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Abstract 

In the cutting tool industry, replaceable cutting edge (insert) is often used. As insert support, 

steel nets are used which are pre-coated before use, since the iron will affect the coating 

quality of the inserts. Titanium carbide (TiC) is an ideal material for pre-coating purposes and 

the deposition of TiC is performed by chemical vapor deposition (CVD) using a gaseous 

mixture of TiCl4, CH4 and H2. In order to optimize both the process time and to ensure good 

quality, in this master thesis a series of experiments were designed to investigate the influence 

of gas flow rates, the CH4/TiCl4 ratio, and the total pressure. The measured parameters were 

the coating thickness and the coating quality. The experimental results showed that increasing 

the TiCl4 flow rate resulted in an increased coating thickness, but generated HCl has a 

retarding effect by adsorption. Increasing the CH4/TiCl4 mole ratio led to higher deposition 

rates, but outgrowth was observed at high ratios. Increasing the total pressure resulted in an 

increased deposition rate, but hazardous TiO2 white smoke was observed. 

    The optimal receipt with higher gas flow, CH4/TiCl4 mole ratio, and deposition 

temperatures gave a 3.4 µm thick TiC coating after 12.5 h. Compared with the original 

process, the optimal process obtained in this thesis saved 47 % process time. 

    Surface morphology and grain size were examined using an optical microscope and a 

scanning electron microscope, and deposited TiC had a grain size of 1-2 µm. Line profile 

analysis using energy-dispersive X-ray spectroscopy showed that the coated TiC layer 

prevented the diffusion of iron and there was no iron on the surface of the coated steel nets. 
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1 Introduction 

1.1 Background 

Coatings play an important role in the cutting tool industry, improving the wear resistance of 

cemented tungsten carbide cutting tools. Refractory, very hard and corrosion resistant 

materials, like titanium carbide (TiC) are used to improve the wear resistance of 

metalworking tools, and chemical vapor deposition (CVD) has been widely used to prepare 

TiC coatings. Since the first commercialization in the early 1960s, CVD films of titanium 

carbide deposited both on metals (Mo, steel, Fe) and on cemented carbide tools have been the 

subject of extensive research [1, 2] and their use has continuously increased. 

    The indexable insert technique means that a replaceable cutting edge (insert) is placed in 

the tool holder. Compared with the typical solid cutting tool which has no changeable insert, 

the indexable insert technique has the benefit of using cemented carbide at the cutting 

interface without the high cost of making the entire tool out of cemented carbide. In the CVD 

coating process, a steel net is normally used as an insert support. Because the iron will affect 

the coating quality of inserts, steel nets need to be pre-coated before use. This pre-coating 

process consumes valuable time from production, and the goal is to make this process more 

effective in order to increase productivity, provided that the thickness of coated TiC is still 

thick enough to prevent the diffusion of iron.  

 

1.2 The CVD of titanium carbide 

The chemical vapor deposition process has complex kinetics, involving both homogeneous 

gas phase reactions and heterogeneous surface reactions. The heterogeneous surface reactions 

refer to the interaction between the gas phase species and the solid species at the substrates 

surface, including adsorption and desorption reactions as well as film forming reactions [2]. In 

order to make heterogeneous reactions take place, the gas phase species have to reach the 

substrate surface through mass transport. Convection of precursors and active species to the 

reactor, diffusion of these species through the boundary layer, and diffusion of the by-

products out of the boundary layer are the main steps in the mass transport processes. 

Diffusion, adsorption, film forming and desorption, all these steps occur in sequence one after 

the other. The slowest step controls the growth rate and is called the rate determining step. In 
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CVD the rate determining step is generally the surface reaction kinetics or the mass transport 

[2]. Generally, it can be assumed that at low temperatures the deposition rate is determined by 

the surface reaction and at high temperatures by mass transport, since the surface reaction is 

fast at high temperatures [2]. 

    The titanium carbide (TiC) layer is grown by reactions between titanium tetrachloride 

(TiCl4) and carbon. The gases used for a TiC coating are titanium tetrachloride (TiCl4), 

methane (CH4), and hydrogen (H2). TiCl4 is in liquid form under the conditions of room 

temperature and atmospheric pressure, and must be evaporated and transported into the 

reactor with a carrier gas stream. It is important to know the vapor pressure as a function of 

temperature at atmospheric external pressure, because the desired amount of precursor can 

then be dosed into the reactor by setting the calculated gas stream through the thermostatic 

evaporator. 

    There are two sources of carbon, the substrate (in this case, the steel net) and CH4. These 

two sources contribute to the two main chemical reactions in the TiC coating process: 

    Titanium tetrachloride reacts with carbon from the substrate: 

    TiCl4 + C + 2H2 ⇄ TiC + 4HCl [R1] 

    and also with the carbon from methane: 

    TiCl4 + CH4 ⇄ TiC + 4HCl [R2] 

    These two reactions determine the thickness of the TiC layer grown on the substrate. 

According to previous work [3], the first reaction is faster in the beginning, but as the growth 

continues, more carbon needs to diffuse through the coated layer that is already grown, and 

the reaction thus becomes slower. The increase in thickness caused by Reaction 2 is, on the 

other hand, proportional to the reaction time. The reaction rate, however, does not change, 

because the reactants are always available from the gas phase. The steel net contains quite low 

amounts of carbon, so Reaction 2 is the main chemical reaction in the pre-coating process. 

