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Abstract: The objective of this paper is to enhance the corrosion resistance of coolant pipes in high
temperature and lateral hydrostatic pressure in critical engineering environment, especially for
circular coolant pipes under hydrostatic pressure of LBE (lead-bismuth eutectic) applications in
nuclear power plants. The resistance against corrosion caused by LBE liquid is mainly formed by
Fe-12Cr-2Si solid solutions coatings on the pipe. The silicon concentration in Fe-12Cr-2Si can interact
with LBE as an effective oxidized compound such as SiO2 and Fe2SiO4 when the silicon concentration
is higher than 1.25 wt.%. The oxide film formed on the coating can resist the LBE corroding in the
Fe-12Cr-2Si structure. The primary material of a constructing coolant pipe is T91 ferritic-martensitic
alloys, and the surface anti-corrosion coating is Fe-12Cr-2Si solid solution. With a high strength
structure, FGC (functionally graded composite material), ensures that the pipe resists the corrosion
from LBE liquid. In this study, both the steady-state stress values and silicon concentration are
evaluated at 700, 1000, and 1200 ◦C to know the fatigue problems. The research result indicates the
FGM (functionally graded material) structure performs better in promoting the margin of safety on
stress distribution and reserving the silicon concentration on the inner surface higher than 1.25 wt.%
over 60 years as compared to the FGC structure with 34 µm thickness of Fe-12Cr-2Si coating in a high
temperature environment.

Keywords: functionally graded material (FGM); functionally graded composite material (FGC);
corrosion resistance; lead-bismuth eutectic (LBE)

1. Introduction

Cylindrical shells and tubes conveying fluid are found in numerous industrial applica-
tions, particularly in the sections connected with a power generator [1].

Thanks to the advantages of withstanding severe high-temperature gradients while
maintaining structural integrity, functionally graded materials (FGMs) have received much
more attention in engineering communities, especially in applications for high-temperature
environments such as nuclear reactors [1–6].

This study evaluates the structure of nuclear coolant pipes made with FGC and FGM.
The traditional FGC structure is made with T91/F91 ferritic-martensitic alloys [7,8]; the
LBE liquid is the cooling source for nuclear power [9]. The FGC structure is a component
of Fe-Cr-Si solid solutions and ferritic-martensitic alloys like T91/F91. As high strength
is required for pipe structures, ferritic-martensitic alloys are the substrate metal of the
model when Fe-Cr-Si solid solution is used as the surface corrosion-resisting coating [7–11].
Currently, the working environment temperature of light water reactor (LWR) is about 250
to 700 ◦C [7–9,11]; the LBE in nuclear coolant pipe is about 250 to 500 ◦C [12,13]. The Large-
Break Loss-of-Coolant Accident (LBLOCA) is considered the worst scenario of nuclear
power failure, the temperature could rise to 1200 ◦C when this accident happened and
make the cladding wall fatigue failure [14–16]. Due to the high temperature condition
of nuclear power plant, the consideration for thermal stress measurement and corrosion
testing is necessary [17–20]. However, the structure for the coolant pipe is constructed
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with the Fe-Cr-Si solid solution coating welded on the T91 substrate metal with a thickness
of 17~80 µm [7–9]. This composition might make the stress much higher on welding
than other places and the silicon concentration lower than 1.25 wt.% because of the large
difference of concentration distribution between T91 alloys and Fe-12Cr-2Si. FGM might
be an improvement for both strength and corrosion resistance.

Elliott et al. [8] said the main elements for the corrosion resistance of the Fe-Cr-Si solid
solution coating are silicon and chromium, which would remain above the 10.5 wt.% Cr
and 1.25 wt.% Si critical concentrations for the respective lifetime of the pipe’s material. In
this study, the corrosion resistance is demonstrated by the diffusion of silicon concentration;
the stress analysis is based on the maximum shear stress theory. Fick’s law is the mainly
equation for calculating the silicon diffusion from Fe-Cr-Si solutions to the T91 alloy and
other material.

Amanda et al. [19] observed the different oxidation process of silicon for the Fe-Cr-Si
solid solution has variety of Cr wt.%, which are Fe-12Cr-2Si, Fe-16Cr-2Si and Fe-20Cr-2Si
alloys, respectively. In this case, the high concentration of Cr in materials could cause
the formation of the protective SiO2 and Fe2SiO4 layers on the pipe surface. This shows
that corrosion and oxidation resistance could be improved by transforming the materials.
COMSOL Multiphysics 5.4 was used to simulate the diffusion for this research in FGC and
FGM. In this study, the TiO2 is considered the third material used to optimize the FGM
structure because of its high strength and low diffusion coefficient [21]. The TiO2 powder
can be combined with other powders in high temperature in the FGM manufacturing
process to form the graded distribution [22]. Kim et al. [23] applied laser manufacturing
processing to the surface optimized for ATF cladding, the graded structure formed on the
surface consisted of Fe-Cr coatings and the based material Zircaloy-4. This processing can
be applied on the graded material manufacturing and experiments in this research.

Zhang et al. [24] applied laser additive manufacturing (AM) techniques to form an
uniform FGM structure without casting, this would allow a lower budget for FGM forming;
therefore, the 3D laser printing technique can be applied to create the FGM coolant pipe
without casting molds.

The coolant pipes used in this research, have an inner diameter of 3.81 cm and outer
diameter of 4.83 cm [7]; The length of a coolant pipe nowadays varies from 0.94 to 5.7 m [8];
because of the high remarkable difference between lengths and diameters, the 2D plane
strain modeling is used as the circular model for the pipes. Ronald et al. [7] analyzed the
diffusion of silicon concentration within different thickness of Fe-12Cr-2Si coating on the
F91 substrate, this model is shown in Figure 1. The inner surface contacting with the LBE
could keep the silicon concentration at a level higher than 1.25 wt.% for 60 years within a
welding thickness of 34 µm of Fe-12Cr-2Si coating when the environmental temperature
is 700 ◦C. The diffusion and mechanical behaviors are evaluated for the FGC and FGM
structures applied to pipe designing.

