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Abstract

Metastable W-Me-C (Me = Fe, Co) films were obtained by non-reactive RF magnetron sputtering. Their initial state and
thermal stability were studied by means of electron probe microanalysis, secondary ion mass spectrometry and X-ray
diffraction. The results show that the structure at room temperature depends on the percentage of iron and cobalt in the
films, varying from 8-WC, _, to amorphous with the increasing content of these elements. The structure of the crystalline
films changes with temperature from $-WC, _, to WC and W,C. The crystallization mechanism of the amorphous films is
characterized by the formation of carbon-deficient phases, such as W,C or M,C.

1. Introduction

W-C-based films deposited by physical vapour
deposition techniques are promising materials for
tools. In previous work [1], W-Fe-C films were
obtained by non-reactive RF diode sputtering and
characterized at room temperature. Since integrity of a
film component depends essentially on the adherence
of the film to the substrate, significant structural
changes with temperature, involving high internal
stresses of both the film and substrate, must be
avoided. The main objective of this work is the charac-
terization of W-Me-C films deposited onto high-speed
steel substrates by non-reactive RF magnetron sputter-
ing and their structural transformations with tempera-
ture.

2. Experimental details

W-Me-C (Me=Fe, Co) films were obtained by
sputtering WC+ Co (0 at.%<Co<15 at%) targets
partially covered by iron foils of different sizes. Films
of 1 to 2 um thickness were deposited onto quenched
and tempered M2 (AISI) high-speed steel by non-reac-
tive RF magnetron sputtering, at a deposition rate of
0.3 nm s~' and an argon pressure of 1 Pa. Prior to the
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depositions, the substrates were sputter-cleaned at
— 1000 V for 5 min in an argon atmosphere.

The mean composition and the composition-depth
profiles of the films were carried out by electron probe
microanalysis (EPMA) and secondary ion mass spec-
trometry (SIMS) respectively. The structure of the films
was examined by X-ray diffraction (XRD) using Co
Ka radiation. For the analysis, an incidence angle of 4°
was chosen in order to avoid the signals from the steel
substrate.

The chemical and structural characterization of the
W-Me-C films was performed before and after anneal-
ing. This heat treatment was carried out under vacuum
(1075 Pa) for 1 h at increasing temperatures. In order
to avoid the ferrite to austenite transformation in steel,
the highest annealing temperature attained in this work
was 750 °C.

3. Experimental results
3.1. Chemical analysis
3.1.1. Electron probe microanalysis
The chemical composition of the as-deposited and

treated W-Me-C films obtained by EPMA is summar-
ized in Table 1. The results show an increasing iron
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TABLE 1. Atomic chemical composition of the targets and the W-Me-C (Me =Fe. Coi films in the as-deposition state and alter

annealing at 750 °C

Targets® Reference Coatings

As-deposited state After annealing at 750°C

Composition M, C Composition M C
(WC) RI W, Cl, M, {C W,,C; M, -C
(WC)y5Cos + Fe [~ 0.5 cm?] R2 W,,Fe,CocsCas M, .C W,,Fe <Cos Cae M, ,C
(WC)+Fe[~0.5cm’| R3 W FeC, M,.C WeiFe, Cag M, C
(WC)ysCos R4 W;,Co.Cla M, W¢;C0,Cy M, C
(WC)+Fe[~1cm’] RS WaesFe:Cls M, C WeoFe 25Cays M, C
(WC)yyCoyq R6 W3C0,3Cs M, C W4oCopaCay M, C
(WC)yyCo,yy + Fe [ ~ 0.8 cm’| R7 W,;Fe,Co,;Cyy M, ,C W, Fey sCo Caas M,;C
(WC)gsCoys + Fe [~ 1 em?] R8 WisFe, 3C0\Cas M,,C W,sFe sCoy;Cas M, C
(WC)+ Fe [ ~3 Cm:] R9 W}yFe:;(.C_g_‘; M: “C wJ:FC]_ﬁC:_} M‘ _-;C
(WC)ysCo, s + Fe[ ~ 2 cm?] R10 Wi;FeyCoysCaa M,,C WigFe,sCoyC M., C
(WC)Q_;COS +Fe [ ~2 szl RI1 W.;.,Fez,,COSC}_s M: [( WJ:FC:5(‘()(‘(‘_\7 M: .C
(WC)+Fe |~ 4 cm?] RI12 W, FeyyCoy M,.,C WiFe,sCig M, C
(WC)sCo,s+ Fe| ~ 3 cm?| RI13 W,, Fe,;Co,7:Cay M. . C W,.Fe,Co-Chy s M,.C

