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Abstract: In this work, dynamic properties of magnetorheological elastomers (MREs) based on iron sand and natural rubber; with different contents of carbon black filler (30 and 50 phr) were investigated. Tan δ was measured using dynamic mechanical analysis (DMA) over a range of frequency (0.01–130 Hz) and strain amplitude (0.1%–4.5%). Tan δ was found to be higher for anisotropic MREs with additions of carbon black, with 20%–40% improvement over the whole frequency range explored and 6%–15% improvement over the strain amplitude range explored. The results exhibited the advantages of carbon black in improving the damping performance of the MREs. The morphological characteristics of the MREs were also examined with scanning electron microscopy.
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1.      INTRODUCTION

Magnetorheological elastomers (MREs) are a new group of damping materials which consist of a non-magnetic matrix (normally an elastomer) containing a suspension of magnetically permeable particles. Damping occurs by the viscous flow of the rubber matrix and inclusion of magnetic particles in rubber enables additional damping through magnetic particle interaction and interfacial damping. Furthermore, damping and stiffness can be controlled by the application of an applied magnetic field during fabrication or in service. MREs are often referred to as the solid analogue of previously developed magnetorheological fluids (MRFs) used for example in damping of automotive suspensions. In MRFs, magnetic particles are contained within oil. The main advantage of MREs over MRFs is that particle sedimentation is overcome. Moreover, MREs do not need containers or seals to hold the fluid or prevent leakage. MREs can be utilised for damping, either alone or within a composite structure such as those including steel plates.

MREs can be fabricated to contain a uniform suspension of magnetic particles (isotropic MREs).1 However, it has been found that when a magnetic field is applied during curing, chain-like structures of magnetic particles are formed within the rubber (anisotropic MREs) which provides much larger damping and stiffness.1,2 Formation of such chain-like structures relies on the mechanism such that when individual particles are exposed to an applied magnetic field, magnetic dipole moments pointing along the field direction are induced within them. A magnetic force will cause the north pole of one particle to attract the south pole of its neighbour resulting in formation of chains and columnar structures inside the matrix. Upon curing of the matrix, the particle formation is set in place.

The magnetic particles of choice are carbonyl iron, magnetite, iron oxides, barium ferrite or Terfenol-D3,5 and suitable matrix materials include natural rubber, silicone rubber, polybutadiene, polyisobutylene, polyisoprene and polyurethene rubber.2,6–12 In this study, natural rubber was used as a matrix because of its associated ease of processing and good damping performance13–15 and iron sand was chosen as magnetic particles because it has high permeability and saturation magnetisation, low cost and is readily available in New Zealand.

The damping of MREs depends not only on the types of rubber matrix and magnetic particles, but also on the level of adhesion between the particles and the rubber matrix. Surface modification of iron sand using silane coupling agent was found to provide coupling between iron sand and natural rubber.16 It has been reported that the silane modified particles decrease the interfacial tension around the particles and results in improved dispersion of magnetic particles in isotropic MREs and an improved degree of magnetic particle alignment in anisotropic MREs.17,18 A number of other factors that influence the damping performance of MREs have also been reported by several authors. For instance, plasticiser has been used to soften the matrix in order to improve the degree of freedom of movement for magnetic particles during curing for anisotropic MREs and to improve the dynamic mechanical properties of isotropic and anisotropic MREs.14,19 It has also been reported that addition of nanosized reinforcement such as carbon black into MRE formulations can improve the damping.15,21

The objective of this work is to assess the influence of carbon black on the dynamic properties of anisotropic MREs based on iron sand and natural rubber. The loss tangent, commonly called tan δ, is considered as the fundamental parameter to assess damping. Tan δ gives a comparison of the energy lost to that stored; it is obtained by dividing the loss modulus (G” or E”) by the storage modulus (G’ or E’).1,22

2.      EXPERIMENTAL

2.1    Materials

Natural rubber (SMR L grade) and other chemicals including zinc oxide, stearic acid, n-cyclohexyl-2-benzothiazole sulfenamide (CBS), tetramethylthiuram disulphide (TMTD), paraffin oil and naphthenic oil were all purchased from Field Rubber Limited, Auckland. Bis-(3-triethoxysilylpropyl) tetrasulphane (TESPT) was purchased from Leap LabChem Co. Limited, China. Carbon black was purchased from Shijiazhuang Changhang Co. Ltd. Iron sand was collected from Ngarunui Beach, Raglan. The iron sand was then milled using a planetary mono mill (Pulverisette 6) produced by Fristech GmbH and sieved to obtain a 45–56 μm particle size. The surface modification of iron sand was subsequently carried out using an aqueous alcohol solution method according to the procedure as described elsewhere.16

2.2    Preparation of Iron Sand and Natural Rubber MREs

The compound formulation used in this study is given in Table 1. Formulations were compounded using a conventional laboratory two roll mill (model XK150) according to ASTM designation D3184–80. The front roller speed was 24 rpm and the rear roller speed was 33 rpm, the roller diameters were 150 mm, friction ratio of two rollers was 1:1.4 and the roller temperature was set to 80°C. The nip gap (distance between front and back roller) was maintained at 2 mm during compounding. The compounding began with softening the rubber on its own in the two roll mill (mastication). Mastication reduces the viscosity and increases the plasticity of natural rubber by mean of heat generated in the two roll mill through conduction from the heated roller and shearing of rubber during milling. After 2–3 minutes the rubber became invested on the hot roll and additives (other than accelerators and sulphur) were then added followed by iron sand; addition of accelerators and sulphur were delayed to the last part of the process to prevent premature vulcanisation during compounding. The mixing time was approximately 40 minutes. The cure time at 150°C was then determined according to the procedure as described elsewhere.23 Compounded rubber samples weighing 13 g were placed in a mould 60 × 50 × 3 mm. The anisotropic MREs were subjected to an external magnetic field at 600 mT in a specially developed electromagnetic-thermal coupled device (as shown in Figure 1) at 80°C for 30 minutes and subsequently were cured in a compression moulder at 150°C under a pressure of approximately 12 MPa. Finally, post-cure treatment was performed by cooling the anisotropic MREs at room temperature for 30 minutes under an external magnetic field of the same strength as that used during pre-curing. The post-cure treatment was considered necessary to reorientate the magnetic dipoles after compression moulding.

Table 1:      Formulation of rubber compounds.



	Materials
	MRE/AN

	MRE/AN/30CB

	MRE/AN/50CB




	(phr)

	(phr)

	(phr)




	Natural rubber
	100

	100

	100




	ZnO
	5

	5

	5




	Stearic acid
	1

	1

	1




	Paraffin oil
	2

	2

	2




	Naphthenic oil
	3

	3

	3




	Iron sand
	70

	70

	70




	Carbon black
	–

	30

	50




	CBS
	2

	2

	2




	TMTD
	1

	1

	1




	Sulphur
	1.5

	1.5

	1.5




	Curing conditions
	
	
	



	Temperature (°C)
	150

	150

	150




	Pressure (MPa)
	12

	12

	12




	Magnetic field during curing (mT)
	600

	600

	600





Notes: phr = per hundred rubber
MRE = Magnetorheological elastomers
ISO = Isotropic
AN = Anisotropic
CB = Carbon black
CS = Comparative sample
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Figure 1:      Sketch of specially developed electromagnetic-heat coupled device.




2.3    Dynamic Mechanical Analysis

Dynamic mechanical analysis was carried out using a Perkin Elmer dynamic mechanical analyser (DMA 8000). Tan δ was measured over a wide range of frequency and strain amplitude. The influence of frequency and strain amplitude on tan δ was assessed using two circular disc specimens with a diameter of 10 mm and a thickness of 3 mm in shear mode at room temperature. Tan δ was measured over the frequency range of 0.01–130 Hz at fixed strain amplitude of 0.5% and over a strain amplitude range of 0.1%–4.5 % at a fixed frequency of 100 Hz.

2.4    Morphology

The microstructures of isotropic and anisotropic MREs were observed using a Hitachi S-4700 scanning electron microscope (SEM). The samples were cut into pieces with a surface area of 5 × 3 mm and coated with a thin layer of platinum prior to observation at an accelerating voltage of 20 kV.

3.      RESULTS AND DISCUSSION

3.1    Morphology

Figure 2 shows SEM images of anisotropic MREs with and without additions of carbon black. Figure 2a shows an MRE/AN sample cured under an applied magnetic field of 600 mT at elevated temperature; as expected, the iron sand organised into chain-like columnar structures. For MRE/AN/50CB sample (Figure 2b), it can be seen that the presence of carbon black has constrained the movement of iron sand particles and the chain-like columnar structures are shorter and less aligned than MRE/AN sample.
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Figure 2:      SEM images of surface of (a) MRE/AN and (b) MRE/AN/50CB at ×80 magnitude of enlargement.



3.2    Dynamic Mechanical Analysis

3.2.1 Frequency sweep measurements

The variation of tan δ with frequency for anisotropic MREs with different carbon black contents is depicted in Figure 3a. Generally, tan δ increased with increasing frequency, with tan δ values for MRE/AN found to be lower than for the others at most frequencies, although relatively larger increases in tan δ above 100 Hz compared to other samples occurred, such that at the highest frequencies explored, tan δ values for MRE/AN were at the upper end of those obtained. The increase of tan δ as the frequency increased for anisotropic MREs could be due to increased energy absorbed through viscous flow of the rubber matrix and interfacial damping between the particle and the rubber matrix16 as well as potentially, energy absorbed through magnetic interactions (energy absorbed to overcome inter-particle magnetic interaction)24; for samples containing carbon black, increased energy could be absorbed due to overcoming inter-particle interactions (Van der Waals).25 The differences in trends observed for MREs with and without additions of carbon black are likely to be due to the relatively different amounts of energy absorbed by different mechanisms involved with different reinforcement particles at different frequencies.
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Figure 3:      Tan δ, storage modulus (G’) and loss modulus (G’’) versus frequency for MRE/AN, MRE/AN/30CB and MRE/AN/50CB.



The results also showed that additions of carbon black gave good improvement of tan δ, the tan δ values for MRE/AN/30CB and MRE/AN/50CB were 21% and 43% higher than MRE/AN. The effect of carbon black on tan δ can be analysed further using storage modulus (G’) and loss modulus (G’’) plots as shown in Figure 3 (b and c). It is apparent that G’ and G’’ for samples containing carbon black are much higher than MRE/AN. The G’ increases with increasing carbon black content up to the highest values at 50 phr carbon black. The increase in G’ can be explained by increased carbon black particle-rubber interactions and carbon black particle-particle interactions as reported by number of researchers.25,26 The particle-rubber interactions include physical adsorption of rubber chains on carbon black filler surfaces and chemical bonding between functional groups on the surface of carbon black (mostly quinonic groups) with rubber molecular chains which will restrain the mobility of rubber on the filler surface.27 The particle-particle interactions relate to the tendency of carbon black particles to form aggregates at different levels.27 Carbon black aggregates agglomerate together to form what are known as primary aggregates, held together by Van der Waals bonds. Further agglomeration occurs between primary aggregates to produce secondary aggregates, again held together by Van der Waals bonds, although the secondary aggregates are less rigidly held together. The particle-rubber interactions and particle-particle interactions lead to the formation of a carbon black filler networks in the rubber matrix as shown in Figure 4. These contain rubber with different degrees of constraint (bound rubber, occluded rubber and trapped rubber), higher than that for rubber away from carbon black particles.28 These constrained rubber regions improve the ability to store elastic energy, resulting in increased G’. The increase of G’’ with increasing carbon black content during deformation can be explained by the increased energy loss that occurs due to the breakdown and reformation of the carbon black filler networks.
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Figure 4:      Schematic presentation of carbon black filler network.



3.2.2 Strain amplitude sweep measurements

The variation of tan δ with strain amplitude for for anisotropic MREs with different carbon black contents is depicted in Figure 5a. Tan δ was amplitude dependent at low strain amplitude before reaching a plateau, with increasing tan δ for MRE/AN at around 2.5% strain amplitude, whereas for the other samples containing carbon black the tan δ reached a plateau at around 1.5% strain amplitude. The increased amplitude dependence for MRE/AN compared to MRE/AN/30CB and MRE/AN/50CB indicates that the amplitude of applied strain required to break stronger interfacial bonding between iron sand and rubber was relatively larger compared to that required for breaking down carbon black filler networks. At the plateau region, it would appear that most of the filler-rubber interactions diminish (Van der Waals for carbon black and covalent for iron sand) and tan δ is largely reliant on the rubber matrix which is at its largest due to greatest amount of rubber free to flow and friction between rubber chains and iron sand.16,29
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Figure 5:      Tan δ, storage modulus (G’) and loss modulus (G’’) versus strain amplitude for MRE/AN, MRE/AN/30CB and MRE/AN/50CB.



Tan δ of MRE/AN/30CB and MRE/AN/50CB were higher than MRE/AN (6% and 15%, respectively) over the whole strain amplitude range explored. Again, the effect of carbon black on improved tan δ can be analysed further using G’ and G’’ plots as shown in Figure 5 (b and c). It is apparent that G’ and G’’ for samples containing carbon black are much higher than MRE/AN, which is not surprising given similar trends with influence of frequency on G’ and G’’. As previously discussed, the increase of G’ with increase in carbon black content can be explained by increased amount of constrained rubber in filler networks and the increased energy loss is likely due to breakdown and reformation of filler networks during cyclic deformation along with more constrained rubber flow.

