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Abstract

This work presents mechanical testing and numerical simulations on fatigue behavior,
particularly the fatigue life and failure modes and the final fracture of metallic materials.
First, the mechanical tests of the base alloys and their welded joint were conducted, and
the stress-circulation curve with a survival rate was obtained. Second, the failure modes and
fracture mechanisms of such metallic materials were analyzed. Third, the load spectrum of the
key parts of a typical welding joint was converted into a stress spectrum. Finally, the fatigue
life of the components was achieved based on the finite element analysis and corresponding
numerical simulations. The results showed a very promising application of such composite
materials to meet the safety requirements. Therefore, the present study also provides an
efficient method, which can be applied in various industrial aspects such as materials and
mechanical engineering, as well as structural control and safety monitoring.

K e y w o r d s: finite element method, aluminum alloy, deformation behavior, fatigue prop-
erties

1. Introduction

The demand for transporting concentrated nitric
acid and a limited railway transportation capacity
requires the use of large-capacity tank cars. In this
study, the use of a 70-t tank car to transport concen-
trated nitric acid is considered an alternative to the
use of the existing 60-t tank car to improve trans-
portation efficiency [1, 2]. Considering the factors of
low weight and corrosion prevention, high-strength
cladded plates can be used to meet the above require-
ments of materials for the tank car body. A thin pure
aluminum layer used for the internal bladder material
of the tank body reacts with the concentrated nitric
acid to produce a layer of oxide film that protects the
layer. The thicker layer is the outer layer material and
bears the external load. The pure metals and their
alloys form a cladded plate through a solid-state com-
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bination. However, only an alloy can be used as the
butt weld filler material of the cladded plate, and this
exposes a small amount of alloy filler on the pure alu-
minum layer to the concentrated nitric acid. There-
fore, it is necessary to lap the alloy cover on one side
of the pure aluminum layer of the butt weld of the
cladded plate to ensure the corrosion protection of the
tank body material.
The safe and stable operation of transformers plays

an important role in the power system. The box joint
of the bell jar tank is welded. For welded joints, the
sealing mechanism is to seal by welding the upper and
lower joints together to form a closed whole. Due to
the welding connection, the stress the welding location
can bear is lower than the yield strength of the casing
joint materials (the maximum stress is less than 85%
of the yield strength of base materials). In particular,
with the use of a transformer, the internal coil vibra-
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tion of the joint can cause fatigue, which will further
reduce the stress limit value and lead to harmful ef-
fects on its use for lifting. If the transformer tank is
hoisted, the joint will deform, and the stress on the
joint will increase. When the stress reaches the limit
value of the welding part, cracks and even oil leakage
will occur.
Cladded metal composites (LMCs) are unique

composites in which alternating metal or metal-
-containing layers are combined with discrete inter-
faces. LMCs significantly improve the performance of
many materials in terms of fracture toughness, fa-
tigue behavior, impact behavior, wear, corrosion, and
damping capacity. These composites enhance the duc-
tility of brittle materials and are widely used in the
aerospace, automotive, and defense fields [3, 4]. The
manufacturing process and mechanical properties of
cladded plate materials are very different from tra-
ditional monolithic materials. Many researchers have
conducted in-depth research on the manufacturing
process, mechanical properties [5–9], and fatigue crack
growth [10–15] of cladded plate materials. The study
byWittenauer and Sherby [10] showed that the fatigue
life of an ultra-high carbon steel cladded plate con-
taining a thin copper coating was significantly higher
than that of the monolithic material. During the fa-
tigue loading, the plastic deformation of the copper
layer results in delamination, which causes blunt crack
tips. The increase in the fatigue life is more apparent
under high-amplitude stress cycles due to the growth
of fatigue cracks. In the case of high-cycle fatigue, the
fatigue life is determined by the initiation life of the
crack, and the fatigue life of cladded materials is sim-
ilar to that of monolithic material.
Kümmel et al. [11] studied the fatigue deformation

and damage mechanism of cladded composites with
distinct hardness differences. At high amplitudes, the
cracks extended in the thickness direction and were
not affected by the various interfaces in the cladded
plate. At low amplitudes, a grain coarsening occurred
in the layer, and the cracks extended along the direc-
tion of the layer, but this was not the case for the
monolithic material. The fatigue life and cycle sta-
bility of a cladded plate are significantly higher than
those of monolithic material. Pippan et al. [12] stud-
ied the crack growth of LMCs in detail. They found
that if the fatigue crack approached the interface from
the weaker plastic material, the crack growth rate de-
creased near the interface due to the change in the
plastic deformation field at the crack tip, and the
cracks began to branch. In contrast, the crack growth
rate was accelerated when the cracks were close to
the interface with the stronger plastic material. Cui
et al. [13] studied the expansion of fatigue cracks in
laminates with different bonding strength at the inter-
face. Due to the influence of the interface microstruc-
ture and bonding strength, the stress state at the

