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ABSTRACT - In the current-assisted sintering technique, graphite is mainly used to fabricate die Received: 8 Sept 2020
and other components (such as electrodes and spacers) because of its excellent thermoelectric Revised: 3 Mar 2021
properties, high melting point and high ratio of the tensile strength to the compressive strength. As Accepted: 16 June 2021
widely known, graphite is one of the brittle materials, and the failure is difficult to be anticipated
before it happens. Besides, there is a lack of information about the effects of sintering process, KEYWORDS
environment and impurity on the graphite structure of the furnace, especially the die, which is the Electrical-assisted
weakest part of the graphite structure. Therefore, the effects of electrical field and oxidation on the sintering technique;

hite die of microwave-current assisted sintering apparatus were investigated at a high Graphite die;
grap o . 9 p_p . - g g Graphite oxidation;
temperature of 600-1900 °C based on physical characteristics and mechanical strength. In this Mechanical strength;

article, the spark discharge phenomenon was experimentally proved during the sintering process
of nonconductive material. The tensile strength of the upper punch after the sintering process was
20.2% higher than the pristine one because of the transforming of micro-graphite to carbon
nanotubes which increased with increasing the temperature. On the other hand, the tensile
strengths of graphite lower punch and sleeve were slightly dropped. While, the oxidation of GW-
6S graphite in the air caused a mass loss that led to the reduction in tensile and compressive
strengths.

High temperature

INTRODUCTION

Electrical-assisted sintering technique (EAST) is a promising novel sintering technique using (pulsed/ non-pulsed)
direct current to achieve a rapidly good consolidation of (conductive/ nonconductive) powder for producing a sintered
part by generated heat and applied pressure [1, 2]. In this decade, there are few EAST have been developed. Generally,
they are spark plasma sintering (SPS), flash sintering (FS) and flash spark plasma sintering (FSPS) techniques [3-8]. For
sintering process of silicon carbide (SiC) using SPS technique, the current will not pass through the powders because of
the negative temperature coefficient of resistance (NTCR) below 1000 °C. Forcing the current to pass through SiC without
heating causes a rapid increase in temperature and an uncontrollable electrical current in SiC [9]. Therefore, the current
heated the graphite die elements and the temperature of nonconductive SiC powder will be increased [10-12].

Graphite mould elements have widely been used in CAS techniques [13-16], as well as the hot pressing sintering
technique [17-19]. This is because graphite is a moderating material at high temperature and has high thermal and
electrical conductivities [20, 21]. In addition, it has good corrosion resistance, high chemical stability, and easy to be
machined, but the mechanical strength of graphite sharply deteriorates in the oxidiser environment. On the other hand,
graphite material has a low tensile strength (= 30 MPa), which is less than its compression strength (where value of
compression strength is only three times tensile strength at the centre of disc specimen) [22]. Because of that, few
researchers have attempted to use another material to fabricate die elements for higher pressure applied during the
sintering process. For instance, Grasso et al. have conducted SPS of pure Alumina powder under an applied pressure of
500 MPa using tungsten carbide (WC) die to fulfil a highly transparent sample at <1200 °C [23]. Also, they made low
cost die for high pressure (>400 MPa) SPS sintering from carbon fibre composite (CFC) comparing with WC die [24].
Then, electrically conductive silicon carbide (ECSiC) has been used to fabricate die elements for high-pressure SPS
sintering to achieve lower sintering temperature. The graphite, WC and CFC dies have a high electrical conductivity at
high temperature compared with the ECSiC die. While, the ECSiC, WC and CFC dies limited the sintering temperature
below 1600 °C. However, there is no candidate material to replace the graphite die in CAS apparatus for sintering the
ultra-high temperature materials; melting point is above 2000 °C. Therefore, the deterioration of graphite’ mechanical
properties due to a little oxidation in the extreme condition is not well known.

Graphite has been defined as a porous media. For the graphite oxidation of air, there are three regimes based on the
temperature limits. The first one is a chemical regime, when the temperature is below 500 °C. The second regime is in-
pore diffusion-controlled, when the temperature ranged between 500 °C and 900 °C. The third regime is the boundary
layer, when the temperature is above 900 °C [25]. Blanchard studied the oxidation of graphite and gave another setting
of is in-pore diffusion-controlled regime between 600 °C and 900 °C. Moreover, there are five parameters that influence
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the transition temperature of oxidation regimes, which are density, impurity, flow rate, size and microstructure of graphite
specimen [26, 27].

