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Dissociation of CH4 at High
Pressures and Temperatures:
Diamond Formation in Giant
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Experiments using laser-heated diamond anvil cells show that methane (CH4)
breaks down to form diamond at pressures between 10 and 50 gigapascals and
temperatures of about 2000 to 3000 kelvin. Infrared absorption and Raman
spectroscopy, along with x-ray diffraction, indicate the presence of polymeric
hydrocarbons in addition to the diamond, which is in agreement with theoretical predictions. Dissociation of CH4 at high pressures and temperatures can
influence the energy budgets of planets containing substantial amounts of CH4,
water, and ammonia, such as Uranus and Neptune.
The luminosities and strong magnetic fields
of the giant planets within the solar system
require the presence of strong internal energy
sources that are mainly primordial (resulting
from gravitational collapse and internal differentiation, for instance). In addition to H2
and He, Uranus and Neptune contain heavier
molecular species such as methane (CH4) (1);
and because carbon is heavier than hydrogen,
the chemical breakdown of CH4 inside these
planets—allowing carbon to sink— can affect
their internal evolution and energetics (2–5).
Such dissociation requires high temperature
to break the C–H bonds (pyrolysis) and high
pressure to condense the carbon. Motivated
by recent theoretical predictions (5), we experimentally studied the stability of CH4 under conditions like those existing inside Uranus and Neptune.
When heated at pressures and temperatures
of 10 to 50 GPa and ⬃2000 to 3000 K (6), CH4
exhibits a reaction creating two products, one
opaque and the other transparent (Fig. 1). In situ
x-ray diffraction, before and after heating, reveals the formation of diamond as a reaction
product from the sample, not from the anvils
(Fig. 2) (7). The occurrence of diamond is
confirmed by micro–Raman spectroscopy on
the opaque reaction product, quenched to zero
pressure and removed from the diamond anvil
cell (Fig. 2); the transparent reaction product
and the unreacted CH4 evaporate when pressure
is released.
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Diamond is not the only form of carbon
present. Spatially resolved Raman spectra of
both the opaque and transparent reaction
products at high pressures exhibit vibrational
modes that are characteristic of doubly and
triply bonded carbon (Fig. 3). Moreover, we

A

can interpret the broad band evident in the
Fourier-transform infrared absorption spectrum of the reacted sample as indicating that
the CH4 is partly polymerized upon reaction
(Fig. 1) (8). The opaque reaction product
does not contain hydrocarbon (C–H) bands,
but the vibrational spectra of the transparent
and opaque products do show that the intensity of the CH4 peaks decreases upon reaction: The products are created at the expense
of the reactant.
Hydrogen must be removed from CH4 to
form the carbon phases that are obtained as
reaction products. We did not observe the Raman-active stretching mode of H2 (9), but at
pressures above 10 GPa we did find evidence of
hydride forming in the rhenium gasket adjacent
to the reactions (10). That it diffused into and
reacted with the gasket provides indirect evidence that hydrogen is produced from the reacting CH4. The presence of the rhenium gasket
does not induce the dissociation of CH4, however, as we were able to initiate the reaction
away from the gasket with no evidence of
disturbance across the surrounding unreacted
CH4 (10). Because this reaction is analogous to
the formation of diamond from CH4 by chemical vapor deposition at low pressures, it is
plausible that the hydriding reaction inhibits the
dissociation reactions (11).

B

Fig. 1. Photomicrographs
and corresponding infrared
absorption spectra of a
CH4 sample at pressure inside the diamond cell, before (A) and after (B) heating at 19 GPa. Opaque reaction products are created
at the center of the laserheated spot (⬃15 m in
diameter), and the surrounding transparent regions are fluid during heating. The spectra before (C)
and after (D) heating (23)
show the 3050 and 3180 cm⫺1 C–H vibrational modes characteristic of CH4 decreasing in intensity
relative to the background (24) and being replaced by a broad absorbance band (⬃3000 to 3400 cm⫺1)
characteristic of doubly and triply bonded carbon in hydrocarbons (8). Becke lines observed between the
unreacted CH4 and the transparent reaction product indicate a significantly higher index of refraction
(hence, in all probability, density) for the product relative to the CH4 (25).
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We interpret the reaction induced in CH4
at high pressures and temperatures as a partial
chemical breakdown: CH4 3 (1⫺nx) C ⫹ n
CxHy ⫹ (2⫺ny/2) H2, with the carbon (12)
and hydrocarbon (CxHy) corresponding to the
opaque and transparent reaction products observed in our experiments. Complete dissociation to pure carbon was only attained at the
laser focus, in the center of the laser-heated
spot; whereas partial breakdown to a mixture
of variously polymerized hydrocarbons occurred in the cooler areas surrounding the hot
spot. Higher temperatures (ⱖ1500 to 2000 K)
are apparently required to break all of the
CH4 bonds and form pure carbon, although
the availability of nucleation sites for carbon
condensation may also determine the local

degree of reaction within the sample (13).
Our experimental observations agree with
the results of first-principles molecular dynamics simulations (5), which predict that CH4
should dissociate to produce diamond at high
pressures and temperatures. Moreover, the calculations indicate that hydrocarbon polymers of
various lengths should be formed as precursors
to this dissociation, just as indicated by our
vibrational spectra. The main difference between the experimental and theoretical findings
is in the pressure of the transformation: Theory
suggests that CH4 begins to break down and
polymerize by 100 GPa and dissociates fully to
form diamond only at pressures above 300
GPa, whereas we found that such a reaction
proceeded at pressures as low as 10 to 20 GPa.

