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Abstract

In our new approach - thermoplastic 3D printing (3DTP) - high-filled ceramic and metal feedstocks based on ther-
moplastic binder systems were used to produce metal-ceramic-composites by means of additive manufacturing (AM).
The developed AM method has some outstanding advantages compared to other methods. First, the portfolio of ap-
plicable materials is not limited. Second, it works almost independently of the properties of the dispersed material. The
application of thermoplastic 3D printing with two components is in principle demonstrated with stainless-steel-zirco-
nia composites. Different feedstocks with high powder content up to 50 vol% were prepared. The main challenge was
the adjustment of the shrinkage behavior for the different materials, which could be achieved by high-energy milling
and the adjustment of the powder content within the metal feedstock. The adapted additive manufacturing method
of thermoplastic 3D printing (3DTP) offers new prospects for the fabrication of multi-material components. This AM
method will be applicable not only for steel-zirconia composites but also for any other combinations of materials that

can be processed to a paraffin-based thermoplastic feedstock and co-sintered.
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I. Introduction

Additive Manufacturing (AM) is a manufacturing pro-
cess where objects are built up layer by layer. According
to ASTM, additive manufacturing is a “process of join-
ing material to make objects from 3D model data, usu-
ally layer upon layer” 1. The additive manufacturing of
polymers is state of the art, and in the field of metals, pro-
cessing of more and more materials has been achieved. For
processing ceramic materials, the technical application of
AM technologies has so far been limited. However, ceram-
ic materials have been studied in additive manufacturing
processes ab initio with the development of the different
AM technologies for about 25 years, see e.g. 2:3. AM tech-
nologies can be classified according to the state of the ma-
terial used 4 — powder materials, liquid materials and solid
materials. It is also possible to classify the AM technolo-
gies according to the dimensional order > — point, line or
plane.

All established AM technologies have been tested for ce-
ramic materials. Conventional stereolithography (STL),
for example, has been applied for alumina, zirconia, sil-
icon nitride and silica as well as for ZTA-ceramics 6-9.
In this STL-process, a photo-polymerizable ceramic slur-
ry is cured with an UV-laser. Based on the principal ap-
proach of using photo-polymerizable binders in the ce-
ramic slurry or paste, specific AM techniques were devel-
oped for the production of ceramic green bodies. For ex-
ample, a robocasting process uses UV-curable inks with

Corresponding author: uwe.scheithauer@ikts.fraunhofer.de;
uwe.scheithauer@gmail.com

high Al,O;loading 19. Binders thatare cured under visible
blue light were applied in a DLP (direct light processing)
process, which allows the production of complex-shaped
dense alumina parts 11. Selective laser sintering (SLS) was
tested for a number of ceramic materials, too 12-16, 3D
powder bed printing is the most commonly used AM pro-
cess for powder materials. Typical application of 3D pow-
der bed printing focuses on the production of porous ce-
ramic components because of the little compacted pow-
der layers; the green density is too low to reach high den-
sity after sintering. However, for a number of applica-
tions, high densities are not required, e.g. for bioactive
scaffold structures. So scaffold structures based on calci-
um phosphates 17~21 or porous glass-ceramic 22 have been
produced by means of 3D powder bed printing.

In general, when AM methods are used for the produc-
tion of materials with high sinter density, it is necessary
to use a suspension, paste or feedstock with a high pow-
der volume content instead of a dry powder bed. This was
shown for example in SLS where, instead of powder lay-
ers, suspension layers have been deposited and consoli-
dated (after short drying) with a laser beam 23. Further-
more, the direct printing of suspensions has been shown
to be a promising way to produce dense ceramic materials
by means of additive manufacturing 24:25. Of course, on-
ly highly dispersed nano- or submicron-powders can be
processed with direct printing using standard printheads.

Conventional fused deposition modeling (FDM) has
been tested, for example, to produce functional ceramic
materials 26 and alumina 27. However, the effort for the
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preparation of the thermoplastic ceramic feedstock in the
form of spooled filaments limits FDM application for ce-
ramics.

