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Factors affecting the procedure for testing cavitation erosion of GFRP 
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A R T I C L E  I N F O   

Keywords: 
Ultrasonic cavitation erosion 
Glass fibre reinforced polymer (GFRP) 
composite 
Experimental setup and procedure 
Specimen material properties 

A B S T R A C T   

In many marine applications, glass fibre reinforced polymer (GFRP) composites are exposed to adverse envi
ronmental effects including cavitation. Prolonged exposure to cavitation can damage GFRP composite surfaces 
that would eventually require repairing or replacing marine device components. This study initially investigates 
the deterioration of GFRP composite and its constituent materials (i.e., epoxy and glass) by cavitation erosion. 
The cavitation cloud is produced by an ultrasonic transducer, and cavitation erosion tests adhered to ASTM 
G32-16 standard. It is shown that the erosion process of GFRP composite has characteristics of both epoxy and 
glass. The second part of this study investigates the effect of several parameters associated with the experimental 
setup, testing procedure and material properties on ultrasonic cavitation erosion of GFRP composite. These 
parameters include gas content in testing liquid, type of specimen support, specimen water absorption, acoustic 
impedance, and tensile strength. It is reported that specimen edge treatment influenced water absorption, 
specimen preconditioning was important for accurate recording of erosion damage accumulation, acoustic 
impedance and tensile strength were directly correlated with erosion damage, while the cavitation erosion 
process of GFRP composite was mostly insensitive to gas content in testing liquid but was significantly affected 
by the type of specimen support.   

1. Introduction 

The applications of glass fibre reinforced polymer (GFRP) composites 
are rapidly increasing due to their high strength and stiffness, low 
weight, and well-established and relatively easy manufacturing process. 
This leads to GFRP composites being subjected to various environmental 
effects and loads. In several specialised applications such as boat pro
pellers, hydrofoils, and tidal turbine blades, GFRP composites are 
exposed to cavitation and can suffer from cavitation erosion. For 
example, Chernin and Val [1] showed that although the probability of 
cavitation is low, cavitation can develop on tidal turbine blades during 
short time periods that can add up to 51 days during a 10-year operation. 
Therefore, the resistance of GFRP composites to cavitation erosion is 
becoming a new concern for the design and maintenance of many ma
rine devices. 

A stationary specimen method used for studying the behaviour of 
polymers (including GFRP composites) exposed to cavitation erosion is 
based on the use of a 20 kHz frequency ultrasonic transducer that gen
erates a cavitation cloud in a testing liquid (usually water). The original 

testing method (i.e., the vibratory specimen method) was standardised 
in ASTM G32-16 [2] and was based on shaping a specimen as a button 
with a threaded shank. The outer diameter of the button is equal to that 
of the transducer tip horn. The specimen should be screwed directly into 
the horn. Manufacturing polymer specimens with such a shape repre
sents a significant challenge. As a result, a stationary specimen method 
was used in several experimental works including Hammond et al. [3], 
Caccese et al. [4], Yamatogi et al. [5] and Guobys et al. [6] for testing 
GFRP composites and Hattori and Itoh [6] for testing plastics. In the 
stationary specimen method, GFRP specimens were positioned below a 
transducer horn that was equipped with a metal tip. Since the cavitation 
cloud would affect the tip as well, it was made of a cavitation-resistant 
material, e.g., titanium or stainless steel. The distance between the tip 
and the specimen and the peak-to-peak amplitude of the transducer tip 
should be carefully controlled. In addition to creating a cavitation cloud, 
the tip displaces the testing liquid and increases its temperature. The 
temperature of the liquid should also be controlled during testing 
because GFRP composites exhibit temperature sensitivity [8]. The 
increasing temperature decreases the peak load and increases fracture 
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energy due to the increasing ductility. The testing liquid temperature is 
usually maintained in the range between 23 ◦C and 27 ◦C [3–7]. 

The modifications to the ASTM G32-16 experimental procedure 
allowed for some variations in experimental setups, which could 
complicate the comparison of experimental results and lead to their 
misinterpretation and misleading conclusions. For example, Hammond 
et al. [3], Caccese et al. [4] and Yamatogi et al. [5] used a 0.5 mm 
distance between the transducer tip and the specimen surface. Hattori 
and Itoh [7] set this distance to 1 mm, while Guobys et al. [6] used a 0.8 
mm distance based on the acoustic field pressure measurements. Ham
mond et al. [3] and Guobys et al. [6] set the peak-to-peak displacement 
amplitude of the ultrasonic transducer tip to 25 μm, while Caccese et al. 
[4], Yamatogi et al. [5] and Hattori and Itoh [7] used a 50 μm 
peak-to-peak tip displacement amplitude. Hammond et al. [3] used a 
metal (possibly aluminium or stainless steel) plate as specimen support, 
Caccese et al. [4] did not describe the specimen supporting structure, 
Yamatogi et al. [5] used a metal block, while Guobys et al. [6] used a 
stainless steel net frame. Hammond et al. [3], Caccese et al. [4] and 
Yamatogi et al. [5] did not explain the method used for fixing specimens 
in place during testing. Hattori and Itoh [7] did not describe their 

experimental setup. From the schematic representation of the experi
mental setup, it can be assumed that Hammond et al. [3] glued speci
mens to metal plates, which were fastened to a metal frame. Based on the 
photographs in Yamatogi et al. [5], the specimens were most likely 
glued to metal blocks that were clamped to a metal base. Guobys et al. 
[6] fixed specimen corners to the stainless steel net, which was done to 
allow for easy dismounting and scanning of the specimens using X-ray 
computed tomography. 

Yamatogi et al. [5], and Hattori and Itoh [7] used ion-exchanged 
water as a testing liquid, Hammond et al. [3] used artificial seawater, 
while Guobys et al. [6] used deionised water. Caccese et al. [4] did not 
mention the type of water they used in the tests. Gas content in the 
testing liquid was not discussed in the works considered. Precondition
ing of FRP specimens in the testing liquid was applied by Guobys et al. 
[6] and neglected by Caccese et al. [4] and Yamatogi et al. [5]. Ham
mond et al. [3] tested both preconditioned and dry specimens. Only 
long-term water absorption with measurement intervals of a few weeks 
was considered by Hammond et al. [3]. Yamatogi et al. [5] eliminated 
the effect of water absorption on the weight of eroded specimens by 
measuring the composite mass loss using a filtration system with a mesh 

Fig. 1. Ultrasonic cavitation erosion test setups: (a) setup 1 and (b) setup 2.  
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size of 0.45 μm. 
This paper has two objectives. The first objective is to study the 

behaviour of GFRP composite and its constituent materials (i.e., epoxy 
and glass) exposed to cavitation erosion. The second objective is to 
investigate the sensitivity of the ultrasonic cavitation erosion of GFRP 
composite to several parameters associated with the experimental setup, 
testing procedure and specimen material properties. This includes gas 
content in testing liquid, the type of specimen support, specimen water 
absorption, acoustic impedance, and tensile strength. Some parameters 
(e.g., gas content in testing liquid) showed insignificant influence on the 
ultrasonic cavitation erosion process, while others (e.g., the type of 
specimen support) affected the process severely. 

2. Experimental methodology and materials 

This section describes the methodology and materials used in the 
experimental programme. 

2.1. Testing procedure 

Ultrasonic cavitation erosion tests were conducted on stationery 
specimens in accordance with a modified testing procedure based on the 
ASTM G32-16 standard [2]. In these tests, GFRP composite specimens 
were exposed to cavitation clouds generated by an ultrasonic transducer 
leading to surface erosion. Ultrasonic cavitation erosion tests were 
performed with two different experimental setups (see Fig. 1) with 
different ultrasonic transducers, three amplifiers and three tip geome
tries. Setup 1 consisted of an ultrasonic transducer Bandelin HD3200, 1L 
glass beaker, laboratory stand, jack stand and a stainless-steel net frame 
for specimen placement (see Fig. 1a). The erosion tests were conducted 
using deionised water saturated with dissolved gas. Further information 
about setup 1 can be found in Guobys et al. [6]. Setup 2 consisted of an 
ultrasonic transducer Fisherbrand Q700, sound isolating box, testing 
tank with adjustable specimen clamping frame, water cooling system to 
maintain temperate within ASTM G32-16 standard [2] recommended 
range and the air pump for the ultrasonic transducer cooling (see 
Fig. 1b). The erosion tests were conducted using distilled water satu
rated with dissolved gas. In both experimental setups, the ultrasonic 
transducers were equipped with a 13 mm diameter tip, operated at 20 ±
0.5 kHz frequency and had a controllable peak-to-peak amplitude of the 
tip displacement. The distance between the transducer tips and the 
specimen surfaces was set to 0.8 mm. The erosion intensity of specimens 
was calibrated per the ASTM G32-16 standard [2] by setting the initial 
transducer amplitude to 25 μm and then increasing it to 50 μm. The tip 
peak-to-peak displacement of 50 μm resulted in the transducer tip ve
locity of 2 m/s. 

The ultrasonic field generated by the transducer operating at 20 kHz 
frequency produced cavitation bubbles with a resonant radius (Rr) of 
160 μm, which can be calculated by Minnaert resonance Eq. (1) [9] 
(overlooking surface tension and viscous attenuation): 

Rr =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3γPA

ρ(2πf )2

√

(1)  

where γ is a heat capacity ratio, PA is ambient pressure, ρ is water 
density, and f is frequency. Similar results were obtained in Refs. [10, 
11] through experimental measurements. 

