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Diamond films have been grown on carbon steel substrates by hot filament chemical vapour deposition
(CVD) methods. A Co-containing tungsten-carbide coating prepared by high velocity oxy-fuel spraying was
used as an intermediate layer on the steel substrates to minimize the early formation of graphite (and thus
growth of low quality diamond films) and to enhance the diamond film adhesion. The effects of thickness
and cycle parameters on adhesion, tribological behaviour and electrochemical treatment of the diamond film
were investigated. The diamond films exhibit excellent adhesion under Rockwell indentation testing (1500 N
load) and in high-speed, high-load, long-time reciprocating dry sliding ball-on-flat wear tests against a Si3N4

counterface in ambient air (500 rpm, 200 N, 300000 cycles). Time modulated CVD (wherein the CH4 fraction
in the process gas mixture is cycled in time) is shown to yield diamond films offering an exceptional
combination of low friction, high hardness, high wear resistance, as well as promising corrosion resistance.
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1. Introduction

Wastage due to the combined effects of wear and corrosion has
received much attention in recent years, due to the prevalence of such
problems in many diverse environments. As engineering applications
become ever more demanding, there is an increasing requirement for
composite coatings that both protect the substrate to retain its
mechanical strength, but also enhance the resistance of the substrate
to wear and corrosion [1]. Alloy steels are among the most commonly
used and cost-effective structural materials in modern industry.
However, when steel is used for critical wear resistant components
and machining tools in harsh (wear, corrosive and erosive) environ-
ments, accelerated damage usually occurs. Diamond has exceptional
mechanical and corrosion resistant properties [2,3], i.e. the highest
hardness and wear resistance, the lowest friction coefficient, as well as
chemical inertness to aqueous corrosion, which make diamond films
grownby chemical vapordeposition (CVD)potentially ideal coatings for
wear resistant components and machining applications [4], including
bearings, mechanical seals, cutting tools, and gears. Well-adhered
diamond films deposited on steel surfaces can lead to major improve-
ments in the life and performance of steel tools, since the early failure of
such tools is usually initiated at the outermost surface. Despite the great
industrial potential, practical applications of this technique have been
limited due to difficulties in achieving satisfactory diamond film
adhesion to the steels, as a result of several limiting factors [5–8].
These include: (1) iron catalyses graphite formation at diamond/steel
interfaces during the CVD process; (2) the high solubility of carbon in
the iron fcc phase leads to prolonged diamond nucleation times; (3) the
large difference in the coefficients of thermal expansion between
diamond and steel may induce high stress within the deposited
diamond films. As direct diamond coating of steel is very difficult,
modification of the surface, or the use of interlayers, in order to improve
the quality and adhesion of any diamond coating is indispensable. The
use of intermediate layers traditionally involves complex and costly
multi-stepprocedures, and the adhesionatboth the substrate/interlayer
and the interlayer/diamond interfaces has to be simultaneously
guaranteed. Different kinds of steel substrate modifications and the
application of various interlayers have been reported [9]. Buijnsters et al.
[10] obtained low-residual-stress films on ferritic tool and AISI type 316
austenitic stainless steels by a boriding pretreatment. Chromiumnitride
or carbide coatings have been used extensively as interlayers for
diamond deposition on steel substrates, and can lead to improved film
quality and adhesion [11–21]. Haubner et al. [21] investigated diamond
deposition on steel substrates first coated with industrially available
intermediate PVD-layers (CrN, TiAlN, TiCN, TiN, WC/C), with particular
reference to nucleation and growth and, additionally, the influence of
the intermediate layers on carbon diffusion. Nucleation rates were
found to be low, and no diamond coatingswere observed. For industrial
applications, enhancing nucleation remains an issue, as does the
adhesion of any diamond layer to the various intermediate layers.

