
  

Coatings 2018, 8, 220; doi:10.3390/coatings8060220 www.mdpi.com/journal/coatings 

Article 

Chromium Carbide Growth by Direct Liquid 

Injection Chemical Vapor Deposition in Long and 

Narrow Tubes, Experiments, Modeling and 

Simulation 

Alexandre Michau 1, Francis Maury 2, Frederic Schuster 3, Ioana Nuta 4, Yoan Gazal 2,  

Rapahel Boichot 4 and Michel Pons 4,* 

1 DEN Service d’Etudes Analytiques et de Réactivité des Surfaces (SEARS), CEA, Université Paris-Saclay, 

91191 Gif Sur Yvette, France; Alexandre.Michau@cea.fr 
2 CIRIMAT, Université de Toulouse, CNRS/INPT/UPS, 4 allée E. Monso, 31030 Toulouse, France; 

francis.maury@ensiacet.fr (F.M.); yoan.gazal@ensiacet.fr (Y.G.) 
3 Cross-Cutting Program on Materials and Processes Skills Department, CEA, Université Paris-Saclay,  

91191 Gif Sur Yvette, France; frederic.schuster@cea.fr 
4 Institute of Engineering, Université Grenoble Alps, CNRS, Grenoble INP, SIMAP, 38000 Grenoble, France; 

ioana.nuta@simap.grenoble-inp.fr (I.N.); raphael.boichot@grenoble-inp.fr (R.B.) 

* Correspondence: michel.pons@simap.grenoble-inp.fr 

Received: 24 May 2018; Accepted: 8 June 2018; Published: 13 June 2018 

Abstract: Chromium carbide layers were deposited using liquid-injection metal-organic chemical 

vapor deposition inside long (0.3 to 1 m) and narrow (8 to 24 mm in diameter) metallic tubes. The 

deposition was carried out using a molecular single-source, bis(benzene)chromium (BBC), as 

representative of the bis(arene)metal family diluted in toluene and injected with N2 as carrier gas. 

A multicomponent mass transport model for the simulation of the coupled fluid flow, heat transfer 

and chemistry was built. The kinetic mechanism of the growth of CrCx films was developed with 

the help of large-scale experiments to study the depletion of the precursors along the inner wall of 

the tube. The model fits well in the 400–550 °C temperature range and in the 1.3 × 102 to 7 × 103 Pa 

pressure range. The pressure is shown to have a pronounced effect on the deposition rate and 

thickness uniformity of the resulting coating. Below 525 °C the structure, composition and 

morphology of the films are not affected by changes of total pressure or deposition temperature. 

The coatings are amorphous and their Cr:C ratio is about 2:1, i.e., intermediate between Cr7C3 and 

Cr3C2. The model was applied to the design of a long reactor (1 m), with a double injection 

successively and alternatively undertaken at each end to ensure the best uniformity with sufficient 

thickness. This innovative concept can be used to optimize industrial deposition processes inside 

long and narrow tubes and channels. 

Keywords: metalorganic chemical vapor deposition (MOCVD); chromium carbide; kinetic 

modeling; numerical simulations; inner-wall coatings; protective coatings 

 

1. Introduction 

During their working lifetime, tools and machinery components are subjected to intensive 

degradation due to the combination of abrasive wear, corrosion and oxidation. Because of its 

hardness and high temperature stability, chromium carbide thin films (CrCx) are suitable to increase 

the performance and extend the lifetime of metallic alloys. Cr-based hard coatings are mainly 

deposited by physical vapor deposition (PVD) [1], chemical vapor deposition (CVD) [2] or thermo-



Coatings 2018, 8, 220 2 of 19 

 

reactive deposition (TRD) [3]. CVD is considered an effective process to apply thin protective layers 

because of its ability to conformally coat complex geometries and its relative ease of control of the 

growth rate and the microstructure [4,5]. Furthermore, the use of metalorganic compounds as 

precursors in metalorganic chemical vapor deposition process (MOCVD) has several advantages: (i) 

reducing the processing temperature needed to avoid structural and dimensional changes of the 

substrate; (ii) lowering toxicity and corrosive properties when compared to hydrides or chlorides 

precursors; (iii) benefiting from a wide choice of metalorganic compounds, which make it possible to 

deposit specific phases that cannot be grown by other techniques; and (iv) for energy saving in a 

large-scale process. 

The protection of the inner walls of long metallic tubes can improve their lifetime in applications 

where their internal surface is exposed to corrosive, oxidative and abrasive environments as in oil, 

gas, chemical and nuclear industries where piping delivers corrosive materials or are implemented 

in extreme environments. Coatings for long and narrow channels like plate heat exchangers [6] or 

clad tubes in the nuclear industry can be optimized in terms of, microstructure, growth rate and 

thickness uniformity. 

There are at least two technical difficulties that must be overcome to deposit a protective coating 

with uniform thickness on the inner walls of long tubes exhibiting a high aspect ratio (AR = L/ID > 

100) as piping: (i) the great length (L) to be covered and (ii) the small internal diameter (ID) of the 

tubes. In the case of long straight tubes, the first issue can be solved by a continuous deposition 

process with displacement of the tube, or of the deposition zone, on the basis of known methods. For 

instance, many in-line or roll-to-roll CVD reactors were described to coat C fibers moving at constant 

speed with BN [7,8] and W filaments with TaC [9], or for continuous deposition of functional layers 

on flexible substrates as Nb3Ge [10] or more recently graphene [11]. These continuous CVD processes 

in belt furnaces were extended to mass production of many others thin films as ZnO [12] and are 

even implemented for photovoltaic Si at an industrial level [13]. Some of these techniques could be 

adapted for long straight tubes. 

