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This study summarises the work performed to implementing the material properties for Hastelloy-N, of interest
for GenIV MSRs, into the TRANSURANUS fuel performance code. The individual development of correlations
on the basis of experimental data in the open literature, and the subsequent assessment with an independent
dataset when available, also revealed the need for specific new experiments that have been pointed out.
Following that, an integral assessment of the new code version was carried out as well. The simulation of a

biaxial cladding burst tests from ORNL, with due consideration of the uncertainties and analysis by means of
the new graphical output analysis tool TUPython for uncertainty and sensitivity analysis, provided encouraging
results for the preliminary implementation of Hastelloy-N properties. The proposed set of material properties
can therefore be readily implemented in any other fuel performance code.

1. Introduction

Generation IV (GenIV) was a concept developed at the early 2000s
by the countries conforming the Generation IV International Forum
(GIF) involving a series of reactor concepts that take into account at
least one of the following considerations: sustainability to meet the car-
bon free objectives, increased efficiency; economic viability to compete
with existing systems; safety and reliability; proliferation resistance
and physical protection to reduce the risks of creating weapon usable
materials. Among the proposed systems, the Molten Salt Reactor (MSR)
its acknowledged to being the most inherently safe and flexible.

However, as most GenlV reactors, MSR concepts are not new since
they were first developed in the 1950s at the Oak Ridge National
Laboratory (ORNL) with the first (and only) test reactor operated in the
1960s. This reactor concept uses molten salt as fuel and/or coolant. If
the latter case is applied, MSRs are re-branded as Fluoride Salt Cooled
High Temperature Reactors (FHRs) which propose a coated fuelled core
developed for High Temperature Gas cooled Reactors (HTGRs) cooled
using fluoride molten salts. The FHR concept is a subclass of MSRs.
While the latter has the fuel dissolved in the fluoride salt coolant, the
FHR uses solid fuel physically separated from the molten coolant salt.
Amongst different proposals for the FHR fuel design, a traditional solid
pin-type fuel configuration has been explored (Greene et al., 2010;
Xing, 2022). However, the use of metallic cladding would come with
corrosion-related issues.

* Corresponding author.

According to the latest GIF report, Kamide et al. (2021), one of the
R&D objectives of MSRs (and FHRs) is the research of materials compat-
ible with molten salt. Using salt as coolant results in a higher average
temperature with lower temperature gradient across the core. On the
other hand, the use of molten salt results in extreme environments due
to the high temperature and high corrosion involved which affects the
performance of the fuel and materials. Such harsh conditions require
the consideration of advanced accident tolerant cladding materials in a
similar way as for LWRs analysed in the frame of the R2CA project.
This project aims at the reduction of the radiological consequences
of accidents. To this end, the R2CA project aims at the evaluation
of promising enhanced-accident fuels and materials, including coated
claddings as well as Fe based or Ni based alloys.

The development of materials that can withstand both high tem-
perature and high corrosive environments is essential for MSRs. Such
materials should exhibit minimum corrosion when exposed to the
molten salt as well as creep strength at operating temperatures (Guo
et al., 2018) and applied inner cavity loads. Given the extreme tempera-
tures, the use of a passivating oxide layer (Guo et al., 2018) is restricted.
Therefore, the use of stainless steel in MSRs is subjected to corrosion
related issues. Some experiments were conducted in the 1960’s by the
Aircraft Nuclear Propulsion Program (ANPP) (Haubenreich and Engel,
1970) and Molten Salt Reactor Experiment (MSRE) (Smith, 1965) show-
ing that Nickel has the best corrosion resistance when exposed to FliBe,
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Table 1

Nominal Composition of HASTELLOY-N alloy (UNS N10003) in wt% (Swindeman et al., 2014a).

Element Ni Cr Mo Fe Si Mn \Y C Co Cu w Al+Ti

wt% 71 Bal 7 16 4 1 0.8 0.5 0.06 0.02 0.35 0.5 0.5
(max) (max) (max) (max) (max) (max) (max) (max)

an eutectic mixture of 2LiF-BeF2 (Scarlat et al., 2014). However its
mechanical performance shown to be poor when exposed to operating
temperatures above 650 °C. The solution was the development of a
series of Ni-Mo-Cr alloys where Mo provides high temperature strength
so as Cr together with oxidation resistance (Smith, 1965).

