Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2017

16
17
18
19
20

21
22

23
24
25

26

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Article
Ceramic-Based 4D-Components: Additive

Manufacturing (AM) of Ceramic-Based Functionally
Graded Materials (FGM) by Thermoplastic
3D-Printing (T3DP)

Uwe Scheithauer *, Steven Weingarten !, Robert Johne 2, Eric Schwarzer !, Johannes Abel ?,
Hans-Jiirgen Richter !, Tassilo Moritz ! and Alexander Michaelis ?

! Fraunhofer Institute for Ceramic Technologies and Systems, Dresden, Germany; www.ikts.fraunhofer.de
2 Fraunhofer Singapore, Singapore; www.fraunhofer.sg
* Correspondence: uwe.scheithauer@ikts.fraunhofer.de; Tel.: +49-351-2553-7671

Abstract: In our study we investigated the additive manufacturing (AM) of ceramic-based
Functionally Graded Materials (FGM) by the direct AM technology Thermoplastic 3D-Printing
(T3DP). Zirconia components with a varying microstructure were additively manufactured by
using thermoplastic suspensions with different contents of pore forming agents (PFA) and were co-
sintered defect-free.

Different materials were investigated concerning their suitability as PFA for the T3DP process.
Different zirconia-based suspensions were prepared and used for AM of single- and multi-material
test components. All samples were sintered defect-free and in the end we could realize a brick wall-
like component consisting of dense (<1% porosity) and porous (approx. 5% porosity) zirconia areas
to combine different properties in one component.

The T3DP opens the door to AM of further ceramic-based 4D-components like multi-color or multi-
material, especially multi-functional components.

Keywords: additive manufacturing (AM); Functionally Graded Materials (FGM); Thermoplastic
3D-Printing (T3DP; ceramics; ceramic-based 4D-components; zirconia; graded microstructure

1. Introduction

The term “4D Printing” was initially used by Tibbits and Sheil [1] and describes a technology,
which was developed as a collaboration between the Self-Assembly Lab, Stratasys and Autodesk to
manufacture customizable smart materials. By using an additive manufacturing (AM) device,
polymer multi-material components with the added capability of shape-transformation from one
state to another can be realized. This offers the possibility to include functionalities like actuation,
sensing and material logic directly into the components [2]. Additively manufactured multi-material
components can transform from any 1D strand or 2D surface into 3D shape or morph from one 3D
shape into another. Using only water, heat, light or other simple energy input, this technique offers
adaptability and dynamic response for structures and systems of all sizes [2].

In particular, for ceramic components it is very challenging to realize such properties. The reason
for this challenge is, the thermal treatment after the AM process being necessary to generate the
ceramic properties. In order to obtain a multi-material composite it is fundamental to successfully co-
sinter the paired powders in the composite material. Since the sintering of the components is
performed at the same temperature and atmosphere, it is a prerequisite for all materials to have a
comparable sintering temperature and behavior (starting temperature of sintering, shrinkage
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42 behavior). To avoid critical mechanical stress during cooling, it is also important that the coefficient
43 of thermal expansion of all materials is approximately equal.

44 Nevertheless it is possible to realize ceramic components with variety of properties by realizing
45  a graded microstructure or material gradients. These composites are called functionally graded
46  material (FGM) [3]. To achieve unprecedented properties of ceramic components we combine the
47  benefits of AM with the benefits of FGM to “4D materials”.

48 In a FGM the properties change gradually with position [3], which generates new fields of
49  application. Graded microstructures as a combination of two or more materials, for example in
50 ceramic-metal composites, result in innovative, multi-functional property combinations, such as hard
51  and ductile, electrically or thermally conductive and insulating, magnetic and nonmagnetic.
52 Conceivable applications are in a variety of industrial and medical fields, for example as cutting tools,
53 wear resistant components, energy and fuel cell components or as bipolar surgical tools [4-9]. Figure
54 1 shows metal-ceramic components for different applications manufactured by two-components-
55  ceramic injection molding (2C-CIM). Furthermore the manufacturing of two-color components is
56  possible with 2C-CIM (Figure 2).

57
Figure 1. metal-ceramic composites manu- Figure 2. two-colored zirconia components
factured by 2C-CIM manufactured by 2C-CIM

58

59 Components with different porosities combine different properties in the gradient structure

60  regarding thermal conductivity and capacity, density, mechanical strength, and elastic modulus
61  which shall result e.g. in improved thermal shock properties [10]. Figure 3 shows the SEM-image of
62  a cross-section of a sintered MgO-ZrO2-component with graded porosity and Figure 4 shows the
63  crack surface after a crack deflection during a bending test occurred, due to the graded microstructure
64  and varied Young’s modulus [11].

