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Preface

The present dissertation involves a series of :
studies on the chemical vapor deposition of interstitial
carbides, which have been investigated at Faculty of
Engineering, Nagoya University under the direction of
Professor Takehiko Takahashi during 1967-1972,

It is aimed in the present thesis to prepare one
dimensional deposit of interstitial carbides' by chemical
vapor deposition. Informations on syntheses of various
morphologies of the carbide crystals are preé%nted to~-
gether with some.properties of the froducts.
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cere thanks to Dr, Kozoh Sugiyama (Professor of Gifu
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Faculty of Engineering
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CHAPTER 1

Introduction to Chemical Vapor Deposition

of Interstitial Carbides

1.1 Structures and Properties of the Interstitial
Compounds '

Crystal structures It is well known that the trah—
(sition metals (M) in 1Va, Va.and Vla groups combine with
nonmetallic elements (X) such as carbon, nitrogen, boron,
.etc, to form so called "interstitial cdmpounds". Typ;'
ical examples of these compounds are listed in Table 1,1
together with the'crystal systems and their properties,
It is noticeable that they have MX, MX, and MzX type
structutes with the best thermodynamical stabilities.
-In this case, the light nonmetallic atoms are considered
to be located at the interstitial sites of the close
packed sub-lattice of metals, Many of them are crystal-
lized in face centered cubic system of the NaCl type,
but sometimes in hexagonal closest packed system, as
seen in TiBj, WC, a-Mo,C, etc. At the stoichiometric
compositidn, it is expected that they exhibit the char-
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acteristic properties based on metallic M-M bond and
covalent M-X bond, In fact, these materials show metal-
lic luster, high electrical conductivity, high melting
point and super-hardness (see Table 1.1).

The covalent M-X bond in the NaCl type compound
was explained by Rundle in the following way (2): From
a viewpoint that the hybrid orbitals of nonmetallic atoms
result in the formation of strong M-X bond, the resonance
structure of "1/2 bonds" (by three 2p-electrons) or "2/3
bonds" (by two sp~hybrid orbitals and two 2p-electrons)
should be considered in interstitial compounds, as given
by Pauling’s rule,-since nonmetallic atom such as C or
N is regarded as having an electron-defifient structure
in octahedral bonds, In the case of TiN or VC, one elec-
tron may remain to contribute to M-M bond, Carbon atoms
in hexagonal a-Mo,C or W.C, will occupy the interstitial
sites of the octahedral configurations,

Another structural cﬁaracteristic of the intersti-
tial pompounds consists in the wide range of the solid
solubilities of nonmetallic atoms, The phase diagrams
- of the Ti-C and W-C systems are showm in Fig.l.i. A
homogeneous stable phase with nonstoichiometric composi-
tion can be confirmed bétween TiCo4sand TiCio in the
system Ti-C, If the carbon concentration is decreased,
free electrons at the defects will increase in number
and they will contribute to the metallic character of
the tonding. . But it should be noted that the titanium
carbide differs in character from the solid solutions
like metallic alloys, since the solubilities of carbon
atoms are limited,

Chemical properties In general, interstitial com-
pounds have high melting points, as shown in Table 1.1,
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Table. 1,1 Properties of interstitial compounds, (1)

Crystal M.p. Micro-hardness Resistivity

Compound system (°ec) ( kg/mm? ) (2 ohm-cm)
TiC fce 3,250 3,200 - 59
TiN fce 2,950 1,700 21
TiBa hep 2,900 3, 480 9
ZrC fee 3,535 2, 560 42
ZrN fee 2,980 1, 520 a1
ZrBs  hep 3,040 2,200 10
HfC fcc 3,535 2,700 37
NbC fce 2, 490 2, 400 35
NbN fce 2,300 1, 400 78
TaC fcc . 3,880 2,400 35

a=Mo,C hep 2, 400 1,950 133

we hep 2,600 2,080 22
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which are comparable with other refractory oxides (m.p.,
ThO, : 3,050°C, MgO: 2,800°C, B-Al,03: 2,050°C) or metals
(m,p., W: 3,370°C, Re: 3,167°C) (5). Especially, the
hafnium and tantalum carbides show the highest class of
melting point in all the materials which is above 3, 500°
C. But, the inert or reducing atmosphere is required
when they are used at the elevated temperature, for they
are not protective enough from the oxidation of the sur-
face layer, Webb et al, (6) studied the rate of oxida-
tion of WC in comparison to that of tungsten., They sug-
gested that the oxidation of WC obeyed the linear rate
law in the temperature range of 700° to 1,000°C and its
higher rate was‘facilitated by the rupture of the oxide
film due to the formation of CO or CO2. The effect of
the temperature on the oxidation of titanium carbide has
been investigéted by Nikolaiski (7) and Stewart et al,
(8). The data obtained for the oxidation of powdered
titanium carbide, were found to correlate well with the
parabolic rate law in the temperature range of 600° to
850°C,

Sugiyama and Takahashi examined the corrosion re-
sistivity of titanium carbide obtained by C.V.D, (9).
They did not observed any corrosion by hydrogen chloride
énd sulfide up to 1,000°C, But the remarkable decrease
in weight was found for chlorine gas in the temperature
range of 460° to 500°C, which would be due to the direct
chlorination of titanium carbide and substrate alloys,
The stability of the carbide surface against sulfur oxide
was decreased above 700°C by the formation of rutile type
oxide. Above 1,000°C, therefore, the practical use in
the corrosive gases should be avoided except the case
when the etching effect of the surface layer is applied
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positively asican.be used in I.C, techniques.of theISemi-
conductors (10-12).

The greater part of the interstitial compounds show
relatively strong erosion resistivities against hydro-
chloric, nitric and sulfuric acids at ambient tempera-
tures, But, some of them (Mo,C, TiC, etc,) can be dis-
solved in hot concentrated nitric acid, aqua regia or
fluoric acid, _

Mechanical properties One of the éuperior merits of
the interstitial compoundAis its super-hardness, Above
all, the carbides of metals in 1Va group have thé micro-
hardness between 2,800 and 3,200 kg/mm®* (Mohs hardness:
9-10), which is slightly smaller value than that of sili-
con carbide (3,340 kg/mm?*) or boron carbide (5,000 kg/
mm?), * The peculiarity of the hardness may be attributed
to the diamond-like covalent bond between carbon and 1Va

metals as has been explained previously, But the strong
toughness for bending can not be expected because the
hardness and brittleness are often consistent properties
of the materials, Many fibrous compounds of borides and
boron carbide are found empirically in the author’s la-
boratory to have higher bending strehgth than other car-
bides or nitrides, Higgins et al. (13) measured the .
bending strength of boron carbide filaménts.whichiwere:
prepared bny V.D. on tungsten substrate, and obtained
the maximum value of about 18x10°psi (1,260 kg/mm®).
The curvature tests of vapor-deposited silicon carbide
are interesting, which was attempted by Beau and Gleim
(14) .on silicon slice, '

The plastic behaviors (shear stress, creep stress,
etc,) of single crystal carbides of titanium (15) and
zirconium (16) were studied in relation to their disloca-
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tion structures, slip systems and nonstoichiometries,
The slip system of {111}(110) type was identified in the
case of single crystal titanium carbide by several in-
vestigators (17 & 18), The tensile strength of whiskers
of interstitial compounds has rarely been reported be-
cause of their synthetic diffi¢ulties, notwithstanding
the tensile strength measurements (19) having been:de—
veloped for the as-grown metallic or ceramic whiskers
(Fe, Cu, W, SiC, Al,0;, MgO, etc.). Gatti and Mehan
found the linear relations between the ultimate stress
and the cross sectional area of boron carbide whiskerﬁ
(20) and aluminum oxide whisker (21), as shown in Fig,
1.2, Recently, comparatively high strength (200-300
kg/mm? at 10 um) of fibrous interstitial borides which
were obtained by discharge mgthod were measured by Taka-
hashi et al, (22 & 23),

Electrical properties It is apparent from Table 1,1

that the resistivities of the interstitial compounds are
the order of 107 ohm:cm at room temperature, They be-
long to the electronic conductors due to metallic M-M
bond., Electrical properties of the interstitiél coms
poﬁnds in 1Va group have been investiéated mainly by
chemists in U,S,S.R, Ai#igasos et al, (24) studied the
effects of nonstoichiometry of TiNx on the électrical _
conductivity, temperature.coefficient of resistance (T,
"C.R.) and thermo-electromotive force (T,E.M,F,), and
found a tendency to increase the resistivities with de-
creasing the concentration of nitrogen., Some character-
istics of electrical behaviors were studied 5y Hewnop on
the pyrolytic carbides or nitrides of 1Va metals (25),
They obtained the contradictory results to those by
Avieaszos, agd suggested that the nitrogen vacancies which
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reduced the screen effects of M-M bond made the concen-
tration of free electron increase, The comparison of
the data concerning T.E.M,F, (1.8-8.,2 uwv/°C) and T,C,R.
with those of Awsasos was made also by them, Tpebenkuna
and OenévoSeuykaa (26) measured T,C,R, of interstitial
carbides, silicides or their solid, solutions, and con-
éluded that the smaller value of T,C,R, which was obtain-
ed by ZrC or TaC was due to the stability of the covalent
bond,

Nitrideé and carbides of Va group metals show the
interesting electrical properties (27)., Particularly,
niobium compouﬁds are expected as the super-conductors,
The critical temperature Tc (°C) of the materials which
are known to show good super-conduction are'as follows
(28); NbN: 16, NbC: 10,1-10,5, TaC: 9,3-9.6, MoN: 12,0,
NbSn: 18.05,.Nb3A1: 17.5, etc. The super-conductivities
of NbC, NbN and NbC-NbN were studied in detail by Dar-
nell (29) and Pessall (30).

1,2 Historical Survey on the Syntheses of Interstitial
Carbides by C,V.D,
Starting materials It is an important problem in the

preparation of interstitial carbides what starting mate~
rials should be supplied to the preparation zone, A
‘generél way is to provide separately the sources for car-
bon and metals in the gaseous or solid state, except

when the pyrolytic decomposition of the organo-metallic
compound is employed for the formation of carbide, As
the supplying sources for carbon,'various kinds of hydro-
carbons or solid carbons (graphite and amorphous carbon)
are utilized, Takahashi and Sugiyama (31) plated tita-
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nium carbide on iron by C,V.,D, and found that the avail-
ability of the constituent hydrocarbons for the synthetic
.reaction was arranged in the following order: (-CsHiz )
CeHe > C3Hg ) CaHg D C2Hy ) COY CHy, This is obviously con-
nected with the facility for the production of carbon
radicals (pyrocarbon), which may serve to the catalytic
reaction at the substrate su#face, On the other hand,
metal hélides and sométimes hydrides are used as the
transpoft reagents fdr metallic sbecies, Instead of de-
composablé halides of Vla group like WCls and MoClg,
foils or filaments of tungsten and molybdenum are often
supplied as the metallic sources. ’

1Va group (TiC, ZrC and HfC) The chemical vapor de-
position of interstitial carbides was initiated in 1925
by van Arkel and de Boer (32). While they were studying
to prepare pure metals of 1Va group by hydrogen reduc-
tion of corresponding halides, tﬁey:found it possible to
obtain the deposits of carbides on the heated tungsten

wire by introducing hydrocarbon or carbon monoxide sim-
ultaneously with halides and hydrogen, for example-

ZrCly + 3H + CO — ZrC + L4HC1.+ Hj,0,
This was followed by the detailed study by Moers (1931),
who obtained the monocrystailine carbides of titanium,
zirconium and hafnium on the substrates, the temperatures
of which were 1,300°- 1,700°C,' 1,700°~ 2,400°C, and 2,400°
-2,800°C, respectively (33)., The atmosphere employed
was composed of a mixture of the purified hydrogen satu-
rated with toluen vapor at -15°C and metal chloride,
Burgers and Besart (3y4) prepared titanium and zirconium
carbides in the chloride vapor on carbon fiiament (about
100 wr in diameter) which was used as the heater of re-
action tube, The uniform and bright coatings of zirco-
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nium and titanium carbides on graphite could be obtained
by Blocher and Campbell (35), in the halide atmosphere
in the témperature and pressure ranges which were un-
favorable for the deposition of metals, but still favor-
able for the carbide formation in thermodynamical mean-
ings. The a@herent platings of titanium and zirconium
carbides on iron were succeeded recently in the author’s
laboratory (36 & 37). ,

Va group (NbC and TaC) Preparation of tantalum car-

bide was tried also by Moers (33) using a mixture of
TaClg + Ho + Cqu, but it was unsuccessful because of

the rapid formation of free metal at the temperature in-
vestigated (700°-1,000°C), Becker et al. (38) found it
possible in 1930 to prepare the carbide layer by‘carbu-
rization of a tantalum wire at 2,000° to 3,000°C in a
hydrocarbon-h}drogen mixture, The formation of two kinds
of carbides, TaC and TazC was observed by Burgers and
Besart (34), when they heated the carbon filament in the
atmosphere of TaCls. 1In vapor-solid reactions as des- .’
cribed above, the temperatures above 2,000°C aré required,
The limiting-pressure technique was applied by Blocher
et al, (35) to the uniform coating of niobium and tan-
talum carbides on graphite bodies (1958). The carbide
coatings of 50 to 500 um in thickness Were'formed in the
reaction time of 15 min, to 2 hr, - :

Via group (MoC and WC)  Vapor platings of carbides

of Vla group metals had been performed before the begin-
ning of the studies on C,V,D, Vin 1lVa group metal. carbides
Pring and Fielding (39) obtained in 1909 the coating of
molybdenum or tungsten carbide in the vapor phase con-
taining metal chloride, The methqd employing chloride

vapors as the source of metals, however, have been rarely
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used because metallic molybdenum or tungsten is easy to
form, Molybdenum or tungsten filament was carburized

by Westgren and Phragnen (40) in a CO atmosphere at 1,500
°C to find. the presence of MozC or W2C and VWC, respecs
ti;ely. Andrews et al. (41 & 42) investigated more care-
fully the carburization of tungsten filament in the tem-
perature range of 2,000° to 2,300°C in the naphthalene
vapor at the pressure of 2¢x103 torr. The main factor

of the reaction process was determined to be the rate

of diffusion of carbon through carbide., Becker heated
tungsten wires of 2.4 to 12 mil in diameter using a mix-
ture of hydrogen, and benzene vapor or methane as the
carburizing.agent (43) and obtained WC at the temperature .
up to 2,200°C, while a-W2C and B-W2C were formed in the
higher temperature ranges of 2,200°-2,400°C and 2,400° -
2,550°C, respectively. B-MoaC was identified by Kuo et
al, in the carburization process of molybdenum in carbon
monoxide gas at a relatively low temperature below 800
°C (L4).