crack tip changed from a plane strain state to a plane
stress state; therefore, strain energy was released, and
crack arrest occurred. According to the study of He
et al. [14], the plastic deformation of the softer mate-
rials consumes the deformation energy and reduces the
crack driving force, which agrees with the conclusion
of Cui et al. [13]. Kolednic et al. [15] investigated the
expansion of fatigue cracks in cladded plates with dif-
ferent hardness values. If the crack tip was located in a
material with a low Young’s modulus, the driving force
of the crack was strongly reduced at the interface,
which caused an arrest in the crack growth. Therefore,
the material exhibited high fracture strength. The me-
chanical properties and low-cycle fatigue properties of
cladded composites were investigated by Szachoglu-
chowicz et al. [16, 17]. Huang et al. [18] found that an
overload in the fatigue cycle had little effect on the
crack growth rate of fiber-metal composites.
To sum up, current studies of the fatigue perfor-

mance of LMCs are mainly based on theoretical re-
search, and there are few studies on the fatigue per-
formance of cladded plates and the welded joints using
tests and practical engineering applications [18–20]. In
this work, we present an experimental investigation
and a finite element analysis on the mechanical be-
havior of transformer joint materials, particularly the
fatigue performance, and provides an efficient method,
which can be applied to transformer box seal monitor-
ing and fault diagnosis.

2. Simulations

Because the material considered in this study is a
metallic composite, the basic mechanical properties of
the cladded plate are very important in the design of
the tank car. Based on the parameters of the alloys,
the ANSYS software is used to simulate a tensile test
of a specimen of the cladded plate. The tensile test
results provide the mechanical parameters of the base
metals of the cladded plate to conduct a finite element
analysis of the tank body.

2.1. Material parameters

The mechanical properties of the two materials
are shown in Table 1 and are based on the standard
GB/T 16475-1996 [21]. The constitutive relationships
are simulated by ANSYS’s bilinear hardening model
BKIN, and it is apparent that the mechanical proper-
ties of the two materials are quite different.

2.2. Finite element model

The same specimen is analyzed in the fatigue test,
and it has the same plate thickness as the actual ap-
plication. A finite element model of the specimen is
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Ta b l e 1. Tensile properties of 1060 aluminum and 5052 Al-Mg alloy at room temperature

Grade State Elastic modulus Tensile strength Yield strength Elongation Hardness HBS
E (GPa) σb (MPa) σy (MPa) δ (%)

1060 O 69 69 25 43 19
5052 H32 69.3 230 195 12 60

Fig. 1. Loading method for the finite element analysis
model of the specimen.

Fig. 2. Stress distribution of the model under a 4.6 t load.

created to simulate the elastoplastic stress and strain
response of the specimen under a tensile load; the
specimen is meshed using the solid element Solid45.
To ensure the accuracy of the calculation results, the
interface of the two kinds of materials and the arc area
of the specimen are defined as key sites, and mesh re-
finement is performed to simulate the real material
in the tensile test. All the nodes on the left side of
the model are multi-constrained, and a displacement
load of 2 mm is applied to the node on the right side.
The specimen is then gradually loaded using sub-load
steps, as shown in Fig. 1. Subsequently, the constraint
reaction force at the left side of each load step is deter-
mined, and the nominal stress is calculated by dividing
the cross-sectional area of the specimen arc. Finally,
the stress and strain results of each load step are ob-
tained.

2.3. Elastoplastic analysis

The equivalent stress, i.e., the ratio of von Mises
stress versus the yield strength, of the specimen at
a constraint force of 4.6 t, which corresponds to the
tensile test load of 4.6 t (nominal stress of 46.45MPa),
is shown in Fig. 2. The stress concentration occurs at
the outer surface of the specimen’s arc area, where the
interface of the composite exhibits the highest stress
of 73.69MPa (lower than its yield strength). The pure
aluminum layer has entered the yield state, and the
stress is around 25MPa.
The relationship between the maximum stress and

