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ABSTRACT

Materials such as CVD-SiC and T91
martensitic-ferritic are widely used as nuclear fuel
cladding base material for LWRs (light water reactors)
due to their excellent high temperature and corrosive
resistance under critical environmental conditions.
This study is geared towards investigation of the
functional graded composites (FGC) of CVD-SiC-
Fe12Cr»Si and the functional graded material (FGM) of
T91-Feq,Cr,Si, respectively, to meet the needs of
thermal impact of LWR industry. The work-piece in a
wide range of high temperature environment from
20°C to 1200°C is implemented and simulated using a
3D rotating cylindrical tube and a 2D cylindrical
model with a laser quenching boundary.

The linear rule of mixture and Wakashima-
Tsukamoto estimate are the main algorithms of FGM
in this study. The continuous material property distri-
bution of FGM material can prevent stress concentra-
tion and non-continuous problem of diffusion in the
rotating cylindrical tube and the associated 2D cylin-
drical model. Moreover, the silicon concentration of
the 2D cylindrical model on the inner surface can be
transformed to an oxidized layer, which enhances the
corrosive resistance of FGC and FGM models.

The margin of safety calculated by the tresca
stress is also promoted when the volume mixture num-
ber of FGM material is increased, and the materials are
designed based on the Fe12Cr,Si- SiC model. This
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result shows the Fe;;Cr,Si-SiC FGM model with a
volume mixture number of three is an ideal material
component for nowadays fuel cladding design being
aware of LBLOCA problem.

INTRODUCTION

Laser quenching is a heat treatment used to
surface harden alloys such as martensitic-ferritic
materials, carbon silicon, and Ti6Al4V (Hongwei et al.,
2010; Cho et al., 2001; Fakir et al., 2018). In this
research, a rotating cylindrical workpiece is heated by
a gaussian laser and cooled by surface water cooling
to calculate residual stress and corrosion resistance.
The research applies this process to surface harden
AISI 1000 & 4000 series steels and conduct thermal
shock testing of SiC composites as shown in Fig. 1
(Hongwei et al., 2010; Fakir et al., 2018; Kim et al.,
2017; Huang et al., 2012). Carbon steels like AlSI
1000 & 4000 series are commonly used for gear tools,
crankshafts, and linkages in automobiles and motor-
bikes after thermal hardening processing (Huang et al.,
2012). CVD-SiC (chemical vapor deposited-silicon
carbide) is an ideal material for advanced thermal
processing of semiconductors and fuel cladding of
nuclear power plants due to its high value of thermal
conductivity, flexural strength, low thermal expansion
coefficient like silicon, and excellent resistance to
thermal shock, oxidation, and chemicals (Goela, et al.,
2001). According to Daejong Kim & Donghee Lee et
al. (2017), the thermal shock testing can be used to
evaluate the thermal shock resistance by the high-
temperature quenching process. Therefore, thermal fa-
tigue failure of CVD-SIC, Fe1,Cr»Si, and T91 alloys
materials during the thermal shock testing is necessary
research for the current design of fuel cladding.

Ji Li and Xikou He et al. (2022) mentioned the
corrosion resistance of T91 fuel cladding can be eval-
uated by silicon concentration and thickness of the



oxide layer. The parabolic rate constants formula is
used to calculate the oxidation film thickness.
However, Jeongyoun et al. (2006) said the silicon con-
centration can’t perform the effective oxide film on the
coolant pipe surface when the concentration is lower
than 1.25 wt%. Therefore, both oxide film thickness
and silicon concentration of Fe1,Cr,Si are referred to
as the corrosion resistance from LBE.
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Laser Beam L‘ _E_ Conves
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~
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Fig. 1 Laser quenching of a cylindrical workpiece
(Hongwei et al., 2010)

Thermal fatigue is widely recognized as an im-
portant potential damage mechanism in piping
systems of nuclear power reactors (Kang, et al., 1999;
Faidy et al., 2005; Paffumi et al., 2008). Although ther-
mal fatigue is a well-known problem, much work is
still needed to develop reliable predictive engineering
approaches. The corrosion and thermal resistance for
the pipe structures should be evaluated in the thermal
shock testing environment.

