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Abstract: Deposition parameters that have great influences on hot filament chemical vapor deposition (HFCVD) diamond films

growth on inner hole surfaces of WC—Co substrates mainly include the substrate temperature (£), carbon content (¢), total pressure (p)
and total mass flow (F). Taguchi method was used for the experimental design in order to study the combined effects of the four

parameters on the properties of as-deposited diamond films. A new figure-of-merit (FOM) was defined to assess their comprehensive

performance. It is clarified that ¢, ¢ and p all have significant and complicated effects on the performance of the diamond film and the

FOM, which also present some differences as compared with the previous studies on CVD diamond films growth on plane or

external surfaces. Aiming to deposit HFCVD diamond films with the best comprehensive performance, the key deposition parameters

were finally optimized as: =830 °C, ¢=4.5%, p=4000 Pa, F=800 mL/min.

Key words: hot filament chemical vapor deposition diamond film; inner hole surface; Taguchi method; deposition parameter;

optimization

1 Introduction

CVD diamond films have outstanding properties,
most notably high hardness, high wear resistance and
low friction coefficient that approach single crystal
natural diamonds, which make them good candidate
protective coatings on working surfaces of wear resistant
components. In many cases, such working surfaces are
inner hole surfaces (e.g., drawing dies, valves and
nozzles [1-3]). The diamond film growth on the inner
hole surface puts forward higher requirements for the
deposition technology and parameters. Among different
types of CVD technologies, the HFCVD method has
attracted the most interests because of its advantages like
the geometric simplification, low cost and operational
convenience, especially the practicality on complicated,
large-area and inner hole surfaces [4,5].

Since the successful heteroepitaxy growth of CVD
diamond films, the effects of the deposition parameters
have drawn the attention of many researchers, serving as
the core technology in diamond films growth on different
substrates. GUO and CHEN [6] have studied the effects
of the gas composition, substrate temperature, gas flow

rate and reactor pressure on HFCVD diamond films
growth on Ti substrates and determined the optimal
condition so as to obtain high-quality films. RATS
et al [7] have evaluated the temperature dependence of
the total residual stress of MPCVD diamond films
deposited respectively on Ti and Ti—6A1—4V substrates.
Similar researches have also been conducted by MAY et
al [8], AMARAL et al [9,10] and LI et al [11].

With the development of pretreatment methods,
tungsten carbide materials have received more and more
attention as substrates to deposit diamond films due to
their ~ widespread  applications in  mechanical,
petrochemical and some other fields. The key deposition
parameters, such as the filament-substrate separation [12],
the temperature [13] and the total pressure [14], play
determinate roles in the growth and properties of
WC-based diamond films. Nevertheless, related studies
on different substrates are mainly focused on diamond
films growth on plane or external surfaces [15—18].
During the deposition processes of HFCVD diamond
films on inner hole surfaces of WC—Co substrates,
similar deposition parameters may have different effects,
as a result of the limitation of reaction zone (inner holes),
which require further and systematical studies. Besides,
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it is also imperative to study the influences of the main
deposition parameters on not only the growth and
fundamental properties of as-deposited diamond films
but also additional properties related to the applications,
for instance, the adhesion and wear behavior.

In the present work, Taguchi method was adopted
for the experimental design to study the combined effects
of the substrate temperature (¢), carbon content (), total
pressure (p) and total mass flow (F) on the properties of
as-deposited HFCVD diamond films on commonly used
WC-6%Co (mass fraction) substrates, including the
growth rate (R), grain size (G), total residual stress (o),
structural quality (Q), adhesion (6) and steady-state wear
rate in the wear test (/g,). Furthermore, a figure-of-merit
(FOM) was proposed to assess the comprehensive
performance of as-deposited diamond films and the
deposition parameters are accordingly optimized.