the external load of the two materials can be described
as follows: In the first stage, the two materials exhibit
elastic deformation; this represents the stage in which
the maximum stress σAL < 25MPa. The two materials
bear the load together. As the external load increases,
the stress of the two materials increases linearly. In
the second stage, the σAL remains at about 25MPa.
The maximum stress of the layer occurs in this stage
at σAL−Mg < 195MPa, and the load is mostly sup-
ported. As the external load increases, the stress of
the pure layer remains basically unchanged, whereas
the stress of the alloy layer increases linearly. In the
third stage, both materials yield, namely, the σAL−Mg
remains at 195MPa and the σAL remains at 25MPa.
As the external load increases, the stress of the two
materials remains basically the same. The external
load F = 173.49 kN divided by the minimum cross-
sectional area of the model results in nominal stress
of σ = F/A = 146.9MPa. It is considered that the
cladded plate yields when the pure aluminum layer
yields. Therefore, the yield strength of the cladded
plate is 146.9MPa. In the fourth stage, the two mate-
rials exhibit plastic deformation where σAL > 25MPa
and σAL−Mg > 195MPa. The two materials are loaded
simultaneously, but the load is mainly supported by
the composite. As the external load increases, the
stress of the two materials increases linearly, but the
rate of increase is higher for the composite layer than
for the pure aluminum layer.
The segment of the curves of both materials dur-

ing the plastic phase is fitted using the least squares
method. As shown in Fig. 3, the tensile strength is
98.7MPa and 258MPa, respectively, for the two mate-
rials. The alloy will break when the stress reaches
258MPa because the external load is calculated as
F = 202.25 kN according to the fitted equation, and
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Fig. 3. Maximum stress vs. the external load during the
plastic stage.

the nominal stress of the cladded plate is σ = F/A =
171.3MPa.
Table 2 shows the test results of the tensile strength

of the cladded plate, and the average value of the ten-
sile strength is:

σ̄ =
6∑

i=1

σi/6 = 177.83 MPa. (1)

The result of the finite element calculation is close
to the experimental result, which validates the elasto-
plastic simulation results. In addition, since the yield

strength is 25MPa and the yield strength of the alloy
is 195MPa, the tensile strength of the cladded plate is
171.3MPa, and the yield strength ratio of the mate-
rial is greater than 50%. Therefore, the yield strength
value of 146.9MPa is a relevant result.
The mechanical performance parameters of the

cladded plate obtained by the finite element simula-
tion show a yield strength of σs = 146.9MPa, a tensile
strength of σb = 171.3MPa, and a fracture strain of
δ = 0.11.

3. Fatigue tests

3.1. Specimens and loading conditions

The specimen has a symmetrical structure. As
shown in Fig. 4, the length of the specimen is 240mm,
and the thickness is 22 mm. The specimen is divided
into two layers. The upper layer is a pure aluminum
layer with a thickness of 3 mm. The lower layer is the
composite with a thickness of 19mm. The two-layer
material is consolidated to form a cladded plate. Be-
cause the boundary section of the two layers is too
thin, one cannot see it clearly. The transition arc with
a radius of 36mm is located in the middle part of
the specimen. The maximum cross-sectional area of
the specimen is 1276mm2, and the minimum cross-
sectional area is 990mm2.
The weld electrode type used is 5183. All the longi-

tudinal and circumferential welds are butt weld joints
with a 60-degree groove. After the front groove side is

Ta b l e 2. Tensile strength test results

Specimen number 1-26-1 1-26-2 1-26-3 2-26-1 2-26-2 2-26-3

Tensile strength (MPa) 196 189 186 166 166 164

Fig. 4. Base metal specimen for the fatigue test.
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Fig. 5. S-N curves of the cladded plate for R = –1.

welded, the back groove bottom is cleaned before the
back welding, which guarantees the double sides are
fully penetrated. Then the pure aluminum cover plate
is lap welded to protect the inside from corrosion; the
local welded joint is the same as the lap-welded spec-
imen used in the previous fatigue tests.
The test equipment is an MTS810 fatigue test sys-

tem. The test system has a coaxial design, which re-
sults in a symmetrical force being applied to the spec-
imen. The maximum allowable error of the average
static and dynamic amplitude is no more than ± 1 and
± 3%, respectively. The test is carried out at room
temperature at a frequency of 7 Hz. The fatigue tests
were performed under a tension-pressure symmetrical
cycle (R = –1), a zero-tension pulsation cycle (R =
0), and a zero-pressure pulsating cycle (R = –∞); the
test was terminated when the specimen fractured.