In particular, INOR-8 currently known as Hastelloy-N or Alloy-N
(Swindeman et al., 2014a) (UNS N10003) developed by Oak Ridge
National Laboratory (ORNL) in the 1950s' has demonstrated good
oxidation resistance to hot fluoride salts (in the temperature range of
704 to 871 °C) (Swindeman et al., 2014a). In addition, since materials
are going to be exposed to radiation due to the fission reactions taking
place in the reactor, the alloy needs to be resistant to irradiation to
prevent from swelling and irradiation induced (or enhanced) creep.

The composition of the material is displayed in Table 1. The al-
loy is solution strengthened with a relatively high amount of Mo. Si
contributes to stabilising the Ni,Mo,(C, Si) and Ni;Mo;(C, Si), primary
precipitates in the alloy (Xu et al., 2015).

In this work, the material Hastelloy-N was added to the
TRANSURANUS (TU) (Lassmann, 1992) fuel performance code, which
we shortly introduce in the next section. In the subsequent section, we
outline how the necessary correlations, using existing data available in
literature, were created and tested at different temperatures, loads and
in some cases under different levels of irradiation. This contributes to
the data acquisition of enhanced accident tolerant materials and their
evaluation as carried out in the R2CA project. Once implemented, the
behaviour of the material was compared to that of the same material
using different sources or to other materials already existent in TU
as means to verify its performance. This constitutes the first step in
the validation process, where only the separate models are validated.
However, given the lack of accessible up-to-date data, some correlations
are subjected to high uncertainties as it will be developed in the
following sections. For this reason, we took advantage of the in-built
TU Monte Carlo capability to consider uncertainties when carrying
out the first integral assessment of the code in the next section. For
this purpose, a cladding burst test was performed and results were
compared to a similar experiment carried out at ORNL (Stearns,
1967), taking into consideration all possible uncertainties. Finally, in
the last section we draw the conclusions of this work and formulate
recommendations for further research.

2. Fuel performance modelling technique

There are two main types of codes that model fuel performance:
two dimensional and three dimensional (Van Uffelen et al., 2018).
The former can be subdivided into three different categories. The first
category is sometimes referred as “1.5D” code, these codes exploits
the rotational symmetry of the fuel rod and include codes such as
TU and ENIGMA (Jackson et al., 1990). The other category exploit
finite element (or finite volumes) models making assumptions about
either the azimuthal or the axial direction (Haynes, 2018). 3-D fuel
performance codes such as BISON, a finite element based code capable
of solving the fully-coupled equations of thermo-mechanics and species
diffusion (Hales et al., 2016), can be used for one, two or three
dimensions.

1 It is important to clarify that Hastelloy-N is the commercial name of the
alloy by ORNL. Czech MoNiCr, Chinese GH3535 and Russian HN8OMTY are
UNS N10003 as well.

The TU code for fuel performance can analyse a range of condi-
tions of various fuel rod types. Its ease to handle and fast running
times (Magni et al., 2021) makes it an ideal candidate for optimisation
studies when a high number of possibilities want to be attempted.
It can perform calculations in two different modes: deterministic or
statistical, while guaranteeing numerical stability. It performs a thermal
and mechanical analysis along the radial dimension of the fuel later
coupled between a number of axial slices. TU relies on a series of in-
built libraries and subroutines suitable for oxide, MOX, carbide and
nitride fuels, different zirconium alloys and stainless steel claddings and
different coolants including light water, sodium, potassium, lead, lead-
bismuth and helium (Magni et al., 2021). However, materials used in
MSRs are not yet developed. By introducing Hastelloy-N, the possibility
of utilising TU for the development of new Gen-IV MSRs is envisaged.

3. Material properties

In order to implement Hastelloy-N to the TRANSURANUS code
(Dickon et al., 2017), correlations describing its behaviour need to be
added. Based upon data available in literature, (semi-)empirical rela-
tions have been created. Due to the lack of data, some properties have
been adopted from existent TU materials that resemble the behaviour
of the alloy.

