
The Chemical Vapor Deposit ion (CVD) of Refractory Metal Carbides 

H.O. Pierson1 

Ultramet, Pacoima CA 91331, USA 

CONTENTS 

Page 

ABSTRACT 240 
INTRODUCTION 240 
THE CHEMICAL VAPOR DEPOSITION (CVD) PROCESS 240 
CHARACTERISTICS AND PROPERTIES OF REFRACTORY 

METAL CARBIDES 241 
THE CVD OF TITANIUM CARBIDE 243 
DEPOSITION OF OTHER REFRACTORY CARBIDES 245 
CONCLUSION 245 
REFERENCES 246 

1 Senior scientist and consultant 

239 



Vol. I I , Nos. 1-4, 1993 

ABSTRACT 

Refractory metal carbides such as titanium and 
tungsten carbides have very high hardness and wear 
resistance, extremely high melting points and good 
thermal and chemical stability. Coatings of these 
carbides can be obtained by chemical vapor deposition 
(CVD) by reacting a halide of the metal with a 
hydrocarbon such as methane at temperatures between 
950°C and 1100°C. When the reaction takes places in a 
plasma, this temperature is reduced appreciably. Major 
uses of these coatings are found in cutting tools and in 
wear and erosion applications. 

The Chemical Vapor Deposition (CVD) of Refractory Metal Carbides 

The concept of composite then implies two different 
sets of properties: surface and bulk. Obviously, the 
evaluation and proper balancing of these properties is a 
very important and critical factor. Often a coating is 
added as an afterthought; this is the wrong approach. 
Both surface and bulk properties must be considered 
together to obtain the optimum combination. 

It is the purpose of this report to review the chemical 
vapor deposition process as it relates to refractory metal 
carbides, the properties of these carbides, the substrates 
upon which they can be deposited and the interface 
between these substrates and the CVD coating. 

INTRODUCTION 

The refractory metal carbides are very hard and wear 
resistant, have extremely high melting points and are 
chemically inert. In a relatively short time, they have 
become major industrial materials with numerous 
applications such as cutting and grinding tools, bearings, 
textile machinery and many others 

There carbides are usually produced by standard 
ceramic processes like hot pressing and sintering. They 
are also produced in the form of coatings by thin film 
processes, mostly chemical vapor deposition (CVD). 

The combination of coating and substrate is a 
composite which may have surface properties that can 
be very different from those of the bulk material. The 
coating is exposed to the environment and experiences 
wear, corrosion, chemical attack, radiation, electrical or 
magnetic fields and other phenomena. The coating must 
have adequate properties to withstand this environment. 
The substrate, on the other hand, must have mechanical 
strength and the ability to be fabricated in bulk form /]/. 

An illustration of this concept of composite is the 
cutting tool such as a twist drill. The drill must be made 
of a tough and strong material such as high speed tool 
steel to withstand the stresses associated with drilling, 
yet its surface must be very hard and corrosion resistant 
to withstand the abrasion and corrosion associated with 
drilling. However, hardness and toughness are inverse 
properties and no single material can have both. A 
solution is to coat the steel body with a refractory metal 
carbide. 

THE CHEMICAL VAPOR DEPOSITION (CVD) 
PROCESS 

CVD is not a new process since the first experiments 
were performed over one hundred years ago to develop 
incandescent lamp filaments and to refine nickel. 
However it is only in the last 25 years or so that it has 
been used on a large scale. It can be described as a 
process by which a solid is deposited on a surface as the 
result of a chemical reaction in the vapor phase. As such, 
it is based on the principle of vapor transport where the 
deposition species can be atoms, ions and molecules 
either singly or in combination. 

A CVD reaction is governed by two factors: 
thermodynamics which determines the driving forces 
and kinetics which determine the rate control 
mechanisms /2.3/. The feasibility of a given reaction is 
determined by the free energy of the reaction, which can 
be calculated from the free energies of formation of all 
the vapor and condensed constituents of the system. 
These calculations can be computerized and several 
programs are now available /4/. These thermodynamic 
analyses show the limits of the various processing 
variables before any experiment is performed and as 
such are invaluable tools in any CVD study. 