4.      CONCLUSION

It was found that alignment of magnetic particles occurred for anisotropic MREs as a consequence of curing the materials under an applied magnetic field at elevated temperature. SEM also revealed that addition of carbon black into anisotropic MREs constrained the movement of iron sand particles; chain-like columnar structures became shorter and less aligned. Energy absorption for anisotropic MREs with additions of carbon black (MRE/AN/30CB and MRE/AN/50CB) was generally found higher than MRE/AN, with 20%–40% improvement over the whole frequency range explored and 6%–15% improvement over the strain amplitude range explored. Energy absorption for anisotropic MREs was due to viscous flow of the rubber matrix and interfacial damping between the particle and the rubber matrix as well as potentially, energy absorbed through magnetic interactions (energy absorbed to overcome inter-particle magnetic interaction). For samples containing carbon black, increased energy could be absorbed due to the breakdown and reformation of the carbon black filler networks. The results demonstrate the use of carbon black in improving the damping performance of MREs.
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Abstract: Poly(lactic acid) (PLA)/6 wt% halloysite nanotube (HNT) nanocomposites were prepared using melt compounding followed by compression molding. Two types of impact modifiers, i.e., maleic anhydride grafted styrene-ethylene/butylene-styrene copolymer (SEBS-g-MA) and N,N’-ethylenebis(stearamide) (EBS) were used to toughen the PLA nanocomposites. The effects of water absorption on the thermal and impact properties of PLA/HNT at three different temperatures (i.e. 30°C, 40°C and 50°C) were investigated. The diffusion coefficient (D) of PLA was decreased by the incorporation of HNT and impact modifiers. It was found that the activation energy of water absorption (Ea) of PLA/HNT6/EBS is higher than that of PLA/HNT6/SEBS-g-MA nanocomposites. The reduction of impact strength, glass transition temperature (Tg), cold-crystallisation temperature (Tcc), and melting temperature (Tm) of the PLA samples is attributed to the hydrolytic degradation of PLA.

Keywords: Poly(lactic acid), halloysite nanotube, impact modifiers, water absorption

1.      INTRODUCTION

Biodegradable polymer is originated from renewable sources; as a result it will has a less negative effect on our environment compared to petroleum based materials.1 Besides, a shortage of petroleum resources have driven efforts aimed at biodegradable polymer, such as poly(lactic acid) (PLA) will partly or completely replace non-renewable petroleum-based polymers in the future.2 PLA is suitable for a variety of applications, such as food packaging, automotive, disposable tableware, sutures, drug delivery device etc.3,4

Halloysite nanotube (HNT) is a two-layered aluminosilicate clay with the chemical composition Al2(OH)4Si2O5(2H2O). HNT has hollow nanotubular structure and similar chemical composition of kaolinite.5 Recently, the HNT has been used as a new type of filler for various polymer, such as poly(propylene) (PP), vinyl ester, polyamide (PA), poly(vinyl chloride) (PVC), epoxy, natural rubber for enhancing the mechanical, thermal, crystallisation, fire and other specific properties.6–13

PLA is prone to hydrolytic degradation in the presence of water. The absorbed water in the polymer composites could result in substantial deterioration of mechanical and physical properties. The hydrolysis of PLA is governed by the immersion temperature that is possible to accelerate the diffusion of water.14

This paper reports on the effects of water absorption on the properties of PLA/HNT nanocomposites (with and without impact modifiers) at immersion temperature of 30°C, 40°C and 50°C. The maximum water absorption (Mm), diffusion coefficient (D), activation energy (Ea), impact strength and thermal properties of PLA nanocomposites upon subjected to water absorption are determined.

2.      EXPERIMENTAL

2.1    Materials

PLA (IngeoTM 3051D, NatureWorks LLC®, USA) was selected in this study. The specific gravity and melt flow index of the PLA were 1.25 g/cm3 and 25 g/10 min (2.16 kg load, 210°C), respectively. Halloysite nanotube (HNT) was supplied by Sigma-Aldrich (Malaysia). The diameter of the HNT was in the range of 30–70 nm, while its length was 1–3 µm. SEBS-g-MA, with a maleic anhydride (MA) grafting level of 1.4–2.0 wt% and styrene/rubber ratio of 30/70 (wt%), was purchased from Shanghai Jianqiao Plastic Co. Ltd. (China). The melt flow index and specific gravity of the SEBS-g-MA were 1.0 g/10 min (2.16 kg load, 230°C) and 0.91 g/cm3, respectively. EBS was supplied by Sigma-Aldrich (USA). The melting point and density of EBS is 140°C and 0.97 g/cm3, respectively. The molecular weight of EBS is 593 g/mol.

2.2    Preparation of PLA/HNT Nanocomposites

Melt compounding was carried out by using an internal mixer (Haake PolyDrive R600, Germany) at 180°C for 10 min. The rotor speed was set at 50 rpm. Prior to compounding, PLA, HNT and impact modifiers were dehumidified in a vacuum oven at 80°C for 24 h. Table 1 shows the materials designations and compositions for PLA/HNT6 nanocomposites. The compression molding was performed at 185°C using a hot press machine (Go Tech, Taiwan). The preheating, compression molding and cooling times were 7 min, 3 min, and 3 min, respectively.

Table 1:      Materials designations and compositions of PLA/HNT6 nanocomposites.



	Materials designation
	PLA (wt%)

	HNT (wt%)

	SEBS-g-MA (wt%)

	EBS (wt%)




	PLA
	100

	–

	–

	–




	PLA/HNT6
	94

	6

	–

	–




	PLA/HNT6/SEBS-g-MA5
	89

	6

	5

	–




	PLA/HNT6/SEBS-g-MA10
	84

	6

	10

	–




	PLA/HNT6/SEBS-g-MA15
	79

	6

	15

	–




	PLA/HNT6/SEBS-g-MA20
	74

	6

	20

	–




	PLA/HNT6/EBS5
	89

	6

	–

	5




	PLA/HNT6/EBS10
	84

	6

	–

	10




	PLA/HNT6/EBS15
	79

	6

	–

	15




	PLA/HNT6/EBS20
	74

	6

	–

	20





2.3    Characterisation of PLA Nanocomposites

2.3.1 Water absorption and hygrothermal aging tests

The specimens (dimension: 65 × 13 × 3 mm) were dried at 50°C in vacuum oven until a constant weight was attained. Then, they were immersed in water in a thermostated stainless steel water bath at 30°C, 40°C and 50°C. Weight changes were recorded by periodic removal of the specimens from the water bath and weighing on a balance with a precision of 1 mg. The percentage change at any time t, (Mt) as a result of water absorption was determined by Equation 1:

[image: art]

where, Wd and Ww denote the weight of dry material (the initial weight) and weight of materials after exposure to water absorption, respectively. The percentage at maximum water absorption (Mm) was calculated as the average value of several consecutive measurements that showed no appreciable additional absorption. The weight gain, resulting from moisture absorption, can be expressed in terms of two parameters, the diffusion coefficient (D) and the Mm, using Equation 2.
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where h is the thickness of the specimens. The D value can be calculated after rearranging Equation 2 into Equation 3, as follow:

[image: art]

where [image: art] is the initial linear portion of the slope of Mt versus t1/2.

The activation energies of water diffusion for the PLA nanocomposites were determined by using Arrhenius Equation (see Equation 4).

[image: art]

where D is the diffusion coefficient of the sample; Do is the initial diffusion coefficient of the sample; Ea is the activation energy of water diffusion; R is gas constant (8.314 J/K mol) and T is the temperature. By plotting the graph of ln (diffusion coefficient), ln(D) of the samples versus reciprocal of temperature, 1/T, activation energy of the water diffusion can be obtained (c.f. Equation 5).
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2.3.2 DSC measurement

The melting and crystallisation behaviour of the composites were scanned under nitrogen atmosphere by DSC 1 (Mettler Toledo STARe, USA) using approximately 10 mg samples sealed in aluminum pans. The specimens were scanned from 30°C to 200°C at a heating rate of 10°C/min. The glass transition temperature (Tg), melting temperature (Tm), cold crystallisation temperature (Tcc) and degree of crystallinity (χc) of the PLA nanocomposites were determined. The degree of crystallinity (χc) of PLA nanocomposites was evaluated according to Equation 6.
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where, ΔHm is the enthalpy of melting; ΔHf is the enthalpy for 100% crystalline PLA, and wPLA is the net weight fraction of the PLA. The heat of fusion for 100% crystalline PLA is approximately 93.6 J/g.15,16

2.3.3 Impact tests

The Charpy impact strength of the samples was determined according to ASTM D6110 by using a pendulum impact machine (model 5101, Zwick, Germany). The dimension of sample was 65 × 13 × 3 mm (length × width × thickness). The testing was performed with pendulum of 7.5 J with a velocity of 3.54 m/s. The Charpy impact strength was calculated in kilojoules per square meter (kJ/m2) using the Equation 7.
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where, W is the corrected energy absorbed by breaking the test specimen, h is the thickness of the test specimen and b is the width of the test specimen.

The percentage retention of impact strength of PLA specimens was determined after water absorption according to Equation (8).
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where, the acU(before) and acU(after) denote to the impact strength of PLA specimens before and after exposure to water absorption, respectively.

3.      RESULTS AND DISCUSSION

3.1    Kinetic of Water Absorption

Table 2 shows the maximum water absorption (Mm), diffusion coefficient (D) and activation energy (Ea) of PLA nanocomposites at immersion temperature of 30°C, 40°C and 50°C. The Mm values of all PLA/HNT6 are higher than that of unfilled PLA at immersion temperature of 30°C, 40°C and 50°C. This indicates that the presence of hydroxyl group in HNT is prone to water absorption, which can be associated with its hydrophilicity. The Mm values of HNT filled PLA (with and without impact modifiers) at 40°C and 50°C increased dramatically compared to the samples immersed at 30°C. It is suggested that at higher immersion temperatures (i.e., 40°C and 50°C), the swellable HNTs and the polymer chains became more flexible which create more free volume in PLA nanocomposites to enable more penetration sites for water molecules, and thus increase the Mm value. The addition of SEBS-g-MA decreased the Mm value of PLA/HNT6 nanocomposites at all immersion temperatures. This may be due to the hydrophobic nature of bulky hydrocarbons segment from SEBS-g-MA that hinders the interaction between the hydroxyl group of HNT and water molecules. Most of the PLA/HNT6/EBS show higher Mm compared to that of PLA/HNT6/SEBS-g-MA. This can be associated with the presence of amide group (-CONH-) in EBS, which is more capable to interact with water molecules than SEBS-g-MA.

The D values of PLA decreased with the incorporation of HNT and SEBS-g-MA. The addition of HNT and SEBS-g-MA into PLA increases the tortuous path for the diffusion of water molecules through the nanocomposites. This is due to the physical hindrance of HNT and SEBS-g-MA in the PLA matrix increased the tortuous path of the water diffusion through the specimen. It was found that, regardless of immersion temperature, the D value of PLA/HNT6/SEBS-g-MA < PLA/HNT6 < PLA. On the other hand, the D value of PLA/HNT6 < PLA/HNT6/EBS < PLA. Note that the D value of PLA/HNT6/EBS is governed by the EBS loading. The D values decreased as the increasing of EBS loading. At lower loading, the EBS is unable to restrict the water molecule diffusion because of its short hydrocarbon chain and small droplet dispersion in PLA. However, at higher loading, the EBS form agglomerate (i.e. bigger droplets in PLA matrix) and become obstacles for the water molecule diffusion. The presence of hydroxyl group in HNT and amide group in EBS may increase their polarity and facilitate water uptake, which always contributes to a high value in Mm value. However, a high Mm value does not always lead to a high D value. Accordingly, the lower D value of PLA/HNT nanocomposite compared to that of PLA is attributed to the barrier effect induced by HNT nanofiller geometry (e.g. HNT nanotubular shape with high aspect ratio) and EBS which could result in the hindrance of the diffusion process during water transportation. It is noticed that all specimens exhibited an increase in D value with temperature increment in all conditions. The increase in diffusion coefficient is due to the fact that at higher temperature, the thermal energy increased. Subsequently, the mobility of water molecules, free void volume in the polymer matrix and flexibility of the polymer chains increased.17 Thus, it leads to a fast access of water into the polymer matrix.

The Ea is an energy barrier that a substance has to resist the diffusion of water.18 The Ea values of PLA/HNT6 and PLA/HNT6/SEBS-g-MA nanocomposites are higher than that of neat PLA. The Ea value of PLA increased drastically from 3.50 to 29.72 kJ/mol in PLA/HNT6 nanocomposites. Note that, the addition of SEBS-g-MA further increased the Ea value of PLA/HNT nanocomposites. This phenomenon indicates that water molecules need more energy to diffuse through the PLA/HNT nanocomposites due to barrier effect induced by HNT and SEBS-g-MA. For the PLA/HNT nanocomposites containing EBS, it was found that the Ea of PLA < PLA/HNT6 < PLA/HNT6/EBS. The increment of Ea values indicate that water molecules need more energy to diffuse into PLA matrix due to the barrier effect by HNT and EBS. It is interesting to note that the Ea values of PLA/HNT6/EBS specimens are higher than PLA/HNT6/SEBS-g-MA. This may be related to the barrier contribution of HNT and EBS to water transportation. The increase of Ea values of PLA/HNT6/EBS may suggest a reduction of microvoids for water accumulations due to better interaction of HNT and EBS in PLA nanocomposites. Consequently, the water molecules need more energy to diffuse into the PLA nanocomposites.

