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Observation of behaviour phenomena of ultrasonic waves in an object allows for quality assessment,
identification and location of discontinuity. Physical nature of acoustic processes is based on propagation
of mechanical waves constituting a disturbance of equilibrium of the state of material. The acoustic process
identified by selected characteristics can be a source of information about state of material, its structure,
and properties, which is particularly important for systems exhibiting anisotropy properties, and such are
layered polymer composites. They are special materials because their properties depend greatly on the
manufacturing technology. Therefore, while conducting acoustic tests which use the influence of elastic
properties and homogeneity of material structure for propagation of sound waves the adopted method
of measuring characteristics which identifies propagation of ultrasonic wave phenomenon is of particular
importance. The aim of the work was quality evaluation of layered polymer composites made by winding
and press moulding by the method of echo and C-scan, using head Phased Array. Composites have been
tested by thermal and fatigue degradation. Quality evaluation has been made based on the transition
time of the ultrasonic wave and the bending strength.
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1. Introduction

Layered polymer composites are specific group
of engineering materials whose properties depend on
many factors: both material ones, determining ade-
quate adhesive matrix and reinforcement, and tech-
nological ones resulting from capabilities and limita-
tions of the manufacturing method. In the case of ma-
terials factor, the quality of a polymer composite is
significantly influenced by suitable adhesion of resin
to fibre determined by wettability and preparation of
fibres (MITTAL, 2009), mutual cooperation of compo-
nents (RoT, 2001), percentage of reinforcement con-
tent, and uniformity of dispersion of modifiers in
the resin (HurLr, CLYNE, 1996). Another problem
which determines the quality of composite materials
is production technology, which may result in blisters,
voids, uncontrolled arrange fibres, local decrease con-
tent resin, bad supersaturation, inclusions, or delami-
nation cracks (ADVANI, 2012). Research conducted by
BLAZEJEWSKI et al. (2005) state that in the case of

wound composites the probability of bubbles occur-
rence is directly proportional to the number of in-
terlaces. Selection of a suitable production technol-
ogy for composite structure is conditioned by geom-
etry, required properties, and application while min-
imising economic and social costs (Fuchs, 2008). In
the case of technology assisted by vacuum, a poten-
tial number of bubbles decrease (ADVANI, 2012). How-
ever, regardless of used materials and technology, ade-
quate and of required quality products should be pro-
vided.

Due to economic conditions, non-destructive test-
ing uses a range of methods for quality assessment of
composites, starting from simplest methods of pene-
tration, tap test to those requiring specialised equip-
ment and instrumentation, e.g. ultrasonic, infrared,
acoustic, sherography, computer microtomography etc.
(MALLICK, 1997; HUFENBACH et al., 2011; FAHR,
2014). It should be emphasised that not all of these
methods allow identification of discontinuities in vol-
ume, and from the point of view of operation and main-
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tenance of this type of construction it is an important
problem. Therefore, it seems that ultrasonic methods
(MACKIEWICZ, 2005) are a good tool to quality assess-
ment of layered polymer composite.

Application of ultrasound to quality assessment of
construction and in particular layered polymer com-
posites is well-known; however, due to the progress
of materials engineering and manufacturing technolo-
gies, new areas of research are constantly emerging
(MALLICK, 2007; FAHR, 2014). Every medium of prop-
agation of ultrasonic waves has its own characteristics
that describe behaviour of wave in object, e.g., wave
resistance determines the propagation of wave velocity
(SLIwINskI, 2001).

Due to the application of ultrasound for the diag-
nosis of layered polymer composites, which are a spe-
cific research object, phenomena occurring during the
activation of ultrasound wave of material become an
important problem. In an attempt to identify discon-
tinuities a change of the amplitude, phase, direction,
and intensity of wave should be determined. All of
these changes are necessary to describe characteristics
of discontinuities and their locations accurately. Ultra-
sonic assessment of quality is possible thanks to the
phenomena of absorption, dissipation, diffraction, in-
terference, refraction, reflection, transformation, pen-
etration, modifying geometry of waves beam, which
depend on the size and type of defect (SLIWINSKI,
2001). Magnitudes of effects of dissipation and diffrac-
tion are important information to identify an ob-
ject’s heterogeneity, which is used in ultrasonic ins-
pection.

For example, absorption increases with frequency
wave, which increases the propagation velocity of the
ultrasonic wave. Weakening of wave, as a result of ab-
sorption, is caused in the process of transformation of
mechanical energy of waves to dislocation vibrations,
electrons, magnetic dipoles, and heat. However, in the
case of dissipation, the ultrasonic waves change spread
direction of wave as a result of its contact with tested
object with uneven, rough surface, or inhomogeneity,
which are areas with variable impedance (excluding
reflection and refraction). Thus, among important
factors which have an impact on absorption we can
mention viscosity, conduction, and radiation of heat
and molecular relaxation. As far as waves dissipation
is concerned, it is inhomogeneity or discontinuity;
however, it is difficult to differentiate these two
phenomena.