Regarding the inner diameter of tubes, when it is sufficiently large, deposition methods other 

than CVD can be used. For instance, for diameter larger than 3.5 cm a hollow cathode plasma 

immersion ion process can be used as demonstrated for DLC-Si composite coating in 304 stainless 

steel pipe, but this demonstration was made only over a length of 30 cm [14]. Modeling and 

optimization of chemical vapor infiltration (CVI) on the internal surface of porous preforms was a 

fundamental basis for producing CVD parts for heat-exchanger tubes but the sample reported had a 

large diameter (10 cm) for only 45 cm long, which allowed the use of a central, concentric reactant 

injector fixed along the tube [15]. Also, a fundamental approach was reported for CVD of Si3N4 tube-

shaped substrates with a low AR (12 mm ID) [16]. For smaller diameters and longer tubes, it is still a 

challenge and CVD techniques are certainly the most appropriate processes for the growth of 

relatively thick and uniform coatings. 

For millimeter ID and lengths greater than one meter a dynamic set-up, i.e., continuous CVD 

coupled to the displacement of the deposition zone, seems to be a good solution. Thus, after 

preliminary runs under stationary conditions [17], TiN films were deposited on the inner wall of long 

steel tubes by moving the furnace [18]. Also by moving the heating system, SiC thick coatings were 

grown by continuous CVD on the inner wall of a silica tube [19], Cu was grown by MOCVD on the 

inner surface of a hollow substrate [20] and Cr2O3 was deposited inside a zircaloy tube 8 mm ID by 

MOCVD [21]. VC was deposited on the interior surface of steel tubes by moving simultaneously the 

reactant gas inlet device and the heated zone produced by an radio-frequency (RF) coil [22]. However, 

for the growth of coatings of a few micrometers thick continuous CVD requires very high growth 

rates because the substrate is moved at a constant speed across the reaction zone. Also, contamination 

of the coating by solid by-products deposited in low-temperature zones can have dramatic effects on 

adhesion [17]. Furthermore, it is necessary to control the movement systems as a conveyor or reels, 

which increases the cost of the process. 
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If we exclude vapor deposition techniques with displacement, ALD (Atomic Layer Deposition) 

processes can be considered because they are well known to conformally coat complex shapes. Thus, 

a theoretical study of ALD of Al thin films on inner wall of rectangular pipe with AR = 50 was 

reported [23]. However, this modeling has not been confirmed experimentally and the aspect ratio 

considered was too low to respond to larger needs in piping. Recently corrosion mitigation coatings 

were deposited by ALD on the interior surface in a complex cooling circuit [24]. However, ALD is 

essentially adapted to the growth of metal oxides and it still suffers from very low growth rates, 

which is problematic for developing protective coatings about 10 µm thick. 

In stationary conditions, i.e., without moving the reaction zone, CVD coatings grown on inner 

walls of tubes under isothermal conditions exhibit a maximum thickness near the inlet, then a 

continuous decrease of the thickness occurs due to depletion of the reactive gas phase. For lengths 

shorter than a few tens of centimeters, CVD conditions can be found experimentally to obtain a 

satisfactory uniformity of the thickness along the tube as shown for CNT layers grown inside stainless 

tubes 40 cm long [25] and for SiCxOy films deposited inside quartz tubes about 60 cm long (8 mm ID) 

[26]. However, these lengths are generally not sufficient for applications. For instance, protective 

coating on the inner surface of nuclear fuel claddings requires uniformity of thickness over a length 

of about 4 m. For this application, in the 1980s, Cr coatings as oxygen getter [27] and boron-containing 

coatings as neutron absorber [28] were deposited by atmospheric pressure CVD inside sections of 

cladding tubes about 30 cm long. We have now learned from the modeling and optimization of such 

processes that low pressure is required to improve uniformity in the axis of the tube. For instance, 

this was demonstrated by the recent kinetic modeling of Ta CVD in long narrow channels with a high 

aspect ratio (AR = 500) [6]. 

This paper presents the growth of CrCx thin films using a MOCVD process coupled with direct-

pulsed liquid injection (DLI) of the precursor [29]. Experimental results relating to morphology, 

microstructure and composition are presented to introduce the coating challenge in long and narrow 

tubes. A parametric study has been carried out to describe the influence of operating conditions on 

coating uniformity inside tubes as long as 1 m and as narrow as 8 mm ID. A kinetic growth model 

adapted to this large-scale process has been developed and simulations were used to validate the 

model and design upscaling. The rate and efficiency of the process are strongly dependent on reaction 

kinetics, fluid flow, heat transfer and mass transport in the reaction zone. An in-depth understanding 

of such reaction-transport phenomena requires computational fluid dynamics (CFD) models that are 

able to predict growth rate and its uniformity over complex geometries [30–46]. 

The practical objectives are (i) to identify operating conditions leading to the growth of uniform 

films over the interior of long tubes and (ii) to predict the spatial distribution of gas-phase species 

along the tube, which is inherently difficult to probe by in situ non-intrusive techniques. 

2. Experimental Procedure 

The schematic representation of the reactor is shown in Figure 1 and more details can be found 

in a previous paper [47]. A hot-wall horizontal reactor equipped with the DLI system from 

Kemstream Company (Montpellier, France) was used. The precursors, bis(benzene)chromium (BBC, 

a solid compound) or bis(ethylbenzene)chromium (BEBC, a liquid) dissolved (or diluted) in toluene 

were injected in a flash vaporization chamber maintained at about 180 °C. The precursor solution in 

toluene was injected in pulsed mode, typically with a frequency of 10 or 20 Hz and an opening time 

of the injector varying from 0.5 to 5 ms depending on the different CVD runs. The mass flow rate of 

the precursor is calculated from these operating conditions. These injection conditions were chosen 

according to our previous work [29] to form a mist of very fine droplets necessary to obtain a flash 

evaporation in the vaporization chamber. Then, the reactive vapor was transported with a N2 flow 

rate of 500 sccm and was heated at approximately 180 °C before entering the deposition chamber to 

prevent condensation. 