Table 2:      Maximum water absorption (Mm), diffusion coefficient (D) and activation energy (Ea) of PLA nanocomposites at immersion temperature of 30°C, 40°C and 50°C.



	Material designation
	Maximum water absorption, Mm (%)

	Diffusion coefficient, D (x 10–12) (m2/s)

	Ea (kJ/mol)




	30°C

	40°C

	50°C

	30°C

	40°C

	50°C




	PLA
	0.40

	0.91

	1.86

	2.79

	2.92

	3.04

	3.50




	PLA/HNT6
	1.25

	3.00

	4.11

	0.81

	1.21

	1.68

	29.72




	PLA/HNT6/SEBS-g-MA5
	1.19

	2.97

	3.88

	0.78

	1.09

	1.61

	29.48




	PLA/HNT6/SEBS-g-MA10
	1.09

	2.93

	3.89

	0.75

	1.02

	1.41

	25.69




	PLA/HNT6/SEBS-g-MA15
	1.06

	2.80

	4.04

	0.74

	0.97

	1.47

	27.88




	PLA/HNT6/SEBS-g-MA20
	1.03

	2.75

	3.91

	0.70

	0.80

	1.41

	28.47




	PLA/HNT6/EBS5
	1.21

	3.09

	3.92

	0.90

	1.51

	2.29

	38.24




	PLA/HNT6/EBS10
	1.26

	3.15

	3.67

	0.84

	1.34

	2.30

	39.36




	PLA/HNT6/EBS15
	1.27

	2.96

	3.52

	0.85

	1.28

	2.21

	36.39




	PLA/HNT6/EBS20
	1.30

	2.96

	3.18

	0.81

	1.25

	2.08

	37.38






3.2    DSC Measurement in PLA/HNT Nanocomposites After Hygrothermal Aging

Table 3 represents the DSC data of PLA/HNT nanocomposites after being subjected to water absorption at three different temperatures (i.e. 30°C, 40°C and 50°C). The thermal characteristics of the PLA samples are summarised in Table 3. There is no significant change in Tg, Tcc and Tm for all PLA nanocomposites when immersed in 30°C. The thermal properties (i.e. Tg, Tcc and Tm) of PLA nanocomposites were affected at the immersion temperatures of 40°C and 50°C. As can be seen in Table 3, the Tg, Tcc and Tm of the PLA sample were shifted to lower temperature and the effect was more pronounced at 50°C. The Tg shifts to lower temperature was affected by the reduction of molecular weight and plasticising effect of lactic acid oligomers formed upon the hydrolysis degradation of PLA. The reduction of Tg is also due to the plasticisation effect of water, which increased the polymer chain mobility.19 The chain cleavage of PLA shortened the polymer segment, which causes the ease of chain mobility.

Table 3:      Thermal characteristics of PLA/HNT6 nanocomposites before and after being subjected to water absorption.



	Materials designation
	Tg (°C)

	Tcc (°C)

	Tm (°C)

	ΔHm (J/g)

	Hc (J/g)

	χc (%)




	Tm’

	Tm




	PLA (control)
	58.7

	113.5

	150.7

	157.5

	28.0

	–

	29.9




	PLA (30°C)
	59.0

	114.3

	–

	150.0

	27.2

	–

	29.0




	PLA (40°C)
	57.4

	102.2

	147.5

	153.2

	31.0

	–

	33.1




	PLA (50°C)
	30.5

	83.2

	110.0

	131.3

	33.1

	–

	35.4




	PLA/HNT6 (control)
	60.3

	109.0

	150.7

	154.3

	27.5

	–

	31.3




	PLA/HNT6 (30°C)
	62.5

	109.0

	149.6

	155.1

	24.5

	–

	27.9




	PLA/HNT6 (40°C)
	62.8

	101.5

	–

	154.9

	29.5

	–

	33.5




	PLA/HNT6 (50°C)
	39.6

	86.5

	124.6

	131.5

	30.3

	–

	35.5




	PLA/HNT6/SEBS-g-MA5 (control)
	60.9

	107.6

	150.0

	153.6

	23.2

	–

	27.8




	PLA/HNT6/SEBS-g-MA5 (30°C)
	62.4

	102.8

	147.8

	154.7

	25.2

	–

	30.3




	PLA/HNT6/SEBS-g-MA5 (40°C)
	61.6

	98.3

	–

	153.8

	23.3

	–

	28.0




	PLA/HNT6/SEBS-g-MA5 (50°C)
	37.8

	88.0

	–

	129.6

	30.9

	–

	37.1




	PLA/HNT6/SEBS-g-MA20 (control)
	61.7

	116.6

	149.9

	154.0

	12.3

	–

	17.7




	PLA/HNT6/SEBS-g-MA20 (30°C)
	63.5

	109.7

	148.0

	153.8

	19.0

	–

	27.4




	PLA/HNT6/SEBS-g-MA20 (40°C)
	63.3

	99.3

	–

	153.5

	22.6

	–

	32.6




	PLA/HNT6/SEBS-g-MA20 (50°C)
	37.7

	92.7

	107.2

	124.8

	23.3

	–

	33.7




	PLA/HNT6/EBS5 (control)
	58.3

	106.4

	147.3

	152.8

	31.0

	4.8

	31.4




	PLA/HNT6/EBS5 (30°C)
	61.9

	104.5

	148.1

	154.6

	29.1

	4.0

	30.1




	PLA/HNT6/EBS5 (40°C)
	61.7

	100.4

	145.1

	153.1

	32.2

	4.3

	33.5




	PLA/HNT6/EBS5 (50°C)
	38.6

	88.6

	–

	137.0

	36.0

	3.9

	38.5




	PLA/HNT6/EBS20 (control)
	58.7

	109.9

	147.9

	–

	34.2

	14.4

	28.6




	PLA/HNT6/EBS20 (30°C)
	62.2

	102.8

	147.7

	153.6

	42.2

	12.6

	42.7




	PLA/HNT6/EBS20 (40°C)
	62.4

	97.1

	146.6

	154.4

	40.1

	15.6

	35.4




	PLA/HNT6/EBS20 (50°C)
	43.8

	93.0

	130.5

	137.9

	41.5

	14.9

	38.4





Broadened melting peaks of about 110°C–140°C were observed for all the samples after exposure to a 50°C immersion temperature. Double melting endotherms were observed for PLA and all PLA/HNT6 nanocomposites after being subjected to water absorption at 40°C and 50°C. This is attributed to the melting of crystalline structure domains of different sizes which suggests that chain orientations and morphological rearrangement occur when molecular weight was decreased during the hydrolytic degradation process.20 The decrease of Tm was attributed to the lower molecular chains resulting from degradation. Additionally, Tg of PLA nanocomposites was reduced as the outcome of lower molecular weight of oligomeric chains formation by hydrolytic cleavage and water plasticising effects.21 It is noted that the Tcc was shifted to lower temperature while degree of crystallinity (χc) of PLA samples increased after being subjected to hygrothermal aging. According to Fukushima et al.,22 shorter polymer chains with higher mobility show a higher rate of crystallisation, leading to a lower Tcc.

3.3    Effects of Water Absorption on the Impact Properties

Table 4 summarises the impact strength of PLA and PLA/HNT nanocomposites (with and without impact modifiers) after being subjected to water absorption at 30°C and 40°C. It is noticed that the impact strength of PLA and PLA/HNT6 nanocomposites was slightly increased after moisture absorption at 30°C and 40°C. Water diffuses into polymer chains and leads to a swelling effect of composite and physical relaxation of molecular chains. This phenomenon evidence that there is no further degradation in polymer composite (such as filler/matrix interfacial hydrolysis or polymer crazing) as long as the composite continue remains in moist condition.23


Prior to water absorption (control sample), the adding of SEBS-g-MA gave higher impact strength for PLA/HNT6 nanocomposites. This is attributed to the elastomeric nature of SEBS-g-MA which can induce higher energy absorption during impact testing. However, the entire PLA/HNT nanocomposite with SEBS-g-MA experiences reduction in impact strength after being subjected to water absorption at 30°C and 40°C. This can be due to the fact that the diffusion of water molecules weakened the interfacial adhesion between PLA, HNT and SEBS-g-MA. Before exposure to moisture, it was found that there was an increment in PLA/HNT6 nanocomposites which contain EBS. The impact strength of PLA/HNT6/EBS was decreased after exposure to water absorption. The water diffused predominantly into the matrix causing plasticisation of the matrix and induced volumetric expansion between the matrix and the filler. When the stress exceeds the strength of the interphase region, debonding may take place between filler and matrix leading in irreversible damage of composite.24 In this study, it was found that the adding of EBS is predominantly affecting the reduction of impact strength when the specimen was exposed to water. It was suggested that the amide group in EBS tends to absorb moisture into polymer nanocomposites. The excessive diffusion of water molecules along the polymer nanocomposites may deteriorate the bonding between PLA, HNT and EBS leading to the formation of microcavities. The microcavities act as stress concentrators and initiate matrix cracking, leading to the reduction of impact strength. The percentage of retention for PLA/HNT6/SEBS-g-MA is considerable good if compared to that of PLA/HNT6/EBS nanocomposites. This indicates that the SEBS-g-MA is able to hinder the water diffusion into PLA/HNT nanocomposite, and thus sustain higher impact properties.

Table 4:      Impact strength of PLA/HNT nanocomposites (with and without impact modifiers) after being subjected to water absorption at 30°C and 40°C.



	Materials designation
	Impact strength (kJ/m2)




	Control

	30°C

	40°C




	PLA
	9.0

	9.6

	12.3




	PLA/HNT6
	11.4

	12.7

	13.4




	PLA/HNT6/SEBS-g-MA5
	20.2

	16.0 (79.2)

	17.6 (87.1)




	PLA/HNT6/SEBS-g-MA10
	19.7

	18.1 (91.9)

	15.9 (80.7)




	PLA/HNT6/SEBS-g-MA15
	16.4

	18.7 (114.0)

	15.9 (97.0)




	PLA/HNT6/SEBS-g-MA20
	16.6

	17.8 (107.2)

	10.4 (62.7)




	PLA/HNT6/EBS5
	22.6

	15.3 (67.7)

	10.2 (45.1)




	PLA/HNT6/EBS10
	17.9

	6.0 (33.6)

	6.4 (35.8)




	PLA/HNT6/EBS15
	15.3

	10.3 (67.3)

	5.8 (37.9)




	PLA/HNT6/EBS20
	13.9

	13.4 (96.4)

	4.7 (33.8)





Remarks: The values in parentheses ( ) are the percentage retention of the impact strength after water absorption in immersion temperatures of 30°C and 40°C.


4.      CONCLUSION

The diffusion coefficient of PLA/HNT6 nanocomposites is lower than that of PLA due to the physical hindrance of HNT and impact modifiers (SEBS-g-MA and EBS) which could restrict the diffusivity of water. The Ea value of PLA/HNT6/EBS is higher than that of PLA/HNT6/SEBS-g-MA nanocomposites. The Tg, Tcc, Tm and impact strength of the PLA nanocomposites decreased after exposure to water absorption at 40°C and 50°C.
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Abstract: Brake system is used to slow down and finally stop a motor vehicle and friction material is one of the components of the brake system. In this study, eight formulations of brake friction materials were developed through powder metallurgy processes. The samples were subjected to physical, mechanical, friction and on-road performance tests to investigate their mechanical and tribological characteristics and on-road braking performances. The data were then analysed to study the relationship between the tribological characteristics and the on-road braking performance. Test results signify that there are no simple correlations among the physical, mechanical and tribological characteristics of semi-metallic brake friction materials. It was also noticed that there are no simple correlations between the friction characteristics and road performance results. Normal and hot frictions of all the eight samples comply with requirements specified by Automotive Manufacturer Equipment Companies Agency, USA. However, on-road performance test results show that only six out of the eight formulations do comply with requirements of United Nation Economic Commission of Europe Regulation 13. Therefore, it could be concluded that on-road performance test is the ultimate measure in deciding which newly-developed formulations could be used on the road.

Keywords: Brake friction material, hardness, porosity, friction, wear, road performance

1.      INTRODUCTION

Brake system is used to slow down and stop moving motor vehicles in a controllable manner. It also used to hold vehicle stationary when in parking position. During braking process, the brake friction material is pressed against the rotating brake disc or drum which generates heat due to the friction between the friction materials and brake disc. Heat absorbed by the brake pads will be dissipated to the atmosphere through conduction, convection and radiation. The surface temperature, after reaching a maximum value, will arrive at a thermal steady state condition when the rate of heat generated during braking was balanced by the rate of heat loss to the atmosphere.1 Heat generated during braking results in friction fall at elevated temperature. This fading effect is associated with the decomposition of the organic compounds which takes place between 250°C and 475°C.2 This sudden drop of friction results in lower brake performance, in which longer braking distance is required before the moving vehicle can be stopped.

