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ABSTRACT

This paper aimed to determine the susceptibility of polycarbonate and polymethylmethacrylate to corrosion crack-
ing under specific operating conditions. The tests included static tensile and flexure, impact strength, and micro-
scopic examination. Due to the synergistic effect of tensile stresses and seawater environment, numerous cracks
are observed. Moreover, aging conditions did not significantly reduce the strength properties of the tested speci-
mens; thus, higher resistance to stress corrosion cracking does not have a close relationship with the material’s

mechanical properties.
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INTRODUCTION

Stress corrosion cracking (SCC) is a phenom-
enon that plays an important role in the degrada-
tion of materials. It is a phenomenon consisting
of the destruction of polymer elements (cracking)
caused by internal stresses (due to processing) or
stresses forced by external loads. The mechanism
of stress corrosion cracking is complex and often
related to the structure of the material. Mecha-
nisms of loading specimens during flexural are
widely described in the literature, where the use
of appropriate supports enables tests with differ-
ent loading conditions — two-point, three-point,
and four-point flexural. The described loading
systems are taken from stress corrosion tests for
metals and their alloys (EN ISO 7539-1:2013-
06). There are also U-bend and C-bend solutions
[1, 2]. The tensile loading method adopted in this
study which allows for minimizing the influence
of gravity, is unique.

Long-term load operation (also with low val-
ues) in the conditions of an active (aggressive)
environment or elevated temperature may initi-
ate slow damage to the structure of the material

leading to the destruction of the elements [3]. It
is one of the main threats to the durability and
safety of various structures, including bridges,
pipelines, ships, and aircrafts [4, 5]. Environmen-
tal stress cracks may account for approximately
15-30% of all failures of exploitation polymer
components. Research also shows that stress
cracking does not break polymer bonds, but only
breaks secondary connections between polymers.
Material destruction resulting from stress corro-
sion cracking is the result of mechanical stress
causing small cracks that quickly spread in dif-
ficult environmental conditions [6]. Few methods
have been recently introduced to account for the
quantitative fracture analysis [7].

This phenomenon can also be seen in plas-
tics. In addition to the effects of chemical fac-
tors, which can lead to softening or plasticization,
there are also purely physical processes, such as
diffusion, swelling, and cross-linking, manifested
by the occurrence of stress corrosion cracking in
these materials. The occurrence of stress corrosion
cracking is not unique to all polymeric materials.
However, it largely depends on factors such as
chemical structure, bonding, crystallinity, surface
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roughness, molecular weight, and residual stresses
of the polymer. It also depends on the chemical
structure and concentration of the liquid reagent,
the temperature of the system, and the strain rate.

Scientists indicate the need to conduct re-
search related to the occurrence of stress corro-
sion cracking in polymeric materials to assess the
reliability of their operation under specific condi-
tions. Research conducted by T. Kawaguchi et al.,
[8] showed that for ABS (acrylonitrile-butadiene-
styrene), crack propagation caused by stress cor-
rosion cracking occurs at room temperature under
the influence of non-ionic surfactants. P. Dunn et
al., [9] showed that polyamide does not show a
significant relationship between crack propaga-
tion and loading speed. In the case of aging, creep
or relaxation is often observed, which is related
to the influence of a state of stress or deformation.
In addition, the action of heat affects the creep of
materials. The phenomenon of stress corrosion
cracking also applies to popular polymer compos-
ite materials reinforced with glass fiber. Recently,
many scientific articles [9—11] have been carried
out to determine the susceptibility of these ma-
terials to corrosion under various test conditions.
Ramos E. and Kumosa M. [11] investigated the
synergistic effects of exposure to nitric acid, el-
evated temperature, and applied bending stresses
on the stress corrosion cracking of vinyl ester-
epoxy matrix glass composites for boron-free and
traditional fibers. The synergistic effect was found
to be much stronger on stress corrosion cracking
than the effect of individual factors.

Research was carried out on thermoplas-
tics and polymer composites based on resins
[12-27]. To name several examples, SCC can be
observed when exposing polyethylene to aque-
ous detergents or organic solvents [24], high im-
pact polystyrene to sunflower oil [25], the stress
cracking behavior of injection moulded PET was
investigated using sodium hydroxide (NaOH)
aqueous solutions in various concentrations as
active fluids [26], polycarbonate to ethanol or
fat emulsions [27]. The conducted research aims
to determine the influence of environmental fac-
tors, i.e. temperature and water salinity, on the
speed and intensity of stress corrosion cracking
of selected amorphous thermoplastic polymer
materials in the form of plates produced by ex-
trusion. The obtained test results allow predict-
ing the time of failure-free operation in the test-
ed operating conditions of products made of the
tested polymer materials.