    The CVD of TiC on a steel substrate has been explored by various authors, and the 

pioneering work can be traced back to 1967 [4]. D. H. Jang et al. also pointed out that the 

deposition rate depends strongly on the nature of the substrate steel [5], and the design of 

coating instruments can affect other factors such as the viscosity. So the optimal combination 
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of gas flow, temperature etc. needs to be mapped for each specific process. Earlier research [6] 

drew conclusions that at high temperature, the deposition process was carried out in the mass 

transport controlled regime, which means the diffusion process, by which reactant compounds 

are transported to the growth surface, proceeds much slower than reactant consumption by the 

actual growth reaction on the deposition surface. In the mass transport controlled regime, the 

diffusion flow rate can be modelled by Fick’s first law [7]: 

    J = –Dg (dC/dx) = –hg(Cb–Cs) Eq.1 

    hg= Dg/δ 

Dg ∝ T3/2/P 

    δ ∝ (µ/ν)1/2 [8] 

    J = mass transport flux of species i 

    hg = mass transport coefficient of species i 

    Cb = bulk gas concentration 

    Cs = surface concentration 

    Dg = diffusion coefficient 

    δ = the boundary layer thickness above the substrate 

    T = deposition temperature 

    P = total pressure 

    µ = kinematic viscosity 

    ν = linear gas velocity 

The diffusion flow rate thus becomes  

J∝ (T3/2/P)(µ/ν)1/2(Cb–Cs) Eq. 2 

This indicates that a high deposition rate can be achieved by investigating the optimal 

combination of temperature, pressure and gas flow rates. 

Previous work [3] carried out by Sandvik concluded that if the concentration of CH4 is larger 

than 6 vol% then there is a high risk that the coating process will be disturbed, and if the 

concentration of TiCl4 is lower than 3 vol%, a reducing environment will dominate in the 

reactor, which can lead to the formation of iron according to the following reactions: 
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    TiCl4 + 2Fe + C ⇄ TiC + 2FeCl2 [R3] 

FeCl2 + H2 ⇄ Fe + 2HCl [R4] 

These earlier results were used as the guideline for the design of the present experiments. 

 

1.3 Purpose of this project 

The goal of the present project was to obtain a stable pre-coating of TiC on the steel nets used 

as insert support in the CVD coating process, and to decrease the total process time as much 

as possible. The approach was to use an experimental design to optimize the process 

parameters including gas flows, temperature and total pressure. 

    In this work, TiC was chemically vapor deposited onto steel nets using CH4, TiCl4 and H2. 

The results are evaluated with respect to coating thickness and coating quality. The deposition 

rate, which is reflected by coating thickness, was evaluated as a function of such reaction 

parameters as gas flow rate, the CH4/TiCl4 molar ratio and the total pressure. With respect to 

coating quality, the surface morphology and grain size were examined using optical 

microscopy and scanning electron microscopy. The iron distribution through the coated layers 

was characterized using energy-dispersive X-ray spectroscopy. These experiments were 

accomplished through cooperation with loading and CVD operators, the quality lab at 

Sandvik, as well as the research department. 
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2 Experiment 

2.1 Loading of steel nets 

Steel nets were loaded in a basket (shown in Figure 1), which has a cylindrical shape and a 

height of 200 mm. For each load there are four or five baskets filled with steel net bundles. 

Each bundle was about 10 mm high. A molybdenum mesh was placed between bundles, and a 

graphite plate was placed between each basket as a spacer. There were about 1000 steel nets 

in one load. 

 

Figure 1 Steel nets loaded in five baskets 

 

2.2 Chemical Vapor Deposition 

After giving necessary information into the system, the loaded nets are ready for the CVD 

process. The parameters for each run need to be programed in the CVD controller before the 

process can begin. 

The original receipt (100 L/h TiCl4, 100 L/h CH4) for the pre-coating process requires two 

runs, and each run takes 15 hours [9-11]. Earlier work by Maria Adefjord indicated that one 

single pre-coating for 18 hours (100 L/h TiCl4, 250 L/h CH4) gave satisfactory thickness [12], 

but follow up experiments showed that parts of the coated steel nets had poor quality [13], 

Top 

Upper 

Middle 

Lower 

Bottom 
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which decreased the productivity of pre-coated steel nets by 20 %. Although much effort was 

spent on improving these weaknesses, an efficient and effective method has yet to be 

developed. We thus set the primary values for the deposition conditions based on earlier 

results [3]. 

