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Abstract 

Study the tensile damage and fracture behavior of FRP composite materials by the acoustic emission technology, 

broadband sensors record the acoustic emission signals when composite materials in the process of tensile 

damage at different fiber angle. The acoustic emission characteristics of FRP composite materials’ tensile 

damage was analyzed by 3D parameter methods. Analysis the amplitude of composite materials’ acoustic 
emission signal statistically reveals the development, evolution processes and regulations of FRP composite 

materials’ tensile damage that are in different angle on macro. 

 

Key words: Acoustic emission technology; FRP composite materials; 3D parameter analysis; Damage 

mechanism. 

 

1. Introduction 

 

Fiber reinforced composite material as a kind of advanced engineering material，has already 

widespread in aerospace industry, chemical industry, oceanographic engineering and electronic 

components and even superconductivity engineering for its high specific strength and stiffness 

and high resistance in temperature, corrosion and fatigue and good designable, etc
[1-5]

. But for 

the poor impact resistance and easily to burn-in, the composite materials always generate flaws 

and layering damage and result in the decreasing of the materials’ structure performance. It will 

not be continue to use if it is so seriously to cause heavy economic losses, so it is significance to 

develop the study of the structure performance on composite material.  

Acoustic emission technology as a kind of dynamic nondestructive testing method can detect 

active defects and ascertain the loads of injuries, position, and order of severity, is becoming an 

important NDT method on structural integrity of composite material bearing parts 
[6]

.   

The damage form of composite material can be roughly divided into four types, fibrous fracture, 

matrix cracking, decohesion and delamination. Different damage has different level effect on 

composite material，and each damage has obvious acoustic emission characteristics during its 

generation and development，acoustic emission technology can discover slight change of 

damage process in time, so it is becoming one of the most effective way on researching the 

damage of composite materials’ failure mechanism and strength performance. 

2. Experimental research 
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2.1 Specimen preparation 

 

The experimental material is FRP composite material which is produced by Harbin GRP 

research institution and refers to the GB/T3354-1999 Testing method for tensile properties of 

oriented fiber reinforced plastics and GB/T1446-1983 Testing method for properties of fiber 

reinforced plastics, the size of the tensile specimen are as follows: 

 

Table 1. The size of FRP tensile specimen  unit：mm 

 

Fibers’ tile direction Serial number L l G b t1 t2 

[0°] specimen 1~5 230 50 130 12.5 1.5 1.5 

[90°] specimen 6~7 170 50 70 25 1.5 1.5 

 

2.2 Experimental process and parameter setup 

 

Tensile test proceed in SANS100KN All-digital computer control electronic universal testing 

machine and record the load and displacement. The loading speed of 0°specimen is 1mm/min 

and 90°specimen is 0.2 mm/min。The experimental process tests and records the AE signals 

produced during the whole tensile process by using the PCI-2 digital AE detector produced by 

PAC companies and two WD broadband sensors and 2/4/6 preamplifier.  

The parameters’ setup on AE test are as follows：amplifier gain is 40dB；Threshold value is 40 

dB；The time of peak identification is 200μs；Identification time of the Wave hit is 800μs；
Lockout time of the Wave hit is 1000μs；Using vacuum grease as the coupling agent. The lead 

fracture method（QJ2914-97） is used to demarcate the data acquisition system before AE 

testing on specimen. 

Figure1. FRP test-piece 
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3. Data analysis and process 

 

3.1 Result analysis of 90°specimen 

 

 

 

Figure 3 shows that the specimen was in Pre-Tension at 0~ 50s，the displacement increases 

slowly，force changes little. At 50s the Force-Displacement curve of [90°] composite material 

becomes to a straight line. The load bearing of material is low, fracture speed is fast, 

displacement is small，because the bearing subject of [90°]composite material is matrix whose 

carrying capacity is low as the fragile material. That’s why it easy to brittle fracture. The profile 

of [90°] composite material is flat and only a few fibers pulling out. 

AE cumulative counts as the main indicator of AE activity reflection, its change reflected the 

evolution of material damage degree. Figure 4 shows the AE cumulative counts of [90°] 

specimen during the damage process. Combined with the tensile curve chart, the damage 

evolution process of [90°] lamina can be divided into three stages: 

The first stage（0-158s）, figure 4 shows that the cumulative counts is small which illustrated 

that AE signals is rarely at the beginning. 3-D diagram (figure 5) shows that at this stage 

amplitude all below 60 dB, the corresponding energy is smaller and duration is around 500μs, 

which is mainly for the matrix of being the load supporting body. The mainly deformation at the 

beginning of the tension is the deformation of matrix. 

