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a b s t r a c t

Characterization, dismantling and pre-disposal management of irradiated graphite (i-graphite) have an
important role in safe decommissioning of several nuclear facilities which used this material as
moderator and reflector. In addition to common radiation protection issues, easily volatizing long-lived
radionuclides and stored Wigner energy could be released during imprudent retrieval and processing of
i-graphite. With this regard, among all cutting technologies, abrasive waterjet (AWJ) can successfully
achieve all of the thermo-mechanical and radiation protection objectives. In this work, factorial exper-
iments were designed and systematically conducted to characterize the AWJ processing parameters and
the machining capability. Moreover, the limitation of dust production and secondary waste generation
has been addressed since they are important aspects for radiation protection and radioactive waste
management.

The promising results obtained on non-irradiated nuclear graphite blocks demonstrate the applica-
bility of AWJ as a valid technology for optimizing the retrieval, storage, and disposal of such radioactive
waste. These activities would benefit from the points of view of safety, management, and costs.
© 2023 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

Nuclear graphite has been widely used as a neutron moderator
and reflector and as a structural material in several nuclear power
plant concepts, especially in UK, France, Russian Federation, and
USA [1]. So far, more than 250,000 tons of irradiated nuclear
graphite (i-graphite) have been generated worldwide and are still
waiting for permanent disposal [2]. The large waste inventory and
the delays in siting and building deep repositories are not the only
reasons which make i-graphite a challenging waste to be managed
and which delayed the decommissioning of graphite-moderated
nuclear reactors [3]. In fact, the exposure to high neutron flu-
ences (often higher than 1022 neutrons/cm2) produces several ef-
fects in the material, such as neutron activation of constituents and
impurities, dimensional changes, modification of mechanical
properties, and formation of defects leading to the accumulation of
Wigner energy [4]. Despite the high purity of nuclear graphite,
i).

by Elsevier Korea LLC. This is an
trace elements do promote important phenomena during irradia-
tion [5e7]. They are mainly activated by neutron fluxes following
(n, g), (n, p) and (n, a) reactions, thus producing a wide range of
radionuclides in the graphite matrix, most of them being very
volatile or long-lived, such as 3H, 14C and 36Cl. Hence, i-graphite
blocks are often classified as intermediate level waste (ILW) and
require detailed radiological characterizations before retrieval
[8e10]. Over the years, many solutions have been investigated to
dismantle and manage i-graphite [11e13]. In most cases, the safe
storage has been selected as more convenient decommissioning
strategy. This choice was not aimed at reducing the residual
radioactivity in the activated graphite blocks, since most activated
radionuclides are long-lived, but rather at developing effective pre-
disposal processes during the deferred dismantling period [14]. For
this purpose, different dismantling and treatment processes have
been proposed and studied [15e17]. About these topics, some joint
research projects have been funded by the European Commissions
or coordinated by the International Atomic Energy Agency (IAEA),
like the recently concluded Irradiated Graphite Processing Ap-
proaches (GRAPA) project [3,18e20]. Besides the difficulties
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encountered in identifying themost suited treatment approach, the
high operating costs and the lower security of interim storage fa-
cilities must be considered [3]. Moreover, some Member States
which have operated just a few graphite moderated nuclear power
plants or just a few nuclear research reactors are certainly more
inclined to postpone the issue of choosing and implementing a
definitive i-graphite management approach. In these cases, i-
graphite is usually kept for some decades inside the reactor
building or, less likely, transferred in temporary repositories,
waiting for a final solution. That is also the case of Italy, where,
besides a MAGNOX NPP (Latina, Sogin), a L-54 M nuclear research
reactor (Milan, Politecnico di Milano) has been shut-down [10]. The
decommissioning of both facilities is being managed according to a
deferred dismantling strategy, also due to the absence of a national
repository for the disposal of the resulting radioactive waste. Dur-
ing the transition period between operation and beginning of
dismantling, some activities have been performed to guarantee L-
54 M safety and plan the next steps, such as the removal of the
spent nuclear fuel and the execution of preliminary radiological
characterization. In particular, the focus of this campaign was the
irradiated Acheson Graphite Ordinary Temperature (AGOT i-
graphite) employed in L-54 M nuclear research reactor as neutron
moderator and reflector [6].

