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Abstract

Glassy carbon (GC) is usually considered the prototypical super-elastic material which can
almost fully recover its shape after compression of several gigapascals. In this work,
nanoindentation is used to study the mechanical response of GC, which was subjected to a
range of high pressures using a diamond anvil cell (DAC). We show that GC starts to lose its
elasticity after compression to 6 GPa, and becomes clearly mechanically anisotropic after
being compressed beyond ~30 GPa. Molecular dynamics (MD) simulations are used to
calculate the Young’s modulus before and after compression. Through our experimental results
and MD simulations, we show that the elasticity of GC is at a minimum around 30 GPa but

recovers after compression to higher pressures along the DAC compression axis.
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Introduction

Glassy carbon (GC) is a predominately sp? bonded disordered carbon material, which is
synthesized by the high temperature pyrolysis of cross-linked polymers [1,2]. Its useful
properties include an ability to recover from large strains [3], termed superelasticity in the
literature [4,5], and its resistance to graphitizing at high temperatures [4,6-7]. The material is
also used as a pure, disordered carbon precursor for high pressure studies that enables it to form
new structures without overcoming the high barriers that may be present between crystalline
phases. “Amorphous diamond” and nanocrystalline hexagonal diamond have both been

reported to form after compression of GC [8-13].

In a study by Hu et al. GC was compressed using a multi-anvil press at temperatures from 400
to 1000°C before measuring the mechanical properties of the recovered samples. This work
reported changes in the mechanical properties of GC recovered from pressures up to 25 GPa at
high temperature [14]. They showed that the hardness and Young’s modulus of GCs subjected
to moderate pressures and temperatures were higher than those of uncompressed GC, but the
elastic recovery was not significantly affected. Recent studies using Transmission Electron
Microscopy (TEM) and X-ray Powder Diffraction (XRD) found that sp® bonds form gradually
as GC is compressed to ~30 GPa at room temperature but these bonds revert to sp?
hybridization after the pressure is removed [15-17]. Permanent microstructural changes are
observed for pressures ~40 GPa [15,18,19]. It has been proposed that the recovered GC is no
longer superelastic or non-graphitizing. However, it has not been experimentally confirmed

that the microstructural change of GC has effects on its mechanical properties.

Nanoindentation is used in this work to study the mechanical response of GC before and after
compression. Nanoindentation of uncompressed GC shows a hysteretic load-displacement
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curve and strong elastic recovery [3,4,20]. This complex mechanical behaviour voids the
standard analysis technique of nanoindentation curves to calculate the hardness or Young’s
modulus [21,22]. The Young’s modulus of GC can been calculated from the stress-strain
curves, which requires a spherical indentation tip and large samples that were not available in
this study [4,23]. The size of samples probed in this study are of the order of 10* mm?, as
detailed below. Thus the Young’s modulus is not measured experimentally in this work, but is
instead computed using molecular dynamics (MD) simulations. MD simulations are performed
using the package LAMMPS [24] and the Environment Dependent Interaction Potential
(EDIP) [25] are used, as in our previous work [26,27], to describe carbon-carbon interactions,

where atomistic structures of GC can be generated and compressed to high pressure.

The technique adopted in this work to measure and quantify the mechanical behaviour utilizes
the concept of “the indentation ductility index (D) proposed by Iwashita et al. [4], which is
based on the elasto-plastic behaviour measurements of Sakai [28]. D is used to calculate the
elastic and plastic response of the sample, and is related to the indentation energy [29]. It is
defined as the ratio of the area inside the nanoindentation hysteresis loop (Un) to the area under
the loading curve (Uioading). The elasticity index E generated from the nanoindentation curve is
defined as the ratio of the area under the unloading curve (Uunioading) to the area under the
loading curve (Uioading). The definition of E and its relationship with D are expressed as

U ; Uioadging — U U
unloading _ “loading h _ 1— _"h _ 1-—D. (D

E =
Uloading Uloading Uloading

According to this definition, a purely plastically-deforming sample like aluminium will yield
an E =0, and E = 1 is for a purely elastically-deforming sample like diamond. For comparison,
fused silica, which is a commonly used reference material in nanoindentation and is considered

as an elastic material [31-33], has an elasticity index of ~0.74 calculated by this approach.
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Experiment

