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The collapsing of Cg into polycrystalline diamond has been studied after nonhydrostatic pressurization

at ambient temperature using x-ray scattering computed tomography. Using this selective structural
probe we provide evidence of concentric coexistence of ‘“‘compressed graphite” (dgg; ~ 3.09-3.11 A),
s p2-graphitelike phase (doy; ~ 3.35-3.42 A), and s p?-like amorphous carbon surrounding polycrystalline
diamond (a ~ 3.56-3.59 A). The so-called “compressed graphite” exhibits a collapsed ¢ axis and is
textured with disordered layers. This latter phase is better described as a short interlayered carbon phase
with buckled sp2-sp> layers with possible interlayer bonding. Additionally, our 3D maps of phase
distribution and of the residual stress retained in the polycrystalline diamond phase support the importance
of stressed synthesis conditions for diamond formation.
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The nucleation mechanism of diamond and other hard
carbon phases has been subjected to a large amount of
experimental [1] and theoretical [2] work. However, the
transformation pathways and the high-pressure behavior of
these carbon phases are still under debate. The noncatalytic
synthesis of bulk polycrystalline diamond (sp? hybridiza-
tion) requires high-pressure (HP)-high-temperature (HT)
treatment of the carbon precursors (> 12 GPa and
2000 °C) [1]. Such HP-HT phase transformations involve
intermediate steps where carbon polytypes with mixed
sp?-sp> hybridization and with similar densities are
formed [1,2]. Alternatively at lower temperature, diamond-
like carbon and homoepitaxial diamond films can be
synthesized using various metastable deposition methods
such as ion beam, sputtering, plasma, pulsed laser, or
chemical-vapor [1].

Heterogeneous mixtures of carbon polytypes can be
recovered after a quenching process. The type and ratio
of the products strongly depend on the structural organi-
zation of the starting material [3]. Studies have shown that
systems rich in defects (dangling bonds, dislocations, or
sp?-sp® mixed hybridization) favor diamond nucleation
and growth [2—4]. At room pressure and temperature car-
bon atoms in Cg, molecules are essentially in a sp? hybri-
dized state with some minor sp> contribution (disturbed
due to the curvature from planar geometry). These mole-
cules are joined by weak Van der Waals interactions and
form a molecular solid with average close-packed face-
centered cubic (fcc) structure. This makes Cg an excellent
starting material for studying the phase diagram of
carbon [1] and its subsequent phase transitions as well as
preparing novel superhard nanomaterials.

The P-T phase diagram of Cg itself is extremely rich.
Low pressures promote [2 + 2] cycloaddition reactions
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and subsequent formation of (Cgy), dimers, linear
(P <2 GPa), layered (P = 2-8 GPa) or 3D polymers
(P > 8 GPa) [5-8]. At higher temperature (7' > 750 °C),
transformation of these polymeric phases into disordered
sp?-like structures is induced [6-9]. Their mixed hybrid-
ization character leads to layer buckling and interlayer
bonding and could be a possible explanation for its
reported superhard properties [6,7,9].

Contrary to these drastic transformations, at room tem-
perature the stability of its fcc structure has been observed
up to 20 GPa under hydrostatic compression [10]. In con-
trast, nonhydrostatic compression of Cg, leads to its con-
version into amorphous and polycrystalline diamond [11].
This transition occurs through an irreversible intermediate
step (P ~ 16 GPa) where an insulating amorphous struc-
ture is formed [12,13]. This phase, reported as “‘collapsed
fullerite,” is modeled either as icosahedral carbon clusters
[14] or as a sp3-rich atomic carbon network [15]. Relative
to the static HP-HT treatment, shock compressions gener-
ate strong shear stresses and rapid quenching, transforming
Ce to diamond at lower P, T conditions (16 GPa, 100 °C)
[16]. This is consistent with molecular-dynamic simula-
tions that suggest the transformation pressure to diamond
can be reduced with the application of shear stresses [17].

Of the various carbon polytypes a so-called “compressed
graphite” phase (CG) has been reported experimentally by
a few authors [18-21]. F.P. Bundy and J.S. Kasper [18]
showed that oriented graphite leads to the formation of
hexagonal diamond above 15 GPa and 1000 °C. However,
below 1000 °C they recovered CG (dgp, = 3.1 A) and at-
tributed this phase to reverted hexagonal diamond. Recently,
W. Mao et al. [21] obtained an unquenchable superhard
compressed graphite phase (dyy, = 2.95 A) existing in the
range of 16-24 GPa formed at ambient temperature. During
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the synthesis of polycrystalline diamond from graphite,
T. Irifune et al. [22] reported the presence of a small amount
of CG (dop, = 3.15 A) together with a major amount of
cubic and hexagonal diamond phases. C. Le Guillou et al.
[3] also reported shortening of graphitelike interlayer
distance (dyy, = 3.07 A) from treatment of carbon with
different structural organizations at 15 GPa and high tem-
perature. This can also be related to the recent work by
T. Ferroir et al. [23] who reported concentric spatial arrange-
ments of CG (dyy, = 3.186 A), with ordinary hexagonal
graphite (dyy, = 3.352 A) and hexagonal diamond in a
shocked meteorite. Recent theoretical work [24] has pro-
posed a structural model (Z carbon) for the CG phase
reported by W. Mao et al. [21].