The wear mechanisms and the electrochemical behaviour of thin
diamondfilmshavebothbeen the subject ofmanyprevious investigations
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[22–37]. Natural diamond is a chemically-inert and wear resistant
material in a wide range of aggressive environments, but we are aware
of no publications investigating how the erosion or corrosion of
continuous polycrystalline diamond films affects their adhesion to steel
substrates. Such studies are important, given that many of the more
obvious tribological applications of such coatings involve corrosive and
erosive environments. In the present work, a Co-containing tungsten
carbide (WC-Co) coating has been thermally sprayed on carbon steel
using a high velocity oxy-fuel (HVOF) spray technique to act as an
intermediate layer prior to diamond film deposition, in order to improve
the quality and adhesion of the latter. Gowri et al. [38] have found that
dense and adherent diamond coatings can be deposited by a two-step hot
filament (HF) CVD method on high speed steel that was previously
borided or coatedwith aWC-Co interlayer. The present study investigates
how the thickness of CVD diamond coatings on steel substrates affects
their fretting wear, describes some preliminary study of their electro-
chemical corrosion and how this can affect the diamond film adhesion,
and ends by identifying a coating route that simultaneously guarantees
high adhesion, low friction, high wear resistance, and suggest promising
corrosion resistance.
2. Experimental details

Diamond films were deposited in a HF assisted CVD reactor
designed and constructed in the Department of Physics at the Royal
Institute of Technology, Stockholm (Sweden), [39], and subsequently
transferred to Central South University.

The films were grown on carbon steel plates, and a Co-containing
tungsten carbide (WC-Co) coating was used as an interlayer to improve
the nucleation, quality and adhesion of the diamond film. The flat
specimens used in this study were 50×30×5 mm3 AISI 1085 carbon
steel plates coated with a WC-Co interlayer (∼400 μm in thickness) by
HVOF. TheWC-Co blends used here typically comprised 85-90%WC and
10-15%Copowder (powder size∼2-5 μm), and the sprayingparameters
were: oxygen flow57 m3/h; spray distance 30 cm; fuel rate 23 liters per
hour. The substrates were then cut into smaller plates of dimension
10×10×5 mm3 by spark cutting. Due to the high roughness of the
sprayedWC-Co interlayer, the specimens were polished with diamond
polishing agent; the final interlayer thickness after polishing was
∼200 μm and the surface roughness ∼3 μm. All specimens were then
etched using the following two-step pretreatment: (i) etching by
Murakami's reagent (10 g K3[Fe(CN)6]+10 g KOH+100 ml H2O)
for 3 minutes in an ultrasonic vessel [40]; (ii) removal of the surface
Co by etching in an acidic solution of hydrogen peroxide (2 ml 96 wt.%
H2SO4+2 ml 68 wt.% HNO3+20 ml 40% w/v H2O2+40ml H2O) for
2 minutes. Prior to diamond deposition, all pretreated specimens were
first abraded ultrasonically in a suspension of diamond powder
(b500 nm particle size) in acetone for 30 minutes. This treatment,
Table 1
Experimental parameters used for diamond film deposition on carbon steel substrates
with a WC-Co interlayer.

Specimen No. D1 D2 D3 D4 D5 D6

Substrate pretreatment two-step
pretreatment

Filament-substrate
distance (mm)

8±2

Substrate temperature
(°C)

750±50

CH4/H2 ratio (vol. %) 3 3 (20 min)/1
(20 min)

3 (10 min)/1
(30 min)

Deposition pressure
(kPa)

3

Total gas flow rate
(sccm)

50

Deposition time (min) 180 300 480 2760 320 600
often described as ‘seeding’, encourages the subsequent inhomoge-
neous nucleation of diamond during CVD — either by implanting
ultrafine diamond fragments into the substrate surface, or by creating
suitable surface defects. Table 1 shows parameters whichwere typically
maintained constant for each specimen and deposition. At least three
specimens of each type were deposited under the same conditions. The
results presented in this article are representative of those found for all
specimens subjected to a given parameter set.

The surface and cross-section morphologies of the diamond films
were characterized by scanning electron microscopy (SEM, FEI,
Sirion200 Field-emission SEM and Quanta200 Environmental SEM),
and their quality assessed by Raman spectroscopy (LabRAMHR800), at
an excitation wavelength of 488 nm (argon ion laser, output power of
100 mW). Electrochemical investigations of the diamond coated steel
specimens were conducted in a glass cell with a platinum counter
electrode and a saturated calomel electrode (SCE) as reference using a
galvanostat/potentiostat. The specimens were tested in 3.5 mol/L
aqueous NaCl solutions at room temperature. Open circuit potential
curvesweremeasured after immersing the coated layers in the solution
for 30 min to ensure potential stabilization. The potentiodynamic
polarisation curves were recorded at a scan rate of 1.0 mV/s, in both
the forward and reverse directions, starting from cathodic potentials.
For all specimens, only the diamond coated top surfaces were exposed
to the solution; the other faces (including the backsides)wereprotected
by a corrosion resistant lacquer. The current densities were thus
obtainedbydividing themeasured currents by the surface areas actually
exposed to the solution.

