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Abstract
In this study, we investigate the adhesion of diamond coatings deposited on
0.8 µm WC–10% Co substrates using chemical vapour deposition (CVD).
Polycrystalline diamond films were deposited using (i) constant methane (CH4)

flow, at 3 and 4.5 sccm, and (ii) modulated CH4 flow at 4.5 and 3 sccm for 8
and 10 min, respectively. Constant CH4 flow into the vacuum chamber during
diamond CVD is the conventional approach to deposit diamond onto a range
of substrate materials. The timed CH4 modulations are an integral part of our
recently proposed process called time-modulated CVD (TMCVD). The coating
adhesion was characterized using indentation tests employing a Brinell indenter.
In this study, we employ three indentation loads: 294, 490 and 612.5 N. In
addition, micro-Raman spectroscopy was used to (i) characterize the deposited
films for diamond-carbon phase purity and (ii) determine the biaxial stresses
in the coating samples. In this paper, we correlate the adhesion strength of
diamond films to biaxial stresses.

No lateral cracking occurred in diamond films deposited by the TMCVD
process after a 294 N load indentation. This result coupled with the
complementary stress calculations indicates a higher film–substrate adhesion
in time-modulated films. Our findings suggest that at higher indentation loads
the response from and the behaviour of the substrate need to be considered
in determining the coating adhesion strength. The TMCVD process promotes
secondary nano-sized diamond crystallites during the higher timed methane
modulations. It is expected that the mechanical interlock at the film/substrate
interface is higher for film coatings deposited using TMCVD, thus resulting in
the improved adhesion of the time-modulated coating on WC–Co.
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1. Introduction

Diamond coatings find use in a wide range of industrial applications mainly due to their
exceptional and outstanding combination of properties [1–4]. The majority of the applications
of diamond coatings demand sufficiently adherent coatings onto a number of materials.
Diamond can be deposited onto a variety of materials and the substrates can be classified
into the following three main groups.

• Strong carbide forming materials, including Si, Ti, Cr, W, SiC, WC etc.

• Strong carbon dissolving materials, including Fe, Co, Ni etc.

• Small or non-carbon-affinity materials, such as Cu and Au.

Diamond deposition onto carbide forming materials, such as those mentioned above, usually
produce reasonably adherent coatings. On the other hand, diamond grown directly onto strong
carbon dissolving materials, such as steel or cemented WC–Co or on non-carbon-affinity
materials, such as copper, yields poor adhesion [5–10].

Cemented WC–Co hard metals containing WC grains in the sub-micron (0.5–0.8 µm) to
ultra-fine (0.2–0.5 µm) range and also containing 6–16 wt% of cobalt (Co) generally find use
in micro-machining applications, dental burs, surgical tools, microdrills, punches used in the
pharmaceutical industry, etc [11]. Although such grades of hard metals display impressive
properties, such as toughness, their performance during service and lifetime is not ideal for
many of the applications. However, improvements in such areas can be achieved by the
application of a diamond coating onto the component. Generally, the task of direct diamond
deposition onto WC–Co hard metals is notoriously difficult. In particular, deposition onto
grades of cemented WC–Co, consisting of sub-micron or ultra-fine grains of WC and/or high
content of Co (>8 wt%), becomes an even more difficult endeavour. Generally, as the WC-
grain size increases and/or the Co content (%) in the hard metal decreases, diamond CVD
onto WC–Co becomes less problematic. Since diamond deposition onto cemented WC–
Co consisting of finer sized WC grains and high percentage content of Co is difficult, less
work has been performed on these grades of hard metals [12–15]. However, many papers
can be found in the open literature reporting diamond deposition onto coarse grain WC–Co
hard metals with Co contents even less than 8% [16–27]. The major cause of concern that
prevents the successful deposition of diamond onto WC–Co is the negative effects of Co on
film growth [28]. However, a number of surface pre-treatment methods have been used to
minimize the problems relating to the presence of Co in the cemented-WC substrate during
diamond CVD. Generally, the surface pre-treatment methods employed can be classed into
three groups: namely, (i) chemical treatments [29]; (ii) stable cobalt compounds [30]; and
(iii) intermediate metallic/ceramic layers [31].

