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CAHtMDI COATINGS ON GRAPHITE

John M. Blocher, Jr.. Carl J, Ish, Don P. Letter,
Layns f. Flock, and Ivor E. Campbell

4 Lm W« 4»**Uf+4 to* Mi im/iwi r«MM| #
inM «/mA md, xstotox, W [0 fMiia to Mimmliifo ~u iut *1
A#V k*U4* f MEWIIUNM ¢/ ««MMf oM *» |

#» m dUm m tow»«*ef *4# 4**>unh+* Wwlal, k| to pinwi Mi to— so
«fIU rtfikk e« rf*4ly e* mMw «*s 4/Mr to Mcivtoi If M« «vto«
4/Mm toik m4 Mi iMm/mmim*# ttops Mim iu | pmiiii Uiwm
m4 Mi/to Mi*Umiumlh, Tk* U n */Miiwymtoi-pnw—
‘™M » Um Ki« 4i*niuM npnitoMi/lly V M«MnwiMrtofxiniw «/
i«<dM W </ Mi €4 b« «U Inm M */ Metoe*. hnmim , W

*KVMNM «

fir* Miiiin h M d*+Upm**t*f r«MH| n » fi» m4 dofim*** of
ft immynr* toll ipirtMM M N ro—oi mM Mvfern,

iMim | k*«« o/ At iwlUn m Mut nMfii i/ MwW ii, b |k fRIMf to.4
swdhMi ffIM f to 4 i**n (0.0/ to. 4

OHtOHMIMM MM MM «/AtM«//IIIIM /*» M1 A ffm tu* Oflo U
MMtow tmUdi m « M iNm *f toes tootort.

to

Ki»/»Mtor» mm4 mi «Mf]) «fick*M« «/ r«rW estortfutot W mM f o e
vototoi uUtrmtd Am At m« m i waafia mm# seieadeMy 4to timt
Umi of irmmmwvootmnod. Horn* of mm Mi 4 At toit of mortmmart Mm miA

INTRODUCTION

The research described in this report wia engendered by the problem of un»
formly coating graphite with carbides of niobium, UnUlum. end tirconium on the in-
eide of long borea, Although otlver method* of coating ware considered, vapor depost-
lion offered the greatest promise of forming continuous, adherent coatings. However,
as normally practiced, vapor deposition hae the disadvantage that considerable atten-
tion must be given to the vapor-flow pattern to avoid nomintformtty. Adjustment of the
vapor-flow pattern la practical in coating aome shape*, but aerlous limitation# are
imposed in the case of small-bore tubing, For example, If the coating were to be
formed in the usual manner”) by the hydrogen reduction of a metal halids-hydrocarbon
mixture, one would expect it to be thicker at the vapor-entrance end of the bore than
at the vapor-exit end. The tame difficulty would be encountered in the deposition of a
layer of metal to be later converted to carbide by InterdIffusion at elevated temperatures.

The multivalent character of the traneition elements involved in this work holds
the key to a msthod of avoiding nonuniformity by making the rate of formation of the

coating dependent on the rate of diffusion of carbon from the base through the carbide
coating. Thia can beat be shown by example.
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The thermal decomposition of atrcoftium iodide vepor at low pr*«»ures h*i long
been seed e+ * m*lhod of prep*rto* high.punty n reunion* metal The over-all
iMilumn irt~ih IH*) *4K,i However, owing to the stability of th« lower iodides,
Rrl8 *M Zr!|, reactions ol the type Erlg(g) ¢ /.?(¢) * ttrljtgl miy also occur. In fact,
e+ the pressure of /rtg ta intreaaed, reactions of Ihe second type become mote im.
portant sod. *e equilibrium calculation# will show, si any given temperature thore
estate * limiting tetr«io4tde pressurt below which streomum wlU be deposited and

shoe* which metal will h* consumed. Thia situation It general w.th ihe gsaeeus halide*
of lhe transition rneltli,

It tan site be shown that s limiting preeture enisle *1 « higher level (or reaction*
of the type /rl14(g) s C(s| « ?.rC(e) - 41(g), Thus, by operating In the region above the
limiting preaeare for meUt depoaltlon end below the limiting preceure (or carbide
formation, one con avoid lhe deposition of mstal and form only the carbide. Moreover,
if the vapor-flow rate is mad# sufficiently high, ihe rate of formation of the coating
becomes limited, not by htnettci or mses-trsnifsr conatderation* al the vapor-carbide
Interface, but by the rate of diffusion of carbon through ihe carbide coaling, Since the
rate of diffusion Is inversely proportional to Ihe thickness of the coating, the thickness

increase becomes self.regulating and independent of vapor-flow considersnone over a
wide range. *

The reaearch reported here w*s carried out to develop and apply this technique
to the testing of blowpipe apecimens for the University of California Radiation labo-
ratory at Uvermore, California, whers the protection of the graphite from high-
tempsratuve corrosion of cortatn gates was to bo tested.

A twofold plan of attach wee adopted, constating of a fundament*! and an engineer,
tng approach. In the fundamental program, the preaaure-temperature limits for metal
and carbide formation were to be determined along with such other information as might
be applicablo, while, In the engineering program, a specimen plater was to be devel-

oped having audit tent fleatblhty to bo operable In the ranges indicated by the funds,
menial work.

Limiting-Free sure Determinations

The limiting pressures as functions of temperature were determined for maul
and carbide formation by lho thermal decomposition of tircontum lodide and of th«
chlorides and bromides of niobium, tantalum, and sirconium, Although It was not
anticipated that all of theso halides would be used in lhe coating of blowpipe specimens,
data were obtained on their decomposition to provide the widest possible choice of con-
ditions for the costing work. The iodides of niobium and tantalum were not considered,
since It was predicted (hat, because of their tow stability, formation of rarbldt In Iho
absence of melal would have to be carried out in a temperature range eo low aa to make
the rate of dIffuaioa of carbon through the carbide Impracttcally slow.

