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Abstract: Boron carbide coatings BxC1–x (x=0.05, 0.10, 0.16, 0.30, 0.50) were prepared by low pressure chemical va-

por deposition technique from BCl3-C3H6-H2 precursor mixtures. The effects of boron content on the microstructure 

and mechanical behaviors of the BxC1–x were investigated. The B0.1C0.9 coating displayed a graphite-like structure of 

high crystallinity where a large fraction of boron atoms exists as atomic substituent in the carbon layers. As boron 

content increased, the structure tended to be amorphous, because of the formation of increasingly numbers of B–C 

bonds. The B0.1C0.9 coating showed a low hardness and elastic modulus, and its mechanical behavior was close to that 

of an elastic soft film. The H and E of BxC1–x coatings were significantly enhanced at high boron content level, because 

of the formation of increasing amounts boron carbide in them. 
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Continuous fiber reinforced silicon carbide ceramic 
matrix composites (CMCs), such as C/SiC, SiC/SiC, are 
popular in the aviation and aerospace fields because of 
their low density, excellent mechanical property, espe-
cially at high temperature[1-3]. In CMCs, pyrolytic carbon 
is widely used as the interphase material for stress trans-
ferring and crack deflection purposes, due to its anisot-
ropic structure[4-5]. Nevertheless, the carbon fiber and the 
carbon interphase are vulnerable to oxygen when the 

temperature is over 500℃ , hereby limiting the high 

temperature application[6]. 
Boron element is a self-healing phase for oxidation 

protection. It can build a barrier inhibiting the diffusion 
of oxygen by forming boron oxide glass at high tem-

perature over 600℃[7]. The most often used boron cont-

aining material for oxidation protecting is boron carbide 
due to its excellent mechanical properties even at high 
temperature. The CMCs with the Si-B-C[8] or [SiC- 
B4C]n

[7,9] multi-layers coatings or matrixes exhibit excel-
lent oxidation resistance and enhanced lifetime at high 
temperature oxidation environment. Moreover, boron is 
also known as a catalyst for the graphitization of carbon, 
it can enter graphite lattice by substituting carbon at-

oms[10-11].  
Chemical vapor deposition (CVD) is the most suitable 

method to realize homogeneous doping of carbon with 
boron. Way, et al[12] prepared BxC1–x materials from BCl3-C6H6 
gaseous precursors with a maximum boron content of 
15at%–17at%. Kouvetakis, et al[13] synthesized graph-
ite-like BC3 materials by CVD using BCl3 and C6H6 

gaseous precursors at 800℃. The BC3 materials showed 

a much greater resistance to oxidation than T-300 carbon 
fibers in the temperature range from 673 K to 1073 K 
reported by Fecko[14], but the deposition rate of  0.01– 
0.05 μm/d is low and no single crystal have been ob-
tained so far, which limits its practical application. 
Jacques, et al[15] studied the structures of BxC1–x coatings, 
and found that such coatings exhibited various degree of 
anisotropy with different boron contents. Kulikovsky,  
et al[16] made a detail study on the mechanical properties 
and structure of amorphous B4C films, but the films were 
prepared by magnetron sputtering which was not suitable 
for CMCs. Up to now, no report about the relationship 
between structure and mechanical properties of the 
BxC1–x by CVD can be found.  

In the present work, BxC1–x coatings were prepared 
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from the BCl3-C3H6-H2 mixture, since C3H6 was the most 
used pyrolysis carbon precursor in the CVD system[17]. 
The structures of BxC1–x coatings with different boron 
content were studied and the mechanical behaviors in-
cluding elastic modulus and hardness were analyzed by 
the nano-indentation technique.  

