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A B S T R A C T   

Both in industry and research, laser powder bed fusion is increasingly adopted for applications commonly 
involving metals and polymers. However, the application to other materials, specifically oxide ceramics, faces 
challenges for industrial implementations due to its unique properties, such as low thermal shock resistance, high 
brittleness and a low light absorptance level in the near-infrared range. This study provides a solution to increase 
powder absorptance at a wavelength of 1070 nm while also reducing cracking during laser processing of oxide 
ceramic parts by in-situ formation of the negative thermal expansion phases ZrW2O8 and Al2W3O12. The 
composition to achieve the lowest coefficient of thermal expansion according to the Turner model displayed the 
least amount of cracks in the laser-processed parts. Laser-manufactured parts using powders containing 50 vol% 
of ZrO2/WO3 granules showed a compressive strength of 499 MPa and a Young’s modulus of 100 GPa.   

1. Introduction 

Laser powder bed fusion (selective laser melting) provides new op
portunities for design engineers to produce complex prototypes and 
small series in an expanded design space. The ability to manufacture 
ceramic parts by laser powder bed fusion could reduce the lead time on 
products while maintaining high accuracy. Furthermore, costs associ
ated with the process of hard-machining and thermal post-processing 
could be minimized [1,2]. The potential to increase efficiency of pro
duction using this technology would result in a more streamlined 
workforce. The medical industry, in which low-volume personalized 
components are often required for parts, such as dental crowns, artificial 
limbs and porous bone scaffolds [1] would greatly benefit from these 
advantages. However, at this stage, the industrial usage of laser powder 
bed fusion to produce ceramic parts remains limited due to the brittle 
nature of this material group [2,3]. 

Overcoming the challenges of low thermal shock resistance and weak 
densification of oxide ceramics in laser powder bed fusion was 
attempted by an optimization of the laser processing [1]. This covered 

tests of various laser types [4–9], exploring different laser scanning [10] 
and preheating strategies [5,11–13] or by the combination of a 
self-healing material and a post-heat treatment step [14]. Another 
promising approach to establishing powder bed fusion - laser beam 
(PBF-LB) is to improve the mechanical properties of the parts through 
variation of the material composition combined with appropriate pro
cess developments (such as the addition of silica [4,7,15]). Additionally, 
the use of new materials provides opportunities to improve the 
absorptance of oxide ceramics such as aluminum oxide, which has a low 
absorption in the visible or near-infrared wavelength range (only 3% at 
1064 nm [16]) [6]. Oxide powder absorptance of laser light in this range 
was previously increased by carbon [17,18–21], SiC [20], Fe2O3 [6,22, 
23] and MnO2/Mn2O3 [24–26] and black TiO2− x [27] additions. These 
additions can be achieved through processes such as spray granulation. 
It provides the possibility of a homogeneous particle distribution within 
the powder bed even by using nano- or submicron powders [22]. 
Furthermore, high flowability of granules is favorable to achieve a high 
powder bed density. This method was adopted by Juste et al. [17], 
Mapar et al. [28,29], Verga et al. [21], Liu et al. [30], Pfeiffer et al. [22, 
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26,27] and Florio et al. [6,25] to prepare the powder for the PBF-LB 
process. 

Cracks in laser powder bed fusion of oxide ceramic parts are a result 
of the combination of a low thermal shock resistance and large thermal 
stresses that arise by a fast thermal expansion and shrinkage during 
rapid melting and re-solidification of the material. Furthermore, 3D 
printed materials are known to suffer from anisotropic thermophysical 
properties such as thermal expansion or thermal conductivity [31,32]. 
These factors considerably limit the mechanical strength of the pro
duced high performance oxide ceramic parts by laser powder bed fusion, 
and therefore their use in mechanically demanding applications. This is 
the primary cause that laser powder bed fusion for oxide ceramics is not 
of interest for industrial applications. In general, other additive 
manufacturing methods as for example vat photopolymerization, ster
eolithography, binder jetting or material extrusion are preferred. Zhang 
et al. [33] and Zheng et al. [10] analyzed cracks in PBF-LB of high 
performance ceramics and they both distinguished between transverse 
cracks, those which run perpendicular to the scanning direction, and 
longitudinal cracks, those which run parallel to the scanning direction. 
Inter-granular fractures along the columnar crystals were predominant 
in both studies, however, trans-granular cracks were also observed. 
Zhang et al. [33] noticed that transverse cracks were primarily within 
the laser scan tracks and in the center of the specimen, while longitu
dinal cracks occurred mainly between scan tracks. A predominant 
location of cracks in between columnar crystals was also reported by 
Ferrage et al. [18] A high resolution tomography performed by Pfeiffer 
et al. showed that cracks are mainly located along the vertical (build) 
direction [26]. 

The main focus of previous research studies was on process param
eter optimization to resolve the issue of crack formation. High temper
ature preheating using a second laser and induction heating enabled 
building parts with high mechanical strength in PBF-LB as shown by 
Wilkes [34], Hagedorn [12] and Liu [13] However, the required pre
heating temperature exceeded 1700 ◦C and the non-uniform tempera
ture profile (heat loss due to radiation, conduction and convection) 
caused cracks due to differences in volume expansion between the top 
and the bottom of the sample, for samples larger than 1 mm. Further
more, the surface quality was poor due to uncontrolled sintering of the 
oxide powders at temperatures above 1700 ◦C. Mapar [29] achieved 
crack-free melting and re-solidification by using a large laser spot size 
(760 µm), high power (900 W) and speed (400 mm/s). However, the 
produced parts contained a high porosity (about 30%), and their results 
are therefore less significant, since increasing crack formation is corre
lated to an increasing part density because of a larger buildup of stresses 
during cooling. 

A solution to minimize thermal stresses in PBF-LB of high perfor
mance oxide ceramics could be the in-situ formation of a negative 
thermal expansion phase during processing to compensate and the 
resultant thermal expansion of the whole oxide ceramic composite is 
near zero. This phase expands during the cooling and counterbalances 
the shrinkage of the high performance oxide ceramic phase. One pos
sibility is zirconium tungstate (ZrW2O8), which exhibits an isotropic 
negative thermal expansion coefficient over an extended temperature 
range of 0.3 – 1050 K (coefficient of thermal expansions (CTE) of − 8.7 
× 10− 6 1/K for α-ZrW2O8 (20 – 430 K) and − 4.9 × 10− 6 1/K for 
β-ZrW2O8 (430 – 950 K)) [35,36]. Upon heating, a phase transition from 
α- to β-ZrW2O8 occurs at about 150–155 ◦C. The effect of volume 
contraction is based on an open network structure (framework structure 
[37]). Anisotropic thermal vibrations are usually also present in other 
materials, but are typically dominated by other forces leading to a 
positive thermal expansion [36]. Zirconium tungstate is a metastable 
phase and can be achieved by rapid quenching, which is the case in the 
PBF-LB processes. The thermodynamically stable temperature zone is 
between 1105 and 1257 ◦C [38,39]. Above 1257 ◦C ZrW2O8 melts 
incongruently to ZrO2 and a liquid [40]. By rapid cooling, the decom
position into WO3 and ZrO2 is circumvented by conventional techniques 

