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ABSTRACT: In this study, the effect of the infrared radiative heating (IRH) was investigated on the film formation from composites of
polystyrene (PS) latex particles and poly vinyl alcohol (PVA). The films were prepared as a pure PS and a mixture of PS and PVA
particles at equal compositions at room temperature and they were annealed at elevated temperatures above the glass transition tem-
perature (T,) of PS for 10 min by using IRH technique. Identical experiments were performed by using standard convectional heating
technique in oven as comparison. It was shown that the activation energy for the film formation from PS latex particles decreased
considerably in IRH annealing technique. Photon transmission (PT) and steady state fluorescence (SSF) techniques were used to
monitor the film formation process at each sintering step. Minimum film formation temperature, T, and healing temperature, T},
were determined by the data obtained from the SSF and the PT measurements for each heating processes. The film formation was
modeled as a void closure and as an interdiffusion stage below and above Tj, respectively. Scanning electron microscopy (SEM) was
used to examine the variation in morphological structure of annealed composite films. It was observed that IRH heating causes more
homogenous and more flat film surface than films annealed in the oven. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43289.
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INTRODUCTION

Nowadays, radiation from infrared sources has gained attention
especially for heating. IR radiation has been applied to dry
foods' and waterborne polymers.>> The drying time of aqueous
solutions of poly(vinyl alcohol) was reduced from 120 min,
which is for convective drying, to only 15 min for combined
convective and IR radiative drying.” IR heating has some advan-
tages comparing with the heating with convection.” First, the
slow rate of heat transfer through air in convective heating leads
to long heat-up times in convection ovens. Using infrared emit-
ters, it is possible to heat surfaces rapidly because of high trans-
fer of energy and minimize the conduction losses. Second, the
combustion products, recirculation of dust, etc. make convective
heating unsuitable for “clean” applications. Since the IR heating
does not produce any combustion and does not need any recir-
culation of air, it is clearer than the convectional heating. Third,
the time to reach the operating temperature for the convection
ovens lasts from 30 min to 2 h depending on the size of the
convection oven which means that the oven must be turned on
to reach the required temperature much before the experiment.
But for infrared emitter, this time is very short because it can
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be switched on and off within very short time intervals and by
adjusting the electrical voltage applied on the emitter, it can
reach the operating temperature in a very short time. Fourth, in
convective heating in an oven, heat diffuses from the film sur-
face and the time for homogeneous distribution of temperature
through the film directly depends on this heat diffusion. How-
ever, in infrared radiative heating (IRH) process, the electro-
magnetic energy can be focused directly on the film which leads
to a drastic decrease in time to reach a homogeneous distribu-
tion of temperature through the film.

Latex films are generally formed by coalescence of submicrome-
ter polymer particles in the form of a colloidal dispersion, usu-
ally in water. Aqueous dispersions of colloid particles with T,
below the drying temperature known as low-T latex (soft latex
in which the particles are of submicrometer size). To under-
stand the mechanism of homogeneous film formation from
latex particles is quite important for enhancing the quality of
coatings. Traditionally, the film formation process of polymer
latex is considered in terms of three sequential steps: (i) Colloid
concentration increases as water evaporates, a uniform shrink-
age of the interparticle distance occurs, and the voids are
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Figure 1. Schematic illustration of the sample position for (a) fluorescence
and (b) UV transmittance measurements.

gradually filled by particle sliding until a dense packing of
spheres is obtained. (ii) Deformation of the particles and close
contact between the particles if their T is less than or close to
the drying temperature (soft or low T, latex). Latex with a T,
above the drying temperature (hard or high T, latex) stays
undeformed at this stage. Annealing of a hard latex system
above the minimum film formation temperature, deformation
of particles first leads to void closure™® and then after the voids
disappear, diffusion across particle—particle boundaries starts,
i.e., the mechanical properties of hard latex films evolve during
annealing. Particles are deformed to polyhedrons where the
deformation is driven by the combination of surface and
osmotic forces until all solvent has evaporated and all voids
have disappeared. (iii) Coalescence of the deformed particles to
form a homogeneous film® where macromolecules belonging to
different particles mix by interdiffusion.”® This understanding
of latex film formation can now be exploited to underpin the
processing of new types of coatings and adhesives. The blending
of latex particles and inorganic nanoparticles provides a facile
means of ensuring dispersion at the nanometer scale in com-
posite coatings.

