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Abstract—For the first time, shear-induced metallization on the (001) face of diamond single crystals
of types Ib, IIa and IIb during hardness tests is studied. The tests are performed using the Vickers and
Berkovich indenters on diamond single crystals grown by the temperature gradient method. In the
Raman spectra of imprints obtained on the (001) face of diamond, intense photoluminescence bands
with a complex shape are found, which complicates the identification of the phonon bands of the sp2

phase of carbon. The sp2 phase of carbon in the imprints on the (001) face is reliably revealed only for
diamonds of type IIb and only in the case of using the Berkovich indenter. It is found that graphitiza-
tion during hardness tests on the (001) face of diamond of type IIb is much less than on the (111) face.
The recorded photoluminescence with a maximum at about 510 nm can be considered as evidence of
the formation of the mixed sp2/sp3 phase of amorphous carbon in the imprints on the (001) face of dia-
mond in the initial stages of graphitization.
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INTRODUCTION
It is known that the bandgap between the valence and conductivity bands decreases when an external

pressure is applied to a dielectric material. With some critical pressure, the valence band overlaps with the
conduction band and the dielectric becomes a conductor. This effect is known as the Mott transition [1,
2]. Typically, this pressure is much higher than the pressure created when measuring the hardness of the
material and the Mott transition is not observed during the hardness test. For example, the hardness of
gallium arsenide is about 7 GPa and the high pressure metallic phase is formed only under a pressure of
16 GPa [3], so the high pressure phase is not formed upon the indentation of GaAs during the hardness
test [4]. But there are exceptions for single crystals of silicon and germanium with an open shell structure
and strictly directed covalent bonds. For these materials, the pressure created under the indenter during
the hardness test is sufficient for the disappearance of the bandgap and the formation of a high pressure
plastic metallic phase at the place of contact [5–8]. It was found that ordinary silicon Si-I with a diamond
lattice is converted under the indenter into the high pressure Si-II phase with a lattice of β tin. During the
phase transformation in the silicon lattice, the angles between the atomic bonds change and the lengths of
the bonds change slightly (Fig. 1). Under this condition, the volume of the material is reduced by about
20% (the material in the imprint is compacted). During unloading of the indenter, the metallic phase of
high pressure Si-II in the imprint is converted, depending on the test conditions, either into amorphous
silicon a-Si or into a mixture of metastable crystalline phases of Si-XII and Si-III with an increase in the
volume of the material in the imprint (sealing) [9]. The occurrence of phase transformations in silicon
during the hardness test is confirmed by the following data: measurement of the electrical resistivity in the
region of contact [5, 10]; extrusion of high pressure plastic metallic phase from the imprint [6]; data of
structural studies (electron diffraction and TEM [11], and microRaman spectroscopy [7]); features of the
temperature dependence of the hardnes [12]; nanoindentation data (formation of a wide hysteresis loop
as a result of compression/decompression of the material in the region of contact as a result of an increase
and a decrease in the pressure under the indenter) [4, 13]. The fact of metallization of Si in the imprint is
indirectly confirmed by the data obtained when studying the effect of hydrostatic compression on silicon
379
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Fig. 1. Conversion of the diamond structure into the tetragonal structure of β-tin during compression of diamond along
the four fold symmetry axis [2].
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[14]. Namely, the hardness of silicon (about 12 GPa), which is equal to the average contact pressure during
the indentation, coincides with the pressure required to convert a brittle semiconductor with a diamond
lattice (Si-I) into a plastic conductor with a lattice of β-tin (Si-II), i.e., 11.56 GPa.

