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Abstract: Polypropylene (PP) has a wide range of applications in the automobile bumpers due to its
many excellent properties. Mechanical properties of PP for automobile bumpers are investigated
through an artificial accelerated aging test. The aging rules after different years of normal use and the
artificial accelerated aging test are analyzed. The correlation between natural and artificially
accelerated aging is also explored. It provides a reference for the study of the aging properties of
polymers for automotive applications. Results show that the UV aging test can effectively simulate
changes in tensile and bending strengths after natural aging and can be used to evaluate the weathering
resistance of PP materials used in automotive bumpers. The tensile and bending strengths of these
materials remain good during aging, and elongation is sensitive to aging. The short-term artificial
accelerated aging test does not exert a significant influence on the impact strength of materials, and
artificial accelerated aging does not completely reproduce the aging process of the material.
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1. Introduction

Bumpers are an essential component of passenger vehicles. In order to meet the needs of automotive
lightweight, bumpers housings are made of plastic materials, such as polypropylene (PP). Bumpers act
as a safety device that protects and decorates the car and improves the aerodynamic characteristics of
the vehicle [1]. With the development of the automotive industry and the large-scale application of
engineering plastics, bumpers, as important safety devices, have been subject to innovation. In addition
to maintaining the original protective function of front and rear bumpers, pursuing harmony with the
body shape and achieving light weight have also become crucial goals [2].

The application of plastics in automobiles has gradually expanded from interior to exterior parts. The
use of numerous plastic products to replace various expensive non-ferrous metals and alloys can improve
car shape and design flexibility, reduce the cost of parts processing, assembly and maintenance, and
decrease the energy consumption of cars. Plastics usage has become increasingly common due to the
properties of the material and the substitutability of several polymers used in automobiles [3]. The
application of plastic in passenger vehicles has expanded from common decorative parts to essential
parts, such as structural and functional components.

PP is one of the most popular consumer thermoplastics in the global polymer market because of its
low density and cost, high heat distortion temperature, and excellent chemical and electrical resistance
[4]. It is used in many fields, including household goods, automotive parts, packaging and labeling, the
textile industry, and electrical and electronic fields [5-9]. PP is also widely used in the processing and
design of vehicle bumpers because of its numerous excellent properties. At present, automotive bumpers
are primarily made of ethylene propylene diene monomer (EPDM)-modified PP, which is light weight,
and has excellent impact resistance and easy moldability. However, prolonged exposure to light, oxygen,
heat and other environmental factors during use can lead to discoloration and brittleness of the plastic
and degradation of mechanical properties. They ultimately become unusable, especially in outdoor
applications. Therefore, determining the effects of light, heat, humidity, and other climatic stresses on
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the properties of plastics is essential. Given the fact that the aging properties of a material are not revealed
until after long-term use, artificial accelerated aging tests are adopted generally performed to simulate
and strengthen the destructive effect of natural outdoor climate on specimens, and eliminate the
constraints of natural aging [10-11]. Accelerated aging tests with specific laboratory light sources are
often required to determine the effects of light, heat and humidity on the physico-chemical and optical
properties of plastics. Exposure in laboratory facilities is conducted under more controlled conditions
than those of atmospheric aging and is used to accelerate polymer degradation and product failure. The
study of plastic aging is becoming increasingly important to modern industries, especially the
automotive industry. Studying the aging behavior of bumpers is important for the recovery and
equivalent performance reuse of typical plastic materials for decommissioned passenger vehicles.

Automotive bumpers degrade when they are used outdoors and exposed to sunlight, temperature,
oxygen, water and pollutants; UV radiation and high temperatures are the main contributors to
degradation [12-13]. Although UV accounts for only 5% of sunlight, it is a major light factor in the
degradation of the durability of outdoor products because the photochemical effects of sunlight increase
with decreasing wavelengths and these short wavelengths cause considerable damage to PP. The energy
of solar UV radiation (A< 380 nm) is high enough to break many typical bonds. Thus, reproducing the
entire sunlight spectrum is unnecessary when simulating the damaging effects of sunlight on the physical
properties of materials. In most cases, only short wavelengths of UV light need to be simulated. In this
study, UV aging and high-temperature aging tests were performed by simulating solar radiation,
temperature, humidity, and usage in natural environments.