The selection of the most appropriate i-graphite waste route
depends on its inventory and physical, chemical, mechanical, and
radiological properties. Moreover, several technical, economic,
strategic, and political issues, among which the seldom defined
waste acceptance criteria, should be carefully considered [21].
Nowadays, one of the most accredited options is to extract the
whole i-graphite blocks and to either treat or directly dispose them
afterwards without any further processing [2,22]. In any case, it
may be advantageous to optimize how decommissioned i-graphite
waste is placed in a package, to make best use of the available in-
ternal space and limit the space occupation in the final repository.
To do this several techniques may be employed, such as surface
decontamination and cutting. The former is not convenient since
radiocontaminants mainly originate from neutron activation,
which occurs both in the bulk and on the surface [11], while the
latter exploits cutting the i-graphite into blocks so that they can be
stored in a more space-efficient way in containers [23]. As i-
graphite is usually classified as ILW, this technique would increase
the specific activity of the waste package, but without a change of
classification. In addition to volatile and long-lived radionuclides
content, accumulated Wigner energy is a key issue to be carefully
considered when dealing with i-graphite, especially for graphite
irradiated at temperatures below 100 �C [1]. In fact, it is sufficient to
anneal the material at a temperature of approximately 50 �C higher
than the irradiation temperature to release the stored Wigner en-
ergy [24]. Consequently, special care must be taken to avoid un-
controlled release of Wigner energy from i-graphite, which may
lead to abrupt loss of radionuclides or accidents [25]. In this
context, in order to support the next decommissioning operations,
the abrasive waterjet (AWJ) cutting technique has been considered,
as it could offer several valid advantages over traditional cutting
techniques [26e28]. It usually produces small amounts of dusty by-
products during cutting and can also be operated under water,
which greatly reduces the possibility of dust dispersion [29]. To
enhance the radiation protection effectiveness of AWJ technique,
remotely-controlled operation can be implemented [30,31]. The
combination of low dust production, under water execution and
remote-control operation proficiently limits the operational dose
received by operators [32]. Another interesting feature, especially
from the point of view of Wigner energy release, is the fact that it
usually entails limited thermal alteration of the workpiece with
respect to conventional mechanical and thermal cutting
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technologies, i.e., friction-induced heat [33e35]. So far, AWJ tech-
nology has been adopted in various manufacturing sectors as a
cutting tool for a wide range of materials, such as metals, com-
posites, glass, and ceramics [26,33,36]. The cutting ability of AWJ
strongly depends on process parameters and on the physical
properties of the processed material. Although the number of sig-
nificant investigations in the literature is rather small, AWJ tech-
nology has already been identified as potential cutting technology
for dismantling and cutting operations in nuclear decommissioning
[30,31,37]. Moreover, attempts to apply AWJ to the cutting of i-
graphite were made, but no results are available in the literature
[38].

To the best of the authors’ knowledge, a systematic study has
not yet been conducted to optimize the AWJ process parameters for
i-graphite cutting in view of a potential application in the nuclear
decommissioning. This work aims to bridge this gap of knowledge.
Non-irradiated AGOT-type graphite blocks from the same manu-
facturer as those used in L-54 M nuclear research reactor were
employed in this study [39]. Factorial experiments were performed
using an industrial AWJ cutting machine by varying several process
parameters (e.g.: water pressure, abrasive mass flow rate, and tra-
verse velocity) in order to test different experimental conditions,
reduce the amount of secondary waste, and identify a suitable
processability window. Specifically, the present study investigated
the influence of the process parameters on the material removal
rate capability of the nuclear grade graphite, in order to estimate
the amount of graphite dust that would be collected in the catcher
along with the spent abrasive. This information will be required for
treating the slurry in the catcher and optimizing the secondary
waste management [40,41]. Moreover, the graphite temperature
was preliminarily assessed by a temperature sensing system during
the cutting process.

2. Materials and methods

2.1. Theoretical background on AWJ cutting

During the process, water is pressurized up to 300e400 MPa
through a pressure intensifier, and it is sent to the cutting head,
where the primary orifice transforms pressure energy into kinetic
energy. Afterwards, the abrasive is mixed to the high-speed water
jet to form the AWJ, inside the mixing chamber, Fig. 1.

