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Abstract  

Selective Laser Sintering (SLS) of Titania powders is studied to understand how the initial 

material properties and the process conditions affect the degree of sintering/melting and the 

mechanical properties of the semi-3D artefact produced.Five samples with differing particle 

size were used to explore the feasibility of processing them by SLS. Laser power and scan 

speed were studied as process variables to assess and quantify the effect of their changes on 

the properties of product. The measured tensile strength was used in the equation for the 

size of the sintered necks. The sintering temperature of each powder sample was determined 

experimentally and used to predict the size of the sintered neck for the different powder grain 

size using different literature models; these values were then compared with the values 

obtained from the experiments. 
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1. Introduction  

In recent years, technologies related to additive manufacturing are affecting the production 

processes in many sectors,  [1 4]. Selective 

laser sintering (SLS) was patented by Carl Deckard [5] in the late-1980s at the University of 

Texas, and can be considered as one of the first additive manufacturing techniques invented. 

One of the main advantages of this technique is its versatility to work with multiple granular 

materials, with different chemical composition and mechanical properties. Among these 

materials, we can enumerate polymers[6,7], metals, glass, ceramics, and composites [8 17]. 

Selective laser sintering is classified as one of the powder bed fusion additive manufacturing 

processes  since it makes use of thermal energy to fuse local areas of a powder bed 
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selectively. In this process, a laser beam is used to create complex 3D objects with excellent 

mechanical properties, properties in terms of hardness, toughness, wear resistance, and 

chemical stability, which can be regulated by using powders of different compositions and 

other process parameter[18]. Such artefacts are created by subsequent alternating steps of 

spreading of powder layers[19,20] and steps of selective laser sintering [21].  

The interest from the industrial point of view is related to the possibility of rapidly obtaining 

a prototype of the artefact and be able to produce high temperature resistant components, 

piezoelectric sensors and actuators, and biocompatible applications in the medical. 

SLS owes its popularity to the relatively low cost per part, the high productivity, the reduced 

energy consumptions and the broad range of manufacturable materials. 

Several papers [22 24] aimed at studying the link between microscopic properties at the 

particle scale [25,26] and bulk properties [24] at the mesoscale of the powder in bulk by 

means of complex characterisation of particle properties. A more practical approach is based 

on the direct measurement of powder flow properties. 

Contrary to the established laser sintering of metals and plastics, the use for ceramic 

compounds is still challenging. The difficulty in controlling the process at the high 

temperatures required for the sintering of these materials generates critical problems such as 

low density; brittleness; surface irregularities of the objects produced [27]. One of the main 

reasons identified behind the artefact fragility lies in the high intensity of residual stresses in 

the 3D structures produced, due to the high-temperature differences between the parts heated 

by the laser and the cooled regions nearby [28]. 

Object shrinkage is another critical issue, in particulary the possibility of not controll the 

shrinkage prevents the perfect adhesion of the different layers and the success of the sintered 

product [29]. It strongly depends on the material and the geometry of the fabricated part and 

the operating conditions. However, as reported by Senthilkumaran et al. [30], accurate 

calibration of the process conditions can compensate the expected shrinkage and in turn, 

overcome this problem. 

Although Kamyabi et al. [31] reported that the traditional techniques of material sintering 

do not have such disadvantages, selective laser sintering is still preferred because it allows 

producing objects significantly more sophisticated and more easily customizable [32,33]. 

As for all the sintering processes, the strength of the solid necks that develop between 

particles after the solidification of the molten contact zones determines the strength of the 

artefact [34 36]. Some operating parameters can be tuned to control the strength of the 

sintered powders [37]. Among them, the most important are the laser features, the scanning 
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time and the properties of the powders used, such as particles size distribution and shape [38

41]. 

The mechanical strength of the artefacts can be characterised either by using compression 

tests when the object produced has a well-defined 3D structure, or by bending tests if single-

layer objects need to be assessed [42,43]. All of these are destructive tests [44]. 

