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Abstract

:

The formation of defects, due to drying, in robocasted ceramic objects is an important issue arising from non-uniform shrinkage of the material during this step in the process. Common methods for shrinkage measurement are not well suited to the small size of robocasted cords or the complexity of robocasted objects. Innovative methods for shrinkage measurement were developed using non-destructive optical vision techniques with computer-controlled data acquisition, allowing measurement on millimetric cords and on specific zones of a product. The study of a single porcelain cord revealed an anisometric shrinkage related to the orientation of grains during extrusion. A differential shrinkage at the macroscopic scale was also measured on a robocasted object, indicating a moisture content gradient in the material. The methods presented in this paper are of particular relevance to real-time control of the drying process for robocasted objects.
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1. Introduction


Additive manufacturing of ceramics covers a large number of techniques which have been well described in the literature [1,2,3]. The choice of a processing technique depends on parameters such as the size of the object, the dimensional resolution and the cost as well as the ability to produce ceramic parts with the required microstructure and properties in relation to the intended application. The variety of additive manufacturing techniques also corresponds to very different feedstock forms such as powders, slurries, pastes or filaments of ceramic polymer composites. The preparation of raw materials to meet the process requirements is another factor to be considered in the choice of a 3D fabrication technique.



Among these techniques, robocasting, which is a Direct Ink Writing (DIW) technique, was developed in the period 1995–2000 to print complex ceramic parts [4]. The raw material is a paste which is extruded through a small diameter nozzle of typically a few hundred micrometres. The position of the nozzle is controlled by a computer based on a GCODE file generated from a CAD file to produce the ceramic object layer by layer. Robocasting has several advantages, mainly its versatility, ease of use, speed of manufacturing and low equipment and operating costs. Today, a wide variety of ceramic materials can be printed by robocasting for different applications in electronics, energy and medicine [2,5]. In recent years, there has been strong interest in the fabrication of complex ceramic parts with high-performance materials for specialised applications: HAP for bio-medical applications (bone scaffolds) [6,7], SiC for highly thermal-resistant parts [8], Al2O3 for its mechanical strength [9,10] and AlN for heat dissipation in electronic devices [11]. Although a lot of studies focus on technical ceramics due to their remarkable properties, robocasting is also of interest for silicate ceramic materials. Recent work has investigated the formulation of porcelain pastes for 3D printing applications in the tableware industry [12,13]. Robocasting has now become one of the major ceramic printing technologies on the market. Formerly used for rapid prototyping, recent technical breakthroughs, both in terms of paste formulation and process optimisation, have allowed the development of robocasting for the industrial-scale fabrication of finished products.



Even though robocasting offers many advantages, some challenges remain when printing ceramic parts. The major one is the formulation of a ceramic paste to ensure that the rheological properties required for printing remain constant during the entire fabrication process. Another important challenge pointed out by some authors including Cesarano is the drying step [14,15,16]. Robocasting requires ceramic pastes with sufficient plasticity to be extruded through the printer nozzle. The initial amount of water in the pastes must then be sufficiently high to separate grains by a thin film of water so that they can slide in relation to each other. Once the shaping is achieved, complete drying is necessary to ensure that water is removed before firing. During drying, grains approach each other until they are in contact, yielding a shrinkage at the macroscopic scale. This is known to be the most delicate stage of drying because if the shrinkage is not uniform, it can be responsible for drying defects such as warping or cracks. After the shrinkage stage is completed or when it becomes negligible, drying still operates to remove water in the porous network [17,18,19]. Furthermore, an important difference between robocasting and conventional shaping methods is that drying starts during the casting process, meaning that the bottom part of the object starts to dry before the top of the object is extruded. For this reason, Cesarano et al. recommend optimising the drying rate, which needs to be sufficiently high to favour consolidation of the extruded cord and avoid the collapse of the object during printing, but sufficiently low to avoid macroscopic defects due to non-uniform shrinkage [14]. Different strategies have been proposed for a better control of the drying operation in robocasting. With this objective, the simplest way is to adjust and ensure reproducible drying conditions by controlling the air characteristics, i.e., the temperature and the amount of water vapour. Another strategy which has been proposed consists of printing in a liquid oil to prevent evaporation during the layer deposition and to use infrared radiation to dry the deposited layer before extruding a new one. This is called the Ceramic On-Demand Extrusion process [20]. Baltazar et al. compared these two different strategies to control the drying rate. They printed alumina parts in a liquid paraffin bath (followed by infrared drying of each layer) and in air with a relative humidity of 85%. Both methods gave alumina parts with high relative density and good mechanical properties [21].



