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Theoretical strength and rubber-like behaviour in
micro-sized pyrolytic carbon
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The creation of materials with a combination of high strength, substantial deformability and ductility, large elastic limit and low
density represents a long-standing challenge, because these properties are, in general, mutually exclusive. Using a combina-
tion of two-photon lithography and high-temperature pyrolysis, we have created micro-sized pyrolytic carbon with a tensile
strength of 1.60 + 0.55 GPa, a compressive strength approaching the theoretical limit of ~13.7 GPa, a substantial elastic limit of
20-30% and a low density of ~1.4 gcm3. This corresponds to a specific compressive strength of 9.79 GPacm?®g', a value that
surpasses that of nearly all existing structural materials. Pillars with diameters below 2.3 um exhibit rubber-like behaviour and
sustain a compressive strain of ~50% without catastrophic failure; larger ones exhibit brittle fracture at a strain of ~20%. Large-
scale atomistic simulations reveal that this combination of beneficial mechanical properties is enabled by the local deformation
of 1nm curled graphene fragments within the pyrolytic carbon microstructure, the interactions among neighbouring fragments

and the presence of covalent carbon-carbon bonds.

n modern advanced material design, the creation of high-perfor-

mance materials that combine high strength, substantial deform-

ability, large elastic limit, and low density is a long-standing goal
and challenge. Two pairs of apparent conflicts exist for nearly all
structural materials that include metals/alloys', polymers® and
porous materials like foams’, nanolattices* and nanosponges®: high
strength versus high deformability/ductility and high strength
versus low density. Tailoring the microstructures®® or intrinsic/
extrinsic dimensions’! is an effective way to alter the mechanical
properties of materials and to overcome these conflicts.

Two well-known carbon allotropes'’, graphene and carbon
nanotubes, have 100% sp? bonds and ultra-high tensile strengths of
~100GPa (ref. 1°), but their mechanical properties are sensitive to
defects like vacancies, dislocations and grain boundaries'*". The
small dimensions of individual graphene sheets and nanotubes ren-
der them impractical for structural applications at large scales; their
three-dimensional (3D) assemblies exhibit superelastic behaviour
via buckling and bending of basic building blocks and can be scaled
up to the macroscopic level'**'. These porous 3D graphene assem-
blies have densities as low as 0.001-1.0gcm™ and superior elastic
limits up to 50%, but they are weak, with strengths as low as 10 MPa
(refs. '*%%). Various pyrolytic carbon (PyC) materials have been
synthesized via pyrolysis of polymeric precursors at 400-2,500°C
(refs. #72°). These PyC samples” >, with dimensions exceeding
100 pm, exhibited a compressive strength or hardness of >1GPa
at a density of 1.1-2.5gcm™ and usually fractured below 3%
strain”. Glassy carbon nanolattices fabricated via 3D printing and
pyrolysis®*” with strut diameters of ~200nm and low densities of
0.3-0.7gcm™ achieved a compressive strength of ~300MPa at a
fracture strain below 10%. These studies highlight both the promise
and challenges associated with the design and fabrication of high-
performance materials that possess a combination of high strength,
substantial ductility, large elastic limit and low density.

We created PyC micropillars with diameters of 0.7-12.7um
using two-photon lithography and pyrolysis. In situ nanomechani-
cal experiments revealed that the PyC micropillars have ultra-large
elastic limits of 20-30%, high tensile and compressive strengths of
1.6 and 13.7 GPa, low densities of 1.4 gcm™ and ultra-high specific
strengths up to 9.79 GPacm?®g™".

Fabrication and structural characterization

Figure la presents a schematic of the fabrication process for cylin-
drical micropillars with diameters D in the range of 6-50 um and
heights of 12-100 pm, printed using two-photon lithography direct
laser writing (TPL DLW) from a commercial IP-Dip photoresist.
During fabrication via TPL DLW, the sample geometry and dimen-
sion can be accurately controlled. Subsequent pyrolysis at 900°C
for 5h in vacuum leads to complete carbonization and 98% volume
shrinkage of polymeric samples”. The resulting PyC pillars have
diameters D ranging from 1.28 to 12.7 pm (Fig. 1b,c). A residual
carbon ring visible on the silicon substrate reflects the footprint of
the original pillar and the constraint posed by the substrate during
pyrolysis. Some samples were fabricated with caps to accommodate
the grips for uniaxial tension experiments. More synthesis details
are provided in the Methods. We employed secondary ion mass
spectrometry (SIMS) and elemental analysers to obtain elemental
compositions of the PyC micropillars (see Methods), using com-
mercial glassy carbon as reference. SIMS spectra reveal that the
elemental compositions in PyC micropillars are virtually equivalent
to those in commercial glassy carbon (see Methods).

