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Abstract 

The optical and thermal properties of aluminum (Al) / poly (methylmethacrylate)              

(PMMA) composites with different ultrafine Al particles concentration (0, 2, 4, 6, 8, 10, 

15 and 20 %wt.) were investigated. The optical quantities were studied as a function of 

Al concentration, and optical wavelength in the range 300 nm to 800 nm. The optical 

properties results obtained in terms of the absorption formula for non crystalline 

materials. It was found that a clear dependence of optical quantities on the ultrafine 

aluminum particles concentration and optical wavelength. It was observed that 

absorption increases as increasing of Al concentration and optical wavelength due to a 

transfer of electrons from the valence band to conduction band. Also, both dielectric 

constant and dielectric loss decrease with increasing the wavelength. The thermal 

properties were investigated as a function of Al concentration. It is evident that 

augmenting the Al concentration augments the thermal conductivity which means that 

the ultrafine Al particles obtain direct contact paths with each other that form a structure 

that demonstrates increasing in thermal conductivity. Maxwell’s model results in 

predictions of higher values of the thermal conductivity than are the experimental values. 

 

Keywords:  Optical; absorption; dielectric constant; dielectric loss; thermal conductivity; 

Lorenz Number; thermal model. 

 

Introduction 

           Combining optical and thermal properties produces a certain material, which 

embodies characteristics differ from the characteristics of each individual components 

(Ahmed and El-Bashir, 2011). The individual components remain distinct and separate 

within the outcome finished structure. There are many reasons to let these materials be 

more preferred such as they are stronger, lighter or less expensive than traditional 

materials. Optical characterization of conducting polymer composites is very important 

for modern technological applications (Hassan et al., 2017), since they are used in the 

production of many optical devices such as: waveguide sensors, and electronics 

component (Gersten and Smith, 2001; Zhoa and Lin, 2004). Many studies have been 

reported on filled polymers with conducting fillers. For example, Tekce et al. (Tekcert et 

al., 2007) noticed a strong influence of the used fillers on the thermal conductivity of 

copper-powder-filled polyamide composites. As a result of this study, the thermal 

conductivity of copper-filled polyamide composites depends on the thermal conductivity 

of the filling particles, the particle geometry and size, the volume fraction, and spatial 
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arrangements of the particles in the polymer matrix. Mamunya et al. (Mamunya et al., 

2002) investigated the electrical and thermal conductivities of systems based on an 

epoxy resin (ER) and poly (vinyl chloride) (PVC) filled with metal powders. Elimat et 

al. (Elimat et al., 2013) studied the thermal conductivity of iron/polystyrene (PS) 

composites containing iron particles of different sizes and with different iron 

concentrations. It was shown in some research reports that the size effects play an 

important role in tailoring composites with specific properties to meet certain purposes. 

A polymer as poly(methylmethacrylate)(PMMA) is a huge molecule, and consists of 

hundreds of atoms; it is commonly formed through combining certain types of relatively 

small molecules structured as a chain or as a network  (Hall, 1989). In general, the 

polymers can be either amorphous like polystyrene and polycarbonate, or semi-

crystalline like nylon and polyethylene. Generally, semi-crystalline polymers have 

certain lattice structures, which lack the clearly defined unit cells. 

Optical properties can be affected by the nature of filler particles morphology. In fact, by 

changing the filler particle concentration (Sawada et al., 2007), the optical properties of 

particulate composites are tailoring their structure to achieve specific properties 

(Naganuma and Kagawa, 1999). A major portion of particulate composites applications 

relies on the tailored dielectric properties. Such materials could be applied as a package 

of optoelectronic devices which require high light transmittance in the visible 

wavelength range; to communicate between the inside and the outside of the devices 

(Zanetti et al., 2000). Concentration effects deal with variations in observed physical 

properties and engineering quantities produced from geometrical differences in test 

specimens containing different particles (Li and Cheung, 2002).  

