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ABSTRACT

The large variability of the physical properties related to different types of nuclear-grade graphite makes its characterization for the decommissioning of nuclear power
plants extremely problematic and time consuming. To facilitate this process, standardized procedures must be implemented taking into account the complexity of
handling irradiated graphite. To this goal, the following study will present the mechanical tests chosen for a clear and easy characterization process. Virgin Atcheson
Graphite Ordinary Temperature (AGOT), used as moderator and reflector in the L-54 M research reactor, has been used as a first attempt. Two standard mechanical
tests are performed: uni-axial compression and four-point bending. Mechanical anisotropy of graphite was studied and verified, showing roughly a 30% difference
between the machining directions parallel and perpendicular to the extrusion direction. A modified three-point bending test has been proposed, which may be used
as a four-point bending substitute in case samples with non-standard geometries are needed. A correlation has been presented between the compressive, tensile
strength and Young’s modulus properties of graphite with Vickers microhardness with R2 respectively of 0.58, 0.53, and 0.91. Non-linear structural simulations of
the tests have then been developed as supporting tools for retrieving additional mechanical information, such as Young’s modulus. Finally, stress-strain curves have
been used as input to develop a finite element method (FEM) which drastically improves the predictive capabilities by reducing the error from 102.2% to 27.6%
for AGOT compressive strength, and from 16% to 0% AGOT tensile strength, when compared to in-built graphite models. The potential capabilities of this model to

simulate potential graphite handling scenarios in the decommissioning process of nuclear power plants has been demonstrated.

