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Abstract: Powder mixtures of MgSO4 with 5–20 mol.% Na2SO4 or K2SO4 were used as precursors for
making water-soluble ceramic molds to create thermoplastic polymer/calcium phosphate composites
by low pressure injection molding. To increase the strength of the ceramic molds, 5 wt.% of tetragonal
ZrO2 (Y2O3-stabilized) was added to the precursor powders. A uniform distribution of ZrO2

particles was obtained. The average grain size for Na-containing ceramics ranged from 3.5 ± 0.8 µm
for MgSO4/Na2SO4 = 91/9% to 4.8 ± 1.1 µm for MgSO4/Na2SO4 = 83/17%. For K-containing
ceramics, the values were 3.5 ± 0.8 µm for all of the samples. The addition of ZrO2 made a significant
contribution to the strength of ceramics: for the MgSO4/Na2SO4 = 83/17% sample, the compressive
strength increased by 49% (up to 6.7 ± 1.3 MPa), and for the stronger MgSO4/K2SO4 = 83/17% by
39% (up to 8.4 ± 0.6 MPa). The average dissolution time of the ceramic molds in water did not exceed
25 min.

Keywords: sulfate ceramics; low pressure injection molding; water-soluble molds; 3D printing;
regenerative medicine; osteoconductivity; macroporous ceramics

1. Introduction

The application of regenerative medicine approaches for the restoration of damaged
bone tissue [1–5] requires appropriate materials for creating scaffolds, among which ce-
ramic [6–11] and composite materials [12–15] are widely used. The requirements for mate-
rials to manufacture scaffolds (implants) for bone regeneration include (i) biocompatibil-
ity [16–18], (ii) bioresorbability (the material must completely or partially degrade/dissolve,
freeing up space for bone tissue de novo) [19,20], (iii) mechanical compatibility with
bone [21,22], (iv) good wettability, (v) osteoinductivity (facilitating the growth of bone
tissue not only at the interface of the native bone/implant contact, but also in the entire
volume of the porous scaffold) [23], and (vi) osteoconductivity (growing of the bone into
the porous scaffold with the ingrowth of a network of blood vessels, as well as maintaining
the flow of extracellular fluid through the implant) provided by the porous architecture of
the implant/scaffold [2,24–29].

Composites with a matrix based on natural and synthetic polymers are promising
materials for scaffold formation [30]. Among the latter, polyesters such as polylactide
(PLA) [31], polycaprolactone (PCL) [32], and polyhydroxybutyrate (PHB) [33,34] filled
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with various phosphates, e.g., hydroxyapatite (HA) or tricalcium phosphate (TCP), are
especially distinguished. The listed polymers are biodegradable and have a sufficient
mechanical strength, which leads to the ability to withstand the necessary mechanical loads.
Nevertheless, the surface of such materials is essentially hydrophobic. The addition of the
phosphate particles leads to further improvement in the mechanical characteristics of the
material [35]. Furthermore, the particles on the surface make the scaffolds more hydrophilic.
To ensure osteoconductive properties, scaffolds must have a system of interconnected
pores with a diameter of about 100–500 µm [36], which form a special macrostructure
(architecture) of a macroporous scaffold.

There are two fundamental approaches for the creation of macroporous composite
implants (scaffolds) with a given architecture. The fused deposition modelling (FDM) tech-
nique allows for performing direct 3D printing from thermoplastic polymers [37], which
are pure or filled with an inorganic phosphate filler. However, the lateral resolution of this
method does not exceed 100 µm [38]. An alternative approach is a replica technique [39]. In
fact, such a technique is identical to casting into a sacrificial mold with a special architecture.
The latter can be produced using additive technologies with a suitable resolution [38,40],
e.g., using stereolithographic 3D printing. The sufficient resolution can be achieved either
through direct printing with a photocurable monomer filled with ceramic precursor parti-
cles, followed by debinding of the polymer matrix. Otherwise, the preform can be printed
from the unfilled photopolymer, followed by filling the preform with a ceramic slurry.
Furthermore, the polymer preform is burned out (or dissolved) to form a macroporous
ceramic structure, which is a sacrificial ceramic mold for the subsequent casting of a filled
thermoplastic polymer composite into it [41].

