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Abstract 

Nowadays it is possible to produce ceramic parts with solid and complex shapes with rapid and 

efficient shaping and sintering techniques. In this paper, 3mol% yttria stabilized zirconia (3Y-

TZP) dense and lattice parts were shaped by Digital light processing method (DLP) and 

densified by conventional (CV) and microwave (MW) sintering. 3Y-TZP samples were MW 

sintered up to 1550 °C with different heating rates (10, 30, and 50 °C/min) for the dense samples 

and 30 °C/min for the lattice samples. Controlled thermal cycles with a homogenous heating 

and no thermal runaway was reached. CV sintering was carried out at 10 °C/min up to 1550 °C. 

No inter-layer delamination was detected after sintering by the two methods. Both dense and 

lattice MW-sintered samples reached high final densities (equivalent to obtained values with 

CV-sintered samples, i.e., ≥ 98 % T.D.), but exhibited a lower average grain size than CV-

sintered materials. The different architectures between dense and lattice samples resulted in a 

different specific absorbed power: the power absorbed by the dense sample is lower than that 

absorbed by the lattice one meaning that this sample architecture heats up easily. 
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1. Introduction

Technical ceramics are widely used in several applications due to their advantageous properties 

such as high temperature stability, corrosion resistance, wear resistance and attractive 

mechanical properties. 

Among technical ceramics, yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) shows 

outstanding flexural strength and good fracture toughness [1,2], which spreads its application 

in many different fields (orthopaedic and dental implants, cutting tools, molds, thermal barrier 

coating, etc). However, an even more extensive use of technical ceramics envisages them to be 

shaped into complex and customized geometries [3]. Moreover, environmental concerns lead 

to a need to minimize material, energy and time consumption, especially for the fabrication 

processes. In the case of ceramics, it applies to all the production steps, particularly shaping and 

sintering.   

To shape green bodies, additive manufacturing (AM) is more and more used for the fabrication 

of complex structures and to overcome difficulties of conventional shaping techniques. It allows 

producing layer-by-layer near-net-shape complex shapes from a 3D computer aided design 

model without expensive tools. For various decades, different AM processes have been 

developed for ceramic materials [4].  Depending on the form of the starting materials, it exists 

three categories of AM technologies:  bulk solid-based, powder-based and slurry-based 

methods [5]. Among the slurry-based techniques, robocasting, stereolithography (SLA) and 

Digital light processing (DLP) have been extensively studied and applied to various ceramics 

such as alumina, zirconia or calcium phosphates. It is particularly relevant to produce scaffolds 

for bone tissue engineering which require controlled porosity [6]. DLP is particularly promising 

because of its high resolution, accuracy and surface finishing [7]. DLP is a type of vat 

polymerization in which the photopolymerization is performed by a UV projector of a ceramic 

slurry containing photocurable monomers, a photoinitiator and an appropriate dispersant [8]. 
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The UV projector can cure a complete layer of slurry at once making the process 30-50% shorter 

that SLA (in which the photopolymerization is performed by a UV laser beam which scans the 

suspension) while keeping higher quality in the printed parts [9]. In the last few years, several 

authors aimed at optimizing this process to obtain defect-free and dense samples with high 

performances. Concerning 3Y-TZP shaping by SLA and DLP, many papers were focused on 

the optimisation of slurry [10–14], the influence of the printing parameters [15–17] and the 

optimisation of the debinding and sintering stages [18]. The mechanical properties of the 

sintered parts were also explored in different researches [15,18–21]. High final densities and 

mechanical properties were obtained, with values close to those obtained for samples 

conventionally shaped. For example Chen et al. [11] fabricated 3Y-TZP full-ceramic teeth by 

DLP technology.  Lu et al. [20] also manufactured 3Y-TZP by DLP technique, providing 

printed parts with 99% relative density, close to that of conventionally manufactured parts. In 

a previous study, Coppola et al. used DLP to print 3Y-TZP [22] as well as zirconia-toughened 

alumina samples [21] achieving high relative densities (> 99%), homogeneous and fine 

microstructures and mechanical properties in line with those of conventionally fabricated 

materials. 