In both experimental setups, the ultrasonic transducer induced vi
brations to GFRP composite specimens and heavy mixing of water in a 
container. To prevent loss of material from edges (which were damaged 
by specimen cutting) during testing, handling and fixing in the testing 
frame, the edges of part of GFRP specimens were covered either with 
epoxy or copper tape, while a set of specimens was tested with free 
(uncovered) edges. The density of the epoxy covering the edges was 
1110 kg/m3. The mass of the edge covering material was considered as 
part of specimens during erosion-induced mass loss calculations. 

In the tests, the specimens were submerged 12 mm below the surface 
in a container filled with water. The setup 1 specimens were placed on a 
stainless-steel net frame, while the setup 2 specimens were placed on an 
aluminium block. In both cases, the specimens were fixed in the hori
zontal plane to prevent any displacements. The conductivity of deion
ised water in setup 1 was kept under 1 μS/cm throughout testing, while 
the conductivity of distilled water was kept under 0.05 μS/cm in Setup 2. 
To maintain the temperature at 25 ± 2 ◦C during the tests, the water in 
setup 1 was replaced at each measurement. In setup 2, the water was 
circulated between the testing tank and a cooling container using two 
water pumps. The temperature was monitored locally at the eroded 
specimen surface with a precision of ±0.1 ◦C. It should be noted that in 
both test setups, the eroded material was not recovered as it would 
require a sophisticated filtration system similar to the one used in 
Ref. [5]. Instead, to eliminate a possible effect of eroded material on the 
process of cavitation erosion, the testing liquid was changed at regular 
intervals. 

The schedule of mass loss measurements implemented in all erosion 
tests included two initial measurements taken at 5 min intervals fol
lowed by measurements at 10 min intervals. This method enabled the 
monitoring of the initial damage as well as the identification of erosion 
effects at all testing stages. At each measurement, the specimen surface 
was cleaned with ethanol and dried with a non-linting absorbent cloth. 
Control microscope examination of specimen surfaces after the appli
cation of the drying procedure showed that the non-linting absorbent 
cloth did not leave any residual fibres. The surface drying with a non- 
linting absorbent clough removed surface moisture and the weighing 
procedure was very quick to allow for any significant changes in spec
imen weight due to the evaporation of absorbed water. A desiccator was 
not implemented because it was found to be slow in surface drying and 
demanded different time intervals to remove surface moisture in each 
test. The specimen mass was measured using scales with ±0.1 mg pre
cision. The eroded surfaces were examined with a digital microscope 
Olympus GX71 and photographed with a digital camera. The photo
graphed eroded imprints were analysed with image processing software 
ImageJ [12] and specialised software VGStudio Max [13]. All specimens 
were scanned before and after the conclusion of testing using an X-ray 
computed microtomography system Nikon XT H 225 ST. 

The cumulative mean depth of erosion (MDE) was calculated for each 
specimen using the mass loss (Δm) during cavitation erosion, specimen 
density (ρFRP) and specimen true eroded surface area (A), as shown in 
Eq. (2). 

MDE =
Δm

ρFRPA
(2)  

2.2. Ultrasonic transducer calibration 

Six specimens (S1–S6) made of Stainless Steel 316 (SS316) were used 
for calibration of the ultrasonic transducers as well as for comparative 
purposes. The density of SS316 was measured to be 7910 kg/m3. All 
specimens were cut to approximately 40 mm × 40 mm squares and had a 
thickness of 2.95 mm. The specimen surfaces were mirror polished 
before cavitation erosion testing. The calibration was carried out 
following the ASTM G32-16 standard [2]. The specimens S2 and S3 were 
tested with setup 1, while the specimens S1 and S4–S6 were tested with 
setup 2. The experimental conditions were replicated by setting both 
ultrasonic transducers to similar power outputs to create similar ultra
sonic field intensity. Furthermore, water temperatures and specimen 
boundary conditions were kept similar. Fig. 2 shows the results of 
cavitation erosion tests of the six SS316 specimens in terms of cumula
tive MDE (i.e., curves S1–S6) overlaid over the relevant data from ASTM 
G32-16 (i.e., curves A, B, C and D taken from Fig. X3.1 in Ref. [2]). As 
can be seen, curves S1–S6 are lower than curves A, B, C and D. The 
difference in the data varies in the range of about 1.5–7 depending on 
the exposure time. This difference can be explained by the effects of 
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several factors. First, the erosion rate in the vibratory specimen method 
applied in the ASTM G32-16 tests the cumulative erosion rate is 3.6 
times higher than in the stationary specimen method applied in this 
study [14]. Second, curves A, B, C and D represent the averaged data 
collected from several labs and obtained using specimens of different 
diameters and shapes (see clause X3.2.2 of [2]), which could explain the 
divergence of data. Curves S1-6 were obtained using ultrasonic horns of 
the same diameter and specimens of the same shape and dimensions. 
Third, the methodology for measurement of the eroded surface could 
have an additional influence on the results. In the current study, the true 
eroded surfaces were measured by means of specialised image process
ing software. Fourth, the cumulative MDE was calculated in the ASTM 
G32-16 data using the transducer tip area as the erosion imprint area 
(see Eq. (1)), while digital processing of erosion imprint images was used 
in this study for the accurate identification of damaged areas. Fifth, the 
data sets reported in the ASTM G32-16 standard lack incubation periods. 

Specimens S1–S3 were eroded in gas-saturated testing water with a 
dissolved oxygen content of 8.8 mg/L, whereas specimens S4–S5 were 
tested in reasonably degassed testing liquid with a dissolved oxygen 
content of 6 mg/L. A significant difference is visible between the two 
specimen sets tested in different dissolved gas water environments. The 
average cumulative MDE after 4-h exposure time was higher in speci
mens S1–S3 by 56.6% than in specimens S4–S6. Specimens S1–S3 
eroded quicker than specimens S4–S6 because of the influence of dis
solved gasses on the cavitation erosion process. The erosion imprints 
generated in the gas-saturated water were uneven and contained large 
pits, whereas the erosion imprints generated in the degassed water were 
smooth and evenly distributed. This indicated the variation in the 
number and size of cavitation bubbles forming at the eroding surfaces. 
The gas-saturated testing water had a greater dissolved gas content. 
Therefore, the nucleation of cavitation bubbles was easier, which 
resulted in higher intensity of cavitation erosion. 

2.3. Internal structure and mechanical properties of specimens 

Specimens tested in this study were cut out of four sheets of glass 
fibre-reinforced polymer (GFRP) composite, which were also used in the 
previous study [6]. Sheets 1 and 2 had a target thickness of 2 mm, while 
sheets 3 and 4 had a target thickness of 4 mm. All sheets had bidirec
tional fibre distribution (0◦/90◦), with predominant 96% ± 1% fibres 
orientation in the 0◦ direction. The percentage of the directional fibres 
was measured by separating and weighing fibres bundled in a glass fibre 
sheet supplied by the manufacturer of the GFPR composite sheets. Ac
cording to the manufacturer, the composite sheets were made with a 
50% fibre volume fraction. The fibre material was E-glass with standard 
mechanical properties. The E-glass fibre bundles were tied with small 
diagonal bundles of binding fibres. The binding fibres were made of a 
synthetic material (likely polyester) which melted when heated. Both 
surfaces of the GFRP sheets had smooth finish due to the use of a 

vacuum-assisted resin transfer moulding (VARTM) technique with rigid 
flat mould surfaces. 

Table 1 shows images of surfaces and cross-sections of specimens cut 
from the 4 GFRP sheets. The glass fibre bundles are oriented vertically in 
all images and can be distinguished by a darker colour. In contrast, the 
glass fibre bundles have a much lighter colour in the cross-sections. The 
inclined binding synthetic fibres can also be distinguished on the surface 
images. The internal structure, distribution and stacking of glass fibre 
bundles were analysed at different cross-sectional planes using X-ray 
computed microtomography imaging. The shapes of bundle cross- 
sections varied between an oval and a quadrilateral (parallelogram or 
rectangle) with rounded corners. The diameter of a single fibre on 
average was 19 μm, which was measured with a calibrated digital mi
croscope (Olympus GX71). The average fibre bundle cross-section in 
specimens from sheet 1 was equal to 2.37 mm in width and 0.84 mm in 
height. The distance between bundles in a layer and the layers of bun
dles varied from 0 to 0.2 mm. In sheets 2, 3 and 4, the average fibre 
bundle cross-sections were equal to 3.28 mm in width and 0.87 mm in 
height. The distance between fibre bundles varied from 0 to 0.4 mm and 
between bundle layers from 0 to 0.2 mm. 

The analysis of material properties and internal structure highlighted 
several differences between the GFRP composite sheets. Sheets 1 and 2 
had approximately 2 mm thickness, while sheets 3 and 4 had approxi
mately 4 mm thickness. In the same thickness group, sheet 3 had a 1.5% 
higher specific acoustic impedance due to a higher fibre volume fraction 
than sheet 4, while the specific acoustic impedance of sheet 1 was 3.9% 
higher than that of sheet 2. The microscope observations indicated that 
sheet 3 had the roughest surface with the largest initial scratches. X-ray 
microtomography showed that the epoxy between fibre bundles in sheet 
4 was 50% wider near the surface than in sheet 3. Sheet 4 was 5% thicker 
than sheet 3 and had 25% thicker fibre bundles. 

