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The microstructure, phase composition, and mechanical properties of boron carbide coatings formed by
atmospheric plasma spraying (APS) are studied in the present work. The boron carbide coating with high
microhardness and low porosity could be produced by APS. The decomposition of boron carbide powder
during the plasma spray process would result in the formation of the B,C phase and an increase of the carbon
phase, which is confirmed by transmission electron microscopy, x-ray photoelectron spectroscopy, and x-ray

diffraction results.
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1. Introduction

Boron carbide coatings possess excellent resistance to ther-
mal shock and good stability with respect to fusion plasma ero-
sion, and are becoming increasingly significant in nuclear fusion
plants.t" Furthermore, the high hardness and modulus of B,C is
expected to lead to spinoffs with respect to coatings for compo-
nents that are subjected to wear.”) However, its high melting
point (2450 °C), high specific heat, and high melting enthalpy
make B,C a very difficult material to melt by means of spray-
ing.[*! Research on B,C coatings has focused on the spray pro-
cess and its influence on coating properties, such as outgassing
performance, and laser testing.[*®! However, the properties of
plasma spray coatings depend strongly on their microstructure
and phase composition. There has been relatively little investi-
gation into the microstructure by using transmission electron mi-
croscopy (TEM) since the production of dense B,C coatings is
difficult. The object of the present work was to investigate the
microstructure of plasma-sprayed boron carbide coatings and
the relationship between the microstructure and its properties
with respect to successfully produced dense B,C coatings.

2. Experimental Procedures

The specimens were produced by atmospheric plasma spray-
ing (APS-Plasma Technik System, Plasma Technik, Wohlen,
Switzerland) on stainless steel substrates that were sandblasted
with corundum. A commercial boron carbide powder (Super-
hard Materials Co., Mudanjiang, China) containing 0.2 wt.% O
and 0.4 wt.% Fe was used as the feedstock. The specimen
geometry was 30 x 40 x 2 mm and the coating thickness was
200 pm.
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X-ray powder diffraction (XRD) analysis with CuKa radia-
tion determined the phases present in the as-sprayed coating.
Scanning electron microscopy (SEM) and TEM were used to
observe the as-sprayed coating structure.

Thin-foil samples were prepared to allow TEM examination
of the coating using methods that have been described else-
where.[”? TEM examination was carried out (model 2000STEM,
JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV.

X-ray photoelectron spectroscopy (XPS) analysis also was
performed on the B,C coatings with a PHI 5000c ESCE system
(Perkin-Elmer, Wellesley, MA).

The coating was sectioned with a low-speed saw, was epoxy
mounted, and was fine-polished using a No. 2000 SiC paper and
3, 1, and 0.25, diamond suspensions to minimize the smearing
and pullout of particles. The cross-sectional microhardness was
measured with Vickers hardness tester with a 300g load. An av-
erage microhardness of 10 points was the final result. Two tech-
niques of porosity measurement were used, mercury intrusion
porosimetry (MIP) and image analysis (IA) on cross-section by
optical microscopy.

3. Results and Discussion

3.1 SEM Analysis

Observation of the fracture surface of the coating indicates
several types of different structures. As shown in Fig. 1(a), the
fracture surface is smooth and dense, and it exhibits a structure
that is similar to a polished surface. Figure 1(a) indicates that the
molten particles have spread significantly and that the contact
between layers is coherent. This is the major structure in the
as-sprayed coating. The other morphology is the observed la-
mellar packing, as shown in Fig. 1(b) where the contact between
layers can be described as poor. The energy dispersive spectrum
(EDS) results at 10 locations within Fig. 1(b) reveal only carbon.
The results indicate that in this area, although representing only
a small region in the as-sprayed coating, it is composed of the
carbon phase.

