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ABSTRACT: Inconel 690 is commonly used in heat transfer tubes of once-through steam generators (OTSGs), but its
material cost is high. This paper establishes a thermo-structural coupling finite element analysis framework to evaluate
layered tube wall schemes that reduce the amount of Inconel used. First, using all Inconel 690 as a baseline, an
attempt was made to replace it entirely with a low-cost composite material. The results showed that thermal stress and
deformation increased significantly, making it difficult to meet structural reliability requirements. To improve the
thermo-structural response and reduce costs, a three-layer structure of Inconel 690 / Ni–SiC metal-matrix composite /
Inconel 690 is proposed, and the results are compared between a fixed 20 vol% SiC interlayer and a 0–20–0 vol%
graded interlayer; with a total wall thickness of 1.5 mm, the interlayer thicknesses are 10%, 20%, and 30%. The
advantages and disadvantages of the scheme were evaluated by the maximum displacement, maximum equivalent
stress, and peak Tresca stress. The results show that the Ni–SiC interlayer can effectively reduce deformation and
alleviate interfacial stress concentration, but the interlayer thickness will bring a trade-off between heat transfer
performance and structural performance; compared with the fixed interlayer, the gradient interlayer is more effective
in reducing peak stress.
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1. INTRODUCTION

Once-through steam generator (OTSG) heat transfer tubes
operate in an environment with high temperature gradients,
high pressure gradients, and complex constraints. Their per-
formance depends not only on heat transfer efficiency but also
significantly on the thermo-structural coupling response: the
tube wall temperature field determines the thermal strain dis-
tribution, while the material's elastic modulus and thermal
conductivity jointly control the thermal stress level and defor-
mation amplitude. In compact systems such as i-SMR, heat
transfer tubes often need to balance heat transfer capacity,
structural integrity, and long-term reliability with relatively
thin wall thicknesses; therefore, tube material and wall struc-
ture design become critical issues.

Commonly used nickel-based corrosion-resistant alloys
(such as Inconel 690) exhibit excellent corrosion resistance
and high-temperature strength, but their material cost is high
[1]. Driven by cost and lightweight requirements, the idea of
replacing or reducing the use of expensive alloys with low-cost
materials is attractive [2]. However, for components like heat
transfer tubes that require both heat transfer and load-bearing
capacity, simple material replacement is not always feasible:
low-cost materials may lead to decreased thermal conductivity,
increased wall temperature difference, and steeper thermal
gradients, thus inducing higher thermal stress and even abnor-
mal stress concentration [3]; simultaneously, mismatch
between material stiffness and thermal expansion can also
result in unacceptable deformation. In other words, alterna-
tives based solely on material cost must be validated at the
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thermo-structural coupling level.
Based on this background, this paper first uses an all-alloy

tube wall as a benchmark to evaluate the feasibility of a low-
cost composite material solution for "complete replacement."
Numerical results show that complete replacement easily leads
to a significant amplification of thermal stress and deforma-
tion, making it difficult to meet structural reliability require-
ments [4]. To control the coupling response while reducing the
amount of expensive alloy used, this paper proposes a sand-
wich-type tube wall: the outer layer retains the alloy to meet
corrosion resistance and boundary load-bearing requirements,
while a Ni-SiC metal matrix composite (MMC) is introduced
in the middle as a functional interlayer. By controlling the
interlayer stiffness, thermal expansion, and thermal conduc-
tivity, the thermal stress and deformation performance can be
improved. Furthermore, to reduce the interfacial stress con-
centration caused by the abrupt change in material properties
between the interlayer and the outer alloy [5], this paper com-
pares a discretized gradient interlayer (0–20–0 vol% SiC)  [6]
with a fixed 20 vol% interlayer, and conducts a parametric
study on the interlayer thickness ratios (10%, 20%, 30%) with a
total wall thickness of 1.5 mm.

The main research directions of this paper include:
(1) Establishing a thermal-structural coupling finite element

evaluation process for heat transfer tubes, and conducting a
comparability analysis of the benchmark, overall replacement,
and interlayer structures under unified boundary conditions;

(2) Proposing and verifying the potential of Ni–SiC MMC
interlayers and 0–20–0 gradient interlayers in suppressing dis-
placement and alleviating peak interfacial stress;

(3) Using maximum displacement, maximum equivalent
stress, and peak Tresca stress as indicators, revealing the trade-
off between “structural mitigation and heat transfer cost,” pro-
viding a basis for subsequent structural selection and param-
eter design.

