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INTERRELATIONSHIPS BETWEEN PROCESS PARAMETERS, STRUCTURE, AND
PROPERTIES OF CVD TUNGSTEN AND TUNGSTEN-RHENIUM ALLOYS'

¥illiam R. Holman and Frank J. Huegel
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

The development of CVD techniques for fabricating free-standing
tungsten and tungsten-thenium alloy structures is reviewed. Relationships

between plating parameters, kinetics, morphology, microstructure, and

properties of thick polycrystalline deposits are di . It is emphasized
that porosity may be grown into the grain boundaries when the deposition
rate is controlled by gas phase diffusioﬁ, and that fully dense deposits

are generally obtained when the rate is limited by a surface pracess. The
origin and control of many of the microstructural features peculiar to CVD

gre alsa discussed.
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INTRODUCTION

Results of an internal Lawrence Livermore Laboratory program aimed at
the development of CVD processes for fabricating high-strength tungsten and
tungsten-thenium alloys were presented in Refs. 1 through 6. This continuing
program has provided techniques for fabricating CVD tubing and other products
with tensile properties equal tc those of wrought material. It has also
resulted in a cleurer understanding of some of the interrelationships between
process parameters, structures, and properties in bulk CVD deposits.

The pragram will be reviewed briefly in the following sections, with
emphasis on those factors which have been found to influence the microstructure
and properties. Earlier discussions on polycrystalline grawth pmcessus1
will be amplified, particularly as they apply to our understanding of the
origins of columnar grains, preferrod oriemtation, grain boundary porosity,
and other growth-related phenomena. These growth processes all oceur on the
crystal facets which are exposed at the surface of the growing deposit. In
bulk polycrystalline deposits, the grain boundary morphogenesis — “growth” of
the boundaries between mdjaceat crystels — will be treated as the controlling

fa:tor in determining many of the properties of the deposit.

BACKGROUND

Chemical vapor deposition of tungsten Ey hydragen reduction of tungsten

hexafluoride (WFG) has been the basic GVD process used throughout the program.
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Tungsten-rhenium alloys have been producod with essentially the same
cquipment by to-depositing tungsten and rhenium from a mixture of NFS and
ReFg .

The program at this laboratory was initiated shortly afrer the
foasibility cf the "fluoride tun;slen"’ grocoss was rnpartcd,s'g As o
potential tochnique for fabricating thiclk, frce.stending shapes, this procoss
appeared to offer several advantages over othor fabrication motheds — if
comparablo mechanical properties could be obtained. Thorefore, the ipitial
objectives of the progrum included devolopment of techniques for producing
tungsten deposits with metallurgical structures which could be eapected to
cahibit usefu} wechanical proporties. Excellent tensile proportios werc
::hlcvcd.z but the uscfulness of the doposits was finited by the {nhorent
brivtleness of unalloyed tungston at rwom temperature. Good combinations of
strongth and ductility were subsogyuently achieved with rhenium mh!iuo:nn,'l
however, and the progras has now progrossed to the point where ~o-deposited
tungstes.thenaus alloy pares can be produced with merhanical propertiv. aqual
toe these obrained in wrought materlals,

Moat of tho development work has been carricd out with an apparstus
designed to fobricate short tubcs.l In this equip=ont, a €loving aixture
of fred gasos is dirscted vertically upward across a rotating tubular mandrel
which is heated inductively. The design provides for brushing of the surface
during deposition to increase tho nucleation rate.

Specizens for mechanical property ovaluation are abtained by siicing the
coated tube (mandrel) iato rings, cheotcally separsting tho solybdonun suhtrate
froa the deposit, nnd clectropolishing the Froc-standing OVO ring. Tenaile

propartics of the ring specizons are medsurcd in o ring teasile test npp:ra'.us3
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where the rings ave hydraulically cxpanded while the pressure is measuved
as a function of changs in circumference.