The mechanical properties of the GFRP composite provided by the 
manufacturer are presented in Table 2. The tensile strength and Young’s 
modulus in 0◦ and 90◦ fibre orientation were validated based on ASTM 
D3039/D3039 M standard [15]. Table 3 presents the results of tensile 
tests including the means, standard deviations (St.Dev) and coefficients 
of variation (Coef.V) obtained based on 4 or 5 specimens in each case. As 
can be seen from the data in Tables 2 and 3, the strength of the speci
mens was either nearly equal to or lower than the values provided by the 
manufacturer, while the stiffness (Young’s modulus) was higher. The 
differences between the tests and the manufacturer values could be 
attributed to the variation in the properties of constituent materials and 
in the fibre content of the specimens tested as well as to a more accurate 
testing method applied by the manufacturer. 

Table 3 also provides the mean surface hardness of the 4 GFRP 
composite sheets measured using a Shore Durometer Type D in accor
dance with ASTM D2240 standard [16]. Since the surface of the unidi
rectional GFRP composite is inherently nonuniform due to the presence 
of fibre bundles and epoxy-filled gaps, the surface hardness was sepa
rately measured above (SB) and between (SE) fibre bundles. The SB and 
SE means were calculated based on the data reported in Ref. [6]. It was 
also observed that GFRP surface hardness was insensitive to prolonged 
saturation in water. Further details on the internal structure and prop
erties of GFRP composite sheets and on the acoustic impedance testing 
procedure can be found in Ref. [6]. 

The response of GFRP composite to cavitation erosion was compared 
in this study with the response of pure epoxy. The pure epoxy specimens 
were cut from a sheet manufactured using commercially available 
epoxy. Table 4 shows the properties of this epoxy provided by the 
manufacturer. The density of the pure epoxy specimens was evaluated at 
1158 kg/m3 based on the volume estimated using the Archimedes’ 
principle. As can be seen, the obtained density is at the upper end of the 
range provided by the manufacturer (see Table 4). The Shore D hardness 
of the pure epoxy specimens was measured at 84.5 HD, which was the 
low end of the range provided by the manufacturer. 

Fig. 2. Stainless Steel 316 cumulative mean depth of erosion over cumulative 
exposure time during ultrasonic transducer calibration (S1–S3 – specimen 
tested in gas-saturated testing liquid, S4–S6 – specimen tested in degassed 
testing liquid) and ASTM G32-16 Stainless Steel 316 cavitation erosion results 
(A, B, C, D) from different laboratories [2]. 
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2.4. Water absorption 

Since FRP composites tend to absorb moisture [17–25], most of the 
specimens were preconditioned prior to testing. The preconditioning 
process included keeping the specimens in water until initial moisture 
equilibrium was reached. To analyse whether the specimen water intake 
might interfere with the mass loss capture during the ultrasonic cavi
tation erosion testing, several GFRP specimens were tested for water 
absorption in accordance with modified ASTM D5229/D5229 M and 
ASTM D570 standards [26,27]. 

In this study, specimens with three different edge conditions, 
including specimens with edges covered with epoxy, covered with 

copper tape and left uncovered (i.e., free edges) were examined for 
water absorption. The uncovered edges were thoroughly cleaned with a 
fine brush and submerged in an ethanol bath to remove any potentially 
loose material before weighing and testing. The epoxy used for covering 
edges was degassed in a vacuum chamber prior to application to mini
mise the volume fraction of cavities. The specimens with epoxy-covered 
edges had an overall mass increase of less than 4%. The epoxy used for 
covering edges was also tested for water absorption, to check for a 
possible adverse effect of this technique on the accuracy of mass mea
surements during the erosion testing. 

Before testing, uniform preconditioning of specimens was achieved 
by placing samples in an oven for 24 h drying period at 50 ◦C. The 
specimens were weighed before each procedure on scales with ±0.1 mg 
precision. After the drying period, specimens were cooled in a sealable 
bag with no air and afterwards placed in water. Measurements were 
taken every 24 h. At all stages, the water temperature was kept constant. 
Specimens were placed vertically in slots of a holder to maximize surface 
contact with water. The water of different purity (i.e., deionised with a 
conductivity of <1 μS/cm and distilled with a conductivity of <0.05 μS/ 
cm) was used to test the effect of water purity on GFRP composite water 
intake. The effect of specimen size on the water absorption was tested 
using 13 mm and 50 mm square specimens with 2 mm and 4 mm 
thicknesses. These specimen dimensions were chosen based on two 
erosion techniques in ASTM G32-16 standard [2], the 13 mm diameter 
ultrasonic transducer tip and the glass beaker volume during initial 
testing using setup 1. 

3. Results and discussion 

3.1. Water absorption 

Fig. 3 summarises the results of all water absorption tests carried out 
on 50 mm square specimens with 2 mm and 4 mm thicknesses (indicated 
by ‘t2’ and ‘t4’ in the legend, respectively). The edges of the specimens 
were covered either with epoxy or copper tape or left free (indicated by 

Table 1 
Surfaces and cross-sections of specimens cut from 4 GFRP sheets.  

GFRP sheet 1 2 3 4 

Surface 

Cross-section 

Table 2 
GFRP composite mechanical properties provided by the composite 
manufacturer.   

Strength, MPa Modulus, GPa 

Tensile 0 751.00 36.00 
Tensile 90 52.00 11.00 
Compression 0 747.20 38.10 
Compression 90 175.90 11.30 
In-plane shear 79.98 4.12 
Flexure 786.37 34.50 
Interlaminar Shear 65.74 –  

Table 3 
GFRP composite mechanical properties measured by the researchers.  

Sheet # fu0, 
MPa 

E0, 
GPa 

fu90, 
MPa 

E90, 
GPa 

SB, 
HD 

SE, 
HD 

GFRP 
1 

Mean 747.46 37.91 41.33 14.54 90.7 88.8 
St.Dev 25.20 1.43 2.41 0.31 – – 
Coef.V, 
% 

3.37 3.77 5.84 2.10 – – 

GFRP 
2 

Mean 748.34 42.10 39.84 13.65 92.1 85.7 
St.Dev 49.36 0.81 0.99 0.71 – – 
Coef.V, 
% 

6.60 1.93 2.48 5.18 – – 

GFRP 
3 

Mean 627.43 38.96 41.38 15.59 94.2 88.9 
St.Dev 40.54 1.01 0.90 0.60 – – 
Coef.V, 
% 

6.46 2.60 2.18 3.87 – – 

GFRP 
4 

Mean 624.50 39.27 56.57 15.41 92.7 87.1 
St.Dev 34.10 0.34 10.50 2.40 – – 
Coef.V, 
% 

5.46 0.86 18.56 15.60 – – 

In Table 3: fu0 and E0 are the tensile strength and Young’s modulus in specimens 
with 0◦ fibre orientation; fu90 and E90 are the tensile strength and Young’s 
modulus in specimens with 90◦ fibre orientation; St.Dev is the standard devia
tion; Coef.V is the coefficient of variation (in %); SB and SE are the Shore D 
hardness of the GFRP specimen surface above and between fibre bundles, 
respectively. 

Table 4 
Properties of epoxy provided by the epoxy manufacturer.  

Property Unit from to 

Density AT30 hardener kg/m3 1040 
Density IN2 Epoxy resin kg/m3 1150 
Density combined 100:30 kg/m3 1077 1165 
Hardness 25 ◦C Shore D/15 84.5 88.5 
Glass transition temperature (peak) ◦C 92 98 
Water absorption (24h, 23 ◦C) % 0.12 0.2 
Water absorption (2h, 100 ◦C) % 0.58 0.7 
Flexural strength MPa 112 124 
Maximum strain % 5 7 
Strain at break % 6 8 
Flexural modulus MPa 3150 3550 
Tensile strength MPa 65.5 73.5 
Elongation at break % 6 8  
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‘E’, ‘C’ and ‘F’ in the legend, respectively). Specimens with epoxy- 
covered edges were submerged in deionised and distilled water, while 
distilled water was used for testing all other specimens. The use of 
deionised water is indicated by ‘I’ in the legend of Fig. 3. In each of the 4 
cases considered, 4 specimens from each of the 4 GFRP sheets were 
tested adding up to 64 GFRP specimens in total. As per ASTM D5229/ 
D5229 M standard [26], the effective moisture equilibrium was reached 
in all specimens with covered edges after 144 h of submersion because 
the specimen weight did not change in the following measurement at 
168 h of submersion. The most intensive water absorption occurred 
during the first 24 h of submersion, after which the rate of water ab
sorption gradually decreased. By the end of the tests, the 2 mm-thick 
specimens absorbed about 8% more deionised water than distilled 
water, while the 4 mm-thick specimens absorbed about 16% more 
distilled water (see curves ‘GFRP t2 E’, ‘GFRP t4 E’, ‘GFRP t2 E I’, and 
‘GFRP t4 E I’ in Fig. 3). Furthermore, the 2 mm-thick specimens absor
bed about 50% more deionised water (in grams) and about 35% more 
distilled water than the 4 mm-thick ones. Therefore, the water purifi
cation technique could affect the GFRP composite water absorption. 

Specimens with edges covered by copper tape absorbed distilled 
water at a much slower rate than the specimens with epoxy-covered 
edges (compare curves ‘GFRP t2 C’, ‘GFRP t4 C’, ‘GFRP t2 E’ and 
‘GFRP t4 E’ in Fig. 3). After 144 h of submersion, the 2 mm-thick 
specimens with copper-tapped edges absorbed 40% less water than the 
2 mm-thick specimens with epoxy-covered edges. This difference 
increased to nearly 50% for 4 mm-thick specimens. 

