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Abstract 

Direct foam writing allows the fabrication of highly porous and hierarchical ceramic 

structures with high specific mechanical properties. This manufacturing technique, however, 

has mainly used stabilized Al2O3 foam inks.  In this work, we present a novel foam ink based 

on TiO2.   This ink uses polyvinyl alcohol (PVA) as a binder and a small amount of zinc as 

a frothing agent.  We used this ink to produce cylindrical foam samples via direct foam 

writing.  The foams had a porosity of up to 65% and a mean pore size of 180 µm, which is 

significantly larger than previously reported for direct foam writing with Al2O3.  The foams 

were tested in compression and were found to have an elastic modulus of 0.5 GPa and a 

compressive strength of 12-18 MPa.  These mechanical properties are similar to those of 

porous ceramics produced by conventional manufacturing routes.  Therefore, this work 

represents a step forward by broadening the direct foam writing process to a wider range of 

porous ceramics. 
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1! Introduction 

Ceramic foams are used in a wide range of engineering applications including filtration, 

thermal insulation, catalyst supports, tissue scaffolding, implants and lightweight structures 

[1-4]. Their properties are governed by their pore size, type and distribution, and different 

manufacturing routes have been developed to control these microstructural characteristics.  

Conventional manufacturing techniques can be classified in three categories: (i) 

polymer/wood replica, (ii) sacrificial templating, and (iii) direct foaming [5,6]. 

The replica technique consists of impregnating a polymer foam or wood with a ceramic 

suspension, and then removing the polymer/wood template.  This process often leads to 

damaged cell walls, which decreases the strength of the foam [6]. This inconvenience can be 

avoided with sacrificial templating.  With this process, a sacrificial phase is incorporated to 

the ceramic suspension which is later evaporated during the sintering process to create pores.  

This produces stronger foams, but the process can generate a large amount of waste gases 

[6]. This issue can be circumvented with direct foaming.  This technique consists of 

incorporating air into a ceramic suspension and relies on particles or surfactants to stabilize 

the wet foam.  This process offers a fast and inexpensive way to produce ceramic foams with 

a wide range of porosities and pore sizes. 

Another advantage of direct foaming is that the ceramic foam suspension can be used as an 

ink for robocasting. Robocasting, also known as direct ink writing, is an additive 

manufacturing technique in which ink is extruded through a nozzle to build a structure layer-

by-layer [7–9].  Ceramic parts can be produced with this process using either a dense ink 

[10–13] or a foam ink, which is known as direct foam writing [14–17].  Direct foam writing 

is not the only additive manufacturing technique suitable for producing ceramic foams; these 

can also be made by selective laser sintering of hollow microspheres [18–20].  Otherwise, 

dense ceramic parts can be produced by many different additive manufacturing techniques, 

such as stereolithography [21–23] and selective laser sintering/melting [24–28].  For more 

details on additive manufacturing of ceramics, see the review of Chen et al. [9]. 

In this article, we focus on direct ink/foam writing because this technique is fast, inexpensive, 

and suitable to produce large ceramic components.  Another advantage of direct foam writing 

is the possibility to create hierarchical cellular structures: scaffolds or honeycombs where the 
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cell walls are porous [14-17].  The hierarchical structures have an ultrahigh overall porosity 

and a high specific stiffness and strength.  One limitation, however, is that most studies have 

used an alumina (Al2O3) foam ink; hence, there is a need to explore if direct foam writing 

can be used with other types of ceramic. 

Titanium dioxide (TiO2) has attracted research interest because of its photocatalytic activity, 

but its high bioactivity and biocompatibility also make it an attractive material for implants 

[29–33]. Therefore, this paper aims to assess the potential of TiO2 for direct ink/foam writing.  

We present a method to prepare (i) dense and (ii) foam TiO2 inks that is simple, low-cost, 

and does not require stabilizers.   

The paper is organized as follows.  The preparation of the dense and foam inks is detailed in 

Section 2, along with the methodology used to prepare samples by robocasting.  The 

morphology of the specimens and their compressive responses are presented in Section 3. 

Finally, the porosity, pore size and mechanical properties of our foams are compared to those 

of other ceramic foams reported in the literature. 

