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Abstract. Three natural polycrystalline diamond samples have been investigated non-destructively
in their raw as-discovered forms. The samples originate from different locations in the world and
possibly have different mechanisms of formation. The study reveals that the stones are primarily
composed of cubic diamond with varying amounts of impurities that emanate from their excessive
porosities and entrapped environmental contamination, contributed by the areas in which they were
formed and subsequently discovered. Residual stress analyses of the cubic diamond phase with X-
ray and neutron diffraction techniques revealed low stress values in the interior regions of the
diamonds.

Introduction

Carbon occurs as a native element in several allotropes, the most familiar being graphite (very
soft, hexagonal, black, as anisotropic sheets) and diamond (extremely hard, cubic, various colours,
generally translucent). In geological formations, in addition to well-familiar single crystal diamonds,
there are polycrystalline fine-grained aggregates (carbonado and related forms) and other rare forms
[1]. Our research interest is in the non-destructive investigation of the residual stresses locked into
polycrystalline diamond samples in their raw as-discovered form. Such results can extend the
topical debate on their very controversial formation origin [2,3]. The typical, primary requirements
for natural diamond formation are combinations of high pressures (HP) and high temperatures (HT).
Possible mechanisms are [4]:

e Igneous crystallisation from C-rich kimberlite melts in the mantle [HT-HP].

e Solid state conversion from graphite due to subduction of oceanic/continental crust to mantle
depth [HP-HT].

e Shock-metamorphism in meteorite impact processes [Ultra HT-PT].

e Presolar.

We report results from exploratory investigations that have been performed non-destructively on
three polycrystalline diamond samples in their as-discovered forms using scanning electron
microscopy (SEM) with energy dispersive spectrometry (EDS) analysis, X-ray diffraction (XRD), as
well as stress analysis of the sub-surface and interior regions using X-ray and neutron diffraction
(ND). No results on the residual stress mapping of the interior of a polycrystalline diamond stone
were found in the literature making this investigation unique in this regard.
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Samples

The samples of this investigation comprised three polycrystalline diamonds discovered on the
earth surface in soils/sediments and may have been formed from any of the mechanisms discussed
[5]. One specimen among this set of samples is of the type commonly known as carbonado, a
natural polycrystalline diamond of much disputed origin only found in alluvial deposits in the
Central African Republic (CAR) and Brazil. These carbonandos are relatively porous masses of
fine-grained interlocking micrometer-sized diamond grains that have hardness that exceeds that of
diamond single-crystals. Although they do not have monetary value as gems, they are of industrial
value owing to their superior abrasive qualities. The second sample also resembles a carbonado,
being black, polycrystalline and extremely hard consisting of nanometer-scale diamonds. Unlike the
true carbonados, this unusual stone named “Hypatia”, was discovered in the area of southwest Egypt
where an extreme surface heating event produced the Libyan Desert Glass 28.5 million years ago.
Unlike true carbonados, Hypatia is non-porous and intensely fractured. A more detailed description
of this stone has been provided by Kramers et al. [6] proposing that the Hypatia stone was a remnant
of a cometary nucleus fragment that impacted after incorporating gases from the atmosphere based
on noble gas isotopes and 8'°C values. The third sample of this study originates from Northern
Lesotho (NL), is light grey in colour and substantially larger than the other samples with a largest
dimension of 30 mm. The NL sample is from the Lighobong kimberlitic pipes (the Satellite Pipe, to
be distinguished from the Main pipe), and was provided by Andrew Burnie of Firestone Diamonds
Ltd. to the ARC National Key Centre for Geochemical Evolution and Metallogeny of Continents
(GEMOC) of the Department of Earth and Planetary Sciences at Macquarie University.

Experimental methods and results

With the samples being of significant scientific value, no surface preparation, apart from
superficial surface cleaning to remove loose deposits, was performed. Characterisation
investigations of the cabonado and Hypatia samples included SEM and EDS for elemental
composition determination and XRD for mineral phase identification. Results are summarised in
Table 1.

(a) (b)
Figure 1: Photographs of: (a) the carbonado sample originating from Brazil (10 x 9 x 8 mm” in size)
and (b) the Hypatia sample emanating from North Africa (10 x 5 x 2 mm® in size).
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Table 1: Summary of the Brazilian and Hypatia stone compositions. Stress values were determined
with XRD at corresponding positions on the samples.