Early tungsten deposition exporiments were aimed at producing high-
purity deposits with the fully dense, fine-grained, randomly oricnted
microstructures which are characteristic of strong metal products. Purity
was contreiled by using standard high-vacuum technology, liquid nitrogen
traps on the exhoust, inert materials of construction, and high-purity
hydrogen (pnlladium diffused) for the feed siream and as a gas blanket
for those places where shielding from tho plating gas was required, jensity
was found to be influenced By the plating parameters, geomctry, and severity
of rubbing ~ as dlscussed lator. Grolm size and orientation were modifled
by rubbing or brushing the surface. This Increased the nucleation rate,
suppressed the dovelopment of colusnar grains with a preferred oriontation,
and produccd the deslred fine-gralned, cquinxed microstructure. Heat
treatment bolow the socondary recrystnllization temperature range also
ioproved the microstructure and propcrlics. The room temperature strength
was more than doubled by thesc troiatponts, but asjgnificant ductility was
no! obrained —~ rogardiess of purity, density, graln size or heat treatooent,

then it became opparent that CVD tungsten could not roadily be produced
with any greater ductility than other forms of tungstes, the program was
reoriented to include co-deposition of theniua with the tungsten. This alloy
doposition work involved (1' development of equipmert for positive
displacenent oetering of rromixed liquid Fluorides into a throttied flash
evaporator prior aixing «ith kydrogen in the fred line, () developoent of
high puaping rate exhaust systems with high conductance hot traps, condensers,

and cold traps for handling large gas leads at low pressurcs, (3) development
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of “long-tube" fabrication cquipment in which the rotating tubular mandrel
is translated horizontally alonp its axis throuph the depasition :nnc.', and
(4) studies on mechanisms and tho interrclatianships batween plating
paramcters, deposition raies, deposit compositions, heat troatacat,

aicrostructure, and mechanical propertics.

KISETICS

A. Tungaeen

Deposition rate studies on unalloyed CVD tungsten have shown that
within the range investigated, there L3 @ marimua ploting rate which is a
function onlyl of pressurc and teaperaturc. This maxizum rate is attaloed
when the partial prossure of vach roactant and the gas velocity over tho
substrate surface are hoth large onough so that tha rate-controlling
procuss changes from gas-phaste diffusion to onc of the processes occurriag an
the surface (adsorptlon, desorptivn, surface diffuslon, or u surface roaction).
17 che parvial pressure of eithor reactant (H: ar vaﬁJ or the gas velocity
is loss than b critical value (for a given pressurc and tesperature), then
tho rate wili be gas.phase-diffusion controlled, and daposition will otcur only
as ¥ast as the critica) reactant can reach (Jiffuse o) the surface, Under
thase conditions, any rate up to the maxisum can be cbtaiacd by wljustirg the
gas volocity or coaposition, sinco thess aroc the variables which contro’ the
rate of gas-phase diffesion to the surfaco.

#When the rate is surface controlled, i.o., when gas.phazo diffusion
is fast relative to the slowest process occurring on the surface ovd the ruto

is thercfore at tho maximo: for khat articular treporature and pressure, thos
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the offects of temporaturc and pressurc on the maxicua rate are giver

approximatel g by tho u!pfvssﬂcnl

172 &7, 000
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where
Rn is the maxioun rate,
C  is a constant,
P is the prnssure.lo
R is the gas constant (8.31 J deg'1 nol'l).

T is the pbsalute teaporature of the substrate,

Figure 1, talen from Ref. 1, shows theo experimental data which lead to this
expression. This graph also shows sooe data peints which were obtained

at higher tesporatures, wheze the deposition rate had increascd to the

point where the foed-gas velocity or coepoxition was no longer sufficient to
foren tho process inte the surface-controlled regime. Al a piven pressure,
any data point tn Fig. ! which falls below the straight linc defined for that
pressure by Eq. (1) can bo considered as Jocated on a relatively flat dotted
curvy which breaks awny Froa the llne at the tegperatuyre above which the
sarieum ratu can no longer be achicved, This point of {nterscction, the
“upper rate hrm&."" will sove up or dawn the line [Lq. (1)} 4f either the
focd-gas voleccity or cosposition ls changed. To the lcft of the hreak point,
l.o., along tho dotted curves, tho deposition rate i% controlled by pas

pli e~ diffusion which is obvlously not a strong function of the substrate
tonperature. To tho right of tho break point, t.o., nlong the solid wumves,
the doposltion rato ls controlled by tho rate of the slowest process occurring
on the surfsce. This procoss is a strong function of substrate tezperature