The precursor vapor is delivered to the reactor inlet and flow inside long and narrow tubes (0.3 

to 1 m) placed in a resistively heated furnace. Two types of tubes were used: (i) a quartz tube, 0.3 m 

long and 24 mm diameter with a test plate of 20 cm long (Figure 1b); and (ii) a metallic tube 1 m long 
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with 8 mm of diameter. In the first case, thickness measurements were made by cutting samples along 

20 cm of the flat test substrate. In the second case, the coating thickness was directly measured on 

cross-sections of the metallic tube. The composition range of BBC in the carrier nitrogen gas varied 

from 0.1% to 0.6%, the reactor pressure range was from 7 × 102 to 7 × 103 Pa, and the temperature 

range of the substrate was from 400 to 550 °C. The crystal structure of the films was analyzed by  

X-ray diffraction (XRD). Surface morphology was studied by scanning electron microscopy (SEM). 

Electron probe microanalysis (EPMA) was used to determine the composition of the films.  

 

Figure 1. (a) Schematic representation of the direct liquid injection metal-organic chemical vapor 

deposition reactor (direct-pulsed liquid injection–metalorganic chemical vapor deposition (DLI–

MOCVD)); the dimensions of the reactor tube are from 0.3 to 1 m; the diameter of the tube is from 8 

to 24 mm. (b) Schematic representation of the quartz reactor of 24 mm in diameter, 30 cm long, 

containing a flat substrate of 20 cm. 

3. Experimental Results 

The emerging DLI technique is particularly convenient to feed CVD reactors with high flow rates 

of precursors exhibiting a poor volatility [47]. Organic solvents are commonly employed to solubilize 

solid metalorganic compounds or adjust the properties of liquids such as viscosity. It was shown in 

previous studies [29,47] that an adequate oxygen-free solvent, taking into account reactivity, toxicity, 

cost, commercial availability and safety, is toluene (C6H5CH3). This solvent belongs to the same family 

as the ligands of the precursor and it does not react with it. Furthermore, the corresponding saturation 

concentration is high enough to deliver high flow rates of the precursor. 

All CrCx coatings deposited inside tubes in the 350–525 °C temperature range and 1.3 × 102 to 7 

× 103 Pa pressure range are amorphous. They are dense, with no apparent texture (Figure 2). They 

have a metallic glossy appearance and a mirror-like surface morphology. In the temperature and 

pressure ranges under investigation, they exhibit a constant stoichiometry with a ratio Cr:C of 2:1, 

which is intermediate between Cr7C3 and Cr3C2. They always contain small amounts of oxygen (<3 

at. %). More details can be found in previous works of the authors [29]. 

The deposition rate varies along the length of the substrate (Figure 1b) due to precursor 

depletion (Figure 3). In typical conditions, for tubes of 30 mm in diameter, the maximum growth rate 

is around 1.6 µm·h−1 for a temperature of 450 °C and a pressure of 7 × 103 Pa. At the entrance and in 

the first centimeters, the growth rate increases due to the combined effects of the reactive flow and 

temperature fields. Then, it rapidly decreases due to depletion of the precursor. When the pressure 

is decreased to 7 × 102 Pa, the deposition rate decreases but is more homogeneous along the tube.  

This overview of the main characteristics of CrCx coatings deposited inside tubes introduces the 

challenge that must be solved: a homogeneous deposition along long (1 m) and narrow (8 mm) tube. 

The next section is devoted to multicomponent mass transport modeling and focused experiments to 
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design the best operating conditions leading to the most uniform coating inside long and narrow 

tubes. 

 

Figure 2. Typical cross section of CrxCy coating grown on silicon substrate placed on the substrate 

holder inside a quartz tube 30 cm long, 24 mm internal diameter (ID) (450 °C, 7 × 103 Pa, 500 sccm N2, 

250 sccm C7H8, 0.8 sccm bis(benzene)chromium (BBC)). 

 

Figure 3. Evolution of the growth rate along the 20 cm substrate placed in the tube (30 mm in 

diameter) for two different pressures: Same experimental conditions as in Figure 2 for temperature 

and N2 flow rate; BBC flow rate is 0.8 and 3 sccm (0.16% and 0.6%). 

4. Transport Modeling and Databases 

4.1. Equations 

The governing equations describing flow dynamics, heat transfer and mass transport include 

continuity, momentum, energy and species balance. Continuity 
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Governing equations where 𝜌, 𝜇, 𝜆, 𝑐𝑝 are the density, viscosity, thermal conductivity and 

specific heat of the gas mixture, 𝑔⃗ the gravity vector, 𝑃 the pressure, v  the velocity, 𝑇 the gas 

temperature, 𝜔𝑖  the mass fraction of specie i, 𝑥𝑖  the mole fraction of specie i, 𝐷𝑖
𝑇  its thermal 

diffusion coefficient, 𝐻𝑖  its enthalpy, 𝜈𝑖𝑘  its stoichiometric coefficient in gas phase reaction k, 𝐷𝑖𝑗 the 

matrix of diffusion coefficients for N species, g

kR  the reaction rate of that reaction, siR  the 

deposition rate of specie i, R the universal gas constant and M the molar mass of the mixture. 