3.2. Test results and discussion

The test results are shown in Fig. 5. For R = –1,
the slope of the median S-N curve is k = 5.2 based
on regression analysis, and this is not a big difference
from the slope of the S-N curve of the layer alloy.
Usually, the logarithmic life of a specimen is normally
distributed. The standard deviation s = 0.0659 of the
life distribution is analyzed by the unilateral toler-
ance method, and it is close to the dispersion band
in the International Institute of Welding (IIW) stan-
dard [21]. The composite cladded plates are metal
materials essentially. The process of fatigue crack ini-
tiation and propagation should be experienced under
cyclic loading. The test data before the 2e6 cycle de-
termine the trend of the S-N curve. Based on limited
test data of this study, according to Sonsion [22] and
Hobbacher [23], who conducted high-cycle fatigue re-
search on layer alloy material, the S-N curve can be
reasonably extended to the long-life range, and the
knee point of the S-N curve is defined as the 1e7
cycle. After the knee point, the fatigue strength de-
creases with the increase in the cycle times, and the

Fig. 6. The typical failure mode of the specimen.

slope changes to k* = 22. At the same time, a curve
with a survival rate of 97.7 % can be obtained by sub-
tracting 2 standard deviations from the median curve,
and the fatigue limit at the 1e7 cycle is 23.62MPa.
In the IIW standard, the FAT value of the

5-line is 71MPa, and the fatigue limit at the 1e7 cy-
cle is 25.73MPa. In addition, according to the stan-
dard JB/T 4734-2002 for the welding containers [24]
and the American Society of Mechanical Engineers
(ASME) boiler and pressure vessel code volume II [25],
the allowable stress of 1060 pure aluminum layer un-
der annealing conditions is only 11MPa. It is evident
that the fatigue strength of the alloy cladded plate is
much higher than that of the pure aluminum layer,
which is close to the 5 series. Therefore, this material
is sufficiently lightweight for use in a tank car carrying
concentrated nitric acid.

3.3. Fatigue failure mode

The failure type of the specimens is shown in Fig. 6.
The fatigue cracks of the cladded plate originate from
the pure aluminum layer cross-section. This is due to
the minimum constraint on the cyclic plasticity at the
edge of the cross-section. In the fatigue test load, the
yield strength of the pure aluminum layer is low, and
it is prone to repeated plastic deformation. The stress
of the composite is still in the elastic range; therefore,
at the interface, the pure aluminum layer side cannot
slip easily due to the deformation constraints of the
composite, which results in the tension of the stress
field and eventually leads to stratification. This area
then becomes a weak zone prone to fatigue; the fa-
tigue crack begins in the pure aluminum layer and af-
ter the formation of the fatigue crack and first extends
along the direction of the pure aluminum layer along
the cross-section. After destroying the pure aluminum
layer, the crack extends along the transverse direction
towards the composite, and the specimen finally frac-
tures. The purpose of the R = –∞ fatigue tests is to
determine whether there is an interfacial instability
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Fig. 7. Before loading (a), after 2e6 cycles (b).

failure in the pure aluminum layer. If σa = 48.18MPa
and for 2 million cycles, the pure aluminum layer of
the cladded plate exhibits plastic deformation. The
interface between the pure aluminum layer and the
composite can be clearly seen, as shown in Figs. 7a,b.
However, no macroscopic cracks were observed in the
specimen. It is concluded that the fatigue life of the
specimen is more than 2 million cycles at this stress
amplitude, and the interfacial bonding between the
materials of the cladded plate is good, and there is no
unstable failure. Under the same stress state, the life
of the specimen is 1.2 million times that at R = –1
and 370 000 times that at R = 0. It is evident that
the mean compressive stress inhibits the initiation of
the crack and increases the fatigue strength and fa-
tigue life, which is consistent with the results of the
monolithic metal material. Here it is worth pointing
out that from Fig. 7, one can see that the cracks start
at the edge of the specimen. This happens perhaps
because the sample preparations, and especially, ma-
chining of the specimen may affect the above results.
A lap-welded specimen of the cladded plate was

used in the tests. The base metal of the specimen is
a composite cladded plate, and the butt weld is lo-
cated in the middle of the specimen. The length of

Fig. 8. The stress-life curve of the lap-welded specimen.

the pure aluminum layer cover plate on the pure alu-
minum layer side of the butt joint is 70 mm, the thick-
ness is 4 mm, and the width is the same as that of the
cladded plate. The material is a 1060 pure aluminum
layer, and the two ends of the pure aluminum layer
cover are welded together with the pure aluminum
layer of the cladded plate to form a lap-welded struc-
ture. Therefore, this specimen has three welds; one is
the butt-welded joint of the cladded plate, and the
other two lap welds are located between the pure alu-
minum layer cover plate and the pure aluminum layer
of the cladded plate. The main purpose of this lap
weld is to protect the composite filler of the butt weld
from concentrated nitric acid corrosion; this specimen
is called the lap-welded specimen of the cladded plate.
A four-point bending fatigue test was carried out

