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We have investigated the in-situ electron irradiation of nuclear graphite within a 200 kV transmission
electron microscope at temperatures between 83 K and 473 K. For each temperature, nuclear grade
Pile Grade A graphite specimens were subject to a fluence of ca. 10°* electrons cm™, and
transmission electron micrographs and selected area diffraction patterns were collected during
electron beam exposure. By considering a critical fluence, at which the graphite (002) d-spacing
increased by 10%, a temperature threshold for damage has been determined. Below ca. 420 K,
electron irradiation caused significant net structural damage: fragmenting basal planes and producing
a tortuous nanotexture. Above this temperature the effects of thermal annealing became more
prevalent, maintaining the structure even at much higher fluences. We have derived activation
energies for the annealing processes operative in these two temperature regimes and, via a
comparison with theoretical predictions have, for the first time, associated these with specific

recovery processces.

1. Introduction

The majority of the UK’s nuclear reactors are graphite-moderated Advanced Gas-Cooled Reactors
(AGRs) which operate at temperatures around 625 K in order to reduce the degree of net irradiation
damage through continuous thermal annealing. In addition to moderating the energy of fast neutrons
so as to control the fission reaction, the graphite provides structural support to the reactor core and
allows for coolant flow through a series of channels. Understanding the damage processes occurring
in nuclear graphite (NG) during neutron irradiation is essential for the prediction of the lifetime of
the material, which in turn influences the overall lifetime of the reactor [1]. A number of studies have
been carried out using electron irradiation within a transmission electron microscope (TEM), where
electrons are used as a surrogate for neutrons [2—7]. However, many of these studies have been
conducted at ambient temperatures. In order to understand the mobility of the atomic structure under

irradiation, it is beneficial to perform such in-situ experiments over a range of temperatures.

When investigating new defect structures in graphite, it is common to calculate defect formation

energies, defect migration energies, and activation energies for self-diffusion via
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vacancies/interstitials using accurate modelling techniques such as density functional theory [8—12].
The rate of annealing of defects is dependent on activation energy and temperature through the

Arrhenius formula (equation 1),

o) = Aexp (7 ) "
where v(7) is the migration frequency, 4(7) is the vibrational frequency of the defect, and the
exponential function describes the defect annealing rate (dependent on the activation energy, Eq,
temperature, 7, and Boltzmann’s constant, k). If the activation energy and vibrational frequency of a
defect is known, Equation 1 can be used to determine the temperature at which the defect becomes

mobile (i.e., when the migration frequency > 0).

Muto & Tanabe investigated the effects of electron irradiation on cleaved graphite thin foils and
highly graphitized carbon fibres at both 293 K and also 673 K using TEM, selected area electron
diffraction (SAED), and electron energy loss spectroscopy (EELS) [7]. After 1 hour of 200 kV
electron beam exposure at the two differing temperatures, SAED patterns (along [001]) showed
significant differences: irradiation at 293 K resulted in diffuse rings whereas irradiation at 673 K
gave sharp polycrystalline Debye-Scherrer rings. TEM images and SAED patterns (along [100]) also
provided evidence for temperature-dependent structural changes. Bending and/or breaking of lattice
fringes were observed following electron beam exposure at 673 K, however the (002) basal plane
spacing derived from TEM images and diffraction patterns showed no change. EEL C K-edge
spectral series during electron irradiation at 673 K showed little change, indicating that the
hexagonal structure within basal planes was maintained. In contrast, the C K-edge spectra from 293
K electron irradiation exhibited significant changes in the n* and " peaks which was identified with
the formation of non-hexagonal (e.g. 5 or 7 membered) atomic rings. They proposed that the damage

process above 673 K involved recrystallisation of the structure.

Burden & Hutchison exposed specimens of “KS10” grade graphite particles (highly graphitized
carbon with a particle size of 10 um) to a 400 kV electron beam (10'° electrons cm™s™') at 293 K and
773 K [6]. At 293 K crystalline particles deteriorated to amorphous spheres of up to 50 nm in
diameter. However at 773 K the structural stability was significantly improved so that the specimen
could be exposed for much longer (1200 s) without the formation of disordered carbonaceous
spheres. It was suggested this was due to thermal energy providing the ability to resist and

simultaneously repair damage.



