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Abstract

:

This article outlines the current state-of-the-art binder jetting (BJT) additive manufacturing of functional ceramics. The impact of printing parameters, heat treatment processing, and testing conditions on the observed performance of these ceramics is discussed. Additionally, this article discusses the impact of physical properties such as density and mechanical strength on the overall performance of these functional ceramics. Although printing parameters and initial feedstock are crucial for the printability of the desired parts, other factors play an important role in the performance of the ceramic. Thermal post-processing is crucial to achieve optimized functional properties, while the testing orientation is key to obtaining the maximum output from the part. Finally, future research directions for this field are also discussed.
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1. Introduction


Functional ceramics represent a class of materials that exhibit characteristic properties, in addition to those inherent to ceramics, such as chemical and thermal stability. Functional ceramics usually exhibit one or more unique properties in the biologic, elastic, electric, magnetic, or chemical regimes [1]. Among the most prominent type of functional ceramics are piezoelectric ceramics [2]. Piezoelectric ceramics are used for different applications such as sensors [3], energy harvesters [4], and actuators [5]. Other types of functional ceramics include those that are magnetic, such as magnetite [6], or hydroxyapatite, for its high compatibility in biological and biomedical applications [7], as well as those with electrochemical applications, such as titanium dioxide [8] and zirconium dioxide [9].



Ceramics in general are the most challenging materials to fabricate due to their brittle nature [10]. Functional ceramics exhibit the same challenges regarding their fabrication. The conventional route to fabricate bulk ceramics is rather rudimentary [11]. Firstly, the raw ceramic powder is mixed with a liquid medium to create a slurry. This slurry is then cast or pressed to create the desired shape. Finally, the fabricated part is heat-treated to remove the medium used to create the slurry, as well as consolidate and densify the ceramic part. This fabrication process greatly limits the geometries that can be manufactured using ceramics. In addition to the limited geometric freedom during fabrication, post-fabrication following heat treatment presents the same problem considering that it is extremely difficult to modify their geometry through machining or other subtractive manufacturing techniques. This geometry limitation due to the fabrication process was a topic of interest for years. The most promising technique to mitigate and alleviate this challenge is additive manufacturing (AM) [12].



Additive manufacturing of three-dimensional ceramics was explored using the techniques of paste extrusion (PE) [13], fused deposition modeling (FDM) [14], stereolithography (SLA) [15], and binder jetting (BJT) [16]. Parts produced through PE usually have high densities at the expense of lower resolutions. Parts fabricated using FDM have better resolution than PE parts, but the fabricated part is a polymer–ceramic composite. Resolution from SLA is the best of any additive manufacturing technology, but ceramic parts fabricated using this method have the lowest densities. BJT-printed ceramic parts have resolutions closer to those observed in SLA parts, but with much higher densities. BJT selectively deposits a liquid binder onto a powder bed of selected raw material using an inkjet printhead in a layer-by-layer fashion. The selectively deposited binder is then cured using heat to strengthen the fabricated part. After a de-powdering process, the BJT part is subjected to a further heat treatment process to densify the ceramic. A schematic depicting binder jetting 3D printing technology is provided in Figure 1.



As discussed, the implementation of additive manufacturing for the fabrication of functional ceramic structures will eliminate the geometry limitations from conventional fabrication methods. Extensive research efforts were made in recent years to design and demonstrate the viability of using a rational design of geometries to tune the properties of different structures [17,18,19,20]. Both metamaterials and nature-inspired designs were demonstrated to have the potential to create highly efficient smart structures. These structures can be tailored to fulfill specific applications within a system by customizing its geometry. Having the ability to implement materials with multiple functionalities, such as in the case of functional ceramics, will further elevate and expand the possibilities of smart material systems for a wide range of applications.



Due to factors to be discussed in later sections, BJT was not proven to be successful in printing fully dense ceramics. For structural ceramics, low densities are perceived as a downside of the technology. However, the performance of functional ceramics is not only assessed by their density or strength, but also by their efficiency and overall functionality in specific applications. It was proven that material systems that incorporate functional ceramics benefit from designed porosity, as well as the increased surface area provided by lower-density structures. Therefore, BJT is a great candidate for the fabrication of highly efficient material systems where functional ceramics are utilized. In this manuscript, we discuss the impact of printing parameters, processing techniques, and testing conditions on the overall performance of functional ceramics fabricated using BJT additive manufacturing.