In addition to the drying conditions, the behaviour of the ceramic paste is of strong importance and should be well characterised to achieve robust and reproducible processing. This requires methods for measuring drying shrinkage. A common practice for measuring shrinkage is to use a position sensor to track the evolution of the height and/or length of the product in 1D. However, recent work by Oummadi et al. presented a method based on tracking marks with an optical camera that allowed shrinkage to be measured precisely in different directions at the same time [22]. The shrinkage evaluated using this image analysis method was compared with values measured using a Linear Variable Differential Transformer (LVDT) sensor for alumina and kaolin pastes. Closely similar curves were obtained when plotting the shrinkage as a function of the water content with the two methods. Nevertheless, existing methods using sensors are not well suited for measurements on cords printed by robocasting due to their small size, low mechanical strength and convex surface. The tracking of marks method would also be difficult to reproduce as it requires placing sub-millimetric marks without altering the surface of the cord. Using marks for measuring shrinkage on robocasted products could cause irreversible damage and yields spatially limited shrinkage measurements.



In view of the challenge of a controlled drying operation in the robocasting process and the importance of the shrinkage that occurs during water removal, in this work we have developed methods for monitoring dimensional variations at different scales, based on image analysis without using marks. At the scale of an extruded cord, the approach provides basic information on the behaviour of the paste during drying which is useful for process parameter adjustment and for the formulation of ceramic pastes. At the scale of an extruded object, differential shrinkage rates are demonstrated. Such information could be used to optimise drying conditions. The article presents the methods and illustrates them with some results of particular interest.




2. Materials and Methods


2.1. Materials and Devices


Two cameras were used for image acquisition during drying. The first one is an IDS UI-1490SE (Obersulm, Germany) with a resolution of 3840 × 2748 pixels mounted with a Kowa LM50JC10M lens (Nagoya, Japan) and the second is an IDS UI-1480SE with a resolution of 2560 × 1920 pixels mounted with an OPTEM Fusion 12.5:1 lens. The scripts used for controlling the cameras and analysing the images were developed using Python and the OpenCV library [23].



The experiments presented in the following sections were made using a commercial porcelain paste formulated for robocasting (Imerys EZPrint3D-E, Paris, France). Thermogravimetric analysis, conducted on dried powder from the paste using a TG-DSC Labsys Evo Setaram system, reveals a 7% mass loss between 450 °C and 700 °C. This can be attributed to the dehydroxylation of kaolinite. Compared with pure kaolinite, where the mass loss due to dehydroxylation is 14%, the weight loss indicates that the powder is made of 50 wt% of kaolinite. Samples (powder and extruded cords) were observed in a Scanning Electron Microscope (SEM) FEI Quanta 450 FEG (Hillsboro, OR, USA). The micrograph of the powder in Figure 1 shows the strongly anisometric kaolinite platelets.



The products studied in this paper were printed using a ceramic 3D printer WASP 2040 Clay (Massa Lombarda, Italy), mounted with a LDM Wasp Extruder 3.0 and a nozzle with an internal diameter of 1 mm.




2.2. Measuring the Drying Shrinkage of an Individual Robocasted Ceramic Cord


A method was first developed for measuring the drying shrinkage of single ceramic cords obtained through robocasting. Due to their small radius, ranging from 0.4 mm to 2 mm, conventional shrinkage measuring methods were not optimal for obtaining satisfying results on these cords. The new method is non-destructive and relies on taking digital images and analysing them using automated image analysis scripts to obtain shrinkage-over-time plots for both the longitudinal and radial directions.



The experimental apparatus used for measuring the drying shrinkage of the cord is illustrated in Figure 2. The two cameras take pictures of the cord at regular time intervals for the duration of the experiment. Examples of the images taken by camera 1 (IDS UI-1490SE) and camera 2 (IDS UI-1480SE) are shown, respectively, in Figure 3a and Figure 3b. The cord was deposited on a PVC plate coated with a thin layer of graphite by spraying. The graphite coating has two main advantages in this experiment: its mat black finish yields strong contrast between the cord and the plate, which helps when performing image analysis; graphite is also a solid lubricant which reduces the interaction between the cord and the plate [24], thus allowing the cord to shrink without sticking to the plate. A light source is used to illuminate the cord and obtain a better contrast with the plate.



