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Abstract
Polypropylene (PP) samples were exposed to accelerated aging with UV-C light and showed a morphology inside the crack-
ings like that of thermoplastic polymers under stress, known as craze. Herein we used the well-established photodegradation 
of polypropylene to build the relationship between the phenomenon of fibrillation inside the crackings and the microvoid 
formation during the evolution of the craze process. The basis of our proposition is the similarity of the processes but the 
stress source: whereas an external tensile stress load drives the craze, in photodegradation the stress comes from the changes 
caused by the crystallization, which reduces volume, creating tensions and forming cracks. We followed the polypropyl-
ene photodegradation using Scanning Electron Microscopy (SEM), tensile tests, Dynamic Mechanical Thermal Analysis 
(DMTA), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Diffractometry (XRD) to prove the correlation between 
the cracking evolution and the craze mechanism. From this similarity, we paved the way to applying the current knowledge 
about the craze phenomenon to understand better the cracking evolution on polypropylene surfaces.

Keywords  Photodegradation of polypropylene · Craze morphology · Crack formation mechanism · Surface changes in 
polypropylene

Introduction

When exposed to ultraviolet light, polymeric materials such 
as polypropylene, are prone to chemical modification known 
as photodegradation [1, 2]. The interaction of the polymer 
with light occurs initially in the so-called chromophore 
groups, which harvest the light and transfer its energy to fos-
ter homolytic scission and the formation of the free radicals, 
leading to the auto-oxidation cycle [3]. Although PP has no 
intrinsic chromophore groups in its regular structure, these 

can be generated through defects during the polymerization 
process, the presence of impurities and/or additives. Thus, 
the generated chromophore groups can capture the energy of 
UV light to initiate the reactions of the autoxidation cycle [4, 
5].The photodegradation process leads to changes in the sur-
face of the material [6] that can propagate through the bulk 
of the polymer as the degradation progresses [3, 7]. Some 
works in the literature studied polymeric photodegradation 
[8–11], and presented cracks formation as the main phenom-
enon associated with the decrease in mechanical properties, 
such as the increase in fragility observed in photodegraded 
polymers [12]. Although cracks formation is responsible for 
material weakening, it is essential to emphasize that it begins 
with the development of microvoids, which evolve into a 
fibrillation process, and further rupture of fibrils forming 
a crack [13].

On the other hand, the craze phenomenon (Fig.  1) 
occurs in thermoplastic polymers when a tensile load 
deforms a region of the polymeric material. Plastic defor-
mation (Fig. 1A) is caused by stresses that exceed the elas-
tic limit of the material [14]. This whole process that pre-
cedes the fracture of the material occurs when the stress 
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applied to the part is greater than the tensile strength of 
this polymer [15].

This deformation creates microvoids in a plane per-
pendicular to the elongation direction. To Stabilize the 
voids, fibrils promote connections between the cracking 
walls [16], acting as fibrillar bridges by structuring the 
cracks, and enabling the material to withstand a high level 
of stress (Fig. 1B). If the tensile load applied is sufficient, 
these fibrils will extend and narrow to the point where they 
eventually break [17], leading to microvoids growth and 
material breakage (Fig. 1C). In this process, mechanical 
energy is dissipated by the flow. The localized flow of 
chains by fibrillation occurs due to the spacing between 
the cracking walls [18]. The region where these processes 
occur is called the “craze” [14] and gives the process its 
name. It is noteworthy that fibrillation is different from a 
standard crack which can support the load along its entire 
length. In terms of dimension, crazes are constituted by 
polymer fibrils with approximately 5–15 nm diameter, 
separated by elongated voids with diameters up to 50 nm 
[19]. On the other hand, cracks present dimensions larger 
than crazes.

Despite the works in the literature [20–22] studying the 
formation and growth of crazes, as far as we know, there 
is no report about their formation through PP photodegra-
dation, as proposed in this work. Here, PP samples were 
exposed to UV-C light for 196 h to carry on the photodeg-
radation process. PP samples before and after photodegra-
dation were analyzed using scanning electron microscopy 
(SEM), tensile testing, dynamic mechanical thermal analysis 
(DMTA), Fourier transform infrared spectroscopy (FTIR) 
and x-ray diffractometry (XRD). SEM allowed the visualiza-
tion of the interior of the cracks in the sample. A morphol-
ogy similar to the craze phenomenon was revealed when we 
explored the interior of these cracks at higher magnifications 
of these regions. The literature widely reports studying the 
effects and morphology changes due to photodegradation 
in polymeric materials. However, comparison of the mor-
phology observed in traditional craze and fibrillation due to 

photodegradation is still a gap in the literature on polymeric 
materials, which this work seeks to fill.

