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Abstract 

A solution to protect the surface of a carbon/carbon composite from oxidation at high 

temperature is to combine refractory carbides, such as hafnium and silicon carbides (HfC and 

SiC). Their depositions have been studied on flat substrates and present major protection 

against oxidation at high temperature (several minutes at 2000°C under air). Infiltration of 

these carbides layers has been observed inside the open porosities of the carbon substrate 

which enhance the adhesion of the protection. 

The low pressure chemical vapor deposition (LPCVD) process developed here allows 

multilayer HfC/SiC depositions. The HfC coatings studied have various morphologies and 

thicknesses depending on the experimental conditions (temperature, pressure, dilution). This 

carbide has been firstly deposited over flat graphite substrates and carbon single fibers. 

Secondly, the multilayer coating deposition over a C/C composite and over carbon single 

fibers is studied. Finally, HfC layers have been infiltrated inside carbon fiber tows. To avoid 

the notch effect on the carbon fibers, a thin layer of pyrocarbon (50 nm thick) has been 

deposited prior to the growth of the carbides. All the coatings were done in a hot wall CVD 

reactor and their morphologies and chemical compositions characterized by scanning electron 

microscopy. 
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1. INTRODUCTION 

Composites can combine lightness and high thermo-mechanical properties to be used as 

structural components. C/C composites (carbon fibers embedded into a carbon matrix) are 

especially well-suited since they keep high toughness, shear and stress strength at very high 

temperatures. However, these composites have a major drawback, they exhibit a poor lifetime 

under an oxidizing atmosphere; carbon starts to be oxidized under air since 400°C [1]. In 

order to protect these composites from oxidation, many coatings made of Ultra High 

Temperature Ceramics (UHTCs) have been tested [2, 3] such as TiB2, ZrB2… They can be 

synthesis by many ways: CVD with halogeneous [4] or metal-organic precursors [5], or 

reactive melt infiltration [6] for example. 

In a previous work, two refractory carbides have been selected and deposited on flat 

substrates, SiC and HfC that develop a synergetic effect against oxidation [7]. A multilayer 

HfC/SiC coating that allows a good oxidation resistance has been obtained [7-9]. The coatings 

consist of five or ten alternated layers of SiC and HfC with a total thickness of 20 or 40 µm. 

The aim of this study is to investigate the infiltration of this multilayer coating in a C/C 

composite. The SiC deposition and infiltration are well known and industrially applied. 

However, the difficulty of the HfC/SiC multilayer coating deposition is due to HfC layer 

itself. Consequently, this study was focused on the HfC deposition and in particular on 

infiltration parameters (such as temperature, duration) and their influences on the morphology 

and thickness of the coatings. 

First of all in this paper, the low pressure chemical vapor deposition (LPCVD) equipment is 

described. Secondly, the growth rate of HfC and the microstructure variation versus 

temperature is exposed on flat graphite substrates and carbon single fibers. Then, the first 

results of multilayer deposition on flat graphite substrates and carbon single fibers are 

presented. Finally, the multilayer coating infiltration results within more and more porous 

substrates, PyC/HfC/SiC in C/C composites with some large open pores and then PyC/HfC 

inside carbon fiber tows, are exposed. The pyrocarbon (PyC) layer was deposited prior to the 
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multilayer coating on the carbon single fibers in order to disconnect the carbon fiber from the 

brittle carbides. It reduces the notch effect which can occur between a carbon fiber and brittle 

carbides. 

 

2. EXPERIMENTAL PROCEDURE 

2.1. Deposition equipment 

The multilayer coatings were prepared by LPCVD by using three interconnected devices 

(Fig. 1). 

The first one was a chlorination device in which HCl(g) reacts with metallic Hf(s) at 700°C to 

form HfCl4(g), the main gaseous precursors of Hf. The HfC precursors were CH4(g), HfCl4(g) 

and H2(g). HfCl4(g) precursor was injected with argon as a carrier gas (flow rate of 350 sccm) 

into the second device through a pipe heated at 500°C in order to avoid its condensation. 

Throughout the study the H2/HfCl4 ratio was 7.5 with flow rates of 750 sccm for H2(g) and 100 

sccm for HfCl4(g).  

This second device was the hot-wall CVD reactor itself which contained the substrates and 

where both carbide layers, HfC and SiC, and PyC were deposited at a temperature ranging 

from 900 to 1100°C. The SiC layers were classically deposited from methyltrichlorosilane 

(MTS) and hydrogen with a H2/MTS ratio of 4. The third device was an oven containing the 

MTS and allowing its evaporation and its dilution in hydrogen. PyC layers were deposited 

from C3H8(g), with a flow rate of 200 sccm, directly injected inside the CVD reactor.  

