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Abstract

In the present work, composites of poly(methyl methacrylate)/titanium oxide nanoparticles
(100/0, 97.5/2.5, 95/5, 92.5/7.5, 90/10 and 0/100 wt/wt%) were prepared to be used as bio-
equivalent materials according to their importance broad practical and medical applications.
Thermal properties as well as X-ray diffraction analyses were employed to characterize the struc-
ture properties of such composite. The obtained results showed variations in the glass transition
temperature (Tg), the melting temperature (Tw), shape and area of thermal peaks which were at-
tributed to the different degrees of crystallinity and the existence of interactions between PMMA
and TiO; nanoparticle molecules. The XRD patterns showed sharpening of peaks at different con-
centrations of nano-TiO; powder with PMMA. This indicated changes in the crystallinity/amorpho-
sity ratio, and also suggested that the miscibility between the amorphous components of homo-
polymers PMMA and nano-TiO; powder is possible. The results showed that nano-TiO, powder
mix with PMMA can improve the thermal stability of the homo-polymer under investigation, lead-
ing to interesting technological applications.
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1. Introduction

Polymeric materials have special interest because in combination with suitable metal salts, they give complexes
which are useful for the development of advanced high energy electrochemical devices and photo electro-
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chemical cells with ease of fabrication into thin films of desirable sizes. Also, an exponential growth of research
activities has been seen in nanoscience and nanotechnology in the past decades [1] [2]. New physical and
chemical properties emerge when the size of the material becomes smaller and smaller, and down to the nano-
meter scale. Fillers are used in polymers for variety of reasons: cost reduction, improved processing, density
control, optical effect, thermal conductivity, control of thermal expansion, electrical properties, magnetic prop-
erties, flame retarding and hardness, etc. [3].

Polymer-inorganic oxide nanoparticle composites have attracted considerable attention in the field of material
science because they exhibit enhanced material properties as compared to pure polymers. The presence of inor-
ganic oxide nanoparticle fillers in polymers can alter the thermomechanical, optical, electrical, and magnetic
properties of the polymers [4]. Recently, composite materials made of polymers and nanoparticles (NPs), such
as inorganic, metal, semiconductor, carbon black, and magnetic nanomaterials have attracted great attention be-
cause of the stabilizing effects of the polymer matrix on the NPs and relative easiness and flexibility of engi-
neering this class of materials with advanced functionalities [4]-[9].

Poly(methyl methacrylate) (PMMA\) is an important thermoplastic material, and its wide applications in many
technological and productive fields take advantages of the unique combination of excellent optical properties
(clarity, transparency from the near ultraviolet to the near infrared), with chemical inertness, some good me-
chanical properties, thermal stability, electrical properties, safety, weather resistance, model ability and easy
shaping [10]. In addition, PMMA is one of the best organic optical materials which is very suitable for numer-
ous imaging and non-imaging microelectronic applications, including as a photoresistance for direct-write
e-beams, X-rays and deep UV microlithographic process and has been widely used to make a variety of optical
devices, such as optical lenses either in the pure or doped state [11] [12]. PMMA has been used in skeletal sur-
gery for more than 40 years as a means of securing prosthetic implants and more recently is used as a delivery
agent for local high-dose antibiotics to treat soft tissue and osseous infections [13] and it has been extremely
utilized for antibiotic delivery system purposes for the treatment of osteomyelitis [14]. Also, PMMA is a widely
used support medium for the embedding of intact, undecalcified bone [15]. Its hardness makes it ideal for calci-
fied tissue sectioning and subsequent histological examination [16].