on the lap-welded specimen of the cladded plate. A
Zwick/Roell high-frequency fatigue testing machine
was used. During the test, the frequency of the spec-
imen was measured to determine if fatigue fractures
had occurred. When the frequency of the specimen
exceeds a certain range, it is considered that the spec-
imen has fractured, and the test machine stops the
loading. The loading applied is the four-point bend-
ing loading method. The test frequency is 70 Hz, the
stress ratio is R = 0.1, and the test is carried out at
room temperature. The two supporting points on the
lower side are holding points and the two supporting
points on the upper side are loading points.
The test results are shown in Fig. 8. A regression

analysis indicates that the slope of the median S-N
curve of the lap joints is k = 2.44; this curve is steeper
than the S-N curve of the welded joints of the mono-
lithic layer alloy. The logarithmic life of the specimen
has a normal distribution, and the standard deviation
s= 0.0729 of the life distribution is slightly larger than
the standard deviation of 0.069 in the IIW standard.
By subtracting 2 standard deviations from the median



C. Zhang et al. / Kovove Mater. 59 2021 257–268 263

Fig. 9. The typical failure mode of the lap-welded speci-
men.

curve, the S-N curve with a survival rate of 97.7%
can be obtained, and the fatigue limit at 1e7 cycles is
12.85 MPa. Usually, the fatigue life of a welded joint
under a bending fatigue load is longer than that of a
tensile-compression load. This is mainly due to the dif-
ferent stress gradients which are perpendicular to the
surface of the weld toe. However, with the increase in
the plate thickness, the fatigue strength under bend-
ing load is more influenced by the size effect, and the
fatigue life is reduced faster. When the thickness of
the plate is more than 20mm, the fatigue life under
both bending and tensile-compression load tends to be
consistent [27]. Therefore, the 97.7 % reliability S-N
curve of the lap-welded specimen can be used as the
design curve for the fatigue strength design of the tank
car. The fatigue test includes only the medium- and
short-life test data. Similarly, according to the S-N
curve of welded joints in the IIW standard, the S-N
curve of the lap joint of the composite cladded plate
is extended to the long-life range, which is used to de-
termine the fatigue strength of the tank car. Like the
base composite cladded plate, the slope of the long-life
range is changed to k* = 22.
The fatigue failure of the lap joint specimen of the

composite cladded plate is shown in Fig. 9. The frac-
ture of the specimen occurs at the lap weld of the pure
aluminum layer cover and the cladded plate. The fa-
tigue crack originates from the weld toe position of the
pure aluminum layer cover and cladded plate, indicat-
ing that the lap weld is the weakest area of the speci-
men. It is observed that the crack begins at the toe of
the lap weld and then extends along the cross-section
toward the pure aluminum layer. After the failure of
the pure aluminum layer, it extends along the cross-
-section through the interface towards the direction of
the composite layer and results in the final fracture
of the specimen. There is no peeling at the interface
between the pure aluminum layer and the composite

layer, which is different from the tensile fatigue test
result of the base metal. In addition to the difference
in the crack growth rate between the two materials,
the failure mode of the lap-welded specimen is consis-
tent with the failure mode of the welded joint of the
single-layer alloy; this also indicates that the form of
the S-N curve is the same as that in the IIW standard.

4. Fatigue analysis

During the operation of the tank car carrying con-
centrated nitric acid, the fatigue load changes over
time. Because of different vehicle operating conditions,
the form and condition of the railway line and the load
vary greatly. At present, the fatigue strength design
of tank cars is referred to the AAR Manual of Stan-
dards and Recommended Practices, Section C-M1001
Design, Fabrication, and Construction of Freight Cars
[28]; the manual defines the load spectrum for a 100-t
tank car. This is a three-dimensional spectrum ob-
tained from actual vehicle operating tests using the
rain-flow counting method. It is the basis of the fatigue
reliability design of tank cars and includes the maxi-
mum andminimum load combinations in each group
and the number of cycles that appear in this combi-
nation.
According to the AAR load spectrum, the fatigue

life of tank cars is determined by several fatigue loads,
which are the load of the center plate, the load of the
side bearing, the longitudinal and vertical loads of the
coupler, and the torsional load. The center plate bears
the vertical load of the tank car, including its weight
and load of the tank. The side bearing load is caused
by the side roll movement of the tanker during oper-
ation. When the two sides of the bogie side bearing
roll in different directions, the car experiences a tor-
sional load. In addition, the standard also considers
the proportional mileage of empty to loaded tank car.