Figure 1d presents a representative high-resolution transmis-
sion electron microscopy (HRTEM) image of a PyC pillar, with
the selected area electron diffraction pattern in the inset, revealing
its amorphous microstructure. The magnified transmission elec-
tron microscopy (TEM) images in Fig. le,f indicate the presence
of numerous 1.0-1.5nm curled atomic fragments, which create
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Fig. 1| Fabrication and microstructural characterization of PyC micropillars. a, Schematic illustration of the fabrication process. This process includes TPL
DLW of cylindrical pillars from IP-Dip polymer resin and subsequent pyrolysis under vacuum at 900 °C. b,c, Scanning electron microscopy (SEM) images
of a representative micropillar before (b) and after (¢) pyrolysis, showing substantial volumetric shrinkage. d, Bright-field TEM image of the PyC. The
diffraction pattern in the inset reveals its amorphous microstructure. e,f, HRTEM images of the two regions outlined by solid boxes in d. These

images reveal the presence of sub-nanometre-sized voids (denoted by red arrows). g, Typical EELS of the PyC, where the green and purple shaded areas

correspond to the 1s-z* and 1s-¢* peaks of carbon, respectively.

sub-nanometre-sized voids distributed randomly throughout the
pillar volume. Supplementary Figs. 1 and 2 show more HRTEM
images of sections extracted from micropillars with different diam-
eters prepared using low-energy focused ion beam (FIB) milling,
revealing nearly the same microstructures as in Fig. 1d-f. The
crystallite size (1.0-1.5nm) of carbon layer fragments in our PyC
samples is significantly smaller than those (~4-6nm) of previ-
ously fabricated glassy carbon®*, with a similar interlayer spacing
of ~0.31-0.39 nm. These microstructural features provide a useful
foundation for estimating the density of PyC micropillars. Using a
geometrical model”, the experimentally measured density of 3D
printed and subsequently pyrolysed resins, and atomistic modelling
of PyC nanopillars, we determined the density of the PyC micropil-
lars to be 1.4 gcm™ (Supplementary Fig. 3 and Methods), which is
close to that of low-density type-I glassy carbon**. Supplementary
Fig. 4 shows the Raman spectra of PyC micropillars with D=1.0-
12.7 um. By analysing these Raman spectra”, we evaluated the aver-
age crystallite size within the carbon layer to be 1.7-2.5nm (see
Methods and Supplementary Table 1), which is consistent with the
1.0-1.5nm determined from HRTEM observations. The typical
electron energy loss spectroscopy (EELS) graph in Fig. 1g contains
a 1s—0* peak at 292eV and a 1s-7* peak at 285V, which are con-
sistent with the ¢ and 7 bonds characteristic of sp>-hybridized car-
bon. Supplementary Fig. 5 shows all the EELS spectra measured at
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different sites of two micropillars with D=2.3 and 12.7 pm; these
display nearly identical trends and features. This suggests that PyC
micropillars with different diameters have the same uniform micro-
structure and similar bonding structures. Using the two-window
method™, we estimated the fraction of sp* bonds calculated from
EELS spectra (Fig. 1g and Supplementary Fig. 5) as 94.4+3.2%,
which indicates the dominance of sp* hybridization in PyC micro-
pillars. The above microstructural characterization revealed that
our PyC micropillar is an assembly of nanometre-sized curled gra-
phene fragments interspersed with sub-nanometre-sized voids.

Nanomechanical experiments

Figure 2a shows all ex situ uniaxial compressive stress-strain data
for micropillars with D=4.6-12.7 pm. It appears that all micropil-
lars deformed smoothly until failure, first deforming elastically up
to ~20-30% strain, then yielding and plastically deforming over an
additional ~8-10% strain before fracture. Nonlinear behaviours
occurred during the first ~1-3% strain due to slight misalignment
between the indenter tip and micropillar tops. We estimated the
Young’s modulus to be 16-26 GPa based on fitting the linear elastic
portions of the stress-strain data in Fig. 2a. The failure strength of
these micropillars increased from 3.8 GPa to 5.6 GPa with decreas-
ing diameter. Figure 2b shows SEM images of a typical micropil-
lar with D=7.17 um before and after deformation, suggesting that
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Fig. 2 | Uniaxial compression and tension experiments on PyC micropillars. a, Compressive stress-strain data of PyC pillars with D=4.6-12.7 pm. The
micropillars deformed elastically up to ~20-30% strain, exhibiting marginal plastic strain (~8-10%) before failure. Dashed lines indicate the linear slopes.
b, SEM images of a typical PyC micropillar described in a, before and after compression, which reveals the occurrence of brittle fracture via multiple
fragments. ¢, Representative stress-strain dataset from the in situ deformation of a 2.25 um diameter PyC pillar, which underwent significant plastic
deformation up to 43.6% strain. Inset, SEM image of the micropillar before compression. d, A sequence of snapshots with numbered frames
corresponding to the same-numbered red arrows in the stress-strain curve in c. e f, SEM images of the compressed micropillar in ¢ from front

and back views. The nucleation and propagation of a splitting crack correspond to the strain burst indicated by the blue arrow in the stress-strain

curve in c. g, Tensile stress-strain data of PyC dog-bone-shaped samples with gauge diameters of 0.7-2.0 pm. h, SEM images of a typical tensile specimen
before and after the experiment. i, Statistical distribution of tensile fracture strengths.
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it has ruptured into small pieces via brittle facture. To capture the
in situ real-time deformation details of larger micropillars, we also
performed in situ compressions on two micropillars with D=4.6
and 7.1pm (Supplementary Fig. 6), which indicates that cata-
strophic fracture occurred at the maximum applied stress.

