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a b s t r a c t

Selecting graphite grades with superior irradiation characteristics is important task for designers of
graphite moderation reactors. To provide reference information and data for graphite selection, the ef-
fects of irradiation on three fine-grained, iso-molded nuclear grade graphites, ETU-10, IG-110, and NBG-
25, were compared based on irradiation-induced changes in volume, thermal conductivity, dynamic
Young's modulus, and coefficient of thermal expansion. Data employed in this study were obtained from
reported irradiation test results in the high flux isotope reactor (HFIR)(ORNL) (ETU-10, IG-110) and high
flux reactor (HFR)(NRL) (IG-110, NBG-25). Comparisons were made based on the irradiation dose and
irradiation temperature. Overall, the three grades showed similar irradiation-induced property change
behaviors, which followed the historic data. More or less grade-sensitive behaviors were observed for the
changes in volume and thermal conductivity, and, in contrast, grade-insensitive behaviors were observed
for dynamic Young's modulus and coefficient of thermal expansion changes. The ETU-10 of the smallest
grain size appeared to show a relatively smaller VC to IG-110 and NBG-25. Drastic decrease in the dif-
ference in thermal conductivity was observed for ETU-10 and IG-110 after irradiation. The similar
irradiation-induced properties changing behaviors observed in this study especially in the DYM and CTE
may be attributed to the assumed similar microstructures that evolved from the similar size coke par-
ticles and the same forming method.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently there are more than 70 small modular reactor (SMR)
designs under development for different applications in all prin-
cipal reactor lines: water cooled reactors, high temperature gas
cooled reactors, liquid-metal, sodium and gas cooled reactors with
fast neutron spectrum, and molten salt reactors. The key driving
forces of these SMR developments are being discussed based on
their flexible power generation and wide application, offering
better economic affordability [1,2].

It is worth noting that, of these SMRs under development, at
least 16 designs are high temperature gas-cooled reactor (HTGR)
and 10 reactors are molten salt reactors (MSR) with potential
graphite moderation. In these SMRs, graphite will be used for the
construction of major core components including the fuel block and
reflector. These graphite core components will be subjected to
neutron irradiation under high temperature helium (He) gas
by Elsevier Korea LLC. This is an
coolant or molten salt environments, resulting in changes to the
graphite microstructure, dimensions, and physical constants,
including Young's modulus, thermal conductivity, coefficient of
thermal expansion, etc. It is well known that these changes in the
physical and thermal properties of graphite core components
degrade the integrity of the components, endangering the safety of
the reactor [3]. Thus, for designers of graphite moderation reactors,
selecting graphite grades with superior irradiation characteristics is
important. For this, they need various data, including irradiation
test data, to select among the candidates by comparison. However,
irradiation data for comparison, especially for fine-grained,
isotropic or near-isotropic grades, are limited.

In this study, to provide reference information and data neces-
sary in graphite selection for graphite core components designers,
the effects of irradiation on three fine-grained, iso-molded nuclear
graphite grades, ETU-10, IG-110, and NBG-25, were compared
based on the irradiation-induced changes in their volume (VC),
thermal conductivity (TC), dynamic Young's modulus (DYM), and
coefficient of thermal expansion (CTE). The data compared in this
study were obtained from the reported high flux isotope reactor
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shchi5301@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2022.01.008&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2022.01.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2022.01.008
https://doi.org/10.1016/j.net.2022.01.008


S.-H. Chi Nuclear Engineering and Technology 54 (2022) 2359e2366
(HFIR) irradiation test results (ORNL) (ETU-10, IG-110) [4e9] and
high flux reactor (HFR) (NRL, Petten) irradiation test results (IG-110,
NBG-25) [10]. Comparisons were made based on the irradiation
dose (dpa) and irradiation temperature.

2. Materials and irradiation conditions

Table 1 compares the major characteristics and properties of
ETU-10, IG-110, and NBG-25 nuclear grade graphite with those of
the ASTM D 7219-08 Standard Specification for Isotropic and Near-
isotropic Nuclear Graphite [11]. Table 1 shows that all three grades,
which were produced by the same iso-molding forming method
using fine size coke particles, satisfied the ASTM D 7219-08 re-
quirements and showed little difference in their physical proper-
ties, except grain size and thermal conductivity. While all three
grades met the ASTM D 7219-08 specification requirement for a TC
of 90 W/m�K, the ETU-10 with the smallest grain size appeared to
have the smallest TC among the grades. Relatively smaller differ-
ences in the DYM and CTE were observed among the grades.

