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Fatigue assessment for composites by using piezoelectric signal

XIAO Yushan', WU Zhen™, REN Xiaohui®
(1. School of Aeronautics, Northwestern Polytechnical University, Xi'an 710072, China; 2. School of Mechanical
Engineering, Xi'an Aeronautical University, Xi'an 710077, China)

Abstract: Considering the strain characteristics of the composite structures changing with fatigue loading, so that
this paper attempts to monitor the strain characteristics in real time during the fatigue cycle and assesses the fa-
tigue life through the strain signals. However, from the published literatures, resistance strain gauge often suffered
from early fatigue failure in the long-time dynamic testing, which is not suitable for strain signal acquisition during
the full fatigue cycle. Therefore, the novel polyvinylidene difluoride piezoelectric film (PVDF) with high fatigue
resistance is used to acquire fatigue characteristic signals of composite structures. The piezoelectric signals during
the fatigue process of the composite laminates are obtained by pasting PVDF on the surface of carbon fiber rein-
forced plastic (CFRP) plates (T700/9A16). Based on the piezoelectric effect, the strain information during the
fatigue process is converted into the piezoelectric signal from PVDF. Then, a Random Forest Regression (RFR)
algorithm is trained based on the database generated from the experimental tests to efficiently establish the correla-
tion between the piezoelectric signals and fatigue cycles of composite laminates. Through the trained RFR network,
the actual fatigue cycles of the test pieces can be accurately predicted based on the piezoelectric signals, in which
the maximum percentage error of logarithms of fatigue cycles is controlled within 5%. This paper provides a new
research idea and technical support for the fatigue life assessment of composite materials.
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Fig.1 Geometry of carbon fiber reinforced plastic (CFRP) fatigue test
piece (T700/9A16)
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Table1 Material properties of the T700/9A16

Material properties Value

E,,/GPa 126.97
E,,/GPa 8.52
G,/GPa 341
Xr/MPa 2433.05
Xc/MPa 1063.25
Y;/MPa 37.85
Y./MPa 118.30
S;,/MPa 61.30

Notes: E;; and E,, represent the tensile moduli in the fiber and
matrix directions, respectively; G,, denotes the shear modulus;
Xt and Yr represent tensile strength in the fiber and matrix
directions; X and Y represent compression strength in the fiber
and matrix directions; S;, denotes the shear strength.
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Table 2 Fatigue life of the carbon fiber reinforced plastic

laminates (T700/9A16)
Test piece number Fatigue life/cycle Logarithmic fatigue life
PL-1 9 302 3.97
PL-2 25 642 4.41
PL-3 26 324 4.42
PL-4 - -
PL-5 20175 4.30
PL-6 9715 3.99
Mean 18 231.6 4.22
SD 8 313.36 0.22
CoV 0.46 0.05

Notes: SD—Standard deviation; CoV—Coefficient of variation;
PL—Plant.
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Fig.2 Schematic diagram of damage mode of CFRP test piece subjected
to fatigue loading (T700/9A16)
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Fig.3 Static tensile test of CFRP (T700/9A16) testing pieces after n

number cycles of fatigue loading
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Table 3 Residual stiffness and residual strength of CFRP (T700/9A16) test pieces after n number cycles of fatigue loading

Test piece number Cyclic number (1) Ultimate load/N Residual strength/MPa Residual stiffness/GPa
PLE-0-1 0 9 646.8 643.1 34.48
PLE-0-2 0 10 461.7 697.4 33.45
PLE-2000-1 2000 8 806.4 587.1 21.77
PLE-2000-2 2000 9 750.8 650.1 19.26
PLE-5000-1 5000 8773.8 584.9 21.77
PLE-5000-2 5000 9807.1 653.8 20.41
PLE-10000-1 10 000 8 336 555.7 19.08
PLE-10000-2 10 000 9253.3 616.9 16.28
PLE-15000-1 15 000 8 964 597.6 11.29

Note: The test piece number is defined as PLE-X-Y, in which PLE represents the residual properties of fatigue test pieces, X denotes the

number cycles of fatigue loading and Y denotes the test number.
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Fig.4 Stiffness degradation curves of CFRP test pieces (T700/9A16)
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Fig.5 CFRP (T700/9A16) test pieces with polyvinylidene fluoride

piezoelectric film (PVDF) for fatigue test
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Fig.6 Fatigue test of the CFRP (T700/9A16) pieces with polyvinylidene
difluoride piezoelectric film (PVDF)
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Fig. 7 Piezoelectric signals from PVDF during fatigue test on CFRP test pieces (T700/9A16)
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Table 4 Average peak value of piezoelectric signals at starting/ending stage for CFRP (T700/9A16) test pieces with PVDF

Test piece number

Average peak voltage at starting stage/V

Average peak voltage at ending stage/V

PL-PVDEF-1 3.02 3.49
PL-PVDEF-2 2.63 2.76
PL-PVDF-3 3.09 3.23
PL-PVDEF-4 3.63 3.80
PL-PVDF-5 3.05 3.42
PL-PVDF-6 3.17 3.52
PL-PVDE-7 3.07 3.56
PL-PVDF-8 3.08 3.48
PL-PVDEF-9 2.68 2.84
PL-PVDF-10 2.84 3.12
PL-PVDEF-11 3.08 3.47
PL-PVDF-12 3.56 3.88
PL-PVDF-13 3.11 3.52
PL-PVDF-14 3.04 3.48

Note: The test piece number is defined as PL-PVDF-NN, in which PL represents fatigue test pieces, PVDF denotes the polyvinylidene
fluoride piezoelectric film and NN denotes the test number.
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Fig.8 Change of normalized piezoelectric signals from PVDF during fatigue test
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Fig.9 Random forest regression (RFR) for predicting the number of

fatigue cycles of CFRP (T700/9A16) pieces with PVDE
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Table 5 Selected values for hyperparameters in RFR
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Table 6 Comparison of error indicators for different models

Data-driven algorithm MAE MSE R

RFR 0.0946 0.0200 0.9201
SVM 0.1315 0.0292 0.8845
XGBoost 0.0761 0.0065 0.9461
BPNN 0.3347 0.0672 0.8281

Note: MAE, MSE and R* denote the mean absolute error, mean
square error and coefficient of determination, respectively.
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Fig. 10 Correlation between number of the predicted fatigue cycles and original data in testing set
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Fig. 11 Piezoelectric signals from PVDF during fatigue test on CFRP test pieces (T700/9A16) under different fatigue cycles
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Table 7 Fatigue cycles and remaining life of CFRP test pieces (T700/9A16) predicted by using RFR

Test piece number Nest Npre Error Tlgest Tipre Error
Piece 1 3.30 3.24 1.93% 4.39 4.21 4.10%
Piece 2 3.70 3.86 4.48% 4.18 4.03 3.59%
Piece 3 4.00 4.13 3.27% 3.92 3.65 6.89%

Notes: nes denotes the logarithms of tested cycling number; np denotes the logarithms of predicted cycling number by using trained

RFR; it represents the tested remaining logarithmic fatigue life; /i, represents the predicted remaining logarithmic fatigue life.
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