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Abstract
In this study, thermal analysis (including differential thermal analysis and thermogravimetric analysis coupled with mass 
spectrometry) was used to design the sintering process of alumina as well as Al2O3–Mo and Al2O3–Ni green bodies obtained 
by digital light processing (DLP) 3D printing. The measurements were performed for selected organic additives, which are 
commonly used in the DLP technique, such as photoinitiators, dispersing agents, and organic monomers. Additionally, metal-
lic powders (Ni, Mo), as well as ceramic and composite green bodies, have been subjected to thermal analysis. The obtained 
results allowed us to determine proper sintering conditions for a two-step sintering program. Firstly, the organic phase was 
burnt out at 400 °C in the air. At this temperature, metallic powders have not yet started to oxidize, and most of the organic 
additives have already been eliminated from the sample. The second step was performed using spark plasma sintering at 
1150 °C with a pressure equaling 60 MPa in an argon atmosphere to prevent the oxidation of metals. The samples were 
gradually cooled down to 800 °C at a cooling rate of 35 °C min−1 and then furnace-cooled to room temperature, preventing 
the formation of intrinsic defects (microcracks) in a multicomponent ceramic–metal composite. The XRD and SEM–EDS 
analysis allowed us to conclude that the obtained composites are well densified, no other phases apart from alumina and 
metals are present in the samples, and that the alumina grain growth is smaller than for conventional sintering. An increase 
in fracture toughness for the composite samples was observed compared to pure alumina.
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Introduction

Among the methods of shaping ceramic matrix composites, 
additive manufacturing techniques are becoming more and 
more popular, as they allow to obtain precise and complex 
elements without the use of casting molds [1–4]. Digital 
light processing (DLP) 3D printing is a method belonging to 
the Vat Photopolymerization group, in which a photocurable 
dispersion of ceramic powder in liquid resin needs to be pre-
pared [5]. The photosensitive suspension is then cured under 
a digital light projector screen during printing. In compari-
son with other 3D printing methods, Vat Photopolymeri-
zation offers many advantages, such as precise formation, 
smooth surface finish for printed samples, and simplified 
post-processing. Additionally, it allows the production of 
dense ceramics and is an excellent tool in manufacturing 
micro-sized elements. These qualities make DLP 3D print-
ing appealing for the fabrication of ceramic and composite 
materials with complex geometries.

In the case of Vat Photopolymerization, the proper selec-
tion of organic additives plays a key role in the prepara-
tion of photocurable dispersions. Components, such as 

photoinitiators, organic monomers, dispersing agents, 
and solvents, are necessary to obtain the suspension with 
appropriate properties for DLP 3D printing, but the organic 
phase has to be eliminated during sintering in order to obtain 
well-densified pure ceramic or composite materials as a final 
product [6–8]. Because a lot of organic additives are used in 
the preparation of the dispersions, their content in the photo-
curable resin is usually about 45–60 vol%; thus, the debind-
ing and sintering processes are a big challenge [9]. For 
example, a heating rate that is too high can result in delami-
nation, deformation, and cracking of the material [10, 11]. 
Furthermore, in the case of the fabrication of ceramic–metal 
composites, it is important to select the sintering conditions 
in such a way to avoid the oxidation of metals [12].

Therefore, the sintering process needs to be adjusted 
to a specific material individually [13–15]. Thermo-
gravimetric analysis allows to determine the temperature 
range at which the decomposition of selected additives 
separately, as well as in the ceramic and composite green 
bodies, occurs [16–19]. At DTA/TG measurements, 
the oxidation temperature of metallic powders can also 
be observed [20]. Additionally, with the use of mass 
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spectrometry, it is possible to indicate gases released dur-
ing the decomposition of the organic compounds [21]. 
This information is very useful in determining the proper 
sintering conditions, such as heating rate, temperature, 
and atmosphere [15, 22–24]. Based on the literature data, 
spark plasma sintering (SPS) is a very effective technique 
for sintering of ceramic matrix composites, which allows 
to obtain well-densified materials at lower temperatures 
and shorter time of the sintering process [25–32].