This paper proposes a novel FGM model which has a higher margin of safety calculated
by the maximum shear stress theory, the silicon concentration on the inner pipe’s surface
contacting with the LBE liquid can be maintained higher than 1.25 wt.% over 60 years
in a high temperature like 1000 ◦C environments. However, the margin of safety from
traditional FGC model is rarely evaluated. In 2018, Kwangwon and Kyohun applied SiC
and Zry-4 alloys as the based material of nuclear reactor fuel cladding, the highest margin
of safety is range from 76% to 98% when the fuel cladding is made by SiC [14]. The margin
of safety of FGM will be analyzed in Section 4 and compared with the SiC structure.
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2. FGMs and Material-Property Estimation Approaches

Nowadays, the research of coolant pipes applied in nuclear power plants focuses on
corrosion and oxidation resistance [7–9,18,20]; 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 concentration evaluation of
Fe-12Cr-2Si films; stress distribution from the LBE hydrostatic pressure is evaluated for
high-temperature environments at 700, 1000 and 1200 ◦C.

The FGM mixture is based on the linear rule of mixture method [25–27]; the volume
mixture for two-phase materials can be described as below,

Vm(y) = [(dG − y)/2dG]
N

Vc(y) = 1−Vm(y)
(1)

Vm: First-phase volume fraction, Vc: second-phase volume fraction, dG: distance, N:
non-negative real numbers. Accordingly, the initial concentration and diffusion coefficient
can be taken as [25,26],

C(x) = VmCm + VcCc

D(x) = VmDm + VcDc
(2)
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The thermomechanical properties of dual-phase FGM have been estimated through
several approaches; Cho et al. [28] 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, shear modulus µ,
elastic modulus E, Poisson’s ratio υ and thermal expansion coefficient α are computed by,

K = Km +
aVcKm(Kc − Km)

VmKc + aVcKm
(3)

µ = µm +
bVcµm(µc − µm)

Vmµc + bVcµm
(4)

E = 9Kµ/(3K + µ) (5)

v = (3K− 2µ)/[2(3K + µ)] (6)

α = αm +
(1/K− 1/Km)(αc − αm)

1/Kc − 1/Km
(7)

a = Kc(3Km + 4µm)/Km(3K + 4µc) (8)

b = µc(1 + e)/(µm + eµc) (9)

e = (9Km + 8µm)/(6Km + 12µm) (10)

In this research, Fe-12Cr-2Si, T91 alloys, and TiO2 are the essential materials for the
FGM structure. The design of FGM is based on the FGC structure, which consists of
Fe-12Cr-2Si and T91 alloys; the FGM is classified as a two-phase FGM or three-phase
FGM. The two-phase material is Fe-12Cr-2Si-T91, which varies from Fe-12Cr-2Si to T91
continuously. The three-phase material varies from Fe-12Cr-2Si to TiO2; then TiO2 turns
into T91 gradually; these processes can be depicted by Equation (1).

The physical properties of Fe-12Cr-2Si, TiO2, 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 [29],

E [Mpa]= 207300− 64.58T [◦C] 20 ◦C ≤ T ≤ 500 ◦C
E [Mpa]= 295000− 240T [◦C] 500 ◦C ≤ T

(11)

Table 1. Mechanical properties [20,30–33].

Elastic Modulus Poisson Ratio Thermal Expansion Bulk Modulus

Fe12Cr2Si 216.4 (GPa) 0.31 5.2 × 10−5(1/K) 1.89 × 1011

T91 - 0.27 1.3 × 10−5 (1/K) 1.73 × 1011

TiO2 230 (GPa) 0.27 9 × 10−6 (1/K) 1.67 × 1011

LBE 92.8 (MPa) 0.4995 1.285 × 10−4 (1/K) 3.093 × 1010

3. Construction and Assumptions for FGM Coolant Pipes
3.1. Safety Margin Analysis and Maximum Shear Stress Theory

Kwangwon. et al. [14] 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 Equation (13). The conclusion shows that the SiC can
increase the cladding’s margin of safety by 15.68–16.14% compared to Zry-4. The highest
margin of safety is about 95–98% based on this result. The margin of safety for the coolant
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pipe 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 [34],

Safety factor = F.S. = ultimate load/allowable load (12)

Margin of safety = M.O.S. = F.S. − 1.0 (13)

According to the maximum shear stress theory, it could be used for the evaluation of
cladding strength [14],

τmax = max(|σ1 − σ2|, |σ1 − σ3|, |σ2 − σ3|) (14)

σ1, σ2 and σ3 are the three maximum principal stresses of the circular model respec-
tively. 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%.

3.2. The Thermal Stress Boundary Condition of Coolant Pipes

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 [10,13,35–37].

In this study, the hydrostatic pressure level is based on temperature changes [31]. This
pressure from LBE can be described as,

P = KLBEαLBE∆T (15)

αLBE, KLBE are described as thermal expansion and bulk modulus for LBE respectively.
The force equilibrium in the radial direction is based on Kwangwon et al. [14],

dσrr

dr
+

σrr − σθθ

r
= 0 (16)

Hook’s law,

εe
rr =

1
E
[σrr − ν(σθθ + σzz)] (17)

εe
θθ =

1
E
[σθθ − ν(σrr + σzz)] (18)

εe
zz =

1
E
[σzz − ν(σθθ + σrr)] (19)

Strain-displacement relationships for plane strain condition,

εe
θθ =

u
r
− α∆T (20)

εe
rr =

∂u
∂r
− α∆T (21)

εe
zz = −α∆T (22)

where σrr and σθθ are the radial and hoop stress components respectively; for the thick
hollow cylinder, σrr and σθθ are given in terms of the radial displacement u by,

σrr =

[
A11

∂u
∂r

+ A12
u
r
+ A13α∆T

]
· E (23)

σθθ =

[
A12

∂u
∂r

+ A11
u
r
+ A13α∆T

]
· E (24)

σzz = −α∆T · E + ν(σrr + σθθ) (25)
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For plane strain condition, E is the modulus of elasticity and A11, A12 and A13 are
related to Poisson’s ratio ν as,

A11 =
1− ν

(1 + ν)(1− 2ν)
(26)

A12 =
ν

(1 + ν)(1− 2ν)
(27)

A13 =
−1

1− 2ν
(28)

The substitution of Equations (26)–(28) for Equation (16) produces the Navier equation,

∂2u
∂r2 + (

1
E

∂E
∂r

+
1
r
)

∂u
∂r

+ (
A12

A11E · r ·
∂E
∂r
− 1

r2 )u = − A13

A11E
∂(E · α∆T)

∂r
(29)

For the hollow cylinder submitted to uniform hydrostatic pressures P from Equation (15)
on the inner surfaces, the mechanical boundary conditions can be expressed as,

σrr|r=38.1/2 = P, σrr|r=48.3/2 = 0 (30)

A schematic of the 2D plane strain part with the hydrostatic pressure boundary
conditions is shown in Figure 2.
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Figure 2. (a) Schematic of 2D circular pipe with the pressure boundary condition. (b) Schematic of
2D circular quarter model in COMSOL 5.4 with the pressure and thermal boundary condition.