2! Material and methods 

2.1! Sample preparation 

Both dense and foam samples were prepared by additive manufacturing in three steps.  First, 

the ink necessary to print the samples was prepared.  Second, the ink was loaded in a universal 

extrusion machine to print the samples layer-by-layer.  Third, the specimens were sintered to 

reach their full mechanical properties.  Each step is detailed below. 

2.1.1! Ink preparation 

The ink used to produce the dense sample was prepared by combining 80 wt% of 

commercially available TiO2 powder (45 !m particle size, rutile, high purity 95%) with 20 

wt% of polyvinyl alcohol (PVA 2%, pH~5-6 diluted acid), which acted as a binder [34–37].  

The powder and binder were blended into a homogenous mixture using a high-speed mixer 

for 8 min, starting at 1200 rpm and increasing the speed by 100 rpm every 2 min up to 1500 

rpm.  
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On the other hand, the foam ink was made by adding 5 wt% of pure zinc (Zn) powder (liquid 

density of 6.57 g/cm3 and boiling point of 907°C) into 45 wt% of PVA 2%.  The chemical 

reaction between zinc and PVA releases hydrogen bubbles transforming the mixture into a 

foam.  The process, however, is slow so to accelerate it, the solution was mixed while the 

reaction took place (1 min at 1200, 1300, and 1400 rpm and 10 min at 1500 rpm).  Next, 45 

wt% of TiO2 powder was added and mixed in four increments at 1300 rpm.  In the first three 

increments, 10 wt% of TiO2 powder was added and mixed for 1 min, whereas for the last 

increment, 15 wt% was added and mixed for 7 min.  Finally, 5 wt% of rice flour was added 

and mixed for 5 min at 1500 rpm to strengthen the foam ink and delay drying [16,38–40]. 

The rheological properties of dense and foam inks were characterized at room temperature 

(22°C), two hours after preparation.  Measurements were done using a Physica MCR 301 

rheometer with a plate-plate geometry of 20 mm in diameter.  The ink viscosity is plotted as 

a function of shear rate in Fig. 1.  As expected, the viscosity of the foam ink is significantly 

less than that of the dense ink.  The viscosity of the foam ink is similar to that measured by 

Muth et al. [16] for direct foaming of alumina powder.  

 

2.1.2! Printing process and drying 

All samples were printed layer-by-layer with a universal extrusion machine.  The dense or 

foam ink was loaded into a 12 ml syringe equipped with a plastic nozzle of 0.84 mm in 

diameter.  All green bodies printed had a cylindrical shape of diameter D = 12.7 mm and 

height H = 25.4 mm.  The digital print path was drawn by Solidworks and converted to G-

Code commands by PranterFace software.  The printing flow speed was critical to the process 

and had to be adjusted depending on the type of specimen.  Dense samples were printed with 

a flow speed of 0.024 mm/s, whereas foams required a slower extrusion rate of 0.010 mm/s.  

All samples were printed on a glass plate; however, for foams, the glass plate was covered 

by a thin layer (0.5 mm) of petroleum jelly to ensure that the samples maintained their 

cylindrical shape when drying (shrinkage at the base is less than that at the top of the 

specimen without petroleum jelly). 

After printing, dense specimens were left to dry at room temperature for a week.  In contrast, 

foam samples were placed in a box along with thick wet sponges to control humidity.  After 
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spending a week in the box, the foam structures were taken out and dried at room temperature 

for an additional three days before sintering.  This slow drying process is very similar to that 

used in other studies [16,17] and, in our experience, reducing the drying process to 24, 48 or 

72h led to the formation of cracks during sintering.   

2.1.3! Sintering 

Both dense and foam green bodies were sintered at 1300°C for 1 h; however, the two types 

of samples followed different temperature profiles. For dense samples, the temperature was 

increased at a rate of 2°C/min up to 500°C.  After spending 1 h at 500°C, the temperature 

was increased up to 1300°C at a rate of 5°C/min. 