The friction and wear characteristics depend on the composition of friction materials and friction material behaviours and the brake design, counterpart materials, operating conditions (speed, applied load, operating temperature), and modes of braking. Friction materials are heterogeneous materials which are composed of between five to 20 different ingredients in the formulation. Each ingredient has its own function and changes in ingredient types or weight percentage may result in changes in physical, mechanical, chemical and braking performance characteristics. Therefore, the selection of ingredients and weight percentages used in the friction formulation will significantly affect the friction and wear characteristics, braking performance, and friction-induced noise.3,4

A brake friction material should have characteristics of heat resistance, low wear rate, durable, thermostability, low noise, and does not damage brake disc. It should also have constant coefficient of friction under various operating conditions. However, it is practically impossible to achieve all these in a formulation. Earlier study showed that there is no simple correlation between friction values and wear rates with mechanical, chemical and thermal properties of the friction materials.5–7 Most of the formulations developed are achieved through trial and error process since there is no rule of thumb, which can be used to predict the wear rate and friction coefficient based on the physical and mechanical properties.7,8 Therefore each new formulation developed needs to be tested in laboratory as well as on the road to ensure the brake materials developed comply with the requirements set by the authority. In this work, the newly developed friction materials were subjected to physical, mechanical, tribological, and on-road braking performance tests. The correlation of the physical, mechanical, tribological and performance characteristics were reported in this study.


2.      EXPERIMENTAL

Eight formulations have been developed through powder metallurgy processes as follow; (1) raw materials selection, (2) mixing, (3) preparation of backing plate, (4) compacting, (5) surface grinding, (6) post-baking and (7) testing. The compositions of the samples are shown in Table 1. Sample T1 is a commercially available semi-metallic brake pad and data gathered from this sample are used as a benchmark. Each sample was subjected to density, porosity, hardness, internal shear strength, friction and on-road performance tests in accordance with standard tests as shown in Table 2. Density of brake friction materials was obtained using a method which applies Archimedes’ principles. Hardness was measured using Rockwell hardness tester, model Mitutoyo Ark 600, in the scale S with applied load of 100 kgf and ball diameter of 12.7 mm. Internal shear strength is performed on Instron Universal Tensile Machine with a sample size of 20 × 20 × 5 mm. The load is applied gradually until failure at the rate of 4500 ± 500 N/s. The load is applied in a direction parallel to the direction of stress at normal service conditions. Porosity was obtained using a hot bath model Tech-Lab Digital Heating. The test samples with a size 25 × 25 × 5 mm ± 0.5 mm are immersed in the test oil in the container and keep at 90 ± 10°C for eight hours. Porosity is calculated using the following formula:
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where,

∇ = porosity (%)

m1 = mass of test sample (g)

m2 = mass of test piece after absorbing oil (g)

ρ = density of test oil (g/cm3)

V = volume of test sample (cm3)

Table 1:      Weight percentage of ingredients in the composition.



	Materials
	T2

	T3

	T4

	T5

	T6

	T7

	T8




	Resin
	10.0

	9.0

	9.0

	9.0

	9.0

	12.0

	9.0




	Fibre
	32.0

	35.0

	36.0

	38.0

	33.0

	37.0

	40.0




	Friction modifier
	29.0

	24.0

	24.0

	22.0

	26.0

	33.0

	28.0




	Filler
	29.0

	32.0

	31.0

	31.0

	32.0

	18.0

	23.0




	Total
	100

	100

	100

	100

	100

	100.0

	100






Table 2:      List of standards.



	No.

	Tests
	Standards



	1.

	Density
	MS 474 PART 1: 20039



	2.

	Porosity
	JIS D 4418: 199610



	3.

	Hardness
	MS 474 PART 2: 200311



	4.

	Internal shear
	ISO 6311 PART 5: 200312



	5.

	Friction and Wear
	SAE J661 Feb 9713



	6.

	Road Performance
	UNECE R1314




Friction tests were conducted on CHASE brake lining test machine. Samples with dimensions of 25 × 25 × 6 mm were glued to the backing plate and then attached to brake callipers on the brake drum. Each sample was subjected to seven test runs with the following sequences: (1) conditioning (2) baseline, (3) first fade, (4) first recovery, (5) wear, (6) second fade, (7) second recovery and (8) baseline rerun. The sample was pressed against a rotating brake drum with a constant rotating speed of 417 rpm under a constant normal load of 647 N and subjected to test program as depicted in Table 3. Chase friction test is a very useful tool for formulation development, prototype friction evaluation, production process quality control and formulation, as an early assessment before dynamometer testing.

In practice, two-letter friction codes are used in classifying the friction materials, where the first letter represents normal and the second letter represents hot coefficient of friction COF values, as prescribed by Society of Automotive Engineer SAE J886.15 The normal COF is defined as the average of the four readings taken at 200°F, 250°F, 300°F and 400°F on the second fade curve. The hot COF is defined as the average of the 10 readings taken at 400°F and 300°F on the first recovery; 450°F, 500°F, 550°F, 600°F and 650°F of the second fade; and 500°F, 400°F and 300°F of the second recovery run.

On-road performance tests were performed in accordance with the test procedures as described in UNECE R 13.14 In on-road performance test, the brake pads were installed to the brake system of a PROTON WIRA 1.5 GL. The road performance test is divided into three types, namely: (1) cold effectiveness test, (2) heat fade test and (3) recovery test. The test data such as vehicle speed, lining temperature and braking distance were recorded using a data acquisition system from Dewetron model DEWE5000. During cold effectiveness testing, a brake pad is considered fail to comply with the requirements if the brake pedal force for wheel locking to occur is greater than 500 N. Therefore, further tests, namely, heat fade and recovery tests will not be performed on that particular pad. The developed brake pads will be accepted if it complies with the minimum requirements on the mean fully developed deceleration (MFDD) of road tests as shown in Table 4.

Table 3:      Friction and Wear Test Program.



	Test sequence
	Load (N)

	Rotating speed (rpm)

	Temperature (°C)

	Remarks




	Conditioning
	440

	312

	< 95

	Continuous braking 20 minutes



	Initial measurement
	647

	0

	88–99

	Take indicator reading at 667 N load



	Baseline run
	647

	417

	82–104

	Intermittent braking 10 s ON, 20 s OFF 20 applications



	First fade run
	647

	417

	82–288

	Continuous and heater ON



	First recovery run
	647

	417

	288–82

	Continuous and cooling ON



	Wear run
	647

	417

	193–204

	Intermittent braking 10 s ON, 20 s OFF 100 applications



	Second fade run
	647

	417

	82–343

	Continuous and heater ON



	Second recovery run
	647

	417

	343–82

	Continuous and cooling ON



	Baseline rerun
	647

	417

	
	Intermittent braking 10 s ON, 20 s OFF 20 applications



	Final measurement
	647

	0

	
	Repeat initial measurement




Table 4:      Minimum requirements of the on-road performance tests.



	Tests
	MFDD (m/s2)



	Cold effective
	6.43



	Heat fade
	75% of that prescribed and 60% of figure recorded in the cold effectiveness test



	Recovery
	Not less than 70%, nor more 150%, of figure recorded in the cold effectiveness test





3.      RESULTS AND DISCUSSION

3.1    Physical and Mechanical Properties

Table 5 shows the physical, mechanical and tribological properties of the developed samples. Brake friction materials are non-homogeneous materials, and therefore, there are no simple correlation among the physical and mechanical properties as shown in Table 5 and Figure 1. The same phenomena have been observed by earlier researchers.5,16,17 Hardness of the friction material depends on type of ingredients, percentage of each ingredients used in the composition and the dispersion of the ingredients in the composition.16,18 Thus, physical and mechanical properties could not be used to screen the best formulation. However, the physical and mechanical properties are very useful to control the quality of the formulations that has been developed. Consistency in physical and mechanical properties of a formulation indicates good control of the manufacturing process of the brake lining material.

Table 5:      Physical and mechanical test results.



	No.
	Sample

	Specific gravity

	Hardness (HRS)

	Porosity (%)

	Internal shear strength (MPa)




	1.

	A

	3.29

	68.2

	12.88

	28.57




	2.

	B

	2.76

	85.1

	7.86

	29.18




	3.

	C

	2.36

	76.7

	24.16

	40.40




	4.

	D

	2.30

	70.61

	21.37

	38.07




	5

	E

	3.25

	69.6

	2.54

	48.38




	6.

	F

	2.57

	79.42

	3.62

	44.30




	7.

	G

	2.32

	72.96

	3.06

	37.62




	8.

	H

	2.43

	45.52

	16.6

	23.23
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Figure 1:      The relationship between physical properties of friction material used in this study: (a) specific gravity vs. porosity, (b) hardness vs. porosity, (c) internal shear strength vs. porosity and (d) hardness vs. internal shear strength.



3.2    Friction Characteristics

In this study, for the friction materials to comply with the requirements of Vehicle Equipment Safety Commission Regulation V-319: (1) shall have normal friction coefficient of class E and above, and a hot of class D and above, (2) shall have friction coefficient above 0.15 between 200°F and 550°F inclusive in second fade, or between 300°F and 200°F during the second recovery fade. CHASE friction test results show that all the eight samples developed have two-letter friction codes higher than the minimum requirement of ED (Table 6). It can be seen in Figures 2 and 3 that all the samples developed have COF of second fade and second recovery higher than minimum requirement of 0.15. Thus, it could be concluded that the all the samples comply with the requirements of Vehicle Equipment Safety Commission Regulation V-3.


Table 6:      CHASE test results.



	Sample

	Normal friction

	Hot friction

	Friction code

	Ave thickness loss (%)




	A

	0.362

	0.332

	FE

	1.68




	B

	0.385

	0.316

	FE

	0.12




	C

	0.447

	0.352

	GF

	2.87




	D

	0.471

	0.373

	GF

	5.03




	E

	04.17

	0.345

	FE

	1.72




	H

	0.554

	0.458

	HG

	10.20





The CHASE friction data are shown in Figure 2 and Figure 3, which are friction coefficient values of the friction materials at second fade and second recovery, respectively. The first fade characteristic is not discussed because the temperature generated during this braking operation, which were between 93°C to 288°C, below the decomposition temperatures. Figure 2 reveals that the COF of all samples decreased with increasing drum temperature. This phenomenon was due to degradation of organic material as well as transition period of abrasion to adhesion wear mechanism.20 Whereas, Figure 3 shows that all the samples almost recover to their respective base line friction coefficient readings when the brake drum and the sample are cooled to room temperature.


[image: art]

Figure 2.      Friction coefficient vs. drum temperature during second fade.
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Figure 3:      Friction coefficient vs. drum temperature during second recovery fade.



As expected, there is no direct correlation between the mechanical properties and frictional and wear behaviours as shown in Figure 4. The same findings are also reported by the other researchers.5,16 It was observed that the samples with high porosity tend to exhibit high friction coefficient and increase in average thickness loss. On the other hand, the sample with high hardness tends to have lower COF as well as decrease in the average thickness loss. More & Tagert21 and Mokhtar22 also reported that the COF tend to decrease with increasing hardness.
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Figure 4:      The relationship between physical properties of friction material used in this study: (a) Hot friction coefficient vs. porosity, (b) Average thickness loss vs. porosity (c) Hot friction coefficient vs. hardness and (d) Average thickness loss vs. hardness (continued on next page).




3.3    Road Performance

Laboratory tests and evaluation show that all the new formulations developed comply with the minimum friction requirement as discussed earlier. However, sample T4 and T7 do not comply with on-road performance requirements as shown in Table 7. Sample T4 do does comply with deceleration requirement under fade test condition. Whereas, sample T7 does not comply the requirement of pedal force applied on the foot pedal which is more than 500 N. Therefore, hot and fade tests were not carried out on sample T7. Higher pedal force requires more drivers’ effort to slow down or stop the vehicle, which may stress the leg especially during down-hill driving and winding road condition. Observation was also made on sample T8 which reached brake pad temperature of 515°C, which is the highest among all the samples during fade test. Under this high temperature, most of the organic materials would normally have been decomposed, somehow for sample T8, the braking performance does still comply with the requirement. This indicates that the ingredients and structure of this formulation can still maintain its performance under this high temperature. The heat from this high temperature generated during braking is transferred to the brake fluid and may cause the brake fluid to boil. Typically, the dry boiling point of new brake fluid is around 260°C and the wet boiling point is somewhat lower, depending on the moisture content. When the brake fluid starts to boil, vapour locks are produced that can be compressed and hence the braking performance will drop significantly. Therefore, sample H is rejected. It can be seen from Figure 5 that sample T8 has been subjected to high temperature because of high content of metallic ingredient in the composition. It was observed that there are chipping on the sample T8. The micrograph shows that the worn surface of sample T2 has fine grooving, pitting and light resin bleed as shown in Figure 5(a). However there is no evident of chipping.


Table 7:      On-road performance test results.
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The binder in the brake friction material is used to hold the compositions together and maintain the structural integrity of the brake material during braking process whereupon it is subjected to mechanical and thermal stresses. Polymeric materials such as graphite and rubber are used as modifier to improve the friction and wear characteristics. However, when subjected to high temperature, these materials will decompose which result in brake fade. The decomposition of friction material starts to occur at temperature of 230°C and the degree of degradation increases with temperature within the range of 269°C–400°C.23 It can be seen from Figure 6 that sample T4 has the highest percentage of fade on road performance test and this sample did not comply with the MFFD requirement. It was also observed that there is no correlation between the percentage of fade on CHASE friction and on-road performance test results.
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Figure 5:      Micrograph of worn surface; (a) Sample T2 and (b) Sample T8.
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Figure 6:      Percentage of fade.



