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ABSTRACT

The atomic structure of pure and defective graphite has been modelled using classical many body po-
tentials from which simulated powder X-ray Diffraction (XRD) patterns were produced using the Debyer
software. The changes in the XRD patterns due to both heating and the inclusion of defects were in-
vestigated. After heating, the results show a shift in the 004 Laue peak in qualitative agreement with
experiment. The ¢ parameter is shown to increase over the temperature range 0 — 1000 K but there
is a slight reduction in the a parameter over this range. The scattering angle for the 004 peak reduces
with the introduction of defects up to ~ 5% defect concentration for both vacancies and interstitials with
a larger reduction in the case of interstitials. The intensity of the scattering peak is reduced with in-
creasing interstitials (25% reduction at 5% concentration), but remains relatively constant with increasing
vacancies. The introduction of a small percentage of interstitials causes an increase in both the a and ¢

Vacancies
Reaxff

parameters but vacancies cause a reduction in the a parameter.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Several types of existing nuclear reactors (for example, the UK’s
Advanced Gas-cooled Reactors (AGRs)) use graphite as a modera-
tor, due to its low atomic mass and high scattering cross section
[1,2]. Graphite has a high melting point enabling it to withstand
the extreme temperatures within a reactor, making it ideal for use
in next-generation High Temperature Gas-Cooled Reactors (HTGRs)
[3-5].

Given that the lifetime of these nuclear reactors is limited
mainly by the level of deterioration in the structure of the graphite,
to ensure the safe operation and maximise power output, it is nec-
essary to be able to predict the changes induced in the material
over long term irradiation, and to manage their effects [1,6].

Pristine graphite is composed of layers of graphene sheets in
which the carbon atoms are arranged in an hexagonal structure.
These graphene sheets are generally found in one of three posi-
tions A, B and C, which differ from each other by a translation of
one carbon-carbon bond length in the armchair (or (1010)) di-
rection. In graphite the layers are generally ordered in an ABAB
Bernal-stacked structure, although it can also be found in the less-
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stable ABCABC rhombohedral structure [7]. Here we consider only
models involving the ABAB structure.

Under reactor-like conditions, the graphite is subjected to both
heat and irradiation, resulting in defects within the lattice. Fast
neutrons collide with the constituent carbon atoms, displacing
them from their lattice sites, generating interstitial and vacancy
defects. After irradiation, the interstitials are separated from the
vacancies and it has been suggested that they can form clusters or
‘platelets’ between the layers in the graphite lattice [8-10]. If the
platelet is sufficiently large, it produces a partial C-stacked layer,
in order to reduce shear stress generated by A over A type stack-
ing [9]. This is because the AA or BB stacking arrangement has
the highest energy, which can be significantly reduced by adopt-
ing the C position. Thermalisation induces layer slippage and ‘rip-
ples’ within the layers. With the increase in thermal energy, the
atoms within the sample become able to vibrate, following Riley’s
theory [11], producing expansion in the c-direction (0001) and a
slight contraction in the a direction over the temperature range 0 —
1000 K along with other physical effects [12-14].

The standard method for investigating the microstructure of
graphite is through X-ray diffraction (XRD). Experimental analy-
sis of XRD data is not trivial; the host of phenomenon that oc-
cur when graphite is placed under reactor conditions result in
peaks that are often asymmetric and broad, which can be the re-
sult of many different variables (e.g., lattice spacing, stacking faults,
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Fig. 1. Experimental literature powder XRD patterns for Sinosteel-produced SNG342 and SNG722 graphites at a range of temperatures. Image adapted from Ref[16]. Shifts
are observed for the 00! peaks, with the 004 peak shift most easily visible. The shift of the 004 peak is highlighted by the inset showing a magnified section of the patterns.
The dark blue and orange lines at the bottom and top respectively, show the XRD patterns acquired at room temperature. Data acquired at temperature increments of 200 °C
are also shown. A red vertical line in the inset is included to mark the 004 peak and clearly highlights the shifting of this peak. (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. 2. A comparison between the percentage decrease in the scattering angle of the 004 peak with increasing temperature, for experimental and computational results. The

defects line refers to 2% interstitials and vacancies randomly introduced.