There are various types of GC commercially available [3,23]. The GC analyzed in this study
was purchased in the form of a solid plate from Hochtemperatur Werkstoffe (Sigradur-G). It
was synthesized at above 2000 °C and is commonly referred to as ‘Type I1’. A Boehler-Almax-
plate DAC [34] (anvil culet diameter: 240 um) was used to generate pressure. The stainless
steel gasket was pre-indented to a thickness of ~40 um. A hole with a diameter of ~100 um
was created to act as the sample chamber. The GC plate was ground into small chips and loaded
into the hole without any pressure medium, similar to our other studies [8,15,23]. As the
pressure increased, the sample pieces were crushed to fill the chamber. A schematic of a DAC
setup is shown in Fig. 1(a). In separate experiments, the samples were compressed and
recovered from pressures of 6, 13, 20, 23, 30, 44 and 54 GPa. After the uniaxial compression
was performed, the radius of the samples, as observed from the top, were not observed to
change compared to the radius before compression. Unlike pillar compression of this material

[35,36] no fracture was observed via loading under these conditions.

After being subjected to pressure in the DAC, the gasket with retained sample was removed
and embedded in a hard epoxy resin (EpoxySet resin, Allied High Tech Products Inc.) [Fig.
1(b)]. The pucks were mechanically polished to expose the GC sample [Fig. 1(c)]. Ted-Pella
water-based 0.05 pm alumina suspension was used as the final polishing slip for all samples.
After the first set of nanoindentation was performed [from ‘direction 1’ in Fig. 1(c)], the
samples were again encased in resin, cut, and polished to enable performing nanoindentation
in the orthogonal direction (‘direction 2), as shown in Figs. 1(d) — (f). After polishing, the
samples had a thickness ranging from ~10 to 30 um. A bulk GC sample (~10 mm x 5 mm x 2
mm) was also indented, which was not mounted in epoxy but was polished using the same
method for use as a reference sample. Finally a very low load sample was prepared by loading
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GC into a DAC and applying a pressure of less than 0.1 GPa, which was used to measure any

changes in the mechanical response introduced by the mounting process.

A Renishaw micro-Raman inVia spectrometer (532 nm) was used to measure the pressure
induced in the DAC. A ruby ball (with radius ~3 um) was loaded inside the cell and the R1-
ruby fluorescence line was used to determine the pressure up to ~10 GPa [37,38]. The Raman

diamond spectrum was used to determine the pressure higher than ~10 GPa [39].

(a) Nanoindentation Nanoindentation
Direction 1 Direction 2

Diamond anvil

Figure 1: Schematic of the sample preparation process. (a) Glassy carbon (GC) is
compressed inside a diamond anvil cell (DAC) hold by a gasket. (b) The gasket containing
the sample is recovered and embedded in epoxy before (c) the sample is polished to reveal
the GC (direction 1). (d) The sample is enclosed again in epoxy before being cut using a
diamond saw from the side and (e) creating two parallel surfaces. (f) The sample is then

polished using the same method to reveal the GC from direction 2.

The nanoindenter used in this work was a Hysitron T1 950 Tribolndenter with a Berkovich tip.
Two different maximum loads were used for different purposes: 1 mN and 12 mN, with the

latter being the maximum can be applied by this system. Both loading and unloading were done
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in 10 seconds with no holding period at the maximum load. The data set created at 12 mN was
used to create a series of residual indents for imaging using the system’s surface imaging
capability. Using the in-built software imaging system, it was ensured that the images were
collected from exactly the same indented area. The data set created at 1 mN were used to
quantify the mechanical behaviour from the load-displacement curves. This low load was used
to minimize any possible influence of the epoxy substrate on numerical analysis. It should be
noted that even with the higher load of 12 mN, the nanoindentation maximum depth was no
more than 0.6 um, which is less than 6% of the sample thickness. Thus the effect of the epoxy

substrate on the mechanical response of the samples can be considered negligible [40,41].