The temperature profile used for foams was significantly less steep to avoid gas bubbles 

bursting during the process.  The profile included five isothermal stages of 1 h at 60, 120, 

240 and 500°C. The first two increases in temperature were done at a rate of 0.5°C/min; the 

next two used 1°C/min; then, 2°C/min; and finally, 3°C/min.  After being sintered for 1 h at 

1300°C, both dense and foam samples were cooled down at a rate of 2°C/min.  Note that the 

sintering process is expected to remove the PVA binder, which evaporates at 500°C, and, in 

the case of foams, the zinc, which has a boiling point around 950-1100°C. 

2.1.4! Dimensions and shrinkage 

The dimensions of each sample were measured after printing*, drying, and sintering to 

quantify shrinkage.  The diameter D and height H were measured with calipers and are listed 

in Table 1.  All samples had similar dimensions after printing, and these were close to the 

dimensions of the CAD model (D = 12.7 mm and H = 25.4 mm).  Measurements taken after 

drying and after sintering showed that the foams shrunk significantly more than dense 

samples. Shrinkage was similar in both radial and longitudinal directions, see Table 1.  Dense 

specimens shrunk by about 25%, of which only 5% occurred during the drying process.  In 

contrast, foams shrunk by 41-50% and almost half of this occurred while the green bodies 

were drying.  

                                                
* The dimensions referred here as ‘after printing’ were in fact measured three days after printing.  The sample 

were too wet and soft to be measured earlier without risking to damage them. 
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Photographs of dense and foam samples, taken before and after sintering, are shown in Fig. 

2. Clearly, the foam is significantly smaller than the dense specimen as a consequence of the 

shrinkage reported above.  All samples have a clear layer-by-layer construction due to the 

printing process, and this structure is present before and after sintering. 

Finally, the density of each sample is reported in Table 2.  To evaluate the density, the mass 

was measured with a scale, whereas the volume was estimated as follows.  First, a photograph 

of the sample, such as Fig. 2, was imported into the commercial software Solidworks using 

the sketch picture option.  Second, a polyline was drawn along the irregular left edge of the 

sample with high accuracy and the axis of revolution was identified from the photograph.  

Third, the polyline was rotated about the axis of revolution to create a 3D solid, and its 

volume was calculated automatically by Solidworks.  Repeating this procedure with another 

photograph (or by tracing the right edge of the sample) gave a slightly different volume, but 

repeatability tests indicated that the measurements were within 5%. 

Dense samples had a density around 3.6 g/cm3, which is about 10% less than the density of 

pure titanium dioxide (3.970 g/cm3) reported in [41].  In contrast, foams had a density 

between 1.030 and 1.220 g/cm3, about three times lower than dense samples. 

2.2! Characterization 

2.2.1! Elemental analysis and phase identification 

Energy Dispersive X-ray (EDX) spectroscopy was used to determine the elemental 

composition of the samples.  For this analysis, the samples were coated with a 4 nm layer of 

gold and placed in a scanning electron microscope (JEOL JSM-7500FA).  In addition, X-ray 

Diffraction (XRD) was carried out for phase identification.  For XRD, the sample was ground 

to fine powder and placed on a standard glass sample holder.   The XRD scan (2" symmetric 

reflection) was performed using a Rigaku SmartLab 9 kW multipurpose diffractometer using 

Cu K#1 radiation with a wavelength of 1.54 Å.  The measured 2" range was from 15-100°. 

Preliminary fast scans from 5-100° were carried out to identify the relevant scanning range. 

2.2.2 Computed tomography 

All samples were scanned in the SkyScan 1272 computed tomography (CT) system to 

quantify their porosity.  In all cases, the acceleration voltage was set to 100 kV and the 
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filament current was 100 !A.  A 0.11 mm copper filter was applied to the spectrum to reduce 

the beam hardening artefact (a standard procedure in CT).  Dense samples were scanned with 

a voxel size of approximately 1 !m3, whereas a larger resolution of 3 !m3 was used for foams.  

Each sample took roughly 30 h to scan, and the images were collected using the software 

VGstudioMax 3.0. 

The porosity of each specimen was evaluated using the built-in function in VGstudioMax 

3.0.  The volume used for this analysis was roughly 15 mm3 for dense samples, and 

approximately 130 mm3 for foams.  Subsequently, CT scan images were imported to the 

software ImageJ, which was used to measure the average pore size of the foams.  