Lander and Germer (AB) attempted in 1947 to obtain
carbides by the thermal decOmpositiog of molybdemum car-
bonyl, Mo(CO)¢ and tungsten carbonyl, W(CO)¢ at reduced
pressures, The advantage of this process was to serve
the purpose at lower deposition temperature than is re-
quired in the other methods as already described, Ad-
herent B-MOgC‘(cubic) and B-W2C (cubic) coatings were
produced in the temperature range of 350° to 500°C,
Cubic Mo2C was obtained also on an iron specimen at tem-
peratures as low as 170°C from a mixture of molybdenum
carbonyl and hydrogen under the CO pressure of 0.05 torr,
and the hydrogen pressure of 0,06 torr, It is interest-
ing to be able to produce carbide by decomposition of
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carbonyl, although this is limited to Vlavgroup metal

carbides.

1.3 Theoretical Approach to Whisker Growth from the
Vapor Phase. '

Dislocation mechanism In crystal growth of metals

or inorganic compounds from the vapor phase, one can

often encounter their one dimensional anisotropic growth

of "whiskers" — so cal}ed by reason of their appear-

which has become the subject of intense studies

ance =——,
in recent years, These whiskers are characterized re-
markably with the rapid growth under a relatively low
supersaturation, the filamentary and monocrystalline ap-
pearance, the ultra-high tensile strength, efc. The '
growth mechanism of a whisker has been discussed in the
past 20 years by many crystallographers. In 1949, Frank
proposed a growth theofy of a crystal which was based
on the screw dislocation (46 & 47), in order to explain
the crystal growth under low supersaturation which could
be often observed experimentally,but it was not coinci-
dent with the growth theory of a perfect crystal which
was proposed by Kossel and other investigators (48).
According to Frank’s model, the step reqﬁired for the
crystal growth is given by the screw dislocation around
‘a fixed point, so that the crystal can grow continuously
under low supersaturation without two dimensional nucle-
ation, where the activation free energy of nucleation,
AF = TTRE _
is necessary (f.: critical radius of curvature, and € :
edge free energy of monolayer). Spiral growth due to
the dislqcation could be;vgrified in fact by the micro-
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scopic observations of SiC or CyBu(for example, 49), Mg
(50), etc. This model was first applied also by Frank
to the growth mechanism of tin whiskers (515; The whisk-;
er axis was considered to be parallel to the Burgers vec-
tor of the dislocation, namely a slip direction in the
crystal, After that, "Frank’s mechanism" had been sup-
ported by mahy experimental or theoretical treatments
(52), until the V,L.S, mechanism was presented,

V.L,S, mechanism In spite of its generaly applicabil-
ity of the theory by Frank, a few additional problems
remained why the side of the whisker did not grow at an

appreciable rate and how the impurity effects in whisker
growth were connected to the dislocation mechanism (53),
Therefore, it was considered by some workers that reser-
vations should have arisen regarding its universal appli-
cation. Greiner (54) found that the addition of small
traces of;impu}ities was essential to promote the growth
of filamentary silicon crystals, Wagner and Ellis (55)
investigated further in detail the pfocess of the dis-
proportionation reaction;
251I2(g) = Si(s) + sily(g),
and proposed so called "Vapor-Liquid-Solid mechanism"
(V.L.S. mechanism) in 1964,,and the characteristics of
silicon whisker growth by V.L.S. mechanism were summgriz-
ed as follows:
i) Silicon whiskers were free from dislocation,
ii) Certain impurities were essential for whisker
growth, : o
iii) A "liquid-like" globule was observed occasion-
ally at the tip of the whisker crystals during
growth, , '
The idealized drawing of V,L.S. mechanism is illustrated
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for the growth of a silicon crystal in Fig,1l,3, In the
first step of growth, the deposition may occur directly
on a solid substrate and then the liquid solution is
formed by incorporation of the impurities. The liquid
phase is supersaturated with silicon from the vapor (V-
L system) and the second step of the precipitation of
silicon single crystal at the liquid-solid interface .
(L-S system) occurs, Wagner et al, showed that the im-
purities such as Au, Ni, Pd, Cu, Mg and Os produced ex-
tensive filamentary growth, while the following impus
rities did not promote the growth: Zn, C, Mn, Sn, etc,
(56). The growth mechanism of comparatively thick needles
was considered by them to be based on the rapid extention
- in length of a leader-like crystal, wh{éh was followed
by the slow thickening through the deposition on the
lateral face, The former may be concerned with the im-
purity effects and the latter with the side growth by
the movement of steps. The correlation between the whisk-
er morphology and the growth condition was studiéd by
Thorton et al, (57) and the final whisker shépes were
shown schematically in Fig.l.4, The detailed descrip-
tions about the controlled V.L.S, growth of silicon and
discussions on defects or kinkings were given in the 1it-
erature by Wagner (58 & 59), |

The V.L.S, growth mechanism has been verified in
other whiskér growth of the compounds such as a-A1l;03
(60), GaAs, MgO (61), SiC, etc, In the recent study of
Berman and Ryan (62), single crystal needles of 2H-type
silicon carbide were grown by V,L,S, method in the pro-
_cess of the hydrogen reduction of purified CH351013 .
They found that by making the mole fraction of CH; SiCly
low, the liquid zone of silicon would be etched away by HCt |
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product and consequently no 1iquid'globules could be ob-
served apparently, Conversely, through the slight in-
crease of the mole fraction of the reagent, the molten
tip became saturated with silicon, Thus, various forms
of needles could be obtained by adjustments of flow rate

or temperature,

1.4 Applications to Chemical Industries.
Protective coatings As described in Section 1 2, a

series of basic studies on synthesesiof interstitial car-
bides?by C.V.D, were originated above all by chemists

in the 1930’s, The studies were presumably stimulated
by thelir academic interests in the chemical behavioré |
of heated lamp filaments in various atmoéphefes. The
C.V.,D, method of interstitial carbides had been noticed
scarcely from the industrial point of view until World
War I. But after the war, the importance of coating .
techniques on materials has increased gradually as well
as that of sintered interstitial carbides (TiC, WC, B4C,
etc.) which have made much progress in the practical
applications to cermet materials and super-hard alloys
(for example TiC-WC-C- system), In fact, they have been
used commercially as cutting tools; braking materials,
refractory and reinforced materials for vehicles or air-
crafts, etc, The remarkable progress in recent material
science seems to be based on the simultanebus combintion
of materials with different properties, The demand for
such "combined materials" has been increasing so as to
allow the interstitial compound to serve to one of the
elements which construct the new combinéd materials,

The researches on protective coatings of intersti-
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tial carbides by C,V.D, have not always produced the
good résults_enough to be put to practical use, Adherent
and uniform (non-porous) coating on metals at low tem-
peratures is one of the present problems to be solved,
Titanium carbide coating on the steel surface, was in-..
vestigated by Takahashi et al, (36) in the relatively
low‘temperature range of 850° to 1,000°C using a mixture
of TiCl4 + Ha + (CsHg). They found that the pre-elecro-
deposition of cobalt on low carbon steel was effective

to obtain adherent titanium carbide coating, The uni-
form coating. of.p-W2C or B-MosC on iron obtained by Lander
et al. (45) is also noteworthy as the coating technique
at low temperature which will applied to other compounds
in the future, '

Comppsité materials The whiskers or fibrous forms

of inorgénic materials have been marked as the reinforce
components in compdsite materials since the produétion

of G.F.R,P, (glass-fibre reinforced plastics) was intro-
duced in the industries in the 1950’s, The new composite
material is the subject of research and development ih
today’s material science, Especially, C.F,R.P, (carbon-
fibre reinforced prastics) is massproduced, .Coﬁposite
materials are ciassified as F R P, (fibre reinforced plas-
tics), F.R.M, (fibre reinforced metal) and F.R, R, (fibre
reinforced rubber), These are composed of matrix mate-
rials (plastics, metals or rubbers) and reinforced fiﬁfes;
The fabrication process of whisker composites involves
the classification of the length and the alignment in

the matrix which were investigated by Lipp in the case’

of silicon carbide whiskers (63). It was possible to .
produce a highly oriented composite by means of the ex-
truding nozzle, The best combination of the matrix and
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the fibres should be selected considering the problems
of wetting, bonding and chemical stability at the fibre-
matrix interface (64). The whisker or fibre reinforced
composites of interstitial compounds may be recommended
as the superior composite materials, '

Other devices . Although the interstitial carbides ob-
tained Ey C.V.D, have not been applied to other devicés,
one can expect further some possibilities of their prac-
tical uses, particularly in the field of electrical de-
vices, For example, the thermo-electrical or super-con-
ductive properties of interstitial carbides will become
more important in the near future, Indeed, the impor-
tance.of C.V.D, techniques will be recognized as the
social demands for better matérials increase,

1.5 The Aim and Scope of the Present Study

As described previously, the interstitial compounds
have the chemical, mechanical and electrical properties
of interest (see Section 1,1). But the products obtain-
ed by C,V,D, have not always been connected immediately
with the chemical industrieé in spite of their potential-
ities in the future {see Section 1l.4), This is not only
because the iequirements have not been developed for
combined materials wizh the transition metals of small
Clarke numbers, buf ksczuse the detailed infbrmation§
on C,V,D, have not been established in the coating or
whisker-forming technology (see Section 1.2). It is aim-
ed in the present study to investigate the chemical vapor
deposition of interstitial carbides, especially the car-
bides of-fitanium, tungsten and molybdénum,-which are
relatively familiar in the refractory and super-hard ma-
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terials. The originality of the study consists in the
one dimensional growth of carbides and some interesting
synthetic procedures are introduced. In performing this
invéstigation, the C.V.D, methods of silicon carbide and
other semiconducting compounds were quite instructive,
considering that the remarkable developments of recent
I.C. or L,5.I, technology have been indebted to a num-
ber of basié studies on C,V,D, of semiconductors such
as Si (65-67), SiC (68-72),and SigNy (73 &74).

In Chapter 2, the single crystal growth of titanium
carbide whiskers, needles or pillars is présented, 1In .
a similar way, the vapor deposition of tungsten carbide
dendrites, including the needlé or pillar forms, is de=-
scribed in Chapter 5, Chapters 3 and 4 are concerned
with the fibrous growth of polycrystalline carbides of
titaniﬁm, tungsten and molybdemum, By the formation of
titanium cérbide filaments, the vapor-so0lid reaction of-
" the titaniéation of carbon filament was employed. The
possibility of continuous fibrous growtﬁ of W2C or MogC
by discharge method is shown in Chapter 4,
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CHAPTER 2
Single Crystal Growth of Titanium Carbide

by Chemical Vapor Deposition

2.1 Introduction

Titanium carbide, one of the typical interstitial
compounds having a high melting point of 3,250°C and
Vicker’s hardness of 3,200jkg/mm3; has been well known
ag a super-hard and refractory mate?ial. Boule_single
crystal of titanium carbide has been prepared by Arc-
Verneuil process and many studies (1-4) have beeh done
on its crystal strﬁcture (for example, "Mondrian precip-
itates", stacking faults, etc.) or physical properties
(see Section 1,1). Moers (5) obtained the monocrystal-
line deposits of titanium carbide on a tungsten filament
which was heated at 1,600° to 2,000°C in the atmosphere
of TiCly+ Ha+ CqHg, but the detailed study on crystal-
morphology was not reported, On the other hand, féw
 papers have been published on the preparation of needle
or whisker forms of carbide from vapor phésé, except a
brief report by Hertl (6) who obtained fibrous titanium
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carbide from TiCp and colloidal_carbon in chlorine atmos-
phere. S | |

In this experiment, various forms of titanium car-
bide single.crystal'were grown on graphite substrate in
the temperature range of 1,200° to 1,350°C from the vapor
phase confaining hydrocarbon and hydrogen saturated with
titanium tetracthride vapdr."The purpose of this study
was not only to investigate:the.correlatign between the
growth co?ditions (temperature, conéentration, etc.) and
the ciystél morpﬁblogy (needle,'whisker, pillar or poly-
hedfon), but also to clarify the growth direction and -,
the'growth mechanism, 1In discussing the crystal growth
process, the theory on silicon whisker growth by Wagner
et al, (7) was instructive as well as the experimental
studies on whiskers of SiC (8-11), B4C (12) and HfC (13).
Finally, the tensile sfrength was measured by the buoy-
ancy method and it could be compared with published values
.of other whisker materials,

2,2 Experimental

- The schematic diagram of the experimental apparatus
is illustrated in Fig.2.1, Titanium carbide single
crystal was prepared accordinéfto_the feaction;

TiCly + CgHy + Hy — TiC + LHCL + Cula,

where CxHy was propane, taking account of the facility
for pyrolysis of hydrocarbon (see Section 1,2), The re-
action was performed in a horizontal quartz tube, the .
inside diameter of which was about 35 mm, A cylindrical
graphite (50 mm in length, 30-32 and 10-23 mm in outside
and inside diameters, respectively) was placed at the
center of the tube, and was used as substrate for depo-
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Fig.2.1 Schematic diagram of the experimental
apparatus,

(1) graphite substrate (2) r.f. induction

coil (3) quartz reactor (4) TiCly saturator
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sition of titanium carbide which was heated by a radio
frequency (r.f.) induction coil, Titanium_tetrachloride,
(b.p.. 136.5°C) was introduced into the hydrogen stream
by means of a bubbling type saturator, maiﬁtained at 90
°C (vapor pressure of TiCly at 90°C:.190 mmHg). The gas
flow rates of dried hydrogen and propane wére measured
with the flow meter, After precleaning the reaction tube
with‘hydrogen, the gasfmixture’of titanium tetrachloride,
hydrogen and propane was thus led to the inlet, It vas
necessai-y to keep the gas mixture at 90° to 100°C ﬁy
cooling water at the inlet which was 20-50 mm forward

the surface of graphite spbsfrate to prevent the propane
from decomposing excessively due to the radiation of the
heated graphité. The substrate temperature was measured
through the glass window Wiwith the photo-pyrometer and
the growth process was observed through the other window )
W2, Impurities such as Au, Pd, HaPtCl¢, HgCl, MnCla,
Mn(NOz); , NaySO4, etc. were incorporated into the graphs
ite and the impurity effect on the érystal growth was
investigated, ' .

