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Abstract:

Room temperature compression of graphitic materials leads to interesting superhard sp* rich
phases which are sometimes transparent. In the case of graphite itself, the sp’ rich phase is
proposed to be monoclinic M-carbon, however for disordered materials such as glassy carbon
the nature of the transformation is unknown. We compress glassy carbon at room temperature
in a diamond anvil cell, examine the structure in situ using X-ray diffraction, and interpret the
findings with molecular dynamics modelling. Experiment and modelling both predict a two
stage transformation. First, the isotropic glassy carbon undergoes a reversible transformation
to an oriented compressed graphitic structure. This is followed by a phase transformation at
~35 GPa to an unstable, disordered sp’ rich structure that reverts on decompression to an
oriented graphitic structure. Analysis of the simulated sp® rich material formed at high

pressure reveals a non-crystalline structure with two different sp’ bond lengths.
1. Introduction:
When graphite is compressed at room temperature (cold compression), it transforms to a

transparent phase at pressures above ~15 GPa [1][2][3]. The origin of the transparency has

been attributed to the formation of sp® rich phases which have been proposed to be superhard



[41[5][6][7]1[8][9][10]. Recent work has proposed a monoclinic phase (M-Carbon) is the most
likely candidate for this transparent phase to be formed from a graphite precursor [1][4][11].
The formation of M-carbon was proposed due to the fact that it was shown to be the easiest to
form kinetically [12]. There are reports of transparency being induced by room temperature
compression of disordered carbon precursors, such as glassy carbon (GC) [13][14][15], but its
causes are not well understood and a structural model has not been proposed. One study
conducted by Lin et al. compressed GC in a diamond anvil cell (DAC) without a pressure
medium and observed the material in situ using carbon K-edge X-ray Raman spectroscopy.
This showed that the 1s to m* peak in the spectra (an indicator of sp? bonding) vanishes at a
pressure of 44 GPa [16], suggesting the (reversible) formation of a pure sp® bonded carbon
phase at this pressure. In another study by Yao et al. GC was compressed in a DAC with KBr
and N, pressure media and was monitored in situ using Raman spectroscopy [10]. This work
found that GC becomes transparent at a pressure of ~30 GPa in the presence of a large uniaxial
component and associated transparency with the change in bonding from sp? to sp?
hybridisation. Further work by Solopova ef al. compressed GC in a DAC with a Ne pressure
medium to 60 GPa and observed the material in situ using Raman spectroscopy [17]. In contrast
to the previous two studies, Solopova et al. found that the G-peak in the Raman spectra (which
is an indicator for sp? bonding) remains present up to 60 GPa. This challenges the assertion
made by Lin ef al. of a 100% conversion from sp? to sp®> bonding at 44 GPa [16]. The reason
for these discrepancies is unclear and it remains unknown how and at what pressure the sp?
bonding in GC transforms to sp* bonding, the critical step for the formation of superhard carbon

materials.

We have recently shown [18] using electron microscopy, Raman spectroscopy, and atomistic
modeling that after loading GC in a DAC up to 35 GPa, the recovered material (i.e. measured
ex situ) is found to retain its tangled nanostructure, including its minority content of sp> bonding
(~5%). However, samples recovered after compression to over 45 GPa contain a negligible sp?
bonding content and permanent densification accompanied by a loss of the original non-
graphitizing structure. This 45 GPa threshold represents the upper limit on the non-graphitizing
and superelastic properties of GC, and was proposed to be the result of the formation of an
unknown sp?® rich phase which is unstable at ambient. In this previous study the nature of this
high pressure sp® bonded phase and the transformation pathway were not explored. Here we

report the results of an in situ study, aided by molecular dynamics modelling, that aims to



understand the nature of the transformation to the sp? rich phase formed with the ultimate aim

of recovering a superhard material.

2. Experimental

The GC used in this study has a macroscopic density of 1.42 g/em® (Sigradur-G,
Hochtemperatur Werkstoffe). It was manufactured from a phenolic resin that was heated to
2500°C. Small chips of appropriate size (~150x150x70 um) were selected for the present DAC

experiments.