Table 2 compares the four reactor irradiation test conditions,
dose (dpa) and irradiation temperature (�C), fromwhich all the data
compared in this study were obtained. Table 2 shows that all the
data compared in this study were produced from two reactors: the
high flux isotope reactor (HFIR) in Oak Ridge National Laboratory
(ORNL), USA, and the high flux reactor (HFR) in the nuclear research
laboratory (NRL), Petten, Netherland. It is seen in Table 2 that HFIR
produced the irradiation data for ETU-10, hereafter designated
HFIR (ETU-10), and two irradiation data for the IG-110 in 1996,
hereafter HFIR (IG-110) 1996, and in 2017, hereafter HFIR (IG-110)
2017. HFR produced the irradiation data for 8 different grades
including IG-110 and NBG-25 during the INNOGRAPH project, from
which the irradiation data of the IG-110, hereafter HFR (IG-110),
and of the NBG-25, hereafter HFR (NBG-25) were compared with
those of the HFIR (ETU-10), the HFIR (IG-110, 1996), and the HFIR
(IG-110, 2017).

It is worth noting in Table 2 that the irradiation temperatures
and doses of the four irradiation tests are not the same. For HFIR
(IG-110, 2017), while all of the specimens were irradiated at the
600 �C target temperature, the actual irradiation temperatures
estimated for each specimen were different than the target tem-
perature. The estimated individual temperature for each specimen
was reported [7] and is used in this study for comparison instead of
the target temperature, as necessary.

It is worth noting that the irradiation conditions in dpa between
the HFIR (ETU-10) and HFIR (IG-110, 2017) were nearly the same.
Thus, the difference in dpa between the two reactor irradiations
was 0.4 dpa at 40ⅹ1025 nm�2 (E > 0.5 MeV). However, the differ-
ences in the irradiation temperature and fluence (dpa) in the
reactor irradiation tests in Table 2 imply that the present compar-
ison study is of “qualitative” rather than “quantitative” nature.
Table 1
Comparison of the major characteristics and properties of ETU-10, IG-110, and NBG-25
Isotropic and Near-isotropic Nuclear Graphite. All property data for the ETU-10, IG-110, an
IG-110.

ASTM D-721

Manufacturer N/A
Cokes Type N/A
Forming method
CTE Isotropy Ratio (aAG/aWG) 1.0e1.1
Bulk Density (g/cm3) (min) 1.70
Grain size (㎛) Generally<10
Thermal Conductivity at 25 �C, AG, Wm�1 �K�1 (min) 90
Dynamic Young's Modulus, WG, GPa 8-15
Coefficient of Thermal Expansion (25e500 �C), WG, X 10�6 �C�1 3.5e5.5
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Table 3 compares the four irradiation tests based on the data
produced. Based on this Table 3, the changes in volume (VC),
thermal conductivity (TC), dynamic Young's modulus (DYM), and
coefficient of thermal expansion (CTE) data were selected for the
comparison of irradiation effects on ETU-10, IG-110, and NBG-25 in
this study.

3. Comparison of the irradiation effects on ETU-10, IG-110
and NBG-25

3.1. Volume Change (VC)

Fig. 1 compares the irradiation-induced volume change behav-
iors, i.e., (△V/Vo, %)-dpa between the HFIR (ETU-10), the HFIR (IG-
110, 1996) and the HFIR (IG-110, 2017). Fig. 2 compares the volume
change behaviors with irradiation of the HFIR (ETU-10), the HFR
(IG-110) and the HFR (NBG-25). Here, HFR (IG-110) and HFR (NBG-
25) refer to the volume change curves of the IG-110 and NBG-25 in
the HFR irradiated 8 grades in the EU INNOGRAPH project,
respectively [10]. In Fig. 1, it is worth noting that each HFIR (IG-110,
2017) data point represents an average of two or three VC data at
the estimated individual irradiation temperature, as detailed in
Table 4. Fig. 1 shows that the turn-around and cross-over behaviors
between the HFIR (ETU-10) and the HFIR (IG-110, 2017) are similar,
while some differences can be observed between these two and the
HFIR (IG-110, 1996). Table 5 summarizes the predicted turn-around
dimensional change (contraction %) and cross-over dose (dpa) from
Fig. 1, where the maximum dimensional change (contraction) of
HFIR (ETU-10), �4%, appears to be smaller than those of the HFIR
(IG-110, 2017), �6.3%, and the HFIR (IG-110, 1996), �7%.