Figure 2. The diagram of AE experiment system 

Figure 3. 90ºspecimen tensile curve      Figure4. Cumulative amount of hits-time changing curve 



 

 

The second stage（159-170s）, cumulative counts growing steadily which indicated that the 

signals begin to raise and mainly the low amplitude, meanwhile appears some middle 

amplitude events and energy raise, duration is between500-1000μs, this is due to the weak 

combining parts between fiber and matrix that the destruction started along the fiber direction.  

The third stage（170-final）, From the figure we can see that amplitudes are mainly in middle 

level including some low one and also appear some AE events whose amplitude is over 90dB. 

Energy has corresponding increase and the duration over 8000us. It is suggested that as the 

stress and strain continue to increase, crack growth and overall separation generated at the weak 

combined parts between fibers and matrix. The different degree of interface damage has the 

characteristics of large-scale on amplitude, duration and energy. At the beginning the interface 

damage degree is low and combined with the signals of low-amplitude, short-duration and 

low-energy. It appears some signals of which middle-amplitude, middle-duration, low-energy 

and also some signals of which low-amplitude, short time-delay and low-energy as the 

accumulation of interface damage. Finally as the separate of interface, appears the signals of 

high-amplitude, long-duration and high-energy, and mixed up with a large number of signals 

whose amplitude is middle or low and duration middle or short. 

 

 

 

 

3.2 Analysis for the testing results of [0°] specimen 

 

For the [0°] composite materials, the displacement is not very large, but the load capacity is 

very strong, combined with the strength-displacement curves and cumulate of hits-time curves, 

we can divide the tensile process into four stages.  

The first stage (0-104s), form Figure 6 and Figure 7 we can see that the displacement is small 

and the cumulative number of hits changes little. Figure 8 shows that, the amplitude of AE 

events in this stage are generally concentrated below in 60dB and the energy released from 

damage is very low, the duration is very small within 1000μs.It was the effects by what the 

electrical noise mainly from tensile system and the defects of the composite material such as 

porosity, matrix micro-cracks in the tension cracks formed in the process and its further 

expansion. There have been some of the signals whose amplitude is greater than 60dB, it may 

probably due to the production process of the composite materials where the fiber did not fully 

extended and deformation generated under the pressure in the high temperature and retracted 

after cooling. A certain degree of internal stress generated between fiber and matrix being 

 

Figure(a) Time-Amplitude-Energy 3D Image     Figure(b) Time-Energy-Duration 3D Image 

Figure 5. The 3D parameter distribution of AE on [90º] specimen 



 

 

destroyed release large amounts of deformation energy under the applied loadings and the 

amplitude of the acoustic emission signals is higher. 

 

 

 

The second stage (104-240s), the accumulated number of hits grows rapidly but the total 

number is very small, damages have a big development and the amplitude of AE signals 

between 60 and 80dB increased obviously, duration have grown up to a certain degree within 

1000-2000us and energy increased significantly. Damages at this stage are mainly from the 

cracks generated in the first stage whose further expansion caused the separation of matrix and 

fibers at the leading edge and led to the interfacial debonding. 

 

 

 

 

The third stage (240-550s), the slope changes obviously and the fiber become damage at this 

stage for the carrying capacity of the fiber is greater than the matrix material. The cumulative of 

hits growth from slow to fast and the total number is great. From figure 8 we can see that the 

amplitude at this stage have arrived at 80dB or even 90dB, energy and duration have 

increased .The duration of which arrived at 3000us or even 1000us suggests that the matrix 

cracking rapidly and the instability extension of the localized crack occurs as a result of the 

lower plasticity and the matrix materials have broken completely before fiber breaking, so the 

numbers of AE hits have dropped obviously at the later of this stage. As the load continues to 

increase, fibers pull out from the matrix materials, parts of the fibers have fracture phenomena 

and the concentration of stress formed near the fracture transfers the stress which is removed 

from the broken fibers to the adjacent fibers leading to the adjacent fibers’ sequential broken. 

Figure 6. The tensile curve of the [0º] specimen       Figure 7. Cumulative number of hits-time changing curve 

Figure(a) Time-Amplitude-Energy 3D Image       Figure(b) Time- Energy -Duration 3D Image 

Figure 8. The 3D parameter distribution of AE on [0º] specimen 

dict://key.0895DFE8DB67F9409DB285590D870EDD/plasticity


 

 

This part of the damage which mainly occurred at the interface of fiber and matrix and at the 

matrix fracture surface greatly eased the local stress concentration. 