The technique of making thsee tmeaeur#ments Is described In Appendix A. Briefly,
it constated of passing lhe metal halide vapor at controlled preaeare over a reaiatlvely
heated wire for metal depoaltlon or a carbon rod for carbide formation, Increasing the
temperature of the deposition surfece, and by monitoring the electrical realnance
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(*nd/or total emission m the h m of the carbide*). d*t*rmimi(< th* Ifm|wrd4td4r« at
which the wire or rod showed neither growth nor attack, Although it was possible to
establish a trua equilibrium temperature in several instance*, tha lim it wa* established

U» nm it cases at a tome what uncertain boundary batwaan point* of deposition and of no
dopoaition or attack.

Tha results of thi* work art shown In figure* |, .and I, where tha limiting
praei*rura* in millimeter, of marcury art plottod on a logarithmic scale against tha
temperature* In dagraoa centigrade on o acola linear with tha raciprocat of absolute
temperature. Tha enpertmental point* art shown in Appendi* A.

Thai# graph*, showing tha pressure.temp*rature rangaa favorable to carbide
formation and unfavorable to metal deposition, served ae tha tuns for tha c M e et
condition* for coating blowptpa *penmen*.

X-ray diffraction aludie* indicated that NbC, TaC, and ErC war# tha pK M Ifftl
carbldas formad in tha abova work. However, although the monocarbida invariably
formed ad)acent to tha graphite, it wae poaaibla, under pressure.t*mp* rature «MM||.
lion* toward tha metal-depoeitlon limit, to for.n rmsturee of carb'dee (e g I*< and
Ta"C) and metal, and, in swni case*, carbide* with reduced lattice paramete( m.t».
eating poatlbl* dafact lattices or ranges of homogeneity, Where liquid or solid sola,
bility, or mtarmadiate carbide* eatst in tha carbide.metal eyetem, such coatings would
be expected to form at equilibrium at a»m* point between the pressure trmpeiatura
lim it* for carbide and maul dapoattion. A atudy of tha coating propartia* as a turn (iM

of coating condition* would be profitable, Unfortunately, time did not permit tha adop.
tion of each a program.

figure* 4, S, and b art photomicrograph* of typical coating* obtained in the**
experiment* on small ATJ-grade graphite rod*. Although there are microacoplc «hs-

contlnuitie* in the coating*, they are considered to be continuous from a gRiacruac opu
standpoint,

It ahould be noted that, in the** rune, the rate of vapor flow wae probably insuf-
ficient to permit the coating rata to be controlled by diffusion of (arboei through the
carbide. The coating time* given should be interpreted with thi» condition Mi mind.

The adherence characteristic of the coating* prepared in Hue work t* Attributed,
at laaet in part, to the fact that tha great throwing power evident in f igure* 4. S, and b
lock* the coating to surface irregularities. In alt of the coating* prepared to dale in the
range 1400 to 1200 C, only one ca*e of spalling wa* obeerved, and tht* wa* the result
«f oil vaporising from a graphite adaptor which had been contaminated during machining,
Thu*, the carbides formad from carbon of the substrate were adhere.it without e*c*pt

Thermodynamic Treatment of Limiting -Pressure Data

Since the estatenc* of a limiting pressure In the thermal dissociation of a halide
vapor roquira* the ealetence of a stabla lower halide, it ahould be possible, in principle,

to deterrnina the nature and thermodynamic properties of the lower halide* by properly
analysing the Itrmting-proeeur* data.
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FIGURE I. UNITING PRESSURES FOR THE FORMATION OF NbC ON CARBON <DASI!El) LINE) AM) OF
NIOBIUM (FULL LINE) BY THERMAL DECOMPOSITION OF NbCIlj AND NbHrs
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FIGURE 1.

UK Il INC PRESSURES FOR I'HE FORK.ATION OF UC ON CARBON (DASHED UNE) AND OF
TANIAILLUK tm .l. LINE) m IHEKK-AI. DECOMPOSITION OF Tt£l| AM) \*\us
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FIGURE 3.

O

LIMITING PRESSURES FOR THE FORMATION OF ZrC ON CARBON (DASHED LINE) AND OF
ZIRCONIUM (FULL LINE) BY THERMAL DECOMPOSITION OF ZrCl4, ZrBr4, AND Zrl4
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250X N41599

FIGURE 4. NIOBIUM CARBIDE COATING ON ATJ GRAPHITE FORMED
IN 45 MIN BY THERMAL DECOMPOSITION OF NbBr5 AT
1200 TO 1500 C AT 100 MM OF MERCURY

Run 12644-25.

250X N41600

FIGURE 5. TANTALUM CARBIDE COATING ON ATJ GRAPHITE FORMED
IN 10 MIN BY THERMAL DECOMPOSITION OF TaClI5 AT
1890 TO 2000 C AT 48 MM OF MERCURY
Run 12010-59.
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SECRET

250X N4UO0l
FIGURE 6. ZIRCONIUM CARBIDE COATING ON ATJ GRAPHITE FORMED
IN 30 MIN BY THERMAL DECOMPOSITION OF ZrCl4 AT
1900 TO 2100 C AT 12 MM OF MERCURY

Run 12010.38.
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Attempts have been made to treat the data quantitatively, but wtth little auccese
within the time limit Imposed by justifying the effort. Even the treatment of the aim-

pleat situation is beyond the scope of this report, and the simple model is not entirely
satisfactory.

It is possible, however, to obtain from thermodynamic considerations a semi*

quantitative picture of the range of pressure between metal deposition and carbide
formation which ie useful (see Appendix C).