Here, it is worth noting in Table 4 that the two estimated indi-
vidual irradiation temperatures, i.e., 667 �C at 10.8 dpa and 667 �C
at 20.5 dpa in HFIR (IG-110, 2017) are higher than the 600 �C target
temperature of the HFIR (IG-110, 2017), respectively. From this
temperature distribution in the HFIR (IG-110, 2017), it is predicted
that the irradiation temperature of the HFIR (IG-110, 2017) VC
specimens will be higher than HFIR (ETU-10), 598 �C. This predic-
tion implies that there will be a further decrease in the volume
contraction in the ETU-10 if the ETU-10 is irradiated together with
the IG-110 and the NBG-25 in the HFIR (IG-10, 2017) of 639 ± 36 �C
[7].

Fig. 2 shows that, while the cross-over dpa of the HFIR (ETU-10)
is predicted to be somewhat larger than those of the HFR (IG-110)
and HFR (NBG-25), overall, the turn-around behaviors of the HFIR
(ETU-10), the HFR (IG-110), and the HFR (NBG-25) appear similar
each other at around 11e12 dpa and e 5% contraction. However, if
the difference in the irradiation temperature between them is
considered, i.e., 598 �C for the HFIR (ETU-10) and 750 �C for the HFR
(IG-110) and the HFR (NBG-25), it is predicted that, if the ETU-10
was included in the HFR (INNOGRAPH project) at 750 �C
nuclear graphite grades with those of ASTM D 7219-08 Standard Specification for
d NBG-25 were obtained frommanufacturer's data sheet, except for the grain size of

9-08 [11] ETU-10 IG-110 NBG-25

Ibiden Toyo Tanso SGL
Pitch Petro Petro
Iso-molding Iso-molding Iso-molding
1.08 1.09 1.10
1.75 1.77 1.82

0 ㎛ 15 20-40 [10] Max. 60
104 130 140
10.8 9.7 11.0
3.8 (50e400 �C) 4.5 3.9 (20e200 �C)



Table 2
The four nuclear graphite irradiation tests compared in this study.

Reactor High Flux Isotope Reactor (HFIR)* High Flux Reactor (HFR)**

Irradiation
Grade

ETU-10 IG-110
(1996)

IG-110 (2017) IG-110, NBG-25, and other 6 grades

Irradiation
Temp.

342e667 �C 600 �C 639 ± 36 �C 750 �C, 950 �C

dpa 3e30 ~25 5e30 4.1e25 (750 �C)
15 (950 �C)

Remark-1 598 �C and 667 �C irradiation data were used for
comparison with HFIR (IG-110) and HFR (IG-
110, NBG-25), respectively.

Data from 600 �C tar-get temperature
were used for comparison with IG-
110 (1997) and ETU-10.

IG-110, NBG-10, -17, �18, �25, PCEA, PCIB, PPEA were
irradiated together in the INNOGRAPH project. Data from
750 �C irradiation were used in this study.
.

Remark-2 HFIR (ETU-10) HFIR
(IG-
110,
1996)

HFIR (IG-110, 2017) HFR (IG-110), HFR (NBG-25)

Reference [8] [4] [5e7] [10]

*HFIR: High Flux Isotope Reactor (Oak Ridge National Lab., Oak Ridge, USA).
**HFR: High Flux Reactor (Nuclear Research Laboratory, Petten, The Netherland).

Table 3
Comparison of reported data produced from the reactor irradiation tests. Based on this comparison, the dimensional change (DC), thermal conductivity (TC), elastic modulus
(dynamic young's modulus) (DYM), and coefficient of thermal expansion (CTE) data were selected to compare the irradiation effects on ETU-10, IG-110, and NBG-25 in this
study.