as indicated by Eq. (1),
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Throe theoretical studies analyzing the surface reactions which take
place during fluoride tungsten deposition have becn publhhed.s'“'lJ The
First plpcrl) assumed that desorption of NF is tho rato dotermining surface
stcp and showed that this assurption ix consistent with tha ezporimcntal
rosulrs in Fig. ). The second plpurs showed that the experimental rosuits in
Fig. | are slso consistont with sctivated adsorption of hydrogen as the ratc
limiting step, and suggested experimental studies on the effects of rate-
rotarding additives {poisons) as a acthod for dotermining which of the
twa proposcd mechanisas is correet. The suggestod cxpoTisents were carried
mts and it was corcluded that actfvated adyarption of hydrogoen i3 probabiy
the rate-limiting surface process when tungsten is deposited by hydrogen
reduciion of tungsten hoxafluaride. The thind szudyl: attempted to troat hoth
gas-phase-diffusion-controlled data’? and the surfaco-zonerolled data given
in Fig. }. It concluded that “nene of the models cxtrapolate accurately

betwoen data sers without some forced €irting of the adjustable constants.'

B, Tungsten-Rher ius

When rhenium is co-deposited with tungsten, the total deposition rate
can be troated as the sua of twag rates ~ a pure tungsten rato and s pure
rheniun rate. From this viewpoint, the deposit composition is Fixed by tle
relative rates, and tho imdividual rates can he calcuiated aftor the total
rate and the compositlon have bean detorained.

Co-deposition exporiments over a very s ide rangoe of cxperimental
conlitions al! indicated that the rhoniur. rate was niways gas-phase-diffusion
cnnl‘.ml!ed."‘ apparently the surface processes involved in the reduction of

RA:Fﬁ are all quite €ast (relative to NF6 reduct ion}, and the thenium deposition



rate ia thersfore iimited only by the ratwe of transport of ReF, to the
surl'n:c:.N Applying mass-transport theory, thoe rhenfus rate should be a
function af the boundary lapsr thickngss, the concentration gradient across
tho boundary laver, and the diffusion coefficiont, In {crms of ncasurable

plating paramcters, this haa boen shown” ta reduce to the axpression

g, = coymi/ip
Re Ke*
where
Rpp &5 the rhenius rate (rotal rate ~ fraction Re in deposit),
c is p constant,

Y is the gas velocity,

P is the total pressure,

Pre is the partial pressure of RofF, .
Tezperature does not appear in the oxpression becauso the inlet gax
tezporature is constant (ambicnt) and because temperaturc variations in the
boundary layer (duc to heat transfer from the deposit) do not affect the
thoniun rate signiflcantly — except at high substrate temperaturcs.

‘The insensitivity of the rhentun rate to temperature combined with the
farge offect of Remporalure on the maxioun tungsten rate {Eq. (1)}, both lcad
to a large varintien in the doposit composition with temperature - j.c., as
the tepperature is lowored, the total rate and the vunpsten rate decrease,
the rheniun rate remains about the sanme, and the thenium concentration in
the deposit thercfore increases. Theso effects are illustrated graphicaily
in Fig. 2 (fros Ref. 1), where tho camposition and rates for one set of
plating conditions are given as a function of temperature. The graph alsa
shows that in the presence of rhonjum tho wunpsten rate is approximately the

same as the rate for unalloyed tungsten at all temperatures in the range
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where the rhenium content of the deposit is leas than about 25%. At
progrossively lower temperatures, where the rhonjum content is groaver thap
25%, increasing amounts of a metastable sccond phase, t‘cdurila,! arc found in
the microstructure, and the tungsten rate becomes increasingly greater than
the value predicted by Eq. 1. The appearance of fedeoritc and this “lower
ratc bnnl"ls both occur at tho temperature where the tungsten rate is about
thren tizes the thenium rate — i.c., at the tcmporature where the doposit
contains approximately 25% Re. This is the optimum composition from

a mechanical-property standpoint, since greater rhenium additions resvlt in
the appearance of an equilibrium phose (sigmn phase) which embrittles the
structure. The metastable foderite phase is also qulte brittle, but it can

be transformed to the strong and ductile teminal soiid solution by hecat
tresting at high temperatures {above 1200°C). If the federite s deliberatoly
depasited as a dispersion of fine particles in o matrix of solid solution,
thon the particles will behave as racrysesllization nuclei during heat
treatmont, and a fins-groined, cquiaxed, single-phase solid solution structurc
will develop. Thls technique has boen used to produce strong tungsten-25%
rhenium alloy dcpushs.‘ Yizld strengths of approximately 1.72 x 103 MPa