For this experiment, the cord is extruded freely and separated from the nozzle using a spatula. It is then deposited on a graphite coated plate with particular attention not to add any strain. This method ensures that little to no extra deformation is incurred by the cord that could potentially reduce the quality of the results. The cord is extruded at a rate of 1 cm/s for the preliminary results, and at 1.5 cm/s and 2 cm/s to investigate the effect of the extrusion rate on drying shrinkage.



After drying is complete, two sets of images are obtained: one for each camera. A Python script is then used to measure the dimensions of the cord on each image. The algorithms used to analyse each set of images are different, but they both start by processing the images in the same manner. Each image is first truncated, converted to grayscale and then blurred. A threshold is then applied before performing a contour analysis using the algorithm proposed by Suzuki et al. [25]. These steps are illustrated in Figure 4. The length of the cord is obtained by placing the minimum bounding rectangle on the contour (red), as shown in Figure 5, and then measuring its length.



To obtain an accurate value for the diameter of the cord, five measurements are made, distributed over the visible part of the cord. To achieve this, the script places five equally spaced virtual markers on the top part of the contour, searches for the closest point on the bottom part of the contour for each of them, and computes the distance between the top and bottom points as is illustrated in Figure 6. The value for the diameter is obtained using the mean of the five measurements. This spatially averaged value significantly reduces the measurement noise.



Once the values for both length and diameter are obtained for the whole duration of drying, the longitudinal and radial shrinkages are calculated using the following relation:


   S  l i n   =     L i  − L   L i     



(1)




where L is the dimension at time t and   L i   is the initial dimension.




2.3. Measuring the Drying Shrinkage of a Robocasted Ceramic Product


The method presented in this section was developed to measure the drying shrinkage of complete robocasted ceramic products throughout the drying process in a non-destructive manner. Similarly to the previously described method, this one also relies on image analysis using a camera and Python scripts. The measurement of shrinkage relies on an automatic detection of cords by taking advantage of the unique surface topology of robocasted products, allowing the size of the cords to be tracked over time.



The experimental apparatus used to measure the shrinkage of the products is illustrated in Figure 7. The camera (IDS UI-1490SE) captures images of the product at regular time intervals throughout its drying period and a light source is used to illuminate the product and highlight the interfaces between the individual cords. An example of an image taken during drying is shown in Figure 8. Each image is analysed using an algorithm written in Python to compute the size of each cord.



Before analysis, each image is processed to highlight the interfaces between cords. The image is first rotated so that the cords are horizontal. The zone of interest for the study is then selected by the user and will be applied to all subsequent images. The image is then converted to grayscale and blurred in order to reduce the noise and facilitate detection of the interfaces. The interfaces are identified using the canny edge detection technique [26]. This algorithm detects brutal variations in the pixel intensity gradient to extract the edges in an image. The canny edge detection technique is used in a wide variety of computer vision systems and provides a reliable tool for investigating, e.g., micro-cracks or particle size distribution [27,28]. An example of an image after processing is shown in Figure 9.



The interfaces are then detected using an algorithm that computes a histogram of the white pixel density over the height of the image. Each peak in the histogram corresponds to an interface in the image and the height of each cord corresponds to the distance between the successive interfaces. The analysis of each image taken during the drying of a product is used for tracking the drying shrinkage of either the product as a whole or only for a zone of interest on its surface.



For this experiment, the products are printed with a 1 mm nozzle and a layer height of 0.8 mm. The extrusion rate is set at 1 cm/s.





3. Results and Discussion


The methods presented in the previous section were used to study the drying shrinkage of several robocasted green-body porcelain parts.



3.1. Drying Shrinkage of a Robocasted Ceramic Cord


The cord was dried at room temperature and ambient relative humidity. Its dimensions were measured throughout drying using the previously described method. The drying shrinkages in both the longitudinal and radial directions are shown in Figure 10. A difference in final shrinkage can be observed in both directions with 3.8% in longitudinal shrinkage and 5.7% in radial shrinkage. These results are consistent with analysis by hand of the starting and finishing images of the drying surface using an image editor to evaluate the total amount of shrinkage. A hypothesis to explain this difference in behaviour depending on the measuring direction could be the orientation of the kaolinite platelets during extrusion due to the shear stress created by the nozzle. The platelets are preferentially oriented to lie parallel to the longitudinal direction [29]. Consequently, the number of liquid/solid interfaces per unit length is higher in the radial direction. Thus, as water evaporates from the material and the platelets approach each other, the shrinkage is higher in the radial direction. Additional experiments were conducted to test the effect of adhesion with the support. A very similar behaviour was observed for a cord deposited on a support coated with oil instead of graphite. However, when the cord is extruded directly on the support without coating, the longitudinal shrinkage is strongly inhibited (less than 1%) while the radial shrinkage remains identical to approx. 6%. This leads to the conclusion that the adhesion interaction between the cord and the support has a strong influence on the longitudinal shrinkage but a negligible effect in the radial direction.