2 Experimental

2.1 Deposition and characterization

WC—-6% Co hollow cylinder samples (d22 mm x
18 mm) with an aperture of d4.0 mm were adopted as
substrates. Prior to the deposition, all of the substrates
were submitted to a two-step alkali-acid pretreatment
process in order to remove the binder phase (Co) from
the surfaces [19]. Deposition processes were carried out
in a vacuum reactor with the mixture of methane and
excessive hydrogen as the reactant gas. A d0.5 mm X
70 mm tantalum wire was adopted as the hot filament,
being dragged though the inner hole by high temperature
springs and located in the center.

Taguchi method was adopted for the experimental
design with several significant factors that affect the
properties of HFCVD diamond films so that as much
useful information as possible can be extracted from a
predetermined and limited number of experiments. Four
deposition parameters were chosen as factors, including
the substrate temperature (¢), carbon content (¢), total
pressure (p) and total mass flow (F). Three levels were

chosen for each factor, as shown in Table 1. An L9 (3%
Taguchi array was applied to designing nine deposition
conditions, as listed in Table 2. In our previous
studies [20,21], the influences of deposition parameters,
filament arrangements and heat transfer conditions on
substrate temperature values and distributions have been
discussed. At present, the substrate temperature was
indirectly real-time measured by a high-precision
thermocouple placed contacting to the external surface of
the substrate. By adopting the simulation method [20],
correspondences between ¢ and measured values were
obtained as: 830—760 °C; 750—700 °C; 910—830 °C. The
substrate temperature in this work was determined by the
filament power so that ¢ actually means a filament-and-
substrate temperatures system. The methane and
hydrogen were respectively introduced into the reactor,
the mass flow of which was controlled by two mass
flowmeters so that parameters ¢ and F' can be accurately
fixed. Moreover, p is dependent on the total mass
flow and the pumping rate provided by the vacuum

pump.

Table 1 Chosen HFCVD parameters and corresponding levels

Parameter Level 1 Level 2 Level 3
Substrate temperature, ¢ /°C  830£10  750£10  910+10
Carbon content, ¢/% 3 1.5 4.5
Total pressure, p/Pa 4000 1600 6000

Total mass flow, 800 600 1000

F/(mL-min ")

Adopting the deposition parameters listed in Table 2,
diamond coated samples were firstly fabricated in a
constant duration of 5 h. Furthermore, due to the fact that
the film thickness plays an important role in the grain
size, residual stress and adhesion, diamond coated
samples with the same film thickness (~20 um) were also
obtained by controlling the deposition duration in order
to conduct the performance comparisons at the same
level. The field emission scanning electron microscope

Table 2 L9 (3*) Taguchi array of deposition conditions and analysis results

No. #°C  ¢/% p/Pa  F/(mL-min ") R/(umh™)  G/um o/MPa  Q/%  d/min  I/(10 °mg N 'm™)
1 830+£10 3 4000 800 4201 7.076  —1.327 4417 20 272
2 830+£10 1.5 1600 600 2.026 2887 -2.954  19.45 12 8.74
3 830£10 4.5 6000 1000 5.118 7.019 2411 4725 18 2.54
4 750£10 3 1600 1000 4.628 8.148 —2.145 838 16 6.18
5 750£10 1.5 6000 800 2.051 1025 -0.533  7.11 30 6.86
6  750£10 4.5 4000 600 4353 3.975  —1.149 2394 20 4.14
7 91010 3 6000 600 4219 3.616  —2.012  16.57 18 4.92
8 910£10 1.5 4000 1000 2.324 6342 -1522 429 16 7.88
9 91010 4.5 1600 800 5317 1917 -4315 961 2 10
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(FESEM, Zeiss ULTRASS) was used to observe the
cross-sectional morphologies of the films fabricated with
the same duration, as well as surface morphologies of the
films with the same thickness. The latter ones were also
characterized by the Raman spectroscopy using a He—Ne
laser with an excitation wavelength of 632.8 nm.