The robocasting process is computer-controlled depo-
sition of colloidal pastes or slurries. In contrast to origi-
nal FDM, the carrier fluid is a volatile solvent (water or
organic liquid). In robocasting, highly dispersed ceramic
suspensions are used for AM of complex ceramic struc-
tures 28-29,

Apart from the manifold geometric facilities, which will
not be discussed here, some AM techniques have the po-
tential for the production of multi-component materials
with three-dimensional space-resolved properties 30.

Our approach aims at the production of two-component
parts with high material density. The above-mentioned
DLP process has high potential for producing monolith-
ic dense ceramics. However, the production of composite
materials is not possible with customary DLP equipment.
Despite this, in DLP the material variety is limited be-
cause the powder must not absorb light of the wavelength
that initiates the photo-polymerization of the binder. On-
ly white or bright powders can be processed. The light ab-
sorption of dark powders, e.g. metal powders, prevents the
penetration of the light radiation even in thin layers and
photo-polymerization cannot start.

The method presented in this paper uses molten, ther-
moplastic feedstocks that are handled in a dispensing unit
with xyz positioning. The feedstocks are based on compo-
sitions known from low-pressure injection molding 31,32,
The melting temperature is relatively low (approx. 100 °C)
and the viscosity is also relatively low as compared to the
thermoplastic feedstocks used in conventional FDM. We
use a molten feedstock that, owing to its relatively low vis-
cosity, can be simply dispensed via a thin nozzle. This ther-
moplastic 3D-printing concept has several advantages. On
the one hand, there are no restrictions concerning the ap-
plied powder material because consolidation occurs as a
result of an increase in viscosity during cooling. On the
other hand, composite materials can be produced by us-
ing two or more dispensing heads. Basically, it is possible
to process all materials that can be dispersed in the molten
feedstock.

Former works furnish proof of suitability of the 3DTP
for the AM of nearly dense alumina and zirconia compo-
nents 33, butit hasalso been possible to process metal pow-
der 34. By the way, all above-mentioned statements con-
cerning AM of ceramics are also valid in principle for pow-
der metals that are processed to a sinter-metal microstruc-
ture (not via melting steps).

In the present paper, the application of this AM pro-
cess focuses on steel-ceramic composite material. Owing
to the combination of steel and ceramic, innovative, mul-
ti-functional properties in two and three dimensions can
be achieved, such as hard and ductile, electrically or ther-
mally conductive and insulating, magnetic and nonmag-
netic. Possibleapplications are in a variety of industrial and
medical fields, for example as cutting tools, wear-resistant
components, energy and fuel cell components or as bipo-
lar surgical tools 3538,
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Inorder to obtain a steel-ceramic compositeitis an essen-
tial requirement to successfully co-sinter the paired pow-
dersin the composite material. As the sintering of the com-
ponents has to proceed at the same temperature and atmo-
sphere, it is essential that both materials (steel and ceram-
ic) have a comparable sintering temperature. For avoiding
critical mechanical stress during cooling, it is also impor-
tant that the coefficient of thermal expansion of the ceram-
ic and steel material is approximately equal. Differences in
the thermal expansion or in the shrinking behavior of the
materials can induce high stresses which are the reason for
defects such as structural changes, warpage, delamination
or cracks 38,39

Concerning these two afore-mentioned aspects of co-
sintering, zirconia and stainless steel are well suited for the
composite, which has been verified for example in 40-42,
Thermoplastic 3D printing now offers the potential to
produce steel-ceramic composites with high geometric
complexity and additionally with the option of three-di-
mensional graded material properties. The present study
evaluates thermoplastic 3D printing for producing steel-
zirconia composites in principle. The major challenge is
the adaption of the shrinkage behavior of the two mate-
rials during co-sintering.

