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Abstract: Carbon Fiber Reinforced Plastic (CFRP) shaft tube structure is widely applied in different
fields, including aerospace, automotive, and wind power. Since CFRP shaft tube is often subjected to
bending fatigue loads, it is of great significance to research its bending fatigue characteristics. Because
of its unique advantages, such as a smaller size, lighter weight, and the outstanding ability to form
a sensor network, the Fiber Bragg Grating (FBG) sensor is very applicable for health monitoring
research of composite material structures. Taking the CFRP shaft tube under bending load as the
research object, based on the theory of composite material mechanics and applying the research idea
of combining simulation analysis and experiment, the fatigue life, residual stiffness, and fatigue
damage evolution of CFRP tubes under three-point bending fatigue loading were studied. Moreover,
the fatigue characteristics of CFRP tubes under different fatigue loading were analyzed. At the same
time, the ultrasonic phased array was used to obtain the fatigue damage evolution rule by scanning
and analyzing the damage to the CFRP shaft tube after different fatigue loading times. Through the
application of the FBG sensors, the whole process of fatigue evolution of the CFRP shaft tube was
fully monitored.

Keywords: CFRP shaft tube; three-point bending; fatigue characteristics; damage evolution; FBG
sensor; online monitoring

1. Introduction

Carbon Fiber Reinforced Plastic (CFRP) has the advantages of high specific strength,
fatigue resistance, corrosion resistance, and heat resistance. O'Dwyer et al. [1-4] described
how, due to their excellent properties, carbon fiber composite materials are widely used
in aerospace, new energy, rail transit, and other fields. However, the CFRP shaft tube
structure is often subjected to alternating loads during service. Although the stress is lower
than its ultimate strength, the internal micro-cracks will slowly expand, thereby causing
matrix cracking, delamination and fiber fracture, and other fatigue damages in the structure.
As a result, serious accidents are likely to be caused by the structural strength, stiffness,
and other mechanical properties of the attenuation, which brings hidden danger to the
use of composite components. Therefore, by exploring its fatigue characteristics under a
three-point bending fatigue load, and mastering its fatigue damage evolution mechanism,
it is of great significance to formulate timely inspection and maintenance strategies for
CFRP shaft tubes and improve the reliability and safety of the tubes during service.

At present, scholars both at home and abroad have done a lot of basic research on the
fatigue damage mode of composite materials, the evolution mechanism of fatigue damage,
fatigue life, and damage detection. He et al. [5] proposed that the three-point bending
fatigue characteristics of CFRP laminates under different fatigue load levels and fatigue
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loading frequencies were studied. Koch et al. [6] put forward the stiffness failure criterion
and the residual stiffness degradation model. They also established the theoretical analysis
model of the fatigue life of CFRP laminates. The anisotropy of composite materials enables
its fatigue characteristics to be improved, and experimental testing is therefore required to
explore the evolution mechanism of composite material fatigue characteristics.

Neidigk et al. [7-13] mentioned that the commonly used methods for damage detection
of composite materials are ultrasonic testing, acoustic emission testing, vibration testing,
and radiographic testing, etc. Specifically, ultrasonic testing and radiographic testing are
both static damage detection methods, and real-time dynamic damage monitoring cannot
be performed during the operation of the structure. As a new type of optical sensor, Fiber
Bragg Grating (FBG) sensor is superior to traditional electrical sensors in terms of stability,
anti-interference, and durability, and also lighter in weight and small in size. When the FBG
sensor is loaded, the grating will deform, causing the center wavelength of the FBG sensor
to drift. The central wavelength information of the FBG sensor is collected and converted
into the strain information of the point to be measured. Okabe and Yashiro et al. [14-17]
put forward that through the introduction of technology into the damage monitoring of
composite materials, the shortcomings of conventional damage detection technologies
such as ultrasonic testing and radiographic testing can be effectively overcome. Takeda,
Ogasawara, and Yokozeki [18] pointed out that the feasibility of using FBG sensors to
evaluate composite material damage has been verified. Guo et al. [19] found through
experiments that FBG sensors have good fatigue resistance. Chiang C C [20] et al. used
FBG sensors to monitor the fatigue damage evolution process of graphite/epoxy resin
composites. The results show that the fatigue damage evolution process of composite
materials can be preliminarily identified through the changes in the spectral shape and
center wavelength of the FBG sensor.

In this paper, the CFRP shaft tube under a three-point bending load is taken as the
research object. Based on composite material mechanics and damage mechanics theory,
the fatigue characteristics of the CFRP shaft tube under different bending fatigue loads are
analyzed, and the fatigue damage evolution mechanism of the CFRP shaft tube is obtained.
The ultrasonic phased array scans and analyzes the damage of the CFRP shaft tube after
different fatigue loading times, thereby finally obtaining the fatigue damage evolution law.
In addition, the feasibility of the FBG sensor to monitor the fatigue process of the CFRP
shaft tube online was verified by pasting the FBG sensor on the surface of the CFRP shaft
tube to measure the strain information during the three-point bending fatigue experiment.

