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CHEMICAL VAPOR DEPOSITION OF ZrC IN SMALL BORE CARBON-COMPOSITE TUBES*

Terry C. Wallece
Los Alamos Scientific Laboratory
' P. 0. Box 1663
Los Alamos, New Mexico 8754k

ABSTRACT

Process conditions are described for the chemical vapor depcsition
of ZrC from the vapor phase consisting of zirconlium tetrachloride, methe
anw, aywrogen chloride, hydrogen and argon over the temperature range
132C to 1775 K. From an anaiysis of the process conditions (initial
composition ol coating gas, axial t.mperature profile elong the tubes,
total pressure and length of depositic:. time) » the subsequent ZrC coat
*" ickness profiles and thermodynamie data, an equation expressing “hre
vur.ation of the axicl rate of ZxC deposition is derived. Thic exy ‘as
sion can be used for the estimation of rrocess conditionsrequired to
:ield a specified ZrC coat profile. Acditionally, the variations of
vae chlorine and oxygen contents, the lattice pu.rzueter, the micro-
structure of the ZrC deposit and the coefficient of thermal expansion
as o function of deposition temperature are described.

INTRODUCT ION

Early in the Rover Program for the development of e graphite-
baced nuclear propulsion system which used hydrogen gas as the propel-
lent, it was conclusiveliy deuonstrated that unprotected reactos com-

T - nkd were severely attacked at the operating temperature. As a s0-
~1iJion to this problem, Melvin G. Bowmen of T.os Alamos Scientific Lab-
oratory developed the concept of the addition of a "protective gas" to
the hydrogen propellant gas under operating conditions, such that the
"protective gas" would react with the graphite-based components to
form a protective carbide coating, but under conditions such that no
deposition would occur on surfaces where free carbon was not available.
One such group of protective gases investigated in 1957 included
TiCle(g), 2rcls(g) and MoCls(g) with varying amounts of HCl(g). It
was found that these additions in the presence of the hyarogen, would
ren~, with the exposed grephite surfaces to form the respective mono-
caroides, which served as protective coats. From these investigations
a process was developed for diffusion controlled (carbon diffusion
across the carbide layer) chemical,vapor deposition of refractory car-
bides on g-.phite fuel slements.*’“ It should be noted that Battelle
Memorial Institute made an independent development of an equivalent

* .
Work performed und.r the auspices of the United States Atomic Hiergy
‘Commisgion. :



technique in 1957.3 Even though these techniques yielded excellent
coatings on unloaded graphite, it was not successfully used with UCh
loaded graphite fuel elaments until the latter noart of 196i. From that
point L. ti=n through December of 1972 some k5,600 fuel eicments had
protective boats applied by chemical vopzr deposition st Los Alamos
Seieatiila. ...oratory.

NbC was the rrotective coating material used in the early yeors
of he Pregrim. A5 the operating criteria of the various aucliear proe-
pulsion syst...s became more stringent, it was necessary to improve the
quality - the protective cocts. Tha mein direction that this .. lort
took wil the nval sion of techniques for the deposition of Nbl dircetly
from the -2z rhase. This was accomplished BY the wilition of methase
to the ¢  gus Which eliminated the diffusion control aspeets of

. the earlicr process. Thesc coats were much more adherent, put i% was

morc difficult to control the coat thickness profile. With the develope
ment ol composite fuel elements whose matrices were composed of mix-
tures of (U,2r)C solid-soiution carbide and graphite, it was neccssary

- to develop techniques for the depositic.. of ZrC from the gas phose.

During the last two yearc of the Program (1971 o 1972} an intenszive
effort was put into the analyses of the Zrl coating process to Yetter
understand the inter-relationships of the nwaerous costing process
parameters.

The purpose of this papec is to:

¢+ Describe the current process for chemieal vapor deposition
of ZrC on the surfaces of the bores of composite fuel ele~
ments.

* Describe the chemistiry, vhysics, cost microstructure and
kinetics of the deposition process.

* FPresent a model which describes the odseived deposition
rate in terms of the process parameters (initial coating
gas composition, temperature profile down the fucl ele-
ments, total pressure of the system and time of deposition
and fundamental thermidynamic properties.