Two different types of DACs were used in these experiments. The first was a Boehler plate-
DAC [19] with specially fabricated partially-perforated diamond anvils, which we refer to as
the PP-DAC. This DAC was used to reduce the Compton scattering background from the
diamond anvils during in situ XRD as shown in Fig. 1(a). Note in situ XRD was conducted
with the incident X-ray beam parallel to the compression direction. The partial-perforations,
[achieved with a 193 nm excimer laser (GAM EXS5)] reduce the diamond material penetrated
by the X-ray beam from 2 x ~2 mm to 2 x ~200 pm. The anvils had culet diameters of 350 um
and were used with a rhenium gasket (170 pm diameter hole, 65 um thick). The GC sample
was loaded without a pressure medium. The pressure in the cell was determined in situ by the

shift of the rhenium peaks measured at the inner edge of the gasket.
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Figure 1: (a) A schematic of the PP-DAC showing the incident X-ray beam aligned

parallel to the compression direction. (b) An XRD pattern showing a symmetric {002}
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reflection onto the detector. The red areas indicate masking that has been applied to
remove interference from the detector and beam stop. The triangular areas drawn on the
diffraction patterns indicate the specific regions of the image that are integrated to form
the spectra shown in Fig. 2. (¢) A schematic of the pan-DAC with a beryllium gasket
showing that the X-ray beam is incident perpendicular to the compression direction. (d)
An XRD pattern showing a non-uniform {002} reflection onto the detector where the
intensity is concentrated in two “arcs” aligned with the DAC compression axis. The sharp

rings at the edges of the diffraction pattern are due to the beryllium gasket.

The second type of DAC was a panoramic-DAC (pan-DAC) as shown in Fig. 1(c). This was
selected to conduct in situ XRD measurements with the incident X-ray beam perpendicular to
the compression direction. The anvils in the pan-DAC had culet diameters of 300 um and were
used with a beryllium gasket (130 pum diameter hole, 60 um thick). Beryllium was used to
minimize scattering from the gasket. As in the case of the PP-DAC, the GC sample was loaded
into the pan-DAC without a pressure medium but with a ruby to be used for in situ pressure

determination using the R1-ruby fluorescence line [20].

Note that there is an error associated with the measured pressure in these experiments due to
the fact that a significant pressure gradient exists across the sample in the absence of a pressure
transmitting medium. This means that the outer radial areas of the sample experience a lower
pressure than the absolute centre. Firstly, in the pan-DAC this results in the fact that the X-ray
beam simultaneously scans through all regions even though they experience different
pressures. This factor may have the effect of broadening the diffraction peaks slightly.
Furthermore, in the pan-DAC the ruby pressure calibrant was placed in the centre of the
sample/gasket hole and thus corresponds to the maximum sample pressure. In the case of the
PP-DAC, the gasket edge is used for pressure measurement, which corresponds to the lowest
sample pressure. The pressures are just given as nominal pressures. Note however, that at the
nominal maximum pressures of 46 and 47 GPa, respectively, the total shift of the {002} peak
only differs by ~2 %. This most likely suggests a maximum error in pressure at the maximum
pressure of a similar percentage. Note that a past study [18] shows that reversibility is
maintained to ~35 GPa while compression to above ~45 GPa results in irreversibility. Both,
the pan-DAC and the PP-DAC experiment yielded compression well into the irreversibility
field.



Both sets of in situ XRD measurements were carried out at 30 keV on beamline 16-ID-B at the
High Pressure Collaborative Access Team (HPCAT) at the Advanced Photon Source, Argonne
National Laboratory. This facility provides a collimated monochromatic X-ray beam with a
FWHM of ~4 x 6 um. A 1M Pilatus detector was used in both experiments. The background
signal was subtracted from the raw spectra using Dioptas 2.3 [21] and peak fitting was

performed using the OriginPro 9.1 software package.