In this paper, we report the effect of MCAS process on the graphite mould by testing the tensile strength of the mould
components after the process. Besides, the physical and thermal characteristics of carbon nanotubes (CNTs) were
investigated. On the other hand, the behaviour of GW-6S graphite oxidation was reported at variant temperature and time.
Moreover, the oxidation effect of GW-6S graphite on tensile strength and compressive strength based on mass loss
percentage was carried out to predict the service life of graphite mould in the MCAS apparatus.

EXPERIMENTAL METHODOLOGY
Materials

Graphite material (GW-6S) was supplied by Beijing Great Wall Co., Ltd, China. The graphite electrodes were directly
designed and implemented by the Beijing Great Wall Company with dimensions of 150x40 mm. The die elements were
designed by the authors and implemented by Kaizen design solutions company, Malaysia. The dimensions of the graphite
cylindrical sleeve were 308 mm, and the hole was 13 mm. Besides, the graphite punches dimensions are 25%13 mm, see
Figure 1. A nonconductive silicon carbide nanopowder used in this work is a cubic type. The purity of that supplied cubic
silicon carbide nanopowder is >98% purity and was purchased from Hong Wu International Group Ltd, China. The
average particle size of the nanopowder is 70 nm.

15 ' -«-l—a

Figure 1. 2D drawing of graphite die.
Structure of Graphite Components

The core of MCAS furnace is a symmetrical assembly GW-6S graphite structure for facilitating the sintering process
and ensuring thermal distribution to be approximately equal around the powder. It consists of two graphite blocks, two
graphite rods, two punches and a cylindrical mould. The graphite blocks of 100x100x50 mm were machined for
connecting to the graphite rods (upper and lower). They were outside the cavity of the furnace and connected to the high
direct current power supply. The mould was placed between those graphite rods which were connected to two graphite
punches (upper punch is the anode and lower one is a cathode) and subjected to microwave (MW) radiation. All surfaces
in contact with the compacted SiC sample were lined with graphite foil of 0.1 mm thickness to prevent the sinterability
between the components of graphite die and compacted SiC nanopowder, as well as aid in the sintered sample removal.

Heating Process

DC power supply (SAW POWER 1500 DC, Malaysia WIM) was used to generate heating in the mould based on joule
heating. Argon gas was used during the heating process to prevent oxidation and reduce the thermal convection to the
cavity of the furnace. The flow rate of the argon gas was 0.5 L/min and controlled by a flow valve. Also, the applied
pressure of 20 MPa was fully maintained to the compacted SiC powder. A PID controller (RKC PF900 EMC SDN BHD,
Malaysia) was used to control the electrical current following a temperature diagram. The non-contact infrared
thermometer laser was used to measure the surface temperature of the graphite sleeve. That process was performed at
different temperatures from 600 °C to 1900 °C (step of 100 °C) for testing the components of graphite die. Thus, the
components of graphite die were freely cooled under an argon atmosphere. The oxidation of graphite based on the effect
of time was figured out following the above heating procedure under atmospheric pressure. The samples were exposed
to the airflow with dwelling time from 1 min to 8 min (step of 1 min). The airflow was 0.2 L/min for activating oxidation
energy. Then, the samples were freely cooled under ambient conditions. Moreover, the above oxidation procedure was
repeated for oxidising the graphite under atmospheric pressure and soaking time 40 min. The graphite electrodes were
protected using a high density of assembly alumina tube and argon gas during the oxidation process.

Physical Characteristics and Mechanical Strength

For microstructure characterisation of CNTs sample, the lower surface of upper graphite punch was cut in the depth
of 1 mm using a precision wheel cutter. Then, the graphite pellet was cleaned for scanning and imaging the lower surface
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of the pellet. Crystalline characterisation of CNTs sample was carried out by x-ray diffraction machine (XRD, Model
X’Pert3 Powder, Malvern PANalytical) with Cu K-a and A=1.540598 A. XRD data were obtained over 20 range from
20° to 60° with a step size of 0.05°. The associated analysis of XRD data was figured out using X'Pert HighScore Plus
v3.0 (Malvern PANalytical, UK). Then, the polishing of CNTs sample was carried out for FE-SEM test (MetaServ-250
Twin Grinder-Polisher, US BUEHLER) using 1 um suspended polycrystalline diamond liquid and diamond extender
with a high napped polishing pad (Metallographic, US PACE TECHNOLOGIES). The morphology of the polished
sample was verified by Field-Emission Scanning Electron Microscope (FE-SEM, Model Supra 55VP, Carl Zeiss AG).