* Summarize the psrformance of the ZrC protective coats.
COATING FURNACE

Fig. 1 shows a perspsctive view of one of the coating furnaces
used in this work. Power for the furnace is supplied by 200 kVA, 5 kiz.
motor-gensrator set. Each motor-generator set is connected sz0 that it

-
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can be switched botween sither of tvo adjacent ecoating furnaces. This
allows for greater versatilliiy ia that it is possible Lo cont in one
furnacae while theo othor is oo a cooling eycm. The power from the
motor-;, ~orator s oanected to o coating furnace trensdormer which
has a zerices of outpul taps ranging Jrom 19 o 229 V in steps of 25 V.
The induction coils are in tiiree indivicual banks and by a si:api.u
switching arrangement, the voiligs oa any of these vanks can be sob by
connecting with the output tapr of the Durnace transfarmr. Resonance

in th zystexn is provided by variable ennseitor boniia. The '.e:.-wz. systes
iz isterlocked with water flow and woler tasperature sensing devices to

assure proper cooling of critiecal Jlurnace components. Mﬁi&ionuly
these 13 o humidity censor within the furnace shell to detect leaks
frow the cooling water cam'mc:!.s. The {nner wost portion of the furasce
is & graghite lircr {ib% in. diam, 1 4in. thick and 86 in. long) sur-
rounded by 2 graghite su..ccptor {16 in. diom, L ia. thick mad 85.7S in.
long). Exterior to the susceptor i3 a 2 in. thick layer of Thermox in-
sulation. The insulation is contained within 1 in. thick cecamic rings
with 0.042% in. thick zheet zica at the interface. In turn, the corame
ic rings arc zupported by the water cooled, coyser induction coils.
The lower Luur sightports contoin greophite tubes that pass through the
furnace znell and terminate on the surfice of the graghite liner. A
{s paszed through ticce tubes so that the Space between the liner and
ssseaphor is continually purnmed of gaseous impurities. The I.ushing
i exits at the graphite support base and mixes with the effluent gaz
srreom, The surlece temperceure of the liner is determined by onuical
pyromeery through cheze ports. They are pocitioned 12,5, 27.0, 4L.5 and
56.0 in. reiative to the inlet end of the positioned fuel elements.
Periodiczlily o tempersture calibration iz node oetween the s o face tem~
porctures measurcd abt the sight port positicnz and zimultaneous pyTo-
metoic readings vertically through the top sight port of the furnace to
positioned steuped surflsea within the loading fixture. The calibrao-
tions are within £ 15° over a period of 3 months when the maximum op-
erating temperature of the furnsce is kept below 2200 K. The heat exe
change balfle fits into the top of the loading fixture. The top slesve
fits into a 1 in. step Joint on tu. top on the leoading iixture. To
assure i no furncce Siell gases crier the coating gas stream at this
point, & plenum is machined in the graphite line 8 in. above the joint.
The plesus is connected through the second sight port to & differential
Dresmure regulated Ar sowrce that keeps the pressure in the plenum 15
w0rr sbove the coating gas streza pressure. As a consequence, the Ar
flushes upward between the liner and the top sleeve, preventing furnace
shell gases from entering this region. Tae graghite irlet tube screwed
into the top sleeve iz connected with a stainless steel inlet pipe

through a clamped bail joint.
SALT VAPORIZER AND PROCESS GASES
ZxCla(g) is supplied to the cozting gas stream by a stainless

steel vaporizer shown in Fig. 2. The veporizer is suspended from a
250 1b load cell and suspended within an oven. The temperature of the



vaporizer and oven are gensed with thermocouples. In operation the
oven temperature is kept at 600 K, and the tomperature of the vaporizer
is controlled (:ote the vuo nair of ring heaters ot the top ané boiilonm
of the vaporizer ovoiy) between €00 to 630 K. The change in weipght 13
moGitored from the output <l the load ecli and displayed on an clee-
tro:z.c ccale.® The charge capecity of tihe voporizer is spproximately

