3 |521.9 506.7 526.6 542,7 530.8 328.6(528.4 538,81536.7 528.3 &)
CLY=-177-69 10 117, 4 112.9 119,5 118.0 119.6 118.3 123.7] 124, 1 116.3 J116. 3 118.6 E
CLY-177-69 10 158.7 | 147.0 145.9 150.9 147.9 144. 0 146,7| 141.9 149,7 1143, 7 147.7 c
CLY-178-69 10 224,6 (226, 4 219. 4 221.0 225, ¢ 2i8. 4 222.8| 218,5 226,3 | 228.7 223,11 D
CLY-178-69% 10 43.2| 42.5 39.9 42,2 40,1 39.7 40.3| 40.3 41.3 | 41.1 41.0 E
CLY-178-69 10 51.8) &52.1 50.9 50.8 52.8 54.8 53,4 54,3 52.4 52.8 52,6 C
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; APPENDIX XXII

OXIDATION TESTING: OXIDATION TEST RESULTS
AT 2500°F OXIDATION TEMPERATURE FOR SAMPLES PREPARED IN DEPOSIT
1 PHASE RUNS |

' OXIDATION TEST RESULTS: WEIGHT GAIN OF SAMPLE (mg)‘

| RUN
NUMBER |0.5

©
w
~
o
~
~
~
~
w
~
«

™
o
w

~

3.31 3.5

w
o
-
o
S
-
w
&
'S
IS
£
w
°
w
w
w

5.6 6.0/ 6.5 6.6 7.0f 7.5( 7.6

| CLY-124-68 | —
i CLY-125-68 | —
i CLY-126-68
CLY-127-68
CLY-128-68
CLY-129-68
CLY-130-68
CLY-131-68
| CLY-132-68
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~Column headings denote time in hours.

OTHER RUN CONDITIONS

e Oxidation temperature: 2500°F

e Sample ia threaded substrate {dimensions: 1 in. x 1/4-in. with 1/2 in. of 1/4-20 refractory threads one end)
® -— denotes that weight gain of sample was not determined at that specific time.

® X denotes visible breakdown {i.e., visible oxidation of the substrate.}
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CXIDATION TESTING:

APPENDIX XXV

SUMMARY OXIDATION TEST RESULTS FOR

2200°F AND 2400°F TESTING FCR SAMPLES PREPARED IN
COATING OXIDATION SAMPLE RUNS

2200°F Test Results 2400°F Test Results
Relative Average Relative Average
Oxidation Test Time Oxidation Test Time
Resistance | in High Temp. Resgistance | in High Temp.
Ranking Oxid, Env. Ranking Oxid. Env,
Run Before Failure Before Failure
Number {hr.) (hr.)
CLY-148-68(1) 3 2 1 below 2
CLY-149-68(3) 6 17.3 2 1
CLY-150-68(5) 5 11. 8 4 6.5
CLY-151-68(7) 8 103.5 8 42
CLY-152-68(2) 7 26.5 5 9
CLY-153-68(4) 4 9.8 3 2
CLY-154-68(6) 1 2 6 27.5
CLY-155-68(8) 2 2 7 34.0
CLY-156-69 — below 2 — 2
CLY-157-69 —_ below 2 —_ 6.8
CLY-158-69 — below 2 -— 6.8
CLY-159-69 —_ 6.8 —_ below 2
NOTE

e Average test time in high temperature oxidation environment before
failure (detected by visible oxidation of substrate with large volumetric
expansion} is based on test time and number of samples tested, i,e.,

time, hr. = ——m4———————
e Relative oxidation resistance ranking of coating is based on average test

time before failure and a sample weight gain due to oxidation (weight
gain used only if test time before failure is identical on samples),

Higher numbers indicate better oxidation resistance (i.e., 8 = best

ranking, 1 = poor ranking),
e Numbers in parenthesis reter to run number is statistical plan for

initial coating oxidation sample runs.
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APPENDIX XXVI

METALLOGRAPHY: COATING THICKNESS OF SAMPLES
PREPARED IN COATING OXIDATION SAMPLES

Average Coating Average Coating

Run Deposit Thickness
Number (mg) (mils)
CLY-147-68 128. 5 1.7
CLY-148-68(1) 92.1 1.0
CLY-149-68(3) 165. 5 2.3
CLY-150-68(5) 109.7 1.5
CLY-151-68(7) 111.1 1.3
CLY-152-68(2) 218.5 3.0
CLY-153-68(4) 82.0 1.4
CLY-154-68(6) 141.7 2.2
CLY-155-68(8) 209.8 3.0
CLY-156-69 134.9 2.0
CLY-157-69 106. 9 1.5
CLY-158-69 94.3 1.3
CLY-15%9-69 139.4 2.0

Other Conditions:

e Average coating thickness determined from mounted cross section at
high magnification

e Based on average thickness of coating at base of threaded substrate,

¢ Numbers in paranthesis refer to run number in statistical plan for
initial coating oxidation sample runs.
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APPENDIX XXVII

METALLOGRAPHY: COATING THICKNESS OF SAMPLES
PREPARED IN CYCLIC OXIDATION OPTIMIZATION RUNS

‘Run uhstrate Coating Mean Coating
Number dentifica-| Deposit {mg) [Thickness (mils)
tion

CLY-160~69 D 182. 7 2.0
CLY-16l =69 D 145.6 .8
CLY~-162~-6 D 297.0 2.1
CLY-163=-6 D 296, 7 2.3
CLY-164=6 D - -
CLY-165-69 D 331.6 -
CLY-166-69 D 193.1 1.5
CLY-167-69 A/B 218.5/120.1 2.3/2.3
CLY-168-69 A/B 264,1/111.7 2.8/1.5
CLY-169-69 A/B 276.5/118.9 3.0/1.5
CLY-170-69 A/B 166,1/ 67.1 1.3/ .8
CLY-171-69 A/B 208.5/ 94.4 2.0/1.5
CLY-172-69 A/B 351.7/102.3 4.9/1.7
CLY=-173-69 A/B 160.0/133.1 1.8/1.9
CLY-174-69 A/B 154.9/178.0 1.5/1.3
CLY-175-69 D 702.5 5.4
CLY-176-69 A/B 346.8/104.0 3.3/ .9
CLY-177-69 D/C 538.8/141.9 4,4/1,4
CLY~-178-69 D/C 221.0/ 50.8 2,0/ .75

Other Conditions:

e Average coating thickness determined from mounted
cross section at high magnification

e Based on average thickness of coating at base of substrate,
e Substrate identification:

A. 1 1/2~in., Round Rod

B. Flat Panel (app.l in. x1/2 in.}
C. 1 in. Threaded Stud

D. 1 1/2-in. Hex Head Bolt

E. Hex Nut
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APPENDIX XXIX

METALLOGRAPHY: ANALYSIS FOR COATING HARDNESS

Hardness: Knoop
Run Microhardness = 50 gram load
Number
Substrate Coating

CLY-148-68 (1) 237-237 1160-1260
CLY-149-68 (3} 223-223 11201195
CLY-150-68 (5) 221226 1160-1288
CLY~151-68 (7) 221-221 1381-1220
CLY~152-68 (2) 227-207 1381~1215
CLY-153-68 {4) 223-235 1260-1160
CLY-154-68 (6) 226-226 1260-1120
CLY-155-68 (8) 213-213 1245-1245

As Rec'd 279-279

Other Conditions:

e Hardness determined from mounted cross section of substrate
base

® l-in., Threadedstud substrate

¢ Numbers in paranthesis refer to run number in statistical
plan for initial coating oxidation sample runs.
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APPENDIX XXX

METALLOGRAPHY: ANALYSIS FOR COATING THICKNESS

Run Substrate Coating Mean Coating
Number Identification Deposit (mg) Thickness
CLY-177-69 D 538.8 4.8
CLY-178-69 D/C 221.0/50.8 2.0/.75
CLY-179-69 A 171.5 1.4
CLY-180-69 A 310.6 2.8
CLY-181-69 A 270.7 2.5
CLY-182-69 D 202.1 1.6
CLY-183-69 D/C 458.3/151.2 4.1/2.2
CLY-184-69 D/cC 323.3/107.2 2.6/1.5
CLY-185-69 D 307.8 2.6

Other Conditions:

e Average coating thickness determined from mounted

cross section at high magnification

e Based on average thickness of coating at base of substrate.

e Substrate identification:

moOo®>

1 1/2-in. Round Rod

Flat Panel (app. 1 in, x 1/2 in.)

l-in., Threaded Stud

1 1/2-in. Hex Head Bolt

Hex Nut
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APPENDIX XXXI

METALLOGRAPHY: ANALYSIS FOR COATING THICKNESS

Mean Coating
Run Substrate Thickness

Number Identification Deposit {mg) {mils)
CLY-186-69 D 492. 4 4.9
CLY-187-69 D 307.9 3.05
CLY-188-69 D 157.9 1.8
CLY-189-69 D 268.8 2.5
CLY-194-69 D 481.5 4.85
CLY-195-69 D 502.2 5.15
CLY-196-69 D 305.2 2.75
CLY-197-69 D 259.8 1.6
CLY-202-69 D 463,16 4.0 (3.75)
CLY-203-69 E 84.0 2.1
CLY-205-69 D 358.0 2.65 (2.9)
CLY-206-69 D 269.5 2.2 (2. 45)
CLY-210-69 D 376.9 3.1 (3.05)
CLY-211-69 D 493.1 4,2 (4. 0)

Other Conditions:

e Average coating thickness determined from mounted cross
section at high magnification

e Based on average thickness of coating at base of substrate.