El 1 EDS . i Ph Residual
gamp.let. emental content (EDS) |\ = composition (XRD) (Xre;?)e)c[()“r::izt] :tsrle;;a
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Oxide and
hydroxide
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Hypatia | C(50%) | O (43%) | .- . SiOp. 76 % 24% | 110+ 100
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(AD)2(8S1)20s5
(OH)4

Carbon is the dominant element in both these samples, but with a significant oxygen content
present in the Hypatia sample (in agreement with the results from [6]). The latter could not
unambiguously be linked to specific metal oxides. The presence of silicon in the EDS spectra is
ascribed to surface contamination with SiO, (quartz in sand) and clays (e.g. kaolinite). The
diffraction analysis revealed the samples to be fine grained and the crystalline carbon being present
as cubic diamond. No lonsdaleite, the high-pressure carbon polymorph characteristic of meteorite
impact diamond [7,8] was unambiguously identified in the Hypatia sample. Both samples show the
presence of impurity phases to different extents. Using a Rietveld refinement approach, it was
estimated that the Brazilian and Hypatia samples consist of ~ 98 wt.% and 76 wt.% cubic diamond
versus 2 wt.% and 24 wt.% combined impurities respectively. In addition, by comparing the
diffraction patterns of these two carbonado samples, significant peak broadening is evident in
Hypatia as shown by Fig. 2. This is indicative of the presence of nano-crystalline diamond in
addition to substantial mechanical deformation with extensive accumulation of dislocations and
defects.
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Figure 2: Overlaid X-ray diffraction patterns of the Brazilian (red) and Hypatia (black) samples.
Both samples have cubic diamond as the major phase (indicated by the blue stick pattern) with
quartz and calcite as minority phases without clear dominance.
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The next phase of the investigation was the determination of residual stresses present in the
bulk polycrystalline diamonds. The Brazilian and Hypatia samples were investigated with XRD
using a Bruker D8 Discover micro-diffraction instrument equipped with a 0.8 mm diameter beam
and Cu radiation rendering penetration depths in the order of 250 um into the diamond phase.
Measurements were done using the sin’y technique based on a linear dependence existing between
the strain and sin’y, with v being the tilt angle from the surface normal. The (311) reflection
provided the highest diffracted intensity and most favourable grain statistics owing to its high
multiplicity factor, M=24. The irregular sample surfaces though caused a breakdown in the linear
dependence at sin’y > 0.6. Data analysis was subsequently limited to the linear region only. Stress
values determined at a number of locations on the sample surfaces are summarized in Table 1.

Since the X-ray results are susceptible to surface effects with associated questionable accuracy,
as a next phase of the project, thermal neutron strain scanning [9] was employed for the non-
destructive investigation of the interior regions of the bulk diamonds by exploiting the superior
neutron scattering properties of carbon and high penetration of thermal neutrons into the material.
This in conjunction with the gauge volume size employed (larger with the X-ray experiment) led to
the probing of significantly more grains [9]. In this unique approach, the Kowari neutron strain
scanner [10] was used to investigate the central interior regions of the Hypatia stone using a gauge
volume of 1 x 1 x I mm® and a wavelength of 1.52 A that placed the diamond (311) reflection at the
optimal 90° gauge volume definition geometry. The measurements were done on the center line of
the sample mid-thickness along the largest dimension of the sample. The tri-axial stress results are
shown in Fig. 3. The statistical uncertainties in the neutron counts were relatively large due to the
broad Bragg peaks contributing to stress uncertainties of approximately 80 MPa. Stress variations
are ascribed to statistical variations rather than a real stress distribution. Notwithstanding the stress
variations being larger than the error bars, no apparent trend could be deduced. Assuming no stress,
the spread in the experimental data points is approximately 200 MPa. Since this cannot be explained
in terms of the counting or grain statistics as the grain size is extremely small, possible causes are
instead associated with local variations in the microstructure (e.g. defects, macroscopic voids and
other phase inclusions) and localized microstresses (interaction with other phases and stress
concentrations around defects).
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Figure 3: Residual stress measured along three orthogonal directions in the Hypatia sample. The
error bars shown were determined from the counting statistics and peak fitting accuracy which are in
the order of + 80 MPa.