3. Simulation methodology:

Molecular dynamics simulations of uniaxial compression were performed to mimic the non-
hydrostatic compression in a DAC. An excess uniaxial component is the critical factor to
induce the preferred orientation of graphitic layers. While there is also a radial shear component
in DAC experiments without pressure medium, the uniaxial component is however key here.
Thus, uniaxial compression of a glassy carbon structure in simulation is the closest approach
to the experimental compression. First, a realistic GC structure of density 1.5 g/cm?® and 32,727
atoms was generated via our molecular dynamics methodology [22] using periodic boundary
conditions and a cubic simulation box with a side length of 7.58 nm. The structure generated
is highly sp? bonded, contains entangled graphene layers, and was fully relaxed to ambient.
The size of the simulation box is large enough to allow orientation of the layers in all directions
and the Poisson ratio is 0.21, therefore the structure is highly isotropic. In recent work we
presented a sensitivity study to evaluate the box size-effects on the generated structures,
spanning different densities and box sizes, with each series of structures consisting in 6
repetitions  (see Supp. Material in ref. [23]). Our methodology yielded highly isotropic
structures, with elastic constants, ring statistics, coordination fractions and mechanical
properties of the small structures in good agreement with the larger structures. Subsequently,
the structure was uniaxially compressed up to a maximum pressure of 56 GPa using a constant
strain rate of 0.0017 ps! and allowing 0.1 ps to relax between strains. All simulations were
performed using the LAMMPS molecular dynamics package [24] with atomic interactions
described by the environment dependent interaction potential (EDIP) for carbon [25].
Coordination numbers are calculated by counting neighbours within a cut-off distance of 1.85
A. The diffraction intensity, I(s), in the polycrystalline approximation was computed by the
Debye scattering equation [26]
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where s is the modulus of the scattering vector, 7; is the distance between two atoms labelled i
and j, N is the total number of atoms, and f(s) is the scattering factor for a single carbon atom.
To apply this equation and avoid problems caused by the minimum image convention, it is
necessary to map the atoms into the primitive cell and treat the structure as an isolated cluster.
Localised regions found to adopt the diamond structure are determined using the diamond

structure identification tool [27] in the OVITO visualisation software [28].
4. Results and discussion:

Experimental XRD spectra of GC compressed up to 47 GPa and then recovered back to ambient
in the PP-DAC are shown in Fig. 2(a) as a function of Q (where Q=2n/d and d is the d-spacing).
The uncompressed GC has three major peaks at 1.8 A!, 3.0 A" and 5.1 A which correspond
to the graphitic {002}, {100} and {110} reflections. Also observed is a minor peak
corresponding to the graphitic {004} reflection at 3.6 A! and a weak shoulder at 3.1 A’
corresponding to the {101} reflection. The turbostratic nature of graphitic layer stacking in GC
increases the average distance between layers leading to a lower Q for the centre of the {002}
peak (at ~1.8 A”! compared to 1.9 A"! in graphite), and to a significant reduction in the intensity
of the {101} reflection relative to graphite [13].
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As the pressure in the PP-DAC increases, the {002} peak shifts significantly upwards in Q,
while the {100} peak shifts up only slightly. This result indicates that the average graphitic
interlayer spacing (determined by the position of the {002} peak) is more easily deformed than
the in-plane spacings (determined by the position of the {100} peak). This is consistent with
the XRD results of Lin et al. [16] and can be readily explained by the highly anisotropic nature
of the Young’s modulus in graphite [29]. There is also a noticeable decrease in the intensity of
the {002} peak relative to the {100} peak. This reduction in the relative intensity can be
partially explained by the development of preferred orientation of the graphitic nanostructures
under the non-hydrostatic compression (see below). It is also evident that the {002} peak is not

shifting at a constant rate with respect to pressure, but at a rate that decreases with pressure,
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indicating that the material is becoming stiffer. Upon decompression, the {002} peak reverts
towards its original position. However, it has a lower intensity due to the development of

permanent preferred orientation, as described in our previous work [18].