 

Table 1 Concentrations of CH4 and TiCl4 gas flows (H2 flow rate = 2400 L/h) 

Gas flow (L/h) 100 120 135 150 170 
CH4 

Concentration % 3.9 4.6 5.1 5.7 6.4 

Gas flow (L/h) 70 80 90 100 110 
TiCl4 

Concentration % 2.7 3.1 3.5 3.8 4.2 

 

The experimental deposition conditions employed for the chemical vapor deposition of the 

TiC coatings are shown in Table 1 and Table 2. The CVD experiments were conducted with a 

temperature distribution from 980 °C at the bottom to 1035 °C at the top. The reason for the 

higher temperature at the top is to compensate for the depletion of TiCl4. The experiments 

were divided into several series. In the first series, 13JC01–13JC08, the flow rate of CH4 was 

varied from 100 to 170 L/h, and the flow rate of TiCl4 was varied from 70 to 110 L/h at 

constant H2 flow rate 2400 L/h (according to Table 1). The purpose of these experiments was 

to investigate the influence of each species and the relationship between the CH4/TiCl4 ratio 

and the deposition rate. In a second series, 13JC08–13JC13, several test runs with the same 

CH4 and TiCl4 gas flows but different total pressures between 55–400 mbar were carried out. 

The hydrogen gas flow was also increased and the total input of CH4 and TiCl4 were adjusted 

to keep the percentages unchanged. Finally the temperature distribution was adjusted and 

several test runs were performed at different production lines using the same optimal receipt, 

to ensure that the repeatability would meet the requirements for production. 
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Table 2 Conditions for the chemical vapor deposition experiments 

Flow rate (L/h) Deposition temperature (°C) 
No. 

H2 CH4 TiCl4 

Pressure 

(mbar) 

Time 

(h) Top Upper Middle Lower Bottom 

13JC01 2400 100 110 55 18 

13JC02 2400 170 110 55 18 

13JC03 2400 170 70 55 18 

13JC04 2400 100 70 55 18 

13JC05 2400 135 90 55 18 

13JC06 2400 170 90 55 18 

13JC07 2400 150 90 55 18 

13JC08 2400 170 100 55 18 

13JC09 2400 170 100 100 18 

13JC10 2400 170 100 150 18 

13JC11 2000 170 90 55 18 

13JC12 2800 170 100 55 18 

13JC13 2400 170 100 400 18 

13JC14 2800 220 100 55 18 

13JC15 2400 170 70 55 14 

13JC16 3500 280 120 55 18 

1035 1030 1000 980 980 

13JC17 2800 220 100 55 

13JC18– 3150 250 110 55 
12.5 1035 1035 1005 985 985 
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2.3 Sampling 

After the coating process, the steel nets stick together and need to be separated carefully. Steel 

nets were collected from different positions of the total load. For each basket, the first net on 

the top, the last net at the bottom and one net in the middle were picked out and labeled with 

T, B, and M respectively. 

 

2.4 Characterization 

2.4.1 Coating thickness measurement 

A sample with a size of 2 cm × 2 cm was cut out from each net. These samples were casted in 

pellets using a casting machine. The pellets were grinded and polished using a diamond 

powder suspension to obtain a smooth surface. The thickness of the coatings was determined 

from micrographs of cross-sections. 

 

2.4.2 Surface structure 

The surface quality of coated steel nets was examined using an optical microscope (OM, 

Nikon eclipse L150). The grain structure and grain size were examined using a scanning 

electron microscope (SEM, Jeol  JXA-8530F). 

 

2.4.3 Iron profile analysis 

Samples of coated steel nets were casted and polished as described in 2.4.1. Characterization 

was carried out with energy-dispersive X-ray spectroscopy (SEM-EDS, Jeol  JXA-8530F). An 

electron beam is scanned along a preselected line across the sample while x-rays are detected 

for discrete positions along the line. Analysis of the x-ray energy spectrum at each position 

provides plots of the relative elemental concentration for the elements Fe, Ti and C versus 

position along the line. 
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3 Results 

In this section we show some representative results for the different analysis techniques. More 

results are also given during the discussion of the results in the next section and the appendix. 

3.1 Cross-sectional micrographs 

Typical cross-sectional optical micrographs of pre-coated steel nets using the optimal process 

13JC18 are shown in Figure 2. A 3 µm thick TiC film was evenly coated on the surface of the 

steel nets. More pictures and detailed thickness statistics are included in the appendix. 

 

Figure 2 Cross-sectional micrographs of pre-coated steel nets using receipt 13JC18: (a) upper 

basket (b) middle basket (c) bottom basket. Scale bar: 10 µm 

3.2 Surface morphology 

Figure 3 shows typical optical microscopy pictures of pre-coated steel nets picked from 

different positions of the load 13JC18. These pre-coated steel nets show smooth surfaces 

without outgrowth, drop-off, exfoliation or obvious contact marks. 

    Examples of the surface morphology of the pre-coated steel nets are shown in Figure 4 

(13JC17) and Figure A2 (13JC08) and these were further examined using a scanning electron 

microscope. The grain size was found to be approximately 1 to 2 µm. 

(a) 

(b) 

(c) 
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Figure 3 Top view of pre-coated steel nets captured by optical microscope: (a) upper basket (b) 

middle basket (c) bottom basket. Scale bar: 2 mm 

 

(a) 

(b) 

(c) 
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Figure 4 Scanning electron micrographs of pre-coated steel nets using receipt 13JC17, surface 

morphology: (a) top basket (b) middle basket (c) bottom basket. 

(a) 

(c) 

(b) 
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3.3 Iron profile analysis 

 

Figure 5 SEM-EDS line profile analysis of pre-coated steel nets obtained by 13JC08 and 13JC17. 