2. STRUCTURAL DESIGN AND RESEARCH 
SCHEME

2.1 Benchmark and Optimization Schemes
To maintain the thermal-structural coupling reliability of

the heat transfer tube while reducing the amount of Inconel
690 used, this paper constructs and compares three types of
tube wall structure schemes: a benchmark alloy tube, a com-
plete replacement tube, and a sandwich composite tube. All
schemes maintain consistency in geometry, load, and bound-
ary conditions to ensure comparability; differences lie only in
the distribution of tube wall materials and the layered struc-
ture.

2.1.1 Benchmark Scheme
The benchmark scheme uses a homogeneous tube wall

made entirely of Inconel 690 to characterize the temperature

field, thermal stress, and deformation response under existing
engineering material systems, and serves as a benchmark for
subsequent replacement schemes.

2.1.2 Complete Replacement Scheme
To verify the feasibility of direct low-cost material replace-

ment, a complete replacement scheme is constructed, where
the entire tube wall is made of candidate composite materials.
This scheme is used to identify the main failure mechanisms
of "material replacement" in the context of thermal-structural
coupling (e.g., increased thermal stress due to increased tem-
perature gradient, increased displacement due to insufficient
stiffness, etc.), and to provide motivation and objectives for the
design of sandwich structures.

2.1.3 Sandwich Composite Scheme.
Considering that a complete replacement might cause unac-

ceptable thermal stress and deformation, as shown in Fig. 1,
this paper proposes a sandwich structure: Inconel 690 / Ni–
SiC / Inconel 690.

The two Inconel 690 layers on either side serve to withstand
boundary constraints and provide corrosion resistance and
connectivity compatibility; the middle layer uses Ni–SiC metal
matrix composite (MMC) to regulate equivalent stiffness, lin-
ear expansion, and thermal conductivity, thereby improving
the thermal-structural coupling response and reducing the
amount of high-cost alloys used.

To reduce the interfacial stress concentration caused by the
abrupt change in material properties between the sandwich
and outer alloy layers, this paper further considers a discrete
gradient sandwich: 0–20–0 vol% SiC. That is, the SiC volume
fraction gradually transitions from 0% (pure Ni) at the inter-
face to 20% in the middle layer, and then back to 0% at the
other interface along the sandwich thickness direction. This
gradient design maintains the sandwich reinforcement effect
while allowing the elastic modulus and coefficient of thermal
expansion to change more smoothly near the interface,
thereby reducing the peak values of interfacial shear stress and
normal tensile stress.

2.1.4 Thickness Parametricization 
This paper fixes the total wall thickness at 1.5 mm and para-

metrically scans the interlayer thickness proportions, with
interlayer thicknesses accounting for 10%, 20%, and 30% of

Fig. 1. Conceptual diagram of sandwich structure 
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the total wall thickness. The corresponding total interlayer
thicknesses are 0.15 mm, 0.30 mm, and 0.45 mm, respectively;
the thicknesses of the two outer Inconel 690 layers under sym-
metrical conditions are 0.675 mm, 0.600 mm, and 0.525 mm,
respectively. For the gradient interlayer (0–20–0), the inter-
layer is discretized into three equal-thickness sublayers (0%/
20%/0%) to achieve layered material application in the finite
element method and maintain the same thickness control and
comparison scale as the fixed interlayer scheme.

In summary, the parametric design matrix presented in this
paper can be summarized as two types of sandwich structures
(fixed 20 vol% and 0–20–0 gradient) × three sandwich thick-
ness ratios (10%, 20%, and 30%). Using a full Inconel 690 and
a complete replacement scheme as comparisons, the trade-offs
between displacement, stress, and heat transfer costs under
thermal-structural coupling conditions are systematically eval-
uated for different structures.

2.2 Geometric and Thickness Parameters
To ensure comparability among different configurations, all

models in this study employ identical geometric shapes and
overall dimensions; only the material layering scheme and the
thickness ratio along the tube wall are varied. 

The geometric model was constructed in ANSYS Design
Modeler by sweeping an annular cross-section, with an inner
diameter of 12 mm and an outer diameter of 15 mm located at
a radial distance of 2300 mm from the center, along a helical
path with a height of 7000 mm. The number of turns of the
heat transfer tube was set to 1.6. The model used in this study
is shown in Fig. 2.

2.2.1 Geometric Modeling and Coordinate Definition
A solid spiral tube model is established, and a general coor-

dinate system is used to define the x-axis, y-axis, and z-axis.
The heat load is transferred radially through the wall, and the
structural response is mainly constrained by the Z-direction
constraint. To facilitate subsequent result extraction, the inner
and outer surfaces of the tube wall are defined as the inner
wall surface and the outer wall surface, respectively, and
boundary application areas are defined on the inner and outer
surfaces.