CVD continues to be a very powerful technique for depositing diamond films onto a
range of materials and components [32]. Generally, diamond deposition in a CVD reactor is
traditionally performed under constant flow of CH4 in excess hydrogen. Recently, we proposed
the TMCVD process, which facilitates the growth of improved micro- and nano-crystalline
diamond coatings onto silicon wafers by using timed CH4 modulations [33]. Furthermore, the
process gives greater control over film microstructure by adjusting the key process parameters
during film growth. In this paper, we implement the TMCVD process and thus employ
timed CH4 modulations to improve the coating adhesion of diamond films deposited onto
0.8 µm WC–10% Co substrates. It is known that the poor adhesion of film coatings on cutting
tools can lead to catastrophic failure of the coating in metal cutting operations [34]. Therefore,
improving the coating adhesion becomes both needful and timely.
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Table 1. Conditions employed during the preparation of the samples 1–3.

Samples

Parameter 1 2 3

Filament to substrate distance (mm) 4 4 4
Deposition pressure (Pa) 4000 4000 4000
CH4 flow (sccm) 3 4.4 4.5, 3
CH4 modulation time (min) — — 10, 8
Hydrogen flow (sccm) 150 150 150
Substrate temperature (◦C) 850 850 850
Deposition time (min) 126 126 126

Over the years, a number of adhesion test methods have been used to characterize the
diamond coating adhesion. These methods include pull-off, scratch and indentation tests [35].
The pull-off tests are accurate and quantitative if only the pulling force can be calibrated well
normal to the sample surface. The main difficulty encountered with this type of method is
that the tested critical force is limited by the strength of the adhesive, normally weaker than
90 MPa. Thus, the adhesive usually fails prior to the diamond coatings [35]. Adhesion scratch
tests are widely used to characterize the coating adhesion. However, the high hardness of the
polycrystalline diamond coating leads to a cleavage of the scratch tip even after a single pass,
which has obvious consequences in both economics and repeatability. As a comparison, the
indentation tests reduce considerably the possible damage to the indenter tip and therefore are
more practically suited for characterizing the coating adhesion.

The present work focuses on using indentation tests employing a Brinell indenter to
characterize the coating adhesion. Further, residual stresses which play a critical role
in governing the diamond coating adhesion have been characterized using micro-Raman
spectroscopy. The shifting and the splitting of the Raman peaks have been related to the
adhesion strength at the coating/substrate interface. Raman spectroscopy has the advantage of
being a non-destructive technique, which could be interesting for use in quality control.

2. Experimental details

The WC–Co hard metal substrates (10 mm × 10 mm × 3 mm) contained 10% cobalt and the
WC grain size was 0.8 µm. After being freshly cut to size, the substrates were ground using a
diamond wheel and subsequently polished using 3 µm diamond paste for a time duration until
the average substrate surface roughness was in the range 0.9 < Ra < 1.1. After the polishing
pre-treatments, the substrates were ultrasonically cleaned in acetone for 10 min in order to
remove any loose residues. The substrates were then chemically etched in Murakami solution
(10 g K3(Fe(CN)6) + 10 g KOH + 100 ml H2O), containing diamond powder (0.25 µm in
size) for seeding effects, for 15 min in an ultrasonic bath followed by a rinse in distilled
water. Subsequently, the substrates were etched for 60 s in HNO3 (10%) + H2O2 (90%) in
an ultrasonic bath. Finally, the substrates were ultrasonically cleaned in de-ionized water for
3 min prior to being loaded into the CVD chamber.

The conventional hot filament CVD system which was used to deposit the diamond films
has been described elsewhere [36]. Prior to film deposition, the tantalum filament was pre-
carburized for 20 min [36]. The filament temperature was approximately 1927 ◦C. In this study,
three diamond coating samples, labelled 1–3, on WC–Co substrates were prepared. Table 1
shows the growth conditions employed during the preparation of samples 1–3. It should be
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noted that the flow of CH4 gas during samples 1 and 2 preparation was kept constant at 3
and 4.5 sccm, respectively. However, in preparing sample 3, the CH4 flow was modulated at
4.5 sccm/3 sccm for 8 and 10 min, respectively. The deposition time for the three samples
was 126 min. The average film thickness of the three samples was ∼1 µm. These samples
were prepared in order to assess the effectiveness of CH4 modulations during film growth on
the production of improved diamond coatings onto WC–Co substrates, in terms of coating
adhesion. Greater details on the CH4 modulations performed during the TMCVD process can
be found in our earlier communication [33]. Each sample was prepared thrice in order to check
for repeatability.