HFIR (ETU-10) HFIR (IG-110, 1996) HFIR (IG-110, 2017) HFR (IG-110, NBG-25)

Dimensional change ⃝ ⃝ ⃝ ⃝

Thermal conductivity ⃝ ⃝ ⃝ ⃝

Elastic modulus ⃝ ⃝ ⃝ ⃝

Coefficient of thermal expansion ⃝ X ⃝ ⃝

Electrical resistivity X ⃝ X X
Fracture strength X ⃝ X X
Four-point flexure strength X X ⃝ X
Tensile strength X X X ⃝

Creep X X ⃝ X
Reference [8] [4] [5e7] [10]
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irradiation temperature, the dimensional change and the cross over
dpa of the HFR (ETU-10) could be smaller than the HFIR (ETU-10),
the HFR (IG-110) and the HFR (NBG-25) owing to the irradiation
temperature effects on dimensional change.
3.2. Thermal Conductivity (TC)

Table 6 compares the un-irradiated and irradiated TCs, together
with the decrease in TC (%) from the un-irradiated TC in parenthesis
produced by irradiation, for the HFIR (ETU-10), the HFIR (IG-110,
1996), and the HFIR (IG-110, 2017). Large differences can be
observed in the un-irradiated TC of the HFIR (ETU-10), the HFIR (IG-
110, 1996) and the HFIR (IG-110, 2017). After irradiation, however, a
drastic decrease in the differences in TC between the grades was
observed: Thus, from 56 W/m�K to 6.5 W/m�K in the un-irradiated
condition and in the irradiation condition (24.8 dpa) between the
HFIR (ETU-10) and HFIR (IG-110, 1996), respectively.

Further, it is worth noting the similar rate of decrease in TCs
after irradiation of the HFIR (ETU-10) and HFIR (IG-110, 1996) up
to ~ 25 dpa. A related analysis showed that the TC of HFIR (ETU-10)
was 16e25 W/mK at 12e20 dpa, and stayed at 16 W/mK for 20e25
dpa.

Fig. 3 compares the irradiation induced changes in the thermal
conductivity (TC)of theHFIR (ETU-10) [8,9], theHFR (IG-110) and the
HFR (NBG-25) [10]. It is observed that all three curves tend to show
similarhistoric irradiation-inducedTC changingbehaviors, i.e., a fast
decrease inTCwith irradiation below1dpa, and, of the three grades,
the lower TC-dpa behavior in HFIR (ETU-10) is noted for 5e10 dpa
with a similar trend to the HFR (NBG-25) at around 15 dpa.
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3.3. Dynamic Young's Modulus (DYM)

The DYM-dpa relationship of the HFIR (ETU-10) [8], the HFIR
(IG-110, 2017) [5,7] and the HFIR (IG-110, 1996) [4] is compared in
Fig. 4 and of the HFIR (ETU-10) [8,9], the HFR (IG-110) and the HFR
(NBG-25) [10] is compared in Fig. 5, respectively. Fig. 4 shows that
the irradiation-induced DYM behaviors, i.e., E/Eo e dpa, of the HFIR
(ETU-10) and HFIR (IG-110, 1996) are similar to each other, showing
a higher value than the HFIR (IG-110, 2017) of about 10%e65% at
3e20 dpa. These irradiation-induced DYM changing behaviors are
typical in that they show an increase in DYM with irradiation (dpa)
up to the peak value (E/Eo ~ 2.5) [14,15]. Though limited data are
available for the HFIR (IG-110, 2017), the large difference in the E/Eo
e dpa behavior of the HFIR (IG-110, 1996) and the HFIR (IG-110,
2017) of the same grade and same reactor irradiation is noted. It is
seen that all three grades show a large increase in E/Eo at around
their turn-around doses, 9e15 dpa (Table 5).

