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A B S T R A C T   

The fabrication of complex shaped Si3N4 parts by conventional methods is challenging due to its high hardness 
and mechanical strength. Additive manufacturing (AM) appeared as a competitive way to attain three- 
dimensional complexity at lower costs. However, most of AM technologies still present limitations in produc
ing high dense ceramics, mainly due to several difficulties in developing proper feedstock. This work presents the 
fabrication of dense silicon nitride-based ceramics by using an extrusion based additive manufacturing technique 
(direct ink writing, also known as robocasting) and cold isostatic pressing (CIP) as a post processing step. Silicon- 
nitride aqueous based inks containing different amounts of solids loading (36, 38 and 39 vol%) and proper 
rheological characteristics for the printing process were studied. The use of CIP (200 MPa) is suggested to reduce 
or even eliminate defects and porosity and consequently, to improve mechanical performance of the final parts. 
Relative density, microhardness and flexural strength increased as solids loading in the inks increased and were 
further improved when CIP pressing was used. Parts produced by robocasting with an ink containing 39 vol% 
and cold isostatic pressed at 200 MPa exhibited an average relative density around 99%, 1475 HV2 micro
hardness value and 650 MPa flexural strength, values similar to those of silicon nitride ceramics fabricated by 
conventional processing.   

1. Introduction 

Silicon nitride (Si3N4) is a well-established ceramic material for 
several structural applications at room temperature and also high tem
peratures, thanks to its combination of properties, such as mechanical 
strength, hardness, wear resistance and thermal shock resistance [1]. 
Cutting tools, protection against high speed impacts and biomedical 
devices are examples of application fields for this material [2]. These 
ceramics are commonly produced industrially by powder processing 
followed by distinct sintering processes to attain high densification 
levels, a mandatory feature to achieve the expected high performance 
[3–5]. In fact, the covalent nature of the chemical bonds in Si3N4 makes 
the achievement of full densification a challenge. Dense materials can, 
however, be easily produced using pressure assisted techniques such as 
hot-pressing (HP) or hot isostatic pressing (HIP) [4]. Unfortunately, both 
techniques greatly increase the costs of the produced parts. The alter
native, known as “pressureless sintering”, also uses a variety of sintering 

additives [6,7], albeit in larger amounts than the pressured assisted high 
temperature processing. Numerous mixes of different additives have 
been used, with a high emphasis on Al2O3 and Y2O3 [8]. During high 
temperature processing, these sintering additives react with the silicon 
oxide that spontaneously coats the Si3N4 powders, creating a liquid 
phase at temperatures lower than the decomposition temperature of 
Si3N4. This liquid can wet the Si3N4 particles, facilitating their decom
position, diffusion and reprecipitation. 

To obtain complex geometries of Si3N4 ceramics by conventional 
processing, machining post-processes are commonly used, which are 
time-consuming, costly and unsustainable [4,5]. Additive 
manufacturing (AM) technologies could be an alternative and promising 
solution to fabricate Si3N4 based ceramic parts, due to their ability to 
form complex forms and fine details, in a bottom up approach, thus 
reducing significantly the disadvantages of the conventional processing 
[9,10]. The trend in using AM in ceramics has been growing, although 
several difficulties have been reported that explain their slow 
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advancements when compared with AM of metals or polymers [11,12]. 
Concerning Si3N4 ceramics, reaching high densities and adequate me
chanical performance are the main drawbacks for industrial imple
mentation, mainly due to the complications in developing the proper 
feedstock for each AM technology [13]. Binder jetting (BJ), selective 
laser sintering (SLS), selective laser melting (SLM), Stereolithography 
(SLA), Digital Light Processing (DLP), Direct Ink Writing (DIW/robo
casting) and direct photo shaping (an AM technique which combines 
robocasting with photocuring), have been the technologies mentioned 
to date in literature for the AM of Si3N4 ceramics [9,12,13]. 
Powder-based AM technologies, such as BJ and SLS, commonly uses 
granulated powders as feedstock to achieve a proper printing flow. The 
main concerns are related to the high porosity in the final parts [13,14]. 
Regarding technologies that use suspensions as feedstock, such as pho
topolymerization (SLA and/or DLP) and extrusion based categories 
(DIW/robocasting), maximization of the amount of ceramic powders in 
the pastes or suspensions, their homogeneity and stability over time, the 
rheological characteristics, the burnout of binders and large shrinkages 
of the final parts are still the challenges to overcome [13,15–18]. In 
comparison with photopolymerization, robocasting uses lower amounts 
of organic additives, which is an advantage as it avoids cracks and large 
shrinkages during the burnout and the sintering steps of bulk ceramic 
parts [19–21]. 

The fabrication of Si3N4-based ceramics by robocasting has been 
already explored in the literature but it is yet scarce and highly focused 
on lattice structures or porous devices, such as scaffolds for biomedical 
applications [18,22,23]. The mechanical integrity of the components 
obtained by this technology relies on the rheological properties of the 
feedstock [22]. Inks with shear thinning behavior and high elastic 
moduli are needed to guarantee simultaneously a proper flow through 
fine printing nozzles and filament shape retention just after printing, as 
well as to assure weight support of the subsequent layers. Zhao S. et al. 
[18] reported the ability to fabricate Si3N4 ceramics by robocasting 
using a mixture of low and high molecular weight polyethylene imine 
(PEI) and hydroxypropyl methylcellulose (HPMC) as binders in a paste 
containing around 62 wt% of solids (Si3N4 and Al2O3/Y2O3 as sintering 
aids). Almost fully dense Si3N4 samples with flexural strength of 552 ±
68 MPa were obtained by using HIP after sintering. Recently, Deiner 
et al. [24] published on the influence of using different printing patterns 
in residual porosity of Si3N4 components produced by DIW. The authors 
concluded that the print infill pattern (aligned, hexagonal, diagonal) 
affected the amount, size, and shape of pores in the final components. 
The maximum relative density reported was 97% for a feedstock paste 
containing 43.8 vol% of solids. In addition to porosity, fast drying and 
bending of the parts during the drying step were underlined as important 
themes to explore and control in this technology. 