On the assumption that dissociation has progressed to the point that the vapor at
the limiting pressure consists solely of halogen atoms and molecules of the lower
halide, it can be shown that the following relation holds:

lo *InHirfc *

where
PMC * limiting pressure for ca-btde formation

s limiting pressure for metal formation

AKmC * *r#fe eneriK °* formation of the carbide MC

T mtemperature, K

n *number of halogen atoms per atom of metal in
the lower halide.

The carbides of interest in thie work have free energies of formation of -15 €5
kcal per moleH) in the temperature range 1100 to 2000 C. Thus, if the trihalide is the
stable gaseous species, the limiting pressures for metal and carbide formation should
differ by 2.6 log cycles at 1200 C, 2.20 log cycles at 1600 C, and 1,68 log cycles at
2000 C, If the dihalide <s the stable species, the above values are doubled.

It can be seen from Figures 1, 2, and 1 that these differences are of the right
order and that the convergence of the limiting pressures wtth increasing temperature
is consistent with the analysis.

Another interesting relation derived from the simple picture described above is
the fact that the slope of the log Pm versus I/T line gives directly (on multiplying by

-2.303R) the heat of the reaction MX”(g) * M(s) ¢ 2X(g) or one-half of the heat of
reaction

MXj(g) *« M(s)f 3X(g),
depending on whether the di- or trihalide is the existing stable species.
In the cases of tantalum and niobium, the slopes (or heats of dissociation) are
greater for the chloride than for the bromide as would be predicted. The data for
ZrBr4 are out of line with the chloride and iodide, however, and would make an inter-

esting subject for study. On the basis of the simple analysis described above, this
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reversal indicates (hat, in ths caes of Erltr® decomposition, ths lower v«lent stable

species (¢ the dihalide rather than the trihallde, th« indicated form for chloride and
iodide,

Coating of Blowpipe Specimens

Thr blowpipe test specimens to be coated with the carbidaa of niobium, tantalum,
and zirconium conaiatad of tubta of M J graphito, 0. 75 in. in OD, 0,25 in. in ID, and
about 18 in. long, with a ahouldarad fitting at one end and a ball-and-socket fitting at
the other. Initially, it wa« planned that only the inside bore be coated, but arrange-
ment# were made later to coat both the inside and outside surfaces.

The shaps of thesa specimens makes them admirably suited to rsststance heating.
However, it was necessary to use long adaptor! of similar crosa aection to reduce con-
ductive heat lose frort thr ends of the specimens. Radiative heat lots was reduced by a
shielding capsule consisting of two concentric tubes of graphite with crushed graphite in
the annulus, The inner tube of the shielding capsule also served to direct the vapor
flow around the specimens,

Figure 7 is a general view of the equipment used in most of the coating work*
showing one unit ready for operation and the other partially assembled, Operation of
the plating units can be understood by reference to Figure 8. The entire assembly ie
contained in a water-cooled vacuum-tight tank, which can be outgasaed and then sub-
jected to an automatically controlled back praaaure of inert gas. Ths internal assem -
bly, consisting of a realattvely heated graphite vaporizer, specimen and adaptors, and
condenser is so arranged that ths vaporizer takes the weight of the assembly when it
rests on the bottom of the vacuum tank, and the specimen is free to expand on heating.
Electrical connections to the vaporizer are mads through the vacuum tank to the bottom
of the vaporizer and to the stainless atcel plate common to the vaporizer and the lower
specimen adaptor. Connection to ths top of the specimen is mads at the plate holding
the condenser. The heavy currents required are conducted to the electrode plates by
water-cooled copper tubing which ie coilfcd for flexibility. Separate power supplies are
provided for ths vaporizer and specimen aa described in Appendix C.

Briefly, the operation consists of assembling the unit, Inserting the charged
vaporizer at the laat moment before closure, evacuating the tank, setting the back
pressure at a predetermined value, bringing the epecimen up to temperature and then

heating the graphite vaporizer on a predetermined power schedule to vaporize the
halide at an appropriate rate.

The proper balance of vapor flow through and around the specimen was achieved
by optimising the relative sizes of the axial and radial holes in the adaptors.

In the earlier work, when only the bore of the specimen was being coated, it was
possible to measure the specimen temperature by sighting an optical pyrometer through
the view port on the wall of the tank and a hole in the shielding capsule. When it be-
came necessary to coat both the outside a*hd Inside of the specimens, the sight hole was
closed and the Lavite insulating capa at ths top and bottom of the capsule were made

*An earlier coating unit uicd in Runt 11661*30*1LM through 12416-47-19LF it dttertbed in Appendix 3.
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FIGURE 7. COATING EQUIPMENT FOR BLOWPIPE SPECIMENS
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close fitting to minimise escape of vapor and to direct part of the vapor flow from the
radial holes in the bottom adaptor around the specimen and into the radial holes In the
top adaptor. Under these conditions, the specimen temperature was estimated by

previously determined correlations with heating current and temperature of the outside
wall of the insulating capsule.

Figure 9 shows an uncoated specimen, a set of adaptors, and specimens coated
in 1 hr at about 2000 C with NbC, TaC, and ZrC from the chlorider at 50, 100, and

5mm of mercury, respectively, the conditions finally adopted for coating most of the
specimens.

Figures 10, 11, and 12 are reproductions of the X-radiographs of the above spec*
imens. To obtain the metal-equivalent thickness of the coatings, the radiograph of the
specimen was compared with that of a metal-foil step gags, by means of a densitome-
ter. Figure 13 gives the corresponding densitometer traces showing metal-equivalent

thicknesses of 7 a 1.5 mils of niobium, 3s 0.7 mils of tantalum, and 2a 0.5 mils of
zirconium.

Since the ratios of the densities of metalP) to monocarbideP) for niobium, tanta-
lum, and zirconium are 1.092, 1.14, and 1.01, respectively, the carbide thicknesses
would be a little greater than the values given above. The factors influencing the ac-
curacy of this method of measurement have not been fully evaluated. However, in the

few cases where the coating thickness was also measured by microscopic examination,
the agreement was within 25 per cent.