2. Numerical Investigations

The finite element model of the CFRP shaft tube was established in ABAQUS software.
In this paper, the Hashin failure criterion is used as the fatigue damage failure criterion
of the CFRP shaft tube. First, the CFRP shaft tube model was subjected to a quasi-static
three-point bending simulation analysis, and hence the elastic ultimate load of the CFRP
shaft tube was obtained. Based on the elastic ultimate load, the three-point bending fatigue
load of the CFRP shaft tube was determined. Secondly, the three-point bending fatigue
characteristics of the CFRP shaft tube model under different fatigue loads are well studied,
and the fatigue life and residual stiffness of the shaft tube were obtained. Finally, the
evolution mechanism of three-point bending fatigue damage of the CFRP shaft tube model
was studied.

2.1. Constitutive Models for Composite Materials

It is generally considered that the volume unit of the composite single-layer plate
structure is composed of two parts: the matrix unit and the fiber unit. Based on this, the
composite material single-layer plate structure can be regarded as an orthotropic elastomer
with three mutual Vertical elastic planes of symmetry. According to the relevant theory
of composite mechanics, for anisotropic composite materials, the constitutive relation is
shown in Formula (1):
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Formula (1) can be abbreviated as:
o=Cse ()

In Formulas (1) and (2), the subscripts 1, 2, and 3 respectively represent the main
directions of the three elastic symmetry planes; 0; is the normal stress, T7j; is the shear
stress, 7;; is the shear strain, ¢; is the line strain, C is the stiffness matrix and C;; is the
stiffness coefficient.

If the strain energy is considered, it can be seen by a derivation that there are only
21 independent stiffness coefficients in the elastic material stiffness matrix; for an or-
thotropic single-layer plate, because there are 3 orthogonal elastic symmetry planes, there
are only 21 independent stiffness coefficients in the stiffness matrix. There are 9 indepen-
dent stiffness coefficients, then Equation (1) can be simplified as:

og} C1 Cp Gz 0 0 O 21
o3 Cp Cp C3 0 0 O €
o3 | _|C3 C3 Gs 0 0 0]|es 3)
3 0 0 0 C44 0 0 Y23
31 0 0 0 0 C55 0 Y31
T12 0 0 0 0 0 C66 Y12

When the composite laminate structure is subjected to fatigue load, different forms of
damage will appear inside the structure. With the increase in fatigue loading times, the
damage inside the laminate structure will gradually expand until the composite structure
finally fails. In the process of fatigue failure of composite structure, its bearing capacity
will also gradually decrease. When analyzing the fatigue problem of composite material
structure, it is necessary to update the stiffness matrix of composite material to the stiffness
matrix after performance attenuation in real time. Assuming that the stiffness reduction
matrix is K, the stiffness matrix after attenuation can be expressed as:

C' =KC @)

By substituting Equation (4) into Equation (3), the stress update at the next moment
can be obtained.

2.2. Quasi-Static Bending Fatigue Simulation Analysis

The establishment of the shaft tube model refers to GB/T 1449-2005 while taking into
account the preparation conditions of the test piece and the size of the three-point bending
fixture of the fatigue testing machine. The shaft tube’s inner diameter is 51 mm, the outer
diameter is 59.8 mm, and the length is 400 mm. According to the common lay-up principle
of carbon fiber composites, four lay-up angles of 0°, 45°, and 90° were selected, and the
lay-up method was symmetric lay-up. The final laying scheme of the CFRP shaft tube
is [0/90/45/02/+45/0/—45/0/90] s, with a total of 22 layers and a thickness of 0.2 mm
in one layer. The carbon fiber composite material shaft tube test piece used in this paper
is FAW200RC38 prepreg produced by Zhongfu Shenying Carbon Fiber Co., Ltd. (China
Jiangsu). Its main components are T700 carbon fiber and epoxy resin. Table 1 shows the
material properties of FAW200RC38 prepreg.
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Table 1. Material properties of FAW200RC38 prepreg.

Parameter Value Parameter Value
E; (GPa) 142 Xt (MPa) 1900
E, (GPa) 9 Y: (MPa) 51
E3 (GPa) 9 Z; (MPa) 51

V12 0.32 X¢ (MPa) 1100
Vo3 0.46 Y. (MPa) 130
V13 0.32 Z: (MPa) 130

G12 (GPa) 4.6 512 (MPa) 72
G23 (GPa) 3.08 513 (MPa) 72
G13 (GPa) 4.6 Sp3 (MPa) 70

Grr (N/mm) 50 Grc (N/mm) 75
GTT (N/mm) 025 GTC (N/mm) 075
o (kg/m3) 1620

In Table 1, Eq, E, E3 are the elastic modulus in the three main directions respectively,
and Vpp, Vo3, Vi3 are the Poisson’s ratios in the 12, 23, and 13 directions. Gy, G»3, G13 are
the shear modulus in the 1-2, 2-3, and 1-3 planes respectively, and X;, Y}, Z; are the tensile
strengths in the three main directions respectively. X, Y, Z. represent the compressive
strength in the three main directions,Syy, S13, So3 are the shear strength in the 1-2, 1-3, and
2-3 planes, respectively, and Grr, Grr are the fiber longitudinal directions. And transverse
tensile fracture toughness, G ¢, Grc are the fiber longitudinal and transverse compressive
fracture toughness respectively, and p is the density. The material properties of the prepreg
interface elements are shown in Table 2.

Table 2. Material properties of prepreg interface elements.

