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A B S T R A C T

The influence of powder bed density on the final density and microstructure of aluminum oxide parts manu-
factured by direct selective laser melting has been studied. Iron oxide and manganese oxide nanoparticles were
used to improve laser absorption by over eighty percent. To achieve such values, flowable doped alumina granules
were prepared by spray drying. Thermal treatment of the granules at 1600 �C and consecutive mixing with coarse
alumina allowed improvement of the tapped powder densities, reaching a maximum value of 56.4% of the
theoretical density. This led to laser processed parts with densities up to 98.6% measured by tomographic mi-
croscopy. Measurements with an integrating sphere and an UV-VIS-NIR spectrophotometer employing Kubelka-
Munk theory show the decrease of absorptance caused by thermal pre-treatment. 3D mapping by X-ray μ-beam
fluorescence contrast tomography and high resolution synchrotron powder diffraction provide information about
the variation of dopant distribution and composition within the granules.
1. Introduction

Selective laser melting and sintering (SLM and SLS) are well estab-
lished in industry for shaping of parts with complex geometries. How-
ever, its industrial usage is limited to applications employing metals or
polymers, since these materials undergo plastic deformation and are
therefore less critical to cracking due to thermal stresses. Nevertheless,
SLM and SLS have a great potential to produce highly complex ceramic
prototypes and small series with high accuracy and short lead times and
to avoid cost, energy and time consuming machining.

In the past, several approaches to overcome the problems of low
thermal shock resistance and weak densification during processing of
oxide ceramics were demonstrated. For example, the use of different
lasers (CO2 [1–4], pulsed Nd-YAG [5,6], high power diode [7] or
femtosecond lasers [8]), various laser scanning strategies (special circu-
lar [9], single-track, zigzag or island scanning strategies using different
laser powers [10] or powder feeding directly to the melt pool [11,12]),
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preheating (by microwaves [13], a second laser [14,15] or a building
platformwith a vertical tube furnace [4]) and finally the addition of silica
to form an amorphous phase [1,2,5,6] were tested to improve the
properties of the laser processed parts. Until now, none of these ap-
proaches proved to combine a high accuracy, a high bending strength
and a total freedom of design. To achieve this, not only the laser process
parameters and processing conditions have to be considered, but also
powder properties, such as melting temperature, absorptance [16]
flowability and powder bed density [17,18]. It is stated that high powder
bed densities are necessary to achieve a high density of the final parts
[17,18] and that strength of ceramic parts decrease with increasing
porosity [19]. Since traditionally only fine-grained ceramic parts show
adequate mechanical properties at room temperature, particles with sizes
in the range of tens of nanometers to a few micrometers are preferred.
However, agglomeration of particles with a diameter below 10 μm must
be considered [20], which will decrease the powder bed density, ho-
mogeneity and flowability [17]. Dense powder beds consisting of fine
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020

Ceramic Society. This is an open access article under the CC BY license (http://

mailto:stefan.pfeiffer@empa.ch
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2020.100007&domain=pdf
www.sciencedirect.com/science/journal/26665395
www.editorialmanager.com/oceram
https://doi.org/10.1016/j.oceram.2020.100007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.oceram.2020.100007


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

Raw material Al2O3

AA18
Al2O3

AA3
Al2O3

Taimicron TM-
DAR

Fe2O3

L2715D
MnO2

US3319

Absolute
density [g/
cm3]

3.99 4.01 3.95 4.38 4.28

Specific
surface area
[m2/g]

<0.1 0.4 11.8 69.7 22.7

BET average
particle size
[nm]

3700 128.8 19.6 61.7
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particles could be already deposited by an aerosol assisted spraying
technique [3], by electrophoretic deposition [4] or by slurry casting on a
substrate, where water was evaporated before the laser treatment [1,2].
Spray granulation provides an alternative solution for this problem. It
offers the possibility of homogeneous particle distribution and optimized
layer thickness for fast processing with high accuracy. It was already
applied by Juste et al. [21] andMapar et al. [22,23], who obtained highly
flowable granules ensuring a dense powder bed.