point and extended defects, stresses or strain [1,5,15]). As such,
the ability to determine the cause to changes in the XRD pattern
of graphite is hindered. Recently, Hallam et al [16] have observed
complex behaviour of SNG342 and SNG722 graphites. Their exper-
imental powder XRD data has been reproduced in Fig. 1 with the
shift of the 004 diffraction peak as a function of temperature high-
lighted by the magnified section.

Computationally characterising graphite has many advantages;
effects within the system are able to be induced and analysed sep-
arately and their causes isolated, enabling for more accurate pre-
dictions in reactor-based scenarios.

The temperature influence on the XRD peaks of highly oriented
pyrolytic graphite (HOPG) have also been investigated by other au-
thors, for example, in [17,18] structural shifts of the 002 and 004
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Fig. 3. Simulated XRD patterns for a 5 nm cube graphite crystal with AB stacking at temperatures of 10 K, 100 K, 300 K, 500 K and 1000 K. A shift in the 004 peak to lower
angles is seen. A small shift in the 002 and 006/112 peaks is also observed. The peaks can also be seen to broaden and flatten with increasing temperature. The peaks are
labelled, together with an interpretation in the figure in the Appendix.
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Fig. 4. XRD simulation results generated using the c-parameters in Table 1 at 0 K. The a parameter was kept constant at 2.4175 A throughout. Signature peaks 00! (specifically
at 002/ 26°, 004/ 55° and 006/87°) can be seen to shift to lower angles. A black trace is included at 26° and 55° for clarity.
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Fig. 5. A comparison between the percentage change in the 004 peak scattering angle generated by the change in a and ¢ parameters as a function of temperature. The
red curve corresponds to the 004 peaks found using XRD patterns generated using the a parameter values in Table 1 and the ¢ parameter is kept constant. The black curve
corresponds to the position of the 004 peak using the ¢ parameter values from Table 1 with the a parameter being kept constant. (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. 7. A side view of the graphite lattice with 3% interstitials introduced. All atoms are coloured by coordination. Green coloured atoms denote a regular coordination of 3.

X

reflections of HOPG to lower angles, were investigated between
298 and 673 K. A corresponding increase in the ¢ parameter was
also noted which was much larger than previous measurements for
turbostratic graphite.

Research has shown that for graphite, the 00/ Powder X-Ray
Diffraction peaks shift to lower angles with an increase in tem-
perature, while the other signature peaks remain almost station-
ary [16]. Using computational methods, we are able to isolate the
potential causes of this shift to lower angles and investigate them
individually.

Similarly, it is possible to simulate defective graphite in order
to ascertain the effects irradiation alone produces - effectively re-

moving any undesirable interference due to the temperature factor
on intensity. This allows the effects on XRD patterns of interstitial
or vacancy defects to be observed separately. We are also able to
exclude experimental complications such as the absorption of the
X-rays within the material [15] since no X-rays are absorbed in our
model whereas in a real experiment an empirical absorption factor
is often used to account for X-ray absorption.

2. Methodology

Molecular Dynamics simulations were carried out using the
LAMMPS [19] code. The interaction between the carbon atoms was
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Fig. 8. Left: A side view of the graphite lattice with 3% vacancies introduced. Right: An exploded view of three of the individual layers that form the lattice. All atoms are
coloured by coordination. Green coloured atoms denote a regular coordination of 3. Ring structures are coloured by number of atom members. Yellow-filled rings refer to 9
atoms loops, and blue refers to 5. Red filled loops have 3 atoms, pink have 7 and ‘simple hole’ structures are shown in orange. (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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modelled using Molecular Dynamics with two different empirical
potential formalisms: ReaxFF [20] and AIREBO [21]. Powder XRD
patterns of the simulated structures were produced using the De-
byer software [22]. The Debyer software has previously been used
for investigating XRD patters in models of nuclear graphite by
Chartier et al [23]. Diffraction patterns are produced based on the
positions of atoms within a lattice, using Debye’s scattering for-
mula.

