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Abstract Hafnium carbide coatings with different
carbon contents were synthesized in Ar—C,H, mixture
by reactive magnetron sputtering. Energy-dispersive
X-ray, X-ray diffraction, scanning electron microscopy,
atomic force microscopy, and nanoindentation were
employed to characterize their microstructure and
mechanical properties. The effects of C,H, partial
pressure on the composition, phase, microstructure,
and mechanical properties of the coatings were inves-
tigated. The results show that hafnium carbide coatings
can be synthesized at a low partial pressure of C,Hs,.
The single-phase HfC coating with columnar crystal
and favorable mechanical properties is obtained when
the proportion of C,H, partial pressure is only about
3.0% in the mixture, and the highest hardness and
modulus are 27.9 and 255 GPa, respectively. The
coating contains metal Hf and HfC phases and obtains
low hardness under lower C,H, partial pressure. When
the C,H, partial pressure is higher, the hardness
and elastic moduli of acquired amorphous coatings
decrease significantly.

Keywords Hafnium carbide, Hard coatings,
Microstructure, Mechanical properties, Magnetron
sputtering

Introduction

The transition metal nitrides with high hardness play
important roles in surface engineering.'” The success-
ful application of titanium nitride coating started the
‘“golden revolution” in the field of cutting tools in the
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1970s, which powerfully promoted the development of
the automation and mass production in the manufac-
turing industry. Other nitride coatings, such as chro-
mium nitride,® zirconium nitride, and titanium
aluminum nitride,” with distinguished properties came
forth. The emergence of these materials provided a
wider range of selection to meet different machining
requirements. Compared with nitrides, carbides also
have many excellent properties and especially higher
hardness. However, the development of these promis-
ing materials is limited due to their relative compli-
cated structures and synthesis process. Until now, only
a few carbide coatings such as titanium carbide and
titanium carbon nitride® have been investigated and
used in cutting tools.

Hafnium carbide coating has high hardness, excel-
lent wear resistance, good resistance to corrosion, and
low thermal conductivity, which are ideal characteris-
tics for use in high-temperature applications.® How-
ever, until now scant researchers concentrated on HfC
coatings. It was reported by Ferro et al.” that the
hardness of pulsed laser ablation deposited HfC
coatings depended on the coating thickness. It reached
the highest hardness of 29 GPa when the coating
thickness was about 650 nm. In the research of Teghil
et al.,® HfC coating was synthesized with the same
method as Ferro. Their results showed the microstruc-
ture of the HfC coating was a kind of columnar crystal,
and the hardness was during 18-29 GPa, which was
compared with the bulk of HfC. However, neither
investigated the detailed relations among the compo-
sition, microstructure, and mechanical properties of
the coatings.

In this article, a series of hafnium carbide coatings
with different carbon contents were synthesized by
reactive magnetron sputtering, and the effects of
different C;H, partial pressures on the composition,
phase, microstructure, and mechanical properties of
the coatings were investigated.

403



J. Coat. Technol. Res., 7 (3) 403-407, 2010

Experimental details

A series of hafnium carbide coatings with different
carbon contents were synthesized by reactive magne-
tron sputtering on ANELVA SPC-350 multi-target
magnetron sputtering system. The 3-in. diameter haf-
nium target (99.9% in purity) was controlled by the
radio frequency cathode. Mirror polished stainless
steel substrates were ultrasonically cleaned in acetone
and alcohol and then mounted on the substrate holder
in the chamber. The distance is 5 cm between target
surface and the substrate. When the background
pressure reached below 1.0 x 10~ 3 Pa, Ar (99.999%
in purity) and C;H; (99.9% in purity) were separately
introduced into the chamber. The total pressure of the
mixture (Paric,H,) Was kept at 6.0 x 107! Pa whlle
C,H, partial pressure (Pc,m,) varied from 5.0 x 107
to 3.0 x 107° Pa. During the deposition, the target
power was kept at 150 W and the deposition time was
45 min for each sample. No heating and deliberate bias
voltage were applied to the substrates.

The phase constituting hafnium carbide coatings was
determined by X-ray diffraction (XRD) on the Dmax-
2550/PC diffractor with Cu-K, excitation radiation.
The growth structure and chemical composition were
characterized by the FEI SIRION 200 field emission
scanning electron microscope (SEM) and the attached
OXFORD INCA quantitative energy dispersive X-ray
analysis (EDX), respectively. The surface morphology
of the coatings was observed using the Nanoscope IIla

of C,H, partial pressure is very low in the synthesis of
hafnium carbide coatings by reactive magnetron sput-
tering. When the C,H, partial pressure is below
1.0 x 1072 Pa, the carbon contents in the coatmgs
are under 34.5 at. % As the CH, partlal pressure is
between 1.5 x 1072 Pa and 2.0 x 10~? Pa, the carbon
contents are between 48.5 and 56.9 at.%, which is
nearly the stoichiometric ratio of HfC. Further i increas-
ing the C,H, partial pressure to above 2.5 x 102 Pa,
the carbon contents quickly increase to above 70 at.%.

