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Abstract

The operational lifespan of nuclear graphite is significantly affected by irradiation creep, yet the microstructural mechanism
underlying this creep phenomenon remains unclear. Some theories attempt to link microstructural evolution with creep
behavior, but the rapid migration rate of defects under irradiation and loading makes it difficult to capture the specific evolu-
tion process experimentally, resulting in a lack of direct structural evidence. Therefore, in this study, molecular dynamics
simulations are employed to investigate the irradiation behavior and microstructural migration under external loading. The
aim is to provide microstructural evidence for theories such as the dislocation pinning-unpinning and crystal yielding. The
results demonstrate that high tensile loads can increase the potential energy and reduce threshold displacement energy of
graphite crystals. Consequently, displacement damage probability and creep rate increase, which is not considered in previ-
ous theories. Meanwhile, different creep mechanisms are observed at different damage states and applied loads. In low-dose
damage states dominated by interstitials and vacancies, the pinning-unpinning process at basal plane may be caused by a
defect diffusion mode. Under high stress levels, direct breaking of pinning structures occurs, leading to rapid migration of
basal planes, demonstrating the microstructural evolution process of irradiated crystal yielding and plastic flow. In high-dose
damage states characterized significantly by amorphous components, short-range atomic diffusion can become the dominant
creep mechanism, and diffusion along the c-axis of graphite crystals is no longer constrained. These findings provide a crucial
reference for understanding the irradiation and creep behavior of nuclear graphite in reactors.
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1 Introduction

In graphite-moderated nuclear reactors, neutron irradia-
tion causes irreversible changes in the microstructures and
material properties of nuclear graphite [1-4]. The resulting
inhomogeneous distribution of thermal strains and dimen-
sional changes, caused by gradients of neutron flux and
temperature, can lead to significant internal stresses within
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graphite components [2, 5-9]. The internal stresses can
enhance irradiation damage [10] and component failure in
operation life [5]. Fortunately, irradiation creep can relax
the internal stresses to some extent [2, 5, 6]. The irradiation
creep is defined as the difference in the dimensional change
of a loaded component compared to the dimensional change
of an unloaded component irradiated under the same con-
ditions, including primary reversible creep and secondary
irreversible creep [1, 2, 5]. Based on abundant experimental
data, some empirical formulas have been proposed [2, 6,
11-13] to describe the irradiation creep behavior of nuclear
graphite. The parameters contained within these formulas,
such as secondary creep coefficients [13, 14], are essentially
attributed to microstructural changes resulting from the
effects of applied loading, temperature, and irradiation [5,
13], highlighting the need to understand the microstruc-
tural changes in nuclear graphite during irradiation creep.
However, there is still a lack of conclusive microstructural
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studies on the microscopic mechanism of irradiation creep
in nuclear graphite [5, 15].

Nuclear graphite exhibits several structural complexities
at microscopic scale. At microcrystalline scale, graphite
crystallites are composed of sheets of sp>-bonded carbons
according to the Bernal structure (AB stacking) or rhom-
bohedral (ABC stacking). The interlayer binding strength
(0.27+0.02 J/m? [16]) in the crystallite is relatively low,
leading to a propensity for slip

to occur. On the other hand, the bond strength of sp? car-
bon—carbon bonds (49 J/m? [17]) is high. Consequently, in
randomly arranged polycrystalline graphite, microcrystalline
regions undergo loading, with the graphite sheets bearing
the primary external load. Unirradiated nuclear graphite
also demonstrates excellent thermal stability and typically
experiences significant thermal creep only at high tempera-
tures exceeding 2000 °C [5]. However, irradiation creep
can occur even at 300 °C under irradiation conditions. It is
commonly accepted that the microstructural changes result-
ing from both applied loading and irradiation contribute to
irradiation creep in nuclear graphite [5, 6, 12, 14]. Inside
nuclear reactors, neutron irradiation strikes the lattice car-
bon atoms to displace them, generating point defects such as
vacancies and self-interstitials [18-25]. These point defects
further evolve into nonbasic dislocation loops in graphite
sheets and prismatic dislocation loops in interlayer [21, 23].
The migration and evolution of these defects under external
loading and irradiation can lead to irradiation creep [14].
In summary, irradiation destroyed the integrity of graphite
crystallites, resulting in increased susceptibility to deforma-
tion under applied loading and further irradiation.

