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Abstract: This paper aims to present the effect of specific operational factors (temperature and
humidity) on the selected mechanical properties of a conveyor belt. The tests were conducted in a
climatic chamber, simulating the effect of both minus and plus temperatures −30 ◦C to 80 ◦C (243 K to
353 K) at specific humidity, and in a thermal shock chamber where a varying number of ageing cycles
was applied for a specific range of thermal shocks. Six different tests in the climatic chamber and
four different tests in a thermal shock chamber were conducted. The results of the climatic chamber
tests demonstrate that many strength parameters have undesired values at a temperature of 10 ◦C
(283 K) and 80 ◦C (353 K) at a relative humidity of 80%. Interestingly, the results revealed that tensile
strength, tensile modulus and yield strength are higher at below 0 ◦C temperature than at above 0 ◦C
temperature. For example, comparing the temperature −30 ◦C (243 K) and +30 ◦C (303 K) obtained
a difference of tensile modulus of nearly 10%, and comparing the temperature −30 ◦C (243 K) and
+10 ◦C (283 K) the differences were 22%.
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1. Introduction

The use of primitive versions of conveyor belts by manufacturers dates back to the 19th century.
For the purpose of carrying coal, ores and other products, Thomas Robins invented a conveyor belt in
1892. The Swedish company Sandvik invented and started producing steel conveyor belts in 1901.
Conveyor belts, invented by Richard Sutcliffe in 1905, were used in coal mines and revolutionized
the entire mining industry. Henry Ford introduced assembly lines at his factory in 1913 that used
conveyor belts. Mail volumes in the postal system were snowballing, and postal operators had to deal
with this situation by installing automatic sorting machines. The first semiautomatic sorting system
was installed in the USA in 1957. This Letter Sorting Machine was made of an upper and lower section,
a set of five sorting keyboards and a conveyor belt. That was the first usage of a conveyor belt in an
automatic postal processing system.

The issue of testing the properties of materials, and thus the conveyor belts (and components
of conveyor belts [1–5]) in varying weather conditions and under different loads is not new [6–10].
The conveyor belts are exposed to different factors such as changes in temperature, humidity or air
pressure during their service life [9,11–13]. Several authors have examined how these factors affect
the properties of the materials forming the conveyor belts. Bocko et al. [14], in their article, presented
numerical analyses using the component testing of conveyor belts and information about complex
materials. Their article contains a definition of methods used for the calibration of materials defined by
the user and the building of numerical models. The material tests included the determination of the

Appl. Sci. 2020, 10, 4201; doi:10.3390/app10124201 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-3592-8047
https://orcid.org/0000-0002-4376-0830
https://orcid.org/0000-0002-0518-0325
https://orcid.org/0000-0003-2187-1633
http://www.mdpi.com/2076-3417/10/12/4201?type=check_update&version=1
http://dx.doi.org/10.3390/app10124201
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 4201 2 of 17

mechanical properties of plies of rubber cover, textile reinforcements, and plies of textile with adjacent
rubber. Goltsev and Markochev [15] described the analysis of fatigue testing methods. In their article,
these authors compared the conventional testing methods for fatigue cracking resistance with tests
of constant amplitude of stress intensity factor. For the analysis of belt–bulk material interactions
and the conveyor belts’ engineering design, the determination of pressure distribution is crucial.
This was the objective of the study by Liu, Pang, and Lodewijks [16]. They developed and verified a
theoretical model for predicting the distribution of pressure on conveyor belts. An essential process in
the transport industry is impact loading, because this causes wear and failure in important components.
Conveyor belts are critically important because of their usage in virtually every industry in which
quantities of goods must be moved over short or long distances. Molnar et al. [17] investigated the
effects of impact loading to the surface of a rubber conveyor belt and the stress levels inside the material.
They tested the impact of loading things onto the conveyor belt, but this was only a partial test in an
ideal atmospheric condition.

Another problem with conveyor belts is ageing. The rubbers of conveyor belts used during transport
age, because during their operation they are exposed to the aggressive characteristics of the external
environment. Significant changes caused by the ageing process appear on the surface of the conveyor
belts, primarily due to immediate contact with the transported cargo or due to contact with the ambient
air. Nedbal et al. [18] used mechanical and dielectric spectroscopy to determine the physical properties
of rubbers used for conveyor belts. One way to assess changes is to test the internal structure of the
conveyor belt. Barburski [12], in his analysis, which was dedicated to the measurement of the primary
parameters that characterize the internal structure of the fabric of conveyor belts, points out that the weave
(heat treatment at 160 ◦C (433.15 K) for 5, 10 and 15 min) affects the degree of the changes in conveyor
belts during exposure to high temperatures. Petrikova’s paper [19] presented another numerical and
experimental study dedicated to the behavior of the conveyor belt, in which the temperature dependence
of the dynamic and tribological behaviors of the belt were investigated.