The average crystallite size of CNTs was estimated using the XRD profile via Scherrer’s formula and verified by
FESEM.

. (1)
B(20) Cos(0)
d= nA 2)
~ 2Sin(0)

where K represents the Scherrer’s factor which is dimensionless (0.91), A represents the x-ray wavelength, B(20)
presents the full width at half maximum (FWHM) corresponding to the diffraction peak in radian (after subtracting the
line broadening of XRD instrument), and 0 is the Bragg angle of diffraction peak. The interlayer spacing, or lattice
spacing, d, was calculated using the XRD pattern via Bragg’s law, as shown in Eq. (2), where n is an integer.

A thermal gravimetric analyser (TGA) was used to conduct the oxidation of graphite and CNTs samples (Perkin Elmer
Pyris1 TGA, USA). The specimens were a thin disc with d= 13 mm. The samples were heated up from room temperature
to 900 °C with a specified heating rate of 25 °C/min under air atmosphere. The weight of the graphite die (after/before
heating) was measured using a digital balance machine. Moreover, the ring compression test [28, 29] of graphite samples
was performed to measure the tensile strength using a compression test machine (Model ADR Touch SOLO A0034, US
ELE) [30]. The mechanical tests were repeated three times at each temperature to ensure the test and measured data and
confirm the reproducibility; then, the average reads were taken as a result [31].

RESULTS AND DISCUSSION

Figure 2 shows the sleeve before and after the sintering process. The surface of the graphite sleeve after the sintering
process is rougher than the one before the sintering process. Figure 3 shows the effect of the sintering process on the
tensile strength of the die components (upper punch, lower punch and sleeve) at variant temperatures. The tensile strength
of graphite sleeve and lower punch (cathode) has a small drop with increasing temperature. This is because of the impurity
of graphite material and inert gas, which cause oxidation of graphite die. Clearly, oxidation increased with increasing
temperature due to the increase in the chemical rate that proportional to rising temperature [32]. Besides, the dropping in
mechanical strength of the sleeve is higher than the dropping in mechanical strength of the cathode because the surface
area of sleeve is higher than the one of cathode. The oxidation increased when the surface area was increasing at high
temperature [33]. On the other hand, the graph’s behaviour of anode can be divided into two parts. In the first part, when
the temperature below 1100 °C, the tensile strength is decreasing when the temperature is increasing (follows the same
pattern of the cathode and sleeve). In the second part, when the temperature is above 1100 °C, the tensile strength increases
when temperature increases because the formation of CNTs is continuously growing when temperature increases [34].

Figure 2. The graphite sleeve before and after the sintering process.

At 1900 °C, the tensile strength of specimen is 20.2% higher than the tensile strength of the pristine one because the
mechanical strength of CNTs is higher than the mechanical strength of graphite [35, 36]. This led us to investigate deeper
into the graphite anode using physical tests (such as XRD, FESEM and TGA), and we found that CNTs formed on the
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lower face of the anode, as shown in Figure 4. The formation of CNTs was probably occurred due to the spark discharge
phenomenon between the two graphite punches through the SiC powder during the sintering process of MCAS, which is
another way to prove that phenomenon. Figure 4 shows CNTs formed in each grain of graphite and carbonaceous network
between the grains of graphite, which enhances the mechanical properties. So, the tensile strength of graphite anode is
proportional with the temperature above 1200 °C because SiC can be conducted at a temperature above 1000 °C; that
leads to allowing the current to pass through the compacted powder to generate spark. However, the impact of CNTs
transformation of the lower face of anode starts at 1300 °C. Also, the formation of CNTs is proportional with temperature
[37] during spark discharge. Therefore, the tensile strength of anode was improved because of CNTs which have excellent
mechanical properties compared with graphite [35, 38].

—8— Anode
~—&— Cathode

—&8— Sleeve
25

500 1000 1500 2000
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Figure 3. Tensile strengths of anode, cathode and sleeve after the sintering process.

