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Constitutive laws and crystal plasticity in diamond deformation have been the subjects of substantial
interest since synthetic diamond was made in 1950’s. To date, however, little is known quantitatively
regarding its brittle-ductile properties and yield strength at high temperatures. Here we report, for the first
time, the strain-stress constitutive relations and experimental demonstration of deformation mechanisms
under confined high pressure. The deformation at room temperature is essentially brittle, cataclastic, and
mostly accommodated by fracturing on {111} plane with no plastic yielding at uniaxial strains up to 15%. At
elevated temperatures of 1000°C and 1200°C diamond crystals exhibit significant ductile flow with
corresponding yield strength of 7.9 and 6.3 GPa, indicating that diamond starts to weaken when
temperature is over 1000°C. At high temperature the plastic deformation and ductile flow is meditated by
the <110>{111} dislocation glide and a very active {111} micro-twinning.

or centuries it has been known that diamond is brittle and can easily cleave when crafting on a certain

crystallographic plane, the {111} plane as we know it now, which also has the lowest cleavage energy"”.

However, as the hardest material known to mankind, diamond is experimentally difficult to deform,
particularly at room temperature. The current knowledge of plastic deformation in diamond is mainly rested
on first principles calculations and on experiments under uncontrolled stress conditions. Theoretically, the
strain-stress relations are derived for diamond based on simulations of perfect crystals at zero Kelvin>~.
Typically, these calculations do not take into account the contributions from crystalline defects such as disloca-
tions® and twinning’, which are the major factors affecting materials’ strength. Experimental strength measure-
ments for diamond include indentation, bending, and grinding"*°. In high-pressure experiments in diamond
anvil cells, the strength of diamond can also be estimated by optical absorption'’, luminescence', Raman
spectroscopy'?, and X-ray imaging'’, but the results are often inconsistent and cannot directly be converted to
compressional or tensile strength. Another method for the strength measurement was based on diffraction peak
width analysis of polycrystalline diamond under high pressure (P) and high temperature (T) condition'. The
derived strength, however, is commonly referred to as microscopic strength, which is primarily associated with
the concentrated local-/microscopic- strains at the contact points of crystal grains. Because all these experimental
methodologies cannot quantify the stress applied during deformation, the classic strain-stress relation, which is
fundamentally important to the plasticity of diamond, has yet to be established under both room and elevated
temperatures.

We studied deformation behavior of polycrystalline diamond at room temperature, 1000°C, and 1200°C, near
confined pressures of 3.5 GPa. The uniaxial high P-T deformation experiments were carried out in a deforma-
tion-DIA apparatus (D-DIA) interfaced with synchrotron x-ray diffraction and radiography'®. At any given
deformation state, the macroscopic differential stress is derived from elastic distortion in a crystalline lattice
and the total axial strain is measured by x-ray imaging of the bulk sample. We also derived the microscopic strain
based on diffraction profile analysis. To gain insights into the deformation mechanisms, microstructures of the
deformed samples were systematically characterized by optical microscopy, scanning electron microscopy
(SEM), and transmitted electron microscopy (TEM). Experimental details are described in the Methods Section.

Results

Microscopic and macroscopic strain-stress measurements. Figs. 1a and 1b show microscopic and macroscopic
strain-stress curves for diamond deformed at a confining pressure around 3.5 GPa and room temperature. As
expected, both curves show slow stress build up compared to classic behaviors in metals. Markedly, there is a
stress plateau in microscopic stress (Fig. 1a) or stepped variation in macroscopic stress (Fig. 1b) between 1% and
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Figure 1| (a) Microscopic and (b) macroscopic stress as a function of total strain for polycrystalline diamond deformed at room temperature and a

confining pressure of 3.5 GPa; (c¢) SEM image of the recovered sample.