The morphology of each single crystal was observed
through the microscope. The deposits were identified by
X-ray diffractometer and the growth directions were de-
termined by Laue method, The needle and pillar cryétals
were embedded in the epoxy resin, .the cross section of a
crystal was abraded with diamond paste, and it was etched
in hot concentrated nitric acid for five minutes, |

The fracture strength along the crystal axis was
measured by buoyancy method, whereby the crystal was fix-
e@ at both ends on copper tools, one of which was con-
nected with a buoy via thin tungsten wire and was loaded
continuously in tension by draining the water which sus-
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Fig.2.2 Schematic diagram of the apparatus for

measurement of fracture strength,

(A) & (B) copper supports

(8)

(w)

(F)
(M)

specimen
tungsten wire
buoy

microscope
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tained the buoy (see Fig,2.2).

2.3 Results

Growth conditions The conditions for single crystal
growth wére investigated as a function of temperature,
gas flow ?ate~and the éhape of the graphite substrate in
the reaction tube, The temperature dependence was note-
~worthy; when ihe temperature of the substrate was below
1,200°C, a thin film of titanium carbide (14) was coated
on the graphite surface, and when above 1,400Pé, poly-
cfystals were deposited rapidly. In this experiment,
the singlé crystal growth was studied in detail in the
temperature range of 1,200° to 1,400°C, Fig.2.3 shows .
the influence of temperature ahd propane gas flow rate
on the crystal growth, when the hydrogen gas flow rate
was 4.0-8.0 ml/sec (linear velocity: 27.5-55.0 cm/sec

in the graphite tube), It should be noted from Fig.2.3
that a suitable temperature range for single crystal
growth is from 1,240° to 1,280°C, Using a propane gas
flow rate of 0,05 ml/sec (0.8 m/o) is essential, The
influence of hydrogen gas flow fate and temperature on

the crystal morphology is shown in Fig.2.4 at a fixed
propane gas flow rate of 0,05 ml/sec., Needle or whisker
crystals were found to deposit at a relatively high flow
rate of about 7,7 ml/sec (iinear velocity: 53.1 cm/sec),
while pillar crystals were dépoéited at a lower flow rate
of 6.2 ml/sec (linear velocity: 43,8 cm/sec), and poly-
hedron crystals in a higher temperature range of 1,250’
to 1,300°C, These experimental data were obtained when
the inside diameter of substrate was 10 mm, As the in-
side diameter Di was increased, for example Di = 20-23
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Fig.2.5 Micrograph of needle crystals. (front view)
Note that some crystal tips are kinked to-

wards appropriate atmosphere.

Fig.2.6 Micrograph of needle crystals. (plane figure)



Fig.2.7 Micrograph of tapered needle crystals
grown in several groups on the graphite

substrate.

Temperature: 1,250°C
C3Hg flow rate: 0.05 ml/sec

H, flow rate: 8.0 ml/sec



mm, a number of needlp crystals 6-7 mm long were grown,
but it was difficult to obtain reproducible data, How-
ever, relatively short but fine whiskers with the diam-
eter of 2-10 Um were obtained at the decreased cross sec-
tional area of the grapliite tube, in which a graphite
cylinder (10-20 mm in diameter) was inserted, The mod-
erate deposition area in a run was limited to the graph-
ite surface at a proper distance from the inlet, which
was probably dependent on the temperature gdgistribution
or the transport process of the agents in the furnace;
Crystal morphology Figs.2.5 & 2.6 show the needle

crystals observed from two different - directioms,

They occur in radiating clusters, apparently from a sin-
gle nucieus. The initial growth rate is from 5 to 7
mm/hr, but the rate decreases abruptly in 60-80 minutes.
This seems to show that the growth region of needles is
limited to the thin gas film over the graphite surface,
because some long needles kink towards the appropriate
atmosphere at the tip, Needle crystals could be grown

in several groups on the substrate surface,as shown in
Fig.2.7, and some of them were tapered with metallic .
luster, Whiskers from 2 to 12 um in diameter were ob-
served together with fine needles at a higher linear flow
rate of hydrogen gas (Figs.Z.B & 2.9). A few pillar sin-
éle crystals,. shown in Fig.2.10, grow in different direc-
tions from a single nucleus just like the needle crystals,
These are from 30 to 50 um in diameter and from 1 to 5

mm in length, but the growth rate (2-5 mm/hr) is lower
than that of needles, One pillar crystal is magnified

in Fig,2,11, where the side plane of hexagonal prism and
the tip of the truncated pyramid are observed, Each side

has a smooth plane and a metallic gloss, except a special
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Fig.2.8 Micrograph of whiskers.

(temperature: 1,240°C)

Fig.2.9 Micrograph of a magnified whisker

2ymin diameter.



Fig.2.10 Micrograph of a few pillar crystals.

(temperature: 1,230°C)

Fig.2.11 Micrograph of a magnified pillar

crystal like a hexagonal prism.



Fig.2.12 Micrograph of polyhedrons whose tips

are octagonal pyramids. (temperature: 1,280°C)

Fig.2.13 Micrograph of octahedral crystals
with impurities adhered at the lateral

faces.



case as described later, Polyhedron crystals, grown

for several hours in high temperature range, have a dif-
ferent sort of morphology, for example, hexahedron or
oétahedron: Fig.2.12 shows the polyhedron crystals, whose
tips are octagonal pyramids, and they grow large enough
to become adjacent each other. Polyhedrons which adhere
impurities at the lateral faces, are shown in Fig,2.13.
They are similar to monocrystalline deposits apparently.
whiéh were ‘prepared in van Arkel type atmosphere by Moers
(5) and Chermant (15).

Cryétallogrophic assignment and etching figure After
the identification with the titanium carbide A.S.T. M.
card (16) by means of X-ray diffractometer, the growth

direction was determined with Laue method (front reflec-
tion type)., ZX-ray beam from molybdenum target was radi-
ated for 90 éinutes on a needle or a pillar crystal
mounted vertically on the goniometer head, Figs.2.lLa

& ¥ are transmissior Laue phoiographs taken fror & riven
positior {(a2), and frorm the rotated position by 60° (b)
around the axis, Two mirror symmetries can be confirmed
in the figures (a) and (b), where the equivalent Laue
patterns are at irnverse directions each other, It is
suggested, therefore, that (111 is the growth direction,
since titanium carbidevhas & NaCl type crystal structure
(17). Consequently, cach side of hexagonal prism of a
'pillar crystal whichk was observed in Fig,2.11, is ap-
parently (110} plzne, It is interesting that (110) plane
correspends tc the highly oriented plane in vapor plat-
ing on iron of titanium carbide at lower temperature
(14), Fig.2.15 shows the kinking of needle crystals
described previously, and the measured angle of the kink-
ed tip to the original direction (111), is about 108°,
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(a) (b)

Fig.2.14 Laue photographs. (target: Mo, exposure: 40

kv, 15 mA, 90 min., crystal-to-film distance: 16 mm)

(a) Laue spots with a mirror symmetry, radiated

from a given direction. A

(b) Laue spots with an inverse symmetry, radiated

from a rotated direction by 60° around the axis.



Fig.2.15 Micrograph of a needle crystal kinked

from {111) to <(111).
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Fig.2.16 Micrograph of a needle crystal kinked

towards <100) at the tip.



Fig.2.17 Micrograph of a dekinked needle
crystal (,which was observed occasionally
at the crystal tip of a relatively long

needle crystal).



s0 that the kinking direction is assigned the same Qprm
{111). From the analogous observation, the kinking di-
rection of a needle as shown in Fig.2.16, is probably
(100),.for the kinked angle is about 60°, Dekinking was
also observed occasionally (see Fig.2.17).

Etching of the cross section in hot concentrated
nitric acid reveals the growth layers shown in Figs.2.18
& 2.19, Fig,2.18 shows the etching figure of a needle
crystal, where the nearly circular growth layers are ob-
served, On the other hand, there are regular hexagonal
growth layers in Fig.2.19, which show the etching figure
of a pillar crystal, Each side of the hexagon is found
to correspond tb (110) plane indexed previously, At the
center of the cross section, there is a circular project-
ed part about 10 um in both figures, which is difficult

to etch,
Impurity effects and shapes of crystal tips Yhen im-

purities wero incorporated into the graphite substrate,
continuous large growth steps were easy to grow on the
side of a pillar crystal (Figs.2,20 & 2.21 magnified)

and each step hasli'secondary step at the edge, Fig.2,
22 shows a few irregular and larger growth steps for a
crystal which was.grown in the higher temperature range.
Thoﬁgh it was difficult to get an exact quantitaive know-
ledge about the impurity effect on growth rate, it was
possible to establish the difference of the growth by
incorporating a few kinds of impurities, For example,

Mn and Au show a positive effect on the crystal growth,
as shown 1n Figs.2.23 & 2.24, A number of needles can

be seen to swarm up at the substrate which was impregs.
nated with Mn(NO;)z, while several long needles are grown
in the case of elemental Au, It was found similarly
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Fig.2.18 Etching figure of the cross section

of a needle crystal.

Fig.2.19 Etching figure of the cross section

of a pillar crystal.



Fig.2.20 Micrograph of continuous large growth

steps of a pillar crystal.

Fig.2.21 Micrograph of magnified large growth

steps followed by the secondary bunched

steps.



Fig.2.22 Micrograph of a few irregular and
large growth steps at the lateral faces

of a pillar crystal.

Fig.2.23 Impurity effect on the graphite sub-

strate incorporated with Mn(NO,;), (left side)

and no impurity (right side).



that Pt, Pd, Ag, etc. represented positive effects, but
Cu, Fe, Co, Zn, etc, showed negative effects,

The typical shape of a whisker tip is shown in Fig.
2.25. It seems that the tip has no globule cap, but
has the growth planes with a right angle each other, which
is analogous to the shape of a pillar crystal (see Fig,
2.26)., The final shapes of tapered needle crystals are
shown in Fig,2,27,. These data on impurity effects stated
above, will give an important suggestidn in discussion
of the growth mechanism,
Tensile strength The fracture strength vs. the dia-

meter of needle or pillar crystals is plotted'on logarith-
mic scales in Fig. 2.28, A linear rélation can be seen
from the figure, as expected from the measurements of
other whiskers (see Fig.l.2). The extrapolated value to
5 im in diaméter is about 1,000 kg/mm?, The tensile
strength of titanium carbide whiskers, therefore, is es-
timated to exceed that of iron (250 kg/mm?), sapphire

(350 kg/mm?) or alumina (560 kg/mm?) in the same diameter
(18). Fig.2.29 shows the micrograph of a fractured cross
section, which was cracked radially with less possibility
of the slip plane (111), (4), |

2.b Discussion
‘The vapor phase rsaction and crystal morphology As

described earlier, the propane gas flow rate of 0,05
ml/sec (0,8 m/0) and cocling of gas mixture at 90° -100°C
were essential for growth of a single crystal. It means
that the decomposition reaction of hydrocarbon play an
important part in the formation of titanium carbide sin-
gle crysgals. This suggestion seems to be supported by
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Fig.2.24 Impurity effect of Mn and Au.

The substrate portion where the impu-

rity was incorporated is shown below.




Fig.2.25 Micrograph of the crystal tip of

a whisker.

Too um’

Fig.2.26 Micrograph of the tip shape of a

pillar crystal.
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the study of Pearce (19) who discussed the reaction me-
chanism in the formation of TiC from the vapor, He con-
cluded with the help of thermodynamic data that the in-
itial formation of pyrocarbon was important rather than
the reduction to amorphous carbon, Since the reaction
does not involvé»the formation of titanium in the tem-
perature range employed, as suggested by Minster (20),
‘the net reaction may occur between titanium trichloride
and radical products (pyrocarbon) to form the addition
compounds such as CH3TiClz. Therefore, appropriate tem-
perature distribution and gasous diffusion process in the
reaction tube should be given to provide pyrocarbon on
the surface of graphite substrate, 1In addition, it is
necessary to keep a constant supersaturation at the growth
tip in order to obktain = given crystal morphology as
pointed out ﬁ& Gatti (12) in the whisker growth of B4C,
When the inside diameter of the cylinder is large, for
example, it is difficult to introduce a proper quantity
of pyrocarbon while keeping the temperature or atmosphere
constant, As a resul?, the reproducibility decreases,
With small inside diameters, however, the linear flow
rate of hydrogen gas is higher, making it easier to grow
& fine whisker, as shown in Fig.2.3. Anyhow, it seems

a2 complicated problem to obtain longer whiskers than 7

mm unless completely controlled conditions aré establish-
‘ed.

Growth mechanism The growth mechanism of polyhedrons

can be explained by Kossel model on perfect crystal under
a high supersaturation (21). Also, it can be applied

to the process for lateral growth of a pillar single crys-
tal where the growth steps are observed in Fig,2,20, 1In
fact, polyhedrons and pillars are found to be grown at
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Fig.2.27 Micrograph of crystal tips of tapered

needle crystals.

Fig.2.27 Micrograph of the fractured cross

section of a needle crystal.



higher concentration of TiCly, as shown in Fig.,2.4. Ob-
servations of the etching figures (Figs.2.17 & 2.18) sug-
gest the difference in the growth mechanism between the
center and the circumference, It is convenient to des-
cribe two steps like silicon whisker growth (7); one

is the whisker growth and the other is the lateral growth
of needle or whisker.  Through the micoscopic observa-
tions. (see Figs.2.24-26), however, any small globule can’
not be found at tﬁe tip of the whisker or needle crystals,
So it is doubtful to establish the TiC whisker’growth .
mechanism by V,L.S. (see Figs,1.,3 & 1,4), But,.a par--
ticular case may be considered where the globule is etch-
ed away completely as reported by Berman et al. (11),

so that more detailed investigafions on the microstruc-
ture and the impurity effect should be made to learn the
mechanism of whisker growth,

It seems that the growth layers in Figs,2.17 & 2.18
are due to the variation of chemical composition, and
these can be connected with the lateral growth, From
the appearance of the growth steps in Figs,2.20 & 2.21,
the bunched steps were considered to grow in the presence
of impurities. Such a "bunching effect" of mono-mdolec~ -
ular steps which were caused by impurity, was discussed
theoretically by Frank (22). The lateral growth rate
increases when the bunched growth steps pa#s through any
side, which results in the growth layers, It is conclud-
ed, therefore, that the pillar crystals are grown by the
movement of steps on the side simultaneously with the
tip growth, while in the case of the tapered needle crys-
tals, the lateral growth is a.little slower than the tip
growth, ’
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2.5 Conclusion

Single crystaisAof titanium carbide were grown on
the graphite substrate from vapor phase in the tempera-
ture range of 1,200° to 1,350°C, The atmosphere employ-
ed consisted of hydrogen, titanium tetrachloride and
propane, ;t was found that the gas flow rate, or the
geometrical shape and impurities of the substrate greatly
affected the crystal morphology. Above all, the contrib-
ution of propane concentration (0,8 m/o) was so remark-
able that the decomposition of propane gas was considered
to define strictly the growth range of single crystals,
Impurities such as Mn, Au, Pd, Ag, et¢, revealed the fa-
cility for crystal growth;

Polyhedron crystals were deposited in the high tem-
perature range (1,250°-1,300°C), and have smooth and
glossy planes on the crystal surface, Pillar crystals
(30-50 um in diameter) grew gradually as hexagonal prisms
at the moderate temperature of 1,240°C, while needle
crystals (6-7 cm in length and 10-40 um in diameter) grew
rapidly in radiating clusters from a growth nucleus at
a higher concentration of hydrogen (8.0 ml/sec). The
growth rate of needles was 5-7 mm/hr, Whisker crystals
about 3 um in diameter vere observed among them, when
the linear velocity of hydrogen was rather high.