The flow is laminar, obeys the ideal gas law, and steady-state conditions prevails [48]. Precursor 

vapors are very diluted in the carried gas and solvent vapor (more than 99% of the gaseous phase) so 

values of the transport properties can be calculated by the kinetic theory of dilute gas [48,49]. The 

boundary conditions for velocity, temperature and species concentration are the following: The 

temperature and concentration distribution are uniform at the inlet of the tube. On reactive surfaces, 

Equation (6) is applied for the deposition rate. The temperature of the reactor walls is specified from 

measurements. All simulations were performed using the CFD-ACE software package (ESI Group, 

Paris, France). 

The properties of the individual species and binary diffusion coefficients have been estimated 

using gas kinetic theory [48,49] (Section 4.4). Thermodynamic data were evaluated and discussed 

(Section 4.4). Homogeneous reactions g

kR  have been evaluated and discussed in the form of an 

Arrhenius law (Section 4.3): 

expk ak
k k

E
k a T

RT

 − 
=  

 
 (7) 

where 𝑘𝑘 is the kinetic constant of reaction k, 𝛽𝑘 the temperature exponent, and 𝐸𝑎𝑘 the activation 

energy of reaction k. 

Surface reactions have been evaluated and discussed by using reactive sticking coefficients for 

monomolecular reactions (Section 4.3). The sticking coefficient (Sci for species i) is the fraction of 

molecules incorporated into the film upon collision with the surface and the deposition rate siR  of 

specie i is: 
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RT
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with such a database, it will be possible for any engineer to compute velocity, temperature and 

concentration fields, and deposition rate in the range of operating conditions that are investigated. 

4.2. Kinetic Pathways: Study of the Solvent 

Thermal decomposition of bis(arene)Cr molecules like Cr(C6H6)2 (BBC) and Cr(C6H5C2H5)2 

(BEBC) occurs in the 350–550 °C range to yield chromium carbide films. Toluene (C6H5CH3) is the 

solvent. On-line mass spectrometry analysis had shown that benzene (83 mol. %), hydrogen (11 mol. 

%) and traces of other hydrocarbons (6 mol. %) were the major gaseous byproducts formed during 

MOCVD using BBC [50]. Other works on bis(arene)Cr compounds have confirmed that aromatic 

hydrocarbons and hydrogen originating from the ligands are the main gaseous by-products. 

The thermal decomposition of various solvent including aromatic compounds has been studied 

under conditions comparable to those applied for the growth of the coatings. Experiments under low 

pressure involving only a flow of toluene diluted in N2 as carrier gas have shown that the solvent 

decomposition occurs at temperatures higher than 600 °C (Figure 4) while its decomposition have 

been predicted by thermodynamic simulation at equilibrium [29]. Indeed, quartz samples were 

placed in the reactor during the pyrolysis of pure toluene vapor at different temperatures. When the 

temperature increases, the decomposition of toluene leads to a thin film of carbon giving a light gray 

tint to the sample, which became darker and darker as the pyrolytic-C film thickness increased. This 

result is illustrated in Figure 4 by the increase of absorption in the visible range. At temperatures 

lower than 600 °C, the transmittance of the sample is the same as the bare quartz sample. Therefore, 

benzene (C6H6), ethylbenzene (C6H5C2H5) and toluene (C6H5CH3) are not decomposed under 600 °C, 

i.e., in the DLI–MOCVD of this work. The simulation of kinetic pathways of toluene decomposition 

proposed by Brioukov et al. [50] gives the same conclusions. 

 

Figure 4. Transmittance spectrum of a bare quartz sample compared to C-coated quartz samples after 

1 h flow of toluene at 600, 750 and 800 °C showing an increase of the absorption in the visible range 

resulting from the growth of the C thin film. 

At this stage, the first conclusion for the development of the kinetic model is that toluene, used 

as a solvent for the dilution of BBC in the injector, and benzene, the ligand of BBC released as the 

main reaction byproduct of deposition [51], are thermally stable molecules in the gas phase. 
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4.3. Kinetic Pathways: Study of the Reactions 

The average metal–ligand bond energy of bis(arene)chromium (about 160 kJ·mol−1) is 

significantly lower than that of C–C bonds (about 500 kJ·mol−1) and C–H bonds (about 450 kJ·mol−1) 

[52,53]. For bis(arene)chromium (BBC and BEBC), the dissociation energy of the metal–ligand bonds 

determines the efficiency of the process [51]. It is worth mentioning how difficult it is to resolve the 

decomposition mechanism at the level of elementary steps under actual growth conditions: high 

temperatures make intermediates very difficult to identify and, often, only the rate constants for the 

overall process can be measured [54]. 

It is assumed that there is a unimolecular reaction in the gas phase involving one Cr-benzene 

bond breaking followed by surface reactions leading to solid Cr and C incorporated into the growing 

coating (Table 1). The benzene released in the gas phase by Reaction (1) was shown to be non-reactive 

and is evacuated to the outlet without participating in the deposition reaction. Both the intermediate 

species mono(benzene)chromium MBC (CrC6H6(g)) and BBC react on surface chromium sites to give 

bulk Cr and adsorbed benzene (Reactions (2) and (5), respectively). The gaseous nutrient species MBC 

is assumed to immediately decompose upon contact with the hot surface sites (dissociative 

adsorption) and incorporate Cr into the film (Reaction (2)). This is a reasonable assumption for this 

kind of transient species and agrees well with dissociative adsorption on metal surfaces.  

Table 1. Reaction pathways. Cr(s) is a chromium site, Cr(b) and C(b) are bulk chromium and carbon 

respectively, and C6H6(s) is adsorbed benzene. 