The ReaxFF potential parameters [20] were fitted to defect en-
ergies from Density Functional Theory (DFT) calculations using the
AIMPRO code [24] and so models defect structures more accurately
than some other empirical potentials but predicts slightly too large
a value for the lattice parameters compared to experiment. Some
simulations were also carried out using the AIREBO potential [21].
This gives good predictions of lattice parameters compared to ex-
periment but is a poor fit for the energetics of defect structures
[7,25,26].

The powder XRD analysis was simulated using an X-Ray wave-
length of 1.540598 A, which was chosen because the experimen-
tal XRD was obtained using a Cu «, radiation source. The diffrac-
tion profiles were obtained by varying the scattering angle (26)
from 0° to 90° in a continuous scan mode with a step size of
0.01.

2.1. Thermalisation

A graphite cube consisting of 16,128 atoms arranged in AB
stacking was generated using a Python script [27]. This produced
a 5 nm cube with 16 layers and 1008 atoms per layer. The lattices
were thermalised at temperatures of 10 K, 100 K, 300 K, 500 K
or 1000 K for 16 ps until variations in the dimensions of the lat-
tice were less than 0.05 A, using a constant time step of 0.5 fs.
The simulations were run in the isothermal-isobaric (NPT) ensem-
ble with a Nose-Hoover thermostat. Once thermalised for 16 ps, a
series of XRD patterns corresponding to the thermalisation tem-
peratures were produced using Debyer.

2.2. Defect structures

Irradiation was modelled by the artificial introduction of inter-
stitials and vacancies into the graphite lattices. Initially a 2% con-
centration of Frenkel pairs were introduced by randomly displac-
ing 2% of the atoms within a perfect graphite lattice. The result-
ing structure was optimised using the conjugate gradient method.
Lattices were prepared and optimised using both the AIREBO and
ReaxFF models. The resulting XRD patterns at different tempera-
tures were calculated using Debyer. Separately the effect of vacan-
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Fig. 10. Simulated powder XRD patterns of graphite with various percentages of interstitials using the ReaxFF model.

cies and interstitials were investigated using lattices prepared with
the ReaxFF model only at 0 K.

In this latter case interstitials ranging in number up to 5% were
introduced to random positions between the layers in the same
sized lattice as used for thermalisation. After relaxation with the
ReaxFF model, various interstitial defect structures were observed
such as: the lowest energy ‘spiro’ defect, the y-lid, grafted and split
interstitials ([28]). These lattices were then used to produce pow-
der XRD patterns using Debyer. To overcome any effects due to the
initial randomisation of the interstitial defects, the results were av-
eraged over 15 different randomised configurations. Error bars are
included in the plots. A similar number of structures were also ex-
amined for the vacancies. In the case of vacancies, a range of 0%
- 5% of atoms were randomly removed and the system again re-
laxed. The introduction of vacancies caused only a small strain field
around the vacancy with the layers remaining largely as arranged
in the perfect defect-free structure.

3. Results and discussion
3.1. Effect of temperature

The reference lattice was heated to the specified temperatures
using both the AIREBO and ReaxFF models. Once sufficiently ther-
malised, XRD patterns were produced from the output lattice. In
Fig. 2 the percentage decrease in the scattering angle with increas-
ing temperature is compared between computational and experi-
mental results, with room temperature being the initial reference
point in all cases. The scattering angle is seen to decrease for the
004 peak. Since the 004 peak is considerably broader than the
002 peak [29,30], and the experimental shifts with temperature are
bigger [17] the 004 peak was chosen for investigation.

