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Abstract: In this study, the characteristics of nanocrystalline diamond films synthesized at low
surface temperature on Ti-6Al-4V (TA6V) substrates using a distributed antenna array microwave
reactor aiming at biomedical applications were investigated. The surface roughness of the TA6V
substrates is varied by scratching with emery paper of 1200, 2400, 4000 polishing grit. Nanocrystalline
diamond (NCD) coatings with morphology, purity, and microstructure comparable to those obtained
on silicon substrates usually employed in the same reactor and growth conditions are successfully
achieved whatever the polishing protocol. However, the latter has a significant effect on the roughness
parameters and hardness of the NCD films. The use of the finest polishing grit thus permits us to
enhance the hardness value, which can be related to the work-hardening phenomenon arising from
the polishing process.

Keywords: diamond; thin films; chemical vapor deposition; titanium alloys; biocompatibility

1. Introduction

Biomaterials are materials intended to interface with biological systems to evaluate,
treat, augment, or replace any tissue or organ of the body [1]. Among the metals used in
biomaterial research, titanium (Ti) and alloys based on it are very interesting materials,
owing to their excellent biocompatibility properties as well as other several outstanding
properties, such as high hardness, high thermal conductivity, and good fatigue properties.
However, the practical use of titanium biomaterials, such as those used as orthopedic im-
plants, is limited because some titanium implants integrate incorrectly into the surrounding
bone tissue, loosen over time, or cause severe inflammatory responses, which often requires
corrective surgery. To address this problem, titanium surfaces can be modified or coated
to enhance cellular behavior on the biomaterial [2-5]. Recently, nanocrystalline diamond
(NCD) films have been considered as coating materials for medical devices because they
combine surface smoothness, high hardness, low friction coefficient, and biocompatibility
suitable for biomedical applications [6]. In our previous paper, NCD films were successfully
grown at low substrate temperature on titanium flat discs using a distributed antenna array
(DAA) reactor and the biocompatibility of NCD/Ti samples was studied through osteoblast
cell viability and cell morphology [7]. The nanocrystalline diamond coating exhibits no
sign of cytotoxicity and improves cell adhesion and spreading. It is then of prime interest to
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understand which characteristics of the NCD layer (microstructure, topography, hardness,
phase purity) control its biological properties.

Surface topography is an important factor which can control surface properties of
carbon coatings. For example, prior measurements of diamond-like carbon (DLC) coat-
ings show that tribological behavior [8] and adhesion [9] are strongly affected by the
surface texture, all the way down to the nanoscale. In addition, the surface topography
of diamond coatings [10] affects their performance, including their friction [11], wear [12],
adhesion [13,14], and biocompatibility [15].

In this study, the synthesis of NCD films at low surface temperature using a DAA
microwave reactor was investigated on TA6V (i.e., Ti-6Al-4V alloy), which is widely used
for the fabrication of biocompatible implants. It is expected that if NCD films can be directly
synthesized on the TA6V surface and good adhesion can be achieved, surface improvement
in terms of high hardness, corrosion resistance, and ultimately in terms of the compatibility
of metal materials with the human body can be realized. In order to examine the influence
of the TA6V surface topography on the NCD film properties, the surface roughness of
the TA6V substrate was varied by scratching with emery papers of different grain size.
Various characterization techniques were then used in order to assess the microstructure,
the roughness, and the hardness of the coatings.

2. Experimental Methods
2.1. NCD Film Synthesis

NCD films were grown on TA6V disks using a DAA reactor, the details of which can
be found elsewhere [16-18]. Typical process conditions were employed to grow NCD films:
a gas mixture composed of 96.4% Hj, 2.6% CH,, and 1% CO, with 50 SCCM (standard
cubic centimeters per minute) total flow rate at a process pressure of 0.35 mbar and a
microwave power of 3 kW distributed on 16 elementary sources [19]. No heating or cooling
of the substrate holder was imposed so that the substrate temperature was imposed by the
plasma conditions at 270 °C. The deposition time was 5 h for all the samples, which means
that, in the considered conditions, the film thickness is approximately 220 nm.