The choice of the material to create a soluble form is challenging. In addition to
the strength characteristics that are necessary for low pressure injection molding (LPIM),
the mold material should not greatly increase in volume when dissolved. Otherwise,
volumetric effect can cause destruction of the target thermoplastic mold. In this work,
ceramics made of magnesium sulfate was chosen to manufacture the sacrificial mold.
Despite the fact that sulfate ceramics have been described very little in existing studies, it
could be a promising material for creating the above-described soluble forms [42]. There
are several studies on the creation and application of sulfate and oxosulfate 3D structures as
supporting materials [43]. The presented results indicate sufficient mechanical strength [44]
required for the injection molding of a polymer into such a mold. The possibilities of
using calcium carbonate [45], magnesium sulfate [44], and graphite [46] as a material for
creating a supporting structure for the formation of suspended structures using 3D printing
methods have also been described. The removal of such materials can be carried out by
oxidative roasting (in the case of graphite), as well as by dissolution in water or acid.
Magnesium-sulfate-based ceramics have been confirmed to have an acceptable bending
strength and can dissolve rapidly in water [44].

The aim of this work was to develop and create soluble sacrificial molds from sulfate
ceramics for the manufacture of macroporous scaffolds based on filled thermoplastics using
the LPIM technique. In the current work, a technique for creating sulfate ceramics with the
composition MgSO4/(Na or K)2SO4 to manufacture soluble “sacrificial” forms has been
developed. The mechanical and structural properties of the obtained compositions have
also been studied. To improve the sintering and strength properties of sulfate ceramics, an
admixture of nanodispersed tetragonal zirconia was added to the charge composition.

2. Materials and Methods
2.1. Materials

Powders of magnesium sulfate (Sigma Aldrich, Product of Japan, CAS: 7487-88-9,
Tokyo, Japan), sodium sulfate (Sigma Aldrich, Product of India, CAS: 7757-82-6, Mumbai,
India), potassium sulfate (Ruskhim, Moscow, Russia), and zirconium dioxide (3% yttrium
oxide-doped (Y-TZP), Y2O3, donated by Baikov Institute of Metallurgy and Materials
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Sciences, Russian Academy of Sciences, Moscow, Russia) were used to prepare the
powder mixes.

2.2. Powder Mixtures Preparation

The target phase compositions of the sulfate ceramics are presented in Table 1. Sinter-
ing temperatures for K-containing ceramics (T = 850 ◦C) [47] and Na-containing ceramics
(T = 800 ◦C) [48] were selected based on the corresponding phase diagrams.

Table 1. Sample abbreviations and phase compositions.

Label
Phase Composition, mol.%

MgSO4 Na2SO4 K2SO4

Mg5Na and Mg5NaY-TZP 95 5 –
Mg10Na and Mg10NaY-TZP 91 9 –
Mg15Na and Mg15NaY-TZP 87 13 –
Mg20Na and Mg20NaY-TZP 83 17 –

Mg5K and Mg5KY-TZP 95 – 5
Mg10K and Mg10KY-TZP 91 – 9
Mg15K and Mg15KY-TZP 87 – 13
Mg20K and Mg20KY-TZP 83 – 17

In total, 20 g of starting components, which are presented in Table 1, as well as 100 g
of grinding balls (zirconium dioxide, d = 6.8 mm) and 10 mL of acetone, were placed into
containers made of stabilized zirconium oxide. Containers with the described components
were fixed in the planetary mill (Fritch Pulverisette, Idar-Oberstein, Germany). The mixing
of magnesium sulfate MgSO4 and sodium (potassium) sulfate Na(K)2SO4 with 5 wt.% of
Y-stabilized tetragonal zirconium dioxide ZrO2 (Y-TZP samples line) was conducted for
10 min at a rotation speed of 120 rpm. The soft milling mode was chosen to prevent the
appearance of monoclinic zirconium dioxide (debris from containers during milling). After
milling, the powders were dried and passed through a sieve with 200 µm mesh.

2.3. Ceramic Samples Preparation

Powder compacts in the form of cylinders with a diameter of 6 mm and height of
12 mm were pressed at 20 MPa for 1 min in a steel die using the manual press (Carver
Laboratory Press model C, Fred S. Carver, Inc., Wabash, IN, USA). The compacts were
sintered in the air at 800 ◦C (Na-containing) and 850 ◦C (K-containing) and held with a
dwell-time of 6 h with a heating rate of 5◦/min to reach the temperature of sintering.

