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Effect of Deposition Time on Microstructures and Growth
 Behavior of ZrC Coatings Prepared by Low Pressure

 Chemical Vapor Deposition with the Br2-Zr-C3H6-H2-Ar System

MA Xin1, 2, LI Yong2, MEI Min3, HU Haifeng2*,  HE Xinbo1, QU Xuanhui1, CHEN Si’an2

(1.Institute of Powder Metallurgy, School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 
10083, China; 2.Science and Technology on Advanced Ceramic Fibers and Composites Laboratory, School of Aerospace Science and 
Engineering, National University of Defense Technology, Changsha 410073, China; 3.Science and Technology on Advanced Functional 

Composites Laboratory, Aerospace Research Institute of Materials and Processing Technology, Beijing 100076, China)

Abstract: ZrC coatings were deposited on graphite substrates by low pressure chemical vapor deposition 
(LPCVD) with the Br2-Zr-C3H6-H2-Ar system. The effects of deposition time on the microstructures and 
growth behavior of ZrC coatings were investigated. ZrC coating grew in an island-layer mode. The formation 
of coating was dominated by the nucleation of ZrC in the initial 20 minutes, and the rapid nucleation generated 
a fine-grained structure of ZrC coating. When the deposition time was over 30 min, the growth of coating was 
dominated by that of crystals, giving a column-arranged structure. Energy dispersive X-ray spectroscopy showed 
that the molar ratio of carbon to zirconium was near 1:1 in ZrC coating, and X-ray photoelectron spectroscopy 
showed that ZrC was the main phase in coatings, accompanied by about 2.5mol% ZrO2 minor phase.
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1  Introduction

Zirconium carbide (ZrC) is one of the most 
promising ultra-high temperature materials due to its 
high melting point (3 540 ℃), chemical inertness, 
hardness and ablation resistance[1,2].  Chemical 
vapor deposition (CVD) has the advantages of high 
deposition rate, good adhesion between coating and 
substrate as well as uniform coating for complex-
shaped components. A stable and exact feed of Zr-
source is the crucial procedure during CVD, because 
the microstructures and composition of ZrC coating 
strongly depend on the amount of Zr-source in the 
system[3].

Many methods have been proposed to provide 
a controllable and stable Zr-source for fluidized bed 
during ZrC deposition, which can be classified into 
two categories: sublimation of zirconium halide 
and reaction of halide vapor with Zr-metal. The first 
category depends on the flow rate of carrier gas and 

the heating temperature of zirconium halide to control 
the throughput of Zr-source, accompanied by vapor 
condensation and agglomeration though. Thus, it fails 
to strictly control the flow rate of zirconium halide. 
Moreover, the deliquescence of zirconium halide 
introduces impurity elements into the reaction system 
during charging[4-9]. The latter category employs 
halogen gas or halohydrocarbon to react with Zr-metal 
at adequate temperature, producing zirconium halide 
with convenient operation and cost-competitiveness 
and without impurities[10-12]. Bromine has an adaptive 
saturated vapor pressure at room temperature and 
medium effects compared with those of other halogen 
gases. However, ZrC coatings have seldom been 
prepared by low pressure chemical vapor deposition 
(LPCVD) using the bromination process hitherto.

We have previously reported the influence of 
total pressure on the microstructures of ZrC coatings 
deposited by the Zr-Br2-C3H6-H2-Ar system[13]. In this 
study, the main objective was to evaluate the effect of 
deposition time. Phase composition and microstructure 
were investigated to examine the structural evolution 
of ZrC coating. In addition, the chemical compositions 
and growth behavior of ZrC coatings were clarified.

2  Experimental

2.1 Preparation of ZrC coating
ZrC coating was deposited by CVD with the 
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Fig.1  Schematic drawing of the CVD apparatus

Zr-Br2-C3H6-H2-Ar system in a horizontal hot-wall 
apparatus. The self-made LPCVD system (Fig. 1) 
consisted of four main parts: a gas supply system, 
a bromination furnace, a deposition furnace and an 
exhaust system. A W-Re thermocouple was used to 
measure the temperature of the deposition zone, and the 
total pressure of the reaction chamber was maintained 
by a vacuum pump.

Bromine (Br2, 99.5%) was used to react with Zr-
metal particles to form ZrBr4 vapor at 600°C. High-
purity propylene (C3H6, 99.6%) was the source material 
for carbon. Purified hydrogen (H2, 99.999%) was 
selected as the reducing agent for ZrBr4 vapor, and 
argon (Ar, 99.999%) was used as the carrier of 0℃ Br2 
vapor and diluted gas. The CVD process of ZrC coating 
was controlled by chemical equilibrium and mass 
balance, with the key reactions described as follows[14]:

ZrBr4 + H2 → ZrBrx + HBr (x=0, 1, 2, 3) (1)

C3H6 → [C] + H2 (2)

ZrBrx + [C] → ZrCy + xBr (x=0-4) (3)

Br + H2 → HBr (4)

where, y is the ratio of C/Zr. Clearly, the ZrC growth in 
CVD process should consist of the following processes: 
deposition of Zr-containing species (ZrBrx), deposition 
of C-containing species ([C]) and deposition of ZrCy by 
ZrBrx reaction with [C].