Nakai et al. investigated the effect of electron irradiation (at energies between 0.1 and1.0 MeV) on
HOPG over a range of temperatures, from 113 K to 473 K [5]. TEM images, SAED patterns (along
[001]), and EEL spectra were all collected. The fluence threshold for so called “amorphization” was
measured for each temperature, where amorphization was recognised as the formation of diffuse
rings in a [001] SAED pattern. For fluxes of ca. 10" electrons cm™s™! the fluence threshold gradually

increased for increasing temperature, and increased significantly above 420 K.

To further explore the temperature threshold for net damage and also the activation energies of
defects, in situ electron irradiation of nuclear graphite over a variety of temperatures has been
undertaken. Collecting lattice images and their fast Fourier transform (FFT) patterns during 200 kV
beam exposure has provided evidence for a temperature threshold for damage which is in broad

agreement with previous studies.

Small interstitial loops (radius < 100 A) have been observed to form during neutron irradiation at
temperatures below 923 K and these are expected to migrate and potentially coalesce at temperatures
above 1273 K [13,14]. It was therefore expected that thermal annealing would reduce the overall
damage rate, and that a temperature threshold for damage could be deduced [5,15]. To decide on a
suitable temperature range over which electron irradiation studies should be performed, the
migration energies of single interstitials and vacancies were considered. The migration energy of a
single interstitial has been theoretically calculated to be ca. 1.5 eV [9], but experimental results show
a much smaller value of < 0.4 eV [16]. Converting these energies to a temperature via the Arrhenius
formula (equation 1) gives a large temperature range of between 143 K and 546 K (assuming v(7) =
1 migration per second and 4(7) = 10'* Hz [9,13]). The single vacancy has been calculated to have a
migration energy of 1.1 eV, corresponding to a temperature of 400 K [8,10,12,17]. The migration
energy of a single interstitial depends on its configuration (e.g. grafted, dumbbell or spiro) and varies
between 0.1 eV and 2.2 eV [10,16,18-21]. Experiments were therefore conducted at 83 K, 293 K,
373 K, 423 K and 473 K.

2. Experimental

In situ heating experiments were performed using a DENS Solutions in-situ TEM holder in an FEI
Tecnai TEM at an operating voltage of 200 kV providing an electron flux of approximately 10'°
electrons cm™s™! [22]. Pile Grade A (PGA) graphite was ground and dispersed in acetone and drop
cast directly onto the DENS chip which was then placed in the holder and inserted into the
microscope. The chips are ca. 1 cm in length with a spiralled micro-hotplate (300 pm x300 pum) at

the centre using four-point resistive temperature feedback. This makes for accurate temperature



readings at the centre of the chip (< + 5%), high temperature stability, and offers a ramp rate
capability of 200 K per millisecond. Furthermore, the combination of the high thermal conductivity
of graphite and the holder’s four-point resistive feedback to measure temperature means the
temperature reading reflects the temperature of the specimen. In situ heating experiments were
performed at 373 K, 423 K and 473 K. The imaging conditions were exceptionally stable and drift
was minimal, allowing the same area to be studied both before and during heat treatment. The high
thermal conductivity of graphite means that the localised heating effects from the electron beam were

considered to be negligible [23].

In-situ cooling experiments (83 K) were performed using a Gatan 636 double tilt cooling holder,
whereas a conventional Gatan TEM holder was used for room temperature studies. All sample and

microscope operating conditions were the same as for the heating experiments.

To measure the change in (002) d-spacing following electron beam exposure, lattice images and their
corresponding FFTs were collected; measurements were calibrated against SAED patterns. To
quantify the degree of structural change observed in TEM lattice images following electron radiation,
2D image analysis software provided by the PyroMaN research group at the University of Bordeaux
was employed [24]. A discussion of the capabilities of this software and its application to room
temperature electron irradiation of PGA graphite is given in reference [3]. Based on an analysis of
(002) lattice fringes, the software provides information on fringe length, and tortuosity using Fourier
transform filtering and a level curve tracking algorithm [25]. Although the algorithm detects fringes
even if they exceed the image boundaries, these longer fringes cannot be included in the
measurements since the true length and tortuosity cannot be determined; therefore micrographs

exhibiting little structural change could not be quantified via this method.