In TU, the behaviour of the material is described using different
correlations. For each correlation, either a constant value or a relation
is required. The latter is created using MATLAB curve fitting tool-
box (Qing-Wan, 2010) which uses the least squares fitting method. If
a relation is created, the uncertainty of the coefficients is included.
A table including all coefficients and uncertainties is shown in the
Appendix (Table A.4).

In addition, since the behaviour of the material under irradiation is
going to be assessed, a conversion factor between the dose level (dpa)
and neutron fluence is required as TU works with fluence (n/cm?s) and
most experiments involved ion doses in dpa. To convert fluence to dpa,
the conversion factor is conv = 5x 10722, hence, 1dpa = 2x10%! n/cm? s
as it roughly corresponds to that developed in a previous TU project and
it also matches the relation from Field et al. (2015).

Once the correlation is created, a different set of data is used to
verify whether the empirical relations agree. This is in line with the
methodology applied for TRANSURANUS (Magni et al., 2021) and with
the general principles of code verification and validation recommended
in by Oberkampf and Roy (2010), where submodels are validated prior
to the integral assessment of a code.

3.1. Constant properties

Due to the limited amount of data, the material is assumed to
be isotropic. Hastelloy-N alloy has a face-centred cubic (FCC) crystal
structure (Liu et al., 2019) which supports the assumption. Poisson’s
ratio for the alloy was found in Cen et al. (2019) for a temperature of
650 °C. Poisson’s ratio vs temperature data for more temperatures was
not available in literature. Since the temperature is within the operating
temperature range of MSRs, the value was set to be constant in TU as
a first approximation. Likewise, for the specific heat, data for Hastelloy
was found (Anon, 2021) to be ¢, ~ 420 J/g K and is applied as constant
value.

According to Ref. Swindeman et al. (2014a), the density of the
material is p = 8.86 g/cm® and the melting range is between 1300-
1400 °C . According to other sources (Yadav, 2016; Anon, 2021), such
range is 1325-1370 °C or a fixed value of 1327 °C respectively. The
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Table 2
Material properties of Hastelloy-N.

Annals of Nuclear Energy 192 (2023) 109973

Poisson’s Specific heat P Melting range  Heat of melting Emissivity
ratio J/g K) (g/cm?) (o) ()]
0.30 420.00 8.86 1327.00 298.16 0.25

melting point was chosen to be 1327 °C as it is included in all the
ranges and it is also a conservative assumption. The heat of melting for
Hastelloy-N is not available in the open literature. A study (Padalko
et al., 2003) suggested assuming the heat of melting of Nickel (at 0.1
MPa) for this alloy L = 17.5 kJ/mol. TU requires J/g. The conversion
from mol to g is performed using the molar mass of Ni which is
58.69 g, L ~ 298.16 J/g. The emissivity of Hastelloy-N is roughly
e ~ 0.25 (Gordon et al., 2012).
These properties are summarised in Table 2.

3.2. Correlations depending on environmental conditions

3.2.1. Material behaviour under stress

The dynamic elasticity module for different temperatures is ob-
tained from Swindeman et al. (2014a). The empirical correlation
involves a third order polynomial that agrees with other materials in
TU which use polynomials as well with orders ranging between first
and fourth.

E=axT?+bxT*+cxT+d (@)

where T is the temperature in °C and coefficients a, b, c and d are shown
in Table A.4.

The last data point is 1000 °C, so the correlation is valid until that
point. TU displays a warning message if the temperature goes over
1000 °C as it is not clear whether the correlation is accurate after that
point. From 1000 °C until the melting point, the correlation continues
to work. After the melting point, the temperature is fixed to the melting
temperature of the alloy and it follows the following equation with
(from O to 1) defining the state (liquid or solid):

E'=(1~ ETpey) + ¥E (2)

Such linear combination for solid and liquid properties applied is
an approximation that is applied consistently in the code for many
material properties. To determine the stress at which the material starts
to deform plastically (permanently deformed), the yield strength is
calculated for different temperatures. For the yield strength two dif-
ferent sources were used (Venard, 1965) (with 0.2% offset) and Martin
and Weir (1965) to get a broader temperature profile. The empirical
relation is built from the mean of both data sets.