*The atomic compositions of the WC-Co targets arc those indicated by the manufacturer.

content in the films with an increase in the area of the
iron foils used as targets in the co-sputtering process.
The relative percentages of tungsten, cobalt and
carbon in the films deviate slightly from those of the
target, being partially enriched in the first two ele-
ments and depleted in the last one. All the films have
W at.%/C at.% ratios higher than unity (except for
R13), this ratio increasing with the decrease in iron and
cobalt percentages.

After annealing at 750 °C, the carbon contents of the
W-Me-C films are significantly lower than before heat
treatment. The loss of carbon occurring during isother-
mal treatment is much more important the higher the
initial atomic percentages of iron and cobalt in the
films.

3.1.2. Secondary ion mass spectrometry

Figure 1 showsthe C~, 0", Fe*,Co* and W* SIMS
sputter depth profiles obtained for the W-Me-C films
in the as-deposited condition and after annealing at
two different temperatures (650 °C and 750 °C). In this
figure the counts of the secondary ions are plotted as a
function of the distance to the surface.

For the as-deposited condition a well-defined film/
substrate interface is observed at ~ 1.2 um below the
surface. Support for this view is gained from the fact
that a decrease of the counts of the secondary C~, Co™*
and W* ions is observed at that distance. A narrow
oxygen peak is detected at the film/substrate interface
which may be the result of oxygen impingement at the
surface of the steel substrate.

The SIMS composition—-depth profiles correspond-
ing to annealing at 650 °C reveal the existence of diffu-

sion phenomena from the film into the substrate and
vice versa, and a less well-defined film/substrate inter-
face. The intensity of the secondary C~ ions measured
in the film is lower than that obtained before heat treat-
ment. Moreover, a negative gradient of the C  signal
intensity is observed on the cross-section of the film,
suggesting carbon diffusion into the substrate. The
elements Co and W appear to diffuse from the film into
the substrate while Fe diffuses in the opposite direc-
tion.

At an annealing temperature of 750 °C, the C~ ion
signal becomes constant and of the same magnitude in
the film and substrate. Cobalt and tungsten extend into
the M2 substrate while iron diffuses into the film. All
but the O~ profile now reveal a broad film/substrate
interface.

3.2. Structural analysis

3.2.1. X-ray diffraction

The X-ray diffractograms obtained from as-depo-
sited and heat-treated W-Me-C films show a clear
dependence on chemical composition. Depending on
the initial structure and structural changes occurring
during heat treatment, they could be classified into four
groups, Figs. 2(a)-2(d).

3.2.1.1. Group I. This group includes films without
iron or cobalt (R1) with a crystalline structure in the as-
deposited state. Their diffractograms show five rela-
tively broad X-ray diffraction peaks ascribed to the
NaCl-type 8-WC, _, phase [2]. The X-ray diffractograms
obtained after annealing at 650 °C are quite similar to
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Fig. 1. SIMS sputter depth profiles for the film R10 on a M2 (AIS]) high-speed steel substrate, in the as-deposited condition and after

annealing at 650 °C and 750 °C.

those obtained for the as-deposited condition. How-
cver, the appearance of a very weak and broad peak at
20=157.26° corresponding to the (101 1) plane of the
WC phase (3], should be pointed out. At 700°C, a
more pronounced (1011) peak of WC and some broad
peaks of W,C [4] are visible. The (111) and (222)
planes of the B-WC, _, carbide show weaker intensities
than before. The X-ray diffraction patterns obtained
after annealing at 750 °C show a better definition of the
peaks relating to the W,C and WC phases and a weaker
intensity of the (111) and (222) planes of the 8-WC, _,
phase.