During the mixing process, a momentum transfer fromwater to
abrasive particles causes their acceleration along the focusing tube
[42,43]. Finally, the abrasive jet exits the focusing tube, gets
airborne, then interacts on the workpiece producing the material
removal. Waterjet velocity vj Eq. (3) can be obtained from the
theoretical velocity vth Eq. (1), that is derived from the Bernoulli
equation, considering water compressibility j Eq. (2) and irre-
versibility cv, respectively [43].

vth ¼
ffiffiffiffiffiffi
2p
r

s
(1)

j¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s

where L ¼ 300 MPa and n ¼ 0:1368 ½42;43�
(3)

Water mass flow rate _mw Eq. (4) is obtained from the water
density r and water volume flow rate Qw Eq. (5), which in turn can



Fig. 1. AWJ head, adapted from Ref. [35] and detail of the cutting kerf geometry.

Table 1
AGOT-type graphite properties [59].

Property Value

Bulk density (g�cm�3) 1.69 ± 0.03
Skeletal density (g�cm�3) 2.29 ± 0.02
Porosity (%) 26.4 ± 0.7
Thermal conductivity (W�m�1�K�1) 166
Specific heat capacity (J�kg�1�K�1) 760
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be calculated from the Bernoulli velocity vth, the nominal cross-
sectional area of the orifice S0, and the orifice discharge coeffi-
cient cd [26,43]. The jet kinetic Pkin is defined in Eq. (6).

_mw¼ rQw (4)

Qw ¼ cdS0

ffiffiffiffiffiffi
2p
r

s
(5)

Pkin¼
1
2
_mwv

2
j (6)

As soon as the waterjet enters the mixing chamber (Fig. 1), it
starts mixing with the incoming abrasive particles, which are
pneumatically delivered to the mixing chamber. During the mixing
process, which starts in the mixing chamber and continues inside
the focusing tube, momentum transfer from water to abrasive
particles happens. To this purpose, the abrasive loading ratio rd (Eq.
(7)) is introduced to explain the momentum transfer from the
water to the abrasive particles. The mixed jet velocity vabr (Eq. (8))
depends on rd. vabr is the equilibrium velocity of the mixed jet,
which is composed by water, abrasive particles, and air when it
exits from the focusing tube, under the hypothesis of no energy
losses in the mixing process. Finally, it is possible to express the
kinetic power of the abrasive particles (from now on, it will be
called jet power), Ppart as the only portion of the kinetic power of
the AWJ that is useful for the material removal process(Eq. (9)) [42].

rd ¼
_ma
_mw

(7)
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vabr ¼
vj

1þ rd
(8)

Ppart ¼1
2
_mav

2
abr (9)

According to Hashish [42], the jet power Ppart is related to the
material removal rate of the process, i.e., the amount of removed
material per unit of time. For this reason, Ppart is the physical
quantity better representing the jet cutting capability [42,44e46].

During the cutting process, not all the jet power is spent for the
material removal. In fact, a series of physical phenomena have been
observed during AWJ cutting, among them vibroacoustic emission
[44,47e53] and thermal emission [54e57]. According to
Refs. [33,57], a fraction of the abrasive particles kinetic power
(PpartÞ is converted into thermal power, which is responsible for the
workpiece temperature increase during the cutting process.

Experimental results reported in Refs. [55,56,58] showed how,
on average, the measured maximum temperature was below 70 �C.
However, Kovacevic et al. [56] detected water vapor during AWJ
cutting of materials like titanium, as a consequence of localized
heating effects. Such effects may constitute a risk in highly thermal
sensitive materials like the irradiated nuclear graphite.
2.2. Samples preparation and sensing system

The herein reported experiments have been conducted on
fourteen squared blocks of non-irradiated graphite prepared
starting from a 600 mm � 100 mm x 100 mm AGOT-type rod,
through sawing operation. It belongs to the same stock employed as
reflector and moderator at L-54 M nuclear research reactor, oper-
ated between 1959 and 1979 at Politecnico di Milano, Italy [39]. So
far, in order to develop an accurate neutron activation model in
support of the radiological characterisation, great efforts have
already been made to determine the elemental composition of
AGOT used in L-54M reactor [7,59]. Some physical properties of the
AGOT-type graphite are reported in Table 1.