2.4. 3D Molds Preparation

The sulfate powder mixture was dried for 24 h at a temperature of 60 ◦C and was
mixed with 1 vol.% of Triton X-100 (2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy] ethanol,
Sigma Aldrich, CAS: 93443, Saint Louis, MO, USA) in a planetary mill for 1 h at a rotation
speed of 120 rpm. To obtain a photocurable suspension, 30 vol.% of the sulfate powders
were mixed with Triton X-100 and they were mixed with a light-hardening commercially
available polymer (mixture of acrylic monomers and oligomers) by ball milling through
seven cycles of 1 min each at a speed of 3200 rpm. The mass ratio was 30/70. Kelvin-shaped
structures (height of 5 cm, diameter of 1 mm, and porosity of 60%) made from Castable Wax
Resin (Formlabs, Boston, MA, USA) by stereolithography 3D printing (Amber, Autodesk,
San Francisco, CA, USA) were impregnated with the above-mentioned suspensions under
vacuum. To implement the burnout process, the Standard Burnout Schedule, commercial
scheme, was adapted [49] and used (Figure 1).
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Figure 1. Time−temperature schedule to burn out photocured resin and to sinter ceramic residue.

2.5. Characterization Techniques

The bulk density of the samples after heat treatment was calculated using Equation (1).
The calculated density was defined according to Equation (2).

ρbulk = m/(h × πD2/4), (1)

ρcalculated = n1 × ρ1 + n2 × ρ2, (2)

where:

ρ—density of the sample, g/cm3;
m—weight of the sample, g;
h—thickness of the sample, cm
D—diameter of the sample, cm;
ρn—density of the corresponding phase, g/cm3;
nn—the content of the corresponding phase.

The mass and the linear dimensions of the samples were measured with an accuracy
of ±0.001 g and ±0.01 mm, respectively, before and after the heat treatment.

Thermal analysis (TA) including thermogravimetry (TG) and differential thermal
analysis (DTA) was performed using an STA 409 PC Luxx thermal analyzer (NETZSCH,
Selb, Germany) during heating in air (10 ◦C/min, 40–1000 ◦C), the specimen mass was
at least 10 mg. The gas-phase composition was monitored with a Netzsch QMS 403C
Aëolos quadrupole mass spectrometer (NETZSCH, Selb, Germany) coupled with a Netzsch
STA 409 PC Luxx thermal analyzer (NETZSCH, Selb, Germany). The mass spectra were
recorded for the following m/z values: 18 (H2O); 30 (NO).

The phase composition of the powders obtained after the synthesis was determined
by X-ray powder diffraction (XRD) using a Rigaku D/Max-2500 diffractometer (Rigaku
Corporation, Tokyo, Japan) with a rotating anode (CuKα radiation). Phase identification
was performed using the ICDD PDF2 database and literature data.

Dilatometric analysis was carried out using a DIL 402 C horizontal dilatometer (Net-
zsch, Germany). The specimens were heated at a rate of 5 ◦C/min to temperatures between
750 and 800 ◦C.
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The compressive strength of the prepared ceramics was measured using cylindrical
samples with a diameter/height ratio of 1:2 (diameter of 8 mm and height of 16 mm).
The samples were subjected to uniaxial compression with a universal test machine P-05,
equipped with multi-channel measuring system (Spider, Germany), along the cylinder axis
at a crosshead rate of 1 mm/min.

Scanning electron microscopy (SEM) images, elemental maps, and linescans of the
obtained ceramics were done with SEM on a LEO SUPRA 50VP FEG electron microscope
(Carl Zeiss, Jena, Germany) at an accelerating voltage of 3–20 kV using an SE2-detector.
A chromium layer (≤10 nm in thickness) was sputtered onto the surface of the ceramic
sample (Quorum Technologies spraying plant, Q150T ES, Great Britain, London, UK).
Back-scattered QBSD, SE2-type, BSE detectors were used.

The measurement of the grain sizes was carried from SEM images by measuring the
area of the grain in ImageJ free software (Version 1.53t, U.S. National Institutes of Health,
Bethesda, MD, USA) and the radius of the circle inscribed to the corresponding area. To
construct the histograms of the grain distributions, at least 100 particles were measured
each time.