The adhesionand tribological propertiesof thediamond-coated steel
substrates were characterized using a Rockwell hardness tester with a
Brale diamond indenter (angle=120°, radius=0.2 mm) at loads of
600 N, 1000 N and 1500 N, respectively, and by reciprocating fretting
tests. Friction and wear tests were conducted using a ball-on-disk
tribometer (High Load, Heavy Duty Tribometer, UMT-3, CETR, USA)
withpairs of siliconnitride (Si3N4) balls anddiamond-coated substrates.
Themeasurements weremade in open air, at ambient temperature and
at a relative humidity (RH) of (65±5) %. A Si3N4 ball (9.5 mm in
diameter) with a surface finish of better than 0.1 μmwas loaded on the
diamond coated flat steel specimen as counterface materials mounted
on a horizontal translation table. Loads (F) of, respectively, 5, 20, 50 and
200 N were applied to the Si3N4 ball while the test specimens were
subjected to a reciprocating displacement with the sliding velocity (V)
set at either 500 or 1000 rpm. The sliding distance of the Si3N4 ball vs.
diamond-coated steel substrates in the reciprocating fretting tests was
Fig. 1. X-ray diffraction patterns of (a) the as-coatedWC-Co interlayer on a carbon steel
substrate, (b) a D1 specimen.
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∼4 mm. The coefficient of friction (COF) was obtained from the
measurement of the tangential force exerted on the ball during sliding.
The COF signal was integrated with a time constant of 0.01 s.

3. Results and Discussion

During thermal spraying, the cobalt phase in a WC-Co particle starts
to melt as it is heated in the hot gas jet and the WC grains begin to
dissolve within it. The periphery of the semi-molten particle becomes
Fig. 2. Representative SEM images of diamond films deposited on specimens (a, b) D1, (c, d)
D2, (e, f) D3 and (g, h) D4. Left images are top views, while right images are cross-sections.

Fig. 3. Raman spectra of diamond films deposited on (a) D1, (b) D2, (c) D3 and (d) D4

specimens.
decarburized by oxidation, promoting further WC dissolution. The
molten or semi-molten particles then impact on the substrate to form a
laminar coating composed of many layers, called ‘splats’. Particle
quenching upon impact with the substrate results in precipitation of
W2C and, possibly, W from the melt, depending on the local melt
composition [41]. In the present work, the HVOFWC-Co coatingmainly
consists of the following phases: WC, a small amount of Co, and a trace
amount of W2C demonstrated by the XRD data shown in Fig. 1(a). No
elemental W phase could be detected from this analysis. Thermal spray
coatings normally also contain non-uniform distributions of carbide and
cobalt ‘lakes’ [42]. Various researchers have compared sintered WC-Co
with thermally sprayed WC-Co with a view to understanding the
microstructure-performance relationships and thereby improving the
performanceof coated systems tomatch thatof sintered surfaces [1]. The
tribological behavior, and the abrasion and erosion resistance, of these
thermally sprayed WC-Co coatings is generally poorer than that of bulk
sinteredWC-Co−reflecting the inhomogeneousmicrostructure and the
phase transformations of the starting material, which lead to wide
variations in mechanical properties and corrosion resistance [1,43].
Wayne et al. [43] deduced that, for coatings, a porous structure causes
poor intersplat bonds and weaker carbide to matrix bonding which, in
turn, reduces the fracture toughness, and hence the erosion resistance.
Thakare et al. identified preferential corrosion along the periphery of the
carbide grain [42], i.e. in regions which are likely to have formed W2C,
and corrosion of the decarburized surface of the grain (which gradually
progresses towards the carbide grain centre). Lima et al. find that an
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increasing W2C fraction is probably the most significant factor in
reducing the fracture toughness ofWC-Co coatings, and that appropriate
post-heat treatments can improve the indentation toughness of
thermally sprayedWC-Co coatings [44]. Typical substrate temperatures
for diamond deposition are in the range 600≤Ts≤950 °C. Processing
such thermally sprayed WC-Co coatings in a CH4/H2 atmosphere under
diamond CVD conditions (i.e. high Ts) is very much like a uniform heat
treatment. Diffusion of active atomic carbon encourages transformation
of W2C→WC [45], while Co diffusion tends to homogenize the
microstructure and phase composition, with the result that the WC-Co
interlayer develops a similar microstructure and phase composition to
that of bulk sintered WC-Co [4] (see Fig. 1(b)), and the mechanical
properties and corrosion resistance of the interlayer will be enhanced.