2.2.2 Total Wall Thickness and Layering Strategy
The total wall thickness t is used as a uniform control quan-

tity and remains consistent across all schemes. The baseline
scheme is a homogeneous single-layer tube wall; the interlayer
scheme adopts a sandwich structure, consisting of an outer
alloy layer – an intermediate interlayer – an outer alloy layer in
the wall thickness direction. To reduce the additional bending
effect introduced by geometric asymmetry, this paper assumes
a symmetrical distribution of the outer layer thickness on both
sides, meaning the outer layer thickness on both sides is equal,
and the interlayer is located at the center of the wall thickness.

The interlayer thickness is defined proportionally:

(1)

Where tc is the total thickness of the interlayer, and r is the
interlayer thickness ratio. This paper selects several represen-
tative thickness ratios (such as 10%, 20%, and 30%) for param-
eterized comparison. Under symmetrical conditions, the
thicknesses of the outer layers on both sides are:

(2)

2.2.3 Discrete Implementation of Fixed and Gradient Sand-
wich Layers

In the fixed sandwich layer scheme, the sandwich region is a
single material layer (e.g., Ni–SiC with a fixed volume frac-
tion) with a thickness of tc.

In the gradient sandwich layer scheme, to achieve contin-
uous property variation in the finite element method, this
paper uses a discretization method to divide the sandwich
layer into three layers along the thickness direction, and
assigns different SiC volume fractions to each sub-layer to
form a symmetrical gradient distribution of 0–20–0. This dis-
cretization strategy is easy to implement in conventional finite
element software and can also be fairly compared with the
fixed sandwich layer scheme while keeping the total sandwich
layer thickness tc constant. To reduce degrees of freedom and
highlight the main trends, this paper initially uses equal-thick-
ness sub-layer division; the interface stress reduction effect can
be further optimized by adjusting the thickness ratio of the
intermediate reinforcing layer and the transition layer.

r
tc
t
---=

tout
t tc–

2
---------=

Fig. 2. The FEA model of the helical once-through steam gener-
ator to be investigated 



Thermal Condition Analysis System for Heat Transfer Tubes In i-SMR, and Replacement of Inconel690 with Composite Materials 221
2.2.4 Scheme Naming and Repeatability Description
To facilitate the organization of parametric examples, this

paper adopts a naming convention of "structure type – thick-
ness ratio, for example:

• U–r: Fixed interlayer (uniform composition) scheme;
• G–r: Graded interlayer (graded interlayer) scheme;
Where r represents the interlayer thickness ratio. This nam-

ing convention helps to uniformly compare the influence of
different thicknesses and interlayer forms on temperature
field, displacement, and stress indices in the results presen-
tation.

Through the above geometric and thickness parameter defi-
nitions, this paper, while maintaining overall dimensional con-
sistency, studies the influence of changes in interlayer
thickness ratio and interlayer gradient form on the thermal-
structural coupling response and heat transfer cost, thus pro-
viding a clear parametric basis for the design choices of inter-
layer structures.

3. MATERIAL MODEL AND PARAMETERS

3.1 Inconel 690
Inconel 690 was used as the reference material for the OTSG

heat transfer tube to establish the temperature field, thermal
stress, and deformation levels under control conditions. Inc-
onel 690 was treated as an isotropic, continuous homogeneous
body, and temperature-dependent material parameters were

used in the thermo-structural coupling analysis. Thermophys-
ical and mechanical parameters included: density ρ(T), spe-
cific heat C_p(T), thermal conductivity k(T), coefficient of
linear expansion α(T), Young's modulus E(T), and Poisson's
ratio ν(T). When the structural response might enter the plas-
tic stage, bilinear isotropic hardening (BISO) was used to
describe its elastoplastic behavior. The relevant parameters
varying with temperature are shown in Table 1 [7,8].

To avoid the mixing of residual stress from the manufac-
turing process and stress from service conditions, a uniform
stress-free reference temperature Tref is set for structural anal-
ysis, ensuring that the thermal strain of the material is zero at
T=Tref. This paper assumes that Tref is the initial operating
temperature of the model (200oC), thus ensuring that the ther-
mal stress mainly reflects the thermal-structural coupling
effect caused by changes in operating temperature.

3.2 Ni–SiC MMC
To achieve the design goal of “reducing the amount of

expensive alloys and improving the thermal-structural cou-
pling response,” this paper uses Ni–SiC metal matrix com-
posites as sandwich materials, considering two volume
fraction combinations:

• Ni–SiC (0 vol%): corresponding to a pure Ni matrix layer,
used as a transition layer in gradient sandwiches;

• Ni–SiC (20 vol%): corresponding to a reinforcing layer,
used to fix the sandwich or as the central layer in gradient
sandwiches.