The present work aims to develop proper aqueous-based Si3N4 pastes 
as feedstock for robocasting and fine-tune their rheological properties. 
The influence of solids loading and cold isostatic pressing (CIP) as a post 
processing step in density and mechanical performance of the printed 
parts after pressureless sintering were studied and related with micro
structural features. 

2. Experimental procedure 

2.1. Silicon nitride-based powder composition 

Silicon nitride (Si3N4, Grade M11, H.C Starck, Germany), aluminum 
oxide (Al2O3, Martoxid MR 70, Huber Martinswerk, Germany) and 
yttrium oxide (Y2O3, ST-1028/98. H.C Starck, Germany), in a proportion 
of 89.3 wt%, 3.7 wt% and 7.0 wt%, respectively, were used as a powder- 
based composition, referred previously in literature as a proper combi
nation to attain high densification levels [7]. To obtain a homogeneous 
distribution of all components, the powders’ mixture was milled in a 
planetary milling (P400, Retsch, Portugal) for 8 h at 200 rpm in 2-prop
anol and then dried for 24 h, followed by calcination at 600 ◦C for 4 h, 

according to previous well-established procedures [25–28]. This powder 
composition was hereafter defined as A-matrix. The particle size distri
bution of the three ceramic powders and the final mixture was analyzed 
by a light-scattering instrument (Particle Size Analyzer, Coulter LS 230, 
UK). 

2.2. Feedstock preparation and characterization 

Dolapix A88 and Dolapix PC33 (both from Zschimmer & Schwarz, 
Germany) respectively, an organic deflocculating agent (amino alcohol) 
free from alkali and a high-molecular-weight polyelectrolyte with car
boxylic functional groups, were selected as dispersants, referred in 
literature as particularly effective in colloidal dispersion of silicon 
nitride [24,25,29]. The deagglomeration efficiency was evaluated by 
testing the impact promoted by different amounts of Dolapix A88 (0.1, 
0.2, 0.3 and 0.4 wt%, based on total solids content) and Dolapix PC 33 
(0.2, 0.4 and 0.8 wt%, based on total solids content), on the viscosity of 
an A-matrix-based suspension containing 40 vol%. To ensure the proper 
stability of the slurries, carboxymethyl cellulose (CMC, 250 000 Mw, 
Colorobia) was added to the suspensions as a binder/thickening agent. 
The suspensions were characterized by rheological properties using a 
rotational rheometer (Kinexus Pro+, Netzsch, Germany). Viscosity 
versus shear rate measurements were evaluated in the shear rate range of 
0.1–100 s− 1, using a cone–plate system (4◦/40 mm) with 150 μm gap. 
All measurements were assessed at room temperature (25 ◦C), holding a 
solvent trap to prevent samples drying during the experiments. 

By using the dispersant selected and respective amount (Dolapix 
A88, 0.2 wt%) aqueous-based suspensions containing total solids 
loading in the range of 40–44 vol% were then prepared. For that, the A- 
matrix was gradually added to the aqueous media containing the 
dispersant and, the resultant suspension deagglomerated in a role mill
ing with silicon nitride spheres for 24 h, to assure a complete homoge
nization and deflocculation. To reach the printable inks, a 3 wt% diluted 
solution of carboxymethyl cellulose was added to the previous suspen
sion, using a planetary centrifugal mixer (ARE-250, Thinky Co., Tokyo, 
Japan) during 2 min at 650 rpm. Finally, polyethyleneimine solution 
(PEI, Sigma-Aldrich-Merck, Germany, Mn ~1800 and Mw ~2000), was 

Table 1 
Detailed composition of the suspensions, added additives and final composition 
of the studied inks. The columns nomenclature is a reference to the solid loading 
(e.g. susp. 40%) of the pristine suspensions, which were partially diluted during 
the ink preparation process.    

Raw materials [wt. 
%] 

Susp. 
40 
[vol 
%] 

Susp. 
42 
[vol 
%] 

Susp. 
44 
[vol 
%] 

Suspensions Solvent Water 59.72 57.71 55.7 
A-Matrix Si3N4 89.3% 40 42 44 

Y2O3 7% 
Al2O3 3.7% 

Dispersant Dolapix A88 0.28 0.29 0.30 

Rheology 
modifiers   

Amount of additives [wt. 
%] 

CMC 
solution 

CMC- 
250 

3% 8.72 9.15 8.59 

Water 97%  
Polyethyleneimine 
(PEI) 

0.07 
(6) 

0.08 0.08 
(4) 

Final inks/ 
pastes 

Constituents Ink 36 
[vol 
%] 

Ink 38 
[vol 
%] 

Ink 39 
[vol 
%] 