Ys=axT>+bxT?>+cXxT+d 3)

where T is the temperature in °C and coefficients a, b, ¢c and d are shown
in Table A.4.

As the last data point is for a temperature of 1000 °C, if the
temperature goes beyond, the value considered for the correlation is
fixed to T = 1000 °C.

To determine the stress at which the material fails, the ultimate ten-
sile strength (UTS) is calculated using data obtained from (Swindeman
et al., 2014b). Following the procedure for 9Cr-ODS steel, since the
fourth order polynomial used to fit predicts an increase of UTS after
about 900 °C, a linear extrapolation is performed from that temperature
in order to better represent the data. The analytical expression is as
follows:

T <900 °C
T > 900 °C

C))

UTS = ay XT*+by xT?+c; xT? +d; XT +e
a, + b, X (T — 800)

where T’ = % being 537.6 and 259.7 the mean and standard
deviation of the data respectively.

®  Experimental Data for Elasticity Contant x 1e-3 Empirical correlation for Yield Strength
Empirical correlation for Elasticity Contant x 1e-3 #  Experimental Data for UTS
#  Experimental Data for Yield Strength Empirical correlation for UTS
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Fig. 1. In blue, dynamic modulus of elasticity (divided by 1000) from Swindeman
et al. (2014a) and its empirical correlation (E/1000). In red yield strength from Venard
(1965) and Martin and Weir (1965) and its empirical correlation (Ys). In black, UTS
from Swindeman et al. (2014b) and its empirical correlation (UTS). The dashed lines
show the confidence interval 95%.
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Fig. 2. In blue, dynamic modulus of elasticity (divided by 1000) and the empirical
correlation developed (E/1000). In red yield strength and the empirical correlation
developed (Ys). In black, UTS and the empirical correlation (UTS). All data is from
Swindeman (1961). The dashed lines show the confidence interval 95%.

Results for the Elasticity Constant, Yield Strength and UTS are
shown in Fig. 1. The confidence intervals (95%) of the fit are included.

To verify whether the empirical relations developed could replicate
the behaviour of the alloy, a different set of data from experiments
performed at ORNL (Swindeman, 1961) is used (Fig. 2).

The mean relative error between the empirical relations and the
data from ORNL for the elasticity constant, the yield strength and the
UTS is 6.3%, 15.0% and 5.5% respectively. The scattered yield strength
and UTS data lies within the confidence intervals. The elasticity con-
stant data is further away from the confidence interval since the data set
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Fig. 3. Thermal expansion (um/m °C) for different temperatures in °CData
from Swindeman et al. (2014a) is fitted. The dashed lines show the confidence interval
95%.

from Swindeman et al. (2014a) converges in a third order polynomial
while the data from Swindeman (1961) is more scattered. Taking into
account that the data from Swindeman (1961) was obtained in the early
1960s, the agreement is satisfactory.

3.2.2. Temperature-related properties of the alloy

For the thermal strain, data is given in intervals (Swindeman et al.,
2014a).

To calculate thermal expansion it is necessary to apply the following
formula:

€ =a,, (T —Tp) 5)

where «,, corresponds to the mean coefficient of thermal expansion
(CTE) and T, is equal to 20 °C .

The empirical equation obtained by fitting the data from Swinde-
man et al. (2014a) is a second order polynomial which agrees with TU’s
correlations for different steels as shown in Fig. 3.

e=axT?+bxT+c ©

Temperature is in degrees Celsius.

For the thermal conductivity, a first order polynomial is fitted
(Fig. 4) following the procedure in TU for other metals. A linear corre-
lation is supported if it is assumed that the phonon terms are negligible
relative to the electronic component as it was done for the study of the
thermophysical properties of U;Si, (White et al., 2015). The assumption
of linear electronic behaviour is expressed by the Wiedemann Franz
law.

k=axT+b ()

Using data from the 1960s (Watrous, 1961; Farkas, 1967), the de-
veloped empirical relations are tested in Fig. 5. For thermal expansion
(blue), as the data used to create the empirical relation starts at 200 °C,
the agreement is better for higher temperatures and it does not match
as well for temperatures below that value, the mean absolute error
decreases with increasing temperature, which is good considering the
temperature range of application in FHRs.