Analyses on test results also show that there is no simple relationship among the physical, mechanical and tribological properties. As friction material is heterogeneous materials, the friction and wear characteristics depend on many parameters such as the ingredients and weight percentage of the ingredients in the formulation, manufacturing process parameters, brake system design and brake application conditions. Test results produced by CHASE friction machine show that all samples developed comply the requirement of COF. However, three of the samples do not comply with the requirement of on-road braking performance tested according to UNECE R13. Thus it could be concluded that on-road performance will be the basis for final decision on whether or not the newly developed formulation can be used on the road.


4.      CONCLUSIONS

In this study, eight newly developed brake friction material formulations have been successfully developed using powder metallurgy process. There is no minimum requirement on density, porosity and hardness properties set by the international standards. Analyses on test results show that there is no simple relationship among the physical, mechanical and tribological properties of the friction materials developed and all samples comply with the minimum requirement of COF as specified by Automotive Manufacturer Equipment Companies Agency, USA. As the compliance with the laboratory test requirements does not guarantee the on-road performance, the on-road performance results, where a friction material is tested in its intended real-life applications, is the ultimate deciding factor in selecting the suitability of lining to be used on the road. Therefore, it could be concluded that sample T1, T3, T3, T5 and T6 could be used for further study on the reliability aspect.
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Abstract: Since metal injection moulding (MIM) is still new in Malaysia, therefore it is great opportunity for those who carry out the development of new binder system. Perhaps this technology can be exploited in Malaysia in future for the benefits of all industrial sectors. Developing of a new locally binder system, which is beneficial to the local industry is a great concern. Many attempts have been made in developing a new binder system which concentration is given on the cost reduction and shorten the production process. Thermoplastic natural rubber (TPNR) has a possibility as binder component because of many suitable properties it is such as low cost as locally produced, low viscosity, high decomposition temperature and easily dissolves into solvent also chemically passive. Hence, TPNR is worth to consider as a binder component.
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1.      INTRODUCTION

Metal injection moulding (MIM) feedstock is a mixture of metal powder and binder. The function of the binder system is to provide flow ability of the metal particles and shape retention of the moulded parts.1 The behaviour of the feedstock depends greatly on the binder formulations and its composition. Suitable behaviours feedstock that refers to its rheological behaviours is one of the key factors to ensure the successful of MIM process.1–3 Therefore, the rheological, moulding behaviour and sintering characterisation of feedstock is an important factor in the success of good binder system. In these studies, the possibility of using thermoplastic natural rubber (TPNR) as a binder system has been investigated. TPNR is classified as thermoplastic elastomer, it absorb solvent and swell, but do not dissolve; furthermore, they cannot be reprocessed simply by heating. The molecules of thermoplastic rubbers, on the other hand, are not connected by primary chemical bonds. Instead, they are joined by the physical aggregation of parts of the molecules into hard domains.4 TPNR estimated has a great potential application as a binder system as it is expected ease during injection moulding process with less defect and also considerable motivation to design and develop binders that are based on natural sources which are locally produced. In this study, TPNR backbone polymer was applied with paraffin wax (PW). PW binder used is attributes as a binder such as low viscosity, high decomposition temperature, lower molecular weight to avoid residual stress and distortion, environmentally acceptable, inexpensive and easily dissolved in organic solvent.

2.      EXPERIMENTAL

The TPNR binder system with ratio of 55 wt % Paraffin wax, 35 wt % TPNR and 10 wt % stearic acid (SA) was compounded out in a laboratory mixer Brabender Plasticoder at 140°C and at speed of 50 rpm for 12 min according to the adequate time for the component to melt and homogenise. Initially the steel powder was mixed with different formulation of binders while the volume fraction of the powder in the mixture kept constant at 65%. The rheological results in term of shear rate, shear stress, and pseudoplastic behaviours have been presented using a Capillary Rheometer (CFT–500D, Shimadzu) at various temperature and shear rates. The tensile specimens were fabricated in a vertical injection moulding MCP HEK-GMBH. The injection pressure was 300 bar and the mould temperature was 190°C–200°C. Solvent debinding process was performed at different time and temperature in a bath of heptanes in order to remove paraffin wax and SA. Specimens were taken out and dried for two hours after bathing. The sintering process was performed in a controlled vacuum atmosphere with heating rate of 5°C/min in a temperature range of 1320°C–1380°C. The specimens were soaked for two hours and subsequently furnace cooled.

3.      RESULTS AND DISCUSSION

3.1    Feedstock Compounding at Different Powder Loading

In the feedstock mixture, it is expected that each powder particle, which should be enveloped by a very thin film of binder, has a tight contact with each other. At the same time, all pores among powder particles are filled with binder or describe as a homogeneous feedstock. But it is very difficult to get that ideal powder-binder mixture. At this stage the evolutions of mixing torque have been studied during the mixing time to understand the effect of powder concentration and powder-binder formulation. Powder loadings ranging from 61 to 67 vol % of gas atomised 316L SS (22 μm) were evaluated by using same formulations of binder system, 55 vol % PW, 35 vol % TPNR, 10 vol % SA. The mixing was carried out at 160°C with rotation speed of 50 rpm for 120 min.

It clearly shows in Figure 1 that the torque value increases as the powder loading increases from 61 to 65 vol %. This explains that greater friction occurred at the higher amount of powder loading that result in a higher viscosity of the mixture. For powder loading of the 65 and 63 vol %, the torque stabilises at a steady level in a short time, indicating a uniform mixing. Meanwhile, the 61 vol % of powder loading took a longer time for the torque value to be stable. Powder loading of 65 vol % was selected based on the previous analysis on further study of feedstock rheological analysis and moulding of feedstock.
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Figure 1:      Torque levels of feedstock compounding at different powder loading.



In the case of 67 vol % powder loading, it seems that there is no mixing registered between powder and binder addition due to very minimum torque value which is near zero reflecting an excessive content of powder. These were believed to be due to powder-binder separation during mixing and possibly of instability phenomenon which indicates that the ratio of powder to binder was too high and not sufficient to provide flowability of the particles.


3.2    Rheological Behaviour

The rheological analyses have been carried out at various temperatures and different pressure. MIM feedstock is generally considered to be pseudoplastic fluid, which indicates a decrease of viscosity with increase on shear rate and temperature. The viscosities of TPNR backbone polymer based feedstock decreasing with shear rate are shown clearly in Figure 2.
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Figure 2:      Effect of shear rate on viscosity of feedstock.



Pseudoplastic fluids are preferred for MIM feedstock. The main characteristic of a pseudoplastic fluid is that viscosity decreases with the increase of shear rate. Empirical studies have shown that the shear rate during moulding usually ranges between 100 and 10,000 s–1 and maximum viscosity for moulding is 1000 Pa.s at the moulding temperature.1,5,6

3.3    Injection Moulding of the Feedstock

As several trial been done, the injection moulding parameters had summarised in Table 1. According to the observation during injection moulding process by using the vertical injection moulding machine, the parameter setting is not much different between the feedstock compounded at different formulation.


Table 1:      Summaries of injection parameters obtained from the vertical injection moulding machine which had produced good part.



	Model
	MCP HEK-GMBH injection moulding (vertical injection moulding)



	Temperature
	
Nozzle: 190°C–200°C

Mould: Room temperature





	Injection pressure
	30 MPa (300 bar)



	Cycle time
	10–20 sec




At the end of moulding, the binder provides a mechanical interlocking to the particles which gives the compact shape and the necessary handling strength. Figure 3 clearly shows the SEM of the green specimens at two different regions; at the fracture surface and on the outer surface for four different binder systems.
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Figure 3:      SEM micrograph of green parts (a) fracture and (b) outer surface.



It can be seen that, the binder fills practically all the interstitial spaces between the powder particles. The outer surface is filled with more binder than those of fracture surface. This is due to a greater contact of feedstock flow to the cavity wall and also that was the area to solidify first.

3.4    Debinding Process

Figure 4 shows the graph of percentage main binder (PW) removed against time at different temperature for feedstock with PW/TPNR/SA binder system.
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Figure 4:      Kinetic solvent extraction of feedstock with PS/TPNR/SA binder system at different temperature.



It was carried out at temperature 40°C, 60°C, and 80°C and eight time intervals. For temperature 40°C, the percentage of PW removed is increase slowly as the time increase. From the graph observation; for 40°C, it shows that till the end of 300 min the percentage of Paraffin wax removed was just about 95.7%. But, for the 60°C and 80°C graph, the percentage of paraffin wax removed achieved 100% by the time of 180 min. At temperature 80°C, the percentage of paraffin wax removed from the green body increase faster at 10 min to 60 min and achieved almost 100% at 120 min. However at the temperature of 80°C, the specimen undergo swollen backbone polymer at longer time. This is because at higher temperature and longer time of solvent extraction process, the backbone polymer becomes soften as the penetration of higher temperature of solvent which also contribute to the extension of pore channels at the inner region.

3.5    Sintering Process

The theoretical density of the 316 L stainless steel is 7.90 g/cm3. As the sintering temperature increases, the density of specimen also increases. For example, a change of temperature from 1320°C to 1340°C (part PW/TPNR/SA–1) causes the density to increase by 0.1%, from 7.674 to 7.679 g/cm3. The increasing in the density from 1320°C to 1340°C indicates that the progress of the first stage sintering (the formation of inter-particle necks) at 1320°C to the second stage at about 1340°C results in significant transport among the particles. The sintering temperature of 1320°C is only at the intermediate stage of sintering where pores begin to close up and densification starts. The relative density is 97.14%.
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Figure 5:      Density and shrinkage for sintered part at various sintering temperature in vacuum atmosphere.



At 1360°C, the part shows a smaller increase of 1% in density, from 7.679 to 7.751 g/cm3. At a density of 7.751 g/cm3, it has achieved 98.11% of the theoretical density. Further sintering at 1380°C the density of the sintered specimen increased to 7.858 g/cm3 and the relative density reached 99.47% that is really closed to theoretical density. Results obtained were comparable with others worked as they reported densities of 316L SS sintered part are in ranges of 95%–99%.

The Figure 6 shows the result of tensile and elongation conducted on the samples. Some results are comparable to MPIF Standard 35 (2000) for metal injection moulded part. Standard 35 states that the minimum ultimate tensile strength (UTS) and per cent elongation are 450 MPa and 40% elongation.
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Figure 6:      Ultimate tensile strength and elongation for sintered part at various sintering temperature in vacuum atmosphere.




High value of tensile strength for the sintered specimen was result in a subsequent increase in elongation percentage. From the graph plotted it is clearly shows that the percentage of elongation increases with increasing in sintering temperature.

The optical micrographs of sintered specimen in Figure 7 shows the typical pores structures (unetched) and typical microstructure (etched), which display the austenitic grain and pores under vacuum sintering conditions at 1380°C at 500× magnification.

The pores structure and microstructures of the sintered specimen are relatively influenced by the densification of specimen. It could be seen that the sintered part at the optimised sintering condition has the least porosity; the pores are rounded, small and appeared to be isolated in their distribution as the sintering temperature was increased. An increase in temperature promotes neck growth and change in pore morphology. The particle boundaries become thicker and darker indicating that increased sintering temperature resulted in more active changes at the particle boundaries during sintering.
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Figure 7:      Pores structure and microstructures of sintered specimens at 1380°C under vacuum atmosphere. Magnifications of all specimens at 500×.



The optical micrographs show the typical structure of stainless steel with clear austenite grain, grain boundaries and twinning structures. These microstructures affirmed an austenite stainless steel material. The present of different colours were due to the different plane of austenite phases.


4.      CONCLUSION

The new develop feedstock based on TPNR rheological behaviour has been investigated. The feedstock showed pseudo-plastic behaviour which is indicated by a decrease in viscosity with shear rate. The variation in viscosity was correlated with the phase change of NR from a dispersed phase to a continuous phase. It was concluded that, binder formulations and MIM feedstock were shown a pseudo-plastic flow behaviour and suitable for metal injection moulding process. The used of TPNR backbone polymer results in favourable flow behaviour of the MIM feedstock and thus improves the quality of the injection moulding. The mechanical properties of sintered specimen shows that the parts comply with the international standard MPIF 35 MIM when the specimens sintered at 1360°C and 1380°C with the ultimate tensile strength ranges from 470 to 520 MPa and the elongation ranging from 44% to 68%.
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Abstract: The effect of eco-degradant PD 04 on properties of recycled polyethylene (RPE)/chitosan biocomposites was investigated. RPE/chitosan biocomposites were prepared by using Z-blade mixer at processing temperature 180 °C and rotor speed 50 rpm. Eco-degradant PD 04 was used as degradant additive to improve the properties of biocomposites. The result indicated that the increasing of filler loading increased tensile strength, Young’s modulus and water absorption but reduce the elongation at break. The presence of eco-degradant showed that the tensile strength and Young’s modulus were increased but reduce the elongation at break. The water absorption of biocomposites with eco-degradant PD 04 has better water resistance compared to biocomposites without eco-degradant PD 04.
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1.      INTRODUCTION

Polymer composites have been subjected to increase interest, study, and utilisation for some decades. The interest arose toward polymer composites filled with natural organic fillers, especially in conjunction with recycled and/or recyclable polymer matrices. These classes of composites (sometimes indicated as “green composites”) shows other interesting features, certainly concerns the costs issues, which are quite reduced since natural organic fillers are usually extracted from wastes.1 The increasing demand for plastic or polymer products nowadays, a substantial growing percentage of municipal waste streams and poses environmental challenges to our country. While finding substitution material for plastic, this could involve a great cost and effort as it is much anticipated that used plastic can be recycled again and reused as their original product to prevent the waste of potentially useful materials, reduces the consumption of raw materials and reduces energy usage. Therefore, recycled polyethylene (RPE) was used in this study with chitosan as natural biopolymer to improve the properties of composites.1–7


Chitosan, with molecular formula poly-(β-1→4)-2-amino-2-deoxy-D-glucopyranose is biopolymers derived from chitin and cellulose, respectively, which are very common natural polysaccharides present in the environment. Chitosan is natural family biopolymer, biodegradable, and non-toxic as well as low-cost materials. Therefore, these biopolymers are extensively used in many scientific and technological applications such as medicine, pharmacology, biotechnology textile and food industry, photographic films, as well as fiber and plastic applications.8–13

The most important issue associated with these composites is the interfacial adhesion between the natural reinforcing fillers and matrix polymers14 and also plastic degradability. Polyethylene is chemically stable in nature and is made primarily of hydrocarbon molecules and this does not easily degrade under ambient condition. In the recent development in area of plastic degradability, it presents an alternative method of disposing used plastic packaging. By incorporating specific additive known commonly as degradant additive, the process of degradation under the action of UV, heat, oxygen, and/or mechanical shear will take place.