MATERIALS AND METHODS

Tested materials

Two amorphous polymeric materials plates
made of polymethylmethacrylate (PMMA) Tur-
cyl, Q 3 mm thick, (Tuplex Ltd., Gliwice, Poland)
[28] and polycarbonate (PC) Exonol 3 mm thick
(Exolon Group GmbH, Munich, Germany) [29]
were selected for the tests due to their specific
properties (shown in Table 1 and Table 2) and
their use (Table 3) in elements in contact with the
research environment, such as seawater. Polycar-
bonate is a widely used and susceptible material
to environmental stress cracking (ESC) from a
variety of fluids. The specimens for stress corro-
sion tests had the shape of a beam with dimen-
sions of 250x50%3 mm. Test specimens in the
shape of flat bars were prepared by machining
methods. Each specimen was mounted in a sepa-
rate tensile fixture.

The materials used in the research are used for
elements in contact with seawater. PC is used for
float switches designed to control or signal the lig-
uid level in open and closed tanks. It is an element
in contact with an aggressive environment - in this
case seawater, PMMA in turn, is a material that per-
fectly transmits light and can be used as a solution
for viewing panels in seawater tanks in the Gansky
Africarium. These tanks can have a structure made
of PMMA (Z10 jellyfish tank) or be made entirely
of PMMA (Z11 “shoe” tank) [30-32].

PMMA and PC are materials that are un-
doubtedly used in many fields and industries, also
in the environment of salty seawater.

Both materials — PC, and PMMA are entirely
resistant to seawater. It was found that PC is resis-
tant to higher temperatures than PMMA because
its heat distortion temperature is 135 °C, whereas
PMMA withstands only up to 95 °C [28-29].

Research methodology of
stress corrosion cracking

The stress corrosion cracking studies research
station was designed and equipped to allow for
precise temperature regulation, the accommoda-
tion of three tensioning systems, and the ability to
withstand harsh environmental conditions.

Device for carrying out stress corrosion of
polymeric materials are not popular in the world
of science, but there have been few studies on
stands adapted for this purpose [36]. The lack of
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Table 1. Selected properties of tested materials based on [28-29, own research]

Properties Type of property PMMA PC
Density (method D, E, ISO 1183-1:2019), g/cm? 1,18 1,2
Stress at break (ISO 527-1:2020-01), MPa 42 67
Mechanical Strain at break (ISO 527-1:2020-01), % 4,5 124
Flexural strength (ISO 178:2019-06), MPa 76 96
Impact strength PN-EN I1SO 179-1:2023-11 (+23°C), kJ/m? 1,11 71
Shore*a D hardness (PN-EN ISO 868:2005), ShD 80 83,5
Melting point (method A, ISO 3146:2022-09), °C 103 =
Thermal Heat deflection temperature (method A, ISO 75-1:2020-09), °C 95 135
Heat deflection temperature (method B, ISO 75-1:2020-09), °C 100 142

Table 2. Chemical resistance of the tested materials to selected chemical compounds based on [33-35]

Compound PMMA PC
Nitric acid 50% 0 0
Chlorine - -
Bromine - -
Hydrochloric acid - -
Environmental SOdi.um Chlori.de - - ) no chemical r_esistan_ce.
resistance at 60 °C Calcium chloride + + (0) conditional ch_emlcal _reS|stance.
Magnesium chloride + + (+) total chemical resistance.
lodine/potassium iodide (solution) - -
Seawater in 23 'C + +
Pyridine - -
Xylene - -
Acetone - -

Table 3. Examples of applications of the tested materials [31, 36]

PMMA

PC

Application | rative elements of stands,

- viewing panels in seawater tanks used, e.g., in
Africarium Gansky

- glazing: roof slope, advertising space, doors, and
windows, partition walls, paintings, greenhouses and
winter gardens, showcases, and shop displays - deco-

- acoustic screens, protective screens, sound barriers,

- in the production of anti-burglary covers,

- as small partition walls,

- as safe glazing of doors or windows,

- in the construction of orangeries and small gazebos,
- in the construction of acoustic screens,

- in the construction of machine and cabin covers.