According to the literature, in the ceramic–metal com-
posites, an increase in fracture toughness is observed 
comparing to the monolithic ceramic materials [33]. This 
effect is caused by the fact that the cracks propagating in 
the ceramic matrix are blocked on the metallic particles. 
Exemplary mechanisms are crack deflection and crack 
blocking by plastic deformation. Ceramic–metal compos-
ites can find applications in cutting tools with increased 
durability, anti-corrosion covers, and construction mate-
rial in nuclear power plants [34–36].

The aim of the research was to perform DTA/TG/DTG/
MS analysis for the organic additives that are commonly 
used in Vat Photopolymerization, and for green bodies 
fabricated with their use, to establish proper sintering 
conditions for 3D-printed samples. In this study, pure alu-
mina, Al2O3–Mo, and Al2O3–Ni composite samples were 
prepared using DLP 3D printing, followed by pressureless 
organic-phase decomposition in air and SPS in argon.

Materials and methods

Materials

Components commonly used in the Vat Photopolymeriza-
tion process were selected for the analysis [37–42]. Four 
photoinitiators have been chosen: Omnirad 819 (IGM Res-
ins), Omnirad 2100 (IGM Resins), Omnirad 2959 (BASF), 
and TPO (BASF). The thermal decomposition of two dia-
crylic monomers has been analyzed: triethylene glycol 
dimethacrylate—TEGDMA, and poly(propylene glycol) 
dimethacrylate—PPGDMA (both from Sigma-Aldrich). 
Chemical formulas of photoinitiators and monomers used 
in the research are presented in Fig. 1. Hypermer KD1 
(Croda International Plc), which is a dispersing agent that 
uses the electrosteric mechanism to stabilize the ceramic 
suspensions, was examined. These components can be used 
to obtain ceramic and composite samples via Vat Photopo-
lymerization techniques.

The ceramic powder used in this research was α-Al2O3 
TM-DAR (Taimei Chemicals, Japan). Additionally, nickel 
and molybdenum micropowders (both from Createc, Poland, 
purity > 99%) were used to obtain Al2O3–Mo and Al2O3–Ni 
composite samples. The thermal characteristics of Ni and 
Mo powders were performed to determine the temperature 
at which the metals start to oxidize. The metallic particles 
can be classified as micropowders (with an average parti-
cle size by DLS of 9.3 μm for Ni and 13.4 μm for Mo). In 
comparison, alumina is a submicron-size powder (with an 

Fig. 1   Chemical formulas of 
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average particle size by DLS of 0.15 μm) that also influences 
the shaping process and the properties of the sintered bodies. 
All powders were of high purity, above 99%. The densi-
ties of the powders have been measured on a helium pyc-
nometer AccuPyc II 1340 (Micromeritics), and they equal 
3.9838 ± 0.035 g cm−3 for Al2O3, 8.7114 ± 0.0126 g cm−3 for 
Ni, and 9.8114 ± 0.0303 g cm−3 for Mo. The specific surface 
area SBET was 11.5 m2 g−1, 0.31 m2 g−1, and 0.24 m2 g−1 for 
alumina, nickel, and molybdenum, respectively.

Two different solvents were used to prepare ceramic sus-
pensions: 2-ethylhexanol (Sigma-Aldrich) and an azeotropic 
mixture of trichloroethylene and ethanol (in a ratio 73:27).