1. Introduction

More than 200 commercial reactors and over 500 research reac-
tors have been decommissioned worldwide. Technologies ranging from
light-water reactors (LWR) up to fast breeder reactors (FBR) have all
been successfully dismantled; all except graphite-moderated reactors
[1]. Of this technology, only four decommissioning projects have cur-
rently been finalized with variable degrees of success: Fort St.Vrain [2],
the Windscale advanced gas reactor [3], the Gleep reactor [4], and
the Brookhaven National Laboratory Research Reactor [5]. Graphite
has been extensively used as a moderator and reflector in various nu-
clear installations. According to data published in 2010 by the IAEA
in TECDOC- 1647 [6], the world resources of i-graphite at that time
were approximately 250,000 tons (160,000 m3) with USA, UK, France,
and Germany holding the most of it [7]. Graphite is also being consid-
ered as a key component of future reactors such as Molten-salt reactors
(MSR), High-Temperature Gas Reactors (HTGR) and Fluoride-cooled
High-Temperature Reactors (FHR) [8-12]. Nuclear grade graphite is a
composite material manufactured from a filler coke and pitch binder
[13,14]. The various types are usually manufactured from isotropic
cokes such as petroleum or coal-tar. After carbonization, also referred
to as baking, at temperatures greater than 2500 °C. The blocks are usu-
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ally impregnated with a petroleum pitch and re-baked to densify the
artifact. Impregnation and re-bake may occur several times to attain
the required density. When dealing with irradiated graphite the three
main hurdles are the volume of the waste, the presence of long-lived
radionuclides [15], and the presence of Wigner energy [16]. This brings
the projected cost of dismantling to be five times higher and produce ten
times more volume of waste per MWh [17] compared to their LWR coun-
terpart. To solve these issues, within the European H2020 Inno4Graph
project [18], various tasks are being carried out to improve the knowl-
edge of graphite behavior under irradiation and during dis- mantling
operations to optimize the whole dismantling process. One of the main
bottlenecks to overcome is the lengthy and expensive characterization
phase prior to the decommissioning procedures [19]. This is particu-
larly true when dealing with the characterization of the mechanical
properties of graphite. As shown by Heijna et al. [20], graphite prop-
erties may vary significantly depending on manufacturing techniques
and binder/filler choices. As such, graphite behavior under irradiation
will be unique for each type and studies have to be made to assess the
physical, chemical, and radiological properties of each one of them. In
this work, a comprehensive study of the mechanical properties of AGOT
graphite will be presented that is used as a moderator and reflector in
the L-54 M research reactor located at the Politecnico di Milano. Many
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studies have been conducted on various types of nuclear-grade graphite,
from Magnox Pile grade graphite to IG-110 and A3 [21] which will also
be extensively used in Generation IV reactors [22]. AGOT graphite also
has been studied by W.L. Greenstreet et al. [23] and Corum et al. [24]. In
the following paper, a standardized methodology to be used as a bench-
mark for graphite types will be presented. L-54 M [25] is a research
homogeneous-fuel thermal nuclear reactor fueled by a uranyl sulfate
aqueous solution enriched to 19.94% in 235 U. Even though graphite
has a theoretical density of 2.265 g/cm?3, the density for AGOT graphite
is 1.6 g/cm3 due to its inter-crystalline porosity given by the polycrys-
talline structure. This value is typical for first-generation graphite, while
second- and third-generation have densities, of 1.7 g/cm3and 1.8 g/cm?
respectively [26]. The trend of increasing density is required to provide
a higher core-specific power output [27] thanks to the improved mod-
eration which increases the likelihood of neutron scattering and slow-
down, reducing plant footprint and decreasing low and intermediate-
level waste production. The following paper will look at the mechanical
characterization of graphite and the procedures behind the tests cho-
sen. For compressive strength, uni-axial compression test was deemed
optimal. Given its self-lubricating properties and ceramic-like behav-
ior [28,29], graphite is not suited for tensile tests. This is because high
precision is needed while centering the specimen within the machine.
Moreover, machining the graphite sample to the required geometry is
extremely complicated, and usually, alternative solutions are adopted
for the grabbing area. This leads to less precise results and higher costs
(both for machining and decontamination of the machinery). Therefore,
a four-point bending test was chosen as a more suitable setup [30]. The
thought process that goes into decommissioning mainly revolves around
minimizing waste and reducing the handling of radioactive material to
as low as reasonably achievable [31]. To this extent, a further step was
taken in the bending test to reduce the required machining of the sam-
ples even further and to minimize the cost of the experimental setup.
Graphite-moderated reactors usually have zones within the core with
graphite samples of predetermined dimensions that are inserted to be
used for future tests after irradiation. The aim of this part of the study
was to evaluate the possibility of using these samples of cylindrical ge-
ometry, as they are, within a bending test. This also allows having a
similar specimen for both bending and compression tests, further re-
ducing the complexity and waste production of the mechanical char-
acterization. That is why a study of three-point bending was carried
out to evaluate differences in the results with respect to the four-point
bending test. A study on possible correlations between Vickers hardness
and other mechanical properties will be provided, and a newly devel-
oped non-linear structural model will be discussed. Finally, a novel FEM
model which represents an advancement over previous models that do
not account for the asymmetry of the graphite stress-strain curve will be
presented.
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2. Experimental

The types of graphite studied were: AGOT graphite from the L-54 M
reactor, nuclear-grade graphite from Latina, Vandellos-1 and Chinon A2
power reactors, and electrode-grade graphite. Microstructural analysis
was performed via Scanning Electron Microscope (SEM) with a Zeiss
Evo 50. The MTS Synergie 200 (maximum load 1 kN) was used for flex-
ural and compression tests. The crosshead speed was set to 3 mm/min.
Uniaxial compression tests were performed following ASTM C695-15
[32] on an MTS-150. AGOT and Latina graphite samples used for com-
pression tests were machined into cylinders with 40 mm diameter and
80 mm height and parallel faces. The compression attachments used
were the MTS 643.06B plates. For the four-point bending flexural test,
AGOT and Latina graphite samples were machined into parallelepipeds
with width (d) of 4 mm, depth (d) of 3 mm, and length of 40 mm. The
setup was based on ASTM C651-20 [33]. The attachment was the Ce-
ramic Bend fixture Model 642.05A-02 with a load span being 1/3 of the
L support span measuring 30 mm. The stress was calculated via Eq. (1):

oo FL
bd?
For the modified three-point bending flexural test, AGOT samples
were machined into cylinders with 6 mm diameters and 60 mm height.
The fixture adopted was the MTS 642.01A . Four batches of speci-
mens were produced: two cylindrical and two parallelepipeds. For each
type, one batch was machined parallel to the direction of extrusion
and one perpendicular. To evaluate the maximum stress in the sample,
Eq. (1) cannot be used. Instead, Eq. (2) has to be considered:
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For Vickers microhardness, 10 mm wide and 4 mm thick disks were
machined for AGOT, Latina, Chinon A2, Vandellos, and Electrode-grade
graphite. The machine used was the Fischer 50-359. This device man-
ages to separately calculate both Vickers microhardness and Young’s
modulus through indentation. Forces of indentation of both 500 mN and
1000 mN were studied with the former granting more accurate results,
therefore, in the following only the former results will be discussed.

