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Abstract: Numerical analysis is presented for transient buoyancy-induced natural convection from discrete heating inside a two-dimensional rectangular enclosure filled with porous medium. The study has been made for Rayleigh numbers of 100, 1000 and 10000 with an aspect ratio of 2. The left vertical wall is heated discretely to a constant high temperature and the right wall is cooled to a constant low temperature. The remaining two walls are adiabatic. The finite volume method is used to solve the dimensionless governing equations. The distribution of stream function was observed and temperature distributions are presented at different timelines and analysed. In addition, the present results were also compared with those of previous researchers for isothermal walls and was found to be in good agreement.
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1.      INTRODUCTION

Buoyancy-driven fluid flow analysis in cavity that experiences convective heating or cooling at the surface are found in a wide variety of applications including lakes, geothermal reservoirs, underground water flows, solar collectors etc. An excellent introduction to the subject is given by Ostrach1 with new developments in the area of natural convection heat transfer. Literatures concerning convective flow in porous media are abundant. Representative studies in this area may be found in recent books by Ingham and Pop,2 Bejan and Kraus3 and Nield and Bejan.4

The research studies quoted pertained to steady state analysis employing numerical method, whereas the heat transfer through a porous medium is transient in nature. The implementation of transient analysis in numerical method has urged the researches to investigate the heat and flow pattern in the porous cavity. Weber5 obtained an analytical solution to the flow and heat transfer problem in the boundary layer regions of a porous enclosure using the Oseen linearisation procedure. Chan et al.6 and Bankwall7 have obtained numerical solution for the flow patterns and isotherms in a vertical enclosure at various instants of time. Later Singh and Misra8 investigated the unsteady two-dimensional free convective flow through a porous medium bound by infinite vertical plates. They considered the temperature of the plate is oscillating with time about a nonzero constant. However, Pop9 solved the problem of transient free convection in porous medium adjacent to a vertical semi-infinite flat plate with a steep increase in wall temperature and surface heat flux by an integral method. The paper proved that the boundary layer thickness grows continuously with time and approaches the steady state value asymptotically. Mehta and Sood10 used Karman-Pohlhausen integral method to study the problem of transient free convection flow about a non-isothermal vertical flat plate in a fluid saturated porous medium of variable permeability. But Saeid and Pop11 highlighted the analysis on transient free convection in a two-dimensional square cavity filled with porous medium using finite volume numerical method. The analysis showed that the average Nusselt number is undershoot during the transient period for higher Rayleigh number.

From the literature review it is clear that most of the researchers employed numerical method to predict the behaviour of the porous medium. Their methods are well compared with the experimental results. Hence, the numerical methods become a foundation to researchers to justify the conformity of their predictions with the realistic situations. However, the study of transient natural convection in rectangular porous medium cavity with discrete heating is still lacking. Thus, finite volume method has been used in the present work to analyse the transient natural convection in porous medium induced by the discrete heating at different Rayleigh numbers.

2.      EXPERIMENTAL

2.1      Basic Equation

A schematic diagram of a two-dimensional rectangular cavity is shown in Figure 1. It is assumed that the left vertical wall of the cavity is suddenly heated discretely at the middle to the constant temperature Th and the right vertical wall is suddenly cooled to the constant temperature Tc, where Th > Tc, by equal amount relative to an initial uniform temperature distribution, while the horizontal walls are maintained adiabatic as illustrated in Figure 1.
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Figure 1:    Schematic diagram of the physical system.



In the porous medium, Darcy's law is assumed to hold, and the fluid is assumed as a Boussinesq fluid. The viscous drag and inertia terms in the momentum equations are neglected, which are valid assumptions for low Darcy and particle Reynolds numbers. With these assumptions, the continuity, Darcy and energy equations for unsteady, two-dimensional flow in an isotropic and homogenous porous medium are:
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With boundary conditions:

u (i, 0, τ) = u (i, M, τ) = u (0, j, τ) = u (N, j, τ) = 0

v (i, 0, τ) = v (i, M, τ) = v (0, j, τ) = v (N, j, τ) = 0
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	0 < i < N



	T(0,j,τ) = 0,
	0 < j < 30



	T(0, j, τ) = Th,
	29 < j < 37



	T(0,j, τ) = 0,
	36 < j < M



	T(N, j, τ) = Tc,
	0 < j < M



Where i and j are the computational planes along x and y directions respectively and τ is the time in dimensionless form. N and M are the maximum grid number along i and j respectively. The velocity components u and v are the velocity in the x and y directions respectively; T denotes the temperature; ν and α are kinematics viscosity and thermal diffusivity respectively; g is gravitational acceleration;  β is 2 (Th + Tc) P is the pressure, σ is the density and t is the time; Th and Tc are the temperatures at hot bottom wall and cold vertical walls respectively; W and H are the cavity length and height respectively. The variables in equations 1 through 4 can be written in dimensionless forms as:
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The fluid mation is displayed using the stream function Ψ obtained from velocity components u and v. The relationship between stream function Ψ and velocity components for two dimensional flows11 is:
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Thus, by assuming the pressure difference is small and can be neglected, the governing equations above can be written in dimensionless forms as:
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The initial and boundary conditions have been set as:



	Ψ(i,j,0) = 0
	θ(i,j,0) = 0



	Ψ(0, j,τ) = 0
	θ(0, j,τ) = 1



	Ψ(1, j,τ) = 0
	θ(1, j,τ) = −0.5



	Ψ(j,0,τ) = 0
	θ(j,0,τ)/∂Y = 0



	Ψ(i,1,τ) = 0
	∂θ(i,1,τ)/∂Y = 0



The dimensionless numbers, local Nusselt (Nu), average Nusselt (Nuave) and Rayleigh (Ra) and aspect ratio (Ar) are calculated from:

[image: art]

Where K is the permeability of the porous medium and ε is the void fraction which can be expressed as a function of bed porous and particle diameters as given by Nithiarasu et al.12:
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2.2      Selection of Grid and Verification

The governing equations (6 and 7) are solved using the finite volume method with a fully implicit scheme. The power law scheme is used to solve the convection and diffusion terms as described by Patankar.13 The domain consists of non-uniform grid points in both X and Y directions. Various numbers of grids have been tested in order to get a good compromise between the precision of the results in term of average Nusselt number (on the hot face). All tests have been made for case of Ar = 1 and allowed to reach the steady state conditions in order to be confident with the results. The grid size of 65 × 65 was chosen due to a 2% different with Baytas14 and also because it consumed less computing time. The resulting algebraic equations were solved by line by line iteration using Tri-Diagonal Matrix Algorithm (TDMA).13 The parameters of convergence are fixed to 10−4 for both temperature and stream function. The effect grid numbers on average Nusselt number in the present analysis is show in Table 1.

Table 1:     Effect of grid numbers on Nusselt number.



	No. of grids
	Average Nu



	45 × 45
	3.143



	55 × 55
	3.131



	65 × 65
	3.123



	85 × 85
	3.114



In the present solution, the verification of average Nusselt number values for Ra = 100, 1000 and 1000 have been considered and compared with the results obtained from Saeid and Pop,11 Baytas14 and Bejan15 for isothermal temperature of both left and right walls at steady state condition. The top and bottom walls were set as adiabatic. These setting are used only for comparison purposes and also to validate the present results. The comparisons are shown in Table 2. The present results are found to be in good agreement with those of the previous workers. Therefore, these results provide great confidence to the accuracy of the present numerical model.

Table 2:     Comparison of average Nusselt number with previous workers for Ar = 1.



	Author
	Ra = 100
	Ra = 1000
	Ra = 1000



	Saeid and Pop11
	3.002
	13.726
	43.953



	Baytas14
	3.160
	14.060
	48.330



	Bejan15
	4.200
	15.800
	50.800



	Present result
	3.123
	13.964
	48.197



3.      RESULTS AND DISCUSSION

The isotherms and streamlines at different time steps ranging from τ = 0.0025 to τ = 0.08 are shown in Figure 2 for Ra = 1000. It can be seen that early in the transient, the isotherms are nearly parallel indicating conduction heat transfer near the right wall but at the left wall the fluid starts to rise up near the hot discrete wall (left). The fluid has fallen downward near the cooled right wall. Double vortices flow regions are observed from the streamline contours where a very weak secondary vortex developed close to the upper part of the hot wall and a primary circulation spinning the fluid towards the centre of the enclosure but is skewed due to the development of the secondary vortex [Fig. 2(a)]. Shortly after that, the fluid travels across the upper (or lower) half of the enclosure [Fig. 2(b)] and the secondary vortex grows bigger. The streamlines indicate an elongation of the re-circulation region of the flow along with a transition to the middle of the enclosure [Fig. 2(b)].

With increase of time (τ = 0.01), the majority of fluid is rising up or falling down near the hot wall and near the cooled wall respectively [Fig. 2(c)] and the secondary vortex continuously growing. At the upper part of hot wall, the fluid temperature is observed higher compared to wall temperature, hence the local Nusselt number has negative magnitude which illustrates the heat is transferred into the wall [Fig. 3(b)].

Further, after a short time (τ = 0.02), the primary vortex has been extended throughout the cavity and convection has became more important [Fig. 2(d)]. For τ > 0.04 the flow is then going to attain the steady-state regime [Fig. 2(e)], similarly for τ = 0.08 [Fig. 2(f)]. The isotherms and streamlines at τ = 0.08 are presented in Figure 2(f), the development of the velocity and thermal boundary layers on the vertical walls of the cavity can be clearly observed from these figures that both vortices continuously grow to the steady-state thermal boundary layers. The development of the velocity and thermal boundary layers for Ra = 100 and 10000 are similar to those shown in Figure 2. The difference is that for low Rayleigh number condition the convection currents will be weaker which leads to a slower growth of boundary layer compared to that for high Rayleigh number condition. The stream lines and the isotherms for Ra = 100 and 10000 are not shown for brevity.
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Figure 2:    Isotherms (left) and streamlines (right) for Ra = 1000; (a) τ = 0.0025, (b) τ = 0.005, (c) τ = 0.01, (d) τ = 0.02, (e) τ = 0.04 and (f) τ = 0.08.



