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Abstract

The combination of different ceramic materials within one component enables the targeted adjustment of material proper-
ties, allowing for enhanced performance, improved mechanical characteristics, and tailored functionality to meet specific
application requirements. One promising approach for combining ceramic components is sinterjoining, where components
with different shrinkage behaviors in the green or brown state are inserted into each other, forming a cohesive bond during
the subsequent sintering process. In the present work, the sinterjoining approach was investigated for producing material
composites from parts produced by vat photopolymerization. To do so, the shrinkage behavior of different ceramic mate-
rials of the material system Al,O; — ZrO, was analyzed by dilatometric analysis. In an experimental study, the influence
of the sintering conditions on the material properties of several materials of the system Al,O; — ZrO, was investigated to
derive suitable sintering conditions for a co-sintering of different materials. Sintering at 1650 °C for 2 h was identified
as good compromise, leading to densities of more than 93 % for all materials considered and material-dependent hard-
ness values between 1150 and 1500 HV2. The results were initially used for a monolithic sinterjoining approach, i.e.,
the combination of the same material but with different volume shrinkage in one component. For dimensioning, a factor
Jsinterjoining Was defined, leading to suitable joining results of up to 99 % sintered boundary length (“Degree of Sintering”).
Based on this, the joining of different materials of the system Al,0; — ZrO, was investigated. Although multi-material
sinterjoining is significantly more complex, good results have been achieved for various material combinations showing
Degrees of Sintering of more than 95 % for several combinations. In particular, the combination of Al,O; and an equal
mass mixture of Al,O; and ZrO, (AZ50) appears to be promising. The results demonstrate the potential of sinterjoining
for producing ceramic composites and serve as a starting point for further optimizations.
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1 Introduction manufacturing processes with the exceptional mechanical

properties and durability that ceramics are renowned for [2].

The use of additive manufacturing technologies, coupled
with the capacity to meticulously adjust and tailor the proper-
ties of components to meet exacting specifications, enables
the efficient and resource-efficient production of complex
components from batch size one [1]. The integration of addi-
tive manufacturing with ceramic components offers a unique
combination of the freedom and flexibility inherent in additive
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The demand for increased functionality in technical ceramic
components is driving a requirement for innovative product
solutions with enhanced functional density. A significant
expansion of the achievable component properties and the
underlying technical processes is the targeted combination of
different ceramics in a single component [3].

Vat photopolymerization (VPP) is frequently used in
research and industry for producing ceramic components due
to its high manufacturing precision, the variety of technical
ceramics that can be processed and the ability to produce
ceramics with a high relative density of over 99 % [4, 5]. In the
VPP process, a ceramic suspension comprising ceramic pow-
der and an organic binder system is used. Aluminum oxide
(alumina, Al,05), zirconium oxide (zirconia, ZrO,), and their

@ Springer


https://doi.org/10.1007/s11740-025-01402-6
http://orcid.org/0000-0001-8597-9585
http://orcid.org/0000-0003-4500-3005
http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-025-01402-6&domain=pdf&date_stamp=2025-12-16

22 Page2of 13

Production Engineering (2026) 20:22

composites, i.e., alumina-toughened zirconia (ATZ) and zirco-
nia-toughened alumina (ZTA), are frequently used materials
in vat photopolymerization [6]. However, combining different
ceramic materials in one component is still at the beginning of
research due to the demanding requirements [7, 8].

Various joining methods for producing multi-ceramic
components have been investigated [7]. One such approach
is sinterjoining, where components with different shrinkage
behaviors in the green (“as printed”) or brown (“debinded”)
state are inserted into each other, forming a cohesive bond
during the subsequent sintering process. A notable advan-
tage of sinterjoining is that it does not require auxiliary
materials for combining the materials, thereby eliminating
restrictions imposed by conventional joining methods on
the properties of the components [9].

However, sinterjoining of different VPP components is just
barely investigated. In [9], a sinterjoining approach based on
green parts having the same volume share and an interference
fit was investigated. To create a clearance fit for inserting the
parts into each other, a pre-sintering step was performed.

In [10], the mechanisms relevant for sinterjoining of MIM
components for micro applications were theoretically analyzed.
As key influencing factors, sintering time and temperature, par-
ticle geometry and size distribution, and the number of neigh-
boring particles were identified. An experimental investigation
showed that increasing the joining gap reduced the visual qual-
ity of the joint, though no significant impact on tensile strength
was observed. Furthermore, general rules identified for con-
ventional sintering seem to apply also for sinterjoining.

Sinterjoining of micro-injection molded ceramic parts
from Al,O; and ZrO, was analyzed in [11]. The work high-
lights the influence of thermal expansion coefficient and the
material-dependent sintering shrinkage on the joining qual-
ity. Besides guaranteeing a larger volume shrinkage of the
outer part, it must be prevented that a joining gap is created
due to a higher thermal contraction of the inner part while
cooling down after sintering.

In [12], dilatometric analyses of pressed ceramic speci-
mens of Al,O; and ZrO, were performed serving as data
basis for subsequent analyses of the joining quality in sinter-
joining. The results show that, as the sintering temperature
increases, the clearance between the inner and outer parts
decreases, thereby enhancing the joining quality.