The surfaces of the coatings were characterized using scanning electron mi-
croscopy (SEM), Hitachi S4100 field emission. The coating adhesion was assessed using
an indentation method employing a Brinell indenter. The following indentation loads were
employed in this investigation: (i) 294; (ii) 490; and (iii) 612.5 N.

Micro-Raman spectroscopy was used as a complementary technique to assess (i) film
quality and (ii) Raman peak shifts and peak splitting. A Renishaw 2000 micro-Raman system
with a 633 nm Ar laser was used to characterize the deposited films. It should be noted that
the spectrum resolution was 1 cm−1. At this laser wavelength, the non-diamond forms of
carbon scatter more effectively than at a shorter excitation wavelength, for example, at 514 nm
(Ar ion laser), because of resonance effects [37, 38]. As a result, a longer wavelength laser
reveals more non-diamond bands, whereas a shorter wavelength laser usually leads to Raman
spectra of lower background and a relatively more intense diamond peak. Therefore, a longer
excitation wavelength is useful in characterizing reasonably good quality diamond films, in
terms of diamond carbon phase purity. The Raman system works in two modes: (i) main mode
and (ii) extended mode. In the main mode the gratings are set at a fixed angle that produces
spectra in a narrow range of wavenumbers, for example, 1200–1500 cm−1. However, it gives
a high repeatability of ±0.1 cm−1. On the other hand, the extended mode allows a spectrum
range as wide as from −4000 to 4000 cm−1, but the repeatability is usually much poorer
compared to the repeatability in the main mode. In order to compare the Raman peak shift, all
the spectra in this work were taken in the main mode and a type IIa bulk diamond was used to
calibrate the peak position. The Raman system also includes computer software, which can fit
the spectra automatically with a Lorentzian function. The diamond peak position is obtained
from the best fitting.

3. Results and discussion

3.1. Brinell indentation tests

Figure 1 shows SEM images of samples 1–3 after the 294 N (30 kgf) load indentation.
Indentation loads imposed on the diamond coatings in samples 1–3 inflicted noticeable and
significant damage only to samples 1 and 2. Each of the SEM image for samples 1 and 2
displayed a structure of the indentation zone that resembled a ‘shining sun’. It is evident that
some lateral cracking has occurred, in both samples 1 and 2, after the indentations, which
corresponds to the ‘rays’ of the sun on the SEM micrograph images. The average lateral crack
lengths in samples 1 and 2 were found to be 102 and 41 µm, respectively. In sample 1, the
inner and outer diameters of the deformation zone were found to be 134.69 and 200.87 µm,
respectively. A section of the lateral crack on sample 1 was closely examined and a magnified
SEM image has also been shown in figure 1. In addition, in sample 1, a lighter region appeared
at the circumference of the indentation mark. A magnified SEM image of a specific area in
this region, as shown in figure 1, provided evidence that the sample had undergone some film
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Figure 1. SEM images of samples 1–3 after the 294 N (30 kgf) load indentation.

cracking. However, the cracking of the coating in this region was found to be very localized. It
was observed with all three samples that (i) the coatings remained attached to their respective
substrates, even after taking into consideration the localized film cracking in sample 1 and the
lateral cracking in samples 1 and 2, and (ii) the coating samples deformed to the shape of the
Brinell indenter tip. The deformation of the coating samples to the shape of the indenter tip
could be expected since plastic deformation in WC–Co substrates occurs during indentation
loading.