Since (σrr, σθθ , σzz) are the primary principal stresses, the maximum shear stress theory
is depicted by Equation (14),

τmax = max(|σrr − σθθ |, |σrr − σzz|, |σθθ − σzz|) (31)

The mesh element for the circular model is an eight-node quadrilateral element. There
are two translational degrees of freedom at each node, viz., radial displacement u and
circumferential displacement v. In the analysis, the circumferential displacement vanishes.
This implies that the rotation in the circumferential direction is constrained, but the cylinder
is free to expand axially and radially. The schematic is shown in Figure 2a. the finite
element model is quarter for the entire circular model as shown in Figure 2b.
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3.3. 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 [38,39],

σ = σ1V1 + σ2V2

ε = ε1V1 + ε2V2
(32)

where σ and ε represent the stresses and strains on every region of a two-phase FGM with
various volume fractions of V1 and V2, this model can determine the yield strength of FGMs
as given in Equation (1), such as elastic modulus and thermal expansion coefficient,

σy = σy1[V1 + (
q + E1

q + E2
)(

E2

E1
)(1−V1)] (33)

σy1 is the yield strength of phase 1 material. Here q 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 yield strength of two-phase conditions
like Figure 3.
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According to the yield strength-temperature relation of T91 alloys and Fe-12Cr-2Si
solid solutions [8], the yield strength at different temperatures varying from 700 to 1200 ◦C
is calculated through the curve fitting of the data from the tensile strength experiment; the
yield strength of dioxide titanium is provided by the AZO [32]; which is 333.3 MPa.

3.4. The Diffusion Boundary Conditions for the Evaluation of Corrosion Testing

The silicon concentration moves from regions of high concentrations to regions of low
concentrations at a rate proportional to the concentration gradient. Fick’s law was applied
to depict this diffusive flux in multiple dimensions mathematically [40],

∂c
∂t

= ∇ · (D∇ · c) (34)
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c(x, t) is the concentration function which varies based on different regions and time
steps; D (m2/s) is the diffusion coefficient, which is described as an Arrhenius-based
diffusion coefficient [8],

D = D0 exp(−EA/RT) [
m2

s
] (35)

where D0 is the temperature-independent diffusion constant, EA is the 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. [8] wrote the program of minimum mean squared
error (MSE) in C to fit the diffusion coefficient for silicon in BCC T91/F91 alloys,

Dsi in bcc T91 = 5× 10−3 exp(−253969/RT) [m2/s] (36)

The silicon diffusion coefficient in Fe-12Cr-2Si can be roughly estimated through
Dsi = 10−14 m2/s at high temperatures in the Fe-12Cr-2Si/Cr interfacial region aged exper-
iment [20]. The diffusion of silicon in titanium dioxide, which has 10% oxygen content,
can also be expressed by an Arrhenius equation; the diffusion coefficient can be evaluated
through a linear function for temperatures above 300 ◦C [21],

Dsi in TiO2 = 2.43× 10−18 exp(−15000/RT) [m2/s] (37)

In this research, the 2D finite element model is tubular cross-sections; the cylindrical
coordinates (r,θ), the diffusion process of Equation (34) is described by the classical diffusion
equation for cylindrical coordinates,

∂c
∂t

=
1
r

(
∂

∂r
(r · D ∂c

∂r
) +

∂

∂θ
(

D
r

∂c
∂θ

)

)
(38)

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 3.8 × 10−5 m2/s. this system can be performed in a pure LBE systems to evaluate
the diffusion coefficient of silicon atoms [41].

The Finite element approach using a two-dimensional transient problem has been
developed with Equation (38) to analyze the diffusion condition of the FGM and FGC
structures in the 700, 1000 and 1200 ◦C environments.

3.5. Modeling Procedure

The research steps for coolant pipe designing can be depicted as follows,

1. Structure designing for the FGC structure, two-phase FGM structure (Fe-12Cr-2Si-T91),
and three-phase FGM structure (Fe-12Cr-2Si-TiO2-T91).

2. Steady-state analysis for stress distribution from the hydrostatic pressure boundary of
LBE and high-temperature environments.

3. The designing of corrosion resistance from LBE to the inner wall of coolant pipes.

In this study, the margin of safety shows the strength of the coolant pipes; the silicon
concentration should be considered too. The diffusion coefficient of TiO2, which is very
low, may ensure that the three-phase FGM (Fe-12Cr-2Si-TiO2-T91) reduces the diffusion of
surface silicon concentration compared to the two-phase model (Fe-12Cr-2Si-T91). Both of
two-phase and three-phase model are evaluated for the margin of safety and the diffusion
problem as shown in Figure 4. In this study, the main targets can be illustrated with
Table 2. The margin of safety must be higher than 98%; the silicon concentration should be
maintained higher than 1.25 wt.% in a high temperature environment.
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Table 2. The research targets.

700 ◦C 1000 ◦C 1200 ◦C

High-Strength (margin of safety) ≥98% ≥98% ≥98%

High-temperature resistance (wt.%) - ≥1.25 wt.% ≥1.25 wt.%

Corrosion testing (wt.%) ≥1.25 wt.% - -

4. Simulation Analysis and Discussion
4.1. FGC Structure Analysis

In this study, the FGC coolant pipe is created by welding Fe-12Cr-2Si solid solutions
with a thickness of 34 µm on the T91/F91 circular structure; the margin of safety for the
FGC analysis should be higher than 98%. However, Figure 5a and Table 3 shows that when
dividing the yield strength between the layer of 0 and 80 µm close to the inner wall of the
coolant pipe by 98% in a 700 ◦C environment, the tresca stress distribution is significantly
higher than the allowance stress. Especially the tresca stress of the inner wall, which is
higher than twice of the allowance stress.

Table 3. The tresca stress and allowance strength (FGC, Temprature: 700 ◦C).

Location
(mm) 19.05 19.05 19.06 19.07 19.08 19.09 19.09 19.10 19.11 19.12

Allowance 110.0 110.0 110.0 110.0 110.0 140.0 140.0 140.0 140.0 140.0

Tresca
stress 292.00 284.00 272.00 273.00 268.00 254.00 233.00 235.00 228.00 226.00
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Figure 5. (a) The Tresca stress of FGC structure (Temperature: 700 ◦C); (b) FGC structure Tresca stress
(Temprature: 1000 ◦C); (c) FGC structure Tresca stress (Temprature: 1200 ◦C).