The use of ultrasonic waves for quality assessment
of composite materials allows to identify flat, narrow-
slit discontinuities, even of very small size. Process
of detecting discontinuities is initiated by influence of
elastic waves (mechanical vibrations with frequencies
above 20 kHz), which, while passing through the tested
object, generate impulses being the basis of quality as-
sessment.

Registered signal results are reflection of ultrasonic
waves from object with a different density and with the
measure being transition time of ultrasonic wave. It is
assumed that the propagation velocity of ultrasonic
wave in test object is constant, which allows for iden-
tification of all dimensions of discontinuity depending
on incidence angle of wave. Wave parameters depend
on such material properties as density, anisotropy, elas-
tic properties, molecular structure, inhomogeneity, and
geometry (KocCiS, FIGURA, 1996). For defects of very
small size it is recommended to use flaw detector
equipped with transducers with as great frequency as
possible. The most effective detection of internal de-
fects is obtained if ultrasonic wave is directed to dis-
continuities at right angles (MACKIEWICZ, 2005).

In the case of conventional echo method, transition
time or attenuation of ultrasonic waves can be a dia-
gnostic measure. Propagation velocity of wave is di-
versified depending on object, content, structure, and
type of reinforcing fibres and impact direction of wave
(WROBEL, PAWLAK, 2006). Maximum velocity is ob-
served in setting direction of fibres, but for fibre rein-
forced composites only local distribution of fibre con-
tent can be determined. The higher fibre content, the
higher velocity of propagation of the wave. Attenua-
tion of ultrasonic wave in thickness of material gives
a basis for evaluation of adhesion between fibre and
matrix. Weak adhesion refers to higher damping.

The use of C-scan, which is imaging the structure
in map forms, where the amplitude of echo results
from reflection wave which is shown in a variation
of colour, creates a development of an echo method,
which is a conventional scan technique. Descrip-
tion of differences between the echo method, A-scan,
and C-scan techniques is included in (MACKIEWICZ,
GORA, 2012).

The aim of the work is quality evaluation of layered
polymer composites manufactured by helical wind-
ing and press moulding. These composites vary sig-
nificantly as far as mechanical properties are con-
cerned. Transition time of ultrasonic wave as referred
to strength properties was the measure of the quality
evaluation of the tested materials. The choice of tran-
sition time of ultrasonic wave as diagnostic character-
istics was dictated by the possibility of practical appli-
cation and specific structure of the tested material.

2. Methodology of research

There were used two types of composites as re-
search materials. The first one is glass-epoxy pressed
in the form of plate having a thickness of 10 mm —
the sample to heat ageing, 4 mm — the sample to
fatigue degradation (Fig. la), and the second glass-
polyester wound in the form of a pipe approx. 7 mm
thick (Fig. 1b). The samples from plate and pipes with
dimensions 240 x 20 mm were cut.
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Fig. 1. Test samples: a) glass-epoxy compression moulded,
b) glass-polyester wound.

The composites were subjected to ageing and fa-
tigue degradation process, which was conducted in two
stages under specific conditions. The first step included
thermal degradation and the second involved fatigue.
Heat ageing temperature of test composites was at
180°C, humidity 50%. This process was carried out in
the drier with forced air. The samples were positioned
in a way that ensures a free air flow — Fig. 2.

Fig. 2. View of samples of polyester-glass placed in a drier.

Fatigue tests of glass-polyester wound pipes were
carried out at 30°C in water at the stand and at work-
ing conditions described in (SZYMICZEK et al., 2016).
The stand allowed for fatigue degradation of pipes with
rectangular forced: maximum pressure 8 MPa, mini-
mum pressure 1 MPa, time of pressure growth 1.5 s,
time of maximum pressure 2 s. Epoxy-glass compres-
sion moulded composites were tired at ambient tem-
perature at the stand described in work (ROJEK et al.,
2007) — Fig. 3. The stand allowed to measure the force
for assumed constant deflection. Samples tested with
amplitude 3 mm and frequency 0.8 Hz.

Evaluation of the degree of degradation was made
by measuring transition time of ultrasonic wave and
strength properties, according to the established pro-

Bolt joining samples
and interlayer

Palyethylene interlayer

Composite sample

Loading direction
Y ———

Loading pins

Sample support
Fig. 3. View of fatigue stand (a) and scheme of loading (b).

gram of research and was compared with reference
samples not subjected to degradation processes.
Ultrasonic testing of echo method was conducted
on defectoscope UMT 17 cooperating with 2.24 MHz
head of Parametrics. The test stand is shown in Fig. 4.
In order to improve the contact of ultrasonic head with
sample surface, a coupling agent in gel form was used.
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Fig. 4. Stand of ultrasonic testing.