A sinterjoining strategy for combining parts produced by
VPP and material extrusion (MEX) using the same Al,O,
powder and a filler content of 50 vol.-% was derived in

» I
Debinding .-

Fig. 1 Schematic visualization of the sinterjoining approach, based on [9]
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[13]. Pre-sintering of the inner (VPP) part at 1450 °C and
the outer (MEX) part at 1100 °C created a defined clearance
of approx. 11 %, allowing for mutual insertion of the parts.
In a subsequent final sintering step at 1650 °C performed to
achieve a press-fit connection. The joint interface remained
partially visible in micrographs, so placement outside load-
critical zones was recommended.

However, there is up to now no strategy for combining
VPP parts without a pre-sintering step. Furthermore, no
results regarding the combination of VPP parts of different
materials are present.

The aim of the present study is to investigate the approach
of sinterjoining for manufacturing multi-material ceramics.
The investigation of sinterjoining and the production of multi-
material components necessitates a thorough examination of
the material-specific shrinkage behavior and the determination
of optimized sintering parameters for multi-material compo-
nents. Therefore, slurries with different ceramic filler contents
are prepared, green parts were printed by VPP and debinded to
brown parts. The shrinkage behavior of those brown parts was
analyzed, enabling a sinterjoining approach of the same mate-
rials with different volume shrinkage. Based on these results,
the combination of different materials is examined in a second
step. The sinterjoining approach applied in this work is shown
schematically in Fig. 1, based on [9].

2 Materials and methods
2.1 Raw materials

Ceramic suspensions for vat photopolymerization consist of
ceramic powder and an organic binder system, which com-
prise an initiator system, matrix components and additives.
Due to the favorable result, the binder components were
adopted from [8]. This work was previously conducted by
several authors of the present study and serves as a refer-
ence also in other parts of the paper to enable transferability
of the results. In Table 1, details of the binder constituents
used are shown. The selection of photoinitiators was based
on the 460 nm wavelength of the VPP machine used. IBOA,
HDDA, and ETMPTA serve as monomers with different
functionalities leading to superior slurry properties. The
Rheobyk additive was used to reduce the viscosity of the

suspension.

Matching
cylinder &
sleeve

Co-sintering
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Table 1 Overview of the organic substances used

Name Supplier Function
Isobornyl acrylate (IBOA) TCI Chemicals Monomer
(1 functional
group)
1,6-Hexanediol diacrylate TCI Chemicals Monomer
(HDDA) (2 functional
groups)
Trimethylolpropane ethoxylate TCI Chemicals Monomer
triacrylate (ETMPTA) (3 functional
groups)
Camphorquinone (CQ) TCI Chemicals Photoinitiator
4-(Dimethylamino) benzonitrile TCI Chemicals Co-initiator
(4-DMA-BN)
Rheobyk BYK-Chemie Additive

The powders used were measured with regard to the
percentile values of the agglomerate diameters using laser
diffraction according to DIN ISO 13320:2022 [14] in a
Sync (Microtrac Retsch, Haan, Germany). Furthermore,
the particle size of the powders was determined using
scanning electron microscopy JSM-6010 Plus (Jeol
(Germany) GmbH, Freising, Deutschland). The specific
surface of the powders was analyzed according to BET
method described in DIN ISO 9277:2014 [15] by gas
adsorption with nitrogen N, as adsorption gas. The results
are shown in Table 2.

Based on the compelling results in [8], the slurry
compositions used therein were largely taken over. For
some materials a further increase of the ceramic content
was possible based on iterative optimizations. The
compositions used in the present work are summarized
in Table 3. These values specify the highest possible
ceramic content applicable with the corresponding binder
composition up to now, i.e., 56 vol.-% for alumina and
50 vol.-% for zirconia and the composites thereof. For
various test series within this work, the ceramic content
was also reduced. To do so, the ceramic content was
replaced by organic components in accordance with the
composition of the remaining binder system.

Table 2 Overview of the ceramic and metal oxide powders used

Table 3 Summary of slurry compositions for various ceramic materi-
als (in volume %)

Substance AlLO, ZTA AZ50 ATZ 710,
IBOA 15.5 17.6 17.4 17.9 16.5
HDDA 15.5 17.5 17.3 17.7 16.4
ETMPTA 6.1 7.0 7.2 6.8 6.9
CQ 2.9 34 3.6 2.9 3.8
4-DMA-BN 0.9 1.1 1.3 1.4 1.4
Rheobyk 3.1 34 32 33 5.0
Ceramic 56.0 50.0 50.0 50.0 50.0

Table 4 Summary of the exposure parameters applied for the indi-
vidual materials

Exposure parameters ~ ALLO, ZTA  AZ50 ATZ  ZrO,
Intensity in mW/cm? 80 80 80 80 80
Energy in mJ/cm? 70 80 85 95 105

2.2 Additive manufacturing of green parts

For producing the green parts, a vat photopolymerization
machine CeraFab Multi 2M30 Science (Lithoz GmbH,
Vienna, Austria) with a LED light source with 460 nm
wavelength was used. Due to the nearly identical slurry
compositions, the exposure parameters used in [8] were
also applied in the present work. They are summarized in
Table 4. Their applicability was verified by measuring the
dimensions of cylindrical green parts analogously to [9]
by a micrometer screw Micromar 40 ER (Mahr GmbH,
Gottingen, Germany). Reference measurements were per-
formed by a coordinate measuring machine Zeiss Prismo
KMG (Carl Zeiss IQS Deutschland GmbH, Oberkochen,
Germany) confirming the accuracy of the measurements
performed by the micrometer screw.