2. Printing Parameters


Parameters that affect the printability of functional ceramics are virtually the same as those that affect the printability of BJT ceramics. The parameters that were studied and how they affect the properties of structural and functional ceramics are discussed in this section.



2.1. Raw Materials


The most important element to determine the properties of additively manufactured materials is the feedstock. In the case of BJT, the feedstock comprises two materials: the feed powder and the jetted polymeric binder.



2.1.1. Powder


The particle shape, size, and particle size distribution of the ceramic powder have a crucial role in the ability to three-dimensionally (3D) print the desired material, as well as the physical properties of the green body and sintered parts. The main properties affected by the powder selection are flowability, particle packing ratio, green body density, and potential sinterability of the finalized ceramic part.



Particle Size


The particle size of the powder employed was shown to have an impact on the properties of sintered ceramic bodies fabricated using BJT [21]. Bigger particles tend to have better flowability and are safer to operate than smaller particles [22]. Conversely, small particles exhibit better sinterability, as well as overall better functional properties [23].




Particle Shape


Particle shape was shown to have a strong influence on the flowability of the powder, as well as on the sinterability of the powder due to the number of contact points that each geometry offers [22,24]. This second point is discussed to a greater length in the next section.




Particle Size Distribution


Particle size distribution was demonstrated to have a considerable impact on the green body density of 3D-printed materials [21,25]. Multimodal particle size was shown to increase the density of BJT-printed ceramic and metallic parts. This increase was observed in both green body and sintered bodies, and it is attributed to smaller particles filling the voids left in between particles.





2.1.2. Binder


Powder–binder interaction is crucial to achieving better printability, as well as better properties in the printed parts. Despite the importance of the binder in the overall process, binder selection is very narrow due to compatibility with the commercial BJT equipment. Alternatively, infiltration of the 3D-printed parts with a secondary binder was proposed in the past to mitigate distortion of the part through filling the pores with functional ceramic precursors, thereby increasing the number of contact points between ceramics [26]. This infiltration process was demonstrated to enhance the shape retention of the fabricated ceramic after sintering, further validating the importance of binder in the performance of functional ceramics. Binders and binder chemistry must be tuned to accommodate and complement the behavior of ceramics to a similar extent to what was done with metals.





2.2. Printing Parameters


The quality of the printed ceramics is also greatly influenced by the printing parameters. Properties from the powder that affect the printability, such as poor powder packing ratio or low flowability, can be alleviated by the printing parameters. Additionally, ceramics have significantly different wettability, and this will also greatly influence their print quality. A key factor to control the amount of binder dispensed to the ceramic is the saturation level input in the printing parameters.



2.2.1. Layer Height


A key parameter for the quality of any BJT print is the layer height selected. This parameter controls the resolution of the print in the z-direction, but it also is dependent on the size of the powder used for the print. Common values for the layer height are, as a minimum, three times the max particle size present in the print, although this will vary based on the flowability of the feedstock powder. Intuitively, layer height should not be smaller than the feedstock powder.




2.2.2. Feed-to-Build Ratio


The feed-to-build ratio is a common parameter modified depending on the powder being used. This parameter controls the height of powder taken from the feed to be used for the build. As an example, a feed-to-build ratio of 2.0 set up to a BJT print would deposit a feed layer of twice the height from the height of the build. Feed-to-build ratio aids in improving the powder packing in the build side by pushing a higher amount of material than what is required by the print. This higher powder packing allows for higher green body densities, further contributing to better quality of the finalized product.




2.2.3. Saturation Level


Saturation was shown to impact the properties of BJT fabricated ceramics, especially in their green body form. Saturation is defined as the volume of binder jetted into the sample as a function of the empty space available due to packing. A volume of binder jetted equal to this empty space would represent a saturation level of 100%. At extremely low saturation levels, green bodies are not strong enough as there is not enough binder to keep the part together. In contrast, extremely high saturation levels yield distorted parts due to over-wetting and not enough curing during the layer stacking.