In summary, none of the authors above tested conveyor belts under changing temperature
and humidity conditions. This paper aims to present the effect of these specific operational factors
(temperature and humidity) on selected strength parameters of the conveyor belts that comprise the
main element of the sorting line in a Slovakian central sorting center. The tests were conducted in a
climatic chamber, simulating the effect of both temperatures both above and below 0 ◦C at specific
humidity, and in a thermal shock chamber where a varying number of ageing cycles was applied for a
specific range of thermal shocks.

Another important reason for the implementing this test is that the authors see practical benefits.
Automated sorting systems currently play a significant role in the environment of postal and logistical
businesses. The reason for this is an increase in the volume of shipments originating in e-commerce
needing to be processed and delivered to the addressee within a set timeframe. The reliability of
sorting systems does not depend only on the selection of the correct sorting program, but also on the
construction and functionality of individual technical components of the whole system. In this context,
this study examines the effect of various environmental effects (temperature, humidity, pressure, etc.)
on a critical part of the sorting system; specifically, the conveyor belt. The test results (which enable
the search for dependencies between changes in the mechanical attributes of the belt and changes
in atmospheric conditions) are significant in terms of the effective usage and operation of a device
in two respects. Firstly, with respect to the organization of activities and the definition of processes
within the facility itself. This is mainly related to the setting, for example, of the speed of the conveyor
belt during loading, offloading and further handling of shipments relative to the number, weight and
frequency of shipments on the belt. Together with other tested attributes, this significantly affects the
lifespan and maintenance of the belt, as well as the overall sorting system. Secondly, with respect to
the management of costs related to ensuring regular operation and maintenance, but also in terms
of additional costs that can be incurred by the operator due to failures of the conveyor belt. These
include not only the costs of repairing the damaged or a non-functional belt, or the procurement of
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replacement belts, but also the significant financial burden occurring due to the non-functionality of
the device itself, i.e., the inability to perform sorting and routing of shipments in an automated manner.
In this case, manual sorting takes place, which is time-consuming and prone to error, as well as various
discrepancies related to human error. In addition to the financial burden related to manual labor, there
are also costs related to missing the deadline for transportation, especially in time-warranted shipments,
or the costs of damage caused by loss of or damage to the shipment, or its content. The functionality
of the conveyor belt (maintaining its mechanical properties or anticipating changes under changing
atmospheric conditions) and of course the whole sorting device, is an essential part of guaranteeing
the reliability of the whole distribution process.

In many companies, the operation of a conveyor belt is significantly affected by the temperature
and humidity of the hall in which the conveyor belt is mounted, as well as by the conveyor’s exposure
to variations in temperature. In the studied case, a specific fragment of a conveyor was operated at
various temperatures. At parcel loading and unloading, the conveyor belt was operated within a
temperature range from −16 ◦C (257 K) to +30 ◦C (303 K), with a mean temperature of 11 ◦C (284 K),
and the relative humidity (RH) ranging between 20% and 80%. These conditions are connected with,
e.g., season changes.

2. Research Methodology

2.1. Experimental Material

The sorting line, the main element of which is the conveyor belt, is presented in Figure 1. The intended
environmental conditions for the operation of the conveyor belt is a temperature range from 0 to +40 ◦C
(273 K–313 K) and RH ranging from 20% to 80%), with no condensation.
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Figure 1. (a) Sample sorting line; (b) fragment of the conveyor belt in the sorting line.

The parts of the sorting line should not be exposed to corrosive gases, organic solvents or any
other chemicals. The weather conditions for the first year of sorting line operations were: average
temperature: 11 ◦C (284 K); minimum temperature: −16 ◦C (257 K); maximum temperature: 30 ◦C
(303 K); and RH: 20–80%.

The material specifications of the conveyor belt are presented in Tables 1 and 2. The information
applies at approximately 20 ◦C (293 K). The tested conveyor belt consists of two fabric plies made from
polyester (Figure 2). The topside is made from Flexam polyvinyl chloride (PVC), and the bottom side is
made from fabric. The conveyor belt was produced by Ammeraal Beltech Company (Heerhugowaard,
The Netherlands) [20]. The shape and dimensions of the tested specimens are shown in Figure 3.
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Table 1. The characteristics of the conveyor belt (based on [20]).