The fourth stage (550s- last), sharply decline of the materials’ carrying capacity shows that a 

large number of fibers break and interfacial separation occur. The accumulated counts increased 

rapidly, amplitudes have arrived at 100dB, energy reached the maximum and duration 

100000μs, those of which show that a large number of reinforced fibers break suddenly. 

 

3.3 Statistical analysis of the 0°and 90°specimen 

 

Table2. The amplitude distribution diagram of [90°] specimen in each tensile stage 

 

 40~60dB 60~80dB 80~90dB 90~95dB 

First stage 100% 0% 0% 0% 

Second stage 66.7% 32.3% 0% 0% 

Third stage 50% 35.7% 0% 14.2% 

Percentage of 

total 

64% 28% 0% 8% 

 

Table3. The amplitude distribution diagram of [0°] specimen in each tensile stage 

 

 40-60 dB 60-70 dB 70-80 dB 80-90 dB 90-100 dB 

First stage 83.8% 16.2% 0% 0% 0% 

Second stage 50.9% 34.2% 14.9% 0% 0% 

Third stage 82.3% 13.7% 2.7% 0.63% 0.67% 

Forth stage 50% 12.8% 3.2% 1.3% 2.9% 

Percentage 

of total 
79.9% 14.7% 3.5% 0.7% 1.2% 

 

We can see the statistical analysis about the data generated at the tensile process from Table 2 

that the tensile properties of the [90 °] specimen is low, AE source activity frequently and 

mostly the low-amplitude events(the number of events below 60dB is about 64%), duration 

within 500 and 1000us.The middle-amplitude events within 60 and 80dB exist at the same time 

and the duration within 1000 and 2000us.There are also some high-amplitude events whose 

amplitude is above 90dB and duration above 3000us. For the loading angle of the specimen at 

right angles to the fibers’, the matrix is the main load bearer. As the load increases, the crack 

occurs at the weak parts between fiber bundles and the substrate interface. The damage always 

occurs at the interface first when the impressed force exceeds its limit and the crack extension 

generated at the place where stresses concentration seriously result in the interfacial debonding 

and delamination and finally interface separation. 

As for the [0 °] specimen, the ratio of the high-amplitude AE signals increased significantly as 

the load increases and the sounds from the test sample are always accompanied by events of 

more than 80dB when approaching the limit load. In the whole process of AE inspection we can 

see that the events of which amplitude above 80dB is only 2% but the energy is very high and 



 

 

amplitude between 60 and 80dB is about 18.2% but the energy is very low. It’s for the same 

angle of the fibers’ and forced direction. It is due to the same direction of tensile loading 

direction and fiber angle, the yield stress first generated in matrix and then plastic deformation 

in the tensile condition. But the presence of reinforced- fibers suppress the crack initiation and 

propagation, and the stress and strain energy accumulated in materials can quickly focus on the 

interface of fiber and matrix. As for the lower interfacial bond strength, debonding occurs and 

then delamination, matrix shear failure, resulting in a large number of fiber tear and rupture and 

releasing large amounts of energy. It can be seen in the [0 °] composite materials that fiber is the 

main load bearer while the matrix is mainly as the role of fixed and load transfer, the main 

mechanism of the material failure is not the interfacial debonding but the fibers’ fracture and 

longitudinal splitting. The main failure mode of the 0 ° specimens is matrix cracking and fiber 

fracture, and from the table 3 we can see that each level of amplitude exists in the whole process 

and the process of the [0 °] tensile specimens is so complexity that contains matrix crack, 

interface damage, fiber fracture and accompanied by fiber slide, acoustic emission signals rich. 

 

4. Conclusion 

 

(1) Combined with the force-displacement curve and the cumulative number of AE hits-time 

curve and the acoustic emission parameters of 3D maps, monitoring the whole tensile damage 

process of FRP composite material specimens, we can divide the tensile damage into different 

stage, each stage has its damage mode and produce different characteristics of acoustic 

emission signals. There are several mechanisms about the damage of composite materials and 

what influenced most is the way of fiber layer. 

(2) Acoustic emission data on the statistical analysis of amplitude shows that, regardless of the 

number of layer angle, the low-amplitude events are rich in the whole process and the 

proportion are great at each stage. The amplitude of AE signals (40-100dB) appears in different 

stage and differs in proportion. 
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