Conventional (CV) sintering of ceramic is generally very slow and energy consuming. Rapid 

sintering processes as microwave (MW) sintering [23] help to reduce the sintering duration due 

to the possibility to densify ceramics with high heating rates and low dwell times [24]. 

Moreover, a fast sintering process allows reaching fine microstructures, which are beneficial 

for the mechanical properties. Contrary to CV resistive thermal treatment, in the case of MW 

process, the ceramics heat by direct interaction with the MW, leading to a fast and volumetric 

heating. The heating capability of a material is linked mainly to its dielectric properties, i.e., the 

complex permittivity (ε∗ = ε′ − jε′′) and the loss tangent (tan(α) = ε′′/ε′), where ε′ is the

dielectric constant and ε′′ is the dielectric loss factor. The higher the dielectric loss factor, the
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more material couples with the electromagnetic field and heats rapidly. Regarding the dielectric 

properties, a material can be transparent, absorbent or reflective to MW radiations [25]. For 

transparent and reflective materials, the so-called hybrid MW heating is performed by the use 

of a susceptor. The susceptor is a material which strongly couples with MW at low temperature 

and which is used to initiate the heating and can transmit heat to the sample, mainly via radiation 

[26]. 3Y-TZP is considered as a transparent material at ambient temperature, but its loss tangent 

increases sharply with temperature [27]. Thus, direct heating of zirconia by MW is possible but 

the sharp increase of the loss factor is responsible of temperature runaway (i.e., localized 

uncontrolled overheating of the sample), which makes very difficult the control of the heating 

cycle [28]. That is why, in a MW device, an external susceptor is often used to sinter 3Y-TZP 

[29]. 

Combining AM shaping and MW sintering appears interesting to overcome the environmental 

challenges for ceramic production, being this approach still not deeply investigated in literature. 

The association of robocasting and MW sintering has been tested to produce hydroxyapatite 

[30] and -tricalcium phosphate scaffolds [31]. Concerning SLA/DLP and MW sintering, Curto 

et al. [32] sintered by MW alumina lattice structures printed by SLA. In their study, they 

sintered the samples in a single-mode cavity with a heating rate up to 250 °C/min, reaching 

relative densities of about 93%. To the best of the authors’ knowledge, there is no study 

involving the use of SLA/DLP joined to MW sintering for 3Y-TZP ceramics. 

Therefore, this work is focused on the study of the MW sintering of dense and lattice 3Y-TZP 

samples made by DLP technique. 3Y-TZP printed parts were sintered in a MW multimode-

instrumented device and then characterized in terms of final densities and grain sizes. Identical 

printed parts were also conventionally sintered for comparison purposes. 
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2. Materials and methods

2.1. Materials 

Samples were prepared using a commercial 3 mol% yttria-tetragonal zirconia polycrystal (3Y-

TZP) slurry (Admatec Europe BV, The Netherlands) according to a previous study [21]. In 

particular, the UV curable slurry contains a photocurable resin with approx. 74.6 wt% ceramic 

powder loading. 

2.2. Shaping of 3Y-TZP parts by DLP 

Dense and lattice samples (15 x 4 mm, diameter x height) were designed using the AutoCAD 

software. Lattice samples have struts with a square section of 0.8 mm side and a porosity of 

50%. Parts were printed using a DLP-based additive manufacturing device ADMAFLEX 130 

(ADMATEC Europe BV, The Netherlands), in which the ceramic slurry is spread on a plastic 

foil thanks to a doctor blade and then photopolymerized using a UV projector operating at 405 

nm. The printing parameters were fixed as following: 30 µm, 400 ‰ (corresponding to 26.23 

mW/cm2) and 1500 ms, for the layer thickness, LED power and exposure time, respectively. 

