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ABSTRACT

This three-volume report is a compilation of 49 papers describing most
of the information discussed at the Seventh Refractory Composites Working
Group Meeting held at the Lockheed Missiles and Space Company, Palo Alto,
California, on 1Z-14 March 1963. The representatives of approxin.ately 40
organizations presented informal discussions of their current activities in
fields of development, evaluation, and application of inorganic refractory
composites for use in high-temperature environments.

This technical documentary report has been reviewed and is approved.

W. P. Conrardy
Chief Materials Engineering Branch
Materials Physics Division
Air Force Materials Laboratory



FOREWORD

This three-volume report consists of a series of papers prest:nted at the
Seventh Refractory Composites Working Group Meeting held in Palo Alto,
California, on 12, 13, and 14 March 1963.

The meeting was co-chairmaned by J. J. Gangler of NASA and L. N. Hjelm
of ASD, with the Lockheed Missiles and Space Company acting as host.

The assirtance given by the Lockheed Missiles and Space Company and
its personnel in acting as host are deeply appreciated. The assistance of the
personnel of the University of Dayton Research Institute in preparation of this
report is gratefully acknowledged.

In all listing of papers, the speaker's name appears first, followed by
any persons collaborating in the effort.
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HEADQUARTERS

AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE
WRIGHT.PATTERSON AIR FORCE BASE, OHIO

AMlY TO

An~o,, ASRCEE-i (L. N. Hjelm) 18 anuary 1963

sUJccT. Refractory Composites Working Group

10,

1. The seventh meeting of the Refractory Composites Working Group is
planned for 12 thru 14 March 1963 at Lockheed Missiles and Space Company
Research Laboratories, Palo Alto; California.

2. The Refractory Composites Working Group is an informal organizatio
of individuals who are actively engaged in the development, evaluation,
and application of high temperature inorganic composites. The Group is
unique and sjgfpiicant in that meetings are organized and Co-Chairmaned
by J. J. Ganler of I SA and L. N. Hjelm of ASD every nine months, for
the purpose of presenting and discussing each attendee's current activi-
ties in this important field. The reports of activities are up to date
and complete, with little restriction because of supposed proprietary
information. Presentations are informal and discussions are free and
constructive. The Group has p.-rformed the significant function of keep-
ing its members up to date with the bulk of the current activitie in
this field.

3.You, or a designated representative of your organization, are invited
to participate ia this meeting. Attendance is limited to one individual
who is cognizant of your organization activities in the field of refractory
composites, able and willing to discuss them in detail, and willing to dis-
cuss anr conment on activities of others in similar areas.

h. Each attendee will be required to prepare a paper covering his organi-
zation's activities, including pertinent details, data, etc., and to pre-
sent a brief 5 to 10 minute informal oral summary of these activities.
One, typed on bond, reproducible copy of the detailed paper is required
for preparation of an ASD technical report summarizing the meeting.
Eighty preprint copies of this report are required for prior distribution
to the attendees. These reports should be forwarded to the undersigned
prior to 25 February 1963.

5. Lockheed's Materials Science Laboratory is acting as host for this
meeting. A block of rooms is being held at Rickeys Studio Inn for rhe
attendees and the attached reservation card should be marked "Refractory
Composites Working Group'. These reservations should be made prior to

xiiil



23 'ebruary 1963. They would lik? us to share roor.s where possible.
Lockheed will provido bus tr- anztcrtation to their plant and back to
tbo, z ntel leaving Rickeys at 8:30 .1 each day. Arrangements have been
=.de for lunch in Lockheed's cefutcria.

6. The sub-co.-mittee of the '.orking Groap that has been active in the
area of testing techniques will met on 11 March at 9:00 A. in ;.:arsten

l at Rickcys. This group will discuss the current and future activi-
ties in high temperature testing- of interest to the ,orking Group. The
results of the meeting will be su;z.arizcd to the working Group during
the regular meeting so that only the active interested members of the
sub-comnittee need attend this r4eting.

7. Report preprints and corres-p.idence concerning the meeting should be
forwarded to:

L. N. Hjelm, Co-Chairman
Refractory Coz:posites Working Group
ASD (AsRCE2-1)
1:right Pettcrson AFM, Ohio

The telephone numbers CL-3-7111 (Dayton, Ohio) extension 21208.

8. Please indicate who will represent your organization along with his
function, title, and mailing add:ess so that preprints and meeting in-
formation will be properly routei.

9. it is suggested that security clearances be established with Lockheed's
Security Officer, 3251 Hanover St., Palo .lto, California, to avoid diffi-
culties and to allow for possible separate classified discussions and
possible plant tours.

L.WRNCE N. HJEi2.1, Co-Chairman 1 Atch
Refractory Composites Working Group Reservation Card

xiv
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IMPROVED PROCESSINO TECHNIQUES PROVIDE APPLICATION
VERSATILITY FOR VOUGHT'S HIGH TEMPERATURE

OXIDATION RESISTANT COATING SYSTEMS

ABSTRACT

A brief outline of the current application techniques

employed by Vcught Aeronautics to improve coating continuity,

applicability, and system reliability is provided. Process-

ing techniques designated "slip-pack," and "scgregated-pac* "

are described. The application of tailored high temperature

oxidation resistant coating systems to refractory metal sub-

strates by use of pyrophoric or thermit heat sources are

presented for discussion.

The processing techniques and coating systems describod

in this paper, improved modifications of which ar cu:rc:-

under evaluation, were conceived to provide Vought with a
capability for coating large and/or highly config.rt.' 'er-

ponents o- fabrications (ioe.2 cross-flow heat exehangerj,

weldments, convergent-divergent nuclear rm-Jet nozzes., I.D.

and O.D. af configurated lengths of instrumentation tub',n':

buckets, aeat shields, large leading edge panels, etc.). jit?

systems revealed are versatile and highly adaptable to s'ale-

up use.

INTRODUCTION

The merits and limitationa of conventional pack !erentat.jn

processes are fairly well known in industry varying but litt]J

from processor to processor. In summary, however, the -vck
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cementation process appears to be the most promising for

depositing tailored, diffusion bonded high temperature oxi.

detion resistant coatings on the refractory metal substrates.

it is realized that such ether processing techniques as vapor

s6eaming, slurry plus diffusion, fluidized bed, hot dipping,

vect-:'o-deposition plus diffusion and/or pressure sintering

an"' filo spxaying plus impregnation do have their appli-

cai;-us ana mcr-ts, many of which are to deposit high temper-

a.ure coating systems.

AS a result of current and pending applications for high

tempcza ure oxidation resistant coatings for the prote'tion

o? instrumentation tubing, large skin assemblies, brazed or

dif 'io:--bonied honeycomb panels, hea-d shields, nozzles,

.. . ,. it became necessary to develop new improved

. t.ng twechniques hich are nov under evaluation by Vought

'o.eau~icso These techniques are designed to incorporate

h lircessing merits of pack cementation and, at the same

bime., offset its limitations,

Those factors which influence both the processing

L -,.z.Ce employed and the coating system composition used

a: s f"ollows:

I. Overall Design - To include basic material com-

position aud &ll mating material_ compositions.

2. Joining Techniquos - Welded, fasteners (types and

locae-ions), brazing (braze alloy compositions), etc.

3. Tol.rances - Coating thickness, straightness,

,rowth, etc.
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I.. Operative Parameters - Environment, loading, time,

temperatures, medium flow, etc.

5. Component Design - Configuration, type (i.e., tube,

foil, etc.)

6. Fabrication Requirements - Post coating formability,

strength.

7. Emissivity Requirements

The above is not to be considered a breakdovn of al fc o a

which are taken into consideration when employing a prceens or

specific coating system, however, they are the principle ones

to be considered.

DISCUSSION

For the purpose of this presentation, tho application

techniques shall be discussed in brief under the following

specific headings: (1) Slip-pack, (2) Segregated.-Pack, and

(3) Exotaermic Heat Deposition.

L. Si-ack is the processing term provided to desiannt

that coating technique whereby the substrate is first picvido.

with a slip of the pack composition required tc aeposi.k a

ing of the desired analysis, followed by packing or ittr~2'

racking in a rettort. The a vantages of this techniqgito over

conventional pack cementation as employed by Vought tv.e %c

follows:

a. Allous for reliably coating the I.D. of

long configurated tubes and sheathes.
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b. Allows for coating constrictions and I.D. of

cell walls in long tubes, heat exchangers,

truss core, open face or end honeycomb panels,

etc.

c. Allows for closer tolerance control on coating

thickness and coating build-up.

d. Ideally suited for reliably coating components

and assemblies of large size irreipectible of

weight, design or configuration.

e. Allows for coating assemblies fabricated from

dissimilar alloys with few restrictions.

f. Allows for selective coating on one component

or asaembly. Stop-off is simplified.

g. Readily adaptable for the applicetion of touch-

up coatings to components or assemblies°

h. Processing material costs are substantially

5edueed providing for a more economical system.

i. Allows for a much more rapid overall process

cycle which inclades packing, thermal process-

ing, and post process cleaning.

,s alloyS Of t antaluM, molybdenum, and colUmDbum arc

( vxiy being processed by this technique for evaluation in

6-c following manner:

(1) Pre-cleaning is being accomplished by vapor degreasing,

followed by one or more of the following techniques

by vapor blasting, abrasive flow cleaning or acid

etching.
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(2) Slip coating with a silicon bearing pack compound

in slurry form the percent solids being determined

by the substrate configuration and size. For

example, foil gauge materials and small diatnucter

(.030") deep holes require a thin (apjroximately

.10") alip coat thickness, whereas foz additicnal

coating thickness on a sheet or plete for lcger

operative life a heavier (.025 to .100") slip

thickness is desirable. Where thick coatingo are

desirable, slip thickness build-up ma- be a. c,.p!I.she&

by re-dipping efter drying between each appjic.tic.:-

(3) Dry the applied. islip betueen 205 cend . * .'r $0

minutes to tAo hours tn required to cCmpet ' rzc.'v

the moisture from the tlip ihe time tu d:e'y the s*ii.

b,:ing dependent upou slip thickne.asp ',art 0.; .ni

manns, and oven raco'rery time after insertio,:oL

(4) .?Pck or vditably rack in a conv n - 1, , , a%

(3) The processing time depends ,pon -he ther;".- con-

ductivity of the ma(3s or atmosphert. ro-.£;n

-the slip coated pert, t'. size of the ratc.ft tbl:

ard the ability of the -rccesing furzrace tc

recover after irte ;ion of the rttort.

6R) Remove retort frin :'urnace still c .,e .

cool, ard unloaEi o: unrack the per* o: ,.'

6



(7) Dry bri tle brush or air blast cleaning is

simplified by the ease with which the spent slip

parts from the coated substrate as a result of

a non-adherent inert material layer which forms

during processing in the slip adjacent to the

coated tubstrate.

(C) ihcre a Vought IV (Si, Cr, B) coating system is

desired, repeat steps 2 through 7 using a Cr-B

pack slip compound.

,eopr esenteti.va coatings applitd to refractory metal sub-

st':ateB by this technique are similar to those applied by

normal pack ccmenta'tion (Figures 1 through 6). The most

noticeable difference between the coatings applied by con-

xeri.onal pac cementation and the slip-pack process is not

a structra]. difference but rather is one of appearance,

::Lnce tho, slip-pack applied coatings are on tho average more

tn-form in overall coating thickness.

Throe va,'iations in the application technique using the

..~-. p rocess hai°s been employed for apply:ing coatings to

"; ' and 1/2" x 2" foil (.005) and sheet (.016 and .020")

..... .ory ~mtal sp.cimenas of both the pure me' al and such

a . as TZM., C-103, Te 10iW, D-36, Cb 1%Zr, D-31, FS 82 and Mo

5C"". At this time, only the first two variations have been

Q,.i,.oyed for processing configurated molybdenum tubes. The

. ic~t.c:i listed in order of their chronological evaluation

,'. a-z iollovs:

(.) Pack medium for the slip coated parts consisted

of conventional pack cementation compound.

7



(2) Pack medium for the slip coated parts consisted

of inert material.

(3) Pack medium for the slip coated parts consists

of a gaseous medium (parts are racked for support).

Conventional Vought oxidation resistant coatings w~ere

applied by use of the above three modifications and in each

cav surpassed the requirements of -the oxidation rensant

-Lea3ibility tests t%-o whic~h they were subjected. The te-Osts

conlisted of introducing the specimens to 16 hours at 2,OOO*F

J4 ho)urs at 1500*F, and 8 hours static cyclic oxidation at

250OZF-' A new set of specimenis was employed for the tests

at 2500*F. An a reault of these tests on an avewage of

eigat specimens of c*ach u.etal and alloy tested,, excellent11

fea~ibity and process-Ing reliability was demonstrated by

t;he absence oit nn coating failuries.

The slip coeming has; been applied by dippiug, brushing,

aut' tr31Jeling-on Irocedure3.. ho'verer, the slurry composition

is ipplI',a;b: fc £or applyiiig by' esxaying and flovco.**inig

tacaniquas to large srface.,4 which are for the wlost part

Aacsjible0 A large oel.ular atruature, such as a heat

excianger. radiator, lioneycomlo, etc., would possibly necessi-

tat: repeated vacuum impregnation, of the thinned slurry

followed by draining to assure complete internal covel,,-o

by the s~ip. Tubular components are reliably covered .it-

nalJly by.1rflowing the slurry throug~h the tube, followe1 by

imiarsinF, the tube in the slurry to which a wettlnt;~~nh

been added.

8



The third Tariation offers the greatest promise of

suecess for processing large refractory metal skin structures

measured in terms of 100 square feet of surface area and up,

as well as nozzle structures 5 feet and up in diameter. The

rate of process heat-up and resulting time for heat uniformity

is considerably more rapid in this variation. The I.D. of

thc molybdenum tubes coated by the slip-pack technique were

in esoence processed by this variation since pack compound was

not introduced to the slip-coated inner surface. The coating

applied was continuous, uniform and no defects were evidenced

upon exposure to the 2500"F feasibility teat.

2. Segreate.-Pvack is the processing term employed by

Vought to designate that irack modification whereby t-he halide

salt emplo'ed is segrogated from the coating material which

is edjacent to the substrate being coated. This technique has

been o-eloped and eyealuated by Vought Aeronautics as a means

oZ azsuvi: 1n coating c..ntinuity on large surface areas. Metallo-

geaphic evaluation of occassional pin-hole type defects on the

sU i'fICa oP lrge ioljbdenum skins processed both by Vought

"a-Z:LU ho (Si, Cr, Al) system and another processor usirg

~cI. c:_ven~ation ochniques revealed the presence oi uncoated

p'cl type indentations in the substrate at the base of the pin

holo A.te* performing verification tests whereby large halide

par',,clas were used in compounding the pack, it was concluded

th~ either oversize particles or agglomerates of the halides

7n ccntaet with the substrate during processing resulted in

9



both pin hole type defect in the coating as well as the

indentation in the substrate. It was further discovered that

evn though a fine halide powder was employed, agglomerates

did have a tendency to form during mixing as a result of

cohesive forces. These agglomerates were large enough to

cause the 1- hole tpe defects when they were in contact

with the substrate during processing.

As a result of the findings, Vought evaluated and is

now employing two process modifications. Boron has been

introduced in a quantity large enough to provide the coating

with exceptional self-healing properties without noticeably

having an influence on the peak use temperature of the coating

system. A halide separation technique is also being employed

which assures the absence of pin hole and like defects.

The extent of separation of thi halide from the surface

to bz coated (Figure 7) has not been determined; however,

since the carrier gas completely fills the retort chamber, it

is believed that d&atances amounting to many feet can be

realized between the halide salt and the substrate w1*hout

impairing the coatiug process or the qua' ity of the .'esit';

coating system. Molybdenum tubes I foot in length by 1/4 inch

in I.D. have been efficiently coated overall by thIs technique

which tends to Terify the mobility of the carrier 3s in the

system 3ince the tubes were packed in the horizontal positio,

and the halide salt vac in one thin layer ovtr threo iachc

from the lower O.D. of the tube. A highly permeable pach Is

employed. Where many nkins are processed together in n

10



ntacked position, however, sm*-ll patch layers of the halide

3a1" employed are positioned in various segregated areas of

the pact to allov for more uniform decomposition of the salt.

VouGht coavinga applied by this modification ere identical

in comIj;:sit..cn to those formed during conventional pack

centatiou The elmination of post process pin hole and

L e -'C .e ts h- substantially enhanced the xerita of this

'rccewJ vuUlation. The total absence of contamination in the

n t £o, ouch metals as sodium, potassium, calcium, etc.,

;hern ouch m-1. salts are employed in the pack also enhances

ti -z e of' '*iicL segregated-pack technique°

AL thou h this processing technique in being employed on

.O wolybdenula and columbium base alloy skins at present, it

::.c' b'c equclly as suitable foi 1,se in applying coatings

--aV..u.iu and tuiisten substrates. Effort is still being

c,.Qttluctca by Vought Aeronautics to verify the merits and

.To" , :. he llitations of this process variation,

z.L :i~if :,!of of this technique whereby C-103 columbium

:-r', ,c4Aans were encapsulated witbh 1/4 inch of pack

..: -. ; ao,-e, and the halide salt layer was over two

'.... -,y bt.2 ied in t'e inert material around the thin pack,

. , n - Ror.a, Vought IV coating system (Figure 8).

. ;, "" ._::,: .'i,1-ut'Ue costly pack material and

....by rnu-h more e'!onomical than conventional techniques.

-.o nd-./ntges of this technique over conventional pack

- *:-A ... n .cn~ irpie~ as e'npioyed are as follows:

2,. *,,j . cvrked.y iicreased coating reliability through

11""e allmination of post-coating pin hole type

d-eiecta or surface Imperfections.

11



b. Allows for closer tolerance coatrol on coating

thickness and, build-up.

c. Facilitates unloadiag and post-cleaning of the

specimen.

d. Processing material costs can be reduced by

encapsulation instead of total packing the

specimen in the pack compound.

3. Exothermic Heat.Deposition is the term used to desif-r.te

those oxidation resistant coating systems deposited by emplcyin!

pyrophoric or thernit reactions as the processing heat souruc.

A requirement for a very high processing temperature (3,00007

and up), short time (5 secondu to 5 minutes) cycle necessitat1c

the evaluation of a new heat source by the Vought Aeronautics

and Missiles Division. Although induction, plsma arc, oxy-

acetylene heated zirconia pot furnace and 5,000F inert gas

carbon tube furnaces were available for use, desired vercatility

was lacking and numerous problems were foceseen by their tuse.

As a result, both pyrophoric and thermit heat sources uere

studieA and employed for depositing a new family of high

temperature oxidation resistant coatings to refractory mornl

and carlonaceous substrates. This family of ccating syster-

while deposited insitu forus an adequately bonded structurc

which is diffusion bonded to the substrates.

As a result of the evaluations at this time, the merits

of coating deposition by employing an exothermic heat zo,',cc

both controlled and partially controlld are conside-.'aobc.

The merits as revealed by use of feasibility and analyticz'

tests are disclosed as follows:

12



a. Allovs for a high degree of reliability for

applying touch.-up coatings to defective coat-

ing arean both in the field and at home.

b. AJllov for the deposition of predetermined

coating compositions.

C Allows for the deposition of high temperature

cXiatiot rLos!.tint coatings to graphite and

.other carboumceous "oodles,

., Allevs for selective coat.ng (stop-off is

Glt'-ple, if eeiV

a. Provides e t.eat sour~e for the coating of large

componento audEs-mles at a high processing

temperature (3,OO050c.00 F) vhich is unavailable

in thte .ar,-.r ea.esitnt processing furnaces.

f. Pro;ier 'at zourc adapia!&e for the internal

cior of ± . gnad poroun coatin3s, as well as

i~h .oz: tn o" n diffusion type bond with the

g1  ruvidev a !, at scurce suitable for sintering slip

type caa.. , yst...

h Short pr c..L313 cycle (5 seconds to 5 minutes),

i0  High seur h short time cycle allows for coat-

ing a-plica.icn iJthout resulting in substrate

zne3t..u" r e(ryGI.alJization.

j Fax ii'e ero..i:t.. thea pacR cementation for

rcc.'ic,' -.. ,e feabrications, primarily because

of PU~n:', . 
"r ! u ieits for conventional pack

ce mentz, t cc.,4e: i -- semblies.
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Coating applications by use of exothermic heat sources

are, for the purpose of this report, divided into three olassi-

fications. These classifications consist of (1) controlled

pyrophoric, (2) pyrophoric., and (3) thermit. A brief des-

cription and summary evaluation of each procesaing technique

and resultant high temperature coating follows:

1. A Controlled Pyrophoric reaction was obtained by centrolled

metering of oxygen gas to the pyrophoric compound. A schematic

set-up of a typical laboratory type installation is shown in

Fi.Zure 9. Refractory metal substrates were processed in the

following manner:

a. Cleaning vas accomplished by use of low

pressure (10 to 20 pounds) vapor blastine

with an alumina slurry, :ollowed by rinsing

and .rying.

b. The specimens vere next slip coated with the

desired coating slip (i.e., a Si plus SiC slip

for a tungsten substrate), Figure 10.

c After drying the slip, a pyrophoric slurry (i.e.,

a fine metal poider or combination o1 powdor3

of metals such as zirconium, titanium, aluminum,

etc.) is applied overall to the slip coatcd

specimen normally between 1/8 and 3/8 inches

thick, dependent upon such factors an desirced

time and temperature of the reactiou, as vel as

the fuel employed, coating compositiorn dBsire.

for deposition, and substrate alloy or material.

14



d. Dry the slurry thoroughly between 200 and 212*F

and position the slip-slurry coated parts on

graphite or sirconia supports in a conventional

sand sealed vapor blanket retort.

e. Purge the retort of air with an inert gas such

as helium, and introduce the retort to a furnace

chamber pre-heated to between 1500 and 2000"F

(Figure 9).

f. Hold at temperature for from five to ten minutes

for retorts containing from 100 to 400 cubic inches,

respectively, or longer for larger capacity retorts,

with a helium flow of about three cfh continuing

ever since the purge.

g. At this point, introduce a slow controlled oxygen

flow elong with the helium. A pyrophoric reaction

is initiated when the oxygen vapors contact the

powdered metal slurry, the temperature and time

of reaction now being dependent upon the rate

of oxygen flow. The heat produced by the

exothermic reaction has (dependent upon the

slip composition employed and coating system

desiea")*' nrodulced coatingas vhich have (1)

impregnated a porous substrate (Figures 11 and

12), (2) deposited as a diffusion bonded coating

system (Figure 13), and (3) deposited as an

adherent bonded composite (Figure 14). By use

of multi-process deposition, high temperature

oxidation resistant coating systems similar to

15



those deposited by couaventional pack-cemen

tation systems are being realized. The time

of reaction varies from a few seconds to

five minutes.

h. The retort is then removed from the furnace and

allowed to air cool prior to removal of the

retort lid and parts from the retort.

i. Cleaning of the residual oxidized slurry and

slent slip rrom the coated substrate can

normally be accomplished by brushing, or by

use of a shop air blast or water flow.

Feasibility for employing this coating process has been

established by the application of oxidation resistant coating

syetems such as (Si, Cr, B), (Si, Cr, Al), (Si, Sic), (ZrB2 ,

Mo~i 2 , BV), and (Si, Cr, Fe, B) to all four refractory metals

and insome cases a carbonaceous substrate. Additional evaluation

efeort is being conducted to extend the control of this appli-

cation tochnique to provide a maximum degree o reproducibility

an, rclibilit y to the coating syste,

2. Straight P .rovhoric reactions - _ .

provide a high temperature heat xoixrt,e :, . , .-

eoatings (i..,. pre-coated defective areas vhere touch-up ia

required), as well as encapsulating coating systeias to

refractory metal substrates. A typical application for this

technique is described as folloirs:

a. The substrate to be coated is suitably co:'cd.

16



b. A slip of the desired coating composition

in applied.

c. A pyrophoric, slurry or pack application is

applied to the pre-slip coated and dried sub-

strate.

d. Ignition is initiated by use of a secondary

heat source such as an electric spark, torch,

or insertion to a pie-heated furnace chamber.

e. Cleaning is readily accomplished by brushing,

air blasting, and washing.

Uniformity of coating thickness by this technique has not

been realized at this time; however, the coating continuity is

good (Figures 15 and 16). Additional work is in progress to

uarhedly improve coating thickness uniformity.

A modification cf this technique whereby the coating

ingredients are incorporated in the slurry has proven unpractical;

howiever, partial success warrants additional study.

3. Thermit heating used as a heat source to provide high

teuperature coating systems for refractory metals and superalloys

-,-; *,oven to be very feasible, and success in applying tailored

cia systems ha been effectively realized (Figure 17). The

fu.1s evaluated consist as the term implies of mixtures of metal

oxide pcwders and metal powders theoretically compounded so as

to provide a desired high temperature (up to 5,OOOF) for 4

short period of time. The coating analysis is dipendent upon

the Dre-applied slip composition and the substrate alloy.
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Pbitck coatings (.0104 inch) can be realized by this technique

by em~ploying reperted eMpplicatiou,

Oxidation reitant coatinj~u are being applied by this

technique in a ma)u1'e* Bi~tJlu to that Used for *plyiqg

cohntinga by une of a straight pyruphoric heat sOurce. An

inttia). ddvarntage of this proceising technique over thait

emw)Ioyin; a straight pyrophoric heat source is the im~proved

coitin,; ;hiCkness iuiformity re-1Llzed,

2~ma~p irv~ioa of high teiperature ceramic coatings to

r'e !ra ct ,r;ci .nd carbouneeoi3 iiitbstrates has P.,roven to b,!

*':e aitewhen elrp Laying sulta]oe oxide formers and biznderu

Ir the taerrnit Coinp3gition instrad of a pe..appliecl slip,

W4here a uJ Ip conting of tat', doaieired cvaiDozitio ic

arplied t-.o a defective area An !k coating anid a therrmit alarry

&I-plied over it and ignltedc re lia~ble, .-ezproducible touch-up

ccitJi)S %imilax o.- IdentwtcaJ to the rndjoining con'ting hay bc

Obaineft Suc'h co , .agE: rL*Y be sx9Pied ix t1e ,;-o r EA a

depR~~~of % di-t~td coating compositioA on r~~~cy

mnetal. or' 8uperal-1i ubst-atcs 3Y thir. teclaniqusc

,',Isaougla a± Cigh degree of ouccess has been lni .Aally

~J ~use of exothermic heat sourcets, t1 . L -0

J~ 3--1 ! not ani additional efforz ir, r:Luiei r~u

CCaU1ja, 7I 2-IrL.aer e70ei1tate thair merits and).r'.tc

It I s be ' lt, :d that a bigh dearee of succeizr t4J~r~~

reiliz~c& fc.. apply'ing very high tenvpe:%ature(3;&5L)
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all2oys~ nn earbonaceous zubatrftt.-h, :.q itxr_ 4jX,%