Raw diffraction patterns of GC at 47 GPa in the PP-DAC and at 46 GPa in the pan-DAC are
shown in Figs. 1(b) and (d), respectively. At high pressure in the PP-DAC the {002} reflection
is circularly symmetric (i.e. there is uniform intensity around the ring). This suggests that when
probed with X-rays along the compression axis the material is cylindrically isotropic. In
contrast, at high pressure in the pan-DAC the {002} reflection exhibits a strongly non-uniform
intensity, with high intensity “arcs” aligned along the compression axis. The development of
these arcs demonstrates that the non-hydrostatic compression has resulted in the development
of preferred orientation of the graphitic planes in this material. To fully investigate the pressure-
driven development of preferred orientation, specific regions of the diffraction patterns
[denoted “side area” and “bottom area” as indicated in Figs. 1(b) and (d)] were used to generate

radially averaged XRD spectra of samples compressed in both DACs.

Figure 3 compares the resulting spectra determined from scattered photons collected on the (a)
side and (b) bottom areas of the detector, showing the intensity of the {002} peak as a function
of Q recorded under pressure in the PP-DAC. The intensity of the {002} peak is similar in both
segments, which indicates a uniformly intense diffraction ring, confirming the random
orientation of the nanostructure around the incident beam. The {002} peak position shifts to
higher Q with pressure, indicating that the graphitic layers are forced closer together, with the
average spacing of ~3.5 A at ambient being reduced to ~2.7 A at 47 GPa. Since the graphitic
layers contributing to the {002} peak in the PP-DAC are almost parallel to the compression
direction, the hydrostatic compression component must be responsible for forcing the layers

together.
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Figure 3: Selected regions of Q-space indexed to the {002} peak of graphite from in situ
XRD spectra measured in the PP-DAC (a,b) and the pan-DAC (¢,d) up to a maximum
pressure of 47 GPa and 46 GPa, respectively. (e) The intensity of the {002} peak obtained
by fitting a Gaussian to the side and bottom spectra shown in (¢) and (d). This figure
shows the gradual onset of preferred orientation of graphitic layers up to 36 GPa, beyond
which the {002} peak intensity drops sharply in the bottom direction and is no longer
observable in the side direction. The yellow shaded region highlights the pressure range
where the sharp change is observed. Error bars fitted in the y-axis direction are

calculated from the Gaussian fits.

In contrast, in the pan-DAC there is a clear difference in the intensities of the {002} diffraction

ring that falls on the bottom and side areas on the detector as shown in Figs. 3(c) and (d). These
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results show that the intensity of the {002} diffraction ring is not symmetric at high pressure,
indicating that the structure is no longer isotropic as there is some level of preferred orientation
of graphitic layers. Whilst at low pressure (1 GPa), there is little evidence for preferred
orientation in the sample. However, as pressure is increased strong preferred orientation is
observed. The intensity of the {002} peak becomes concentrated into two arcs that are
symmetrically located along the compression direction [Fig. 1(b)], one of which falls within
the bottom area on the detector. These arcs can be explained by the presence of strong
alignment of graphitic sheets perpendicular to the compression direction in response to a strong
uniaxial component typically present under non-hydrostatic compression in a DAC without a
pressure medium. The development of preferred orientation in graphitic materials is frequently
observed arising from the minimization of the elastic strain energy [30]. For example, preferred

orientation occurs in carbon films grown from energetic beams which develop bi-axial stress

fields [31].

To quantify the degree of preferred orientation, the intensity of the {002} peak was obtained
by fitting a Gaussian to the pan-DAC intensity data and the result is shown in Fig. 3(e). Clearly,
the intensity of the {002} measured on the side area of the detector [Fig. 3(d)] drops smoothly
with increasing pressure. In contrast, the intensity of the {002} on the bottom area of the
detector [Fig. 3(c)] increases rapidly as the material is compressed to 36 GPa, then shows a
discontinuous fall in intensity at 41 GPa before increasing again. This discontinuity suggests
that a structural change has occurred, by analogy with the fall in intensity of the 1s - n* peak
observed by Mao et al. in their inelastic X-ray scattering spectra which they attributed to the
sudden buckling of graphitic layers [32] in compressed graphite at ~16 GPa at room
temperature. The higher pressure in GC compared to graphite is required to first orient the

graphitic layers before they can be compressed together and buckled.