In the early twentieth century, titanium dioxide (TiO,) has been widely used as a pigment1 and in sunscreens,
2, 3 paints, 4 ointments, toothpaste, 5 etc. [17]. Moreover, enormous efforts have been devoted to the research of
TiO, material, which has led to many promising applications in areas ranging from photovoltaics and photo-
catalysis to photo-/electro-chromics and sensors [18]. These applications can be roughly divided into “energy”
and “environmental” categories, many of which depend not only on the properties of the TiO, material itself but
also on the modifications of the TiO, material host (e.g., with inorganic and organic dyes) and on the interac-
tions of TiO, materials with the environment. Also, titanium oxide (TiO,) nanoparticle has been used in purifi-
cation of polluted air and waste waters [19]. On other hand, nano-TiO; is not inert and is a UV light attenuator;
therefore, it finds applications as a catalyst and as a UV light attenuator as opposed to a visible light attenuator
[17]. Nano-TiO, is used as a UV stabilizer or blocker in products other than sunscreens, such as plastic products
and textiles. Nano-TiO, protects both the matrix and the material behind the matrix from degradation due to UV
light [20].

Chen et al. [21] reported in their study the synthesis and characterization of trialkoxysilane-capped poly-
(methyl methacrylate)-titania hybrid optical thin films. The effect of shape and surface chemistry of TiO, col-
loidal nanocrystals on the organic vapor absorption capacity of TiO,/PMMA composite is studied by Convertino
et al. [22]. Osiris et al. [23] studied the macrostructure and optical properties of PMMA/TIO, nanoparticles
composites.

In the present work, PMMA is mixed with different concentrations (2.5, 5, 7.5, and 10 wt%) of nano-TiO,
powder. Thermal analyses [differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)] as
well as X-ray diffraction (XRD) techniques are employed to characterize and to reveal the relationship of the
structure properties of PMMA to be used in different technological applications.

2. Experimental Setup
2.1. Materials and Sample Preparation

For the present work, poly(methyl methacrylate) powder of chemical formula [CH,C(CH3)(CO,CHs)-], with
average molecular weight of 320,000 and melting point >150°C is supplied from Alfa Aesar, GmbH & Co., UK.
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Furthermore, titanium (1V) oxide nanopowder as a mixture of rutile and anatase, with particle size less than 100
nm (BET) with 99.5% trace metals basis is supplied from Sigma-Aldrich, China.

The PMMA powder is mixed with nano-TiO, powder for four different concentrations (2.5, 5, 7.5 and 10
wt%). The starting materials are grounded using a Phillips PW 4018/00 Mini-Mill for 15 minutes with a rotating
speed of 3400 rpm to form a homogeneous mixture as previously reported and checked [23].

2.2. Thermogravimetric Analysis (TGA)

Thermal behaviour of the prepared samples is examined by Thermogravimetric Analyzer model Schimadzu
TGA-50H (Kyoto, Japan) from 25°C to 600°C. A heating rate of 10°C/minute is used under nitrogen atmosphere
and at a flow rate of 30 mL/minute. Dry sample weighing about 6.9012 mg is used. The standard uncertainty of
the sample mass measurement is £1%. The instrument is calibrated using calcium oxalate which was supplied
along the instrument.

2.3. Differential Scanning Calcorimetry (DSC)

The thermal transition behaviour of the prepared samples is determined by Differential Scanning Calorimeter
model Schimadzu DSC-50 (Kyoto, Japan) from 25°C to 600°C. A heating rate of 10°C/minute is used under ni-
trogen atmosphere and at a flow rate of 20 mL/minute. The sample weight was about 7.7167 mg.

2.4. X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) measurements of the prepared samples are recorded with a Scintag Irc X-Ray Dif-
fractometer (USA) equipped with Ni-filtered CuK, radiation (1 = 1.5418 A) and operated at 45 kV and 40 mA.
The diffractograms are recorded in the range of 20 from 5° to 60° at a speed rate of 2 degrees/minute. The crys-
tallinity index (Crl) is calculated for the different samples using the relation [24]:

Cri=[(1; - 1,)/1; ]x100 ()

where I; is the peak intensity of the fundamental band at 26 = 13.5° - 14.8° and I is the peak intensity of the
secondary band at 26 = 30.0° - 31.0°. The Crl is a time-save empirical measure of relative crystallinity.