{250,000 psi) and uniform elongations of 4-5% have boen obrainod.
MORPHOLOGY, MICROSTRUCTURE, AND PHOPERTIES

Fully donse, strong tunp.ten deposits are penorally obtained only when
the deposition rote is surface controlled. Conversoly, <hen the rate is
cantrolled by gas-phesc diffusion, porous deposits with low strength arc

often observed. therefore, plating conditions that will ensure surface control
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at oll peints on the surface arc generally sclected when optimum mechoanical
progertlies ape desired, On extended surfaces, this may require rother high

flaw rates and high conceatrations to prevent dewnstream depletion of the

focd gas and reversic. to diffusion control. During alloy deposition, downstream
depletion of rhonium cannot be avolded simce the rhenium rate is diffusion
controllcd. For this rcason, a uniform composition cannor he achicved over a
very large area without providlng multlple scurces or moving cither the

spurce snd/or the substrate,

Morphology and its relstion ta the rate controlling process were
dlscussed In Ref. 1, where it was cmphasized that the growth of thick tungsten
deposits appears to involve three overlapping stages: (1) nucleation and
giowth of rondomly orientcd crystals, (2) stable, cooperative growth of
columnar cry stais with a preferred orientation, and (3) unstable, independent
growth of crystals with pores in tho graoin houndarics. As discussod later, the
transition from stage 2 to stage 3 may accur rather early and abrupily under
gas-phase-diffusjon-controlled conditions. When the rate is surface-controlled,
how~ver, stage 1 growth may continue Indefinitely.

The transition from stage t ta stage 2 was considered as resulting from
the normal growth nf Facetted crystals undor conditions where a particular
crystal habit is ndaptud.l‘17 in the case of fluoride tungsten, where
the (111} ¢octshedral) facets genorally predominate, the rpndomly oriented
crystals which nucleate on the substrate grow on their exposed surfaces as
vetaohedrons. Full eight.sided crystals will not be formed since growth cannot
occur in the direction toward (into) the substrate, but four-sided “pyramids”
do dovelop and persist on the growing surface. The line on the substrate along
which neighboring crystal surfaces impinge "grows" outward with the deposit to

forn the grain boundary, If a boundary grows laterlly, one crystal is growing at




11

the expense of its neighbor, and the “overgrown” crysinl may not survive.
This is illustrated in Fig. 3 where two-dimensiona) crystals with righ.angle
facers have beon grown schematically from randomly oriented nuclei tao form
columnar arystals. The grain boundaries in this polycrystalline deposit werc
aliowed to grow with the deposit; thesr paths werce determined by the lacus
of points whors neighboring crystal facote intersccted. In drawing this
"nicrostructure.” the nuclei were given arbitrary positions and orientations
an the substrate and allowed to grow at a constant rate. The surface zontour
at cqua) time ntervals is given by “isochronal lines, and the grain
boundariss are simply lincs connecting the points whero neightoring crystals
happen ¢to impinge.

1t % clear that crystals oriented with facets inclined at nearly equal
angles to the subistrate susvive longer than crystels in whach the facets are
inciined at differont angles — i.e., cryssals in which the griontatlon {s such
that the tips or cornors are growing in a direction nearly normal to the
substrate survive longer than crystals in which the tip direction is more
tuctined. This very simple picture of the origin of columar grewth and
preferred ovicntation appears to explain adequately the structure of fiusride
tungsten. Three assumptions are made: A preferved sot of crystal facets
deveoleps and persists on the exposed surface, (2) all the crystals grow at
shout the saoc rate, and (3) nucleation of new crystais is a rolatively rave
cvent. Using this model, it was predicted that plating conditions which favor
the developaent of cuble (150) Facets shauld result in a (111) preferved
orlenuuon.l This was one of the orientations recently rcported in CVD
chlaride tungsten, and the crystals were, in fact, facctted with throc-sided

prrasfds {($00) faces] inclined at appioximately equul angles to the surfncn.lg
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Under different conditions, the [100] orientation was also cbtained, but
the crystal habit was not abvious in the published clectron mi:rographs.lg

Further ovidence that the model ls reasonably correct is given in
Fig. 4, where the same schematic procedure is used to show periodic nucleation
and growth of new crystals on the surface of one growing crystal, In this
example, the new crystols have all been assigned the same orientation to
simulate a twinned relationship with the subsirate or host crystal. Comparing
the skotch (Fig. 4) with a typical microstructure in which periodic nucleation
of twins is believed to have occurred (Fig. 5), it is apparent that similar
grain boundary shapes werce developed in both cases. The fact that parallel
boundaries are formed on several crystals which have all nucleated at different
timos on the surface of the same crystal suggests that the new crystals are
crystallographically related to the host - probably in a twinned relationship.
Grains with this twinned cppenrance rave frequently been observed in alioy
deposits. The nucleation rate of twins increases and the grain size decreases
with increasing rhenium concentration.