[36] like quenching in air [41] or liquid nitrogen [42]. 
A challenge of ZrW2O8 parts is the low mechanical strength due to 

high porosity (11.0 – 17.3% [42]), when produced with traditional 
processing methods. De Buysser et al. measured for pure ZrW2O8 a 
3-point bending strength of only 14 MPa [37]. Furthermore, ZrW2O8 is 
in general unsuitable for high-temperature applications due to its 
instability between 600 and 1105 ◦C [35] and displays a rather large 
volume change at 155 ◦C due to the α- to β-phase transformation. In 
addition, the rule of mixture to estimate the CTE of composites con
taining this material could be not applied [37,43] due to the low stiff
ness of ZrW2O8 [43] and due to the voids and cracks within the parts 
[37,44,45]. Romao et al. [43] suggested to use the Turner model [46,47] 
for prediction of the CTE for composites containing zirconium tungstate: 

αC =
α1K1V1 + α2K2V2

K1V1 + K2V2
(1) 

α is the CTE, V is the volume fraction and K is the bulk modulus. The 
subscripts c, 1 and 2 refers to the final composite, the first phase (e.g. 
ZrW2O8) and the second phase, respectively. α-Al2O3 was chosen in this 
work as a second phase, since it is high temperature stable with a low 
tendency for reaction, and should, in theory, avoid the formation of 
undesired phases and a rapid volume change during laser processing. 
Bulk modulus and thermal expansion values found in the literature are 
13 GPa [41] and − 4.9 × 10− 6 1/K for β-ZrW2O8 [35] and 250 GPa [48] 
and 8.1 × 10− 6 1/K [49] for α-Al2O3. Applying the Turner model, a 
phase ratio of 96.9 vol% ZrW2O8 to 3.1 vol% Al2O3 was calculated to 
achieve an optimized resultant CTE of 5.2 × 10− 8 1/K (near zero). 
Furthermore, a 50/50 vol% ratio was chosen as reference to enable a 
comparison of the properties of the laser processed parts. Properties of 
parts made from 99% pure aluminum oxide were already evaluated in 
the authors previous research [6,22,26]. 

Since ZrW2O8 is transparent throughout the visible spectrum [35], a 
powder mixture of pure WO3 and ZrO2 (bandgaps of 2.6 eV [50] and 
5.1 eV [51]) is required, in which WO3 sufficiently increases the 
absorptance of the powder for a successful PBF-LB process. It should be 
noted, that submicron- and micron-sized ZrW2O8 powder is not 
commercially available. Thus far, zirconium tungstate has only been 
synthesized via laser processing using a CO2 laser [52], as both starting 
materials show a high absorption at the wavelength of the CO2 laser 
(10.6 µm) [53,54]. However, the spot size, therefore the melt pool size 
depends on the used wavelength, which then limits the geometrical 
accuracy of CO2 lasers in additive manufacturing. The laser-processed 
samples showed an oriented growth of nano-crystallites relative to the 
temperature gradient and primarily the high-pressure phase γ-ZrW2O8, 
indicating compressive stresses induced during solidification. A pure 
α-ZrW2O8 phase could be produced after annealing [52]. 

The focus of this study was particularly on minimizing cracks in the 
oxide ceramic components by in-situ formation of negative thermal 
expansion phases and not on surface quality optimization of the laser 
processed parts. 

2. Experimental 

2.1. Starting materials 

Spray-dried granules were produced from ZrO2 nanoparticles TZ- 
0 (Tosoh Corporation, Japan) and WO3 nanoparticles (ALB Materials 
Inc, USA). These granules were mixed with coarse aluminum oxide 
AA18 (Sumitomo, Chemical Co. LTD, Japan) to achieve the desired 
powder compositions for laser processing and to increase the final 
powder bed density. The aim of this powder preparation was to achieve 
a counterbalancing of the shrinkage of alumina by the expansion of 
zirconium tungstate during cooling by homogeneous distribution of 
these two phases, therefore, an adjustment of the resultant thermal 
expansion coefficient of the produced part to near zero. This should be 
ensured by the introduction of the coarse-grained Al2O3 particles, which 
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have a low tendency for melting or for reacting with both nanoparticles 
within the spray dried granules to avoid undesired reaction-products 
during laser processing (e.g. AlWO4 [55]), that have less suitable ther
mal expansion coefficient. Some of these undesired reaction-products 
also show an anisotropic thermal expansion and thus, easily develop 
microcracks below the consolidation temperature [35]. Ammonium 
citrate dibasic p.a. 98% (Sigma Aldrich Corp., USA) was used as a sur
factant to modify the charges of the particle surfaces. A pH-value 
adjustment of the WO3 nanoparticle dispersions was achieved through 
the use of a 10% diluted ammonium hydroxide solution (Carl Roth 
GmbH + Co. KG, Germany). The change of the pH-value was measured 
by the Five Easy Plus pH meter FP 20-Std-Kit (Mettler Toledo Schweiz 
GmbH, Switzerland). 

Helium pycnometry (AccuPyc II 1340, Micromeritics, USA) was used 
to evaluate the absolute powder density. BET (Brunauer–Emmett–
Teller) measurements (SA 3100, Beckman Coulter, Germany) provided 
the specific surface area (SSA). The need to degas the powders before 
performing the SSA measurement was eliminated by the utilization of 
synthetic air for two hours at 180 ◦C (SA-PREP Surface Area Outgasser, 
Beckman Coulter, Germany). The measured absolute density and SSA 
was used to calculate the corresponding BET average particle size ac
cording to the Sauter mean diameter [56]. The surface potential of the 
dispersed particles in water was measured using the electroacoustic zeta 
potential measurement method (ZetaProbe Analyzer, Colloidal Dy
namics, USA) with an equilibration delay of 30 s. The measurements 
were performed at different pH-values to evaluate the saturation amount 
of surfactant on the particle surfaces. pH-adjustments of the suspensions 
(solid load of 5 wt%) were achieved by titration of a 0.1 molar HCl so
lution (Carl Roth GmbH + Co. KG, Germany) and a 0.1 molar NaOH 
solution (Sigma Aldrich Corp., USA). The dielectric constants were taken 
from [57]. The saturation amount of dispersant was mixed with each of 
the different powders to conduct a proper dispersion in Nanopure water. 
A combination of roll milling (24 h) and vibration milling (20 min, 
vibrational frequency of 30 Hz) (Retsch MM301, Retsch GmbH, Ger
many) was utilized for the dispersion of the ZrO2 particles. 0.4 mm ZrO2 
milling balls (Tosoh Corporation, Tokyo, Japan) were used for this 
dispersing routine. WO3 particles were dispersed only by roll milling for 
24 h (1 mm ZrO2 milling balls). Laser diffraction (LS 13320, Beckman 
Coulter GmbH, Germany) and dynamic light scattering (ZetaSizer Nano 
ZS, Malvern Panalytical Ltd, UK) provided the volume based particle 
size distributions of the dispersed particles in water. Refractive indexes 
and extinction coefficients required for the measurements were taken 
from [58] for WO3 and [59] for ZrO2. 

