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Abstract

Continuous fiber-reinforced composites, such as those consisting of carbon fibers in an epoxy resin, offer an attractive potential for reducing the weight of high-performance structures. Delamination is the most common mode of failure in these laminated composites and it leads to loss of structural strength and stiffness. In this paper, in-situ Acoustic Emission (AE) monitoring are done on the carbon/epoxy laminated composites when subjected to mode I, mode II and mixed-mode I & II loading conditions. The main objective is to investigate delamination behavior and to predict propagation curve of the delamination in different GII/GT modal ratio values by AE. First, combination of AE and mechanical data (sentry function) is used to characterize propagation stage of the delamination. Next, crack tip location during propagation of the delamination is identified using two methods. In the first method, by determining velocity of the AE waves in the specimens and some filtration methods which are applied on the AE signals, position of the crack tip is determined at any time of the tests. In the second method, cumulative energy of the AE signals is utilized for localization of the crack tip. The relationship between the cumulative AE energy and crack growth is developed and presented based on the experimental data. Agreement between the predicted crack length and actual crack length verifies the presented procedures. It can be concluded from the results that AE method is a powerful approach to investigate the delamination behavior and to determine the crack tip position in the composite specimens under different loading conditions. 
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1. Introduction

Carbon fiber reinforced plastics (CFRP) have many advantages over other types of materials such as high specific strength, stiffness, etc. In contrary, these materials suffer from delamination defect, which is one of the most common failure mechanisms in laminated composite materials [1]. In real laminated composite structures, delamination may occur mainly in mode I, mode II or the combination of these pure modes and it will result a dramatic loss of residual strength and stiffness of the structures [2]. Therefore, there is an increasing trend to investigate this failure mechanism. Having better knowledge about the delamination failure would help to improve other parameters resulting in higher strength against crack initiation and propagation.

 This paper is an attempt to investigate the initiation and propagation of delamination crack in the woven type carbon/epoxy laminated composite.  To achieve this aim, Acoustic Emission (AE) technique, which has a good applicability to investigate delamination damage [3], is used. AE signal is a transient wave resulting from damage mechanisms that occur during the initiation and propagation of delamination failure. These damage mechanisms, i.e. matrix cracking, fiber failure, etc., are the origins of the AE signals that are recorded by piezoelectric transducer [4-6]. 
Because of low strain energy required for the delamination initiation in mode I [7], this mode is the most critical mode of delamination and there are some conducted researches in literature regarding AE based condition monitoring of this mode [8-12]. The results of those studies have improved our understanding of mode I delamination behavior, especially in the case of damage mechanisms that occur in this mode. Although there have been some studies related to investigation of the delamination damage in the actual occurring modes, i.e. mode  I,  mode  II  and  mixed  mode  I&II loading conditions, in composite materials by use of AE [13-16]. However, very little has been done to investigate the crack initiation and to follow the propagation of it. Since AE signals are originated from the delamination’s failure mechanisms, it is possible to extract useful information about the delamination from the recorded AE data.
In this work, the aim is to enhance some applicable and sensitive AE based methods for prediction of delamination growth and behavior in the actual loading conditions (mode I, mode II and mixed-mode I&II). First, the behavior of delamination is studied using combination of the AE signals and mechanical experimental data. The method that used to combine these data is sentry function [17]. This function had acceptable results in predicting the residual torsional strength of a composite laminate after impact load, to predict the initiation stage and to evaluate the fracture toughness of the laminated composites subjected to mode I delamination [17-18]. Next, crack length during delamination of the specimens is determined by means of the recorded AE parameters. Previous studies [19-20] demonstrated the applicability of AE to localize the delamination growth in the laminated composite specimens under mode I and compression loading conditions. In this paper, to predict the delamination length, two procedures are utilized: 1) localization of the detected AE signals sources and 2) determining a relationship between the cumulative AE energy and the length of crack. The results of sentry function and localization procedures indicate that proposed AE based methods are powerful approaches to localize the crack tip and to determine the behavior of delamination propagation in the actual loading conditions.
2. Experimental procedures

2.1. Materials and specimens preparation

The samples studied were made of 16 layers of woven carbon epoxy Prepreg.  Specimens were prepared according to ASTM Standard D 5528 and D 6671 [21, 22]. The specimens were cut from CFRP panel stock with nominal dimension 175×25×4 mm3. A 20 µm Teflon film was placed at the mid-plane to create pre-delamination. The characteristics of the specimens are represented in Table 1 and Figure 1.
Table 1 The characteristics of the specimens.
	Specimens
	Specimen Name
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	DCB 
	A
	0

	MMB
	B1
	25

	MMB 
	B2
	50

	ENF 
	C
	100
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Figure 1. The dimensions of the specimens.
2.2. Test procedure 