3. Mechanical tests
3.1. Compressive strength

To be compliant with the standards, any machined specimen is re-
quired to have its minimum dimension be at least five times greater than
the average grain size [32]. This is necessary since results may vary with
sample dimensions if they are comparable to grain size [34]. Therefore,
a SEM analysis was carried out as verification. Fig. 1 shows images of

(@)

(b)

Fig. 1. Images of graphite grains at different levels of magnification, growing from (a) to (b).
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Fig. 2. Results of mechanical tests for (a) uni-axial compression and (b) four-point bending.
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Fig. 3. Results of mechanical tests of cylinders in a three-point bending configuration and parallelepiped in four- point bending configuration.

AGOT graphite grains at different magnification levels. Grains hardly
exceed 10 um in size, putting it in between the superfine and ultra-
fine graphite type as per the ASTM standard D8075-16 [35,36]. From
SEM observations the morphology of the graphite results isotropic with
grains having heterogeneous sizes and shapes which lead to porosities
[37]. Fig. 2.a shows the results of uni-axial compressions undertaken for
7 cylindrical samples. Their extrusion direction of them was not known.
The average maximum compressive stress of 52.025 + 1.068 MPa. Both
the stress- displacement curves as well as the 45° angle fracture high-
lights the ceramic-like behavior of graphite. The characteristic “S” shape
of the stress-displacement curve shown is likely given by an inner re-
arrangement of non-burnt binder and filler, with hydrocarbons still
present within the graphite structure.

3.2. Bending tests

Fig. 2.b provides the results coming from the four-point bending
tests. 13 parallelepiped samples were machined and information on the
extrusion direction is not known. The maximum average tensile stress
was found to be 8.72 + 1.34 MPa, far lower than the compressive one,

Table 1
Maximum stress reached in the various configurations.

Test Geometry Orientation Maximum Stress [MPa]
3PB Cylinder Parallel 32.7

3PB Cylinder Horizontal 23.5

4PB Parallelepiped  Parallel 10.6

4PB Parallelepiped Horizontal 7.7

as expected by a quasi-ceramic material. The drawback of this test lies
in the difficulty in retrieving the entire stress-strain curve. This could
be possible by implementing a deflectometer which at the moment of
the test was unavailable. Furthermore, the feasibility to modify a three-
point bending flexural test to accommodate non-standard specimen size
as well as the influence of extrusion direction on graphite properties is
studied. The results given in Fig. 3 and summarized in Table 1, show a
clear anisotropy in the mechanical behavior of AGOT graphite. The sam-
ples machined parallel to the extrusion direction have approximately
30% higher resistance to tension. Furthermore, three-point bending also
shows higher resistance to tension, having 70% higher ultimate flexural
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Fig. 4. Microscope image of the engraving done by the device for Vickers microhardness (left) and the highlighted diagonals of the engraver for hardness calculation

(right).

Table 2
Correlations for Young’s modulus, tensile and compressive
strength to Vickers hardness (H,).

Property Correlation R?

0.158 Hv + 1.506 0.91
0.773 Hv + 7.528 0.53
1.053 Hv + 19.770  0.58

Young’s modulus [GPa]
Tensile strength [MPa]
Compressive Strength [MPa]

stress. Two main explanations were found for this overestimation: from
a literature review [30,38], four-point bending has been proven to pro-
vide more accurate results for the bulk behavior compared to three-point
bending since the area on which the maximum bending stress occurs
happens to be between the two loading points whilst for three- point
bending is localized and concentrated under the loading pin. This is
particularly evident in non-homogeneous materials such as graphite. In
addition, cylindrical geometries have lower stress concentration areas,
further improving the maximum reachable stress. Therefore, the use of
a three-point bending test is possible if combined with a suitable correc-
tion factor that takes into consideration what was previously discussed.
For AGOT graphite the correction factor was found to be 3.05.

