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a b s t r a c t

We report on the synthesis of multifunctional microdiamonds by chemical vapor deposition (CVD) on
304 and 316 austenitic stainless steel (SS) substrates. The increase in wettability achieved by surface
scratching and the structure of ultra-dense Q-carbon achieved high nucleation density and minimized
strains in diamond films. Notably, these diamond films exhibit a high amount of twinning, leading to the
formation of five-fold microdiamonds. The diamonds on scratched SS substrate and Q-carbon interlayer
exhibit a full width at half maximum of 8.25 cm!1 and 11.5 cm!1, compared to 26 cm!1 on bare SS
substrate. The diamond films grown on bare SS substrate exhibited cracking due to high tensile stress of
2.3 GPa, ascribed to thermal mismatch between SS and diamond. The electron backscattered diffraction
investigations reveal iron inclusions in diamonds synthesized on bare SS substrates, which may create
ferromagnetism in these diamonds. This route, compared to the ion beam implantation method using
ferromagnetic ions, yields better samples. At 800 "C, 1012 Fe atoms/cm2s are transferred from the SS
substrate into the diamonds. The dominant growth orientation for these CVD diamonds was determined
to be <110> out of plane. These multifunctional microdiamonds are useful for biomedical, electronic, and
tribological applications.

Published by Elsevier Ltd.

1. Introduction

Diamond possesses highly useful properties such as high ther-
mal conductivity, high refractive index, high bandgap, high hard-
ness, and excellent biocompatibility [1,2]. Majority of the
diamonds: both natural and artificial are diamagnetic. Future
electronic and biomedical applications involving targeted drug
delivery to a specific site, magnetic semiconductors for electronic
applications (by controlling the quantum state of the electron spin)
are possible by utilizing ferromagnetic diamonds [3e5]. Diamonds
can be rendered ferromagnetic by incorporating inclusions in them.
Magnetic inclusions like iron oxides and sulfides render naturally
occurring diamonds magnetic [6]. Iron carbide inclusions can also
make diamonds ferromagnetic [7]. Iron carbide (Fe3C), also known
as cementite, crystallizes in the orthorhombic crystal structure; it
has ferromagnetic nature with a Curie temperature of approxi-
mately 187 "C [8]. There is a consensus that synthetic diamonds

fabricated by CVD are diamagnetic if there is no contamination by
ferromagnetic impurities. However, recent studies have reported
the growth of magnetic CVD diamonds with a saturation magne-
tization of 0.3 emu/g on stainless steel (SS) foil, suggesting that the
magnetic nature of CVD diamonds is highly dependent on the
substrate on which they are fabricated. The magnetism of di-
amonds fabrication on SS foil has been attributed to the presence of
iron, chromium, and nickel in diamonds that were picked up from
the SS substrate [5,9]. The incorporation of these species from the
substrate into diamond is not well understood, making it necessary
to perform more studies on the phenomenon of ferromagnetism in
CVD diamonds synthesized on austenitic SS substrates. Studies
have also been performed to inject Fe ions by using ion implanta-
tion in nanodiamonds to make them magnetic [10]. However, the
defects generated can only be removed by 2 step high-temperature
annealing process which can lead to graphitization. Hence, CVD
processing to generate ferromagnetic diamonds compared to ion
implantation is convenient from processing point of view.

The phenomenon of diamond film cracking and delamination as
a function of the substrate has been studied in great detail. Lattice
mismatch strain and thermal mismatch strain are two significant
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contributors to diamond film cracking. To minimize thermal strain
(εT) between the diamond film and the substrate, there should be
minimal difference in the thermal expansion coefficient (a) be-
tween the substrate and the coating as εT ¼ DaDT. Previously, it has
been observed that the formation of graphite is catalyzed on
transition metals which have incompletely filled 3d shells [11].
Ferrous substrates predominantly exhibit diamond thin film
delamination due to the formation of interposing graphitic layers at
substrate temperatures upto 900 "C [11,12]. Notably, the thermal
expansion coefficient (TEC) of steels varies from 9 $ 10!6/oC to
1.8 $ 10!5/oC in comparison with 1.0 $ 10!6/oC for the diamond at
300 K [13]. In the whole steel family, austenitic SS has the highest
TEC value resulting in a maximum thermal mismatch between the
SS substrate and the deposited diamond coating on it. It causes
cracking and delamination of the coating. The thermal stress as a

function of thermal strain can be calculated usingsT ¼ 2mð1þwÞ
ð1!wÞ εT .

