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• Typical machining of highly graphitised
iso-graphite leads to a plastically deformed surface with reﬁned crystallites.
• The plastic deformation in graphite is
evidenced by HRTEM images showing
split and/or bent graphene layers.
• The C-C σ bonds in the plastic/elastic deformation region are highly stressed with
a maximum net compression N2.5 GPa.
• MD modelling of plastic deformation in
graphite by means of indentation shows
splitting and bending of graphene layers.
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a b s t r a c t
We have used optical and electron microscopy and Raman spectroscopy to study the structural changes and residual stress induced by typical industrial machining and laboratory polishing of a synthetic graphite. An abrasion
layer of up to 35 nm in thickness formed on both machined and polished surfaces, giving the same ID/IG ratios
evidencing graphite crystal reﬁnement from an La of ~110 nm down to an average of 21 nm, but with different
residual compression levels. For the as-polished sample, structural change was limited to the near surface region.
Underneath the as-machined surface, large pores were ﬁlled with crushed material; graphite crystals were split
into multi-layered graphene units that were rearranged through kinking. Graphite crystal reﬁnement in the subsurface region, measured by La, showed an exponential relationship with depth (z) to a depth of 35–40 μm. The
positive shift of the G band in the Raman spectrum indicates a residual compression accompanied by reﬁnement
with the highest average of ~2.5 GPa on top, followed by an exponential decay inside the reﬁned region; beyond
that depth, the compression decreased linearly down to a depth of ~200 μm. Mechanisms for the reﬁnement and
residual compression are discussed with the support of atomistic modelling.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

⁎ Corresponding author.
E-mail address: h.wu2@lboro.ac.uk (H. Wu).

Carbon materials are used in many applications such as core
components of a nuclear reactor, electrodes in sensors and batteries,
contact parts for friction and wear reduction and many components
for bearing thermal, electrical and/or mechanical load. In some of
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these applications, it is the carbon surface that likely plays a key role in
dictating its performance. However, many carbon materials are speciﬁed in terms of characteristics of their bulk, instead of their surfaces,
hence leading to difﬁculties to establish correlations between performance and structure of a carbon material. Whilst, in the literature
world, there is little information and understanding on the structure
of an as-ﬁnished surface of a carbon material, we can see its importance
through the following two case studies: (a) nuclear graphite qualiﬁcation
test; (b) carbon electrodes regeneration.
In GEN IV nuclear reactor development, graphite continues to be
used in some high temperature reactors (HTR) for multiple objectives:
moderating and reﬂecting neutrons for heat capture, exchanging heat
with coolant through its good thermal conductivity, facilitating intricate
geometric features to boost heat exchange and sustaining the core
structure for as long a period of time as possible for both safety and economic reasons. Hence, graphite manufacturers keep developing new
grades with better properties in order to fulﬁl the desired objectives
for a modern reactor [1–5]. Whilst nuclear graphite has been developed
for this purpose for more than half a century, there is not yet enough understanding of the possible correlations between the microstructure of a
virgin graphite grade and the variation of physical properties with increasing neutron irradiation at different temperatures. This understanding is required to guide the design and use of nuclear graphite.
Therefore, materials engineering and reactor designers still rely on an
expensive and time-consuming qualiﬁcation programme to obtain all
necessary physical properties for manufacturing and designing graphite
reactor components. Such an experimental testing is realised through
accelerated neutron irradiation in a materials testing reactor (MTR)
with high neutron ﬂux. To ensure the neutron ﬂux is as high as possible,
only limited space is available in an MTR, making it impossible to have
large testing specimens irradiated reaching a sufﬁciently high neutron
dosage in a relative short period of time. Because of that, a trade-off is
usually made to ensure efﬁciency by signiﬁcantly scaling down the
sizes of testing specimens to a level where it is still representative of
the graphite microstructure.
Modern nuclear graphite grades, including those in development,
tend to use much smaller coke ﬁllers to achieve the following advantages: isotropy, high tensile and compressive strength, and higher density. Typical coke ﬁller sizes are 10 to 20 μm, but some grades, such as
those developed for molten salt reactors, can have a ﬁller size as small
as 5 μm. Hence, specimens used for neutron irradiation can be as small
as 2.4 mm × 2.8 mm × 24 mm, as used by Oak Ridge National Laboratory
(ORNL) [6]. To apply deﬁned neutron doses to the specimens, they are
usually put into an aluminium capsule (called a ‘rabbit’) which is shuttled into a nuclear reactor core [7]. The specimens need to be machined
mechanically to the necessary size. This will inevitably create an outer
layer of deformed material, which we propose, does not represent general bulk properties. The amount of damage i.e. the thickness of the deformation layer may lead to different conclusions with respect to the
irradiation behaviour. If the fraction of the damaged volume is high i.e.
if the dimension of a test specimen is very small this layer will become
more signiﬁcant.
The importance of surface preparation of a carbon electrode has
been highlighted by many researchers. The preparation includes mechanical polishing, laser and electrochemical pre-treatment, vacuum
heat treatment, etc., as reviewed in the literature [8]. Mechanically
polishing has a long history of practice and remains the most common
preparation practice for carbon electrodes used in electrochemistry.
Typically, a carbon electrode is polished with silicon carbide paper
followed by a series of alumina slurries, with successively smaller grit
sizes down to 50 nm sized particles. It is generally believed that a coarse
polish results in a relatively rough but reactive surface and that an increase in the oxygen to carbon (O/C) ratio is responsible for performance improvement. If the change in the O/C ratio on the surface is
associated with structure or residual strain, it is not yet supported by
any evidence.