Several theories have been proposed to understand the
effect of irradiation defects on graphite creep [12, 14]. Cot-
trell and other researchers proposed that irradiation creep is
the result of internal stresses generated by the incompatible
crystallite dimensional changes due to irradiation, which, in
conjunction with external loading, cause crystallite yielding
and ultimately allow graphite polycrystals to flow [14, 26].
However, this broad understanding does not establish a clear
link between irradiation creep and microstructural changes.
Although some micro-pillar compression tests [27] have
observed plastic deformation in irradiated graphite samples
under external loading due to defect migration, which can
explain high-rate creep resulting from crystallite yielding,
highly graphitized crystallites have high yield strengths and
are typically resistant to yielding. Reynolds and Kelly pro-
posed the dislocation pinning-unpinning model to explain
the microstructural mechanism of irradiation creep [14].
They hypothesized that small clusters of interstitial atoms
generated by fast neutron irradiation would pin dislocations
in crystallite basal planes. These pinned dislocations would
continuously form and disappear during subsequent irra-
diation and annealing processes, and under the influence of
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external loading, the pinned basal plane dislocations would
migrate and flow, resulting in overall creep behavior [14].
The study by Kelly et al. provided the relationship between
dislocation density and creep constants from the perspec-
tive of microstructures and the mechanical properties of
nuclear graphite, obtaining predicted curves that matched
experimental observations. However, there is no convinc-
ing microstructural evidence supporting the dominant role
of this mechanism [5]. Additionally, the existence of the
dislocation pinning-unpinning model requires a correspond-
ing structural basis. In regions with lower graphitization, the
yielding theory by Cottrell may be more appropriate, with
steeper creep rates accordingly [14]. Sarker et al.’s study,
utilizing transition state rate theory and experimental data,
suggests the presence of a diffusive defect transport mecha-
nism in a neutron dose range of 3-4x10%? n/cm? [12]. Their
molecular dynamics investigations also indicate that basal
dislocation flow is more likely the mechanism of irradiation
creep deformation [12]. However, like Kelly et al.’s theory,
these conjectures also require further microstructural evolu-
tion processes to support them.

The microstructural evolution, such as interstitial atom
migration and the flow of basal plane dislocations, occurs
incredibly quickly and is difficult to directly observe using
conventional experimental methods. To investigate the
microstructural changes induced by irradiation and the
underlying mechanisms of irradiation creep under applied
loading, molecular dynamics (MD) method has been
employed to observe the microstructural evolution. MD is
a widely used technique in graphite microstructural studies,
and has demonstrated reasonable predictions of dimensional
changes, thermal expansion, and changes in modulus and
thermal conductivity [22, 23, 28]. Furthermore, MD simu-
lations of primary knock-on atom (PKA) irradiation can
provide detailed information on the formation of irradiation
defects [21, 29, 30]. However, these studies have not con-
sidered the changes in graphite structure under the influence
of external loading. In polycrystalline graphite, crystallites
constantly experience internal stresses and external loads,
which can affect the irradiation process [10] and should
therefore be taken into consideration. MD has also been
widely used to study the creep mechanism in micro- and
nanoscale [31-35]. Nonetheless, some scale restrictions of
MD have resulted in difficulties in continuously evaluating
long-term creep processes and defect evolution. Therefore,
these studies on creep mechanism mainly focus on the evo-
lution of microcrystal defects at the picosecond and nano-
second time scales. For example, Nargisse et al. performed
primary knock-on atom simulations on crystal dislocation
models subjected to applied loading to study the evolution
of crystal defects under irradiation and loading conditions,
which provides a clear understanding of the dislocation
evolution mechanism during irradiation creep [35, 36].
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Additionally, methods such as mean square displacement
(MSD) analysis can be employed to quantitatively analyze
the migration rate of microstructures under observation of
loading and irradiation, thereby aiding in the comprehension
of the quantitative relationship between external factors and
irradiation creep [34]. Therefore, in this study, microstruc-
ture evolution simulations were conducted to examine the
irradiation creep behavior of crystals, as well as the migra-
tion of irradiation defects under different damage states and
applied loads to elucidate the microstructural mechanisms
of irradiation creep.

2 Methods
2.1 Graphite crystal atomic modeling

A graphite crystal supercell has been considered here with
size of 10 nm X 9.9 nm X 9.5 nm, as in previous works [22,
23, 28], to investigate the microstructural evolution of irra-
diation defects under applied loading. The supercell con-
sisted of 28 graphite sheets is shown in Fig. 1a by using
OVITO [37]. These graphite sheets are stacked in the Bernal
structure (AB stacking). To balance computational speed
and accuracy, the adaptive intermolecular reactive empirical
bond order (AIREBO) potential [38] has been employed to
describe the interaction between carbon atoms. The AIREBO
potential has been used extensively to evaluate the irradi-
ated structures and properties of graphite crystal [22-24, 28,
39]. The ZBL pair potential [40] has been used to describe
atomic close-range collisions and the Fermi-type scaling
functions [29] has been used to achieve smooth switching
between ZBL pair potential and the AIREBO potential. All
the aforementioned potentials and MD simulations were per-
formed in the large-scale atomic/molecular massively paral-
lel simulator (LAMMPS) code [41]. These MD simulations
were performed at 1073 K (800 °C) chosen based on the
temperature conditions inside a molten salt reactor (MSR).