ready-made devices for testing the phenomenon
of stress corrosion of polymeric materials on the
market has resulted in the need to prepare a stand
dedicated to this type of research and develop re-
search methodology. The tests were carried out
on an original laboratory stand [38], the construc-
tion of which allows the testing of specimens in
a specific range of geometry for constant or vari-
able loads and in any simulated operating condi-
tions (Fig. 1). The construction of the test stand
allows stress to be exerted in the tested object by
constant load or permanent displacement. The

station’s desktop allows control of the temper-
ature of the fluid inside the tank. The proposed
solution allows to minimize the influence of grav-
ity on the loaded specimens. The research station
(Fig. 1) consists of the following components.
Table 4 is the composition of seawater based
on ASTM D1141-52. The temperature applied in
the tests was 65+2 °C, and salinity of seawater
3.5°/ . Pneumatic pressure was 5.5 bar, so the
tensile force was about Y4 of the yield stress. A
calculator dedicated by Pneumatig company was
used to properly convert air pressure into stress in
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Figure 1. Research station diagram: (1) control cabinet, (2) pneumatic supply diagram, (3) pressure
regulator, (4) specimen tank filled with test solution, (5) tensile grips with the specimen

Table 4. Substitute seawater composition based on
ASTM D1141-52

Substitute Quantity (g/l)

NaCl 24.5300
MgCl, 5.2000
CaCl, 1.1600
Na,SO, 4.0000
KCI 0.6950
NaHCO, 0.2010
KBr 0.1010
H,BO, 0.0270
SrCl, 0.0250
NaF 0.0030

the specimen. Three specimens of each material
were prepared and tested in two separate cycles.
Each specimen was mounted in a separate tensile
grip, and then the entire system was immersed in
water. The test time for PMMA was 120 h = 1825
days (5 years), and for PC was about 24 h = 365
days (1 year) for mean temperature seawater in
the Baltic Sea is 11 °C [37]. For the purpose of
this paper, specimens subjected to stress corro-
sion crack simulation process will be described as
aged specimens.

The assessment of the impact of specific
conditions on properties was made based on the
following:

e static tensile test according to ISO 527

-1:2020-01,

e flexural strength according to ISO 178 :2019-06,
e the Charpy impact strength by ISO 179
-2:2020-12,

hardness according to ISO 868:2005,

density according to ISO 1183-1:2019-05,
examination with a stereoscopic microscope,
fourier transform infrared spectroscopy
(FTIR).

Tensile test

The static tensile test was carried out on the
Shimadzu kN10D machine cooperating with the
TRAPEZIUMX-V software. The traverse speed
was 20 mm/min. Strength tests were carried out
on 5 reference specimens of both tested materials
and 5 specimens of PMMA and PC after the tests
stress corrosion cracking. The specimens were
prepared by ISO 527-2:2012 type BA. Based on
the obtained results, the following were deter-
mined tensile strength and strain at break.

Three-point flexural test

A static three-point flexural test according to
ISO 178:2019-06 was carried out on the Shimad-
zu kN10D machine cooperating with the TRA-
PEZIUMX-V software. The traverse speed was
5 mm/min. Strength tests were carried out on 5
reference specimens of both tested materials and 5
specimens of PMMA and PC after the tests stress
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corrosion cracking. The specimens were prepared
by ISO 178:2019-06 method B. Based on the ob-
tained results, the flexural strength, flexural modu-
lus, and flexural deformation were determined.

Impact test

The notched Charpy impact strength was de-
termined by ISO 179-2:2020-12 using a Charpy
pendulum impact tester HIT5.5P produced by
Zwick Roell company. The 80x10x4 mm speci-
mens were V-notched on a special device, en-
suring the results’ repeatability. Charpy notched
impact strength was carried out on 10 reference
specimens of both tested materials and for 10
specimens of PMMA and PC after the tests stress
corrosion cracking.

Shore D hardness analysis

Hardness measurements were carried out by
ISO 868:2005 using a Shore-type D hardness tes-
ter. The test was repeated five times, maintaining
a distance of at least 10 mm from the edge.

Density

The density of tested materials was deter-
mined using an analytical balance equipped with
a hydrostatic density measurement kit (Ohaus
Adventurer Pro, OHAUS Europe GmbH, Greif-
ensee, Switzerland) following the standard ISO
1183-1:2019-05. The test was carried out on
three specimens of each material with dimensions
20%20%3 mm.

Structure study

Microscopic examination of the structure of
the specimens was carried out using a ZEISS Ste-
REO Discovery.V12 stereoscopic microscope. The
specimens before microscopic examination were
cleaned of sediments of left sea salt with water.

Fourier transform infrared spectroscopy

The changes occurring in the structure of the
tested materials after corrosion tests were as-
sessed based on their IR spectra. The analysis
was performed using an FTIR spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) attenuated
total reflection mode. Spectra were collected over
the mid-infrared range with a resolution of 2 cm™
and 20 scans.