Raman spectroscopy is a popular technique, since it is a nondestructive testing method and is widely used for the understanding
of structural changes in graphite [9–15]. Due to the low transparency
of graphite, acquired Raman photons likely carry contributions of the
surface structure only, in particular if a confocal Raman microscope is
used [16]. However, many published papers in the literature have not
clariﬁed the surface ﬁnishing conditions, implying the question if the
measurements obtained, are representative of the investigated specimen. The aim of this study is to show the degree of surface effects
upon the measurements.
We have assessed the effect of different surface ﬁnishes of a synthetic polygranular graphite grade on the microstructure. This was
done by optical microscopy, scanning electron microscopy (SEM),
Raman spectroscopy and transmission electron microscopy (TEM). To
support the understanding of the experimental observations and to underpin the possible mechanisms behind them, we perform indentation
simulations upon a single crystal of graphite, using molecular dynamics
(MD), in the Discussion section.
2. Experimental procedures
2.1. Materials and sample preparation
The investigated graphite grade SNG623 was moulded by isostatic
pressing (isographite) at Sinosteel Advanced Materials Co. Ltd.
(China). This is one of the grades that have been subjected to neutron
irradiation qualiﬁcation in Oak Ridge National Laboratory. Details of
the manufacture and structure of the as-manufactured graphite, have
recently been reported by März et al. [17,18], and are brieﬂy outlined
here. The average diameter of coke ﬁllers used for this grade is about
20 μm, and these were mixed with the pitch binder before isostatic
pressing in a mould. The as-moulded green body was impregnated by
pitch, followed by baking and graphitisation at a temperature N2800
°C. The representative properties are: density 1.81 g/cm3, porosity
17%, and Young's modulus 11 GPa, as reported by Yang et al. [19]. It
comprises of coke ﬁllers, binding carbon as well as pores and nano-/
micro-cracks. Besides these features, carbon in rosette and chaotic
structures were also found, as has been widely observed by other researchers in other nuclear graphite grades such as IG110, NBG18 and
Gilsocarbon [20–26], stemming from quinoline insolubles [27,28],
sometime called QI particles.
The surface ﬁnishing conditions investigated in the present study are
described below. The as-machined surfaces investigated were the planar ones of disc samples that were supplied by the manufacturer.
These disc samples have a diameter of 10 mm and a thickness of
0.5 mm. Samples were trimmed to the desired dimensions by cutting,
followed by machining, a standard method used by the manufacturer
to ﬁnish testing samples, including those used for neutron irradiation
testing in an MTR.
The as-polished surface sample was prepared by cutting and mounting into conductive epoxy resin, followed by metallographic crosssectioning through applying the following steps. The cut surface was
ground using P320 SiC paper till it became ﬂat, then 9 μm diamond suspension was used to remove surface material for 5 min, followed by 3
μm diamond suspension polishing for 4 min and ﬁnally 40 nm OP-S colloidal silica suspension polishing for 2 min. Polishing is expected to result in a ‘less damaged’ surface, compared to machining.
The as-fractured surface sample was prepared by manually breaking
the sample to expose a fracture surface. In contrast to a surface prepared
by cutting or polishing where “damage” is evidenced by a strong D band
in a Raman spectrum [29], an as-fractured surface can expose preexisting cracks originating from manufacturing processes, but little
damage is expected [29].
Cross-sectional thin foils for TEM analysis were prepared by focussed ion beam microscopy (FIB) using a FEI Nova 600 Nanolab™
DualBeam™ system (Thermo Fisher Scientiﬁc, Oregon, USA). The
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detailed procedure is given in [18]. In some cases an additional
gold palladium (Au/Pd) layer was deposited on top of the specimen by
sputter deposition prior to applying a FIB deposited platinum (Pt)
strip, to protect the surface from gallium (Ga) ion beam damage.
2.2. Characterisation methods
The microstructure was studied by means of SEM using a JEOL FEGSEM JSM–7800F (Tokyo, Japan) and by TEM using a FEI Tecnai F20
(Thermo Fisher Scientiﬁc, Oregon, USA). The latter was operated at
80 kV.
TEM thin foils prepared by FIB only cover the ﬁrst 5 μm below the
sample surface due to a technical limitation. For this reason, the total
range of the machining damage into the bulk was not accessible by