Fig.1 (Color online) a Graphite (a)
crystal supercell model; b Aver-

2.2 Irradiated graphite crystal modeling

In this work, irradiation defects are generated by PKA cas-
cades. To create different damage states, a series of impuls-
ing cascades [21] was performed one after the other in the
crystal model, until the model was completely amorphous.
Multiple PKAs were set with random positions at each
impulsing cascade to accelerate the amorphization process.
This approach produced a high damage ratio ranging from
0.001 to 0.005 dpa/ps. Considering the limited model size
and the PKA energy limit that causes saturation displace-
ment damage [30], the energies of PKAs were set at values
below 11 keV with an average value of 8 keV. PKA cascades
were performed in the microcanonical (NVE) ensemble.
After each irradiation process, the canonical (NVT) ensem-
ble was used to relax the irradiated crystal model, heated by
irradiation, to 1073 K and stabilize the potential energy. The
NVT relaxation process ensured that irradiation defects were
in a stable state, ensuring that the applied loading becomes
the primary factor affecting subsequent defect migration
process. To analyze displacement damage dose, a neighbor
list and initial coordinate reference points were generated
for every atom before each irradiation event. Each atomic
displacement was determined by checking the displacement
distance and IDs in each neighbor list [23, 25] with a cutoff
distance of 1.9 A [25]. If an atom moved more than the cut-
off based on thermal diffusion and its original neighbor list
changed, the atom was considered it have been knocked out
of its equilibrium position.

2.3 Microstructural evolution method for crystal
creep

Considering that graphite sheets can withstand larger exter-
nal loads during the loading process, this study investigated
the irradiation process and the evolution of damage struc-
tures after irradiation when graphite crystal was subjected
to tensile loads along the x(a)-axis. However, it is difficult
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to evaluate an actual engineering creep rate using molecular
dynamics method within picoseconds duration. To observe
noticeable creep behavior and gain insight into atomic-scale
mechanisms, high tensile loads are often applied [34]. These
values of different applied tensile loads are referenced to the
minimum tensile strength of these irradiated crystal models
along the x(a)-axis of these models. Uniaxial tension was
conducted at 1073 K using the isothermal-isobaric (NPT)
ensemble and periodic boundary conditions to estimate the
tensile strength. All tensile strength values and implemen-
tation details are shown in Supplementary material S1. By
averaging ten independent amorphization processes, the
effects of random amorphization can partly be generalized.
After the damage dose exceeds 1 dpa, the change in strength
becomes less noticeable. The minimum tensile strength
remains around 50 GPa, as shown in Fig. 1b. Therefore, in
this study, a series of tensile loads was applied to the crystal
model within the tensile strength range at values of 1 GPa,
5 GPa, 10 GPa, 20 GPa, 30 GPa, and 40 GPa. Although
loads greater than 20 GPa did not reach the minimum tensile
strength, they surpassed the elastic region of the stress—strain
curve. The higher loads become more similar to shock loads
that can induce high-rate plastic strains [27]. The compari-
son between low and high stress loading can be conducted
to reveal the underlying deformation mechanisms of dislo-
cation pinning-unpinning and crystallite yielding [14, 26].
The NPT ensemble has been utilized to apply these applied
loads, which can evaluate Poisson’s effect and apply stable
tensile stress load.

2.4 Evaluation methods of irradiation behavior
and creep behavior

Threshold displacement energy (E;) is usually employed
to represent the irradiation performance of nuclear graph-
ite [25, 30]. To quantify the effect of the applied tensile load-
ing on the E;, this study evaluated the average number of
defects formed by PKA energies ranging from 10 to 60 eV.
One hundred atoms were randomly assigned in the crystal
model, ensuring that the distance between any two atoms
was greater than 15 A, which exceeds the maximum PKA
displacement observed in previous studies [25, 30]. These
atoms are assigned a random velocity distribution, and each
energy value is tested ten times with randomly replaced
atoms. Consequently, defect formation resulting from each
energy value can be evaluated 1000 times. Additionally, to
quantify the degree of amorphization caused by irradiation
and migration behavior of irradiation defects under applied
loading, the proportion of graphitized region (G) and mean
square displacement (MSD) were utilized to describe the
structure and diffusive properties of defects. G is defined as
the ratio of graphitized atomic structures to the total number
of atoms in crystal model, which characterizes the extent of
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irradiation-induced damage to graphitized structures. MSD
is defined as the expectation of the square of the displace-
ment value of a group of atoms at a certain moment with
respect to the origin moment [34].

