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Abstract: In the current study, the role of nano-Al2O3 addition to Mg-5.6Ti-3Al composite and subsequent recrystallisation heat treatment in improving the mechanical properties are investigated. The following Mg composites: (i) Mg-5.6Ti-3Al (with 3 wt% Al and 5.6 wt% Ti) and (ii) Mg-5.6Ti-3Al-2.5Al2O3 (with 3 wt% Al, 5.6 wt% Ti and 2.5 wt% Al2O3) were synthesised through the disintegrated melt deposition (DMD) technique followed by hot extrusion. Mg-5.6Ti-3Al-2.5Al2O3 composite was then subjected to recrystallisation heat treatment at 200C for 5 h. Mechanical property evaluation of the developed Mg composites indicated a significant improvement in microhardness and tensile properties when compared to pure Mg and Mg-5.6Ti-3Al. Microstructural characterisation revealed a significant grain refinement and uniform distribution of reinforcements/second phases in the developed Mg composites due to hybrid reinforcement additions and heat treatment. In case of as-extruded Mg-5.6Ti-3Al-2.5Al2O3 composite, the strength improvement occurred at the expense of ductility while for heat-treated composite, the increase in strength properties was accompanied by an increase in ductility. Based on the processing-structure-property correlation, it was identified that the presence of hard reinforcements/intermetallics in Mg matrix contributes to the improvement in strength properties while the stress relaxation during heat treatment contribute to the ductility enhancement.
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1. INTRODUCTION

The current research and development of magnesium (Mg) based materials are focused more towards making them the best replacement to aluminium (Al), as Mg is 35% lighter than Al and exhibits properties comparable to that of Al. The advantages of Mg as an engineering material include excellent machinability, damping capacity and castability.1,2 However, the low elastic modulus and elevated strength properties of Mg restrict its extended usage in critical engineering applications. To overcome these limitations, hard ceramic reinforcements such as SiC and Al2O3 are added to Mg which often results in the ductility reduction.1,2 The available literature reveals that addition of nanoscale particulate reinforcements results in simultaneous improvement in strength and ductility of Mg materials.1 Similar results are also observed for Mg composites with insoluble metallic reinforcements like titanium and molybdenum.1 Further, the positive influence of addition of hybrid reinforcements on the mechanical properties of the Mg composites has been recently identified.3

In composite development methodology involving secondary processing such as extrusion, the failure of the composite under loading is initiated by the crack formation at the interface owing to the stress attributing to the difference in thermal expansion coefficients between the matrix and reinforcements. In such cases, heat treatment near the recrystallisation temperature results in the stress relaxation at the interface and improves the mechanical properties.4

In order to study the role of nano-reinforcement addition and heat treatment, the following Mg composites: (i) Mg-5.6Ti-3Al (with 3 wt% Al and 5.6 wt% Ti) particulates and (ii) Mg-5.6Ti-3Al-2.5Al2O3 (with 3 wt% Al, 5.6 wt% Ti and 2.5 wt% Al2O3) were synthesised through the disintegrated melt deposition technique (DMD) followed by hot extrusion and Mg-5.6Ti-3Al-2.5Al2O3 composite was then subjected to recrystallisation heat treatment at 200C for 5 h. The physical, microstructural and mechanical properties of the developed composites were evaluated in order to study the effect on the microstructure and mechanical properties.

2. EXPERIMENTAL

2.1 Materials

Mg turnings of >99.9% purity (ACROS Organics, USA) were used as the matrix material. Elemental Ti particulates of particle size <140 m (purity 98%) supplied by Merck and Al particulates of average particle size 15 m (purity 98%) supplied by Alfa Aesar were used as metallic additions. Nano Al2O3 particulates of average particle size 50 nm (purity 99%) supplied by Baikowsi was used as the ceramic reinforcement.

2.2 Melting, Casting and Extrusion

The Mg-based materials were prepared using the DMD technique.3 Mg turnings together with the reinforcements/alloying additions were heated in a graphite crucible to 1023K in an electrical resistance furnace, under inert argon gas atmosphere. The superheated molten slurry was stirred for 5 min at 460 rpm to facilitate a uniform distribution of the reinforcements/intermetallics in the Mg-matrix. Following stirring, the melt was then released through a 0.01 m diameter orifice at the base of the crucible and it was disintegrated by two jets of argon gas. The disintegrated melt slurry was subsequently deposited onto the steel mould to obtain an ingot of 0.04 m diameter. The synthesis of pure Mg was carried out in a similar fashion, except that no alloying elements were added. The obtained ingot was then machined to a diameter of 0.036 m and soaked at 400C for 1 h to perform hot extrusion at 350C resulting rods of diameter 8 mm. Further characterisation studies were conducted on the extruded rods. The Mg-5.6Ti-3Al-2.5Al2O3 composite is then subjected to recrystallisation heat treatment at 200C for 5 h.

2.3 Characterisation

Standard tests were conducted on the as-polished samples cut from the extruded rods of developed materials to determine the density.3 The grain morphology and the distribution of second phases in Mg matrix were studied on the as-polished samples using a Hitachi S-4300 FESEM equipped with EDS, an Olympus metallographic optical microscope and Scion image analysis software. Shimadzu LAB X XRD-6000 diffractometer was used to carry out the X-ray diffraction analysis on the developed Mg materials. The microhardness measurements were carried out on the as-polished samples of developed materials using Matsuzawa MXT 50 automatic digital Microhardness tester based in accordance with ASTM standard E3 84-99. Standard ASTM test method E8M-96 was conducted on the test samples using a fully automated servo-hydraulic mechanical testing machine, to determine the tensile properties of developed materials before and after heat treatment. The fractured surfaces of Mg-materials after tensile test were studied using the Hitachi S-4300 FESEM.

3. RESULTS AND DISCUSSION

The visual observation of the surfaces of the developed as-cast Mg-ingots and extruded Mg-rods indicates no macrostructural defects. From the experimental density values (Table 1), it can be seen that near-dense materials have been developed and the porosity level is relatively low (<0.1%) in all the samples. This confirms the suitability of processing parameters used in the study. The microstructure and X-ray studies reveal the presence of Ti and Mg17Al12 intermetallic in Mg-5.6Ti-3Al, and Ti, nano-Al2O3 and Mg17Al12 in Mg-5.6Ti-3Al-2.5Al2O3 and Mg-5.6Ti-3Al-2.5Al2O3 (HT) composites as shown in Figure 1 and Table 1. The results from grain size measurements reveal significant grain refinement in the case of Mg-5.6Ti-3Al-2.5Al2O3 when compared to Mg-5.6Ti-3Al (Table 1).

The grain refinement as observed in Figure 1 is attributed to the presence of hard reinforcements and other second phase intermetallics acting as sites for grain nucleation to occur during solid-state processing.5 For post-heat treatment, the observed grain size (Figure 2) of Mg-5.6Ti-3Al-2.5Al2O3 (HT) appeared to be larger when compared to Mg-5.6Ti-3Al-2.5Al2O3 without heat treatment. The grain growth in Mg-5.6Ti-3Al-2.5Al2O3 (HT) attributes to the stress relaxation during heat treatment process, which did not provide the required critical energy to facilitate the grain boundary migration.6 Also, the increase in the number of equiaxed grains has contributed to the marginal reduction in the average aspect ratio due to the heat treatment.


Table 1: Results of density and microstructural measurements.
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The hardness values from microhardness measurements (Figure 2) indicate an improvement in microhardness values in all of the developed composites when compared to pure Mg. An improvement of 30% occurred in Mg-5.6Ti-3Al-2.5Al2O3 and 20% in Mg-5.6Ti-3Al-2.5Al2O3 (HT) when compared to Mg-5.6Ti-3Al. The improvement in hardness value attributes to the presence of harder Al2O3 (2.2 GPa).7 The hardness value is found to reduce in the case of Mg-5.6Ti-3Al-2.5Al2O3 (HT) when compared to Mg-5.6Ti-3Al-2.5Al2O3 due to the stress relaxation and grain growth upon heat treatment.6



[image: images]


Figure 1: Grain morphology of (a) pure Mg, (b) Mg-5.6Ti-3Al, (c) Mg-5.6Ti-3Al-2.5Al2O3 and (d) Mg-5.6Ti-3Al-2.5Al2O3 (HT).
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Figure 2: Results of X-ray diffraction studies conducted on developed Mg composites.
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Figure 3: Variation in strength and microhardness of developed Mg-composites.
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Figure 4: Tensile fractographs of (a) Mg, (b) Mg-5.6Ti-3Al, (c) Mg-5.6Ti-3Al-2.5Al2O3 and (d) Mg-5.6Ti-3Al-2.5Al2O3 (HT).



The results from tensile tests indicate a significant improvement in the strength properties of Mg incorporated with hard metallic and metallic/ceramic elements (Figure 3). The improvement in strength properties of Mg-composites when compared to pure Mg can be ascribed to the following strengthening effects: (i) thermal misfit between matrix and reinforcements/intermetallics; (ii) grain refinement; and (iii) the morphology of the Ti-particles, wherein the sharp-edged particles contribute to higher dislocation density due to the increased stress concentration at the pointed corners.8 Also, the presence of harder reinforcements/second phases in Mg matrix eventually increases the load carrying capacity thus improving the strength much significantly.9

In case of Mg-5.6Ti-3Al-2.5Al2O3 composite, the addition of nano-Al2O3 particles is expected to show an improvement in tensile ductility through the activation of non-basal slip systems.1 However, the positive influence of nano-Al2O3 addition is observed to be over-sided by the increased volume fraction and clustering of (Mg17Al12/Al2O3) secondary phases. Similar negative effect on tensile ductility due to clustered second phases was reported when the nano-Al2O3 particulates were directly added together with the sharp edged-Ti particulates to pure Mg.3

While the improvement in strength properties in Mg-5.6Ti-3Al-2.5Al2O3 occurred at the expense of ductility in Mg-5.6Ti-3Al-2.5Al2O3 composite, a significant improvement in ductility with little effect on strength properties took place in the case of Mg-5.6Ti-3Al-2.5Al2O3 (HT) composite. The improvement in tensile ductility of Mg-5.6Ti-3Al-2.5Al2O3 (HT) could be attributed to the reduction in thermal residual stress upon heat treatment. Under tensile loading, the reduction in thermal residual stress would result in the delay of cavity nucleation and its growth in advance of the crack tip. This in turn will contribute to the improvement in ductility.4 Thus, the recrystallisation heat treatment at 200C for 5 h helps in eliminating hot spots of cavitation which lead to a better utilisation of both matrix and reinforcement properties.9,5

The fracture surface analysis of composite samples confirms to the ductility values obtained from the tensile testing. The composite samples failed under tensile loading indicating a mixed mode fracture with particulate debonding [Figure 4(b and c)] observed in Mg-5.6Ti-3Al and Mg-5.6Ti-3Al-2.5Al2O3, while mixed mode fracture with relative plastic deformation and good interfacial bonding [Figure 4(d)] observed in Mg-5.6Ti-3Al-2.5Al2O3 (HT), while the fracture mode of pure Mg under tension is through cleavage [Figure 4(a)].10

4. CONCLUSION

It is here concluded that:


	DMD technique can successfully synthesise magnesium composites.

	The inherent properties of metallic and ceramic reinforcements such as Ti, Al and Al2O3 respectively such as hardness, ductility, structural compatibility with Mg and the good wettability of Ti and Mg result in the enhancement of strength and ductility in Mg composites under tensile loads.

	Addition of nano Al2O3 to Mg-5.6Ti-3Al results in the improvement in strength properties and hardness at the expense of ductility. The stress relaxation, grain growth and uniform distribution of finer intermetallics and second phases contribute to the improvement in ductility in case of Mg-5.6Ti-3Al-Al2O3 after heat treatment.
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Abstract: One of the methods used to classify intrusive igneous rocks is by observing the intensity of light- and dark- coloured mineral. However, this method is normally based on perception, i.e., the outcome might be inconsistent across different observers. In this study, the coloured digital image of intrusive igneous rock is converted to a binary image and the percentages of black pixels are calculated. The results show that the biotite granite, which is felsic and light-coloured rock, contained the least amount of dark minerals, whereas peridotite, the ultramafic igneous rock (dark-coloured) contained the highest percentage of dark minerals, which is more than 60%.

Keywords: Intrusive igneous rocks, pixel intensity, rocks mineral, binary image, black pixels

1. INTRODUCTION

Rock is one of the most abundant materials on earth. This is due to the fact that rocks originated from magma, the fluid that constitutes the earth. Geologists classify rocks into three categories: igneous, sedimentary and metamorphic rocks. The rocks that directly originated from magma are igneous rocks and can be found abundantly on earth surface.

Geologists classify igneous rocks into four main groups, namely felsic (acid), intermediate, mafic (basic) and ultramafic. Their differences are due to different amount of substances or minerals consisted in each type of rocks. Felsic rock gets its name due to presence of a large amount of feldspar and silica. Granite is a common felsic rock. Another group, mafic rocks, consists of high amount of magnesium and iron. Basalt is a common mafic rock. If the magnesium and iron is quite high, the rock is grouped as ultramafic. An ultramafic rock such as perioditite is abundantly found in mantle but rarely in the crust. Another group, which is intermediate rocks, contains the amount of substances or minerals similar to felsic and mafic rocks. The most common intermediate rock is andesite.

As the content of dark minerals in a rock increases, its colour turns darker. Felsic rock contains less dark minerals, while other types of rock contain more. As the type of rock varies from intermediate to mafic and ultramafic, the amount of dark minerals increases.1 Figure 1 shows the names of common igneous rocks based on the minerals and texture of rocks.2



[image: images]


Figure 1: The names of common igneous rocks based on the minerals and texture.2



Currently, in order to differentiate between these four groups of rock, one may carry out observation with naked eyes or by using magnifying glass. Another method is via petrographic study, where the rock is cut and viewed under microscope. Mineral identity, chemical composition and structural state, and growth of strain are often obtained by petrography study. Since both are done manually, these processes are more inclined towards qualitative analysis rather than quantitative, as individual observations may vary.3 This could possibly lead to misclassification by the observer. Furthermore, for petrographic study, the rocks need to be cut into thin slices and viewed under polarising minerals. Therefore, it is necessary to find a more consistent, accurate and rapid method to classify the igneous rocks into the correct group. This paper tries to propose a new method of classifying igneous rocks using digital image processing technique. This will be achieved by determining the black pixels of the binary images, which represent the dark minerals of the rocks.

