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Abstract 

Research of mechanical behavior of composite materials under stress is of great practical importance. Damage 

accumulation characteristics, damage sustainability and maximum safe operational load are subjects considered 

during design of critical composite structures. Non-destructive techniques are of major importance in the 

assessment of the damage tolerance of composite structures, while acoustic emission technology has several 

unique advantages for this goal. 

The purpose of this work is to identify unique acoustic emission characteristics of different damages that evolve 

during loading to failure. Specifically, we describe application of acoustic emission method for monitoring of 

damage initiation and development to failure in carbon fiber wet layup and prepreg composite laminate specimens 

subjected to load. We present identification of several characteristic stages of damage accumulation in specimens, 

assessment of maximum safe stress levels and load levels at on-set of structural instability. In addition, we compare 

the behavior of wet layup and prepreg laminates under stress and draw practical acoustic emission criteria for 

assessment of integrity and serviceability of composite structures made from these materials.  

Keywords: Acoustic emission, carbon fiber laminates, damage accumulation 

1. Introduction 

Research of mechanical behavior of composite materials under stress is of great practical 

importance. Damage accumulation characteristics, damage sustainability and maximum safe 

operational load are subjects considered during design of critical composite structures. Non-

destructive techniques are of major importance in the assessment of the damage tolerance of 

the composite structures while acoustic emission (AE) technology has several unique 

advantages for this goal. Particularly, acoustic emission has high sensitivity and robustness in 

detection of composite damages related to epoxy matrix cracking, fiber breakage and/or 

delamination growth. Unlike other non-destructive test (NDT) methods such as shearography, 

active thermography or ultrasonics, acoustic emission technology can be used to detect damage 

in thick components and is not limited to surface only. Among other important advantages, the 

ability to assess overall structural integrity of composite structures subjected to stress is 

probably one of the most significant advantages. Due to these and other reasons acoustic 

emission technology has a growing application for test of critical composite structures in 

aerospace industry. 

However, success of acoustic emission examination of a particular composite structure should 

not be taken for granted. Great detectability does not guarantee success, which is defined as a 

degree to which primary goals of examination are achieved. Also, the way AE technology is 

applied can vary with different goals. Examples of primary examination goals are: 
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a. Evaluate serviceability of a composite structure under specific load conditions. 

b. Characterize mechanical and fracture mechanics properties of composite elements used 

in a structure. 

c. Establish safe loads/operational conditions. 

d. Predict ultimate loads. 

In all the above mentioned cases, primary examination goals can be achieved when in addition 

to detection and location of acoustic emission activity related to damage development, the 

following diagnostic objectives [1] are addressed: 

a. Identification of damage mechanisms. 

b. Assessment of damage significance. 

Both identification and assessment objectives require comprehensive knowledge of specific 

mechanical and fracture mechanics characteristics of the particular material(s) and the 

particular manufacturing technology used in the composite structure among with details related 

to service loading, operational and environmental conditions. In many cases, damage 

identification capabilities and comprehensive assessment criteria for a specific structure can be 

developed only through preliminary fracture tests of specimens subjected to different loading 

and environmental conditions simulating those that the structure experience in service. 

In this work we demonstrate the use of acoustic emission for monitoring of damage initiation 

and development to failure, in carbon fiber wet layup and prepreg composite laminate 

specimens, subjected to load. We present identification of several characteristic stages of 

damage accumulation in specimens, assessment of maximum safe stress levels and load levels 

at on-set of structural instability. In addition, we compare the behavior of wet layup and prepreg 

laminates under stress and draw practical acoustic emission criteria for assessment of integrity 

and serviceability of composite structures made from these materials. In the below examples, 

we see how different manufacturing methods can result in very different fracture mechanics 

behavior of composites subjected to stress. 

2. Unidirectional plain weave fabric prepreg specimens tensile load test 

2.1 Test description 

Plain weave fabric prepreg (PP) unidirectional specimens (group of specimens PP-CT) were 

examined by acoustic emission technology during series of tensile loading tests. Specimens 

were cut from a plate made of 10 layers epoxy pre-impregnated carbon unidirectional fiber 

woven fabrics. Fabric standard characteristics include: 

1. Tension modulus: Et
11 = 15350 kg/mm2. 

2. Compression modulus: Ec
22 = 850 kg/mm2. 

3. In-plane shear modulus: G12 = 500 kg/mm2. 

4. Poisson's ratio: υ = 0.33. 

Total four specimens were subjected to tensile loading parallel to 00 fiber direction (Figure 1a, 

Table 1). Specimens were 195 mm long, 24.15 mm wide and 0.85 mm thick. Monitoring of 

specimens was performed by two acoustic emission sensors installed at distance of 60 mm 

between each other (30 mm above and below the central line of specimens). Loading was 

applied monotonically until specimens have failed (Figure 1b). Sensors used had resonance at 

150 kHz frequency and had useful frequency range between 50 and 400 kHz. AE preamplifiers 

used during the test had 60 dB amplification gain. 
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Figure 1. Prepreg unidirectional specimens schematic drawing (a) and loading vs. time curves (b).  

