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Abstract This work deals with the effects of ultraviolet

(UV) aging on polycarbonate (PC) properties. Thus, a PC

was subjected to accelerated UV radiation with a wave-

length range from 200 to 280 nm, at different times.

Induced changes in the material were studied by UV–vis-

ible spectrophotometry, Fourier transform infrared (FTIR)

spectroscopy and X-ray diffraction. The material surface

was analyzed by optical microscopy (OM) and scanning

electron microscopy (SEM). Microhardness and uniaxial

tension tests were performed on the aged and no-aged

materials. It appeared that the studied PC turns yellow with

UV aging time, in agreement with UV–visible spec-

trophotometry results that highlighted a loss in

transparency of the aged material. The microhardness

measurements showed that PC samples were entirely

affected by UV radiations. In addition, the material per-

formances in uniaxial tension dropped with UV aging. The

decrease in PC mechanical properties was related to the

rupture of the most vulnerable bonds, revealed by FTIR

analyses, and to superficial cracks showed by OM and

SEM micrographics.
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Introduction

In comparison with metal and inorganic materials, poly-

mers show some advantages, such as lightweight, high

strength, anti-rust, and they are easily processable. How-

ever, these materials degrade under temperature variations,

exposure to rain or sunlight and in the water or oils.

Polymer materials are applicable for various purposes

needing weight reduction, vibration isolating and damping,

coating and covering, heat insulation. They are used in

interior and exterior parts of automobile, railway vehicle,

airplane, shipbuilding, commodities, housewares, pipelines

for transportation of potable and wastewater, electrical

appliances and toys.

Polycarbonate (PC) is a polymer widely used in optical,

medical, electronic and spatial applications, and for the

preparation of nanotubes and nanowires [1–6]. Its high

impact resistance makes it an important component in

many devices, such as smartphones, tablets, computers.

Because of its transparency, it is also used in windshields,

roofs, greenhouses, security screens and in LED

technology.

Several studies have been done on polymers ultraviolet

(UV) aging [7–12]. It was reported by Tse [7] that during

UV irradiation, molecules are excited and processes of

chain breakage and cross-linking occur. Firstly, the main

chains undergo a photodissociation revealed by El Ghazaly

[9], and then free radicals, such as ‘‘phenoxy (C6H5O),

phenyl (C6H5–R)’’ which appear as small separate mole-

cules, are formed [12]. The cross-linking can occur during
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free radical migration, resulting in recombination with

other radicals or with principal chains [9, 10]. Some

physicochemical properties of macromolecules are then

considerably modified [8, 10, 11]. In bisphenol A poly-

carbonate, photodegradation was attributed to two different

mechanisms: photo-Fries rearrangement and photooxida-

tion. These reactions are initiated following the break of

covalent bonds caused by energy absorption [13]. The

relative importance of these mechanisms depends on the

irradiation wavelengths, as attested by Rivatonet al. [14]

and Torikai et al. [15]. It was shown by El Ghazalya and

Alzahrani [11], and Aggourand Aziz [12] that when the

irradiation wavelengths present in the Earth’s sunlight are

used for degradation, the photooxidation reaction is more

significant than the photo-Fries rearrangements. One

mechanism predominates over the other, depending on the

wavelength of the incident radiation [14–16].

Photo-Fries reaction is favored by short wavelength

radiation and does not need oxygen to occur. In this

mechanism, the energy absorbed by the material promotes

the break of the carbonate bonds, forming two primary free

radicals [17] which rearrange to form phenylsalicylates and

hydroxybenzophenones, as well as other groups such as

dihydroxybiphenyl and hydroxydiphenyl ether groups. The

oxidation of these groups produces substances like ortho-

dihydroxybenzophenone or diphenoquinone which are

responsible for the yellowing observed in photodegraded

samples, as found by Clark et al. [18]. The products formed

during photo-Fries reactions can also be photooxidized,

giving secondary and tertiary products of lower molecular

weight. Factor and Chu [19] indicated that photooxidation

is a more important reaction pathway in the photoaging of

polycarbonate than the photo-Fries reaction.