4. Mechanical properties correlation to Vickers hardness

This experimental campaign aimed to determine whether Vickers
microhardness could be used as a gage to estimate the other mechan-
ical properties. To do so, information on the compressive and tensile
strength of Vandellos-1, Chinon A2, and electrode-grade graphite was
also obtained. Young’s modulus, tensile, and compressive strength have
been corrected by the relative density to take into account variations
of the properties given by porosity. As a reference, the theoretical den-
sity of graphite was considered to be 2.662 g/cm? [39,40]. The tests
performed for Vickers micro hardness [41] are shown in Fig. 4 which
were carried out by performing an indentation with a diamond indenter
on the graphite surface. Via imaging software, the area of the sloping
surface of the indentation was calculated by measuring the diagonals of
the indentation and using the following equation:

HY = 1.354% )

With F being the load applied in KgF and d the arithmetic average
between the two diagonals. The results in Fig. 5 compare the mechanical
properties of the graphite types to Vickers microhardness. The equation
for each curve and the respective R2 are presented in Table 2, and in
Table 3 the values of Vickers microhardness for all graphite types are
given. The relative density correction provided a slight improvement of
roughly 0.02 + 0.04 to the R2 depending on the correlation. For the
tensile correlation (Fig. 5.b), the linear curve was calculated excluding
the point relative to L-54 M, which was considered an outlier. It can be

Table 3
Vickers microhardness results at 500 mN
force.
Graphite H, Standard Error
L-54M 16.14 4.71
Vandellos 6.23 2.25
Chinon 12.24 2.12
Latina 4.14 1.75
Electrode 7.19 3.34

seen that the properties which suffer the most from the directionality
of the samples (i.e. compressive and tensile strength) are the ones with
the lower R2 (respectively 0.58 and 0.53). Most likely, by taking into
account this factor, more accurate correlations may be achievable.

5. Computational models
5.1. Structural model

A non-linear structural model based on a finite volume beam
[42] was developed in MBDyn [43] to iteratively find Young’s modulus
that best fitted the experimental results. The model was developed to
recreate both four-point bending and compressive tests. A good match
was found with a Young modulus of 4.7 GPa, in line with the value
derived from the Vickers microhardness test of 5.19 + 0.74 and from
literature [44]. To match the mean experimental curve obtained in the
compression test, a simpler rod element was used with the constitutive
law of Eq. (4):

6= EA(0.853¢ — 1.95 - 10%|e|e +2.1 - 10%¢%) @

with E being Young’s modulus, A the section area of the sample, and e
the strain. The coefficients of the cubic law are given by best fitting the
curve with the experimental data. The results are shown in Fig. 6.

5.2. L-54 M graphite FEM model

The results from the mechanical tests were merged in the L-54 M
graphite characteristic stress-strain curve (Fig. 7) which has been used
as input for the FEM model in COMSOL Multiphysics software [45].
Since four-point bending test requires the use of a deflectometer, not
available during the experimental campaign, to provide such a curve, a
linear approximation using Young’s modulus was calculated for the ten-
sion part of the plot. To evaluate the complete stress state, together with
the uniaxial stress-strain data, the Poisson ratio had to be given as in-
put to calculate the shear stresses to which graphite is subject. A review
of the literature [44] provided a range of possible values attributable
to nuclear-grade graphite between 0.17 and 0.23. Both extremes were
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tested, and the former gave the most accurate results. Subsequently,
the two experimental setups were recreated in COMSOL environment
[45]. The geometries were developed to follow the sample geometry
for four-point bending and uni-axial compression. The compression test
was simulated by constraining the bottom surface and applying a dis-
placement to the top surface equal to the fracture displacement. The
same procedure was undertaken for the four-point bending simulation
where the constraints were inserted at the location of the lower span
and the displacement was applied at the location of the upper span. The
results are shown in Figs. 8 and 9. The meshes created for both tests
are made up of quadrilateral elements. The choice of said elements over
triangular ones was given by the fact that the former can achieve better
results in higher-order schemes and maintain better numerical stability
and accuracy. Moreover, the simple geometry of the studied samples
did not require complex meshes. The developed model cannot predict
when fracture can occur; therefore, the stress condition at the mean
displacement where the graphite samples broke was evaluated (2 mm
for compression and 0.16 mm for four-point bending). The results give a
maximum compressive stress of 66.4 MPa and a tensile stress of 9.5 MPa.
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Table 4
Comparison between a linear symmetric stress-strain curve graphite model
and the modified version.