Several experimental techniques were used to observe latex film
formation such as electron® and atomic force microscopies,'
neutron scattering,'' nonradiative energy transfer conjunction
with time resolved,'” and steady state fluorescence.'” Light has
been used to monitor the film formation for a long time. Ellips-
ometry,'* photon transmission (PT),">™"’
niques have been elaborated for latex film formation processes.
Scanning'® and transmission®® electron microscopes have been
commonly used techniques to characterize the latex systems.

and reflection*® tech-

Previously, an electrically conducting polymer (polypyrrole) has
been applied as a thermal transducer to raise the temperature of
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Figure 2. SEM image of (a) pure PS and (b) PS/PVA (50 wt %) compos-
ite latex films.

microspheres21 and hot-melt adhesives®? under NIR (Near IR)
radiation. Nowadays, (polyaniline and poly (3,4-ethylenedioxy-
thiophene) [PEDOT])*® have been shown to be effective at
enhancing IR heating because of their strong absorption
characteristics.

In this work, we investigated the film formation behavior of
pure Polystyrene (PS) and PS and Poly Vinyl Alcohol, (PS/PVA)
composites depending on two different heating processes, IRH
and convective heating using PT and fluorescence techniques
steady state fluorescence (SSF). PS was chosen as main constitu-
ent because of being easily processes, solubility in a broad range

Table I. Experimentally Obtained Void Closure (AH) and Interdiffusion
Energies (AE) NC: Cannot be calculated

keal/mol PS-l,  PS/PVA-l,  PS-i  PS/PVA-
AH-OVEN 230 0.53 097 062
AE-OVEN 278 1.01 231 180
AH-IR 0.67 NC 072 NC

AE-IR 1.08 NC 374  NC
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Figure 3. The fluorescence spectra of the pure PS latex films at different
temperatures.
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Figure 4. Schematic illustration of the stages of the latex film formation
and the path of the light inside the film at each stage. (a) The initial stage
of the film formation. Film mostly has voids inside. (b) The voids inside
the film are disappeared upon annealing. (c) The final stage of the film
formation. Here the partially transparent film is obtained because of the
interdiffusion of the polymers through the boundaries.
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Figure 5. Transmitted light intensity () versus temperature for the pure
PS latex film annealed by (a) conventional heating in the oven and (b) by
IRH.

of solvents and its clarity which allows dispersion of PVA to be
optically observable at the micron scale. After each annealing
step, the transmitted light intensity, I, and the fluorescence
intensity, Is was monitored to observe the film formation in the
two separate heating conditions. The increase in I, and Iy was
explained by void closure up to healing temperature, 7T}, and
above Tj, it was explained by the interdiffusion processes for
both IRH and convective heating.

EXPERIMENTAL

Materials

Fluorescent PS latexes were prepared via a surfactant free emulsion
polymerization process of styrene monomer (99% pure from Alfa
Asea) using (Potassium persulphate) KPS as initiator. The fluores-
cent latexes were prepared by adding fluorescent monomer dime-
thacrylate (PolyFluorTM 511 from Polysciences) in pre-polymer
solution. The water-soluble radical initiator KPS was dissolved in
water and added when the polymerization temperature reached
90°C. In all polymerizations, deionized water was used.

