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AbstractÐThe e�ect of adding transition metals, Me, to the structure of (W±C)-based ®lms obtained by
sputtering has been studied by the means of electron probe microanalysis (EPMA), secondary ion mass
spectrometry (SIMS), low angle X-ray di�raction (XRD), hot stage transmission electron microscopy
(TEM), MoÈ ssbauer spectroscopy, extended X-ray absorption ®ne structure (EXAFS), magnetic measure-
ments and di�erential thermal analysis (DTA). The results obtained for the ®lms in the as-deposited con-
ditions show two types of structures with di�erent degrees of structural order. Films with Ti, Cr or Au are
crystalline with a metastable structure of b-(W,Me)C1-x with 1-x extending from near unity down to about
0.6. In opposition to these, ®lms with Me = Group VIIIA transition metal, show crystalline 4 amorphous
state transitions for Me percentages in the range 5±10 at.%. The structure of these ®lms consists of small
b-MC1-x crystallites with a size of a few unity cells, surrounded by a disordered phase rich in element Me.
Concerning the results obtained at increasing temperatures, the chemical and structural behaviour of the
W±Me±C ®lms depend on the a�nity of carbon for the element Me. Strong or moderate carbide-forming
elements (Ti or Cr) improve the stability of the crystalline phase at high temperatures; the ®lms formed by
W, C and a weak or non carbide-forming metal (Fe, Co, Ni, Pd or Au) change structurally in the tempera-
ture range studied. # 1998 Acta Metallurgica Inc.

1. INTRODUCTION

Transition metal carbides ®nd wide technological

applications as wear resistant coatings on a variety

of surfaces such as cemented tools and steel. Much

e�ort has been devoted over the last few years to

studying (W±C)-based ®lms obtained by sputtering

from sintered materials [1±8]. Previous work con-

cerning the synthesis of W±(Fe,Co)±C [6] and W±

Ni±C [7] ®lms by sputtering showed that the micro-

structure of these materials is a�ected by the level

of addition of element Me. When obtained from a

sintered stoichiometric WC target, the structure of

the sputtered ®lms is formed by small grains of b-
WC1-x,with x10.15; the co-deposition of WC with

iron, cobalt or nickel induces amorphization of the

structure for concentrations of Me in the range 5±

10 at.%. The atomic arrangement of these amor-

phous alloys is not completely random, but main-

tains a certain degree of structural order (less than

20 AÊ ) [6±8]. The tendency to produce amorphous

W±Me±C materials by Group VIIIA elements was

explained by both size di�erence between the con-

stituent metals of the ®lms (W and Fe or Co or Ni)

and weakening of the carbon±metal bonds by the

presence of a metallic element with a lower a�nity

for carbon than tungsten. Guided by these results,

and in order to con®rm these concepts, it is import-

ant to study the in¯uence of other transition metals

in both the as-deposited and annealed structure of

sputtered (W±C)-based materials. For this purpose,

transition metals from Groups IVA±IB (Ti, Cr, Pd
and Au) were used as additions to W±C ®lms.

These metals were chosen keeping in mind their
atomic radii and a�nity for carbon: the atomic size
di�erences between them and tungsten are less than

10%; however, they have di�erent carbon a�nities
(contrarily to palladium and gold, titanium and

chromium are carbide-formers).
This work reports the in¯uence of di�erent Me

solute metallic atoms (Me = Ti, Cr, Fe, Co, Ni, Pd
and Au) on the as-deposited structure of (W±C)-

based systems and their annealing behaviour. The
®lms were synthesised from (W±C) + Me targets by

non-reactive sputtering under the same conditions
described in [6]. Chemical and structural analysis of

the as-deposited ®lms were performed by means of
electron probe microanalysis (EPMA), secondary
ion mass spectrometry (SIMS), low angle X-ray dif-

fraction (XRD) and transmission electron mi-
croscopy (TEM). In order to determine the atomic

arrangement of the crystalline and amorphous (W±
C)-based ®lms, MoÈ ssbauer spectroscopy, extended

X-ray absorption ®ne structure (EXAFS) and mag-
netic measurements were carried out on the as-

deposited W±Fe±C ®lms. The study of the in¯uence
of di�erent carbide formers on the annealing beha-

viour of (W±C)-based systems was performed on
W±Me±C ®lms with Me = Ti, Cr, Fe, Co, Ni and
Au. Films on substrates which were annealed at
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650, 700 and 7508C were analysed after each ther-
mal cycle by EPMA and XRD. Concomitantly,

DTA measurements were carried out on ®lms
detached from the substrates within the temperature
range of 20±10008C. The structure of these 10008C
annealed ®lms was subsequently determined by

XRD.