In the photooxidation, the UV radiation is absorbed by

the impurities of the polymer, and the hydrogen atoms are

extracted from the methyl groups (–CH3), forming a free

radical and thereby initiating a chain scission process that

propagates the reaction. In the presence of oxygen, the

methyl side chains are photooxidized as hydroperoxide

intermediates that are converted into tertiary alcohols and

ketones. Another photooxidation of the products and aro-

matic rings also contributes to the yellowing of the

polymer.

The present work is devoted to the understanding of the

structural changes in a PC, during the UV irradiation, and

the resulting effects on its physical and mechanical prop-

erties. The chemical modifications occurring in the

material were examined by the Fourier transform infrared

spectroscopy (FTIR). Material transparency was checked

by UV–visible spectroscopy and the change in crystallite

size was evaluated by X-ray diffraction (XRD). In addition,

effects of UV aging on the material mechanical properties

were quantified, in relation to microstructure changes

observed by scanning electron microscopy (SEM).

Experimental Investigations

Material

The PC used in the work was provided by SABIC PLAS-

TICS Company from Algeria, in form of sheets of

2 m 9 1 m and a thickness of 4.5 mm. Generally, PC is an

amorphous polymer but can have a nanocrystallinity

induced during its elaboration. In addition, it is transparent,

with good impact resistance and low density (q = 1.2 g/

cm3). Its glass transition temperature, Tg, is of about

145 �C. Its chemical structure C16H14O3 is shown in Fig. 1.

UV Aging Procedure

The samples were exposed to ultraviolet (UV) radiation, in

an experimental enclosure equipped with two Philips T8

25 W lamps mounted in parallel under its vault. The irra-

diation intensity is 88 lW/cm2 at 1 m from the source. The

inner walls of the enclosure were covered with aluminum

foil. A ventilation system maintained the sample’s tem-

perature at 25 �C while near the lamps it reached 40 �C in

the absence of ventilation. Specimens cut from a large

sheet of 2 m 9 1 m 9 4.5 mm were placed on a shelf, at

10 cm from lamps that emit UV radiation with a wave-

length range from 200 to 280 nm. Aging times were 72,

144 and 216 h. The sample face directly exposed to the UV

radiation is called ‘‘exposed face’’ (EF), and the face in

contact with the shelf is called ‘‘no-exposed face’’ (NEF).

Characterizations

UV–Visible Spectrophotometry

Absorbance and transmittance properties of the virgin and

aged PC were evaluated with a spectrophotometer, using

visible ultraviolet ray. The beam passes through the sample

and falls on a photocell that records its intensity.

The transmittance T is considered as the ratio of the

transmitted ray intensity I to the incident ray intensity I0:

Fig. 1 Chemical structure of PC
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T %ð Þ ¼ I

I0
100 ðEq 1Þ

The absorbance A is given by the following equation:

A ¼ � logT ¼ log
I0
I

� �
ðEq 2Þ

Fourier Transform Infrared Spectroscopy

Virgin and aged materials were analyzed using a PERKIN

ELMER Fourier transform infrared (FTIR) spectroscopy,

in transmission mode, with a resolution of 2 cm�1, in a

scanning range of 450–4000 cm�1, with 25 scans.

The sample is taken by scratching it on the surface of the

sample directly exposed (EF) to UV radiation. One mil-

ligram of powder is mixed with 75 mg of potassium

bromide (KBr) in a mortar in order to homogenize the

mixture. A small quantity of this mixture is poured into the

body of a stainless steel pelletizer closed on both sides by

two screws. One of the screws is tightened using a wrench

to obtain a thin patch transparent to infrared radiation.