DCB, MMB and ENF test apparatus shown in Figure 2 were used to load the specimens. In DCB setup an upward force is applied to split end of the arms of specimen to create Mode I. Whereas in ENF setup, a downward load is applied to the specimen center to create Mode II. MMB is the combination of DCB and ENF. The length of the MMB lever arm can be changed to vary the GII/GT modal ratio values. In this study, GII/GT =25% and 50% modal ratio value was studied. Delamination tests were carried out at a temperature of 24°C and at a constant displacement rate of 1 mm/min. The load and displacement were continuously measured and the crack length was visually recorded using a digital camera with 25X optical zoom and 300X digital zoom.
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Figure 2. Test apparatus, a) DCB, b) MMB and c) ENF setups.
2.3. Testing machine

A properly calibrated tensile test machine (HIWA) in the range from 0.5 to 500 mm/min was used in a displacement control mode. All the specimens were loaded with constant 1 mm/min crosshead rate.

2.4. AE device

AE events were recorded by using Acoustic emission software AEWin and a data acquisition system Physical Acoustics Corporation (PAC) PCI-2 with a maximum sampling rate of 40 MHz. PICO which is a broadband, resonant-type, single-crystal piezoelectric transducer from PAC, was used as the AE sensor. The sensor has a resonance frequency of 513.28 kHz and an optimum operating range of 100–750 kHz. In order to provide good acoustic coupling between the specimen and the sensor, the surface of the sensor was covered with grease. The signal was detected by the sensor and enhanced by a 2/4/6-AST preamplifier. The gain selector of the preamplifier was set to 40 dB. The test sampling rate was 1 MHz with 16 bits of resolution between 10 and 100 dB. Prior to the damage check, the data acquisition system was calibrated for each kind of specimen, according to a pencil lead break procedure. The pencil lead break procedure enables the generation of waves at the specimen surface that are used for the device calibration. At the same time, the velocity and attenuation of the AE waves were measured. The lead breakage operation was repeated several times and at different locations between the sensors. After the calibration step, AE signals were captured during mechanical testing.

3. Results and discussion

3.1. Mechanical observation
In this work, the DCB, MMB and ENF specimens were loaded according to the procedures represented in ASTM D5528 and ASTM D6671 so as to investigate the delamination in carbon/ epoxy composites under different loading condition.
Figure 3 illustrates load-displacement and crack growth-displacement curves of the specimens. As it is obvious from Figure 3.b, the DCB specimen has stable-like crack propagation, whereas by increasing the contribution of mode II, the crack growths unstably. Thus, it is obvious that monitoring the crack growth, in mode II and mixed mode conditions with high contribution of mode II, is difficult and has some errors.
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Figure 3. a) load-displacement and b) crack growth-displacement curves of the specimens.
3.2.  Sentry function

Behavior of progression of damages in the specimen is investigated using combination of the mechanical and AE information. The function which is used for this combination is called sentry function. As indicated by Equation (1), the sentry function is stated in the logarithm form of the ratio between mechanical and acoustical energies [15]:
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Where ES(x), Ea(x) and x are the strain energy, the AE events energy and the displacement, respectively. Sentry function is defined over displacement domain where the acoustic energy, Ea(x), is non zero. According to progress of damages in the structure, sentry function has four trends as follow: 
a) Strain energy trend (function P1 ): When no damage occurs in the structure and the AE energy is negligible, by increasing the load, the mechanical energy increases and as a result the sentry function increases. 
b) Sudden drop trend (function P2): When a macroscopic damage occurs in the structure, the AE energy instantaneously increases and the sentry function drops. 
c) Constant trend (function P3): When the AE energy and mechanical energy have equilibrium state, the sentry function is constant. 
d) Decreasing trend (function P4): When the damage growth continuously, the structure degraded and sentry function has a decreasing trend.

Figure 4 shows the sentry function trends for specimens A and B2. According to the sentry function trends, load- displacement curves could be divided into three sections. In section 1, sentry function has an increasing trend. In section 2, sharp drops could be seen in sentry function curves. In section 3, sentry function usually has a stable state. The reason for these differences is damage status in the specimen. In section 1, by increasing the load, the micro damage mechanisms such as matrix cracking occur in the specimens, but the delamination does not grow yet. In this region some small drops (PII type) in the sentry function curve are observable which are related to micro damage mechanisms, but still the material resist against the progression of macro damages and the sentry function increases. In section 2, by accumulation of the micro damages, delamination growths and AE signals with high energy appear in the specimen. Therefore, many drops occur in sentry function curve in this region. By comparing diagrams (a) and (b), it can be seen that the progression of damage in the specimen B2 with higher mode II content is more unstable than specimen A and PII type functions have bigger drops compared with specimen A. In region 3, the strain energy and AE energy reaches to an equilibrium state and the sentry function has a stable state (PIII type).
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Figure 4. Sentry function trends for specimens a) A and b) B2.
3.3. Crack Tip Localization

In this section, crack tip position in the specimens during the tests is detected using two procedures: 1) Crack tip localization using AE sources localization, and 2) Crack tip localization using cumulative AE energy.