2. EXPERIMENTAL DETAILS

The W±Me±C ®lms were non-reactively r.f. sput-
tered onto steel and glass substrates from

WC +Me (Me = Ti, Cr, Fe, Co, Ni, Pd, Au) tar-
gets. Films on steel substrates were examined in the
as-deposited state and after 1 h furnace annealing

under vacuum (P = 10ÿ5 Pa) at temperatures of
650, 700 and 7508C. The chemical composition of
the ®lms was determined before and after each heat
treatment by EPMA. The composition±depth pro-

®les of the ®lms were determined by SIMS using
Cs+ primary ions. XRD results were obtained with
Co Ka1 radiation at an incident angle of 48. TEM
analysis of ®lms detached from the glass substrates
was performed in a 200 keV microscope. The ®lms
were thinned on both sides to electron transparency

by ion-milling. MoÈ ssbauer spectroscopy, EXAFS
and magnetic measurements were applied to the
W±Fe±C as-deposited ®lms. The 57Fe MoÈ ssbauer
measurements were performed in transmission geo-

metry by means of a spectrometer with a constant
acceleration velocity. Calibration was done with a
metallic iron foil. EXAFS experiments were per-

formed at the ``Laboratoire pour l'Utilisation du

Rayonnement ElectromagneÂ tique (LURE)'' on the
surface monochromator installed on the DCI sto-

rage ring. Magnetic measurements were carried out
in a conventional Gouy balance. DTA analysis was
performed within the temperature range 20±10008C
at a continuous heating rate of 0.258C/s.

3. RESULTS

3.1. As-deposited state

The chemical composition of the as-deposited

®lms is summarized in Table 1. The ®lms are car-
bon-de®cient with W/C atomic ratios higher than
unity (Fig. 1). In the majority of the W±Me±C sys-

tems, the carbon de®cit in the ®lms decreases with
the increase of the Me percentage. The W±Au±C
system is the only exception to this: the higher the

gold content, the higher is the carbon de®cit.
The SIMS composition±depth pro®les of the syn-

thesised W±Me±C ®lms do not change from the

surfaces to the ®lm/substrate interfaces (Fig. 2).
These are well de®ned, suggesting the non-existence
of a chemical reaction between the ®lms and the
steel substrate.

The structural results of the as-deposited W±Me±
C ®lms are presented in Figs 3±6. Figure 3 shows a
compilation of both XRD and TEM results, where

it can be seen that the structure of the W±Me±C
®lms depends on the type and concentration of the
metal Me. All the W±Me±C ®lms with Me = Ti,

Table 1. Chemical composition (at.%) of synthesised W±Me±C ®lms

Group IVA Group VIA Group VIIIA Group IB

Me = Ti Me = Cr Me = Fe Me = Co Me = Ni Me = Pd Me = Au

W59Ti3C38 W56Cr6C38 W52Fe4C44 W53Co4C43 W56Ni4C40 W53Pd4C43 W52Au6C42

W56Ti8C36 W50Cr11C39 W52Fe6C42 W52Co6C42 W53Ni6C41 W50Pd7C43 W49Au11C40

W45Ti15C40 W48Cr14C38 W46Fe13C41 W48Co13C39 W50Ni10C40 W46Pd12C42 W47Au15C38

W40Ti26C34 W46Cr17C37 W42Fe20C38 W44Co18C38 W47Ni15C38 W43Pd16C41 W43Au23C34

W36Ti34C30 W45Cr21C34 W36Fe31C33 W38Co22C40 W39Ni23C38 W33Pd33C32 W38Au32C30

Fig. 1. Carbon-de®cit of the various W±Me±C systems as
a function of the Me content in the ®lms.