2.2 Wear test

An inner hole polishing apparatus was employed to
study adhesions and wear rates of as-fabricated diamond
coated samples with the same film thickness, by means
of a wear test that simulates the application condition of
the drawing die. A low-carbon steel wire with a diameter
of d4.3 mm was plugged into the inner hole (d4.0 mm) of
the diamond coated sample with an interference fit. In
the wear test, the wire slid along the axial direction at a
linear velocity v of 0.3 m/s, meanwhile, the coated sample
rotated at a constant rotational velocity w of 300 r/min. It
was assumed that wears of the wires when sliding against
the different samples are the same and have no effects on
the loading conditions between the wires and diamond
films. Based on the elastic-plastic mechanics, the initial
radial load between the wire and the film with an
interference fit of 0.3 mm was approximately simulated
and defined as 3400 N, which was recognized as a
constant in the whole test and adopted to calculate the
steady-state wear rate /g, (10 °mg/(N'm™"). Mass losses

of the coated samples were measured by a precision
balance with +£0.01 mg accuracy every 2 min. Before
each the measurement, ultrasonic was used to clean up
the wear debris on the inner hole surfaces.

3 Results and discussion

3.1 Growth rate and grain size

Cross-sectional morphologies of the diamond
coated samples fabricated with the same duration (5 h)
are all presented in Fig. 1, which were obtained by
quartering the samples with the low speed wire cutting.
The growth rate (R) of the film equals the average film
thickness over the deposition duration. The average film
thickness was obtained by averaging the film thicknesses
at four different points. The grain size (G) of the
diamond crystals is calculated by statistically analyzing
surface morphologies of the diamond films with the
same thickness (~20 um) also at four different points.
Figure 2 shows the typical surface morphologies for each
diamond film at one of the four points. Under all the
conditions, continuous microcrystalline diamond films
are fabricated. The calculated values are all listed in
Table 2 and the influences of the four controllable factors
and corresponding ranges are illustrated in Fig. 3.

The discussion related to G can refer to an equation
as stated below:

Fig. 1 Cross-sectional morphologies of diamond coated samples fabricated with same duration of 5 h: (a) No. 1; (b) No. 2; (¢) No. 3;

(d) No. 4; (e) No. 5; (f) No. 6; (g) No. 7; (h) No. 8; (i) No. 9
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(f) No. 6; (g) No. 7; (h) No. 8; (i) No. 9

0.285x3.8x107*/%3x(CH,)

14033830/t () 1e(-4420/0) x(H,)
x(H)

G= (1)

where x(CH,), x(H,) and x(H) are the concentrations of
[CH,], [H,] and [H], respectively.

This equation presents kinetic Monte Carlo studies
of CVD diamond growth [12,22,23] and approximate
qualitative relationships between G and the mentioned
factors are illustrated in Fig. 4, in the estimated ranges of
three key factors in the present work.

Firstly, it can be observed from Fig. 3(f;) that the
dependence of the growth rate (R) on the carbon content
(p) is significant, with a range as high as 2.795. Similar
conclusions can also be directly obtained from Table 2
and Fig. 1, showing that under the highest ¢ (4.5% for
experimental Nos. 3, 6 and 9), much thicker diamond
films are fabricated in the same duration, indicating
higher R, and exactly the opposite is obtained under the
lowest ¢ (1.5 % for experimental No. 2, No. 5, No. 8). It
has been discussed by WEI et al [12] that G scales
roughly linearly with ¢ at small filament—substrate
distance but is rather insensitive to ¢ at large
filament—substrate distance [12]. In the present work, the
filament—substrate distance is as small as 1.75 mm, so it
is supposed that the rise in ¢ can provide much more
sufficient carbonaceous organic material close to the hot