The lateral cracking in samples 1 and 2 could possibly be due to two factors. First, the
external stresses imposed onto the coated-sample during indentation loading could effectively
force the film to crack in order to dissipate stress and/or energy. Second, the underlying
substrate could fail first and subsequently cause film cracking during plastic deformation at
the substrate. In order to monitor the response of the bare (un-coated) 0.8 µm WC–10% Co
substrate to the indentation, indentations at the following loads were performed: (i) 294 N;
(ii) 490 N; and (iii) 612.5 N. Figure 2 shows the SEM images of the bare, un-coated WC–Co
substrate after the indentations at (a) 294 N; (b) 490 N; and (c) 612.5 N loads using the Brinell
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Figure 2. SEM images showing the indented bare, uncoated WC–Co substrates. The indentation
loads applied were 294 N (30 kgf), 490 N (50 kgf) and 612.5 N (62.5 kgf).

indenter. It can be seen in figure 2(a) that, although some deformation was observed on the
substrate surface, no radial cracks formed at any region on or around the substrate deformation
zone. This therefore implies that the lateral cracks appearing in samples 1 and 2 after the
294 N load indentation were due to the limitations of strength at the film/substrate interface.
It was found that in sample 3 no radial cracks appeared on the coating surface. The above
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indentation tests suggest that the coating adhesion of sample 3 is better than the adhesion
toughness in samples 1 and 2. Since, in sample 1, (i) some localized film cracking occurred
and (ii) the average radial coating crack length was larger than in sample 2, it can be stated
that the coating adhesion of sample 2 is better than in sample 1. It is highly likely that the
coating adhesion in sample 3 is better due to the increase in the mechanical interlock between
the film and the substrate. Since secondary nucleation processes are predominant in sample 3
preparation [39], using the TMCVD process, and the initial/secondary nucleation rate is much
higher, it is expected that the nano-sized diamond crystallites produced strongly interlock with
the WC grains of the underlying substrate material.

Indentations at 490 and 612.5 N loads were sufficient to generate apparent radial cracks
on the bare substrate materials. The average indentation diameter obtained after the 294, 490
and 612.5 N load indentations were noted to be 122, 183.5 and 209.2 µm, respectively. The
grade of the WC–Co substrate material used in this investigation had a fracture toughness value
of 13 MN/m−3. The average radial crack length produced at 490 and 612.5 N indentations
was measured to be 40.12 and 43.76 µm, respectively. It can be stated that a 490 N (50 kgf)
indentation on a bare WC–Co substrate will result in (i) the deformation of the substrate to the
shape on the indenter and (ii) the production of radial cracks.

Figure 3 shows SEM micrographs of coating samples 1–3 where a 490 N indentation load
was imposed. First, with all three samples 1–3, lateral cracks appeared from the indentations.
Second, sample 2 coating delaminated around the deformed zone on the WC–Co substrate.
This suggests that the 490 N load indentation was sufficient to debond the film coating from
its substrate. Third, in sample 1, SEM analysis showed that the 490 N load indentation had
lifted the film coating off from the substrate at points where the apparent radial crack lines
ended. However, the film coating remained attached to the substrate from the inner side of
the radial cracks. A magnified SEM micrograph, as shown in figure 3, of one region where
the radial crack line ended shows the film being lifted off the substrate. In addition, it is
also possible to see the lateral crack line appearing on the bare substrate surface. In this
region and such other regions in sample 1, the film coating has no contact with the substrate;
therefore, no adhesion exists. Fourth, in sample 3, the 490 N indentation load resulted in the
following two effects on the indented surface: (i) the formation of lateral cracks and (ii) partial
delamination of the film coating in between and across/around some of the lateral cracks. It
is possible that in the region on the sample 3 surface where the coating had delaminated from
the substrate the mechanical stress imposed by the indenter during indentation loading was too
great for the adhesion strength, which kept the coating bonded to the substrate. It is apparent
from figure 2(b) that lateral cracks appear on the bare WC–Co material after a 490 N load
impression. It could be that the substrate failed first due to the indentation rupture caused by
the impression and as a result the strength at the coating/substrate interface had weakened,
therefore causing the film to delaminate. In order to assess further the adhesion strength of
the coating adhesion in sample 3, another indentation at 612.5 N load was carried out on the
sample. Figure 4 shows a SEM micrograph of sample 3, which had been indented at 612.5 N
load. The damage inflicted on the sample by the impression is apparent from the SEM image.
At this indentation load, the coating adhesion failed. Therefore, it can be stated that the critical
load, i.e. the precise load required to delaminate the film coating from the substrate, lies within
the range 490–612.5 N.