3. Results and Discussion
3.1. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) is widely used to investigate the thermal decomposition of polymers to de-
termine the thermal decomposition Kinetic parameters such as activation energy and reaction order. These pa-
rameters can be used to obtain a better understanding of thermal stability of polymers. Also, TGA enables to de-
termine a value of moisture loss of the polymers in addition to that obtained by conventional methods.

The TGA curves for pure PMMA, pure TiO, and that for PMMA mixed with 2.5, 5, 7.5 and 10 wt% nano-
TiO, samples are shown in Figure 1. The kinetic parameters obtained from these curves are listed in Table 1. It
is clear from the figure that, the curves show four weight loss steps and discuss as follows: The weight loss in
the first step corresponds to the evaporation of bound water (desorption of water physically bound to the poly-
mer and dehydration of it). This produces a broad not sharp endothermic peak which ends at around 90°C -
100°C. So, an initial weight resulting from moisture departing appeared starting from room temperature up to
around 100°C. It is well known that the melting temperature of a polymer decreases with increasing moisture
content [25]. The lower values of % weight loss in the first step affirm the presence of a thermal process due to
moisture evaporation from samples and also may be due to splitting or volatilization of small molecules and/or
monomers in which weight loss varies between 0.36% and 6.396% and begins at near 40°C. This lower value of
weight loss enables one to suggest that the transitions observed in the corresponding temperature range of the
following DSC spectra explain the existence of physical transition [26]. From Table 1(a), it is noticed that, the
first step mid-point temperature of the PMMAJ/TIO, nanoparticles composites are higher than that of the pure
PMMA and in between the mid-point temperatures of the pure PMMA and pure nano-TiO, powder (an increase
of about 6.1% for the composite 95/5 wt/wt% is detected). By following the % weight loss occurred in the first
step, composites 97.5/2.5 and 95/5 wt/wt% lost a quantity from their weights less than that of the pure PMMA
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Table 1. TGA and DrTGA data for PMMA/TiO, nanoparticles composites.

(a)
First step Second step Third step Fourth step
PMMA/TIO, 5 i % X X % % X X
WHWi% % Mid point A Mid point A Rl mveftats 7 : Mid point
( 0) e 0) weight 0) weight  Mid point ('C)  weight 0)
loss loss loss
100/0 0.664 44.92 37.860 271.86 56.790 325.00 0.168 393.00
97.5/2.5 0.368 52.77 33.805 268.22 53.731 345.51 7.846 388.00
95/5 0.391 47.68 17.768 255.88 67.839 325.90 4.091 391.23
2.342 44.62
92.5/7.5 1.491 89.76 31.303 267.68 51.448 343.15 1.301 392.58
6.396 45.86
90/10 3315 0363 26.731 269.09 49.145 348.68 2.044 393.94
0/100 8.916 64.18 2.633 215.60
(b)
PMMA/TIO, (wt/wt%) Total % weight loss Residue %
100/0 95.482 4518
97.5/2.5 95.750 4.250
95/5 90.089 9.911
92.5/7.5 87.885 12.115
90/10 87.631 12.369
0/100 11.549 88.451
TGA
(%)
(f)
e —
2 1 2 _ 1 -
0 200 400 600

Temperature (°C)

Figure 1. TGA curves of PMMA/TiO, nanoparticles composi-
tes: (a) 100/0, (b) 97.5/2.5, (c) 95/5, (d) 92.5/7.5, (e) 90/10 and
(f) 0/100 (wt/wt%).

by about 45% and 41%, respectively, while composites 92.5/7.5 and 90/10 wt/wt% lost a quantity from their
weight higher than that of the pure PMMA by about 124.6% and 399.4%, respectively. The percentage weight
loss for pure TiO, is about 3.92% of its starting weight and its mid-point occurs at about 64.18°C. It is also no-
ticed from the table for composites 92.5/7.5 and 90/10 wt/wt% that, another loss in their weights occurred and

their mid-point temperatures located at about 89.8°C and 93.6°C.