Commercially available Polyvinyl alcohol, PVA (Boysan, Turkey,
include Acetic acid ethenly, ester, polymer with ethanol, 92—
100%, powder form and water soluble, white color, melting
point is 220-240°C, PH is 4.5-6.5) was used as supplied in
white powder form. A stock solution of PVA was prepared by
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28 during all SSF measurements. The sample position, the incident
PS-PVA-OVEN . . light, Ip, and the emitted light, I; are shown in Figure 1(a),
where it is seen that Iy is collected at right angle with respect to
24 the incident light. PT measurements were performed by using
UV-Visible spectrometer, Perkin Elmer Lambda 35. The trans-
LF mittances of the films were detected at 500 nm. A glass plate
was used as a standard for all transmittance experiments and
20 measurements were carried out at room temperature after each
(a) annealing processes. The sample position and the transmitted
. light, I, are presented in Figure 1(b). Scanning Electron
16 : : ; : MicroscopY. (SEM) images of pure PS and PS/PVA .composites
120 160 200 040 280 were obtained by FFEI-Quanta FEG 250 scanning probe
microscopy.
Temperature T("C)
40 Calculation of the Activation Energies
PS-PVA-IR The activation energies for the void closure process are calcu-
lated by using the following equation®**:
3AH
I(T)fS(t)exp< F) (1)
- where S (t) =(yt/2AC)3, k is the Boltzmann’s constant, AH is
the void closure energy, and I is the either transmittance at
| | | | ) ] PS-OVEN
120 160 200 240 280
Temperature, T(°C) 600
Figure 6. Transmitted light intensity (I,) versus temperature for the PS/
PVA (50 wt %) composite latex film annealed by (a) conventional heating _ 400
in the oven and (b) by IRH. =
200
following the manufacturers regulations: PVA were dispersed in
deionized (DI) water with in the proportions of 0.01 g PVA; 0 | , : |
1 mL DI water by bath sonication for 3 h. PVA is a good stabi- 30 120 160 200 240
lizing for dispersions enabling preparation of PS composites
from dispersions of PVA in PS solution. Temperature,T(°C)
Film Preparation 400 PS-IR
Two different films with (0 wt % PVA and 50 wt % PS/PVA
contents) and two sets were prepared from the dispersion of 300 —
PS/PVA composites by placing the same number of drops on a
glass plates with the size of 0.8X2.5 cm” and allowing the water
to evaporate. One set was prepared for the convective heating 200 —
and the other set was prepared for IRH. Then the samples were -
separately annealed above T, of PS, 105°C, for 10 min at tem-
peratures ranging from 100 to 270°C in both oven and under 100 —
IR lamb. The temperature was maintained within *2°C during
annealing for oven and =1°C for IRH. @)
After annealing, each sample was placed in the solid surface 0 ' | | '
80 120 160 200 240

accessory of a Varian Carry Eclipse fluorescence spectrometer.
Fluoroprobe, dimethacrylate, in the film was excited at 255 nm
and the maximum of the fluorescence emission was observed at
347 nm. All measurements were carried out in the front-face
position at room temperature. Slit widths were kept at 8 nm
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Temperature, T(°C)
Figure 7. Fluorescence intensity (Iy) at 357 nm versus temperature for the
pure PS latex film annealed by (a) conventional heating in the oven and
(b) by IRH. The excitation wavelength is 255 nm.
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300 RESULTS AND DISCUSSION
PEFVAOVEN The emission spectra of pure PS latex films annealed for 10 min
- at various temperatures are shown in Figure 3, where it is seen
%‘ 200 that I first increases and then decreases upon annealing. The
=1 . . . . . .
2 behavior of Iy can be explained with the schematic picture given
'» in Figure 4. In Figure 4(a), at the early stages of the film forma-
5 tion, the composite film possesses many voids which results in
g 100 - short mean free, <a>, and optical, s, paths of photons. At this
2 stage most of the light is scattered which yields low Iz Figure
@) 4(b) represents a film in which interparticle voids disappear
because of the annealing. The mean free path and the optical
0 T T T T path are the longest for this case and Iy reaches its maximum
80 120 160 200 240 280 value because of the increasing efficiency of the excitation
Temperature, T(°C) because of the long s. Finally, as seen in Figure 4(c), a partially
400 transparent film with longest <a> but shorter s values was
PS-PVA-IR formed. Since the optical path is very small compared with the
L Ta*To previous condition, the excitation efficiency decreases consider-
B 300 D ably resulting in low I intensity.
g Transmitted light intensity, I, versus annealing temperatures is
'ui 200 - plotted in Figures 5 and 6 for the PS films without and with
@ PVA (%50 PS, %50 PVA), respectively. I, first starts to increase
g after a certain onset temperature, called the minimum film for-
2 100 -+ mation temperature T, and then reaches a maximum at the
healing temperature, T, which is the transition temperature
0 T T T T
80 120 160 200 240 280
Temperature T(°C) i5 . (a)
Figure 8. Fluorescence intensity (Iy) at 357 nm versus temperature for the .\’b\'\\’\ '/Th
PS/PVA (50 wt %) composite latex film annealed by (a) conventional
heating in the oven and (b) by IRH. The excitation wavelength is 255 nm. _ 40 4
o
L o 3.5 ¥
500 nm or fluorescence intensity at 347 nm. For a given time
the logarithmic form of eq. (1) can be written as follows .
S <3AH) o 30 {PS-OVEN
kgT ’
By using the least square fitting, the void closure energy can be . t\/ ®)
calculated by using eq. (2) for the latex films. 4.4 - ' ¢ Ty
The activation energies for the interdiffusion process are calcu- .
lated by using the following equation: = .
I(T)/I(c0)=Aexp(—AE/2kT) (3) T 4,2 4
where k is the Boltzmann’s constant, AE is the interdiffusion
energy, and I is the either transmittance at 500 nm or fluores- 4105 -
cence intensity at 347 nm. Similar procedure with the calcula- ’ PS4R .
tion of the void closure energies is used to calculate the | | : |