® Substrate identification:

HUOW>

1 1/2-in. Round Rod

Flat Panel (app. 1l in. x 1/2 in.}
l1-in., Threaded Stud

1 1/2-in. Hex Head Bolt

Hex Nut
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APPENDIX XXXII

ELECTRON MICROPROBE; COATING COMPOSITION OF
SAMPLES PREPAREDIN SECOND STATISTICAL SERIES

S A A T Lo L i b b e Y 958 e U o v i Bt s, e e 3T b e e i i B et M e

Coating Composition: Average
Run Component Concentration

Number (wt %)

Cr T T1 Si
CLY-107-68 —_ — —
CLY-108-68 24.8 47. 7 27.5
CLY-109-68 22.6 47.0 30.4
CLY-110-68 6.7 61.8 31.5
CLY-111-68 2.6 66.6 30.8
CLY-112-68 — —
CLY-113-568(5) 26.7 47.2 26.1
CLY-114-68 25,2 45.0 29.8
CLY-115-68(4) 8.8 63.5 27.7
CLY-116-68(8) 7.8 65.0 27.2
CLY-117-68(1) 8.3 64.6 27.1
CLY-118-68(6) 20.6 55.2 24.2
CLY-119-68 19.8 52. 5 27.7
CLY-120-68(2) 19.7 55.0 25.3
CLY-121-68(3) 18.4 50.9 30.7
CLY-122-68 (7) 31.4 48. 5 20,1
CLY-123-68 17.2 60.5 22.3

Other Conditions:

e Coating composition in component concentration is based on average
coating composition calculated from electron microprobe analysis for
each component in coating on round-rod substrate.

e Electron microprobe analysis calculations involve three operations of
straight calculation on reference value, correction for component
concentration level and normalization.

¢ Numbers in parenthesis refer to run number in second statistical series.
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APPENDIX XXXIII

ELECTRON MICROPROBE: COATING COMPOSITION OF
SAMPLES FROM COATING OXIDATION SAMPLE RUNS

Coating Composition: Average
Compenent Concentration
Run (wt %)

Number Cr Ti Si
CLY-148-68(1) 8.7 61.0 30.3
CLY-149-68(3) 8.7 61.3 30.0
CLY-150-68(5) 19.3 52.5 28.2
CLY-151-68(7) 14.5 55.2 30.3
CLY-152-68(2) 11.5 53.7 34,8
CLY-153-68(4) 11.9 55.6 32.5
CLY-154-68(6) 17.5 54.3 28.2
CLY-155-68(8) 18.4 51.0 30.6
CLY-156-69 12.2 55.7 32,1
CLY-157-69 14. 8 51.0 34.2
CLY-158-69 11.7 54, 2 34,1
CLY-159-69 13.6 58. 0 28.4

Other Conditions:

e Coating composition in component concentration is based on average
coating composition calculated from electron microprobe analysis for
each component in coating at base of threaded substrate.

¢ Electron microprobe analysis calculations involve three operations of
straight calculation on reference value, correction for component con-
centration level and normalization,

e Numbers in parenthesis refer to run number in statistical plan for
initial coating oxidation sample runs.

205




83eI38QNE JO UOTIEPIXO IQISTA ‘3 'Y ‘UMOPYEIIq I[qIS1A 8330USpP @
N swny o1yoads jey) e PIUTW ISP J0U sea drdwes Jo ured Jydram jey; ssjousp — e

(Aofre 252 9D :Terasjew ‘pus I9Yjo peay Xxoy ‘pus auo
spesaiy} £10310€3J91 07 - /1 30 °UL Z/] ‘IsIPwerp ‘ur $/1 X yfusy ‘ur Z/1-1 :suorsusuup ‘Suneod 03 zorad jjoq pesy X3y °‘ui-Z/[-| pajeod g1 ajdwes e

UOIBIAP S[TW O] INOqe-yB1y ‘UOTIOS[IP SIIW G JNOQE-MO] :[PAST UTEIIS o

d,00%2Z PU® 31,0022 :2Injeradway uonepixp e

SNOILIONOD NNY ¥IHIO

8IN0Y U1 3wy jouap Furpesy uwnionH
*

9P18 UOISUS] UO IInfrey Oou ‘9p1s 3A18833dwod O IaN[rey swog PeIY Xay Uo aanjrey swos ‘spedaqy | (9°91)3 |9 11 ] 8 01| ¥°8 $°9 [ 4 0 931 69-S91-X1TD
SP1I8 UOISUI) UO sanrejy ou ‘ap1s dalssaadwiod wo IIn[rey swiog speday,], (P L°S 9°¢ 0 Y3y 69-€91-XT1D
SP18 UOISUS] UO IN]rey OU ‘Op1s 3A18991dwIod uo aanfrey swog spedaqL | (s°s1)I|g8°t1}19°6 { 0°8 0°9 €°€ (1] Y8y 69-291-X1D
9P18 UOISU3] WO SINrey ou ‘3p1s aayssaxduiod uo anyrey surog speaay[ F-La 9°9 9y (1] 48 69-191-X71D
€ §°2 Z S°1 1 S o d,00¥2
— —_— —— — — ——— T'Ill IvITIII...l — — ——— ——— e e e
3PS UOISTU) UO aIn[ie; ou 'opIs 9A1S591dUI0D UO sam[Tey Jwog Pedq X9y uo aanyrey awos ‘spesxqy | (8 c1)I|1°6 [2°9 €£°S 6°€ 6°2 0 @aog 69-991-X1D
9P18 UOISUS) UO JaM[Tey ou ‘aprs darssexdwiod Wo IIn[ey Swog PedY x99 uo Iamfrey awos ‘spedxyq) | (p-61)x |2 21 |e01| $°9 L'y §°¢ 0 mory 69-291-X1D
9P18 UOISWI) UO IINTIE] OU ‘OpP18 3AT882IdWOD WO NIy swIOg Peay X9y uo aanyrey dwos ‘spwdxqy | (2ov)ax|o ezt L1 801 €8 €°9 1] a0 69-191-X71D
¥ £ 2 1 L9 €€" ] J,00¥%2
9P1§ UOTSU3] WO SINTIEJ OU ‘OPT8 @AISs2adWod Uo aanyrey awrog nvnvua.Hl_l (z'e)a} o2 1 0 i M0 - 69-991-X1D
9P18 UOIRUI) UOC IINJiey ou ‘apis aarsgaxdwod uo Sanyrey awog spedxqL | (%) [ +°F | 0% 0°¢ 1°2 [ § o Mo 69-291-X1D
3P16 UOISUS] WO 2INTIe] OU ‘Opls 241889Idw0d UO damyrey swog spesaqr {(s-21)X | 9°8 |S°S L2 S 1 8"’ 0 Mo 69-191-X1T12
ToNDIG UIRIIg uoydeg P € 4 1 L9 €€ 0 J,0022
2an[ieg o uorIEdOT *Aus- stdureg jo uten Jy31op :83[Ns’ Y 3951 UOIEBPIXQ 9A9 T Taqunn
urexyg uny

STAAIT NIVYLIS OMI IV SATINVS JOI SITNSHY
SLSHEL NOILVAIXO DTIDAD d,00¥2 ANV d,00¢2 *ISHEI IDAAIH AANIV UIS

AIXXX XIONHAJAV

206




‘saydwes saoqe 103 pa3dajep jou sem (uredys Jurhidde 103 30rju0d 13dunid peoy jo juted
a3180ddo ap1s 9 °1) puaq JO 2pISHDEQ UO UOIJEPIXO 33IISQNS ‘gajdwes pauTex}s I0j I3YyaIng @
-ajdwes yoea UC PaUTRIQO [BITIISA WO} [IW (§ JO UOT[3ap djewrxoaddy
sanssoxd peo] spunod paipuny [BI3A3S 03 paidalqns srdwes yd>ee ‘sajdwes paurer}s 103 e
*31BIISQNS JO UOTEPIXO SIQISTA ‘'3 °T ‘UMOPYESIQ I[QISIA SII0U3P @
‘awny d1y1oads jeY3 JB PaUTWIIalep jou sem ajdwes yo ured jySram jey) sajousp — e

(Ao1® 2L qD :[elIdjRW PUD PUO SPEIIY] AIOIDBAFAI 0Z-F/[ JO "UT Z/1 WIM'UI §/ X 'UI 2/ [
:suotsuawip ‘Suryeod 03 xotid 3]oq PEIY XY I0j) 31LIISQNE PIPEIIY} PEIY X3Y PaJeod 81 odwes e
4,0092 PU® 0027 ‘40027 :23mieaedwal uonepxo e

(531ns21 3593 J,0092 10j) saInunu ur swy djousp sJupesy uwnoy
*

-ardwes puaq 0}

*SNOILIONOD NAY YEIHIO

%

(831831 1893 4 _00%Z PU® I,002Z 10J) SInOY Ul Jwn 3j0uap sJurpeay uwnjo)
*

Jo uoned0]

srdwes | spesayp (9:91)d 911 801 '8 59 0% 0 69-991-&1D
pa3sejuod 138untd ureais spesayy (v-L)a LS 9°¢ 0 69-£91-X1D
Burhrdde 105 peoy azaym] speeayy (s's1)a 8711 96 0°8 0°9 €€ 0 69-291-11D
jutod 3e uozeprxo awogf| spesayl [CAFAK 99 9y 0 69-191-AT10
0°¢ s°e k4 S°1 1 s” 0 sardweg
paute1lg
H00072
spealy], 69-991-X"1D
speaay[ {e'e1)d - 0°8 L€ 69-%91-X1D
speasy] (zi)a | cro1 01 - €°8 - [} - 8L - L9 - 6°S - (244 '€ 69-€91-A1D
spearyy, o a]| — L8 - 6°L -] 69 - 6°S — 6% 1% 1°€ 69-291-ATD
spealy] (1-2)q LS 69-191-171D
speary] (6°11)d €01 1°6 £°8 6°L 9°¢g 6°'¥ 69-091-1T1D
06 08 oL s9 09 SS 0s s¥ o¥ 13 o€ 52 0z s1 o1 S 4350092
epearyy, (L'e)d 6% 0¥ 1°¢ 0 69-591-AT1D
speaiyr (9°p)a - - 12 — - 0 69-$91-4AT1D
spessyy (8:5)d 1°€ 0 69-%91-X71D
speaiyl [{ Q8K — - 0 69-¥91-1TD
spealy] (2:6)a [ 4 [+ 0 69-€£91-ATD
spesayqy {L-21)d 201 06 1°6 - - (2 4 - - [ 69-¢91-ATD
speatyy, (L¥)a Le 6°1 0 69-291-X'1D
SPEAIUL (1°6)d 1°s — - 8¢ — - 0 69-291-A"1D
speaayy {z9)3 0¥ [ 69-191-X71D
spearyy (¢ 12)d - —_ - - 0 69-191-471D
speaIyy (8°8 )4 ‘L s* €°6 LE 0 69-091-AT1D
speasyL {(1-s)a — - - - 0 69-091-471D
o1 8 9 € 2z [ 1 L9° €€" 0 (Lo00¥2
speaiyy (s 1)d 0 69-591-XT1D
spesxy, (6 )q 0 69-%¥91-KT1D
spesayy {0°2)a 6" 0 69-€91-ATD
speaiyy (VAR X S 9 0 69-291-&71D
speaiyr (-2)a 0 69-191-471D
spesay (1-2)d S ¥ ST — — [ 69-091-11D
. 9 ¥ 4 S°1 1 0 ,F00022
sNIeWay soanyred (3w) ardweg jo uten jySta p :53[NSIY 383 ], UOTIBPTXO T1vqUINN uny