The present work reports the first results on the production of semi three-dimensional 

artefacts employing selective laser sintering on titania powders. Five samples with the same 

chemical composition, but different particle size distribution were used, and the effects of the 

process conditions were systematically investigated. The internal morphology and 

mechanical properties of the semi-3D artefacts were analysed using a scanning electron 

microscopy and a flexural bending test, respectively. Also, two modelling approaches based 

on the theories of Frenkel[45] and Pokluda et al.[46] are proposed in order to evaluate the 

necks formation and size evolution by considering the variations of both the mechanical and 

the thermophysical properties of the materials during the laser sintering process.  

The underlying idea is that a good comprehension of the fundamental phenomena 

affecting the sintering process of ceramic materials is indispensable for a proper design of 

such process. To this end, it is imperative to understand the link between the macroscopic 

properties of the sintered part and the microscopic interparticle necks, in particular, this study 

of sintered titania will help the development of new catalysts among the various 

applications[47,48]. 

2. Materials and Methods  

2.1 Experimental apparatus 

The experimental set-up has been extensively described by D. Sofia et al. [38]. The laser 

beam is generated by a 40W CO2 laser tube  set of inclined 

mirrors moving along orthogonal directions allows directing the laser hitting position on the 

planar powder surface. The whole system generates a laser spot size available is  and 

allows the tuning of the laser scan velocities between 1 mm s-1 and 100 mm s-1. The powder 

materials can be sintered or entirely melted by adjusting the laser power and the laser scan 

velocity. A 3-D object might be potentially produced by repeating the selective sintering 

process on overlapped layers of the powder. The two-steps procedure adopted in commercial 

SLS apparatuses provides a first phase in which the powder sample is lowered to spread a 

new powder layer on its upper surface. The layer thickness is such that the bed surface is kept 
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at the focal plane of the laser beam. In any case, in order to generate the mechanical 

continuity of the sintered artefact, the thickness of the newly generated layer has to allow the 

powder sintering thought out its depth. Please note that the experiments reported in this paper 

are related to sintering on a single layer only.  

 

2.2 Powder characterisation 

Working samples of powders with narrow particle size distribution (PSD) were obtained 

by sieving four batches of titania powder (TiO2, rutile grade) characterised by a broad particle 

size distribution and identified as made of particles: 1) <50 µm; 2) between 10 and 100 µm; 

3) between 100 and 200 µm and 4)  >200 µm. The sieved samples were named A to E, and 

their properties are reported in Table 1. The properties reported include the particle size 

identifying the originating batch, the size of the meshes (undersize and oversize) selected to 

separate each sample, the mean Sauter diameter (dp) of the resulting sample and the sintering 

temperature (Ts).  

Particle size distribution was measured with a Malvern Mastersizer 2000 based on the 

light scattering of a laser beam. A helium pycnometer was used to measure the particle 

density that resulted in being reasonably similar to 4300 kg m-3 for all the samples. Optical 

microphotographs of the powder samples are reported in Figure 2, where it is possible to 

observe a certain angularity of the particle shapes.  

A Dielectric Resonator chamber (T-Ceram Dielectric Resonator[49]) was used to measure 

the sintering temperature of TiO2 powders in combination with a domestic microwave oven 

(P=1100 W, wavelength of 12.2 centimetres). The chamber has an external diameter of 12 

cm, an internal diameter of 8 cm and a height of 10 cm. This choice was motivated by the 

complexity of direct temperature measurement in the SLS process, due to the point nature of 

the heating process. When the Dielectric Resonator chamber is exposed to the microwaves, it 

quickly reaches a temperature sufficiently high and homogenous to generate the sintering of 

the sample of ceramic powder hosted inside. The chamber resonating walls are thickly lined 

with an insulating shell in order to keep the inside temperature after the exposure to 

microwaves and to avoid the damage of the surfaces externally in contact with the resonating 

walls. In order to estimate the sintering temperature, the procedure adopted is as follows: 

first, a sample of powder of 1.0g was placed inside the chamber. Repeated heating cycles at 

increasing microwave exposure times were carried out, for a duration of  10-20 min per 

cycle. At the end of each cycle, the temperature reached by the powder was measured by 
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inserting a J thermocouple inside the chamber through a hole present on the chamber lid. 

Afterwards, the chamber was open, and the powder sample inspected for sintering using an 

optical microscope. The particle sintering temperature was assumed as the lower temperature 

at which some sintering was visually observed. 