interdiffusion energy.

The activation energies for the PS and PS/PVA films annealed by
the convective heating in the oven and IRH monitored by UV
transmittance and fluorescence techniques were given in Table 1.

Since the theoretical models which describe the latex film for-
mation are discussed in literature in detail,**** the information
about these models was not given in this manuscript.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

43289 (5 of 9)

1,8 2,0 22 24 26 28
70 K"
Figure 9. Logarithmic plots of I, data vs. inverse of annealing tempera-
tures (T~ ') for the pure PS latex films annealed for 10 min in (a) oven
and (b) IRH. Data are fitted to egs. (2) and (3) to produce AH,, (right

slopes) and left slope of the linear relations produces AE, values, respec-
tively which are listed in Table I.
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Figure 10. Logarithmic plots of I data vs. inverse of annealing tempera-

3,0

1

tures (T ') for the pure PS latex films annealed for 10 min in (a) oven
and (b) IRH. Data are fitted to eqs. (2) and (3) to produce AHy (right
slopes) and left slope of the linear relations produces AE, values, respec-
tively which are listed in Table 1.

from void closure to interdiffusion process. The increase in I,
above T, can be explained by the evaluation of the transparency
of the PS and PS/PVA latex films upon annealing. Most prob-
ably, increased I, corresponds to the void closure process; i.e.,
polymer starts to flow upon annealing and voids between par-
ticles can be filled. After T} since the motion of the polymers
through the boundaries during the interdiffusion process does
not change the average optical properties of the latex films, the
increase rate of the transmittance is very small.?*% Just for the
PS/PVA latex film annealed by IRH technique; I, decreases after
reaching maximum as seen in Figure 6(b). This point will be
discussed in the following paragraphs.

For pure PS films, both T, and T}, values are close to each other
in both infrared and convective heating techniques as seen in
Figure 5. But the rate of increase and the initial value of the
transmittance are higher for the film annealed by IRH [Figure
5(b)]. Also the void closure (AH) — interdiffusion (AE) energies
obtained from Figure 9 are 2.30-2.78 kcal/mole and 0.67-1.08
kcal/mole for PS films annealed by the convective heating in the
oven and IRH, respectively, as given in Table I. These results
clearly indicate that less energy is required for the void closure
and interdiffusion processes for the pure PS latex films when IR
heating is used for the film formation.
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The transmittance variations with respect to the annealing tem-
perature for the PS/PVA composite latex films annealed by the
convective heating in the oven and IRH are shown in Figure 6.
The void closure and the interdiffusion processes are clearly
observable for the composite films annealed in the oven and the
required energies for these processes are calculated as 0.53 and
1.01 kcal/mole, respectively (see Figure 11). Here it has to be
noted that the measured activation and interdiffusion energies
for viscous flow were found to be different in different techni-
ques (Fluorescence and PT) Since PS particles have fluorescence
characteristic, it is believed in that values using fluorescence
spectrometer are more realistic to interpret the viscous flow. It
is also seen that AE values are higher than AH values for both
PS and PS/PVA composites. Since PS particles can screen the
motion of polymer chain across the junction, then, a single
chain needs more energy to overcome this difficulty. Therefore
a single chain needs more energy to execute diffusion across the
polymer—polymer interface, than bulk polymer needs to accom-
plish the viscous flow process. Another interesting point is that,
the obtained void closure and interdiffusion energies from PS/
PVA composites is less than PS particles for the two techniques
as seen in Table I. This result shows that addition of the PVA
particles makes easier film formation processes. Probably, when
PVA particles heated around the T, value starts to fill the voids