The gradient in coating thickness is due to temperature gradients in the specimen.
Contact resistance at the junction of vhe adaptor and specimen may account for the
thicker coating at the ends. Other variations are attributable to specimen inhomo-
geneity. The resistance per unit length as a function of distance along the specimen

axis was measured for all specimens prior to coating. Those showing greater than
+10 par cent variation were discarded.

Better temperature compensation at the ends of the specimen may be obtainable by
further alteration of the adaptor geometry.

Figures 14, 15, and 16 are photomicrographs of typical cross sections showing
the continuity and general structure of the blowpipe-specimen coatings. The difference
in appearance of the coatings shown is significant. The outward appearance of the
specimens is consistent with the microstructure, in that NbC- and ZrC-coated speci-

mens are smooth and bright* while the TaC coatings are a matte-gold, indicating a
rough surface.

It can be seen from the phase diagrams in Figure 17 that at coating temperatures
of 2000-2200 C, ZrC and NbC coatings(6) are formed above the solidus in the metal-
carbide system, whereas, TaC is formed below the solidusP). It is probable that Z rC

and NbC form by crystallization from a liquid film at the outer surface of the coating,
leading to a denser carbide.

It Is interesting to note that X-ray diffraction measurements show only the mono-
carbides in the blowpipe-specimen coatings.

«ZiC Uillvery. NbC U illvery with a pink tinge.
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zZrC WhC ToC Uncooted  Adaptor*
N41077

FIGURE 9. COATED AND UNCOATED BLOWPIPE SPECIMENS AND
A SET OF ADAPTORS

TaC coated, Run 13331-19-75LF*
NbC coated, Run 13331-28-78LM.
ErC coated, Run 13331-73-93LF.
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FIGURE 10. RADIOGRAPH OF NbC -COATED SPECIMEN

Run 13331-28 -7BIM. Coaled by thermal
deoompcntion of NbClj.

Motet Radiograph taken with portion of
adaptor adhering to right end of ipeeimen.
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RGUW 11.

RADIOGRAPH OP TtC -COATED SPECIMEN

Run 13331-11-11U. Coated by thermal
decotnpoulUon of TaClI».

Note: Radiograph *aken with portion! of
the adaptor* adhering to the endi of the
pectmen.
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N41148
FIGURE 12. RADIOGRAPH OF ZrC-COATED SPECIMEN

Run 13331-73-93LF. Coated by the thermal
decomposition of ZrCIA.
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FIGURE 13. DENSITOMETER TRACES
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500X N4l 101
FIGURE M. NIOBIUM CARBIDE COATING ON ATJ GRAPHITE FORMED

BY THERMAL DECOMPOSITION OF NIOBIUM
PENTACHLORIDE

500X N41100
FIGURE 15. TANTALUM CARBIDE COATING ON ATJ GRAPHITE FORMED

BY THERMAL DECOMPOSITION OF TANTALUM
PENTACHLORIDE
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500X N41102
FIGURE 16. ZIRCONIUM CARBIDE COATING ON ATJ GRAPHITE FORMED

BY THERMAL DECOMPOSITION OF ZIRCONIUM
TETRACHLORIDE
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FIGURE 17. PHASE DIAGRAMS FOR THE NIOBIUM-CARBON, TANTALUM-
CARBON, AND AIRCONIUM-CARBON SYSTEMS
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When the proper coating condition* were determined and the equipment had bn-tt
developed, specimens were routinely coated at a rate of two or three per day.

A total of 99 uaeful specimens was coated with the three carbides in various
thicknesses ranging from 0.5 to 20 mils.

Coating of Uranium-Impregnated Specimens

Uranium-impregnated ATJ graphite specimens were coated to test the effect of
the presence of uranium on the resultant coating and to determine the extent to which
uranium is leached from the specimens in the coating process.

Six rods of ATJ graphite, 3/32 in. in diameter, were sent to UCR1. where they
were solution impregnated with about 7 w/o uranium and fired to form the carbide.
The specimens were coated as received in the apparatus described in Appendix A.
Vaporization of the halide was brought to a steady state before the specimen was heated
to the coating temperature of 2000 to 2070 C.

In three cases, the halide condensate from the coating operation was collet ted
and analyzed for total uranium to determine the extent of leaching.

Table 1 gives the coating conditions and results.

TABLE 1. COATING OF URANIUM-IMPREGNATEI) SPECIMENS

Presiure, Uranium Content, mg | OSS*
Specimen Halidp mm of mercury Initial™*) Condensate pcr cent
L-I ZrCl4 6.0
L-2 ZrCl4 5.0 58 37.2 64
L-3 NbCI5 49.5 56 37.9 67.5
L-4 NbCI5 50.0 -- - - -
L-5 TaCl5 106.5 53 SO. 4 95
L-6 TaCl5 102, 5 *

(i) UCRL analyiti.

Table 2 gives the results of X-ray diffraction examination of the coatings.
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IAILt f CONSTITUTION Of COATINGS OK URANIUM.
I tMtRft.GNATI OCRAHItITt

Spec yrnen fhbaae Intensity Parameter® A Remark*
W f -||fr faint
| ttC m,,
t.4 > mc-g Strong 4.4bT<»* MR
« Caber Medium faint | 4.41 Carbon deficient t
NbjfCOi Medium (amt
14 laC Very »trong 4.S1<*>
TaC Medium faint 4.49 Carbon deli* lent 7
Tn"C Very (amt
(# * o x ok ftftft, «*4 « IftAIM lig( UC, NMs» **d 1«C» *

figure* <1, 19, ftiM {0 compare ih* coatinge wilt Mmplt* oRiliitd am iMimpr»|>
ft*Ud graph*tt (previously » | tgure* 14, IS, »nd 14).