SNNY¥ DNILVOD ISAd ALVOTTANAd NI
 @AYVIAYL STTINVS YOI SITASAY ISAL NOLLVAIXO DITDXD
'\T,0092 ANV I,00%2 ‘d,0022 :ISAL ILOAIAT NIVIIS ANV NOILVAIXO DITDAD

AXXX XIONIJAV

207



*gINOY Ul Wi} §9j0usp JuUIPBIY WWUN[OD) %

LHOIEM

SSLTNSHY LSEL NOILVAIXO

(9-8)a| ¢£°8 SL {"ewp ‘Ul $/71) 3Tod peeH XoH "Ul-Z/T 1 69-991-XID
(97gla| — — |18 G°L gL 9°9 (*etp "ul $/1) 3109 PEIH XAy “ul-Z/T 1 69-991-ATD
(FTrma| — 01 |86 0°6 9°L 9°9 {*elp "ur $/1) 3104 peSH X°H *uUl-z/71 1 69-991-A"ID
(s-2)d| %9 {~eip "ur §/71) 3fogd pesH ¥XsH "ul-Z/1 1 69=99T-L1D
(z*)a| 81 {*erp *ul $/71) POy PWOY ‘UI-Z/T | 69-991-L1D
(z°g)d| 92 ¥ (*ew ‘ur $/1) POH PUNOY ‘UWI-Z/T T $9-991~X"1D
{z*9)a| — | #°s 0°s €% 6°¢ 82 (*=p "ul $/71) poy PUNOY "UL-Z/T T 69-99T1-X"1D
(9°8)x] — | 89 {¥°g Lg ¥'e 6°1 (*BTP ‘U1 /1) POY PUNOY ‘UZ/T T 69-991-A1D
(1°¥)a| z-¢ (‘e Ul /1) PMIS POPRAIYYL “UI-{ 69-991-X1D
{6*¥)a| — — | ¥F |T1¥ 6°¢ 6°'2 {*®=p ‘Ut /1) PMIS pApeAIYL *UI-T 69-991~XTD
(F'9)al 6% | 2°% 8¢ | 1°¢ (*ewp -ut $/1) prig popeESIYTL "UI-T 69-991-XTD
(F-Ix| — | 2°s 9'%% | 1'% 6t {1°¢ (*etp "utr §/1} pPrIg pPapeaIY] ‘U= 69-991- XD
o ¢)a (*o1 ¥ x *ut g/1) 1ouRd 314 | 4£9-991~A7ID
(F*9)d| 9°s 1's |s°¢ (‘w1 1 = *m1 g/1) Teved Ield 69~99T7~&"TD
{0°8)a| oL £°9 0°'s |2°% {*u1 1 x "u1 2/7) Teued Jerd 69-991~LID
(2°5)x]|6°¢ (rur 1 x -ur z/1) 1AUR] FRLd 69-991-X"1D
0°s 0¥ G°¢ 0'¢c | €2 oz |s°t o't |s°
NOILVOIAILNIAI YAIWNN
#(Fm) FITINVS 0 NIVD
ALVHLISENS NNY

SHLVYLSHNS LTOH AVAH XHH °NI-Z/1 I ANV SQO9 ANNOY °NI-?/T 7T

‘STANVA ILVIL AALVOD ¥OA SLTINSAY ISTL NOILVAIXO DITNAD A,00¥2 ‘NOILVAIXO DITDAD

IAXXX XIAONTIAdV

208



*s.1moy Uy awyy s9jouep BuTpESY MWIN(O

(el — - - L6 - - 69-321-A7TD
, #vDa] — - - 9°8 - - 69=¥L1-XT1D
(R 02)q w61 _ — Jest| — | — [s°st - - 9°11 - 1701 - - - L - ¥ —_ — — 9% - 0% e - - 69=€L1-KTD
6°61). RLt Leot 9°st | 0%%T) —len| _} _ ot - - 8 - 1L - — - 6's — jev | — | — — 8¢ - s°€ 8°2 — - 69=€L1-AT0
oopla| — (g [ 354 — - 69-2L1-XTD
| — — 69-2LT-XTD
(re)d | e°¢ 172 - — 69-1LT=ATD
€dal - - 69-TLT=A1D
a - - — | £99| — - | =18l — - - 6°¢ - - - 69-1L1-XTD
| — - - 69=1L1=A1D
(Z'sua| — - 69-0LT=XTD
oz — | — | — |ze - (X3 s 'y - — 69-0LT=ATD
(zrsna] — — —]oe| — - - e - - - 69-0LT-ATD
{y0g — - — s'g| — - - €°¢ - - - 69-0LT-XTD
wrea] — — |zee| — 333 - — o't - 2°8 - - — |se e el e B - 0'¢ Lz 0z - — 69-691-A7TD
a1 - - 69-691-11D
| — = - 69-691-XT0
6°ze)a — - - 2| - - — 091} — — 9°¢ — - - 69-691=X"1D
(e-g)a| — 69 | — 6°s 1 — | &% e - Lz 0z Lt L 69-89T-ATD
€3 — | 19 | — € | — | € €€ - €2 8"t €1 01 69-891-ATD
(€729)a | o°ss - L'gs = reos| — goc | — |owo{ — |iw - Ty — 272 6°1 8" 69-89T-A7TD
rena 69-891-ATD
9 ¥ 2 off 82 = sz 2| - © 0z 6t 81 a9t s1 1 €1 21 | ot 6 8 L 9 | s 4 € z T 19° €€

g — 121 - oot | 276 - 6t | — | 69 - les — | e%| — - - 6 - 3 - 69-L91-XTD
(€ena| — 9561 | — | oer| — ¥ - €01 — 8°8 T8 - oL | — 09 - |2 -] ]| — - - s - 9z - 69-291-XTD
4 ts8f sver | stot | evm L 69 [#9| 19§ 2s [zs |ew | vw| — |8 - e - vz L1 69-L91-X1D
S'ssh | ev2e fzree | — | — — — - - — 0ot | a'n su | 89| 09 ss Jewi v — | vy - 33 - sz L 69-L91-XTD
(9°%) 69-991-XTD
w9)z| 9 16 s 69-991-XT2
t0-8)a| oL €9 0's (21 69-991-A12
(2511 | 6% 69-991-X10

0'se] o-ze | 0og |08z |09z | 0°v2| o0'zz [o0-0z ogr | oot [ost | oz ot forot | o6| ow] oz ] oo fos| o%|se | o s°2z 0z s 1 0t 5° HITWAN

#{(3w) ITAINVS 40 NIVO IHOIAM :SLTNSTY LSAL NOILVAIXO NOY

SHLVYLSHNS TANVd LVIL AILVOD Y04
SLTNSHY LSHL NOILVAIXO DITDAD A,00¥2 :‘NOILVAIXO DITDAD

ITAXXX XIAONAIJdAV

209



2 et 1

- s

S

‘sInoy ut awmn) ajouap sBurpesay uumion

(s02)q - - - 160 | — - - 9Ly - 1°91 - - - L°ot| - - 69-¥L1-ATD
(0'0z)d| €61 | €81 - Lo - - - ¥ror | ~ - - {svy — FAR . - — 86 | — - 69-YL1-AT1D
861 - €11 | 0°91 - 0°01 - - - - - - -] = - - - - - - |- - 69-€L1-XT1D
€°02 - 161 | %L1 - o€l - - - - - - - - - - - - - - |- - 69-€L1-XT1D
Z°s1 - 0°€1 - 6°01 - 0°01 - - - 0°6 - e8| — - - - yL 9 8'¢ | — = 69-€L1-X1D
[ 41 - 0°¢l - €11 - S 01 - - - | 68 - |6t | - . . - 1L $'9 09 | — - 69-€L1-XT1D
x - 8°L12 - S6L1 = ¥6sT - - - 912 | — |swp| ~ - - - kA4 s°2 20 O I - 69-2L1-ATD
i — 0°112 - ¥°z91 . 8221 — — - Jeov | — |19z — - - — [ 2 0°2 21 | - - | 69-221-271D
Ed - - - 0°6 - 895 - - - |ozs | - — | =1 €9 - - - ¥z - - - | 69-121-171D
i - ¥°801 - - - |y | - | — |~ 1'% - - - 0°¢ - - — | 69-121-271D
(1°2)% - - -~ | 69-1L1-&7TD|
8611 - 161 - 871 - - 01t - - | s8 -1 =1 =1 €5 - - - 81 - - — | 69-1L1-A1D
(e21)d - - - - - - - - - - - - - - - - 69-1L1-ATD
8°LE - - 0°ze - 6°L1 - — jz'st - - - -1 = | e - - - z°€ - - = | 69-0LT-ATD)
1°2¢ - - £°02 = 0°L1 - - 6 %1 - - - il B A - = - €€ - - — | 69-0L1-51D
o022 e L2 - L6 - - S°S - - 8°€ - - -1 61 - . - 0°1 - . — | 69-0L1-271D
0 "0¢ - 691 - 66 - - 6°5 . - 1'% — — | =] zz - - - z°1 - - — | 69-0L1-X1D
(erzna) - - - - - - - |- - - - - - - - — | 69-0L1-x71D
(01| — - 0°21 92 - - - - - - - - - - - - - - - = | 69-GL1=ATD
S'S¥ - - - 1°2¢ - 867 - - - s'9z | — - - | s - - - €1 - - — | 69-691-%1D
1°L% ~ . - 6°¥¢ - 1°€€ - . - 90 | — - - | o°#1 . - - 't - - — | 69-691-21D
9 e - 1°s - vz = - €°1 - - 6° . . - | ¥- - . - 0 - - — | 69-691-XT1D
(9°%)a - - S°2 - - 9°1 - - -1t - - - 0 - - — | 69-691-%1D
- 0°101 - . | L1 - . - - - - - - - - - - - - - - | 69-691-x10
(9-e)a| - - - . - - - - - b - - - - - — 1 69-891-X1D
- Ll - 0°¢l - - ¥-o1 - 0°6 - () - |29 ~ | 8% - 9'¢| — 6°2 0°2 6°1 {z°1 | 69-891-XTD
- [3d4¢ . s°2t - = o°otl ~ L8 - 1L - o9 — | ¢¥ - ge| — 0°¢ 22 22 {971 | 69-891-X1D
669 | 8'89 | 2°89 - ¥°L9 L°99 . 0799 | — pes | — 8L | — |s9] — s el . 4 12 {€°1] 69-891-X1D
6°%¥9 | %9 | 1°%9 - £°29 L°29 - 6°19 | — 9°6s | — 9°%2| — | 89| — € - |y - 6°2 0°z | €1 | 69-891-AT1D
¥z 2z 0z 81 91 St ¥1 €1 z1 11 o1 6 ] L 9 S v € z 1 L9° |ee