This study evaluates the structure of nuclear
coolant pipes made with FGC and FGM. The tradi-
tional FGC structure is made with T91 ferritic-
martensitic alloys and Fe12Cr,Si solid solutions
(Ballinger et al., 2011; Ballinger et al., 2013), with
LBE liquid as the cooling source for nuclear power.
T91 alloys are used as the substrate metal of the model
when Fe-Cr-Si solid solution is used as the surface
corrosion-resisting coating. The working environment

temperature of light water reactors (LWR) is about 250

C to 700 C (Ballinger et al., 2011; Ballinger et al.,
2013; Serrano et al., 2013; Jeongyoun et al., 2006),
while the LBE in nuclear coolant pipes is about 250
C to 500 C (Wenxuan et al., 2016; Hao et al., 2021).
The  Large-Break  Loss-of-Coolant  Accident
(LBLOCA) is considered the worst scenario of nuclear
power failure, with temperatures that could rise to
1200 C and cause the cladding wall fatigue failure
(Kwangwon et al., 2018; Ting et al., 2019; Masahide
et al., 2020). Due to the high-temperature conditions
of nuclear power plants, thermal stress measurement
and corrosion testing are necessary considerations
(Vincenzo etal., 2010; Short et al., 2013; Huihua et al.,
2018; Zhang et al., 2018). The maximum shear stress
analysis is the main measurement for the residual
stress of FGC and FGM structure. The FGC structure
is made by CVD-SiC-Fe12Cr;Si and T91-Fe;,Cr,Si
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components.

FGMs and
approaches

Nowadays, the research of coolant pipes applied
in nuclear power plants focuses on corrosion and oxi-
dation resistance (Serrano et al., 2013; Jeongyoun et
al., 2006; Wenxuan et al., 2016; Masahide et al., 2020;
Short et al., 2013); however, the traditional welding
structure of FGC may cause stress concentration and
shorten the life of the system. In this study, Fick's law
for diffusion equation is applied to the silicon concen-
tration evaluation of Fei2Cr,Si films; residual stress
distribution is from the high-temperature environ-
ments.

The FGM mixture is based on the linear rule of
mixture method (Huihua et al., 2018; Zhang et al.,
2018; Zhou rt al., 2003; Cho et al., 2001); according to
the linear rule of mixtures, any material property at a
point location in dual-phase materials is approximated
by a linear combination of volume fractions and indi-
vidual material properties of two different materials
can be described as below,

Vu ) = [(dg —¥) /2dc]"

Ve =1=Va(») 1)
Vm: First-phase volume fraction, V.: second-phase
volume fraction, dg: distance, N: non-negative real
numbers. The real composition distribution of Eq. (1)
is shown in Fig. 2. The volume fraction distribution
can be depicted Fig. 3. When the real number is bigger
than one, Vn varies urgently and transforms into
another material slowly. On the other hand, when the
real number is smaller than one, Vi, transformed to V.
slowly in the front part and changed from M material
to C material urgently. In this study, the N volume mix-
ture number isranged from1/3to 7 (i.e. 1/3~1/2~ 1~
2 ~ 3...) to evaluate the influence of physical charac-
teristics by different N. the main volume mixture
number calculated in this research are 1/3 ~ 1/2 ~ 1 ~
2 ~ 3. The oxide layer enhancement will be evaluated
from 1/3 to 7. The initial concentration and diffusion
coefficient can be taken as (Huihua et al., 2018; Zhang
etal., 2018),

C(x) =V, Cpy + V,C,

material-property  estimation

Fig. 2 an illustrative example of real composition
distribution (Cho et al., 2001)
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Fig. 3 the volume-fraction distributions (Cho et al.,
2001)

The thermomechanical properties of dual-phase
FGM have been estimated through several approaches;
Cho et al. (2001) calculated the linear rule of the
mixture and the Wakashima-Tsukamoto estimate
compared to the discretized model, which indicates
that the accuracy of the second numerical method is
higher than the first approach. According to the
Wakashima-Tsukamoto estimate, the averaged bulk
modulus K is described as,

aVcKm (KC - Km)

K =Ky + ,
™ K+ aV, Ky,

a=K.(3Ky + 41m)/Kn (3K + 4u.) 3)

Then the shear modulus p can be calculated by bulk
modulus,

bV, (.uc - ,le)
Vinbe + bVeim

b=pA+e)/(um+eu) ,

U=yt

’

e = (9Km + B#m)/(6Km + 12”m) (4)
The elastic modulus E is calculated as,
E=9Ku/(3K+u) ®)

Poisson’s ratiov can be calculated by bulk modulus
and shear modulus,

v=3K-21)/[2C3K +w] (6)
The thermal expansion coefficient a. is,
7o) @c—am)
e e e %
Kc Km
Both thermal conductivity k and specific heat ¢ can
be described by linear rule of mixture,

k=Vm'km+(1_Vm)'kc (8)
c=Vn-tmt+Q—Vp)-c (9)

In this research, Fe;2Cr;Si, T91 and CVD-SiC
alloys are the essential materials for the FGM structure.
The design of FGM is based on the FGC structure,
which comprises Fe12Cr,Si and T91/CVD-SiC alloys;
the FGM s classified as a two-phase FGM. The two-
phase material is Fe1.Cr,Si-T91, which varies from
Fe;2Cr,Si to T91/CVD-SIiC continuously. These
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processes can be depicted by Eq. (1).