Labels: T=upper basket, M=middle basket, B=bottom basket. Unit for horizontal axis: µm. 
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The iron distribution through the coated TiC layers was characterized using energy-dispersive 

X-ray spectroscopy, and some examples from the same batch as shown in Figure 4 and Figure 

A2 are shown in Figure 5. Line profile analysis indicates that the proportion of iron in the 

coated TiC layer drops sharply, down to base line after 2 µm. This means that the coated TiC 

layer prevented the diffusion of iron and there is no iron on the surface of the coated steel nets.  

Note: Due to some problems with the standard sample of carbon, the concentrations indicated 

in Figure 5 are not quantitatively accurate, but have qualitative usefulness. 
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4 Discussion 

4.1 Effect of TiCl4 on the deposition of TiC 

The dependence of the deposition rate on the TiCl4 concentration can be described by 

complex hyperbolic rate equations [14, 15]. Large discrepancies, however, were found in the 

results of the kinetic data obtained, so it is more practical to examine the relationship that fits 

our system. Using a power law equation, we have used the following expression for the 

deposition rate for a reversible reaction: 

     Eq.3 

    As we can see from this expression, on the one hand the reaction rate (r) will increase with 

higher TiCl4 concentration. Because an optimal receipt requires a CH4/TiCl4 ratio higher than 

1 (details are described in 4.2), TiCl4 molecules act as a limiting factor in the coating process, 

which means the total input of TiCl4 determines the theoretical maximum thickness that can 

be obtained after a certain time. This limiting effect can clearly be seen if we compare test 

runs with different TiCl4 flow rates but the same CH4/TiCl4 ratio, for example 13JC07 and 

13JC08, where a thicker TiC coating was obtained by increasing the total input of  TiCl4, as 

shown in Table A1. 

    On the other hand, the increased formation of HCl will reduce the reaction rate, so we must 

examine the possible sources of HCl. Besides the chemical reactions, Reaction 1 and Reaction 

2, there are other reactions which can generate HCl. Hydrogen gas reacts with titanium 

tetrachloride according to the following reactions [3]: 

    2TiCl4 + H2 = 2TiCl3 + 2HCl [R5] 

    2TiCl3 + H2 = 2TiCl2 + 2HCl [R6] 

    The HCl molecules produced by these reactions have retarding effects on the TiC 

deposition process, which initially reduces the nuclei growth rate and hence the deposition 

rate. By adsorption onto the surface, hydrogen chloride molecules can prevent further growth 

of TiC. An increased TiCl4 concentration may thus also lead to a decreased thickness by 

forming more HCl. 

    This opposing trend was also found in our test runs. Figure 6 shows the variation of TiC 

coating thickness with different TiCl4 flow rate. It indicates that if the concentration of CH4 is 
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kept constant, the thickness of the TiC coating on the steel nets decreases with increasing 

TiCl4 flow rate. Earlier research on other substrates also showed that if TiCl4 was increased 

from 4 % to 5 %, the thickness of the coating TiC layer was decreased by 1 µm (process time 

8 h) [3]. 

 

Figure 6 Thickness distributions of TiC coatings grown with different TiCl4 flow rates 

    We can thus see the complex effects of the TiCl4 concentration, which can be summarized 

in this way: a certain amount of TiCl4 is needed to obtain thick enough coatings, but higher 

concentrations of TiCl4 generates more HCl which will, at a certain concentration, decrease 

the growth rate of TiC. 

 

4.2 Effect of the CH4/TiCl4 - ratio on the deposition rate of TiC 

The CH4/TiCl4 molar ratio was varied between 0.91-2.43 in our test runs. Figure 7 illustrates 

the relationship between the thickness of TiC and the CH4/TiCl4 mole ratio. It can be clearly 

seen that the thickness increases linearly with increasing CH4/TiCl4 molar ratio. 

    This can be explained by mass transport theory. In the mass transport controlled regime the 

diffusion process, by which reactant compounds are transported to the growth surface, 

proceeds much slower than reactant consumption by the actual growth reaction on the 

deposition surface [16]. Therefore, it may be assumed that Cb is much larger than Cs in 

Equation 2, and then Equation 2 reduces to Equation 4: 

     Diffusion flow rate ∝ Cb Eq. 4 
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Equation 3 can also be used to explain the relationship between thickness and the 

CH4/TiCl4 molar ratio. Since the flow rate of TiCl4 does not vary too much in our experiment 

series, the deposition rate can be considered to be independent of the partial pressure of TiCl4, 

which means that the reaction order n1 is zero (see Eq. 3). On the other hand, the reaction 

order for CH4 (n2) is 1.This indicates that the growth rate of titanium carbide is linearly 

proportional to the concentration of CH4. 

 

Figure 7 Thickness of TiC coatings grown with different CH4/TiCl4 molar ratio 

 

    The positive value of the intercept shown in Figure 7 can be explained by R1, in which 

TiCl4 gas reacts with carbon from the steel substrate to initially form the TiC deposit initially. 

Similar results have been reported by other researchers [17, 18]. 

