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Abstract 
 
Delamination fracture behavior was investigated using acoustic emission (AE) analysis on carbon fiber-reinforced polymer (CFRP) 

samples manufactured using vacuum-assisted resin transfer molding (VARTM). CFRP plate was fabricated using unidirectional carbon 
fiber fabric with a lay-up of six plies [+30/-30]6, and a Teflon film was inserted as a starter crack. Test pieces were sectioned from the 
inlet and vent of the mold, and packed between two rectangular epoxy plates to load using a universal testing machine. The AE signals 
were monitored during tensile loading using two sensors. The average tensile load of the inlet specimens was slightly larger than that of 
the vent specimens; however, the data exhibited significant scattering due to non-uniform resin distribution, and there was no statistically 
significant different between the strength of the samples sectioned from the inlet or outlet of the mold. Each of the specimens exhibited 
similar AE characteristics, regardless of whether they were from the inlet or vent of the mold. Four kinds of damage mechanism were 
observed: micro-cracking, fiber–resin matrix debonding, fiber pull-out, and fiber failure; and three stages of the crack propagation proc-
ess were identified.  
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1. Introduction 

Laminated composite materials have been applied in a vari-
ety of structural engineering fields, including aerospace, wind 
power plants, and the automotive industry. Conventional 
composite parts are typically manufactured using an autoclave 
method with unidirectional pre-preg composite fibers; how-
ever, autoclaves incur substantial installation costs and it is 
difficult to fabricate composite parts with complex shapes. 
Vacuum-assisted resin transfer molding (VARTM) is a com-
posite fabrication process in which a thermoset resin is in-
jected into a mold through inlet ports, and the core materials 
contained in the mold are saturated with the resin. This proc-
ess can save both cost and processing for curing compared 
with the autoclave method because high pressures and tem-
peratures are not required, and complex parts can be fabricated 
to reduce the number of parts required [1]. For these reasons, 
VARTM has become an increasingly popular method to fabri-
cate carbon fiber-reinforced polymer (CFRP) parts. 

The Research Institute for Applied Mechanics of Kyushu 
University in Japan has developed a new wind-lens turbine to 
generate high output power using a diffuser [2]. The research 
group plans to increase the size of the wind-lens turbine to a 5-
MW class. The parts required for this are very large, and the 
wind turbine is composed of many curved components. The 
VARTM process is a promising method to fabricate these 
parts.  

The VARTM process has three basic steps: fiber impregna-
tion, consolidation (i.e., the application of pressure), and cur-
ing [3]. In this process, the contact quality of all layers is in-
fluenced by several factors, including the mold temperature, 
fiber orientation, resin viscosity, and pressure in the mold [4-
8]. However, significant defects may occur depending on the 
local pressure gradient and permeability of the fabrics in the 
mold [9]. Moreover, incomplete filling of the resin may de-
grade the mechanical properties of the product due to the crea-
tion of voids and other non-uniformities in the resin distribu-
tion. Therefore, it is important to determine the optimal resin 
flow and to control the resin flow, as well as to investigate the 
causes of defects.   

Various studies have reported optimal VARTM process 
conditions. Johnson [9, 10] applied an induction heating 
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method to reduce the viscosity of the resin, thereby counter-
acting the effects of localized regions of low permeability, and 
simulated active flow control during the mold filling stage. 
Bender [11] reported an automatic pressure control and flow 
rate feedback method employing computer control between 
the inlet and vent parts. Correia [12] described a simulation 
analysis for the flow, compaction, and permeability. Kuentzer 
[13] explored the resin bleeding and flow resistance of the 
void content within fiber tows experimentally and via numeri-
cal simulations. Lee [14] investigated the effects of the fiber 
direction on the resin flow direction. However, most of these 
studies focused on process control. The effects of non-
uniformities on the mechanical properties of the VARTM-
formed composite materials have not been investigated in 
detail.  