Experimental

Photodegradation

To prepare the samples, transparent polypropylene was 
used, with a thickness of 0.35 mm, cut into rectangles of 
15 × 100 mm. The samples were exposed for 196 h to 15 W 
UV-C fluorescent germicidal lamps (Osram brand, model 
TUV15W) in an aging chamber as described by Cacuro et al. 
[23]. The maximum emission of the lamps was 254 nm, and 
the incident energy was 610 ± 10 μW.cm−2. The distance 
between the lamps and samples was 0.2 m.

Characterization of samples

All analyses were performed on PP samples without expo-
sure to light (0 h) and after exposure to UV-C light (196 h). 
Morphological analysis of the sample surface was carried 
out with a Quanta 650 FEG scanning electron microscope. 
The samples were first spray-coated with a thin gold layer 
using a low deposition rate. The coating of the samples was 
carried out in a Denton Vacuum metallizer, Desk V model, 
for 60 s, at a current of 30 mA and ambient pressure of 
0.05 Torr. The samples were placed at the maximum dis-
tance from the target to avoid damage; a secondary electron 
detector and incident energy of 3 kV was used. The ten-
sile tests were performed in a universal mechanical testing 
machine EMIC, DL 10,000 model, with a speed of 50 mm.
min−1, and a load cell of 250 N. PP samples were cut to 
40/5/0.35 mm in height, width, and thickness, respectively. 
The distance between the test claws was 2 cm. The dynamic 
mechanical thermal behavior was analyzed in a DMTA 
model Q 800 equipment (TA Instruments) using a tensioned 
film clamp. The specimens had approximate dimensions of 
10/7/0.35 mm in height, width, and thickness. A frequency 

Fig. 1   Schematic representation 
of the traditional craze process: 
A Plastic deformation caused by 
stresses in a region in the poly-
meric material; B Emergence of 
small microvoids and fibrillar 
bridges in a plane perpendicular 
to the applied tension; C Fibrils 
extend and narrow, leading 
to the growth and rupture of 
microvoids, which form the 
cracks
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of 1 Hz, preload of 0.01 N, amplitude of 4000 μm, and heat-
ing rate of 5 °C.min−1, from -25 to 150 °C, were applied. 
The chemical composition of the films was analyzed in a 
Nicolet Summit IR 200 spectrophotometer in ATR mode, 
with absorbance measurement using 126 scans and a nomi-
nal resolution of 4.0 cm−1 in the range of 4000 to 400 cm−1. 
XRD analysis was performed in an XRD-7000 SHIMADZU 
diffractometer with a Ni filter, Cu Kα radiation, 0.6/sec step, 
and 2º.min−1 speed using a voltage and current of 40 kV and 
50 mA, respectively. The visual appearance of the samples 
was recorded using a cell phone camera of 12 megapixels to 
take photos with a resolution of 4608 × 2592 pixels.

Results and discussion

Chemical and structural modifications

PP photodegradation can be followed by comparing the 
FTIR spectra of the samples before and after exposure to 
the UV-C light, using the characteristic absorption bands of 
hydroxyl (OH) and carbonyl (C = O), highlighted in Fig. 2A. 
Oxidative reactions lead to the emergence of these chemical 
species evidencing the oxidative degradation of polypropyl-
ene [23, 24].

The bands at 3300–3700 cm−1 and 1650–1850 cm−1 are 
characteristic of O–H (hydroxyl) bond stretching and C = O 
(carbonyl) bond elongation, respectively. These chemical 
groups are commonly associated with polypropylene pho-
todegradation [3, 25, 26]. Comparing the spectra of poly-
propylene before and after exposure, the sample with 196 h 
of UV-C light exposure shows higher absorption intensity in 
these regions, indicating the evolution of photodegradation 
in the polymeric material.

X-ray diffraction results were analyzed using the Joint 
Committee Powder Diffraction Standards (JCPDS) data-
base to attribute crystalline phases and structures [27]. The 
PP diffractogram, Fig. 2B (before photodegradation (0 h)) 
clearly shows the characteristic diffraction of the α crys-
talline form of polypropylene with the presence of peaks 
at 2Ө = 19.35 (040) α, 2Ө = 23.05 (117) γ, and 2Ө = 24.40 
(131) α. After photodegradation (196 h), these peaks became 
more intense, indicating an increase in crystalline fraction as 
a function of degradation time, attributed to chemicrystal-
lization [28].