    For the test run 13JC03, a significant outgrowth (Figure 8) and a high porosity (Figure 9) 

were observed on the steel nets from the top basket. Based on conclusions from previous 

work [18-20], these phenomena can be explained as below: 

    It has been suggested that the CH4/TiCl4 molar ratio influences the heterogeneous reaction 

on the substrate and the homogeneous reaction in the gas phase [18]. Previous work [19] 

concluded that the heterogeneous reaction on the substrate is the controlling mechanism if 

CH4/TiCl4 mole ratio is less than a certain value (3.0 for tungsten carbide substrates). 

However, if the CH4/TiCl4 mole ratio is high enough, homogeneous reactions in the gas phase 
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may be the controlling mechanism, which means powdery deposition and the formation of 

free carbon soot. This was in good agreement with thermodynamic calculations [20]. Besides 

the role as a hindrance to the adsorption of titanium subchlorides, carbon soot may also work 

as nucleation sites, leading to selective growth of TiC and even visible outgrowths [3].   

 

Figure 8 Outgrowths on the surface of pre-coated steel nets, 13JC03 top basket. Scale bar: 2 mm 

 

 

Figure 9 Cross-sectional micrographs of pre-coated steel nets: (a) (b) 13JC03; (c) (d) 13JC19. 

Scale bar: (a) (c) 10 µm; (b) (d) 1 mm  

    In the TiC coating process, the normal values (Table 2, 13JC01-02 and 13JC 04-06) of 

TiCl4 and H2 flow rates give an oxidizing environment, which leads to corrosion of iron 

through a chemical reaction [3]: 

    TiCl4 + 2Fe + C = TiC + 2FeCl2 [R3] 

(a) (b) 

(d) (c) 
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Reaction 3 gives a good explanation to the porosity. Due to the depletion of TiCl4, the 

CH4/TiCl4 molar ratio is highest at the top of the load, and more free carbon will appear 

which accelerates the reaction described by Reaction 3. This will leave voids on the surface of 

iron, as shown in Figure 9a. 

 

4.3 The effect of total pressure on the deposition of TiC 

Previous work [3] has indicated that the relationship between the total pressure in the reactor 

and the thickness of the TiC layer is not totally understood, and in practice the thickness 

increases slowly with increasing total pressure. Earlier research conducted by Maria Adefjord 

[12] showed that thicker TiC coatings can be obtained if the pressure is increased from 55 mbar 

to 200 mbar. Further test runs with higher pressures were also tested in the present work. 

 

Figure 10 Thickness of TiC coatings grown with different total pressures 

 

    As described in the experimental section, three test runs with total pressures higher than 55 

mbar were carried out. An insignificant increase of the coating thickness was observed (as 

shown in Figure 10), but at a cost of worse quality for the steel nets in the top basket. It was 

also later proved that an increase in thickness can also be obtained by other approaches. 

Another phenomenon associated with a higher pressure is the occurrence of undesired white 



 

19 

 

smoke which consists of TiO2 particles (details are described in 4.4). Taking all of these 

factors into account, it was decided to keep 55 mbar as the total pressure to ensure a stable 

quality and a decent work environment.  

    Furthermore the result which was observed, that the thickness increased by 0.5 µm with 

increasing pressure, is not compatible with the conclusion based on mass transport, which 

suggests the opposite trend: reduced pressure leads to a thinner boundary layer and enhances 

the diffusion of the gas phase species, and this will finally increase the deposition rate 

according to Equation 1. To explain this discrepancy we may consider the effect of pressure 

on the mean free path of reactant molecules. A lower total pressure leads to an increased mean 

free path between the molecules in the gas phase and a higher flow rate. A high flow rate will 

suppress homogeneous reactions. In this case the feed rate of reactants may limit the overall 

deposition process. On the contrary, a higher total pressure will lead to a shorter mean free 

path, which means that the average distance travelled by a moving particle between 

successive impacts will be shorter, and homogeneous gas phase reactions will be faster,  

resulting in homogeneous nucleation. This also explains the lower quality of the coatings 

because heterogeneous surface reactions are desired. More research is still required to obtain a 

clearer picture of this issue. 

 

4.4 Risk analysis of hazardous TiO2 particles 

A phenomenon accompanying the coating process is that large quantities of white powders 

are left in the inlet as residues, which can even cause white smoke in the air, as we have 

observed for the 13JC07, 13JC13 and 13JC16 runs. Such smoke appears to be very stable, can 

trigger fire alarms and may be harmful to the operators. Therefore the mechanism behind the 

smoke should be investigated to avoid the potential risk. 

    As mentioned in 4.1, TiCl4 will decompose during the coating process, and calculations 

indicate that there are two mechanisms for the decomposition of TiCl4: unimolecular bond 

dissociation reactions and bimolecular atom-molecule reactions [21]:  

    Unimolecular bond dissociation: 

    TiCl4 = TiCl3 + Cl [R7] 
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    TiCl3 = TiCl2 + Cl [R8] 

    Bimolecular atom-molecule reaction: 

    TiCl4 + H = TiCl3 + HCl [R9] 

    TiCl3 + H = TiCl2 + HCl [R10] 

    Other type of reactions between titanium-containing species are also possible, such as the 

disproportionation reaction of TiCl3: 

    2TiCl3 = TiCl2 + TiCl4 [R11] 

    Calculations at thermodynamic equilibrium are carried out using Rice-Ramsberger-Kassel-

Marcus theory [21] and empirical correlation, and the results in [21] indicate a significant 

decomposition of TiCl4. 

