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also polymerized in situ to create special types of membranes 
that resist acid [12] or for fuel cell applications [13].

The main aim of the study in the frame of this work was 
to analyze the relationship between the structure of the com-
pressed expanded graphite matrix – PFA polymer – turbostratic 
carbon composites on successive stages of technological pro-
cess and characteristics of parameters describing the acoustic 
emission (AE) phenomena in these materials. After subsequent 
technological stages, these composites, whose general formula 
can be written as PFA/CEG, are characterized by a different 
structure, density, porosity, and many other physicochemical 
properties. The anisotropy of the structures of the CEG matrix 
and the composites based on it has not been investigated by the 
AE method so far.

Due to the very wide potential practical applications of the 
PFA composites, for example as catalysts [14, 15], gas separa-
tion membranes [16‒18], or proton exchange membranes in fuel 
cells [19‒22], it is important to study their different properties.

2. PREPARATION OF COMPOSITES
In the present work, the PFA-polymer/CEG-based composites 
were obtained by PFA vacuum impregnation into a CEG matrix 
of different densities. The technology of producing composites 
of this type is presented in our paper [23]. The raw EG flakes 

1. INTRODUCTION
The basic material for all composites produced in our work was 
compressed expanded graphite (CEG). It is a layered material 
made of 10 nm thickness graphite flakes. The structure, anisot-
ropy, and porosity of the CEG depend on the manufacturing 
technology. Previous studies [1‒5] showed that the pore sizes 
vary from about 1 nm up to 100 µm and molecular chains of 
different polymers intercalated into the open pores of CEG 
[6, 7]. This process is caused by the adsorption mechanisms, 
high pore density, and appropriate pore shapes. For these rea-
sons, CEG is a good matrix for making different kinds of poly-
mer/carbon materials.

Polyfurfuryl alcohol (PFA) is largely used in chemistry due 
to its excellent thermal stability, remarkable resistance to acidic 
conditions, as well as to degradation caused by fire and cor-
rosion [8]. It should be emphasized that PFA produces a high 
carbon yield if it undergoes pyrolysis [9]. For this reason, PFA 
is a good precursor to produce nanostructured carbon materi-
als and carbon-based nanocomposites for applications such as 
molecular sieve adsorbents and electrodes [10, 11]. PFA can be 
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were first compressed into rectangular graphite blocks with 
densities ranging from 90 to 130 mg/cm3, respectively. This 
range was chosen because previous experiments had shown that 
a density of about 110 mg/cm3 was most suitable for chemical 
treatment [23, 24].

The composite preparation diagram for all stages of the 
technological process is shown in Fig. 1. Starting with a graph-
ite crystal, the CEG matrix is produced and the PFA-poly-
mer/ CEG-matrix composites are obtained through subsequent 
chemical and physical processes. The final material consists 
of a CEG matrix and polymerized and carbonized PFA – it is 
turbostratic carbon, which fills up the open pores. It should 
be emphasized that the individual composites shown in Fig. 1 
have various and important applications. Three materials from 
this diagram were selected for research. Successively, they 
were CEG matrix with a homogeneous, anisotropic, and very 
porous structure; POL composite made of CEG after vacuum 
impregnated and polymerized PFA processes; CAR composite 
produced on the basis of POL after the high-temperature car-
bonization process with a heterogeneous, anisotropic structure.

3. MICROSTRUCTURE OF THE COMPOSITES
The structure of composites is built of graphite sheets constitut-
ing the matrix and a polymerized or carbonized material, which 
fills up the open macropores. The bedding planes of graphite 
flakes are approximately parallel to each other; for this reason, 
the structure of the composite is anisotropic. There are strong 
bonds between carbon atoms in the plane of the crystalline 
graphite layer in the form of delocalized π orbitals, whereas 
between the carbon layers there occur only weak Van der Waals 
forces [4]. These properties are extremely important due to the 
method of acoustic emissions used in our research.