Fig. 2 shows representative surface and cross-section SEM images of
diamond films with different thicknesses. The SEM images show dense
and homogeneous diamond coatings and typical diamond crystallite
morphologies.With increasinggrowth time, thediamondfilm thickness
and the average diamond crystallite grain size increases. No ball-shape
cobalt particles, such as reported elsewhere [46], were evident on the
surface of any of the diamond films grown in this work.

Raman spectra of films deposited on specimens D1, D2, D3 and D4 are
shown in Fig. 3. The diamond peaks in these spectra are somewhat blue-
shiftedwith respect to the peak position in a natural, stress-free diamond
sample (1332.2 cm-1), which is the result of residual, compressive stress
attributable to themismatch in thermal expansion between the substrate
and the diamond film. The ratio of the intensities of the sp2 characteristic
feature at ∼1550 cm-1 and the diamond peak at ∼1340 cm-1 decreases
with increasinggrowth time, indicating a reductionof the relative amount
of sp2-bonded carbon and an improvement in quality with increasing
diamond film thickness. Such a finding accords with the SEM images
(Fig. 2),which showed the grain size increasingwith deposition time. sp2-
bondedcarbons are foundpredominantly at thegrainboundaries, [24] the
relative density ofwhich (in any given laser probe area)will be greatest in
the case of small grain (i.e. short growth time) material.

Rockwell indentation tests were performed with loads of,
respectively, 600 N, 1000 N and 1500 N. Results obtained with the
1500 N load are shown in Fig. 4. No flaking-off of the diamond film
Fig. 4. SEM images of Rockwell indentations of (a) D1, (b) D
was observed around the indentation on any of the specimens,
demonstrating the good adhesion of all of the diamond films.

Fig. 5 shows the electrochemical behaviour of the base carbon steel
substrate, the steel substrate coated with the WC-Co interlayer, and
diamond films (of different thickness) on steel substrates coated with
the WC-Co interlayer, upon potentiodynamic polarisation in an
aerated 3.5 mol/L NaCl solution. The potential corresponding to the
minimum current density is known as the equilibrium corrosion
potential (Ecorr). Compared to the bare carbon steel reference
specimen, Ecorr is shifted in the positive direction for both the WC-
Co interlayer coated carbon steel substrate and the diamond coated
substrate; the magnitude of this shift for the diamond coated carbon
steel substrate with a WC-Co interlayer is much greater however, and
the magnitude of this shift increases as the thickness of the diamond
film increases. No evidence of attack or morphological changes of the
diamond films were observable after anodic polarisation for 30 min.

