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Influence of methane on hot filament CVD diamond films deposited on
high-speed steel substrates with WC-Co interlayer
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Abstract: Diamond films were deposited on high-speed steel substrates by hot filament chemical vapor deposition (HFCVD) method.
To minimize the early formation of graphite and to enhance the diamond film adhesion, a WC-Co coating was used as an interlayer
on the steel substrates by high velocity oxy-fuel spraying. The effects of methane content on nucleation, quality, residual stress and
adhesion of diamond films were investigated. The results indicate that the increasing methane content leads to the increase in
nucleation density, residual stress, the degradation of quality and adhesion of diamond films. Diamond films deposited on high-speed
steel (HSS) substrate with a WC-Co interlayer exhibit high nucleation density and good adhesion under the condition of the methane
content initially set to be a higher value (4%, volume fraction) for 30 min, and then reduced to 2% for subsequent growth at pressure

of 3 kPa and substrate temperature of 800 °C.
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1 Introduction

Chemical vapor deposition (CVD) diamond
coatings have enormous technological potential due to
their exceptional mechanical and physical properties
such as the highest hardness, high thermal conductivity,
chemical inertness and wear resistance [1-2]. Many
kinds of steels are widely used for the manufacture of
wear resistant components and cutting tools, so
well-adhered diamond films deposited on steel surfaces
can offer an opportunity to enhance the resistance of
steel to wear and corrosion, but also retain the
mechanical properties of steel. Hence, diamond coated
steel has obvious attractive commercial potential [3—4].
However, direct deposition of CVD diamond on steel
substrates is extremely difficult due to the following
obstacles [5—7]: 1) the diffusion of carbon into steel at
high temperatures during CVD process leads to very low
nucleation density, the formation of cementites (e.g.
Fe;C) and interfacial graphite and the degradation of the
microstructure and properties of the steel; 2) iron has a
catalytic effect on the growth of sp’ dominated
amorphous and nanocrystalline carbon, therefore, in
many cases, diamond films are actually grown on a layer

of soft graphite instead of carburized iron; 3) the large
difference in thermal expansion coefficients between
diamond and steel (Ogiamond=1% 10 %K™, aygs=11x10°K !
at room temperature [8]) may induce high residual stress
within diamond films.

A solution to these problems is the use of an
interlayer system between the steel substrate and the
diamond coating. In principle, the selected interlayer
should meet the following requirements [9]: 1) avoid the
diffusion of Fe towards interlayer surface; 2) allow the
nucleation and growth of diamond on interlayer surface;
3) supply a good bonding to both diamond films and
steel substrate; 4) have a suitable thermal expansion
coefficient, which should be beneficial in reducing the
mismatch between diamond and substrate. Improved
nucleation and adhesion of diamond films have been
obtained by the applications of various interlayers, such
as W [8], Al [10], Mo [11], Ti, Cr [12], TiC [13] and CrN
[1].

The hot filament (HF) assisted CVD methods of
adherent diamond films on carbon steel substrates that
had themselves been pre-coated with a thin WC-Co
interlayer have been reported recently [14—15]. Successful
diamond growth was achieved after pre-treating the
WC-Co interlayer with a two stage etching process,
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which had the effect of depleting the Co content on the
surface. A range of pretreatment methods for diamond
films deposited on sintered WC-Co substrates with
different cobalt contents have also been investigated
[16—18]. This work reports more extensive investigations
of HFCVD of diamond films on another kind of steel
substrate (i.e. high-speed steel) with a thinner WC-Co
interlayer. By optimizating the CVD processing
parameters, a significant enhancement in the adhesion of
diamond film and an obvious improvement of the
crystalline quality were achieved.