- 0°21 - ¥01 - €8 {27t - 0°9 - 1°9 - |tw| = | o°¢ - - - €2 - 6°1 | — | 69-291-XT1D
- o'zt - s°ot - $°8 { €L - 0°9 - Z°s - Jo#%| -] o°¢ - - - ¥z - 6°1 | — | 69-L91-XT1D
. - - - - - €01 ¥°8 vL L9 0°9 ¥'s 6% | 0% 8¢ b oe| - 272 - 9°T | 1°1 | 69-291-XT1D
S°LST| 9°%¥1 | 1°9¢1| 8221 | 97601 sz | 176 LeL ¥°S 6°s ¥°s g8 v e Lrgf 2°¢€ - 9z | — 8°1 - ¥'1 |0°1 | 69-291-XTD
(z'e)2| 92 %1 ]| 69-991-21D
(2'991| — | ¥'s 0°S €°F 6°¢ 182 | 69-991-X1D
(9'8)a| — |89} ¥ L€ %€ 16°T | 69-991-XT1D
(1°%)I[2°€ | 69-991-XT1D

€4 k44 0z 81 91 4! 21 11 o1 6 8 L 9 [ ¥ S°€ € | sz 2z S°1 1 s° —

*EE“ ITAWVYS 10 NIVD IHDIAM :SITNSTYE LSIL NOILVAIXO NOd

SHLVYLSHNS dOY dNNOY °"NI-Z/1 1 dAILVOD ¥04

SITASHY ILSHL NOILVAIXO DITDAD A,00¥Z :NOILVAIXO DITDAD

ITIAXXX XIAON3ZdJdV

210



‘sInoy utl swn ajoudp sJupesy uwmpon

muCWEU~® wﬁmamw-& UHSuMHDQEUu 22%uany dn pauang 1e3ayraao -uﬂwmﬂkwbo v&.—nﬂu [oajuod UUNC‘-SM N-@N - m. .~N FOthAl?\HU

siuswars Buiesy sinjeradwial 3oeuIny dn PaUING JESYILA0 “IYBIUISA0 POTIE] [01IUCD 2dBUINY g 27 — fjo'ee 69-€L1-A1D

{o12)a] — |u-sz |92 1°22 - ¥0z 6°8T [g-L1 [ - 69-€L1-ATD

(s'82)a| - |55z |z €2 $°12 - 8761 €81 g1 8°61 - 69-£L1-XTD

69-2L1-XT1D

69-2L1-X1D

69-121-A1D

69-121-X1D

69-121-X1D

a - 69-1L1-X1D

69-121-AT1D

(1-68)3] — - 69-0L1-X7TD

(6 -sp)z| — - 69-0L1-ATD

(8'98)3| — 7°pe - 69-0L1-ATD

(0'6e)g | - - - 5'9¢ - (13 - 69-0L1-KTD

(s - - = |e9-691-x10

ks - - r6ot| - - - 169-691-AT1D

s - - 6°€S - - - sy - 8 0v | — 69-691-XTD

69-691-ATD

(L'96L)a| — 00°1s1| 9°€€1} 69-691-ATD

69-891-1T1D

(z'v9)d| — feert| — [€26] — 1°9% — js8g] — z8g] — L°62 - 592 - - €0z — S7LT | 69-891-ATD

(1°89)a] — |6-Ls) — vrogl - 997 - Ji€2 - - zoz| - S°L1 | 69-891-AT1D

d | grese|vroe|2 e8| 18} 6°6L] 08 — lew | = [|ew] ~ |se - |y - Jow - S°2L - pruL| - - ST1L - S'0L | 6769 | 69-891-ATD

I | ovor|s-se|96s| 8L e-oL|vse - yeer | = e - |vo - |v69f — |vreo - 189} — 699 — - 0°L9 - 8°69 | €759 | 69-891-ATD
v6 88 | z8 | s} 2z | 89 | ¥9 €9 09 6s | 9s ss | €5 5 6v | ov | ¥¥ k4 ov 6€ 9¢ 13 ¥E € o€ 82 92

a4 Je-zir| z°81 - 09r| — 6°€1 | 69-291-AT1D

I | s-ztr| 1761 - 66T — 1°%1 | 69-L91-A71D

(6°¢8)I] s°€9| 6°95| — 69-291-AT1D

d | 69-291-&1D
Fi3 6¢ S¢ 3 (3 82 92

AAAWALN

NnYd

L(Bur) ITAWYS 0 NIVD IHDIAM SITASIY LSIL NOLLVAIXO

(QLNOD) TMAXXX XIANAJIV

211



- - —-| 598
- - ~| 628
-~ | ¥70¢ - -
-lose!|l -] -
- - il I X4
- - — 1 Lg%
-1 - -1 681
-1 - -l éest
8 1€ | — (867 €82
€76t - 18| ¥°1¢

-1 - -1 - e
-1 - -1 -]t

— |0°92
— |&70%

9°1L
8°69

0°%2
L2

3791
§5°¥F2
961
T°81

¥ie

69-18T-X1D
69-18T1-LT1D
69-181-X"1D
63-1BT-XT1D
69-081-X"1D
69-081-X15
69-08T-X1D
69-081-X1ID
69-9LT-21ID
69-9L1-X1ID
69-9LT-A"TID
69-9LI-X"ID

9¢

3t e tE 1%

. 0t

62

9¢

52

¥

£Z

22

12

02

61

a1

3
T
L

- ~teor| = | =
- -le9z| - -
- -1 = Lot | —
- -t - J9a | -

3 O I -1 -
4 S B -1 -
LI I -1 -
| - - -1 -
- —lswn| - | -
- -ler] = | -

9 ¢l
S°I1

%
9%
66
26

69-181-ATD
69-181-4"1D
69-18T-ATD
69-181-A1D
69-08T-X1D
69-08T-X1D
69-081-X1D
69-08T-A"1D
69-9LT-LID
69-9L1-X1D
69-921-X1D
69-9L1-X1D

L1 N at i) £1

21

11

ot

6

g

L

9

g

4

<

*
—

) serduwreg yo uren JyStom

1E1[NED Y JE3 ], UOTIEPTX

IS QUInN
F._.-.—.m

SHLVYELSHNS d0¥ aNNOoyY *NI-2/1 T adlvVOoD ¥0d
SITINSHY ISHEL NOILVAIXO DITDAD A,00¥2 ‘NOLLVAIXO

XIXXX XIANTAJIIV

DQTIDAD

212



“$INOY UT SUWIT) 89)ousp Furpeay uwnion
b4

(zrotlx
£°6G

(evozilx

(FF29LT

(2811

€796
9768

(L'c6)a —

(ost2)a —

868

026
07858

{6°86)MT
1°8L

998
6°19
9L
€7L0T

¥oL
969

69-181-A7TD
69-18T-ATD
69-18T-&TD
69-181-XTD
69-081-X71D
69-081-X71ID
69-08T-XTD
69-081-ATD
69-9L1-ATD
69-9L1- &0
69-9L1-ATD
69-9L1-X71D

88

98

¥8

£8

28

08

6L

82

LL

9L

L

L

oL

89

99

¥9

1718 -
¥ 0% -

¥ZL -
1921 -

L°99
9°€9

LTEL
6°L¥

LTS
£ 28

9768
9Ly

¥ 9¥

{LzZesM]

g €9
2 4 4

0°Z¥%
L €9
0°28
¥rLe

¥ 6%
0°2%

¥Ue0t

-

‘9%
‘8t

LEé
k90 DA

69-181-X1D
69-181-X"1D
69-181-A"1D
69-181-X'1D
69-0BT-XT1D
69-081-X71D
69-081-X"ID
69-081-X1D
69-9LT-XTD
69-9L1-X1D
69-9LT-XT1D
69-9LT-A1ID

29 09

89

94

¥e

F4

s

0%

32 4

9%

s¥

id4

4 4

0¥

6t

8¢

#(Tur) sepduwreg pauten 1YTo M (S1MSIY 359,] UOTIBPTXO

TaqQuInN
uny

(QINOD) XIXXX XIONITJIAV

213



L o S A i R e e A LT e ST R it S e e Lot R s b s 2

*SINOY Ul SUIT} S930U3p SUIpeIYy UUN{O)x

0°L9 - - 529 - - 2709 -

69-18T-XID
69-18T-X"1D
69-181-X"1D
69-181-X"1D
69-081-X"1D
69-081-A"1D
69-081-A71ID
69-081-X"ID
69-9L1-A1D
69-9LT-XT1D
69-9LT1-A1D
69-9L1-XTD