 
Table 1. Tensile load and test parameters of PP-CT specimens. 

Setup parameter Value 

Displacement rate 1.27 mm/min 

Distance between AE sensors 60 mm 

Calculated effective AE velocity 9,500 m/sec 

 

2.2 Results 

Acoustic emission data recorded during tension tests was analyzed and the following was 

established: 

• Tension tests of specimens were accompanied by significant acoustic emission from the 

very beginning of loading. 

• All four specimens exhibited similar mechanical behavior and acoustic emission 

activity under loading (Figures 1b and 2). 

• Two characteristic stages (Stages 1 and 2) of acoustic emission activity during loading 

were observed (Figure 2). 

• Stage 1 of AE activity was observed almost from the beginning of loading. Analysis of 

AE signals has shown that activity during Stage 1 was suspected to matrix cracking with 

individual fiber breakage (Figures 3a and 3b). 

• Stage 2 of acoustic emission activity was characterized by AE acceleration to failure 

and was accompanied by significant matrix cracking, individual fibers and fibers bundle 

breakage (Figure 3c). Beginning of AE acceleration was observed between 70 and 85% 

of maximum load (Table 2, Figure 4). It is also important to note that in stronger 

specimens, acceleration of damage development took place at higher loads compared 

with weaker specimens (Table 2). 

• AE location analysis established that low amplitude activity related to matrix cracking 

was equally distributed along specimens during the two stages of tests. However, high 

amplitude activity was normally higher near the area where final failure has occurred 

(see example of specimen CT-3 in Figures 5 and 6). 
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Figure 2. Specimen CT-3. AE sensor 1. Time distribution of acoustic emission activity against the applied load: 

(a) AE hits amplitude, (b) AE hits energy and (c) AE Energy Rate. 

 

 

Figure 3. Examples of AE signals detected during tensile load tests: (a) AE signal suspected to matrix cracking, 

(b) AE signal suspected to fiber breakage (c) AE signal suspected to macro damage development during AE 

acceleration. 
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Figure 4. Group CT specimens acoustic emission activity stages: Stage 1 - matrix cracking with individual 

events suspected to fiber breakage, Stage 2 - AE acceleration and macro damage development.  

 

 

Figure 5. Specimen CT-3. Acoustic emission source location. Amplitude vs. X-position histogram. 

 

 

Figure 6. Specimen CT-3 after failure. All other CT specimens failed in a similar manner. 

 

Table 2. Prepreg specimens group CT. Test results. 

Specimen Maximum 

load, kgF 

Maximum 

stress, 

MPa 

Linearity 

limit stress, 

MPa 

Total AE 

Energy, 

r.u. 

AE acceleration at 

percentage of 

maximum load 

CT-1 3049 1456.77 193.48 5.6E+05 74% 

CT-2 3421 1634.55 207.81 3.5E+05 85% 

CT-3 2959 1413.84 161 5.6E+05 70% 

CT-4 3422 1634.74 170.55 4.9E+05 78% 
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3. Unidirectional plain weave fabric wet lay-up specimens tensile load test 

3.1 Test description 

Unidirectional plain weave fabric wet lay-up (WL) specimens were monitored by acoustic 

emission technology during series of mechanical loading tests. Specimens were cut from a plate 

made of 10 layers carbon wet layup plain unidirectional weave fabric with 5% of perpendicular 

fibers. Fabric standard characteristics include: 

1. Tension modulus: Et
11 = 11680 kg/mm2. 

2. Compression modulus: Ec
22 = 730 kg/mm2. 

3. In-plane shear modulus: G12 = 290 kg/mm2. 

4. Poisson's ratio: υ = 0.39. 

Total six specimens were subjected to tensile loading along 00 fiber direction (Figure 7a, Table 

3). Specimens were 195 mm long, 25.37 mm wide and 1.23 mm thick. Monitoring of specimens 

was performed by two acoustic emission sensors installed at distance of 55 mm from each other 

(27.5 mm above and below the central line of specimens). Loading was applied monotonically 

until specimens have failed (Figure 7b). 

     a b 

  

Figure 7. Wet layup unidirectional specimen's schematic drawing (a) and loading vs. time curves (b). 

 
Table 3. Tensile load and test parameters of specimens WL-DT. 

Setup parameter Value 

Displacement rate 1.27 mm/min 

Distance between AE sensors 55 mm 

Calculated effective AE velocity 8,400 m/sec 

3.2. Results 

Acoustic emission data recorded during tension tests was analyzed and the following was 

established: 

• Tension tests of specimens WL-DT were accompanied by significant acoustic emission 

from the very beginning of loading. 