During vacuum impregnation, the PFA resin penetrates the 
open pores of the CEG matrix. Impregnation does not change 
the elementary component of the CEG structure, which is 
formed by the texture of the stacked graphite layers. How-
ever, PFA impregnation into the matrix changes the pore struc-
ture in the CEG. The anisotropy of the composite structure is 
increasing as the density of the crude CEG matrix increases, 
which has been experimentally confirmed. For the group of 
composites produced on the CEG matrices with lower density 
– below 260 mg/cm3, their porosity, pore diameter, and specific 
pore, volume decreased abruptly after PFA impregnation. In 
the case of the CEG matrix with even higher initial densities, 
the anisotropy of the composites has become more visible. It 
can be explained by the increasing number of evenly spaced 
graphite layers in the composite structure. The conclusion is 
that after the technological processes the composites retain the 
internal structure of the CEG sheets and the impregnation with 
PFA resin does not destroy this microstructure.

Figure 2 shows the morphology of CEG blocks and PFA/ CEG  
composite samples obtained from micrographs. The optical 
microscope used to study the structure of the samples was an 
Axioskop MPM 200, Carl Zeiss. In three microphotographs 
(Fig. 2 – level 1), a change in the texture of composites is visi-
ble after individual technological processes, in the plane perpen-
dicular to the layered structure. Changes in their structure and 
porosity are visible. These pictures show the differences between 
the CEG matrix structure and the polymerized or carbonized state 

Fig. 2. Microstructures of the composites, 1 – cross-section to the bedding plane, 2 – parallel to the bedding plane (a) CEG 
d = 260 mg/cm3, b) POL d = 669 mg/cm3, c) CAR d = 428 mg/cm3

Fig. 1. Schematic diagram of technological procedures of the 
PFA-polymer/CEG-matrix composites

(a) CEG

1

2

(b) POL (c) CAR

10 um
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Fig. 3. Main directions in the layered structure of composites

of the materials. The layered structure of the CEG matrix is still 
observable in the POL and CAR composites also after the pyrol-
ysis procedure. Figure 2 – level 2 shows changes in the texture 
of the investigated composites in the plane parallel to the layered 
structure at each stage of the technological process. The com-
parison of levels 1 and 2 in Fig. 2 also shows the anisotropy and 
differences in the layered structure of the CEG matrix and the 
produced PFA/CEG composites appearing in two main planes.

4. ACOUSTIC EMISSION CHARACTERISTICS  
IN PFA/CEG COMPOSITES FOR THE MAIN PLANES 
OF THE STRUCTURE

The acoustic emission resulting from the applied pressure can be 
used to measure the changes in the structure and many different 
material properties [25‒28]. The study of AE phenomena in com-
posites after each stage of the technological process, i.e., impreg-
nation, polymerization, and carbonization allow us to analyze the 
influence of modification in the chemical composition on the 
change of individual AE descriptors. The results of these studies 
have been partially presented in our previous works [23, 24]. 
This paper presents the results of investigations on changes in AE 
parameters depending on the location of the stress plane in the 
structure, which were analyzed in different groups of composites.

4.1. Method of acoustic emission measurements
In this work, modern AE methods were used to investigate the 
structure anisotropy as well as many other physical and chemical 
properties of composites. The measurements of AE characteristics 
in PFA/CEG composites described in Part 2 were performed using 
the following equipment: AE Analyzer model EA-100NEURAL, 
Institute FTR PAS, Poland, and Materials Testing Machine model 
LRX, Lloyd Instr. England. The AE descriptors were tested in 
a wide frequency range of acoustic waves (0.1‒2.5 MHz), using 
a piezoelectric sensor type SE2MEG-P, Dunegan Eng. Cons. Inc. 
USA. A detailed description of the experimental arrangement 
and the AE parameters measurement procedure are presented 
in our paper [23]. As the AE waves were recorded and analyzed 
using computer techniques, it was possible to determine more 
AE descriptors in one experiment, which facilitated the analysis 
of many different properties of the tested composites [29‒31]. 
Among the many registered parameters characterizing AE sig-
nals, four of them (the sum of counts, the sum of events, the 
Wce ratio, and the spectrum distribution of acoustic waves) were 
selected for analysis in this work.