The physical properties of Fe1,Cr,Si, T91 alloys,
and LBE are listed in Table 1. The elastic modulus of
T91 alloys changes with the temperature; the variation
between elastic modulus and temperature can be
depicted as follows (Short et al., 2019),

E[Mpa]=207300 - 64.58T [°C] 20°C <T <500°C (10)
E[Mpa]=295000 - 240T [°C] 500°C <T

The thermal conductivity and specific heat of
T91 are also varied by temperature. the variation
between those parameters and temperature can be
depicted in Eq. (11) and Eq. (12), respectively (Raju et
al., 2015),
kro1[W/m-K] =7.98 —4.5-1072T + 1.02 -
107%T? — 1.14-1077T* + 6.38 - 107 117* — 1.42 -
107175 (11)

cror[J/kg- K] = 9.78 - 10* — 1.69 - 102T — 4.19 -
107172 4+ 1.33 - 1073T3 — 1.21 - 107°T* + 3.67 -
1071075 (12)

The relation between temperature and thermal
properties of Fe1,Cr,Si can be determined by experi-
ments (Short et al., 2019; Raju et al., 2015). In this
study, the curve fittings for thermal conductivity and
specific heat are linear regressions shown in Eq. (13)
and Eq. (14). The mechanical properties of elastic
modulus ~ poisson’s ratio ~ thermal expansion and bulk
modulus are indicated in Table. 1 (Raju et al., 2015;
Wang et al., 2017; Tao et al., 2019; Hosemann et al.,
2010; Goela et al., 2001; Zhou et al., 2002).

kpe[W/m-K]=9-10""'T +5.525- 1078 (13)
crelJ/kg- K] = 1.1877T +8.871- 107" (14)
Table. 1 Mechanical properties (Raju et al., 2015;

Wang et al., 2017; Tao et al., 2019; Hosemann et al.,
2010; Goela et al., 2001)

Elastic Poisson Thermal Bulk
modulus ratio expansion modulus
Fe,,CrSi (Zégs 031 5(f/i)5 189E+11
To1 0.27 1(f/EK§3 1.73E+11
LBE (&Zbi) 0.49 1.2&?}5504 3.09gE+1
Sic (é%,g) 0.14 ‘Ef/ﬁ? 1.76 E+11

(i) Safety margin analysis and maximum shear
stress theory

Kwangwon et al. (2018) analyzed the stress
distribution of nuclear power cladding based on the
temperature variation during a significant break loss-
of-coolant accident and calculated the margin of safety
in Eq.17. The conclusion shows that the SiC can
increase the cladding's margin of safety by15.68%-
16.14% compared to Zry-4. The highest margin of



safety is about 95%-98% based on this result. The
margin of safety for the rotating tube in this study is
evaluated to ensure that the value is higher than 98%;
both safety factors and margin of safety are depicted
as follows,

F.S.=ultimate load/allowable load (15)
M.O.S.=FS.-1.0 (16)

According to the maximum shear stress theory, it
could be used for the evaluation of cladding strength,

Tmax = max(|oy — 0], |oy — 03], |0y — 03]) (17)

o,, o, and ¢, are the three maximum principal

stresses of the circular model respectively. In this
research, the maximum shear stress should be lower
than half of the yield strength and the margin of safety
must be higher than 95%-98%.

(ii) The heat conduction equation and Thermal
stress equation for rotating tube

In this study, pulsed laser is made by the high-
power CO- laser. In Fig. 4, the Oth mode gauss laser
distribution on a rotating cylindrical model for pulsed
laser is shown. The experimental system includes a
high-power 10.6 um 50 W CO- laser, an air-cooling
system.

In this system, the infrared radiation pyrometer
is used for detecting the outer surface temperature
when the inner surface temperature is measured using
thermocouple. The maximum shear stress is analyzed
from the inner to outer surface. This laser power is
based on 50 W CO; laser (coherent Inc. C-20 model,

CW laser), the laser heat flux is depicted as below,
z 2r?