As described before, during thermal spraying, as a WC-Co particle
is heated in the hot gas jet, the cobalt phase melts and the WC grains
begin to dissolve within it. Molten or semi-molten particles impact on
the substrate to form a laminar coating composed of many layers,
called ‘splats’. Some of the incident particles overlap previous splats,
some connect to previous splats, and others land within the
intervening spaces. As Fig. 6(a) illustrates, an incident splat can
bridge between existing splats to form gaps of differing sizes (e.g. style
A and B) – as reportedmany times previously [1,42]. Thakare et al. also
found an inhomogeneous distribution of carbide-rich and binder-rich
areas within the coating, and that the carbide size distribution within
the coating was non-uniform, with larger carbide components
concentrated towards the centre of the splats and finer carbides
along the splat boundary [42]. Direct deposition of an adherent
diamond coating on Co-containing cemented carbide is challenging
because of the presence of cobalt at the substrate surface. This limits
diamond nucleation, since Co can catalyze the formation of graphite
and other non-diamond carbon phases, leading to very low film
adhesion [46,47]. With appropriate chemical pretreatment, however,
diamond nucleation on, and adhesion to, a WC-Co interlayer can be
greatly improved. The previously described two-step pre-treatment
2, (c) D3 and (d) D4 specimens under a load of 1500 N.
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Fig. 5. Comparison of potentiodynamic polarization curves of: (a) the carbon steel substrate;
(b) the WC-Co interlayer coated carbon steel substrate; and diamond films deposited on
specimens (c) D1, (d) D2, (e) D3 and (f) D4 in the aerated 3.5 mol/L NaCl solution.
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yields a Co-deficient, porous, corrosion layer on the substrate surface
(illustrated schematically in Fig. 6(b)). Given the porosity and the
inhomogeneous distribution of binder-cobalt areas within the initial
WC-Co coating formed by HVOF, it is essentially impossible not to end
up with a rough surface after chemical pre-treatment (as shown in
Fig. 6(c)). Most Co agglomerates will transform into surface pits
during the two-step etching. Surface defects created by the two-step
chemical pre-treatment enhance diamond nucleation, but also result
in a non-uniform distribution of nucleation sites – thereby increasing
the surface roughness further [4].

A diamond film grown on such a rough surface will initially tend
to replicate the surface topology (as shown schematically in Fig. 7
(a)), [4] but the memory of the underlying morphology will fade as
the growth time is extended. The surface topology of thicker diamond
films will progressively be determined by the CVD conditions, rather
than the roughness of the underlying substrate – as illustrated in
Fig. 6. Models of defects and pores formed by (a) thermal spray deposition and
(b) before and after chemical etch pre-treatment. (c) shows an SEM image of a typical
HVOF WC-Co surface after two-step chemical pretreatment.
Fig. 8(a). Rougher surfaces tend to induce increased ploughing (and
hence display higher friction) under reciprocating fretting wear
testing. A well-adhered thin diamond film will be progressively worn
down during reciprocating slide testing (as illustrated schematically
in Fig. 7(b) and in practice by the SEM images shown in Fig. 7(c) and
(d)); fragments may also break off if the horizontal shearing force
exceeds the fracture strength of the WC-Co coating or the bonding
strength of the diamond film to the underlying WC-Co coating. The
SEM image shown in Fig. 7(e) shows a region of the WC-Co interlayer
exposed by such a fracture. The horizontal shearing force associated
with reciprocating slide testing is generally distributed more widely
in the case of well-adhered thicker diamond film. Wear in this case is
seen to involve initial removal of surface asperities (by fracture or
Fig. 7. Fretting wear of thin diamond films deposited on a WC-Co interlayer (i.e.
specimens D1 and D2). (a) and (b) illustrate the morphology of thin diamond films on a
rough substrate surface, before and after fretting wear. (c) and (d) show top view SEM
images of thin diamond films worn by slide testing, while (e) shows an area of rough
WC-Co interlayer exposed by shearing-off a part of diamond film during slide testing.
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Fig. 8. Fretting wear of thick diamond coatings deposited on a WC-Co interlayer (i.e. specimens D3 and D4). (a) – (c) illustrate the morphology of a thick diamond film on a rough
substrate surface, and its progressive fretting wear. (d) – (g) show top view SEM images of diamond coatings worn and polished by slide testing on D4 ((d) and (e)) and D3 ((f) and
(g)) Specimens.
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polishing) – Fig. 8(b) – followed bymore uniform polishing – Fig. 8(c).
The accompanying SEM images serve to illustrate such behaviour in
the cases of specimens D4 (Fig. 8(d) and (e)) and D3 (Fig. 8(f) and (g)).

The progressive evolution of the surface morphology and composi-
tion is also revealed through the measured COF values. Fig. 9 shows the
COFs of Si3N4 balls sliding in air against diamond films of different
thickness. Specimen D1 (with F=5 N, V=500 rpm) exhibits a COF
versus long time (t) dependence that contains features attributable both
to film wear and to film flake-off in the period up to ∼21200 s (177000
cycles), after which timemuch of the thin film has beenworn away and
the COF increases rapidly to N0.20 as shown in Fig. 9(a). The COF of the
WC-Co interlayer itself is N0.30, however, implying that some diamond
film is still present. Fig. 9(b) shows early time data for another D1