Fig. 2. Typical SIMS sputter depth pro®les for the as-
deposited W±Me±C ®lms deposited onto high-speed steel
substrates. These pro®les were taken from a W56Ti8C36

®lm.
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Cr or Au are formed by a ®ne-grained crystalline

f.c.c. structure of b-MC1-x (M=W, Me), charac-

terized by ®ve relatively broad X-ray di�raction

peaks and large electron di�raction (ED) rings.

However, ®lms with Me = Metal of Group VIIIA
become progressively amorphous with increasing

Me content; the crystalline 4 amorphous structural

transition occurs for Me concentrations in the

range 5±10 at.%. Similar to W±Me±C (Me = Ti,

Cr, Au) ®lms, the crystalline W±(Fe,Co,Ni,Pd)±C

®lms are formed by ®ne grained NaCl-type
structure. The amorphous ®lms are characterized by

two very broad X-ray peaks (a stronger broad peak

and a weaker sub-peak) and low contrast TEM

images associated with di�use and large ED rings.

Figure 4 shows the room temperature MoÈ ssbauer

spectra obtained for two W±Fe±C ®lms as typical

examples of the di�erent structural states (crystal-
line and amorphous). The spectra were ®tted with a

certain number of Lorentzian curves on the basis of

both XRD and TEM results. The crystalline ®lms

were ®tted with two symmetric doublets, corre-

sponding to di�erent structural con®gurations
around the iron atom (see Ref. [5]); the amorphous

Fig. 3. Compilation of both XRD and TEM structural results of W±Me±C ®lms.
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®lms were ®tted with two independent curves. The

hyper®ne parameters (isomer shift and quadrupole

splitting) obtained for the W±Fe±C ®lms are given

in Fig. 5. The isomer shift (I.S.) decreases with the

increase of the iron content in the ®lms. The quad-

rupole splitting (Q.S.) of the crystalline ®lms is

higher than that of the amorphous ®lms and it

decreases in both structural domains.

The Fourier transforms of the EXAFS spectra

recorded at the tungsten L and iron K edges for
two W±Fe±C ®lms (one crystalline and one amor-
phous) are presented in Fig. 6. Data for a W±C

®lm are also presented for reference. The W56C44

®lm shows a typically crystalline tungsten L edge

spectrum with some well de®ned shells of neigh-
bours. The oscillations in low-r side of the ®rst
peak are due to determination errors of the Fourier

transform and are not structural in origin. The
di�erences between the W-L spectra of ®lms with
and without iron concern essentially the second co-

ordination shell, the RDF intensity of which is
lower for the ®lms with iron. Both W±Fe±C ®lms
have W-L EXAFS spectra typical of ordered ma-

terials with well de®ned RDF peaks. Concerning

Fig. 4. MoÈ ssbauer spectra taken from (a) ®lm W53Fe4C44,
(b) ®lm W42Fe20C38.

Fig. 5. MoÈ ssbauer hyper®ne parameters obtained for the
W±Fe±C ®lms.

Fig. 6. Fourier transforms of the EXAFS spectra recorded
at W-L (a) and Fe-K (b) edges for two W±Fe±C ®lms
with di�erent iron contents. For reference, results from a

W±C ®lm are also presented.

Table 2. Structural results of two W±Fe±C ®lms taken from the
least square ®ttings of the W-L EXAFS spectra for the ®rst three
shells of neighbours. Results for a W±C ®lm are also presented for

comparison

1st Shell 2nd Shell 3rd Shell

Film N.n./R(AÊ ) N.n./R(AÊ ) N.n./R(AÊ )

W56C44 4.9/2.17 4.9/2.17 4.6/2.13
W52Fe4C44 12.0/2.92 11.2/2.92 10.0/2.97
W42Fe20C38 6.5/3.62 6.5/3.62 6.0/3.67
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the Fe-K spectra, the Fourier transform of the iron-

lean ®lm (W53Fe4C44) di�ers signi®cantly from the

Fourier transform pattern for the ®lm richer in iron

(W42Fe20C38): the former shows some well de®ned

shells of neighbours with an overlapping of the ®rst

two RDF peaks, while the latter is characteristic of

disordered structures. The structural results of the

least square ®ttings of the normalized W-L EXAFS

spectra [w(k) vs k] for the ®rst three shells of neigh-

bours are presented in Table 2.