The variation of unsteady local Nusselt number with time along the hot wall of the cavity at different positions Y is presented in Figure 3 for Ra = 100–10000. It can be seen that immediately after the process of heating starts the value of the local Nusselt number increases drastically and this characteristic is observed in any heating system. Then, at small positions (Y = 0.0957), the local Nusselt number decreases for a short time followed by a constant value and then increases to reach the steady state condition. Figure 3(c) shows that this phenomenon will occur for the upper half also (Y = 0.5) for Ra = 1000. However, for Y = 0.859 and Ra = 100, 1000 and 10000 the local Nusselt number with negative magnitude decreases continuously with increase of time until it reaches its steady-state value. At this position, the results illustrate that the heat is transferred into the wall (left) since the fluid temperature is higher than the wall temperature.

Figure 4 shows that variation of the transient local Nusselt number is reflected on the average Nusselt number which is defined in equation 8. The results show the variation of the average Nusselt number with the dimensionless time for different Rayleigh numbers. The average Nusselt number showed a sudden increase during the transient period followed by a constant steady state value for Ra = 100–10000. It is also observed that the time required to reach the steady state (Nu becomes constant) is about τ = 0.04 for all Rayleigh numbers as shown in Figures 3 and 4.
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Figure 3:    Variation of transient local Nusselt number with τ at different Rayleigh numbers: (a) Ra = 100, (b) Ra = 1000 and (c) Ra = 10000.
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Figure 4:    Variation of transient average Nusselt number with τ at different Rayleigh numbers.



4.      CONCLUSION

The transient free convection in a two-dimensional rectangular cavity filled with a porous medium is considered in this paper. The flow is driven by considering the case when one of the vertical walls of the cavity is suddenly heated at a discrete location and the other vertical wall is suddenly cooled, while the horizontal walls are kept adiabatic. The non-dimensional forms of the continuity, Darcy and energy equations are solved numerically. The power-law scheme is used for the convection-diffusion formulation in the non-uniform grid in both horizontal and vertical directions. It is observed that during the transient period the average Nusselt number increases with time for Rayleigh numbers ranging from 100 to 10000. The results also show that the steady state is reached at τ = 0.04s for all Rayleigh numbers.
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Abstract: The electrochemical behavior of mesoporous tin phosphate (SnP2O7) was studied for possible application as the anode material in lithium-ion batteries. This tin phosphate material which was prepared via a surfactant templating method and calcined at 400°C, showed an average pore size distribution of 18 nm. Cyclic voltammogram and differential capacity plot analyses indicated irreversible reduction of tin phosphate to lithium phosphate and tin upon initial reaction with lithium and subsequently followed by the reversible alloying and de-alloying reaction of lithium with tin. The mesoporous tin phosphate exhibited initial reversible capacity of 265 mAh/g and good capacity retention of 188 mAh/g upon reaching the 10th cycle.

Keywords: mesoporous tin phosphate, anode material, charge-discharge, capacity, lithium-ion battery

1.      INTRODUCTION

Much attention has been given to the potential of substituting tin-based materials for carbon negative electrodes in lithium-ion batteries. However, there are a few drawbacks that hinder the practical application of tin-based anode materials. The major deficiencies of this material are their significant irreversible capacity loss in the first cycle, poor cyclability and volume changes effects that lead to disintegration and loss of electronic and ionic contact.1 The cause of capacity fading of tin oxide anode was elaborated by Courtney and Dahn2,3 in a two-step reaction, as follows:
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In the first step, tin oxide (SnO2) reacts with lithium (Li) to form lithium oxide (Li2O) and metallic tin (Sn) particles which are dispersed in the Li2O oxide matrix. Although the formation of Li2O in the first step is irreversible, it contributes to the mechanical integrity of the anode.2,3 Further reaction of Sn with Li leads to the formation of Li-Sn alloy up to the composition of SnLi4.4. The second step involves the reversible Li-Sn alloying and de-alloying process. Upon prolonged cycling Sn atoms aggregate and form larger Sn clusters which generate huge volume changes in the material that eventually led to the disintegration of this anode material.2,3 Dahn's group3,4 showed that the rate of tin aggregation and capacity fade can be decreased by incorporating spectator atoms such as boron (B) and phosphorus (P) in the Li2O matrix. This can be explained based on the active-inactive mixed conductor matrix concept proposed by Huggins.5 The active component in the electrochemical reaction with Li is Sn whereas the spectator atoms which create a matrix that holds the dispersed Sn particles, remains inactive. The inactive matrix holds the Sn particles together and retards its aggregation during the reversible reaction which in turn buffers volume expansion effects of the reactants.3–5 The inactive matrix phase not only determines and maintains the structural integrity of the anode but also acts as a current collector and a medium that allows rapid transport of Li ions.5 The use of a composite tin-based anode with an active and inactive phase has been reported to exhibit considerable improvement in the cycling performance of Li-ion cells.3–7

Mesoporous materials has been extensively investigated for application in catalysts, absorbents, sensors and optoelectronics and it is possible to extend its potential application as host material for Li-ion cells. Kim et al. first reported that mesoporous/crystalline tin phosphate (SnP2O7) composite exhibited reversible pore changes during reaction with Li.8 Mesoporous materials have uniform pore structures, high specific surface area and specific pore volume. It is suggested that the interspaces in the mesoporous structure can accommodate the volume variations during cycling thus preserving the anode integrity.9 Phosphate-based materials show promising potential as alternative anode host material as their layered structure provide sites that enable reversible Li insertion and extraction to take place at relatively low potential.10,11

In this study, a mesoporous tin phosphate was synthesised via a surfactant templating method with the expectation that the mesoporous structure can buffer the volume changes to some extent and result in better capacity retention ability.


2.      EXPERIMENTAL

2.1      Synthesis and Characterisation of Mesostructured Tin Phosphate

An anionic surfactant, sodium dodecyl sulphate, SDS (NaC12H25SO4, Fluka, Switzerland) was used as a templating surfactant and tin (IV) chloride (SnCl4, 99%, Aldrich, USA) was selected as the starting tin source. An aqueous solution of SnCl4 was added to 1M of SDS aqueous solution with continuous stirring at room temperature. Phosphoric acid (H3PO4, 86%, J. T. Baker, USA) was then slowly added into this mixture. The mixed solution gradually transformed into a block of whitish and very viscous gel. The gel was then loaded into a Teflon lined stainless steel vial which was then placed into a vacuum oven and aged at 100°C for 5 days. The resulting product was filtered, washed with purified water and dried at ambient temperature. Precursors were preheated at 200°C for 2 hours in air and then calcined at 300°C, 400°C and 500°C for 4 hours.

Thermogravimetric analysis (TGA) was conducted with a Netzsch Simultaneous Thermal Analyser (STA409C) in argon atmosphere. Powder x-ray diffraction (XRD, BRUKER Advance D-8 X-Ray Diffractometer, Germany) measurements using Cu Kα radiation were used to characterise the structures of the synthesised powders. Elemental compositions were analysed by inductively coupled plasma spectroscopy ICPS (Inductively Coupled Plasma Optical Emission Spectrometer, ICP-OES, Perkin Elmer Optima 2000DV, USA) using acid digestions of the tin phosphate powder. The synthesised powder calcined at 400°C was degassed overnight at 100°C for nitrogen adsorption-desorption isotherm measurement which was recorded with an adsorption apparatus from Quantachrome (Autosorb 1-C, Germany).

2.2      Electrochemical Characterisation

For electrochemical measurements, the electrode was prepared by mixing the tin phosphate powder (70% in weight) with a blend of acetylene black and polyvinylidene fluoride (PVDF) (30% in weight) in an agate mortar. Acetylene black was added to provide additional conductivity to the tin phosphate anode during electrochemical tests whereas PVDF merely acts as a binder in the anode preparation. This mixture was spread and pressed onto a stainless steel mesh. The electrode was then dried at ~120°C in an oven. Electrochemical test cell are assembled in an argon-filled glove box where 1M lithium hexafluorophosphate (LiPF6) in a 1:2 mixture of ethylene carbonate:dimethyl carbonate (EC:DMC) was used as the electrolyte. Cyclic voltammetry measurement was carried out with the WonATech Battery Cycler System (WBCS3000, Korea), where Li foils were used as reference and counter electrodes. The test cell was potentially scanned between 0–2V versus Li+/Li at a rate of 0.100 mV/s. Charge and discharge performance tests was carried out at a constant current of 0.5 mA within the potential range of 0–1.5 V versus Li+/Li with the WonATech Battery Cycler System.

3.      RESULTS AND DISCUSSION

3.1      Structural Characterisation

The surfactant species is removed by calcination process. TGA of the assynthesized tin phosphate sample revealed nearly 40% total weight loss upon heating to 400°C. These losses are attributed to the evaporation of moisture and decomposition of organic matter. Above 400°C, the weight of the sample hardly changes which indicates that the surfactant is completely removed from the tin phosphate around 400°C.

The XRD patterns of the tin phosphate powders calcined at 200°C, 300°C, 400°C and 500°C are shown in Figure 1. The diffraction pattern in 2θ=20°–80° region for all the calcined tin phosphate samples shown in Figure 1(a), revealed no characteristics peaks. The intensities observed are generally weak suggesting that these materials are largely amorphous even when heated to 500°C. Mesostructure characteristics were analysed using the low angle XRD pattern at 2θ°=1°–10°, as shown in Figure 1(b). The presence of low angle reflections at around 1.5° for samples calcined at 200°, 300°C and 400° indicates mesostructured material characteristics. Mesoscopic order of this tin phosphate powder was preserved upon removal of the surfactant by calcination at 400°C but when further calcined to 500°C, the mesoporous structure had collapsed. Mesoporous structure has been reported to collapse at high temperature.12 It is therefore crucial to determine the appropriate calcination temperature that just removes the surfactant species to form a stable mesostructure.12 In this work, the mesoporous tin phosphate is thermally stable at 400°C as indicated by TGA and XRD findings.

Due to the amorphous nature of the sample, it was difficult to determine the identity of the compound using the XRD technique. Elemental analysis was conducted using the ICPS. Measurements on the tin phosphate powder calcined at 400°C indicated molecular formulae of Sn1.0P1.96O7.06. The oxygen contents were calculated from the difference between sample weights and the sum of the P and tin (Sn) contributions.
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Figure 1:    XRD pattern of: a) tin phosphates calcined at different temperature within diffraction range of 2θ°=20°–80° and (b) tin phosphate calcined at different temperature within diffraction range of 2θ =1°–10°.