2.2. Spray granulation and mixing with coarse alumina 

The mini spray dryer B-290 (Büchi Labortechnik AG, Switzerland) 
was utilized for spray granulation. The process was conducted with an 
ultrasonic atomizer in co-current mode. The supply of the spray drying 
slurry to the nozzle was accomplished by a peristaltic pump. This slurry 
was left stirring during spray drying to prevent demixing. Process pa
rameters were an inlet temperature of 140 ◦C, an outlet temperature of 
ca. 100 ◦C, an air flow rate of 25 m3/h, a nozzle frequency of 60 kHz, a 
slurry feed rate of ca. 0.7 ml/min and an ultrasonic power of 4 W. The 
ultrasonic nozzle was prevented from overheating by a flow of com
pressed air. The process parameters were kept constant during spray 
drying. A cyclone with an attached collection vessel enabled the sepa
ration of the spray-dried granules from the gas stream. A final screening 
step (230 mesh (63 µm) sieve (Retsch GmbH, Germany)) of this powder 
led to the desired granule size distribution for laser processing. The yield 
of the granulation process was quantified by the fraction of the weight of 
obtained spray-dried granules to the weight of the solid content in the 
slurry mixed for spray drying. Finally, the desired powder compositions 
for PBF-LB were prepared by mixing 3.1 and 50 vol% of coarse 
aluminum oxide AA18 with the granules for 1 h on a rolling bench. 

Zirconium oxide and tungsten oxide powders were dispersed 

separately using the previously determined saturation amount of 
ammonium citrate dibasic of each powder prior to spray drying. 1 wt% 
(5 vol%) of binder PEG 35000 (Sigma Aldrich Corp., USA) was added 
prior to spray drying to the dispersed ZrO2 particles after rotating for 
20 h to guarantee the formation of non-broken granules. After a ho
mogenization step of two hours, the two slurry components were finally 
mixed for an additional two hours. The powder ratio in the slurry used 
for spray drying was 76.4 vol% (68 mol%) WO3 and 23.6 vol% (32 mol 
%) ZrO2 to achieve only the pure ZrW2O8 phase according to the phase 
diagram [38,39] after laser processing. 

2.3. Powder characterization 

2.3.1. Apparent and tapped density, flowability and particle size 
distribution 

The apparent density of the powders (PTL Dr. Grabehorst GmbH, 
Germany) was measured according to the standard DIN EN ISO 23145–2 
and the tapped density was quantified by tapping the powders 1000 
times with a displacement of 3 mm in compliance to EN ISO 787–11 
using a jolting volumeter (JEL STAVII, J. Engelsmann AG, Germany). 
Relative densities were quantified by the relations between apparent or 
tapped density to the absolute powder density. A flowability grading of 
the powders was performed by the Hausner ratio, which is defined as 
fraction of tapped density over apparent density. Values of this ratio 
below 1.25 indicate a fair flowability for the PBF-LB process [18,20,60, 
61]. A Revolution Powder Analyzer (PS Prozesstechnik GmbH, 
Switzerland) was used to analyze the dynamic flow behavior during 
agitation. The avalanches of 10 ml powder in a rotating 25 ml drum (0.6 
rounds/minute) were directly captured by a CCD camera and the 
characteristic values of the avalanche angle (angle of powder when an 
avalanche occurs) were automatically calculated by the integrated 
software (preparation time of 30 s). Three measurements with at least 
127 avalanches were carried out. The lower the avalanche angle is, the 
better the powder flowability. Above an angle of 60◦, it is difficult to 
achieve a suitable flowability for powder recoating, whereas an angle 
smaller than 60◦ implements a sufficient powder flowability to recoat a 
smooth powder layer [62]. Laser diffraction (LS 13320, Beckman 
Coulter GmbH, Germany) of the powders in isopropanol gave the vol
ume based particle size distributions including the characteristic values 
for d10, d50 and d90. 

2.3.2. Electron microscopy and absorptance measurement 
Scanning electron microscopy (SEM) was used to visualize the ZrO2 

and WO3 nanoparticles (Quanta 650 SEM, FEI, USA) and the mixed 
powders used for laser processing (SEM VEGA3 Tescan, Tescan, Czech 
Republic). Therefore, a thin powder layer was attached on an adhesive 
carbon tab by the use of compressed air and finally sputtered with gold- 
palladium to enable the microscopy imaging. Element distributions 
within the granules were examined by energy-dispersive X-ray spec
troscopy by the Bruker XFlash 6–10 detector (Bruker Corporation, USA). 
To visualize the internal structure of the granules by SEM, the granular 
material was cold embedded in a resin (CaldoFix-2, Struers GmbH, 
Switzerland). A thin powder layer was placed on the bottom of the 
embedding die and the resin was poured on top. Afterwards, the powder 
layer was ground, polished (with a 3 µm diamond suspension) and 
finally sputtered with gold-palladium. 

Qualitative light absorption measurements were conducted with an 
UV–VIS–NIR spectrophotometer (Shimadzu 3600, Shimadzu Corpora
tion, Japan) applying the Kubelka-Munk method [63,64]. The mea
surements were performed with 2 nm steps in a wavelength range of 
300–1500 nm. More information to this method is given in [26]. This 
includes the calculation of the arbitrary constants of absorption coeffi
cient K and scattering coefficient S by measuring the sample reflectance. 
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2.4. Laser processing 

The customized powders were laser processed in a flexible PBF-LB 
setup built in-house at ETH Zurich [6]. A continuous wave IR fiber 
laser (redPOWER R4 200 W, SPI Lasers, UK) with a wavelength of 
1070 nm and a maximum output power of 200 W was used for laser 
processing. The optimized processing parameters were a spot size of 
90 µm, a hatch distance of 170 µm and a layer thickness of 40 µm. The 
used laser power and scan speed for each powder combination are stated 
in the result and discussion chapter. A Sn60Pb40-coated steel was used 

as substrate for laser powder bed fusion. More details on the preparation 
procedure of the substrate can be found in Verga et al. [21]. 