CorufM n mom of th* photomu rug raphe r««ftftl> th* similarity of th* <mating*, with
e aom#wh*« greater c”*.crvifHKtB of void* and fiaeur*# pre»ent in th* coating* ol the-
tn\pi»|M trd *)Mriim««ft. llottvit, other coating* luch *e« thoit pictured in 4,
I, *«'l 4 sNow varying awctirtuttani of void*, Ilai, It ift not poaeibl*, without far*

ther fttad> under (ofttrolltd cftMition*, to »m M ftrcvriUly the *W*ct of the prtHnrc
of wfftftitiw a« th* r«»ult*nt cmuiil,

The to** of uriBiian, presumably by th* reduction of the haUde vapor#, tft the
moat ei(nifu«nl reault of theft* enpertmenta. Sotn* leaching w*« etpedH , However,
to»» ol thift magnitude ftfti fturpnamg. Since it »» understood that the uranium con-
centration «*i great* »i at the curiae* of thee* eolation.impregnated cample*, the
leaching effect *oet<* be expected to be more draettc hare than with graphite, which is
homogeneously leaded with uranium during »U manufacture.

The teaching of uranium from uniformly loaded graphite wa» tested with sample*

from longitudinally quartering a tube supplied by th* Lo* >.lamo« id fliftt

laboratory  The spec imana were in the form of roda of roughly triangular croaa
m bm , about 1/If tn. on a *kda.

The uranium content of one of the quartern, 7.2 w/o, wac token aa the original
loading of tbs other three. Coating conditiona and reaultt art given in Table 1. The
(oeting thicktiea* wa* not mnaeured in lhta aerten of experiment*.

However, the coat-
ing appeared to be normal and about 2 to 1 rvnla in thicknaaa.
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PpPP

«am* | LUdFINQO murmur* im otc ohahkiti
¥rtFFr>, Wmtt+mtS Be*.
rwwytitHit.f 1Am. mm mi mimm C*KN~/*i M tt,
HAKRet 1 1CT At -NHCALe «ttfll per re*™ ytf ct*»
A tiCig mr I <> 1,1 41
feAl wac** ItM 1 l.» i
C $ HAOg ;; B fnil un | YM
HI « 4* twa«M wanne
A* t«livacd  1IM W** «f Qo*flx*e* [f#** n**ty«ge*ee**iy »«e |k
LM dil, iti* tka* 1fiii K ijiii»i nMitrul, HwifHtt A* ti*A "M
M AMtedeac™ A* AL AR AT TR i kde*4xCt -

det*t**e AtA «i t**«owa***«y» |

D 3t HY Mke AR« it > [0]\V: Sadiaiaiaiafalite h tl* >»*» A
AFJAM «** K*f**t«f» tA»*N(jik tk# inp A t#, A# <H )m * »»*14 A# e*y»t«t™4 t# d#tird«« it
At *PMidNl« MM # WMt«*»*4  tl NMFtil# W [MMBKEM I AitttM At 17 «l
Ay e FIttFVBAY (MU<«| *MNb» U*4 « A *d iy»WYtAA (EM M Itttkti o<ef**i«f* |
HMiI.

MAM« «t CurA*u CtrMti

At <o« M4 *Htt, CMIAI *1 (M oW O it «*r fitd o<t tM tt (#Hee
ANti* 4tM |tt4 A c«A#*l tk MWi.tli rtlt Ar At riM #4 4ttfa**«t «4 (irAw Anm|li
At titA A, Utltty, Il tktiM X p~*tASt MAUmM 4UIMM mtA Mt Ir<M At r*t> of
<SCFF p<mum . ikvtvtf, tl It *m«AMIit tAtAttly Itttr timibac **1*# from
At <«tlA| dam tuwt. «l1Att]l 1At Umt.AmytrtUtrt tcM tit ol ktlA | At Aytmtf
et T A «*m, it e«™ qrmttrtttt WA toperuttto™ «( At AMid« «dtr ty.
MHtATtt ctMllltiw AM #£=5H4 «NI H»F £ 4, Utrt*vtrd MAt nttai ikl tIKtr <oty
(M Iftl iIMM,IMtI(*] it At p>»*oHd iMtrlict) miy lit* *«ect*4 ptrtul (M4 i*|t
At i«tiA]| 4>« gvw MI) AAIMtA Altttt lot 1AL 4UKM r«it, 1

Tkt, *t# tAL IIMAUASF yrtitMtrtt AT mtui |[«4 t*rAtde ItrimUMi R4 K tt 4»*
i«i Frdxd |AFAFA 1AL <4 U At tMUTtd yttitd k M«xe £ardl to Attempt diffueuw
MMNrtMMIt A *k ctttU | tytifAtM (tr mmlil >4 tytcimttt (t#t Appendix A), I*
HA* ***tpme#»*, VifMmMMUtM <** A* Ml«I*I*4 {IME 1AL epertmen At*1*4 e«4 tooled gvm kty
M tki 1At IMXAl <Al Amyirturt It Mt««. Mtrttvtr, it ett tooivd thtt, with
MIVAMYy ittm U M t, Mn t pottiAM to ftlkv Ik yrtyrtti mi At <o*ttn« Ay moaiumiv*
tAL titdricil CiMdiIKimly M« rtnttlivtly At*l«4 tptam tu,
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H
tl dittufeie* <f <*rWe through the carbide It i(t«ill| centrelliwg, Ib* <«*<*»« rat*
a f*r«WU( ImcUw :
<e*(«
«V«r« 4 ia the IbcU «M (assuming 4 plan# MIiftCt), Kill IORtunUiid tit lh»
Aim . Hitw W trilil rti* controlled by mat* transfer tl IK# vapor inl*r<»«r, Ib*

rate «e*Ul be linear utk time, Thu*. it ke»Mtm*d that. il the rotitti r*I* it pare*
belie, itierbuctriiitu el tU diffusion ol carbon through the carbide. #

t« cat he »W W | Hat lev caeet ol Hue type occur* according to Ib*
relation 9

«h*f« f»ea compiea lacllei ol the concentration gradient through which diffusion uh»*
piece. D *e th* coefficient of diffusion in the fundamental diffusion equation:

dt  j« <

huu* m data are available on the aolubilittee of carbon in NbC, TaC, and t rC
wtth which to evaluate y and, therefor*, 0 explicitly, It ia nectetary to ute the equa-