¥OT1 201 001 86 96 ¥6 26 06

#{8w) saerdwreg pouren) jySom :83[NSeYy 182 ] UOIIBPIX(D

IqQUINN
unyy

(CINOD) XIXXX XIANAJLV

214

R S DU



*8InN0Y Ul 2wy g3jouap Surpesy uwniod
*

(4) - - - - - - - - e |-

(a) - - - - - - - - lz8 | -

(1°198)a - - | 9°%¢ - - - - - - -1 -

(619} - - Lot - - - - - - - -

(z's1)a| - - |-

(8'62)3| - i

(0°25)a - - - - - - - - 282 - - - - _ [ P

(rrs2)a| - - 0°¢9 - 0°8L - - - - - - - Am.wwh - - - - _ - ol: -

(z'su)al - - 1°99 - €05 - - - - - - - | -6z - - - - - - - |-

(€729) 2| - - = - - - - |-

(s op)d| - - - - - - -1~

(€29) I - - - - - - - | -

(s'9p1la| - - - - - - - | -

(rreaa) - - z°9% | 670% - - | 8792 - R - i

(trrela| - bl VA - - |-

(8-28)a| - €°9¢ - | s1e - -|sce - - |-

(z-es)a| = -19°12 - - -

(6 '69)1 - - - ¥°09 - - €25 - - Loz - - - - - - |-

(v '¥8)1 - 2°19] - |eev]|1°8¢ |S-0¢€ - €22 - 9Ly - - 6°LE - - €22 - 1°L1 - - 92ty — I 26 - -
(s vda) - - 2°9¢ - - S'82 - - 1702 - s 91 - - 0°%T| —|s'er |zTor| - -

(0°69)d - - lo°1s - - s'Le | er2e - - - - - - -

(6-ce)a| - L'62 - 9752 Le - ¥l ¥st1 - - - - - - -

(8'z2)a| - L°91 [ 4¢ - - - - - - -

(9°s2)a| 861 #21 |62t |[601 |96 |18 - pelt9 us

(g611)d| - |6°'sL|s'99| - 6°Ls| - - |erse - S°EE| 9°0€ - v 02 - 681 |9°91| o'st |o-er|srr |eor|eel - 0'L|09 |L¥
86 95 (2] 0S (13 144 oy ;39 9¢ (4% (4% 0¢ 82 92 i £4 2z 0z 81 91 141 21 o1 8 9 14 2 1

(8uz) sajdureg jo uten yBrapm :83[NESY 389 ] UOEPIXO

69-581-AT1D
69-681-ATD
69-981-X1D
69-981-XT1D
6G-$81-ATO
69-¥81-1T1D
69-¥81-X1D
69-¥81-ATD
69-£81-ATD
69-€81-AT1D
69-€81-AT1D
69-€£81-X1ID
69-281-X71D
69-281-AT1D
69-281-X1D
69-281-X1D
69-8L1- XD
69-8L1-XTD
69-8L1-XT1D
69-8L1-XT1D
69-LL1-XTD
69-LLT-XTD
69-LL1-XTD
69-LLT-ATD
69-5L1-A7T0
69-6L1-XT1D
69-GL1-AT1D
69-6L1- X110

Taquny
uny

SHLVALSINS L7109 AVIH XHH °‘NI-Z/1 T AdLVOD
d04d SITNSHY LSHL NOILLVAIXO DITDAD d,0092 :NOILVUIXO DITDXD

X XIONIddV

215



sinoy ul 2w} sajousp Furpesy uwmion)
*

- he . - - 6°81 b = . - - . - | €€ - - - - - - - 69-181-A71D
- - - - - 9°81 - - - - - . . s°¢g - - - - - . - 69-181-A1D
- - L°01 . - 9°01 - - - L6 - Lot - - - |68 - L8 - 9L - 69-081-XTD
- - €711 - - 11 = . - €°01 - €°01 - - - | L6 - ¥°6 - v - 69-081-XTD

Z°1€ - 0°92 - - 0°22 - 112 | 861 | 9761 0°61 €01 | 0°91 | 8°%1 | L°€T | 921 | S'IT | T°6 | 6°L 8°L Jo's | 69-€21-471D

8°52 - 6°02 - - LT - L9T | ¥°ST | S°ST 8 %I 9'¢t | o°€l | ¥r21 [ 12t | €10 | stor | v | S§°L 8°L | 1°S | 69-€L1-XT1D
- S°1€ - |¥¥e - - Lz - - 6°61 - 6T | STLE | T°LT | 9°ST | 2°ST | S°¥1 | 9°€1 | €°%1 Lt | 9°9 | 69-€L1-KTD
- 6°L2 - €92 - - 9°61 - - 1°L1 - T°9T | S°¥I | 6°€1 | 9°2T | #°11 | #°01 | §°6 | €76 98 | 2L | 69-€L1-XTD

(1) - - - €°¥8 - €°0L - - - L6y - S°€ - ST - 69-1L1-XT1D

- - S'GeT| — - 6921 - - - 8 °801 - €°68 - - ~ | 0°8s - | 66 - 02z - 69-1L1-XT1D
(8'20)3| 6°1 69-1L1-XTD

(1'ela} 1°2 69-1L1-XT1D

9°'s8 - - - v°LS - - - €21 - 6°¥ - - - 0°z - 191 - 5°0 - 69-691-ATD

S°06 - - - 9°%9 - - - 676 - LS bl - . 6°1 - - ¥°0 - 69-691-1T1D

9 1€T - - - 6°06 - - = 6°59 - - - € - - - | st - E20 S I O { 69-691-XTD
0°¥¥1 - - - 8 °201 - - - 6°2L - - . 0% - - - | v - 1T | 2t 69-691-ATD

- 2°L01 - %L - . — | 6°€9] 9795 | 678% | Z°¥¥ €2h | SLE | ¥'8Z | vTI | 18 | 0°L 9°s 1% P'¥ | ¥'Z | 69-891-XT1D
- 8°96 - 0°9L - - - L'29} 2°SS | v6% | s-o¥ €¢h | 6°v¢ [ 822 | L'et | 9'01 | 0°6 | 0°L | 8°S €9 | L°Z | 69-891-A7TD
- - 8°88 [6°LL 1°2L | 799 | L°6S | L'8% | 2°€¥ | 6°LE | L°ZE 96z | 1°sz | eez | eoz )| 61| 081} €°L1 | 8°91 6°€1| €6 | 69-891-XT1D
(e'ee)d | 1°s2 }ezz | Loz | L61 ]| 0°81 | €°L1 | 8°91 6°€T| €6 69-891-XT10

Z°801| = - S°¥6 - - - LWL - - - 8 €S - . - | Lt - - - ¥z - 69-291-X1D

Lzet| — - 8°S01 - - - | ¥°18 - - - jaxid - - - | se - = . 0°2 - 69-L9T-ATD
- 1°€21 - - = ¥ 001 - - - 6°9L - - - €°6 - - - | o¢ - 0'¢ | ¥'2 | 69-L91-ATD
- 1°%€1 - . - ¥osit . - - 6°98 . - - 0°§ = - - | o€ - 9°z | ¥'z | 69-L91-XT1D

'S | s2°§ SL'V | S'% | s 0% | sL'e| s€| s2°e | o°¢ sL'z s°2 sz'z | 0'z |Ss'1 ST {sz'1 0°t1 sL* [ §z* | seqump uny

*AmEv SATANVS IO NIVD LHOIIM SLTNSAY LSHL NOILVAIXO

SHILVYLSHNS dO¥ ANNOY °NI-Z/1 1 ddLVOD ¥04d
S1TNSHAY LSAIL NOILVAIXO DITDAD A,0092 :‘NOILVAIXO DITDAD

TIX XIAN3IddV

216



sanoy ut aw} ssjoudp Jurpesy uumion
*

(8 °¥81)1 - {0611 69-181-XT1D

(¥rzend - |¥s2 69-181-KT1D

(-)2 | z'o1t | 87901 | 0°€0T | 266 9°56 2°16 L°88 [ 8°98 | 9°¥8 | 0°¥8 | L-08 | €°6L - v - 69-081-XT1D

()3 | ¥rrer | 6221 | L7021 | #*9T1 | L'80T | %°201 | 6°86 | 8°S6 | #°26 | 0°T6 [ 1798 | L°¥6 - veeg| — 69-081-XTD

52 152 6€ LE 13 €€ 1€ 62 L2 sz X4 12 61 81 L1 91 Taqumpy uny

- L] - 9 €01 - - - 1°26 - - - 9°5L - - - - - |o#s - 69-181-A7TD
- zerer| = S°TI1 - = . 8°86 - - - 9°08 - - - - - |o-6s - 69-181-XT1D
|47 — | 869 - - $°'19 - - - oLy - - - 212 - - - lest - 69-081-1T1D
0°'8L - lo-z - - ¥°6S - = - | 21 - - - 0°L1 - - - |zwt - 69-081-ATD
- (s - . zee| — - 69-€L1-1TD

9°98).d 589 |L°z¥ . 8°1¥ - - see| — - 69-€L1-A1D

(z'esla| — - |z - 69-£L1-XT1D

(9 pa| - - |ersg - 69-€L1-1T1D

(1) - 69-1L1-XTD

(6€82)1 — | 6°881 - ~ sz81| - - - 6°SLT - - — 6°9%1 - - — ¥t - 69-691-XT1D
L6910 - - — ¥°0ST - - — L6zt - 69-691-XT1D

(z-oLm)a - 0°z81| - €°8LI| — | ¥wLY - 6°0L1 - 1°%91 - - - |o-tst - 69-691-XT1D

(¥ o¥1)d - 0°281| — 0621} — | 0°6L1 - 0°1L1 - 8°691 - - — | ¥-Lst - 69-691-XT1D

(186104 - 6°1%1 | - - |e¢roen - 69-891-XT1D

(€ 990)A | — - | vy = 69-891-X1D

(o 111)d 69-891-XT1D

(z'e91)a| — [ 434 - - Lregt - - - 69-L91-XT1D

(¥°502) — | essty — o1y — 19t | — 0°2¥1 - - 1°L€l - - - 69-L91-X1D

(o'sog)a| — |09t} — 9951 €est| - - 8 ‘¥¥1 - - - |t-ser - 69-191-XT1D

(9'602)a| — |erro9r| — 9°991 9°es1| - - L°8¥%1 - - - |9 ver = 69-L91-X1D

§1 4t 0°¢1 0°zl S 11 0°11 §0T| 0°01| S°6| SZ°6 s°8 sL°L §°L 0°L sL°9 59 | s2°9| 0°9 SL°S aqumy uny