Experimental

Two organic monomers (TEGDMA and PPGDMA) and the 
solvent (2-ethylhexanol) in a ratio 1:1:1 were mixed with the 
photoinitiator (Omnirad 2100) in a planetary ball mill Retsch 
PM200 for 15 min at 300 rpm. Meanwhile, the 50 mass% 
solution of KD1, in an azeotropic mixture of trichloroeth-
ylene and ethanol (in a ratio 73:27), was prepared by dis-
solving the dispersing agent in the solvent with the use of a 
magnetic stirrer for 15 min. Then, the solution of the defloc-
culant and the ceramic and metallic powders were added to 
the dispersion and were mixed for 30 min at 300 rpm, fol-
lowed by 15 min of mixing at 350 rpm. The next step was 
carried out in order to remove air bubbles from the ceramic 
slurries. It included a two-step mixing and degassing process 
in a THINKY ARE-250 Mixing and Degassing Machine: 
mixing at a speed of 800 rpm for 2 min and degassing at 
1800 rpm for 2 min. The program was repeated twice. Three 
series of suspensions have been prepared: Al2O3, Al2O3–Ni, 
and Al2O3–Mo. Table 1 shows the content of the compo-
nents in the suspensions used in the DLP 3D printing pro-
cess. All the slurries contained 45 vol% of alumina. The 
metallic content was 0.5 vol%.

The next step was obtaining cylindrical samples using 
a digital light processing FlashForge Hunter 3D printer 
equipped with a LED light projector that cures a slurry 

using a light beam with a wavelength of 405 nm. The light 
intensity equaled 4 mW cm−2 for ceramic suspensions and 
5.2 mW cm−2 in the case of suspensions with the addition 
of nickel and molybdenum. The diameter of each sample 
was 10 mm, and their height was 5 mm. Samples were 
printed according to the previously prepared project in the 
Autodesk Fusion 360 program.

Simultaneous thermogravimetric analysis was carried 
out with the use of Netzsch Jupiter STA 449C coupled 
with the mass spectrometer Netzsch QMS 403C Aeolos. 
The measurements were performed for selected additives 
separately and for green bodies. The final temperature was 
1000 °C, and the heating rate was 5 °C min−1. All the 
samples were measured in the constant flow of two gases: 
argon—10 mL min−1 (protective gas), and synthetic air 
(75:25 N2:O2)—60 mL min−1. Additionally, Al2O3–Mo 
and Al2O3–Ni samples were measured in argon only (in 
flow rate 50 mL min−1). The samples in the quantities 
between 0.03 g and 0.21 g were placed in the crucibles 
together with c.a. 0.25 g of calcinated Al2O3 to prevent the 
overflowing of samples from the crucibles. TG/DTA/MS 
measurements helped to establish the sintering program.

To avoid the oxidation of metals in the composite 
samples during sintering, this process was divided into 
two steps. At first, the organic phase was burned out at 
400 °C/2 h (heating rate 2 °C min−1). This step was nec-
essary because the printed green bodies contained a large 
amount of organic additives. The high heating rate in the 
SPS process (the initial stage of SPS is rapid temperature 
ramping from room temperature to over 700 °C) results in 
rapid decomposition of the organic phase that may cause 
an explosion of samples in the graphite matrix. The second 
step was spark plasma sintering of samples in argon at the 
temperature of 1150 °C/10 min (heating rate 50 °C min−1) 
with the pressure equaling 60 MPa. The cooling process 
was performed without pressure. The samples were gradu-
ally cooled down to 800 °C at a cooling rate of 35 °C 
min−1 and then furnace-cooled to room temperature, which 

Table 1   Composition of the 
dispersions used to obtain 
samples by DLP 3D printing

*  With respect to the alumina content
**  With respect to the monomers content

Component/ name of series Al2O3 Al2O3–Ni Al2O3–Mo

Al2O3 / vol% 45 45 45
2-ethylhexanol / vol% 55 (mol ratio 

1:1:1)
55 (mol ratio 1:1:1) 55 (mol ratio 1:1:1)

TEGDMA / vol%
PPGDMA / vol%
KD1 / mass%* 1.5 1.5 1.5
Omnirad 2100 / mass%** 3 3 3
Ni / vol% – 0.5 –
Mo / vol% – – 0.5
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prevents the formation of intrinsic defects (microcracks) in 
a multicomponent ceramic–metal composite.