For thermal conductivity, the correlation agrees for lower temper-
atures and diverts at temperatures higher than 300 °C. Data below
300 °C is within the confidence interval of the fit (dashed red line
in Fig. 5). The average error is 12.4%. Although the correlation fails
to agree, the experimental data shows an erratic behaviour as it does
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35 T T T T
#  Experimental Data
Empirical correlation e
30 T
~251 =
(&)
£
3
209k =}
s 20
°
=1
°
s
O 15 -
] -
E o
5]
<
Faof .
>
5p -
0 Il 1 1 L 1 1 1 L Il
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig. 4. Thermal Conductivity (W/m °C) for different temperatures in °CData
from Swindeman et al. (2014a) is fitted. The dashed lines show the confidence interval
of 95%.
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Fig. 5. Thermal expansion coefficient (mm/m °C) from Watrous (1961) and the
developed correlation ¢ in blue. Thermal Conductivity (W/m °C) from Farkas (1967)
and empirical correlation (k) in red. The dashed lines show the confidence interval of
95%.

not exhibit a linear behaviour as it was expected from the literature
(White et al., 2015). So the result is not conclusive and requires more
experimental investigations.

3.2.3. Properties affected by irradiation
Swelling and creep are affected by radiation. Therefore, this depen-
dence has to be appropriately captured.

Swelling Swelling is affected by temperature and irradiation. The corre-
lation involves a temperature factor T, and a fluence factor flux,o,
converted from n/cm? to dpa using the conversion factor.

A4S = Tpactor X ﬂuxfactor (€))

Starting from the fluence factor, data from Ref. Zhang et al. (2017)
is used. Fig. 6 from the paper displays the volumetric swelling for the
alloy.

The data obtained by the authors of Ref. Zhang et al. (2017) (red
line in Fig. 6) is used and fitted as shown in Fig. 7.
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Fig. 6. Swelling rate from Zhang et al. (2017). Swelling percentage of irradiated
samples as a function of dose (dpa): red squares from Zhang et al. (2017), the blue
triangles from Ref. Guo et al. (2015) and Liu et al. (2015) ([13,14] in the legend of
the Figure), the black circles show the swelling data about pure nickel from Ref. Jin
et al. (2016) (Ref. [19] in the legend of the Figure). The experiments were performed
at room temperature according to Zhang et al. (2017).
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Fig. 7. Swelling rate (%) for different dose rates (dpa). Data from Zhang et al. (2017)
is fitted.

The equation used for the fluence factor in the swelling rate
(flux¢,eior) is shown below:

flux _Jo dpa<1.2
factor axdpa’ +¢ dpa>12

For the temperature factor, a similar correlation to that used for
austenitic stainless steel is utilised (using Del Nevo (2014) as reference)
because it follows the same clock type structure as shown in Fig. 8
from Wright and Sham (2018).

By fitting curves in Fig. 8, the equation from Del Nevo (2014) is
modified, as shown in Eq. (10).

T —490\2
Ttactor = A €Xp <_ (W) > 10)

The factor A = 1.023 was obtained by calculating the mean over
both data sets (17 and 80 dpa) (see Fig. 9).

Swelling is defined as the fractional increase (from S,,, to S,) in
the volume of the solid with respect to its initial volume (Dickon et al.,

)]
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Fig. 8. Swelling rate (%) for different dose rates (dpa) for a range of temperatures.
Data from Wright and Sham (2018) DFR (Dual Fluid Reactor).
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Fig. 9. Fitting curves in Fig. 8 using Eq. (10). By fitting the curves the parameter A
= 1.023 in Eq. (10) was obtained. Fit for 17 dpa has an R- Squared of 0.7571, while
R-Squared = 0.885 for 80 dpa.

2017). The fractional increase is defined in Eq. (11), where the factor
0.01 transforms the value of S, and S, ,, that are expressed in %. The
factor 3 is necessary to transform the volumetric swelling of S, and S, 4,
into a linear strain, assuming isotropic swelling in the three principle
directions.