In this manuscript, we study the impact of saturation on the properties of BJT-printed functional ceramics. BaTiO3 samples were fabricated with different saturation levels and then sintered under identical conditions. The green body and sintered body densities were studied as a function of the saturation level. The results from this study are shown in Figure 2. It was observed that green body density increased as binder saturation increased. This behavior is expected as a higher amount of polymer is being introduced in each layer. Conversely, the sintered density was found to initially increase as higher saturation was introduced; however, this density peaked at around 145% and 205% saturation. The initial increase in density is attributed to a higher green body density, aiding in the formation of higher-density sintered parts. However, as higher saturations are introduced, the excess binder “pushes” the particles from the feedstock powder apart, inhibiting the densification of the sintered parts.



Additionally, the impact of saturation level on mechanical properties was studied. As shown in Figure 3, it was found that higher saturations yield better mechanical properties. This phenomenon must be further studied, and other saturation levels must be evaluated to determine the optimal parameters for this ceramic, as well as the correlation between this parameter and the overall properties of the printed ceramics. The increase in mechanical properties should have an impact on other functional properties such as piezoelectricity.





2.3. Impact of Printing Parameters on Functional Properties


The main factors and properties assessed to determine the optimal level of the described parameters were the packing ratio of the powder and the green body density. It is a common misconception in the literature that higher green body densities yield denser sintered parts. However, we demonstrated that this is not always the case. Additionally, density is not a good parameter to assess the performance of functional ceramics. As discussed in the next two sections, the microstructure and testing conditions are fundamental factors for the optimal operation and performance of additively manufactured functional ceramics.





3. Post-Processing Conditions


The key process to obtain the final 3D-printed ceramic structure is the heat treatment phase. During this process, the 3D-printed structure is densified, and its final dimensions are achieved. This process dictates key bulk physical properties of the ceramic such as density and strength [27]. In the case of functional ceramics, the heat treatment process is even more relevant as it also rules the functional ceramic performance due to the close relationship between the microstructure and functional properties [28,29]. Heat treatment processes influence microstructure properties such as grain size, grain boundary, and porosity of the sample [30], all of which are closely linked to the performance of functional ceramics.



A common heat treatment process for BJT-printed ceramics is shown in Figure 4 [31]. The heat treatment performed on ceramics fabricated using BJT usually consists of a curing process, in which the green body is subjected to temperature around 200 °C to strengthen the polymer. Once the curing process is completed, the sample is transported to a high-temperature furnace. In this furnace, the printed sample is subject to a binder burnout stage, during which the polymeric binder is removed from the sample. After the binder burnout stage, the sample is subject to a sintering stage, during which the ceramic is densified by subjecting it to high temperatures.



While all these steps are important to achieve a functional ceramic part with good properties, the sintering stage is the main contributor to the microstructure of the material and, therefore, to its functional performance. The significance of the microstructure of ceramics in their functional properties is discussed in this section. Additionally, factors that contribute during the sintering stage to dictate this microstructure properties are discussed.



3.1. Grain Size


3.1.1. Impact


Ferroelectric and ferromagnetic materials only exhibit these properties when they are in specific phases. In order to achieve these phases, the size of their grains should be above the critical domain dimension [32]. This critical domain dimension is dependent on the specific material being studied. The functional properties of ceramics are also influenced by the grain size even above this critical domain size. It was shown that piezoelectric properties are enhanced as grain size decreases, provided that this decrease is not past the previously mentioned critical domain [33]. Similarly, magnetic properties can be enhanced when the grain size decreases [34]. Therefore, the sintering process must be tuned for each functional ceramic, based on the initial particle size and the critical dimension required to achieve the desired functional properties.



Contributing Factors


The most practical factors to control during the fabrication and sintering of functional ceramics using BJT are particle size, sintering temperature, and sintering time.




Particle Size


The particle size utilized generally dictates the minimum grain size observed in the final part [35]. These particles coalesce and grow to form grains during the sintering; therefore, utilizing big particles from the start will yield poor to mediocre functional properties in the final part.