This research investigated the effect of eco-degradant on the properties on recycled polyethylene (RPE)/Chitosan biocomposites.

2.      EXPERIMENTAL

2.1    Materials

2.1.1 Recycled Polyethylene

Recycled polyethylene (RPE) used was grade Titanlene LDF260GG, obtained from Titan Petchem (M) Sdn Bhd (formerly known as Titan PP Polymers [M] Sdn Bhd). The properties of recycled polyethylene show in Table 1 below:

Table 1:      Properties of recycled polyethylene.



	Recycled polyethylene




	Melt index
	5 g/10 min




	Density
	0.922 g/cm3




	Melt temperature
	160°C–180°C






2.1.2 Chitosan

Chitosan, used as fillers in RPE/chitosan biocomposites, was obtained from Hunza Nutriceuticals Sdn Bhd, in powder form. Chitosan is in powder form and the particle size distribution analysed by Malvern Instruments Mastersizer 2000 equipment. The average particle size of chitosan is 85.4µm. The properties of chitosan show in Table 2 below:

Table 2:      Chitosan characteristics.



	Chitosan





	Physical properties
	



	1. Appearance
	Off-white powder



	2. Powder fineness
	Finer than 120 mesh size



	Chemical properties
	



	1. Degree of deacetylation
	> 90.0%



	2. Solubility of 1% chitosan in 1% acetic acid
	> 99.0%



	3. Viscosity
	150–200 mPa.s



	4. Moisture content
	< 10.0%



	5. Ash content
	< 1.0%




2.1.3 Eco-degradant PD 04

Additive used in RPE/chitosan biocomposites is eco-degradant PD 04 supplied Behn Meyer Polymers Sdn. Bhd., Penang, Malaysia and the amount applied is 5 php based on weight recycled polyethylene. The properties of ecodegradant PD 04 show in Table 3 below.

Table 3:      Properties of eco-degradant PD 04.



	Eco-degradant PD 04





	Typical properties
	



	Appearance
	Light brown free flowing pellets



	A typical sample evaluation of plastics shopping bags with eco-degradant PD 04
	



	1. Processing method
	Film blowing



	2. Processing temperature
	190°C –210°C



	3. Sample description
	3% eco-degradant PD 04, 80% HDPE, 20% LLDPE



	4. Particle size
	3% White Masterbatch
33 micron





2.2    Compounding of Composites

2.2.1 Mixing process

The mixing of the composites was carried out by using Z-Blade mixer at temperature 180°C for speed 50 rpm. RPE and eco-degradant were charged into the mixing chamber for 10 minutes until it completely melts. After 10 minutes the chitosan was added and mixing continued for 20 minutes. The whole mixing progress was conducted for 30 minutes. The formulations for RPE/chitosan biocomposites with and without eco-degradant PD 04 are listed in Table 4.

Table 4:      Formulations for RPE/chitosan biocomposites.



	Materials
	Without eco-degradant PD 04

	With eco-degradant PD 04




	Recycled Polyethylene (php)
	100

	100




	Chitosan (php)
	0, 10, 20, 30, 40

	0, 10, 20, 30, 40




	Eco-degradant PD 04 * (php)
	–

	5





* 5 php from weight RPE

2.2.2 Compression molding

To produce 1 mm thickness sheet sample, compression molding was done by using compression molding machine model GT 7014 A with temperature 180°C and pressure 170 kg/cm2. After compression molding, the samples were cut into dumbbell shapes by using Wallace dumbbell cutter.

2.3    Measurement of Tensile Properties

2.3.1 Tensile test

Tensile test was carried out according to ASTM D 638 using an Instron Tensile model 5569. The gauge length was set at 50 mm and the cross head speed of testing at 50 mm/min at 25 ± 3°C. Tensile properties for five identical samples of each composition were measured and the average values were reported. Tensile strength, elongation at break and Young’s modulus were recorded and automatically calculated by the instrument software.

2.3.2 Water absorption

RPE/chitosan samples of approximate dimensions (25 × 20 × 1 mm) were used for the measurement of water absorption. The samples were oven-dried at 80°C for 24 h, and immersed in distilled water at room temperature until a constant weight was reached. A Mettler balance type was used, with precision of ± 1 mg. The percentage of water absorption, (Mt), was calculated according to the following formula:
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where; Wd = Original dry weight
WN = Weight after immersed

2.4    Morphology Study

Studies of the morphology of tensile fracture surface for RPE/chitosan biocomposites were carried out by using a Scanning Electron Microscopy (SEM) model JOEL JSM-6460LA. SEM was used to examine qualitatively the dispersion of chitosan in RPE matrix. The fracture ends of specimens were mounted on aluminium stubs and sputter coated with a thin layer of palladium to avoid electrostatic charging during examination.

3.      RESULTS AND DISCUSSION

3.1    Effect of Filler Loading on Mechanical Properties

3.1.1 Tensile properties

Figure 1 shows the effect of filler loading on tensile strength of RPE/chitosan biocomposites with and without eco-degradant PD 04. The results show the increasing tensile strength with increasing filler loading from 10 to 40 php for bio composites with and without eco-degradant. The use of eco-degradant improves interaction and adhesion between the filler and matrix leading to better matrix to filler stress transfer. Thus addition of chitosan filler results in significant improvement in tensile properties of the biocomposites. The improvement in tensile properties achieved can be attributed to high strength and modulus of filler and to improved interfacial adhesion between the matrix and filler. The increase in tensile properties demonstrates that eco-degradant has effectively functioned as additive in RPE/chitosan biocomposites.
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Figure 1:      The effect of filler loading on tensile strength of RPE/chitosan biocomposites with and without Eco-degradant PD 04.



The effect of filler loading on elongation at break of RPE/chitosan biocomposites with and without eco-degradant was shown in Figure 2. The elongation at break of both biocomposites decreased steadily with increasing of filler loading. The presence of eco-degradant as additive improved tensile strength and reduced elongation at break. It was clear indication of improved adhesion of biocomposites between filler and matrix. The decrease in the elongation at break was much more pronounced for biocomposites with ecodegradant due to the adhesion between filler and RPE matrix restricts deformation capacity of matrix in the elastic zone as well as the plastic zone.
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Figure 2:      The effect of filler loading on elongation at break of RPE/chitosan biocomposites with and without eco-degradant.




Figure 3 shows the effect of filler loading on Young’s modulus of RPE/chitosan biocomposites with and without eco-degradant. The both biocomposites show similar trend of Young’s modulus that increase with increasing of filler loading. The Young’s modulus for biocomposites with ecodegradant was higher compared to biocomposites without eco-degradant. The increase in Young’s modulus with filler loading clearly indicates the ability of filler to impart greater stiffness to matrix biocomposites. When filler loading increase, the Young’s modulus of the biocomposites with eco-degradant was much superior to the biocomposites without eco-degradant.


[image: art]

Figure 3:      The effect of filler loading on Young’s modulus of RPE/chitosan biocomposites with and without eco-degradant.



3.1.2 Water absorption

Figure 4 shows the percentage of water absorption versus time of RPE/chitosan biocomposites with and without eco-degradant at 0, 20 and 40 php. The biocomposites with eco-degradant have lower percentage of water absorption compared to biocomposites without eco-degradant. Figure 5 shows the equilibrium water absorption of RPE/chitosan biocomposites with and without eco-degradant at different filler loading. The percentage equilibrium water absorption for biocomposites with eco-degradant was 18%–33% with increasing chitosan loading for 30 days. The biocomposites with eco-degradant has reduced the amount of water absorption and this indicates that eco-degradant give better water resistance to the biocomposites. Eco-degradant helps to promote the interfacial adhesion between the RPE phase and the chitosan phase. The decrease in water absorption of biocomposites would be enhanced adhesion between filler and matrix by the modified of eco-degradant that results in a decrease water absorption. The volume of voids decrease due to enhanced adhesion and therefore water penetration or storage through the interface was restricted.
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Figure 4:      The percentage of water absorption versus time of RPE/chitosan biocomposites with and without eco-degradant at 0, 20 and 40 php.
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Figure 5:      The equilibrium water absorption of RPE/chitosan biocomposites with and without eco-degradant at different filler loading.



3.1.3 Morphological study

Chitosan displayed the particulate and irregular shapes as shown in Figure 6. SEM micrographs of tensile fracture surface for RPE/chitosan biocomposites with and without eco-degradant for 20 and 40 php are shown in Figures 7 and 8. Figures 7a and 7b show the tensile fracture surface micrograph for biocomposites without eco-degradant. Biocomposites with 20 php chitosan shows ductile morphology compared to biocomposite RPE/chitosan 40 php. The morphology biocomposites at 40 php chitosan exhibit better dispersion of chitosan in matrix. This is due to capability of filler to stress transfer between matrixes in biocomposites. The stress is well propagated between the filler and the matrix causing it to have a higher tensile strength. Figures 8a and 8b show the SEM micrographs of tensile fracture surface of RPE/chitosan biocomposites with eco-degradant at 20 and 40 php. From the figures can be seen that the presence of eco-degradant indicates chitosan well dispersion in RPE matrix. The both micrographs show the rough surface. The filler was coated by the matrix. This indicates that the filler was more compatible with the matrix. Therefore, the biocomposites with eco-degradant have better compatibility, dispersion and adhesion as compared to biocomposites without eco-degradant. This is due to improved interfacial adhesion between the filler and the RPE matrix with presence eco-degradant.
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Figure 6:      The SEM micrograph of chitosan at magnification 100×.






[image: art]

Figure 7:      The SEM micrograph of tensile fracture surface of RPE/chitosan biocomposites; (a) at 20 php and (b) at 40 php without eco-degradant at magnification 200×.
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Figure 8:      The SEM micrograph of tensile fracture surface of RPE/chitosan biocomposites; (a) at 20 php and (b) at 40 php with eco-degradant at magnification 200×.



6.      CONCLUSION

In order to improve the properties of RPE/chitosan biocomposites, blending of chitosan with RPE was successfully done. The effect of ecodegradant PD 04 showed increasing tensile strength and Young’s modulus and lower elongation at break. The increase in mechanical properties proves that ecodegradant has effectively functioned as additives in biocomposites. The addition of eco-degradant reduced the amount of water absorption. The morphology study biocomposites with eco-degradant has compatibility, dispersion and adhesion.
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Abstract: Classification of cervical cancer with high accuracy remains as one of the most challenging issues in the automated computer aided diagnosis system. In this study, the significance of four selected features, i.e. nucleus area, cytoplasm area, nucleus mean intensity and nucleus to cytoplasm ratio (N/C ratio) are investigated. These features are extracted from the public image database of Herlev University Hospital, Denmark. Classification of cervical cell is formulated into a two-class problem, dividing the obtained 917 cervical cell images into normal and abnormal cases. T-test analyses show that the four specified features have good potentials as the artificial neural network (ANN) classification elements. The success rates of different ANN framework for classification achieve an average of 86%. The best optimised ANN framework (i.e. eight hidden neurons, “traingd” training algorithm and learning rate of 0.09) achieves an average success rate of 98.50%.

Keywords: Cervical cancer, design of experiments, factorial design, artificial neural network

1.      INTRODUCTION

The 20th century witnessed a significant decline in the incidence and mortality rate of cervical cancer in many developed countries, owing to the widespread of Papanicolaou test (Pap test). Pap test is a screening test in which the pathologists or cytotechnologists examine the samples cell from cervix under light microscope, searching for morphological changes that commonly displayed in the cancerous cells. Cervical cancer is reported according to the worldwide recognised standard, i.e. Bethesda System for Reporting Cervical Cytology.1 Hyperchromasia and increased nucleus to cytoplasm ratio (i.e. N/C ratio) are among the most commonly used features during screening.2,3

Over the past decades, digital data is growing at exponential rate, and analysing all the raw data in manual way is beyond the human limit. The similar issue arises in the medical diagnosis area. Nowadays, the medical information systems have become larger and rely on the traditional manual data analyses is inefficient for extracting useful information and making decision. This situation stimulates the advancement of big data. Various techniques of statistical analyses, data mining and artificial intelligence (AI) classification are adopted for data segmentation, clustering, classification, etc.4 Among the conventional classification techniques, artificial neural network (ANN) is widely used to examine and model the relationship between the inputs and outputs of a complex system. Since early 1990s, artificial intelligence (AI)-based system has been available for cervical screening.5 Various studies reported on the classification of cervical cancer using ANN6–8 based on different features.