3.2.1.2. Group Il. This group is constituted by films
that before heat treatment have X-ray diffractograms
revealing slight signs of crystallinity (R2, R3 and R4),
with two broad diffraction peaks, characteristic of
amorphous structures, and a third peak at 26=73.2°,
probably due to the (220) plane of the 8-WC, _ phase.
The X-ray diffraction patterns obtained for annealing
temperatures of 650°C and 700°C consist of five
peaks ascribed to the B8-WC, _, phase in addition to a
broad and weak sixth peak close to 2 6= 57.1°, indexed
as the (1011) plane of WC. The intensity of the (1011)
WC peak intensity increases with heat treatment
temperature. X-ray diffraction patterns obtained for
T'=750°C show several well-defined W,C peaks. No

other peaks related to either the B-WC, _, or the WC
phase are visible for this annealing temperature.

3.2.1.3. Group III. This group contains films with
X-ray diffractograms typical of amorphous structures,
characterized by two broad diffraction peaks, and Me
at.% lower than 40 (R5~R11). At T=650°C, fairly
narrow peaks of W,C may be observed in addition to
these two broad peaks. Their intensity and definition
seem to increase with the iron and cobalt contents in
the films; the area under the two broad peaks of the
amorphous phase decreases with an increase in the
iron and cobalt content. For higher annealing tempera-
tures, the X-ray diffractograms show peaks correlated
to a crystalline two-phase structure of W,C and M,C
[S]. Taking into account the intensity of the diffraction
peaks obtained from the films of this group, it can be
concluded that the relative final percentages of the
W,C and M(C phases in these films depend on the
total content of element Me. Coatings poorer in Fe and
Co are essentially formed by W,C while those richer in
these elements by M, C.

3.2.1.4. Group IV. This group includes amorphous
as-deposited films with Me at.% higher than or equal to
40 (R12 and R13). In spite of the same initial structure,
the phase transformations of these films with tempera-
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Fig. 2. X-ray diffraction patterns of the four groups of W-Me-C (Me = Fe, Co) films: (a) Group I; (b) Group II; (c) Group III; (d) Group

1v.

ture are rather different from Group III films. Their  partially enriched in tungsten and cobalt, and depleted

structural evolution with temperature is

characterized in carbon. This can be interpreted in terms of the

by the appearance of M,C and the absence of W,C. different sputtering yields for these three elements. In

4. Discussion

fact, despite the lower clemental sputtering yicld of
carbon relative to cobalt and tungsten [6] (for ion bom-
bardment energies up to 1000 eV), for multicom-
ponent materials a tendency for the lightest species to

The chemical composition of as-deposited W-Me-C  sputter preferentially has been predicted (7). Thus, the

films deviate slightly from that of the

targets, being  film bombardment that occurs during the sputtering
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process leads to W-Me-C films richer in tungsten and
cobalt and deficient in carbon.

The decrease of the W at.%/C at.% ratios observed
with the increase in iron and cobalt percentages in the
films is a direct consequence of a carbon sputtering
yield dependence on the atomic weight of the nearest
neighbours, as previously postulated by some authors
[8-10] and later confirmed by H. F. Winters [11].
According to this author, nitrogen has a larger sputter-
ing yield when its nearest neighbours are tungsten than
when its nearest neighbours are molybdenum, as a con-
sequence of mass effect. Thus, taking into account the
similarities between the nitrogen and carbon atoms and
the differences between the mass of W and the
elements Fe and Co, it can be concluded that the
carbon deficit in W-Me~C films is much more import-
ant the lower the iron and cobalt percentages in the
targets.