b, This unit is coepaiia of custaining a stoady flow rate of 1 to

1b/h using the temporature dependence of the yapor pressurs of 2rClg
fer flow control., The delivery line fieom the valve ab the top of the
vaporizer body to the grapaite inlet tude in the furnace is kept ..
630 K to keep the srazeous salt from condenzirg. A warning device is
incorporated fato the circuit of the electronic scelde so that an alarm
can be activatcd if che delivery rate falls outside of & presct ronge.d
The procrss gases (Cis, HCL, Ha, Ar ard lCl) are mctered by calibrated
Fischer-Porter Tri-Flat variable area flow meters. The gas pressure an
the meter iz fixed at 50 psi to assure accurzte dcelivery. 7Tho motered
gases are collacted by a common manifold, heated to 600 ¥, mixed with
the 2rCl,{g) and then piped into the furnace through a heated line.
The diffarential pressuroe between the coating gas manifold and the am-
Bar:  aocogpherie pressure, &: well as the differential jressure bee
tween <he manifold and furnace shell, are monitored to detect male
Tu.etions in the coating gas delivery systen.

COUDENSING TRAP

At the base of the furnace the effluent gaszes are led to a wvater-
ensoled condensing trap. The purpoge of the trap iz to remove L.: fine
azrosol of the unrescted zirconium halides that form upon cooling. A
portion of the scrosol condenses within the trap body. At the end of
the trap there is a fiber glass thisble which filters an additionsl
portion of the aerosol. However, approximastely 308 of the very fi:o
particles pass on through. From the condensing trap the gascs is passed
through & vater scrubver to remove the additional aerosol, HCL and any
‘other water soluble gases. Next the gas is possed through a NaGi solu-
tion scrubber to remove any Clp vhich may aave been formed. Finslly it
is vented to the atmosphers through a 60 ft. stack.

COATING FIXTURE

One ol the factors that makes this coacing system versatile is the
adaptability of the loeding or cociing fixtures for harndling a wide
range of part sizes and configurations. This syziem with a modification
of the ic.ding fixture dezcribed below was used for the development of
& .om densivy 2:C insulator.® Fig. 5 shows an end view of the coating
fixture used in the bore coating work. Basically the body of the fixe
sure is 12 in. diam. by s.s in. interzal ciam. and 50 in. lmzo The
bottom of the fixture is fitted to a bace (sce Fig. 4) waich coilects
the effluent gases {rom eacs clement and conducts these gases to a coa-
zon central exit plenum. A2ditionelly the base has & bayonet socket
Zor Mfting the assembled unit from the ~-ing cart end placement with-



in the coating {iirnace. Once tihe fixture iz in place, the bnl{le assem=
bly saown in Fig. b is fiticd into the rocessed area om 4ho innor suce
Toce at the top of the costing fixture. The fuel eolemcnts wxe ha .0
n vertiecal position from the adjustuent siseves shovm in Fig. 3. ue
adjustment gleoves have a hexzgzonal intericr cross section which mzkes
& close it with each element. Zoch element has been threaded on .ae
inlet end to accept a graphite nut whic: keeps the element from falling
thirough the sleeve and which makes a gas seal that forces the ccating
gusea down through the bores,

MATERIALS

The iaterinls used in the cocting ge:z were purchased from coimer-
clal sources witn ii2 following specificitions: ZrCl, - reacior grade,
& 99.5‘21- pure with HE S 200 ppm; He & 99.9% sure; HCL & 99.0'5' pure, exe
tra dry; Ciig & 99.0%- pure and /x & 99.995% pure.

Th ~~hide-cardon compocite {2l elemznts were fabricoted at Los

v-=pg Scientific Laboratary. The szoricccion details are aveilable.T
‘The fuel eleients are 1.32 m long, hav: a hexaszonal cross section with
a flat to flut dimension of 19 mn, weigh au roximately l.1l kg and have
a voiume of 26102, Each element has 19 hoat exchange or coolant
awnnele that run the full ionzth of the eicnent. The diameter of an
incividual coolant chiénnel is 2.5 =a. Depending on the process condi-
tions, the average coefficient of thermsl cxpansion of the matrix ma~
te .z1 lies within the renge 6.2 %o 7.2 u/m-X (averege over the ten-
Jerature range 293 to 2300 K). The ZxC srotective coat is deposii-” in
qach eociant channel to a pre-specilied profile. Additionally Zrl cas
desosited on the exterior surface and had a thickness of 38 to 50 .
Fig. 5 shows the element cross scction and the areas which were coated.