In this Letter, we present our results on recovered inter-
mediate carbon poly(a)morphs. These phases were ob-
tained by quenching, at midprocess, during the formation
of diamond from the compression of Cg, at room tempera-
ture. The identification of these intermediate phases and
their residual stress state were carried out using a powerful
selective structural probe: diffraction and scattering
computed tomography (DSCT) [25-28]. Finally, the
3D maps on phase distribution, on the residual stress
signature of diamond synthesis and on the so-called
“compressed graphite” phase (CG) are discussed.

For this study, nonhydrostatic pressurization was delib-
erately imposed to promote diamond formation from Cg
[11,12]. C4y powder was filled into a 1 mm pyrophyllite
gasket and compressed between slanted sintered-diamond
anvils without the use of a pressure transmitting medium.
Pressure was increased at a rate of 1 GPamin™' up to
20 GPa and held for 1 hr at room temperature. DSCT
was used as a structural selective probe and perfor-
med on the recovered sample. DSCT requires a series
of maps of the sample at different angular projections
[25-28]. This method is nondestructive and using micro-
focused X-rays beam it can offer high spatial resolution
(um?) and low detection limits in phase selectivity, better
than 0.1% in volume. The DSCT experiment was per-
formed at beam line ID22 of the European Synchrotron
Radiation Facility (Grenoble, France). A high energy
(21 keV, A = 0.5904 A) monochromatic beam was fo-
cused down to a FWHM of 2.3 X 1.6 um? and 276 000
x-ray diffraction patterns (60 rotation steps X 200 trans-
lation steps X 23 slices) were collected. Typical exposure
times for each pattern were 0.2 s. DSCT uses the diffuse
scattering for image reconstruction, and not only the dif-
fracted peaks, as in x-ray diffraction computed tomogra-
phy. Both scattered and diffracted intensities are then used
to reconstruct 2D slices and herein a 3D volume. For each
reconstructed volume element (voxel), a 1D scattered pro-
file projection along the 26 can be extracted. This proce-
dure allows discrimination of signals from each individual
crystallized and/or amorphous phase. We have also devel-
oped a reconstruction scheme that allows us to image the

stress distribution in crystalline phases by using the differ-
ence in 26 position (lattice d spacing) and use it here to
demonstrate residual stresses in the diamond core of the
sample.

During our Cg, to diamond experiment, we recovered a
short interlayer disordered phase with dyy = 3.09-3.11 A,
similar to those previously reported. The DSCT analysis
provided evidence for the concentric spatial arrangement
of this minor layered phase together with sp3-amorphous
carbon and polycrystalline cubic diamond. This particular
spatial arrangement is likely to be a consequence of the
pressure gradient imposed by the anvil symmetry. The
short ¢ axis supports residual stresses in the sample, a
phenomenon that is also corroborated by stress mapping
of the polycrystalline diamond phase.

Figure 1(a) shows the 3D-DSCT phase distribution map.
The sensitivity of this technique allowed for the identifi-
cation of one crystalline phase and of three disordered
phases, in contrast with standard diffraction experiment
where only crystalline and amorphous diamond have
been observed. The analysis of each slice [Fig. 1(b)]
demonstrates that these phases exhibit concentric
spatial arrangements similar to those reported by
T. Ferroir et al. [23].
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FIG. 1 (color online). (a) 3D-DSCT image of polycrystalline
cubic diamond, sp3-like amorphous carbon, sp2-graphitelike,
compressed graphite and quartz capillary. Voxel resolution is
6.6 um X 6.6 um X 8.0 um X 0.067° (x Xy X zX286).
(b) 2D-DSCT slices for each phase and their evolution with
sample height (slice no.) for the full 26 range, and for repre-
sentative d spacing (26i). For slice no. 16, squares indicate the
region of interest plotted in Fig. 2 and the inset shows the 1D
scattering pattern for the summed contributions of all phases.
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The sample core is made of polycrystalline diamond
surrounded by an intermediate shell of s p>-like amorphous
carbon and two different disordered carbon phases with
doo; = 3.09-3.11 A and dy, = 3.35-3.42 A respectively.
It should be noted that the latter may differ from sp?-like
phases derived from the high-temperature treatment
of Cgy polymers. It is worth mentioning that for any
untransformed Cg, precursor at least three important
reflections from remaining fcc structure or polymerized
Cgo would be expected. We did not observe these diffrac-
tion signals within the detection limits of our analysis
(0.1% in volume).