Parameter Value Parameter Value
E,(GPa) 9.7 o9 (MPa) 55
Es(GPa) 6.5 oY (MPa) 120
E+(GPa) 6.5 o (MPa) 120

G¢(N/mm) 0.28 i 1.45

G¢(N/mm) 0.495 p(kg/m?3) 1570

G¢(N/mm) 0.495

In the table, E;;, Es and E; represent the longitudinal, transverse, and out-of-plane
stiffness of the prepreg interface element, respectively; 0¥, 0¥ and o} represent the maximum
nominal stress corresponding to type I, type II, and type III failures, respectively; G5, G,
Gf is the fracture toughness corresponding to the failure modes I, II and III, respectively,
and 7 is the power exponent.

In the property module of ABAQUS, we define the layup according to the predeter-
mined layup scheme, assign the material parameters in Table 1 to the fiber layer of the
shaft tube, and set the physical thickness of the fiber layer to 0.19 mm; set the material
parameters in Table 2 to the adhesive layer assigned to the shaft tube, and set the physical
thickness of the adhesive layer to 0.01 mm.

There is contact between the CFRP shaft tube, the loading head, and the support seat,
and the corresponding contact properties should be set in the simulation analysis software
for the places where there is contact.

Regarding the friction properties between the shaft tube, the indenter, and the support
seat, in this paper, a set of control tests are designed in the simulation, and the tests with no
friction and a friction coefficient of 0.1 are adopted respectively. Under the same model
information, the maximum load of the output shaft tube is the same, so the simulation
contact property in this paper is set to frictionless.

The type of contact pair used in this paper is face-to-face contact, the contact property
is set to hard contact, and it is considered that there is no friction between the contact pairs,
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allowing the loading indenter to separate from the shaft tube after the loading is completed.
The loading indenter and the support seat are both rigid body parts. When setting the main
contact surface of the contact pair, the side of the rigid body part in contact with the shaft
tube should be selected as the main surface of the contact pair, which is conducive to the
convergence of the calculation results.

The boundary conditions of the finite element model of the CFRP shaft tube are shown
in Figure 1. The three-point bending loading displacement of the shaft tube is 20 mm, and
the loading speed is 1 mm /min.

Figure 1. Boundary conditions of finite element model of CFRP shaft tube.

The mesh element shape of the axle tube is set to quadrilateral element, and the
element type is S4R, which is meshed by structured meshing technology. The quasi-static
simulation of the shaft tube using five sets of structural meshes with different degrees of
density is shown in Figure 2, and the ultimate load of the output shaft tube is shown in
Table 3 to analyze the mesh convergence.

It can be seen from Table 3 that the limit load values of grid numbers 4 and 5 are not
very different; the trend is stable, and the convergence is good. Therefore, the final grid for
dividing the shaft tube finite element model is grid number 4 with the number of elements
fixed at 20,792.

The analysis step type of the quasi-static analysis is Dynamic Explicit, and the geomet-
ric nonlinear switch Nlgeom is set to ON; the automatic incremental step type is adopted,
and the number of steps of the maximum incremental step is not limited. The mass scaling
factor is set to 1000. The output of the field variable setting of the article is the stress field
of the shaft tube, and the output of the historical variable is the displacement U2 of the
reference point of the loading head and the support reaction force RF2.

The stress field of the CFRP shaft tube quasi-static three-point bending is shown in
Figure 3. It can be seen from the figure that there are dents in the contact parts of the shaft
tube and the loading head and the supporting seat, and the dents at the shaft tube and the
loading head are larger, indicating that the contact part of the shaft tube and the loading
head is damaged. Therefore, the final crush failure of the shaft tube is the contact area
between the shaft tube and the loading head.

The quasi-static three-point bending simulation obtains the displacement-load curve
of the CFRP shaft tube in the loading direction, as shown in Figure 4.
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Grid number 4320 Grid number 6624

Grid number 10752 Grid number 20792

Grid number 31320

Figure 2. Different densities of axial tube grids.

Table 3. Ultimate loads for different mesh number.

Grid Number Number of Grid Cells (Units) Simulation Limit Load (N)
1 4320 23,024
2 6624 22,418
3 10,752 20,321
4 20,792 20,568
5 31,320 20,564

3, Mises

SNEG, (fraction = -1.0), Layer =1
(Avg: 75%)
+1472e+03
+1.350e+03
+1.227e+03
+1.105e+03
+9.823e+02
+5.595e+0z2
+7.374e+02
+6.149%e+02
+4.924e+0z2
+3.699e4+02
+2.475e+02
+1.250e+0z2
+2.503e+00

Figure 3. Quasi—static bending stress field of CFRP shaft tube.
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(12.59, 20.568)

20

Load(kN)

P (144, 9231

O i T T T
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Figure 4. Quasi-static bending displacement-load curve of CFRP shaft tube.

