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Preface

The combination of diverse engineering materials, such as metals, polymers, ceramics, and

their composites, with extreme service environments, including high temperature, high pressure,

mechanical loads, chemicals, radiation, and their interactions, poses significant challenges to the

reliability, safety, longevity, and economy of industrial equipment, which can lead to material

degradation and failure and, ultimately, catastrophic consequences if not properly addressed.

Therefore, a comprehensive understanding of engineering material performance under such extreme

conditions is crucial for the successful operation of industrial equipment.

This Special Issue, entitled “Engineering Materials in Extreme Environments”, aims to

gather cutting-edge research and provide a comprehensive overview of the structures, properties,

processing, and performance of engineering materials in extreme environments. By bringing together

experts from various fields, it seeks to advance the understanding of material behaviors under

extreme conditions and promote the development of new materials and technologies that can

withstand these challenges.

The 11 peer-reviewed papers published in this Special Issue cover a wide range of topics,

from fundamental research on material properties to practical studies on component performance

in specific industries of civil engineering, high-speed trains, new energy, nuclear power, oil and

gas, petrochemicals, tunnel construction, etc. These papers include experimental investigations,

numerical simulations, and failure analysis case studies of the engineering equipment/materials of

carbon fiber composites, cladded stainless steel plates, controllable bonded strands, electrical cables,

enhanced tubes, extraction columns, functionally graded materials, lithium-ion batteries, nuclear fuel

assemblies, shield machine cutterheads, and track circuit reader antenna baffles, which demonstrate

the practical applications of these materials and provide valuable insights into material science and

engineering in extreme environments.

We would like to express our sincere gratitude to all the authors who contributed their valuable

research to this Special Issue. Their hard work and dedication have made this collection possible and

have significantly advanced the field of engineering materials in extreme environments. We would

also like to thank the reviewers for their constructive feedback and the editorial team for their support

in bringing this Special Issue to fruition.

Looking ahead, we believe that this Special Issue will serve as a valuable resource for researchers,

engineers, and students working in the field of engineering materials in extreme environments.

It will provide a foundation for future research and development efforts aimed at improving the

performance and reliability of materials in demanding applications. We hope that this collection will

inspire further innovation and collaboration in this critical area.

Yi Gong and Qi Tong

Guest Editors

vii
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Abstract: China is developing an ADS (Accelerator-Driven System) research device named the
China initiative accelerator-driven system (CiADS). When performing a safety analysis of this new
proposed design, the core behavior during the steam generator tube rupture (SGTR) accident has to
be investigated. The purpose of our research in this paper is to investigate the impact from different
heating conditions and inlet steam contents on steam bubble and coolant temperature distributions
in ADS fuel assemblies during a postulated SGTR accident by performing necessary computational
fluid dynamics (CFD) simulations. In this research, the open source CFD calculation software
OpenFOAM, together with the two-phase VOF (Volume of Fluid) model were used to simulate the
steam bubble behavior in heavy liquid metal flow. The model was validated with experimental
results published in the open literature. Based on our simulation results, it can be noticed that steam
bubbles will accumulate at the periphery region of fuel assemblies, and the maximum temperature
in fuel assembly will not overwhelm its working limit during the postulated SGTR accident when
the steam content at assembly inlet is less than 15%.

Keywords: accelerator-driven system; heavy liquid metal; CFD simulation; two-phase flow

1. Introduction

Nuclear energy, as a type of clean energy, can effectively reduce carbon dioxide
emissions and therefore the greenhouse effect. At present, the fourth-generation nuclear
technology that can provide cleaner and safer nuclear power has attracted gradually more
attention. In the current nuclear industry, nuclear waste disposal is considered to be one
of the most significant problems [1]. During the International Atomic Energy Agency
Conference, six advanced nuclear reactor systems were proposed as Generation-IV reactor
designs, which were considered to be able to partially solve this problem. Lead-based
fast reactors [2–4], as one of these reactor types, have been proved to be able to efficiently
transmute long-life radioactive nuclides in nuclear waste thanks to their excellent inherent
safety characteristics [5,6].

At present, plenty of countries have proposed their own lead-based fast reactors (LFR)
and accelerator-driven subcritical systems (ADS) designs, as listed in Table 1.

ADS was considered one of the most promising devices to perform nuclear waste
transmutation, which applies an accelerator to provide a high-energy and high-current
proton beam, which bombards heavy nuclei to produce high-flux broad-spectrum spallation
neutrons. This external neutron source can drive and maintain the continuous and stable
operation of the subcritical core. The reactor can burn nuclear waste and convert long-life

Materials 2021, 14, 1818. https://doi.org/10.3390/ma14081818 https://www.mdpi.com/journal/materials1
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nuclides to short-life nuclides with sufficient margin to core failure thanks to its inherent
safety characteristics. After more than 20 years of preliminary research, at the end of
2015, the China initiative accelerator-driven system (CiADS) project was approved. The
CiADS project adopts the technical route of the combination of a “superconducting linear
accelerator + high-power spallation target + subcritical reactor”. Its conceptual design has
been completed, and a series of key scientific and technical research is still ongoing.

Table 1. Coolants in typical lead-based fast reactors (LFRs) designs [6–9].

Reactor Coolant Country

SVBR-100 LBE Russia
SSTAR Pb American
LSFR LBE Japan

CiADS LBE China
CLEAR-SR LBE China
MYRRHA LBE Belgium
SEALER Pb Sweden

In the CiADS project, a lead-bismuth eutectic (LBE) was proposed as the primary
coolant thanks to its good neutron economy and suitable thermophysical properties [10].
Its primary loop mainly consists of core, primary pumps and steam generators [11]. In each
steam generator unit, a large number of pipes are installed. In the primary side of pipe wall,
the primary coolant LBE works at a pressure slightly higher than the atmosphere pressure,
while the water in the secondary side of pipe works at a much higher pressure aiming at
a better heat transfer efficiency. This may cause a steam intrusion into the primary side
or even into the core region of CiADS when the steam generator tube ruptures (SGTR)
accident happens [12]. Therefore, a safety analysis towards the SGTR accident should be
considered when designing the CiADS [13,14].

With the continuous development of high-performance computers and numerical cal-
culation methods, computational fluid dynamics (CFD) has been widely used in validating
various ADS designs [15]. Chen [16] studied the bundle in single phase and simulated the
pin bundle blockage in a fuel assembly. Koloszar [17] used the CFD model to investigate
the flow pattern in the core region of MYRRHA. Zhang [13] simulated the two-phase
flow in a heavy liquid metal pool and assessed bubble-risen behaviors in it. Jeltsov [14]
simulated the two-phase flow in a heat-exchanger and found the SGTR accident may be
worse when the broken area is close to the primary pump.

OpenFOAM is an excellent CFD analysis tool based on the finite volume method and
written with C++ [18]. Many researchers are using OpenFOAM to perform complex flow
simulations thanks to its editable solver and flexibility in governing equation settings.

The VOF method proposed by Hirt and Nichols [19] in 1981 has the advantages of
fewer iterations and a higher accuracy when performing two-phase simulations because of
the application of the Euler–Euler multiphase model and the fluid volume setting method.
Zhu [20] performed a systematic study on the formation of droplets in gas microchannels
using the VOF method. Chen [21] and others used the VOF method to simulate the
interaction process of the water–air interface. Li [22–24] carried out a numerical simulation
of the movement characteristics of a single bubble in a gas–liquid two-phase flow under
high pressure. VOF method was proved to be suitable for simulating the multiphase flow
between a variety of immiscible fluids by setting the gas-phase content in each grid.

In recent CFD studies, the k-epsilon model, the k-omega model, the SST model and
the LES method were introduced to predict the turbulence flow. The k-epsilon model and
the k-omega model are RANS models, which can provide higher calculation efficiency,
but less accuracy in some cases [25]. The SST model was reported to be able to provide
high accuracy for a low-Reynolds flow [26]. The LES model could predict the fluid more
accurately than RANS, but with a higher requirement for calculation resources [25]. The
MYRRHA project [17] and Sugrue [18] recommended to use the k-epsilon model for two-
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phase LBE flow simulations. Therefore, we considered it to be suitable for the studies
performed in this paper [27–30]. Waite [31] reported that the simulation results calculated
with the k-epsilon model for the two-phase flow in rod bundles were accordant with
experimental results. The standard k-epsilon model was then chosen for the turbulence
simulations performed in this study.

In recent studies, the first-order upwind scheme, the second-order upwind scheme,
the central difference scheme and the QUICK scheme were performed. The first-order
upwind scheme is widely used in engineering for its efficiency, but it may be not accurate.
The central difference scheme and the QUICK scheme may be unstable. The second-order
upwind scheme has the intercept of second-order accuracy, but it still has the problem
of false diffusion. According to the studies performed by other researchers [18,32], in
this work, the second-order upwind convection scheme was adopted. Time integration
was performed using the first-order method. The PIMPLE algorithm was used as the
pressure-velocity coupling scheme, which is a combination of the PISO and the SIMPLE
algorithm by OpenFOAM.

In this paper, the OpenFOAM based on the VOF method was adopted to study the
two-phase flow under different inlet and heating conditions. In Section 2, the simulation
model was created, including implementing the governing equations of VOF, meshing
with ADS configurations and setting the coolant properties and boundary conditions. The
validation of our simulation model was also included in this section. In Section 3, the
simulation results of different inlet steam contents and heating conditions are summarized
and discussed.

2. Materials and Methods
2.1. Governing Equations

In the VOF model, gas phase is considered to have the same velocity as the liquid
phase. Among them, the mixed density and mixed dynamic viscosity are calculated as:

ρ = αρl + (1− α)ρg (1)

µ = αµl + (1− α)µg (2)

The governing equation of α is:

∂α

∂t
+∇ · (αU) = 0 (3)

The mass equation can be described as:

∂ρ

∂t
+∇ · (ρU) = 0 (4)

The momentum equation can be described as:

∂ρU
∂t

+∇ · (ρUU)−∇ · τ = −∇p + ρg + σκ∇α (5)

The energy equation can be described as:

∂ρT
∂t

+∇ · (ρUT)−∇ ·
( k f

cp
∇T
)
= 0 (6)

The equation of turbulence kinetic energy k is:

∂(ρk)
∂t

+∇ · (ρUk) = ∇ ·
[(

µm +
µt

σk

)
∇k
]
+ Gk − ρε (7)
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The equation of turbulence kinetic energy dissipation epsilon is

∂(ρε)

∂t
+∇ · (ρUε) = ∇ ·

[(
µm +

µt

σε

)
∇ε

]
+

ε

k
(Cε1Gk − Cε2ρε) (8)

Then, Equations (7) and (8) are coupled by the following equations:

µt = ρCµk2/ε (9)

Gk = µt∇U ·
[
∇U + (∇U)T

]
(10)

where µm is the dynamic viscosity of laminar fluid; µt is the dynamic viscosity of turbulent
fluid; σk and σε represent diffusion Prandtl numbers (σk = 1.0 and σε = 1.3); the model
constants Cµ, Cε1 and Cε2 are 0.09, 1.44 and 1.92, respectively.

2.2. Meshing the ADS Assembly

The ADS project adopts a subcritical reactor, whose thermal power is 8 MW. Fuel
assemblies in the ADS subcritical core adopt a regular hexagonal outer tube encapsulation
structure. The pin diameter is 6.55 mm and the fuel rod center distance is 9.17 mm. In order
to prevent the fuel assembly from floating in the lead–bismuth coolant, the counterweight
and the locking mechanism are installed at the lower end of the fuel assembly. The 3D
structure of the fuel assembly is shown in Figure 1.

Materials 2021, 14, x FOR PEER REVIEW 4 of 17 
 

 

0)( =









∇⋅∇−⋅∇+

∂
∂ T

c
k

UT
t
T

p

fρρ
 (6)

The equation of turbulence kinetic energy k is: 

( ) ρε
σ
μμρρ −+








∇







+⋅∇=⋅∇+

∂
∂

k
k

t
m GkUk

t
k )(  (7)

The equation of turbulence kinetic energy dissipation epsilon is 

( ) ( )ρεεε
σ
μμερρε

εε
ε

21)( CGC
k

U
t k

t
m −+








∇







+⋅∇=⋅∇+

∂
∂

 (8)

Then, Equations (7) and (8) are coupled by the following equations: 
2 /t C kμμ ρ ε=  (9)

( )Tk tG U U Uμ  = ∇ ⋅ ∇ + ∇   (10)

where mμ  is the dynamic viscosity of laminar fluid; tμ  is the dynamic viscosity of tur-

bulent fluid; kσ  and εσ  represent diffusion Prandtl numbers ( 0.1=kσ  and 

3.1=εσ ); the model constants μC , 1εC  and 2εC  are 0.09, 1.44 and 1.92, respectively. 

2.2. Meshing the ADS Assembly 
The ADS project adopts a subcritical reactor, whose thermal power is 8 MW. Fuel 

assemblies in the ADS subcritical core adopt a regular hexagonal outer tube encapsulation 
structure. The pin diameter is 6.55 mm and the fuel rod center distance is 9.17 mm. In 
order to prevent the fuel assembly from floating in the lead–bismuth coolant, the counter-
weight and the locking mechanism are installed at the lower end of the fuel assembly. The 
3D structure of the fuel assembly is shown in Figure 1. 

 
Figure 1. The 3D structure of the fuel assembly. 

As shown in Figure 2, the flow channel in the fuel assemblies can be subdivided as 
internal channels, edge channels and corner channels based on their different heat transfer 

Figure 1. The 3D structure of the fuel assembly.

As shown in Figure 2, the flow channel in the fuel assemblies can be subdivided as
internal channels, edge channels and corner channels based on their different heat transfer
characteristics. The internal channel is heated by three adjacent one-sixth fuel rods, whose
total heating area is a half fuel rod. The edge channel is heated by two-quarter fuel rods,
whose total heating area is a half fuel rod, and one patch is an adiabatic plane. The corner
channel is heated by a one-sixth fuel rod, and two patches are adiabatic planes. These
differences in heating area and hydraulic diameters will affect the coolant flow patterns in
the channels.

Figure 3 shows the grid division on the Z plane. The total number of cells is 5,478,900,
the max skewness is 0.79, the mesh orthogonal quality is higher than 0.7 and the y-plus
value is 30. To reduce the computational complexity, the space wire was neglected from
the grid division and the grid therefore was a hexahedral grid. A coarse mesh with
4,812,000 cells and a fine mesh with 11,022,000 cells were built to compare with the
5,478,900 cells in this study. After given the same boundary condition, the simulation
results with the 5,478,900 cells were reported to be close to those with the 11,022,000 cells

4
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as shown in Figure 4. The simulation was conducted using a Dell Server 7920, which has
80-core CPUs and 128GB RAM. For a simulation of a 10 s scenario, the computing time
of meshes with 4,812,000 cells, 5,478,900 cells and 11,022,000 cells were 30.5 h, 42.3 h and
103.2 h, respectively. Therefore, considering the computational economy and accuracy, the
mesh with 5,478,900 cells was chosen for this study.
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2.3. Coolant Properties

The thermophysical parameters of lead–bismuth eutectic (LBE) and lead (Pb) coolant
have been experimentally measured and fitted into correlations as listed in Table 2 [33].

Table 2. Properties of liquid lead–bismuth eutectic (LBE) and Pb.

Properties Liquid LBE Liquid Pb

ρ
[
kg/m3] 11096− 1.3236T 11367− 1.1944T

µ[Pa · s] 4.94 · 10−4 · exp(754.1/T) 4.55 · 10−4 · exp(1069/T)

cp

[
J

kg·K
]

159.0− 0.0272T + 7.12 · 10−6(T)2 161.5− 0.0268T + 6.98 · 10−6(T)2

λ
[

W
m·K
]

3.61 + 1.517 · 10−2T − 1.741 · 10−6(T)2 9.2 + 0.011T

The steam properties obtained from the international standard IAPWS-IF97 steam
table were defined into the OpenFOAM material database [34]. These steam properties
were reported to be valid in the temperature region of 273.15 K–2273.15 K and for pressure
lower than 10 MPa.

2.4. Boundary Conditions Setting

Figure 5 shows the boundary condition settings of the fuel assembly. The inlet velocity
of fluid was defined as 0.2 m/s with the direction vertical to the patch. The wall was
defined as a no-slip wall [35]. The outlet flow condition was defined as a pressure outlet
equal to the atmosphere pressure. The transient mode was adopted to simulate bubble
behaviors in the fuel assembly.

To simulate the distribution of bubbles in the fuel assembly under different boundary
conditions, simulations were divided into 4 cases as listed in Table 3.

2.5. Verification of Our Simulation Model

The migration of steam bubbles in heavy liquid metal is complicated. In this process,
bubbles are subjected to buoyancy, surface tension, drag force and other effects. The
floating process cannot be optically observed, nor can it be observed by X-ray penetration
due to the high density and opacity of the heavy liquid metal. To verify our simulation
model, we referred to the experimental results obtained with an experimental device [13],
in which high-speed gas was injected into the water tank to form a two-phase flow and
recorded by the high-speed camera. Figure 6 shows the set-up of this experimental device,
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which includes a gas injection system, a water tank, a high-speed camera, sensors and
measurement systems. The high-pressure air produced by the compressor was injected
into the water tank through a pipe. The diameter of the pipe nozzle is 4 mm and it was
located at 5 mm under the water. The water tank is a glass cuboid with a length of 250 mm,
a width of 250 mm, and a height of 800 mm. The high-speed camera is used to observe the
bubble shape and the depth of injection. During the experiment, the gas injection velocity
was set as 22.12 m/s, 26.54 m/s, 33.18 m/s, 35.39 m/s, 44.24 m/s, 55.30 m/s, 66.36 m/s,
77.42 m/s, 88.48 m/s and 99.54 m/s, respectively.

Materials 2021, 14, x FOR PEER REVIEW 7 of 17 
 

 

2.4. Boundary Conditions Setting 
Figure 5 shows the boundary condition settings of the fuel assembly. The inlet veloc-

ity of fluid was defined as 0.2 m/s with the direction vertical to the patch. The wall was 
defined as a no-slip wall [35]. The outlet flow condition was defined as a pressure outlet 
equal to the atmosphere pressure. The transient mode was adopted to simulate bubble 
behaviors in the fuel assembly. 

 
Figure 5. Boundary condition settings. 

To simulate the distribution of bubbles in the fuel assembly under different boundary 
conditions, simulations were divided into 4 cases as listed in Table 3. 

Table 3. The setting of different cases. 

Case Number Coolant Heating Boundary Condition 
Case 1 LBE Fixed Heat Flux value 
Case 2 LBE Fixed Wall Temperature 
Case 3 Pb Fixed Heat Flux value 
Case 4 Pb Fixed Wall Temperature 

2.5. Verification of Our Simulation Model 
The migration of steam bubbles in heavy liquid metal is complicated. In this process, 

bubbles are subjected to buoyancy, surface tension, drag force and other effects. The float-
ing process cannot be optically observed, nor can it be observed by X-ray penetration due 
to the high density and opacity of the heavy liquid metal. To verify our simulation model, 
we referred to the experimental results obtained with an experimental device [13], in 
which high-speed gas was injected into the water tank to form a two-phase flow and rec-
orded by the high-speed camera. Figure 6 shows the set-up of this experimental device, 
which includes a gas injection system, a water tank, a high-speed camera, sensors and 
measurement systems. The high-pressure air produced by the compressor was injected 
into the water tank through a pipe. The diameter of the pipe nozzle is 4 mm and it was 
located at 5 mm under the water. The water tank is a glass cuboid with a length of 250 
mm, a width of 250 mm, and a height of 800 mm. The high-speed camera is used to ob-
serve the bubble shape and the depth of injection. During the experiment, the gas injection 
velocity was set as 22.12 m/s, 26.54 m/s, 33.18 m/s, 35.39 m/s, 44.24 m/s, 55.30 m/s, 66.36 
m/s, 77.42 m/s, 88.48 m/s and 99.54 m/s, respectively. 

Figure 5. Boundary condition settings.

Table 3. The setting of different cases.
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Case 1 LBE Fixed Heat Flux value
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Case 3 Pb Fixed Heat Flux value
Case 4 Pb Fixed Wall Temperature
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In order to model this experiment into OpenFOAM, we first constructed a model
of the water tank. The surrounding walls and the bottom of the tank were defined as
no-slip walls in our simulation model. The top of the tank was defined as an outflow
patch at the ambient pressure. The nozzle was modeled in the center of the top patch. The
computational area was divided into 250, 250 and 800 meshes in the X, Y and Z directions.
The model was constructed based on the geometrical details of the experiment tank.

Figure 7 shows the results from the experiments and the simulations. As can be
seen from Figure 7, the experimental and simulation results are in good agreement. The
maximum relative error (approximately 7.7%) occurred at the velocity of 22.12 m/s, which
is considered to be mainly caused by the small denominator. The absolute differences
between the experimental and the simulated results were reported to be less than 2 mm.
Based on the results stated above, the VOF model was considered to be suitable for
simulations performed in the following sections.
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3. Simulations under Different Boundary Conditions
3.1. Temperature Distributions at the Middle Section and the Outlet Section

Figures 8 and 9 show the maximum temperatures at the middle section in case 1
and case 3. The middle section was set in parallel with the inlet section and allocated at
the center of the fuel assembly. When the coolant was pure LBE coolant, the maximum
temperature at the middle section was reported to be 646 K. When the coolant was pure
liquid Pb, the maximum temperature at the middle section was 651 K. This means that
the designed temperature of the Pb coolant reactor was slightly higher than that of the
LBE coolant. When the inlet steam content increases from 1 to 15%, the temperature at the
middle section will slowly increase. When the inlet steam content was less than 15%, the
temperature in the reactor fuel assembly was reported to be lower than its working limit.
When the inlet steam content exceeds 15%, the temperature will rise significantly and the
temperature fluctuations will also become larger.
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Figures 10 and 11 show the maximum temperatures at the outlet section in case 1 and
case 3. According to the three test results, the maximum temperature of liquid Pb was
higher than that of the lead–bismuth coolant with the same inlet steam content. When
a large number of bubbles enter, the temperature fluctuation of the Pb coolant is greater
than that of the lead–bismuth coolant. When the inlet steam content is less than 15%, the
calculated fluid temperature is lower than its working limit. It was reported that the fuel
bundle may burn up when the inlet steam content exceeds 15% due to the high cladding
temperature incurred by insufficient cooling.
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3.2. Bubble Gathering

Figure 12 shows the distribution of the gas phase when the inlet steam content is 10%
in each case. Figure 13 shows the bubble accumulation at the assembly outlet section with a
fixed tube wall temperature. It can be noticed that the steam bubbles will accumulate at the
periphery regions. The probability of the largest bubble appearing in the corner channel
exceeds 50%. This phenomenon may cause fuel rods to operate under risky conditions.
The bubble accumulation may be caused by the larger fluid velocity in the internal channel
than in the periphery channel.
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Figure 13. Steam bubbles at the periphery regions.

3.3. Outlet Section Velocity

Figures 14–17 show the maximum velocity at the outlet section. It can be seen from
these figures that the maximum velocity gradually increases with the increase of the inlet
steam content. Together with the outlet section temperatures, it can be noticed that the
temperature has little effect on velocity, mainly because the steam content plays a leading
role in velocity. Due to the steam expansion, the two-phase flow velocity will rise with the
inlet steam content.

Materials 2021, 14, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 13. Steam bubbles at the periphery regions. 

3.3. Outlet Section Velocity 
Figures 14–17 show the maximum velocity at the outlet section. It can be seen from 

these figures that the maximum velocity gradually increases with the increase of the inlet 
steam content. Together with the outlet section temperatures, it can be noticed that the 
temperature has little effect on velocity, mainly because the steam content plays a leading 
role in velocity. Due to the steam expansion, the two-phase flow velocity will rise with the 
inlet steam content. 

 
Figure 14. Maximum LBE velocity at the assembly outlet section with a fixed heat flux (case 1). 

 
Figure 15. Maximum LBE velocity at the assembly outlet section with a fixed tube wall tempera-
ture (case 2). 

Figure 14. Maximum LBE velocity at the assembly outlet section with a fixed heat flux (case 1).

Materials 2021, 14, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 13. Steam bubbles at the periphery regions. 

3.3. Outlet Section Velocity 
Figures 14–17 show the maximum velocity at the outlet section. It can be seen from 

these figures that the maximum velocity gradually increases with the increase of the inlet 
steam content. Together with the outlet section temperatures, it can be noticed that the 
temperature has little effect on velocity, mainly because the steam content plays a leading 
role in velocity. Due to the steam expansion, the two-phase flow velocity will rise with the 
inlet steam content. 

 
Figure 14. Maximum LBE velocity at the assembly outlet section with a fixed heat flux (case 1). 

 
Figure 15. Maximum LBE velocity at the assembly outlet section with a fixed tube wall tempera-
ture (case 2). 
Figure 15. Maximum LBE velocity at the assembly outlet section with a fixed tube wall temperature
(case 2).

12



Materials 2021, 14, 1818Materials 2021, 14, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. Maximum Pb velocity at the assembly outlet section with a fixed heat flux (case 3). 

 
Figure 17. Maximum Pb velocity at the assembly outlet section with a fixed tube wall temperature 
(case 4). 

3.4. Maximum Steam Volumetric Fraction 
Figures 18–21 show the maximum grid steam volumetric content at the middle sec-

tion and the outlet section. The steam content at the middle section is lower than that at 
the outlet section. The steam content in the grid increases significantly from 5 to 15%. 
When the inlet steam content is higher than 15%, the floating speed slows down because 
of the occupation of steam bubbles in the upper region. When the inlet steam content is 
less than 2%, the grid steam content at the middle section and the outlet section are basi-
cally the same. When the inlet steam content increases from 5 to 20%, the grid steam con-
tent at the middle section and the outlet section are significantly different. It was reported 
that the bubbles would break and merge together under this condition, which may cause 
fluctuations of fuel rods temperature and therefore thermal fatigue. When the inlet steam 
content exceeds 20%, the difference becomes smaller. 

Figure 16. Maximum Pb velocity at the assembly outlet section with a fixed heat flux (case 3).

Materials 2021, 14, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. Maximum Pb velocity at the assembly outlet section with a fixed heat flux (case 3). 

 
Figure 17. Maximum Pb velocity at the assembly outlet section with a fixed tube wall temperature 
(case 4). 

3.4. Maximum Steam Volumetric Fraction 
Figures 18–21 show the maximum grid steam volumetric content at the middle sec-

tion and the outlet section. The steam content at the middle section is lower than that at 
the outlet section. The steam content in the grid increases significantly from 5 to 15%. 
When the inlet steam content is higher than 15%, the floating speed slows down because 
of the occupation of steam bubbles in the upper region. When the inlet steam content is 
less than 2%, the grid steam content at the middle section and the outlet section are basi-
cally the same. When the inlet steam content increases from 5 to 20%, the grid steam con-
tent at the middle section and the outlet section are significantly different. It was reported 
that the bubbles would break and merge together under this condition, which may cause 
fluctuations of fuel rods temperature and therefore thermal fatigue. When the inlet steam 
content exceeds 20%, the difference becomes smaller. 

Figure 17. Maximum Pb velocity at the assembly outlet section with a fixed tube wall temperature
(case 4).

3.4. Maximum Steam Volumetric Fraction

Figures 18–21 show the maximum grid steam volumetric content at the middle section
and the outlet section. The steam content at the middle section is lower than that at the
outlet section. The steam content in the grid increases significantly from 5 to 15%. When
the inlet steam content is higher than 15%, the floating speed slows down because of the
occupation of steam bubbles in the upper region. When the inlet steam content is less
than 2%, the grid steam content at the middle section and the outlet section are basically
the same. When the inlet steam content increases from 5 to 20%, the grid steam content
at the middle section and the outlet section are significantly different. It was reported
that the bubbles would break and merge together under this condition, which may cause
fluctuations of fuel rods temperature and therefore thermal fatigue. When the inlet steam
content exceeds 20%, the difference becomes smaller.
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4. Conclusions

In this paper, the open source CFD software OpenFOAM was adopted to simulate the
two-phase heavy liquid metal flow. Based on our simulation results, the following points
can be preliminarily concluded:

(1) When the steam content is lower than 15%, the coolant temperature rises slowly.
The fuel rod would operate within its designed limit. A significant rise of coolant
temperature may be noticed after the inlet steam content exceeds 15%.

(2) The temperature fluctuation in liquid Pb (lead) due to the steam bubble intrusion was
reported to be slightly higher than that in LBE coolant.

(3) The temperature fluctuation is significant when the inlet steam content is higher
than 15%, which may cause the failure of fuel assemblies. It was reported that this
significant phenomenon needs to be carefully investigated.

(4) Steam bubbles tend to accumulate at the periphery regions, especially in the corner
channels. This phenomenon confirms the necessity of constructing corresponding
experimental facilities in the future.

(5) The outlet fluid velocity and the steam content were reported to be mainly affected
by the inlet steam content.
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Nomenclature

Symbol Explanation

ρ, ρl and ρg Mixed Fluid Density, Liquid Density and Gas Density (kg·m−3)
α volume fraction of fluid
µ, µl and µg mixed fluid dynamic viscosity, liquid dynamic viscosity and gas dynamic viscosity

(Pa·s)
t time (s)
U Gas phase and liquid phase mixed velocity (m·s−1)
τ viscous stress (Pa)
p pressure (Pa)
g gravity (m·s−2)
σ surface tension coefficient (N·m−1)
κ curvature (m−1)
T temperature (K)
kf fluid heat transfer coefficient (W·m−2·K−1)
cp specific heat capacity at constant pressure (J·kg−1·K−1)
λ thermal conductivity (W·m−1·K−1)
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Abstract: Functionally graded materials (FGMs) are widely used in the aerospace industry, especially
for the thermal protection shields of aerospace vehicles. Studies show that the initiation and expansion
of micro-cracks are important factors that adversely affect the service life of these shields. Based
on the peridynamic theory of bonds, an improved peridynamic model is proposed in the present
study for FGMs. In the proposed model, integral equivalence is applied to calculate the required
material parameters. Obtained results reveal that this method can better reflect the gradient change
of material properties.

Keywords: functionally graded materials; peridynamic method; integral equivalence; crack growth
simulation

1. Introduction

With the development of science and technology in the past few decades, the aerospace
industry has developed rapidly. Studies show that during the entire mission of a spacecraft,
the materials used may face a very harsh working environment. Accordingly, require-
ments for the constituent materials of the spacecraft have become increasingly stringent.
In this regard, scholars proposed the concept of functionally graded materials (FGMs)
made of metals and ceramics. Further investigations reveal that since the composition of
these materials changes continuously with spatial position, the material properties on the
macroscopic level also change accordingly, thereby eliminating the interface layer between
different materials. This characteristic allows FGMs to simultaneously exert the excellent
mechanical properties of metals and the high-temperature resistance of ceramics. In prac-
tical applications, FGM failures mainly originate from defects in the material and crack
propagation. Therefore, it is of extreme importance to investigate the crack propagation
phenomenon in FGMs. However, since an FGM is a heterogeneous substance, the material
composition may vary spatially. Accordingly, it is an enormous challenge to analyze crack
propagation in FGMs.

In the classical continuum theory, spatial partial differential equations are used to
describe the material deformation. However, crack propagation is a typical discontinuity
problem such that spatial partial derivatives cannot be applied to this problem. Consider-
ing the computational difficulties of mathematical methods, it is generally assumed that the
FGM is an isotropic substance. Literature review indicates that only a few investigations
have been conducted so far on crack propagation in anisotropic FGMs. In this regard,
Erdogan et al. systematically studied the static fracture problem of heterogeneous materi-
als [1,2]. Moreover, Jin et al. analyzed the crack propagation problem in homogeneous and
FGMs and found that as long as the material parameters were continuous and differentiable,
singular fields of the crack tip in these materials were the same [3]. Marur et al. carried
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out experiments and performed numerical simulations to study the interface fracture of
bimaterials and FGMs under different impact loads [4]. Kawasaki et al. applied the con-
trollable burner heating method to simulate the real environment and studied the thermal
fracture behavior of FGMs. The obtained results showed that orthogonal cracks form on
the top surface of the ceramic layer during the cooling process. Moreover, the gradient
layer forms transverse cracks and these cracks propagate, merge, and eventually peel the
coating off [5]. Considering the difficulties and high costs of the crack growth experiment in
FGMs, it is important to investigate this problem through numerical methods. Meanwhile,
conventional experimental methods can hardly reveal the whole cracking process in FGMs,
including crack initiation, crack propagation and complete fracture. Currently, different
numerical methods, including the finite element method, extended finite element method,
boundary element method and meshless method, can be applied to study the FGM crack
growth problem. Nishioka et al. presented the concept of mixed-phase simulation with
fracture-path prediction mode, in which the crack propagation path is simulated by using
the proposed automatic moving finite element method, and the simulation results were
in good agreement with the experimental results [6]. Fabbrocino et al. proposed a new
methodology to predict dynamic crack propagation under generalized loading conditions,
and a numerical model of permission was established based on this method. This model
can be used to predict the geometric changes caused by the discontinuous evolution of
existing materials; the accuracy of the model was verified by comparison to experimen-
tal results. Sensitivity analyses in terms of mesh dependence and time required for the
solving procedure were also discussed [7]. Dirik et al. developed a mesh-independent
computational algorithm and incorporated this into a commercial finite element software
(Abaqus). For verification purposes, experimental crack path trajectories and fatigue life
data available in the open literature were compared with computational results [8].

In the classical finite element method, the singularity problem of the spatial derivative
is considered as a typical discontinuity problem of crack propagation. Moreover, in the
extended finite element method, additional functions are introduced to deal with the crack
problem. However, this method has limitations for complex cracks such as multiple cracks
and crack bifurcation. Further investigations reveal that the boundary element method has
its own shortcomings. More specifically, its scope of action requires a basic solution of the
corresponding differential operator as a major premise, which is a challenging prerequisite
for heterogeneous materials. Furthermore, the meshless method requires a kernel function,
and it also has the limitation of the spatial derivative problem. Recently, Silling proposed
the peridynamic (PD) method [9] as a vigorous scheme to solve discontinuous problems,
which has attracted many scholars worldwide.

Unlike the finite element method, the PD method does not use partial differential
equations, but integral equations. Meanwhile, the material damage is included in the
constitutive of the PD method. Accordingly, this method can be applied to simulate the
crack propagation problem in the material without the need to set a criterion. Bobaru
et al. performed a peridynamics analysis on the dynamic crack growth of brittle materials
under different convergence conditions such as m-convergence and δ-convergence and
verified the calculated results through experimentation. Accordingly, it was found that
the peridynamics method is an effective scheme for simulating the dynamic crack growth
problem [10]. Ha et al. used the bond-based PD theory to study the influence of the
pre-crack angle on the crack growth of rock-like materials containing pre-crack subjected to
uniaxial compressions. The obtained results proved the effectiveness of the PD method [11].
Cheng et al. proposed a near-field dynamic model for FGMs and studied the effects of
different parameters, including the material gradient, elastic wave, impact load size and
contact time on the fracture behavior of FGMs [12]. Tan et al. proposed a complete thermo-
mechanical coupling peridynamics model with a surface correction near cracks, and then
applied this model to perform thermodynamic simulations of the FGM plate with thermal
insulation cracks [13].
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Based on the performed literature survey, we intended to apply the PD theory and
propose an improved bond-based peridynamics model. The proposed model will be
used to simulate the crack growth of FGMs with the material discretized into scattered
points. Therefore, the material properties of the bonds between different particles should
be processed and calculated. It should be indicated that the conventional method to do so
is to use the average value for processing. However, the material properties of FGMs are
not uniform so the average solution method cannot reflect the internal properties of FGMs
accurately. The proposed method is expected to reflect the variations of the properties in
functionally graded materials.

2. Materials and Methods
2.1. Bond-Based Peridynamic Basic Theory

Figure 1 shows that in the bond-based PD theory, the object is discretized into several
material points, where each material point x only interacts with other material points in the
range of δ. This interaction is represented by the bond ξ = x′− x. It is worth noting that the
interaction between two material points is equal in magnitude and opposite in direction.
At a certain time, t, this motion can be mathematically expressed in the form below:

ρ(x)
..
u(x, t) =

∫

Hx

f
(
x′, x, t

)
dVx′ + b(x, t) (1)

where f and u denote the force function between material points and the displacement
of the material point at a certain moment, respectively. Moreover, Hx, ρ and b are the
neighborhood range, material density and force on the material point x, respectively. Vx′ is
the volume of other points in the neighborhood of point x.
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Figure 1. The peridynamic horizon of a material point (H), and the whole computing domain (R).

Each material point only interacts with other material points in its neighborhood.
When a point exceeds the neighborhood range δ, then f (x′, x, t) = 0. Silling proposed the
following expression for the force function in elastic isotropic materials [14]:

f
(
x′, x, t

)
=

ξ + η

|ξ + η| cs (2)

where η = u′ − u is the relative displacement vector, ξ = x′ − x is the relative position
vector and c represents the micro-elastic modulus of the bond. Moreover, s denotes the
elongation of the bond, which is similar to the strain in conventional mechanics. It should
be indicated that the parameter c can be obtained through the strain energy density of
PD form equal to the strain energy density of the classical elastic theory. The parameter
c of an isotropic material subjected to the plane stress is c = 9E/

(
πhδ3), where E is the

Young’s modulus, δ is the size of the neighborhood and h denotes the distance between
two material points.
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2.2. Definition of Bond Break and Damage

In the bond-based peridynamic basic theory, the material failure is judged by the
bond break. Currently, two judgment methods have been proposed for the bond break
between material points. The first method is to judge based on the critical elongation s0,
and the second way is to judge based on the critical energy density. In the present study,
the critical elongation is selected to judge the failure. To this end, the relative elongation
is obtained when the bond between the material points is subjected to force. When the
relative elongation exceeds the critical value s0, the bond between the material points
breaks and the specimen fails. Under this circumstance, there is no longer any interaction
between points. The stress of the critical elongation in the plane can be calculated through
the following expression:

s0 =

√
4πG0

9Eδ
(3)

where G0 is the energy release rate during the crack propagation and E is the Young’s
modulus. The correlation between the fracture toughness KIC, the critical energy release
rate G0 and the Young’s modulus of the material is as follows:

G0 =
KIC

2

E
(4)

The local damage of the material point can be judged by the following damage coefficient:

µ
(
x′, x, t

)
=

{
1 if s ≤ s0
0 if s > s0

(5)

ϕ(x, t) = 1−

∫
Hx

µ(x′, x, t)dVx′

∫
Hx

dVx′
(6)

when ϕ = 1, the bond between the reference material point and other material points in the
domain has been broken. On the contrary, ϕ = 0 indicates that no bond has been broken.
Accordingly, the range of the damage coefficient is [0, 1].

2.3. Improved Bond-Based Peridynamics Model for FGM Analysis

An FGM is a heterogeneous material with variable spatial material composition.
Consequently, material properties change along the spatial coordinates. Accordingly, the
material properties of an FGM should be considered as spatial functions such as ρ(x, y),
E(x, y) and KIC(x, y). Therefore, the material properties can be expressed in the form below:

β(x, y) = β(β0, x, y) (7)

where β can be ρ, E or KIC. Similarly, β1 can be replaced by ρ1, E1 or KIC1 . (The initial value
of the function) In the PD method, the bond material properties between material points
xi(xi, yi) and xj

(
xj, yj

)
should be obtained in these calculations. Generally, the average of

material parameters for two material points can be used to calculate the corresponding PD
bond material properties of the FGM. In this regard, the material properties of the bond
model solved by the average value can be expressed as:

β
(
xi, xj

)
= 0.5

(
β(xi, yi) + β

(
xj, yj

))
(8)

The calculated average material parameters are then used to calculate the correspond-
ing micro-modulus and critical elongation in the PD model:

c
(

xi, xj
)
=

9E
(
xi, xj

)

πhδ3 (9)
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s0
(
xi, xj

)
=

√
4πG0(x, x̂)

9Eδ
(10)

However, the material parameters of FGMs do not change uniformly in space. There-
fore, although the average value method is convenient to solve, it cannot accurately reflect
the variations in the material parameters.