II. Experimental Procedure

(1) Principal setup

Fig. 1 shows the principal setup for thermoplastic 3D
printing (3DTP). Heated feedstocks containing a thermo-
plastic binder matrix and dispersed particles are printed
layer by layer. The feedstock immediately solidifies owing
to cooling because of the fast heat transfer from the print-
ed feedstock to the underlying layer or to the surrounding
atmosphere. Additionally, it is possible to apply the feed-
stock by micro-dispensing on selected areas, which opens
up the possibility to combine different materials or com-
positions in one layer to achieve a material gradient not on-
ly between different layers but within one layer too. More
detailsabout the equipmentand the process parameters are
described further down in this section and in 33,34,

dosing units for molten materials

/ -

-

P
substrate

solidi-
fied material

Fig. 1: Scheme of thermoplastic 3D printing (3DTP) for different
materials.
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(2) Characterization methods

The particle size distribution of the powders was mea-
sured with a laser diffraction method (Mastersizer 2000,
Malvern Instruments Ltd., UK). Electron scanning mi-
croscopy images were used to characterize the shape of the
powder particles.

To evaluate the density of the sintered samples, FESEM
images were used, too. The FESEM images were convert-
ed into binary images, all pores were converted into black
pixels and the ceramic or metallic particles into white pix-
els. The open source software used is called Image ]J. The
software compares the number of black and white pixels,
and the porosity in the cross-sectional area can be calcu-
lated.

The maximum linear shrinkage was estimated with the
help of an optical microscope. An optical dilatometer
(Hesse Instruments, Germany) was applied to charac-
terize the shrinkage behavior of the materials during the
sintering process. These measurements were all taken in
an argon atmosphere with 5 % hydrogen.

(3) Used materials

As ceramic materials, the yttria-stabilized zirconia pow-
ders TZ-3Y-E and TZ-3Y-SE (both supplied by TOSOH
Corporation, Japan) were used. As steel, the iron-chromi-
um alloy Crofer22APU (-38 um, ThyssenKrupp VDM,
Germany) and 17 -4 PH (sieved fraction below 12 um,
Sandvik Osprey Powder Group, UK) were used. The ma-
terials were chosen because their coefficients of thermal
expansion are in the same range 4% 43. Table 1 shows the
particle sizes of the zirconia and steel powders.

The particle size of the ceramic powders is with 0.10 and
0.18 um (dsg) two magnitudes smaller than the particle
size of the Crofer22 APU (-38 um) and the 17 -4 PH pow-
ders, which results in higher sinter activity, higher linear
shrinkage and a lower reachable powder content in the
feedstocks.

The results of dilatometer measurements in Fig. 2 show
that the 17-4 PH and TZ-3Y-E powders start to sinter
100 K earlier than the TZ-3Y-SE powder. In contrast, the
metallic Crofer22APU (-38 um) powder starts to sinter
150 K later than the TZ-3Y-SE powder. The difference of
250 K between the sintering start of the two metal pow-
ders canbe explained based on the difference in the melting
temperatures and the particle sizes. The sieved 17 -4 PH
powder is a very fine powder for metals, but the ceram-
ic powders are even finer. Nevertheless, sintering starts
nearly simultaneously at a comparable temperature to the
17 -4 PH powder (about 1000°C) because of the higher
diffusion rate of metals against zirconia.

Table 1: Particle size of zirconia and steel powders.
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Fig. 2: Dilatometer curves of the starting materials measured under
argon atmosphere with 5% hydrogen 3.

The total linear shrinkage of the ceramic powders (in-
cluding debinding and sintering shrinkage) are 24 % for
TZ-3Y-E and 23 % for TZ-3Y-SE. Compared with the to-
tal linear shrinkage of the Crofer (-38 um) powder, the to-
tal shrinkage difference between zirconia and steel is 14 %
and 15 % respectively. Because of these differences, adjust-
ment of the sintering behavior of the Crofer22 APU-pow-
der was necessary.