Visualisation of the defect structure was carried by C
— scan method on Phasor XS shared by Testing com-
pany, as shown in Fig. 5. The camera was compatible
with a head 5 MHz, 32 transmitters. The studies were
designed to illustrate defect structure of samples which
were not subjected to degradation processes.

Fig. 5. Stand of C-scan method.

Strength properties of thermally degraded compos-
ites were determined in static test of three-point bend-
ing according to norm (EN ISO 178). In the same way,
specified bending strength of polyester-glass wound
composite subjected to ageing-fatigue degradation pro-
cess was determined. The degree of change in mechan-
ical properties of epoxy-glass compression moulded
composites was bending stress o, (ROJEK et al., 2007):

Og = = (1)

where M, is the bending moment [N-mm]|, W is the
indicator of bending strength [mm?].

In the first stage analysis of characteristics of ultra-
sonic waves was carried out, allowing for description
of changes as a result of thermal, fatigue, and ageing-
fatigue degradation. Based on the analysis of prelim-
inary results, it was found that the best measure of
quality of this composite class is the transition time of
ultrasonic wave. The ultrasound wave in wound com-
posites was very dispersed, and therefore it is difficult
to observe a second peak of an echo which allows to
determine unambiguously the attenuation factor of ul-
trasonic wave. In compression moulded composites the
attenuation coefficient of ultrasonic wave which is re-
lated to the structure of the composite material can be
defined - Fig. 6.

SIS STl w a7

Attenuation of wave
at the first echo

Fig. 6. Spectrum of ultrasonic waves for epoxy-glass com-
pression moulded composite.

During the measurements a large scatter of results
could be observed, particularly in the case of wound
composites, where there are defects arising from in-
terlaces, winding speed or tension beam, which is con-
nected with manufacturing process. In the compression
moulded composites, blisters or voids hardly occur, but
there are points of increased resin content with respect
to fibres, therefore, a smaller scatter of results occurs.

3. Results and analysis

Figure 7 shows the difference in the image of refer-
ence samples made by C-scan with phased array, where
flaws of various nature can be seen. Figure 7a shows an
increase in content of resin relative to fibres observed
in compression moulded composite. Figure 7b presents
blisters and voids resulting from the interlaces geome-
try, occurring in wound composites. White arrows in-
dicate defects, red ones show the edges of the sample.
Figure 8 shows a cross-sectional view of the winding
and compression moulded produced composites. These
are the cross sections of the samples shown in the ul-
trasonic images — Fig. 7.
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Fig. 7. Defects view in the compression moulded (a) and
winding (b) composites by C-scan method.

Fig. 8. Defects view in the compression moulded (a) and
wound (b) composites.

Figures 9 and 10 show the transition time of ultra-
sonic wave for thermal ageing samples (in accordance
with the procedure described in Sec. 2). The tables
in graphs (Figs. 9-15) present the function described
by the variability of investigated characteristics during
a progressive process of degradation and correlation co-
efficients. As it can be seen, the defined characteristics
of ultrasonic waves for both types of composites de-
crease with thermal ageing time. For comparison pur-
poses, the functions were approximated with a straight
line. The obtained high correlation coefficients indicate
a correctly selected function, which allows a quick and
easy analysis of changes of transition time of ultra-
sonic waves. For the wound glass — polyester compos-
ite, recorded lower transition times of ultrasonic waves
were probably due to properties, geometry, and struc-
ture of the test material. There have also been major
changes in the transition time, which may be the effect
of progressive process of degradation.
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Fig. 9. Transition time of ultrasonic wave as a function of
ageing time for polyester-glass wound composites subjected
to thermal degradation process.
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Fig. 10. Transition time of ultrasonic wave as a function of
ageing time for epoxy-glass compression moulded compos-
ites subjected to thermal degradation process.

Published (SzYMICZEK et al., 2016) research of
structure of the polyester-glass wound composite is
presented in Fig. 7b — C-scan images and Fig. 8b —
the macroscopic view of cross-section of samples con-
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firms the occurrence of defects in the form of blis-
ters or discontinuity at the phase boundaries. Depen-
dence of transition time of ultrasonic wave for epoxy-
glass compression moulded composite shown in Fig. 10
has a much lower change of test characteristics than
polyester-glass wound composites. This is the result of
the lack of discontinuities (e.g., bubbles), which reflect
the ultrasonic wave. Points with increased content of
resin (Fig. 7a and 8a) do not have such a significant
influence on the transition time of ultrasonic wave as
discontinuity, which can be observed in polyester-glass
wound composites.