Here, we describe the results of a study of the effects of 
non-uniformities on composite materials by forming CFRP 
plates using VARTM. Specimens for tensile testing were 
formed with a starter crack inserted in the CFRP plate, and 
sections were examined from the inlet and vent of the mold. 
Acoustic emission (AE) signals were monitored during the 
tensile fracture tests. The fracture surface was observed fol-
lowing the tests, and the AE characteristics were analyzed to 
investigate the fracture behavior of the specimens. Three 
stages of the fracture behavior were identified from the ampli-
tudes and frequency spectra of the AE signals. 

  
2. Experimental procedure 

2.1 VARTM process 

Laminated composite specimens with a single edge notch 
were fabricated using the VARTM process. Fig. 1 shows the 

transverse flow VARTM setup, which is commonly employed 
in the fabrication of very large parts [1]. Unidirectional car-
bon-fiber fabrics (SAERTEX) were laid up in a one-side mold 
with a sequence of [+30/-30]6. Teflon film was inserted as a 
starter crack in two edges of the plate, as shown in Fig. 2. The 
fabrics were sealed in a vacuum bag, and then the resin (Na-
gase ChemetX) was impregnated into the fiber layers using 
the vacuum. The process was carried out at room temperature. 

 
2.2 Tensile specimens 

To fabricate the tensile test specimens, ten pieces were sec-
tioned from the inlet and vent of the plate, as shown in Fig. 2. 
The pieces were packed between two rectangular epoxy plates 
to clamp the specimens to a universal tensile testing machine 
(Zwick 250, testXpert), as shown in Fig. 3.  

 
3. Results and discussion 

3.1 Tensile fracture test and AE analysis 

Figs. 4(a) and (b) show typical tensile loads and amplitudes 
of the AE signal as functions of time for the specimens sec-
tioned at the inlet and vent of the mold, respectively. The ten-
sile loads are listed in Table 1. Although the average tensile 
load of the inlet (212.8 N) was slightly larger than that of the 
vent (206 N), the data exhibited significant scattering, and as 
such, there was no statistically significant difference between 
the tensile strength of the parts formed at the inlet and the vent. 
Johnson [8, 9] suggested that mold-filling during VARTM is a 

Table 1. Maximum load prior to failure for each specimen. 
 

Speci-
men  
type 

No. 

Maxi-
mum  
force 
(N) 

Speci-
men  
type 

No. 

Maxi-
mum  
force 
(N) 

1 216 1 222 

2 192 2 199 

3 207 3 213 

4 239 4 209 

5 210 5 187 

Inlet 

Average 212.8 

Vent 

Average 206 

 

 
 
Fig. 1. Schematic diagram showing the VARTM process. 

 
 

 
 
Fig. 2. Illustration showing where the specimens were sectioned from 
the CFRP plate. 

 

 
 
Fig. 3. Experimental tensile testing and AE monitoring procedures. 
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critical step in the process, and that defects often arise in re-
gions of local low permeability, or in regions that are too far 
from the inlet or vent. The variation in the tensile strength may 

also be affected by non-uniformities of the fabrication process. 
The specimens exhibited similar AE characteristics, regardless 
of whether they were sectioned from the inlet or vent of the 
mold. Based on these data, we were able to identify three 
stages of the fracture behavior, which will be discussed in the 
following subsection. 

 
3.2 Fracture mechanism 

The AE signals were analyzed in the time domain, as well 
as the frequency domain through the use of fast Fourier trans-
forms (FFTs) of the time domain AE amplitudes. Figs. 5-8 
show typical amplitude and frequency spectra of the AE sig-
nals during each stage of failure. Most of the AE signals ex-
hibited a burst-type signal during fracture or crack growth, 
although continuous-type signals were observed during stage 
III (see Fig. 8). It should be noted that the crack propagation 
was significantly faster during stage III. Table 2 lists the dis-
tribution of the amplitudes and the frequency range of the 
lowest-frequency broad features in the AE signals. During 
stage I of failure, the samples exhibited low-amplitude AE 
signals, and most of the acoustic energy was at frequencies 
below 160 kHz. During stages II and III, the AE spectra ex-
hibited wide bands at around 120–240 kHz.  