Figure 7 shows the room temperature magnetiza-

tion curves of some W±Fe±C ®lms. Once again,

data for a W±C ®lm is presented as reference. The

magnetization of the W56C44 ®lm varies decreas-

ingly with the increase of the magnetic ®eld. As the

iron content rises, the magnetization signal becomes
positive and of greater magnitude.

3.2. Thermal behaviour

Figure 8 shows the relation between the carbon
composition of the W±Me±C ®lms on steel sub-

strates in the as-deposited state and after 1 h
annealing at 7508C. In contrast to the W±Me±C
®lms with Me = Fe, Co, Ni or Au, ®lms with tita-
nium or chromium do not lose carbon during the

successive annealings.
Figure 9 shows two examples of the SIMS com-

position±depth pro®les obtained for heat treated

W±Me±C ®lms on steel substrates. The SIMS pro-

Fig. 7. Room temperature magnetization curves of some
W±Fe±C ®lms. Fig. 8. Ratio between the initial and ®nal carbon contents

of various W±Me±C systems as a function of the Me con-
tent in the ®lms.

Fig. 9. Typical SIMS sputter depth pro®les representative for the two behaviours of the heat-treated (a)
W56Ti8C36 and (b) W50Ni10C40 ®lms on high-speed steel substrates.
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®les recorded from ®lms with Me = Fe, Co, Ni or

Au [Fig. 9(a)] revealed that carbon had di�used

from the ®lms into the steel. The shapes of the pro-

®les obtained from ®lms with Me = Ti or Cr

annealed at 650, 700 and 7508C [Fig. 9(b)] are simi-

lar, although showing no evidence of di�usion from

the ®lms into the substrates or vice-versa.

The structural characterization of the W±Me±C

®lms deposited on steel substrates was studied by

XRD after each furnace annealing. The results are

presented in Table 3. As can be seen, all ®lms

except W±Ti±C and W±Cr±C change structurally

with temperature. The resultant structures depend

on the type and content of the element Me in the

®lms. The structural behaviour of ®lms without el-

ement Me is characterized by the formation of

WC +W2C from b-WC1-x. The addition of tita-

nium or chromium to the W±C system stabilizes the

crystalline as-deposited structure (b-MC1-x) during

annealing. In fact, no structural transformations of

both W±Ti±C and W±Cr±C systems were observed

during successive anneals up to 7508C. Iron and

cobalt play similar roles in the structural evolution

of the (W±C)-based ®lms. During annealing the

sequence of structural transformations with increas-

ing Me and temperature is as follows: b-MC1-x or

amorphous4MC4M2C4M6C. Besides these

carbides, the addition of nickel or gold to the W±C

system leads to the formation of Ni-rich or Au-rich

terminal solid solutions during annealing. The

higher the content of both nickel and gold elements

in the ®lms, the lower the temperature at which

these solid solutions appear.

In order to determine the in¯uence of the Me

transition metals on the stability of the as-deposited

systems, W±Me±C ®lms with Me = Ti, Cr, Fe, Co

and Ni were detached from the substrates and stu-
died in situ by TEM/ED and ATD during continu-

ous heating up to 110008C. X-ray di�raction was
used as a complementary technique for phase
identi®cation after cooling of the samples. Table 4

shows a compilation of the results obtained by
TEM/ED and ATD. Each peak detected in the
ATD curves is associated with the structural trans-
formation observed and characterized by TEM/ED.

The ®nal structure of the W±Me±C ®lms deter-
mined by XRD after cooling from 10008C is pre-
sented in the same table.

4. DISCUSSION

4.1. As-deposited state

The chemical analysis of the W±Me±C ®lms con-
®rms that sputtering of multicomponent targets
leads to ®lms enriched in elements with higher

atomic weight and lean in lighter elements [9, 10].
The W56C44 ®lm is a typical example of this. When
the WC stoichiometric target is bombarded with
Ar+ ions, there is a preferential emission of carbon

and the target surface becomes enriched in tung-
sten, approaching a WC1-x composition. From this
moment, the preferential sputtering of carbon is

counterbalanced by the de®cit of this element in the
surface, and therefore the same number of carbon
and tungsten species are sputtered form the target.