In Fig. 5, after an initial fast rise with irradiation below 3 dpa,
both the HFIR (ETU-10) and HFR (IG-110) tend to show similar
DYM-dpa behavior up to about 13 dpa, nearing both grades’ turn-
around, Table 5, forming a lower boundary in the HFR (INNO-
GRAPH project) DYM-dpa data. For 13 - 25 dpa, similar DYM-dpa
behaviors are noted for the HFIR (ETU-10) and the HFR (NBG-25).
Regarding the relationship between the DYM-dpa behavior and the
turn-around dose, even though the HFIR (ETU-10), the HFR (IG-110)
and the HFR (NBG-25) show similar DYM-dpa behaviors, the higher
DYM-dpa behaviors of the HFIR (ETU-10) and the HFR (NBG-25)
over the HFR (IG-110) is noted after the turn-around dose of the
HFIR (IG-110), 9e15 dpa.



Fig. 1. Comparison of the volume change behaviors with neutron dose of the HFIR
(ETU-10) [8], the HFIR (IG-110, 2017) [5e7] and the HFIR (IG-110, 1996) [4]. Irr. Temp.:
HFIR (ETU-10) (598�C), HFIR (IG-110, 1996) (600�C), HFIR (IG-110, 2017) (639±36�C).

Fig. 2. Comparison of the volume change behaviors with doses of the HFIR (ETU-10)
[8] and the HFR (IG-110) and the HFR (NBG-25) [10]. Irr. Temp.: HFIR (ETU-10) (598�C),
HFR (IG-110, NBG-25) (750�C).
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3.4. Coefficient of Thermal Expansion (CTE)

The irradiation-induced CTE behaviors of the HFIR (ETU-10)
(598 ± 51 �C, TR) and the HFIR (IG-110, 2017) (design temperature:
600 �C, measured temperature: 588 �C, 662 �C, 667 �C,TR) are
compared in Fig. 6. No CTE-dpa data are available from the HFIR
(IG-110, 1996), Table 3. Here, detailed information about the three
HFIR (IG-110, 2017) data is shown in Table 7, which shows that the
measured actual temperatures, 588 �C, 662 �C, and 667 �C, differ
from the target irradiation temperature (design temperature),
600 �C, in HFIR (IG-110, 2017) [5,6]. Fig. 6 shows the surprisingly
similar CTE-dpa behaviors of the HFIR (ETU-10) (598 �C ± 51 �C, TR)
and the HFIR (IG-II0, 2017) (588 �C, 662 �C, 667 �C, TR) showing a
historic CTE-dpa trend where, at around 600 �C irradiation tem-
perature, the CTE increases with irradiation showing a peak at
around 5 dpa followed by a decrease with irradiation to around 60%
of the un-irradiated CTE value at around 25 dpa [16].

Fig. 7 shows a comparison of the CTE-dpa of the HFIR (ETU-10)
(irr. temp: 598 �C) [8,9] and the HFR (IG-110), the HFR (NBG-25) in
HFR (INNOGRAPH project) (irr. temp: 750 �C) [10].
2362
In Fig. 7, the changes in CTE behaviors with irradiation in the
HFR (IG-110), the HFR (NBG-25) and the HFIR (ETU-10) are typical
of many fine-textured graphites [16], which undergo an initial in-
crease in the CTE to the peak, 4.5e5.5ⅹ10�6 K�1, followed by a
steady reduction to a value about 60% of the un-irradiated CTE
value, 3.0e4.0ⅹ10�6 K�1. In spite of the difference in the irradiation
temperature of the HFIR (ETU-10) of 598 �C, and the HFR (INNO-
GRAPH project) of 750 �C, it is observed that the HFIR (ETU-10)
tends to show CTE-dpa behavior similar to the HFR (IG-110) for <5
dpa and to the HFR (IG-110) and the HFR (NBG-25) for 5e15 dpa.
4. Discussion

The overall similarities in the irradiation-induced volume and
properties changes observed in this study for the ETU-10, the IG-
110, and the NBG-25 may be because they each had the same
forming method, and the same fine size coke particles were
employed to produce the three grades. It is well known that several
of the physical, thermal, and mechanical properties of graphite are
determined largely by the coke particle size and forming method
[3,17e19].