2.3 Sintering procedure 

The selective laser sintering apparatus described above was used to produce squared 

artefacts (10x10 mm) made of a single layer of sintered powder. The first step was the 

generation of consolidated beds of powder. Powder samples were loaded and levelled in 

cylindrical caps and consolidated using the apparatus described elsewhere [38]. It has a 

circular lid which allows applying normal vertical stress while twisting the lid. All samples 

were consolidated applying normal vertical stress of 2.5 kPa and two 90° twists; this 

procedure allows to obtain surfaces without irregularities, and allows to standardize the 

procedure for preparing powder beds to be sintered [50]. The sintering process of squared 

artefacts was carried out by moving the laser beam along 51 parallel lines with a length of 10 

mm each, the distance between parallel lines has been set to 0.2 mm. The set laser power was 

10 W, and the laser scanning speed was varied between 50 mm s-1 and 150 mm s-1. 

Once the sintering process is concluded, the sintered artefacts were taken out of the bed 

with the necessary care to avoid breakage during manipulation. A paintbrush was used to 

remove any particles loosely adhering to the artefact. Artefacts were weighed with an 

analytical balance (300 Crystal). 

2.4 Artefacts characterisation 

The 10x10 mm square-shaped sintered artefacts were tested for breakage due to bending. 

The bending test consists of a standardised three-point bending test. Forces and 

displacements were measured by an Instron dynamometer (Model 5865) mounting a load cell 

of 2.5 N and a specially designed tool that allows testing small size samples. More details are 

reported in [38].  

The force (F) and the deflection (h) of the sample at breakage are used to estimate the 

tensile strength  of the artefact according to what reported by Richerson [51]: 

 (1) 
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where Mb is the applied bending moment, I is the horizontal moment of inertia of a 

rectangular vertical cross-section geometry, b is the width, L is the distance separating the 

holder supports and t is the thikness. 

In order to examine the microstructures of the final artefacts, they were observed with 

optical microscopy (Olympus BX51). The actual length of the sintered bridge across the 

interparticle contact points was measured on the surfaces of the square-shaped sintered 

artefacts by using the public domain image processing program ImageJ [52].  

3. Experimental results 

A laser beam a scan speed ranging from 5 to 15 mm s-1 and with a power of 10 W was 

used to sinter single layer specimen. The products are reported in the macroscale photographs 

of Figure 1 and microscale photographs of Figure 2. Inspection of the two figures indicates 

that both the particle size of the particles and the laser scanning speed affect the final 

morphology and the strength of the final artefacts, as well as the extent of the sintering, or the 

melting, produced by the laser beam. 

The macro photographs of the whole 10x10 mm artefacts are arranged in a tabular form in 

Figure 1, where each row is associated with the mean diameter of the initial powder sample. 

The first row reports the finest sample (case A, dp = 28 µm), and the last row the coarsest 

sample (case E, dp = 245 µm). Inspection of such figures confirms that the successful creation 

of the artefacts, as well as their level of shape definition, is strongly affected by both the 

and the laser scanning speed. In particular, for case A, the geometry of 

the layers is well defined only when the laser scanning speed is set to 5 and 10 mm s-1; for 

higher scanning speed, instead, the samples appear very brittle and with an unclear final 

geometry. In the case B (dp = 58 µm), the geometry of the layers is well defined for all laser 

scanning speeds, but at the highest speed, i.e. 15 mm s-1, the artefacts appear more fragile 

than the others. In the case C (dp = 116 µm), the geometry of the layers is well defined for 

laser scanning speeds of 5 and 10 mm s-1, while the highest scanning speed employed does 

not allow any form of artefacts at all. In the last two cases (dp = 180  245 µm), the formation 

of the artefacts was only possible with a laser scanning speed of 5 mm s-1. 

The optical microscopic pictures of the front views of the sintered artefacts are reported in 

Figure 2. They revealed that, for the finer powders (cases A and B), the particles melted 

entirely throughout the surface leading to final solidified artefacts made out by lumps, with 

size and shape far different from those of the starting particles. On the other hand, the melting 

of the coarser particles (cases D and E) was limited to small regions close to the contacts 
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between particles. Therefore, the primary particles kept size and shape in the final sintered 

artefact. For powders with middle-size particles (case C) an intermediate morphology was 

obtained. Similar observations were reported by Sofia et al. (2018)[38] about selective laser 

sintering of other ceramic powders, i.e. soda-limestone glass beads and silicon powders [38

40].  