Thus, the carbon impoverishment of the W±C ®lms
must occur essentially during its formation by the
bombardment of the re¯ected neutral species and

not by eventual di�usion into the steel substrates,
SIMS results support this idea: the Cÿ and W+

sputter depth pro®les measured in both ®lm and
substrate are horizontal and the ®lm/substrate

Table 3. XRD structural results for the W±C and W±Me±C (Me = Ti, Cr, Fe, Co, Ni, Au) ®lms annealed at 650, 700 and 7508C

Annealing temperature

Composition T = 6508C T = 7008C T = 7508C

W56C44 b-WC1-x + WC b-WC1-x + WC + W2C b-WC1-x +WC + W2C
W±Ti±C and W±Cr±C b-MC1-x b-MC1-x b-MC1-x

W52Fe4C44 b-MC1-x+ MC b-MC1-x+ MC b-MC1-x+ MC+ M2C
W52Fe6C42 b-MC1-x+ MC b-MC1-x+ MC b-MC1-x+ MC+ M2C
W46Fe13C41 A+ M2C A+ M2C M2C
W42Fe20C38 A+ M2C A?+ M2C+M6C M2C+M6C
W36Fe31C33 A+ M6C M6C M6C
W53Co4C43 b-MC1-x+ MC b-MC1-x+ MC b-MC1-x+ MC+ M2C
W52Co6C42 b-MC1-x+ MC$ b-MC1-x+ MC b-MC1-x+ MC+ M2C
W48Co13C39 A+ M2C A+ M2C M2C
W44Co18C38 A+ M2C A+ M2C+M6C M2C+M6C
W45Co22C37 A+ M2C A+ M2C+M6C M2C+M6C
W56Ni4C40 b-MC1-x b-MC1-x+ MC+ M2C MC+M2C
W53Ni6C41 A+ MC MC+ M2C M2C+MC+ M6C$
W51Ni10C39 A + b-M1-x+ MC MC+M6C + (Ni) MC+ M6C + (Ni)
W47Ni15C38 A + (Ni)+ MC$ A+ (Ni)+ MC (Ni)+ MC+ M6C
W39Ni23C38 (Ni)+ MC (Ni)+ MC (Ni)+ MC
W52Au6C42 b-MC1-x b-MC1-x+ M2C M2C
W49Au11C40 b-MC1-x+ M2C M2C+M6C M2C+M6C
W47Au15C38 b-MC1-x M2C+M6C M2C+M6C
W37Au23C34 M2C+ M6C M6C + (Au) M6C + (Au)
W38Au32C30 M2C+ M6C + (Au) M2C+M6C + (Au) M6C + (Au)

A = Amorphous.
$Signs of the phase were detected in the XRD di�ractograms
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interfaces are well de®ned, which is incompatible
with any di�usion of either carbon or tungsten.

Concerning the synthesis of the W±Me±C sys-

tems, the carbon de®cit in the ®lms is related to the

concentration of element Me. For all but the W±
Au±C systems the value of the W/C ratio decreases

with the Me content increasing. This con®rms pre-

vious studies which showed a direct dependence of
the atomic weight of the nearest neighbours of car-

bon on its sputtering yield in multicomponent

materials [6, 7]. On the basis of the present work,
one might conclude that the addition of a metal

with an atomic weight lighter than tungsten

decreases the W/C ratio, while the inverse situation
occurs for heavier metals. This is the case for the

additions used in this work: Cr, Fe, Co, Ni and Pd
are lighter than tungsten, decreasing the W/C ratio

of the ®lms produced from stoichiometric WC tar-

gets by sputtering. In contrast, the higher the gold
content, the higher the carbon de®cit of the W±Au±

C ®lms due to the higher atomic weight of gold

compared to tungsten.