RESEARCH RESULTS

Stress corrosion test results

Based on the tests carried out and Arrhenius
law, it is possible to predict the durability of the
tested materials in aggressive conditions at con-
stant stress. The assumed test time and conditions
result from the adopted application.

The results of the strength tests clearly show
that the strength properties of the tested speci-
mens before and after aging do not show signifi-
cant differences, which means that the specific
test environment does not have a negative impact
on the tested properties (Fig. 3-9). On the sur-
face of all specimens, cracks were noticeable, as
shown in Figure 10-12. The cracks on PMMA
were smaller, but there were much more of them
than on PC. Most of the minor corrosion cracks
occurred in the grip rea.

Tensile test results

Figure 2 shows the stress-strain curve of
PMMA (a) and PC (b). Figure 3 shows the change
in tensile strength with respect to aging time for
the tested materials. Analyzing the graph (Fig. 3),
it can be seen that the PC and PC_S specimens
have practically identical tensile strength, almost
twice that of the PMMA and PMMA S speci-
mens. PMMA has a higher tensile strength than
PMMA S specimens. The differences between
the tensile strength for unaged PC and PMMA are
approximately 38%, while after exposure to the
assumed tensile force and temperature it increas-
es to approximately 47%. Different effects of test
conditions on the behavior of materials are ob-
served. It should be noted that the time of the cor-
rosion test was a very important condition. The
tensile strength of PC specimens before and after
aging was almost the same. Only a larger standard
deviation was observed, which is probably relat-
ed to the given load condition. The tensile force
generates tensile stresses, and the molecules also
stretch. However, with such short duration of force
exposure, structural changes vary in the specimen
subjected to stress corrosion testing, from which
specimens were then cut to determine the tensile
strength. The tensile strength of PMMA after cor-
rosion testing decreased by approximately 14%,
but the dispersion of the results decreased. This
is probably related to the impact of the corrosive
environment and load. PMMA is characterized
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Figure 2. Tensile stress-strain curves for PMMA (a) and PC (b)
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Figure 3. The tensile strength dependence on the test materials

by lower thermal resistance, which has a sig-
nificant impact on changes in the material char-
acteristics of the material subjected to thermal
influence. Figure 4 presents dependence strain
at break of function aging time. Figure 4 shows
that the highest strain at break characterizes the
aged PC_S specimens. PC ref. strain at break is
104.48% (the manufacturer states 124%), which
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is about 7% lower than PC_S. PMMA specimens’
strain at break is below 5% (the manufacturer
states 4.5%). Analyzing the graph (Fig. 3) it can
be observed that in the case of PMMA_S, there
is a smaller spread of results than for reference
PMMA. The strain at break is reduced in this
case by approximately 7%. The observed differ-
ences of strain at break for reference specimens
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Figure 4. The strain at break dependence on aging process for PMMA (a) and PC (b)
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and producer values may be related to the tensile
rate, which affects their values, but also with the
storage time of the plates.

Three-point flexural test results

Figure 5 presents stress-strain curves de-
termined in tree-point flexural test. Figures 6—8
show the comparison of flexural results taking
into account material type and aging time.

Analyzing the graph (Fig. 6), it can be seen
that in the case of PMMA specimen has a high-
er flexural strength, and PMMA_S has a lower
flexural strength. The difference between PMMA
and PMMA S is about 15 MPa. It is the result of
the aging process. The aged PC_S has a slightly
higher flexural strength than the reference speci-
men — PC but taking into account all the speci-
mens — PC_S has the highest flexural strength.
Analyzing the graph (Fig. 7), it can be seen that
the unaged specimens — PMMA and PC have
a greater flexural strain at break than the aged

Stress (MPa)

0 04 08 12 16 2 24 28 32 36 4

specimens — PMMA S and PC_S. The difference
in values between PMMA and PMMA_S is ap-
proximately 0.5%, similarly for PC and PC S,
which means that the deformation of the tested
specimens did not change significantly. Howev-
er, there is a clear difference between the PC_S
and PMMA_S specimens.

Analyzing the graph (Fig. 8), it can be seen that
the highest flexural modulus is characterized by un-
aged specimens — PMMA and the smallest — PC.
The graph is descending. The difference between
PMMA and PMMA S is about 200 MPa, making
PMMA a material with a higher modulus of elastic-
ity than PMMA_S. The difference between PC and
PC_Sisless than 100 MPa, making PC_S a material
with a slightly higher modulus of elasticity than PC.