1.1 Minerals of Igneous Rocks

Felsic and mafic rock usually refer to the distribution of coloured-minerals in the rocks, where the minerals themselves are identified as the genesis of igneous rocks. Felsic minerals usually represent light-coloured minerals whereas the dark-coloured minerals represent the mafic minerals. Felsic minerals include quartz, muscovite, feldspars and feldspathoids, whereas mafic minerals contain olivines, pyroxenes, amphiboles and biotite.

The colour index of a rock is an expression of the percentage of mafic minerals it contains. Four categories have been distinguished: (1) leucocratic rocks, which contain less than 30% dark minerals, i.e., acidic or felsic rocks, (2) mesocratic rocks, which contain 3060% dark minerals, (3) melanocratic rocks, which contain 6090% dark minerals, i.e., basic rocks or mafic, and (4) hypermelanic rocks, which contain over 90% dark minerals, i.e., ultrabasic or ultramafic rocks.1

1.2 Applications of Digital Image Processing in Civil Engineering

Digital image processing has been applied widely in science and engineering, as the advancement of technology in manipulating and processing images continues. In civil engineering, digital image processing had been employed particularly in geotechnical engineering such as pores-solid soil analysis,4 flow in porous media,5 sediment grain size analysis,6 measurement of horizontal soil shrinkage,7 constituents of soil,8 mesostructure of soil-rock mixture,9 surface fractal dimension of the soil-pore interface,10 measurement of in-plane displacements in soil testing11 and analysis of particle size distribution of coarse aggregate.12 It was also applied in material engineering such as in morphology of cement and concrete.13 As for mineral identification, several processing techniques, such as colour analysis, textural analysis and frequency domain analysis are studied extensively using quantitative method.3,14

2. EXPERIMENTAL

There are several methods that had been developed to identify minerals using digital image processing. Colour analysis is one of them. The method uses Red Blue Green (RGB) and HIS colour model to study the optical characteristic and physical phenomena of minerals.3 Assessment is also made on the characteristic of interference colour in rock forming mineral images from a thin section of image under polarising microscope through video camera throughout a frame grabber card during cross-nicol observation.14 Identification of carbonaceous materials or oxidised iron is done by computing the mean and variance or in the form of histograms of the distribution of colour or intensity over the rock by using RGB, Hue Saturation Value (HSV) and CIE L*a*b*CIELAB.15,16

2.1 Image Acquisition

For this set of experiments, a total of 20 samples of common intrusive igneous rocks, i.e., biotite granite, diorite, gabbro, peridotite and syenite are used from four different boxes. The sources are from Wards Natural Science reference set.

The experiment was conducted in the Geology Laboratory, Faculty of Civil Engineering, Universiti Teknologi Mara Pulau Pinang, Malaysia. The images were captured using Logitech HD Pro Webcam C910 and stored in the laptop computer for further analysis. The rocks were placed on the visualiser at different zoom settings. A fairly diffused lighting set up was used. For image capturing, the arrangement of the specimen and image-capturing device is shown in Figure 2. The captured images with 1024  721 resolutions were converted to binary images. A binary image is an image that consists of only black (intensity = 0) and white (intensity = 1) pixel colours. These pixel colours depend on the black intensity and threshold value of that image. If the intensity is larger than threshold value, the pixel colour is white and vice versa. In this experiment, the threshold value was set to a default value, which is 0.5. The percentage of black pixels is determined using Equation 1:
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	(1)
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Figure 2: Schematic diagram showing the arrangement of image-capturing process.



3. RESULTS AND DISCUSSION

3.1 Image Analysis

The images were captured for 5 common intrusive igneous rocks from 4 different box samples, making the total to be 20. The images were captured from 3 to 4 clear sides of the rocks, i.e., a) left side, b) right side, c) broad part with number and d) back side of broad par. The rocks were labelled accordingly. For example, Granite_1_A refers to granite-type rock, with the number 1 referring to box 1 and A for image captured from left side of the rock.

The captured images were converted into binary images. Some of the images were not used in the analysis due to blurring and clarity issue, which affected pixel calculation. Figure 3 shows the actual images and binary images for biotite granite, diorite, syenite, gabbro and peridotite respectively.
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Figure 3: Actual images (above) and binary images (below) of: (a) biotite granite, (b) diorite, (c) syenite, (d) gabbro and (e) peridotite.



The results from the image conversion were tabulated into a graph in order to determine the average black pixels obtained from the rocks. Figure 4 shows the tabulation.
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Figure 4: Percentage of black pixels in: (a) biotite granite, (b) diorite, (c) syenite, (d) gabbro and (e) peridotite.



3.2 RESULTS AND DISCUSSION

3.2.1 Image Analysis

From Figure 3, it can be seen that biotite granite has the lowest percentage of black pixels, while peridotite has the highest. The images have been arranged in order of the increasing percentage of black pixels obtained, reflecting that the colour of rock becomes increasingly dark. 2

From Figure 4, biotite granite shows the lowest percentage of black pixels, which is supposedly to be less than 30%. However, based on the analysis, most of the surface showed the opposing result as can be seen in Figure 4(a), while diorite and syenite, which is intermediate or mesocratic rocks contained 30%60% of dark minerals by referring to Figure 4(b) and (c). Gabbro, the melanocratic or basic igneous rocks contained more than 60% dark minerals. Finally, peridotite, a hypermelanic or ultrabasic igneous rock, shows that most of the sides of sample contained dark minerals [Figure 4(e)].

Despite showing consistency between increment in percentage of black pixels and colour of rock (as in Figure 1), not all types of rocks fit the definition provided.1 For example, the analysis on biotite granite showing percentage of black pixels below 30%.

4. CONCLUSION

Based on the results, several conclusions and recommendations had been made:


	There is a significant difference in the image analysis due to the blurring and unclear images captured from the small rock samples. This is not reflected on the whole rock mass. Therefore, it is recommended to use a high-definition camera with automatic zooming setting to avoid blurred images.

	The binary approach has been successfully employed and the images were successfully converted to determine the percentage of black pixels. It is recommended to study and use other digital image processing methods such as the grayscale approach for determining dark minerals in igneous rocks. A study on the effect of different threshold values (other than default value 0.5) is also recommended, in order to see if all rocks can fit into the definition provided.1
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Abstract: Anodic oxide films of Titanium (Ti) with different surface morphologies were investigated by controlling the content of NH4F in EG electrolyte. When Ti was anodised in the low content of NH4F (1 wt%), a thin TiO2 compact oxide layer was formed. However, TiO2 nanoporous structure appeared on the surface of Ti when 3 wt% of NH4F was added. When NH4F was further increased to 5 wt%, a self-ordered nanotubular oxide structure was observed. TiO2 nanotubular structure exhibited higher photocurrent density (~0.45 mA cm2) as compared to the nanoporous and compact oxide layer.

Keywords: Titanium anodic oxide, photoelectrochemical cell, compact oxide layer, nanoporous, nanotubular, photocurrent density

1. INTRODUCTION

Nowadays, energy supply has arguably become one of the most important problems facing humanity.1 The exponential demand for energy is evidenced by dwindling fossil fuel supplies and record-high oil prices.2,3 The increase in world population and energy crisis are further exacerbated by major concerns about global warming due to the consumption of fossil fuel.35 The energy shortage and global warming have significant implications to the future of our society. Therefore, continuous efforts have been carried out to create an alternative renewable energy to sustain the present level of population and economic development.

Recently, a significant progress in the search for clean hydrogen generation has been made.69 The hydrogen economy has become a synonym for a sustainable energy system. In this case, hydrogen has to be generated from renewable sources (water and solar light) via water photoelectrolysis.57,10,11 Thus, photoelectrochemical (PEC) cell has been seen as one of the most promising methods to produce hydrogen.1214 It is the simplest among numerous methods and is comparatively efficient.46,1014

In particular, nano-dimensional titanium dioxide (TiO2) has been seen as an attractive material and is used as photoelectrode in PEC cell.414 Thus, the development of more efficient photoelectrode materials, especially self-organised and well-aligned TiO2 nanotubes is the main objective. The main reason is due to direct path for charge carriers transport and large surface areas for light harvest.1115 Therefore, good understanding on the formation of nanotubular structure of the anodised Ti surface is important in order to have controlled dimensions for highly efficient PEC response.

Anodisation is an electrochemical technique which can produce Ti anodic oxide layer on Ti substrate.1618 This technique has been seen as an effective and economical method in the formation self-organised and well-aligned TiO2 nanotubes. The most important point ought to be mentioned is anodisation method which is indeed a versatile technique to form nanoporous thin film with controllable dimension.1921 Therefore, in this work, a detailed investigation has been performed to evaluate the morphology of the anodised Ti foil in different contents of ammonium fluoride (NH4F) in order to develop viable hydrogen fuel cell for sustainable energy system.

2. EXPERIMENTAL

Ti foils with purity of 99.6% from STREM Chemicals were used in this study. The Ti foils were degreased by sonication in ethanol for 30 min before the anodisation process. The anodisation was performed in a two-electrode configuration bath with Ti foil as the anode and platinum foil as the counter electrode. The anodisation process was conducted for 1 h at a constant potential of 60 V using a Keithley DC Power Supply. The electrolyte was ethylene glycol (EG) with different amounts of NH4F (1 wt%, 3 wt% and 5 wt%). The as-anodised samples were cleaned using acetone and dried in nitrogen stream. Then, these samples were then annealed at 400C for 4 h in an argon atmosphere.

The morphologies of the TiO2 nanotubes were characterised through field emission scanning electron microscopy (FESEM) using a Zeiss SUPRA 35VP at working distances down to 1 mm. To obtain the thickness of the nanotube layer, cross-sectional measurements were carried out on mechanically bent samples. The actual length of the tubes was divided by cos 45. The elemental analysis of TiO2 nanotubes was determined with energy dispersion X-ray (EDX) equipped in the FESEM. The TEM micrograph was obtained using a FEI CM 12 transmission microscope. The phase determination of the anodic layer was determined via XRD (Philips, PW 1729), operated at 45 kV and 40 mV.

The PEC properties of the samples were characterised using a three-electrode PEC cell with TiO2 nanotube arrays as the working photoelectrode, platinum rod as the counter electrode and saturated calomel electrode (SCE) as the reference electrode. A solution of 1 M KOH with 1 wt% EG was used as the electrolyte in the PEC cell. The role of 1 wt% EG in 1 M KOH electrolyte was acted as a potential hole scavenger (electron donor) to minimise the recombination of charge carriers. All three electrodes were connected to a potentiostat (Autolab III). A 150 W xenon lamp (Zolix LSP-X150) with an intensity of 800 W m2 was used to produce a largely continuous and uniform spectrum. The light was transmitted by the quartz glass as the xenon lamp shone on the photoanode. The xenon lamp was switched on after the three electrodes were connected to the potentiostat and the photocurrent was measured during the voltage sweeping (5 mV s1).

3. RESULTS AND DISCUSSION

3.1 Surface Morphology of Titanium Anodic Oxide Films

In this part of experiments, the effect of different amount NH4F on the morphology of Ti anodic oxide films is discussed. The NH4F plays an important role in the formation of the nanotubular structure of Ti anodic oxide films.22,23 The formation of TiO2 nanotube arrays in fluorinated electrolyte was the result of three simultaneously occurring processes: (1) field-assisted oxidation of Ti metal to form TiO2; (2) field-assisted dissolution of Ti metal ions into electrolyte; and (3) chemical dissolution of Ti and TiO2 in the presence of H+ and F ions.23 In general, it can be concluded that the content of NH4F is one of the important factor for the formation of self-organised and well-aligned TiO2 nanotubes.

Figure 1 shows the micrographs of surface morphology of the anodised Ti foils in EG containing different concentration of dissolved NH4F for 1 h. The amount of NH4F was varied from 1 wt% to 5 wt%. Insets are the cross-sectional morphology of the oxides. From those FESEM images [Figure 1(a) to (c)], the appearance of the anodic oxides on the Ti foils was dependent on the content of NH4F in the electrolyte. Anodisation of Ti in a bath containing 1 wt% NH4F resulted in a thin TiO2 compact oxide layer formed on the surface of Ti as shown in Figure 1(a). The overall thickness of the oxide is approximately 500 nm. This result indicates that a low F concentration is insufficient in forming a pit on the oxide layer due to the inactive chemical dissolution reaction.
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Figure 1: FESEM images of TiO2 anodic oxide film anodised in EG containing different content of NH4F at 60 V for 1 h: (a) 1 wt%, (b) 3 wt% and (c) 5 wt%. 1 (d) shows TEM images of TiO2 nanotubes.



Figure 1(b) shows the FESEM image of the sample prepared in EG containing 3 wt% of NH4F. The Ti surface contained irregular features and a porous oxide instead of ordered nanopores. The pore sizes were in the range of 25100 nm and the thickness of the porous oxide layer was approximately 600 nm. The inadequate concentration of F might be caused by incomplete chemical dissolution and oxidation at the interface between Ti and the barrier layer. Thus, formation of irregular features and nanoporous TiO2 layer in this condition.

For the 5 wt% NH4F, self-organised and well-aligned TiO2 nanotubes were successfully synthesised, which inferred that the concentration of F present in the EG was sufficient to increase the chemical dissolution. This condition led to further acidification to develop a nanotube structure, as shown in Figure 1(c). The TiO2 nanotubes with diameters of approximately 90 nm, and lengths of 3 m were formed when the F concentration was increased upto 5 wt%. Based on the results, the optimum fluoride content identified in our electrolyte was 5 wt%. Subsequently, TEM images further confirmed the existence of TiO2 nanotubes [Figure 1(d)]. The TEM images show that all TiO2 nanotubes exhibited a hollow tube opening.