3. Results and Discussion

There are several problems related to the sulfate ceramic sintering. Firstly, the sulfates
can be easily reduced by carbon residues during sintering, which leads to sulfide formation.
This is the origin of low-fusible eutectics and cracking of the samples. Another issue
is the low diffusion rate of the tetrahedral sulfate anion, which impedes effective mass
transporting. This situation also occurs in similar compounds with tetrahedral anions, such
as phosphates [50,51] and silicates [52].

The above issues lead to difficulty in the solid-state sintering of sulfate ceramics and
force the application of sintering temperatures close to the melting point of the correspond-
ing sulfates. The alternative option is liquid phase sintering (LPS) [53].

The sintering of pure magnesium sulfate at 900 ◦C led to crumbly and fragile samples
(according to XRD,Figures 2a and S1, the samples were still single-phase), whereas sintering
at 1000 ◦C led to the conversion of magnesium sulfate to magnesium oxide. Thereby, dense
and tough sulfate ceramics cannot be produced by the solid-state sintering of MgSO4.
To conduct LPS, eutectic forming additives of sodium sulfate or potassium sulfate to
MgSO4 can be used. Based on the corresponding MgSO4-K2SO4 (TMg-rich eutectics = 899 ◦C,
77.9 mol.% of Mg) [47] and MgSO4-Na2SO4 (TMg-rich peritectics = 807 ◦C, 72.2 mol.%
of Mg) [48] phase diagrams, we decided to prepare samples with 5% (Mg5K, Mg5Na),
10% (Mg10K, Mg10Na), 15% (Mg15K, Mg15Na), and 20% (Mg20K, Mg20Na) of M2SO4
(M = K, Na). According to the XRD data after sintering at 850 ◦C (Figure 2b), MgSO4 and
K2Mg2(SO4)3 (Langbeinite) phases were presented in the samples from the MgSO4-K2SO4
system. MgSO4 and Na6Mg(SO4)4 phases were obtained in the samples from the MgSO4-
Na2SO4 system after sintering at 800 ◦C. A higher content of mixed MgxMySO4 phases
was obviously obtained in the Mg10M sample in comparison with the Mg5M sample
(M = K, Na). All sintered ceramic samples had a high density and toughness that was
necessary to withstand mechanical stress during the realization of the low pressure injection
molding (LPIM) process.

The all-sintered ceramic samples had a high density and toughness, which is necessary
to withstand mechanical stress during low-pressure injection molding (LPIM). The strength
of the obtained sulfate ceramics was noticeably improved by the addition of zirconia
powder. The effect of the addition of zirconia particles was occasionally observed for the
samples made from sulfate powders and milled in zirconia milling containers for 1 h at a
rotation speed higher than 600 rpm. After this effect was first discovered, the tetragonal
zirconia phase was added intentionally to the sulfate ceramic precursors to initiate the
deceleration of crack propagation and the transformational toughening of the samples [54].
Moreover, the grain growth suppression due to the effect of grain boundary pinning by
small inclusions during sintering could be achieved [55]. The addition of tetragonal zirconia
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significantly improved the mechanical characteristics of various composites [56,57]. The
detection of the zirconia particles in the bulk of the ceramics was possible with SEM using
a back-scattered (BSE) detector. Lighter areas corresponded to a higher content of heavier
chemical elements such as zirconium. Therefore, darker areas of grains in the SEM images
(Figure 3) corresponded to K2Mg(SO4)3 or Na6Mg(SO4)4 phases. Ceramics sintered with
the addition of zirconium dioxide were dense and contained an insignificant number of
pores. There was no significant difference between grain size in the Mg5K and Mg15K
samples; however, the density was slightly increased with the increase in potassium content.
The Na-containing samples also tended to be densified with the increase in the amount
of sodium. It is worth noting the grain growth, especially in the areas with a lack of the
zirconia particles.
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To provide more clear imaging of the elemental distribution, EDX mapping was
accomplished. Elemental mapping data for the Mg10K sample is shown at Figure 4. Sulfate
phase homogeneity was discovered from the sulfur and oxygen elemental maps, as these
elements occurred in all of the phases obtained (excluding the absence of the sulfur in
zirconium oxide). It was observed that potassium-containing grains were presented in
a sufficient part of the studied area, except for pore areas with diameters of 2–5 µm. It
is worth noting that potassium-containing grains were matched with the areas where
magnesium was found. This means that the K2Mg(SO4)3 phase formed individual grains
with an average diameter of 3–5 µm. Zirconium dioxide particles are colored green at
Figure 4f and can be matched with the black zones in the sulfur map (Figure 4c).