The kinetics of a CVD reaction supply information 
on the rate. The mass transport of the reactants through 
the boundary layer is the primary kinetic factor and in 
shown in Fig. 1 as it occurs in a horizontal CVD reactor. 
As the figure shows, chemical equilibrium rarely 
happens and a kinetic analysis can be very complicated 
requiring many experimental confirmations. Fortunately, 
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CVD experiments and equipment are relatively easy to 
design and build, and many of the CVD reactions used 
in the deposition of refractory metal carbides can be 
investigated rapidly with a minimum of equipment. A 
typical laboratory CVD reactor is shown in Fig. 2. 

CHARACTERISTICS AND PROPERTIES OF 
REFRACTORY METAL CARBIDES 

approximately 4000°C. However, they are not 
particularly resistant to oxidation and most will 
oxidize starting at800°C. 

2) They form compounds which exist over a wide 
range of composition. Titanium carbide for instance 
is reported to vary from TiCo.47 to TiCo.98· 

3) They show a complex mixture of metallic, ionic 
and covalent behaviour. 

The carbides selected for this study are the refractory 
metal carbides, which are usually considered as the 
carbides of the nine transition elements of the IV, V and 
VI groups and the 4 , 5 and 6 periods. These elements are 
shown in Table 1. Not included are such refractory 
carbides as those of silicon, boron and the actinide 
elements. In addition, only the more refractory and 
useful carbides and those for which a thorough CVD 
background is available have been considered. For that 
reasons, the carbides of vanadium and molybdenum 
have not been included. 

The refractory metal carbides have several important 
characteristics in common /5/: 
1) They all have very high melting point and are 

thermally stable. Tantalum carbide TaC o.gs has the 
highest melting point of any substance known, 

TABLE 1 

The refractory metals in the periodic table 
(atomic number in brackets) 

Group 
IVa Va Via 

Period 4 Ti (22) V (23) Cr (24) 

Period 5 Zr (40) Nb (41) Mo (42) 

Period 6 Hf (72) Ta (73) W (74) 

Reactant Cone. 
Changes 

Increase χ 

ΙΓ 
Velocity 

Change* 
Increase χ 

Upper boundary layer 

Temperature 
Changes 
' ase χ 

Lower boundary layer 

Model of gas flow in the horizontal reactor showing directions of 

changes of reactant concentration, gas, velocity and temperature. 

C , concentration profile 

V , velocity profile 

T , temperature profile 

Fig. 1. Gas flow model 

Model of ga s flow in the horizontal reactor showing directions of changes of reactant concentration, gas, velocity and 
temperature. C: concentration profile; V: velocity profile; T: temperature profile 
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Fig. 2. Laboratory CVD reactor 

4) Their characteristics and properties are very 
dependent on the presence of impurities. In this 
respect, it is a great advantage of CVD that it can 
produce materials with a very high degree of purity, 
which is difficult to achieve with other processes 
such as thermal spraying. 

The structure of these carbides increases in 
complexity with increasing group number. The carbides 
of Group IV (Ti, Zr, HO are characterized by a single 
cubic compound. In those of Group V (V, Nb, Ta), a 
M2C phase forms with a narrow composition range at 
room temperature. The carbides of Group VI (Cr, Mo, 
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TABLE 2 
Structure and properties of refractory metal carbides 

TiC ZrC HfC NbC TaC Cr7C3 w c 

Group IVa IVa IVa Va Va Via Via 
Cryst. Structure fccBl fccBl fccBl fccBl fccBl Trigo. hcpB 
Lattice Para. Ä 4.328 4.698 4.640 4.470 4.456 14.01 2.906 

4.532 2.838 
Density g/cm3 4.93 6.57 12.6 7.81 14.3 6.9 15.8 
Melting point °C 3250 3540 3890 3500 4000 1780 2600 
Color grey grey lavender yellow silver grey 
Hardness kg/mm2 3200 2600 2900 2400 1800 1600 2000 
Electrical resist. 
micro.ohm/cm 60-250 57-75 — 60-150 41-175 - 17 

Thermal conduct. 
cal/sec.cm.°C 0.04 0.05 - 0.03 0.05 - 0.29 

Notes: 1) Lattice parameters vary with composition. Values given here are for near stoichiometry. 
2) Hardness is dependent on purity and composition and may vary widely. 