sample, measured with a larger load (F=50 N, V=500 rpm). The COF
in this case shows a gradual increase, consistent with progressive
flaking-off of the thin diamond film (and concomitant decrease in the
diamond/WC-Co area ratio). The COFdata shown in Fig. 9(c) and (d), for
D2 specimens, show many parallels with that measured with the D1

samples. The long time COF plot for specimen D3 (a prototypical
example of a thicker diamondfilm) shown in Fig. 9(e) is consistentwith
the two stages of fretting wear illustrated in Fig. 8(b) and (c). The
present data suggests that surface asperities are fractured and/or
smoothed by repeated sliding passes during the run-in period; the
magnitude of the microcutting and ploughing contribution to the
measured friction therefore decreases with time. As the sliding test
continues, the rough microcrystalline diamond film is further polished,
and very low COFs are obtained in sliding-contact experiments (Fig. 9
(e)). The contact area of the Si3N4 ball on the diamond film in the early
stages of a sliding test is very small (approximating a point-contact),
ensuring that the sliding test is actually more like a scratch test but, as
testing continues, the contact area on the diamond film (both thewidth
and the depth) increases and new asperities on the film surface come
into play, and are progressively polished. The normal direction of the
sliding trace will experience a longer wear-in period and heavier wear
than that of the peripheral zone of the sliding trace. The thickest films
(specimenD4) exhibit larger diamond crystallite sizes (recall Fig. 2) and
the COFmeasurements shown in Fig. 9(f) suggest that, in this case, even
after 290000 cycles, the film is still in the polishing stage (Fig. 8(b)), and
has not reached the smooth wear stage illustrated in Fig. 8(c).

The SEM, XRD, Raman spectroscopy, Rockwell indentation, electro-
chemical corrosion and reciprocating frettingwear test results reported
in this work serve to emphasize the high quality and good adhesion of
diamond films that can be grown on WC-Co coated carbon steel
substrates after appropriate chemical pretreatment. WC-Co coatings
prove to be a good interlayer for several reasons:

(a) Tungsten forms a carbide, which can be expected to encourage
nucleation of diamond seed crystals [45,48];

(b) Thermally sprayed WC-Co coatings provide an excellent combi-
nation of wear resistance and high temperature mechanical
properties, which are now used extensively in a variety of
tribological, corrosion and tribo-corrosion applications [41];

(c) Under the process of diamond growth, diffusion of active atomic
carbon encourages transformation of W2C→WC [45], while Co
diffusion tends to homogenize the microstructure and phase
composition, with the result that the WC-Co interlayer develops
a similar microstructure and phase composition to that of bulk
sintered WC-Co, and the mechanical properties and corrosion
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Fig. 9. Measured time dependences of the friction coefficient of Si3N4 balls sliding against diamond films on specimens (a, b) D1, (c, d) D2, (e) D3 and (f) D4. The measurement
involved reciprocating sliding tests, performed in ambient air, with respective loads and velocities of (a) 5 N, 500 rpm; (b) 50 N, 500 rpm; (c) 20 N, 1000 rpm; and (d) – (f) 200 N,
500 rpm, with no added lubricant.

Fig. 10. Evolution of the friction coefficient of a Si3N4 ball sliding against a diamond
coated D3 specimen after electrochemical investigation.
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resistance of the interlayer will be enhanced. (As an aside, we
note that sintered cemented carbide (WC-Co) substrates are
widely used in the material forming industry, and CVD diamond
films deposited on WC-Co components and tools are already
available in the market);

(d) Tungsten carbide interlayers have a low thermal expansion
coefficient (relative to many other interlayers), which should
be beneficial in reducing the mismatch between the thermal
expansion coefficients of diamond and the substrate;

(e) Sliding contact between ductile materials often induces large
plastic strains in the near-surface regions, and accumulated
plastic strain at the coating/substrate interface can lead to film
breakdown [16]. The interposition of a hard, thick WC-Co
coating between the ductile steel substrate and a thin diamond
film can be expected to reduce any plastic strain in the near-
surface regions induced by sliding contact;

(f) Finally, we note that the cost of obtaining a thick WC-Co
interlayer by HVOF is lower than that of many other interlayers
deposited by physical vapour deposition (PVD) technology.