65
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Figure 3. cross-section of sintered MgO-ZrO: Figure 4. crack surface of CaAl-Al203
component with graded microstructure component after bending test

AM technologies offer the possibility of a tool-free production of components with extremely
complex geometry which cannot be attained by any other shaping technique (Figure 5 and Figure 6).
According to ASTM additive manufacturing is a “process of joining material to make objects from
3D model data, usually layer upon layer” [12]. In the plastics industry AM methods are already
commercialized to a large extend and the equipment for 3D printing can be even bought for home
applications. In the field of metals, more and more materials can be processed as well. For processing
ceramic materials, the technical application of AM technologies has been limited so far. However,
ceramics have been studied in AM processes ab initio with the development of the different AM
technologies since about 25 years [13, 14]. All established AM technologies have also been tested for
ceramic materials [15-41]. AM technologies can be classified according to the state of the material that
is used — powder materials, liquid materials and solid materials [42, 43] or according to the kind of
material deposition and solidification [44]. Lithography-based Ceramic Manufacturing (LCM) allows
the AM of dense alumina and zirconia components with extraordinary complex geometries [20-22,
45, 46].
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Figure 5. alumina heat exchangers, additively manufactured by Figure 6. alumina static
Lithography-based Ceramic Manufacturing (LCM) mixer, additively manufac-
tured by LCM

Several technologies are known for the production of FGM. Very good overviews are given by
Kieback et al. [3], Naebe et al. [47] as well as Moritz et al. [48]. Conventional shaping technologies can
be used to produce FGM like powder pressing [49], slip casting [50, 51], powder injection molding
[52, 53], tape casting [11, 54-56] or a combination of conventional shaping technologies like inmold-
labeling as a combination of tape casting and injection molding [57, 58].

First studies on AM of FGM-components were published about 20 years ago [59-61]. The
Multiphase Jet Solidification (M]S)-technology based on thermoplastic binder systems filled with
high contents of ceramic particles is nearly similar to the Fused Filament Fabrication (FFF) / Fused
Deposition Modeling (FDM®) technology. A hot powder-binder mixture (feedstock) with suitable
flow properties was deposited with an extrusion jet moved in two dimensions. During cooling the
mixture solidified and a free-standing body was formed. By using a two piston construction

d0i:10.20944/preprints201710.0057.v1
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combined with a small static mixing chamber, the powder composition was varied from layer to layer
and three dimensional graded SiC-TiC components could be formed [59, 60].

Zhang et al. used Laminated Object Manufacturing (LOM) to manufacture TiC-Ni-FGMs. Green
tapes with different compositions were produced, cut by a laser, stacked and laminated [61].

Another approach is the functionalization of additively manufactured and sintered ceramic
components subsequent to its generation. Figure 7 shows an alumina component manufactured by
Lithography-based Ceramic Manufacturing (LCM), sintered at 1600 °C and subsequently
functionalized with electrically conductive heater structures by Aerosol-printing [48].

Figure 7. post-functionalized additively manufactured alumina component

Direct AM technologies are more suitable for AM of multi-material components than indirect
AM technologies because of the selective deposition of the used material. The latter ones are based
on the selective solidification of material which was deposited all-over the entire layer. Therefore the
areas which have not been solidified are occupied by non-solidified material which have to be
removed before a second material can be deposited in these areas. Using direct AM technologies a
second material and further ones can be deposited directly beside the already deposited and
solidified first material.

In our study we investigated the AM of ceramic-based FGM by the direct AM technology
Thermoplastic 3D-Printing (T3DP). Zirconia components with a varying microstructure were
additively manufactured by using thermoplastic suspensions with different contents of pore forming
agents (PFA) and were co-sintered defect-free.

2. Experimental

2.1. Thermoplastic 3D-Printing

T3DP bases on the selective deposition of particle-filled thermoplastic suspensions not over the
entire surface, but instead only at the required spots [62]. Different suspensions can be deposited
beside each other in each single layer and bulk material as well as property gradients can be realized
within the additively manufactured green components [63-65].