3.3.1. Crack tip localization using determining location of the AE signal sources 

AE signal is a transient wave originated by the damage mechanisms and has valuable information about the damage condition and location. In order to identify location of the AE sources in the specimens, first, velocity of the AE waves in the specimens must be determined. The velocity is calculated using standard lead breakage method. For investigating of repeatability, the test is repeated three times for each specimen. Table 2 represents velocity of the AE wave in the specimens.
Table 2 The AE wave velocity in the specimens.
	Specimen
	AE wave velocity (mm/s)

	A
	4804306



	B1
	4822077



	B2
	5145330



	C
	4994773




Mostly, failure mechanisms, such as matrix cracking, fiber breakage and fiber/matrix debonding, occur at the small region near the crack tip during propagation of delamination. Therefore, it could be said that most of the AE signals during the tests originated from crack tip zone. As a result, by localizing the detected AE signals, it is possible to localize the crack tip. For linear localization, two AE sensors must be utilized. By employing the two sensors and post processing activities, AE noise signals that originated from out of the region between the sensors are eliminated. In this study, the first sensor is located at 15 mm before the pre-delamination tip and the second is located at 95 mm after the first sensor. As it is shown in Figure 5, when damage occurs in the specimen, the AE wave reaches to the AE sensors at different arrival times. The AE wave reaches to sensor 1 at t1 sec and to sensor 2 at t2 sec. By knowing arrival time differences of the AE wave to the sensors (Δt) and the AE wave velocity in the specimen (C), location of the damage can be identified according to Equation (2):
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Figure 5. The AE event localization procedures.
As examples, Figure 6 shows the predicted crack tip position using the AE method versus visually-detected crack tip position for specimens A and B1. 
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Figure 6. The predicted and actual crack tip position for specimens a) A and b) B1.
Table 3 illustrates mean absolute differences, between the predicted values and visually detected crack tip position, for the specimens. 

Table 3 The mean absolute differences of predicted values respect to actual crack tip position.
	Specimen
	Mean absolute errors (%)

	A
	17.74

	B1
	6.88

	B2
	10.20

	C
	25.51


3.3.2. Crack tip localization using cumulative AE energy

According to Figure 7, the crack growth and cumulative AE energy have a same trend with the displacement variable. As can be seen from Figure 7, each of them has a linear relation with the displacement. Thus, the crack growth can be related to the cumulative AE energy using Equation (3):
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Where 
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 and CE are the crack growth and cumulative energy of the AE signals, respectively. k1, k2, k3, k4, k and k0 are coefficients of the equations that are related to the material properties and loading conditions. 

	[image: image18.png]load(N)

100

80

60

40

20

I load(N) i
4 --@--Visual crack growth(mm) |
5 10 15 20 25

displacement(mm)

45
40
35
30
25
20
15
10

crack growth(mm)




	[image: image19.png]Load (N)

100

load
Cum Energy

10 15
displacement (mm)

20

Cumulative of AE Energy





	(a)
	(b)


 Figure 7. a) Crack growth and b) Cumulative AE energy curves for specimen A.
Figure 8 shows linear relation between the crack growth and cumulative energy for specimens A and C.
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Figure 8. The linear relation between crack growth and cumulative energy for specimens a) A and b) C.
Figure 9 shows the predicted crack growth vs. the visual crack growth curves for specimens A and C. As the results show, this method could predict the crack growth very well. 
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Figure 9. Predicted crack growth vs. visual crack growth curves for specimens a) A and b) C.
Table 4 illustrates mean absolute differences, between the predicted values with the visually detected crack tip position, for the specimens. The results obtained from the cumulative AE energy method is more accurate than the AE localization method to predict the crack length. Advantage of the cumulative AE energy method is that it could be done just by one AE sensor. In addition, in this procedure, location of the sensor on the specimens is not important and there is no need to determine the AE wave velocity in the specimens.
Table 4 The mean absolute differences between the predicted and actual crack tip position.
	Specimen
	Mean absolute errors (%)

	A
	5.10

	B1
	0.8

	B2
	1.45

	C
	5.61


4. Conclusion

In this study, AE was used to monitor delamination behavior of the carbon/epoxy laminated composites, under mode I (DCB), mode II (ENF) and mixed-mode I & II (MMB) loading conditions. Then, the AE and mechanical results were utilized to investigate propagation behavior of the delamination. The results showed that the delamination growth has unstable behavior under mode II and mixed mode near mode II loading condition and visual detection of the crack tip is difficult in these modes. Two developed AE-based methods were proposed to localize the crack tip during delamination growth. In the first method, by determination AE wave velocity in the specimens and linear localization method, the crack tip position was determined. In the second method, using relation between the crack growth and cumulative AE energy, the crack tip position was predicted. The investigation shows that AE leads to the results which are in excellent agreement with the visually detected results and can solve the weaknesses, especially in mode II and mixed-mode conditions where unstable crack growth and difficult crack monitoring during propagation exist.
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