SEM images of a slice across the cord and of the external surface of the cord are shown in Figure 11. The slice corresponds to a fracture of a cord, made by hand, where the observation surface is perpendicular to the direction of extrusion while the external surface of the cord is parallel to the extrusion direction. The slice, displayed in Figure 11a, reveals a general orientation of the platelets in the extrusion direction as mostly edges are visible. This orientation is confirmed by the micrograph of the surface of the cord in Figure 11b, where only the basal surfaces of the platelets can be observed. Similar results on platelet orientation have been reported by Feilden et al. for cords with 70 wt% of alumina platelets, with the advantage of improving the mechanical behaviour of ceramic products [30]. The effect of kaolinite grain orientation on drying shrinkage anisotropy was also reported by Oummadi et al. when comparing the shrinkage in three orthogonal directions measured on pressed kaolin paste samples prepared from a powder containing 78 wt% of kaolinite [22]. The total amount of shrinkage in the pressing direction (11% related to the dry length) is reported to be 1.8 times greater than in directions perpendicular to the pressing axis (6%). Compared to this ratio of 1.8, the value presented in Figure 10 leads to an anisotropy ratio of 1.5. This lower value could be explained by the lower amount of kaolinite (50wt % in the present study) and differences in the aspect ratio of the individual kaolinite platelets.



It can also be noted in Figure 10 that a swelling occurs at the end of the drying shrinkage, after 0.3 h, in the radial direction. One hypothesis is that this behaviour is due to the orientation of the platelets in the direction of extrusion. As water evaporates, liquid bridges appear in between the platelets, as illustrated in Figure 12. The pressure difference at the meniscus interfaces and the forces due to the water surface tension (at the solid/liquid/air line) produce the capillary forces that pull the grains together [31]. During the shrinkage stage, these forces are continuously balanced by repulsive forces that originate from surface charges on the solid grains [32]. After the major shrinkage is achieved, water in the bridges evaporates and the capillary forces decrease, causing a local reorganisation of the grains, due to repulsive contribution, leading to the swelling observed in the experiment [33]. Figure 12 illustrates this hypothesis. This phenomenon was also observed by other authors and reported by Onoda et al. when analysing the volume–weight relations in ceramic particulate systems encountered in processing [34,35].



Further experiments were conducted by varying the extrusion rate. Due to the extrusion technology used by the machine (a screw extruder fed by an external tank under 6 bar of pressure) a stable extrusion rate is difficult to obtain outside of a working range of 1.0 to 2.0 cm/s. Three extrusion rates were investigated and each measurement was repeated three times to account for the difficulty in obtaining stable extrusion rates. The radial shrinkage as a function of the extrusion rate is reported in Figure 13. Longitudinal shrinkage is not shown here as there was too much variation due to interactions with the support.



Radial shrinkage seems to be constant up to an extrusion rate of 1.5 cm/s and then diminishes at 2.0 cm/s. Taking into account that all the cords were dried on the same support at similar ambient drying conditions, variations in drying shrinkage can be attributed to the effect of the extrusion rate. Assuming that volumic shrinkage is identical for all samples, these results indicate a decrease in drying shrinkage anisotropy in the cords extruded at a rate greater than 1.5 cm/s. In their work, Feilden et al. explain that the orientation of anisometric grains during extrusion is dependent on the duration of exposure to the velocity gradient in the extrusion die [30]. As extrusion rate increases, the duration for which any given grain is inside of the extrusion die decreases, thus reducing the probability of it being oriented in the extrusion direction. The decrease in shrinkage anisotropy may also be caused by a disappearance of the velocity gradient. When the extrusion rate exceeds a threshold value, the laminar flow with a velocity gradient can transform into a plug flow where the velocity is almost uniform.




3.2. Drying of a Complete Robocasted Product


A tower-shaped product of 40 × 20 × 40 mm3 with 5 mm thick walls was printed and then dried in the experimental apparatus shown in Figure 7. The product was subjected to ambient drying conditions with an air temperature of 18 °C and a relative humidity of 55%. Its mass was tracked using a precision balance and images were taken every minute until the mass was stabilised. The images were then analysed using the methodology described in Section 2.3. Drying shrinkage was measured in two zones of interest: the first one close to the bottom of the product and the second one close to the top, displayed in Figure 14a. One hypothesis is that the shape of the product, displaying a cavity, would yield a difference in drying rate along its height.