The elemental line scans of magnesium, potassium, sulfur, and zirconia are presented
in Figure 5. It was demonstrated that sulfur peaks were mostly followed by magnesium
peaks, outlining the grains revealed by the SEM images. This means that magnesium
sulfate was in a dominant phase in most of the grains. The average size of these grains
was 5–7 µm according to the peak width in the spectra. The above observations were of
a group of magnesium sulfate grains that were not overlapped with K-containing grains,
as observed in the SEM images. The grain boundaries, as well as pores, could be easily
detected from line scans using drops of the spectra intensity. Several pores were filled by
aggregates of zirconium dioxide nanoparticles with diameters of less than 1 µm.
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According to the line scans, the average size of the grains in the MgSO4-K2SO4 system
was lower than in the MgSO4-Na2SO4 system. For MgSO4-K2SO4 it was 3–4 µm, while for
the MgSO4-Na2SO4 system it was 4–5 µm. Such an estimation was made from the average
size of all of the grains presented. Potassium and sodium elemental line scans provided
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some information on the distribution of K-containing (K2Mg2(SO4)3) and Na-containing
(Na6Mg(SO4)4) grains. Thereby, the combination of line scanning and BSE/SE imaging
provided enough information about the actual grain sizes and the spatial distribution
of the grains in the studied ceramics. Na-containing grains consisted of two different
types: small, with an average size of 1–2 µm, and large, with an average size of 5–7 µm.
K-containing grains were not widely presented in the studied line scans; however, they
tended to differentiate similar to the 1 µm and 4–5 µm grains. It should also be mentioned
that some faint peaks in the line scans stemmed from the surface topography.

The magnesium to sodium or potassium ratios in the obtained samples according to
EDX are presented in Table 2. The calculated ratios of Mg/Na (Mg10Na—5, Mg20Na—
2.5) and Mg/K (Mg10K—5, Mg20K—2.5) correspond to those found for Mg10K—5.3 and
Mg20K—2.7. For the sodium-containing samples, the obtained ratios were slightly higher:
Mg10Na—6.5 and Mg20Na—4.1. This was probably due to the uneven distribution (Na-
containing samples also consisted of larger grains) of the element with a lower content
throughout the sample.

Table 2. Mg/(Na, K) ratios according to EDX in comparison with the calculated values.

Sample Calculated Mg/(Na, K) Ratio Found Mg/(Na, K) Ratio

Mg10Na 5 6.5
Mg20Na 2.5 4.1
Mg10K 5 5.3
Mg20K 2.5 2.7

The same trends were observed for the Na-containing ceramics. The melting point
of sodium sulfate was closer to the sintering temperature in comparison with potassium
sulfate. Such difference led to faster grain growth in the samples with a higher content
of sodium. According to the elemental line scans, Na-containing grains (most likely
Na6Mg(SO4)4 phase) had an average diameter of 6–7 µm, and were larger than the K-
containing grains by 2–3 µm, as expected. Another essential feature was the influence of
zirconia particles on grain growth. ZrO2 nanoparticles had an average size of 20–40 nm
(Figures 3 and S2) and formed aggregates that had a size of up to 1 µm. Apparently, they
inhibit grain growth. This effect was observed in both SEM images and line scans. For
instance, near the locations of the intensive peaks (large agglomerates) of zirconia in the line
scans, the sodium peaks were narrower than in the rest of the length of the corresponding
line scan (Figure 5).

The grain size distribution is presented in Figure 6.
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The grain sizes were also calculated from the SEM images using ImageJ software. It is
worth noting in the linescans, that in the Na-containing samples, grains tended to grow
with an increase in the amount of sodium, but not excessively (up to 33%). Nonetheless,
this effect was not observed for potassium-containing samples, e.g., the difference between
the average grain sizes for Mg5K and Mg20K was less than 1%.