Fig. 2. Angle-dispersive
x-ray diffraction patterns of a sample after
heating to ⬃2000 K at
20 GPa. Unreacted CH4
is observed (*) along
with reaction products,
including the two most
intense diffraction peaks
of diamond (diamonds).
Additional lines are attributed to hydrocarbon
reaction products (triangles), the ruby used for
pressure calibration (circles), and iron from the
gasket (squares) (strong
intensities at 1.84 and
2.13 Å because of overlap with peaks from the
reaction products and
residual CH4). (Inset)
Raman spectrum (26) of
the opaque reaction product at zero pressure, outside the diamond cell, showing the first-order vibrational
mode of diamond at 1329 cm⫺1. This Raman-active vibration differed slightly in frequency from that of
natural diamond (1333 cm⫺1) and had broad peaks (full width at half maximum ⬃7 to 8 cm⫺1), probably
due to the presence of lattice defects and internal stresses (27).
Fig. 3. In situ micro–
Raman spectra of reaction products after
heating at 19 GPa
(note the break in scale
between 2200 and
2900 cm⫺1). At this
pressure, frequencies of
3000 to 4000 cm⫺1
and 1600 to 2000
cm⫺1 are characteristic
of the C–H bonds in
hydrocarbons and of
carbon bonding, respectively. The transparent reaction region
(B) appears to contain
more doubly and triply
bonded hydrocarbons,
whereas the opaque region (A) exhibits only
carbon bond (not C–H)
modes. The unreacted area of the sample (C) shows only the symmetric and antisymmetric CH4
stretching vibrations, as in the sample before heating (Fig. 1), which indicates that no transformation has
occurred.

The discrepancy may be artificial, however, in
that the time scales of the molecular dynamics
simulations are short (picoseconds) compared
with those of the present experiments (⬃10 2 to
10 3s). Shock wave experiments, which probe
an intermediate time scale (nanoseconds to microseconds), are interpreted in terms of CH4
dissociation commencing above 40 to 50 GPa
(2, 3).
Current models suggest that CH4 accounts
for 10 to 15% of Neptune’s mass and resides
primarily beneath its hydrogen-helium atmosphere at depths ⱖ10% of Neptune’s radius
and at pressures ⱖ20 GPa (1). However, the
experimental and theoretical results imply
that chemical reactions and phase transformations among planetary molecular systems at
high pressures and temperatures must be taken into account to model giant planet and
brown dwarf (14) interiors more realistically.
In particular, the energy released from gravitational settling of a carbon-rich phase such
as diamond can contribute to internal heat
sources, and hence interior dynamics, as well
as to the externally observed luminosity and
magnetic field (15). As more planets are
found in unexpected orbits around other stars
(16), the effects of internal chemical processes will need to be further clarified in order to
obtain a general understanding of planet formation and evolution.
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Laminar Ceramics That Exhibit a
Threshold Strength
M. P. Rao,1 A. J. Sánchez-Herencia,1* G. E. Beltz,2
R. M. McMeeking,1,2 F. F. Lange1†
Thin compressive layers within a laminar ceramic arrest large cracks (surface
and internal) and produce a threshold strength. This phenomenon increases the
damage tolerance of ceramics and will allow engineers to design reliable ceramic components for structural applications. The stress intensity factor derived for a crack sandwiched between two compressive layers suggests that the
threshold strength is proportional to the residual compressive stress and the
thickness of the compressive layer and is inversely proportional to the distance
between the compressive layers. Laminates composed of thick alumina layers
(605 ⫾ 11 micrometers) and thin mullite/alumina compressive layers (37 ⫾ 1.4
micrometers) fabricated for this study had a threshold strength of 482 ⫾ 20
megapascals, in fair agreement with the theory.
The strength of brittle materials, including
ceramics and glasses, must be described by
statistical parameters (such as those of
Weibull) because they contain an unknown
variety of cracks and cracklike flaws that are
inadvertently introduced during processing
and surface machining (1, 2). Typical flaws
found at fracture origins include large voids
produced by organic inclusions (such as a
human hair) and inorganic inclusions (such as
1
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a dust particle or agglomerated particles).
These flaws originate in the ceramic powders
used to make the components. Failure from
these types of flaws is generally not an issue
in ductile materials, such as metals, because
they exhibit plastic deformation that desensitizes the relation between small flaws and
strength. Plastic deformation also absorbs
work from the loading system to increase the
metal’s resistance to the extension of large
cracks. However, the lack of plastic deformation causes the strength of ceramics to be
inversely dependent on the size of very small
cracks, which generally cannot be detected
except by failure itself. For this reason, a
specific ceramic component could exhibit a
high probability of failure.
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