Drying shrinkage over time is shown in Figure 14b for both zones of interest. The total drying shrinkage of the product is around 5%, and was achieved after 6 h 30 min of drying time. However, a clear difference in drying rate can be observed between the top and bottom zones. As drying shrinkage is intimately linked to the moisture content of the material, this disparity could reflect the existence of a moisture content gradient in the vertical direction. It can be noted that for the first 15 min both zones of interest display similar drying rates before diverging. This differential shrinkage between the bottom and the top of the object might be explained by the difference in the drying conditions over the height of the internal surface. It can be assumed that the relative humidity inside the cavity increases from the top to the bottom due to evaporation and poor air circulation.



In a previous work, a computer model of the drying behaviour of ceramic green bodies combining heat and mass transfers, boundary conditions for water evaporation and moisture-dependent properties was developed [36]. This model was expanded to include drying shrinkage using the Lagrangian method, which allows the geometry of the drying body to change according to its water content [37]. The experiment presented in this section was reproduced using this computer model. For these calculations, the external surfaces were subjected to convective drying conditions with the experimental ambient air characteristics while the internal surfaces were subjected to increasing relative humidity starting from 55% at the top to 90% at the bottom of the cavity in an effort to simulate the stagnant air inside the cavity. The drying shrinkage was tracked over time in the same two zones as in the experiment and the results of the simulation are displayed in Figure 14b. The predicted shrinkage curves are in good agreement with the experimental data, which is consistent with the assumption that differences in drying conditions can lead to a differential shrinkage along the height of the object.



The measurement noise observed in Figure 14b is explained by the small size of the cords in relation to the resolution of the camera. For a given image, each cord has a height of around 100 pixels meaning that small variations in size on a single cord may not be picked up by the algorithm. However, the general drying shrinkage behaviour as well as the key values are clearly visible in the graph.



It would now be interesting to place the methods developed in a more general context of existing tools for monitoring drying shrinkage. Several methods and devices have been described in the literature to evaluate drying shrinkage. The simplest method consists of measuring the distance between marks before and after drying using a caliper. The marks can be made with a gauge or a knife on a sufficiently long sample (~100 mm) to achieve a good accuracy, as described in the standard test method recommended for measuring drying shrinkage of ceramic whiteware clays [38]. The barelatograph is another device that can be used to follow dimensional variations in one dimension, by means of a small metal bar in contact with the sample. It is used for plotting Bigot curves representing the water content as a function of shrinkage. This method has been used to investigate drying behaviour in traditional but also technical ceramics [34,39]. Other devices which can be implemented for computer monitoring have also been used to track the evolution of the dimension of ceramic green bodies in 1D, for example LVDT or laser sensors [22,40]. In recent years, image analysis techniques have been used to investigate shrinkage during drying. Tracking marks and Digital Image Correlation (DIC) have successfully been implemented to measure drying shrinkage in concrete materials [22,41,42]. The DIC technique yields evaluation of shrinkage fields with a high accuracy, but it requires a speckled pattern to be coated on the sample surface. For green bodies made of several materials with different colours, the natural contrast of the surface can provide the required speckle; otherwise, a powder or a paint has to be sprinkled over the surface of the sample, which makes this technique more complicated because the added material can also interact with the drying process. Therefore, the proposed method seems to be a good compromise to follow shrinkage in different zones of a printed object without any interaction with the product and with a sufficient accuracy to highlight differences in shrinkage rate.





4. Perspectives on Real-Time Measurements of Drying Shrinkage for Robocasted Products


The previous methods were developed to measure drying shrinkage once the drying process is over and all the images have been taken. However, one of the main advantages of this kind of method is its ability to be deployed to measure shrinkage in real time. A precise control of the drying shrinkage could then be achieved by taking preventive actions during drying in order to avoid the occurrence of defects such as cracking or warping. A Python script was developed to measure the shrinkage of a product during drying and provide a real-time feedback to the user in the form of an updating shrinkage-over-time plot. This method is largely based on the experimental apparatus presented in the previous section for image acquisition and analysis with a modified workflow. The operating principle of this method is summarized in Figure 15.