Several heatable dispensing units which are moved over a fixed platform in all three spatial
directions deposit the suspensions. The thermoplastic suspensions are heated until they are in a
flowable state. They are deposited at the desired position, and solidify immediately on cooling as
well as lacking shear forces. The solidification takes place almost independently of the physical
properties of the used powders so even hard metal components can be manufactured [66]. Several

d0i:10.20944/preprints201710.0057.v1
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supply containers and dispensing units can be used for the localized deposition of different materials,
including supporting structures, in one and the same component.

2.2. Used materials

As ceramic material the yttria-stabilized zirconia powders TZ-3Y-E by Tosoh Corporation of
Japan was used.

Three different materials were investigated concerning their behavior as a PFA. ARBOCEL
UFC100 of the company J. Rettenmaier Sohne GmbH + Co KG is a cellulose powder based on cellulose
fibers with an average particle size of 6 um — 12 um. The decomposition temperature of this material
is about 200 °C and corresponds to the decomposition temperature of a second polysaccharide (PS)
powder (starch) with rounder shape and a maximum diameter below 25 ym. CERETAN MA 7008
(Miinzing Chemie GmbH) is an amide of a carboxylic acid with a decomposition temperature of
about 150 °C and a d of 8 um. It was selected to investigate the suitability as PFA in spite of the
significant lower decomposition temperature.

2.3. Feedstock preparation

The different zirconia suspensions were prepared by dispersing the powder together with the
PFA in a thermoplastic binder system basing on a mixture of molten paraffin and beeswax. The
dispersion and homogenization took place in a heatable dissolver (Dissolver DISPERMAT CA 20-C,
VMA-Getzmann GmbH) by stirring for 4 h. Suspensions with 36 vol.-% and 40 vol.-% were prepared.

The content of PFA was varied for each material. Table 1 summarizes the composition of the
different thermoplastic suspensions.

Table 1. composition of used thermoplastic suspensions

d0i:10.20944/preprints201710.0057.v1

zirconia content / vol.-% 36 | 40 36 36 38 38
el poly- poly- CERETAN UFC100

used PFA saccharide saccharide MA 7008

dsoof PFA / pm —_ | - 7 7 <8 8

content of PFA / vol.-% — | - 5 10 2 2

binder content / vol.-% 64 | 60 59 54 60 60

2.4. Preparation of single- and multi-material test components

The test samples were additively manufactured by using micro dispensing systems of Vermes,
Germany. Four of them are mounted on our xyz-laboratory rig, which can operate alternately. One
dispensing system was used to manufacture the single-material components, two of them were used
for the manufacturing of multi-material test components.

The dispensing parameters had to be adjusted for each suspension due to the different
rheological behavior. The deposition of the droplets happened with a frequency up to 100 Hz and the
axes were moved with a maximal velocity of 50 mm/s.

The green samples were debinded in a powder bed at a very low heating rate, in a first step
under air-atmosphere up to 270°C (heating rate 4 K/h) and then after removing the powder in a
second step under air-atmosphere up to 900°C (12 K/h). Afterwards the components were sintered
under air-atmosphere at 1350 °C (3 K/min) for 2 hours.

2.5. Characterization methods

The particle size distribution of the utilized powders and PFA were measured by a laser
diffraction method (Mastersizer 2000, Malvern Instruments Ltd., United Kingdom). Electron
scanning microscopy images have been used to characterize the shape of the particles.

To characterize the rheological behavior of the zirconia suspensions, a rheometer (Modular
Compact Rheometer MCR 302; Anton Paar, Graz, Austria) adjustable between -25 to 200°C with a


http://dx.doi.org/10.20944/preprints201710.0057.v1
http://dx.doi.org/10.3390/ma10121368

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2017 d0i:10.20944/preprints201710.0057.v1

166  plate/plate measuring system was used. The flow behavior was analyzed with an increasing shear
167  rate (0-10000 s-1) and at varying temperatures between 85°C and 100°C. The torque was measured
168  and the viscosity calculated.

169 FESEM images of the sintered samples have been utilized to evaluate the samples density and
170 porosity. The FESEM images were converted into binary images by means of an open source software
171 called Image J, i.e. all pores were converted into black pixels and the ceramic particles into white
172 pixels. In order to calculate the samples porosity the software compares the number of the black and
173 white pixels of a converted image of a samples cross sections.