In order to provide a visual explanation of the transformation of GC under pressure, we have
modelled the compression of a GC structure using molecular dynamics. In Fig. 4 we present a
series of snapshots showing a 2 nm thick cross-sectional slab of the simulated structure. This
series illustrates the atomic re-arrangement that occurs as the GC structure is compressed
uniaxially. Fig. 4(a) shows the starting structure at ambient where the characteristic features of
GC are observed, including a high sp? bonding fraction of 95.6% represented by the green
atoms and tangled graphitic layers with no preferred orientation. Figs. 4(b-f) show the structural

development at key stages during compression along the direction indicated by the black
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arrows. The corresponding pressures and densities are represented alongside each panel. Upon
compression, the graphitic layers gradually align perpendicular to the compression axis. This
can be seen clearly in Figs. 4(b-c), and is consistent with the in sitzu XRD data presented in Fig.
3, and in our previous publication [18]. As pressure increases the aligning layers are forced
closer together, eventually allowing the formation of cross-links between layers. This
phenomenon results in a substantial increase in the sp® bonding fraction, as highlighted by the
blue atoms in Figs. 4(d-f). At high pressures, over ~30 GPa, considerable densification of the
structure has occurred, reaching 3.24 g/cm’® at 45 GPa. Note that the densification and
formation of a predominantly sp* bonded phase occurs while layers are still visible within the

structure [Figs. 4(d-)].
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a) Uncompressed GC 1.50 g/cm?

Figure 4: A sequence of snapshots showing the key stages of
the uniaxial compression of GC. The compression axis is
parallel to the black arrows. Each snapshot shows a slab of
2 nm depth, where red, green, and blue colouring denote sp,
sp? and sp® bonding, respectively. The pressure at which the
structure is compressed, and their corresponding densities
are indicated on the top of each snapshot. (a) Uncompressed
GC structure. The GC structure compressed to (b) 10 GPa,
(c) 25 GPa, (d) 30 (e) 35 GPa, and (f) 45 GPa.

d) 30 GPa

€) 35 GPa 3.01 g/lem®

f) 45 GPa 3.24 gicm®
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In Fig. 2(b) we compute the diffraction intensity of the simulated structure using the Debye
scattering equation at different stages of compression up to 45 GPa and then back to ambient.
During compression the {002} peak shifts towards the right and decreases in intensity, similar
to the observed progression in the experimental diffraction data shown in Fig. 2(a). The shift
of the {002} peak is a result of the layers being forced closer together, which continues up to
45 GPa, beyond which it disappears. On decompression the {002} peak re-appears only at low
pressure (~4 GPa), and is almost fully recovered at ambient. It should also be noted that there
is significant hysteresis observed in this reversible transformation in both the experimental and
simulation data. These simulated diffraction spectra show that the material does recover its
graphitic characteristics when returned to ambient. This agrees with the experimental data

shown in Fig. 2(a) and the results of our previous publication [18].