Among the properties compared in this study, the irradiation-
induced changes in volume (VC) and thermal conductivity (TC)
appeared to be more or less grade-sensitive as seen in Fig. 1 and
Table 6, and the dynamic young's modulus (DYM) and the co-
efficient of thermal expansion (CTE) appeared to be more or less
grade-insensitive as seen in Figs. 4 and 6. These observations may
be compared to the observation made by M.C.R. Heijna et al. during
their INNOGRAPH irradiation studies [10,19]. They compared the
irradiation behaviors of eight HTR graphite grades manufactured
from various grain sizes and forming methods, and found that,
among the five properties compared, the CTE and DYM were
“similar” across the eight grades compared.

Here, regarding the differences in the irradiation temperature in
the reactor irradiation studies compared in this study, i.e., Tables 2
and 5, the effects of irradiation temperature on the irradiation-
induced properties changes need to be considered. It has been
observed that the irradiation-induced properties changes happen
more rapidly at higher irradiation temperature but the severity of
the changes are reduced [7]. These observed irradiation tempera-
ture effects on properties changes may need to be applied to the
present comparison of irradiation-induced properties changes that
evolved from the four nuclear graphite irradiation tests of different
irradiation temperatures, Table 2.



Table 4
Detailed information of the three HFIR (IG-110, 2017) data points in Fig. 1 [7].

Volume change (%) X 1025 n/m2 (E > 0.1 MeV) dpa (Irradiation temperature)

�4.7 14.3 (TR 3 points) 10.8 (667 �C)
�5.1
�5.0
TR average: �4.9
�2.8 27.0 (TR 3 points) 20.5 (667 �C)
�2.9
�2.4
TR average: �2.7
þ16.4 37.4 (TR 2 points) 28.3 (588 �C)
þ11.8
TR average: þ14.1

TR: Transverse (to the loading direction during iso-molding process in specimen orientation).

Table 5
Prediction of the turn-around contraction (%) and cross-over dose (dpa) from Fig. 1.

Turn-around volume contraction (%) and dose (dpa) Cross-over (dpa) Irradiation temperature

HFIR (IG-110, 1996) �7.0 %, 15.0 dpa 30 dpa 600 �C
HFIR (IG-110, 2017) �6.3 %, 9.2 dpa 20-25 dpa 639 ± 36 �C.
HFIR (ETU-10) �4.0 %, 10.0 dpa 20-25 dpa 598 �C

Table 6
Comparison of the irradiation-induced thermal conductivity changes of the HFIR
(ETU-10), the HFIR (IG-110, 1996) and the HFIR (IG-110, 2017). Unit: W/m�K.

Dose (dpa) HFIR (ETU-10) HFIR (IG-110, 1996) HFIR (IG-110, 2017)

Un-irr 104 160 130
11.9 25.0 (�76.0%) 35.0 (�78.1%) 42.3
21.8 16.0 (�84.6%) 27.5 (�82.8%) *
24.8 16.0 (�84.6%) 22.5 (�85.9%) *

* No measurement data available.
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For VC, even limited data are available, if the observed irradia-
tion temperature effects are considered, both Figs. 1 and 2 will
show a further smaller VC for HFIR (ETU-10) to HFIR (IG-110, 2017)
and HFIR (IG-110, 1997) in Fig. 1 and to HFR (IG-110) and HFR (NBG-
Fig. 3. Comparison of the irradiation-induced changes in TC of the HFIR (ETU-10) [8], the H
NBG-25) (750�C). Un-irradiated TC (W/m�K): ETU-10: 104, IG-110: 130, NBG-25: 140.
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25) in Fig. 2 at a similar turn-around dpa. It is known that at higher
irradiation temperatures, the volume changes happenmore rapidly
with reduced dimensional changes, especially for molded graphites
[7,18].

For TC, Table 6 and Fig. 3 show that all the changes in the
irradiation-induced thermal conductivity behaviors are similar to
the historical data trend, where fast and large decreases in TC occur
as soon as irradiation begins (<1 dpa) regardless of the un-
irradiated TC [13,15]. Table 6 also shows that the large difference
in the un-irradiated TC of the HFIR (ETU-10) and HFIR (IG-110,1996)
decreases fast with irradiation, i.e., from 56W/m�K in un-irradiated
condition to 11.5 W/m�K (�80.0% decrease) at 21.8 dpa and to
6.5 W//m�K (�88.4% decrease) at 24.8 dpa, respectively. In Table 6,
even the irradiation temperature effects on TC are considered,
negligible changes are expected owing to the similar irradiation
FR (IG-110) and the HFR (NBG-25) [10]. Irr. Temp.: HFIR (ETU-10) (598�C). HFR (IG-110,