Solvent 55.68 53.31 51.93 
A-matrix 36 38 39 
Dispersant 0.25 0.26 0.28 
CMC solution 7.99 8.35 8.72 
PEI 0.07 0.07 

(3) 
0.07 
(6)  
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gradually added until a gel-like behavior is obtained and mixed followed 
by homogenization at 700 rpm for 2 min in the planetary mixer, 
attaining a 0.06 wt% (based on solid amounts) of this additive. The 
powder was added stepwise, by adding ~2–5 g at each step and the 
suspension was left on the planetary centrifugal mixer (ARE-250, Thinky 
Co., Tokyo, Japan) in steps of 2 min at 650 rpm. Since the tendency for 
agglomeration was dependent on the solid load, for the highest con
centration suspensions, high number of steps adding small amounts of 
powder were needed, especially for the addition of the last quantities of 
powder, since the suspensions presented at this point an accentuated 

shear thickening behavior. Table 1 presents the (i) detailed composition 
of the suspensions, (ii) the amounts of rheology modifiers added in the 
previous suspensions to attain the ink and (iii) the final ink composition. 

The zeta potential of the A-Matrix particles dispersed in water was 
determined using a Zeta-Sizer Nano ZS (Malvern, UK) equipment which 
operates according to the electrophoretic light scattering technique. The 
measurements were carried out as a function of the pH, changed by 
adding dropwise 0.1 M HCl or NaOH stock solutions, in the absence and 
in the presence of the dispersant previously determined as the most 
suitable (Dolapix A88). Likewise, the zeta potential of the A-Matrix 
particles in presence of Dolapix A88 and PEI was assessed. The final inks 
were characterized by their rheological behavior in oscillatory mode, 
using a plate sensor (Ø = 20 mm) with 1.5 mm gap size by amplitude 
sweep and frequency sweep measurements, respectively, at 1 Hz fre
quency and 50 Pa shear stress (from linear viscoelastic region, LVER). 

2.3. Printing silicon nitride-based samples by direct ink writing and 
sintering 

A robocasting equipment (EBDR-A32, 3D Inks, LLC, USA) was used 
to print cylindrical samples with 20 mm diameter and 5 mm thickness. 
For that, the A-Matrix ink was loaded into a 5 ml syringe (Nordson, 
Westlake, OH, USA) right after the homogenization. The ink extrusion 
was made at room temperature, with a print velocity of 10 mm/s 
through a nozzle with an internal diameter of 410 μm. The layer height 
was 322 μm. The samples were printed in an alumina substrate, in a high 
humidity environment to reduce the fast-drying effect of this type of 
pastes [30]. Fig. 1 (a, b and c) presents the CAD model with the infill 
patterning used, i.e., all layers with filament printed in the same direc
tion and superimposed, already sustained by other authors [19]. An 
example of the robocasting printing process is presented on Fig. 1 (d). 
After printing, the samples were dried in a controlled humidity oven for 
24 h and another 24 h at room temperature. 

In order to reduce the porosity in green state and evaluate its effect in 
the final properties, some of the samples were submitted to cold isostatic 
pressing (CIP) for 15 min at 200 MPa (Autoclave Engineers, Erie, PA). 
This technique has been recently demonstrated to improve the me
chanical properties of AM parts [31]. The samples were measured and 
weighted before and after CIP to determine the relative density. After 
that, the de-binding cycle was defined as 1 ◦C/min until 500 ◦C during 1 h 
(in air) at this temperature, with natural cooling. The printed samples 
were then placed inside a powder-bed composed by 50 wt% boron 
nitride (BN) + 50 wt% of starting powder, i.e. the A-Matrix powder [5,7, 
32,33]. This procedure derives from established practices at our lab to 
ensure low volatilization of matter and reduction of Si3N4 in the sam
ples. The sintering process was carried out in a graphite furnace (Ter
molab, Águeda, Portugal) with a controlled N2 atmosphere, slightly 

Fig. 1. CAD model of cylindrical samples and infill patterning used: (a-c) 
orthographic projections and (d) robocasting printing process of A-matrix 
based paste. 

Fig. 2. Particle size distribution of (a) raw-materials (silicon nitride: Si3N4, alumina: Al2O3 and Yttria: Y2O3) and (b) A-matrix composition after milling step, 
containing 89.3 wt% Si3N4, 3.7 wt% Al2O3 and 7.0 wt% Y2O3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

M.S. Faria et al.                                                                                                                                                                                                                                 



Ceramics International 49 (2023) 20968–20979

20971

above atmospheric pressure, at 1750 ◦C during 2 h [34]. The heating and 
cooling rates were 10 ◦C/min. 

2.4. Characterization of printed Si3N4-based samples 

The printed and sintered samples fabricated by robocasting, with and 
without CIP, were characterized in terms of structural and mechanical 
performance. The bulk density was calculated following the protocol of 
Archimedes immersion method. The analysis of the crystalline phases 
presented on the starting mixture and on the sintered samples were 
performed by X-ray diffraction (PANalyticalX’pert pro, Netherlands), 
using Cu-Kα radiation (λ = 1.5406 Å), in the 2θ range of 20◦ to 70◦, 
angular step of 0.01◦ and a counting time of 100 s. The crystalline phases 
were identified by comparing the obtained diffractograms with patterns 
reported on the ICDD database, using the X’pert Highscore plus (PAN
alytical, Netherlands) software. Also, using the crystallographic data of 
the selected patterns, a quantitative phase analysis was performed based 
on the Rietveld refinement method [35]. 

