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ABSTRACT: The effect of IR laser irradiation on the
optical and the mechanical properties of Makrofol-DE 1-
1 CC polycarbonate films were investigated. Three hun-
dred microns-thick films of Makrofol-DE 1-1 CC polycar-
bonate were irradiated with 0.00–10.40 J/cm2 of Ga-As
laser pulses, 904 nm, 5 W, and 200-ns pulse duration.
Fourier transform infrared spectroscopy measurements
showed that (C¼¼O) groups degrade under laser irradia-
tion at the studied fluence range. The aliphatic and aro-
matic (CAH) groups exhibited the same behavior, which
can be attributed to nature of laser interaction with mat-
ter. The Makrofol samples exhibited degradation under
the effect of laser irradiation up to 0.94 J/cm2, where

crosslinking mechanism started and continued until 7.07
J/cm2. The refractive index had a minimum value at 0.94
J/cm2 and maximum value at 7.07 J/cm2 due to the deg-
radation and crosslinking formation inside the sample,
respectively. The decrease in elastic modulus, E, of Mak-
rofol irradiated with 0.47–0.94 and 7.07–10.40 J/cm2 indi-
cates that the sample becomes more flexible, which
results from the decrease in interatomic force constants.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124: 4620–4627,
2012
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INTRODUCTION

Makrofol-DE 1-1-CC polycarbonate is a class of poly-
meric solid state nuclear track detectors, which have
many applications in various radiation detection
fields. Radiation-induced modification of polymers
is a promising technique for the production of new
polymeric materials, which can be engineered with
specific physical and optical properties. The interac-
tion of radiations with polymers leads to specific
changes in the polymer properties due to induced
chain scissions and crosslinking.1–5 Crosslinking gen-
erally improves the physical properties of polymers,
reduces crystallinity, and increases the light trans-
mission of the polymer. Degradation has the oppo-
site effect and can be considered as a prompt way to
study the aging of polymers and their radiation sta-
bility. The primary product of the absorbed laser
light is not heat, but free electrons or phonons. The
degradation of the ordered and localized primary
excitation energy into uniform heat could be related
as follows; the first step is spatial and temporal ran-
domization of the motion of excited particles, pro-
ceeding with the collision time of the particles in
question. The next step, energy equipartition tends

to involve a large number of elementary collisions
and intermediate states.6,7

Hot carriers in polymer matrix lose their energy
by phonons emission in the conduction band or may
recombine again to form crosslinking. The particular
bonds that are broken, may be identified by Fourier
transform infrared spectroscopy (FTIR) analysis of
the virgin and irradiated samples.8 In addition, re-
fractive indices of polymers provide information
about their structural characteristics.9 Several investi-
gations have been introduced to study the change in
physical as well as optical properties of polymers
due to irradiation.10–12 The results indicated that the
changes in the optical properties of the polymer
depend on whether crosslinking or degradation
dominates during the irradiation. The refractive
index and the anisotropic characteristics of the
nuclear track detector were found to be dose-
dependent. Also, the optical absorption of the Mak-
rofol detector was found to be connected to the mor-
phological changes induced as a result of irradiation.
The mechanical properties of polymers depend on

a variety of parameters. They depend on the forces
between atoms of neighboring molecules, and on the
mobility of segments of molecules. The intermolecu-
lar forces are largely determined by the nature of
the atoms and are only slightly changed by the
crosslinking and scission induced by radiation. The
most common way of recording mechanical
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properties is to carry out stress–strain behavior that
is sensitive to some parameters, as molecular weight,
reflecting in many cases the method of polymeriza-
tion of the polymer and its origin. The lower the av-
erage molecular weight, the softer the polymer is.
Crosslinking will further influence mechanical
properties.

The present work investigates the effect of IR laser
pulses on the optical and the mechanical properties
of Makrofol DE 1-1 CC sample. This study aimed
not only to give evidence about the physical and
chemical changes in the investigated sample but also
to improve its properties to make it more applicable.

EXPERIMENTAL

Samples

Makrofol-DE 1-1 CC is a bisphenol-A polycarbonate
of chemical composition (C16H14O3). It is manufac-
tured by Farbenfabriken Bayer A. G., Leverkusen
(Germany), with an average thickness of 300 lm and
density 1.23 g/cm3.