Throughout the study, HfC and SiC layers were deposited at 5 kPa, and the PyC layers at 

2 kPa on carbon single fibers or in fiber tows, whereas a total pressure of 15 kPa was used for 

the carbide deposition on flat graphite substrates or C/C composites. 

 

2.2. Substrates and reagents. 

The C/C composites (density > 1.90) were proprietary materials. Fiber substrates were either 

T300 single fibers (diameter of 7 µm) or dry 3k T300 carbon fibers tows (Toray, Japan), i.e. 
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matrix-free multifiber tows (for infiltration runs), both types being pretreated under vacuum at 

800°C to thermally remove the sizing. The hafnium metal was an electrolytic grade Hf(s) 

supplied by Areva. The MTS was supplied by Sigma Aldrich and its purity was superior to 

97%. 

 

2.3. kinetic study and morphology  

The HfC deposition kinetics was studied first by measuring the thickness of HfC layers 

deposited on the flat graphite substrates for 2 hours at a temperature ranging from 950 to 

1050°C and then on carbon single fibers at 1020°C for durations ranging from 25 to 60 

minutes. In the last case, the studied coatings consisted of a stack of two dual-layers PyC/HfC 

referred to as (PyC/HfC)2, i.e. a PyC/HfC/PyC/HfC multilayer sequence. The first PyC layer 

was used as a mechanical fuse in order to prevent the weakening of the fibers due to the 

thermal expansion mismatch and to reduce the notch effect which can occur between a carbon 

fiber and brittle carbides. The second PyC layer was used to distinguish the first layer of HfC 

to the second one deposited during the same experiment.  

For the morphology study, the (PyC/HfC)2 multilayer coatings were deposited at temperatures 

ranging from 900 to 1100°C and compared. The second part of the HfC kinetic deposition 

study has been realized on fibers within the scope of further coating infiltration. This study 

has been done at a lower pressure (5 kPa instead of 15 kPa) because a lower pressure 

improves coating infiltration
 
in porous media [10, 11]. The (PyC/HfC)2 multilayer coatings 

were also infiltrated inside carbon fiber tows at 950°C and 1100°C.  

 

2.4. Characterizations 

The coating morphologies were observed by scanning electron microscopy (SEM, Hitachi 

S4500 FEG) with a secondary electron (SE) detector and an accelerating voltage fixed at 

10 kV. A second SEM microscope (Quanta 400 FEG V2 microscope) with an accelerating 

voltage fixed at 5 kV was also used for the coating observations and layer thickness 
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measurements. This last SEM is equipped with a Back Scattering Electrons detector (BSE) 

which completes the secondary electron analysis. 

The crystal structure of the sample surface was studied by X-ray diffraction (XRD) with a 

Diffractometer D8 advance Bruker (CuKα). 

 

3. RESULTS AND DISCUSSIONS 

3.1.HfC deposition by LPCVD on flat graphite substrates and carbon 

single fibers. 

Fig. 2 shows the thickness variation versus temperature of HfC coatings deposited on flat 

substrates. This graph reveals that HfC coating deposition is highly thermally activated. 

Fig. 3 presents the HfC layer thicknesses obtained from six (PyC/HfC)2 multilayer coatings 

deposited at 1020°C with different HfC layer deposition times. 

As a general rule, the thickness of the coating increases almost linearly with the deposition 

time. But low deposition time reveals the occurrence of an initiation stage of more than 

15 minutes that can be assigned to the latency period between starting HCl gas in the 

chlorination device and the actual steady-state HfCl4(g) production and so the beginning of 

HfC deposition in the CVD reactor. The phenomenon is emphasized by the important volume 

formed by the chlorinating facility and gas lines. Furthermore, the first (C1) and second (C2) 

HfC layer thicknesses of the multilayer coatings can be quite different for a same deposition 

time. For example on Fig. 3 for two 35-minute HfC depositions, the second HfC layer is more 

than twice thicker than the first one, i.e. 520 nm and 200 nm thick respectively. However, 

considering both sets of points, the slopes are similar for C1 and C2, respectively 21 and 

23 nm.min
–1

. Consequently, the deposition kinetics is similar for both layers. The effective 

deposition starting times for first and second layers are merely shifted by four minutes. 

Compared with the first HfC layer deposition, the hafnium chlorination steady-state 

conditions are reached sooner for the second HfC layer when the chlorination is restarted after 

it has been stopped only a few minutes ago at the end of the first HfC layer deposition.  
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For a given deposition time, the thickness of the coating increases overall with temperature 

showing that the deposition is also thermally activated on the carbon fiber surface (Fig. 4). 