The growth direction of needle or pillar crystals
.was found to be {111 by Laue method and the kinking di-
rection was (1i1)? or sometimes {(100)», The lateral plane
of hexagonal prism was assigned (110), as a result,

The etching figure of the cross section showed hexa-
gonal growth layers, where the central portion was diffi-
cult to etch, The bunched growth steps and the impurity
effects suggested the growth mechanism similar to Si
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whisker growth by V,L,S, method, i,e, the tip growth of
whiskers was. followed by the movement of growth steps
on the side, Thus the tapered needles or pillars were
supposed to groﬁ-by two steps, But it is uncertain to
accept the V,L,S, mechanism for TiC whisker growth, for
no globule was observed on the crystal tip.

From theélinea; relation between the strength and
the diameter, the tensile strength of 1,000 kg/mm* was
estimated at S ¥m in diameter, Titanium carbide whiskers
are worthy of note, as a material having superior high
tensile strength as well as the other mechanical proper-
ties,
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CHAPTER 3

Formation of Titanium Carbide Filament

by Titanization of Carbon Filament

3.1 Introduction

Titanium carbide filaments have received an increas-
ing attention in recent years as the reinforce components
of refractory composite materials as stated in Section
1.4. It may be possible to fabricate a super-hard F.R,
M. (fibre reinforced metal), considering the favorable
wetting behaviors of titanium cafbide for cobalt, molyb-
denum, etc..(l). The préparation of fibrous or filamen-
tary form of titanium carbide, however, has rarely been
reported in the past 4O years. In the early study by
Burgurs et al, (2), the codting of titanium-carbide on-
a carbon filament (about 100 pm in diameter) was perform=-
ed in the van Arkel type atmosphere, where titanium tetra-
chloride vapor and hydrogen gas were introduced into a
lamp reactor, The temperature of the heated carbon was
estimated to reach 1,800°-2,100°C. Recently, fibrous
titanium carbide with the length of 7-15 um was obtained
by Hertl (3) in a temperature range of 1,250° to 1,500°C
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from TiO, and C, In Chapter 2, the author presented the
preparation ﬁethod of titanium carbide whiskers or needles
by C.V.D, Nevertheless, it was rather difficult to ob-
tain whiskers or filaments of several microns in diameter
and several centimeters in length by the methods descridb-
ed in Chapter 2, For example, the growth in length was
strictly limited in the single crystal growth of TiC,
because it was a complicated problem to control suffi--
ciently the temperature and the gas concentration at thé
growth tip,

In this experiment, the titanization of thin carbon
filament was employed rather than the carburization of
titanium filament (4), considering the free energy of
formation, The purpose was to prepare a lot of titanium
carbide fiiaments at the same time as simply as possible.
Although the %rodubts are polycrystalline, this method
is worthy of note from a vieﬁpoint of producing a thin
but long filament of interstitial carbides as well as
the—discharge method (5) which will be described later
in Chapter L, Titaniration was performed in an atmos-
phere of titarnium tetrachloride and hydrogen gases for
g sufficient resction time, and the moderate condition
for the formation was investigated, An interesting phe-
nomencrn was found by F-ray diffraction where the titani=-
zation mechanism was studied in detail in relation to
the diffusion wracssz <f carbon in titanium carbide (6-

8).

3.2 Experimental
The illustration of the experimental apparatus is
shown in Fig,3.1, The graphite tube (inside diameter:

- 57 -



22 mm), in which the carbon filaments or texture were
inserted, was heated by induction coil in the temperature
range of 1,200° to 1,550°C, The titanium tetrachloride
vapor was produced by passing the chlorine gas carried

by afgon through the sponge titanium, which was heated

at 400°=-600°C in a nichrome resistance furnace attached
to the reactor, The generated chloride vapor was intro-
duced into the reaction zone 6f the graphite tube after
being mixed with a dry hydrogen at the inlét of the ho-
rizontal quartz reactor (inside diameter: 34 mm). Simi-
larly, the titanization of graphité was performed by set-
ting a cylindrical graphite (15 mm in diameter) in the
tube, The temperature of the specimens were measured by
the photopyrometer through the observation window at the
left side in Fig.3.1. The flow rates of chlorine, argon
and hydrogen gases wére determined by the flow meters,

F; -F3 at room temperature, Carbon filaments were obtain-
ed in the same reactor, where several kinds of organic
filaments such as acetate, rayon, vinylon, nitron (P.A,
N.), etc, were qarbdnized for 15 minutes to hbhours in

an inert atmosphere. The COmmefcial graphitevwool was
used also as the starting material. The weight of spe-
cimen. before or after every run was measured by the auto-
matic balance and the weight increase was calculated,

A sufficient precleaning of the reaction zone and thé

. TiCl4 generator with argon gas was essential in order to
obtain thg reproducible data, The obtained titanium car-
bide filament or texture was observed by the microscope
and identified by X-ray diffractometer, The cross sec-
tion of the embedded filaments or plates in epoxy resin,
-were abraded by emery papers or diamond paste., The
profile of the titanized graphite plate was investigated
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by X-ray microanalysis,

3.3 Results and Discussion

3.3.1 Moderate Condition for Titanization and Micro-

scopic Observation
The moderate condition for the formation of tita-

nium carbide filaments were studied as a function of tem-
perature, gaseous concentration and reaction time, The
moderate temperature range of titanization was between
1,200° and 1,550°C, The smooth and thin filaments were
obtained at a lower temperature, but the titanization
rate was remarkably low, On the other hand, carbon fil-
aments were titanized rapidly at a higher temperature,
accompanied by the deposition of polycrystalline grains
on the surface, Below 1,200°C, only the frailty of car-
bon filaments occurred without any visible titanization
product, It is found that the moderate ﬁémperaturé is
shifted to a highef temperature range than that of the
chemical vapor deposition of TiC (6), where the hydro-
carbon is used as a supplying agent for carbon, This

is supported by the thermodynamic study of Mlinster et
al, (9) on the vapor-solid reaction;

TiCl4(g) + 2Hz + C(s) —» TiC + LHCY,

vhere AGd=‘hh,OOO - 33,5 T, The temperature range above
1,550 C ﬁas eliminated from the subject of the present
study in:order to obtain the uniform filaments at the
temperatﬁre as low as possible,

The flow rates of hydrogen and argon turned out to have
minor influences on the formation of titanium carbide,
Relatively wide ranges of 2-4 ml/sec and 1,5-4,0 ml/sec
were employed, respectively, The concentration of tita-
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Fig.3.2 Micrograph of titanium carbide filaments.
(raw material: graphite wool in P.A.N. system)

Temperature: 1,420°C, Reaction time: 30 min.

Fig.3.4 Micrograph of titanium carbide texture.
(raw material: carbon texture in acetate system)

Temperature: 1,350°C, Reaction time: 165 min.



nium tetrachloride vapor seemed so positively effective
on the titanization rate that a fairly high flow rate
range of 0.1 to 0.2 ml/sec (2-5 m/0o) was used.

The carbon filaments adaptable for titanization are
those of acetate and acrylonitrile systems, which have
been recommended for industrial fabrication in relation
to carbon filaments in recent years (10). Fig.3.2 shows
the titanium carbide filaments obtained by titanization
of the commercial graphite wool (P,A N, system) at 1,420
°C for 80 min. The flow rate of titanium tetrachloride
was 0,2 ml/sec (3.7 m/o)., The diameters of filaments
were increaéed from the initial diameters of 13 um to
about 16 um. They become to have polycrystalline sur-
face with golden-yellow color as the titanization reac-
tion is proceeded, 1In Fig,3,3a, the titanized filaments
are shown, where after carbonizing the acetate filaments
in an argon atmospheré at 1,300°C for 15 min,, the tita-
nizaticn was performed under the following conditions;
temperature: 1,500°C, reaction time: 30 min,, TiCly flow
rate: €, 12 ml/sec (2,6 m/o), Hy flow rate: 3,0 ml/sec
ané Lr flow rate: 1,5 ml/sec, It is desirable for tita-
nization to use thinner carbon filament‘than 10 um .
in diameter as the raw material., An example of the ob-
tained single filament is shown in Fig,3.3b, Fig.3.4
shows & micrograph of the titanium carbide texture which
were obtained by titanization of acetate texture at 1,350
°C for 165 min, The weight of a texture decreased by
about 90 per cent during the carbonization, but the re-
sultant vacant spaces between the filaments were filled
progressively as the titanization was proceeded, The
flexibility of a texture deéreased as its metallic luster

increased,
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Fig.3.3 Micrograph of titanium carbide filaments
(a) and a single filament magnified (b).
Raw material: carbon filament in acetate system
Temperature: 1,420°C

Reaction time: 80 min.



3.3.2 Chemical Composition of Titanium Carbide Filament
Weight increase Fig.3.5 shows the relation between
the weight ratio Wr and the reaction time t on log-log
scale, where Wr = (Weight of TiCx texture) / (Weight of
_ initial carbon texture) and t = 10-150 min, The carbon
texture was obtained by the carbonization of an acetate
texture at 1,300°C for 15 min, in an argon atmosphere,
The gaseous flow rates in titanization were as follows;
TiCle: 0.2 ml/sec (3.7 m/o), Hy: 2.0 ml/sec and Ar: 3,2
ml/sec, The weight rat}os were plotted against the ti-
tanization temperatures of 1,490°, 1,420° and 1,350°C,
and linear relations can be confirmed from Fig. 3,5 ob-
viously., It is suggested from the slope of about 0.5
in the figure thaf the rate determining step of the for-
mation of titanium-carbide is the diffusion process of
carbon in it, If fhe titanium carbide filament has a
homogeneous chemical composition, it is presumed that
the stoichiometric TiCj.o (where Wr = 5.0) should be ob-
tained for reaction time of 30 to 100 min, The slope
remained to be constant; however, up to Wr % 10, which

suggested the formation of nonstoichiometric titanium
carbide with an excess amount of titanium, |

Fig,3.6 shows also the diagram of the weight ratio
¥r vs, the reaction time t in log-log scale, where t =
L0-900 min, The titanization conditions were as fol- -
lows; temperature: 1,500°C and TiCly flow rate: 0,12 ml
/sec (2,6 m/o), It is found from Fig.3.6 that the weight
ratio shows a linear increase up to Wr 3 9 like Fig.3.5,
and then the slope decreases remarkably between Wr = 10-
11, The saturated value of Wr = 11 is attained for the
reaction time of 900 to 1,000 min, The chemical compo-
sition at Wr = 11 is nearly coincident with that on the

- 64 -



Wr

(o)
o
e
@
&~
o
<
&0
o
O
=
1 1 I} 1 ] 1
10 20 30 50 70 10 150

Reaction time (min, )
Fig.3.5 Weight ratio vs, reaction time, (10-150 min,)
(a) 1,490°C (b) 1,420°C (c) 1,350°C

12}
¢, 10}
3. ~
.
S
,{‘; ]
fia}
B 5k
2
£ 4
T
= 3¢
2 i I8 ] 1 I 1 1

£ 1
50 100 200 400 900
Reaction time ( min,)

Fig.3.6 Weight ratioc vs. reaction time. (40-900 min.)

Temperature: 1,500°C

- 65 -



solvus line in Ti-C phase diagram (see Fig.1l.1) present
ed by Nielsen (11) or Bickerdike (12), Therefore, non-
stoichiometric composition,TiCh4sis formed, ﬁhich_spows
the maximum solubility of titanium (i,e, 10 carbon weight
per cent, Wr = 10), Probably, this was caused by the
excess concentration of titanium tetrachloride in the
vapor phase, for elemental titanium could not be detect~
ed at all by X-ray diffraction as is described later,
In the temperature range up to 1,700°C, the thermodynamic
data (9 & 13) suggest the less possibilities of formation
of metallic titanium;

TiCl4 (g) + 2H; — Ti(s) + 4HCI,
where aG°= 87,700 - 35,8 T,
X-ray diffraction pattgrns Fig.3.7 shows X-ray dif-

fra¢tion patterns of titanium carbide textures as a fun-
ction of the reaction time, The specimens were obtained
by titanization of the acetate texture at 1,420°C, It
is apparent from Fig,3.7 that at the initial stage of
titénization, the products can be identified with nearly
stoichiometric titanium carbide, thbugh the peaks appear
at éiffraction angleslsomewhat higher than those in A, S,
T.M., card (14). Further, another sub-peaks can be ob-
served at higher angles Ey 0.4=1,0° _at the reaction time
of 30-60 min, Their intensities increase gradually in
advanced stages of the reaction (80-100 min,), while the
initial peaks drop down conversely, When the reaction
time exceeds 150 min., only the sub-peaks are confirmed,
This interesting behavior in X-ray diffraction shows that
the chemical compositions of the X-ray radiated surface
1ayers are differnt each other between the specimens of
(a) and (b) in Fig,3.7. The specimens of (b)-(e) in Fig,
3.7 are considered to represent the coexistence of the
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Fig.3,7 Variation of the X-ray diffraction pattern
with reaction time, (specimen: TiC texture)
(a) 10 min, (b) 30 min, (c¢) 60 min, (da) 80 min,
(e) 100 min. (f) 150 min. (g) A.S.T.M, TiC
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two different. compositions, The lattice parameters of

the two carbides were calculated from the inter-planar
spacings of (200) as follows; g, = 4,512K at lower angle
(reaction time: 10 min,) and ag= h,254l at higher angle
(reaction time: 150 min.). The former corresponds near-
1y to the parameter of the stoichiometrig TiCy.0, which
has not been determined precisely, howevér, in the refer-
ences (15 & 16). The latter is a considerably small val-
ue compared with the results of Ehrlich (15), who inves-
tigated the correlation between the lattice parameter

and nonstoichiometry of sintered titanium carbide, The
higher lattice parameter of 4,29 £ can be expected from
his result if TiCp4sis formed, This contradicts the pre-
sent experimental results apparently, the reason of which
is not distinct as the methods of preparation or measur-
ment are differnt, Anyhow, it would be concluded that
nonstoichiometric TiCos4s5is coincident with the titanium
carbide with high density which reveals the sub-peaks in
Fig.3.7.