The preferential emission of carbon during for-
mation of the W±C and W±Me±C ®lms allows the

formation of metastable phases instead of the equi-

librium MC phase expected from the W±C phase
diagram [11]. According to this diagram, b-MC1-x

has a NaCl-type structure existing only above

25308C. The occurrence of this metastable structure
in sputtered (W±C)-based ®lms seems to be due to

its wide range of composition and strong cohesion

of the metal±carbon covalent bonds [12]. According
to Cottrell [12], the strong cohesion of the NaCl-

type carbides of groups IVA±VIA is essentially due

to strong covalent bonds between the p electrons of
the non-metal atom and the d electrons of the tran-

sition metal (one in the s band, two in pds bonding
orbitals, and one in the pdp bonding orbitals). In

the case of the binary stoichiometric WC f.c.c. car-

bide, not all the six valency electrons of tungsten
([Xe] 4f145d46s2) are used in the W±C bonds. In

other words, in WC there is a certain degree of W±

W bonding, its contribution towards the cohesion
of the carbide being minor as compared to W±C

bonding. For non-stoichiometric WC1-x there is

more W±W bonding amongst the nearest neigh-
bours and the density of states is reduced in pro-

portion to the smaller fraction of carbon atoms. In

addition, the existence of vacant carbon sites gives
rise to weak bonds, with second nearest W±W

neighbours across the vacancies. Replacement of
tungsten by other transition metals occurs with a

decrease of metal-to-carbon composition ratio in

the carbide. Thus, depending on the a�nity of car-
bon for the addition metal, MC1-x carbides with

di�erent stabilities may be formed. In fact, as it will

be seen later, the thermal stability of the W±Me±C
®lms depends on the element Me and is higher for

strong carbide-forming elements.

Concerning the amorphous (W±C)-based systems,

the results show that their atomic arrangement is
not completely random, but maintains a degree of

short range order (less than 20 AÊ ). EXAFS exper-

iments indicate that these ®lms can be regarded as
an atomically heterogenous mixture formed by

regions of very small crystallites of MC1-x rich in

tungsten and regions of ``real'' amorphous phase
rich in element Me.

The amorphization of the (W±C)-based ®lms has

been discussed in terms of the following e�ects: (i)

distortion of the b-MC1-x (M = W, Me) lattice due
to the di�erence between the atomic radii of the

Table 4. Compilation of the structural results obtained from the W±Me±C ®lms (Me = Ti, Cr, Fe, Co, Ni) during continuous heating up
to 10008C

Composition Structural transformations with temperature Final structure

W56C44 b-WC1ÿxÿÿÿÿÿ48458C
W2C+WC W2C+ WC

W±Ti±C and W±Cr±C b-MC1ÿxÿÿÿÿÿ419608C
M2C +MC$ M2C+ MC$

W52Fe4C44 b-MC1ÿxÿÿÿÿÿ48568C
M2C +MC M2C+ MC

W46Fe13C41 Aÿÿÿÿÿ47588C
M2C M2Cÿÿÿÿÿ48458C

MC +M6C M2C+MC+ M6C

W42Fe20C38 Aÿÿÿÿÿ47008C
M2C M2Cÿÿÿÿÿ47638C

MC +M6C M2C+MC+ M6C

W36Fe31C33 Aÿÿÿÿÿ46958C
M2C M2Cÿÿÿÿÿ47508C

MC +M6C MC+ M6C

W53Co4C43 b-MC1ÿxÿÿÿÿÿ48568C
M2C +MC M2C+ MC

W48Co13C39 Aÿÿÿÿÿ47508C
M2C M2Cÿÿÿÿÿ48508C

MC +M6C M2C+MC+ M6C

W44Co18C38 Aÿÿÿÿÿ47038C
M2C M2Cÿÿÿÿÿ48138C

MC +M6C MC+ M6C

W45Co22C37 Aÿÿÿÿÿ47068C
M2C M2Cÿÿÿÿÿ47608C

MC +M6C MC+ M6C

W56Ni4C40 b-MC1ÿxÿÿÿÿÿ48628C
M2C +MC M2C+ MC

W51Ni10C39 Aÿÿÿÿÿ47358C
MC + �Ni� MC+ (Ni)