2.3 Debinding

Based on the identical binder components of the slurries
as used in [8], the same time-temperature profile was also
used in the present work to transform the green parts into

Name Supplier Particle size Agglomerate size BET surface in m?-g ™!
in pm in pm
djg dso dog

Al,O4 Final Advanced 0.3 0.28 1.31 6.28 6.75

Materials GmbH,

Freiburg, Germany
ZTA 80/20 mixture by weight of Al,0;and ZrO,
AZ50 50/50 mixture by weight of Al,Ozand ZrO,
ATZ 20/80 mixture by weight of A1,0zand ZrO,
Zr0O, Tosoh Europe B.V., 0.2 0.31 0.97 2.55 5.39

Amsterdam, Netherlands

@ Springer



22 Page4of 13

Production Engineering (2026) 20:22

debinded brown parts. This was determined in [8] on the
basis of thermogravimetric analyses. The actual debinding
takes place up to 455 °C, followed by a short heat-up to 1100
°C to increase the strength of the components enabling a
handling of the components, as shown in Fig. 2. The debind-
ing process was performed in a GLO 10/11 (Carbolite Gero,
Neuhausen, Germany) in air atmosphere.

The roughness of the samples after debinding, i.e., the
process stage in which cylinders and sleeves are inserted
into each other, was determined on six randomly selected
cylinders of varying materials and filler contents by per-
thometer measurements revealing arithmetic mean rough-
ness values R, ranging from 1.1 to 2.0 um. Therefore, the
values show that the roughness has no significant influence
on the matching of cylinders and sleeves.

2.4 Determining shrinkage behavior and deriving
sintering conditions

To investigate the material-specific shrinkage behavior
during sintering as a basis for deriving suitable sintering
conditions and for dimensioning the components for
sinterjoining, an optical dilatometer TOMMI (Fraunhofer
ISC, Wiirzburg, Germany) was used. Therefore,
cylindrical samples with diameter 5 mm and height
10 mm were printed from slurries specified in Table 3
or from corresponding slurries with partially reduced
filler content. They were debinded and pre-sintered up
to 1100 °C for increasing their strength according to the
temperature profile shown in Fig. 2. In the dilatometer,
the samples were heated in air at 5 K/min to the maximum

the extent to which the filler content affects the shrinkage
behavior was determined exemplarily for Al,O; in a
second test series.

For combining different materials in a single compo-
nent, they have to undergo a common co-sintering process.
Therefore, it is necessary to determine to what extent devia-
tions from the typically applied sintering conditions affect
the density and the mechanical properties of the materi-
als. To identify suitable co-sintering conditions, cylindri-
cal samples with 5 mm diameter and 10 mm height were
printed and debinded analogous to the dilatometer samples.
Based on the results of the dilatometric measurements and
data sheet provided by Lithoz GmbH [17], an initial tem-
perature profile shown in Table 5 was defined, whereby the
sintering temperature was varied in 50 K steps between
1500 °C and 1700 °C and the dwell time between 2 h and 4
h in a test series. All sintering processes were performed in a
HTF 18/4 chamber oven (Carbolite Gero GmbH & Co. KG,
Neuhausen, Germany).

The density of the samples was determined according to
DIN EN ISO 18754:2022 [18] using liquid displacement
(“Archimedes”) principle with an XSR204DR analytical
balance with XPR/XSR-Ana density kit (both Mettler-
Toledo GmbH, Giessen, Germany) after impregnating the
samples using the boiling method for 1 h in distilled water
as an immersion liquid.

Additionally, the samples were hot-embedded and pre-
pared with various grinding disks up to grain size 1200.
Vickers hardness measurements were carried out on the

Table 5 Time-temperature-profile for sintering the samples

. . . Heating time Heating rate Target temperature Dwell time

possible temperature of the measuring device of 1650 °C  ;;, hh: mm in K/min in°C inh
in accordance with DIN EN ISO 21821:2023 [16] and 25
then held at this temperature for 120 min, while recording  00:58 1.3 100 0.0
the lengths variations in horizontal and vertical direction. ~ 08:20 2.0 1100 0.0
In a first test series, the shrinkage behavior of samples  various 1.0 1500 - 1700 20-4.0
of different materials of the system Al,O; — ZrO, was  Vvarious -1.0 1100 0.0
determined in dependency of the temperature. Similarly, — 98:58 —2.0 25 0.0
Fig. 2 Time-temperature-profile 1200
applied for debinding the green
parts [8] ¢ 1000
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samples in accordance with DIN EN ISO 14705:2021 [19]
using a Q10A + hardness tester (ATM Qness GmbH, Mam-
melzen, Germany) to HV 2.

