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Abstract 
 

Glass-fiber reinforced, polymer composites fabricated by pressure injection are characterized 
by acoustic emission (AE). Tested materials are composed of three layers with distinctly 
different orientation of the reinforcing phase, fabricated from 66 polyamide reinforced with 30% 
short fiber. The deformation processes in this type of laminate are difficult to identify because of 
the confined fiber orientation. Tests were made on specimens with three orientations relative to 
the direction of injection. By pattern recognition analysis of the AE signals recorded in 
monotonic tensile loading, five patterns typical of the material were identified. We used Vallen 
VisualClass program. The signal classes were considered in terms of various mechanisms of 
failure. In the analysis, the results of metallographic examinations of fiber orientation and of the 
condition of unloaded structure were used, as well as fracture surface examinations. The output 
of the analysis suggests correlations to possible failure mechanisms in the deformation process.     
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Introduction 

 
Polymers reinforced with short fibers are materials often used for stressed components. 

These composites have a moderate strength with adequate elongation. The oft-used form of these 
materials is fabricated by injection molding. In these materials, layered structures characterized 
by different fiber orientation and content develop. In composites of semi-layered materials, the 
stress applied to individual layers is analyzed according to the theory of lamination. However, 
the results obtained by this method are poor due to the absence of a distinct border separating the 
individual layers. Additionally, the degree of homogeneity obtained in the layers or the transition 
zone between the layers depend on the parameters of the manufacturing process, on the 
properties of matrix, and on the geometry of the reinforcing phase. In evaluating the strength of 
such laminates, it is important to understand the phenomena, taking place during the deformation 
processes, especially micro-mechanisms of failure. 
 

As in the case of continuous-fiber composites, the strength and fracture of short-fiber 
composites are dictated by the fiber fracture, by fiber-matrix interface failure via tension, shear 
or friction and by matrix fracture. Acoustic emission (AE) behavior of short-fiber composites has 
long been examined [1-3]. Amplitude, frequency, and other characteristics were evaluated in 
efforts to understand fracture mechanisms. Pattern recognition analysis was also used in 
composite study for some time [4-7].  

 
In order to elucidate the damage evolution in short-fiber reinforced polymer laminates under 

the conditions of simple and complex states of loading, we attempted to correlate the failure 
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mechanisms to AE signals and to develop an effective method of the evaluation of the loading 
limit and of predicting the risk of damage in components made from these composites. The 
studies also covered the effect of the reinforcing phase distribution and an analysis of the damage 
development process. The studies were in most part financed by the Polish Ministry of Science 
and Higher Education.  
 
Experiment and Analysis 

 
The main goal of the studies was to identify the mechanisms responsible for composite 

damage under tensile loading. AE tests were performed on specimens made from 66 polyamide 
with 30% short-glass fiber (~0.7 mm long). The strength of such composites was examined for 
0o, 90o and 45o orientations with respect of the direction of injection.  They were cut to 25 mm 
width specimens from 120 x 120 x 5 mm test plates. Under uniaxial loading, three basic models 
at the fiber-matrix interface were distinguished and related to fiber and stress directions (Fig. 1). 
In real structures, the orientation of each fiber varies and the combination of these three cases 
needs to be considered. For each of the 0º, 90º and 45º orientations, the fiber distribution was 
evaluated by means of microscopic image analysis on specimen cross-sections [8]. Results are 
shown in Fig. 2 as LV parameter. This is the average length of fibers per volume obtained with 
statistical analysis from the observation of the polished cross-section. LV represents a 
characteristic feature of the volume fraction and orientation of the reinforcing phase in each layer 
of the composite. The LV values indicate that the alignment is far from complete as the LV 
values differ only by a factor of 2.5-3 between 0º and 90º specimens. The results further show 
that the near-surface layers and the middle behave in the opposite manner and the over-all 
composite behavior is always expected to show mixed characteristics.  Unlike the usual 
expectation resulting from resin flow, the injection-molded specimens typify three-layer 
composites. This examination also revealed in unloaded cross-sections the occurrence of fiber 
damages in the form of cracks or fissures running along the fiber length. The damages were 
formed during composite fabrication. 

 
Tensile properties of specimens are listed in Table 1. This reflects the microscopic 

observations and shows that 0º orientation samples have the lowest strength and 45º the highest. 
The knee stresses (from the first load drop or the deviation from linearity) are 50-60% of the 
tensile strength and correspond approximately to the beginning of AE detection. 

 
The tensile tests were made on a Zwick 050 machine under the condition of controlled 

displacement. During the tests, AE signals were recorded using Dunegan SE25P miniature 
  

 
Fig. 1. Model of orientation of fiber according to direction of load. 
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sensors and Vallen AMSY5 system. Frequency range was 20-600 kHz. Pattern recognition 
analysis of the recorded AE signals for each specimen yielded typical patterns and by combining 
the results for three orientations a classifier common to all the examined specimens was 
designed. Vallen VisualClass program distinguished five classes present. The results of class 
distribution in percentages obtained for each of the examined orientations are shown in Fig. 3. 
Here, energy, amplitude, duration and other AE parameters were used as features in addition to 
frequency-based features.  

 
Table 1 Tensile properties of specimens of three orientation. 