The specimens with free edges continued absorbing distilled water 
after 144 h of submersion without reaching an effective moisture equi
librium, although the rate of their water absorption decreased with 
prolonged exposure (see curves ‘GFRP t2 F’ and ‘GFRP t4 F’ in Fig. 3). 
During the tests, the specimens with free edges absorbed water slower 
than the specimens with epoxy-covered edges but faster than the spec
imens with copper-taped edges. After 144 h of submersion, the 2 mm- 
thick specimens with free edges absorbed 25% less water than the 2 mm- 
thick specimens with epoxy-covered edges and 21% more water than the 
2 mm-thick specimens with copper-taped edges. This difference 
increased to 35% for the 4 mm-thick specimens with free and epoxy- 
covered edges but remained similar for the 4 mm-thick specimens 
with copper-taped edges. 

In addition to the GFRP composite specimens, 4 specimens made of 
pure epoxy were tested in distilled water. The specimens had a 50 mm 
square shape and an average thickness of 4.4 mm. The results of these 
tests are given in Fig. 3 as curve ‘Epoxy’. As can be observed, the pure 
epoxy specimens maintained a higher water intake than the GFRP 
specimens at all testing stages. However, the water absorption of the 
pure epoxy specimens at an early testing stage was comparable to that of 
the GFRP composite due to the initial absorption of water by the surface 
epoxy in both materials. After 144 h of saturation, the pure epoxy 

specimens absorbed about 2.7 times more water than the 4 mm-thick 
GFRP specimens with free edges and about 1.4 times more water than 
the 4 mm-thick GFRP specimens with epoxy-covered edges (compare 
curves ‘Epoxy’, ‘GFRP t4 F’ and ‘GFRP t4 E’ in Fig. 3). 

In all cases of specimen edge treatment, 2 mm-thick specimens 
absorbed more water than 4 mm-thick specimens regardless of the water 
purification technique used. It should be noted that water absorption of 
GFRP specimens with free edges after 7 days of exposure obtained in this 
study was similar to that reported in Hammond et al. [3]. The diver
gence between the experimental results at later testing stages can be 
explained by Hammond et al. [3] using linear interpolation for obtaining 
long-term water intake. 

To check long-term water absorption behaviour, GFRP specimens 
with edges covered with copper tape were tested in distilled water for 
212 days. The results of these tests are shown in Fig. 4, where each curve 
corresponds to specimens cut from one of the 4 GFRP sheets investigated 
in this study. Note that the data describing water absorption of these 
specimens at the early testing stage of up to 200 h of exposure can be 
seen in more detail in Fig. 3, where it is presented based on specimen 
thickness as curves ‘GFRP t2 C’ and ‘GFRP t4 C’. Fig. 4 shows that after 
reaching a plateau between 144 h and 168 h of submersion (which is 
defined by ASTM D5229/D5229 M standard [26] as an effective mois
ture equilibrium), the specimens continued absorbing water at a grad
ually decreasing rate. The 2 mm-thick specimens (see curves ‘GFRP 1 C’ 
and ‘GFRP 2 C’) absorbed more water than the 4 mm-thick specimens 
(see curves ‘GFRP 3 C’ and ‘GFRP 4 C’) at all testing stages. Specimens 
from sheets 1 and 3 absorbed more water but exhibited higher data 
variation than their counterparts from sheets 2 and 4. After 16 days of 
submersion, the specimens increased their thickness by up to 0.02 mm 
on average, while the dimension perpendicular to fibre bundle orien
tation increased up to 0.05 mm on average. In contrast, the specimen 
dimension parallel to the fibre bundle orientation underwent insignifi
cant changes. These non-uniform dimensional changes agree with the 
anisotropic heterogeneous properties of the unidirectional GFRP 
composite. 

Fig. 5 shows the water absorption data after 24-h saturation collected 
for 2 mm and 4 mm thick specimens (indicated by ‘t2’ and ‘t4’, 
respectively) with 13 mm and 50 mm edge lengths (indicated by ‘L13’ 
and ‘L50’, respectively) and free and epoxy-covered edges (indicated by 
‘F’ and ‘E’, respectively). This testing period was analysed in more detail 
due to the highest water absorption rates observed. The average surface 
areas are also given in Fig. 5 for each specimen group. The water ab
sorption data was shown with a 95% confidence interval obtained from 
Student’s t distribution. To allow for comparison between specimens of 
different sizes, the water absorption data were normalised against 
specimen surface area. As can be seen, the percentile water absorption of 
small specimens with free edges (see data sets ‘t2-L13-F’ and ‘t4-L13-F’) 
was almost twice higher than that of the large specimens (see data sets 
‘t2-L50-F’ and ‘t4-L50-F’), while the size difference between these 
specimens was about 3.8 times. The variation in water absorption values 

Fig. 3. Water absorption tests on pure Epoxy specimens and 2 mm-thick (‘t2’) 
and 4 mm-thick (‘t4’) GFRP specimens with free edges (‘F’) and edges covered 
by epoxy (‘E’) and copper tape (‘C’) submerged in deionised (‘I’) and distilled 
water. Average test results presented with a 95% confidence interval derived 
using Student’s t distribution. 

Fig. 4. Long-term water absorption test on GFRP specimens with edges covered 
with copper tape submerged in distilled water. Average test results presented 
with a 95% confidence interval derived using Student’s t distribution. 
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was significantly smaller in the large specimens. The 2 mm-thick spec
imens absorbed more water than the 4 mm-thick specimens regardless of 
edge condition or specimen size. Additionally, edge covering with epoxy 
resulted in a 53% increase in water absorption in the 4 mm-thick 
specimens and in a 35% increase in the 2 mm-thick specimens. 

Based on the above discussion, it can be concluded that covering 
specimen edges with copper tape was the most efficient edge treatment 
method. The use of epoxy for edge covering requires adequate pre
conditioning in testing liquid. Water absorption was influenced by water 
purity and specimen size. It should be noted that Hammond et al. [3] 
reported a similar conclusion that water absorption of GFRP composite 
after 24-h exposure was affected by specimen size. 

3.2. Cavitation erosion of saturated specimens 

The results of ultrasonic cavitation erosion tests on GFRP specimens 
preconditioned in distilled water are depicted in Fig. 6 in terms of the 
cumulative mean depth of erosion (MDE) versus exposure time. The 
results of these tests were obtained using setup 2. All specimens had a 50 
mm square shape and were tested on an aluminium block in reasonably 
degassed water. The edges of specimens were covered with copper tape. 
The number in curve names in Fig. 6 legend stands for the GFRP sheets 
from which tested specimens were cut out. Each curve was calculated as 
an average for 4 same sheet specimens tested. The average value curves 
fall within each other’s 95% confidence intervals. Since all the average 
value curves had a similar shape, all specimens developed erosion 
damage in a similar manner. MDE increased slowly up to 20 min of 
exposure. This response is associated with the initial removal of the 
epoxy covering layer above the fibre bundle. Once the epoxy layer was 
removed, the erosion process accelerated due to the faster removal of 
fibres. This is reflected in a quick increase of MDE between 20 and 100 
min of exposure. After 100 min, the damage accumulation process 

developed slower. The highest variation in MDE occurred in sheet 1 
specimens, whereas the highest difference in MDE values developed 
between specimens from sheets 2 and 3. It should be noted that SS316 
specimens outperformed GFRP composites in the cavitation erosion 
resistance by several orders of magnitude of cumulative MDE (see 
Fig. 2). 

Fig. 7 presents the variation of cumulative erosion rate with exposure 
time, where the cumulative erosion rate was calculated for the tested 
GFRP specimens by dividing cumulative MDE by cumulative exposure 
time. It can be concluded based on the shape of the average value curves 
that erosion rates developed similarly in all specimens. The initial in
crease in cumulative erosion rate was relatively linear for up to 30 min 
of exposure, indicating a short incubation period. The largest variation 
in erosion rates was reached at approximately 60 min of exposure. The 
variation diminished after about 120 min of exposure. The maximum 
cumulative erosion rate was reached in the interval between 82.5 and 
117.5 min with the average maximum at about 100 min of exposure to 
cavitation. After peaking, the cumulative erosion rate decreased rela
tively linearly. This behaviour can be attributed to two factors. First, the 
distance between the specimen surface and the ultrasonic transducer tip 
increased due to surface erosion resulting in the reduction of erosion 
intensity of the cavitation cloud generated. Second, the complex struc
ture of the eroding surfaces localised and mitigated the erosive effect of 
the ultrasonic cavitation cloud [6]. 

3.3. Parameters influencing the erosion process 

This section summarises the investigation of the effects of several 
parameters on the GFRP composite performance in ultrasonic cavitation 
erosion tests, which were carried out using both setups 1 and 2. The 
parameters can be divided into those associated with the experimental 
setup and procedures and those associated with the specimen properties. 
The first group of parameters (i.e., those associated with the experi
mental setup and procedures) include specimen preconditioning, gas 
content in testing liquid and type of specimen support. The second group 
of parameters include material composition, specific acoustic imped
ance and tensile strength. Unless otherwise specified, the experimental 
results presented in this section were obtained using setup 2. All speci
mens had a 50 mm square shape. Edges of all specimens tested in setup 1 
were covered with epoxy, while those tested in setup 2 were covered 
with copper tape. All saturated specimens were preconditioned to 
eliminate water absorption by the composite matrix and edge-covering 
epoxy (if present). 