By use ..f such modified processing tecbniques an those

_71)ci'.d in this paper, new improved higb temperature coating

-c.s of' good izitegrit-y i111 be real~ized. Ey use of~ the

~ 1b~proc~i ra- teezktiiiqc1U;, coatings~ ef aini.Thr p,-ope2'tles

~~~~~ - .,z i-tcri by c~i~~) J~,c ga.io

ji more readily to the ap-nliecition rl o.ddatio-i resistant

--;o sc-alil-ujs trucAtires a_1 co ponents.

C-ia o4' lt:.A '?itC6 i.urob ptoteartia2.a foz the pr-.-ent.eal

~(&~Ytia: ~xtn r~;iC 0O~'~Lechnhques, howiever, is their

"in b5li-y to dci~psi a coating of a pre-determired com-.

p~~ t~~roxe Inig1"Y f 11 oi.' !cr fi e ~n the developx-

:11 j.U_ ;n tb foi'w of c slip

* ..* ..c _,tir Ln r;A e i' r 1, ~ ii to the ecanAll
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2.. Ease of reliable application of a coating systex

to small cllular structures.

3. Ease of application of a protective coating system

to large assemblies and components.

4. Ease of applying a specific thickness coating to

very thin (.001 to .002 inch) foil cell Valls.

5. Ease of application of a protective coating to

Aeep narrow recesses and crevices.

6. ]Bse of controlling coating thickness within

rcasonably close tolerances*

T. Ccnsiderable economic eavings are realized in the

use of the relatively small amounts o pack

material enployed.

;3, Selective coating of specific areas of a fabrication

or componeit iLl readily obtainable.

c. Touch-up coatings of equal quality to that originally

applied are obtainable.

i Ease of %pplietioui to highly configurated structures

an-d components,

ao. >o of ;or;t rec)oval of tpent slip material and post-
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____ ___ ____ ___ ____ ___FIGUIIZ 1.

_______________________ BLIP-PACK (Sim'Cr..3) CUMN

- - 6X11 Ta YOIL%

150X

FIGURE~ 2.

-~ SLIF-PACI( (Si-Cr-Fe-B) COATED
~ U . lp'6 rIIL TZ11: FOIL.

FIGURE 3.

SLIP-PACK (Si-Cr-Al) COATED
Vill-5 TI, 1. V3 vC. T E T.

25()X
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FIGURE 4.

SLII'-PACK (Si-Cr-B) COATED
Cb-1%Zr, o06o" SHEET.

25 OX

New-lip FIGURE 5.

SLIPZPACK (si-B-N) Cd TED W;
.btSHEET:

'A A~jALLA-250X

FIGURE 6.'

SLIP-PPOK (Al-tr) COA'TED'RENE'
41 AT ig. HOUR TEST AT 2100*F

25 OX
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-/Sand~ SealJed Retort-

-Pack Mixture

Specimen (channel)

Specimen (tubes)/ - -- -- I

I A

'------ Liner
2 3

QPack Mixture

v %A A A 9

N \ \

FIGURE 7. SEGREGATED HALIDE PROCESSING PROCEAURE
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* FIGURE 8.

~ ~: ' SGREGATED-PACK (Si-Cr-B)
VOUGHT IV COATED C-103
COLUEBIUI4 SHEET.

250X

- FIGURE 10.

A (Si-SiG) COATING APPLIED TO
.030" VW SHEET BY USE OF A CON-
TROLLED FYROPHORIC REACTION.

p 250X

FIGURE 11.

A (Si-SiC) COATING AFI LIED TO
A POROUS GRAP'HITIC ".'UBSTRATE
BY USE OF A CONFROLLED PYRO-
FrORIC REACTION.

boox
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FIGURE 12.

A (Si-SiC) IMPREGNATED VOID
IN THE POROUS GRAPHITIC SUB-
STRATE SHOWN IN FIGURE 11.

75ox

FIGURE 13.

A (Si-Cr-Ti) COATING ON A .020"
D-31 SHEET APPLIED BY USE OF A
CONTROLLED PYROPHORIC REACTION.

25oX

FIGURE 114.

' . ~ A (Si-SiC) COATING ON T&,-1O% W
7. - APPLIED BY USE OF A CONTROLLED

.- , PYROPHORIC REACTION.
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6j.-

FIGURE 15. A (Si-SiC) COATING ON a-i'. W AP. LIED
BY USE OF AN UNCONTROLLED PYROPi{ORIC
REACTION. 250X

FIGURE7 1. FIGRE17

- * . .-

.. I t. . - ' -- 5 _.,;r c -, " I, 7", - .* , ... .

A (SI-SiC-) COATING ON Cb- % A (Si-SiC) COATING ON FS 82
2Zr APPLIED BY USE OF AN UNCON- APPLIED BY USE OF A THERMIT
TROLLED PYROPHORIC REACTION. REACTION.

250X 250X
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INTRODUCTION

Since the last meeting of this group, the Chromalloy Division has been active in two

areas concerned with the protection of refractory alloys from oxidation. The first,

with interest initiated by a paper presented before this group last summer is the

effect of low pressures on the oxidation protection of silicide coatings on mol)bdenuA.

The second area is in the semi-production coating of various molybdenum components,

which may be of interest to this group.

Low Pressure Oxidation Testing

After the almost catastrophic effects on the protectiveness of various coatings on

molybdenum, as reported to this group last summer, we set about to study the phenomena

on the W-3 coating, which had not been tested before.

We designed and built a test furnace. A schematic diagram of the test chamber is

shown in Figure I. The equipment is made up primarily of a vacuum chamber, with

precision valve, vacuum gauge, a pump and electrical circuit capable of heating by

direct resistance our specimens which are in this case .025" diameter wire filaments.

PIAO . IA UIIM

II

LOWPAC34Z C4118AC(P

Figure I- Schematic Arrangement of Low Pressure Test Chamber
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Our test procedure was to bring our chamber down to a vacuum of 10 microns or less,

then by adjustment of the valve produce the low pressure-leak desired, in air or

other gas. The specimen was then heated to the desired temperature.

The temperature was measured with an optical pyrometer (no adjus ment w. s made for

enmitance prope ties of the specimen). Under the above conditions a steady state

was maintained until specimen failure. Figure II presents the low pressure "'wtherms

determined on W-3 coated molybdenum specimens, both powder metallurgy and arc cast

stock. Method of consolidation of the substrate seemed to play no part in its

behavior, at least for these resistance heated specimens. Figure III shows the

isobars plotted from the test data.

LOW PRESSURE ISOTHEIRS
W-3 C.A.n M LOW PRESSURE ISOMRS

.j CMATO M.u

Vl ' . 1. - . . I --- I -

to 11

o lie
100 i___ l 800 1- -*0 ' I_ 80

to kw~out-ls rW to hW~t -- W

Figure II- Low Pressure Oxidation of Figure III- Low Pressure Oxidation of

W-3 (Isotherms) W-3 (Isobars)
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There is no doubt that the oxidation protection of W-3 on molybdenum is reduced at

low pressure. These curves show this quite clearly since at atmospheric pressure

the average life for W-$ coated specimens at 30008 F is about three hours and 27000 F

it is in excess of 200 hours.

The prime concern at present however is will such coatings withstand orbital and sub-

orbital missions planned for them in the near future. For this purpose, at least for

the immediate future, they seem to exhibit sufficient protection.

Semi-Production Coatings

In the past six months, Chromalloy has coated some molybdenum hardware which I

believe would be of interest to this audience. For the Republic Aviation Corporation,

a series of various types of ha.rdware made of molybdenum have been coated.

As the first part of the series, test specimens such as tensile, oxidation, rivet,

shear, etc. were prepared and coated. These have been tested and I believe the

results may be presenced in a later paper. Next in the series were three small

corrugation type specimens in which various rivet types and distributions were

evaluated. These panels and rivets were coated first as components, then assembled

and finally recoated. The as-coated parts can be seen in Figure IV. These panels

were evaluated upon return to Republic and oxidation tested. Figure V shows the

same panels after oxidation. Notice should be taken of the fact that two small

oxidation failures occurred, one on the skin, the other on a rivet.

After these panels were prepared and tested, still another larger panel, approximately

12" x 14" was prepared and coated. One view of this panel can be seen in Figure VI.
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C HROMALLO Y -3

Figure IV- Molybdenum Alloy Test Specimen
W-3 As-coated

z 3

C1H;k0"*AL.LoY W-3 COF.Th.c.
TKeMLT

P4L-
IT XPISI5L

MjIS~& fLQ4oi"U" - 'it TIhMUbA

O>~IA~b~.J L~T3 _I~cr CYCLES AilS0

Figure V- Molybdenum Alloy Test Specimen
W-3 After Oxidation Test (Arrows denote
points of failure)
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. . . .. . . . . . .

Figure VI- Sample Molybdenum Skin Panel

W-3 Coated

Oxidation test of this panel was 3 one hour cycles at 25000 F. A few small edge

failures were noticed.

Of further interest is the fact that a crack was noticed prior to the final coating,

but due to its location, rework was not carried out and Figure VII shows this crack

after the three hours of oxidation testing. No failure was noticed by eye, or with

the aid of X-ray.

Before going on, and to answer questions as to what sort and size of retorts we used

for some of these parts, I felt the photographs of retorts in Figures VIII and IX

might be of interest. These are the retorts which have Leen used in coating some

of the hardware nhown here. Still larger retorts are available for which the

processing parameters are established and are presently in use for less exotic materials.
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1 40

Figure VII- Pre-Test Crack in Skin Panel After
Oxidation Testing. NotetNo failure Visible.

424

Figure VIII- Retort Used in Cnating Molybdenum
Panels and Parts
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FiueIX- Retort Us,2d to Coat Parts Shown
in Figure X.

We only await larger molybdenum parts to put these to lise. I might also say here

that a retort like the one in Figure IX was first used to coat a molybdenum ram jet

tailpipe for the Marquardt Corporation in December, 1958.

Among the parts which have been recently W-3 coated, are those shown in Figure X.

The parts seen here are samples of various components necessary to complete one entire

assembly. Excluding the bolts, over 70 rods of various size and shape go into this

assembly, which is a prototype of a piece of ground support equipment being designed

and buiJ for the Depgrtment of Defense by the Curtiss Wright Corporation. The parts

shown are all made of alloy molybdenum and over 750 pounds of this material is re-

quired for one assembly.

Prior to building the entire assembly a few full scale parts were prepared, coated

and tested at temperatures in excess of 31000 F in gas streams of supersonic velocity.
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Fijgure X- Selected Molybdenum Alloy Parts from

the Group Coated for the Curtias Wright

Corporation

In these tests no catastrophic failures were seen. Two pinhole failures were

noticed in the first few minutes, but neither of these progressed beyond 
the

size first noticed, for the remainder of the test. A total of over 25 thermal

cycles from test temperature to ambient totalling just over one hour at the high

temperature comprised the test.

It was on one such bar that a purposely induced defect ( a 1/8" drilled 
hole) was

"field" repaired prior to test. The repair was apptied under what may be considered

field conditions with the only source of heat being an oxy-acetylene torch. No

retort was used. No failure was noticed on the repaired area.

The one coating ptoject which has been taking more time and energy than any of the

others recently is our work on "ASSET". Figure XI is i artist's representaticn of

this vehicle in flight. The nose skirt and six undLe.side panrls are molybdenum

which is being W-3 coated. Figures XII to XVIII show various components of t'li

vehicle which are being W-3 coated. More information on this project will be

presented in a later paper. 36



Figure XI- Artist s 
Conception of ASSET 

in Flight

Figure X11- Selected 
ASSET components Prior 

to

Coating or AsserablY
3 ~



Figure XlII- Rear View of ASSET Nose Skirt

Figure XIV- Front View of ASSET Nose Skirt



Figure XV- Selected Molybdenum Sheathed
Thermocouples as W-3 Coated

Figure XVI- Rear View of Typical ASSET Panel

(As-coated)
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I want to take this oppottunity to thank the Republic Aviation Corporation,

The Curtiss Wright Corporation and McDonnell Aircraft for photographs and

permission to use them.
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INTRODUCTION

This paper describes the results of the second of Z years of work sponsored by
ASD and aimed at the development of silicide coatings for the oxidation protection of
tantalum-base alloys. The first year's work, which has been reported at the 5th and 6th
meetings of the Refractory Composite Working Group, showed that good protection was
achieved with modified silicide coatings applied by pack-cementation methods. The
protectiveness of the silicide-base coating was attributed to the formation of glassy
oxidation products at temperatures above 2200 F. The vitrification of the silicate scale
was promoted by modifying additions with low-melting oxides.

The objective of the second year's work was to optimize modified silicide coatings
for tantalum-base alloys, using the more promising modifiers from the previous work,
namely Al, B, and Mn, and three alloy substrates of greatest current interest, specifi-
cally Ta-10W, Ta-30Cb-7. FV, and Ta-8W-2Hf. Also included in this program was a
study of the effects of substrate alloying additions on the behavior of straight silicide
coatings, and a survey of other modifiers which held prumise for aiding vitrification of
the silicate scales. As tihe program progressed, result3 of all three phases indicated the
importance of vana .ium as a silicide mod.fier, and therefore vanadium-modified sili-
cides were included in additional studies.

METHODS

Coatings were applied by a two-cycle, pack-cementation method with the modifier,
where used, deposited in the first cycle and silicon deposited in the second cycle. Based
on previous work, a coating thickness of 3 to 5 mils per side was chosen as a target
value. These thicknesses correspond, respectively, to total weight gains of 17 to
Z8 mg/cm2 . Thus, in order to explore wide ranges of composition for each of the sili-
cide modifiers, coating times and/or temperatures were adjusted to meet these weight-
gain values. Modifying elements were deposited at temperatures of 1800 to 2400 F and
with coating times ranging from 1 to 14 hours. Second-cycle siliciding was done at
2000 to Z400 F in 4 to Z4 hours. Pack compositions consisted of 15 to 40 wt% coating
element, 1/Z to 3-1/Z wt% halide carrier, and the balance -100 + 140-mesh A1ZO 3 . The
alloys used as substrates were 40-mil-thick sheet, except for the Ta-8W-2Hf alloy,
which was Z0 mils thick.
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RESULTS

For the study of the effects of substrate alloying additions, straight silicide
coatings were applied to tantalum-base alloys containing binary or ternaly combinations
of Mo, W, V, or Hf. Evaluation of these materials included cyclic oxidation tests at
1800 and Z700 F and electron-beam microprobe analyses of selected coatings. The
1800 F exposures were used because earlier work had shown that this temperature was
at the middle of a range in which accelerated oxidation failures occurred in unmodified
silicide coatings.

The principal conclusions from this work were:

(1) Alloying additions in the substrates appeared in the silicide coatings
in the same proportions as in the substrates.

(Z) The results of cyclic oxidation tests at Z700 F ranked substrate
additions in order of decreasing benefit as V, Mo, W, and Hf.

(3) Only alloys containing V survived 100 hours' exposure at 180CI F.

The program for optimizing the modified silicides for the three major substrates
was started by first screening a relatively large number of coating variations in which
the amount as well as the type of modifier, i. e., Al, B, Mn, or V, was varied. Coating
performance was rated on (1) Z700 F cyclic oxidation life, (Z) oxidation weight-gain
behavior, (3) glass-forming tendencies, and (4) microstructure. After this initial sur-
vey, six coating-substrate combinations were subjected to more detailed evaluation,
This advanced screening included (1) verification of pr-or Z700 F cyclic oxidation lives,
(2) evaluaon of self-healing characteristics at 2700 F, (3) determination of Z700 F static
oxidation behavior, (4) measurement of 1800 F cyclic oxidation resistance (to gage
resistance of the coating system to accelerated failure), and 15) measurement. of the
effects of the coating process on substrate bend ductility. The results of these tests,
summarized in Table 1, serve to illustrate representative performance of the better
coatings as well as some of the problems ei.f.ountered in this work.

TABLE 1. SUMMARY OF PERFORMANCE OF MODIFIED SILICIDE COATINGS ON TANTALUM-BASE ALLOYS

Avcrage(a) 2700 F Cy'lic Room-Temperature

Coating Coating Oxidation Lives, hours 1800 F Cyclic Bend Propert!;s
Alloy Composition, Thickness, Undefected Defected Oxidation of Subarate

Substrate atomic m mils/side Samples Samples(b) Lives, hours Afer Coating

Ta-30Cb.-7. 5V 100 Si 4-C 6-1/2 (8) <1 (2) >100 OT
Ta-30Cb-7. 5V Si-50B 3-5 16 (5) <1 (2) >100 >20T
Ta-10W Si-V 4-5 5-1/2 (8) <1 (2) 75-100 >20T
Ta-10W Si-20MW(c) 6 -7(d) 10 (2) <1 (2) 1-3 OT
Ta-8W-2HIf 100 Si 4-5 2-1/2 (4) <1 0) 3-25 OT
Ta-8W-2Hf Si-30Mn(c) 6-8(d) 2 (5) >7 (2) 3-8 OT

(a) Number of samples tested is given in parentheses.
(b) 0.040-Inch-diameter hole drilled th-ough one side of sample.
(c) Rough estimates due only to weight losses from poor edges in as-coated condition.
(d) Coating thickness, discounting edges and corners.
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The performance of the straight silicide coating on the Ta-30Cb-7. 5V alloy was
markedly superior to straight silicides on the Ta-10W and Ta-8W-21-f. This has been
attributed to the modification by vanadium. The silicide-coated Ta-30Cb-7. 5V alloy had
good oxidation life at both 1800 and 2700 F with moderate coating thickness, and had no
embrittling effect on substrate bend ductility. On the basis of the results shown in the
table, this system was chosen for more detailed characterization and will be dis assed
in more detail later in this paper.

The Si-B coatings on the Ta-30Cb-7. 5V alloy exhibited the longest oxidation lives
of any system studied in this program. For example, one specimen, shown in Figure 1,
survived 32 one-hour cycles at 2700 F and an additiornal 17 one-hour cycles at 2900 F,
with a final oxidation weight gain of 0. 5 mg/cm 2 . Thi only apparent surface oxidation
product on this specimen was a uniform film of clear glass. At the boron levels included
in these coatings, boron-rich intermetallic phases formed in the dubstrate grain bounda-
ries and caused severe bend embrittlement. Furthurmore, no Si-B coatings of any
degree of integrity were achieved on the Ta-1OW or Ta-8W-ZHf alloys, because of diffi-
culties in depositing silicon over boron on these two allo-;s.

o4 ,

3X

FIGURE 1. Si-57 AT.% B-COATED Ta-30Cb-7.5V SAMPLE AFTER AN
ACCUMULATED EXPOSURE OF 32 AND 17 1-HOUR CYCLES
AT 2700 AND 2900 F, RESPECTIVELY

The Si-V coating on Ta-1OW exhibited good oxidation life at both 1800 and 2700 F
and had relatively low weight gains at both temperatures. However, the substrate was
embrittled, presumably by the deposition of vanadium, and an investigation was under-
taken to determine the cause of this embrittlen ent. The asoclation of this embrittle-
ment with the vanadizing treatment was based on the following observations:

(1) A net loss in weight of the specimen and the appearance of an
intergranular phase in the substrate after first-cycle vanadizing
when NaF was used ac a carrier

(2) Intergranular cracks and some residual intergranular phase
after the siliciding cycle

(3) The intergranular phase was identified as TaCa 3 .

These characteristics are illustrated in the photomicrngraph in Figure 2, along
with a summary of the results of an electro.i-beam microprobe analysei. The specimen
shown hau been exposed for 101 hours in 2700 1' static oxidation and was chosen for
analysis because the intergranular precipitate %as coarse enough to allow reliable deter-
minations with the microprobe. The results given for the analyses are based on both
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50OX N94313
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Matrix Unoxidized suicide I Partially oxidized
silicide

Intergrar'ular' Dispersed
Iprecipitate phase

100

Ta

50

10-

Si1

0I

Lengtn of Traverse A-43943

FIGURE 2. SCHEMATIC SUMMARY OF ELECTRON-BEAM MICROPROBE
TRAVERSE ANALYSES OF Si-V-COATED Ta-lOW

Specimen exposed 101 hours at 2700 F.
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traverses and spot analyses, the latter believed accurate to +Z2 wt%. The microprobe
analyses showed that the calciam was present only in the intergranular phase, in com-
bination with tantalum alone, and in the ratio TaCa 3 . The compositions of the discon-
tinuous subsilicide phase, adjacent to the substrate (and probably not visible in Figure 2
due to lack of contrast) and the outer silicide layer corresponded to (Ta-10W)1 . iSi and
(Ta-10W)Si 3 . These silicon ratios were similar to those found in the more extensive
analyses conducted on the silicide-coated alloy substrates. Vanadium was found only in
the partially oxidized outer layer.

Supplementary coating experiments showed that vanadium deposition could be
accomplished using NaI, KI, or NH4Cl as a carrier without attack of the substrate. It
was concluded that the use of Si-V coatings for the protection of Ta-10W would be com-
pletely feasible if the proper halide carrier and uncontaminated vanadium were used.

The performance of tL.e last three coatings listed in Table 1 must be qualified with
the consideration that all three coatings exhibited poor edge quality due to uneven deposi-
tion at edges and corners. Poor edge quality was observed in cases combining two or
more of the following conditions:

(1) Small radii on the substrate edges
(2) Rapid deposition rates
(3) Relatively thick coatings.

The specific factors for the coatings listed i.i Table 1 were the ZO-mil thickness of the
Ta-8W-2Hf alloy, giving sharper corner radii than the 40-mil thickness of the other
alloys, the deposition rates of manganese and silicon, which were the two most rapid
encountered in this work, and the fact that thinner (less than 6 mils) Si-Mn coatings on
Ta-10W had good edge quality. The advantage of the Si-Mn coatings is apparent in the
2700 F cyclic lives of >7 hours shown by the deliberately defected specimens of Si-Mn-
coated Ta-8W-ZHf. The chief disadvantage of the Si-Mn coatings was the very short life
at 1800 F.

To illustrate the beneficial effects of vanadium, boron and other silicide modifiers,
oxidation weight-gain data are plotted in Figure 3 for a few of the tystems studied. Of
particular interest are the very low weight gains of the Si-B coating on the Ta-3OCb-7. 5V
at both 1800 and 2700 F. In contrast to this is the characteristically high weight gain, at
1800 F, of the straight silicide coating on the same alloy. The high weight gain was
attributed to some effect of the moderate columbium content of this alloy. Also shown in
Fi 6 ure 3 is the effect of vanadium modification isolated from other influences, i.e., in
the straight silicide-coated Ta-5V alloy.

A detailed evaluation was conducted on the straight silicide-coated Ta-30Cb-7. 5V
alloy. The results of cyclic iurnace oxidation tests are listed in Table 2, and show that
this system has useful oxidation lives through 2900 F. Oxyacetylene torch tests, with
rapid heating and quenching rates, were run at 1800, 2500, Z700, and 3000 F. Failures
due to erosion occurred in 3 to 4 half-hour cycles at 3000 F. No failures occurred in 10

half-hour cycles at the lower temperatures. The results of a seri s of tensile tests on
coated and uncoated specimens, listed in Table 3, showed that (1) the coating was protec-
tive during 1-1 /2 per cent plastic deformation in air at ZZ00 F and (2) the only detri-
mental effects of coating were a slight reduction in the yield strength at room tempera-
ture and the elongation at 2200 F. Both these effects were attributed to grain growth in
the alloy substrate during the thermal exposure of the coating process. No notch sensi-
tivity was present in any of the conditions tested.
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TABLE Z. CYCLIC OXIDATION LIVES OF STRAIGHT SILICIDE-
COATED Ta-30Cb-7.5V ALLOY SPECIMENS

Room- emperature

Exposure Oxidation Lives of Individual Bend Properties
Temperature, Specimens, hours of Substance

F Undefected Defected(a) After Exposure

IZ00 >100, >100, >100 -- OT
1500 >100, >100, >100 -- OT
1800 >100, >100 <1, <1 0T(b)
2000 25-50, 50-75, 50-75 -- Embrittled
z00 >100, >100, >100 -- OT
2500 >24, >24, >24 -- OT
Z700 Z, 10, 1z <1, <1 --

Z900 6, >17, >17 -- OT

(a) 0.020-inch-diameter hole drilled through coating on one side of the sample.
(b) Defected specimens were embrittled.

TABLE 3. TENSILM PROPERTIES OF SILICIDE-COATED Ta-30Cb-7. 5V ALLOY

0. 2% Offset U ltim ate
Test Yield Tensile Elongation

Specimen Temp, Strength, Strength, in 1 Inch,

Geometry Condition(a) F ksi(b) ksi(b) per cent

Unnotched Uncoated RT 92.0 106.0 >20

Unotched Uncoated; 16 hours at 2200 F in vacuum RT 83.6 100.3 26
(simulated coating treatment)

Unnotched Coated RT 85.7 105.4 13

Unnotched Coated and exposed 1 hour at 2700 F in air RT 85.4 102.4 20
Unnotched Coated and strained 1.5bo in 1/4 hour at 2500 F in air RT 87.6 104.6 27

Notched(c) Uncoated; 16 hours at 2200 F in vacuum RT - 105.1 3-4
(simulated coating treatment)

Notched(c) Coated RT - 107.0 3-4

Notched(c) Coated and exposed 1 hour at 2700 F in air RT - 102.6 3-4

Unnotched Uicoated 2200 30.5 36.5 85
Unnotched Uncoated; 16 hours at 2200 F in vacuum 2200 38.3 39.6 56
Unnotched Coated(d) 2200 47.6 50.3 38

(a) All specimens annealed 1 hour at 2200 F in vacuum prior to the treatments listed.

(b) Strengths based on area of substrate cure only, data were corrected for substrate .nsumed during coating formation.
(c) Center-hole notch with a calculated stress-concentration factor of 2.3.
(d) Single specimen, all other values are averages of two specimens.
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FIGURE 3. OXIDATION WE~IGHT GAINS AT 1800 F AND Z700 F FOR SILICIDE-
COATED TANTALUM-BASE ALLOYS
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CONCLUSIONS

The major conclusions drawn from the work done in this program were:

(1) Vanadium was the most beneficial modifier for silicide coatings on
coatings on tantalum alloys and was effective at both low (1ZOO to
1800 F) and high (2500 to 2700 F) temperatures.

(2) Boron additions, in combination with vanadium, gave further
improvements in the degree of protection at both 1800 and Z700 F.
However, at the boron levels investigated, substrate bend embrittle-
inent occurred as a result of the presence of an intergranular boron-
rich phase.

(3) The capabilities of the straight silicidp coating on Ta-30Cb-7. 5V
alloy included useful lives in cyclic oxidation testing through Z900 F,
resistance to thermal shock and oxidation in torch tests up to 3000 F,
and protection during 1-1/Z per cent plastic deformation in air at
Z200 F.
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PART I

DEVELOPMENT OF OXIDATION RESISTANT COATINGS

FOR REFRACTORY METALS

L. Sama

1. INTRODUCTION

The coating work being conducted at this laboratory consists of

two parts: Part I is concerned with the practical development of coatings

for all of the refractory metals and Part H is a more fundamental pro-

gram which is directed toward clarification of factors of importance in

coatings for tungsten above 1900*C. The objective of this portion of the

report is to summarize the work in progress in Part I which covers a

fairly broad spectrum of the refractory metals and alloys and, partic-

ularly, to give some of the highlights of results obtained on an Air
1|

Force-sponsored program 1 on several tantalum-base alloys.

I L. Sama, "Oxidation Resistant Coatings for Tantalum Alloys and Other

Metals, "TR-62-460. 7 from General Telephone & Electronics Labora-
tories Inc. to ASD on Contract No. AF(657)-7339, January 1963
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2. COATING DEVELOPMENT AND APPLICATION

The investigations can be divided into three areas: (1) in-house

work, (2) Government-sponsored work, and (3) the coating of samples

and hardware for outside company evaluation and use. A rather broad

range of metals and alloys has been covered under these three programs.

Both development and evaluatio,, are continuing on a modified silicide

,oating for tungsten and tungsten alloys and molybdenum. A number of

coatings have been developed or adapted for particular processing and

operating conditions for columbium alloys. The coatings consisted of

Sn-Al, Ti-Al, Ti-Si, and Ti-Cr-Si. Among the alloys investigated are

B-66, X-110, D-14, D-36, D-31, FS-85, Cb-752, and a number of

proprietary alloys for several companies. Molybdenum, TZM, and

Mo-. 5Ti have been coated with Sn-Al with certain modifications. Evalu-

ation samples such as coupons, foil, and tensile bars have been prepared

for evaluation. Hardware items such as nozzles, thrust chambers,

power conversion devices, and jet engine parts have been coated for

outside evaluation and use. Environmental conditions are usually oxi-

dizing and the hardware coated has been evaluated in rocket propellant

exhaust streams and in hydrocarbon fuel erosive environments. The

types of coatings developed and evaluated, in addition to their varied
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composition have also been diverse in their method of application. These

consisted of slurries, hot dipping, pack cementation, and pack cementa-

tion plus hot dipping.

A year end report has been written covering the results of the

develQpment of oxidation-resistant coatings for the refractory metals

which was sponsored by ASD. The report was fairly extensive and was

concerned primarily with the development and evaluation of tin-aluminum

slurry coatings for the refractory metals, particularly for tantalum-

base alloys. Since the report was quite extensive and will receive

rather wide distribution, only a few of the areas investigated will be

touched on here.

An extensive evaluation of the effectiveness of the tin-aluminum

spray slurry coating process was conducted on Ta-10W, Ta-30Cb-7 1/2V,

and Cb- 5 Zr. Some of the data covering stress rupture evaluations, oxi-

dation tests, and reduced pressure environment tests are covered here

for 0. 040" thick Ta-10W and 0. 020" thick Ta-30Cb-7 1/2V. The Ta-OW

was coated with Sn-25A1 and the Ta-30Cb-7 1/2V was coated with

Sn-50(Al-Si). These coating compositions were modified by the addition

of both tantalum and molybdenunm powder plus excess aluminum to the

slurry so that during the subsequent diffusion treatment intermetallic

particles were formed, which provided a network for preventing a run-
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off of the excess Sn-Al phase. All samples were spray coated with the slurry

and then vacuum diffused at 1850°F approximately for 1/2 hour; the process

was repeated to build up the coating thickness.

Short time stress rupture data are shown in Fig. I for both alloy

materials.' Data taken from literature for Ta-10W tested in vacuum at the

same temperatures are plotted for comparison. At the time of writing, no

equivalent data for the Ta-30Cb-7 1/2V tests at 2700°F were available for

comparison. The data obtained here for the Ta-10W coated samples at

3000°F appear to fall between two sets of data obtained by other investiga-

tors in vacuum tests at 3000*F. The 2800*F data obtained here fall quite

close to that plotted from the literature. The stress rupture strength of

the Ta-Cb-V alloy is much lower than the Ta-10W, even though the ternary

alloy data were obtained at a lower temperature. In fact, the slope of the

curve is quite steep for the Ta-Cb-V alloy at 2700°F, and if extrapolated

to a 100-hour rupture life, the stress would be about 2000 psi. However,

if the data were plotted on a strength-to-weight ratio basis, the Ta-Cb-V

alloy would show up much more advantageously. The deformations in-

volved in all cases were quite considerable, amounting to as much as 30 to

40%. Therefore some of the coating tended to chip off or flake off, par-

ticularly in the last stages of rupture. However, the only visual evidence

of oxidation occurring at or in the vicinity of fracture in these and other
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tests was in the Ta-Cb-V alloy tested for tht+ longest ti-n' . and this was

at the tip of the fracture.

Similarly coated coupon samples of each alloy were also tested

in batches at tempertures from 1100 to 3000*F in furnac-es. Some of the

2500 to 3000*F data are shown here. Life in hours vs. coating weight are

plotted in Figs. 2 and 3 for the Ta-10W alloy and in Fig. 4 for the Ta-Cb-V

alloy. It was found, in general, that substrate thickness, size, or edge

rounding had little effect on oxidation resistance. The most significant

effects were due to coating thickness and cycling rate. Failures occurred

predominantly at edges at all temperatures. At 3000"F with Ta-10W, oxi-

dation life increases slightly with increased coating thickness. Little

effect of sample size is indicated between 3/4" and 1-1/2" long samples.

Samples given only one coating had respectable lives of 3 to 6 hours. At

2800*F there was practically a linear relationship between the coating

thickness and oxidation life. In fact, the major effect of the molybdenum

additive over tantalum is clearly to increase the coating thickness and

the data fall in line with the thinner coatings. It can also be seen that

the cycling rate has a profound effect on life at 2800 0 F. In reducing the

cycling rate to once a day, lives over 75 hours were obtained.

For the Ta-Cb-V alloy at 2500*F there was a very sharp in-

crease in life with coating thickness. The first batch of samples had

lives varying from 40 to over 85 hours. With somewhat thicker coatings
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provided by the additicn of 1016 molybdenum powder to the coating, none

of the five samples tested failed in. 100 hours at 25001F. At 2800*F most

of the samples failed in 7 to 11 hours, with several lasting up to 30 hours.

Coating thickness did not appear to have any particular effect in the range

studied. However, the batch of samples with the molybdenum additive had

considerably thicker coatings and had longer lives of 24 to 39 hours. In

general, the coatings are much thicker than those with equivalent coating

weights in the (Sn-25Al)-IOTaAI 3 composition.

Much more extensive data are given in the final report concern-

ing tensile strength, diffusion effects, and oxidation resistance of coated

samples over a wider temperature range.

To study coating stability in the range of I to 15 mm of air

pressure, a modified Sit.verts apparatus was set up together with a resis-

tance heating chamber. A cartesian manostat was used to regulate air

pressure irn the range of interest. Various attempts were made to minimize

the temperature gradient resulting from clamping the specimen in water-

cooled electrical grips. Initially this was done by contouring the sample so

that the griD ends were narrowest and the sample widelned gradually to a

maximum of 1/4 in. at the center. Samples of Ta-10W. from 0.01 in. to

0.04 in. thick by approximately 2 in. long were coated with (Sn- 25A1)-

1OTaAi 3 . Tests showed, however, that the coating thickness variations

within the sample test section were sufficient to cause a temperature gradient
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in the sample. Therefore, subsequent samples were coated with the

molybdenum additive to obtain much more uniform coatings. Additional

difficulties were encountered because of the relatively small grip ends

which led to hot spots and poor contact. This difficulty was alleviated

by using completely rectangular samples, 0. 010 in. thick x 1/4 in. wide,

but the restraint imposed by the vacuum seals around the grips caused

these samples to buckle at the center. In some cases this resulted in

shorting out against the wall of the chamber.

Samples were usually exposed for 1/2 hour at temperature,

taken out, examined, weighed, reassembled into the apparatus, and re-

tested for another 1/2 hour. Many of the samples developed hot spots in

some localized area, which resulted in a burnout. Therefore it was not

possible to specify the type of failure that occurred. Accordingly, the

results plotted in Fig. 5 are those for which a uniform weight loss or

weight gain was obtained. None of these samples had failed in the classi-

cal sense of an oxidation failure. In fact most of them suffered little

change in structure or appearance. It is apparent, however, Lhat at 1. 5 mm

pressure considerable coating loss occurs in the vicinity of 2570°F in 1/2

hour. Similar losses are obtained at a lower temperature, 2450°F, in one

hour. It can be seen from Fig. 5 that the coating is quite stable a', approx-

imately 2600°F at 3 mm pressure, at 2780"F at 6 mm pressure, and at

2850"F at 12 mm pressure. The effect of time at temperature is shown in
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Fig. 5. Weight changes in coated samples at reduced air

pressures.

63



Fig. 6. Where weight gains occur they appear to be continuous. From

microstructural changes at 2700"F in 1 1/2 hours it is appaient that local

areas can be depleted of the coating within this test time; these depleted

areas are probably related to the hot spots within the sample caused by

nonuniformities. in order to establish the range of pressures and tempera-

tures at which the coating is stable, it would be preferable to use an outside

heating source to attain necessary temperatures.

These studies indicate that where a protective oxide film forms,

stability is increased and can probably be increased to temperatures in the

vicinity of 3000"F. However, considerably more work would have to be

done in order to establish the precise temperature-pressure boundary con-

ditions for stability.
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PART I I

EXPERIMENTAL STUDY OF FACTORS IMPORTANT
IN THE PROTECTION OF TUNGSTEN ABOVE 1900°C

C. D. Dickinson

1. INTRODUCTION

Silicide and aluminide-base coatings which adequately protect the

refractvry metals at temperatures up to 1900'C have a maximum upper

temperature limit for protection of about 1900°C. Therefore, knowledge

of the growth of protective films of more refractory, less volatile oxides

has been the impetus behind investigation of the factors which are import-

ant in the growth of refractory oxides as a protective barrier for tungsten.

An analysis of the problem was presented at the last Composites Work

Group Meeting and five factors were discussed which seem to control the

over-all efficac; of a barrier coating of oxide grown from a reservoir coat-

ing substrate. A detailed description of analysis of these five factors is

given in Ref. 1, 2, 3, and 4 . The survey revealed that there were many

areas in which information was insufficient and in which a better understand-

ing would aid in the development of high-temperature coatings. So many

areas requiring further study were revealed that some order of priority was

required if significant assistance is to be given to development programs
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now in existence u: projected for the near future. The next objective,

therefore, was to define the type of research programs needed and then

to assign an order of priority.

Recommendations were made for specific experimental research

programs'needed to define each of the processes discussed in Ref. 3. The

relative importance of these programs was evaluate, in terms of the con-

tribution that additional knowledge or information about the particular phen-

omena could make to coating development programs 4. It is worthwhile,

therefore, to briefly reiterate the five phenomena defined by the analysis of

the problem being of major importance and to indicate their relative im-

portance in determining the protectiveness of a coating system.

These phenomena are:

1. The breakaway proneness of the oxide formed.

2. The diffusion paths followed in the ternary oxygen-

metal-metal coating environment system.

3. The rates of vaporization of the components of the