*ch& STTAWVS 40 NIVD LHDIAM :SITNSIY LSHL NOILVAIXO

~ (dQINOD) I'TX XIANIAJdV

217



69-€02- ATD WOJF 51 30U X3Y '69-§02-XTD UI ®
FLIETITI 1
Jog PeoH XoH UI-2/1 1 ‘G

Prig popwRsy L

(-1

(w121 x "ur | -ddw) oued ey ‘g
Poy punoy ur-z/11 Y

UonITUIPT ArwsIsaNg ®

SNOIIIGNOD NIY WIHI0

“winoy m sum eerousp Surpwey wumiod

spweIyL-wBis

§°€6)d (R ER 69-112-X712
*peeay L ! 5812 6701 3'q 69-012-ATD
epwexuz-mdng [ . s o1 3‘q 69-922-2710
spesry N LT vz ER] 69-502-X15
spwergy oS §221)2 579 3‘a 69-202-XTD
oy TR a 69-961-XTD
spvorqr g 6y a A8 mI-ATD
PRI ‘YUWYS ‘PESH Ed a AR BT-XTD
spregy “quwug ‘peen kS a ATAT-RTD
speoIyL “yuws ‘pwep ES a L (H-RTD
21,0092
o't SL°0| 0s 0 sZ'o ]
918 s ks g Ly [ 24 B°Z¥ 9°6€ 698 L9z »UNN 1761 - 9°€r - 56 - a‘a 8 11Z-AT1D
peIIgL "WMN 09 661 - '8 - 3'a . 91Z2-XT1D
N (99601 | 6L 0°6s €6t 822 - 9-er - ¥ - R %0210
¥eL |zt | zo0r (€095 | 6°€9 | 20°6 {e'ow [ ivsy [ree | wee | ovme fovgs | evwe |6z seTe 00t 82 5792 05z ze2 61z €0z T8 - 1 - L6 - 3‘a ARSI
mN {s 1904 {Lvs)a 92y L <7 - vez - st - a'a A% PRZ2-XT1D
N {€8¥1)3| 8'¢cot | 8°16 £°8L ksl L°08 sov 0°2€ 9Lz Ly 02z s 6t oLl = ryt - o°tr - 3‘'a A% 192-RT1D
sproyy (€8x | - 8°81 ER R S &Y
J,0022
N IA IR | L€ e 3 ‘a 69-112-212
N sp04  Tvs | Ty R 69-012-X15
N sosnal 2729 ERC] £9-902- AT
"peaayy inN (€6L)a] 29 i‘a 69-502-10
mN orng | - s19 | 2oy 3 69-202-ATD
N [(319% ¢ - - - 3I'a 69-T02-X1D
mN 8¥9)4 - - - T'a 69-002-XT1D
J,0081
SR 001 % % | 88 | ¥ o8 9 2L 5 0% 9% 3 (3 w or 3 z 8z vz 0z 9 7t o1 s 9 v 7 | wonwsynuept asquny
30 93an0g sensang uny

(Buw) sardures jo nien yTrop
.

3[nes ) 1wa I worzEpIxQ

SLTNSHAY ISAL d,0092 ANV d,0022 ‘dT,008T

II'TX XIANIdJV

‘NOILVAIXO DITDXD

218



#1noy Ul Wyl $3j0usp Surpeay uwnjo)y

*

69-€02-AT]D WOy 810U XY '69-50Z-ATD PUT 69-$02-KTD Ul ©
N xX3H d

30og PYSH X9H uwZ/1 1

PMIS PIPEIIYL “uI-T
(rur z/1 x ‘ul [ Apiewixozddy) (aueg ety
POY PUnOY uI-z/{ |

a
2
g
v

UOTIEIPNUIP] IjeIIEqQNS @

SNOILLIONOD NNY ¥3HLO

speayy 6°601 - |ree - ¥'s8 - frwe | = | 299 - ¥09 - (47 - - - |- a'a |69-112-X10
spesIyL 0-0L)a v19 - - z'€s | 9s¥ | 16 - - |- 3'aT | 69-112-2TD
N 89| - €801 - - - - F'a 69-012-XT1D
N (9-921}a| = Lov [ssT | — F'a  |[69-012-X1D
N (v 68102 - S 691 - 6°LET| = 8°v21 | 526 | — a'd [69-602-1T10
spesayr §°€92)d 6 €02 8 161 8821 - ¥°991 - (sest | - |eeer] - o2zt - €211 - 8°26 - - |- a'a  |e9-902-x10
speaayy 0003 8°85 | 6°25 - = [vev | — | U9w - 8 E¥ - 8°6¢ - s'se |o0'8z |12 a | 69-502-ATD
spesayy (€-881) LU1S1 = |éro¥1 | 8021 - - | s8'so1| — | L'68 - Lz9 - 9°Ls - zuy | 879¢ [LUeg T'a | 69-502-KTD
speasyL (ooual — 88 - 0°€s ~ |ese | — | 2z - 02z - 881 - oLt |vv1 | — a |69-v02-XTD
[ (s tvida| — fstor| — | 192 - 9°95 - 9°2% - 862 |90z | — I'a | 69-¥02-XTD
spesaqy [(9-85)2[8"s¢ 652 €61 ¥ st - |zt - 9°6 - |s's - |6 - 879 - s - (N4 0'e €2 3 |69-€02-RTD
P I - - - - L°86 - 856 - Le8 |vo9 | — I'a | 69-202-5T10
JON ‘speeIyL a - - - - S°611 - s - 296 |vor | — 3'a | 69-202-ATD
N (2's¥2)d Lz 9212 R EEL) - [ 23 - |tz - | 9€zr | - 8°501 - ¥°06 - 6°19 | S'6f |5°£7 I‘a | 69-102-1TD
N (9°50€)d €052 6922 - |z602 - 6" €91 = |9en| — | vwar | — z°€01 - L8 - 6'¢s |o1e | — 3'a | 69-102-ATD
pesy ‘spesaql (r-1v)a| — 3 |69-002-XTD
peary ‘spearyy Lo9g1Md| — - 688 - few | - a‘a |69-002-KTO
pron ‘eprasql (L222)d -  |s°eoz[ - - z°291 - 0°0€ - 21z 29z |vea a |69-661-x1D
peo ‘speeIqL 6°8L1)d| — 821 — | g6l - 292 - ¥€1 - - - - a | 69-661-X10
speaayy L9% - |eov | — | 2ot - vve - 0°61 - 5 4 S AV § S P Y a |69-161-XTD
speasqy {0-s6)x - LSt - |eos - |z - 6°9¢ - [ <4 - - - a | 69-L61-X1D
speoy ‘speaxuy [{ALTIE - 178§ = |oer | = | v - 0°9¢ - €€z - €81 |E€T |L76 a  |69-961-171D
N —— (0-2L1)a - |o1st - |zver - |zt - €766 - $°0€ - - - a  [69-961-&T10
peon ‘epeosL (6°28) - 1og | — a  |69-S61-XTD
(6-eeda| — 0°02 - - a  |69-¥61-X1D

PeEOH ‘spelayr
P . {o-91)d|€°6 a 69-¥61-AT1D
PESH ¥ peaayl (16202 — - - a  |69-¥61-XTD
(yoe)a| — a  |69-€61-X1D
FpERAL (€¥9)a] - - a  |69-261-KT1D
(6-9¢)d| — - - L - - - a  |69-161-X1D

speaayy,
(8 )il — - - 912 - - - a 69-161-ATD
Py [ AP { B - a  {69-061-XT1D
B (rreon)a| - - a  [69-061-RT1D
- {1-¢2)a - - - a  |69-681-KTD
- (1-0¢e)a - - - a 69-681-AT1D
......iouﬁ (L-26)a - - - a 69-881-XTD
speaayy (6-ev)aj - - a  |69-881-ATD
—- gro5)a| — - 6°L2 - - - - a 69-281-X1D
_ (Les)a| — - 822 - - - - a  |69-181-XT1D
_ (gze)a| — - - - - - - 1707 - - - - a  |69-981-A71D
- (1°59)1 - - |o's¢ - - ¥1e - - (2414 - - - a  [69-981-XT1D
- (g 1e)aj — - |z'sz - - 9°L1 - - 9°T1 - - - a  [69-981-ATD

sanfred 95 | 28 0s 8y 9¥ (22 2 o 8¢ 9¢ ¥ (3 o€ 82 (T3 ¥e 2z 0z 81 91 ¥ 21 8 ¥ nesyRuep]|
Jo 221n05 23eI38qNS uny

».u:& sojduieg jo uren 1yBra M :81[NEIY 1831 WOREPWO

SILTNSHY ISAL I,00¥%2

‘NOILVAIXO DITDAD

III'TX X1aN3Zddv

219



sanoy ut sw) sajousp Burpedy vwin(o)H
*

69-£02-XTD Woly 81 InU X3y ‘69-602-XTD PU® 69-$02-XTD Ul &

pesy XoH °

o PedH X9H ‘ul-Z/1 1

PMyS pIpedayr ‘ul-g|

(rutr g/1 x ‘w1 [ £123ewxoaddy) 1sueq jerg
poypunoy ‘ur-Z/1 1 °

<muvad

uo11edFTIUSPT 2JeIISANG O

SNOILIONOD NNY ¥FHLO

(F9%1)a - L'66 - |¥°8s - 2°LE - 2°LE - - - 9°%2 - ce] 69-112-X1D
(9-901)a - 6°28 - 19°¢9 - 8 '0€ - 882 - - - 1°62 - q‘a 69-112-X1D
(z-19)d - - - - - - s 69-012-X71D
(tror)a - - - - - - c 69-012-X71D
(zro1)a - - - - - - q 69-012-X1D
L°0T - - - - - - i 69-012-X7TD
(9-08)a - 9-°L2 - - - Z2°01 - q 69-902-X1D
S°s8 - 8°S€ - - - S°6 - ci 69-902-X1D
€°69 - 1°82 - - - L8 - c{ 69-902-X1D
0°8L - bee - - - s°8 - c{ 69-902-X1D
69-502-X1D
(9°98)x|8°99 - | L°%s - 1°8% - - - 6°11 - - - - - - a 69-502-X1D
(€-LS)a - - - 0 0¥ - - - - - - a 69-502-X71D
(9°€L)T|L"6S - 118 - 6°S¥ - - - €°6€ - - - - - - a 69-502-X1D
(z-92n)a| - 0°18 - z°8% - - - s-et - a‘a 69-202-X1D
(L -es1)a - 2-set - s°0L - - - €°ST -~ T‘a 69-202-X1D
25 8% 44 oy 9¢ 2€ 82 ¥ 0z 91 21 o1 8 9 4 Z |uoneoynUap] I9qUINN
|jeiisqng uny
*AMEV sardwreg yo uren YIto M !8I[NSIY 383 T UOIEPIXO