3.2 Current Density Studies

The difference in morphology of the anodic TiO2 nanostructures under different amounts of NH4F can be explained by referring to the current density profile, as shown in Figure 2. The current density curve increases as a function of NH4F. The current density was increased up to 0.008 A cm2 when amount of NH4F was 5 wt%. This was attributed to the high diffusivity and the ion concentration in the EG electrolyte because of the increasing of F species, which led to enhanced conductivity of the solution.24,25



[image: images]


Figure 2: Current density against time plot for anodised Ti foils at 60 V for 1 h in EG containing different amount of NH4F: (a) 1 wt%, (b) 3 wt% and (c) 5 wt%.



3.3 EDX Analysis of the Anodised TiO2 Nanotubes

The EDX analysis was carried out in order to identify the atomic and weight percentage of the elements presents in the TiO2 nanotubes. The EDX spectrum is shown in Figure 3. The peaks of Ti, O and C could be observed from the EDX spectrum, which indicate the existence of Ti, O and C elements in the TiO2 nanotubes. The TiO2 nanotubes comprised the carbonate species, which resulted from the organic electrolyte of EG (C2H6O2) during potentiostatic anodisation.
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Figure 3: EDX spectrum of the TiO2 nanotubes anodised in EG containing 5 wt% NH4F at 60 V for 1 h.



3.4 XRD Analysis of the Anodised TiO2 Nanotubes
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Figure 4: XRD patterns of annealed TiO2 nanotubes at 400C in argon atmosphere for 4 h (A = anatase TiO2, T = titanium).



The XRD analysis was used to investigate the effect of crystal growth and phase transition on the TiO2 nanotubes. The XRD patterns of the annealed TiO2 nanotubes are shown in Figure 4. It could be observed that the diffraction peaks of the entire samples are ascribed to the TiO2 with anatase phase [JCPDS no. 211272]. The diffraction peaks allocated at 25.37, 38.67, 48.21, 54.10 and 55.26 are corresponding to (101), (112), (200), (105) and (211) crystal planes for the anatase phase, respectively.

3.5 PEC Response of Titanium Anodic Oxide Films

To evaluate the PEC response, anodic samples with different surface morphologies were used as a photoanode in PEC cell. The I-V characteristic transient was recorded under darkness and under illuminated conditions, with a light intensity of approximately 800 W m2. Under dark conditions, all samples exhibited insignificant photocurrents less than 106 A cm2 (not shown). This indicates that less photo-induced electron were transported through the sample and inactive of the photoactivity of TiO2. However, the photocurrent density increased under illumination as shown in Figure 5. Thus, the TiO2 is a good photo-response semiconductor for the transfer and decay of the photo-induced electrons when exposed to the illumination.
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Figure 5: The I-V characteristics of different surface morphologies of anodic TiO2 photoanode, (a) nanotubes, (b) nanoporous and (c) compact oxide layer.



Based on I-V characteristic, the photocurrent density increased under illumination. A maximum photocurrent density of up to 0.45 mA cm2 was observed from the anodic TiO2 nanotubes as compared to the nanoporous and compact oxide layer [Figure 5(a)]. TiO2 nanoporous structure and TiO2 compact oxide layer exhibited decreased photocurrent densities, that are approximately 0.18 mA cm2 [Figure 5(b)] and 0.08 mA cm2 [Figure 5(c)], respectively. The reason is due to the availability of larger active reaction sites in TiO2 nanotubes to trigger the PEC reaction. In addition, both sides of the tube walls and the entire tube sidewalls can act as PEC reaction sites for generating more photo-induced electrons and transferring to counter electrode (platinum) to reduce the H+ ions into hydrogen gas.12,2528 Therefore, TiO2 nanotubes have better PEC response among the samples.

4. CONCLUSION

The present study demonstrated that high surface area of anodic TiO2 nanotubes was successfully synthesised in EG containing 5 wt% of NH4F. It is shown that anodic TiO2 synthesised in EG containing less 5 wt% will result in the formation of nanoporous structure and compact oxide layer. The anodic TiO2 nanotubes generated higher photocurrent response of 0.45 mA cm2. The main reason could be attributed to the larger active surface area in nanotubular structure for better photon absorption and released more photo-induced electrons, thus, it exhibited good PEC response.
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Abstract: This work is aimed at developing Surface Acoustic Wave (SAW)-based wireless passive sensors for sensing volatiles, humidity, temperature and pressure. The development of this inexpensive passive SAW sensor would create a wide range of gas sensing applications. The SAW devices consist of a piezoelectric substrate such as quartz and interdigitated (IDT) transducers formed by optical lithographic patterning of a thin metal layer. The optical lithography employs 365 nm UV light source, exposing the geometric pattern mask onto a 2 μm layer thickness of AZ5214E positive photoresist, a new epoxy product from Microchemicals. The lithographic processes were optimised to achieve IDT feature size of 39 μm for 20.2 MHz RF signal transmission.
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1. INTRODUCTION

The surface acoustic wave (SAW) device is a tool that transmits signal waves through the surface of piezoelectric substrate. SAW devices can be used for various sensing tasks depending on its configurations. In this work, a wireless SAW device that functions as a gas sensor was designed and fabricated. This device has three main components: the interdigital transducer (IDT), sensing material and reflector. There are two types of IDT, which are receiver and emitter.1-3 The receiver IDT is able to convert electric signal to mechanical motion.6 The second component is a thin sensing material film coated on the piezoelectric substrate, located in between the IDT and the reflector. The velocity and attenuation of the propagating SAW are very sensitive to certain properties, such as mass and viscoelasticity, of thin sensing material films coated on the device surface. The third component is a reflector that has split fingers constructed at a quarter wavelength (λ/4) of the signal,1,2 which will reflect waves propagated on the surface to the emitter IDT. The emitter IDT will convert the mechanical motion to electric signals.3

Piezoelectric material such as lithium niobate and quartz can be used to generate the motion because they have an elastic molecule bond.2 These devices have been widely used in smart phones, remote controls, agricultural sensors for crop monitoring and automation.1,4 The biggest advantage of SAW device is its ability to sense various parameters such as humidity and pressure and convert them into high quality and precision signals. This allows them to be commonly used in high precision measurement system at low costs with high reliability in heavy conditions.1 In this work, a SAW device using 20.2 MHz radio frequency (RF) signal was designed and fabricated on quartz substrate. The material used for IDT and reflector components was an aluminium thin film. The split fingers width of each component is 39 μm. Hence, the usage of optical lithography technique to fabricate 20.2 MHz SAW device structure was explored and optimised.

2. EXPERIMENTAL

The fabrication of the SAW device on quartz substrate began with the mask-making process. The device geometries were first printed on a transparent polymer film by a scale of 5 times of the intended dimensions, where it will be placed on the mask-making system, together with a blank emulsion glass mask.
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Figure 1: The mask-making process: (a) the patterned transparent polymer film, (b) the schematic of mask exposure system, and (c) the result; negative of emulsion glass mask.





Figure 1 shows the mask-making process flow where the fluorescent with 550 nm wavelength light source is exposed onto the transparent polymer film. The projected images were transmitted through optical lens that shrank the images by 5 times. After being exposed for 4 s, the emulsion glass was occasionally lifted in and out of developer solution beaker for a few minutes. It was then soaked in distilled water for 2 min, fixer solution for 10 min and finally put through running tap water for 30 min.

The optical lithography process started with the cleaning of 12 × 12 mm2 quartz substrate using solvents to eliminate impurities and contamination on the substrate surface. The AZ 5124E positive photoresist from MicroChem was used in patterning process. This photoresist was diluted in 1-Methoxy-2-propanol acetate (PGMEA) solvent. Using datasheet from MicroChem AZ photoresist, the substrate was spun coated with AZ photoresist at spinning speed of 2000 rpm for 45 s to achieve a coating thickness of 1.98 μm. The samples were then baked for 50 s at temperature 110°C on a hotplate. Then, the samples were exposed with a 60W UV lamp, at 7.08 mW cm-2 light intensity and 365 nm wavelength of optical lithography system using the prefabricated photomask to mask the patterns. In the exposure process, the pattern on the mask was placed onto the photoresist layer to minimise light diffraction while exposing the patterns, so that, the uncovered region will be cured and polymerised. After that, the samples were soaked in AZ 326 developer solution where the non-polymerised AZ photoresist was dissolved.

RF atmosphere plasma was used to etch the residual layer of AZ photoresist on the substrate after the exposure to UV light. The RF plasma would not etch the sidewall of the AZ photoresist. Then, by using vacuum thermal evaporation machine, the aluminium was deposited onto an AZ photoresist pattern for a few seconds until a thickness of 2 μm was reached. The evaporation process of the metal must be done in a vacuum chamber to avoid the metal ion combining with any gaseous ion and being deposited on the substrate. As the fabrication of the device has a lift-off technique, care should be made to maintain the substrate and the aluminium metal within a tolerable distance. This is to ensure that the metal will coat on the surface and not on the sidewall of the pattern. In the lift-off step, dimetylsulfoxide (DMSO) is used to remove AZ photoresist and metal is left deposited on the substrate. The DMSO is used because it is a strong solvent to polymer and has a high degree of stability of acids and bases at elevated temperature.

3. RESULTS AND DISCUSSION

The mask formation is the initial step of optical lithography. The creation of patterns on immersion glass can give more accurate and precise features as compared to the conventional printing. The emulsion mask has a latent layer on the bottom surface and the pattern generated on this layer is a reversal or negative to the transparent polymer film. When exposed to fluorescent light, the latent layer cured the uncover region, and the cover region dissolve with film developer solution. Figure 2(a) shows the supposed pattern and Figure 2(b) is the fingers IDT of the mask.
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Figure 2: Illustrations of: (a) schematic of device and (b) the IDT finger from original mask.





The AZ5214E photoresist is a positive-tone photoresist. This means, when exposed to UV light, the molecules at the exposed region absorb sufficient energy to break the crosslinking between molecules and later dissolve in AZ 326 developer. In other words, AZ photoresist chains scission the exposed region when exposed to the UV light to generate the desired pattern. The flood energy exposure of the AZ photoresist is in the range 150 up to 500 mJ cm-2. As recommended by MicroChem, the optimum flood energy is 200 mJ cm-2. The intensity of exposure equipment system is 7.1 mW cm-2 and the recommended developing time is 30 s. Unfortunately, the fingers pattern of 39 μm do not appear. The exposure doses are further changed until the desired feature is obtained.
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Figure 3: Optical microscopy images of the patterned IDT structure using UV dosages of: (a) 369.2 mJ cm-2, (b) 390.5 mJ cm-2 and (c) 404.7 mJ cm-2.





Figure 3 shows the three conditions of exposure steps in constant development process parameter. To break the crosslinked molecules, the AZ photoresist must absorb sufficient light energy without changing the feature size. If the exposure time is too low, fewer molecules can break the crosslink because the AZ photoresist absorbs less light energy. This explains why the continuous line patterns did not appear when 369.2 mJ cm-2 of UV dosage was used [Figure 3(a)]. Figure 3(b) shows the exposure time of 390.5 mJ cm-2, where the pattern clearly appears on the AZ photoresist due to sufficient energy absorbed from the UV light. If AZ photoresist is exposed for a longer time, it will absorb too much energy. This energy will be dissipated to unexposed regions, which is not supposed to be soluble, as shown in Figure 3(c) when exposed at 404.7 mJ cm-2.
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Figure 4: Optical microscopy images of development for: (a) 45 s, (b) 40 s and (c) 35 s.





When the sample is soaked in the developer solution, the solution will dissolve the weak AZ photoresist molecule crosslinks proportional with the time. If the developing time in AZ developer solution is too long, there is a high possibility the desired pattern will not be achieved, as shown in Figure 4(a). Figure 4(c) shows an unclear pattern due to short developing time. Based on the patterns observed, the optimum exposure time is 55 s, with 40 s development of the sample soaked in the developer solution as shown Figure 4(b).

The next process is the plasma ash and the deposition of thin aluminium layer using thermal evaporator. For transmission wavelength of 156 μm, the thin aluminium layer needs to be deposited to the required thickness of 1.56 μm. To achieve this thickness, the aluminium is evaporated for 8 s and the resulting thickness measurement using Filmetrix is 1.357 μm.

Figure 5 shows the result of the aluminium layer deposition after the lift-off step. The deposited aluminium only appears on the patch antenna, while none appears on the IDT fingers. The fingers IDT do not appear because the presence of photoresist residual layer blocks the aluminium deposition onto the substrate surface. This occurs due to the contrast level of mask used to transmit the UV light through AZ photoresist.6 The range of shades affects the developed thickness of photoresist when exposed to UV light. If the range of shades is higher or darker, the penetration on photoresist is low, which will form the residual layer of photoresist on the pattern. After the lift-off process, the metal is left stuck with photoresist. Figure 5(b) shows the over-exposed reflector after aluminium deposition, which also fails during the lift-off process.
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Figure 5: The SEM analysis of the pattern after lift-off process: (a) full view of the device and (b) the overexposed reflectors.
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Figure 6: The IDT pattern on the mask and the profile effect from grayscale.





The bad mask contrast creates the grayscale effect of the mask pattern, which reflects the percentage of energy passing through the AZ photoresist and breaks the crosslinks of the molecules. Figure 6 shows the effect of grayscales and the profile of AZ photoresist thickness that can be penetrated by the UV light. The transparent pattern on the masks will allow most UV light transmitted through AZ photoresist layer while grey and dark pattern will allow certain percentage of UV light to be transmitted through. This will cause low contrast on the developed pattern edge.