Q(r,z,t) = Ih(1-R)exp(—5——) - f(t) /5 (18)
R is the reflective ratio of the pulsed laser energy, it’s
(n—1)2+k?
on the coolant pipe surface vertically, n ~ k are the
refractive index and the absorption coefficient
respectively; lpis the maximum power intensity, which

described as when the CO; laser is heating

can be depicted as %. P is the power of pulsed laser ;

3 is called skin depth which can be calculated as ﬁ.

A is the wavelength of the pulsed laser. Skin depth is
used to describe the energy distinction of the material;
f(t) is the pulse duration.
The heat conduction equation for 2D cylindrical
model can be computed from transient heat flow,
16<k 6T)+1 6(k6T)+ 0t
ror r(’)r r200\ 08 Q(r,6,t)
aT T
= ch,ri<r<ro , 0<0 < 5
(19)
Q(r,0,t) istransformed by Q(r,zt) from Eq. (18),
as the volumetric heat generation (W/m?). In this
research, the power P is assumed as 2E+08 W making
the outer wall surface is heated to the maximum
temperature 1200 C.
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The boundary condition of equation (20) is shown as,
aT

k; = 0
r=r;
B.C{ .. (20)
k— = 2000
orly=r,

In condition of the skin depth effect of pulsed laser,
the power absorption of circular model is depicted on
the radial direction. The value of z from Eq. (18) can
be calculated as r,—r,lo is the outer radius. The

heat flux from equation (20) is assumed as insulated
on the inner radius because of the LBE liquid
convective effect.

"~

Fig. 4 0" mode gauss laser distribution on the
rotating cylinder

According to recent studies about corrosion
tests on coolant pipes, the oxidation on the pipe surface
expands due to the tremendous amount of tensile stress
and shear stress when LBE imposes the hydrostatic
pressure on it. The higher shear stress caused by the
turbulence from LBE on the pipe's surface may also
increase corrosion invasion.

The force equilibrium in the radial direction is
based on Kwangwon et al. (2018),

% + Jrr:Tee =0 (21)
Hook's law,
gﬁr = % [arr - V(O'ge + GZZ)] (22)
858 = % [099 - v(arr + azz)] (23)
&7 = %[O—zz —V(ogg + 0y)] (24)

Strain-displacement relationships for plane strain

condition,
u

559:;_6(.'1" (25)
=" —a-T (26)
e, =—a-T 27

where g, and aggg are the radial and hoop stress
components respectively; for the thick hollow cylinder,
o, and aggy are given in terms of the radial
displacement u by,

a
JTT = |:A11§+A12%+A13a . T] . E (28)
d
Ogg = [A12£+A11§+A136{ . T] -E (29)
04, = —QT - E +v(0, + 0gg) (30)
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For plane strain condition, E is the modulus of
elasticity and A4;;, A, and A;; are related to
Poisson's ratio v as,

1-v
A = (1+v)(1-2v) (31)
_ v
T @+v)(1-2v) (32)
-1
Az = 1—2v (33)
The substitution of equations (28) and (29) for Eq. (21)

produces the Navier equation,

2%u 10E 1, 0u (A12 0E 1

or? + (E;—i_ ;); + A11Er 9r  r?

Az O(E-aT)
~anE o (34)
Aschematic of the 3D part is shown in Fig. 5 (a). Since
(0., 0gg, 0,5) are the primary principal stresses, the
Tresca theory is depicted by Eq. (17),
= max( |0y — 0gel, |07y — 0451, |099 — 0441)
(35)
The mesh element for the rotating cylindrical
model is an 10-node tetragonal element. There are
three translational degrees of freedom at each node,
viz. in this study, the model will keep rotating until the
outer surface is heating above 1200 C, the model is
shown in Fig. 5(a).
On the other hand, the 2D finite element in Fig.
5(b) is used as the evaluation of corrosion resistance.
It’s component of 2D quadrilateral 8-node element.
The gaussian laser boundary is set on the outer wall of
the cylindrical model.

AlZ

Tmax

Fig. 5(a) Schematic of 3D finite element part with the
Gaussian laser boundary condition

Fig. 5(b) Schematic of 2D finite element part with the
Gaussian laser boundary condition

(ili) Tamura-Tomota-Ozawa (TTO) model

The TTO model assumes that the magnitude of
stress and strain on every area of two-phase FGM
material is dependent on stress and strain of phase
constituents undergone with their volume fractions as

given (Woo et al., 2017; Vasavi et al., 2021),
o =0,V +0,,
=gV, + &V, (36)

Where o and ¢ represent the stresses and strains
on every region of a two-phase FGM with various
volume fractions of ¥V, and V,, this model can
determine the yield strength of FGMs as given in Eq.
(1), such as elastic modulus and thermal expansion
coefficient,

Ep

gy = 0y [V + (52 (2)(1 - V)] (37)

q+E3” "Eq

gy, is the yield strength of phase 1 material.
Here g indicates the stress to strain ratio that depends
on material types and micro-structural interactions
among the two phases. It is calculated based on the
distribution of the vyield strength of two-phase
conditions like Fig. 6.