After printing, samples were immersed in deionized water at approx. 40 °C for 24 h to remove 

extra-slurry. Then, the samples were oven dried at 70 °C for 6 hours, and submitted to thermal 

debinding up to 1000 °C in an electric furnace (Carbolite 1200, Carbolite Gero GmbH) under 

air atmosphere as already reported in  Figure 1a. The resulting microstructure after thermal 

debinding is reported in Figure 1b and a homogeneous and constant layer of approx. 29 μm is 

clearly visible that is in good agreement with the imposed nominal layer of 30 μm. 
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2.3. CV sintering 

The samples were conventionally sintered in an electrical furnace (Carbolite 1800, Carbolite 

Gero GmbH) with the following thermal cycle: heating rate of 10 °C/min, temperature of 1550 

°C and dwell time of 30 min. The CV sintered samples will be referred as D-CV10 and L-

CV10, for the dense and lattice samples, respectively. 

2.4. MW sintering 

MW sintering was carried out in an instrumented multimode MW cavity, already described in 

details in a previous paper [33]. A schematic view of the setup is shown in Figure 2. This heating 

cavity of dimensions of 430 mm × 430 mm × 490 mm is connected with a magnetron powered 

by a 3 kW generator working at a fixed frequency of 2.45 GHz (GMP30K, SAIREM, France). 

A mixing paddle is used to homogenize the electromagnetic wave in the cavity and to avoid hot 

spots. 

The green samples were positioned in a sintering cell in order to optimize samples’ insulation 

and guarantee their homogeneous heating. This cell was adapted from a cell previously described 

[33]. The cell mainly contained plates of thermal insulators made of aluminosilicate fibers (KVS 

184-400, RATH®, Germany).  The use of a SiC ring as a susceptor in the insulating cell allows 

for a hybrid and uniform heating through the entire sintering process. A bichromatic infrared 

pyrometer (Lumasense Technology, Germany) was used for temperature measurement. This 

pyrometer is sensitive to the wavelength between 2 and 2.5 μm and works in the 250-1800 °C 

temperature range. It was placed above the cavity at around 40 cm from the sample’s surface 

(see Figure 2).  To obtain an accurate value of temperature, it is necessary to know the ratio of 

apparent emissivity k in the experimental conditions. Therefore, a calibration method based on 

the melting point of a metallic calibration material as described by Zymełka et al. [34] and 

Khalile et al. [33] was used. In this study, palladium (Pd: Tmelting = 1550 °C) was used as 
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calibrating material. It was placed on a small hole engraved in the sample surface. When Pd 

started melting, the emissivity ratio 𝑘 of the IR pyrometer was recalculated so that the melting 

point of Pd was equal to the measured temperature. A 𝑘 value of 0.955 was measured and used 

for the samples of this study. The thermal cycle was controlled by a specific homemade 

LabVIEW software. It used a PID controller based on the temperature measured by the 

pyrometer. The incident power delivered by the generator was continuously adjusted during the 

sintering cycle in order to match the measured temperature with the set temperature. During 

sintering, the software recorded the data throughout the process. 

3Y-TZP dense samples were sintered at 1550 °C with different dwell times. Based on 

preliminary results of densities and microstructure (data not reported), an optimal dwell time of 

30 min was chosen. The applied thermal cycles are presented in Table 1. Dense samples sintered 

by MW at 10, 30 and 50 °C/min are named D-MW10, D-MW30 and D-MW50 respectively. 

Lattice sample was MW-heated with a heating rate of 30 °C/min in order to study the influence 

of the architecture between dense and lattice samples. In this case, the sample is referred as L-

MW30. 

2.5. Characterization of the sintered samples 

Final densities were measured by Archimedes’ method following the standard ISO18754-2020 

[35] (temperature of 20 °C during the measurement). Theoretical densities of 6.05 g.cm−3 was 

used to calculate the relative densities. 

Samples were cut, polished until mirror surface finishing and thermally etched at 1480 °C 

during 10 min. 

The phase composition was analysed by X-Ray Diffraction (XRD). The analyses were carried 

out with a PANalytical model XPert Pro MPD X-ray diffractometer, using Cu Kα radiation. 

Operating parameters were as follows: θ - 2θ range: 10-138 °, step angle: 0.013 ° and counting 
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time: 29 s/step. The XRD patterns were compared with the PDF files of tetragonal ZrO2 (01-

072-2743) and monoclinic ZrO2 (01-086-1451). 