We also carried out in situ compression experiments on micro-
pillars with D $2 pm. Figure 2c shows the compressive stress—strain
response of a micropillar with diameter of 2.25 pm, which is char-
acterized by a linear elastic regime up to ~10% strain, followed by
an extensive plastic region up to ~25% strain, and a final stage in
which the stress rapidly increased from 5.48 to 12.63 GPa with a
strain increase of ~18%. This stress—strain curve is similar to that
of rubber. After unloading from the maximum stress of 12.63 GPa,
the micropillar partially recovered on release of ~10% elastic strain.
Figure 2d depicts a sequence of snapshots of this sample dur-
ing the experiment, with the numbered frames corresponding to
the same numbered red arrows in Fig. 2c. We observed that the
micropillar shortened and thickened gradually, without localiza-
tion or catastrophic failure until the maximum applied strain of
43.6% (Supplementary Video 1). SEM images from front and back
views of the pillar revealed a vertically aligned splitting microcrack
(Fig. 2e,f), which probably nucleated under a large applied com-
pressive stress, leading to a slight strain burst, indicated by the blue
arrow in Fig. 2c. We defined the compressive strength of such sam-
ples to be the stress at the first burst. Supplementary Fig. 7 shows
the detailed in situ deformation process of another micropillar with
D=226pum under compression; this figure captures the nucle-
ation and propagation of the splitting microcrack. The stress—strain
data in Supplementary Fig. 7d show similar features to the plot in
Fig. 2c. A clear difference between these two datasets is that a large
strain burst is visible in Supplementary Fig. 7d, presumably caused
by a burst of microcracks. Supplementary Fig. 8 shows the in situ
compressive deformation of a typical 1.8 pm diameter micropil-
lar, which contains an SEM image of a postmortem sample with
a splitting microcrack that probably nucleated at a high stress of
13.7GPa and led to a stress disturbance indicated by the orange
arrow, which we define as the compressive strength of this sample.
The residual carbon ring has marginal contribution to the strength
(Supplementary Text 1 and Supplementary Fig. 9). Supplementary
Figs. 10 and 11 summarize the compressive stress—strain data of all
samples with D=1.8-2.3 um, all of which have similar features; the
data indicate that samples with D <2.3 pm can sustain large plastic
deformation on compression. The SEM images in these figures indi-
cate that all samples became tilted, and some formed microcracks,
which implies that these samples failed due to the nucleation and
propagation of microcracks under large strains. Nearly all stress—
strain data in Supplementary Figs. 10 and 11 are characterized by
nonlinear loading and unloading, indicating the presence of hyster-
esis in micropillars with D <2.3 pm. We estimated such hysteresis
to range from 3.67 X 10° to 5.21 X 10°Jm™; its origin is discussed in
Supplementary Text 2 and Supplementary Fig. 12.

We also conducted in situ uniaxial tension experiments on
dog-bone-shaped PyC specimens. Figure 2g summarizes the ten-
sile stress—strain data for samples with D=0.7-2.0 um. The aver-
age tensile strength of all 42 tested samples is 1.60 +0.55 GPa. We
observed that all the samples failed via brittle fracture after linear
elasticloading to an elongation of 10-25% (Supplementary Video 2).
A typical smooth fracture surface is shown in Fig. 2h and
Supplementary Video 2. A statistical distribution of the tensile
strengths of all tested samples is shown in Fig. 2i and fits a two-
parameter Weibull distribution:
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Fig. 3 | Change in strength with diameter and the ultra-large elastic limit

of PyC micropillars. a, Variation in compressive strength with increasing

micropillar diameter. Blue dashed line, average compressive strength of

micropillars with D <2.3 pum. b, Twenty-cycle force-displacement curve

of a deformable pillar with D=1.28 pm under a maximum compressive

strain of ~23%, showing nearly full recovery in every cycle after the first

cycle. The SEM images depict the pre-/post-deformation pillar from

20 loading cycles.

where o is a characteristic material strength and m is the Weibull
modulus, which is a measure of the degree of strength dispersion
and reflects the nature, severity and dispersion of internal flaws’'.
This distribution yields a characteristic strength o, of 1.78 GPa and
a low Weibull modulus m of 3.42, which indicates high variability
in the failure strength. It suggests that the failure of PyC samples
originates from internal flaws and the associated failure strength
depends on the distribution of internal flaws and their sizes.