The second loss peak starting at above 200°C (see Figure 1) is ascribed to crystal cleavage (most clearly in
the pure PMMA) and may be attributed to melting and degradation of different morphological components
forming the highly complex structure of PMMA. It is characterized by the presence of the typical melting endo-
therm with a single peak at 271.86°C. This second step corresponds to the weight loss caused by the decomposi-
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tion of the PMMA structure, and coincides with the temperature range over which a number of defined paralysis
reactions takes place in PMMA [10]. The hydrogen bond of methyl group ruptures and ordered regions of
PMMA undergo a solid to liquid phase change. The initial temperature of the thermal decomposition stage is
usually used to compare the thermal stability of the samples which is in agreement with that previously reported
[27] [28]. Chiu [27] reported that the temperature at which mass loss starts and proceeds at its fastest rate is
unique for any given polymer and the technique can be used for characterization purposes.

Furthermore, it is noticed that, the second step mid-point temperature of the PMMA/TiO, nanoparticles com-
posites are smaller than that of the pure PMMA and in between the mid-point temperatures of the pure PMMA
and pure nano-TiO, powder (a lowest decrease of about 5.9% for the composite 95/5 wt/wt% is detected). By
following the % weight loss occurred in the second step, the lowest % weight loss is occurred for composite
95/5 wt/wt% than that of the pure PMMA sample and is about 53.1%. For the third step the decomposition of
97.5/2.5, 92.5/7.5 and 90/10 PMMAV/TiO, nanoparticles composites occurs at about 343°C - 348°C and they are
higher than that of the pure PMMA. For composite 95/5 the decomposition mid-point temperature was about at
325.90°C which is approximately the same as the pure PMMA (325°C), also, this composite shows the highest %
weight loss and greater than that of the pure PMMA sample (about 19.5%). The lowest value in % weight loss
smaller than that of the pure PMMA sample is detected for composition 90/10 wt/wt% and is about 15.6%. An-
other decomposition stage (fourth step) is detected and the decomposition midpoint temperature was nearly the
same as the pure PMMA (393°C). A non-remarkable decrease of about 1.3% for the composite 97.5/2.5 wt/wt%
is detected and the composites loose their weight by increasing the nano-TiO, powder.

From Table 1(b), at the end of the thermal degradation of the PMMA/TiO, nanoparticles composites, it is in-
dicated that, the total % weight loss decreases by increasing the concentration of nano-TiO; in the composite till
10 wt% of TiO, (about 8.2%), i.e. the char residue for this composite is the highest one (12.369)—Char weight
= W; — W,; where Wy is the total weight of the composite at the starting thermal process and W, is the total
weight loss of the composite at the end process—so, the production of more char (less in weight loss during the
composition) in case of PMMA mixed with nano-TiO, at concentration of 10 wt% means that thermal stability
of this sample is enhanced and it is more resistant to fire hazards. When the temperature rises above 300°C;
slight final loss occurs, this is caused by the chemical groups in the crystalline regions of the polymer. Therefore,
following the rise in temperature, PMMA polymer first decomposes in the amorphous region, and then in the
crystalline region. Thermal degradation of PMMA sequently occurs as initial scission, depropagation reactions
and further degradation into volatile compounds [29].