Nitrogen adsorption-desorption isotherm for the mesostructured tin phosphate calcined at 400°C is shown in Figure 2. The shape of this hysteresis is indicative of a mesoporous material with open slit-shaped pores.13,14 The specific Brunauer-Emmett-Teller (BET) surface area of the particles is 110.13 m2/g. Inset in Figure 2 shows an average pore size distribution of 18 nm as determined using the Barrett-Joyner-Halenda (BJH) model based on the desorption branch isotherm.
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Figure 2:    Nitrogen sorption isotherm of tin phosphate calcined at 400°C. Inset figure shows pore size distribution.



3.2      Electrochemical Characterisation

3.2.1    Cyclic voltammetry

Figure 3 shows the cyclic voltammogram of the mesoporous tin phosphate. The first scan begins cathodically from open circuit potential at 2.6 V down to 0 V. The voltammetric response of the first cycle is noticeably different from the subsequent cycles. One large cathodic peak at around 1.2 V only appeared in the first scan cycle indicating that the reaction occurring at this point is irreversible. According to Courtney and Dahn2,3, this large first cycle irreversible cathodic peak can be assigned to decomposition of tin phosphate upon initial reaction with Li. The decomposition products would be Sn particles dispersed in a lithium phosphate (Li4P2O7) matrix. The next cathodic peak was found at around 0.18 V whereas upon the reverse anodic scan, a small peak was detected around 0.54 V. These peaks are visible in the second and third cycles. This pair of redox peaks is attributed to the reversible reaction of Li alloying and de-alloying with Sn.
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Figure 3:    Cyclic voltammogram of mesoporous tin phosphate.



3.2.2    Charge and discharge profiles

Initial discharge (Li+ insertion) and charge (Li+ extraction) capacity profile for mesoporous tin phosphate is shown in Figure 4. Upon discharging to 0 V, a capacity of 1236 mAh/g was obtained. Subsequent charging up to 1.5 V, returned a reversible capacity of 265 mAh/g indicating a loss of 78% in irreversible capacity. This loss is caused by the irreversible reaction between Li and tin phosphate to form irreversible lithium phosphate phases and metallic Sn, which could then be used to store and release Li+ reversibly. It has been suggested that electrolyte species decomposition on the anode surface may also add to the first cycle capacity loss.15,16

Figure 5 shows the differential capacity plot constructed from the initial charge discharge curve of mesoporous tin phosphate. The cathodic spike at potential around 1.19 V agrees well with the first cycle cathodic peak in the cyclic voltammogram in Figure 3, indicating the decomposition of mesoporous tin phosphate and formation of metallic Sn. The exact identity of the cathodic peak at around 0.7 V has yet to be confirmed but it is speculated to be attributed to the formation of the irreversible lithium phosphate phase.3,16 These two reactions are irreversible as the peaks are no longer visible in the differential capacity plot based of the second charge discharge curve as represented in Figure 6. Corresponding peaks at around 0.18 V and 0.58 V which could be detected from both Figures 5 and 6, represent Li insertion and extraction process which are responsible for the reversible reaction in the following cycles. This pair of peaks also corresponds well with the result obtained in Figure 3.
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Figure 4:    Initial charge discharge curve of mesoporous tin phosphate.
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Figure 5:    Differential capacity plot from initial charge discharge curve of mesoporous tin phosphate.



Capacity obtained from cycling mesoporous tin phosphate anode for 10 cycles is shown in Figure 7. From the second cycle, only a reversible capacity of 265 mAh/g was recovered from the initial discharge capacity of 1236 mAh/g. Upon reaching the 10th cycle, a reversible charge capacity of 188 mAh/g was retained. It is believed that huge volume expansion occurs during the initial discharging to form the irreversible phase that caused about 78% in irreversible capacity losses. Subsequent charging and discharging process result in only small volume changes effects. This may be attributed to the mesoporous framework which was able to dissipate most of the mechanical stress induced by volume changes during the Li-Sn alloying and de-alloying reactions through reversible pore expansion and contraction mechanism.12 Capacity losses of 29% were observed upon reaching the 10th cycle. This is probably due to inevitable aggregation of Sn or Li-Sn clusters.3 As these phases have different unit cell volumes, their repetitive expansion and contraction during charging and discharging process increases mechanical stresses which eventually lead to the electronic connectivity losses and capacity fading.16
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Figure 6:    Differential capacity plot from second charge discharge curve of mesoporous tin phosphate.



3.2.3    Mechanism of lithium reaction with mesoporous tin phosphate

Attidekou et al.17 have proposed a three step mechanism explaining the electrochemical reaction of Li with tin phosphate. The first reaction with Li results in the formation of lithium phosphate and metallic Sn. Further reaction with Li leads to the irreversible reduction of the Li4P2O7 matrix to Li6P2O7 and the reversible Li alloying with Sn to form Li22Sn5. These reactions are expressed as below;
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Figure 7:    Capacity vs. cycle number plot of mesoporous tin phosphate.
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Experimental capacity loss of up to 971 mAh/g is mainly due to the reactions (3) and (4). Another possible cause that adds to the loss value is the reduction of electrolyte species to form passive films on the anode surface.15,16 Reaction (5) which involves the alloying and de-alloying of Li-Sn is responsible for the rechargeability of the mesoporous tin phosphate anode.

This mesoporous tin phosphate has performed better in terms of capacity retention when compared to that of the non-porous, amorphous tin phosphate prepared by Lee et al.16 Upon cycling to the 10th cycle, Lee's material retained a reversible capacity of 48% with 52% losses in capacity16 whereas the mesoporous tin phosphate in this work retained a reversible capacity of 71% with 29% in capacity loss. The lower losses in capacity upon repeated cycling is attributed to the mesoporous structure. The mesopores provides larger surface area that permits better flooding of the electrolyte with the tin phosphate particles and this results in better transferring of Li+ and electrons and enhance the cycling performance. The capacity loss from volume changes upon repeated cycling is also minimised as the mesopores provide space that suppresses volume expansion during Li+ insertion thus avoiding the cracking of the anode material and maintaining better conduction pathway for the electrochemical reaction to occur.18

4.      CONCLUSION

Amorphous tin phosphate was synthesized using SDS surfactant and tin (IV) chloride and was further calcined to 400°C to remove residual surfactant in order to obtain the mesoporous structure. Initial reaction of mesoporous tin phosphate anode with Li results in the reduction of tin phosphate to Sn, lithium phosphate and Li6P2O7 matrixes. This initial reaction which is irreversible is responsible for the huge capacity losses of about 78% in the first cycle. The reversible reaction of alloying and de-alloying of LixSn (0 ≤ x ≤ 4.4) compound upon further charging and discharging cycles is the basis of rechargeability for mesoporous tin phosphate anodes. The mesoporous tin phosphate anode was able to retain a reversible capacity of 188 mAh/g upon reaching the 10th cycle with a capacity loss of 29%. The mesoporous structure of tin phosphate provides channels that facilitates the Li+ insertion and extraction and contributes significantly to the improved capacity retention by accommodating the volume changes during cycling.
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Abstract: Several known feldspar deposits in Peninsular Malaysia were evaluated in the present study, and the potential use of the feldspar in local industries was assessed. The main objective of the present investigation was to identify deposits that can be exploited and processed to reduce the reliance of the region on imported feldspar. The specimens were characterised, and suitable upgrading processing techniques were assessed. The deposits were characterised by chemical composition analysis, button-making inspection and grinding tests. The primary upgrading techniques evaluated in the current investigation include magnetic separation and physical-chemical processes. Based on the results of the present study, potential uses of local feldspar products were identified.
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1.      INTRODUCTION

In Malaysia, the demand for feldspar as a raw material for industrial applications has increased continuously. Locally, feldspars are used in ceramic, glass, sanitary wares and porcelain, and the demand for feldspar is met by imports. Imported feldspars are favoured by many industries because the price of imported feldspar is competitive and the material can be used directly in production plants. However, to reduce the reliance of the region on imported feldspars and to sustain the demand for this mineral in domestic industries, local feldspar production must be developed.

The Minerals and Geoscience Department of Malaysia has identified several deposits that may be developed for the production of feldspars. Significant deposits are located in Tanah Putih (Gua Musang, Kelantan), Merapoh (Kuala Lipis, Pahang), Bukit Mor (Muar, Johor), Gemenceh (Negeri Sembilan) and the state of Perak (Simpang Pulai, Menglembu and Grik). Based on the findings of the Minerals and Geoscience Department of Malaysia and various initiatives from the private sector, the first feldspar mine was opened in Tanah Putih, Gua Musang in 2003.1 Currently, three feldspar mines are operated in the study region; however, a small amount of feldspar is also produced as a by-product from a tin mine in Menglembu. In addition, feldspar is produced in the form of pottery stone in Gemenceh.2

The production and importation of feldspar in Malaysia in 2005 to 2007 is shown in Table 1. As shown in the table, the production of feldspar increased by 152% from 142385 tons in 2006 to 358585 tons due to the production from the three mines in Gua Musang.1 However, almost all of the feldspar produced at these mines (mostly with minimal processing practices) was of low quality due to the low content of feldspar and the presence of impurities such as iron oxides, which prevent applications in high end products.

Table 1:     Malaysian production and imported feldspar.



	Year
	Production
	Import



	Quantity (tonnes)
	Value (RM)
	Quantity (tonnes)
	Value (RM)



	2005
	117,180
	4,034,172
	309,234
	30,371,928



	2006
	142,358
	9,079,040
	113,411
	31,804,934



	2007
	358,585
	26,934,720
	130,819
	24,000,231



To better understand local feldspar deposits and their potential in industrial applications, the deposits were characterised, and suitable upgrading processing technique were evaluated in the present study.

2.      EXPERIMENTAL

2.1      Sample Preparation and Characterisation Tests

Three representative samples of feldspar deposits were obtained from Tanah Putih, Merapoh and Bukit Mor. Geological studies on deposits located in Tanah Putih and Merapoh indicated that the feldspar from these areas is formed from the residue of incompletely kaolinised rocks.3 Alternatively, the Bukit Mor deposit exists in the form of pegmatite, and sheets of grey mica were readily apparent.3,4 In the current investigation, raw samples were completely sun-dried and crushed by a jaw crusher and a cone crusher to separate the grains. Subsequently, each sample was mixed several times to form a composite sample, which was subjected to further sampling. Finally, several fractions of samples from each deposit were prepared for the characterisation tests and further processing.