KON-DESTRUCTIVE MEASUREMENTS

A numhis of non-destructive Losting techniques were developed by
Group M-1 (Non-Destructive Testing) that were particuiarly useful in
the evaivation of the 2rC coats. One such device was a P-bac!: scatter

ob.. The sensing portion of the instrument consisted of a long srobe
~ 75 mil dia) which could be inserted into the ccated bores.. A 90sr
source and & éctector were containzl in the tip. The intensity of the
f-particlas back scattered to tae detector is a function of the thicike
ness of the ZrC coat at the position of the prove in the element. This
technique offered a rapid means of determining the coat thiciness pro-
files dowm individual bores. The insirumment wi: iimited to developsant
runs “here graghite elements were used. The Hi:iC (high resolution eddy
current) instrument was again a probe device which provided data on
coat and matrix cracking along the length of a bore. The MULE (mass per



unit length examination) machine determined the mass per unit len:

along the eicment. Ii was based on the absorption of the rndiat.:.on
from & Co source by %i.c mass of o sczment of zhe fuel element inter-
posed between the source and a d-..tecuor. By making MULE mecasurements
before ond after a coating run it wes possible to deternine the quanti-
ty of ZrC deposited in the bores to an accuracy of 0.2%. This deter-
minq: od the Zrl coat profiles deposited on the composite fuel elements.

FROPERTIES OF CVD ZRC

The determination of the pronertics of a Zrc coat deposited in a
2.5 m bore is a tedious undertaking. Howevcr It was the pursuit of
these property determinations whnich led to o belier understanding of
the interactions between the ZrC coat and vie matrix.

IMPURITY CONTENT AS A FUNCIION OF DEFPOSITION TEMPERATURE

The ZrC bore coats were sampled at fixed position along the axial
length of a number of fuel clcments from a number of different coaving
batches. These cauples were analyzed for Cl, H, ¥ nd 0. The N and H
conteri.c of the sz:ples were invariably less ..an ~ome There
wasn't any significant vaxiatiom with tie sample locaction or coating
batch. However, the Cl arxd to a lesser degree the O content always
showed a decrease 2s the s:mplimg pocition moved away from the inlet
end of the fuel elcments. When the sampling positions irere correlated
with the increasing temperature »roiile dewm the fuel element le:gihs
for the different ccating vatches, it was found that the Cl and O con-.
tent of the ZrC coats had a strong dependence on the deposition tem-
perature. The results of these analyses are summarized ir ~. -:le 1.
Ele~tron microg-obe analyses across the ZrC coats indicated that the

TABLE 1. DEPENDENCE OF IMPURITY CONTENT AND LATTICE PAR..-EIER OF CVD
ZrC AS A FUNCTION OF DEPOSITION TEMPERATURE

DEPOSITION AVERAGE AVERAGE AVERAGE LATTIGE
TEMP, K % CL wd o PARAMETER, A
1400 2.2 # 0.5 0.3 + 0.1 k,706 = 0.005
1450 0.5 = 0.3 0.2 = 0.1 4,701 £ 0,002
1500 0.15% 0.05 0.15% 0.10 L,899 + 0,001
1550 0.10%-0,05 0.15= 0.10 4,6983%& 0.0005
1600 0.05+.0,05 0.15k 0,10 4.6983% 0.0005

C/Zr ratio was essentially 1. Segments of the fuel elements heated for
several h some 500° above their depcsition temperatures in an Ar atmose
fhere showed a decrease in the Cl (factor of 1/2 to 1/3) sad 0 (10 to
50%) oontents.
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" X=-RAY LATTICE PARAMETER AS A FU"TION OF TLIOSITION TEMPERATURE