4.1. Analysis of fatigue failure mode

The fracture of specimen occurs at the lap weld of
the pure aluminum cover and the cladded plate. The
fatigue crack originates from the weld toe position of
the pure aluminum cover and cladded plate, indicating
that the lap weld is the weakest area of the specimen.
The propagation mode of the crack of the lap-

-welded specimen is shown in Fig. 10. It is observed
that the crack begins at the toe of the lap weld
and then extends along the cross-section toward the
pure aluminum layer. After the failure of the pure
aluminum layer, it extends along the cross-section
through the interface towards the direction of the
Al-Mg alloy layer and results in the final fracture of
the specimen. There is no peeling at the interface be-
tween the pure aluminum layer and the Al-Mg alloy
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Fig. 10. Crack propagation of lap-welded specimen.

layer, which is different from the tensile fatigue test
result of the base metal. In addition to the difference
in the crack growth rate between the two materials,
the failure mode of the lap-welded specimen is consis-
tent with the failure mode of the welded joint of the
single aluminum alloy, which also indicates that the
form of the S-N curve is the same as that in the IIW
standard.

4.2. Evaluation method

Based on the structural and mechanical similar-
ity, it is assumed that there is a linear relationship
between a load of a tank car and its weight [28–30].
The load spectra of a 100-t empty and loaded tank
car used in the AAR standard are converted into the
load spectra of a 70-t empty and loaded tank car in
this study. Due to the linear relationship between the
load and the stress on the tank car, a stress analy-
sis of the tank car body under several loads is carried
out firstly, and the major stress areas are identified to
determine the source of the fatigue. Second, the load
spectra of the tank car are transformed into the stress
spectra of the large stress positions under these load
spectra. The transformation of the load spectra and
stress spectra is based on the assumption of a linear
relationship between the load and the stress, as shown
in the following formula:

σt/Pt = σi/Pi, (2)

where Pt is the load in the load spectrum of the car
and σt is the stress on the part of the car receiving
the load spectrum Pt. Pi is the load exerted by the
finite element calculation, and σi is the stress on the
car body under the action of the load Pi.
Considering the load spectrum conversion for tank

cars with different weights, the load spectrum of the
70-t tank car is as follows:

σt = αPt × σi/Pi, (3)

Fig. 11. Geometric structure of the tank car.

Fig. 12. Weld seam position on the dome.

where α is a conversion coefficient of the load spec-
trum.
After the stress spectrum of the key positions is

obtained, the fatigue damage of these key positions
under vertical, longitudinal, torsional, and rolling fa-
tigue loads was calculated combined with the fatigue
performance data of the base metal and lap joints of
the composite cladded plate. According to the Miner
linear cumulative damage theory, the total damage to
the key positions of the tank car body is determined.

4.2. Finite element analysis

The 70-t tank car carrying concentrated nitric acid
is a bearing structure, and it consists of the tank body
and the bottom frame. The tank body is a horizontal
tube structure welded by butt joints from the cylinder
body and the head; the tank material is the composite
cladded plate. The bottom frame consists of a center
sill, bolster end beams, and short side beams. The
structure of the 70-t tanker is shown in Fig. 11. The
vehicle weight is less than 23 t, and the load is greater
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Fig. 13. Weld seam positions on the barrel.

Fig. 14. Finite element model of the tank car.

than 70 t, improving transportation efficiency.
The front and back heads consist of spherical con-

vex panels that are hot-pressed using the two plates,
as shown in Fig. 12. The six longitudinal welds in the
cylinder are marked as 2 to 7, and the seven circum-
ferential welds (including the two welds of the head
seal) are marked as 8 to 14. Fillet welding is used
to join the circumferential welds and the longitudinal
welds, as shown in Fig. 13. The butt weld joint is dou-
ble sides fully penetrated, with a pure aluminum layer
cover plate that protects the inside from corrosion.
The finite element model is shown in Fig. 14. There

are 68240 elements and 68353 nodes in the model.
Solid45 element is used to simulate the stow-wood,
and the other structures are simulated by Shell181
element. The surface contact is established between
the tank body and the stow-wood and between the
stow-wood and the underframe; the constraints of the
center plate and side bearing are simplified as elas-
tic constraints. In the model, the X-direction is the
transverse direction, the Y -direction is vertical, and
the Z-direction is longitudinal; the tank body material
is the composite cladded plate. The material param-
eters are set up based on the elastic-plastic analysis
results of the composite cladded plate. The material
of the frame is steel.
The finite element analysis of the tank car body is

conducted using ANSYS. Vertical load, coupler longi-
tudinal load, torsional load, and rolling load leading
to side bearing loading are applied to the tank car
body. The stresses of the tank body under different