Each block dimensions were: 30 mm � 100 mm x 100 mm.
Afterwards, twelve 1 mm diameter blind holes, were drilled on
each graphite block by mechanical drilling, six for each side, as
reported in Fig. 2. The purpose of each hole was to host a ther-
mocouple to measure the temperature during the cutting process.
To avoid any collisions between the moving AWJ and each ther-
mocouple, each of these were placed at 5 mm far from the centre
line of the cutting path (Fig. 2). For this reason, the drilling depth of
each blind hole was 10 mm.

Each sample was instrumented with twelve k-type thermo-
couples (IEC 60584), (Tersid, Milan, Italy). The instrumented
graphite sample is shown in Fig. 3 where the setup components are
visible.

The experimental activity was conducted using a CNC
(Computerized Numerical Control) AWJ cutting machine (IDRO
1740, CMS SpA, Zogno, Italy), with a double effect high pressure
intensifier pump (Flow International Corporation). A pressure



Fig. 2. Graphite samples dimensions and detail of the blind holes (all dimensions are in mm).

Fig. 3. Sensing system.
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gauge was mounted at the pressure intensifier outlet to measure
water pressure in every experimental run. The abrasive mass flow
rate was regulated by an abrasive feeding system. Detail of the AWJ
cutting head and abrasive feeding system is reported in Fig. 4.

In this study, GMAGARNET (Australian GMAGarnet), mesh# 80,
was used as abrasive powder. It is composed of silicates and is
extracted from mines. Chemical and mineralogical composition of
the employed abrasive was provided by the vendor and is reported
in Table 2.
2359
2.3. Experimental design and data analysis method

The experiments consisted in a series of cutting tests that were
performed in one single pass on AGOT-type graphite samples. For
each experimental run, the sample was held in place, as shown in
Fig. 3, while the AWJ cutting head was moved according to a spe-
cific traverse velocity, which was set through the CNC system. The
aim of the experiment was to investigate the material removal rate,
as well as the graphite temperature during the cutting process. The
following process parameters were considered.

� Water pressure, p (MPa);
� Abrasive mass flow rate, _ma (g�min�1);
� Traverse velocity, vf (mm�min�1);

Table 3 summarizes all the process parameters that were
considered for the design of the experiment. Both variable and
constant parameters are reported.

The levels defined for each variable parameter, were identified
through a screening experiment based on a DOE (Design Of Exper-
iment) methodology. The screening experiment consisted in a series
of cutting experiments of 100mm thick graphite block. The objective
aimed at finding a suitable processability window, i.e. the region of
process parameters producing a complete-separation cut on the
100-mm-thick AGOT-type graphite bar. The screening experiment



Fig. 4. AWJ cutting apparatus: detail of the abrasive feeding system; high pressure
water line; cutting head.

Table 2
Chemical composition of the Garnet abrasive.

Chemical name Symbol Proportion (weight%)

Almandine Garnet Fe3Al2(SiO4)3 >97
Ilmenite FeTiO3 <2.0
Calcium Carbonate CaCO3 <1.5
Zircon ZrSiO4 <0.2
Quartz SiO2 <0.2

Table 3
Constant parameters and variable factors.

Fixed parameters Values

Standoff distance, sod (mm) 3
Thickness, t (mm) 100
Primary orifice diameter, dn (mm) 0.33
Focusing tube diameter, df (mm) 1.02
Focusing tube length, lf (mm) 75
Type of abrasive Barton Garnet
Abrasive mesh number 80

Variable parameters Values

Water pressure, p (MPa) 125e280
Abrasive mass flow rate, _ma (g�min�1) 170e480
Traverse velocity, vf (mm�min�1) 20e40

Fig. 5. Central composite design (CCD) scheme for two control factors of the experi-
mental plan (adapted from Ref. [60]), in both natural and coded units.
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showed how the AWJ cutting capability strictly depends on the ratio
between the jet power and the traverse velocity. In particular, each
combination of water pressure (100 MPa � p � 380 MPaÞ, abrasive
mass flow rate (50 g �min�1 � _ma � 480 g �min�1), traverse ve-
locity (20 mm �min�1 � vf � 300 mm �min�1) which yields Ppart=

vf >225 J �mm�1 was sufficient to obtain a separation cut.
Even if a separation cut is obtained, the quality of the width of a

cut could be poor. However, an acceptable level of quality would be
fundamental to ensure a better mechanical coupling of the
2360
segmented graphite blocks during the confinement process. For
this reason, the levels of the variable parameters of the experi-
mental plan were determined starting from a value of
Ppart=vf >550 J �mm�1, which experimentally resulted in an
acceptable cutting quality for the process.