In Fig. 5(a) we show the calculated fraction of sp® bonding within the simulated structure as a
function of pressure. The sp* fraction increases gradually during the first stages of compression
up to ~30 GPa, where the compressed structure has a density of ~2.8 g/cm?. The sp* bonding
fraction further increases up to ~60% at 60 GPa where the density is ~3.4 g/cm?. In light of the
experimental and simulated results presented here, previous studies on GC under high pressure
can now be elucidated further. Lin et al. probed a GC sample without a pressure medium using
in situ XRD from only the standard orientation, i.e. along the compression axis of a DAC
(similar to our PP-DAC experiments shown in Fig. 5) [16]. This allowed the observation of
peak shifts and the relative peak intensities, but does not give clear evidence of full transition
to a sp’ bonded structure. Additionally, their X-ray Raman spectroscopy results show a
decrease in the sp? bonding fraction, which they suggest indicates a complete transformation
to a fully sp® bonded material above ~40 GPa. Our simulation results support a conversion from
sp? to sp® bonding, but not 100%. In contrast, Solopova et al. measured GC using Raman
spectroscopy, where the Raman G-peak (which signifies sp?> bonded graphitic material)
remained up to 60 GPa [17]. Our results support this observation, as a large fraction of sp?
bonds remain in our simulated structure at 56 GPa. Furthermore, it should be noted that the
percentage of sp® bonding could still increase gradually with pressure, as sp®> bonds (in either
amorphous or in nanocrystalline form) offer a very weak Raman signal relative to sp? [33]. It
is also probable that their use of a hydrostatic pressure medium (Ne) suppresses the alignment

of graphitic layers, so that they remain in a tangled 3D matrix and cannot readily form fully sp?
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bonded nanocrystals. Yao et al. compressed a GC samples in KBr and N> pressure media and
report that the samples become transparent at ~30 GPa but only when under an additional
excess uniaxial component, i.e. when the sphere bridges the anvils [10]. This result could
represent a direct optical observation of the formation of an sp® bonded nanocrystalline phase.
In fact, the excess uniaxial stress component generated as the sample bridges between the anvils
forces the preferred orientation of layers, allowing sp® bond formation and nanocrystal
nucleation which results in their sample turning transparent. It is also important to consider that
the GC precursors used in the experiments of Lin et al., Solopova et al., and Yao et al. were
purchased from Alfa Aesar, and the GC precursor used in this study was purchased from
Hochtemperatur Werkstoffe. This means that there could be some difference in their initial
structures at ambient which could influence their behavior at high pressure. Detailed
characterization of both varieties of GC is being undertaken but outside the scope of this

manuscript here.

Figure 5(a) shows a sudden increase in density and in the fraction of sp? bonded atoms in the
compressed structure occurs at 30-35 GPa, as indicated by the yellow shaded region. This
pressure threshold represents the onset of formation of an sp® bonded phase co-existing with
the stacked and oriented layers, and is initiated by cross-linking between layers. We observe
that above this pressure threshold in some small localized regions the sp® bonded atoms are
able to arrange themselves into a diamond structure. To quantify the nucleation of diamond
crystallites within the compressed GC structure, we show in Fig. 5(b) the fraction of sp® bonded
atoms that have adopted a diamond structure, including both cubic and hexagonal lattice types.
The nucleation of the small diamond crystallites begins at ~30 GPa, precisely where the sharp
increases in sp® bonding and density are observed [Fig. 5(a)]. As the pressure increases beyond
30 GPa the diamond crystallite fraction quickly increases and reaches ~7% at a pressure of ~50
GPa, with approximately equal contributions from cubic and hexagonal diamond phases. Note
that at ~50 GPa nearly 60% of atoms are sp®> bonded, but the fraction of atoms which have
adopted a diamond crystallite structure is only a small percentage, roughly 7%. To determine
the structural configuration of the majority of the sp? bonds that are not present in crystallites,
we calculated the average sp® bond length for bonds within 20° of the compression axis and
the same average for bonds within 20° of the direction perpendicular to the compression axis.
The bond length averages and their difference are shown in Fig. 5(c) as a function of pressure.
The results show a clear difference in the bond lengths occurs at higher pressures, with the

bonds aligned parallel to the compression axis the longer. In the vicinity of 35 GPa, the bond
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length difference reaches a maximum. This result is characteristic of many structures that are
proposed to form from graphitic precursors under high pressure at room temperature [1], such
as M-carbon [4], and W-carbon [5], and bct-4-carbon [6] which all exhibit two distinct sp? bond
lengths. The higher threshold pressure observed for GC arises due to the need to first orientate