Irradiation facilities

Makrofol polycarbonate samples were exposed to
laser pulses for different exposure doses between
0.00 and 10.4 J/cm2, using an infrared pulsed laser
of 5-W power (Model No. SSL3, USA). The unit is
capable of producing 2000 pulses per second with
pulse duration of 200 ns at 904 nm. The laser beam
was in the form of a circle 1.8 cm in diameter, of
Gaussian intensity profile across the circle.

Fourier transform infrared spectroscopy (FTIR)

Fourier transforms infrared spectra of nonirradiated
and the irradiated Makrofol samples were recorded
using model Shimadzu 8201 PC. All the measure-
ments were done in the range of 4000–400 cm�1. The
spectra were obtained for the absorbance of the
polymer as a function of wave number with resolu-
tion 1 cm�1. The accuracy of the spectra is better
than 6 4 cm�1.

Refractive index measurements

The refractive index measurements were carried out
using an Abbe refractometer (Type Reichert; mark II,
Model-10480, New York). The surface temperature
of the prism and the wavelength of the light were
18.3–20.5�C and 5893 Å, respectively. The accuracy
of the measuring values of the refractive indices was
6 0.0001.

Color difference measurements

The transmission measurements were carried out at
room temperature using a Shimadzu UV–vis-NIR
scanning spectrophotometer, type 3101 PC. This unit
measures in the wavelength range from 200 to 3200
nm, with wavelength accuracy better than 6 3 nm
over 200–2000 nm and better than 6 9 nm over
2000–3000. The Commission Internationale de
l’Eclairage (CIE) approach was used in the present
work for the description of colored samples. The
color difference (DE) of the irradiated samples, with
respect to the nonirradiated samples, was calculated
using the CIELAB color-difference equation13:

DE ¼ ðL�1 � L�2Þ þ ða�1 � a�2Þ þ ðb�1 � b�2Þ
� �1=2

(1)

where

L� ¼ 116f ðY=YsÞ � 16; (2)

a� ¼ 500 f ðX=XsÞ � f ðY=YsÞ½ �; (3)

and

b� ¼ 200 f ðY=YsÞ � f ðZ=ZsÞ½ �: (4)

The subscripts 1 and 2 refer to the irradiated and
nonirradiated samples, while the subscript s refers
to the tristimulus values of the perfect diffuser for
the given illuminant and standard observer. The ac-
curacy in measuring L*, a*, and b* is 6 0.05, 6 0.01,
and 6 0.01, respectively.

Mechanical measurements

Mechanical measurements were carried out using
Testometric M350-5Ax with 5-kN load cell, at room
temperature. Dumbbell-shaped samples of standard
dimensions (50-mm long with a neck of 27 mm and
width of 3 mm) were placed between the jaws and the
load was applied at a rate of 50 mm/min until failure
occurred. Three pieces of the same sample were used
and results were averaged for each data point. The ac-
curacy of the tensile measurements was 6 0.5%.

RESULTS AND DISCUSSION

Fourier transform infrared (FTIR)

FTIR spectral analysis has been performed to investi-
gate the structural changes in the Makrofol polymer
due to laser irradiation. These changes have been
estimated from the relative increase or decrease in
the intensity of the peaks associated to the functional
groups present in the polymers. These studies may
be helpful in analyzing the changes in the properties
of the investigated sample. Figure 1 shows the IR
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absorption spectra for the nonirradiated and irradi-
ated samples. The material used in this study is aro-
matic polycarbonate. Its functional groups include
methyl, phenyl ring, C¼¼O, CAO, and OH ones. The
absorbance of different bands coming from the func-
tion group, exhibits the same trend with the laser
fluence. So, each characteristic group of polycarbon-
ate is represented by only one wave number.

Figure 2 shows the variation of the absorbance
with the laser fluence. It is clear that the absorbance
at 1778 and 889 cm�1, decreases with the increase of
the laser fluence up to 10.40 J/cm2. This indicates
that the breaking of the C¼¼O and CAOAC bonds is
achieved. The absorbance at the wave number 2877
and 3047 cm�1 shows lower values of the intensity of
aromatic CAH and CH3 bond, respectively, until a
minimum one for the irradiated sample with 0.94 J/
cm2. The intensity of CH3 bond is proportional to the
laser fluence within the range of 1.42–7.07 J/cm2.
However, the increase of the laser fluence above 7.07
J/cm2 leads to reduction in the intensity of this bond.

