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SUMMARY:  30 
This study shows multi-material additive manufacturing (AM) using fused filament fabrication 31 
(FFF) of stainless steel and zirconia. 32 
 33 
ABSTRACT:  34 
Technical ceramics are widely used for industrial and research applications, as well as for 35 
consumer goods. Today, the demand for complex geometries with diverse customization options 36 
and favorable production methods is increasing continuously. With fused filament fabrication 37 
(FFF), it is possible to produce large and complex components quickly with high material 38 
efficiency. In FFF, a continuous thermoplastic filament is melted in a heated nozzle and deposited 39 
below. The computer-controlled print head is moved in order to build up the desired shape layer 40 
by layer. Investigations regarding printing of metals or ceramics are increasing more and more in 41 
research and industry. This study focuses on additive manufacturing (AM) with a multi-material 42 
approach to combine a metal (stainless steel) with a technical ceramic (zirconia: ZrO2). Combining 43 
these materials offers a broad variety of applications due to their different electrical and 44 

Manuscript Click here to download Manuscript 57693_R2_051718.docx 

http://www.editorialmanager.com/jove/download.aspx?id=834238&guid=3e3b29b6-94c2-4fe7-b251-9be4b8457c28&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=834238&guid=3e3b29b6-94c2-4fe7-b251-9be4b8457c28&scheme=1


   

mechanical properties. The paper shows the main issues in preparation of the material and 45 
feedstock, device development, and printing of these composites. 46 
 47 
INTRODUCTION:  48 
According to ISO/ASTM, additive manufacturing (AM) is the general term for technologies that 49 
create physical objects based on a geometrical representation by successive addition of 50 
material1. Hence, these technologies offer the possibility of manufacturing components with 51 
extremely complex geometry, which cannot be attained by any other shaping technique known 52 
to the authors.  53 
 54 
Ceramic materials have been studied since the early development of the different AM 55 
technologies in the past quarter century2,3; however, additive manufacturing of ceramic 56 
components is not state of the art in contrast to additive manufacturing of polymer or metal 57 
components. Several overviews about the AM technologies used for ceramic components are 58 
given by Chartier et al.4, Travitzky et al.5 and Zocca et al.6, which can be classified according to 59 
the state of the material that is used – powder materials, liquid materials, and solid materials4,5 60 
or according to the kind of material deposition and solidification6. AM devices are available that 61 
allow the additive manufacturing of dense and high-quality ceramic components with the desired 62 
properties for most applications7-11. 63 
 64 
Production of ceramic components requires complex processing, and this has stalled progress in 65 
the AM of ceramics. Nevertheless, ceramic components are indispensable for special consumer 66 
goods and medical devices, and AM opens up new horizons for the fabrication of novel 67 
components with “impossible” geometries12. For technical ceramic components, a subsequent 68 
thermal treatment of the manufactured components is required since the AM shaping of 69 
ceramics requires the use of powders suspended in organic binders that need to be removed 70 
(i.e., debinding) before the powder is fused together (i.e., sintering). 71 
 72 
The AM of multi-material or multi-functional components combines the benefits of AM and 73 
functionally graded materials (FGM)13 into ceramic-based 4D-components14. Material hybrids 74 
allow property combinations such as electrically conductive/insulating, magnetic/non-magnetic, 75 
ductile/hard or different colorations. Hybrid components can exhibit sensor or actuator functions 76 
known from MEMS (micro electromechanical systems)15 as well. Furthermore, metal/ceramic 77 
composites can complement joining ceramic parts into machines since conventional weldable 78 
steel partners can be used. 79 
 80 
The European Project cerAMfacturing (EU-Project CORDIS 678503) is developing AM 81 
technologies for single material components as well as a completely new approach for AM of 82 
multi-material components, which will allow serial production of customized and multifunctional 83 
components for various applications12. Three different suspension-based AM techniques are 84 
qualified to allow the AM of ceramic-ceramic as well as metal-ceramic components. The 85 
utilization of suspension-based AM techniques promises improved component performance in 86 
comparison to powder-based methods. Because the particle distribution of the powder in a 87 
suspension is more homogeneous and more compact than in a powder bed, these shaping 88 



   