No. Reactions 

(1) Cr(C6H6)2(g) → CrC6H6(g) + C6H6(g) 

(2) CrC6H6(g) + Cr(s) → Cr(b) + C6H6(s) + Cr(s) 

(3) C6H6(s) → 6C(b) + 3H2(g) 

(4) C6H6(s) → C6H6(g) 

(5) Cr(C6H6)2(g) + Cr(s) → Cr(b) + CrC6H6(s) + C6H6(s) 

(6) Cr(C6H6)(s) + Cr(s) → Cr(b) + C6H6(s) + Cr(s) 

A part of absorbed benzene leads to carbon deposition (Reaction (3)) and the other part is 

desorbed and evacuated in the gas phase (Reaction (4)). Gas-surface reactions describing the 

interactions of gas-phase species containing Cr and C with the growing surface are reactions 2–6. 

Benzene decomposes on the surface through a catalytic pathway that lowers the activation barrier for 

its decomposition [55]. It was proposed that benzene decomposition on the metallic surface occurs 

by decyclotrimerization initiated by C–C bond fission and that acetylenic species are intermediates 

during the process. Maury et al. [51] have already shown that benzene represents 98% of the gas 

exhaust. MBC was never isolated because of the short lifetime of this intermediate. However the 

existence of neutral MBC molecule is supported by DFT calculations with a Cr–C6H6 bond energy of 

about 35 kJ·mol−1 [33] and experiments of laser vaporization in the gas phase [56]. Gas–surface 

interactions are assumed to occur with a reactive sticking coefficient equal to unity and no activation 

barriers or steric effects. The growth rate estimated by this approach is the maximum possible and is 

only limited by the arrival of gas-phase species to the surface. For surface chemistry modeling, a 

maximum density of surface sites of 10−9 mol·cm−2 was assumed based on the density of amorphous 

CrCx films.  

Finally, the reaction mechanism retained has been reduced to the 6 reactions in Table 1 (one 

homogenous and 5 surface reactions). Initially other elementary reactions (13 in total) were 

considered then discarded. For example, in terms of homogeneous phase reactions, a second gas 

phase reaction corresponding to the homogeneous decomposition of MBC, which would release the 

second benzene ligand, was not retained because it should lead to homogeneous nucleation of the Cr 

atoms in the gas phase, and thus to the formation of metal powder, which was not experimentally 

observed. The end of the CrCx deposition occured at the outlet of the CVD reactor abruptly when the 

temperature is lower than 250 °C, without condensation of solid byproducts. Also, the possible 

reaction between the Cr atoms formed in this hypothetical second homogeneous reaction and the 
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molecules of benzene (ligand) or toluene (solvent) was not kept. Indeed, such a reaction is known 

and used to produce pure bis(arene)chromium by direct synthesis but under conditions very 

different from those of the MOCVD reactor [57]. 

About gas–surface reactions, the non-dissociative adsorption of MBC was not retained because 

the low bond energy of Cr–C6H6 (35 kJ·mol−1) [53] makes this reaction unlikely with regard to 

dissociative adsorption of MBC on a Cr site (Reaction (2)). Also, the non-dissociative adsorption of 

BBC on Cr sites is an unlikely reaction since the surface species that would be produced would 

certainly be less stable than BBC itself, which is supposed to be readily decomposed in the gas phase 

according to reaction 1. Even if BBC was not completely dissociated in the gas phase by forming 

MBC, it was previously found to dissociate on the Ni(100) surface at temperature as low as 47 °C [58], 

and so its non-dissociative adsorption is unlikely. However the surface species formed by non-

dissociative adsorption of BBC would not be fictitious because this should occur by π-electron 

transfer from the aromatic ring to a Cr site, which would lead to a sandwich structure similar to that 

of the Decker complexes (arene)Cr(arene)Cr(arene) which are less stable than the parent sandwich 

molecule Cr(arene)2 [59]. As a result, only the dissociative adsorption of BBC could be considered at 

this stage with the related Reactions (5) and subsequently (6). 

The surface decomposition of toluene (solvent) molecules, and possibly benzene released by 

Reaction (1), was neglected. Indeed, it was demonstrated in the previous section that toluene is not 

decomposed in the gas phase below 600 °C under low-pressure DLI-MOCVD conditions. 

Furthermore, in order for the surface decomposition of toluene (or benzene) to be significant, its 

adsorption on Cr sites should first be considered. However the surface decomposition of toluene (or 

benzene) is in competition with its desorption (Reaction (4)) and it has been shown that the benzene 

desorption on Mo(110), a metal of the same column 6 as Cr, was favored because of the greater 

activation energy of its surface decomposition [60]. Moreover, we have previously shown that the C 

content of the coatings was almost the same using Cr(C6H6)2 [5,61–63], Cr(C6H5Pr)2 [64] or 

Cr(C6H5C2H5)2 [65] as precursor, both with [29,61,65] and without solvent [5,62–64] and both in a cold-

wall CVD reactor [29,61] and a hot-wall reactor [29,62,64,65], which is known to favor homogeneous 

reactions. An obvious conclusion is that the C incorporated into the film comes from the surface 

decomposition of the aromatic ring and not from the aliphatic groups linked to the ring. It is, 

therefore, more likely that the incorporation of C will come from the surface decomposition of 

aromatic rings already adsorbed on the surface such as those from Reactions (2) and (5). This 

bis(arene)chromium chemistry involves Cr(0) compounds and it contrasts with that of tetra-

alkylchromium precursors (i.e., Cr(IV) compounds) for which the film composition varies 

significantly in a narrow temperature range of deposition because of very different mechanisms 

involving many transient species, especially in the gas phase [66]. 