2.5. Characterization of PBF-LB manufactured parts 

The visual appearance of the PBF-LB printed parts was imaged by 
optical microscopy. The optical microscope SteREO Discovery.V20 (Carl 
Zeiss Microscopy, Germany) was used to evaluate the shape and the 
accuracy of the parts. The internal structure of the parts was observed 
with the optical microscope Keyence VHX 5000 (Keyence Corporation, 

Fig. 1. SEM images of agglomerated a) ZrO2 and b) WO3 nanoparticles. c) Zeta potential of ZrO2 particles as a function of pH value and various citrate concen
trations. d) pHIEP of ZrO2 suspensions as function of ammonium citrate dibasic addition. e) Zeta potential of WO3 particles as a function of pH value and various 
citrate concentrations. f) Zeta potential of WO3 suspensions as function of ammonium citrate dibasic addition at constant pH values of 1.5, 2.5 and 3.5. 
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Japan). Furthermore, the internal microstructure was imaged by the 
SEM VEGA3 Tescan. The parts were cold embedded in the CaldoFix-2 
resin and the cross-sections were ground and polished (1 µm diamond 
suspension) prior to microscopy imaging, 

Water was used as liquid medium to ascertain the density according 
to the Archimedes principle. This density was related to the absolute 
densities of crushed laser manufactured parts measured by helium 
pycnometry to obtain a relative density of the part. The compression 
tests were performed using the Instron 8801 servohydraulic testing 
systems (Illinois Tool Works Inc., USA). Cylinders with a part diameter 
of ca. 5 mm and a length of ca. 8 mm were manufactured by PBF-LB, 
ground plane-parallel and polished (5 µm finish) prior to the tests. The 
uniaxial compressive strength σ was calculated by the fraction of applied 
force F over the cross sectional area A of the cylinders: 

σ =
F
A
=

F
1
4d2π (2) 

The Young’s modulus of the PBF-LB manufactured samples was 
quantified by the ultrasonic method. The parts were ground plane- 
parallel and honey was used as a couple medium to enable a good 
coupling between sensors and sample. The ultrasonic measuring device 
Panametrics 5900 PR (Olympus K.K., Japan) provided longitudinal cL 
(use of 4 MHz) and transverse cT (use of 0.5 MHz) waves through the 
samples. The sound velocities of these waves were calculated from time- 
of-flight measurements determined by the software Ultrasound Imaging 
System Version 2.2.c and material thickness measurements. The Young’s 
modulus E were calculated by these sound velocities and the material 
density ρ as follows: 

E = 4ρc2
T

3
4 − (cT

cL
)

2

1 − (cT
cL
)

2 (3) 

X-ray powder diffraction was performed on ground PBF-LB manu
factured parts in Bragg–Brentano geometry using a Bruker AXS D8 
ADVANCE diffractometer (Bruker Corporation, USA), which is equipped 
with a Cu-Kα X-ray source. The diffraction data was determined in a 2θ 
range of 5–120◦ in 0.02◦ steps and 1 s exposure time per step. Crystal
lographic phases were identified using the TOPAS Bruker AXS software. 

3. Results and Discussion 

3.1. Dispersion of starting powders in water 

Fig. 1a and b show the optical appearance of the ZrO2 and WO3 
nanoparticles, respectively. The powders feature particles with a uni
form size distribution in the nano range. The WO3 powder had a yellow 
color, whereas the ZrO2 powder appeared in a pure white color. The 
measured absolute densities and specific surface areas were 5.62 g/cm3 

and 14.4 m2/g for the ZrO2 powder and 6.93 g/cm3 and 7.9 m2/g for the 
WO3 powder. These results gave calculated BET average particle sizes of 
74 nm for the ZrO2 particles and 110 nm for the WO3 particles. The ZrO2 
powder consisted entirely of the monoclinic phase (Baddeleyite) ac
cording to X-ray diffraction (Fig. S4). A phase content of 100% Kras
nogorite was found for the WO3 powders (Fig. S4). Other phases were 
not present in both powders. The used aluminum oxide powder AA18 
was already analyzed in terms of absolute density in our previous work 
[22]. The absolute densities, the SSA and the BET average particle size of 

the used powders are summarized in Table 1. 
The zeta potential of the ZrO2 nanoparticles in water as a function of 

the pH value and various ammonium citrate concentrations is illustrated 
in Fig. 1c. The addition of ammonium citrate dibasic shifts the isoelec
tric point from 6.4 to 1.8 (Fig. 1d). Using the saturation amount of 
ammonium citrate dibasic (0.6 wt%/2.1 vol%), a zeta potential below 
− 77 mV is created for pH values bigger than 5, which theoretically 
guarantees successful electrostatic stabilization of these particles in this 
pH range. By adsorption on the particle surfaces, the citrate causes an 
exchange of hydroxyl groups with carboxylate ions and creates a 
strongly negative charged surface, which enables a homogeneous 
dispersion. At the evaluated saturation amount, the surface of the par
ticles should be already fully covered with a monolayer of citrate anions. 
Fig. 1e shows the Zeta potential of the WO3 particles as a function of the 
pH value and the ammonium citrate addition. Since a dependency of the 
zeta was not clearly seen in this depiction, the zeta potential was rep
resented as function of ammonium citrate dibasic addition at constant 
pH values of 1.5, 2.5 and 3.5 (Fig. 1f). This depiction showed a decrease 
of the zeta potential by addition of ammonium citrate dibasic, especially 
for pH-values of 1.5 and 3.5, however, this decrease was only slight. 
Both powders (ZrO2 and WO3) are already negatively charged without 
using citrate, but zirconia has a much smaller zeta potential at the initial 
pH values (− 40 mV to − 180 mV). This means less repulsion on the 
carboxylate ions. However, this also explains the small shift of the zeta 
potential by use of this dispersant for WO3. For further dispersion ex
periments with WO3, an amount of 0.2 wt% (0.9 vol%) ammonium 
citrate dibasic was chosen, since a high zeta potential below − 100 mV 
was already present a pH values bigger than 2.5 and the change in the 
zeta potential was only small for bigger concentrations of the dispersing 
agent. 

Fig. 2 summarizes volume based particle size distributions of ZrO2 
and WO3 nanoparticles in water. Laser diffraction and dynamic light 
scattering confirmed agglomerations up to 2 µm for different solid 
loadings when using only roll milling for 24 h as a dispersing method for 
the ZrO2 particles. However, the particle size decreased significantly 
when comparing to roll milling without a dispersant. Since attractive 
van der Waals forces have more impact on small nanoparticles due to 
gravitational forces decreasing with smaller particle size, these particles 
require an intensive dispersing step with higher energy input [65]. An 
additional vibration milling step for 20 min before roll milling shifted 
particles sizes to be smaller and destroyed bigger agglomerates. (Fig. 2a, 
b). Furthermore, this enabled the preparation of suspensions with a high 
solid loading of 38.5 vol%. The lowest particles sizes with the charac
teristic values of d10, d50 and d90 of 104, 129 and 190 nm according to 
laser diffraction and of 105, 177 and 284 nm according to dynamic light 
scattering were measured for a solid load of 35 vol%. These values were 
close to the measured BET average particle size of 74 nm. 