SEM images of the sample surface are presented at Figures 7 and S3.
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The lowest density was obtained for the sample contained 5% sodium sulfate (85%).
The further addition of sodium sulfate led to an increase in density up to 90% (Figure 8a)
due to restrained grain growth and the removal of pores. Such a tendency could also
be traced for the Mg10Na, Mg15Na, and Mg20Na samples. The corresponding SEM
images (Figure 7a–d) could verify these conclusions. The Mg5Na sample was slightly
porous and the grains were not in a very tight contact. Here, the addition of 10% and 15%
sodium caused minor grain growth and led to densification of the samples, because of
the higher content of the more fusible (compared with MgSO4) Na6Mg(SO4)4 phase. The
densest sample with a notable lack of pores and the largest grains (4,6 µm average, a lot
of grains had diameters up to 7 µm) was Mg20Na. Furthermore, K-containing samples
demonstrated a higher density than the Na-containing samples (Figure 8a). The samples
with a low content (5–10%) of potassium tended to have a density up to 90%, being close
to that of the Na-containing samples. K-containing samples also had an ascending trend
in density with an increase in the potassium content up to 20%. These samples had a
sufficiently high density up to 98% (96% on average for Mg15K and 97% on average
for Mg20K). The grain size increment between the least dense and densest samples was
5% for sodium-containing ceramics and 10% for potassium-containing ceramics. This
difference originated from the different contribution of the grain growth to the densification
process for sodium- and potassium-containing samples. As it was already noted, the
grain size increment between the 5% sodium and 20% sodium samples was 33%, while
for the potassium-containing samples it was less than 1%. Thereby, densification occurred
significantly in the potassium-containing ceramics, apparently due to the elimination
of pores.
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Another important feature is the inhibition of grain growth in the ceramic composites
by zirconia nanoparticles. The difference between grain sizes in Mg10Na, Mg15Na, and
Mg20Na was not significant, despite the increase in the sodium content and the tendency
to recrystallization. In potassium-containing samples, this tendency was also observed in
the samples prepared without zirconia. Hence, the addition of zirconia particles did not
significantly inhibit grain growth and promoted densification.

As the studied materials were intended for use as soluble sacrificial molds, another
important characteristic is their dissolution time (Figure 8b). To conduct this experiment,
samples with the same mass (0.1 g) were dissolved in distilled water. The acquired dissolu-
tion time was expected to be significantly correlated with the sample density. The lowest
dissolution time (~8 min) was found for Mg5Na, the least dense sample (85%). Complete
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dissolution time for all of the other samples with a similar density (87–90%) was 10 min,
except for the Mg15K and Mg20K samples. As for the densest samples with a density
of 96–97%, the dissolution time was 50–150% longer and reached 15 min for Mg15K and
25 min for Mg20K. Thus, the obtained dissolving times were not long enough, so there were
no solubility limits for these samples in terms of their use as soluble “sacrificial” molds.
Furthermore, zirconium dioxide particles did not interfere with the dissolution and could
be completely removed during the dissolution of the sulfate ceramics. Therefore, they did
not remain in the casted polymer composite.

The strength and Young’s modulus of the obtained ceramics are presented in Figure 9.
They had the same trends as the density.
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The best strength and rigidity were obtained for Mg20KY-TZP, which was the densest
material produced. The Mg20KY-TZP sample had slightly more tensile strength than
Mg10KY-TZP and all of the Na-containing samples. The influence of zirconia on the tensile
strength and Young’s modulus was significant for all of the samples: from 19% for the
Mg10K line to 49% for the Mg20Na line. In sodium-containing samples, the strengthening
effect was more significant, as the phase distribution in the samples without zirconia was
highly irregular, especially for the Mg10Na sample, which had the lowest tensile strength
and Young’s modulus.