Figure 3a presents all experimental data obtained from the com-
pression experiments and reveals, for samples with D> 2.3 pm, that
the compressive strength ¢, increases with decreasing diameter D
according to a power law, 6,~D~%%. This scaling law agrees well
with the theoretical prediction of o,~ D%, which was derived
from the asymptotic analysis of a fracture mechanics-based model*
describing the compressive failure of quasi-brittle columns with
characteristic diameter D. In this model, the columns were found to
fail via the propagation of a splitting crack with an initial length F,
similar to our experimental observations (Fig. 2f and Supplementary
Fig. 7). The size effect on the strength of the samples originates
from propagation of a splitting crack in a finite-sized column.
Our microstructural analysis demonstrates that the PyC samples
are composed of randomly distributed nanometre-sized curled
graphene fragments, which inevitably create a matrix with a non-
negligible fraction of defects. As the applied stress exceeds a criti-
cal value for crack initiation at some stress concentration sites, a
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Fig. 4 | Atomistic simulations of the uniaxial compression and tension of PyC nanopillars. a, Atomic configurations and cross-sectional morphology of a
simulated sample with D=20nm. b,c, Compressive (b) and tensile (¢) stress-strain curves of PyC nanopillars. d-g, Snapshots of a deformed pillar at different
compressive strains. h-j, Snapshots of a deformed pillar at different tensile strains. The atoms in d-j are coloured according to the von Mises atomic strain.

splitting crack can propagate via absorption and coalescence of
voids/pores and/or other defects ahead of the crack tip. The theo-
retical model also offers an expression for the theoretical limit oy, of
the compressive strength®:

1/5
E3F2] )

O~ 2.76[ 8

where E is Young’s modulus and I" is the fracture energy.
Substituting the average experimental modulus of E=19.5GPa

766

and '=29.9Jm™ (ref. **) into equation (2), we obtain ¢, =4.0-
13.5 GPa for the initial length of a splitting crack, #=100nm-1 pm.
This predicted range is similar to the experimentally acquired
compressive strengths of 3.8-13.7 GPa (Fig. 3a), which implies that
the strength of PyC pillars with D <2.3 pm approaches the theo-
retical limit. In the highlighted region in Fig. 3a, the micropillars
can sustain an ultra-high compressive stress of 7.8-13.7 GPa and
a high compressive strain in excess of 40%. Some detailed dis-
cussions about the compressive strength of the micropillars with
D<2.3pum and tension-compression asymmetry are provided in
Supplementary Text 3.
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The compression and tension experiments revealed that PyC
micropillars with D<2.3pm exhibit high deformability, that is,
>40% compressive strain and ~20% tensile strain before failure.

ARTICLES

The cyclic compression experiments on these samples exhibited
nearly full recovery after each cycle beyond the first one. Figure 3b
shows a 20-cycle force-displacement dataset of a micropillar with
D=1.28um under a maximum compressive strain of 23%. These
data, in combination with the pre-/post-deformation SEM images
shown in the insets of Fig. 3b, indicate that after 20 cycles of com-
pression to 23% strain, the micropillar recovered 95% of its original
height. Such cyclic deformation and recovery are similar to those
observed from nanoindentation”** and compression®>**** of PyC
reported previously. A key difference is that previous studies**
showed that, during compression, PyC samples undergo brittle
fracture at a low fracture strain of ~3-6%. Our samples undergo
cyclic deformation to a compressive strain as large as ~23% and
nearly completely recover after cyclic loading (Fig. 3b).

Atomistic simulations of PyC nanopillars

We performed large-scale molecular dynamics (MD) simulations
of the uniaxial compression and tension of PyC pillars with D=10
and 20nm and a constant aspect ratio of 2. Details of the simula-
tions are presented in the Methods. The simulated samples consist
of many ~1nm sized curled graphene layer fragments and have a
density of 1.4gcm™, which is consistent with TEM observations of
the experimental samples, as illustrated in Fig. 4a. These fragments
were connected by covalent bonding or van der Waals interactions.
The magnified image in Fig. 4a shows that the spacing between
neighbouring graphene fragments is ~0.4nm and that several sub-
nanometre-sized voids are present adjacent to them, similar to the
HRTEM images in Fig. 1d-f. The hybridization of carbon atoms
in graphene is typically such that the sp bonds are mainly concen-
trated within the edges of the graphene layers, and the sp* bonds
generally connect the neighbouring graphene layers to each other or
form at their high-energy curved surfaces (Fig. 4a). In the simulated
samples, the fraction of sp? bonds is at least one order of magni-
tude higher than the fractions of sp and sp® bonds (Supplementary
Fig. 13), indicating the dominance of the sp? bonds, which is consis-
tent with the EELS analyses (Fig. 1g). Figure 4b,c presents the com-
pressive and tensile stress—strain curves from the MD simulations,
which show similar trends and stresses to the experimental data,
indicating similar microstructures and densities of the simulation
and experimental samples. Figure 4d-g presents several snapshots
of the cross-section of a simulated sample at different compres-
sive strains. In the initial elastic stage, the curled graphene layers
approach each other, and some are bent significantly (Fig. 4d). As
the applied compressive strain increases, several graphene layers
slip relative to the neighbouring ones, leading to abrupt fracture
of the graphene layers under shear (Fig. 4d,e). Such discrete failure
events give rise to stress fluctuations at a strain of 21.5% (Fig. 4b).
At a compressive strain of 50%, the sub-nanometre-sized voids col-
lapse and cause densification of nanopillars. Slight tilting occurs
due to the interlayer slipping and shear of neighbouring graphene
layers (Fig. 4f). During unloading, the nanopillar exhibits a recov-
ery associated with the release of stored elastic strain energy; the
distances between graphene layers increase, and the sub-nanome-
tre-sized voids partially reopen (Fig. 4g). During both loading and
unloading, we observe rearrangement of graphene fragments and
interlayer shear/friction between neighbouring graphene layers
(Fig. 4d-g), which might have contributed to the observed hysteresis
and associated energy dissipation in smaller pillars (Supplementary
Text 2). The recovered strain is 19%, which is comparable to the
experimental results (Fig. 4b). More deformation details are pro-
vided in Supplementary Video 3.