Figure 4. FESEM images of polished sample of lower face of anode.

One of the physical characteristics is XRD which is usually performed for CNTs to get some details about the
crystallite size, interlayer space [39], wall numbers and impurities [40]. The XRD pattern of CNTs and graphite have a
similarity in the essential features. XRD pattern is helpful to estimate the purity and recognise the microstructural
difference between graphite and CNT. The x-ray diffraction profile of graphite presents a sharp peak at diffracted angle
26.3° 20, which matches the (002) plane. Besides, the small peaks of graphite are at diffracted angles 42.6°, 44.8°, and
54.2°, which matches the (100), (101) and (004), respectively. At (002) diffracted plane of graphite, the interlayer
distancing is 3.3 A [41]. Figure 5 shows the XRD profile of transformed carbon nanotubes by spark discharge phenomena
in this study. CNTs were formed on the lower face of the upper punch (anode) only. The high-intensity peak matches to
the (002) diffracted plane locates at diffracted angle 25.86° 26 which means the difference of diffracted angle between
graphite and CNTs at (002) plane is around 0.44°. For these CNTs, the interlayer spacing of plane diffraction of the (002)
is 3.4 A. The average crystallite size of CNTs sample (Doo2) of 37 nm was estimated from Scherrer’s equation. Mainly,
CNTs can be divided into four categories which are single wall CNTs, double wall CNTs, few wall CNTs and multiwall
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CNTs. The noise and intensity of (002) plane are two crucial differences that can be used to differentiate those categories.
For SWCNTs, the noise of (002) plane is the highest, and the intensity is the lowest. But for MWCNTs, the noise of (002)
plane is the lowest, and the intensity is the highest because the increase of shell numbers led to an increase in the intensity
and decrease in the noise and width of the (002) plane peak [42-45]. Besides, the multilayers spacing of sp2 C=C leads
to 20 downward, as shown in Figure 5. At 42.41° and 43.98°, the (100) and (101) diffraction planes, small peaks of
MWCNTs are noticed. This agrees with similar results reported earlier [41, 46].
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Figure 5. XRD profile of CNTs.

TGA was performed for graphite and CNTs specimens under air atmosphere to 900 °C, at a heating rate of 25 °C/min.
Figure 6 shows the TGA curves of CNTs and graphite. The TGA profile of graphite shows a significant weight loss rate
at 675 °C because of in-pore diffusion-controlled oxidation, while the oxidation is very slow at a temperature less than
550 °C due to chemical oxidation [47]. Then the weight loss rate reduces at 805 °C. For CNTs, the TGA profile shows
higher thermal stability than the graphite [48]. Slightly, the weight loss starts to increase at 645 °C because of the residual
graphite that did not transform to CNTs.
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Figure 6. TGA profile of graphite and CNTs

The graphite mould in MCAS apparatus is exposed to the impurity reactants in argon gas during the sintering process
and might accidentally expose to oxygen in the air. Since the oxidation rate depends on the temperature, time and type of
graphite, the oxidation of graphite must be studied in detail to calculate the mass loss profiles of graphite. Figure 7 shows
the variation of mass loss percentages of graphite oxidation with time at different temperatures. For each temperature, the
average values of two repeated tests were taken as a result here. The mass losses were estimated from the mass dropped
of oxidised graphite samples, and then they were straightened by comparison with the mass of pristine samples
(unoxidised sample). Generally, the oxidation rate of graphite is increasing with time and temperature [32]. Sharply,
increasing graphite oxidation quantity begins at 1 min for variation temperature when O; increased and reached the
surface of graphite specimens. At 2 min, all profiles of mass loss percentages of graphite take a linear increase with time
and variate with different temperatures. Figure 7 can be divided into three parts based on the oxidation rate at variant
temperatures. The first part is below 900 °C. The mass loss percentages are slowly increasing with time which have small
slope except the one at 800 °C because it presents the transition from in-pore diffusion-controlled regime to a boundary
layer regime. While the mass loss percentages of the first part increase continuously with temperature more than the
second and third parts due to the increase in oxidant gas entered the pores with increased temperature led to increasing
activation energy. At 8 min, the maximal mass loss percentages of graphite samples at 600 °C, 700 °C and 800 °C are
0.119%, 0.407% and 0.902%, respectively. The second part is between 900 °C and 1400 °C. The extent of mass loss
percentage increases with time and the curves from 900 °C to 1400 °C have almost the same slope which is higher than
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the slopes of the first part. However, the oxidation based on the increased temperature is lower than the first part due to
the decreasing of surface area, and the activation energy is controlled by the boundary layer. At 8 min, the maximal mass
loss percentages of graphite samples at 900 °C, 1000 °C, 1100 °C, 1200 °C, 1300 °C and 1400 °C are 1.029%, 1.158%,
1.302%, 1.447%, 1.541% and 1.668% respectively.
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Figure 7. Mass loss percentage of graphite oxidation dependency on time at high temperatures.