Figures 11 and 12 show the dependence of bend-
ing strength as function of ageing time. Decrease in
bending strength was observed as the progressive pro-
cess of thermal degradation, which is confirmed by ob-
tained relationships between transition time of ultra-
sonic wave and ageing time.
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Fig. 11. Bending strength as a function of ageing time for
glass-polyester wound composites.
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Fig. 12. Bending strength as a function of ageing time for
glass-epoxy compression moulded composites.

Figure 13 shows the transition time of an ultra-
sonic wave as a function of the number of fatigue cy-
cles for glass-polyester wound composites subjected to
the process of degradation in water. This is transition
time of ultrasonic wave measured for the greatest de-
formation area, from where the samples were cut for
the bending test. The observed large scatter of results

Transition times of ultarsonic wave [us]
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Fig. 13. Transition time of ultrasonic wave as a function of
the number of cycles for polyester-glass wound composite
subjected to ageing-fatigue degradation process.

is the effect of discontinuities forming on the border of
matrix-reinforcement that affects the ultrasonic char-
acteristics. The most common transition time values
determined in accordance with Gaussian distribution
were taken to determine the dependencies (Fig. 13).
The obtained results, as in the case of thermal aging,
were approximated by a straight line with the correla-
tion coefficient of 0.91.

Decrease in the transition time of an ultrasonic
wave is the result of appearance of micro- and macro-
flaws. Micro-cracks lead to delamination as a result of
the process of accumulation, and each defect causes the
wave scattering. Destruction of pipe samples subjected
to fatigue degradation occurs from the inner surface,
where the maximum pressure was 8 MPa. The wave
was reflected from the first discontinuity, hence the ob-
served large spread of the results.

Figure 14 shows the dependence of the transition
time of an ultrasonic wave as a function of the number
of fatigue cycles for epoxy-glass compression moulded
composite. The transition time of an ultrasonic wave
increased with the number of fatigue cycles, most prob-
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Fig. 14. Transition time of ultrasonic wave as a function of
the number of cycles for epoxy-glass compression moulded
composite subjected to a fatigue degraded process.
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ably as a result of emerging scattered micro-flaws. Dur-
ing such a process implemented fatigue delamination
was not observed. Such image change results from the
established research methodology. Bending stress is
measured for the deflection arrow.

While comparing the graphs (Figs. 13 and 14) it
can be seen that in both cases there are changes of the
transition time of an ultrasonic wave, but the nature
of the observed changes is different. Figures 15 and 16
illustrate change in the mechanical properties. For the
polyester-glass wound composite it is bending strength
—Fig. 15, and for the epoxy-glass compression moulded
composites it is bending stress determined during the
fatigue degradation process in the central area of the
sample — Fig. 16 (ROJEK et al., 2007).
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Fig. 15. Bending strength as a function of the number of
fatigue cycles for polyester-glass wound composites.
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Fig. 16. Bending stress as a function of the number of fa-
tigue cycles for epoxy-glass compression moulded compos-
ites.

As it can be seen in both, bending strength and
bending stress decrease with the number of fatigue cy-
cles, but the nature of these changes seems to be dif-
ferent due to properties of the tested composites and
loads process. When comparing the strength charac-
teristics with the transition time of ultrasonic waves,
a different mechanism of destruction can be concluded.
On the basis of the measure of transition time of ul-

trasonic wave, state of the material can be determined,
assuming that reference characteristics of the material
not subjected to thermal or ageing-fatigue degradation
process is known.

4. Conclusions

On the basis of the carried out research it can be
concluded that:

1) Measurement of transition time of ultrasonic wave
enables the quality evaluation of composite mate-
rial at a given exploitation stage. Monitoring and
identification of progressive changes in the poly-
mer layered composite allow for safe exploitation.

2) Research of ultrasonic and mechanical characteris-
tics depends not only on material parameters but
also on the technology of a composite, which de-
termines the quality of composite material sub-
jected to degradation processes.

3) The nature of the observed changes during a ther-
mal degradation for the tested composites is sim-
ilar. The observed changes of the transition time
of ultrasonic waves during fatigue degradation of
tested composites may be due to type of flaws
(dispersion micro-defect and macro-defects) and
research methodology used. Decreased mechani-
cal properties in the progressive process of fatigue
degradation are result of structural defects.

4) Transition time of ultrasonic waves is an adequate
measure of the progressive degradation process for
composite materials. Nevertheless, it is important
to determine initial properties of research charac-
teristics, taking into account manufacturing tech-
nology, and for the layered polymer composite it
is an important parameter for the correct inter-
pretation of the results.
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