174 Additionally, the density was measured by Archimedes’ principle.

175 3. Results and discussions

176  3.1. FESEM-studies of used materials

177 The measured average particle size (dso) of the zirconia powder was with 0.37 um by about one
178  order of magnitude larger than the average particle size stated by Tosoh (dso = 0.04 um). FESEM-
179  images showed that the untreated powder consists of very big granulates (diameter up to 100 pum)
180  which were crushed during the ultrasonic-treatment before the laser diffraction (Figure 8). Still, the
181  applied treatment was just insufficient regarding the deagglomeration of all the particles. But during
182  the feedstock preparation very high shear forces were realized which should deagglomerate all
183  particles.

a’. 204

P e
=t 400nM|

Figure 8. FESEM-images of untreated zirconia powder

184 Figure 9 and Figure 10 show FESEM-images of two materials used as a PFA. ARBOCEL UFC100
185  bases on cellulose fibers and the particles have a fiber-fragments-like shape (Figure 9). The particles
186  of the PS powder have a polyhedral-like shape (Figure 10). The particle size investigated on FESEM-
187  images varied between 5 um and 20 um.

188
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189
Figure 10. FESEM-images of polysaccharide powder
190
191 The FESEM-images of the used PFA materials gives an explanation for the content of PFA which

192 could be realized in the different suspensions. With the starch powder (polysaccharide) a significant
193 higher content of PFA (up to 10 vol.-%) could be realized. For the other two materials the viscosity
194 increased significant for contents of more than 2 vol.-%. Probably this results from the higher and
195  rough surface of CERETAN MA 7008 and UFC 100 compared to the smooth surface of the starch
196  powder.

197 3.2. Rheological behavior of the thermoplastic suspensions

198 The results of the rheological measurements of the two zirconia suspensions without any content
199  of a PFA are summarized in Figure 11. The dynamic viscosity is displayed as function of the shear
200  rate in a double logarithmic plot with a shear rate range between 0.1 and 10000 s-1. All suspensions
201  show a shear thinning behavior at both temperatures. With increasing solid content and decreasing
202  temperature the dynamic viscosity increases.

203
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Figure 11. rheological behavior of zirconia suspensions without any PFA
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Figure 12. rheological behavior of zirconia suspensions with and without PFA at 100 °C

205
206
207

Figure 12 shows the dynamic viscosities as function of the shear rate at a temperature of 100 °C
for the different suspensions with and without PFA. The suspension without any PFA has the lowest
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viscosity and by adding PFA the viscosity increases. However, all suspensions show a shear thinning
behavior with a dynamic viscosity of 1 Pa*s or lower at a shear rate of 5000 s-1 and therefore can be
utilized for T3DP. Table 2 summarizes the measured viscosities of the suspensions at different shear
rates and temperatures.

Table 2. dynamic viscosity of the suspensions at different shear rates

zirconia PFA: kind and tempe- shear rate / s

content/ | content/vol.-% rature 01 1 10 102 103 104
vol.-% /°C

36 . 85 3400 312 43,80 6,86 1,43 0,52
100 3420 309 38,30 6,03 1,07 0,32
40 . 85 4600 414 56,60 8,98 2,16 0,59
100 3630 386 56,00 8,96 1,75 0,57
36 polysaccharide 85 3770 355 56,60 8,26 1,80 0,59
5 100 2510 240 42,40 8,48 1,45 0,45
36 polysaccharide 85 1800 374 79,30 10,30 2,47 0,65
10 100 5420 513 79,60 11,80 2,12 0,53
38 MA7008 85 2220 265 38,50 6,56 1,83 0,62
2 100 1130 140 32,50 511 1,18 0,43
38 UFC100 85 1770 214 31,60 5,34 1,63 0,60
2 100 1210 143 31,40 4,83 1,15 0,48

3.3. single-material components

After a screening of the deposition parameters it was realizable to manufacture test components
for each suspension. Figure 13 shows three views of a complex structure additively manufactured by
T3DP with the zirconia suspension without a PFA. The shown test components were realized without
a prerequisite utilization of any support structure respectively support material. After sintering, the
wall thickness of this structure was less than 0.8 mm. The manufacturing time for the green
component was approximately 30 minutes.

Figure 13. sintered zirconia test component additively manufactured by T3DP with 36 vol.-% zirconia
particles in the suspension and without PFA; three different views

The FESEM-images of the cross-section of sintered zirconia test components additively
manufactured by T3DP with 36 vol.-% zirconia particles and without any PFA in the suspension are
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shown in Figure 14. A very homogeneous microstructure almost without any porosity can be seen.
By utilizing Image] and five different FESEM-images an average porosity of 0.11 +/- 0.04% was
calculated. With Archimedes’ principle an average outer density of 5.90 +/- 0.04 g/cm? and an average
inner density of 5.93 +/- 0.05 g/cm?® was investigated for 14 test samples.