After compression, the two screws are removed from the

body of the pelletizer which will be placed in the device so

that the infrared beam passes through the sample. The

transmitted signal will be directed to a detector and pro-

cessed by Fourier transform to obtain a plot of the intensity

spectrum as a function of the wave number.

X-ray diffraction

The samples were analyzed with a Bruker D8 Advance X-

ray diffractometer, with an assembly h� 2h. This diffrac-

tometer is equipped with a high voltage generator of

40 kV, which accelerates the electrons in the X-ray tube at

the copper anode whose line Ka is of 1.54 Å. The scanning

interval was between 5� and 80�, with a step of 0.02� and

an exposure time of 1 s per step.

Microhardness

The microhardness of no-aged PC and aged PC was mea-

sured, according to ASTM E 384-99 norm, using samples

of 10 9 10 9 4.5 mm3. Measurements were made on EF

and NEF of specimen, as well as along the sample thick-

ness ranging from EF to NEF. The device used was a THV-

501 Micro-Vickers tester, equipped with an optical

microscope and a diamond pyramid indenter with an angle

of 136� at the top.

A load P = 2.94 N was applied for 30 s, and the two

diagonals of the indenter imprint were measured, and their

average value d was calculated. Microhardness was then

calculated from the following equation:

HV ¼ 0:1854 � P

d2
ðEq 3Þ

Each microhardness value is an average of five

measurements.

Tensile Tests

Tensile tests were carried out on all the studied materials,

using a machine MTS—Model 43 equipped with a load

cell of 10 kN. Normalized specimens, according to ASTM

D638 standard, were tested. However, to ensure the break

in the central zone of these specimens, their dimensions

were optimized using finite element method (FEM), with

SolidWorks software (Fig. 2). The samples were machined

from large sheet with suitable milling machine.

The tests were conducted until the total rupture of the

sample, at a strain rate of 0.0012 min�1. Longitudinal and

transversal deformations were calculated from displace-

ments of four circular spots previously placed in the

specimen central zone. These displacements were mea-

sured with a CDD camera.

Microstructural Observation

Microstructures of virgin and aged PC were observed using

Olympus BX60 optical microscope (OM), with magnifi-

cation up to 1000, and TESCAN MIRA3 scanning electron

microscope (SEM), with an acceleration voltage of 10 kV

and secondary vacuum of 10�7 torr. As the PC is an

electrical insulator, a gold layer was deposited on the

surfaces to be observed with GEOL type gold evaporator,

to inhibit charging. The micrographs were obtained in

secondary electron (SE) and backscattered electrons (BSE)

modes, with different magnifications.

Results and Discussion

Transparency

Figure 3 shows an increase in yellowing aspect of the aged

materials, i.e., a loss of their transparency, as the UV

exposure time growths. This yellowing is the result of a

Fig. 2 Tensile specimens
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reaction sequence caused by UV radiation. The absorption

of UV energy by PC macromolecules causes a rupture of

the most vulnerable bonds and a formation of radicals that

can oxidize in presence of the oxygen. This mechanism is

at the origin of the formation of substances such as ortho-

dihydroxybenzophenone or diphenoquinone which are

responsible for the yellowing observed in the aged samples

[18].

UV–Visible Spectrophotometry

Figure 4 shows zero transmittance up to the wavelength

near to 380 nm where the absorbance decreases sharply,

while the transmittance increases suddenly. Beyond this

wavelength value, the virgin PC has a transmittance of

about 80% while the aged PC shows lower transmittance

and higher absorbance, as the aging time increases, with no

significant changes between 144 h and 216 h of UV

exposure. It is worth mentioning that the curves of the four

samples show the same trends.