coating system.

4. The rate of coating-substrate reactions.

5. The rates of cationii and anionic diffusion through

the outer oxide layer.

In the final analysis, multicomponent diffusion processes and

breakaway are the principal phenomena that initially.determine if a coating
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is protective, since protection depends on whether refractory oxides of

the desired composition and structure are formed as an adherent non-

porous film that grows by a diffusion controlled process. Predictions

based on the existing knowledge in these two areas should be tested by

critical experiments. For example, a demonstration that either the

strength or ductility of a substrate affects the high-temperature film-

forming characteristics of refractory oxides such as ZrO2 and HfO 2 , or

changes the conditions for breakaway, would be an important step toward

the better understanding and control of breakaway during the oxidation of

refractory and intermetallic compounds. The influence of stoichiometry,

as predicted by ternaey diffusion, on the oxide formed has important

implications for attempts to grow complex refractory oxides, and should

be tested. Therefore, experiments have been conducted to provide addi-

tional insight on the processes of breakaway and ternary diffusion in oxida -

tion which lead to the formation of refractory oxide films. The results of

two experimental studies will be discussed separately in the following sec-

tions.

2. STUDY OF BREAKAWAY

The change to linear oxidation rates in the growth of refractory

oxides such as Zr and Hf on their own substrate is generally associated

with spalling and mechanical cracking of the oxide. Although a variety of
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specific mechanisms for breakaway oxidation of individual metals have

been proposed and are being investigated, a common denominator is

that stresses or strains at the metal-oxide interface seem to be associ-

ated with breakaway phenomena in many systems. Therefore, an experi-

mental program was designed to determine if the use of -a liquid substrate

could'*prevent breakaway in the growth of various refractory oxides by

preventing the transmission of stress or strain from the substrate to the

oxide. Achievement of this objective would have some practical implica-

tions, sincc the work of Sama 5 demonstrated that a liquid carrier layer

can be used effectively in the forination of A1 2 0 3 from coatings on the

refractory metals.

2.1 PROCEDURE

The procedure used in the experimenta' work to be discussed i.-

given in detail in Ref. 4 and wili not be repeated. The general experimental

procedures used were to melt an alloy of the desired composition in a zir-

conia or alumina crucible, machine the exposed metal surface and oxidize

the sample in the crucible. Temperatures from 900 to 1700°C for various

times wVere used to dctermine the ki netics of giuwth by weight gain and

thickness measurements. Microprobe and X-ray analyses of the oxidized

samples were used to identify specific phases observed metaliugraphically.

In all cases, oxides of the diluent used to produce a liquid phase alloy had

a lower 4ree energy of formation than the reactive element oxide. Tin and
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gold were used as diluents. The growth of HfO 2 and ZrO2 from a Hf or

Zr alloy substrates were studied, using both tin and gold as a diluent.

Growth of ThO 2 and A12 0 3 from Th and Al alloys were investigated, using

only tin as a diluent. Study of the oxidation kinetics of the six-liquid alloy

system has been completed. Although certain pecuLiaritie.o in behavio1

were observed which are characteristic of a specific system, the results

which are described in the following section provide irformation with

general implications on the effect of liquid substrates in the growth of

refractory oxides without breakaway.

2.2 RESULTS AND DISCUSSION OF RESULTS

The effect of time and temperature on the rate of growth of

oxides on Sn-16. 77oHf, Sn-9. 3%Zr, Sn-5. 316Th and Sn-16. 776A1 alloys are

given in Figs. 1 to 4. The resulting curves are a plot of the specific weight

gains or metallographically observed thicknesses as a function of the square

root of the time of oxidation test. It will be observed in these figures that

deviations from parabolic growth do eventually occur at many tempera-

tures at longer times. The oxide films formed (Fig. 5) are compact and

adherent at temperature. However, in certain systems, particularly the

Au-Zr and Au-Hf systems, stresses generated on cooling caused the oxide

to spall after the test had been completed. Even in the cases where the

oxides had spalled on cooling, the weight gains indicated that protective

growth had occurred during the isothermal test.
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A comparison was made of the time for breakaway of the oxides

on the liquid metal subbti -.tes with those reported in the literature for the

growth of oxides on the solid, pure reactive metal, and the results indicate

that a significant improvement at all temperatures in the time for breaka-

way resulted from the use of a liquid substrate. Microprobe or X-ray

analyses indicated that the oxide formed during the parabolic period of

growth was pure HfO 2 , ZrO2 , ThO 2 or A12 0 3 . Furthermore the crystal

form of the HfO2 and ZrO2 formed from Hf and Zr-containing alloys was

monoclinic rather than cubic or tetragonal. Therefore, the parabolic

growth and the fact that growth of the oxides is less prone to breakaway

on the liquid substrates is a direct result of the elimination of stresses

at the metal-oxide interface rather than an effect of alloying in the cxide.

Ultimately, however, breakaway does occur. Even though para-

bolic growth of Hf0 2 for one hour at 1700°C is a marked improvement,

much longer periods of protective growth will be needed if HfO 2 is to be a

comporent of high-temperature coating systems. It is important to know

the cause of the breakaway that occurs ultimately and hence to know whether

the data obtained represent the best improvement that can be attained.

Breakaway during the oxidation of reactive-metal tin-base alloys

manifests itself by the appearance of a white crumbly mass of tin oxides.

The appearance of this other oxide could be the result of two processes;

the mechanical breakdown of the protective HfO 2 , ZrO2 and ThO 2 films or
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the exhaustion of the reactive metal in the sample by the formation of a

thick oxide scale so that further oxidation results in the formation of tin

uxides. This second process is believed to be operative on the basis of

our experimental data. The times at which the concentration of the dis-

persed phase in hafnium-tin samples became zero (Fig. 6) were in excel-

lent agreement with the times at which the crumbly oxide was first formed.

The microprobe studies showed that hafnium was virtually insoluble in tin

at room temperature, therefore all the hafnium content of the samples

must have been in the dispersed phase and the times for zero concentra-

tion correspond to zero hafnium content.

If reactive metal exhaustion is assumed to be the case of break-

away, the time at which it occurs can be calculated readily. Since oxidation

initially proceeds parabolically, the time at which breakaway occurs, tB,

should be related to the initial reactive metal content, m, by.the expression

(m x C) = kl/2 tB 1/2 , (1)

where
C is the weight gain/unit area or film thickness produced by

the consumption of one gram of reactive metal.

A comparison of the observed times at which the Sn-16. 7w/oHf samples

underwent breakaway with iiose predicted by Eq. (1), Table I, reveals

a good agreement for all temperatures above 1000*C.
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TABLE I

The Times at Which Rapid Oxidation of Sn-16.7Hf
Alloy Samples Commence

Temperature Observed time * Calculated time **
0C (hours) (hours)

1000 46-64 440

1150 170

1300 24-36 28

1450 6-8 7.4

1600 1.5-2 2.1

1700 1-1.5 0.9

Taken from Fig. 8.

•* Calculated from Eq. (1) using the average surface area
of 14 cm 2 . The rate constants were derived from the
data presented in Fig. 1.

The good agreement demonstrated by the table provides strong confirmation

for the suggested influence of reactive metal content. Further support

comes from the fact that data on the effect of zirconium content on break-

away time obey one parabolic relationship over most of the zirconium con-

tent range evaluated, and breakaway is related to the initial zirconium con-

tent rather than ',eing thickness or time dependent.

Deviations from the suggested parabolic relationship, however, do

occur. The cause of the deviation at zirconium contents of 20 w/o or more
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is probably due to the existence of solid islands of the zirconium-rich

inetermetallic at the oxidation temperature of 1300*C. As shown by the

oxidation behavior of the Sn-9. 3w/oZr samples at 990 and 10300C (Fig. 7),

the oxidation rate is very high when the solid intermetallic is present and

continues to be so until the solid is destroyed. This initial rapid oxida-

tion rate causes an initial rapid depletion of the reactive metal and hence

leads to an earlier onset of breakaway. This behav or is believed to be

general and not specific to zirconium-tin since breakaway also occurs un-

usually early for Sn-16. 7w/oHf samples oxidized at 10000C, a temperature

at which solid islands of hafnium-rich intermetallic are believed to be

present. With the qualification that no solid reactive intermetallic is ex-

posed to the oxidizing environment, the data indicate quite clearly that the

times and temperatures for the onset of rapid linear oxidation in Figs. 1

to 3 do not represent the brst that can be attained.

This program was not intended to be a study of the oxidation

kinetics of tin alloys, but a certain amount of kinetic data have been obtained.

It has been suggested that fhe use of liquid substrates prolongs the low tem-

perature protective growth of the HfO 2 , ZrO2 and ThO 2 , and, therefore,

it w4.ould be intcrcstingto con.pare ihe kinetIc data obtained in +is program

with that reported for the protective growth of these oxide films on their

parent metals at low temperatures. Ths comparison is best made in terms

of the rate constant, k, which can be derived from the equation
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X = kt,

where X is the oxide thickness or weight gain per unit area

n is the reaction index

and t is the time.

The rate constants for the protective growth of the three oxides from liquid

tin and solid parent metal substrates are presented in Figs. 8, 9 and 10.

The agreement between the various sets of data is good Lnd therefore sug-

gests that the effect of the liquid substrate is to prolong the conditions under

which the low-temperature growth mechanism is operative. This is an

important inference since parabolic oxidation of zirconium and thorium has

been reported to occur at temperatures substantially above those at which

breakaway occurs. However, the mechanism of oxidation is not the same

at high as at low temperatures. Levesque and Cubiceciotti, for example,

reported that the low temperature parabolic oxidation process of thorium

had an activation energy of 31 k cals/mole (the value derived in this work

was 30 k cals/mole) while Gerds and Mallet found that the high-temperature

parabolic oxidation process had an activation energy of 62 k cals/mole.

Although there is reasonable agreement between the rate constants

of the various sets of data plotted in the three figures, the values of the

reaction index are at variance. The index was found to be 2 for the growth

of both HfO2 and ZrO2 from liquid tin substrates, but values of 2. 3 and

1. 5 to 3. 5 have been quoted for the low-temperature protective growth of
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HfO 2 and ZrO2 from their solid parent metals. It is difficult, however, to

decide whether this difference is of any major significance since variations

in the reported values are so large, High reaction index values are usually

asociated with a significant influence of interfacial processes on the

growth of oxide films. I it is assumed that the values derived in this work

are indeed lower than those quoted in the literature for solid substrates, it

can be deduced that the use of liquid substrates reduces the influence of

interfacial processes. The data, however, are not precise enough to make

such a deduction more than mere speculation.

Having discussed the major conclusions that can be drawn from the

experimental data, it is possible to evaluate the relevance of this work to

future coating programs. High-temperature parabolic growth oxides from

liquid substrates has been demonstrated before and used by Sama and

5
Lawthers in the development of a successful coating system; however,

the oxide (A12 0 3 ) grown in that wcrk, ib not notably breakaway prone. The

demonstration provided by this work that breakaway can be prevented or

markedly delayed in the growth of breakaway-prone oxides such as ZrO2

and HfO9 now makes it possible to consider use of these oxides in protec-

tive coating systems. The utilization of this improvement under actual

service conditions should be studied to prove that a wider choice of potential

high-temperature coating systems is possible. This duplication, however,

would not lead immediately to the development of new coating systems. The
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high-temperature parabolic growth rates of HfO 2 and ZrQ 2 are greater than

those of Al 203 and extrapolation of the present data to 2000 0C(Fig. 11)

indicates that the rates are probably greater than the tolerable maximum

for a high temperature coating. These rates of diffusion controlled growth,

therefore, will have to be reduced before practical coating systems can be

developed.

Before concluding this discussion; it must be emphasized that it

is not believed that any and every breakaway-prone oxide can be caused to

grow as a protective firn if a liquid substrate is used. An improvement

can be expected if stresses at the oxide-metal interface are the cause of

breakaway, but this is not always the case. Thorium and magnesium are

reported to burn at moderate temperatures and, although some delay has

been achieved by use of a liquid thorium-tin alloy, it seems unlikely that

ThO2 and MgO can be grown as protective films at 2000*C. Although not

a refractory oxide forming material, liquid tin also fails to form protective

films at 1000°C and above. The use of a liquid substrate, therefore, can

not guarantee protective film growth for all cases. Nevertheless, it is

believed that the L'se of a liquid substrate can markedly delay the onset of

breakaway for the many systems in which breakaway is due to stresses or

strains at the oxide-metal interface.

87



NI

lo- 2

-. U A

boN

0 N

19~

o-34

E3-1 / 0-n(a a

D*- 12w/o A -Sn

0-- 6.w/1 L-.A

104 5 6 7 8

1i00, where TV is the oxidaitionl temperatur'i in 0K

pig. 11. Th'le e xtviL ol uxi jtdtOIu ~r uud by ex Po8 itig five
liui d C Ioy 5 11 tWle houur1LV 'i ai oils tinIipr ature s.



3. TERNARY DIFFUSION IN THE Zr-Th-O SYSTEM

Most of the successful protectiv coating systems developed to date

depend on an intermetallic compound, diffusion bonded to the substrate, as

a reservoir for the formation of a protective oxide. The success of such a

coating depends primarily on the ability to form a specific oxide which is

protective of the several oxides possible in a given system. The importance

of diffusion processes is indicated by the results -btained in the study on

silicide pest; the formation of tungsten and silicon oxides are associated

with the low temperature, rapid failure.

For a pure metal, the phase sequence of the oxide layers produced

on the surface can be predicted from the appropriate phase diagram by simply

drawing an isothermal line. The only influence of diffusional processes is to

determine the rates of growth of the various layers. With an alloy or inter-

metallic compound, however, the phase sequence or morphology cannot be

prtdicted on the basis of the phase diagram or thermodynamic data since

the relative diffusion rates of the three components of the system (oxygen,

metal A and metal B) influence both the compositions of the oxides produced

and the morphology of the layers which grow. The oxidation of several binary

systems (Th-Zr-O, W-Hf-O and Zr-Y-O) are being investigated to provide

further informatLon on the behavior in the growth during oxidation to form

fractory oxides of the specific compositions or crystal structure. Some in-
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sight is being sought on the influence of the ternary equilibrium diagram,

thermodynamics and relative diffusion rates on the behavior analyzed by

analysis of the results as a ternary diffusion process. Work is progressing

on all three systems mentioned, and the experimental work accomplished

to date on the Th-Zr-O system permits some specific conclusions with

regard to this system and general conclusions on the analysis of multicom-

pcnent oxidation as a ternary diffusion process. These results have implica-

tions in the problems of protecting tungsten (and other refractory mete ls);

therefore a brief description of the results obtained to date on the Zr-Th-O

system and a discussion of these results are presented.

3.1 EXPERIMENTAL PROCEDURE

Coupons of four Th-Zr alloys containing 30, 55, 70 and 85% thorium

were made from mixtures of the Th and Zr powders in appropriate ratios.

After blending, the powders were compacted and sintered in a vacuo for

one hour at 1300'C. The compacts were arc melted in argon and homogenized

by a vacuum anneal for 20 hours at 1200°C. The buttons produced were cold-

rolled into strips 0. 075 in. thick, with intermediate and final vacuum anneals

of five hours at 1200°C. The strips produced were cut into 1/2-in. x 1/4-in.

coupons and 116-in. diameter huletj were drilled near one end. The coupons

were then annealed for 5 hours at 1200*C before oxidation testing.

All oxidation tests were made in dry air. The Pt-Rh resistance-

wound furnaces described by St. Pierre 6 were used. The solid specimens
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were suspended in the furnace by 30% Rh-Pt rods passed through thr drilled

holes and placed across the top of an A1 2 0 3 crucible. Liquid specimens,

i.e., the 55, 70 and 85 w/o Th-Zr alloys at 1600*C, were premelted in

argon prior to being exposed to air. Both weight gains and oxide thickness

measurements were used to determine the extent of oxidation, but greater

reliance was placed on thickness than weight gain measurements if both

values were obtained. Selected Bainples were submitted to Battelle Memo-

rial Institute for detailed X-ray and electron microprobe studies as follows:

1. Zr-30%Th alloy oxidized 1/2 and 2 hours at 1200°C and

oxidized 20 minutes at 1400°C

2. Zr-55%Th oxidized 1/2 hour at 1200°C

3. Zr-85%Th alloy ozidized 1/2 and 2 hours at 1200°C

The procedure used at Battelle Memorial Institute is given in detail

3in the Appendix of the Second Progress Report . The general procedure

used, however, was to identify the composition of the phases observed in

a metallographiL cross-section of the specimen by microprobe analysis.

The Zr and Th contents were obtained simultaneously, and the composition

and the distance from the external surface of the analysis were determined.

Ix - S+UA; S f +h- g., "Cn^ f fh1,4 amp ;-n i,. n nA aurnace -

X ray UAALL A L %I A ~ s, %A * A.6% a J Us&% "" . 1-_ V&& J ' AA&~* &A "6 " " '* "~ " L %

posed by removing successive thicknesses gave a similar identification of

the structure of the phases as a function of distance from the external inter-

face. In this manner, it was possible to identify the phases formed in various

layers and as well to determine the compo 'on of the¢se phases.
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3.2 RESULTS

The rate of oxidation was determined by measuring the weight

gain of the specimens after exposure at 750, 1000, 1200, 1400 and

1600*C. The results for each alloy were plotted as shown in Fig. 12 for

the Zr-85%Th. The log of the specific weight gain is plotted as a function

of the log of t'me and the reciprocal of the slope of the resulting curve is

the index of reaction, n, in the equation

( )= kt (1)

In almost all cases, the data for both noncyclic and cyclic tests for a given

temperature L.ad composition are well described by a straight line with a

slope of 1 or 2, indicating nonprotective (linear) or protective (parabolic)

film growth, respectively. The rate constants presented in Table II were

determined from the straight lines of A W/A vs t n plots by assuming that

either linear (n) or parabolic (n=2) growth best describes the kinetics of

the oxidation reaction.

At 750 and 1000°C linear oxidation was observed on all composi-

tions tested, and the oxide formed was externally cracked. The tests were

sequential cyclic runs on one sample, but npalling apparently occurred even

oi the first run as indicated by the fact that for the alloys containing 70-85%Th,

the weight gained at 1000°C in the initial run is greater than that gained at

1 200'C in the same time.
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At 1200°C individual specimens were used for each test and the

data can be represented by a line with a slope of 1/2 indicating parabolic

growth. The scales appeared to be sound and dense, and the edges and

corners were intact in most cases; a sharp corner was retained in the

oxide.

At 1400°C both cyclic and individual tests were run,and in the

Zr-30Th and Zr-55Th alloy, a line with a slope of 1/2 describes the

results of both types of tests. In the Zr-70%Th alloy at 1400°C, the

weignt gains for individual specimen tests indicated a slope of 1/2, but

in sequential tests beyond 0. 25 hours the slope changes toward a linear

rate, indicating breakaw&y. In the Zr-85%Th alloy only the individual

tests fit a slope of 1/2; the cyclic results indicate breakaway oxidation

with a slope of 1. The external appearance of the oxides formed at

1400"C was similar to that observed at 1200°C.

At 1600°C only the Zr-30%Th alloy is solid at temperature. In

the noncyclic tests, the rate of weight gain on the liquid Zr-(70-850/0)Th

alloys is parabolic, but slopes of 0. 68 were obtained for cyclic tests. In

the solid Zr-30%Th alloy only cyclic tests were run, and a slope of 1 was

observed. The results of oxidation of the Zr-55%Th alloy was described

by a curve with an initial slope of 1/2 and a slope of 1 for times greater

than 0. 25 hr. The oxides formed at 1600*C appeared to be dense and sound,

but on standing at room temperature the oxides formed on the liquid alloys

disintegrated in the atmosphere to form a very fine powder.
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3. 2. 1 Structure of the Surface Layers

3. 2. 1. 1 Metallographic Studies

Metallographic examination reveals that at 750 and 10000C,

oxidation of all alloys proceeds by linear nonprotective growth and the

oxide formed contains a larg'e number of cracks parallel to the surface of

tl.e specimen, as indicated in the first Quarterly Report. 3 Examination

of the metallic substrate of spc, imens oxidized at 7500 C indicates no

change in substrate structu'e, and microhardness tests indicate no increase

in hardness of the metal adjacent to the metal oxide interface. Thus the

amount of oxygen which penetrates or dissolves in the substrate must be

relatively small. At 750 and 1000*C, breakaway due to fracture of the

oxide is evidently the controlling process in the rate of oxidabion. Oxygen

permeates ;irough the cracks to the metal-oxide interface, forming new

oxide which, in turn, spalls and does not protect the substrate. Under these

conditionr, the substrate is oxidized essentially in situ and solid-state dif-

fusion processes do not control the composition of the oxide layer.

Cross-sections through the surface layers of samples that

exhibited parabolic growth at 1200 and 1400*C were studied. The thickness

of the layers formed were measured and 'he microstructures after I hour in

air at 1200*C in Fig. 13 are typical of the structures observed. Photomicro-

graphs of the structures of the Zr-3016Th and Zr-85%Th alloui after 2 hours

at 1200*C (Fig. 14) exhibit similar structures.
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In general, two types of structures were observed in samples

oxidized at 1200 ancd 1400'C. At 1200 and 1400°C, the rate of growth is

apparently diffusion -c,,trolled in all compositions and compact adherent

oxides are formed, however, the layers and structures observed in the

Zr-30%Th and Zr-55%Th alloys (thorium lean) differ from those in the

Zr-70%Th and Zr-85%Th (thorium rich) alloys. In the thorium lean alloys,

several layers which thicken with time are observed as follows:

1. An external two-phased oxide;

2. An internally oxidized layer consisting of a single-

phase metal matrix containing oxide particles;

3. A transformed two-phase metal matrix containing

oxides formed by internal oxidation.

Hardess traverses of the metal + oxide layer observed beneath

the oxide in the thorium lean alloys were made on alloys oxidized at 1200

and 1400*C. The single-piiase matrix structure b'rts a hardness above

1000 VHN near the oxide-metal interface, and in its entirety is harder

than the substrate from which it is formed. The transformed metal + oxide

layer is similarly harder than the substrate.

All of the layers thicken with time, and in the Zr-30%Th alloy,

which was oxidized 30 minutes at 1400*C, the internally oxidized zone

(layer 3) penetrated almost to the centerline of the specimen. In this sample

large fissures in layer 2 and in tz corners of the outer oxide layer ,-ere
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observed. The oxide was grossly distorted by growth, but cracks were

observed only a :orners and in the regions of the support hole in the

specimen. In specimens oxidized at shorter times at 1400°C or equiv-

alently shorter time at 1200*C, the corners were essentially intact and

formed a sharp corner angle at about 90 *.

In the Zr-70%Th and Zr-85%Th alloys, the external oxide is the

only layer which grows appreciably, and the rate of growth is considerably

less than the rate in the thorium-lean alloys. Some indication of a small

amount of internal oxidation at 1200°C may be present in the Zr-70%Th

alloy structure (Fig. 13); however, internal oxidation and the solution of

oxygen in the metallic matrix do not occur to an appreciable degree in the

thorium-rich alloys. No single-phased region in the metallic matrix is

observed, and hardnesses immediately adjacent to the metal-oxide inter-

face indicate no hardenLig f-om oxygen solution.

At 1600*C observations were complicated by the fact that only

the Zr-30%Th alloy was solid at temperature. In addition, the scales that

formed on the liquid alloys were initially sound and nonporous but rapidly

disintegrated at room temperature so that microstructure observations

were not made. However, the disintegrated scales were analyzed by X-ray

diffraction to determine their structure, and the fullowing results were

obtained:
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Zr-55%Th: ThO 2 + l0%ZrO 2 + (ZrN detected - 5%)

Zr-70%Th: ThO 2 +./5% (ZrN ); (ZrO2 possibly detected 4 5%)

Zr-85%Th: ThO 2 + K5% (ZrN + several unid-ntified lines

- trace ZrO2 ?)

The oxide that forms at 1600°C on the liquid alloys is predominantly ThO 2 .

The ZrO2 observed in the Zr-55%Th alloy may have formed after the corn-

position being oxidized was partially solid. These results indicate that

therri, dynamic considerations are overriding in the oxidation of the liquid

al.oys. ChL.mical analysis of the residual metal of Zr-55%Th samples

oxidized for 15 and 30 minutes at 1600°C indicated thorium contents of 45

and 46. 7% respectively. An alloy containing 45% thorium would be partly

solid at 1600*C, and microscopic examination indicated localized areas

where internal oxidatior. and an oxygen-saturated zone had formed, similar

to that observed in the oxidation of the solid alloy.

3. 2. 1. 2 Microprobe and X-ray Diffraction Studies

Microprobe analysis and X-ray diffraction atudies of alloys oxi-

dized at 1200 and 1400'C are included in Appendix A of Ref. 3. Several

conclusions can oe drawn from the results which have direct bearing on

the rationalization of the oxidation processes at 1200 and 1400°C. By corn-

bining the microprobe, X-ray, metallographic and microhardness results,

it is possible to describe the layers formed with greattr accuraLy, and even
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-'o assign approximate zirconium and thoriui i ratios of the phases observed.

For example in the Zr-30%Th and Zr-55%Th alloys (14 a/o and 31 a/o Th

respectively), the sequence of phases at 1200°C observed in order from the

external surface towards the center of the sample are as follows:

Layer 1. ZrO2 (<4 a/o Th) and ThO 2 (Zr content varies). Both

cubic and monoclinic ZrO2 are observed in the Zr-14a/o

Th alloy, although the tetragonal phase is .-ItPble at temrer-

ature. ZrN is present as a discrete phase in the oxide.

Layer 2, ThO2 (- 50 a!o Zr) + a Zr ( 4 2 a/o Th and up to 30 a/o 02).

Layer 3. ThO2 (-,30 a/o Zr) +-, 0P Zr (3 a/o Th).

Layer 4. A solid-solution zone in "wvhich the ratio of 'horium to zir-

conium in the metal increases from 5 a/o and 14 a/o Th

to the original alloy compositions of 14 and 31 a/o Th

respectively.

In the Zr-85%Th (69 a/o Th) alloy, the sequence of layers or

phases and the approximate composition is as follows:

Layer 1. A thin external two-phased oxide (ZrO2 and ThO2). The

composition of the discrete phases is not defined.

Layer 2. A layer of ThO2 (X-ray results indicate no ZrO2 present)

which contains 20 a/o Zr (X-ray results indicate some ZrN
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as a discrete phase, but the zirconium content in ThO 2

is uniformly high).

Layer 3. A metallic substrate in which the thorium content increases

from ,v24 a/o Th at the metal-oxide interface to the matrix

composition (69 a/o Th).

3.3 DISCUSSION OF RESULTS

T've rates of oxidation at 1200, 1400 and 1600°C of the Zr-Th alloys

are compared with previously determined rates of formation of Z,-0 2 on

liquid Zr-Sn alleys and ThO2 on Th-Sn alloys in Fig. 15. At 1600*C, the

parabolic rate constant for the alloys is located directly between the rate

constants for the oxidation of Zr and Th in Sn alloys. At 1200 ° and 1400'C

the rates observed for the Zr-30Th and Zr-55Th alloys are considerably

higher than a straightline average of the rates for Th and Zr in Sn. This

suggests that the occurrence of internal oxidation is important in determin-

ing the overall rate constant for these alloys. The rate constants for the

Zr-70% alloy at 1200 and 1400 0 C, and for the Zr-85%Th alloy at 1200°C

are between the rate constants for the oxidation of pure Th and Zr. This

indicates that the rates observed are an average of the rates determined by

the diffusion of oxygen through the Zr and Th-rich two-phase oxide.

Internal oxidation eventually does lead to failure by breakaway in

the Zr-30Th and Zr-55%Th alloys but the spalling occurs first in the oxygen-

saturated Zr which leads to cracking of the oxide at the ends of the specimens.
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The most surprising fact is that the oxide does nno spall in most of the

alloys, even though the oxidation process causes a 10% or more increase

in the thickness of the specimen. Even the corners of the speci.ien after

10% increase in thickness are essentially sound, with no indication of

corner cracking in spite of the fact that the oxide is apparently being formed

by anion diffusion at the metal oxide interface. The fact that the oxide can

undergo such dieortion without cracking indicates that th,. two-phase struc-

ture of thoria surrounded by a mixture of zirconia or zirconia plus thoria-

rich oxides, has considerable ductility at temperatures of 1200"C and above.

If the growth of each layer observed after oxidation at 1200 to

1400C is truly diffusion-controlled, then all layers should thicken with

tine, according to equation (1) where n = 2 and k is a different constant

for each layer. The weight gain should be directly related to the rate of

thickening of each zone and to ti-e total thickne ,a. In a plot of the weight

gain versus the thickness of the oxide layer, and the oxide layer plus

internally oxidized zone, linear relationship is obtained for both at 1200

and 1400C. The thickness of the oxide layer for a given weight gain is

independent of temptrature, indicating that the oxide density (and probably

composition) does not change with temperature. The thickness of the

internally oxidized zone does change with temperature, the layer being

thicker for a given weight gain at 1200 0 C than at 1400°C. In the thorium-

rich alloys, only the oxide layer grows with time, and the thickness of the
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oxide for a given weight gain is increased which is consistent with the fact

that practically all of the oxygen is in the oxide layer in the thorium-rich

alloys.

3. 3.1 Structure of Surface Zone

In order to discuss the sequence of phases at the air-coating

interface in terms of the "ternary-diffusion" concept, it is first necessary

to construct a tentative phase diagram for the Th-Zr-O ternary system.

The Zr-Th and Zr-O binary diagrams are known and the quasibinary

ZrO2 -ThO 2 diagram is also known. The Th-O diagram is not known, but

the existence of oxide particles in a melted thorium button containing 1500

ppm 02 suggests that the solubility of oxygen in thorium is extremely low.

The metallographic, hardness, X-ray diffraction and microprobe

results of alloys oxidized at 1200*C define the zirconium-thorium ratio of

the phases observed and the structure at temperature or structures which

result from transformation on cooling, and permit an estimate of the oxygen

gradient Li the substrate. These resalts have been used to construct the

tentative 12000 isotherm shown in Fig. 16. The cubic zirconia found in the

oxide of the Zr-30%/Th alloy has not been included in this diagram since

Roy and Mumpton 7 have shown that the cubic zirconia observed in ThO2 -

ZLO 2 alloys is a metastable rather than stable phase. It is not known

whether the metastable phase is formed at temperature or on cooling, but
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a three-phased region should not be observed unless one of the phases is

metastable.

The low solubility of thorium (42 a/o) in the oxygen-rich

internally oxidized zone of the Zr-14 a/o Th and Zr-31 a/o Th alloys helps

to establish the oxygen gradient since the oxygen content of the zirconium-

oxygen phases at the limit of solubility of thorium in these phases should

not differ greatly from that in the Zr-O binary diagram. The low thorium

content between the substrate and the internally-oxidized interface, and the

identification of the internal oxide as ThO2 suggests that the 6 + ThO 2 two-

pnase region exists at very low cnorium and oxygen conten',s. Finally, the

high zirconium contents of the ThO2 in the a + The 2 and P + ThO 2 internally

oxidized layers in the thorium-lean alloys was used to construct the extended

ThO2 single-phase region with the assumption that this region is quahtatively

only slightly oxygen-lean. The three-phase regions were observed as boun-

daries between layers. The a 2 + P + The 2 and a 2 + ThO 2 regions were not

encountered in the diffusion couples but must exist at 1 200"C.

The tentative diffusion paths of the Zr-14 a/o Th, Zr-31 a/o Th

and Zr-60 a/o Th alloys at 12001C are also indicated In Fig. 16. In the

7"_..1 A a/c Th. .,,A 7i-'1lr ,Tk r6 ~ , ni.

41 Zl.G 'L~~*C~ J AC~ C4.&P31 AA4 VLSAS A. 0 A.O eils

in the ThO2 + ZrO2 , a Zr + ThO2 and . + ThO 2 two-phase regions,and thus the

internally oxidized layers as well as the two-phased oxide layer is observed

in the microstructuie. A net material flow of thorium from the unaltered
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substrate to form the thorium-lean metallic zone and oxide phaa-1s richer

in thorium is apparen in all alloys.

In the Zr-69 a/o Th alloy the composition path through the

+ ThO 2 region is also a tie line so that the two-phase region is observed

as a boundary between the oxide and substrate rather than an internally

oxidrzel zone. The external layer of the oxide is two-phased ThO2 and

ZrO2 since tie lines are crossed. The existence of a single-phase zircon-

ium-rich ThO2 solid solution agrees with the microstructure and initial

mn'croprobe results. Although ZrO2 is observed by X-ray diffraction only

in the outer portion of the scale, the presence of large amounts of zircon-

ium in the oxide formed indicates that a layer of single-phase oxide exists

in the oxidized specimen. However, further experiments are needed to

verify the existence of the zirconium-rich ThO2 oxide. Nitrogen has been

ignored in the analysis of the specimens even though zirconium nitride has

been detected in the oxide scales formed.

The diffusion paths and phase diagram in Fig. 16 are res-3oaably

consistent, and speculation on the kinetics of diffusion in certain cases is

possible. In the Zr-14 to 31 a/o Th alloys, the flu-x of thorium to the

metal-oxide interface is not sufficient to combine with all of the oxygen,

and as a net result, oxygen diffuses into the thorium-depleted metallic sub-

strate until the solubility limit is reached for a given thorium-zirconium

ratio. Thorium oxide nucleates and grows as an internal oxide until the
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faster diffusing oxygen consumes the thorium available locally and diffuses

into the substrate to nucleate additional ThO2 -rich particles at a point

further removed from the surface of the specimen.

If this process is active in the Zr-30 to 55%Th alloys, the ratio

of the diffusion of oxygen to the diffusion of thorium must decrease with

increasing temperature, since the particles nucleate with greater frequency

at the higher temperatures. The spatial density of internally oxidized

particles in the substrate is greater at higher temperature, and the thick-

ness of the internally oxidized boundary in relation to the thickness of the

external oxide decreases with increasing temperature.

The most surprising result is that oxidation at 1200 to 1400 0 C

oc'curs without breakaway even though stress is generated during oxidation.

The ci ners of the specimens retain a sharp 90° angle, even after the oxide

formed causes an increase in thickness of 10% or more. These results

indicate that the oxide can accominodate large strains at 1200 to 1400°C

without cracking, and thus prevent breakaway or spalling of the oxide which

would lead to linear oxidation.

The nonprotective growth of oxides over the alloys at 10000 C

and 7b0"C can now be rationalized if the strains which must be accommo-

dated at the metal-oxide interface during the growth of the oxide are con-

sidered. The spalling of the oxide at 750 and 1000°C seems to be the direct

result of poor ductility in the two-phase oxides at these temperatures.
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The strains due to growth at the metal-oxide interface cause high shear

and tensile otresses in the oxide which cause fracture at 750 and 1000°C

but apparently cause deformation without cracking in the two-phase oxide

at higher temperatures.

4. CONCLUSIONS

The results of our work to date on the oxidation of Zr-Th alloys

have led to the following conclusions:

1. Oxidation at temperatures from 750 to 1000°C is linear due

to the spalling of the oxide formed, which results from the

generation of mechanical stresses during the growth of the