The selected control factors of the experimental plan were the
jet power (PpartÞ and the traverse velocity (vf ), which is the traverse
speed of the cutting head, and it is related to the productivity of the
process. Ppart is the source of mechanical power that is partially
converted into thermal power during the cutting process. Indeed,
the jet power is related to the material removal rate. For these
reasons, it was reasonable to assume the jet power as a control
factor of the experimental design. As defined in Eq. (9), Ppart de-
pends on both water pressure p and the abrasive mass flow rate _ma.
These two process parameters were combined to generate different
levels of Ppart.

A central composite design (CCD) scheme was selected to setup
a proper experimental design to handle potential linear, quadratic
and interaction terms in the empirical modelling of the response
variables [60,61]. A CCD is composed by corner points (nF ¼ 2kÞ,
axial points (na ¼ 2kÞ and center points (ncÞ as shown in Fig. 5,
where k is the number of control factors of the experimental plan,
i.e. k ¼ 2.

For a two-factor CCD, the distance between the axial points and
the centre point, named a (Fig. 5), must be accurately selected. The

choice of a depends on the number of corner points as a ¼ n1=4
F ¼ffiffiffi

2
p

, [61]. The values of the control factors are reported in Table 4.
Coded variables are useful to compare the weight of factor ef-

fects on response variables [60,61]. Eq. (12) and Eq. (13), reported
below, were used to obtain coded variables’ values:

P*part ¼
2
�
Ppart � Pcppart

�
PHpart � PLpart

(12)



Table 4
Control factors levels of the experimental design.

Control factor Lower axial point Higher axial point Lower corner point (L) Higher corner point (H) Center (cp)

Ppart (W) 275 1430 444 1260 852
vf (mm�min�1) 20 40 23 37 30

Table 5
Measured MRR (g/s) and total mass of material removed Dm (g) for each experi-
mental run.

Run order Ppart vf Dm MRR (J�mm-1)

1 444 37 36 0.22
2 444 23 39 0.15
3 1260 23 51 0.19
4 852 30 42 0.21
5 1260 37 45 0.28
6 852 30 44 0.22
7 852 30 43 0.22
8 275 30 32 0.16
9 852 30 43 0.22
10 852 30 43 0.22
11 852 40 40 0.27
12 852 30 43 0.22
13 1430 30 49 0.25
30 852 20 47 0.16
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v*f ¼
2
�
vf � vcpf

�
vHf � vLf

(13)

where the superscript * stands for the coded units, cp stands for the
center point, H and L stand for higher and lower corner point,
respectively (Table 4).

The center point was replicated six times, while both the corner
points and axial points were replicated once, as suggested in
Ref. [61]. The total number of experimental runs was fourteen. The
material removal rate (MRR) was also investigated. To this purpose,
the formula reported in Eq. (12) was used, where lc is the length of
the cutting path (100 mm), mf and mI are the dried sample mass
after and before the cutting experiment. To this purpose, each
sample was dried in an industrial oven at a controlled temperature
of 115 �C for 48 h before and after each cutting operation.

MRR¼mf �mi
lc

vf (14)

Each sample mass was measured using an analytical balance.
For each experimental run, once the AWJ cutting machine had been
started, the temperature was measured by means of the thermo-
couples placed inside each graphite sample (Fig. 3).

The data analysis was performed according to the following
steps.

1. For each experimental run, the material removal rate was
calculated, and the value of the maximum temperature was
registered.

2. Exploratory graphical analysis: material removal rate data were
represented according to the main effect plots, to visually
investigate the most influential effects of the control factors.

3. In order to develop an empirical model of material removal rate
(MRR), data were fitted with a full quadratic model (Eq. (15)):

y¼ b0 þ
Xk
i¼1

bixi þ
Xk
i¼1

biix
2
i þ

X
i< j

X
bijxixj þ ε (15)

where the coefficients of the model were found using the least
squares method. The significance of the model was tested using the
analysis of variance (ANOVA).