W ) are far more complex and have several compositions. 

Their characteristics and properties are shown in Table 2. 

THE CVD OF TITANIUM CARBIDE 

Titanium carbide is extremely hard, has a low 

coefficient of friction and resists cold welding. It also 

has good stability at high temperature. For these reasons, 

it has become a choice material for the coaling of culling 

and grinding tools. The most commonly used CVD 

reaction is as follows: 

TiCl4 + C H 4 > TiC+ 4HC1 (1) 

A typical CVD production reactor is shown 

schematically in Fig. 3. The source of titanium is 

titanium tetrachloride which is a liquid at room 

temperature. It is vaporized and transported in the 

reaction vessel by a flow hydrogen where it is mixed 

with methane in the presence of excess hydrogen. This 

reaction is usually carried out between 950°C and 

1050°C at pressures up to 30 Torr. Other sources of 

carbon can also be used, such as toluene (C6H5CH3) /6/ 

and propane (C3H8) /7/. 

The control of pressure is an important factor in 

obtaining deposits of good uniformity and quality. When 

the partial pressure of the reactants and carrier gases is 

low, the boundary layer becomes thinner and, as a result, 

the diffusion of the reactants through this layer is 

increased (Fig. 1). The mass transfer variables become 

less critical and a more uniform coating is obtained. This 

is an important factor especially if a large number of 

units are to be coated in one operation. Such low pressure 

CVD is the most commonly used CVD process. 

The high temperature required for this reaction places 

restrictions on the type of substrate that can be used. For 

instance some steels will lose their mechanical properties 

at these temperatures and will require a heat treatment 

after coating. They may also change dimensions 

sufficiently to require post-deposition machining. 

This high temperature requirement has led to the 

investigation of TiC deposition by plasma CVD. The 

chemical reaction lakes places in a plasma produced by a 

high frequency electric field. The gases are ionized, 

causing the atoms to lose or gain one or more electrons. 

The reaction of ionized gases requires much less energy, 

and reaction temperatures are lower than those for 

standard CVD, usually by 300 to 350°C. TiC has been 

deposited successfully by plasma CVD in the 

temperature range of 500°C to 900°C /8/ and this may 
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Fig. 3. Schematic of product ion CVD reactor. 

broaden the range of suitable substrates and the number 
of potential applications. The schematic of a typical 
plasma (CVD reactor is shown in Fig. 4 /9/. 

A factor to consider in the deposition of TiC (and any 
other refractory coating) is the reasonable matching of 
the coefficients of thermal expansion (CTE) of the 
coating and the substrate. For example, steel has a CTE 
of approximately 12 ppmAC, as compared to 7 for TiC. 
Upon cooling from the deposition temperature, thermal 
stresses are produced which place the coating in tension 
and may lead to cracking. Low temperature deposition 
such as found in plasma CVD will limit these stresses 
and reduce the chance of coating failure. 

Suitable substrates for TiC deposition are the 
cemented carbides such as tungsten carbide (WC) 
bonded with cobalt (Co) which are a widely used cutting 
tool material. Special attention must be paid during the 
coating process to prevent the decarburization of WC and 
the depletion of cobalt since this would lead to 
weakening of the interface. This can be accomplished by 
increasing the ratio of methane at the beginning of the 
deposition and the result will be a carbon rich deposit at 
the interface. 