*
turn la the form: Dy* a1 for the interpretation of the data. Now, if the concentration

. VvV

gradtent doe* not vary with temperature, a plot of log Dy* vertu* I/T will give the tru*
value of the aettvatloa energy for diffueton. Moreover, if it can be aetumed that the
tame carbon concentration gradient exists ia the coating proceet at in the attack of the
coated specimen, for oaample by hydrogen reacting with the diffusing carbon, the dtf.

fution data from the coating experiment* can be applied directly to the corroeton
problem.

v e VS S V.

| *t>*rimen4al WoHit i

The principal difficulty with obtaining the required date In the small coating ap-
paratus ora* that of providing vapor-flow rates sufficiently high to svoid mass*transfer
control at the vapor-solid interface and permit th* observation of solid-*olid diffusion
control, hy using a Urge supply of halide in the vaporiaer section, a high hest input
to the vaporiser, and by eliminating the bach presaure (evacuating the condenser sec-
tion of the tube), U was poteiblo to obtain parabolic growth curvet of the type shown in

ligtttg 11. + At lower heat inputs to the vaporiser, lower linear coating rates wert
obtained.

ot* « *h» pee-Me w Ismpm MJ 4M4 «» Oe ten* <4 OftheM* *L Mn »«csl Mevngl Mn csitott  »*eeen«, hm< Mn ***,
u <C*ewtendlli. MU twsatil wW Sn MUbesgpnw

*Th* pee «Jmg few cwvm e«« efemt—S ty iw lis g OMse*«ug MMctawe m«****4 *t Mn *M el * ie *>tH «wwnwMiwtttUy
K.«.*flusM Mug Mnnw HecSnuM l«*U «w« p»nt*4 it m om « om wMogt toy sate Mn Imuu-* MCiWw cl Mn
y uw e earyiMg*iww cwnet. Ateni-vnl plug«** « u « p*v*et *so»ie*#w .4 wfc<tub* pamaftM.
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FIGURE 21.

ErC COATING THICKNESS AS A FUNCTION OF TIME
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FIGURE 22. ErC COATING RATE AS A FUNCTION OF TEMPERATURE
SECRET



SECRET
19

>igurr U show* the coating r*1* *e * ConeHon of temperature (or the formation oi
f rC. by the thermal decomposition of 7 rCI*. At would be expected, the linear, or
vapor-flow, controlled rates are alt below the parabolic rates.

It appeared that, at the high vapor.flow rates, and despite the evacuation of the
condenser section of the tube, the pressure below the vapor barrier and in the region
of the epecimen was in the range favorable to carbide formation, but unfavorable to
metal deposition, e.g., above 0.9 mm of mercury at i 100 C. This was checked by
making two runs with a back pressure of £ mm which is well within the desired range
(see Figure 1), The results (encircled pomte in Figure 21) confirmed those obtained
with the condenser section evacuated to promote maximum vapor flow.

The equation for the rate of £r€ formation, which presumably represents the
rate of diffusion of carbon through the carbide is:

A2 20,000 At
logDy* - =4 0. 24.

The indicated activation energy of 91.5 heal (ails between the values 109 keel and

59 kcal given respectively by Andrews and Dushman” and by Pirani and SjMktpff***' (or
the diffusion of carbon through WjC. A discussion of the discrepancy between the val-
ues for WAC is beyond the scope of this report.

Investigation of the corresponding niobium eystem was inconclusive at the end of
the contract period. Several anomalous results were obtained, and it is not certain
that the rates of coating formation were controlled by the diffusion of carbon through

the carbide. Additional research would be required to obtain reliable information on
the diffusion of carbon through NbC.
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APPENDIX A

APPARATUS AND PROCEDURE FOR
LIMITINTfI-PKESsORfe fettfeRMIfoATIONS

The apparatus constated of two identical units mounted aide by side, utilizing the
same electrical system, vacuum source, surge tank, and gettering furnace, The units

were operated alternately. Filament temperatures were measured with an optical
p *romc«t«r.

Figure A-1shows Unit 1in operation. Figure A-2 shows Unit 1, with a hot-wire
filament, being evacuated prior to charging with halide. Figure A-J shows the elec-
trode essembly with a carbon rod. The corresponding electrode assembly for metal
deposition can be seen in the reaction tube in Figure A-2.

Since the vacuum requirements for the apparatua were nominal, a rubber.stopper
closure was ueed for simplicity and flexibility. However, because of leakage resulting
from the lack of radial symmetry of the Vycor tubing, it was necessary to provide an
auxiliary closure having a truly circular opening. The atainleas steel head adopted
for this purpose wae fitted with a rubber O-ring, which was compressed againat the
outer wall of the tubing to accommodate the ellipUcity and give an adequate seal.

The desired electrode assembly was placed in the reactor, aa shown in Figure
A-2, which was evacuated to about 10 Mpressure. The pressure within the tube
was then adjusted to atmospheric by helium which had been passed over a atreonium
getter to remove traces of oxygen, nitrogen, and water vapor.

Ths electrode asesmbly wae removed end the reaction tube charged with the de-
sired metal halide through a glass tube attached to a charging bottle. After the elec-
trodes were replaced and connected, the liquid-nitrogen trap before the vacuum pump
was charged and water routed to the condenser on ths reaction tube. The reaction-tube
furnace, Figure A-l, was positioned and connected and the system again evacuated.