Alumina shows low absorption in the visible or near infrared range
(3% absorption at 1064 nm [24]). To improve the interaction between a
fiber laser and alumina powder, carbon [21,25–28] and SiC [27] were
mixed together with alumina particles bymechanical blending and tested
as suitable absorbers in the near infrared region. In this work, alumina
granules are directly doped with Fe2O3 and MnO2/Mn2O3 nanoparticles
during spray drying, since these dopants are known as effective absorbers
to improve the absorption of alumina granules in the visible and near
infrared range [16,29–32]. These dopants can have a significant influ-
ence on microstructure, phase composition and properties of sintered
alumina, which has already been extensively studied in the past for
conventional sintered alumina. For example, a complex series of oxides
can arise by thermal treatment in manganese-doped alumina, since
manganese shows a variable valency change. Thus, different manganese
cations with different valency states can replace the aluminum cations in
the lattice, which results in fast diffusion lowering the energy required
for sintering [33,34]. It is already established that up to 2% manganese
oxide increases grain growth in Al2O3 and promotes excessive irregular
grain growth grain growth [35]. A density between 98 and 99% [33,36]
was reached for sintering temperatures between 1550 �C and 1650 �C
independent of the amount of the dopant. Aluminum oxide doped with
manganese showed increased hardness and flexural strength [33,36].
Fe2O3 also enhances sintering [33] by entering the lattice of alumina
[34]. Preliminary studies on iron oxide doped alumina granules showed
that thermal treatment in air leads to this homogeneous incorporation. At
1600 �C a single corundum type phase was created, where iron diffused
in the alumina lattice [37]. With more than 1% of iron oxide the grain
growth is inhibited and results in equiaxed, spheroidal grains [35]. Ferric
oxide doped alumina samples showed an almost consistent flexural
strength up to 0.1 wt%, a slight decrease up to 2 wt% and a following
strong decrease as the ferric oxide amount was further increased [38]. By
seeding the alumina with 4 wt% iron oxide the temperature to reach full
density could be lowered to 1350 �C [39].

In this work the influence of different dopants and thermal pre-
treatment temperatures on powder bed density, flowability, absorption
and phase composition of spray dried alumina granules is evaluated, as
well as the influence on laser processing, especially on density and
microstructure. To achieve high packing densities in the powder beds,
spray dried granules were made from bimodal distributions of alumina
powders within the granules according to McGeary [40] and Pfeiffer
et al. [31], thermally treated in air up to 1600 �C and mixed with coarser
alumina to maintain a high flowability. The homogeneous addition of
2

manganese oxide or iron oxide to the aluminum oxide granules increased
the powder bed absorptance. With these steps, the necessary dopant
amount could be reduced and CO2 formation could be avoided.
Aluminum oxide parts with densities up to 98.6% were successfully
manufacture using a frequency doubled pulsed green Nd-YAG laser (λ ¼
532 nm) laser, which in theory provides a high resolution and the pos-
sibility to manufacture parts with relatively low stresses, since it offers a
nominal average output power of only 5.75 W. Even with a low dopant
amount of less than 1 vol% in the final powder, a formation of spinel
phases was observed for both dopants after the laser treatment, which
was not expected from traditionally evaluated phase diagrams.

2. Experimental

2.1. Starting materials

To achieve bimodal distributions of alumina within the spray dried
granules, submicron α-alumina Taimicron TM-DAR (Taimei Chemicals
Co. LTD, Japan) and spherical micron-sized α-alumina AA3 (Sumitomo,
Chemical Co. LTD, Japan) were used. Additionally, spherical nano-
α/γ-Fe2O3 (L2715D, BASF SE, Germany) and nano-MnO2 particles
(US3319, US Research Nanomaterials, USA) were introduced during
spray drying to improve the absorption of the green laser light. Coarse
alumina AA18 (Sumitomo, Chemical Co. LTD, Japan) was added to the
spray dried granules to increase the density of the powder bed after
thermal treatment. The use of ammonium citrate dibasic p.a. 98% (Sigma
Aldrich Corp., USA) as surfactant and PEG 35000 (Sigma Aldrich Corp.,
USA) as binder guaranteed a homogeneous dispersion of all particles in
water as well as non-broken granules with high strength. For pH-value
adjustment of the MnO2 dispersion a 10% diluted ammonium hydrox-
ide solution (Carl Roth GmbH þ Co. KG, Germany) was utilized.