TA6V disks provided by Goodfellow Cambridge Ltd. (Huntingdon, England) were
used as the substrate for NCD growth. The TA6V samples possess alpha + beta microstruc-
ture. In order to remove the layer which has been damaged by machining at the surface of
the metal, mechanical polishing of TA6V surfaces was carried out using a mechanical arm
mounted on a rotary polisher (LaboPol 5 polishing system from Struers, Champigny sur
Marne, France). The disk surface of 1.5 cm diameter was polished with SiC emery papers
provided by Fuga. Three abrasive grain sizes of 15 um, 9 um, and 5 pm, referenced as
granulometry 1200, 2400, and 4000 in the following, respectively, were employed in order
to obtain different surface topography. A first, polishing was carried out with a 500-grit
SiC paper (30 um grit) for 40 s. The polishing was then refined using a lower-grit paper of
grade 1200 (15 pum grit) for 40 s. Then, to obtain granulometry 2400, the polishing was then
refined using a lower-grit paper of grade 2400 (9 um grit) for 40 s, and finally, to obtain
granulometry 4000, the polishing was then refined using a lower-grit paper of grade 4000
(5 um grit) for 40 s.

After polishing, the surfaces were cleaned in acetone overnight under stirring. The fol-
lowing day, the surfaces were successively cleaned once in an acetone bath and three times
in a distilled water (dH,O) bath with sonication for 15 min. Then, the disks were put in
Kroll’s reagent (2% HEFE, Sigma; 10% HNOj3, Acros and 88% dH,O) for one minute with
stirring followed by five consecutive dH,O baths with sonication for 15 min each time.
In order to promote the diamond nucleation on the TA6V surface, the substrates were
finally seeded by spin coating using nanodiamond (submicron diamond) powder of 25 nm
grain size powder with highly negative zeta potential (SYP-GAF-0-0.05 provided by Van
Moppes, Geneva, Switzerland). The colloidal solution was diluted in water and, in order to
avoid coagulation, polyvinyl alcohol (PVA) powder was added. It should be mentioned
that the spin coating protocol has been optimized in order to provide reproducible, homo-
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geneous, and high (21010 cm’z)—nucleation density, leading to the formation of continuous
NCD films from a deposited thickness of 3040 nm. Thus, the seeding procedure does not
significantly affect the characteristics of NCD films with thickness higher than 200 nm.

2.2. Surface Analysis Techniques

The morphology of NCD film was studied by Scanning Electron Microscopy (SEM).
SEM images were taken using a SUPRA 40VP (Carl Zeiss Meditec AG, Jena, Germany)
system operating at 3 kV without any additional conductive coating on the NCD film.

Raman spectra were obtained with an HR800 (HORIBA Jobin Yvon IBH Ltd., Palaiseau,
France) apparatus with a notch filter operating at 473 nm excitation wavelength and using
a grating of 2400 grooves per mm, with spectral collection time of 2 s at an average of 2
times by a 100 x microscope objective. These spectra were afterwards used to analyze the
phase purity of the deposited diamond films.

XRD patterns were obtained using an ARL EQUINOXE 1000 X-ray diffractometer,
from Thermo Fisher Scientific (Waltham, MA, USA). The X-ray beam used is produced by
a copper anticathode at a wavelength of Ac,x,q = 1.54056 A with an incident X-ray angle
of 1°. The film grain size was estimated using a modified Scherrer equation and Rietveld
method applied on the (111) and (220) diffraction peaks [20,21].

An atomic force microscope (Dimension Icon, Bruker Corporation, Billerica, MA, USA)
operating in the tapping mode was used to examine the topography and roughness of
the films. A profilometer (Dektak XT-S, Bruker Corporation, Billerica, MA, USA) was
employed to further investigate mechanically the coating topography with a scan length of
1000 pm.