MSD = (|r(r) — r(0)|?), (D

where r(¢) and r(0) denote the positions of a group of atoms
at moment ¢ and at the initial moment, and { ) denotes the
expectation of calculating all values. MSD can be used to
characterize the motion of atoms under different applied
loads and thus to determine the diffusion properties and their
qualitative influence on the creep properties.

3 Simulation results and analyses

3.1 Irradiation behavior of graphite crystal
under applied tensile loading

The irradiation behavior of perfect graphite crystal was dis-
cussed first. Before each irradiation process, the applied ten-
sile loading was implemented for 300 ps along the x(a)-axis
to ensure the stability of the potential energy of the graphite
crystal model. Figure 2a shows the radial distribution func-
tion (RDF) of the graphite crystal model under different
applied loads. The RDF is commonly used to describe the
atomic density around a central atom and can be employed,
similar to characterization methods such as X-ray diffrac-
tion, to represent lattice parameters and the degree of order
in a crystal structure. The right shift of the RDF peaks in
Fig. 2a illustrates an increase in atomic distance due to the
applied loading. The additional increase based on equilib-
rium distance can increase the atomic potential energy of
the loaded crystal model. Figure 2b shows that the average
atomic potential energy increases with increasing applied
load. Specifically, a load of 40 GPa increases the poten-
tial energy by 0.07 eV/atom compared to the state without
applied loading. The average atomic potential energy serves
as the well depth of potential in which an atom is influenced
by its surrounding atoms, to some extent indicating the sta-
bility of the structure. Therefore, these changes in crystal
structure and atomic potential energy can affect the irra-
diation performance of graphite crystal, such as threshold
displacement energy (E;) [10]. The E, reflects the ability of
a material to resist irradiation damage, and materials with
lower E,4 are more likely to experience displacement dam-
age under irradiation. Figure 2c shows that as the applied
tensile load increases, the displacement probability (prob-
ability of lattice atoms leaving equilibrium positions due to
irradiation) of lattice atoms in the graphite crystal model
decreases at 1 GPa and then continues to increase. The
change in PKA energy for 50% displacement probability
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Fig.2 (Color online) a RDF of ( a)
the graphite crystal model under

(b)
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and 80% displacement probability with the applied tensile
load (Fig. 2d) also shows that the E; can increase at the
initial time and decrease at higher applied tensile loads,
which is consistent with the decrease in threshold displace-
ment energy at higher applied strain [10]. Therefore, based
on the above results, smaller applied tensile loads of ¢ < 1
GPa can increase the difficulty of point defect unpinning
caused by irradiation in graphite sheets. However, based on
like Kelly et al.’s theory, as the applied load continues to
increase, unpinning caused by irradiation becomes increas-
ingly likely to occur.
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To observe the effect of the changes in crystal struc-
ture and threshold displacement energy on PKA irradia-
tion process as well as point defect evolution, a primary
damage with insignificant amorphization was first imple-
mented. A PKA with energy of 4 keV was set at the same
position for different applied load conditions to observe
the irradiation process. Additionally, eight PKAs with
energy of 4 keV were placed near the center of the model
to study the interactions between PKAs and point defects
under applied load. The diagrams of these two PKA pro-
cesses are shown in Fig. 3a.

=

10 GPa 20GPa 30GPa 40 GPa

1 GPa 5 GPa

Fig.3 (Color online) a Diagram of PKA cascade; morphology and point defect distribution of irradiated crystal under different applied tensile

loads: b single PKA and c eight PKAs
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PKA irradiation process and point defect evolution
showed significant differences under different applied loads.
In Fig. 3b, the distribution of point defects along the initial
incident direction of the PKA is prominent at lower applied
loads, but as the applied tensile load increases, the path
of the PKA and the distribution of point defects gradually
change. One notable phenomenon is the significant limita-
tion of the movement distance of the PKA along the initial
incident direction under high applied loads. The PKA in
Fig. 3b can move further distance along the initial incident
direction at lower applied loads, causing the point defect
clusters to be preferentially oriented in this direction. How-
ever, as the applied tensile load increases, an obstruction
along the initial incident direction becomes apparent, lead-
ing to a deflection in the path of the PKA and the orientation
of the point defect clusters. Ultimately, this results in a more
apparent preferred orientation of the point defect clusters
along the basal plane, increasing the probability of incident
particles causing interlayer pinning and unpinning.