Type of Elements Material Characteristic of Materials Others

Fabric tension layer polyester stable 2-ply
Topside Flexam PVC smooth green

Bottom side fabric low friction

Table 2. Technical belt data (based on [20]).

Characteristic Value

Hardness topside (DIN 53505) 80A Shore
Force at 1% elongation break (ISO 21181) 10.0 N/mm

Belt thickness (internal AB method KV.002) 2.30 mm
Weight (internal AB method KV.004) 2.50 kg/m2

Thickness of top cover 0.70 mm
Temperature range −15 to 80 ◦C (258 K–353 K)

Temperature range short −15 to 100 ◦C (258 K–373 K)
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Figure 3. Test samples: (a) view of a real sample; (b) shape and dimensions of a sample (in mm).

2.2. Testing Specimens

The test samples were exposed to different operational conditions in a climatic chamber SH-661
(product of ESPEC, Klimatest, Poland [21]) and in a thermal shock chamber STE 11 (product of ESPEC,
Klimatest, Poland [21]). Detailed information on sample exposure and denotations of test variants in
given operational conditions are listed in Tables 3 and 4. A photograph of the screen showing a tested
cycle is shown in Figure 4. The residence time at the temperature below 0 ◦C was 15 min, and the
residence time in the warm chamber at the temperature above 0 ◦C was 15 min.

Six different tests were carried out in the climatic chamber and four different tests were carried out
in the thermal shock chamber. One batch of samples was used as a reference batch and was not exposed
to ageing (operational) factors. Each batch of samples subjected to tests contained 10–11 pieces.
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Table 3. Sample exposure data—climatic chamber.

Test Variant Temperature Relative Humidity Time

KKA-30-20 −30 ◦C (243 K) 20% 2 weeks
KKA-20-20 −20 ◦C (293 K) 20% 2 weeks
KKB-10-80 +10 ◦C (283 K) 80% 2 weeks
KKB-30-80 +30 ◦C (303 K) 80% 2 weeks
KKB-80-80 +80 ◦C (353 K) 80% 2 weeks
KKC-30-50 +30 ◦C (303 K) 50% 2 weeks

Table 4. Sample exposure data—thermal shock chamber.

Test Variant Temperature Number of Cycles

KSZ A −20 ◦C/+60 ◦C 600

KSZ B −20 ◦C/+60 ◦C 1200

KSZ C −20 ◦C/+60 ◦C 1800

KSZ D
−20 ◦C/+60 ◦C 1800
−40 ◦C/+60 ◦C 500
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Following curing in the chambers, the samples were subjected to exposure under ambient conditions
(temperature 20 ± 2 ◦C (293 ± 2 K), humidity 38–40%) for 24 h. After that, they were subjected to strength
tests on a ZWICK/ROELL Z150 testing machine in compliance with the standard DIN EN 10002-1 [22].
The tests were conducted using the following parameters: tensile modulus testing rate, 60 MPa/s; yield
strength testing rate, 60 MPa/s; and testing rate, 0.008 MPa/s. To perform strength tests, the prepared
samples were mounted in helical-wedge chucks of the testing machine [23]. The fixed joints were then
subjected to tensile strength testing until their failure. The STATISTICA software (Timberlake Consultants,
Ltd., Warsaw, Poland) was used for preparing adequate statistical results.

3. Results

The following strength test results were evaluated: E—tensile modulus in MPa, Rp 0.5—yield
strength in MPa, Rm—maximum tensile strength in MPa, Fm—maximum tensile force in N, Agt—overall
elongation at the maximum tensile force in %. For each test, 10–11 repetitions were carried out. To calculate
the arithmetic mean of the obtained results, the extreme results were rejected in some variants.

3.1. Reference Specimens

The results obtained for the reference specimens, i.e., the samples that were not subjected to
changing climatic ageing factors, like temperature and humidity, are listed in Table 5 and Figure 5.
Values that were significantly different from the other results were rejected.
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Table 5. Results for mechanical properties (DIN EN 10002-1) of reference samples.

Results E (MPa) Rp 0.5 (MPa) Rm (MPa) Fm (N) Agt (%)

Mean 427 16 54.74 2833.27 22.26
Standard deviation 13.6 0 1.17 67.55 0.46Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 17 
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Figure 5. Force versus elongation of conveyor belt samples.

The results of the reference samples will act as a point of reference for the results of the samples
subjected to various climatic factors: temperature and humidity.

3.2. Samples Exposed to the Climatic Chamber

The mean results for the studied mechanical properties of the samples subjected to various
temperatures and RH values are given in Table 6, while the force versus elongation results for some of
these samples are given in Figure 6.

Table 6. Results for mechanical properties (DIN EN 10002-1)—climatic chamber (mean values).