Samples from Tanah Putih and Merapoh were ground according to a dry grinding process (ball mill machine) to further liberate the feldspar minerals from other gangues, including iron minerals and quartz. Most of the mica sheets in the Bukit Mor deposit were liberated during the cone crushing process and were removed by hand prior to grinding. Ground samples were sieved by dry sieving into 600 µm grains for further processing, including magnetic separation and froth flotation.

The samples were characterised by mineralogical and grinding tests, chemical analyses and button inspections (Fig. 1). Mineralogical analyses using various types of microscopes were carried out on all of the raw samples (after the cone crushing process). The chemical analysis of raw materials and final feldspar samples was performed by X-ray florescence (XRF-1700, Japan). The iron content of the various grain size fractions was determined by atomic absorption spectroscopy (AAS, Shimadzu AA-6800, Japan). The buttons and various grain size fractions of the raw materials were also produced for visual observation.


[image: art]

Figure 1:    A flowchart of the sample preparation and characterisation procedure for the feldspar samples.



The grinding studies were carried out using a 300 mm × 450 mm grinding jar, and mild steel balls with a weight of 5 kg, 3 kg and 2 kg and a diameter of 50 mm, 40 mm and 28 mm, respectively were employed as the grinding media. For each test, 1 kg of the deposit was used, and the grinding time was set to 20 min.


Button-shaped samples for visual observation were prepared by mixing 24 g of pulverised sample, 0.2 g of carboxyl methyl cellulose as a binder and 7.5 ml of distilled water. The mixture was subjected to the proper mixing process and was oven dried at 200°C for 2 h. Subsequently, the dried mixture was pressed into a mould with a load of 18 tons. Finally, button-shaped samples were heated in a furnace at a rate of 4°C/min, maintained for 2 h at 1200°C and cooled for 6 h.

2.2      Beneficiation Tests

Magnetic separation was performed on the samples. Beneficiation tests were conducted with a hand magnet, wet high intensity magnetic separator (WHIMS, Boxmag Rapid, Birmingham, England), double disk high intensity magnetic separator (HIMS, Rapid Magnetic Machines Ltd., Birmingham, England) or a combination of these techniques. To remove iron minerals from the samples, the aforementioned separation processes were conducted in magnetic fields with specific intensities.

Froth flotation was used for the beneficiation of ground samples obtained from Bukit Mor. The tests were conducted using a Denver Cell Model D1 (Denver Equipment Co. Ltd., Colorado, USA) and 500 g of sample was evaluated in each test. The volume of slurry was fixed at 2.5 l, and the stirrer speed was maintained at 1300 rpm. A conditioning time of 5 min was applied to the slurry before and after the addition of the required reagents. The collecting time was set to 5 min, and sulphuric acid (H2SO4) and hydrofluoric acid (HF) were used to control the pH of the slurry. Tallow-hydrochloric acid (HCI) was used as a modifier, and Aerofroth 65 (Cytec Industries Inc., USA) was used as a frother cum collector. When required, a small amount of diesel was used as a dispersant. The selected flotation conditions and reagents are shown in Table 2.

Table 2:     Selected conditions and reagents for the flotation tests.
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3.      RESULTS AND DISCUSSION

3.1      Sample Characterisation

The results of the chemical analyses are shown in Table 3. The iron oxide content of the Tanah Putih, Merapoh and Bukit Mor deposit were 0.39%, 0.62% and 0.70%, respectively. Based on the analytical results, the grade of feldspar and percentage of free quartz in each sample were calculated according to the Feldspar Convention guidelines.5

Table 3:     Chemical compositions, feldspar grades and free quartz contents of selected samples.



	Chemical compositions (%)
	Raw sample



	Tanah Putih
	Merapoh
	Bukit Mor



	SiO2
	70.90
	68.61
	73.50



	Al2O3
	17.50
	18.87
	15.70



	Fe2O3*
	0.39
	0.62
	0.70



	Na2O
	6.25
	4.23
	3.01



	K2O
	3.51
	4.26
	5.54



	CaO
	0.34
	0.24
	0.75



	TiO2
	0.03
	0.42
	0.02



	MnO
	0.02
	–
	0.04



	Loss on ignition, LOI
	0.84
	1.95
	0.72



	Feldspar grade (calculated)
	73.59
	60.97
	58.21



	Free quartz (calculated)
	17.17
	19.17
	29.23




Note: *Analysis done by AAS

The feldspar grade and free quartz content are shown in Table 3. The primary constituents of the samples were feldspar and free quartz, and the average grade of feldspar for the Tanah Putih, Merapoh and Bukit Mor deposit were 73.59%, 60.97% and 58.21%, respectively. According to the aforementioned results and the calculated sodium and potassium oxide contents, the deposits obtained from Tanah Putih and Merapoh were in the form of N-feldspar, while the deposits obtained from Bukit Mor were in the form of K-feldspar.

Besides feldspar and free quartz, other components of the samples were determined (clay minerals were also present in the deposits obtained from Tanah Putih and Merapoh). Specifically, mica-based minerals were detected in all three samples. However, the mica content of the Tanah Putih and Merapoh deposit was considered insignificant (very low percentages).6 Based on the amount of mica removed by hand sorting and observed in the microscopic evaluation, the Bukit Mor deposit contained more than 3% (by weight) mica minerals. Further analysis on the separated mica showed that the majority of iron in the Bukit Mor deposit was associated with mica.

After the grinding test, the particle size distribution of the samples was determined, and the results are shown in Figure 2. The particle size distributions of the Tanah Putih and Merapoh deposit were similar, and coarser particles were observed in the Bukit Mor deposit.7 Relatively coarse particles may be present in the Bukit Mor deposit due to the large amount of mica and high content of free quartz.
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Figure 2:    Particles size distribution of samples obtained from Tanah Putih, Merapoh and Bukit Mor after the grind ability tests (cumulative curves).



The button test results from different size fractions and the corresponding iron contents are shown in Table 4. Generally, for the Bukit Mor deposit, the buttons produced from different size fractions presented similar colours, indicating that the chemical composition of the sample was more evenly distributed through the fractions than that of the Tanah Putih and Merapoh deposits. Although slight differences in the iron contents of the three samples were detected, the colour of the buttons was significantly different. This phenomenon may be due to the different form of iron in the Bukit Mor deposit compared to the other samples.

3.2.      Beneficiation

3.2.1    Hand sorting removal

Visual observation of the crushed sample of the Bukit Mor deposit showed that some of the mica sheets could be removed by hand sorting. The separation of mica by hand sorting was carried out on a 5 kg sample (after cone crushing). After the sorting process was complete, 91 g (approximately 1.8% of the sample) of mica was obtained.

Table 4:     Relation between the colour of the button, size fraction and iron content.
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3.2.2    Magnetic separation

The magnetic separation results for different size fractions of the Tanah Putih, Merapoh and Bukit Mor deposits are shown in Table 5, 6 and 7, respectively. Hand magnet separation was only suitable for the Bukit Mor deposit because most of the iron was associated with mica minerals. Most of the mica minerals were observed in the magnetic fraction, and the grinding process liberated the majority of iron-containing minerals from the samples. Thus, the results showed that the iron content could be reduced via magnetic separation.


Table 5:     Magnetic separation results on Tanah Putih sample by WHIMS.



	Size(μm)
	Product
	Weight(%)
	Fe content(%)
	Fe distribution(%)



	Head (–600)
	Magnetic
	3.26
	0.277
	43.57



	Non-mag.
	96.74
	0.012
	56.43



	–600 + 75
	Magnetic
	2.42
	0.231
	9.43



	Non-mag.
	97.58
	0.055
	90.57



	–75
	Magnetic
	0.71
	0.147
	1.30



	Non-mag.
	99.29
	0.080
	98.70



3.2.3    Froth flotation

A series of flotation tests were performed on the 600-µm size fraction of the Bukit Mor deposit to determine the feldspar concentration. The flotation test results are shown in Table 8.

Feldspar and quartz minerals were separated through the flotation of feldspar minerals and the depression of quartz minerals. Quartz minerals were depressed using tallow-HCI acid under strongly acidic conditions. The pH was controlled by the addition of HF and H2SO4. Aerofroth 65 was used as a frother cum collector, and a small amount of diesel was used as a dispersant when required.

As shown in Table 8, the feldspar grade concentrate was dependent on the flotation conditions. The lowest feldspar grade concentrate (60.80%) was obtained in Test 1, while the highest feldspar grade concentrate (94.96%) was obtained in Test 6. Specifically, in Test 6, 25% of the sample was used with 350 g/t of tallow-HCI. The feldspar grade and mass percentage recovery of feldspar were compared, and the results showed that the highest percentage recovery was obtained in Test 6.

4.      CONCLUSION

The following results were obtained by characterising the deposits and evaluating several upgrading processing techniques:


	The Bukit Mor deposit was different from the other samples and showed several unique characteristics. In particular, some of the mica minerals could be removed by hand sorting (due to their large size), and iron could be removed with a hand magnet.

	The grinding process liberated iron-containing minerals from the samples, and the iron content was reduced using various magnetic separation techniques.

	The highest feldspar grade concentrate obtained by flotation was 94.96%, and 63.24% of feldspar was recovered when 25% of the sample was treated with 350 g/t tallow-HCI acid and Aerofroth 65, which was used as a depressant and frother cum collector, respectively.

	The results of the present study proved that high-grade feldspar can be produced by specific processing techniques. Thus, local feldspar deposits can be developed, and the reliance of the region on imported feldspar can be reduced.
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Abstract: In the present work, aluminium foam has been fabricated by sintering an aluminium and NaCl powder mixture followed by a dissolution process. The aim of this research was to study the effect of NaCl space holder content on the morphology and compression properties of aluminium foam. Aluminium foam with porosity in the range of 20–70% and an average pore size of between 400 and 500 µm was produced. Foam produced using 60 wt% NaCl exhibits the highest energy absorption because the foam structure collapsed at higher strain during compression loading. However, 80 wt% NaCl resulted in the foam with the lowest compressive properties and energy absorption because residual NaCl particles caused brittleness.