At least two mechanisms have been validated for the initial scission of PMMA, including random scission
(C-C bonds) of the main chain and hemolytic scission of the methoxycarbonyl side groups (-COOCHj3). The
random C-C scission is the dominant mechanism, which decomposes PMMA into methyl methacrylate as a ma-
jor product [30]. However, the products such as CO,, CO, CH3;OH, CH, and char, other than the monomer could
also form along with the elimination of methoxycarbonyl side groups [31]. The kinetics of PMMA decomposi-
tion was investigated as a first order reaction for most previous studies. PMMA ignites at 460°C and burns
forming carbon dioxide, water, carbon monoxide and low molecular weight compounds, including formalde-
hyde. By following the temperature of the third endothermic peak listed in Table 1(a), it is noticed that it in-
creases for PMMA samples mixed with increasing the wt% of nano-TiO,. This may be attributed to that as the
content of nano-TiO, increases in the PMMA polymer; the composites became more thermally stable which in-
dicate better dispersed of TiO, in PMMA matrix.

3.2. Differential Thermogravimety (DrTGA)

Differential thermogravimety (DrTGA) results of pure PMMA and those of mixed PMMA with different con-
centrations of nano-TiO, powder are shown in Figure 2 and are listed in Table 1. From Table 1, the values of
the decomposition temperatures for all the composites are detected. These decompositions depend upon the mo-
lecular weight and the purity of the polymer, i.e., PMMA in this case, and are affected by its morphology. The
second and third endothermic peaks for pure PMMA are detected at about 271.86°C and 325.00°C, respecti-
vely, which reflect the decomposed reaction of PMMA. The values of the second endothermic peak shifted to-
ward lower temperatures by increasing the contents of TiO, and shows wide right shoulder as in the case of pure
PMMA. This shoulder differs in depth according to the percentage content of nano-TiO,. The appearance of the
shoulder means that the average side of crystallites is changed due to the adding of nano-TiO, powder to PMMA
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Figure 2. DrTGA curves of PMMA/TiO, nanoparticles compo-
sites: (a) 100/0, (b) 97.5/2.5, (c) 95/5, (d) 92.5/7.5, (e) 90/10
and (f) 0/200 (wt/wt%).

polymer. Heat release during the decomposition is represented at the end of the temperature curves for all com-
posites which are assigned to the heat released of oxidation of the decomposition of flammable products of the
samples.

3.3. Differential Scanning Calorimetry (DSC)

DSC is most commonly used to determine transition temperatures such as glass transitions, melting cross-link-
ing reactions, purity and rate of decomposition. However, it measures only the total heat flow and the sum of all
thermal transition in the sample and the rate of crystallization temperatures, in addition to the associated en-
thalpy for each process. Also, DSC has been used to measure heat of transition, specific heat, thermal emissivity
and certain isothermal functions [32].

The thermal properties of PMMA/TiO, nanoparticles composites are examined by DSC to estimate how the
thermal transitions of the prepared composites are affected by the presence of difference concentrations of TiO,
and the data are shown in Figure 3. The measurements from the DSC curves are tabulated in Table 2. Differ-
ence in shape and area of the decomposition endothermic were noticed. From the figure and the table, the ob-
served transitions can be assigned as follows [33] [34]:

The different in shape can be attributed to the different degree of crystallinity found in the different PMMA
investigated samples. The broad endothermic peak observed around 44°C - 52°C indicted as O-H content de-
clined. The hydroxyl groups are highly interconnected by hydrogen bonding, leads to higher glass transition
temperature (T,). The introduction of other functional groups (as nano-TiO, in our case) may support this bond-
ing and enhance the T, value. Also, a reduction in the peak area indicated a change in the extent of crystallinity
or in molecules order [35]. On the other hand, a decrease in enthalpy of fusion and increase in melting tempera-
ture suggested that the crystallinity and perfection of the crystal structure were reduced by increasing the degree
of cross-linking. Change in the crystalline structure can results from PMMA polymer and earth metals mole-
cules interactions in the amorphous phase of PMMA polymer. So, disorder in the crystals is created, reducing
the enthalpy of the phase change [36] [37].

From Figure 3 and Table 2, the major endothermic peaks are observed at 271.95°C and 362.85°C corre-
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Figure 3. DSC curves of PMMA/TiO, nanoparticles compo-
sites: (a) 100/0, (b) 97.5/2.5, (c) 95/5, (d) 92.5/7.5, (e) 90/10
and (f) 0/200 (wt/wt%).