Diamond has the same type of crystal lattice as silicon and germanium do. Therefore, it can be
expected that the contact pressure during the diamond hardness test will be sufficient for the formation of
the high pressure metallic phase of carbon [15, 16]. Gogotsi and Domnich first recorded Raman scattering
spectra of hardness test imprints on the (111) face of diamond [17, 18]. They detected disordered graphite
in the imprint. Since diamond is stable under high pressures and graphite is metastable, a direct dia-
mond–graphite phase transition cannot occur under a load. It is likely that sufficient pressures/shear
stresses develop in the region of contact during the diamond hardness test to form a metastable high pres-
sure metallic phase of carbon, which is converted to graphite with a subsequent decrease in the pressure.
Grigor’ev observed a decrease in the resistivity of the diamond in the imprint under a load and the return
of the resistivity to the initial value after unloading the indenter [19]. That is, the results of measuring the
resistivity of the imprint on the diamond surface confirms the assumption about the formation of a metal-
lic phase of carbon in the region of contact of the diamond indenter with the surface of the diamond.

A further evidence of diamond metallization was obtained when studying the elastic deformation of
diamond nanopillars or nanoneedles with a diameter of about 200 nm [20]. It turned out that diamond
nanpillars can be elastically deformed by 12% during bending. Such elastic deformations turned out to be
enough to overlap the bandgap, so metallization took place in the deformed region of the pillar [21].
Moreover, shear metallization of diamond during the elastic deformation of the pillar is reversible in con-
trast to hardness tests, in which the metallization is irreversible (graphitization). That is, the elastic defor-
mation can adjust the bandgap width in diamond [22]. Though the fact of diamond metallization during
its deformation is not in doubt, but the effect is still poorly understood.

Previously, single crystals of synthetic diamond of type Ib were prepared by spontaneous crystallization
from a supersaturated solution of carbon in metal solvents. The typical synthesis time is 1–2 min, and the
crystal size is <1 mm. Such crystals are of low quality, namely, the samples contain many paramagnetic
nitrogen sites of type C and metal inclusions from the solvent, and they are characterized by a high density
of growth dislocations (Fig. 2). Such crystals are quite suitable for the production of diamond tools. If
large diamond crystals are required, which are of high quality both in composition and structure, then the
temperature gradient method is used [23]. In this case, the synthesis of diamonds takes several days,
during which crystals a few millimeters in size with a low density of dislocations are grown [24]. It is pos-
sible to synthesize diamond single crystals of type IIa with a low density of dislocations and a low content
of nitrogen sites. Natural diamonds of this type do not exist, since they have either a low density of dislo-
cations, but high content of nitrogen sites unevenly distributed over the volume of the sample (type Ia) or
they are crystals with low nitrogen content, but with a high density of dislocations (type IIa). Additional
doping of the growth systems with boron allows one to synthesize diamond single crystals that have semi-
conductor properties (type IIb) [25, 26]. Such crystals have a blue color, the intensity of which varies from
light blue to dark blue, depending on the concentration of boron.
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Fig. 2. Imprint of the Vickers indenter on the (111) face of diamond of type Ib synthesized by spontaneous crystallization;
one of the diagonals is parallel to the k011l direction, the other one (perpendicular to the basis of the drawing) is parallel
to the k112l direction; ring and radial cracks can be seen in the k011l directions on the {111} planes.
To study shear metallization observed earlier during the hardness test of diamond, only the hardest
(111) faces and only the Vickers indenter were used. Natural diamonds and diamonds synthesized by
spontaneous crystallization were tested [17, 18, 27]. In this work, the phase composition of the material in
the imprints on the (001) and (111) faces of diamond single crystals of types Ib, IIa, and IIb, which are
synthesized by the temperature gradient method, is studied for the first time by confocal Raman spectros-
copy. It is found that strong luminescence of the imprints on the (001) face of diamond makes it difficult
to obtain graphite bands in the microRaman spectrum. Graphite bands were possible to obtain only for
the Berkovich imprints on the (001) face of diamond of type IIb.

EXPERIMENTAL
Synthetic diamond single crystals of types Ib, IIa, and IIb were used for the experiments, which were

prepared at a temperature of 1420–1500°C and a pressure of 5.7–6.1 GPa with a growth rate of 1–2 mg/h.
Diamonds were grown using a high pressure device of the toroid type by the temperature gradient method
[28]. The obtained diamond crystals of cubic octahedral habit were 3–5 mm in dimensions and 0.075–
0.13 carats in weight.