means of TEM alone. Cross-sections prepared by FIB standard procedures were inspected by SEM at larger depths.
Raman spectroscopy was conducted on surfaces ﬁnished or created
by the different methods described above, using a Horiba Jobin-Yvon
LabRam HR (Kyoto, Japan) high spectral resolution Raman system
with integral confocal microscope, at a laser wavelength of 514 nm
(green). The spectral range was deﬁned between 1200 and
1675 cm−1 to accommodate D, G and D' Raman bands. Frequency calibration was done using the 520.7 cm−1 silicon band. Peaks were ﬁtted
using Lorentzian functions. Although the D band is supposed to represent a doublet (D1, D2) [30–32], in the present study the ﬁt of the D
band was done using a single Lorentzian. This gave sufﬁciently good results for our purpose. The overlapping G and D' bands have not been
deconvolved as no effect on G band height and maximum position is
to be expected by D'. Detailed analysis and processing procedures are
given in [17,18].
A minimum of 140 spectra were collected on each specimen by line
proﬁles, measuring several hundreds of micrometres to obtain a representative dataset. The band intensities were extracted using the peak
heights determined from the ﬁtted curve. To assess the depth of probable damage, an array of 280 μm × 245 μm was analysed by scanning the
laser with a resolution of 5 μm in both dimensions on a fracture surface.
The in-plane dimension of a perfect graphite crystal (La) was estimated
from the intensity ratio of the D and G band in a Raman spectrum (ID/IG)
at each position, using Eq. (1) and visualised as a coloured map. The map
was correlated with SEM micrographs of the same location to compensate for possible misalignments between the sample area selected using
the Raman microscope and the actually analysed area.
Inspection by optical microscopy was done using a Leica DM LM instrument (Germany).
3. Results
3.1. Surface morphology
The as-machined surface, in Fig. 1(a & b), that was imaged by reﬂective optical microscopy using polarised light, exhibits only an
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homogeneous contrast with a few pores visible, even under higher magniﬁcation. No contrast change was observed when the polarising conditions changed, implying an extremely ﬁne-grained graphite grain
structure. The porosity on the as-machined surface was hardly discernible, indicating a very low porosity if there is any on the surface.
After metallographic grinding and polishing were conducted in the
laboratory, subsequent inspection under polarising light revealed
graphite crystallites and pores (black), labelled as ‘V’ in Fig. 1(c & d).
The porosity on the as-polished surface was about 8% in area, as estimated using ImageJ on images taken under unpolarised light.
Fig. 2 shows SEM images of the as-machined, as-polished and fracture surfaces. On the as-machined surface, cracks and chipped material
labelled as ‘C’ appeared, but no pores as shown in Fig. 2(a). The brighter
regions may result from surface contamination during machining. A region marked as ‘C’ was observed at higher magniﬁcation, showing an
extensive cracking as shown in Fig. 2(b).
On an as-polished surface, evenly distributed pores (dark) with an
average diameter of d = 2.2 ± 2.0 μm (0.65–12 μm) are observed
(Fig. 2(c)). They represent a fraction of 8% of the analysed surface
area. Pores are ﬁlled with previously removed material, as exemplarily
shown in Fig. 2(d).
On the fracture surface in Fig. 2(e) the graphite grain structure, composed of coke ﬁllers (‘F’), which are covered and interconnected by
binding carbon (‘B’), as well as the presence of pores (‘V’) is illustrated.
A typical coke ﬁller is highlighted by a dashed line. In some cases, graphite basal planes of ﬁllers are exposed due to cleavage along pre-existing
micro-cracks. An example is shown in Fig. 2(f) where stacked graphite
laminae are clearly visible.
3.2. Structure analysis by Raman spectroscopy
3.2.1. Top surface
Each collected spectrum showed the D, G and D' Raman bands, however with varying intensity. The G band is present in every graphitic material. The occurrence and intensity of the D and D' bands is related to
the presence of ‘disorder’, generally known to be related to the edges
of graphite/graphene layers in the specimen [14,33]. Machining or mechanical polishing can introduce structural disorder [32,34,35] which
contributes to the D band. Typical experimental spectra are shown for
each condition in Fig. 3. The ratio of the D to G band intensity, ID/IG,
was found to be inversely proportional to the coherent domain size
(in-plane crystallite size La) [36,37]. La can be estimated, dependent on
the Raman laser wavelength λ, by applying Eq. (1) [38].