The third part is above 1400 °C where the mass loss percentage is greater than others and has the same patterns
increasingly. Moreover, the oxidation rate over temperature increases again because of CO production [32], and
converting the opened pores to macropores or mesopores would increase superficial surface and accelerate O,diffusion.
At 8 min, the maximal mass loss percentages of graphite samples at 1500 °C, 1600 °C, 1700 °C, 1800 °C and 1900 °C
are 1.907%, 2.094%, 2.298%, 2.519% and 2.758% respectively. Owing to the changes in reaction surface, the mass loss
percentages are different. For clarifying the behaviour of the graphite oxidation, the oxidation process was done at a
constant time. Figure 8 shows the mass loss percentages of graphite specimens at high temperature from 600 °C to 1900
°C at 40 min soaking time. For each temperature, the average values of two repeated tests were taken as a result. At
temperature from 600 °C to 800 °C, the mass loss percentage increases greatly and amounts to 5.479% at 800 °C. Then
the oxidation rate evens out at 900 °C. At temperatures from 900 °C to 1000 °C, the change in mass loss percentage is
very small, around 0.197%. The extent of mass loss percentage again raises at temperatures above 1000 °C. At
temperature above 1400 °C, the oxidation quantity is higher than the one at temperatures from 1000 °C to 1400 °C. At
1900 °C, because of the increase in activation energy of oxidation, the maximal mass loss percentage is 14.838%. The
change in mass loss rate with temperature expresses different oxidation regimes. Since the change in mass loss percentage
leads to a reduction in the strength of graphite structure, the profile of mechanical strength for oxidised graphite was
estimated.
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Figure 8. Graphite oxidation at high temperatures.

Figure 9(a) shows the relationship between mass loss percentage of GW-6S graphite and normalised tensile strength,
where o, represents the tensile strength of pristine graphite sample and 6, represents the tensile strength of the oxidised
graphite sample. The increase in mass loss percentage of graphite decreases the normalised tensile strength. But, the
decrease in normalised tensile strength is higher than the increase in mass loss percentage of graphite. Likely, this is
because of the penetration of oxidising gas in the graphite [49] and geometrical reduction. The same behaviour can be
found in Figure 9(b), which shows the relationship between mass loss percentage of GW-6S graphite and normalised
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compressive strength, but the drop in normalised compressive strength is higher than the normalised tensile strength,
where o, is the compressive strength of pristine graphite sample, and 6, presents the compressive strength of the oxidised
graphite sample. Those plots can be helpful to evaluate the tensile and compressive strengths based on mass loss
percentage.
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Figure 9. (a) Tensile strength profile and (b) compressive strength profile of oxidised graphite.

CONCLUSION

The effects of MCAS process and oxidation on GW-6S graphite at high temperature of 600-1900 °C were investigated.
The graphite transformation to carbon nanotubes is another evidence of spark discharge phenomenon during the MCAS
process of nonconductive powder. The tensile strength of the upper punch after sintering process is 20.2% higher than
the pristine one because of the transforming of micro-graphite to CNTs which increases with increased temperature. The
impurity reactants in argon gas during the sintering process have little influence on the tensile strength of mould
components, and the oxidation of graphite sample in the air is higher than the one of CNTs. The variation of mass loss
percentages is different due to the difference in control regimes. The decrease in the value of normalised
(tensile/compressive) strength is higher than the increase in the value of mass loss percentage of graphite. Besides, the
dropping in normalised compressive strength is higher than the normalised tensile strength. Likely, this is because of the
penetration of oxidising gas in the graphite and geometrical reduction.
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