Comparing the chemical composition of films in the
as-deposited state and after annealing at 750 °C, it can
be concluded that they lose carbon during heat treat-
ment. Bearing in mind the characteristics of the carbon
atom (interstitial type) and the different carbon percen-
tages in the various films and M2 steel ( ~ 7.4 at.%), it is
reasonable to accept that there is carbon diffusion into
the substrate. A relationship between the initial com-
position of the films and the loss of carbon is observed,
fitms richer in iron and cobalt (amorphous in the as-
deposited state) being those that lose a larger amount
of carbon during annealing. The diffusion of carbon
may eventually be enhanced by a disordered environ-
ment induced by the difference between the atomic
radii of both the iron and cobalt elements and that of
tungsten, favouring the formation of structures poorer
in carbon. Besides, since carbon has a higher affinity
for tungsten than for iron or cobalt, lower activation
energies should be necessary for carbon diffusion in
films poorer in tungsten than for those richer in this
element, favouring the migration of carbon atoms into
the substrate.

X-ray diffraction analysis showed that the structure
of as-deposited W-Me-C films is dependent on
chemical composition. The results now obtained for
the as-deposited state are comparable to those pre-
viously obtained for W-Fe-C {1] and W-Co-C [12]
systems. In spite of the crystallinity signs of Group 11
films, only the W,,C,, film (Group I) has a clear
crystalline structure, indexed as B-WC,_, [2]. This
carbide has an NaCl-type structure, and is believed to
be a cubic variant of WC [13]. When obtained by con-
ventional methods, 8-WC, _, is a high temperature
phase and exists only above 2530 °C [14]. Its occur-
rence in the as-deposited state of sputtered W-Me-C
crystalline film is not in agreement with the W-C
equilibrium diagram [14] but is in accordance with the

| Structural behaviour of W-Me-C films with temperature
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M-to-C initial ratios (1.3-1.4). Films richer in iron and
cobalt (Groups III and IV) in the as-deposited state
present X-ray diffractograms with two broad peaks,
characteristic of amorphous materials. In fact, their
widths indicate, by the Sherrer equation [15], particle
sizes below 1.5 nm, which implies short distance order
(16]. A parallel study that we have undertaken on these
films [17] by means of transmission electron micro-
scopy has shown bright field images without contrast
and associated electron diffraction patterns with very
broad and diffuse rings confirming the existence of
amorphous structures. In the literature of W-Me-C
sputtered films, there are some references to amor-
phous structures [1, 12, 18-21). Among the possible
explanations of these two elements contributing to the
amorphization of W-Me-C films, the most plausible
are:

(1) The melting temperature decreases and T,
increases in W-Me-C systems with increasing iron and
cobalt content. This idea was advanced for the
W-Co-C system by Cavaleiro [12] on the basis of the
work of Takayama [16] and Chen [22], for the
Pd-Co-Si system.

(2) Low solubility of iron and cobalt in the W-Me-C
systems prevents the formation of supersaturated solid
solutions. In fact, in a previous study concerning the
influence of iron on the structure of W-Fe-C as-
deposited films ‘obtained by non-reactive RF diode
sputtering [1], we showed that for low iron concentra-
tions it was possible to obtain crystallinity. By means of
XRD and Mossbauer spectroscopy it was concluded
that for up to 9 at.%, iron atoms substitute those of
tungsten in the f.c.c. lattice of the 8-WC,_, phase.
Above this value they cannot replace the atoms of
tungsten in such a structure and the films become
amorphous.

The thermal behaviour of W-Me-C films obtained
in this work showed structural changes with tempera-
ture, the type of phase transformations and the final
structure of the films being dependent on their initial
composition. As previously mentioned, the structure of
crystalline as-deposited films changes with temperature
from B-WC, _, to the less compact structures WC and
W,C, which can be understood by the higher low-
temperature stabilities of these last two structures when
compared to that of the first. In the W-C equilibrium
diagram, WC exists as a single phase from room
temperature up to 2776 °C, while W,C exists within a
narrow range of 30 at.% and is capable of appearing in
three states [13, 14], depending on the temperature:

(a) a<(W,C), an ordered hexagonal or pseudohexa-
gonal structure stable between 1250 °C and 2100 °C;
(b) B-(W,C), an orthorhombic phase (Fe,N-type) exist-
ing in the range 2100-2400 °C;

(c) y(W,C), a disordered hexagonal structure stable
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between 2450°C and the melting point. It was not
possible in this study to ascribe the W,C phase to
one of the three crystallographic structures, a-(W,C),
B-(W,C) or y-(W,C), due to their similar interplanar
distances [4].