Second-stage growth appears to involve a mechanism which stabilized the
growth of noighboring crystals so their commen boundary remains nearly
vertical and neither cryscal can grui laterally at the cxpense of the other.
It has been suggcstcd1 that since the crystals probably grow by the terrace-
ledge-kink (TLK) mechanism, the nucleation of new terraces most probably
occurs at the energetically favorable grain beundaries. This growth process
has been likened to that induced by screw dislocalions intersiecting close-
packed crystallographic plunes.lo In a grain boundary, new ferraces would
have tho same probability of nucleating en cach of the two intersccting facets,

and straight, vartical boundarics would be expected to form.
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Third-s2agn growth is characterized by the appearance of volds in the
boundaries. The voids arc formcd shen crystal facets or crystals without a
comaan boundary impinge at an anglo which cuts off the supply of gns to the
growing boundary region., This will happen én corners, at the edge of raiscd
arcas, or wherever the surface is sufficiontly irrcguiay so that the tips
aof growing crystals can bridge ovar lower-lying regions. It can also happen
ON 3 uew:zi - " '€ the growth mechanism involves nucleation and grawth of
terTaces from sources other than the grain boundary: i.e., if the piating
conditions are such that homogeneous nucleation occurs on the Facets, thon
torreces [(OF terracsd bunched into micrescopically visibic steps) mny grow
toward the grain boundaries rather than away from tlia, The devolopment of
void-, due to the mismatch botween abutting stops which have grown downward
into the boundary region i3 illustrated very schematically Ia Fig. 6. A
void-Eroe boundary growing by the nuciestion of terraces in the boundary is
sketched in Fig. 7.

Scanning elec.ron micrographs showing growth of steps outward from
vold-free boundaries (second-stage growth) and inward roward the boundary of
porous deposits (third-stage growth) are shown in Flgs. 8 and 0. Figure 10
ahows development of fully danse layers grown under several surfacs-controlled
conditions, alternating with scveral porous layers grown under gas-phase
diFfusion-controlied conditions (temperatures nbove the upper rate bresk).
These fligures omphasize the Fact that the microstructurz and the structure-
sonsitive proporties of CVI} deposits are determined by processes occurring
at the prowing surface. As discussed below, chey also help to visualize and
clarify tho exporimentslly observad correlations latween rate controlling

processes and microstructura.
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Under surface controlled conditions, the supply of reactants from
the pas phaso is aolweys ndeguate regardicss of the deposition rutnAzl
This ioplies that at the gas-solid interface the toncentration of unrcacted
roactuats In the gas phaso corresponds to saturation over the eatire
surface of a growing facet, Therefore, the local reactian rate at any point
on the surface is not influenced by boundary-layer thickness or local
fiuctuations in gas composition due to surface {rrogularities. It is
equivalent to the infinite surface diffusion case for PVD dvpusits18 where
the atoms, aftor having been accepted, are fully vedistributed, and enly the
thermodynamically most favorable crysta) faces wiil develop. These conditions
favor nucleatian of terrvaces at the grain-boundary edges of the facots and,
as discussed carlier, rosuit in the second-stage growth of vertical, void-free
boundaries.

tnder gas-phase-diffusion-controlled conditions, theo reaction rate is
a function of the total pressure, the partlal pressure of the reactants, and
tho gas volocity [see Eq. (2)]. At local points on the surface of a growing
erystal the rate wil) vary with the .*¢ ot which the critical reactant
reachos those points. Therefove, the lacal depoasition rate will be greater
near the cxposed tips of the crystals than in th: lower-lying boundary regions
whera (i) the boundary layer is thicker and {2) the partia} pressure of
reactants has been reduced by reactions on the surface at higher elevations,

This local dopletion of the critical reactant and reduction in
deposition rate in the grain boundary region results in the nucleation of
terraces at Blgher elevations on the growing pyramids (Fig. 9) and the

development of porous boundaries {third-stoge grawth}., In extreme cases,
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repeated nucleation and growth of new, randomly oriented erystals will occur,
and a pronounced nodular structure will develop (Fig. 11}.