Room temperature hardness tests were performed on a PMT-3 microhardness testing machine with
Vickers and Berkovich indenters under a load of 500 g. Imprints were made on the (001) and (111) faces.
On the (001) face, the diagonals of the Vickers indenter were parallel to the k011l directions and, for the
Berkovich indenter, one of the imprint edges was parallel to the k011l direction. On the (111) face, the edges of
the Berkovich imprint were parallel to the k011l directions and, for the Vickers imprint, one of the diagonals was
parallel to the k011l direction and the second one was parallel to the k112l direction (see Fig. 2).

The Berkovich hardness (ratio of the load to the surface area of the imprint side) is equal to HB =
1570P/l2, where P is the load in N, l is the height of the imprint in μm [29]. For the Vickers indenter,
HB = 1854P/d2, where d is the diagonal of the imprint. Pyramidal indenters give similar imprints, so the
average deformation in the region of contact at the stage of developed plasticity does not depend on the
load and is determined by the geometry of the indenter. The average deformation is about 7% for the Vick-
ers indenter [30] and about 9% for the Berkovich indenter. That is, the Berkovich indenter creates a higher
strain in the region of contact, so diamond metallization in the region of contact with it can be stronger
than in the region of contact with the Vickers indenter.

Three-dimensional topometric measurements of the shape of the indenter imprint on the surface of
diamond single crystals were performed with a NanoScope IIIa scanning probe microscope of series
Dimension 3000TM. The method of atomic force microscopy (AFM) in the periodic contact mode (Tap-
ping-ModeTM) was used for measurements. During the measurements, silicon probes with a nominal tip
radius of 5–10 nm were used, which guaranteed a lateral resolution of 1 nm and a vertical resolution of
about 0.05 nm.

Raman spectra were measured at room temperature in the backscattering geometry using a Horiba
Jobin-Yvon T-64000 triple Raman spectrometer (Horiba Scientific, Villeneuve d’Ascq, France) equipped
with an electrically cooled CCD detector and an Olympus BX41 confocal microscope. An Ar/Kr ion laser
line with a wavelength of 488 nm was used to excite Raman scattering. Using a 100x/NA 0.9 microlens,
JOURNAL OF SUPERHARD MATERIALS  Vol. 43  No. 6  2021
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Fig. 3. AFM images of the imprints created by the (a) Vickers and (b) Berkovych indenters on the (111) face of diamonds
of type Ib synthesized by the temperature gradient method.
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the laser radiation was focused on the surface of the sample in a spot with a diameter of about 0.6 μm.
MicroRaman mapping of hardness imprints on the diamond surface was performed using a piezo-con-
trolled XYZ scanning table, which enables automatic scanning of the sample with a step of 0.1 μm. To
increase the spatial resolution, a 100 μm confocal diaphragm was used, which was placed in the focal plane
of the microscope.

RESULTS
Hardness of Diamonds Synthesized by the Temperature Gradient Method

Atomic force microscopy images of Berkovich and Vickers imprints on the (111) face of diamonds of
type Ib are shown in Fig. 3. It is seen that the measurement of the size of the imprints on the diamond
surface is complicated by the formation of radial cracks from the corners of the imprint and the strong
concavity of the imprint sides inward. As a result, it is difficult to determine where the imprint ends and
the radial crack begins (see Fig. 3). Therefore, the accuracy of measuring the size of the imprints is low.
However, the boundaries of the imprint on the diamond surface are more clearly visible for the Berkovich
indenter and we further analyzed only the results of measuring the hardness of diamond with the Berkov-
ich indenter.