Fourier Transform Infrared Spectroscopy

FTIR spectra of no-aged and aged materials are reported in

Fig. 5. The FTIR spectrum of the virgin PC reveals the

main bonds that form the molecular architecture of this

material, such as double bonds carbon=carbon (C=C),

carbon = oxygen (C=O), as well as the mono-bonds car-

bon–carbon (C–C) and carbon–hydrogen (C–H). More

generally, Fig. 5 shows the functional groups of polycar-

bonate that are methyl, phenyl, carbonyl and hydroxyl

groups. The infrared absorption bands of these groups are

listed in Table 1, in accordance with the literature [20].

FTIR spectra indicate that the studied PC undergoes

many structural changes during aging, as highlighted by the

modifications of some absorbance peaks. Indeed, Fig. 5

shows a decrease in absorbance in the vicinity of

1000 cm�1, for the aged materials, which is attributed to

the stretching of the carbonate resulting in the dissociation

of the molecular chain. This outcome is in agreement with

those reported in the literature explaining that the breaking

of carbonate bonds leads to release of carbon monoxide

(CO) or carbon dioxide (CO2) [21]. Also, the breaking of

the carbonates bonds allows the formation of free radicals,

such as phenoxy (C6H5O–) and phenyl (C6H5–R), which

appear as small separate molecules [12] that can migrate

and recombine between themselves or with other molecular

chains [9, 10]. Moreover, the absorbance peak height of the

C=O bonds, at 1780 cm�1, decreases with aging time [22].

A decrease in the peak intensity of aromatic C–H, at

2972 cm�1, is observed, while the band intensity of ali-

phatic CH3, at 1405 cm�1, remains almost constant. The

decrease in absorbance observed for the C–H bond is due

to the abstraction of the hydrogen atom during the first step

of the photooxidation process [23]. The vibration band

observed around 3500 cm�1 is attributed to intramolecular

bonded OH groups of rearrangement products [17]. Finally,

it is worth mentioning that the C=C double bonds of the PCFig. 3 Transparency of the virgin and aged materials

Fig. 4 Absorbance (a) and transmittance (b) spectra of PC, before and after UV aging
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main chain have not undergone modification with UV

aging.

X-ray Diffraction

Figure 6 shows the diffractogram of the virgin PC with

three peaks of different angles and intensities whose values

are reported in Table 2. The first, a fine peak located at

Table 1 Chemical bonds of virgin PC

Chemical bonds Wavelength (cm�1)

C–O–C 1004

CH3 1405

C=C 1571

C=O 1780

C–H 2972

O–H 3500

Fig. 5 FTIR absorbance spectra of aged and no-aged PC

Table 2 Characteristics of XRD peaks

Peak

Diffraction

angle 2h (�)
Intensity

I (u.a)

Intermolecular

distance in

crystallites (Å)

Average size of

crystallites D

(nm)

1 13.63 26.20 6.80 2.80

2 30.33 5.34 2.94

3 41.53 2.02 2.17

Fig. 6 Diffractogram of the virgin PC

Table 3 Characteristics of the first XRD peak for all aging times

Peak 1

Aging times 0 h 72 h 144 h 216 h

Angle 2h (�) 13.63 15.08 15 15.15

Intensity I (a.u) 26.20 36.8 2.91 40.40

Distance dhkl (Å) 6.48 5.86 5.89 5.03

Crystallite size D (nm) 2.80 3.00 3.3 3.00

Fig. 7 First diffraction peak as a function of UV aging time

Fig. 8 HV microhardness at the surface and along the thickness of

the virgin PC sample
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13.63�, reflects X-ray diffraction by regularly arranged

molecular chains. This shows that the material has ordered

and periodic distribution zones of the chains representing

crystallites. The two other peaks of lower intensities reveal

reflections at large angles, indicating the existence of

crystallites with smaller intermolecular distances (Table 2).

These crystallites are relatively denser than those relating

to the first peak.

The widths at mid-height of the peaks indicate that the

sizes of the corresponding crystallites are very small.