As Fig. 10 shows, the time dependence of the COF of a D3 specimen
measured by reciprocating slide testing after electrochemical
investigation is very different. The COF of this sample is relatively
higher at early time but increases rapidly to N0.30 after ∼68000
cycles− indicating that the diamond film flaked off at this time. As
the sliding test progresses, the pressure P between the diamond film
and the Si3N4 ball increases steadily, according to the equation
P=F·S (where S represents the contact area), which will tend to

image of Fig.�9
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Fig. 11. Pictorial representations of the evolving cross-sectional morphologies of diamond films grown by (a) conventional diamond CVD and (b) time-modulated CVD. The upper
horizontal line represents the constant CH4/H2 ratio with no change; the lower wavy line represents the CH4/H2 ratio in the process gas mixture is cycled in time, the wave crest
represents the higher CH4/H2 ratio, while the trough represents the lower CH4/H2 ratio. The arrows show the developing direction of time.

Fig. 12. Variations of the CH4/H2 ratio used during TMCVDon specimens (a) D5 and (b)D6.
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increase the total shear force on the diamond film. The diamond film
will flake-off when the total shear force exceeds the strength of the
bonding between the diamond film and the WC-Co interlayer.

The observation of material flake-off also demonstrates that the
electrochemical corrosion test degrades the diamond film adhesion.
Given the chemical inertness of diamond to acidic, alkaline and saline
media, diffusion of water or ions through non-defective diamond
crystallites within the coating is very unlikely. However, CVD diamond
films generally exhibit a columnar microstructure and a fibrous texture
(as illustrated schematically in Fig. 11(a)) [49]. Grain boundaries and
packing faults between the columnar structures may provide a route by
which the NaCl solution used in the electrochemical studies can
penetrate through to the WC-Co/diamond film interface, leading to
corrosion of WC-Co at the interface and a decrease in adhesion of the
diamond film to the WC-Co interlayer. The present finding that the
corrosive potential measured for the diamond coated specimens with a
WC-Co interlayer increases with diamond film thickness supports this
conjecture. Reuben et al. have used X-ray photoelectron spectroscopy
methods to investigate electrochemical attack at the silicon/diamond
interface, [50] and similar ideas have been advanced in ref. [36].
Buijnsters et al. prepared CVD diamond films on tool steel specimens
prepared with three different interlayer materials, namely CrN, Si and
borided steel, and observed that the corrosion potential was dependent
on the choiceof interlayer employed [37]. Growthon theCrNcoatedand
borided tool steel specimens resulted in continuous diamond films, but
the specimen involving the silicon interlayer exhibited the largest
positive corrosion potential; post-deposition analysis showed the CVD
coating to comprise a composite layer of carbides and diamond. All of
these data support the view that interfacial corrosion can occur by
transport through grain boundaries, cracks and microdefects in the
diamond coating that are not recognizable by SEM.

Microcrystalline diamond films deposited using conventional CVD
methods are rough and exhibit columnar growth characteristics. For
smooth substrates, such as single crystalline silicon plate, the average
crystallite size and the surface roughness of the as-grown films
increase with film thickness – as shown in Fig. 11(a). In an effort to
break the continuity of the columnar growth, and achieve amultilayer
structure along the lines of that illustrated schematically in Fig. 11(b),
the CVD conditions were varied periodically by changing the methane
concentration in the process gas mixture (see Table 1). It is well-
known that increasing themethane concentration leads to an increase
in overall nucleation density, but at the price of degrading film quality
(as judged by diamond carbon phase purity). Ali et al. [51] reported a
time-modulated (TM) CVD process for growing diamond films that
offers reduced film roughness, more controlled film microstructure
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Fig. 13. Representative SEM images of diamond films deposited on specimens D5 ((a) – (c)) and D6 ((d) – (f)). Left images are top views, middle images are cross-sections, while right
images show the results of Rockwell indentation under a load of 1500 N.
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and morphology, and improved film reliability. This procedure has
since been applied in a series of related studies [52–57]. The
distinctive feature of TMCVD involves switching the CH4 flow rates
and time durations of the CVD process. Fig. 12 shows the variations in
CH4/H2 ratio (vol. %) during TMCVD of diamond on specimens D5 and
D6 (cf the 3% CH4/H2 ratio used during conventional CVD for
specimens D1, D2, D3 and D4). For specimens D5 and D6, methane is
first introduced into the CVD reactor at a relatively high (3%) CH4/H2