S = 0.0L(S; = Sy
3
For swelling, no other data sources were found in the literature.
For this reason, further experiments would be required to verify if the
empirical correlation developed matches the behaviour of the alloy.

an

Creep strain Creep is one of the major concerns when both high tem-
peratures and loads are involved in addition to irradiation effects. TU
correlation is focused on the secondary creep as it is the dominating
region under normal operation conditions.

Before calculating creep, Larson Miller Parameter (LMP) is deter-
mined to ensure that the material does not rupture following the
relation implemented in Del Nevo (2014) and using data from Shrestha
et al. (2016) for three different temperatures (650 °C, 700 °C and



A. de Lara et al.

26 T T T T

#  Experimental data
——— Empirical relation (< 350MPa)
——— Empirical relation (> 350MPa) | _|

25 N\

24+

23

LMP/1000
N
T

N
T

20~ =

I L I I | I 1
50 100 150 200 250 300 350 400 450 500
Stress (MPa)

Fig. 10. LMP vs stress (MPa). Data from Shrestha et al. (2016) is fitted. The red dashed
line shows the confidence interval (95%) for the first part of Eq. (12).

750 °C). As displayed in Fig. 10, the available data shows a second
order polynomial relation until about ¢ = 350 MPa. Then, a linear
correlation is implemented to match the values at the higher stress.

LMP:{a1X0'2+b1><0'+c1 o <350 MPa a2

ay Xo + b, o > 350 MPa

The pressure stress boundary is chosen arbitrarily from the fit as
increasing the second order polynomial range would mean an increas-
ing LMP with pressure, which is not physically possible. The followed
process is the same as applied by Del Nevo et al. (Del Nevo, 2014) for
stainless steel.

The LMP estimates the time to rupture as shown in Eq. (13) with
the temperature given in Kelvin.

LMP )

fup = ol 20 (13)

To determine whether the correlation predicts the time of rupture,
a set of data from Swindeman (1961) is used. From the ORNL re-
port, only three data points are calculated and fitted using a line in
the log-log scale as displayed in Fig. 11. As shown, the correlation
is conservative at higher stresses which is desirable when modelling
materials for nuclear reactors.

The next step is to calculate the creep of the material. From Venard
(1965), the minimum creep rate (h~!) is obtained for three different
temperatures. In addition, another set of data from Lee (1967) is used,
where verification experiments were performed. In this case, minimum
creep rate means creep at the second stage, where it can be considered
constant.

The relationship between secondary creep rate and stress can be
described using the power law (Zhang, 2010):

én = Ap(T)o" a14)

where the constant A;(T') depends on the temperature and the material,
and n is the stress exponent which determines the creep mechanism.

The relationship between secondary creep and temperature is given
by an Arrhenius-type equation (Zhang, 2010):

& = As(0)exp <—%> (15)

where A (o) is a constant that depends on the applied stress, Q, is
the activation energy for creep, R is the ideal gas constant and T is
temperature (in Kelvin).
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Fig. 11. Time to rupture from Swindeman (1961), the data points and the
corresponding fit are from the report. The red line is the empirical relation developed.
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Fig. 12. Creep rate (%/h) against temperature (K) and stress (MPa).

By combining both Eq. (14) and Eq. (15), the final equation for
secondary creep is as follows (Zhang, 2010):

&y = Ac"exp <— g}) (16)
where A is a constant that depends on the material. The coefficients to
fit are A and n which are material dependent and Q.. From Ref. Ji et al.
(2015), the average activation energy is estimated to be about 356.3
kJ/mol. This value is greater when compared to that of pure Ni (280
kJ/mol (Thomas et al., 2006)). From Shrestha et al. (2016), the creep
mechanism is dislocation creep, the n coefficient taken as 5.9 which lays
within the limits of the cited study and its still considered dislocation
creep according to Chaturvedi and Han (1989), the exponent of such
mechanism is between 3 and 6. The only parameter left to be fitted is A.
By using data from Shrestha et al. (2016), A = 631 h~!. Parameters are
summarised in Table A.4. Fig. 12 shows the 3-dimensional fit to obtain
the minimum creep rate (é;;(c, T')) where the independent variables are
stress and temperature. As expected, the minimum creep rate increases
with temperature and stress. Fig. 13 shows a 2-dimensional view of
Fig. 13 with the minimum creep rate at three fixed temperatures using
stress as the independent variable.