Test Variant E (MPa) Rp 0.5 (MPa) Rm (MPa) Fm (N) Agt (%)

KKA-30-20 498 15.3 54.0 2710.4 21.42
KKA-20-20 475 15.5 54.6 2761.1 21.55
KKB-10-80 386 13.2 45.4 2340.0 21.28
KKB-30-80 452 15.1 55.0 2738.3 21.22
KKB-80-80 334 16.8 44.7 2238.6 21.30
KKC-30-50 438 14.0 51.0 2557.8 21.21
KKA-30-20 498 15.3 54.0 2710.4 21.42
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test conditions.
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3.3. Specimens Exposed to the Thermal Shock Chamber

The results of strength tests (mean value) for the samples subjected to thermal shock testing are
given in Table 7. The results of force versus elongation are given in Figure 7.

Table 7. Results for mechanical properties (DIN EN 10002-1)—thermal shock chamber (mean values).

Test Variant E (MPa) Rp 0.5 (MPa) Rm (MPa) Fm (N) Agt (korr.)

KSZ A, 600 cycles 394 18.1 54.0 2722.5 22.01
KSZ B, 1200 cycles 376 17.2 52.6 2645.9 21.81
KSZ C, 1800 cycles 394 15.9 51.9 2625.9 21.71

KSZ D, 1800 + 500 cycles 406 14.5 51.7 2638.2 21.49
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The previous results reveal that the mechanical properties are quite similar, independently of the
test conditions.

3.4. SEM Analysis Results

The results of SEM analysis for the selected specimens are presented in Figures 8–12. The characteristics
of reference samples are presented in the SEM images (Figure 8). The topside is the characteristic view
of the Flexam PVC surface (Figure 8a). The bottom side is fabric (Figure 8b), and the cross-section of
the conveyor belt sample with two fabric tension layers is presented in Figure 8c.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 17 

Table 7. Results for mechanical properties (DIN EN 10002-1)—thermal shock chamber (mean values). 

Test Variant E (MPa) Rp 0.5 (MPa) Rm (MPa) Fm (N) Agt (korr.) 

KSZ A, 600 cycles 394 18.1 54.0 2722.5 22.01 

KSZ B, 1200 cycles 376 17.2 52,6 2645.9 21.81 

KSZ C, 1800 cycles 394 15.9 51,9 2625.9 21.71 

KSZ D, 1800 + 500 cycles 406 14.5 51,7 2638.2 21.49 

 

Figure 7. Force versus elongation of conveyor belt samples, KSZ B, 1200 cycles. 

The previous results reveal that the mechanical properties are quite similar, independently of 

the test conditions. 

3.4. SEM Analysis Results 

The results of SEM analysis for the selected specimens are presented in Figures 8–12. The 

characteristics of reference samples are presented in the SEM images (Figure 8). The topside is the 

characteristic view of the Flexam PVC surface (Figure 8a). The bottom side is fabric (Figure 8b), and 

the cross-section of the conveyor belt sample with two fabric tension layers is presented in Figure 8c. 

    
(a) (b) (c) 

Figure 8. SEM images of: (a) topside of Flexam PVC surface; (b) bottom side of fabric surface; (c) cross-

section of a reference sample. 

The plain weave of polyester fabric can be noticed in Figure 8. In the plain weave, each warp 

thread is interwoven and intersects with each weft thread, and thus the fabric is tightly bound and 

rigid. This is crucial information, because the characteristics of the used fabric (the direction of and 

the position of the fibers) dramatically affects the strength of the composite materials—in this case, 

the conveyor belt. Such information regarding the type of the polyester fabric weave was not 

provided by the producer in the characteristics of the conveyor belt. 

The SEM images presented in Figures 9–11 show the cross-section and bottom side of the 

samples of the materials of the selected variants subjected to exposure to various temperatures and 

values of humidity. The destruction of some of the external weft of the fabric can be observed in the 

bottom side materials in the presented variants. The cross-section presents the weave of the polyester 

Figure 8. SEM images of: (a) topside of Flexam PVC surface; (b) bottom side of fabric surface; (c) cross-
section of a reference sample.

The plain weave of polyester fabric can be noticed in Figure 8. In the plain weave, each warp
thread is interwoven and intersects with each weft thread, and thus the fabric is tightly bound and
rigid. This is crucial information, because the characteristics of the used fabric (the direction of and
the position of the fibers) dramatically affects the strength of the composite materials—in this case,
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the conveyor belt. Such information regarding the type of the polyester fabric weave was not provided
by the producer in the characteristics of the conveyor belt.