2 Experimental

Polished plates of high-speed steel W5Cr4V (0.79%
C, 0.21% Si, 0.15% Mn, 18.65% W, 4.2% Cr, 1.16% V,
0.11% Mo, in mass fraction) with dimensions of 10 mmx
8 mm x 2 mm were used as substrates. The steel plates
were covered with a WC-Co interlayer (~50 pm in
thickness) by high velocity oxygen fuel (HVOF) thermal
spray process. The WC-Co blends used here typically
comprised 85%—90% WC and 10%—15% Co powder
(mass fraction, powder size 2—5 pm). The specimens
were then etched using the following two-step
pretreatment [14—15]: 1) etching by Murakami’s reagent
(10 g K;[Fe(CN)¢] + 10 g KOH + 100 mL H,O) for
3 min in an ultrasonic vessel; 2) removal of the surface
Co by etching the specimens in an acidic solution of
hydrogen peroxide (2 mL 96% H,SO4s + 2 mL 68%
HNO;+20 mL 40% H,0,+40 mL H,0, volume fraction)
for 2 min. Finally, the substrate with the interlayer was
pre-treated ultrasonically in a suspension of ultrafine
(particle size <5 pum) diamond powder to enhance the
diamond nucleation density. Table 1 shows the CVD
processing parameters used, which were typically held
constant for each specimen and deposition. In particular,
the specimen D was deposited with the methane content
of 4% during nucleation for 0.5 h and 2% during growth
for 1.5 h.

Table 1 Experimental parameters used for diamond film
deposition on HSS substrates with WC-Co interlayer

(V(CHy)/ Substrate DepositionFﬂEHtlre;t_Deposition
Specimen V(H,))/ temperature/ pressure/ Zlilstsancee; time/
% °C kPa h
mm
A 2 800 3 8+2 2
B 3 800 3 82 2
C 4 800 3 8+£2 2
4(0.5h)
215 hy 800 3 8+£2 2

Specimens were characterized by a variety of
techniques, including scanning electron microscopy (FEIL,
Sirion200  Field-emission SEM and Quanta200

Environmental SEM), X-ray diffraction (Dmax-
2500VBX using Cu K, radiation at a wave length of
0.154 nm) and Raman spectroscopy (LabRAM HRE800).
Raman spectra were measured with an argon ion laser
operating at 488 nm with an output power of 100 mW.
The adhesion of the diamond-coated steel substrates was
characterized using a Rockwell hardness tester with a
cone-shaped diamond indenter of 120°. The diamond-
coated surface was indented at loads of 1 000 N and
1 500 N.

3 Results and discussion

Figure 1 shows the cross-section SEM image of a
WC-Co interlayer deposited on high-speed steel substrate.
It clearly shows a continuous two-layer structure with a
~50 um-thick WC-Co interlayer on the surface.

Fig.1 Cross-section SEM image of WC-Co interlayer on HSS
substrate

3.1 X-ray diffraction

XRD patterns of the high-speed steel, as-coated
WC-Co interlayer deposited on a high-speed steel
substrate and CVD diamond film on specimen C, are
shown in Figs.2(a), (b) and (c), respectively. Figure 2(a)
shows that the dominate phase of high-speed steel is
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Fig.2 XRD patterns of steel substrate (a), WC-Co interlayer (b)
and diamond film on specimen C (c)
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elemental iron, while there is also a small amount of
Cr,C. The surface of the as-coated WC-Co interlayer on
the high-speed steel substrate (Fig.2(b)) mainly
comprises WC and a trace amount of Fe and Cr,C, no
elemental Co is found. The results demonstrate that the
two-step pretreatment has a considerable influence in
terms of removing Co. The XRD pattern of Fig.2(c)
indicates the presence of diamond. Peaks at 26
diffraction angles of 43.9° and 75.3° are clearly evident.
Note that the peak in the range 26~75.4° matches closely
with the diamond (220) peak at 75.302° and the WC (200)
peak at 75.477° [18]. Therefore this peak is assigned to
the overlapping of diamond (220) and WC (200) peaks.

Fig.3 Representative SEM images of diamond
images are part of each sample recorded at higher magnification)

n specimens A (a, b), B (c, d), C (e, f) and D (g, h) (Right SEM

3.2 Investigation of surface morphology

Figure 3 shows the surface SEM images of diamond
films deposited on specimens A—D. The surface images
of specimen A reveal that the nucleation density is very
low, but the individual crystallites show typical diamond
crystal morphologies (see Figs.3(a) and (b)). Both the
grain size and the nucleation density of diamond film on
specimen B are larger than those of specimen A, but the
diamond film nucleates very non-uniformly, furthermore,
multi-fold twinned diamond structures can be observed
in the film (see Figs.3(c) and (d)). Both specimens C and
D show a dense and homogeneous diamond film. In
contrary to specimen C, the film on D has a higher

» 4 :“I‘h‘, .-
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diamond nucleation density and a smaller grain size (see
Figs.3(e), (f), (g) and (h)).