The microstructures were observed using Scanning Electronic Microscopy (SEM, Zeiss 

SUPRA55VP, Carl Zeiss Microscopy GmbH, Oberkochen, Germany). The average grain sizes 

of sintered 3Y-TZP were measured by image analysis using the Image J software near the 

surface and in the bulk of the dense samples and at different locations on the cut surface of the 

lattice samples. 

3. Results & discussion

3.1. Power evolution during sintering 

Figure 3 presents the evolution of temperature, forwarded (Pf) and absorbed (Pabs) MW powers 

during the thermal cycles of D-MW10, D-MW30 and D-MW50. Samples were all successfully 

heated and the measured temperatures follow perfectly the set temperatures without any 

observed thermal runaway. The Pf and Pabs values increase as the set temperature increases 

during the heating stage. Important oscillations of the Pf and Pabs are visible at the beginning of 

the thermal cycle and the slope of the curves Pabs vs time starts changing (increasing) at around 

727, 530 and 390 °C for D-MW10, D-MW30 and D-MW50 respectively with a higher slope in 

the case of D-MW50. Then, a rapid increase of Pf at about 950 °C is observed for all the 

samples. This latter evolution can be related to the evolution of imaginary part of dielectric 

permittivity of 3Y-TZP with temperature. Arai et al. measured 𝜀′′ between 25°C and 1200°C at 

2.19 GHz. They observed an increase of 𝜀′′ for 3Y-TZP from 500 to 1200°C [36]. Batt et al. 

observed an increase of 𝜀′′ between 300 and 600°C [37]. At 1550 °C, during the dwell 

temperature, the oscillations of Pf and Pabs values decrease with increasing heating rates and Pf 
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is 100 W lower in the case of D-MW50 in comparison with D-MW10 and D-MW30, for which 

Pf values are very close (between 800 and 850 W). 

Figure 4a compares the evolution of the MW powers and temperatures of D-MW30 and L-

MW30 samples with almost the same initial dimensions (diameter and thickness) but different 

architectures. The variations of Pf and Pabs for D-MW30 and L-MW30 are almost similar. The 

sudden increase of Pf at about 1000 °C is also observed for L-MW30. During the dwell at 

1550°C, the power oscillations have a lower amplitude for the L-MW30 samples, in comparison 

with the D-MW30 one. It can indicate a difference of MW/matter interactions between both 

samples. This can be linked to the variation of the architecture between solid and lattice 

samples. Figure 4b shows the variation of the specific absorbed power (Psp, power divided by 

weight of the sample) as a function of temperature. This figure clearly shows that the power 

absorbed by the dense sample is lower than that absorbed by the lattice one. Thus, this latter 

heats up easily, therefore the Pf and Pabs values increase and remain stable and with lower 

amplitude of oscillations during the dwell at 1550 °C.

3.2. Density, microstructure and phase composition of solid and lattice sintered samples 

The printed samples were successfully debinded and sintered without delamination, as visible 

in optical microscopy (Figure 5). The final relative densities of the sintered samples are 

presented in Table 2. Whatever the type of sintering (CV or MW) and the type of samples 

(dense or lattice) the samples are almost fully dense (relative density > 98 %), without 

significant differences between samples. 

Figure 6 shows low magnification SEM micrographs of the polished sintered samples. The 

microstructures within the layers are highly dense and homogeneous, with almost no defects. 

Some micrometer sized residual pores located at the interlayer spaces are detected in few 

samples, especially in D-MW10 where spherical pores are systematically located at the 
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interlayer positions. In D-MW30 interlayer pores are sometimes observed, within limited pores 

located inside the layers. However, for D-MW50 and both L-CV10 and L-MW30 samples, no 

residual porosity is observed. Starting from a nominal layer thickness of 30 µm, the measured 

layer thickness (20.02 – 23.39 µm) after sintering (Figure 6) is in good agreement with the 

expected shrinkage in the z-axis direction [21]. Moreover, the higher layer thickness measured 

for D-MW10 is representative of a lower degree of densification and consequently shrinkage, 

consistently with its slightly lower density (Table 2) compared to D-MW30 and D-MW50. The 

almost full densification makes printing layers less visible or no more visible in the case of D-

MW30 and D-MW50 respectively. In the case of D-MW50, no pores are detectable in this 

material. 