The material to be tested is exposed to a controlled interactive cycle of sunlight and moisture while
the temperature is increased. UV fluorescent lamps are used to simulate sunlight. This test can also
simulate the effect of moisture through condensation or spraying. In just a few days or weeks, UV
weathering tests can reproduce the damage that would otherwise take months or years outdoors. Damage
includes fading, discoloration, loss of brightness, chalking, cracking, blurring, embrittlement, loss of
strength and oxidation [14].

In general, short-term exposure of plastics to high temperatures releases volatile substances, such as
moisture, solvents, or plasticizers; reduces molding stress; enhances thermosetting plastic curing;
increases crystallinity; and causes color changes in the plasticizer. Several materials, such as PVC, may
become brittle due to the loss of the plasticizer or breakage of the polymer molecular chain. PP and its
copolymers become very brittle as their molecules degrade, whereas polyethylene softens and becomes
fragile before its tensile strength and elongation diminish. Therefore, high-temperature test chambers
must be used when studying the performance of plastics, rubber, color paints and varnishes, polymers,
and other components (e.qg., circuit boards) at high temperatures [15].

Song et al. tested the color, gloss, tensile strength, elongation, bending strength, and impact strength
of PP and evaluated its aging properties; they performed principal component analysis to identify the
property that characterizes all PP properties [16]. James et al. studied the properties of PP in weathered
wood-plastic composites and found that the crystallinity of PP increases with aging time, the number-
average and weight-average molecular weights of PP decrease with aging time, and the mechanical and
rheological properties decrease [17]. Azuma et al. showed that light intensity affects the rate of
degradation; in the presence of talc compounds, exposure to sunlight, xenon lamps, and metal halide
lamps with high visible light intensities synergistically accelerates degradation [18].

Solar irradiation and acid rain also exert a synergistic effect on the degradation of PP and PP/ talc
composites. Célia et al. compared the degradation behavior of hemp fiber-reinforced polypropylene
biological composites under outdoor and artificial climatic conditions, established correlations, and
found that artificial aging times are similar to outdoor aging times [19]. Colom et al. studied the
degradation of PP-polyethylene copolymers after 2.5 years of natural aging and 5000 h of artificial aging
in a xenon room and found that the samples exposed to weathering had a lighter degree of modification
than the artificially aged samples [20].
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The deterioration of plastic materials has elicited widespread concern. However, the laboratory
environment cannot fully mimic the natural environment, and only a few studies have been conducted
on the aging behavior of PP in normal use. In order to simulate various harsh conditions in the normal
use of the product, and predict the product service life reasonably according to the requirements of use,
the mechanical properties of PP materials for new automobile bumpers were tested and recorded under
different aging times via UV and high-temperature aging. The correlation between artificially
accelerated and natural aging was investigated by comparing the mechanical properties of PP materials
after different years of normal use.

2. Materials and methods
2.1. Materials

A new bumper material was purchased from Yanfeng Visteon Automotive Trim Systems Co., Ltd.
The PP+EPDM-TD10 material was a modified PP, that is, raw PP materials were added with 10% talcum
powder enhancer, and another EPDM toughening agent to improve the rigidity and heat resistance of
the material and reduce material shrinkage. The automotive bumper is a typical material with flame
retardation and impact resistance properties. The old bumpers were recycled from Shanghai Baoshan
Iron & Steel Co., the length of service was 6, 10, 12 and 19 years. Besides, the old bumpers were made
of the same material as the new bumpers.