methods yield higher green densities, which result in sintered components with dense 89 
microstructures and low surface roughness levels12. 90 
 91 
Along with lithography-based ceramic manufacturing (LCM)7-11,16,17, fused filament fabrication 92 
(FFF) and thermoplastic 3D-printing (T3DP)12,14,18 are being developed. FFF and T3DP are more 93 
suitable for the AM of multi-material components than LCM because of the selective deposition 94 
and solidification of the certain material instead of the pure selective solidification of material 95 
deposited all over the entire layer14.   96 
 97 
An additional benefit of FFF and T3DP compared to LCM is the use of thermoplastic binder 98 
systems instead of photo-curing polymers. The binder system enables the processing of powders 99 
independent of their optical properties such as absorption, emission and reflection of 100 
electromagnetic waves, e.g., dark and bright materials (in visible range), which is necessary for 101 
the production of metal-ceramic components19,20. Furthermore, low investment is required for 102 
the FFF equipment since a large variety of standard devices are available. This technique becomes 103 
economical due to the high material efficiency and the recyclable materials. Finally, FFF is easy 104 
to upscale for large parts since the process relies on moving print head on axles. 105 
 106 
This paper presents the first results of manufacturing metal-ceramic composites using FFF. 107 
Additionally, the technical combination of FFF and T3DP units is presented, although it is still 108 
under development. In the FFF process, filaments of thermoplastic polymers are melted and 109 
selectively extruded by the action of two counter rotating elements. Once the material is 110 
extruded through the nozzle, it solidifies by cooling, enabling the production of components 111 
layer-by-layer. To produce final ceramic and metallic components, a variant of the process has 112 
been developed21-26. The polymeric compounds, known as binders, are highly filled with a 113 
ceramic or metallic powder. Once the shaping of the components has been conducted using the 114 
conventional FFF approach, two additional steps are required. First, the polymeric components 115 
must be completely removed from the specimens in the debinding stage, generating a structure 116 
with numerous micro-sized pores. To attain the final properties, the powder compacts are 117 
subsequently sintered at a temperature below the melting point of the material. Using this 118 
approach, the production of materials such as silicon nitride, fused silica, piezoelectric ceramics, 119 
stainless steels, tungsten carbide-cobalt, alumina or titanium dioxide23-25 has been successfully 120 
conducted elsewhere.  121 
 122 
The use of highly-filled polymeric filaments and the characteristic of the process impose certain 123 
requirements in the materials21. Good compatibility must be provided between the 124 
thermoplastic binder components and the powder, which must be homogeneously distributed 125 
using compounding techniques at temperatures above the melting point of the organic binder 126 
components, such as kneading or shear rolling. Since the solid filament has to act as a piston in 127 
the print head to push the molten material, a high stiffness and a low viscosity are required to 128 
enable the extrusion of the material through the nozzle with typical diameters ranging from 129 
0.3  to 1.0 mm. Meanwhile, the material must possess enough flexibility and strength to be 130 
shaped as a filament that can be spooled. To combine all these properties while having a high 131 
load of powder, different multi-component binder systems have been developed21,22,26.  132 



   

 133 
In addition to the use of adequate binder formulation, a new driving system has been employed 134 
in this work. Commonly, toothed drive wheels are used to push the filament through the nozzle. 135 
These teeth can damage the brittle filament. In order to reduce the mechanical requirements of 136 
the filaments and increase the extrusion pressure during the FFF process, the conventional FFF 137 
system of toothed drive wheels was replaced by a special dual belt system. High friction and 138 
guidance is generated due to the length, the shape, and the special rubber coating of the belts. 139 
The most important issue was preventing any buckling of the filament through the print head. 140 
The filament must be guided all the way to the nozzle, no free space is allowed, and the necessary 141 
transitions between the components have to be considered. 142 
 143 
After leaving the feeding unit, the filament enters the nozzle unit. The main goals were designed 144 
temperature management and gapless guidance. The developed print head is shown in Figure 1. 145 
 146 
[Place Figure 1 here] 147 
 148 
Another big challenge to be addressed for the production of metal-ceramic components is the 149 
selection of powders that allow co-processing during the thermal treatment (comparable 150 
coefficient of thermal expansion (CTE), temperature regimes, and atmosphere) and particularly 151 
the adjustment of the shrinkage behavior of both materials during the sintering step. In this work, 152 
an attempt is made to combine zirconia and modified stainless steel 17-4PH since they have a 153 
comparable CTE (approx. 11 x 10-6/K) and can be sintered at the same conditions (reducing 154 
hydrogen atmosphere, sintering temperature: 1350 – 1400 °C). However, for adjusting the 155 
shrinkage behavior, a special milling procedure for the metallic powder is required19,20.  156 
 157 
PROTOCOL:  158 
 159 
1. Materials Used 160 
 161 
1.1. Selection of the binder components 162 
 163 
1.1.1. Select the binder system according to the criteria of highly filled compounds (powder 164 
content of approximately 50 vol. %) defined for FFF: high mechanical strength, enough stiffness, 165 
low viscosity and flexibility for spooling. A drastic reduction of the flexibility and the increase of 166 
the viscosity can be expected by a high solid loading. 167 
 168 
Note: In this study, a multi-component binder system was employed. The majority of the 169 
components consisted of a thermoplastic elastomer to improve flexibility and strength. A 170 
functionalized polyolefin was included as a backbone to improve the adhesion with the powder. 171 
Finally, stearic acid (circa 5 vol. %) was incorporated as a surfactant for good dispersion of the 172 
powders. Due to confidentiality reasons, more information cannot be disclosed. 173 
 174 
1.2. Selection of powders  175 
 176 



   