4% total strains. Such unusual “flow” indicates a stress relaxation or
strain adjusting state. Beyond the discontinuities, the stress continues
to increase but at slower paces than initially observed; no plastic
yielding, however, is observed at total axial strains up to 15%. After
the deformation experiment, the recovered sample was characterized
by SEM to gain insight into microstructural features, which are
shown in Fig. 1lc. Evidently, diamond crystals with starting grain
sizes of 4 to 6 microns have been fractured to submicron or even
nano scale. These combined observations indicate that the defor-
mation of polycrystalline diamond at room temperature is elastic
in nature, and the observed stress-relaxation/strain-adjusting de-
monstrates brittle fracture and cataclastic flow in polycrystalline
compacts.

Another feature of Figs. 1a and 1b is that the microscopic and
macroscopic stresses show similar variation with total strain up to
15%. In particular, the built-up microscopic stress of 6.9 GPa derived

from the peak width analysis is essentially identical to the mac-
roscopic stress of 6.8 GPa determined from the diffraction lattice
strain. It indicates that, at room temperature, the concentrated local
grain-to-grain contact stress is on average equal to the bulk differ-
ential stress applied to the entire sample. During the deformation as
differential stress is built up, the brittle fracture behavior dominates
the entire deformation process through crystal cleavage on {111}
plane. This is particularly true at the cataclastic flow stage as frac-
tured grains release part of the differential stress and the rolling/
tumbling of diamond grains can continue to support the flow stress.
It is also noted that the microscopic stress is much higher in absolute
magnitude than the macroscopic stress. This is because, prior to the
uniaxial deformation at 3.5 GPa, micro-stresses are already highly
concentrated at gain-to-grain contact points during initial pressur-
ization, which would in turn facilitate cleavage of diamond grains, as
revealed by TEM micrographs in the TEM section.
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The strain-stress curves at 1000°C are shown in Figs. 2a and 2b.
Different from the room-temperature deformation, diamond crys-
tals reach the ultimate yield with a flow stress of 7.9 GPa at a total
strain of around 11%. Notably, the stress plateau or step revealed in
the room temperature strain-stress curves is not observed, indicating
that the deformation mechanism has changed from brittle fracture
mode at room-temperature to ductile mode at 1000°C. Thus, the
deformation process at this high temperature should be dominated
by dislocation-mediated plasticity instead of crystal cleavage. The
brittle and cataclastic component may still be active at 1000°C but
its contribution to diamond deformation is insignificant based on the
observations discussed below. Similar to room-temperature mea-
surements, the microscopic and macroscopic strain-stress curves
show same trends of variation during the deformation, indicating
that even at 1000°C diamond crystal grains are sufficiently strong to
support additional local concentrated stresses.

To further understand the deformation behavior of polycrystalline
diamond at high temperature, we carried out an additional deforma-
tion experiment at 1200°C. The derived strain-stress curves are
shown in Figs. 3a and 3b. Strikingly, no micro-stress build up is
observed during the entire course of bulk deformation. This, when
compared with the observations of Figs. 2a and 2b, indicates that
there exists a threshold temperature between 1000°C and 1200°C
above which diamond crystals become sufficiently weakened to sup-
port additional local concentrated differential stresses. This is in
good agreement with an early work by Weidner et al, who showed
that differential microscopic stress of diamond under tri-axial load-
ing starts decreasing rapidly above 1100°C'. However, the mac-
roscopic strain-stress can still be built up during the bulk sample
deformation at 1200°C as long as the stress is below the yield strength
of diamond. The SEM characterization of the recovered sample,
Fig 3¢, shows that there is no obvious grain size reduction after the
deformation, indicating that at 1200°C brittle fracture or cataclastic
flow does not make significant contributions to the diamond
deformation. Instead, the deformation should be dominated by dis-
location mediated plasticity.