Keywords: aluminium foams, sintering dissolution process, compressive properties, energy absorption, compressive deformation mechanisms

1.      INTRODUCTION

As a new class of structural materials, metal foams have a good potential in automotive, railway, aerospace and chemical applications, where weight reduction, chemical pollutant minimisation and improvement in comfort and safety are demanded.1 Metal foams have an extended stress plateau in their compressive stress-strain curves, which is effective for absorbing energy. Currently, there is an increasing interest in using aluminium foams because of their advantages, such as relatively high stiffness despite very low density, high corrosion resistance, excellent noise absorption and vibration suppression and ease of recycling.2 Thus, aluminium provides environmental and economic benefits to communities and industries across the country. Moreover, aluminium foams that consist of 20–95% pores exhibit superior performance in terms of energy absorption with respect to polymeric foams, despite their greater weight per unit volume.3 For example, aluminium foams have a range of allowable temperatures that is five times larger than that of polymer foams, which have a maximum temperature limit of approximately 100°C.4

Several methods exist for the manufacture of aluminium foam, namely melt-gas injection, melt-foaming, powder metallurgy, investment casting and melt infiltration.5 Driven by cost effectiveness and flexibility that leads to designer foams, powder metallurgy has been considered a suitable method for aluminium foam fabrication and has attracted many researchers.5–7 Zhao and Sun8 introduced a new development in the powder metallurgy process for aluminium foam fabrication called the sintering dissolution process (SDP), which involves milling, compaction, sintering and dissolution processes. SDP is a process that uses a space holder, which produces an open-cell aluminium foam after dissolving the preform.

Zhihua et al.10 reported that the elastic modulus and compressive strength of foams depend on the relative density and cell size. Densification strain is sensitive to the relative density; the value decreases with the increase in relative density. Consistent with the findings of Zhihua et al.,10 Yu et al.11 observed that the effect of cell size on the compressive and energy absorption properties of aluminium foam can be clearly observed when foams with large cell sizes exhibit an extended plateau in their stress-strain curves, which indicates a higher energy absorption capability. From these studies, it is clear that the compressive properties are influenced by the cell size as well as density of foams.

One of the most difficult tasks in fabricating metallic foams using the SDP method is to obtain a good distribution of pores in the foam structure. The distribution of pores is important because the properties of foam materials depend on their pore structure. Another problem faced during aluminium foam fabrication using SDP is the inhomogeneity of pore shapes because of the strong relationship between morphology and mechanical properties. Jiang et al.9 claimed that aluminium foams made by SDP may have weaker mechanical properties compared with those fabricated using other techniques, such as infiltration or casting methods. Generally, pore shape is reflected by the shape of the space holder. For example, Mu et al.,12 who investigated the compressive deformation and failure process in aluminium foams, concluded that pore shape influences the mechanism pore deformation.

Many researchers have investigated the effect of pore shape and seem more interested in rounded space holders to avoid stress formation between the space holder and metallic powder. The amount of space holder used will affect the morphology of foam structures when interconnected pores are formed, which make the pore size become larger. To obtain a foam structure with a tailored morphology distribution, an appropriate space holder must be selected to control the shapes of pores. Jiang et al.9 fabricated open-cell aluminium foams with porosities between 50% and 80% using carbamide. They found that the pore shape obtained depended on the shape and size distribution of carbamide. Michailidis and Stegioudi5 also applied the same method using crystalline raw cane sugar to produce open-cell metal foams with porosities in range of 40–70%.

Based on the problems mentioned above, it can be reiterated that the morphology and porosity of aluminium foams depend on the composition of the space holder used in the fabrication process. In this paper, aluminium foam with different cell sizes and densities were fabricated using a NaCl space holder. The aim was to correlate the amount of NaCl to the pore morphology and densities of aluminium foams to improve the compressive properties and energy absorption capability of foams.

2.      EXPERIMENTAL

Pure aluminium powder with a purity of 99.8% and particle size of 35 µm was used as the starting material. NaCl with an average particle size of 1 mm was chosen as the space holder. The aluminium powder was mixed thoroughly with the NaCl particles in a ball mill for 1 hour according to the composition ratio listed in Table 1. A small amount of ethanol was added during milling to prevent powder segregation. The mixture was pressed at 200 MPa into a cylindrical compact. The green compact was sintered in a tube furnace at 570°C under an argon atmosphere for 5 hours of soaking time. The NaCl particles in the sintered aluminium were removed by dissolution in hot water at 90°C for 1 hour.

Table 1:     Compositions of mixture powder.



	Foam
	Al (wt%)
	NaCl (wt%)



	Al-20NaCl
	80
	20



	Al-40NaCl
	60
	40



	Al-60NaCl
	40
	80



	Al-80NaCl
	20
	80



The density and porosity of the produced foams were calculated from Equations 1 and 2.5,6 The structure of the aluminium foams, including cell morphology and microstructure, was examined using a Stereo Zoom optical microscope and Supra 35VP field-emission scanning electron microscope (VPFESEM).
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The compressive properties of the foams were measured using an axial mechanical testing machine at a crosshead speed of 1 mm/min at room temperature. The specimens used for the compression test were 13 mm in diameter and 26 mm in height. The energy absorption of the aluminium foams can be calculated from the area under their stress-strain curves using Equation 3:13,14

[image: art]

where W is the energy absorption capability, and σ and ε are the compression stress and strain, respectively.

3.      RESULTS AND DISCUSSION

3.1      Density and Porosity of Foams

Figure 1 shows the density and porosity of foams with different NaCl contents. It can be observed that solid aluminium has a higher density compared with aluminium foam. It is clear that the addition of NaCl particles during fabrication reduces the density of aluminium foam. With the dissolution process done in hot water after sintering, the solid aluminium turned into foam through the removal of NaCl particles, as NaCl dissolves in water. The spaces that are created by the NaCl particles become pores, which make the material become lighter. The Al-80NaCl foam exhibited the lowest density and highest porosity compared with other foams. The reduction in density was caused by the presence of a high volume of pores.
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Figure 1:    Density and porosity of aluminum foam prepared using different content of NaCl.



3.2      Foam Morphology

It can be seen from Figures 2 and 3 that the foam microstructures vary in pore size and shape. The pore shape replicated the initial cubic shape of the NaCl particles. The following sequence of foam compositions was observed to reflect the pore size in ascending order: Al-20NaCl, Al-40NaCl, Al-60NaCl and Al-80NaCl. From these findings, it is reasonable to infer that by increasing the percentage of NaCl particles, aluminium foams with larger sizes and higher quantities of pores can be obtained. The isolated pores are the most obvious in the Al-20NaCl foam compared with the other foams. As the amount of NaCl increased, interconnected pores were clearly observed, especially in the 20Al-80NaCl foam. This observation indicates that higher space holder contents generate interconnected pores because of the formation of numerous channels between cells, which make foams suitable for absorption applications and components.15
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Figure 2:    Optical micrograph of typical microscopic structure of Al foam prepared with different content of NaCl: (a) Al-20NaCl; (b) Al-40NaCl; (c) Al-60NaCl; (d) Al-80NaCl.



The relationship between pore size, cell walls and foam density is important to explain the properties of the foams. The characteristics of pores measured from the SEM micrograph shown in Figure 3 are listed in Table 2. Thinner cell walls and larger pore sizes lead to lower foam densities. Thin cell walls developed when large amounts of space holder were used, which led to the formation of closely spaced pores. It has been shown that the Al-80NaCl foam, which had the highest percentage of space holder, had the largest pore size and the smallest wall thickness. As a result, the foam with the lowest density was obtained.
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Figure 3:    Pore micrograph observation of aluminum foam: (a) Al-20NaCl; (b) Al-40NaCl; (c) Al-60NaCl; (d) Al-80NaCl.



Table 2:     Pores characteristic of aluminum foams.



	Foam
	Al-20NaCl
	Al-40NaCl
	Al-60NaCl
	Al-80NaCl



	Density (g/cm3)
	  1.99
	  1.90
	  1.69
	  1.30



	Average Pore Size (µm)
	403.75
	422.50
	446.86
	500.25



	Average Wall Thickness (µm)
	148.33
	117.14
	98.57
	75.07



3.3      Mechanical Properties

3.3.1    Compressive properties

Figure 4 shows stress-strain curves plotted during compression testing for different aluminium foams prepared using different NaCl particle contents. The stress-strain compression curve can be divided into three stages: (i) linear elastic deformation stage, (ii) plateau deformation stage, and (iii) densification stage. From the stress-strain curves of the foams, the compressive strength, yield stress and modulus can be determined as listed in Table 3. Apparently, increasing the NaCl particle content causes a decrease in the yield strength. The solid aluminium reference curve shows the highest yield strength. As shown in Figure 4, the elastic modulus, which is indicated by the slope of the graph, decreases with the increasing porosity of the foam. This decrease in results is because high porosity elastic deformation may easily occur and results in a reduction in the elastic modulus. Solid aluminium has a higher modulus compared to aluminium foam.
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Figure 4:    Compressive stress-strain curves of aluminum foam with different percentages of NaCl.
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Figure 5:    Energy absorption curve of aluminum foam.



Table 3:     Stress-strain curve properties of solid aluminum and aluminum foam with various compositions.



	Foam
	Solid Al
	Al-20NaCl
	Al-40NaCl
	Al-60NaCl
	Al-80NaCl



	Compressive Strength (MPa)
	370.968
	271.107
	245.692
	222.524
	 19.718



	Offset Yield Stress (MPa)
	299.056
	176.085
	144.421
	144.455
	134.952



	Yield Strain
	0.004
	0.113
	0.199
	0.354
	0.203



	Modulus (GPa)
	161.262
	1.587
	0.732
	0.410
	0.080



In addition, the modulus of the Al-20NaCl foam is much higher (1.587 GPa) compared with Al-80NaCl foam (0.08 GPa). Xiao-qing et al.16 explained that the pore size of foams influences the elastic modulus in the elastic, plastic plateau and densification regions. In their research, a foam with a small pore size measuring approximately 1.5 mm produced a modulus greater than that of a foam with a larger pore size of 2.5 mm. Similar findings were also reported by Miyoshi et al.,17 who investigated the mechanical properties of porous aluminium. They revealed that porous aluminium with a small pore size of 1.99 mm showed a higher stress-strain curve than that with a larger pore size of 2.68 mm. In other words, smaller pore sizes would result in foams with greater strengths and moduli. In the present work, the Al-20NaCl foam, which has the lowest composition of NaCl particles showed the highest yield strength and modulus compared with the other foams.