3.2. Raman spectroscopic analysis

Micro-Raman spectroscopy was employed as a complementary technique to characterize the
coating adhesion by assessing the stress levels in the deposited films. It is known that the degree
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Figure 3. SEM images of the indented samples 1–3 after the application of a 490 N load impression.

of Raman diamond peak shift and the splitting of the peaks is proportional to the magnitude
of the biaxial stress in the film [40]. The model developed by Ager and Drory [41], which
investigates and characterizes the residual biaxial stresses in diamond films by employing
Raman spectroscopy, was used to assess the stress levels in the as-grown films. The model
describes quantitatively the relations between singlet or doublet phonon scattering and the
biaxial stress σ , measured in GPa, as follows:

σ = −1.08(νs − ν0) for singlet phonon, (1)

σ = −0.384(νd − ν0) for doublet phonon, (2)

where ν0 = 1332 cm−1, νs is the observed maximum of the singlet in the spectrum and νd the
maximum of the doublet. In the case when the splitting of the Raman line is not so obvious,
the observed peak position νm is assumed to be located at the centre between the singlet νs and



Diamond adhesion on micro-grain WC–Co substrates 6669

Figure 4. SEM image showing the response of sample 3 to a 612.5 N load indentation.

the doublet νd, i.e., νm = 1
2 (νs + νd) [42]. From equations (1) and (2) we obtain

σ = −0.567(νm − ν0). (3)

In this study, equation (3) was used to calculate the film stresses and also determine the nature
of the stress, either compressive or tensile.

The points marked A–I and 1–13 on the SEM images in figures 1 and 3 on samples 1–3 will
be characterized for stress using micro-Raman spectroscopy. It should be noted that positions
A–I are points of characterization on samples that were indented using 294 N (30 kgf) load,
whereas points 1–13 (figure 3) appear on coatings that were indented at 490 N (50 kgf) load.

Figure 5 shows the Raman spectroscopy results for characterization points A–D (a), E–G
(b) and H–I (c) on samples 1–3, respectively. For sample 1, the Raman diamond peak positions
for points A–D were 1333.54,1335.84, 1339.52 and 1334.84 cm−1, respectively. For sample 2,
the Raman peak positions representing points E–G were 1333.54, 1337.22 and 1339.06 cm−1,
respectively. Finally, the Raman positions for points H and I on sample 3 were 1334.98 and
1339.98 cm−1, respectively. It is evident from figure 5 that two of the Raman peaks, B and F,
underwent line splitting. The splitting on the Raman line in the spectrum signals the presence
of increased levels of stress. There was no peak splitting observed in sample 3. Equation (3)
was used to calculate the biaxial stress levels in the three coating samples using the Raman
peak positions at the different points. Table 2 shows the calculated biaxial stress values for
samples 1–3 at positions A–I.

The first point to note is that the minus (−) sign in front of the stress values indicates
that the stress is compressive in nature. Compressive stresses are incorporated in films as a
result of the differences in the thermal expansion coefficient values between the substrate and
the coating material. Second, the Raman spectra for positions C, G and I in samples 1–3,
respectively, represents regions of the coatings that are in the as-grown state. It was found
that the as-deposited films in samples 1–3 were under compressive stress and the calculated
values were −4.26, −4.00 and −4.52 GPa, respectively. The magnitudes of stress in the
three samples are almost the same, which can be expected, since the three films were of equal
thickness (∼1 µm) and were deposited on the same substrate materials. At positions A, E and
H on samples 1–3, the biaxial stresses were calculated to be −0.87, −0.87 and −1.69 GPa,
respectively. At these points, the stress in the coatings, is at the minimum level with respect
to each coating sample. Therefore, at these points, the coatings are behaving more like stress-
free, freestanding diamond films, which display the diamond-characteristic 1332 cm−1 peak
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Table 2. Biaxial stress values of samples 1–3 at positions A–I. The stress values were obtained
using equation (3) and the Raman peak positions.