Tables 2 and 3 show the relevant parameters of the two
materials as a function of temperature. In the finite element
modeling, the Ni–SiC MMC adopts the homogenized isotro-
pic continuum approximation. The purpose of this treatment
is to capture the dominant influence of SiC filler on equivalent
thermal conductivity, stiffness, and thermal expansion behav-

Table 1. Relevant parameters of Inconel 690 over time

(a) coefficient of thermal expansion(C^-1)
100oC 1.406E-5
200oC 1.431E-5
300oC 1.453E-5
400oC 1.48E-5
500oC 1.519E-5
600oC 1.57E-5

(b) Young's modulus(MPa) Poisson's ratio
21oC 206.9 0.3
93oC 202 0.29

204oC 196.5 0.3
316oC 190.3 0.31
427oC 183.4 0.31
538oC 174.4 0.3

(c) Yield strength(MPa) Tangent modulus(MPa)
21oC 282 1500

565oC 334 1000
595oC 431 900

Table 2. Temperature relevant temperatures for Ni–SiC (0 vol%)

CTE(C^-1) E(GPa) ν
100oC 1.33E-5 205 0.29
200oC 1.39E-5 200 0.28
300oC 1.42E-5 195 0.29
400oC 1.48E-5 190 0.29
500oC 1.53E-5 183 0.28

Table 3. Temperature relevant temperatures for Ni–SiC (20 vol%)

CTE(C^-1) E(GPa) ν
100oC 1.152E-5 237.2 0.269
200oC 1.2E-5 232.3 0.26
300oC 1.224E-5 227.6 0.269
400oC 1.272E-5 222.8 0.269
500oC 1.312E-5 215.8 0.261
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ior without introducing explicit particle geometry and micro-
interface details, while meeting the computational efficiency
requirements for parametric comparison.

3.2.1 Definition of Volume Fraction and Density/Specific
Heat Mixing Rules

This paper uniformly uses volume fraction Vf to represent
the SiC content (vol%), i.e.:

(3)

Density is calculated using a linear mixture with volume
fraction:

(4)

Specific heat is a mass-based physical property, and a mass
fraction weighted mixture is used:

(5)

The mass fraction wi is obtained by converting the volume
fraction and density to ensure equivalence under the principle
of energy conservation.

3.2.2 Equivalent Thermal Conductivity (Isotropic)
To match the equivalent description of radial through-wall

heat transfer, this paper treats the thermal conductivity of
MMC as an isotropic scalar k(T). The equivalent thermal con-
ductivity is constructed using the classical effective medium
model [9]:

(6)

Where F(·) is a function of volume fraction and thermal
conductivity of the two phases. This model reflects the trend
that the composite layer's thermal conductivity is enhanced
when the filler's thermal conductivity is higher than that of the
matrix; and the enhancement effect weakens when the ther-
mal conductivity of the two phases is close or when the filler's
thermal conductivity decreases at high temperatures. The
model parameters and corresponding temperature values are
given in the table in this paper.

3.2.3 Elastic Parameters and Equivalent Thermal Expansion
The equivalent elastic parameters (E, ν) of MMC are esti-

mated using the equivalent method commonly used for par-
ticle-reinforced composite materials [10]:

(7)

The linear expansion coefficient α(T) is the dominant
parameter of thermal strain, and this paper uses an equivalent

thermoelastic model for approximation:

(8)

The aforementioned equivalent method is used to establish
“structural response trends” and “parametric comparisons,”
without attempting to precisely reproduce the experimental
microscopic mechanisms. Its rationality is verified by com-
paring the changes in displacement, equivalent stress, and
peak interfacial stress under different interlayer thicknesses
and gradient forms.

3.2.4 Discrete Implementation of Gradient Layers (0–20–0
To alleviate the interfacial stress concentration caused by

abrupt changes in material properties between the interlayer
and the outer alloy layer, this paper adopts a discrete gradient
strategy. The interlayer is divided into several sub-layers along
the thickness direction and each has individually materialized,
achieving a symmetrical gradient distribution of 0–20–0 vol%.
This discrete gradient allows E, α, and k to change more
smoothly near the interface without introducing a complex
continuous gradient material model, thereby reducing the
peak values of interfacial shear stress and normal tensile stress,
and improving structural stability under thermal cycling.

3.3 BISO Parameter Description
To describe the yielding and plastic accumulation effects

that may occur under high-temperature thermal loading, this
paper uses a bilinear isotropic hardening (BISO) model when
necessary. This model approximates the elastoplastic response
of a material using a two-stage linear stress-strain relationship:

• Elastic stage: Stress and strain satisfy σ = E(T)ε;
• Post-yield stage: The material enters linear hardening, with

the slope being the tangent modulus Et(T).