4. CONCLUSION

The optical lithography optimisation process was performed to fabricate a 39 μm size SAW device for 20.2 MHz RF signal transmission. From the experimental study using 60 W UV light source, 7.08 mW cm-2 intensity and 365 nm wavelength optical lithography system for the optimised UV exposure time is 55 s. The optimised development time in AZ 326 developer by soaking is 40 s and deposition time of aluminium for 1.357 μm thickness is 8 s. The fabricated device from these processes is expected to be able to perform as designed.
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Abstract: During offshore oil and gas exploration, drilling at high temperature and pressure in a geological formation is usually the cause of damage to water-based mud. In this paper, a water-soluble lignin graft copolymer (LGC) was grafted via condensation polymerisation using soda lignin recovered from oil palm empty fruit bunch (OPEFB) fibre and itaconic acid. This LGC was applied in a water-based drilling mud formulation as a fluid loss control additive. Lignin graft copolymer was characterised using Fourier Transform Infrared (FTIR) spectroscopy and Differential Scanning Calorimetry (DSC) techniques. In tests of mud properties, the filtration performances of LGC and a commercial fluid loss additive (Ressinex II) were compared. Using an additive dosage determination test, we found the optimum dosage of LGC and Ressinex II to be 0.7%. The fluid loss properties measured after thermal aging showed that LGC can be used as a fluid loss additive for drilling operations at temperatures up to 190C. The rheological performances of LGC and commercial fluid filtration additives were also compared. Compared to the commercial additives, LGC provides more tolerance to salt contamination at room temperature and at high temperatures.
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1. INTRODUCTION

Today, water-based drilling fluid is widely used in most drilling operations. Technologies have been developed to increase the performance of water-based drilling mud, especially in offshore exploration. These technologies have been developed because of stringent environment regulations implemented in the 1980s to regulate the use of oil-based drilling fluids with high thermal stability in hostile drilling operations. Long periods of drilling at high temperature (more than 150C) and pressure are common circumstances encountered by drilling engineers. Such conditions are highly detrimental to the flow properties and filtration loss control of water-based drilling fluid, due to the hydrolysis, depolymerisation or degradation of the additives and the flocculation or irreversible transformation of the clay.

Briefly, filtration loss happens in the well under both dynamic and static conditions. Filtration loss occurs when the liquid phase of the drilling fluid flows into the permeable formation because the borehole pressure is higher than the formation pressure, which can cause drilling problems such as water leaks, excessive torque and drag, differential pressure sticking, borehole instability and formation damage. This phenomenon causes difficulties and incurs extra costs for the drilling operation. To solve this problem, fluid loss control additives are usually added to the drilling fluid during the drilling process.

Currently, various types of fluid loss additives are available in the market. Such additives can be natural products, modified natural products or fully synthetic chemicals. Suitable filtration control agents are added in the drilling process to reduce the filtrate volume and filter cake thickness of the drilling mud. The selection of the additive is generally based on the technical and environmental factors of the well bores.1 Unfortunately, most of these types of additives are not resistant to high temperature and pressure conditions.

In contrast, approximately 90 million tonnes of renewable biomass (trunks, frond, shells, palm press fibres and empty fruit bunches) are produced in the oil palm industry every year. However, this biomass is considered waste and is not fully utilised.2 Oil palm empty fruit bunch (OPEFB) fibre is a form of renewable biomass that is non-toxic, abundant and cheap, and it has high lignocellulosic content. Therefore, the lignin recovered from OPEFB has high potential as a raw material for value-added products.3

Lignin recovered from OPEFB is also a natural polymer with high thermal stability and chemical resistance due to its chemical structure. Considering all of the information from previous studies of lignin modification,4-6 we propose an alternative method for preparing a new polymeric product using soda lignin recovered from OPEFB fibres.

The objective of this investigation is to develop a better water-based fluid loss drilling additive that is greener and more stable under high temperature and pressure conditions. Lignin graft copolymer (LGC) was prepared by grafting itaconic acid onto soda lignin recovered from OPEFB via condensation polymerisation. Lignin graft copolymer was characterised using instrumental analyses such as Infra-Red spectroscopy (IR) and Differential Scanning Calorimetry (DSC). The rheological properties and fluid loss of LGC were analysed using standard procedures of the American Petroleum Institute (API).

2. EXPERIMENTAL

2.1 Isolation and Purification of Soda Lignin

A lab-scale 20 L stainless steel rotary digester was used to cook OPEFB long fibres. The pulping process was performed using methods modified from Sun.9 The OPEFB long fibre was mixed in a ratio of 1:10 (W/V) with cooking liquor and soaked in water for 2 days to remove non-fibrous materials. Then, the fibre was air dried. Cooking liquor was prepared by dissolving sodium hydroxide into the appropriate amount of distilled water.

Black liquor obtained from the pulping process was then filtered. Soda liquor was recovered via acidification of black liquor using 20% V/V sulphuric acid until the black liquor solution reached pH 2. The precipitate was filtered and washed using pH 2 distilled water. The soda lignin was collected and dried in a vacuum oven at 60C for 24 h before further analysis.

2.2 Graft Copolymerisation

A condensation copolymerisation method was used in this study. Reactions were performed in three-neck round bottom flasks equipped with reflux condensers and nitrogen inlets, with magnetic stirring.7,8 The appropriate amounts of soda lignin and itaconic acid were weighed out and dissolved in 1,4-dioxane in ratios of 1:8 (W/V) and 1:5 (W/V). P-toluene sulfonic acid (PTS) was added to the solution to a concentration of 10% by mass. This mixture was added into the apparatus and flushed with nitrogen gas for 5 min. The reaction was conducted in an oil bath at 80C for 18 h with vigorous stirring. When the reaction was complete, the apparatus was immersed in an iced water bath at 0C for half an hour with constant stirring. Then, unreacted lignin was precipitated by decanting the mixture into a vigorously stirred pure water solution. The precipitate was filtered, and the filtrate was collected. The filtrate was continuously vaporised to remove the solvent, and the sample was vacuum dried at 60C until a constant weight was obtained. The lignin graft copolymer was collected in the form of dark brown fine particles.

2.3 Fourier Transform Infrared (FTIR) Analysis

A Perkin Elmer 2000 FTIR spectrometer was used to investigate the infrared bands and absorbance. All of the samples were analysed using the KBr pellet technique and scanned in the range of 4000 to 400 cm−1 at a resolution of 4%.7-10

2.4 Differential Scanning Calorimetry (DSC) Analysis

The glass transition temperatures (Tg) of the soda lignin and lignin graft copolymer were compared and evaluated using the Perkin Elmer Pyres 1 DSC. Approximately 10 mg of each sample was heated from −50C to 180C at a rate of 20C per min in a nitrogen atmosphere at a flow rate of 30 mL per min.8

2.5 Mud Property Test

In this study, three set of experiments were designed and evaluated mud according to the API specifications.11,12 Each batch of water-based drilling mud was prepared by stirring 80.0 g of bentonite and 4.0 g of sodium carbonate in 1000 mL of distilled water before aging it for 24 h.12

Filtrate loss volume is the amount of fluid that can be delivered through a permeable filter medium after it has been subjected to a differential pressure for a specified period of time. The filtrate loss volume (V30) was determined using a Fann Filter Press model series 300 (LTLP). The rheological parameters of the mud were analysed using a Fann model 286 viscometer, with measurements of mud viscosity occurring at two rotating rates of 300 rpm (θ300) and 600 rpm (θ600). Apparent viscosity (μa), plastic viscosity (μp) and yield point (y) were calculated using the following equations:








	μa = θ600/2
	(1)



	μp = θ600  θ300
	(2)



	y = 0.511θ300  μp
	(3)






θ300 and θ600 are the viscometer shear stress readings at 300 and 600 rpm, respectively.13 The effects of aging temperature on water-based mud rheological and filtration loss properties were determined using a Fann model roller oven series 2500 and a 500 mL Fann stainless steel aging cell.

Three different types of experiments were performed and are referred to herein as Experiment I, II and III. A commercial filtration loss additive, Ressinex II, was used for comparison with LGC. In Experiment I, the effects of different doses of lignin graft copolymer in water-based mud were analysed at room temperature and under strong agitation (90C). Doses of 0.3%, 0.5% and 0.7% W/W mud were used.

The effects of aging temperature on water-based mud containing additive were analysed in Experiment II. The mud samples were heated in the Fann model roller oven series 2500 at 190C for 16 h. These experimental conditions are representative of an actual high-temperature drilling process.

Experiment III was performed to evaluate the effect of salinity on the performance of lignin graft copolymer. Information about these effects is important, because salt (NaCI) contamination occurs often in well bores and is common in mud. The salt concentrations tested ranged from 0.7% and 1.2% W/W mud.

3. RESULTS AND DISCUSSION

3.1 FTIR Spectra

Figure 1 shows the spectra of soda lignin, itaconic acid and lignin graft copolymer. In the infrared spectra of soda lignin, a broad band with wavelength 3410 cm−1 indicates the hydroxyl group. Bands of 2936 cm−1 and 2842 cm−1 represent the stretching of C-H bonds in the methyl and methylene groups. A small broad band at 1710 cm−1 is due to conjugated carbonyl stretching. The presence of aromatic rings is indicated by medium bands at 1606 cm−1 and 1511 cm−1 that represent aromatic skeletal vibration. The band at 1462 cm−1 is caused by C-H deformations.

The broad band at 3112 cm−1 in the itaconic acid spectrum represents a hydroxyl group in an acid, and the small broad peak at 1710 cm−1 indicates a carbonyl group in a carboxylic acid. A stretch peak also occurs at a wavelength of 1307 cm−1. These peaks indicate the carboxylic functional group of itaconic acid. A band at 1433 cm−1 is characteristic of CH2 bending. Bands at 626 cm−1, 917 cm−1 and 988 cm−1 correspond to an out-of-plane C=C functional group.

In the spectrum of LGC, a broad band at 3116 cm−1 may be attributed to the hydroxyl group of itaconic acid. Peaks at 2622 cm−1 and 1972 cm−1 are considered to be aromatic overtones. A significant sharp band at 1701 cm−1 is attributed to the stretching of an ester functional group, which indicates that itaconic acid was grafted onto soda lignin, as illustrated in the figure. A stretch and sharp peak at 1309 cm−1 is characteristic of the CH3 functional group of itaconic acid. The sharp peak at 1216 cm−1 indicates the C-O stretching vibration in the ester group of LGC. The relative intensity of the absorption of bands 912 cm−1 (assigned to an out-of-plane C=C bond) and 626 cm−1 (assigned to an out-of-plane C=C bond) increased significantly after the grafting reaction.
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Figure 1: Infrared spectra of soda lignin, itaconic acid and LGC.





3.2 DSC Thermogram

The thermal behaviours of soda lignin and lignin graft copolymer were studied using the DSC technique. This analysis provides information on the enthalpy of transition, phase transition temperatures, degradation temperature and heat capacity. According to previous studies, the glass transition temperature of lignin is influenced by multiple factors, such as the presence of low molecular weight contaminants (water or solvents), the molecular weight of the polymer, thermal history, cross linking and applied pressure. Figure 2 shows the DSC thermogram of soda lignin. The glass transition temperature of soda lignin was recorded in the range of 85C to 140C. The glass transition temperature of soda lignin was 71.13C. The recorded heat capacity was 2.216 Jg−1 C−1, which implies that soda lignin molecular motion is not restricted compared to the Cp value of other amorphous polymers. Phenylpropane units in the molecular chain characterised the molecular motion of soda lignin. The DSC thermogram indicates that soda lignin exhibited enthalpy relaxation upon glassification.



[image: images]


Figure 2: Thermogram of soda lignin.
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Figure 3: Thermogram of LGC.



The thermogram of LGC is shown in Figure 3. A melting point was detected at 159.66C, as shown by the broad endothermic peak. This finding may correspond to the breaking bonds of homopolymers. A glass transition point was recorded at 114.99C, which may imply that the polyphenol unit in soda lignin became detached from the copolymer chain.

3.3 Mud Properties

The results of Experiment I are shown in Table 1. The results indicate that the optimum dosage of LGC is 0.7%. The dose gave the lowest fluid loss volume (FL) of the three dosages at both 27C and 90C. At dosage 0.7%, LGC generated better rheological properties compared to other dosages at both temperatures. These temperature values were used to confirm the consistent rheological and fluid loss performance of LGC at room temperature and under high agitation.

Experiment II was designed as a simulation of a deep-well process at 190C. The filtrate volume and rheological data before and after the hot-rolling process were recorded, and the results are presented in Table 2. The apparent viscosity, plastic viscosity and yield point of LGC increased swiftly after the thermal rolling process. The fluid loss volume (FL) of LGC after the thermal rolling process had its lowest value compared to the other two formulations. This finding suggests that LGC has better rheological and API filtrate properties compared to other mud formulations at high temperature (190C) after undergoing a hot-rolling process for 16 h. This outcome may be due to the high molecular weight and low decomposition rate of LGC at high temperature, which indicates that LGC is resistant to a high temperature (190C) that is representative of drilling at approximately 10,000 m.


Table 1: Base mud rheological properties at different concentrations of LGC.


[image: images]







Table 2: Base mud rheological properties before and after the thermal aging test (before and after rolling at 190C for 16 h).
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Table 3: Base mud rheological properties at different salinity concentrations (before and after hot rolling at 190C).
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The data from Experiment III are presented in Table 3. The mud formulations of LGC had their lowest fluid loss volumes (FL) after the thermal aging tests at 0.7% and 1.2% salinity. The apparent viscosity, plastic viscosity and yield point decreased slightly but showed no significant changes. This outcome may have occurred because of thermal degradation, which reduces the negative charge density of LGC and causes the macromolecular chain to contract at high salinity. In general, however, the LGC mud formulation had better rheological and fluid loss properties, and it was tolerant to salinity exposure at high temperatures.

4. CONCLUSION

In conclusion, LGC has been successfully prepared through condensation polymerisation, and the preparation was characterised using FTIR and DSC instrumental techniques. The comparisons of Ressinex II (a commercial fluid loss reducer) and LGC suggest that LGC has better rheological and fluid loss properties at high temperature and salinity conditions.
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Abstract: In current investigation, the linear low-density polyethylene (LLDPE)/soya powder blends were compatibilised by polyethylene grafted maleic anhydride (PE-g-MA). The blends were prepared using internal mixer at a rotor speed of 50 rpm and temperature 150C. The effect of LLDPE/soya powder composition and irradiation dose on the tensile properties of the blends was investigated. The results showed that an increase in soya powder content in the blends reduced the tensile strength and elongation at break. However, the tensile strength of LLDPE/soya powder blends was enhanced with the addition of the PE-g-MA and further improved after irradiated with electron beam (EB) irradiation. The tensile strength of the blends increased with increasing irradiation dose, but the elongation at break decreased. From the morphological study done with scanning electron microscopy (SEM), the LLDPE formed continuous matrix after irradiation.