As noted above, the Berkovich hardness is found as the ratio of load P (N) to the area of the side surface
of the imprint by the following standard equation:

(1)

where l is the average height of the imprint in μm, and the ϕi angle equals 65.3°. To apply this equation,
two assumptions are made. First, the proportionality factor in equation (1) is determined only by the
geometry of the indenter and it is assumed by default that it does not depend on the properties of the sam-
ple material. That is, it is assumed that the elastic deformation of the diamond indenter during the hard-
ness test can be neglected (rigid indenter). This assumption is valid when testing metals whose elastic
modulus is much lower than the elastic modulus of diamond from which the Berkovich indenter is made.
But to test high modulus materials, such as diamond and cBN, it is necessary to take into account the
change in the geometry of the indenter due to its elastic deformation when determining the hardness val-
ues. In this study, the changes in the geometry of the pyramidal indenter are taken into account using the
equation obtained by Galanov et al. [31]:

(2)

where ϕ is the angle of the indenter under a load, HM is the Meyer hardness of the sample, and E* is the
reduced elastic modulus. The results of determining the coefficient of proportionality  in equation
(1) for materials with different hardnesses and elastic moduli are given in Table 1.

ϕ= =B 2 2
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E

ϕ3 sin
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Table 1. Effect of the elastic deformation of the Berkovich indenter on its geometry for materials with different elas-
tic moduli

For an unloaded indenter, the ϕi angle is 65.3°.

Sample E, GPa Poisson’s ratio HM, GPa 2HM/E* ϕ, degree

Al 72 0.35 0.36 0.001 65.3 1.573
W 379 0.35 5.7 0.010 65.8 1.578
SiO2 71 0.17 9 0.016 66.1 1.582
Al2O3 400 0.22 27 0.048 67.6 1.600
V4S 500 0.15 41 0.072 68.8 1.614
KNB 850 0.12 62 0.109 70.9 1.633
Diamond 1136 0.07 100 0.176 74.2 1.665

ϕ3 sin

Table 2. Berkovich hardness of single crystals of diamonds synthesized by the temperature gradient method under a
load of 4.91 N

Column 1 corresponds to the conventional determination of hardness according to Berkovich. Column 2 corresponds to deter-
mination of Berkovich hardness with consideration of the concavity of the imprint sides and the elastic deformation of the
indenter under a load.

Diamond type Face Imprint height h, μm
HB, GPa

1 2

Ib (111) 9.3 105 175
IIa (111) 8.9 116 194
IIb (111) 9.3 105 175
IIb (001) 9.8 95 163
The geometry of the Berkovich indenter changes markedly when indenter is pressed into samples of
solid and superhard materials: for diamond, the ϕ angle increases from 65.3° to 74.2°, but sinϕ changes to
a much weaker extent with an increase in the 2NM/E* ratio (see Table 1). Therefore, the elastic deforma-
tion of the diamond indenter during the hardness test should be taken into account only for the hardest
and high modulus materials. However, the increase in the coefficient of proportionality does not exceed
6% even in the case when a diamond single crystal is tested for hardness and equals 3.8% for cBN.

Secondly, it is assumed when applying equation (1) that the imprint on the sample surface has the
shape of an equilateral triangle, and this is not always the case. For glass, annealed metals, and superhard
materials, the sides of the imprint are concave (see Fig. 3). Thus, the real hardness is higher than that
determined by equation (1). On the contrary, the sides of the imprint are convex for pre-deformed mate-
rials and equation (1) gives an exaggerated hardness for them [32]. To find the real contact area during the
Vickers and Berkovich hardness test, we used atomic force microscopy (see Fig. 3). The results of deter-
mining the Berkovich hardness of diamond single crystals are given in Table 2.

MicroRaman Spectroscopy of Imprints on the Diamond Surface

Imprints of the Vickers and Berkovich indenters on the (001) and (111) faces of diamond single crystals
of types Ib, IIa, and IIb are investigated by scanning Raman microspectroscopy. However, it is found that
the recording of Raman spectra for Vickers and Berkovich imprints on the (001) face of diamond is com-
plicated by a strong luminescent background. Reliable data on graphite formed on the (001) face are
obtained only for imprints from the Berkovich indenter on diamonds of type IIb doped with boron.