It can be seen from Figure 4 that the loading displacement is 0-1.44 mm, and the load
and displacement have a linear relationship, indicating that the CFRP shaft tube is in the
linear elastic stage at this stage, and the shaft tube has not yet been damaged. The loading
displacement is 1.14-12.59 mm, and the load first decreases and then rises to a peak value
with the increase of the loading displacement, indicating that there is damage inside the
CFRP shaft tube at this stage. This is mainly matrix damage, and the fiber damage is less
significant. The displacement-load curve continued to rise and reached a peak value. After
the loading displacement reached 12.59 mm, the displacement-load curve of the shaft tube
showed a significant downward trend, indicating that the fiber components inside the shaft
tube also began to be damaged. The maximum load value of the shaft tube in the linear
elastic stage is 9231 N, which can be used to determine the three-point bending fatigue
loading load of the shaft tube. The coordinate of the peak point of the displacement-load
curve of the axle tube is (12.59 mm, 20,568 N), which indicates that the limit displacement
that the axle tube can bear during the quasi-static three-point bending loading process is
12.59 mm, and the corresponding limit load is 20,568 N.

2.3. Fatigue Simulation Analysis

To study the fatigue characteristics of the shaft tube under different fatigue loads, 70%,
75%, and 80% of the shaft tube elastic limit load are selected as the peak values of the shaft
tube fatigue load (That is, the load factor is 0.7, 0.75, and 0.8). The loading frequency is
5 Hz, the stress ratio is 10, and the load form is a sinusoidal wave.

The specific expression of fatigue load is shown in the Formula (5).

F Fini Fmax — Fmi
Ffatigue = max‘zf‘ oy e 5 n Sin(l()ﬂft) 5)
In the formula, Fynax = —0 * Fajgsticiimit, O is defined as the load factor, 52:; . According

to the quasi-static three-point bending simulation result, the elastic limit of the shaft tube is
9231 N, that is Fjustictimit = 9231 N.

After applying a fatigue load to the axle tube, the simulation calculates the stress strain
of the model. The damage failure mode of composite materials was judged according to
the Hashin failure criterion [21]. The elements are degraded accordingly using a fracture
toughness-based stiffness degradation model. The CFRP shaft tube is considered to eventu-
ally have fatigue failure if the tensile failure element of any layered fiber in the CFRP shaft
tube extends to the upper half circumference of the shaft tube.
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2.3.1. Fatigue Life of CFRP Shaft Tube under Different Load Coefficient

The displacement-cycle number curve of the loading head when the output load
coefficients are 0.7, 0.75, and 0.8 respectively, are shown in Figure 5.

0
R & & 1 -
] 09
€ L]
€ 27 X
£ 3] —o—==0.75 \
8 —— =0.80 |
o \
[} E \
D 44 |
o ] |
5] ‘\‘
1 o0
T 77 7
0 100000 200000 300000 400000 500000

Cycle number N (cycle)

Figure 5. Displacement—cycle number curve of loading head.

Taking the load factor of 0.7 as an example, it can be seen from Figure 4 that when the
number of cycles N = 420,000, the displacement begins to decrease significantly, and the
shaft tube has lost most of its bearing capacity. When N = 480,000, the downward trend of
the curve disappears, indicating that the bearing capacity of the shaft tube has already been
completely lost. At the same time, the shaft tube has been fatigued and damaged, and the
fatigue life of the shaft tube is 480,000 cycles. In summary, the analysis shows that when
the load factor is set to 0.7, 0.75, and 0.8, the fatigue life of the shaft tube is 480,000, 340,000,

and 280,000 cycles, respectively. The smaller the load factor, the longer the fatigue life of
the shaft tube.

2.3.2. Residual Stiffness of CFRP Shaft Tube under Different Load Coefficients

The ratio of the amplitude of fatigue load to the displacement amplitude of the shaft
tube in the loading direction is defined as the residual stiffness of the shaft tube. The residual
stiffness reflects the bearing capacity of the composite structure. Under the condition of
no damage to the structure, the fatigue life and damage to the structure can be predicted

by continuous measurement. The residual stiffness-cycle number curve of the CFRP shaft
tube under different load coefficients is shown in Figure 6.

6,000

5,000 -

>

o

o

o
1

3,000

Residual stiffness (N/mm)
5
8
1

1,000

0+—— T T~ 1 T 1 T
0 100,000 200,000 300,000 400,000 500,000
Cycles

Figure 6. Residual stiffness—cycle number curve.
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It can be seen from Figure 6 that the residual stiffness of the shaft tube generally
shows a downward trend of “fast-slow-fast” with the increase in the number of cycles. The
decline rate of the residual stiffness curve of the shaft tube is closely related to the damage
evolution, and the larger the load factor, the faster the decline rate of the residual stiffness
of the shaft tube.

2.4. Simulation Results of Fatigue Damage Evolution

The three-point bending fatigue damage evolution law of CFRP shaft tube under
different load factors is similar, thus selecting the result of load factor 0.7 for analysis. When
the load coefficient is 0.7, the fatigue life of the shaft tube is 480,000 cycles, and the fatigue
loading interval is set at 120,000 to check the damage information of the shaft tube once
until the final fatigue failure of the shaft tube.

The damage cloud diagrams of the contact area between the shaft tube and the loading
indenter can be seen in Figures 7-10, in which the blue indicates that the unit is not
damaged, while the red indicates that the unit is fatigued.

N =120,000 N = 240,000 N = 360,000 N = 480,000

Figure 7. Tensile damage evolution of shaft tube fibers.

N =120,000 N = 240,000 N = 360,000 N = 480,000

Figure 8. Compression damage evolution of shaft tube fibers.