The SEM images presented in Figures 9–11 show the cross-section and bottom side of the samples
of the materials of the selected variants subjected to exposure to various temperatures and values of
humidity. The destruction of some of the external weft of the fabric can be observed in the bottom
side materials in the presented variants. The cross-section presents the weave of the polyester fabric
and also the Flexam PVC material. The failure of the polyester material (Figure 10a) can be noticed.
Much more destruction of the bottom side of samples subjected to the climatic chamber can be noticed
compared with the reference samples.
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The SEM images of the cross-section after the failure of the material samples subjected to the
thermal shock chamber tests (Figure 12) exhibit much more failure (fiber failure) than the samples
subjected to the climatic chamber exposure. The thermal shock affects the failure much more than the
climatic conditions. The thermal shock causes more catastrophic failure.
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3.5. Views after the Failure

Views of the samples after tensile strength testing are shown in Figures 13 and 14. It can be observed
that the failure shown in Figure 13 is almost the same for all the tested samples (except 80-80).
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Figure 13. KKA-20-20 sample after tensile strength testing.

Only the samples exposed to the temperature of 80 ◦C (353 K) and RH of 80% (Figure 14) have a
slightly different type of failure (a failure point and a sample shape) compared to that observed in the
samples subjected to other ageing variants.

It can be presumed that further studies should be conducted in this direction (lengthwise direction),
even though the conveyor belt tape is not subjected to operation at temperatures exceeding 30 ◦C
(303 K).
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4. Comparison of Results and Discussion

4.1. Specimens Exposed in the Climatic Chamber

The test results for the samples exposed to different conditions in the climatic chamber are given
in Figure 15.

The results of tensile modulus for samples subjected to ageing under different climatic conditions
demonstrate that the highest tensile modulus can be observed for the samples exposed to a temperature
set to −30◦C (303 K) (KKA-30-20). In the case of samples exposed to a temperature of −20 ◦C (253 K)
(KKA-20-20) for 14 days, E decreased by about 5%. It can be observed that below 0 ◦C temperatures in
the Celsius scale have no negative effects on the tensile modulus compared to the tensile modulus of
the reference samples.

The lowest E was recorded for the samples subjected to ageing at a temperature of 80 ◦C (353 K)
and a RH of 80% (KKA-80-80): 334 MPa. A higher value of E was obtained for the samples subjected to
exposure to the same RH, but at a lower temperature set to 10 ◦C (283 K) (KKA-10-80). In the case
of KKA-10-80, the value of E was 85% of the value of module E of the samples exposed to a higher
temperature (KKA-30-80).

It can also be observed that for two cases of ageing at the same temperature of 30 ◦C (303 K),
but at two different RH values: 80% and 50%, the tensile modulus differed by 3%.
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Summing up the tensile modulus results, it can be observed that:

• higher values of E were obtained for exposure at below 0 ◦C temperature in the Celsius scale
(decreasing values of the minus temperature does not have a negative effect on tensile modulus),

• among the tested variants, ageing produces the least desired results at a temperature of 80 ◦C
(353 K) and at an RH of 80%;

• an increase in the above 0 ◦C temperature in the Celsius scale leads to a decrease in tensile modulus,
• a decrease in humidity with the temperature remaining the same leads to a slight decrease in E

(KKB-30-80 and KKC 30-50),
• in most cases, the reference samples have a lower E, ranging between 3% and 10%, than samples

tested in the climatic chamber, except for two ageing variants—KKB-10-80 and KKB-80-80—where
E was lower by 10% and 22% than the reference sample, respectively.

Examining the effect of ageing conditions on tensile strength of the tested conveyor belt samples,
it was observed that:

• the highest tensile strength was obtained for three ageing cases, two of them involving exposure
at a below 0 ◦C temperature in the Celsius scale,

• the lowest tensile strength was obtained for samples exposed at a temperature of 80 ◦C (353 K)
and an RH of 80% (KKA-80-80),

• decreasing humidity and maintaining the ageing temperature unchanged (KKC-30-50) leads to a
7% decrease in the tensile strength compared to exposing at a humidity of 80% (KKB-30-80),

• in the majority of cases, the tensile strength is lower compared to the tensile strength of the
reference samples; in the three cases KKA-20-30, KKA-20-20 (exposing at minus temperature) and
KKB-30-80, the obtained tensile strength had the same value. It can be observed that temperature
below 0 ◦C in the Celsius scale does not have a negative effect on the tensile strength compared to
the tensile strength of the reference samples, but it is difficult to determine the effect of temperature
or humidity on strength unanimously. The coefficient of correlation (ρ) between the strength and
the temperature is ρ = −0.58 while that between strength and humidity is ρ = −0.66, which can
indicate that humidity has a higher effect on the belt’s tensile strength than temperature.