The crystallization mechanism of Group 1l films is
characterized by the formation of WC from the as-
deposited structure and later by the development of
W,C. Judging from the metastability of the 8-WC, _,
phase, one may accept that this carbide already exists
before annealing (as-deposited state), in an embryonic
state, as previously suggested. If this assumption is true,
there is no amorphous to 8-WC, _, transformation but
only an increase in the B-WC,_, particle size with
temperature. The W,C formation from g-WC, _, and
WC is in accordance with the carbon impoverishment
of these films during successive annealing heat treat-
ments (Table 1). The final M-to-C ratios obtained for
films of Group I1(1.8-1.9) are consistent with the exist-
ence of a W, C single phase and suggest a certain solu-
bility of iron and cobalt in this carbide.

For Group IlI films, the W,C carbide is the first
crystalline structure that occurs with increasing anneal-
ing temperature. This may be explained by the initial
deficit in carbon of these films (1.5-2.1) that does not
allow the formation of phases richer in carbon (WC
and B-WC, _,). The MC carbide (cubic carbide, with
M =W, Fe and Co) is the final structure to appear and it
is quite difficult to know if it comes directly from the
amorphous phase or if it is the result of a structural
transformation of W,C into MyC in a matrix enriched
in iron and cobalt. It seems that M C grows predomi-
nantly from the W,C phase, as observed in tungsten
alloyed steels [23]. In fact, the structural stability of the
M,C phase [24] at high temperatures and the similarity
of carbon atoms in both structures favour the W,C to
M,C structural transformation. The loss of carbon
necessary for the formation of M¢C from W,C is due to
the increase of carbon diffusion into the substrate with
annealing temperature. As stated above, for this set of
W-Me-C films, W,C is the dominant phase in those
with low iron and cobalt content, while M,C is the
major phase in those richer in these two elements. The
mean compositions of these heat-treated films oscillate
from M, (C (R5) to M, ,C (R10), which is in agreement
with the simultaneous presence of W,C + M,C.

The structural evolution with temperature of Group
IV films, as opposed to the other W-Me-C films, is
characterized by the absence of §-WC,_,, WC and
W, C phases. The M,C phase is formed from the amor-
phous matrix. This behaviour is explained by the
higher content of iron and cobalt in the structure of
W-Me-C films. As mentioned above, the increased Me
content in the amorphous structure favours the
decrease of carbon in the film during heat treatment.

Structural behaviour of W-Me-C films with temperatitre

5. Conclusions

The results of a structural characterization study of
sputtered W-Me-C (Me = Fe, Co) films in the as-depo-
sited state and after annealing at increasing tempera-
tures have been reported. The following conclusions
may be drawn from this study:

(1) The structure of the as-deposited films is
dependent on chemical composition; it changes from
B-WC, _, to amorphous with increasing iron and cobalt
contents.

(2) The thermal structural evolution of the W-Me-C
films essentially depends on the Me percentage.
During annealing, the sequence of structural trans-
formations with increasing Me and temperature is
B-WC,_ . ~WC-W,C—-M,C.

(3) Both SIMS and EPMA measurements showed
carbon diffusion into the steel substrates for all
W-Me-C films during successive heat treatments. This
means that the application of W-Me-C films deposited
onto steel as hard films for tools may require the exist-
ence of an additional layer between the film and sub-
strate to act as a barrier to the migration of carbon
atoms into the steel substrate. Another solution might
be the incorporation of another element in the
W-Me-C films that would stabilize the as-deposited
structure and would avoid the diffusion of carbon into
the steel.
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