1.2.1. Choose a suitable powder couple for the multi-material approach. For co-processing of a 177 
ceramic and a metal powder, choose materials with the same coefficient of thermal expansion 178 
(CTE) and the same shrinkage behavior during sintering in the same sintering atmosphere. 179 
 180 
1.2.2. Select the specific ceramic grade. Choose tetragonal yttria-stabilized zirconia due the CTE 181 
and sintering temperature being comparable to special stainless steels as well as the high 182 
toughness and flexural strength of this ceramic material. Use zirconia powder with a specific 183 
surface area of 7 ± 2 m2/g and a particle size of d50 = 0.5 µm. 184 
 185 
1.2.3. Select the specific metal grade. Use stainless steel powder as the conductive and ductile 186 
metallic material. The material must have a comparable CTE and a similar range of sintering 187 
temperatures to those of the zirconia under a protective hydrogen atmosphere. 188 
 189 
1.3. Adjustment of sintering behavior  190 
 191 
1.3.1. To attain a stress-free co-sintering, adjust the temperature dependent strain behavior 192 
(shrinkage due to sintering and thermal expansion) of both powder types. Since the zirconia 193 
powder used has high surface energy due to the fine particles, modify the stainless steel powder 194 
by refining the comparatively large metal particles and increasing the dislocation density by 195 
deformation of the atomic lattice.  196 
 197 
Note: First during attrition milling, the spherical steel particles are re-shaped into thin and brittle 198 
flakes with an extremely high dislocation density. Secondly during the high energy milling step 199 
(planetary ball milling, PBM), the brittle flakes will be broken into very fine-grained particles with 200 
an increased sintering ability. In this way, increased sintering activity of the metallic powder can 201 
be reached and the shrinking curve could be adjusted to the curve of zirconia, showing only small 202 
differences19,20.  203 
 204 
1.3.1.1. Apply attrition milling (180 min) to the spherical stainless steel particles to re-shape into 205 
thin and brittle flakes.  206 
 207 
1.3.1.2. Perform planetary ball milling (240 min) to break the brittle flakes into very fine-grained 208 
particles with a decreased aspect ratio but an increased sintering ability.  209 
 210 
1.4. Evaluate the adjustment success 211 
 212 
1.4.1. Use a rod or optical dilatometer to measure the shrinkage behavior of suitable material 213 
compacts and compare the results. Use the volumetric powder content of both materials is the 214 
same and apply the same measurement (heating rates, atmosphere, maximum temperature, 215 
dwell time).  216 
 217 
1.4.2. If there is a high mismatch in sintering behavior, adjust the milling parameters of the 218 
stainless steel powder. Finer powders will lead to a lower sinter starting temperature. A longer 219 



   

attrition milling time will lead to higher dislocation energies and higher shrinkage. Planetary 220 
milling leads to spattered powder, which is applicable in polymer compounds. 221 
 222 
Note: The success of the adjustment is influenced by the raw materials. Optimization must be 223 
conducted. A shifting of the sintering curves can also be generated by fractioning the powders. 224 
Fine powder fractions tend to begin sintering at lower temperatures. 225 
 226 
2. Filament Production  227 
 228 
2.1. Feedstock preparation 229 
 230 
Note: For the preparation of the zirconia feedstock, dry the powder to reduce its tendency to 231 
agglomerate27. Dry the material at 80 °C in a vacuum oven for a minimum of 1 hour. 232 
 233 
2.1.1. Pre-compound the material in a roller rotors mixer for 30 minutes at 60 rpm.  234 
 235 
2.1.1.1. Ensure that the temperature is high enough to melt all the binder components. Introduce 236 
the binder components and wait until melting. Feed the powder in 5 consecutive loads every 5 237 
min.  238 
 239 
2.1.1.2. At the end of the process, extract the material from the chamber in small pieces to 240 
facilitate step 2.1.2.  241 
 242 
Note: For both materials, powder contents of 47 vol. % were realized within the thermoplastic 243 
feedstocks. 244 
 245 
2.1.2. Granulate or pelletize the solid material after cooling to room temperature.  246 
 247 
2.1.2.1. When a cutting mill is employed, introduce the material pieces gradually. Wait until the 248 
pieces inside are granulated to introduce the next ones.  249 
 250 
2.1.2.2. At the exit of the grinding chamber, use a sieve with 4 x 4 mm squared perforations to 251 
get granules of adequate size. This procedure is necessary for a continuous feeding of the twin 252 
screw extruder or shear roller (step 2.1.3).  253 
 254 
2.1.3. Compound the material at high shear rates to improve the dispersion, e.g., in a co-rotating 255 
twin screw extruder (TSE) or in a shear roll extruder. Collect the material with a conveyor belt 256 
and cool it down to room temperature. 257 
 258 
Note: In this study, a co-rotating twin screw extruder was used. The screw rotation speed was 259 
set to 600 rpm and a temperature profile from 170 °C in the feeding zone until 210 °C in the die 260 
was defined. 261 
 262 



   

2.1.4. Granulate or pelletize the solid material after cooling to room temperature. Use the 263 
procedure of 2.1.2 or pelletize the material at the end of the conveyor belt with a pelletizer. If 264 
necessary, repeat the process until the pellets have a length equal or smaller than 4 mm.  265 
 266 
2.2. Filament extrusion 267 
 268 
Note: Figure 2 shows a scheme of the manufacturing process for filament preparation and the 269 
variable parameters that define the filament diameter at the bottom. The filament is collected 270 
by a conveyor belt and pulled by the action of two pairs of counter rotating rollers. The diameter 271 
and ovality values are measured in a laser measurement device, and the process parameters are 272 
adjusted to regulate the filament geometry. The material is finally stored on spools. The 273 
production of filaments with a constant range of dimensions is critical for the repeatability of the 274 
process, since the volume flow in FFF is dependent of the filament geometry. 275 
 276 
[Place Figure 2 here] 277 
 278 
2.2.1. Extrude the material at 30 rpm at a temperature above the melting point of the binder 279 
components. For a good control of the pressure and filament quality, use a single screw extruder 280 
with a nozzle diameter of at least 1.75 mm.  281 
 282 
Note: For small quantities of material, a high pressure capillary rheometer can be employed in 283 
the material development phase. Nevertheless, a poor dimensional quality of the filament can 284 
be expected. 285 
 286 
Note: Steps 2.1 and 2.2.1 can be combined in an adequate twin screw extrusion process. 287 
 288 
2.2.2. Collect the extruded material. Use a conveyor belt to collect and cool down the extruded 289 
material. Air or water cooling elements can be required when using high extrusion speeds.  290 
 291 
2.2.3. Measure and control the dimensions of the filament. For a particular extrusion speed, 292 
progressively regulate the conveyor belt and pulling speeds to adjust the dimensions of the 293 
filament (decrease the conveyor and pulling speeds for a higher diameter). Produce filaments 294 
with a diameter range of 1.70 to 1.80 mm and ovality smaller than 0.10 mm.   295 
 296 
Note: The ovality value is defined as the difference between the maximum and minimum 297 
diameters. For a perfectly round filament, an ovality of zero must be obtained. 298 
 299 
2.2.4. Spool the material. An additional spooling unit (Figure 2) can be placed at the end of the 300 
conveyor belt for automatic spooling.  301 
 302 
3. Additive Manufacturing of Green Components 303 
 304 
3.1. Investigation of optimum process parameters  305 
 306 