Figure 3c indicates that the applied tensile loading can
also influence the interaction of PKAs and point defects. The
distribution of point defects is more concentrated at lower
applied loads under the same PKA irradiation case. Then,
the reduced threshold displacement energy and increased
atomic potential energy may weaken the interaction between
PKA and lattice atoms. As a result, high applied tensile
loads might cause an increase in mean PKA displacement

Fig.4 (Color online) a Propor- (a)

tion of graphitized region (G) 26

under different applied tensile V'S A
loads; b displacement prob- 18 A
ability distribution of the atoms
with lower potential energy at
0.17 dpa and 0 GPa; ¢ propor-
tion of atomic types under
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d change of average potential
energy under different applied
tensile loads
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relative to the simulation without applied stress [21, 24],
resulting in a more dispersed distribution of point defects.
As the applied tensile load increases, the mean PKA dis-
placement also increases from 35 A t039 A (From 1 to 10
GPa). At higher applied loads of ¢ > 10 GPa, hindrance
along the initial incident direction restricts the displacement
of both PKAs and point defects along the c-axis, leading
to a more concentrated distribution of point defect clusters
along the a-axis. As a result, higher tensile loads along the
a-axis of the crystal model increased the interlayer displace-
ment of incident particles, thereby increasing the probability
of unpinning of interlayer dislocations. However, this phe-
nomenon has not been considered in previous theories [5,
14, 26], which may further accelerate irradiation creep rate
based on pinning and unpinning theory [14].

At higher damage doses with significant amorphization,
the applied tensile loading also resulted in different damage
states compared to the state without applied loading. These
random PKA irradiation settings keep the same conditions
(same position, velocity direction, and PKA energy) for
each applied tensile loading condition. Figure 4a illustrates
a marked reduction in the proportion of graphitized region
(G) under higher tensile loads of ¢ > 10 GPa, which is con-
sistent with a significant reduction in the threshold displace-
ment energy at loads greater than 10 GPa. In this study,
carbon atomic type and potential energy analysis were used
as another perspective to investigate the structural changes
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and mechanisms that occur during irradiation-induced amor-
phization and loading. During the irradiation process with
significant amorphization, the sp>hybridized atoms located
in crystal sheets are converted to other types [23, 42, 43].
The changes of atomic type and potential energy shown in
Fig. 4c, d indicate that high applied tensile loads can cause
more onefold (C1) and twofold (C2) coordinated atoms
with higher potential energy, as well as threefold coordi-
nated atoms with higher potential energy (C3H, referring
to sp>-hybridized atoms with potential energy higher than
those of undistorted carbon lattice planes). Meanwhile, the
proportion and average potential energy of threefold (C3)
and fourfold (C4) coordinated atoms also increase with
increasing tensile load, thus increasing the average atomic
potential energy of the irradiated crystal model. Moreo-
ver, these atoms with higher potential energy exhibit lower
threshold displacement energy as demonstrated in previous
studies [25, 42] and shown in Fig. 4b. Consequently, they
are more susceptible to displacement by irradiation, poten-
tially leading to enhanced diffusion [44] and an accelerated
irradiation creep under applied loading.

3.2 Creep behavior of irradiated crystal
under applied tensile loading

To investigate the creep behavior of irradiated crystal, dif-
ferent applied tensile loads were applied along the x(a)-axis.
The strain curves over time under various applied loads and
damage doses are shown in Supplementary material S2. The

Fig.5 (Color online) a, b SSCR (a)
changes with different damage

steady state creep rate (SSCR) [45] along to the x(a)-axis in
Fig. 5a, b is fitted using the strain curves from the last 100
ps. However, the tensile loading of 40 GPa is approaching
the minimum tensile strength, which results in an exces-
sively rapid strain rate in the crystal model. Therefore, at
40 GPa only some converged results are shown here. The
resulting creep curves illustrate that even if the applied load
exceeds 30% of the tensile strength of perfect crystal, the
perfect crystal does not show significant creep behavior at
1073 K. However, when the complete crystal structure is
damaged by irradiation, Fig. 5b show that the crystal model
exhibits creep behavior under high applied load of ¢ > 10
GPa at 0.03 dpa. Furthermore, the primary creep and SSCR
increase with the increase in damage dose and applied load.