The terms m and w are shear modulus and Poison’s ratio of diamond,
respectively. This yields a high value of 6e8 GPa generated in a
diamond film on steel substrates [14]. However, biomedical and
tribological applications necessitate high-quality diamond coatings
on SS. Nevertheless, due to the myriad of issues discussed above,
only a limited number of studies have been carried out to investi-
gate diamond deposition on austenitic SS.

Researchers have contemplated various methods to improve the
quality of diamond film synthesized on ferrous substrates. The
most popular concept has been the use of interlayer, which acts as a
barrier for diffusion, preventing the reaction between the substrate
and the gases used to synthesize diamond during CVD. It can, in
some cases, assist in reducing the TEC mismatch. Interestingly, the
interlayer may also promote diamond nucleation by providing
diamond nucleation sites, if the interlayer is a carbide former with
an atomic structure similar to the diamond cubic. The metastable
allotrope of carbon (Q-carbon), which has a higher mass density
than diamond, can provide diamond nucleation sites as well as
minimize thermal stress, because of similar TEC as that of diamond.
The Q-carbon forms when liquid carbon is quenched at rates
exceeding 109 K/s [15,16], Q-carbon interlayer has shownpromising
results to obtain a continuous diamond film on metallic [17], and
sapphire [18e20] substrates. The formation of Q-carbon at 4000 K
results in nano-welded regions with the substrate giving rise to
superior adhesion between the film and the substrate [21]. In the
case of sapphire, it has been surmised that the liquid carbon can
react with Al2O3 and form Al4C3, making it possible to synthesize
diamond film with improved adhesion and containing a higher
number density of diamonds [22]. Previously, pulsed laser
annealing (PLA) substrate prior to CVD has been shown to be
effective in producing high-quality diamonds at lower CVD sub-
strate temperatures than usually necessary [14,23]. Furthermore,
additional adhesion improvement is possible by diamond seeding
the substrate followed by PLA to melt the substrate to embed the
diamond seeds into the substrate [24e26].

The purpose of this study is two-fold, first to shed light on the
formation of possibly ferromagnetic CVD diamonds on para-
magnetic austenitic 304 SS and 316 SS, and second, to compare the
effectiveness of surface scratching and Q-carbon interlayer in pro-
ducing high-quality CVD diamonds on austenitic SS. Scratching is a
common method to increase diamond nucleation [27]. However,
the novelty aspect of this work is to compare the quality of CVD
grown diamond on surface scratch and Q-carbon interlayer. The
surface morphologies and structure of these diamonds have been
investigated systematically. The inclusions responsible for inducing
ferromagnetism in CVD diamonds have been characterized, and
their formation rationalized using Gibbs free energy analysis. We
have quantified the difference in the quality and residual stresses in

the diamond film on austenitic SS due to the presence of surface
scratches and the Q-carbon interlayer using Raman spectroscopy,
electron backscattered diffraction (EBSD), high-resolution scanning
electron microscopy (HRSEM), and x-ray diffraction (XRD).

2. Experimental methods

2.1. Hot filament chemical vapor deposition (HFCVD)

HFCVD was carried out at a substrate temperature of 775±25 "C
for a growth duration of 3 and 6 h in a steel chamber with a water-
cooling facility. Four filaments of tungsten with a diameter of
508 mm each were utilized. A voltage of 9±0:1 V was applied across
the filaments, and a current of 90±10 A was passed through the
filament(s). This resulted in the tungsten filaments getting heated
to a high-temperature of ~2000 "C. The distance between the fila-
ment and the substrate was measured using Vernier caliper and
maintained at ~4e6mm. The Carburization process was carried out
before the beginning of the growth process for ~30 min at a flow
rate of 50 sccm (standard cubic centimeter per minute) for CH4 and
10 sccm for H2 gas at a chamber pressure of 10 Torr. The CVD
growth was carried under a flow rate of 2 sccm for CH4 and 100
sccm for H2 at a chamber pressure of 20 Torr. The gas flow rates
weremeasured usingmass flow controllers (MKS Instruments, Inc).
The samples were placed on a heat resistant Molybdenum heater
block. The filament temperature was measured with a two-color
pyrometer, and the substrate temperature was measured by a
contactless optical pyrometer through a glass lens present in the
chamber. After the deposition, substrate was cooled at a constant
cooling rate of 10 "C/min to minimize the thermal shock effect.