Figure 2 illustrates a simplified bond model, and shows that its material parameters,
such as the Young’s modulus, follow a function along the length direction E(x).
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Figure 2. Simplified diagram of bonds between material points.

When the two ends of the rod are under tension, the rod elongation can be calculated
through the following expression:

∆l =
∫ l0

0

P
E(x)A

dx (11)

where l0 is the distance between two material points and ∆l is the amount of change in the
distance between the two materials, which can be calculated as follows:

∆l =
Pl0
E0 A

(12)

where E0 is the equivalent Young’s modulus of the rod. The equivalent Young’s modulus
can then be obtained by combining Equations (11) and (12):

E0 =
l0∫ l0

0 1/E(x)dx
(13)

E(x) is a function reflecting the variations in material parameters. It is an enormous
challenge to solve this integral expression theoretically. Therefore, a numerical integration
method can be used to solve it. Subsequently, the equivalent parameters between the
two material points can be obtained and the corresponding micro-modulus and critical
elongation can be solved.

3. Model Checking

This section intends to verify the accuracy of the improved PD model established in
Section 2. To this end, the crack growth in an organic glass plate and an FGM beam under
different loads are simulated.

3.1. Simulating the Crack Propagation in a Plexiglass Sheet
3.1.1. Program Verification

In order to verify the accuracy of the near-field dynamics program, the crack propaga-
tion problem in a rectangular plexiglass sheet with prefabricated cracks under a uniformly
distributed load at both ends is simulated. The board is 250 mm long and 100 mm wide,
and the position of the pre-crack is shown in Figure 3.
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Figure 3. Schematic diagram of the pre-crack position [15].

The red solid line in Figure 3 shows the position of the prefabricated crack. Parameters
of the plexiglass are presented in Table 1.

Table 1. Material parameters of plexiglass.

Material Parameter Plexiglass

Elastic modulus E (GPa) 2.633
Density ρ (kg/m3) 1200

Fracture toughness KIC (MPa·m1/2) 2.2

The upper and lower ends of the plate are subjected to a uniform load of 13 MPa, and
the particle spacing is 0.0005 m. Moreover, the neighborhood size is set to three times the
particle spacing, and the calculation time step is set to 0.1 microseconds. The influence
function is defined as follows [16]:

g(λ, ∆) =
(

1− (λ/3∆)2
)2

(14)

where λ is the distance between two particles at each moment, and ∆ is the particle
spacing set in the initial model. Equation (14) is then multiplied by the corresponding force
function to get the corresponding particle interaction. Figure 4a,b shows the experimental
and calculated final forms of the cracks, respectively.
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Figure 4. Crack path at complete failure obtained from the (a) experiment [16] and (b) numerical
simulation.

Comparison of the results from the experiment and numerical simulation reveals that
there is a good consistency, indicating that the established method is accurate.

Next, the parameters affecting the accuracy of the PD calculation, including the in-
fluence function, neighborhood range and particle distance, are investigated. The main
purposes of this investigation are to apply (1) the influence function, (2) different neigh-
borhood ranges and (3) different particle spacing on the crack path of the plexiglass plate.
The calculation results are then compared with the experimental results to evaluate the
influence of the different parameters on the simulation accuracy and calculation efficiency.

3.1.2. The Effect of the Influence Function on the Calculation Accuracy

Within the neighborhood of a particle, the distance between the reference particle and
other particles is different, resulting in different interactions between particles. Generally,
the longer the distance, the smaller the interaction. In the present study, only the influence
function shown in Equation (14) is applied to calculate the crack propagation path of the
plexiglass plate with and without the influence function. The obtained results in this regard
are shown in Figure 5. Except for the influence function, other material properties and
dimensions of the calculation model are the same as those in Section 3.1.1.
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Figure 5. Crack path diagram (a) with the influence function, and (b) without the influence function.

Figure 5a,b reveals that the calculated results after setting the influence function are in
better agreement with the experiment shown in Figure 4. Accordingly, it is concluded that
setting an appropriate influence function can improve the calculation accuracy.

3.1.3. The Influence of the Neighborhood Range on Calculation Accuracy

In the numerical calculation of the bond-based PD theory, it is necessary to set the size
of the neighborhood of the material points to determine the distance at which a material
point interacts with other points. For example, when the neighborhood range is set as
particle spacing δ = ∆d, this means that each particle only interacts with the nearest particle
nearby. This issue is shown in the following two-dimensional case (Figure 6).
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Figure 6. The peridynamic horizon of the single-particle spacing.

In this section, the crack paths are calculated in different neighborhoods, including
δ = 1∆d, δ =

√
2∆d, δ = 2∆d, δ =

√
5∆d, δ = 2

√
2∆d, δ = 3∆d, δ =

√
10∆d, δ =

√
13∆d.

It should be indicated that in all calculations, the same model as that in Section 3.1.1
is applied.

Figure 7 shows that the best calculation results can be obtained when the neighborhood
range is three times the particle spacing or more. However, as the neighborhood range
increases, the corresponding calculation time increases significantly. Accordingly, the
neighborhood range three times the particle spacing is considered as the best spacing with
the best accuracy and efficiency.
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Figure 7. Crack path with different neighborhoods.

3.1.4. The Effect of the Particle Spacing on the Calculation Accuracy

Studies show that particle spacing greatly affects the numerical calculation results
of the PD theory. Generally, the smaller the grid size, the higher the accuracy of the
calculation result. However, the grid size cannot be reduced indefinitely because this will
greatly increase the calculation time. Therefore, it is necessary to set an appropriate particle
spacing in the calculation in order to meet the accuracy and efficiency requirements of the
calculation. In this regard, the crack propagation path of the plexiglass plate with different
particle spacing, including ∆d = 2× 10−3 m, ∆d = 1× 10−3 m and ∆d = 5× 10−4 m, are
simulated in this section. Note that except for the particle spacing, all parameters are the
same as those in Section 3.1.1.

Figure 8 indicates that for the particle spacing of ∆d = 2× 10−3 m and ∆d = 1× 10−3 m,
the crack path differs from the experiment. On the other hand, when the particle spacing
is set to 5× 10−4 m, a good agreement can be achieved with the experiment. Further
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reduction in the grid size greatly increases the calculation time, thereby adversely affecting
the calculation efficiency. Therefore, it is concluded that when the grid size is less than or
equal to the order of 10−4 m, the accuracy requirements of the calculation can be met.
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Figure 8. Crack path diagrams with different particle spacing.

3.2. Simulation of Crack Propagation in FGM Beam under a Four-Point Bending Load

In order to further verify the validity and reliability of the improved PD model, a
four-point bending pre-cracked FGM specimen is simulated. The section size of the test
specimen is 120 mm × 22 mm. Under the action of a four-point bending load, there is a
material transition zone with a length of W = 37 mm in the middle of the specimen. Figure 9
schematically shows the model. The left side of the transition area is pure epoxy, while
the right side is pure glass. The initial length of the crack is a = 5.5 mm, b = 14 mm. The
particle distance and the calculation time step are set to 0.0025 m and 0.02 ms, respectively.
Moreover, the neighborhood radius is three times the particle distance and the load P is
100 kN.
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Figure 9. Schematic diagram of the model.

The material parameters of the studied FGM are presented in Table 2.

Table 2. Material parameter table of the FGM.

Material Parameter Epoxy Resin Glass

Elastic modulus E (GPa) 3 8.6
Density ρ (kg/m3) 1200 1850

Fracture toughness KIC (MPa·m1/2) 1.2 2.6
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The material parameters of the gradient region change in the form of a power function
as below:

β(x, y) = β0 + (βw − β0)
( x

W

)4
(15)

Comparison of Figure 10a–d indicates that the calculation results obtained from the
proposed model are in good agreement with the experiment.
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Figure 10. Crack path diagram: (a) Experimental result [17], (b) calculation results obtained from
the improved PD model, (c) calculation results from the standard PD model and (d) extended finite
element calculation results.

In order to compare the above crack path more clearly and intuitively, the correspond-
ing data are extracted and a chart is prepared accordingly.

Figure 11 shows that in the early stages of crack propagation, the calculation model in
this paper does not reflect the corresponding superiority. However, as the crack continues
to grow, it can be observed that the calculation results of the traditional PD model gradually
deviate from the experimental results. When the complete specimen is fractured, with
the experimental results as the reference point (breaking point at top), the calculation
error of the traditional PD model is 16.1% whereas the error of the model in this paper is
4.3%. Therefore, it can be considered that the model proposed in this paper improves the
calculation accuracy to a certain extent.
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Figure 11. Crack path diagram.

4. Conclusions

In the present study, the integral equivalent solution method is applied to propose
an improved bond-based PD model and calculate the material parameters of the bond.
Compared with the conventional average solution method, the proposed method is more
in line with actual material property gradient changes. The proposed model is applied to
simulate the dynamic crack growth of ae plexiglass plate and an FGM beam under different
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loads. The calculation results are then compared with the experiment, and the model
accuracy is evaluated. The influence of different PD parameters on the simulation accuracy
was discussed, and it is concluded that the best results can be achieved when the affecting
parameters are set as follows: 1. the neighborhood range is set to three times the particle
spacing, 2. an appropriate influence function should be considered in the calculations and
3. the distance between particles is on the order of 10−4 m or less.

It is found that compared with conventional methods, the results of the proposed
model are more in line with the experiment.
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Abstract: To ensure safety and prevent failure of engineering equipment throughout its lifespan, the
concept of ‘Safety Design’ is proposed, which covers all the cradle-to-grave phases of engineering
equipment, considers at least ten essential factors of failure causes, and conducts root cause analysis
at three different scales, in order to proactively control the safety risks before the occurrence of failure
rather than passively conduct the remedial measures after failure. Herein, in order to demonstrate
how to implement this effective and efficient concept in engineering practice, a case study of failure
analysis and prevention is addressed on the extraction column in the production line for methyl
methacrylate. Based on the analysis results, the causes were finally determined to be all derived from
the stages before operation, including inappropriate design, limited quality inspection of fabrication
and installation. Pertinent countermeasures were then proposed from the ‘Safety Design’ point of
view, which would not only solve the failure problem for this sole equipment but also contribute to
safety risk control of other engineering equipment before operation.

Keywords: safety design; failure analysis; extraction column; methyl methacrylate; finite element
analysis

1. Introduction

To ensure the safety of engineering equipment, the philosophy of full life cycle (FLC)
or the methodology of life cycle management (LCM) is universally accepted and adopted
in industry [1–3], which covers all the cradle-to-grave phases of equipment, including
design, manufacturing, inspection, storage, transportation, installation, commissioning,
operation, maintenance, overhaul, shutdown, and decommissioning [4], and manages
both the physical factors (degradation, malfunction and failure) and the non-physical
factors (asset, economy and staff). Thereinto, design is the foremost phase, which mainly
involves siting, configuration, layout, materials, loads and environments, etc., and accounts
for 79% of the failure causes of engineering equipment accidents [5]. Operation is the
pivotal phase where engineering equipment fulfills its functionalities as designed and is
intimately related to materials performance, management strategy and personnel skills.
Nevertheless, during the operation phase, engineering equipment is usually obliged to be
shutdown temporarily or even long-term if unexpected and/or premature failures occur
due to the improper actions taken before this phase, e.g., stress corrosion cracking and
crevice corrosion from improper design [6], fracture from improper manufacturing [7],
localized erosion from improper installation [8], and atmospheric corrosion from improper
storage [9], etc., based on our erstwhile experience.

Failure analysis is the action commonly undertaken to identify the causes of failed
engineering equipment and propose the countermeasures for prevention of the same or
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similar cases from reoccurrence [10–12]. Given that failure greatly influences the reliability,
safety, economy and longevity of engineering equipment, it is optimal to proactively control
and even eliminate the safety risks before failure [13], rather than to passively implement
the remedial measures after failure. This concept can be regarded as the underlying
objective of failure analysis and well conforms to the strategy of the FLC philosophy and
the LCM methodology in nature. On this basis, we put forward the ‘Safety Design’ concept
in brief, which integrates failure analysis and prevention into three aspects. (1) Stage. For
convenience, we classify all the cradle-to-grave phases of engineering equipment into three
basic stages, including the upstream stage, the midstream stage and the downstream stage,
which respectively concentrates on design safety, fabrication safety and service safety, as
presented in Figure 1. (2) Scope. To correctly identify the causes of failed engineering
equipment, we summarize at least ten essential factors that are necessitated to be taken into
account in the failure analysis process, including design, material, manufacture, installation,
inspection, operation, maintenance, environment, transportation and storage, and thereby
establish the fishbone (Ishikawa) diagram, as displayed in Figure 2. (3) Scale. For the
sake of effectiveness, efficiency and economy, in the failure analysis process, we conduct
observation of morphologies of failed engineering equipment at three different scales in
sequence, including a preliminary analysis in the macroscopic scale (>10−2 m) to determine
the failure modes (e.g., corrosion, wear, fracture and distortion), a detailed analysis in
the mesoscopic scale (10−5~10−2 m) to confirm the failure forms (e.g., pits, dents, cracks,
striations), and an in-depth analysis in the microscopic scale (<10−5 m) [14] to differentiate
the failure mechanisms (e.g., pitting corrosion, abrasive wear, stress corrosion cracking,
fatigue). Once the failure causes are identified at the upper scales, no further analysis is
necessary at the subsequent lower scales.
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To demonstrate how to put this ‘Safety Design’ concept into practice for engineering
equipment, this paper presents a case study of failure analysis and prevention on one piece
of petrochemical equipment, the extraction column in the production system of methyl
methacrylate (MMA). According to the design requirement, the projected lifetime of it was
at least twenty years. However, unexpected abnormal wear was discovered on the inner
wall of its shell during the routine overhaul after serving for only four years. Since the
normal operation of the extraction column had been affected, which would probably even
threaten the safety of the whole system, it was therefore shut down at once and the standby
one was put into service. At the same time, in order to prevent the reoccurrence of the same
case, failure analysis was urgently required as well. By referring to our previous experiences
on cause analysis of failed engineering equipment in the last several years, comprehensive
investigation and systematic analysis was immediately carried out. As a result, in addition
to the cause identification, the countermeasures focusing on the phases before operation
were also proposed for failure prevention, including design modification, manufacturing
improvement and installation optimization. This paper is a sequel to our previous cause
analysis of localized abnormal wear for this same piece of equipment [15], but it can be
taken as an example to demonstrate the ‘Safety Design’ concept in engineering practice.
The achievements of this paper would not only enrich the database of failure analysis
cases [16–18] but also have reference value for scholars in relevant fields to utilize this
‘Safety Design’ concept in the failure analysis and prevention of engineering equipment.

2. Experimental

Herein, one certain petrochemical company adopts the C4 direct oxidation method to
produce MMA with annual output of over 100,000 tons. This method consists of three main
steps in sequence, as listed in Figure 3. It initiates from the oxidation of the C4 feedstock
isobutene (C4H8), as the name implies; progresses with the purification of the intermediate
product methylacrylic acid (MAA); and terminates at the esterification of MAA for produc-
ing the end product MMA. The extraction column is located in the second step, and its main
functionality is to purify the crude MAA by mixing the MAA aqueous solution with the
extraction solvent heptane (C8H18). As exhibited in Figure 4a, it is in the shape of a vertical
cylindrical shell with the size of 21,300 × 2000 × 10 mm3 (height × diameter × thickness),
and the matrix material is 316 stainless steel. Inside it, an active tray is installed, as shown
in Figure 4b,c, which is controlled by the main shaft in the center of the extraction column
to achieve a purification function through vertical reciprocating movement with the liquids
under the designed frequency of 90 per minute. Furthermore, it is displayed in Figure 5a
that the tray is further divided into four modules along the vertical direction. Each module
contains 36 sieve plates, and the plates are separated into groups of 6 by a baffle made of
polytetrafluoroethylene (PTFE) for protection of the tray from direct collision onto the shell,
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as shown in Figure 5b. According to the design drawing, the diameter of the PTFE baffle is
1985 mm, that is, a 7.5 mm-wide clearance, (2000−1985)/2, is reserved between the PTFE
baffles and the inner wall of the shell.

After serving for four years, it was detected that the operational frequency of the
tray gradually decreased. As a matter of fact, the phenomenon of frequency decrease
had already been anticipated in the design because the products and byproducts would
inevitably deposit and foul on the sieve plates of the column, and consequently, the actual
operational frequency of the tray was set and maintained in the range of 60 to 70 per
minute. However, this time the frequency decreased by half, falling into the range of 30 to
40 per minute, and could not be increased any more. Undoubtedly, the extraction efficiency
of the column and thereby the production capacity of the system would be affected if this
problem was not adequately solved. Hence, the extraction column was shut down at once,
and the standby one was put into service. In addition, an inspection was conducted by the
field personnel on the interior of the failed column to identify the causes. It was reported
by them that some of the PTFE baffles, even the sieve plates, were directly contacting with
the shell of the column, and lots of strip-shaped traces were left on the inner wall of the
shell. It is explicit that the direct contact between the baffles/sieve plates and the shell must
be the reason for the frequency decrease of the tray, and the problem was thus accordingly
shifted to identify the causes and consequences. To this end, the whole tray was pulled
out from the shell for further investigation (Figure 6a). Thereby, lots of parallel wear traces
indeed emerged on the inner wall of the shell, as displayed in Figure 6b.

In normal conditions, it is impossible for the tray to contact the inner wall of the shell
on account of the 7.5 mm-wide clearance. Hence, the first idea of the field personnel was to
ascribe the wear to the inclination of the shell. If so, the whole extraction column must be
completely refurbished or even replaced and would induce unaffordable economic losses to
the company. To ascertain/eliminate that cause, failure analysis was then carried out by us.
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Since this extraction column was an intact pressure vessel, it was not feasible to cut
material samples from any component of it, especially the shell. Consequently, according to
the ‘Safety Design’ concept, investigation could only be carried out at the macroscopic scale.
Based on the analysis results, the safety risks in the downstream service stage were ex-
cluded. In other words, the failure causes were primarily derived from the other two stages,
i.e., the upstream design stage and the midstream fabrication stage. Thus, to demonstrate
the way to practice the ‘Safety Design’ concept, the following paragraphs will address the
failure causes identification of this extraction column and propose countermeasures for
failure prevention of similar engineering equipment in the future.

3. Results and Discussion
3.1. Failure Analysis

The first step was to investigate the possibility of inclination of the shell of the extraction
column. Thus, visual inspection was conducted on the inner wall of the shell. As displayed in
Figure 7, the wear traces were discovered distributing on all the four main directions of 0◦,
90◦, 180◦ and 270◦ along the circumference, and on all the heights equal to the four modules
of the tray. That is, the degree of wear between the different directions and heights showed no
obvious difference; only in some areas, the trace depth reached as deep as 2.5 mm (Figure 7b).
This phenomenon was solid evidence of excluding the possibility of inclination of the column
shell, because it would have caused wear traces in one direction, and the wear extent would
have gradually decreased downwards along the height.
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While for the tray, wear phenomenon was also discovered. Compared with the intact
PTFE baffles that had not suffered wear (Figure 8a), the ones that had suffered wear
exhibited diverse morphologies such as adhesive wear (Figure 8b), curled strip (Figure 8c)
and material loss (Figure 8d), etc., indicating quite severe wear.

Thus far, it can be basically ascertained that severe wear had indeed occurred between
the tray (i.e., the sieve plates and the PTFE baffles) and the inner wall of the column shell,
but the possibility of inclination of the shell was excluded. In other words, the causes
should be revealed from other aspects.
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3.2. Design Safety Analysis

As mentioned above, on the main shaft (as shown in Figure 6a) there is a tray equipped
for extraction, which contains a total of 5 PTFE baffles and 144 sieve plates. Per the design
drawing, the diameters of the baffles and the plates are 1985 and 1920 mm, respectively, while
that of the main shaft is only 88.9 mm, less than 5% of the former two. Then, a problem
naturally emerges of whether the main shaft has sufficient structural stiffness to hold the tray
under the operational conditions. Hence, a finite element analysis was performed.

Since the weight of the tray has little effect on the main shaft, the load taken into consid-
eration was mainly the impact from the two fluids, i.e., the MAA aqueous solution flowing
downwards and the extraction solvent heptane flowing upwards. By using ABAQUS, the
numerical model was established according to the design drawing, and only the main shaft
with the tray involved in the vertical reciprocating movement was taken into consideration,
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as presented in Figure 9a. The impact of fluids was time-averaged and applied as static
pressure on the surfaces of the sieve plates and the PTFE baffles, which can be deduced
under the principle of mass and momentum conservation, as seen in Equation (1).

P =
1

2A f

(
1 − A2

f

)(
2g∆h + A2

f v2
)

(1)

where P is the momentum (kg·m/s), Af is the area ratio (dimensionless), g is the gravita-
tional acceleration (m/s2), ∆h is the height difference (m) and v is the velocity (m/s). All
the components were made of 316 stainless steel except the PTFE gasket, and the materials
parameters (Table 1) could be obtained from the materials handbook.
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Table 1. Physical and mechanical properties of 316 stainless steel.

Properties Density
(kg/m3)

Elastic Modulus
(GPa)

Tensile Strength
(MPa)

Yield Strength
(MPa)

Elongation
(%)

Values 7980 ~190 ~580 ~205 ≥40

In the model, the shell was considered rigid and coarsely meshed with 7223 three-
dimensional rigid triangular elements (R3D3 from Abaqus element library). To prevent
the sieve plates and the PTFE baffles from yielding under the static pressure, they were
modeled by stiff materials compared with the main shaft, but all these three components
were finely meshed with 242,130 tetrahedral elements C3D10, seen in Figure 9b. It should be
noted that it generally will save much computational cost to use structural elements instead
of continuum elements. Nonetheless, the coupling of degrees of freedom between nodes
of different types of structural elements is very complicated and may lead to unrealistic
results. In this study, we consider the contact of the plates and baffles with the rigid
shell and the deformable shaft. It makes the construction of the corresponding constraint
equations of the nodal degrees of freedom quite complex under the Kirchhoff assumption
of shells. This is the reason for choosing continuum elements C3D10 for the simulation. As
for the boundary conditions, the main shaft was pinned at both the upper and the lower
ends of the shell, and in the analysis, the periphery of the tray and the inner wall of the
shell were treated as contact pairs.

Figure 10a presents the von Mises stress distribution of the main shaft. It shows that
the largest stress located at the connection between the shaft and the first module of the
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tray, which should be attributed to the higher pressure upon the tray from the top and
the boundary condition at the upper end. It also reveals that the stress distribution in the
middle of the shaft was homogeneous and the stress in the major bulk of it was still under
the yield strength. However, as shown in Figure 10b, deflection did occur on the main
shaft under the impact of the fluids, and the maximum radial deflection ranged from −5.8
to 7.8 mm. Obviously, it had partly exceeded the clearance (7.5 mm) and, consequently,
induced wear on the shell. Furthermore, the result indicated that the maximum deflection
was located at the same height with all the four modules of the tray, which accorded with
the phenomenon observed in Figure 7 that the wear extent on the shell was of average
severity along the vertical direction.
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Since structural stiffness is the ratio between load and maximum deflection, as pre-
sented in Equation (2), it was determined that the main shaft with the current diameter did
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not have sufficient stiffness based on the analysis results. Then a new problem emerges of
what is the minimum required value? Thus, further investigation was carried out to obtain
the relation between the diameter of the main shaft and the largest deflection under the
same loading condition.

K =
P
δ

(2)

where K is the structural stiffness (N/m), P is the load (N), δ is the maximum deflection (m).
As shown in Figure 11, without the limitation of the shell, the maximum deflection of

the main shaft decreases monotonically with its diameter. In other words, the structural
stiffness will increase with the diameter of the main shaft. Quantitatively, the maximum
deflection can be reduced to 7.5 mm when the diameter reaches 105 mm. That is, if the
current operational condition cannot be changed, 105 mm should be the minimum required
diameter of the main shaft for prevention of deflection and subsequent wear upon the
shell. To sum up, it could be proposed from the finite element analysis results that the
inappropriateness of the current design was the root cause for abnormal wear on the shell.
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3.3. Fabrication Safety Analysis

After analysis of the main shaft, now it comes to the tray. During the visual inspection,
it was found that the shape of the sieve plates and the PTFE baffles was actually not perfectly
round in general, seen in Figure 12a. That is, there existed some ovality. Furthermore, from
the top view of the tray (Figure 12b,c), it was observed that the periphery of the sieve plates
was partly damaged after wear; while for the PTFE baffles, the differences between their
diameters even reached two to three centimeters, as presented in Figure 12d.

These phenomena clearly pointed one of the causes of wear to limited quality in-
spection of fabrication of the sieve plates and the PTFE baffles. Although the extraction
function of the tray does not depend on the dimensional precision of the baffles and the
sieve plates and a 7.5 mm-wide clearance is particularly reserved between them and the
shell, the wear extent upon the shell will be aggravated due to the ovality of these two
components once wear is initiated from deflection of the main shaft. In brief, although only
ovality of the baffles and the sieve plates themselves would not result in wear on the shell
of the extraction column, it was indeed an added factor for such severe wear due to limited
quality inspection of fabrication.

In addition to ovality, another defect we discovered on the sieve plates and the PTFE
baffles was warpage, as seen in Figure 13a,b. Especially for the baffles, part of the plate
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stacks and the PTFE gasket had already separated (Figure 13c), and the gasket had also
suffered severe wear (Figure 13d).

It is not difficult to imagine that the warpage of such two components will narrow
their clearance between the shell and, consequently, further aggravate the wear extent upon
the shell. With regards to the causes of warpage, it was inferred that during the process
of installation, the bolts for fixing the sieve plates and the PTFE baffles were assembled
forcibly, leaving excessive tightening force on the two components. Thus, it was determined
that limited quality inspection of installation was also an added cause for severe wear on
the shell.
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3.4. Effectiveness Verification

Thus far, it is clear that insufficient structural stiffness of the main shaft due to inap-
propriate design was the root cause of deflection of the main shaft, which subsequently
induced abnormal wear on the inner wall of the extraction column shell. In addition,
ovality and warpage from limited quality inspection of fabrication and installation of the
sieve plates and the PTFE baffles further aggravated the extent of wear. With regards to
the types of wear, adhesive wear and fatigue wear should be mainly ascribed to, whose
detailed mechanisms could be referred to as classic monographs [19] and would not be
repeatedly discussed in this paper. However, coincidently, it can be summarized that all the
three causes occurred in the phases prior to operation of the extraction column, i.e., design,
manufacturing and installation. By the way, this wear phenomenon was also discovered in
the other standby extraction column in the next routine overhaul, but the extent of it was
not as severe because it had only served for one operation cycle.

Next is addressing the countermeasures. As for insufficient structural stiffness of
the main shaft, on the basis of the finite element analysis results, to replace it with a
new one with a diameter larger than 105 mm will certainly take effect. However, it will
undoubtedly be timely and expensive, which is not acceptable for the company. Thus, the
focus was then shifted to the measures that would not change the current service conditions
of the extraction column and the current dimension of the main shaft. In other words,
the measures should take into full consideration the fact that deflection of the main shaft
would be inevitable. Then, we considered taking action from the other side. As indicated
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in Figure 11, the maximum deflection of the main shaft with a current diameter of 88.9 mm
is about 15 mm, twice the clearance (7.5 mm) between the PTFE baffles and the shell of
the column. Therefore, why not enlarge the clearance to tolerate the deflection? Thus, we
suggested reducing the diameters of the sieve plates and the PTFE baffles by 5 to 10 mm.
This time, it was accepted and immediately implemented by the company, as shown in
Figure 14. From then on (over three years have passed), the problem of abnormal wear was
no longer reported.
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In terms of the other two causes, including ovality and warpage of the sieve plates
and the PTFE baffles due to limited quality inspection of fabrication and installation, the
suggestions were relatively simple and directly accepted by the company, i.e., improving
the quality of manufacturing and installation to eliminate ovality and warpage, respectively.
Of course, they would only be beneficial to the extraction columns built in the future.

4. Conclusions and Countermeasures

Failure analysis was carried out for identification of the causes of abnormal wear
on the inner wall of the extraction column shell, and the results pointed to the three
phases prior to operation, which vividly demonstrated the ‘Safety Design’ concept for
engineering equipment:

(1) In the design phase, the diameter of the main shaft was not large enough to provide
necessary structural stiffness, so wear was induced due to deflection of the shaft.

(2) In the fabrication phase, the quality of the sieve plates and the PTFE baffles was not
sufficiently inspected; therefore, ovality was left and aggravated the wear extent on
the shell.

(3) In the installation phase, the warpage was formed on the sieve plates and the PTFE
baffles because of limited quality inspection, which also aggravated the extent of wear.

Based on the above conclusions, countermeasures were put forward point by point
for failure prevention of this extraction column:

(1) The periphery of the sieve plates and the PTFE baffles should be polished to reduce
their diameters for tolerance of the main shaft deflection.

(2) The quality of manufacturing and installation of the sieve plates and the PTFE baffles
must be improved for the elimination of ovality and warpage.

(3) Although no faulty operation from the field staff was found this time, training and
management still need to be further strengthened, e.g., when abnormal signals are de-
tected during the operation phase in the future, the equipment should be immediately
stopped for root causes analysis.
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Abstract: This paper presents numerical failure analysis on cracking of shield machine cutterhead
structure during a metro-tunnel construction. The stress intensity factors (SIFs) of surface cracks
with different shapes and location angles were analyzed by a finite element simulation method
based on linear elastic fracture mechanics (LEFM) theory. The ratios of variation in stress intensity
factors of cracks with different shapes were analyzed. The maximum allowable crack depth of the
cutterhead panel is 50.23 mm by dynamic stress calculation, and the damage tolerance criterion of
the cutterhead panel was proposed. The influence of the Paris model parameter values was analyzed
based on mathematical methods. It is proven that the location of the cutterhead cracking angle is
mainly determined by the mixed-mode SIF. In practice, the crack section basically expanded into
the semi-elliptical shape. The cutterhead structure may directly enter the stage of crack propagation
due to welding defects during tunneling. The research results provide a theoretical basis and
important reference for crack detection in the key parts of the cutterhead, as well as maintenance
cycle determination and life prediction of the cutterhead mileage, both of which have important
engineering value.

Keywords: cutterhead; failure analysis; life prediction; crack propagation; stress intensity factor

1. Introduction

The cutterhead of a shield machine is generally a large welded structure, which is
welded using steel plate to form a whole structure, and the corresponding position is
reserved to install the disc cutters and scrapers. The structure of a shield machine is shown
in Figure 1.
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The working principle of a cutterhead is as follows: the cutterhead breaks and cuts the
soil using the cutters installed on the panel with the comprehensive action of thrust and
torque; the tunnel section is formed once. Generally, the cutterhead of a shield machine is
welded by carbon-dioxide gas shielded welding, and an ultrasonic testing method is used
for flaw detection, with the highest accuracy being Φ2 mm. Due to the extremely complex
geological conditions in the process of cutterhead excavation, cracks will be initiated and
propagated in small defects or weak links by the action of alternating loads, which can
result in structural failure. The wear and fatigue cracks are the main forms of cutterhead
failure, as shown in Figure 2.
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The cutterhead is the core component of a shield machine. Its service performance
directly affects the excavation efficiency of a shield machine and the safety of the construc-
tion. Considering the complex structure of a shield machine cutterhead, the problem of
reliability becomes particularly important. The static design method is predominantly used
in the cutterhead structure design, and a large safety factor is involved to ensure the safety
of the cutterhead structure. In the construction of hard strata, such as bedrock or solitary
stone, the problems of excessive wear and fatigue cracking of the cutterhead appear easily,
endangering the safety of tunneling construction.

In the fatigue life prediction of large structures such as cutterhead, Ling [1] proposed
a large-scale structure life prediction method based on system dynamics, linear elastic
fracture mechanics and fatigue damage accumulation theory. The predicted cutterhead
driving mileage is able to meet the design objectives. Sun Wei et al. [2] studied the
cutterhead panel material Q345 multi-crack propagation damage law and gave the change
rule, and propagation path of stress intensity factors during the propagation process
of collinear crack, parallel crack and non-parallel crack. The results lay a foundation
for predicting the multi-crack propagation life of a cutterhead. Ling & Sun et al. [1,3]
established the probability density function of the load distribution of a cutterhead using
statistical method, and then calculated it using a rain flow counting method, and compiled
the eight-level load spectrum. In the fatigue crack-growth calculation model, Liu et al. [4]
put forward the small-time scale prediction model based on continuous crack-growth, and
obtained better prediction results for aluminum alloy and other materials. Huo et al. [5]
predicted the influence of thick plate on crack-growth behavior, based on the improved
small-time scale model, and obtained the expression of constraint factor function. Due
to the complex structure of a cutterhead and changeable geological environments, the
cracks generated by a cutterhead are mostly composite cracks [1,3,6]. The stress intensity
factors of mode I, II and III of mixed-mode cracks are different, and are relatively complex
crack forms.

Dicecco Sante et al. [7] studied the effect of surface corrosion on the high-cycle fatigue
and low-cycle fatigue of Q345 mining wheel. When the test cycle reached 5 × 105, the
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fatigue strength of the corroded surface decreased by 24.6% compared with the low-cycle
fatigue. At the same time, the fracture behavior of the low-cycle fatigue corrosion sample
and the polished sample were obviously different. Dong et al. [8] Studied the low-cycle
fatigue mechanism of Q345 steel for pressure vessel, established the linear relationship
between crack-tip opening displacement and crack-growth rate, and analyzed the influence
of the plastic zone. Zong et al. [9] studied the fatigue crack-growth rate of bridge steel
Q345qD. Based on probability statistics, the mean value and variance estimation model of
parameter C and m of the Paris formula for crack-growth and the design parameters were
given. The results can provide reference for the fatigue resistance design of steel structures.
The Paris model was put forward by Paris and Erdogan [10] in 1963, and was further
developed and improved later by many scholars. The landmark theories and formulas
are Austen growth model [11], Forman model [12] and Neuman [13] crack-tip opening
displacement model to calculate the crack-growth rate. Some scholars have developed
the Paris model and applied it to aluminum alloy [14] and thick plate [5] and welding
joint [15]. These studies enrich the application range of the Paris formula and provide a
more accurate model to predict the structural fatigue life.

Some scholars [8,9] obtain material crack-growth parameters C and m by means of
experiments and data statistics method. These data take material homogeneity, experimen-
tal repeatability and statistical reliability into account, and can be used as basic data for
structural design and evaluation. Generally, the parameter m has a greater influence on the
fatigue crack-growth life [3]. According to observations made in experiments conducted by
researchers, the results of the average value analysis of general statistics are more general
and representative.

Some scholars have studied the shear propagation of cracks in materials. Feng Yu et al. [16]
presents an experimental study on diagonal crack width estimation of Shear-Strengthened
Pre-damaged Beams with CFRP strips (SSPBCs). Several parameters including pre-damaged
degree, shear-span ratio and CFRP strips spacing are considered. The crack formation of
shear-strengthened undamaged or low pre-damaged beams with CFRP strips is caused
by reaching the ultimate tensile strain of concrete, while that of shear-strengthened high
pre-damaged beams with CFRP strips is due to the relative slip between stirrups and the
concrete. The development rate of diagonal crack increases as the shear-span ratio, CFRP
strips spacing, or pre-damaged degree increases. Yuya Tanaka et al. [17] investigated the
shear-mode crack-growth for the fatigue strength of Ni-base superalloy. Three different
types of fatigue tests were performed: (i) push-pull; (ii) pure-torsion; (iii) torsion with
superposed static tension. All tests revealed non-propagation of small, shear-mode cracks.

In summary, some progress has been made in the research on large structure fatigue
life prediction, and the crack fatigue life under service conditions has been predicted. The
general and universal calculation flow of different geological and cutterhead forms are
still lacking. Under different structures of cutterhead and different geological conditions,
it is necessary to analyze the failure of the cutterhead and conduct the life prediction of
the cutterhead.

A shield machine was used in the construction of a subway tunnel in Xuzhou of China.
The cross-section of the tunnel is a composite stratum, and there are bad strata such as
bedrock intrusion; the maximum value of uniaxial compressive strength is 122 MPa. When
the tunnel section is perforated, cracking is found in the front panel, as shown in Figure 3.
The crack length is about 1.25 m, and the crack depth is about 16 mm. One side is located at
the welding site of the cutterhead beam and scraper (zone 2#), and the other side is located
at the center cutter saddle (zone 1#). The crack is basically a straight line. The angle with
the transversal direction is approximately about 53~60◦.

To solve this problem, numerical failure analysis was carried out to identify the root
causes, and the crack-growth law was applied to predict the crack-growth life of the
cutterhead. This paper demonstrates an engineering case of structural failure due to fatigue
crack on a certain type of cutterhead, which ensures the safety of the construction process
and provides reference for similar structures.
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2. Modeling and Static Analysis of Shield Cutterhead
2.1. 3D Modeling of Cutterhead

The 3D model of shield cutterhead is established in SolidWorks according to the
ratio of 1:1. Without affecting the overall structural accuracy, the model of cutterhead is
simplified appropriately. The characteristics of bolt hole, chamfer and rounded corner are
omitted, and the weld seam is rigidized. The cutterhead model is imported into ANSYS
for analysis. The overall structure of the cutterhead is welded into a whole, as shown
in Figure 4. The outer side of the cutterhead is welded with scrapers. The opening rate
of the cutterhead is about 30%. The rear side of the cutterhead is connected with four
supporting ribs to form a whole. The bracket is connected with the back flange. The
detailed parameters of the cutterhead are shown in Table 1.
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Figure 4. Model of shield cutterhead. 1-support; 2-flange; 3-normal disc cutter; 4-Scraper; 5-cutter
beam; 6-gage disc cutter; 7-central disc cutter.

Table 1. Cutterhead profile.

Main Technical Parameters of Cutterhead

Excavation diameter/mm Φ 6280

Cutterhead material Q 345 D

Total weight/t About 75

Number of 17-inch single-edged cutters diameter d0/mm 30/Φ 432

Number of 19-inch double-edged cutters diameter d1/mm 2/Φ 483

Scraper 40
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2.2. Static Analysis of Cutterhead

Through static analysis of the cutterhead structure, the distribution of stress-strain
of the cutterhead structure is obtained. The position of the maximum stress is sought,
which is set as a dangerous point. Static analysis lays a foundation for further fracture
mechanics analysis.

The whole cutterhead is imported into ANSYS Workbench and meshed by Tetrahe-
drons element. The mesh size is adaptive and the accuracy is medium. The number of
elements is 27,742, and the number of nodes is 54,060. The average element size is 60 mm.
The cutterhead boundary conditions are set as follows: the flange is added with fixed
constraints, and the surface force is 0.80 MPa and the torque is 2000 N·m. The calculated
results are shown in Figure 5. The figure shows that the maximum deformation of the
cutterhead is 3.840 mm and the maximum stress of the cutterhead is 190.67 MPa. The
cutterhead safety factor s1 is 1.81, which indicates the structural static safety. In Figure 5,
it can be seen that the local maximum stress is 190.67 MPa, which is located on the inner
side of the cutterhead beam support plate. The cutterhead structure can be simplified to
beam structure, and it is easy to produce stress concentration, which is also the focus of
cutterhead maintenance.
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3. Crack Modeling and Analysis

According to the linear elastic fracture mechanics theory, a semi-elliptical surface crack
is inserted at the initial cracking location. The numerical method [1] is used to solve the
stress intensity factor, and the crack propagation variation law is analyzed according to the
variation law of the stress intensity factor.