Meanwhile, the effect of damage dose and applied loading
is observed to differ in various states, as shown in Fig. 5a,
b. At the applied loads of ¢ < 10 GPa and damage doses (<
0.17 dpa and G > 30 %), the tensile loading only changes
the dimensional changes produced by irradiation and does
not cause significant creep behavior. Then, a slight creep
phenomenon occurs as the applied load increases. However,
at higher damage dose, creep behavior becomes more pro-
nounced with increasing applied load. The steady state creep
rate in Fig. 5a shows that the applied tensile loading signifi-
cantly influences the creep behavior at higher damage dose,
which can be related to the decreasing tensile strength due to
irradiation. The study by Sarkar et al. also indicates that irra-
diation creep behavior is sensitive to irradiation dose [12].
Their rate theory shows that [12]
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€p x 0", 2)

where € is the rate of change of irradiation creep with dose,
and n is the stress exponent. According to the analysis con-
ducted by Sarkar et al., higher irradiation doses are associ-
ated with higher stress exponents, even at lower tempera-
tures, which results in Fig. 5c, d. As depicted in Fig. 5c, at
the lower damage state of 0.03 dpa (G > 70 %), the stress
exponent remains low under different loads. However, as
the level of irradiation damage increases, distinct creep
characteristics are observed under low and high stress load-
ing conditions. Additionally, it is noting that under higher
damage state with more amorphous regions ( > 0.23 dpa,
i.e., G < 10 %), a low-dose irradiation can cause irradia-
tion strengthening and decrease the creep trend of irradiated
crystals. Figure 5a—d demonstrates that the creep strain and
SSCR decrease after a low-dose irradiation but increase after

(a)

a higher dose irradiation. And the phenomenon did not occur
at lower damage doses, which is consist with the mean ten-
sile strength change of irradiated crystal models in Fig. 1b.

3.3 Analysis of creep mechanism

The significant difference in the stress exponent observed
in Fig. 5c, d under different damage states and loads indi-
cates that the creep mechanism may differ. To understand the
creep mechanism of irradiated graphite crystal, MSD analy-
sis and visual atomic structure analysis were used to reveal
the diffusion properties of defects and structure changes in
each damage state. Figures 6a and 7a indicate that perfect
crystal sheets are more prone to slip, and the applied ten-
sile loading increases the trend of interformational sliding.
Figure 6a shows that under the influence of applied tensile
loading, there is a significant displacement of crystal atoms

(b)
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Fig.6 (Color online) The overall and axial atomic diffusion MSD analysis of irradiated crystal models under different applied tensile loads and

damage doses
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Fig.7 (Color online) Visual structural analysis of irradiated crystal under different applied tensile loads

along the a-axis, while there is no noticeable migration
along to the z(c)-axis. By combining the MSD analysis in
Fig. 6a and visual structural analysis in Fig. 7a, it can be
deduced that the significant migration phenomenon along
the a-axis is a consequence of the overall slip of graphite
sheets, but the sliding did not cause significant creep strain.
At the damage dose of 0.03 dpa (G > 70 %), interstitials
and vacancies are the primary types of irradiation defects
and strongly restrict the interformational sliding, as illus-
trated in Fig. 7a. As a result, significant diffusion cannot be
observed at lower applied loads, as shown in Fig. 6b. How-
ever, with the increase in the applied load, a slight diffusion
effect occurs along the x(a)-axis. Furthermore, compression
in the z(c¢)-axis can be observed, and whereas the atomic dis-
placement in the y(a)-axis increases with the applied load.
Figure 5b shows that lower applied tensile loads of o <
10 GPa did not lead to the significant creep behavior at
0.03 dpa. However, the MSD analysis in Fig. 6b reveals
the occurrence of defect migration even under lower tensile
loads, particularly evident in the y-axis direction. This indi-
cates that these defects, such as interstitial atoms, undergo
migration. The type of damage state aligns with the disloca-
tion pinning-unpinning model proposed by Kelly et al., thus
providing verification of the structural mechanism of their
model. Visual structural analysis also confirms the specific
patterns of dislocation pinning-unpinning (pinning refers to

the connection of interstitial atoms entering the interlayer
with vacancy dislocation defects in the upper and lower
graphite sheets), thereby fixing and anchoring the disloca-
tions, hence referred to as pinning atoms by Kelly et al. [14].
At an applied load of 10 GPa, the main mode of migration
for these pinning atoms in the basal plane occurs through a
defect type conversion of interstitials, which requires less
activation energy. Figure 7b shows that an interstitial atom
of Wallace combines with a sp-hybridized atom on the edge
of the vacancy to form a new defect under the action of
10 GPa applied tensile loading. Additionally, Fig. 7c shows
the migration of a Grafted-Bridge atom by bonding and
breaking bonds with surrounding sp>-hybrid atoms. In this
migration mode, the conversion of intermediates is involved,
which limits the migration distance and results in insignifi-
cant diffusion and creep. However, considering the irradia-
tion behavior described in Sect. 3.1, the effects of irradia-
tion under applied loading may accelerate the unpinning of
such interlayer pinning structures, thereby contributing to an
increasing defect migration rate and creep strain.