Keywords: Linear low-density polyethylene, soya powder blends, polyethylene grafted maleic anhydride, electron beam irradiation, tensile properties

1. INTRODUCTION

Polyethylene makes up the largest part of plastic waste and litters from this waste are creating a serious environmental problem. Thus, there is an urgency to develop a form of plastic that can be degraded by oxygen, heat and microorganisms when being exposed to the environment. Griffin introduced an idea of incorporating biodegradable starch into non-degradable plastics such as polyethylene (PE), polypropylene (PP), poly(ethylene terephthalate) (PET) and polystyrene (PS).1 In recent years, several efforts have been made to incorporate starch into thermoplastic. Those studies indicated that starch-based polymeric materials, to some extent, meet the processing and application requirements.

Apart from using polysaccharide-based materials, studies have also been conducted on addition or blends of protein-based materials into polymers.24 However, non-degradable plastics such as PE is naturally hydrophobic due to its hydrocarbon structure. Therefore, it is naturally incompatible with the hydrophilic soya powder. As such, various compatibilisers have been used to improve the interfacial adhesion between PE and polysaccharides or protein based natural polymer such as polyethylene grafted maleic anhydride (PE-g-MA), ethylene acrylic acid copolymer and ethylenevinyl acetate copolymer (EVA).

Radiation technology has been commonly used to enhance the physical and mechanical properties of plastic materials due to the chemical reaction between polymer molecules under irradiation. In this study, electron beam (EB) irradiation is used to irradiate the blends for a number of reasons. These include: its capability to achieve a high dose rate; reliable sterilisation; safe and easy to operate; and easily controlled radiation dose and rate.5

In the current study, soya powder has been used in blends with linear low-density polyethylene (LLDPE). The soya powder contains 6062% protein, 2528% polysaccharides, little percentage of fat and moisture. PE-g-MA has been used as a compatibiliser. Based on our previous study,6 the mechanical and thermal properties of LLDPE/soya powder is improved with the addition of PE-g-MA. In this investigation, the PE-g-MA compatibilised LLDPE/soya powder blends were irradiated under EB at 30 kGy. Based on previous researches, the optimum radiation dosage to achieve optimum mechanical and thermal properties ranged from 2050 kGy.79 Tensile properties and morphological measurements were carried out to compare the properties of non-irradiated and irradiated LLDPE/soya powder blends.

2. EXPERIMENTAL

2.1 Materials

The soya powder was purchased from Hasrat Bestari Sdn. Bhd., Malaysia. The average granular size was 12 m. LLDPE granulates with density 0.921 g cm3 and melt flow index 0.90 g 10 min1 were obtained from Polyethylene Malaysia, Terengganu, Malaysia. PE-g-MA with 3% grafted level was purchased from Aldrich Chemical Company, Milwaukee, United States.

2.2 Preparation of LLDPE/Soya Powder Blends

Haake internal mixer was used to mix the LLDPE and soya powder. The mixing temperature was set at 150C with the rotor speed of 50 rpm. The LLDPE was first melted for 2 min before the addition of PE-g-MA. After 4 min, soya powder was added gradually into the mixer. The mixing process was followed to be 10 min. Then, the blended samples were compression-molded into sheets of 1-mm thickness using a compression molding machine at 150C under a pressure of 10 MPa for 10 min. Table 1 shows the blends with the various composition of LLDPE/soya powder used in this study.


Table 1: Composition of LLDPE/soya powder blends compatibilised with PE-g-MA.
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2.3 Irradiation Process

The thin LLDPE/soya powder sheet was EB-irradiated with an electron beam accelerator (model NHV EPS 3000). The irradiation process was carried out at ambient temperature using parameters below:

(a) Accelerating voltage: 1.5 MeV
(b) Beam current: 10 mA
(c) Dose per pass: 15 kGy.

2.4 Insoluble Gel Content

Soxhlet extraction technique was used to determine insoluble gel content. Initially, the samples were extracted by using distilled water to remove the soya powder for 24 h. Thereafter, secondary extraction was performed to remove the LLDPE for 24 h in xylene. The samples were air-dried and kept in vacuum oven at 60C until the weight was constant. The gel content was calculated using the following equation:


[image: images]


2.5 Tensile Properties

Tensile tests of the blends were performed using a tensometer named Instron (model 3366) according to ASTM D638 at crosshead speed of 50 mm min1. A minimum of five specimens for each blending ratio was tested. Tensile strength, elongation at break and Youngs modulus were obtained from the tensile test.

2.6 Scanning Electron Microscope (SEM)

The tensile fracture surface of the blends was analysed using a scanning electron microscope (VPFESEM) model SUPRA 35VP. The surface was coated with gold in order to avoid electrostatic charging.

3. RESULTS AND DISCUSSION

3.1 Gel Content Analysis

Gel content is an estimation of the crosslink density for irradiated polymeric materials. Figure 1 shows the gel content of the PE-g-MA compatibilised LLDPE/soya powder blends with 30 kGy irradiation. The gel content in non-irradiated blends was solely contributed by the formation of crosslinking between PE-g-MA and soya powder as a result of ester bond formed. In our previous investigation,10 the PE-g-MA was proven as a good compatiliser for LLDPE and soya powder.

As can be seen in Figure 1, the gel content of the irradiated blends was generally higher than the non-irradiated blends. The trend indicates that crosslinking occurred during irradiation process. The crosslinking occured within LLDPE, PE-g-MA and grafting of PE-g-MA on LLDPE but not within soya powder. This could be due to the fact that polypeptide in soya powder is a radiation degradation polymer. The result is in agreement with Zhai et al.10 who investigated the effect of irradiation on polyvinyl alcohol (PVOH)/polysaccharide blends.

In their study, a few components in polysaccharides were found to be susceptible to EB irradiation even in low dosage. Thus, the soya powder, which also contains polysaccharides cannot form radical site under low irradiation. In Figure 1, the gel content after irradiation decreased with increasing soya powder content. It is proven that increasing the volume of soya powder had hindered the radical formed in LLDPE and ENR 50. Subsequently, the crosslink density was reduced.
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Figure 1: Comparison of gen content between non-irradiated blends and irradiated blends.



3.2 Tensile Properties

Figure 2 demonstrates the tensile strength of non-irradiated and irradiated compatibilised LLDPE/soya powder blends. The tensile strength decreased with increasing soya powder content due to the incompatibility between hydrophobic LLDPE and hydrophilic soya powder.6 The incorporation of PE-g-MA had successfully compatibilised LLDPE and soya powder, consequently increasing the tensile strength. After EB irradiation, the compatibilised LLDPE/soya powder was further improved. This is due to the crosslinking formed between polymer chains of LLDPE and PE-g-MA had enhanced the tensile strength of the blends.

Figure 3 shows the comparison of elongation at break between non-irradiated blends and irradiated blends. Generally, the elongation at break of the blends decreased after EB irradiation. The decrement is attributed to the occurrence of irradiation-induced crosslinking in the blend. The polymer chains were crosslinked after irradiation, subsequently resisted the mobility of the polymer molecules. The trend is in agreement with various EB irradiation studies.7,11
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Figure 2: Tensile strength of non-irradiated blends and irradiated blends.



Figures 4 and Figures 5 show the SEM micrographs of tensile fractured surface of the non-irradiated and irradiated blends, respectively. For non-irradiated blends, fibrils can be found on the tensile fracture surface. The presence of fibril indicates the high elongation at break of PE-g-MA compatibilised blends as discussed in a previous study.6 However, it can be observed that the decrease in fibril on the tensile fracture surface corresponded with the result of reduction in elongation at break.
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Figure 3: Tensile strength of non-irradiated blends and irradiated blends.
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Figure 4: Tensile fracture surface of non-irradiated LLDPE/soya powder blends with (a) 5 wt%, (b) 20 wt% and (c) 40 wt% soya powder content.
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Figure 5: Tensile fracture surface of EB irradiated LLDPE/soya powder blends with (a) 5 wt%, (b) 20 wt% and (c) 40 wt% soya powder content.



Figure 6 demonstrates the comparison of Youngs modulus for irradiated and non-irradiated blends. The Youngs modulus was improved after the EB irradiation. The enhancement might be due to the occurrence of irradiation-induced crosslinking in the polymer matrix as indicated by the gel content results in Figure 1. The EB irradiation resulted in the formation of network structure in the blend and consequently increased the stiffness. According to Bhowmick et al., the increase of modulus and reduction in elongation at break are proportional to the crosslink density.12
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Figure 6: Comparison of Youngs modulus between non-irradiated blends and EB-irradiated blends.



4. CONCLUSION

The EB irradiation on PE-g-MA-compatibilised blends had improved the tensile strength and Youngs modulus whereas the elongation at break decreased. The gel content, which is an indicator of crosslink density, was found to increase after the irradiation process. Therefore, the formation of crosslinking is proven.
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Abstract: The objective of the work is to study the effect of photon on the optical properties of dyed polyvinyl alcohol-trichloroacetic acid (PVA-TCA) blends prepared through solvent casting technique at radiotherapy dose. The films were cut into 2  2 cm2 and kept away from direct sunlight at room temperature until irradiation process. The films were simultaneously irradiated with a 6 MV photon beam produced by linear accelerator Siemens MXE-2. The dose exposure given was set from 50 to 400 cGy. The optical properties were measured using the UV-visible spectrophotometer Shimadzu-1800, set at a wavelength range between 200 nm and 800 nm. The absorbance spectra were obtained with the existence of three absorbance band peaks at 273 nm, 444 nm and 582 nm. Initially, all absorbance increased with increasing dose applied. The results gained indicate that the optical energy band gap, Eg is equivalent to 5.20 eV while the absorption edge is 4.96 eV. These two parameters decreased with increasing dose. It is due to the increase of structural order between the conduction band and the valence band getting narrower. This also indicates that the film is undergoing a red shift. Hence, the value of Urbach energy, E obtained is 0.089 eV, which increased with increasing dose since the lattice vibration depended on the applied dose. In conclusion, the PVA/TCA blends have a good optical characteristic in terms of dose response and optical transition.

Keywords: Dyed polyvinyl alcohol-trichloroacetic acid, optical energy band gap, Urbach energy

1. INTRODUCTION

Solid polymer blends have been considerably studied in view of their wide potential application for novel systems and devices. With addition of dopant, blends or copolymers to the polymer matrix, the electrical, electrochemical and optical properties of the materials could be modified to achieve particular properties in various applications.1 Furthermore, irradiation is known to cause some induced lattice defects such as changing the colour centre in polymeric materials. The action of ionising radiation on polymers can result in cross-linking of the molecular chains, degradation of macromolecules and changes in the number and nature of the double bonds.2 This entire process can occur either in one or all together, depending on the chemical nature of the polymer.

Polymeric films have been widely used in industry especially in the measurement of electron beam dosimetry.3 Various studies have been done previously which had proven its effectiveness in detecting -rays, x-rays and electron beams with respect to industrial dose level. Since the polymeric film has been proven to be very successful in the industrial market, it is desirable to expose it to the medical market. Nevertheless, the doses used in the medical field are much lower compared to industrial. For that reason, referring to previous studies is not enough to assure the public about the reliability of the polymeric film as a dosimeter. Therefore, a research is needed in order to prove that the polymeric film will also perform well in the medical field which regularly uses energy. It is hoped that this study will be the starting point for an introduction of polymeric film to the medical practice such as radiotherapy.

The fundamental purpose of this project is to study the effect of photon on optical properties of dyed polyvinyl alcohol/trichloroacetic acid (PVA/TCA) blends prepared by solvent casting techniques at different doses.

2. EXPERIMENTAL

PVA has been a polymer of choice for a long time in biotechnical and biomedical communities. It exhibits non-toxicity, noncarcinogenicity, and possess good biocompatibility and desirable physical properties such as elastic nature, high degree of swelling in aqueous solution and good film-forming properties. PVA is a biodegradable and biocompatible synthetic polymer with high water solubility and crosslink ability during hydrogel forming due to presence of hydroxyl groups in the polymer side chain.

2.1 Film Preparation

To prepare the stock solution, 0.08 g cresol red indicator was dissolved in 15 ml of 0.1 mol NaOH (M = 40.00 g mol1). To obtain a volume of 50 ml, ethanol was added to the solution. The mixed solutions were stirred at room temperature for 5 min to get a homogenous solution. For the main solution, 17.5 g PVA powder was dissolved in 350 ml distilled water. Next, the solution were stirred with the magnetic stirrer at around 7590C for 3 h.

After stirring, the solution was left to cool down to room temperature. 50 ml of PVA solution was added with 1 ml of stock solution and left overnight or with minimum of 12 h at room temperature. Before pouring the solution into a 15 cm  15 cm glass plate, 1 ml of TCA was added to the mixture. The solutions were left to dry for around 6 days in room temperature and away from direct sunlight. The plastic film was peeled off from the glass plate and cut into 2 cm  2 cm per piece, lastly being stored until irradiation. The average thickness of the film is 0.0197 mm. The initial colour of the film is yellow.

2.2 Film Irradiation

The films were exposed to photon beam produced by the linear accelerator machine. The irradiations were carried out at the radiotherapy department of Mount Miriam Cancer Hospital, Pulau Pinang, Malaysia. The energy level tested was 6 MV with a range of dose between 25 and 800 cGy. The arrangement of equipment is as shown in Figure 1. The source-to-surface distance (SSD) is set to 100 cm, with field size of 10  10 cm2. The samples were placed simultaneously at the centre of the field size and irradiated simultaneously. Irradiation was carried out at room temperature.
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Figure 1: The equipment arrangement during irradiation of sample where SSD is the source-to-surface distance, FS is the field size and dmax is distance at dose maxima.



2.3 Measurement

After irradiation, the films were measured by UV-visible Spectrophotometer-Shimadzu 1800 in the wavelength range of 200800 nm using air as the reference in room temperature. Each sample was read three times with each reading set for 120 s.