2.2. Preparation of composites

The old bumpers were shot-blasted in a shot-blasting machine (by the action of centrifugal force, a
projectile with a diameter of about 0.2-3 mm was thrown to the surface of the workpiece to remove the
surface oxide skin and other impurities and thus improve the appearance of quality) to clean the surface
and remove the paint. The samples were then broken up, washed in detergent to remove dirt and odor,
and dried naturally until they were free of moisture. The dried samples are shown in Figure 1. In
accordance with the GB/T17037.1-2019 standard, the purchased bumper material and the crushed
sample were made into standard tensile, bending, and impact test samples. The samples prepared from
the new bumper material were divided into two groups and tested for their mechanical properties after
UV and high-temperature aging tests. The samples prepared from the old bumpers were directly tested
for their mechanical properties without aging treatment. The aim was to compare bumper performance,
including tensile, bending, and elongation and impact strengths, after the artificial aging of the new
bumper and after normal use. The test procedure is shown in Figure 2.

. %9
Figure 1. Dried sample
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Figure 2. Experimental procedure

2.3 Artificial aging

Accelerated artificial weathering tests are usually performed using xenon, UV, metal halide, and
carbon arc lamps [18]. UV lamps are used in UV aging test chambers because they are more stable and
reproduce test results better than other lamps do. Using fluorescent UV lamps is the best way to simulate
the effects of sunlight on physical properties, such as brightness loss, cracking, and peeling. UV lamps
are of different types, most of which produce UV light rather than visible or infrared light. The main
difference between lamps is the total amount of UV energy they produce in their respective wavelength
ranges. Different lamps produce different test results. Actual exposure conditions can indicate which
type of UV lamp should be used. According to GB/T14522-2008, when using a UVA-340 fluorescent
UV lamp, the relative spectral energy distribution of this type of lamp should be consistent with the
requirements in Table 1. That is, less than 300 nm of radiation accounts for less than 2% of the total
radiation percentage, which is the peak radiation energy at 340 nm wavelength. UVA-340 produces a
spectrum only at UV wavelengths found in sunlight and provides an excellent simulation of the critical
shortwave wavelength range of the sunlight spectrum (i.e., 295-360 nm). The specimens in this study
were exposed to periodic repetitive light and humidity or continuous light, and both light and humidity
were under controlled conditions. The specimens were exposed at the specified test time.

Table 1. Relative spectral energy analysis of UVA-340 fluorescent UV lamp

Wavelength passband / nm Minimum value / % Maximum value / %
A <290 / 0.01
290 <A <320 5.9 9.3
320< A <360 60.9 65.5
360 <A < 400 26.5 328

Note: The data in the table show cumulative irradiance as a percentage of the total irradiance within a given
wavelength passband, which is 290 - 400 nm

UV aging was performed on the first set of samples in accordance with GB/T14522-2008 by using
the UVA-B UV aging test chamber, model BG/ZW-J-D, of BoGong Test Equipment Co. (Shanghai).
The specimens were exposed to periodic cycles of light and humidity every 12 h, The cycles consisted
of irradiation at black standard temperature (BST) (60+3)°C for 8 h, followed by condensation at BST
(50+3)°C for 4 h. The wavelength was controlled at 340 nm, and the irradiation intensity was 0.89+0.02
W/m2xnm. The samples were collected and analyzed after 240, 504, 768, 1000, 1400, and 1800 h of
exposure.

According to GBT 7141-2008, a forced-ventilation-type thermal aging test chamber was used to
conduct the test at a single temperature, and all specimens were exposed simultaneously in the same
device. A specimen was installed on the specimen holder, and the specimen holder was placed in the
heat aging test box to ensure that both sides of the specimen are exposed to airflow. The position of the
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specimen or specimen holder was adjusted periodically to minimize the impact of temperature changes
in the heat aging test box. The second set of samples was placed in the high-temperature aging test
chamber for the samples to undergo accelerated aging under heat and climate. The aging resistance of
plastic was evaluated by determining the change in properties before and after exposure.

Thermal aging was performed by using the high-temperature aging test chamber of BoGong Test
Equipment Co. (Shanghai). Its model number is BG/GWL100. The temperature of the test chamber was
set to 105°C and the temperature fluctuation was +0.5°C. The samples were collected and analyzed after
16, 32, 64, 128, 500, 750, 1200 and 1600 hours of aging.