Fig. 15. Principal stress distributions of the tank body
under a vertical load. Note: the unit of the given numbers

is MPa.

load cases are analyzed. Elastic restraint is applied to
the center plate for the vertical, longitudinal, and tor-
sional load cases. Elastic restraint is also applied to
the side bearing for the rolling load case. The princi-
pal stress distribution under vertical loads (710 kN) is
shown in Fig. 15. From this figure, one can see that
the stress for the different specimens is different, e.g.,
it is 16.3MPa for Support 1 and 14.6MPa for Weld
13, as shown in Table 3. It is evident that relatively
high stress occurs near the support. In this analysis,
only the fatigue damage of the tank body is evaluated,
not considering the underframe and saddle, according
to the stress distribution of the tank car body under
different load cases. Totally 4 positions in the base
material, which are near the tank support, and 4 weld
positions are identified as the key positions of fatigue
evaluation. The stress values of the key positions un-
der the four load conditions were taken from finite el-
ement analysis, and then the stress value was divided
by the load, the load stress transfer coefficients were
determined (Table 3).
Based on the load spectrum of the empty and

loaded tank car in the AAR standard and the stress
transfer coefficients of the key positions, the stress
spectrum of the key positions under different load
cases is obtained using Eq. (3). The test mileage is
11 148 miles, and 7 139 031 stress cycles occurred. The
corresponding damage values were calculated based on
the S-N curves of the base metal and the lap joints
of the composite cladded plate; the damage values of
the key locations under various load cases of the empty
and loaded tank car are shown in Table 4. It is evi-
dent that the damage caused by the rolling load and
torsional load can be neglected. The longitudinal load
causes most of the damage, and the maximum damage
occurred at the position, which is the lowest point of
the cross-section of the tank body support.
The mileage proportion of an empty tank car to a

loaded car in the AAR standard is 93 %. According to
the mileages of the load spectrum of the empty and
loaded car, the damage under the load spectrum is
converted to the damage per unit of mileage. Subse-
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Ta b l e 3. Load-stress transfer coefficients of key points

Vertical load Roll load Longitudinal load Torsional load
(710 kN) (233 kN m) (207 kN) (304 kN m)

Position Description
Stress Coefficient Stress Coefficient Stress Coefficient Stress Coefficient
(MPa) (MPa)/(kN) (MPa) (MPa)/(kN) (MPa) (MPa)/kN) (MPa) (MPa)/(kN)

1 Support1 16.3 0.02296 6.98 0.02993 2.35 0.0114 7.67 0.0252
2 Support2 9.05 0.01274 14.1 0.06045 2.02 0.0098 9.47 0.0312
3 Support3 2.31 0.00325 4.63 0.01985 14.9 0.0724 3.51 0.0115
4 Support4 5.73 0.00807 5.03 0.02157 3.12 0.0151 20.5 0.0674
5 Tank body3 12.8 0.01802 3.01 0.01290 1.9 0.00919 5.09 0.01674
6 Tank body7 15.9 0.02239 6.97 0.02988 0.622 0.00300 7.68 0.02526
7 Tank body9 11.5 0.01619 6.08 0.02606 2.19 0.01059 4.94 0.01625
8 Tank body13 14.6 0.02056 6.65 0.02851 2.19 0.01059 6.65 0.02187

Support1-Upper corner of the support; Support2-Corner of support.

Ta b l e 4. Damages at the key points under different loads

Loaded car Empty car

Position Vertical Rolling Longitudinal Torsional Vertical Rolling Longitudinal Torsional

Support1 0 0 0.867E–07 0 0 0 0 0
Support2 0 0 4.42E–09 0 0 0 0 0
Support3 0 0 4.16E–03 0 0 0 1.78E–03 0
Support4 0 0 5.48E–07 0 0 0 0.842E–07 0
Tank body3 0.106E–07 0 1.08E–06 0 0 0 2.63E–07 0
Tank body7 4.34E–07 0 0 0 0 0 0 0
Tank body9 0 0 2.11E–06 0 0 0 4.43E–07 0
Tank body13 1.93E–07 0 2.11E–06 0 0 0 4.43E–07 0

Ta b l e 5. Buckling strength of numerical results

Position Total damage Fatigue life (10 000 km)