Creep mechanisms depend on temperature and pressure and is
affected by irradiation as well. From Zhu et al. (2020), the relationship
between dose rate and the change in n coefficient is shown in Fig. 14.
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Table 3
Uncertainties used in the MC analysis.
Parameter Uncertainty
Elasticity constant +15
Yield strength +15
UTS +15
Thermal expansion +15
Thermal conductivity +15
Outer temperature +10
Inner radius -5
Outer pressure +10
Creep +20
Swelling +20

From Fig. 14, coefficient n increases by 0.026 with dose which
means that Eq. (16) changes as follows with irradiation:

0
= Ac” exp [ — ==
&1 o~ exp ( RT

n = ny(a dpab +1)

a7

18

If the irradiation is zero, n’ = n;. The conversion from fluence to
dpa is the same as for swelling.

For creep strain, correlation (16) was used (since there is no ir-
radiation) with another set of data from a series of tests performed
at ORNL (Venard, 1965). Fig. 15 displays the data for several fixed
temperatures.

As shown, by calculating the average value of the exponents ob-
tained from data for different temperatures, the correlation agrees
better for data at 700 °C and it overestimates for lower temperatures
and estimates lower creeps at higher temperatures.

4 First integral assessment

In order to validate the implemented library of material properties,
a burst test is performed using the integral TU code. The predicted
time to burst is studied according to the LMP and over-stressed criteria
and compared to a study conducted by ORNL in the 1960s (Stearns,
1967). The overstress criterion is actually the ultimate tensile stress
correlation provided in Eq. (4). A stress-rupture test over three different
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Table A.4
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Coefficients for the correlations including its value and uncertainty range. The first column is the property, the second column the correlation and
the third column the coefficients with the range in brackets. The temperature is in degrees Celsius in all correlations but the creep rate where the

temperature is in Kelvin.

Property Correlation

Coefficients (range)

Elasticity modulus ax T3 +bx T2 +ex T+ d

(GPa)

a=9944 x107® (-=1.350 x 1077, —6.385 x 107%)
b = 1.178 x107* (6.161 x107%, 1.740 x 10~%)
¢ = —0.1033 (=0.1277, —0.0789)

d = 220.9 (218.3, 223.6)

Yield strength axT+bxT?+cxT+d

a = -7.005x10"7 (-8.594x 1077, —=3.164x1077) )

(MPa) b = 0.001023 (0.000486, 0.001291)
¢ = —0.5319 (—0.6583, —0.3296)
d = 334.4 (316.8, 351.8)
UTS (MPa) ay XT" +b, XT? +¢;, XT? +d, xXT' +¢, T <900 °C a; = 18.60 (5.79, 31.41)
a, + by x (T = 800) T > 900 °C b, = 2.76 (—10.93, 16.44)

¢ = —1212 (~161.7, —80.6)
dy =—190.7 (~219.9, —161.6)
e, = 635.1 (615.9, 654.3)
a, = 340.92

by=—13

Thermal expansion axT*+bXT+c

(pm/m)

a = 0.005291 (0.002562, 0.008021)
b = 9.682 (6.645, 12.720)
¢ = 107.8 (-637.6, 853.2)

Thermal conductivity axT+b

a = 0.02049 (0.01617, 0.02480)

(W/m° C) b = 8.431 (6.353, 10.510)
Swelling a x dpa’® + ¢ a = 0.9845 (-0.4134, 2.3820)
(%) b = 0.4385 (0.1141, 0.7629)
c = —0.981 (-2.645, 0.683)
LMP (/) a, x> +b Xo+¢ o <350MPa a, =1.767x 107 (1.276 x 1075, 2.258 x 107%)
a,Xo+b & > 350 MPa b, = —0.02033 (—0.02259, —0.01808)