The substrates were made of graphite slices (1.85 
g/cm3), with a size of 3 mm × 15 mm × 20 mm. Before 
deposition, all specimens were firstly hand-abraded 
with 800# grit SiC paper, then cleaned ultrasonically 
with acetone and dried at 393 K for 2 h. ZrC coating 
was deposited at 1 200 ℃, and the designed process 
parameters are listed in Table 1. The deposition time 
was 10, 20, 30, and 40 minutes, respectively.
2.2 Measurements

The crystalline phase and grain size of the matrix 

were determined by X-ray diffraction (Siements 
D-500, Germany). The microstructure of ZrC coating 
was observed by field emission scanning electron 
microscope (FESEM, HITACHI S-4800, Japan). This 
instrument allows for both SEM imaging and energy 
dispersive X-ray spectroscopic (EDS) analysis. Surface 
chemistry of ZrC coating was analyzed by X-ray 
photoelectron spectroscopy (XPS) using a Thermo 
ESCALAB 250 apparatus with Al Kα radiation of 
energy 1486.6 eV.

3  Results and discussion

3.1 Phase composition and textural structure
The XRD patterns and texture coefficients (TCs) 

of ZrC coatings at different deposition time are shown 
in Fig.2. The diffraction peaks of (111), (200), (220), 
(311), (222), and (400) planes correspond to ZrC phase 
with a face-centered cubic structure (JCPDS #35-0784). 
At the same time, there are also graphite-2H peaks 
from the substrates. As the deposition time increased, 
the graphite-2H peaks attenuated gradually, but the 
ZrC peaks were intensified. Only ZrC peaks were 
detected at the deposition time of 40 min, indicating 
that no free carbon existed in the as-prepared coatings. 
Narrow and sharp peaks suggest good crystallization 
of ZrC phase. Moreover, the peak intensities of 
different crystallographic planes changed significantly, 
so ZrC crystals had various growth orientations. 
The preferential orientation of ZrC crystals can be 
calculated by TC[15], as shown in Fig.2 (b):

                 (1)

In this equation, TC(hkl) is TC of a given plane. I 
and I0 represent the measured and standard intensities 
of ZrC respectively, and N is the number of reflections 
considered. In this study, (111), (200), (220), and (311) 
planes were considered. When the deposition time was 
less than 20 min, ZrC crystals had no obvious preferred 
orientation. Once the deposition time exceeded 30 
min, TC of (200) plane was higher than those of other 
planes.

Table 1 Process parameters for CVD-ZrC

Deposition
 temperature/℃

Pressure/kPa
Volume flow rate (mL/min)

H2 Dilute Ar C3H6 Carrier Ar

1200 5 600 600 10 40
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3.2 Microstructures
Fig.3 shows the surface morphologies of ZrC 

coatings at different deposition time. The surface 
morphologies had significant differences. When the 
deposition time was 10 min (Figs.3(a) and 3(b)), the 
coating surface was composed of many small aggregated 
coral-like ZrC particles. Moreover, the loose particles 
had large voids owing to incomplete crystallization. 
When the deposition time was 20 min, the protruding 
ZrC particles connected with each other (Figs.3(c) and 
3(d)), and the coating surface comprised island-like 
protuberances that were congregated tightly by nanoscale 
ZrC grains. As the deposition time was extended from 20 
min to 30 min, ZrC grains began to grow and be stacked 
by numerous spherical-shaped cells (Figs.3(e) and 3(f)). 
In addition, large amounts of pores formed, resulting in 
a loose coating surface. When the deposition time was 
40 min, the coating had a flat and compact surface which 
was stacked well-developed pyramid-like ZrC particles 
(Figs.3(g) and 3(h)). According to TC in Fig.2(b), ZrC 
coatings with a pyramid-like surface had obvious (200) 
preferential orientation.

In order to observe the internal microstructures 
of ZrC coating, the deposition time was increased to 
20 h. Fig.4 shows the cross-sectional microstructure 
of ZrC coating deposited for 20 h. Clearly, the dense 
coating underwent brittle fracture and had a thickness 
of about 18 μm. As evidenced by the thickness of ZrC 

coating, the microstructure was inhomogeneous. Two 
distinct regions, fine-grained (I) and columnar-grained 
(II), were divided from the substrate/coating interface 
to the top surface, being in accordance with the surface 
morphologies of ZrC coatings at different deposition 
time. The formation of fine-grained coating was 
dominated by the nucleation of ZrC at the initial stage 
(Fig.4(c)), while that of column-arranged ZrC coating 
was dominated by crystal growth (Fig.4(b)). Notably, 
ZrC coating was uniform in each region without an 
obvious boundary between them. The stress generated 
from the mismatch of CTE between the coating and the 
substrate was effectively relieved by grain boundaries 
in the fine-grained region, which enhanced the coating-
substrate adhesion. The columnar structure was 
typified by high hardness that helped resist washout 
under the high-speed combustion flow. In short, the 
structural transformation may be related to different 
growth behaviors of ZrC coatings deposited at different 
deposition time.