Figure 2 shows a typical cross-section structure of the as-
sprayed boron carbide coating. The layered splat structure is not
distinct, but it was ascertained that the splats are from 5 to 10 pm
thick at their centers and 50 to 80 um long. There are several
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Fig. 1 Fracture morphologies of boron carbide coating

open interfaces between splats and some internal porosity within
several splats. The number and size of the internal pores are
greater than those at the interface. Some cracks running through
the splats may also be seen. No original boron carbide powder
agglomerates were observed, which indicated that the powders
were well melted during the plasma spray process.

3.2 Phase Analysis

An important question related to maintaining the properties
of a plasma-sprayed material is whether its phase purity is re-
tained after plasma spraying. In the case of boron carbide, the
XRD patterns of the powder and also of the sprayed coating are
recorded in Fig. 3. It can be observed that no new phase is pre-
sented in the coating. However, the relative diffraction intensity
of the carbon phase in the coating has become higher than that in
the powder.
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Fig.2 Morphology of the polished cross-section of the boron carbide
coating
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Fig.3 The XRD patterns of boron carbide (a) powder and (b) coating

As shown in Fig. 4, the B, peak of the XPS spectrum of an
as-sprayed coating could be deconvoluted into three compo-
nents. A major part of boron is present as B,C. The higher bind-
ing energy B peaks at 190.3 eV, and 192.3 eV can be assigned
to the low-valance B,C

The phase composition change may be the contribution of
B,C powder decomposition during the plasma process. It could
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Fig. 4 XPS spectrum of the as-sprayed boron carbide coating

Table 1 The Properties of As-Sprayed Boron Carbide
Coating (a)

Porosity, %
Coating 1A MIP Microhardness, GPa
B,C coating 43 7.5 29

(a) JA—image analysis.

be inferred that B,C powder would undergo the following reac-
tion during the plasma process.

xB,C — 4B.C + (x-4)C

and this is confirmed by TEM analysis (see Section 3.4). The
carbon phase is difficult to melt during the plasma spray process
and possibly is responsible for the poor structure observed in
Fig. 1(b). No XRD data for the B, C phase exists, therefore it is
difficult to identify it by x-ray.

3.3 Mechanical Properties

Microhardness measurements test the coating’s ability to re-
sist penetration, which is based on the porosity content and over-
all structural integrity of the coating. Microhardness values,
therefore, indicate the intersplat strength within the coating
structure and, as well, are reflective of the phase present. Hard-
ness data are reported in Table 1. The as-sprayed boron carbide
coating has a microhardness of 29 GPa, which may be one of the
highest values among plasma-sprayed coatings. It is consider-
ably harder than the 1.2 to 2.1 GPa of plasma spray boron car-
bide coatings reported by Mallener et al.*!

The distribution of hardness values, from 13 to 33 GPa, re-
flects the presence of the carbon phase in the coating. The exis-
tence of carbon and pores decreases the microhardness of the
boron carbide coating compared to that of bulk materials (i.e., up
to 49 GPa).

A low porosity is required to achieve high resistance to wear.
The measurement of the porosity level by optical microscopy
shows that the as-sprayed coating has an average porosity of
4.3%. However, the MIP result (Fig. 5) shows that its porosity is
7.5%, which is higher than that by optical microscopy. Results
measured by MIP show that the average pore size is about 0.68
um, which is consistent with the observation results with SEM.
But there exist some large pores (i.e., >10 pm), which indicates
that the measurement of MIP is more accurate for the as-sprayed
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Fig.5 The porosity and pore distribution of the boron carbide coating

Fig. 6 TEM micrograph of the equiaxed grain in the boron carbide
coating

coating because the loose carbon phase produces only a small
quantity. This is difficult to ascertain by optical microscopy.

In the previous work,*?! the difficulty in spraying a B,C
coating lies in its oxidation and unmelting. In the present work,
it has been found that if these two factors are overcome, the coat-
ing will be much denser. But the decomposition of the B,C pow-
der also would affect the microhardness and porosity of the bo-
ron carbide coating.