From the SEM micrographs of Fig.3, it can be
concluded that a dramatical increase of nucleation
density is achieved with increasing the methane content,
because of the increase in the amount of the CH, species
(x=0-3) content [19]. MAY et al [20] have previously
argued for a correlation between the [H]/[CH,] ratio and
the resulting CVD diamond film properties, but any such
correlation in the present case is likely to be reduced by
the variation in substrate temperature within each sample.
At low methane content, the increase of the ratio of
[H]/[CH3] will improve the quality of diamond film (as
judged by diamond carbon phase purity), but will
decrease the growth rate and nucleation rate. It is well
known that increasing the methane content leads to an
increase in overall nucleation density at the price of
degrading film quality [14]. For specimen D, methane is
first introduced into the CVD reactor at a relatively high
V(CH,4)/V(H,) ratio (4%) for 30 min, then lowered to 2%
for another 90 min. Since the initial V(CH,)/V(H,) ratio
is the same as specimen C at a high level of 4%, the
initial nucleation in both specimens C and D is similar
and high. In the second stage of specimen D, however,
when the V(CHy)/V(H,) ratio is reduced, the diamond
crystals grow with better quality.

Especially to be mentioned, when methane content
is 3% (Fig.3(d)), the (100) face is smooth while (111)
face is rough. These results can be explained by a new
growth operating mechanism of stress relaxation induced
growth. Continued operation of this growth process
could increase the (l111) growth rate but apparently
decrease that of (100) [21].

3.3 Laser Raman analysis

In order to compare the quality of the diamonds
grown at different conditions, micro Raman spectroscopy
was applied. Figure 4 shows the Raman spectra for the
films deposited on specimens A, B, C and D, respectively.
With increasing the methane contents the diamond band,
normally positioned at 1 332 cm', shifts slightly to
higher wavenumber. Significant peaks at ~1 350 cm'
(D band) and ~1 550 cm' (G band) are both the
traditional diagnostic for the presence of sp’ carbon,
which are assigned to disordered vibrational mode and
zone center phonons of Ej, symmetry of graphite
[22-23].

It is well known that great mismatch in thermal
expansion for steel (11x10°K™") and diamond (1x107°
K™") causes high compressive stress in the diamond film
after deposition. The residual stress can be calculated
theoretically by the coefficients of thermal expansion.

_—

800 1000 1200 1400 1600 1800 2000
Wavenumber/cm™!
Fig.4 Raman spectra of diamond films deposited on specimens

A,B,Cand D

The thermal stress (oy,) of a thin diamond layer on top of
a thick substrate can be approximated by [24]
E

[P e (1) - ap (DT (1)

O =
1 - V room

where £=1 143 GPa and v=0.07 are elastic modulus and
Poisson ratio for diamond, averaged
crystallite orientations; of and o, are the temperature-
dependent coefficients of thermal expansion of diamond

over different

film and steel, respectively, and 7,=800 °C is the
deposition temperature. For diamond, the value of oy
increases from 1x10°® K™' at room temperature to
4.5x10 K" at 800 °C, while a for steel changes in a
minor extent from 11.0x10 K 'to 13.2x10°K " at the
same temperature interval [8]. By using Eq.(1), a stress
value of 7.2 GPa is obtained. This result can be
compared with the value of stress determined from the
position of the Raman peak. The residual stress o is
calculated from the measured shift of the diamond peak
from the unstressed position at 1 332 cm™' by using the
equation (2) [10]:

o =-0.567(v, —v,) (2)

where v, =1 332 cm '; v, is the measured position. The
experimentally measured data and the theoretically
expected values are summarized in Table 2. Obviously,
the measured value is always lower than the theoretically
expected value. The reduction of residual stress is
possible by the WC-Co interlayer. Tungsten carbide has a
low thermal expansion coefficient (relative to many other
interlayers), the addition content of the cementing metal
cobalt will influence the thermal expansion coefficient of
WC-Co [25], but it is still lower than that of steel
substrates, which should be beneficial in reducing the
mismatch between the thermal expansion coefficients of
diamond and the substrate (awc= 4.42x10° K™' (25—
500 °C), ace=12.5%0"°K' (0-100 °C)) [26]. Moreover,
the volume expansion during cooling also contributes to
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Table 2 Residual stress of diamond films and FWHM of sp
peaks measured by Raman spectra