It should be emphasized that third-stage growth results from surface
instabilities and therefore does not develop immediately. Under gas-
phase-diffusjon-contrallad conditions, second-stage growth of CVD tungsten
will gemerally persist on smooth substrates for many micrometers (several mils)
befr—r third stage growth sets in.l This period of grace is cxploited in
thin-fila semiconductor work, where smooth unfacetted teplication of the
surfeces and insensitivity of deposition rate to temperature are two
practicai advantages of operating wnder diffusion-controlled conditions.
"iidge growth" and "defect growth" problems are disadvantages of operating
in this regime, however, and it has rocently been found that opeorating in
the relntiveiy narrow transition region between the two regimes (the upper
rate break region discussed earlier) will minimize these disadvantages without
affecting the advantnges.zz

Many of the structural features or effects which are encountered in
chemical vapor deposition can be understood in terms of the above growth
proces-es. A few remarks in siveral of these sreas are given below:

(1) Nodules — There are several sources and types depending on the system,
geometry, and plating conditions, but generally they are believed to be
nucleated by particles or other foreign matter settling on the surfuce. The
unstable growth conditions which result f-ow gas-phuse diffusion control can
also lcad to the generation of nodules since high points due to surface
frregularitios will prow at an accelerated rate (the boundary layer is
thinner and the concentration of zeactants is higher at higher elevations).
This accelerated growth will occur rapidly if stray particles act as the

initial high points. If the rate is surface controlled, small nodules do not
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change their profile significantly or generate poresity. In either case,

if the nodule height or angie of intersection with the surface reaches

the point where "bridging over® occurs at the intersection, then a conical,
porous zone will grow with the nodule.

[¥3) Brushing — This processing technique generates randomly oriented
nuclei on the growing surface and, in effect, perpetuates first-stage growth
throughout the deposit,l If the contact pressure is excessive, deformation
gnd “rubbed in" porosity will develop as surface material or particles pile up
and "bridge over" to form voids, Brushing will cften remove small particles
or insipient nodules from the surface before they have gorwn to damaglng size.

(3) Federite — Nucleatien and growth of finely disperied federite grains

in co-deposited tungsten-rhenit-n tubing probahly occurs as a result of the
decrease in ReF6 partial pressure with distance as the feed gas flows across
the rotating mandrel. Every point on the surface is cyclically exposed to
alternating high and low ReF6 partial pressures, Since rhenium deposition
is diffusion controlled, the rhenium rate at a given point on the surface
will fluctuate with the ReF, partial pressure while the surface-controlled
tungsten rate will remain relatively uniform. Under proper conditions,
the Tesultant cvclic composition fiuctuation will generate ulternate
federite nucleation and solid solution nucleation or overgrowth. As
mentioned carlier, subsequent heat treatment will transform the two-phase
deposit into a fine-grained, single-phase structure with good mechanical
properties.

(4) Cyclic Effr-ts — In addition to the above cyclic changes in
rhenium concéntrntion, there are smaller and lower frequency variations in
composition which occur in synchrcnism with the periodic mutering of premixed

liquid fluorides into the flash evuporntur.l These composicion variations
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are immeasurably small, but they do produce visible changes in the
microstructure, and they are useful in visualizing surface contours at equal
time intervals (Fig. 5).

Little work has been reported on periodic changes in plating contitjons
as a technique for deliberately modifying the microstructure. Cyelic
surface contamination and cyclic additions of a few percent carbon monoxide
or other hydrocarbons to fom thin layers of tungsten carbide have been
investigated as techniques for bresking up the columnar microstructure and
improving the tensile prn;arties.zJ Alternate layers of a second-phase and
periodic contaminatian of the surface did promote reinitiation of first-
stoge growth, but the mechanical properties were not improved. A similar
technique involving periodic “passivation" of the surface has been pntented24
as a method for improving the tensile strength.

(5) Preferred QOrientation ~ The development of a twy-dimensional
preferred orientation or fiber texture during the tramsition from first- ro
second-stage growth was treated earlier as the normal behavior to be
expected of polycrystalline deposits in which a particular erystal hubit is
adopted, This model explains th2 tronsition from a random orientation to a
preferred orientation and predicts the orientation if the habit is known. Tt
says nothing about the origin of the crystal habit, hovever, and simply points
out that the preferred habit is the source of the preferred orientation.