In Fig. 2 we present the detailed analysis of a single
sample slice (no. 16). For each phase, selective 1D scattered
patterns are extracted and a region of interest close to the
outermost shell of the sample is enlarged [Fig. 2(b), corre-
sponding to the white rectangles drawn in Fig. 1(b)]. We
observe the coexistence of the sp2-graphitelike phase (G)
(doo; ~ 3.35-3.42 A) and the “compressed graphite” (CG)
(dog; ~ 3.09-3.11 A) with the sp3-like amorphous phase.

This latter phase exhibits only two broad peaks at
2.12 and 1.22 A; the same two homothetic broad peaks
were reported for sp*-amorphous a-Si and a-Ge [29].
This amorphous phase can be simulated with sp* carbon
models which contain mainly puckered sixfold rings
of carbon having both ““chair’” and ““boat” configurations
[30]. These three poorly-ordered phases can coexist
within the same diffracting volume. The d-spacing dif-
ference between G and CG phases, observed using
DSCT, is confirmed on 2D microdiffraction or scattering
patterns collected on selected mixed phase areas (Fig. 3).
Additionally, both G and CG phases are textured, with a
[001] preferential orientation. There is an offset between
the texture directions of G phase and CG phase, the
latter one being preferentially aligned parallel to the
compression axis.

For all available sample orientations, no (hk0) reflec-
tions are observed, supporting interlayer disorder. The
elongated broad diffraction peaks also indicate some pos-
sible buckling of these layers. For the G phase, the inter-
layer distance is close to graphite (dyoaGraphie = 3-354 A),
but for the CG phase this value is much smaller and can be
explained either by residual stress or by the formation of
C—C bonds between layers. From the d spacing of CG and
from hydrostatic compressibility data of graphite [18] we
estimate a residual pressure of ~5 GPa, suggesting that the
polycrystalline diamond core could also contain some
residual stress. As interlayer C—C bonds are unlikely to
form without the application of HT they are likely to be the
remnants of the Cgy precursor. From these structural
observations, we propose that this phase should no longer
be associated to a graphitic structure.

Figure 4 highlights the polycrystalline cubic diamond
phase. Images of slice no. 16 are extracted from different d
spacing close to the (311) diamond reflection. The sample
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FIG. 2 (color online). Spatial phase-selective scattering analy-
sis of slice no. 16. (a) 1D projected patterns (top) and Rietveld
calculations (bottom) for cubic diamond Fd-3m with a =
3.565(1) A, compressed graphite (CG) with dgy = 3.114(1) A,
s p2-graphitelike (G) with dgy; = 3.420(1) A and sp3-like amor-
phous carbon with 2.12 and 1.22 A broad peaks. (b) Zoom on a
region of interest (corresponding to white rectangles of Fig. 1)
showing phase coexistence and interpenetrating morphology in
the outer shell of the sample.

core consists of aggregates of diamond crystallites, with a
fractured microstructure possibly due to a stress energy
release event (also observed by electron microscopy on a
similar sample). To check the strain in the diamond core we
have also selected some volumes of interest to extract 1D
patterns and estimated local lattice parameters and crystal-
lite sizes from the (311) diamond reflection. Crystallite
sizes vary from 6 to 10 nm, the smallest being in regions
where cubic diamond and sp3-like amorphous carbon
coexist. Cubic lattice parameters vary between 3.56 and
359 A, indicating that the sample is composed of different
domains having different lattice strain. This result was
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FIG. 3 (color online). Unrolled and 2D experimental microdif-
fraction or scattering pattern, collected from areas with high poly
(a)morphous content, show 001 preferential orientation for
(a) sp’-graphitelike phase (G) and ‘“‘compressed graphite”
(CG), (b) “compressed graphite”” CG, evidencing their texture
characteristics.

corroborated by identical maps obtained by using (111),
(220), (400), or (331) cubic diamond reflections confirm-
ing that this is a direct sample characteristic and not due to
sample-detector misalignments.