The absolute densities of all powders were measured by helium pycn-
ometry (AccuPyc II 1340, Micromeritics, USA). BET (Brunauer–Emmett–-
Teller) measurements (SA 3100 Surface Area Analyzer, Beckman Coulter,
Germany) provided the specific surface area (SSA) of the particles. Prior to
themeasurements, the rawpowdersweredegassedwith synthetic air for 2h
at 180 �C to remove adsorbed water from the surfaces (SA-PREP Surface
Area Outgasser, Beckman Coulter, Germany). For all these powders a BET
average particle size was calculated from the absolute density and the
corresponding SSA assuming monomodal spherical particles according to
the Sauter mean diameter [41]. The surface area of AA18 was too small to
evaluate an accurate value for the SSA. To determine the surface potential
and the saturation amount of the dispersant on the particle surfaces, zeta
potential measurements were carried out by an electroacoustic method
with a ZetaProbe Analyzer (Colloidal Dynamics, USA). The saturation
amount of the dispersant, which should guarantee high surface potential of
the particles for homogeneous dispersion in Nanopure water and low re-
siduals of dispersant in the spray dried granules, was foundby evaluation of
the changeof PZC(point of zero charge)as a functionof addedamount. Zeta
potentialmeasurementswere conductedwithanequilibrationdelayof30 s.
To adjust the pH of the utilized 5 wt% suspensions a 0.1 M solution of HCl
(Carl Roth GmbH þ Co. KG, Germany) and 0.1 M NaOH (Sigma Aldrich
Corp., USA) were added. Required dielectric constants were taken from
literature [42]. Particle size distributions of the dispersed startingmaterials
were measured in water by laser diffraction (LS 13320, Beckman Coulter
GmbH, Germany) and dynamic light scattering (ZetaSizer Nano ZS, Mal-
vernPanalytical LtD,UnitedKingdom). The required refractive indexes and
extinction coefficients for both size measurements were taken from
Ref. [43] for Fe2O3, Al2O3 and from Ref. [44] for MnO2.

2.2. Spray granulation, thermal treatment and mixing with coarse alumina

Spray granulation was performed in the Mini spray dryer B-290 (Büchi
Labortechnik AG, Switzerland) with an ultrasonic atomizer in co-current
mode. For the granulation of a bimodal distribution of alumina, 72.6% of
micron-sized AA3 and 27.4% of Taimicron TM-DAR was chosen [31,40].



Fig. 1. Zeta potential of a) MnO2/Mn2O3 and b) Fe2O3 [31] nanoparticles as a function of pH value and various citrate concentrations. c) pHIEP of MnO2/Mn2O3 and
Fe2O3 [31] suspensions as function of ammonium citrate dibasic addition. d) Zeta potential of MnO2/Mn2O3 with 1.5 wt% (4.0 vol%) ammonium citrate dibasic as
function of pH value and e) corresponding conductivity change by HCl and NaOH addition as function of pH value and f) added volume.
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The total solid load in the slurry for spray dryingwas 50 vol%. Before spray
drying, both alumina powders were separately mixed with ZrO2 milling
balls (1 mm diameter for Taimicron TM-DAR or 5 mm diameter for AA3),
dispersing agent and Nanopure water and afterwards dispersed by roll
milling in polyethylene bottles for 20 h. The dopants were dispersed in
waterwith0.4mmmillingballsusing a combinationofvibrationmilling for
20 min with a vibrational frequency of 30 Hz (Retsch MM301, Retsch
GmbH, Germany) and an additional roll milling step for 20 h. The binder
PEG 35000 (2 wt% (6.1 vol%) of total powder amount) was added to AA3
3

after rotating for 1h on the rolling bench. Toobtain thefinal slurry for spray
granulation, the individual dispersions were mixed and additionally ho-
mogenized for 4 h on a rolling bench. After removing the milling balls, the
slurrywas continuously stirred to prevent demixing. Process parameters for
spray drying were an inlet temperature of 140 �C, an outlet temperature of
90 �C, an air flow rate within the spraying apparatus of 25 m3/h, an ultra-
sonic nozzle power of around 10 W, a nozzle frequency of 60 kHz and a
slurry feed rate of a peristaltic pump of circa 2 ml/min. The Dehumidifier
B-296 (B üchi Labortechnik AG, Switzerland) supplied constant and



Fig. 2. a) Volume-based differential DLS particle size distribution of MnO2/Mn2O3 and b) volume-based differential LD particle size distribution of MnO2/Mn2O3 in
water dispersed by means of ammonium citrate at different pH values. c) Volume-based differential DLS particle size distribution and d) volume-based differential LD
particle size distribution of other powders in water dispersed by means of ammonium citrate.

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 Al2O3 AA3 Al2O3 Taimicron TM-DAR Fe2O3 L2715D MnO2 US3319

pH ¼ 8.1 pH ¼ 8.6

Measurement method LD LD LD DLS LD DLS LD DLS LD DLS

d10 10.9 μm 2.2 μm 109 nm 133 nm 51 nm 37 nm 95 nm 116 nm 95 nm 102 nm
d50 18.6 μm 3.0 μm 148 nm 201 nm 79 nm 53 nm 134 nm 172 nm 133 nm 172 nm
d90 26.1 μm 4.4 μm 212 nm 295 nm 110 nm 82 nm 257 nm 248 nm 287 nm 250 nm
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reproducible humidity conditions. The final granule separation was
accomplished in a cyclonic collector and an additional screening stepwith a
120 mesh (125 μm) sieve (Retsch GmbH, Germany), since only a fine
fractionwas suitable to achieve good resolution and to connect properly the
different layers during laser processing.