=120,000 N = 240,000 N = 360,000 N = 480,000

Figure 9. Tensile damage evolution of shaft tube matrix.

L
|
|

N =120,000 N = 240,000 N = 360,000 N = 480,000

Figure 10. Compression damage evolution of shaft tube matrix.

It can be seen from Figures 7-10 that while the shaft tube is loaded 120,000 times, only a
few elements of the shaft tube have fatigue failure. As the shaft tube is loaded 240,000 times,
the main damage forms are matrix tensile and matrix compression damage. When the tube
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is loaded 360,000 times, the matrix tensile and matrix compression damage has expanded
to the upper half of the shaft tube, the area covered by fiber compression damage has also
increased significantly, but the fiber tensile damage area has not increased obviously. As
the cycle is loaded 480,000 times, the matrix compression and fiber compression damaged
area are the largest, and the fiber tensile damage area has practically expanded to the
upper half of the shaft tube. To sum up, the final fatigue failure of the shaft tube depends
on the fiber tensile failure, as the main damage forms are matrix compression and fiber
compression damage.

3. Experimental Procedure

At present, there is no unified standard for testing the bending performance of com-
posite shaft tubes. In this paper, the quasi-static three-point bending test of CFRP shaft
tubes was carried out according to GB/T 1449-2005 “Experimental Methods for the Bending
Performance of Fiber-Reinforced Plastics”. Firstly, a quasi-static three-point bending experi-
ment was carried out on the CFRP shaft tube test piece, and the three-point bending fatigue
loading load of the CFRP shaft tube was determined. Secondly, a three-point bending
fatigue test was carried out to study Fatigue life and fatigue damage evolution law under
the different fatigue loading of the CFRP shaft tube and using an ultrasonic phased array
to perform damage scanning analysis on the CFRP shaft tube after different fatigue loading
times. At the same time, the FBG sensor is used to monitor the strain information of the
CFRP shaft tube during the three-point bending fatigue loading process, which verifies the
feasibility of the FBG sensor to monitor the fatigue process of the composite material online.

A total of 16 specimens of CFRP shaft tubes were prepared, as shown in Figure 11, for
reference to the simulation size of CFRP shaft tubes in Section 2.1.

€3 D1 ||D2 D3 HEl

Figure 11. Specimen of CFRP shaft tube.

The quantity, number, and purpose of each group of test pieces are shown in Table 4.

Table 4. The number, quantity, and application of CFRP shaft tube test pieces.

Group Quantity Number Application
A 3 Al1~A3 Quasi-static test
B 3 B1~B3 Fatigue test (5 = 0.7)
C 3 C1~C3 Fatigue test (5 = 0.75)
D 3 D1~D3 Fatigue test (5 = 0.8)
E 4 E1~E4 Fatigue damage

evolution
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3.1. Static Tests

A microcomputer-controlled electronic universal testing machine designed by Rigel
Instrument Co., Ltd. is used to conduct quasi-static three-point bending experiments on the
three CFRP shaft tubes of Al, A2, and A3 in group A in this study. The span of the support
base of the universal testing machine is adjusted to 250 mm, the displacement control
mode was used for loading at a speed of 1 mm/min and the sampling frequency was set at
5 Hz. The load-displacement curve of the quasi-static three-point bending experiment is
shown in Figure 12.

0 T

0 5 10 15 20
Displacement ( mm )

Figure 12. The load-displacement curve of the quasi-static bending experiment.

Extract the elastic ultimate load and ultimate load of the CFRP shaft tube test piece,
and the results can be obtained from Table 5.

Table 5. Elastic limit load and a limit load of CFRP shaft tube test pieces.

Specimen Elastic Limit Load (N) Ultimate Load (N)
Al 7063 20,801
A2 8608 20,860
A3 8485 19,545

It can be seen from Table 3 that the elastic limit load of test piece Al is quite different
from the elastic limit load of test pieces A2 and A3, and it needs to be eliminated. Taking
the average of the experimental results of test pieces A2 and A3, the elastic ultimate load is
8546.5 N, and the ultimate load is 20,202.5 N.

3.2. Fatigue Tests
3.2.1. Experimental Process
The CFRP shaft tube three-point bending fatigue test system is mainly composed of

fatigue testing machines, ultrasonic phased array flaw detector, fiber grating demodulator,
computer, etc., as shown in Figure 13.
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Figure 13. Fatigue test system. (a) Schematic diagram of the fatigue test system. (b) Site diagram of
the fatigue test system.

3.2.2. Experimental Conditions
1.  Determination of fatigue loading load

In the three-point bending fatigue test, the Instron 1341 electro-hydraulic servo fatigue
testing machine was used to load the CFRP shaft tube. The loading mode was force-
controlled loading, and the loading frequency was 5 Hz. Three-point bending fatigue
experiments were carried out on the experimental parts of Group B, C, and D, and the load
coefficients corresponding to the fatigue load were 0.7, 0.75, and 0.8, respectively.