W47Ni15C38 Aÿÿÿÿÿ47058C
MC + �Ni� MC + (Ni)+M6C

W39Ni23C38 Aÿÿÿÿÿ46808C
MC + �Ni� MC + (Ni)+M6C

$This structural transformation was only observed for W±Ti±C and W±Cr±C ®lms with low titanium and chromium contents
(<10at.%). Films richer in one of these metals are stable up to the maximal temperature achieved in this work.
Stability of the structure of the as-deposited ®lms.
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two metals, and (ii) lower carbon a�nity for the
later transition metal than for tungsten [5±7]. The

results now obtained show that the amorphization
of the W±Me±C may not be attributed only to
these two e�ects. In fact, despite the di�erences of

the atomic sizes between tungsten and the elements
palladium and gold being almost identical, palla-
dium induces amorphous ®lms, whilst gold does

not. Furthermore, both elements are non-carbide-
forming metals. Thus, from these facts, it is obvious
that one has to consider other factors in predicting

the occurrence of the amorphous phases. One of
these factors is related with the number and
strength of the metal±carbon covalent bonds.
According to the model of Cottrell [12], replace-

ment of tungsten by a later transition metal (more d
electrons) enables more dds bonding orbitals to ®ll
(metal±metal nearest neighbours). This induces

weakening of the metal±carbon covalent bonds and
strenghening of the metal±metal bonds, its contri-
bution to the cohesion of the carbide being of little

importance. Conversely, the addition of a strong
carbide-forming element gives rise to a larger num-
ber of strong metal±carbon bonds and promotes

crystallisation. This was recently con®rmed in a
study on the in¯uence of titanium on amorphous
W±Co±C ®lms [13]. The results showed that, in
fact, it is possible to obtain crystallinity in these

®lms by the addition of small amounts of titanium.
This metal tends to enhance ordering of the struc-
ture giving rise to spontaneous crystallization of b-
MC 1-x during formation of the ®lms.

4.2. Thermal behaviour

The thermal behaviour of the (W±C)-based ®lms
is strongly dependent on their composition and
structure. Concerning the crystalline as-deposited

®lms, the decomposition of the MC1-x phase is
shown to take place in two di�erent ways, depend-
ing on the composition. In fact, all but the gold-

rich ®lms decompose during annealing
into MC+ M2C. XRD scans performed on ®lms
annealed 1 h at 6508C show that the MC phase is

the ®rst product of the MC1-x decomposition.
The M2C phase appears later, as the result of a car-
bon impoverishment of the remaining MC1-x phase.
The thermal stability of this phase is a�ected by its

chemical composition. The addition of a transition
metal to the W±C system increases the temperature
of the MC1-x4MC+ M2C reaction, in particular if

this metal is either titanium or chromium. This
might be the result of the higher carbon de®cit of
the W±Me±C ®lms compared to the W±C binary

ones. Moreover, as has been seen, the incorporation
of strong carbide-formers (Ti and Cr) to W±C
increases the number of strong metal±carbide bonds

and, consequently, the stability of the ®lms. Both
WC and W2C phases have been reported in (W±C)-
based ®lms deposited by di�erent techniques such
as plasma spraying [14, 15], chemical vapour

deposition [16, 17] and r.f. sputtering [2, 4, 18±20].

They may be formed either during the growth
of the ®lms (as-deposited structure) or during
annealing [4, 6±8]. According to the W±C phase

diagram [11], for temperatures lower than 13008C
the W56C44 ®lm lies in a two-phase region of
W + WC. The W2C phase is not predicted for

these temperatures. This con®rms that the de-
composition of a metastable phase (such asMC1-x)

could lead to the formation of other metastable in-
termediate phases, e.g. M2C, before the equilibrium
ones predicted from the phase diagrams [21, 22].

Concerning the gold-rich W±Au±C ®lms, the de-
composition of the MC1-x phase leads to the for-
mation of M2C, M6C and an Au-rich solid solution

(Au). It should be pointed out that since gold does
not form carbides [23], bothM2C, and M6C phases
must be formed essentially by tungsten, which

allows the appearance of a terminal Au-rich solid
solution. The higher the initial carbon de®cit in the