2.2. Substrate pretreatment, cleaning procedure, and seeding
process

Austenitic SS substrates 304 and 316 were polished using
Kempad lapping disc manufactured by Allied High Tech Products.
The disc was sprayedwith diamond inwater colloidal suspension in
order of 9 mm, 6 mm, 3 mm, and 1 mm grade. After polishing at each
grade, the samples were washed with deionized water and cleaned
with acetone and methanol before switching to a finer grade on a
new lapping disc. All the polished samples (SS 304, 316, Silicon,
sapphire) were cleaned using acetone and methanol in an ultra-
sonic cleaning bath for 5 min each at room temperature. The
samples were handled with nonmagnetic tweezers manufactured
by DuPont. The stainless-steel substrate surface was scratched by
utilizing a diamond scriber. Before performing CVD, all the samples
were cleaned with a high velocity N2 gas jet. For just seeding pur-
poses, 50 nm diamond in colloidal water suspension was sprayed
on the samples.

2.3. Formation of Q-carbon interlayer

The technique of pulsed laser deposition (PLD) was used to coat
austenitic SS 304/316 with a 200e400 nm thick diamond-like
carbon (DLC) layer corresponding to 2000 laser shots on Ti-doped
glassy carbon target. The optimum amount of Ti doping was uti-
lized such that there was no film delamination as well as minimum
TiC formation [28]. This layer was further subjected to PLA at an
optimized energy density of 0.7±0:1 J/cm2 necessary for the for-
mation of Q-carbon [29]. PLD and PLA were carried out by utilizing
state-of-the-art excimer lasers KrF (25 ns pulse duration) and ArF
(20 ns pulse duration) having photon energies of 5 eV and 6.42 eV,
respectively.
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2.4. Characterization

An FEI Verios 460L SEM was employed for performing the
HRSEM. The FIB Quanta SEM was employed to tilt the sample for
better visualization of diamond growth and performing EBSD. The
EBSD on diamond coating was performed by tilting the sample at
70". The dynamic tilt correction featurewas used to compensate for
the scaling error due to tilt. The Kikuchi patterns obtained were
compared with the database of Kikuchi bands of Fe, Cr, Ni, graphite,
and Fe3C. The XRD 2q scans were performed using a Rigaku
SmartLab X-ray diffractometer (l ¼ 1:54 �AÞin Bragg-Brentano in
reflection geometry operating mode using a Cu Ka radiation source
from a sealed tube operating at a voltage and current of 40 kV and
25 mA, respectively, and state of the art LENXEYE XE detector. A
WITec confocal Raman microscope system (Alpha 300M ! 532 nm
laser source) with a grating size of 1800 I/mm was utilized to
characterize the Raman-active vibrational modes in as-deposited
and laser annealed samples. The Raman intensities were cali-
brated by making sure that the zero-loss peak was accurately
observed at zero and Si peak at 520 cm!1. The laser power of 30±
20 mW was utilized, and care was taken to prevent any unnec-
essary sample heating during the spectrum acquisition.

3. Results and discussions

3.1. Study of diamond growth on SS substrate utilizing surface
pretreatment and Q-carbon interlayer

3.1.1. Utilization of surface scratching for enhanced diamond
nucleation on SS 304/316

Fig. 1 depicts the ideal mechanism of diamond nucleation and
growth on the SS substrate with and without surface scratch. In
agreement with the observations on various substrates, scratching
SS with a diamond scriber results in higher diamond nuclei spaced
both closely and uniformly. However, on an unscratched SS sub-
strate, the formation of diamond nuclei with a critical radius, r*,
requires some incubation time, iron carbide/graphite interlayer also
forms along with it on the substrate. The diamonds nucleate either
in the interior or above this interlayer. The literature review in-
dicates that this iron carbide/graphitic interlayer can be as large as
25 mm [30,31].

Fig. 2 illustrates the SEM images of selective diamond nucleation
on the surface scratched region compared to the unscratched re-
gion on 304 and 316 SS substrates. The SS substrates were scratched
with diamond scriber, which introduced surface roughness
(Fig. 2(a-e)) . Fig. 2(a) depicts the preferential diamond nucleation
and growth on surface scratched SS 304. Similar effect was
observed in the case of SS 316 shown in Fig. 2(b). Fig. 2(c) is an
image of SS 304 at high magnification close to the sample edge
emphasizing the selective diamond nucleation on the surface
scratch. Fig. 2(d) illustrates an image of CVD diamonds formed on
diamond seeded SS and also surface scratched with a diamond
scriber which as previously mentioned would introduce surface
roughness. To investigate the improvement in the quality of
microdiamonds formed on the surface scratch, the Raman spectra
in the vicinity and inside the scratch region were acquired (Fig. 2f).
The diamond peak was noted at 1332.8 cm-1, sufficient to adduce
the stress-free nature of the diamonds grown on these surface
scratches [18]. It is interesting to note that the graphitic peak is
absent even though Raman scattering occurs at higher efficiency
(532 nm laser) for sp2 bonded carbon (50e250 times) compared to
sp3 bonded carbon [32,33].