oxide.

2. Oxidation at 1200 to 1400*C is diffusion-controlled, and the

films formed are compact and adherent.

3. Oxides formed at 1200°C and above accommodate thickness

increases of 10% or more without cracking or breakaway

oxidation.

4. The rates of diffusion-controlled oxidation are considerably

higher for alloys that form internally oxidized zones than

for alloys that do not.

5. Insofar as the limited data on diffusion paths and phase

diagram are valid:
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a. the composition paths in the ternary phase diagram

do not cross.

b. two-phased structures are observed when tie lines

are crossed, but not when the diffusion path follows

a tie line.

c. the morphology and existence of a two-phased

internally oxidized zone depend upon the relative

diffusion rates of the metals and oxygen, as well as

the phase equilibria.
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This report summarizes the experimental work performed at Pfaudler
since the 1962 meeting of the Refractory Composites Working C roup
at Dayton, Ohio. The work reported ranges from basic evaluation
ofelectrophoretic properties of particles to scale-up and large scale
application of a proven coating, PFR-6. Included in the work was a
variety of coating application processes and som, coating systems
development.

MANUFACTURING METHODS FOR HIGH TEMPERATURE COATING OF LARGE
MOLYBDENUM PARTS

General

A major effort under way at the present time is the performance of Contract
AF 33(657)-9343 for Manufacturing Technology Laboratory of Aeronautical Systems
Division. The purpose of this contract is threefold:

* To advancce the state of the art of applying high temperature coatings to large
complex refractory metal parts, so as to establish an industrial capability for the ap-
plication of the protective coating to parts required for aircraft, missile, and space-
craft components.

* To scale-up a representative pack c3 nentation process, PFR-6, in order to
attain a capability of coating full size panels and complex components fabricated from
molybdenum alloys and thereby provide reliable oxidation protec tion at temperatares
up to 31000 F.

* To establish general piinciples for future scaled-up operations of pack cemen-
tation coating processes.

The equipment and techniques necessary to apply PFR-6 to a fabricated molybdeiium
alloy fa.t measuring 3 by 4 by 6 ft must be available by Fall of 1963. To date the major
effort has been spent in evaluating, selecting, and procuring the proper equipment for
performance of this goal. The exp.eriniental phase of the contract is, nierway, but in-
sufficient information is available for the presentation of any conclusions. When the
contract is completed, however, considerable knowledge and equipment will be available
for the pack cementation coating of refractory metals.
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Coating Equipment

Since must of the equipment used is quite straightforward, it will not be described
at this time. However, the furnace that has been constructed is probably of general interest
and will be described briefly.

Several methods of heating were investigated before a sele.tion was made. Since
Pfaudler has a great number of furnaces ranging from laboratory size to a 13 by 13 by 60 ft
giant, sufficient experience was available to provide reliable judgment. Mt-r due consid-
eration of actual needs, a gas-fired, top-loading design was selected. This furnace was
designed and constructed by Pfaudler with help from various material suppliers. Its
overall dimensions are about 10 by 8 by 10 ft, permitting a retort of about 5 by 5 by 8 ft
to be fired. The largest retort planned for this study will contain over 100 cu ft of pack
material ar'd will weigh in excess of 7 tons fully loaded.

Other equipment required for this work will include such items as blenders,
hoppers, overhead crane, etch and rinse tanks, ventilation systems, etc.

Thermal Analysis

Since the bulk of the pack used in this process is Al? 03, a material of low thermal
conductivity, relatively poor heat transfer is experienced within the retort. When retorts
up to 42 by 54 by 78 in. are used, the length of time required to attain coating temperature
presents practical difficulties. In addition, the thermal gradient within the pack presents
further coating problems. The first portion of this investigation lies in determining ex-
actly the thermal characteristics of a large retort, with a minimum of change caused by
measuring techniques.

Six different approaches have been studied in an attempt to obtain a suitable

method of predicting time-temperature gradients within retorts. In order to provide
data to be evaluated by these techniques, various sizes of retorts with thermocouples
imbedded in them have been processed through a simulated coating cycle. The data re-
sulting from these runs is now being analyzed. An empirical formula is being derived to
permit prediction of the temperature at the mid-point of retorts of various sizes heated
in a furnace of a particular configurati3n. While it was hoped initially that a single uni-
versal formula could be derived, it has been found necessary, for reasons of simplicity
in calculation, to establish an empirical formala for each furnace configuration. With
the final establishment of the curve for one furnace, curves for additional furnaces may
be set up with a minimum number of calibration runs. This applies to the large gas-
fired furnace as well as to the electric furnaces presently being used.

Pack Reuse

A second area of extreme interest is the reuse of the pack compound. Available
data indicates that the coating produced with used pack is not as suitable as PFR-6 with
new pack. The oxidation resistance performance is often as good, but the reliability is
not satisfactory. Since it is our policy to not jeopardize reliability in order to save money,
pack material is not being reused at the present time. However, we are performing a
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series of experiments involving the addition of various constituents to the spent pack
mixture. These indicate that proper enriching of the used pack will result in performance
and reliability as high as with new pack, thus permitting its reuse. Complete data should
be available within the next few months.

Coating of TZM Mclybdenum Alloy

Another task on this contract is to determine performance data on PFR-6 coated
TZM. This will include a series of oxidation tests and mechanical tests. The final tests
will probably i1.3ude temperature, stress, accousti I noise, and possibly shock in an
attempt to determine coating performance under conditions more similar to actual end use.

DEVELOPMENT OF NOVEL PRACTICAL TECHNIQUES FOR APPLYING OXIDATION

RESISTANT COATINGS £0 COLUMBIUM ALLOYS

General

Contract AF 33(657)-8920 has been initiated at Pfaudler under the direction of
Directorate of Materials and Processes, Aeronautical Systems Division. The techniques
to be developed are to represent tht best compromise beteen simplicity and reproduci-
bility of application on the one hand and the effectiveness and reliability of protecton
achieved on the other. The processes currently under study are fluidized bed, salt bath
deposition, and slurry application. D-14 (Cb-5Zr) alloy is being used as the substrate.

Fused Salt Bath Deposition

Fused salt bath techniques are being utilized for the deposition of chromium and
titanium coatings, The fused salt bath reactor is shown in Fig. 1. The samples are con-
tained in a porcelain t.ibe supported by silica within a Hastelloy B retort, A Globar furnace
is used as the heat source.

Chromium was deposited from salt baths containing CrClz - CaF 2 -CaCl,.;
CrCl2 -NaCl, Cr-NaC1-NH4 Cl; and Cr-NaCl-NaF. Some substrate embrittlement problems
were experienced, but the addition of silicon and tungsten to the Cr-NaCl-NaF bath allevi-
ated the problem and this bath was selected for process variable studies. Since this
sellk.tion was made, several other salt baths have been evaluated, but the Cr-NaCI-NaF
bath still appears to be most suitable. Using this chromium salt bath, a coating was
deposited on D-14 in four hours at 19000F. Average weight gains up to 1 mg/sq cm were
attained. Temperature and time are the most influential variables affecting this weight
gain.

The deposition of titanium from a fused salt bath has also been accomplished.
The bath currently utiliz,.d contains 10%Ti, 5-10%Iz and 80-85oNaCl. Using this bath,
coatings of greater than 1 mg,'sq cm have been attained in four hours at 20000F. Tem-
perature, time, and iodine content influence the deposition rate. Fig, 2 is a photomicro-
graph of a titanium coating deposited from fused salts. Experiments have been initiated
for the alternate layer and codeposition of chromium and titanium, but no real progress
can yet be reported.
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Fluidized Bed Deposition

The fluidized bed facility is used for the deposition of silicon coatings. The bed
used for this work (Fig. 3 i, approximately 4 inches in diameter. In. he initial experi-
ments, TZM :riolybdenum alloy was used as the base metal, wi.h D-14 being used in later
work. Arguu is used both as the fluidizing gas and as a carrier for the chlorine or iodine
reaction gases. The bed contains alumina, silicon, and, on occasion, metallic additives.
Bed height is varied from 10 to 28 inches.

A photomicrograph of silicon-coated TZM is shown in Fig. 4. Preliminary test
results indicate life times of 1 to 2 hours at 3050°F in the calibrated oxyacetylene torch
test.

The experiments in deposition of silicon on D-14 are more concerned with the
evaluation of the effects of process variables than with the development of "i modified
silicide, high performance coating. Process temperatures, time, gas flow rates, and
bed composition are being varied. Figure 5 illustrates the difference betwe,-n Lhe coating
applied within the fluidized bed and the coating applied by vapor deposition above the bed.
Figure 6 is a photomicrograph of a coating deposited from a bed containing 5% Si and
95% Alz 03 in 3 hours at 20000 F. This coating is about 0.003 in. thick.

Modified silicide coatings have also been applied to D-14 and resulting oxidation
test lives of 20 to 200 minutes at 28000 F (optical) have been experienced. These re Jults
are preliminary and indicate the scatter expected in early laboratory coatings.

An 8-inch diameter fluidized bed reactor has been designed and is expected to be
available this summer. A 22-inch diameter fluidized bed has also been designed, and
components are being procured at the present time. This large bed will be used for
Pfaudler in-house development of industrial manufactaring technology. It should be
operable by mid-summer.

Slurry Application

The purpose of this part of the project is to study processing variables in the
slurry application. The work has evolved into three distinct areas, investigation of ex-
isting coatings, development of water basd -lul--ies, and basic studies of electropho-
retic and rheological propei-ies of slurries.

The current coatings used as rvodels in the investigation of organic solvent-
containing slurries are the Sylcor 40S and Lhe General Electric LB-2 coatings. Efforts
have been conce;ntrated on the effects of different solvents, specific gravity variations,
and different types of aluminum and tin particles on the suspension properties of the
slurries.

Since porcelain enameling is a slurry technique, a wealth of knowledge and
experience in this field is available at Pfaudler. Results to date have demonstrated
that a great deal of improvement can be achieved in these coatings. Therefore, a basic
b udy of the electrophoretic a.id rheological properties of particles has been initiated in
an attempt to improve the performance and suspension properties of the coatings.
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The approach for this study is base6 on work performed previously at the
University of Rochester. This work has indited a direct correlation between particle
electrokinetics and rheology of suspension. Two of the investigators, Dr. G. J. Su and
Dr. D. It. DeClerck are now associated with The Pfaudler Co. and are engaged in this
particular effort. A detailed description of the work is beyond the scope of this paper,
but the resultant data should be useful to anyone interested in slurry techniques.

The third area of interest is the development of water-based slurry systems for
obvious reason: of practicality and economy. Water-based slurries containing aluminum
and tin in approximately the LB-2 ratio with extremely'good suspension properties have
been developed. Hydrogen is not evolved from the slurry as it is presently compounded.
Initial results indicate no substrate embrittlement using D-14, but this factor is being
checked extensively. Samples tested in the oxyacetyene torch test facility have exhibited
oxidation resi-tance of 2 to 3 hours. A great deal of work is still required, but progress
to date has been encouraging.

COATINGS FOR COLUMBIUM ALLOYS

Several columbium alloys have been coated by the pack cementation process. In
recent months, efforts have been chiefly on B-66, FS-85, and Cb-752 alloys. These
coatings are two-cycle pack cementation coatings using a chromium alloy first layer and
a modified silicide second layer. Since others will be reporting on the performance of
these coatings, no data is included in this report.

COATINGS FOR TANTALUM BASE ALLOYS

Single-cycle and two-cycle pack cementation coatings are being developed for
tantalum base alloys. Since these coatings are in a very early stage, present results
are not particularly noteworthy. Performance times of one to two hours at 2800°F
(optical) have been experienced in the oxyacetylene torch test, but highei performance
is requiltd. A new development in this area may come from the use of a titanium pre-
coating layer. Figure 7 illustrates a titanium coating on Ta-10W alloy. This coating,
incidentally, was deposited in four hours from a fused salt bath at 20000 F. Adequate
thickness can readily be attained by using newly developed techniques. The advantages
of this coating have yet to be explored.

FURTHER INYORMATION ON PFAUDLER STUDIES

More detailed information on the Air I,,,. - -.. ortion of the Dfa ,,ln-
work is available from quarterly reports submitted to Wright-Patterson Air Force Base.
These reports are available from:

Mr. N. Geyer ASRCMP-3: Contract AF 33(65t)-8920

Mr. D. Harleman ASRCTC: Contract AF 33(657)-9343
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ARGON INLET ~-ARGON OUTLET

I COLLGWAE
COOLING WATERCOLNWAE

HASTELLOY "B
CONTAINER

-SALT BATH MIXTURE
PORCELAIN TUBE

-- - *-SIO,. POWDER

Fig 1 Fused Salt Bath Reactor
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*----TITANIUM COATING

--- DIFFUSION LAYER

-D-14 COLUMBIUJM ALLOY

Fig. 2 Titanium coating deposited in run Ti-25 of the

fused salt bath deposition process on D-14

columbium alloy.

25 OX (H--1008)
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Fig. 3 Fluidized Bed Facility
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Fig. 4 TZM sample coated ini fluidized bed reactor at
2150'F for 2 hr

Potassium ferricyanide etchant, 250X (H-1005)
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Fig. 5 Surfacc appv':ra-ncc 0 oating fodWithlin fDifidiped hbe (Sectinn A) aind nhnve
fluidized bed (Sectirn 1B). Setion A coating is smooth adherent, and 2.5 mils thick.
Section B coating is ro~ugh, sornevbhat nonadherent, and about 4 mils thick.

(1--1010)
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Fig. 6 Coating deposited from a bed containing 5% Si,
--%-Z03 hi- R hours at 9.000*F (H- 101921
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Fig. 7 Titanium coating on Ta-!CIW alloy fromn fused
salt bath in 4 hours at 200001' (H-1013)
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HIGH TEMPERATURE PROTECTIVE COATINGS DEVELOPMENTS

J. E. BURROUGHS

P. F. GHENA

General Dynamics

Fort Worth, Texas



I. Objective

The coating program being carried out at

GD/FW is being done on a continuous basis.

This report covers the program for the last

fiscal year for presentation to this group.

Tbe various portions of the research are pre-

sented at their present stage of development.

The overall object of our investigation, which

has not been realized as yet is to develop and

evaluate a slurry or spray-on intermetallic

coating (Sylcor type) for elevated temperature

oxidation protection of refractory metal

alloys subjected to re-entry vehicle environ-

ments. The thermal environment considered was

5 hours at 3300 F for the tantalum alloy and

20 hours at 23000 F for the columbium alloy.

II. Background

The pack cementation process and its appli-

catiorn to refractory metal alloys was studied in

FY1961. Variables such as time, temperature

and elemental ratios from available reports

were analyzed to try to optimize pack variables

in processing. Three types of coatings

appeared to be most promising: chromium plus
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titanium, chromium plus titaLnium plus silicon,

and chromium plus silicon. Work accomplished

in FY1961 consisted of numerous pack cementa-

tion runs to establish the best techniques

for lay-up, packaging, cleaning of details,

etc. Coatings obtained have shown steady

improvement as evidenced by appearance and

microstructure. Due to the limited funds

available the coated specimens were examined

visually and some limited oxidation tests were

conducted.

At the SAMPE-ASD sponsored "Ceramics and

Composite Coatings Symposium" in Dayton

November 1961, the preliminary results of

Sylcors work on slurry-dip, paint, or spray-

on intermetallic diffusion coatings were

reported. In addition, the Martin-Marietta

Company representative reported on utilizing

this type of coating on their ASD contract

"Refractory Metal Structure" (brazed and

welded sandwich) for 3300-3470,O*F operation.

This intermetallic diffusion coating on

tantalum has exhibited some resistance to over

3000OF for short time exposures. The Martin

Company personnel also reported exposure to
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3450*F for fifteen (15) minutes and with some

self healing characteristics. It has been

theorized that the aluminum in this coating

induces self-repair by being transported from

the TaAl 3 layer through the liquid Sn-rich

phase to the A1203 barrier.

Because of the encouraging results obtained

by this technique, and ease of application it

was decided to investigate the Sylcor type

coating in FY1962 instead of continuing the

more combersome three component pack cementa-

tion development. The Sylcor diffusion type

coating would lend itself more readily to large,

complex components than the other processes.

III. Program

A. Development of Intermetallic Coatings

During the last year the Al-Sn interme-

tallic coating for columbium and tantalum

alloys was investigated at GD/FW. D-31 and

FS-82 columbium and Ta-lOW tantalum alloys

were used in the investigation, Tnitia

efforts were intended to produce a workable

coating by establishing the processing variables,

ie., vehicle, vehicle thinning, vehicle-powder
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mix'ure, diffusion temperature and time at tem-

perature. Once the coating had been produced

and effects of variables were known, additional

research was initiated to modify this coating

with more refractory elements or compounds to

increase its resistance to elevated temperature

for longer periods of time. As the program

progressed investigations into duplex diffusion

coatings were also conducted to obtain greater

thickness,

The coatings were diffused in a tube furnace

under purified argon atmosphere.

Screening tests used in coating develop-

ment were:

1. Thickness

(a) coating

(b) diffusion layer

2. Appearance

3. Microstructure

4. Bend ductility

5 nyi atin nim-i Cente- of 1/9 - X

inch specimen heated by natural gas-oxygen

flame in air to temperatures up to 2500OF

as determined by optical pyrometer readings

taken on unheated side of specimen.
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B, Evaluation of GD/FW Developed Intermetallic

Coating

The more promising coatings for columbium

and tantalum alloys were evaluated by the

following tests.

1. Oxidation resistance at elevated tempera-

ture in moving air.

a. Continuous exposure

b. Thermal shock resistance to multiple

exposure.

2. Self-repairability - Scribe lines were

marked on oxidation specimens and ability

to self-repair was observed.

3. Tensile test at temperature.

a. The best coating for each alloy was

evaluated by coating columbium and

tantalum tensile specimens and testing

at the following temperatures.

D-31 columbium allo<' RT, 1500, 2500*F

Ta-lOW alloy RT, 1000, 2000, 2800, 3300*F

b. General Telephone & Electronics Laboratory

(Sylcor) coated tensile specimen were

also evaluated at the same test tempera-

tures.

132



IV. Summary of Results

Saturated solutions (refluxed overnight)

of PVA in water, methyl alcohol, isopopyl

alcohol, and acetone were found to be unsat-

isfactory for coating application. A commer-

cial grade of lacquer was used for the greater

portion of the program with some degree of

success, but in many cases duplex treatments

were necessary to obtain a coating of adequate

thickness. The use of a low residue lacquer,

Raffi and Swanson No. 1830, greatly simplified

the application of the coatings.

Early in the program it appeared that

the columbium base alloys would be more

easily coated than the tantalum alloys.

Portions of D-31 and Ta-I0W which were dipped

into molten 50Al-50 Sn at 1900*F for one

hour are shown in Figure 1o The diffusion

zone on the D-31 is even and clearly defined.

The tantalum had a narrow diffusion zone

along most of the specimen, but highly

localized attack occurred adjacent to the

liquid surface. In the application of slurry

dipped coatings, the tantalum was more easily

coated. It appears that a small amount of

133



134



oxide enhances the difrusion in tan-

talum.

A composition of 50 Al-50 Sn was found

to be more resistant to oxidation, but 75Sn-

25A1 was a morE easily applied coating.

Work has not been completed in this area, as

yet, but it is felt that a composition between

these two will produce the optimum coating for

this system. The 50A1-5OSn coating on D-31

columbium alloy has withstood 2000*F for 100

hours, 2300OF for 4-8 hours, and 2500OF for 10-

15 minutes. The same coating on Ta-1OW with-

stood 2300*F for up to 50 hours and 2500*F for

3 hours. Failures usually originated from the

holes used to suspend them during coating.

The edges had been carefully rounded and the

holes chamfered.

A typical failure, shown in Figure 2,

occurred after 4 hours at 2200'F to the 50

Al-5OSn coated FS-82 columbium alloy specimen.

.Ae hwn the two micros are identi-

cal, only the method of lighting is different.

The diffusion layer which appears bright and

only slightly different in color from the sub-

strate under bright field, appears as either
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dark or light grains under polarized light.

This birefringence is due to the anistropic

nature of the intermetallic, probably CbAl2.

The areas which appear dark under bright

field and speck es under polarized light are

the oxidized portions of the coating. Note

the blob of oxide formed on the edge of the

specimen and the under cutting of the coating

adjacent to the failure. The oxide build up

which had started only minutes before was

growing at a very rapid rate when the speci-

men was removed from the furnace. Note also

that the coating has been oxidized to the

substrate in one area of the specimen face.

Failure was probably imuinent at this point.

The basic tin-aluminum coating was

modified with additions of copper, chromium,

titanium and zirconium. The latter two

elements were not absorbel into the alloy on

diffusion when added as elemental powders.

Subsequent additions where made in the orm

metal hydrides. The limited alloy modification

work done to this time can only be considered

to be indicative, but the most promising

additions have been chromium and titanium.
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The latter formed a visible oxide very quiCkly,

but it seemed to be quite tough and resistant

to further oxidation.

The tensiJe testing, tu date, has been

limited to D-31 coiumblum alloy to 2200OF in

partial vacuum. The controls for this heat

of material have not been tested as yet, but

based on other heats that have been tested

there is no extremely deleterious effect.

The greatest effect is to the yield strength

which is somewhat lowered. The ultimate

strength is reduced only slightly and ductility

remains excellent.

V. Current Efforts

During the coming year work will be con-

tinued on the aluminum tin system and its

modifications,, The new low residue lacquer

seems to impart a greater fluidity to the

coating on diffusion which will necessitate

a further investigation of these variables.
Although the aluminum-tin coating provides

excellent protection to 2000*F, above this

temperature it seems to be deteriorating

rapidly. The possibility of utilizing another
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eutectic to provide for better self healing

characteristics will be investigated. Copper

forms a higher melting eutectic with aluminum

and in addition forms solid solutions with some

of the other elements. Silicon has been used

by several investigators with some success,

Attempts to improve the oxidation resistance of

the coatings with chromium, titanium, and zir-

conium will be continued and hafnium will be

included. The effect of the coatings on the

mechanical properties of the substrate will be

further investigated. Tests will be made on

the effect of low temperature on coatings con-

taining tin. Tin undergoes a transformation

to its enantiotropic form, a tin powder, which

might preclude its use in cold environments,

Planning is complete and hardware is avail-

able for a creep oxidation resistance test set-

up. The coated specimen will be resistance heated

in moving air while loaded to a stress that will

cause creep. Programming will be included for

the three variables, temperature, loading and

atmosphere, to permit cycling in addition to

steady state effects. This should be an
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excellent test of the coatings ability to

withstand service conditions.
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EVALUATION OF COATED REFRACTORY METAL FOILS

A. R. STETSON
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1. INTRODUCTION

Future Air Force procurement will continue to be directed toward the exploration

and utilization of space. Missiles will play an important strategic role, but there will

be an increasing emphasis on more versatile vehicles which can perform the functions

of aircraft but operate in space. Size, complexity, and cost of the projected vehicles

require that they be re-usable for a large number of exits and re-entries with only

relatively minor rework between missions.

Aerospace vehicles of the future will probably be of extremely large size and

of rigidized lightweight construction. The skins of the vehicles must have temperature

capability to withstand and re-radiate the energy absorbed by aerodynamic heating and

since weight is at a premium, the skin must also be a structural member. The high

temperature, light weight, and structural requirements make refractory metal foils

prime candidates for these surfaces.

Honeycomb sandwich and ribbed structures are typical of the rigidized configura-

tion that must be constructed of refractory metal foils if the various current concepts

are to reach the hardware stage. Numerous unknowns present themselves when con-

sidering these structures and materials which can be best discussed by reference to

schematics of the foil structures as shown in Figure 1. Both structures must be coated

for oxidation resistance. The sandwich structure requires protection on the outer

surface only, but the ribbed panel requires complete coating coverage. Both

panels require development of brazing or welding techniques for joiilng and protection

of these joints. Specific problems that must be investigated with both structures are:

Coated Material

Reliability

Time -temperature life

Coatings -joining interaction

Effect on substrate properties

Design data
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Joining Process

Design data

Basis Material

Design data

The most critical material problem is associated with the performance of coated
and joined foil. The Air Force, recognizing this problem, awarded Solar a

program (AF33(657)9443) to determine the state of the art of coatings as applied to
columbium and molybdenum alloy foil. This report is a brief summary of the sc.,..ning
test results on virtually all the commercially available refractory metal coatings for

columbium and molybdenum alloys.

Alloys used in the screening tests were D36 (Cb-10Ti-5Zr), B66 (Cb-5Mo-5V-lZr),

and TZM (Mo-O.5Ti-O.08Zr-0.02C) in a nominal thickness of 0. 006 inch. This thickness

was chosen because it was thin enough to demonstrate the problem of foil coating, but

thick enough to be considered as a facing material for structural applications. Columbium

alloys were supplied by Metals and Controls Incorporated, a Division of Texas

Instruments Incorporated, and the TZM by Universal-Cyclops Steel Corporation. Com-

positions of the alloys are shown in Table I and a set of screening test specimens, prior

to coating, is shown in Figure 2.

Coating vendor selection for the screening tests was very broad. Inquiries were

sent out to all known coating vendors to determine their interest in the program. All

organizations expressing an interest in participating in the program were included.

Boeing and Pratt & Whitney (CANEL) declined to participate. The coating vendors

and the type coating applied are shown in Table II.

The screening tests were not selected to produce design data but rather to bring

out differences in coatings, illustrate the problem of coating foil, and show the time-

temperature capabilities of the various coating systems. Tests selected are:

Receiving Inspection

- Weight change on coating

- Mechanical properties

- Bend ductility

- Metallography

Substrate and coating thickness and hardness
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o Oxidation Tests

- Cyclic oxidation at 2000 F and 2500 F

- Cyclic oxidation at 2000 F and 2500 F with pre-strain

- Plasma torch oxidation at 2000 F and 2500 F

* Bend Tests After Static Oxidation at 2000 F and 2500 F

* Metallography After Oxidation Tests

In addition to the screening tests, a preliminary study was conducted on the

coating-joi t interaction with a silicide pack cemer.tation process.
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Il. TEST RESULTS

2.1 RECEIVING INSPECTION

2.1.1 Appear-ance

The foil specimens as returned from the coating vendors were, in general, in

fair condition° Fallout on the larger specimens, such as the 3/4 inch by 9-inch

tensile specimens, was greater than on the 3/4-inch by 1-1/2-inh specimens.

Vendors receiving more than one set of specimens invariably had less fallout and

warpage on the second set.

All vendors applying modified silicide coatings by pack cementation methods

(Chromizing Corporation, Vought, TAPCO, General Technologies Corporation(GTC),

Pfaudler, Chromalloy Corporation, and American Machine & Foundry (AMF))

experienced some reaction between the pack and the specimen. Reaction sites were

pits or projections. TZM coatings were, in general, more uniform in appearance

than coatings on D36 and B66.

The aluminum-or tin-based coatings of General Telephone & Electronics (GT&E)

were quite uniform on B66 and TZM, but on D36 a large bead of residual alloy formed

on the lower edge of each specimen.

2.1.2 Weight Change

The 3-inch by 3-inch specimens were weighed before and after coating to

determine the weight change resulting from the coating process. The results are

tabulated in Table III and shown graphically in Figure 3. Weight change varied from a

minimum of 4.6 percent to 51.6 percent with the GT&E and TAPCO coatings showing

the maximum weight gains and the less complex pack silicides the minimum gains in

weight.

2.1.3 Metallograph,

Residual substrate thickness, substrate hardness, and coating thickness and

hardness werf measured on specimens after coaling. The results are shown in

Tabie III.
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Loss of substrate, as measured by the distance between the diffusion fronts on

each side of the specimens, was appreciable for all coatings. Examples of maximum

coating penetration are TAPCO's on D36 with a 57.5 percent substrate loss, GTC's on

B66 with a ,45.5 percent loss, and Voughtts on TZM with a 36 percent loss. The

aluminum-based coatings of GT&E showed the least substrate loss on all alloys with

a maximum coating penetration of 14.4 percent.

Contamination of the D36 and B66 alloys and recrystallization of the TZM alloy

was minor as determined by appearance and microhardness measurements at the

center of the coated foil specimens. The D36 alloy showed the greatest increase in

hardness with TAPCO and GTC coatings. It exhibited a hardness of 214 and 249 DPH,

respectively, compared to 170 DPH for the uncoated alloy. Except for the Vitro

coated specimens, the TZM alloy showed no evidence of recrystallization.

Coating thickness, including diffusion zones, range from 100 percent (GT&E-D36

alloy) to 18 percent (Chromizing-TZM alloy) of uncoated substrate thickness. Coating

hardness ranged from the extremely soft aluminum-tin coatings (19 DPH) to the

modified MoSi 2 coatings at approximately 1500 DPH.

2o1.4 Mechanical Properties

Tensile tests and bend tests were performed on the "as coated" specimens.

Results are shown in Table IV and mechanical properties are presented graphically in

Figure 4 as a ratio of the uncoated foil properties. Condition of the tests were:

Mechanical Properties

Temperature RT (70 to 75 F)

Strain rate

to 0. 2 percent yield point - 0. 005 in/in min

to failuire 0, 050 in/in min

Results are based on uncoated specimen dimensions.

Bend Test

Temperature RT (70 to 75 F)

Specimen 3/4 inch by 1-1/2 inch
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Supports 15 t (0.090 inch)1

Ram radius 4 t (0. 024 inch)

Ram speed 0.030 inch min

The yield and tensile strength of the alloys after coating occasionally exceed the

base metal properties, e.g., GT&E and TAPCO on B66 and Chromizing and GT&E on

TZM. On columbium-based alloys this is probably due to substrate alloy contamination

and to the actual strength of the coating; however, on TZM the variation is probably

due to different initial substrate thickness which on this alloy varied ± 0.0006 inch.

A nominal 6 mils in thickness was used to calculate strengths on TZM.

The strength-weight ratios on all alloys were reduced by coating. As a whole,

the reduction was in proportion to the loss in substrate, and the gain in weight during

coating. The minimum reduction was for silicide coatings on TZM and the maximum

reduction on the sulicide coatings on D36 (up to 45 percent).

Elongation was reduced on all coated foil. One silicide coating lowered this

property on columbium-based allo,'s to less than 30 percent of the base-line properties,

and with several coatings to less than 1 percent elongation. Generally, the aluminum-

tin based coating had the least effect on this property.

A rather anomolous performance was noted between bend test and elongation

results (Table IV). For example, the TAPCO coating with very poor tensile elongation

consistently passed the bend test; whereas, three coatings on B66, which exhibited much

better tensile elongation, failed this test. There is no obvious expla-iation for this

behavior but since bend performance, after oxidation testing, improved over the

"as coated" condition on the Vought, Pfaudler, and GTC coatings on B66, hydrogen

may be responsible for the poor bend ductility (Table VII).

2.2 OXIDATION TESTS

Three oxidation tests were used in screening the refractory foil coatings:

Based on uncoated foil thickness nominal 0. 006 inch
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1. Cyclic furnace oxidation in flowing dry air at 2000 and 2500 F

2. Cyclic plasma torch oxidation in a simulated air environment at
2000 F and 2500 F

3. Isothermal oxidation at 2000 F and 2500 F in flowing dry air.

The third test was performed primarily to obtain specimens for bend testing that were

free of substrate oxidation and for this reason was limited Lk furnace time to 85 percent

of the cyclic, oxidation life. The descriptions of tests 1 and 2 are given below.

Cyclic Furnace Oxidation

Specimens D36, B66 and TZM 0.006 inch by 0.75 inch by 1.5
inch - triplicate specimens

Supports Alundum boats - Mullite tube

Test Cycles 18 - one-hour cycles
7 - one-hour cycles followed by a 16-hour soak.

This sequence to be repeated until failure or
75 hours.

Atmosphere Dry air (d.p. - 60 F or lower) at 4 CFH

Heating Rate Rapid - charge into hot furnace

Cooling Rate Air cool

Plasma Torch Oxidation

Specimens D36, B66, TZM 0.006 inch by 3-inch by 3-inch-
single or duplicate specimenmi

Support Alundum bricks (see Figure 5)

Test Cycle 2000 ± 15 F - four minuu-x cycles I
2500 ± 20F -eight 15 minute cycles

Atmosphere 54 percent A. 26 percent N2 , 20 percent 02

Heating Rapid

Cooling Rate Air cool

Gas Velocity 2000 F 190 fps
2500 F 250 fps

1 Temperatures were uncorrected back surface optical readings using a mwro-

optical -pyrometer.
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In the furnace cyclic oxidation tests, specimens were tested in the "as received"

and pre-strained condition. Prestraining was accomplished by bending to the knee in

the load deflection curve as shown in Figure 6.

Criteria of failure, as used to determine cyclic oxidation life is obvious

evidence that the substrate is being attacked. This may take the form of oxide growth

or loss of material, or a major Inflection in the weight change curves. On many

specimens, however, testing was continued long after a small defect developed.

2.2.1 Furnace Oxidation Results 1

Graphical representation of the furnace cyclic oxidation test results are shown

in Figure 7. Protection of the D36, B66, and TZM at 2000 F for more than 50 hours can

be effected by a number of the coating systems. At 2500 F, only the Vitro coating on
TZM and the TAPCO coating on D36 and B66 were capable of affording 50 hours of

protection without gross failures.

Results of the cyclic oxidation test and results of prestrained specimens are

shown in Table V. At 2000 F on the D36 alloy only the TAPCO coating showed no

apparent loss in oxidation resistance with prestraining; however, on the B66 alloy
only the GT&E coating had reduced life as a result of prestraining. On the TZM alloy

at 2000 F, all coatings were adversely effective by prestraning exhibiting virtually

no useful life except for the GT&E coating with a 5.6-hour life.

Test a. 2500 F after prestraining on D36 and B66 followed the pattern of the

2000 F results,with the TAPCO coating exhibiting no adverse effect from prestraining.

The other coatings either had very little life at this temperature or the life was con-
siderably reduced by prestraining. On TZM only Vought and GT&E coatings showed

tip to five hours life. The other coating withstood less than one hour of testing before

failure.

Stetson, A. R., Moore, V. S., Evaluation of Coated Refractory Metal Foils.
Quarterly Progress Report No. 1 and 2. Solar Report RDR 1325-1 and 1325-2
(5 October 1962, 21 January 1963).
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2.2.2 Plasma Torch Oxidation Tests

The plasma torch cyclic oxidation test (Table VI) brought out some interesting

results. One coating on D36 failed in the low temperature region rather than in the

hot zone indicating a pest condition. Two of the other coatings on D36, one sflicide