   

3.1.1. Before printing, use commercial slicing software. This software can be applied to set up 307 
the printing parameters and to generate the g-code for the printing device out of a 3D-CAD 308 
model. 309 
 310 
3.1.2. For printing, consider the following essential parameters: 311 

 bed temperature for bed adhesion 312 

 print speed of different materials 313 

 varying print temperature for constant material flow 314 

 control of cooling fan to support solidification of printed strand 315 

 print temperature for improved adhesion between layers 316 

 retraction parameters to avoid oozing and using a “prime pillar” 317 

 varying material flow to assure same strand width of different materials 318 
 319 
3.2. AM of test components 320 
 321 
3.2.1. Perform AM of green samples with a commercial 3D printer (see Table of Materials). 322 
Manufacture single-material test components before printing multi-material components.  323 
 324 
3.2.1.1. Correct any possible misalignment of the nozzles in the printer software before 325 
manufacturing multi-material components. 326 
 327 
3.2.2. Single component manufacturing 328 
 329 
3.2.2.1. Load print head 1 with the zirconia filament and print head 2 with the stainless steel-330 
filament. For both filaments, use a print head speed of 10 mm/s and print bed temperature of 20 331 
°C. Set the print head temperature of zirconia to 220 °C and stainless steel to 240 °C.  332 
 333 
Note: As a first test geometry sample, cuboids were manufactured for the single materials and 334 
different sandwich setup has been chosen for the multi-material component. All green 335 
components had final dimensions of 15 mm x 15 mm and varied thickness 1 – 3 mm and were 336 
manufactured with a layer thickness of 0.25 mm. The print head temperature can be varied to 337 
achieve the desired flowability of the feedstocks. Raising the temperature leads to a reduction of 338 
the viscosity. The optimal printing temperatures of the two materials may differ. 339 
 340 
3.2.3. Multi-material manufacturing 341 
 342 
3.2.3.1. Manufacture multi-material components by alternating with two or three different 343 
layers, e.g., 1 mm stainless steel / 1 mm zirconia / 1 mm stainless steel or 1 mm zirconia / 1 mm 344 
stainless steel / 1 mm zirconia. 345 
 346 
Note: In multi-component printing, it can be very helpful to use a “prime pillar” for sharp and 347 
precise material transitions. When changing the print head, a few millimeters of filament are 348 
needed until the material fills the used nozzle to be extruded, leading to gaps. Therefore, the 349 



   

appearance of the part is not as good as it could be. To avoid this behavior, print the “prime 350 
pillar” beside the part, this can be set in the software. A layer of the prime pillar (rectangular 351 
tower, Figure 3) will be printed first when changing the nozzle, to ensure that the nozzle is primed 352 
and ready to print before continuing with the part layers.  353 
 354 
[Place Figure 3 here] 355 
 356 
3.2.4. Optimization of the manufacturing 357 
 358 
3.2.4.1. Use an “ooze-shield” if needed; this is a printed thin wall around the component (Figure 359 
4). After the print head changes for the second component outside the part, have the nozzle 360 
cross this wall when it moves from the tower. All adhering material will be peeled off from the 361 
nozzle at this shield and the precision of material deposition on the part to be printed can be 362 
increased. 363 
 364 
[Place Figure 4 here] 365 
 366 
Note: Further optimizations regarding the achievable quality are possible by finer adjustments of 367 
the flow, the extrusion width, and the extrusion multiplier, assuming that the diameter of the 368 
filament is constant. 369 
 370 
4. Debinding and Sintering of Components  371 
 372 
4.1. Carry out debinding in two consecutive steps. First, perform solvent extraction, and then 373 
thermal treatment to decompose the residual binder components. 374 
 375 
4.1.1. Conduct solvent extraction with the printed green parts using cyclohexane at 60 °C. Cover 376 
the samples with enough cyclohexane and treat them for 8 h. Consider fire safety aspects when 377 
carrying out this step. A soluble binder content of about 7-9 wt. % will be removed here. 378 
 379 
Note: Applying a solvent extraction leads to reduced bloating effects during subsequent thermal 380 
debinding. 381 
 382 
4.1.2. Perform thermal debinding in a debinding furnace in an argon atmosphere in order to 383 
protect the materials from reduction (occurred under nitrogen atmosphere) or oxidation. Use a 384 
maximum temperature of 440 °C and different heating rates between 5 °C/h and 150 °C/h. 385 
 386 
4.1.2.1. To characterize or optimize the debinding behavior of both feedstocks, apply a 387 
thermogravimetric analysis under nitrogen flow up to 600 °C to evaluate appropriate heating 388 
rates. 389 
 390 
4.2. Carry out sintering in a reducing atmosphere of 80% argon and 20% hydrogen in a high-391 
temperature tungsten furnace. Use heating rates between 3 °C/min and 5 °C/min to reach a 392 
maximum temperature of 1365 °C. After a dwell time of 3 h, cool the kiln to room temperature.  393 