Achieving of a proper dispersion was not straight forward in the case 
of the WO3 particles. Without adjusting the pH value, agglomerations 
were observed at the initial pH values of 3.7 (0.2 wt% of ammonium 
citrate dibasic) and of 3.8 (no dispersant used), which could be due to a 
complete deprotonation of citrate at pH values of 3.5 – 4. Additional 
charges in the form of anions are not provided, but only neutral citric 
acid. A pH-value adjustment by a diluted ammonium hydroxide solution 
slowly improved the size distribution. At a pH range of 5.9 – 6.3 almost 
agglomeration free dispersions are shown in Fig. 2c and d. The char
acteristic values of d10, d50 and d90 of 59, 83 and 129 nm according to 
laser diffraction and of 139, 216 and 309 nm according to dynamic light 
scattering were achieved using a solid load of 15 vol% and adjusting the 
pH to 5.9. 

The volume based particle size distributions (LD) of the used alumina 
powder AA18 dispersed in water were already presented by Pfeiffer 
et al. [22,26]. For this powder, the particle size distribution was only 
evaluated by laser diffraction, since the particle size was at the upper 
measurement limit of the dynamic light scattering device. 

The results for the characteristic values of d10, d50 and d90 of the 

Table 1 
Absolute densities, specific surface area and BET average particle size of raw 
powders.  

Raw material Al2O3 AA18 ZrO2 TZ-0 WO3 particles 

Absolute density [g/cm3] 3.99  5.62  6.93 
Specific surface area [m2/g] < 0.1  14.4  7.9 
BET average particle size [nm]   74  110  
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dispersed powders are summarized in Table 2. 

3.2. Preparation of final powders for laser powder bed fusion 

A detailed spray dying process parameter study was performed for 
the ZrO2/WO3 granules. The influence of the parameters was evaluated 
for slurry solid load, slurry feed rate (pump rate), power output of the 
ultrasonic atomizer and inlet temperature of the spraying chamber. 
More information on this study can be found in the supplementary in
formation (Table S1 and Fig. S1, S2, S3). 

3.2.1. Influence of solid load 
A steady increase of the granule size by increasing the slurry solid 

load used for spray drying was observed. Differences between the 
granules made from different solid loads were not visible in SEM images. 
The solid load of 23 vol% was evaluated as the most suitable concen
tration, since it combined a high apparent and tapped density with the 
lowest Hausner ratio (i.e. best flowability). 

3.2.2. Influence of slurry pump rate 
A steady increase of the granule size was also seen by increasing the 

pump rate. The yield of spray drying was in a comparable range for all 
three pump rates. The same Hausner ratio for all three granules implied 
the same flowability for each, however, the highest apparent and tapped 
density were measured for a pump rate of 0.68 ml/min. 

3.2.3. Influence of power output of ultrasonic nozzle 
The sphericity of the granules was not affected up to a power of 8 W, 

but several broken and malformed granules with a non-uniform 
appearance as well as agglomerations were seen for a power of 20 W. 
This loss of sphericity led to a decrease of the flowability (decrease of 
Hausner ratio); consequently, a strong decrease of the apparent and 
tapped density was observed. 

Fig. 2. Volume based particle size distributions of ZrO2 particles in water using an optimized dispersant amount of 0.6 wt% ammonium citrate dibasic dispersed by 
roll milling for 24 h or a combination of vibration milling (20 min) and roll milling (24 h) and determined by a) laser diffraction (LD) and b) dynamic light scattering 
(DLS). Volume based particle size distributions of WO3 particles in water by optimized dispersant amount of 0.2 wt% dispersed by roll milling (24 h) and determined 
by c) laser diffraction and d) dynamic light scattering. 

Table 2 
d10, d50 and d90 of volume based particle size distributions of dispersed powders 
in water determined by dynamic light scattering (DLS) and Laser diffraction 
(LD).  

Powder Al2O3 AA18 ZrO2 TZ-0 WO3 particles 

Measurement method LD LD DLS LD DLS 
d10 10.9 µm 104 nm 105 nm 59 nm 139 nm 
d50 18.6 µm 129 nm 177 nm 83 nm 216 nm 
d90 26.1 µm 190 nm 284 nm 129 nm 309 nm  
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3.2.4. Influence of inlet temperature 
An inlet temperature of 140 ◦C was found as most favorable for 

apparent and tapped density of the granules. Furthermore, a good 
flowability and the highest yield was given for these granules. A clear 
trend for the granule sizes was not seen. 

Table 3 shows a short summary of the process parameter impact on 
granule size and shape. The final process parameters for spray drying 
chosen to produce the granules for laser powder bed fusion were an 
ultrasonic power output of 4 W, a pump rate of 0.68 ml/min, a solid load 
of 23 vol% and an inlet temperature of 140 ◦C. 

SEM images of the ZrO2/WO3 granules sprayed with the optimized 
process parameters are depicted in Fig. 3a and b. The granules have a 
high sphericity with a homogeneous surface. This spherical shape was 
confirmed by a low Hausner ratio of 1.11 and a low avalanche angle of 
34.9◦ leading to a smooth rearrangement of the powder bed surface. 
Furthermore, malformed granules were not present. 

Fig. 3c shows the element distribution within the granules deter
mined by energy-dispersive X-ray spectroscopy. The three elements, 
tungsten, oxygen and zirconium, are uniformly distributed within the 
granules, which indicates a homogeneous distribution of the WO3 and 
ZrO2 particles. The calculated content of ZrO2 and WO3 was 22.1 wt% 
and 77.9 wt%, respectively, which was close to the desired eutectic ratio 
of 20/80 wt% (23.6/76.4 vol%). 

Fig. 3d and e show the inner structure of the spray-dried ZrO2/WO3 
granules. The granules have a very uniform microstructure and are solid 
without a hollow core. These observations confirm the results reported 
from Iskandar et al. [66]. Solid and dense granules made from silica 
were produced by using a high solid concentration, a high content of 
nanoparticles and a small droplet size [66]. 

Two different ratios of ZrO2/WO3 granules to coarse aluminum oxide 
powder were chosen in this work as discussed before (powder combi
nation A: 96.9/3.1 vol% (Turner model) and powder combination B: 50/ 
50 vol%). The different contents of coarse alumina AA18 could be 
homogenously distributed within the ZrO2/WO3 granules (Fig. 3f, g). 
Furthermore, the granules were not destroyed during the mixing 
process. 