3.3.1 Yield Strength
Yield strength is defined as the yield point of a material at a

given temperature. In the temperature-dependent settings, σy
is input separately at each temperature point to reflect the
decreasing trend of yield strength at high temperatures. For

Vf
VSiC

VSiC VNi+

-----------------------=

eff T  1 Vf– Ni T  VfSiC T +=

Cp eff

T  wNiCp Ni

T  wSiCCp SiC

T +=

keff T  kNi T  F kSiC T  kNi T  Vf  =

Eeff T  eff T  G ENi T  Ni T  ESiC SiC Vf    =

eff T  1 Vf– Ni T  VfSiC T +=

Table 4. Yield strength of the two materials as a function of tem-
perature

Temperature (°C) Ni–SiC
(0 vol%)(MPa)

Ni–SiC
(20 vol%)(MPa)

26 80 130.4
100 70 114.1
200 65 105.95
300 60 97.8
400 55 89.65
500 50 91.5
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composite layers (Ni–SiC), if a complete yield database with
the same process and temperature is lacking, the reinforce-
ment ratio of the matrix yield strength can be used as an engi-
neering approximation, and the sources of uncertainty are
declared in the discussion section. Table 4 shows the yield
strength of the two materials as a function of temperature.

3.3.2 Tangent Modulus
The tangent modulus characterizes the hardening slope after

yielding and determines the stress-strain growth rate in the
plastic zone. Since the tangent modulus is often sensitive to the
distribution of residual stress and plastic strain, and direct data
in the literature is limited, this paper uses the tangent modulus
as a controllable modeling parameter, inputting it at tempera-
ture points and performing sensitivity analysis when neces-
sary, to ensure the robustness of the conclusions to the
hardening assumption. Table 5 shows the tangent modulus of
the two materials as a function of temperature.

4. NUMERICAL METHODS AND BOUNDARY 
CONDITIONS

4.1 Thermal-Structure Coupled Flowchart
This paper employs a thermal-structure coupled finite ele-

ment method to evaluate the temperature field, thermal stress,
and deformation response of different pipe wall structures
under the combined action of thermal and pressure loads.
Considering that the temperature field is mainly determined
by heat conduction and convection heat transfer, while the
structural response is mainly generated by the thermal strain
driven by the temperature field superimposed with pressure
loads and constraints, the following flowchart is adopted:

1. Thermal Analysis: Solve the transient temperature field
T(x,t) under layered material properties and segmented ther-
mal boundary conditions, and output the wall heat flux, inter-
nal and external wall temperature difference, etc.

2. Temperature Field Mapping: Map the temperature field
obtained from the thermal analysis into the structural analysis
model as the input of the structural field temperature load.

3. Structural Analysis: Apply segmented pressure loads and

structural constraints on the basis of the temperature load and
solve for displacement and stress; consider material elastic-
plasticity (BISO) when necessary.

4. Index Extraction and Comparison: Output the maximum
displacement, maximum equivalent stress, and Tresca stress
after principal stress calculation for comprehensive evaluation

4.2 Thermal Boundaries and Structural Boundaries
To characterize the axial operating conditions (temperature,

pressure) of the OTSG heat transfer tube, this paper divides
the boundary settings into 54 continuous segments along the
axial direction. Each segment corresponds to an independent
set of boundary parameters to achieve segmented load appli-
cation. An equivalent fluid domain is established, the thermal–
fluid field was obtained using ANSYS Fluent to simulate the
operating conditions of a once-through steam generator
(OTSG). A pressure-based steady-state solver was employed.
Turbulence effects were modeled using the realizable k–ε
model in conjunction with standard wall functions. The inlet
boundary condition was specified as a mass flow inlet with a
prescribed temperature, while the outlet boundary condition
was defined as a pressure outlet. The interaction between the
primary and secondary sides was represented through con-
vective heat transfer across the tube wall. Radiative heat trans-
fer was taken into account using the discrete ordinates (DO)
model.A one-way coupling strategy was adopted between the
thermal–fluid analysis and the structural analysis. Two rep-
resentative paths were directly defined along the primary and
secondary sides of the heat transfer tube, and the correspond-
ing temperature and pressure distributions along these paths
were extracted directly from the simulation results. Figs. 3, 4,
and 5 show the equivalent fluid domain, temperature bound-
ary conditions, and pressure boundary conditions, respec-
tively.