TEM characterization and deformation mechanism at room
temperature. Although diamond has the highest hardness and
shear modulus owing to sp® hybridization and directional bonding
of carbon atoms, diamond crystals cleave quite easily on a certain
crystallographic plane when undergoing uni-axial deformation at
room temperature. According to first principles calculations of
Telling et al’, the energy ratio required to cleave the {100}, {110},
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and {111} planes in diamond crystals is approximately 7:2.8:1,
indicating that the {111} plane can more readily be fractured than
the other planes®. While this has commonly been observed in the
processes of diamond cutting and shaping', microstructure studies of
indented diamonds revealed both {111}“'® and {001}” cleavage
planes. To date, the exact fracture mechanism has yet been
elucidated by controlled deformation experiments. In order to
shed light on the cleavage planes in brittle fracturing, we carried
out TEM characterizations of the sample recovered from room-
temperature deformation (DIA300). As revealed by TEM
micrograph (Fig. 4a), large fractured crystals of a few microns in
size, mostly free of intra-crystalline defects such as dislocations, are
surrounded by smaller diamond crystals. Within the large grains,
micro-fractures mostly occur on {111} cleavage planes: either as
long straight cleavages or curved fractures consisting of numerous
nano-steps along {111} cleavage planes (Fig. 4b). In the small-grain
areas, grains or sub-grain domains as small as 10 nm are visible in
bright-field (BF) imaging mode. The use of a 1.5-um large selected-
area (SA) aperture also produces spotty Debye rings in diffraction
mode (Fig. 4a). In these areas the grain size ranges typically from
10 nm to a few 100 nm, although grains less than 10 nm (invisible in
micrographs) may also be present. The very few straight dislocations
observed in the deformed sample suggest that they are not glissile and
are likely growth defects. These microstructures attest that the defor-
mation at room temperature was essentially brittle and the observed
flow was cataclastic, and mostly accommodated by fracturing (clea-
vage) on {111} plane which is the weakest crystallographic plane in
diamond®. Clearly, our results do not support the {001} fracture
mode revealed in the indentation experiment'’.

TEM characterization and deformation mechanism at 1200 °C. At
the TEM scale, the recovered diamond grains exhibit extremely high
densities of <110> dislocations, the classic dislocations in diamond,
and planar defects on {111} planes (Fig. 5a). The dislocations are
glissile, as revealed by their curvatures, and exhibit numerous
entanglements which render it difficult to characterize their glide
planes. The planar defects are mostly micro-twins, as revealed by
their classical moiré fringes in dark-field condition (Fig. 5b) and by
the splitting of reflections in diffraction micrographs obtained with
<110> zone axis (Fig. 5¢). The density of {111} microtwins is high in
the 1200°C deformed sample which explains the anomalously visible
and strong 200 diffraction spots in diffraction patterns (e.g., Fig. 5¢),
as was previously reported for electron diffraction patterns aris-

ing from twinned diamonds and diamond films'®". These
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Figure 2 | (a) Microscopic strain-stress curve and b) macroscopic strain-stress curve for polycrystalline diamond deformed at 1000°C and 3.5 GPa.
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Figure 3| (a) Microscopic strain-stress curve and (b) macroscopic strain-stress curve for polycrystalline diamond deformed at 1200°C and ~4.0 GPa.
Because the deformation experiment was conducted at a higher temperature of 1200°C a higher pressure was applied to prevent potential graphitization

of diamond; (c) SEM image of the recovered sample.

microstructures show that plastic deformation in diamond is
accommodated by <110>{111} dislocation glide and a very active
{111} microtwinning.

Discussion

Experimental determination of constitutive laws and flow mechan-
isms in diamond deformation has been a standing problem since
synthetic diamond was made in 1950’s. Yield strength is in this
regard an important property because it defines the onset of plastic
deformation and viscous flow. Although the strongest material, dia-
mond crystals cleave on {111} planes at strains as small as 1% at room
temperature, which is in line with the common observations of low
fracture toughness in single-crystal diamond. At elevated tempera-
tures, diamond starts weakening at temperatures as low as 1000°C,
and above 1200°C its strength is comparable to or even weaker
than that of tungsten carbide at room temperature. This thermo-
mechanical behavior, quantified for the first time in controlled

deformation experiments, provides both limitations and engineering
guides for diamond applications in harsh and high-temperature con-
ditions such as drilling, grinding, and high P-T laboratory experiments.