¢, = 25.33 (25.11, 25.55)
ay = —0.0045
b, = 15.4652

Creep rate (%/h) Ac" exp (— Q. )n’ = ny(a dpa’ + 1)

RT

A = 631.0 (605.0,657.7)
0, = 356300
n=59(36.1)

a = 0.1774 (0.1482, 0.2065)
b = 03484 (0.2614, 0.4354)
ne = 5.9 (5.3, 6.1)

stress levels at a constant temperature of 760 °C was performed. A so-
called biaxial specimen was used. It consisted of a hollowed cylinder
resembling a cladding. This test was the only biaxial experiment found
in the literature as all other tests were performed using uniaxial gauges
which cannot be reproduced using TU.

To perform the simulation, the TU in-built Monte Carlo (MC) sam-
pling capability was used to account for uncertainties arising from
developing the empirical correlations outlined above and to address the
uncertainties surrounding the ORNL experiment as it was mentioned
that there was an axial temperature gradient of about +10 °C. In
addition, the dimensions of the specimen were not clearly stated in
the report as the sample was coated internally so it is not known if
the thickness of the sample already includes the coating or not. This
coating was implemented to prevent the sample from oxidation, so it
is not useful for the purpose of this study. An uncertainty of 5% was
added to the inner radius to account for this issue. An uncertainty in
the outer pressure applied was added to account for the possible effect
of the coating. Further, since the correlations created are subjected
to uncertainties as well, a 15% uniform uncertainty is added to all
properties but creep and swelling where a 20% uniform uncertainty
is introduced. The uncertainties were derived following a conservative
approach from the correlations developed. The Monte Carlo approach
in TRANSURANUS code requires on input the upper and lower bound-
aries expressed in the way shown in Table 3, and the values adopted
are also in line with those adopted in the recently published PBNC2022
for FeCrAl (Van Uffelen et al.,, 2023) and in Ikonen (2016). Creep
and swelling are added a greater uncertainty because the Hoop Stress
plotted in Fig. 16 was found to be more sensitive to their variations.

A total of 5000 TU MC runs were performed for each of the different
stresses and the results were processed using the recently developed
TUPython tool which offers an user-friendly GUI that eases the analysis.

As shown in Fig. 16, results obtained using TU overlap with the
data from ORNL taking into account the uncertainly of the experiments.
Although encouraging for a first integral assessment of the new code
version, it also warrants future experimental investigations for a bet-
ter characterisation of some of the material properties, of which the
swelling and creep properties appear to be most important.

5 Conclusions and recommendations

This study summarises the work performed on implementing the
material properties of Hastelloy-N, which is an enhanced accident toler-
ant cladding material of interest for GenIV MSRs, into the
TRANSURANUS fuel performance code. Due to the lack of available
data, the uncertainties of some of the developed correlations show
the necessity of new experiments as most of them were performed in
the 1960s and have not been updated. In particular, results from the
validation of the thermal conductivity correlation were inconclusive
and a separate set of data for the validation of swelling correlation was
not found. In addition, creep has been found to have a very important
effect at salt-cooled MSR’s operating pressures and temperatures. A
more exhaustive study is required to determine possible different creep
mechanisms at different conditions. Further, the amount of tests under
irradiation is not significant which would be required if such material
is envisaged for a future pin-type FHR.

In a similar way as for other enhanced accident tolerant materials
considered in the frame of the R2CA project, it is therefore recom-
mended to perform additional creep tests at temperatures above 600 °C
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to resemble the operating conditions of future salt-cooled MSRs, as
well as tests under neutron irradiation in materials research reactors
or accelerator facilities to test both irradiation creep and swelling
behaviours. Such experiments should be performed using biaxial spec-
imens that match the cladding used in nuclear reactors as it was done
in the experiment at ORNL (Stearns, 1967).

A preliminary sensitivity study performed for different stresses
showed a strong correlation between the hoop stress and the outer
temperature. Moreover, the (absolute) sensitivities to creep and inner
radius increase when the stress increases. A complete sensitivity study
will be subject to future research.

To conclude, the implementation of Hastelloy-N in TU is still pre-
liminary and subjected to changes should more data become available.
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