These results, obtained at fixed scan velocity and power of the laser, highlight that the 

melting level of the powders is significantly affected by the particle size. The outcome of the 

bending tests further supports these observations. The results of the tests in term of artefact 

mass, thickness and tensile strength, are reported in Figure 3 as a function of the initial 

particles size. Values of the peak force registered during the bending tests, F, are reported as 

well. During the bending test, the orientation of the artefact was kept similar to the one 

assumed during the sintering process. Therefore, the tensile strength of the material is 

representative of the lower side of the artefact, which is also weaker. 

Figure 3 shows that both the artefacts weight and tensile strength decrease dramatically 

with increasing the particle size when the same laser speed is used. Alternatively, the layer 

thickness increases with the particle size up to dp = 116 µm, and it keeps almost unchanged 

for the largest particle sizes (dp = 180-245 µm). The values of thickness recorded for both the 

smallest case (A) and the largest one are the lowest ones, and they are similar to each other 

(around 0.6 mm). The highest value of the thickness, , is instead observed for the case C. In 

order to relate the values observed for the thickness with the penetration depth of the laser 

beam, the depth rise and the ideal number of sintered rows, , are also reported. For 

simplicity, both the parameters have been calculated by assuming that the particles are 

spherical, monodispersed and tightly packed, following a regular arrangement (see Figure 4): 

 (2) 

 (3) 

 

These two parameters decrease with increasing particles size, suggesting that smaller 

particles promote the penetration of the laser beam: indeed, the number of rows of particles 

involved in the melting/sintering process, as well as the depth rise, is higher for smaller 

particles. 

The discussion on the image results so far reported and the properties of the sintered 

artefacts measured suggest that, at the investigated laser power and scanning speeds, the 

Journal Pre-proof



8 
 

transition between melting and sintering processes occurs with the sample B, corresponding 

to particles of 58 µm. An almost complete melting is observed with the finest samples (28 

and 58 µm). Such a change in the behaviour of the particles might be attributed to the 

reduction of the number of particles hit by the laser beam (which has a diameter spot of 100 

m) with increasing particle size. This might lead to the formation of a weaker sintered 

bridge across the interparticle contact points, which in turn causes a more fragile final 

structure of the artefacts. 

A fundamental aspect for the sintering process is the phase of formation of the powder bed 

which needs to be compressed to reduce the porosity of the final sintered products [53 55]. 

4. Discussion 

As reported by Franco et al. [56], the development of simple phenomenological models is 

needed to estimate and optimise the SLS process parameters testing range as scan velocity 5 

to 15 mm s-1 and power of the laser 5 to 20 w. This is mainly necessary because of the 

complex interaction between transport phenomena and chemical reactions, as well as the 

changes of the thermophysical and mechanical properties of the materials involved in the 

selective laser sintering process.  

Frenkel [57] developed one of the earliest models with the aim to describe the sintering 

phenomenon, assuming a motion of the plasticized material in the viscous regime: 

According to this model, the sintering process, represented in terms of the ratio between 

the neck size dn and the Sauter diameter dp as a function of time, depends on the surface 

tension, , the viscosity of the melted material, , the sintering process time, t, and the 

original particle size, dp. According to Equation (4), the speed of the sintering process 

increases with the material surface tension and with decreasing viscosity and particle size. 

However, one of the assumptions behind the model is that the particle size is not 

affected by the sintering process which limits the validity of the model to the initial part of 

the sintering process, in which the neck size is very different from the particle size.  

Pokluda et al. [46] modified the model proposed by Frenkel in order to take into account 

also the effects of geometric and physical arrangements on the coalescence rate. They 

developed a sintering model based on the balance of the work of surface tension and the 

viscous dissipation (all the other forces, including gravity, are neglected) which describes the 

 (4) 
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complete sintering process of two spherical particles. The shape evolution of the interacting 

particles develops as shown in Figure 4, and it can be mathematically expressed as follows:  

 (5) 

 whose evolution with time t can 

be described according to Eqn. (6). 