Table 2. Values of transition temperatures and associated heat of fusion for PMMA/TiO, nanoparticles composites.

. Second step Third step Fourth step
PMMAV/TIO,
(WHWt%) Peak temperature Heat release Peak temperature ~ Heat release Peak temperature Heat release
q®) (Y/9) (O (Y/9) (O (%/9)
100/0 271.95 -36.83 326.17 15.36 362.85 -46.85
97.5/2.5 277.72 —53.00 327.48 11.23 367.20 —95.02
95/5 276.98 -33.51 327.85 16.52 364.06 -85.05
92.5/7.5 288.62 -33.00 323.32 17.21 372.01 -75.11
90/10 271,51 -82.25 331.05 155 368.76 -133.81
0/100 96.28 -1.43 191.70 -0.51

sponding to the decomposition temperatures of the blank PMMA sample. For the other PMMA polymer mixed
with TiO,, the decomposition endotherms were slightly broadened and the peak temperature shifts towards
higher values with increasing the concentration of TiO,. Another exothermic peak is detected at 326.17°C cor-
responding to the decomposition temperature of the blank PMMA sample and the peak temperature slightly
shifts towards higher values with increasing the concentration of TiO, up to 10 wt%.

It is noticed from Table 2 that, the values of the heat of fusion (heat release, J/g), which is represented by the
area under the endothermic and exothermic peaks of decomposition steps and its rate, has been found to be very
effective to evaluate fire hazards. It can be detected that for the second step, PMMA/TIO, nanoparticles com-
posite of 90/10 wt/wt% has the highest heat release value (—82.25 J/g) while composite of 92.5/7.5 wt/wt% has
the lowest one (—33.00 J/g). For the third exothermic step, the highest heat release value is that for the composite
92.5/7.2 wt/wt% while the lowest one is that for the composite of 97.5/2.5 wt/wt%. In addition, the highest and
lowest values of the heat release are those for the composites 90/10 and 100/0, respectively.

The decomposition temperature of any polymer depends on its molecular weight and its purity; also, it is af-
fected by its morphology. This decomposition temperature depends on the crystallinity of the polymer—the
highest the crystallinity has the higher decomposition peak [38]. The obtained changes in heat of fusion (J/g)
and increase in the melting temperature points (T,,) suggested that the crystallinity and perfection of crystal
structure are reduced with increasing of cross-linking. As well known by previously reported work [38], a
change in the crystalline structure may result from polymer-filler interactions in the amorphous phase, therefore,
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disorder in the crystals is created, reducing the enthalpy of the phase change. However, PMMA/TiO, nanoparti-
cles composites show all the parent endotherms and exotherms with only a slight perturbation in the character of
each component by degradation. Especially, the exotherm corresponding to combustion of the char residue
seems to change with the additive ratio. Exothermic activity in composites occurs following melting, followed
by a rise in the curve at about 327°C. This exotherm, which is nonoxidative in character, appears to play an im-
portant role in the formation of structure features to retard the flammability, by reactions such as dehydration
and cross-linking [39] and also may be due to oxidative decomposition of a small amount of the residue that is
formed during the first degradation correspond to dissociation of the methyl groups present in PMMA polymer.
Around 440°C, a large exotherm appears in the thermogram of all the composites under investigation due to
oxidative reactions of the polymer and combustion of the char residue [40]. Moreover, it is indicated from the
obtained results that the addition of TiO, to PMMA enhances their thermal stability which is in agreement with
previously reported work by Osiris et al. [23]