However, the stress-strain curve of the Al-80NaCl foam does not show the typical compression behaviour of foam. The Al-80NaCl foam had the lowest stress-strain curves and failed at lower strain. Foams with high porosity have larger pore sizes and thinner cell walls. Because of this, the Al-80NaCl foam had a weak structure. Thus, the Al-80NaCl foam may have failed because of its thin cell walls. These thin walls could not afford to support the load and caused the structure to collapse, which resulted in failure at low stress. This behaviour is related to the presence of the high density of interconnected pores in the Al-80NaCl foam, which acted as initial cracks in its structure and easily propagated throughout the framework. The plateau stress in this type of foam declines sharply, corresponding to brittle foam behaviour as explained by Bafti and Habibolahzadeh.6

3.3.2    Energy absorption

The energy absorption of aluminium foams can be calculated according to Equation 3 for strain ranges between 0.05 and 0.5; the results are shown in Figure 6. It can be seen that the energy absorption capability of the foams grows with increasing strain, though this trend was not observed for the Al-80NaCl foam. This phenomenon shows that the cell structures in the Al-20NaCl, Al-40NaCl and Al-60NaCl foams could support higher stress during mechanical loading before they fractured.
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Figure 6:    Total energy absorption of aluminum foam.



Figure 6 shows the total energy absorption of the foams during compressive testing. The results were calculated from the area under the stress-strain curves in Figure 4. The Al-80NaCl foam clearly exhibited the lowest energy absorption compared with the other foams, with its value similar to that of solid aluminium. In addition, this foam exhibited brittle behaviour, as indicated by the small area under its stress-strain curve, which corresponds to low energy absorption. This trend may be related to the presence of residual NaCl particles in the Al-80NaCl foam, which were not completely dissolved during the dissolution process. Observation showed that 1 hour of dissolution was not adequate to fully dissolve the amount of NaCl particles in the Al-80NaCl foam. NaCl is an ionic compound that is brittle because of the rigid interactions between charged ions that hold the charged particles in fixed positions.18 As a brittle material, the remaining NaCl in the aluminium foams affected the properties of the foams. In addition, excessive space holder content caused the cell walls of the foams to become too thin and thus weak. Referring to Table 2 on the morphology observation, Al-80NaCl shows the thinnest cell wall thickness (75.07 µm) compared with the other foams. The weak cell walls of the Al-80NaCl foam did not support further loading during the compression test.

Although the height of the stress-strain curve of the Al-20NaCl foam was the highest, as shown in Figure 4, Figure 6 shows that the cell structures of the Al-20NaCl foam could not support higher loads than those of the Al-40NaCl and Al-60NaCl foams. According to Figure 6, the energy absorption increased with increasing porosity except for the foam with 80% space holder. This result clearly shows that energy absorption increased from solid aluminium to foams possessing 20%, 40% and 60% space holder, respectively. This result further demonstrates that the Al-60NaCl foam had the highest energy absorption compared with the other foams. This is because the porosity and cell walls of this foam formed a more homogeneous pore structure than the other foams as shown in Figure 3. During compression, a large amount of energy was absorbed during the stages of bending and collapse of the walls in the foam, which occurred mainly along the long stress plateau.16 Therefore, the microstructure resulted in the Al-60NaCl foam exhibiting better compressive and energy absorption behaviours.

4.      CONCLUSION

Using a sintering dissolution process, the fabrication of aluminium foam with porosity in the range of 20–70% can be achieved using NaCl particles with average pore sizes ranging from 400 to 500 µm. Increasing the amount of NaCl powder increases the foam porosity and decreases the foam density due to an increase in the density of interconnected pores. The compressive stress-strain curve of the foam comprises of three regions: linear elastic, plateau and deformation region. The compressive stress-strain curves of the foams fabricated in this study show that there was a decrease in compressive strength with an increase in the amount of incorporated NaCl particles as follows: Al-20NaCl, Al-40NaCl, Al-60NaCl and Al-80NaCl, respectively. This result is due to the presence of residual NaCl particles in the foams. Moreover, because NaCl particles are brittle, they can decrease the compressive strength properties of aluminium foams. However, higher energy absorption was achieved by increasing the amount of NaCl powder, as evidenced by the extended deformation plateau of the foams’ stress-strain curves. This result indicates that the Al-60NaCl foam has the highest energy absorption compared with the other foams because of its larger pore size, which supports the Al-60NaCl foam from collapse and thus allows for longer strain during compression loading. However, the Al-80NaCl foam exhibited the lowest compressive properties and energy absorption because of its excessive NaCl particle content, which induced brittleness in the foam.

5.      ACKNOWLEDGEMENT

This research was supported by the Universiti Sains Malaysia Short Term Grant 6035290 and Research University Postgraduate Research Student Grant Scheme of Universiti Sains Malaysia (1001/PBAHAN/8032019). The second author is supported by National Science Fellowship (NSF) from Ministry of Science, Technology and Innovations (MOSTI).

6.      REFERENCES

1.        Nieh, T. G., Higashi, K. & Wadsworth, J. (2000). Effect of cell morphology on the compressive properties of open cell aluminum foams. Mater. Sci. Eng. A, 283(1–2), 105–110.

2.        Jeon, Y. P., Kang, C. G. & Lee, S. M. (2009). Effect of cell size on compression and bending strength of aluminum-foamed material by complex stirring in induction heating. J. Mater. Process. Technol., 209(1), 435–444.

3.        Ishizaki, K., Komarneni, S. & Nanko, M. (1998). Porous materials: Process technology and applications, 1–44. Dordrecht, Netherlands: Kluwer Academic Publishers.

4.        Peroni L., Avalle, M. & Peroni, M. (2008). The mechanical behavior of aluminum foam structures in different loading conditions. Int. J. Impact Eng., 35(7), 644–658.

5.        Michailidis, N. & Stergioudi, F. (2011). Establishment of process parameters for producing Al-foam by dissolution and powder sintering method. Mater. Des., 32(3), 1559–1564.

6.        Bafti, H. & Habibolahzadeh, A. (2010). Production of aluminum foam by spherical carbamide space holder technique-processing parameters. Mater. Des., 31(9), 4122–4129.

7.        Jiang, B., Zhao, N. Q., Shi, C. S., Du, X. W., Li, J. J. & Man, H. C. (2005). A novel method for making open cell aluminum foams by powder sintering process. Mater. Lett., 59(26), 3333–3336.

8.        Zhao, Y. Y. & Sun, D. X. (2001). A novel sintering-dissolution process for manufacturing Al foams. Scr. Mater., 44(1), 105–110.

9.        Jiang, B., Zhao, N. Q., Shi, C. S. & Li, J. J., (2005). Processing of open cell aluminum foams with tailored porous morphology. Scr. Mater., 53, 781–785.

10.      Zhihua, W., Hongwei, M., Longmao, Z. & Guitong, Y. (2006). Studies on the dynamic compressive properties of open cell aluminum alloy foams. Scr. Mater., 54, 83–87.

11.      Yu, H., Guo, Z., Li, B., Yao, G., Luo, H. & Liu, Y. (2007). Research into the effect of cell diameter of aluminum foam on its compressive and energy absorption properties. Mater. Sci. Eng. A, 454–455, 542–546.

12.      Mu, Y., Yao, G., Liang, L., Luo, H. & Zu, G. (2010). Deformation mechanisms of closed cell aluminum foam in compression. Scr. Mater., 63(6), 629–632.


13.      Cady, C. M., Gray, G. T., Liu, C., Lovato, M. L. & Mukai, T. (2009). Compressive properties of a closed cell aluminum foam as a function of strain rate and temperature. Mater. Sci. Eng. A, 525, 1–6.

14.      Yu, S., Liu, J., Wei, M., Luo, Y., Zhu, X., Liu, Y. (2009). Compressive property and energy absorption characteristic of open cell ZA22 foam. Mater. Des., 30, 87–90.

15.      Surace, R., De Fhilippis, L. A. C, Ludovico, A. D. & Boghetich, G. (2009). Influence of processing parameters on aluminum foam produced by space holder technique. Mater. Des., 30, 1878–1885.

16.      Xiao-qing, C., Zhi-hua, W., Hong-wei, M., Long-mao, Z. & Gui-tong, Y. (2006). Effects of cell size on compressive properties of aluminum foam. Trans. Nonferrous Met. Soc. China, 16, 351–356.

17.      Miyoshi, T., Itoh, M., Mukai, T., Kanahashi, H., Kohzu, H., Tanabe, S. & Higash K. (1999). Enhancement of energy absorption in a closed-cell aluminum by the modification of cellular structures. Scr Mater., 41(10), 1055–1060.

18.      Chemguide. (2000). Ionic structures. Retrieved July 2010, www.chemguide.co.uk.





Determination of Transformer Rating Based on Total HarmonicDistortion Under Balanced Conditions

S. Masri* and P.-W. Chan

School of Electrical and Electronic Engineering, Universiti Sains Malaysia,Engineering Campus, 14300 Nibong Tebal, Pulau Pinang, Malaysia

*Corresponding author: syaf@eng.usm.my

© Penerbit Universiti Sains Malaysia, 2011

Abstract: In the present article, the effects of a non-linear load under balanced conditions on the rating of a transformer are analysed. Non-linear loads are related to temperature increases in a transformer, which lead to deterioration and reduction of lifetime. Due to the unwanted effects of harmonic components in non-linear loads, the load connected to the transformer should be reduced. In other words, to supply a specific load, the rating of the transformer should be increased to sustain the rise in heat. The aforementioned methods of overcoming the effects of non-linear loads are known as de-rating. By assuming that the transformer’s rating is a linear function of the THD, a method of selecting the transformer’s rating based on the total harmonic distortion (THD) of the load was developed in the present study.