   

 394 
REPRESENTATIVE RESULTS:  395 
The best fitting results for stainless steel sintering behavior were obtained with an attrition 396 
milling time of 180 minutes and a planetary ball mill (PBM) milling time of 240 minutes. Figure 5 397 
shows a SEM-image of the untreated powder (left), the deformed particles after the attrition 398 
milling (middle), and the chopped particles after the PBM milling step (right).  399 
 400 
[Place Figure 5 here] 401 
 402 
The sintering behavior of the initial and milled steel powder are compared with the sintering 403 
behavior of the zirconia powder in Figure 6, all measured with an optical dilatometer.  404 
 405 
[Place Figure 6 here] 406 
 407 
The improvement of the feedstock mechanical properties in the high shear compounding step 408 
was characterized for the zirconia feedstock. A feedstock produced in a single compounding step 409 
of 75 min in a roller rotors mixer (RM) was compared with the one produced by the method 410 
described in the protocol. Filaments were extruded using a high pressure capillary rheometer 411 
with a die of 1.75 mm diameter, a piston speed of 1 mm/s and a temperature of 190 °C. The 412 
filaments were collected with a conveyor belt and tested with a universal tensile testing machine. 413 
At least 5 repetitions were conducted per material. Figure 7 shows a comparison of both 414 
materials concerning the ultimate tensile strength (UTS), the elongation at UTS, and the secant 415 
modulus.  416 
 417 
[Place Figure 7 here] 418 
 419 
In Figure 8, the diameter values obtained during the production of the filaments made of zirconia 420 
(left) and stainless steel (right) feedstocks are presented. The diameter of the extruded filament 421 
was recorded during the production process via single-screw extrusion. For the zirconia 422 
filaments, a good control of the dimensions could be achieved with a mean diameter of 1.75 mm 423 
and a standard deviation of 0.02 mm. For the filaments containing the modified stainless steel 424 
powder, a higher variability of the average filament diameter was observed. A possible reason 425 
for this could be an inhomogeneous particle distribution within the feedstock resulting from the 426 
platelet-like shape of the metallic particles (Figure 5). In this case, a higher number of 427 
measurement points were found outside the desired range of 1.75 mm ± 0.05 mm, and the mean 428 
diameter value was 1.74 mm with a standard variation of 0.03 mm. For both types of filaments, 429 
the ovality values were considerably smaller than the 0.1 mm limit.  430 
 431 
[Place Figure 8 here] 432 
 433 
Figure 9 shows the suitable metal and zirconia filaments to manufacture green sandwich 434 
structures with the composition steel-zirconia-steel (left) as well as zirconia-steel-zirconia (right).  435 
 436 
[Place Figure 9 here] 437 



   

 438 
Due to the similar binder system of both materials, it is possible to fuse certain layers to a 439 
monolithic composite part. A larger round shaped part with sharp transitions is shown in Figure 440 
10.  441 
 442 
[Place Figure 10 here] 443 
 444 
Figure 11 shows other green single- and multi-material components that were further processed. 445 
Figure 12 shows a pure zirconia sample on the left side, The middle shows a pure stainless steel 446 
sample, and finally a sintered and well joined steel-ceramic composite is pictured on the right 447 
side. 448 
 449 
[Place Figure 11 here] 450 
 451 
[Place Figure 12 here] 452 
 453 
In Figure 13, a typical structure of FFF-components with crotches (or sub-perimeter) between 454 
two deposited filaments is shown, which resulted from an ordinary slicing (tool path) and the 455 
continuous way of material deposition.  456 
 457 
[Place Figure 13 here] 458 
 459 
By raising the extrusion multiplier in the slicing software, which leads to a higher volume 460 
deposition, the sub-perimeter can be reduced as well as by adapting the tool paths. Nevertheless, 461 
due to the high content of particles in the filaments, it is evident that the deposition behavior 462 
differs from ordinary printing of thermoplastics. Therefore, a software modification to close such 463 
defects is desirable. 464 
 465 
After solvent debinding, thermal debinding and subsequent sintering, all the different samples 466 
showed no significant deformation or bloating. The sintered pure zirconia and stainless steel FFF 467 
specimens have a good geometrical stability both with and without compressive load and they 468 
do not buckle. The total mass loss was 14.8-14.9%, indicating complete debinding.  469 
 470 
The metal-ceramic samples showed a good macroscopic adhesion of both materials. The mass 471 
loss after the sintering of the composites was found to be 14.1-14.4%, which also indicates a full 472 
debinding. Further analysis and process adjustments will follow. The electron microscope 473 
characterization of the composites is intended to provide insight into the quality of the 474 
composite. The desired formation of the composite has taken place successfully as shown in 475 
Figure 14. 476 
 477 
[Place Figure 14 here] 478 
  479 
The results show that a promising approach to manufacture metal-ceramic composites using FFF 480 
generating electrical conductive and electrical isolating properties into one component. 481 