3.3.1. Effect of specimen preconditioning and material composition 
Dry GFRP composite specimens were tested under identical erosion 

conditions as the saturated specimens to establish the effect of specimen 
preconditioning on the cavitation damage recording. The average 

Fig. 5. Water absorption after 24-h saturation and corresponding surface areas 
of 2 mm-thick (‘t2’) and 4-mm thick (‘t4’) GFRP specimens with free (‘F’) and 
epoxy-covered (‘E’) edges of 13 mm (‘L13’) and 50 mm (‘L50’) lengths. 

Fig. 6. Cumulative mean depth of erosion versus cumulative exposure time for 
GFRP specimens subjected to ultrasonic cavitation erosion on an aluminium 
block in reasonably degassed water. Edges of specimens were covered with 
copper tape. Average results are depicted with a 95% confidence interval 
derived using Student’s t distribution. 

Fig. 7. Cumulative erosion rate versus cumulative exposure time for GFRP 
specimens subjected to ultrasonic cavitation erosion on an aluminium block in 
reasonably degassed water. Edges of specimens were covered with copper tape. 
Average results are shown with a 95% confidence interval derived using Stu
dent’s t distribution. 
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cumulative MDE of 4 dry specimens (one from each GFRP sheet) is 
presented in Fig. 8 as curve ‘GFRP D’. It can be observed that the MDE 
was negative during the first 20 min of testing, indicating a mass gain of 
the dry specimens associated with water intake. Between 20 and 30 min 
of testing, MDE developed slowly in the dry specimens. To establish the 
difference in the erosion processes of dry and saturated specimens, the 
cumulative MDE data from Fig. 6 averaged for all preconditioned GFRP 
specimens is also shown in Fig. 8 as curve ‘GFRP’. It can be observed that 
the erosion processes developed similarly in the dry and saturated 
specimens after 30 min of testing. MDEs of the dry specimens were offset 
(i.e., the curves shifted downwards in the diagram) by the initial mass 
gain induced by water absorption. It seems that water absorption was 
important at the beginning of the tests, as the curves of both dry and 
saturated composites are parallel at later erosion stages. 

Since the GFRP composite consisted of epoxy and glass fibres, the 
response of specimens made from the constituent materials to cavitation 
erosion was also investigated. Fig. 8 depicts the results of the test on pure 
epoxy and pure glass specimens (see curves ‘Epoxy’ and ‘Glass’). Four 
pure epoxy specimens and one glass specimen were tested. The pure 
epoxy specimens had a 50 mm square shape and were 4.4 mm thick. The 
properties of the epoxy used in manufacturing the pure epoxy specimens 
are given in Table 4. The pure epoxy specimens were preconditioned in 
distilled water during water absorption tests (see Section 3.1). The pure 
glass specimen of 64 mm square shape was cut out from a 3.85 mm-thick 
sheet of float glass. As can be seen in Fig. 8, the GFRP composite and the 
pure epoxy eroded in a similar way until about 30 min of exposure, after 
which the GFRP composite eroded faster. This phenomenon occurred 
because cavitation initially eroded the epoxy matrix in the GFRP com
posites until glass fibres were sufficiently uncovered. The erosion pro
cess of the glass specimen was substantially quicker overtaking the GFRP 
and pure epoxy specimens after 5 min and reaching a steady state after 
30 min of testing. This behaviour indicated the importance of material 
hardness and brittleness for cavitation erosion resistance. The pure 
epoxy and glass specimens defined the lower and upper limits for the 
cavitation erosion of GFRP composite, the resistance to which would 
depend on the fractions and arrangement of material constituents in the 
composite. 

A better demonstration of the initial mass gain effect in the dry GFRP 
specimens is presented in Fig. 9, where the curves show average values 
of cumulative erosion rates. As can be seen, the cumulative erosion rate 
of dry specimens was negative during the first 10–15 min of exposure. 
This phenomenon is the result of the mass gain by the dry specimens due 
to the water intake accelerated by the ultrasonic field. The erosion rate 
gradually increased with exposure time reaching its maximum at the end 
of testing. Fig. 9 also presents the test data from Fig. 7 averaged for all 
saturated specimens. The curves of the dry and saturated specimens 

diverged at the initial testing stages, after which they began converging. 
The erosion rates at 100 min of testing remained slightly lower in the dry 
specimens. Therefore, preconditioning of GFRP composite is especially 
important for the initial stages of ultrasonic cavitation erosion. The ef
fect of water absorption gradually diminished in the advanced erosion 
stages. The qualitative development of cavitation erosion was similar in 
both the dry and saturated composites. 

Fig. 9 also shows the development of cumulative erosion rates in the 
specimens made of pure epoxy and pure glass. The erosion rates of 
saturated GFRP composite and pure epoxy were relatively close in the 
first 20 min of exposure. There was an initial increase in the erosion rate 
of the pure epoxy specimens relative to the GFRP specimens during the 
first 5 min of exposure accompanied by increased data variation and 
confidence interval. This phenomenon was the result of a sudden local 
temperature increase in some pure epoxy specimens, which resulted in 
the formation of surface microcracks. The reason for this behaviour was 
not conclusive. After 20 min of exposure, the erosion rate in the GFRP 
composite became larger than in the pure epoxy due to the erosion of 
glass fibres in exposed bundles. The glass specimen demonstrated an 
incubation period of 5 min (represented by a very low erosion rate) due 
to an extremely smooth surface. During this period no measurable ma
terial loss was registered. Once cavitation formed rough surface topog
raphy, the erosion rate increased linearly and rapidly. After 10 min of 
exposure, the erosion rate of the glass was the highest among the ma
terials considered. The erosion rate developed in the GFRP composite 
with rapid increase and slow decrease after reaching the peak at about 
80 min of testing. The erosion rates in the glass and pure epoxy speci
mens did not reach the peak during their testing periods, although the 
increase in the erosion rate of epoxy was very slow by the end of testing. 
A good agreement between ‘GFRP’ and ‘Epoxy’ curves in Fig. 9 during 
the first 20 min of exposure indicated the initial dominance of surface 
epoxy erosion. The following divergence in the ‘GFRP’ and ‘Epoxy’ 
curves indicated the increasing importance of the erosion of glass fibres 
since the glass specimen eroded significantly faster. The comparison 
between the pure epoxy, GFRP and glass specimens shows that the 
curves of the glass and epoxy represent boundaries for the GFRP com
posite. Furthermore, the comparison of the cumulative erosion rates and 
surface hardness of pure epoxy, GFRP composite, and glass (listed in the 
order of increasing surface hardness) suggests that during a well- 
established cavitation erosion process, a higher surface hardness corre
sponds to a higher cavitation erosion rate and surface damage. This 
conclusion can be explained by higher impact energy absorption and 
lower energy dissipation by the material. 

3.3.2. Effect of gas content in testing liquid 
The ASTM G32-16 standard [2] does not provide any specific 

Fig. 8. Cumulative mean depth of erosion versus cumulative exposure time for 
GFRP, pure glass and pure epoxy specimens subjected to ultrasonic cavitation 
erosion on an aluminium block in reasonably degassed water. GFRP and Epoxy 
specimens were saturated (preconditioned) before testing. GFRP D specimens 
were tested unsaturated (dry). Edges of GFRP and GFRP D specimens were 
covered with copper tape. Average results are shown with a 95% confidence 
interval derived using Student’s t distribution. 

Fig. 9. Cumulative erosion rate versus cumulative exposure time for GFRP, 
pure glass and pure epoxy specimens subjected to ultrasonic cavitation erosion 
on an aluminium block in reasonably degassed water. GFRP and Epoxy speci
mens were saturated (preconditioned) before testing. GFRP D specimens were 
tested unsaturated (dry). Edges of GFRP and GFRP D specimens were covered 
with copper tape. Average results are shown with a 95% confidence interval 
derived using Student’s t distribution. 
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guidance on gas content in the testing liquid. It only mentioned in Note 4 
the importance of gas content stabilisation for the first 30 min of the 
erosion process. The effect of gas content in a testing liquid on ultrasonic 
cavitation erosion intensity was observed in this study during the cali
bration of the ultrasonic transducers (see Section 2.1). This phenomenon 
was investigated further using 4 GFRP specimens (one per each GFRP 
sheet) and distilled water with a conductivity of <0.05 μS/cm and dis
solved oxygen content of 8.8 mg/L. All specimens were preconditioned 
prior to testing. The water distillation process included boiling, a sta
bilisation period and gas saturation by pumping air through. The oxygen 
content was measured in the liquid with a dissolved oxygen meter, 
which was calibrated in 0 mg/L dissolved oxygen liquid and further 
checked in nitrogen-saturated distilled water. 

Fig. 10 depicts the average cumulative MDEs from the 4 ultrasonic 
cavitation erosion tests in gas-saturated water together with the tests in 
reasonably degassed water with an oxygen content of 6 mg/L discussed 
in Section 3.2.1 (see Fig. 6). As can be seen, the considered gas content in 
the testing liquid had an insignificant influence on the cumulative MDE, 
although the variability of results was larger for the specimens tested in 
gas-saturated water. 

The cumulative erosion rates are illustrated in Fig. 11 for the tests 
carried out in gas-saturated and reasonably degassed water. It can be 
observed that gas saturation slightly influenced the average erosion 
rates during the first 20 min of testing, while its effect in the later testing 
stages was insignificant. In contrast, the variability of cumulative 
erosion rate values increased significantly at all testing stages. 