The intensity of the peak corresponding to OH
group, at 3533 cm�1, exhibits an opposite trend to
that of CAH bond. These results indicate that scission
takes place at the carbonate site with probable elimi-

nation of carbon dioxide/carbon monoxide and for-
mation of hydroxyl groups. The increase of hydroxyl
groups in the fluence ranges of 0.47–0.94 J/cm2 and
of 7.07–10.40 J/cm2, which means an increase in the
end groups of macromolecules. This indicates that
the degradation process prevails at these fluence
ranges. At the fluence range 0.94–7.07 J/cm2, an op-
posite trend has been observed due to the formation
of bonds through crosslinking mechanism.

Optical properties

Refractive index

The refractive indices of solid sheets of Makrofol,
which were exposed to laser irradiation up to 10.40
J/cm2, were measured. Figure 3 illustrates the varia-
tion of the refractive index (n) with laser fluence.
From this figure, it is observed that the values of n
show a reduction in magnitude until a minimum
value at around 0.94 J/cm2. Moreover, the higher
values of n were found to be accompanied with the
laser fluence range of 0.94–7.007 J/cm2. Above 7.07
J/cm2, it decreases again. This behavior can be
explained in terms of degradation and crosslinking

Figure 1 FTIR Spectra of nonirradiated and irradiated Makrofol samples with the characteristic bands of: 889 cm�1 (1),
1778 cm�1 (2), 2877 cm�1 (3), 3047 cm�1 (4), and 3533 cm�1 (5).
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induced by laser irradiation. The reduction of the re-
fractive index may be assigned to the degradation
process as a result of the random breaking of the
bonds of the backbone structure of the investigated
sample. In other words, the effect of the random
breaking of Makrofol bonds that takes place through
the degradation mechanism and the free radicals pro-
duce a steric strain that weakens the backbone bonds.
So, the reduction of the refractive can be expected. At
the laser fluence range of 1.42–7.07 J/cm2, the active

sites or branching points that were created by scission
lead to intermolecular crosslinking. Thus, the mini-
mizing of the anisotropic character of the investigated
sample is obtained. This is responsible for the
increase of the refractive index.10,14,15

In addition, the scission of chains and crosslinking
may cause variations in chain orientation, which may
lead to the observed changes in the refractive index.16

Moreover, the laser photons lose their energy within
the polymer structure by phonon emission that leads
to enhancement of the heat of the Makrofol sample.
This causes chain scission and consequently the for-
mation of low molecular weight fragments. All these
fractured molecules are trapped somewhere causing
deficient regions and disordered structure of the Mak-
rofol sample that leads to the reduction of the elec-
tronic polarization due to the scattering between these
fragments and the steric effect of the polar groups of
the investigated sample. So, the decrease of the refrac-
tive index can be expected. With the increase of the
laser fluence from 0.94 to 7.07 J/cm2, these radicals
can recombine again to form crosslinking. This will be
accompanied by the enhancement of the order state
between the polymer main chains. Consequently, the
electronic polarization may be increased and the incre-
ment of the refractive index is obtained.17 These
results are in good agreement with those obtained by
Shams-Eldin et al.18 They illustrate that, the incident
photons activate the main polymer chain implying a
main chain scission that results in a decrease of the re-
fractive index. However, they interpret the increase of
the refractive index as a result of the crosslinking for-
mation within the polymer structure. The same effect
was also investigated by Ranby and Rebek.19

Color difference measurements

Figure 4 shows the absorption spectra of the nonirra-
diated and irradiated Makrofol samples in the wave-
length range 200–3200 nm. The variation of L*, a*,
and b* with laser fluence is shown in Figure 5. It
can be seen that the color parameters were signifi-
cantly changed after exposure to laser irradiation.
The green (�a*) and blue (�b*) color components of
the nonirradiated sample were changed to red (þa*)
and yellow (þb*), after exposure to laser, respec-
tively, up to 10.40 J/cm2. This is accompanied by an
increase in the darkness of the samples (�L*).
The color difference between the nonirradiated

sample and those irradiated DE were calculated and
are plotted in Figure 6 as a function of laser fluence.
It can be noticed that, the color intensity DE*
increased with the laser fluence and was accompa-
nied by a significant increase in the red and yellow
color components (þa*), (þb*). This indicates that
the color change of Makrofol sample has a response
to the laser irradiation. These changes in color can

Figure 2 The absorbance bands of Makrofol sample with
the IR laser fluence.
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Figure 3 The change of the refractive index (n) with the IR laser fluence.