Results and discussion

Surface profile images of indented samples recovered from different pressures in the two
directions are shown in Fig. 2. No significant differences were observed in the images of the
residual indents between the two directions in any of the samples studied. Figure 2(a) shows
very faint residual indents (<10 nm in depth (hr), obtained from the load-displacement curves)
on the surface of the sample recovered after minimal loading (<0.1 GPa). This is expected and
is in keeping with previous reports that bulk GC is considered as superelastic [3]. Shallow
residual indents (hr < 50 nm) are observed for samples subjected to 6, 13, 20 and 23 GPa. It is
surprising that residual indents are observed at these pressures, as previous studies suggested
that there is only minimal change in the recovered microstructure in this pressure range, using
other techniques [15]. Figure 2(c) shows that above compression of 30 GPa, clear residual

indents can be observed. These indents have residual depths greater than 50 nm.

It needs to be clarified that the exact final residual depth values could not be measured. The
operation mode of the nanoindentation system is set as load control, which means the system
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will stop collecting data once the load reaches zero. However, this happens when the tip is still
slightly touching the surface and there is an unknown final depth of a few nanometers. Such

that the residual depths can only be separated into different ranges as defined above.

(a) Very faint residual indent (hy < 10 nm) |(b) Shallow residual indent (10 < hy < 50 nm) (c) Deep residual indent (hy > 50 nm)

Direction 1 Direction 2 Direction 1 Direction 2 Direction 1 Direction 2

Nanoindentation
Direction 1

Nanoindentation
Direction 2

All image size: 10 pm % 10 um
All maximum load: 12 mN

Figure 2: Scanning probe images (with size 10 x 10 um) of samples recovered from
different pressures in both directions, parallel with and perpendicular to the DAC
compression axis. The scanned images are collected immediately after nanoindentation.
The indents were made using a Berkovich tip and a maximum load of 12 mN. Images are
separated according to the residual depth (hr) from nanoindentation curves, where (a)

very faint indents, (b) shallow indents and (c) clear indents are observed.
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Figure 3 shows typical nanoindentation load-displacement curves loaded to 1 mN for GC
samples subjected to pressures of 13 and 54 GPa. At maximum load of 1 mN, the tip penetrates
only a maximum of 2% of the sample thickness (much less than that the samples indented to a
maximum load of 12 mN), hence the effect of epoxy substrate can be ignored [40,41]. (A
discussion on the effect of the epoxy is also given below.) In Fig. 3, solid curves are for the 13
GPa sample and dashed curves for the 54 GPa sample. These samples were chosen as they sit
below and above the ~40 GPa threshold. A curve from bulk GC is also shown for reference.
The depth at the maximum load for the 13 GPa sample is similar to that of bulk GC and also
similar for both directions. This is in contrast to the 54 GPa sample, where the depth at
maximum load is less in direction 2 and there is a clear difference in direction 1 and direction
2. It is noteworthy that even though the maximum depth for 54 GPa sample shows large
difference in the two directions, the residual depth has similar values. In fact, the residual depth
is below 10 nm for all samples loaded with 1mN and indistinguishable within experimental

uncertainty between the two directions.
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Figure 3: Load-displacement curves of bulk GC sample and samples recovered from 13
and 54 GPa in the two directions. The loading and unloading curves are labelled on the

curve of 54 GPa sample in direction 2.

Next the potential impact of the epoxy substrate at the maximum displacement is considered.
Nanoindentation of a layered GC/substrate sample was modelled in the elastic regime using
the analytical modelling package Elastica [42]. The simulation used a 10 um film of GC, which
is the thinnest among all the samples measured, to maximise the impact of the epoxy. Three
different substrates were used, with mechanical properties ranging from very hard (give
values), to the epoxy substrate used, to very soft (give values). The calculated result is shown
in Fig. 4. At the maximum load, the penetration depths were ~76, 80 and 81 nm for the hard
material, epoxy and the soft material respectively. This suggests that the maximum effect of
the substrate shows only a difference of 5 nm on the nanoindentation data. Therefore, the ~20
nm difference in the maximum depths on nanoindentation curves in direction 1 and direction

2 of the 54 GPa sample (Fig. 3) can be attributed to a difference in the microstructure.
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Figure 4: Elastica simulated nanoindentation curves on a 10 um film of glassy carbon

on three different substrates: a very hard substrate, the epoxy substrate and a very soft

substrate. The maximum penetration depths are labelled.