Another similarity to the experiments is that all simulated nano-
pillars subjected to tension failed after undergoing nearly linear
elastic deformation (Fig. 4c). Figure 4h-j shows a sequence of snap-
shots of the cross-section of a stretched sample at different strains.
We observed that a number of nanoscale cavities have nucleated,
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expanded under tension and then coalesced, leading to the for-
mation of nanoscale cracks (Fig. 4i and Supplementary Fig. 14a).
Eventually, these nanoscale cracks propagate in the direction nor-
mal to the tensile loading, resulting in a smooth fracture surface
(Fig. 4j and Supplementary Fig. 14b). This cleavage fracture is simi-
lar to the experimental observations in Fig. 2h. More details of the
nanopillar under tension are presented in Supplementary Video 4.
The tensile strength decreases from 20 GPa to ~12 GPa after intro-
ducing cracks into the nanopillar, which indicates that the presence
of initial flaws/imperfections facilitates a significant reduction in the
tensile strength (Supplementary Text 4 and Supplementary Fig. 15).

Mechanical properties

Figure 5a plots a strength-versus-density landscape for PyC micro-
pillars and various structural materials, including conventional
structural materials®*>*»** and recently reported high-strength
nanomaterials®'®*~%, This plot reveals that the strength of the PyC
micropillars is ~1-3 orders of magnitude higher than those of most
structural materials, including bulk PyCs*»**, graphite®, carbon
fibre-reinforced carbon (C/C)*, graphene oxide paper (GOP)*, cop-
per nanopillars (Cu-NPs)¥, gold nanopillars (Au-NPs)* and bulk
nanotwinned copper (NT-Cu)%, and falls within the theoretical limit
region for the uniaxial strength of structural materials proposed in
ref. 2. The strength of the PyC micropillars is comparable to those of
carbon microfibres® and gold nanowires (Au-NWs)'?, but its density
is ~79% and 7.3% those of carbon fibres and Au-NWs, respectively.
As indicated in Supplementary Fig. 16, the PyC micropillars exhibit
a superior combination of high strength and high deformability,
allowing them to overcome the classical trade-off between strength
and deformability that has plagued all materials so far. It appears
that the PyC micropillars possess maximum tensile and compressive
strengths of 2.5GPa and 13.7 GPa and a low density of 1.4gcm™,
thereby also overcoming the conflict between high strength and low
density, leading to an ultra-high specific strength of 9.79 GPacm?®g~".
Figure 5b shows the specific tensile and compressive strengths of
various materials and reveals that the PyC micropillars have at least
one order of magnitude greater specific strength than for GOP?*,
NT-Cu® and Au-NWs', and comparable to that of carbon micro-
fibres”. Their specific compressive strengths exceed those of poly-
crystalline diamond (which has the highest specific compressive
strength in all bulk materials so far*), common hard ceramics®
(such as B,C, SiC and Al,O,), metallic nanopillars (Cu-NPs*” and
Au-NPs*) and carbon materials (PyCs*»***, graphite and C/C*), but
are lower than the highest specific compressive strength reported for
single-crystalline and nanotwinned diamond nanopillars*'*?. Figure
5c shows an Ashby plot of specific strength versus fracture strain
for our PyC and various other materials, including shape memory
zirconia®”, SU-8 composites®, titanium alloys, magnesium alloys,
carbon fibre reinforced polymer (CFRP) and polycrystalline dia-
mond. Notably, our PyC occupies a hitherto unexplored space in the
Ashby diagram, where no other materials reach. The PyC micropil-
lars exhibit 1.5-8.2 times higher compressive strength and at least
one order of magnitude larger fracture strain than existing PyC**,
which is attributed to differences in the microstructures and sample
sizes of these materials (Supplementary Text 5).

Conclusions

We synthesized the PyC micropillars with diameters of 0.7-12.7 pm
via DLW and pyrolysis, to obtain a microstructure consisting of
~1.0-1.5nm curled graphene fragments. Compressive and tensile
experiments showed that these micropillars exhibit an exceptional
combination of substantial deformability and ultra-high elastic
limit, strength and specific strength. Large-scale MD simulations
revealed detailed deformation mechanisms in the PyC pillars; that
is, compressive deformation was dominated by densification of the
structure and slipping/shear of the graphene layers, while tensile
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deformation was governed by the extension of initial flaws or by
the nucleation, growth and coalescence of nanoscale cavities. These
deformation mechanisms are responsible for the unique combi-
nation of desirable properties including high deformability, high
elastic limit and high strength. Our findings demonstrate critical
connections between the microstructure, deformation mechanisms
and mechanical properties of PyC materials, and provide potential
routes for designing and synthesizing new high-performance car-
bon materials.
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Methods

Fabrication of samples. The fabrication process for the PyC micropillars
comprised two steps: two-photon lithography and high-temperature pyrolysis.