The visual changes caused by photodegradation, such as 
yellowing and deformation of the material, are shown in 
Fig. 2C [23]. It is noteworthy that the deformation is caused 
by the decrease in the volume on the surface of the material 
compared to the bulk due to the crystallization produced 

Fig. 2   Characterization results of polypropylene samples without exposure to UV-C light (0 h) and after exposure (196 h): A normalized FTIR 
spectra, B X-ray diffractograms, and C Photographic record of the samples
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by the photodegradation [29, 30]. The yellowing is mainly 
caused by the formation of chromophore groups [31, 32] 
and by-products of the phenolic antioxidants action [33]. 
Photodegradation also leads to opacity in the samples, which 
evolves to yellowing with longer exposure to light [34].

Mechanical and thermal analysis

DMTA analysis, Fig. 3A–C, allowed us to characterize the 
materials in a temperature range from -25 to 150 °C, obtain-
ing storage modulus (E') and loss modulus (E”) curves, 
Fig. 3.

DMTA analysis aims to correlate macroscopic properties, 
such as mechanical, with first-order and second-order ther-
modynamic transitions, such as the glass transition (Tg), and 
secondary relaxations associated with the phases crystalline 
and amorphous [35]. The maximum observed loss modulus 
(E”), in the glass transition region is due to the high con-
version of mechanical energy into heat through the micro-
Brownian movements of the main chain segments. Analyzing 
the E'' curves as a function of temperature, peaks at 1.6 and 
9.3 °C are observed for the control samples and the photode-
graded samples, respectively. This increase in Tg (Fig. 3A) 
after exposure to photodegradation may be associated with 
an increase in crystalline phase upon immobilization of the 
amorphous phase. This result corroborates those obtained by 
XRD analysis. An additional effect observed is a broadening 

in E’’ peak attributed to an increased presence of different 
microenvironments (amorphous, crystalline, and interface), 
resulting in a broader distribution of relaxation times [36]. 
The PP loss modulus before photodegradation was higher 
than after photodegradation, 156 MPa and 87 MPa, respec-
tively. This result was not expected once theoretically the 
increase in crystallinity directly reflects the increase in E" 
[37], however, the observed reduction can be related to the 
presence of crazes/cracks generated in PP after photodegra-
dation. Between 60–70 °C, the materials do not show signifi-
cant differences in behavior for the loss modulus.

In Fig. 3B, regarding the behavior of E', all samples 
showed a response at a temperature of -20 °C; however, PP 
before photodegradation showed the highest storage value 
(E' = 32,222 MPa). It was also possible to verify that from 
100 °C, the samples start to have the same behavior, reveal-
ing that the high crystallinity of PP after photodegradation 
no longer causes effects on the mechanical behavior of the 
materials; at this point, the composites become equal [38].

The photodegradation of polyolefins in general tends to the 
formation of volatiles during the process [11, 39]. However, 
this is not the main factor to produce mechanical stress that 
will generate the cracks, but the physicochemical changes, such 
as chain scission and the consequent reduction in molar mass, 
associated with the presence of cracks on the surface of the 
sample, contribute to embrittlement. The chemical and physical 
changes of polymeric materials undergoing photodegradation 

Fig. 3   Dynamic mechanical thermal analysis of polypropylene sam-
ples without exposure to UV-C light (0 h) and after exposure (196 h). 
DMTA test results: A loss modulus (E”) and B storage modulus (E'). 

The tensile test results: C Elongation at rupture, tensile strength, and 
elastic modulus
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affect their mechanical properties, especially elongation at 
break and tensile strength, two highly relevant properties in 
the lifetime of the material. The results (tensile strength, elonga-
tion at rupture, and elastic modulus) obtained for the tensile test 

are shown in Fig. 3C. In general, PP photodegradation causes a 
significant decrease in elongation of rupture and tensile strength 
compared to PP before photodegradation. These behaviors were 
attributed to the scission of the binding of molecules in the 
intra- and inter-spherulitic regions, which generate a significant 
presence of chromophore groups in these regions, exhibited 
by crystals growing during PP crystallization [40, 41]. Also, 
cracks may have contributed to reducing these properties, with 
a change from a more ductile to a more fragile behavior after 
photodegradation.

Morphological analyses

After 196 h of exposure to UV-C light, the samples showed 
visual changes, becoming opaque, yellowish and deformed. 
Surface analysis of PP before light exposure was performed 
to serve as a comparison, Fig. SI. Figure 4A, B show par-
allel cracks across the surface that were not present in the 
PP sample before exposing the samples to the UV-C light. 
Figure 4C, D present the magnifications inside the crack.