Indentation Position on Raman peak Raman peak Biaxial stress
Sample load (N) sample type position (cm−1) (−GPa)

294 A Singlet 1333.54 0.87
1 (30 kgf) B Split 1335.84 2.18

C Singlet 1339.52 4.26
D Singlet 1334.84 1.61

294 E Singlet 1333.54 0.87
2 (30 kgf) F Split 1337.22 2.96

G Singlet 1339.06 4.00

294 H Singlet 1334.98 1.69
3 (30 kgf) I Singlet 1339.98 4.52

Table 3. Stress values for samples 1–3 at positions 1–13. The Raman peak positioning at points 1–
13 is given together with the type of peak. The stress values were obtained using equation (3).

Indentation Position on Raman peak Raman peak Biaxial stress
Sample load (N) sample type position (cm−1) (−GPa)

1 Singlet 1333.54 0.87
1 490 2 Singlet 1339.06 4.00

(50 kgf) 3 Split 1334.92 1.66
4 Singlet 1334.00 1.13

5 Singlet 1334.00 1.13
490 6 Singlet/split 1336.30 2.44

2 (50 kgf) 7 Singlet 1339.52 4.26
8 Singlet 1334.46 1.39
9 Split 1338.14 3.48

10 Singlet 1334.98 1.69
3 490 11 Split 1337.22 2.96

(50 kgf) 12 Singlet 1334.46 1.39
13 Singlet 1339.98 4.52

on the Raman spectrum. The imposition of mechanical load on the samples at positions A,
E and H weakens the coating adhesion by detaching the films from the substrates and thus
releasing some degree of stress from the films at these points. However, it should be noted
that at point H (sample 3) the stress is higher with respect to the stress levels at points A and
E in samples 1 and 2, respectively. The higher stress value at position H than at points A and
E could be held responsible for the increased adhesion strength in sample 3.

The stress in between the radial cracks at positions B, D (sample 1) and F (sample 2) was
calculated to be −2.18, −1.61 and −2.96 GPa, respectively, which had significantly reduced
compared to the stress in the as-deposited state of the film coatings. This signals the weakening
of the adhesion strength in between the radial crack lines.

Figure 6 shows the Raman spectra for coating positions 1–4 (a), 5–9 (b) and 10–13 (c) on
samples 1–3, respectively. Table 3 shows the calculated biaxial stress values for positions 1–13
on samples 1–3. As before points 2, 7 and 13 represent the coating samples in the as-deposited
state. It is yet again indicative, after the 490 N load indentation, that the biaxial stress at the
centre of the indention mark, at point 10, on sample 3 was higher than at points 1 and 5 on
samples 1 and 2, respectively. The splitting and partial slitting of the Raman diamond peaks
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(a)

(b)

(c)

(a)

(b)

(c)

Figure 5. Raman spectra for samples (a) 1, (b) 2 and
(c) 3 where each Raman line represents positions A–I
(as shown in figure 1). It is important to note that a
294 N indentation load was imposed on the samples, after
which the samples were analysed using micro-Raman
spectroscopy.

Figure 6. Raman spectra for samples (a) 1, (b) 2 and (c) 3
where each Raman line represents points 1–13 (as shown
in figure 3). It is important to note that a 490 N indentation
load was imposed on the samples, after which the samples
were analysed using micro-Raman spectroscopy.

representing positions 6 and 9 was observed, which suggests that the stress levels in this region
and its vicinity are high. It is most likely that the mechanical stress imposed on the coating
during indentation loading exceeds the adhesion strength limit, and thus the coating fails and
breaks off along and across the radial crack lines. A similar explanation could be valid in
explaining the peak splitting in sample 1 at position 3.
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Figure 7. A graphical representation of the relationship between biaxial stress values and Raman
peak shifts. The points used to plot the graph were obtained from tables 2 and 3.

The indentation tests showed that sample 3 presented a different response to the
indentations imposed on its surface at both 294 and 490 N loads. The Raman spectra in
figure 6(c) shows that the peak representing point 11 splits. This is consistent with our findings
so far in relation to the monitoring of stress levels in or around the deformed zone. The Raman
peak position at point 12 on sample 3 was 1334.46 cm−1, which suggests that, in comparison,
the adhesion strength at this point within the deformed zone is better than in samples 1 and 2.