Berkovich imprint on the (111) face of diamond of type IIb. In the Raman spectra recorded in the central
part of the hardness test imprints on the (111) face of diamond of type IIb (Fig. 4), broad bands at frequen-
cies of about 1350 and 1580 cm–1 that correspond to D and G bands of graphite disorder—which is cre-
ated, probably, as a result of graphitization of diamond during indentation [18, 27]—are observed in addi-
tion to the main F2g vibration band of diamond at frequencies of about 1333 cm–1.
JOURNAL OF SUPERHARD MATERIALS  Vol. 43  No. 6  2021
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Fig. 4. Typical Raman spectra recorded in different regions of the Berkovich imprint on the (111) face of diamond of type
IIb (see Fig. 3b); spectrum p1 is recorded in the center of the imprint.
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In some spectra recorded in the region of imprints, a series of narrow bands with variable frequency
positions denoted as ω1, ω2, and ω3 are recorded on the high frequency side of the diamond band in the
region 1335–1390 cm–1 (see Fig. 4). As previously established in [27], these lines are related to the residual
compressive stresses that are formed in the region of the hardness imprint after unloading the indenter.
Uniaxial or biaxial compression strains partially or completely remove the degeneracy of the triple degen-
erate F2g band of diamond with the corresponding splitting of the Raman peak into two or three compo-
nents, the positions of which undergo a gradual high frequency shift with an increase in the strain value
[33]. Therefore, the bands at ω1, ω2, and ω3 correspond to the components of the triplet, which appears
as a result of splitting the diamond band (ω0) under the action of uniaxial compression strains, and the
observation of the more intense diamond band (ω0) in the spectra indicates that both stressed and
unstressed regions of the diamond surface fall under the laser probe at the same time. During confocal
scanning at a wavelength of λexc = 488 nm, the lateral size of the laser probe is about 0.6 μm and the prob-
ing depth is about 1.8 μm.

Raman mapping of the region of hardness imprints (Fig. 5) shows an uneven spatial distribution of the
sp2 phase of carbon with its predominant localization in the center and along the edges of the imprint,
which gradually decreases to the imprint edges (see Fig. 5c). Therefore, the main part of graphite formed
during the hardness test of the diamond surface is concentrated in the central part of the imprint, which
was exposed to the maximum pressure.

As can also be seen from Fig. 5d, the regions of residual compressive stresses in the diamond surface
are preferably localized along the faces of the hardness imprint. A gradual low frequency shift of the bands
at ω1, ω2, and ω3 toward the diamond band at ω0 is observed when scanning from the center of the imprint
to its edge (Fig. 6), which apparently corresponds to the gradual relaxation of deformation within the
investigated region. A rough estimate of the starin on the basis of the published data [33] and under the
assumption of uniaxial compression in the [110] direction gives a value of about 20 GPa.

Berkovich imprint on the (001) face of diamond of type IIb. The Raman spectra of the hardness imprint
on the (001) face of diamond of type IIb (Fig. 7) are generally similar to the spectra of the hardness imprint
on the (111) face. In addition to the main phonon peak of the sp3-diamond at a frequency of about 1333
cm–1, differently split diamond bands (peaks ω1, ω2, and ω3) and sp2 bands of graphite disorder are also
recorded in the spectra, depending on the position of the imprint. However, the D and G bands of the sp2

graphite phase in the central part of the imprint on the (001) face are noticeably weaker than in the case
of the imprint on the (111) face. The spectra of samples IIb (001) are also characterized by the presence of
JOURNAL OF SUPERHARD MATERIALS  Vol. 43  No. 6  2021
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Fig. 5. (a) Optical image of a hardness test imprint on the (111) face of diamond of type IIb; (b) the distribution map of

intensity Idiamond of the Raman band of diamond at 1333 cm–1; (c) ratio IG/Idiamond of the mean intensity values of

Raman bands of graphite and diamond; (d) total intensity Iω1 + Iω2 + Iω3 of Raman bands of strained diamond with ω1,

ω2, and ω3 in the range of 1340–1400 cm–1.
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a luminescent background in the region of the imprints, which prevents the clear detection of the D and

G bands of the sp2 graphite phase.