Table 5. Tangent modulus of the two materials as a function of
temperature

Temperature (°C) Ni–SiC
(0 vol%)(MPa)

Ni–SiC
(20 vol%)(MPa)

26 2000 3000
100 1900 2850
200 1800 2700
300 1700 2550
400 1600 2400
500 1500 2250

Fig. 3. Fluent equivalent fluid domain model
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This paper uses explicit support modeling: 25 1 mm thick
circular rings are arranged axially on the outside of the tube
segment as support ends. To avoid over-constraint, only the z-
axis displacement constraint is applied to the support rings in
the global coordinate system, while the other directions
remain free. Fixed constraints are set at the inlet and outlet,
thereby allowing radial/circumferential thermal expansion of
the tube wall and reducing stress concentration introduced by
the boundary conditions. All cases use the same support ring
arrangement and constraint form.

4.3 Mesh
This paper uses 3D solid elements to discretize the pipe wall

and performs local mesh refinement in the following areas to
improve the prediction accuracy of key quantities:

1. Near the layer interface: The peak values of interfacial
shear stress and normal stress are sensitive to the mesh and
require mesh refinement to reduce numerical errors;

2. Near the segment boundary: Segment temperature/con-
vection parameters or pressure change at the segment bound-

ary, easily causing abrupt gradient changes, requiring
appropriate mesh refinement;

3. Near the support: Stress concentration is prone to occur at
constraints, and local mesh refinement should be performed.

In the thickness direction, to avoid element conflicts that
could “sharpen” abrupt changes in material properties, this
paper arranges at least 3 layers of elements in the thickness
direction of each material layer; for the discrete sublayers of
the gradient sandwich layer, the same is ensured, with at least 2
layers of elements per sublayer.

To ensure the numerical accuracy of the simulation results, a
mesh convergence study was conducted. Three levels of mesh
density (coarse, medium, and fine) were tested. The coarse
mesh contained approximately 0.8 million elements, the
medium mesh contained approximately 1.6 million elements,
and the fine mesh contained approximately 2.7 million ele-
ments. The maximum von Mises stress was used as the eval-
uation metric. The difference in maximum stress between the
medium and fine meshes was found to be less than 3% [11]
[12], indicating that the solution is mesh-independent. There-
fore, the medium mesh was selected for subsequent simula-
tions to balance computational efficiency and accuracy.

5. RESULTS DISCUSSION

5.1 Baseline:All 690 vs. All Replacement
 In thermo-structural coupling analysis, Von Mises equiv-

alent stress is used as the primary evaluation index for struc-
tural response. This is because Von Mises stress can represent
a complex three-dimensional stress state as a single scalar
value, facilitating a unified assessment of the yield risk of
materials under combined thermal and mechanical loads. For
ductile metallic materials (such as nickel-based alloys and
steel), the Von Mises yield criterion has good applicability and
can therefore be used to compare the thermo-structural safety
margin under different working conditions, structural designs,
or material schemes. This paper evaluates the mechanical reli-
ability of the structure under coupled working conditions by
extracting the maximum Von Mises stress from the model.
This stress is divided into principal stresses and stress com-
ponent:

Principal stress form: 
When the three principal stresses are known, it can be

expressed as:

(9)

Stress component form: 
In a three-dimensional rectangular coordinate system, when

the normal stress and shear stress components are known:

(10)

vm
1
2
-- 1 2– 2 2 3– 2 3 1– 2

+ + =

vm
1
2
-- x y– 2 y z– 2 z x– 2

+ +  3 xy
2

yz
2

zx
2

+ + +=

Fig. 4. Temperature Boundary Condition Settings 

Fig. 5. Pressure boundary conditions setting 
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Fig. 6 presents the von Mises equivalent stress distribution at
25 evaluation points (from bottom to top), showing that the
full replacement Ni–SiC (20 vol%) configuration achieves a
significant reduction in stress compared to the baseline Inc-
onel 690 case. In the central region (points 5–24), the baseline
stress remains relatively stable at approximately 195–202 MPa,
whereas the replacement scheme exhibits lower values of
approximately 142–145 MPa, corresponding to a reduction of
about 27–30%. When averaged over all evaluation points, the
stress decreases from 207.31 MPa in the baseline case to
140.70 MPa in the replacement case, representing an overall
reduction of approximately 32.1%.Notably, the baseline con-
figuration exhibits pronounced stress concentration at the end
regions (points 1 and 25), with peak values of 306.78 MPa and
346.25 MPa, respectively. In contrast, the replacement scheme
significantly suppresses these end-region stresses to approxi-
mately 124.37 MPa and 123.48 MPa, which are not only mark-
edly lower than the baseline peaks but also below the stress
levels observed in the central region. This indicates that, under
the present segmented thermal–pressure loading and support
constraints, the replacement configuration effectively mitigates
end-dominated stress concentration, resulting in a more uni-
form stress distribution. From a thermal perspective, the Ni–
SiC composite also exhibits favorable thermal conductivity,
suggesting its potential as a heat transfer material. However,
despite its superior numerical performance, the feasibility of
full replacement cannot be assessed based solely on stress met-
rics. OTSG heat transfer tubes are multi-objective thermo-
mechanical components, requiring consideration of long-term
reliability, interfacial stability, fatigue and creep behavior, as
well as manufacturability. Therefore, the full replacement
scheme is treated here as a reference for numerical comparison
and mechanistic analysis, while subsequent sections focus on
more practical sandwich and gradient configurations.