Table 3 Properties of titanium chlorides [21] 

 TiCl4 TiCl3 TiCl2 

Melting Point /°C –24 425 1035 

Boiling Point /°C 136 960 1500 

 

    Our CVD coating process is carried out between 980–1035 °C, so according to Figure 2 in 

Teyssandie’s work [21], there will be large fractions of TiCl3 and TiCl2 in our system. As 

shown in Table 3, for these three titanium-containing species, TiCl4 and TiCl3 are in gas form 

which means they can be transported out of the reactor. But TiCl2 will stay in the reactor as a 

solid. When the reactor is finally opened and exposed to air, the following reactions with 

oxygen and water will happen, generating TiO2 as a white powder: 

    TiCl2 + O2 = TiO2 + Cl2 [R12] 

    TiCl2 + H2O = TiO2 + 2HCl [R13] 

    Titanium dioxide dust, when inhaled, has been classified by the International Agency for 

Research on Cancer (IARC) as an IARC Group 2B carcinogen [23], meaning it is possibly 

carcinogenic to humans, and the occurrence of respiratory tract cancer is observed in rats. 

    To solve this problem, we changed the pipe at the outlet of the CVD furnace after the test 

run 13JC07. The original pipe has four openings around it, parallel to the tube axis, while the 
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substitute has only one large opening at the top. After this replacement, a noticeable 

improvement was observed. From a technical point of view, it is believed that the pipe with a 

larger opening provides more effective extraction of exhaust gases, including titanium 

chlorides, which means that fewer residues will be left in the furnace. Several exceptions, 

however, were also observed, such as run 13JC23, 13JC24 and 13JC26. Several possible 

explanations were proposed, dealing with the condition of isolation and the tightness of 

different modules of the base. However, any clear connection between these factors and the 

occurrence of white smoke was not conclusively established, and further investigation is 

required to resolve this issue. 

 

4.5 Surface morphology 

To ensure the surface quality, namely a smooth surface without drop-off and outgrowth, 

coated steel nets were first checked by optical microscope (OM). Pictures of steel nets picked 

from bottom, middle and top of one load are shown in Figure 3. 

 

Figure 11 Drop-offs on steel nets picked from top basket, 13JC16. Scale bar: 2 mm 

 

    Outgrowths were observed for test run 13JC03, and the OM picture is shown in Figure 8. 

As discussed in section 4.2, the occurrence of outgrowth is possibly caused by free carbon 

deposition and a high CH4/TiCl4 molar ratio. For other test runs with a molar ratio CH4/TiCl4 

lower than 2.3, outgrowth was not observed. 
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    For steel nets that were located at the top of the load, one could in some cases observe 

small particles (drop-offs) deposited on the surface (Figure 11). These drop-offs usually 

consist of exfoliated layers from the net, the basket, the reactor wall or other elements in the 

reactor environment [2]. This phenomenon is often observed and leads to a lower product 

quality. The consequences of using steel nets with drop-offs are unknown but it is believed 

that the influence will not be positive. For test runs after 13JC18 (four baskets of steel nets, 

process time 12.5 h), a fifth basket filled with molybdenum meshes was added on the top of 

the load, and a significant improvement was observed, as shown in Figure 3a. 

    Figure 4 shows typical grain structures of deposited TiC from test run 13JC17.  The grain 

size was approximately 1 to 2 µm, and these pictures indicate that the steel nets located on the 

top have larger grain size. The main difference between the top and bottom is the deposition 

temperature, namely steel nets on the top were coated at a higher temperature. Keeping this in 

mind, we found that our observations are in good agreement with previous work by C. W. Lee 

et al., where they draw the conclusion that a higher temperature gives a larger grain size [24]. 

Compared with earlier research [13], the grain size we obtained is large enough to prevent the 

diffusion of iron through the coated TiC layer. This was further confirmed by the line profile 

analysis using energy-dispersive X-ray spectroscopy, as described in section 3.3. 

 

4.6 Optimal parameters and repeatability  

As discussed in section 4.2, the run 13JC08 with 170 L/h CH4 and 100 L/h TiCl4 gave the 

largest thickness after 18 hours. But the repeating occurrence of drop-off and the difficulty to 

achieve more satisfactory thickness on the top of the first basket give us good reasons to find 

more economic recipes. An interesting phenomenon which can be clearly seen in the 13JC03, 

13JC09 and 13JC10 runs is that the thickness drops sharply when reactants reach the top 

basket. This implies that if the coating process is performed with four baskets instead of five, 

we can easily obtain thick enough coatings for all the steel nets after shorter process time. 

    To make this possible, several factors need to be taken into account: 

1. Earlier research [3] concluded that at least 3% TiCl4 is needed to prevent outgrowth. 

The total input of TiCl4 also decides the theoretical maximum yield. But too much 

TiCl4 will generates HCl and undesired white smoke. 
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2. Increase of the CH4/TiCl4 molar ratio to obtain a high deposition rate, prevented any 

appreciable outgrowth. 

3. In order to increase the total input of CH4 and TiCl4, the hydrogen gas flow needs to 

be increased, so that the molar ratio and partial pressure of each species remain 

unchanged. 