2.2.2! Compression tests 

All samples were tested in compression using an Instron 33R testing machine.  The cross-

head speed was set to 5 mm/min, corresponding to a strain rate of approximately 0.004 s-1.  

The compressive force was measured by a load cell with a capacity of 100 kN.   

 

3! Results 

3.1.1! Elemental analysis and phase identification 

The results of the EDX analysis are presented in  Fig. 3a for dense samples and in  Fig. 3b 

for foams.  In both cases, the samples are made of titanium and oxygen (with a small amount 

of gold, which was used as a coating for the SEM).  The EDX analysis indicated that both 

the PVA binder and the zinc frothing agent used for foams evaporated during the sintering 

process.  The XRD analysis of dense and foam samples is given in Fig.3c and d, respectively.  

Clearly, the rutile phase of TiO2 was predominant in both samples.  

3.2! Morphological characterization 

Images from the CT scans are shown in Fig. 4 for both dense and foam samples.  For each 

sample, two perpendicular cross-sections are shown: the circular images are cross-sections 

perpendicular to the longitudinal axis of the sample, whereas the rectangular images are 

perpendicular to the radial axis of the specimen.   
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The CT images of dense samples revealed the presence of fairly large voids with a diameter 

of 200-300 µm.  Smaller voids (about 50 µm in diameter) were also present, and it seemed 

that dense sample 3 (Fig.  4c) contained a higher concentration of voids than the other two 

dense samples.  Further images of all three dense samples (Fig. 5) confirmed this: sample 3 

contained a much higher concentration of small voids than the other samples and the largest 

pores were found in dense sample 2 (Fig.  5b). 

The porosity of dense samples varied from 8.6 to 17.6%, and the value for each specimen is 

given in Table 2.  This fairly high and variable porosity is likely to be due to be the presence 

of air bubbles in the ink used for the printing process.  

In contrast, foams had a porosity between 55 and 65%, see Table 2.  Images of the foams 

showed that their pores were equiaxed and uniformly distributed, see Fig.  4 d-f.  The 

frequency distribution of the pore size is given in Fig.  6 for each sample.  Overall, the pore 

size varied from 40-650 !m, and the average pore size was 180 !m. 

3.3! Mechanical properties 

The compressive responses of both dense and foam samples were measured up to failure, and 

the stress versus strain curves are plotted in Fig.  7.  In general, all specimens had a linear 

elastic behavior up to fracture.  Some responses (see, for example, dense sample 2) exhibited 

small load drops due to fragments breaking off the sample.  The elastic modulus and ultimate 

compressive strength measured are summarized in Table 2 for each sample.  

The dense specimens had an elastic modulus around 5 GPa and a compressive strength of 

approximately 100 MPa.  These mechanical properties are significantly below those 

measured for the same material produced by conventional manufacturing techniques (for 

example, Li et al. [42] measured an elastic modulus of 270 GPa and a three-point bending 

strength of 426 MPa).  We think that the porosity and the large voids present in dense samples 

(see Fig. 4 and 5) explain why the properties measured here are lower than those obtained by 

conventional manufacturing techniques. 

 

On the other hand, foams had an elastic modulus of 0.5 GPa and a compressive strength 

varying from 12-18 MPa, see Table 2.  These variations in strength were correlated to the 
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porosity of the foam; strength increased with decreasing porosity.  Overall, the density of 

foams was about 30% of that of dense samples, whereas their elastic modulus and strength 

was about 10% of those measured for their dense counterparts.   

 

3.4! Comparison with other ceramic foams 

In this section, we compare the morphology and mechanical properties of our foam samples 

to those of other ceramic foams reported in the literature.  First, the porosity and average pore 

size are compared in Fig. 8.  The data include foams produced by direct foam writing and via 

conventional manufacturing routes (such as polymer/wood replica, sacrificial templating and 

direct foaming with particles or surfactants).  