Graphite Symmetric Curve Non-Symmetric Experimental
[MPa] Curve [MPa] [MPA]

Compression

Magnox 145.2 56.3 21.8

AGOT 105.1 66.4 52.0

Tension

Magnox 15 14 14.4

AGOT 11.1 9.5 9.5

5.3. Magnox graphite FEM model

The same test procedure was performed on second-generation Pile
Grade A (PGA) graphite from Magnox reactors. For tensile strength, the
four-point bending approach was performed on 7 samples. The com-
pression data was obtained in a confidential manner by SOGIN (Societa
Gestione Impianti Nucleari), the Italian enterprise responsible for nu-
clear decommissioning. The tests were performed on 13 samples with
a height-to-diameter ratio close to 1, despite the fact that the ASTM
standard requires a ratio of at least 2 for representative bulk behavior
[46]. The stress-strain curve values were obtained through image pro-
cessing using the ImageJ software [47]. The average maximum stress
was found to be 21.8 + 1.2 MPa. The relative standard deviation of
this case is observed to be more than double that of AGOT graphite,
despite using more samples. The approximate Young’s modulus was
found to be around 5 GPa, which is consistent with the data avail-
able in literature [48]. Table 4 summarizes the results and compares
them with a symmetric curve based on the calculated Young’s modu-
lus for the two graphite types. The default stress-strain curve within
COMSOL is constructed based on the assumption of linearity and sym-
metry, with the angular coefficient representing Young’s modulus. The
Magnox graphite model substantially reduces the error, but still overes-
timates considerably when compared to AGOT. The absence of informa-
tion on sample orientation and non-standard geometry, as well as the
optical image processing of stress-strain curves, significantly diminishes

0.04
MPa

4 66.4

-0.04
0.06

- {50
0.04

L ] 45
0.02

v29.3
-0.04

(b) Results

Fig. 8. Compression test recreation in COMSOL.
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Fig. 9. four-point bending test recreation in COMSOL.

the quality of the results, as evidenced by the higher relative standard
deviation.

Conclusions

Significant challenges still need to be addressed in order to ensure a
safe, efficient, and cost-effective decommissioning process of graphite-
moderated nuclear reactors. Plant characterization is one of the main
bottlenecks which requires optimization in order to achieve the project
end state within a reasonable time frame and budget. In this work, novel
solutions have been proposed to facilitate the mechanical characteriza-
tion process of nuclear-grade graphite without losing accuracy. ASTM
norms served as a starting point and were then modified to better suit the
characterization needs. The results of the three-point bending tests were
compared to the reference standard of four-point bending, and a correc-
tion factor was determined to normalize them. The use of three-point
bending enabled both flexion and compression characterization by only
using one set of specimen. Two non-linear structural models have been
developed to aid in this characterization by estimating with high relia-
bility Young’s modulus. Additionally, Vickers microhardness tests con-
firmed Young’s modulus calculation of the non-linear structural model
and provided three correlations that could be used to easily and rapidly
estimate graphite mechanical properties. Studies are already underway
to improve the correlations by taking into account the anisotropy of
the properties which have been shown to vary by a factor of roughly
30% depending on graphite extrusion direction. Improved predictive
capabilities of FEM graphite models were achieved by introducing the
asymmetric stress-strain curve as input data. The FEM model is now in-
tended to be used as a simulator to evaluate stresses arising in graphite
bricks under various loads. The implementation of this model will likely
be applicable during the assessment of various graphite handling sce-
narios during decommissioning. This model, together with the Vickers
microhardness correlation, will help provide more comprehensive and
reliable analysis without the need for lengthy characterization, result-
ing in a more informed and streamlined decision-making process for
graphite-moderated reactors decommissioning.
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