Specimen Knee stress Tensile strength 
0º 44.0 MPa 88.0 MPa 
90º 61.6 MPa 100 MPa 
45º 58.4 MPa 102 MPa 

 

 
Fig. 2. Parameter LV according to the orientation of specimen. 

 

 
Fig. 3. Graphical results of classification, in the percentage of signal of class by color. 
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Figure 4 shows an example of the rate of occurrence of each of the classes during 
deformation for 0º-orientation specimen. The lower plot shows the hit rates of the signals. At the 
first load drop, AE starts and class II shows higher rates just prior to failure, though it is 
generally of low activity. 

 

 
Fig. 4. Graphical presentation of classification for the AE data of 0º specimen. 

 
Fig. 5. Classified AE data of 0º specimen in load and amplitude plot. From low dB-levels, class I 
(40-47 dB), IV (45-55 dB), V (45-57 dB), III (55-65 dB) and II (59-86 dB), respectively. 
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Fig. 6. Classified AE data of 90º specimen in load and duration plot. 

 
In the 0º specimens it appears that the occurrence of classes I, IV and V is correlated, and 

these signals have low amplitudes, as seen in Fig. 5. Signals of classes II and III have higher 
amplitudes.  The underlying causes of classes II and III signals are of higher energy variety. 
These trends appear to be common in other orientation samples examined. Figure 6 shows the 
load and duration plots for a 90º specimen. Most class II and III signals were in the range of 20-
1000 µs, whereas the signals of the other 3 classes were either low (<30 µs) or high (<100 µs). 
The low group is probably from low signal levels relative to the threshold. The high group 
occurred later in the test and may arise from stress interaction between layers. This bimodal 
distribution could be the reflection of the three-layer microstructures and need further evaluation. 
To better characterize the operating failure mechanisms, additional loading tests were made on 
samples fabricated from 66 polyamide without the reinforcing fibers. Only class I, IV and V 
signals were detected in neat-resin specimens. It is noteworthy that 20-kHz frequency component 
was low in matrix-only samples. 

 

    
Fig. 7. Examples of fracture surfaces: Sub-surface layer (a) and inside layer (b). 0º specimen. 
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In order to distinguish the failure modes, extensive metallographic examinations were made. 
The studies also revealed three-layer structure of this composite. Figure 7 shows SEM images of 
fracture for the near-surface layer and for the center region. It is clear that numerous fibers broke, 
that fibers were pulled out of the matrix, that fibers separated from the matrix (some of these 
occurred in fabrication) and that the matrix showed many microcracks surrounding a fiber with 
clear sign of brittle matrix failure. These matrix cracks are typically in 30-100 µm diameter and 
all exhibit cleavage-like patterns. This is quite different from the fracture surfaces of neat resin of 
66 polyamide that show smooth rounded surfaces [9]. 
 
  At this stage of the study, we cannot assign the failure modes to individual signal classes. 
However, it is clear that classes II and III are associated with tensile and bending fiber fracture 
and possibly the separation of the fiber/matrix interface. Because of the highest amplitude and 
energy, class II is most likely due to tensile fiber fracture. The remaining classes, I, IV and V, are 
related to matrix microcracks at mid-fiber and at fiber ends, fiber disbonding from the matrix, 
and frictional fiber pull-out. Since class I has the lowest energy, and shortest duration, we 
suggest this is from matrix microcracks as the neat resin has a low strength level.  

 
The present experiment and analysis will be continued to identify the operating failure 

mechanisms for each signal class with better characterized starting materials and comparative 
microscopic evaluation during deformation.  It is our goal to extract the AE parameters that we 
can utilize to obtain individual modes of failure in components under complex stress states. 
 
Conclusions 

 
• The microstructures of short-fiber reinforced composites fabricated by injection 

molding feature the presence of three layers of different fiber orientation. This led to 
complex failure mechanisms, and affected the laminate strength.  

• The application of AE technique and of the classification system has revealed five 
distinct signal classes arising from various failure mechanisms.  

• The use of pattern recognition analysis and average signal parameters of classified 
signal groups enabled the discrimination of fiber- and matrix- originated signals.  

 
References 
 
[1] J. Wolters, J. Acoustic Emission, 3, (1984) 51-58. 
[2] H. Nakanishi et al., Proc. 6-th ICCM, vol. 1, Elsevier, 1987, pp. 1.395-404. 
[3] N.S. Choi, K. Takahashi, Progress in Acoustic Emission VII, JSNDI, 1994, pp. 445-450. 
[4] M. Ohtsu, K. Ono, J. Acoustic Emission, 6, (1987) 61-72. 
[5] K. Ono, Q. Huang, J-Y. Wu, Proc. AECM-5, ASNT, 1995, pp. 197-204. 
[6] N. Ativitavas, T. Pothisiri, T. Fowler, J. Composite Materials, 3/2006; doi: 10.1177/ 
0021998305053458. 
[7] J. Schmidt, I. Baran, K. Ono, J. Acoustic Emission, 23, (2005) 173-180. 
[8] K. Hübner, unpublished, Foundry Research Institute, Krakow, Poland, 2006. 
[9] W.L. Phillips, Jr., W.O. Statton, J. Materials Sci. Letters, 3, (1968) 563-565. 
 
 