• All six specimens exhibited similar mechanical behavior and acoustic emission activity 

under loading (Figures 7b, 8). 
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• Two characteristic stages (Stages 1 and 2) of acoustic emission activity during loading 

were observed (Figure 8). 

• Stage 1 of AE activity was observed almost from the beginning of loading. Analysis of 

AE signals has shown that activity during Stage 1 was suspected to matrix cracking 

(Figure 9a). 

• Stage 2 of acoustic emission activity was characterized by damage development 

acceleration to failure and was accompanied mostly by significant matrix cracking 

(Figure 9a). Fibers and fibers bundle breakage events were detected mostly close to 

failure (Figure 9b). Damage acceleration beginning was observed between 64 and 75% 

of maximum load (Table 4, Figure 10). It is also important to note that in stronger 

specimens, acceleration of damage development was taking longer compared to weaker 

specimens (Table 4). 

• AE location analysis established that low amplitude activity related to matrix cracking 

was equally distributed along specimens during the two stages of tests. However, high 

amplitude activity was normally higher near the area where final failure has occurred 

(see example of sample DT-4 in Figures 11 and 12). Significant localization of damage 

was observed during damage acceleration (Stage 2). 

3. Discussion and conclusions 

Based on results of tension tests of plane weave fabric prepreg and wet layup unidirectional 

specimens group PP-CT and WL-DT it is possible to conclude that: 

1. Acoustic emission technology allows identification and monitoring of damage 

accumulation and development under tensile load. 

2. Two characteristic stages of damage development were identified by AE technology in 

the examined PP-CT specimens. The first stage of damage development was 

accompanied by matrix cracking and individual fiber breakage. The second stage was 

related to damage acceleration and failure involving matrix cracking, fiber and fiber 

bundle fracture that could be detected and identified explicitly by the AE technology. 

Acceleration of damage development to failure was identified at loads which are 

between 70-85% of the maximum loads. 

3. Two characteristic stages of damage development were identified by AE technology in 

the examined WL-DT specimens. The first stage of damage development was 

accompanied by matrix cracking. The second stage was related to damage acceleration 

and involving intensive matrix cracking. Fibers and fiber bundle fracture were detected 

only very close to failure loads. Acceleration of damage development to failure was 

identified at loads which are between 64-75% of the maximum loads. 

4. Comparisons between the conducted tests demonstrate that during tension tests of 

specimens with a unidirectional fiber orientation, all prepreg specimens withstood 

higher stresses and released more acoustic emission energy than wet lay-up specimens 

(Figure 13). 

Despite many similarities in the structure of PP and WL specimens including orientation of 

fibers, number of layers, similar loading conditions and similar stress response (see load vs. 

time curves), the examined specimens exhibit significantly different behavior related to damage 

development and failure. The most important is that fiber breakage and fiber bundle breakage 

occurs WL specimens at once at ultimate loads, while fiber breakage is detected in PP 

specimens much before failure occurs. This fundamental difference shows that without prior 

knowledge of material behavior under stress and corresponding AE, it is impossible to develop 

accurate assessment criteria. Typical "rule of thumb" AE criteria based on detection of fiber 
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breakage only indicating structural damage in WL parts will be incorrect and may not reject 

examined part or structure with a severe defect. 
 

 
Figure 8. Specimen DT-4. AE sensor 1. Time distribution of acoustic emission activity against the applied load: 

(a) AE hits amplitude, (b) AE hits energy and (c) AE Energy Rate. 

 

 
 

Figure 9. Examples of AE signals detected during tensile load tests: (a) AE signal suspected to matrix cracking, 

(b) AE signal suspected to fiber breakage. 
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Figure 10. Group DT specimens. Acoustic emission activity stages: Stage 1 - matrix cracking, Stage 2 – AE 

acceleration and macro damage development.  

 

 
Figure 11. Acoustic emission events source location for specimen DT-4 during second activity stage of tensile 

load test: Amplitude vs. X-position histogram. 

 

Table 4. Wet lay-up specimens group DT. Test results. 

Specimen Maximum 

load, kgF 

Maximum 

strain MPa 

Linearity limit 

stress, MPa 

Total AE 

Energy, r.u. 

AE acceleration at 

percentage of 

maximum load 

DT-1 2884 906.30 138.59 1.0E+05 72% 

DT-2 2912 915.29 126.33 2.4E+05 64% 

DT-3 2971 933.79 115.65 2.7E+05 70% 

DT-4 2751 864.64 85.79 6.2E+04 70% 

DT-5 3340 1049.74 147.39 3.0E+05 71% 

DT-6 3005 944.36 105.59 1.6E+05 75% 
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Figure 12. Specimens of group DT after test. 

 

 

Figure 13. Total AE Energy, r.u. released during tensile test of unidirectional specimens groups PP-CT and WL-

DT vs. maximum stress, MPa. 
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