By comparing MW and CV sintering at the same heating rate of 10 °C/min (Figures a and d), 

we can observe smaller layers due to higher shrinkage in the latter material, consistent with its 

slightly higher sintered density.  Finally, SEM micrographs of the lattice samples shows fully 

dense microstructures, almost defect free, independently on the sintering methods. 

Figure 7 shows high magnification SEM micrographs of the samples, confirming their high 

density and fine-grained and homogeneous microstructures. In addition, in order to ascertain if 

the unconventional MW sintering could lead to microstructural differences between bulk and 

surface of the samples, SEM characterization was carried out on both surface and section areas, 

and compared to the analysis performed on CV-sintered materials. In conventional sintering, 

the external surface is heated by radiation and convection, being heat conveyed by conduction 

from the surface to the core of the sample. This means that the heat could be higher at the 

surface than at the core, potentially producing a certain microstructural difference. In 

microwave direct processing (i.e., without susceptor), heat is produced in the bulk of the 

compact and moves towards the external surfaces by radiation and convection. Here, an inverse 
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thermal gradient takes place as respect to CV sintering, with a higher temperature in the core 

than at the surface [29]. 

Results from image analyses, expressed as average grain size and related standard deviation, 

are collected in Figure 7. All samples have a large grain distribution between 0.1 and 1.2 µm 

(Figure 7). The average values are in the range 0.3 – 0.6 µm, confirming the fineness and 

homogeneity of the microstructures obtained by either sintering methods (Table 3). No 

significant differences between surface and bulk can be observed, and always within the 

standard deviation. For CV sintering of small samples and standard heating rates, the gradient 

between core and surface can be in fact typically neglected. In MW direct sintering (i.e., without 

susceptor), higher average grain size in the bulk of zirconia samples compared to the surface 

has been previously reported by Charmond et al. [29]. But, in our case, the samples were 

sintered in a hybrid configuration, i.e., assisted with a SiC susceptor. The SiC ring is necessary 

to initiate heating of 3Y-TZP at low temperature, especially with multimode cavity. In this case, 

samples are heated by interaction with MW (especially from 500°C for 3Y-TZP, when the loss 

tangent increases) and by radiative heating of SiC. Our results indicate homogeneous sintering, 

and thus microstructural development, due to the hybrid configuration, independently on the 

heating rate. These results are in good agreement with the ones of Charmond et al. [29] who 

obtained a homogeneous microstructure for zirconia samples sintered in a hybrid configuration 

with a SiC susceptor. 

On the opposite, more remarkable differences in microstructural features and thus average grain 

sizes are observed within the different MW-sintered samples, which can be ascribed to both 

densification degree and heating rate. Specifically, D-MW30 is characterized by a larger grain 

size as compared to the other MW-sintered samples (Table 3). If compared to D-MW10 and D-

MW50, the larger final grain size can be ascribed to its higher densification degree (see Table 

2). Thus, such quick MW sintering processes (i.e., 30 and 50 °C/min) were optimal to reach 
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high final density and retain a fine grain size. Moreover, by comparing CV and MW sintering 

at the same heating rate (10 °C/min), a difference can be clearly stated, as D-MW10 sample 

showed lower average grain size than D-CV10. This can be related to the difference in sintered 

densities between both samples (98.1% and 99.1%T.D. for D-MW10 and D-CV10 

respectively). This can be linked to the difference in the temperature measurement between CV 

and MW sintering. The temperature is measured by a pyrometer in MW sintering whereas a 

thermocouple is used in CV sintering. The pyrometer measures the temperature at the surface 

of the pellet. Thus, the temperature in the sample’s core is probably slightly higher than the 

value measured by the pyrometer. Moreover, the temperature measured by the pyrometer 

depends on the emissivity obtained by the calibration process described in part 2.4. These two 

points can bring errors in the temperature measurement for MW sintering. The real temperatures 

reached by D-CV10 and D-MW10 are probably slightly different. 