the graphitic layers prior to any transformation to an sp* bonded structure.
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Figure 5: (a) sp? fraction (blue squares, right vertical axis) and the density (black circles,
left vertical axis) of the simulated structure as a function of pressure during compression.
The yellow shaded region highlights the 30-35 GPa pressure range where the sharp
change is observed. (b) Nucleation of diamond crystallites during compression of the
simulated structure as a function of pressure. The black circles represent the computed
total fraction of atoms in a diamond structure as a function of pressure. The total fraction
of diamond is the combination of the fractions of atoms arranged in cubic (brown
squares) and hexagonal diamond (orange crosses) structures. (¢) Data from the modelling
showing the sp® bond lengths parallel (purple circles) and perpendicular (blue open

circles) to the compression axis.
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In Fig. 6(a) we present the radial distribution functions, g(r), of the uncompressed simulated
GC structure and at key steps during compression. From the g(r) curves, information from the
first neighbour peak is extracted and plotted as a function of pressure and density during
compression [Fig. 6(b)]. As observed in Fig. 6(a), the uncompressed structure shows a narrow
and sharp first neighbour peak very close to the graphite distance, indicating a large sp? bonding
fraction. Upon compression, a sudden shift in the position of the first peak occurs and the
intensity drops between 25-35 GPa. This behaviour corresponds to a change in the materials
nanostructure. Broader peaks indicate a higher degree of disorder, while the upshift in peak

position is due to the increase in the fraction of sp® bonded atoms.
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Figure 6: (a) Radial distribution functions of the uncompressed simulated GC structure,
and of the compressed structure at 10, 25, 35, 45, and 56 GPa. (b) Left axis: First
neighbours peak intensity from the g(r) curves in (a) as a function of density during
compression. Data is represented in black circles. Right axis: First neighbours peak
position from the g(r) curves in (a) as a function of density during compression. Data is
represented in blue open circles. The yellow shaded region highlights the 30-35 GPa

pressure range where the sharp change is observed in Fig. 5.
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Finally, it is interesting to discuss the implications and uses of forming a high pressure sp’
bonded crystalline phase from GC. It appears that the sp® bonded phase and nanocrystalline
diamonds formed at high pressure are not recoverable at ambient where graphite is the
thermodynamically stable phase [18]. However, we have shown in a recent publication that
annealing this phase at 400°C adds enough energy for the diamond nanocrystals to properly
form, where they are recoverable at ambient [34][35]. Other recent work has shown that at
lower pressure but with somewhat elevated temperature (400-1000°C) small percentages of sp*
bonds can be retained to ambient [36]. Additionally, compression to 50 GPa and exposures to
more extreme temperatures (1800 K) via laser heating results in a recoverable amorphous
diamond-like material that is ~100% sp® bonded is recovered [37]. Furthermore, studying
subtle structural details of this nanocrystalline phase at high pressure is difficult due to the low
X-ray scattering cross-section of carbon. To provide structural details of this phase it may be
necessary to further study this phase transformation with different in situ measurement

techniques such as high pressure neutron diffraction [38].

5. Conclusion:

The experimental and simulation data presented here reveals insights into the phase behaviour
of GC under compression at room temperature. For the first time, the compression of GC under
non-hydrostatic compression using in situ XRD with two orthogonal beam orientations was
investigated. The results show the gradual development of strong preferred orientation of
graphitic nanostructures up to ~35 GPa and evidence for a major structural change at this
pressure. The experimental results were supported with molecular dynamics simulations which
revealed how the atomic level nanostructure evolved with pressure. This includes a gradual
increase in the sp? bonding fraction up to ~30-35 GPa, before a sharp increase in the number
of sp® bonds is observed concurrently with the onset of sp® bonded nanocrystalline diamonds.
The nanostructure above this threshold also contains a high proportion of atoms bonded in
configurations which have two distinct sp® bond lengths, consistent with many proposed high

pressure carbon structures.
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