 (6) 

Both Frenkel and Pokluda models need the surface tension and the viscosity  values 

estimated at the sintering temperature and, therefore, the correct application of these models 

requires to include the actual temperature dependence of these variables [58]. For the kind of 

material used in this study, the temperature-dependent equation for the viscosity (expressed 

in cP) was extrapolated by the measurement run by Handfield and Charette [59] on industrial 

high TiO2 slags with composition similar to the titania used in this work, with low content of 

impurities: 

The surface tension (expressed in N m-1) of the molten phase was evaluated by considering 

the Hamaker constant of the material, according to the relationship suggested by Israelachvili 

[60]: 

D0 

centre-to-centre distance and the value of 0.165 nm can be assumed [61,62]. A is the 

Hamaker constant of the material (1.59 x10-19 J as reported by [63]). 

Experimental estimates of the neck size were obtained with the use of the Rumpf [64] 

equation, developed initially to relate the strength of powder agglomerates with the forces 

acting between particles: 

where  is the system porosity that can be calculated from the sample mass,  and the 

thickness , provided the horizontal artefact surface, , and the particle density, : 

  (7) 

  (8) 

 (9) 

 (10) 
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The connecting force Fb is provided by a sintered connection bridge that depends on the 

titania tensile strength  and the bridge neck size: 

Provided the tensile strength reported in Figure 3, equations (9) to (11) allow estimating the 

experimental size of the connecting bridges, which is reported in Figure 5. The measurement 

of the tensile strength of the artefact is carried out so that the traction side of the specimen in 

the three-point bending test coincides with the lower side of the artefact, the weakest because 

it is the farthest reached by the laser. Therefore, it is likely that the relevant local temperature 

is lower than the sintering temperature measured with the procedure explained in section 2.2, 

whose results are reported in Table 1. Using this temperature in equations (4) to (7) allows 

obtaining model evaluations of the size of the interparticle necks, which are also reported in 

Figure 5 (A). 

Inspection of the figure confirms that the models' predictions follow the same trend as the 

experimental observation, although they overestimate the size of the necks in all the cases 

investigated. Such a deviation is indicative of the inadequacy of the two models to take into 

account other phenomena rather than the effects of the variation of surface tension and 

viscosity due to the sudden increase of the temperature. As reported by Franco et al. [56], a 

proper SLS model should reproduce the thermal history within the powder bed when the 

incident radiation is scanned over it. Moreover, it should also be considered that not all the 

released laser energy is used to melt the material since, in parallel with the melting process, 

heat dispersion occurs too by different mechanisms of heat transfer [40,65]. Quantification of 

these effects remains, however, a task to be accomplished.  

The overestimation of the models can also be related to the characteristic dimension 

chosen for the modelling analysis. Both the models are based on the viscous flow under the 

action of surface tension and, therefore, the true extent of the contact between the sintering 

particles is crucial. For this reason, the radius of curvature of the contacting particles should 

be considered as the characteristic dimension of the models rather than the initial radius of 

the particle. 

Figures 5 (B) and 5 (C) show the results of the sensitivity analysis of both Frenkel and 

Pokluda et al. models with the value of the characteristic length, dp. Values of the curvature 

radius in the range of 30-90% of the initial size of the particle have been considered. 

 (11)
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The results highlight the critical effect of the curvature radius on the theoretical 

assessment of sintered neck size. Moreover, the initial size of the particles and the kind of 

model chosen seem to have a significant influence as well. It can be observed that the model 

suggested by Frenkel matches with the experimental evidence if small values of curvature 

radius are considered; the smaller the initial particles, the smaller is the value of the curvature 

radius required. Pokluda et al. model suggests, instead, an opposite trend: the smaller the 

particle, the higher is the required curvature radius to fit with the experimental results. It is 

worth pointing out that both models suggest a perfect match with the experiments for the 

same values of curvature when the largest particles are considered, namely curvature radii 

equal to the 50% and the 60% for the particles with the initial diameter of 180 and 245 m 

respectively. 

Therefore, the sensitivity analysis shows that the modelling approaches here analysed 

might provide reasonable estimates of the sintered neck size if the radius of curvature is taken 

into account. This calls attention to the need of developing a more accurate model that takes 

into consideration the complex and deep interaction between the transport phenomena and the 

thermophysical variations of the materials during the selective sintering processes induced by 

the laser. 