Table 4 summarizes the properties of the powders used for laser 
processing. Apparent and tapped density slightly decreased with the 
addition of the 3.1 vol% coarse alumina and then strongly increased 

again after adding 50 vol% coarse alumina (apparent and tapped density 
of pure granules are 31.2% and 34.7% of TD). In contrary, the Hausner 
ratio of the powders increased by increasing the amount of coarse 
aluminum oxide, which indicates a flowability worsening. A similar 
behavior was also seen in the authors’ previous work, which was 
attributed to the more irregular size distribution by adding the coarse 
alumina AA18 with minor particle sizes in the range of 10–30 µm [22]. 
This impaired flow behavior effects a density decrease for a small 
alumina addition of 3.1 vol%, however, the decreased flowability does 
not have a big impact for an addition of 50 vol% of the densely packed 
AA18. In this case, the homogeneously distributed AA18 increases the 
apparent and tapped density. 

The room temperature absorptance of the granules was evaluated by 
the Kubelka Munk method (Fig. 4). The highest absorption was 
measured for pure ZrO2/WO3 granules. The K/S ratio decreased over the 
completely measured wavelength (300–1500 nm) with the addition of 
coarse aluminum oxide AA18. Furthermore, an increased absorptance 
was measured at the featured wavelength of the used continuous wave 
IR fiber laser (1070 nm). Pure AA18 did not show any visible absorption 
and therefore, it was not possible to process this powder by the used 
laser. 

3.3. Laser manufacturing 

Prior to PBF-LB, layers were directly consolidated by the IR laser on 
the top surface of uniaxially pressed cylindrical substrates containing 
pure ZrO2/WO3 granules to evaluate the influence of the laser param
eters on the ZrW2O8 formation. X-ray diffraction measurements 
confirmed a formation of this phase in various amounts for selected laser 
processing parameters (Table 5). 

The experiments showed that high power to speed ratios and high 
energy densities are preferred for the formation of zirconium tungstate 
by laser processing, leading to higher temperatures and therefore more 
time to form ZrW2O8 during cooling. Despite that it is possible to 
generate zirconium tungstate phase in these pre-experiments, the eval
uated parameters cannot be directly transferred in the PBF-LB process, 
because the heat conduction through the uniaxially pressed cylinders is 
different. Liang et al. reported formation of α-ZrW2O8 [52], however, a 
CO2 laser was used for those experiments, and therefore, a different laser 

Table 3 
Short overview of the results achieved in the process parameter study.  
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absorption of the ZrO2 and WO3 starting material was given. Further
more, higher laser powers of 400–800 W, lower laser scan speeds of 
1–5 mm/s and a bigger laser spot size of 10.4 mm were applied by them. 
Thus, the power/speed ratios (80–800 J/mm) and energy densities 

(7.69 – 76.92 J/mm2) of laser processing were in a higher range. 
These pre-experiments helped to find a suitable processing window 

for PBF-LB of both powder combinations (3.1 and 50 vol% aluminum 
oxide) to build 6 × 6×6 mm cubes. 

Fig. 3. a), b) SEM images of ZrO2/WO3 granules with corresponding c) element distributions of W, Zr and O examined by energy-dispersive X-ray spectroscopy 
within a granule and e), f) subsurface morphology of the granules. SEM images of the granules mixed with e) 3.1 vol% (powder combination A) and f) 50 vol% 
(powder combination B) coarse aluminum oxide AA18. 
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The P-v graphs are shown in Fig. 5a, b. In both cases, large spatter 
was observed around the build chamber after processing, especially for 
the 96.9:3.1 vol% ratio (powder combination A). This may be due to the 
low boiling point of tungsten oxide (1730 ◦C for WO2 and 1837 ◦C for 
WO3 [67]), which may lead to evaporation during processing with 
alumina and zirconia, both which have a much higher boiling point 
(>3000 ◦C). Fig. 5c shows an example of the large amount of darker 
spatter generated by laser processing with 30 W of the granules con
taining zirconia and tungsten oxide mixed with 3.1 vol% coarse 
alumina. Such spatter was reduced at 15 W, therefore this power level 
was used for creating geometrical defined parts (Fig. 5e). The strong 
spatter led to inaccuracies in the geometry, as the parts were about 
1 mm smaller in height than the expected value. This may not be a 
significant problem for simple geometries, such as cubes or cylinders, as 
additional layers could be built to compensate for the lower height, but 

it significantly limits building complex geometries. This phenomenon 
was considerably less evident with the powder containing 50 vol% of 
alumina (powder combination B), likely due to the smaller amount of 
low melting tungsten oxide. Fig. 5d-f illustrates parts processed with 
powder combination A or B using different laser parameters (power, 
laser speed and hatch distance (h)). 

A laser power of 15 W and a scan speed of 30 mm/s for powder 
combination A and a laser power of 30 W and a scan speed of 70 mm/s 
for powder combination B were chosen for further processing, since the 
parts processed with these process parameters showed the highest 
density and geometrical accuracy. The hatch distance used in the ex
periments was 170 µm. The spot size, layer thickness and substrate given 
in the experimental section were kept constant for both powders. 

3.3.1. Processing of powder combination A (from Table 4) 
Fig. 6 shows laser-manufactured parts produced with powders con

taining 3.1/96.9 vol% aluminum oxide and ZrO2/WO3 granules. The 
part shape shows a relatively low lateral and vertical accuracy due to the 
severe spatter effect explained earlier (Fig. 6a). The part density 
measured in accordance to the Archimedes principle was 95.7%. Laser- 
induced cracks were not visible in low magnifications of the micro
structure (Fig. 6b, c). Vast regions without cracks were observed. At 
higher magnifications a few cracks were revealed (Fig. 6d). Spherical 
porosity was also present, probably caused by local evaporation of 
tungsten oxide. 

Crack reduction in these parts was achieved by the generation of the 
negative thermal expansion phase zirconium tungstate (ZrW2O8) [35, 
36], which was produced due to rapid cooling during laser processing. 
This rapid quenching prevents in general the decomposition of this 
phase into WO3 and ZrO2 [36,42]. Thermal stresses were minimized due 
to the presence of a negative thermal expansion phase, since it expanded 
during cooling generating compressive stresses, which compensated the 
tensile stresses generated by the shrinking of aluminum oxide. The 
formation of ZrW2O8 was confirmed by X-ray diffraction measurements 
of crushed parts (Fig. 7). However, a complete transformation of zirco
nium oxide and tungsten oxide to zirconium tungstate was not obtained 
during laser processing. Residual tungsten oxide and zirconium oxide 
were still present in the material, which could be from unreacted 
ZrO2/WO3 granules or produced by the decomposition process of 
ZrW2O8 during cooling. Aluminum oxide reacted with tungsten oxide to 
result in a minor phase of aluminum tungstate. 

The optimized phase ratio of 96.9/3.1 vol% of ZrW2O8/Al2O3 ac
cording to the Turner model (CTE = 5.2 ×10− 8 1/K) led to a very low 
amount of cracks, as suggested by Romao et al. [43]. 