filament and the substrate surface, inducing an obvious
increase in the content of methyl radicals ([CH;]), which
is considered the main source for diamond films
growth [24,25]. As long as the x(H)/x(CHj3) ratio
remains relatively high with ¢ in a reasonable range
(e.g., 1.5%—4.5%), [CH;] is a key growth radical in the
CH4—H, hot-filament system (as demoentrated in Fig. 4),
so that the rise of ¢ can result in a significant increase in
R [26,27]. On the contrary, the increase in [CHj3] close to
the substrate surface can also promote the nucleation of
diamond crystals, for which a great number of small
diamond crystals exist in the diamond film and thus for
the diamond films with the same thickness, the grain size
(G) can be reduced with increasing ¢, as shown in
Fig. 3(ey).

Figure 3 also highlights the certain influences of the
substrate temperature (f) on R and G, as illustrated in
Fig. 3(e;) and (f)). It is obvious that ¢ presents influences
on R and G similar to ¢, which should be attributed to its
positive role in promoting the reaction rate of the gas. It
has been mentioned above that in this work, ¢ means a
filament-and-substrate temperature system, so the
increase in ¢ is dependent on the enhancement of the
electrical power of the hot filament and meanwhile the
filament temperature also significantly rises. R is mainly
determined by two reaction processes on the substrate
surface: the deposition of carbon radicals and the etching
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Fig. 4 Approximate qualitative relationships between G and
mentioned three key factors calculated with theoretical

equation

effect of [H] atoms on the graphitic phase. In the
diamond film growth on the inner hole surface, the
filament—substrate distance is 1.75 mm, so under the
higher ¢ condition, more [H] and [CH;] radicals produced
by the activation of the filament with higher temperature
[10,25] can quickly move to the substrate surface almost
without hindrance, leading to an improvement for both
the reaction processes. As a result, the increase in ¢ also
induces a slight increase in R [10], being well consistent
with Fig. 4. Moreover, it has been proved that the
nucleation densities of the diamond will increase with

the substrate temperature in an appropriate range and
reach certain substrate
temperature for different substrates, for example, 750 °C
for Ti substrates [6] and 860 °C for Si substrates [28]. In
the present work, such nucleation density may also
increase with ¢ from 750 °C to 910 °C on WC—6%Co
substrates owing to the combined effects of the more
[CH;] radicals moving to the substrate surface and the
enhanced surface energy. As a result, higher ¢ induces a
higher R in the thickness direction but a smaller G
because of the competition of the high-density diamond
crystals. In many previous investigations, the
dependence of G on ¢ is very different and even
opposite, which may be caused by either different
thicknesses of diamond films [9,20] or different
deposition conditions (e.g., gas compositions, filament—
substrate distance, substrate temperature range, total
pressure range) [13,29].

The total pressure (p) also plays an important role
on R and G (Figs. 3(e;) and (f3)). Theoretically, it is well
known that with the decrease in p, the mean free paths of
the active [CH;] and [H] radicals increase, for which
they undergo fewer collisions when moving to the
substrate surface and thus are more effective in the
formation of the diamond nucleation and growth (also as
depicted in Fig. 4) [30]. Such effect is similar to that
when ¢ or ¢ increase, so G monotonically increases with
p but R roughly drops off with p increasing from 1.6 to
4.0 kPa. Nevertheless, R slightly increases when p
continues to increase from 4.0 to 6.0 kPa. The researches
by SCHWARZ et al [14] gave the best correspondence to
our results. A possible explanation was proposed that
high-order carbon molecules formed at the high pressure
tend to promote the diamond film growth. This
phenomenon is much more obvious in MPCVD diamond
films growth although the plasma density decreases as a
function of p, and the arrival rate of active radicals at the
substrate surface is lower at higher p [17,31].