Concurrcat with the above sanmnling, x-roy camples weye also tolken. .
It wos found that the latiice parameter ol the CVD ZrC hoid a strong de-
pendence on the depocitica temperevure. The lattice parameter decreased
as the deposition temperature increased. The results are given in Tab-
le 1. Singe it is knowm that dissolved oxygen lowers the ZrxC lattice
paramcter,” it would appeir vaat the Cl is in the ZrC lattice and causes
an increase in the lattice parameter. Heat treatment, as above, results

in a lowering of the lattice parameter.
THERMAL EXPANSION OF CVD ZrC

The mismcich between the coefficients of thermal expansion (CTE)
of the ZrC coat and the matrix leads to an induced strain in the coat
when their tempercture differs from the deposition temperature. in a
series of experiments the CI'E was measured on tut:s of ZrC (13 em long
13.5 rm dia. and wali t:ickness of 1.0 to 1.3 mm) wiich had been Jfadbri-
ca.. by the CVD process. Those tubes which had boen deposited at
~16.: K (low chlorine content) had rcpeatable expansion characteristics
(2 1%) whea cycled to 2300 K two times. The CTE of these tubes (293-
2300 K) was 7.67 um/iz.X. From this valuz and that quoted earlier for
the composite fuecl elcments it is apparent that upon cool down Jrom the
c- g temperature, the coat will be in strain. It was found that for
59-.vJ) U thick cocts that cracking always occurred in the bores waen
the induced cool down strain exceeded 1000 pn/m. This chservaticn lead
to the requirement that the ratrix should have as high of a CTE value as
possible. However, it was found thet a CIE value of 7.0 m/m<K was
about the maxinum that could be achieved. Additionally it should be
noted that tempercture gradients (present under reactor operating con-
ditions) across the coat-matrix interfacc could ai.o induce & strain.
The naximum value that occurred under not tuct conditions were of the
order_’ of 700 un/m. The CTE determinetion on the tubes tvhat had 0.5 to
1.5 * C1 showed a very erratic behavior at temperaturesabove their ée-
position temperature indicuting dimensional instability. However, once
they had been heated to 2300 K three successive times, their expansion
properties were well behaved and reprcducible. Wnen the coat and na-
trix are heated above the deposition temperature the coat is in com-
pression. At temperatures > 2300 X creep axc grain growth oceur in =
few minutes at the cvat-mairix interface. Sce Fig. 6. Once the strain
has been welieved, the coat-matrix interface acts as if the deposition
had bcen at the test temperature and a larger st-ain is induced on this
coo. iown than om the original coating ccol dowa. It was beiieved that
if t... deposition temzcrature was increased the dlmensional stability
of tue cost (and perhaps its strength would be increased, and that the
azscunt of creep would be diminished resulting in fewer cracks forming
upon cool down from reactor operating temperaiuras.
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MICROGTR .. wiE OF /D ZrC

_ The .aotomicrograph in Fig. 7 chows the tipical microstructure ef
a ZrC coat deposited at ~ 1400 XK. ..© the matrix-coat interface the
micrv.oructure invariably shows fine, equiared grains. From this re-
gion to the gas-coat interface columnar crystal grains axre observed.
Thc length of the exystzl "u.ns are nzarl, equal to the ZrC layer
thicinecs. As the depcsition t usperature is in..ocused, the cmergent
angle of the columnar grains widens. PFig. 8 snows the microstructure
of a coat deposited at 1600 K. Waen the depesition temperature rises
above 1600 X th..'c have teen occassions vhen preferred growth cones
Toered. Fige 9 shiows the microstructure of o preferred growth coae.

S . 10 and 10b chow the surface morghiology and zoaved cooiant -ane-
nel cross section of an element in vinica cone growth was roir - severe,

The nroi:.sion of thesc cones intc the coolun: channels cuuses turbu-
lenz. iy the hydrogen gas stream under reactor operating conditions
i ot cane o3 oon unduly large precsure drop. It has been coserved wnat
the frecucncy . these cones vary irom bore to bure in a given element.
A5 g CoOrceguence there is wa unegual Ilow of hydrogen down the beores
whichh results in abnormally large Cemperature gradients. Such a con-
Zition is unaccepiiale. The growth of these cones could be elirinated
»y careful coutrol. of the process parameters (temperature profile and
initial coating ga: concentration).