1  Experiments 

1.1  Films preparation 
BxC1–x coatings were deposited on SiC plates in a 

low-pressure hot-wall chemical vapor deposition reactor 
at 1173 K and 1.0 kPa, using BCl3-C3H6-H2. The flow 
rates of the reactant gases were measured and regulated 
by mass flow meters. The flow of Ar and H2 were fixed 
at 100 sccm and 50 sccm. The total flow of BCl3 and 
C3H6 was fixed at 20 sccm. The atomic ratio of boron to 
carbon in the reactant gases were set respectively as 1 : 5, 
1 : 3, 1 : 1, 3 : 1, 5 : 1, so that BxC1–x coatings with dif-
ferent boron contents could be prepared.  

1.2  Characterization 
Phases existing in the coatings were characterized by 

grazing incidence X-ray diffraction (XRD, Rigaku 
D/max 2550 V). The glancing incidence was fixed at 1°. 
The composition and element chemical states of the 
BxC1–x films were analyzed by X-ray photoelectron spec-
troscopy (XPS, thermos scientific ESCALAB 250). The 
X-ray resource of XPS was generated by a monochro-
mated Al Kα (1486.6 eV) radiation (15 kV, 7 mA). The 
coating surfaces were cleaned by argon ions before XPS 
analysis. The nanostructure of the coatings was observed 
by transmission electron microscopy (TEM, JEM-2100F) 
operated with electron acceleration voltage of 200 kV 
and the two-point resolution of 0.19 nm. 

The hardness and modulus of the coatings were de-
termined using Agilent G200 Nanomechanical Tester eq-
uipped with a Berkovitch diamond tip (TB21090) at ro-
om temperature in the continuous stiffness measurement 
(CSM) mode. The maximum indentation depth varied 
with the thickness of the coatings, but all fixed at the 10% 
of the coatings thickness to avoid the substrate effect. 

2  Results and discussion  

2.1 Chemical composition  
The chemical composition of BxC1–x were analyzed by 

XPS. The element contents in the BxC1–x coatings, the 

atom ratio B/C and the precursor gas flow ratio (%) = 
100·Q(BCl3) / [Q(C3H6) + Q(BCl3)] in the initial reactant 
gases are shown in Table 1 (Q means gas-flow rate). The 
BxC1–x coatings are denoted as coatings I to V with the 
increasing boron content. Oxygen element is inevitably 

detected, because the boron atoms in the surface of the 
coatings are liable to be oxidized in air. The oxygen con-
tents of all coatings are about 3at%, which will not be 
discussed here.  

2.2  Structure  
Figure 1 shows the XRD patterns of these coatings, 

where all diffraction peaks are related to turbostratic 
carbons. The coatings I shows a broad (002) peak, 
meaning poor crystallization of carbon. A sharp and in-
tense (002) peak is observed in the pattern of coating II, 
indicating an obvious improvement of the graphitization 
level. As the boron contents of the coatings increase fur-
ther, the intensity of the peaks exhibits a gradual decrease, 
showing a continuous amorphization of the structure.  

The element chemical states of boron atoms are ana-
lyzed by XPS. Figure 2 shows the typical XPS spectra of 
boron (B1s) in the BxC1–x films. The B1 core spectra are 
calibrated by surface contaminant carbon (285.0 eV). 
The peaks centered at different binding energy stand for 
the diverse chemical states of boron[15-21]. The peaks at 
188.5 and 189.5 eV can be assigned to B–C bond in bo-
ron carbide environment and graphite structure, respec-
tively. The other three peaks of higher binding energy 
can be attributed to various oxide states of boron, i.e. 
BC2O at 190.5 eV, BCO2 at 192 eV and B2O3 at 193.4 eV. 

For coating I, II and III, boron exists mainly as sub-
stitutional atoms in a graphite structure. Contrarily, boron 
existing in boron carbide environment takes the domi-
nant position for coating IV and V. No boron atom clus-
ter can be observed for all these coatings (Table 2).  