3.3.2. Processing of powder combination B (from Table 4) 
Fig. 8 shows optical microscope and SEM images of cross-sections 

(build direction (a-d) and top view (e-h)) of laser-manufactured parts 
produced from powders containing 50/50 vol% alumina and ZrO2/WO3 
granules. 

The qualitative impression showed, that the shape of the parts had a 
relatively high lateral accuracy. The parts offered a high part density of 
95.7% with a low amount of μm-sized circular pores, which confirms a 
suitable IR laser light absorptance of the used powder and the created 
melt pool. The spherical pores were probably formed due to local 
evaporation of tungsten oxide. Laser-induced cracks were hardly visible 
in the internal structure of these cross sections. However, a higher 
amount of micro-cracks was visible compared to parts processed with 
powder combination A (Fig. 8). Furthermore, the microstructure con
tained different lamellar structures after laser processing (Fig. 8d). 
These structures were also seen by other researchers upon laser pro
cessing of material systems with more components. Zhang et al. [33] and 
Zheng et al. [10] noticed that lamellar structures were generated along 
the build direction by thermal capillary convection (influenced by the 
Marangoni effect, streak convection and flowing Bénard cells). Liu et al. 
[30] obtained different rod-like lamellar eutectic structures during laser 

Table 4 
Properties of powders used for laser processing containing coarse alumina AA18 
and spray dried ZrO2/WO3 granules.  

Composition Powder combination A 
96.9 vol% granules + 3.1 vol 
% alumina AA18 

Powder combination B 
50 vol% granules + 50 vol 
% alumina AA18 

Apparent density in 
% of TD 

30.6 ± 0,63 38.3 ± 0,16 

Tapped density in % 
of TD 

34.4 ± 0,03 44.3 ± 0,28 

Hausner ratio 1.13 1.16 
d10 in µm 16.8 11.6 
d50 in µm 33.5 21.0 
d90 in µm 53.0 42.2  

Fig. 4. Qualitative absorption spectrum evaluated by Kubelka Munk method of 
pure granules, granules mixed with coarse aluminum oxide and pure coarse 
aluminum oxide AA18. 

Table 5 
Evaluation of ZrW2O8 phase after laser processing with different power outputs, 
hatch distances and laser speeds on uniaxially pressed cylindrical substrates 
containing pure ZrO2/WO3 granules.  

Power 
[W] 

hatch 
distance 
[μm] 

laser 
speed 
[mm/s] 

Power/ 
speed [J/ 
mm] 

Energy 
density [J/ 
mm2] 

Formation of 
ZrW2O8 

200  100  3000  0.067  0.87 no 
200  100  2000  0.100  1.30 no 
200  100  1500  0.130  1.73 no 
15  150  25  0.600  7.79 yes 
7.6  150  25  0.304  3.95 yes  
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Fig. 5. Process window for a) powder combination A from Table 4 and b) powder combination B from Table 4. c) Spatter generated around build chamber after laser 
processing with 30 W on 96.9 vol% zirconium tungsten oxide powder. Shape of parts processed with d), f) powder combination A and e) powder combination B using 
different laser parameters. 
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manufacturing of Al2O3/GdAlO3/ZrO2 ternary ceramics. 
The top-view cross-sections revealed uniform, consolidated laser 

scan tracks of ca. 50 µm, which are smaller than the used laser spot size 
of 90 µm (Fig. 8f, g). The difference in distance maybe explained by the 
fact that the melt pool depth exceeds the layer depth and therefore, the 
tracks may be visible in different layers. These scanning tracks are sur
rounded by squares consisting of the already described lamellar struc
ture. The origin of this unique microstructure could be due to the 
temperature differences within the melt pool, where the higher tem
peratures are located in the laser spot center. Furthermore, it could be 
that scan tracks from upper layers are visible, since the melt pool is 
usually deeper than a single layer. 

The bright and dark phases within the lamellar structure were 
further analyzed by energy-dispersive X-ray spectroscopy (EDX) 

(Fig. 8h). The element distribution (Al: 51.2 wt%; O: 48.8 wt%) within 
the dark phase (position 1) strongly indicates an aluminum oxide phase. 
This phase could be a non-molten AA18 particle considering the size of 
ca. 20 µm. The surrounding bright phase (position 2) contains 37.8 wt% 
of Zr, 26.9 wt% of W, 28.9 wt% of O and 6.3 wt% of Al. However, this 
measurement is not suitable to clearly indicate this surrounding phase. 
Therefore, x-ray diffraction measurements were performed to determine 
the existing phases in the laser processed part (Fig. 9). Instead of a 
ZrW2O8 phase from powder combination A, an Al2W3O12 phase was 
formed in-situ during laser processing, which could be the surrounding 
phase seen in the SEM analysis. The phase stability of Al2W3O12 was 
increased, since more Al2O3 was present in this powder combination for 
the in-situ reaction. Furthermore, unreacted tungsten oxide, zirconium 
oxide and aluminum oxide were still present. As described above, re
sidual tungsten oxide and zirconium oxide could be also created by 
decomposition of ZrW2O8 during cooling. 

Crack reduction in the parts made from powder combination B is 
achieved by the in-situ formation of uniformly distributed aluminum 
tungstate (Al2W3O12) during laser processing. The exact value of the 
thermal expansion coefficient of this phase is controversially discussed 
in the literature, however, an anisotropic thermal expansion in different 
dimensions was reported in several works [68–70]. An anisotropic 
thermal expansion with a negative CTE along the a and c axes, but a 
positive CTE along the b axis was reported by Woodcock et al. (volu
metric CTE of 1.5 ×10− 6 1/K) [68] and by Imanaka et al. (volumetric 
CTE of 1.2 ×10− 6 1/K) [72]. Achary et al. measured a negative linear 
thermal expansion coefficient in the region of 25–850 ◦C of 
− 1.5 × 10− 6 1/K [71]. Evans measured even different values for the 
CTE from dilatometer studies (− 3 ×10− 6 1/K) and diffraction studies 
(2.2 ×10− 6) [69]. The controversy of the values was explained by 
Achary et al. by the influence of micro-cracks and defects on the CTE 

Fig. 6. a) Shape imaged by optical microscopy and b-d) SEM images of cross-sections (top view) of laser-manufactured parts produced with powders containing 
3.1 vol% coarse alumina AA18 and 96.9 vol% spray dried ZrO2/WO3 granules. 

Fig. 7. X-ray diffraction measurements of laser processed parts made from 
powder combination A. 