Crystal plasticity of diamond at high temperatures has been a
subject of substantial interest. In natural diamonds, most of them
are plastically deformed as manifested in the birefringence patterns™.
Microstructure characterization and single-crystal x-ray diffraction
studies indicate that in addition to classic dislocation glide, mech-
anical twinning is another active mechanism underlying plastic
deformation®. Such micro twins have been observed around cobalt
inclusions in synthetic diamonds* and in naturally deformed pink-
purple diamonds from siberian kimberlites®. They were also
reported for diamonds experimentally annealed at high pressure
and temperature when embedded in hard silicates of olivine or gar-
net'. In addition, such mechanical microtwins are common features
in deformed materials with the diamond structure such as silicon®*. It
is, however, the first time that {111} mechanical twinning is reported
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Figure 4 | Bright-field (BF) TEM micrographs of the diamond sample
recovered from room-temperature deformation. (a) Large grains almost
free of dislocations are surrounded by small-grain areas; for smaller grains
diffraction patterns exhibit spotty Debye rings. (b) BF TEM micrograph
near [110] zone axis shows numerous {111} cleavages cutting through a
large broken grain. Note that the curved cracks consist of nano-steps along
{111} cleavages, as detailed in the inset.

as a major deformation mechanism in diamonds experimentally
deformed at high temperatures. Last but not least, earlier reports
from indentation experiments showed that diamonds with lower
levels of nitrogen can more easily be deformed than diamonds with
higher levels of nitrogen®. These observations indicate that nitrogen
impurity may have profound effects on the deformation behavior of
diamond crystals. Systematic studies of such effects under controlled
deformation are thus warranted for a comprehensive understanding
of crystal plasticity of diamond.

Methods

Uniaxial deformation experiments under confined high pressure. The
polycrystalline diamond powder was purchased from Microdiamant. The as-
purchased powder is more than 99.5% pure and has a grain size distribution of 4 to 6
microns as characterized by SEM. The uniaxial deformation experiments on
polycrystalline diamond at high pressure-high temperature condition were
performed at beamline X17B2 of the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, using a deformation-DIA (D-DIA)". The D-DIA
apparatus is a modified version of the DIA*® that uses 6 hard anvils (primarily WC) to
compress a sample assembly. For deformation under confined high pressure, the two
vertical anvils can be driven independently to introduce compressive or tensile uni-
axial straining. The pressure medium is a mixture of amorphous boron and epoxy
resin for x-ray transparency. The diamond powders were compacted in a boron
nitride sleeve, which also isolates the sample from graphite furnace. Bulk differential
stress was produced in the specimen with hard alumina pistons placed on both ends of
the specimen. The sample was separated from the alumina pistons by nickel foils,
which were used as strain markers for measuring the total strain.

In each of the experiments reported here, the pressure cell was first compressed
hydrostatically to a desired pressure, followed by heating to the maximum temper-
ature of 1200°C (the temperature was determined from previously established cali-
brations and the estimated errors are £50°C). The sample was then deformed at a
desired temperature by advancing top and bottom anvils, typically at the strain rates
of ~107°/s. During the experiment, a white X-ray beam of 50 pmXx50 pm passed
through the deformed sample in radial direction. With the use of a solid-state multi-
element detector that covers azimuth angles from 0°—90°, diffraction data were
collected periodically with ~10 minute counting time for each pattern. X-ray
radiographs of the deformed column at corresponding deformation conditions were
also taken by removing the collimation slits. This bulk information is used, as
described next, to derive differential stress and strain for each experimental run. Note
that the pressure was applied in this work because external pressure helps minimize
flow of polycrystalline diamond along the radial direction when sample is under uni-
axial loading. Within the stability filed of graphite pressure is also needed to stabilize
diamond and hence to prevent partial graphitization of diamond under the present
experimental temperatures. Our work, however, was not intended to systematically
study the pressure effect on the deformation mechanisms of diamond.