3.4. X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis is used by many investigators to characterize the change in the crystal struc-
ture parameters such as: the degree of crystal orientation, the apparent crystal size and the lattice strain along the
axis of the crystal unit cell [41]. XRD is used to check the crystalline formations of PMMAJ/TiO, nanoparticles
composites. Their typical XRD patterns at room temperature in the scanning range 5 < 26 < 60° are represented
in Figure 4. The appearance of sharp reflections and diffuse scattering observed from the XRD pattern of pure
PMMA (pattern a), its characteristic of crystalline and amorphous phases of conventional semi-crystalline
polymers. Moreover, this pattern shows several distinct crystallite peakss at 20 = 6.65, 8.69 and 12.58 degrees.
Most of these peaks are no longer detectable, since they are of vanishingly small intensity in the XRD patterns
of the PMMAV/TIO, composites. This is attributed to weak reflections from the ordered structure. In addition,
from the patterns (b-f), it is noticed that, two new peaks started to appear at 20 = 27.42 and 54.26 degrees for the
composite 97.5/2.5 wt/wt% (pattern b). As the concentration (wt%) of nano-TiO, increased, these two peaks
started growing and became as the major peakss in the largely composites and four other peaks are appeared at
26 = 25.27 - 25.43, 36.01 - 36.22, 41.16 - 41.34 and 56.58 - 56.78 degrees (patterns c-e). These 6-appearance
peaks indicate that the presence of TiO, with different weight percents can cause structural variation in the
polymeric network of PMMA and also the baseline is heaved because of the existence of PMMA which is con-
sistent with the previous results of FTIR [41]. The obtained peaks are observed to coincide with that present in
the XRD pattern for pure nano-TiO, powder (pattern f) and confirm the presence of nano-TiO, crystallites
within the polymeric matrix [42]. In Figure 4, the XRD pattern-f exhibited strong diffraction peaks at 26 =
25.43, 27.56, 36.22, 41.34, 54.43 and 56.78 degrees indicating TiO, in the rutile and anatase phases [43]. All
peaks are in good agreement with the standard spectrum (JCPDS no.: 88 - 1175 and 84 - 1286). Also, from the
pattern f, it is shown the baseline is heaved because of the existence of the nano-TiO, powder which is com-
posed of irregular polycrystalline. Amorphous revealed a broad pattern; however, the effect of the amorphous
materials on the broadening of the XRD patterns of nanosized TiO; is negligible.

By following all of the peaks intensities at the different 20 values (Figure 4), changes in the intensity of the
XRD peaks of the composites are illustrated in Figure 5. It is noticed that the peaks intensities increased con-
tinuously with increasing nano-TiO, content up to 100 wt%. It must be noticed that the intensities of the peaks
for all composites do not reach the intensities of the pure nano-TiO, peaks.

Two distinguished bands are centered at 26 = 13.5° - 14.8° and 30.0° - 31.0° as fundamental and secondary
bands, respectively. Table 3 illustrates the positions (26) and intensities of the fundamental (ls) and secondary ()
bands as well as half-band-width (hbw) values calculated from the data of the X-ray patterns of PMMA/TIO,
nanoparticles composites at the fundamental band and their percentage changes. It is clear from the table that a
remarkable decrease in the half-band-width is observed for the composite 92.5/7.5 wt/wt%, which meant that
crystallite size became larger (an inverse relation) [42].

Crystallinity is defined as the weight fraction of the crystalline portion of a polymer. The physical and me-
chanical properties of polymers are considerably dependent on that parameter. XRD is most frequently used to
measure the crystallinity in the polymers. The method is based on the assumption that it is possible to separate
the intensity contributions arising from the crystalline and amorphous regions. The degree of crystallinity is the
ratio of the integrated intensity under the crystalline bands to the integrated intensity under the complete XRD
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Figure 4. Variation in X-ray diffraction patterns of PMMA/
TiO, nanoparticles composites: (a) 100/0, (b) 97.5/2.5, (c) 95/5,
(d) 92.5/7.5, (e) 90/10 and (f) 0/100 (Wt/wt%).
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Figure 5. Variation of peaks intensity of XRD patterns at different angles for PMMA/TiO,
nanoparticles composites: at 26: (A) 25.27 - 25.43, (A) 27.39 - 27.56, (0) 36.01 - 36.22, (e)
41.16 - 41.34, (0) 54.23 - 54.43 and (m) 56.58 - 56.78 degrees.
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Table 3. 26, I¢, |5, hbw and Crl as well as their percentage changes for PMMA/TiO, nanoparticles composites.