In a further set of experiments, disk-shape samples
with diameter 18 mm and thickness 1.8 mm in green state
were printed from the five materials described above. After
debinding and sintering, these were subjected to B3B tests
to analyze their strength on a universal test machine UTS
10 (Karlsruhe Institute of Technology, Karlsruhe, Germany)
with 8 mm hardened steel balls, allowing a reliable determi-
nation of the strength of brittle materials, esp. ceramics, also
in the as-sintered state under a well-defined biaxial stress
state with reduced errors due to misalignment and manu-
facturing tolerances. The support radius 7B3B support Was
calculated according to [20] from the radius of the support
balls 7B3B pairs using Formula 1

24/ 3
A — (1)

TB3B,support —
Following [21], the disk thickness tp3p q4isk Was deter-
mined in the center of the samples using a Micromar 40 ER
micrometer (Mahr GmbH, Goéttingen, Germany). For fur-
ther evaluation, commonly accepted diagrams from [20, 22]
were used to determine the factor fpsp based on the geo-
metric conditions. The maximum tensile stress in the disk
0 B3B,maz Tesults from the disk thickness tpsp aisk, the
disk radius rp3B,disk, the support radius 7B3B, support, the
material-dependent Poisson’s ratio v, the factor fp3p and
the applied force Fp3p according to Formula 2.

tB3B, disk  TB3B,disk

2

) Fpsp
).

0 B3B,maz = fB3B < P 3
B3B,disk

TB3B,disk TB3B,support

The evaluation was carried out using the Weibull approach
according to DIN EN ISO 20501:2023 [23] by calculating
the probability of failure of the specimen Py in dependency
of the load applied. Based on this, the characteristic strength
o ¢ of the samples, being defined as the strength at Py =
63.2 %, was calculated.

2.5 Sinterjoining

For investigating the sinterjoining approach, sleeves and
cylinders with a height of 5 mm were used as test speci-
men. The outer diameter of the cylinders was set to be con-
stantly 5 mm. The inner diameter of the sleeves used for
monolithic sinterjoining in the first test series was varied
in 14 steps between 5.00 mm and 5.88 mm. The step size
between 5.00 mm and 5.16 mm was set to be 40 um, while
a larger step size of 80 um was used between 5.16 mm and

5.88 mm. The utilization of a variable step size facilitates
the exploration of a comprehensive parameter range, while
ensuring the attainment of the highest attainable resolu-
tion within the presumably most pertinent range. The outer
diameter of the sleeves was set to be constantly 10 mm.
Those samples were used for the first set of experiments
analyzing monolithic sinterjoining, i.e., the combination
of cylinders and sleeves of the same material, and for the
second set of experiments addressing multi-material sin-
terjoining. In the second set of experiments, cylinders and
sleeves of different material of the material system Al,O4
— Zr0O, were used. They were selected based on the results
of the dilatometric analysis.

After debinding the samples according to Chap. 2.3,
cylinders and sleeves of all dimensions described above
were combined full-factorially by inserting the cylinders
into the sleeve. It was documented whether the cylinders
and sleeves could be placed into each other without
additional force besides gravity, whether manual forces
were required or whether joining was not possible at
all. Subsequent to co-sintering using the best sintering
parameters determined according to Chap. 2.4, the joined
samples were hot-embedded and 2 mm of the sample
height was ground-off to assess the joining quality in
the center volume of the component and to avoid any
influence on the samples by the introduction slopes.
The interface between the two joining partners was then
examined microscopically on a XM420 (Wild Heerbrugg
AG, Heerbrugg, Switzerland) and the software PRECiV
Core (Evident Corporation, Tokyo, Japan). For assessing
the joining quality, the Degree of Sintering (DoS) measure
was used, as defined by [9]. For cylindrical components,
i.e. circular interfaces, the Degree of Sintering can either
be derived based on the length or the circumference or
the angle enclosed by the sintered sections « ;. Hence,
the Degree of Sintering is defined as share of the sintered
interface in comparison to the initial interface between
cylinder and sleeve, see Formula 3.

Degree of Sintering (DoS) = % 3)
This is also visualized in Fig. 3 according to [9]. In this
example, the angles « 1 and « 5 represent the sufficiently
sintered sections leading to a Degree of Sintering of approx.
35 %.

Additionally, selected samples were gold-vaporized
and analyzed using scanning electron (SEM) microscopy
in combination with X-ray spectroscopy (EDX) in a LEO
1430 P (Carl Zeiss AG, Jena, Germany).

@ Springer
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—— Former interface

Visible interface

Fig. 3 Schematic visualization of Degree of Sintering for a circular
interface [9]

3 Results and discussion
3.1 Dilatometric measurements

The relative length change AL/L,, of Al,O, brown parts with
different volume fractions is shown in Fig. 4, where AL rep-
resents the absolute length change and L the initial speci-
men length before measurement.