According to the yield strength-temperature
relation of T91 alloys and Fe12Cr;Si solid solutions
(Jeongyoun et al., 2006), the yield strength at different
temperatures varying from 700 " C to 1200 " C is
calculated through the curve fitting of the data from
the tensile strength experiment. The yield strength of
CVD-SIiC is based on the materials engineering
handbook. The silicon carbide is supposed as the

ceramic structure with the room temperature
(Shackelford et al., 2015).
N second-phase material
é P
FGM

First-phase material

strain "
Fig. 6 The stress vs. strain curve of an arbitrary two-

phase FGM (E1: First-phase material, E,: Second-
phase material)

(iv) The diffusion boundary conditions for the
evaluation of corrosion testing.

The silicon concentration moves from regions
of high concentrations to the low concentration place
at a rate proportional to the concentration gradient.
Fick's law was applied to depict this diffusive flux in
multiple dimensions mathematically (Samel et al.,
2005),

X=v-(DV-0) (38)

c(x,t) function is the concentration function which
varies based on different regions and time steps; D
(m?/s) is the diffusion coefficient, which is described
as an Arrhenius-based diffusion coefficient
(Jeongyoun et al., 2006),

D = Dy exp(— E4/RT) [2] (39)

sec
where D, is the temperature-independent diffusion
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constant, E, isthe activation energy of the process
in J/mol, R is the universal gas constant (8.314 J/mol-
K), and T is the absolute temperature in Kelvin.
Ballinger et al. (2013) wrote the program of minimum
mean squared error (MSE) in C to fit the diffusion
coefficient for silicon in BCC T91/F91 alloys,

Dy in beeT91 =5x1073 exp(— 253969/
RT) (5] (40)

The silicon diffusion coefficient in Fe,Cr,Si
can be roughly estimated through Dsi=10"**m?/s at high
temperatures in the Fe.Cr,Si/Cr interfacial region
aged experiment (Short et al., 2019).

On the other hand, the silicon diffusion
coefficient of CVD-SiC in this study is analyzed by the
linear curve fitting, the discretized data comes from
the chemical analyses of B-silicon carbide in the high
temperature environment range from 1800K to 2300K
(Datta et al., 2002). The initial silicon concentration in
silicon-carbide is based on the stabled condition of SiC
PWR (pressured water reactor) (Shackelford et al.,
2015), which is about 0.18 wt.%.

In this research, the 2D finite element model is
tubular cross-sections; the cylindrical coordinates
(r,0,2), the diffusion process of Eq. (38) is described by
the classical diffusion equation for cylindrical
coordinates,

dc _1(d dc
=G

d D oc
5 C59)

When the LBE goes through the inner wall of
the coolant pipe, the silicon diffusion coefficient of
LBE can be estimated by first principles molecular
dynamics (FPMD), which is about 3.8x10°5 m?/s. This
system can be performed in a pure LBE systems to
evaluate the diffusion coefficient of silicon atoms
(Wenyi et al., 2019).

The Finite element approach using a two-
dimensional transient problem has been developed
with Eq. (41) to analyze the diffusion condition of the
FGM and FGC structures in the dynamic temperature
environment.

(41)

The temperature verification during the rotating
process

In this research, thermal quenching testing is
used to simulate the quenching process. The
temperature of the cylindrical model is raised to about
1700K and then rapidly reduced to room temperature
(293.15K) through rotation. The convection
coefficient of 2000 W/mK is obtained from the LBE
boundary equation (Eq. 20). The outer surface of the
model is dynamically heated by a Gaussian beam laser.
The temperature validation of the AISI 1040 model
during thermal shock testing is presented in Figs. 7(a),
8(a), and 9(a), respectively.
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Fig. 7(a) Temperature field variation on the surface
with time (t=0.5s) (Hongwei et al., 2010)
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Fig. 7(b) Temperature field variation with time
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Fig. 8(a) Temperature field variation on the surface
with time (t=1s) (Hongwei et al., 2010)

Fig. 8(b) Temperature field variation with time (t=1s)
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Fig. 9(a) Temperature field variation on the surface
with time (t=1.7s) (Hongwei et al., 2010)

Fig. 9(b) Temperature field variation with time
(t=1.7s)