 

Clearly, the porosity and average pore size obtained in this study are in the middle of the 

range covered by conventional manufacturing techniques, see Fig. 8.  When comparing 

samples produced by direct foam writing only, we can see that our specimens have a much 

larger pore size.  Such a striking difference can be attributed to the fact that other studies used 

a much finer powder to prepare their foam ink; for example, Muth et al.[16] used an alumina 

powder with a mean particle size of 0.3 !m, whereas we used titanium dioxide powder with 

a particle size of 45 !m.  This tends to indicate that the zinc foaming technique makes it 

possible to prepare foam inks with a relatively coarse powder.  This could be advantageous 

for producing low-cost ceramic foams since the price of powder is inversely proportional to 

its mean particle size.  Overall, the results in Fig.  8 demonstrate that direct foam writing has 

the potential to produce foams with a wide range of pore size; however, more studies are 

needed to correlate the pore size of the foam to the mean particle size of the powder.  

 

Next, the mechanical properties of our samples are compared to those of other ceramic foams 

in Fig. 9.  Data on TiO2 foams are limited; therefore, we compared our results to those 

obtained for Al2O3 foams.  This is a fair comparison since both these dense ceramics have a 

similar elastic modulus Es = 280 GPa [41] and a three-point bending strength !s = 400 MPa 

[6].  The elastic modulus E, normalized by Es = 280 GPa, is plotted in Fig. 9a, whereas the 

compressive strength $, normalized by !s = 400 MPa, is shown in Fig. 9b.  Both quantities 
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are plotted as a function of the relative density, which is defined as the complement of the 

porosity.  Note that many studies on porous ceramics report the compressive strength, but 

not the elastic modulus.  Consequently, Fig. 9b includes significantly more data than Fig. 9a. 

The results in Fig. 9a indicate that our foams have a significantly lower elastic modulus than 

those prepared by Muth et al. [16].  This could be due to two factors.  First, Muth et al. [16] 

sintered their foams at 1500°C, whereas we used a lower temperature of 1300°C.  Second, 

the finer powder used by Muth et al. [16] may reduce the number and size of defects, leading 

to higher mechanical properties.  Nonetheless, our samples have an elastic modulus 

comparable to that of foams manufactured by conventional routes. 

Next, we turn our attention to the compressive strength compared in Fig. 9b.  Our samples 

have a compressive strength almost equal to that measured by Ren et al. [17], who also used 

direct foam writing to produce their specimens.  In addition, our samples have a similar 

strength to those of foams produced by conventional manufacturing routes: our specimens 

outperform those prepared using polymer or wood replicas, and their strength is comparable 

to foams obtained by sacrificial templating. 

 

4! Conclusion 

Dense and foam inks were developed to produce ceramic structures via direct ink writing.  

The dense ink was prepared by combining TiO2 powder with PVA.  This mixture was turned 

into a foam ink with the addition of zinc, which reacted with the PVA to create bubbles.  This 

new zinc foaming technique allowed us to prepare a foam ink using much coarser ceramic 

powder than previously reported in [14–16]. The foams had a porosity up to 65% and an 

average pore size of 180 µm, which is nearly an order of magnitude larger than previously 

reported for direct foam writing [14–16].  Finally, compression tests revealed that the foams 

had an elastic modulus and a compressive strength comparable to those obtained by 

conventional manufacturing techniques, such as direct foaming, sacrificial templating and 

polymer/wood replica.  
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Fig. 1. Viscosity as a function of shear rate for dense and foam inks. 

 

Fig. 2. Photographs of a dense sample (a) before and (b) after sintering.  Likewise, a foam specimen is shown (c) before 

and (d) after sintering. 
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Fig. 3.  EDX analysis of (a) dense and (b) foam samples.  XRD analysis of (c) dense and (d) foam specimens.  
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Fig. 4. Computed tomography images of dense and foam specimens.  Dense samples 1, 2 and 3 are shown in parts a, b 

and c, respectively.  Similarly, foam samples 1, 2 and 3 are shown in parts d, e and f, respectively.  For each sample, the 

circular image is perpendicular to the longitudinal axis, whereas the rectangular image is perpendicular to the radial 

direction. 

 

 

Fig. 5. Distribution and volume of the pores found in dense samples.  Dense specimens 1, 2 and 3 are shown in parts a, b 

and c, respectively 

 