2.4 Mechanical performance testing

The effect of aging time on the performance of the samples was investigated by measuring the
mechanical properties of the samples collected at each period in the aging test and the mechanical
properties of the samples prepared using old bumpers of different years. The tensile strength, bending
strength, bending modulus of elasticity and elongation of the sample were determined using an electronic
universal tensile machine (Instron 4465, Instron Corp., USA). The impact strength of a specimen was
measured using a pendulum impact tester (RAY-RAN Test Equipment Ltd., UK). Five specimens from
each group were measured and averaged. The performance criteria of the new bumper at room
temperature are shown in Table 2.

Table 2. New bumper performance standards at room temperature

Serial number Test items Units Required value of new material
1 Tensile yield strength MPa >15
2 Tensile strength MPa >15
3 Elongation % >20
4 Bending strength MPa >15
5 Bending modulus of elasticity MPa >650
6 Notch impact strength KJ/m? >15

3. Results and discussions
3.1. Natural aging

Evaluation of aging performance was carried out using the law of change in mechanical property
retention rate with aging time. The mechanical property retention rate is the ratio of the mechanical
properties per sample taken to the initial mechanical properties of the material. The data of each
performance test on the bumper with natural aging are shown in Table 3, and the mechanical property
retention rate of the sample under natural aging are presented in Figure 3. As time changed, the retention
rate of tensile and bending strengths fluctuated. On the basis of the chemical reaction mechanism, the
chemical reactions after the aging of polymers can be divided into two categories. The first one is the
cross-linking of polymer chains. When the molecular weight of the polymer increases, a three-
dimensional network structure is generated, and strength is increased. The second category is polymer
chain fracture, that is, the average molecular weight and strength decrease. Figure 3 demonstrated that
the two types of reactions existed simultaneously in the aging process. Depending on the reaction
conditions, sometimes cross-linking was dominant, and sometimes degradation was dominant [21].
During the aging process, some degradation was observed on the surface, and the aging layer was thin,
which exerted minimal influence on the yield point of the specimens during tensile and bending.
Therefore, the trends of the tensile yield and bending strength retention rates of all specimens were
basically similar, and the decrease was small. Figure 3 showed that the retention rates of tensile and
bending strengths after natural aging were close to 100%.
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Table 3. Natural aging performance test

Time Tensile yield Tensile strength Elongation, % Bending Bending Notch impact
strength (MPa) (MPa) strength (MPa) modulus of intensity
elasticity (MPa) (KJ/m?)
1994 17.9 16.0 483 24.7 806 57.4
1996 17.2 13.1 131 22.5 772 32.7
2001 18.2 14.9 32 24.9 820 3.44
2003 21.0 15.4 205 304 1047 13.5
2007 17.1 17.1 72 22.5 905 2.21
New material 18.5 18.6 460 26.5 1189 355
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Figure 3. Retention rate of the mechanical properties of naturally aged samples

The changes in the retention rate of the elongation and impact strength of the naturally aged samples
were significant. The other climatic factors of atmospheric aging, aside from sunlight, temperature,
humidity, temperature difference, rainfall washout, wind pressure, and erosion, are complex. These
factors affect the performance of the material and may lead to physical stress in the material. For
example, temperature changes may produce thermal shock stress, and continuous rainfall washout and
wind pressure may produce fatigue stress. These physical stresses can break the polymer chain, leading
to changes in the molecular structure and reduced physical properties.

The environmental factors in natural aging are generally not subject to artificial control.
Identification of the exact environmental factors that affect product performance through an
environmental test cannot be achieved by manipulating the test conditions, such as artificially increasing
the environmental temperature and humidity. Compared with the artificial accelerated aging test, the
natural aging test can truly reflect the degree of environmental damage on a product in a certain area and
period, but it is affected by the changes in many uncertain factors in the test conditions. Generally, the
influence of natural aging varies with the differences in the natural environment (region, country,
weather, and season) of the aging site. Therefore, although the materials were the same, the elongation
and impact strength of the samples prepared after different years of use of the bumpers varied
considerably in this study.