When the environment temperature rises to 1000 ◦C, the allowance stress becomes
lower because the yield strength declined. However, the tresca stress on the inner wall
is higher than four times of allowance stress as shown in Figure 5b and Table 4. The
tresca stress will be higher than yield strength which makes the coolant pipe model into
plastic deformation. When the temperature is 1200 ◦C, the allowance stress is range from
12.9~26.30 Mpa; even though the tresca stress is reduced comparatively. The tresca stress
is higher than yield strength and make the coolant pipe model into plastic deformation,
as shown in Figure 5c and Table 5. All the results indicate the FGC structure applied on
coolant pipe are at the risk of plastic deformation and fracture occurs.
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Table 4. The tresca stress and allowance strength (FGC, Temprature: 1000 ◦C).

Location
(mm) 19.05 19.05 19.06 19.07 19.08 19.09 19.09 19.10 19.11 19.12

Allowance 51.76 51.76 51.76 51.76 51.76 71.65 71.65 71.65 71.65 71.65

Tresca
stress 215.84 213.76 213.68 203.59 203.50 198.41 195.33 190.24 178.15 178.07

Table 5. Tresca stress and allowable strength (FGC, Temprature: 1200 ◦C).

Location
(mm) 19.05 19.05 19.06 19.07 19.08 19.09 19.09 19.10 19.11 19.12

Allowance 12.90 12.90 12.90 12.90 12.90 26.30 26.30 26.30 26.30 26.30

Tresca
stress 90.90 88.09 86.07 84.16 80.25 78.34 75.42 74.51 73.60 73.68

The silicon concentration of Fe-12Cr-2Si is 2.11 wt.% when that of T91 alloys is only
0.32 wt.%. However, the traditional welding FGC structure might lower the surface
concentration to less than 1.25 wt.% when the inner wall contacts the LBE liquid [7].

Fick’s law in Equation (38) is used in the diffusion analysis of silicon concentration.
1.25 wt.% is standard for the corrosion resistance of the inner wall; the distance between
the location of 1.25 wt.% and the inner wall is shown in Figure 6 and Table 6; the figure
illustrates the location-time relation of the diffusion when the temperature environment
is 700 ◦C. The simulation result is compared with the curve fitting made by analyzing
the diffusion of T91/F91 in the semi-infinite region [7], which is shown as Equation (34).
The simulation shows that the 1.25 wt.% concentration arrives at the 34 µm location after
6.7 × 105 h, meaning the corrosion resistance of Fe-12Cr-2Si on the T91/F91 circular model
lasts for about 60 years. The simulation process has considered the LBE diffusion boundary;
therefore, the result is more accurate than the curve fitting condition.

y = −40.4867 + 5.60517 · ln(x + 1353.52) (39)
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Table 6. FGC the location of 1.25 wt.%—time relation (Temprature: 700 ◦C).

Time
(105 h) 0.00 1.11 2.23 3.34 4.45 5.57 6.66 7.78 8.89 10.00

simulation 0.758 24.613 27.898 30.651 31.184 32.598 32.936 33.224 34.470 35.688

Curve-
fitting 0.00 24.70 28.56 30.82 32.42 33.67 34.69 35.55 36.30 36.96

As shown in Figure 6, the Fe-12Cr-2Si coating has no corrosion resistance after
6.7 × 105 h; the concentration of the inner wall is evaluated at 700, 1000 and 1200 ◦C,
respectively in Figure 7 and Table 7. The diffusion under the 700 ◦C environment is the
same as in Figure 6. However, the concentration of the FGC structure drops drastically
before the end of 9× 104 h when the temperature is higher than 1000 ◦C. Therefore, the FGC
structure should be optimized because of the strength design and the corrosion problems.
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Table 7. FGC concentration-time distribution.

Time (105 h) 0.00 0.87 1.75 2.62 3.50 4.38 5.25 6.13 7.00 7.88

T = 700 ◦C 2.101 1.661 1.523 1.432 1.364 1.310 1.265 1.226 1.193 1.163

T = 1000 ◦C 2.101 0.539 0.538 0.538 0.538 0.538 0.538 0.538 0.538 0.538

T = 1200 ◦C 2.101 0.509 0.508 0.508 0.508 0.498 0.498 0.498 0.498 0.498

4.2. Characterization of Structural for Two-Phase FGM Pipes (Fe-12Cr-2Si-T91)

The FGM structure might be a solution for the FGC defects nowadays because of its
continuous distribution of materials. The typical FGM is based on the linear rule of mixture
designs [28,39]; the two-phase FGM model consists of Fe-12Cr-2Si solid solutions and T91
alloys. The exponential number of volume mixture is 1, 2, 3, 1/2 and 1/3; these numbers
show the increasing and decreasing trend of FGM in Figure 8.
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Figure 8. (a) The volume mixture of Fe-12Cr-2Si for two-phase FGM; (b) The volume mixture of T91
for two-phase FGM.

The volume mixture of Fe-12Cr-2Si is presented in Figure 8a and Table 8. The ratio of
Fe-12Cr-2Si decreases gradually and turns into T91 alloys; the volume mixture of T91 alloys
is shown in Figure 8b and Table 9, the distribution of the two-phase model is influenced by
the variation of volume fraction number from Fe-12Cr-2Si. The volume mixture of T91 is
one minus the fraction number of Fe-12Cr-2Si.
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Table 8. The volume mixture of Fe-12Cr-2Si for two-phase FGM.

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

N = 1 1 0.889 0.778 0.667 0.556 0.444 0.333 0.222 0.199 0.090

N = 2 1 0.984 0.950 0.889 0.809 0.698 0.556 0.306 0.347 0.175

N = 3 1 0.993 0.958 0.985 0.988 0.948 0.863 0.712 0.473 0.246

N = 1/2 1 0.667 0.595 0.465 0.333 0.254 0.183 0.113 0.101 0.046

N = 1/3 1 0.306 0.286 0.198 0.1497 0.119 0.072 0.041 0.068 0.031

Table 9. The volume mixture of T91 for two-phase FGM.