36
(@)
|-
* -
= *e -
g 32 ‘
*
PS-PVA-OVEN ¢
28
(b)
T
* M
-
- 24 =
PS-PVA-IR
0 | | | |

1,8 2,0 22 24 26 28
T'10°K™)
Figure 11. Logarithmic plots of I, data vs. inverse of annealing tempera-
tures (T ') for the PS/PVA composite films annealed for 10 min in (a)
oven. Data are fitted to eqgs. (2) and (3) to produce AH,, (right slopes)
and left slope of the linear relations produces AE, values, respectively
which are listed in Table I. and (b) Logarithmic plots of I, data vs. inverse

of annealing temperatures (T~ ') for the PS/PVA composite films annealed
for 10 min by IRH.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43289



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

Applied Polymer

CIENCE

ARTICLE WILEYONLINELIBRARY.COM/APP

@)

PS-PVA-OVEN

®)

* e

ot Th .-¢..
4 - l (R
.

PS-PVA4R
2 T I T T T

1.8 2,0 22 24 26 28 30

T'*10%K")

Figure 12. Logarithmic plots of I data vs. inverse of annealing tempera-
tures (T~ ') for the PS/PVA composite films annealed for 10 min in (a)
oven. Data are fitted to egs. (2) and (3) to produce AHj (right slopes)
and left slope of the linear relations produces AE, values, respectively
which are listed in Table 1. (b) Logarithmic plots of Ir data vs. inverse of
annealing temperatures (T~ ') for the PS/PVA composite films annealed
for 10 min by IRH.

between the PS particles and decreases the aggregation in two
polymer system and causes being more homogenous film struc-
ture. Figure 14 is also support this finding that film structure of
PS/PVA composites are seen smoother than pure PS film after
applying IRH. In other words, film formation processes is
already completed for IRH at 160°C, while pure PS particles
need higher temperatures using oven. For the PS/PVA film
annealed by IRH, different situation was observed: the transmit-
tance decreased abruptly after reaching maximum value as seen
in Figure 6(b). This decrease in the transmittance is probably
because of the physical deformation of the film. Because some
dark spots were observed on the surface of the PS/PVA film
annealed by IRH after a certain temperature. Before the maxi-
mum I, probably the void closure and the interdifussion proc-
esses occur very fast and nearly simultaneously. So it cannot be
possible to distinguish these processes during the film formation
for the PS/PVA composite film annealed by IRH. This predic-
tion is supported by the SEM micrographs given in Figures 13
and 14. Here it is clearly seen that the films annealed by IR
heating are more homogeneous than those annealed in the oven
which indicates that the film formation is completed in shorter
times for the IR heating system.
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The changes in the fluorescence emission intensity at 347 nm
with respect to temperature for the pure PS latex films annealed
by convective heating in the oven and IRH are given in Figure
7. The overall behavior is in accordance with the stages of the
film formation given in Figure 4. Until the end of the void clo-
sure processes, the optical path of the light inside the film
increases which results in increasing excitation efficiency and
thus increasing fluorescence emission intensity. On the other
hand, after the void closure stage is completed, the optical path
starts to decrease which means that the fluorescence emission
intensity also decreases. The void closure energies calculated flu-
orescence data obtained from Figure 10 are 0.97 and 0.72 kcal/
mole for the PS films annealed in the oven and IRH, respec-
tively, as given in Table I. Again the required energy for the
void closure process is smaller for the IRH system than the
oven which is in accordance with the results of the transmit-
tance measurements.