Specimen Calculated Measured FWI—{I?d/
oy,/GPa o/GPa cm
A =72 0 4.22
B =72 —0.61 13.87
C =72 —4.30 14.43
D -7.2 -1.10 7.39

the reduction of residual stresses.

From the results, it can be also concluded that the
residual stress increases as increasing the methane
content. For specimen A, diamond crystallines are
randomly scattered without the formation of continuous
diamond film, the shrink of steel substrate will not
induce compressive stress as the specimen A cooling
down from high deposition temperature to room
temperature. So the wavenumber center of diamond
Raman peak of specimen A is close to the peak position
of the natural, stress-free diamond sample (1 332 cm ).
It is found that the residual stress of specimen B is
non-uniform according to the Raman spectra recorded
several times at different areas, which may be resulted
from the non-uniform nucleation of diamond film as
shown in Figs.3(c) and (d). Although the films of both
specimens C and D are continuous and compact, the
residual stress of specimen C is larger than that of
specimen D. It is owing to that the grain size of specimen
D is smaller than that of specimen C, so the film of
specimen D has more grain boundary, which is favorable
to the relaxation of stress.

((b), (d))

In order to analyze the quality of the diamond films,
the full width at half maximum (FWHM) of the sp’
peaks was measured by Raman spectra. The films with
lower FWHM have better crystalline quality, and vice
versa. Typical FWHMs of the diamond peak at
1332 cm ' are listed in Table 2. A significant increase of
FWHM with increasing methane content can be observed.
It can be explained that at low methane content, the
comparative ratio between atomic hydrogen and methyl
radical increases with decreasing the methane content.
Thus, non-diamond species can be etched off, which is
also supported by the SEM micrographs in Fig.3.
Furthermore, the FWHMs increase with the increase of
residual stress. Because the residual stress in diamond
film is anisotropic and nonuniform, it is hypothesized
that the large FWHM could be attributable to a wide
distribution of stress values in the diamond [27]. So, the
higher the residual stress is, the higher the FWHM is.

3.4 Indentation testing

Rockwell indentation was performed with various
loads to estimate the adhesion of diamond films on
specimens C and D. Since continuous films were not
formed on specimens A and B, the residual stress of them
was not considered. The results show that large scale
flaking-off is evident around both indentations on
specimen C (see Figs.5(a) and (b)), but no flaking or
cracking is observed around the indentation on specimen
D (see Figs.5(c) and (d)), demonstrating the good
adhesion of diamond film on specimen D. Such findings

are consistent with the residual stress analysis results
shown in Table 2.

200 um ]

)) and D ((), (d)) under loads o 1000 N , (c))and 1 500 N
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4 Conclusions

1) A Co-containing tungsten-carbide (WC-Co)
coating prepared by high velocity oxy-fuel spraying can
effectively block the diffusion of Fe and reduce the
residual stress of films. Dense and well-adhered diamond
films are successfully deposited on high-speed steel
substrates with WC-Co interlayer under an appropriate
CVD processing condition.

2) The nucleation density, quality, residual stress
and adhesion of diamond film strongly depend on the
methane content. The nucleation density increases with
increasing the methane content, but the quality and
adhesion of diamond deteriorate at the same time.

3) Deposition at a higher methane content for
nucleation and subsequently at a lower content for
growth can not only increase the nucleation density and
improve the quality of film, but also reduce the residual
stress and obtain a good adhesion, making the technique
useful for industrial application. The best diamond film
is obtained for high-speed steel substrate under the
condition of the methane content initially set to a higher
value (4%, volume fraction) for 30 min, and then
reduced to 2% for subsequent growth at pressure of
3 kPa and substrate temperature of 800 °C.
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