During heating, the length of the specimens increases
up to approximately 1100 °C due to thermal expansion.
The relative length increase is largely independent of the
Al,O; volume fraction in the slurry and corresponds to
the expected value of about 0.9 %, based on the thermal
expansion coefficient o of 8.4x107° K™ and a temperature
increase of nearly 1100 K. Above 1100 °C, once the onset
sintering temperature is exceeded, significant volumetric
shrinkage occurs due to the sintering process.

It is evident that as the temperature increases further, the
specimen starts to shrink, and at the maximum possible dila-
tometer temperature of 1650 °C, the sintering process is not

yet complete. Specimens with a lower ceramic filler content
in the slurry exhibit the expected higher volumetric shrink-
age compared to those with a higher ceramic content. The
volumetric shrinkage of low-ceramic-content specimens
remains significant during the dwell period, whereas those
with the highest ceramic content show significantly less
shrinkage. Densities of approximately 95 % were achieved
for specimens with 40 % Al,0; volume fraction and over 97
% for specimens with 56 % Al,0; volume fraction.

In Fig. 5, the relative length change A L/Lg of green
parts of different materials is shown.

The curves indicate that zirconia exhibits significant volumet-
ric shrinkage starting at approximately 1200 °C. By 1650 °C,
shrinkage is nearly complete before the dwell time begins, sug-
gesting a temperature delay due to continuous heating. For the
composites ATZ, AZ50, and ZTA, shrinkage occurs at a higher
temperature than expected due to mutual interference between
Al,O5 and ZrO, during sintering. At the end of the measurement
period, all specimens exhibit comparable shrinkage levels, with
Zr0O, showing the highest and AZ50 the lowest shrinkage.

3.2 Real oven process

The results of the density and the hardness of samples sin-
tered with different temperature profiles are shown in Fig. 6.

The results demonstrate that zirconia and the predomi-
nantly zirconia-based ATZ exhibit the highest relative densi-
ties and hardness values at lower sintering temperatures and
shorter dwell times. For dwell times of 2 h (see Fig. 6a) and
¢)), an increase in sintering temperature appears to have only
a limited negative impact on properties, whereas sintering at
1700 °C with a 4 h dwell time significantly reduces hardness.

Conversely, higher sintering temperatures and, to some
extent, longer sintering times lead to improved properties for
alumina and the predominantly alumina-based ZTA. A sinter-
ing temperature of 1650 °C is required for both materials to

Fig. 4 Dilatometric analysis of 5%
Al,O5 brown parts with different 2
filler contents c 0% [wembrdmmtatsmsmr s
~ (=
< I ~
S 5%
c
©
G 0
P -10 %
2 At h i
mosphere: air
% -15 % Heating rate: 5 K/min
2
J 20% | ===== 50 % volume share Al,O5
nq:a == «= == 45 % volume share Al,O,
--------- 40 % volume share Al,O3
-25 %

56 % volume share Al,O5
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Fig. 5 Dilatometric analysis of 5%
components made of slurries with ©
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Fig.6 (a) and (b) relative density and (¢) and (d) Vickers hardness of samples of various ceramic materials after sintering at different temperatures

for 2 and 4 h respectively

achieve sufficient densities of approximately 95 %. Notably,
AZ50, which consists of equal mass fractions of Al,O; and
Zr0,, achieves relatively low densities at the same tempera-
ture and requires comparatively high temperatures to reach
correspondingly high densities. Similar effects were observed
by [24] in a nearly eutectic composition of the Al,O; — ZrO,
system with a 35 % molar ZrO, fraction (approximately 46

% by mass), despite employing a different process - directed-
energy deposition - which inherently resulted in slightly
higher densities [25]. This phenomenon may be attributed to
mutual interference between Al,O; and ZrO, during sintering,
which is more pronounced in compositions with equal pro-
portions of both materials than in compositions dominated by
either Al,O; or ZrO,. As expected, the hardness of alumina
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Table 6 Time-temperature-profile derived for sintering the compo-
nents

Heating time ~ Heating rate ~ Target temperature ~ Dwell time
in hh: mm in K/min in °C in h
25
00:58 1.3 100 0.0
08:20 2.0 1100 0.0
09:10 1.0 1650 2.0
09:10 -1.0 1100 0.0
08:58 -2.0 25 0.0
Overall time in h 38.7

and ZTA is higher than that of zirconia and ATZ. The hardness
values obtained are somewhat lower but still comparable to
values reported in relevant literature (e.g [26]). However, due
to differences in fabrication and measurement techniques, a
direct comparison of the results is limited. When considering
all five investigated materials, a sintering temperature of 1650
°C with a dwell time of 2 h appears to yield the best overall
properties of the ceramic materials. Furthermore, complemen-
tary reference experiments conducted under otherwise identi-
cal conditions but using nitrogen as the sintering atmosphere
showed that comparable properties could be achieved relative
to sintering in air. This suggests that, in the long term, materials

from the Al,O; — ZrO, system could potentially be combined
with ceramics typically sintered in a nitrogen atmosphere.