Fibrils inside the crackings produced after 196 h of expo-
sure to UV-C light are shown in Fig. 4. Figure 4A, B revealed 
a distribution pattern of parallel cracks perpendicular to the 
cracking wall. These cracks have dimensions between 3.5 and 
5 µm in width and length of several millimeters. The inner 
morphology of the fissures shows a progressive degradation 
of the polymer from the surface toward the polymeric bulk 

Fig. 4   Micrographs of polypropylene samples after 196  h of pho-
todegradation. A The surface degradation pattern, bar size 200  μm. 
B Magnification of surface degradation pattern, bar size 50  μm. 
C Focus inside the cracks, bar size 5 μm. D Measurements of fibril 
dimensions, bar size 500 nm

Fig. 5   Micrographs inside 
the cracks of the polypropyl-
ene samples after 196 h of 
photodegradation. A Inner 
crack region, bar size 5 μm. 
B Magnification of the inner 
crack region, bar size 3 μm. C 
Highlight with yellow arrows at 
the ends of a ruptured fibril, bar 
size 1 μm. D Highlight with yel-
low arrows in the fibril rupture 
area, bar size 500 nm
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with the presence of elongated structures inside, similar to 
that observed in the work of Duan and Williams (1998) [21]. 
These structures are called fibrils, evidenced by yellow arrows, 
Fig. 4C. Cracking occurs because the volume decreases due to 
the crystallization. As the photodegradation deepens, cracking 
also deepens into the bulk. When increasing the magnification 
of these structures, it is possible to observe that these structures 
have irregular dimensions, from approximately 14, 16, and 
22 nm (Fig. 4D). These structures are called fibrillar bridges 
[42] and are responsible for structuring the fissure walls. It 
is possible to observe the structure between the fissure walls 
generated by these fibrillar bridges (Fig. 5A , B).

Fibrillar bridges are formed with the advancement of 
degradation toward the bulk due to the tension generated by 
crystallization resulting from oxidative degradation. As the 
degradation process evolves, these fibrils stretch, thin, and 
break [43], as seen in Fig. 4C, D.

Phenomenon schematic representation

In the phenomenon observed in this work, the stress is not 
caused by an external tensile load, but by an internal tensile 
load due to crystallinity, resulting in localized stress. The 
schematic representation of the process is proposed in Fig. 6.

The proposed process occurs with the semicrystalline poly-
propylene sample (Fig. 6A) when the PP surface is exposed to 
UV-C light (Fig. 6B). There is a gradual and continuous photo-
degradation of the surface, advancing to the bulk, demonstrated 
by the color gradient, from the lightest to darkest, representing the 
most photodegraded region to the least degraded. As degradation 
progresses, the volumetric reduction of the surface area compared 
to the bulk occurs due to crystallization [23], creating tensions 
in the material due to the volume difference and forming cracks 
(Fig. 6C) [44]. The process of inner crack formation is exempli-
fied in Fig. 6D, where microvoids develop in the innermost part 
of the crack. These small voids grow, forming fibrillar bridges 
[45]. Fibrillar structures act by holding the crack advancement 
but suffer the action of stresses and narrow until rupture, leading 
to cracks. These cracks resulting from the fibrillation process are 
seen on the surface of the polymeric material, Fig. 6E.

Conclusion

We correlated the crack formation process that occurs in 
the craze phenomenon (under mechanical stimulus) with 
the crack formation process resulting from the photodegra-
dation. The FTIR, DMTA, and XRD results confirmed the 

Fig. 6   Schematic representation of the proposed cracking process: A 
Exposure of the polymeric surface to light, leading to gradual photo-
degradation, from the surface to the bulk; B Volumetric reduction on 
the surface due to the crystallization caused by the photodegradation; 
C Stresses created in the material due to the volume difference form 

cracks on the surface of the material. D Stages of the crack forma-
tion process develop microvoids, which grow to form fibrillar bridges, 
followed by the narrowing and rupture of fibrils leading to cracks; 
E View of the material surface showing the cracks formed
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evolution of the polypropylene photodegradation process, 
and the visual analysis of the samples revealed the yellow-
ing and deformation of the materials. SEM micrographs 
revealed the crack formation and propagation process, very 
similar to the morphology observed in the craze process. The 
significant difference between the processes is the stimulus 
to the formation of cracks. The craze phenomenon occurs 
by an applied stress, such as tensile stress on the material, 
whereas the cracking, tensile load is caused by walls pulling 
apart due to photodegradation.
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