Impact test results

Figure 9 shows the results obtained during
the impact test. It shows that PC specimens have
a higher impact strength, and PMMA specimens

Stress (MPa)

Figure 5. Flexural stress — strain curves for PMMA (a) and PC (b)
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Figure 6. The flexural strength dependence on the test material ang aging process
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have a much lower impact strength. In addition, in
both cases, the aged specimens have greater impact
strength than the reference specimens. The impact
strength increased for PMMA and PC, only for
PMMA the impact strength increased by 15% and
for PC by 4%. This is related to structural changes.

Shore D hardness test results

Figure 10 shows the hardness of tested materi-
als before and after stress corrosion cracking.As a
result of exposure of both materials to the synergis-
tic impact of the environment and tensile stresses,
a slight increase in PMMA hardness and a slight
decrease in PC hardness can be observed (Fig. 10).
The increase in PMMA hardness results after 5
days of aging was probably caused by further po-
lymerization of the material in warm water (65+2
°C) and the release of residual monomers. On the

other hand, PC is one of the hygroscopic plastics,
hence we recorded a slight decrease in its hardness.

Density measurement results

Figure 11 shows the average density. As can
be observed, the density almost does not change
under the influence of test conditions. The pre-
sented results are fully repeatable.

Examination with a stereoscopic microscope

Figures 12 and 13 show an example micro-
scopic photo of the structure of specimens after the
experiment — specimens PMMA_S. Most small
cracks were observed in the specimen mounting
area (Fig. 13). This is related to the design of the
holders and the method of mounting the speci-
mens. The images show for example microscopic
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photos of the structure of specimens after the = PMMA and PC, it can be seen that in the case of
experiment — specimens PC 1 S (Fig. 14a, b), PMMA, there are fewer cracks on the specimens,
PC 2 S (Fig. 15), and PC_3 S (Fig. 16). Com- and they are smaller in size than those that ap-
paring the microscopic photos of both materials  peared on PC specimens. This was also confirmed
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Figure 13. Macroscopic photo of the
surface of PMMA S specimens

in the images of fractures (Fig. 17), where damage
can be identified in the case of PMMA as brittle
(Fig 17a) and in the case of PC slightly more duc-
tile (Fig. 17b), which results from its moisture ab-
sorption in the case of our studies of a saline liquid
environment with a neutral pH.

FTIR analysis

Figure 18 presents the IR spectra of the ex-
amined materials before and after corrosion tests.
The results indicate that the tested materials do not
exhibit changes in their chemical backbone (no
new peaks were observed after submitting them to
aging). However, the specimens undergo signifi-
cant changes in the peaks’ intensity. The PMMA
spectra present increasing peaks after corrosion.
This is related to the fact that this material exhib-
its oxidation in seawater causing the formation of

Figure 15. Micrograph of the surface of PC 2 S specimens
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dipoles and trapped charges [39]. This in turn in-
creases the intensity of IR polar groups band, i.c.,
carbonyl group stretching vibration at 1720 cm’'.
This explains the higher mechanical behavior of
PMMA after aging. The opposite is observed in
the PC specimens after aging. A decrease is ob-
served in all characteristic peaks of the material;
however, the change in peaks’ intensity is minor.
This is caused by the rupture of vulnerable bonds
and the separation of chains [40]. The alterations
in the IR spectra were small, thus the changes in
the mechanical properties after aging are minimal.

CONCLUSIONS

Based on the research conducted, it can be
concluded:

1. A greater number of corrosion cracks were ob-
served for PMMA. This is related to the func-
tional characteristics. PMMA is less resistant
to temperature, which influences the behavior
of the tested specimens. These cracks were
typical of stress corrosion cracking.

2. Corrosion cracks were arranged perpendicular
to the extrusion direction and the greatest den-
sity was observed near the handles.

3. The aging process has a significant impact
on the properties of materials. In the case of
PMMA, a decrease in the tested character-
istics is observed, except for impact strength
and hardness. The increase in hardness is the
result of the aging environment. This is also
confirmed by the analysis of FTIR spectra. No
changes in surface texture were observed on
the PMMA surface, only matting of the surface.

4. PMMA cracks had the character of typical
brittle cracks (Fig. 13), and for PC they were
ductile cracks (Fig. 14b). For PC, typical stress
corrosion cracks appeared only in small areas
(Fig. 14b). This behavior of PC specimens is
related, among others, to the design of the grip.

5. The duration of exposure to aging conditions
on PC was relatively short, so the observed
changes are not reliable. However, the analysis
of the FTIR spectra showed minimal changes
in the increases in the characteristic peaks.

6. The IR spectra revealed major changes in the
peaks’ intensity of both tested materials. In the
case of PMMA the peaks increased after aging
due to the formation of dipoles. The opposite
is observed for PC, where the characteristic
peaks decreased due to chains breaking.
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