Another interesting point in Figure 7 is that the temperature
behaviors of the fluorescence intensity with respect to tempera-
ture for films annealed by the convective heating in the oven
and IRH are different. The fluorescence intensity of the film
annealed by IRH is smaller than that for the film annealed in

Figure 13. (a) SEM images of the pure PS latex film annealed in the oven
at 250°C, (b) SEM images of pure PS latex film annealed by IRH at
250°C.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43289
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Figure 14. (a) SEM images of pure PS latex film annealed in the oven at 100°C. (b) SEM images of the 50 wt % PS in PS/PVA composite latex film
annealed in the oven at 100°C (¢) SEM images of the pure PS latex film annealed in the oven at 160°C, (d) SEM images of 50 wt % PS in PS/PVA latex

film annealed by IRH at 160°C.

the oven. This indicates that a more homogeneous film forma-
tion is obtained by IRH which is in accordance with the SEM
images given in Figures 13 and 14. Since the film is more homo-
geneous, the change in the optical path, s, upon annealing is not
so big when compared with the optical path change for the film
annealed in the oven. This decreases the sensitivity of the fluores-
cence technique in the observation of the void closure process
and the temperature for the void closure reaches higher values
for the film annealed by IRH as seen in this figure.

The healing temperatures for the films annealed in the oven
and IRH are different as seen in this figure; on the other hand
these were close to each other in the transmittance measure-
ments as mentioned above. The healing temperatures for the
films annealed in the oven are completely different for different
measurement techniques, around 160°C for transmittance and
110°C for fluorescence. But these temperatures are close to each
other for the films annealed by IRH, about 160°C for both
transmittance and fluorescence. This result clearly indicates that
the film formation process by IR heating can be monitored by
both transmittance and fluorescence techniques simultaneously.

The fluorescence emission intensity at 347 nm with respect to
annealing temperature for the composites PS/PVA films annealed
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by the convective heating in the oven and IRH are given in Fig-
ure 8. The behavior of the composite PS/PVA film annealed in
the oven [Figure 8(a)] is similar to the pure PS film annealed in
the oven [Figure 7(a)]. The fluorescence emission intensity first
increases and then it decreases as explained in the previous para-
graphs. But the behavior is different for the PS/PVA composite
film annealed by IRH. Here the fluorescence emission intensity
decreases for the whole process. This observation is in accordance
with the results of the transmission measurements given in Fig-
ure 6(b) where it was discussed that the IRH speeds up the film
formation process which causes the void closure and the interdif-
fusion proceeds almost simultaneously. Therefore, for the com-
posite film annealed by IRH the optical path and thus the
florescence emission intensity decreases during the film formation
process and this makes the monitoring of the film formation
stages for the composite film annealed by IRH impossible. Only
the void closure and the interdiffusion energies for the composite
film annealed in the oven could be calculated as 0.62 and 18.00
kcal/mole, respectively as in Table I (see Figure 12). These ener-
gies are in accordance with the energies calculated from the
transmittance measurements which clearly indicate that the
energy for the motion of the polymers through the boundaries is
much higher than the void closure energy.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43289
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CONCLUSIONS

This study mainly focused on the effect of the IR heating on
the film formation process of the pure PS and PS/PVA compos-
ite latex films. The following conclusions can be made as a
result of the experiments performed in this study.

iii.

iv.

The film formation stages of the pure PS latex films
annealed by the convective heating in the oven and by IRH
could be monitored by both transmittance and the fluores-
cence techniques. On the other hand, the film formation
stages of the PS/PVA latex films annealed by the convective
heating in the oven and by IRH could only be observed by
the transmittance measurements.

. When the IRH technique is used for the film formation of

the pure PS latex films, the void closure and the interdiffu-
sion activation energies decreases considerably as seen in
Table L

The latex films annealed by IRH are more homogeneous
than the latex films annealed by the convective heating in
the oven.

Finally it can be concluded that the IRH technique speeds
up the film formation process for the latex films.
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