5.2 Three-Layer Sandwich
Fig. 7 compares the von Mises equivalent stress distribution

at 25 evaluation points for three-layer sandwich structures with
fixed interlayer compositions (U-10%, U-20%, and U-30%). 

In the central region (points 5–24), all configurations exhibit
similar stress levels with only minor variations. In contrast,
significant differences are observed at the end regions (points
1 and 25), where stress concentration is most pronounced.
Specifically, the U-10% and U-20% configurations show
higher peak stresses at the ends compared to the baseline case,
whereas the U-30% configuration reduces the end-region peak
stress below the baseline level, demonstrating a stronger peak
mitigation capability. The increased stress in U-10% and U-
20% can be attributed to the combined effects of material mis-
match and local constraints introduced by the layered struc-
ture. Differences in elastic modulus and coefficient of thermal
expansion between the Inconel 690 and Ni–SiC layers generate
additional thermal mismatch stresses under thermal loading,
while the increased local stiffness limits deformation accom-
modation, leading to elevated stress levels. These effects are
further amplified in the end regions due to segmented ther-
mal–pressure loading and multi-support constraints, where
stress concentration is inherently more sensitive. When the
interlayer thickness increases to 30%, the interlayer exerts a
stronger influence on stress transfer and stiffness distribution,
promoting more effective redistribution of thermo-mechani-
cal stresses in the end regions, thereby reducing peak stress
below the baseline level. These results indicate that the pri-
mary role of fixed interlayer structures is not uniform stress
reduction, but redistribution-driven mitigation of localized
stress concentration [13]. Their overall effectiveness should
therefore be evaluated in conjunction with heat transfer per-
formance, total deformation, and the potential advantages of
gradient interlayer designs.

5.3 Gradual Variation
Fig. 8 compares the von Mises equivalent stress distribution

at 25 evaluation points for the fixed sandwich (U-30%) and
the gradient sandwich (G-30%, 0–20–0 vol%) with an inter-
layer thickness of 30%. 

The results show that the gradient configuration consistently
exhibits lower stress levels than the fixed counterpart across
nearly all evaluation points, indicating both overall stress

Fig. 6. Comparison of VMV stress between full baseline and full
replacement 

Fig. 7. VMV stress comparison of the three-layer sandwich struc-
ture 
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reduction and improved distribution uniformity. Specifically,
reductions are observed in both end-region peak stresses and
the baseline stress levels in the central region. This behavior is
primarily attributed to the introduction of a graded transition
in material properties—such as elastic modulus, coefficient of
thermal expansion, and thermal conductivity—along the
thickness direction. Such gradation enables smoother varia-
tion of material properties, thereby alleviating thermal mis-
match stresses and reducing interface constraint effects
associated with abrupt material discontinuities. As a result,
stress concentration at end regions and interface-sensitive
locations is effectively suppressed. From a thermo-mechanical
perspective, the gradient sandwich demonstrates clear advan-
tages in stress mitigation and distribution homogenization,
providing a promising direction for structural optimization.
However, these benefits come at the cost of increased mod-
eling and computational complexity, due to multi-layer dis-
cretization, additional material parameter inputs, and higher
mesh requirements. Moreover, practical implementation
remains challenging, as manufacturing gradient layers involves
precise control of material composition, interface quality, and
fabrication processes. Therefore, gradient sandwich structures
are better regarded as a conceptual and mechanistic design
framework for guiding stress redistribution and peak mitiga-
tion, rather than a directly deployable engineering solution at
the current stage.

6. CONCLUSIONS

This study investigates the material and structural optimi-
zation of heat transfer tubes in i-SMR once-through steam
generators (OTSGs) under cost-driven design constraints. A
thermo-mechanically coupled finite element framework is
developed to evaluate structural responses under segmented
temperature and pressure loading, in conjunction with con-
vective heat transfer conditions. With explicit modeling of sup-
port constraints, a systematic comparative analysis is
conducted among the baseline full Inconel 690 configuration,

complete material replacement, and sandwich as well as gra-
dient sandwich structures. The main findings are summarized
as follows. 