S1TASHY ISAL 4,00%2 TVNOILIAAV :NOILVAIXO DITDAD

ATIX XIANIJAV

220



APPENDIX XLV

CYCLIC OXIDATION: 2400°F OXIDATION TEST RESULTS
FOR WEIBULL PLOT

Source of

Cumulative

Test Time

Identification Failure Failure {%) To Failure {hr)

Batch A Threads 25 28
D, E-Hex Head Threads 50 28
Bolt and Nut Threads, Nut 75 30
Threads, Nut 100 30

Batch E Threads 25 28
D, E-Hex Head Threads 50 40
Bolt and Nut Threads 75 44
Threads 100 44

Batch B Threads 25 32
D-Hex Head Bolt Threads 50 38
Threads 75 52

Threads 100 52

‘Batch C Nut 25 20
E-Hex Nut Nut 50 28
Nut 75 28

Nut 100 28

Batch D Nut 25 16
E-Hex Nut Nut 50 16
Nut 75 16

Nut 100 32
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APPENDIX XLVI

CYCLIC OXIDATION: WEIBULL PLOT OF CUMULATIVE FAILURES
VERSUS 2400°F COATING LIFE
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APPENDIX XLIX

COATING PREPARATION STUDIES: ADDITIONAL OBSERVATIONS

FOR FLUORIDE ROUTE

Run
Number

OCbservations

CLY3-25-69

Deposition run conducted for one plus hour with stabilizing
supports

Rotation speed maintained constants during run

CLY3-26-69

Conducted deposition run for three hours with stabilizing
supports

Constant rotation speed again maintained during run
Silver gray coating obtained on T222 substrates

Some etching (chipping)} substrate edges

CLY3-27-69

Some gray coating deposit obtained on T222 substrates

Some etching (chipping) on substrate edges

Cl.Y3-28-69

Conducted four hour run with graphite reactor

Substrates (T222) experienced weight gain (432.1, 431.8
mg)

Above result suggests that metal cage reactor rotation
was causing substrate chipping

CLY3-30-69

Conducted tungsten-tungsten silicide deposition run

No pluggage even with SiCly flow for two hours

CLY3-31-69

Conducted tungsten-tungsten silicide deposition run with
two hour run time for each deposition

Silver gray coating obtained on substrates

Bonding appears to be problem on basis of flake off upon
sawing for mounting
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APPENDIX XLIX (CONTD)

Run
Number

Observations

CLY3-32-69

Conducted tungsten silicide deposition run with four hour
run time

Bonding problem still exists — evidenced by flake off of
coating upon cutting for mounting

CLY3-33-69

Conducted tungsten-tungsten silicide deposition run with
degreased substrates (degreased immediately before run
with MEK and acetane)

MEK sample experienced 956.4 mg weight gain

Acetane sample experienced 385. 8 mg weight gain

CLY3-34-69

Conducted tungsten-tungsten silicide deposition run with
three subatrates

Substrates experienced some coating deposit

CLY3-35-69

Conducted tungsten deposition run

Substrates experienced some coating deposit and some
etching

CLY-36-69

Conducted tungsten deposition for two hour run
Silver grey coating obtained on T222 substrates

Partial bonding problem evidenced by partial flake off
upon sawing for mounting

CLY3-37-69

Conducted deposition run for four hour deposition
Silver gray coating deposit obtained on three substrates

Reactor broke while unloading system at end of run
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APPENDIX XLIX (CONTD)

Run
Number Observations
CLY3-38-69 Conducted deposition run with special metal attachment

on graphite reactor
Several rotation stops during run

Quartz substrate completely etched (i. e., disappeared)
at end of run

Reactor rotation attachment broken at end of run
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APPENDIX LI

COATING PREPARATION STUDIES:; INITIAL OBSERVATIONS
FOR CHLORIDE ROUTE

Run
Number Observations

CLY3.1-20-69 e Conducted deposition run with lower hydrogen concentration

o Substrates experienced weight loss

CLY3.1-21-69 | e Conducted deposition run with longer W chip holder for
longer reaction time to generate tungsten chloride

e Breakage of chip holder and other feed nozzles was not
experienced

¢ Measured temperature profile {for every 3 inches: 800,
760, 515, 175, and 80°C)

CLY3.1-22-69 e Conducted deposition run with higher Cl, flow over W
chips to increase tungsten chloride concentration

e Substrates experienced very slight weight gain

CLY3,1-23-69 e Conducted run at higher reaction temperature
e Substrates lost weight possibly due to chloride etching

e Silver gray coating deposit obtained at end of chip holder
nozzle

CLY3.1-24-69 | o Conducted deposition run without any hydrogen

¢ Silver gray coating not obtained at end of chip holder
nozzle

e Substrates did not experience any weight change (possibly
welight loss but too small for accuracy at . 0008 and . 0004

mg)
e Supgpgested hydrogen back up into nozzle
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APPENDIX LI (CONTD)

Run
Number Observations

CLY3.1-25-69 | ® Conducted deposition run with modified gas feed geometry
shown

o Did not obtain any coating deposit

CLY3.1-26-69 | e Conducted deposition run with intermediate I, concentration
e Did not get any silver gray deposit on substrates

¢ Switched work effort to work on deposition via chloride
route with tungsten hexachloride feed
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APPENDIX LIII

COATING PREPARATION STUDIES: INITIAL PROCESS CONDITIONS AND
RESULTS FOR CHIL.ORIDE WITH
TUNGSTEN HEXACHLORIDE FEED

Run
Number Observations

CLY3.1-27-69 | e Conducted deposition run at 800°C with WCl, powder

¢ Coating deposit obtained on nozzle

CLY3,1-28-69 |e Conducted coating run at 1000°C with WCly powder

e Coating deposit obtained on nozzle

CLY3.1-29-69 | e Conducted deposition run with increased WClg dilution,
lower Hz concentration and small reaction chamber

¢ Coating deposit was not achieved on substrate

CLY3.1-30-69 | e Conducted deposition run with increased hydrogen

e Silver gray coating obtained on small ractor (walls and
end)

o This is first time that coating has been obtained from
chloride feed

CLY3.1-32-69 e Conducted deposition run for three hours with large
reaction chamber

e Substrates experienced small weight gain (3.1 and 2. 5 mg)

CLY3.1-33-69 e Partially completed four hour deposition run

e Substrates chipping on edges

CLY3,1-34-69 ¢ Conducted deposition run with shorter feed nozzle
extension

e Substrates experienced weight gain (12.8 and 11. 7 mg).
Some substrate chipping on edge on third substrate

¢ Approximately one-half of chips remained from run
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APPENDIX LIII (CONTD)

Run
Number Observations

CLY3.1-35-69 | » Conducted deposition run with shorter nozzle extension
and higher reaction temperature

e Substrates experienced weight gain (11-13 mg)

e No edge etching of substrate

CLY3.1-36-69 { @ Conducted WSi, deposition run at 1000°C

e Substrates — tungsten rod pieces — experienced weight
gain. Coating dark in color.

CLY3.,1-37-69 e Conducted deposition run with small reactor
e Substrates did not coat much

e Reactor walls coated with silver coating

CLY3,1-38-69 | @ Conducted deposition run with shorter feed nozzle
e Reactor walls and end coated with silver deposit

e Dark deposit obtained on substrates

CLY3.1-39-69 | ¢ Conducted deposition run with increased gas flow over
chips

e Coating obtained on reactor walls and substrates on out-
side, coating dark grey color. On inside, coating silver
grey color.

CLY3.1-40-69 | ¢ Conducted deposition run at increased reaction temperature

e Some etching of substrate edges in part of reactor loading
other experienced weight gain (19.4 mg) higher than pre-
vious run,
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APPENDIX IIV

MECHANICAL TESTS — EXTERNAL TEST:

MECHANICAL PROPERTY EVALUATION BY
STANDARD PRESSED STEEL CO, OF COATED REFRACTORY
FASTENERS FROM PRODUCTION DEMONSTRATION BATCHES
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APPENDIX LV

MECHANICAL TESTS — EXTERNAL TEST:
MECHANICAL PROPERTY EVALUATION BY
STANDARD PRESSED STEEL CO, OF COATED REFRACTORY
FASTENERS WITH POST-HEAT TREATMENT FROM
PRODUCTION DEMONSTRATION BATCHES
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PURPOSE:
To evaluate the mechanical properties of Texas Instruments Cr-Ti-51
coated Cb 752 hexagon head bolts at various temperatures irom room

to 2600°F,

BACKGROUND:

Texas Instruments Incorporated is currently conducting a program for

the Air Force Manufacturing Technology Group on the chemical vapor
deposition of protective coatings on refractory alloy fasteners, A

portion of this program involved the deposition of a Cr-Ti-5i coating on
Cb 752 hex head bolts and nuts purchased from Standard Pressed Steel Co,

The basis for evaluation of mechanical properties was to be a comparison
with the results obtained under the SPS Air Force Program ''Structural
Fasteners For Extreme Elevated Temperatures' on Vitro Cr-Ti-Si
coated Cb 752 fasteners,

Purchase order H-03810-4X was issued by Texas Instruments Incorporated
to cover the cost of this testing,

PROCEDURE:

Test procedures and fixtures were exactly the same as those utilized
under Air Force contract AF33(657}-11684, These are described in
the final report of that contract, AFFDL-TR-66-107,

Test Program:

The mechanical tests on Cb 752 columbium alloy, Cr-Ti-5i coated
fasteners consisted of the following:

1, Ultimate tensile strength at room temperature, 600°F,
2000°F, 2400°F, and 2600°F, Eight tests were made
at each temperature, two pieces per lot, for a total of
10 tests,

2, Shear strength at room temperature, 600°F, 2000°F,
and 2400°F, Eight tests each were performed at the
room temperature and 600°F temperature levels,
For the 2000°F and 2400°F tempeueratures, four tests
were performed at cach of these levels,
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PROCEDURE:

Test Program: (continued}

3, Relaxation at 2000°F and 2400°F, Three pieces were
tested at each temperature,

4, Reusability - Evaluation of nut removal of parts tensile
tested at 2000°F and 2400°F,

RESULTS:

Tables of results for test run are:

TABLE I - Ultimate Tensile Strength
" IT - Shear Strength
" III - Relaxation
" IV - Reusability

236

GRS T R




{sayour axenbs 2g1g0 "0 JO BRAY SS3I3G S[1SUI L, UO PISE] §355a13S F[ISUI) [V}

00% ‘61 L£9 0ob ‘12 069 000 ‘02 0%9 000 ‘02 8¢9 00972
$6S 0L9 €€9 <c9
00L ‘22 089 008 ‘%2 9283 009 ‘¢Z 9% L 009 ‘92 098 00F2
£9L 09L 09L c¢g
006 ‘9¢ 0511 00% ‘5% 0061 009 ‘¥¥ 01F1 00s ‘2% 02¢l n6onz
0071 06¢€1 0ed 1 048§
008 ‘65 GGH1T 00¢ ‘59 0607 006 ‘€9 0112 00¢ ‘¥9 0vne G339
6681 907 0961 cIne
001 ‘8% 0Z¥ 1 0027 ‘2¢€ 0001 00L ‘8t 0eF 1 00¢ ‘6% 0¢el 0%
091 0901 0L91 00%1
{ "avy) 1sd spunod { "ay) 1sd spunod (*av) 18d spunod {Av) 18d SPUro.3 lr.Hn .
HSIEN§ k
o ,
a ydied V Y23ieg i yoyeg d yoied
i

SITO09 AVAH XAH (262 90) WAIANATOD 0Z-#/1 AELVOD 1§-11-1D
SINFWNYISNI SVXAL IO HLONAYLS ATISNAL TLVNILIN

1 A" 1dV.L

237



008 ‘61 05072 00¥% ‘12 0222 00¢ ‘12 : 5027 006S ‘07 SZ172 00%7
00L ‘62 080¢ 006G ‘67 $90 ¢ 001 ‘o¢ S21¢ 001 ‘z¢ SEeE 00072
008 ‘0% 081% 008 ‘1+ SLEF 00¢ ‘1% o+ ZE 002 ‘1% GLZY 009
SLZH SlLEF 02¢% SLZH
001 ‘19 00€S 00F% ‘2 01£2 006 ‘82 0092 006 1% 11+ 14 08
02¢¢ o¥se 00%¢ 062¢
{ "avy) 1sd spunod { "ay) 1sd spunodq { *av) 1sd spunodg ("aw) 1sd spunod i
: dws g
_.lCOO.m
a yoieg Vv yareqg d yojeg d yojeg

SLTO" AVAH XdH (252 90) WNIIWNATOD 02-%/1 AILVOD 1§-1L-49
SLNIWAYLSNI SVXAL 40 HLONAY LS HYVIHS ITdQ0oa
II 4TV .L

238




TA3LE III

RELAXATION TEST DATA ON TEXAS INSTRUMENT Cr-Ti-5i COATED
~1/4-20 COLUMBIUM (Ch752) HEX HEAD BOLTS PRELOADED TO

15, 000 psi AND EXPOSED TO ELEVATED TEMPERATURES AS SHOWN

FOR TWO HOURS,

Length Length
Batch Temperature | After Soak After Soak Change In Residual
Type °F (Seated) (Unseated) Length Load, psi
A 2000 1.6755 1.6752 0. 0003 3750
B 2000 Broke [.oading
D 2000 1, 6650 1. 6648 0. 0002 2500
E 2000 1.6764 1,6761 0. 0003 3750
A 2400 Broke (Loading
B 2400 1. 6855 1,6854 0, 0001 1250
D 2400 1,6638 1. 6637 0. 0001 1250
E 2400 1,6809 1, 6808 0. 0001 1250
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TABLE IV

TEXAS INSTRUMENT Cr-Ti-Si COATED 1/4-20 COLUMBIUM (Cb 752) BOLTS
NUT REMOVAL OF PARTS TENSILE TESTED
AT 2000°F AND 2400°F

Batch Difficulty of Nut Removal Coating
Type Starting - Turning Damage

Test Temperature - 2000°F

A Very high breakaway hard (wrench required) slight
A high breakaway easy (finger loose) Nil
B high breakaway easy (finger loose) Nil
B Very high breakaway easy {finger loose) ' Severe
D high breakaway easy (fingoer loose) slight
D Very high breakaway hard (wrench required) slight
E high breakaway casy (finger loose) Nil
E finger loose easy (finger loose) Nil
Test Temperature - 2400°F

A no movement
A no movement
B Very high breakaway hard {wrench required) severe
B no movement

D no movement
D no movement
b no movement

[N no movement
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Table 1

ROCM TEMPERATURE ULTIMATE TENSILE STRENGTH
OF 1/4-20 COLUMBIUM (Cb 752) HEX HEAD BOLTS
(RANDOM PRODUCTION DEMONSTRATION BATCHES WITH
POST-HEAT TREATMENT)

Spec. Type of
No, Pounds psi Failure

Uncoated Bolt

1 3380 106, 200 Threads

Cr-Ti-S5i Coated Bolts

2 2400 75,400 Head
3 2800 88, 000 Threads
4 2900 91, 0040 Threads
Avg, 2700 84, 800
Table I1

ROOM TEMPERATURE SHEAR STRENGTH OF
1/4-20 COLUMBIUM (Cb 752) HEX HEAD BOLTS
(RANDOM PRODUCTICN DEMONSTRATION BATCHES WITH
POST-HEAT TREATMENT)

Spec.
No. Pounds psi

Cr-Ti-Si Coated Bolts

5 6400 65, 300
6 6450 65, 800
7 6460 65, 900
Avg. 6437 65, 700

241



R T S e R ot T e i 5 T




UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classilication af title, body of absiract and indexing annctation must be entered when the overall report is classified)

1. ORIGINATING ACTIVITY (Carporate author)
Texas Instruments Incorporated

13500 North Central Expressway
Dallas, Texas 75222

2a,. REFPORT SECURITY CLASSIFICATION
Unclassified

2b. GROUP

3. REPORT TITLE

Chemical Vapor Deposition (CVD) Barrel Coating for Refractory Fasteners

4. DESCRIPTIVE NOTES (Type of report and incfusive dates)

Final Technical Report for Period 1 April 1968 through 1 October 1969

5. AUTHORI(S) (Firat name, middie initial, last name)

Gene F. Wakefield
Carl L.. Yaws

4- AEFORT DATE

December 1969

78. TOTAL NO. OF PAGES 7b. NO. OF REFS

241 3

88 CONTRACT OR GRANT NG,
F33615-68-C-1433

b, PROJECT NO.

28. ORIGINATOR'S REPORT MUMBER(S]

04-69-09

474-8

c. eb. OTHER REPORT NOIS} fAny other numbers that may be assigned
this report)

. AFML-TR-69-316

approval of the Manufacturing Technology

10 DISTRIBUTION STATEMENT This document is subject to special export controls and each
transmittal to foreign governments of foreign nationals may be made only with prior

ivision, Air Force Materials Laboratory

(MATE), Wright-Patterson AFB, Ohio 45433,

11- SUPPLEMENTARY NOTES N

12. SP_ONSOFNNG MILITARY AC‘TIVITY
Air Force Materials Laboratory

Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

13. ABSTRACT

Potential manufacturing-production equipment was developed via CVD-barrel coating
technology in thia program for applying CVD coatings to large quantities of small
parte (i.e., refractory fasteners for aercspace atructures). In Phasge I, the practi-
cal equipment was designed, constructed, instalied and tested in start~up. In these
initial runs, trideposition reaction of hydrogen reduction of gas phase silicon, titan-
lum and chromium chlorides was demonstrated as a CVD chemistry baae for depos -
iting chromium-titanium-silicon {Cr-Ti-Si) coating on small parts, In Phase II, op-
timization, production and evaluation studies were conducted with the designed equip-
ment, Coatings improvements including apparent optimum region and key process
parameter effects were achieved with statistical runs and analyses (i, e., T- and F-
tests at 95% confidence level). Process development was acaled-up to large quantities
by uniform coating many small parts: (a) 1/4-in. dia. round rods, 3 per run; (b} 1~
in, threaded studs, 6-10 per run; (c) 1 1/2-in. hex head bolta, 10 per run; (d) mixed
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atuds and nuts, 30 per run; and (f} production demonstration-refractory fastener
bolts and nuts, 30-50 per run. More than twenty demonstration runs at the increased
capability (i.e., coating 30-50 substrates per run) were conducted with reproduci-
bility to iliustrate that the CVD-barrel coating technology is within potential manu-
facturing production scope. Important coating properties (i, e., oxidation resistance
for substrate protection, Cr-Ti-Si concentrations, mechanical strengths, etc.) were
evaluated. For 2400°F oxidation environment, more than eighty and twenty hours of
protection was achieved for round rod and refractory fastener small parts from pro-
duction demeonstration batches. Uncoated parts experienced severe failure in less
than one-half hour. Cursory literature screening revealed favorable state-of-art
comparison based on this program and two independent literature sources. In Phase
II, fluoride and chloride route were investigated for tungsten-tungsten silicide (W-
WSi,) coating of tantalum, For the fluoride route, tungsten coating of tantalum T222
was demonstrated with uniform coverage of round rod small parts.
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