Fig. 4. Comparison of the irradiation-induced changes in the DYM of the HFIR (ETU-
10) [8], the HFIR (IG-110, 2017) [5,6], and the HFIR (IG-110, 1996) [4]. Un-irradiated
DYM: ETU-10: 9.7e9.8 GPa, IG-110: 9.1e10.2 GPa. Irr. Temp.: HFIR (ETU-10) (598�),
HFIR (IG-110, 2017) (639�C±36�C), HFIR (IG-110, 1996) (600�C).

Fig. 6. Comparison of the CTE-dpa behavior of the HFIR (ETU-10) (Irr. Temp.:598�±51�,
TR) [8] and the HFIR (IG-110, 2017) (design temperature: 600�C, measured tempera-
ture: 588�C, 662�C, 667�C, TR) [5e7]. Un-irradiated CTE (TR): IG-110: 4.5Х10�6�K-

1,ETU-10: 3.8Х10�6�K-1.
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temperature for the HFIR (ETU-10), the HFIR (IG-110, 1996), and the
HFIR (IG-110, 2017). However, for HFIR (ETU-10) (Irr. temp: 598 �C)
and HFR (INNOGRAPH project) (Irr. temp: 750 �C) in Fig. 3, the
irradiation temperature effects on TC may need to be considered
during evaluation of Fig. 3. Thus, if the HFIR(ETU-10) (Irr. temp:
598 �C) was irradiated at 750 �C of HFR (INNOGRAPH project)
Fig. 5. Comparison of DYM-dpa relationship for the HFIR (ETU-10) [8], the HFR (IG-
110) and the HFR (NBG-25) [10]. Irr. Temp.: HFIR (ETU-10) (598�C), HFR (INNOGRAPH
project) (750�C).
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irradiation temperature, or if the ETU-10 was irradiated together
with the IG-110 and the NBG-25 at 750 �C in HFR (INNOGRAPH
project), the TC of HFR (ETU-10) (Irr. temp: 750 �C) will show a
slightly larger TC than the present TC showing a further similar
irradiation-induced TC changing behavior to HFR (IG-110) and HFR
(NBG-25) [13]. In Table 1, it was observed that the ETU-10 of the
smallest grain size exhibited the smallest TC among the three
grades. The relationship between grain size and TC is well estab-
lished, based on the increased phonon scattering at grain bound-
aries [20]. Table 6 shows that this relationship between the TC and
grain size is maintained even after irradiation, up to about 25 dpa.

In Table 6, the observed similar irradiation-induced TC
decreasing behavior between the HFIR (ETU-10) and HFIR (IG-110,
1996) at 11.9e24.8 dpa suggests a similar irradiation-induced lat-
tice defect (a barrier to phonon transport) evolution behavior be-
tween the HFIR (ETU-10) and HFIR (IG-110, 1996) [20].

The observed over all similar irradiation-induced DYM (E/Eo)
changing behavior between the HFIR (ETU-10) and HFIR (IG-110,
1996) in Fig. 4 andbetween theHFIR (ETU-10), HFR (IG-110) andHFR
(NBG-25) in Fig. 5 may be understood based on the suggested sim-
ilarity in microstructure and irradiation-induced lattice defect
evolution behavior between the grades. The increase in DYM (E/Eo)
due to irradiation has been discussed based on the dislocation-
pinning by radiation-induced lattice defects in the early stage of
irradiation, followed by changes in pore structure (densification)
[21]. Fig. 5 also shows that the DYM and differences in DYM among
the grades increasewith irradiation. The increase in thedifference in
DYM between the grades may be attributed to the difference in the
volume changing behavior after turn-around among the grades. As
seen inTable 5 (turn-arounddose), Fig. 5 shows that theDYMof each
grade peaks at around their turn-around dose and the difference in
DYM increases after their turn-arounddoses, 9e15dpa, suggesting a
difference in themicrostructural volume changing behavior such as
generation of cracks and pores between the grades after turn-
around and across the cross-over [3]. Here, in Fig. 5, if the differ-
ences in the irradiation temperature between theHFIR (ETU-10) (Irr.
temp: 598 �C), the HFR (IG-110) (Irr. temp: 750 �C) and the HFR
(NBG-25) (Irr. temp: 750 �C) are considered, the ETU-10 irradiated
togetherwith the IG-110 andNBG-25, i.e., HFR (ETU-10), is predicted
to showDYM-dpa behavior that is closer to theHFR (IG-110) and the
HFR (NBG-25) since some increase in DYM is excepted if the irra-
diation temperature increases from 598 �C to 750 �C [14,15].