A white light interferometer (NewView 7300, Zygo Corporation, Middlefield, CT,
USA) was employed for characterizing and quantifying the surface roughness. Optical
resolutions of 50 x Mirau objective were 0.52 um for x and y axes based on Sparrow criteria.
Indeed, spatial sampling based on camera pixel size (0.55 um) was lower than the optical
resolution. The inspected surface area was 252 um by 252 um, obtained by stitching of
each single measurement with 20% overlap. Three samples were considered for each
configuration, i.e., coated and uncoated TA6V substrates polished with 3 different abrasive
papers (i.e., 3 x 6 = 18 samples), and ten measurements were performed on each sample
(i.e., 180 measured surfaces). The Gaussian filter has been recommended by ISO 11562-"96
and ASME B46.1-'95 standards for determining the mean line in surface metrology. This
filter was adapted in order to filter the 3D surfaces with a given cut-off value (50 pm) [22].
Then 3D roughness parameters were computed and defined by the following standards:
ISO 25178 defines 30 parameters, and EUR 15178N also defines 30 parameters, but some
are identical to those of ISO 25178.

The surface of each specimen was evaluated by means of Vickers hardness (HV) with
a microdurometer FM (Future-Tech Corp., Milan, Italy), with a load of 300 g/10 s. For each
surface, five indentations were made to obtain the hardness average and standard deviation
for each sample. The microhardness data were submitted to statistical analysis using a
one-way ANOVA and Tukey Kramer’s test (p < 0.05) using the software of MathWorks
Matlab R2019b.

3. Results and Discussion

The surface morphology of the NCD film-coated TA6V substrates at different polishing
grades is shown in Figure 1. The whole surface is homogeneously covered by a continuous
film formed of non-faceted nanometric grains and aggregates, characteristic of NCD layers
obtained with a DAA microwave system and resulting from a predominant high-rate
secondary nucleation growth mode [23]. One can also observe that there is no significant
effect of polishing on the morphology of NCD films.
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(b) (c)

Figure 1. Typical SEM micrographs of diamond films grown on TA6V substrates polished with
various granulometry: (a) 1200, (b) 2400, and (c) 4000.

These observations are confirmed by the AFM observations of the surface morphologi-
cal behavior after the different polishings and coatings (Figure 2).

(b)

Figure 2. AFM micrographs of diamond films grown on TA6V substrates polished with various
granulometry: (a) 1200, (b) 2400, and (c) 4000.

Raman spectroscopy permits us to confirm the growth of diamond layers on the TA6V
substrates, as shown in Figure 3. All spectra exhibit a diamond characteristic peak at
1332 cm !, which is further evidence for the diamond nature of the films. The Full Width at
Half Maximum (FWHM) of the diamond peaks for different polishing conditions is above
10 em~!, which is characteristic of the nanocrystalline feature. The spectra also show broad
bands around 1350 and 1580 cm !, attributed to graphite D band (breathing mode of sp?-
carbon rings arising in the presence of defects in graphite edges) and graphite Gband (E2 g
vibrational mode arising from C(sp?)-C(sp?) bonds), respectively [24]. The contributions of
the Trans-polyacetylene (TPA) responses around 1140 cm~! (C-H in plane bending) and
1480 cm ! (C=C stretch) [25] are not so obvious.