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

N = 1 0 0.111 0.222 0.333 0.444 0.556 0.667 0.778 0.889 0.909

N = 2 0 0.012 0.043 0.111 0.191 0.302 0.444 0.608 0.713 0.826

N = 3 0 0.008 0.027 0.065 0.128 0.226 0.353 0.527 0.751 0.758

N = 1/2 0 0.333 0.475 0.575 0.667 0.756 0.897 0.887 0.949 0.953

N = 1/3 0 0.465 0.586 0.671 0.739 0.796 0.928 0.846 0.890 0.968

In this study, the allowance strength of the two-phase FGM is calculated by converting
the yield strength and volume fraction of Equations (33) and (32), the yield strength is
shown in Figure 9 and Table 10; it is then divided by 1.98 to achieve the allowance strength.
At 700 ◦C in the process of steady-state analysis, it can be found that in the range from n = 3
to 1/3, although the maximum shear stress in the pipe is far lower than the yield strength
and allowance stress, the maximum shear stress on the inner pipe wall contacting LBE is
still generally higher than the yield strength. The maximum shear stress at other parts of
the pipe shows a slight trend, as shown in Figure 10 and Table 11. Regarding corrosion
resistance analysis, as shown in Figure 11 and Table 12, the linear distribution is slightly
lower than 1.25 wt.%. The surface silicon concentration gradually increases with the rise
of volume fraction levels. The silicon concentration distribution decreases as the volume
fraction drops. Although increasing the volume fraction of two-phase functionally graded
materials can effectively improve the silicon concentration and achieve corrosion resistance,
there is a problem of excessive surface stress when in contact with LBE.
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Figure 9. The yield strength of the two-phase model (Unit: MPa, Temp: 700 ◦C).
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Table 10. The yield strength of the two-phase model (Unit: MPa, Temp: 700 ◦C).

Location (mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

N = 1 218.00 222.00 226.00 230.00 240.00 246.00 249.00 253.00 263.00 273.00

N = 2 218.00 220.00 224.00 228.00 232.00 236.00 244.00 253.00 259.00 265.00

N = 3 218.00 220.00 222.00 224.00 224.00 226.00 242.00 248.00 256.00 264.00

N = 1/2 218.00 234.00 250.00 255.00 258.00 260.00 260.00 262.00 265.00 273.00

N = 1/3 218.00 242.00 251.00 257.00 259.00 261.00 265.00 267.00 269.00 275.00
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Figure 10. The Tresca stress and yield strength distribution (Fe-12Cr-2Si-T91, T = 700 ◦C).
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Table 11. The Tresca stress and yield strength distribution (Fe-12Cr-2Si-T91, T = 700 ◦C).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

N = 1 223.50 1.34 4.28 6.22 4.14 7.24 4.29 6.04 7.24 7.95

N = 2 230.00 2.16 2.11 2.97 4.72 5.14 2.65 7.02 5.13 8.45

N = 3 221.00 5.38 5.42 6.80 7.47 7.76 6.86 7.47 7.75 7.84

N = 1/2 302.00 1.68 7.65 1.83 1.73 3.36 1.83 3.36 4.72 4.72

N = 1/3 395.46 6.17 6.47 6.22 6.46 6.38 6.22 6.48 6.37 6.05

Table 12. The silicon concentration of the two-phase model (Unit: wt.%, Temp: 700 ◦C).

Time (105 h) 0 0.876 1.752 2.628 3.504 4.38 5.25 6.132 7.00 7.88

N = 1 2.0997 1.1907 1.1907 1.1907 1.1907 1.1907 1.1907 1.1907 1.1907 1.1907

N = 3 2.1064 1.7885 1.7885 1.7885 1.7885 1.7885 1.7885 1.7885 1.7885 1.7885

N = 2 2.103 1.4847 1.4847 1.4847 1.4847 1.4847 1.4847 1.4847 1.4847 1.4847

N = 1/2 2.0964 0.9039 0.9039 0.9039 0.9039 0.9039 0.9039 0.9039 0.9039 0.9039

N = 1/3 2.0926 0.6236 0.6236 0.6236 0.6236 0.6236 0.6236 0.6236 0.6236 0.6236

4.3. Characterization of Structural for Three-Phase FGM Pipes (Fe-12Cr-2Si-TiO2-T91)

TiO2 has a lower diffusion coefficient and higher young’s modulus than Fe-12Cr-2Si
and T91 alloys. Therefore, changing the two-phase FGM to the three-phase Fe-12Cr-2Si-
TiO2-T91 model may yield better corrosion resistance and high strength. The structure of
the three-phase functionally graded materials mainly improves the traditional circular tube
structure through titanium dioxide, which has an oxygen level of 10% [42]. The structure of
the three-phase FGM gradually transforms from the Fe12Cr2Si solid solution on the inner
surface to TiO2. The process is to apply the volume fraction method of Equations (2)–(10) to
the calculation of material mechanical properties. It converts from 100% Fe-12Cr-2Si to 50%
Fe-12Cr-2Si and 50% TiO2, then to 100% TiO2, gradually to 90% TiO2 and 10% T91 on the
outer diameter; The process is shown in Figure 12. The material structure from the inner
wall to the outer wall is divided into three stages. The first stage is the radius from 19.05 to
20.06 mm, the second stage is 20.06–23.86 mm, and the third stage is 23.86–24.15 mm.
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The Fe-12Cr-2Si-TiO2-T91 three-phase structure considers the mechanical value of
material strength, such as the gradual increase of young’s modulus strength, which can
convert the stress of the contact surface between the inner side and LBE. The Fe-12Cr-
2Si-TiO2-T91 three-phase structure also considers that the diffusion coefficient rapidly
reduces and distributes with the geometric inner diameter of the pipe to the outer diameter,
which effectively inhibits the rapid diffusion of silicon concentration. The initial silicon
concentration distribution of the FGM structure varies gradually compared to that of the
traditional FGC, which avoids the loss of silicon concentration and extends the working life.
In conclusion, the Fe-12Cr-2Si-TiO2-T91 three-phase model should improve the strength
and high-temperature corrosion resistance of the FGC and two-phase structure.

Considering Young’s modulus and the yield strength of T91 being lower when the
temperature rises, the ratio of TiO2 should increase when it is close to the inner wall for
better strength; the low diffusion coefficient can also improve the resistance of Fe-12Cr-
2Si. The analysis process divides the three-phase structure into three stages. The first
stage converts from 100% Fe-12Cr-2Si to 50% Fe-12Cr-2Si and 50% TiO2; the second stage
converts from 50% Fe-12Cr-2Si and 50% TiO2 to 100% TiO2; and the third stage converts
from 100% TiO2 to 90% TiO2 and 10% T91. The change of the volume fraction value
is only for the first and second stages, and the volume fraction value in the third stage
remains n = 12, which is shown in Figure 13a and Table 13. In this research, there are four
groups with different volume mixtures in the three-phase model, which are (1,1,12), (2,1,12),
(6,4,12), and (10,8,12), the distributions of volume mixture are shown in Figure 13b,c, and
Tables 14 and 15, respectively.