PRECESS ANALYSIS AND .ZSULTS

As the requirement - :veloped for rapid evaluation of & number of
diverse processing parz. .cr ~hanges (ie, nigher deposition tempera=~
surcs and wide range of iritiel coating gas compcsitions) it became
apparent that an intensive analysis of the reliationship between the
proceass parameters of the coating system and the resultant coab dro-
Jiles was needed. It was expected that the analysis would lead to a
better understanding of thé fundamentals of the depocitica process and
2130 lead to a mathematical modcl waich could be used for computer
simulation of coating runz under & wide range of parameter changes.

In the long run this would save considerac’c material costez and time.

THERMODYNAMIC FUNDAMENTALS OF DEPOSITION PROCESS

The overall deposition reaction may be represented by the eG: -
tion )
ZrCle(g) + Clc(g) = 2rc(s) + kyci(e) ()

. This thermody:amic relation not only esizblishes the lower bound for
- the coating gas composition, dbut also serves as the basis for mass
~"  belsnee caloulstion along the axisl length of the fusl elexents. It
;- slso suggests that the partial pressure of HCL(g) will have a strong

. effect on the deposition rate. As a consequence one must also con-
© _sider the reduction of ZrCle(g) in the systea.



(2)

ZrClas) + H2(g) = ZCla(g) + voL(g) (3}

~ "(g) + H2{g) = zrc1s(g) + HCL(g)

-

™e rcduction reaction is inzertent ncor the coating gas inlet end of
e elements because it deteimaines the quantity of [ICl farmed which
strongly influences tne initial deposition rate. The quantitics which
have an cffect on the deposition and wilich ¢2n be calculated from the
above the.modynamic relations w.d appropriate mass balance equations
as function of axial positicn along the clement are: Pg,yt-sum of the
partial pressures of the ZrCl.(g), ZrCla(g) asd z:c12(g3'1 Pgy ,~partial
pressure of methane, Pypoj~ partisal pressure of nydrogen chlorlde and
Hy,- partial pressure of hydrogen.

COMPUTATIONAL SCHEME

Measured Process Paraneters. The mevered flows of the process
gases and ZrCl.{(s, {at STP) ..ong with the nzasurement of the Lotal
pres-vee in the coating system fixes the initial molar flow rates of
thy. . cnents of the coating goc. The weignt gain con the vaffle and
top lid assen-iies along with tnc length of time the coating gases

on determines the molar denosition rzi: in that region. The aver=-

~ratures determined at th. four sizut ports establishes the
vaiperavuce profile along the elenints, After 2 coating run is complet-
ed, the total weight gain of the elements, the MULE data and the P-back
scatter coat thickness data affords a determination of the mass and
coat thickness profiles. Since the deposition process is observed to
Ye linear with time, one also has a measure of the molar aand coat thick-
ness dejozition rates as a function of axial position along the fuel
elements. ‘

Calculated Proces.: ..,uuwe-.;. The continum of reactions that oc-
curs in the bores is approximeated by dividing the element into 10 equal
sepments and proceeding with the following iterative computations.
Starting with the first segment at the inlet end, there are two reac-
tions that must be talken into account. The first is the calculation of
the total change tha. has occurred in the gas strean due to the prior
deposition of ZrC., For this calculation one assuies that depletion of
ZrCL;,(g) and CiHs(g) and generation of HCl{z) &  irectly proportional
0 the sun of the weight of ZrC that has been deposited in tae s’leecve
and baffle ogion plus 1/2 of the amount denosited in the first segment
of the fuel elements. Using Eq. (2, for the molar valance relations
the total pressure and individual flow rates, one can compute the aver-
age partial pressures of the coating gas constituents. The second re-
action that must be taken into account is the partial reduction of
Z2rCly(g). The new equilibrium pertial pressices of the coating gas
constituents can be found from the solution of the following 5 simul=-
taneous equations:
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Psazt = Farciy ¥ Tzrcis T Parcis ()

= o - ?‘ - .
Te = B2 = *Fzocay - Parcin (5)
Pycy = Facr ¥ Fzrcr, QPZrEle (6)
. . . pH
K) = Porcry “Pacr/“zrcy, Prlfe M