3. Results

Graphite (002) lattice images were collected at regular intervals during electron irradiation providing
a large set of images as a function of total fluence. Specifically, in Figure 1, we show for comparison
the set of HRTEM images of NG samples both before and after an electron fluence of between 10!
10% electrons cm™ for the range of different temperatures studied. Before electron beam exposure,
basal planes exhibited long range order. Low temperature electron irradiation induced fragmentation
of the basal planes and produced a tortuous nanotexture. At higher temperatures (> 420 K) the effects
of thermal annealing became more prevalent, demonstrated through the preservation of a layered

structure even for much higher fluences.



In Figure 2 the change in (002) d-spacing (as measured from image FFTs) as a function of electron
fluence is shown for the range of temperatures studied. After initial exposure to the electron beam at
83 K and also 293 K, the d-spacing increases rapidly, particularly for the lower temperature. Linear
fits have been added to all data sets; at both 373 K and 423 K the d-spacing initially stays constant up
until a threshold fluence where it begins to increase at a rate of ca. 0.03 nm per 10?? electrons cm™,
in these cases, the linear fit was applied to the data after the threshold fluence. At 473 K the d-
spacing does not significantly change with electron fluence. The R? values for each linear fit have
been determined; for 83 K, 293 K and 423 K the R? values are >0.92 showing a good linear fit of
data points. For the 373 K data the R? value of the linear fit is 0.78 due to higher variability in the
measured d-spacing; in 3 instances, data points and their error bars lie outside the linear fit.
Furthermore, this data set deviates from a linear trend which could be fitted by a polynomial (to the
power of 2) however such changes to the fit do not significantly change the critical fluence (i.e. the
point at which the line of best fit crosses the line showing a 10% increase in d-spacing). Due to the
shallow gradient of the 473 K data set the R? is very low, however the linear fit crosses all data
points’ error bars. The delayed structural change observed in midrange temperatures is in agreement
with the findings of Kelly et al. [26] who exposed pyrolytic graphite to neutron irradiation at
different temperatures. It is thought that this delay period reflects a balance in the damage and
annealing processes; at a certain point the effects of irradiation damage begin to outweigh the effects

of thermal annealing which is reflected through an increase in d-spacing.

The PyroMaN analysis technique used to quantify changes in (002) fringe length and tortuosity can
only be applied to the micrographs collected at 83 K, 293 K, 373 K and 423 K. At 473 K and above,
the basal planes largely extend beyond the image boundaries limiting the accuracy of the extractable
data from the PyroMaN software. For all analysed data sets, the lengths of fringes decreased by ca.
60% and the levels of tortuosity increased to >1.14 after a fluence of 4 x 10?2 electrons cm™. This
provides evidence that at temperatures < 423 K, electron irradiation-induced net structural damage

occurs.



150 °C BRI

=
P e

4

Figure 1 TEM micrographs and their corresponding FFT patterns before and after 200 kV electron beam exposure at 83
K, 293 K, 373 K, 423 K and 473 K.
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Figure 2 Change in (002) d-spacing with electron fluence at 200 kV electron beam exposure at 83 K, 293 K, 373 K, 423
K and 473 K. The two horizontal lines indicate the (002) d-spacing in HOPG and a 10% increase in d-spacing which are

used as reference points. Error bars reflect standard experimental error of measuring d-spacing from FFTs [3].