• the results for the negative temperature can be explained by the fact that lowering the temperature
results in a more exponential behavior of the glassy-brittle state, such as increased stiffness and
reduced deformability. A low temperature (above 0 ◦C) contributes to the fact that polymers
behave like vitrified glass bodies with high stiffness, which have already been damaged by a slight
deformation and exhibit resilience characteristics, and in particular the presence of reversible
deformations, most often increasing proportionally to the increase in stress. The results of this
study confirm that the Young’s modulus of polymeric plastics is significantly higher at low
temperatures compared to room temperature [24–27].

As for yield strength (Figure 15), it can be observed that the reference samples (except one case,
KKB-80-80) have a higher yield strength Rp0,5. The lowest yield strength was obtained for exposure at
a temperature of 10 ◦C (303 K) and a humidity of 80% (KKA-10-80). Therefore, it can be concluded
that exposure under these conditions leads to decreased yield strength, thereby decreasing the plastic
properties of the belt. In addition, it was observed that the parameter Agt, i.e., total elongation at the
highest tensile force, has similar values for the tested variants of ageing.

Most polymers have low humidity, but there are exceptions. Increased humidity causes the
consumption of raw material during processing and exposes the producer to losses. Some polymeric
materials absorb water or moisture from the air. An increase in the water content of the material
increases the impact strength and elasticity but reduces the strength. However, it should be remembered
that the absorption of water is also associated with increasing the volume of the material, and thus the
dimensions of the elements, which may lead to incompatibility of construction dimensions, adversely
affecting the work of the element. It can be seen (Figure 15) that an increase in humidity causes a
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decrease or increase in some mechanical parameters, but this is a more complex phenomenon, as it is
also associated with the seasoning temperature.

Comparing the results of tensile modulus and tensile strength of the samples exposed to the
constant humidity of 80% and at different temperatures—10 ◦C (283 K), 30 ◦C (303 K), 80 ◦C (353 K)
(Figure 16)—it can be observed that the highest tensile strength was obtained for exposure at a humidity
of 80% and at a temperature of 30 ◦C (303 K). When both lower and higher temperatures are applied,
the tensile strength significantly decreases by 15% and by 26%, respectively.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 17 
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Figure 16. Tensile modulus and tensile strength of samples exposed to selected ageing variants.

Some statistical results (correlation coefficient) of the tensile modulus for the samples subjected
to ageing in different climatic conditions and for reference samples are presented in Table 8. In the
analysis, the Pearson correlation coefficient was used. Some information regarding the correlation
coefficient was presented in [28].

Table 8. The correlation coefficient of the tensile modulus obtained in various ageing variants and in
the reference condition (for significance coefficient p < 0.05).

Variable Reference KKA-30-20 KKA-20-20 KKB-10-80 KKB-30-80 KKB-80-80 KKC-30-50

Reference 1.0000 −0.6423 −0.0329 0.4513 0.5976 −0.5896 −0.7129
KKA-30-20 −0.6423 1.0000 −0.0915 0.1918 −0.6037 −0.0610 0.7848
KKA-20-20 −0.0329 −0.0915 1.0000 −0.0631 −0.1835 −0.4503 0.0010
KKB-10-80 0.4543 0.1918 −0.0631 1.0000 0.5345 −0.7128 0.2988
KKB-30-80 0.5976 −0.6037 −0.1835 0.5345 1.0000 −0.1406 −0.1600
KKB-80-80 −0.5896 −0.0610 −0.4503 −0.7128 −0.1406 1.0000 0.0941
KKC-30-50 −0.7129 0.7848 0.0010 0.2988 −0.1600 0.0941 1.0000

Based on the correlation of the coefficient results presented in Table 8, the following observations
can be made:

• comparing the results of the tensile modulus for the samples subjected to ageing under different
climatic conditions and for reference samples, in the majority of cases, a correlation between the
value of tensile modulus and the ageing conditions (considering both temperature and humidity)
could not be observed,

• in some cases, a correlation (both positive and negative) was observed, but the correlation is not
strong. For example, the negative correlation of the tensile modulus for the samples KKB-10-80 and
KKB-80-80 subjected to ageing at the same relative humidity (80%), but at different temperatures
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(10 ◦C (283 K) and 80 ◦C (353 K)); the correlation coefficient here was −0.7128, indicating the
negative influence of the higher temperature on the value of the tensile modulus. This means
that an increase in the temperature leads to a decrease in the tensile modulus in the case of high
humidity (80%).