3.3.3 Titanization Mechanism of Carbon Filament:
Titanization of graphite plate It is an important .
_problem to discuss the titanization mechanism of the fil- "
ament, that is, to determine whether such an unfamiliar

phenomenon of the X-ray behavior is proper to the tita-
nization of "filaments" or is common to this sort of
"vapor-édlid reaction", This sub-section 3.3.3 is con-
cerned with the chemical composition of titanized gra-
phite plates which are obtained in the same atmosphere
and temperature ranges as described previously in 3,3.2.
The variations of X-ray patterns analogous to Fig.3.7
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Fig,3.8 Variation of the X-ray diffraction pattern
with reaction time. (specimen: titanized plate)
(a) 10 min, (b) 30 min, (c¢) 70 min., (d) 120 min,
(e) A.S.T.M, TiC '
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were confirmed in Fig.3,8, when the graphite plates were
titanized at 1,450°C at the following flow rates of TiCly
and Ar, respectively; 4,0 ml/sec and 0,8 ml/sec, A com-
paratively slow titanization rate is due to a smaller
diffusibility of carbon, Fig.3.9 shows the cross sec=-
tional micrograph of the same specimens. It is found
that the thickness of the surface layer of titanium car-
bide increases from about 1,5 pm for the reaction“time

of 10 min, up to about 6,3 pm for that of 120 min, The
tight layers with metallic luster, which seem to have the
identical composition with the surface layer, can be ob-
served on the grain boundaries of the bulk region in gra-
phite plate, It is suggested, theréfore, that the tita-
nium tetrachloride vapor is easy to diffuse into the grain
boundaries through the pores of the surface,

Fig.3.10 shows the variations of X-ray diffraction
patterns by abrading the surface layer of the specimen
shown in Fig.3.8d (reaction time: 120 min.). It is ap-
ﬁarent that the sub-peaks at higher angles disappear grad-
ually as the thickness of the abradéd layer D is increas-
ed., When D 2 6.3 um, the stoichiometric titanium carbide
mixed with & small amount of graphite were identified,
The intensities of the graphite peaks increased in the
bulk region (D2 8 um), It is considered that the sub-
'peaks are coincident with those of tight surface layer
of titanium carbide, while the stoichiometric titanium
carbide lies on the boundéty between the tight surface
layer and the bulk region of the graphite plate,

-..  Fig.3.11 shows the result of X-ray microanalysis of
the cross section of the two specimens of (a) and (d)

in Fig.3.9. The intensity curves of titanium and carbon
are drawn as a function of the distance from the surface,
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(c) (d)

Fig.3.9 Micrograph of the cross section of tita-

nized graphite plate. (temperature: 1,450°C)

Reaction time;

(a) 10 min.
(b) 30 min.
(c) 70 min.

(d) 120 min.
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Fig.3.10 Variation of the X-ray diffraction pattern
’ of the abraded plate.
(a) D=0 (b)) D £6.3 um (c) DR 6.3 um
(d) D& um (e) A.S,T.M, TiC
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The heavy gradients of the titanium and carbon concen-
trations can be seen at the distance of 6.3 um, which
corresponds to the boundary between the surface layer
and the bulk as can be observed in Fig.3.9. The dis-
appearahce of the sub-peaks in Fig,3.10c may be attribut-
ed to the remarkable decrease of titanium concentration
at the boundary. The tight surface layer can be thought
from the invariable slope to have a homogenous chemical
composition which was previously assumed to be TiCpug.

On the other hand, the variation of the both concentra-
tions. at the boundary are comparatively gentle for the
épecimen obtained at a reaction time of 10 min, There
remains an appreciable amount of carbom in the surface
layer, which can correspond to the absence of the sub-
peaks in Fig,.3.8a,

Titanization mechanism It is found from the titani-
zation of graphite plates described above, that the sep=-
aration of the peaks of titanium carbide is caused by
the marked variations of titanium and carbon concentra-
tions, This can be applied to the growth mechanism of
titanized filaments, if one notices the analogy of Figs,
3.7 & 3,8, 'The polished cross sections éf'titanium car-
bide filaments are shown in Fig.3.12 as a function of the
reaction time, Apparently, the diameter of a filament
increases progressively with the lapse of the reaction
time in the follcwing order; 7 um (10 min,) = 10 um (30
min,) =» 11 um (70 min,) — 13 um (120 min) = 24 um
(420 min,). The dense layer with metallic luster, which
may have the composition of TiGy .5, increases in thick-
ness in the peripheral portion of the cross section (b)-
(d), as expected from the titanization of graphite plafes.
The dense layer, however, can not be seen at a reaction
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(a) (b)

(c) (d)

(e)

Fig.3.12 Micrograph of the cross section of tita-
nium carbide filament.
Reaction time; (a) 10 min., (b) 30 min.,

(¢) 70 min., (d) 120 min., (e) 420 min.
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time of 10 min., in contrast to the case that almost all
the parts‘cdnsist of the denée'titanium carbide at a re-
action time of 420 min, Likeweise in Fig.3.9, these be-
haviors cbrresponds to the X-ray diffraction patterns in
Fig;3.7, i.e. the black portions at the center are com-
posed of amorphous carbon and stoichiometric TiCyo, the
intensity of which decreases due to the formation of
outer layer TiCous. ’

Hence, it is advantageous to describe the two steps
for the formation of titanium carbide layers, At the
initial stage of the reaction, the gaseous diffusion of
the titanium tetrachloride vapor into the carbon fila-
ment will permit the titanization which is proceeded for
a short time by the surface reaction at grain boundaries;

TiCle(g) + 2H; + C(s) — TiC(s) + yHC1, '
As a result, the stoichiometric TiC;p and the remaining
amorphous carbon are mixed in the central portion of the
filament, Before the filament is titanized completely,
the dense titanium carbide TiCM:s begins to form on the
surface due to an excess titanium chloride vapor and then
the gaseous diffusioh into the grains is interrupted.
In a sufficient reaction time, the solid diffgsidn of
residual carbon atoms into the dense titanium carbide
layer is prevailed, Consequently, the outer layer in-
creased in thickness until the filament is saturated with
TiCoss. Such schematic models in the diffusion process
are illustrated in Fig,3.13, :

There arise still fundamental questions, however,
for the above discussions why the chemical composition
does not vary continuously from TiC;p to TiCo4s in the
diffusion profile and whether the two distinct peaks in
X-ray diffraction patterns predict-the existence of two
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TiCls ————* TiCiwo ..

Ha . C.°

- (a)

Ar .. a
TiCl, (TG
HC1 ’ C
Vapor {Filament
TiCl, b .
—-——>/- c .

: L. (v)

_,%;-;f

Vapor TiCoag | TiCio+ C

Fig.3.13 Schematic model of the diffusion process,

(a)

(v)

The initial stage for a short reaction time,
when the gaseous diffusion of titanium chloride
prevails to form TiC,, by surface reaction,

The latter stage for a sufficient reaction time,

‘ when the solid diffusion of carbon atom into

the tight TiCy4s layer prevails,

Diffusion velocity: Vvg Vo
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stable compounds or not, These seems to be justified ap-
parently, even though no report on the compound TiCoss
has been published, but only the phase diagram with a
wide range of the solubility of carbon has been reported,
as described in Section 1,1, Since the rate determining
step of formation is not the chemical reaction, but the
diffusion process, as shown in Section 3.3.2, it may be
possible to explain the process without the assumption
of a new compound TiCo4s. As pointed out by Sarian or
others (6-8), the transport species in the diffusion pro-
cess are presumed to be carbon atoms, while the titanium
sub-lattice is fixed in the crystal, Considering the
diffusion profile in Fig.3.11, the net determining step
is found to be the diffusion process of carbon at the
boundary regions, where the diffusion velocity of carbon:
Vb is much smaller than that in the outer layer Vo, The
thickness of boundary layer is so small not to be detected
by X-ray analysis that the separation of the peaks can
be occurréd. Although it is not clear why the diffusion
velocities are different between two regions, it would
be explained by more detailed investigations,

3.4 . Conclusion _

The titanium carbide filaments with diameters of
5-20 1m were prepared by titanization of carbon filament
in the atmosphere of titanium tetrachloride, hydrogen
and argon gases, The carbon filaments were obtained by
carbonization of organic filaments or textures such as
acetate or acrylonitril, The titanization was perform-
~ed for 10-700 min, in the temperature range of 1,200° to
1,550°C, The moderate gaseous concentrations were as
follows; TiCly: 0,1-0.2 ml/sec (2-5 m/o), Hz: 2-4 ml/sec
and Ar: 1,5-4,0 ml/sec, The inflexible but tight fila-
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ment with metallic luster was obtained at a reaction time
of more than 60 min, Linear relations with the slope of
0.5 could be confirmed on log-log scale between the weight
increase and the reaction time, The saturated weight
ratio for titanization, Wr = 11 was found equal to the
chemical composition TiCp4s on the solvus line in Ti-C
phase diagram, The X-ray diffraction patterns showed
some sub-peaks at the higher angles than the peaks of the
stoichiometric titanium carbide. The sub~peaks increased
in their intensities with the lapse of a reaction time
and the lattice parameter was-found to be a4 = 4.254&.

The identical behaviors were observed also in the tita-
nization of the graphite plate, It was found from X-ray
microanalysis of the cross section of the titanized plate
that the inner layer of the plate consisted of nearly
stoichiometri& titanium carbide and graphite, while the
outer layer contained excess titanium and its chemical
composition was TiCg4s probably. The observation of the
titanium carbide double layers of the filaments suggest-
ed that the inner layer was producedvby the surface re-
action on the carbon grain boundaries and it was follow-
ed by the formation of the outer layer. The net rate
determining step of the carbide formation was considered
to be the diffusion process of elemental carbon at the
bounda;y region between the surface layer and the bulk
}egion. The formation of double layers with different
composition is not described in the report by Ambapyyman
(17), who studied the analogous vapor-solid reaction of
titanium carbide, However, such an interesting phenom-
enon as has been found in the present study seems to
occur conspicuously at a high concentration of titanium
tetrachloride in the vapor,
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CHAPTER 4

Fibrous Growth of Tungsten and Molybdenum

Carbides by Discharge Method

4.1 Introduction
Fibrous carbides of tungsten and molybdenum have

the possibilities of applications not only to the rein-
forced composites, but also to the thermo-electrical and
thermionic emissive materials in higher temprature range.
The chemical vapor deposition of carbides of Vla group
metals has been'studiaé for a long time as stated in Sec-
tion 1.2, In the mos: cases, however, the direct car-
burization of metallic sheet has been employed in an at-
mosphere composed of hydrogen and hydrocarbon, There
gre’a few reports on the fibrous growth of carbide, even
though the technigues of the protective coating with car-
bides has been made progress to some extent (for example,
1.8 2), | | '

- On the other hand, the fibrous growth of intersti-
tial compounds, such as TiBy (3), TiN (4), ZrB, (5), 2zrC
(6) and TaC (?7), has been reported recently in the au-
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thor’s laboratory. It was found in those studies that
the thin fibres with the length of several centimeters
could be obtained by A.C. arc-discharge method (thermo-
electron emissive type). The growth was performed under
the discharge current of 0.2 to 5.0 mA, where the dis-
charge electrodes were pulled apart manually, keeping
the inter-electrode distance constant.

~In the present chapter, the fibrous growth of car-
bides of tungsten and molybdenum was investigated by dis-~
charge method under the similar conditions to those de=-
scribed above, The atmosphere was composed of hydrogen,
argon, hydrocarbon and metal chloride and a new mechan-
ical pulling apparatus was_used to obtain a constant . -
growth rate, The purpose ﬁas to prepare the long but
thin fibres as rapidly as possible, The influences of
various factors on fibrons growth were studied in detail
and the optimum growth condition was determined, Struc-
tures and properties of the products are presented in the
latter half of the chapter,

L,2 Experimental _

Fig. 4.1l shows the illustration of the experimental
apparafus, The discharge growth was performed in a ver-
tical Quartz reactor with the inside diameter of 23 mm,
The reactor was heated at 200° to 600°C by the external
nichrome heater, The urper half was composed of a double
tube, Chlorine and argon gases were introduced into. the
outer tube, in“whiéh the coil pieces of tungsten wir;
(0.2 mm in diameter) or molybdenum wire (0.5 mm in diam-
eter) were filled up. Tungsten hexachloride or molybde-
num pentachloride was generated stationarily from the
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1=C4Hio

Fig.4.1 Schematic diagram of the experimental
apparatus,

(1) quartz reactor (2) molybdenum discharge
electrode (3) thermo-couple (4) coil pieces
of W or Mo (5) observation window (6) ni-

chrome heater (7) outlet
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Fig.4.2 Experimental apparatus for discharge
growth with the two electrodes pulled by

speed motors; (A) § (B).