According to the results of the quasi-static three-point bending experiment of CFRP
shaft tube, the elastic limit of CFRP shaft tube is 8546.5 N, and the specific expressions of
the three fatigue loads of CFRP shaft tube while the load coefficient is 0.7, 0.75, and 0.8 are
as follows:

Fratigue= —3290.40 4 2692.15 sin(107tt) (6)
Fratigue= —3525.43 +- 2884.44 sin(107tt) (7)
Fratigue= —3760.46 +- 3076.74 sin(107tt) 8)

2. Fatigue damage evolution experiment of CFRP shaft tube based on ultrasonic scanning

Before the ultrasonic scanning of the CFRP shaft tube, the basic operating parameters
of the Mentor ultrasonic phased array flaw detector need to be set. It is divided into 4 steps
sound velocity measurement, TCG calibration, sensitivity calibration, scanning detection,
etc. The specific settings of each step are as follows:

o  Sound speed measurement

The purpose of sound velocity measurement is to measure the sound velocity of
the material under test to reduce measurement errors. In this paper, the backside echo
method is used to measure the sound velocity of carbon fiber composites. This method
only requires a carbon fiber specimen of known thickness, and two consecutive backside
echoes are received by two A gates to calculate the propagation time of ultrasonic waves
in the specimen. Thereby, the speed of sound of the carbon fiber composite material can
be calculated. The thickness of the test block used to measure the speed of sound in this
paper is 8 mm, the gain during the measurement is set to 28 dB, the probe delay is set to
3.2 us, and the endpoint of the range is set to 17 mm, the reference 1 is set to 8 mm, and the
reference 2 is set to 16 mm; the carbon fiber is finally measured. The speed of sound for the
composite is 2981 mps.
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o TCG calibration

TCG calibration is also called time gain calibration. Its purpose is to correct the gain
of the reflected echoes at different depths of the test piece to make them reach the same
amplitude so that defects of the same size at different depths can be successfully detected.
In this paper, flat-bottomed specimens with different depths of flat-bottomed holes are
used for TCG calibration. The thickness of the specimens is 8 mm. Three flat-bottomed
holes with a diameter of 3 mm are drilled on the bottom of the flat-bottomed specimen.
The depths of the three holes are 1 mm, 2 mm, and 4 mm respectively. The type of TCG
calibration is the back surface echo of different depths, the number of TCG points is set to
3, and the amplitude tolerance is set to 10%. During the calibration process, use A-scan
to record the emission wave of each flat-bottomed hole in turn, and ensure that for each
TCG point the echo amplitude error is within 10%. After TCG calibration is completed,
the reflected waves of defects with the same amplitude but located in different thickness
directions of the material will be displayed as echoes of the same amplitude through A-scan.

e  Sensitivity calibration

The purpose of sensitivity calibration is to perform gain correction on the reflected
echoes of defects with the same depth and the same size but different sound paths, so
that they can reach the same amplitude (generally 80% of the wave height), to avoid the
angle sensitivity error. The specimen for sensitivity calibration in this paper is the same
as the specimen for TCG calibration. A gate is used to receive the reflected echo from
the flat-bottomed hole of the specimen. By adjusting the gain, the wave height of the
transmitted echo is 80%, and the sensitivity calibration is completed.

e  Scanning detection

After completing the above three steps, you can enter the scanning inspection interface,
which provides A-scan and B-scan inspection functions, which can quickly locate the defects
of the test piece. Since the wall thickness of the CFRP shaft tube is 4.4 mm, the endpoint of
the range is set to 5 mm, and the A gate is placed in front of 4.4 mm, to detect defects in
the thickness direction of the CFRP shaft tube and reflect the wave height reaching 40%
of the bottom surface. The waves are treated as defect echoes; the CFRP shaft tube can be
scanned for damage by continuously moving the ultrasound probe.

After the parameters are set, the Mentor ultrasonic phased array flaw detector is used
to ultrasonically scan the 4 scanning points of the CFRP shaft tube before fatigue loading to
check the initial defects of the CFRP shaft tube.

This study uses the Mentor ultrasonic phased array flaw detector produced by GE
to scan and analyze the damage of the 4 CFRP shaft tubes numbered E1, E2, E3, E4 after
different cycles, and the experimental site of ultrasound scanning is shown in Figure 14.
The load factor corresponding to the fatigue load applied by the test pieces in group Eis 0.7.
Due to the symmetry of the three-point bending loading, 4 identical damage scan points are
selected on average along the axis at L/2 of each CFRP shaft tube, as shown in Figure 15.

Figure 14. Field diagram of CFRP shaft tube ultrasonic scanning experiment.
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Figure 15. Schematic diagram of ultrasonic scanning point.

3. CFRP shaft tube FBG sensor network layout.

Refer to the simulation analysis result, select 9 strain measuring points on the CFRP
shaft tube, numbered measuring point 1, measuring point 2, measuring point 3, ...,
measuring point 9. The series channel of measuring point 1, measuring point 2, and
measuring point 3 is CH1. The series channel of measuring point 4, measuring point 5, and
measuring point 6 is CH2. The series channel of measuring point 7, measuring point 8, and
measuring point 9 is CH3. The layout diagram of the FBG sensor network of the CFRP
shaft tube is shown in Figure 16. In this study, the center wavelengths assigned to the
FBG sensors at each measurement point of each fiber channel are 1537 nm, 1543 nm, and
1547 nm in order. Figure 17 shows the CFRP shaft tube with the FBG sensor attached.
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Figure 16. Schematic diagram of FBG sensor network layout.