. Fundamental band Secondary band

PMMA/TIO, hbf Ahbw% crl %

(Wt/wtoe) 24 I %A 20 I % Al (deg)) W ACt
(deg.) (AV) (deg.) (AV) °

100/0 14.8 33 - 30.0 29 - 1.8 - 12.12 -
97.5/2.5 145 43 30.3 31.0 36 24.1 2.1 16.7 16.28 34.3
95/5 135 37 121 31.0 30 34 1.8 0.0 18.92 56.1
92.5/7.5 14.8 33 0.0 30.2 28 -34 1.7 -5.6 15.15 25.0
90/10 14.8 29 -12.1 30.4 26 -10.3 1.9 5.6 10.34 -14.7

0/100 - - - - - - - - - -

trace. Other measures, such as bands height may be used. With proper attention to experimental detail, this
method provides one of the fundamental measures of crystallinity in polymers.

Table 3, also, represents the variation of crystallinity index (Crl) PMMA/TIO, nanoparticles composites as
calculated from the X-ray patterns (Figure 4) by using Equation (1). It is clear from the table that, Crl values
increase steeply, reaching a maximum value for the composite 95/5 wt/wt% and then decrease with increasing
the content of nano-TiO,. The increase in Crl may indicate that there was an increase in crystalline regions,
whereas its decrease meant that amorphosity dominated. This implies changes in the structural regularity of the
main chains of the polymeric molecules. The results indicate that structural changes occurred in the polymer
matrix as the nano-TiO, diffused. The oxygen ions of TiO, were coordinated with the hydroxyl groups belong-
ing to the different chains in PMMA. A decrease in crystallinity index has been proposed as one or another as-
pect of the complicated molecular and crystalline structure induced in mixing with nano-TiO, powder. It has
been recognized that the nano-TiO, concentration plays a dominant role in both morphological and microstruc-
tural change in the polvmer matrix [42]. This may have been attributed to variations in the internal mechanisms
that occurred by the induced effect of nano-TiO, on the structure of PMMA. As a result, it produced variations
in the macromolecular and micromolecular structure of the PMMA network.

4. Conclusions

In the present work thermal methods such as thermal gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) are employed to study the change in the thermal stability of the PMMA/TiO, nanoparticles com-
posites under investigation. From the obtained results an insight in understanding the structural changes occur-
ring when PMMA is mixed with different weight percent of nano-TiO, is reported. Regarding the PMMA de-
compositions, the shift of the thermal peaks to higher temperature than that for pure PMMA can be explained
assuming that the composites have better thermal stability due to the presence of nano-TiO,. The increase in
char yield with the increase of weight percentage of added nano-TiO, may be because PMMA main chains on
the surface and inside the pores are more difficult to decompose than the pure PMMA which indicates that TiO,
nanoparticle dispersion in PMMA matrix is uniform and thus hindered the segmental motion of PMMA chains.
Therefore, the observed thermal analyses data contain information related to the structural properties of different
materials and can be used to predict properties that are directly related to their physical performance as well as
their thermal degradation parameters.

On the other hand, X-ray diffraction (XRD) analyses showed the sharpening of peaks at different nano-TiO,
concentrations which confirmed changes in the crystallinity/amorphosity ratio and crystallite size. Moreover, the
analyses of XRD revealed that the changes in crystallinity index with increasing the weight percent of TiO, con-
firmed the data obtained by using thermal (TGA and DSC) techniques.
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