3.1.2. CVD diamond growth on silicon, sapphire in comparison with
SS

The substrate-dependent growth of diamonds on different
substrates (c-sapphire, silicon, and 304/316 austenitic SS) is shown
in Fig. 3. The CVD diamond deposition conditions were the same for
all of the substrates; all of the substrates were placed on the Mo
plate and inserted at the same time in the CVD chamber. It is
important to note that these substrates were not seeded with
diamond nanoparticles prior to performing CVD. The number
density of diamonds on the c-sapphire substrate is shown in
Fig. 3(a) was found to be very low 106-107/cm2. The number density
of diamonds on the silicon substratewas comparatively higher than
that on c-sapphire (Fig. 3 (b)). Diamonds grown on sapphire and
silicon exhibited clear faceting with no traces of graphite. Fig. 3(c)
shows the diamonds formed on 304 SS, small traces of graphite can
be observed on the diamonds. The diamonds formed on 316 SS have
been depicted in Fig. 3(d). Polycrystalline diamonds and higher
graphitic content were found on SS 316 compared to SS 304. The
large diamond nucleation and higher graphitic content on 316 SS

Fig. 1. Schematics of different diamond nucleation mechanisms on SS substrate on scratch, and unscratched region. (A colour version of this figure can be viewed online.)
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may be attributed to the presence of Mo, which is a carbide former,
assisting in nucleation of both graphite and diamond. Previously,
researchers have established that the substrate temperature in the
range of 750e800 "C is optimum for austenitic SS in order to pro-
duce diamonds with minimum graphitic content and Fe3C inter-
layer thickness [31]. Not to mention the fact that the minimum
graphitic content is still pretty significant in the case of steels. The
diamonds we synthesized on austenitic SS under the above-dis-
cussed conditions exhibited a polycrystalline nature along with a
discernible amount of graphitic content.

3.1.3. Mechanism of enhanced nucleation due to surface roughening
The surface roughness increases the effective surface area,

which may reduce the energy per unit area. This phenomenon, in
turn, leads to the stabilization of smaller size diamond nuclei, i.e.,
the minimum critical radius (r*) for diamond nucleation is reduced.
Another mechanism involved in the nucleation on rough surfaces
during CVD is the nucleation by entrapment of diamond species,
where metastable smaller nuclei are entrapped and grow. It is also
possible that both these mechanisms may work concurrently and
enhance diamond nucleation in scratched surfaces. It should be
mentioned that similar enhancement is observed after roughening
with PLA, which confirms the roughness as the primary cause of

enhanced nucleation not any debris/impurity introduced by the
diamond scriber [24].

For a metastable phase, such as diamond, the critical radius of
nucleation (r*) under homogenous nucleation can be found by
setting dGT

dr ¼ 0, where;DGT is the total Gibbs free energy, DG* Gibbs
free energy per unit radius for transformation, and gs is the surface
energy. The calculated value of r* from equation (1) was ~1 nm.

r* ¼
2gs
DG* (1)

Fig. 2(d) illustrates the SEM micrograph of the SS 304 substrate,
which was polished with diamond paste and scratched with a
diamond scriber. This sample showed uniform diamond nucleation
throughout the sample, even in the non-scratched region, which
illustrates the fact that the higher diamond nucleation is due to the
presence of diamond seeds. However, the quality of diamonds
formed on surface scratch was better than that on the surface
seeded with diamond attributed to additional strains. Surface free
energy of the substrate (ss) and film (sf ) and the interfacial energy
(ssf ) determine the growth mode of the system [34].

ss < sf þ ssf (2)

Fig. 2. SEM images of diamond growth on scratch: (a) SS 304; (b) SS 316; (c) SS 304 at low magnification close to substrate edge (inset) shows higher magnification image; (d)
SS304 with diamond seeds; (e) Optical image on SS 304; (f) Raman spectra along the arrow shown in (e).
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For 3D growth to transpire, the substrate and the film surface
energy should be low, and the surface energy of the substrate film
interface should be high. The substrate roughening promotes 3-D
growth as it influences the surface energies. It decreases surface
energy but increases interfacial energy. The roughened substrate is
also thought to provide more nucleation sites.