In order to provide sufficient reactant gas in
diamond films growth on inner hole surfaces, the
methane and excessive hydrogen are pre-mixed and
introduced into inner holes of the substrates with an inlet
pipe placed just above the fixture holding a pair of
substrates, as plotted in Fig. 5(a), which is similar to the
model adopted in our previous studies [20]. Within the
total mass flow (F) used in this work (600—1000
mL/min), the velocity of the reactant gas in the inner
hole is higher than 0.07 m/s, as shown in Fig. 5(b),
adopting the published simulation method [20,21,32].
Such velocity is much higher than that close to the
substrate surface with reactant gas totally free diffusing
in the reactor. Under such special condition, R will
slightly increase with F, since relatively higher F
represents more reactant gas supply to provide more

the maximum values at
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Fig. 5 Model of vacuum reactor (a) and simulated gas velocities in inner holes of substrates when F=600 mL/min (b)

sufficient [CH3] and [H] radicals for the diamond films
growth. It has been proved that the increase in F can
promote the secondary nucleation and crystal
coalescence [6,33], and in diamond films growth with
excessive argon as additional gas, the increase in F' can
develop closed film of NCD clusters [10]. Unexpectedly,
in the present work, G also increases with F, probably
owing to the effect of the relatively higher gas velocity
caused by the special inlet position, which might inhibit
the secondary nucleation to some extent while insuring
the growth rate in the thickness direction.

3.2 Residual stress and structural quality

Raman spectroscopy was adopted within the
diamond CVD community, given its ability to reveal the
presence of different carbon phases (most notably
diamond and graphite) [12]. The as-deposited diamond
films with the same thickness (~20 um) were all
characterized by Raman spectroscopy, still at four
different locations on each sample. The Raman spectra
obtained in the present investigation show an obvious
background that rises to higher wavenumber. So they are
best fitted using a linear two-point line for the
photoluminescence (PL) baseline subtraction and
analyzed by Gauss-Lorentz (G-L) deconvolution
integrated peaks. The representative spectra and
corresponding peaks are all shown in Fig. 6, where the
Raman-original data are the Raman spectra after the PL
baseline subtraction; the Raman-fitting is the Raman
spectra after the G-L fitting; AS is the fitted peak of the
amorphous sp’ phase; DIA is the diamond phase; TP is
the trans-polyacetylene; G is the graphitic band; D is the
disordered carbon band.

The Raman spectra of diamond films can be
adopted to assess their total residual stress (o), by
analyzing the diamond peak shifts using the equation
listed below [34]:
0=—0.567(v—vy) 2)

i . :1’ *
0

(b)

where v is the wavenumber of the measured diamond
peak; vy is the wavenumber of the natural stress-free
diamond peak (1332.4 cm™"). For all the films, positive
shifts from vy are obtained, indicating compressive
residual stresses, manifesting as minus ¢ values. In the
whole article, as-described higher ¢ will refer to the
higher compressive residual stress (higher absolute
value). The beam area of Raman spectroscopy is about
1 um in diameter in the present work, so it is realized
that the Raman spectroscopy measures the relatively
localized stresses by comparing with the X-ray and
substrate curvature methods [35,36].

The Raman spectrum also allows the approximate
assessment of the structural quality of the diamond film
(Q) from the ratio Ip/lt, where I represents the
integrated intensity of the diamond peak and It
represents the total integrated intensity of all the
peaks [9].

As presented in Table 2 and Fig. 3(cy), ¢, ¢ and p
seem to play important roles on ¢ and Q. The total
residual stress (o) in the diamond film includes the
thermal residual stress (oy,) and the growth residual stress
(0g). The former is caused by the difference between
thermal expansion coefficients of the diamond (a4) and
substrate (WC—6%Co, a;) during the cooling down
process from ¢ to room temperature, which can be
calculated using the following equation [37]:

E
Om = (l_id)x(tR—t)x(as—ad)z
z Eq x(tg —t;)x(a,—ay); 3)
- (I—Vd) R i S d/i

where Ej is the elastic modulus of the diamond; vy is the
Poisson ratio of the diamond; #; is the room temperature;
i means the interval. The three parameters (Eq, v4 and fR)
all keep constant in this work, so oy, linearly increases
with ¢ considering that o is always larger than o4 in the
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Fig. 6 Raman spectra of as-deposited diamond films with same thickness (~20 pum): (a) No. 1; (b) No. 2; (c) No. 3; (d) No. 4;

(e) No. 5; (f) No. 6; (g) No. 7; (h) No. 8; (i) No. 9

temperature range of 0—1000 °C. It is supposed that the
effect of T on ¢ mainly depends on its effect on oy,.
Consequently, o also increases with 7, indicating that
higher ¢ can induce higher compressive residual stress in
the diamond film growth on the inner hole surface.
However, the dependence of Q on ¢ presents nonlinear
variation. Because ¢ is changed with the filament
temperature in the present work, the increase in ¢ from
750 to 830 °C means increasing the filament temperature,
for which more [H] radicals are produced [6]. The
conversion rate of the chemisorbed [CH;] radicals to
carbon atoms by the abstracting of the [H] atoms is
highly according to the Arrhenius law, and the
gasification of the aromatic carbons by the [H] atoms
becomes quicker while the deposition rate of
non-diamond carbons becomes slower with an increase

in ¢. The condensing aromatic carbon molecules also
convert into amorphous sp’ and sp® hybridized
carbonaceous networks [38]. Moreover, under the effects
of [H] atoms and high ¢ in an appropriate range, the
sp’-bonded carbon can convert to sp>-bonded carbon [39].
For all the reasons, the increase in ¢ from 750 to 830 °C
can improve the quality of the diamond film and 830 °C
might be defined as the most appropriate temperature for
high-quality diamond films growth on inner hole
surfaces of the WC—6% Co substrates. However, further
increase in ¢ from 830 to 910 °C will result in Q
deterioration, which should be attributed to the promoted
growth of the amorphous carbon and the graphitic phase.
As shown in Figs. 3(c;) and (d,), with reducing ¢, o
will drop off, but O will deteriorate unexpectedly. The
growth residual stress (o,) arises from either the
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non-diamond phases or the defects in the diamond film
and at the boundaries, like microtwins, dislocations,
impurities, among others [40]. For example, due to the
fact that the specific volume of the graphite is 1.5 times
larger than that of the diamond, the graphitic carbon
formed in the diamond film is responsible for the
augment of the compressive residual stress [41]. It has
been discussed above that the increase in [CH;] radicals
caused by the high concentration can promote the
nucleation of diamond crystals, for which a little more
non-diamond phases and defects tend to concentrate, and
thus relatively higher o, or o exist in as-deposited
diamond films. However, the unexpected dependence of
O on ¢ may be attributed to another reason: under the
[H] atoms-rich atmosphere at relatively lower ¢, [CHj]
radicals will easily react with [H] atoms to reform
hydrocarbons [6]. Moreover, it will also lead to a high
conversion rate from CHy to C,H, [42] and change the
compositions of as-deposited diamond films because the
effect of C,H, on the growth of diamond is much less
significant than [CH;] [43], thus probably more
H-related impurities will exist in as-deposited diamond
films. This result is totally different from the previous
study by ALI and URGEN [44], demonstrating that by
increasing ¢, the quality of the diamond film would
gradually degrade due to either the condensing of
aromatic hydrocarbons formed at relatively higher ¢ or
the slight decrease in production of [H] atoms in overall
mass. The former can poison the film and promote the
formation of amorphous carbon and the latter can reduce
the etching rate of the graphite [44]. Such difference
might be ascribed to the different deposition conditions,
since in the confined inner hole space, the reaction
between [CH;] radicals and [H] atoms, the conversion
from CH,; to C,H, and the formation of H-related
impurities may play a momentous role in Q of
as-deposited films when ¢ is in the range of 1.5%—4.5%,
which still need further investigations.