The XRD patterns of hafnium carbide coatings with
different carbon contents are shown in Fig. 1. In
samples 1 and 2 with the carbon contents of below
34.5 at.%, there are two mixed phases of Hf and HfC in
the coatings. The metal Hf peaks are very sharp while
that of HfC is very low. A set of HfC peaks is found in
the XRD patterns of samples 3 and 4 (about 50 at.%
C). Not only the (111) peak is sharp, others such as
(200), (220), and (311) are also clear but relatively
lower, which shows that the coatings contain an
inconspicuous (111) texture. Once the carbon contents
are more than 70 at.% (samples 5 and 6), the peaks of
HfC are gradually broadened, which indicates poor
crystallization. Especially in sample 6, there is only a
broadened (111) peak which shows the coating trans-
formed to amorphous.

atomic force microscope (AFM). ot .
Mechanical properties including Vicker’s hardness 2 2 T o

(HV) and elastic moduli (E) of all coatings were T 5 & 3 = HC g2 g
measured on the Fischerscope H100 VP nanoindentor. T & 3 2 & = ° 8
In order to obtain reliable mechanical properties of the " oa i vy < g '
coatings, a maximum load of 20 mN was used for a 6
measurement based on a two-step penetration method 5
and the moduli were calculated with Oliver method.'” *
The hardness and elastic modulus values for each 4
sample were an average of at least 20 measurements. .:|
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The composition of hafnium carbide coatings acquired 26 (°)
at different C,H, partial pressures analyzed by EDX is
listed in Table 1. The results show that the proportion  Fig. 1: XRD patterns of hafnium carbide coatings
Table 1: Composition of hafnium carbide coatings at different C,H, partial pressure
Sample 1 2 3 4 5 6
Pc,m, (x1072 Pa) 5 10 15 20 25 30
Pe,t,/ Parsc,t, (%) 0.83 1.67 2.50 3.33 417 5.00
C (at.%) 22.9 34.5 48.5 56.9 71.0 85.1
Hf (at.%) 771 65.5 515 43.1 29.0 14.9
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Further studying Fig. 1, it is discovered that the
(111) peaks of HfC have the tendency to the lower
angles with the increase of carbon contents, which may
correspond to the enlarged lattice constants. In sub-
stoichiometric HfC, the lattice constant is enlarged for
the integrity of HfC lattice increases with addition of
carbon contents; while in over-stoichiometric HfC the
lattice constant increases due to carbon atoms being
dissolved in the interstitial sites of lattice.

Figure 2 shows the cross-sectional fracture micro-
graphs of coatings. Columnar crystals are found in the
Hf and HfC coexisting coatings (Fig. 2a, sample 1).
With the increase of carbon contents, more distin-
guished columnar crystals appear in HfC single-phase

1 nm

Fig. 2: Cross-sectional SEM images of hafnium carbide
coatings: (a) sample 1, 22.9 at.% C; (b) sample 4, 56.9 at.%
C; and (c) sample 6, 85.1 at.% C

coating (Fig. 2b, sample 4). When the carbon content is
more than 70 at.%, an amorphous fracture, the
substitution of the columnar one, is observed (Fig. 2c,
sample 6). This growth structure transformation of the
coatings is related to the presence of the amorphous
phase.

Moreover, the SEM graphs suggest that with
the increase of the carbon contents, the thicknesses
of coatings show little change. It indicates that
the deposition rate of coatings rarely depends on the
proportion of C,H, in the mixture. Although the
proportion of C,H, significantly influences the compo-
sition and growth structures, there is no “‘target poison”
phenomenon in which the sputtering rate decreases
significantly when the reactive gas partial pressure is
high.

The surface morphology and the corresponding
roughness (R,) obtained from AFM are displayed in
Fig. 3. In Fig. 3a, the compact cellular structure with a
roughness of 7.15 nm is shown in the Hf and HfC
coexisting coatings (sample 1). With the increase of
carbon content, the single-phase HfC coating also
shows a compact cellular structure and the roughness
increases slightly to 8.19 nm in sample 4 (Fig. 3b).
However, once the amorphous phase appears due to
the excessive carbon content, the coating shows a
smooth growth morphology with a roughness of only
4.56 nm in sample 6 (Fig. 3c).

Mechanical properties

Figure 4 shows the variation of hardness and elastic
moduli of coatings with carbon content. The hardness
and elastic modulus of the two-phase coating with 22.9
at.% C are only 8.3 and 160 GPa, respectively, due to
the redundant metal hafnium phase in the coating.
Increasing the carbon contents to 56.9 at.%, the single-
phase HfC coating reaches the peak hardness and
elastic modulus of 27.9 and 255 GPa. With the further
increase of carbon content to more than 70 at.%, the
hardness and elastic moduli of amorphous coatings
drop significantly.

Conclusions

Hafnium carbide coatings can be synthesized by
reactive magnetron sputtering in Ar and C,H, mixture
conveniently. The composition, phase, microstructure,
and the corresponding mechanical properties of the
coatings show the sensitivity to the partial pressure of
C,H,. The single-phase HfC coating with columnar
crystal and favorable hardness is obtained when the
proportion of C,H; partial pressure is only about 3.0%
in the mixture. The most optimistic hardness and
modulus are 27.9 and 255 GPa, respectively. The
coating consisting of Hf and HfC phases obtains low
hardness under lower C,H, partial pressure. When the
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Fig. 3: AFMimages of hafnium carbide coatings: (a) sample 1,22.9 at.% C; (b) sample 4, 56.9 at.% C; (c) sample 6, 85.1 at.% C
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Fig. 4: Hardness and elastic moduli of HfC coatings as a
function of atomic carbon content

C,H, partial pressure is higher, the hardness and
elastic moduli of acquired amorphous coatings
decrease significantly.
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