   −1
La ðnmÞ ¼ 2:4  10−10 λ4 ID I
G

ð1Þ

Table 1 shows speciﬁc mean values determined from each dataset. A
decrease in ID/IG means an increase in La. The mean intensity ratio ID/IG
on an as-machined surface is 0.86 ± 0.24, 5 times that on an asfractured surface (0.17 ± 0.09). The as-polished surface exhibits an ID/

Fig. 1. Reﬂective optical microscopy images of (a, b) an as-machined surface and (c, d) an as-polished surface, imaged using polarised light. Pores are labelled as ‘V’.
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Fig. 2. SEM micrographs of an (a, b) as-machined surface, (c, d) as-polished surface, and an (e, f) as-fractured surface. “B” represents binding carbon, “C” cracks, “F” coke ﬁller, and “V” voids.

IG ratio of 0.78 ± 0.12, slightly lower than that on an as-machined
surface.
The maximum of the G band of the as-machined sample, is shifted to
higher wave numbers on average (increased by 5.8 ± 3.2 cm−1), indicating compressive stress maintained in the carbon carbon (C\\C) σ
bonds [21]. No signiﬁcant D band shift was detected on all three samples
(Table 1, Fig. 3). However, a differentiation between possibly different
contributions of ﬁllers and binding carbon was not made.
Histograms of ID/IG and La on different sample surfaces are shown in
Fig. 4. Both as-machined and as-polished surfaces have similar

histograms. This means that the polishing in the laboratory leads to a
similar degree of damage on the ﬁnished surface as machining. In contrast, the distribution of La of the fracture surface ranges up to sizes of
several hundreds of nanometres, as shown in Fig. 4(f). In the case that
the trans-granular fracture plane of a ﬁller grain is hit by the laser, La
can easily reach 600 nm and above, as evidenced in Fig. 5(a).

3.2.2. Sub-surface of an as-machined sample
Fig. 5(a) shows the La map obtained on a cross section of an asmachined surface. In the bulk region, the average size of La is about
110 nm (Table 1), ranging up to several hundreds of nanometres at particular locations.
These high values have already been shown to originate from
cleaved coke ﬁllers, exposing a basal plane of almost perfect graphite
[17]. Because the inhomogeneity of synthetic graphite, either binding
carbon, a ﬁller or a mixture of both is analysed. Thus, there is always a
variation of the Raman band intensities. On the fracture surface this variation may also be affected by topographic effects. It is noted that at
small distances beneath the machined surface, La is generally smaller
than inside the bulk, evidencing a reﬁnement of graphite crystals by machining occurring up to a certain depth.

Table 1
Positions of band maximum, intensity ratio, and estimated La determined from Raman
datasets obtained on specimen surfaces ﬁnished with different methods.

Fig. 3. Typical Raman spectra acquired on differently ﬁnished surfaces and ﬁtted peak
curves.

D band centre (cm−1)
G band centre (cm−1)
ID/IG
La (nm)

As-machined

As-polished

As-fractured

1354.36
1586.95
0.86
21.64

1352.52
1582.35
0.78
22.14

1354.39
1581.19
0.17
110.84

±0.69
±2.55
±0.24
±8.66

±1.72
±0.80
±0.12
±4.11

±2.00
±0.61
±0.09
±43.90
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Fig. 4. Histograms of ID/IG and La, determined from Raman bands on different SNG623 surfaces: (a, d) as-machined; (b, e) as-polished and (c, f) as-fractured.

3.3. Cross-sectional SEM and TEM inspection
3.3.1. As-machined surface
Secondary electron (SE) micrographs given in Fig. 6 show the presence of large pores (‘V’) and cracks (‘C’) underneath the surface,
which are not apparent by inspecting solely the machined surface (see
Fig. 1(a, b) and Fig. 2(a, b)). Some pores are partially ﬁlled with debris
and are marked with ‘D’ in Fig. 6(b, c, d). At deeper position, ~12–14
μm beneath the surface, the large pores contain no debris anymore
and the microstructure appears mostly unaffected. Nevertheless, further non-visible effects like mechanical strain and microstructure
changes might still exist at depths beyond this, as is shown later. From
this cross section, an area fraction of about 6.5% porosity was determined, which is close to the 8% already determined on the as-polished
surface, but smaller than that inside the bulk.

A TEM bright ﬁeld (BF) overview of a specimen prepared from an asmachined surface is presented in Fig. 7(a). It shows the typical spherical
QI inclusions, indicating a binding carbon region, as well as many pores
(‘V’) and a large crack (‘C’) progressing throughout the whole specimen.
Local bands of dark diffraction contrast may be an indication of internal
strain, brighter regions are due to a lower density i.e. thinner specimen.
Some QI particles are separated from the main part by a circular gap
(white).
In Fig. 7(b, c) a 35 nm thick layer (‘A’), induced due to the machining
process, is present below the Pt strip. Within the ﬁrst 400 nm beneath
this layer, the microstructure appears completely mixed-up. Mainly
nanocrystalline fragments with irregular orientations are present, as revealed in Fig. 7(c, d). High-resolution transmission electron microscopy
(HRTEM), as shown in Fig. 7(d), shows that graphite crystals are split
into thinner multilayer graphene units, followed by buckling of these

Fig. 5. Surface maps of the cross section (fracture surface) of the as-machined surface, acquired by Raman spectroscopy, showing a decrease of La (a) and a shift of the G band maximum to
higher frequencies (b) towards the machined edge.
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Fig. 6. SEM micrographs of a cross section showing on overview (a, b) and details (c, d) of a region below a machined surface. Voids, cracks and debris are labelled ‘V’, ‘C’ and ‘D’,
respectively. Pt and Au/Pd protective layers are indicated.

units leading to sharply or more rounded bent basal planes. The fast
Fourier transform (FFT) pattern shown by the inset in Fig. 7
(d) indicates that the graphite structure is well maintained and that
the formed polycrystalline structure is composed of nanocrystalline
graphite with straight La lengths of about 10 to 30 nm, as measured in
the HRTEM image.