(C) : Reactor illustrated in Fig.4.1.
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. ——— . e,

bottom of the outer tube above 300°C, A mixture of hy- ‘
drogen and iso-butane was passed into the inner tube (16
mm in diameter) and mixed with metal chloride and.argon

in the reaction zone, Argon gas was deoxygenated before-
hand, passing it over the heated titanium sponge to pre-
vent the formation of oxychloride (WOCl4 or MoOClz) in

the reaction tube (8)., Hydrogen gas was also deoxygenat-
ed by heated copper. ¢-Cy4Hio was employed as the supply-
ing source for carboh considering the availability for

the reaction (see Section 1,2)., A,C, voltage with a dis-
charge frequency of 60 Hz was appiied to the electrodes
which were connected to a high voitage transformer, Mo~
lybdenum wire of 0,1 mm in diameter was used as the elec=-
trode material at the_ growth tip and it was connected

to the A, C, source via the nickel wire sealed in the syr-
inge quartz tube, Two electrodes were moved up and down
by means of the speed motor (see Fig.4.2). As a result,
it was possible to move the electrodes at a constant
pulling rate in the range of 2 to 30 mm/min, The atmos-
pheric temperature was measured by the thérmo-couple which
was inserted into the reaction zone, The sparkling tips
of fibres were observed through the glass window, The
flow rates of Cly, Ar, i{-Cy4Ho and H; were measured by

the flow: meters at room temperature. The grown fibres

were separated from the electrodes and washed with a hot
HNOz : HC1 (3 : 1) solution, After being dried, they

were observed through the microscope and identified by
X-ray diffractometer, The fracture strength was determin-
ed using the nichrome spring,

4,3 Results and Discussion
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4.3.1 Moderate Conditions for Fibrous Growth

It is supposed that various factors such as dis-
charge current, reactor temperature and gas flow rates
affect the discharge growth of fibres, In the present
sub-section, the effects of these factors on the thick-
ness or the discharge stability were investigated in de-
tail in order to obtain favorable fibres which filfill
the purpose of this study, Preliminary expériments show-
ed that the fibres could be prepared roughly under the
following conditions; discharge current: 0,5-4.0 mh,
reactof temperature: 300°-600°C, growth rate: 4-12 mm/
min, {-CaHpo fIOW’rate: 0.05-0.25 ml/sec, Clz flow rate:
0.02-0.18 ml/sec and the flow rate ratio of Hz/Ar: O, 4~
1.6. These were used as the initial condition for more
detailed experiments as described below, .
Effect of discharge current Fig.L4.3% shows the effect

of discharge current (1,0-4.5 mA) on the diameter of the
tungsten carbide fibré. It is found from the figure that
the diameter: is proportional to the discharge current.
Fine fibres of about 20 um in diameter were obtained at
.the current as low as 2,5 mA when they weré grown at a
growth rate higher than 9 ﬁm/min. Below 2.5 mA, however,
it was difficult to keep a constant discharge current,

so the uniform and.long fibres could not be obtained,

?he moderate current of 2,5-3,0 mA is found to be a con-
siderably high value compared with that (0.2-1,5 mA) for
the fibrous growth of TiBj (3) or ZrC (6)., This may be
caused by the following reasons: i) Tungsten carbide has
a smaller thermo-electronic emissivity than that of car-
bide or boride of 1Va group metals (9), ii) The heat
efficienCy at the growth tip is low, since a large amount
of thermal conductive hydrogen gas is required in the
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present experiment as described later, On the other hand,
the thick and dendritic deposits were obtained above the
discharge current of 4.0 mA, when the crystal was grown
from the molten state at higher than 2,600°C, Thus the
temperature at the growth tip was dependent so much on
the discharge current that the remarkable effect on the
diameter or the growth rate resulted.

Fig.L.,4 shows the relation between the discharge
current and the diameter of molybdenum carbide fibre at
the growth rates of 6 to 8 mm/min, The favorable range
of discharge current is relatively wide and shifted to
the lower values than those of tungsten carbide. The
thin fibres with the diameter of 15 um could be grown at.
the current of 0.5 mA and at the growth rate of 8 mm/min,
although the discharge condition was unstable, Therefore,
the moderate discharge current of 0,8 to 1.5 mA was re-
quired to obtain the uniform fibres with the length of
more than 4 cm,

Effect of reactor temperature The effect of the re-
actor temperature on the diameter of the'fibre is shown

in Fig.4.5, where the influence of the temperature at the
growth tip on the reactor temperature can be neglected,
Apparently, the minimum diameters of 25 um and 15 um can
be seen at the reactor temperature of 480°C and 360°C for
the growth of tungsten and molybdenum carbides, respec~
tively. The moderate temperature is considered to occur
due to the competing effect among the following factors;
i) to produce gaseous metal chloride continuously with-
out the deposition of solid lower chloride, ii) to proQ
duce the pyrocarbon sufficiently by the thermal decom-
position of hydrocarbon, iii) to keep the local temper-
ature region high at the growth tip, 1In the case of
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tungsten carbide, the diameter increased bélow LOO°C with
the adhered lower chloride on the lateral face and the
discharge currenf became unstable for the lack of hexa-
chloride vapor, while the deposition of amorphous carbon
resulted in the increased diameter above 550°C, The thin
molybdenum carbide fibre with the diameter of 18 to 20

um could be prepared in the wide temperature range of
300° to 450°C, Below 200°C, however, both the chlorina-
tion of metal and the decompositioh o0f (-C4Hjpo were not
proceeded enough, and above 500°C ﬁhe fibrous growth was
prevented by the formation of excess hydrogen chloride,
Effect of growth rate Figs. 4.6 & 4,7 show the cor-
relation between the growth rate and the diameter of tung-
sten and molybdenum carbides, respectively, It is found
that the diamgter decreased with the increase of growth
rate in both cases, This is coincident with the fact

that a negative ccrrelation between the diameter and the

growth rate was confirmed when the electrodes were pulled
manually in the preparation of TiBp (3), etc. Such cor-
relations suggest that a nearly constant deposition rate
of the fibre prevails at a given discharge current. The
uniform tungsten carbide fibre of 25 um in diameter was
obtained at the grovth rate of 7 to 9 mm/min, as shown

in Fig.4.6., But, the discharge became easy to be inter-
rupted at more than 10 mm/min due to the increase of inter-
électrode distance, vhere the axial growth could not fol-
low the movement cf the electrode, In Fig.4.?7, the max-
imum growth rate is found to decrease at the discharge
current less than 1,0 mA, In the growth rate range of

4L to 6 mm/min, thick fibres were obtained easily with

the deposits composed of amorphous carbon and lower chlo-
rides on the surface,
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Effect of gaseous comprosition " The influence of gas- -
eous concentration on the fibrous growth was investigat-
ed, where the flow rates of i;C4Hm ahd Cl, affect the
chemical reaction of the carbide formation, while those
of H2 and Ar affect mainly the stability of arc-discharge.
Fig.4.8 shows the diagram of the i-C,Hm flow rate
vs. the diameter, The flow rate of §-C4Hio 'had a minor
influence on the diameter of tungsten carbide; but a rel-
atively narrow flow rate range of 0.1 to 0.2 ml/sec was
required to stabilize the discharge growth., The black
and uneven fibre was obtained at the‘flow rate greater
than 0.2 ml/sec (5.3 m/o) probably because of the com-
petitive deposition reaction between carbide and amor-

phous carbon, Continuous fibrous growth was strictly
limited at thg flow rate less than b.l ml/sec., The di-
lution of pyrocarbon in a gas mixture (10) can be attri-
buted to the production of a large amount of hydrogen
chloride vapor by the following reaction: v

8WClg + (-C4Ho + 19H —5 4W,C + 4BHC1,

8MoCls + {-C4Hp + 15H 3 4MopC + L4OHCI,

For the formation of molybdenum carbide, the availability
of {-C4Ho 1s calculated to be about a tenth as small as
that of molybdenum pentachloride,

Fig.4.9 shows the effect of the chlorine gas flow
rate, It is found from the figure that the chloride con-
centration is almost independent of the discharge stabil-
ity. The moderate flow rate for molybdenum chloride (0.15 .
ml/sec) is appreciably higher than that for tungsten chlo-
ride (0.06 ml/sec)., This will be explained in the follow-
ing way. As suggested from the study of Saeki et al, _
(11 & 12), MoClgq.33 in solid state is deposited on the
reactor wall by the disproportionation reaction;
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(a) Tungsten carbide (450°C, 3.0 mA, Cl,: 0,08
‘ml/sec, Ar: 1,7 ml/sec, Hz: 1,8 ml/sec)
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Fig.4.10 TFlow rate ratio of Hy/Ar vs, diameter,
( growth rate: 7 mm/min, )

" (a) Tungsten carbide (3.0 mA, 450°C, Cl,: 0,08
ml/sec, (-CaHo: 0,14 ml/sec)
b) M d b ,5 mA
(b) Molybdenum carbide (1,5 )} (400 C,
(¢c) Molybdenum carbide (1,0 mA) ' :
Cl,: 0,11 ml/sec, i-C4Hp:.0,12 ml/sec)
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MoClg (g) + 1/2H;(g) ~—» MoCls(s) + HC1(g),

MoCly (s) ——3> ZXMoClygmsz(s) + $MoCls (g),
while the main product for the hydrogen reduction of WClg
(g) seems to consist of gaseous WClg(13), so that the
availability of WClg is higher than that of MoClg.

The flow rate ratio of Hz/Ar is an important factor
in order to keep the stable arc-discharge, The depend-
ence of the flow rate ratio on the diameter is shown in
Fig,4,10, The minimum diameter of molybdenum or tung-
sten carbide was attained at the flow rate ratio of 1.0
or 1,5, respectively, Above these ratios, the arc-dis-
charge was sometimes changed into the glow discharge ré-
gion where no fibre could be grown, The atmospheric tem-
perature might decrease due to the excess amouht of hydro-
gen with a high thermal conductivity which resulted in
the glow diséﬁarge.

4L.,3,2 Microscopic Observation and X-ray Analysis
Appearance of fibres The mechanical pulling apparatus

in Fig.4.2 made it possible to obtain the uniform and
thin fibres as lcng. as 5 to 6 cm under the stable dis-
charge conditions, Fig.L4,1l1l shows the straight tungsten
carbide fibres with constant diameters of 30 to 50 um,
The growth conditions were as follows; reactor tempera-
‘ture: 500°C, discharge current: 3,0 mA, growth rate: 7
mm/min and the gaseous composition as shown in the figure
caption, A globular deposit due to the high initial dis-
charge current can be observed at the root of a fibre,
The final shape at a growth tip is spindle-shaped, which
suggests that the lateral growth of a fibre follows the
axial growth, This was verified by the observation of
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Fig.4.11 Tungsten carbide fibres obtained by

discharge method.

r Discharge current: 3.0 mA

Growth rate: 7 mm/min

{

Reactor temperature: 500°C

\ Gas flow rates; Cl,: 0.1 ml/sec

1-CyHo: 0.15-0.23 ml/sec
Ar: 1.7 ml/sec

Hy: 1.8 ml/sec
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(b)

Fig.4.12 Micrograph of a thin fibre of tung-

sten carbide (a) or molybdenum carbide (b).

(a) (b)

Cl, flow rate 0.09 ml/sec 0.11 ml/sec
i-C,H, flow rate 0.14 0.08
H, flow rate 1.8 2.2

= Bg =



the fractured edge (see Section 4,3.3), When a fibre

was grown too long in length, the growth tip began to

sway sideways under the influence of a turbulent atmos-
rhere, until the fibre tumbled down from the molybdenuml
electrode into the receiver at the bottom or sometimes
bent towards the reactor wall with the discharge contin-
ued, Fig.L.l2a shows the micrograph of a tungsten car-
bide fibre (diameter: 25 um), which was prepared at the
reactor temperature of L50°C, the discharge current of

2. 0 mA and the growth rate of 8,0 mm/min, Relatively
rough crystal grains could be observed under natural light,
A molybdenum carbide fibre (diameter: 20 um) with the
smooth surface can be observed in Fig,4.12b, Growth coh-
ditions were as follows; reactor temperature: LOO°C, dis-
charge current: 1.5 mA and growth rate: 7 mm/min, Thus
the favorable fibre with'metallic luster could be pre-
pared especially at i-C;hm flow rate of 0,08 ml/sec.
Chemical composition ' Washed and dried carbides were

analyzed b& X-ray diffrabtion; The specimen was prepared
on a glass plate which was spread with the powdered fi=-
bres, Figs.4.l3a & b show the Xfray diffraction patterns
for tungsten and molybdnum carbides, respectively, It

is apparent that both represent identical patterns of
cubic systgm.A The diffraction patterns of (b) could be
identified with cubic B-MopC of A.S,T.M. card (14), the
strongest lines of which were shown in Fig.4.13¢c, Other
diffraction peaks of such as hexgonal MoC, a-Mo,C, etc.
could not be confirmed, Each peak for the specimen can
be seen at lower diffraction angle by 1,0-2,0° than that
for A,S,T,M, B-MoaC, The lattice parameter was found

a = 4,251 from the measurement of (200) interplanar spac-
ing. It is larger than that for A,S.T.M, B-MoaC, ag=
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Fig. 4,13 X-ray diffraction patterns of the prod -
ucts,
(a) B-W,C (b} B-Mo,C (c) A.S.T.M., Mo,C
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4,14 ﬁ.' The lattice parameter of cubic B-WaC in Fig.L4.:
l13a was also determined to be a = Q.Z}oﬁ._-But_the dif-
fraction of B-W2C is not registered in A,S,T M, cards,
Cubic Mo,C and WoC were discovered in 1947 by Lander
and Germer (15) when they investigated the thermal decom-
position of carbonyls, Mo(C0)s and W(CO)s in the low tem-
perature range of 350° to 500° C (éee Section 1,2). More
detailed study on the chemical composition or the growth
condition, however, has not been reported. Also, cubic
phases are not presented in the phase diagram of W-C sys-
tem fsee Fig.1l.1l) and Mo-C system (16). According to
Lander et al. the lattice parameter of cubic WyC is ag=
L.16 X which is somewhat smaller than that measured in
the present study. The carbide fibres are presumed to
contain more carbon atoms than cubic W2C identified by
Lander et al, from the analogy to the relation between
the lattice parameter and the composition as stated in
Chapter 3, Such inconsistent parameters can often be con-
firmed in this sort of interstitial carbide, which is
caused by the wide range of solubility of carbon atom
(see Section 1,1), It is interesting that cubic carbides
were formed. from the vapor phase in this experiment, al-
though the familiar products of C,V,D, of Vlia group metal
carbides were crystallized in hexagonal system, If the
B-phase of W2C, which was reported by Becker (17), is
eguivalent to cubic system, it is suggested that cubic
W2C is formed at increased temperatures above 2 , 400° C,
Therefore, it is instructive to consider for the discharge
growth that the cubic WaC of MogC which is deposited at
the sparkling growth tip above 2,000°C, is frozen by
quenching in the lower temperature atmosphere. |
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Fig.L4.,14 Fracture tensile strength vs, diameter,

(a) Tungsten carbide fibres

(b) Molybdenum carbide fibres
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(b)

Fig.4.15 Micrograph of the fractured edge

of a tungsten carbide fibre.
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4.3.3 Fracture Strength of Fibres

Fig.4.,14 shows the diameter of the fracture strength
vs, the diameter of fibre on logarithmic scales, Linear
.relationéhip dghwfe.seen in both cases, The tensile
strength'of tuﬁgsten carbide is a litfle higher than that
of molybdenum carbide, ‘Maximum strength of 35 kg/mm?
was measured at 18 um in diameter for the molybdenum car-
bide fibre, The extrapolated value to 10 um showed about
100 kg/mm2, This is a rather small value compared with
that of titaniumkcarﬁide whisker (500 kg/mm?) as shown
in Fig.2.28, but is comparable with the fibre strength
of ZrBy (300 kg/mm?), TiBy (150 kg/mm?), ZrC (20-60 kg/mm?)
and TiN (10-30 kg/mm?), which are obtained by discharge
method (3-6). o

Micrograph of the fractured edge of a tungsten car-
bide fibre is shown in Fig.4.15, It is considered from
Fig.4.,15a that the central portion consists of dense car-
bide with metallic luster, while the peripheral portion
contains an excess amount of éarbon. The fractured shape
in Fig.4.15b suggests that the tensile strength of the
" center is higher than that of periphefal vortion, Hence,
the fibre growth may be proceeded by two steps like ZrC
fibre (6): The first is the axial growth at the spark-
ling spot and the ﬁext is the lateral growth, as support-
ed by the final shape of the growth tip.