4. Increasing the temperature leads to higher costs of electricity and technical limitations 

which need to be considered. 

    After some calculations based on the four factors mentioned above, two recipes 13JC17 

and 13JC18 were proposed as representing the best conditions, of which the latter one gave 

higher thickness. After 12.5 h we obtained satisfactory TiC coatings as described in the results 

section. Compared with 13JC08, these two variants included a higher gas flow, a higher 

CH4/TiCl4 mole ratio and higher deposition temperatures, but the partial pressures of reactants 

were the same (as summarized in Table 4). 

Table 4 Comparison of different parameters used in TiC pre-coating processes 

 Previous[10] 13JC08 13JC17 13JC18-27 

H2 flow/L h-1 2400 2400 2800 3150 

CH4 flow/L h-1 100 170 220 250 

TiCl4 flow/L h-1 100 100 100 110 

%CH4 3.85 6.37 7.05 7.12 

%TiCl4 3.85 3.75 3.21 3.13 

%H2 92.31 89.89 89.74 89.74 

CH4/TiCl4 mole ratio 1.00 1.70 2.20 2.27 

Pressure/mbar 55 55 55 55 

Time/h 15×2=30 18 12.5 12.5 

Yield/basket 5 5 4 4 

Avg. thickness/µm 5.0-6.5[10] 3.79 3.26 3.40 

 

    Considering the fact that the total quantity of steel nets coated in each run was decreased 

from 5 baskets to 4 baskets, the optimized process have decreased the process time by: 

    (30-12.5)/30 × (4/5) = 47 % 
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Since earlier research showed that the results of an optimized coating process may vary 

from time to time, it is necessary to perform more test runs at different production lines using 

the same optimal receipt to ensure that the repeatability meets the requirements for production. 

Totally 10 test runs were carried out using same parameters (3150 L/h H2, 250 L/h CH4, 110 

L/h TiCl4), and the results are summarized in Table 5: 

 

Table 5 Results of test runs 13JC18-13JC27 

No. Production line Avg. thickness/µm White smoke  Drop-off or outgrowth 

13JC18 29-2 3.64 – – 

13JC19 22-1 3.55 – – 

13JC20 15-2 3.26 – – 

13JC21 17-2 3.38 – – 

13JC22 19-2 3.36 – – 

13JC23 25-2 3.56 Yes – 

13JC24 27-2 3.34 Yes – 

13JC25 18-1 3.36 – – 

13JC26 16-2 3.29 Yes – 

13JC27 14-1 3.31 – – 

 

As shown above, an optimized process gave stable TiC coatings with an average thickness 

of 3.41 µm. No obvious drop-off or outgrowth was observed on the surface of pre-coated steel 

nets, but white smoke appeared in 3 of the 10 test runs, which indicates that there is still much 

room for further technical improvements. 
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5 Conclusion and outlook 

The experiments conducted in this project show that at least 100 L/h TiCl4 flow rate is needed 

to obtain thick enough coating of TiC. The thickness increases linearly with increasing 

CH4/TiCl4 mole ratio, but outgrowth of TiC was observed when the molar ratio is higher than 

2.4. Increasing the total pressure results in an increased deposition rate, but hazardous TiO2 

white smoke was observed. 

    The optimal receipt with higher gas flow, CH4/TiCl4 mole ratio and deposition 

temperatures gave 3.4 µm thick TiC coating after 12.5 h. Compared with the original process, 

the optimal process obtained in this project saves 47 % process time. After several repetitions 

on different production lines, this receipt proved to give stable results. 

    Deposited TiC has a uniform structure and a grain size of 1-2 µm. Line profile analysis 

using energy-dispersive X-ray spectroscopy shows that a coating thickness of 2 µm is enough 

to stop iron diffusion. 

    The coated steel nets were used as insert support in the production process, and the 

qualities of produced inserts were examined. Steel nets coated by optimized methods did not 

show any negative influence. 

    Even though significant results were achieved in this work, there is still much room for 

further improvement. Possible approaches are: 

1. Increase the TiCl4 gas flow rate. The CH4 and H2 gas flows also need to be increased 

proportionally. This adjustment may lead to the occurrence of white smoke, but 

reduced process time may compensate the negative influence of increased TiCl4. 

2. HCl and H2 can be used to convert TiCl2 to gaseous species TiCl3 and TiCl4. This can 

be carried out at the end of the deposition process, when CH4 and TiCl4 gas flow are 

switched off. 

3. Hydrocarbons other than CH4 may be also considered as the carbon source, such as 

ethane C2H6. Since the C-C bond is weaker than the C-H bond, it may require lower 

temperatures. 
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7 Appendix 

7.1 Thickness of TiC coatings 

 