3.1. Analysis of Cracking Direction

The crack began on zone 2# of the cutterhead of the shield machine during tunneling.
After initiation, the crack entered the stage of propagation and expanded continuously
along the directions of length and depth.

A schematic diagram of the crack position angle is illustrated in Figure 6. xoy is the
absolute coordinate system, xL is the direction of the crack length, θ is the angle between
the crack length and the x-axis, and the crack length is 2c. The finite element model of the
cutterhead with the same crack size (2c = 60 mm, a = 15 mm) was taken as the research object
under the maximum loading condition. Considering the randomness of crack position
angles, the variation rules of crack stress intensity factor at different crack position angles
were analyzed. The variation law of the stress intensity factors of the cracks was obtained.
The stress intensity factors of the three cracks in the range of 0~90◦ were calculated by
taking 15◦ as interval.
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As shown in Figure 7, crack stress intensity factors of different crack centrifugal angles
under different crack position angles are presented.

Figure 7 demonstrates the following conclusions:

(1) The stress intensity factors of mode I are basically distributed symmetrically. With
the increase of θ angle, the value of stress intensity factors decreases, and tends to be
flat near 90◦. When θ = 0◦, the value of stress intensity factor reaches the maximum
414.87 MPa·mm1/2. When θ = 90◦, the value of stress intensity factor is negative. The
stress intensity factors of mode I only exists when it is open. When KI < 0, it has
no significance.

(2) The stress intensity factors of mode II are basically central-symmetric with θ = 90◦,
the value decreases from left to right, and the overall value increases first and then
decreases with θ angle. When θ = 45◦, the maximum value is 197.88 MPa·mm1/2.

(3) The stress intensity factors of mode III are basically symmetrical. The absolute values
of the stress intensity factors increase first, and then decrease, with the increase of
θ angle. Except for θ = 0◦ all the stress intensity factors are positive, indicating that
the increase of θ angle changes the tearing direction, and the maximum value is
179.49 MPa·mm1/2 at θ = 45◦.

The main driving force of the crack propagation direction comes from the stress
intensity factor at the free ends of the crack surface [18]. As shown in Figure 8, the stress
intensity factors of mode I and II are always more than two times of mode III in the range
from 0~75◦. Angle ranges from 75~90◦ are about twice as much. From the comprehensive
analysis, it can be seen that the main form of crack cracking is the mixed mode.
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(b) Mode II stress intensity factor distribution 

Figure 7. Cont.
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where, ( ) 02cos q  that is πq , and two free surfaces are not considered. The ra-
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The formula of maximum circumferential stress [19] in the polar coordinate system is
established as
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where, cos(θ/2) 6= 0 that is θ 6= ±π, and two free surfaces are not considered. The radius r
does not tend to zero, otherwise infinity will occur, which means the crack tip will not be
considered. The condition for circumferential stress to extremum is

∂σθ

∂θ
= 0 (2)

The simplified formula is

KI sinθ0 + KII(3cosθ0 −1) = 0 (3)

When KI and KII values are introduced, the solution of θ0 can be obtained. From the
actual crack direction, the crack position angle is about 53~60◦. When θ = 53◦ is brought,
KI = 138.66 MPa·mm1/2 and KII = 192.61 MPa·mm1/2, we obtained θ0 = 57.58◦. The
relative error of the solution is 8.6%. When θ = 60◦is brought, KI = 95.455 MPa·mm1/2 and
KII = 180.55 MPa·mm1/2, and θ0 = 60.84◦is obtained, the relative error is 1.4%. The main
factors causing errors are the influence of mode III stress intensity factor KIII. Moreover, the
closer the numerical value of the stress intensity factor is to the real crack-position angle,
the smaller is the error.

3.2. Crack Propagation Law with Different Shape Ratio

The actual crack shape changes during the crack-growth process [20], which is due to
the inconsistency of crack-growth rate in the depth and length directions. It is necessary to
reveal the crack propagation behavior and analyze the distribution of crack stress intensity
factors of cracks with different shapes.

First, a cutterhead model with a semi-elliptical crack is established at the zone 2#. The
crack length axis c = 30 mm is taken as the same, the crack depth a is constantly changing.
The shape ratio a/c are 0.1, 0.3, 0.5, 0.8 and 1.0, then the simulation model of the position
angle 60◦ crack is sequentially established. The distribution of stress intensity factors at
different crack shape ratios is analyzed and the results are shown in Figure 9.

From the stress intensity factors curves in Figure 9, insights are gained as follows:

(1) The stress intensity factors of mode I crack are basically symmetrical, and range
from 50 to 150 MPa·mm1/2. With the increase of the crack shape ratio, the values
of stress intensity factors increase gradually. When the crack is very shallow, the
main propagation is depth growth, the length growth is secondary; when the crack
approaches circular (a/c = 1.0), the stress intensity factor of crack is basically linear.

(2) The stress intensity factors of mode II crack are basically 90◦ center symmetry, indi-
cating that the direction of crack slip has changed. As the shape ratio increases, the
values of the stress intensity factor increase gradually. It shows that the closer to the
circle, the faster the expansion speed.

(3) The stress intensity factors of mode III crack are symmetrical, increase firstly and then
decrease. Except for the narrow crack of a/c = 0.1, the other crack stress intensity
factors are close to each other, and the maximum value is near 150 MPa·mm1/2. When
a/c = 0.8 and 1.0, the free ends of the crack appear singular, and the endpoint singular
values are discarded. The crack-growth path is generally controlled and affected
by many factors, which is one of the key research directions in the next stage. This
paper offers some preliminary discussions. For example, at the zone #1, the cracks are
mainly mode I cracks, so the overall crack-growth trend is linear, but the local path
twists and turns under the control of mode II and mode III stress intensity factors,
due to the structure and load. However, according to the law of crack propagation
path, the corresponding crack arrest structure design can be carried out to prolong
the structural life.
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4. Crack Propagation Life of Cutterhead
4.1. Initial Crack Size Determination

The material of a cutterhead is mainly Q345D steel, and the cutterhead is assembled
as a whole structure through welding. The physical parameters of cutterhead material
Q345D are shown in Table 2, where D indicates that the V-notch impact test energy of the
material is greater than 27 J at −20 ◦C. Problems such as long weld length, plate thickness
and difficult penetration may lead to welding defects. The sensitivity of the ultrasonic
test (UT) instrument in engineering application is mostly φ2 mm [3], which can detect
the initial crack size of 2 mm or more. After a long period of heavy load, vibration and
other comprehensive effects, the welding defects gradually expand until the strength of
the cutterhead is insufficient and the fracture/failure occurs.

Initial surface crack size refers to the crack size that begins to calculate the life of the
crack propagation stage, and can be evaluated by non-destructive testing. In applying
engineering considerations, the crack size should be determined comprehensively on
the basis of considering the allowable defect degree of structure, the accuracy of existing
instruments and the technical level of operators. The initial crack depth used in engineering
a0 is 0.5 mm [4]. According to the conventional ultrasonic testing method, the crack length
2c0 is 2 mm.
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Table 2. Physical parameters of Q345D material.

Serial Number Performance Index Numerical Value

1 Density 7850 kg/m3

2 Elastic modulus 210 GPa

3 Poisson’s ratio 0.3

4 Yield strength fy 345 MPa

5 Ultimate tensile strength fu 500 MPa

6 Breaking threshold ∆Kth 201.12 MPa·mm1/2

7 Fracture toughness KIC 6270.8 MPa·mm1/2

8 Thermal conductivity 48 W/m·K
9 Coefficient of linear expansion 1.2 × 10−5

10 Mass heat capacity 480 J·m−1·K−1

4.2. Criterion of Crack Damage Depth Tolerance

The critical crack size is the allowable maximum crack size of a cutterhead structure,
which is generally expressed by ac. The critical crack size is determined by K criterion, and
thereby can be obtained as follows:

ac =
1
π

(
KIC

αnσmax

)2
(4)

In Formula (4), the crack shape coefficient α is 1.1. In reference [20], the safety factor s1
is 2 and the Q345 fracture toughness value KIC is 203.08 MPa·m1/2. As seen in Figure 10, the
maximum stress σmax is 232.38 MPa. When introducing the above values into Equation (4),
the damage tolerance value of the cutterhead crack depth direction can be obtained as
follows:

ac =
1
π

(
203.08

1.1× 2× 232.38

)2
× 1000 = 50.23mm
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The criterion of depth damage tolerance of the cutterhead panel is proposed, which
provides a basis for further calculation of crack-growth life.

4.3. Analysis of Fatigue Crack-Growth Rate Parameters

In 1960′s, the Paris model [10] was established to calculate the crack-growth life. The
results of previous research, references [3,10], show that the fatigue parameters C and m
are dispersive. The fatigue parameters C range from 1.0619 × 10−13 to 3 × 10−13 and m
range from 3.07 to 4.76.
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Crack depth and length direction propagation rates are:

da/dN = Ca
(
∆Keqa

)m

dc/dN = Cc
(
∆Keqc

)m

Cc = 0.9mCa

(5)

The crack propagates in both depth and length directions. According to Formula (5),
the partial derivatives of Ca and m are calculated, respectively, and the effect of the partial
derivatives on the crack-growth rate is investigated. As shown in Figure 11, taking m = 4.0
and ∆Keqa = 50 MPa·mm1/2, and the rate increases linearly with Ca and exponentially with
m. When m less than 4.0, the rate changes relatively gently. The crack-growth rate increases
rapidly with m increasing when m is bigger than 4.0. When the stress intensity factors of
the crack ranges are in the same interval, the depth growth rate is larger than the length
expansion rate. It is recommended that C should be less than 2 × 10−13 and m should be
less than 4.0, which tends to be safe.
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4.4. Prediction Model of Crack Propagation Life

The cutterhead welding defects have experienced the process of crack initiation and
expansion during the excavation process. Crack initiation life accounts for the vast majority
of fatigue life, even more than 80%. Based on the conditions of the engineering site
application, the cutterhead crack is generated during the tunneling process. The deepest
crack stress intensity factor of the difference depth a between ∆Keqa drive crack is extended
into depths. The cracks always keep shape with semi-ellipse [5]. The shape ratio a0/c0 = 0.5
was determined according to the initial crack. The stress intensity factor values of the crack
at four different depths are calculated, and using the method of quadratic equation fitting,
the curve is shown in Figure 12. Meanwhile the quadratic fitting formula (6) is obtained as
follows, and the fitting coefficient R2 is 0.969.

∆Keqa = 135.562 − 4.483a + 0.509a2 (6)

Materials 2021, 14, x FOR PEER REVIEW 14 of 16 

 

 

ΔKeqa = 135.562 − 4.483a + 0.509a2  (6) 

5 10 15 20
100

150

200

250

 value of stress intensity factor
 fitted line

C
ra

ck
 S

IF
 d

iff
er

en
ce

 Δ
K

eq
a/

M
Pa

·m
m

1/
2

crack depth a/mm  

Figure 12. Fitting curve of crack stress intensity factor with crack depth. 

According to reference [4,10], the calculation flow of cutterhead crack-growth life is 

presented as Formula (7) based on the Paris model. 

( )
a

KC
da

Na
NN ccc a

a m
eqa

a

a

N

N
d1)

d/d
1(d

000



===

 
(7) 

 

Using the values for C as 2 × 10−13 and m as 3.5, we then introduce them into Formula 

(7) to obtain the load cycle number N. 

Each rotation of the disc cutter is applied as a cycle load excitation to the crack of the 

cutterhead. From the rotation center of the cutterhead, the crack position radius at the 

cutterhead r1 is 800 mm. Assuming that the disc cutter rolls purely, the disc cutter rotation 

speed nc can be expressed as follows: 

nn
d

rnnc 70.3
216

800
2/0

1 =


=


=  (8) 

The average rotation speed n and penetration p of the cutterhead are 5 r/min and 8 

mm/cycle, respectively [1]. Then, the crack load excitation time cycle can be calculated by 

T = 60/(3.7 × 5) = 3.24 s. So, the total working time t is expressed by 

t = N × T = 2.7001 × 106 × 3.240 = 8.748 × 106 s  (9) 

So far, the shield machine tunneling speed v is 

v = w × p = 40 mm/min  (10) 

Therefore, the fatigue life of the stable crack propagation stage is converted to the 

tunneling mileage L as follows: 

L = v × t = 8.748 × 106 × 40 ÷ 60 = 5.832 km (11) 

It can be concluded that this type of cutterhead will break completely when the tun-

neling mileage is 5832 km. In this subway tunnel project, the tunneling mileage of the 

metro section is about 2 km. It is assumed that the structure of the cutterhead may enter 

the stage of crack propagation directly due to welding defects. According to the above 

Figure 12. Fitting curve of crack stress intensity factor with crack depth.

According to reference [4,10], the calculation flow of cutterhead crack-growth life is
presented as Formula (7) based on the Paris model.

N =
∫ Nc

N0

dN =
∫ ac

a0

(
1

da/dN
)da =

∫ ac

a0

1
C
(
∆Keqa

)m da (7)

Using the values for C as 2 × 10−13 and m as 3.5, we then introduce them into
Formula (7) to obtain the load cycle number N.

Each rotation of the disc cutter is applied as a cycle load excitation to the crack of the
cutterhead. From the rotation center of the cutterhead, the crack position radius at the
cutterhead r1 is 800 mm. Assuming that the disc cutter rolls purely, the disc cutter rotation
speed nc can be expressed as follows:

nc =
n× r1

d0/2
=

n× 800
216

= 3.70n (8)

The average rotation speed n and penetration p of the cutterhead are 5 r/min and
8 mm/cycle, respectively [1]. Then, the crack load excitation time cycle can be calculated
by T = 60/(3.7 × 5) = 3.24 s. So, the total working time t is expressed by

t = N × T = 2.7001 × 106 × 3.240 = 8.748 × 106 s (9)

So far, the shield machine tunneling speed v is

v = w × p = 40 mm/min (10)
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Therefore, the fatigue life of the stable crack propagation stage is converted to the
tunneling mileage L as follows:

L = v × t = 8.748 × 106 × 40 ÷ 60 = 5.832 km (11)

It can be concluded that this type of cutterhead will break completely when the
tunneling mileage is 5832 km. In this subway tunnel project, the tunneling mileage of
the metro section is about 2 km. It is assumed that the structure of the cutterhead may
enter the stage of crack propagation directly due to welding defects. According to the
above calculation, it can be concluded that the cutterhead will have cracks in the process of
tunneling, and the crack depth of the cutterhead is about 17.054 mm. The depth of the crack
is consistent with the actual situation. The appearance of fatigue crack on the cutterhead
will lead to the decrease in cutterhead strength, and will eventually cause fatigue crack
failure of the cutterhead. Therefore, it is necessary to strengthen the flaw detection of the
cutterhead where cracks easily occur. When the conventional ultrasonic flaw detection
method cannot meet the requirements, a higher precision flaw detection method should
be adopted.

5. Conclusions

The stress intensity factors at different positions and angles of cracks were analyzed
using numerical failure analysis of the shield machine cutterhead. It is concluded that the
crack direction is mainly driven by mode I-II compound stress intensity factors at the free
ends of the crack. The angle relative error between the theoretical value of 53~60◦ ranges
from 8.6% to 1.4%. The crack shape ratio a/c between 0.3 and 0.8 in the crack propagates,
and the crack fracture surface always keeps semi-elliptical shape. It is under the action of
mode I–II composite stress intensity factors at the free end of the crack that the cutterhead
finally produces a crack and the crack begins to expand.

The maximum allowable crack depth is calculated to be 50.23 mm through transient
dynamic analysis. Criterion for crack fracture damage tolerance of a shield machine
cutterhead plate is proposed. The equivalent stress intensity factor is obtained by composite
criterion, and the quadratic function relationship between crack depth and stress intensity
factor is fitted. This type of cutterhead will break completely when the tunneling mileage
is 5832 km.

This structure of the cutterhead may have welding defects, and there is no crack
initiation stage basically, and it directly enters into the crack-growth stage. The actual crack
depth of the cutterhead is about 16 mm, while the calculated result is 17.054 mm. It is
basically consistent with the result of the calculation, which proves the correctness of the
method. It is suggested to strengthen the detection of cracks or welding defects in the
dangerous position where the cutterhead is prone to crack, so as to effectively prevent the
cutterhead from cracking and failure.
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Abstract: Ethylene-propylene-diene monomer (EPDM) rubbers used in electric submersible pump
(ESP) cables were analyzed after being aged in actual operation conditions in oil wellbores. These
rubbers constitute the insulation and jacket layers of the ESP cables. EPDM rubbers from four
different cables operating during different time intervals (2 and 4.8 years) at different depths (from
760 to 2170 m) below sea level were studied. To verify the effects of the long exposure on the rubber
performance, thermal analysis was performed to determine the thermal stability and activation energy
of degradation. In addition, structural analysis, through vibrational spectroscopy and crosslinking
fraction assessment, was carried out. The mechanical properties of the aged rubbers were inferred
through the measurement of hardness, while the absorption of a service fluid was studied by
gravimetry. The results showed only minor changes in the thermal, structural, mechanical and
barrier properties of the EPDM-based ESP cable layers. It is suggested that the thermo-oxidation
mechanism followed by chain scission does not have a role in the degradation of EPDM within the
aged ESP cables, and no sign of variation of crosslink fractions has been encountered. Therefore, it
was concluded that EPDM-based layers seem not to be weak links in the configuration of modern
ESP systems.

Keywords: ethylene-propylene-diene monomer; activation energy of degradation; hardness; Fourier-
transform infrared spectroscopy; crosslink fraction; absorption

1. Introduction

Electrical Submersible Pumps (ESP) have been used in the petroleum industry for
artificial oil lifting from wellbores, while ESP cables serve to supply electrical power to
the pumps [1]. ESP cable configuration is complex and composed of four different layers
(insulation layer, covering, jacket and metal armor) surrounding three cooper wires carrying
electrical current. Two of the layers, insulation and jacket, are frequently made from EPDM
rubber with mutually distinct functions and properties. The insulation layer is dedicated
to envelop copper wires and, therefore, has to present a high dielectric strength [2], in
addition to resistance to crude oil and gas penetration. The jacket, on the other hand,
provides mechanical protection to inner layers and has to be resistant to percolation of
fluids.

EPDM rubber is widely used in industrial applications due to its low electrical and
thermal conductivities, high weather, ozone and polar substances resistance and low
adsorption of fluids. It is used in the automotive industry as window seal [3,4], in water
supplying systems as water seal rings [5], in nuclear power plants within electrical cables
as insulating material [6,7] and in the oil and gas industry [8].

There are various studies on EPDM degradation, generally performed through artifi-
cial aging [5,7,9–11]. However, it is also essential to evaluate degradation of EPDM during
aging under operating conditions in different industrial applications.
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It is also relevant to highlight that EPDM can be used with or without fillers, depending
on its specific use, although the content of EPDM-based parts is commonly a trade secret
in industrial applications. Among the fillers, carbon black is frequently used in EPDM
formulations, since it improves tensile strength and conductivity, although decreases
elongation [12] while, at the same time, increases the resistance to UV radiation [13].
Incorporation of clays additionally increases the dielectric constant of EPDM [14].

Seo et al. [6] performed a thorough study on artificial aging of EPDM, containing
more than 30 wt% of fillers, used as an insulator in electrical cables in nuclear power
plants. The authors evaluated their aging degradation and lifetime after accelerated aging
at temperatures between 140 and 170 ◦C and, also, after a loss of coolant accident (LOCA),
when temperatures and pressures can reach values higher than 180 ◦C and 4 atm. No
radiation was used for aging purposes.

The authors found [6] that temperatures higher than 140 ◦C are particularly harmful
and can reduce the lifetime almost 10 times, as determined during aging at 170 ◦C. In
addition, activation energies of degradation of EPDM showed reduction between 15 and
25% after LOCA conditions, in comparison to EPDM before LOCA, depending on the
experimental data used for their calculation. In accordance with the authors, the reduction
of activation energy was an indication of polymer degradation through mechanisms
such as thermo-oxidation and chain scission. Interestingly, Fourier-Transform InfraRed
spectroscopy (FTIR) did not reveal any change in EPDM spectra, before and after LOCA
conditions, despite the fact that C=O and C=C bands should be expected in accordance with
the degradation mechanisms and despite the significant decrease in mechanical properties.

Zhao et al. [15] studied EPDM degradation under artificial accelerated weathering
conditions, using high humidity (65%) and temperature (55 ◦C), rain and light exposure
intervals and concluded that in such severe conditions, degradation of EPDM is rapid
along the first 12 days.

Šarac et al. [7] performed artificial aging of EPDM using different temperatures and
radiation doses. Although this study is not directly connected to the operation conditions
of EPDM in ESP cables, it is still a rare study of artificial EPDM aging. They reported
that at room temperature, ultimate tensile stress increased firstly with an increase in
absorbed radiation doses until 600 kGy and decreased for the higher doses. Such a behavior
of the ultimate tensile stress has been explained as the interplay between crosslinking,
predominant at lower doses, with the chain scission mechanism, dominating at higher
radiation doses.

Wang et al. [9] reported that the tensile strength and elongation at break decreased
with time of artificial aging at seawater conditions, while hardness increased. The authors
pointed to chain scission as the mechanism causing degradation of EPDM under seawater
conditions.

Nakamura et al. [5] reported a rare study of natural aging of EPDM under actual oper-
ation conditions. They investigated degradation of EPDM used in seal rings in drinking
water supplying systems, since degradation fragments might contaminate water. These
EPDM seals have been naturally aged for 3 years in contact with the water supplied in
Osaka city, Japan, at temperatures varying between 20 and 45 ◦C. The authors encountered
a decrease in hardness of about 10% and almost 40% reduction in crosslinking density in
comparison to unused EPDM seals. Scanning Electron Microscopy (SEM) evidenced a
significant degradation of naturally aged EPDM seals through observation, since degra-
dation fragments might contaminate water. Degradation mechanisms were attributed to
thermo-oxidation of EPDM and chain scission. FTIR spectrum of aged seals exhibited
vibrational bands at 1640 and 1720 cm−1 identified as C=C and C=O bonds, respectively,
while in the FTIR spectrum of unused seals, these bands were absent. It is worth noting
that chain scission is responsible for the formation of C=C bonds inside EPDM.

Li et al. [16] studied thermo-oxidative and compressive stress-thermo-oxidative aging
of EPDM and concluded that activation energy decreases with the increase in compres-
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sive stress. This indicated that compressive stress contributes to accelerate degradation
mechanisms in EPDM.

Awwad et al. [11] evaluated the aging of EPDM exposed to a NaOH solution (25 wt%
NaOH) at 38, 54 and 77 ◦C, as well as to water at 77 ◦C for 12 months. Tensile strength
decreased as a function of temperature and exposure time. The longer the time and the
higher the temperature, the greater the decrease in mechanical properties. This behavior
was attributed to the NaOH solution penetration inside EPDM samples.

ESP cables are currently exchanged in regular time spans to avoid cable deterioration
and, consequent, non-planned interruption of oil production. Despite their importance
in the petroleum industry, there is a complete lack of knowledge on natural or artificial
aging of EPDM components, used for fabrication of insulation and jacket layers, inside
ESP cables, as far as the authors are aware of. In addition, ESP recently started to employ
permanent magnet motors, increasing significantly their service life time [1]. Therefore, the
question has been raised if ESP cables become weak links inside the ESP system.

In order to elucidate changes of physico-chemical properties of EPDM used for fab-
rication of insulation and jacket layers, ESP cables naturally aged inside oil wellbores in
actual operation conditions over 738 (~2 years) and 1752 days (~4.8 years) at different
depths, with respect to sea level, were studied and compared with a virgin ESP cable.

The principal goal of this research was to evaluate the extent of degradation of in-
sulation and jacket EPDM-based layers during actual operation conditions of ESP cables
by studying their hardness, thermal stability, activation energy of degradation, chemical
structure (through vibrational spectroscopy and crosslink fraction) and barrier capacity.
The filler composition was also elucidated for both layers.

This work presents, as a novelty, the natural aging study of EPDM layers (insulation
and jacket) within ESP cables after their use under actual service conditions and intends
to evaluate whether these cables can become the weak link in new ESP systems, in which
pumps with much greater durability are being used. This knowledge can be used as a guide
for avoiding unscheduled interruptions of oil production and, therefore, for minimization
of operating costs.

2. Experimental
2.1. Materials

Five ESP cables were kindly supplied by Equinor Brasil Energia Ltd. (Rio de Janeiro,
Brazil). Two ESP cables (denoted, A and B) spent 738 days (~2 years) in real operation
conditions at the depths of 917 and 1927 m, respectively. Two other ESP cables (denoted,
C and D) spent 1752 days (~4.8 years) in real operation conditions at the depths of 760
and 2170 m, respectively. The temperatures of ocean water at the depths between 760 and
2170 m are approximately between 8 and 4 ◦C, while the pH of liquid in contact with ESP
cables was ~8.

It is relevant to notice that the ESP cables A and B operated in a different wellbore
from that of the cables C and D. The fifth cable, denoted E, was a virgin ESP cable. The
metallic armor was made from galvanized steel for all studied ESP cables. A schematic
draw of ESP cable configuration, with its principal layers, is presented in the Supporting
Information, Figure S1.

In accordance with the datasheet of the two EPDM-based layers, insulation and jacket,
these were made from EPDM DL90 and EPDM CL-185, respectively.

2.2. Characterization Techniques

Fourier Transform InfraRed spectroscopy (FTIR) was performed on a PerkinElmer
Spectrum Two FT-IR-ATR spectrometer. Small quantities of insulation and jacket layers,
from five ESP cables, were used for the analyses without any additional treatment. Spectra
were recorded in the range from 400 to 4000 cm−1, with a resolution of 4 cm−1 and 20 scans.

Thermogravimetric analyses (TGA) were performed using a PerkinElmer Simulta-
neous Thermal Analyzer, model STA 6000 (PelkinElmer, Beaconsfield, England). Two
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different experimental conditions were used to analyze EPDM samples, regardless of the
layer.

Under condition I, 10–15 mg of EPDM were heated under N2 flow (20 mL min−1), at
heating rates of 5, 10, 15, 20, 25, 30 and 40 ◦C min−1 in the temperature range of 30–570 ◦C.
Therefore, 7 runs were carried out per EPDM from each cable and from each EPDM layer
(insulation and jacket). This totalized 70 runs carried out under condition I.

In the experiments using condition II, 10–15 mg of EPDM were heated from 30 to
570 ◦C under N2 flow (20 mL min−1), at a heating rate of 25 ◦C min−1, while from 570 to
930 ◦C gas flow was changed to synthetic air (20 mL min−1), while the heating rate was
kept the same. This totalized 10 experiments, considering both EPDM layers, performed
under condition II.

Crosslink fractions of EPDM from insulation and jacket layers were calculated follow-
ing the experimental and data analyses methods described in ASTM D 2765-01 [17,18]. It
is relevant to mention that this ASTM standard considers EPDM exclusively part of the
total EPDM formulation (consisting of EPDM matrix and organic and inorganic fillers
and additives) for calculation of crosslink fractions. At least three measurements were
performed per EPDM sample.

The Shore D hardness test was performed with a Digimess durometer, based on the
ASTM D 2240-15 standard.

For the insulation layer, cylindrical specimens were prepared and measurements were
taken along the length of the specimen, as well as on the cross section, along the perimeter.
For the measurement of hardness in the cross section, the specimens were only 50 mm
long, in order to avoid any buckling effect during the measurement. On the other hand,
the measurements along the length were made on 110 mm long specimens. The copper
wires were not removed from the cylindrical specimens to avoid damaging the insulation
EPDM layer. Nine measurements were taken along the length of the samples and eight
measurements along the perimeter. Three samples were used per cable. Therefore, each
data point (hardness of each EPDM specimen) consists of an average of 27 measurements
for the hardness measured along the length of each cable, and 24 measurements for the
hardness measured along the perimeter of each cable.

For the jacket layer, tests were performed on the cross section of cylindrical specimens
cut from ESP cables. Four specimens were machined from each cable and measurements
were carried out on both sides of the samples (top and bottom faces). On each face,
15 measurements were made, totalizing 120 measurements per cable.

Absorption tests were performed on the insulation and jacket rubber layers. The tests
were based on ASTM D 570-98 standard, with the aim to determine the amount of fluid
absorbed by gravimetry. For both layers, three samples from each cable—A to E—were
immersed in the service Safe-Scan + Packer fluid (2.22% v/v) for up to 3777 h (~158 days).
This is a protection fluid for ESP cables and was prepared with the formulation commonly
used when the cables are in regular operation conditions. The samples of each cable were
immersed in different containers to avoid any type of contamination/interference from
samples coming from different cables. The samples were removed periodically from the
containers and weighted within ±0.001 g, to determine the mass gain with respect to the
immersion time.

The samples of the insulation layer, consisted of cylinders 60 mm long, from which
the copper wires, that are surrounded by the insulation layer, have not been removed.
This procedure was adopted considering that the removal of the copper wire produced
too much damage in the rubber layer. Furthermore, any absorption of the fluid by the
copper wire is not expected. Thus, the presence of the wire does not affect the measurement
procedure. For the jacket layer, cylindrical specimens were used as well but 50 mm long.
These specimens consisted of rubber segments, from which the external metallic armor
and the insulation layer/copper wires assembly was removed.
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3. Results

FTIR spectroscopy permits the identification of the thermo-oxidative degradation
mechanism in EPDM during aging and also allows the identification of additives incorpo-
rated in EPDM formulations within the insulation and jacket layers.

Figure 1a–e shows FTIR spectra of the insulation layer from the ESP cables A to E. The
vibrational bands attributed to EPDM [6,19,20] are listed in Table 1. In addition to EPDM
vibrational bands, all FTIR spectra exhibit the same group of additional bands attributed
to metakaolinite [21], a product of thermal decomposition of kaolinite clay mineral at
temperatures > 530 ◦C. It is worth noting also that the weak bands situated at 1720 and
1640 cm−1, attributed to carbonyl (C=O) and carbon–carbon double bonds (C=C) [5],
respectively, were identified in the spectrum of the virgin ESP cable (Figure 1e), and also in
the spectra of the naturally aged ESP cables during 738 and 1752 days at different depths
(Figure 1a–d). The intensities of these two vibrational bands, which are the fingerprints of
oxidation and chain scission degradation mechanisms of EPDM [5,6,22], apparently keep
similar values in the virgin and naturally aged cables.
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Figure 1. FTIR spectra of the insulation layer of cables (a) A; (b) B; (c) C; (d) D and (e) E. N stands for
metakaolinite, • stands for C=C and * stands for C=O bands.

FTIR spectra of EPDM composing a jacket layer of the ESP cables A to E are presented
in Figure 2a–e. All spectra showed vibrational bands belonging to EPDM [6,19,20], as listed
in Table 1. Furthermore, all spectra present additional bands similarly to that previously
noted for the insulation layer. A peculiarity is that the EPDM from the cables A and B (aged
for 738 days at the depths of 917 and 1927 m, respectively) presented vibrational bands of
kaolinite [21], while EPDM from the cables C, D (aged for 1752 days at the depths of 760 and
2170 m, respectively) and E (virgin cable) presented vibrational bands of metakaolite [21].
As in the case of EPDM from the insulation layer, FTIR spectra of EPDM from the jacket
also presented vibrational bands with similar intensities originated from carbonyl and
carbon–carbon double bounds, regardless of whether the cable was virgin or naturally
aged for 738 and 1752 days.
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Table 1. Vibrational bands of EPDM.

Band (cm−1) Interpretation Description

3075 υsySP2 = C − H Symmetrical stretch C–H

2957 υasySP3 C − H Asymmetric stretch C–H

2915
υasySP3 C − H3

υasySP3 C − H2
Asymmetric stretch C–H

2848
υsySP3 C − H3

υsySP3 C − H2
Symmetrical stretch C–H

1455
δasySP3 C − H3

δsySP3 C − H2

Asymmetric angular deformation in the plane
CH3Symmetrical angular deformation in plane

(scissor) CH2

1374 δsySP3 C − H3
Symmetrical angular deformation in the plane

(umbrella) CH3

709 δρSP3 CH2
Asymmetric angular deformation off plane

(wagging) nCH2 ≥ 4
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TGA has been conducted to identify degradation stages, to quantify content of ad-
ditives, organic and inorganic, presented in EPDM formulation and, mainly, to calculate
activation energy of degradation of EPDM, in order to shed more light on EPDM degrada-
tion, which might occur during natural aging.

Figure 3 shows TGA curves of the insulation layer of the virgin ESP cable and for
naturally aged cables under condition I. The weight loss stages and contents are very similar
for all cables, virgin or aged (Table 2). Three stages of weight loss could be determined, at
most, although in the first two, up to 410 ◦C, the weight loss is only slightly higher than
3 wt%. The small loss at the first stage until 250 ◦C (<1 wt%) may be attributed to humidity
and some small organic molecules. The second stage loss, from 250 to 410 ◦C, is commonly
ascribed to evaporation of extender oils, generally used in fabrication of EPDM to reduce
viscosity and as fillers. In the third stage, from 410 to 520 ◦C, a weight loss, on average,
as high as 59 wt% was recorded, a consequence of decomposition and volatilization of
EPDM [6]. On average, about 37.5 wt% of the insulation layer remained after heating to
570 ◦C.
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Figure 3. TGA curves of the insulation layer for virgin and naturally aged cables, under condition I
(heating rate of 10 ◦C min−1). A–E stand for different ESP cables as denoted in the Section 2.

Table 2. Weight losses of the insulation layer for the cables A–E evaluated under condition I.

Cable %Weight Loss
30–250 ◦C

%Weight Loss
250–410 ◦C

%Weight Loss
410–570 ◦C

A 0.3 2.9 59.7
B 0.3 2.9 59.8
C 0.3 3 59.7
D 0.9 3.3 58.7
E 0.3 2.8 59.4

Average 0.4 3 59.5
Standard deviation 0.2 0.2 0.4

Under condition II, carried out until 930 ◦C, insulation layers of all five ESP cables
showed the same mass loss stages and loss contents (Figure 4) as previously observed
under condition I, indicating that the remaining mass of about 37.5 wt% is due to an
inorganic filler such as metakaolinite, previously identified by FTIR (Figure 1).

Interestingly, activation energies of degradation (Ea) of insulation layers, calculated
by the Kissinger model [23,24] for virgin and naturally aged cables are distributed within
a few percentages around the value of the virgin cable of ~233 kJ mol−1 (Figure 5 and
Table 3).

EPDM from the jacket layer also demonstrated three stages of weight loss under the
condition I until 520 ◦C, while from 520 to 570 ◦C, no weight loss was detected (Figure 6).
In the first stage (from 30 to 250 ◦C) the weight loss is low (Table 4), on average slightly
higher than 1 wt%, and was attributed to water loss and, possibly, to the loss of some other
low-weight organic molecule. During the second stage, from 250 to 410 ◦C, a weight loss
of on average 14 wt% (Table 4) was detected and attributed to the loss of extender oils.
In the last stage, from 410 to 520 ◦C, on average 56 wt% were lost (Table 4), which is in
accordance with the well-known temperature range of EPDM decomposition [6]. Therefore,
on average, 29 wt% of an inorganic filler remained present, and at least a portion of it can
be ascribed to metakaolinite or kaolinite, depending on the cable, as pointed out by FTIR
analyses (Figure 2).

65



Materials 2021, 14, 5520

Figure 4. TGA curves of the insulation layer for virgin and naturally aged cables, under condition II
(heating rate of 25 ◦C min−1). A–E stand for different ESP cables as denoted in the Section 2.
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Table 3. Activation energies of the insulation and jacket layers, as calculated by the Kissinger method.

Ea (kJ mol−1)

Cable Insulation Layer Jacket Layer

A 227.20 227.20

B 242.00 217.89

C 235.48 217.96

D 235.49 216.94

E 232.93 237.83
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Figure 6. TGA curves of jacket layers for virgin and naturally aged cables, under condition I (heating
rate of 25 ◦C min−1). A–E stand for different ESP cables as denoted in the Experimental section.

Table 4. Weight losses of the jacket layer for the cables A–E evaluated under condition I.

Cable %Weight Loss
30–250 ◦C

%Weight Loss
250–410 ◦C

%Weight Loss
410–570 ◦C

A 0.7 13.6 54.6
B 0.6 13.8 54.1
C 1.4 13.1 55.8
D 1.6 14.7 56.3
E 1.4 14.1 55.8

Average 1.2 13.9 55.3
Standard deviation 0.4 0.5 0.8

In order to have a better understanding of filler types inside EPDM, composing about
29 wt% of the total EPDM formulation in the jacket layer, the condition II was applied.
Figure 7 demonstrates that the switch of atmosphere at 570 ◦C, from inert (N2) to oxidative
(synthetic air), is capable of identifying the presence of carbon black through the weight
loss, between 700 and 800 ◦C, probably emitted as CO2. The weight lost due to carbon black
is responsible for, on average, 18 wt%, while 8.5 to 14 wt% of residual material, depending
on particular ESP cable, still presented at 930 ◦C, were due to metakaolinite and kaolinite
fillers (Table 5).

Kissinger plots for EPDM from the jacket layer for all cables are shown in Figure 5
and the as-calculated values for the energy of activation are summarized in Table 3. It
should be highlighted that the activation energies were calculated from seven experimental
points (as it was the case for the insulating layer), offering a robust amount of data for their
calculation.

The value for the energy of activation for degradation of EPDM, in jacket layer, for
the virgin cable (E) is 237.83 kJ mol−1 and is higher than those calculated for the naturally
aged cables (Table 3). EPDM naturally aged inside the cables B, C and D showed reduction
of activation energy for their degradation of about 10% in comparison to the activation
energy of virgin cable, while this reduction was about 5% for the EPDM from the cable A,
which has been exposed to milder conditions in terms of time (738 days) and depth (917 m),
in comparison to the other aged cables (B, C and D).
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Figure 7. TGA curves of the jacket layer for virgin and naturally aged cables, under condition II
(heating rate of 25 ◦C min−1). A–E stand for different ESP cables as denoted in the Experimental
section.

Table 5. Weight losses and residues for the cables A–E, evaluated under condition II.

Cable

% of Weight Loss from 570 to 930 ◦C (Carbon Black)

A B C D E
17.06 17.35 18.48 18.57 18.46

Cable

% of Weight Residue at 930 ◦C (A, B: Kaolinite and C, D, E: Metakaolinite)

A B C D E
13.86 14.07 11.61 8.59 9.89

The results of Shore D hardness tests on insulation layers of cables A to E show no
significant variation in hardness as a function of service time or depth of operation, both in
longitudinal and transversal modes (Figure 8a,b).

Comparing longitudinal vs. transversal hardness, there is a tendency for the values
measured longitudinally to be slightly higher than those measured transversely. In addition
to these small differences, it is reasonable to expect that both hardness values may deviate
from the absolute values due to the shape/dimensions of the specimens.