The second conclusion for the development of the kinetic model is that BBC is decomposed in 

the gas phase to give MBC, which reacts instantaneously on surface sites to give bulk Cr and C. Also, 

it is assumed that BBC and BEBC undergo the same decomposition mechanism, ethylbenzene being 

substituted for benzene in the case of BEBC. However, to be able to simulate reactive mass transport, 

both thermodynamic (Cp, H and S) and transport data (Lennard–Jones parameters) must be evaluated 

to complete the database. 

4.4. Estimation of Thermodynamic and Transport Data 

The thermodynamic properties of all gaseous species involved, heat capacity, enthalpy and 

entropy, are needed for the development of the kinetic model. Until now, no thermodynamic data 

have been reported for gaseous BBC and MBC precursors. Consequently, to calculate missing 

information, the JANAF method was employed [67] for the case of non-linear polyatomic species. 

Indeed, it is possible to obtain the gas phase thermal functions using the molecular structure (bonds 

lengths and angles), the relative molecular mass, the principal moments of inertia, the symmetry 

number, the vibrational frequencies and the low-lying electronic levels.  

For gaseous BBC, the structure with the symmetry D6h was retained as proposed in the 

calculations of Schaffer et al. [68] using the infrared spectroscopy measurements of Ngai et al. [69]: 
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the benzene ligands in BBC(g) are slightly more distended than free-benzene molecules having a C–

C length of 1.423 Å ± 0.002 Å instead of 1.399 Å ± 0.001 Å. For MBC(g), the same values were taken 

but only one benzene was considered.  

To calculate the principal moment of inertia with Hirschfelder method [70] we have used the 

interatomic distances given by Haaland et al. [71] having a Cr in the center of the cartesian projection 

and the C–H oriented 5° outside of the carbon planar cycle: The calculated products IAIBIC are 5.8055 

× 10−112 kg3 m6 for BBC(g) and 2.5083 × 10−113 kg3 m6 for MBC(g). The vibrational frequencies and the 

low-lying electronic levels were extracted form infrared data made by Andrews et al. [72]. The 

calculated thermal functions for BBC(g) and MBC(g) are given in the form of NASA polynomials 

[73,74] in Table 2. 

Table 2. Thermodynamic data for BBC(g) and mono(benzene)chromium (MBC(g)); T is the 

temperature, R the universal gas phase constant, H the enthalpy, S the entropy and 𝐶𝑝 the specific 

heat. 

Gas 
Temperature  

(K) 
a1 a2 a3 a4 a5 a6 a7 

BBC 298–660 −1.207 × 101 1.460 × 10−1 −1.248 × 10−4 6.843 × 10−8 −2.999 × 10−11 2.805 × 104 4.661 × 101 

BBC 660–1000 7.133 7.445 × 10−2 −2.730 × 10−5 1.095 × 10−17 −6.776 × 10−21 2.410 × 104 −4.700 × 101 

MBC 298–770 −8.291 9.563 × 10−2 −1.177 × 10−4 9.428 × 10−8 −3.716 × 10−11 2.993 × 104 3.792 × 101 

MBC 770–1000 2.995 4.138 × 10−2 −1.576 × 10−5 −2.168 × 10−19 0.000 2.809 × 104 −1.450 × 101 
𝐶𝑝(𝑇)

𝑅
=  𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇3 + 𝑎5𝑇4 

𝐻(𝑇)

𝑅𝑇
=  𝑎1 +

𝑎2

2
𝑇 +

𝑎3

3
𝑇2 +

𝑎4

4
𝑇3 +

𝑎5

5
𝑇4 +

𝑎6

𝑇
 

𝑆(𝑇)

𝑅
=  𝑎1ln (𝑇) + 𝑎2𝑇 +

𝑎3

2
𝑇2 +

𝑎4

3
𝑇3 +

𝑎5

4
𝑇4 + 𝑎7 

For the evaluation of transport properties, two input parameters, called the Lennard-Jones 

parameters, are needed for each gas species: the collision diameter of the molecules and their 

maximum energy of attraction. Transport data for non-Cr reactants and products were taken from 

the Chemkin transport database [49]. For Cr-containing species, Lennard-Jones parameters were 

estimated using the group theory [75]. Diffusivity, conductivity and viscosity of the mixture were 

calculated from kinetic theory based on Lennard-Jones parameters (Table 3) [48,49]. 

Table 3. Lennard-Jones parameters for species used in the simulation. 

Gas Species Collision Diameter (Å) Potential (K) 

BBC 6.98 519.2 

MBC 6.03 462.4 

C6H6 5.35 412.3 

C2H2 4.1 209 

C7H8 5.92 410 

H2 2.92 38 

N2 3.8 71.4 

Thermodynamic equilibrium calculations, based on previously estimated data of gas-phase 

pyrolysis, i.e., without including the solid chemical species in the calculation, show that BBC is 

dissociated in C6H6 and MBC for temperature as low as 200 °C and it almost completely disappeared 

at 600 °C. The MBC species is stable in the range 200–600 °C and, consequently, could be the major 

species coming from the homogeneous decomposition of BBC. We can note the good consistency 

between the theoretical temperature of the beginning of decomposition of the BBC in the gas phase 

(200 °C) and the experimental temperature of the beginning of the growth (about 250 °C). Including 

solid species in the thermodynamic calculation, the dominant species formed are Cr3C2 and C as solid 

phases, and H2 gas with traces of light hydrocarbons as C2H4. These results give evidence that the 

deposition process is far from thermodynamic equilibrium: it is controlled by the kinetics. 
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After assuming that (i) toluene was not involved in the mechanism; and that (ii) the BBC was 

decomposed in the gas phase to produce MBC which reacted instantly on the surface to give bulk Cr 

and C; a third conclusion emerges from this section for the development of a simplified kinetic model. 