Table 13. The volume mixture of T91 for three-phase FGM.

Location (mm) 23.86 23.88 23.92 23.96 23.98 24.00 24.04 24.06 24.10 24.15

Volume of mixture 0.00 0.00 0.00 0.00 2.92 × 10−5 1.39 × 10−4 5.52 × 10−4 1.62 × 10−2 4.16 × 10−2 0.1
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Table 14. The volume mixture of Fe12Cr2Si for three-phase FGM.

Location
(mm) 19.05 19.57 20.08 20.59 21.10 21.61 22.12 22.63 23.14 23.86

(1,1,12) 1.00 0.89 0.79 0.69 0.58 0.47 0.36 0.26 0.15 0.04

(2,1,12) 1.00 0.98 0.95 0.82 0.69 0.56 0.44 0.31 0.18 0.05

(6,4,12) 1.00 0.99 0.98 0.98 0.98 0.97 0.91 0.79 0.56 0.20

(10,8,12) 1.00 1.00 1.00 1.00 0.99 0.98 0.98 0.95 0.81 0.36
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Table 15. The volume mixture of TiO2 for three-phase FGM.

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 0.00 0.1002 0.2006 0.3084 0.4163 0.5242 0.6320 0.7399 0.8477 0.9556

(2,1,12) 0.00 0.1004 0.0436 0.1726 0.3017 0.4307 0.5597 0.6888 0.8178 0.9469

(6,4,12) 0.00 1.01 × 10−6 5.74 × 10−5 4.36 × 10−4 5.67 × 10−3 0.02774 0.0864 0.2093 0.4317 0.7967

(10,8,12) 0.00 1.02 × 10−10 8.54 × 10−8 2.29 × 10−7 3.16 × 10−5 7.67 × 10−4 7.67 × 10−4 0.0437 0.1863 0.6348

According to the calculation method of volume fraction of yield strength in Equation (33),
the yield strength distribution of the Fe-12Cr-2Si-TiO2-T91 three-phase FGM at different
temperatures is shown in Figures 14–16 and Tables 16–18, respectively. The Tresca stress
analysis from Figures 17–19 and Tables 19–21, with the increase of volume fraction, the
distribution of maximum shear stress value decreases accordingly. When the volume
fraction values of the first and second stages are 10 and 8, respectively, the maximum shear
stress value reduces to less than the allowance stress. That is, less than almost half of the
yield strength; that is, the combination of (10,8,12) can achieve this result.
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Figure 14. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 ◦C).
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Figure 15. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 1000 ◦C).
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Figure 16. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 1200 ◦C).

Table 16. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 ◦C,
Unit: Mpa).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 218.00 226.00 236.00 244.00 261.00 279.00 299.00 317.00 335.00 354.00

(2,1,12) 218.00 220.00 224.00 253.00 275.00 285.00 309.00 319.00 341.00 352.00

(6,4,12) 218.00 218.00 218.00 218.00 220.00 224.00 230.00 253.00 297.00 331.00

(10,8,12) 218.00 218.00 218.00 218.00 218.00 218.00 220.00 226.00 238.00 309.00

Yt91 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64

Table 17. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 1000 ◦C,
Unit: Mpa).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 102.00 118.00 133.00 182.00 215.00 232.00 265.00 299.00 332.00 349.00

(2,1,12) 102.00 103.00 127.00 147.00 167.00 207.00 227.00 267.00 287.00 346.00

(6,4,12) 102.00 102.00 102.00 102.00 103.00 103.00 105.00 114.00 141.00 308.00

(10,8,12) 102.00 102.00 102.00 102.00 102.00 102.00 103.00 108.00 139.00 266.00

Yt91 80.35 80.35 80.35 80.35 80.35 80.35 80.35 80.35 80.35 80.35

Table 18. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 1200 ◦C,
Unit: Mpa).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 25.50 45.60 85.80 107.00 129.00 172.00 194.00 215.00 280.00 345.00

(2,1,12) 25.50 26.70 36.40 83.30 109.00 135.00 161.00 187.00 239.00 342.00

(6,4,12) 25.50 25.50 25.50 25.50 26.30 28.20 32.60 75.80 107.00 292.00

(10,8,12) 25.50 25.50 25.50 25.50 25.50 25.50 25.60 28.00 45.50 242.00

Yt91 20.54 20.54 20.54 20.54 20.54 20.54 20.54 20.54 20.54 20.54
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Figure 17. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 700 ◦C).

Coatings 2021, 11, x FOR PEER REVIEW 22 of 29 
 

 

 
Figure 17. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 700 °C). 

 
Figure 18. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 1000 °C). 

 
Figure 19. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 1200 °C). 

0

100

200

300

400

500

600

19.1 19.7 20.4 21.1 21.8 22.5 23.1 23.8

St
re

ss
 (M

pa
)

Location of radius (mm)

tresca stress (1,1,12)
tresca stress (2,1,12)
tresca stress (6,4,12)
tresca stress (10,8,12)
yielding stress (1,1,12)
yielding stress (2,1,12)
yielding stress (6,4,12)
yielding stress (10,8,12)

0

50

100

150

200

250

300

350

400

450

19.1 19.7 20.4 21.1 21.8 22.5 23.1 23.8

St
re

ss
 (M

pa
)

Location of radius (mm)

tresca stress (1,1,12)
yielding stress (1,1,12)
tresca stress (2,1,12)
yielding stress (2,1,12)
tresca stress (6,4,12)
yielding stress (6,4,12)
tresca stress (10,8,12)
yielding stress (10,8,12)

0

100

200

300

400

500

600

700

19.1 19.7 20.4 21.1 21.8 22.5 23.1 23.8

St
re

ss
 (M

pa
)

Location of radius (mm)

tresca stress (1,1,12)
yielding stress (1,1,12)
tresca stress (2,1,12)
yielding stress (2,1,12)
tresca stress (6,4,12)
yielding stress (6,4,12)
tresca stress (10,8,12)
yielding stress (10,8,12)

Figure 18. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 1000 ◦C).
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Figure 19. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 1200 ◦C).
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Table 19. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temp: 700 ◦C).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 70.58 111.00 175.00 171.00 244.00 275.00 294.00 306.00 364.00 342.00

(2,1,12) 80.57 106.00 160.00 180.00 198.00 188.00 232.00 357.00 325.00 487.00

(6,4,12) 48.70 53.30 103.00 125.00 141.00 170.00 181.00 174.00 182.00 216.00

(10,8,12) 10.21 18.70 36.80 76.60 85.00 76.00 75.70 76.20 69.10 95.20

Table 20. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temp: 1000 ◦C).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 105.00 198.00 225.00 252.00 245.00 258.00 262.00 305.00 330.00 332.00

(2,1,12) 145.00 153.00 185.00 195.00 234.00 308.00 315.00 325.00 348.00 383.00

(6,4,12) 46.90 102.00 93.30 99.30 136.00 132.00 141.00 154.00 175.00 216.00

(10,8,12) 0.00 36.90 41.70 37.70 43.50 48.20 41.60 45.90 52.10 109.00

Table 21. The tresca stress and yield strength (Fe-12Cr-2Si-TiO2-T91, Unit: Mpa, Temperature: 1200 ◦C).