3.3 Growth behavior
The deposition mechanism can be verified by 

the evolutionary microstructures of ZrC coatings with 
prolonged deposition time. Fig.5 schematizes the 

Fig.2	 (a) XRD patterns and (b) texture coefficients of ZrC 
coatings deposited at different deposition time

Fig.3	 SEM images of the surface morphologies of ZrC coatings 
at different deposition time: (a) (b) 10 min; (c) (d) 20 min; 
(e) (f) 30 min; (g) (h) 40min
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deposition process of ZrC coating. The surface kinetics 
for ZrC growth in CVD process consisted of the 
following processes: deposition of carbon-containing 
species, deposition of hafnium-containing species and 
formation of carbide through reaction between the 
above two species. During the deposition of carbon-
containing species, the gaseous hydrocarbon (C3H6) 
decomposed firstly into a liquid or plastic drop of 
complex organic materials, which then impinged and 
deposited on the substrate. Meanwhile, the reduced 
ZrBr4 species dissolved in carbon-containing droplets 
and reacted with them to form ZrC clusters or islands 
(Fig.3(b)). The ZrC clusters or islands grew while the 
island density rapidly saturated, and then the islands 
merged through coalescence (Fig.3(d)). Coalescence 
decreased the island density, resulting in local 
denuding of the substrate where further nucleation 
occurred. Crystallographic facets and orientations 
were frequently preserved on the islands (Figs.3(f) and 
3(h)) and at the interfaces between initially disoriented 
and coalesced particles (Fig.4(c)). Significant surface 
and grain boundary diffusions both occurred as the 
deposition time increased. Accordingly, a homogeneous 
columnar grain structure, from the bottom to the top 
of the coating, was obtained through the film thickness 
(Fig.4(b)).
3.4 Chemical composition

The BES cross-section images and EDS analysis 
of ZrC coating are shown in Fig.6. The EDS line 
scanning showed that the distribution of carbon and 

Fig.4	 (a) The cross-sectional microstructure of the ZrC coating deposited for 20 h; (b) and (c) enlarged images corresponding to the regions 
A and B in (a) image

Fig.5  Schematic of ZrC coating deposition process

Fig.6	 (a) BES cross-section images of ZrC coating; (b) EDS 
analysis of the region I in (a) image
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zirconium elements was stable (Fig.6(a)), and the 
EDS area scanning showed that the C/Zr ratio of ZrC 
coating was nearly 1:1 (Fig.6(b)). In other words, a 
homogeneous ZrC coating was prepared by this process.

ZrC coating was further characterized by XPS, a 
surface-sensitive analysis technology (Fig.7). Before 
high-resolution measurement, the samples were 
cleaned by Ar+ ion sputter etching at 500 eV to remove 
surface oxides. Low acceleration voltage was used 
to minimize sputter damage. Zr, C as well as few O 
elements were detected. Oxygen existed due to the high 
affinity between Zr and O to form oxides, particularly 
ZrO2, with an enthalpy of formation around -1097.46 
J/mol[16, 17]. The peak corresponding to the Zr 3d band 
is composed of spin-orbit doublets (i e, Zr 3d5/2 and Zr 
3d3/2), each separated by an energy difference ΔE=2.4 
eV. The bonding energies of 181.52 eV and 179.12 eV 
correspond to Zr-C bond while those of 182.38 eV and 
179.98 eV correspond to Zr-O bond. The ratios of these 
two kinds of bonds are 95% and 5%, respectively.

4  Conclusions

ZrC coatings were deposited on graphite substrates 
by LPCVD with the Br2-Zr-C3H6-H2-Ar system. The 
deposition time significantly affected the structural 
evolution of ZrC coating. ZrC grains grew in an island-
layer mode, i e, the gaseous hydrocarbon deposited and 
formed liquid droplets on the substrate firstly, and then 

ZrBr4 reacted with the organic droplets to form ZrC 
grains. The formation of coating was dominated by the 
nucleation of ZrC at the initial deposition stage, and 
the rapid nucleation gave the fine-grained structure of 
deposited ZrC coating. When the deposition time was 
over 30 min, the coating growth was dominated by the 
crystal growth, and the deposited coating exhibited 
a column-arranged structure. EDS showed that the 
molar ratio of C/Zr was near 1:1 in ZrC coatings, and 
the distribution of C and Zr elements was stable. XPS 
confirmed ZrC as the main phase in ZrC coatings, 
accompanied by about 2.5mol% ZrO2 minor phase. The 
bonding energies of Zr-C bond for Zr 3d5/2 and Zr 3d3/2 
were 181.52 eV and 179.12 eV, respectively.
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