Figure 17. CFRP shaft tube pasted with FBG sensor.
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3.3. Results and Analysis
3.3.1. Fatigue Life of Test Pieces under Different Load Factors

As shown in Table 6, the average fatigue life of the test pieces of group B, group C, and
group D are 440,071 times, 311,114 times, and 254,563 times respectively. Thus, this study

shows that the larger the load factor, the larger the fatigue loading load, and the smaller
the fatigue life of the CFRP shaft tube.

Table 6. Fatigue life of CFRP shaft tube test parts under different load coefficients.

Load Factor Specimen Life (Times) Average Value
0.7 433220 443560 445%32 440,071
0.75 3léié7o 32§€§23 3053?50 311,114
0.8 254D,I1;62 254D,§63 254D,;63 254,563

Comparing the experimental average values of fatigue life of CFRP shaft tubes under
different load factors with the fatigue simulation results, as shown in Table 7.

Table 7. Fatigue life experiment and simulation analysis results of CFRP pipe under different loads.

Fatigue Life (Times)

Load Factor = 1 : Difference Relative
perimenta Simulated (Times) Errors
Average Value Value
0.7 440,071 480,000 39,929 9.07%
0.75 311,114 340,000 28,886 9.28%
0.8 254,563 280,000 25,437 9.99%

3.3.2. Residual Stiffness of Test Pieces under Different Load Factors

The experiment obtained the residual stiffness-cycle number curve under different
load factors, and the simulated residual stiffness curve is also integrated into Figure 18.
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Figure 18. Residual stiffness—cycle number curve of CFRP shaft tube experiment and simulation.

It can be seen from Figure 17 that the residual stiffness of the CFRP shaft tube ex-
periment and simulation under different load coefficients generally decreases with the
increase of the number of cycles, and the decline process of the residual stiffness shows a
three-stage “fast-slow-fast feature”. In the first stage, the decrease in the residual stiffness
of the CFRP shaft tube is mainly caused by damage to the CFRP shaft tube matrix. In
the second stage, the stiffness of the CFRP shaft tube decreases slowly. This is because as
the fatigue loading progresses, the matrix damage expands to a certain extent, the main
load-bearing component fiber of the CFRP shaft tube begins to be damaged, but the fiber’s
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bearing capacity is stronger. In the third stage, the main load-bearing component fibers of
the CFRP shaft tube greatly reduce the load-bearing capacity due to the fatigue load and
cause the final fatigue failure of the CFRP shaft tube. Therefore, the residual stiffness of the
CFRP shaft tube will decrease significantly in the third stage.

3.3.3. Fatigue Damage Evolution Experiment of Test Pieces Based on Ultrasonic Scanning

The ultrasound scan results of the test pieces E1, E2, E3, and E4 are similar. In this
paper, taking experimental piece E1 as an example, ultrasonic scanning analysis was
conducted on the damage of each scanning point when N = 0 (before fatigue loading),
N =72,000, N= 216,000, N = 396,000, N = 432,000, and N = 440,160 (fatigue failure). The
results are shown in Figure 19.

Scanming point 1 Scanning point 2 Scanning Point 3 Scanning point 4

(N=0)
H

Scanmning point 1 Scanning point 2 Scanming Point 3 Scanning point 4
(N =72,000)

Scarmming point 1 Scanming peint 2 Scanning Point 3 Scanning point 4
(I = 216,000)

Scanming point 1 Scanning point 2 Scanning Point 3 Scanning point 4
(N =396,000)

——

Scanning point 1 Scanning point 2 Scanning Point 3 Scanning point 4
(IN = 432,000)

Figure 19. Cont.



Appl. Sci. 2022,12, 8933

17 of 20

Z‘ [— l

Scanning point 1 Scanning point 2 Scanning Point 3 Scanning point 4
(I = 440,160)

Figure 19. Ultrasonic scanning results of experimental piece E1.

In Figure 19, take the ultrasound scan image of scan point 1 at N = 0 as an example.
The left side of the image is the A-scan result, which is used to monitor the defect reflection
wave of the CFRP shaft tube in the thickness direction (that is, before the bottom wave).
The right side of the image is the B-scan result, the red horizontal bar is the bottom wave,
and the image above the bottom wave is the damage of the CFRP shaft tube in the thickness
direction. The darker the color indicates that the more serious the damage inside the CFRP
shaft tube. If a large area of damage occurs inside, the bottom wave will become blurred or
even disappear.

When N = 0, the bottom wave in the B-scan images of each scanning point is very
clear, with only a few green spots and no obvious damage, indicating that there are some
small original defects in the CFRP shaft tube before fatigue loading. At N = 72,000, no
obvious damage was observed. As N = 216,000, the bottom wave in the B-scan image of
scan point 4 begins to become fuzzy, and more green patches can be seen, indicating that
the fatigue damage at scan point 4 has begun to appear to a relatively low degree, while no
obvious damage has been seen in the other three scan points. While N = 396,000, the bottom
wave has completely disappeared in the B-scan image of scanning point 4, and the red
spot increases, indicating that the fatigue damage of scanning point 4 is further expanded.
Fatigue damage has begun to appear at scanning points 3, and no obvious damage has been
seen at scanning points 1 and 2. When N = 432,000, a large area of red patches appeared in
the image of Scan point B of scan point 4, and relatively serious fatigue damage appeared
at scan point 4, while the fatigue damage at scan point 3 was constantly expanding. No
obvious damage was found at scan point 1 and scan point 2. At N = 440,160, the CFRP
shaft tube had fatigue failure, and the fatigue damage of scanning point 4 was very serious,
and the fatigue damage of scanning point 3 was also very serious. Only minor damage
appeared at scanning points 1 and 2, and no obvious fatigue damage was observed.