and one aluminam-tin type, were too mobile in the torch and burned through at 2500 F.

On B66, three of the coatings burned through at 2500 F, two silicide and one aluminum

type, with the more mobile coating suffei ing the greatest attack. No catastrophic

failures were experienced an coated TZM in the plasma orch test. Two of the coatings

exhibited small pinholes after the test, but these did not result in a major burn through.

In the subject test, an uncoated D36 panel burned through in four seconds at 2500F;

whereas, an uncoated TZM specimen lasted 25 seconds. The rapid burn through of the

D36 specimen is probably the result of ignition since the oxidation rate of columbium

alloys should be less than the molybdenum alloys due to the formation of a high melting

point oxide.

2.2.3 Bend Test After Static Oxidation

Specimens were heated for a period of time at 2000 F or 2500 F in dry air and

subsequertly bent at room temperaturp using the procedure described in Section 2.1.4.

The time at temperature was not necessarily the same for each coating-substrate

composite. The time of exposure was selected, based on cyclic oxidation results, as

a time at which no coating damage could be noted in testing.

Results of the bend tests are given in Table VII. On D36, the GT&E and TAPCO

coatings failed the bend test after testing at 2000 F and 2500 F, respectively. Of the

silicide ceatings tested on D36, the TAPCO coatings exhibited the lowest ductility

even when tested for the very short times shown in Table VII.

Coating diffusion rates appeared to be slower in the B66 (see section 2.2.4)

than in the D36 alloy and consequently all of the coatings tested, excepting the

aluminum-based GT&E coating, exhibited ductile bend performance. The Vought,

Pfaudler and GTC were more ductile after testing than in the "as coated" condition

(compare results in Tables IV and VII).
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Bend test results on TZM were erratic. None of the sflicide coatings could be

consistently bent to an angle of 90 degrees after 2000 F exposure. After 2500 F

exposure, bend ductility of all silicide coated bpecimens improved and two coatings,

Pfaidler and Chromizing, withstood bending to 90 degrees on at least two of the

three specimens tested. The aluminum-tin coatings exhibited excellent bend ductility

but furnace times were very short.

The improved bend ductility of the TZM specimens after exposure to 2500 F

was unexpected. Full recrystallization occurred in less than one hour at this

temperature; whereas, at 2000 F recrystallization was nil after 72 hours. Thus, the

wrought structure is not necessary for ductility in TZM.

2.2°4 Substrate Chanres After Oxidation Testing

Substrate hardness and the distance between diffusion interfaces was measured

after oxidation tests to indicate the rate at which the coating diffuses into the substrate.

Eie diffusion results reported here should be looked upon as preliminary,

indicating trendi, rather than as basic diffusion data. Errors in the data can result

from:

" Measurement of substrate thickness prior to oxidation testing not being
made on the same specimen that was oxidation tested. Results are,
therefore, subject to error from both the substrate thickness variation
and the coating thickness variation.

" Diffusing species not being known. They may be oxygen and/or one
or more coating constihtents°

" The fact that diffusion coefficients are determined, in general, for
very short times ano from as few as two thickness measurements.

" riffusJon boundaries on coatings such as TAPCO and GT&E being
determined by recrystallization and grain growths as well as by a
distinct movement of boundaries. With the TAPCO coating, particularly,
considerable diffusion can be of the solid solution type; e.g,, titanium
in columbium, which is difficult to distinguish by metallographic
examination.
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Substrate Hardness

Substrate center line hardness is shown in Table VIII for coated D36, B66, and

TZM foil specimens after test. The 2000 F results oa all alloys and coatings show only

relatively minor hardness changes in the residual substrate. The one exception is the

GT&E coating on D36 vhich showed an increase in hardness of 118 DPH units after

test. The GT&E coating also showed the greatest rate of diffusion into this alloy of

all coatings tested.

At 2500 F the D36 alloy was the most affected by diffusion. The GT&E coating

showed no substrate after only 11 hours of test. The TAPCO coating exhibited severe

substrate hardening, which resulted from saturation and precipitation of a phase,

perhaps CbCr after only seven hours. The less complex silicide coatings such as

applied by Vought and Chromizing exhibited the lowest rate of substrate hardening.

Test times at 2500 F on the B66 alloy w, re quite short, but thie results indicate

that the rate of penetration of all coatings into . all v is much slower than for the

D36 alloy.

Substrate hardness of the coated TZM alloy decreased during the 2500 F test

as a result of recrystallization. The rate of hardness loss was a variable which was

probably influenced by the interaction of the substrate, coating, and prior heating in

the coating process cycle. The GT&E coating showed the slowest rate of recrystalli-

zation.

Diffusion Rate

An indication of the rates of diffusion of the coatings into the various alloys was

obtained by assuming the parabolic relationship X2 - KIt to be valid. K (mils 2 /hr),

which is linearly related to the diffusion coeff, ient, was then determined as the slope

ot the straight line plot. The depth of diffusion, X, was determined metallograph-

ically as one-half the difference in the substrate thickness before and after test.

Extrapolation of the measured 2000 and 2500 F results to 3000 F was performed by

assuming that the modified diffusion, coefficient K' varied with temperature according

to the Arrhenius rate expression
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AH
K = Ke - RT

t 0

By plotting log K' against the reciprocal temperature at 2000 F and 2500 F, K' could

be determined at 3000 F.

Rate plots and diffusion coefficients are shown in Figure 8 for the various

coating-substrate combinations at 2000 F, 2500 F, and 3000 F (extrapolated). In

several of the plots, two or more coatings of similar types were plotted as a single

coating because of the paucity of data; e.g., Chromizing, Vought, and Pfaudler

coatings on B66, and Chromizing and Vought coatings on D36. Rate plots of the TAPCO

coating on D36 are not included because of insufficient data.

Of the coatings evaluated, the aluminum and tin-based coatings exhibited the

most rapid diffusion rates, the slightly modified silicides the slowest rate, and the

TAPCO chromium -titanium -silicon coating an intermediate rate. Diffusion rates into

the D36 alloys were considerably higher than for the B66 alloy.

Rates of diffusion of the silicide type coatings (including TAPCO's) are slow

enough at 2000 F to permit operation for at least 100 hours without considering th

change of base-line properties as the result of diffusion. At 2500 F, however, on foil

gage alloys, penetration in only 10 hours is a high percentage of the residual substrate.

For example, on 0. 006 inch foil at 2500 F.

Substrate Penetration
Alloy Percent (hr)

D36 (GT&E) 100 10

TZM (GT&E) 62 10

D36 (Vought,
Chromizing) 33 10

n40 h IATOOt% 1fA

B66 (Vought,
Chromizing, Pfaudler) 25 10

B66 (TAPCO) 47 10

TZM (Vought,
Pfaudler, Chromalloy) 26 10
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These percentages are in addition to the loss of substrate during the actual coating

process.

Diffusion into the substrate of the aluminum-tin coating results Ln complete

loss of base-line mechanical properties; however, diffusion of the silicide coatings

and particularly the TAPCO chromium-titanium-silicon coating may not result in the

same percentage loss of mechanical properties as loss in original substrate. The

diffusion product of coating and substrate may have uzeful mechanical properties.
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III. COATING-JOINING PROCESS INTERACTION

There is essentially no published information on the compatibility of refractory

metal coatings and joining processes, and the effect of joint configuration on coating

appearance and performance. Butt welds are an exception to this statement since it

can be concluded from Rcference I. that clean, butt-type welds can be coated as satis-

factorily as sheet materials. If a honeycomb or ribbed structure is to be fabricated

from refractory metals, the interaction and interplay of potential joining p.rocesses and

joint configurations must be .valuated in detail. The experimental work to be described

in this section will illustrate the magnitude of the problem and recommend the type of

joining process required.

3.1 SPECIAL PROBLEMS IN COATING JOINED STRUCTURES

Overlapping spotwelding and brazing are the two inethods being considered for

joining ribbed structures, similar to the one shown in Figure lB. The principal

effort has been directed toward brazing because of the greater possibility of com-

pletely bonding the faying surfaces.

Prior experience with mechanical joining using rivets has shown that it is

essential to double coat a structure to get 100 percent reliability. The structure must

be coated before joining and recoated afterward. If this procedure is not followed, the

probability of having uncoated areas between the unjoined faying surfaces is very great.

The throwing power of the cementation processes is inadequate to prevent oxidation in

these unbonded areas. Coating of a ,elded structure can only approach 100 percent

reliability when the welds completely co er the faying surfaces, i.e., where throwing

Into the unbonded zone is not required. Since such a joint is nearly impossible to

make, it Is doubtful that coated refractory metal structtures joined by this technique

can be realized.

Brazing minimizes the throwing power requirement of the coating because the

flow and fillet formation provides a smooth, uniform surface to coat in the area of the

faying surfaces. The major unknown, which is currently under investigation, is the

effectiveness cf the existing commercial processes on protecting the braze allo- and the
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braze alloy refractory metal interfaces.

Eutectic melting may occur between the coating material and the braze alloy,

which could result in severe undercutting of the foil. For example, the titanium-silicon

and zirconium-silicon systems which form the base for several braze alloys, have

eutectic temperatures of 2426 F and 2480 F, respectively. The ternary and quaternary

systems can be expected to have wer melting points. Solution of the coating problem

of Joints is not expected to be an 3aty one and may require development of a process

for pre-coating the braze fillets or the entire foil structure with a material to minirize

the interdiffusion of the coating and braze alloy.

3.2 EXPERIMENTAL PROCEDURES AND MATERIALS

Specimens used in this investigation were 10 mil D36 alloy fabricated into U-

channels and flat plates to simulate the corrugated structure shown in Figure lB.

The two pieces of the specimen were joined together by one of the following

processes:

a. Diffusion Bonding

(1) without intermediate alloy

(2) with 0. 3 mil pure Ti foil intermediate alloy

(3) with 0. 14 mil pure Zr foil intermediate alloy

b. Brazing

(1) Solar RGN-15, Zr-base alloy

(2) Martin Ti-8. 5Si alloy

(3) General Electric AS537, Zr-V-Ti alloy

c. Spot Welded

For eaoe of welding, two flat plates were bonded using very fine

overlapping spot-welds. After this operation, the re-enlrant angles of

45 degrees were formed. These angles provided a much more favorable

situation with this joining process since joining out to the re-entrant angle

was not required.

After joining, all specimens were siliconized using a standard pack

cementation process:
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Pack composition: silicon metal and alumina

Pack activator: sodium fluoride

Pack temperature: 1850 F

Pack cycle: 16 hours

Pack pressure: 1 Torr

This pack was selected because it was available at Solar and is typical of the

processes in current use. Oxidation life of this coating on D36 alloy foil is greater

than 50 hours at 2000 F under thermal cycling conditions.

After joining and coating, one specimen of each joining process was metallurgically

examined. Up to three additional specimens were subjected to 2000 F under therrn'

cycling conditions in dry air until failure or for 40 hours.

3.3 TEST RESULTS

Photomicrographs of two coated specimens prior to oxidation testing are shown

Figure 9. The most significant item is the decrease in coating thickness near the

re-entrant surface from two mils ',o essentially zero in the diffusion bonded specimen

(Fig. 9A). The decrease in thickness is the result of lack of vapor transport In or

near the unbonded faying surface. This problem is inherent in the pack coating process

and can only be overcome by joint design and very rigid controls of the joining process.

The specimen (Fig. 9B) brazed with the Martin TI-8.5Si alloy, shows adequate

coverage at and near the re-entrant angle. This is a result of fillet formation and flow

which eliminates any unbonded faying surface. Specimens brazed with Solar RGN15

and GE AS537 alloys also exhibited adequate coating coverage, and were similar in

appearance to the Martin alloy. Welded specimens showed extreme coating thinning at

the re-entrant surface due to the very acute re-entrant angle immediately preceding the

welded nugget: however, the entire bond area appeared to he coated.

Oxidation tests at 2000 F showed that the brazed specimens gave the most con-

sistent resistance to oxidation in the re-entrant area. Spot welded and diffusion bonded

(titanium intermediate layer specimens, In that order, had lower oxidation lines.

The diffusion bonded specimens, particularly the ones with zirconium and titanium

intermediate alloy, appeared well coated. However, oxidation test results showed

157



that the entire faying surfaces were not well bonded. Considerably more development

must be put into this new but extremely promising joining process before it can be

considered for complex structure fabrication.

Photomicrographs of the Martin and GE brazed specimens after oxidation

testing are shown in Figure 10. Both braze systems performed satisfactorily with no

apparent oxidation of the braze areas after 40 hours of exposure at 2000 F. Slight

reaction between the AS537 braze alloy and the silicide coating is apparent in Figure 10B,

however, porosity or diffusion into the substrate is not apparent. The Ti-8.5 Si braze

joint is essentially unchanged as a result of testing.

Additional laboratory work is continuing with the simple test panels usod in this

coating-joining compatibility study before more complicated panels are constructed.

Efforts will be concentrated on compatibility studies of the silicide coating and braze

alloy systems. Oxidation test temperatures will be extended to 2500 F. Work on spot-

welded structures will be continued only if brazing compatibility problems cannot be

resolved.
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IV. CONCLUSIONS

It cannot be concluded that one of the siltcide coatings is necessarily better than

the other as the oxidation results would tend to indicate. If coating life is plotted

against thickness (Fig. 11), the thickest coatings have the longest life. The type of

coating that is needed for foil will have the oxidation resistance of the TAPCO coating,

the thickness :- the Chromizing coating on TZM, the elongation of the GT&E coatings,

and a lower rate of interdiffusion than any of the coatings tested.

On specific coatings, it is possible to draw several conclusions. The high boron

coatings such as Vought and GTC are not as protective at 2500 F as silicide coatings

with more refractory modifiers. Aluminum-based coatings have high diffusion rates

and are generally not as protective at 2500 F as the silicide coatings, particularly on

the columbium-based alloys. The TAPCO coating exhibited outstanding oxidation

resistance at temperatures up to 2500 F with and without prestrain, but also exhibited

one of the highest rates of interdiffusion, the highest weight increase on roating, and

the greatest thickness of any silicide coating.

Fusion welding and brazing appear to be the only satisfactory methods for

joining foil structures prior to coating. Clean fusion welds are as readily protected as

sheet material and at 2000 F several braze alloys can be adequately protected. No tests

have been run on coated braze alloys above 2000 F but euttectic melting may limit the

maximum-use temperature to considerably less than 2500 F.

Bonding methods, such as resistance welding, which do not completely bond the

faying surface cannot be reliably coated by pack cementation processes due to throwing

power limitation. Fusible coating, e.g., aluminum-tin, will probably protect this type

of joint, but oxidation life is less than for the silicide coatings.
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V. FUTURE WORK

Future work on this program will include:

Improvement of the coating--substrate composite by reducing Inter-
diffusion. Barrier layers of slow diffusion elements such as
tungsten, rhenium, and tantalum will be interposed between the
coating and the substrate.

* Creep and fatigue tests to determine the change in mecha-nical
properties of coated foil with exposure to elevated temperatures,
and an oxidizing environment.

* Coating-joining compatibility studies of the silicide coating and
braze alloy systems, particularly those braze alloy systems that
are titanium or vanadium based, e.g., Ti-8.5 Si, V-35Cb.
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FIGURE 2. SET OF SCREENING TEST SPECIMENS BEFORE COATING
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TABLE II

COATING VENI)OS ANI) N'OC[:SSES

Alloys ,ind Coating Type (Ref. 1)
Dedr ~f136 f BS(; ITZM

VendorsD3 G 11

U'te Chronmizing Comnmy DUIAK-Kt I)UHAK-KA DURAK-B

jChrmrnizing) Mod. si!lcide Mod. si icide Mod. allicide
(max. temp. 1850 F) I (max. temp. 1950 F)

L,-ng-Tempco-Vought Mod. silicide Mod. silicide Vought IV

Aeronautics Dlv. 1st Coat - Si (Same as D36) (Same as D36)
(Vaught ~i2nd Coat - Cr-B

(max. temp. 1950 F) (niax. temp. 2000 F) (max. temp. 200,9 F)

General Telephone & Al -Sn- Ta Ti, Al-Cr-SI Sn-Al-Mo-St

Electronics Two Coats - Slurry Molten Dip Slurry

(GT&E) (max. temp. 1900 F) (max. temp. 2000 F) (max. temp. 1900 F)

Thompson Ramo Wooldridge, Inc. Mod. sillcide Mod. sllicide

'rAICO Group let Coat - Cr-Ti Same as D36

IA PCO) 2nd Coat - Si
(max. temp. 2300 F) I

General Technologies Corp. Mod. sillcide Mod. stlicide Mod. sillcide

(crC) 1st Coat Cr-Ti tat - Ti Two-cycle pack

2nd and 3rd Coat - 2nd - Cr-TI (max. temp. 2000 F)

Complex silicon, 3rd - Complox

etc. paick. 'llicon, etc. pack.

(max. temp. 2200 F) (max. temp. 2100 F)

The Pfaudler Company Process not appli- Mod. shicide
(Pfaudler) cable to thia alloy. 1st Coat - Cr, etc.

.)nd - SI, etc.
(max. temp. 2050 F)

Chromalloy Corporation Process not appli- ---- W-3

(Chromalloy) cable to this alloy. Mod. ellicide
Two-cycle pack

Vitro Laboratories ---- ---- Mod. sllicide
(V I t ro Electropboreticdeposition.

Prem. 10 to 20 kai
(max. temp. 2300 F)

American Machine & Foundr' ---- AMFKote 2
(AM F) Mod. sllicideSingle -cycle pack

(max. temp. 197,.- F)

(1) remperature in ( ) indicates maximum process temprature
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TABLE III

RECEIVING INSPECTION TESTS ON

"AS COATED" D36, B66, AND TZM ALLOYS

Residual Coating Substrate Coating
Weight Change Substrate Thickness Hardness Hardness

Vendor (%) (gm/di 2 ) (mils) (mils) (DPH) (DPH)

D36 Alloy Avg. 5.75(1) 170

Chromizing 14.2 0.85 4.66 1.78 191 1095

Vought 27.3 1.58 4.45 1.98 192 995

GT&E 51.6 2.98 5.04 5.14 170 19-426 (3 )

TAPCO 34.8 2.00 2.44 3.83 214 1290-424 (3 )

GTC (lot B) 24.8 1.44 4.20 1.55 249 1197

B66 Alloy Avg. 6.6(1) 227

uhromizing 11.8 0.79 5.30 1.50 233 :1145

Vought 14.4 0.98 4.95 1.53 239 1225

GT&E 26.4 1.75 5.65 2.25 234 407-689 (3 )

TAPCO 44.3 2.93 4.65 3.30 228 1283-689 (3 )

GTC 6.5 0.43 3.60 2.60 239 909-1254 (3 )

Pfaudler 16.2 1.09 5.20 1.75 228 1006

TZM Alloy Avg. 6.0(2) 331

Chromizing 4.58 0.34 4.68 0.83 345 1486

Vought 18.9 1.40 3.84 2.05 324 1443

GT&E 46.5 3.66 5.50 3.15 317 28-625 (3 )

GTC 14.) 1.09 4.25 1.95 337 1345

Pfaudler 14.6 0.96 4.70 2.00 303 1185

Chromalloy 6.06 0.50 5.10 1.05 333 1345

Vitro (Lot B) 40.3 2.98 4.45 3.10 274 625-1225 (3)

AMF 11.3 0.37 4.55 1.40 333 1564

() Thickness varied ± 0.I0004 inch
(2) Thickness varied ± 0.0006 inch

(3) First figure is coating hardness, second figure is diffusion zone hardness.
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TABLE IV

MECHANICAL PROPERTY TESTS ON

"AS COATED" D36, B66, AND TZM ALLOYS ( 4 )

Coating YS (ksi)(1 )  TS (ksi) 1 )  Elong. (% in 2 inches) Bend Angle (deg) (2)

Vendor (Min) (Max) (Min, (Max) (Min) (Max) 1 2

D36 Uncoated alloy 71 77 79 81 19 20 90 90

Chromizing 49 57 53 62 2.5 4.5 90 90

Vought 5 56 54 62 0 1.3 90 90

GT&E 76 77 81 83 11.0 13.0 90 90

TAPCO 64 91 64 91 0 0 90 90

GTC (Lot B) 16 59(3) 16 59 0 0 36 45

B66 Uncoated alloy 76 82 100 105 24 25 90 90

Chromizing 76 79 87 99 3.0 5.0 90 90

Vought 73 80 91 102 3.5 6.0 44 45

GT&E 92 98 120 125 17.0 19.0 90 90

TAPCO 94 98 95 100 0.5 1.0 90 90

GTC 64 68 82 90 6.5 7.5 42 48

Pfaudler 66 72 83 91 4.0 5.0 42 53

TZM Uncoated alloy 91 92 125 129 4.5 10.5 90 90

Chromizing 89 124 102 131 0.5 3.0 90 90

Vought 74 84 84 100 2.0 6.0 90 90

GT&E 102 111 122 131 1.5 6.0 90 90

GTC 76 92 85 106 0 2.5 90 90

Pfaudler 80 91 90 102 1.5 2.0 S, 90

Chromalloy 85 96 90 107 0 3.5 90 90

Vitro (Lot B) 56 89 56 103 0 2.5 90 90

AMF 85 96 92 107 0 1.5 19 19

(1) Based on original uncoated cross section (nominal 0.006 Inch foil)
(2) Angle at fracture or 90 degrees
/3 Failed before 0.2 percent offset
(4) Results are based on testing of three specimens of each alloy/coating combination
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TABLE V

CYCLIC OXIDATION AFTER PRESTRAIN

Ave rage Average
Prestrained Life Cyclic Life Prestrained Life Cyclic Life

2000 F 2000 F 2500 F 2500 F
Vendor (hr) (hr) (hr) (hr)

Specimen No. Specimen No.

D36 1 2 3 Avg. 1 2 3 Avg.

Chromizing 5 2 2 3 42 4 3 3 3.3 4.2

Vought 3 2 3 2.6 75+ 2 4 2 2.6 11

GT&E 13 13 13 13 75+ 2 2 2 2 2

TAPCO 24 26+ 26+ 26+(1) 75+ 26+ 22 25+ 24.3+(1) 42+(1)

B66

Chromizing 75 70 70 72 68 10 4 4 6.0 6.0

Vought 16 20 20 19 15 1 1 3 1.6 6.0

GT&E 11 7 22 13 74+ 3 9 -- 6.0 3.0

TAPCO 75+ 75+ 75+ 75+ 46+ 75+ 75+ 75+ 75+ 13+

Pfaudler 75+ 75+ -- 75+ 75+ 2 7 -- 4.5 4.0

TZM

Chromizing 1 1 1 1 14 1 1 1 1 3.2

Vought 2 3 1 2 63 9 4 1 4.6 18.3

GT&E 6 6 5 5.6 19 6 6 4 5.3 5

GTC 9 4 21 11 75 2 1 2 1.6 2

Pfaudler 1 1 1 1 59 1 1 1 1 6.6

Chromalloy 1 1 1 1 63 1 1 1 1 4.3

Vitro Lot (B) (2)  75 50

AMF (2) 1 1

(1) Removed from test for inclusion in report.
(2) Prestrained oxidation test not performed. AMF specimens exhibited

low oxidation protection. Insufficient specimens from Vitro.
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TABLE VI

SUMMARY OF PLASMA TORCH OXIDATION TESTS

2000 F () 2500 F (2)

-- D36

Chromizing Failed (pest) Failed (peat)

Vought Passed Passed

GT&E Passed Failed (burned through)

TAPCO Passed Passed

GTC Passed Failed (burned through)

B66

Chromizing Passed Passed (some pits)

Vought Passed Failed (2 of 3 specimens burned through)

GT&E Passed Failed (burned through)

TAPCO Passed Passed

GTC Passed Failed (burned through)

Pfaudler Passed Passed

TZM

Chromizing Passed Passed

Vought Passed Passed

GT&E Passed Passed

GTC Passed Passed

Pfaudle'- Passed Passed

Chromalloy Passed Falled (small pinhole)

AMF Passed Failed (number of pinholes; also uncoated
I edge)

(1) Test duration: four 15-mirate cycles.
(2) Test duration: eight 15-m'nute cycles.
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I
TABLE VII

BEND TEST AFTER STATIC OXIDATION

2000 F ()2500 F (

eSecimens Specimens
Tes Hors 1 2 13 Test Hours 1;2 3

Bend angle .Bend ange
(deg) (deg)

D36

Chromizing 42 90 90 90 7.0 90 90

Vought 64 90 90 90 7.0 90 90

GT&E 64 20 28 30 1.7 90 90

TAPCO 64 90 90 90 7.0 20 20

B66

Chromizing 22 90 90 90 4.5 90 90 90

Vought 32 90 90 90 4.5 90 90 90

GT&E 55 93 90 90 1.7 82 85 62

TAPCO 29 90 90 90 1.7 90 90 90

GTC 55 90 90 60 (2)

Pfaudler 30 90 90 90 1.7 90 90 90

TZM

Chromizing 9 30 90 1 20 5 68 90 90

Vought 38 90 19 15 17.6 80 72 76

GT&E 15 9( 90 90 1.7 90 90 90

GTC 56 18 19 18 2.3 18 21 90

Pfaudler 30 19 90 21 6.8 90 90 90

Chromalloy 36 12 22 21 2.5 19 90 79

Vitro (Lot B) 35(3) 90 90 90 50P 31 34 40

(1) 90 degrees or angle at fracture
(2) No protection at 2500 F during cyclic oxidation test.

GTC specimens not included in 2500 F static oxidation tests.
(3) Bend tests performed on cyclic oxldatioa test specimens.
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TABLE VII

SUbSTRATE HARDNESS AFTER OXIDATION TESTS

2000 F 2500 F

Test Hours Hardness (DPH) Test Hours Hardness (DPH)

D36 Uncoated 0 170 0 170

Chrominizing 72 203 7 220

Vought 75 207 7 and 14 336 and 233

GT&E 75 288 11 No substrate

TAPCO 75 207 7 and 42 429 and 396

GTC (Lot B) (2) (2) 1 (1)

B66 Uncoated 0 227 0 227

Chromizing 57 234 6 219

Vought 33 225 6 227

GT&E 74 249 2 249

TAPCO 43 228 5 233

GTC 75 232 1 (1)

Pfaudler 75 232 6 232

TZM Uncoated 0 331 0 331

Chromizing 15 324 6 244

Vought 75 337 31 239

GT&E 18 336 6 303

GTC 75 336 6 232

Pfaudler 59 336 11 227

Chromalloy 72 336 7 290

Vitro (Lot B) 7b (2) 56 249

AMF 3 303 1 290

(1) Specimens melted during test
(2) Tests not completed in time for inclusion in report
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I. INTRODUCTION

Durfg the past year General Dynanics/Pomona has been activily engaged in

the development and evaluation of refractory metal coatings. Three principal

areas have been nvze *.gated; namely (1) the development of silicide coatings

for columbium and tantalum, (2) elevated temperature creep testing of coated

0.5 Ti-Mo alloys, and (3) performance tests on coated FS 82 colmbium alloys.

II. COATING DEVELOPMENT

All specimens in this investigatior. were coated using the pack cementation

process. In this process, the metal sibst-rate to be coated was placed in a

pack of 80 percent - 325 mesh siliccn and 20 percent sodium fluoride and heated

in a furnace under a controlled atmosphere. This caused silicon to diffuse

into the substrate material with the final result being a thin silicide layer.

The specimens used for preliminary evaluation were 1/4" diameter, colon-

bium and tantalum rods approximately one inch long. These one inch specimens

had one side ground flat for more accarat*e readings with the x-ray diffraction

unit. All specime.is were placed in lireclay boats approximately two inches

long and one half inch deep. The boats were then filled with the pack as

described above. The specimens used for high temperature oxidation tests were

1/4 inch diameter columbium and tantalum rods 9 1/2 inches long. The sodium

fluoride in the pack promotes diffusion, in a reducing atmosphere, in the

following manner:

4 NaF + Si- SiF 4 + 4Na

SiF4 + 2H2  Si + 4 HF

Apparently Si in this form can be more readily diffused into the metal than

Si added as the pack.
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The fireclay boats containing the s;>ecimens and pack were then placed in a

Bturell muffle furnace that had been purged with argon gas. The muffle tubes

were provided with tightly fitting ends so that a closed system could be main-

tained. After the specimens were placed in the furnace, the argon was allowed

to flow for a few minutes to insure the exit of all oxygen, Hydrogen was then

allowed to flow into the muffle furnace at different gas flow rates.

A l1arge number of variables exist Ln this type of system. Those xhich

were investigated during this period were:

1. Furnace temperature

2. Time at temperature

3. Furnace atmosphere

4. Effect of adding SiFh gas

During this portion of the investigation several short tantalum and colum-

bium specimens were coated varying the frnnace atmosphere. SiF 4 gas was intro-

duced to see what effect it would have on the coating. It was through that

the reaction of this gas with hydrogen woald produce silicon metal that would

diffuse more readily into the substrate. This did not occur as evidenced by

visual examination. It was decided to use just hydrogen gas as an atmosphere.

Furnaco temperature and time at temperatc.re was then investigated. Tempera-

tures varied from 1850OF to 2200°F and ti-ne at temperature was varied from

1/2 hour to 4 hour,.

Using x-ray diffraction the composition of the diffused layer was deter-

mined. Figures 1, 2 and 3 show an x-ray diffraction pattern and photomicrographs

of a columbium silicide coating. Figures 4, 5 and 6 show an x-ray diffraction

pattern and a photo micrograph of tantaim samples. From these preliminary
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screening Tests and x-ray diffraction patterns of the columbium coating, the

optimum coating conditions were determined.

They aret

Furnace temperature: 2100OF

Time at temperature: 1 Hotr

Hydrogen gas flow: 4 Cubic ft/hr.

The x-ray diffraction patterns for the tantalum coatings were almost iden-

tical so that the optimum coating conditions could not be determined. It was

decided to coat long specimens with a wide range of variation in furnace temp-

erature and time at temperature for testing in the high temperature test unit.

Cyclic oxidation testing was performed on coated specimens 1/4 inch in

diameter and 9 1/2 inches long in the General Dynamics developed high tempera-

ture resistance heated test unit. The ends of the coated specimens were sand

blasted to bare the substrate metal so that electrical contact could be made

with the grips of the test unit. The specimens were heated to 2980*F a-W held

for 5 minutes and cooled to room temperature. The columbium specimens which

were coated using the optimum coating conditions withstood four of these cycles

in still air without failure. The coated tantalum specimens were tested under

the sase cyclic conditions for two cycles in still air. After testing they were

visually inspected for oxide and reweighed to obtain a weight gain due to the

oxide formation. There was no apparent correlation between weight gain and the

ability of a coating to afford protection to the substrate. It is felt that

weiht gain may occur in both protective and non-protective coating systems

in the following manner.

In a good coating the silicide is oxidized and forms a protection glass

according to the equations:
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4TaSi2 + 1302 -- 2Ta205 + 8si02

4Ta5'i 3 + 3702 -- lOTa2 05 + 12SiO2

Some of the Ta20 5 is dissolved in the silica while some is volatilized.

The net result is that the tantalum substrate is protected by the silicate glass,

while a weight gain has taken place due to the oxidation mechanima.

On the other hand, in a non-protective coating, weight gain may also occur.

If there are cracks in the coating, or if there is insufficient silicon present

in the coating to form a protective glass, the substrate will be oxidized as

follows:

4Ta # 302 2Ta2 03

Under prolonged exposures to elevated temperatures the oxide will be lost

by volatilization with a resulting weight loss. However, for relatively short

exposures it can be seen that weight gain has taken place in both protective and

non-protective coatings.

The coating that appeared best was coated using the following conditions:

Furnace temperature 19508F

Time at temperature 3 hours

Hydrogen gas flow 4 Cubic ft./hr.

Temperature measurements at elevated temperatires are difficult to accurately

determine. The optical pyroneter, which was used daring this investigation, com-

pares the color of a heated tungsten filanent to the color of the radient heat

from the specimen. To obtain a true temperature of the specimen from the optical

pyrometer it must be assumned that the emissivity of the specimen is that of a

black body or 1.0. Since most silicide coatings reported in the literature have

emissivities in the range of 0.7 to 0.8 an assuirne2 emissivity of 0.78 was used
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for temperature corrections. Based on this assumption the measured temperature

of 1590*C was adjusted to 1638*C or 2980*F. No correction was made for the

reduction in r adiation through the view port in the test facility. It can be

seen that several assumptions were made in arriving at the temperature at

which the specimens were tested, thus these figures must be taken as only an

approximation of the true temperature.

III. ELEVATED TE'RATURE CREEP TESTING OF COATED 0.5 Ti-Mo ALLOY

The purpose of this test program was to evaluate the creep rupture proper-

ties at 2800"F of coated 0.5 Ti-Mo alloy specimens. A total of twelve specimens

were tested, four coated with the Thermomet T-55 coating and eight coated with

the Pfaudler PFR-6 coating. All tests were conducted in air under conditions

of creep to rapture under constant load.

The specimens were 8 1/2 o 10 1/2 inches long, approximately 0.450 inch

wide, and the thickness varied from 0.040 to 0.069 inch. To assure good electri-

cal contact for the resistance heated test unit and sufficient area to support

a tensile load, approximately 1 1/2 inches was sand blasted from each end of the

specimens. The tests were performed on the General Dynamics/Pomona developed

elevated temperature testing equipment. With this a.dIt an AC current heats the

specimen to tenperature at pre-selected rates which Zan be controlled by varying

the power input . A small preload is applied, the specimen is heated to the

de 3. -red teiperature d thp two inch gauge length extensometer is zeroed to

eliminate the effects of thermal expansion. The specimen is then loaded hydrau.

lically throurh a servomechanism to a pre-selected load to give a specified stress.

Records of load vs. time and stress vs. time are then recorded on a Sanborn Re-

corder. Figure 7 is a photograph of the test unit itself during a typical test.
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Temperature measurements were made on the coated specimens using & Pyro Micro

Optical Pyrometer made by the Pyrometer Instrument Company. The measurements made

assumed an emissivity of .90 for both types of coatings.

All twelve specimens were creep rupture tested at 2800*F. The tests were

performed in the following sequence. After the specimen was inserted in the

test equipment, a preload of fifteen pounds was applied. The specimen was then

heated to 2800*F in fifteen seconds, held for fifteen seconds, the extensometer

zeroed, and then the load applied in .2 second. Since no set up specimens were

available, the first stress level selected was 5700 psi, which was somewhat below

the expected stress of 6000 psi, to produce rupture in thirty minutes. The stresm

levels selected for subsequent tests were then based on the results of the pro-

ceeding tests. After the application of the load, strain time or creep defor-

mation was measured on the Sanborn Recorder for thirty minutes or ruptare, which-

ever came first. If the specimen did not rupture in thirty minutes, the load

was increased ii a higher stress level, the extensometer zeroed, and creep de-

formation was then measured starting from zero time, and zero deformation. If

more than one stress level was used on a single specimen, the subsequent test

specimens and results are labeled a, b, c, etc. The percent deformation report-

ed is that portion based on creep only, and does not include the strain due to

thermal expansion or the strain due to the initial application of the load.

The results of the tests are tabulated in Tabi-s I through III. For those

specirens which did not rupture in thirty minutes and were subject to further

testing at higher stress levels, the percent deformition would be accuMIlative.

For example, the total creep deformation before failure of the coating on speci-

men 14 would be 4.60% + 2.30,, or a total of 6.90%. For specimen 14 the total

deformation would be 6.70%, etc.
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Footnotes in Tables I through III indicate the time of i.nitial coating fail-

ure and the time to rupture. It is interesting to note that specimens 13, 14,

15, 2 and 20 were quite uniform in thickness over their length and all broke in

the middle of the gauge section. Specimens 9 and 10 broke at the edge of the

gauge length while specimens 3, 4, 7 and 8 l of which exhibited a pronounced

thickness taper from end to end, broke outside the extensobeter.

Both coatings appear in general to have the ability to protect the 0.5 Ti-Mo

alloy at 2800*F for periods of over thirty minutes. The coatings tested are ca-

pable of creep deformation of from two to ten percent before coating failure.

The typical deformation obtained before coating failure is e'our to six percent.

In general, a stress level of 6000 psi at 2800"F is not sufficient to produce

rupture within thirty minutes, while stress levels of 6800 to 7400 psi are

sufficient to produce rupture within the range of five to thirty minten.

IV. PERFORMANCE TESTS ON COATED FS 82 COLUMBIUM ALLOY

Table 4 lists the results of the preliminary tests performed on the coated

FS 82 columbium alloy. These tests evaluated coatings by fo:r different compan-

ies; General Electric, Sylcor, Pfaudler, and TRW . With the exception of

specimen T3, which had a chipped coating before testing, all of the specimens

appeared to hold up equally as well before the load was applied. The test

conditions used were as follows:

Heating Rate Heat to temperature in 10 sec.

Soaking Time 10 sec.

Strain Rate as indicated

Atmosphere Air
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Temperature measurements were made with an optical pyrometer us 4ng the fol-

lowing emiseivities:

General Electric .70

Sylcor .55

TIU .85

Pfaudler .88

The limited test results indicate the following rating for the coatings tested:

1 - General Electric LB-2

2 - Sylcor AI-Sn

3 - Pfaudler

4 - TRW Cr-Ti-Si
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Now

FIGURE 2

Speixon A-1, Coated for 1. Hour at
2110*F for 1 Hour - 250X

FIGURE3

Specimen 2-4da, Coated for 2 hoairs
at 2110-F - 250X
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t *5

Specimten G-1, Tantalum Specimen

Coated for 1 1/2 Hour at 19256F -25OX

FIGURE 6

Specimen O-9s Tantalum Specimen

Coated for 2 Hours at 2030-F - 250X
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PLASMA-SPRAYED OXIDE AND

vAPOR -DEPOSITED NITRIDE COATINGS

ON TUNGSTEN AS A MEANS

OF ACHIEVING OXIDATION PROTECTION

i. INTRODUCTION

This paper describes current studies in which attempts are

being made to utilize refractory oxide and nitride coatings as a means of

protecting tungsten from oxidation. This work is part of a program di-

rected to developing effective coating systems for refractory metals at

temperatures above 3600°F for use in low-pressure, liquid-fueled, rocket

engines, Oxide coatings were applied by plasma spraying, and the nitride

coatings by chemical vapor deposition. Methods of improving adherence,

coating density, uniformity, and thermal shock resistance are being in-

vestigated, and protective capability is being evaluated.

Experimental effort on these coating systems is continuing,

and this paper is presented at this meeting merely in the form of a pro-

gress report.

I! PLASMA-SPRAYED OXIDE COATINGS

This phase of the program is to produce mechanically and

thermally stable, closed-pore, oxide coatings by plasma spraying. Stabi-

lized zirconia (5w/o CaO), partially stabilized hafnia (5w/o Y 2 0 3 ), and

strontium zirconate have been evaluated; thoria is yet to be studied.

Two main problems encountered were tensile cracking of the

coating and poor coating-to-substrate bonding; both are believed due to the

differences in thermal expansion between the oxides and the tungsten