At the stage of preparing the CEG texture, a graphite matrix 
with a strong asymmetry was produced. In the structures of 
composites prepared on the basis of CEG-matrix, two basic 
directions can be distinguished: perpendicular to the layer 
planes of graphite sheets and parallel to it, as shown in Fig. 3. 
All the results presented in the paper were obtained for uni-
axial stress applied in these two main directions. It should be 
noted that due to the very low stiffness of the CEG matrix, AE 
measurements in the perpendicular geometry were not possible 
to be performed in a raw CEG. The results of the research on 
AE characteristics for various types of PFA/CEG structures are 
presented in the following sections.

4.2.  The relationship between the composite structure 
anisotropy and the sum of counts or the sum 
of events AE pulses

The results of the research on the AE descriptor, which is the 
sum of counts of the pulses in POL and CAR materials for 
the compression stress applied in two main directions paral-
lel or perpendicular to the bedding plane of the structure, are 
compared in Fig. 4. The results of investigations for the sec-
ond parameter, which is the sum of events in POL and CAR 
structures for stress applied in both main planes of the layered 
structure are compiled in Fig. 5. The comparison and analysis of 
the sum of counts and sum of events in these composites led to 
the following conclusions. For both AE descriptors, the largest 
values were measured in the CAR structure. Both are more 
than ten times greater in CAR than for POL composites. The 
obtained results confirm the highest acoustic emission activity 
in CAR composite. After analyzing the measurement results 
concerning the acoustic activity of the studied groups of mate-
rials, it was concluded that they can be directly related to their 
elastic properties. Namely, the CEG matrix has the properties 
of a soft and brittle material. On the other hand, after the PFA 
impregnation and polymerization processes, it is transformed 
into POL material – heterostructural with less anisotropy, which 
is both hard and flexible. After the next carbonization pro-
cess, the anisotropy of the layered structure of the composite 
increased and it has the properties of hard and brittle material 
at the same time. As measured in previous studies [23], the 
compressive strength for the pressure applied in the bedding 
plane in the POL composite is about 12 MPa, while in CAR 
material it is about 4 MPa.

On the other hand, the comparison of the sum of counts 
or sum of events for the same group of composites, but in 
both main planes of the layered structure, gives conclusions 
on the anisotropy of their structure. Comparing these AE char-
acteristics in two main planes of the structure, it was shown 
that in both POL and CAR composites, the acoustic activity 
is much higher when the measurements were carried out for 
the stress acting in the direction perpendicular to the bedding 
plane and they were about 3 times higher in POL and about 
10 times higher in CAR. These measurement results can be 
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explained based on the microstructure of the PFA/CEG-matrix 
composites presented in Section 3. CEG matrix is a layered 
material, and there are strong bonds between carbon atoms in 
the plane of the crystalline graphite in the form of delocalized 
π orbitals, whereas between the carbon layers there occur only 
weak Van der Waals type forces. After the technological pro-
cesses, the composites retain the internal structure of the CEG 
in the form of layered graphite sheets. For these reasons, for 
the stress applied in the direction perpendicular to the plane of 
the graphite sheets, there are many compressive cracks in the 
structure and the acoustic activity of the composites is much 
higher. Whereas for the stress applied in the direction paral-
lel to the layers of structure there is a small number of shear 
cracks and the slip of graphite planes, and the acoustic activ-
ity of composites is low. The obtained results are extremely 
important and interesting as they show direct relationships 
between the structural anisotropy of PFA polymer/compressed 
expanded graphite-based composites and AE descriptors. It can 
also be concluded from them that the structural anisotropy of 
POL composites is much smaller than that of materials after the 
carbonization process (Figs. 4 and 5). This phenomenon can be 

explained based on the changes in the structure and chemical 
composition of the materials presented in Section 3. Generally, 
it can be stated that the difference in the values of these AE 
descriptors determined in the two main planes is a measure of 
the composite structure anisotropy.

