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Abstract Hafnium carbide coatings with different
carbon contents were synthesized in Ar–C2H2 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 C2H2 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 C2H2.
The single-phase HfC coating with columnar crystal
and favorable mechanical properties is obtained when
the proportion of C2H2 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 C2H2 partial pressure. When
the C2H2 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.1,2 The success-
ful application of titanium nitride coating started the
‘‘golden revolution’’ in the field of cutting tools in the

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,3 zirconium nitride,4 and titanium
aluminum nitride,5 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 nitride2 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.6 How-
ever, until now scant researchers concentrated on HfC
coatings. It was reported by Ferro et al.7 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.,8 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 C2H2 partial pressures on the composition,
phase, microstructure, and mechanical properties of
the coatings were investigated.
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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 9 10�3 Pa, Ar (99.999%
in purity) and C2H2 (99.9% in purity) were separately
introduced into the chamber. The total pressure of the
mixture (PArþC2H2

) was kept at 6.0 9 10�1 Pa while
C2H2 partial pressure (PC2H2

) varied from 5.0 9 10�3

to 3.0 9 10�2 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-Ka 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 IIIa
atomic force microscope (AFM).

Mechanical properties including Vicker’s hardness
(HV) and elastic moduli (E) of all coatings were
measured on the Fischerscope H100 VP nanoindentor.
In order to obtain reliable mechanical properties of the
coatings, a maximum load of 20 mN was used for
measurement based on a two-step penetration method9

and the moduli were calculated with Oliver method.10

The hardness and elastic modulus values for each
sample were an average of at least 20 measurements.

Results and discussion

Composition and microstructure

The composition of hafnium carbide coatings acquired
at different C2H2 partial pressures analyzed by EDX is
listed in Table 1. The results show that the proportion

of C2H2 partial pressure is very low in the synthesis of
hafnium carbide coatings by reactive magnetron sput-
tering. When the C2H2 partial pressure is below
1.0 9 10�2 Pa, the carbon contents in the coatings
are under 34.5 at.%. As the C2H2 partial pressure is
between 1.5 9 10�2 Pa and 2.0 9 10�2 Pa, the carbon
contents are between 48.5 and 56.9 at.%, which is
nearly the stoichiometric ratio of HfC. Further increas-
ing the C2H2 partial pressure to above 2.5 9 10�2 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.

Table 1: Composition of hafnium carbide coatings at different C2H2 partial pressure

Sample 1 2 3 4 5 6

PC2H2
(910�3 Pa) 5 10 15 20 25 30

PC2H2
=PArþC2H2

(%) 0.83 1.67 2.50 3.33 4.17 5.00
C (at.%) 22.9 34.5 48.5 56.9 71.0 85.1
Hf (at.%) 77.1 65.5 51.5 43.1 29.0 14.9
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Fig. 1: XRD patterns of hafnium carbide coatings
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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

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 C2H2 in the mixture. Although the
proportion of C2H2 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 (Rq) 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 C2H2 mixture
conveniently. The composition, phase, microstructure,
and the corresponding mechanical properties of the
coatings show the sensitivity to the partial pressure of
C2H2. The single-phase HfC coating with columnar
crystal and favorable hardness is obtained when the
proportion of C2H2 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 C2H2 partial pressure. When the

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
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C2H2 partial pressure is higher, the hardness and
elastic moduli of acquired amorphous coatings
decrease significantly.
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Fig. 3: AFM images 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

30

25

20

15

10

5
20 30 40 50 60

At.% (C)

H
V

 (
G

P
a)

E
 (

G
P

a)

70 80 90

160

200

240

HV
E

280

Fig. 4: Hardness and elastic moduli of HfC coatings as a
function of atomic carbon content

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

406



Coatings.’’ Surf. Coat. Technol., 200 (16–17) 4693–4700
(2006)

6. Krajewski, A, D’Alessio, L, De Maria, G, ‘‘Physiso-
Chemical and Thermophysical Properties of Cubic Binary
Carbides.’’ Cryst. Res. Technol., 33 (3) 341–374 (1998)

7. Ferro, D, Barinov, SM, Rau, JV, Latini, A, Scandurra, R,
Brunetti, B, ‘‘Vickers and Knoop Hardness of Electron
Beam Deposition ZrC and HfC Thin Films on Titanium.’’
Surf. Coat. Technol., 200 4701–4707 (2006)

8. Teghil, R, Santagata, A, Zaccagnino, M, Barinov, SM,
Marotta, V, De Maria, G, ‘‘Hafnium Carbide Hard Coatings

Produced by Pulsed Laser Ablation and Deposition[J].’’
Surf. Coat. Technol., 151–152 531–533 (2002)

9. Tian, JW, Han, ZH, Lai, QX, Yu, XJ, Li, GY, Gu, MY,
‘‘Two-Step Penetration: A Reliable Method for the
Measurement of Mechanical Properties of Hard Coatings.’’
Surf. Coat. Technol., 176 (3) 267–271 (2004)

10. Oliver, WC, Pharr, GM, ‘‘An Improved Technique for
Determining Hardness and Elastic Modulus Using Load and
Displacement Sensing Indentation Experiments.’’ J. Mater.
Res., 7 (6) 1564–1580 (1992)

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

407


	Microstructure and mechanical properties of hafnium carbide coatings synthesized by reactive magnetron sputtering
	Abstract
	Introduction
	Experimental details
	Results and discussion
	Composition and microstructure
	Mechanical properties

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