3.1.4. CVD diamond on Q-carbon interlayer
To produce a superior quality diamond film on austenitic SS, our

second approach was to utilize a Q-carbon interlayer. The advan-
tage of the Q-carbon interlayer is its resemblance to the diamond
crystal structure favoring the nucleation of the diamond. The Q-
carbon structure consists of randomly packed diamond tetrahedra
to generate higher number density of atoms than the diamond
cubic crystal structure [15,20]. The unit cell of the diamond cubic
structure has 8 atoms, whereas Q-carbon can accommodate as
many as 12 atoms in the same unit cell dimensions [35].

Fig. 4(a) shows the glowing Q-carbon thin film through the
cracked black a-carbon regions. The mechanism of cracking of a-
carbon due to the formation of highly dense Q-carbon underneath
it has been described elsewhere [36]. Etching of graphite (sp2 rich)
by hydrogen is a crucial step in obtaining high-quality CVD dia-
mond. The literature on the mechanism of etching during CVD
diamond growth suggests that the etching of the sp1 and sp2

bonded carbon is ten times faster than the etching of the sp3

bonded carbon, which assists the growth of the sp3 phase [37]. As
has been previously reported in the literature [17,29,38,39], Q-
carbon is sp3 rich (~80% sp3 and rest sp2), its Raman spectrum is
depicted in Fig. 4(c). We have observed that Q-carbon etches at the
minimum rate, whereas as-deposited sp2 rich DLC etches at a faster
rate, which has been demonstrated in previous studies [18,19].
Fig. 4(d) shows the etching of the sp2 rich DLC film. On the other
hand, no such etching was observed on diamonds grown on the Q-
carbon interlayer. Also, this figure qualitatively displays the less
diamond nucleation on DLC interlayer compared to Q-carbon
interlayer. In short, a-carbon is etched off, exposing Q-carbon,

which provides nanodiamond seedswhich further foster its growth
during CVD to form microdiamonds. The microdiamonds formed
on Q-carbon interlayer (Fig. 4(b)) contain fewer inclusions as
compared to diamonds grown on bare SS substrate, as seen in
Fig. 6(d). The diamond film grown on Q-carbon interlayer showed a
sharp Raman signal at 1321 and at 1332 cm!1 (depicted in Fig. 5(c)),
which is associated with nanodiamonds. The diamond peak at
1332 cm!1 (Fig. 5(d)) is ascribed to the presence of the T2g vibra-
tions [40], and this peak also signifies minimal residual stress in the
grown diamond. The stress in diamond film on Q-carbon interlayer
from Raman shift is given by Ref. [18]:

Dn
h
cm!1

i
¼ ns ! no ¼ ! 1:62s½GPa) (3)

The average Raman shift of diamond film grown on Q-carbon
interlayer from equilibrium position of stress free diamond is
0.8 cm!1. Using this data, a stress of 1.3 GPa has been obtained for
the diamond film deposited on the Q-carbon interlayer. The ob-
tained stress value in the diamond film grown on the Q-carbon
interlayer is ~40% less than that grown on bare SS substrate..

The blue shift of the peak from 1332 to 1321 cm!1 is caused by
the presence of nanodiamonds and is a result of phonon confine-
ment effects [41]. Therefore, interestingly the diamond film syn-
thesized on the Q-carbon interlayer is an amalgamation of both
nanosized and micro-sized diamonds. The diamond surface shape
is influential in determining its mechanical properties. The faceted
diamonds exhibit poor toughness and are prone to chipping and
fracture. However, the diamonds grown on the Q-carbon interlayer
did not demonstrate any clear faceting and were found to be
cauliflower (ballas) shaped as a result of copious nucleation. The
ballas microstructure is formed by a grouping of many nano-
diamonds, justifying the Raman peaks obtained at 1321 cm!1. The
ballas diamonds are obtained for higher carbon to hydrogen ratio
(i.e., CH4/H2 ratio for enhanced nucleation. The higher nucleation
can be envisaged to be coming fromQ-carbon interlayer. It has been
shown that the nanotwins in these nanodiamonds do not follow

Fig. 3. HFCVD diamond growth on (a) c-sapphire; (b) Silicon; (c) SS 304; and (d) SS 316 after 6 h. (A colour version of this figure can be viewed online).
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the inverse Hall-Petch equation, i.e., the strengthening does not
decrease below a definite twin size [42,43]. Twin boundaries are
supposed to toughen the material by deflecting the cracks during
crack initiation and propagation [44]. Twinning in diamond
changes the crystal structure from face-centered cubic ABCABC
stacking to hexagonal ABAB stacking. The twins, if present in
alternating planes, can cause the formation of the hexagonal dia-
mond phase, which has only three independent slip systems. Thus,
reduction in slip systems is responsible for dislocation pile up and
enhanced hardening. The extraordinary toughness and wear-
resistance of ballas diamonds are attributed to the high amount
of nanotwins, making them industrially relevant [45]. The diamond
phase purity can be quantified by using the theory of Quality factor
(Q) defined as [42]:

Q ¼ sp3

sp2
¼ Idiamond

Idiamond þ Ia!carbon
233

(4)

where Ia-carbon is the sum of Raman intensities of the observed non-
diamond lines [46], the Raman spectra of diamonds obtained on
scratch, Q-carbon interlayer, and bare SS substrate have been por-
trayed in Fig. 5. The quality factor of eachwas calculated to compare
them for different conditions, Q1>Q2>Q3 was noted. The subscripts
1, 2 and 3 correspond to microdiamond on scratch, Q-carbon
interlayer, and bare SS substrate.

The XRD plots in Fig. 7 shows various important structural
characteristics of diamond films deposited on the SS substrate with
and without the presence of Q-carbon and DLC interlayer. Fig. 7(a)
illustrates the XRD plot of the bare SS substrate. This plot was
helpful in deciphering the peaks that did not originate from the
substrate. The broad diffraction peak exhibited by Q-carbon

(Fig. 5(b)) helped to validate its amorphous structure [29]. The
sharp CVD diamond {111} peak was observed for diamond films
synthesized using 3 h CVD on bare SS substrate (Fig. 7(c)) and also
on SS with Q-carbon interlayer shown in Fig. 7(d). The XRD spectral
acquisition was also carried out in the 2q range of 70e100" illus-
trated in Fig. 7(e) and (f). The peaks observed at ~75" and 91" were
identified to be diamond (220) and (311) peaks, respectively, which
unambiguously confirmed the presence of diamond. Notably, the
chromium carbide peak is found to be existent after CVD on as-
received SS 316, while it is absent/very diffused on CVD coated SS
316 with Q-carbon interlayer present. As the chromium carbide is
thought to be a brittle phase, the CVD coated SS 316 with the
presence of a Q-carbon interlayer is expected to preserve toughness
at the substrate-coating interface. By taking into consideration the
Fe3C intensity as a function of q and variation of intensity of dia-

mond
!
I111
I220

"
as 2.83, the ratio of number density (N)

!
N111
N220

"
for the

diamond was found to be 0.53 for 6 h CVD for both 304 and 316 SS
(Fig. 7 (e, f)).

The diamond thin film on Q-carbon interlayer can safely be
assumed plane stress condition (szz ¼ 0; εzzs0). The q-2q X-ray
diffraction scan (Fig. 5(d)) was utilized to measure the strain (εzz)
around (110) peak.

s¼ 2εxxmð1þ nÞ=ð1! nÞ (5)

where, n is the Poisson’s ratio ¼ 0.2 εxx ¼ 1x10!3;m ¼ 455GPa[35];

s¼ 1365εxx GPa ¼ 1:365 GPa

Based on the above discussion, it can be presumed that Q-car-
bon can be used as a very effective interlayer to nucleate and

Fig. 4. (a) SEM micrograph of Q-carbon (white) below a-carbon on 316 SS substrates by PLA processing at 0.6 J/cm2; (b) Continuous ballas type diamond film grown on Q-carbon
interlayer after 3 h of HFCVD; (c) Q-carbon Raman spectrum; and (d) SEM image showing etching of DLC layer and less diamond nucleation compared to on Q-carbon interlayer
after 3 h of HFCVD. (A colour version of this figure can be viewed online.)
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produce diamond coatings with higher hardness, toughness, and
adhesion. We found that both scratching and Q-carbon interlayer is
beneficial for obtaining high-quality CVD diamonds. However,
scratching produces better quality diamonds compared to the Q-
carbon interlayer FWHM of 8.25 cm-1 compared to 13 cm-1. For
some specific applications, a smooth and clean interface between
diamond film and the substrate is essential. For very hard sub-
strates, it is not possible to obtain reproducible surface scratches by
using abrasives. Hence, the Q-carbon interlayer is ideal for those
cases.

3.2. Diamonds formed on bare SS substrate (diamonds with Fe
inclusions)

3.2.1. Formation of magnetic diamonds
The diamond nuclei entrenched in the graphitic interlayer may

trap some iron particles diffusing from SS in them during its growth
resulting in diamonds with iron inclusions, as shownpreviously [9].
The EBSD pattern taken on a continuous diamond film is displayed
in Fig. 6 (a). Fig. 6 (c) demonstrates the presence of iron inclusions
characterized using EBSD mapping (inset) on the diamonds grown
on 304 SS. The characterized diamond showed <110> out of plane
growth orientation, and the EBSD was taken along the <111> facet.
Based on XRD and EBSD data, there were regions where diamonds
grew along <110> orientation; however, in between these regions,
diamonds with <111> out of plane orientation were also observed.