substrate.

* Contract No. NAS7-113
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A. Coating-to-Substrate Bond Strength

The common surface preparation practice of grit biasting with

No. Z0 grit SiC was found inadequate for zirconia coatings applied directly

on tungsten. With substrate temperature during coating in the range of

1250°F to 1350°F the interfacial stresses during cooling were great enough

to cause the coatings to spall. The use of a 43 w/o W-57 w/o ZrO layer

between the grit-blasted tungsten and the ZrO2 cover coat eliminated this

problem. Such coatings, however, were subject to localized blistering

when tested with the blast of an oxygen-hydrogen torch. This problem was

overcome by spraying a thin layer of large grit, 74 to 44 micron, tungsten

on the substrate. The undercoat, 3 to 4 mils in thickness, formed a rough

irregular surface allowing better coating-to-substrate bonding. The in-

crease in adhesion gained from the rough undercoat with hafnia-type coatings

is shown in Table I. Tensile bond strength data were obtained by coating

one end of 3/4 inch diameter tungsten cylinders, cementing them with epoxy

to similar uncoated cylinders and stressing the couplet in tension. Further

bond strength studies using photoengraving and electrolytic etching techni-

ques for substrate preparation are in progress.

B. Coating Systems

Three basic coatings systems have been or are presently being

evaluated; these are listed in Table I. The coatings are produced from

refractory oxides with a particle size range of -25+5 microns and tungsten

particles approximating 5 to 6 microns in diameter. The coatings are

formed in a 3 v/o hydrogen-argon atmosphere with an SG-3 Plasmadyne

torch. Argon is used as the stabilizing gas, 3 v/o hydrogen-argon as the

powder feed gas, and the operating power is approximately 6 kw.

The severity and prominence of a mosaic crack pattern in the

oxide cover coatings is in direct proportion to the difference in thermal

expansion between the oxide and tungsten. i.e., stronium zirconate and

zirconia (CaO stabilized) the worst with crack-free hafnia coatings being

achieved periodically. When the substrate thermal expansion was increased

by use of Ta-lOW instead of tangsten, crack-free hafnia coatings were
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Table I

TENSILE BOND STRENGTH DATA

FOR TUNGSTEN-HAFNIA COATINGS * ON TUNGSTEN

Tensile
Surface Strength,

Preparation psi Remarks

No. 20 grit Sic 1080-2330 Average of 5 tests
blasted surface was 1770 psi

3 mils of sprayed 2270-2670 Average of 5 tests
74 x 44/A was Z, 4Z0 psi
W o;ef grit-bla'ited
surface

, First layer 40 w/o W-60 w/o HfO 2 , second layer HfO .

Table II

TYPICAL PLASMA-SPRAYED COATINGS SYSTEMS

ON TUNGSTEN

Series Composition

I Tungsten substrate
3-4 mils of 74 to 44/-,
5 mils of 43 w/o W-57 w/o ZrO2

5-0rnil of ZrO

II Tungsten substrate
3-4 mils of 74 to 44 L-
5 mils of 40 w/o W-60 w/o HfO
3-5 mils of iO w/o W-90 w/o HO
5-10 mils of HfO 2

1! Tungsten substrate
3-4 mils of 74 to 44A,.
3-4 mils of 40 w/oW-60 w/o HfO 2

5-10 mils of SrZrO3
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obtained, even when substrate temperatures of 1900°F were used during

coating.

C. Oxidation Testing

Tungsten plates, 3 x 3 x 0. 1 in. coated with any of the three

systems listed in Table II, have successfully withstood oxidation testing

with one oxygen-hydragen torch (specimen surface temperature 36000 -

3800 0 F) for 5 minutes. The oxidation rate of bare tungsten under these

conditons is 30 mils/min. Only the tungsten-hafnia coatings (Series II,

Table II) have been subjected to two oxyhydrogen torches (4100' - 4200°F

surface temperature, 48 mils/rin oxidation of bare tungsten). The coat-

ings protected the substrate throughout the 5-minute test. After either type

of exposure, the coatings will crack and will spall when retested.

III. PYROLYTIC NITRIDE COATINGS

A. Intr duction

Pyrolytic coatings of TiN and HfN were applied to 0. 125 in.

diameter tungsten rods by hydrogen reduction of the tetrachloride in the

presence of nitrogen. Plating temperatures were varied betwe n Z7300

and 3630°F. The TiN coatings were relatively free of cracks after de-

position, and specimens of this type were generally tested in the as-coated

condition. Hafnium nitride coatings, however, contained large radial

cracks, which cannot be eliminated by variation in coating deposition tem-

perature. This prompted us to study methods of partially disscciating the

nitride in order to obtain crack-free coatings.

B. Hafnium Nitride Dissociation Studie-2

4120 0F. A coated specimen heated under these conditions for 5 minutesI underwent a weight loss of 3. 50% of the original coating weight. Since

nitrogen comprises 7. 84% of the weight of stoichiometric HfN, this weight
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loss can be considered particularly significant if the bulk of the loss is

attributable to nitrogen evolution. The structure of the coating after this

treatment is two-phase, with an apparent third phase existing as a continu-

ous layer at the tungsten surface. X-ray diffraction analysis indicates the

presence of hafnium, nitrogen-deficient HfN, and a minor quantity of W 2 Hf.

Heating the nitride for 5 minutes at 28200F in vacuum causes no apparent

dissociation or interaction with tungsten. By heating at high tLmperatures

and moderate pressures (100-500mm Hg), dissociation of the nitride can

be controlled so that the primary structural change that occurs in the

coatings is grain growth and partial loss of nitrogen. Crack-free structures

of this type have been produced.

C. Oxidation Testing

Oxidation tests have been putoi ned in static air on TiN-coated

tungsten at 3090 ° and 3630°F. AL the lower temperature a protective

oxide forms; the rate of oxidation is approximately +22mg/cm /min during

the early stages. This corresponds to a surface recession rte of about

0. 5 mils/min for the original coating. Bare tungsten oxidized under these

conditions loses weight at a rate of 110 mg/cm /min. The oxide, which

forms on the nitride, appears glazed and may contain tungsten. At 3630°F,

oxidation of the TiN-coated samples proceeds far more rapidly, and speci-
2

mens lose weight at a rate of I ZZ mg/cm /min. during a 30-second ex-
2

posure. The rate of weight loss for bare tungsten is 360 mg/cm /min

under these conditions.

When Hf N-coated tungsten specimens are oxidized in the as-coated

conditimn, a molten oxidation product is formed at temperatures as low as

2200 0 F. Formation of the liquid appears to originate at coating defects.

When the coating is partially dissociated in a low-pressure nitrogen

atmosphere, subsequent oxidation causes pure HfO 2 to form a" a solid

scale on the nitride surface. The protective capability of coatings of this

type is currently being investigated undcr a variety of oxidizing conditions.
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INTRODUCTION

While considerable work has been carried out on plasma sprayed coat-

ings, very little effort has been directed twoard a critical examination

of the resultant particle-to-substrate bonds. Since the characteristics

of the initial bond generally determine 'he adherence and strength of

bonding of any applied coat.ng, improved bonding from one of mechanical

interlock to one that is truly metallurgical is important. Therefore, an

investigation was undertaken to explore the type and quality of coating-to-

substrate bonds which can be obtained during plasma spraying. This work

is a portion of a larger effort to characterize more fully the plasma-

spray deposition phenomenon and to develop improved plasma-spray coatings.

In general practice, powder of one material is plasma sprayed on the

roughened surface of a different material. In this investigation, however,

tungsten powder was deposited on metallurgically polished tungsten substrates

in order to minimize some of the variables involved in coating-substrate

bonding. Admittedly, using the same material for coating and substrate and

using highly polished substrate surfaces do not simulate general coating

practice. However, these conditions were chosen so that the bond could be

studied without unidue complications. in this way, physical property vari-

ables such as thermal conductivity, linear coefficient of thermal expansion,

relative melting temperatures, etc., were eliminated. Also, eliminating
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surface roughness excluded the questions of total roughness, roughness

variation, and as-roughened surface composition. In add-ition, the smooth

surface allowed additional deductions to be made on particle properties,

such as plasticity, and permitted more controlled observations of effects

on the substrate.

A preliminary investigation (unpublish d) showed that plasma-spreamd

tungsten rarticles did not adhere to metallurgically polished tungsten

specimens that were not preheated. However, tungsten particles did adhere

to substrates of lower thermal conductivity, which reduced the quench rate

of the particles and allowed them to cool at a slower rate. Therefore, this

investigation was conducted on tungsten substrates that were preheated to

relatively high temperatures, in order to reduce te quench rate of the

particles and enhance their adherence.

To gain the maxim=m information from this investigation, the number of

particles deposited on the substrate, in each test, was kept at a mInImm.

This was done to observe the characteristics of the iidiyidually sprayed

particles rather than the characteristics of a gross deposit.

APPARATUS AND PROCEDURE

Commercial tungsten powder, 74g to 3u particle size (Matco XP-1106),

was sprayed on metallurgically polished tungsten coupons, 1 by 1 by 0017

inch thick. These coupons were ground from as-received tungsten flneat,

mounted in a coLd castable mounting material, and metallureWolly polished.

After polishing, the specimens were broken out of their respectiv mounts

and stored in a desiccator to preve-t surface contamination. The particles

were sprayed on the 1- by 1-inch surface that was metallurgioally polished.
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The coupon thickness was kept to a minimum in order to permit rapid heat

transfer to the back side for temperature monitoring.

All runs were made with a Thermal Dynamics F-40 torch operating in an

environmental chamber (utilizing nitrogen) under the following fixed condi-

tions:

Number 1 nozzle - 7/32-inch I.D.

450 amperes

60 volts

SO SCFH1 high purity dry nitrogen l
Plasma -as

10 SCFH hydrogen J
10 SCFH high purity dry nitrogen - carrier gas

11.9 setting on Continental Coatings hopper

Each tungsten coupon was kounted b5 fitting two diagonally opposite

specimen corners into spring-loaded alumina tubes. Each specimen had a

Pt-Pt - 13-percent-Rh thermocouple spot-welded to the back face and the

temperature was monitored through the preheat and spray cycle by means of a

recorder with a response of a few milliseconds. A schematic of the spray

setup is shown in figure 1. The test sequence was as follows:

(1) Set coupon to torch distance

(2) Xvacuate chamber to 20. and backfill to atmospheri' preeloarc, with

high-purity dry nitrogen

(4) Roll torch into position and permit plasma gas to preheat tungsten

coupon

1 Standard cubic feet per hour.
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(5) When specimen temperature reaches equilibrium (2 to 3 sec), acti-

vate powder spray for approximately 1 second

(S) Roll torch out of position and shut down

(7) Permit specimen to cool to room temperature and open tank

The total "[ime involved for specimen preheating, spraying, and cool

down to 4000 F was approximately 30 seconds.

Average particle velocity measurements were made at various torch-to-

substrate distances with a rotating disk velocimeter similar to that used

in reference 1.

RESULTS AND DISCUSSION

During preheating with the plasma gas, the substrate temperature varied

with torch distance as shown in figure 2. Also shown on this figure are

the back side substrate temperatures during spraying.

The average particle velocity data are shown in figure 3. Notably

there is little difference in average particle velocity between 4 inches

(240 ft/sec) and 7 inches (215 ft/sec).

The actual deposition patterns and cross-sectional views are shown in

figures 4, 6, 8, and 9, and will be discussed in order of increasing torch-

to-substrate distance. Before these cross sections are examined, it must

be remembered that the particles were sparsely deposited on the substrate to

-r -mit eany e-x- +nation of the particle config~uration. For this reason, a

cross section will not bhow a series of particles side by side, but only

isolated particles. Also, the deposition efficiency decreases as torch-to-

substrate distance increases, so that the 4-inch specimen shows several parti-

cles on top of the same spot while lower particle concentrations are seen at

increasing torch-to-substrate distances.
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A-Inch torch-to-substrate distance. - At a distance of 4 inches the

plasticity of the particles is maximum for the range investigated. Most of

the particles which struck the substrate were deformed into flat, almost

circular disks and had sufficient plasticity to fold over previously deposited

parlicles (fig, 4(a)). Most of the particles were, therefore, at high

temperature as evidenced by the relatively few pits blasted into the sub-

strate surface. The pits which are present were not filled by the flow of

material from the particles next to them. This may indicate that dynanic

resistance to fiow (as governed by surface tension, velocity, temperature,

etc.) is still sufficiently high to prevent such a discontinuous flow. This

ry well point to a reason for LifficuLties when spraying on grit-blasted

surfaces, where numerous surface discontinuities are present.

A cross-section view of the deposit and substrate (fig. 4(b)) reveals

large columnar grains perpendicular to the recrystallized structure of the

substrate. The original interface has been almost completely eliminated.

This appears to have occurred by each substrate surface grain growing

into the coating. In some areas it is apparent that this growth continued

even into the subsequent particles that landed on the first particle, i.e.,

the columnar grain boundaries are continuous through the rows of voids which

mark interparticle boundaries. This continuity of columnar grains is better

illustrated in figure 5, which is an electron micrograph. Here it cam be

seen that the columnar grains do grow through the origiu palt-iCle-to-

particle interfaces, which appear as rows of voids in this figure. These

voids are thogntto be caused by surface oxideB or absorbed gasen. They

should not be due to the presence of tungsten nitride since this compend is

thermodynamically unstable at these temperatures as is discussed in reference 2.
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5-Inch torch-to-substrate distance. - In the 5-inch distance, the

particles were similar to those at 4 inches; however, both the number and

the size of the pits increased. The amount of undeformed particles2 had

increased slightly (fig. 6(2)).

The cross section (fig. 6(b)) shows that the particle-to-substrate

interface has been completely eliminated while maintaining an essentially

f"as-worked" structiure in the substrate. Consistent with this, the columnar

grains in the coating are smaller. Some evidence of particle-to-particle

interfaces can be seen, but they are not sharp lines of demarcation. Fig-

ure 7 is an electron micrograph showing the coating and the substrate.

The original substrate surface is evidenced by the row of voids, but

a metallurgical bond exists and there is continuity between grains of the

substrate and of the coating. This situation exists eren though there is

essentially no recrystallization of the substrate. The relative size de-

crease in the columnar grains which occurred at this distance as compared to

the size of the grains which occurred at 4 inches may be seen by comparing

figures 5 and 7.

6-Inch torch-to-substrate distance. - The coupon surfece (fig. 8(a))

showed larger pits and a greater amount of undeformed particles than seen in

figure 6(a). The particles still exhibited a considerable amount of plasti-

city as can be seen by the amount of particle overlap. However, in spite of

this plasticity, some particle cracking was observed.

2The undeformed particles were determined to be raised portions on the
substrate by microscopic analysis of focus points.
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The cross sectioii kfig. 8(b)) is similar to that obtained at 5 inches

but the columnar grain structure is much finer. (The dark line is a delamina-

tion of the tungsten substrate.)

7-Inch torcb-to-substrate distance. - The greater distance of 7 inches

produced many undeformed particles (fig. 9(a)), and most of those that did

deform show cracks. The size of the pits is increasing but their number is

decreasing slightly (as compared to fig. 8(a)). The increase in the pit

size and the decrease in number of pits indicate that only the larger

particles have sufficient energy to cause pitting of the colder substrate at

this distance.

The particle-to-substrate bond is not complete (fig. 9(b)), but a

metallurgical bond still exists over a great portion of the interface. The

interparticle interfaces are more obvious and the columnar structure can

still be seen.

SUMMA.RY OF RESULTS

From an examination of the plasma-sprayed particles on preheated sub-

strates over a substrate temperature range of 2050P to 27000 F, certain

trends are observed:

1. The amount of undeformed particles increases slightly with increasing

torch-to-substrate distance.

. cracks are present in the par Licieb depoited at ater stances.

3. The number of pits is a minimum at the shortest distance investigated.

4. The pit size increases with increasing torch-to-substrate distance.

From examination of the coating substrate cross sections, certain

trends can also be seen:
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1. The columnar grain size of the coaing decreases with increasing

torch-to-substrate distance.

2. Up to a 6-inch torch-to-substrate distance, good metallurgical

bonds exist between the coating and the substrate, and at 7 inches a

metallurgical bond exists over a considerable portion of the interface.

CONCLUSIONS

1. Metallurgically bonded tungsten coatings can be achieved by plasma

spraying on polished tungsten sabstrates, without prior roughening of the

substrate surface, if the substrate is first heated in an inert atmosphere

(the substrate temperatures investigated ranged from 20-0° to 27000 F).

2. It is possible to deposit such coatings while retaining the high-

strength properties of an as-worked substrate, i.e., a metallurgical bond

can be achieved at a substrate temperature below the substrate recrystalli-

zation temperature.

3. The type of columnar grains which appear in all the cross sections

indicates that the Poating-substrate bond is the result of substrate surface

grains growing into the coating.

4. Even under very short-time conditicns, almost complete elimination

of the origilal coating-to-substrate interface can be achieved. This in-

dicates extremely rapfA sho t-range dffusirn occulrred at this interfe.!e.
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INTRODUCTION

McDonnell Aircraft Corporation is presently under contract to the Air Force to design,

fabricate and fly a hypersonic glide re-entry vehicle. The main purpose of the vehicle is to de-

fine structural deflections and determine such flight dynamics characteristics as temperatures

and pressures experienced in hypersonic glide re-entry. This paper will describe the refractory

metal coating systems employed on this research vehicle and summarize the evolution of these

systems.

The vehicle, in genet7, is a delta plan form with a flat bottom canted at a 100 angle. The

instrumentation package is covered by a modified conic heat shield structure. The vehicle, as

pictured in Figure 1, is approximately 6 feet long, 5 feet wide at the aft end, and weighs approxi-

mately 1100 pounds.

Materials employed range from zirconium oxide at the nose cap to aluminum in the instru-

mentation pockage and inner-stage. The nose assembly is composed of a zirconia nose cap at-

tached to a molybdenum nose skirt by means of a molybdenum bulkhead. Forward leading edges

are of siliccunized graphite while the aft two leading edges are of columbium. The forward lower

body is made of molybdenum heat shield panels and the aft lower body is of columbium heat shield

pkmels. The forward upper body is a modified conic, single faced corrugated assembly fabricated

from columbium. The aft upper body is of similar design andi fabrrcated from L-605. Columbium

and titanium compose the primary structure. The ferward bulkhead, side beams, aft beam and

trusses are of columbium and te stringers, floor and aft bulkhead are of titanium. The interstage

assembly which does not re-enter with the vehicle, is made of aluminum.
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MOLYBDENUM STRUCTURES

In order to understand the nature and problems of the molybdenum coatings, a more de-
tailed description of those portions of the vehicle fabricated from molybdenum is in order. The
most forward metallic structure is the molybdenum nose assembly which holds the zirconia nose
cap. This assembly, shown in Figure 2, is machined from an unalloyed molybdenun, forging and
a TZM alloy bulkhead holds the nose cap to the nose skirt. Molybdenum sheathed thermocouples
and molybdenum pressure pickup tubing complete the detail parts of this assembly.

The second major portion of the vehicle fabricated from molybdenum is composed of TZM
fittings which secure the graphite leading edges to the primary structure. The third group, and
most complex of the molybdenum assemblies, is composed of the forward lower body and the rail
assemblies which attach them to the primary structure. These assemblies are of a TZM alloy and
are shown In Figures 3, 4 and 5. The panels are of a riveted, single faced corrugated design and
are instrumented for temperature and pressure measurements. The rail assemblies are of a hat

section or channel design.

The molybdenum fasteners used on this vehicle are purchased in the coated condition. The
molybdenum bolts and nuts ate supplied by the Standard Pressed Steel Company and are i.oated by
the Pfaudler Company with the PFR-6 system. The molybdenum rivets are supplied by the Voi
Shan Manufacturing Company and are Durak B coa.ed by the Chromizing Corporation. The major
molybdenum components (those assemblies previously mentioned) are coated with the Chromalloy
Corporation's W-3 system. The choice of the coating vendor for the main portions of the molyb-
denum structure was a difficult one. The technical criteria used for making this choice, in in-
creasing order of importance, are as follows:

(a) Size and nature of facilities and size and competence of the staff.
(b) Coating performance as exhibited by coupon testing.
(c) Volume and complexity of typical hardware previously coated.

During the course of this program a wide variety of testing has been conducted. Some of
the highlights of the molybdenum test work will be presented. One cf the initial tests made on
the Chromalloy W-3 coating was to determine what minimum coating thickness was acceptable.
This testing was performed primarily at the Chromalloy Corporation in an air atmosphere tube
furnace at 3100 0F, 100 0F over the maximum predicted design temperature. These tests were
terminated after two hours with no failures occurring. The minimum coating thickness was es-
tablished at 1.3 mils per surface

Physical property tests in the form of tensile strength determinations were used to insure
that the coating produced no deleterious effects upon the substrate and that the design allow-
ables previously used were satisfactory. it was assumed, for strength calculations, that all the
substrate remaining after the formation of the silicide coating was load bearing material. This
assumption proved to be correct as the strengths obtained compared very closely with the pre-
dicted strength reductions caused by consumption of substrate material during formation of coat-
ing.
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It had been previousl.y shown that some coating vendors had difficulty coating internal
surfaces with restricted access such as tubing and pressure pickup fittings. 'Terefore, special
testing was performed to demonstrate that reliable coatings of sufficient thickress could be
obtained on surfaces in such poorly accessible areas. Figure 6 and Figure 7 sLow the compari-
son between acceptable and unacceptable coating thickness on the internal surface of a molyb-
denum pressure pickup fitting.

A series of tests was performed in order to determine general design information. Since
the coating buildup on the interior of the holes can be expected to be different from that pro-
duced on the surface of a sheet, the specific buildup *n holes and countersinks was determined.
A test panel composed of a corrugation and skin having a large number of mate drilled holes was
fabricated and coated to establish that warpage or relaxaaon during the coating process or
durir.g an oxidation check test would not be a problem. Chemical compatibility couples were
made and tested on virtually all materials known to contact the coated molybdenum. In general,
most materials contacting the W-3 coating were chosen such that they would be chemically
compatible within the range of their specifi requirements. This was substantiated by testing.

Since it has been shown that the failure of refractory metal coatings is accelerated at
elevated temperatures by reduced pressures, all refractory metal coatings used on the vehicle
were tested at the respective maximum temperature and mininum pressures. This testing was
conducted in the modified Marshall vacuum tube furnace shown in Figure 8. The test procedure
involved projecting the specimen into the furnace on a zifconia rod, heating the furnace to the
desired test temperature at a pressure of 1 x 10- 4 mm of mercury, continuously introducing air
or oxygen into the furnace, holding the desired test ptessure for a specified time and then cool-
ing the furnace at a pressure of 1 x 10- 4 mm of mercury. It was determined that the Chromalloy
W-3 coating system on TZr' alloy proved satisfactory for 30 minutes at 30'".OF and a pressure
of 7 x .C-2 mm of mercury.Unalloyed molybdenum tubing produced by power metallurgy techniques
and W-3 coated failed within ten minutes under the previously specified test conditions. Figure
9 illustrates the type of failure encountered, Figure 10 illustrates an interesting result obtained
in this test. The specimen used was a molybdenum sheathed thermocouple having one end weld-
ed shut. It can be seen in Figures 10 and 11 that the coating produced on the welded end proved
sat.sfactory while the coating on the shank portions of the tube failed. The metallurgical struc-
tie of tle welded tip is no longer that of a sintered material, but is approaching that of arc cast
material.

Problems encountered with the molybdenum portions of the vehicle were mainly those of
fabrication. The common prob!em of exfoliation, or delamination, in the manufacture o! detail
sheet metal parts from molybdenum has plagued this project. The manufacturing techniques of
chemicul blanking and edge preparation by means of chemical deburring and vibratory finishing
have helped to decrease the large number of man-hours usually required in hand finishing. How-
ever, delaminations still persist. The time consumhig and tedious job of inspection with stereo
binocular microscope has proven to be the most satisfactory means of detecting delaminations and
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other edge and surface defects before coating. Even so, this method is subject to the severe limi-
tations of individual interpretation and operator fatigue. This, coupled with the necessity of pro-

ducing large numbers of parts, has proven to be rather troublesome. Some coated detail parts
having edge delaminations have been 'udged to be flight-worthy based upon the results of oxi-
dation check testing at 2000°F for 30 minutes in an air atmosphere .urnace. Since the test tem-

perature is relatively low, uncorrectable damage to defective parts usually does not occur, and

the degree of self-healing exhibited at this temperature is small enough to afford a measure of
conservatism to the test. Since service temperatures are in the range of 28000 to 30000 F, the
silicide coatings show a much higher degree of self-healing ability; however, reduced pressure
effects now under study may modify this position. Through the testing of large numbers of detail
parts, a qualitative understanding of which defects will or will not self-heal has been obtained.

Future plans call for the testing of typical defects in a molybdenum coating system in an
attempt to quantitatively study this proL'.em. Qualitatively speaking, delaminations and other
edge defects are considerably less criical with the Chromalloy W-3 coating system than origi-

nally believed at the outset of this program. However, a major concern in making use of parts
with delaminations is their susceptibility to handling damage.

The coating work performed by the Chromalloy Corporation has been quite satisfactory.

The only difficulty arising has been with one panel which, upon the completion of the second
coating cycle, showed a scaly conditicn in a localized area (see Figure 13). Clean-up of this
area cnd subsecuent reprocessing made this scaly condition more generalized. Oxidation check
testing showed the coating in these scaly areas to be quite inferior. The specific cause for the
condition of this panel has not yet been determned. One technical explanation is that it was

caused by generalized surface contamination between coating cycles and that the contamination
probably occurred in M.A.C. facilites. This incident illustrates the fact that fabrication and
coating of such assemblies is, to a large measure, an art rather than a science.

COLUMBIUM STRUCTURES OPERATING OVER 2500°F

The forward bulkhead and the aft leading edges along cith their associated fittings, rivets,
etc., comprise the major portion of coated columbium parts oferdting uvor 2500 0 F. The forward
bulkhead is approximately 13 inches wide and 12 inches tall and it is the portion of the primary
st ihct-re through iwich fhe nose assembl, Is atched to the ,,,hir.-l Tho rit Iag __n_

____1-.......-.--.-----I -_-.-. .---- ...- - -----

shown in Figure 12 are integrally stiffened sections of Cb-lZr alloy, have a 4-inch radius, and
are approximately 14 inches long. Pressure pickups for these leading edges are unalloyed colum-
bium tubing which is welded into the leading edges before coating.

The choice of a columbium coating vendor for these assemblies was a lonq, difficult task.
It is discussed here in order to demonstrate certain weaknesses in commercially available
columbium coating systems. These test results should not be used as a basis for comparison of

columbium coating vendors since the test conditions are specific to the requirements of M.A.C.
This testing has already initiated improvements in the general state-of-the-art of columbium

coatings since several shortcomings have been subsequently removed or significantly improved
by the coating vendors after the shortcomings were revealed.
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Initial coating tests were made in the three following distinct areas:

(a) Torch testing was performed to obtain qualitative understanding of the refractoriness

of the coating system by heating specimens for 10-minute time iacrements in 100OF

temperature increases between 26000 and 3100 F.

(b) Coupon testing was carried out in an air atmosphere furnace at 2500OF for five one-

hour cycles. Coupons were of Cb-5Zr, Cb-lZr and unalloyed columbium tubing.

(c) The metallographic sectioning of tube samples which were 1/8" O.D. and 6 inches

long and contained two right angle bends was done to determine the ability to coat

internal surfaces.

Participation in the second phase of the testing was restricted to three coating vendors

and followed the following types of testing:

(a) Oxidation testing for two hours at 2800 0F, 2000OF and 1400 0F. Again, the alloys of

Cb-lZr, Cb-5Zr and unalloyed tubing were used for specimens.

(b) Additional tibing samples to determine internal coating quality.
(c) Stepdown oxidation cycles for 30 minutes at 28000F, 30 minutes at 2500 0F, 30 minutes

at 14000F. The three previously mentioned alloys were again used.
The purpose for running the stepdown oxidation tests was an attempt to approximate th.. expected
conditions when +he vehicle is heated quite rapidly 'a the maximum teaperature and then cools off
relatively slowly.

Table 1 summarizes the results of this testing and Figure 14 shows typical failures in
stepdown oxidation tests. It is evident that no vendor was able to satisfy the requirements in

either the initial or final testing. The TAPCO coating system, which showed promising results

in the oxidation testing portions, had not yet demonstrated an ability to realiably coat the tubing.
In addition, TAPCO did not have operating facilities that would accommodate the forward bulk-
head. However, in light of the problem involved in improving the silcide coatings, it was decided
that the most reliable end product would bt achieved by appropriate redesigns to uccommodate the

the TAPCO process and facilities. The forward bulkhead was therefore redesigned in two pieces
and the tubing in Lh leading edge segments was reduced to approximately three inches in length,
which the TAPCO process could reliably protect.

The same 9enerai type of testing as previously described in the molybdenum section was

conducted with satisfactory results. In cddition, testing has been initiated to supplement oxida-

tion tests in which the specimen simultaneously experiunces the time, temperature and pressure

conditions anticipated in the flight. It is believed that this tasting will yield more understanding

of the nature of the failures experienced in the low temperature range after that system has ex-

perienced an elevated temperature exposure.

Generally, the results experienced with the TAPCO coating have been satisfactory. How-
ever, there have been two leading edge assemblie; , ,irned to R.A.C. with a scaly surface condi-
tions(see Figure 15). TAPCO expressed concern abo.t these assemblies and suggested that
M.A.C. perform appropriate testing to insure their qua-ity. Fortunately, some TAPCO-coated
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shims were available with an analogous surface condition present. These shims failed in oxida-
dation within two hours at 2500 0F, demonstrating that this condition was quite inferior tL the
standard coating quality. The leading edges were disassembled and returned to TAPCO for com'-
plete reprocessing. Through extensive testing, TAPCO has been able to duplicate this surface
condition, thereby determining the cause and eliminating the problem. Again, this demonstrates
the complexity of consistently applying uniform and satisfactory coatings. The TAPCO coating
is generally recog,,ized as being one of the best commercially tvailable columbium coatings and
is considered to be one of the most standard and stable systems available. One might be sur-
prised to find temporarily unexplainable coating conditions occurring in such a process. This
might serve as a warning to newcomers in the refractory coating business that pc"Ince and cau-
tion are necessary.

One additional problem was encountered in the coating of columbium sheath thermocouples
containing W-5Re versus W-26% Re thermocouple wires. Recrystallization of the W-5% Re wire
occurred and so embrittled the wire that junctions tu it could not be made. This is not the fault
of the TAPCO coating since M.A.C. knew of the high processing temperature required. However,
in this instance, it has prover) to be a shortcoming of the TAPCO process.

COLUMBIUM STRUCTURES OPERATING AT OR BELOW 2500°F

Columbium structures operating at or below 2500°F are protectively coated with the
LB-2 system, an aluminum cold slurry process originally drveloped for M.A.C. by the

General Electric Company. Briefly, the process involved the application of an aluminum
alloy to the columbium substrate by means of an organic vehicle system and painting tech-
niques. The structure is then heated in an argon atmosphere to approximately 1900OF for one
hour. During this time the aluminum and columbium react to produce a protective coating which

is primarily columbium aluminide. The LB-2 was originally developed for the Air Force spon-
sored refractory structures program which found ultimate utilization in the protection of a fin-
rudder structure. This fin-rudder structure, shown in Figure 16, was quartz lamp heated to
2500OF for one hour and simultaneously loaded at 150% of the design loads. This successful

program formed the basis for the selection of the LB-2 system for this vehicle.

The portions of the vehicle which are protectively coated with the LB-2 system are as
follows:

(a) The aft lower body panels - these are flat single faced corrugated assemblies which
are resistance welded together and protectively coated after completion of Uhe asem-
bly procedure. These panels are shown in Figure 17.

(b) The side beam assembly - this is the primary longitudinal structure to which the floor,
upper body and leading edges are attached. The side beam, as shown in Figure 18, is
partiall7 resistance welded and partially rivited together. The areas contadning the
rivets --ceive a partial application of the LB-2 slurry before the two halves are joined.

(c) The aft beam and truss assembly - as shown in Figure 19, this is a set cf trusses and
angles which comprise the primary structure to which the aft bulkhead, upper body, aft
leading edges and floor assemblies are attached. As in the case with the beam assembly,
the aft beam md truss is partialy slurry coated prior to installation of the rivets.
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(d) The forward upper body - this is a modified truncated conic section of single faced cor-
rugated design. It has two longerons on the inside and a reinforced zee section con-
necting the comgations to the skin on the bottom side, thus closing the corrugation.
This assembly, shown in Figures 20, 21 and 22 is approximately 29 inches in width at
the major diameter, 10 inches in width at the minor diameter, and approximately 42
inches long. It is completely fabricated prior to the application of the coating.

(e) Other miscellaneous pieces - these are an antenna assembly which is mounted on the
cft upper body, fairings between leading edges and the upper body assembly, washers,
fittings, keepers, columbium sheathed thermocouples, etc. All the parts are of D-14
alloy (Cb-5Zr) except the columbium thermocouple sheaths which are unalloyed.

The results of the first attempt to protectively coat a curved single faced corrugated test
assembly representing the forward upper body are illustrated in Figure 23. It can be seen that
this attempt did not produce successful results. Figure 24 sh,,cws the extensive coating buildup
on the exterior surfaces, insufficient buildup on the interior of the curiugations, and little, if any,
coating on the faying surfaces. In addition to the obviously undesirable condition of substrate
loss through oxidation, the panel became war-ed because of formation of columbium pentoxide on

the faying surfaces. This condition was considered completely intolerable because of the -atas-
trophic results which would occur if an edge were to warp in flight, protrude into the airstream,
and produce extremely high tempeatures in such a local area. Figure 25 illustrates the magni-
tude of such warpage that occurred in the faying surface of a rivited joint which failed during