The microstructure and the average grain sizes of the L-MW30 sample at different zones are 

presented in Figure 8. The five average values (from 0.35 to 0.43 µm) are slightly similar and 

shows the homogeneity of the microstructure after MW sintering which indicates a 

homogeneous heating of the lattice sample. 

The comparison between CV and MW sintering for the lattice samples (Table 3) shows lower 

grain size for the MW-sintered sample (average value of 0.38 µm for L-MW30 and of 0.59 µm 

for L-CV10). These two samples have similar relative densities (98.6% and 99%). The slightly 

finer microstructure of the L-MW30 sample can be related to the reduced duration of the 

thermal cycle (e.g., 90 minutes for the L-MW30 sample and 179 minutes for the L-CV10 one). 

Indeed, this reduced thermal cycle (approx. 50%) is the most important benefit of the MW 

sintering. 

The microstructure of the L-MW30 sample can also be compared to the microstructure of the 

D-MW30 one. Both samples underwent the same thermal cycle under MW but they have a 
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different architecture. Both have similar high densities (98.6% for the L-MW30 sample and 

99% for the D-MW30 one). The L-MW30 part has a slightly lower average grain size in 

comparison with the D-MW30 part (see Table 2 and Figure 8). Based on these results, it is 

difficult to conclude about a possible impact of the architecture of the sample on the MW 

heating. Further studies would be needed to sinter under MW different macroporous lattice 

structures with larger samples. 

Finally, the crystalline phases present in the conventionally and MW-sintered samples were 

identified using XRD analysis and the resulted diffractograms are reported in Figure 9. As 

expected, the samples are mainly composed of tetragonal phase with the presence of a small 

amount of monoclinic phase. The comparison of D-MW10, D-CV10 and L-MW10 patterns 

shows that MW sintering (of dense and lattice samples) did not change the phase composition, 

in comparison with CV sintering. 

In this work, full density and fine microstructures were achieved after MW sintering for DLP-

shaped pellets with shorter thermal treatments, in comparison with CV sintering. Curto et al. 

[32] also compared CV and MW sintering of macroporous alumina parts printed by SLA. They 

also obtained similar high densities and fine microstructures for CV and MW-sintered samples 

sintered at 1650°C, with a lower duration for MW sintering. 

4. Conclusion

Dense and lattice 3Y-TZP samples were successfully printed with DLP technique and sintered 

under MW. A comparison between CV and MW sintered samples was conducted. The sintered 

samples were characterized in terms of final densities and microstructure. All the MW-sintered 

samples exhibited high densities and fine and homogeneous microstructures especially with the 

high heating rates of 30 and 50 °C/min. Finer microstructures were observed with MW sintering 

in comparison with CV sintering for both dense and lattice samples. Further, MW sintering 
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allows a significant reduction of the duration of thermal cycles: for example, the sintering time 

up to 1550 °C of D-MW50 was 5 times lower than the time needed for D-CV10 with 

comparable final properties. This study confirms that coupling MW sintering (higher heating 

rates and lower dwell times) with shaping by AM is an efficient route for a rapid production of 

technical ceramics, compared to traditional shaping processes (e.g., pressing or casting of 

suspension) and CV sintering. The fine microstructure resulting from MW sintering is 

promising for the achievement of high mechanical properties, as it will be performed in a next 

study. To reduce even more the total processing time, another possibility would be to carry out 

a MW debinding of the samples. 