Keywords: de-rating, harmonic components, linear and proportional, transformer rating

1.      INTRODUCTION

Transformers play an important role in power systems and are used to increase or decrease the line voltage in transmission and distribution systems. In power systems, there is no room for error or transformer malfunctioning. Therefore, the quality and reliability of the transformer are important parameters. In recent years, the use of non-linear loads has increased rapidly. Large, nonlinear loads have a significant impact on the temperature of a transformer1 as the current flowing through the system increases the heat. Under linear conditions, the current is only produced by the fundamental component, but under non-linear conditions, the current contains fundamental and harmonic components of higher order. As the harmonic components of the current become more significant, the THD increases. As a result, the amount of current flowing through the transformer under a constant load increases, which subsequently increases the temperature of the transformer.

An abnormal increase in the temperature of the transformer deteriorates the insulation and potentially reduces its lifetime.2 Additionally, abnormal temperature increases also reduce the power factor, productivity, efficiency, capacity and performance of the plant.3,4

Two methods can be utilised to address this problem; first is by reducing the maximum load on the transformer, and second is to use a transformer with higher rating to allow the same load. Both of the aforementioned methods are known as de-rating.5,6 A higher rated transformer can supply a higher load current, and the selection of a transformer for a specific load is an important process. For instance, if the demand is less than the load, the system will not be cost effective. Alternatively, if the load is too high, the system will be overloaded. Therefore, in the present study, a method for selecting a transformer’s rating based on the amount of THD was developed by assuming that the THD is linearly related to the temperature and rating of the transformer.

2.      EXPERIMENTAL

Under non-linear load conditions, the load current contains fundamental and harmonic components of higher order and can be expressed as:
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where



	IL
	=
	load current



	ILI
	=
	fundamental load current



	 ILh
	=
	odd order h of current harmonic component



	  ω1
	=
	2πf1



	  f1
	=
	fundamental frequency



	  ωh
	=
	h × f1



	  h
	=
	3,5,7,9…



Under linear load conditions, the load current only contains the fundamental component. In the present study, we assumed that the THD was proportional to the total harmonic components of the non-linear load. Thus, as the 3rd, 5th, 7th and 9th harmonic component increased, an increase the THD was observed. Because the fundamental component was kept constant, under linear conditions, the THD increased with an increase in the number of harmonic components. As the THD increased, the temperature of the transformer increased due to the current flowing through the system.7 Therefore, because the rating is closely related to the temperature, the transformer rating should be increased as the THD increases.8

3.      RESULTS AND DISCUSSION

Figure 1 shows a schematic representation of the experimental equipment, and Figure 2 shows the temperature monitoring sites of the three-phase transformer.
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Figure 1:    Schematic depiction of the experimental equipment.
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Figure 2:    Schematic diagram of the heat measurement sites on the transformer.



A pure sinusoidal three-phase power supply was supplied to a non-linear load connected to a three-phase transformer. The THD was adjusted according to the total load, which consisted of a linear and non-linear load. The total load was kept constant at the transformer rated current. The harmonic spectrum was recorded by a harmonic analyser on the primary and secondary side of the transformer, and three thermocouples were attached to the winding of the transformer to measure the temperature at different THD values. Figures 3 to 11 show the data obtained from the harmonic analyser.
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Figure 3:    Line voltage and current waveform at a THD of 0%.
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Figure 4:    Line voltage waveform at a THD of 7.8%.
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Figure 5:    Line current waveform at a THD of 7.8%.
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Figure 6:    Harmonic component distribution at a THD of 7.8%.
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Figure 7:    Line voltage waveform at a THD of 14.57%.
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Figure 8:    Line current waveform at a THD of 14.57%.
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Figure 9:    Harmonic component distribution at a THD of 14.57%.
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Figure 10:    Line voltage waveform at a THD of 34.27%.
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Figure 11:    Line current waveform at a THD of 34.27%.



A plot of the transformer temperature versus time for each of the THD values is shown in Figure 12. Under constant load conditions, as the THD increased, an increase in the temperature of the transformer was observed.
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Figure 12:    Harmonic component distribution at a THD of 34.27%.



For a rated transformer, abnormal increases in the heat content over long periods of time deteriorate the system, causing it to break down. This phenomenon is undesirable in power systems; thus, methods of preventing significant temperature changes must be developed. Specifically, the total load consumption can be reduced or a transformer with a higher rating can be employed.


From the data obtained in the present study, an approach to calculate the required reduction in the percentage of the total load consumption or the increase in the rating of a transformer was developed. As shown in Figure 12, when the THD was increased to 7.8%, the temperature of the transformer was 2.75% greater than the rated temperature. Thus, to supply the same load at a THD of 7.8%, the rating of the transformer should be increased to 102.75%. In this case, the actual rating of the transformer was 650 VA. Therefore, the transformer should be replaced with a 668-VA transformer to supply the same load and to prevent the 650-VA transformer from overheating. Similarly, when the THD was increased to 14.57%, the observed temperature increase was 5.90% greater than the rated value. Thus, to supply the desired load, a transformer with a rating of 688 VA should be used. Based on the same calculation method, for a THD of 34.27%, a transformer with a rating of 716 VA should be employed.

The calculations for the appropriate transformer rating are based on the assumption that the THD is linearly related to the temperature, which is proportional to the transformer rating. Therefore, one can assume that the THD is linearly related to the transformer rating. Using the data obtained in the present study, the percentage increase in the transformer rating was plotted, and the results are shown in Figure 13.


[image: art]

Figure 13:    Graph of temperature vs. time for different THD values.



The proposed method is a practical approach for determining the rating of a transformer at different THD values under non-linear loads. From the graph shown in Figure 13, an equation relating the percentage increase in the rating of the transformer to the THD was derived:
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where

% TR = Percentage of increased transformer rating

THD = Percentage of load THD
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Figure 14:    Graph of percent increase in the transformer rating.



If a transformer is used to supply a load that consists of harmonics, the transformer should not be operated under full load conditions and the load should be reduced according to the relationship shown in Figure 13. To use a 650-VA transformer and prevent additional heating, the power consumption of the total load should be reduced by 2.75% when the THD of the load is equal to 7.8%.

4.      CONCLUSION

Due to the presence of harmonic components in non-linear loads, the temperature of the transformer increases under normal operations. In the present study, as the THD increased, an increase in the temperature of the transformer was observed. Namely, at a THD of 0% and 34.3%, the temperature of the transformer was 76.3°C, and 84.0°C, respectively. Using the results of the current investigation, the de-rating factor was calculated, and a value of 0.319 was obtained. Thus, a practical approach for selecting the appropriate transformer rating for specific operating conditions and THDs was developed.
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Abstract: In this work, commercial stainless steel AISI 316 substrates were plasma carbonitrided using a microwave-plasma-enhanced chemical vapour deposition (MPECVD) system. The substrates were subjected to four different methane, nitrogen and hydrogen ratios while other deposition parameters, such as microwave power, chamber pressure and substrate temperature were held constant throughout the study. The hardness and the friction coefficient of the treated layers were measured using a Micro Vicker hardness tester and a pin-on-disc tribometer, respectively. The morphology and elemental analysis of the carbonitrided layers were observed using a field-emission scanning electron microscope (FESEM) and energy dispersive X-ray (EDX) spectroscopy, respectively. The test results show the following phenomena: (a) the hardness of the plasma carbonitrided layer increases with increasing methane gas content in the methane, nitrogen and hydrogen mixtures; (b) the friction coefficient decreases with increasing methane gas content; and (c) the surface roughness increases with increasing methane gas content in the methane, nitrogen and hydrogen mixtures. These phenomena could be due to the diffusion of N and C atoms into the substrate, which resulted in the formation of carbonitrides and nitrides of iron and chromium in the stainless steel substrate. The test results also show that a nitrogen-methane-hydrogen ratio of 87:3:10 gives the best mechanical and tribological characteristics in carbonitrided specimens.

Keywords: carbonitriding AISI 316, MPECVD, microstructure, tribology, hardness

1.      INTRODUCTION

Stainless steel is widely used in the food, chemical, medical and vacuum-moulding tool industries due to its excellent corrosion and oxidation resistance at high temperature. However, stainless steel has low wear resistance and hardness, and poor tribological characteristics, which limit its usage in some engineering component applications. Plasma nitriding and carbonitriding processes are used to improve mechanical and chemical properties such as hardness, wear resistance and anti-scuffing characteristics.1 Plasma carbonitriding is a thermochemical processes in which methane and nitrogen are introduced into the deposition chamber under vacuum to generate a gradient of C and N in the surface region of metallic samples. Plasma nitriding and carbonitriding processes introduce more and faster nitrogen and carbon diffusion into substrates, thus allowing for shorter diffusion times and lower processing temperatures.

Carbonitriding at temperatures above 450°C can result in the formation of CrN or CrC on the substrate surface, which binds chromium from the solid solution and thus lowers the corrosion resistance of the sample.2 Introducing a large amount of hydrogen or a small amount of acetylene during the plasma process can reduce chromium precipitation, thus improving the corrosion resistance.1 Carbonitride processing is more useful than carburisation for steel subject to wear3 and also exhibits a better corrosion resistance than that of pure nitrided and carburised layers.4 Blawert and his co-workers found that the carbide phases are responsible for the significant increase in microhardness as well as carbon-expanded austenite through plasma carburisation.5 The objective of this study was to investigate and discuss the effect of the methane and nitrogen ratios on the mechanical and tribological properties of carbonitrided stainless steel samples.

2.      EXPERIMENTAL

In this work, carbonitrided samples were prepared by microwave-plasma-enhanced chemical vapour deposition (MPECVD). A commercial stainless steel sample with the following composition (wt%) was used in this study: C, 0.7; P, 0.03; S, 0.05; Mn, 1.38; Cr, 15.48; Mo, 1.79; V, 0.09; Si, 0.39; Ni, 9.68; and the remainder was Fe. Samples were marked A, B, C and D, corresponding to different methane and nitrogen contents. Other process parameters were held constant as shown in Table 1. A coin-shaped sample with a diameter of 30 mm and thickness of 5 mm was polished to a surface finish of 6 µm using SiC emery paper and emery cloth with diamond paste. Prior to the deposition process, the substrate was ultrasonically cleaned with acetone for 30 minutes to remove any contaminations on the substrate surfaces. The samples were then placed in the deposition chamber of a MPECVD system for carbonitriding.