3. Results and discussion

The calculated MRR together with the measured total mass of
material removed Dm for each set of inputs is reported in Table 5.

Fig. 6 shows the effect of control factors, Ppart and vf on the MRR.
Both control factors have a positive effect on the MRR, as pre-

dicted by the theory of AWJ material removal rate [26,43]. MRR
linearly increases with the traverse velocity, as well as with the AWJ
power, as stated by Hashish's model [42,43]. The material removal
rate data have been fitted with a second order polynomial response
surface. ANOVA was performed to look for significant effects of the
full quadratic model. Three terms were found to exhibit more
evident significance in the model (p-value <0.05): first order term
of jet power (Ppart), second term of jet power (P2part) and first order
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term of traverse velocity (vf Þ. Finally, a reduced model was fitted,
including all significant factors. Estimated coefficients and their
standard errors are shown in Table 6 for the MRR model.where,
Ppart is the jet power (W), vf is the traverse velocity (mm�min�1),
MRR (g�s�1) is the material removal rate. The fundamental as-
sumptions of the linear regression analysis were tested. Model
adequacy was checked considering the normality of the standard-
ized residuals. Standardized residuals do not show any apparent
pattern against fitted values. The model adequacy checking did not
find any influential observations (Cook's distance: D � ±1), as well
as any significant collinearity between predictors. Indeed, in Fig. 6,
the total removed mass Dm is plotted against the traverse velocity
to investigate the potential effect of the said parameter on the dust
formation during the cutting process. However, results do not show
any evident correlation between the total removed mass and the
traverse velocity (p-value¼ 0.1846). Fig. 7 shows the contour plot of
the calculated response surface material removal rate as a function
of the control factors Ppart and vf . Statistical analysis supports the
experimental results, for which an increase of either the jet power
(i.e., water pressure and/or abrasive mass flow rate) or the traverse
velocity, increases the material removal rate.

Finally, temperature data have been graphically represented in
Fig. 8, according to the x and y coordinates of the measuring sensor.
The highest temperature has been measured in the upper part of
the graphite sample, which is closer to the jet entrance and
therefore receives higher mechanical power. In fact, the jet loses its
power as it cuts through the target sample, then the fraction of
mechanical power transformed into heat power decreases with
depth.

Several countermeasures could be undertaken to meet the
different radiation protection requirements which could be
imposed by a safety authority. Reasonably, it may be asked to limit
the dose delivered to the workers; limit the radioactivity discharge
that could hamper the public e including the future generations e
and the environment; reduce the volumes of secondary waste to be
disposed, and, in general, consider safety, security, social, and
economic requirements [62,63]. The safeguard of workers' health
could be pursued thanks to the possibility of implementing
remotely-controlled and under water operation of the AWJ



Fig. 6. Effect of the control factors on the MRR. Left panel: power effect. Right panel: traverse velocity effect. The red circles represent the experimental points, while the black
squares represent the average values.

Table 6
Estimated coefficients of the response surface model for MRR.

MRR¼ � 3:227 � 10�2 þ 1:211 � 10�4Ppart þ 5:545 � 10�3vf � 3:124 � 10�8P2part
(16)

Coefficient Estimate Std. Error t-value p-value

Constant �3.227e-02 8.611e-03 �3.748 0.00380
Ppart 1.211e-04 1.511e-05 8.019 1.15e-05
vf 5.545e-03 1.971e-04 28.129 7.49e-11
Ppart*Ppart �3.124e-08 8.634e-09 �3.618 0.00471

A regression equation for MRR (R2
adj ¼ 0.9896) is reported in Eq. (14).