Support1 4.03E–12 3.99E+07
Support2 2.05E–13 7.83E+08
Support3 2.73E–07 590
Support4 2.92E–11 5.50E+06
Tank body3 6.25E–11 2.58E+06
Tank body7 2.02E–11 7.98E+06
Tank body9 1.18E–10 1.37E+06
Tank body13 1.27E–10 1.27E+06

quently, the total damage per unit of the mileage of
the key positions of the tank body can be obtained
by linear accumulation. The total damage determined
the fatigue life. Table 5 shows the total damage per
unit of mileage and fatigue life of the key positions of
the tank body. The minimum fatigue life of the base
material is 5.9 million km, and the minimum fatigue
life of the weld is 1270 million km, which are all longer
than the design life of 2.5 million km. Therefore, the
fatigue strength of the 70-t tank car consisting of the
composite cladded material meets the requirements.
Finally, it should be pointed out that in the present

finite element analysis of the tank car body, during
the simulations, the vertical load, coupler longitudi-
nal load, torsional load, and rolling load were applied,
and these loads were applied separately in the subse-
quent simulation variants. However, the simultaneous
occurrence of the mentioned load variants can lead to
more complicated stress distributions, which may have
a significant impact on the results of calculations, in
particular, for the prediction of mechanical behavior.
For example, under these complex loads, the yielding
may also occur on the pure aluminum layer, but the
plastic deformation may be caused on the Al-Mg alloy
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layer, and even the pure aluminum layer may exhibit
necking.

5. Conclusions

The heavy load and transportation safety of tank
cars carrying concentrated nitric acid has attracted in-
creased attention. The use of composite cladded com-
posites can solve the problems associated with the cor-
rosion and lack of strength of tank car bodies. Static
strength analyses and fatigue strength tests of a com-
posite laminate plated are conducted, and the fatigue
strength design of a 70-t tank car constructed using
the composite is investigated.
1. Finite element analysis is used to simulate the

tensile test of the cladded plate. The stress and strain
behavior of the composite cladded plate under tensile
load is determined, and the macro-mechanical perfor-
mance parameters of the cladded plate are calculated.
Under tensile load, the pure aluminum layer yields
first, and the load is then supported by the compos-
ite layer without the occurrence of plastic deforma-
tion. The pure aluminum layer does not exhibit neck-
ing, and the composite cladded plate achieves a high
strength value.
2. Fatigue tests of the composite cladded plate us-

ing R = –1, R = 0, and R = –∞ are carried out,
and the S-N curve with a survival rate of 97.7%
is determined. The curve slope is 5.2, which is ba-
sically the same as that of the monolithic layer al-
loy. The fatigue limit corresponding to the 1e7 cy-
cle is 23.62MPa, which is much higher than the fa-
tigue limit of 11MPa for the pure aluminum layer.
The mean tensile stress reduces the fatigue strength,
and the mean compressive stress increases the fatigue
strength, which is in line with the Goodman correction
method. Fatigue cracks first occur at the edge of the
pure aluminum layer and are accompanied by inter-
facial delamination, extending along the cross-section
to the pure aluminum layer. After the pure aluminum
layer is damaged, the cracks expand along the trans-
verse section towards the composite and result in the
final fracture of the specimen.
3. The R = 0.1 four-point bending fatigue test

of the lap-welded specimen of the composite cladded
plate is carried out. The S-N curve with a survival
rate of 97.7 % is obtained, and the fatigue limit corre-
sponding at the 1e7 cycle is 12.85MPa. The fatigue
crack originates from the weld toe of the lap weld
and first extends along the transverse section to the
pure aluminum layer. After the failure of the pure alu-
minum layer, the specimen is finally fractured in the
direction of the composite layer along the cross-section
and through the interface. The interface between the
pure aluminum layer and the composite layer has not
been stripped.

4. The finite element method is used to calculate
the stress state under the typical load cases of the tank
body carrying concentrated nitric acid. Based on the
load spectrum of the tank car in the AAR standard,
the load spectrum of the center plate, the side bearing,
and the coupler are transformed into the stress spec-
trum of the key positions of the tank car body. The
fatigue life of the key positions of the tank car body
is estimated according to the Miner linear cumulative
damage theory based on the S-N curve of the com-
posite cladded plate base metal and the lap-welded
specimen. The minimum life of the key point of the
base material is 5.9 million km, and the minimum life
of the key point of the weld is 1270 million km, which
is longer than the design life of 2.5 million km. This
indicates that the fatigue strength of the 70-t tank
car constructed with the composite cladded material
meets the safety requirements.
Based on the above experimental results and finite

element analysis on the fatigue performance, failure
analysis, and fracture mechanism, the sealing status of
the transformer oil tank can be monitored and evalu-
ated very effectively, which can further be used for the
fault diagnosis and failure analysis under various con-
ditions such as normal operations, transformer lifting,
and transportation.
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