3.2. Artificial aging

The test data of the samples after UV and high-temperature aging are shown in Tables 4 and 5,
respectively. The retention rate of the tensile and bending strengths of the specimen after UV and high-
temperature aging is presented in Figure 4. From the Figure 4(a), it can be seen that the retention rate of
the tensile and bending strengths increased initially then decreased with the increase of aging time in the
UV aging test, and both reached the maximum at 768 h. The tensile strength retention rate remained
unchanged for 128 h after the start of the high-temperature aging test; then, it begins to increase, reached
a maximum of about 107% at 500 h, and declined afterward. In the beginning of the high-temperature
aging (Figure 4(b)), the bending strength retention rate of the samples increased rapidly to 110% at 16

Mater. Plast., 58 (2), 2021, 201-210 206 https://doi.org/10.37358/MP.21.2.5492


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

h, reached the maximum at 32 h (close to 113%), remained unchanged until 500 h, and began to decline
afterward.

This result was due to the fact that PP is a crystalline polymer. The cooling of PP samples under
injection molding conditions is similar to quenching, and crystallization is incomplete. Crystallization
continues to deepen and be perfected in an aging environment for a certain period, leading to an increase
in the crystallinity of the material. In the beginning of thermal oxygen aging, the crystallization rate is
greater than the thermal oxygen degradation rate; the tensile and bending strengths of PP materials at
this stage of the retention rate continue to rise. During this period, thermal oxygen degradation occurs
on the surface of the materials, the degree of which is very low and still in the initiation stage. In the
middle period, the deepening and perfection of the crystallization of the material are almost complete.
The influence of thermal oxygen degradation on the properties of the material begins to appear gradually,
and the internal part of the material enters the initiation stage of thermal oxygen degradation, which
shows a slow downward trend. At the late stage, with the accumulation of alkyl radicals, peroxides, and
other highly reactive intermediates in the material, the rate of thermo-oxidative degradation of PP starts
to accelerate, and the degradation reaction expands to the internal depth of the material, causing
decomposition and fracture of the PP macromolecular chain. As a result, the tensile and bending
strengths of the material at the late stage of high-temperature aging rapidly decline [22].

Table 4. Properties of the samples after UV aging

Aging time Tensile yield Tensile strength Elongation Bending Bending Notch impact

strength (MPa) % strength (MPa) modulus of intensity

(MPa) elasticity (MPa) (KJ/m?)
New material 18.5 18.5 460 26.5 1189 355
240h 18.8 18.8 441 28.3 1251 35.9
504h 18.7 18.7 420 28.2 1217 34.4
768h 19.9 19.9 96.1 32.0 1914 39.6
1000h 194 194 263 29.1 1267 35.0
1400h 18.6 18.6 252 28.3 1210 339
1800h 17.7 17.7 243 27.7 1152 32.7

Table 5. Properties of the samples after thermal aging

Aging time Tensile yield Tensile strength Elongation Bending Bending Notch impact

strength (MPa) % strength (MPa) modulus of intensity

(MPa) elasticity (MPa) (KJ/m?)
16h 19.1 19.1 181 29.8 1445 36.5
32h 19.0 19.0 151 29.8 1461 36.7
64h 19.0 19.0 227 29.5 1474 36.2
128h 18.9 18.9 179 29.5 1409 37.0
500h 19.7 19.7 71.6 29.8 1314 35.5
750h 19.0 19.0 181 29.5 1294 355
1200h 18.2 18.2 172 28.1 1412 35.1
1600h 175 175 147 27.3 1378 34.4

The retention rate of tensile and bending strengths of the sample after UV aging were 96% and 104%,
respectively. The retention rate of tensile and bending strengths of the sample after high-temperature
aging were 92% and 94%, respectively. These results show that the short-term artificial aging test had
little influence on the tensile and bending strengths of the sample.