The residual stress evaluation of FGC & FGM
structure

The residual stress after the thermal quenching
process is analyzed by investigating the deformation
of the FGC/FGM structure caused by the temperature
rise, which can be attributed to the release of residual
stress on the cutting surface (Masoudi et al., 2015).
The results of the Fe2Cr,Si-T91 and Fe12Cr,Si-SiC
FGC models are presented in Figs. 10 and 11,
respectively. The stress is distributed from the inner
wall to the outer wall, specifically from a radius of
3.35 mmto 4.25 mm. In the Fe12Cr,Si-T91 FGC model,
the residual stress indicates a yield strength higher than
the tresca stress. However, the lowest safety margin
observed is only 0.268, as shown in Fig. 12, which is
less than 0.98.

3
1

strength (MPa)
™,

"

tresca strength

.\

y=. =+ yield strength

345 355 1.65 4.05 415 4.25

175 385
radius (mm)

Fig. 10 Residual stress of FGC Fe12Cr,Si:T91 (tresca
stress)
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Fig. 11 Residual stress of FGC Fe1,Cr,Si:SiC (tresca
stress)

margin of safety
& N
4
_—

335 345 355 365 375 385 395 4.05 4.15 425

radius (mm)

Fig. 12 Safety margin of Fe12Cr.Si:T91(FGC)

This may pose a problem for traditional FGC
Fe12Cr,Si-T91 structures under LBLOCA conditions.
On the other hand, the yield strength is lower than the
tresca stress for the rotating model formed by the
Fe12Cr,Si-SiC FGC structure, as shown in Fig. 11.
These results suggest that the FGC models of
Fe12CrpSi-T91 and Fe1oCr,Si-SiC construction may
not be ideal structures for use in high-temperature en-
vironments.

In this study, the FGM model is considered as a
potential solution to increase the margin of safety
against residual stress due to its continuous material
distribution. The tresca stress of the Fe1,Cr.Si-T91 and
Fe12Cr2Si-SiC FGM models are presented in Figs. 13
and 15, respectively. Fig. 16 shows that increasing the
exponential number of the Fei;2Cr.Si-T91 volume
mixture can enhance the margin of safety. However,
the margin of safety seems too large for this structure
in the radius range of approximately 3.55 to 3.95 mm,
which may result in material waste.

The performance of the Fe12Cr,Si-SiC FGM model is
evaluated in Fig. 15. It is observed that increasing the
exponential number of the volume mixture improves
the margin of safety effectively. However, the margin
of safety becomes positive when the exponential
number of volume mixture exceeds N=2. This
suggests that a higher exponent number is necessary
when the material component is formed by the
Fe12Cr,Si-SiC structure. For the Fei2Cr,Si-SiC FGM
model, the margin of safety for N=3 ranges from
14.031 to 2881.95, which is more reasonable than the
margin of safety for the Fe12Cr,Si-T91 structure shown
in Fig. 14 and reduces the material cost. The



enhancement percentage of the margin of safety due to
the Fe12Cr,Si-SiC FGM model is evaluated in Fig. 17,
which compares the Fe;pCr:Si-T91 FGC and
Fe12Cr,Si-SiC FGM models. The enhancement ranges
from 930.5% to 13363.3%. The strength of the inner
wall is improved effectively with N=3. The volume
fraction of SiC is about 88.36% when the radius
location is 4.15 mm on the cylindrical tube. This
condition results in a much higher yield strength of the
FGM model than the tresca stress, inevitably
increasing the safety margin.

N=1, tresca stress
—— N=2, tresca siress

N=3, tresca stress

N=0..5, resca stress
3, tresca stress

strength (MPa)

radius [m{JI]Il]
Fig. 13 Residual stress of FGM Fe1.Cr,Si : T91(unit:
MPa)

—— Nl

N=3

margin of safety

N=0.5
——N=1/3

radius [m..m}

Fig. 14 Safety margin of FGM Fe1,Cr,Si : T91
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Fig. 15 Residual stress of FGM Fe1,Cr,Si : SiC (unit :
MPa)
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Fig. 16 Safety margin of FGM Fe1,Cr.Si : SiC
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Fig. 17 The enhancement of margin of safety (FGM
FelzchSi-SiC & FGC F612CTQSiZT91)

Corrosion resistance and oxide layer evaluation

The silicon concentration on the inner surface of
the 2D circular model is an important factor in
evaluating corrosion resistance. The diffusion
coefficient of T91 alloys and silicon carbide varies
with temperature, as shown in Equation (40). To
simulate a high-temperature environment at 1200°C, a
thermal shock boundary is applied to the outer wall,
and the time range is from 0 to 10E+04 hours. This
allows for the observation of the detailed variation of
silicon concentration and the growth of the oxide layer
formed by silicon and oxygen on the inner wall.