When the pressure in ths syatsm reachsd 10 p or Isas, gettered helium wre
added to reach the deaired operating pressure. The furnace surrounding the reaction
tube was heated to a temperature slightly above the dew point of the halide. Thia pre-
vented premature condensation of the halide on the walls, The bottom furnace was
powered by a Variac operating through a Micromax controller, set at the temperature
where the vapor pressure of the hallds slightly exceeded the adjusted helium pressure
in the tube. The filament or rod temperature was adjusted by a Variac, and the tem-

perature of the filament was measured by an optical pyrometer* focused through the
elit shown in Figure A-I.

Ths current increaes caused by metal or carbide deposition was measured by the
ammeter shown in Figure A-l, The filament temperature at which the rise occurred
and the system pressure were recorded.

eruul teffifkKMiurt! Adjunct! lot cntinlvity «n< abaorpuoa by the Vycot tubi wall.
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N40675
1. Gathering furnace 4. Ammeter
1. Manometer 5. Furnace with electrical and thermo
1. Liquid nitrogen trap couple leads attached

FIGURE A- 1.

6. Surge Tank

LIMITING-PRESSURE EQUIPMENT IN OPERATION
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Electrical lead for heating element 6.
O -ring vacuum head 7
Vacuum lin*» ..
W ater-cooled condenaer 9.
Trap 10.
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N40671

Split-ring vapor barrier
Molybdenum adaptor
Wire filament

Vycor reaction tube

Me Lcod gage

FIGURE A-2. LIMITING-PRESSURE EQUIPMENT HOWING
FILAMENT ASSEMBLY IN PLACE
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N40620
1. Water-cooled electrodes 5. Vycor platee
2. Pyrox tubing shielding 6. Carbon adaptors
3. Molybdenum adaptors 7. Carbon expansion ring
4. Molybdenum lege in (vapoi barrier)

Pyrex tubing

FIGURE A-3. GRAPHITE.ROD ASSEMBLY FOR LIMITING-
PRESSURE MEASUREMENT
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It may b* asked whether the v*|Mr barrier ehowa in figure# A-* in4 A-1 w«e
effective in maintaining a saturation partial pressure of halide vapor in the region of
the filament without introducing * eifmficent pressure drop, lie effectiveness (e tvf
denced by the consistency of the data of figure* A-4 through A* 10, taken over several
rune for each ayetem tn which the vapomatton rate# varied ever an appreciable range.

It will be noted that, for the deposition of airromum front /. rClg, It wee atm *
eary to work in the liquid range on a tungsten filament, The magnitude of the effect of
alloying with the tungeten wan not determined, Alloying would be sapet ted to reduce
the activity and make deposition in the alloy more favorable than deposition of pure
metal, l.e., the eapertmentally determined limiting preieure would be on the high aide.
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FIGURE A.4. CI\/ITmFORMATION AND MKTAI. DEPOSITION KKOM NfcClj
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FIGURE A-V CARBIDE FORMAT ION AND METAL DEPOSITION FROM Nb»r,
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FIGURE A.6. CARBIDE FORMATION AND METAL DEPOSITION FROM TaCl
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0 Deposition
X No deposition

FIGURE A-7. CARBIDE FORMATION AND METAL DEPOSITION FROM T-ltrs
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m Depotrton
o No deposition

°°M 80 48 40 38 i 21 SO 28

FIGURE A.8. CARBIDE FORMATION AND METAL DEPOSITION ON TUNGSTEN
WIRE FROM ZrCl4
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FIGURE A-S. CARBIDE FORMATION AND MET A1 DEPOSITION FROM ZrliIr
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FIGURE A-10. CARBIDE FORMATION AND METAL DEPOSITION FROM Zrl4
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APPENDIX B
COATING OF BLOWPIPE SPECIMENS
M aterial

With the exception of zirconium chloride, which waa purchased from the Stauffer
Chemical Company, the halide a uaed in thia work were aynthesised from the elements,
using high-purity materials. All were handled under an inert-gas blanket.

Apparatus

The coating equipment is described generally in the body of this report. Several
details of interest are discussed here.

Heating Circuits

The specimen was heated by a thyratron-controlled Ignltron-fed transformer unit

having a capacity of 2100 amp at 29 v, made by the Federal Welding and Machine
Company.

The vaporiser circuit was fed by a Tranetat-controlled transformer system having
a capacity of SOOamp at 15 v.

It was found that at least 1060 amp could be carried by 1/4-in. copper tubing
(0. 032-in. wall) cooled by tap water at 42 gal per hr. The 36 F temperature rise of the
water flowing through a 5-ft length corresponded to a power loss of 3.7 kw. A tubing
diameter of 3/8 in. was used in construction of the coating equipment, although the
I/4-in. tubing would have been adequate.

Vacuum System and Pressure Control

The coating equipment was evacuated by means of a Cenco Hypervac-25 pump
through a liquid nitrogen-cooled trap and a glass-wool filter designed to catch entrained
halide particles. An adjustable mercury manometer provided with electrical contacts
and an electronic relay was used to control the pressure in the units by operating a
solenoid valve which permitted intermittent pumping of an inert gas bleed.