Scherrer’s model [24] allowed the estimation of their mean

value (Table 2):

D ¼ k
b cos h

ðEq 4Þ

where D is the crystallite size, b is the integral width of the

diffraction line, k is the wavelength of the X-ray beam and

h is the diffraction angle. The integral widths of the peaks

were calculated by the EVA Diffract Plus software.

The aged samples were also analyzed by XRD to

highlight the effect of aging on the microstructure. The

superposition of the first diffraction peaks of all the studied

samples is shown in Fig. 7 and their characteristics are

reported in Table 3. The narrow form of the summits of

these peaks suggests that the materials contain crystalline

phases. In addition, it appeared that the intensity of the first

peak, proportional to the degree of crystallinity, changes as
Fig. 9 Microhardness of the larger surfaces of the virgin and aged PC

Fig. 10 Microhardness following the material thickness, for all UV exposure times: (a) 72 h, (b) 144 h and (c) 216 h
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a function of aging time. This intensity is 26.2 a.u. for the

blank PC while for the aging PC, it increases first to 36.8

a.u. for 72 h of aging and then decreases to 2.91 a.u. for

144 h of aging, and increases again to 40.4 a.u. for 216 h of

UV exposure (Table 3). An offset of the line toward the

large angles is also recorded, which is the result of a

tightening of the molecular chains in the crystalline zones,

following the rupture of the bridging between the chains

under the action of the UV energy. This molecular chain

reorganization contributes to the decrease in the inter-

reticular distance of the crystallites and increases the

crystallites size (Table 3). This result is in agreement with

those of [25].

The most vulnerable bonds (C–O bonds) break and

allow the chains to move, which causes a decrease in the

crystallinity rate and an increase in the material amor-

phization, resulting in a decrease in the diffraction line’s

intensity. For long aging periods, free radicals can bind to

each other or to chain residues, which contributes to the

enhancement of the degree of crystallinity, confirmed by an

increase in the diffracted intensity after UV irradiation.

This is in agreement with the results of Hareesh et al. [26].

Fig. 11 Mechanical properties of the aged PC: (a) stress at break, (b) strain at break, (c) Young’s modulus, (d) Poisson’s ratio

Fig. 12 Fracture facies after

tensile test of the virgin PC and

216 h aged PC

J Fail. Anal. and Preven. (2020) 20:1907–1916 1913

123



Microhardness

Five microhardness measurements were made on each of

the larger faces of the samples and along their thicknesses.

Figure 8 shows that the superficial microhardness of the

virgin PC is 22 HV and the microhardness along the

specimen thickness is quite constant (* 23HV).

The average microhardness measured on a large surface

of the virgin specimen and on the EF and NEF of the aged

materials is reported in Fig. 9, as a function of the aging

time. This figure shows that the microhardness of both

faces is affected by UV radiation with a relatively large

decrease in the EF. This suggests that the aged specimen is

entirely affected by the UV radiations, which agrees with

the UV–visible spectrophotometry analysis that highlighted

a significant change in the absorbance and transmittance of

the aged materials (‘‘UV–Visible Spectrophotometry’’

section).

To analyze further the extent of the aging effect on the

material, the microhardness was measured across the

thickness of the aged PC samples. The results show a

significant decrease in the microhardness along the thick-

ness of the aged samples, confirming that UV aging affects

the whole material (Fig. 10). However, for all the aging

times, this decrease is more accentuated when approaching

the specimen EF. Nevertheless, as shown in Fig. 10,

microhardness following the thickness is lower as the aging

time is higher and its variation has a polynomial trend for

exposure durations of 72 h (Fig. 10a) and 144 h (Fig. 10b),

while it becomes linear for 216 h (Fig. 10c).

Tensile Properties

Figure 11 shows that UV aging strongly affects the

mechanical properties of PC. Indeed, the virgin material

has stress at break and strain at break much greater than

those of all aged materials (Fig. 11a, b). These properties

drop significantly for 72 h aging time and tend to stabilize

for longer UV exposure times. Indeed, the stress at break

and strain at break decrease, respectively, of about 39%

and 61%, for the material aged for 72 h. The decrease is,

respectively, near 47% and 64% for 216 h aging time.