In summary, the corrosion resistance of
Fe12Cr,Si-T91 and Fe1Cr:Si-SiC FGC models was
evaluated by simulating the diffusion of silicon
concentration on the inner surface of a 2D circular
model was obtained and compared with that obtained
using any commercial package. The growth of the
oxide layer formed by silicon and oxygen on the inner
wall was observed by testing the thermal shock
boundary on the outer wall, ranging from 0 to 10E+04
hours. The thickness of the oxide layer was calculated
using Equation (42), where AX is the oxide thickness
in micrometers, kp is the parabolic rate constant in
um?/h, and t is the time in hours. The parabolic rate
constant was determined from different silicon
concentrations shown in Table 2 (Li et al., 2022),
which were stable after approximately 10 hours. The
verified model of LBE wettability test was based on
the experiment by Li et al. (2022), where LBE droplets
were deposited on a T91 sheet sample to observe the
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oxide layer growth. The simulation of the 30x10x2
mm?® Fe2Cr.Si-T91 and Fei,Cr,Si-SiC FGC finite
element models within the same diffusion boundary of
the wettability test was compared to the experiment
result from Fig 18. The oxide layer growth rate of
Fe12CrpSi-T91 and  FeCrSi-SiC  FGC  structure
ranged from 0 to 1000 hours was lower than T91LSi
when it’s higher than T91MSi and T91HSi. The
oxidized layer on the Fe1,Cr,Si surface of FGC model
was calculated by the silicon concentration and shown
in Fig 19. The results showed that the oxidized layer
of FewCrySi-T91 structure grows faster than
Fe12Cr,Si-SiC for FGC model when the diffusive time
arrives 1E+04 hours.

AX? = kyt (42)

Table 2 parabolic rate variation with silicon
concentration (Li et al., 2022)

Silicon Parabolic rate
) constants ( ¢ m%h
concentration (u )
0.48(wt%) 1.1253
1.30(wt%) 0.8442
1.95(wt%) 0.7114
. a
.
5" o
g% o fel2er2siet91
B1s fel2er2siisic o)
?)cm & o A T9ILSE
{A) 8 o TOIMS
5 8 O T91HSI

Fig. 18 Oxidized layer growth on FGC sample (unit:
um) (He et al., 2022)

Fel2Cr25i-Ta1

oxide layer (um)

Fel2Cr2Si-SiC

tume (hours)

Fig. 19 Oxidized layer of FGC (unit: um)

To summarize, the Fe12Cr.Si-SiC FGM model
exhibits improved corrosion resistance compared to
the Fe12CrzSi-T91 FGC model, especially when the
volume mixture number is increased. In the Fe1,Cr,Si-
T91 FGM maodel, the oxide layer growth rate is higher
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when the volume mixture number is lower, while in
the Fel2Cr2Si-SiC FGM model, the oxide layer
growth rate is promoted when the volume mixture
number is higher. Those results are shown in Fig. 20
and Fig. 21, respectively. This is because the silicon
concentration in Fey,Cr,Si gradually replaces the
silicon concentration in T91 alloys in the Fe1.Cr»Si-
T91 FGM model, resulting in faster oxide layer growth.
However, in the Fe12Cr2Si-SiC FGM model, the oxide
layer growth rate is increased due to the immediate
descent of silicon concentration on the outer wall. In
conclusion, the Fe12Cr.Si-SiC FGM model is an ideal
design for fuel cladding structures, especially when
the volume mixture number is increasing.

oxide layer (um)
: @

).0E+00 206403 1.0 1.0E+04

103 6.0£+03
time (hours)

Fig. 20 Oxidized layer of Fe1oCr,Si: T91 FGM (unit:
um)

oxade layer (wm)

1003 606103 80803
time (hours)

Fig. 21 Oxidized layer of Fe12Cr,Si:SiC FGM (unit:
um)

In summary, the Fe12Cr,Si-SiC FGM model can
be an ideal design for fuel cladding structures. As the
volume mixture real number increases, the oxide layer
growth enhancement compared to the traditional
Fe12Cr,Si-T91 FGC model is shown in Fig. 22. The
thickness of the oxide layer increases as the volume
fraction rises. This increase in oxide thickness on the
inner wall surface can effectively improve corrosive
resistance (Li etal., 2022). The volume increase of SiC
facilitates the urgent flow of silicon concentration on
the inner surface to the substance material. As a result,
the parabolic rate constant rises, which leads to an
improvement in corrosive resistance.