It is necessary to note that the insignificance of the effect of gas 
content in the testing liquid on the ultrasonic cavitation erosion of GFRP 
composite comparably to that of Stainless Steel 316 can potentially be 
attributed to different erosion mechanisms developing in both materials. 
This conclusion is supported by a highly non-uniform erosion imprint 
and a relatively high rate of the erosion process of GFRP composite (see 
Section 3.4 as well as [3,6]). In contrast, the erosion imprint of SS316 
specimens was relatively uniform and the erosion process was reason
ably slow. 

3.3.3. Effect of specimen support 
Hammond et al. [3] glued GFRP specimens to a metal plate, while 

Yamatogi et al. [5] glued them to a metal block. This type of specimen 
support prevented scanning the specimens using X-ray computed 
microtomography for a detailed examination of the internal damage 
done to the specimen surface by cavitation. To eliminate this drawback, 
an alternative type of specimen support was used by Guobys et al. [6]. 

The influence of specimen support characteristics on the process of 
ultrasonic cavitation erosion of preconditioned GFRP specimens was 
investigated in this section using both setup 1 and 2. Setup 1 was used 
with a stainless steel net frame as specimen support, while specimens 

were supported in setup 2 using either an aluminium block or a 5 mm 
thick neoprene sheet placed within an aluminium clamping frame. 8 
GFRP specimens (two per each GFRP sheet) were tested on the stainless 
steel net frame and 4 GFRP specimens (one per each GFRP sheet) were 
tested on the neoprene sheet. The data for the specimens tested on the 
aluminium block was taken from Section 3.2.1 (see Fig. 6), while the 
data for the specimens tested on the stainless steel net frame was taken 
from Guobys et al. [6]. The erosion results are summarised in Fig. 12 in 
terms of average cumulative MDE depending on specimen thickness and 
the type of specimen support. In the legend, ‘t2’ and ‘t4’ indicate 2 
mm-thick and 4 mm-thick specimens, while ‘A’, ‘N’ and ‘S’ mean the 
aluminium block, the neoprene sheet and the stainless steel net frame, 
respectively. 95% confidence intervals derived using Student’s t distri
bution are shown for the specimens tested on the aluminium block and a 
stainless steel net frame. The number of specimens tested on the 
neoprene sheet was too low (i.e., 2 per curve) for confidence interval 
calculations. 

As can be seen in Fig. 12, there is a correlation between the type of 
specimen support, specimen thickness and erosion damage. The thickest 
(i.e., 4 mm thick) specimens tested on the stiffest support (i.e., the 
aluminium block) developed the highest erosion damage (see ‘GFRP t4 
A’ curve). This phenomenon can be explained by the synergetic influ
ence of the specimen thickness (which increases specimen bending 
stiffness) and the specimen support stiffness on the amplitude of GFRP 
specimen vibration introduced by the ultrasonic transducers during 
testing. Both higher thickness and higher support stiffness limited the 
vibration amplitude, thus more bubbles in the cavitation cloud collapsed 
close enough to the specimen surface to cause damage. Furthermore, the 

Fig. 10. Cumulative mean depth of erosion versus cumulative exposure time 
for GFRP specimens subjected to ultrasonic cavitation erosion on an aluminium 
block in reasonably degassed and gas-saturated (indicated by ‘DO’ in the 
legend) water. Edges of all specimens were covered with copper tape. Average 
results are shown with a 95% confidence interval derived using Student’s t 
distribution. 

Fig. 11. Cumulative erosion rate versus cumulative exposure time for GFRP 
specimens subjected to ultrasonic cavitation erosion on an aluminium block in 
reasonably degassed and gas-saturated (indicated by ‘DO’ in the legend) water. 
Edges of all specimens were covered with copper tape. Average results are 
shown with a 95% confidence interval derived using Student’s t distribution. 

Fig. 12. Cumulative mean depth of erosion versus cumulative exposure time 
for 2 mm-thick (‘t2’) and 4 mm-thick (‘t4’) GFRP specimens subjected to ul
trasonic cavitation erosion in reasonably degassed water on an aluminium 
block (‘A’), a neoprene sheet (‘N’), and a stainless steel net frame (‘S’). Edges of 
GFRP A and N specimens were covered with copper tape. Edges of GFRP S 
specimens were covered with epoxy. Average results are shown with a 95% 
confidence interval derived using Student’s t distribution. 
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ultrasonic cavitation cloud was the most aggressive at a certain distance 
from the transducer tip (e.g., this distance equals 0.5 mm for Fish
erbrand Q700 used in setup 2). A smaller amplitude of specimen vi
bration increased the time during which the specimen surfaces were 
exposed to the region with the most aggressive cavitation in the ultra
sonic cavitation cloud. 

Specimen thickness had a proportionally smaller effect on erosion 
damage for specimens tested on stiffer support, e.g., the difference be
tween MDE curves for 2 mm-thick and 4 mm-thick specimens is smaller 
for the specimens tested on the aluminium block (compare ‘GFRP t2 A’ 
and ‘GFRP t4 A’ curves in Fig. 12). The similarity of the MDE curves of 
the 2 mm-thick specimens tested on the neoprene sheet and stainless 
steel net frame (i.e., ‘GFRP t2 N’ and ‘GFRP t2 S’ curves) signifies a 
similar process of their erosion. Consequently, the stiffness of both 
support systems was comparable. A twofold increase in specimen 
thickness resulted in a significant increase (by several times) in erosion 
damage for both support systems, thus indicating that the effect of 
thickness on specimen vibration was higher than that of support stiff
ness. The average MDE curves of the 4 mm-thick specimens (i.e., ‘GFRP 
t4 N’ and ‘GFRP t4 S’ curves in Fig. 12) diverged after 40 min of testing. 
It should be noted that the ‘GFRP t4 N’ curve was in the confidence 
interval of ‘GFRP t4 S’ curve up to 70 min of testing. This divergence 
could be attributed to a higher influence of the differences in the 
experimental setups (e.g., the specimen fixation mechanism in setup 2 
was more reliable), which is supported by a high data variation of ‘GFRP 
t4 S’ curve. 

Fig. 13 shows the effects of specimen thickness and support stiffness 
on the cumulative erosion rates of GFRP specimens subjected to ultra
sonic cavitation. As can be seen, the support stiffness influenced the 
erosion process. The specimens on the stiff aluminium block (see ‘GFRP 
t2 A’ and ‘GFRP t4 A’ curves) eroded significantly faster over the entire 
testing period than the specimens on other supports. The only exception 
was the 4 mm-thick specimens tested on the stainless steel net frame that 
showed the fastest erosion during the first 20 min of testing (see ‘GFRP 
t4 S’ curve in Fig. 13). The erosion rates of the specimens tested on the 
stiff aluminium block steadily increased over the first 100 min of testing, 
after which it gradually declined. The specimens tested on the other 
supports (with the exception of the 4 mm-thick specimens tested on the 
stainless steel net frame) showed a much lower increase in the erosion 
rate over a longer period, e.g., reaching the peak value at 120 min for the 
4 mm-thick specimens on the neoprene sheet (see ‘GFRP t4 N’ curve in 
Fig. 13). The erosion rates of the 2 mm-thick specimens tested on the 
neoprene sheet and the stainless steel net frame developed similarly over 
the entire testing period and did not reach their maximum (see ‘GFRP t2 
N’ and ‘GFRP t2 S’ curves). The twofold increase in specimen thickness 
had an insignificant effect on the erosion rates in the specimens tested on 

the stiff aluminium block. Both ‘GFRP t2 A’ and ‘GFRP t4 A’ curves are 
close to each other and are in each other’s confidence intervals. In 
contrast, erosion accelerated significantly in the thicker specimens 
tested on the more flexible supports. The differences in the erosion 
processes of the 4 mm-thick specimens tested on the neoprene sheet and 
the stainless steel net frame can also be seen from the comparison of 
‘GFRP t4 N’ and ‘GFRP t4 S’ curves in Fig. 13. The erosion of the 4 mm- 
thick specimens tested on the stainless steel net frame accelerated 
significantly during the first 10 min of exposure to cavitation, after 
which it gradually decreased. The average erosion rate of the specimens 
on the neoprene sheet became higher than that of the specimens on the 
stainless steel net frame after 40 min of testing, while ‘GFRP t4 N’ curve 
remained in the confidence interval of ‘GFRP t4 S’ curve for up to 60 min 
of testing. The confidence interval of ‘GFRP t4 N’ curve was large, 
especially at the initial and intermediate stages of testing suggesting 
large variations in the rate of the erosion process in different 4 mm-thick 
specimens. It can be concluded from the above discussion that the higher 
flexibility of the experimental setup and the specimen slowed down the 
erosion process. 

GFRP specimens were tested on the neoprene sheet in distilled water 
with a conductivity of <0.05 μS/cm, while deionised water with a 
conductivity of <1 μS/cm was used for testing GFRP specimens on the 
stainless steel net frame. As a result, the erosion process (in terms of both 
cumulative MDE and erosion rate) of 2 mm-thick GFRP specimens was 
insensitive to water purity, while the effect of water purity on 4 mm- 
thick specimens was less clear. 