A SiC abrasive paper sequence of 
P120–P180–P320–P600–P1000–P2500 (Carbimet, Buehler, Germany) 
was used for polishing and it was finished with a MD-Plan polyester 
plate (Struers, Denmark) and colloidal silica suspension, in an automatic 
polisher (LaboPress-3, Struers, Denmark). The microstructure of frac
tured samples, polished, and etched by CF4 plasma, was examined by 
scanning electron microscopy (SEM, Hitachi SU70, Tokyo, Japan). The 
measurement of β-Si3N4 grains aspect ratio and size distribution, as well 
as the pore size distribution, was done using an open-source software for 
image processing (Image J - National Institute of Mental Health, USA) 
[36]. 

Vickers micro-hardness was measured in polished surfaces of the 
printed samples using 2 kgf, during 10 s in a Wilson VH1102 micro
hardness tester (Buehler, Illinois USA). An average of 12 measurements 
on each sample composition was gathered. Another set of 10 rectified 
and polished samples (discs of 1.2 ± 0.2 mm thick and a radius, R, of 7.7 

± 0.2 mm was submitted to a flexural strength test using the piston-on- 
three-ball (P–3B), at the constant rate of applied load of 1 mm/min 
according to ISO 6872 (2015) [37]. This methodology has been used for 
several authors for advanced ceramics due to the simple circular ge
ometry required on the standard [38–41]. The testing device consists in 
a piston and a base with three symmetrically placed high hardness steel 
spheres spaced 120◦ apart. The bottom surface of the disc-shaped 
specimen’s is supported by the spheres. The effects of friction between 
the supporting spheres and the bottom of the disc-shaped specimens 
were lessened by using a thin plastic sheet. The maximum flexural 
strength σf (MPa) was calculated using Equation (1): 

σf = −
0.2387F(X − Y)

b2 (1)  

where 

X =(1+ ν)ln (r2/r3)
2
+ [(1 − ν) / 2](r2/r3)

2 (2)  

and 

Y =(1+ ν)
[
1+ ln (r1/r3)

2
]
+ (1 − ν)(r1/r3)

2 (3)  

In Eqs (1)–(3) F is the rupture load (N), b is the specimen thickness (mm), 
r1 is the radius of the supporting circle (mm), r2 is the radius of the 
loaded area (mm), r3 is the sample radius (mm) and ν is the measured 
Poisson ratio equal to 0.25 (as suggested by ISO 6872). 

3. Results 

3.1. Raw materials and feedstock characterization for direct ink writing 
(DIW) 

Figure (a) and (b) present the particle size distribution of raw ma
terials (Si3N4, Al2O3 and Y2O3) and the A-matrix composition after- 
milling, respectively. Silicon nitride powder has two particle pop
ulations centered around 0.3 μm and 2 μm, the latter probably due to 
agglomeration, with a D50 of 1.13 μm, while yttria presents a D50 of 1.34 
μm. Alumina is the raw materials powder that presents the largest par
ticle sizes with a D50 of around 2.8 μm. 

After mixture and ball milling, the A-matrix composition presents the 
most representative particles’ population with sizes less than 1 μm 
(centered around 0.5 μm), emphasizing the milling effectiveness of this 
operation. A small particles’ population centered at ≈ 3 μm is less 
representative and could be resultant of the larger alumina particles or 
agglomeration of some fine particles. 

The pastes’ preparation for robocasting started with the selection of 
the most appropriate dispersant to obtain aqueous suspensions with a 
high solid loading which has the lowest viscosity as possible. Fig. 3 
presents the viscosity versus shear rate for A-matrix suspensions in the 
presence of different amounts of Dolapix PC 33 and Dolapix A 88, 
containing a total of 40 vol% of solids. 

The suspensions containing 0.2 and 0.4 wt% of Dolapix PC 33 pre
sent an accentuated shear thickening behavior at shear rate values 
higher than 50 s− 1, that tends to disappear when 0.8 wt% of Dolapix 
PC33 is added [30]. This shear thickening behavior for higher shear rate 
values is also visible in the suspension containing 0.1 wt% of Dolapix 
A88. For higher amounts of Dolapix A88 (0.2, 0.3 and 0.4 wt%) all 
suspensions exhibit a shear thinning behavior for all ranges of shear 
rates tested. Moreover, Dolapix A88 confers lower viscosity with lower 
added quantities when compared to Dolapix PC33. Similar viscosities 
are attained for suspensions with 0.2 and 0.3 wt% of Dolapix A88 at low 
shear rates that slightly increase for 0.4 wt%. According to these results, 
0.2 wt% of Dolapix A88 was selected for further studies. 

Fig. 3. Viscosity versus shear rate of A-matrix suspensions with 40 vol% solids in presence of (a) 0.2, 0.3 and 0.4 wt% Dolapix PC 33 (D-PC33) and (b) 0.1, 0.2, 0.3 
and 0.4 wt% Dolapix A88 (D-A88). 
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The zeta potential of the A-Matrix suspension as a function of pH, in 
absence and in presence of Dolapix A88 is shown in Fig. 4. The A-matrix 
presents an isoelectric point (IEP) at pH values around 2–3, lower than 
IEP reported on the literature for a similar composition [42]. The 
addition of Dolapix A-88 does not contribute substantially for the 
modification of particles’ surface charges, once the zeta potential results 
are not significantly altered, in good agreement with Seftel et al. [43]. 
The addition of PEI clearly promoted a dislocation of the IEP for more 
basic values (~6 pH). 