The longitudinal measurements may present slightly overestimated values due to the
small thickness of the rubber layer over the copper wire. Thus, it could be argued that
the measured hardness value might be higher than expected due to the contribution of
the copper substrate. On the other hand, the transverse hardness, also due to the small
thickness of the rubber layer, may not be sufficiently rigid to confine the hardness dent and
thus resulted in an underestimated hardness value.

If any of these experimental deviations are occurring, they are small and not significant
for the general analysis, as can be seen from the results shown in Figure 8a,b.

The results of the Shore D hardness test of the EPDM jacket layer are shown in
Figure 8c. Interestingly, their hardness was significantly lower (>20%) in comparison to
the hardness of the insulating layer. However, similarly as found for the EPDM insulation
layer, there was no significant variation in the hardness between the EPDM rubber of virgin
and naturally aged cables.
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Figure 8. Hardness (a) along a longitudinal section of the insulation layer, (b) along a transversal
section of the insulation layer, and (c) of the jacket layer. A–E stand for different ESP cables as denoted
in the Experimental section.

Table 6 summarizes crosslink fractions of EPDM of the insulation layers, together with
their standard deviations. The crosslink fractions of the virgin and naturally aged cables
vary within the standard deviation. A maximum variation of 5.7% for the isolation layer
and of 5.8% for the jacket layer were obtained.

Table 6. Crosslink fractions for insulation and jacket layers.

Cable Insulation
Layer

Standard
Deviation Jacket Layer Standard

Deviation

A 0.91 0.005 0.65 0.03

B 0.92 0.02 0.72 0.02

C 0.91 0.03 0.72 0.04

D 0.84 0.02 0.73 0.006

E 0.87 0.02 0.69 0.02

The crosslink fractions of the jacket layers (Table 6) are significantly lower than the
fractions calculated for the EPDM from the insulating layers. This is in accordance with
their lower hardness, as previously measured by Shore D (Figure 8a–c). The crosslink
fractions within the jacket vary in a narrow range close to 0.70, pointing out that this lower
fraction interval is a characteristic of the EPDM used for fabrication of the jacket layer.
No indication of the EPDM degradation in the jacket layer of naturally aged cables was
evidenced by reduction, or increase, of crosslink content.

Figure 9 shows the results of the absorption test for all analyzed samples. It can be
observed that the insulation layer absorbed insignificant amounts of the fluid. The small
variation found (±0.01%) was considered to be within the experimental error of the test,
mainly due to the process of excess fluid removal from the sample surface at each weighing.
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Figure 9. Adsorption plots of (a) insulation layer and (b) jacket layer. A–E stand for different ESP
cables as denoted in the Experimental section.

The results obtained for the jacket layer indicate a small absorption of up to about
0.55% after 158 days of immersing the samples in the Safe-Scan + Packer fluid. As can be
seen, the absorption process did not reach complete saturation and there was a significant
difference between the rubbers of cables A and B and C and D. Cables C and D present the
same behavior found for the virgin cable (cable E). It should be remembered here that the
cables A and B come from a different wellbore from that of the cables C and D. It is also
important to note that the operating time of cables A and B (738 days) was much shorter
than that of cables C and D (1752 days); however, there was greater absorption in cables A
and B.

4. Discussion

Based on the intensities of the vibrational bands located at 1720 and 1640 cm−1,
belonging to C=O and C=C vibrational bands, respectively, FTIR spectra of insulation and
jacket layers (Figures 1 and 2) did not support progress of thermo-oxidation and chain
scission mechanisms of degradation during natural aging of ESP cables. Carbonyl groups
and C=C bonds have already been introduced, in small amounts, during the fabrication
process of EPDM formulations for both insulation and jacket layers, and FTIR was not
capable of discerning further degradation of EPDM through these mechanisms during
natural aging. Similarly, Seo et al. [6] did not find evidence from FTIR analyses on oxidation
degradation after LOCA aging, through the appearance of the C=O band, although aged
EPDM demonstrated significant reduction of mechanical properties, life time and even a
decrease in activation energy of degradation at the level as high as 25%.

However, Nakamura et al. [5] were capable of observing the appearance of C=O and
C=C vibrational bands in seal rings aged during 3 years in actual operation conditions,
including temperatures as high as 45 ◦C. Li et al. [16] evidenced that the aging temperature
is important for C=O formation on thermal-oxidation. They observed that the C=O band
started to increase, in comparison to the unaged EPDM, only when aging temperature
reached 70 ◦C. The same authors identified low intensity C=O vibrational bands also on
unaged EPDM, corroborating the observation that some low extent of thermo-oxidation
may already occur during fabrication. Wang et al. [25] also observed molecular chain
degradation, bond breaking and EPDM oxidation, but they conducted their experiments at
high temperatures (130, 145, and 160 ◦C).

Therefore, the absence of further oxidation in the EPDM inside insulation and jacket
layers can be understood in terms of low temperatures of sea water (although not in direct
contact with ESP cables), as reported in the Experimental section, and the lack of oxidation
atmosphere at the aging depths, the conditions that do not promote thermo-oxidation.
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In addition to the FTIR results, it is relevant that the activation energies of degradation
for the aged insulation layer (Table 3), as calculated by TGA data through Kissinger analysis,
are very close to the activation energy of the virgin cable (maximum variation of 3.9%),
indicating the absence of degradation. However, activation energies of degradation for the
jacket layer (Table 3) of aged cables showed a small decrease, suggesting that a degradation
mechanism has been active, especially for the more severely aged cables B, C and D, which
presented a reduction in activation energy as high as 10%. In comparison to the reduction of
about 25% after LOCA aging reported by Seo et al. [6], the reductions of activation energy
presented by EPDM from the jacket layer were moderate, situated between 10% (for more
severe aging conditions in terms of time and depth) and 5% (for the least severe condition).
The Ozawa–Flynn–Wall model, together with three other models, Friedman, combined
kinetic analysis and correction of the combined kinetic analysis by isoconversion, were also
used to estimate activation energy of EPDM degradation in the jacket layer. These results,
to be present elsewhere, showed a similar trend of small or minor changes of activation
energies with natural aging conditions.

The small decrease in activation energy of EPDM in the jacket layer, apparently, 5%
to 10% as cited above, is not related to any kind of oxidation degradation as corroborated
by FTIR but is probably connected to chemical degradation or hydrolysis induced by
fluids and humidity, respectively, as inferred from the work of Woo et al. [26]. It is worth
noting that the jacket layer is closer to the surface of the ESP cable and, therefore, is more
susceptible to interaction with the chemical agents from the environment.

The higher hardness of EPDM in the insulation layer in comparison to the jacket
(Figure 8) is due to higher, about 20%, crosslink fraction of EPDM inside the insulation
layer (Table 6). Furthermore, EPDM formulation for the insulation layer is richer in
inorganic content than for the jacket layer (Tables 2, 4 and 5), which can additionally
contribute to the higher hardness of EPDM in the insulation layer. The hardness of EPDM
in the insulation layer is at the same level of Shore D scale reported by Kömmling et al. [27].
In addition, these authors found that the hardness of EPDM hardly changes with aging
for temperatures ≤ 125 ◦C, while at the higher temperatures of aging (>125 ◦C), hardness
increased several times, owing to additional crosslinking [28,29]. In accordance with the
findings of Kömmling et al. [27], hardness of EPDM from insulation and jacket layers also
hardly changed with natural aging, as observed from Figure 8.

In accordance with hardness measurements, crosslink fractions (Table 6) did not
change significantly for the insulation or jacket layer. This would seem to show that EPDM
in both layers did not suffer from a significant change in reticulation, as experimentally
observed.

The higher absorption of jacket layer is attributed to fewer reticulated EPDM chains
in this layer when compared to EPDM in the insulation layer (much more crosslinked).
However, both EPDM layers absorbed an insignificant amount of Safe-Scan + Packer
fluid, while it is worth noting that neither of the layers is actually in direct contact with
environment liquids during service life time. Thus, both EPDM-based layers kept high
barrier properties during aging.

The absorption tests (Figure 9) also seem to indicate an influence of the wellbore chem-
ical environmental conditions on the absorption process. In fact, the interaction of EPDM
rubber with organic compounds will vary depending on the type of compound, as expected
but also with the volume fraction of different compounds in a mixture. For example, the
mass uptake of aromatic hydrocarbons is higher than that of alkanes in EPDM rubber, and
mixtures of these compounds increase the effect of absorption when the temperature is
increased [30]. Since a wellbore contains a mixture of numerous hydrocarbons, deleterious
synergistic effects can occur, which seems to be the case for the wellbore where cables A
and B operated. Moreover, the deleterious effect of fluid absorption can be enhanced with
the presence of CO2 in solution [31], and CO2 is one of the three most common gases found
in oil wellbores, along with H2S and CH4 [32].
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The present data strongly suggested that EPDM in insulation and jacket layers of ESP
did not suffer, during prolongated aging, from thermo-oxidation degradation, which is
detectable through the formation of the carbonyl group and chain scission. In addition, no
sign of crosslink fraction change has been found for the studied EPDM layers even after
being in operation for time periods as long as 4.8 years. It is worth noting that only EPDM
from the jacket layer presented an indication of slight degradation through a low decrease
in activation energy (10% at most). It can be speculated at this point that this reduction
in activation energy is related to another type of aging, such as chemical degradation or
hydrolysis, as pointed out by Woo et al. [26] in their study.

The most important findings of our study, although taken on a limited number of
specimens, are that EPDM-based layers from ESP cable seem not to be weak links within
the modern ESP systems with longer service life, since no significant degradation was
found even after aging in actual service conditions for the periods as long as 4.8 years and
at depths deeper than 2000 m.

5. Conclusions

This study found a small effect of aging, in actual operation conditions of ESP cables,
on the mechanical, thermal, structural and barrier properties of the two EPDM-based layers
(insulation and jacket).

It is suggested that the thermo-oxidation mechanism followed by chain scission does
not have a role in the degradation of EPDM within the aged ESP cables, and no sign of
increase or decrease in crosslink fraction has been encountered.

Hardness of EPDM hardly changed in both layers during natural aging in actual
operation conditions of ESP cables.

While EPDM from the insulation layer did not present changes in barrier properties
on aging, EPDM from the jacket layer of the cables A and B (2 years of aging at 917 m and
1927 m, respectively) showed slightly lower barrier properties than the EPDM from the
cables C and D (4.8 years of aging at 760 and 2170 m, respectively) and from the virgin
cable E. This difference was attributed to possibly different chemical environments in two
different wellbores, since the cables A and B served in a different wellbore from the cables C
and D.

Activation energies of degradation calculated by the Kissinger method indicated a
modest decrease (up to 10%) only for the EPDM from jacket layers.

The previous data pointed out that slight degradation of EPDM from the jacket layer,
detected mainly through a reduction of activation energy, is due to some non-oxidation
mechanism, such as, for example, chemical degradation and/or hydrolysis. To complement
the data obtained in this work, it is intended to perform nuclear magnetic resonance
spectroscopy of virgin and aged EPDM samples.

It can be concluded from our study that EPDM-based layers from ESP cables seem
not to be weak links in the structure of modern ESP systems, although a higher number of
ESP cables from different wellbores, naturally aged in actual operation conditions during
periods of several years, and at different depths, would be a mandatory requirement to
acquire a more robust data set and knowledge on degradation processes inside these cables.
In addition, there are no current acceptance criteria for the lifespan of ESP cable parts and,
therefore, these need to be established.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14195520/s1, Figure S1: Schematic draw of ESP cable configuration, with its princi-
ple layers.
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Abstract: Material failure is the main obstacle in fulfilling the potential of electrodes in lithium batter-
ies. To date, different failure phenomena observed experimentally in various structures have become
challenging to model in numerical simulations. Moreover, their mechanisms are not well understood.
To fill the gap, here we develop a coupled chemo-mechanical model based on peridynamics, a particle
method that is suitable for simulating spontaneous crack growth, to solve the fracture problems in
silicon thin films due to lithiation/delithiation. The model solves mechanical and lithium diffusion
problems, respectively, and uses a coupling technique to deal with the interaction between them. The
numerical examples of different types of Si films show the advantage of the model in this category
and well reproduce the fracture patterns observed in the experiments, demonstrating that it is a
promising tool in simulating material failure in electrodes.

Keywords: lithium-ion batteries; electrodes; silicon thin films; fracture; peridynamics

1. Introduction

Silicon, owing to its high energy capacity, is widely used in lithium-ion batteries as
one of the most promising electrode materials. The theoretical capacity can be as high as
4200 mAh/g [1,2]. However, the current technology is still far from reaching this potential
in practice. The main challenge resides in the question of how to preserve the capacity after
a large number of charging/discharging cycles. The insertion and extraction of lithium
can change the volume of silicon by 300% [3], leading to fragmentation of the electrodes
and substantial capacity loss [4,5]. Although various nano-structured electrodes, such
as nanoparticles [6,7], nanowires [2], and core-shell nanocomposites [8–10], have been
fabricated to accommodate large deformation and to provide fracture resistance, mechan-
ical degradation is still the main barrier to fulfilling the potential of silicon electrodes.
Understanding the fundamental mechanism of the interplay between the lithium diffusion
and the mechanical behaviors of these electrodes is desirable in guiding the design of
next-generation electrodes.

The past decades have witnessed enormous efforts in studying lithium-induced ma-
terial failure in silicon electrodes, experimentally and theoretically. Early works, dating
back to the late 1990s, identified large volume changes as a major issue in preventing the
development of high-capacity electrodes [11,12]. In situ experimental observations have
found some evidence of stress evolution and fracture pattern formation due to the lithia-
tion/delithiation process in nanostructured electrodes [13–17]. Theoretical attempts to link
the mechanical stress and lithium diffusion were started by Christensen and Newman [18].
Subsequently, extensive models were built to deal with different aspects of the problem,
such as the treatment of elastic-plastic material behavior [19–21] and the introduction of
dislocation [22]. In addition, analytical solutions for various composite nanostructures
have been developed, such as core-shell structures [23–28]. Despite this progress, in situ
experiments are largely restricted in monitoring the dynamic process of chemical reactions
and mechanical responses, yet they are expensive and time-consuming. On the other hand,
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theoretical modeling has met with difficulty in describing material failure, such as the
pulverization of the electrodes.

The advancement of numerical methods provides powerful, portable and inexpen-
sive tools for describing and predicting the chemo-mechanical interplay in silicon elec-
trodes. Among them, cohesive zone models integrated into the finite element framework
are widely used to consider the coupled problems of lithium diffusion and mechanical
deformation [29,30]. Phase field models have also found success in simulating the dam-
age evolution as lithium ions are inserted [31,32]. However, capturing the spontaneous
crack growth and revealing the fracture patterns during lithiation/delithiatin cycles are
still challenging for the current models. For instance, the simulation of dry bed-lake
fractures in silicon thin films [33,34] requires sophisticated tools. The recently developed
peridynamics method [35–37] provides a promising approach in dealing with complex
fracture problems due to chemo-mechanical coupling. The model requires no supple-
mentary criterion for crack growth, which is more convenient in this category compared
with other numerical methods. The model has been successfully used in thermal and
diffusion-induced deformation and fracture [38–40], multiscale crack growth [41,42], etc.

In this work, we aim at establishing a concurrently coupled chemo-mechanical model
based on peridynamics to solve fracture problems in lithiated silicon thin films. Section 2
provides the basic theory of the model, including the theory of mechanical behaviors and
lithium diffusion, and describes the technique that couples the two fields. Section 3 presents
the numerical examples of fractures in silicon thin films due to lithiation/delithiation.
Section 4 summarizes the work.

2. Method and Model

The peridynamic (PD) theory, introduced as a reformulation of classical continuum
mechanics, is developed using integral equations, allowing the expression of damage
initiation and propagation at multiple sites with arbitrary paths inside the materials without
resorting to special crack growth criteria. In the PD theory, the space area is discretized
into a series of material points, with each material point x within a certain distance δ.
For material points outside this domain, it is assumed that the interactions are weak
so that they can be ignored. Hence, all material points inside the domain build up the
horizon (Hx = {x′ ∈ R : |x′ − x| ≤ δ}) of the material point x. The lines between material
points x and x′ represent PD bonds, transferring the pair-wise information between points.
In peridynamic mechanical models, bonds exert forces between points in the horizon, and
are used in the formulation for material deformation and damage. In the peridynamic
diffusion model, bonds carry concentration information from one point to another.

In this section, we briefly describe the peridynamic mechanical and diffusion models.
We then introduce the newly developed chemo-mechanical model to study spontaneous
crack growth in silicon thin films during lithiation/delithiation processes.

2.1. Bond-Based Peridynamic Mechanical Model

The PD equation of motion of each material point can be written according to Newton’s
Second Law as

ρ
∂2u(x, t)

∂t2 =
∫

Hx
f (u(x′, t), u(x, t), x′, x, t)dVx′ + b(x, t) (1)

where ρ is the mass density, u is the displacement, dVx′ is the integration variable that
indicates the infinitesimal domain located at point x′, and Hx is the horizon, representing
the family of particles within a local region centered by x. b is a prescribed body-force-
density field, f is the response function which is defined as the force vector per unit volume
squared that the material point x′ exerts on the material point at x if their distance is less
than the radius δ of the horizon. The undeformed bond vector is defined as ε = x′ − x,
and the relative displacement is η = u′ − u. Thus, the deformed bond vector can be
calculated as η + ε = (x′ + u′)− (x + u).
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In the PD theory, the interaction between two material points is described by the
force density function. All material-specific information is contained in the force density
function that illustrates the dependence between the interparticle forces on the reference
positions and the displacements of the points. The displacement of a material point is
then integrated based on Equation (1). The force density function for a linear micro-elastic
material is given as

f (η, ε) =
η + ε

|η + ε|u(ε, t)cs (2)

where c is the micro-modulus function of the bond. For three-dimensional problems, the
micro-modulus function of the bond can be defined as

c =
12E
πδ4 (3)

Here E is Young’s modulus, δ is the size of the horizon. s is the stretch that is defined as

s =
|η + ε| − |ε|
|ε| (4)

and it is the ratio of the change in distance to the initial distance between points x′ and x .
The failure condition of each bond can be represented by a failure parameter as

µ(ε, t) =
{

1 s < s0
0 s ≥ s0

(5)

where s0 is the critical stretch, which can be calculated in terms of the critical energy release
rate of a particular material. For three-dimensional problems, the critical stretch of the
bond can be defined as

s0 =

√
5Γ

9Kδ
(6)

where Γ is the fracture energy and K is the bulk modulus. When the stretch of the bond
between two points exceeds the critical stretch s0, the bond breaks, and these two points
cease to interact with each other. Once the bond breaks, the load on material point x will
be redistributed to the remaining bonds and the deformation state changes. Therefore,
damage is treated as part of the constitutive model through the irreversible breakage of
interactions. In order to quantify the damage state of a material point, a local damage
parameter of a material point is defined as

ϕ(x, t) = 1−
∫

H(x) µ(ε, t)dV
∫

H(x) dV
(7)

Local damage is the percentage of broken bonds associated with the material point x and
varies from 0 to 1, where 0 represents undamaged and 1 refers to fully damaged cases.

2.2. Peridynamic Diffusion Model

In order to model lithium diffusion, we introduce the diffusion equation that charac-
terize the mass transport

∂C
∂t

+∇ · J = 0 (8)

where the Li ion concentration C is the number of Li atoms per unit volume. The boundary
value is represented by C0. The flux of the lithium ions J is the number of Li atoms per
unit time crossing a unit area, which consists of two contributions in a chemo-mechanical
coupled environment [43]. The first term is due to the concentration gradient,

JLi,c = −D0∇C (9)
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The other contribution is from the stress,

JLi,σ = D0(1−
C

Cmax
)

ΩLiC
RT
∇σ (10)

The hydrostatic stress gradient that drives Li mass transport reaches zero at both
C0 = 0 and C0 = Cmax. In the above equations, D0 is the diffusivity of lithium ions, Ω
is the partial molar volume of Li in silicon, k is the gas constant, T is the temperature,
and σm = (σ1 + σ2 + σ3)/3 is the bulk stress, with σ1, σ2, and σ3 being diagonal terms of
the Cauchy stress tensor. The Cauchy stress tensor is calculated as

σ =
1
2

∫

H(x)
f (η, ε)⊗ (η + ε)dVx′ (11)

The dynamic process of lithium diffusion is represented by Fick’s second law. Note
that the stress induced by a large volume change during cycling cannot be ignored. By con-
sidering the concentration gradient and hydrostatic stress gradient, Fick’s second law is
modified as

∂C(x, t)
∂t

= D0
∂2C
∂r2 −

D0Ω
kT

[
C
(

1− C
Cmax

)
∂2σm

∂r2 +

(
1− 2C

Cmax

)
∂σm

∂r
× ∂C

∂r

]
(12)

Although peridynamics was originally introduced for deformation fields, it is also
applicable to other fields, including diffusion. However, it is not straightforward to express
the coupled diffusion equation in a peridynamic form. In this study, this has been achieved
using the concept of the peridynamic differential operator [44–46]. All spatial derivatives
in the classical diffusion equation can be transformed into peridynamic form as

∂2C(x, t)
∂r2 =

(
6

πδ4

) ∫

H(x)

C(x′, t)− C(x, t)
|ε| dVx′ (13)

∂2σm(x, t)
∂r2 =

(
6

πδ4

) ∫

H(x)

σm(x′, t)− σm(x, t)
|ε| dVx′ (14)

∂σm(x, t)
∂r

× ∂C(x, t)
∂r

=

(
81

16π2δ6

)( ∫

H(x)

σm(x′, t)− σm(x, t)
|ε| dVx′

)

×
( ∫

H(x)

C(x′, t)− C(x, t)
|ε| dVx′

) (15)

Therefore, the general Fick’s second law given in Equation (12) can be written in peridy-
namic form as

∂C(x, t)
∂t

=D0
∂2C
∂r2 −

D0Ω
kT

[
C
(

1− C
Cmax

)
∂2σm

∂r2 +

(
1− 2C

Cmax

)
∂σm

∂r
× ∂C

∂r

]

=

(
6D0

πδ4

) ∫

H(x)

C(x′, t)− C(x, t)
|x′ − x| dVx′

−
(

6D0Ω
πδ4kT

) ∫

H(x)
C(x, t)

(
1− C(x, t)

Cmax

)
σm(x′, t)− σm(x, t)

|x′ − x| dVx′

−
(

81D0Ω
16π2δ6kT

)( ∫

H(x)

σm(x′, t)− σm(x, t)
|x′ − x| dVx′

)

×
( ∫

H(x)

(
1− 2C(x, t)

Cmax

)
C(x′, t)− C(x, t)
|x′ − x| dVx′

)

(16)

2.3. Coupled Peridynamic Chemo-Mechanical Model

This study also extends the peridynamic theory to include the effect of chemo-
mechanical loading. Attributed to the insertion of lithium ions, the silicon electrodes
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experience huge volume changes during the processes of lithiation and delithiation. There-
fore, it is necessary to modify the force density function and the failure parameter, i.e., to
subtract the volume expansion caused by the intercalation of lithium ions. Without con-
sidering the influence of Li-ion concentration, the stretch of the bond between the two
material points is s = (|η + ε| − |ε|)/|ε|. When the influence of the Li ion concentration is
considered, lithiation-induced linear strain is

sLi =
1
3

log
(

1 +
Ω
(
C(x, t) + C(x′, t)

)

2

)
(17)

Furthermore, a new response function is proposed to include the effects of chemical loading
and the distance between the points as

f (η, ε) =
η + ε

|η + ε|µ(ε, t)c(s− sLi)

=
η + ε

|η + ε|µ(ε, t)c
( |η + ε| − |ε|

|ε| − 1
3

log
(

1 +
Ω
(
C(x, t) + C(x′, t)

)

2

)) (18)

Similarly, the effect of chemical loading is also included in the failure parameter by extend-
ing its definition, given in Equation (5), as

µ(ε, t) =





1 |η+ε|−|ε|
|ε| − 1

3 log
(

1 +
Ω
(

C(x,t)+C(x′ ,t)
)

2

)
< s0

0 |η+ε|−|ε|
|ε| − 1

3 log
(

1 +
Ω
(

C(x,t)+C(x′ ,t)
)

2

)
≥ s0

(19)

in which s0 is still the critical stretch upon failure. However, the failure between two points
occurs when the elastic stretch s0 − sLi, rather than stretch s, exceeds the critical stretch s0 .

2.4. Flowchart of the Numerical Scheme

To simulate the spontaneous crack growth in Si thin films, we developed the algorithm
shown in Figure 1. The coupled chemo-mechanical model features a large time-scale
separation between the diffusion and the fracture processes. Typically, the time scale
of the diffusion process is several orders higher than that of the force field. To reduce
the computational cost, we employ a quasi-static solver for the force field, whereas the
diffusion follows a dynamic time evolution.

Figure 1. Flowchart of the numerical scheme.
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3. Numerical Examples
3.1. Numerical Model

The model investigated is an Si thin film deposited on the TiC substrate, as shown
in Figure 2. The Si thin film has the width L and the thickness H. The TiC substrate
has the width L1 and the thickness H1. The lithium ions are allowed to penetrate the
Si thin film over the entire surface that is in contact with the electrolyte. A prescribed
constant concentration of lithium ions is considered over the upper free surface. The free
surface in contact with the electrolyte has a stress-free condition applied, allowing for
volume expansion, whereas the other surface is deposited on the TiC substrate, restricted
by the interface. In its present form, the resolution of the diffusion of the lithium ions
into the Si thin film is not coupled with its mechanical state, meaning that stress does
not assist the ions’ diffusion. The boundary conditions of the Si thin film are illustrated
in Figure 2. The diffusion coefficient of lithium ions in the silicon is 2.5× 10−17 m2/s.
The Young’s moduli of the lithiated silicon and the TiC substrate are ESi = 12 GPa and
ETiC = 439.4 GPa, respectively. An effective modulus is introduced to account for the
interface, given by 1/Ee = (1/ESi + 1/ETiC)/2. The fracture energy is Γ f = 2000 J/m2

for silicon in the first lithiation. During the delithiation process, which consists of broken
atomic bonds, the fracture energy was taken to be five times smaller than that during
lithiation, i.e., Γ f = 400 J/m2 for silicon in the first delithiation. Furthermore, Γd = 500
J/m2 is used for the Si− TiC interface. To model the progressive degradation of the material
properties after several cycles, the fracture energy Γ f is decreased by 9% of its initial value
after each cycle of lithiation and delithiation. In the tenth cycle, the fracture energy has
been decreased by about 80% of its initial value. The complete list of the parameters of the
materials and the numerical model is provided in Table 1.

Figure 2. The Si thin film was deposited on the TiC substrate and the boundary conditions for the
analysis of the Si thin film in the processes of lithiation and delithiation.

Experimental observations of the fracture patterns in different silicon membranes are
shown in Figure 3. The most common fracture pattern is dry lake-bed cracks [32], which
is illustrated in Figure 3a. This type of fracture is typically observed in continuous flat
membranes. Since the in-plane stress is isotropic during volume expansion when lithium
ions are inserted, cracks grow without a favorable direction. As a result, the crack paths are
fairly random. Other types of membranes, shown in Figure 3b,c, are patterned with holes
to accommodate volume expansion and to mitigate internal stress. The fracture patterns
are more regular and usually crosslink the holes. The proposed multiphysics model was
validated in these membranes. The experimental techniques were found in the literature,
e.g., [32]. We followed similar procedures in the simulations.
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Table 1. Parameters of the materials and the numerical model.

Parameter Symbol Value Units

Diffusion coefficient D0 2.5× 10−17 m2/s
Young’s modulus of lithiated Si ESi 12 GPa

Young’s modulus of TiC ETiC 439.4 GPa
Young’s modulus of Si-TiC Ee =

2
( 1

ESi
+ 1

ETiC
)

23.36 GPa

Poisson’s ratio υ 0.25
Fracture energy of Si in first lithiation Γ f 2000 J/m2

Fracture energy of Si in first delithiation Γ f 400 J/m2

Fracture energy of Si-TiC Γd 500 J/m2

Partial molar volume of Si Ω 1.2052× 10−5 m3/mol
Gas constant k 8.314
Temperature T 300 K

Width of Si thin film L 1.6× 104 nm
Thickness of Si thin film H 600 nm
Width of TiC substrate L1 2.0× 104 nm

Thickness of TiC substrate H1 300 nm
Grid size ∆ 100 nm
Horizon δ 300 nm

Critical stretch of Si in first lithiation s0 =
√

5Γ f
9KSiδ

0.68

Critical stretch of Si in first delithiation s0 =
√

5Γ f
9KSiδ

0.304

Critical stretch of Si-TiC s0 =
√

5Γd
9Keδ 0.244

ba c

Figure 3. Fracture patterns in (a) continuous silicon thin film, (b,c) patterned films. Reproduced with permission [32].

3.2. Fracture of Continuous Membrane

Figure 4 shows snapshots of crack formation and propagation in the continuous
silicon membrane during lithiation/delithiation cycles. To investigate the effect of the
charging/discharging rate, we considered the cases including one and two cycles in 60,000 s,
respectively. Note that the fracture energy Γ f decreased by 9% in each cycle because of the
material degradation. Figure 4a presents the case with one cycle in 60,000 s. The snapshots
are viewed from the interface instead of the free surface to better observe the cracks.
The particles are colored based on the damage parameter in Equation (7). The process
of lithiation was in the period of 0–30,000 s. Crack initiation is observed at t = 15,000 s
at some random locations. The volume expansion led to partial detachment of the film
from the substrate, through breaking the bonds between the particles in the film and the
substrate. As a result, the contour of the film became irregular due to the combined effect
of detachment and volume expansion. By the end of the lithiation at t = 30,000 s, apparent
crack lines were formed, and debonding was propagated inward from each side observed
from the damage profile. The inset at t = 30,000 s shows the free surface at the same
time. It seems that the cracks did not propagate through the thickness direction of the film
during lithiation. This was the consequence of the bending upward of the film, where the
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interface was mostly subjected to tensile stress and the free surface was compressed, where
cracks were suppressed. The process of delithiation was in the period of 30,000–60,000 s.
The crack segments formed during lithiation further propagated to connect with each
other. A crack network had formed at t = 45,000 s on the interface and started to travel
through the thickness direction of the film. By the end of the cycle at t = 60,000 s, apparent
fragmentation through the thickness direction of the film could be observed. The overall
fracture pattern was isotropic without a preferable crack direction, which corresponds to
the dry lake-bed cracks in Figure 3a.

Figure 4b further illustrates the case of two cycles in 60,000 s. Each lithiation or
delithiation took 15,000 s. Apparent differences were found as the charging/discharging
rate was doubled. By the end of the first cycle at t = 30,000 s, crack segments formed but
did not crosslink. This feature can be attributed to the faster charging/discharging rate
that released and redistributed the internal stress more frequently. Redistribution of stress
provided a tendency to form more bifurcations instead of directly linking to each other.
In contrast, in the previous case, the lithiation process took 30,000 s, which was enough
for the crack segments to become connected under high stress intensity. On the other
hand, observable in the insets (free surface) at t = 30,000 s, the cracks had already traveled
through the thickness direction of the film. This can be compared with the snapshot at the
same time in the previous case, where the free surface was still undamaged. Therefore,
a complete cycle of lithiation/delithiation was desirable to provide enough tensile stress
for the propagating of the cracks through the thickness direction. This was evidenced at
t = 60,000 s in the previous case. If the cycles kept running, more and more bifurcations
would be generated due to the degradation of the materials.

a

b

t = 15,000 s t = 30,000 s t = 45,000 s t = 60,000 s

t = 15,000 s t = 30,000 s t = 45,000 s t = 60,000 s

Figure 4. The processes of crack formation and propagation in the continuous Si film during lithiation/delithiation cycles.
(a) Snapshots in the case of one cycle in 60,000 s. (b) Snapshots in the case of two cycles in 60,000 s. The snapshots depict the
view from the interface on the bottom of the film. The insets at t = 30,000 s are snapshots on the top free surface at the same
moments. Colors represent the degrees of damage.

3.3. Fracture of Membrane with Square Holes

To study the fracture in the patterned Si thin films in Figure 3b,c, we created a new
sample with nine square holes evenly distributed at 25 µm, 75 µm, and 125 µm in each
direction from the corners, as shown in Figure 5a. The width of the squares was 25 µm.
The snapshots were taken from the interface, as in the continuous film. The damage profiles
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on the top free surface are also presented in the insets at the end of the lithiation/delithiation
in Figure 5c,f. The coloring method is the same as before.

Several implications can be drawn from the period of lithiation shown in Figure 5b,c.
First, the holes were greatly contracted compared with the original configuration. This
is the advantage of this structure, where the holes can accommodate the strain caused
by lithium-ion insertion through the expansion inward. Therefore, internal stress was
mitigated. Second, cracks and debonding formed more easily at the corners of the film as
well as the holes due to stress concentration. The initial cracks tended to connect to each
other, resulting in diagonally crosslinked crack paths. Third, in contrast to the continuous
film, the patterned film demonstrated a regular fracture pattern and a deformed shape. As
was the case with the continuous film, cracks were initiated on the bottom interface and did
not travel through the film in the thickness direction during lithiation, which is evidenced
in the inset in Figure 5c. The followed delithiation process is illustrated in Figure 5d,f.
As the lithium ions were extracted from the film, the shape of the film recovered, and the
holes turned back to their original sizes. However, the damage was intensified as the
cracks walked through the film, as demonstrated in the inset in Figure 5f. The diagonalized
fracture pattern can be compared with the experimental results in Figure 3c.

d fe

a cbt = 0 s t = 15,000 s t = 30,000 s

t = 30,600 s t = 45,000 s t = 60,000 s

Figure 5. The process of crack formation and propagation in the silicon film pattered with square holes. The holes are
located at 25 µm, 75 µm, and 125 µm in each direction from the corners. The width of the holes is 25 µm. The figures and
the insets correspond to the same process of lithiation/delithiation as in the continuous film.

3.4. Fracture of Membrane with Circular Holes

The third numerical simulation was conducted based on a silicon thin film patterned
with circular holes. The locations and the sizes of the holes were the same as the square holes
in the previous sample. The lithiation/delithiation processes are illustrated in Figure 6,
where a–c depict the lithiation from 0 to 30,000 s, and d–f present the period of delithiation.
Similarly to the continuous and square-patterned films, the cracks initiated and propa-
gated from the interface during lithiation and did not run through the thickness direction.
The holes also experienced significant shrinkage as holes of irregular shape and different
sizes. However, the cracks grew along the horizontal and vertical directions, and then
developed a network by connecting to each other. Since the circular holes do not have sharp
corners to induce stress concentration, diagonal connections are not favorable compared
with the shorter lines in horizontal and vertical directions. It is noteworthy that the hole in
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the middle produced cracks along the diagonal directions, but these cracks did not fully
expand and connect. Compared with the film with square holes, circular holes provide
better accommodation for volume expansion. Throughout the lithiation/delithiation cycle,
the overall shape was largely conserved, without significant distortion.

t = 30,000 s

d fe

a cbt = 0 s t = 15,000 s

t = 30,600 s t = 45,000 s t = 60,000 s

Figure 6. The process of crack formation and propagation in the silicon film pattered with circular holes. The holes were
located at 25 µm, 75 µm, and 125 µm in each direction from the corners. The diameter of the holes was 25 µm. The figures
and the insets correspond to the same process of lithiation/delithiation as in the continuous film.

4. Conclusions

In summary, we have developed a concurrently coupled chemo-mechanical model
based on peridynamics to simulate the complex fracture problems in different types of
silicon thin films due to the insertion and extraction of lithium ions. The framework
consists of a classic bond-based peridynamic mechanical model, a diffusion model and
a coupling technique to reflect the interaction between them. We have used the method
to perform numerical simulations of three different thin films, i.e., continuous film and
films patterned with square and circular holes, which are typically used to mitigate volume
expansion and to reduce the risk of material failure. The continuous film displayed a
dry lake-bed type fracture pattern, i.e., an isotropic crack network without a favorable
direction. We also investigated the influence of the charging/discharging rate and revealed
that a higher rate resulted in more bifurcations because the internal stress was released
and redistributed more frequently. The cracks in the patterned films formed networks that
connected the holes. The square holes and circular holes experienced different styles of
connection, which were diagonal or horizontal/vertical. The simulations reproduced the
fracture patterns observed in experiments, which proves the capability of the model to deal
with the problems of material failure in electrodes, and to provide a powerful tool to aid in
the future design of new structures. Future work includes the applications of the model in
different structures and materials, such as spherical particles, hollow core–shell nanotubes,
Si electrodes that contain carbon additives and polymer binders, etc. It is also desirable
to incorporate complex constitutive models into the framework to study the influence
of crystallography.
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Abstract: In this paper, the possibility of applying different welding strategies to overlay an FeCrAl
layer against corrosion from heavy liquid metal on a plain plate made of 316L austenitic stainless steel
was investigated. This technology could be used in manufacturing the main vessel of CiADS, which
may be considered as a more economic and feasible solution than production with the corrosion-
resistant FeCrAl alloy directly. The main operational parameters of the laser welding process,
including laser power, weld wire feeding speed, diameter of the welding wire, etc., were adjusted
correspondingly to the optimized mechanical properties of the welded plate. After performing the
standard nuclear-grade bending tests, it can be preliminarily confirmed that the low-power pulse
laser with specific operational parameters and an enhanced cooling strategy will be suitable to surface
an Fe-10Cr-4Al-RE layer with a thickness of approximately 1 mm on a 40 mm-thick 316L stainless
steel plate, thanks to the upgraded mechanical properties incurred by refined grains with a maximum
size of around 300 µm in the welded layer.

Keywords: CiADSvessel; FeCrAl weld overlay; austenitic stainless steel plate; mechanical tests

1. Introduction

Pb-based alloys are eutectics or alloys formed by adding lead as the basic material
and other elements as supplementaries. The melting point of Pb-based alloys is lower than
that of lead, and other physical properties are similar to those of pure Pb. Lead–bismuth
eutectic (LBE) is the most commonly used alloy in the field of nuclear power, in the form of
fission reactors [1]. The mass ratio between Pb and Bi in LBE is 44.5:55.5, which provides
the lowest melting point among all lead–bismuth alloys [2].

The main advantages of Pb-based materials as coolants are the following: (1) due to the
relatively high melting point of Pb-based materials, the Pb-based reactor could operate at
normal pressure, leading to a much thinner vessel wall [3] and lower possibility of the loss
of coolant accident (LOCA); (2) due to the high boiling point and high thermal conductivity
of Pb-based coolant materials, Pb-based reactors can work at relatively high temperatures,
which may greatly improve the system’s energy efficiency; (3) due to the relatively small
cross-sections for the neutron capture and scattering of Pb-based materials, a harder neutron
energy spectrum could be produced in Pb-based reactors, which may improve the neutron
economy and, therefore, leave extra neutrons for potential transmutation or breeding;
(4) thanks to the high density of LBE, significant natural convection could be expected after
losing the driving force from primary pumps [4]; (5) due to the good chemical inertness
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of LBE, there will be no violent chemical reactions during contact with water and air;
(6) Pb-based materials can form compounds with volatile radioactive iodine and cesium
nuclides, which may reduce the radioactive inventory in reactors.