Based on the above results and also reference profiles from
the state of the art, for example [17], the temperature profile
applicable for sintering the components was derived, shown
in Table 6; Fig. 7. The selected sintering parameters represent
a necessary compromise to enable co-sintering of all investi-
gated materials with the same parameters in this basic study. It is
acknowledged that such conditions cannot be optimal for each
individual ceramic, and may, for instance, lead to excessive
grain growth or reduced strength in ZrO,-based compositions,
diminishing the actual properties for some materials. As this
study aims to provide a fundamental basis for multi-material
sinter joining, uniform parameters were deliberately applied to
ensure comparability. In future work, tailored sintering profiles
for specific material clusters or just material pairings may allow
further optimization of the individual constituent properties.

This temperature profile was also used for sintering the
samples of the different materials for B3B analysis. The
results obtained are shown in Fig. 8.

The results indicate that AZ50 exhibits the highest flex-
ural strength, while zirconia shows the lowest. As illustrated
in Fig. 8b), the manufacturing and sintering process for
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alumina and ZTA lead to the most reproducible results due
to their high Weibull moduli, whereas zirconia exhibits the
least reproducible results due to its low Weibull modulus.

Due to different test setups, preparation methods and
special sample sizes (see for example [27]) the quantitative
results of the B3B tests can only be compared with literature
data to a limited extent. However, the relatively low strength
values of ZrO, and ATZ compared to the other materials
can be attributed to deviations from optimal sintering condi-
tions, leading to excessive grain growth and, consequently,
reduced strength (compare for example [28]). The results
further show that AZ50 samples sintered at 1650 °C for 2
h exhibit higher strength than Al,O; samples. At the same
time, Al,O5 specimens display higher hardness compared
to AZ50, suggesting that a combination of both materials
could potentially lead to advantageous component proper-
ties. This difference is likely related to microstructural fac-
tors, where AZ50 exhibits a finer-grained due to a hindered
grain-growth caused by the mixture of AL,O; and ZrO,,
leading to a more homogeneous matrix and consequently,
enhancing the strength. On the other hand, Al,O; forms a
denser and more rigid microstructure, resulting in higher
hardness but lower fracture toughness.

3.3 Monolithic sinterjoining

The results of the compatibility of cylinders and sleeves of
different volume shrinkage are shown in Table 7.

For nominal gaps larger 0.12 mm in the green state, inser-
tion is possible, and for nominal gaps larger 0.32 mm, practi-
cally force-free insertion is achievable regardless of the filler
content. Increasing the filler content has been shown to enable
force-free joining even at smaller gaps. Subsequent measure-
ments after debinding show that components undergo slight
shrinkage due to debinding and brief heating to 1100 °C, with
greater shrinkage observed at lower filler content. The insertion
process is reproducible possible for gaps larger than 20 pm.

After matching cylinders and sleeves, the samples
were sintered in a nested configuration at a temperature of
1650 °C for 2 h according to the temperature profile shown
in Table 8. The Degrees of Sintering (DoS) obtained after
metallographic preparation are summarized in Table 8.

The Degree of Sintering increases independently of the
filler content with decreasing inner diameter of the sleeves.
The highest DoS occur in the limit range, where it is just
possible to match cylinder and sleeve. Radial cracks, initi-
ated at the outer periphery of the sleeves, are particularly
evident in sleeves with a ceramic content of 40 % by vol-
ume. These cracks are attributed to excessive stresses dur-
ing the shrinkage process, primarily caused by hoop stresses
developing in the sleeve due to the constrained shrinkage of
the cylinder during sintering. When the cylinder is show-
ing a significantly lower shrinkage behavior compared to
the sleeve, the sleeve is mechanically restricted, generating
tensile stresses at its outer periphery, which can exceed the
fracture strength of the brittle ceramic material. This stress

Table 7 Compatibility of debinded cylinders and sleeves with different dimensions and filler contents

Cylinder (debinded): Sleeve (debinded): various volume shares Al.O3
56 % volume share Al,O; 50 % 45 % 40 %

5.00 mm ) (3) (3)
- 5.04 mm ) (3) (3)
= 5.08 mm ) ) (3)
s 5.12 mm ) ) )
g 5.16 mm @) ?) )
% 5.24 mm (1) (1) 2)
- 5.32 mm (1) (1) (1)
£ 5.40 mm ) Q) ™
S 5.48 mm 1) ) 1)
2 5.56 mm ™) ™) ™)
§ 5.64 mm (1) (1) )
= 5.72 mm (1) (1) (1)
£ 5.80 mm (1) (1) )

5.88 mm (1) (1) (1)

Matching: (1) due to the weight force, (2) due to low manual joining force or (3) not possible
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Table 8 Degree of sintering for each combination of cylinders and
sleeves in %

Cylinder (debinded):

56 % volume share Al,O5

Sleeve (debinded): various vol-
ume shares Al,O,

50 % 45 % 40

%
Inner diam-  5.00 mm 99 - -
eter of the 5.04 mm 99 - -
sleeve (green 5 0g mm 91 99 ~

state) 5.12 mm 79 100 98

5.16 mm 55 97 96

5.24 mm 48 96 94

5.32 mm 21 76 86

5.40 mm 17 56 78

5.48 mm 6 47 63

5.56 mm 0 38 61

5.64 mm 0 8 60

5.72 mm 0 6 43

5.80 mm 0 6 13
5.88 mm 0 5 7

state explains the preferential initiation of cracks at the outer
sleeve. Accordingly — at least for the selected parameter
combinations — the possibility of matching cylinders and
sleeves with a small gap does not appear to be a sufficient
criterion for the production of defect-free components.