Fig. 5 (a) presents the flow curves of the A-matrix suspensions 

containing 40, 42 and 44 vol%, with 0.2 wt% of Dolapix A88, before and 
after CMC addition. In the absence of CMC, suspensions with 42 and 44 
vol% of solids presented a shear thickening behavior for high shear rate 
values, highly pronounced for 44 vol%. In fact, the suspensions only 
with dispersant at low shear rates appears to be shear thinning, but after 
a certain stirring, the suspension offers a considerable resistance, 
behaving like a solid (Fig. 5b). The addition of CMC confers to all sus
pensions a shear thinning behavior and an increase in the viscosity 
(Fig. 5c), even if the solids concentration decreased (as presented in 
Table 1). 

The rheological properties of the final inks are presented in Figs. 6 
and 7 with amplitude sweep and frequency sweep measurements, 
respectively. For all A-matrix pastes from different concentrated sus
pensions, the elastic behavior (G′) dominates over the viscous one (G′′) 
predominating a solid-like behavior without significative changes for 
pastes with different solids loading. The G’ stability along a high shear 
stress range (linear viscoelastic region, LEVR) suggests that deposited 
paste rods will support the weight of subsequent layers during the 
printing process, keeping the mechanical integrity of the ceramic part. 

The viscoelastic spectrum of the pastes was recorded by frequency 
sweep (Fig. 7). At low frequency values, G′′ tends to be similar or 
somewhat higher than G′ for the A-matrix pastes with 36 and 38 vol% of 
solids, meaning that liquid-like behavior could predominate in rest 
conditions if given necessary time (Fig. 7a). This behavior is also 
perceptible by the complex modulus (G*) that decreases as frequency 
decreases, indicating a small stiffness at lower frequencies (Fig. 7b). For 
higher frequencies, a solid-like behavior and high stiffness is visible for 
all pastes. The highest concentrated paste (39 vol%) presents almost 
stable values of G’ for all frequency values, characteristic of a solid-like 
system. The stiffness of the pastes given by the complex modulus (G*) is 
higher for the paste with the highest solids loading, in agreement with 
previous results. All the pastes presented a decrease in complex shear 
viscosity as frequency increases, as an indication of a shear thinning 
behavior, desirable for the extrusion-based printing process. 

Additionally, during the printing process it was perceptible that the 
printed parts tend to dry very fast. This effect is highly pronounced for 
the pastes containing the highest solids loading in good agreement with 
concerns from other authors [44,45]. The option of using an oil bath to 
avoid high drying rates was not taken into account, since the literature 
mentioned that oil can be trapped between the filaments leading to void 
formation after burnout [19]. So, in order to prevent nozzle clogging and 
cracks in the printed parts, it was crucial to maintain a high humidity 
environment during the printing step, as well as a very slow drying 
process before the CIP and the heating treatments. 

Fig. 4. Zeta Potential of A-matrix particles in absence and in presence of 
Dolapix A88 and PEI, as function of pH. 

Fig. 5. (a) Flow curves of the A-matrix suspensions containing 40, 42 and 44 
vol% of solids in the presence of 0.2 wt% Dolapix A88, without and with car
boxymethyl cellulose (CMC), (b) example of a suspension with 44 vol% with a 
shear thickening behavior and (c) same suspension after CMC addition with 
shear thinning behavior. 

Fig. 6. Storage modulus (G′) and loss modulus (G′′) versus shear stress for A- 
matrix pastes containing different amounts of solids (36, 38 and 39 vol%). 
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3.2. Sintered Si3N4-based printed parts characterization 

3.2.1. Crystalline phases 
Fig. 8 shows the XRD spectrum of the raw materials’ mixture and of 

the sintered samples with and without the CIP step. The silicon nitride 
powder used is mostly α-Si3N4 with some β- Si3N4 phase, as can be seen 
in Fig. 8a. Comparing the XRD spectrum of the sintered samples, Fig. 8b 
and c, it is clear that the α-Si3N4, Al2O3 and Y2O3 phases are no longer 
existing as individual phases. On the other hand, samples sintered with 
or without CIP presented β-Si3N4, oxynitride of yttrium aluminium sil
icon (Y–SiAlON), and oxynitride of yttrium silicon (Y–SiON), as crys
talline phases. 

The quantitative phase analysis supports that the measured phases 
ratio (82.1 wt% α-Si3N4, 7.5 wt% β-Si3N4, 7.1 wt% Y2O3 and 3.5 wt% 
Al2O3) on the starting powder mixture is in accordance with the desired 
composition. After sintering, samples processed with both conditions 
presented β-Si3N4 as the major phase (~90 wt%). However, the ratio 
between the secondary phases slightly changed for the samples pro
cessed with CIP (5.3 wt% Y–SiAlON and 3.9 wt% YSiNO2) or without 
CIP (3.9 wt% Y–SiAlON and 5.9 wt% YSiNO2). The crystallographic 
parameters measured by Rietveld refinement of the simulated models 
are presented in detail as supplementary data (Table S1 and Fig. S1). 

Fig. 7. Frequency sweep results for A-matrix pastes containing different amounts of solids (36, 38 and 39 vol%): (a) Storage modulus and loss modulus versus 
frequency and (b) complex modulus (G*) and complex shear viscosity versus frequency. 