The generation of iron carbide from iron is possible if iron from the
substrate combines with amorphous carbon on the diamond sur-
face. At 800 "C, the Fe cannot react with the diamond to form Fe3C
due to positive Gibbs free energy of the formation of iron carbide. In
the temperature range of 400e800 "C, the diamondeFe interaction
is significantly lower [46]. The free energy for the formation of
cementite becomes negative above ~963 "C, making the formation
of cementite possible by extracting carbon present in the diamond
and combining it with Fe [47].

Feþ3CðDiamondÞ/Fe3C DGo ¼ 2:23 kJmol!1@800"C (6)

In the proximity of 800 "C, the vapor pressure (P) of pure iron is
3.2 $ 10!9 Torr [48]. The flux of iron particles can be calculated
using equation (7):

4Fe

!
#

cm2s

"
¼3:513 x 1022

P ðTorrÞffiffiffiffiffiffiffiffi
MT

p (7)

The SS (M ¼ 56) substrates were square-shaped with a surface
area of 1 cm2 resulting in a value of 4Fe ¼ 4.6$ 1011 iron atoms/cm2

s. This flux of Fe atoms ends up inside or above the diamond film.
Based on SEM analysis, the average radius of the iron nanoparticle
~5 nm corresponding to a volume of 523.6 nm3. In the case of bare
unscratched SS substrate, the formation of diamond nuclei with
critical radius r* requires some incubation time, along with the
formation of diamond nuclei, iron carbide/graphite interlayer forms

Fig. 5. Raman spectrum of (a) diamonds grown on bare SS 316 substrate; (b) diamonds grown on scratch; (c) microdiamonds grown on Q-carbon after CVD; and (d) nanodiamonds
grown on Q-carbon seed layer. (A colour version of this figure can be viewed online.)
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on the substrate. The diamonds nucleate inside or over this inter-
layer (Fig. 1). During the diamond growth process, the iron atoms
manage to evaporate from the substrate and diffuse into the di-
amonds. These iron atoms (~5$ 1016/cm2 for 6 h CVD) are sufficient
to make these microdiamonds ferromagnetic, as shown in the past
studies [9]. The atomic moment of Fe is 2.22 mB

atom [49e51]. One atom
of Fe weights 9.27 $ 10!23 g. So, the observed saturation magne-
tization of 0.3 emu corresponds to 1.35 mg of Fe. 1.35 mg of Fe
corresponds to 1.45 $ 1019 Fe atoms. Based on our experimental
observations and calculations, 4Fe ¼ 4.6 $ 1011 iron atoms/cm2 s.
For 6 h CVD, the total flux is 5 $ 1016/cm2; the thickness of the
diamond film is 6 mm, this results in 3$ 1019 Fe atoms. The fluxof Fe
atoms obtained in this study agrees pretty well with the flux of Fe
atoms used to make diamond ferromagnetic by ion implantation
[10]. These magnetic CVD diamonds may be mechanically con-
verted to the powder form for applications such as MRI contrast
agents, drug delivery to tumors, and SAW filters.

3.2.2. Cracking of the diamond film: calculation of film stress
In the case of SS 304 surface scratch after 6 h CVD growth, the

number of diamond grains has increased sharply, and they coalesce
to form an excellent continuous diamond film, which is not possible
without scratching. For a diamond thin film with uniform coverage
on scratch, a high density of five-fold twinswas observed (Fig. 6(a)).
The twin boundaries in the diamond are coherent with the absence
of dislocations. High-resolution transmission electron microscopy
investigations on twins in diamond have indicated that the angles
between the {111} planes vary from 70o-74". Interestingly, this
substantial distortion is accommodated by elastic strains [52].