To sum up, the fatigue damage of the CFRP shaft tube initially appeared at scanning
point 4 nearest to the loading head. With the progress of fatigue loading, the fatigue damage
became more and more serious and gradually expanded to scanning point 3. No obvious
fatigue damage was observed at scanning points 1 and 2 in the process of fatigue loading.

3.3.4. Strain of Each Measuring Point of Test Pieces under Different Load Factors

The FBG sensors are used to measure the strain value of each measuring point of
the CFRP shaft tube under different load factors, and the measurement results are sim-
ilar. The strain measurement results of the test points B1, C1, and D1 are shown in
Figure 20a—c, respectively.

It can be seen from Figure 20 that the change law of the strain-cycle number curve
at each measurement point of the CFRP shaft tube under different load factors is similar.
Taking the load factor of 0.7 as an example, the strain value of each measuring point
increases with the increase in the number of cycles. In the initial stage of fatigue loading,
the strain value of each measuring point of the CFRP shaft tube increases greatly, and in the
middle and late stages of fatigue loading. The strain increase of each measuring point is
small. In addition, the strain value of measuring point 3, measuring point 6, and measuring
point 9 is greater than the strain value of other measuring points, indicating that the force
is also greater than that of other measuring points.
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Figure 20. Strain—cycle number curve of each measuring point of CFRP shaft tube under different
load factors.

To further study the law of fatigue damage evolution of shaft tubes and moni-
tor the damage evolution process, the cycle times of performance mutation points in
Figures 4, 5, 18 and 20 were extracted, as shown in Table 8.

Table 8. Cycle times of simulation and experimental mechanical performance mutation points under
different load factors.

. . . Simulation Experiment Simulation
Load Inflection Experiment Strain . . . . .
Factor Point (Cycle Times) Displacement Residual Stiffness Residual Stiffness
(Cycle Times) (Cycle Times) (Cycle Times)

07 Point 1 19,300 20,459 39,080 41,065

: Point 2 415,867 380,689 382,236 379,770
0.75 Point 1 19,780 21,609 39,571 39,811

: Point 2 299,392 280,574 260,470 279,728
08 Point 1 19,881 20,344 39,937 40,125

’ Point 2 239,635 220,459 220,815 219,644

It can be seen from Table 8 that the law of the change of the number of cycles at the
inflection point under different load factors is similar. Taking a load factor of 0.7 as an
example, there is a difference of about 5% in the number of cycles between the simulation
and the experimental residual stiffness at an inflection point 1. The experimental strain
and the simulated displacement inflection point appear relatively earlier. The difference
between the simulated residual stiffness, the experimental residual stiffness, the number of
cycles of inflection point 2 of the simulated displacement, and the experimental strain are
all within 10%.

3.4. Discussion

The relative error is within 10% by comparing the fatigue life test average value of the
CFRP shaft tube under different load factors with the fatigue simulation results. Because the
CFRP shaft tube test piece prepared may have some initial defects due to the preparation
process and other reasons, the fatigue life obtained by simulation analysis is greater than
that obtained by experiment. Ultrasonic scanning results show that during the three-point
bending fatigue loading process, the fatigue damage mainly occurs in the area where the
loading head contacts the CFRP shaft tube, conforming to the results of simulation analysis
of fatigue damage evolution of CFRP shaft tube, and the accuracy of ultrasonic scanning
analysis of fatigue damage evolution is verified. The FBG sensors pasted on the surface of
the CFRP shaft tube can measure the strain information of each measurement point during
the fatigue loading process and sense the stress of each measurement point. This verifies
that it is feasible to use FBG sensors to monitor the three-point bending fatigue process of
CFRP shaft tubes.
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4. Conclusions

This paper takes the CFRP shaft tube under a three-point bending load as the research
object. Following the theory of composite material mechanics and damage mechanics, its
fatigue life, residual stiffness, and fatigue damage evolution law under three-point bending
fatigue load are studied by using the research idea of combining simulation analysis and
experiment. In the comparative analysis of the results of the experiment and simulation, it
is shown that the fatigue life error is within 10% and that the experimental value of residual
stiffness is slightly smaller than the simulated value, while with the same overall trend
of the two. The ultrasonic phased array flaw detector was used to analyze the damage
to the CFRP shaft tube after different fatigue loading times. The two results are found to
be in good agreement compared with the simulation analysis result of fatigue damage
evolution. By pasting the FBG sensor on the surface of the CFRP shaft tube, an online
fatigue monitoring system for the CFRP shaft tube based on FBG sensing was constructed.
In addition, the FBG sensors were used to monitor the strain information of the CFRP
shaft tube during the fatigue process, with full monitoring of the whole process of fatigue
evolution of the CFRP shaft tube.
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