The retention rate of elongation and impact strength of the samples after artificial aging are shown
in Figure 5. The changes in elongation and impact strength were more pronounced than those in tensile
and bending strengths. Within 504 h after the beginning of UV aging, the elongation of the sample slowly
decreased to 90%, decreased sharply afterward, reaches 20% in 768 h, increased gradually to 60% in
1000 h, and decreased slowly. The retention rate of impact strength in 504 h after the beginning of the
aging test remained unchanged initially, began to rise, reached about 110% in 768 h, and decline slowly
afterward. In the beginning of the high-temperature aging test, the elongation of the sample decreased
rapidly to about 30% at 16 h. Then, it began to fluctuate up and down in 500 h down to the lowest and
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reached about 20%. As shown in Figure 5(b), in the entire high-temperature aging test, the retention rate
of the sample’s impact strength was unchanged.

At the end of the UV aging test, the retention rate of elongation and impact strength of the sample
were 52% and 92%, respectively. After the high-temperature aging test, the retention rate of elongation
and impact strength of the sample were 30% and 96%, respectively.

This result was obtained because the elongation of the sample was susceptible to the internal stress
or surface defects of the specimen and sensitive to changes in the structure of the specimen surface
during the environmental adaptability test. Under the action of light, heat, oxygen, water and other
environmental factors, the surface of the plastic material was easily damaged. The specimen’s elongation
was significantly reduced by the surface defects. Given that PP + EPDM is a toughened material, the
EPDM and PP structures are similar and have good compatibility. Melt blending PP resin with EPDM
and other elastomers can considerably increase PP toughness; thus, the short-term artificial aging on the
impact strength of PP is not obvious [23].
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Figure 4. Retention of the tensile and bending strengths of the sample after
artificial aging. (a) UV aging and (b) high-temperature aging

Compare the Figures 3, 4 and 5, it can be seen that the properties of PP under natural and artificial
accelerated aging exhibited a significant difference. The change laws of mechanical properties in the
artificial accelerated aging test and natural aging test were compared. The results showed that the UV
aging test could simulate the change in the tensile and bending strengths of the bumper in the natural
environment, and the correlation between the UV aging test and the tensile and bending strengths of the
material under natural aging was strong.
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Figure 5. Retention of the elongation and impact strength of the sample after
artificial aging. (a) UV aging and (b) high-temperature aging
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The elongation and impact strength of the materials in the artificial accelerated aging test were
different from those in the natural aging test, indicating that the artificial accelerated aging test is
unreliable method. Artificial accelerated aging tests do not fully reproduce the natural environmental
conditions encountered by various materials. For example, the use of artificial light sources that are not
consistent with the solar spectrum does not fully replicate the aging process of plastics in nature.
Moreover, the natural aging raw materials in this study were prepared from market recycled car bumpers
of different years. The deterioration of materials due to normal use is complex and more closely related
to the natural environment in which they are used than to natural exposure testing. For example, open-
air parking accelerates the aging and oxidation of bumpers and other exterior parts. Parking in an
underground garage protects bumpers from sunlight and rain; it effectively prevents the sun’s UV rays
from damaging the bumpers, thereby extending their service life.

4. Conclusions

Implementing an artificial acceleration aging test exerts a certain acceleration effect. This test can
simulate the change law of the tensile and bending strengths of plastic materials for automobile bumpers
in the natural chemical environment. The changes in the tensile and bending strengths of materials after
a UV aging test are in line with those under natural aging; the tensile and bending strengths increase
initially then decrease. This test provides a reference for the study of the aging performance of
automotive polymers and a basis for the recycling of automotive polymers.

The tensile and bending strengths of materials have a good retention rate in natural and artificial
accelerated aging, and elongation is sensitive to aging. In this study, the elongation of the materials under
the two test methods showed a significant decrease, and the degree of change was greater than that for
tensile and bending strengths. The impact strength of the material after UV aging was maintained at
about 90%, and the impact strength of the material after high-temperature aging was maintained at a rate
close to 100%. This result shows that the impact strengths of the material after artificial and natural
aging were close to each other, but the difference after natural aging was larger. Thus, if we wish to
further explore the change law of the impact strength of materials via an artificial aging test, we need to
use a prolonged test time or adjust the artificial acceleration aging test conditions.

The internal structures of naturally and artificially aged PP will be investigated in future studies.
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