The elasticity index E is calculated from the experimental nanoindentation curves with the
maximum load of 1mN for all recovered samples. E is plotted as a function of pressure for
both directions in Fig. 5. Elasticity indexes in direction 1 are shown in red (triangle markers)
and those in direction 2 are shown in blue (square markers). The errors reflect the spread in
the data from at least 10 indents for each sample. We measured the elasticity index of bulk

GC as ~0.93+0.03, which is within the error bar of both direction for zero pressure.
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Figure 5: The elasticity indexes (E) of b ulk GC and GC samples recovered from different
pressures in two directions. The indexes are averaged from at least 10 indents and the
error bars reflect the spread of data. A least squares regression method was used to fit

two linear lines both before and after 30 GPa.

Figure 5 shows that E decreases between 10 and 30 GPa for both directions. However, for
pressures above ~30 GPa it increases for direction 1 while remains constant for direction 2.
Thus after compression above ~30 GPa, it is clear that GC is no longer mechanically isotropic.
This is in keep with previous TEM observations that the isotropic microstructure of GC breaks
down after compression [15,26]. However, the change in the mechanical behaviour observed
here occurs at lower pressures than expected, based on our previous work which found little
difference in the microstructure of GC recovered from compressions up to ~40 GPa [15]. The
results presented in this current study instead suggest a gradual loss of elasticity at lower
pressures. Interestingly, difference observed in the elasticity index between the two directions
above 30 GPa was not evident in the residual indent images (Fig. 2), as there was no significant

difference in the residual depths (the end of unloading curves in Fig. 3). It is explained from
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the nanoindentation curves according to the definition of elasticity index in equation 1. As
shown in Fig. 3, in direction 1 the curve of 54 GPa has a similar Un value with that of bulk GC,
such that Un and Uloading are both decreasing and thus have similar D values. As a result, they
also have similar E values. However in direction 2, the curve of 54 GPa is much larger than
that of bulk GC, where Un almost the same as but Ulcading, IS Smaller than that of bulk GC,
which gives a larger D value. As a result, E of 54 GPa sample is smaller than that of bulk GC

in direction 2.

Structures generated using MD simulations can explain the anisotropic mechanical response of
GC after subjected to high pressures. The uncompressed GC structure (‘Original GC”) is shown
in Fig. 6(a)-left, which contains 32,768 atoms and has a density of 1.5 g/cm®. Atoms are
coloured according to hybridization, with blue, green and red corresponding to sp?, sp? and sp
bonded atoms, respectively. Using this structure to start, a series of compression simulations
were performed to 10, 25, 35 and 45 GPa. After compression to the target pressure, each
structure was decompressed to ambient pressure, mimicking the experimental setup. The
evolution of the structure during the compression-decompression simulation is shown in Fig.
6(a), where cross-sectional images of the structures at and recovered from 35 GPa are shown

as an example (middle and right).

The recovered structure [Fig. 6(a) right] has a density of 1.94 g/cm?® and it is evident that
following compression, graphitic planes showed a preferred orientation perpendicular to the
compression axis. It must also be noted that during DAC compression, there is negligible
increase in the diameter of the gasket hole as the increasing pressure. Thus the compression of
the sample is predominantly along the DAC compression axis and the volume reduction is

effectively 1 dimensional, which is comparable with these simulations.
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The elastic constant tensor were computed for the original GC structure and the recovered
structures after compressions, then the Young’s modulus is calculated from the elastic constant
tensor using the Hill formulae [43] in the simulated compression axis (direction 1), as shown
in Fig. 6(b). The Young’s modulus of the uncompressed GC structure was calculated to be ~42
GPa, which is in good agreement with the experimental value of 48+3 GPa [23]. Figure 6(b)
shows that the Young’s modulus starts to decrease at 10 GPa and reaches the lowest value at
25 GPa before increasing again. This trend is consistent with the experimentally-measured

elasticity index along direction 1.
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Figure 6: (a) Cross-sectional images showing the atomistic models of GC during key
stages of the simulated compression-decompression experiment. Left: original GC at
ambient pressure. Middle: GC structure compressed at 35 GPa. Right: recovered
structure after decompression from 35 GPa to ambient. Atoms are coloured by
coordination number: blue, green and red correspond to sp?, sp?> and sp bonded atoms,
respectively. The red arrow indicates the axis of compression-decompression and is
referred to as ‘direction 1’ in the nanoindentation experiments. (b) Young’s modulus
computed along direction 1 on the original GC structure and on the recovered structures

after decompression from 10, 25, 35 and 45 GPa to ambient.