3. RESULTS AND DISCUSSION

Based on Figure 2, there are three peaks which are visible (273 nm, 444 nm and 582 nm). The maximum absorption in the spectrum was observed at 444 nm. Two of the peaks (444 nm and 582 nm) are within the visible range while the other peak (273 nm) is at the ultraviolet range. The absorption spectra transmitted two absorption bands in the visible region.4

These visible bands correspond to the excitation of outer electrons which provide information on the electronic transitions of the molecules in the samples. The absorbance of irradiated dosimeters decreases gradually with an increase of the absorbed dose.5 The dominant absorbance band of UV region increases with dose. The absorption peaks at UV region were used to study the optical characteristics. The visible bands correspond to the excitation of outer electrons which provide information on the electronic transitions of the molecules in the blend samples. It relates to the excitation of the outer electrons, which can provide information on the electronic transitions between molecules in the blends samples.

According to Saion et al., these processes can be attributed to the -* transitions from donor atoms (HOMO) to acceptor atoms (LUMO) because of the radiation-induced structural disorder in the polymer blends by the radiation scission of the blends and the presence of radiation-induced ions in the polymer.7 Previously, Amrutha et al. and Zidan12 studied the optical properties of pure PVA and and obtained a similar peak at 273 nm. They both agreed that the weak band is assigned to the carbonyl groups associated with ethylene unsaturation, which indicates the presence of conjugated double bonds of polyenes. Since the absorption does not occur at a long wavelength, a simple or unconjugated, chromophore indicated that this contains an O, N or S atom. In this study, it is referring to S atom from cresol red molecule.

The analysis of the optical absorption spectra can reveal the optical energy gap Eg between the CB and VB due to direct transition for both crystalline and amorphous materials. The absorption coefficient (v) is a function of photon energy and obeys Mott and Daviss model:




	(v)hv = B(hvEg)m
	(1)





where B is a constant (also known as disorder parameter that depends on the transition probability and nearly independent of photon energy), Eg is the optical energy gap, hv is the energy of the incident photon while h is also known as plank constant and v is angular frequency of incident photon. Parameter m is the power coefficient with the value that is determined by the type of possible electronic transitions during absorption processes. For instance, m = ½ 3/2, 2 or ⅓ for direct allowed, direct forbidden, indirect allowed and indirect forbidden respectively.
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Figure 2: Absorption spectra of dyed PVA/TCA blends measured at wavelength range 240630 nm for different doses.



Therefore, by using Equation 1, the direct optical band gap can be evaluated from the linear plots of (hv)2 versus hv graph. The extrapolation of the linear line part of (hv)2 versus hv graph for which (hv)2 = 0 gives the direct optical band gap, which is the function of dose. The indirect optical band gap can be evaluated from the linear plot of (hv)½ versus hv graph at different doses. The extrapolation of the lines of (hv) versus hv for which (hv) = 0 can give the indirect optical band gap as a function of dose. The indirect band gap graph is illustrated in Figure 3. The average energy band gap given from the extrapolation of the graph is 5.20 eV since the different in the band gap values range between 5.09 eV and 5.20 eV.

Figure 4 shows that the energy band gap decreases with increasing dose due to the increment degree of structural disorder. This is because the interaction of an electron with the polymer molecule will result in an excited state, followed by ionisation. Next, chlorine ions will form and react with the nearest H molecules and become HCl while double bonds (C=C) will be present in the polymer chain. This process will be continuous until chlorine is removed, as long as radiation is present. Hypothetically, from the density of state model, it is known that in amorphous case, when Eg decreases, the degree of disorder will increase. This concurs with the results from this study. Consequently, when the dose increases, the spin density increases, hence more unpaired electron form in the unfilled band which result in the decreas of Eg values.



[image: images]


Figure 3: The energy band gap, Eg of PVA/TCA blends at various doses.
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Figure 4: The dependence of optical energy gap, Eg with different doses.



Susilawati and Doyan reported that both direct and indirect band gaps increase with TCA concentration and decrease with increasing dose.9 However, the value of indirect band gap is greater than the direct band gap. According to Saion et al., the decrease in band gap energy with the increasing dose may be attributed to an increase in structural disorder of the irradiated polymer blends.7

The irradiation of polymer blends induces dehydroclorination, resulting in the loss of Cl and further cause ion detachment and creation of unsaturated group (C=C). These contribute to the structural defects, thus reducing the band gap as the dose increases. The decrease in Eg implies an increase in conductivity of irradiated polymer blends. The optical energy band gaps (Eg) are dependent on dose and TCA concentration for both direct and indirect allowed transitions. The decrease in the energy band gaps (Eg) with increasing dose may be attributed to an increase in structural disorder of the polymer blends when the dose is increased. There is a shift of energy band gap (Eg) values towards lower energy with increasing dose that leads to a shift of optical activation energy (E) value towards the lower/high energy with increasing dose.

Maged and Abdel Rehim found that the Eg values will decrease with increasing of -ray dose.5 This is because -ray will increase the spin density and this results in more unpaired electrons in the unfilled bands following by the band tailing, which causes the decrease in forbidden energy gap. Hence, increasing the transition probabilities can be achieved by narrowing the optical energy band gap. Eventually, the Tauc model can be used as a standard model to determine the optical gap.10 In this model, the disorder characteristic is assumed to relax the momentum conservation rule. Then, the square root distribution of conduction band and valence band were stated and also the momentum matrix element is assumed to be independent with hv.

Urbach Energy is a characteristic energy that determines how rapid the absorption coefficient decreases for below band gap energy. Urbach measured the absorption tail for different temperatures and showed that the Urbach Energy is approximately kT, the thermal energy.11 The temperature dependence of the Urbach tail led to the conclusion that the below bandgap transitions are assisted transition. The Urbach tail can be caused by mechanisms other than phonon-assisted absorption. In other word, E can be used to describe the blurring of the valence and conduction band. The equation used to determine E describes the quasi-exponential slope of alpha around the band gap. The Urbach Energy, E, is the energy width of the tail of localised states in the band gap was evaluated using the Urbach-edges method given by the formula:




	()=oe(hv/E)
	(2)





where 0 as a constant and hv is the minimum vertical energy difference between the valence and conduction bands. E of irradiated samples were determined from the inverse slope from the straight lines of ln  versus photon energy hv.

From the measured sample prepared, by determining the inverse slope of the graph, the average value of E obtained is 0.089 eV. Urbach Energy is usually interpreted as the width of the tail of localised states in the forbidden band gap.
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Figure 5: The dependence of Urbach Energy, E of the PVA/TCA blends at various doses.



As illustraated, Figure 5 displays the dependence of E of the PVA/TCA blends at various doses. The addition of TCA to PVA enhances the electrical conduction of PVA host due to the ionic, electronic and impurity contributions arising from the TCA. The decrease and increase of E in the sample can be understood by considering the mobility concept as proposed by Mott and Davis.6 The fillers introduce additional defect states (e.g., colour centres) in the polymeric matrix. The density of localised states was proportional to the concentration of these defects and consequently to fillers.

4. CONCLUSION

The effect of radiation optical properties of dyed PVA/TCA blends was developed and studied by using the UV-visible spectrophotometer. From the absorbance spectra obtained, there are three absorbance band peaks at 273 nm, 444 nm and 582 nm. These peaks correspond to the excitation of outer electrons and type of transition involved like n  *transition. The optical energy band gap, Eg obtained is 5.20 eV while the absorption edge is situated between 4.86 eV and 5.06 eV. These two parameters decrease with increasing dose. For optical energy band gap, Eg, the increase can be due to the increase of structural order, i.e., the structure was getting nearer between conduction band and valence band. Conversely, the value of Urbach Energy, E obtained is 0.089 eV and increases with increasing dose. The dependence with dose since the lattice vibration depends on the provided dose. Basically, the PVA/TCA blends did have a good optical characteristic in terms of dose response and optical transition.
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Abstract: In the present work, 2.2m-wide line gratings are continuously patterned onto a SU-8 coated flexible polymer substrate using an in-house designed roll-to-roll ultraviolet nanoimprint lithography (R2R-UV-NIL) system. A master mold was first produced by patterning the silicon wafer coated with Microresist's ma-N2410 electron sensitive negative photopolymer with line grating patterns using electron beam lithography (EBL) process. A flexible replica of the master mold was then produced using heat-curable poly-dimethyl-siloxane (PDMS) via cast molding process to be used as the flexible mold in the imprint lithography process. Using a commercially available 50 m-thick polyethylene terephthalate (PET) film as the flexible substrate and fast curing SU8-2002 UV-curable negative photopolymer as the imprint resist, continuous patterning of the line grating structures has been carried out at the speeds of 50, 100 and 150 mm min-1 using the R2R-UV-NIL imprinting tool. The atomic force microscopy (AFM) measurements of the imprints showed good pattern quality and reproducibility for all three speeds. This work has demonstrated that R2R-UV-NIL is a promising technique and tool for fabricating microstructures on flexible substrate for future applications.

Keywords: Nanoimprint lithography, flexible substrate patterning, SU-8 imprinting, patterning of microstructures, electron beam lithography

1. INTRODUCTION

The increasing demand for lower cost, higher throughput and higher resolution micro/nanofabrication techniques to fabricate the various types of 2D and 3D micro/nanostructures featured in various flexible electronics, micro-electro-mechanical systems (MEMS), biochip and optical devices1,2 has lead to the introduction of nanoimprint lithography (NIL) by Chou et al.3 in 1995. In the NIL process, a prefabricated mold containing an inverse of the desired patterns is pressed onto a polymer-coated substrate to replicate the patterns via mechanical deformation, where multiple replications could be produced from a single mold using this technique.

As the NIL process is based on direct mechanical deformation of the resist layer, its resolution is not constrained by the limitations of beam scattering or light diffraction factors as observed in conventional nanolithography methods.1 The NIL process can be generally divided into two basic variants: Thermal-NIL and UV-NIL. In thermal-NIL, heat is used to soften a thermoplastic polymer for imprinting and followed by cooling of the polymer for solidification. In UV-NIL however, the heating and cooling cycle is not required as a UV-curable liquid photopolymer is used for imprinting, where UV exposure is then utilised to solidify the resist via polymer cross-linking. In many applications however, the UV-NIL process is more preferable due to its simpler process mechanism, lower imprint force requirements and capability to be conducted at room temperature without the need for heating and cooling cycle.4

Recent developments on NIL process observed the tendency of adapting roller-based imprint mechanism due to the advantages of lower imprint force requirements and higher process throughput as well as uniformity.5,6 Its suitability for large area imprinting has seen the roller-based NIL processes being widely applied in industries for fabrication of flexible electronics as seen in the work of Zang and Liang,7 Kim et al.8 and Holland et al.9 However, most of the UV-based roller nanoimprint system utilises specially formulated solvent-free resist9 or low-viscosity resist,5 which is much costlier as compared to commercially available solvent-based resists such as MicroChem SU-8 permanent epoxy negative photoresist. Nevertheless, the imprint capability of the in-house developed prototype roll-to-roll ultraviolet nanoimprint lithography (R2R-UV-NIL) system using solvent-based SU-8 2002 epoxy photoresist from MicroChem for sub-2.2m structures are demonstrated and evaluated in the present work.

2. EXPERIMENTAL

2.1 R2R-UV-NIL System Setup

The imprinting system used in the present work is an in-house developed lab-scale prototype of a roll-to-roll ultraviolet nanoimprint lithography system designed for imprinting onto a 200 mm-wide flexible substrate. An image of the prototype nanoimprint system as well as its operating concept is as shown in Figure 1.
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Figure 1: Illustration of (a) photograph image and (b) operational concept illustration of the prototype R2R-NIL system.



The operation of the prototype NIL system consists of four stages which includes resist-coating stage, soft-bake, imprint and curing. In the first stage (resist-coating), a flexible polymer substrate of 200 mm in width was first fed into the system, where it was coated with a layer of UV-curable negative photopolymer using a coating roller. A doctor blade is used to meter the coating layer to improve the coating uniformity and thickness. In the present work, a 50 m-thick commercially available polyethylene terephthalate (PET) film (Lumirror T60, Toray Industries) was used as the flexible substrate due to its high transparency, resistance to solvent content and its relatively high surface energy of 40 dynes cm-10, which will promote adhesion of resist coating onto the film. As for the imprint resist, UV-curable solvent-based SU-8 2002 epoxy negative photoresist from MicroChem was selected due to its relatively low cost and availability as compared to specialty resists as well as its low UV-dosage requirements (below 200 mJ cm-2) for cross-linking,11 which allows high-speed curing of the polymer during imprinting.

In the following soft-bake stage, the SU8-coated PET film was then baked at an elevated temperature to remove the solvent content in the resist, which would improve its curing properties as well as reducing the tendency to stick onto the mold and roller during imprinting. The introduction of the soft-bake stage in the process was aimed to allow solvent-based and higher viscosity resists such as MicroChem SU-8 to be used as the imprint resist without the need for specially formulated low-viscosity or solvent-free resist.

After the baking process, the SU-8 coated PET film was fed into the imprinting unit, where a prefabricated flexible mold containing the negative of the desired pattern was pressed against the SU-8 coating between the imprint rollers under a preconfigured force of 100 N. The imprint pressure would cause the SU-8 coating to fill in the mold cavity to form the desired structures, before being cured via cross-linking due to UV-A exposure (wavelength 320-420 nm, peak 365 nm) at the curing stage. The cured SU-8-coated PET film was then separated from the mold at the other end of imprint roller and dispensed at the process output.

2.2 Imprint Mold Fabrication

A master mold was first fabricated as the template for cast molding of the flexible mold. A P-type silicon wafer was first cut into 10  10 mm samples, where it was then cleaned using acetone, methanol and isopropyl alcohol (IPA) in ultrasonic bath for 5 min in each solvent. The sample was then spin-coated with Microresist ma-N2410 electron-sensitive negative photoresist at a spinning speed of 1500 rpm for 30 s, followed by soft-bake at temperature of 90C for 30 min in a convection oven. Line gratings of sub-2.2 m in width were then patterned onto the sample using electron-beam lithography (EBL). The patterned sample was then developed using Microresist ma-D525 developer for 80 s before being rinsed with deionised water and blow-dried with compressed air.