Initially, the precursor samples, obtained after milling, contained monoclinic zirco-
nia. The latter could still inhibit grain growth and crack propagation, but transformation
toughening could not be implemented. Thereby, the addition of the tetragonal zirconia
powder was suggested to increase the toughening of the final ceramics. Transformation
toughening (T→M) is sensitive to mechanical and thermal stresses, and is a source of
toughening in Y-stabilized zirconia [58]. Tetragonal phase is thermodynamically stable
until 1367 K [59]; so, under sintering conditions, T→M transformation is not likely to
occur [60,61]. Another significant feature is that 3 wt.% of yttrium oxide is optimal for
tetragonal phase stabilizing; otherwise, with a higher amount of Y2O3 (7 wt.%), the mechan-
ical characteristics tended to worsen [62,63]. In the current research, we proposed adding
5 wt.% Y-TZP to the raw mixture of sulfates. This was enough to ensure transformational
toughening and grain growth deceleration. Nevertheless, the amount of the zirconia that
was added was not limited by 5 wt.% and its influence on the mechanical characteristics
of various ceramic composites is an interesting object for the further studies. The increase
in hardness could possibly be obtained in a similar way as for the zirconia tetragonal
alumina composites (ZTA) [64,65]. Effective toughening could also shift the application
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of such materials to the processes of medium pressure injection molding (MPIM) [66] and
high-pressure injection molding (HPIM) [67].

The specifics of the microstructure of zirconia-containing and non-containing samples
can also be clearly demonstrated in the SEM images of the surface of the samples after
mechanical testing (Figure 10).
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Figure 10. SEM images (SE2) of the fractured samples: (a) Mg20K, (b) Mg10K, (c) Mg20KY-TZP, and
(d) Mg10KY-TZP.

The zirconia-containing samples had a lower grain size (up to 6 µm) and relatively
higher density (up to 98% for Mg20KY-TZP). There were no sufficient cracks observed in
the SEM images; thereby, crack propagation tended to develop along the grain boundaries.
The observations confirmed the necessity of the addition of zirconia nanoparticles in order
to obtain sulfate ceramic/zirconia composites. The samples without zirconia also had
considerable density (up to 95% for Mg20K); nonetheless, worse mechanical characteristics
were demonstrated by these samples. Moreover, the SEM images demonstrated some
cracks spread inside the grains (transgranular cracks).

Several features of the microstructure of zirconia-containing and non-containing sam-
ples can also be demonstrated at the SEM images and elemental maps of the surface of the
samples after mechanical testing (Figure 11).

The elemental maps confirmed that Mg10K had large K-containing grains with small
separated MgSO4 grains between them. They also tended to concentrate in the pores
between the K2Mg2(SO4)3 grains. The addition of zirconia particles led to the formation
of smaller grains in the K2Mg2(SO4)3 phase. Furthermore, a more uniform distribution
of the magnesium grains was achieved, as the grains of magnesium sulfate and mixed
magnesium−potassium sulfate were close in size in comparison to the samples without
zirconia additives. Moreover, the zirconia nanoparticles were distributed evenly in the
ceramics that were obtained.



Materials 2023, 16, 3077 14 of 19Materials 2023, 16, x FOR PEER REVIEW 14 of 20 
 

 

   
(a) (b) (c) 

 

  
(d) (e) 

   
(f) (g) (h) 

 

  
(i) (j) 

Figure 11. (a,f) SEM images (SE2) of the fractured Mg10K and Mg10KY-TZP samples; (b–e,g–j) cor-

responding elemental maps. 

The elemental maps confirmed that Mg10K had large K-containing grains with small 

separated MgSO4 grains between them. They also tended to concentrate in the pores be-

tween the K2Mg2(SO4)3 grains. The addition of zirconia particles led to the formation of 

smaller grains in the K2Mg2(SO4)3 phase. Furthermore, a more uniform distribution of the 

magnesium grains was achieved, as the grains of magnesium sulfate and mixed magne-

sium−potassium sulfate were close in size in comparison to the samples without zirconia 

additives. Moreover, the zirconia nanoparticles were distributed evenly in the ceramics 

that were obtained. 

Crack propagation reflects toughening mechanisms in ceramics. In polycrystalline 

porous ceramics, the arrest of cracks by pores, crack reorientation, and branching are typ-

ical mechanisms of toughening [68]. The addition of zirconia particles induced the for-

mation of pseudoplastic zones around the stressed inclusions, leading to the additional 

Figure 11. (a,f) SEM images (SE2) of the fractured Mg10K and Mg10KY-TZP samples;
(b–e,g–j) corresponding elemental maps.