In this study, an ANN-based cervical cancer diagnostic system is proposed to recognise the cervical cell. The significance of four features, i.e. nucleus area, cytoplasm area, nucleus intensity and N/C ratio in classification of normal and abnormal cells are investigated. In general, the development of ANN consists of three stages, i.e. data assembly, training and testing. In fact, performance of ANN highly relies on the training data and training framework. Further analyses on the proposed ANN architecture using two-way factorial design in the classification of cervical cancer are highlighted in this study. Remainder of the paper is organised as follows. Section 2 outlines the methodology and details the experimental setup for statistical design in this case of study. Section 3 presents the experimental results and finally Section 4 concludes the work.

2.      EXPERIMENTAL

There are two main stages in the proposed ANN-based cervical cancer diagnostic system. The first stage involves the processing of cervical cell images and feature extraction. The extracted features serve as the input to the ANN. In the second stage, the framework of ANN is developed and further validated by factorial design. The final output of the ANN returns a value of either “0” or “1“, indicating whether the presented cervical cell is normal or abnormal.

2.1    Pre-Processing and Feature Extraction of Cervical Cell Images

Cervical cell images from the public image database, the Herlev dataset are used in this study because the ground truth of the images is available. The input colour image is initially converted to gray scale image. The specified four features are then extracted from the ground truth of the images. The rationale of the selection of these features is that they are among the most easily observable characteristics during screening. The features include the following:

	Nucleus area,
	Cytoplasm area,
	Nucleus mean intensity and
	Nucleus/cytoplasm ratio (N/C ratio).


The nucleus and cytoplasm area are computed in terms of number of pixels. In order to obtain the mean intensity for the nucleus, the ground truth of the nucleus region is employed as the mask and masking is performed on the gray scale image. The average intensity of the nucleus region is then computed. All measurements in this study are normalised. A total of 917 input images are grouped into two categories: normal class consists of 242 images while the other 675 images fall under abnormal group. Examples of cervical cell images with their ground truth are demonstrated in Figure 1.
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Figure 1:      Examples of cervical cell images as in the first row with its ground truth in the second row. For the ground truth images, the light blue region in the centre represents the nucleus and the dark blue region represents the cytoplasm region.



2.2    Classification of Cervical Cell

In this study, a typical three layer feed forward ANN architecture was constructed and trained with back propagation algorithm in Matlab. Inputs to ANN are composed of four extracted features in first stage, and each feature representing a neuron in the input (first) layer. The second layer, which called as hidden layer plays a vital role in modelling the equation to relate the input and the output. The output of the classification is indicated by another neuron assigned in the third layer. In this study, the output of the ANN consists of a neuron, reporting the classification results of the cervical cell, whether the cell is normal or abnormal. A threshold value of 0.5 is introduced to the output neuron, which means the final value obtained from the neuron is either “0” indicating normal cell or “1” indicating an abnormal cell. The training and the execution of the algorithm is described in detail via a C-style pseudo code outlined in Figure 2.
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Figure 2:      Pseudo code of ANN.



In details, performance of ANN is affected by other parameters’ settings in addition to the fixed amount of input and output neuron. Other parameters, which are termed as factors in this study, consisting of the number of hidden neurons, activation function, learning algorithm and learning rate. Several tests involving different factors need to be conducted to resolve the optimised ANN model. Here, an approach called factorial design was conducted to analyse on the influence of each factor to the final ANN results.

In this study, three manipulating factors are specified namely the number of hidden neurons, learning algorithm and learning rate. The activation function is fixed as sigmoid transfer function (logsig) due to its capability to model nonlinear relationship. The response of the factorial design is indicated by the success rate computed in percentage for the ANN to correctly recognise normal and abnormal cells. The null hypothesis of the investigation is each of the three specified factors and their interaction has no significant effect on the response. Based on the requirement of the factorial design, the variables of the three specified factors are reduced to two levels, represented as (+1) and (–1) for the analysis of variance (ANOVA).9,10 Definition of each factor is shown in Table 1.


Table 1:      Factor level defined in two level factorial design.



	Factor
	
Label


	
Factor level





	Low (–1)

	High (+1)




	No. hidden neuron
	A

	4

	8




	Learning algorithm
	B

	“trainlm”

	“traingd”




	Learning rate
	C

	0.01

	0.09





In order to perform the factorial design, eight tests are carried out in randomised order. The purpose of randomisation is to avoid statistical distortions. In addition, each of the tests is replicate twice to estimate the experimental error for the verification of ANOVA. The design matrices of the factorial design with their respective responses are shown in Table 2. The collected results are further analysed using Minitab. All the features extracted are used to conduct t-test analysis prior development of ANN. A total of 150 sets of normal data and 400 sets of abnormal data are randomly selected from each group to serve as ANN training data. Out of the remaining 367 dataset (92 normal, 275 abnormal), 90 sets of normal data and 200 sets of abnormal data are randomly selected as the performance testing data.

Table 2:      Design matrix and responses of the factorial design.



	Exp.

	
Factor


	
Response





	A

	B

	C

	Y1

	Y2




	1

	–1

	–1

	–1

	95.75

	97.05




	2

	–1

	–1

	+1

	98.25

	96.65




	3

	–1

	+1

	–1

	50.00

	78.65




	4

	–1

	+1

	+1

	98.25

	97.25




	5

	+1

	–1

	–1

	92.30

	90.20




	6

	+1

	–1

	+1

	95.25

	94.35




	7

	+1

	+1

	–1

	50.00

	50.00




	8

	+1

	+1

	+1

	98.50

	98.50





3.      RESULTS AND DISCUSSION

Prior to the development of ANN, the significant effect of each individual extracted feature is investigated using t-test. In this case of study, 95% confidence interval is set in the t-test to investigate the magnitude of the difference. The following hypothesis for all four extracted features (i.e. nucleus area, cytoplasm area, nucleus mean intensity and N/C ratio) are set up for the t-test:


Null Hypothesis, Ho:μd = 0; where μd is the mean difference of each respective feature value between normal and abnormal cell.

Alternate Hypothesis, Ha:μd ≠ 0.

Null hypothesis states that the values of the respected feature are not statistically different between two groups of data whereas the alternate hypothesis states that the difference of the values is statistically significant. The strength of evidence to reject the null hypothesis is indicated by the calculated p-value. The null hypothesis is rejected if the resulted p-value is less than defined α value, i.e. 0.05. The obtained t-test results for each feature are shown in Tables 3 to Table 6 respectively.

Table 3:      Two-sample t-test for nucleus area.



	Condition
	N

	Mean

	Standard deviation




	0 : Normal
	242

	0.087

	0.105




	1 : Abnormal
	675

	0.286

	0.132





95% CI for mean difference: (–0.215, –0.182)
t-value: –23.52; p-value: 0.000

Table 4:      Two-sample t-test for cytoplasm area.



	Condition
	N

	Mean

	Standard deviation




	0 : Normal
	242

	0.504

	0.151




	1 : Abnormal
	675

	0.374

	0.127





95% CI for mean difference: (0.109, 0.152)
t-value: 12.00; p-value: 0.000

Table 5:      Two-sample t-test for N/C ratio.



	Condition
	N

	Mean

	Standard deviation




	0 : Normal
	242

	0.246

	0.333




	1 : Abnormal
	675

	1.02

	1.00





95% CI for mean difference: (–0.862, –0.690)
t-value: –17.62; p-value: 0.000

Table 6:      Two-sample t-test for nucleus mean intensity.



	Condition
	N

	Mean

	Standard deviation




	0 : Normal
	242

	0.3053

	0.0979




	1 : Abnormal
	675

	0.3734

	0.0720





95% CI for mean difference: (–0.082, –0.055)
t-value: –9.92; p-value: 0.000


From t-test, since the resulted p-values for all the extracted features are close to 0.000, thus the null hypothesis for all four cases is rejected. In other words, there is sufficient statistical evidence to conclude that the values among the four extracted features between the normal and abnormal cell are not equal. Hence, these features show potential in the case of cervical cells as the inputs of a classification system. Some other details obtained from t-test are listed as follows:

	For 95% confidence interval, the mean value of nucleus area for abnormal case is between 0.182 and 0.215 higher than the normal case.
	For 95% confidence interval, the mean value of cytoplasm area for abnormal case is between 0.109 and 0.152 lower than the normal case.
	For 95% confidence interval, the mean value of N/C ratio for abnormal case is between 0.690 and 0.862 higher than the normal case.
	For 95% confidence interval, the mean value of nucleus mean intensity for abnormal case is between 0.055 and 0.082 higher than the normal case.


For the analyses of ANN framework using factorial design, the significant effects of the manipulating factor are obtained from the ANOVA analysis. From the ANOVA results (shown in Table 7) generated in Minitab, the factor B, C and the interaction between factor B and C have a significant effect on the response with the p-value less than chosen α value. The smaller number of the p-value shows the greater strength of effect. Among the specified first order factor, the learning rate has the most significant effect followed by the training algorithm, whereas the number of hidden neuron is not statistically significant. For the second order factor, besides of the interaction between learning rate and training algorithm, other interactions are not significant. The better visualisations of the effect for each factor are shown in Pareto chart and normal probability plot as demonstrated in Figure 3a and 3b respectively.

In order to further analyses on the effects, the interaction plot as shown in Figure 4 between learning rate and training algorithm is examined instead of their main effect plot. From the interaction plot, it can be concluded that the performance between both training algorithms (i.e. “traingd” and “trainlm”) do not show much difference when the learning rate is set at 0.09. However, the results drastically drop if “traingd” and learning rate of 0.01 are implemented at the same time. Thus, in this case of study “traingd” cannot be used at low learning rate since it will diminish the final ANN performance.


Table 7:      ANOVA result.



	Term

	Effect

	t-value

	p-value




	A

	–5.344

	–1.48

	0.176




	B

	–17.331

	–4.81

	0.001




	C

	21.631

	6.00

	0.000




	A*B

	–1.444

	–0.40

	0.699




	A*C

	4.394

	1.22

	0.258




	B*C

	19.331

	5.36

	0.001




	A*B*C

	3.144

	0.87

	0.408





S = 7.208; R–Sq = 92.04%; R–Sq(adj) = 85.08%
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Figure 3:      (a) Pareto chart and (b) Normal probability plot.
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Figure 4:      Interaction plot between learning rate and training algorithm.




Finally, the optimum architecture in this case of study is easily observed from the cube plot as shown in Figure 5. In overall, the results show a good potential of using the four extracted features (i.e. nucleus area, cytoplasm area, nucleus mean intensity and N/C ratio) as the ANN classification elements. The success rates of different ANN framework investigated in this study achieves an average of 86%. The best performance ANN is achieved when eight hidden neurons, “traingd” and learning rate of 0.09 are implemented together, for an average success rate of 98.50%. On the other hand, since the number of hidden neuron is not a significant factor, the combination of 4 hidden neurons, “traingd” and learning rate of 0.09 also yields a good result (97.75%).
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Figure 5:      Cube plot for ANN.



For the evaluation of optimised ANN model, total of 290 sets of data which different from the ANN training data are tested. The obtained results are summarised in Table 8. Out of the 200 abnormal data, only six data are predicted as normal (failed case), giving a success rate of 97%, whereas the others data are all correctly classified as normal group.

Table 8:      Results of performance for optimised ANN model.



	
Subject


	
Predicted as


	
Average accuracy (%)





	Normal [0]

	Abnormal [1]




	Normal [0]

	90

	0

	100




	Abnormal [1]

	6

	194

	97.0






4.      CONCLUSION

In this study, an ANN-based cervical cancer diagnostic system is proposed to categorise the cervical cell into normal and abnormal case. Significance of four commonly used features in Pap test, i.e. nucleus area, cytoplasm area, nucleus mean intensity and nucleus to cytoplasm ratio (N/C ratio) is studied. Data for testing and training are extracted from the Herlev dataset. Two-sample t-test results reported that all the features have good potentials for ANN classification. By employing factorial design, the best optimised ANN framework (i.e. eight hidden neurons, “traingd” training algorithm and learning rate of 0.09) achieves an average success rate of 98.50%.
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Abstract: This study investigated the compatibilisation of Novatein® Thermoplastic Protein (NTP) blends with other polymers. NTP was blended with two different types of polymers: a petroleum-based polyolefin (low-linear density polyethylene, LLDPE) and a biodegradable synthetic polyester (polybutylene succinate, PBS). It was a relatively straightforward process to produce a compatible blends of LLDPE and PBS with NTP regardless of the obvious difference in chemical structure between these polymers. The goals of the study were to develop an understanding of interactions between NTP and other polymers that influences the mechanical properties and the performance of the blends were evaluated in light of mathematical modeling.
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1.      INTRODUCTION

Recent developments of biodegradable polymers have greatly been driven by a desire to replace synthetic plastics. More recently, Novatein® Thermoplastic Protein (NTP) have been developed from by-products of animal rendering (blood meal) which do not compete with human food, such as raw materials used for biofuel production.1 NTP is currently being commercialised by Aduro Biopolymers LP.2 Blood meal, a dry inert powder made from blood is used as a high-nitrogen fertiliser and a high protein animal feed. It is one of the highest non-synthetic sources of nitrogen coming from meat processing. Blood meal is different from meat bone meal in that blood meal contains a much higher amount of nitrogen, while meat bone meal contains phosphorus.