The effect of GFRP specimen thickness on the stiffness of a testing 
setup in the ultrasonic cavitation erosion tests was investigated using 2 
mm and 4 mm thick GFRP specimens and a 5 mm-thick neoprene sheet. 
In addition, a 1 mm-thick aluminium specimen was tested to provide a 
benchmark due to its high stiffness. All specimens had dimensions 
similar to those used in the cavitation erosion tests. The specimens on 
the neoprene sheet were subjected to static compression load. The load 
was applied at the specimen centre over a circular metal cylinder with 
13 mm diameter, which was similar to the diameter of the ultrasonic 
transducer tip. The applied load and out-of-plane displacement were 
recorded and used for calculating the stiffness of the specimen-support 
system as a local slope of the load-displacement curve. Since the 
contribution of the neoprene sheet to the stiffness of the specimen- 
support system can be considered minor, the out-of-plane stiffness of 
the specimen defined the system response. Therefore, the system strain 
was calculated as a ratio between the recorded displacement and the 
initial thickness of the neoprene sheet. This methodology allowed for 
isolate the contribution of the specimen stiffness to the specimen- 
support system by eliminating the effect of specimen thickness. Fig. 14 
illustrates the development of out-of-plane stiffness with compressive 
strain in the specimen-support system. Each curve in the figure repre
sents an average of two tests on different specimens. As can be seen in 
Fig. 14, the stiffness of the aluminium specimen-support system was 
higher than that of the 4 mm-thick GFRP specimen-support system in the 

Fig. 13. Cumulative mean depth of erosion versus cumulative exposure time 
for 2 mm-thick (‘t2’) and 4 mm-thick (‘t4’) GFRP specimens subjected to ul
trasonic cavitation erosion in reasonably degassed water on an aluminium 
block (‘A’), a neoprene sheet (‘N’), and a stainless steel net frame (‘S’). Edges of 
GFRP A and N specimens were covered with copper tape. Edges of GFRP S 
specimens were covered with epoxy. Average results are shown with a 95% 
confidence interval derived using Student’s t distribution. 

Fig. 14. Stiffness versus strain for 2 mm-thick (‘t2’) and 4 mm-thick (‘t4’) GFRP 
and 1 mm-thick (‘t1’) aluminium (‘AL’) specimens tested on a 5 mm-thick 
neoprene sheet under compression load. 
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strain range between 0 and 3%, after which the stiffnesses of both sys
tems became similar. The 2 mm-thick GFRP specimen-support system 
had substantially lower stiffness at the strains of up to about 6%. In the 
low strain range, the specimen-support system with the 4 mm-thick 
GFRP specimen was about two times stiffer than that with the 2 mm- 
thick GFRP specimen. Since the ultrasonic transducer induced strain 
levels of under 2% in the GFRP specimen-support system, the effect of 
specimen thickness on the stiffness of this system was considerable and 
resulted in significant differences in the development of erosion damage, 
which can be observed in Figs. 12 and 13. 

3.3.4. Effect of acoustic impedance 
This section investigates the relationship between the acoustic 

impedance and the response of GFRP, glass and epoxy to cavitation 
erosion. For meaningful comparison between different materials, clause 
11.3 in ASTM G32-16 standard [2] recommends using cumulative 
exposure times required to reach cumulative MDEs of 50, 100 and 200 
μm. This method was not suitable as Epoxy reached only a cumulative 
MDE of 112 μm (see Fig. 8). Another method suggested in clause 11.4.1 
in ASTM G32-16 [2] is based on the use of the maximum rate of erosion. 
This method was not suitable either because both epoxy and glass were 
still in the maximum erosion rate stage at the end of the tests (see Fig. 8). 
As a result, the maximum erosion rates of these materials could not be 
evaluated accurately. As a possible alternative, clause 11.5 in ASTM 
G32-16 [2] recommends using the instantaneous erosion rate. Fig. 15 
presents the development of the instantaneous erosion rate with cu
mulative exposure time for four GFRP sheets, pure glass and pure epoxy. 
The values of the instantaneous erosion rates were calculated based on 
the data in Figs. 6 and 8. As can be seen, each curve in Fig. 15 has a clear 
maximum, the values of which can be used in the comparison of 
different materials. 

Experimental data describing the specific acoustic impedance and 
the response to ultrasonic cavitation erosion (in terms of the maximum 
instantaneous erosion rate) are shown Fig. 16, where the average values 
are given with 95% confidence intervals derived using Student’s t dis
tribution for each GFRP sheet and for the pure epoxy. The specific 
acoustic impedance of glass was assumed equal 13 × 106 Pa s/m [28]. As 
can be seen, higher acoustic impedance corresponds to higher erosion 
damage in the materials considered. This conclusion is supported by 
Hattori and Itoh [7] and Chi et al. [29] findings, where composites with 
lower acoustic impedance demonstrated higher resistance to cavitation 
erosion due to lower impact energy absorption. Regression analysis of 
the data in Fig. 16 allowed for formulation of a linear relationship be
tween the acoustic impedance (z) and the maximum instantaneous 
erosion rate (MIER): 

z= 0.0158 MIER + 1.4492 (3)  

where z is in ( × 106) Pa⋅s/m and MIER is in μm/h. It is necessary to note 
that further experimental investigation is required to fill the data gap 
between MIER values of 260 μm and 720 μm for the relationship in Eq. 
(3) to become more reliable. 

3.3.5. Effect of tensile strength 
Fig. 17 illustrates the effect of specimen tensile strength on the ul

trasonic cavitation erosion damage (in terms of the maximum instan
taneous erosion rate). The average tensile strength of GFRP sheets (in 
0◦ fibre orientation) was taken from Table 3. The tensile strength of 
epoxy was taken equal to 72.8 MPa (see discussion in Section 2.2). The 
average values of the maximum instantaneous erosion rate are shown 
together with 95% confidence intervals derived using Student’s t dis
tribution for each GFRP sheet and pure epoxy. It is important to note that 
a possible effect of specimen preparation technique on the results of 
different tests (i.e., ultrasonic cavitation erosion and tensile tests) was 
eliminated by cutting the specimens from the same GFRP or pure epoxy 
sheets using the same equipment and method. For the measured density 
of 1158 kg/m3 (see Section 2.2), the tensile strength the pure epoxy 
specimens was evaluated at about 73 MPa using interpolation of the 
ranges of tensile strength and density provided by the manufacturer (see 
Table 4). It should be noted that such inaccurate estimation of tensile 
strength was considered suitable for the purposes of current discussion. 
The tensile strength of glass varies widely depending on the 
manufacturing process. Therefore, a value of 41 MPa was assumed in 
this discussion, which is typical of the tensile strength of annealed soda- 
lime-silica float glass. The data in Fig. 17 does not show any clear 
relationship between the two parameters considered. However, the 
tensile strength of float glass is not representative of the tensile strength 
of E-glass fibres, which varies between 3100 and 3800 MPa [30]. If the 
middle value of 3400 MPa is adopted, a linear relationship between the 
tensile strength (fu) and the maximum instantaneous erosion rate (MIER) 
could be established using regression analysis, i.e., 

fu = 5.2315 MIER − 447.49 (4) 

Fig. 15. Instantaneous erosion rate versus cumulative exposure time for GFRP, 
pure glass and pure epoxy specimens subjected to ultrasonic cavitation erosion 
on an aluminium block in reasonably degassed water. Edges of GFRP specimens 
were covered with copper tape. Average results are shown with a 95% confi
dence interval derived using Student’s t distribution. 

Fig. 16. Acoustic impedance versus maximum instantaneous erosion rate in 
GFRP composite, pure epoxy and pure glass. Average results are shown with a 
95% confidence interval derived using Student’s t distribution. 

Fig. 17. Tensile strength versus maximum instantaneous erosion rate in GFRP 
composite, pure epoxy and pure glass. Average results are shown with a 95% 
confidence interval derived using Student’s t distribution. 
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where fu is in MPa and MIER is in μm/h. It is important to stress that Eq. 
(4) is speculative as it was derived based on an assumed tensile strength 
and by ignoring the differences in the cavitation erosion process in float 
glass sheet and E-glass fibres. Further experimental investigation is 
required for formulating an accurate expression. It should be noted that 
a non-linear relationship can also be established between Young’s 
modulus and MIER. 

3.4. Development of erosion damage 

The images of seven erosion stages in GFRP, pure epoxy and pure 
glass specimens tested using setup 2 are presented in Table 5. Additional 
images of erosion imprints can be found in the supporting materials on 
the paper webpage. Note that in the supporting materials, the erosion 
imprints of a 2 mm-thick GFRP specimen are shown for 20 stages of 180 
min of testing, while the erosion imprints of a pure epoxy specimen are 
shown for 9 stages of 70 min of testing. 