The total pressure (p) also has significant effects on
o mainly by affecting the growth residual stress (o). It
has been discussed above that when p is as low as 1600
Pa, mean free paths of active [CH;] and [H] radicals are
long enough to avoid them from undergoing many
collisions when moving to substrate surfaces and
promote the secondary nucleation. Therefore, more
non-diamond phases and defects also tend to concentrate

at the more grain boundaries and induce a rise in ¢, and o.

On the contrary, when p is as high as 6000 Pa, much
more active radicals, especially [H] atoms will be
produced by the heating of hot filaments and move to
substrate surfaces so as to induce much more active sites
on the deposited surfaces. Although the average grain
size (G) of the diamond crystals on the surface is larger
than that when p=6000 Pa due to the growing of a large

proportion of crystals, it is still supposed that slightly
higher nucleation density, even more non-diamond
phases and defects, higher o, and ¢ could be obtained at
the initial growth stage. From Fig. 2 (p=6000 Pa for
experiment Nos. 3, 5, 7), it can also be observed that a
small number of secondary nuclei still exist between the
as-grown diamond crystals. Arising from similar reasons
discussed above, Q performs the same p dependence as o.
Generally speaking, 4000 Pa is determined as the optimal
p in the present work with the purpose of reducing ¢ and
improving Q of as-deposited diamond films.

3.3 Adhesion and wear rate

The wear rates of diamond films with the same
thickness (~20 pum) were obtained by wear tests, as
depicted in Fig. 7. For the HFCVD diamond films
deposited on inner hole surfaces, it is inconvenient to
adopt conventional indentation or scratch methods to
evaluate their adhesion, so their lifetime in the wear tests,
defined as the start time of the film delamination and
removal, is applied as a criterion of the adhesion (J). The
wear rates of most the diamond films present a typical
steady stage. The average wear rate in such stage (/4,) is
calculated as the total mass loss divided by the load
(3400 N) and the total sliding distance. The values of ¢
and Iy, are shown in Table 2 and their dependence on the
deposition parameters are plotted in Fig. 3.
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Fig. 7 Wear rates of diamond films with same thickness
(~20 um) obtained by wear tests

It has been indicated that the presence of the
compressive residual stress in as-deposited diamond
films generally has strong effects on &, which can
prevent cracks initiated at the surface to propagate to the
interface to form vertical cracks but promote crack paths
parallel to the interface [45]. Under the sliding condition
of the wear test in the present work, the radial load
between the wire and the diamond film can induce some
shear stresses and microcracks at the depth close to the
interface between the film and the substrate. Although
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the higher compressive ¢ can slow down the propagation
of surface cracks to the interface, the propagation of the
microcracks along the interface and the formation of the
parallel cracks will be sped up. Especially, the diamond
films with high ¢ are much easier to be removed from
substrates once the vertical cracks intersect with the
parallel cracks. Generally speaking, compressive stresses
in the diamond films in the present work are supposed to
promote film delamination from the substrate [12]. As a
result, & presents almost the same dependence with the
deposition parameters as o, except that when p is as high
as 6000 Pa, which should be attributed to the effect of G.
Such p will cause a little higher ¢ than that when p=4000
Pa, but it is supposed that the relatively larger diamond
crystals formed under higher p can enhance the
mechanical bonding between the film and the
substrate [46].

Irrespective of the lifetime of the different diamond
films, the steady-state wear rate (/3,) almost exclusively
has a close relationship with O, because decreasing O
means the reduction of the diamond phase owning high
hardness and excellent wear behavior, inducing a certain
deterioration of the hardness and wear resistance of the
whole diamond film. Consequently, /4, presents almost
the inverse dependence with the deposition parameters
by comparison with Q. It must be mentioned that there
are some deviations when ¢=4.5% and F=800 mL/min,
owing to the influence of the /4, value in the experiment
No. 4, which is approximately defined as 10x10°°
mg/(N'm) because such diamond film with the worst
adhesion is rapidly removed from the substrate after only
2 min test. This value might be greater than its actual /g,
value if no large-area film removal occurs.