As in the previous case, the Raman spectrum (Fig. 8) shows that the sp2 phase of graphite is localized
in the center and along the edges of the hardness imprint, but the total intensity of its signal in the case of
the (001) face is much lower (see Fig. 8c). Regions of residual compressive stresses in diamond are also
predominantly localized along the faces of the hardness imprint (see Fig. 8d).

DISCUSSION

In this study, we used microRaman spectroscopy to investigate the hardness imprints on the (001) face
of diamond for the first time. It is found that the degree of graphitization in the imprint on the (001) face
of diamond is weaker than on the (111) face. This is probably due to the fact that the Vickers hardness of
the (111) face of diamond is higher than the hardness of the (001) face. It is known that the deformation
of diamond depends on the crystallographic orientation of the sample [21, 34]. This can also lead to weak-
ening of graphitization in the imprints indented on the (001) face compared to the imprints indented on
the (111) face.

The observed photoluminescence (PL) in the region of imprints during excitation with a wavelength of
488 nm (Fig. 9) can be caused by the radiation of both types of specific defects formed during the inden-

tation of the (001) face of diamond and the clusters of sp2/sp3-carbon. It should be noted that the strongest
PL signal with a maximum wavelength of about 510 nm (aproximately 2.432 eV) is recorded in the central
part of the imprints, which gradually decreases to the edges of the imprint and is absent on the surface of
the (001) face of diamond outside the imprint (see Fig. 9). A similar PL signal was previously observed in

films of the amorphous sp2/sp3-carbon material [35] and amorphous carbon quantum dots with sp2–sp3

hybridized atomic domains [36, 37]. The increase in the PL signal intensity and the shift to the short-
JOURNAL OF SUPERHARD MATERIALS  Vol. 43  No. 6  2021
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Fig. 6. Set of Raman spectra of the Berkovich imprint on the (111) face of diamond of type IIb, which are recorded along
the A–B line (dashed line in Fig. 5a) and correspond to the diagonal of the Raman map (see Figs. 5b–5d) from the upper
right to the lower left corner.
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wavelength region with an increase in the content of the sp3 phase [35] or in the degree of the sp3 domain
hybridization [36] are associated with structural disorder, which is usually accompanied by broadening of
phonon bands and a decrease in their intensities in Raman spectra. Regarding the radiation of structural
defects of diamond, this region of the spectrum is characteristic of the radiation of intrinsic radiation
defects of diamond [38] (for example, 3H sites formed during radiation irradiation of diamond) and asso-
ciated with intrinsic defects, such as vacancies or interstitial complexes [39], or complexes with an impu-
rity in diamond crystals of types Ia and Ib (for example, 3H sites representing a neutral defect of the nitro-
gen–vacancy–nitrogen (NVN) type.

Usually, the hardness of diamond is estimated by the size of the imprint (diagonal dimension in the
case of the Vickers indenter and the height of the imprint in the case of the Berkovich indenter) with the
neglegence of the substantial concavity of its sides (see Fig. 3). In this case, the Berkovich hardness of dia-
mond is 95–115 GPa (see Table 2). Consideration of the real area of the imprint and the change in the
geometry of the indenter due to its elastic deformation leads to a sharp increase in the hardness of the dia-
mond to 170–190 GPa. As can also be seen from Table 2, the Berkovich hardness of the (001) face of dia-
mond of type IIb is substantially lower than the hardness of the (111) face. It should also be noted the lower
hardness of diamonds of type Ib in comparison with crystals of types Ib and IIa (see Table 2). These results
are in good agreement with those obtained previously [40–42] using the Knoop indenter.