Transformation of blood meal into Novatein Thermoplastics (NTP) involves addition of additives. The additives are water, a protein denaturant (urea), a reducing agent (sodium sulfite, SS) and a surfactant (sodium dodecylsulfate, SDS).3,5 These additives break covalent crosslinking and reduce hydrophobic and hydrogen bonding between chains and allow the formation of new interactions after processing. The resulting material consolidates during extrusion, and can be injection moulded and formed into products. Products that can be produced from protein-based thermoplastics include seedling trays, biodegradable plant pots, vine clips, containers and pegs.

NTP is easily composted due to the hydrophillic nature of protein. It is sensitive towards moisture, capable of breaking down in a matter of weeks in high humidity, or even days when immersed in water. This makes NTP an ideal starting material as biodegradable-based polymers especially in polymer blends.4 However, the mechanical properties of NTP are not exceptional. One of the most apparent limitations of NTP is brittleness. Although water is an efficient plasticiser to increase toughness, during production and storage, water desorbs from the moulded plastic over time and makes the materials brittle. TEG has been used as plasticiser in addition to water, but it has been shown that the tensile strength and the modulus of the materials are lower than desirable.6

Blending is an interesting option that offers the possibility to develop new materials with more desirable properties. Among the reasons for the popularity of polymer blends is the versatility in tailoring the end products’ properties; whether to produce synergistic combinations of two components, such as high modulus and toughness, improving water-resistance, biodegradability and recycling or to lower costs. For instance, in the packaging industry, excellent mechanical properties are required as well as, for example water-resistance. The hydrophilic nature of NTP could potentially be manipulated by blending it with hydrophobic polymers, offering an excellent combination of mechanical properties from two different polymers whilst maintaining some of its biodegradation. Although the rate of decomposition of the materials might be compromised, optimal formulation in terms of composition could minimise these concerns.

However, polymer blending is one of those things that are “easier said than done”. Developing miscible blends has been proven to be a daunting task where the principal challenges include the variability in the morphology obtained, possible reduction in thermal stability and mechanical properties. This study was done to explore the potential of blending NTP with other thermoplastics using extrusion to improve NTP’s mechanical properties. The objective of this study was to investigate the influence of blending NTP with two different types of polymers: (1) blending with LLDPE and (2) blending with PBS. Here, LLDPE and PBS was chosen because it has a similar range of processing conditions to NTP. Modeling of mechanical properties were also performed and correlated to observed values and the performance were evaluated.


2.      EXPERIMENTAL

2.1    Materials

Bloodmeal was supplied by Wallace Corporation (New Zealand) and sieved to an average particle size of 700 mm and was mostly bovine with some chicken blood. Technical grade sodium dodecyl sulfate (SDS) and analytical grade sodium sulfite (SS) were purchased from Biolab NZ and BDH Lab Supplies. Agricultural grade urea was obtained from Balance Agri-nutrients (NZ). Low linear density polyethylene (LLDPE) grade Cotene 3901 and polybutylene succinate (PBS) was purchased from J. R. Courtenay and Showa High Polymer, Injection moulding grade #3020, respectively.

2.2    Preparation of Novatein Thermoplastics Protein (NTP)

NTP was prepared by dissolving urea (20 g), SDS (6 g), and sodium sulphate (6 g) in water (80 g). The solution was heated until the temperature reached 50°C–60°C followed by blending with bloodmeal powder (200 g) in a high-speed mixer for 5 min. The mixtures were stored at < 5°C for at least 24 h prior to extrusion. Extrusion was performed using a ThermoPrism TSE-16-TC twin screw extruder at a screw speed of 150 rpm and temperature settings of 70°C, 100°C, 100°C, 100°C and 120°C from feed to exit die (Figure 1).


[image: art]

Figure 1:      Extruder screw configuration with temperature profile.



The screw diameter was 16 mm at L/D ratio of 24:1 and was fitted with a single 10 mm circular die. A relative torque of 50%–60% was maintained by adjusting the mass flow rate of the feed. The extruded NTP was granulated using tri-blade granulator from Castin Machinery Manufacturer Ltd., China.


2.3    Extrusion

NTP with LLDPE or PBS and were mixed in a plastic zip-lock bag prior to extrusion. Extrusion was performed using a Thermo Prism TSE-16-TC twin screw extruder at a screw speed of 150 rpm and temperature settings of 70°C, 100°C, 100°C, 100°C and 120°C from feed to exit die. The screw diameter was 16 mm at L/D ratio of 25 and was fitted with a single 10 mm circular die. A relative torque of 50%–60% was maintained, by adjusting the mass flow rate of the feed. The extrudate was granulated using a triblade granulator from Castin Machinery, New Zealand.

2.4    Injection Molding

Standard tensile bars (ASTM D638) were prepared using a BOY 35A injection molder with a temperature profile of 100°C, 115°C, 130°C, 135°C and 140°C from feed to exit die.

2.5    Mechanical Testing

Tensile specimens were tested on an Instron model 4204 according to ASTM D638-86. For each experiment five specimens were conditioned at 23°C and 50% relative humidity, equilibrating t ~10% moisture content and tested at a crosshead speed of 1 mm min–1 using 5 kN load cell. Tensile strength, elongation at break and Young’s modulus were analysed for conditioned samples.

2.6    Modeling Mechanical Properties

The behaviour of polymer blends in this work was modeled using known relationships that have been used to predict properties of polymer blends and composites. These models were developed for spherical particles distributed in the matrix. For NTP, it is assumed as near-spherical particles therefore Kerner and Hashin equation was used. Kerner and Hashin considered the dispersed polymer phase as spheroidal in shape and modeled the blend’s modulus using equation7:
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where E, E1, and E2 are the modulus for the binary blend, the matrix and the dispersed phase respectively; Ø1 and Ø2 are the volume fractions of the matrix and the dispersed phase, respectively; v1 is the Poisson’s ratio for the matrix. In Equation 1, perfect adhesion is assumed between the two polymer phases; however, this is often not the case. In the absence of adhesion, the Kerner equation is simplified by assuming E2 to be zero:
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The modulus of polymer blends generally in range between an upper bound, Eu, given by the parallel model (Equation 3) and a lower bound, EL, given by the series model (Equation 4):
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in which E1 and E2 are the modulus and volume fraction of phase i. These models are frequently used as limiting models regardless of morphology.

The elongation at break for polymer and composites can be evaluated using Nielsen model.8 Typically, a decrease in elongation at break is observed with increase in filler content, and assuming a spherical dispersed polymer phase, the Nielsen model can be used. For good adhesion between phases, the following Nielson equation is approximately correct:
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where Ec is the elongation at break of the blends and E0 is the elongation at break of polymer constituting the matrix. The tensile strength is expected to decrease with an increase of dispersed particle (or dispersed polymer phase) content. The theoretical values of tensile strength have been modeled by Nicolais and Narkis9 assuming no adhesion between phases and failure is at the filler–matrix interface. In Equation 6, σc is the composite’s tensile strength and σm is the polymer matrix’s tensile strength. In this study, NTP was blended with LLDPE in different proportions. The effect of matrix filler amount were analysed in light of mechanical properties.

3.      RESULTS AND DISCUSSION

3.1    Mechanical Properties

In this study, theoretical models were used as interpretation of the mechanical property results. The Poisson’s ratio for NTP was assumed to be 0.3 and for LLDPE is 0.5. To estimate the volume fractions, a density of 1.2 and 0.9 g cm–3 were used for NTP and LLDPE, respectively.
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Figure 2:      Mechanical properties of NTP/LLDPE (a, b, c) blends and NTP/PBS blends (d, e, f). Relevant models also included using either NTP or LLDPE as matrix.




The tensile strength of NTP/LLDPE blends decreased with increasing NTP contents (Figure 2). Above 50 wt %, it dropped to values less than pure NTP, most likely due to lack of compatibility between NTP and LLDPE. This observation is in agreement with the fact that blending synthetic and natural polymers are challenging because of their dissimilar nature. NTP is hydrophilic while LLDPE is hydrophobic and the difference resulted in separation of two phases. In polymer blends it is often observed that either one of the two polymers will be the dispersed phase or the other is a continuous phase. Which polymer forms the specific phase is dependent on the amount present. Results would suggest that NTP formed a dispersed phase at low NTP content and LLDPE forming the dispersed phase a high NTP content, with significant lack of phase compatibility leading to the low tensile strength of the blends.The theoretical values of tensile strength have been calculated using the Nicolais-Narkis model, which assumes no adhesion between NTP and LLDPE. Experimental values was significantly higher than theoretical value.

Elongation at break for experimental values of NTP/LLDPE blends showed a very sharp drop at low NTP content. Considering that NTP is much more brittle than LLDPE (20% vs. 1100%), the result is not surprising and is similar to what is expected of particulate composites with poor interfacial adhesion or the addition of second immiscible phase to a ductile material. Elongation at break calculated from the Nielsen model is plotted in Figure 2. The Nielson model did not show agreement with experimental values, except at high NTP content.

In the Kerner model, poor interfacial adhesion is assumed and most successfully described Young’s Modulus using NTP as matrix. A sharp drop in modulus was observed with the inclusion of NTP, but increased with increasing NTP content above 50 wt % NTP. NTP has a higher modulus than LLDPE and the results would be consistent to what is expected of including rigid particles in a ductile matrix. At low filler content, the disruption of chain interaction could lead to a reduction in modulus, but when as filler content is increased chain mobility is restricted leading to an increase in modulus.

For tensile strength of NTP/PBS blends (Figure 2d), it was apparent that the tensile strength generally decreased with increasing NTP content. At 60 NTP/40 PBS, the tensile strength dropped to about 70% lower than pure PBS. In general, the tensile strength of the blends was below that of pure NTP, suggesting that adhesion between the two phases was very poor. This was also supported by the Nicolais-Narkis model, which assume that there is no adhesion between the spherical fillers with matrix if the fracture goes through the filler-matrix interface.

The addition of NTP decreased the elongation at break of blends (Figure 2e). At 70% NTP, the elongation at break dropped below the elongation at break of pure NTP. Considering that NTP is much more brittle than PBS (5% vs. 43%), the result is not surprising and is similar to what is expected of particulate composites. Poor interfacial adhesion or introduction of a dispersed phase into a matrix typically causes a dramatic decrease in elongation at break. Despite the poor adhesion, PBS can still elongate significantly at lower NTP content (< 50%). However PBS gets constrained by NTP at higher NTP content, resulting in a significantly lower elongation at break comparable to that of NTP. Blends of NTP/PBS showed a better elongation at break when compared with NTP/LLDPE blends. It was postulated that blending NTP with PBS which is a biodegradable synthetic polyester as compared to a petroleum-based polyolefin (LLDPE) lead to a better compatibility between two phases. This is shown in morphology section. The modulus of NTP/PBS blends increased with increased NTP content. NTP has a higher modulus than PBS and the trend appeared similar to what would be expected using the mixing rule of series and parallel model for polymer blends. These results would be consistent to what is expected when including rigid particles into a soft PBS matrix. The increase in modulus was mostly unaffected by poor adhesion, contrary to what was observed for tensile strength.

3.2    Morphology

Figure 3 presents the morphology of NTP/LLDPE and NTP/PBS blends at 50% NTP composition. Using different polymer in blends had drastically change the morphology. In NTP/LLDPE blends, two distinct phases were observed. The incompatibility between the two polymers was suspected to lead to large domains of NTP particles suspended in a weak matrix of mostly LLDPE. In NTP/PBS blends, NTP particles was evenly distributed that the blend formed two phases, a NTP rich and a PBS rich phase. Despite the poor adhesion, observed by mechanical testing, PBS can still elongate significantly at 50% NTP content resulting to a better elongation at break properties when compared to Nielsen model.
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Figure 3:      Morphology of (a) NTP/LLDPE and (b) NTP/PBS blends at 50% composition.



4.      CONCLUSION

NTP was successfully blended with LLDPE and PBS using extrusion and injection moulding. In term of processing, none difficulties were encountered when blending more NTP amount in LLDPE and PBS blends. This observation is important which showed high potential of NTP in developing NTP blends as starting material. This is because excessive aggregation of the protein usually occurred during thermal event. With regard to performance evaluation, specifically in mechanical properties, blending NTP with other polymers resulted in an immiscible blend and poor interfacial adhesion between the two very distinct phases of different polymers. However, the combining effect between two polymers showed an encouraging results, for example, LLDPE is not biodegradable but has an exceptional elongation at break. By blending LLDPE with NTP, a reduction in the brittleness of NTP can be expected. The potential of blending NTP with a synthetic biodegradable polymer (PBS) was also assessed with the motivation to produce a completely biodegradable blend and the mechanical properties and morphology were found promising. At 50% NTP composition, PBS can still elongate and formed evenly two phases distributed blends.
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