We first synthesized the pillars using 3D TPL DLW (Photonic Professional,
Nanoscribe) with the dip-in laser lithography configuration, a X63 objective and
commercial IP-Dip photoresist. For pyrolysis, the printed polymeric samples were
heated to 900°C at a ramp rate of 7.5°Cmin~" in a vacuum tube furnace, then
maintained at the target temperature for 5h and finally cooled to room temperature
at a natural rate. After pyrolysis, the pillar dimensions shrank to ~20-25% of their
original values, corresponding to 98% volumetric contraction. The diameter of the
PyC pillars for the compression experiments varied from 1.28 to 12.7 um. Dog-
bone-shaped samples with gauge sections of 0.7-2.0 pm were synthesized using the
same procedure as used for the tensile experiments. For the compressive tests, the
initial polymer samples were cylindrical and had a constant aspect ratio of ~2.0.
After pyrolysis, the samples underwent nearly uniform shrinkage in all dimensions,
forming a residual carbon ring on the constraining silicon substrate. Excluding the
height of the carbon ring, the cylinders had an aspect ratio of 1.4-1.8 according

to SEM observations. For the tensile tests, the initial dog-bone-shaped polymer
samples had a constant height of ~15 pm with different diameters in the gauge
sections. After pyrolysis, the overall height of all tensile samples shrank to ~3 pm,
and the diameter in the gauge sections varied from 0.7 to 2.0 pm, which indicates
the aspect ratio is in the range from 4.3 to 1.5.

Microstructural characterization. The microstructure of the PyC micropillars
was characterized by an FEI Technai TE-30 TEM at an accelerating voltage of
300kV. The samples for TEM analyses were prepared using a site-specific lift-

out technique. Samples with thickness of ~1 um were first carved from the PyC
micropillars via FIB milling (Helios Nanolab 600i). These samples were then
attached to the TEM grid using I-beam (or e-beam) deposited organometallic Pt
glue and thinned to ~50-60 nm via FIB milling. The milling was carried out using
progressively lower voltages and currents: 20kV and 0.6nA, 5kV and 27 pA, and
5kV and 10 pA for the final polish. To minimize/reduce the FIB-induced damage
on the TEM samples®, we polished the samples by repeating 2 min low-energy
FIB milling five times on both sides of the samples at a voltage of 5kV and a
current of 10 pA, which has been shown to minimize FIB-induced damage for
various materials**". EELS analysis was conducted in an FEI Technai TF-20 at

an accelerating voltage of 200kV to estimate the relative fractions of sp* and sp*
bonds. For each TEM sample, we collected six EELS spectra at different sites within
the sample. Raman spectra were collected at room temperature using a Raman
spectrometer (Renishaw M1000 Micro).

Nanomechanical experiments. Uniaxial compression on samples with diameters
of 1.28-2.28 pm and all uniaxial tension experiments were conducted at a
constant nominal strain rate of 10~*s™" in a custom-made in situ nanomechanical
instrument (SEMentor)* with a 10-pm-diameter flat punch indenter tip and a
tensile grip, respectively. The SEMentor allowed precise control of deformation
with simultaneous video capture’’. Samples with larger diameters of 4.6-12.7 ym
were compressed in a nanoindenter (Nanoindenter G200 XP, Agilent/Keysight
Technologies) with a 120-pm-diameter flat punch at a constant loading rate of
0.02-0.2mN's because of the load limit in the in situ instrument. Additional
compression experiments were conducted on samples with diameters of
2.21-12.7 pm in the G200 to independently validate the results of the in situ
experiments. We also compressed two micropillars with diameters of 4.6 and

7.1 pm in an in situ SEM instrument (PI-88, Hysitron) with high-loading sensors to
capture in situ real-time deformation details of larger micropillars.

Estimation of the density of PyC micropillars from TEM analysis. HRTEM
images revealed that the PyC micropillars consist of nanometre-sized, randomly
distributed curved graphene layers. Supplementary Fig. 3 provides a comprehensive
set of images that pertain to the estimation of density in these materials.
Supplementary Fig. 3a illustrates the distribution of the curved graphene segments,
and Supplementary Fig. 3b shows an individual representative graphene segment,
where the average end-to-end length is L and the spacing between neighbouring
layers is L,. We built on an existing geometric model* to estimate the density (ppc)
of the PyC. The density of the curved graphene layers, p.;, can be expressed as

flg
Peci="T 7o ®)
N

where p; is the density of single-crystalline graphite (p;=2.25gcm™), L is the
interlayer distance in single-crystalline graphite (L;=0.34nm) and /3 is a shape
factor that reflects the curvature of the curved graphene layer, where =1 represents
a flat graphene layer and #=n/2 corresponds to a semicircle. Supplementary Fig. 3¢
shows a schematic of a stacking structure of two curved graphene layers. Using this
geometry as a guide, the density of PyC can be estimated as*

1
¢ =PecL 140.5(L/Ly) sin6cos 0

Pp (4)

where 0 is the orientation angle between two graphene layers in a typical unit
cell (Supplementary Fig. 3c) and §=45° corresponds to isotropic PyC*, where the
curved graphene layers are randomly distributed. Based on TEM observations
(Fig. 1e,f), we obtained f=1 or n/2, #=n/4, L,=0.4nm and L=1.0-1.5nm.
Because HRTEM observations have higher accuracy than the approximate
prediction based on Raman spectra, here we took the characteristic crystallite
size L of the curled carbon layer to be 1.0-1.5nm, as derived from HRTEM
observations. By substituting these parameters into equations (3) and (4), we
obtain p,.=1.0-1.8 gcm™’. Supplementary Fig. 3d compares our modified model,
a previous geometrical model and experimental data on bulk PyC. The predictions
from our modified model show reasonable agreement with experimental data®>*.