Fig. 14 OM micrographs of the

UV aged PC: (a) 72 h and (b)

216 h

Fig. 15 SEM micrographs of

the UV aged PC: (a) 72 h and

(b) 216 h

Fig. 13 SEM micrograph of the virgin PC
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The Young’s modulus decreases of about 3.5%, for UV

exposure times of 72 h and 144 h, as shown in Fig. 11c. A

more significant decrease of approximately 9% is recorded

for the longer aging time, i.e., 216 h. The gradual decrease

in the Young’s modulus could be related to the rupture of

the most vulnerable bonds, those of the carbonate serving

as bridging to the molecular chains and thus ensuring an

elasticity of the material.

The Poisson’s ratio does not vary with aging time

(Fig. 11d), which means that the isotropy/anisotropy

property is not affected by UV irradiation.

Moreover, SEM micrographs of fracture facies reveal a

larger smooth area for the aged materials than for virgin PC

(Fig. 12), proving that the UV aging makes it more brittle

than the studied material, which is in agreement with the

results reported in the literature [10, 22].

Microstructures

To understand better the decreases in mechanical proper-

ties of the PC discussed above, micrographic observations

were made on the surfaces of the blank and aged PC. The

SEM micrographs of the virgin material show superficial

scratches and impurities due to handling during delivery

(Fig. 13).

Figure 14 shows the OM micrographs of EF of the

samples aged during 72 h and 216 h. These micrographs

show cellular cracking whose extent becomes larger for

long periods of UV exposure. Such cellular cracking was

also observed in SEM micrographs that moreover reveal

detachment of cells for 216 h aged material (Fig. 15).

The interaction between UV and PC begins with an

excitation of the material molecules. The frequency and

amplitude of molecular vibration depend on the UV radi-

ation wavelength. The bonds of the carbonate group that

are the most vulnerable begin to break and the material

damage starts with initiation of microcracks which grow as

the aging time increases. The breaking of these bonds can

lead to the formation of free radicals which can bind each

other or with other molecular chains, initiating the cross-

linking phenomenon [9, 10].

The microstructure observations highlighted a damage

of the EF of the aged PC. In addition to the chemical bonds

breaking, the presence of superficial cracks (Figs. 14 and

15) gives rise to a concentration of stresses causing the

sudden rupture of the material, which could explain the

embrittlement and thus the decrease in the mechanical

properties of the aged material.

SEM micrograph of the sample surface obtained by BSE

mode (Fig. 16) shows a chemical contrast that is more

marked near the cracks, indicating a relative increase in

molecular weight in these zones. Indeed, the splitting of the

molecular chains under the UV aging generates a redistri-

bution of the molecular weight by migration of free

radicals and by rearrangement of the chains. This result

agrees with DRX finding which suggested a tightening of

the molecular chains.

Conclusion

In this work, effects of the UV aging on the properties of a

PC were studied. It appeared that UV radiations influence

the optical properties of the material by decreasing its

transparency. FTIR analyses revealed the breaking of

vulnerable bonds, reducing the elasticity of the aged

material. This leads to a rearrangement of the molecular

chains and a change in the size of the crystallites, as sug-

gested by XRD investigations. A decrease in

microhardness through the thickness proved a gradual

deterioration in the depth. Tensile tests showed embrittle-

ment and decrease in mechanical properties of the aged

material. OM and SEM observations highlighted cell

cracking representing stress concentration zones that are

probably at the origin of the embrittlement of the aged

materials. Fracture facies examined by SEM confirmed the

fragile behavior induced by UV exposure.

As main conclusion, UV radiations cause breaking of

vulnerable chemical bonds, allowing a new reorganization

of the molecular chain’s network, which leads to a decrease

in physical and mechanical properties of PC.
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