3.4 TEM Observation

Because the splat structure of the as-sprayed coating is not
clear (as shown in Fig. 2), the internal columnar substructure
cannot be observed, as has been reported by other investigations
of normal plasma-sprayed coatings.[”! The most frequently ob-
served structure in TEM examinations of as-sprayed coatings is
equiaxed grains (Fig. 6). The size of grains is between 100 and
400 nm. The contact between these equiaxed grains is dense.
The differing contrast between neighboring grains indicates that
they have different crystallographic orientations. This was con-
firmed by selected area electron diffraction (SAED). The stress
string could be observed in the equiaxed grain. It indicates that
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there stress exists in the coating because of a mismatch between
the boron carbide and the substrate.

Besides the equiaxed grains, there are twin structures in the
coating. EDS analysis results indicated that area A in Fig. 7 con-
sists of B and C elements, but the neighboring area B consists
purely of the C element. The high-resolution transmission elec-
tron microscopy (HRTEM) is used to examine the area A in Fig.
7. The HRTEM image as shown in Fig. 8 indicates that there are
four d values. Apparently, the d value 2.113 A corresponds to the
B,C phase, while the other three d values correspond to the B,C
phase. This is confirmed by the phase analysis. From the above
observation results, it could be inferred that the B,C phase was
partially decomposed into the B,C and the carbon during the
plasma-spraying process. The existence of B,C and carbon
phases would result in the inhomogeneity of an as-sprayed coat-

Fig. 7 TEM micrograph of the twin structure of the boron carbide
coating

Fig. 8 The HRTEM image in area A in Fig. 7

132—Volume 11(1) March 2002

ing structure and would cause an increase of porosity and a de-
crease in the microhardness of the as-sprayed coating.

Two kinds of pores are present in the coating (Fig. 9). Len-
ticular pores along the grain boundary are due to loose contact
between layers, and its size is about 100 to 200 nm. The spherical
pores, which result from air trapping during the plasma-spraying
process, are interlamellar. They are much larger than the lenticu-
lar pores. This agrees with the results observed by SEM.

In the conjunction of the splat area, amorphousness also is
observed (Fig. 10), creating diffuse rings in the SAED pattern.

Fig. 9 The pores in the boron carbide coating

Fig. 10 The amorphous phase in the boron carbide coating
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Fig. 11 EDS analysis and TEM micrograph of the impurity phase of
the boron carbide coating

Clearly, it corresponds to the deposition of molten materials on
a relatively cold surface and, therefore, to the most rapid rate of
cooling, which leads to the suppression of nucleation.

Besides B,C, B,C, and carbon, other impurity phases exist
(Fig. 11). The EDS analysis shows that point A consists of B, O,
and Fe elements (i.e., Fe;BO;) by comparing the lattice of se-
lected area diffraction (SAD) patterns with that of the Joined
Committee on Powder Diffraction Standards (JCPDS) card
(Table 2). The formation of the Fe;BO, phase may be the result
of a reaction of B,C and Fe impurities in the powder during the
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Table 2 The Comparison of Lattice Distance Between the
Impurity Phase in Boron Carbide Coating and
Composition Consisting of B, O, and Fe Elements

Lattice Distance/A
Impurity phase 2.95 2.70 1.60 1.47
Fe;BOg 2.96 2.68 1.57 1.44

plasma process. Like the carbon phase, the Fe;BO4 impurity
phase also has a much lower microhardness than the major
phase. It would also contribute to the decrease of microhardness
of an as-sprayed boron carbide coating.

4. Conclusion

The high microhardness and low porosity of the B,C coating
was manufactured by an atmospheric plasma-spraying process.
The as-sprayed coating here contains one major structure that
has been equiaxed. The amount and sizes of the pores in the
coating are small. Other phases besides the B,C phase exist. The
decomposition of B,C powder during the plasma-spraying pro-
cess results in the formation of B,C and the increase of the car-
bon phase. The loose carbon phase is the major reason for the
lower microhardness compared to bulk B,C materials. The
Fe;BO, impurity phase also contributes to the low microhard-
ness.
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