The obtained results indicate that in most comparisons between variants of ageing, a correlation
between the tensile modulus results in the various test variants was not observed. In some cases,
a correlation was observed, but it was not strong.

The statistical results of the tensile strength for the samples subjected to ageing in different climatic
conditions and for the reference samples are presented in Table 9.

Table 9. The correlation coefficient of the tensile strength obtained under various ageing variants and
in the reference condition (for significance coefficient p < 0.05).

Variable Reference KKA-30-20 KKA-20-20 KKB-10-80 KKB-30-80 KKB-80-80 KKC-30-50

Reference 1.0000 0.3303 0.3102 0.7420 0.1880 −0.7522 0.5233
KKA-30-20 0.3303 1.0000 0.6964 0.4763 −0.2325 −0.2274 0.0000
KKA-20-20 0.3102 0.6964 1.0000 0.6423 −0.2495 −0.6713 −0.1515
KKB-10-80 0.7420 0.4763 0.6423 1.0000 −0.4603 −0.6924 −0.1561
KKB-30-80 0.1880 −0.2325 −0.2495 −0.4603 1.0000 −0.2115 0.9190
KKB-80-80 −0.7522 −0.2274 −0.6713 −0.6924 −0.2115 1.0000 −0.3596
KKC-30-50 0.5233 0.0000 −0.1515 −0.1561 0.9190 −0.3596 1.0000

The following observations can be made based on the statistical results presented in Table 9:

• a strong positive correlation (the correlation coefficient is 0.9190) was observed for KKB-30-80
and KKC-30-50, where the samples were exposed to the same temperature (30 ◦C-303 K), but in
different humidities (50% and 80%).

• a correlation between the value of tensile strength and the ageing conditions (considering both
temperature and humidity) in the majority of variants of ageing in different climatic conditions
cannot be observed.

4.2. Samples Exposed in the Thermal Shock Chamber

A comparison of the results obtained for the samples tested in the thermal shock chamber with
the application of a varying number of cycles is shown in Figure 17.
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The results (Figure 17) demonstrate that the tensile modulus is similar in the majority of the tested
cases. Only when the samples were exposed to 1200 cycles, did this lead to the lowest value of E
being achieved, amounting to 367 MPa, which is 90% of the highest tensile modulus obtained for
variant IV (1800 cycles and 500 cycles). In other cases, the difference is about 3%. It can, therefore,
be observed that the number of curing cycles does not affect the tensile modulus of the tested
materials. Nonetheless, compared to the reference samples (i.e., those that were not exposed to varying
temperature), the exposure to thermal shock led to a decrease in E by 8%, 14%, 8% and 5%, respectively.
In other words, the test samples exposed to thermal shock had lower properties (tensile modulus)
compared to the reference samples.

Analyzing the results, it can also be observed that the tensile strength results do not differ much
in terms of the number of curing cycles of the samples in the thermal shock chamber. The maximum
tensile strength is 54 MPa, and the lowest is 51.7 MPa, which is a difference of over 4%. However,
one can see that tensile strength tends to decrease with the increasing number of curing cycles of
the samples in the thermal shock chamber, particularly when compared to the tensile strength of
the reference samples. It was observed that the tensile strength of the reference samples was higher
than that of the samples exposed to thermal shocks. Although the differences were not significant,
the above-mentioned trend could be observed.

Concerning the yield strength, a trend can be observed whereby the yield strength decreases with
increasing numbers of cycles of the samples exposed in the thermal shock chamber. The difference
between the highest and the lowest yield strength is 3.6 MPa, which amounts to almost 20% of the
maximum value. The highest yield strength, 18.1 MPa, was obtained for the ageing of the samples
in the climatic chamber for 600 cycles (−20 ◦C/+60 ◦C) (253–333 K), while the lowest was obtained
for KSZ D (1800 + 500 cycles). Comparing these results with those of the reference samples, it can
be observed that the yield strength of the samples exposed to a reduced number of cycles was lower,
while the yield strength of the test samples is lower than that of the reference samples with increasing
numbers of cycles.

The correlation coefficient results of the tensile modulus for the samples subjected to ageing under
different thermal shock conditions and for reference samples are presented in Table 10, and in Table 11
the results refer to the tensile strength.

Table 10. The correlation coefficient of tensile modulus obtained in various ageing variants under
thermal shock conditions and in the reference condition (for significance coefficient p < 0.05).