Fig. 8. X-ray diffraction profile of: a) A-Matrix powder mixture; b) printed and sintered 39 vol% sample; c) printed, CIPed and sintered 39 vol% sample.  
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3.2.2. Structural and mechanical properties 
Fig. 9 shows the relative density and micro-hardness for each 

composition, with and without CIP as post-processing. It is possible to 
observe that CIP improves both properties of each solid load composi
tion specimens. Also, both relative density and micro-hardness rises as 
the solid load in the sourced pastes increases. Relative density increases 
from an average of 92% for parts obtained with the paste having 36 vol% 
of solids to an average of 96% for the ones obtained with 39 vol% paste, 
in absence of CIP. Applying CIP, relative densities presented at least a 
2% improvement for both parts obtained from 38 to 39 vol% pastes. The 
highest relative density improvement (around 5%) was observed for the 
parts produced from the paste with 36 vol% solids. The highest relative 
density, 98.6 ± 1.3% value was attained for the sample with 39 vol% 
solids submitted to CIP. Samples with the same solids loading, without 
CIP, have an average of 96 ± 1.4% relative density. 

The average hardness of the samples obtained for 36, 38 and 39 vol% 
with CIP were 1402 (13.7 GPa), 1418 (13.9 GPa) and 1475 HV2 (14,5 
GPa), while for the same compositions without CIP were 1322 (12.9 
GPa), 1388(13.6 GPa) and 1407 HV2 (13.8 GPa). 

The flexural strength results of all printed and sintered parts are 
presented in Fig. 10. For comparison purposes, relative density is also 
plotted in these graphs. 

As it can be seen, flexural strength increases as solid loading in the 
sourced pastes increases, following the same trend as relative density. 
The CIPped parts obtained from the paste with the same solids loading, 
presents higher values of flexural strength, as expected. The average 
flexural strength of the 39 vol% samples with CIP was 630 ± 41.02 MPa 
while the same composition without CIP presents flexural strength 
values of 427.11 ± 86 MPa. It is important to mention that almost all 
results presented a high variability inherent to the printing process. In 
fact, samples made by AM have limited reproducibility caused by defects 
generated during the printing, such as missing layers, filament extrusion 
deficiency, cracks resultant of fast drying and poor green mechanical 

resistance. So, the flexural strength results could be clarified by 
analyzing the microstructure of the cross-section after the flexural test. 
Fig. 11 presents the fracture surface resulting from the flexural strength 
test of parts obtained from pastes with 39 vol%. Fig. 11 (a) and (b) refer 
to samples without CIP while Fig. 11 (c) are representative of a sample 
with CIP. 

The samples processed without CIP fractured in a reduced number of 
parts, usually 2, as shown in Fig. 11 a) and b). The probability of fracture 
origin in these samples are highlighted with red circles and could be 
identified as drying cracks, missing filaments, and interfilamentous 
pores. On the other hand, CIPed samples fractured on 3 or more parts, 
Fig. 11 c). In this case no macro-defects were visible. These fracture 
behaviors can be related with the material’s intrinsic properties and the 
tensile stress distribution of the chosen flexural strength test. 

The micrographs of the different samples with and without CIP are 
presented in Fig. 12. The microstructure shows long needle-shaped 
β-Si3N4 crystals embedded in the Y–Al–O matrix containing intergran
ular, partially recrystallized, glassy phase, in accordance with a similar 
material obtained using conventional processing methods [46]. 

4. Discussion 

Si3N4 suspensions presented a pronounced shear thickening behavior 
that is reverted to a shear thinning behavior thanks to the addition of the 
correct amount of dispersant, being Dolapix A-88 the one that results in 
low viscosity values (Fig. 3). However, the shear thickening behavior is 
intensified as solids loading increases, even for the optimized amount of 
Dolapix A-88. According to literature, several mechanisms could explain 
the shear thickening phenomenon, including interparticle interactions 
and particle interlocking [47,48]. Then, small particle sizes, narrow 
particle size distribution (Fig. 2) and solid volume fraction close to the 
critical value, promoting the frictional contacts between particles 
(Fig. 3), could explain the shear thickening in Si3N4 suspensions [48]. In 

Fig. 9. relative density (a) and microhardness (b) of the printed Si3N4 parts obtained from the pastes with different amounts of solids loading (36, 38 and 39 vol%), 
without and with cold isostatic pressure (CIP) as post processing. 

Fig. 10. Densification and Flexural strength results of sintered A-Matrix samples obtained from pastes with 36, 38 and 39 vol% of solids, without and with cold 
isostatic pressure (CIP) after printing. 
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fact, this behavior is typical for Si3N4 suspensions and also mentioned by 
other reports [49], which could explain the difficulties in exploring 
suspension-based AM technologies in the Si3N4 fabrication. 