Fig.3 shows another plot of the dilatometer measure-
ments of TZ-3Y-E and 17 -4 PH. The sintering behavior
intherange between 800 °C and 1250 °C s nearly the same.
However, at higher temperatures the curves differ and for
the maximum shrinkage there is a gap of about 6 %. Butin
aformer study it was shown that the production of defect-
free 17 -4 PH - TZ-3Y-E-samples was possible with mul-
tilayer technology and injection molding 4344, Thermo-
plastic feedstocks were produced for both materials (17 -4
PH and TZ-3Y-E) to check if it is possible to produce de-
fect-free metal-ceramic-samples by means of 3DTP, too.
Reduction of the particle sizes with a high-energy milling
step was not performed because the total linear shrinkage
should be adjusted for sintering at high temperatures but
sintering of the finer 17 -4 PH would start at lower tem-
peratures than sintering of the TZ-3Y-E powder. The dif-
ferences in the sintering behavior would be decreased for
high temperatures but increased for low temperatures.

The gap between the dilatometer curves of the zirco-
nia materials and Crofer22APU required an adjustment
of the sintering behavior for Crofer22APU, which was
achieved with high-energy milling. The resulting finer par-
ticle size increased the sinter activity with a higher total
linear shrinkage and a lower starting temperature. A feed-
stock was prepared with the milled Crofer22 APU powder.

TZ-3Y-E TZ-3Y-SE C“f;;fmA)PU 271; }ES
dyos pm 0,062 0,080 10,9 38
dsos pm 0,105 0,180 24,6 12,2
doos pm 0,181 0,362 43,6 296
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Fig. 3: Dilatometer curves of TZ-3Y-E and 17-4 PH measured
under argon atmosphere with 5 % hydrogen.

The densities of the zirconia materials were >99 %
for TZ-3Y-E and >97 % for TZ-3Y-SE at 1365 °C and
>99.5 % for both powders at a sintering temperature of
1400 °C. The density of the Crofer22APU (-38 um) after
sintering at 1365 °C is about 75 % and at 1400 °C about
87 %. The 17 -4 PH powder achieved a density of nearly
100 % already at 1365 °C.

(4) Feedstock preparation

The different zirconia feedstocks were prepared by dis-
persing the powders in a mixture of molten paraffin and
beeswax used as a binder system. The dispersion and ho-
mogenization were performed in a heatable ball mill. First
the binder system and a dispersing agent were heated up
to 100 °C. Then the powder was added to the liquid and
dispersed by means of ball milling at 100 °C for 72 h. A
powder content of 50 vol% could be achieved.

For preparation of the metal powder feedstocks, a heat-
able dissolver (Dissolver DISPERMAT CA 20-C, VMA-
Getzmann GmbH) was used. After the binder system and
a dispersing agent had been heated up to 100 °C, the met-
al powder was added and the feedstock was homogenized
by stirring for 2 h. For the original 17 -4 PH powder, a
powder content of 47 vol % was adjusted and for the milled
Crofer22APU powder a content of 50 vol%.

(5) Manufacturing of the metal-ceramic samples

Laboratory equipment using an xyz-actuating unit with
a cartridge fitting was used. The cartridges were moved
above a fixed platform. The different feedstocks were
funneled in heatable dosing units. Cartridges with fit-
ted dosage needles with diameters between 0.4 mm and
0.8 mm were used. Pressures between 0.2 bar and 4.0 bar
had to be applied to deposit the suspension (= liquid feed-
stock) on a metal tape or a glass slide as the substrate. The
temperature of the suspension was about 100 °C .Uni-
form heating of the cartridge, suspension as well as of the
needle is very important as the viscosity of the suspension
strongly depends on the temperature. Metal needles with
good thermal conductivity were used to avoid clogging.
Extra cooling of the platform with the substrate was not
required. At room temperature, the suspension solidifies
immediately after printing on the substrate or on the pre-
viously deposited layer.
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(6) Thermaltreatment

The green samples were debinded in a powder bed at a
very low heating rate, in a first step in air up to 270 °C
(heating rate 4 K/h) and then in a second step in Ar at-
mosphere up to 900 °C (15 K/h). Afterwards the steel-zir-
conia composites were sintered in an Ar/H, atmosphere
(80/20) at 1400 °C (3 K/min) for 2 h.