It can be observed from the images that cavitation erosion damage 
developed differently in the three specimens considered. The develop
ment of erosion imprints in the GFRP specimens was affected by me
chanical properties of constituent materials, bonding properties of the 
matrix and internal structure of the composite (i.e., layup of bundles). 
By 5 min of testing, erosion damage in the GFRP specimen was mostly 
concentrated in a few regions above fibre bundles (distinguished by 
darker vertical strips in the images, see Table 5 and the supporting 
materials) and between bundles above binding synthetic threads, where 
the epoxy covering fibres and threads was removed. Both the glass fibres 
and synthetic threads had shallow placements within the matrix, leading 
to a localised increase in surface stiffness and thus its brittleness. At this 
testing stage, the erosion imprints could be distinguished on the pure 
epoxy and glass specimens and were relatively uniform. The pure epoxy 
specimen developed small shallow pits thinly distributed over the 
erosion imprint, while the pits were much deeper and denser in the pure 
glass specimen. By 10 min, erosion damage spread over most binding 
threads and fibre bundles. Some binding threads and shallow fibres were 
removed. The pits in the erosion imprint of the pure epoxy specimen 
became denser and deeper (indicated by the darker colour of the 
imprint), while the pure glass specimen was already heavily damaged by 
large, very dense pits signifying the removal of surface material. By 20 
min, the erosion imprint could be distinguished on the GFRP specimen. 
Large areas of fibre bundles were uncovered, and a fibre removal process 
was established, which accelerated the erosion process (see Figs. 7 and 
15). The pure epoxy specimen developed large deep pits and a network 
of surface cracks. It should be noted that the development of the surface 
crack network could have also been driven by high-temperature gradi
ents and high local temperatures created at the specimen surface during 
the operation of the ultrasonic transducer. Note that pits and cracks in 
the surface epoxy of a GFRP specimen can be observed in Fig. 18. The 
entire surface of the erosion imprint of the pure glass specimen was 
heavily damaged and developed a complex rough structure. Over the 
next 40 min, the fibre bundles in the erosion imprint of the GFRP 
specimens were uncovered and large amounts of fibres were removed, 
creating deep trenches while leaving the epoxy between fibres initially 
relatively intact and chipping it off in places at a later stage. The effect of 
trenching can be seen in Fig. 18 (especially in Fig. 18b). In the pure 
epoxy specimen, small parts of surface epoxy between cracks were 
gradually removed and the pits became denser and deeper. The erosion 
imprint of the pure glass specimen became gradually rougher and 
deeper as more damage developed. Eventually, a very complex structure 
developed at the erosion imprint of the pure glass specimen due to 
significant material removal. Both the pure epoxy and glass erosion 
imprints became ‘flaky’, where the glass flakes were much larger and 
less dense. The flakes were created by the removal of adjacent surface 
material and undermining by cavitation. A similar phenomenon was 
observed by Guobys et al. [6]. The erosion processes in the pure epoxy 

and pure glass specimens were analogous to the ones in the GFRP 
composite, in which fibres were removed in large bunches, while the 
epoxy was initially less damaged. The undermining capability of cavi
tation was also observed in the GFRP composite. Cavitation undermined 
the epoxy between fibre bundles after the bundles were sufficiently 
eroded. The undermining process resulted in creating overhangs and 
chipping off large pieces of the epoxy. Furthermore, undermining 
occurred in eroded trenches in fibre bundles and created long bridges of 
glass fibres in the direction of bundles. These bridges were removed at a 
later erosion stage. This process has been discussed in Ref. [6] and 
supported by X-ray microtomography images. 

The glass specimen was damaged the most, while the pure epoxy 
specimen was damaged the least (see the erosion imprints at 60 min of 
exposure in Table 5. This conclusion is supported by the MDE data in 
Fig. 8. As a result, the pure epoxy and glass specimens represent limits 
for the internal material composition of the GFRP composite. The GFRP 
composite responded to cavitation erosion similarly to the pure epoxy 
until the epoxy cover was removed. It should be noted that the sheet of 
float glass responded to cavitation erosion differently than individual E- 
glass fibres. As a result, the comparison of the cavitation erosion pro
cesses in GFRP composite and float glass can only be indicative. A more 
detailed description of the process of ultrasonic cavitation erosion of 
GFRP specimens (including microscope and X-ray computed micro
tomography observations) can be found in Guobys et al. [6]. 

Surface hardness of polymers can be correlated with the cumulative 
erosion rate [31]. Table 3 shows the Shore D hardness of above (SB) and 
between (SE) fibre bundles in the dry GFRP sheets. As can be seen, SB is 
larger than SE in all cases. The average SB is 92.4 HD, while the average 
SE is 87.6 HD. The difference in hardness ranges between 2.2% and 
7.5%, giving about 5.5% average. It should be noted that Shore D 
Durometer measurements above 90 HD are not reliable [16]. However, 
they can be used as an indication of higher hardness of GFRP surface 
above fibre bundles. The comparison of the SB and SB values and the 
process of cavitation erosion of GFRP composite suggests that harder 
(and therefore more brittle) parts of the GFRP surface (i.e., above fibre 
bundles) suffered higher erosion damage. The surface hardness of the 
pure epoxy specimens was 84.5 HD, which is lower than that of the 
GFRP composite. The pure glass specimen had the highest hardness 
amongst the three materials considered. More brittle and thus stiffer 
surfaces develop higher cavitation erosion damage because more energy 
produced by collapsing bubbles is spent on cracking and crashing of 
surface material rather than on its deformation. This explains the lowest 
cumulative MDE and erosion rate in the pure epoxy specimens and the 
highest ones in the pure glass specimen reported in Figs. 8, Figs. 9 and 
15. 

Fig. 18 shows regions of erosion imprints of GFRP surfaces after 60 
and 180 min of testing. As can be seen, erosion borrowed into fibre 
bundles leaving parts of the epoxy cover relatively undamaged. Fig. 18a 
depicts an exposed fibre bundle with large number of fibres already 
removed. at 60-min exposure, the fibre removal process was accompa
nied by high erosion rate (see Figs. 7 and 15). Fig. 18b shows a multi- 
layered structure of a highly eroded fibre bundle. The photoelastisity 
phenomenon is clearly visible on many ends of broken fibres in Fig. 18. 
This phenomenon is indicated by rainbow colours and signifies the 
presence of residual strain in the fibres. It should be noted that photo
elastisity was visible because of the polarised light used by the micro
scope for specimen illumination. 

4. Conclusions 

This paper investigated the response of glass fibre reinforced poly
mer (GFRP) composites to ultrasonic cavitation erosion and the influ
ence of several parameters associated with the experimental setup, 
testing procedure and specimen material properties on the erosion 
process. The experimental results can be summarised as following. 
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• Water purity influenced water absorption of GFRP composites but 
had an insignificant effect on their ultrasonic cavitation erosion.  

• The highest water absorption rate occurred during the initial 24 h of 
saturation regardless specimens testing conditions. Covering spec
imen edges with epoxy should be avoided during cavitation erosion 
testing because it increases water absorption.  

• Micro-deformations in GFRP composites induced by the ultrasonic 
field accelerated water intake in unconditioned (dry) specimens 
during the initial testing stage, resulting in an initial specimen mass 
gain. Therefore, preconditioning GFRP composite before ultrasonic 
cavitation erosion testing is essential for the accurate recording of 
erosion damage. 

Table 5 
Erosion imprints on specimen surfaces at different testing stages.  

Minutes GFRP Epoxy Glass 

0 

5 

10 

20 

30 

40 

(continued on next page) 
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• GFRP composite erosion was mostly insensitive to the content of 
dissolved gas in the testing liquid, while Stainless Steel 316 (SS316) 
was highly sensitive to it. This was attributed to different rates and 
uniformity of the erosion process. The GFRP composites eroded non- 
uniformly at a relatively high rate, while the SS316 erosion was 
reasonably slow and uniform.  

• The stiffness of the specimen-support system influenced the process 
of ultrasonic cavitation erosion through its effect on the vibration 
introduced by the pressure fluctuations in the ultrasonic field. A 
larger amplitude of vibration reduced the number of bubbles that 
collapsed close enough to the specimen surface to cause damage. 
GFRP specimens tested on more flexible supports developed signifi
cantly less erosion damage than specimens tested on stiff support. 
Thicker GFRP specimens were more damaged by cavitation than 
thinner GFRP specimens. Furthermore, specimen stiffness was 
especially important for testing on flexible supports. Gluing GFRP 
specimens to stiff support (e.g., metal plate or block) can be rec
ommended as means of eliminating the effect of the specimen- 
support system stiffness on the ultrasonic cavitation erosion pro
cess. However, this method cannot be used when scanning GFRP 
specimens with X-ray computed microtomography is planned as part 
of the testing procedure.  

• Materials with higher specific acoustic impedance, higher tensile 
strength and higher surfaces hardness developed higher erosion 
damage.  

• Pure glass eroded the fastest due to high surface brittleness and 
hardness. Pure epoxy was the most resistant to cavitation. The GFRP 
composite resisted cavitation erosion mainly by the epoxy matrix.  

• Erosion damaged developed slowly in GFRP composite while 
removing the epoxy layer covering fibre bundles. Fast removal of 
fibres by cavitation accelerated the erosion. At later testing stages, 
the erosion rate slowed down because the distance between the 
transducer tip and the specimen surface increased and the erosion 
imprint developed a complex multilevel structure.  

• The erosion imprints of both pure epoxy and glass were ‘flaky’ by the 
end of the tests. The epoxy developed deep pits and small flakes, 
while the glass developed a complex imprint structure with large 
flakes. The erosion imprint of the GFRP composite showed the fea
tures observed during the testing of both the epoxy and glass. The 
epoxy-filled gaps eroded slowly and were relatively smooth, while 
the fibre bundles eroded relatively quickly and had a complex 
structure dominated by trenches in the direction of fibre bundles. 
Localisation of the erosion process led to deep borrowing of cavita
tion into the surface followed by undermining surface material. 

Table 5 (continued ) 

Minutes GFRP Epoxy Glass 

50 

60 

Fig. 18. (a) GFRP specimen surface after 60 min exposure to an ultrasonic 
cavitation field, showing cavitation erosion localisation at a binding synthetic 
thread in a fibre bundle region. (b) GFRP specimen surface after 180 min 
exposure to an ultrasonic cavitation field, showing uncovered and eroded glass 
fibres boundary under a fine epoxy covering layer. 
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