®lms, the lower is the temperature of this solid sol-
ution occurrence. Since WC1-x and (Au) are par-
tially intersoluble (they are both of cubic structure)

the formation of (Au) may occur from structural
domains of MC1-x rich in gold. Rejection of tung-
sten fromMC1-x allows the formation of tungsten-

rich phases such asM2C and M6C. Based on the
SIMS results, it is likely that these carbides may

contain a certain percentage of iron. In fact, it was
observed that annealing of these ®lms sputtered on
steel substrates leads to the migration of some iron

atoms from the steel into the ®lms, in particular for
®lms lean in carbon, i.e. rich in gold.
Regarding the crystallization study of the as-

deposited amorphous systems, the structure evol-
ution of the W±Ni±C ®lms di�ers from that of the

W±(Fe,Co)±C ®lms with similar concentration of
the alloying addition: whereas the crystallisation
mechanism of the amorphous as-deposited W±Ni±

C ®lms is essentially characterized by the formation
of a-Ni + MC, W±(Fe,Co)±C ®lms decompose
upon crystallisation into M2C + M6C + MC. The

di�erent crystallisation characteristics have been
explained by the higher solubility of tungsten in

nickel compared with that of tungsten in iron or
cobalt [24]. Therefore, in the case of W±Ni±C ®lms,
the a-Ni solid solution could contain a certain con-

centration of tungsten, thereby preventing the for-
mation of tungsten-rich carbides, e.g. M2C or M6C.
Moreover, it is known that the stability of these

carbides is higher for iron or cobalt than for
nickel [23], favouring their appearance in the W±
(Fe,Co)±C ®lms.

In the light of the present results it is possible to
discuss the application of sputtered (W±C)-based

®lms for industrial materials, e.g. cutting tools or
wear-resistant mechanical components. Concerning
the traditional W±Co±C system, one may conclude

that the crystalline ®lms allow for higher service
temperatures than the amorphous ones, without
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structural transformations. However, the appli-
cation of these ®lms in such technological ®elds

requires the incorporation of an element capable to
stabilize the as-deposited structure and to slow
down the migration of carbon atoms into the sub-

strate. Titanium or chromium seem to be adequate
elements for this purpose. Another approach is to
deposit the ®lms on substrates richer in carbon, e.g.

sintered WC. This might contribute to the increase
of the thermal stability of the ®lms, impeding the
migration of carbon into the substrates.

The main problem in optimizing hard coatings is
to increase the toughness while maintaining a high
hardness. Concerning the structural evolution of
both W±Co±C and W±Fe±C ®lms, none of the

structural changes observed during their heat treat-
ment lead to the occurrence of a ®ne-grained soft
terminal solid solution capable of controlling crack

propagation by strain energy dissipation. This pro-
blem might be overcome by the incorporation of
small amounts of nickel (110 at.%) to (W±C)-

based coatings. In fact, these amorphous as-depos-
ited ®lms may act as precursors for multiphase ®ne-
grained microstructures of (Ni) + MC by means of

subsequent heat treatments. Given the fact that the
studied W±Ni±C ®lms have a similar chemical com-
position as ceramic W±Ni±C bulk materials, but
with a ®ner-grained structure, the annealed W±Ni±

C ®lms could in the future be used as coatings for
mechanical applications.

5. CONCLUSIONS

The results show that the structure of the as-
deposited (W±C)-based ®lms is characterised by
di�erent degrees of structural order depending on

their chemical composition. Among the transition
metals studied, most of them form a f.c.c. phase of
b-MC1-x with tungsten and carbon with 1-x extend-

ing from about 1 to 0.6; however, the ®lms become
amorphous with the addition of small amounts of
VIIIA transition metal, e.g. iron, cobalt, nickel or
palladium. The atomic arrangement of these ®lms is

not completely random but maintains a degree of
short range order (less than 20 AÊ ); their structure is
formed by small b-MC1-x crystallites with the size

of a few unity cells, surrounded by a disordered
phase rich in element Me.
The structural behaviour of the W±Me±C ®lms

subjected to high temperatures depends on their
chemical composition, particularly on the carbon
a�nity for the transition metal Me. The ®lms with
strong or moderate carbide-forming elements (Ti or

Cr) do not show any change, neither in their chemi-
cal nor structural composition, in the range of tem-

peratures studied. However, the ®lms formed by W,
C and a weak or non-carbide-forming metal (Fe,
Co, Ni, Pd or Au), besides showing di�erent struc-

tural transformations, tend to lose carbon to the
substrates.
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