4. Discussion

To interpret a temperature threshold for net (electron) irradiation damage from these results, a critical
fluence at each temperature was determined. The critical fluence was arbitrarily defined as the
fluence at which the (002) d-spacing increased by 10%. Due to the low net damage rates at 200°C,
this data set was extrapolated (from Figure 2) to predict the fluence at which a 10% change in d-
spacing would have occurred. Muto & Tanabe performed a similar analysis based on [001] SAED
patterns collected for different temperature in situ electron irradiation experiments [7]. In their study,
the fluence was measured in terms of ‘displacements per atom’ (dpa) and was referred to as a dose.
The method of conversion from e cm™ to dpa was not disclosed in the report. However, previous
studies by the same authors [27] used a conversion factor of 1023 cm?, or 10 barns, which according
to the McKinley-Feshbach formula and Figure 18 in [28], corresponds to a displacement threshold
energy of 25 eV. Muto & Tanabe defined the critical fluence as the fluence at which the [001]
diffraction pattern transformed into (polycrystalline) Debye-Scherrer rings. To compare the two sets
of data, the fluence thresholds determined in this study were converted to dpa units. For consistency,
we used the same displacement threshold energy and corresponding cross section as Muto & Tanabe
(25 eV and 10 barns respectively). Multiplying the fluence in e cm™ by the displacement cross

section gives a value for the fluence in dpa.



Figure 3 presents the data of Muto & Tanabe as well as our current data, measured at 83 K, 373 K,
423 K and 473 K plus data at room temperature from a previous publication by the authors [3,7].
This is displayed as an Arrhenius-type plot and in both data sets there is a clear point at which the
gradient changes. This discontinuity indicates there is a change in the annealing/radiation damage
process at a certain temperature. For the data in this study and that from the work of Muto & Tanabe,
this change occurs at ca. 420 K and ca. 400 K respectively. The difference in these values may be a
result of different critical fluence definitions, different specimens, and/or the slightly different
electron fluxes used. Both data sets have been extrapolated to predict the critical fluence at 623 K
(1.6 x 107 K" in order to reflect the environment of a nuclear reactor (ca. 625 K). However, since
the temperature threshold is associated with the gradient change, the different critical fluence
definitions are not expected to be a significant contributor to the discrepancy between the two data
sets as this will only alter the position of the graph on the ordinate. Other methods which could be
employed to calculate a critical fluence include the possibility of monitoring changes in the relative
proportion of planar sp? bonded carbon atoms using core loss EELS (e.g. when the carbon sp?

content drops to 80%) or by measuring changes in (002) fringe length and orientation [3,24].

The temperature threshold of ca. 420 K determined from Figure 3 is within the accuracy of density
functional theory calculations of Latham et al. who estimated that the temperature threshold for a
vacancy migration to occur at a rate of 1 s™! was 396-411 K (Ea = 1.1 V) [12]. The recombination of
Frenkel pairs, as a result of vacancy mobility suggests that above ca. 420 K the hexagonal structure
within basal planes would be maintained and is largely unchanged by radiation [20] in agreement
with our present observations. The observation of the fragmentation and curvature of basal planes in
TEM micrographs collected during electron irradiation below ca. 420 K, along with an increase in d-
spacing, provides evidence that any annealing effects are outweighed by radiation damage at these

lower temperatures.
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Figure 3 Arrhenius plot of the critical fluence for different temperatures, with corresponding activation energies labelled.
Data is plotted from this study and from that presented by Muto & Tanabe [7]. Data sets have been extrapolated to show
the critical fluence at 623 K (1.6 x 103 K1),

To better understand the thresholds derived from Figure 3 and those discussed in the literature, the
migration energies of various defect configurations should be considered. Experiments measuring
the electrical resistance and lattice parameters of a variety of low temperature, radiation exposed
graphite grades have resulted in a range of values for the single interstitial migration energy (0.04 -
0.4 eV) [16]. However, theoretical calculations for such energies are consistently higher (1.2 - 2 eV)
[9,17,29]. It has been proposed that these discrepancies are due to a simplified interpretation of the
indirect experimental results, in particular the effect of shear on the derived migration energies not

being accounted for [9,17,30].

Assuming the data in Figure 3 indeed follows the Arrhenius law (equation 1), the gradient from each
of the two distinct sections of the graph can be used to derive Ea for the thermally assisted recovery
process that is operative in each temperature range. This is because the ordinate is the critical fluence
required to promote damage, which is a measure of the resistance to electron beam induced damage.
The activation energies above and below the threshold temperature for the data in this study were
calculated to be 0.022 eV and between 0.53 - 1.03 eV respectively. The latter data range reflects the
values derived from different extrapolations of the T = 473 K data in Figure 2; one with a
constrained y-axis intercept of 0.335nm, the value for virgin graphite (0.53 eV), and one for a trend
line with no fixed intercept (1.03 eV). For the data extracted from Muto & Tanabe these values are

0.016 eV and 0.31 eV, however they drew no specific conclusions about the significance of their



results. Due to a lack of data points, the errors on these calculations are quite high; nevertheless, the

values from both data sets are of a similar magnitude.