‘ [Zum ]

Figure 14. FESEM-images of sintered zirconia test components additively manufactured by T3DP with
36 vol.-% zirconia particles and without PFA in the suspension

In addition test samples of the suspensions with PFA were manufactured. Figure 15 shows two
views of a green sample including 5 vol.-% PS as PFA, for instance.

Figure 15. green zirconia test components with 5 vol.-% PS as a PFA

The FESEM-images of the sintered test components additively manufactured by T3DP with the
suspensions which included 5 vol.-% PS (left) and 10 vol.-% PS (right) as PFA are summarized in
Figure 16. The images show a homogeneous distribution of the single pores with a nearly round
shape resulting from the polyhedron-like shape of the PS-powder as PFA. The average porosities
calculated with Image]J on five images each are 5.02 +/- 0.43 % and 10.72 +/- 0.87 %, respectively. These
correspond almost exactly to the content of added PFA in the suspensions (5 vol.-% and 10 vol.-%).
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Figure 16. FESEM-images of cross-sections of sintered zirconia test samples with 5 vol.-% PS and 10 vol.-

% PS as PFA in the suspension

242

243 However, not every of the used materials operated as a PFA. Figure 17 shows FESEM-images of
244 sintered zirconia components additively manufactured by T3DP and a suspension with 2 vol.-% of
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245  CERETAN MA 7008 as PFA. After sintering only a few pores can be detected which are located in
246  theimage in an almost horizontal row. Probably these are resulting from trapped air bubbles between
247  two layers during the manufacturing process.

248 The decomposition temperature of CERETAN MA 7008 (about 150 °C) seems to be too low to be
249  utilized as a PFA for T3DP. The material is removed during the first debinding step and probably
250  due to a still lasting thermoplastic behavior of the suspension at this temperature, rearrangement
251  processes can occur driven by capillary forces. Subsequently, the remaining pores are eliminated
252 during the final sintering step. This topic has to be investigated in further studies.

253
- - - .
Figure 17. FESEM-images of cross-section of test component with CERETAN MA 7008 as PFA
254

255  3.4. ceramic-based 4D-components

256 To demonstrate the additive manufacturing of zirconia-based 4D-components we manufactured
257  components with a brick wall design. Figure 18 is showing a CAD-drawing of the design. The
258  brighter areas were manufactured with 5 vol.-% PS as PFA and the dark areas were manufactured
259  with the pure zirconia suspension (36 vol.-% solid load, no PFA). The resulting defect-free sintered
260  components are shown in Figure 19.

261

Figure 18. CAD-drawing of 4D-component: brick wall-like test component

262
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Figure 19. sintered zirconia 4D-components

263

264 FESEM-images of cross-sections of these 4D-components show clearly distinguishable areas at
265  the interface between the two former suspensions (Figure 20). Thus, regardless of the drop-bound
266  deposition of the material the arrangement of the different microstructure can be realized very
267  precisely.
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Figure 20. FESEM-images of cross-section of sintered zirconia 4D-component; interface between dense
and porous area; left: overview; right: detail
269
270 To illustrate the difference in porosity we placed the zirconia-based 4D-components in front of

271  alight spot (Figure 21). While the porous areas shine darker because of the light deflection and
272 reflection, the denser areas show the opposite behavior by appearing nearly translucent.

273

Figure 21. sintered zirconia 4D-component in front of a light spot with two different microstructures

(darker areas: porous; brighter areas: dense); left: side view (section); right: top view
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274 4. Conclusions

275 In our study we could show that it is possible to combine AM and FGM to zirconia-based 4D-
276  components. We used the T3DP technology as directly working AM technology to selectively deposit
277  two different materials besides each other. This offers the possibility to combine suspensions with
278  different contents of a PFA to realize components with dense and porous areas inside.

279 Different materials were investigated concerning their suitability as a PFA for the T3DP process.
280  Different zirconia-based suspensions were prepared and used for AM of single- and multi-material
281  test components. All samples were sintered defect-free and in the end we could realize a brick wall-
282  like component consisting of dense (< 1 % porosity) and porous (approx. 5 % porosity) zirconia areas
283  to combine different properties in one component.

284 The T3DP opens the door to AM of further ceramic-based 4D-components like multi-color or
285  multi-material components which will be presented in further papers.
286
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