thirty minutes of oxidation testing at 25000F. It was concluded that a positive means of uniform-
ly coating the interior of the corrugations and faying surfaces had to be developed.

The two solutions conside .d to this problem were electrophoretic deposition of the colum-
bium aluminide coating or vacuum inpregnation techniques using the present LB-2 slurry. Be-

cause there was doubt about the degree of success which could be expected on such a complex
structure by the use of electrophoresis, and because of the relative simplicity of the vacuum im-
pregnation techniques, the initial studies were made with the vacuum impregnation method. In
order to have reasonably representative yet economical specimens with which to work, several

specimens like the 3-inch by 6-inch single faced corrugated test specimen shown in Figure 26
were designed and fabricated. These specimens contained a single corrugation, one skin, and

two end reinforcing zee sections to close off the ends of the corrugations.

These specimens were fabricated and coated under a wide variety of manufacturing and

processing sequences. In general, the best results were obtained by pickling the detailed
parts, assembling under white room cleanliness conditions, hand sanding copper contamina-

tion and oxidation from the spot welds, solvent scrubbing and then LB-2 coating. The LB-2

coating is effected by vacuum impregnation of the first slurry application at approximately

psia, force drying at 20 0F for one hour, reapplication of the slurry at ambient pressure fol-

lowed by diffusion at 1900OF for one hour. Should cleanliness conditions require an addition-
al short acid pickle prior to coating, a technique of pickling assemblies as assemblies has
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been evolved. This procedure, applicable to assemblies containing no LB-2 coating, in-

volves a 24-hour hot water rinse for khe purpose of diffusing any trapped acid products back out

of the poorly accessible areas. The key to success of the assembly pickling procedure appears

to be an initial rinse in distilled water. "Ilis fills the faying surfaces with distilled water by
the capillary forces involved, rather than filling them with an acid of comparatively high con-
centration. Figure 27 shows one of six curved upper body test sections which were fabricated,
coated and furnace tested at one atmosphere in order to substantiate the quality of the pickl-

ing and coating procedures derived.

In order to effect the vacuum impregnation coating on the required production parts, the
160 gallon slurry tmik and other support equipment shovm in Figures 28, 29 and 30 were con-
structed. All of the parts except the forward upper body are manually dipped. Because of the
size and complexity of the forward upper body assembly and the obvious difficulties of hcnd dip-
ping, a motor drivwn spit was built into the dip tank to allow a constant immersion and ex.t rate
uf this asscmbly and to thereby obtain the desired slurry coating uniformity. All of the LB-2
coated parts for the first vehicle have now been successfully coated as have most of the parts
for the second vehicle.

Through several months of working with four different batches of LB-2 slurry in the
laboratory, it was discovered that the top coat was subject to aging. This aging effect is some-
what dependent on the amount of use which is made of the slurry. However, in each batch of
the top coat used, the effect has been noted after a minimum time of approximately six weeks
arid a maximum time of approximately three months. Figure 31 illustrates this aging effect.
The "as diffused" coat~ngs show no apparent difference by visual observation, but upon ex-
periencing oxidizing environments, the exterior oxide layer becomes white and scaly. Oxidation
testing of such ccatings at 2500OF shows no appreciable decrease in coating life; however, in
the area of 14000 F, the coating life is substantially reduced. Because of this reduction in low
temperature oxidation resistance and the formation of an exterior oxide layer (aluminum oxide)
with a low emittance, it was considered to be intolerable.

Based on the results of a MAC sponsored LB-2 study program, a test was initiated to
prove that the top coat (30-LN paste) could be replaced by multiple applications of the base
coat slurry (LS-866 paste: 88A1-2Si-lOCr alloy). This test required that oxidation tests be
made on each alloy to be used on the vehicle at both 2500°F and 1400 0F. In addition, speci-
mens representing critical configurations, such as tubing and corrugated asse., lies, were
evaluated in order to determine that the double base coat modification was satisfactory. The
results of these tests, in all cases, showed the double base coat application to be equal to,
or better than, the base coat - top coat combination in protecting both the alloys and configura-
tions involved. In addition to resolving the problem of the aging effect in the top coat slurry
and the obvious economic advantage of having to deal with only one slurry in production facil-
ities, it has been found that a more uniform and reliable coating system is produced.

The specific reason for the aging effect was not determined since the top coat was found
to be unnecessary. Initial attemn:ts to renew the usefulness of the top coat slurry hi restoing
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the original chemical balance of the four-part organic vehicle was unsuccessful. Nevertheless,

the destruction of this chemical balance through evaporation of tle solvent appears to be the
only logical reason for this effect since oxidation, or destruction of aluminum through other
chemical reactions is very unlikely. It has been noted on photomicrographs of coatings pro-
duced with slurries in the advanced stage of this aging effect that a high degree of porosity in
the exterio" portions of the coating exists. The conclusion is that sub-surface coating oxidation
occurs to produce the heavy scaly exterior aluminum oxide layer rather than a thin ternacious
layer. Large batches oi the base coat slurry have been in use at M.A.C. for approximately one
year with no evidence of this aging effect.

Another interesti. modification of the basic LB-2 slurry process has been in tht. diffu-
sion temperature. The occurrence of problems with the degradation of physical properties of the
D-14 alloy due to coating repair cycles made it desirable to reduce the diffusion tc.Iperature.
Expansion and evaluation of previously M.A.C. sponsored work on the effects of time and temp-
erature on the diffusion cycle for the LB-2 process showed that coatings of equal quality
coul be produced at 1700°F for 90 minutes. The major difference in the diffusion temperatures
is !he nature of the surface produced. The coatings produced using the multiple base coat appli-
cation modification and diffusion at 1700OF produce a surface contc~ning a large number of
small metallic nodules of aluminum. Subsequendy, oxidation of such surfaces at ambient pres-
sure produces tiny nodules of aluminum oxide which can be expec'+ed to lower the emiitance of
the system (see Figure 31). It has been found that a short pickle in hydrochloric acid will re-
move these aluminum nodules. Low pressure testing under the previously stated conditions pro-
duces a surface which is darker than that of a coating diffused at 1900OF and which has been

similarly treated. (Testing is presently being conducted to determine the differences in emit-
tance of the two coating conditions). Since the coatings diffused at 1700°F appear to be equal,
or superior, in protective qualities to the coatings diffused at 1900 0F, all repair cycles cre
presently being performed at 1700 0F. The metallic nodules are not considered to be a problem
since they can easily be removed if high pressure oxidation exposures are required, or they can
be advantageously left on the surface if low pressure oxidation conditions are required.

One problem with the LB-2 system which ha., resisted all attempts at solution has been
the bare spot problem. This problem is not new as General Electric experienced the same
phenomenon on the columbium structures program. Approximately one-half of the assemblies
coated emerge from the process with a few spots which are void of the coating. The spots give
the impression that the aluminum allot present in a molten form during the diffusion cycle simply
does not wet the columbium in local areas. It is believed that the baic cause is the lack of
cleanliness prior to coating. A geometric effect has also been noted but is partly related to the
cleanliness. Areas affording particular difficulty are those whose geometry is such that con-
tamination can easily become trapped. These same areas are the hardest to effectively clean by
solvent scrubbing. The bare spot p oblem has proven to be more of an aggravation than a techni-
cal difficulty to this project since an effective repair procedure is available. This repair pro-
cedure requires alumina grit blasting the area needing repair and reapplicaticn of the LB-2 slurry
by brushing or dipping followed by a diffusion cycle. This procedure has always made an effec-
tive repair.
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CONCLUSION

This paper has briefly described the refractory metal coating bystems utilized on a typical

hypersonic glide re-entry vehicle. It has become obvious to M.A.C. that the successful comple-

tion of such a project requires the integration of design, fabrication and coating processes.

Since each project has its individual design peculiarities and final mission, a relatively large

cnoLint of testing must be expected. As production of a refractory metal structure having the com-

plexity of a glide re-entry vehicle proceeds, the infancy of the refractory metal coating technology

becomes very obvious. As a general rdle, the application of refractry metal ,oating technology

to the aerospace field has been greatly oversimplified and o real; tic understanding of the prob-

-ems involved has not been demonstrated. It is believed that the basic direction and philosophies

of protecting refractory metal structures will have to be modified before they can be efficiently

utilized by the aerospace industry.
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Figure 2 - Nose Cap Assembly Showing Molybdenum Skirt and Zirconium
Oxide Skull Cap.

p- " -
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Figure 3 - One of the Six W-3 Coated Molybdenum Lower Body Heat
Shield Panels.
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Figure 6 - Unsatisfactory Silicide Coating Thickness on Internal Surface
Surface of a Molybdenum Pressure Pick-up Fitting. Mug. 100X.

~YZ

Figure 7 - Satisfactory Sulicide Coating Thickness on Internal and Ex-
ternal Surfaces of a Molybdenum Pressure Pick-up Fitting.
Mag. 5OX.
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Figure 9 - W-3 Coated Unalloyed Sintered Molybdenum Thermocouple
Sheath which Failed Within 10 Minutes at 3000OF and
7 x 10-2 mm Hg Total Pressure of Oxygen. Mag 500X.

Figure 10 - Over-all View of Specimen Shown in Figures 11 and 13.
Note the Differences in the Protectiveness of the W-3
Coating on the Welded Tip and Sintered Shank. Mag 15X.
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Figure 11 - Photomicrograph of Specimen Shown it. Figure 12 at the
Transition Point Between the Shank and Welded Tp.
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Figure 12 - Columbium Aft Leading Edge Assemblies Showing, Internal

and External Features.
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Before Testing

I RIM

After Testing

Figure 14 - Sulicide Type Coating onColumbium Alloy Specimens
After Oxidation Testing for 30 Minutes at 2800OF and
30 Minutes at 25000F.
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Figure 16 - Scnay One Cang Potons af Cthei Leadin oEdgein

Rudder Structure.
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Figure 18 - LB-2 Coated Columbium Side Beam Assembly. This Test
Unit has Been Exposed to 2500°F for One Hour in an Air
Atmosphere. Mag approx. 0.2X

Figure 19 - Aft Beam and Truss Assembly After LB-2 Coating and

Installation on the Vehicle.
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Figure 20 - D-14 Alloy Forward Upper Body Assembly in the Later
Stages of Fabrication Before Coating, Showing Internal
Details.

Figure 21 - Forward Upper Body Assembly After LB-2 Coating and

Splice with the L-605 Aft Upper Body Assembly.
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Figure 23 - Initial Upper Body Columbium Test Assembly After LB-2
Oxidation Testing for One Hour at 2500 0 F. Note Warping
Due to Internal Oxidation.

Figure 24 - Micrographic Section from Initial Upper Body Test
Assembly in Area of Excessive Oxidation Between Skin
and Corrugation.
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Figure 25 - Section Through Riveted Columbium Test Specimen Showing
Warpage in a Faying Surface Due to Internal Oxidation.

(! 
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Figure 26 - Type of Resistance Welded Columbium Test Specimen of
Single Faced Corrugated Design Used to Study Cold Slurry
Coating kpplication Techniques.
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Figure 30 - One of the Retorts Used for the 1900OF LB-2 Diffusion
Cycles.

tI
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Figure 31 -LB-2 Coated Corrugated Test Specimen Diffused at
1700OF and Oxidation Tested for One Hour at 25000F.
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LB-2 Base and Over-Aged Top Coat Slurry

Double Application LB-2 Base Coat Slurry.

Figure 32 - Aging Effect of Top Coat Slurry in the LB-2 Process.
Both Groups have Experienced a One Hour Oxidation
Test at 25000F.

Z60



HIGH TEMPERATURE OXIDATION RESISTANT SYSTEMS

H. W. LAVENDEL

Lockheed Missiles and Space Company

Palo Alto, California



FOREWORD

This report is a review of the research work, in progress at

the Lockheed Missiles & Space Company Materials Sciences

Laboratory, relating to high temperature behavior and oxida-

tion mechanisms of refractory materials and systems. The

purpose of these investigations is to evaluate and determine

the potential which such matei 'als and systems possess for

applications in high temperature oxidizing envirnnments.

The programs concerning the molybdenum disilicide and molyb-

denum disilicide coatings are sponsored by the LMSC General

Research, while the work done on the oxidation of graphite and

carbon has been carried out under U. S. Navy BUWEPS Contract

NOw630050C.
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Section 1

BEHAVIOR OF SILICIDE COATINGS IN HIGH
TEMPERATURE- LOW PRESSURE ENVIRONMENT

W. L. Price and R. A. Perkins

1.1 INTRODUCTION

The use of silicide base coatings on refractory metals for re-entry applications re-

quires that the coating must remain protective at high temperatures in air at reduced

pressure. Previous work at LMSC has shown that disilicide coatings on molybdenum

degrade when tested in air at pressures below 25 torr, as shown in Fig. 1. At re-

duced pressure the coatings fail to form a continuous protective surface glass, lead-

ing to localized attack of the substrate.

The general behavior and failure of molybdenum disilicide coatings on molybdenum,

under these conditions, have been described in Lcckheed's paper "Oxidation Pro-

tection of Structures for Hypersof.ic Re-Entry" presented at the Sixth Meeting of the

Refractory Composites Working Group in Dayton, Ohio, June 16-19, 1962. In the

following report, a testing program and its results are described for thE last twelve

months of work.

1.2 APPROACH

The investigative technique taken at LMSC has been to develop methods for testing

coatings at 1,,w pressure, and to examine the behavior of representative coatings.

More recently, a basic btudy of the mechanisms ;f protection and failure has been

initiated.

In the future, work will be done on each of the silicides of Mo, W, Cb, and Ta, when

applied as coatings to their respective metal substrates.
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3120 OF- 760 TORR- 30 MIN
(1000 X)

2760 OF- 5 TOR R 30 MIN
(1000 X )

Fig. 1 Cross Section of Disil-TI Coated Molybdenum After Tests in Air
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1.3 EXPERIMENTAL EQUIPMENT AND PROCEDURE

The low pressure behavior of coated molybdenum rods is studied by using direct

resistance heating of 0. 1 in. diameter by 7 in. long specimens. The reaction vessel,

shown in Fig. 2, is a water-cooled vacuum chamber 6 in. in diameter by 13 in. high

having vertical water-cooled slip-fit electrodes. Specimen temperature was deter-

mined with a micro-optical pyrometer, calibration was obLined by taking brightness

temperature ruadings from both the oxidized coating and an area of bare molybdemun.

The brightness temperature % ersus true temperature for molybdenum was obtained

b a melting point technique. The system pressure was measured with an aLsolute

pressure meter (range 0. 01 to 30 torr) and controlled by balancing an air or oxygen

leak against the pumping speed of the pumping system.

The specimen was held at a fixed temperature and gas pressure for 30 minutes and

then cooled. Visual and microscopic examination of tested specimens was used in

determining the maximum temperature for which the coating prevented oxidation

of the substrate.

The rate of oxygen consumption can also be used in determining the behavior of

coatings tested in oxygen at low pressure. With this technique, the rate is measured

every minute by recording the time required for the system pressure to drop to

90 percent of the test pressure, the pressure is restored between readings by intro-

ducing additional oxygen. A plot of consumption rate versus time qualitatively shows

th3 oxidation behavior.

The major shortcoming of dircct resistance heating is the temperature gradient along

the test specimen, a gradient which precludes quantative study of the reaction between

oxygen and the coatings. A 34000 F molybdenum-wound tube furnace is being con-

structed to permit low pressure testing of uniformly heated specimens, this furnace

will also facilitate long-time tests.
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1. 4 RESULTS

The results of the 30 minute life tests on four silicide base coatings -- Durak-B

(Chromizing Corp.), Disil II (Boeing Co.), PFR-6 (Pfaudler Co.), and a coating

supplied by Chance Vought - are shown in Table I and Fig. 3. The curves represent

the maximum temperature as a function of oxygen pressure, for a 30 minute test with-

out attack of the substrate.

The micrographs in Fig. 4 illustrate the effect of oxygen pressure upon the behavior

of the Durak-B coating.

Table 1

MAXIMUM TEMPERATURE FOR 30 MINUTE LIFE- F

Thickness 760 21 10 5 1.05 0.21 0.1[mmirtmO2mmO mm 2 mO 2 mm02 m

Coating (mils) mm air mm 0 2 mm 0 2 mm 0 2 1 mm 0 2  mmOH

Durak-B 2.8 3170 3100 - - 2975 2815 -

Disil II 1.5 3280 3240 - 3225 2975 2815 2700

PRF-6 2.6 : -0 - 3200 3185 2850 2800 2775

Chance-Vought 3 3000 - - - 2950 -

The oxygen consumption data in Fig. 5 show the effect of temperature upon the oxida-

tion behavior of Durak-B coat(' molybdenum rods. The initial rate of oxygen consump-

tion is very high but drops in 2 to 3 minutes as the oxide layer forms. At 25750 F the

coating is protective; at 2825 and 29000 F the coating continues to consume oxygen

throughout the entire test aid would eventually fail at these temperatures. The

curves for 2950 and 3000° F reveal coating failures at 18 and 5 minutes, respectively.

The results show that generally silicide base coatings, with the exception of the Chance-

Vought coating, do not have as high an operating temperature at reduced pressure as

they have at one atmosphere pressure. This rbsults from their inability to form a

continuous protective surface glass. The coatings fail by localized attack at cra-ks

and fissures.
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1. 5 CONCLUSIONS

The oxidation protection afforded by silicide coatings stems from their ability to

form and maintain glassy surface layers, therefore, the formation, growth, continuity,

and stability of the glass are the critical factors in coating behavior. The localized

attack suffered by coated specimens indicates that the glass is not continuous. Glass

continunity may be measured by recording the electrical conductivity between the

surface and substrate of tested specimens. Figure 6 shows the effect of time at

temperature upon the degree of glass continuity for a pure MoSi 2 coating tested at

30000 F in air at a pressurL of 1 atmosphere. The data reveals that even after 15 minutes,

the glass is still discontinuous, a condition confirmed by checking the electrical con-

ductivity during oxidation at elevated temperature.

Microscopic examination of the surface of tested specimens will give additional in-

formation in glass thickness and continuity.

In tests at low pressure a gaseous .xidation produce was produced; this product con-

densed on the cold walls as a filmy white deposit. X-ray diffraction revealed it to be

amorphous, and spectrographic analysis showed the major constituent to be silicon.

Thus, it has been shown that there is gaseous transport of silicon during oxidation at

reduced pressure. Vapor pressure and thermodynamic consideration suggest the
1

most probable mechanism to be the formation of SiO as postulated by Wagner.
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Section 2

HIGH TEMPERATURE BEHAVIOR OF MoSi 2 IN VACUUM

George B. Cherniack and A. Grant Elliot

2.1 INTRODUCTION

Recent studies have shown that MoSi 2 coatings on molybdenum are nonprotective at
2 3-8

high temperatures and low partial pressures of oxygen. Other studies mention

the difficult in fabricating dense MoSi 2 bodies and note that under certain conditions

MoSi 2 appears to decompose below its melting point. 3,6,9

A survey of the literature revealed little information that would adequately explain

this behavior or define inherent limitations in the use of MoSi 2 . Its behavior seemed

to be related to disagreements in the reported data, and it was felt that a careful in-

vestigation of the high temperature properties of MoSi 2 was needed.

2.2 APPROACH

This investigation wab initiated and conducted in the Materials Sciences Laboratory of

Lockheed Missile & Space Company. it involved the heating (,. pure dense MoSi 2 in

vacuum at high temperature and examining the resulting material by physical measure-

ments, x-ray, and metallographic techniques.

2.3 EXPERIMENTAL EQUIPMENT AND PROCEDURE

Previous investigational variations in experimental conditions aad material quality

indicated that control of these variables might be the key to the understanding of the

behavior of MoSi 2 . Accordingly, experiments wer: designed with this objective in

mind.
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The MoSi2 used in this work was high density material prepared by slip casting and
6

sintering high purity powders. Small samples were cut, ground, and cleaned and

their density determined. These samples were heated in a cold-wall, tungsten-

resistor vacuum furnace which was designed and built in this laboratory. The heat

treatment consisted of bringing the samples up to temperatures ranging from 1750 to

2000° C and in holding them there for 1/4 and 2-1/2 hours.

By sighting on the sample through a small hole in the radiation shields, a Leeds and

Nurthrup disappearing filament op~ical pyrometur was used to measure temperature.

The pyrometer was calibr: ed Ly observing the melting points of various pure materials

and correlating them to the p.,zometer readings. After heating, the weight loss and

density of the samples were measured. The samples were then broken up and sec-

tions submitted for metallography and x-ray analysis.

2.4 RESULTS

A preliminaiy investigation showed that sintered MoSi 2 reaches a maximum density

at 17250 C. All the samples were heated at this temperature for 1 hour and gave an

average density of 5.90 g/cc, about 95 percent of the theoretical density.

After this densification treatment, the samples were heated in vacuum for var',A.

times at different temperatures, and the results are recorded in Table 2.

The data show small weight losses and little change m .e:isity until 1900' C. At this

temperature there is a large weight loss and a sudden drop in density. Figure 7,

prepared from these data, shows the extent f ts ch inge.

2.5 CONCLUSIONS

2. 5. 1 Decomposition of MoSi 2

The microstructure of the original sintered intreated material consists of small,

highly anisotropic grains and a large numoer of fine pores. Some of the pores appear
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Table 2

PHYSICAL CHARACTERISTICS OF MoSi 2 HEATED
AT VARIOUS TEMPERATURES IN VACUUM

Temperature Time Weight Loss Density Appearance of Sample
(OC) (hr) (%) (g/cc) AppearanceofSample

1750 1/4 0.16 5.86 Discolored

1750 2-1/2 1.66 5.92 Discolored

1800 1/4 0.24 5.84 Discolored

1800 2-1/2 1.82 5.89 Slightly etched, cracks

1850 1/4 0.30 5.83 Slightly etched, cracks opening

1850 2-1/2 2.09 5.87 Etched, cracks opening

1875 1/4 0. 55 5.83 Considerable etching

1875 2-1/2 2.75 5.88 Considerably etched, rough
surface

1900 1/4 1.71 4.68 Slightly swollen, rough surface

1900 2-1/2 4.55 4.33 Swollen, rough surface

1925 1/4 3.51 4.57 Very swollen, blisters, rough
surface

1925 2-1/2 5.92 4.31 Very swollen, large blister,
rough surface

5Q1/ 6.85 4.00v 89 Vry swollen, large blisters,

1950 2-1/2 9. 119 4.91 rough surface, shiny interface,
porous interior

2000 1/4 - - Completely melted
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to be filled with a glassy material later identified as silica. A special etching treat-

ment reveals also the existence of a small amount of another material which appears

as very small grains evenly dispersed in the MoSi 2 matrix.

Heating of the samples at temperatures up to 18750 C causes the formation of a thick-

ening porous coating as seen in Fig. 8. X-ray analysis reveals this coating to be

Mo 5 Si 3 , a lower silicide of molybdenum. Another result of the heat treatment is the

growth of the pores and the previously noted grain w.hich are now always associated

with the pores. These grains are the same as the coating material, since x-ray

a.alysis of the interior material shows that the MoSi 2 now contains a detectable amount

of Mo5Si 3 '

The decomposition of MoSi 2 is directly related to the loss of silicon. The work of

Searcy and Thorp1 0 shows that at high temperature the vapor pressure of silicon

over MoSi 2 is significant,and the entire weight loss of the MoSi 2 is due to the vapor-

ization of silicon. Therefore, it can be seen that the heating of MoSi under dynamic2
conditions causes a loss of silicon with the subsequent formation and growth of a

Mo 5 Si3 coating. In the interior, the MosSi 3 grains also form due to the loss of

silicon, but may be nucleated by a different mechanism. At lower temperature they

are always associated with voids and form when silicon combines with absorbed or

entrapped oxygen. This is confirmed by the presence of silica in the voids. Once

formed, these Mo 5Si 3 grains grow by the loss of silicon due to outward diffusion.

2. 5.2 The MoSi 2 - Mo 5 Si 3 Eutectic

The graph of density versus temperature, Fig. 7, shows a sharp drop in density at

auou, 19000° C. lis sudden drop and the swollen appearance of the samples heated

to 19000 C indicate a major change taking place. Metallographic examination of the

sample heated for 1/4 hour, as shown in Fig. 9, shows that the interface between the

coating and the MoSi 2 is no longer regular and appears to have been liquid. Longer

heat treatment at 19000 C caused the appearance of large voids a'Dng the interface, as

shown in Fig. 10. These heat treatments were accompanied by a burst in pressure

as 19000 C was reached.
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When the samples were heated above 19000 C, blisters appeared and the outer coating

separated almost completely from the highly porous interior. The outer coating could

easily be removed revealing a bright silvcry inner coating that was clearly once liquid.

X-ray analysis of the outer coating again showed it to be Mo 5 Si 3 (with a trace of MoSi 2 ,

probably due to some adherent inner material). These observations, indicating the

formation of a liquid phase, confirm the existence of the eutectic between MoSi 2 and

Mo Si suggested by other investigators. 7,11 The first appearance of the liquid

phases formation at 1900°C established the eutectic temperature. Examination of

the interior of the samples heated over 1900 ° C showed the disappearance of the

MC 5Si3 grains and the appearance of considerable amounts of eutectic in the grain

boundaries, as shown in Fig. 11.

2.5. 3 The Melting Point of MoSi 2

l'he melting point of MoSi 2 is particularly difficult to determine as it is masked by

the formation of a liquid phase which can dissolve MoSi 2 at temperatures over 19000 C.

Another complication is the continuing loss of silicon which changes the composition.

These are probably the main reasons investigators have reported different melting

points.

In order to accurately determine the melting point of MoSi 2 , a series of samples

were rapidly heated to temperaLdres above 1950'C at intervals of 10° C. The micro-

structures of these samples were examined under polarized light to determine which

no longer contained unmelted grains of MoSi 2 . By this method the melting point was

found to be 1980 ° C.
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Section 3

OXIDATION OF GRAPHITE AND VARIOUS TYPES OF CARBON

W. Bradshaw

3.1 INTRODUCTION

Pyrolytic graphites h,ve been investigated as protective coatings for graphite and

have shown merit in improvement of oxidation resistance of less dense graphites.

However, such graphite coatings tend to fail by thermal shock or spalling.

Work done at LMSC indicates that glassy carbons with a low microporosity percentage

are as oxidation resistant as pyrolytic g_aphite. Thus, oxidation protection depends

primarily on producing an impervious, nonporous carbon surface. The rate of oxida-

tion is independent of the degree of crystallization of the carbon or graphite.

3.2 APPROACH

The, inveotigative technique chosen has been the study of the oxidation rates of various

types of gr .,hite and carbon in order accurately to predict their behavior in a hyper-

thermal environment. Factors evaluated included:

" Temperature - 500 to 34000 C

" Presure - 0.01 to 10 atmospheres air

" Gas-flow characteristics

" The nature of the carbon or graphite, including pore structure, degree

of crystallization, and effect of impurity elements

3.3 EXPERIMENTAL EQUIPMENT AND PROCEDURE

Three tust techniques were used to carry out these investigations. Thermal balance

mwas recorded in the range from 500 to 1330° C with pressure from 0. 01 to 5 atmospheres.
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Rate was evauated in terms of weight loss. A self-heated resistance furnace was

used in the ri.nge from 400 to 34000 C with presstre from 0. 1 to 10 atmospheres.

Rate was evaluated in terms of surface recession as recorded by time-lapse photo-

graphy. An arc- image furnace was used in the range to 3400°C with pressure from

0. 1 to 10 atmospheres. Rate was evaluated in terms of surface recession as re-

corded by time-lapse photography.

As listed in Table 3, the carbonaceous materials evaluated vary in degree of crystal-

lization, pore structure, and impurity convent and were selected to represent a spec-

trum of the range of properties.

3.4 RESULTS

The oxidation of carbon or graphites generally falls into two categories:

(1) A low-temperature regime in which the rate is controlled by chemical re-

activity - range 500 to "-12000 C

(2) A high-temperature regime in which the rate of reaction is controlled by

bulk gas diffusion - range - i200 0 C to sublimation tenperature

It was found that in the chemically controlled regime the rate of reaction was depem-

dent on the porosity of the sample or the degree of exposure of basal plane edges.

Thi., reaction rate was not a function of the degree of crystallization of the carbon or

graphite. This can be seen in Table 4 by comparing the decreasing rate of oxidation

as shown in Fig. 12 with other parameters. The microstructure, illustrating porosity

and basal plane orientation, is shown for comparative purposes in Fig. 13.

Thus the rate of oxidation decreased as the porosity decreased (or the exposure of

basal plane edges decreased). The most porous material had the least oxidation re-

sistancu. However, oxidation was independent of the degree of crystallization or

rate of oxidation. The most oxidation resistant carbons were glassy carbon (the

least graphiti.t.d) and pyrolytic graphite (the most oriented and the second most

graphitized of these materials).
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Fig. 12 Oxidation of Various Types of Graphite in One Atmosphere Air
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Table 4

COMPARISON OF DIFFERENT GRADES OF GRAPHJTIC MATERIAL

Property Ordcr of h.itensity

Oxidation Porous Char > AGOT > PG K > PG KA Glassy Carbon

Porosity or Porous Char > AGOT > PG > Glassy Carbon - PGK
Exposure of Basal C A
Plane Edges

Crystallization AGOT > PG K PG > Porous Carbon > Glassy Carbon

It was found that small amounts of metallic impurities such as Fe or Ti apparently

catalysed the oxidation rates in the temperature range P.t 500 to 6000 C.

In the higher temperature range the observed oxidation rates fell off from those pre-

dicted by the reaction rate mechanism, as shown in Fig. 14. In the higher tempera-

ture range, rates observed became dependent on gas flow rates, indicating contr 'by

bulk-gas diffusion.

For pyrolytic graphite and graphite the point at which the high-temperature rate leveled

off (i. e., became controlled by bulk gas diffusion) increas6d with flow rates, as shown

in curves A, C, and D. If the low-temperature rate was high, as in AGOT graphite,

the rate at which it leveled out was also higher.

In the noncrystalline carbons, porous,and glassy carbons, there was an actual de-

crease at higher temperatures, as shown in curves E and F. Because this material

was highly disordered, it was surmized that an active site process somewhat like

that proposed by Blyholder (Ref. 13) may have contributed here.
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.3.5 CONCLUSIONS

To evaluate further the active-site diffusion coitrolled hypotheses, the following

experiments are planned:

9 Measurement of actual gas mass transfer conditiuns in our resistance-

heated aparatus, and are-image furnace

* Extension of work with poorly crystalline carbons to higher tempera-

tures using the arc-image test facility

* Further investigation of the ratio of active to physical surface areas

in the carbons tested
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J. E. GILLIGAN

M. E. SIBERT

T. A. GREENING

Lockheed Missiles and Space Company

Palo Alto, California



FOREWORD

This report reviews a part of the research work in progress in

the field of passive thermal control of spacecraft at the Lockheed

Missiles & Space Company Research Laboratory. The effort's

purpose is to insure a reliable radiative surface, capable of

maintaining the temperature of the vehicle's interior within the

desired limits for long-term space missions.

The work described in this report was sponsored by U. S. Air

Force Space Systems Division under Air Force Contracts

AF 04(647)-787, and AF 04(695)-136.
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Section 1

INTRODUCTION

The ultimate goal in the thermal design of any spacecraft is to assure that various

components of the vehicle will operate within their respective allowable temperature

ranges (as shown in Fig. 1) through all phases of the vehicle's mission. The problems

associated with the thermal design uf spacecraft are unique only insofar as tho space-

craft environment is unique.

One of the major goals of the work reported in this paper is the practical attainment of

four generic classes of materials which will insure reliable operation of a thermal

control surface mosaic for one-year period. As originally described by Camack and

Edwards (Ref. 1) these four classes are:

" Solar reflector - a surface which reflects the incident solar energy

while emitting infrared energy

* Solar absorber - a surface which absorbs solar energy while emitting

only a small percentage ,nf the infrared energy

* Flat reflector - a surface which reflects the energy incident upon it

throughout the spectral range from ultraviolet to far infrared

" Flat absorber - a surface which absorbs the energy incident upon it

throughout the spectral range from ultraviolet to far infrared

Specific surfaces representative of the four basic surface classes are shown 4n Table 1.

Thermal-radiation characteristics comprise only one of a large number of important

fact rI t-0 Ut be . ,aL u u .,,. . hao o. g .. .. - , ..a , I- I,, . .,

on spacecraft. From the point of view of passive thermal control, it is mandatory that

materials be used which exhibit desirable a /E ratios and values of emittance not
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Table I

THERMAL CONTROL COATING TYPES

Type . _Range Example
(7 E I

Solar Reflector 0.1 - 0.3 0.8 - 0.9 0.] - 0. 4 White paint

Flat Reflector 0.1 - 0.3 0.1 - 0.3 1 Aluminum paints

Solar Absorber 0.2 - 0.5 0.03 - 0.3 2 - 15 Polished metal

Flat Absorber 0.8 - 0.9 0.8 - 0.9 1 Black paint

only initially, but also throughout the anticipated useful lifetime of the vehicle (Ref. 2).

Therefore, materials must be found which are stable for a period of time in those

environments characteristic of the particular mission profile. To outline the factors

which influence choice of material, the environment is divided arbitrarily into two

phases. (1) prelaunch environment, and (2) postlaunch environment, subdivided into

the ascent, orbital, and re-entry phases. These phases must be examined separately,

and the probable effect of each separate environment upon a material of interest must

be considered.

In the prelaunch phase the thermal control surface is exposed not only to a number of

handling and manufacturing processes, but also to the sometimes severe atmospheric

environment (Ref. 4). Certain conditions which may influence the radiation parameters

of materials are shown in Table 2. Postlaunch environment factors are outlined in

Table 3, some changes of optical properties due to environment effects are shown in

Table 4. A discussion of re-entry phase environments is beyond the scope of this paper.
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Table 2

PRE LAUNCH ENVIRONMENT

Sequence Environmental Constituents
and Parameters

Preparation of Raw Material Contamination of Raw Coating

Materials

Production of Thermal
Control Surface Coating Film Thickness

Exposure in Manufacturing Area Surface Roughness

Transportation Fingerprints

Captive Engine Test Abrasion

Launch Site Environment Natural Atmospheric Exposure

Captive Test

Fuel and Oxidizer Vapors

Table 3

POSTLAUNCH ENVIRONMENT

Possible Source of Damage to Thermal Control Surfaces

Ascent Space

Aerodynamic Heating* Solar Electromagnetic Radiation*

Aerodynamic Shear Forces Penetrating Radiation*

Aerodynamic Normal Forces Planetary Atmospheres

Vibration and Shock Vacuum
Meteoroids
Temperature Cycling

*Major sources of damage.
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Table 4

ENVIRONMENT EFFECTS

Surface Environment Before After AT

Aluminum Fingerprints E = 0. 08 E = 0. 18 -100°F
(Polished)

Gold Plate Grease E = 0. 05 C = 0. 90
a /E = 6.0 U/E = 0.33 -300°F

White Paint Ascent
(Epoxy) (7500 F Peak) a A = 0.30 a sE = 0.70 +60°F

White Paint Ascent
(Silicone) (750°F Peak) as/E = 0.37 a s/ = 0.41 +10°F

White Paint Ultraviolet
(Sodium Silicate) (3 mos) a s/ = 0.20 a s = 0.30 +20 0 F
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Section 2

TYPES OF RADIATIVE COATINGS AND THEIR ENVIRONMENTAL RESPONSE

2.1 APPROACH

It was anticipated, and subsequently proven by experiment, that most thermal con-