The densities of samples were measured using the Archi-
medes method in water. To check Vickers’ hardness and frac-
ture toughness, five indentations for each sample were made 
using Digital Vickers Hardness Tester HVS-30 T (Huatec 
Group Corporation) with a load of 29.4 N (3 kgf) applied 
for 10 s. Nikon Eclipse LV150N light microscope was used 
to measure the diagonals and cracks of each indentation. 
The fracture toughness has been calculated according to the 
Lankford equation [43]. The samples were thermally etched 
at 1200 °C for 15 min, and their microstructure was ana-
lyzed using a ThermoFisher Helios 5 PFIB scanning electron 
microscope. SEM observations allowed to determine the 
grain size of the ceramic matrix and the size of the metallic 
particles. Powder X-ray diffraction patterns were recorded 
at room temperature on a Bruker D8 Advance diffractom-
eter equipped with a LYNXEYE position-sensitive detec-
tor, using Cu–Ka radiation (l = 0.15418 nm). The data were 
collected in the Bragg–Brentano (q/q) horizontal geometry 
(flat reflection mode) between 8 and 90° (2q) in a continuous 
scan, using 0.03° steps and 3 s/step (total time 576 s/step). 
The diffractometer incident beam path was equipped with a 
2.5° Soller slit, and a 1.14° fixed divergence slit, while the 
diffracted beam path was equipped with a programmable 
antiscatter slit (fixed at 2.20°), a Ni β-filter, and a 2.5° Soller 
slit. Data were collected under standard laboratory condi-
tions (temperature and relative humidity). The Diffrac.Eva 
program (Bruker AXS, Karlsruhe, Germany) and powder 
data of X-ray patterns from the PDF-2 database (by ICDD) 
were used to identify phases. Measurements were performed 
for sintered Al2O3–Ni and Al2O3–Mo samples. The samples 
were crushed before measurement, resulting in a powder 
with large grains.

Results and discussion

Thermal analysis has been performed for selected additives 
that are commonly used in the Vat Photopolymerization 
techniques: four photoinitiators (Omnirad 819, Omnirad 
2100, Omnirad 2959, and TPO), two organic monomers 
(PPGDMA and TEGDMA), and a dispersing agent (KD1). 
The results of the measurements are presented in Figs. 2–4.

Figure 2a shows DTA/TG/DTG/MS curves of Omnirad 
819 thermal degradation. According to the TG curve, the 
total mass loss was 82%, and the decomposition takes place 
in two main stages. It begins at ca. 145 °C and ends at ca. 
695 °C. On the DTA curve, the exothermic peaks with the 
maxima at 193, 409, and 506 °C are visible. The first stage 
ends at 330 °C with 49% mass loss and is related to the 
release of CO2, which indicates MS 44. In the second stage, 
the 33% mass loss is observed till 695 °C and is connected 

to the increase in all MS signals, which are 12, 17, 18, and 
44. The mass loss can be the result of the overlap of two 
effects: decomposition of the hydrocarbon chain and oxida-
tion reaction with the release of CO2 (MS 12 and 44) and 
H2O (MS 17 and 18).

Figure 2b presents the thermal decomposition of Omnirad 
2100, which begins at 112 °C and ends at 712 °C with the 
total mass loss equaling 83%. Two main stages of Omnirad 
2100 degradation are observed: the first stage till 331 °C 
connected with 47% mass loss and the second stage till 
738 °C with 36% mass loss. At first, MS 17 and MS 18 
signals are visible, which can be ascribed to OH+ and H2O+ 
ions. Then, the increase in the values of m/z: 12, 44, and 51 
begins. This effect is caused by benzene ring cleavage fol-
lowed by the oxidation of its products to CO2. The MS 51 
signal indicates the presence of C4H3