The formula Wce = Σ Ncnt/Σ Nev defines the third AE de-
scriptor. The value of this parameter varies depending on the 
type of material and the location of the measurement plane in 
the structure. Moreover, its value is directly related to the av-
erage frequency of generated acoustic pulses and their duration 
[32]. It was found in the obtained results that the minimum 
value of the Wce descriptor was reached in CEG, the average in 
POL, and the maximum in CAR materials. From these results, 
it can be concluded that the transition on higher levels after 
technological processes was reflected in the rapid increase in 
the frequency of the emitted elastic waves. Figures 6 and 7 
show the results of the analysis of Wce descriptor changes as 
a function of composite density. The results in the POL and 
CAR composites were obtained for the stresses applied in both 
main directions of the structure. The performed research proved 
that this descriptor is dependent on its density for all compos-

Fig. 4. Sum of counts vs. pressure applied in the direction parallel – 1 or 
perpendicular – 2 to the bedding plane for a) POL (d = 660 mg/ cm3); 
and b) CAR (d = 498 mg/cm3) composites. Results of measurements 

– navy-blue curve, polynomial fitting – green line

Fig. 5. Dependence of sum of events on pressure applied in the direc-
tion parallel – 1 or perpendicular – 2 to the layered structure a) POL 
(d = 660 mg/cm3); and b) CAR (d = 498 mg/cm3) composites. Results 
of measurements – navy-blue curve, polynomial fitting – green line
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ites. The dependence of Wce on the asymmetry of the composite 
structure is also visible.

4.3.  Analysis of the spectrum distribution of AE  
waves depending on the anisotropy  
of the composite structure

In order to obtain the spectral distribution of the elastic waves 
generated in the materials, the frequency analysis of the 
recorded AE signals was performed using the Fourier trans-
formation [25, 33‒35]. Figure 8 presents a summary of the 
research results of the frequency spectrum of the generated 
acoustic waves in individual structures. The measurements were 
performed for two directions of the applied stress: parallel or 
perpendicular to the layered structure.
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Figure 8a shows the spectral distribution measured in the 
CEG material for the stress in the parallel plane. Five red arrows 
denote 5 frequency bands of the emitted elastic waves, which 
are also repeated in the spectra of POL and CAR structures. 
These observations show an extremely interesting conclusion 
that the stress in parallel planes in the CEG structure generates 
elastic pulses of the same frequency and approximate intensity 
as in the heterogeneous POL and CAR materials. The repeti-
tion of these bands is clearly visible in Figs. 8b and 8c. These 
observations indicate that the composites essentially retain the 
internal structure of the CEG sheets.

Figure 8b shows the frequency spectrum of the elastic 
waves recorded in the POL material. The measurements were 
carried out for the stress acting in the plane of the layered 
structure. The analysis of this spectrum showed that three fre-
quency bands appeared on it, which were also observed in the 
CAR structure, but not in the CEG spectrum. The green arrows 
indicate these three bands in the diagram. Figure 8c shows the 
measured spectral distribution of the acoustic pulses in the 
CAR material, for the stress applied in the parallel plane. The 
blue arrows indicate three particular wave frequency bands 
that are only found in the spectrum of this type of composite. 
Such dominant frequency bands were not observed in the other 
two types of materials.

The presented results of the spectral analysis are fully con-
sistent with the results presented in Subsection 4.2, in which 
the analysis of the frequency increase of the generated elastic 
waves for PFA/CEG composites after subsequent technologi-
cal processes was shown based on other AE descriptors. The 
increase in the frequency of individual peaks in the spectra is 
generally associated with a reduction in the size of the sources 
generating the acoustic waves [32]. The results of research on 
spectral distributions performed in POL and CAR compos-
ites when the measurements were carried out for stress acting 
perpendicularly to the layered structure are shown similarly 
in Figs. 8d and 8e.

The above-mentioned specific frequencies of the bands of 
the emitted elastic waves in the studied types of materials and 
for both main planes of the structure are compiled in Table 1. 
The study of the presented spectral distributions for parallel 
geometry indicated that the impregnation of the PFA resin into 
the CEG precursor and its polymerization causes a significant 
increase in the frequency of the peaks. After the next process 
of carbonization of the POL material, a further increase in the 
frequency of the bands was observed. Two intense bands with 
frequencies above 2 MHz have emerged in the CAR composite.

The comparison of spectral distributions for the same group 
of composites in both main planes of the layered structure 
allows us to draw conclusions about the anisotropy of their 
internal structure. Such an analysis performed for the two main 
planes of the structure shows that intense wide bands appear 
in the spectrum in the entire studied frequency range both in 
POL and CAR composites for the stress applied in the perpen-
dicular direction. In contrast, in the case of parallel geometry 
in these materials, completely different spectral distributions of 
frequency were obtained with a predominance of peaks in the 
upper bands of the investigated range.