In addition to the common characteristics stated above, different types of Pb-based
materials, such as lead, lead–bismuth, and lead–lithium, have their own characteristics
and were proposed for different types of reactors. LBE was chosen as the primary coolant
material of the China-initiated Accelerator-Driven System (CiADS) [5], thanks to its low
melting temperature, high boiling temperature, chemical inertness and neutron trans-
parency. However, its corrosive property due to the dissolution of elements was reported to
cause significant damage to the micro-structure of the alloy, especially at a high temperature
and under severe neutron irradiation [6–8]. The corrosion effect from heavy liquid metal on
stainless steel was reported to be highly affected by the oxygen content in the heavy liquid
metal. Proper setting of the oxygen content in liquid is, therefore, able to permit the rapid
formation of a protective oxide layer on the alloy surface, while also permitting less oxide
impurity production. Generally, the introduction of aluminum into ferritic alloys may lead
to better resistance to potential heavy liquid metal corrosion, thanks to the formation of
protective alumina [9–14]. Due to their excellent properties, such as low cost, heat resistance
and corrosion resistance, FeCrAl alloys have a wide range of applications under conditions
of high temperature and they require a high level of corrosion resistance [15,16].

As the first barrier in a nuclear fuel, the choice of an accident tolerant fuel (ATF) is a
very important issue in the field of nuclear fuel development [17]. After the Fukushima acci-
dent, there has been an urgent need to develop suitable fuel cladding materials to meet the
performance requirements under severe accident conditions, which will, thereby, greatly im-
prove the accident tolerance capabilities of future nuclear power plants [18–20]. Advanced
cladding materials that meet these requirements can provide stronger oxidation resistance
and better physical properties during severe accidents, such as SBO, LOCA, etc. [21]. This
advanced cladding material must first be able to achieve the same performance as the
general cladding material under the normal working condition.

In recent years, in order to solve the problem of selecting ATF cladding materials,
many related studies were carried out on some candidate cladding materials. Qiu et al. [12]
has made some research progress in several cladding candidate materials, such as SiC,
FeCrAl and the MAX phase material Ti3SiC2. They also evaluated the physical properties
of these cladding candidates in terms of thermal hydraulics and mechanical mechanics,
aiming to better understand and simulate the behavior of these cladding materials.

FeCrAl alloy has the characteristics of high temperature resistance and corrosion
resistance, so it has become one of the best candidate materials for ATF. Wu et al. [13] used
the Monte Carlo calculation tool Serpent and fuel performance program BISON from INL
to perform neutronics and fuel performance analyses of ATF. The research results show
that the application of FeCrAl cladding material can significantly improve the cladding
performance, such as flattening the axial temperature distribution and delaying the gap
closure [17]. Additionally, hydrogen permeability was obtained for several FeCrAl alloys
using a static permeation platform. The results were compared, calibrated and verified
with traditional 304 stainless steel. In addition, they discussed the possibility of a protective
alumina layer on the surface of FeCrAl cladding as a tritium barrier. Han et al. [15] intro-
duced Mo as a buffer layer in the cladding, which significantly reduced the interdiffusion
of Zr and Fe [22]. It was also demonstrated that a 7 µm-thick FeCrAl coating could pro-
vide excellent resistance to oxidation at temperatures up to 1200 ◦C [23,24]. The working
limit was, therefore, significantly higher than that of traditional 316L austenitic stainless
steel [25–27].

Based on the research results in the above publications, we can preliminarily conclude
that FeCrAl alloy materials with excellent high temperature resistance and corrosion
resistance could be considered as candidate materials for Pb-based reactors.

Ferritic FeCrAl alloys are normally used as heating elements, as they areable to work at
900–1400 ◦C [28]. The high Cr content in these alloys was reported to cause embrittlement

88



Materials 2022, 15, 3541

at around 475 ◦C, due to phase transformations [29–31]. Therefore, the embrittlement
characteristic of FeCrAl alloy could be minimized by reducing the Cr content. However,
the introduction of Cr was reported to be able to enhance the formation of a protective
Al-rich oxide layer [30]. Among FeCrAl alloys with different elementary compositions or
manufacturing processes, the Fe-10Cr-4Al-RE developed by Ejenstam et al. [30,31] was
reported to be able to withstand heavy liquid metal corrosion at temperatures higher than
900 ◦C. However, the weldability and machinability of Fe-10Cr-4Al-RE on parts made of
austenitic stainless steel still needs to be verified, due to the high content of Cr and Al in it.

Tungsten inert gas (TIG) welding is an inert gas-protected fusion welding process. The
heat required during the welding process is provided by an intense electric arc, which will
be generated between a tungsten electrode and work pieces [9]. Compared to the traditional
welding techniques, the major merits of Ar-protected TIG welding are as follows:

(1) Ar gas can prevent harmful effects from some elements in air (such as oxygen, nitrogen,
hydrogen, etc.), on the arc and in the molten pool. This may reduce the burning of
alloy elements and, therefore, lead to a dense, spatter-free, high-purity welding joint;

(2) The arc in the Ar-protected TIG welding is stable, which may lead to the concentration
of heat and, hence, ahigher arc column temperature. A higher welding efficiency,
smaller heat-affected zone, lower thermal stress, less heat deformation and smaller
cracks could, therefore, be expected;

(3) Argon-protected TIG welding can be applied on almost all metals, especially those
that are hard to melt or easily oxidized.

Laser welding technology is a surface coating technology involving different research
fields, such as physics, chemistry, optoelectronics, materials, and so on. Compared with
other surface treatment technologies, including TIG welding, laser coating technology has
many advantages [10], such as the following:

(1) The thermal deformation during welding is small, which is mainly because of the
smaller heat input. The heat-affected zone on the substrate will be relatively small;

(2) The cooling after the welding process is fast, which may lead to finer grains in the
melt zone.The micro-structure will then be relatively dense, which is one of the
characteristics ofrapid solidification;

(3) The dilution speed in the melt zone is low, which may lead to a good combination of
the coating layer and the substrate metallurgically;

(4) There is basically no restriction on the selection of coating materials, either metallic or
non-metallic materials could be used. It is even possible to overlay a high-melting-
point material on a low-melting-point metal to improve its specific properties.

(5) The thickness of the coating layer could be selected in a large region. The coating area
can also be accurately selected, which will lead to lower material consumption and,
thereby, a lower capital cost.

(6) The coating process can be automated, allowing special places that are usually incon-
venient to handle to be processed.

In this paper, the manufacturing process of the nuclear-grade 316L stainless steel plate
with a thickness of 40 mm was introduced for the first time. The plates manufactured
with these procedures will be the base sample used for the following coating process.
High-frequency laser welding with low laser power was then applied to melt a thin Fe-
10Cr-4Al-RE layer on a plate made of austenitic 316L stainless steel. In order to enhance the
welded samples’ mechanical properties, aiming to bear the nuclear-grade bending tests, the
welding strategy and welding parameters were optimized based on metallurgical analyses
and mechanical tests performed on the welded samples.

2. Material and procedures
2.1. Preparation of the Nuclear-Grade 316L Plate

The possibility of welding a protective Fe-10Cr-4Al-RE layer on a nuclear-grade
SS316Lplain plate was studied. The plain plate with a thickness of 40 mm was manufactured
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according to the design of the reactor vessel wall of the China-Initiated Accelerator-Driven
System (CiADS). The plain plate was hot rolled from the bulk nuclear-grade 316L steel
manufactured under the standard of BTXG 018-2011 and qualified to the specifications
listed in Table 1.

Table 1. Specifications of the plain plate samples.

Chemical Composition

C Si Mn P S Cr Ni N Co Mo
22 43 144 17 2 1737 1227 600 4 233

Mechanical Characteristics

Yield Stress, MPa Tensile Stress, MPa Elastic Length, % Average Hardness, HBW Grainess, ASTM
grainess grade

277 565 59 163.0 6.5–4.0

The Fe-10Cr-4Al-RE weld wire was imported from Kanthal AB, which was reported
to be able to tolerate at least 1760 h corrosion from static liquid Pb at 900◦C, thanks to the
formation of a stable alumina protective layer at the contact surface when the oxygen level
in liquid Pb was properly controlled [16]. The Fe-10Cr-4Al-RE alloy was imported as weld
wires with 1.2 mm diameter.

2.2. FeCrAl Alloy Filler Material

The process of overlaying an FeCrAl thin layer on a plain plate made of nuclear-grade
316L stainless steel was described. The weld wire was provided by Kanthal AB, and is
described in Table 2.

Table 2. Information of the weld wire.

Type Diameter, mm Batch No. Manufacturer Batch Weight, kg

Fe-10Cr-4Al-RE alloy 1.2 99324/142136 Kanthal AB/Sandvik 15

The elementary composition of the weld wire was analyzed using the Leco CS600
Carbon/Sulphur analyzer and ICP 725-ES inductively coupled plasma—optical emission
spectroscopy following the ASTM-A751 standard procedures. The measured elementary
vector is listed in Table 3, from which we can notice that the Al and Cr contents are relatively
high, to enhance the formation of a protective oxide layer at the contact surface with the
high-temperature Pb-based coolant.

Table 3. Elementary composition of weld wire (wt.%).

Ni Cr Al C Si Mn

0.10 10.9 4.68 0.020 0.28 0.20
Fe Ti Cu Nb + Ta S

Balanced 0.21 0.014 0.38 <0.001

2.3. Welding Processes

The overlay process was performed using both Ar-protected TIG welding and laser
welding in individual processes, in order to determine the most economic, efficient and
qualified coating strategy. A Panasonic YC400TX DC power source was used in the manual
TIG welding process. Since laser welding requires more precise control of both the laser
power and weld wire feeding speed, a laser welding station was proposed, consisting of a
control cabinet, an MFSC 3000X single-module continuous-wave (CW) fiber laser generator,
a WF007A weld wire feeding machine, a FANUC mechanical arm with a laser head, and a
water cooling system, as shown in Figure 1.
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Figure 1. The layout of the laser welding station.

2.4. Experimental Procedures and Results
2.4.1. Manual TIG Welding and Results

Manual Ar-protected TIG welding was performed with the Fe-10Cr-4Al-RE weld wire
in its original size, being equal to 1.2 mm in diameter. The thickness of the welding layer is
around 3 mm, consisting of three sub-layers, as shown in Figure 2. The welding parameters
are listed in Table 4. As shown in Figure 2, the welded surface is fairly rough and twisted,
which was considered to be mainly caused by the significant melting and cooling shrinkage
incurred by the high welding temperature.
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Table 4. The first-round TIG welding parameters.

Current, A Voltage, V Welding Speed,
mm/min Heat Input, KJ/mm Pre-Heating

Temperature, ◦C

130 12 85–100 0.936–1.101 150
Max. interpass

temperature, ◦C Polarity Tungsten bar size, mm Protective gas Ar gas flowrate, L/min

150–165 DCEN 3.0 99.999% Ar 13

91



Materials 2022, 15, 3541

Elementary compositions of the melt zone were analyzed with the OBLF QSG750
spark spectrometer with Ar gas, and are summarized in Table 5. The testing sample was
polished using sandpaper with a mesh size of 80, and cleaned with high-purity alcohol.
The pure Ar gas (purity of 99.999%) was supplied to the facility with apressure of 3 bar and
a flowrate of 800 L/h.

Table 5. Elementary composition of the melt zone (wt.%).

C Si Mn P S Ni Cr Mo

0.018 0.30 0.22 0.012 0.003 0.11 9.37 0.029
V Co Cu Ti Nb W Al /

0.026 0.013 0.022 0.21 0.46 0.15 3.37 /

Micro-hardness tests were performed for different layers of the welded sampleusing
the Wilson Tukon 2100B micro-hardness tester, and by following the standard procedure
GB/T-2654.The results are listed in Table 6. We observed a reduction in hardness from
the welded layer to the base material. This phenomenon was considered to be mainly
caused by the difference between the elementary compositions of FeCrAl weld wire and
the austenitic stainless steel base material, as can be noticed from Tables 1, 3 and 5. The
hardness of the melt zone is higher than that of the base material, but lower than the FeCrAl
weld wire, which was considered to be caused by the existence of Ti (formed during the
hardening phase) and quenching from forced cooling.

Table 6. Micro-hardness in different zones of weld overlay.

Parent metal area 185, 188, 181

Heat affected area 211, 209, 196

Hardfacing layer 265, 216, 200

After polishing the welded surface and performing the liquid penetrate test (PT), long
cracks (as circled in Figure 3) penetrating the whole welding layer can be noticed in the
central part of the test plate. This confirms the limitation of applying traditional manual
TIG welding and, therefore, the necessity of developing an upgraded welding strategy.
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In addition, side bending tests were performed on the first round of TIG welded
samples. Significant cracks can be observed (Figure 4), which can mainly be explained
by the huge columnar grains, which cross the whole welded layer, as shown in Figure 5.
The side bending tests were performed with a 30-ton bend tester (GW40F) following the
ANSI/AWS B4.0-2000 standard procedures. The welded plates were then cut into test
specimens with a size of 150 × 40 × 10 (mm).
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2.4.2. Laser Welding Process and Results

Since our experience of welding an FeCrAl layer on a stainless steel plate is quite lim-
ited, information from open literature was collected as a reference plan. Firstly, parameter
tests were conducted to obtain a set of welding parameters that can prevent the formation
of cracks during welding processes, as described above. Secondly, bending tests were
conducted to check its suitability for bending.

After a series of trial tests, a proper set of welding parameters that can prevent the
formation of cracks after welding processes was proposed, as listed in Table 7. Using this
set of parameters, a test plate coated with Fe-10Cr-4Al-RE was manufactured, as shown in
Figure 6. Side bending tests and metallographic inspections were then performed on the
test plate. The test results show quite limited improvement in the mechanical behaviors of
the test samples using this set of welding parameters. There are still many cracks that can
be observed, as shown in Figure 7. This is mainly due to the size and the shape of grains
inside the overlay layer, as can be noticed in Figure 8.

Table 7. Welding parameters to survive the welding processes.

Laser Power, W Welding Speed,
mm/s

Wire Feeding
Speed, mm/min

Defocusing
Amount, mm

Ar Flowrate,
L/min

1600 12 130 +60 25
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It was reported in this author’s former articles that cracking during bending tests
could be solved by reducing the grain size in welded samples, using a thinner weld wire
with a 0.2 mm diameter and adjusting the welding parameters correspondingly. The laser
power was set at a very low level. As discussed above, a surface layer thicker than 0.5 mm
should be fully sufficient for corrosion resistance. Therefore, the thickness of the coating
will not be a key problem to be considered during welding parameter optimization. The
growth of crystal grains depends on the melting time at high temperature, so welding
parameters can be optimized by reducing the heat input and increasing the welding speed
to enhance surface cooling, and by matching the feeding speed of the weld wire to obtain a
thinner coating layer with smaller grains inside.

After a series of tests, a set of optimized parameters were obtained: the laser power
was set at 1500 W, the welding speed was set at 18 mm/s, the wire feeding speed was
set at 100 cm/min, and the defocusing amount was set at +60 mm. The second test plate
was overlaid using this set of parameters, as shown in Figure 9, and the side bending test
and metallographic inspection were carried out against this sample plate, as shown in
Figures 10 and 11.
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3. Discussion

Judging from the crack direction in the sample plate prepared with TIG welding,
the source of cracks is close to the fusion line, and it will extend upward along the grain
boundaries in the weld layer. Feather-like upper bainite was found in the dilution zone
near these crack source points, as shown in Figure 5. The formation of cracks was then
considered to be mainly caused by the brittleness of the micro-structure in the welding layer
and the concentration of thermal stress. The production of upper bainite was considered
to be mainly related to the chemical composition in the weld dilution zone, as well as the
low interlayer temperature incurred by insufficient preheating. The welded line mainly
consists of ferrite and granular brittle precipitates, which enables its plasticity and, thus,
causes significant expansion.

The welding layer obtained from the laser welding using the first set of parameters
is about 1.0 mm thick. The surface of this layer contained pores and fairly coarse grains,
as can be observed in Figure 8. During the side bending tests, multiple cracks appeared
and the crack depth exceeded more than half of the weld layer. After optimization of the
laser welding parameters, the thickness of the coating layer was polished and tested. No
defects could be found after PT tests, and the remaining coating layer was reported to be
around 0.6–0.7 mm thick (as shown in Figure 10). As can be noticed from Figure 11, much
finer columnar grains were reported to appear at the surface of the welding layer, and no
obvious pores or feather-like upper bainite could be found, which could be used to explain
its better mechanical properties when compared to the samples prepared using manual
TIG welding. Moreover, as can be observed from Figure 12, no visible cracks were found
after the side bending tests, which can preliminarily prove the feasibility of improving
the mechanical performances of the sample plate by reducing the thickness of the welded
layer and refining the grains inside it. This could be realized by properly adjusting the
operational parameters of laser welding processes.
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4. Conclusions

In order to obtain a proper welding strategy to overlay an FeCrAl alloy on a nuclear-
grade austenitic 316L stainless steel plate, both traditional TIG welding and high-frequency
laser welding were investigated and optimized, with the aim of surviving the nuclear-grade
side bending tests, to match the conditions that could possibly be incurred by temperature
changes or irradiation during the operation of CiADS. After the series of laser surfacing
tests performed using Fe-10Cr-4Al-RE weld wire described in this article, the following
conclusions can be preliminarily obtained:

1. The flatness, straightness, and smoothness of the weld bead from the laser welding
discussed in this article are far better than those of the argon arc welding stated above;

2. Upgraded welding parameters can provide refined grains in the welded layer with a
size of 50–300 µm;

3. The sample plates with laser weld overlay were reported to be able to pass the nuclear-
grade side bending test. This preliminarily proves the possibility of applying this set
of welding parameters to overlay an Fe-10Cr-4Al-RE alloy on the inner surface of a
lead-cooled fast reactor vessel;

4. Operational parameters of the laser welding process will have significant impacts on
the microstructures of a welding layer, especially the grain size within it, which will
affect the mechanical properties of welded samples;

5. The high-frequency low-power laser surfacing technology proposed in this article
is suitable for producing a thin coating layer, comparable to that of the traditional
TIG/MIG welding techniques. The thickness of a single welding layer can reach 1
mm and still be able to provide satisfying surface quality and mechanical properties.

The high-frequency low-energy laser welding system proposed in this article has been
preliminarily proven to be suitable to overlay an Fe-10Cr-4Al-RE protective layer on a
nuclear-grade austenitic 316L stainless steel plate, without causing cracks after welding
or side bending, thanks to the refined grain structures in the melt zone. Since this kind of
welded plate could be used to manufacture the wall of the CiADS main vessel, irradiation
effects on the micro-structures of these plates should also be investigated by performing
irradiation tests, and such tests are already planned by the authors.
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Abstract: Carbon fiber (CF) composites performance enhancement is a research hotspot at present. In
this work, first, a sandwich structure composite, CF@(carbon nanotube/Fe3O4)/epoxy (CF@(CNT/
Fe3O4)/EP), is prepared by the free arc dispersion-CFs surface spraying-rolling process method,
herein, CFs in the middle layer and (CNT/Fe3O4)/EP as top and substrate layer. Then, CF@(CNT/
Fe3O4)/EP (on both sides) and CFs (in the middle) are overlapped by structure design, forming a mul-
tilayer CF@(CNT/Fe3O4)/EP-CFs composite with a CFs core sheath. A small amount of CNT/Fe3O4

is consumed, (CNT/Fe3O4)/EP and CFs core sheath realize thermal and electrical anisotropy and
directional enhancement, and multilayer sandwich structure makes the electromagnetic interference
(EMI) shielding performance better strengthened by multiple absorption–reflection/penetration–
reabsorption. From CF-0 to CF-8, CNT/Fe3O4 content only increases by 0.045 wt%, axial thermal
conductivity (λ‖) increases from 0.59 W/(m·K) to 1.1 W/(m·K), growth rate is 86%, radial thermal
conductivity (λ⊥) only increases by 0.05 W/(m·K), the maximum λ‖/λ⊥ is 2.9, axial electrical con-
ductivity (σ‖) increases from 6.2 S/cm to 7.7 S/cm, growth rate is 24%, radial electrical conductivity
(σ⊥) only increases by 0.7 × 10−4 S/cm, the total EMI shielding effectiveness (EMI SET) increases by
196%, from 10.3 dB to 30.5 dB. This provides a new idea for enhancing CFs composite properties.

Keywords: carbon nanotubes; structural composites; plasma spraying

1. Introduction

With the rapid development of aerospace, transportation, energy, medical and health
fields, there is an urgent need for materials with excellent thermal/electrical conductivity
properties and electromagnetic interference shielding effectiveness (EMI SE) to adapt
to the work in complex environments. Carbon fiber (CF) composites are widely used
because of its high strength, high modulus, light weight and easy molding [1–5]. However,
the poor magnetic property for CFs limits the further improvement of EMI SE [6]. In
addition, the epoxy resin (EP), which is often used as the matrix of CF composites, has
advantages of light weight, designability and easy processing [7], but its low intrinsic
thermal conductivity (0.1~0.4 W/(M·K)) [8,9] and EMI SE (about 2 dB) [10] limit the
performance of CF composites. Therefore, the preparation of CF composites with excellent
thermal/electrical conductivity properties and EMI SE has become a research hotspot.

Adding nanofillers is one of the effective methods to prepare high performance com-
posites [11–13]. Carbon nanotubes (CNTs) have excellent thermal and electrical proper-
ties [14,15] and are often used as an ideal material to enhance thermal/electrical conduc-
tivity properties of CF composites [16,17]. Moreover, because of their good dielectric loss
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characteristic, CNTs are a good choice for EMI shielding materials [18–20], and CFs have
similar characteristic [21–23]. However, if CNTs and CFs are simply combined, although
CF-CNT composites have good thermal and electrical properties, lacking magnetic property
and impedance mismatch [6] will make CF-CNT composites have weak electromagnetic
wave absorption and high electromagnetic reflectance, which result in secondary electro-
magnetic pollution [24,25]. The matching of electrical and magnetic properties is the key
to obtain good shielding effect in the wide frequency range [26]. Therefore, in order to
supplement the magnetic property lacking for CFs and CNTs and enhance magnetic loss,
Fe3O4, Fe2O3, Fe, Ni, Co and other magnetic particles are usually introduced to cooperate
with CNTs [27–30]. Main methods include in situ growth [31,32] and mechanical blend-
ing [33,34]. Among of them, Fe3O4 has a low toxicity and good biocompatibility as a more
efficient shielding material. Furthermore, because of the large saturation magnetization
of Fe3O4, they can provide a high value of complex permeability. Fe3O4 can exhibit the
skin effect, their high resistivity allowing the electromagnetic waves to enter effectively.
Therefore, CNT/Fe3O4 as a material with dual magnetic and dielectric properties could
be important to achieve excellent thermal, electrical and EMI shielding effectiveness. On
this basis, Li et al. [35,36] propose a free arc dispersion method, which can rapidly disperse
nanomaterials and produce nanomaterials dispersion fog with good dispersion degree in
the air. In addition, this method can disperse variety of nanomaterials at the same time,
and the dispersed nanomaterials have a good mixing effect. This seems to well meet the
need of collaborative use for the Fe3O4 and CNTs.

Another method to prepare high-performance composites is structure design to obtain
composites with specific functions [37–43]. On the one hand, in order to meet the require-
ments of directional heat dissipation or electrical conductivity for composites, composites
are required to have anisotropy [37,38]. On the other hand, the single-layer shielding
structure is not easy to achieve high absorption loss, so sandwich structure, multilayer
structure and porous structure begin to appear [39–42]. Based on the difference between
the radial and axial thermoelectric properties of CFs and CNTs, if CNTs are extended
along the CFs axial direction to form a CNTs network that is attached to the CFs surface,
meanwhile, the Fe3O4 is mixed in the CNTs network by the free arc dispersion method, and
CF composites with both thermal and electrical anisotropy and the EMI shielding property
can be obtained. Furthermore, multilayer CF composites constructed by the above material
can not only achieve the directional enhancement of thermal and electrical anisotropy
for CF composites but also realize EMI shielding performance enhancement by multiple
absorption–reflection/penetration–reabsorption when electromagnetic waves pass through
each layer of CF composites.

Here, as step one, CF@(CNT/Fe3O4)/EP with sandwich structure is prepared by
the free arc dispersion-CFs surface spraying-rolling process method, CFs in the middle
layer, and (CNT/Fe3O4)/EP as top and substrate layer. Step two, CF@(CNT/Fe3O4)/EP
(on both sides) and CFs (in the middle) are overlapped by structure design, forming
multilayer CF@(CNT/Fe3O4)/EP-CFs composite with CFs core sheath. The structural
morphology of CNT/Fe3O4 and CF@(CNT/Fe3O4)/EP are characterized by scanning
electron microscopy (SEM), Raman spectroscopy and X-ray diffraction (XRD). The influence
of multilayer sandwich structure on thermal and electrical anisotropy and EMI SE of
multilayer CF@(CNT/Fe3O4)/EP-CFs composite is studied.

2. Materials and Experiments
2.1. Materials

CNTs (GT-300, length 15–30 µm, diameter 5–15 nm) were provided by Shandong
Dazhan Nano Materials Co., Ltd., Binzhou, China. Fe3O4 (diameter 20 nm) was pur-
chased from Nanjing Emperor Nano Materials Co., Ltd., Nanjing, China. CF (T700SC,
diameter 7 µm) was supplied from Lianyungang Zhongfu Shenying Carbon Fiber Co.,
Ltd., Lianyungang, China. Epoxy resin (MF-4101H) and curing agent (ZH-520), Curing
temperature T1 = 150 ◦C, T2 = 180 ◦C, curing time T1 = 2 h, 2 = 2 h, was obtained from
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Hubei Zhen Zhengfeng Advanced Materials Co., Ltd., Huanggang, China. Deionized water
(DI water) was used as a dispersive working medium.

2.2. Experiments

Step1, free arc dispersion-CFs surface spraying-rolling process method
CNTs, Fe3O4 and DI water were mixed at a mass ratio of 1:3:10 and thoroughly stirred

for 10 min, putting in the mold and applying 10 kg pressure to extrude into a cylindrical
block (diameter 30 mm and height 10 mm). According to the free arc dispersion method of
Li et al. [35,36], the cylindrical block was placed between the high-voltage pulse electrodes
for dispersion, the voltage was 12 KV, the frequency was 10 Hz, the positive electrode used
titanium grid, the negative electrode used titanium plate and CNT/Fe3O4 dispersion fog
was obtained. At the same time, CNT/Fe3O4 dispersion fog passed through the spraying
channel and was sprayed on continuously moving CFs surface by negative pressure airflow
traction, and CFs movement speed was 0.01 m/s. The sprayed CFs moved into the
heating box for heating at 100 ◦C to obtain CF@(CNT/Fe3O4). Finally, EP was poured
on CF@(CNT/Fe3O4), after rolling, CNT/Fe3O4 was laid on the CFs surface to construct
CNT/Fe3O4 network and CF@(CNT/Fe3O4)/EP was prepared. The above processes were
simultaneous and continuous.

Step2, structure design
Pure CFs was placed in the middle as the core sheath, and CF@(CNT/Fe3O4)/EP

was overlapped on the upper and lower sides of pure CFs, putting into the mold, and
transferring to the heating box for curing, multilayer CF@(CNT/Fe3O4)/EP-CFs composite
was obtained. Curing temperature T1 = 150 ◦C, T2 = 180 ◦C, curing time T1 = 2 h, T2 = 2 h.
The sample size was 2 mm × 12 mm × 20 mm.

After calculation, the CFs volume fraction was 60% and the volume fraction of EP
was 40% in the sample. Considering the sample performance gradient and consistency of
composite size, the total number of layers for CF@(CNT/Fe3O4)/EP and pure CFs was
fixed to 8. The schematic diagram of CFs overlapping method and the description of
treatment for each experimental group were shown in Table 1.

Table 1. Description of each experimental group treatment.
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Experiment
Group

Spraying and Roll
Treatment Filler

The Amount of
CNT + Fe3O4

(mg/cm3)

The Content of
(CNT/Fe3O4)

CF-0 None None 0 0
CF-2 1© 8©

CNT
and

Fe3O4

0.04 + 0.12 = 0.16 0.011 wt%
CF-4 1© 2© 7© 8© 0.08 + 0.24 = 0.32 0.023 wt%
CF-6 1© 2© 3© 6© 7© 8© 0.12 + 0.36 = 0.48 0.034 wt%
CF-7 1© 2© 3© 5© 6© 7© 8© 0.14 + 0.42 = 0.56 0.040 wt%
CF-8 1© 2© 3© 4© 5© 6© 7© 8© 0.16 + 0.48 = 0.64 0.045 wt%

2.3. Characterizations

Field emission scanning electron microscope SEM (SU-8010, Hitachi, Tokyo, Japan) was
applied to observe the surface distribution and morphology of CFs and composites. Raman
spectrometer (InVia Reflex, Renishaw, London, UK) was used to analyze the material struc-
ture of CNT and Fe3O4, and the laser wavelength was 532 nm. X-ray diffractometer XRD
(MiniFlex 600, Rigaku, Tokyo, Japan) was used to characterize the atomic structure of CNT
and Fe3O4, and the scanning speed was 10◦/min, the range was 20–80◦. Thermal constant
analyzer (TPS2500S, Hot Disk, Uppsala, Sweden) was used to test the thermal conductivity
of multilayer CF@(CNT/Fe3O4)/EP-CFs composite according to the standard of ISO22007-
2-2015. Electrical conductivity of multilayer CF@(CNT/Fe3O4)/EP-CFs composite was
measured by four probes resistance tester (RTS-8, Guangzhou Four Probes Technology,
Guangzhou, China), and micro-current tester (ST2643, Suzhou Jingge, Suzhou, China)
was used to test interlaminar resistivity of multilayer CF@(CNT/Fe3O4)/EP-CFs compos-
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ite. Vibrating sample magnetometer VSM (7404, LakeShore, OH, USA) was employed to
test the magnetization hysteresis loops of CFs, CNT/Fe3O4 and CF@(CNT/Fe3O4)/EP
at room temperature. Vector network analyzer (ZNB20, Rohde & Schwarz, Munich,
Germany) was employed to measure the S11, S22, S12 and S21 parameters of multilayer
CF@(CNT/Fe3O4)/EP-CFs composite according to the standard of ASTM D5568-08, fre-
quency was X-band (8.2–12.4 GHz). the total EMI SE (SET), reflection EMI SE (SER) and
the absorption EMI SE (SEA) of multilayer CF@(CNT/Fe3O4)/EP-CFs composite were
calculated according to the following formula [44]:

SET = 10lg

(
1

|S12|2

)
(1)

SER = 10lg

(
1

1− |S11|2

)
(2)

SEA = 10lg

(
1− |S11|2

|S12|2

)
(3)

3. Results and Discussion

Figure 1 is the schematic diagram of multilayer CF@(CNT/Fe3O4)/EP-CFs composite
preparation process. “Free arc dispersion” can disperse CNTs and Fe3O4 at the same
time and obtain the CNT/Fe3O4 dispersion fog with well mix and dispersion degree.
“CFs surface spraying” can spay CNT/Fe3O4 dispersion fog onto the CFs surface rapidly.
“Rolling process” can flatten the 3D-CNT/Fe3O4 and form the 2D-(CNT/Fe3O4)/EP layer,
while making CNTs has direction, which is beneficial to enhance the interlayer insulation
performance, achieving thermal and electrical anisotropy of CF composites. Based on
this, a sandwich structure composite (CF@(CNT/Fe3O4)/EP) with CFs in the middle layer
and (CNT/Fe3O4)/EP as top and substrate layer is prepared. Furthermore, through the
structure design, the CFs is placed in the middle as core sheath and CF@(CNT/Fe3O4)/EP
is placed on both sides to prepare a multilayer sandwich structure CF composite (multilayer
CF@(CNT/Fe3O4)/EP-CFs composite).

As is shown in Figure 2a, the left side is pure CFs, and the middle and right side are
the CFs sprayed with CNT/Fe3O4 dispersion fog. It can be clearly seen that pure CFs
has a light color and luster, but the CFs sprayed with CNT/Fe3O4 dispersion fog appears
darker color. This is because the adsorption of CNTs and Fe3O4 on the CFs surface and
changes the diffuse reflection of CFs surface. Figure 2b shows that pure CFs has a smooth
surface without any substance. Figure 2c,d show the attachment of CNT/Fe3O4 when
CFs moving speed is 0.01 m/s and 0.02 m/s, respectively. The faster CFs moving speed,
the less CNT/Fe3O4 is deposited, and the lighter color is appeared on the macroscopic
(Figure 2a, right). At the same time, CNTs and Fe3O4 have high dispersion degree and
without obvious agglomeration, CNTs is connected to each other and extend to the radial
and axial directions of CFs, presenting a 3D distribution, Fe3O4 is interspersed in the CNTs
network, and adsorbed on the CFs surface. On the one hand, CNTs and Fe3O4 are coated by
the size agent on the CFs surface, which establishes the physical association between CFs
and CNT/Fe3O4 [45]. On the other hand, this may be related to the high specific surface
area of CFs [46]. Figure 2e shows the sandwich structure CF@(CNT/Fe3O4)/EP composite
obtained after rolling, with CFs in the middle and the thickness of (CNT/Fe3O4)/EP
distributed on both sides is about 2 µm, which is uniformly attached to the CFs surface. It
can be clearly seen in Figure 2f,g that CNTs and Fe3O4 are coated in EP, in which CNTs is
attached to the CFs surface and distribute in the axial direction of CFs only, and Fe3O4 is
interspersed in CNTs network with uniform distribution. This morphology is obviously
different from Figure 2c,d; this indicates that the effect of rolling makes CNT/Fe3O4 change
from 3D to 2D planar structure, which is conducive to maintaining the insulation between
CFs layers.
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dle, and low content CNT/Fe3O4 at right. (b) SEM of pure CFs. (c) CF@(CNT/Fe3O4) with
no rolling and high content CNT/Fe3O4, and (d) with no rolling and low content CNT/Fe3O4.
(e) CF@(CNT/Fe3O4)/EP with rolled treatment, CFs in the middle and CF@(CNT/Fe3O4) on both
sides. (f,g) CF@(CNT/Fe3O4)/EP locally enlarged image; lying CNTs are coated by EP.
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Considering that CNTs and Fe3O4 may change their properties under the action of
free arc, Fe3O4 may be converted into Fe2O3 at high temperature [47]. The Raman of
CNT/Fe3O4 dispersion fog obtained using the free arc dispersion method is compared with
pure CNTs (Figure 3a). CNT/Fe3O4 dispersion fog has characteristic peaks at 1341 cm−1

(D-line) and 1578 cm−1 (G-line), which are the characteristic peaks of carbonaceous com-
pounds [48,49]; this parameter complies with the CNT standard spectrum. In addition,
the ID/IG values of CNTs/Fe3O4 and CNTs are 1.15 and 1.12, respectively; this indicates
that the graphitization degree of CNTs is not affected by the free arc. Figure 3b shows the
comparison of CNT/Fe3O4 dispersion fog Raman image and Fe3O4 standard spectrum,
and the result is also consistent [50,51]. It demonstrated that the structure of CNTs and
Fe3O4 do not change, and CNT/Fe3O4 dispersion fog has a higher purity, only containing
CNTs and Fe3O4; there are no other substances. XRD image (Figure 3c) shows that the
diffraction peaks of CNTs and Fe3O4 are in good agreement with CNT/Fe3O4 dispersion
fog, respectively; there are corresponding diffraction peaks at particular diffraction an-
gles [52,53]. The above characterizations indicate that CNTs and Fe3O4 maintain good
material structure during free arc dispersion and spraying.
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Radial thermal conductivity (λ⊥) of the multilayer CF@(CNT/Fe3O4)/EP-CFs com-
posite is shown in Figure 4a. The λ⊥ of CF-0 is 0.38 W/(m·K), and the λ⊥ of CF-2 to CF-7
remains stable at about 0.38 W/(m·K) with the increase of CNT/Fe3O4. This is because
CNT/Fe3O4 changes from 3D to 2D plane due to the rolling treatment. CNTs with excellent
thermal conductivity (about 3000 W/(m·K)) [54] are attached to the CF surface and cov-
ered by EP [8] with high insulation, forming (CNT/Fe3O4)/EP. It makes cross-plane heat
conduction in the multilayer CF@(CNT/Fe3O4)/EP-CFs composite not easy. In addition,
due to the presence of contact thermal resistance between CFs [55], the CFs core sheath in
CFs 2 to CFs 7 forms radial thermal insulation layer. Both (CNT/Fe3O4)/EP and CFs core
sheath form the multilayer thermal insulation system. λ⊥ of CF-8 increases slightly. From
CF-7 to CF-8, λ⊥ increases from 0.38 W/(m·K) to 0.44 W/(m·K). The main reason is that
CF-8 does not contain a CFs core sheath; therefore, the radial thermal insulation layer is
lost, but because of the (CNT/Fe3O4)/EP, the increase of λ⊥ is not significant.

Axial thermal conductivity (λ‖) of the multilayer CF@(CNT/Fe3O4)/EP-CFs composite
is shown in Figure 4b. Different from λ⊥, with the increase of CNT/Fe3O4 content, λ‖
increases. When the amount of CNT/Fe3O4 is from 0 to 0.56 mg/cm3 (CF-0 to CF-7), λ‖
increases from 0.59 W/(m·K) to 1.1 W/(m·K), and the growth rate is 86%. The reason is that
CFs has excellent thermal conductivity [56], and the axial heat conduction is not affected by
EP and CFs core sheath. In addition, CNTs in the (CNT/Fe3O4)/EP forms a good thermal
conductivity network [57]; the higher CNTs content, the more abundant CNTs network,
and the higher heat conduction efficiency. When the amount of CNT/Fe3O4 is changed
from 0.56 to 0.64 mg/cm3 (CF-7 to CF-8), λ‖ hardly changes, but the instability (standard
deviation) increases. The main reason is that CF-8 does not have CFs core sheath, the barrier
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of radial heat conduction is greatly reduced, so the heat conduction has a component in
radial. Thus, the increase in axial thermal conductivity is limited and the heat transfer
randomness is increased.
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The difference between λ‖ and λ⊥ indicates that the CFs core sheath and (CNT/Fe3O4)/
EP have influence on the thermal anisotropy of multilayer CF@(CNT/Fe3O4)/EP-CFs
composite. Figure 4c directly represents the difference between λ‖ and λ⊥of multilayer
CF@(CNT/Fe3O4)/EP-CFs composite, the larger value of λ‖/λ⊥, the more significant
thermal anisotropy. From CF-0 to CF-7, λ‖/λ⊥ gradually increases, while CF-7 to CF-8
starts to decrease. Obviously, the λ‖/λ⊥ of CF-7 is higher than CF-8; this is attributed to
the CFs core sheath in CF-7. On the one hand, the CFs core sheath stabilizes λ⊥; on the
other hand, the CFs core sheath eliminates the radial component of heat conduction to
ensure λ‖ promotion. For CF-8, the large λ⊥ and the similar λ‖ make its thermal anisotropy
insignificant compared to CF-7. Figure 4d shows that within the 30–200 ◦C, the λ⊥ of
CF-8 with rolling treatment (about 0.4 W/(m·K)) is lower than no rolling treatment (about
1.4 W/(m·K)). This shows from the performance point of view that the (CNT/Fe3O4)/EP
formed by rolling can effectively reduce the heat transfer between layers. Combined
with the difference between λ‖ and λ⊥, the main reason is that CNTs have high axial
thermal conductivity [58], and rolling makes CNTs attach to the CFs surface and extend
along the axial direction of CFs. At this time, heat can be transferred along the CFs axial
direction; however, due to the coverage of EP and the direction of CNTs, radial heat transfer
is difficult.
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Radial electrical conductivity (σ⊥) of multilayer CF@(CNT/Fe3O4)/EP-CFs compos-
ite is shown in Figure 5a. The σ⊥ of CF-0 to CF-7 is generally stable, maintaining at
1.1 × 10−4 (S/cm), while the σ⊥ of CF-8 is increased to 1.7 × 10−4 (S/cm), showing a
slight improvement. The main reason is that CNTs has low resistance/high electrical
conductivity (105–107 S/m) [59,60], and adding CNTs to the composite can improve elec-
trical conductivity. Similar to the thermal conductivity, due to the insulation effect of
(CNT/Fe3O4)/EP and CFs core sheath, the cross-plane electrical conduction in multilayer
CF@(CNT/Fe3O4)/EP-CFs composite is difficult to carry out. Because CF-8 does not have
CFs core sheath and CNTs enhance the electrical conductivity of EP [61], so the σ⊥ of CF-8
obtains some improvement.
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axial electrical conductivity σ‖comparison of CF, CF@ (CNT/Fe3O4) and CF@CNT composite (b),
interlaminar resistivity comparison of roll treatment (c).