+ [44, 45].
Figure  2c shows the DTA/TG/DTG/MS curves of 

Omnirad 2959. The total mass loss was 100%, what indicates 
that the whole photoinitiator has decomposed. The first stage 
of the process starts at 164 °C and ends at 327 °C with 69% 
mass loss. The second part of the decomposition is observed 
till 532 °C with 31% mass loss. The endothermic peak on 
the DTA curve with a minimum at 100 °C and the exother-
mic peak with a maximum at 498 °C are visible. Accord-
ing to the MS curves, the oxidation process, leading to the 
formation of H2O, dominates at lower temperatures, which 
indicates MS 17 and 18. When the temperature exceeds 
400 °C, the intensity of the peaks (MS 12 and 44) related to 
the decomposition of the compound and oxidation to CO2 
increases. Also, a small signal m/z = 43 corresponding to the 
release of light hydrocarbons is visible. Omnirad 2959 is the 
only photoinitiator among the ones selected for the research 
that decomposed in 100%. This is probably caused by the 
absence of phosphorus in its chemical structure.

DTA/TG/DTG/MS curves for TPO are presented in 
Fig. 2d. The decomposition of this compound goes in two 
stages: First, with a mass loss of 59%, starts at 239 °C, and 
second, with a mass loss of 26%, begins at 414 °C and ends 
at 769 °C. The total mass loss equaled 85%. One endother-
mic peak on the DTA curve with the minimum at 100 °C 
and two exothermic peaks with the maxima at 267 °C and 
549 °C are visible. MS signals with the biggest intensity are 
related to the decomposition and oxidation processes toward 
H2O and CO2 (m/z values 17, 18, and 44). Several smaller 
peaks on the MS curve are also observed: MS 37, 38, 39, 
51, 76, and 77. These signals correspond to the products of 
aromatic rings cleavage, such as C3H+, C3H2

+, C3H3
+, C4H3

+, 
C6H4

+, and C6H5
+.

Figure 3 shows the thermal decomposition of two organic 
monomers used in the research: poly(propylene glycol) 
dimethacrylate—PPGDMA, and triethylene glycol dimeth-
acrylate—TEGDMA. The total mass loss for both tested 
compounds was 100%, indicating that the whole TEGDMA 
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and PPGDMA have decomposed. For PPGDMA (Fig. 2a), 
two exothermic peaks with the maxima at 424 °C and 488 °C 
are visible, and the m/z values detected by mass spectrom-
eter are as follows: 17, 18 (H2O+ and OH+), 29 (CH3CH2

+), 
41, 42, 43 (light hydrocarbons), 12 44 (CO2). For all MS 

values, narrow peaks are observed at 361 °C, where the 
most significant mass loss is observed on the TG curve. For 
MS 44, there is also a small peak at ca. 485 °C, indicating 
that the compound’s decomposition goes in two stages. The 
process is similar for TEGDMA (Fig. 2b) but takes place at 
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higher and wider temperature range with peaks at 405 °C 
and 530 °C and detected m/z values: 12, 44 (CO2), 17, 18 
(H2O+ and OH+), and 41, 42 (light hydrocarbons).

Figure 4 presents the DTA/TG/DTG/MS curves of the 
KD1 dispersing agent. The total mass loss was 99%, what 
indicates that the whole KD1 has decomposed. On the DTA 
curve, two exothermic peaks with the maxima at 374 °C 
and 483 °C are visible. The first DTA peak corresponds to 
the DTG peak and MS peaks for m/z = 12, 44 (CO2), 17, 18 
(H2O+ and OH+), 20, 41, 42 (light hydrocarbons) observed 
at ca. 390 °C. The second DTA peak corresponds to the wide 
peak observed at MS 44 at ca 480 °C, which indicates that 
the decomposition of KD1 is a two-stage process.