In addition to an important transient stage, the uncertainty in the thicknesses of the deposited 

HfC layers is significant, about 150 nm, and makes further kinetics analyses difficult. 

Consequently, longer HfC layer depositions will be carried out in the future, especially for the 

low-temperature range, to obtain thicker layers in well established steady-state conditions and 

thus to carry out a comprehensive kinetic study. 

To deposit HfC-containing matrices in fibrous preforms and to obtain performance 

composites, it is not only necessary to know the deposition kinetics but also to control the 

coating morphology which can influence its properties. 

 

3.2. Morphologies 

3.2.1  Coatings on flat graphite substrates 

Fig. 5 shows the microstructures of HfC deposited on flat graphite substrates at 1050°C and 

1000°C and at 15 kPa. The coating deposited at 1050°C for 2 hours (Fig. 5a) is highly 

crystallized with large grains (around 3 µm in diameter) whereas HfC deposited at 1000°C 

(Fig. 5b) exhibits sub-micrometer in grain size. 

The HfC microstructure is strongly dependent on the deposition temperature. A drop of 50°C 

changed the morphology from a rough to a smooth surface. 

3.2.2 Coatings on carbon  single fibers 

Fig. 6 shows significant differences in morphologies of coatings deposited on fiber substrates 

depending on deposition temperature. At 900°C (Fig. 6a) the HfC coating exhibits a fine 

granular morphology with an equiaxed structure. At 1020°C (Fig. 6b), the coating has a 

needle-like morphology whereas at 1050°C (Fig. 6c), the needle shape crystals are a little less 

sharp. Finally at higher temperature, 1100°C (Fig. 6d), the coating is made of columnar and 

more coarse grains perpendicular to the substrate surface. XRD analysis of the sample 
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surface, exposed on the Fig. 7, gives a pattern typical of crystallized HfC corresponding to the 

JCPDS 04-0002-5606. 

The morphologies of the coatings deposited on carbon fibers are different from those 

deposited on flat substrates; it could be explained by a reduction of the pressure in the reactor: 

5 kPa versus 15 kPa. 

The morphology and the thickness have to be chosen considering the final application. The 

roughness is mainly controlled by the temperature, whereas the thickness can be adjusted by 

the temperature and the duration. Coating morphology, porosity and crystallization rate have 

an important impact on coating ablation resistance [12]. Y. L. Wang [12] explains that a 

highly crystallized coating would not be able to release internal stress and accommodate the 

volume expansion during ablation. He would prefer a particle stacked coating at a highly 

crystallized coating. However to limit oxygen diffusion in oxidizing atmosphere, an 

intermediary structure is selected. Based on these results, the coating temperature of 1050°C 

seems to be a good compromise to deposit a coating with suitable morphology, i.e. not too 

crystallized but enough to avoid porosity. From these results, the HfC deposition has been 

studied on porous C/C composite as well as on fiber tows. 

These experiments have been carried out in order to evaluate the HfC infiltration feasibility in 

fibrous carbon substrate; results are presented in paragraph 3.4. 

 

3.3 CVD of HfC/SiC multilayer coatings 

3.3.1 Coatings on single carbon fiber 

Fig. 8 shows a multilayer coating over a single carbon fiber at 1020°C. The coating is made of 

a PyC/SiC/HfC/SiC/PyC/HfC/SiC sequence. Each layer of HfC and SiC is easily 

distinguishable whereas PyC layers are not observable because they are thinner (50 nm) 

compared to other layers (more than 1 µm for SiC layer and for the second HfC layer). The 

last HfC/SiC interface appears serrated, due to the HfC layer needle-like morphology. 
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3.3.2. Coatings on C/C composites 

Multilayer coating has been firstly successfully obtained on 3D C/C composites [7,8]. Coating 

has been made at 1000°C and at a pressure of 5 kPa. Each carbide layer, SiC and HfC, has 

been deposited for 2 hours. 

Fig. 9 shows the SiC/(HfC/SiC)2 multilayer coating; the layers are homogenous and partially 

infiltrated inside the open porosities. 

 

3.4. PyC/HfC infiltration in carbon fiber tows 

After studying the deposition on dense substrates and in order to evaluate the infiltration 

feasibility of HfC, a (PyC/HfC)2 sequence was done within carbon fiber tows. Because 

reactive gases reach the inside of the tow with more difficulty than single-fiber surface, the 

kinetics of infiltration within fiber tows is slower than the deposition kinetics on single fibers. 