However, the rapid growth of interlayer phases such as iron carbide
and chromium carbide results in the embedding of the diamonds
within the porous interlayer observed in Fig. 6(d) on unscratched
region of SS. It is evident that the diamonds formed on the
unscratched surface, which nucleate on the interposing graphitic
layers, have weak adhesion. The weak adhesion was further
confirmed with a qualitative scotch tape test. Fundamental char-
acteristic properties of thin-films depend on the strains present in
them. At 25 "C, the CTE of austenitic SS is ~16 times that of the
diamond [11]. The formed diamond film on austenitic SS 316 sur-
face without the scratch was highly stressed, resulting in cracking
(Fig. 6(d)). Cracking in the diamond film occurs when the diamond
film is under tensile stress, which is evident from the Raman
spectrum depicted in Fig. 6(d) inset. This Raman peak is shifted
from its equilibrium stress-free position by 3.5 cm!1. By using the
above equation, a tensile stress of 2.1 GPa has been obtained in the
diamond film. From the XRD data (Fig. 5(e and f)), the stress in the
diamond film was calculated by using equation (5). We measured
the strain (εzz) around (220) peak. We found an in-plane lattice
strain of around 1.7 $ 10!3. The in-plane stress in the diamond film
can be calculated using the value of obtained planar lattice strain
and assuming εxx ¼ εyy . The calculated stress in the diamond film is
~2.3 GPa, which matches well with the stress value measured from
Raman analysis.

3.2.3. Surface features and morphology of diamonds observed on
austenitic SS 304

The morphology of diamonds fabricated by CVD can be
manipulated by varying the substrate temperature and CH4/H2

Fig. 6. SEM image of (a) continuous diamond film formed on SS 304 on scratch along with its EBSD from the dotted red-circled region showing <110> out of plane orientation of the
diamond cubic crystal; (b) 3 h CVD growth on SS 316 showing the absence of a continuous diamond film; (c) Diamond with high graphitic content with iron inclusions as detected
by EBSD; and (d) cracking in a continuous diamond film present on SS 316 with its Raman spectrum in the inset depicting the high stress present in the diamond film. (A colour
version of this figure can be viewed online.)
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ratio during deposition. The diamond shape is dictated by the
growth rate in various directions. In general, for diamonds syn-
thesized by CVD, if we compare the growth rate along <111>,
<100> and <110>; <111> has the slowest growth velocity (v111),
whereas <110> has relatively moderate growth velocity (v110), and
<100> has the fastest growth velocity (v100) [53].

b¼
ffiffiffi
3

p v100
v111

(8)

The higher the value of b, the higher the fraction of the {111}
faces dominating the shape of the diamond.

As shown in Fig. 8, diverse diamond morphologies were ach-
ieved on the SS 304 substrate after 3 h HFCVD deposition. The
different shapes can be explained by equation (8) [6]. Diamond
(cuboctahedron with <100> added faces) morphology shown in
Fig. 8 (a) is obtained when the value of b varies in the range of
1.5e2. This morphology was observed at the sample edges. From
the literature, this value of b corresponds to the methane concen-
tration of 0.5e1% lower than the required value of 2%, which is
possible at the very edge of the sample. Diamonds in the central
region of the substrate showed morphology corresponding to the
methane concentration of 2e2.5% (Fig. 8(b)).

Fig. 7. XRD plots of (a) as-received 316 SS; (b) Q-carbon interlayer on 316 SS; (c) CVD on bare 316 SS; (d) CVD on 316 SS with the presence of Q-carbon interlayer; (e) 6 h CVD on bare
316 SS; and (f) 6 h CVD on bare 304 SS. (A colour version of this figure can be viewed online.)
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4. Conclusions

In conclusion, to synthesize diamonds without any inclusions/
graphitic content, we investigated the role of Q-carbon interlayer
and surface scratching pre-treatment on austenitic SS. Both ap-
proaches were effective in producing a higher density of diamonds
with minimal stress and graphitic content. In the case of Q-carbon,
there are pre-existing nucleation sites that foster diamond growth.
Whereas substrate roughening affects the surface and interfacial
energy, assisting in both 3D diamond growth and generation of
more nucleation sites. Notably, diamonds synthesized on Q-carbon
interlayer are expected to be stronger and tougher compared to
usually faceted diamonds as they were ballas type (indicating
higher twin concentration). The utilization of a Q-carbon interlayer
to grow high-quality diamond coatings is industrially scalable.
Furthermore, CVD diamonds synthesized on bare austenitic SS 304/
316 substrates show presence of Fe inclusions characterized by
using EBSD. The Fe atoms evaporate from the substrate into the
diamond as a result of high substrate temperature (>750 "C). From
the free energy estimations, we establish that the formation of Fe3C
is more favorable than Fe at substrate temperatures over 960 "C.
The possibility for the formation of Fe3C inclusions opens up new
prospects for imparting more robust ferromagnetism in diamonds.
This study provides a general roadway for tailoring the properties
of CVD diamonds on austenitic stainless-steel substrate handy for
uses in MRI, drug delivery to tumors, SAW filters, and magnetic
semiconductors for electronic applications.
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