Figure 5 shows DTA/TG/DTG/MS curves of thermal 
degradation of alumina green sample obtained by DLP 3D 
printing with the use of the selected additives: Omnirad 
2100, TEGDMA, PPGDMA, and KD1. The content of the 
components in the suspensions is presented in Table 1. The 
total mass loss was 25% which corresponds to the organic 
additives content in the analyzed sample. It means that all 
of the organic phases were burned out, as expected (leav-
ing phosphorus from Omnirad 2100). The first stage of the 
process starts at 111 °C and ends at 387 °C with 22.8% mass 
loss. The second part of the decomposition is observed till 
531 °C with 2.6% mass loss. The m/z values detected by the 
mass spectrometer are as follows: 17, 18 (H2O+ and OH+), 
12, 44 (CO2), and 41, 42, 43 (light hydrocarbons). For all 
MS values, peaks are observed at ca. 310 °C, where the big-
gest mass loss is observed on the TG curve. For MS 12 and 
44 (signals related to the release of CO2), there is also a peak 
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Fig. 3   DTA/TG/DTG curves and signals from mass spectrometer of a PPGDMA, b TEGDMA in air
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at ca. 490 °C, which confirms that the sample’s decomposi-
tion goes in two stages.

Figure 6 presents DTA/TG/DTG curves of molybde-
num and nickel metallic powders conducted in air. These 
measurements allow to determine at what temperature the 
metal oxidation process occurs. For molybdenum powder 
(Fig. 6a), the process starts at 430 °C and ends at 660 °C 
with an increase in mass by 49%, what indicates the oxida-
tion toward MoO3. For nickel powder (Fig. 6b), the process 
starts at 400 °C and ends at 910 °C with an increase in mass 
by 26%, what indicates the oxidation toward NiO.

Figures 7 and 8 show DTA/TG/DTG/MS curves of ther-
mal degradation of Al2O3–Mo and Al2O3–Ni green samples 
obtained by DLP 3D printing. The content of the compo-
nents in the suspensions used to prepare the samples is pre-
sented in Table 1. The composite samples were measured 
separately in air and argon. For both samples measured in 
air (Figs. 7a and 8a), MS signals with the most consider-
able intensity are related to the decomposition and oxidation 
processes toward H2O and CO2 (m/z values 12, 17, 18, and 
44); there is also a much smaller peak MS 29 (CH3CH2

+). A 
double, broad peak observed for m/z = 44 indicates that the 
decomposition of samples in air goes in two stages. The total 
mass loss was 23% for Al2O3–Mo and 21% for Al2O3–Ni. 
For both samples, on TG/DTG curves, a slight increase 
in mass can be observed (at 549 °C for Al2O3–Mo and at 
509 °C for Al2O3–Ni), which is related to the oxidation of 
metallic particles in the air.

Sintering samples in argon (Figs. 7b and 8b) allows to 
avoid the oxidation of metallic particles but results in dif-
ferent products of the organic phase decomposition. For 
Al2O3–Mo sample, the m/z values detected by mass spec-
trometer are as follows: 17, 18 (H2O+ and OH+), 15 (CH3

+) 
29 (CH3CH2

+), 43 (light hydrocarbons), 44 (CO2). MS sig-
nals observed for Al2O3–Ni sample are 12, 44 (CO2), 29 
(CH3CH2

+), 26, 42 (light hydrocarbons). The total mass loss 
was 21% for Al2O3–Mo and 24% for Al2O3–Ni.

The obtained results show that the sintering of compos-
ite samples containing metallic particles should consist of 
two stages. Firstly, the decomposition of the organic phase 
should be performed in air to minimize the amount of toxic 
gases released during the process and to prevent the presence 
of residual carbon in the samples. The final temperature of 
the first step of the process cannot be higher than the tem-
perature at which metals start to oxidize, what means that 
for molybdenum and nickel powders, it cannot be higher 
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than 400 °C. Then, the samples should be sintered in argon 
to avoid the oxidation of metallic particles.

Samples obtained by DLP 3D printing have been char-
acterized in terms of relative density, volumetric shrinkage, 
Vickers hardness, and fracture toughness KIC. The results of 
the measurements of selected properties of green and sin-
tered samples are presented in Table 2. The relative densi-
ties of the samples were then determined in both green and 
sintered states. The highest density was observed for the 
pure alumina sample. For sintered samples obtained with 

the addition of the metallic phase, a decrease in the relative 
density values was observed, and it equaled ca. 5% for the 
Al2O3–Ni sample and ca. 9% for Al2O3–Mo sample com-
pared to the pure alumina sample. The volumetric shrink-
age values were between 54.88% (Al2O3–Ni) and 67.90% 
(Al2O3). The samples with the addition of metallic phase 
were characterized by lower values of Vickers hardness than 
single–phase alumina samples (21.36 GPa, 17.15 GPa, and 
17.24 GPa for Al2O3, Al2O3–Ni, and Al2O3–Mo samples, 
respectively). Metals are characterized by lower hardness 
than ceramics, so such an effect was expected [33, 46]. The 