But, for short infiltrations time, inferior to sealing time of tow porosity, the infiltration is 

efficient and the coatings are thicker at high temperature (1100°C) inside the tow than at low 

temperature (950°C). Fig. 10 shows the (PyC/HfC)2 multilayer coatings infiltrated within 

fiber tows at 1100°C and 950°C for 30 and 45 minutes for the C1 and C2 HfC layers 

respectively, and 10 minutes for the PyC layers. Fig. 10(a) presents a global view of the 

section of the tow and Fig. 10(c) corresponds to the same section at a higher magnification. 

Layers are thicker on the outside of the tow than inside in some areas, the coatings are 

homogeneous and continuous around each fiber. Fig. 10(b) presents a view of some carbon 

fibers inside the tow and Fig. 10(d) corresponds to the same section at a higher magnification. 

The HfC coating is visible as white layers which gives evidence for an HfC infiltration. The 

multilayer-like structure clearly appears in Fig. 10 (c). However in Fig. 10(b) and (d), 

discontinuities appear in the multilayer (PyC/HfC)2 coatings and the multilayer-like structure 

is not well distinguishable around the carbon fibers likely due to too short deposition times.  

The homogeneity of the HfC infiltration has to be improved by finding the optimum balance 

between not too high temperature and pressure and an infiltration time long enough as usually 
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recommend for the processing of carbon or ceramic matrix composites by chemical vapor 

infiltration [10,11]. 

 

4. CONCLUSION 

LPCVD process adapted to the deposition of the multilayer coating made of HfC, SiC and 

PyC has the particularity to be composed of three interconnected devices. The HfC coating is 

the most difficult step during the multilayer deposition process. The thickness of HfC deposit 

is subject to large uncertainty because of the transient effect due to the chlorination stage. 

Nevertheless the thickness of the deposited coating increases with temperature and deposition 

time, when flat or fibers substrates are used.  

The HfC coating has various morphologies depending on deposition temperature. Based on 

these results, 1050°C and 5 kPa are the most favorable conditions to get the suitable 

morphology but, coating infiltration should be enhanced by a decrease of the temperature or 

the pressure. The multilayer coatings obtained on flat and single fiber substrates show a 

combined layer with no visible delamination between HfC and SiC layers. Finally, it has been 

shown that the infiltration within carbon fiber tows can be achieved. However, the parameters 

have to be optimized to get a more homogeneous infiltration in the preform. 
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Figure 1: Equipment and involved gas and precursors.  

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

925 975 1025 1075 

Th
ic

kn
e

ss
 (

µ
m

) 

temperature (°C) 

Figure 2: HfC thickness evolution versus temperature, P = 15kPa, deposition 

time: 2 h.  



0 

200 

400 

600 

800 

1000 

1200 

15 35 55 

th
ic

k
n
es

s 
(n

m
) 

time (min) 
4 min 

C2 

C1 

y = 22.939x – 419.42 

y = 20.674x – 462.29 

Carbon 

fiber 

C1 

C2 PyC 

Figure 3: HfC layer thickness versus deposition time at 1020°C and 

schematic drawing cross section showing the first (C1) and the second (C2) 

HfC layer of a (PyC/HfC)2 multilayer coating. 
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Figure 4: HfC coating thickness evolution versus temperature for 45 min 

deposition on carbon single fiber at a total pressure of 5 kPa.  
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Figure 5: SE SEM observations of the surface of HfC deposited on graphite 

flat substrates at 15 kPa for 2 h at 1050°C (a) and 1000°C (b). Coating 

thickness is 7.91 μm (a) and 0.91 μm (b).  
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Figure 6: SE SEM observations of fractured (PyC/HfC)2 multilayer coatings 

deposited on carbon fibers at 900°C (a), 1020°C (b), 1050°C (c) and 1100°C (d). 

The sub-layer deposition times are given in minutes.  
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Figure 7: X-ray diffractogram of surface of HfC coating deposited at 1100°C 

and the corresponding JCPDS 04-0002-5606.  

Figure 8: SE SEM observation of a carbon fiber section after deposition of a 

multilayer coating made of SiC, HfC and PyC and deposition conditions.  
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Figure 9: SE SEM observation of a SiC/(HfC/SiC)2 multilayer coatings 

deposited on a C/C composite showing the infiltration in a pore.  
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Figure 10: BSE SEM images of (PyC/HfC)2 multilayers infiltrated within a 

carbon fiber tow at 1100°C (a) & (c) and 950°C (b) & (d).  
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