 In an additional field, the projection range in solids is governed by the sample thickness, 

crystal size, and particle concentration that enhance the resolution efficiency of radiation 

detectors and optical waveguide sensors. In literature, there are plenty of research reports 

which concern with the optical properties of coated metallic thin films, used in 

waveguides design and technology (Klainer et al., 1997). But as far as we know, there is 

a few numbers of researches which deal with the optical and thermal properties of 

reinforced composites filled with metallic particles as copper, aluminum and iron (Zois 

et al., 2003). A case which encourages us to conduct a study on the optical and thermal 

properties of Al/ PMMA composites; it deals mainly with the effect of aluminum 

particle concentration on the optical energy gap, refractive index and thermal properties 

using the concept of interaction of the incident UV-radiation with the prepared 

composite materials. Combining optical and thermal properties produces a certain 

material, which embodies characteristics differ from the characteristics of each 

individual components (Ahmed and El-Bashir, 2011). The individual components 

remain distinct and separate within the outcome finished structure. There are many 

reasons to let these materials be more preferred including flexibility processibility, light 

weight, ability to absorb mechanical shocks. They can also be used in some applications 

such as switching devices also as antistatic materials and components for surge 

protection, for electromagnetic interference shielding of electronic equipments and 

packing houses (Shekhar et al., 2006; Elimat et al., 2010).   
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Experimental work 

 

    2.1. Composites Preparation 

          For the samples used in the study, thin films with a thickness of 100 µm thickness 

were prepared from the poly (methyl methacrylate) compound by casting the poly 

(methyl methacrylate) solution with the ultrafine particles of aluminum, such as it 

melted the mixture made of poly (methyl methacrylate) and aluminum particles with 

different concentrations (0, 2, 4, 6, 8, 10, 15 and 20 %wt.) in an appropriate solvent, 

methanol. The solution was placed in the room temperature for a few days and doing of 

the appropriate modulations until we get the mixture in terms of homogeneity and 

fusibility. The mixture was immediately casted to thin films on to a glass mould (plate) 

and the methanol allowed evaporating completely at room temperature by waiting for a 

few days under atmospheric pressure. After that for completely dried samples the oven 

was used at a temperature of approximately 40 ° C for two days. In composites of 

Al/PMMA the silane coupling agent acted as a “molecular bridge” to establish chemical 

bonding between the PMMA matrix and Al. The mechanical properties of prepared Al 

/PMMA composites have high efficiency to improved strength and hardness. The 

distribution of Al homogeneous and uniform in the PMMA resins matrix to provide 

reinforcement effect to the optimal content of Al in the matrix that increase in Al 

content caused the flexural strength , surface hardness. Thermal stability and other 

properties are developed to increase until the optimal amount was reached (Zhang et al., 

2012). 

 

      2.2. Scanning Electron Microscopy(SEM) 

Scanning electron micrographs (SEMs) were taken for the composites using a K550 

Emitech Sputter Coater. Figure (1) shows a micrograph of the fractured surface of the 4 

wt% Al/PMMA specimen. The SEM exhibits good adhesion between the aluminum 

filler and the poly (methyl methacrylate) matrix, where no holes or voids are seen 

around the aluminum particles aggregates. 

     2.3. Optical Absorption Measurements 

In order to study the optical properties of the material, it is very important to obtain the 

optical absorption (A) through which it can be found the absorption coefficient (α), and 

also need to know the transmittance spectra of the studied samples. For all these 

purposes the Cary spectrophotometer device was used at room temperature for 

wavelength light ranging from 200 nm to 800 nm (Baco et al., 2012). It also obtained 

other optical quantities by calculated from specific relations (Yakuphanoglu et al., 2007; 

Yu et al. 2015). 

    2.4. Thermal Conductivity Measurements 

Thermal conductivities for studied samples were measured by thermocouple amplifier 

standardized as (10 mV/C). The sample holder consists of two small disks of 5 cm in 

diameter. Two composite samples each was sandwiched between cold and hot plates. 

The device has four thermocouples; so that each sample has two thermocouples (upper 

and lower). The pulsed voltage (V) and current (I) were know as a function of time by 

using power supply and multimeter. The measuring synthesis and steps of 

measurements were reported by Katsura and Kamal (Katsura et al., 1985). 
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Result and Discussions 

 

    3.1. Optical Measurements 

To understand the optical properties of the sample or predict them, we have to find out 

some basic optical parameters. The optical parameters of material such as absorption 

coefficient α(v) and refractive index (n) are crucially essential in depicting the 

interaction of light with sample (Hlavác, 2013).  Quantity of the absorbed light hinges on 

the wavelength and a specific solid or medium, and it is a function of the wavelength. 