Stress contour maps of the interior of the Hypatia sample were not possible due to the smallness
of the sample. To gain a clearer understanding of the stresses in the interior of polycrystalline
diamonds, a large sample originating from Northern Lesotho (NL) was available that enabled
comprehensive 2D area stress mapping of the cross-section. This polycrystalline sample comprised
a conglomerate of many visible small single crystallites that were large with respect to the 1 x 1 x 1
mm’ neutron gauge volume. To overcome the associated grain statistics limitation, a multiple
direction strain measurement approach was adopted to resolve the full stress tensor. Experimentally
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this required stringent sample positional accuracy with reference to the gauge volume (achieved

with the use of high-precision omega and xyz sample stages). The measurement protocol

comprised:

o Measurements at tilts along two perpendicular planes (that can be called y- and o-tilts) in 5°
increments with a total of 72 directions per measurement position to enable reconstruction of all
five stress components, i.e. principal and shear stresses.

o At the selected (¢,y) directions, measurements were taken to render interatomic spacing
accuracies better than 7x107, resulting in ~25 MPa stress uncertainty due to neutron counting
statistics, together with statistical scatter due to partial illumination effects from large single
grains (grain statistics) [11].

o Overall, measurements were done in the rectangular cross-section, matrix of 11 x 7 with 2.5 mm
separations that amounted to 77 measurement locations in the largest available cross-section.

o For each location, the measured strains in these directions were fitted with a 6-component stress
tensor using y°-minimization and assuming a constant do-value for the whole sample.

Figure 4 shows a photograph of the NL sample and the results of the tri-axial residual stress
analyses. In all cases the overall stress values lie between -300 and 300 MPa. This needs to be
viewed in relation to the large grain statistic contribution. A statistical analysis of the data predicts
statistical errors 4-5 times larger than the experimental error bars shown, so the total error bar would
be (100 — 150) MPa. Most likely these can be attributed to statistical uncertainties other than
neutron counting or grain statistics. Assuming this accuracy, it is concluded that there is no
significant difference between the stress components and thus no obvious evidence of stress
distribution/pattern.

X
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Figure 4: (a) Residual stress of the assumed 64« component determined along a sheet in the centre
of the Northern Lesotho polycrystalline diamond shown overlaid onto the sample shape and size (30
x 20 x 15 mm’ in size). The additional contour plots display (b) 6yy; (c) 6, ; (d) oxyand (e) oy, stress
components.

Discussion

Agreement exists between the stresses determined at 250 pm depths (XRD) and the sample
mid-thicknesses (ND) for the Hypatia sample: Within the accuracy rendered by the grain statistics,
i.e. £150 MPa, it is concluded that no global residual stress exists in the interior regions, or sub-
surface regions of the sample. The comprehensive ND investigation of the NL samples reveals
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similar results. This indicates that the samples had formed in relatively uniform temperature and
pressure environmental conditions. However, some local variations of stress in the range of £300
MPa were observed experimentally, whilst the experimental accuracies were much smaller, 25 MPa
for NL and 80 MPa for Hypatia. These variations appear to be statistical in nature and attributed to
inhomogeneity in the morphology and stress concentration due to structural defects [12],
microstress due to the presence of other phases, and variation of dy due to accumulation of
dislocations that have been reported in diamond samples [13].

The localization of stresses observed in our study is corroborated by other experimental
evidences. Han et al. [14] reported stress results of a plane-wave based ab initio pseudo potential
technique (computational) in a single-crystalline sample and indicated that the stress was dependent
on the atomic surface termination species. They predict -35 GPa for nitrogen and 26 GPa in the case
of boron at depths of a few atomic layers, i.e. nanometer range. Kagi et al. [15] reported a tensile
stress of 0.49 GPa using Raman Spectroscopy at a sub-surface depth of 10 um on a polished
Carbonado sample from the CAR. Thus based on our XRD and ND results taken at 250 um and
millimetre depths respectively, and in relation to the published results, indications are that a steep
stress gradient may exist within the 0.2 mm from the surface, but effectively low stress values exist
in the sample interiors.
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