High applied loads can directly break the bond between
interstitial atoms and the basal plane. Figure 7b shows the
unpinning process of the same interstitial atom of Wallace
at 40 GPa, as compared to the process at 10 GPa. The bond
between the interstitial atom of Wallace and upper basal
plane is broken by the high applied loading, leading to the

@ Springer



90 Page100f13

D.-B. Xiong, D. K. L. Tsang

backward movement of the pinning and the forward move-
ment of vacancy. In this way, these defects can move larger
distances, thus causing a more pronounced diffusion phe-
nomenon, as shown in Fig. 6b. Figure 7c also shows that the
dangling atoms can jump and migrate directly, and vacancies
can migrate by breaking the bonds of the edges under an
applied load of 40 GPa. Since these defects migrate in the
basal plane, which may cause diffusion phenomenon in the
y-axis as well. By directly breaking and migrating bonds
in this manner, the migration rate of defect structures and
the creep rate increase rapidly, which explains the signifi-
cant differences in the stress exponent at high stress levels
(In(c/E) > 3.07) observed in Fig. 5d. Simultaneously, the
rapid bond-breaking migration facilitated by pinning struc-
tures leads to the rapid migration of the entire basal plane
and irradiation structure under external loading, resulting
in plastic deformation and ultimately crystal yield. In con-
trast, for intact graphite sheets, the strong interlayer sliding
allows the graphite sheets to bear the main load, making
them prone to brittle fracture. This may explain the occur-
rence of “nanoscale kink band mediated plasticity” observed
by Thomas et al. during the micro-pillar compression of irra-
diated graphite [27].

In the damage state where amorphous regions are clearly
present, the layered structure for the dislocation pinning-
unpinning mode gradually disappear, giving way to the
amorphous structure which becomes the main type of irra-
diation defects. A higher stress exponent indicates that an
atomic diffusion mechanism can be dominant [12, 14],
which is supported by MSD analysis in Fig. 6¢, d and visual
structural analysis in Fig. 7d. Both the creep and diffusion
rate increase significantly with the applied tensile load and
damage dose. Furthermore, the diffusion phenomenon along
the c-axis can also be observed, as shown in Fig. 6c, d. Fig-
ure 7d shows the specific atomic diffusion modes within the
amorphous region. The visual structural analysis in Fig. 7d
indicate that triangular defects, quadrilateral defects and
other types of defects with higher potential energy are more
susceptible to conversion by the applied tensile loading.
Figure 7d shows that the threefold coordinated atom of the
triangular defect undergoes conversion to a twofold coordi-
nated atom at 40 GPa. These atoms can quickly migrate over
short distances by breaking their existing bonds and forming
new ones with the surrounding atoms. Furthermore, due to
the absence of hindrance from graphite layered structure,
atoms can also migrate rapidly along the z(c)-axis, resulting
in diffusion phenomena along the z(c)-axis.

3.4 Analysis of creep behavior
The analysis of stress exponent in Fig. Sc, d reveals applied

tensile loads and damage dose can cause differences in
creep behavior. Moreover, the structure analysis in previous
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section indicates that the defect migration mechanism at dif-
ferent damage structures and applied tensile loads may be
the main reason for the great difference in stress exponent.
Therefore, with reference to [12], the empirical relationship
between the applied tensile load and SSCR along to the x(a)-
axis can be describe as:

ép = Co”, 3)

where stress exponent n is a function related to damage
structure and applied load, and C is a function that may
be to temperature and other variables [12]. In this work,
the graphitized component proportion (G) can be used as
a parameter to describe the relationship between irradiated
damage structure and stress exponent. Figure 8a shows that

n = exp(aG + b) 4)

where the coefficients a and b are related to applied load.
The parameter G serves as a general structure descriptor that
specifically characterizes the structure of irradiation-induced
amorphization. Previous work by Kelly et al. has established
a correlation between creep behavior and dislocation pin-
ning structure [14]. However, the migratory behavior of
amorphous structures cannot be adequately explained by
the pinning-unpinning mechanism.

In addition, applied tensile loading and damage structures
also influence the relationship between diffusion behavior
and creep behavior. Figure 8b, ¢ shows that

InDx®lneo 5)

here D is the atomic diffusion coefficient, and @ is a vari-
able related to G in this work. Moreover, a linear relation-
ship between In D and In SSCR in Fig. 8d can be obtained
at applied load > 5 GPa, which indicates the creep behavior
is dominated by diffusion properties under higher applied
loads. The difference under lower applied loads can be
related to defect migration mechanism, such as conversion
of intermediate. The effect of atomic structure conversion
on creep and diffusion behavior under lower applied load
requires further research.