So, intensity of the light can be expressed as (Jacques, 2013) 

   

    

where I0 and I are the incident and the transmitted intensities, respectively, α(v) is the 

absorption coefficient, and x is the sample thickness. 

By solving this relation we can obtained the absorption coefficient which calculated from 

the optical absorbance A(v), clear in the following equation which called Lambert’s 

formula (Jacques, 2013): 

 
where A(ν) is the optical absorbance. The study of the optical absorption spectra and 

absorption coefficient is one of the most productive methods in developing and 

understanding the structure and energy gap for non-crystalline materials (Zhang et al., 

2004). A function of photon energy for simple parabolic band can be expressed by 

formula (Zidan and Abu-Elnader, 2005): 

 

Fig.(1): SEM for 4 wt% Al/PMMA 

composite showing Al particle 

clusters 

 

Fig. (2): Absorption spectra for 

Al/PMMA composites                        



British Journal of Science      85  

August 2019, Vol. 18 (1) 

 

© 2018 British Journals ISSN 2047-3745 

 

 

 
where  β is a constant, Eg  is the optical band gap of the sample, and r  is an index having 

1/2, 3/2, 2, and 3, depending on the nature of electronic transition responsible for the 

absorption for transitions direct allowed, direct forbidding, indirect allowed and indirect 

forbidden, respectively, Figure (2) illustrate the absorption spectra of PMMA composites 

for the prepared Al/PMMA composites with 0, 2, 4, 6, 8, 10, 15 and 20 wt. %, and for 

neat PMMA. It is clearly shown that absorption decreases with increasing the 

wavelength up to 800 nm (Sbeih and Zihlif, 2009). Whereas figure (3) shows the product 

of absorption coefficient and photon energy (α ħω) 1/r against photon energy (ħω) at 

room temperature. 

 

 
 

 

 

                        

A good straight line is obtained with r = 1/2. This indicates brought in to view a linear  

behavior that can be considered as an evidence of the direct transition and the optical 

energy gap (Eg) can be evaluated from the intercept on the energy axis of the linear fit 

of the large energy data of the plot (Zidan  and Abu-Elnader 2005; Saqan et al., 2007).  

On the other side the energy gap tail ∆E (or the energy which is interpreted as the width 

of the tail of localized state of the forbidden band gap) can be calculated from Urbach 

formula (Yakuphanoglu et al., 2007) 

 

               
 

where αo is a constant and ∆E is the energy gap tail. Table (1) shows the determined 

values of (Eg) decrease with increasing the Al concentration in the PMMA composites, 

where the direct band gap value for neat poly (methylmethacrylate) is 3.91 eV, whereas 

Al /PMMA composites exhibit a lower band gap in the range up to 1.9 eV for 20% 

sample. The decrease in the optical gap may be illustrated on the basis of the fact that 
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Fig.(3): (α ħω) 2   versus the photon 

energy (ħω) 

             for Al/PMMA composites 
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Fig.(4): Variation of refractive index of 
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the combination amount of aluminum particles enhances charge transfer complexes 

(CTCs) in the polymer chain the filled Al favor an enhanced number of the voids which 

determines the charge transfer processes.  The reduction in the band gap due to addition 

of Al concentrations may be due to the incorporation of Al into the polymer chain and, 

thereby, the density of states growth more into the visible area of the electromagnetic 

spectrum (Elimat et al., 2013). Whereas the energy tails ∆E have smallest values due to 

purity of the PMMA structure and meager impurities, these energy tails decrease when 

the Al concentration decreases. The addition of Al content into PMMA creates some 

defects in the optical band gap of the composite and these defects produce the localized 

states in the optical band gap. The concentration of the defects is related to the density 

of the localized states. The Al dopants may cause the changes in the localized states to 

overlap (Yahia et al., 2013), which is in agreement with that variation of the optical 

energy gap which lead to decrease localized states within the forbidden band gap, this 

usually participate to the increase in the optical energy gap (Sbeih and Zihlif, 2009; 