3.3.2. As-polished surface
In contrast to a machined surface, the microstructure below a
polished surface appears almost intact, as observed by SEM (Fig. 8).
No cracks are visible in the whole cross section. As far as resolvable by
SEM, even the region close to the surface appears unaltered (Fig. 8(b,
c)). QI particles as well as pores (‘V’) are present. None of the pores
are ﬁlled with debris, which indicates that polishing damages the material far less than machining.
Investigation by TEM of a specimen prepared from the surface region shows some larger cracks, with a measured length of several
hundred nanometres, as well as an agglomeration of 3 QI particles
(Fig. 9(a, b)). Below the Pt and Au/Pd protective layers, a layer (labelled ‘A’) with a thickness measuring 20–30 nm is obvious in
Fig. 9(c, d). This layer is a result of the polishing process, similar to
the top layer, ‘A’ is seen on the as-machined surface, e.g. in Fig. 7(b
& c). Underneath this layer, several graphite laminae are bent,
forming nano-cracks (highlighted in Fig. 9(c)). It is not clear whether
the bending is a result of polishing or if this deformation was preexisting.

3.3.3. As-fractured surface
An overview of a cross-sectioned fracture surface is given in Fig. 10
(a). Within the top layer of ~1.5 μm in thickness, graphite laminae are
observed, with their basal planes following the fracture surface, as indicated by a dashed line. On the fracture surface, there is no further layer,
as seen on the as-machined and as-polished surfaces. Delamination appeared inside a graphite lamina and bending exists between graphite
lamina. Such delamination and bending may be a result of mechanical
deformation during fracture; it might have also happened during
graphitisation and cooling down after graphitisation [39]. QI particles
are present in the central part of the specimen, evidencing that binding
carbon exists right underneath the coke ﬁller on the top surface of the
rack. Inspection of the fracture at a higher magniﬁcation, shown in
Fig. 10(b, c), does not reveal any further structural damage.

4. Discussion
Our experimental investigation has shown that industrial machining
led to severe damage of the graphite structure in the subsurface through
reﬁnement of graphite crystallites by synchronised splitting and kinking
of graphene layers. Such reﬁnement is not seen in the subsurface of the
as-polished surfaces, whilst it does exist on the top surface. In this discussion, we will (a) clarify what is measured by Raman spectroscopy
on as-ﬁnished surfaces; (b) quantify the damage and residual stress underneath the as-machined surface; (c) get insight into elastic/plastic deformation of graphite under contact compression.

B. März et al. / Materials and Design 159 (2018) 103–116
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Fig. 7. TEM bright ﬁeld (BF) views of the microstructure of a machined surface. (a) Overview; (b) upper region; (c) close to the surface; (d) HRTEM image and FFT (inset) of irregularly
oriented, bent graphite nano-crystallites. ‘A’ indicates a top layer of 35 nm thickness, voids ‘V’ and cracks ‘C’ are labelled as well.

4.1. Abrasion induced reﬁnement of graphite crystal
Fracturing introduces no noticeable structural changes on the asfractured surface, apart from nano-cracks that may have formed
through exfoliation of graphene layers close to the fracture surface. It
is reasonable to believe that neither the in-plane dimension of graphite
crystallites, nor the C\\C bonding and local atomic arrangements, have
been changed by the splitting process. Hence, the acquired Raman spectra on an as-fractured surface, should well represent the structure inside
an as-manufactured graphite, which has been supported by measurements of La from cross-sectional TEM images [17]. The probed average
position of 1581.19 cm−1 for the G band on the as-fractured surface is
so close to that on highly ordered pyrolytic graphite (HOPG) [40,41],
evidencing that there is no extra elastic strain in the C\\C σ bonds.
This allows the Raman data acquired on HOPG, i.e. the fracture surface
of the polygranular graphite, to serve as a reference to understand the
results obtained on as-machined and as-polished surfaces.
Laboratory polishing generates a layer of carbon on the top surface
showing little diffraction contrast in the BF TEM mode. This layer is similar to that observed on an abrasion surface of a C\\C composite or
carbon-ceramic brake after experiencing heavy contact sliding [42]. Immediately under this abrasion layer, nano-cracks and bent graphite
crystals might have formed during polishing. However, as the grit size
of the abrasives used, was only 40 nm in the ﬁnal step, their penetration
depth could not have exceeded this diameter and such features can be
expected on the top surface only. Compared to the as-fractured surface,
values extracted from Raman spectra of the as-polished surface show
signiﬁcant changes, as shown in Table 1 and Fig. 4. The averaged La