As shown in Figure 5b, axial electrical conductivity (σ‖) is higher than σ⊥, the σ‖ of
CF-0, CF-8 and CF@CNTs (the content of CNTs is 0.64 mg/cm3) are 6.2 S/m, 7.7 S/m and
9.4 S/m, respectively, showing increase trend. The main reason is that σ‖ is not restricted
by (CNT/Fe3O4)/EP, CFs core sheath and interlamination contact resistance, and CFs have
high axial electrical conductivity (about 670 S/cm) [62]. The σ‖ of CF-8 is higher than
CF-0 because CNTs is contained in the filler, and the CNTs direction is along the CFs axial
direction, which helps to improve the axial electrical conductivity of EP and composite. In
addition, although the same mass of CNTs (0.64 mg/cm3) is added in CF@CNT composite,
the σ‖ of CF@CNT is higher than CF-8. This is attributed to the fact that Fe3O4 has poor
electrical conductivity [63], CF-8 contains 0.48 mg/cm3 Fe3O4 and CNTs content is much
lower than CF@CNT, which makes low electrical conductivity for CF-8.

Figure 5c shows that the interlaminar resistivity of multilayer CF@(CNT/Fe3O4)/EP-
CFs composite with rolling is generally higher than no rolling. The main reason is that
CNTs no rolling may penetrate EP, thus connecting adjacent CFs, forming CFs-CNTs-CFs
interlayer electric conduction pathway, which reduces the macroscopic resistivity and
influences the interlamination insulation performance of the composite.

The magnetic property of CFs, CNT/Fe3O4 powder and CF@(CNT/Fe3O4)/EP are
tested, and the results are shown in Figure 6a. CFs has no magnetic, and the saturation
magnetization (Ms) of CNT/Fe3O4 powder is 40 emu/g, when combined with CFs and EP,
the Ms decreases to 2.6 emu/g, which is mainly attributed to CNT/Fe3O4 is coated [64].
It can be seen from local magnification (Figure 6b) that the coercivity (Hc) of CNT/Fe3O4
powder and CF@(CNT/Fe3O4)/EP are 66.6Oe and 64.6Oe, respectively. The similar Hc
values indicate that free arc has no effect on the antidemagnetization ability of CNT/Fe3O4.
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The SET, SER and SEA of CF-0 to CF-8 are shown in Figure 6c–e. The higher CNT/Fe3O4
content, the higher SET, SER and SEA value, and the SEA value is greater than SER. In
CF@(CNT/Fe3O4)/EP, electromagnetic wave interacts with Fe3O4 first when passing
through (CNT/Fe3O4)/EP, part of the electromagnetic wave is absorbed due to hystere-
sis loss and natural resonance, and the rest will reach the CFs surface. Here, a part of
electromagnetic wave is reflected back to (CNT/Fe3O4)/EP due to impedance mismatch,
and the remaining part will pass through CFs to (CNT/Fe3O4)/EP on the other side [55].
CF@(CNT/Fe3O4)/EP with sandwich structure attenuates electromagnetic wave by mul-
tiple absorption, reflection and scattering processes and improves its EMI shielding per-
formance [65–67]. Due to multilayer CF@(CNT/Fe3O4)/EP-CFs composite having more
than one layer of CF@(CNT/Fe3O4)/EP, it provides more opportunities for electromagnetic
wave propagation, so the above attenuation process of absorption–reflection/penetration–
reabsorption for electromagnetic wave will be repeated many times and strengthens EMI
shielding performance. In this process, since absorption is the main attenuation mode of
electromagnetic wave, so the value of SEA is greater than SER. In addition, as the electro-
magnetic wave is absorbed, the heat (converted by the electromagnetic wave) generated by
the electrical loss and magnetic loss accumulates inside the composite, which will cause
the composite temperature increase.

Figure 6f shows the average values (SEave) of SET, SER and SEA in X-band (8.2–12.4 GHz).
When the amount of CNT/Fe3O4 is 0 (CF-0), the SEave of SET, SER and SEA are 10.56 dB,
2.03 dB and 8.53 dB, respectively. When the addition of CNT/Fe3O4 is increased to 0.64
mg/cm3 (CF-8), compared with CF-0, the SEave of SET, SER and SEA are increased by 172%,
159% and 175% respectively. The reason is that CF-8 contains Fe3O4 while CF-0 does not,
so the magnetic loss and dielectric loss for Fe3O4 are missing, which greatly reduces the
electromagnetic wave absorption effect and leads to relatively poor EMI shielding perfor-
mance [68,69].
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Table 2 summarizes the λ, σ and EMI SE for some related polymer composites; it is
observed that multilayer CF@(CNT/Fe3O4)/EP-CFs composite prepared by this work has
good performances.

Table 2. Comparison of the λ, σ and EMI SE for some related composites.

Sample Loading λ

(W/(m·K))
σ

(S/cm)

Specific EMI
SE

(dB)

Thickness of
Sample
(mm)

Frequency
Range
(GHz)

Ref.

Fe3O4/CFs/Cement 0.4 wt% CF + 5wt% Fe3O4 - - 29.8 7 8.2–12.4 [70]
CF@Fe3O4/EP 20 wt% CF@Fe3O4 - - 22.7 2 8.2–12.4 [71]
PANI@nano-
Fe3O4@CFs

5 wt% of absorbing
segments - - 29 3 8.2–18 [72]

Gt-MWCNT/SiC/
HDPE

23.1 vol% Gt-MWCNT +
11.3 vol% SiC - - 14 2 8–12 [73]

RGO@GF/EP 40 wt% RGO-GF - - 21.3 10 8.2–12.4 [74]
PVDF@MWCNT/
BN

5 wt% MWCNT + 40 wt%
BN - - 4.34 2 8–12 [65]

Ni@MWCNTs/HDPE 3 wt% Ni@MWCNTs - - 12 3 0.5–1.5 [75]

CNTs-CFs/PF 25 wt% CNTs and 40 wt%
PF resin 0.636 - - - - [76]

Dry fabric/CNT mat 1.06 wt% CNT 1.386 - - - - [17]

CF + CNT
60 wt% CF and 40 wt%
resin
CF speed 0.01 m/s

- 1.4 - - - [45]

CF@(CNT/Fe3O4)/
EP-CFs 0.045 wt% CNT/Fe3O4 1.1 7.7 30.5 2 8.2–12.4 This

work

4. Conclusions

In this work, the multilayer CF@(CNT/Fe3O4)/EP-CFs composite is obtained by free
arc dispersion-CFs surface spraying-rolling process method and structural design. Under
circumstance of the content for CNT/Fe3O4 is very small, the (CNT/Fe3O4)/EP and CFs
core sheath achieve thermal and electrical anisotropy and directional enhancement for mul-
tilayer CF@(CNT/Fe3O4)/EP-CFs composite, multilayer sandwich structure makes the EMI
shielding performance better strengthened by multiple absorption–reflection/penetration–
reabsorption of electromagnetic wave. From CF-0 to CF-8, the content of CNT/Fe3O4 only
increases by 0.045 wt%, λ‖ increases from 0.59 W/(m·K) to 1.1 W/(m·K), the growth rate is
86%, λ⊥ only increases by 0.05 W/(m·K), and the maximum λ‖/λ⊥ is 2.9, σ‖ increases from
6.2 S/cm to 7.7 S/cm, growth rate is 24%, σ⊥ only increases by 0.7 × 10−4 S/cm and EMI
SET increases by 196%, from 10.3 dB to 30.5 dB. This provides a new idea for enhancing
CFs composite properties.
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Abstract: The track circuit reader (TCR) is an important part of train control systems. This paper
reports a failure of the TCR antenna baffle, which is used to prevent the TCR antenna from being
struck by foreign objects. The designed service life of the baffle is 4.8 million kilometers, but serious
cracking was found during routine maintenance after only 0.67 million kilometers of operation.
In order to avoid the hidden danger brought by the incident to the safe operation of the train, it
is necessary to conduct a complete failure analysis of the failed TCR antenna baffle. Therefore, a
comprehensive investigation of the base material, cleaning agents, crack morphologies, etc., was
carried out, and the failure environment of the antenna baffle was verified by experiment. The final
results show that the environmental stress cracking is the root cause of the failed antenna baffle, and
the multiple bubbles produced by the formed process of the antenna baffle are another important
cause. According to the conclusions, the solutions to prevent the reoccurrence of such failures are
proposed. After these solutions are adopted, the number of failed antenna baffles is greatly reduced,
which fully proves the correctness of this analysis.

Keywords: polyurethane rubber; antenna baffle; environmental stress cracking; bubble; failure analy-
sis

1. Introduction

The track circuit reader (TCR) is a signal subsystem used on some electric multiple
unit (EMU) trains with speeds over 300 km/h. As an important part of the train control
system, it reads the relevant track circuit information code and provides normal or braking
information for the onboard safety computer. According to the output information of the
TCR and the information of the ground transponder, the train control system ensures the
security of train operation. The TCR antenna is the exposed part of the TCR device. In
order to prevent the TCR antenna from being struck by foreign objects when the train is
running, a baffle is installed on the side of the TCR antenna to protect it. Due to excellent
physical and chemical properties, polyurethane rubber (PUR) is often used as TCR antenna
baffles (hereinafter referred to as antenna baffle). Once the baffle fails, the TCR antenna will
be exposed to a dangerous environment, which will bring danger to not only the normal
operation of the TCR device, but also the safe operation of the train. In addition, if the
antenna baffle cracks and falls on the track, it will bring derailment risk to high-speed
trains. Therefore, the failure of the antenna baffle deserves attention.

Due to its high hardness, good strength, high elasticity, wear resistance, tear resistance,
and aging resistance [1,2], PUR is widely used [3–6]. However, it turns out that like other
polymer materials [7], PUR also has its drawbacks. Under some specific circumstances,
these drawbacks are magnified. Ren et al. [8] studied the causes of inclusion defects on
the surface of strip steel caused by PU rolls. In order to clarify the source of inclusions,
morphology, and chemical composition of inclusions, wear debris and adhesion substances
on PU rollers were analyzed in detail. Finally, it was found that the wear of the PU roller
is the root cause leading to the inclusions. Junik et al. [9] researched the impact of the

Materials 2023, 16, 722. https://doi.org/10.3390/ma16020722 https://www.mdpi.com/journal/materials113



Materials 2023, 16, 722

hardness on the selected mechanical properties of rigid PU elastomers commonly used
in suspension systems. The results show that the hardness plays an important role in the
fracture sensitivity of PUR material, and in a certain hardness range, PUR with higher
hardness has higher toughness, wear resistance, and fatigue resistance. Wen et al. [10]
found that electrostatic cumulative discharges on the surfaces of PU elastomers could lead
to accidents and disasters, such as equipment failures, fires, and explosions, in industries.
In order to solve this problem, they adopted the method of embedding copper foam in
PU to form a copper foam-based PU composite, which greatly improved the electrostatic
protection performance and wear resistance of PU. Cristiano et al. [11] developed a new
methodology to study the failure of elastomers in a confined geometry and applied this new
methodology to model end-linked PU elastomers. In situ experiments show that the failure
of elastomers is due to the growth of a single cavity nucleated in the region of maximum
hydrostatic stress. Comparison between different elastomers shows that the material
containing both entanglements and crosslinks is more resistant to cavitation relative to its
elastic modulus. In addition to the factors mentioned above, PUR is also affected by fatigue
cracking [12,13], thermal oxidation aging [14], physical swelling [15,16], and so on. These
factors have also been found in the failure of other rubber materials [17–19]. These studies
mentioned above only focus on a specific property of PUR, and only propose corresponding
solutions from a certain aspect. However, most PURs fail in complex environments, and
the failure causes are often multiple rather than single. Therefore, studying the failure of
PUR in specific working conditions can not only solve the actual failure problem, but also
provide a reference for similar failure cases in the future.

In this paper, the material and performance of the failed baffle are analyzed by vari-
ous testing methods, and its fracture surface is carefully observed by macro- and micro-
observation. In addition, the root cause of the failure was verified again by experiment.
Finally, it was found that the antenna baffle was exposed to the 602 cleaning agent, which
caused environmental cracking stress. This is the root cause of the failed baffle. Further-
more, it was found that there were some bubbles inside the baffle, which led to the decline
of its mechanical properties and made it more prone to capillary action. This is an im-
portant cause of the failed baffle. According to the above reasons, reasonable solutions
are proposed. After these solutions are applied to the actual protection of the baffle, the
number of failed antenna baffles is greatly reduced. This study can not only solve the
failure problem of TCR antenna baffles for high-speed trains, but also help to update the
understanding of the failure mechanism of PUR.

2. Background

The antenna baffle is used on the front bogie of the high-speed train, and the specific
location is shown in Figure 1a. In Figure 1a, it can also be seen that there is an obvious
blue line on the train body, which divides the body into upper and lower parts. Figure 1b
shows the appearance of the antenna baffle. For the convenience of description, the side
facing the antenna is defined as the back side, and the other side is defined as the front side.
Figure 1c shows the failure of the baffle, and it can be seen that there are obvious cracks
in the fixed part of the baffle. Figure 2 is an installation diagram of the antenna baffle. It
shows that the antenna baffle is fixed on the bracket by two stainless steel splints and five
bolts with tightening torque of 10 Nm. It is worth mentioning that the antenna baffle only
exists on one side of the TCR antenna. Figure 3 shows the appearance of the light cyan new
baffle and the black-brown failed baffle, which are named Sample 1# and Sample 2# in turn
for the convenience of subsequent description. During the maintenance, there were two
cases of antenna baffle cracking. In order to eliminate this hidden danger, the company
of the high-speed train immediately carried out a special census involving 282 trains and
found 21 cases of similar problems. This shows that the abnormal cracking of the antenna
baffle is universal and needs to be solved urgently. In addition, the baffle was designed to
have a service life of 4.8 million kilometers, but it had actually only operated 0.67 million
kilometers before serious cracking occurred. Obviously, this is a premature, abnormal
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failure, which will bring hidden dangers to the safe operation of the train. Therefore, it is
very necessary to study the cause of the premature failure.
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Figure 3. Appearance of the antenna baffles: (a) appearance of the new baffle; (b) appearance of the
failed baffle.

3. Investigations and Discussions
3.1. Characterization Analysis
3.1.1. Macroscopic Observation

Figure 4a shows the front appearance of Sample 2#. There is a lot of dust stuck to the
surface of the baffle, and there is a raised strip of adhesive on the right side of the baffle,
which should have been reinforced with adhesive tape after the crack was found. After
partial enlargement of the front side, the cracking failure appearance is more obvious, as
illustrated in Figure 4c. Figure 4b reveals the back appearance of Sample 2#. There is also
adhesion on the left side. After partial enlargement of the back side, the cracking failure
appearance is also obvious, as shown in Figure 4d.
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3.1.2. Three-Dimensional Stereomicroscope (3D-SM) Observation

Figure 5a reveals the front overall appearance of Sample 2#. For the convenience of
observation, the sample in the red box is cut and sampled. The front appearance of the
sample after sampling is shown in Figure 5b. After placing the sample vertically (Figure 5c),
the cross-section observed under 3D-SM is shown in Figure 5d–f. The three sections are
greasy and bright with a lot of dust, and no obvious crack initiation point is observed. In
addition, when the cross-section of the sample is touched by hand, it is obviously sticky
and has low hardness (the fingernail can easily pierce into the sample), which indicates
that the material has obvious performance degradation.
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3.1.3. Scanning Electron Microscope (SEM) Observation

In order to facilitate the observation of its morphology under SEM, Sample 2# was
sonicated in deionized water for 2 h, and then dried with a blower in cold air before
observation.

Figure 6a is the fractograph of Sample 2#. Figure 6b–d shows that the fracture of
Sample 2# is characterized by sticky, cracking, and adhesion of cracks. Figure 6c shows that
the main crack has many branch cracks, which is a typical environmental stress cracking
(ESC) morphology. This indicates that Sample 2# was seriously affected by the external
environment, resulting in a significant decrease in its performance.
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Figure 6. Fractograph of Sample 2#: (a) overall macro morphology of the section; (b) sticky; (c) main
crack and branch cracks; (d) adhesion of the crack.

3.2. Material Analysis
3.2.1. Attenuated Total Internal Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) Analysis of the Antenna Baffle

In order to determine whether new substances were produced before and after the
failure, Samples 1# and 2# were analyzed by ATR-FTIR, and the analysis results are shown
in Figure 7. Comparing the test results of the two samples, it can be found that the
characteristic peaks of Sample 2# completely coincide with those of Sample 1#, which
indicates that no chemical changes have taken place in Sample 2#. In addition, Figure 7
also shows that there are nine obvious characteristic peaks in both samples. The meaning
of each characteristic peak is shown in Table 1 [20]. The existence of these characteristic
peaks proves that the TCR antenna baffle is a synthetic polyurethane rubber [21,22].
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Figure 7. Infrared spectra of Samples 1# and 2#.
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Table 1. Meanings of each characteristic peak [20–22].

Serial Number Peak Meaning of the Peak

1 3289 cm−1 Stretching vibration of N-H
2 2926 cm−1 Antisymmetric stretching vibration of -CH2 [23]
3 1732 cm−1 Stretching vibration of ester carbonyl C=O
4 1644 cm−1 Bending vibration peak of C=O in urea
5 1536 cm−1 Band of amide II
6 1226 cm−1 Stretching vibration of C-O
7 1169 cm−1 Stretching vibration of C-OH
8 1142 cm−1 Stretching vibration of C-OH
9 1075 cm−1 Stretching vibration of C-O in the ether group

3.2.2. Nuclear Magnetic Resonance (NMR) Analysis of the Antenna Baffle

The NMR test results of the antenna baffle (Table 2) show that compared with the
new Sample 1#, the crosslinking density of the failed Sample 2# is greatly reduced and
the dispersion coefficient of the failed Sample 2# is higher. This indicates that part of the
crosslinking bonds in Sample 2# is broken, and the breakage of the crosslinking bonds
is not uniform. Since the FTIR test results show that the antenna baffle has no obvious
chemical changes, it can be reasonably speculated that the antenna baffle may be affected
by environmental stress cracking (ESC), resulting in the breakage of its crosslinking bonds.

Table 2. Crosslinking density of Samples 1# and 2# (10−4 mol/mL).

Sample First Second Third Average
Dispersion

Coeffi-
cients/%

1# 19.221 18.901 19.058 19.060 0.840
2# 7.036 6.533 6.600 6.723 4.063

3.2.3. Thermogravimetric Analysis (TGA) of the Antenna Baffle

Figure 8 shows the thermogravimetric curve of Samples 1# and 2#. It shows that the
final mass loss of Samples 1# and 2# is 89.79% (solid line in Figure 8), which indicates
that there is no significant difference in mass loss between these two samples. However,
by observing their mass loss rate curves (dotted line in Figure 8), it can be found that
the temperature when the mass loss rate of Sample 1# reaches its maximum is 417.50 ◦C,
and Sample 2# reaches its maximum is 365.33 ◦C. The difference is 52◦C. That is to say,
compared with Sample 1#, the temperature of Sample 2# when the mass loss rate reaches
the maximum is earlier, which indicates that the heat resistance of Sample 2# is significantly
reduced. Combined with the fact that the crosslinking density of Sample 2# is significantly
lower than that of Sample 1#, it is believed that the ESC occurred after Sample 2# was
eroded by solvent, which resulted in partial breakage of its crosslinking bonds, enhanced
molecular fluidity, and decreased heat resistance.
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Figure 8. TGA curves of Samples 1# and 2#.

3.2.4. Differential Scanning Calorimetry (DSC) Analysis of the Antenna Baffle

In order to understand the change of the glass transition temperature (Tg) before
and after the failure of the antenna baffle, a DSC test was carried out on the two samples
respectively, and the test results are shown in Figure 9. The Tg of Samples 1# and 2# is
−21.2 ◦C and −22.4 ◦C respectively, which indicates that the Tg of Sample 1# is higher
than that of Sample 2#. Combined with the NMR and TGA test results, it can be reasonably
speculated that Sample 2# was affected by ESC, resulting in the breakage of its crosslinking
bonds and the easier movement of the molecular chain, thus leading to the decrease in
its Tg.

Materials 2023, 16, x FOR PEER REVIEW  8  of  16 
 

 

 

Figure 8. TGA curves of Samples 1# and 2#. 

3.2.4. Differential Scanning Calorimetry (DSC) Analysis of the Antenna Baffle 

In order to understand the change of the glass transition temperature (Tg) before and 

after the failure of the antenna baffle, a DSC test was carried out on the two samples re‐

spectively, and the test results are shown in Figure 9. The Tg of Samples 1# and 2# is −21.2 

°C and −22.4 °C respectively, which indicates that the Tg of Sample 1# is higher than that 

of Sample 2#. Combined with the NMR and TGA test results, it can be reasonably specu‐

lated  that Sample 2# was affected by ESC, resulting  in  the breakage of  its crosslinking 

bonds and the easier movement of the molecular chain, thus leading to the decrease in its 

Tg. 

 

Figure 9. DSC curves of Samples 1# and 2#. 

3.2.5. Hardness Analysis of the Antenna Baffle 

The Shore A hardness tester was used to test the surface hardness of Samples 1# and 

2#, and the test results are shown in Table 3. 

Table 3 indicates that the hardness of Sample 2# is significantly lower than that of 

Sample 1#, indicating that the surface of Sample 2# is obviously softened. Combined with 

the test results of NMR, TGA, and DSC, it can be determined that Sample 2# is affected by 

ESC, resulting in a great decrease in its surface hardness. 

   

Figure 9. DSC curves of Samples 1# and 2#.

3.2.5. Hardness Analysis of the Antenna Baffle

The Shore A hardness tester was used to test the surface hardness of Samples 1# and
2#, and the test results are shown in Table 3.

Table 3. Hardness of Samples 1# and 2# (HA).

Sample First Second Third Average

1# 83.5 84.0 82.5 83.3
2# 67.5 68.0 68.5 68.0

Table 3 indicates that the hardness of Sample 2# is significantly lower than that of
Sample 1#, indicating that the surface of Sample 2# is obviously softened. Combined with
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the test results of NMR, TGA, and DSC, it can be determined that Sample 2# is affected by
ESC, resulting in a great decrease in its surface hardness.

3.2.6. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis of the Cleaning Agents

The high-speed train is cleaned and maintained regularly, and four cleaning agents
are used during cleaning. Three of them, which are named alkaline, neutral, and acidic
cleaning agents, are used to clean the train body. Another cleaning agent named 602 is
specially designed to clean the metal fixing parts of the bogie. It is worth mentioning that
these cleaning agents are likely to contact the antenna baffle. To analyze the composition of
these cleaning agents, GC-MS tests were carried out.

The analysis results of the alkaline cleaning agent are shown in Figure 10. It indicates
that no matching organic compound is found.
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Figure 10. GC-MS analysis result of alkaline cleaning agent.

The analysis results of the neutral cleaning agent are shown in Figure 11. There
are three obvious peaks in the spectrum, and two substances are identified. The organic
compounds in the neutral cleaning agent mainly contain hydroxyl and ether groups, and
the substances containing the ether group account for less.
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The analysis results of the acidic cleaning agent are shown in Figure 12. The results
indicate that the organic compounds in the acid cleaning agent also mainly contain hydroxyl
and ether groups, and the substances containing the ether group account for less.
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Figure 12. GC-MS analysis result of acidic cleaning agent.

The analysis results of the 602 cleaning agent are shown in Figure 13. The results
prove that the main component of the 602 cleaning agent is 2-(2-n-butoxyethoxy) ethanol,
accounting for 97.8% of the total content.
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Figure 13. GC-MS analysis result of 602 cleaning agent.

3.3. Soaking Experiment

In order to better understand the cleaning and maintenance of the high-speed train,
a field investigation was carried out. The field investigation shows that the high-speed
train must be regularly cleaned and maintained, and four cleaning agents are used: acidic,
neutral, alkaline, and 602 cleaning agents. The specific usage of the four cleaning agents is
shown in Table 4. Since the acidic, neutral, and alkaline cleaning agents are sprayed on a
large area during the cleaning process and the 602 cleaning agent is directly sprayed on
the bogie with a high-pressure spray bottle, it is reasonable to speculate that these four
cleaning agents would come into contact with the failed baffle.

Table 4. Specific usage of the four cleaning agents.

Cleaning
Agent Main Ingredients Concentration

When Used
Cleaning
Location

Cleaning
Frequency

Alkaline / 20% Below the blue
line (Figure 1) Four days

Neutral Hydroxyl organics 20% Above the blue
line (Figure 1) Four days

Acid Hydroxyl organics 30% All the body of
the train Three months

602 2-(2-n-Butoxyethoxy)
ethanol 100% Metal parts of

the bogie Overhaul
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To prove the conjecture that the failed baffle was severely corroded by the solvent,
Sample 1# was cut into small pieces and soaked in different cleaning agents. The soaking
results are shown in Figures 14 and 15. Figure 14 shows that after soaking in alkaline,
neutral, and acidic cleaning agents, the thickness, mass, and hardness of the samples
changed little (within 3%). Compared with the other three cleaning agents, the thickness
and mass of the sample increased after soaking in the 602 cleaning agent, but the increase
ratio is also small (within 3%). What is more, the hardness of the sample decreased
significantly (about 12% after soaking for 5 days). Figure 15 shows that after soaking in the
602 cleaning agent for 6 days, the surface of the sample becomes powdery. This surface
change is not observed after soaking in other solvents. The experimental results indicate
that the 602 cleaning agent is the key factor in the failure of the baffle.
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In addition, according to the GC-MS test results, no organic matter is detected in the
alkaline cleaning agent, but organic matter containing the ether group is detected in both
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the acidic and neutral cleaning agents. As the content of the organic matter containing the
ether group in acidic and neutral cleaning agents is relatively small and has been diluted
during use, the performance of the sample in acidic and neutral cleaning agents does not
change significantly. The 602 cleaning agent contains 97.8% 2-(2-n-butoxyethoxy) ethanol
and is used undiluted. This indicates that there is a higher concentration of organic matter
containing the ether group in the 602 cleaning agent than in other cleaning agents. This
is the reason why the performance of the sample in the 602 cleaning agent is seriously
degraded.

4. Comprehensive Analysis
4.1. Environmental Stress Cracking

The performance test of the failed antenna baffle was carried out. The results of the
FTIR test show that no obvious chemical changes occurred in the failed baffle, the results of
the TGA test show that the heat resistance of the failed baffle decreases significantly, the
results of the DSC test show that the Tg of the failed baffle decreases, and the results of the
hardness test show that the surface hardness of the failed baffle decreases seriously. All
these phenomena indicate that the failed baffle is seriously eroded by solvent. The soaking
experiment results show that the hardness of the baffle decreases obviously after the baffle
is exposed to the 602 cleaning agent, which further verifies that the failed baffle had the
phenomenon of ESC.

ESC refers to the phenomenon in which polymers (especially glassy thermoplastics)
are degraded by chemical agents in the presence of stress, resulting in damage to the
polymer components. This is a solvent-induced failure as well as a material cracking that
occurs in synergy between chemical agents and mechanical stress. Crystalline polymers
and even lightly crosslinked polymers exhibit similar failures to glassy polymers, but
generally require higher externally imposed stresses [24,25].

The reasons for ESC of the failed baffles can be explained by the following microscopic
mechanism.

The molecular chain of PUR contains an isocyanate group (-NCO) and a urethane
group (-NHCOO-), which are obtained by polymerization of isocyanate, polyols, and chain
extenders. The chain extenders include small-molecule diols, diamines, and so on. The PUR
molecular chain is composed of soft and hard segments. In PUR, polyester or polyether
constitutes the soft segment, while isocyanate and the crosslinking agent constitute the
hard segment, as shown in Figure 16 [26]. These two segments are thermodynamically
incompatible. When the hard segments are close to each other, their electron orbitals easily
overlap, resulting in the formation of hydrogen bonds between the hard segments. The
hard–soft hydrogen bonds are easily formed between the secondary amino group and the
soft segment. [27] These intermolecular hydrogen bonds make the hard segment embedded
in the soft satin, which restricts the movement of the molecular chain of the soft segment,
so that the Tg of the soft satin in PUR increases with the degree of hydrogen bonding, as
illustrated in Figure 17a [28]. Because of its strong polarity, the hard-segment phase in
PU forms a crystalline region through the interaction of intermolecular or intramolecular
hydrogen bonds, which can play a role in physical crosslinking [29,30]. Due to the combined
action of the hard segment as the physical crosslinking point and soft satin with high
flexibility, PUR has the advantages of impact resistance, wear resistance, high elasticity,
and high elongation [31,32]. Figure 17b shows that after soaking in the 602 cleaning agent,
the PU rubber is swelled, and the molecular spacing increases, resulting in the rupture
of hydrogen bonds. The rupture of the hydrogen bond results in the absence of physical
crosslinking between hard segments, which leads to lower heat resistance, lower Tg, lower
surface hardness, and the powdery surface of the PUR.
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Figure 17. Changes in the internal structure of PUR before and after soaking: (a) internal structure of
PUR before soaking; (b) internal structure of PUR after soaking.

The soaking experiment shows that the hardness of the antenna baffle decreases
obviously after contacting the 602 cleaning agent. The microscopic mechanism reveals
the mechanism of the decrease in the crosslinking density of PUR after soaking, which
well explains the phenomenon of the surface hardness decrease and powdery surface
of the baffle after soaking. More importantly, the soaking experiment and microscopic
mechanism can perfectly explain the results of the Tg decrease, heat resistance decrease,
crosslinking density decrease, hardness decrease, and powdery surface. This series of
perfectly corroborating evidence indicated that the failed antenna baffle was exposed to the
602 cleaning agent. In addition, the high-speed train would be subjected to cyclic loads
during running (as mentioned in Section 4.3 below). When solvent erosion and cyclic load
are applied to the antenna baffle at the same time, ESC will occur, leading to a sharp decline
in its mechanical properties. This will cause the antenna baffle to crack and fail in a short
period of time. Therefore, ESC is the root cause of the premature failure of the antenna
baffle.

4.2. Manufacturing Process

The new antenna baffle (Sample 1#) was observed under 3D-SM (Figure 18). Figure 18a
shows that obvious bubbles can be observed on the surface of Sample 1#. The bubbles
are large (visible to the naked eye) and abundant. In addition, at 160× magnification, by
adjusting the focal length of the microscope to observe the same position, it can be found
that different clear bubbles can be observed at different focal lengths (Figure 18c,d). This
indicates that the bubbles are not at the same height, but distributed in different layers
along the thickness direction.
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(c) first focal-length adjustment; (d) second focal-length adjustment.

The existence of bubbles will reduce the mechanical properties of the antenna baffle (it
is easy to produce stress concentration at the bubbles), which is not conducive to its normal
use. In addition, the presence of bubbles in the antenna baffle also makes it easier for the
solvent to enter, and the solvent is more likely to erode the antenna baffle due to capillarity.
Therefore, some bubbles left in the antenna baffle are an important cause of the premature
failure of the antenna baffle.

4.3. Stress

During the normal operation of the train, because the antenna baffle is fixed at one end
and free at the other, it is subjected to four different forces, which are inertia force, wind
resistance, gravity, and vibration force caused by an uneven roadbed [33,34]. Since PUR has
the characteristics of high hardness, good strength, high elasticity, and high wear and tear
resistance, these four forces will not affect the use of the baffle under normal circumstances.
However, when the baffle is eroded by the solvent, the physical properties of the baffle
decrease significantly, and these four forces will provide the necessary external stresses for
the ESC of the baffle. It is the combination of solvent erosion and the four forces that lead
to ESC. Therefore, these four forces are another important cause of the premature cracking
of the antenna baffle.

5. Conclusions and Recommendations

On the basis of the systematic failure analysis, the main conclusions could be drawn
as follows:

(1) ATR-FTIR test results show that the material of the baffle is PU, and there is no obvious
chemical change before and after the failure.

(2) NMR, TGA, DSC, and hardness test results show that compared with the new baffle,
the crosslinking density, heat resistance, Tg, and hardness of the failed baffle are
significantly reduced, indicating that the failed baffle was swelled by solvents. After
soaking in the 602 cleaning agent for a period of time, it was found that the surface
hardness of the new baffle decreased significantly. Therefore, during the cleaning and
maintenance of the bogie, a small amount of the 602 cleaning agent was sprayed on
the baffle, causing ESC. This is the root cause of premature cracking of the antenna
baffle.

(3) There are some bubbles inside the antenna baffle when it is formed, which results in
the decline of some of its mechanical properties. The presence of bubbles also causes
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capillary action, making it easier for the cleaning agent to penetrate the baffle. This is
an important cause of premature cracking of the antenna baffle.

(4) The antenna baffle withstands the forces caused by inertia, gravity, vibration force
caused by uneven roadbed, and wind resistance. These four forces provide the
necessary tensile and bending stresses for the cracking of the baffle. This is another
important cause of premature cracking of the antenna baffle.

Based on the above conclusions, the following recommendations are put forward.

(1) When cleaning the bogie, it is necessary to cover the antenna baffle with a plastic
film to prevent the 602 cleaning agent from being sprayed on the baffle. This can
effectively avoid the swelling phenomenon.

(2) The supplier of antenna baffle products should improve the formulation process
to ensure that the bubbles remaining in the baffle during the forming process are
controlled within the acceptable quality range.

(3) The antenna baffle should avoid scratches, bumps, deformations, and other surface
defects during transportation and storage. During installation, the surface state of the
baffle should be carefully observed to avoid the use of defective baffles.

Finally, it is worth noting that the number of failed baffles was greatly reduced after
the company adopted our solution, which proves that our recommendations are correct
and effective.
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Abstract: In order to study the heat transfer of R410A in extreme environments, the properties
of several stainless steel and copper-enhanced tubes were evaluated using R410A as the work-
ing fluid, and the results were compared with those of smooth tubes. Tubes evaluated include:
smooth, herringbone (EHT-HB) and helix (EHT-HX) microgroove, herringbone/dimple (EHT-HB/D);
herringbone/hydrophobic (EHT-HB/HY); and composite enhancement 1EHT (three-dimensional).
Experimental conditions include a saturation temperature of 318.15K with a saturation pressure of
2733.5 kPa; a mass velocity in the range between 50 and 400 kg/(m2·s); and an inlet quality controlled
at 0.8 and an outlet quality of 0.2. Results indicate that the EHT-HB/D tube produces the best overall
condensation heat transfer characteristics (high heat transfer performance and low frictional pressure
drop). Using the performance factor (PF) to compare tubes for the range of conditions considered,
the PF of the EHT-HB tube is greater than one, the PF of the EHT-HB/HY tube is slightly greater than
one, and the PF of the EHT-HX tube is less than one. In general, as the mass flow rate increases, PF
initially decreases and then increases. Previously reported smooth tube performance models that
have been modified (for use with the EHT-HB/D tube) can predict the performance for 100% of the
data points to within±20%. Furthermore, it was determined that the thermal conductivity of the tube
(when comparing stainless steel and copper) will have some effect on the tube-side thermal hydraulic
performance. For smooth tubes, the heat transfer coefficients (HTC) of copper and stainless steel
tubes are similar (with copper tube values being slightly higher). For enhanced tubes, performance
trends are different; the HTC of the copper tube is larger than the SS tube.

Keywords: condensation heat transfer; enhanced tube; heat transfer coefficient; pressure drop

1. Introduction

Passive enhanced heat transfer technology (i.e., enhanced surfaces) can significantly
increase heat transfer with only a small pressure drop increase. Therefore, this is an
important technology to consider in the field of heating, ventilation, and air conditioning
(HVAC). Enhanced micro-fin tubes have been a topic of study for many researchers.

Micro-fin shape/form (including the various geometric structure parameters of the
fin) are of interest; the effect of these parameters on heat transfer performance has been
the topic of many studies. Kim et al. [1] examined the effect of micro-fin tube diameter
on the boiling heat transfer characteristics of horizontal flow. As tube diameter increases,
the HTC of micro-fin tubes is significantly higher than that of smooth tubes. Wellsandt
and Vamling [2] found that the HTC of Y-shaped, micro-fin tubes is slightly larger than
that of traditional spiral micro-fin tubes; however, there is a higher pressure drop in these
tubes (when compared with smooth tubes). Wu et al. [3] experimentally studied the flow
boiling of HTC in five different enhanced micro-fin heat exchange tubes. Experimental
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results [for mass flow rates less than 400 kg/(m2·s)] show that micro-fin tubes with fin
heights of 0.15 mm and fin apex angles of 25 and 30 degrees produce the best heat transfer
performance. After studying the effect of the internal spiral angle on micro-fin tubes,
Yang et al. [4] proposed an improved diagram that describes the internal flow pattern for
horizontal micro-fin tubes; the transition curve to annular flow was determined to occur
earlier in the micro-fin tube than what is found in the smooth tubes. Rollmann et al. [5]
developed a novel pressure drop correlation (based on R407c and R410A pressure drop
data) for micro-fin tubes.

With the recent development of enhanced three-dimensional tubes, studies of evap-
oration and condensation have become important topics to study. Li et al. [6] evaluated
the condensation heat transfer characteristics of micro-fin tubes and compared them with
smooth tubes. Kukulka et al. [7,8] experimentally evaluated changes in two-phase heat
transfer for various enhanced tubes; they presented HTC and frictional pressure drop data
for several enhanced three-dimensional tubes. Li et al. [9] compared the HTC of several
stainless steel (SS) enhanced-surface tubes. Zhang et al. [10] carried out a similar analysis
for a different set of conditions. Gu et al. [11] experimentally studied condensation heat
transfer for moist air flows in enhanced tubes. Tang et al. [12] compared the condensation
flow patterns found in a three-dimensional enhanced tube and detailed the transition con-
ditions. Zhao et al. [13], Ali et al. [14], and Ji et al. [15] studied the effect that tube material
thermal conductivity had on heat transfer of the fluid; Zhao et al. [13] studied carbon steel,
copper, nickel, aluminum, and brass tube materials; Ali et al. [14] studied copper, brass,
and bronze tube materials; and Ji et al. [15] discussed the relationship between fin thermal
conductivity and fin efficiency.

Li et al. [16] studied the condensation of copper and SS-enhanced three-dimensional
tubes using an R134a working medium. The HTC of the enhanced tube was 1.4~1.6 times
higher than that of the smooth tube. A new correlation was presented for the enhanced
tube that predicted the deviation of the condensation HTC in the tube to be ± 15%. Zheng
et al. [17] carried out an experimental study on the evaporation characteristics of 410a in an
enhanced three-dimensional SS tube. The largest evaporation HTC values were found in the
EHT-HB/HY tube. Stratified wavy flow was found at the inlet of all tube types; the outlet
flow pattern of the EHT-HB/HY and EHT-HB/D tubes was stratified wavy flow, while the
outlet pattern of the EHT-HB tube was semi-annular flow, and for the EHT-HX tube it was
annular flow. Kukulka et al. [18] presented the condensation heat transfer ratio (enhanced
tube HTC/smooth tube HTC) of the enhanced tubes to be 1.15~2.05. Additionally, they
found that the increase in heat transfer for enhanced tubes made of small tube diameters
and/or high thermal conductivity materials was even larger. Some of the data used for
comparison in this study came from Zheng et al. [17] and Kukulka et al. [18] and can be
regarded as the continuation of those studies [16–18].