Thermal treatment of the spray dried granules was carried out in air
in a high temperature furnace (LHT 04/17, Nabertherm GmbH, Ger-
many). The applied temperature varied from 1400 up to 1600 �C.
Holding times of 2 and 4 h were used with a heating rate of 2 �C/min.
After thermal treatment the powders were screened with a 120 mesh
sieve and finally mixed with 30 vol% coarse alumina AA18 on a rolling
bench for 1 h according to Ref. [31].

2.3. Granule characterization

2.3.1. Apparent and tapped density, flowability and particle size distribution
The quality of the as-prepared and thermal treated granules with and
4

without AA18 was characterized by several techniques. Apparent density
was measured with a setup (PTL Dr. Grabehorst GmbH, Germany) ac-
cording to the standard DIN EN ISO 23145–2. A jolting volumeter (JEL
STAVII, J. Engelsmann AG, Germany) was used to determine the tapped
density by tapping the sample 1000 times with a displacement of 3 mm in
compliance to EN ISO 787–11. Relative densities were calculated as
fractions of the apparent and tapped density over the absolute powder
density. The ratio of tapped density divided by apparent density (Haus-
ner ratio) was used to grade the flowability of the powders. The Hausner
ratio is a commonly used parameter in the field of selective laser melting
of different metals [45–48] and ceramics such as alumina and zirconia
[25,27] and relates to frictional conditions in a moving powder [46,48].
It gives a quantitative prediction of the powder deposition behavior by an
easy measurement method [49]. In general, a Hausner ratio below 1.25 is
considered as an indicator for a suitable flowability of powders for se-
lective laser melting [25,47]. Powder with a higher Hausner ratio and
thus a poor flow behavior can result in localized porosity [48]. Moisture



Fig. 3. SEM images of spray dried granules thermally treated at a) maximum temperature: 1400 �C/holding time: 2 h, b) 1500 �C/2 h, c) 1600 �C/2 h, d) 1400 �C/4 h,
e) 1500 �C/4 h, f) 1600 �C/4 h. Illustration by SEM of g), h) sintering necks between the granules and formed agglomerates after thermal treatment at 1600 �C and i)
de-agglomeration by mixing with AA18.

Fig. 4. Apparent and tapped density change as well as Hausner ratio of thermal treated granules in respect to treatment conditions (temperature/holding time) a)
without addition of AA18 and b) with addition of AA18.
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content of the different powders was measured at 140 �C for 1 h with the
moisture analyzer HR83 (Mettler Toledo GmbH, Switzerland). The
fraction of the received fine granules after spray drying and sieving to the
weight of all solid contents in the slurry before spray drying revealed the
total yield of granules suitable for laser processing. The characteristic
values for d10, d50 and d90 were measured by laser diffraction (LS 13320,
Beckman Coulter GmbH, Germany) in isopropanol.

2.3.2. Electron microscopy
The influence of different temperatures and holding times on the

microstructure of the doped granules was visualized and studied by
Scanning Electron Microscopy (VEGA3 Tescan, Tescan instruments,
5

Czech Republic). Prior to the SEM studies, the powder was attached to an
adhesive carbon tab and distributed with compressed air. Sputtering with
Au–Pd (Sputter coater 108 auto, Tescan instruments, Czech Republic)
was performed twice using angles of 45� and 90� (sample carrier to
sputter direction). For imaging of the granules morphologies, an accel-
erating voltage of 10 kV was employed.

2.3.3. 3D mapping of dopants in the granules by μXRF tomography
The distribution of Fe and Mn dopant atoms in the granules was

examined by μ-beam scanning X-ray fluorescence (μXRF) contrast to-
mography. Themeasurements were performed at the microXAS beamline
at the Swiss Light Source synchrotron (Paul Scherrer Institut), using an X-



Fig. 5. SEM Illustration of grain growth and microstructure evolution in alumina granules after sintering at 1600 �C depending on a) MnO2/Mn2O3 doping or b)
Fe2O3 doping.
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ray beam focused down to 1 � 1 μm2 with an energy of 14.7 keV.
Granules were placed in glass capillaries with internal diameter of 100
μm, which were mounted on the rotational stage at the beamline. To
visualize the dopant distribution in 3D, the tomography was performed
by lateral scanning of the capillary in a continuous manner, at different
orientations equally spaced over 180�. The X-ray fluorescence signal was
recorded simultaneously along with the incoming and transmitted in-
tensity for every micrometer of the sample, using dwell time of 200 ms.
The XRF signal was recorded using two silicon drift detectors, the
transmitted intensity with a SiC diode and the incoming one with a mini
ionization chamber. This procedure was performed at different positions
along the axial direction of the cylindrical capillary, and afterwards the
sample was analyzed slice by slice. Each analyzed slice in a volume was
separately scanned, reconstructed and afterwards stitched together into a
3D volume. More information about the measurement method can be
found in Sanchez et al. [50].