There is the following problem when discussing diamond metallization: for silicon and germanium, the
hardness value coincides well with the metallization pressure of these materials; for diamond, the metallization
pressure (200–900 GPa, according to the ab initio calculation results [2, 43–45]) is much higher than its hard-
ness (around 100 GPa). Possible ways to overcome this discrepancy for diamond are as follows:

— Theoretical estimates for diamond are made for the case of uniaxial or hydrostatic compression; the
stress–strain state during indentation with an indenter is far from that which occurs during uniaxial com-
pression; in particular, the shear stress values during indentation with an indenter are much higher than
the shear stress values during uniaxial compression, and shear stresses substantially reduce the phase tran-
sition pressure [2];
JOURNAL OF SUPERHARD MATERIALS  Vol. 43  No. 6  2021
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Fig. 7. Typical Raman spectra recorded in different regions of the hardness imprint on the (001) face of diamond of type IIb.
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Fig. 8. (a) Optical image of the hardness test imprint on the (001) face of diamond of type IIb; (b) the distribution map
of intensity Idiamond of the Raman band of diamond at ~1333 cm–1; (c) ratio IG/Idiamond of the mean intensity values of
Raman bands of graphite and diamond; (d) total intensity Iω1 + Iω2 + Iω3 of Raman bands of strained diamond with ω1,
ω2, and ω3 in the range of 1340–1400 cm–1.
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Fig. 9. Flurescence spectra recorded in different regions of the hardness test imprint on the (001) face of diamond of type
IIb upon excitation by radiation with a wavelength of 488 nm.
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— The hardness of diamond should be determined taking into account the concavity of the sides of the

imprint and the elastic deformation of the indenter [27]; it seems that a generally accepted value of about

100 GPa for the diamond hardness is an underestated estimate; taking into account the real contact area

(concavity of the sides) and the elastic deformation of the Vickers indenter gives a noticeable increase in

the hardness of the (111) face of diamond to about 175–195 GPa and this agrees well with recent results of

measuring the Berkovich hardness of natural diamond under a load of 1 N, which was found to be around

200 GPa [46];

— The Meyer hardness equals the average contact pressure over the imprint, but it is unevenly distrib-

uted over the imprint, namely, it is maximum in the center and decreases to zero to the imprint edge; the

reason for this is apparently the fact that almost all graphite is in the central part of the imprint, which is

exposed to the maximum contact pressure (Fig. 10).

CONCLUSIONS

In this study, microRaman spectroscopy is used for the first time to study the hardness imprints on the

(001) face of diamond. The recording of Raman spectra of Vickers imprints on the (001) face of diamond

is complicated by strong photoluminescence, so the hardness test is also performed using a Berkovich

indenter, for which the deformation of the material in the region of contact is higher than for the Vickers

indenter. However, the lines of the sp2 phase of carbon in the Raman spectrum can be obtained in this case

only on the surface of diamond of type IIb.

It is established that the graphitization of diamond in the imprint indented on the (001) face is weaker

than in the imprint indented on the (111) face. In addition, a similar photoluminescence signal has been

previously observed in films of the amorphous sp2/sp3-carbon material. This probably indicates that the

phase transition in the imprints on the (001) face of diamond is incomplete and the mixed sp2/sp3 phase

of amorphous carbon is formed in the hardness imprints. The likely cause of that is a lower hardness of

the (001) face of diamond in comparison with the hardness of the (111) face.

It is shown that the generally accepted value of diamond hardness (around 100 GPa) is an underestated

estimate. The hardness of diamond, which is measured taking into account the real area of the imprint

and the change in the geometry of the indenter due to its elastic deformation, is 170–190 GPa and depends

on the composition of impurities and the orientation of the sample.
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Fig. 10. (a, b) Cross section of the Vickers imprint on the (111) face of diamond of type Ib synthesized by spontaneous
crystallization; (c) the distribution of graphite over the area of the imprint shown in parts (a) and (b) [27]; the main part
of graphite formed during the hardness test of diamond of type Ib is concentrated in the central part of the imprint with
a width of about 4 mm, which was exposed to the maximum pressure and corresponds to a sharp increase in the imprint
depth in diamond (see part (b)); the size of the imprint is about twice as large as its central region enriched with graphite.
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