The real-time measurement method was used to track the drying shrinkage of a complete product during drying in a climatic chamber. A tower-shaped product of 40 × 20 × 40 mm3 with 5 mm thick walls was placed in the chamber and the camera was placed in front of the window. The climatic chamber was modified so that mass measurements of the sample, placed inside, could be made.



The product was dried at a temperature of 30 °C and a relative humidity of 40%. The shrinkage-versus-time plot, displayed in Figure 16, was updated in real time. This graph gives valuable information to a user about the drying state of the product as well as the exact time at which drying shrinkage is complete. Once shrinkage is completed, the risk of defects in the product, such as cracking or warping due to uncontrolled drying, is severely reduced.



Another method for detecting the end of drying shrinkage in real time was proposed in a recent paper by Nait-Ali et al., making use of a convolutional neural network. The algorithm was trained using images taken from experiments on drying robocasted objects to identify the presence of water on the drying surface. This absence of water on the surface corresponds to the end of the drying shrinkage stage. Such precise information can then be used to modify the drying process [43].




5. Conclusions


New methods relying on digital images for measuring drying shrinkage in robocasted ceramic parts have been developed. Each of the two methods presented allow information to be gathered at different scales, from a single cord to a complete part, in a non-destructive manner. A single robocasted porcelain cord of 1mm radius was studied, revealing a clear anisotropy in drying shrinkage between the radial and longitudinal directions at 5.7% and 3.8%, respectively. This was explained by an orientation of the kaolinite platelets in the paste during its extrusion. A difference in drying shrinkage was also observed for different zones of a complete product exhibiting an open cavity. This was explained by the geometry of the part inhibiting airflow and causing unequal drying conditions along the height of the product. Having observed this phenomenon in a simple product, we conclude that drying shrinkage must be taken into account in the design phase of robocasted parts.



The digital methods for measuring shrinkage have the important advantage that they do not harm the products or disturb the drying process. In situ measurement of shrinkage could offer robust information for real-time fine control of the drying process for robocasted products, reducing the appearance of defects and the cost of fabrication. Specific adjustments to drying conditions, in terms of temperature, relative humidity or air flow, could be made by leveraging the methods presented in this paper to identify differences in shrinkage and correct them in real time.
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Figure 1. SEM micrograph of the powder taken from dried porcelain paste EZPrint3D-E. 
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Figure 2. Experimental apparatus used for measuring the drying shrinkage of an individual robocasted ceramic cord: (a) schematic representation and (b) photograph of the experimental setup. 
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Figure 3. Examples of images obtained using (a) camera 1 and (b) camera 2. 
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Figure 4. Examples of images obtained after (a) thresholding and (b) after contour analysis (the contour of the cord is highlighted in red). 
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Figure 5. Example of a minimum bounding rectangle (in red) placed over the image of a robocasted cord, used to evaluate the length. 






Figure 5. Example of a minimum bounding rectangle (in red) placed over the image of a robocasted cord, used to evaluate the length.



[image: Ceramics 07 00073 g005]







[image: Ceramics 07 00073 g006] 





Figure 6. Example of virtual markers placed over the image of a robocasted cord to evaluate the diameter. 
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Figure 7. Experimental apparatus used to capture images of the drying product. 
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Figure 8. Example of an image of the drying product captured using the apparatus described in Figure 7. 
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Figure 9. Example of an image of the drying product after processing. 






Figure 9. Example of an image of the drying product after processing.



[image: Ceramics 07 00073 g009]







[image: Ceramics 07 00073 g010] 





Figure 10. Drying shrinkage of a porcelain cord in both the longitudinal and radial direction as a function of time. 
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Figure 11. SEM micrographs of a dried porcelain cord. (a) A cut perpendicular to the extrusion axis and (b) along its surface. 
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Figure 12. Schematic representation of a liquid bridge and the resulting forces. 
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Figure 13. Radial shrinkage of an extruded cord as a function of the extrusion rate. 
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Figure 14. (a) Image of the studied ceramic product with highlighted zones of interest (in red for the bottom and in black for the top of the object) and (b) drying shrinkage over time for both zones of interest. 






Figure 14. (a) Image of the studied ceramic product with highlighted zones of interest (in red for the bottom and in black for the top of the object) and (b) drying shrinkage over time for both zones of interest.



[image: Ceramics 07 00073 g014]







[image: Ceramics 07 00073 g015] 





Figure 15. Operating principle of the method used to measure the drying shrinkage in real-time. 
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Figure 16. Drying shrinkage versus time of a tower-shaped product, measured and displayed in real time. 
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