Table 1  Boron contents of the BxC1–x coatings 

BxC1–x I II III IV V 

B/C 1 : 5 1 : 3 1 : 1 3 : 1 5 : 1

α (%) 37.5 50.0 75.0 90.0 93.8 

B (at%) 4.9 9.6 16.3 30.5 49.5 

x 0.05 0.10 0.16 0.31 0.50 

 

Fig. 1  XRD patterns of BxC1–x coatings 



1230 无 机 材 料 学 报 第 32 卷 
 

 
 

    

 

Fig. 2  B1s core level spectra and fitting curves of the BxC1–x 
coatings 

Table 2  Proportions of B1s components  
for the BxC1–x coatings 

BxC1–x I II III IV V 

a B–C in B4C/% 26.7 23.0 9.5 50.4 75.1

b B-sub-C/% 37.0 40.2 46.3 32.0 24.9

c BC2O/% 19.0 18.7 25.8 13.8 0 

d BCO2/% 10.7 10.8 13.3 3.8 0 

e B2O3/% 7.3 7.3 5.2 0 0 

 

In order to interpret the nanostructures of the coatings 
further, four representative coatings (II, III, IV and V) are 
observed by TEM. The fringe lattice images of the coat-
ings are shown in the Figure 3 and the SAED patterns are 
shown as the insets. The orientation of lattice fringes of 
Figure 3(a) is uniform with a layer space of 0.34 nm, 
which is matched to (002) spacing of the graphite bulks, 
indicating the high crystallinity of the graphite. The (002) 
and (004) arcs are as short as the spots shown in the dif-
fraction pattern, which also confirms the high graphitiza-
tion of the coating II. Besides, the cross links with the 
twisting and waving styles can be observed in the Figure 
3(a). In Figure 3(b), the electron diffraction pattern of 
coating III exhibits a crescent (002) arc, which means the 
orientation of the carbon layers is partly variant, but still 
low anisotropy. Meanwhile, the small crystallite size can 

 

Fig. 3  Nanostructures of BxC1–x coatings  
(a) Coating II; (b) Coating III; (c) Coating IV; (d) Coating V 

 

enlarge the amount of boron present at the crystallite 
periphery, increasing the fraction of substitutional boron 
in the carbon layer[15]. This is associated with the XPS 
results shown in Table 2. It can also be observed from the 
fringe image, the layer space of 0.36 nm is larger than 
that of the coating II, and the curly carbon layers are in-
ferred to be caused by the intercalating boron atoms be-
tween carbon layers. For the coating IV, the diffraction 
patterns are rings, indicating the amorphous structure. 
But the short graphite cluster is still found in the amor-
phous structure. The coating V shows a totally amor-
phous structure as the diffraction rings are more blurry 
compared to that of coating IV, and no any nanocrystal 
phase can be found in Figure 3(d). The information ob-
tained by TEM is in accordance with the previous results 
obtained by XRD.  

The effects of boron atoms on the structure of carbon 

can be summarized as follows. At low content, boron 

atoms can promote the formation of rings and hinder the 

production of turbostratic carbons by substituting carbon 

atoms with its strong adsorption of electron. As boron 

contents increases, more boron will take the interstitial 

sites of the carbon layers, resulting in the increase of 

d002-spacing, formation of curly carbon layers, and the 

non-uniform orientation of carbon layers. The excessive 
boron will damage the organization of carbon layers fur-
ther, forming amorphous boron carbide. 

2.3  Mechanical tests 
Figure 4 shows the typical load-displacement curves 

of coating II-V. The loading and unloading curves are al 
most reversible in Figure 4(a), indicating that the def-
ormation of coating II is reversible. The deformation  
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Fig. 4  Load-displacement curves of the coatings 
(a) Coating II; (b) Coating III; (c) Coating IV; (d) Coating V 

 

behavior can be explained by the mode of kink bands[22]. 
The generated incipient kink bands under load facilitates 
the movement of dislocation walls, which, in turn, coalesce 
into kink boundaries with increasing stress. The incipient 
kink bands are fully reversible. As the orientation of the 
graphite layer is parallel to the basal planes, the kink 
bands can move reversibly with relatively large distances. 
The cross-linked crystallites shown in Figure 3(a) also 
contribute to the elastic behaviors[23]. The shapes of load- 
displacement curves of coating III-V conform to the type 
of brittle materials. Residual impression can be found after 
unloading, which is the result of plastic deformation.  