To produce defect-free sintered components, it is essential
to consider the temperature-dependent shrinkage behavior
in addition to the overall volume shrinkage. Additionally, a
small clearance between cylinders and sleeves in matching
state, i.e. the brown state, is desired. It is noteworthy that high
degrees of sintering can be achieved with all the filler con-
tents of the sleeves considered. Conversely, sleeves with a
reduced filler content, when employed in conjunction with
highly filled cylinders, exhibit an increased probability for
defects. The existence of significant disparities in filler con-
tent between the cylinder and sleeves gives rise to uncertain-
ties with regard to shrinkage during the debinding process
and the resultant fit during insertion. In the absence of defects,
minor discrepancies in filler content are generally preferable.

In order to illustrate the dependencies that occur during
the process of sinterjoining, it is necessary to introduce a
dimensioning factor jgrioining: 2 described in Formula (4).
The numerator of this factor considers the ratio of the inner
diameter of the sleeve dgjeeye, inner tO the outer diameter of the
cylinder dyjinder, outers @8 @ measure of the initial relative gap
between the cylinder and the sleeve that must be bridged
during sintering. The denominator represents the difference
in solid loading, i.e. the volume fractions of ceramic mate-
rial in the parts, between the cylinder ¢yjinge, and sleeve
Ogeeve> Which reflects the different shrinkage behaviors of
both components and thus, the hypothetical gap that can be
closed during sintering.

@ Springer

dsleeue. inner

jsinterjoining = deytinder, outer (4)
¢ cylinder — d) sleeve

It has been determined that when factors jgiyrioining ar¢ situ-

ated between 0.15 and 0.25, a high Degree of Sintering can

be accomplished. This is indicative of sufficiently large

joint gaps and adequate volume shrinkage.

3.4 Multi-material sinterjoining

Based on the results described above, eleven different com-
binations of materials of the system Al,O; — ZrO, and filler
contents were identified. Here, particular attention was paid
to ensuring that the components have different material
properties for technical applications as well as sufficiently
similar sintering behavior, especially in regarding the vol-
ume shrinkage over temperature. Analogous to monolithic
sinterjoining, the components were co-sintered at 1650 °C
for 2 h and analyzed metallographically. The best defect-
free combinations of cylinders and sleeves obtained for
each material combination are summarized in Table 9.

It is evident that combination 1, combination 6, and com-
bination 7, lead to the highest degrees of sintering. In com-
bination 2, the significant difference in filler content between
the cylinder and the sleeve necessitates a large gap in the
green body. Smaller gaps lead to cracks in the sleeve, espe-
cially starting from the outside periphery. In combinations 3
and 4, none of the examined cylinder-sleeve configurations
result in a material bond. Either a circumferential gap remains
between the cylinder and the sleeve, or the sleeve is dam-
aged due to shrink-fitting. The same behavior is observed in
combinations 8 and 9. A finer gradation of dimensions might
enable a bonded joint; however, such a narrow process win-
dow would be impractical for potential applications.

Despite having the same nominal filler content, partial
sintering is observed in combinations 5 and 11. This is likely

Table 9 Summary of the selected material combinations and their
sleeve dimensions of the highest degree of sintering without defects

Combination #  Cylinder Sleeve dsicove inl?’?esr
1 ALO;56% AZ5050%  5.12mm 100 %
2 AlLO;56% AZ5045% 5.56mm 71 %
3 ALO;56 % ZrO,45% - -

4 AlL,O;45% ZrO,40% - -

5 ALO;50% ATZ45% 548mm 49 %
6 ZTA 50 % AZ5050% 5.04mm 98%
7 ZTA 50 % ATZ 45 % 516 mm  95%
8 ZTA 50 % 7r0,45% - -

9 ZTA 50 % 7r0,40% - -

10 AZ5050%  ZrO,45%  512mm 74 %
11 ATZ 45 % Zr0,45%  532mm 46 %
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due to at least partial contact between the cylinder and the
sleeve during the sintering process. Additionally, the greater
shrinkage of ZrO, during cooling may enhance the bond-
ing, especially if the sintering behavior of the cylinder and
sleeve mutually influenced each other.

The factor jgperjoining: Introduced for monolithic sinter-
joining, does not appear to be directly transferable to multi-
material sintering, despite the almost identical absolute
shrinkage values of the individual materials at the same filler
content. This is mainly due to differences in the temperature-
dependent shrinkage evolution and the shrinkage that already
occurring during debinding. The latter effect is particularly
relevant for ZrO,, which shows the earliest onset of sintering
activity among the materials considered. As a result, larger
initial gaps between the cylinder and the sleeve are required.
Due to this early shrinkage and potential oversintering, the
total shrinkage of ZrO, during the joint sintering step may be
slightly lower. However, this effect is partially compensated
by its slightly higher thermal expansion coefficient, which
leads to greater shrinkage during the critical cooling phase.