Kaur et al., 2016). On the other side, the dependent of the refractive index and the 

extinction coefficient (k) of the prepared samples are shown in figure (4) and (5) which 

calculated from the following equation: 

    

where n is the refractive index, R is a reflection, and k is the extinction coefficient 

which can be obtained from the following equation: 

 
Figures show, respectively, that the refractive index decreases rapidly at low 

wavelength (λ), however the extinction coefficient increases as wavelength increases 

(Sbeih and Zihlif, 2009; Kaur et al., 2016).   The real and the imaginary parts of 

complex dielectric constant are expressed  

 
where ε' the real part and ε'' is the imaginary part of the dielectric constant which called 

dielectric loss. Variations of ε' and ε" as a function of wavelength show in figures (6) and 

(7), which illustrated decrease both of them with increasing the wavelength, which can 

be explained by the fact that increasing in the   frequency causes decreasing the time of 

orient the interfacial dipoles themselves in the direction of the alternating field (Singh et 

al., 2003). 
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Table (1): Optical energy results for Al/ PMMA composite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

∆E (eV) E g(eV) 
Composite 

PMMA/Al 

0.29 3.91 Pure PMMA 

0.31 3.8 2 wt% 

0.34 3.72 4 wt% 

0.35 3.63 6 wt% 

0.37 3.4 8 wt% 

0.38 3.19 10 wt% 

0.41 2.12 15 wt% 

0.46 1.9 20 wt% 
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Fig.(3): (α ħω) 2   versus the photon 

energy (ħω) 

             for Al/PMMA composites 

 

Fig.(5): Variation of the extinction coefficient 

of  Al/PMMA composites with wavelength 

 

Fig. (6): The variation of the dielectric constant of 

Al/PMMA composite with wavelength 

 

200 300 400 500 600 700 800

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

D
ie

le
c
tr

ic
 l
o

s
s
 (

) 

Wavelength (nm)

 Pure PMMA

 2 wt.% Al

 4 wt.% Al

 6 wt.% Al

 8 wt.% Al

10 wt.% Al

15 wt.% Al

20 wt.% Al

 

Fig.(7): The variation of the dielectric loss of      

Al/PMMA composite with wavelength 

 

0 5 10 15 20

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

T
h

e
rm

a
l 
c
o

n
d

u
c
ti

v
it

y
 (

w
/ 
m

.° C
)

Al filler (wt. %)

   T=30 C

  Fig.(8): Variation of thermal conductivity with 

Al/PMMA composites concentrations 

 



British Journal of Science      88  

August 2019, Vol. 18 (1) 

 

© 2018 British Journals ISSN 2047-3745 

 

 

3.2 Thermal Conductivity Measurements 

Experimental evaluation of thermal conductivity (k)of insulating polymers is relatively 

difficult because of its small values, as it ranges 0.2 W/m K. Thermal conduction is 

most conveniently described in terms of phonons scattering and transmitted heat energy 

through solids via the motion of phonons, photons, and free electrons and/or excitons 

(Hassan et al., 2017).   The thermal conductivity (k) for the prepared Al/PMMA 

samples of aluminum particles with different concentrations (0, 2, 4, 6, 8, 10, 15 and 20 

%wt.) was calculated from equation (Ragavendran et al., 2004):   

 

 
 

where V and I are the applied voltage and current, L and A are specimen thickness and 

area, respectively, the factor 2 refers to double specimens placed in the cell. 

The thermal conductivity (k) for the eight electrolyte composite samples with different 

Al concentration is shown in figure (8). It is evident that augmenting the concentration 

of the Al filler content, augments the thermal conductivity, where the Al filler networks 

are easy to shape in the polymer matrix (PMMA). Increasing the content of Al filler 

causes nearly all filler particles form conglomerate to cluster, thus the filler particles 

obtain direct contact with each other. This will form a structure that demonstrates 

increasing in thermal conductivity (Ragavendran et al., 2004; Katsura et al., 1985). 