Table 7
The overlapped three HFIR (IG-110, 2017) CTE data (TR) in Fig. 6 [7].

Design Temperature Measurement temperature Fluence (Х1025 nm-2) (dpa) Average CTE change for three measured CTE CTE after irradiation (Х10-6 K-1)

600 �C 667 �C 14.3 (10) �8.5% 3.84
662 �C 27.0 (19) �30.3% 2.93
588 �C 37.4 (27) �36.8% 2.65

Fig. 7. Comparison of the CTE-dpa data of the HFIR (ETU-10) [8], the HFR (IG-110) and
the HFR (NBG-25) [10]. The un-irradiated CTE data: ETU-10: 3.8Х10-6K-1, IG-110:
4.5Х10-6K-1, NBG-25: 3.9Х10-6K-1. Irradiation temperature: HFIR (ETU-10): 598�C,
HFR (IG-110) and HFR (NBG-25): 750 �C
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The thermal expansion of polygranular graphite is known to be
controlled by the thermal closure of aligned internal porosity [21].
Thus, the CTE of graphite can be changed during irradiation at high
temperature that accompanying pore microstructure changes at
higher irradiation temperature. If the pore microstructure of the
three graphite grades employed here is predicted to be similar,
similar irradiation-induced changes in the CTE can be expected. The
similar irradiation-induced changes in CTE observed in the HFIR
(IG-110, 2017) (TR, 588 �C measured temp.) and HFIR (ETU-10) (TR,
598 �C irr. temp.), and among the HFIR (ETU-10), HFR (IG-110) and
HFR (NBG-25) in Figs. 6 and 7, respectively, may thus be attributed
to the similarities in the grades’ microstructural responses to irra-
diation. In Fig. 7, if the ETU-10 was included in the HFR (INNO-
GRAPH project) irradiation, thus, the HFR (ETU-10) (irr. temp:
750 �C) was prepared, or if the HFIR (ETU-10) was irradiated at
750 �C, i.e., at about 150 �C higher than the HFIR (ETU-10) (irr.temp:
598 �C), both the HFR (INNOGRAP project, ETU-10) (irr. temp:
750 �C) and HFIR (ETU-10) (irr. temp: 750 �C) will show CTE
changing behaviors more similar to the HFR (IG-110) and the HFR
(NBG-25) in Fig. 7 since the CTE increases with increasing tem-
perature [17].
5. Conclusion

The irradiation-induced dimensional and property changes of
three fine-grained, iso-molded nuclear graphite grades, ETU-10, IG-
110, and NBG-25, were compared based on irradiation-induced
changes in volume (VC), thermal conductivity (TC), dynamic
young's modulus (DYM), and coefficient of thermal expansion
(CTE). The following results were obtained.

(1) Overall, the three grades showed similar irradiation-induced
property changes and behaviors, which also followed the
historic data trend. However, more or less, the VC and TC
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tended to show grade-sensitive changing behaviors and the
DYM and CTE tended to show similar grade-insensitive
changing behaviors, respectively.

(2) The ETU-10 of the smallest grain size appeared to show a
relatively smaller VC among the grades. Drastic decrease in
the difference in TCwas observed for ETU-10 and IG-110 after
irradiation. The observed similar irradiation-induced ther-
mal conductivity decreasing behaviors between the ETU-10
and IG-110 suggest a similar irradiation-induced stable
defect (which acts as phonon-scatter that decreases TC)
formation behavior between the grades

(3) The similar irradiation-induced properties changing behav-
iors observed in this study especially in the DYM and CTE
may be attributed to the assumed similar microstructures
that evolved from the similar size coke particles and the
same forming method.
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