Fig. 7. Contour plot of the MRR response surface (Eq. (14)).
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equipment. Beside strongly reducing the dose that operators
directly receive from the i-graphite blocks undergoing cutting
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operations, also the suspended dust particles would be abated,
reducing the inhalation risk, and allowing to simplify the air
filtration system [30,32]. In addition, the discovery of a process-
ability window allows to select the optimal AWJ working condi-
tions that could help in satisfying radiation protection and waste
management requirements. Above all, the temperature increase in
the block must be carefully controlled while handling i-graphite to
avoid the undesired discharge of Wigner energy [1]. Besides, the
material warming would most likely favour the release of volatile
radionuclides (such as tritium, Cl-36, and themore easily mobilised
fraction of C-14) from the surface, which would hamper not only
the worker's health, but also the safety of the public and the
environment [13,23]. The mitigation of radionuclides dispersion
requires the implementation of defence in depth approach, e.g. by
confining the working area, operating dust abatement and air
filtration system [64]. To further improve the safety of the
decommissioning operations, the AWJ cutting could be operated
under water to limit the dispersion of volatile radionuclides in the
air. The contaminated process water may be reused several times to
avoid the excessive production of radioactive secondary waste.
Afterwards, the effluent would be managed as radioactive waste.
Since 50 �C is the maximum temperature increment that would not
endanger the i-graphite blocks from aWigner energy perspective, a
wide range of process parameters values could be selected. In fact,
as shown in Fig. 8, the safety requirement is satisfied by all the
tested combinations of the process parameters that allow a sepa-
ration cut. Hence, the choice of the optimal process parameters for
i-graphite cutting is not limited by temperature constraints. For this
reason, it could be driven by other safety criteria.

It is worth noting that impurities activation and Wigner energy
storage are not the only effects induced by fast neutron irradiation,
thermal and radiolytic oxidation. Dimensional changes, modifica-
tion of mechanical strength and thermal conductivity occur on i-
graphite [65]. The magnitude of these alterations depends on
several parameters, such as neutron fluence, irradiation



Fig. 8. Measured peak temperatures at different referenced coordinates inside the samples. Red squares represent the averages values.
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temperature, virgin graphite properties, coolant gas pressure and
composition [1]. Hence, it is difficult to a priori envisage how the
cutting performancewould be affected in the case of i-graphite. The
processability window should be verified on a case-by-case basis. In
general, at high doses mechanical strength and thermal conduc-
tivity decrease, while porosity increases. Therefore, with respect to
virgin graphite, the cutting would probably become easier, but the
heat dissipation would worsen. Although this last issue would
affect all cutting technologies, it could be successfully mitigated by
operating the AWJ cutting under water.

A relevant aspect from the perspective of waste management is
the limitation of the material removal rate (MRR). Besides being
radioactive, the irradiated graphite contains easily volatilising ra-
dionuclides that could be released during the cutting operations,
especially when the material is pulverised or slightly heated. Such
radionuclides could dissolve in the process water and accumulate
in the catcher, or disperse in the atmosphere, thus endangering
workers and public health if not properly addressed. As shown in
Fig. 7, by duly choosing the working conditions within the pro-
cessability window a successful cut could be obtained, while at the
same time limiting the MRR. The pulverised i-graphite should then
be properly managed to ensure its safe disposability. An option
could be recovering it from the catcher, separating it from the spent
abrasive (e.g. by the different density) that could be recycled, and
encapsulating the recovered i-graphite following the so-called
“mortar and concrete” strategy [3]. At this stage, the contami-
natedwater could be used asmixingwater for the production of the
cementitious matrices. Another important issue is the reduction of
the secondary waste that will be unavoidably produced since it will
require proper management to be safely disposed of. Besides the i-
graphite dust, the secondary waste includes the spent abrasive
material. Originally this is not radioactive, but it will come in
contact with radionuclides and become contaminated during the
cutting process. As reported, the abrasive mass flow rate may be
reduced and still a successful cut could be obtained.

The graph in Fig. 7 can be used to operate into a particular target
of primary waste production (i.e., the amount of removed graphite
during the cutting process) that is considered sufficiently safe. In
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the same way, the process parameters can be selected to limit the
secondary waste (abrasive) by increasing the water pressure.

For example, considering the case where MRR target level is
0.135 g/s, the corresponding cutting capacity can be achievedwith a
traverse velocity of 25mm/min (intermediate cutting quality level).
Therefore, it would result Pparty275 W. Finally, the process pa-
rameters can be retrieved from the jet power value (Eq. (1) - Eq.
(1)(9). One of the possible combinations of process parameters,
inside the experimental range, which satisfy all requirements is:
water pressure (p ¼ 125 MPa) and the abrasive mass flow rate
( _ma ¼ 0:17 kg/min). The selected operative specifications would
lead to a secondary waste production rate of 1.78 kg/min, of which
1.61 kg/min of water. Said flow rate was calculated from Eq. (4),
while the total graphite removed mass rate was 8.1 g/min.