4.4  Conclusion

gibrous growth of tungsten and molybdenum carbides
by A.C, diséharge method was investigated in a gas mix-
ture of Ha, Ar, ¢-C4Ho and metal chloride (WCls or MoCls),
Fibres with 3 to 6 cm in length and 15 to 40 um in dia-
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meter were bbtained by moving the discharge elecrodes
with mechanical pulling apparatus, The optimum condi-
tions for thé growth of tungsten and molybdenum carbide
fibres were respectively as follows; discharge current:
2.3 mA and 0.8 mA, atmospheric temperature: L80° C and
360°C, growth rate: ? mm/min and 9 mm/min, The concen-
tration ratio of Hz/Ar between 0.8 to 1.4 was found to
give the minimum diameter, The moderate gaseous flow
rates for the fibre grbwth of tungsten and molybdenum
carbides were respectively as follows; <-C4Ho: 0.15 ml/
sec and 0,08 ml/sec, Clg: 0,06 ml/sec and 0,16 ml/sec,

By X-ray diffraction, the products were idenéified
with B-W2C (cubic) and B-MogC (cubic), which had been
found by Lander et al, The lattice parameters of WZC
and MogC were respectively as follows: L4.230,X and L.25,
K, Cubic caréides were considered to be obtained by .
quenching of the B-phase deposits in the lower tempera-
ture atmosphere, Further detailed investigation, however,
should be done in relation to cubic carbide, A linear
relation was confirmed between the fracture strength and
the diameter on log-log scale, The tensile strength of
100 kg/mm2 at 10 hm in diameter was presumed by extra-
polation, The observation of the fractured edge suggest-
ed the growth mechanism of a fibre by.two steps, i.e.
the axial growth and the lateral growth, It would be
possible to obtain the stronger and thinner fibres, if -
the 1atera1 growth can be further limited.
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CHAPTER S

Chemical Vapor Deposition

of Tungsten Carbide Dendrites

5.1 Introdugtion

Protective coating or fibres of tungsten carbide
are important refractory materials used for some mechan-
ical and electrical devices, Most deposits of tungsten
carbide have been obtained from the vapor phase by the
carburization of a tungsten wire or sheet in an atmos- -
phere contéining hydrocarbons of carbon monoxide (1-3),
A comparatively higher temperature of more thanm 1,500°C
was sometimes necessary for the carbide formation,  On
the other hand, the growth of WC single crystal by slowly
cooling of WC-Co solution (4) or a modified Czochralski
method (5) has been investigated together with the study
on its slip system (6), Recently, Mader et al, (7-9)
in Austria found WC and W whiskers of 1 to 4 mm long in
the sintered tungsten carbide., But the monocrystalline
or fibrous growth of tungsten carbide from the vapor
phase has not been reported, A

The preparation of tungsten metal has been perform-



ed easily by the thermal decomposition or hydrogen re-
duction of tungsten chloride, Lamprey, for example, pro-
duced tungsten metal powder by reducing the metal chlo-
ride at 430°-900°C (10). The chemical vapor deposition
of the carbide from a gas mixture containing tungsten
hexachloride, however, has been considered to be diffi-
cult because the free metal is easy to deposit out at

a low temperature as reported by Powell et al, (11), It
was found in this study that tungsten carbide was depos-
ited under restricted conditions in an atmosphere of,
tungsten chloride, propane, hydrogen and argon gases,
Particularly, it was aimed to obtain one dimensional de-
posits as long as possible, The growth of WC-dendrites,
needles, etc., could be accomplished, when the experimen-
tal method was similar to that used for the deposition
of titanium carbide single crystals as described in Chap-
ter 2., The growth conditions of tungsten carbide were
investigated in detail as a function of geometry in the
furnace, gas flow rates and temperature, Various micro-
scopic crystal morphologies and the growth mechanism

are also included in the latter half,

5.2 Experimental

Fig.5.1 shows the schematic diagram of the experi-
mental apparatus, A graphite tube susceptor (46 mm in
length, 33 mm and 22 mm in outside and inside diameters,
respectively) was placed in the quartz reactor, A cyl-
indrical gf&phite substrate was inserted into the tube,
Various types of éylinders were used preliminarily to
investigate the affection of the geometrical arrangement
in the furnace, The graphite cylinder for final experi-
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Fig.5.2 Schematic diagram of the experimental
apparatus,

(1) graphite tube susceptor (2) quartz reactor
(3) graphite substrate (4) tungsten metal
coils (5) nichrome heater (6) r,f. induc-
tion coil (7) Pt-PtRh thermo-couple (8) out-

let

"Fir - F4: flow meter
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ments was 15 mm in length and 14-20,5 mm in diameter,
Tungsten hexachloride (b,p. 347°C) was prepared by com-
plete chlorination of the tungsten metal coils. Chlorine
gas, carried by argon, was passed over the coils and
heated at about 600°C in the nichrome resistance fur-
nace, Dehydrated propane and hydrogen gases were intro-
duced through the inner quartz tube (6 mm in diameter)
and mixed with the stream of tungsten chloride and argon
near the surface of the substrate. The inner tube could
be shifted on either side to adjust the mixing zone ap-
propriately. The graphite tube was heated at 800° to
1,500°C by an induction coil., The overall reaction seems
to be as follows:

WClg + C3Hg + Hg —> WC (or 1/2 WgC) + 6HC1 +XCwmBn.
The substrate temperature was measured by a Pt-PtRh U
thermo-couple, The flow rate of each gas at room tem-
perature and atmospheric pressure was measured by the
flow meter (F, -F4). A constant reaction time of S0 min-
utes was employed in each runm to allow comparison of the
weight increase which was measured by the automatic bal-
ance, The products were identified by the X-ray difs_
fractometer and observed through the microscope.

5.3 Results and Discussion
5.3.1 Growth Condition of Tungsten Carbide

There are several papers which describe the depo-
sition of tungsten carbide from a mixture of tungsten
chloride, hydrogen and hydrocarbon, The conditions for
the formation of tungsten carbide were investigated in
detail, Several factors, for example, the geometrical
factor, ‘substrate temperature, gas flow rates, etc, were
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considered to affect on the deposition of the carbide,
Thisbsub-sectidn is concerned with the study of these
effects while keeping all other growth conditions con=-
stant in order to obtain reproducible data,

Effect of geometrical factor The process of crystal-
lization was much influenced by the geometry of the re-
action furnace, Some typical diagrams of the arrange-
ment in the furnace and the temperature profile are shown
in Figs,5.2a-c, The grapkite substrate which had a di-
ameter D = 14 mm was placed at a comparatively long dis-

tance apart from the edge of.the inner puartz tube (L =
30 mﬁ), as shown in Fig.5.2a. A uniform coating of tung-
sten carbide mixed with a small quantity of tungsten .
metal was deposited in this case, It is thought that

the hydrogen stream before it reaches the substrate sur-
face, has enough time to reduce the tungsten hexachloride
vapor to the free metal, Thefformation of tungsten metal
could be avoided, when the conditions (b) and (c) of
Fig.5.2 were used (L = 3‘mm). It is necessary to sepa-
rate the flow path of hydrogen from that of tungsten
chloride in the transport process ahead of the substrate,
In the case of condition (c¢) of Fig,5.2, where D equals
to 20.5 mm, the dendritic or network-like crystals of
tungsten carbide were formed on the front surface of the
substrate, This means that a turbulent flow zone of the
gas mixture is necessary in the vicinity of the substrate
for one dimensional growth of a crystal. All the experi-
mental results described next were obtained using cone
dition (c). ‘ ,
Effect of WClg and Hy concentrations  The X-ray dif-
fraction patterns of the specimens obtained at 1,230°C
‘and 1,300°C are shown in Figs 5.3a-d. The patterns
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Fig.5.3 X-ray diffraction patterns '
Substrate _‘ Gas flow rates (ml/sec)
temperature WCl, Ha C; Hg Ar
{a) 1,230 °C 0.09 0.2 0.01 1,5
(p) 1,230 0,02 0,2 0,01 1,5
(e) 1,300 0.02 0,8 0,03 1,5
(a) 1,300 0.02 0.2 0.03 1.5

- 113 -



30 F

( mg )

Weight increase

A 1 2 - |

0.05 0.07 0.09
WCl, flow rate ( ml/sec )

1.

L 1 1
-10 0.01 0.03

Fig.5.4 Weight increase of the specimen vs,

WCl, flow rate,

- 114 -



shown in Fig.5.3e correspond to the strongest lines of
W, a-W2C and WC as listed in the A S, T.M, cards (7). In
Fig.5.3a, metallic tungsten, WC, a-VW3C and graphite were
identified for flow rates of WClg of 0.09 ml/sec. The
WC was formed in large quantities only at lower concen-
trations of tungsten chloride (Fig.5.3b). Figs.5.3a &
b suggest that metallic tungsten or a-WaC are easy to
deposit at higher concentration ratios of WCle/C3Hg .
This is shown in Fig.5.4 which plots the weight increase
of the specimen vs, the flow rate of tungsten hexachlo=""
ride, The decrease in weight can be attributed to the
thermal etching of the graphite cylinder by hydrogen
chloride, which is produced in the process of reducing
the excess of tungsten chloride: : '
mC(s) + mHC1(g) —> CumHn(g) +%Cly(g).

Figs.,5.3c & d show the d;pendence of the hydrogen
flow rate on the identity of the deposited species, when
the flow rate of tungsten chloride is held coﬁstant at |
0,02 ml/sec, It can be seen that small amounts of a=-
Wz2C and WC can be identified at hydrogen flow rate of
0.8 ml/sec. The reduction of tungsten hexachloride to
lower chlorides such as VWClz was considered to make the
formation ot a-WaC possible, In the case of a lower con-
centration of hydrogen (0,2 ml/sec), the peaks of WC
yhich have a slight preferred orientation to ¢100) di-
rection, were observed similarly as for the condition
shown in Fig.5,3b, '

Moderate condition for WC formation On the basis of

the study on geometrical effect, the separation of the
Ha and WClg flow paths was found to be essential for the
formation of tungsten carbide, It was also confirmed by
X-ray diffraction that a hydrogen flow rate less than
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0.4 ml/sec and a tungsten hexachloride flow rate less
than 0,05 ml/sec are required to produce pure hexagonal
WC on a graphite substrate, It is of major importance,
therefore, to prevent the following reaction, which has
been known to be fast even at the temperature as low as
700°C (10 & 13):

WCle (g) + 3Ha(g) —> W(s) + 6HCL(g),
while the formation reaction of WC is considefed to occur
at the intermediate stage of hydrogen reduction of WCl,

or C3Hg.

5.3.2 Crystal Morphology of Vapor-Deposited WC
Temperature dependence Various crystal morphologies
of WC were observed by varying the concentrations of
tungsten chloride and hydrogen described above, The var-
jation of the morphology with the temperature is summa-
rized in Table 5.1, A small amount of a-W2C was depos-
ited on the graphite substrate at a temperature below
950° C, but an adherent and uniform film of WC could be
obtained above 1,000°C, The weight of vapor-deposited
products increased as the temperature was raised, Pure '

WC was identified by X-ray ahalysis in the temperature
range of 1,000° to 1,400°C, The depositidn of WC was
prevented ébove 1,400°C, forming instead amorphous car-
bon and a slight amount of a-WaC, The decomposition of
propane to free carbon may have caused a deficiency of
pyrocarbon in the higher temperature region which grew
a small amount of a-WC. The importance of the role of
pyrocarbon in the formation of titanium carbide was also
emphasized by Pearce et al, (see Section 1.2).

When the growth experiments were performed in the
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Table 5.1 Temperature dependence of the products,

Substrate Weight
temperature Deposits  Crystal forms increase
950 (°C) a-W,C films 26 (mg)

1,080 wC films 52
films &

1,190 we networks 87
films &

1,250 Wwe dendrites 70
films &

1,360 WC pillars 36

1, 45C WC & a-W,C films 12

WCl¢ flow rate:
C:Hg flow rate:
H, flow rate:
Ar flow rate:
Reaction time:

0,02 ml/sec
0.03 ml/sec
0.2 ml/sec
1,5 ml/sec
50 minutes
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(b)

Fig.5.5 Heterogeneous coating of WC on graphite.

(temperature: 1,360°C)

(a) Peripheral portion of the substrate,

(b) Central portion of the substrate.
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temperature range of 1,200° to 1,400°C, the heated graph-
ite substrate was coated heterogeneously with a film of
polycrystalline WC as shown in Fig.,5.5, Small crystal
grains of 5 um in diamete; were observed in the periph-
eral portion of the substrate (see Fig.5.5a), On the
other hand, the grain sizes of the crystallites with di-
ameters of about 10 um were packed together closely in
the central portion of the substrate (see Fig,5,5b),
where the degree of supersaturation of the gas mixture
seemed to be high, These crystallites may be slightly
oriented towards the (100> direction as implied'by X-
ray diffraction (see Fig.5.3b).

The correlation between the weight increase of spe=-
cimens and the propane flow rate is shown in Fig,5.6,
where the temperature of the substrate is 1,200°C and
the reaction time is 50 minutes, Linear relationships
can be seen in the figure, which suggests that the rate
determining step is the transport process of propane gas.
The deposition range of WC-networks or dendrites, how-
ever, was restricted to a flow rate of 0.03 to 0,05 ml/

" sec, At higher concentration than 0,06 ml/sec, the ex=-
cess free carbon adhered to the side of the cylindrical
graphite. The weight decrease at the flow rate of 0,01
ml/sec shows the thermal etching of the graphite surface,
as described earliar, Fine networks parallel to the ..-
substrate surface (see Fig.5,7a) wereideposited at pro-
rane and tungsten hexachloride flow rates of 0.03 ml/sec
and 0,02 ml/sec, respectively, It is found from the
figure that each branch is like a string of beads about
2 to 5 um in diameter. When the temperature was raised
a little (see Fig.5.7b), linear fibrous crystals were
formed easily, especially in the peripheral or lateral
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Temperature: 1,200°C, Reaction time: 50 min,
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(b)

Fig.5.7 Micrograph of WC-networks.