Table 1:     Plasma carbonitriding process parameters.



	Deposition parameters
	A
	B
	C
	D



	CH4:N2:H2 (%)
	1:89:10
	2:88:10
	3:87:10
	4:86:10



	Microwave power (kW)
	1.5
	1.5
	1.5
	1.5



	Frequency (GHz)
	2.45
	2.45
	2.45
	2.45



	Substrate temperature (°C)
	450
	450
	450
	450



	Chamber pressure (torr)
	1 × 10−4
	1 × 10−4
	1 × 10−4
	1 × 10−4



After the carbonitriding process, the sample was subjected to microhardness measurement, friction tests, AFM observations and microstructural examinations. A Vickers microhardness tester model AKASHI MVK-E was used to measure the hardness of the sample. The measurement was conducted using a 25-g load with a diamond tip. The tribological characteristics of the sample were evaluated using a pin-on-disc tribometer model CSEM at a sliding speed of 3.50 cm/s over a distance of 300 m with a load of 10 N under dry friction conditions. An alumina ball 6 mm in diameter was used as a static partner in this test. The friction coefficient versus sliding distance was recorded and then examined to determine the frictional characteristics of the sample.

The carbonitrided samples were subjected to friction tests, microhardness tests, AFM observations and microstructural examinations. The tribological properties of the treated samples were evaluated using a pin-on-disc tribometer model CSEM at a sliding speed of 3.50 cm/s over a distance of 300 m with a load of 10 N under dry conditions. An alumina ball 6 mm in diameter was used as a static partner in this test. The friction coefficient versus sliding distance was recorded and then examined to determine the frictional characteristics of the samples. A Vickers microhardness tester model AKASHI MVK-E was used to measure the hardness of the samples. The measurement was conducted using a 25-g load with a diamond tip and Knoop indenter.

Samples for AFM measurement were cut to a size of 10 mm × 10 mm × 5 mm and then ultrasonically cleaned using ethanol for 15 minutes. AFM measurement analysis was performed using AFM Shimadzu equipment. Samples for surface examination were ultrasonically cleaned for 30 minutes using ethanol. Samples for subsurface examination were cut, sectioned, mounted and polished to a surface finish of 1 µm and finally etched with Adler etchant. The microstructure of the carbonitrided layer was analysed by field-emission scanning electron microscopy (FESEM, LEO 1525) with an energy dispersive X-ray analyser attachment.


3.      RESULTS AND DISCUSSION

3.1      Microstructure

Microstructural examination revealed that N and C were mainly incorporated into the existing iron lattice as interstitial atoms or as a finely dispersed alloy precipitate in the diffusion layer, as shown in Figure 1. It was observed that smaller nitride and carbide grain precipitates were deposited onto the substrate surface when a methane and nitrogen ratio of 1:89 was introduced into the chamber (Figure 1a). As the methane gas content increased to 2%, the agglomerated nitride and carbide precipitates formed on the substrate surface.
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Figure 1:    SEM surface morphology of the carbonitrided samples: (a) sample A, (b) Sample B, (c) Sample C, (d) Sample D.



Subsequently, when the methane content was increased to 3%, the solubility limit of nitrogen and carbon in the ferritic matrix was reached. Finally, coherent nitride and carbide precipitates were formed on the carbonitrided layer, covering the substrate surface with pores, as shown in Figure 1c. At a methane content of 4%, the formation of nitride and carbide was saturated, resulting in the formation of a smooth carbonitrided layer (Figure 1d).

Figure 2 shows that the carbonitrided layer was dense and uniformly diffused into the substrate material. The diffused carbonitrided layers increased with increasing methane percentage up to 3% and then decreased as the methane content increased to 4%. The decrease in the carbonitrided layer thickness is thought to be a result of the saturated formation of metal nitride and carbide as the methane content increased to 4% (Figure 1d).
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Figure 2:    SEM cross-section morphology: (a) sample C (×1k), (b) close-up view at the interface (×5k).



Figure 3 shows the energy dispersive spectroscopy line profiles of the carbonitriding layer. It can be seen that carbon and nitrogen were observed to have diffused into the subsurface of the stainless steel substrate. This resulted in the formation of nitrides and carbides of iron and chromium in the stainless steel substrate, leading to the higher hardness and wear resistance of the carbonitrided samples.
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Figure 3:    EDS analysis on the carbonitiriding layer of sample D: (a) cross-section line scan, (b) EDS Spectrum of carbon, (c) EDS Spectrum of nitrogen.



3.2      Microhardness

Figure 4 shows the microhardness of a carbonitrided sample at a load of 25 g. The test results show that the plasma carbonitriding process increased the microhardness of the sample depending on the nitrogen-methane-hydrogen ratio. The hardness of the untreated commercial stainless steel substrate was 207.9 HV0.025. Sample C, which featured 3% methane gas, was the hardest, with a reading of 752.2 HV, whereas Sample A, which used 1% methane gas, showed the lowest hardness value of 600.4 HV. The microhardness increased with increasing methane gas content up to 3%, reaching a maximum hardness of 752.2 HV, which was then reduced to 642.8 HV when the methane gas content increased to 4%. In this process, the carbonitriding reaction not only occurs at the surface but also in the subsurface region of the specimen owing to the diffusion of N and C atoms into the substrate. This phenomenon resulted in the formation of carbonitrides and nitrides of iron, chromium, etc., in the stainless steel substrate, thus greatly enhancing the surface hardness of the treated sample.
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Figure 4:    Hardness of untreated and carbonitrided stainless steel coupon.



Knoop indentation produces a smaller indentation than Vickers hardness testing; thus, the hardness profile of a cross-section of the carbonitrided layer can be observed. The load used for this measurement was 50 g, and measurements were taken at intervals of 10 microns. It can be seen from Figure 5 that the hardness of the near-surface region, about 10 microns from the surface, recorded the highest reading, which subsequently decreased as the distance from the surface increased. This hardness profile can be used to monitor the depth of carbon and nitrogen diffusion into the titanium substrate. For the sample carbonitrided with 2 and 3% methane, the diffusion layer was estimated to be about 150 microns from the surface (Figure 9). For the sample carbonitrided with 1% methane, the diffusion layer was estimated to be about 100 microns from the surface. This shows that the diffusion depth of Sample A is lower compared to the sample carbonitrided at a higher methane gas content.
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Figure 5:    Knoop microhardness: (a) microhardness profile, (b) microhardness indentation on sample C.



3.3      Surface Roughness

Figure 6 shows a 3D surface model of the carbonitrided surface obtained by atomic force microscopy under different nitrogen-methane-hydrogen ratios. When a methane-nitrogen-hydrogen ratio of 1:89:10 was introduced into the chamber (Figure 6a), nitrogen and carbon atoms condensed into suitable nuclei sites. A strong substrate/coating atom interaction resulted in low adatom mobility and a high density of nuclei, producing smaller grain sizes in the carbonitrided layer and a smoother surface. As the methane content increased up to 3%, high adatom mobility and the ease with which nuclei spread laterally increased the formation of pores at the interface (Figure 6c). This phenomenon resulted in an increase in the surface roughness of the carbonitrided layer, as shown Figure 7. At a methane content of 4%, the carbonitrided layer became smoother as a result of the saturation of nitride and carbide formation.
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Figure 6:    Surface roughness of the carbonitrided surface.
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Figure 7:    Surface roughness of the carbonitrided surface.



3.4      Friction and Wear

Figure 8 shows that all carbonitrided samples exhibited lower coefficients of friction (COF) compared with the untreated sample; in addition, the COF was observed to depend on the methane content introduced into the deposition chamber. It was observed that the decrease in the COF with increasing methane content may be due to the diffusion of an excess amount of carbon as shown in Figure 8. The higher the methane gas content that was introduced into the chamber, the higher the amount of carbon that diffused into the substrate became, which eventually reduced the friction coefficient due to the formation of graphite as a solid lubricant.



[image: art]

Figure 8:    Graph of Friction Coefficient against Sliding Distance.



In the early stage of sliding, a static alumina ball was observed to slide along the carbonitrided layer with a COF of 0.2. As the sliding progressed, the carbonitrided layer started to deteriorate, thus increasing the friction coefficient value depending on the methane and nitrogen contents. The higher the methane content that was introduced into the chamber, the lower the COF became. Figure 8 also shows that the COF of the carbonitrided samples were still lower than the COF of the uncoated sample, even after a distance of 300 metres. This shows that the carbonitrided layer of the carbonitrided samples remained undamaged. If the carbonitrided layer had been damaged and exposed the untreated surface, the friction coefficient reading would have been approximately 0.8, which was the COF reading of the untreated sample. This indicates that the carbonitrided layer supported good adhesion between the carbonitrided/substrate interface and, at the same time, reduced the friction coefficient.

Figure 9 shows that the wear track of Sample C had the shortest wear track width, compared to the other samples. This shows that Sample C is superior in terms of wear resistance. This can be attributed to its higher surface hardness (Figure 4) and lower friction coefficient (Figure 8). When the methane content was increased to 4%, the wear track width was observed to become larger, which was thought to be due to the saturation of nitride and carbide formation on the surface (Figure 1d and 6d); this subsequently reduced the surface hardness (Figure 7). Based on the above observations, it could be concluded that Sample C, with a methane-nitrogen-hydrogen ratio of 3:87:10, provided the optimum results.



[image: art]

Figure 9:    Optical micrographs of worn surfaces (x 20); (a) untreated, (b) sample A, (c) sample C, (d) sample D.



4.      CONCLUSION

A carbonitriding layer was successfully deposited onto a stainless steel substrate using MPECVD system. Test results show that the surface hardness and wear resistance of the carbonitriding layer increases with increasing methane content up to 3% and then is slightly reduced when the methane content increases to 4%. A methane content of 4% results in the saturation of metal carbide and nitride formation. It was also observed that the formation of a carbonitriding layer reduces the COF, though the rate of reduction depends on the gas mixture ratio. The higher the methane gas content introduced into the deposition chamber is, the lower the COF will become. Based on the optimum mechanical and tribological results, it could be postulated that the optimum methane-nitrogen-hydrogen ratio is 3:87:10.
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