For the design, development, and assessment of high-performance heat transfer sys-
tems, it is important to study the heat transfer data of three-dimensional tubes. Additionally,
the performance of enhanced tubes may or may not be better than that of smooth tubes.
In order to determine how well enhanced tubes conduct heat and how material type
may affect condensation heat transfer, an experimental study is necessary; additionally,
in order to utilize enhancement results in industrial designs, an engineering model must
be developed and validated. Smooth, herringbone (EHT-HB), and spiral (EHT-HX) mi-
crogrooves; herringbone/dimple (EHT-HB/D) herringbone/hydrophobic (EHT-HB/HY);
and three-dimensional (composite dimple) 1EHT tubes are evaluated in the current study;
their condensation heat transfer performance was analyzed and evaluated.

2. Experimental Details

Figure 1 presents the experimental setup, and Table 1 summarizes the physical pa-
rameters of tubes that were evaluated in this investigation. The first four tubes were used
to study the influence of the enhancement structure on heat transfer, while the next three
tubes were used to evaluate the effect of tube material on heat transfer, and, finally, the
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last three tubes were used to evaluate the effect of tube diameter. See [17] for additional
experimental results for the first four tube types. See [18] for additional information on
the other three tube types. See Figure 2 for an image of the enhancement surface of the
evaluated tubes.
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Table 1. Physical parameters of tubes evaluated in this study.

Parameters EHT-HX EHT-HB EHT-
HB/D

EHT-
HB/HY Smooth 1EHT EHT-HX EHT-HX EHT-HX EHT-HX

Material SS SS SS SS Cu/SS Cu/SS Cu/SS Al Cu Cu
Outer diameter (mm) 12.7 12.7 12.7 12.7 9.52/12.7 9.52/12.7 9.52/12.7 7.0 7.0 7.0

Thickness (mm) 0.6 0.6 0.6 0.6 0.61 0.61 0.61 0.47 0.22 0.24
Length (mm) 2 2 2 2 2 2 2 2 2 2

Dimple/fin height, mm 1.14 0.08 1.21 0.08 - 0.19/1.71 0.25 0.06 0.10 0.15
Dimple/fin pitch, mm 5 0.8 4 0.8 - 0.35/1.34 0.31 0.32 0.32 0.35
Dimple/fin width, mm 2.3 0.31 3.51 0.31 - 4 0.8 0.07 0.06 0.17

Helix angle, ◦ 26.2 21 63 21 - 60 21 0 16 30

A horizontal test section was used with R410a refrigerant flowing on the inside of
the tube and water flowing on the outside. Cooling water was measured using a flow
meter; it then flowed through the test section and was then returned to the constant
temperature water tank. Temperature was measured using a Pt100 platinum resistance
temperature sensor. Refrigerant R410a was heated to a predetermined temperature and
quality before it entered the test section; it was completely condensed and supercooled in
the condenser; flow was measured using the refrigerant flow meter that was located in front
of the preheating section and behind the booster pump; Pt100 platinum resistance sensors
were installed at the inlet and outlet of preheating and test sections. A pressure gauge in the
test section was used to measure the absolute pressure, along with a differential pressure
gauge to measure the total differential pressure. There was a 20-channel data acquisition
computer system that automatically recorded and stored all measured data.

Experimental conditions include: saturation temperature for condensation was 45 ◦C,
with the mass flux adjusted according to the experimental needs [maximum of 500 kg/(m2·s)],
an inlet quality controlled at 0.8, and outlet quality maintained at 0.2.

Moffat [19] describes a method to calculate the uncertainty of directly measured and
indirectly obtained parameters. Uncertainty in the parameters includes: uncertainty of the
diameter was ±0.05 mm; length was ±0.5 mm; current was ±0.1 A; voltage was ±0.1 V;
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temperature was ±0.1 K; uncertainty of pressure and differential pressure was ±0.075% of
the full scale; flow uncertainty was ±0.2% of reading. Calculated parameter relative error
of mass flux was ±1.18%; maximum relative error of quality was ±4.13%; and for the HTC,
it was ±11.32%.
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(a) 

 
(b) 

 
(c) 

Figure 2. Cont.
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3. Results
3.1. Data Analysis

Total heat transfer (see Equation (1)) is obtained from the heat balance of the water
outside the tube,

Qt,ts = Cpl,w,ts × mw,ts × (Tw,ts,in − Tw,ts,out) (1)

In Equation (1), mw,ts is the water flow in the test section; cpl,w,ts is the average specific
heat capacity of water; Tw,ts,out is the outlet temperature of water in the test section; and
Tw,ts,in is the inlet temperature of water in the test section.

Condensation HTC is obtained using Equations (2)–(7). The quality of the refrigerant
in the inlet test section, xin, is calculated from the heat exchange volume of the water in the
preheating section, where the total heat transfer (see Equation (2)) of the refrigerant, Qt,ph,
consists of the liquid phase sensible heat (see Equation (3)) of the refrigerant, Qsens, and the
liquid-gas phase transition (see Equation (4)) latent heat, Qlat.

Qt,ph = Cpl,w,ph × mw,ph × (Tw,ph,in − Tw,ph,out) = Qsens + Qlat (2)
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For Equation (2), mw,ph is the water flow in the preheating section; cpl,w,ph is the average
specific heat capacity of the water; Tw,ph,out is the outlet temperature of the water in the
preheating section; and Tw,ph,in is the inlet temperature of the water in the preheating section.

Qsens = Cpl,ref × mref × (Tsat − Tref,ph,in) (3)

In Equation (3), mref is the refrigerant mass flow rate; cpl,ref is the average specific heat
capacity of the refrigerant; Tsat is the refrigerant saturation temperature; and Tref,ph,in is the
inlet temperature of the refrigerant in the preheating section.

Qlat = mref × hlv × xin (4)

For Equation (4), hlv is the latent heat of the refrigerant.
The quality in the outlet test section, xout, is calculated from Equation (5).

xout = xin + Qt,ts/(mref × hlv) (5)

Inlet and outlet water temperatures and the saturated temperature of the refrigerant
inside the tube are factors used to determine the logarithmic mean temperature difference
(LMTD) [20,21] (see Equation (6)).

LMTD =
(Tw,ts,in − Tsat)− (Tw,ts,out − Tsat)

ln[(Tw,ts,in − Tsat)/(Tw,ts,out − Tsat)]
(6)

Since the selected enhanced tubes being tested are brand new products that have not
been used, the fouling thermal resistance can be ignored. Under the condition of ignoring
fouling thermal resistance, the HTC of the inside tubes can be calculated using Equation (7).

hco =
1

Ani

(
Qt,ts

LMTD − 1
A0h0
−

d0 ln
(

d0
di

)

2kwall A0

) (7)

In Equation (7), Ani is the actual heat transfer area of the enhanced tubes; A0 is the
outer surface area of the evaluated tube; and d0 is the outer diameter of the enhanced tube.

Previous research has demonstrated that the Gnielinski correlation [22] can be used
to compute the turbulent, single-phase HTC for a smooth tube. Equation (8) presents the
Gnielinski correlation that can be used to calculate the HTC of water on the outside of the
smooth tube.

h0 =
( f /2)(Re− 1000)Pr

1 + 12.7( f /2)1/2(Pr2/3 − 1
)
(

µbulk
µw

)0.14 kw

dh
(8)

Fanning friction (see Equation (9)) coefficient, f is calculated using the Petukhov
correlation [23] (applicable for smooth tubes in the Re range: 3000 < Re < 5 × 106).

f = (1.58lnRe − 3.28)−2 (9)

The surface enhancement of the inner and outer surfaces of the evaluated tube will
affect the results. Therefore, the Gnielinski water-side HTC must be modified (using the
Wilson graphic method) using the heat transfer enhancement coefficient C (the ratio of
the water-side HTC of the enhanced tube to the HTC of the smooth tube); the modified
Gnielinski formula is given in Equation (10).

1
Ch0

=
1
U
− d0

dihev
− d0 ln(d0/di)

2kwall
(10)

In Equation (10), U is the total HTC.
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The friction pressure drop, ∆Pf, is calculated using Equation (11).

∆Pf = ∆Pt − ∆Pg − ∆Pm − ∆Pse − ∆Psc (11)

In Equation (11), ∆Pt is the total pressure drop; ∆Pg is the gravitational pressure drop;
∆Pm is the dynamic pressure drop; ∆Pse is the sudden expansion pressure drop; and ∆Psc
is the sudden contraction pressure drop. In this testing, all the tubes evaluated are placed
horizontally, therefore, ∆Pg is equal to 0.

Equation (12) is used to calculate ∆Pm.

∆Pm = G2

{[
x

ρvε
− (1− x)2

ρl(1− ε)

]

out

−
[

x
ρvε
− (1− x)2

ρl(1− ε)

]

in

}
(12)

In Equation (12), G is the mass flux rate; x is the quality of the refrigerant; ε is the
cavitation rate; ρv is the gas density of the refrigerant; ρl is the density of the refrigerant
liquid; ε is calculated by Rouhani et al. [24] and shown in Equation (13).

ε =
x
ρv

{
[1 + 0.12(1− x)]

(
x
ρv

+
1− x

ρl

)
+

1.18(1− x)[gσ(ρl − ρv)
0.25]

Gρ0.5
l

}−1

(13)

Equation (14) can be used to calculate ∆Pse and Equation (15) is used to calculate ∆Psc.

∆Psc =
G2

2ρl

[
1−

(
ρl − ρv

ρv

)]
(14)

∆Pse =
G2ζ(1− ζ)

ρl

[
1−

(
ρl − ρv

ρv

)]
(15)

In Equation (15), ζ is the area ratio.

3.2. Evaluation of Smooth Tube Condensation Correlations

Shah et al. [25], Cavallini et al. [26], and Haraguchi et al. [27] present condensation
correlations for smooth tubes. In this study, these three smooth tube correlations were
compared in Figure 3 with experimental cavitation rate condensation results. The deviation
of the HTC was predicted by Cavallini et al. [26] and is within±9%. The deviation predicted
by Shah et al. [25] and Haraguchi et al. [27] is in the range of −9% to +20%.

3.3. Condensation Enhanced Heat Transfer Factor in Enhanced Tubes

By introducing the heat transfer enhancement factor (EFh), the heat transfer of the
enhanced and smooth tube is compared (see Equation (16)). This factor is defined as the
ratio of HTC of the enhanced tube to the HTC of an equal-diameter smooth tube under the
same working conditions.

The EFh of composite surface-enhanced tubes (EHT-HB/D and EHT-HB/HY) are
quite different; the EFh of an EHT-HB/D tube ranges from 1.4 to 1.75. This enhancement in
the EHT-HB/D tube is the result of the surface producing an increase in the disturbance of
the fluid; additionally, it also produces an increase in the turbulence intensity and improves
the liquid drainage effect. The EFh of the EHT-HB/HY tube can reach 1.27; this is lower
than that of the EHT-HB/D tube. This may be a result of the EHT-HB/HY tube fin structure;
the HB/HY structure makes it difficult to remove the liquid at the hydrophobic fin and
leads to the local heat transfer resistance increasing.

The heat transfer enhancement factors of the non-composite surface enhanced tubes
(EHT-HX and EHT-HB) are also different; the EFh of the EHT-HB tube is higher than that
of the EHT-HX tube. The fin structure in the EHT-HB tube makes it easier for the liquid to
flow from the channel groove at the top of the fin; this creates a stronger disturbance in the
flow process, thereby improving its HTC.

135



Materials 2023, 16, 1962

Materials 2023, 16, x FOR PEER REVIEW 7 of 17 
 

 

∆Pf = ∆Pt − ∆Pg − ∆Pm − ∆Pse − ∆Psc (11)

In Equation (11), ∆Pt is the total pressure drop; ∆Pg is the gravitational pressure 
drop; ∆Pm is the dynamic pressure drop; ∆Pse is the sudden expansion pressure drop; and 
∆Psc is the sudden contraction pressure drop. In this testing, all the tubes evaluated are 
placed horizontally, therefore, ∆Pg is equal to 0. 

Equation (12) is used to calculate ∆Pm. ∆𝑃୫ = 𝐺ଶ ቊቈ 𝑥𝜌୴𝜀 − ሺ1 − 𝑥ሻଶ𝜌୪ሺ1 − 𝜀ሻ቉୭୳୲ − ቈ 𝑥𝜌୴𝜀 − ሺ1 − 𝑥ሻଶ𝜌୪ሺ1 − 𝜀ሻ቉୧୬ቋ (12)

In Equation (12), G is the mass flux rate; x is the quality of the refrigerant; 𝜀 is the 
cavitation rate; ρv is the gas density of the refrigerant; ρl is the density of the refrigerant 
liquid; 𝜀 is calculated by Rouhani et al. [24] and shown in Equation (13). 

𝜀 = 𝑥𝜌୴ ቊሾ1 + 0.12ሺ1 − 𝑥ሻሿ ൬ 𝑥𝜌୴ + 1 − 𝑥𝜌୪ ൰ + 1.18ሺ1 − 𝑥ሻሾ𝑔𝜎ሺ𝜌୪ − 𝜌୴ሻ଴.ଶହሿ𝐺𝜌୪଴.ହ ቋିଵ
 (13)

Equation (14) can be used to calculate ∆Pse and Equation (15) is used to calculate 
∆Psc. 

∆𝑃ୱୡ = 𝐺ଶ2𝜌୪ ൤1 − ൬𝜌୪ − 𝜌୴𝜌୴ ൰൨ (14)

∆𝑃ୱୣ = 𝐺ଶ𝜁ሺ1 − 𝜁ሻ𝜌୪ ൤1 − ൬𝜌୪ − 𝜌୴𝜌୴ ൰൨ (15)

In Equation (15), 𝜁 is the area ratio. 

3.2. Evaluation of Smooth Tube Condensation Correlations 
Shah et al. [25], Cavallini et al. [26], and Haraguchi et al. [27] present condensation 

correlations for smooth tubes. In this study, these three smooth tube correlations were 
compared in Figure 3 with experimental cavitation rate condensation results. The devia-
tion of the HTC was predicted by Cavallini et al. [26] and is within ±9%. The deviation 
predicted by Shah et al. [25] and Haraguchi et al. [27] is in the range of −9% to +20%. 

 
Figure 3. Comparison of experimental data and smooth tube condensation correlations. 

3.3. Condensation Enhanced Heat Transfer Factor in Enhanced Tubes 
By introducing the heat transfer enhancement factor (EFh), the heat transfer of the 

enhanced and smooth tube is compared (see Equation (16)). This factor is defined as the 

Figure 3. Comparison of experimental data and smooth tube condensation correlations.

EFh = he/hs (16)

In Equation (16), he is the HTC of enhanced tubes, and hs is the HTC of the smooth tube.
Figure 4 compares the EFh of the enhanced tubes. The data are from tubes 1 to 4 in

Table 1. All the enhancement factors are greater than 1. At low flow rates, the trend of
the EFh decreases, while for mass flow rates greater than 120 kg/(m2·s), the EFh trend
decreases slowly.
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3.4. Evaluation of Enhanced Heat Transfer Performance Factor

The dimensionless parameter, performance factor (PF), is the enhanced heat transfer
ratio (between enhanced and smooth tubes) divided by the pressure drop ratio. The
following formula is used to calculate PF:

PF = (he/hs) × (ps/pe) (17)

In Equation (17), pe is the frictional pressure drop of the enhanced tubes, and ps is the
frictional pressure drop of the smooth tubes under the same working conditions.

Figure 5 presents the PF of the evaluated enhanced tubes. The data are from tubes 1
to 4 in Table 1. The performance factors of the EHT-HB/D and EHT-HB tubes are greater
than 1; the PF of the EHT-HB/HY tube is slightly larger than 1; and finally, the PF of the
EHT-HX tube is less than 1. The PF of the EHT-HB/D tube is the highest, reaching 1.3~1.5;
this indicates that the surface structure can ensure high heat transfer performance and low
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frictional pressure drop. However, the PF of the EHT-HX tube is only 0.9~1.0, and the
enhancement of heat transfer is not seen.
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With increasing mass flow rate, the PF of the EHT-HB/D and EHT-HX tubes decreases
initially and then increases, showing a parabolic shape in the low middle and higher values
at both ends. The EHT-HB tube shows an initial rise, followed by a decrease; the curve
shape is high in the middle and lower at the ends. Finally, the EHT-HB/D tube has the best
condensation heat transfer performance, and the heat transfer of the EHT-HB/HY tube is
not as good as that of the EHT-HB tube, while the EHT-HX tube has the worst performance
factor curve.

3.5. Evaluation of Condensation Correlations in Enhanced Tubes

In previous condensation heat transfer studies, several researchers have proposed
condensation heat transfer prediction models. However, the applicability of these models
for use with enhanced heat transfer tubes remains to be verified. In this study, four models
(Haraguchi et al. [27]; Huang et al. [28]; Chato [29]; Kedzierski and Goncalves [30]) are
compared with the enhanced condensation data of this study. Results of that comparison
are presented in Figure 6. The data are from tubes 1 to 4 in Table 1.

From Figure 6, it can be seen that the predicted trends of the four models for use in
predicting the EHT-HX and EHT-HB/HY tubes are consistent (trends are also consistent
with the trends from the previous EF analysis); this is the result of the EFh values for the
EHT-HX and EHT-HB/HY tubes almost overlapping. Additionally, the EFh of the EHT-HB
tube is slightly larger than that of the EHT-HX and EHT-HB/HY tubes; therefore, all four
models produce the same trend for these types of tubes.

When considering the EHT-HX, EHT-HB/HY, and EHT-HB tubes, the deviation of all
of the data points predicted by the Chato [29] model is within ±15%. For the EHT-HB/D
tube, the deviation of all data points predicted by the Huang et al. [28] model is within
±30%, while for the Haraguchi et al. [27] model it is within ± 40%.

Since the HTC of the EHT-HB/D tube is the largest, the prediction accuracy of existing
models is not ideal. It is noted that the Huang et al. [28] model can be seen as a modification
of the Haraguchi et al. [27] model (see Table 2), with the Haraguchi et al. model data being
based on R22, R134a, R123, etc.; additionally, the mass flow and Reynolds number cover a
wide range. Therefore, it is necessary to modify the Haraguchi et al. model in order to make
it applicable to the EHT-HB/D tube. The prediction results of the modified Haraguchi et al.
model for the HB/D tube can be seen in Figure 7. Here, it can be seen that the modified
Haraguchi et al. model can predict that 100% of the data points are within ±20%. .

3.6. Effect of Tube Material on Enhanced Heat Transfer Performance

Figure 8 compares the HTC as a function of mass flow rate for tubes (of the same
diameter) produced from different materials. The data are from tubes 5 to 7 in Table 1. For
smooth tubes, the HTC values of copper tubes and SS are similar (the copper tube HTC
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values are slightly higher). For enhanced tubes, the performance trends are different; the
HTC of the copper tube is larger than the SS tube.
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Figure 8. Comparison of HTC (as a function of mass flow rate) for tubes of the same diameter
(12.7 mm) produced of different materials for smooth (ST) and enhanced (1EHT and HX) tubes.

Thermal conductivity varies between copper and SS; this affects the temperature
distribution in the enhanced surface (fins); the higher the thermal conductivity of the
material, the closer the temperature of the fin is to the temperature of the fin root. For
low-conductivity materials, the opposite is true: the temperature of the fin deviates more
from the temperature of the fin root. The temperature difference at different positions
of the fins affects the efficiency. Fin efficiency is positively correlated with the thermal
conductivity of the material, thus affecting the HTC. Therefore, the HTC of copper tube
is higher than that of SS tube. It can also be seen from the figure that the influence of
tube material composition on the HTC of the EHT-HX tube is larger; the tube produced
from copper is significantly higher than SS tubes. Differences in performance between
enhancement types are also noted; however, this is a function of differences in the area
enhancement ratio between the EHT-HX and 1EHT tubes; additionally, there are differences
in the enhancement characters used. The former has a higher area ratio than the latter;
therefore, temperature difference and fin efficiency have a greater effect on performance.

For smooth tubes, the HTC increases with the increase in mass flow rate, and in the
middle region, the increase is relatively slow. However, for the enhanced tube, the HTC
initially decreases and then increases; they reach their minimum values near 100 kg/(m2·s).
This phenomenon is related to flow pattern, shear force, surface tension, etc., and requires
further research.
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Figure 9 shows the comparison of heat transfer resistance values (copper and SS) that
take place during condensation when using enhanced tubes. The data are from tubes 5
to 7 in Table 1. From Figure 9, it can be concluded that the thermal resistance of the tube
material is the least important component when looking at the total thermal resistance of
the tube; however, the total thermal resistance is still an important component. The thermal
resistance ratio of SS tube is higher than that of copper tube; additionally, the 1EHT tube is
enhanced on both sides (inside and outside), therefore its external heat resistance is lower
than that of either the smooth tube or the EHT-HX tube.
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Figure 9. Comparison of condensation thermal resistance ratio of different tube materials (a) copper
(b) SS.

According to Figure 10, it can be seen that the tube diameter and material will affect
the HTC. The data are from tubes 5 to 7 in Table 1. Larger values of the HTC in the 9.52 mm
tube are seen when compared with the HTC values in the 12.7 mm tube. The HTCs of the
enhanced tubes initially decrease and then increase; however, the turning point for the
small tube diameter is delayed. Gravity is playing a leading role in heat transfer that takes
place in the tube with the larger diameter, while in the smaller tube diameter, shear force
and surface tension play the leading roles; this is conducive to the uniform distribution of
the liquid film on the tube diameter. Additionally, in the smaller tube diameter, there is a
larger heat flux per unit volume; all these factors contribute to the larger HTC that is shown
in the enhanced 9.52 mm tube (when compared with the HTC of the 12.7 mm tube).
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3.7. Influence of Tube Diameter on Condensation HTC

Figure 11 shows the effect of tube diameter on condensation HTC. The data are
from tubes 5 to 10 in Table 1. It can be seen that with the decrease in tube diameter,
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the condensation HTC in the enhanced tube shows an increasing trend; additionally, the
tube diameter has a greater impact on the condensation HTC than the enhanced surface
structure. This can be explained as follows: with the decrease in tube diameter, shear force
and surface tension gradually replace gravity and become the dominant forces. This is
beneficial to remove and dilute the liquid film at the bottom. The smaller the tube diameter,
the higher the surface area density (surface area volume ratio); this results in a higher heat
flux per unit volume.

Materials 2023, 16, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 11. Effect of tube diameter on condensation HTC. 

4. Conclusions 
Through experimental methods, the condensation of R410A in different enhanced 

tubes was studied, and HTC and pressure drop data were obtained. Through a series of 
analyses, the following conclusions were obtained: 
(1) The EFh of the EHT-HB/D tube is the highest; its performance is closely related to 

increasing fluid disturbance and improving drainage. The structure of the 
EHT-HB/HY tube increases the local thermal resistance and inhibits heat transfer, 
while the drainage effect of the EHT-HB tube is better than that of the EHT-HX tube. 

(2) The best overall condensation heat transfer resistance characteristics (and the high-
est PF) are shown in the EHT-HB/D tube; it has a low friction pressure drop and 
high heat transfer performance. Additionally, the PF of the EHT-HB tube is greater 
than one, the PF of EHT-HB/HY is slightly higher than one, and the PF of EHT-HX 
is less than one. In general, when the mass flow rate increases gradually, the PF ini-
tially decreases and then increases. 

(3) Correlations that predict the condensation HTC of enhanced tubes are discussed 
and modified. For EHT-HX, EHT-HB/HY, and EHT-HB tubes, the deviation of all 
data points predicted by the Chato model is within ±15%. However, for the 
EHT-HB/D tube, a modification to the Haraguchi et al. model is necessary, and that 
modification can predict that 100% of the data points are within ±20%. 

(4) Thermal conductivity (SS and copper) of the tube material for smooth tubes has a 
minimal effect on its thermal hydraulic performance; however, for the enhanced 
tubes, the HTC increases with increasing thermal conductivity in extreme environ-
ments of condensation flow, at the saturation temperature of 318.15K with a satura-
tion pressure of 2733.5 kPa. The refrigerant side convective heat transfer resistance 
dominates, while the wall heat transfer resistance makes up a modest fraction of the 
overall resistance. The thermal conductivity of the enhancement character (fin) af-
fects the heat transfer for enhanced tubes. 

(5) The effect of tube diameter on condensation heat transfer in the enhanced tubes 
with different tube diameters is much higher than that of the enhancement surface 
structure. With the reduction of tube diameter, shear force and surface tension 
gradually replace gravity and become the dominant forces; this is conducive to the 
removal of the liquid film at the bottom. 
Future research will continue this study and also provide a simulation of this work. 

Figure 11. Effect of tube diameter on condensation HTC.

4. Conclusions

Through experimental methods, the condensation of R410A in different enhanced
tubes was studied, and HTC and pressure drop data were obtained. Through a series of
analyses, the following conclusions were obtained:

(1) The EFh of the EHT-HB/D tube is the highest; its performance is closely related
to increasing fluid disturbance and improving drainage. The structure of the EHT-
HB/HY tube increases the local thermal resistance and inhibits heat transfer, while
the drainage effect of the EHT-HB tube is better than that of the EHT-HX tube.

(2) The best overall condensation heat transfer resistance characteristics (and the highest
PF) are shown in the EHT-HB/D tube; it has a low friction pressure drop and high
heat transfer performance. Additionally, the PF of the EHT-HB tube is greater than
one, the PF of EHT-HB/HY is slightly higher than one, and the PF of EHT-HX is less
than one. In general, when the mass flow rate increases gradually, the PF initially
decreases and then increases.

(3) Correlations that predict the condensation HTC of enhanced tubes are discussed and
modified. For EHT-HX, EHT-HB/HY, and EHT-HB tubes, the deviation of all data
points predicted by the Chato model is within ±15%. However, for the EHT-HB/D
tube, a modification to the Haraguchi et al. model is necessary, and that modification
can predict that 100% of the data points are within ±20%.

(4) Thermal conductivity (SS and copper) of the tube material for smooth tubes has a
minimal effect on its thermal hydraulic performance; however, for the enhanced tubes,
the HTC increases with increasing thermal conductivity in extreme environments of
condensation flow, at the saturation temperature of 318.15K with a saturation pressure
of 2733.5 kPa. The refrigerant side convective heat transfer resistance dominates,
while the wall heat transfer resistance makes up a modest fraction of the overall
resistance. The thermal conductivity of the enhancement character (fin) affects the
heat transfer for enhanced tubes.

(5) The effect of tube diameter on condensation heat transfer in the enhanced tubes with
different tube diameters is much higher than that of the enhancement surface structure.
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With the reduction of tube diameter, shear force and surface tension gradually replace
gravity and become the dominant forces; this is conducive to the removal of the liquid
film at the bottom.

Future research will continue this study and also provide a simulation of this work.
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Nomenclature

A test tube surface area, m2

C enhancement ratio
cp specific heat, J/(kg·K)
D dimple
d test tube diameter, m
dh hydraulic diameter, m
Fa (ρl−ρv) σ/G2Dh
f Fanning friction factor
G mass flux, kg/(m2·s)
Ga Galileo number
g gravitational acceleration, m/s2

HB herringbone
HB/D herringbone dimple
HB/HY hydrophobic herringbone
HX spiral microgrooves
h heat transfer coefficient, W/(m2·K)
hlv latent heat of vaporization, J/kg
k thermal conductivity, W/(m·K)
Ja Jakob number
l liquid only
L tube length, m
LMTD logarithmic mean temperature, K
m mass flux, kg/s
M molecular weight
P Pressure, kPa
PF performance factor
Pr Prandtl number
Q heat transfer amount, W
q heat flux, W/m2

Re Reynolds number
T/t temperature, K/◦C
U Total heat transfer coefficient, W/(m2·K)
x vapor quality

Xtt Martinelli parameter Xtt =
(

1−x
x

)0.9( ρv
ρl

)0.5( µl
µv

)0.1
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Greek symbols
µ dynamic viscosity, Pa·s
ρ density, kg/m3

ε void fraction
σ surface tension, N/m
ζ area ratio
Φ two-phase multiplier
Subscripts
bulk bulk temperature
exp experimental
f frictional
g gravitational
i inner
in inlet
l liquid phase
lat latent heat
m momentum
ni actual heat transfer area
o outer
out outlet
ph preheating section
pre predictive
ref refrigerant
s smooth
sat saturated
sc sudden contraction
se sudden enlargement
sens sensible heat
t total
te test section
tp two-phase
ts test section
v vapor phase
wall wall parameters
w water
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Abstract: Controllable bonded prestress represents an innovative advancement stemming from retard-
bonded prestress systems, distinguished by its intrinsic controllability in bonding. The controllable
bonded binder can be artificially heated and cured rapidly through DC heating after the completion of
prestressed tension, allowing for enhanced control over the process. FLUENT simulates controllable
bonded prestressed structure’s temperature field, yielding a 1.73% max error validated against
measured data. Based on the theory of heat transfer, the maximum error of the calculated temperature
field of the controllable bonded test beam under DC heating using the Stehfest numerical algorithm is
1.28%, which exhibits a strong alignment with both simulated and measured results. The parameter
analysis identifies current, binder thickness, and steel-strand diameter as key temperature distribution
influencers. The relationship between the current and heating time follows a quadratic inverse
pattern. Increasing the heating current can significantly reduce the duration of heating. Under
identical heating conditions, the temperature of the controllable binder is directly proportional to
its thickness. A higher thickness results in a higher temperature. Additionally, larger diameters of
steel-stranded wire lead to a lower heating efficiency.

Keywords: controllable bonded prestressed concrete; electrothermal method; experimental
verification; numerical simulation; temperature field

1. Introduction

Ensuring complete compaction during grouting poses challenges in maintaining con-
struction quality for bonded post-tensioned pre-stressed concrete, giving rise to a cascade
of engineering issues [1]. In response, Japan pioneered the development of slow-bonded
prestressed reinforcement in the 1980s, circumventing the need for concrete grouting [2].
Initially, minimal bonding force exists between the prestressed reinforcement and the slow-
bonded material, resembling an unbonded system. Subsequent curing of the slow-bonded
material after late tensioning achieves bonding system equivalence. A central component
of the retard-bonded prestress system, the binder, typically comprises a gradually solidi-
fying thermosetting material from its production stage. The standard tension application
window spans 60–240 days, with a corresponding curing period of 180–720 days [3–5]. This
protracted curing timeframe, coupled with incompatibility with dynamic loads during
curing, significantly constrains its application in bridge and railway engineering.

Controllable bonded prestressed reinforcement denotes prestressed reinforcement
subject to artificial control over the slow-setting adhesive’s curing process. Before tension-
ing, the binder experiences gradual or even no curing, transitioning to rapid curing and
adhesive properties post-tensioning, thereby aligning more effectively with engineering
requirements [6]. The controllable bonded tendon closely resembles the retard-bonded
tendon, comprising a steel strand, controllable bonded binder, and duct. The pivotal con-
trollable bonded binder chiefly comprises epoxy resin, latent heat-sensitive curing agent,
and diverse modified materials. Pre-tensioning exists in a semi-flow state, permitting free
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sliding of the steel strand within the duct. Upon prestressed tendon elongation, controllable
heating of the adhesive tendon triggers latent curing agent activation, promoting rapid
curing upon reaction with other components. Figure 1 displays the profile construction of
controllable bonded strands.
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The steel strand stands as a notable conductor of electricity and heat. Leveraging
the principle of prestressed reinforcement’s thermal expansion and contraction, the elec-
trothermal method initially saw application in applying mild prestress to early stage
pre-tensioned steel strands, and it has now become a staple for structural reinforcement
purposes [7]. However, practical engineering usage reveals considerable discrepancies in
temperature field distribution and elongation value calculations for prestressed reinforce-
ments, stemming from the electrothermal method. This, combined with the absence of a
robust theoretical foundation, significantly curtails the widespread adoption and utility of
the electrothermal method within prestressed tensioning approaches.

Epoxy resin stands as a prevalent bonding agent, widely employed to enhance ad-
hesion between the steel strands and duct, thereby bolstering the bond strength [8–10].
The efficacy of epoxy adhesives hinges upon the application technique and environmen-
tal conditions [11,12]. Temperature significantly influences the properties of controllable
binders, given their pronounced temperature-dependent behaviors [13]. Notably, epoxy as
an individual material exhibits accelerated curing at higher temperatures [14,15]. Research
reveals that curing durations needed to achieve ultimate resin strength are halved with
every 10 ◦C increase in curing temperature beyond 5 ◦C [16].

Curing temperature profoundly impacts both the stiffness and strength progression
rates, yielding a non-monotonic effect on ultimate mechanical properties. While rais-
ing the curing temperature to the glass transition temperature (Tg) augments strength
and stiffness, surpassing Tg triggers degradation due to heightened crosslinking network
randomness, oxidative crosslinking, and polymer structure deterioration [17–19]. Thus,
effective control of the controllable binder’s temperature can curtail the curing time and
amplify adhesive strength.

In light of the heightened temperature sensitivity exhibited by controllable adhesive
materials and the practical viability of electrothermal processes, this paper takes a pioneer-
ing approach by conducting electrothermal testing on controllable adhesive strands. The
primary objective is to apply controllable temperature stimulation to prestressed strands
through electric heating. This method capitalizes on the generation of Joule heat within
the prestressed strands, which is subsequently transferred to the surrounding controllable
adhesive coating. The resultant increase in the internal temperature of the controllable
adhesive facilitates a reduction in the curing time, thereby enabling controllable bonding. In
this context, a comprehensive analysis of the temperature field distribution characteristics
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of controllable adhesive prestressed strands is undertaken, encompassing experimental in-
vestigation, simulation studies, and theoretical analyses. This multifaceted exploration aims
to unravel the intricate mechanisms underlying controllable bonding achieved through the
innovative integration of electrothermal techniques.

Through experimentation and simulation analysis, Cai et al. [20] introduced a method
to accurately forecast the evolution of concrete hydration heat temperature fields during
steam curing. Jiang et al. [21] simulated the temperature fields of prestressed concrete
components subjected to conductive heating, suggesting the potential application of in-
frared detection for identifying quality issues in prestressed concrete voids. Wei et al. [22]
conducted numerical simulations and field measurements to validate the temperature
fields of a continuous concrete box girder bridge, showcasing excellent agreement between
calculated and measured values. This collective body of work underscores the efficacy of a
numerical simulation and field measurement verification in comprehensively analyzing
temperature field distributions within prestressed structures.

Consequently, this study undertakes practical measurements of electrically heated
temperatures in controllable bonded prestressed reinforcement, accompanied by numerical
simulations of the temperature field. A comparative analysis of method feasibility is
performed. Furthermore, addressing the dearth of theoretical research on the electrothermal
method, a theoretical solution and calculation approach is proffered, grounded in heat
transfer principles. This contribution establishes a foundation for future advancement and
application of the electrothermal method for controllable bonded reinforcement.

2. Temperature Testing of Controllable Bonded Prestressed Members
2.1. Test Profile

The study is based on actual engineering requirements, focusing on a large, prefabri-
cated bus station primarily utilized for bus parking and maintenance. It is characterized
by a substantial load and extensive beam spans. Initially, a portion of the strands undergo
pre-tensioning to counteract the self-weight effects in order to elevate the beam to its des-
ignated position. Subsequently, the remaining strands are post-tensioned to enhance its
load-bearing capacity. To significantly reduce construction duration and improve project
quality, the electrothermal method is being considered to expedite binder curing time,
enabling controllable tensioning.

To verify the feasibility of this method, a controllable bonded prestressed beam with a
size of 400 × 900 × 14,400 mm was chosen for the experiment. There were eight controllable
bonded prestressed strands in the beam, with a diameter of 15.2 mm, a strength level of
1860 MPa, and a nominal sectional area of 140 mm2. The upper part of the beam was
outfitted with 4

1 
 

C 

 
C 

25 longitudinal reinforcements, while the lower segment featured 7

1 
 

C 

 
C 

25
longitudinal reinforcements and

1 
 

C 

 
C 

8 stirrups. In addition, there is a bundle of four 15.2 mm
pre-tensioned prestressed steel strands before hoisting with a strength level of 1860 MPa.

Within the tested structure, all prestressed strands in the beam exhibit a strength of
fptk = 1860 MPa. Given the structure’s prefabricated nature, a controlled tensioning proce-
dure is employed before hoisting the test beam. This process involves tensioning the four
lowermost prestressed strands to achieve a precise stress level of 0.75 fptk, effectively coun-
tering the self-weight effects of the beam. Figure 2 illustrates the layout of the experimental
beam’s reinforcement.

Furthermore, the controllable bonded prestressed strands are embedded within the
concrete before the concrete is poured. Tensioning of these strands is initiated 28 days
after the concrete is poured, coinciding with the concrete’s achievement of a strength of
43 MPa from the same batch. The tensioning of the controllable bonded prestressed strands
is closely regulated to maintain a control force of 0.75 fptk. The tensioning process follows
a systematic sequence of 20% of fptk, 50% of fptk, and ultimately 100% of fptk, ensuring the
precision and quality of the tensioning process. This comprehensive approach includes the
mutual verification of tension force and elongation values, thereby upholding the standards
of accuracy and reliability.
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Figure 2. Experimental beam reinforcement layout.

2.2. Experimental Setup

The steel-strand power supply operates in a constant current mode, facilitating precise
control over the heating power. The electric heating apparatus adopts the ZFJDR30500T
(Beijing Zhaofuji New Material Technology Development Co., Ltd., Beijing, China) con-
trollable bonded electric heater, which provides real-time output of temperature load data
such as current and voltage. Each controllable bonded strand is paired with an XMZ-
JK8 (Zhejiang Yitai Temperature Control Instrument Factory, Yuyao, China) eight-channel
thermometer. Along the prestressed strand, eight measurement points are strategically
positioned, each hosting a Pt-100 (Zhejiang Yitai Temperature Control Instrument Factory)
temperature sensor. Additionally, a BHB120-3CA250 (Jinan Technology Co., Ltd., Jinan,
China) high-temperature resistance strain gauge is positioned axially along the core wire.
For the purpose of facilitating data analysis, sensor names have been defined based on their
respective locations. One sensor positioned at the tensioning end is designated as Sensor 8,
while another located at the anchorage end is referred to as Sensor 1. These two sensors are
collectively termed ‘terminal point sensors’. Furthermore, a sensor placed at the contact
point between the anchorage end steel strand and the concrete is identified as Sensor 2
and labeled as the ‘contact point sensors’. The remaining five sensors are equally spaced
along the steel strand inside the beam, dividing the beam length into six equal segments.
Among these, Sensor 5 is situated in the middle, denoted as the ‘midpoint sensors’, while
the remaining sensors (3, 4, 6, and 7) are designated as ‘six equinoctial point sensors’,
signifying the six equal segments. Figure 3 represents the arrangement of heating points,
while Figure 4 displays the actual sensor placement.
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2.3. Operating Conditions

While heating the controllable bonded strand, ensuring minimal degradation of in-
ternal components, particularly the steel strands, at the target temperature is imperative.
Existing research indicates that concrete’s thermal performance remains relatively stable
over rising temperatures [23,24]. Notably, steel strands exhibit a consistent trend of decreas-
ing ultimate strength as the temperature rises [25,26]. At 200 ◦C, ultimate strength, yield
strength, and elastic modulus of steel strands experience slight reductions—only 3.6%,
7.6%, and 6.0%, respectively [27–29]. Consequently, it is established that the maximum
permissible temperature for steel strands during heating must not exceed 200 ◦C.