, . i
Ky = Pororn “Puc1/Pzrcrs “Fiis (8)

vere PSait, Py, ~ . nq are the values caleulated from the first re-
action. K and Ku cre calculated from the thermodymemie c.ca for Egs.
{2) =~ 'd .3) and the interpolated temperature at the :id point of the
seguent. Finally the average sctoichiomefry ol the zirconium halides
was computed for the midpoint, ie

’

n= (4P + 3P +2p 9)

2=c1s * Pzrcis Pzrc1aPeart
The sbove interative computcotiocn is rejacted for each succecssive sege

ment taking into account il prior deposition plus % of the amount
that occurred in the segment of interest. As a result of these series
of computations a set. of data is generated for each particular coating
run which contains the deposition rzte, R(,u/h), the partial pressures
of the coating gas constituents, the average composition of the halide,
ZrCly, and the deposition temperature for specified segments along the

fuel element lengths.

RESULTS OF ANALYSIS

Analysis of the data for 20 coating runs over a wide range of pro-
cess parameters lead to the following expression for the deposition
rate

2(n-2) ,on
(Pgang Pos, B [Bycy) A exp(-B/T) (10)
where A = (4.8 % 1.8)-1C%2 and B = 86,120 + 870. To give a graphical
presentation of the degree to wvhich Eq. (10) represents the coating
data, the quantity Llno
R-P® /(B .. -p_ »p20-2))
HCL1/ *"Salt "CHg "Hz

is plotted versus 1/T,K for the 20 coating runs in Fig. 1l. The sbove
rete equation suggests that the rate debermining step is the reaction
of the zirconium halide with the surface, ie

R =

2xC1_(g) + n/2 Ha(g) = (zr) + n HC1(g) (11)

surface
Ultimately Eq. (10) was incorporated into a computer program waich
could be used reliably to simulate diverse coating runs and was ins-
trumental in the development of the high teuperature ZrC coating pro-
cess. Table 2 gives the process conditions for a high temperature ZrC
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protective coat. These are the conditions used to coat the elements
wnich gave tho best performance (see Table 3).

TABLE 2. PRCCESS CONDITION FOR THE DEPOSITION OF A HICHI TIMPZRATURE
ZrC COAT IN THE BCRES OF A COMPOSITE FUEL ELEMENT

INITTAL COMPOSITION DIST. FROM

OF COATING GAS® INLET END  COAT DEPCSITION  FINAL COAT

CONSTITUENTS FIOW (ST?) cm TEMPER/TURE, K THICKNESS, i

ZrCly 1.k 2/min . 12.7 1525 )

CHq 1.0 1/min 25.4 1540 89

Ho 75.0 ‘1/min 50.8 1580 119

A 75.0 1/min 76.2 1615 132

HCl(l 20 h) 3.0 101.2 16L0 135
(Last 5h) 0.0 127.0 1660 132

Mhe coating time was 25 h and the averuze pressure in the coating sys-
tem was 0.88 atm. This flow of gas was used to coat 18 element simul-

taneousl,.

SUMMARY OF PERFORMANCE OF ZrC PROTECTIVE COATS

One of the goals of the Rcver Program was to develop a coxposite
fuel element which would operate at = high temperature with a minimum
of carbon loss. This goal was achieved In part by the development of
process conditions for the application of ZrC protective coats at high
deposition temperatures. Table 3 shows the improvement that was made

TABLE 3. DEPENDENCE OF MASS LOSF RATE (00 GAS TEST®, OF COMPOSITE
FUEL ELEMENTSP WITH ZrC ..iOTECTIVZ COATS (130 thick) ON
THE PROTECTIVE COAT DZPOSIPION TEMPERATURE

COAT DEPOSITION TEMPERLTURE OF MASS I0SS RATEC

TEMCPERATURE, K COAT IN TEST, K (g/cm-s)
1kco 2750 failure
1500 . 2750 13.10~°
1650 2750 41075

& Element was electrically heated. The Tlow rate of Hz down the 19
coolaat channels was 23.3 g/s.
® The CTE of the composite elerents was 6.8 um/u-K.

€ The mass loss rate was determined by dividing the weight of the care
bon lost from the test segment (1 cm) of the fuel element by the time

of the test.

over the last two years in relation to the effect of coat deposition
temperature on hot gas test performance.
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