The average modulus and hardness are calculated from 
ten values for each coating, which are listed in Table 3. 

Table 3  Elastic modulus and hardness  
for the BxC1–x coatings 

BxC1–x II III IV V 

E/GPa 46.0 ± 4.6 100.0 ± 13.3 161.2 ± 34.5 415.0 ± 41.7

H/GPa 5.66 ± 0.84 10.44 ± 2.49 15.29 ± 5.02  39.77±4.9.0
 

The modulus and hardness of the coatings are signifi-
cantly enhanced with the increase of boron doping level, 
due to the formation of increasing amount of boron car-
bide in them as indicated by the XPS analysis. The elas-
tic modulus and hardness of crystalline B4C are report-
edly 440 GPa and 25–40 GPa[24-26], respectively. Here, 

coating V shows comparably high elastic modulus (415 ± 
41.7) GPa and hardness (39.77 ± 4.9) GPa as crystalline 
B4C. This coating exhibits a totally amorphous structure 
without obvious defects, such as crystal boundary and 
dislocation, which may also contribute to the high elastic 
modulus and hardness. 

3  Conclusions 

Boron carbide coatings are obtained in the BCl3-C3H6- 
H2 LPCVD system with the boron contents ranging from 
5.0at% to 50.0at%. The coating with 10.0at% boron ex-
hibits high degree of graphitization with a uniform ori-
entation of graphite layers, where a large fraction of the 
boron atoms exist as substitutional atoms in graphite 
lattice. The mechanical behavior of the coating is similar 
to that of an elastic solid with a reversible load-unload 
curve. As the boron content increases, the structures be-
come gradually amorphous as a result of increasing in-
terstitial boron atoms, and the mechanical properties are 
enhanced due to the formation of boron carbide. The 
coating with high graphitization level and reversible 
elastic deformation should be advantageous for use as the 
interphase material in CMCs. While the coatings of high 
boron content, which possess excellent mechanical prop-
erties and potential oxidation resistance, will also be 
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useful in the design of CMCs.  
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硼含量对碳硼化合物结构、力学影响行为研究 

乔振杰 1,2,3,4, 高 乐 1,2, 冯 倩 5, 胡建宝 1,2, 董绍明 1,2, 马良来 1,2,3 
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硅酸盐研究所, 结构陶瓷与复合材料工程研究中心, 上海 200050; 3. 中国科学院大学, 北京 100049; 4. 上海科技

大学 物质科学与技术学院, 上海 201210; 5. 东华大学 分析测试中心, 上海 201620) 

摘 要: 利用低压化学气相沉积技术, 以 BCl3-C3H6-H2 为反应气体制备了不同掺硼量的热解碳薄膜 BxC1–x(x=0.05, 

0.10, 0.16, 0.30, 0.50), 并研究了硼含量对 BxC1–x微观结构及力学性能的影响。B0.1C0.9展现了高度结晶的类石墨结构, 

其中大部分 B 取代石墨层中的 C。随着 B 含量上升, B 主要形成 B–C 键, BxC1–x结构向无定型转变。纳米压痕测试结

果显示, B0.1C0.9的弹性模量和硬度较低, 载荷位移曲线显示其力学变形接近弹性变形, 随着 B 含量增加, 碳化硼生成

量增加, 其弹性模量和硬度显著提升, 载荷位移曲线表现出典型的脆性材料力学行为。 

关  键  词: 碳硼化合物; 微观结构; 力学性质; 低压化学气相沉积 
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