The reduction of the amount of the abrasive would not just limit
the secondary waste production and ease its management, but also
reduce the cost of the cutting process. An option could be retrieving
the solid residues from the tank to recycle the water, without
discriminating between the pulverised i-graphite and the spent
abrasive, and encapsulate them by using a cement binder, following
themortar and concrete approach. In fact, it is not recommended to
recycle the spent abrasive powder because its cutting capability
would be reduced after some cutting cycles [66]. The cementation
approach would be straightforward and easily applicable. Besides
the encapsulation of i-graphite in concrete, also the spent abrasive
can be proficiently conditioned, even allowing to improve me-
chanical resistance and durability of the matrix [67].

The transferability of the AWJ to reactor dismantling needs to
accomplish different challenges such as the cutting of very thick
materials that can be done either in situ or ex situ. In situ
dismantling involves cutting and removing materials while they
are still in the reactor. This approach can be advantageous in terms
of minimizing the amount of waste generated, reducing the need
for heavy lifting equipment, and simplifying the handling and
disposal of radioactive materials. However, in situ dismantling can
be more complex and time-consuming, as it requires working in a
confined and often highly radioactive environment. According to
Hashish, a few approaches can be used to cut very tick materials
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(>50 mme600 mm) [68]. The most significant one consists of a
multi pass cutting strategy inwhich an oscillating AWJ cutting head
passes several times to groove into the material. For each pass the
standoff distance is adjusted in order to keep it asmuch as constant.
Said method was experimented to cut through nuclear grade
reinforced concrete, resulting in a 0.5e1.0 m2/h cut area rate.
Indeed, vacuum systems can be useful for in-situ dismantling.
During the process, the removed material is sucked up and trans-
ported to a separate containment vessel for further processing and
disposal. The vacuum system can be designed to work in
conjunction with the waterjet cutting system. Preliminary experi-
mental results reported that cuttings and water were 80% con-
tained using a unique vacuum system [68].

4. Conclusions

In this paper, the applicability of the AWJ to i-graphite cutting
was evaluated. One of the objectives of the paper was to investigate
the effect of the process parameters on the temperature of the
graphite during the cutting process. This is essential to assess
whether this type of technique can also be used for cutting irra-
diated graphite at low temperatures to avoid Wigner energy
release.

The experiments showed that the temperature variation in the
case of 100 mm thick, AGOT-type virgin nuclear graphite does not
exceed the 50 �C limit. The maximum temperature increase was
lower than 35 �C. Results demonstrated that AWJ cutting may be a
valuable cutting process for the segmentation of the irradiated
graphite. For this reason, further studies are needed to validate the
processability window and to estimate the maximum temperature
during the cutting of irradiated graphite blocks, therefore when
thermal conductivity is expected to worsen. The MRR was
measured in order to investigate the overall volume of secondary
waste produced by the cutting process. A good agreement between
theory and experiments has been found since both the AWJ kinetic
power and the traverse velocity were found to be significant for the
MRR. A quadratic regression model has been developed, in which
the traverse velocity exhibits a positive effect on the MRR, whilst
the jet power showed a quadratic effect on the material removal
rate.

The secondarywaste could be proficientlymanaged by recycling
the water in the tank, while recovering both spent abrasive and i-
graphite from the tank to be then encapsulated in cementitious
matrices or, preferably, in a more sustainable and durable
geopolymer.

As a further study, it would be interesting to better investigate
the possibility of conducting underwater cutting experiments. In
fact, this almost eliminates the possibility of splashing, while the
amount of dust produced during cutting, which is usually already
very low in this type of technique, may be further reduced. From a
point of view of an industrial application and radiation protection,
the underwater cutting strategy would further limit the radiation
dose, because of the shielding action of water, reduce the disper-
sion of volatile radionuclides, and improve the heat dissipation,
thus increasing the safety of the process. Another advantage of the
underwater cut could be to reduce the maximum peak tempera-
ture. In fact, by immersing the graphite blocks in water, the heat
would be quickly dissipated as water has a higher convective heat
exchange coefficient than air.
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