This is to assume that the BBC is almost completely decomposed into the gas phase in MBC and 

benzene at the temperatures used in CVD experiments (400–550 °C) and that its decomposition on 

the growing surface is negligible. This is supported by its high reactivity. As a result, the two related 

Reactions (5) and (6) reported in Table 1 can be neglected in the conditions of this study. 

5. Results: Deposition in Long and Narrow Tubes 

5.1. Preliminary Experiments in Short Tubes 

The first step in modeling reactive mass transport was to fit the activation energy and the pre-

exponential factor (Arrhenius law) of Reaction (1) (Table 1) with experiments. The first reactor used 

was a quartz reactor of 24 mm of diameter, 30 cm long containing a flat steel substrate 20 cm long 

(Figure 1b), and heated at 450, 500 and 550 °C. The flow rate of the carrier gas was 500 sccm and the 

flow rate of BBC was going from 0.8 to 3 sccm (Table 4). The fitting was first made with a 2-

dimensionnal approximation of the reactor geometry then in 3D, which is representative of the 

geometry investigated. The temperature profile applied on the outer wall of the tube was the 

experimental values measured. Figure 5 shows the temperature profile in the 3D reactor. A cold 

finger at the entrance of the reactor comes from the injection of cold gas (200 °C) through a narrow 

area. This kind of situation is commonly found in large-scale CVD reactors [76,77]. 

Table 4. Operating conditions used for modeling. 

Experiment 

(Run) 

Temperature 

(°C) 

BBC Flow 

(sccm) 

Toluene Flow 

(sccm) 

N2 Flow 

(sccm) 
P (Pa) 

Injection Frequency 

(Hz) 

1 450 0.8 220 500 7 × 103 10 

2 450 3 630 500 7 × 103 20 

3 500 0.9 250 500 7 × 103 10 

4 500 3.2 680 500 7 × 103 20 

5 550 0.8 230 500 7 × 103 10 

6 550 3.6 760 500 7 × 103 20 

 

Figure 5. Temperature field in the central X–Y slice of the tubular reactor schematized in Figure 1b 

(Table 4, Run 1). 

The fit of kinetic constants was performed with six different configurations: two injection 

frequencies (10 and 20 Hz) and three deposition temperatures (450, 500 and 550 °C). The total 

pressure was kept constant at 7 × 103 Pa. It was assumed that: (i) Reaction (1) (Table 1) is the limiting 

step of the deposition mechanism in agreement with the fact that the bonding energy for dissociating 

the first ligand is the largest; (ii) BBC is completely decomposed into MBC and C6H6 released in the 

gas phase (according to thermodynamic simulation in homogeneous gas phase); and (iii) surface 

reactions are not-limiting, have a sticking coefficient of 1 (Reaction (2)), and conserve the measured 

stoichiometry 2:1 for the Cr:C ratio (Reactions (3) and (4)). The best fit found for the activation energy 

and the pre-exponential factor is A = 1.2 × 109 s−1 and E = 97 kJ·mol−1. The exponent 𝛽 of temperature 
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in Equation (7) is zero because Reaction (1) is monomolecular [78]. This activation energy is close to 

the experimental apparent activation energy estimated by Schuster et al. [5]. It is lower than the 

average value of the energy-bond breaking of the first ligand (160 kJ·mol−1) but, as is common for 

metalorganic compounds, the activation barrier for the overall decomposition of BBC is largely 

influenced by surface reactions and catalytic effects. The magnitude of the pre-exponential constant 

(frequency factor) is coherent with values found in the literature for monomolecular decomposition 

[78]. Table 5 summarizes the kinetic model with data that will be applied in further simulations. 

Table 5. Kinetic data in the form defined by Equations (7) and (8). 

Reaction A (s−1) Ea/R (K) SC 

(1) Cr(C6H6)2(g) → CrC6H6(g) + C6H6(g) 1.2 × 109 11,700 — 

(2) CrC6H6(g) + Cr(s) → Cr(b) + C6H6(s)   1 

(3) C6H6(s) → 6C(b) + 3H2(g)   fitted 

(4) C6H6(s) → C6H6(g)   fitted 

The increase of the deposition rate at the entrance of the reactor is a competition between the 

cold finger and the decomposition rate of BBC (Figure 6). After 5 cm (on the steel plate 20 cm long), 

the effect of the depletion of reactive species leads to a rapid decrease of the deposition rate. This kind 

of profile is common in horizontal CVD reactors [34,40] and its optimization is a complex interaction 

of flow rate, precursor concentration, temperature and pressure fields and geometry design. 

 

Figure 6. Comparison of calculated (−) and measured (+) growth rate of chromium carbide on the 20 

cm substrate in the conditions of Table 4 (Run 1 and 2). 

5.2. Chemical Vapor Deposition (CVD) Experiments inside Long and Narrow Tubes 

The second step of this modeling approach was to study the deposition directly inside long and 

narrow tubes. The tubes studied were now directly used as reactors. They were 1 m long and have 

an inner diameter of 8 mm. After deposition, the tubes were cut in several slices to measure the 

thickness of the coating, its structure and morphology. The coating had an amorphous structure and 

a composition identical to that presented in the previous section and reported in detail elsewhere 

[65]. 

The models and databases developed and fitted for the previous short reactor gave results in 

good agreement with experiments performed in this new reactor geometry (Figure 7). A rapid 
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depletion of the precursor downstream led to a poor uniformity along the inner wall of the tube. The 

conversion yield relative to the precursor was close to 60% at 450 °C and 40% at 400 °C as determined 

from the CrCx mass deposited. This decrease was representative of a thermally activated process. 