5. CONCLUSIONS
Based on the results of research on AE phenomena carried out 
in porous PFA polymer/CEG-matrix composites with a layered 
structure at individual stages of their technological process of 
impregnation, polymerization, and carbonization, the following 
conclusions were formulated:
● The research has shown that the AE method enables the 

detection of anisotropy in the structure of materials. The 
results of the research showed that all four of the acoustic 
emission descriptors studied in this work are sensitive to the 
technological stages of these materials on the one hand and 
their structural anisotropy on the other. By comparing the 
changes of all studied AE descriptors for both main planes 
of the structure, it was assessed that the most sensitive to 
anisotropy changes are the sum of counts and the sum of 
events. The difference in the values of these descriptors, 
determined for the two main planes, is a measure of the com-
posite structure anisotropy.

● The largest magnitude of the AE parameters, the sum of 
counts and the sum of the events, was measured in CAR 
materials for both main planes of the composite structure. 
It can be concluded that the CAR composites showed the 
highest acoustic activity among all the tested materials. Such 
high activity in generating elastic waves is shown by materi-
als with hard and brittle mechanical properties and a porous 
structure. It was also found that the acoustic activity is much 
greater for the stresses applied in the direction perpendicular 
to the bedding plane in both POL and CAR composites than 
for the parallel direction.

● From the measurements of these two descriptors, it can 
also be concluded that the structural anisotropy of POL 

Table 1
The specific frequencies of the bands of acoustic pulses 

in various types of materials for the main planes of the structure

Material Density
[mg/cm3]

Frequency bands 
parallel plane

[MHz]

Frequency bands 
perpendicular plane

[MHz]

CEG 112 0.1
0.4
1.1
1.3
2.1

POL
PFA/CEG

660 0.8
1.5‒1.8
2.0‒2.2

0.6
0.9

1.1‒1.4
1.8‒1.9

2.3

CAR
PFA/CEG

498 0.2‒0.9
2.2
2.4

0.2‒0.4
0.6‒1.2

1.4
1.5‒1.8
1.9‒2.3

2.5
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composites is much smaller than that of materials after the 
carbonization process. Due to the anisotropy of the CEG 
matrix precursor, the PFA/CEG composites obtained after 
the technological processes had an anisotropic structure. PFA 
impregnation into the graphite matrix reduced the anisotro-
pic structure by introducing an amorphous component and 
changed the pore structure. However, it did not change the 
elementary structure component, which was formed by uni-
formly oriented graphite layers. This explains the anisotropy 
observed in individual groups of composites and its reduc-
tion after impregnation.

● The performed research proved that value of the Wce descrip-
tor changes with the density of composites. The dependence 
of this descriptor on the asymmetry of the composite struc-
ture has also been shown.

● A comparison of the AE waves spectrum distributions 
between different composites (CEG, POL, and CAR) for the 
stress in the parallel plane showed that they are different, but 
some frequency bands are repeated. These observations indi-
cate that the composites essentially retain the internal struc-
ture of the graphite flakes. The layered structure derived from 
the CEG matrix, as well as the shape and size of the pores 
explain the structure anisotropy of all tested composites.

● The research confirmed that the impregnation of the PFA 
resin into the CEG precursor and its polymerization causes 
a significant increase in the frequency of the peaks for par-
allel geometry of measurements. After the next process of 
carbonization of the POL material, a further increase in the 
frequency of the bands was observed. These phenomena gen-
erally indicate a reduction in the size of the sources emitting 
acoustic waves.

● The comparison of the spectral characteristics in the two 
main planes of the structure shows that both in the POL 
and CAR composites for stress in the perpendicular direc-
tion, intense wide bands appear in the spectrum in the entire 
studied frequency range. In contrast, in the case of parallel 
geometry in these materials, a completely different spectrum 
distribution of frequency was obtained with a predominance 
of peaks in the upper bands of the investigated range. Fourier 
analysis of the recorded spectra provides very interesting 
conclusions about the structural properties of composites 
as well as a lot of information about the bonding forces 
between the carbon atoms of which the graphite matrix and 
the PFA polymer are composed.
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