As a summary, the Raman spectroscopy results suggest that in and around the impression
mark, where deformation occurs by indentation loading, the increase in biaxial stresses resulted
in the improvement of adhesion strength. This significant finding seems to be in contradiction
with the common assumption that a higher residual stress leads to poor coating adhesion.
However, these results are in agreement with our earlier investigations on assessing the
adhesion strength of diamond coatings deposited using the conventional CVD growth mode on
copper [43], chromium and titanium substrates [44]. Figure 7 shows the graph relating Raman
shift to biaxial stresses. The calculated values for biaxial stress, as shown in tables 2 and 3,
were used to construct the graph. It can be seen that the biaxial stress increases linearly with
shift in the Raman peak position away from 1332 cm−1 wavenumbers. From our findings in the
indentation tests and the micro-Raman spectroscopy analysis, we can state, with some degree
of certainty, that the TMCVD process produces comparatively adherent diamond coatings onto
micro-grain WC–Co substrates. We found in our earlier investigation [39] that the TMCVD
process was effective in considerably reducing the time required to produce the first diamond
layer, consisting of nano-sized diamond grains, on micro-grain WC–Co substrates. The rapid
formation of the diamond layer during diamond deposition using TMCVD and the production
of nano-grains can be held responsible for the improvements in the coating adhesion of the
resultant films deposited onto WC–Co substrates by strengthening the substrate/film interface
bond.

It should be noted that the diamond Raman shift also depends on the film thickness and the
substrate material used to deposit the diamond coatings [45, 46]. In our case, the film thickness
of each of the film coatings in samples 1–3 was equal (approx. 1 µm). The quality of the as-
deposited films in samples 1–3 was almost identical, as there were no graphitic, amorphous
or non-diamond phases present in the Raman spectra. Furthermore, intrinsic stresses can play
a critical role in governing the Raman shift. Intrinsic stresses can change during diamond
CVD growth, which can contribute to Raman peak shifting. Therefore, comparing the coating
adhesion using the principle of Raman peak shifting should ideally be performed with the same
kind of substrates and similar films, as was the case in the investigation.
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4. Conclusions

The following conclusions can be drawn from this study.

(i) From the 294 N load indentation tests; it is indicative that sample 3 displayed better
adhesion, since the diamond coating in sample 3 did not undergo lateral cracking.
Samples 1 and 2 displayed a structure of the deformed zone on the coating consisting
of lateral cracks, which resembled a shining sun.

(ii) On bare, uncoated WC–Co substrates, lateral cracks on the substrate surface appear only
after 490 N load indentations. This result proves that the lateral cracks appearing in
samples 1 and 2 at 294 N load indentations were due to the weak adhesion strength at the
film/substrate interface.

(iii) Indentations at 490 N load inflicted significant damage on samples 1 and 2, in particular
on sample 2. This suggests that the adhesion strength of samples 1 and 2 is not sufficient
to withstand the indentation loading without any significant damage. Lateral cracks began
to appear on sample 3, which was prepared using the TMCVD process, at 490 N load
indentations. However, it could be that first the substrate fails, i.e. lateral crack lines
appear, and as a result damage is inflicted on the overlaying coating.

(iv) Micro-Raman spectroscopy was used to assist the biaxial stress calculations. The degree
of shifting of the Raman diamond peak towards and away from the standard diamond
characteristic peak position, centred at 1332 cm−1, was used to determine the attachment
or detachment of the film coatings to the WC–Co substrates. It was found that the splitting
of the diamond peak in the Raman spectra signalled spots on the coating surface where
delamination had occurred. Furthermore, a greater degree of biaxial stress in the film
coatings was correlated to stronger adhesion between the film coating and the WC–Co
substrate.

(v) A 625 N indentation load was sufficient to delaminate the film coating in sample 3.
Therefore, this implies that the critical load required to delaminate the coating in sample 3
lies in the range 294–490 N.

The authors are currently studying the influence of CH4 pulse duty cycles on the mechanical
interlock at the film/substrate interface and further improving and understanding better the
coating adhesion and its behaviour on different grades of WC–Co materials.
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