3.4 Deposition parameters optimization

As obtained by the Taguchi method, the dependence
of the six indexes on the four controllable factors is
diverse. The goal in the diamond film growth on the
inner hole surface is to obtain a diamond film with the
highest R, O and J, while minimizing the G, ¢ and /,. In
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terms of the defining method proposed in the study by
SALGUEIREDO et al [9], a new figure-of-merit (FOM,
fm) 1is defined to comprehensively access the film

valuation and determine the optimal deposition
parameters:
RxOx6
fo = 2OX0 @
Gxoxly,

FOMs for the nine diamond films are respectively
calculated as: 145, 6.34, 101, 5.75, 11.7, 110, 35.15, 2.10
and 1.24. The influences of the deposition parameters on
FOM and corresponding ranges are presented in Fig. 8. It
is obvious that ¢, ¢ and p all have significant effects on
FOM, and the largest FOM is probably obtained at the
medium ¢, ¢, F and the highest ¢ within considered
deposition condition ranges in the present work,
indicating diamond films with the best comprehensive
properties.

The optimized deposition parameters are listed as
follows: =830 °C, ¢=4.5%, p=4000 Pa and F=800
mL/min, which are similar to those in experiment No.1,
just increasing ¢ from 3.0% to 4.5%. Based on the same
deposition and characterization methods, the HFCVD
diamond film deposited with the optimized parameters
does show even more favorable properties: R=4.417
pum/h, G=4.855 pum, o0=1.644 GPa, Q0=48.22%, o=
20 min, I,=2.76x10"° mg/(N'm), £;,=193.37.

It is supposed that the conclusions in the present
work can apply to HFCVD diamond films growth on
inner hole surfaces within certain realms of diameters
(2.0-20 mm), but there might be some differences for
inner holes with ultra large or ultra small diameters.
However, the proposed optimization method based on
the orthogonal simulations is universal for the inner
holes with any diameters and shapes, even the
complicated external surfaces. Moreover, based on the
different concerned properties of as-deposited diamond
films for different applications, the FOM can be
redefined in order to describe the comprehensive
performance much closer to the actual condition.

100
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Fig. 8 Influences of controllable factors on FOM and corresponding ranges
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4 Conclusions

1) With increasing either the substrate temperature
(f) or the carbon content (p), the growth rate (R)
significantly rises, but the grain size (G) drops off. G
also monotonically increases with the total pressure (p).
Nevertheless, R roughly decreases with p increasing
from 1600 to 4000 Pa, but slightly increases when p
continues to increase to 6000 Pa. The increase in the total
mass flow (F) can promote both the growth rate of the
diamond film in the thickness direction and the crystals
growing up.

2) The total residual stress (o) linearly increases
with 7, but relatively higher or lower ¢ as compared with
830 °C both result in Q deterioration. Higher o exists in
diamond films fabricated with higher ¢, which
surprisingly present better 0. A medium p of 4000 Pa can
provide diamond films with relatively lower o and better
0.

3) The o has strong effects on the adhesion (J)
between the diamond film and substrate. So, J presents
almost the same dependence with the deposition

parameters as o, except that when p is as high as 6000 Pa.

The steady-state wear rate (/3,) has a close relationship
with O, which performs almost the inverse dependence
with the deposition parameters by comparison with Q.

4) A new figure-of-merit (FOM) is defined to
comprehensively evaluate the HFCVD diamond film and
optimize the deposition parameters, aiming to deposit a
diamond film with the highest R, Q and J, while
minimizing the G, ¢ and I;, Within the considered
deposition  condition optimal  deposition
parameters are finally determined as: =830 °C, ¢p=4.5%,
p=4000 Pa and F=800 mL/min.

ranges,
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