As discussed, it is expected that at temperatures below the ca. 420 K threshold, the effects of
radiation damage dominate so that the net effect is relatively fast structural damage. The calculated
low activation energy for thermal annealing (0.016 - 0.022 eV) reflects an easy, yet relatively
ineffectual damage recovery process. The derived activation energies allow us to determine which
defect structures are mobile and therefore aid the recovery of radiation damage in each temperature
range. The annealing of structural changes induced by low temperature irradiation <420 K may be a
result of surface or interfacial atomic diffusion at crystallite boundaries where the diffusion
coefficients would be expected to be at least an order of magnitude above bulk volume diffusion. It is
widely accepted that radiation exposure can result in the diffusion of surface atoms even if energies
below the displacement threshold are transferred [31]. The reported radiation-induced fragmentation
of crystallites (and consequent formation of grain boundaries) [7,27,32] would increase the internal
surface area therefore increasing the possibility of atomic mobility through diffusion. Such surface
atoms would be able to fill vacant sites on surfaces, but not those in between planes (which would
require higher energies). However, despite these recovery processes, the effects of radiation damage
are dominant resulting in a net structural damage. Above 420 K, the effects of thermal annealing
become more prevalent which is reflected through an increased thermal annealing activation energy
(0.31 - 0.53 eV) that indicates that another mechanism is coming into play. The mobility of defects in
this temperature range would allow the structure to recover within the bulk crystallites; in addition to
surface migration, the mobility of both single interstitials and vacancies through the lattice could lead

to Frenkel pair recombination.

The high operating temperatures of AGRs (ca. 625 K) therefore reduces overall damage rates,
however the long duration of radiation exposure means that structural damage would still be
expected to occur. Extrapolation of data in Figure 3 gives a critical fluence at 623 K (1.6 x 102 K)
of 25 - 30 dpa. A speculative calculation, assuming the flux in a graphite moderated nuclear reactor
is 107" dpa s™! [4], would infer such a fluence would occur after ca. 1 year (although this value is
highly dependent on the value used for displacement energy threshold in calculating the fluence in
dpa). Similarly, a graphite moderated reactor operating temperature of 723 K would increase this
speculative critical fluence limit to 3 years. However, it must be noted that typical graphite
moderated nuclear reactors are operated at full power for up to 3 years then undergo a 2-3 month
maintenance down time period before resuming the cycle. The lifetime usually quoted for reactors

does not usually take this into account, meaning the full power lifetime is smaller. Furthermore, the

10



c-axis expansion is expected to plateau and not increase indefinitely [26]. Therefore it is likely that
effects of the critical fluence (i.e. a 10% increase in d-spacing) will be experienced beyond the times
quoted. It would also be interesting to see if a third phase of behaviour is experienced for higher
temperatures; new designs for the graphite moderated reactors employ temperatures of around 1173

K where different temperature/radiation induced property changes would be expected to occur.

5. Conclusion

Electron irradiation of PGA graphite within a transmission electron microscope has been investigated
for five temperatures: 83 K, 293 K, 373 K, 423 K and 473 K. Analysis of TEM lattice images and
FFT patterns showed that temperature strongly affected the structural degradation during electron
exposure and a temperature threshold was determined by considering the variation of the critical
fluence for damage, as defined by a certain set of criteria. Below ca. 420 K, electron irradiation
significantly damaged the atomic structure and was accompanied by fragmented basal planes, a
tortuous nanotexture, and a >10% increase in d-spacing. Above ca. 420 K the effects of thermal
annealing became more prevalent preserving the structure to much higher fluences. The activation
energies above and below this temperature threshold were calculated to be 0.022 eV and 0.53 eV
respectively and are thought to reflect two different mechanisms for thermal annealing one involving
surface diffusion which is relatively ineffectual and a second involving migration of Frenkel pairs

leading to significant structural recovery.
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