The heat treatment at 600 ◦C of the Si3N4 powder enhances the 
presence of silanol (Si–OH) with consequent reduction of amina groups 
(=N–H) at the particles ‘surface, explaining the dislocation of the IEP for 
more acidic region (Fig. 4) when compared with the results in other 
studies [42]. The low impact of Dolapix A-88 addition in the zeta po
tential (Fig. 4) of A-matrix can be related with its adsorption mechanism. 
Since this dispersant is a 2-amino-2 methyl propanol, the adsorption can 
be promoted by chemical interactions between its polymer chain and 
broken chemical bonds on the surface of the Si3N4 particles, e.g. SiO− or 
Si2N− , through the concomitant formation of SiOH or SiNH2 [29]. 
Another possibility is that the polymer chain of the dispersant is 
adsorbed only physically in nature [43]. Therefore, in both possibilities, 
the addition of Dolapix A88 would not lead to substantial variations on 
the zeta potential. Consequently, the viscosity reduction verified on the 
A-matrix suspensions in presence of this dispersant is possibly strongly 
related to a steric stabilization mechanism. Also, the dispersant adsor
bed on the ceramic particles can act as a free surface for the adhesion of 
CMC. As CMC has a higher molecular weight than the dispersant, it 
intensifies the steric rheological stabilization process, that helps their 
alignment under flow conditions [50] and effectively eliminates the 
shear thickening behavior (Fig. 5). The dilution effect (solids loading 
reduction) conferred by the CMC addition in the suspensions could also 
promote a shear thinning behavior. Subsequently, PEI acts as a coagu
lating agent by charge neutralization. The combination of CMC and PEI 
resulted in Si3N4 inks with the proper shear thinning, viscoelastic and 
yield stress values adequate for the printing process (Figs. 6 and 7). 

The thermal post-processing of the printed parts also presents a 

challenge, due to the strong covalent structure of Si3N4 and its relatively 
low decomposition temperature (~1800 ◦C). During sintering, the ox
ides (alumina and yttria) react with the SiO2 present as an oxidation 
layer on the surface of the Si3N4 particles, producing a liquid phase with 
an eutectic temperature of about 1550 ◦C (for the A-matrix composition) 
that aids in the rearranging of the Si3N4 particles in the initial stages of 
densification [7]. The α-Si3N4 grains are then also dissolved into this 
liquid, at higher temperatures and for longer times, reprecipitating as 
the more stable β- Si3N4 phase, presented in the final microstructure. 
Upon cooling the liquid phase may appear as an amorphous glassy phase 
or may recrystallize totally or partially. The XRD pattern (Fig. 8b) 
clearly shows that at least some of the liquid phase recrystallized as an 
oxynitride of yttrium aluminium silicon-so called Y–SiAlON - and as an 
oxynitride of yttrium silicon (Y–SiON) [32,51–53]. This is valid also for 
the samples sintered after the CIP step, although with a slight modifi
cation in the amount of these phases, as the XRD pattern in Fig. 8c seems 
to indicate. The relative intensity of the maximum peak of Y–SiON and 
of Y–SiAlON are reversed: the first is more intense in samples without 
CIP while the latter is more intense for samples processed by CIP. The 
Rietveld analysis performed on the XRD of both types of samples cor
roborates quantitatively these findings. This is most likely a conse
quence of a more intimate contact between the reagents during heating 
in CIPed samples, resulting in faster and more complete reactions that 
altered the composition of the liquid phase in the later stages of densi
fication. Also, there is no significant oxidation due to the absence of 
amorphous silica phase (Fig. S1 in Supplementary information). 

The microstructural data (Fig. 12) agrees with the densification 
mechanisms previously discussed. Following a solution-diffusion- 
precipitation process, a β-Si3N4 phase tends to be grow from the oxy
nitride liquid phase. Due to a preferential diffusion direction along the c- 
axes, the β-Si3N4 crystals usually grow with an elongated shape, pre
senting a prismatic habit. Consequently, despite the processing condi
tions, all samples presented a matrix based on interlocked prismatic 
crystals of high aspect ratio, characteristic of the β-Si3N4 phase, sur
rounded by a brighter structure, related with the Y–SiON and Y–SiAlON 
phases and, assumedly, remains of the glassy phase. On the other hand, 
the minor phases seem to be homogeneously distributed all over the 
microstructure, involving the β-Si3N4 crystals. Also, the mismatch be
tween the Young’s modulus and the coefficient of thermal expansion of 
the minor phases and the β-Si3N4 is reportedly low [54,55]. Thus, it 
avoids the induction of undesired thermal residual stresses, inhibiting 
microcracking during cooling and improving the final density. 

As stated in other works, the relative density was directly connected 
to the rheological properties of the inks and printing parameters, as well 
as to the post-processing [19,24]. Regardless of the solids loading, 
relative density of the sintered samples submitted to the CIP process, is 
higher than those who were sintered without CIP (Fig. 9). In fact, this 
improvement is also related to the green densities of the samples that 
presented relative densities around 49.4% (after drying) and 57.46%, 
without and with CIP, respectively. The close connection between the 
powder particles, higher in CIPed samples, is helpful to increase the 
number of contact points, a key parameter for the action of the densi
fication mechanisms during sintering. Consequently, the average pore 
size on samples submitted to the CIP process is smaller (0.78 μm ± 0.09) 
than that of the samples which were sintered as printed (0.95 μm ±
0.24), additionally the pore population is clearly reduced, as show in 
Fig. 13. However, as previously reported for conventional preforming 
techniques, it was observed here that bigger internal defects are difficult 
to eliminate, resulting in dimples on the surface of the CIP processed 
sample. This is especially useful to discard the defective samples in 
earlier stage, before the sintering step. Consequently, the analyzed 
CIP-treated samples are less likely to present macroscopic defects. 