To reliably measure the density of PyC, we used a different 3D printing
process—digital light processing (Ember)—to print circular plates with diameters
of 18 mm, which were then pyrolysed under the same conditions as the TPL-
produced PyC micropillars. After pyrolysis, we measured the mass and dimension
of PyC plates using an analytical balance and optical microscopy to estimate
their densities in the range of 1.4-1.6 gcm™. We further constructed full atomic
configurations of five 10-nm-diameter nanopillars with densities varying from
1.0 to 1.8 gcm™* (Supplementary Fig. 17) and performed additional atomistic
simulations to mimic their uniaxial compression. Supplementary Fig. 18 shows
the simulated stress—strain curves of these five nanopillars, together with a typical
experimental stress—strain dataset. This plot reveals that only nanopillars with a
density of 1.4 gcm™ have the same modulus and very similar stress—strain response
to experimental data. The combination of these experimental measurements and
atomistic simulations unambiguously points to a density of PyC pillars
of ~1.4gcm™.

Estimation of carbon fragment size based on Raman spectra. Raman
spectroscopy is widely used to investigate defects and disorder in carbon
nanomaterials, including graphene, carbon nanotubes and glassy carbon®*’. The
ratio of the integrated area under the D peak and that under the G peak, I/I;, in a
Raman spectrum is related to the in-plane crystallite size (L) of carbon materials by
the following equation®”:

-1

I

L~ alf‘ [—D] (5)
I

where a is a constant of 2.4 x 107 and /, is the wavelength (in units of nanometres)
of laser used in the Raman experiment. We first fitted the Raman spectra of a
PyC micropillar using four Lorentzian-shaped bands (G, D,, D,, D,) at the Raman
shifts of ~1,580, 1,350, 1,620 and 1,200 cm™" and a Gaussian-shaped band (D,)

at 1,500 cm ™ in ref. **. Supplementary Fig. 19 contains three typical Raman
spectra with examples of fitting procedure for different bands. After obtaining
the fitted bands, we calculated I, and I;; by integrating the areas under the D

and G bands with shift from 800 to 2,000 cm™ (ref. *°). Based on all the Raman
spectra measured on micropillars with diameters of 1.0-12.7 pm (Supplementary
Fig. 4), we evaluated the average size of graphene layer fragment L as 1.7-2.5nm
using equation (5) (Supplementary Table 1). This result is in agreement with the
characteristic size of 1.0-1.5nm of curved graphene layers estimated based on
HRTEM analysis.

Estimation of the fraction of sp> bonds based on EELS. EELS spectra provide
quantitative information about the electronic structure of carbon materials*.
We used the common two-window method™ to estimate the fraction of sp? bonds
in the PyC micropillars and used the EELS data of raw glassy carbon, which is
fully sp>-hybridized, as reference. From the EELS data of PyC (in Fig. 1g and
Supplementary Fig. 5) and raw glassy carbon, we calculated the areas under the
two windows around the 7* and ¢* peaks (denoted I, and I,) of both materials.

A normalized ratio N;, can then be calculated as*>*

int

PC ;7PC
L ©
int IjG/I(l:G

where the superscripts ‘PC’ and ‘RG’ represent PyC and raw glassy carbon,
respectively. The normalized ratio N, is also a function of the fraction of sp> bonds
fas follows**:

£l
== 7
=i &)
Setting equations (6) and (7) equal to each other, we calculated the fraction of sp?
bonds in the PyC micropillars to be 94.4 +3.2% based on all the EELS data shown
in Fig. 1g and Supplementary Fig. 5.

Atomistic simulations. We performed a series of large-scale atomistic simulations
that emulate the uniaxial compression and tension of PyC nanopillars using
LAMMPS®. We used the adaptive intermolecular reactive empirical bond order
force field” in all simulations to describe the interatomic interactions. This
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force field describes the bonded interactions based on bond order, non-bonded
interactions (that is, van der Waals) and torsional interactions, which enables it