For all the polishing conditions, the diamond content sp® (%) was calculated using the
ratio of the diamond peak to the diamond and non-diamond contributions following the
procedure reported in [26]. As described in this paper, in addition to the diamond peak,
seven major non-diamond bands were considered. Several identified small non-diamond
peaks were also integrated into the sum of non-diamond contributions, such as the one
at 1570 cm~! visible on the spectrum acquired for granulometry 4000. The sp? (%) was
then estimated at 91% =+ 5%, 89% = 4%, and 83% = 4% for polishing granulometry of 1200,
2400, and 4000, respectively. This is satisfactory in terms of purity and comparable to the
values obtained for NCD films deposited at low temperature on silicon substrates, which
are typically greater than or equal to 70% for a deposition temperature of 400 °C [23]. Con-
sidering the standard deviation, the diamond content estimated here is roughly constant,
which demonstrates that there is no significant influence of the polishing grain size on the
NCD film purity.
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Figure 3. Typical Raman spectra of diamond thin films grown on TA6V substrates polished with the
three investigated granulometries.

X-ray diffraction patterns of the NCD coatings for the three polishing grain sizes are
shown in Figure 4a. All the coatings exhibit the (1 1 1), (2 2 0), and (3 1 1) diffraction
peaks of diamond occurring at 20 = 43.9°, 20 = 75.3°, and 20 = 91.5°, respectively (JCPDS
card 79-1467). This confirms the presence of crystalline diamond within the films. The
other peaks occurring at 20 = 34.5°, 20 = 39.5°, and 20 = 62° are related to titanium in
alpha phase [27]. In order to probe the diamond grain size for all the operating conditions
considered here, the size of coherent diffracting domains was estimated from XRD patterns
through the Rietveld method. Figure 4b shows that the grain size remains approximately
constant for the different polishing grain sizes, with values between 10 and 15 nm.
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Figure 4. (a) X-ray diffraction patterns of diamond thin films grown on TA6V substrates polished
with the three different polishing grades and (b) estimated grain size.
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1200

A first-hand estimation of the surface roughness after polishing and after NCD de-
position was obtained by profilometry measurements. Figure 5 reports the values of the
arithmetic average roughness (Ra) thus estimated. The roughness of the TA6V substrates
decreases from 90 to 50 nm when the polishing granulometry decreases from 1200 to 4000.
The same behavior is observed after diamond deposition, but with higher values that decay
from 150 to 110 nm. Therefore, the NCD deposition provokes a significant increase in the
surface topography, whereas, as expected, the use of a smaller granulometry for polishing
leads to a smoother substrate surface.

160
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140 4 2400 T
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120+ JT.
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7 T
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After polishing After deposition

Figure 5. Roughness Ra measured by profilometry for the six configurations considered in the study:
TA6V and NCD/TA6V obtained by polishing samples with granulometry 1200, 2400, and 4000.

Thorough measurements of the 3D roughness were achieved on an interferometer
using a 50 x objective (Zygo). The vertical resolution of the machine in this configuration
is lower than 10 nm, typically 8 to 9 nm, and the lateral resolution is equal to 0.52 pm
(Figure 6).
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Figure 6. The 3D experimental measurements of the six configurations considered in the study: TA6V
and NCD/TA6V obtained by polishing samples with granulometry 1200, 2400, and 4000.
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After computation and analysis of the 43 roughness parameters, four parameters came
to our attention:
Sir: Spatial parameter (ISO 25178): Texture-aspect ratio;
Sa (um): Amplitude parameter (ISO 25178): Arithmetic mean height;
Sku: Amplitude parameter (ISO 25178): Kurtosis;
Vv (mm?/mm?): Volume functional parameters: Pit void volume.

The results are summarized in Table 1.

Table 1. Average and standard deviation of the considered roughness parameters.

St S. (um) Siu Vv (mm3/mm?)