Location
(mm) 19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

(1,1,12) 122.49 292.00 319.00 326.00 358.00 423.00 430.00 438.00 480.00 583.00

(2,1,12) 102.01 230.00 302.00 333.00 352.00 385.00 403.00 414.00 485.00 502.00

(6,4,12) 0.00 53.30 129.00 169.00 176.00 153.00 155.00 139.00 175.00 216.00

(10,8,12) 12.79 12.10 12.10 11.90 11.90 10.60 12.20 13.40 24.30 58.00

The silicon concentration on the surface of three-phase FGM structure pipe wall in
700 ◦C working environment is shown in Figure 20 and Table 22. Based on the analysis re-
sults, the addition of TiO2 and the decrease of the proportion of T91 material can effectively
improve the maintenance of surface silicon concentration. If the volume fraction of Fe-12Cr-
2Si-TiO2-T91 is maintained at (10,8,12), the silicon concentration can approach 2.0384 wt.%;
it can significantly improve the corrosion resistance compared with the FGC structure.
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Figure 20. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 ◦C).
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Table 22. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 ◦C, Unit: wt.%).

Time
(105 h) 0 0.876 1.752 2.628 3.504 4.38 5.25 6.132 7.00 7.88

(1,1,12) 2.0988 1.7930 1.7928 1.7925 1.7923 1.7921 1.7919 1.7917 1.7916 1.7914

(2,1,12) 2.1005 1.8397 1.8397 1.8396 1.8395 1.8392 1.8389 1.8381 1.8376 1.8373

(6,4,12) 2.1060 1.9965 1.9963 1.9958 1.9953 1.9950 1.9947 1.9943 1.9941 1.9937

(10,8,12) 2.1076 2.0419 2.0414 2.0399 2.0397 2.0392 2.0389 2.0388 2.0385 2.0384

The maximum shear stress value of 1000 ◦C is shown in Figure 18 and Table 20. It can
be seen from the figure that the tresca stress distribution of Fe-12Cr-2Si and TiO2 presents
a linear distribution for the (1,1,12). The stress is higher than yield strength. However,
the distribution of the maximum shear stress value decreases with the increment of the
volume fraction value. When the volume fraction values of Fe-12Cr-2Si and TiO2 are 10
and 8 respectively, the maximum shear stress can also be reduced to less than the allowable
stress, that is, less than half of the yield strength. The results are consistent with those in the
environment of 700 ◦C. When the volume integration rate increases, the maximum shear
stress can be effectively reduced.

The variation of silicon concentration on the surface of three-phase functionally graded
material structure pipe wall in 1000 ◦C working environment is shown in Figure 21 and
Table 23. From the analysis results, the incorporation of TiO2 and reducing the proportion
of T91 material can still effectively improve the maintenance of surface silicon concentra-
tion. If the volume mixture of Fe-12Cr-2Si-TiO2-T91 is maintained (10,8,12), the silicon
concentration can approach 1.9906 wt.%.

Coatings 2021, 11, x FOR PEER REVIEW 23 of 29 
 

 

 
Figure 20. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 °C). 

 
Figure 21. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 1000 °C). 

Table 16. The yield strength of FGM and T91 alloys (Fe-12Cr-2Si-TiO2-T91, Temperature: 700 °C, 
Unit: Mpa). 

Location 
(mm) 

19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15 

(1,1,12) 218.00 226.00 236.00 244.00 261.00 279.00 299.00 317.00 335.00 354.00 

(2,1,12) 218.00 220.00 224.00 253.00 275.00 285.00 309.00 319.00 341.00 352.00 

(6,4,12) 218.00 218.00 218.00 218.00 220.00 224.00 230.00 253.00 297.00 331.00 

(10,8,12) 218.00 218.00 218.00 218.00 218.00 218.00 220.00 226.00 238.00 309.00 

Yt91 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64 190.64 

  

0

0.5

1

1.5

2

2.5

0.0 0.9 1.8 2.6 3.5 4.4 5.3 6.1 7.0 7.9

Co
nc

en
tra

tio
n(

un
it 

: w
t%

)

Time (105 h)

(1,1,12)
(2,1,12)
(6,4,12)
critical concentration
(10,8,12)

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

0.0 0.9 1.8 2.6 3.5 4.4 5.3 6.1 7.0 7.9

Co
nc

en
tra

tio
n 

(u
ni

t :
 w

t%
)

Time (unit : 105 h)

(1,1,12)

(2,1,12)

(6,4,12)

(10,8,12)

Figure 21. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 1000 ◦C).

Table 23. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 1000 ◦C, Unit: wt.%).

Time
(105 h) 0 0.876 1.752 2.628 3.504 4.38 5.25 6.132 7.00 7.88

(1,1,12) 2.0988 1.7927 1.7923 1.7160 1.7912 1.7909 1.7905 1.7902 1.78991 1.7896

(2,1,12) 2.1005 1.8387 1.8391 1.8389 1.8383 1.8381 1.8372 1.8365 1.8358 1.8356

(6,4,12) 2.1060 1.9962 1.9944 1.9934 1.9924 1.9923 1.9921 1.9919 1.9918 1.9910

(10,8,12) 2.1060 1.9960 1.9944 1.9940 1.9919 1.9916 1.9913 1.9910 1.9908 1.9906

The maximum shear stress value of 1200 ◦C is shown in Figure 19 and Table 21. It
can be seen from the figure that the distribution of Fe-12Cr-2Si and TiO2 presents a linear
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distribution state for (1,1,12). However, the distribution of the maximum shear stress value
decreases as the volume fraction increases. When the volume fraction values of Fe-12Cr-2Si
and TiO2 are 10 and 8, respectively, the maximum shear stress value can also be reduced to
less than the yield strength and allowable strength.