To produce the flexible mold using cast molding technique, a heat-curable polydimethyl-siloxane (PDMS) solution (Sylgard 184 Silicone Elastomer, Dow Corning) was first prepared by thoroughly mixing the base elastomer and the curing agent at a mass ratio of 10:1 and put in vacuum for 10 min for the removal of air bubbles. PDMS was selected in this work due to its low surface energy of 24 dynes cm-10, which reduced the sticking tendency of the resist during imprinting. Using a spin-coater, the PDMS solution was spin-coated onto the EBL-patterned wafer at a spinning speed of 800 rpm for 30 s to achieve thickness of approximately 150 m. Using a convection oven, the PDMS coating was cured at temperature of 120C for 1 h, before being peeled off using a sharp-tipped tweezers after it cooled down to room temperature.

2.3 Imprint Demonstration

Using the R2R-UV-NIL setup and PDMS mold elaborated previously, the imprinting process was carried out at three different speeds of 50, 100 and 150 mm min-1. The mold was positioned at the centre of the imprint roller for imprinting and secured using cellulose tape from Loytape. 10 consecutive imprints were produced at each speed, where the imprinted profiles were then measured using atomic force microscope (AFM) for evaluation.

3. RESULTS AND DISCUSSIONS

The AFM evaluation of the imprints shows good replication quality for all produced imprints at all three imprint speeds without a significant mold sticking issue. Figure 2(a) shows an AFM image of the flexible mold used, whereas Figure 2(b) shows the AFM image of one of its associated imprints. However, a comparison between the measurement profile of the imprinted line gratings and the original gratings on the mold as shown in Figure 3 shows that the height of the imprinted structure is actually higher than the mold cavity depth.
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Figure 2: AFM image of line grating on (a) PDMS mold and (b) the 10th imprint produced at 100 mm min-1.



However, this anomaly is a known problem caused by the deformation of the PDMS soft mold during imprinting. The low modulus of the mold, combined with the applied pressure caused the resist in the mold cavity to slightly stretch the mold cavity in the height-direction as illustrated in Figure 4, resulting in an increased feature height and a slightly reduced width profile of line gratings as observed in Figure 3 (although peak-to-peak of cavity remained unchanged). Nevertheless, materials with higher modulus such as hardened PDMS or h-PDMS12 and ETFE5 may be utilised as the mold material to minimise mold deformation during imprinting while maintaining low resist sticking tendency.

As the mold cavity was stretched during imprinting stage, the decompression of the stretched mold cavity after the imprint stage (during curing stage) should result in a forced resist reflow which theoretically would cause the imprint height to be reduced to the equal depth of the mold cavity, or lower. However, the low UV dosage requirements of the SU-8 resist results in rapid curing of the resist layer (approximately 7 s under measured intensity of 30 mW cm-2), which results in insufficient time for resist reflow and thus, maintaining the height of the structure produced at imprint stage. Nevertheless, the low curing dosage requirements of the SU-8 resist remains an important property of the R2R-NIL resist to ensure complete pattern replication and high speed imprinting.
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Figure 3: AFM profile comparison of the PDMS mold and its imprint shown in Figure 2.
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Figure 4: Illustration of PDMS mold stretching during imprinting due to its low modulus.
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Figure 5: Photograph image of resist layer peeling due to sticking on adhesive tape during imprinting.



In addition, another issue observed in the imprint process was the resist-peeling issue. While no mold-sticking issue observed, the direct irradiation from the UV lamp without filter also included heat-producing infrared irradiation, which caused an increase in roller temperature during imprinting. The temperature increase caused the property of the cellulose tape, used to secure the PDMS mold, to change, resulting in an increased sticking tendency of the tape to the resist layer.

Sticking of the resist layer onto the adhesive tape may result in peeling of resist layer from the PET film as shown in Figure 5, should the tear resistance of the resist layer be sufficient to withstand the demolding force. While no significant resist peeling was observed with the thin coating thickness of approximately 5.5 m obtained in the this work, the utilisation of a thicker resist coating for imprinting of larger structures may result in peeling of the imprint region from the PET film due to the increased tear resistance, even though the imprinted region did not stick to the mold. Nevertheless, the use of adhesion promoter may be required for imprinting using thicker coating of SU-8 resist to improve the resist adhesion to the substrate to minimise resist peeling. Additionally, the usage of infrared filters to minimise the infrared irradiation as well as high temperature tape (i.e., aluminum foil tape) should also reduce the roller-sticking tendency of the resist during imprinting.

4. CONCLUSION

Continuous patterning onto flexible substrate using commercially available SU-8 epoxy photoresist has been carried out using the in-house designed prototype nanoimprint lithography system, where AFM evaluations have observed good replication quality for sub-2.2m line gratings imprinted using a cast-molded PDMS mold. While minor issues such as PDMS mold deformation as well as resist-peeling were observed in the present work, further efforts in characterising and optimising the process as well as improvements on the properties of the polymers used in the imprinting process should allow better imprint quality to be achieved at higher imprint speeds. Nevertheless, the findings obtained from this work provide a potential solution towards low-cost and high-throughput micro/nanopatterning technique using commercially available solvent-based photoresists.
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Abstract: In this research, six formulations were prepared consisting of 0%, 0.5%, 1.0%, 1.5%, 2.0% and 2.5% of carbon black (CB) loading into natural rubber (NR) latex. The points corresponding to 0% CB reflect pure rubber latex. Here, the effect of CB with different loadings in NR latex composite was studied. The evaluation of the CB particle dispersion in NR latex was done using optical microscope. The tensile strength of pure NR latex gave the highest value followed by the 1.0%, 0.5%, 2.5%, 1.5% and 2.0% of CB loading. The tensile modulus exhibited maximum values at 2.5% CB loading. The density of these NR latexes increased almost linearly with the increasing percentage of CB loading. 2.5% CB loading was chosen as a standard formulation to produce the NR latex/glass fibre (GF) composite laminates. These laminates were prepared through dipping process. It was found that the mechanical properties of the laminates highly depended on the type of GF used. The presence of woven fibre in NR latex/GF composite laminates increased the tensile strength of the laminates. However, addition of tissue fibre increased the elongation at break of NR latex/GF composite laminates.

Keywords: Natural rubber latex, glass fibre composite, carbon black loading, latex tensile strength, NR latex/GF composite laminates

1. INTRODUCTION

Natural rubber (NR) latex is one of the most important biosynthesised polymers and renewable natural resources. NR can be isolated from more than 200 different species of plants. However, only one tree source is commercially important, i.e., Hevea brasiliensis.1 NR latex is a very versatile raw material because its behaviour is governed by the composite properties of the vulcanised and the base rubber. Thus, it is possible to alter the balance of strength, heat resistance, anti-viral properties, biodegradability, oil resistance, gas permeability, wet grip and elastic properties to suit the application.

NR latex has an outstanding combination of strength and resilience, as well as excellent overall performance in engineering applications like bearing springs and tires.2–6 The criteria in choosing the reinforcing filler are the homoginity and fine dispersion into polymer matrix, strong interaction between filler-matrix, reduced tendency to flocculate and re-agglomerate during storage and at processing stage.7

Reinforcing carbon black (CB) into NR can improve the properties of the rubber since pure NR is soft and sticky.6 The incorporation of CB into NR latex gives rubber products its black colour and an ultraviolet (UV) absorber that protects rubber products from sunlight, especially for NR and styrene butadiene rubber (SBR).8 Studies show that the presence of both silica/carbon in NR vulcanisates produces better mechanical properties compared to those with only CB or silica.7,9

On the other hand, glass fibre (GF) is commonly used as reinforcements to improve the impact damage tolerance and produce light weight composite materials.10,11 Several authors have been working with GF in their research.12–17 Glass is widely used due to its good properties in strength, stiffness, electrical, weathering, as well as its low cost and low modulus.11,13,14,18

2. EXPERIMENTAL

2.1 Materials

The main materials used for this research were NR latex and GF. Latex concentrate with high ammonia was used in this research, supplied by Lembaga Getah Malaysia (LGM), Sungai Buluh, Selangor, Malaysia. CB (HAF) was used as reinforcement in NR latex. The compounding ingredients used were potassium hydroxide, vulcastab LW, zinc diethyl dithiocarbamate, zinc oxide and sulphur. Three types of E-glass fibre were used, namely the woven roving, chopped stand mat and tissue. GF woven roving 400 was supplied by Mycond Engineering Supply, Puchong, Selangor. GF chopped stand mat and tissue were supplied by Laupik Solution, Petaling Jaya, Selangor. The latex compounding formulation used in this research is presented in Table 1.


Table 1: Latex compounding formulation.
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2.2 Processing

Lamination of GF is an important process in the manufacturing of NR latex/GF composite laminates. It involves seven main steps: treatment of GF; determination of total solid contents; preparation of compounding ingredient and HAF carbon black dispersion; dipping; lamination; curing; and post-cure process. In the first steps of treatment, the GF was soaked into acetic acid container at pH 4 ± 1 for 30 min. Next, it was dried in an oven. Before adding CB into NR latex, the CB was dispersed using a ball milling system. Anchoid was used as a dispersing agent. The particle size of the HAF black was measured using light optical microscope.

The compounding ingredients (as in Table 1) were mixed with high ammonia (HA) latex concentrate. The mixture was poured into dipping containers for the dipping process. Each GF was left for 1 min to allow the compounded NR latex compound to penetrate into the GF. Three or two layers of GF were laid, one after another, on a glass plate for lamination process. The NR latex/GF composite laminates were dried in an oven. Subsequently, post-cured was carried out at a 50°C ± 5 for 15 min.

2.3 Testing of NR Latex Composite

2.3.1 Tensile testing

The tensile properties were analysed using a universal tensile machine (Shimadzu Autograph Ag-X 20kN). The crosshead speed was set at 50 mm min–1 throughout the test. The samples used for the determination of tensile strength were dumb-bell shape (Type 2) and standard method referred to was ISO 37. The gauge length of each sample was 30 mm.

2.3.2 Density test

The density of NR latex/GF composite laminates can be measured by the standard density methods in accordance to ASTM D 2734 [53]. The density was examined by using Shimadzu (Uni-BLOC UX4205). 5 samples of NR latex/GF composite laminates with dimension of (2 × 2) cm2 were tested and the results were averaged.

2.4 Morphological Studies

2.4.1 Optical microscopy

The CB distribution in NR latex compound was observed by using optical microscope. CB particles were applied on the glass slide and the optical micrograph can be visualised using magnification of between 10 to 50 lines at various intervals.

3. RESULTS AND DISCUSSIONS

3.1 The Effect of CB in NR Latex Composite

The influence of CB on tensile strength and Youngs modulus of NR latex compound was investigated. The results of the tensile strength of pure NR latex and NR latex composite with different CB loadings are as illustrated in Table 2. It can be seen that the NR latex gave the highest tensile strength value. This value corresponds to typical pure NR latex, which has an excellent flexibility and low rigidity. When applying the stress to NR materials, e.g., stretching it, the polymer chain would be extended or elongated. However, when the stress is released, the polymer chain returned to the original shape because of elastomeric revoverability property. It is however observed that the incorporation of the CB into NR latex decreases the tensile strength value.

Referring to Table 2, the 1% CB loading gives the highest tensile strength followed by 0.5% and 2.5%. The lowest tensile strength corresponds to the 2.0% CB loading into NR latex. The difference between the highest and the lowest tensile strengths of NR latex/GF composite is about 73.78%. With the presence of CB, the Youngs modulus increases with increasing CB-loading. NR latex shows the lowest Youngs modulus because of high flexibility properties. However, the addition of CB shows the reduction in elastic properties of NR latex. Increasing the Youngs modulus increases the ability of rubber elongating.


Table 2: Properties of NR latex composite.


[image: images]




For filled latex, the Youngs modulus increased from 1.0% CB loading but dropped drastically at 1.5%. The Youngs modulus seemed to increase slightly at 2.0% CB loading. It can be found that, the difference between 1.5% and 2.0% CB loading was only 2.7%. The increment was however considered insignificant due to the overlapping of the error bar. The CB particles were not completely dispersed into NR latex for 1.5% incorporation as shown in Figure 1. The presence of CB aggregates in NR latex is greater at 1.5% CB so it affect the Youngs modulus of NR latex composite.



[image: images]


Figure 1: Comparison dispersion between a) 1.5% and b) 2.0 of carbon black in NR latex.



The aggregates would decrease the Youngs modulus of NR latex because it reduced the interfacial surface between NR latex and CB particles. The larger particles of CB reduced the potential of CB to penetrate in between the rubber molecules. Increasing the incorporation of CB somehow increased the possibility of CB particle to penetrate in between the rubber particles and thus increased the Youngs modulus of NR latex composite. The difference in the Youngs modulus values between unfilled NR latex and NR latex with 2.5% CB loading is about 59% (from 0.81 to 1.30 MPa). The results may be due to the presence of CB in NR latex and strong interactions between CB particles and NR latex molecules.

The addition of CB reduced the flexibility and elasticity of NR latex by increasing the rigidity and stiffness of NR latex.

3.2 Effect of CB Loading on Density of NR Latex Composite

It can be seen that the density of these NR latexes increased almost linearly with increasing percentage of CB loading. Even incorporating a small amount of CB particles gave an enhancement in the density value as shown in Table 2.

The minimum density of the NR latex was at 0.9378 g cm-3 with no CB added into the NR latex compound. The density value increased to the maximum value of 0.957 g cm-3 at 2.5% CB loading. This increase of density values shows an improvement of CB dispersion in NR latex.

3.3 Mechanical Properties of NR Latex/GF Composite Laminate

The 2.5% of CB loading was chosen to produce the NR latex/GF composite laminates due to balanced properties of the composite. The mechanical properties of NR latex/GF composite laminates results are as shown in Table 3. The t-w latex composite showed the highest tensile strength and the t-c latex composite showed the lowest. This indicates that with the presence of woven fibre, the strength of the composite laminates increases drastically. The higher strength of t-w was due to the fibre-bundle arrangement of woven fibres itself. A fibre bundle consists of a lot of fibres and it affects the penetration of the rubber molecules in between of woven fibres.