Serving as the essential element within prestressed concrete, the binder experiences
a decline in viscosity with rising temperatures. Heating contributes to a reduction in the
binder viscosity to a certain extent. The latent heat-sensitive curing agent blended within
necessitates an internal temperature of at least 60 ◦C for interaction with other binder
components. As a result, it is stipulated that the internal temperature of binder-bonded
prestressed concrete must not fall below 60 ◦C during the heating process.

Upon establishing the heating target temperature, the heating process necessitates
a careful assessment of both heating efficiency and duration. The insufficient current
might delay reaching the target temperature, while an excessive heating time could prove
impractical for engineering applications. Conversely, an excessive current can result in
overly rapid heating, leading to temperature limits being surpassed swiftly, causing an
uneven steel-strand temperature distribution. Similarly, an overly brief heating time
hampers timely adjustments based on real-time conditions. Striking the right balance
is crucial for effective heating. Following advanced modeling analysis and theoretical
calculations, the operating conditions are as listed in Table 1. Figure 5 shows how the
electrothermal method is applied to prestressed strands.

Table 1. Setting of operating conditions.

Target Temperature Current Magnitude ID

200 350 200-350-a
200 350 200-350-b
200 300 200-300-a
200 300 200-300-b
150 350 150-350-a
150 350 150-350-b
150 300 150-300-a
150 300 150-300-b
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Consequently, the operational parameters are outlined in Table 1, featuring heating
currents of 300 A and 350 A, with corresponding target temperatures set at 150 ◦C and
200 ◦C. Given the inherent uncertainty in the temperature field distribution during heating,
repeated experiments are imperative to ensure the dependability of the obtained results.

According to the target temperature and current magnitude, each operating condition
is named in the form of target temperature-current magnitude. The suffix ‘a’ is attached
to the first test under the same conditions, and the repeated test is ‘b’. Specific operating
conditions are shown in Table 1.

During the experiment, the heating end is directly exposed to air through convection,
leading to faster heating compared to the prestressed reinforcement’s temperature within
the concrete. Consequently, reaching the temperature limit becomes more accessible. To
streamline measurements and progress determination in prospective engineering appli-
cations, the temperature at the exposed concrete end is chosen as the control parameter.
Crucial temperature-related parameters requiring control are systematically gathered and
uploaded by the temperature controller. Additionally, the real-time output of heating
current, voltage, and duration is facilitated by the controllable bonded heating equipment.

3. Test Results and Discussions

To mitigate the impact of forced convection heat transfer from air currents on the
exposed concrete at the end of controllable bonded prestressed tendons, a layer of nano-
aerogel felt was applied to the exterior of the end steel strand during the heating process as
depicted in Figure 6.
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The temperature controller displays and records the real-time temperature of each
point throughout the heating process, depicted in Figure 7. As heating ensues, there
is a swift rise in temperature at the end of the controllable bonded strand, while the
controllable bonded strand embedded within the concrete experiences a comparatively
gradual temperature increase.
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Utilizing the temperature sensor test data, thermal diagrams of prestressed tendons are
generated for current sizes of 350 A and 300 A, as illustrated in Figures 8 and 9, respectively.
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The thermal diagrams reveal that during the actual measurement process, when ex-
cluding the impact of inadvertently forced air convection heat transfer, the temperature
distribution of prestressed ribs demonstrates a notable symmetrical pattern. Temporally,
after activation, temperatures at both ends experience a swift escalation, progressively
augmenting the temperature difference between the ends and the mid-span of the pre-
stressed ribs. Spatially, within the DC heating process, temperatures of the prestressed
ribs from both ends to the mid-span experience a slight decline, while the temperature
distribution remains uniform within the concrete. This behavior arises due to the curved
symmetrical arrangement of the prestressed ribs, with proximity to the mid-span resulting
in a reduced distance between the rib surface and concrete surface, consequently expediting
heat dissipation.
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Regarding heating efficiency, despite the current increase from 300 A to 350 A repre-
senting a mere 16.6% rise, the heating time diminishes from 1200 s to 800 s—a reduction of
50%. This underscores the pivotal role of heating current in determining efficiency. Thus,
an imminent necessity arises for formulating an electric heating strategy for controllable
bonded prestressed ribs.

Given the near-symmetrical temperature field distribution of the prestressed strands,
the analysis focuses on select measuring points—namely the endpoint, contact point, sixth
point, and midpoint—located on one side. Figure 10 illustrates the temperature–time
curves of the prestressed strands subjected to the electrothermal method under varying
current sizes.
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Figure 10. Measured temperature–time curve of prestressed steel strands.

As depicted in Figure 10, the initial 400 s of heating exhibit an accelerated temperature
rise in the prestressed reinforcement, proportionate to the current increase. Subsequent
heating showcases nearly identical temperature ascent rates for prestressed reinforcement
within concrete, regardless of current size, ultimately converging to a stable temperature.
This observation underscores that varying current sizes wield a more pronounced impact
during the early stages of electric heating, exerting a diminishing influence in later stages.

At the designated measuring points within the concrete’s interior, high-temperature
strain gauges were positioned. Figure 11 presents the strain–time curves of prestressed ribs
under diverse current sizes.
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While the controllable bonded binder remains in a non-solidified state during heating,
the prestressed steel strand retains the capacity for unimpeded movement within the binder.
The temperature-induced strain of the prestressed steel strand can be computed using
Equation (1), where the thermal expansion coefficient (α) of the prestressed steel strand
stands at 1.2 × 10−5/◦C−1.

ε = α · ∆T (1)

As shown in Table 2, the calculated maximum relative error stands at 9.10%, ob-
served at the sixth point under the 350 A operating condition. For all other measuring
points, the maximum error is 0.83%, demonstrating a high level of reliability in the test’s
temperature measurements.

Table 2. Temperature strain comparison.

Measuring
Point ∆T/◦C Theoretical Strain

Value/µε
Measured Strain

Value/µε
Relative
Error/%

Six equinoctial
points-350 A 110.2 1322.4 1202.01 −9.10

Mid-point-350 A 90.6 1087.2 1087.68 0.04
Six equinoctial
points-300 A 82.3 987.6 995.83 0.83

Mid-point-300 A 72.4 868.8 866.136 −0.31

A comprehensive analysis of the obtained results reveals the following under a contin-
uous connection to a constant current during heating:

1. The temperature field within prestressed concrete showcases symmetry, yielding a
more uniform temperature distribution. Despite the concrete’s poor thermal con-
ductivity, measuring points nearer the concrete surface exhibit lower temperatures,
indicative of higher heat loss.

2. Larger currents lead to swifter temperature elevation in controllable bonded pre-
stressed reinforcement upon power activation. However, with smaller currents, the
heating power deficiency intensifies the heat transfer between the controllable bonded
prestressed reinforcement and its surroundings as the temperature rises. In the later
stages, the prestressed reinforcement attains a balance between the temperature rise
and heat dissipation, resulting in a quicker approach to stable temperature conditions.
During this phase, despite ongoing electric heating, the temperature remains nearly
constant at a certain level, fostering favorable conditions for the curing reaction of
the controllable bonded binder within this environment. The comparison of stable
temperatures under different current sizes is tabulated in Table 3. By evaluating the
ratio of stable temperature to current size, a positive correlation between the stable
temperature and current size becomes apparent. Notably, changes in current size exert
a significant influence on the endpoint temperature while impacting the prestressed
reinforcement within the concrete to a relatively lesser extent.

3. The temperature variation trend within the exposed concrete of controllable adhesive
tendons mirrors that of the interior, albeit with higher actual temperatures. In practical
applications where internal temperature sensing is unfeasible, estimating internal
temperature can be approximated by measuring the contact point between prestressed
tendons and concrete.

4. The measured temperature-induced stress aligns remarkably well with theoretical
values, indicating that during electric heating of prestressed strands, steel strands
undergo uninhibited elongation within the controllable bonded binder. This obser-
vation implies that temperature-induced stress can be leveraged to impart lower
prestress, thus fostering a more even distribution of effective prestress throughout the
prestressed strands.
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Table 3. Stable temperature comparison.

Current Magnitude Measurement Point Stable
Temperature/◦C Temperature/Current

350 A Terminal point 212.2 0.6057
350 A Contact point 150.0 0.4286
350 A Six equinoctial point 121.9 0.3483
350 A Midpoint 112.3 0.3286
300 A Terminal point 198.3 0.6610
300 A Contact point 136.6 0.4553
300 A Six equinoctial point 104.0 0.3366
300 A Midpoint 94.2 0.3140

4. Temperature Field Simulation and Analysis
4.1. Model Development
4.1.1. Model Overview and Description

FLUENT, a comprehensive fluid dynamics computation software, is harnessed for
simulating intricate fluid and heat transfer phenomena. In this study, FLUENT is employed
to conduct numerical simulations of the temperature field distribution within prestressed
reinforcement during the electrothermal method. This endeavor aims to delve into the
governing principles and influencing factors governing temperature distribution in a
prestressed reinforcement.

Utilizing the test results and disregarding the impact of thermal conductivity from
regular steel strands within the beam, an analysis is conducted on a controllable bonded
prestressed beam measuring 400 × 900 × 14,400 mm. The beam accommodates eight
controllable bonded prestressed strands, each possessing a diameter of 15.2 mm, a strength
level of 1860 MPa, and a nominal cross-sectional area of 140 mm2. The material parameters
pertinent to the model are detailed in Table 4.

Table 4. Material parameters for the numerical model.

Materials Thermal
Conductivity/(W/(m·K))

Specific
Heat/(J/(kg·K)) Density/(kg/m3)

Steel strand 49 470 7800
Binder 0.2 1600 1300
Duct 0.5 2300 980

Concrete 1.74 920 2500

4.1.2. Mesh Generation

During the process of grid division, accommodating the spiral nature of the steel
strand and achieving a controllable bonded binder’s coating pose challenges for high-order
curved surfaces. The attainment of high-precision grid calculations that easily converge is
intricate. To address this issue, an approximation is made by treating the cross-section of
the steel strand as a circle with a diameter matching its nominal diameter. Similarly, the
cross-sections of the controllable bonded binder and duct are considered as concentric rings
with specific thicknesses. Due to significant differences in size between external concrete
and prestressed reinforcement, model division involves grids with considerably varied
aspect ratios, resulting in a substantial number of grids.

To navigate these complexities, the model division predominantly employs a hexahe-
dral grid, with an emphasis on denser grid allocation for intricate details. The numerical
representation of electric heating for the controllable bonded binder is depicted in Figure 12,
and the grid partitioning is illustrated in Figure 13.
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Figure 13. Segmented meshing for an electrothermal model of controllable bonded strands.

Due to the significantly low thermal conductivity of the sheathing material utilized
for controllable bonded prestressing strands, the influence on other prestressing strands is
negligible when heating a single one. In order to optimize the efficiency of the numerical
model and streamline subsequent theoretical analysis, each individual prestressing strand
is independently examined within the model.

4.1.3. Applied Loads and Boundary Conditions

During the application of model loads, one end of the steel strand is designated as a
voltage zero potential surface, while the other end receives a current load. Simultaneously,
temperature continuity is ensured at the interface of each material.

For establishing boundary conditions, natural convection heat transfer occurs among
concrete, steel strand, and air at the heat transfer boundary. This falls within the third
category of thermal analysis boundary conditions. The convection heat transfer coefficient
between the concrete surface and air is determined as 4.74 W/(m2·K) [30].

The typical formula for calculating the air convection heat transfer coefficient [31] can
be expressed as

h = Nu × k/L (2)

where h represents the air convection heat transfer coefficient in W/(m2·K), and Nu signifies
the dimensionless Nusselt number—an inclusive indicator of fluid flow state and heat
transfer characteristics. Additionally, k denotes the thermal conductivity of air in W/(m·K),
and L signifies the characteristic length, generally referring to the characteristic length of
the heat-exchanging object’s surface in meters.

Taking into account that the duct and the controllable bonded binder have limited heat
transfer areas on both ends of the concrete, and due to uniform heat transfer, the surface
can be approximated as smooth, thereby yielding a constant air convection heat transfer
coefficient. Accordingly, the calculated convection heat transfer coefficient between the
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controllable bonded binder and air is 17 W/(m2·K), and the calculated convection heat
transfer coefficient between the duct and air is 21 W/(m2·K).

The energy equation is engaged during computation, incorporating thermoelectric
coupling calculations. The initial model temperature is set at 22 ◦C. For optimizing energy
consumption and efficiency, based on test results, the simulation calculation duration is
established as 800 s for a current of 350 A, and 1200 s for a current of 300 A. The time step is
designated as 1 s. Notably, the calculation overlooks the influence of temperature-induced
deformation of the steel strand on concrete stress.

4.2. Simulation Results and Experimental Validation

In the test, the steel strand’s span diameter is significant, leading to its division into
two distinct sections during the heating process: the portion enveloped by concrete and the
exposed section. The exposed part is notably shorter, resulting in discernible temperature
distribution differences between the two segments. The primary research emphasis centers
on the controllable bonded binder segment within the concrete, particularly focusing on
the temperature field of the steel strand and the controllable bonded binder.

As an illustration, let us consider operating condition 200-350-a. Figure 14 presents
the post-heating temperature field distribution across the entire beam. Notably, both
the measured and simulated results exhibit symmetrical distributions. To validate this,
simulated values from one side’s measuring point are compared with the corresponding
measured data.
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Figure 14. Numerical simulation of temperature field distribution in whole beam.

From Figure 14, several key observations can be made regarding the temperature
distribution during heating:

The outer concrete showcases uniform temperature distribution during the heating
process, approximating room temperature.

(1) The steel strand’s endpoint experiences high temperatures, with the maximum tem-
perature reaching 216 ◦C.

(2) The temperature decreases rapidly along the steel strand from its endpoint to the
contact point with the concrete. At the contact point, the temperature registers
at 150 ◦C.

(3) The temperature distribution within the steel strand inside the concrete manifests
symmetry. Notably, the temperature slightly diminishes towards the middle of the
span. For instance, the sixth point reflects a temperature of 121.9 ◦C, while the lowest
temperature of 112.3 ◦C occurs at the midpoint.

The temperature at the interface between the steel strand and the controllable bonded
binder remains consistently continuous. When a constant current (350 A, 300 A) is continu-
ously applied to the steel strand, the temporal evolution of temperature at each measuring
point is illustrated in Figure 15.

156



Materials 2023, 16, 7108

Materials 2023, 16, x FOR PEER REVIEW  13  of  27 
 

 

The temperature at the interface between the steel strand and the controllable bonded 

binder remains consistently continuous. When a constant current (350 A, 300 A) is contin-

uously applied to the steel strand, the temporal evolution of temperature at each measur-

ing point is illustrated in Figure 15. 

 

Figure 15. Simulated temperature–time curve. 

The simulation outcomes closely mirror the measured results. Notably, the current 

size wields a substantial impact on the initial heating rate, which progressively diminishes 

as time elapses. As the temperature of the controllable bonded prestressed reinforcement 

escalates, heat exchange with the surrounding environment intensifies. Consequently, the 

prestressed reinforcement attains a heating–radiative balance more swiftly, resulting in 

temperature stabilization within a plateau phase. 

Figures 16 and 17 depict the juxtaposition between the measured and simulated tem-

perature field values across varying current sizes. 

 

Figure 16. Comparison of measured and simulated temperature for prestressed strands at 350 A. 

Figure 15. Simulated temperature–time curve.

The simulation outcomes closely mirror the measured results. Notably, the current
size wields a substantial impact on the initial heating rate, which progressively diminishes
as time elapses. As the temperature of the controllable bonded prestressed reinforcement
escalates, heat exchange with the surrounding environment intensifies. Consequently, the
prestressed reinforcement attains a heating–radiative balance more swiftly, resulting in
temperature stabilization within a plateau phase.

Figures 16 and 17 depict the juxtaposition between the measured and simulated
temperature field values across varying current sizes.
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The root-mean-square error (RMSE) and mean absolute error (MAE) for both the
measured and simulated curves at each measuring point across different current sizes have
been calculated and are presented in Table 5.

Table 5. Comparison of measured and simulated temperature fields.

Current Measurement
Point

Root Mean
Square Error/◦C

Average Absolute
Error/◦C

Maximum
Relative Error

350 A Terminal point 4.11 3.54 1.38%
350 A Contact point 4.29 3.72 0.91%

350 A Six equinoctial
point 4.19 3.79 1.39%

350 A Midpoint 3.97 3.18 1.18%
300 A Terminal point 8.89 8.37 1.73%
300 A Contact point 3.71 3.51 0.68%

300 A Six equinoctial
point 4.00 3.59 1.19%

300 A Midpoint 2.17 1.90 0.82%

The temperature deviation between the measured and simulated temperatures at
the terminal point is relatively significant. This discrepancy primarily arises from the
direct exposure of the terminal point to the surrounding air, where airflow conditions
directly impact the convective heat transfer coefficient, thereby significantly influencing
endpoint temperatures. Moreover, when setting the heating current to 300 A, lower heating
power results in a reduced capacity to counteract variations in heat conduction, leading
to a larger temperature difference. Nevertheless, despite these factors, the relative error
remains relatively small. In contrast, internal steel strands within the concrete exhibit a
closer alignment between measured and simulated values, as they are insulated from direct
air contact.

Apart from the terminal points potentially experiencing considerable influence from air
flow heat transfer, the maximum root-mean-square error and mean absolute error for other
measuring points amount to 4.29 ◦C. A comparison of the curves further underscores that
the model’s maximum relative error is 1.73%, with the error diminishing over prolonged

158



Materials 2023, 16, 7108

time intervals—indicating the heightened precision of the simulation method. The test
results affirm the commendable reliability of the numerical model for controllable bonded
electric heating. Particularly, for lower currents, an increase in heating time corresponds to
a more stabilized temperature rise and heat transfer within the prestressed tendons, with
the measured outcomes aligning closely with simulation results.

The improvement in simulation accuracy relies on the refinement of grid partitioning.
In this numerical model, local mesh refinement has been applied to the controllable binder
regions, and convective heat transfer coefficients have been adjusted based on measured
data to enhance the accuracy. However, certain factors affecting precision were not ac-
counted for in the simulation, including interfacial thermal resistance between material
layers, contact resistance at the heating terminals, and potential incomplete insulation of
the pads, which might lead to a reduction in accuracy.

4.3. Parameter Analysis

For a comprehensive grasp of the temperature field distribution and application
approach of the controllable bonded prestressed beam electrothermal method, electric
loads are administered at both ends of the prestressed beam. Subsequently, a verified finite
element model is employed for thorough parameter analysis. The scrutinized and assessed
parameters encompass the current size, thickness of the controllable bonded binder, steel
strand diameter, and other pertinent factors.

4.3.1. Current Size

When adjusting the current density applied to the steel strand end face, the curing
reaction occurs solely upon reaching the specified internal temperature within the control-
lable bonded binder. This approach entails a controllable temperature elevation. Given an
initial model temperature of 20 ◦C, the heating current varies between 200 A and 500 A in
increments of 50 A to determine the requisite heating time. The simulation outcomes are
then employed to construct a scatter diagram. The data are fitted using a power function
in the form of y = a·xb. The fitting results are showcased in Figure 18, with parameters
a = 8.9784 × 109 and b = −2.8891.
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The value of b = −2.8891 suggests that while the Joule heat generated by the steel strand
heating method exhibits proportionality to the current, the heat transfer characteristics
of the material comprising the prestressed strands amplify with their temperature ascent.
Consequently, when subjected to a small current, the prestressed strands tend to achieve
thermal equilibrium more readily during heating. Conversely, employing a larger current
yields greater heating power and facilitates easier attainment of the target temperature.

Nevertheless, it is important to exercise caution when increasing the current solely
to enhance the heating efficiency. The curing reaction does not occur instantaneously; it
typically necessitates maintaining specific temperature conditions for 5–10 min. Overre-
liance on high currents could lead to prolonged heating of the prestressed strands, causing
the final temperature to become excessively elevated. This, in turn, might compromise
material performance and hinder the intended curing effect. Hence, a balanced approach is
crucial to achieve effective heating while ensuring optimal material behavior and desired
curing outcomes.

4.3.2. Controllable Bonded Binder Thickness

The controllable bonded binder serves as the core element. An excessively small
thickness might lead to an inadequate bond with the prestressed steel strands. Conversely,
an overly large thickness could prolong the curing time and result in material wastage.
Currently, the binder thickness is distributed between 2 mm and 3.5 mm. Accordingly, the
simulation employs a step size of 0.25 mm and heats various controllable bonded binder
thicknesses for equivalent durations and currents.

As shown in Figure 19, the controllable bonded binder exhibits a notable behavior
as its thickness is altered. Due to its low thermal conductivity, high thermal resistance,
and effective thermal insulation properties, augmenting the binder’s thickness yields a
roughly linear increase in its thermal resistance within a confined range. With a height-
ened thermal resistance, the Joule thermal conduction resistance escalates, leading to heat
predominantly accumulating within the steel strand and the controllable bonded binder
layer. Consequently, a temperature variance between the controllable bonded binder layer
and the duct layer emerges, while the temperature of the duct layer and the concrete layer
remains relatively stable.
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As the controllable bonded binder layer thickness increases, the midpoint temperature
of the prestressed steel strand approaches the theoretical value under adiabatic conditions.
Notably, the slope indicates that increasing the controllable bonded binder thickness is
conducive to enhancing heating efficiency, especially when larger currents are applied. Con-
sequently, maintaining a constant controllable bonded binder thickness and appropriately
elevating the current size can effectively bolster the heating efficiency.

4.3.3. Diameter of Steel Strand

The diameter of the steel strand serves as a conducting medium, exerting a direct
influence on Joule heat generation, subsequently impacting the heat absorption and heating
within the controllable bonded binder while keeping material properties constant. Taking
into account commonly employed steel strand diameters, an electric heating simulation is
conducted for prestressed strands with diameters of 17.8 mm and 21.8 mm, building upon
the existing simulation involving a 15.2 mm steel strand. The results of this simulation are
depicted in Figure 20.
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Figure 20. Temperature–time variation in electrically heated steel strands of varying diameters.

The presented results indicate a discernible trend: as the steel strand radius increases,
the heating efficiency of the electrothermal method gradually diminishes, and larger-
diameter controllable adhesive strands reach the heating platform stage at an accelerated
pace. This outcome is attributable to the unaltered resistivity and length of the steel strand:
the resistance of the prestressed steel strand is inversely proportional to the square of
its radius. Consequently, a larger radius results in diminished resistance and reduced
thermal power.

Moreover, although the steel strand exhibits excellent thermal conductivity, an in-
creased radius proportionally raises its thermal resistance. This amplifies the challenge of
heat conduction, resulting in a decreased temperature difference between the two ends
of the material and a slower heating rate. Therefore, when utilizing electric heating for
controllable bonded strands with larger diameters, it becomes crucial to adjust the current
magnitude accordingly through calculated means.

5. Theoretical Temperature Field Calculation for Controllable Bonded
Prestressed Members

Previously, the viability of achieving controllable curing of controllable bonded pre-
stressed reinforcement through electric heating was verified via field measurements. Con-
currently, an accurate and effective numerical model for controllable bonded electric heating
was established, yielding precise simulation outcomes. Parameter analysis elucidated the
impact of the heating current, controllable bonded binder thickness, and steel-strand
diameter on the electric heating approach.

161



Materials 2023, 16, 7108

However, a notable gap remains in terms of an effective calculation methodology for
controlling the bonding process of controllable bonded reinforcement. To streamline the
technological process of the controllable bonded prestressed reinforcement electrothermal
method and to tailor the heating strategy to practical engineering contexts, the temperature
field distribution of controllable bonded prestressed components is theoretically computed
using the Stehfest numerical algorithm.

5.1. Stehfest Numerical Algorithm

Stehfest introduced a formula for numerically inverting the Laplace transform [32].
Let the Laplace transform of the function f (t) be denoted as f−(s), then the formula is
given by

f−(s) =
∫ ∞

0
e−st f (t)dt (3)

If f−(s) can be computed, the value of the function f (t) at t = T can be determined using
the following equation:

f (t) =
ln 2
T

N

∑
i=1

Vi f−(
ln 2
T

i) (4)

where

Vi = (−1)
N
2

+i
min(i,

N
2

)

∑
k=

i + 1
2

k
N
2 (2k)!

(
N
2
− k)!k!(k − 1)!(i − k)!(2k − i!)

(5)

where t and T represent independent variables, N, i, and k are positive integers, and Vi
denotes the intermediate function value. In principle, a higher number of terms in the in-
version formula yields greater accuracy in calculations. However, practical considerations,
especially in heat transfer calculations, often lead to selecting an even number between 8
and 20 to mitigate rounding errors.

5.2. Mathematical Formulation of Controllable Bonded Prestressing Electrothermal Method

Controllable bonded prestressed reinforcement constitutes a composite material with
a polyphase medium as shown in Figure 21. The steel strand is composed of multiple
high-strength steel wires, approximated as a cylinder with its nominal diameter for analysis.
Similarly, the controllable bonded material and duct are simplified as cylindrical walls with
specific thicknesses. Given that analyzing the surface temperature of concrete beams is not
a primary focus and considering the limited heat transfer range due to the low thermal
conductivity of the controllable bonded binder and duct, as well as the relatively low power
of DC heating, for analytical convenience, the concrete is also treated as an equivalent
cylindrical wall of a certain thickness.
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Figure 21. Controllable bonded prestressed tendon and concrete.
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Based on heat transfer theory, the three-dimensional transient thermal conductivity
temperature field U(r, ψ, z, t) I, in cylindrical coordinates, is governed by

ρc
∂u
∂t

=
1
r

∂

∂r
(λr

∂u
∂r

) +
1
r2

∂

∂ϕ
(λ

∂u
∂ϕ

) +
∂

∂z
(λ

∂u
∂z

) +
.
φ (6)

where u is the temperature (K), ϕ is the azimuthal angle (rad), r is radius (m), z is vertical
coordinate (m), ρ is density (kg/m3), c is specific heat (J/(kg·K)), λ is thermal conductivity

(W/(m·K)), and
·
φ is an internal heat source (W/m3).

Considering the conventional physical properties of thermal conductivity, DC heating,
and a constant, uniformly distributed internal heat source across the entire steel strand, the
heat source strength follows

.
φ = I2R/V (7)

where V is the volume (m3), I is the steady-state current value (A), and R is the resistance
value of the resistance (Ω).

Given that the boundary conditions in the electrothermal model are angle-independent,
and the length-to-diameter ratio of the steel strand in concrete (L/d > 10), the temperature
along the steel strand is uniform along its length, neglecting longitudinal temperature
changes. Consequently, the temperature field becomes a function u(ϕ, r) of ϕ and r.

Hence, the original problem of DC heating in controllable bonded prestressed strands
can be simplified into a one-dimensional transient heat transfer problem of a multi-layer
composite cylindrical wall. This simplification can be represented by the following heat
conduction equations:





∂u1
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− a1

1
r

∂

∂r
(r

∂u
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I2R

ρ1c1V
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1
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∣∣∣∣r=0 = 0

λ1
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∂r
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∂r
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u1(r1, t) = u2(r1, t),

λ2
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∂u3

∂r
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u2(r2, t) = u3(r2, t),
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∂u4
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u3(r3, t) = u4(r3, t),

−λ4
∂u4

∂r

∣∣∣∣r=r4 = h(u4 − uext)

(8)

where r is the radius(m); r1, r2, r3, and r4 are the coordinates of the steel strand, the
controllable adhesive material, the duct, and the outer surface of the concrete, respectively;
u1, u2, u3, and u4 are the temperature of the steel strand (K), the controllable adhesive
material, the duct, and the outer surface of the concrete, respectively; a1, a2, a3, and a4
are the thermal diffusivity of the steel strand (m2/K), the controllable bonded binder, the
duct, and the outer surface of the concrete, respectively; λ1, λ2, λ3, and λ4 are the thermal
conductivity of the steel strand, (W/(m·K)), the controllable bonded binder, the duct, and
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the outer surface of the concrete, respectively; uext is the temperature of the fluid on the
outer surface of the concrete (K); h is the convection heat transfer coefficient between the
outer surface of the concrete and the fluid (W/(m2·K)); and t is the heat transfer time (s).

The model assumes that all four materials possess constant physical properties, and
the initial temperature distribution is uniformly distributed. By employing appropriate
transformations, the mathematical model can be solved within the spatial domain. This
mathematical framework enables an analysis of the temperature distribution and behavior
of controllable bonded prestressed components during the electric heating process.





d2U1

dr2 +
1
r

dU1

dr
− β1U1 = β1U0 + β1

I2R
ρcV

d2U2

dr2 +
1
r

dU2

dr
− β2U2 = β2U0

d2U3

dr2 +
1
r

dU3

dr
− β3U3 = β3U0

d2U4

dr2 +
1
r

dU4

dr
− β4U4 = β4U0

(9)

where
βi =

ρici
λi

(i = 1, 2, 3, 4) (10)

where Ui is the Laplace transform of ui; U0 is the initial temperature (K); ρi is the density of
the i-th layer of material (kg/m3); and ci is the specific heat of the i-th material (J/(m3·K)).

The above equation is the Bessel equation [33–35], and its general solution is





U1(r, s) = A(s)I0(r
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sβ1) + B(s)K0(r
√

sβ1) +
U0

s
+

I2R
sρcV

U2(r, s) = C(s)I0(r
√

sβ2) + D(s)K0(r
√

sβ2) +
U0

s

U3(r, s) = E(s)I0(r
√

sβ3) + F(s)K0(r
√

sβ3) +
U0

s

U4(r, s) = E(s)I0(r
√

sβ4) + F(s)K0(r
√

sβ4) +
U0

s
U(r, s) =

∫ ∞
0 e−stu(r, t)dt

(11)

where A(s), B(s), C(s), D(s), E(s), F(s), G(s), and H(s) are unknown coefficients; I0 and
K0 are Bessel functions of the first and second classes of virtual variables of order zero,
respectively; and s is a complex parameter.

The undetermined coefficient in Equation (11) can be determined by considering the
boundary conditions. Adhering to the principles of energy conservation and the second
law of thermodynamics, the temperature and heat flux must remain continuous and equal
at the interface of the two computed regions. Simultaneously, due to the relatively modest
heat source intensity and the limited duration of the test, it is feasible to approximate the
external surface of the concrete outer wall as having a constant temperature.

The heat source term directly influences the steel strand. The matrix equation for
resolving the unspecified coefficients can be derived by applying the boundary conditions,
as expressed in Equation (12).

AX = B (12)

Here, the matrices A, B, and X are defined according to Equation (13). To solve
this matrix equation, the temperature distribution over time can be ascertained through
multiple iterations employing numerical inversion techniques.
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
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A(s) B(s) C(s) D(s) E(s) F(s) G(s) H(s)
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(13)

5.3. Analysis and Comparative Results

By utilizing the derived theoretical solution, the temperature distribution of the con-
trollable bonded electrothermal method can be computed iteratively through programming.
Given that the prestressed strands can be considered as an infinite composite cylindrical
wall within this calculation approach, the theoretical temperature value becomes indepen-
dent of the length direction of the prestressed strands and solely dependent on the radius
of the measuring point’s section. This results in a unique solution once heating conditions,
material properties, and material property states are established. The parameter inputs
used for analyzing the theoretical solution are outlined in Table 4.

Of note, the prestressed reinforcement positioned at the center of the concrete beam is
in closest proximity to the lower surface of the concrete beam, which leads to the most rapid
heat dissipation and consequently, the lowest temperature. To ensure optimal performance
of the controllable adhesive reinforcement, the temperature at this juncture should not
fall below the designated design value. Illustrated in Figure 22 is a comparison curve
showcasing the theoretical calculation results alongside experimental test results after
heating at the midpoint.
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Upon scrutinizing the curves presented in Figure 22, it becomes evident that the
maximum relative errors between the theoretical and measured values at the midpoint,
considering the two distinct current sizes, amount to 1.28% and 0.61%, correspondingly.
Notably, as the heating duration extends, the error diminishes, implying a heightened
degree of accuracy associated with the calculation method. However, it is worth noting
that the measured temperature ultimately falls below the calculated temperature primarily
due to the assumption of a constant wall temperature for the outermost concrete wall
during computation, whereas a minor heat loss between the outermost concrete wall and
the surrounding air transpires during the actual measurement.

Following the comparison between theoretical and experimental results, a parameter
analysis is conducted to investigate varying currents, controllable bonded binder thick-
nesses, and steel strand diameters. This comprehensive analysis involves modifying the
calculation program in accordance with numerical simulation’s parameter variations.

5.3.1. Current Size

When adjusting the current density applied to the end face of the steel strand, it is
essential to consider that the curing reaction of the controllable bonded binder is only initi-
ated once the predetermined internal temperature is attained. Determining the necessary
heating duration follows a constrained temperature rise approach. Commencing with an
initial model temperature of 20 ◦C, the heating current systematically varies from 200 A to
500 A in 50 A increments. The resultant comparison between simulated and theoretical
values, focusing on the time required for the midpoint of the prestressed reinforcement to
reach 80 ◦C, is depicted in Figure 23.
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Examining Figure 23, it becomes apparent that a parallel trend is observed in both the
numerical simulation and theoretical predictions as the current is varied. The maximum
relative error, reaching 24.61%, materializes when the current is set at 500 A. This diver-
gence is attributed to the assumption of a constant material thermal conductivity during
calculations. In reality, material thermal conductivity increases with rising temperatures,
hastening heat dissipation and necessitating extended heating times. When applying
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lower current values, the calculated results exhibit a closer alignment with the simulated
outcomes. For instance, at 200 A, the relative error stands at a mere 1.09%.

5.3.2. Controllable Bonded Binder Thickness

The controllable bonded binder thickness was constrained within the range of 2 mm
to 3.5 mm, employing an incremental step size of 0.25 mm. Under identical current
and heating duration conditions, the temperatures corresponding to various controllable
bonded binder thicknesses were computed. Subsequently, these results were charted as
a scatter plot illustrating the temperature distribution, which was further subjected to a
linear regression analysis.

The comparison depicted in Figure 24 reveals a congruence between the simulation and
calculation outcomes, showcasing analogous trends. An augmentation in the controllable
bonded binder thickness leads to a proportional increase in its thermal resistance, thereby
causing a gradual elevation in the midpoint temperature of the prestressed steel strand.
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Figure 24. Midpoint temperature variation for different controllable bonded binder thicknesses.

The calculated temperatures tend to exceed the simulated values due to the constant
thermal conductivity assumption made in the calculation. As a result, there is an increasing
relative error between the two values with the controllable bonded binder thickness,
reaching a maximum relative error of 4.23%. This observation highlights the effectiveness
of augmenting the controllable bonded binder thickness for enhancing heating efficiency,
especially under high current conditions.

5.3.3. Diameter of Steel Strand

In the role of a conducting medium, the diameter of the steel strand directly influences
the magnitude of Joule heat while keeping material properties constant. Referring to
previous calculations involving a 15.2 mm steel strand, an examination of commonly used
steel strand diameters prompts an investigation into the temperature field induced by
electric heating within prestressed strands with diameters of 17.8 mm and 21.8 mm when
subjected to a current of 350 A during heating. The resulting comparison with numerical
simulation results is visually presented in Figure 25.
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As depicted in Figure 25, a concordant pattern emerges between the computed out-
comes and the simulation results. Progressing from 15.2 mm to 17.8 mm and further to a
21.8 mm steel strand diameter, a discernible decrease in the electric heating rate transpires.
Consistently, under equivalent heating conditions, the controllable bonded strands char-
acterized by larger diameters achieve the heating stage at a swifter pace. It is noteworthy
that the calculated results converge more closely with the simulated data as the diameter
of the steel strand increases. This tendency is attributed to the gradual heating process
and minimal alterations in material thermal parameters, aligning the calculation boundary
conditions more closely with their simulated counterparts. Notably, the maximum rela-
tive error manifests at the 15.2 mm diameter, registering at 4.76%, thereby affirming the
heightened reliability of the calculated outcomes.

6. Conclusions

The significance of this study lies in the fact that traditional retard-bonded prestressing
requires several months of waiting for the binder to cure and reach its design strength
after tensioning. However, by incorporating a latent-heat curing agent into the binder and
activating it through electric thermal methods, rapid curing can be achieved in a matter of
minutes, enhancing the strength. This makes it suitable for dynamic loading scenarios such
as bridges and highways, and it effectively reduces the construction time.

Incorporating DC heating into controllable bonded prestressed reinforcement offers a
feasible and controllable approach, with the critical caveat that meticulous regulation of the
heating current is imperative to prevent potential adverse effects, ensuring the preservation
of both structural integrity and material properties. By establishing a reasonable heating
method, it takes only a few minutes to ensure the curing of the controllable binder. This
is underscored by a maximum relative error of 1.73% in agreement with the proposed
theoretical model. Moreover, optimizing heating parameters, specifically current size and
binder thickness, demonstrates a significant reduction in the heating time, presenting a
theoretical solution for parameter determination based on real material properties. How-
ever, it is essential to note that further research should address unconsidered factors such
as contact resistance at heating terminals, the influence of anchor pads on heat genera-
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tion, and thermal resistance between material layers. These enhancements highlight the
expanding potential for electric heating applications in achieving controllable bonding
and temperature-induced stress management within prestressed reinforcement for more
efficient and reliable prestressed concrete structures.

(1) Feasibility and control of electric heating: The utilization of electric heating to regulate
the temperature within controllable bonded prestressed reinforcement proves to be a
viable and effective technique in terms of energy consumption, efficiency, and safety.
However, precise control of the heating current is crucial to prevent the adverse
effects caused by excessively high temperatures resulting from inadequate current,
prolonged heating durations, or excessive current flow. This ensures the preservation
of both the structural integrity and mechanical properties of the steel strand and
concrete.

(2) Agreement between theoretical model and experimental data: The developed theo-
retical model for electric heating of controllable bonded prestressed reinforcement
demonstrates remarkable agreement with the observed distribution of the tempera-
ture field. The maximum relative error of 1.73% highlights the accuracy achieved by
this proposed theoretical framework.

(3) Optimization through current size and binder thickness: The analysis reveals that
increasing the current size while judiciously augmenting the thickness of controllable
bonded binder contributes to a reduction in heating time. Selecting an appropriate
current size is pivotal in establishing a stable temperature environment conducive to
the curing process.

(4) Theoretical solution for parameter determination: The theoretical solution method
proposed in this study surpasses the experimental results, providing the capability
to calculate the temperature field values based on actual material parameters in real-
world applications. This facilitates the identification of optimal heating parameters.

Notably, the current study does not take into account contact resistance at heating
terminals, the impact of anchor pads on heat generation, and thermal resistance between
material layers. Addressing these factors in future simulations and tests would enhance
our understanding of the intricacies of the electrothermal method. Meanwhile, with the
continuous emergence of novel controllable bonded binders, the electrothermal method
is poised to find an expanded utility in achieving controllable bonding. Furthermore,
leveraging temperature-induced stress within prestressed reinforcement holds potential
for enabling controlled tension, reducing prestress loss, and promoting more uniform
dispersion of effective prestress.
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