There was a very good agreement with calculated yields. The challenge was to significantly improve 

both the uniformity of the thickness profile on the internal walls of the tube and the average thickness, 

which should reach about 10 µm for applications. One issue was that CVD parameters often act in an 

antagonistic way to optimize these two requirements. Extensive simulation was performed to find 

the best operating conditions in a range of temperature, pressure and precursor composition suitable 

for industrialization of the process, i.e., low temperature, high thickness uniformity, as well as high 

growth rate and high conversion rate of the precursor to minimize the cost of the process. A good 

compromise to fulfil these requirements was calculated for the following conditions: 375 °C, 1.3 × 102 

Pa, 4.33 sccm precursor flow rate, 100 sccm toluene flow rate and 500 sccm N2 flow rate. 

 

Figure 7. Comparison of calculated (−) and measured (+) growth rate of chromium carbide along the 

1 m reactor walls (T = 400 and 450 °C, P = 7 × 102 Pa, precursor flow rate 4.4 sccm, N2 flow rate 500 

sccm). 

A further improvement was simulated both to further optimize the thickness uniformity and to 

maximize the average thickness. It consisted of injecting the precursor successively and alternately 

at each end of the reactor tube with long sequences for several minutes to lower the residence time 

and increase the precursor availability. Under these conditions, the simulated thickness profiles 

shown in Figure 8 revealed that excellent thickness uniformity can be achieved at low pressure (1.3 × 

102 Pa) and low temperatures (T ≤ 400 °C), but at the expense of a lower thickness. The relative 

variation between maximum and minimum thicknesses was lower than 10%. For higher values of 

pressure and temperature, a steep increase (or decrease) at the inlet (or outlet) side was found for this 

type of configuration. 
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Figure 8. Calculated growth rate of chromium carbide along the 1 m reactor walls with alternate 

injection (T = 450, 400 and 375 °C). 

It was not experimentally possible to perform experiments in the best simulated conditions. As 

a CVD experiment representative of this new concept of successive and alternating feeding at each 

end, a coating was made in two sequences of equivalent duration (3 h) where the injection of the 

precursor was made alternately at each end. The deposition temperature was 400 °C and the total 

pressure was 1.3 × 103 Pa. The total thickness of the coating was the sum of these two sequences. 

Experimental data were compared to the simulation in Figure 9. Overall, there was a good agreement 

between the experiment and the simulation, and the uniformity of thickness was quite good for a 

relatively thick protective coating on the inner walls of tubes. The relative variation between the 

maximum and minimum thickness was about 40% for experimental data and 37% for the simulation 

along the isothermal zone of about 75 cm. With this novel protocol and these growth conditions, the 

minimum growth rate was about 2.1 µm/h and the conversion yield relative to the precursor was 

close to 60%, as determined from the CrCx mass deposited. As for results presented in Figure 7, there 

was a very good agreement with calculated yields. These results are very promising for the 

industrialization of such a process. 
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Figure 9. Calculated (−) and experimental (  ) growth rate of CrCx coatings along the inner wall of the 

tube reactor 1 m long with the injection of the precursor successively and alternately at each end (T = 

400 °C; P = 1.3 × 103 Pa; duration = 2 × 3 h; 500 sccm N2; injection of 0.5 g min−1 of precursor solution 

in toluene containing 10.3 wt. % of bis(ethylbenzene)chromium (BEBC)). 

6. Conclusions 

The results presented provide robust kinetic and multicomponent transport models capable of 

predicting amorphous CrCx growth at a range of low temperature (400 to 550 °C) and pressures (7 × 

102 to 7 × 103 Pa) well-suited to coat long and narrow metallic tubes. The development of the model 

is based on previously published data and additional experiments reported here. It allows the 

validation of the effects of precursor depletion along the inner walls of tubes as a function of the 

geometry, temperature, pressure and dilution of reactive species. The deposition of amorphous CrCx 

coatings from BBC is correctly described by the initial gas phase decomposition of BBC in MBC and 

benzene involving the bond breaking of the first Cr–C6H6 bond. It is followed by adsorption of MBC 

(and possibly a part of benzene) on surface sites leading to chromium and carbon deposition, and 

subsequently the formation of chromium carbide. It is also shown that the toluene, used as solvent 

for the liquid injection of BBC solution, does not participate to the reaction pathways. 

Finally, it should be pointed out that the DLI-MOCVD process is capable of depositing rather 

uniform coatings inside long (1 m) and narrow (8 mm) tubes at low temperature to maintain the 

mechanical integrity of metal alloys. The peculiarities of this chemical system are that it does not form 

a coating below a temperature threshold of about 250 °C or solid byproducts condensed on the reactor 

wall in the low-temperature zones, and the composition and microstructure of the coatings are 

constant in the temperature range explored. 

It follows that we have implemented an innovative concept of successive and alternating feeding 

of the tube at each end. This original method allows a good optimization of (i) the uniformity of 

thickness along the tube, (ii) its average growth rate, and (iii) the conversion yield of the precursor, 

which satisfies the main requirements for the industrialization of this process for inner-wall coating 

of tubes. CrCx coatings were successfully deposited by this process on the internal walls of fuel 

cladding tubes 1 m long and they exhibited an efficient inner protection to high-temperature 

oxidation in accidental conditions [79]. Although the models described here provide a sound basis 

for simulating practical deposition CVD reactors, important aspects of the chemistry merit further 
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investigation. The measurements of BBC pyrolysis as well as the adsorption reactions are needed to 

assess more accurately the effects of temperature and pressure on deposition rates.  

7. Patents 

Method for depositing a coating by DLI-MOCVD with direct recycling of the precursor 

compound. F. Schuster, F. Maury, A. Michau, M. Pons, R. Boichot, F. Lomello; Patent No. 

WO/2017/103546, published on 22 June 2017. 
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