The sample columns from X-ray radiographs are used to measure the changes in
the sample length during the deformation experiment. Depending on the intensity
contrast between sample and strain marker (Ni foil), it is possible to measure the
sample length changes within 1 microns. The total axial strain of the sample is
calculated as: & = (I—1Iy)/ly, where I, is the sample length at the onset of deformation
and [ is the sample length under a given stress condition.

Derivation of microscopic strain and stress. Following the analytical method of*"**,
the full-width-at-half-maximum of a diffraction peak, FWHM, is expressed in a
length scale of A (Ad), and the microscopic differential strain is calculated from
Equation (1)

o = Al /d = [ AdZy, — Ak, [ d(P.T) (1)
where Ad,, is the observed peak width under a given stress condition, Ad,,,, is the
peak width at a stress-free state, and d is the d-spacing of a given lattice plane. In this
work, the ambient diffraction data are chosen as a reference for zero strain. By
multiplying the strain by an aggregate Young’s modulus of 1050 GPa for diamond, we
can convert the strain to stress. Since this stress represents the local contact stress
between crystal grains, it is conventionally termed microscopic stress.

Derivation of macroscopic strain and stress. Different from the microscopic stress
which originates from the local grain-to-grain contact stress field, the macroscopic
stress directly reflects the stress field applied to the entire sample, which can be
quantified by measuring the peak position shift. The methods used here for
macroscopic stress analysis are similar to those described by Uchida et al.>. We first
determine lattice strain, &macro(9) = [do(¢)-d(¢)]/do (@), where ¢ is the true azimuth
angle, given by cosp = cosfcosy (8 and y are the diffraction angle and detector
azimuth), and dy (@) and d(g) are d-spacing values of a given lattice plane at the onset
of deformation and at a certain stress state, respectively. The lattice strain, &macro (¢), is
fitted to the Equation (2) to obtain the differential lattice strain, &uqcro,-

8macm((ﬂ) = 8macro,p"‘J‘rrmr:m,r (1 -3 COSZ (ﬂ) (2)

With a cylindrical symmetry of the stress field in the D-DIA pressure cell the
differential stress is defined by t =6, — g3, where o, and g3 are the principal stresses
in axial and radial directions, respectively. For a given lattice plane hkl, the differential
strain can be converted into the differential stress by equation (3):

t(hkl) = 6€macro,e X G ®3)

where Gy, is the shear’s modulus for a lattice plane hkl, which can be derived from
single-crystal elastic constants for diamond. Throughout this work, both the
microscopic and macroscopic strains are derived from the lattice plane (111).

SEM and TEM characterizations. SEM characterizations were carried out using an
FEI Inspect F SEM. For preparation of TEM thin sections, the cylindrical specimens
were first embedded into epoxy and then cut perpendicularly to the compression axis
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Figure 5| TEM micrograph of the diamond sample recovered from the
deformation experiment at 1200 °C. (a) Weak-beam dark-field (WBDF)
micrograph of a typical grain exhibiting numerous entangled dislocations
and planar features (diffraction vector is indicated by g). (b) A DF
micrograph showing planar deformation features. The observed moiré
fringes are classically characteristic of stacking faults and microtwins; (c)
BF micrographs of a grain exhibiting numerous {111} microtwins. The
inset shows the diffraction pattern of an area selected in the lower left
corner of the image; splitting reflections and streaks are due to thin
alternated twinned domains.

and mechanically milled down to ~25 um thickness. Prior to TEM investigation, the
doubly-polished sections were examined in the optical microscope, ion-thinned to
electron transparency (Ar beam accelerated at 5 kV), and coated with an amorphous
carbon layer. A Philips CM30 electron microscope operating at 300691kV was used to
investigate the specimens.
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