Variable Reference KSZ A KSZ B KSZ C KSZ D

Reference 1.0000 −0.8365 −0.9888 −0.5745 −0.8802
KSZ A −0.8365 1.0000 0.9089 0.0439 0.5942
KSZ B −0.9888 0.9089 1.0000 0.4487 0.8329
KSZ C −0.5745 0.0439 0.4487 1.0000 0.6383
KSZ D −0.8802 0.5942 0.8329 0.6383 1.0000

Table 11. The correlation coefficient of tensile strength obtained in various ageing variants under
thermal shock conditions and in the reference condition (for significance coefficient p < 0.05).

Variable Reference KSZ A KSZ B KSZ C KSZ D

Reference 1.0000 −0.4861 −0.7497 0.0655 −0.2703
KSZ A −0.4861 1.0000 0.6259 0.4191 −0.5748
KSZ B −0.7497 0.6259 1.0000 −0.3298 0.0326
KSZ C 0.0655 0.4191 −0.3298 1.0000 −0.7440
KSZ D −0.2703 −0.5748 0.0326 −0.7440 1.0000
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The following observations can be made based on the statistical results presented in Table 10:

• in comparison to the correlation between the value of tensile modulus in the thermal shock
conditions and the reference variant, the strongest correlation can be seen in the case of KSZ B;
in this case, a strong negative correlation (the correlation coefficient is 0.9888) was observed for
KSZ B and the reference variant. This means that an increase in the number of cycles (1200 cycle
variant of thermal shock) leads to a decrease in the tensile modulus,

• in the majority of variants of ageing under the tested thermal shock conditions, the correlation or
strong correlation between the value of the tensile modulus and the thermal shock conditions
cannot be observed, although in some cases, some correlation (albeit not strong) can be seen;
for example, this case is presented in the variant KSZ A and KSZ B (the correlation coefficient
is 0.9089).

The correlation or strong correlation between the value of the tensile strength and the thermal
shock condition cannot be observed in the majority of ageing variants in the tested thermal shock
conditions based on the correlation coefficient results of presented in Table 11.

Temperature, humidity and thermal shock are some of the factors that degrade polymer materials.
Degradation, as defined, is a process of structural change that can be the result of physical or chemical
changes occurring in polymer materials under the influence of the long-term action of various external
factors. It should be noted, however, that in some cases, in the first phase of degradation, the degradation
agent improves specific properties of the material, especially mechanical strength. This is done by
additional cross-linking of the material structure under the influence of, for example, heat. It is only
during the further action of degradation factors that the properties deteriorate due to various processes,
e.g., excessive cross-linking or molecular weight reduction.

5. Conclusions

A comparison of the experimental results for the samples subjected to various ageing conditions
reveals different relationships regarding the climatic chamber and the thermal shock chamber results,
as well as different strength parameters.

The results indicate that:

1. at various values of temperature and humidity, the observed relationships were different from
those observed for the reference samples.

2. many strength parameters were undesirable with respect to the required values (in the tested
variants) at temperatures of 10 ◦C (282 K) and 80 ◦C (353 K) at a humidity of 80%.

3. tensile strength, tensile modulus and yield strength (and other variables) were higher at below 0 ◦C
temperatures than at above 0 ◦C temperatures in the Celsius scale. It can, therefore, be concluded
that below 0 ◦C temperatures do not have a negative effect on the mechanical properties of
the conveyor belt samples. However, it is difficult to unequivocally determine the effects of
temperature and humidity with respect to the reference samples, although temperature can have
a more significant effect than humidity.

4. thermal shocks affect some of the mechanical properties of the conveyor belt; for example, some
mechanical properties of the tested materials decreased with the increasing number of cycles.
A trend could be observed in which the mechanical properties decrease with increasing exposure
time of the samples to thermal shock. The observed trend of an increase in the tensile modulus
can lead to lower elastic deformation of the tested conveyor, which can be reflected in changes in
its dimensions, affecting the operation of the conveyor belt throughout the entire line, and also
with respect to other devices.

5. the SEM analysis of the cross-section and surface of the bottom side of the fabric indicates that
thermal shock affects the failure much more than climatic conditions.
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In summary, thermal shock had a more significant effect on the mechanical properties of the
samples than temperature and humidity combined. It is worth emphasizing the known fact that a
temperature below 0 ◦C does not lead to a decrease in the mechanical properties of the conveyor belt.

It is recommended that further studies be conducted to determine the effect of higher ranges of
factors such as changes in temperature and humidity and thermal shock.

The resulting research could serve as input and impetus for further research and subsequent
innovations of the material composition of belts used in similar conditions, such as halls of distribution
or logistical centers. The presented research results will also help the users of test belts to regulate
atmospheric conditions in a suitable way on their own premises on which conveyor belts are installed,
in order to achieve the optimum functionality and lifespan of the conveyor belt.
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