Fig. 9 shows an optical microscopy image of a fracture sur-
face. The three stages of crack propagation described above 
are marked on the fracture surface. During stage II, an area 

Table 2. Amplitude and peak frequency of the AE signals during each 
stage. 
 

Stage Amplitude (mV) First peak frequency (kHz) 
I 5 - 50 130 - 170 
II 10 - 40 150 - 250 
III 500 - 10000 120 - 250 

 

 
              (a)                            (b) 
 
Fig. 4. Load-displacement curves and the corresponding AE ampli-
tudes as a function of time for specimens sectioned from (a) the inlet; 
(b) the vent regions of the mold. 

 

 
                (a)                          (b) 
 
Fig. 5. Burst-type AE signals during stage I of fracture: (a) waveform; 
(b) frequency spectrum. 
 

 
                (a)                          (b) 
 
Fig. 6. Burst-type AE signals during stage II of fracture: (a) waveform; 
(b) frequency spectrum. 
 

 
           (a)                        (b) 

 
Fig. 7. Burst-type AE signals (with a large amplitude) during stage III 
of fracture: (a) waveform; (b) frequency spectrum. 

 

 
               (a)                          (b) 
 
Fig. 8. Continuous AE signals during stage III: (a) waveform; (b) fre-
quency spectrum. 

 

 
 
Fig. 9. Optical microscopy image of a fracture surface. 
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corresponding to slow crack growth was observed. The fiber-
bonded area was less than 80% delaminated opposite the frac-
ture surface. This suggests that the matrix strength was 
stronger than the fiber-matrix strength, which corresponded to 
less than 80% of the bonded area.  

At start of stage III, the crack propagation route changed to 
another layer. This stage was marked by a significant increase 
in the AE amplitudes (see Fig. 7). It follows that much energy 
was stored during the slow crack propagation of stage II, and 
that the crack suddenly jumped to the other layer, releasing a 
large amount of energy.  

To further investigate the damage mechanism and to under-
stand the relationship with the frequency spectra of the AE 
signals, scanning electron microscopy (SEM) images of the 
fracture surfaces were obtained. Fig. 10 shows four typical 
fracture phenomena at the fracture surface of the specimens, 
and Table 3 lists the phenomena that occurred during each 
stage. From a comparison with Table 2, the frequency band 
below 160 kHz appears to correspond to matrix-related frac-
ture, and frequencies above 160 kHz correspond to fiber-
related fracture. 

The fracture behavior during the three stages is illustrated in 
Fig. 11 based on the AE and fracture surface observations. 
During stage I, the crack initiated, opening up along the starter 
crack. Since the resin permeated into the starter crack interface 
during specimen fabrication, the starter crack closed due to the 
hardened resin. During stage II, the crack reached a poor ad-
hesion area located at end of the starter crack. The crack 
propagated slowly until it reached fibers with at least ~80% of 
degree of adhesion. The crack propagation was temporarily 
restrained, and the strain energy accumulated at the crack tip. 
During stage III, the stress intensity factor reached the fracture 
toughness, and the crack suddenly jumped to another layer, 
and then propagated rapidly with a large strain energy release 
rate. During stage III, numerous fracture mechanisms occurred, 
and the AE spectra indicated a large strain-energy release rate. 

 
4. Conclusions 

Property non-uniformities of CRFP samples formed using 
VARTM were investigated using tensile testing and AE spec-
tra. The tensile tests showed that average load of the inlet 
specimens was higher than that of the vent specimens; how-
ever, the data exhibited significant scattering, which was at-
tributed to non-uniformities in the distribution of the resin, and 
the difference between the properties of the inlet and vent was 
not statistically significant. The AE spectra of each specimen 
were similar, regardless of whether they were taken from the 
inlet or vent of the mold. 

The fracture behavior of the VARTM-formed CFRP mate-
rial was investigated under tensile load. Failure could be clas-
sified into three stages: (i) crack initiation and opening along 
the starter crack (with an AE amplitude of 5-50 mV and a 
frequency spectrum of 130–160 kHz), (ii) slow crack growth 
(10–40 mV and 160–240 kHz), and (iii) rapid propagation 
(500–10000 mV and 120–240 kHz). 
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