trol coatings containing organic components were susceptible to alteration and damage

by exposure to environmental conditions. Particularly destructive were the ascent

heating, solar electromagnetic radiation, and penetrating nuclear radiation. In the

following, LMSC work pertaining mainly to development, testing, and evaluation of

purely inorganic optical coatings is discussed.

2. 2 TYPES OF COATINGS

2. 2. 1 Silicate Coatings Systems

Solar Reflectors. Many present satellite designs require a solar-reflecting external

surface, such as white paint, for proper thermal control (Ref. 5). When it was ascer-

tained that epoxy-base white paints difcolored rather badly during the ascent heating

phase, an intensive effort was made to obtain a white paint with a suitable s / E

ratio which could successfully survive ascent.

The first paint vehicles to be evaluated were silicones. Since that time silicone base

systems have been vastly improved and are being actively studied once again. Pre-

liminary information indicates very promising overall stability. For longterm space-

craft use, these coatings were initially discarded because of inadequate resistance to

ultraviolet radiior in vacuum.. Phosphates seemed promishng fnr ime nn altnIllinT

substiates; however, due to extreme acidity, adhesion difficulties were encountered

with magnesium and beryllium substrates.
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As a compromise between pure ceramics and organic paints,work was undertaken on

silicate coating systems. These silicate compositions are essentially inorganic

paints based on aqueous alkali silicate vehicles (Ref. 6).

Both sodium and potassium silicates have been shown to be applicable as space-stable

inorganic vehicles. Of a large variety of pigments studied, the refractory silicates

generally possess the most stable optical character under ultraviolet irradiation. Of

these, zircons and 1 ithium-aluminum silicates have been evaluated in greatest detail,

as shown in Table 5.

The silicate formulations are prepared by standard ball-milling procedures with

water added to achieve a suitable application viscosity. Minimum particle size pig-

ments are utilized to give minimum a5 values. Formulations are largely based on

maximum pigment loading of the vehicle compatible with a final coherent coating.

6oatings may be applied by spray, brush, or dip techniques. Individual coats must

not exceed 2 to 3 mils; otherwise crazing or cracking will occur.

These coatings are stabilized by curing at 150 to 250 C. One hour at 1000 C is usually

adequate between coats, followed by 2 hours at 200° C for a final cure.

Flat Absorber Coatings. Flat absorbers have been formulated in a manner similar

to solar reflector coatings, with black, oxidation-resistant pigments substituted for

the white pigments. Preparation, application, and curing procedures are comparable

in both cases.

Of particular interest as absorbers have been the spinel pigments based on oxides

of Fe, Co, Ni md Mn. Such materials were prepared synthetically via solid state

reactions of appropriate oxides, hydroxides, or carbonates. They were then ground,

dispersed in alkali silicate vehicles, and utilized in the same manner as the solar

reflectors.
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On exposure to long-term simulated space environments, these spinel-based black

solar absorbers show essentially no change. With regard to oxidation resistance,

they also possess great superiority to carbon black-based absorbers. Some repre-

s-,ntative compositions of the spinel solar absorbers are given in Table 6.

2.2.2 Variable Systems

Continuously variable coating systems are composites of solar reflector and flat

absorber coatings. Four systems have been studied in detail:

* Li-Al-silicate-Co3 04

* Li-A1.-silicate-Fe 2 0 3. NiO

* ZrSiC 4-Co3 04

* ZrSiO 4-Fe2 0 0 NiO

Representative compositions are given in Table 7. Compositions have been evaluated

on Al-oased substrates according to previously developed procedures. The composi-

tions were cured at a maximum temperature of 200' C and evaluated both before and

after exposure to a simulated space environment. Evaluation was primarily based on

rolar absorptance values. Eraittance did not vary more than i 0. 02 for any given

system studied.

2.2.3 Ceramics

Ceramics as a class show r.,ore promise for stability in the ascent and orbital phases

than does the generic class of organic film-forzaing materials. Adhesion character-

istics, abraElon and ultraviolet resistance, and high-temperature stability are gener-

ally auperior for ceramics. Suitable application techniques represent a practical

difficulty. Accordingly, porcelains, enamels, paste-type ceramics, and various

silica deposition processes are being examined. Extensive investigation has been

directed toward low firing-temperature ceramic coatings.
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Table 7

COATING FORMULATIONS

White Black Vehicle Solids Solids Black BlackSystem wt wt wt Volume w/o v/o v/o w/o
Ratio

Li-Al-

Silicate 190 0.3 114 4 53 33 0.05 0.12

Co 3 0 4  190 1.5 114 4 53 33 0.25 0.62

CO304 190 6.1 114 4 53 33 1.00 2.50

ZrSiO4  364 5.8 114 4 72 38 1 1.4

Fe20 3 . NiO 345 29.0 114 4 73 38 5 6.8

Fe2 0 NiO 322 58.0 114 4 74 38 10 13.6

Fritted Enamels. True ceramic coatings such as frit enamels w, ld probably yield

materials with a high order of space stability. However, firing temperatures

required are excessile for application to aluminum or magnesium alloys. Such

coatings have been evaluated for limited use on more refractcry substrates, as have

been porcelain enamel frits based on ZrO2 SiO2 , TiO2 , Sb2 0 3 and SnO 2 opacifiers.

Paste-type Ceramics. Commerically available cementitious type compounds, princi-

pally Sauereisen Cements (Ref. 7), ha,,e been investigated as self-curing coatings on

satellite skins. Such compounds generally consist of a dispersion of silica, alumina,

mullite, clay, talc or other oxide or silicate compounds in liquid sodium of potassium

silicate or in an aqueous solution of a soluble phosphate. Coatings of such compounds

have been applied to aluminum and magnesium substrates by trowelling, vibrating,

splashing techniques, dipping and spraying. E.,tensihe measurement of surface prop-

erties of as-prepared, modified, and baked surfaces has been made, and optical

evaluation of such surfaces has been conducted.

Moderately acceptable results have ben achieved %ith rebpect to adherance, thermal

stability, irradiation characteristics, vacuum stability and reproducibility.
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2. 2. 4 Plasma and Flame Spray Coatings

Offering more potential than moot coatings for application to low-melting metals,

plasma and flame-sprayed cec amics may be applied while maintaining the substrate

at essentially room temperature kRef. 8). In addition, the coating is cured as applied

and is not so prone to thermal alteration, degradation, or other attendant changes in

optical characteristics or stability.

A variety of such coatings prepared both in the LMSC laboratories and elsewhere has

been evaluated for solar absorptance and spectral emittance properties. Such coat-

ings include. ZrO2 , A120 3 , ZrO2 .SiO 2 , TiC, TaC, ZrC, Cr 4 C, TiN, Mo, Co, Ni,

Al, plus many others. Attempts have also been made to plasma and flame-spray

Li 2 0. A12 0 3 . nSiO 2 and enamel frits.

2. 2. 5 Anodic Coatings

The employment of electrochemical conversion coatings for use as thermal control

surfaces takes advantage of two radiation mechanisms (Refs. 9, 10, 11). Thin trans-

parent coatings utilize the coating-metal interface as the reflecting interface, opaque

films must rely on the reflectance of energy at the vacuum or air - coatings interface.

Opaque films, on the other hand, are comparatively thick with optical properties inde-

pendent of the film thickness. This condition eliminates variations of optical proper-

ties due to film thickness. however, it does require that the anodic film be capable

of reflecting the desired amount of solar energy.

2.2.6 Other Approaches

Chemical Coatings. An electroless copper surface subsequently oxidized, an electro-

less nickel surface also subsequently oxidized, and platinum black (PtCl 2 ) are some

of the other coatings presently under study to produce a flat absorber. Such a flat-

absorbing surface may be used as an external radiation heat shield for re-entry.
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Stable Oxides of Metals. A recent development in thermal control has been the possi-

ble use of stable oxides as thermal control surfaces. Quite possibly, the stable oxide

formed during prolonged high -temperature heating of stainless steel will produce a

coating of high emittance (t. , 0. 75). The characteristics of stable oxides of such

metals as berylliam, titanium, molybdenum, etc., are described in a NASA report

(Ref. 4). Such a stable oxide coating may be adequate for many spacecraft materials,

it would probably be cheaper than the use of an anodizing or chemical conversion

process.

2.3 VARIATION WITH PHYSICAL PROPERTIES

Specification of composition and formulation of the coating do not, in themselves,

insure achievement of expected, much less reproducible thermal radiative properties.

Optical properties for any given formulation are a function both of the formulation

itself and of the manner in which the coating is applied tu the substrate.

In terms of the formulation, pigment particle size and pigment-binder ratio are of

particular significance. Figure 2 illustrates the approximate effect of p-gment

particle size on solar absorptance before irradiation. It is seen that the absorptance

value falls off fairly rapidly as the particle size of pigment approaches 1 micron.

This particular curve reflects changes characteristic of a zircon -pigmented potassium

silicate coating.

Similarly, the pigment content for any given coating strongly influences the absorp -

tance and the absoptance-emittance ratio, a condition illustrated by data in Fig. 3.

By increasing the pigment-binder ratio from about 3. 5 to 5. 5, a decrease of about

50 percent can be effected in both the absorptance and the absoptance -emittance ratios.

In determining the optical characteristics of final-coated specimens, the application

technique used for substrate coatings is also important. Thicknesses of roughly 3 to

5 mils, required to effectively hide the metallic surface, are illustrated by the two
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curves in Fig. 4 showing both the absorptance and the absorptance-emittance

ratios as a function of film thickness. Both values become essentially constant after

about 5-mils' thickness is obtained.

It is also possible to alter significantly the as A ratio of most materials and partic-

ularly of metals by altering the roughness of the surface, as shown !n Fig. 5 (Ref. 13).

Obviously then, surface polishing and controlled roughening can produce a specified

as A ratio range characteristic of that material. It is equally obvious that carefully

controlled fabrication and application techniques must be followed to insure attain-

ment of optimum and reproducible surface properties, and that surfaces be maintained

in their "as prepared" condition during the period between production and use.

2.4 OPTICAL EVALUATION OF COATINGS

In general, the solar absorptance and total hemispherical enittance are determined

for each specimen before and after vacuum irradiation. Solar absorptance is deter-

mined by a measurement of the spectral reflectance from 0. 25 to 1. 8 microns, by

use of a Cary double-beam spectrophotometer with an integrating sphere attachment

(Ref. 2). With an alternate energy source, the wave-length range is expanded into

the ultraviolet region to G. 2 microns. The absorptance values obtained are within

2 to 3 percent accuracy (Ref. 12).

Total normal emittance values are obtained by use of a Perkin-Elmer double-beam

spectrophotometer in conjunction with 8000 C Hiohlraum. The actual quantity mea-

sured is the normal spectral reflectance. Total hcmispherical emittance as a func-

tion of temperature is obtained by a weighted ordinate data-reduction process utilizing

100 po,.ts in the wave-lenoth range ;,f 2 fo 25 microns. in general, these emittanre

values have an accuracy within 5 percent.

.0
Comph'mentary measurements of total hemispherical emittance as a function of

temperature are made directly utilizing electrically heated samples in black walled

315



0.35

.3

w
0

w

w
L) 0.25

0:
0
(n

a3a
Cas

0
0.20-

0

0

0.1

0 I2 3 4 5

THICKNESS (MIL)

Fig. 4 Effect of Coating T.hickness on Optical Properties

316



A. POLISHED
2 p n.-

80-e

9 B. MACHINE
w 70 22,uin.

z

w

40-

30L ~ II
0.25 0.5 7.5 1.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

WAVELENGTH (1AL

Fig. 5 Change in Optical Pr-operticls Witlh Change fi &arface Roughniess

317



cryogenic chambers. Emittance is computed as the net power radiated by the surface

material divided by the product of surface area, the Stefan-Boltzm-,wr constant, and

the fourth power of the temperature. Accuracies of the order of 2 to 5 percent are

easily attainable.

2.5 ULTRAVIOLET RADIATION

Ultraviolet radiation testing of coated specimens is carried out in a stainless steel

vacuum chamber fittud with water-cooled, copper-block specimen holders. These

holders are designed to accommodate 1 in. diameter specimens approximately 1/8 in.

thick. The basic unit accommodates 6 specimens at 6X solar intensity and 1 specimen

at 20X intensity. The vacuum system utilized consists of a 40-liter-per-second

Vaclon pump in conjunction with a mechanical pump capable of producing a vacuum

of 10 - 7 torr.

The ultraviolet source is an AH-6 high-pressure-mercury, argon-filled lamp. The

lamp operates at 1, 000 watts with an output of 65, 000 lumens consisting of a continu-

ous spectrum with superimposed lines. The spectral-energy curve for this lamp

compares favorably with the known solar curve. Most of the wavelengths of less than

2, 000 A are absorbed by the quartz tube, most of the infrared is absorbed by the water-

cooling envelope around the lamp. As a screening operation, specimens are generally

irradiated to 30G to 600 sun hours exposures. Final specimens may be irradiated

1, 000 to 2, 000 sun hours or more if changes are still evident.

A sun is defined as the intensity equivalent to that of the sun near the earth, but out-

side its atmosphere, at wavelengths less than 4,000 A. Thus, one sun-hour is the

total incident energy (below 4, 000 A) delivered by the sun or its equivalent over a

period of one hour.

In order to illustrate the wide variety of optical data obtained for the series of coat-

ings investigated, the percentage change in absorptance is shown in Fig. 6 as a
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function of itradiation time for six different coatings. Changes observed vary from

as little as approximately 10 percent per thousand sun hours (certain all-silicate com-

positions) to greater than 100 percent per thousand sun hours (certain silicone and

alumina-babed compositions). A1,minas and titania pigments are particularly suscep-

tible to ultraviolet radiation damage, illustrating why the present compositions were

chosen for utilization as thermal-control surface materials.

Figures 7 and 8 show change of absoiptance with _.traviolet exposure for a number c.f

other coatings developed in the LMSC laboratories.

2.6 NUCLEAR RADIATION EFFECTS

LMSC has b -n conducting an extensive program to develop nuclear- radiation -hardened

thermal-control materials. With the advent of spacecraft-borne nuclear reactors and

the almosc daily introduction of newer and more adxarced nuclear spacecraft concepts,

the demands upon state-of-the-art thermal control materials may greatly exceed their

capabilities.

Before some of the more important results of this program are discussed, basic test

concepts and exposure conditions should be explained. The majority of the samples,

including both organic and inorganic materials as well as metals, were exposed in

vacuo. Temperatures of the samples usually did not exceed 150^ F. Several exposures

were carried out at 77' K. To obtain comparative data, a number of samples were also

irradiated in air. Pressures below 10- 3 torr and liquid nitrogen (LN) surfaces within

the vacuum chambers provided an adequate simulation of the net pressure effect of

space. Nuclear damage was determined by comparisn (f pte- and post-test physical

and thermal radiative properties.

Analyses of data from more than 1,000 samples of more than 150 different types of

thermal control materials lead o the conclusions described below. These conclusions

are based on total integrated exposures of roughiy 10 8 R(C) gamma radiation and

1015n/cm2, fast neutrons, respectively, and may be stated as follows:
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" Organic-base materials degrade both mechanically and optically at exposures

of approximately 3 x 107R(C) to 1 x 108 R(C). In many materials the inception

of detectable mechanical damage oc3curs prior to significant thermal radiative

changes.

* With very r,'re exceptionp inorganic materials incur only optical damage.

" Solar absorptance is the only thermal radiative property importantly affected.

With several exceptions, emittance remains stable to within 5 percent of its

initial value.

Irradiations conducted in air produce effects which differ both in magnitude and

manifestation from those in vacuo.

* Comparatively, vacuum irradiation at 77°K results in heavily increased damage

to both organics and inorganics.

Pertinent to nuclear spacecraft vehicle design, these and other more detailed analyses

have been tentatively phrased into the following conclusions:

(1) Inorganic materials are clearly superior to state-of-the-art organic mater-

ials.

(2) Radiation resistance is sharply increased by heat curing, room-temperature

cured paint systems are clearly the least stable. (This conclusion applies

to both inorganic and organic-base thermal control coating systems.)

(3) Solar reflectors (white paints) and flat reflectors pose the greatest problems,

other classes being much less sensitive.

(4) Most importantly, for mission durations of 90 days up to several years, and

where gamma radiation doses will exceed ten megarads, careful considera-

tion must be given to the selection of thermal control materials.
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Section 3

RESULTS

3.1 COMMERCIAL PAINTS

Many commercial paints display adequately superior adherence on aluminum, magnesium,

and other metal surfaces. Vibration, thermal shock, and bending tests produced accept-

able results as did salt-spray tests. Major problem areas were:

o Change of optical properties due to environmental effects notably in

ascent heating

* Change of optical and physical properties with ultraviolet exposure

More specificly, the results of environmental tests indicate the superiority of various

surface coating systems over others in individual environments. Generally, good over-

all stability can be realized by heat curing. Paints cured at room temperature Inevitably

suffer in the ascent heating tests and are less stable to ultraviolet radiation. Silicones,

though initially displaying poor ultraviolet resistance, have been markedly improved and

now rank very high on the list of flight-qualified paint surfaces. Presently available

sillcones reL,.Sire high-temperature cures, for this reason they are not extensively used.

Acrylics, e.o, ies, and similar materials ordinarily are room-temperature cured.

Again quite generally, acrylics are superior to epoxies, but inferior to silicones. The

ultimate choice, as noted previously, is highly dependent upon vehicle mission parameters.

While a great deal is known about many paint systems, their basic thermal raliative

properties, environmental resistance, and other applicable parameters have not been

sufficiently tested to qualify them for general or even specific spacecraft appliations.

This is not to say that the tests from which these data are obtained are unimportant;

on the contrary, such tests are fundamental, and must be used when considering any

candidate thermal control system. The point is that the evaluation Lf such a system
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requires knowledge of a complex variety of test data and vehicle requirements, as

well as value judgments of these criteria.

3.2 SILICATE-BASE PAINTS

Silicate-base paints present a matte-like, semi-porous appearance. Porosity is,

however, of a discontinuous nature. The a A ratio may be varied for flat absorbers

from about 0. 95 to 1. 15. Applicable spinel-type materials include Fe3 04 , Fe 2 0 3 . NiO,

Mn 3 0 4 , Mn 2 0 3 . NiO and Co304. Of a large number of white-coated solar reflectors

evaluated under simulated space environmental conditions, the zircon and lithium

aluminum silicate materials have shown the least change due to ultraviolet radiation

effects. Tables 5 and 6 present data relating to the optical properties of several

silicate based paint formulations.

Evaluation of these coatings under space environment conditions has shown them to be

extremely stable. They have initial a s values of 0.08 to 0.20, dependent on

composition. Low a s coatings may degrade 5 to 20 percent after 2000 ijan hours of

exposure, after which a s becomes essentially constant. Initial emittance values are

unaffected b,: ultraviolet, remaining constant at 0.82 to 0.87 for high-emittance coatings.

Physical testing of the silicate-based paints shows their adherence and coherence is

excellent over aluminum substrates and Dow-17-coated magnesium-alloy substrates.

In the case of aluminum-alloy substrates, adherence is somewhat less pronounced, as

demonstrated through the use of thermal shock tests. Test panels heated to IuO0 C

have been quenched in dry ice - iv, propyl alcohol baths (approximately -70 ° C) - without

damage to the applied coating. Silicate-based coated specimens have also survived

severe vibration in tests up to 10, 000 cycles per second.

Bend tests have also been made on coated panels using 3/4 in. to 1/2-in. mandrels.

In general, coatings withstand this treatment using up to 180 ° bends. Some crazing

is evident, but no actual exfoliation occurs,
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Additionally, salt-spray tests have been run on representative zircon-silicate-coated

magnesium panels. Stch tests were carried out for 24 hours duration at 350 C, in a

chamber containing 20 percent salt and 100 percent relative humidity. Coatings over

bare magnesium exhibited moderate chalking and pitting. Those over Dow-17 surfaces

exhibited only slight chalking, and a few evident pits could be traced to imperfections

in the coating itself.

Major drawbacks associated with silicate paints concern the high temperature curing

requiiements, the high degree of skill and care necessary in their application, and the

difficulties in prelaunch protection.

3.3 CERAMIC COATINGS

Ceramic-paste type products from the Sauereisen Cements Company have come under

intensive investigation as self-curing thermal-control coatings. To produce smooth,

consistent reproducible coatings yielding optically repeatable data, spraying was

found to be the best application method. Some compounds required dispersion by

ball-milling, others by intensive usterizer mixing, and others only by thinning with sodium

silicate solution to the proper viscosity and solids per-unit-volume consistency.

Trowelling on, vibrating, dipping, or dry applications produced inconsistencies in

optical properties, introduced drying cracks, gave rippled surfaces, produced uneven

coverage of the substratc, or promoted separation of the constituents.

Table 8 shows solar absorptance i alues obtained for those paste-type compounds

which gave the greatest degree of reproducibility. Each of the products was dispersed

to spraying consistency in sodium silicate solution. Compound number 1 is silica.

Number 6 is mullite (3A12 03 . 2SiO 2 ). Number 19 is silica dispersed with clay plus

ponolith. Number 74 is alumina.
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Table 8

SOLAR ABSORPTANCE OF SAUEREISEN COATINGS

Test Sample Varied Parameter a

S

13116 Sauereisen No. 1 .035 in. thick .35

13117 Sauereisen No. 1 .013 in. thick .29

13118 Sauereisen No. 1 .004 in. thick smooth coating .36

13119 Sauereisen No. 6 As received with specks .44

13120 Sauereisen No. 6 Screened through 100 mesh, hot .43

13121 Sauereisen No. 6 Screened through 100 mesh, cold .46

13122 Sauereisen No. 19 .005 in. smooth coating, applied .38
hot

13123 Sauereisen No. 19 As received, not screened .31

13124 Sauereisen No. 19 Cold slip over hot substrate .38

13125 Sauereisen No. 19 Dried slowly .39

13126 Sauereisen No. 74 Standard .46

13127 Sauereisen No. 74 Standard .45

Figure 9 illustrates change of solar absorptance and hemispherical emittance with

change of surface treatment for four Sauereisen compcunds. For each compound, C

represents the optical values obtained for a coating of 0. 010 in., while T and L

represent values of the upper and lower surfaces of 0. 125-in. thick samples cast in

paraffin molds. The objective is to determine: (1) the probable effect of soluble

salts and fine materials, which are carried to the surface during drying of the coating,

on optical values, and (2) the role of surface roughness in variation of optical properties,

the coatings being intermediate in roughness between the lower (smooth surface) and

the upper surface of the cast sample. It can be Feen that a. of the coatings are

intermediate between those values of the top and bottom of the cast sample. This

result reflects the response of absorptance to surface roughness. The declining

emittance values for the coatings, as compared with the top and bottom surfaces oi

the cast sample, show the effect that the fine and soluble salts have in altering the

emitting surface.
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3.4 PLAS\COATINGS

Table 9 showse optical measurements for some plasma-sprayed materials both

before and aftern clear irradiation. Fast neutron (,2. 9mev) tlux were approximately
14 \

8.7 x 10 n/cm.

In general, absorptance alues of the test sample increased as a result of irradiation.

To the eye, the change is discernable darkening of the coating. Emittance values

also tended to increase in s e materials and to decrease in others.

Table 9

PLASMA-SPRAYED ATINGS - OPTICAL M EASUREM ENTS

Optical Properties

Material Composition as E HS

Zirconia ZrO2  .434 .741 Plasmadyne

Zirconia ZrO2  .323 .719

Alumina A12 0 3  .156 .724

Molybdenum Mo .634

Titanium Carbide TiC .867 .747

Titanium Nitride TIN .801 .612

Alumina A12 0 3  .255 .710

Tantalum Carbide TaC .816
Lith-Alum-Silicate Li/AI/SiO . 512 .837 Li 20. Al 20 3-8SiO2

Zirconia ZrO2  .349 .705 Zirconium Corp.

Zirconium-Carbide ZrC .809 .627

Chromium Carbide CrC .783 .543

Nickel Chromium NiCr .400 .248

Tantalum Beryllium TaBe1 2  .492 .238

Zircon ZrSiO4  .46 .81

Spinel MgO. Al203 .42 .75

Wallastonite CaO. SiO 2  .64 .85

a's - Cary Solar Absorptance

EHS- Hohlraum Spectral Emittance
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Figure 10 shows variations of spectral emittance for plasma sprayed molybdenum

disillicate for coarse (44 1 to 741A) and for fine -.44 p) materials as compared with a

sintered body.

Figure 11 shows the change of nGrnmal spectral reflectance for plasma-sprayed lithium

aluminum silicate, as compared with data for a paint coating of the same product

dispersed in sodium silicate. The lower values for surface reflectance of the plasma

product are partly attributable to the increase in surface roughness of such a sample

as compared with the smoother paint surfaces. Also, liner particle pigment sizes in

the paints (l micron vs. 44 microns) promote lower as values.

Flame-sprayed coating employing oxy-acetylene flamus and powders are very subject

to variation in optical properties with a change of oxygen-to-acetylene ratios. Any

partial burning of the acetylene results in co-deposition of carbon, sharply increasing

values of as . Oxy-hydrogen flame sources promote greater reproducibility of optical

properties with essential elimination of surface darkening of light coatings. There

remains, however, the probemm of stability of all but oxide materials in flame-spray

environments. Even oxidL vary in properties, due to changes in the relative amount

of the different oxide forms present, which are to some extent a function of

the amount of free oxygen in the flame.

Rokide coatings, which are achieved by employing pre-sintered ceramic rods in a

flame-spray process, do offer some stability and reproducibility of optical properties.

The chief difficulties involve differences in thermal expansion of the coatings and the

substrate, differences resulting in failure during ascent or re-entry; this problem is

common to all plasma or flame sprayed coatings, however, and perhaps to all coatings

of whatever design.

Careful surface preparation by vacuum grit blasting, followed by an application of a

nickel-chromium-boron interstrate, often promotes improved bonding and resistance

to thermal stresses in plasma and flame sprayed coatings.
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Table 10 presents solar absorptance data for plasma-sprayed lithium aluminum

silicate (Li20. AI2 0 8SiO 2 ) which altcrs during spraying to Li 20. Al2 0 2SIO2+ 6S10 2 .

It can be seen that lower values of a are obtained for all coatings with lower power

inputs. Premixed samples of 33 and 50 percent Al203 were also plasma-sprayed,

reflecting an increase in a5 for such compositions.

Table 10

SOLAR ABSORPTANCE OF LITHIUM ALUMINUM SILICATE COATINGS

Test Sample Weight Ratio Percent Ratio Plasma Current as

13114 Lithafrax + Al203 (1-0) (100-0) 650 amps .30
13115 Lithafrax + A1203 (1-0) (100-0) 300 amps .22

13112 Lithafrax + Al203 (2-1) (67-33) 600 amps .38

13113 Lithafrax + At203 (2-1) (67-33) 300 amps .25

13108 Lithafrax + Al203 (1-1) (50-50) 600 amps .35

13111 Lithafrax + A1203 (1-1) (50-50) 300 amps .26

3.5 ANODIC COATINGS

Many studies of anodic coatings have been accomplished at LMSC and elsewhere.

Basically, these studies have sought to develop solar r3flector and flat absorber

coatings, with some special attention to solar absorbers. Anodized aluminum typifies

the solar reflector work. It has been found that the optical properties are indeed

characteristic of solar reflectors but are extremely sensitive to film thickness.

Optical-interference effects also arise due to the thinness of the oxide deposition,

mainly in the near infrared. Though the developments have been successful in

producing very low (P /'( surfaces, the practicality of anodic solar reflector coatings

leaves much to be desired. Black coatings, however, have been much more success-

ful. Black chromium and black nickel exemplify the latter types, yielding very high

values of solar absorptance (,0. 85) and moderate-to-high values of emittance (0. 6 -

0.8). Little demand has been shown for the solar absorber class (Tabcr coatings). Its
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development consequentl3 has not kept pace with those of the other classes, These

coatings are generally prcpared as very finely divided metal oxides in anodic or

electrophoretic baths. Nickel oxide coatings on suitabie substrates have exhibited

(Ys /E ratios of approximately 15 and above.

3.6 OTHER COATINGS

Chemical coating approaches to thermal surface control have not only been spectacularly

successful in developnent but also have beet, placed in production in several instances.

A process for the deposituun of platinum black (finely divided metallic coating) on

beryllium, for example, renders a surface with a solar absorptance of 0.90 to 0. 93

and an emittance of 0.87 to 0. 89. This process is being extended to a number of other

basis materials including copper, aluminum, and titanium. The major problem has

been adhesion, optical properties being excellent. Electioless nickel chromium and

copper deposited on various basis metals show results analogous to platinum black,

i.e., excellent optical properties atid adherence dependent upon basis metal. Palladium

black has been another succebbi.l development. In general, these coatings possess

Os/E ratios slightly less than one, with solar absorptrances of 0. 9 or better. With

some reservations, at least one of these electroless coatings can be successfully

applied to any common spacecraft vehicle substrate.

3.7 ADIHESIVE-BACKED TAPES AND FOILS

Efforts to develop these types of materials have been generally successful. Of

particular note are the adhesive-backed aluminum foil tapes, many of which are now

routinely used. These are simply thin aluminum foils (0. 001-0. 005 in.) " ith pressure-

sensitive adhesives on one side. The best tapes incorporate silicone adhesives and can

withstand peak ascent heating temperatures in excess of 7500 F. Their thermal

radiative properties are essentially those of rolled aluminum. Many of thesc tapes

are supplied with a protective film however, which, if not removed, will have a

drastic effect on the tapes' thermal radiative properties. Even those tapes which do

not have protective films should be thoroughly cleaned, since a certain amount of

adhesive transfer in the rolls is inevitable.
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Only a limited amount of work has been done to obtain solar reflector tapes. Basic

work has achieved encouraging excellent stability to simulated solar ultraviolet and

ascent heating, as demonstrated in the laboratory. Beyond the fact that they are

silicone-based, a fuller description of these tapes would be premature at the present

time.

3.8 STABLE OXIDES OF METALS

The generation of a stable oxide on a basis metal by heating the latter in an oxidizing

atmosphere is, at best, only of marginal value due to the many attendant problems.

Certain exceptions - specifically in the formation of (black) oxide films on high-

temperature, high-emittance surfaces - can be made. Current interest remains with

white coatings, however, although development has been unsuccessful for a variety

of reasons. Some coatings are hygroscopic (e.g., MgO); others have little or no

adherence on thermal shock stability (e.g., TiO2 ); still others (e.g., A12 0 3 ) can n-t

be formed in sufficient thicknesses at reasonable basis metal temperature to obtain

opaque coatings. In the last analysis, the generation of solar reflector surfaces by

direct oxidation of the basis metal appears to be a fruitless approach. Even the

black coatings, such as those produced by oxidation of stainless steels and inconels

at temperatures approaching 20000 F, may no. withstand close scrutiny in view of the

many competing processes, comparative performance characteristics, and economic

factors involved.
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Section 4

CONCLUSIONS

Work at LMSC, as well as that of other organizations engaged in this type of investiga-

tive activity, has clearly shown that spacecraft thermal-control surfaces reliable for

periods uf 90 days to a year or more %%ill necessitate much more research and develop-

ment. It can be concluded that many major parameters remain to be determined.

Some of these are:

" Effects of solar ultraviolet exposures equivalent to several years in

space

* Simulation of the space environment and its combined effects

" Effects of nuclear radiation corresponding to periods of 90 clays to

several years

" Combined effects of nuclear radiation and conventional space

environments

• Development of room temperature curing paint systems with suitable

thermal properties and with predictable and reliable behavi.,r in the

total spacecraft environment

Development of a unique class of coating material systems for p,'. sive temperature

control surfaces has been described. Certain alkali siliate-based all-inorganic coat-

ing systems offer considerable promise for current long-term applikations in this

area of space technology. The major objective of this program has been the develop-

ment of coating systems with stable ,t/ values of less than 0. 30 after 2, 000 to 6, 000

sun-hour exposures under space Vnvironinental conditions x th lesser emphasis in

systems l,,ith . I,,,e of .... Io . 20.

Preliminary work indicated that coatings containing organic materials cou'd not me-t

these requirements. In addition, a numbei of conventional pigment materials were
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found to be unsuited to the space environment. Vehicle-pigment systems based on

alkali-metal silicates pigments with refractory materials were found to exhibit prom-

ise for the current solar reflector applications. Coating bystems have been applied

exhibiting aA/ values of less than 0.20 and showing less than a 50 percent change

after 2, 000 sun hours of irradiation. At this point the a/c value becomes essentially

constant. Higher o/E values are obtained by use of spinel-oxide pigments, partially

or wholly replacing the white pigment.

These coating systems have the advantage of application by standard spray techniques

analogous to procedures for conventional organic paints. These coatings may be

stabilized by low-temperature curing cycles of the order of 100 to 2000C. This class

of coatings also has thermal stability to at least 5000 C, excellent resistance to ther-

mal shock from 100 to -70'C, and a remarkable degree of flexibility and ductility.

Thuts, these coatings systems demonstrate considerable promise for application to

thermal-coatrol surface problems.

Further study of semi-organic paint vehicles has been continued in the hope of obtain-

ing coating systems which have higher resistance to all aspects of the spacecraft

environment.

It has become increasingly obvious that there are major problems of manufacturing

and quality control, handling techniques, and surface protection for thermal control

surfaces, problems intensified in the case of large satellites such as the Agena vehicle.

In general, it is mandatory that thermal control surfaces be treatcd as the optical sur-

faces they actually are, if reliable spacecraft operation is to be insured. It has been

stated that the state of cleanliness of a surface is all-important in determining the sur-

face emittance, in most research laboratories a standard method for cleaning metallic

surfaces is the successive application of acetone, ethyl alcohol, and ethyl ether. How-

ever, procedures satisfactory in the laboratory often are not applicable to a production

situation.
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A large amount of environmental testing has been performed, and much more is pro-

posed, both in scope and in dopth. Present indications are that the elem 'ts of the

space ,raft environment most harmful to thermal control surfaces are ascent heating,

ultraviolet radiation, nuclear reactor radiation (where applicable),penetrating space

radiation, and, for some materials, extreme high-vacuum conditions. For the special

case of surfaces entering a planetary atmosphere, the entry enviionment would be most

severe.

It is possible to alter significantly the a s/ ratio of metals by altering the roughness

of the surface. If this could be done in a controlled fashion, variations within a range

of the as A ratio characteristic of a particular metal or alloy could be specified.

The potentialities of sandblasting, vapor blasting, and vapor honing for this application

are worth serious investigation.

In addition to a study of the effects of roughening procedures, several methods of

obtaining very smooth surfaces have been expiored. It is conceivable that one out-

growth of this work will be tables of maximum allowable rms profile-roughness values

for each alloy of interest which will insure various desired maximum emittances.

Such tables would have a direct application in interior radiation "heat shield"

manufacturing.
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