Sample Average Standard Average Standard Average Standard Average Standard

& Deviation 8 Deviation 8 Deviation 8 Deviation
TA6V1200 0.42 0.18 0.12 0.03 18.38 26.93 0.03 0.01
NCD/TA6V1200 0.52 0.24 0.2 0.06 6.36 2.27 0.05 0.02
TA6V2400 0.6 0.31 0.08 0.01 20.72 25.5 0.02 0.01
NCD/TA6V249 0.82 0.09 0.18 0.05 77 4.34 0.05 0.01
TA6V 4900 0.82 0.1 0.07 0.01 21.59 19.66 0.02 0.01
NCD/TA6V 4909 0.76 0.23 0.19 0.06 6.36 2.27 0.04 0.02

The S, parameter is a measurement of the uniformity of the surface texture. This pa-
rameter shows an increase between TA6V1200 vs. 2400 vs. 4000, referring to a reduction in
the textured appearance as a function of polishing grit, which was expected. This result can
be explained by the disappearance or attenuation of polishing scratches caused by larger-
grit sandpapers. The second result of the analysis of this parameter (S;) shows that the
presence of diamond coatings reduces the texturing effect (TA6V1200 vs. NCD/TA6V1200,
respectively, TA6V2400 vs. NCD/TA6V2400), except for TA6V4000 and NCD/TA6V4000,
where the results are similar. However, the values remain higher than 0.5, which reflects a
good surface homogeneity in all directions [28].

When comparing the results without diamond (TA6V1200 vs. 2400 vs. 4000), it is
interesting to note that the S, parameter decreases, which seems logical and is consistent
with the profilometry observations. The presence of diamond causes an increase by a
factor 2 in this parameter and gives a similar value regardless of the polishing protocol,
which differs significantly from the Ra variation reported using profilometry. According
to interferometry measurements, the addition of diamond therefore increases the surface
roughness locally while stabilizing this level of roughness regardless of the polishing
protocol used. A comparative behavior has been observed by Mordo et al. [29] when
investigating the deposition of DLC films. Indeed, whatever the initial roughness of the
bare substrates, the coating with DLC films thick enough leads to surface roughness roughly
identical after DLC deposition. This is an interesting result to consider in order to overcome
polishing defects and to reduce variability between samples.

The Sy, value is a measure of the sharpness of the roughness profile. If Sy, < 3, the
height distribution is asymmetrical above the mean plane, whereas if Sy, > 3, the height
distribution is peaked. The distribution in this study is then in peak form for each sample.
This parameter is similar for the three samples without diamond, with values between 18.38
and 21.59. Such elevated values (Sy, > 5) reveal the existence of irregular and repetitive local
structures [30]. With values between 6.36 and 7.7 for the three coated samples, the addition
of diamond films reduces the value of this parameter, so the elementary surface becomes
smaller and approaches a surface that can be described as a sand-blasted surface with the
presence of peaks and valleys. These new peaks are wider and smoother, comparable to
sinusoids. This can be associated with the shape of the grains that form the DNC films, since
it is expected that the near spherical shape of the diamond particles negatively affects the
kurtosis values [31]. Nevertheless, these values remain above 3, which is very promising,
because it has been demonstrated that for titanium implant surfaces, kurtosis values higher
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than 3 have a positive effect on the implant preservation related to bone and ensure a good
cell adhesion [32].

The Vyy value represents the void volume of the valleys for the value p% of the surface
material ratio. The results of this parameter are similar for the three samples without
diamond, between 0.2 and 0.3, and for the three samples with diamond, between 0.4 and
0.5. The addition of diamonds thus increases the value of this parameter; the surface
becomes more hilly. However, the observed valleys are smaller, which is in good agreement
with the previous roughness parameter Sy,.

The hardness of the considered samples was investigated using a microdurometer.
Table 2 summarizes the results (average and standard deviation of Vickers hardness,
Anova and Tukey Kramer tests) obtained for the six configurations considered in the
study, i.e., TA6V substrates polished with granulometry 1200, 2400, and 4000 with and
without NCD coatings. Comparable results in terms of order of magnitude are obtained
for polishing samples with 1200 and 2400 (TA6V1290 vs. TA6V2400 and NCD/TA6V 129 Vs.
NCD/TA6V1y(). In particular, an increase in Vickers hardness is obtained for the samples
polished with the 4000 abrasive paper (cf. TA6V 900 and NCD/TA6V49q0)-

Table 2. Average and standard deviation of microhardness for the six configurations considered in
the study: TA6V and NCD/TA6V obtained by polishing samples with granulometry 1200, 2400, and
4000. Anova and Tukey Kramer tests show the significant effects of diamond deposits, with two
statistically significant differences referenced as * and **.