Table A1 Thickness of TiC layers pre-coated on steel nets 

 Bottom Lower Middle Upper Top 

 B M T B M T B M T B M T B M T 

13JC01 1.0 2.7 2.6 2.7 3.1 3.0 2.7 3.1 3.1 3.0 3.0 3.1 2.9 2.9 2.4 

13JC02 3.3 3.8 4.2 3.7 3.7 4.0 3.8 3.4 3.7 3.4 3.3 3.3 3.3 3.3 1.9 

13JC03 4.5 4.9 5.0 4.5 4.0 4.5 4.3 4.4 4.3 4.0 4.2 4.0 2.4 2.2 2.1 

13JC04 2.7 3.1 3.3 2.2 2.1 2.0 2.2 1.8 2.0 1.8 1.7 1.9 2.0 2.4 2.3 

13JC05 2.8 3.7 4.0 3.5 3.6 3.7 3.3 3.3 3.7 3.7 3.4 3.8 3.3 3.3 3.4 

13JC06 3.5 3.9 4.5 3.7 3.7 3.9 3.9 3.7 4.2 3.9 4.0 4.0 3.8 3.5 3.0 

13JC07 3.2 3.4 4.1 3.8 3.5 3.8 3.6 3.6 3.7 3.5 3.6 3.8 3.5 3.3 3.2 

13JC08 3.8 3.8 4.1 4.0 3.7 3.9 3.9 3.5 4.0 3.8 3.7 4.0 3.8 3.6 3.2 

13JC09 4.4 4.2 4.5 4.0 3.9 4.6 4.1 4.2 4.7 4.6 4.4 4.5 2.9 3.2 3.2 

13JC10 4.3 4.3 4.6 4.2 4.4 4.7 4.2 4.2 4.8 4.2 4.1 4.5 3.4 3.5 3.4 

13JC11 4.4 3.9 4.4 3.9 3.9 4.3 4.0 4.2 3.8 3.4 3.9 3.6 3.0 3.0 3.3 

13JC12 3.2 3.1 3.5 3.2 3.2 3.5 3.2 3.2 3.4 3.4 3.1 3.4 3.0 3.1 3.2 

13JC13 5.0 4.5 5.2 5.0 4.1 4.5 4.1 3.8 4.6 4.1 3.8 3.7 3.7 3.3 3.2 

13JC14 4.4 4.8 4.8 4.5 4.5 4.6 4.8 4.5 4.8 4.3 4.3 4.8 4.6 3.3 2.8 

13JC15 3.4 3.4 3.6 3.4 3.2 3.2 3.2 3.3 3.3 3.2 2.6 3.0    

13JC16 4.9 4.8 5.5 5.5 5.2 5.3 5.2 4.8 5.3 5.1 4.9 5.0 4.5 4.6 3.9 

13JC17 3.6 3.2 3.6 3.2 3.4 3.4 3.0 3.2 3.6 3.2 3.0 2.7    

13JC18 3.7 3.8 4.0 3.4 3.4 3.8 3.6 3.6 3.7 3.6 3.3 3.8    
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13JC19 4.0 3.6 3.9 3.7 3.6 3.6 3.7 3.3 3.6 3.1 3.1 3.4    

13JC20 2.9 3.1 3.2 3.5 3.4 3.4 3.2 3.3 3.4 3.3 3.3 3.1    

13JC21 3.4 3.4 3.2 3.5 3.3 3.4 3.6 3.4 3.5 3.1 3.2 3.5    

13JC22 3.5 3.3 3.6 3.4 3.4 3.4 3.4 3.1 3.4 3.2 3.2 3.4    

13JC23 3.6 3.6 3.8 3.4 3.5 3.7 3.7 3.5 3.4 3.5 3.5 3.5    

13JC24 3.7 3.1 3.4 3.3 3.1 3.5 3.4 3.1 3.5 3.2 3.2 3.6    

13JC25 3.4 3.3 3.5 3.2 3.2 3.4 3.7 3.2 3.3 3.2 3.2 3.7    

13JC26 3.3 3.3 3.4 3.3 3.1 3.4 3.3 3.3 3.2 3.4 3.3 3.2    

13JC27 3.4 3.2 3.5 3.1 3.1 3.5 3.2 3.2 3.6 3.5 3.1 3.3    

Note: for each basket, B=the last net; M=one net in the middle; T=the first net 

 

7.2 Characterization 

 

 

Figure A1 Cross-sectional micrograph of pre-coated steel net, 13JC19. Scale bar: 1 mm 
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Figure A2 Scanning electron micrographs of pre-coated steel nets using receipt 13JC08, surface 

morphology: (a) top basket (b) middle basket (c) bottom basket. 

(a) 

(c) 

(b) 
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Figure A3 Scanning electron micrographs of pre-coated steel nets using receipt 13JC17, cross-

section: (a) top basket (b) middle basket (c) bottom basket. 

(a) 

(b) 

(c) 
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Figure A4 Scanning electron micrographs of pre-coated steel net, 13JC17 middle basket, surface 

7.3 Instruments 

Casting machine: ATM GmbH OPAL450, Struers Citopress-20. 

Grinding machine: ATM GmbH systemslipmaskin. 

Coarse polishing: mix 0.35 g diamond powders (Bergman & Beving AB) and 200 mL 

distillates (petroleum) D80 (Univar AB). 

Analytical balance:Mettler Toledo PG203-S. 

Liquid diamond electronic dispenser, Engis Ltd. 

Optical Microscope: Nikon eclipse L150. 

Measurement software: Picsara Industrial. 

Steel nets are purchased from Ovaco AB. 

JEOL JXA-8530F Electron probe microanalyzer  

Linanalyser are done with WDS detectors 

Layer Analyses were conducted with EDS 
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