4 Discussion

Irradiation creep effect runs through the entire service life of
nuclear graphite, and the difference in dimensional changes
at bulk scale is typically used to measure the creep phe-
nomenon [2, 5]. However, to fully understand the underly-
ing mechanism, a microscopic analysis is necessary. The
changes in dimension and material properties of graphite
bulk depend on the structural change of crystallites at micro-
and nanoscale [5, 14, 20, 46]. Therefore, the structural analy-
sis of graphite crystals under irradiation and applied loads is
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critical to reveal some mechanisms of irradiation creep. In
this paper, the molecular dynamics method was employed to
investigate the effect of applied tensile loading on the irra-
diation behavior of graphite crystals, as well as the migration
behavior of irradiation-induced defects.

The results suggest that, in a perfect crystal state, applied
tensile loading exerts a significant impact on both the crystal
structure and threshold displacement energy. Specifically,
the observed right shift of RDF peaks at higher loads signi-
fies an increase in the atomic distance. This, in turn, results
in a reduction in the average atomic potential energy and
threshold displacement energy. Previous research, such as
the work from Hu et al. [10], has shown that high tensile
loads can decrease the threshold displacement energy and
accelerate irradiation damage. Our work further shows
that high applied tensile loads can weaken the interaction
between PKAs and lattice atoms, as well as between PKAs
themselves, resulting in more carbon atoms with higher
potential energy. Moreover, the threshold displacement
energy of these atoms is lower, thus accelerating atomic dif-
fusion under irradiation and applied loads. Figures 5 and 6
also indicate the creep rate and diffusion rate increase with
the increase of these atoms with higher potential energy.

As changes occur in both the crystal structure and thresh-
old displacement energy, the irradiation behavior also
shows differences under different applied tensile loads. In
the absence of any applied load, the PKA follows its ini-
tial incidence direction, resulting in a distribution of point
defect clusters that are also preferentially oriented along this

incidence direction. However, high applied tensile loads can
restrict the displacement of PKA along the initial incident
direction, thus causing the preferred orientation of the point
defect cluster distribution along the a-axis. One possible
explanation for this phenomenon is that the applied tensile
load imposes additional internal stress on each crystal sheet,
increasing their resistance to the PKA. In other words, the
high applied tensile loads constrain the movement of the
PKA cross the layers, resulting in a preferred orientation of
point defects along the a-axis. This phenomenon increases
the interlayer displacement of incident particles, coupled
with the decrease in threshold displacement energy due to
external loading, making the interlayer pinned dislocation
structures more susceptible to unpinning under irradiation.
However, previous creep studies did not account for the
effects of external loading-induced changes in irradiation
behavior.

From the analysis of the creep and diffusion behav-
ior reveals that the underlying creep mechanisms vary
depending on the extent of damage and the applied tensile
load. The stress exponent indicates that in the absence of
obvious amorphous regions, the pinning and unpinning
mode may be the main model of creep for irradiated crys-
tals. Moreover, there is a conversion of intermediate for
unpinning under lower applied loads, which constrains
the migration of pinning atoms and causes insignificant
creep and diffusion. However, high applied loads can
directly break the connection of pinning atoms, leading to
slight creep phenomena, which explains the split in stress
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exponent observed in Fig. 5d due to different stress levels.
In a state with significant amorphous regions, atoms with
lower potential energy tend to migrate more easily. With
the increase in amorphous regions, more atoms migrate by
breaking bonds and re-bonding with surrounding atoms,
thus accelerating creep. Moreover, due to the disappear-
ance of the crystal layer structure, these atoms can migrate
in other directions, allowing for diffusion phenomena other
than the a-axis, as shown in Fig. 6. This type of creep
mechanism may dominate in the grain boundaries and
non-graphitized regions of nuclear graphite.

5 Conclusion

The study aims to investigate the effects of applied tensile
loading on the irradiation and creep behavior of graphite
crystals, with the goal of shedding light on some mecha-
nisms underlying changes of nuclear graphite properties
and irradiation creep in nuclear reactors. The following
conclusions can be drawn from our findings:

1. 1.High applied tensile loads along x(a)-axis increase
atomic potential energy and reduce threshold displace-
ment energy of graphite crystals, thereby weakening
the interaction between PKAs and irradiation defects,
resulting in differences in defect distribution after irra-
diation, and accelerating the amorphization process and
irradiation-enhanced diffusion.

2. 2.The underlying irradiation creep mechanisms vary
depending on the extent of damage and the applied ten-
sile load. In the absence of obvious amorphous regions,
the phenomenon of pinning-unpinning can be observed.
Moreover, a conversion of intermediates is observed in
the unpinning process under lower levels of applied
load. However, with the disappearance of graphitized
structure, atomic diffusion mechanism becomes the
primary mechanism responsible for irradiation-induced
creep in graphite crystals.
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