The variation of silicon concentration on the surface of the three-phase FGM pipe
wall in the 1200 ◦C-working environment is shown in Figure 22 and Table 24. Per the
analysis results, incorporating TiO2 and reducing the proportion of T91 material can still
effectively improve the maintenance of surface silicon concentration. If the proportion
of the Fe-12Cr-2Si-TiO2-T91 body integral rate is maintained (10,8,12) for 8.8 × 105 h, the
silicon concentration can approach 2.0190 wt.% stably.
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Figure 22. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 1200 ◦C).

Table 24. The silicon concentration (Fe-12Cr-2Si-TiO2-T91, Temperature: 1200 ◦C, Unit: wt.%).

Time
(105 h) 0 0.876 1.752 2.628 3.504 4.38 5.25 6.132 7.00 7.88

(1,1,12) 2.0988 1.7927 1.7823 1.7860 1.7812 1.7809 1.7805 1.7802 1.78991 1.7896

(2,1,12) 2.1005 1.8387 1.8391 1.8389 1.8383 1.8381 1.8372 1.8365 1.8358 1.8356

(6,4,12) 2.1060 1.9940 1.9920 1.9870 1.9850 1.9810 1.9780 1.9770 1.9760 1.9760

(10,8,12) 2.1060 2.0350 2.0340 2.0310 2.0270 2.0260 2.0240 2.0220 2.0210 2.0190

From the Figures 17–19, it can be clearly seen that all the volume mixture model
(10,8,12) can reach the Tresca stress is lower than the yield strength and the allowance
strength at different temperature. The margin of safety in this research can be evaluated by
Equation (13), the allowable strength is the tresca stress from the volume mixture (10,8,12).
These distributions can be depicted in the Figure 23 and Table 25, from the 700 to 1000 ◦C
the safety margin of inner wall is much higher than other place because the Tresca stress
closing to the inner wall is very small. When the temperature is higher, both the Fe-12Cr-2Si
and T91 alloy have a lower yield strength. It makes the safety margin of 1200 ◦C reduced
in front of the inner wall of coolant pipes. However, thanks to the high yield strength of
titanium dioxide, the safety margin closed to the outer wall increases gradually.
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Figure 23. The margin of safety for three-phase model (Fe-12Cr-2Si-TiO2-T91, volume of mixture: (10,8,12)).

Table 25. The margin of safety for three-phase model (Fe-12Cr-2Si-TiO2-T91, volume of mixture: (10,8,12)).

19.05 19.61 20.18 20.75 21.31 21.88 22.45 23.01 23.58 24.15

700 ◦C 20.35 10.66 3.04 2.09 1.56 1.87 1.88 2.48 1.39 2.24

1000 ◦C 5.69 1.76 1.40 1.71 1.34 1.12 1.16 1.27 2.38 1.44

1200 ◦C 0.99 1.11 1.14 3.00 1.41 1.16 1.43 1.47 1.57 3.17

The margin of safety calculated in a high temperature environment can be an evalu-
ation for LBLOCA condition [14]. The variation of temperature for this incident is range
from 25 to 1200 ◦C. In this study, the results of margin safety is about 0.99~20.35, there is a
high improvement for the safety of coolant pipe and cladding construction compared with
the margin safety about 76~98% in Section 3.1. Therefore, the three-phase FGM model can
be an optimized design for the coolant pipe structure in consider of corrosion resistance
and safety evaluation.

5. Conclusions

The two-phase and three-phase functionally graded material structures have improved
the LBE static hydraulic erosion and corrosion resistance of the existing FGC welding
structure in a high-temperature environment. The traditional FGC welding structure is a
Fe-12Cr-2Si-T91 two-layer composite material. The two-phase FGM changes the FGC two-
layer structure to the progressive Fe-12Cr-2Si-T91 FGM structure, which gradually changes
from the surface Fe-12Cr-2Si to T91 alloys. The three-phase structure Fe-12Cr-2Si-TiO2-T91
combines the two-phase FGM and TiO2 materials to strengthen the structural strength and
improve corrosion resistance to high temperatures. The simulation results under different
high-temperature environments can be summarized as follows.

(1) The results show that under the corrosion boundary of steady-state LBE coolant, the
tresca stress of the FGC structure in a high-temperature environment is much higher
than the allowance stress, and the overall structure has safety concerns regarding en-
tering plastic deformation. If the surface silicon concentration is higher than 1000 ◦C,
as it drops below 1.25 wt.% within ten years, the Fe-12Cr-2Si coating on the substrate
surface needs to be replaced.

(2) The design of the two-phase FGM has been applied to the design of nuclear reactor
pipes and solar cell structures [23,43]. In this study, the tresca stress of coolant pipes is
preliminarily analyzed with the two-phase FGM Fe-12Cr-2Si-T91. When it changes
from linear to nonlinear distribution with the increase of volume fraction, it does
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effectively improve the surface silicon concentration. Therefore, Fe-12Cr-2Si with high
silicon concentration can have sufficient time to maintain a concentration higher than
1.25 wt.% on the surface in contact with LBE; However, the maximum shear stress at
the contact surface with LBE is still greater than the yield strength.

(3) This study further adopts the structure of the three-phase model Fe-12Cr-2Si-TiO2-
T91 to strengthen the system’s function and improve the reliability of the results.
The analysis results show that the maximum shear stress distribution under a high-
temperature environment can be lower than the yield strength divided by 1.98-lower
than the allowable stress. Meanwhile, the silicon concentration can still be maintained
above 1.25 wt.% within 100 years. It can be confirmed that the intervention of TiO2
can optimize the structural strength and corrosion resistance of FGM. However,
the proportion of T91 in the model must be effectively reduced to prevent strength
reduction when the temperature is very high. The results show that when the volume
fraction of Fe-12Cr-2Si-TiO2-T91 reaches (10,8,12), the silicon concentration can be
maintained above 1.900 wt.%, reaching a stable situation, so that there are enough
silicon elements on its surface to react with LBE, forming an oxide layer to further
resist the corrosion of LBE. In this research, the Fe-12Cr-2Si-TiO2-T91 model can
extend the life of corrosive resistance more 60 years compared with the traditional
FGC structure.

(4) In this research, when the volume fraction value is (10,8,12) for the three-phase model,
it can effectively reduce the maximum shear stress and silicon concentration diffusion
process under different temperature distributions in the existing nuclear reactor.
Therefore, the development of FGM cannot be limited to the two-phase functional
structure. The three-phase FGM model can be a structural optimization method in the
future for the design of nuclear reactor parts and other physical high load products.
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