Table 3: Mechanical properties of NR latex/GF composite laminates.
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The addition of one layer of tissue fibre increased the tensile strength of composite laminates of the t-t-t and t-c-t fibre. However, the tensile strength values do not show obvious differences between the two layers and the three layers between (t-t and t-t-t) and (t-t and t-c-t) fibre, which were 6.4% and 2.8% respectively. However, the addition of more than one layer of tissue fibre reduced the tensile strength of t-w fibre. This happened because of the difficulty of the rubber particles to impregnate between the tissue fibres, which have close arrangement to each other. However, for woven fibre, rubber can easily penetrate between the woven fibres. Woven fibre is a combination of fibre bundles, and the gaps between bundle to bundle fibres give higher possibility to rubber penetrate and adhere into fibre bundles as shown in Figure 2.
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Figure 2: Different arrangement of glass fibre: a) tissue fibre and b) woven fibre.



For the two layers laminating system, the maximum mechanical properties of Youngs modulus are 363.10 MPa shows by t-w fibre. Referring to Table 3, the maximum elongation at break is at 933.9% for the t-t fibre. Elongation at break for composite laminates, which decreased linearly in order of t-t > t-c-t > t-w was shown in Table 3. The increasing value of elongation at break is most probably due to presence of woven fibre in NR latex/GF composite laminates.

For the three-layer laminating system, the maximum values of elongation at break and tensile modulus are 1085.87% and 212.26 MPa respectively. These mechanical properties are for t-t-t fibre as shown in Table 3. The addition of tissue fibre increased the elongation at break of NR latex/GF composite laminates. It is because this addition increased the ability of t-t-t fibre pulled until it reached the elastic limit. The arrangement of tissue fibre is close to each other causing incomplete wetting. NR latex compound faced difficulties in impregnation and wetting the fibres, as more rubber seems to adhere at a surface of the tissue fibre. Referring to Table 3, adding one layer of tissue fibre into t-t-t increases the elasticity of the composite laminates due to increase in the Youngs modulus. However, addition of one layer of tissue fibre in laminating system for t-c-t and t-w-t reduces the Youngs modulus.

4. CONCLUSION

In this study, the influence of CB loading on the types of GF was examined. The tensile strength of NR latex composite is much higher with the addition of 1% CB loading. The maximum tensile modulus and density were found to be 1.294 MPa and 0.9566 g cm3 respectively. The density of these NR latexes increased linearly with the increasing percentage of CB loading. For the NR latex/GF composite laminates, the properties of the laminates depend on the type of glass fibre used.

For the two-layer fibre, the presence of woven glass fibre increased the tensile strength of laminates. However, the addition of tissue fibre in laminate composite reduced the tensile strength of the three layer of fibres. It happens because of the difficultly of the rubber particles to impregnate between the fibre tissue. For elongation at break of the two-layer and three-layer fibres, addition of woven fibre reduced the ability of laminates elongating, but adding one more tissue fibre increases the elongation at break and tensile modulus of NR latex/GF composite laminates.
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Abstract: The research aims to fabricate and characterise epoxy nano composites for underfill applications. Deglycidyl ether of bisphenol-A (DGEBA) and epoxide novolac resin were used in this study and they are referred as EPON 8281 and DEN 431, respectively. Flow ability, thermal conductivity and flexural properties of boron nitride (BN) filled EPON 8281 and DEN 431 epoxy composites were investigated. BN fillers in epoxies were varied from 1 to 4 vol%. The results showed that EPON 8281 had a good flow ability with higher flow rates than DEN 431. The thermal conductivity of the composites increased with the addition of filler. Higher thermal conductivity value was observed in DEN 431. At maximum loading of BN filler (4 vol%), the thermal conductivity of DEN 431 is 3.2% higher than EPON 8281. Generally, EPON 8281 showed higher flexural strength but lower flexural modulus compared to DEN 431.

Keywords: Boron nitride, epoxy nano characterisation, epoxy composite properties, nano filler epoxy, underfill applications

1. INTRODUCTION

Wire bonding is the oldest method used for first-level interconnection, particularly for integrated circuit (IC) chips with a moderate number of inputs/outputs (I/O). Continuous improvement of microprocessor performance created high demands for smaller, cheaper, faster and lighter assemblies for high-volume productions. Among the methods for interconnecting semiconductors with external circuitry, flip-chip technology is receiving an increased attention.

Flip-chip technology provides higher packaging density, shorter interconnection length, better electrical performance, improved reliability, higher I/O and better manufacturability.1 In this method, the contact area between the chip and substrate is much smaller than in wire bonding. A small contact area gives rise to many reliability issues such as decreased thermal performance and mechanical reliability. To address these issues, an underfill that fills the gap between the I/C chip and substrate after joining is introduced. The underfill is usually dispensed along the periphery of the chip, and flows into the gap between the chip and substrate via the capillary force.2,3

Underfill material used to distribute the shear stresses at the solder interconnections caused by coefficient of thermal expansion (CTE) mismatched.4,5 High filler loadings can decrease the CTE problem but result in a highly viscous mixture, which increases the time of the underfill to flow between IC chip/substrate.69 Fast-flow underfills for flip-chips are currently being studied because a fast flow can reduce the processing time required for the underfill to flow. There are many factors that influence the flow rate of the underfill in the gap, such as filler particles (dispersion, density, distribution, loading, material, size, surface area, surface morphology and shape), underfill material (density, rheology, surface tension, temperature and viscosity), IC chip/substrate surfaces (roughness, surface structure and temperature), as well as obstructions (bump pattern, bump size, contamination and particle size-to-gap height ratio).6 Figure 1 shows a schematic diagram of an epoxy underfill encapsulant.

Advancements in nanotechnology have resulted in heightened interest in the application of nanofillers for underfill application. Previous studies have demonstrated the use of micron-size filler for underfill application.29 In the present study, nano particle of boron nitride (BN) was used as filler in epoxy for the underfill application. This BN filler can be loaded to epoxy resin at lower percentages (14 vol%) if compared to micron-sized filler which normally been loaded up to 60 vol%. Low filler loadings can decrease the cost of producing underfills for electronic applications. Deglycidyl ether of bisphenol-A (DGEBA) and epoxide novolac resin were used in this study and they are referred as EPON 8281 and DEN 431, respectively. The flow rates of the underfill materials were measured using parallel plates. Thermal and mechanical tests were also conducted to characterise the properties of the materials.
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Figure 1: The schematic diagram of epoxy underfill.



2. EXPERIMENTAL

2.1 Materials

DGEBA and epoxide novolac resin were used in this study. They are referred as EPON 8281 (supplied by Hexion Specialty Chemicals) and DEN 431 (Penchem), respectively. Same curing agent was used, i.e., Polyetheramine D230 (BASF Corporation), in the study. The mixing ratio of EPON 8281 and DEN431 to Polyetheramine D230 was set at 100:32. BN nano filler was used in the epoxy matrix. The properties of epoxy resin and BN particles are listed in Table 1 below.


Table 1: Properties of epoxy resin and BN filler used in the study.
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2.2 Sample Preparation

Nano BN filler was added to the resin at filler loadings of 1, 2, 3 and 4 vol%. Each resulting mixture of epoxy and filler was stirred for approximately 10 min with a sonicater to facilitate filler dispersion. The mixture was vacuumed for approximately 0.5 h at 35C to remove bubbles. Then the curing agent was added and the mixture was sonicated for another 10 min. The mixture was kept in a vacuum oven for 1 h at room temperature to remove remaining bubbles. Finally, the mixture was cured in the same oven at 100C for 1 h followed by post-curing at 125C for 3 h.

2.3 Characterisation

The flow rates of the underfills were measured using a parallel translucent polypropylene (PP) thermoplastic polymer plate based on the method proposed by Wong et al.6 The parallel polymer plate had a chip size of 30  30 mm2 and a substrate size of 35  35 mm2, in accordance with the previous work of Shih and Young.10 The two parallel polymer plates were separated by a 200 m gap. The plates were pre-cleaned with acetone for characterisation purpose. Thermal conductivity was tested using a Hot-Disk Thermal Constant Analyser. Round specimens of 4 mm thick and 30 mm in diameter were prepared. The potential power was fixed at 0.02 W mK1, and the time was 40 s. A flexural test was performed based on the standard test method ASTM D790. The specimens used were 70 mm long, 12.7 mm wide and 2 mm thick. An Instron 3366 instrument with a crosshead speed of 5 mm min1 was used to measure the flexural properties of the underfill materials at room temperature. The span length-to-specimen thickness ratio was maintained at 16:1.

3. RESULTS AND DISCUSSION

3.1 Flow Rates
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Figure 2: Flow ability for 0 vol% filler (as a control) for EPON 8281 and DEN 431. Arrow shows the position of underfill.



Figure 2 shows the flow ability for control sample (0 vol%). Figure 3 illustrates the flow for 1 and 4 vol% of BN at 2 and 20 min. Flow rates between epoxy resin EPON 8281 and DEN 431 were measured using parallel polymer plate. Apparently, low filler loadings showed higher flow rates compared to high filler loading. EPON 8281 showed higher flow rates compared to DEN 431 because EPON 8281 has lower viscosity as shown in Table 1. As known, viscosity plays a major role in the flow rates of the underfills. An underfill with a high viscosity was indicated by a slow-flow ability. The velocity and acceleration values of the underfills flowing with the parallel polymer plate are summarised in Table 2. As indicated in the table, EPON 8281 epoxy composites underfill had a higher acceleration compared with DEN 431. At neat epoxy (0 vol%), the acceleration of EPON 8281 is 34% higher than DEN 431.

3.1 Flow Rates
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Figure 3: Flow ability of 1 vol% and 4 vol% of BN filled EPON 8281 and DEN 431 resin. Arrow shows the position of underfill.




Table 2: Velocity and acceleration values of the underfill.


[image: images]




3.2 Thermal Conductivity

For underfill applications, good thermal conductivities are important to dissipate heat faster from the IC chip and substrate. In addition, it is reported that the smaller and faster the microchip, the higher the heat produced.9 Good thermal conductivity for underfill is required to prevent the microchip from failure. Generally, the thermal conductiviies of the nano BN filler-containing epoxy composites increased with increased filler loadings, as shown in Figure 4. DEN 431 showed slightly higher thermal conductivity compared with EPON 8281. As the filler content increase, lumps of filler particles easily cohered with one another in DEN 431 due to higher viscosity compared to EPON 8281. This subsequently provides heat conduction paths, thereby raising thermal conductivity by conduction between fillers.2 Conduction is the flow of heat from high temperature region to low temperature region and occurs as a result of direct energy exchange among molecules.
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Figure 4: Thermal conductivity versus filler loading of nano BN filler filled EPON 8281 (dashed) and DEN 431 (dotted) epoxy composites.



3.3 Flexural Properties

Figure 5 shows the flexural strengths of nano BN filler filled EPON 8281 and DEN 431 epoxy composites. It is found that the trend decreased with increasing amount of filler loadings. Higher filler loading, i.e., at 4 vol% results in reduction of 29% and 36% flexural strength of EPON 8281 and DEN 431 systems respectively, compared to the control sample (0 vol%). According to the previous work,11 at high filler loading, the insufficiency of epoxy resin to coat the filler resulted in low filler-matrix interaction which lowered the flexural strength if compared to the control sample (0 vol%). In addition, high filler loading also leads to an increase in viscosity, which in turn reduces the ease of processing. This subsequently increased void content and reduced the strength of the composites. DEN 431 showed higher flexural strength at 0 vol% if compared to EPON 8281 but the strength reduced when the filler is added, this might be due to the filler agglomeration and voids cause by higher viscosity of DEN 431 as shown in Table 1. When the filler is added into the DEN 431 the viscosity will further increase which in turn lowered the flexural strength. The agglomeration and voids in the DEN 431 composites can be observed in the scanning electron microscopy (SEM) images (Figure 6).
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Figure 5: Flexural strength versus filler loading of nano BN filler filled EPON 8281 and DEN 431 epoxy composites.



Flexural modulus of the nano filler filled epoxy composite showed an increasing trend with increasing amount of filler loading. The addition of fillers, which were usually stiffer than the matrix, generally led to an increased in flexural modulus (Figure 7). A previous work indicated that high filler loadings can reduce the ultimate elongation of the matrix and increase Youngs modulus.11 The increment in flexural modulus as filler loading increased was also in good agreement with the rule of mixture.

Theoretically, the rule of mixture suggested increments in the modulus of the composite materials with increasing filler loading. EPON 8281 showed slightly lower flexural modulus compared to DEN 431. This might be due to low viscosity of the matrix, which leads to filler settling. According to another previous work,8 a decrease in underfill viscosity has a negative impact on filler settling, since there is less buoyancy to overcome the gravitational force of the fillers and they are unable to suspend. Filler is usually stiffer than the matrix as the filler settling is not dispersed very well in the matrix, which contributed to lower flexural modulus.
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Figure 6: Fracture surfaces of (a, b) neat epoxy, (c, d) 4 vol% BN-filled EPON 8281, as well as (e, f) neat epoxy, and (g, h) 4 vol% BN-filled DEN 431. The left micrographs (a, c, e, g) refer to 500 magnification and the right micrographs (b, d, f, h) refer to 2000 magnification.
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Figure 7: Flexural modulus versus filler loading of nano BN filler filled EPON 8281 and DEN 431 epoxy composites.



4. CONCLUSION

From the findings, it can be concluded that the flow rates of filled epoxy decreased with increasing filler loadings. It was noted that EPON 8281 showed good flow rates compared to DEN 431. In general, thermal conductivity increased with increasing filler loading and DEN 431 showed higher thermal conductivity. As expected, the high filler loading will reduce the flexural strength but increase the flexural modulus. EPON 8281 showed higher flexural strength but lower flexural modulus compared to DEN 431. The trend of flexural properties has been supported by the SEM images, which indicate that agglomeration of filler and voids reduce the flexural strength at high filler loading of epoxy composites.
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