III. Results

(1) Adjustment of sintering bebavior

The metallic powder was treated in a high-energy milling
step to adapt the sintering behavior of the two materi-
als to each other. Further information about high-energy
milling is given in 46:47. This milling step yields finer par-
ticles, a higher specific surface area, and furthermore a de-
creasein the crystallite size 47>48. Asaresult of this, the sin-
tering activity is increased, which leads to higher shrinkage
(dependent on the green density) and higher density after
sintering (compared to the starting powder).

The high-energy milling causes deformation of the
spherical starting powder (Fig.4) to an irregularly and
angularly shaped powder (Fig. 5), which could be shown
by SEM images of the powders. The bulk density for Cro-
fer22APU decreases from 4 g/cm3 to 3.1 g/cm3 and the
average particle size from 24.6 um to 9.4 um. This packing
behavior is more adapted to the behavior of the ceramic
material (lower affinity to sedimentation, higher mechan-
ical strength after debinding).

Fig. 4: Electron scanning microscopy images of the spherical start-

ing powder Crofer22APU (-38 pm).

Fig.5: Electron scanning microscopy images of the high-energy-
milled powder Crofer22 APU.
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Fig. 6 shows the results of dilatometer measurements of
the TZ-3Y-SE powder in comparison with the milled Cro-
fer22 APU powder. The milled powder starts sintering at
the same time as the ceramic one and the shrinkage rateis in
the same range, too. Only at the end, there is a slight differ-
encein the total shrinkage of 4 %. This problem can proba-
bly be solved by adaption of the green density. The density
of the metallic microstructure after sintering at 1400 °C is
now above 97 %.

- -TZ-3Y-SE
—CroFer22APU HEM

Sintering strain [%]

800 900 1000 1100 1200 1300 1400 1500
Temperature [°C]
Fig. 6: Dilatometer curves of the milled Crofer22APU powder

compared to the TZ-3Y-SE measured under argon atmosphere with
5% hydrogen.

(2) Sintered samples

Fig. 7 shows the delaminated sample made of 17-4 PH
and zirconia TZ-3Y-E, Fig. 8 the unimpaired sample made
of high-energy milled Crofer22 APU and zirconia TZ-3Y-
SE. Whereas the metal layers shine, the zirconialooks gray
because of the reducing atmosphere during the sintering
process.

Fig. 7: Delaminated sample made of 17 -4 PH (left, top) and zirco-
nia (TZ-3Y-E, right).

Fig. 8: Unimpaired sample made by 3DTP (zirconia (TZ-3Y-SE) on
bottom, milled Crofer22APU on the top).
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The differences in the sintering behavior of 17-4 PH
and TZ-3Y-E at temperatures higher than 1250 °C and in
the total linear shrinkage result in a delamination of the
two materials. Fig. 7 shows the layers of the two materials,
which had the same green diameter after the 3DTP pro-
cess. After the adjustment of the Crofer22 APU powder, it
shows nearly the same sintering behavior as the TZ-3Y-SE
and the total linear shrinkage of 20 % does not differ very
much from the 23 % of the zirconia powder, resulting in a
nearly defect-free sample (Fig. 8). Fig. 9 and Fig. 10 show
the same results for samples with other shapes made for the
two different material pairs.

Fig. 10: Samples made of high-energy-milled Crofer22APU and
TZ-3Y-SE.

IV. Conclusions

The application of thermoplastic 3D printing with two
components is demonstrated in principle by stainless
steel-zirconia composites. Different feedstocks with high
powder contents up to 50 vol% were prepared. The main
challenge was the adjustment of the shrinkage behav-
ior ofthe different materials, which could be achieved by
means of high-energy milling and the adjustment of the
powder content within the metal feedstock.

After the adjustment of the Crofer22APU powder, crit-
ical stresses on the interface between the different materi-
als and delamination could be avoided. Adjustment of the
sintering behavior of the 17 —4 PH powder will follow.
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The adapted additive manufacturing method of thermo-
plastic 3D printing (3DTP) offers new prospects for fab-
rication of multi-material components. This AM method
will be applicable not only for steel-zirconia composites
but also for any other combinations of materials that can
be processed to a paraffin-based thermoplastic feedstock
and then co-sintered.
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