Sintering Temperature


Grain growth is required to achieve optimal density and is directly linked to sintering temperature. Grain growth is achieved through two main routes: grain coarsening and grain coalescence [36]. Grain coarsening refers to the growth of the individual particles when subject to high temperatures, while coalescence is related to mass diffusion of the particles through grain boundaries. The relationship between grain coarsening and temperature is expressed in the following equation [37]:


   G n  −    G 0 n  =    K 0  t exp  (  −  Q  R T    )  ,  








where G is the average grain size at a given time, G0 is the initial grain size, n is the kinetic grain growth exponent usually equal to 3, K0 is the preexponential constant, Q is the apparent activation energy for grain growth of the specific material, R is the gas constant, and T is the absolute temperature during sintering.



From this equation, it can be observed that the sintering temperature plays a key role in determining the average grain size of the sintered ceramic. Therefore, sintering temperature is crucial in obtaining the optimal functional properties due to its impact on the microstructure of the ceramic.




Sintering Time


Equally as important to the microstructure of the finished sample is the sintering time. While sintering temperature determines the growth rate of the grain, the sintering time determines the final size of the grain. As is the case with sintering temperature, sintering time must be tuned and designed for the material being BJT-printed.






3.2. Grain Boundary


3.2.1. Impact


Grain boundaries were shown to lower the piezoelectric properties of functional ceramics due to a drop in the ferroelectric domain density [38]. Therefore, grain boundary concentration must be minimized.




3.2.2. Contributing Factors


At the high temperatures required for the sintering of ceramics, the different elements in the crystal structure segregate and precipitate in the grain boundaries. In the case of ABO3-type functional ceramics, oxygen can be removed from the crystal structure and moved on to vacancies. Due to this mobility of oxygen, sintering in an oxygen atmosphere is beneficial to obtaining high-density ceramics [1].



The impact of sintering conditions in the functional properties of BJT printed ceramics was addressed in recent years [39]. A clear correlation in the piezoelectric and dielectric sensing capabilities of BaTiO3 and the sintering temperature was observed, as shown in Figure 5 and Figure 6. A linear increase in the dielectric properties was observed as the sintering temperature increased for the same sintering time. Additionally, the d33 piezoelectric coefficient of the printed ceramic was linearly influenced by the sintering temperature. Furthermore, a notable increase in density at higher sintering temperature was observed. Despite the clear trend observed for all of these properties as temperature was increased, it is still not clear if the higher dielectric and piezoelectric properties were due to an increase in density or to a change in the relevant microstructural properties of the printed ceramic. Recent studies showed that high piezoelectric properties can be attained in BJT-printed ceramics with much lower densities [31].






4. Testing Conditions


Ceramics fabricated using BJT tend to be highly orthotropic [40]. This is due to the voids formed throughout the ceramic during the fabrication and heat treatment processes. Some examples of the porosity of different BJT printed ceramics are shown in Figure 7 and Figure 8. Although pores are formed throughout the sample, they are expected to be present to a higher extent with greater coordination between the printing layers. These porous arrays have an impact on the properties of the printed ceramics. The dependence on the loading direction was characterized for properties such as mechanical strength [40]. However, very little research was dedicated to studying the impact of the testing orientation on the functional properties of 3D-printed ceramics.



Recently, it was reported that the piezoelectric properties of BJT-printed functional ceramics is dependent on the testing orientation [31]. Samples in which the piezoelectric characterization was performed normally to the printing layers exhibited a piezoelectric response over 35% higher than those tested in a parallel condition to the printing layers. Additionally, the dielectric properties from functional ceramics were also influenced by the testing orientation. The dielectric properties of perpendicularly tested BJT-printed BaTiO3 were 20% better than the samples tested in a parallel condition.



In this manuscript, the directional dependence of the functional properties in BJT samples was corroborated by fabricating samples of lead zirconate titanate (PZT). In order to test the piezoelectric properties of BJT-printed PZT samples as a function of building orientation, two sample sets were prepared using an ExOne M-Lab BJT printer. Samples from the same printing process were then sintered. After this, the two sample sets were electroded in two different orientations with respect to the build direction. The sample set defined as “parallel” was electroded parallelly to the deposited printing layers. Conversely, the “perpendicular” samples were electroded in a normal fashion to the deposited printing layers. After this electroding process, the samples were subject to a poling field of 0.5 kV/mm at 60 °C for two hours. Once the poling process was performed, the piezoelectric properties were characterized using a d33 m from American Piezo Ceramics, Inc.