to capture the formation and breakage of carbon bonds™. We first constructed

the simulated samples using the microstructure determined experimentally

from the HRTEM images, which contained many curved graphene fragments
with an average size of 1 nm. These graphene fragments were extracted from Cg,
fullerene. A large number of such graphene fragments with random orientations
were initially hexagonally close-packed in a simulation box with dimensions of
27.5%27.2%54.3nm’. This system was then equilibrated by energy minimization
and then relaxation at 300K for 50 ps under an isothermal-isobaric (NPT)
ensemble. After equilibration, the simulated system was hydrostatically compressed
at a constant strain rate of 10°s~" at 300K for 550 ps via a canonical (NVT)
ensemble until the density of the simulated sample condensed to 1.40 gcm™. After
compression, the hydrostatic pressure increased to 10 GPa. We then performed a
melting-and-quenching process while holding the volume constant by confining
all the dimensions of the simulation box. During this process, we first increased
the temperature from 300K to 1,200 K within 50 ps, then held the temperature at
1,200 K for 300 ps to fuse the graphene flakes, and finally reduced the temperature
from 1,200K to 300K in 50 ps. Such a high-temperature and high-pressure
process is used to facilitate/accelerate the fusion of graphene flakes. We then
relaxed the simulated sample at 300K for 200 ps under an NPT ensemble to relieve
the pressure to zero. After relaxation, the simulated sample had dimensions of
20.5%20.4x40.8 nm’ and a density of ~1.40 gcm=". Throughout these processes,
periodic boundary conditions were imposed in all three directions of the
simulated samples.

We then extracted nanopillars with diameters of 10 and 20 nm from the above
relaxed cubic sample to perform uniaxial deformation simulations. We maintained
the aspect ratios of all simulated nanopillars near 2 to mimic experiments. After
equilibration, we compressed or stretched the nanopillars along the axial direction
at a constant strain rate of 5Xx 10°s~" and a constant temperature of 300K via an
NVT ensemble. During simulations, the stress of each atom was calculated based
on the Virial stress theorem. Axial compressive or tensile stresses were obtained by
averaging over all atoms in the nanopillars.

We also investigated the influence of flaws, such as nanoscale cracks, on the
tensile response of simulated samples. We introduced a few nanoscale cracks
with lengths of 4 or 8 nm by removing some atoms from the ‘as-constructed’
samples. After equilibration, we applied the same tensile loading to the samples
with nanocracks as to the ‘as-constructed’ ones and compared their stress—strain
response and fracture. Throughout the simulations, periodic boundary conditions
were imposed along the axial direction of the simulated nanopillars. We identified
the sp, sp? and sp® bonds of the simulated samples by counting the coordination
number of each atom. We found that the sp bonds were mainly distributed at
the edges of the curved graphene layers, and the sp* bonds either connected
the neighbouring graphene layers to each other or were formed at some high-
energy curved surfaces of the graphene layers. The fractions of sp, sp? and sp’
hybridized bonds in the ‘as-constructed’ samples were 8.8%, 89.1% and 1.8%,
respectively, indicating that sp? bonding was dominant in the simulated samples;
this was consistent with our experimental results (Fig. 1g). The remaining 0.3%
of bonds were dangling bonds. This fraction of sp? bonds is close to that based
on EELS measurement, 94.4 + 3.2%, and the relative fraction of sp bonds is one
order magnitude lower than that of sp? bonds. Existing studies have investigated
the microstructure of amorphous carbon (that is, glassy carbon) with different
densities using density functional theory (DFT)*, showing that the emergence of sp
bonding for amorphous carbon with densities below 2.0 gcm™ is caused by loose
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atomic arrangements within the material®>. The microstructure (especially bonding
structure) of our simulated sample is very similar to that of the amorphous carbon
predicted by the DFT simulations.

Elemental analysis. The micrometre-sized dimensions of PyC samples mean it is
challenging to measure their elemental compositions directly using an elemental
analyser. We used SIMS (TOF-SIMS 5, GmbH-Muenster) with a pulsed 30 keV Bi*
primary ion source and a current of 1.0 pA to remove the ~10 nm outer surface
and to then carry out the elemental analysis on our PyC samples. We also extracted
millimetre-sized samples of commercial glassy carbon (TOKAI Carbon) to use as
a reference material and measured the intensities of secondary ions using the same
method. For the SIMS analysis, we measured six PyC micropillars and three glassy
carbon samples. Supplementary Fig. 20a,b summarizes all the SIMS spectra, and
shows that both materials contain predominantly carbon and traces of oxygen and
hydrogen. We integrated the areas under the characteristic oxygen and hydrogen
peaks in the SIMS spectra (Supplementary Fig. 20a,b), and normalized them

with that of the carbon peak; we thus found the relative contents of oxygen and
hydrogen to be only a fraction (0.52 for oxygen and 0.88 for hydrogen) of those in
the commercial glassy carbon. Elemental composition using a CE-440 elemental
analyser (Exeter Analytical) revealed that the mass fraction of carbon in the
commercial glassy carbon is >96.8%, that of oxygen is ~3.1% and that of hydrogen
is <0.1%. These numbers probably overestimate the actual oxygen content because
of the greater concentration of oxygen absorbed onto sample surfaces. Combining
the relative contents of oxygen and hydrogen from SIMS analysis, we estimated the
mass fractions of each element in the PyC samples in this work to be 98.2% carbon,
1.7% oxygen and <0.1% hydrogen, which confirms the dominance of carbon
within the pyrolysed samples. Trace amounts of oxygen and hydrogen

are not expected to have a significant influence on the mechanical properties

of the material.

Data availability
The data that support the plots and other findings of this study are available from
the corresponding authors upon request.
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