Both models (AIREBO and ReaxFF) do not match the experimen-
tal curve perfectly; ReaxFF predicts the percentage reduction to be

lower than that seen experimentally while the AIREBO potential
over-estimates the percentage reduction. The introduction of de-
fects increases the shift in the peak, with ReaxFF predicting a curve
much closer to experimental results.

The calculated powder XRD results obtained (Fig. 3) are similar
to the experimental results in the literature [16] (Fig. 1) with an
clear shift in the 004 peak towards lower angles. With increasing
temperature, the peaks for these patterns broaden and flatten.

Heating of the graphite sample induces changes in the a-
parameter, c-parameter and induces thermal vibrations in the po-
sition of the constituent atoms. After thermalisation and equilibra-
tion, the resultant lattice was used to find the lattice parameters
for the corresponding temperature. These are displayed in Table 1.

In Table 1, we can see that only a small reduction occurs to
a-parameter over the temperature range 0 - 1000 K which also
does not produce any of the signature changes to the XRD pat-
tern seen in Fig. 1 and is in agreement with the conclusions of
Hallam et al. [16]. However the expansion in the c-parameter over
this range of temperature is an order of magnitude greater. The
predicted coefficient of thermal expansion (CTE) between 300 -
600 K in the c-direction, ¢, using the ReaxFF model [20] is about
20 x1076K-1, This compares to experimental values of about 27
x1076K-1 in Morgan’s work [31] and 17 x10-8K-! in the work of
Boi et. al[17]. For the a-direction, Morgan [31] observed an initial
contraction followed by expansion as the temperature is increased
from about 70 K, with a minimum in the a-parameter occurring
around 700 K. This effect is small with a minimum CTE of -1.3
x1076K-1, In the classic work of Nelson and Riley [32] a qualita-
tively similar result is observed. The ReaxFF model also predicts a
contraction followed by expansion in the a-direction, however, the
effect is greater than that seen experimentally with a minimum
CTE of about -4 x10-%K-! and a minimum in the a-parameter oc-
curring at about 1300 K. The AIREBO model predicts a monotoni-
cally increasing a-parameter with temperature with an average CTE
of 1.6 x1078K-1 over 0 - 1000 K.
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Fig. 11. Simulated powder XRD patterns of graphite at 0 K with various percentages of introduced vacancies.
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Table 1

The a and c lattice parameters of a 5 nm cube AB stacked
graphite crystal for a range of temperatures calculated from
the NPT simulations using the ReaxFF model. Values are an
average over 16 ps of equilibration time.

Temperature (K)  a-parameter (A)  c-parameter (A)

0 2433 3.256
10 2432 3.258
100 2432 3.263
300 2.430 3.274
500 2.429 3.297
1000 2.425 3.328

After obtaining the average c-parameters from NPT simulations
at a range of temperatures, a new graphite lattice was generated
with the python script with the appropriate c-parameter set corre-
sponding to the temperature required. This effectively simply re-
scales the pristine zero K lattice in the (0001) direction while
keeping the layers flat. These lattices were then used to produce
the XRD patterns seen in Fig. 4.

In Fig. 4 the shift in the 004 peak can be clearly seen as would
be expected with lattice expansion in the (0001) direction. Shifts
to lower angles are also seen in the peaks at approximately 26°
and 87°, corresponding to the 002 and 006 reflections. We also
compared the percentage shift in the 004 peak while varying the
a parameter (according to the values listed in Table 1) while keep-
ing the ¢ parameter fixed at 3.36 A. Fig. 5 shows clearly that the
variation of the a parameter has comparatively little effect on the
004 peak compared to the ¢ parameter.

In Fig. 5 the direct effect of the a and c parameters on the scat-
tering angle of the 004 peak can be seen. Using the a parame-
ters from Table 1 while keeping ¢ constant induces no significant
change in the position of the 004 peak. However, changing c¢ pa-
rameters using the values in Table 1 visibly induces a shift to lower
angles in the 004 peak. Given that the peak shift to lower angles
appears dependent on the c- parameter increase, it is logical to as-
sume that any peak with an | component within the hkl indices
might be affected.