Performing the first 3D-DSCT selective mapping of
disordered-heterogeneous materials, we demonstrate that
CG can be recovered from Cg, after room temperature
compression. This CG phase was not associated to the
presence of crystalline hexagonal diamond (HD) but to a
sp3-like amorphous phase, even if we cannot exclude the
presence of the HD phase at HP-HT conditions. The spatial
repartition between CG and sp>-like amorphous phase is
similar to the observation of CG crystallites hosted by
HD crystallites by F.P. Bundy and J.S. Kasper [18] and
the shell-like spatial arrangements is in agreement with
the observations of C. Le Guillou et al. [3] and T. Ferroir
et al. [23].
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FIG. 4 (color online). 2D (x, y) lattice d-spacing maps of cubic
diamond phase obtained at three different 26 positions close to
the (311) cubic diamond reflection: low-FWHM, center-FWHM,
high-FWHM. As instrumental broadening gives rise to peak
overlaps for data coming from different d-spacing areas, contrast
in the image-reconstructions was enhanced by subtracting 20%
of the center contribution. The squares indicate the zones of the
sample that were used to extract 1D scattering patterns to build
a histogram of lattice d-spacing distribution.

From our DSCT results and referring to current litera-
ture, possible transformation paths for Cgy to diamond
and graphite can be discussed. The P-T phase diagram of
Cgo is not yet fully understood, particularly in the high P-T
area where Cg, molecules and polymeric cages collapse.
These corresponding sample signals are either featureless
[31-33] or can exhibit a large variety in signature due to
heterogeneity or small change in P-T-stress conditions
[34,35]. Using DSCT we discriminate carbon phases based
on slight variations of their scattering signal, and resolve
the 3D heterogeneity of this phase transformation. The
different localization of the phases G and CG support
that they are structurally different and do not correspond
to a continuous structure evolution of a sp?-graphitelike
phase with a continuous shortening of interlayer spacing.
The present CG synthesis process, which does not require
the application of temperature, indicates that this phase
differs from s p?-like phases derived from high-temperature
treatment of Cgy polymers. Both texture and reflection
shapes of this CG phase [only (00/) and (002/) are ob-
served] and their corresponding longer interlayer distance
(dgo; = 3.09-3.11 A) supports that this quenched CG
phase is different from the superhard compressed graphite
phase reported by W. Mao et al. [21]. It is more likely a
phase closer to CG traces found in the presence of the
major CD and HD phases reported by T. Irifune et al.[22]
and to the CG phase found on a shocked meteorite by
T. Ferroir et al. [23].

The nonhydrostatic pressurization treatment (i.e., in-
duced stress) favors the Cg transformation into a sp3-like
amorphous phase which contains also some mixture of
sp*-sp> hybridized atoms. Simulations show that nonhy-
drostatic conditions lower the critical pressure for molecule
collapse and increase the speed of this phase transformation
[17]. Our structural maps do not show coexistence of both
sp>-like phases (G and CG) with crystallized cubic dia-
mond (CD). On the contrary, we found that the sp3-like
amorphous phase is at the boundary of, on one side, the CD
phase and, on the other, to the G and CG phases. There is
also a clear coexistence of the CG phase and sp3-like
amorphous phase. As we have studied a quenched sample,
the transformation path probably involves this sp3-like
amorphous phase.

Several possibilities of diamond nucleation or growth
from graphite have been given. T. Irifune et al. [22] re-
ported that at high pressure and temperatures: (i) above
2000 °C only CD is obtained and (ii) between 1800 and
2000 °C both CD and HD are recovered with the presence
of a small amount of CG, dyy ~ 3.15 A. Starting
from different carbon precursors, C. Le Guillou et al. [3]
also reported that at 15 GPa and high temperature:
(i) disordered precursors react faster than crystalline
ones, (ii) quasiamorphous soot transforms to CD without
prior graphitization process, (iii) highly oriented pyrolytic
graphite mostly transforms into HD rather than CD. Our
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maps also suggest that, starting from Cg, molecules, under
pressure stress and without external heating, CD could
nucleate from the sp3-like amorphous phase. The single
broad peak of this sp? disordered phase at 1.22 A supports
the presence of both chair and boat carbon rings, the first
ones occurring in CD and both occurring in HD structure.
These findings illustrate the necessity for further theoreti-
cal studies to explain this experimental observation and
clarify the transition mechanism.

With the DSCT probe, we provide 3D phase distribution
maps showing shell-like arrangements of cubic diamond,
sp3-like amorphous carbon, sp?-graphitelike carbon, and
so-called ‘““‘compressed graphite.” In addition, we demon-
strate that scattering contrast is key in discriminating be-
tween polyamorph-polycrystalline heterogeneous phases,
especially when the similarities in phase densities or when
weak signals of amorphous systems limit the use of other
methods. The use and sensitivity of this probe for strain
contrast is clearly demonstrated for crystalline diamond in
this Letter, and therefore could be applied for materials with
smaller bulk modulus values. The DSCT analysis strategy
presented here allows the reconstruction of the first 3D real
space image (spatial phase-selective resolution) of a het-
erogeneous sample and gives access to the reciprocal space
information (structural resolution) simultaneously.
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