S. Pfeiffer et al.                                                                                                                                                                                                                                  



Journal of the European Ceramic Society 44 (2024) 1012–1026

1023

[71]. However, all of the evaluated thermal expansion coefficients are 
closer to zero than the CTE of ZrW2O8, which makes Al2W3O12 (powder 
combination B) less effective to reduce cracking in the laser processed 
oxide ceramic parts compared to the previously described ZrW2O8 for
mation (powder combination A). Furthermore, Prisco et al. achieved a 
maximum 4-point bending strength of only 10 MPa for pure Al2W3O12 
ceramics [72]. However, aluminum tungstate also offers a low Young’s 
modulus (up to 91 GPa depending on grain size and porosity [72,73]), 
which is in combination with the low thermal expansion coefficient very 
beneficial for avoiding crack formation. 

Powder combination A and B showed both a large reduction of cracks 
compared to parts produced by Juste et al. [25] using 0.1 vol% graphite 
containing alumina granules as well as Pfeiffer and Florio et al. [6,22, 
26] using alumina granules with an iron oxide and manganese oxide 
doping below 1 vol%. 

3.4. Mechanical properties 

Severe crack formation due to thermal stresses during the rapid 
cooling in laser processing of pure aluminum oxide leads in general to a 

Fig. 8. a) Optical microscope and b-d) SEM images of cross-sections (build direction) as well as e) Optical microscope and f-h) SEM images of cross-sections (top 
view) of laser-manufactured parts produced with powder combination B from Table 4 (positions evaluated for element content are marked in orange in Fig. 8h). 
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severe strength reduction. The in-situ formation of negative thermal 
expansion phases is an effective way to reduce the crack formation and 
therefore, to achieve improved compressive strength values. A 
compressive strength of 498.9 ± 89.3 MPa was achieved by laser pro
cessing of powders consisting of 50/50 vol% spray-dried ZrO2/WO3 
granules and aluminum oxide (powder combination B). This value was 
higher than the value (327.9 ± 52.1 MPa) for powder combination B 
(96.9/3.1 vol% ZrO2/WO3 granules and aluminum oxide), despite 
having more cracks after laser processing. The higher amount of the 
ternary phase with a low mechanical strength leads to a low compressive 
strength in the final part. Reference compression strength values eval
uated in the authors previous research [6,22,26] for parts processed by a 
nano-second pulsed green Nd-YAG laser made of 99% pure aluminum 
oxide doped with nano iron oxide or manganese oxide were 219 and 
191 MPa, respectively. In comparison, compression strengths of 
conventionally sintered aluminum oxide parts can be more than 
4000 MPa [74] (depending on the used grain size, purity of the raw 
material and the production method). 

A Young’s modulus of 99.7 GPa was achieved for parts made from 
powder combination B. This Young’s modulus was higher than the 
51.3 GPa for parts processed from powder combination A. The low 
values may be explained by the residual porosity present in the parts and 
the high amount of ZrW2O8 and Al2W3O12 phases, which have low 
Young’s moduli (88 GPa for single crystal ZrW2O8 (average-over-di
rection) [75] and 91 GPa for spark plasma sintered Al2W3O12 ceramics 
(96% of TD [73]) compared to aluminum oxide (410 GPa [3]), zirco
nium oxide (monoclinic: 243 GPa and tetragonal: 212 GPa [76]) and 
tungsten oxide (305 GPa [77]). Parts made from powder combination A 
showed a lower Young’s modulus, since they contained a much higher 
phase content of the in-situ formed ternary phase. In comparison, 
effective Young’s moduli of traditionally manufactured ZrW2O8 parts 
(strongly reduced by apparent porosity [3]) were only between 4.2 [42] 
and 4.3 GPa [41]. A similar dependency of the Young’s modulus on the 
porosity was reported by Jardim et al. for Al2W3O12 ceramic parts [78]. 
The Young’s moduli of those traditionally manufactured parts decreased 
linearly from 54 to 35 GPa in a porosity range from 10% to 25%. 

4. Conclusions 

The in-situ formation of negative thermal expansion phases offers a 
suitable solution to reduce crack formation due to thermal stresses in 
laser powder bed fusion of aluminum oxide. 

Since the ternary phase ZrW2O8 was desired in the final laser pro
cessed parts, a powder consisting of spray-dried ZrO2/WO3 granules and 
coarse alumina particles (less prone to melting) was developed. A proper 
particle dispersion led to a uniform distribution of tungsten oxide and 
zirconium oxide in the granules, which was confirmed by energy- 
dispersive x-ray spectroscopy. The final powders were mixed with the 
ratio of 96.9/3.1 vol% of ZrO2/WO3 to Al2O3 (to achieve the lowest 

possible CTE of 5.2 ×10− 8 1/K according to the Turner model) and with 
a ratio of 50/50 vol% Al2O3 to ZrO2/WO3 granules. The addition of 
granules increased the room temperature absorptance at the wavelength 
of the used IR fiber laser (1070 nm). 

In laser-manufactured parts made from 50/50 vol% coarse alumina 
and ZrO2/WO3 granules, an Al2W3O12 phase was discovered. Parts with 
this in-situ formed phase showed a strong reduction in crack formation. 
A lamellar structure created due to temperature differences within the 
melt pool was noticed in the microstructure. The optimized ratio ac
cording to the Turner model of 96.9/3.1 vol% revealed an even lower 
amount of cracks in the laser manufactured parts. Sufficiently high en
ergy densities led to formation of the negative thermal expansion 
ZrW2O8 phase within these parts. Vast regions without cracks were 
visible in low magnifications of the microstructure and only higher 
magnifications revealed a small amount of cracks. The highest 
compressive strength of 498.9 ± 89.3 MPa and a Young’s modulus of 
99.7 GPa was achieved by using the 50/50 vol% powder combination. 
The compressive strength was higher than for the 96.9/3.1 vol% powder 
mixture, despite a larger amount of cracks due to the lower strength and 
larger amount of the negative thermal expansion phase. 

The formation of ternary oxides was shown in this work as an 
effective way to reduce the crack formation. However, too much the 
ternary phase can reduce the final strength of the parts, despite the 
positive effect on the thermal stresses. Further investigations can be 
focused to find an optimal content to reduce cracks without significantly 
reducing the properties of the printed parts. 

The proposed approach of creating negative thermal expansion 
phases during PBF-LB to minimize the formation of cracks could also be 
expanded to other ceramics systems. In the case of zirconia, not only 
tungsten oxide would be a suitable additive, but also hafnium oxide 
(HfO2) and vanadium oxide (V2O5) could be of interest to form the 
negative thermal expansion materials hafnium vanadate (HfV2O7) or 
zirconium vanadate (ZrV2O7) during the process [35]. However, the 
biggest disadvantage of using this material system, is that vanadium(V) 
oxide is a toxic material. Furthermore, other interesting phases for sys
tems containing WO3 could be hafnium tungstate (HfW2O8), or scan
dium tungstate (Sc2W3O12) with a CTE of − 11 × 10− 6 1/K and near 
isotropic thermal expansion [35]. 
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