(a) (b)
Temperature 1,200°C 1,250°C
C;Hy flow rate 0.03 ml/sec
WClg flow rate 0.02 ml/sec
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portion of the graphite cylinder,

Fig.5.8a shows the micrograph of WC-dendrites., They
were formed as large clusters in various parts of the
substrate at the temperature of 1,300°C, Some of the
dendrites were needle-like crystals with metallic luster,
which were 50 to 100 um in length and 1 to 2 um in diam-
eter (see Fig.5.8b), The lower hydrogen flow rate of
0.1 ml/sec was suited for the growth of the dendritic
WC, but none could be grown in the case of zero hydrogen
flow rate, Typical forms of dendrites are represented
in Fig.5.9. It is found from the figure that several
straight needles ﬁhich.are;assumed‘to have' some. crys- -
tallographic axis, aggregate together to form branched
crystals, A globular crystal is observed at each branch
point, from which branching appears to be initiated,

It is 1nstructive to consider that a sufficiently high
supersaturation and a turbulent atmosphere in the gas
mixture contribute to the formation of a vapor-deposited
nucleus on the side of a branch, In addition, the pro-
cess of nucleation may be facilitated by the impurities
in a gas mixture or the graphite substrate,

At a substrate temperature of 1,300°C, thicker den=-
dritic crystals were observed at the central portion of
the substrate, as seen in Figs.5.10a & b, Globular crys-
tals with smooth surfaces are formed on the tips of the
dendritic branches, Fig.5.11 shows a pillar crystal,
which was obtained at an elevated temperature of 1,360°C,
Similar: crystals with lengths of 50 to 200 um were form-
ed at a reaction time.of S50 minutes at the center of the
substrate, Preparation of a larger single crystal of
tungsten carbide can be expected for a'longer reaction
time,
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(b)

Fig.5.8 Micrograph of bush-like (a) or needle-

like (b) crystals of WC. (temperature: 1,300°C)
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Fig.5.9 Micrograph of typical WC-dendrites

with straight branches.

Temperature: 1,300°C

C3Hg flow rate: 0.03 ml/sec
WClg flow rate: 0.02 ml/sec
H, flow rate: 0.1 ml/sec

Ar flow rate: 1.5 ml/sec
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It is found that the temperature dependence of the
deposited crystal morphologies can be summarized as fol-
lows; networks: 1,200°-1,300°C, dendrites: 1,250°-1,350°C,
and pillars: 1,350°-1,400°C, The dendritic crystals have
a tendency to grow vertically to the substrate surface
at increased'temperatures. In the much higher tempera-
ture range, however, the axial growth was limited and
crystals with relatively large diameters could be obtain-
ed,

Effect of total flow rate The influence of the total

flow rate on crystal growth was also investigated, Crys-

tal grains were found to become larger at a total flow
rate of 3.5 ml/sec. But fine dendritic or fibrous crys-
tals were formed at lower total flow rates of 1.78 ml/
sec, where tyf moderate composition of the gas mixture
was WCly: 1,5 m/o, C3Hg: 1.7 m/o, Ha: 15 m/o and Ar: 82
m/o, The flow rate of argon was considered to have a
minor influence on the crystal morphology, so that the
flow rate of 1.5 ml/sec was maintained in every run,
Growth mechanism It is understood in general that

dendritic crystals are grown under a little higher super-
saturation than that necessary for whisker growth (lh).
This seemed to be applicable to the present experimental
result, i,e, a large number of dendrites which had many
irregular branches could be found in the lower tempera-
.ture range of the substrate or at a higher total concen-.
tration of the gas mixture, In such cases, the influence
of external gaseous stream on the crystal morphology was
predominant, Network-like crystals were a typical ex-
ample of this type., As the temperature was raised, how-
ever, the whisker or needle-like crystals could be grown,
because the crystal growth was no longer affected by the
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(a)

(b)

Fig.5.10 Micrograph of thick WC-dendrites

with globular caps. (temperature: 1,300°C)
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Fig.5.11 Micrograph of a WC-pillar.
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small supersaturation, but was controlled under the in-
ternal conditions of the crystal (i.e, whisker growth
mechanism), In the highly turbulent atmospheré, nucle-
ation would be occurred easily under a local high super-
saturation with the result of the regular dendritic grdwth
as shown in Fig.5.,9. The V,L,S, mechanism of whisker
growth (15) may be true in the case of the growth of each
dendritic branch illustrated in Fig.5.10, where the glob-
ular crystals are observed on the tips. But, more de-
tailed investigations on the impurity effects would be
necessary to.ihow a growth mechanism of the branch, Above
1,350°C, the thick but monocrystalline pillar crystal
with no branch could be grown as was suggested by C,V.D,
of titanium carbide single crystals described in Chapter
2.

5.4 Conclusion

Tungsten carbide was prepared by chemical vapor de-
position from a mixture of WClg, C3Hg, H2 and Ar on a
graphite substrate in the temperature range of 1,200° to
1,500°C, The influences of various factors (geometry
in the reactor, gaseous concentration, temperature, etc,)
on the crystal growth were investigated., Especially,
the geomery'in the furnace proved to be an iﬁportant fac=
tor for the process of crystallization, It was neces-
sary for one dimensional growth of a crystal to mix the
stream of (WCle + Ar) with that of (C3Hg + Hz) in a tur-
bulent flow zone on the substrate surface, The adherent
coating of a-W,C could be obtained at relatively high
flow rates of Hy and WClg, while pure dendritic crystals
of VC were obtained at the restricted flow fates of Hq
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({0.4 ml/sec) and WC1 (£ 0,05 ml/sec), when the forma-
tion of metallic tungsten by hydrogen reduction of ex-
cess WClg could be prevented, The appropriate gaseous
concentrations for the growth of WC were as follows;
WClg: 1,0-1,5 m/o, C3Hg: 1,7-2.8 m/o, Hy: 10-20 m/o and
Ar: 75-85 m/o, where the total flow rate was 1.78 ml/sec,
Various types of crystals composed of uniform films,
networks, dendrites and pillars with diameters of 2 to
40 um were deposited on the WC-plated graphite. The
dendritic or pillar crystals were obtained at temperature
between 1,250° and 1,400°C, while the network-like crys-
tals were formed at lower temperatures of 1,200° to 1,300
°C on the substrate., It was also found that the den-
dritic crystals tend to grow vertically to the substrate
surface with the increase of temperature, although the
axial growth is limited. The dendritié growth of WC was
supposed to be facilitated by a number of nucleations
on the sﬁde of a needle crystals, from which each branch
could be grown by a vhisker growth mechanism such as'V,
L.S., Irregular network-like crystals, however, were con-
sidered tc te depcsited under a higher supersaturation
with the predominant affection of the gaseous flow on
the morphology.
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CHAPTER 6

Summary

The transition metals in 1Va, Va and Vla groups
combine with nonmetallic elements such as carbon, nitro-
gen and boronfto form so called "interstitial compounds",
These compounds are well known for the high melting
point, superlhardness and high electrical conductivity
which are based on the strong metallic M-M and covalent
M-X bonds, The study on chemical vapor deposition of
interstitial carbide was originated ﬁainly by chemists
in Germany in the 1930's, after which a little attention
was payed on its synthesis in contrast to the remarkable
progress of C,V,D, techniques of semiconductors, Re-
cently, however, stimulated by the increasing demand for
the new combined materials, the C.V.D. of interstitial
compound has become the subject of to&ay’s research and
development,

The purpose of the present work is to investigate
‘the chemical vapor deposition of interstitial carbides
in 1Va group metal (TiC) and Vla greup metals'(WC, Q-
WipC, B-WaC and B-MoyC). Especially, it was aimed to
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prepare the one dimensional deposits, for example, whisk-
er, pillar, fibre, dendrite, etc,, for the information
of such crystal morphologies has been less known even
nowadays, The synthetic condition, the crystal struc-
ture and the growth mechanism of the carbide crystals
were investigated which were prepared by various methods
as described below, (Chapter 1)

Various forms of TiC sigle crystals such as needle,
whisker, pillar and polyhedron were deposited on a graph-
ite substrate from the vapor phase consisting of Hj,
TiCl4 and C3Hg in the temperature range of 1,200° to
1,350°C, The correlation between the crystal morphology
and the growth condition (temperature, gas flow rate,
impurities, etc,) were investigated. The decomposition
of the hydrocarbon was found to play an important role
on the growth process, By X-ray diffraction, it was con-
cluded that the growth direction of these crystals was
mainly <111)», The growth mechanism was further studied
by the observation of the etching figure, the shape of
crystal tip or the large growth step, A linear relation
on log-log scale was cqnfirmed between the fracturec
strength and the diameter. (Chapter 2)

Titanium carbide filament was prepared by titaniza-
tion of the carbon filament in an atmosphere of TiCl,,
Hy and Ar, The titanization was performed for 10-700
minutes in the temperature range of 1,200°=1,550°C,
The X-ray diffraction patterns showed some sub-peaks at
the higher angles other than the peaks of the stoichio-
metric TiC, It was found from X-ray microanalysis of
the cross section of the tifanized graphite plate that
the inner layer of the plate consisted of nearly stoichio-
metric titanium carbide and free carbon, while the outer
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layer contained excess titanium, This titanium carbide
double layer suggested that the inner layer (TiC,o) vas
produced by the surface reaction and it was followed by
the formation of the outer layer (TiCp4s) which was due

to the diffusion process of elemental carbon, (Chapter 3)

Fibrous growth of B-WoC and B-Mo2C by discharge
method was investigated in a gas mixture of Ha, Ar, i--
C+Ho and metal chloride (WClg or MoCls). Fibres with
3 to 6 cm in length and 15 to 40 ym in diameter were ob-
tained by moving the discharge electrodes with mechan=.
ical pulling apparatus, The optimum conditions for fi-
brous growth were as follows; discharge current: 0,8-
2.3 mA, atmospheric temperatﬁre: 360° -480°C and growth
rate: 7-9 mm/min, The concentration of i—C4Hw and metal
chloride had minor effects on diameter, But the concen-
tration ratio’ of Hy /Ar between 0.8 and 1.4 was found to
give the minimum ciameter, By X-ray diffraction, both
crystal structures were confirmed to belong to cubic .sys-
tem, The growth mechanism of a gibre by two steps was -
suggested from the observation of the fractured edge.
(Chapter y) 7 _

Tungsten carbide was obtained by C.V, D from a mix-
ture of WClg, C3Hg, H2 and Ar on a graphite substrate
in the temperature range of 1,200° to 1,500°C, The in-
fluence of various factors on the crystal growth wés'in-
vestigated, The geometry in the furnace proved to be an
important factor for the process of crystallization,

The adherentrcoating of a-W2C could be obtained at rel-
atively high flow rates of Ha and WC1l , while pure WC

was obtained at the restricted flow rates of Hy and WCl,,
Various crystals composed of uniform film, network, den-
drite and pillar were deposited on the graphite substrate,
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The dendritic or pillar crystals were obtained at the )
‘tempe}éture between 1,250° and 1,400°C, while the network-
like crystal was formed at lower temperatures of 1,200°

to 1,300°C, (Chapter 5) ’

Further, some comments on the above conclusion are
summarized as follows:
i) It is suggested from the synthetic study of TiC
and WC (Chapter 2 & 5); that the monocrystalline deposits
such as whiskers, needles or dendrites may be obtained
possibly for the syntheses of other interstitial carbides
by the analogous preparation method using the gaseous
transtort agents, i,e, hydrocarbon, metal chloride, etc,
These crystals can be grown at an appropriate gaseous
composition and under relatively low supersaturation,
The growth in length, howevér, is apt to be limited to
a reaction time of 30 to 100 minutes, and it is follow-
ed by the lateral growth, so it seems to be a rather .
difficult problem tb prepare the filamentary crystals
longer than a few cétimeters unless the completely con-
trolling method of unstable factors is established, Fur-
ther, detaiied informations on such factors will be re-
quired in order to solve this problem, The obtained -
monocrystalline whiskers will have a comparable ten- °~ -
sile strength with other ceramic whiskers, -
ii) On the other hand, the thin but long fibres can
be produced for a lelatively short reaction time by the
vapor-solid reaction as titanization of carbon filament
(Chapter 3) or the A,C. discharge method (Chapter 4),
although the products are polycrystalline and consequenfe
ly the tensile strength as high as single crystal whisk-
ers can not be expected, These methods are interesting
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| from the industrial or engineering point of view, since
there is a possibility of the massproduction for fibres
longer than several centimeters,

iii) The chemical vapor deposition in the present
study (Chapter 2-5) is performed in an atmosphere con-
taining metal chloride or hydrocarbon (C3Hg, C4Ho, etc.),
at temperatures above 1,000°C, It is necessary, there-
fore, to take a special care of the gaseous transport
method and the geometrical factor in the reactor in or-
der to supply a moderate amount of pyrocafbon or lower
metal chloride on the deposition surface, The thermo-
dynamic data on the hydrogen reduction or thermal decom-
position of such starting materials are helpful for the
control of the gaseous concentration, ,

iv) Some interesting phenomena are found in the pres-
ent investiga%ion from the point of structural chemistry,
For example, the nonstoichiometry in the titanium car-
bide layers which are formed by the diffusion process of
carbon atoms, causes unfamiliar X-ray behaviors (Chapter
3), and the cubic phase of WQC and MogaC is obtained by
discharge method (Chapter 4) which forces the quenching
of the deposits, 1Instead, a well-known hexagonal WC'or
WoC can be deposited in the C,V,D, described in Chapter 5.
v) It is also found that the growih mechanism of one
dimensional deposit can sometimes be represented by two
Eteps, namely, the first is the axial growth of a crystal
tip and the second is the lateral growth of the periph-
eral portion, In the case of single crystal needles or
pillars (Chapter 2 & 5), the former step seems to be ex-
rlained by the general whisker growth mechanism (V,L.S,
mechanism or dislocation mechanism), while the latter ‘
by the movement of steps on the lateral face, 1In the
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titanization of carbon filament, the titanium carbide
double layers with two different chemical composition
are also prepared by two steps (Chapter 3), The lateral
growth of the fipre obtained by the discharge method is
considered to occur during the quenching process of the

grown tip,
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