Typical Data

Tables B-1, B-2, and B-3 give typical data taken from Runs 13331-28-78LM,
13331-19-75LF, and 13331-73-93LF, respectively. Variations in coating thickness
were obtained by varying the quantities of halide charged to the vaporizer.
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Time

0930

1010

1015
1025
1035
1045
1050
1055
1100
1105
1110
1120
1130
1140
1150
1155
1200
1300

Specimen
Current,
amp

65

440
445
440
440
440
440
445
450
450
455
460
465
470
475
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TABLE B-1. DATA FROM RUN 13331-28-78LM
Halide NbCI5
Weight of Charge 255 ¢
Preeture 50.0 mm of mercury

Coating Temperature 2000 C

Shield

Temperature,

F

Vaporizer
Current, Temperature,
amp F
-- 120
— 125
160 160
160 385
165 460
165 470
185 490
200 520
215 570
235 630
235 650

SECRET

Remarks

Unit assembled and
evacuated

Specimen fired and pres,
sure brought to 50.0 mm
of mercury with helium

Power raised to specimen

Vaporizer coolant drained
Vaporizer fired

Vaporizer power raised

Vaporizer power raised

Vaporizer power raised

Vaporizer power raised

All power off

Pressure brought with
helium to atmospheric
and unit opened
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TABLE B-2 DATA FROM RUN 13331-19-75LF

Halide TaClg
Weight of Charge 395 ¢
Preeeure 100 mm of mercury

Coating Temperature 2000 C

Specimen Shield Vaporizer
Current, Temperature, Current, Temperature,

Time amp F amp F Remark a

0900 Unit assembled and
evacuated

0945 65 — -- Specimen fired

0950 460 Preeeure brought to
100,0 mm of mercury
with helium, power
raised

1000 445

1010 440 --

1020 440 130

1025 440 1400 -- 150 Vaporiser coolant drained

1030 440 160 200 Vaporizer fired

1040 445 100 490 Vaporizer power raieed

1050 455 1410 1S5 550

1100 460 200 565 Vaporizer power raised

1110 465 1420 205 600

1120 465 230 660 Vaporizer power raised

1125 465 1440 250 710 Vaporizer power raised

1130 465 250 735

1135 All power off

1230 . Pressure brought to

atmospheric with
helium and unit opened
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TABLE B-3. DATA FROM RUN 13331-73-93LF

Halide ZrCl4
Weight of Charge 170 g
Pressure 5.0 mm of mercury

Coating Temperature  2C00C

Specimen Shield Vaporizer
Current, Temperature, Current, Temperature,

Time amp F amp F Remarks

1030 — -- -- -- Unit assembled and
evacuated

1115 *m Pressure brought to 5.0

. mm of mercury with

helium

1120 65 mm - mm Specimen fired

1125 430 nm - o Power raised

1135 425 em . nm -

1145 420 mm . nm :

1155 420 1410 mm 150 Vaporizer coolant drained

1200 420 — 165 230 Vaporizer fired

1210 420 1440 195 560 .

1220 420 - 205 615 Vaporizer power raised

1230 425 1470 210 645 -

1240 425 : 220 675

1250 430 1470 220 700 .

1300 430 .- 240 715 Vaporizer power raised

1310 430 1460 240 780 .-

1320 - - - : All power off

1415 Pressure brought to
atmospheric with
helium and unit opened
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Atmospheric-Pressure Coatsr

Runt 11661-50-1LM through 12416-47-19LF were made in a coating unit conetet-
Ing of separate vaporising, coating, and condanalng chamber! which waa later aban-
doned. Difficulty waa experienced in obtaining a vacuumtight, electrically inaulated
aeal which would operate at the halide vaporisation temperature, and accommodate the
thermal expaneion of the epecimen, Consequently, uae of the unit was limited to | rC
coating from Zrl™ where atmoapheric preasure could be used. Unfortunately, thie
pressure ia so close to the limiting presaure for metal deposition that, on occasion,
convection currents, sweeping inert gae into the coating region, lowered the partial
presaure of Erl™ to the point that liquid sirconlum formed and ran down the specimen.

Some aucceas waa obtained when care was taken to avoid mixing of the vapor stream
with the inert-gas blanket.
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APPENDIX C

THERMODYNAMIC ANALYSIS OF PRESSURE RANGE
F6R MfeTAL-FRfcE CARBIDE FORMATION

Consider a simple example in which the metal halide MX$ dieeocittee to form
the metal and halogen atoma*:

MXs(g)-M (s) + 5X(g). (C-I)

Consider further that one lower halide, MXn(g) ia stable, and that the equilibrium

MXn(g)-M (e)fn X (g) (C-2)

must be considered. At total pressures corresponding to the limiting pressure for
metal deposition (see Figures 2 or 3), the pentahalide being fed to the hot surface is
dissociated to halogen and the lower halide, but metal is neither deposited nor con-
sumed. It seems reasonable to assume that, at the temperatures involved in this work,

the vapor consists principally of lower halides and the halogen and that pentahalide (in
this case) is unimportant.

Thus, the limiting pressure la defined by Equation (C-2) and the stoichiometry
condition:

(*-n>MXn * pX.
whence,
pitmit * p MXn + PX * <-n)p MXn
From Equation (C-2),

Ko« BX » smsnpmx,

1
or

PMX,,*

(5-n)
and

Plimtt * m6~P|n K f7 .
(S-n)"71

«li can be thown that at the temperature* and pressures of Interest in this work, the halogens in question are predominantly
monatomic.
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In logarithmic form:

108 Pm *log *(n) ¢ log Kz¥* (C-3)
where Pm 1* the limiting pressure for metal deposition. Now, in the formation of
carbide, the same stoichiometry condition holds at the limiting pressure and Equation
(C-2) is replaced by Equation (C-4):

MXn(g) ¢ C(s) « MC(s) ¢ nX(g). (C-4)

Since the gaseous constituents are the same, we have, corresponding to Equation (C-3),

log PMC b 108 f<n) + 1°8 k 4 » (C-5)
and .
i°g pm/pmec “~rrl'og - lo« K4l. (C-6)
or
/-AF2 4 AFa .
log Pm /PMC * ATf V~Z. 303 RT (C-7)

It will be noted that Equations (C-2) and (C-4) differ by
M(s) + C(s) > MC(b), (C-8)

where AFg * AF4 - AF2ia the free energy of formation of the carbide, AFmc» whence:

MC
lo8 * W PM 8(n-1) 2.303 Rtf * (C“9)
«Ir*hould be noted at this point that lug Ko m (n-1) log and that (n-1) d 109 Pm Anj

dfl/T) Oo3K*
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