It was suggested by Iwashita et al. in 2001 [4] that the strong hysteresis behaviour in the load-

displacement nanoindentation curves of bulk GC may be understood in terms of reversible slip
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of carbon plane layers, which includes plastically deformation. We refer to this concept as
“reverse plasticity” in the following discussion. It is related with the molecular structure and is
more complicated than plastically-deformed brittle materials due to particular stress state, like
glass. However, key details, namely what aspects of the structure of GC could support reverse

plasticity, remained unclear at that time. We now discuss this gap in light of the current results.

Reverse plasticity describes the mechanical deformation of a structure containing a region or
‘defect’ with a low elastic-plastic transition (yield point) surrounded by material with a higher
yield point, as the reversible plastic response model [44]. Thus on loading, the low-yield region
may plastically deform before the high-yield surrounding material. On unloading, the stored
elastic energy in the elastically-compressed surrounding material will reverse the forces on the
defective plastically-deformed region, causing it to again yield and return to something closely
resembling its original form. The structure of uncompressed GC is thought to consist of tangled
sheet-like arrangements containing open voids and graphene-like structures [1,2,15]. Thus in
terms of the mechanical response, these open volumes could act as the ‘defects’ in the
reversible plasticity model under small-load nanoindentation. The region containing open
volumes would have a lower yield point, which enables the material to plastically deform. The
stored elastic energy during loading in the surrounding graphene-sheets could recreate voids

on unloading, giving rise to the hysteresis/reverse plasticity observed.

By compressing GC to below ~30 GPa, no permanent change in microstructure was observed
but we observed a slight increase in the density [15]. This is presumably because the layer
spacing between the graphene sheets is reduced and those open volumes or voids, which are
critical for the material to ‘bounce back’ in all directions, are compromised. Such that GC

becomes less elastic in both directions. But by compressing GC to above ~30 GPa, where sp®

15



AlP

Publishing

bonds were reported to form rapidly and the density of the recovered structures also increased
rapidly in our previous study [15], the microstructure is permanently changed after
decompression. The entangled graphene sheets are oriented [Fig. 6(a)-right] and the layered
microstructure of open volumes can still be compressed. These layered volumes will act as new
lower-yielding regions that support the reversible plastic response in direction 1, which
explains that both the measured elastic index and the computed Young’s modulus returned to
close to that of the bulk GC in the direction of the compression axis (‘direction 1’ in Fig. 1 and
Fig. 6). However in the direction perpendicular to the compression axis (‘direction 2’ in Fig.
1), the layer spacing between the sheets cannot be reduced as easily as those in the compression

axis, leaving much less lower-yielding regions along this direction.

It needs to be finally clarified that the maximum nanoindentation hydrostatic stress induced by
the nanoindentation tip itself is calculated to be ~1 GPa at maximum load (load/cross-sectional
contact area at maximum load) for all samples, which is not significant when compared with
the pressures used to compress GC in the DAC. Thus, DAC compression is considered as the

reason for structural change in this study.

Nanoindentation, which is used as the technique to measure the mechanical response, is
sensitive enough to test the structural changes which was not clearly showed in previous TEM
studies. Indeed this is not without precedent. A study of on two forms of pure amorphous silicon

found they could be differentiated readily using nanoindentation but not using TEM [45,46].

Conclusion

In conclusion, we have presented an experimental and computational study of the compressed
GC, which significantly deepened our understanding of its mechanical properties. We show
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that the mechanical response of GC is less elastic after compression to as low as 6 GPa. After
compression to 30 GPa there is a permanent microstructural change and the material is no
longer mechanically isotropic. Using atomistic simulations we show that the loss of isotropy is

due to an irreversible alignment of the graphene-like layers.
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(a) Very faint residual indent (hy < 10 nm)

(b) Shallow residual indent (10 < hy <50 nm)

(c) Deep residual indent (hy > 50 nm)
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