Table (2) clarify the increasing in thermal conductivity (k) values for the Al/PMMA 

samples; The reason is that the Al particles tend to get in contact with more resin 

molecules; surface areas in the case of high concentrations particles are greater than that 

for the low concentrations in the PMMA matrix such that When the content of Al 

increases, almost all filler particles form agglomerates or clusters, being in direct 

contact with each other. Under such circumstances, network structure made of metal 

particles is formed and the thermal conductivity of the composite material exhibits a 

rapid increase which causes then reduction in resistance (Elimat et al., 2013). We can 

observe the large effect of Al filler in enhancement the thermal conduction from 0.20 

(W/m. ºC) and increases to about to four times that value to become 0.81 (W/m. ºC), 

and this is what we are trying to reach.                                 

       Maxwell model was the first to give analytical expressions for effective 

conductivity of heterogenic medium keff. He considered the problem of dilute dispersion 

of spherical particles of conductivity k1 embedded in a continuous matrix of 

conductivity km, where thermal interactions between filler particles were ignored. 

Maxwell’s expression goes as follows (Pietrak and Wisniewski, 2015):                       
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where (  ) is the volume fraction of the filler. This paper has experimentally and 

theoretically investigated, through a systematic way, the effective thermal 

conductivities of composite materials. This was through the Maxwell model that was 

calculated from the above equation and is illustrated in figure (9). The figure illustrates 

the benchmark comparisons of model predictions and experimental data as a function of 

filler volume fraction. We notice that despite the simplicity of the Maxwell model, its 

predictions fit well with experimental results especially at low filler volume fraction 

that make Maxwell’s formula to be valid only in the case of low volume fraction (under 

about 25%). Many researchers modified Maxwell’s model to include various effects 

(Pietrak and Wisniewski, 2015).  

 

Table (2): Thermal conductivity and thermal resistance values at (T=30 ºC) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composites 
Thermal conductivity(k) 

(W/m.ºC) 

Pure 

PMMA 
0.20 

2 wt.%   Al 0.23 

4 wt.%   Al 0.27 

6 wt.%   Al 0.31 

8 wt.%   Al 0.33 

10 wt.%   

Al 
0.41 

15 wt.%   

Al 
0.61 

20 wt.%   

Al 
0.81 
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  3.3. Lorenz Number Determination 

Effective thermal and electrical energy transports are commonly formed in the bulk of 

the conductive polymeric composite. This comprises that the polymeric matrix has 

obtain relatively less values of transport properties contain both thermal (k) and some 

technical demands require improvement and modification of the ratio between σ and k 

for composite components. These ratios can vary greatly in conductive polymeric 

composite and occasionally require to be controlled by changing the filler content 

within the composite. Moreover, tailoring the composite components σ/k ratios 

commonly play a crucial role in the optimization design of certain electronic devices 

(e.g. thermo-electronic devices).  Thereafter, the simultaneous measurements of both σ 

and k of the materials are deemed to be very valuable, where the σ/k ratio at room 

temperature, T, can be articulated as the Lorenz number (L-number), which can be 

defined by the Wiedemann and Franz (Hassan et al., 2017). 

 
   where L is the Lorenz number and T is the absolute temperature. The dissimilarity of 

Lorenz number with Al filler concentration is illustrated in figure (10). Lorenz number 

(L) augments with the Al concentration due to the momentous impact of the Al fillers on 

the enhancement of σ and k for the Al/PMMA composites (Hassan et al., 2017). 

 

Conclusion 

The optical and thermal features of Al/PMMA composites along with dissimilar Al 

concentrations (0, 2, 4, 6, 8, 10, 15 and 20 %wt.) have been investigated.  The results 

obtained from optical energy analysis demonstrate that the electrons transition is directed 

in k-space. There is an inverse relationship between values of the optical energy gap and 

Al concentration. On the other hand, the measured refractive index and dielectric 

constants of composites augment with Al concentration content into the optical 

wavelength range. Al concentration and temperature in the composite augment thermal 
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Fig.(9): Experimental thermal conductivity 

and model thermal conductivity predictions as 

a function of filler volume fraction 
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conductivity, but Al concentration and temperature decrease thermal resistance. The 

Maxwell model fits the increase of the thermal conductivity with the filler concentration. 

Finally the dissimilarity of Lorenz number with Al filler concentration was illustrated, 

where it was observed Lorenz number augments with the Al concentration due to the 

momentous impact of the Al fillers on the enhancement of σ and k for the Al/PMMA 

composites. 
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