estimated from ID/IG reduces from 110.84 ± 43.90 nm on the asfractured surface to 22.14 ± 4.11 nm on the as-polished surface, and
the position of the G band maximum increases from 1581.19 ± 0.61
to 1582.35 ± 0.80 cm−1 respectively, an increment of ~1 cm−1. According to Ferrari and Robertson's interpretation [43], the polishing operation has transformed the graphite into nanocrystalline graphite
because the G band moves upward from 1581.19 cm−1 and the ID/IG
ratio increases, leading to smaller in-plane graphite crystallites. Since
the determined La is much smaller than the thickness of the TEM specimens prepared by FIB, no HRTEM image is available to directly support
the nanocrystalline structure of the abrasion layer. There is no evidence
that sp3 bonds exist in this layer, as no doublet in the D band appears.
There is also no evidence showing that this abrasive layer has been
transformed into amorphous carbon, because the G band position did
not shift downwards, neither did the ID/IG ratio decrease to 0 [43].
Industry machining results in a similar thin layer of carbon at the top
surface. But, underneath, the graphite is subject to plastic deformation
extending into far deeper regions, at about 12–14 μm (Fig. 6(b)). This
leads to exfoliation of graphite into multiple graphite crystallites with
graphene planes kinked in different degrees, as shown in Fig. 7(d). The
averaged La estimated from ID/IG reduces from 110.84 ± 43.90 nm on
the as-fractured surface to 21.64 ± 8.66 nm on the as-machined surface.
The position of the G band maximum increases from 1581.19 ± 0.61 to
1586.95 ± 0.80 cm−1 respectively, an increment of ~6 cm−1. It seems
this observed abrasion layer barely differs in terms of ID/IG, the trend of
the G band shift and other features. Hence, we believe that nanocrystalline graphite with a thickness of tens of nanometres is formed by the machining process used by industry on the as-machined surface.
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Fig. 8. SEM micrographs below a polished surface. An overview (a) of the cross section and details (b, c, d) are shown. Voids are labelled ‘V’.

The small difference of La between the as-machined and as-polished
surfaces implies that the main contribution to the Raman measurements was due to the abrasion layer on the top surface and the graphite
underneath this layer had only a small contribution. However, it is
noted that the position of the G band maximum of the machined surface, shifts to much higher wavenumbers, compared to that of the aspolished surface. Ferrari & Robertson proposed that a change of the
sp2 conﬁguration from rings to oleﬁnic groups shifts the G band to
high frequencies because the higher vibrational modes of the oleﬁnic
groups lie above the band limit of graphite. Such an sp2 conﬁguration
is observed in diamond like carbon (DLC) where the presence of sp3
bonds isolate sp2 dimers or chains in localised regions. As we do not
see clear D band doublets in our Raman data, as shown in Fig. 3, there
will not be many sp3 bonds in the abrasive layer, hence, short chains
or sp2 dimers. Thus, the observed shift of the G band must be related
to residual stress or strain.
Frank et al. [44] recently studied the relationship between measured
Raman shift and stress level on both graphene and carbon ﬁbres with
different Young's moduli. They proposed that the spectroscopic coefﬁcient correlating the shift of the G band (ΔωG, in cm−1) and uniaxial
stress (σ, in MPa) are proportional to the neutral G band position
(ωG0, in cm−1), as shown below:
ΔϖG ¼ −

5
σ
ϖG0

ð2Þ

Based on our measurements of ωG0 on the as-fractured surface and
the shifts measured on as-polished and as-machined surfaces, the average residual stress is −367 MPa and −1641 MPa, respectively. We

believe this incredibly high compression in the abrasion layer might
be a consequence of plastic deformation, as detailed later. The much
larger compression in the abrasion layer of the as-machined surface is
likely due to even further higher compression in the subsurface, as evidenced in the next section.
Based on our analysis, we could demonstrate that Raman spectroscopy acquired on a surface of graphite has a likely contribution from a
layer of polycrystalline graphite with a thickness of tens nanometres,
consisting of strongly reﬁned crystallites due to smearing during the
abrasion.
4.2. Subsurface reﬁnement and stressed σ bonding induced by machining
The subsurface damage by industry machining is different from that
in the abrasion layer on the top of the as-polished surface, as indicated
by the diffraction contrast images where clear contrast becomes discernible as shown in Fig. 7(a–c). This fact implies that the graphite crystallites are large enough, as supported by the HRTEM image in Fig. 7(d).
To quantitatively establish the depth proﬁle of the graphite crystallite
sizes, we have averaged the La values estimated from the measured intensity ratio of D and G bands at the same depth, z, and plotted in Fig. 11
(a–c). As noted in Section 4.1, a residual stress does exist on the asmachined surface and its depth proﬁle is also plotted in Fig. 11.
An overview of the depth proﬁles of residual stress estimated from
the shift of the G band and the La from ID/IG is presented in Fig. 11(a).
The highest average level of compression, in a region near the surface,
was about 2.5 GPa. This compression is about twice that measured on
the abrasion layer. At lower depths, the compression declines rapidly,
followed by a further but milder decrease to a depth of about 200 μm

B. März et al. / Materials and Design 159 (2018) 103–116

111

Fig. 9. TEM BF views of an as-polished surface. (a) Overview of the cross section with QI particles and cracks/voids ‘V’; (b) view of the surface region marked in (a) with a void ‘V’
perpendicular to the beam direction; (c, d) detailed views showing a thin layer ‘A’ of 20–30 nm thickness as well as bending cracks.

where no more residual stress exists. It seems that a two-tier residual
stress depth proﬁle exists on the as-machined surface. To discern the
two tiers, the estimated La is superimposed in the plots. Immediately
below the abrasion layer, the La value increases steadily from about
20.1 nm to 105 nm into a depth of around 40 μm. Beyond this depth,
the change of La shows no particular trend, and we believe that no
more graphite crystal reﬁnement exists at these positions. The averaged
La of 116.4 ± 8.5 nm is similar to that measured on the as-fractured surface, as shown in Fig. 4(f). Hence, the depth proﬁles were studied

separately for the depths below 40 μm, as shown in Fig. 11(b) and
(c) respectively.
Within the 40 μm region, reﬁnement of graphite crystallites by the
machining operation occurred, and the measured La versus depth, z, follows a natural exponential function with a ﬁtting conﬁdence of R2 =
0.8118:
La ¼ 13:442e0:052z