The crystal habit developed by chloride tungsten when it is grown with
a (110) preferred orientation has not been j.den:ifi.ecL"g This orientarion is
of particular interest for thermionic emmitters because of its high vacuum
wevk function. it has mever boen observed in pure fluoride tungsten, but it

is developed in chloride tungsten under a resiricted ranpe of plating
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cunditions.lg‘?'s'26 Apparently the presence of Cl or HCI medifies the

relative growth rates of tvhe facets so that o crystal habit is developed

in which the direction from the center towards the remotest point on the surface
{the direction of fnstest growth) is also the directicn normal to the (110)
plane. This suggestion is supported by a report that the preferred orientation
of fluoride tungsten can be changed frem {100] to [110) by the nddition of

Cl1 to the feed gas.27 In addition, work at this lsboratory has shown the HC1
additions poison the surface and drasticully reduce the deposition rate of

[100] oriented fluoride tungsten.6 Metnllographic evidence that development

of the normal octahedral facets was suppressed by the HC1 additions was nlso

obtained.

SUMMARY

A continuing program on the developsent of CVD processes for fabricating
tungsten and tungsten-rhenium alloys has been reviewed with emphasis on the
relationships botween kinetics, morphology, microstructure, and properties.

It has been shown that dense tungsten deposits with good properties are
obtained when the rate-controlling pracess occurs con the surface. Plating
conditions in which the tungsten rate is limited by gas-phase diffusion were
shown to result in porous deposits with poor properties. It was also shown
that tungsten-25% rhenium alloys can be produced by platiwg two-phase deposits
which are then transformed by heat treatment to form equiaxed, fine-grained,
single-phase structures with tensile properties equil to those of w.rought
material ,

Density of polycrystalline deposits, origin of columnar grains,
preferred orientation, nodules, federite, cyclic effects, brushing, and

other related subjects were discussed in terms of growth mechanisis. It
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was shown that many of the structural features peculiar to CVD deposits can
be correlated with plating conditions &nd understood in terms of kinetics

and morphology.
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FIGURE CAPTIONS

Effect of plating variables on tungsten deposition rate.
Effect of temperature on deposition rate and allpy composition,
(Conditions: 1,33 x 10° Pa, 2,5 % 1075 n/sec Hy, 8.33 % 1076

3

m/sec WF6 or MFG‘)

Growth of two-dimensional crystals from randomly oriented nuclei

“Chevron™ shaped lines show the surface contour at equal time

intervals,

Nucleation and growth of three twins from one growing crystal face.

{Compare with typical microstyucture, Fig. 5.)

CVD tungsten~6.5% rhenium alloy deposit. (Compare with Fig. 4.)

(Conditions: 600°C, 5.33 x 10% pa, 4.67 x 10°5 n/sec Hyy 2.33 x 107

3 N

w"/sec MFG' 10% ReFE| in MFG.)

Porous grain boundary resulting from growth of steps toward
the boundary,

Dense grain boundary resulting from nuclearion of terraces at

grain boundary and growth away from the boundary.

Octahedral facets showing fully dense grain boundaries. (Conditions:

335°C, 5.1 « 10% Pa, 1.67 % 107 w¥/sec Hy, 2.34 x 1070 n¥/sec WEg.

Rate: 0.13 um/sec.)

Octahedral facets showinpg growth of steps toward boundary and

4

resultant porosity, (Conditions: 700°C, 5.1 % 1¢° Pa, 1.67 x 107

n¥/sec Hy, 2.34 x 1078 n’/sec WF,. Rate: 0.51 un/sec.)

5

6



Figure ¢

Figure 11.

Alloy layers showing grain boundary porosity at temperatures above
the upper rtate break {~700°C) where the process is gas-phase-

diffusion controlled. (Conditions: 1.33 x 103 Pa, 4.67 x 10—5 mslsec

-6 3 .
Hz, 2,33 x 100 m"/sec MF6' 10% ReF6 in MF6.)
Nodular deposit formed under gas-phase-diffusion controlled
conditios. (Conditions: 600°C, 5.1 x 104 Pa, 1.67 x 10-5 m3/sec HZ’
3.33 x 10'7 mslsec WF_. Rate: 0.1 um/sec.)

&°
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