These results agree with the micro-hardness values (Fig. 8b), i.e. 
samples based on an ink of higher solids loading, and processed with 
CIP, present better densification, smaller pores, and consequently higher 
hardness. This relationship between density and hardness is valid for all 

Fig. 11. Surface fracture of samples with 39 vol%, resulting from the flexural 
strength test. Samples a) and b) were sintered as printed (without CIP) while 
sample c) was CIPed after printing. Probable fracture origins are stressed with 
red circles, a) drying cracks and b) printing pattern. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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materials [56]. Nonetheless, adding CIP as post-processing, the hardness 
values were expressively improved, achieving comparable values to the 
conventional processed Si3N4-ceramics parts (such as uniaxial pressing 
ones) [7,57]. 

In the same way, the flexural strength behavior is directly related to 
the density (Figs. 9 and 10), crystalline phases (Fig. 8) and microstruc
tural features (Figs. 11 and 12). According to the literature, in the piston 
on three balls flexural strength test, the maximum tensile stress regions 
are around the contact points between the sample and the three spheres 
[58]. Consequently, it is expectable that the material fracture occurs on 
these regions, leading to a standard fracture being in three parts. On the 

other hand, the presence of flaws on the material volume will induce the 
existence of stress concentrators in regions of the sample that are not 
supposed to experience maximum stress, which can induce unexpected 
fracture behaviors. 

A well accepted explanation for the influence promoted by the flaw 
size on the fracture criterion is the Griffith theory, Equation (4). This 
classic theory of fracture mechanics for brittle materials proposes a 
correlation between the maximum stress of failure (σc) with the mate
rials stress intensity factor (KIC), e.g fracture toughness, a dimensionless 
geometric factor (γ) and the critical flaw size (ac). 

Fig. 12. SEM morphology of non-CIPed and CIPed sintered Si3N4 printed parts after plasma etching obtained with pastes containing different amounts of solids (36, 
38 and 39 vol%). 

Fig. 13. Pore size population of polished surfaces (cross-section) of 39 vol% sintered sample with and without cold isostatic pressure (CIP) as post processing.  
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σc =
KIC

γ ̅̅̅̅̅ac
√ (4) 

This is in accordance with the fractographic analysis of the samples 
processed without CIP (Fig. 11). The observed printing defects (Fig. 11 
a) and b), are far bigger than the reported critical flaw size for silicon 
nitride, which according to the literature is between 2 and 30 μm 
[59–61]. It is important to mention that printing defects (Fig. 11 a) and 
b)) are not solved by CIP. Macro defects in samples processed by CIP 
usually results in the fracture of the piece or on the development of big 
lumps; thus, it is unfeasible to sinter the sample. Consequently, most of 
these samples failed in 2 parts and with printing defects, or drying 
cracks, visible around the region of maximum tensile stress, the face 
turned down during the bending test. On the other hand, samples pro
cessed with CIP fractured in 3 or 4 parts, presented flat fracture surface, 
as the sample shown in Fig. 11 c), and a high stress tolerance, 943 N 
(676 MPa), before cracking. Some reports state an increase in the 
number of fractured parts, when the analyzed material presents tough
ening mechanisms. Since a tougher material will withstand higher 
fracture stresses, when the maximum stress is achieved the fracture 
tends to begin simultaneously in multiple regions of minor structural 
defects, leading to several crack paths at the same time. 

In fact, the mechanical properties measured here can be considered 
highly comparable with others presented in the literature for additive 
manufacturing technologies, as resumed in Table 2. To the best of the 
authors knowledge, the values of flexural strength reported in the pre
sent work (650 MPa) with CIP as post-processing are higher than those 
presented by previous works related to the robocasting processing 
technology for Si3N4 (350–552 MPa) [18,24,49]. However, since the 
mechanical properties are usually related to multifactorial parameters, 
e.g. ink’s properties, sintering additives, sintering procedure, the direct 
comparison between these data is not straightforward. Nevertheless, the 
better mechanical properties (650–725 MPa) are reported for Laminate 
Object Manufacturing (LOM) technology, when the samples are pre
pared by specific sintering methods, e.g. hot isostatic pressing, and spark 
plasma sintering [62,63]. On the other hand, for Si3N4 samples pro
cessed by light curing techniques (SLA/DLP) a high variability of flex
ural strength values (150–764 MPa) are reported from different authors 
[20,51,64]. Although these techniques could produce samples with 
better surface finishing, drawbacks related to the de-binding process are 
still an issue, compromising the final mechanical performance of bulk 
ceramic parts [20]. 

5. Conclusions 

Robocasting was successfully used to print almost dense silicon 
nitride ceramics from pastes with 39 vol% maximum of solids, by using 

minimum amounts of additives (CMC and PEI). Suitable inks with 
required rheological properties for extrusion were developed, by elim
inating the characteristic shear thickening behavior of silicon nitride 
suspensions. The use of cold isostatic pressing as a post processing was 
helpful to enhance the relative density and consequently the mechanical 
performance in all developed printed parts. High-density (>99%) sam
ples were achieved with a maximum flexural strength of 676 MPa and a 
maximum micro-hardness (HV2) value of 14.5 GPa. 

The results presented and discussed in this study represents a strong 
advance in the field of AM of silicon-nitride based ceramics and high
lights the high potential of robocasting to fabricate technical ceramics 
for high demanding applications. The use of CIP improved the me
chanical performance of simple geometries, opening the possibility to 
explore this technology for the processing of more geometrically com
plex structures. 
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