(1) The complete replacement scheme demonstrates a favor-
able stress response at the numerical level; however, it remains
unsuitable for direct engineering implementation. Under iden-
tical operating conditions and constraints, the full Ni–SiC (20
vol%) configuration exhibits consistently lower von Mises
stress than the baseline Inconel 690 case, with a pronounced
reduction in end-region stress concentration. The stress dis-
tribution transitions from an “end-dominated peak” pattern to
a more uniform profile with slightly elevated mid-span levels.
Despite these advantages, OTSG heat transfer tubes are inher-
ently multi-objective thermo-mechanical components, and
structural performance cannot be evaluated solely based on a
single stress metric. Critical factors, including interfacial sta-
bility, fatigue and creep resistance, and manufacturability
under long-term high-temperature service conditions, remain
insufficiently validated for Ni–SiC materials. Therefore, the
complete replacement scheme is regarded in this study as a
reference for numerical comparison and mechanistic inter-
pretation, rather than a viable option for immediate engi-
neering application. 

(2) Three-layer sandwich structures enable effective stress
redistribution and local peak mitigation at the structural level.
By employing an Inconel 690 / Ni–SiC MMC / Inconel 690
configuration, the outer alloy layers preserve corrosion resis-
tance and structural compatibility, while the intermediate layer
provides tunable stiffness, thermal expansion, and thermal
conductivity. As a result, the stress field can be actively recon-
figured. Numerical results indicate that the primary role of the
sandwich architecture is not global stress reduction, but rather
the attenuation of localized peak stresses—particularly at end
regions—through redistribution mechanisms, thereby improv-
ing the overall structural response under coupled thermo-
mechanical conditions.

(3) A clear trade-off exists between interlayer thickness,
peak stress mitigation, and heat transfer performance. As the
interlayer thickness increases from 10% to 30%, the structural
response exhibits a pronounced nonlinear trend. Under cer-
tain operating conditions, the U-10% and U-20% configura-
tions show elevated end-region stresses exceeding the baseline
level, primarily due to enhanced thermal mismatch (differ-
ences in elastic modulus and coefficient of thermal expansion)
coupled with local constraint effects. When the interlayer
thickness reaches 30%, the increased influence of the interlayer
on stress transmission and stiffness distribution enables more
effective redistribution of thermo-mechanical stresses, leading
to a reduction in end-region peak stress below the baseline
level. However, increasing interlayer thickness also alters the
through-wall temperature gradient (or equivalently, the ther-
mal resistance), indicating that interlayer thickness is not a
monotonically optimal parameter. Instead, an optimal design

Fig. 8. Comparison of VMV stress between gradient sandwich
layers and fixed composition sandwich layers 
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requires balancing stress mitigation against heat transfer effi-
ciency.

(4) Gradient interlayers (0–20–0 vol%) further enhance
stress reduction and improve stress distribution uniformity.
Compared with fixed interlayer configurations (e.g., U-30%),
the graded interlayer (G-30%) consistently exhibits lower von
Mises stress across nearly all evaluation points, indicating both
overall stress reduction and effective local peak mitigation.
This improvement is primarily attributed to the introduction
of a transitional material gradient, which enables smoother
variation of key material properties—namely elastic modulus,
coefficient of thermal expansion, and thermal conductivity—
along the thickness direction. As a result, thermal mismatch
stresses and interface constraint effects associated with abrupt
material discontinuities are significantly alleviated, thereby
reducing stress concentration risks at end regions and inter-
face-sensitive locations.

(5) The proposed numerical framework provides a practical
basis for structural scheme selection and parameter optimi-
zation. By employing maximum displacement, maximum
equivalent stress, and peak Tresca (or von Mises) stress as eval-
uation metrics, a reproducible parametric comparison meth-
odology is established, enabling quantitative assessment of
different interlayer configurations. The results indicate that
interlayer thickness ratio and gradient design can be system-
atically optimized within this framework. Considering the
combined effects of structural response, stress distribution
uniformity, and heat transfer performance, a moderate inter-
layer thickness generally achieves a more balanced overall per-
formance, while gradient interlayer designs offer an effective
pathway for further peak stress mitigation.

(6) Limitations and Future Work: The present study adopts
equivalent isotropic material models and simplified constitu-
tive assumptions (such as the BISO model) for engineering-
level analysis. Microstructural effects, interfacial damage, dif-
fusion, creep, and fatigue behavior are not explicitly consid-
ered. In addition, the homogenization of Ni–SiC metal matrix
composites neglects local particle distribution and interface
interactions. Therefore, the results of this study should be
interpreted as a comparative and conceptual evaluation of
structural trends rather than a fully predictive engineering
design tool. Future work will incorporate experimental vali-
dation, more detailed interface modeling, and long-term per-
formance assessment under thermal cycling conditions.
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