   

Furthermore, the implementation of ceramic parts into metallic environments becomes possible 482 
due to the good material bond and weldability of the stainless steel. Within the EU, project 483 
heating devices were manufactured by FFF containing an electrical conductive path made of 484 
stainless steel in a non-conductive ZrO2 matrix. Figure 15 shows the sintered samples. These 485 
multi-material components must be analyzed and tested in the future. 486 
 487 
[Place Figure 15 here] 488 
 489 
Figure 16 and Figure 17 show the new print head with two FFF-printing heads and two T3DP-490 
printing heads as CAD-model (Figure 16) as well as implemented in the FFF device (Figure 17). 491 
One challenge is controlling of the output for both systems. For the micro dispensing units, the 492 
output is controlled by the frequency of a piezo-driven piston instead of the stepper motors 493 
speed for the belt drives within the FFF-printing heads. The interaction of both devices must be 494 
tested in the future. 495 
 496 
[Place Figure 16 here] 497 
 498 
[Place Figure 17 here] 499 
 500 
FIGURE LEGENDS: 501 
Figure 1: CAD model of the new belt drive unit (top) and image of the real unit (bottom). 502 
 503 
Figure 2: Filament production line. The material is extruded on a controlled manner by the 504 
regulation of the extrusion speed and temperature. Afterwards, it is collected and driven by a 505 
conveyor belt and haul-off unit. The filament diameter is measured and if the values are within 506 
the desired range, the filament is spooled. To regulate the filament dimensions, the pulling and 507 
spooling speeds must be progressively adjusted. 508 
 509 
Figure 3: Manufacturing process for metal-ceramic component with tower structure. 510 
 511 
Figure 4: Virtual print of a component with surrounding ooze-shield. 512 
 513 
Figure 5: Untreated stainless steel <38 µm (D90) (left), stainless steel powder after attrition 514 
milling (middle), and stainless steel powder after PBM milling (right) 515 
 516 
Figure 6: Dilatometric curves of the zirconia powder (TZ-3Y-SE) and the stainless steel powder 517 
(17-4PH) in the initial state and after a high-energy milling treatment of the stainless steel 518 
powder. 519 
 520 
Figure 7: Influence of the compounding method in the mechanical properties of the zirconia 521 
feedstock. Feedstock was compounded in an internal roller mixer (RM) or in combination with a 522 
co-rotating twin screw step (TSE). The strength, flexibility and stiffness of filaments produced 523 
with a capillary rheometer were determined using the mean value and the correspondent 524 



   

standard deviation of the ultimate tensile strength (UTS), the elongation at UTS and the secant 525 
modulus, respectively. 526 
 527 
Figure 8: Histograms of the filament diameter for the studied materials.  528 
 529 
Figure 9: Green steel-zirconia-steel (left) and zirconia-steel-zirconia components (right) 530 
additively manufactured by FFF. 531 
 532 
Figure 10: Structure with sharp transitions between Zirconia and stainless steel. 533 
 534 
Figure 11: Green test samples manufactured by FFF; top: zirconia-steel-composites with 535 
stainless steel on top; middle: stainless steel; bottom: zirconia. Grid box 5 mm. 536 
 537 
Figure 12: Sintered zirconia sample (left), sintered stainless steel sample (middle), and sintered 538 
zirconia-stainless steel-composite (right). All scales in mm. 539 
 540 
Figure 13: Typical structure of FFF-components resulting from slicing and continuous material 541 
deposition. 542 
 543 
Figure 14: SEM Image of microstructure in the metal-ceramic interface showing the material 544 
joint. 545 
 546 
Figure 5: Sintered heating elements made of zirconia and stainless steel 547 
 548 
Figure 16: CAD model of new print head with two FFF-printing heads and two T3DP-printing 549 
heads. 550 
 551 
Figure 17: Image of new print head with two FFF-printing heads and one T3DP-printing head 552 
(left). 553 
 554 
DISCUSSION:  555 
The zirconia and stainless steel used here are very suitable for the co-sintering of metal-ceramic 556 
components because of the comparable CTE, sintering temperature, and sintering atmosphere. 557 
The sintering behavior of the zirconia and the stainless steel feedstocks could be adjusted by the 558 
treatment of the stainless steel powder (Figure 9) successfully. By using the mentioned materials 559 
and methods, it is possible to manufacture macroscopic defect-free parts by FFF for the first time. 560 
To the authors’ knowledge, no other comparable AM method is known to manufacture such parts 561 
except for T3DP19,20. One application for metal ceramic components is shown in Figure 17, which 562 
is a heating element with an electrical conducting looped stainless steel in an isolating zirconia 563 
matrix. 564 
 565 
One of the major challenges for the FFF of metallic and ceramic components is the dramatic 566 
increase of the stiffness and brittleness of the filaments due to the high solid content. Therefore, 567 
the selection of the right binder components was a key factor for the success of the project. In 568 