ratio for a period of time, then lowered to 1% for another period, then
raised again to 3%, and the cycle repeated several times thereafter –
hence the term “time-modulated” CVD. Fig. 13 shows representative
surface, cross-section and Rockwell indentation SEM images of
diamond films grown by TMCVD on specimens D5 and D6. The surface
SEM images show dense and homogeneous diamond coatings with
typical microcrystalline morphologies. Rockwell indentation tests
Fig. 14. Comparison of potentiodynamic polarization curves of diamond films deposited
on specimens (a) D2, (b) D3, (c) D4, (d) D5 and (e) D6 in the aerated 3.5 mol/L NaCl
solution.
demonstrate the high quality and good adhesion of both specimens.
Fig. 14 shows the electrochemical behaviour of specimens D5 and D6.
Compared to the specimens D2 and D3 (which involve diamond
coatings of similar thickness but were deposited under constant
process conditions), Ecorr is shifted significantly in the positive
direction; specimen D6 shows the larger shift, the magnitude of
which is comparable to that measured for specimen D4 – in which the
diamond coating thickness is N50 μm. These observations support the
view that by periodically varying the process parameters we have
succeeded in disrupting the columnar growth and reduced the
prevalence of microdefects that act as channels through which
corrosive species can penetrate the microcrystalline diamond coat-
ings. Since the initial CH4/H2 ratio is the same, and high (3%), the
initial nucleation in both environments is similar. In the second stage
of the TMCVD process, however, when the CH4/H2 ratio is reduced, the
diamond crystals grow with better quality. The third stage involves
restoration of the higher (3%) CH4/H2 ratio, as shown in Fig. 12.
Varying the CH4/H2 ratio in this way is considered to destabilize the
growth conditions, e.g. the distributions of active gas phase species,
the carburization of the HF, the HF and substrate temperatures, and so
on, enabling more secondary nucleation between the pre-existing
diamond crystals. Further evidence in support of this assertion is
provided by the time dependent COFs shown in Fig. 15 for a D6

specimen after electrochemical investigation measured by recipro-
cating sliding tests during the stabilization period. Even after 290000
cycles, the COF remains b0.07 – appropriate for a thick, well-adhered
diamond sample (cf Fig. 9(f)).

4. Conclusions

A WC-Co coating prepared by high velocity oxy-fuel spraying has
been used as an intermediate layer on carbon steel substrates to
improve the quality and the nucleation density of diamond film
grown on these substrates, and to enhance the diamond film
adhesion. Reactive diffusion of atomic carbon during diamond CVD
at high substrate temperatures (Ts=750±50 °C) in a CH4/H2
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Fig. 15. Evolution of the COF of a Si3N4 ball sliding against a diamond film on a D6

specimen after electrochemical investigation.
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atmosphere encourages the transformation W2C→WC, while Co
binder diffuses from the interlayer to the substrate with the result that
the WC-Co interlayer develops a microstructure and phase compo-
sition similar to that of bulk sinteredWC-Co.WC-Co coatings (after an
appropriate chemical pretreatment) are shown to be particularly
good interlayers – which are efficient, cost-effective and simulta-
neously guarantee good adhesion at both the substrate/interlayer and
interlayer/diamond interfaces. The dominant wear mechanism for
diamond films is shown to depend on the diamond film thickness:
thin diamond films will wear out or break-off during high speed, long
time reciprocating sliding tests, whereas thicker diamond coatings are
initially polished and then wear smoothly. Our preliminary studies
suggest that diamond coatings deposited under constant process
conditions enhance the electrochemical corrosion resistance of a steel
substrate (immersed in 3.5 mol/L NaCl solution), but that electro-
chemical testing of such specimens reduces adhesion at the diamond/
WC-Co interface. This limitation can be circumvented, however, by
varying the diamond CVD conditions (e.g. the CH4 flow rate)
periodically – which serves to disrupt the columnar structure of the
diamond coating and reduce the probability of channeling corrosive
solution to the interface. Such diamond coatings grown by time
modulated CVD have much to offer for future tribological applications
in erosive environments. Relative to most engineering materials, this
multilayer material offers a particularly attractive combination of low
friction, high hardness, high wear and promising corrosion resistance.
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