Other substrates coated by TiC are molybdenum and 
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Fig. 4. Schematic of CVD plasma reactor. 
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graphite /ΙΟ,11/. In the case of molybdenum, it is 
essential to maintain the deposition temperature below 
950°C, otherwise recrystallization of the metal and 
reduction in mechanical strength will occur. Graphite is 
easily coated by TiC and the composite is used 
extensively in doublets and neutral beam armor for 
fusion reactors experiments. 

DEPOSITION OF OTHER REFRACTORY 
CARBIDES 

The problems and characteristics of the chemical 
vapor deposition of other refractory metal carbides are 
essentially the same as those of TiC deposition 
mentioned above, i.e., pressure requirements, high 
temperature limitations, plasma deposition, matching of 
thermal expansion and substrate selection. 

The basic reaction used most frequently is, as in the 
case of TiC, the reaction between the metal halide, 
usually the chloride, and a hydrocarbon, usually 
methane, although propane, propene and toluene have 
been used also. With the exception of titanium and 
vanadium chlorides (TiCl4 andVCb), the chlorides of the 
refractory metals are solids at room temperature and it is 
more expedient to chlorinate the metal in situ (see Fig. 
2).For example, a typical reaction is the formation of 
hafnium chloride as follows: 

Hf + 2C12 > HfCL, 

The reaction occurs between 500°C and 600°C and is 
exothermic. It is only necessary to heat the metal (in the 
form of sponge or chips) to the starting temperature. It is 
also possible to chlorinate the metal by reacting it with 
HCl. These in situ halogenation reaction are used widely 
because of their efficiency and relatively low cost. Other 
halogens such as fluorine, bromine or iodine are also 
used to deposit the refractory carbides but on a lesser 
scale. 

An exception is the deposition of tungsten carbide 
where tungsten hexafluoride is commonly used, 
sometimes with methanol as a carbon source. Coatings of 
tungsten carbide have been used over tungsten carbide 
inerts to increase tool life and for wear applications such 
as bushings and bearings. An unusual feature of WC is 

High Temperature Materials and Processes 

that it maintains its high hardness value at high 
temperatures. 

Zirconium carbide CVD coatings are used 
extensively on atomic fuel particles such as thoria and 
urania /12/. These coatings are applied by similar 
reactions in a fluidized bed reactors. 

Niobium and tantalum carbides are very similar in 
structure and properties, and as CVD coatings, are being 
considered for the protection and hardening of their 
respective metals. TaC is also used as a wear resistant 
coating on cemented carbide tools. The codeposition of 
hafnium carbide and silicon carbide produces coatings of 
extraordinary oxidation resistance by the formation of 
intermediate oxide and silicide compounds and is being 
considered for the oxidation protection of carbon 
structures /13/. Chromium carbide (C17C3) by CVD is 
extremely resistant to corrosion and resists atmospheric 
oxygen up to 900°C. It is used to coat steel and as an 
intermediate coating. 

A general problem in the CVD of refractory metal 
carbide is potential contamination during deposition. 
These carbides can dissolve considerable quantities of 
oxygen by its substitution for carbon. This is particularly 
true when the lattice is deficient in carbon /5/. To avoid 
this, it is essential to maintain a deposition system that is 
completely free of air. Likewise, hydrogen can dissolve 
readily in the defect carbides and, since these CVD 
reactions occur in the presence of excess hydrogen, this 
can occur readily. It may be necessary to vacuum anneal 
the coating to remove the hydrogen. Finally, composition 
uniformity can be a serious problem and the careful 
control of stoichiometry is necessary. 

CONCLUSION 

The chemical vapor deposition of refractory metal 
carbides is a well-established process which is used 
extensively in many areas where great hardness, wear 
resistance, thermal and chemical stability are required. 
This process has reached the stage of large industrial 
production and a continuous R&D effort is ongoing, 
particularly in the development of new source materials 
with greater purity, the refinement of process parameters 
and the improvement of the CVD equipment. 
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