Hardness (HV) Statistical Tests
Sample —
Average Standard Deviation ANOVA Tukey Kramer

TA6V1200 320.24 4.00 *
NCD/TA6V1200 329.92 12.91 *

TA6V 400 321.58 10.63 _
NCD/TA6V2400 328.3 5.71 p=00267

TA6V 4000 334.18 5.25
NCD/TA6V 4000 341.28 15.63 **

ANOVA shows a significant effect of diamond coatings (p < 0.05). The Tukey Kramer
test shows a statically significant difference between NCD/TA6V 40 (referenced as ** in
Table 2) and the samples polished with the 1200 and 2400 abrasive paper (TA6V15yy and
NCD/TA6Vy4q0) (referenced as * in Table 2). The results shown in Table 2 are compiled in
Figure 7.

TAGBV1200 | o

TAGV2400 |

TABV4000 +
NCD/TAGV1200 |
NCD/TAGV 2400 |

NCD/TAGV4000 |

L 2 1 L " . . n L
310 315 320 325 330 335 340 345 350 355
HV

Figure 7. Results of Tukey Kramer test: two groups (TA6V 1209 and TA6V74) have means significantly
different from NCD/TA6V 49q0-
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The increase in hardness when comparing the groups with and without diamond is an
expected result. Indeed, the addition of a diamond film increases the properties of the test
material [33,34]. It is important to note that a similarity is observed in the TA6V1200 and
TA6V2400 results (NCD/TA6V1200 and NCD/TA6V2400, respectively) and an increase
in the hardness value for TA6V4000 (NCD/TA6V4000). This effect may be related to the
work-hardening phenomenon arising from the polishing process. The surface treatment
increases the surface roughness by the impingement. The use of small abrasive particles
results in localized plastic strain. Furthermore, this impingement produces an increase
in the surface hardness due to the compressive load of the impact of the particles. Such
hardening occurs most notably for ductile materials such as the titanium alloy [35,36].

4. Conclusions

In this paper, the TA6V roughness effects on the characteristics of nanocrystalline
diamond films deposited using a distributed antenna array microwave reactor were inves-
tigated.

NCD coatings were thus successfully achieved on the considered TA6V samples
polished with 15 um, 9 pm, and 5 um grain size, referenced as 1200, 2400, and 4000
polishing grit, respectively. Their morphology, purity, and microstructure are comparable
to those obtained on substrates such as silicon wafer in the same reactor and growth
conditions.

The polishing degree has no significant effect on diamond nucleation and growth but
plays an important role on the roughness parameters and hardness of the NCD thin films.

The deposition of diamond leads to characteristic surface changes in appearance and
size:

e  The transformation of the peaks into sinusoids (Sy,) leads to a homogenization of the
surface (stochastic surface) (Si);

e  The presence of these sinusoids forms valleys (Vyy) of smaller characteristic size and
reinforces the homogenization of the surface (S¢);

e  All this leads to an increase in the average roughness (S,) and a harmonization of
the surface regardless of the polishing protocol used (1200 vs. 2400 vs. 4000 abrasive
paper).

The enhanced hardness value for 4000 polishing grit can probably be attributed to
the work-hardening phenomenon. The significant increase in the TA6V hardness due to
NCD coating is thus very promising for the improvement of the resistance to wear of TA6V
implants, which may increase the medical devices” durability.

Forthcoming works will deal with the biological evaluation (cytotoxicity, cell viability,
osteointegration) of TA6V disks polished with different polishing grit and coated with NCD
layers, aimed at linking the surface roughness and the sample hardness with biomedical
predispositions of NCD/TA6V systems.
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