   

addition, the strength and flexibility of the filaments could be improved by the use of a high shear 569 
mixing technique (Figure 7). According to previous studies with highly filled systems28, this 570 
improvement could be caused by a better powder dispersion and reduction of the 571 
agglomerates29,30.  572 
 573 
The investigation and adjustment of the extrusion, pulling and spooling speeds during the 574 
filament production process allowed the production of highly particle-filled filaments with the 575 
proper dimensions. Other parameters like the temperature distribution within the extruder as 576 
well as the use of cooling devices significantly influenced the filament quality and were chosen 577 
carefully.  578 
 579 
Both filaments were processed in the FFF-device successfully. The adhesion between the 580 
feedstocks was found to be very good in the green state (Figures 7-9). Only some small unfilled 581 
volumes were visible, which are typically for a state of the art FFF process (Figure 13). To close 582 
these critical volumes with thermoplastic materials, the FFF-device was equipped with two micro 583 
dispensing units known from T3DP18-20,31,32, which allow the deposition of single droplets to close 584 
the insufficient filled volumes as well as the manufacturing of finer structures (Figures 14 and 585 
15).  586 
 587 
Geometrical restrictions of the part complexity or resolution are strongly dependent on the 588 
printer setup the continuous material flow as well as the used slicing software. The design rules 589 
and the resulting part appearance are at most found to be similar to using FFF of plastics. 590 
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Table of Materials

generic term product manufacturer

Zirconia TZ-3YS-E Tosoh, Europe B.V.

Stainless steel UNS17400 -38 µm Sandvik Osprey Ltd.

Table of Devices and Software

generic term product manufacturer

slicing software Simplify 3D Simplify 3D, USA

roller rotors mixer Plasti-Corder PL2000 Brabender GmbH & Co. KG, 

Germany

3D printer model Ceram HAGE, Austria

cutting mill SM200 Retsch Gmbh  Germany

corotating extruder ZSE 18 HP-48D Leistrutz Extrusionstechnik GmbH, 

Germany

laser measurementdevice Diagnostic Laser 2010 SIKORA AG, Germany

capillary rheometer Rheograph 2002 Göttfert Werkstoff-Prüfmaschinen 

GmbH, Germany

single screw extruder FT-E20T-MP-IS Dr. Collin GmbH, Germany

tungsten furnace Hochtemperatur-Wolframofen 

WOHV 250/300-1900V
MUT Advanced Heating GmbH

debinding furnace Retorten-Entbinderungsofen RRO 

280 / 300-900V

MUT Advanced Heating GmbH

attrition mill PE 1.4 Erich NETZSCH GmbH & Co. 

Holding KG, Germany

PBM (planetary ball mill) PM 400 Retsch Gmbh, Germany
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r. 4(^1
Item 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via: 

Item 2 (check one box):

Standard Access Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License 
Agreement, the following terms shall have the following 
meanings: "Agreement" means this Article and Video License 
Agreement; "Article" means the article specified on the last 
page of this Agreement, including any associated materials 
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; "Author" means the author who is a 
signatory to this Agreement; "Collective Work" means a work, 
such as a periodical issue, anthology or encyclopedia, in which 
the Materials in their entirety in unmodified form, along with a 
number of other contributions, constituting separate and 
independent works in themselves, are assembled into a 
collective whole; "CRC License" means the Creative Commons 
Attribution-Non Commercial-No Derivs 3.0 Unported 
Agreement, the terms and conditions of which can be found 
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; "Derivative Work" means a work based 
upon the Materials or upon the Materials and other pre­
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, sound 
recording, art reproduction, abridgment, condensation, or any 
other form in which the Materials may be recast, transformed, 
or adapted; "Institution" means the institution, listed on the 
last page of this Agreement, by which the Author was 
employed at the time of the creation of the Materials; "JoVE" 
means MyJove Corporation, a Massachusetts corporation and 
the publisher of The Journal of Visualized Experiments; 
"Materials" means the Article and/or the Video; "Parties" 
means the Author and JoVE; "Video" means any video(s) made 
by the Author, alone or in conjunction with any other parties, 
or by JoVE or its affiliates or agents, individually or in 
collaboration with the Author or any other parties, 
incorporating all or any portion of the Article, and in which the 
Author may or may not appear.

2. Background. The Author, who is the author of the Article, 
in order to ensure the dissemination and protection of the 
Article, desires to have the JoVE publish the Article and create 
and transmit videos based on the Article. In furtherance of 
such goals, the Parties desire to memorialize in this Agreement 
the respective rights of each Party in and to the Article and the 
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing 
to publish the Article, the Author hereby grants to JoVE, 
subject to Sections 4 and 7 below, the exclusive, royalty-free, 
perpetual (for the full term of copyright in the Article, 
including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Article in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Article into other languages, create adaptations, summaries or 
extracts of the Article or other Derivative Works (including, 
without limitation, the Video) or Collective Works based on all 
or any portion of the Article and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works and 
(c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically necessary 
to exercise the rights in other media and formats. If the "Open 
Access" box has been checked in Item 1 above, JoVE and the 
Author hereby grant to the public all such rights in the Article 
as provided in, but subject to all limitations and requirements 
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the 
exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non­
exclusive right to use all or part of the Article for the non­
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution's website or the Author's personal website, in each 
case provided that a link to the Article on the JoVE website is 
provided and notice of JoVE's copyright in the Article is 
included. All non-copyright intellectual property rights in and 
to the Article, such as patent rights, shall remain with the 
Author.