ð3Þ

Fig. 10. TEM BF micrographs of a fracture surface. (a) Overview of the specimen cross-section; (b) graphite laminae near the surface, (c) detailed view of a bent stack of laminae.
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Fig. 11. (a) Overview of depth proﬁles of residual stress (negative and positive values represent compression and tension respectively) estimated from the shift of the G band and La from
ID/IG on the as-machined surface of graphite; (b–c) residual compression and reﬁnement depth proﬁles on (b) top surface where graphite crystallites are reﬁned and (c) underneath the
reﬁned graphite crystallite layer.

The residual compression, σ, versus the depth is ﬁtted with a natural
exponential function, giving the following relation with a conﬁdence of
R2 = 0. 9578:
σ ¼ 2783:1e−0:051z

ð4Þ

As a ﬁrst approximation, we believe the decay of residual compression is tightly associated to the reﬁnement of graphite crystallites, so a
linear correlation between La and residual compression can be proposed:
σ ¼ kLa

ð5Þ

where k is a constant. Based on Eqs. (3) and (4), we estimate a value of
207 MPa/nm for k. Note, Eq. (5) may apply only to a reﬁned graphite
structure by mechanical deformation, not developed through thermal
equilibration.
At depths beyond 40 μm, there is no further reﬁnement. However,
signiﬁcantly high compression is maintained, as shown in Fig. 11(c).
We can use a linear ﬁt to the data, but the conﬁdence is very low. The
main factors that lie outside the linear ﬁtting are the three valleys,
marked as A, B and C. We believe that the stressing was discontinued
due to the existence of a large void/crack as shown in Fig. 7(a). By
treating the data points in these three regions as outliers, the remaining
data show a perfect linear relation, with R2 = 0.9825, between the compression levels and the depths:
σ ¼ −2:9023z þ 467:16

ð6Þ

By accounting for both, reﬁnement and residual compression, we
may propose the following model for the machining-induced surface
damage: (a) A compression on the surface by a machining tool leads
to buckling and splitting of graphite crystallites, seen as reﬁnement;
(b) the bending and splitting of the graphene layers puts the σ bonds
under compression or tension but the compression dominates within
the reﬁnement layer; (c) the plastically deformed reﬁnement layer cannot fully recover after removal of the machining tool and a residual
strain is maintained within the region underneath the reﬁned material.
Atomistic simulations were conducted to get an insight into the plastic
deformation process, or reﬁnement of graphite crystals, as discussed
in Section 4.3.
4.3. Elastic/plastic deformation and graphite reﬁnement by contact
deformation
In order to understand how the graphite responds to the surface machining, we perform indentation simulations upon a single crystal of
graphite, using molecular dynamics (MD). All MD simulations were performed using the latest stable version of LAMMPS (16 Mar 2018) [45]
available at http://lammps.sandia.gov. We used the AIREBO [46] potential with a cut-off of 3 sigma (pair_style airebo 3.0). This gives a maximum cut-off of the Lennard Jones term of 10.2 Å. The AIREBO
potential is an extension of the reactive empirical bond-order (REBO)
potential developed by Brenner [47–49]. The REBO potential was originally developed for diamond structures, and is therefore not suitable for
graphite. The AIREBO potential includes additional dispersion, torsion,
and non-bonded interactions, which models the hexagonal rings of
the graphene sheets and the inter-layer bonding between them.
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To access large length scales, we use a cylindrical indenter upon a
thin wafer of graphite. The thin width was set to 12 Å, which is the
smallest length that ensures that the atoms do not interact with themselves across the periodic boundary. The x and z dimensions of the single crystal graphite wafer are 100 nm. There was a total of 1.5 million
carbon atoms in the simulation box.
Fig. 12(a–c) shows a snapshot of the graphite wafer with an indenter
radius of 5 nm, pressed into the wafer in the c direction (z in the images). Here we used periodic boundaries in the x and y directions, and
the base was ﬁxed. There was a 25 Å thermostat region set to 300 K at
the base. The images show the indenter at a depth of 15 nm. The indenter was pressed into the wafer at a ﬁxed speed of 1 Å/ps (100 m/s)
to a depth of 20 nm. Fig. 12(a) clearly shows the σ bonds are stretched
around the sharp indenter. The graphene planes curved around the indenter and no carbon bonds were broken, indicating that the response
is elastic and reversible at this depth. As there is no space for the material to go, the graphene planes are also compressed closer together. The
histogram in Fig. 12(c) shows that the σ bonds become increasingly
stretched at greater indentation depths. Beyond 20 nm, the σ bonds
break leading to a catastrophic failure of the graphite crystal due to
the release of the strain energy. The corresponding elongation is about
25%, similar to the elongation limit reported by [50].
Fig. 12(d–f) shows a snapshot of the graphite wafer with a 50 nm radius indenter pressed in the x direction. Here the y and z boundaries are
periodic, and the left x edge is ﬁxed. The 25 Å thermostat region was
also placed along the left x edge. There is a small compression of the σ