Figure 4 The absorption spectra measured in the wavelength range 200–3200 nm of irradiated and nonirradiated Makro-
fol samples.
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be attributed to the trapping of the excited free radi-
cals that are formed by ionization.20 In other words,
the trapped free radicals resulting from radiation-
induced rupture of polymer molecules have elec-
trons with unpaired spin. Such species may also
give optical coloration.11,21

Mechanical properties

The stress–strain curves for the irradiated and nonir-
radiated Makrofol samples were measured. These
curves were obtained by continuously measuring the
force that developed as the sample was elongated at
a constant rate of extension. Generally, the strain
increases with the increase of the stress due to the
increase in the flexibility of the chain in the macro-
molecules. The stress–strain curves serve to calculate
several useful quantities including yield strength ry,
tensile strength rf, and fracture strain ef or elonga-
tion at the break.

The variation of ry, rf, and ef with the laser fluence
is shown in Figure 7. It is clear that, ry and rf exhibit
the same trend with the laser fluence. They reduce
gradually within the laser fluence range of 0.47–0.94
J/cm2, and then they exhibit higher values with the
increase of the fluence from 0.94 up to 7.07 J/cm2.
Above 7.07 J/cm2 the values of ry and rf decrease
again. The opposite trend could be observed by ef.
The higher values of the yield stress may be due to
the fact that high stresses enhance the flow mecha-
nism by increasing the mobility of the macromolecu-
lar chains. Also, at the fluence range 0.47–0.94 J/cm2

in which rf decreases, the changes can be assigned to
the initial scission in the chains.
On increasing the fluence above 0.94 and up to

7.07 J/cm2, the free radicals produced from scission
can recombine again to form crosslinking. Above 7.07
J/cm2, degradation process predominates and thus
the standard chains and a great number of chain
ends weaken and the material may become softer.
The dose ranges at which the degradation process
predominates, the elongation at break increases (i.e.,
the higher toughness) due to the increment of the

Figure 5 The plot of L*, a*, and b* as a function of the IR
laser fluence.

Figure 6 The calculated values of color intensity DE as a
function of the IR laser fluence.

Figure 7 The relation of (a) ry and rf as a function of the
IR laser fluence (b) ef as a function of the IR laser fluence.
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crystallinity inside the Makrofol samples, where the
crystalline regions formed act as reinforcement.22

Also, in the laser fluence range 0.94–7.07 J/cm2,
where the crosslinking is the dominant process, the
elongation at break was found to be decreased. So,
the hardness of the investigated sample is achieved.

The variation of Young’s modulus, E, with the laser
fluence is shown in Figure 8. The Young’s modulus
shows lower values until it reaches a minimum value
for the irradiated sample with 0.94 J/cm2, followed
by an increase in its values within the laser fluence
range of 0.94–7.07 J/cm2. Above 7.07 J/cm2, it
decreases again. The reduction in the elastic modulus
indicates that the sample has become more flexible
that simply results from the decrease in interatomic
force constants. The increment in yield stress may be
due to the crosslinking density, which restricted the
polymer chain mobility. This leads to formation of an
immobilized polymer nodes, and threatens the rigid-
ity of chain increases within the polymer matrix as
confirmed by the mechanical properties.23 The effect
of IR laser, at the fluence range 7.07–10.40 J/cm2,
tends to allow the onset of rather localized rotational
or fluctuation motions in many parts of the polymer
molecules. These motions altered the crosslinking for-
mation inside the sample as a result of the decrease
of the elastic modulus.24–26

CONCLUSION

IR laser irradiations of Makrofol-DE 1-1 CC polycar-
bonate lead to chain scission followed by crosslink-
ing, and as a result there are changes in its optional

and mechanical properties. Refractive indices meas-
urements provided information about the structural
properties of Makrofol samples. At the fluence range
0.94–7.07 J/cm2, the branching points created by
scission led to intermolecular crosslinking and
allowed the formation of covalent bonds between
different chains, so there was an increase in the
refractive index.
The nonirradiated Makrofol polymer is nearly col-

orless. However, it showed significant color sensitiv-
ity toward laser irradiation. The sensitivity in color
change toward laser irradiation appeared clearly in
the change in the green and blue color components
to red and yellow, accompanied by an increase in
the darkness of the polymer samples.
Mechanical properties measurements of Makrofol

indicated that, at the fluence ranges 0.47–0.94 and
7.07–10.40 J/cm2, the standard chains and a great
number of chain ends weaken and the material may
become softer. Also the decrease in elastic modulus
indicates that the sample has become more flexible,
which results from the decrease in interatomic force
constants. This enhances the mechanical properties
of Makrofol for different applications.