These results are consistent with previous observations that
XRD peak shifts to lower angles are are associated with induced
strain [15,33].

There is no broadening of the peaks in Fig. 4 so it can be con-
cluded that the ¢ parameter expansion is not the source of this
characteristic. Instead, it is expected that this is due to the vibra-
tion of atoms about their initial positions distorting the diffraction
planes and lowering the intensity of reflecting X-rays. As tempera-
ture increases, the displacement from the average lattice layer po-
sition increases, as shown in Fig. 6. However no direct correlation
between the displacement distributions and the change in inten-
sity of the XRD peaks was observed.

From Fig. 6 the standard deviation of the spread of the vi-
brating atoms perpendicular to the graphene planes can be de-
termined. Our values at 300 and 1000 K are roughly double than
those obtained experimentally by Kellett and Jackets [34]. There
are two possible explanations for this discrepancy. The graphite
sample used by Kellett and Jackets was not pure with a p factor
given by p = .2 (The p value gives a measure of how close a sam-
ple is to being pristine where p = 0 refers to perfect graphite [35])
and any interplanar spiro interstitial defects which are bonded to
both planes and likely to be present in non-perfect graphite would
reduce the vibrations. In addition the ReaxFF potential was not fit-
ted to elastic properties.

Carbon Trends 5 (2021) 100124
3.2. Systems with point defects

Before simulating the XRD patterns of defective graphite the ef-
fect of introducing vacancies and interstitials on the structure of
graphite was first examined. Here only the ReaxFF potential was
used as this models defects more accurately than AIREBO.

Figs. 7 and 8 give visual representations of the state of the lat-
tices after the separate introduction of 3% point defects. The effect
on the a and c¢ parameters as a function of the number of intro-
duced defects is shown in Fig. 9.

Since the interstitials are all located between planes and the
vacancies within the planes it would be expected that there would
be expansion in the c direction in the case of interstitials and con-
traction in the a direction as quantified in Fig. 9.

The results on dimensional change are not completely compa-
rable to experimental results. In a review of work up to the mid
1960rs Kelly et al [36] observed contraction of pile grade A (PGA)
nuclear graphite in the temperature range 0 - 650 °C after neutron
irradiation up to quite high doses (4 x 102! /cm?) whereas Texas
coke graphite showed an expansion. In a later study Koike and Pe-
draza [37] showed experimentally that after irradiation, HOPG un-
derwent an expansion in the c direction and a contraction in the a
direction. In Fig. 9 contraction in the a direction only occurs due to
the presence of vacancies. In [23] a comparison is made between
experimental measurements of dimensional change carried out in
both [38] and [37] and MD simulations with a different potential
model to ours with up to 25% defects. Their MD simulation over-
estimate the swelling compared to experiment giving about 5% ex-
pansion of the ¢ parameter at 5% defect concentration compared to
about 3.75% experimentally. Our results are not directly compara-
ble as we have separated out the effects of vacancies and intersti-
tials, but it appears that the ReaxFF model gives lower values for
the ¢ expansion than the model used in [23].

XRD patterns are simulated at 0 K for systems with various per-
centages of introduced defects.

For the case of interstitials as shown in Fig. 10, it can be seen
that all the peaks match with the signature diffraction lines for
graphite as in Fig. A.14. Introducing interstitial atoms into the
graphite lattice results in a broadening of the XRD peaks and a
reduction in intensity. This occurs for all peaks but is visibly more
pronounced for 00! peaks.

In Fig. 11, broadening of the XRD peaks is minimal. As per
Fig. 12, the percentage broadening/intensity reduction is consider-
ably less than the corresponding interstitial case. Images of the de-
fective lattices, Figs. 7 and 8, clearly show that reflecting planes are
preserved more clearly after the introduction of vacancies. In con-
trast with the introduction of interstitials, significant peak broad-
ening and loss of intensity is observed for all signature peaks, not
only 00! peaks.