5. Grant of Rights in Video - Standard Access. This Section 5 
applies if the "Standard Access" box has been checked in Item 
1 above or if no box has been checked in Item 1 above. In 
consideration of JoVE agreeing to produce, display or 
otherwise assist with the Video, the Author hereby 
acknowledges and agrees that, Subject to Section 7 below, 
JoVE is and shall be the sole and exclusive owner of all rights of 
any nature, including, without limitation, all copyrights, in and 
to the Video. To the extent that, by law, the Author is 
deemed, now or at any time in the future, to have any rights 
of any nature in or to the Video, the Author hereby disclaims 
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video - Open Access. This Section 6 
applies only if the "Open Access" box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author hereby 
grants to JoVE, subject to Section 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Video in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Video into other languages, create adaptations, summaries or 
extracts of the Video or other Derivative Works or Collective 
Works based on all or any portion of the Video and exercise all 
of the rights set forth in (a) above in such translations, 
adaptations, summaries, extracts, Derivative Works or 
Collective Works and (c) to license others to do any or all of 
the above. The foregoing rights may be exercised in all media 
and formats, whether now known or hereafter devised, and 
include the right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States 
government employee and the Article was prepared in the 
course of his or her duties as a United States government 
employee, as indicated in Item 2 above, and any of the 
licenses or grants granted by the Author hereunder exceed the 
scope of the 17 U.S.C. 403, then the rights granted hereunder 
shall be limited to the maximum rights permitted under such

statute. In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants 
JoVE the right to use the Author's name, voice, likeness, 
picture, photograph, image, biography and performance in any 
way, commercial or otherwise, in connection with the 
Materials and the sale, promotion and distribution thereof. 
The Author hereby waives any and all rights he or she may 
have, relating to his or her appearance in the Video or 
otherwise relating to the Materials, under all applicable 
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants 
that the Article is original, that it has not been published, that 
the copyright interest is owned by the Author (or, if more than 
one author is listed at the beginning of this Agreement, by 
such authors collectively) and has not been assigned, licensed, 
or otherwise transferred to any other party. The Author 
represents and warrants that the author(s) listed at the top of 
this Agreement are the only authors of the Materials. If more 
than one author is listed at the top of this Agreement and if 
any such author has not entered into a separate Article and 
Video License Agreement with JoVE relating to the Materials, 
the Author represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them had 
been a party hereto as an Author. The Author warrants that 
the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, infringe 
and/or misappropriate the patent, trademark, intellectual 
property or other rights of any third party. The Author 
represents and warrants that it has and will continue to 
comply with all government, institutional and other 
regulations, including, without limitation all institutional, 
laboratory, hospital, ethical, human and animal treatment, 
privacy, and all other rules, regulations, laws, procedures or 
guidelines, applicable to the Materials, and that all research 
involving human and animal subjects has been approved by 
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of 
JoVE in producing the Video in the Author's facility, the Author 
shall ensure that the presence of JoVE employees, agents or 
independent contractors is in accordance with the relevant 
regulations of the Author's institution. If more than one 
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to 
the Article until such time as it has received complete, 
executed Article and Video License Agreements from each 
such author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to accept 
or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author's institution as necessary to make the Video, whether 
actually published or not. JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like.

11. Indemnification. The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney's fees, arising 
out of any breach of any warranty or other representations 
contained herein. The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney's fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author's or the 
Author's institution's facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE. The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author's

expense. All indemnifications provided herein shall include 
JoVE's attorney's fees and costs related to said losses or 
damages. Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE. If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received.

13. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE's successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder. This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement. A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Name: 

Department: 

Institution: 

Article Title:

Signature:
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Date:

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebutal document 

 

1. Some parts of the manuscript are still unclear; some of these are marked in the manuscript 

but there may be others, so please proofread, ideally by a fluent English speaker. 

Marked sections had been revised. 

 

2. 2.1.2: How is this done? If it’s the procedure listed in the following note, that should be 

incorporated into this step. 

Done; Line 244 ff. 

 

3. 2.2: More of this should be highlighted; as is, a ‘material’ is shown being spooled without 

its extrusion being shown. 

Indeed this would be good, but the extrusion (+spooling) was made in Austria (Leoben) and 

the filming will take place in Germany (Dresden). We only can show a almost similar 

extruder (TSE) and the final filament, what we get form Leoben. The reason ist that all the 

results were made by an international team within the EU-project cerAMfacturing. 

 

4. Would it be possible to consolidate the figures? 22 may be too many for readers to keep 

track of, and some with similar subject matter can certainly be consolidated into single 

ones (e.g., 1 and 2, 6-8, 15-17). Also, Figures showing the process that will be videotaped 

(e.g., 4 and possibly 5) may not be necessary. 

1 and 2 consolidated, 6 to 7 consolidated. 

I think reducing the number of figures needs to change the text as well. A couple of the last 

comments of the reviewers were related to tower structure (fig. 4 ) and ooze shield (fig. 5). 

Removing them would lead to more confusion. 

 

5. Figure 2: There is no scheme in the Figure. 

Done. This was my fault. I missed the CAD of the belt drive. 

 

6. Figure 10: What are the error bars? 

Done. 

 

7. Figures 15/16: There are no left or right portions in these figures. 

Done. 

Click here to download Rebuttal Letter 180510_rebutal
document.docm
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8. Please move discussion involving Figures 19-22 to the Results; the Discussion should be 

focused on topics that people who might want to do this procedure should know about. Also, 

the Results section can show results that do not directly come from the written Protocol but 

nevertheless illustrate some aspect of it. 

Done. I rearranged a little. 

  



 

 

 

 