To generalize the applicability of the jgperjoining faCtor,
future models must incorporate such material-dependent
parameters. In particular, the material-specific onset sintering
temperatures, sintering kinetics and thermal expansion coef-
ficients should be incorporated into a future model. Further-
more, additional parameters, e.g. the particle size distribution
and the specific surface of the ceramic powders influencing
the sintering behavior may be considered. Possibly, these fac-
tors may also allow the sintering behavior of the materials to
be adjusted and to compensate for a mismatch of the materials.

It can be concluded that combining the most dissimilar
materials in the AL,O; — ZrO, system, namely Al,O; and
Zr0,, results in a very narrow process window. It remains
uncertain whether these two materials can be reproduc-
ibly joined via sinterjoining. As demonstrated by the high

sintering degree between Al,05 and AZ50, similar materials
are easier to combine. Referring to the mechanical proper-
ties of the materials discussed in Chap. 3.2, the combination
of Al,0; and AZ50 appears not only to yield high Degrees
of Sintering but also promising mechanical properties. The
high hardness of Al,0; combined with the superior strength
of AZ50, could be beneficial in applications such as tubes
or bearings subjected to abrasive loads on the inner surface,
particularly in the configuration used in combination 1.

Light microscopic and scanning electron microscopic
images of the combination 1 are shown in Fig. 9.

The optical microscope images in Fig. 9a) and b) show
that no gap is present between the two materials. Even
the detailed SEM image in Fig. 9c) reveals no separation
between the cylinder and the sleeve, confirming the high
degree of sintering.

In the SEM image, an EDX analysis was performed to
determine the mass distribution at the interface between
Al,O; and AZ50. The measurement line is shown in
Fig. 10a) and the results are presented in Fig. 10b). The
measured values are normalized exclusively to aluminum
and zirconium; for clarity, trace elements such as yttrium,
which is used to stabilize ZrO, have been omitted.

In the nominal Al,O; regime almost exclusively alu-
minum (i.e., Al,O5) is detected. At the interface, a sharp
transition in material composition can be observed, with
no significant grading. The aluminum content drops to
approximately 50% by mass, while the zirconium content
rises to about 50%, corresponding to the respective frac-
tions in AZ50. This suggests that no significant material
exchange occurs at the interface, although Fig. 10a) shows
isolated bright ZrO, grains within the Al,O5 region, which
may have entered this area during sample preparation. A
comparison of grain sizes in both regions reveals that the
aluminum oxide grains in the Al,O; regime are significantly

Fig.9 Material composite according to combination 1 consisting of an Al,O; sleeve (outside) and an AZ50 cylinder (inside) in different magnifica-

tions: (a) and (b) light microscope image, (¢) SEM image
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Fig. 10 (a) SEM image of the Al,O, — AZ50 interface, (b) mass distribution determined by EDX along the line shown in a)

larger than those in the AZ50 region. This may be attributed
to mutual inhibition of the sintering process between Al,O,
and ZrO, in the AZ50 regime.

4 Conclusion

In this work, the applicability of a sinterjoining approach
to combine different ceramic materials within one com-
ponent was investigated. First, the shrinkage behavior of
different ceramic materials during sintering was examined
by dilatometric analysis and sintering conditions applicable
for several materials of the material system Al,O; — ZrO,
were determined. In a first set of experiments, a monolithic
sinterjoining approach for combining parts of the same
material but different volume shrinkage was investigated.
The results were used for a multi-material sinterjoining
approach, i.e., the combination of different materials in a
single component.
The main findings are:

— With decreasing filler content, the shrinkage of the com-
ponents during sintering increases.

— The shrinkage behavior of different ceramic materials
differs, whereby components made of different materi-
als but with the same filler content show approximately
the same shrinkage at the end of the sintering process.

— Sintering conditions of 1650 °C with a holding time of
2 h lead to satisfactory results for various ceramic mate-
rials of the system Al,0; — ZrO, and therefore, represent
a reasonable compromise for co-sintering.

— It is possible to perform successfully a sinterjoining ap-
proach of VPP components with different filler contents,
both in monolithic and multi-material design.

— For monolithic sinterjoining, a factor jgperioining Was
definded to dimension the inner and outer part based on
their filler contents to obtain high Degrees of Sintering.

@ Springer

— Multi-material sinterjoining is significantly more com-
plex. Nevertheless, good results have been achieved for
various material combinations. In particular, the combi-
nation of Al,O, and AZ50 appears to be promising.

The results of this work demonstrate the potential of combin-
ing different materials within one component. They serve as
a starting point for further investigations, especially regard-
ing a transfer to real components. There, the advantages of
the multi-material design can be used in a specific manner.
In addition, the results can also be used in multi-material
VPP to enhance the interface between the materials. A next
step for future work will be identifying optimized parameter
combinations in a narrower scope based on the results of the
present work, e.g. for smaller material clusters or just mate-
rial pairs, allowing a best matching compromise for these
materials. Additionally, a key next step is a quantitative
mechanical characterization of the joint interfaces, allow-
ing a directly link of process parameters and microstructural
properties to the functional performance, which also enables
quantification of the potential of multi-material design.
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