Crack propagation reflects toughening mechanisms in ceramics. In polycrystalline
porous ceramics, the arrest of cracks by pores, crack reorientation, and branching are typical
mechanisms of toughening [68]. The addition of zirconia particles induced the formation of
pseudoplastic zones around the stressed inclusions, leading to the additional deceleration
of the crack opening (Figure 12). In the SEM image of the Mg20KY-TZP sample, the crack
initiated by fracturing the sample during mechanical testing with a width of 3–4 µm is
presented. In the highlighted zone (above bright spot of zirconia agglomerate), which is
related to the higher concentration of zirconia nanoparticles, the crack became curved and
almost disappeared.
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Besides fracture toughening, Y-TZP nanoparticles can inhibit grain growth. Such an
effect was shown for the potassium-containing samples without the addition of zirconia
(Figure 13a) and as well as with the addition (Figure 13b).
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According to the dilatometry, the sintering process started at the same temperature
for Mg20K and Mg20KY-TZP, but the final dL/L0 value for the zirconia-containing sample
was −8.2%, while for the Mg20K sample the value dL/L0 was equal to −5.51%. The rapid
growth in the dL/L0 for K20Y-TZP sample in the interval of 140–150 min occurred as a
result of minor cracking of the sample. The better densification could be explained by
the slower grain growth due to the presence of zirconia nanoparticles. For the sodium-
containing samples, this process was more complicated, as the sintering temperature
was much closer to the melting point of the mixed sulfate phase. According to the TG
(Figure S4) for the Mg20KY-TZP sample, two endo peaks were observed at temperatures
of 575 and 750 ◦C. They correspond to the eutectic temperatures in the corresponding
phase diagram [48]. The peak at 750 ◦C was very broad and asymmetrical with a cut-off at
752 ◦C, which could be regarded as corresponding to the solid-state reaction between
K2SO4 and MgSO4, leading to the formation of K2Mg2(SO4)3.

The resulting 3D molds are demonstrated in Figure 14.
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The achieved resolution was obviously better than 50 µm. Moreover, there were no
voids and discontinuities in the samples associated with the press-filtration, which caused
uneven filling of the 3D-printed mold. Fabricated macroporous ceramics can be imple-
mented as sacrificial molds for low-pressure injection molding to produce bioresorbable
thermoplastic polymer/calcium phosphate composites for bone tissue regeneration.

4. Conclusions

In this work, a novel sacrificial sulfate ceramic material for application using a low-
pressure injection molding technique was proposed. Magnesium sulfate with the addi-
tion of 5–20% sodium sulfate and magnesium sulfate with the addition of 5–20% potas-
sium sulfate were used as precursors. EDX data confirmed that the expected ratios of
Mg/Na (MgSO4/Na2SO4 = 91/9%—5 and MgSO4/Na2SO4 = 83/17%—2.5) and Mg/K
(MgSO4/K2SO4 = 91/9%—5 and MgSO4/K2SO4 = 83/17%—2.5) corresponded to what was
obtained for (MgSO4/K2SO4 = 91/9%—5.3 and MgSO4/K2SO4 = 83/17%—2.7) and slightly
lower than for (MgSO4/Na2SO4 = 91/9%—6.5 and MgSO4/Na2SO4 = 83/17%—4.1). The
main phases formed in the MgSO4-Na2SO4 mixture (Tsintering = 750 ◦C) were MgSO4
and Na6Mg(SO4)4, while in the MgSO4-K2SO4 mixture (Tsintering = 800 ◦C), MgSO4 and
K2Mg2(SO4)3 (Langbeinite) formed. It was also shown that the addition of 5% of the tetrag-
onal zirconia increased the compressive strength by 39% for the MgSO4/K2SO4 = 83/17%
sample, and 49% for the MgSO4/Na2SO4 = 83/17% sample. The maximum compressive
strength was achieved for the (MgSO4/K2SO4 = 83/17% sample—8.4± 0.6 MPa. Moreover,
the complete dissolution time for all of the samples did not exceed 25 min. Using stereolitho-
graphic 3D printing, inverted macroporous sulfate ceramic molds were produced. They
were implemented to biocompatible composite bone tissue implant prototype formation
through low pressure injection molding. The strength values of the obtained materials will
allow sulfate ceramics to be used in low-pressure injection molding for such prototypes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16083077/s1. Figure S1: TG/DTA for magnesium sul-
fate. Figure S2: SEM images of the zirconia nanoparticles: (a) BSE detector and (b) SE2 detector.
Figure S3: SEM images of the obtained ceramics. Figure S4: TG/DTA data for Mg20KY-TZP.
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