The present results show a negligible role of the sample architecture on the MW processing, 

since dense and lattice parts showed comparable final density and microstructure. However, 

further studies could imply the MW sintering of DLP printed samples with more complex 

architectures and in different size, and to combine experimental work with simulation studies 

of propagation of electromagnetic fields inside a new type of ceramic structures. 
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Figures’ and tables’ captions 

Figure 1: (a) Thermal debinding cycle (total duration of the cycle: 58h50) and (b) FE-SEM 

micrograph of a sample cross section (fracture surface) after thermal debinding 

Figure 2: Schematic of the hybrid MW sintering configuration 

Figure 3: Thermal cycle and power evolution during MW sintering of dense samples: (a) D-

MW10, (b) D-MW30 and (c) D-MW50 

Figure 4: Evolution of (a) MW powers and temperatures vs time and (b) specific Pabs during 

MW sintering of dense and lattice samples 

Figure 5: (a) Pictures of green and sintered L-MW30 sample and (b) Optical microscope image 

of the surface of this sample 

Figure 6: SEM micrographs (bulk) of dense and lattice MW and CV sintered samples 

Figure 7: SEM micrographs and grain size distributions of MW and CV sintered 3Y-TZP 

samples at the surface (red color) and in the bulk (blue color) of the sample 

Figure 8: SEM micrographs and average grain size at different zones of the cut surface of L-

MW30 

Figure 9: XRD diffractograms corresponding to D-CV10, D-MW10 and L-MW30 samples (m 

= monoclinic ZrO2 and t = tetragonal ZrO2) 

Table 1: Thermal cycles for MW and CV sintering 

Table 2: Relative densities of MW and CV sintered samples 

Table 3: Grain sizes (µm) in the surface and the bulk of MW end CV sintered samples (note 

that the values for L-MW30 are not indicated here and are given in Figure because different 

measurements were carried out at different locations for this sample) 
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Table 1 

Sample 

Sintering 

process 

Heating rate 

(°C/min) 

Dwell time 

(min) 

D-MW10 

MW 

10 

30 D-MW30 30 

D-MW50 50 

D-CV10 CV 10 30 

L-MW30 MW 30 30 

L-CV10 CV 10 30 
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Table 2 

D-MW10 D-MW30 D-MW50 D-CV10 L-MW30 L-CV10 

Density (%T.D.) 98.1±0.1 99.0±0.2 98.9 ±0.1 99.1±0.2 98.6±0.1 99.0±0.1 
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Table 3 

D-MW10 D-MW30 D-MW50 L-MW30 D-CV10 L-CV10 

Surface  0.38 ± 0.11  0.50 ± 0.14  0.40 ± 0.14 

Figure 8 

0.55±0.16 0.51±0.15 

Bulk 0.34 ± 0.10  0.55 ± 0.15 0.43 ± 0.14 0.58±0.15 0.53±0.16 



https://www.editorialmanager.com/ceri/download.aspx?id=2778496&guid=db7083bc-3a9d-4140-a5e1-130911946364&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778496&guid=db7083bc-3a9d-4140-a5e1-130911946364&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778497&guid=17f40631-86c6-4675-a86a-871b3b2fda4d&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778497&guid=17f40631-86c6-4675-a86a-871b3b2fda4d&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778498&guid=7dfeb259-e3fb-413e-a161-2469a7cfd7be&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778498&guid=7dfeb259-e3fb-413e-a161-2469a7cfd7be&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778499&guid=8f716ba9-c708-4694-b92f-4350fb47be21&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778499&guid=8f716ba9-c708-4694-b92f-4350fb47be21&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778500&guid=a7b29f64-b7e9-45ac-aae0-2615d6b2ba44&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778500&guid=a7b29f64-b7e9-45ac-aae0-2615d6b2ba44&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778501&guid=18945829-2ec0-4376-9fb3-b72f8b5b53fe&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778501&guid=18945829-2ec0-4376-9fb3-b72f8b5b53fe&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778502&guid=a55d023c-14bf-4807-a90e-8b3b530ea7f1&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778502&guid=a55d023c-14bf-4807-a90e-8b3b530ea7f1&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778503&guid=93d2b7c3-0dee-4826-a1f5-ea23899a314a&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778503&guid=93d2b7c3-0dee-4826-a1f5-ea23899a314a&scheme=1


https://www.editorialmanager.com/ceri/download.aspx?id=2778504&guid=abbef4e2-3af1-458c-99fa-106c806a3ba0&scheme=1
https://www.editorialmanager.com/ceri/download.aspx?id=2778504&guid=abbef4e2-3af1-458c-99fa-106c806a3ba0&scheme=1