When the volume fraction of the Fe1.Cr,Si -SiC
FGM model is less than one, the oxide thickness on



the inner wall of fuel cladding increases slowly

compared to the traditional Fe12Cr,Si-T91 FGC model.

However, as shown in Fig. 22, the enhancement rate is
significantly promoted from 2.302% to 10.08% when
the volume fraction is one, compared to the number of
2/3. The oxide thickness enhancement rate still
gradually increases when the volume fraction exceeds
one. This result also highlights how the improvement
of the Fe-Cr-Si system can enhance the corrosive
resistance to LBE liquid (Ballinger et al., 2011).

oxide thickness enhancement (%)

011323 1 2 3 4 3 [ 7
volume fraction (Fel2Cr2Si : SiC)

Fig. 22 the thickness enhancement of oxide layer at
10E+04 hours (Fe12Cr,Si:SiC FGM/ Fe12Cr,Si:T91
FGC)

Table. 3 the thickness enhancement of oxide layer at
10E+04 hours (Fe12Cr2Si: SiC FGM/ Fe1,Cr,Si:T91
FGC)

100% 173 2/3 1 2 3 4 5

enhancement | 1.56 | 2.302 | 10.08 | 11.08 | 12.32 | 13.13 | 14.78

Conclusion

In this study, the FGM model based on
Fe12Cr Si-T91/SiC material was investigated as a
means of improving the margin of safety and corrosive
resistance. Simulations were performed using FGC
and FGM structures, with a Gaussian CO- laser heat-
ing the 3D rotating tube and 2D cylindrical model of
working temperatures from 20°C to 1200°C. The
tresca stress and silicon concentration of the Fe12Cr.Si
solid solution were characterized and examined. The
key conclusions drawn in this study are given as
follows:

1. The safety margin analysis of FGM model
indicates the Fe;pCr:Si-SiC model  can
significantly improve the margin of safety as
compared to the FGC model formed by Fe1.Cr»Si-
SiC. After the tube model rotating for five times,
the temperature on the cylindrical model rises to
1200 C. The residual stress and margin of safety is
evaluated at the temperature. The safety margin of
traditional FGC model of Fe1,Cr,Si-T91 is ranged
from 0.268 to 28.52 when the FGM of Fe1,Cr,Si-
SiC model at N=3 has a higher safety margin from
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14.031 to 2881.95. This result demonstrates that
the FGM can effectively enhance the safety margin
as compared to that of the FGC structure.

2. The FGM design is composed of a Fei.Cr,Si-
T91/SiC structure, which has a safety margin of not
much higher than 0.98 on the inner wall of the
Fe12Cr,Si-T91 structure. This could lead to plastic
deformation on the inner surface of the FGM tube
model or cause the LBLOCA condition. However,
changing the substance material from T91 alloys to
SiC and increasing the volume mixture number to
three (N=3) can improve the safety margin. The
percentage increase in the safety margin close to
the outer wall of the rotating tube can also be
improved up to 6.0E+04% as compared to that of
the traditional FGC model. This result indicates
that the strength of the Fe,Cr;Si-SiC FGM
structure can be enhanced in high-temperature
environment by increasing the volume mixture
number.

3. The oxidized layer growth of the FGC model
shows that the FeioCr,Si-T91 structure forms a
little faster than that of Fe.Cr.Si-SiC. The
parabolic rate constant indicates that the decrease
of silicon concentration can effectively improve
the constant. This results in the oxidized layer on
the surface of Fe;oCr,Si-T91 becoming thicker
than that of Fe;>,Cr2Si-SiC when the diffusive time
reaches 1.0E+04 hours.

4. The growth ofoxidized thickness of the Fe1,Cr,Si-
SiC FGM model becomes faster when the volume
fraction increases. In this study, we found that the
Fe12Cr,Si-SiC FGM model structure with a volume
fraction of 7 exhibits a higher oxide thickness than
the traditional Fei,Cr,Si-T91 FGC model, as
shown in Fig. 24. Specifically, at 1.E+04 hours, the
oxide layer of the Fe;2Cr,Si-SiC FGM model has
been improved by a range from 1.56% to 17.31%
as compared to that of the Fe1.Cr,Si-T91 FGC
model, especially for models with a volume
fraction higher than one. Therefore, the Fe1,Cr,Si-
SiC FGM structure is an ideal design for fuel
claddings and coolant pipes, particularly when
considering the LBLOCA accident.
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