(a)

(b)
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bonds under the indenter, which can be seen in Fig. 12(d), and also in
the histograms in Fig. 12(f). We see that the graphite planes form
many kink bands and are also compressed closer together (Fig. 13(e)).
Simulation results shown in Fig. 12 reveal the following: (a) when
compression is applied normal to the basal planes of a graphite crystal,
there is no plastic deformation, hence no residual strain when pressure
is released, but C\\C bond breaking can happen when the pressure is
high enough, directly leading to graphite crystal reﬁnement. (b) when
compression is applied along the basal planes, plastic deformation happens through the formation of kinks, leading to a residual compression
inside this region. The kinking itself is the major contributor for the reduced coherent length, La, though C\\C breaking can still happen when
the pressure is large enough.
Fig. 13(a–c) shows the same system as Fig. 12(d–f), but this time the
initial structure contained a 10 nm × 100 nm void at the top edge. As the
indenter is pressed into the wafer, it can expand in the c direction to ﬁll
this gap. As a result, more distortion of the graphite planes is observed.
Also, the σ bonds do not change their lengths signiﬁcantly. Kink bands
with triangular shaped voids along the kink are also observed in
Fig. 13(a–b). Fig. 13(d–f) shows a similar smaller system to Fig. 13(a–
c), however, this indenter is a sharper quadratic shape. Also, the
atoms around the indenter are ﬁxed. More distortion and folding of
the planes is observed in this case, due to the greater strain in this
system.
Simulation results shown in Fig. 13 reveal that when free space exists within a graphite crystal under compression, signiﬁcantly large
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Fig. 12. (a–c) Snapshot of a cylindrical indenter with a radius of 5 nm at an indentation depth of 15 nm in the c direction of a single crystal graphite wafer (100 nm × 100 nm × 1.2 nm).
(a) Coloured by average σ bond length, and (b) coloured by displacement in the y direction to allow visualisation of the graphene planes. (c) Histograms of the σ bond length with the
indenter at depths from 5 to 20 nm. (d–f) Snapshot of a cylindrical indenter with a radius of 50 nm at an indentation depth of 15 nm in the x direction of a single crystal graphite
wafer (100 nm × 100 nm × 1.2 nm). (d) Coloured by average σ bond length, and (e) coloured by displacement in the y direction to allow visualisation of the graphene planes.
(f) Histograms of the σ bond length with the indenter at depths from 5 to 17.85 nm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 13. Snapshot of a cylindrical indenter with a radius of 50 nm at an indentation depth of 15 nm in the x direction of a single crystal graphite wafer (100 nm × 100 nm × 1.2 nm). This
structure initially had a void 10 nm × 100 nm at the top edge. (a) Coloured by average σ bond length, and (b) coloured by displacement in the y direction to allow visualisation of the
graphene planes. (c) Histograms of the σ bond length with the indenter at depths from 5 to 17.5 nm. (d–f) Snapshot of a sharp quadratic indenter with a radius of 20 nm at a depth of
15 nm in the x direction in a single crystal graphite wafer (40 nm × 40 nm × 1.2 nm). (d) Coloured by average σ bond length, and (e) coloured by displacement in the y direction to
allow visualisation of the graphene planes. (f) Histograms of the σ bond length with the indenter at depths from 5 to 20 nm. The sharp peak is due to a layer of ﬁxed atoms around the
indenter. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

plastic deformation can occur. This includes splitting of graphene planes
to form multiple layered graphene units and large kinks, similar to the
observed structures seen with HRTEM shown in Fig. 7(d). Free spaces
widely exist inside a synthetic graphite in the form of nano/microcracks and pores [51–53].
Whilst the contact loading conditions shown in Fig. 12 and Fig. 13
may not represent all loading context during machining or polishing,
the plastic deformation and graphite crystal reﬁnement processes
have been clearly demonstrated.

graphite. Inside a depth up to ~35–40 μm, graphite crystallites were reﬁned by the machining operation with the smallest La measured on the
surface. The reﬁnement is evidenced by HRTEM images showing splitting of graphite into multiple layered graphene units with bending, supported by the molecular dynamic simulation. In this reﬁned layer, the
C\\C σ bond is under compression with the highest level N 2500 MPa
on the surface. Both the degree of crystal reﬁnement, and the compression level, decay exponentially with the depth.
σ or 1=La ¼ βe−αz

5. Conclusions
Graphite surfaces, industry machined or laboratory polished, show
an abrasion surface layer with a thickness of tens nanometres and a
structure consisting of reﬁned polycrystalline graphite with almost the
same La, ~20 nm. The C\\C σ bonds in this layer are under compression
at a level of 367 MPa for the as-polished and 1641 MPa for the asmachined surface.
Underneath the as-machined surface, three layers with different
structural features were identiﬁed. Near the top surface with a thickness
of ~14 μm, large pores were ﬁlled with graphite fragments and some
cracks were also ﬁlled, leading to a higher density than the bulk

with the compression and La showing a linear relationship (α and β
are ﬁtting parameters). In a region beyond the reﬁned region compression exists, which follows a linear decay up to a depth of around 200 μm.
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