Table 2   Selected properties of green and sintered samples

Parameter Al2O3 Al2O3–Ni Al2O3–Mo

Relative density of green 
samples / % of theoreti-
cal density

61.74 61.35 61.54

Relative density of 
sintered samples / 
% of theoretical density

99.58 94.16 90.27

Volumetric shrinkage / % 67.90 54.88 56.65
Vickers hardness / GPa 21.36 ± 0.78 17.15 ± 1.32 17.24 ± 0.75
KIC / MPa m0.5 6.31 ± 0.16 6.58 ± 0.18 6.60 ± 0.37
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Fig. 9   XRD patterns for sintered samples: A Al2O3–Mo and B 
Al2O3–Ni

Fig. 10   SEM–EDS element mapping images of the obtained compos-
ite samples sintered in SPS
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fracture toughness was calculated according to the Lank-
ford equation. The composite samples’ KIC increased by 
approximately 4 to 5% compared to single-phase alumina.

The results of the XRD analysis of Al2O3–Mo and 
Al2O3–Ni sintered samples showed that no other phases 
apart from alumina and metals are present in the printed 
composite objects (Fig. 9). It can be concluded that the 
two-step sintering program (burnout of the organic phase 
at 400 °C in air and sintering in argon at the temperature 
of 1150 °C) selected based on DTA/TG/DTG/MS analysis 
allows maintaining the composite’s metallic phase without 
oxidation and spinel phase formation.

Figures 10 and 11 show SEM micrographs and EDS maps 
for Al2O3–Mo and Al3O3–Ni samples. The presence of the 
metallic particles in both samples indicates that the selec-
tion of temperatures and atmospheres of the organic phase 
decomposition and sintering processes, based on DTA/TG/
MS measurements, allowed to avoid the oxidation of the 
metallic phase. The alumina grains in the ceramic matrix are 
in the range of 0.1–0.5 µm, so the grain growth is smaller 
than for conventional sintering. The metallic grains are big-
ger, what is an outcome of the starting powders used in the 
research, and their size is in the range of 2–5 µm for Mo and 
1–2 µm for Ni grains.

Conclusions

Thermal decomposition of selected organic additives, which 
are commonly used in DLP 3D printing of ceramic materials 
and composites, has been performed. Four photoinitiators 
(Omnirad 819, Omnirad 2100, Omnirad 2959, and TPO), 

two organic monomers (PPGDMA and TEGDMA), and one 
dispersing agent (KD1) have been chosen for the analysis. 
Additionally, metallic powders (Ni, Mo) as well as ceramic 
(Al2O3) and composite (Al2O3–Mo, Al2O3–Ni) green bodies 
have been subjected to DTA/TG/MS measurements, which 
allowed us to characterize their decomposition process. Fur-
thermore, the sintering process of the composite samples has 
been established on the basis of the obtained results. The 
first step, which consisted of burning out the organic phase 
in air, was performed at 400 °C. This is a temperature at 
which the majority of organic additives are removed, and the 
molybdenum and nickel powders do not yet start to oxidize. 
The second step of the sintering process was performed by 
SPS in an argon atmosphere, at 1150 °C with the pressure 
equaling 60 MPa, and it allowed to obtain Al2O3–Ni and 
Al2O3–Mo composites with improved KIC in comparison to 
pure alumina. The XRD and SEM–EDS analysis allowed to 
conclude that the obtained composites are well densified, 
no other phases apart from alumina and metals are present 
in the samples and that the alumina grain growth is smaller 
than for conventional sintering.
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