References

1. Calcagno, L.; Compagnini, G.; Foti, G. Nucl Instrum Methods
Phys Res B 1992, 65, 413.

2. Farenzena, L. S.; Papaleo, R. M.; Hallen, A.; deAraujo, M. A.;
Livi, R. P.; Sundquist, B. U. R. Nucl Instrum Methods Phys
Res B 1995, 105, 134.

3. Evelyn, A. L.; Ila, D.; Zimmerman, R. L.; Bhat, K.; Poker, D.
B.; Hensley, D. K. Nucl Instrum Methods Phys Res B 1997,
127, 694.

Figure 8 The variation of the Young’s modulus of the Makrofol sample with the IR laser fluence.

4626 HANAFY ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



4. Picq, V.; Ramillon, J. M.; Balanzat, E. Nucl Instrum Methods
Phys Res B 1998, 146, 496.

5. Liu, C.; Zhu, Z.; Jin, Y.; Sun, Y.; Hou, M.; Wang, Z.; Chen, X.;
Zhang, C.; Liu, J.; Li, B.; Wang, Y. Nucl Instrum Methods
Phys Res B 2000, 166, 641.

6. Katayama, S.; Horiike, M.; Hirao, K.; Tsutsumi, N. J Polym Sci
Part B: Polym Phys 2004, 40, 537.

7. Xu, X.; Ming, H.; Zhang, O. Opt Commun 2001, 199, 369.
8. Siekhaus, W. J.; Kinney, J. H.; Milam, D.; Chase, L. L. Appl

Phys 1986, A39, 163.
9. Nouh, S. A.; Abdel-Slam, M. H.; Ahmed Morsy, A. Radiat

Meas 2003, 37, 25.
10. Nouh, S. A.; El-Mahdy, N. A.; Ahmed Morsy, A.; Morsy, M.

Radiat Meas 2005, 39, 471.
11. Nouh, S. A.; Ibrahim El-Tayeb, N.; Said, A. F.; Radwan, M.

M.; El-Fiki, S. A. Radiat Meas 2007, 42, 8.
12. Wijayathunga, V. N.; Lawrence, C. A.; Blackburn, R. S.;

Bandara, M. P. U.; Lewis, E. L. V.; El-Dessouky, H. M.;
Cheung, V. Opt Laser Technol 2007, 39, 1301.

13. Nassau, K. Color Science, Art and Technology; Elsevier: New
York, 1998.

14. Saq’an, S.; Ramadin, Y.; Ahmed, M.; Zihlif, A.; Popovska-
Pavlovska, F.; Trajkovska, A. Polym Test 2001, 20, 919.

15. Nouh, S. A.; Mohamed, A.; Marie, H. K. J Appl Polym Sci
2009, 112, 2724.

16. Hanafy, T. A. Curr Appl Phys 2008, 8, 527.

17. Nouh, S. A. Radiat Meas 1997, 27, 499.

18. Shams-Eldin, M. A.; Wochnowski, C.; Koerdt, M.; Metev, S.;
Hamza, A. A.; Juptner, W. Opt Mater 2005, 27, 1138.

19. Ranby, B.; Rebek, J. F. Photodegradation, Photooxidation and
Photostabilization of Polymers-Principles and Applications;
Rebek, J. F.; Ed.; Wiley, New York, 1975.

20. Nouh, S. A.; Ahmed Morsy, A.; El-Husseiny, H. M. Radiat Eff
Defect Solid 2004, 159, 115.

21. Nouh, S. A.; Abdel Naby, A.; Sellin, P. J. Radiat Meas 2007,
42, 1655.

22. Sperling, L. H. Introduction to physical polymer science, 4th
ed, Wiley, New York, 2006.

23. Hanafy, T. A. J Appl Polym Sci 2008, 108, 2540.

24. Tang, Y. F.; Du, Y. M.; Shi, X. W.; Kennedy, J. F. Carbohydr
Polym 2007, 67, 491.

25. Zhao, Y.; Li, M.; Lu, Q. Colloid Surf A Physicochem Eng Asp
2008, 312, 47.

26. Altantawy, F.; Abedel Kader, K. M.; Kaneko, F.; Sung, Y. K.
Eur Polym J 2004, 40, 415.

LASER IRRADIATION ON MAKROFOL-DE POLYCARBONATE 4627

Journal of Applied Polymer Science DOI 10.1002/app