From Fig. 12, we can see that as the percentage of intersti-
tials increases, the intensity of the 004 peak decreases. This cor-
responds directly with the increasing level of disorder within the
sample.

As in similar experimental studies [39], there is a shift to lower
angles of peaks that correspond to the 00! index [5,40]. This can be
seen clearly in Fig. 13. Fig. 9 shows that the average c parameter
increases with the number of added interstitials until 5% where it
is 0.18 A larger than at 0% concentration. In contrast the a parame-
ter remains almost constant, with a change of 0.017 A between 0%
and 5% interstitial concentration.

In Fig. 11, there is a small shift to lower angles for the 004
peak, possibly due to the strain induced by the increase in inter-
layer disorder. Fig. 13, shows that the introduction of vacancies and
interstitials results in the 004 peak shifting to lower angles. How-
ever, the introduction of interstitials causes the 004 peak to shift
a greater amount compared to vacancies. Other peaks experience
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Fig. A14. A simulated XRD pattern of perfect AB stacked graphite at OK. The simulated diffraction lines are in good agreement with those produced from experiments
[5,41,42]. Due to the layer stacking in graphite, the material is highly anisotropic. Thus the diffraction lines are classified into three groups; lines with 00!/, hkO, and hkl
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of peaks, the 006 peak is not distinguishable from the 112 peak.
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a shift to greater angles due to the compression in the in-plane
direction.

4. Conclusions

Simulated XRD patterns have been produced both by lattice
heating and by the introduction of defects. X-Ray diffraction pat-
terns show that interlayer lattice spacing increase is the cause of
signature 00! peaks shifting to lower angles, whether that increase
is due to the heating of the graphite or the generation of inter-
planar interstitial atoms which push apart the lattice planes. Peak
broadening and the loss of intensity is due to the movement of
atoms away from the pristine diffracting planes, whether that dis-
placement is caused via thermal vibrations or through the expul-
sion of atoms from their lattice sites.

Heating of the graphite sample has been shown to induce an
expansion in the c spacing of the lattice with minimal effects on
the a parameter, in agreement with similar experiments [16]. This
directly results in a peak shift of 00! peaks to lower angles with
no movement of any intra-layer peak reflections.

Even relatively low levels of interstitial atoms within the
graphite can result in a significant reduction in intensity of the 00!
peaks. The level of intensity reduction for all signature peaks is
dependent on the whether in-plane or inter-plane reflections gen-
erate the peak itself - with in-plane reflections being less affected
- and how well the reflection planes in those directions are main-
tained. Interstitials also cause a small shift in all peaks to lower
angles, as strain is induced in both the interlayer and intralayer
directions.

In the case of vacancies, broadening and loss of intensity is ex-
perienced at all peaks due to the vacancies disrupting the hexago-
nal formation of the planes. The level of broadening and intensity
loss for the 004 peak is consistently less than when introducing
interstitials. Unlike with interstitials, non-00/ peaks experience a
small shift to higher scattering angles due to intra-layer shrinkage.

It is clear from this work that the effect of the microstructure
on the XRD patterns is significant. This is effect is clearly seen in
the single crystal structures with vacancy and interstitial defects,
and a simple layer expansion model can explain the shifting of
the XRD peaks observed by experimental researchers. In future it
would be advantageous to perform a wider study of the effects
of other point and extended defect structures, and to model more
complex atomistic lattices that are more representative of real nu-
clear graphite grades. A suggestion is to investigate the effects of
basal and prismatic defects and nano-onion and nanotube inclu-
sions. The methods used here could enable the changes experi-
enced by graphite under reactor-like conditions to be quantified,
leading to a better understanding of the modification of the physi-
cal properties.
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