A behavior like that observed in BaTiO3 was observed for the PZT samples. Higher piezoelectric properties were obtained for the samples tested in a perpendicular manner to the ones tested parallelly. The results from this characterization can be seen in Figure 9. The average piezoelectric response for the PZT samples tested parallelly was found to be 468.5 pC/N, while the samples tested perpendicularly yielded an average piezoelectric charge coefficient of 541.4 pC/N. The orthotropic behavior in the functional ceramics is believed to be due to the porosity of the sample.



Ceramic samples fabricated by BJT tend to have lower densities than samples obtained from metal BJT printing. One of the main reasons for this behavior is the lower powder packing density, and the air voids formed in between layers during the sintering process, as shown in Figure 7. This porosity was further characterized by performing X-ray computed tomography (XCT) in BJT-printed Al2O3 samples. The morphology of functional ceramics is very similar; however, this is harder to characterize using XCT due to the density of the elements present in materials such as PZT. One example of the results from this imaging is shown in Figure 8, as well as in Video S1 (Supplementary Materials). This microstructure is expected to affect the mechanical load transfer ability from the functional ceramics, as well as lower the overall piezoelectric response as a result.



Compressive mechanical tests were also been performed on this samples to validate this hypothesis. The results for this characterization, as well as the piezoelectric properties for BaTiO3 under different loading conditions, are shown in Figure 10. From these results, it can be observed that higher structural properties also contribute to better piezoelectric properties in functional ceramics, further validating the importance of the testing conditions in the observed properties of functional ceramics.




5. Conclusions and Future Directions


In this brief review, the influence of relevant parameters in BJT printing of functional ceramics to attain ideal performance was discussed. It was found that particle shape and size distribution are crucial to achieving good printability. Although good printability is required to achieve successful BJT-printed parts, properties observed in the printed ceramics are also significantly influenced by printing parameters such as binder saturation. Binder saturation was found to affect green body density, as well as the density after sintering. The post-printing heat treatment processing is equally important to achieve high functional properties from the printed ceramics. The impact of sintering conditions on several functional properties such as dielectric and piezoelectric capabilities was also discussed. Finally, it was also demonstrated that BJT-printed ceramics tend to be highly orthotropic. It was observed that an increase in apparent piezoelectric properties of over 15% was observed for samples tested in different orientations with respect to the build direction. Finally, a correlation between the mechanical and piezoelectric properties of functional ceramics under different testing orientations was established.



Regarding future research directions for this growing field, some suggestions are provided below.



5.1. Material Design


As discussed in this review, the material interaction and evolution are critical to achieving high properties in functional ceramics, as well as ceramics in general. Most printing systems are designed for metals. Special attention must be paid to the development of binders compatible with ceramics that can also aid in increasing the density of the final part. Additionally, sintering and post-processing tailored for the multi-stage and material system printed by BJT must be developed to further aid in increasing the density and final properties.




5.2. Tailored Applications


Finally, applications in which the orthotropic nature and porosity can be used as an advantage of the material system must be explored. Systems that require the use of high-surface-area structures or directed response would greatly benefit from the use of BJT-printed functional ceramics.
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Figure 1. Schematic showing the working mechanism of binder jetting (BJT) additive manufacturing. 
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Figure 2. Binder saturation influence in green body and sintered density of BJT-printed BaTiO3 functional ceramics. 
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Figure 3. Influence of binder saturation on sintered strength of functional ceramics. 
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Figure 4. Common sintering profile of BJT-printed ceramics including (a) binder curing stage, (b) cool-down and sample transfer, (c) binder burn-out stage, and (d) sintering stage. 
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Figure 5. Sintering temperature impact in dielectric properties of BJT-printed BaTiO3 [39]. 
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Figure 6. Sintering temperature impact on density and piezoelectric properties of BJT-printed BaTiO3 [39]. 
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Figure 7. Cross-sectional SEM image of BJT-printed BaTiO3 looking at the printing layers. 
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Figure 8. X-ray computed tomography of BJT-printed ceramic. 
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Figure 9. Piezoelectric performance of lead zirconate titanate (PZT) ceramics as a function of testing orientation. 
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Figure 10. Correlation of mechanical and piezoelectric properties as a function of testing orientation. 
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