5. Conclusions  

Sintered specimens with different characteristics have been produced by selective laser 

sintering process using a titania powder of different size. The variables investigated were the 

power and the scanning speed of the laser beam. The limiting conditions necessary to 

produce artefacts with minimum strength (power laser 10 w and 5 mm s-1 as scan velocity) 

were determined with the help of optical analysis. 

A tree point flexural bending test purposely developed allowed to estimate the mechanical 

properties of the artefacts, precisely the tensile strength. Experiments show that the strength 

of the artefacts is strongly dependent on the process operating conditions and decreases 

dramatically with increasing the particles size. The artefacts weight, thickness and tensile 

strength follow the same trend, suggesting that smaller particles promote the penetration of 

the laser beam in the bulk of the powder bed and, thus, lead to the formation of more durable 

bridges across the particle giving a more robust final structure of the artefacts. Moreover, it 

was observed that specific particle size, i.e. that of sample B (dp = 28 m), separates the 

smaller sizes for which melting occurs and the larger sizes for which sintering occurs: indeed, 
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the results obtained for the finest samples indicated complete melting of the initial particles, 

rather than sintering.  

Powder sintering temperature was estimated experimentally with a dedicated procedure 

making use of a dielectric resonator chamber in a microwave oven. The theoretical 

approaches of Frenkel[45] and Pokluda et al.[46], which are generally used to describe the 

sintered neck evolution over time, have been employed for modelling the formation of the 

sintered interparticle bridges. In parallel, the Rumpf equation that relates the strength of 

agglomerates with interparticle forces was used to estimate the neck size. We observed that 

the model predictions follow the same trend as the experimental observations. However, they 

overestimated the size of the necks for all the cases investigated. A sensitivity analysis 

 parameters suggests that the discrepancy between model and 

experiments can be related to the angular shape of the particles used in the experiments. 

Nomenclature 

m mass  
F  force  
h  sample deflection  
 tensile strength of the artefact 

dp particle sizes  
 thickness 

dn neck size  
 surface tension 
  viscosity of the melted material 

t sintering process time 
  horizontal artefact surface 
 particle density 
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Figure 1 - Macro photographs of 10x10 mm sintered artefacts. Letters A to B refer to the 

powder samples in Table 1 differing for the mean particle size. The sintering process was 

carried out with a 10 W laser beam and with 50 mm s-1, 100 mm s-1, 150 mm s-1 of laser 

scanning speed changing along the columns. 

 

Figure 2  First column on the left: microphotographs of original titanium dioxide powders. 

Columns on the right: microphotographs of 10x10 mm sintered artefacts. Letters A to B refer 

to the powder samples in Table 1 differing for the mean particle size. The sintering process 

was carried out with a 10 W laser beam and with 50 mm s-1, 100 mm s-1, 150 mm s-1 of laser 

scanning speed from left to right. 

 

Figure 3 - Artefact properties vs the nominal particle size of the powder samples: a) mass, b) 

thickness properties, c) Depth Rise, d) tensile strength. 10x10 mm sintered artefacts produced 

with a laser beam of 10 W and a laser scanning speed of 50 mm s-1. 

Figure 4  Schematic of the effect of the laser beam hitting a bed of powders 

 

Figure 5  (A) Comparison between the experimental and the predicted values of the solid 

interparticle neck dimensions for different sizes of initial particles. (B) - (C) Sensitivity 

analysis on the sintered neck size as a function of the radius of curvature. 
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Table 1. Particle size distribution and sintering temperature of the five sieved samples tested. 

Ref Original cut size, µm Sieving range, µm dp, µm Ts, C 

A <50 26-32 28 1080 
B 10-100 53-63 58 1270 
C 10-200 106-125 116 1290 
D 100-200 150-200 180 1340 
E >200 212-250 245 1360 

 

 

  

Journal Pre-proof



19 
 

HIGHLIGHTS 

 

 Selective laser sintering was applied to fabricate semi-3D ceramic specimens 

 Optical and mechanical tests were performed to analyse the resulting properties 

 Literature models were used as comparative tools for the results obtained 

 A sensitivity analysis of the model parameters is performed 
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