2.3.4. High resolution synchrotron powder diffraction
To identify major and minor crystallographic phases before and after

thermal treatment, high resolution powder diffraction measurements
were conducted at Material Science (MS) beamline at the Swiss Light
Source (PSI) synchrotron [51]. The energy of the beam set for powder
diffraction measurements was 12.398 keV and the wavelength was
1.0009 Å, which was evaluated based on the measurement of the SI
standard from NIST. As-prepared and thermal treated granules as well as
the starting powders were measured in glass capillaries (diameter 200
μm) in a transmission mode (Debye-Scherrer geometry). Rietveld
refinement using TOPAS Bruker AXS software was used to quantify the
crystallographic phases.

2.3.5. Powder absorption measurements
The absorption of the powders for laser processing was quantified

with an integrating sphere (Gigahertz-Optik UPB-150-ARTA, Gigahertz-
Optik GmbH, Germany) equipped with a detector (power meter Ophir 10
A) and coated with barium sulfate in accordance to Florio et al. [16]. The
layer thickness of 100 μm and the green pulsed laser (IPG GLPM-5) were
selected to recreate similar absorption conditions like in the SLS/SLM
process. Temperatures during the measurement were assumed to be close
to room temperature, since a laser power of only 1 W and a distance of
focus to sample of 160 mm were used. The measurable power range was
15 μW - 3 W. By measuring the reflectivity R and transmission T of the
sample in two different positions, the absorption A in % was calculated
as:

A¼ 1� R� T (1)
6

A qualitative absorption measurement of the powders for a wave-
length range of 300–1500 nm (in 2 nm steps) was performed with the
Shimadzu 3600 UV-VIS-NIR spectrophotometer (Shimadzu Corporation,
Japan). Since powder induces complex scattering of light, the Kubelka-
Munk method for measurements of diffuse reflectance was chosen.
Assuming an infinite thickness of the powder layer (thick enough that a
further thickness increase does not change the reflectance), a ratio of
arbitrary constants of absorption (absorption coefficient K) and scat-
tering (scattering coefficient S), can be calculated by measuring the
reflectance of the sample [52,53]:

K
S
¼ð1� R’Þ2

2R’

(2)

A requirement for the Kubelka-Munk theory is a significant stronger
scattering in the medium than absorption and that the scattered radiation
is isotropic so that the reflection at the surface is negligible, which is
usually the case for bright and dull colors. To achieve these requirements
a weight ratio of sample to BaSO4 powder (Nacalai Tesque Inc., Japan) of
1:9 was homogeneously mixed and compacted in a sample holder (depth:
6 mm; diameter: 25 mm) before the measurements. BaSO4 serves as a
reference material, since it offers almost complete scattering of the used
monochromatic light. To account for the reflectance and the residual
absorption in the BaSO4 powder, the quantity R0 was determined as the
ratio of the reflectance of the compacted mixed powder Rp to that of the
compacted, pure BaSO4 powder R0 [52,53]:

R’ ¼Rp

R0
(3)

A qualitative absorption spectrumwas finally given by plotting the K/
S ratio over the wavelength. For the doped granules with and without
coarse alumina AA18 the corresponding wavelength λ for calculation of
the bandgap was evaluated by direct fitting from this absorption spec-
trum. For a better comparison, both spectra were normalized. The
bandgap energy was calculated from the following equation:

Ep ¼ hc
λ

1
e

(4)

using elementary charge e, Planck’s constant h and the speed of light c.

2.4. Laser processing

The laser processing was performed by the Institute of Machine Tools
and Manufacturing at ETH Zurich using a green (532 nm) pulsed laser
(IPG GLPM-5) with a pulse duration of 1.5 ns, a repetition rate of 300 kHz



Fig. 6. Optical microscopy images and X-ray fluorescence contrast tomography of the Mn- (a–d) and Fe-doped (e–h) granules before (a, c, e, g) and after thermal
treatment at 1600 �C (b, d, f, h). The color scale indicates the intensity of X-ray fluorescence of Fe Kα (yellow-high, red-medium, blue-low), which is a measure of Fe
atoms concentration (lack of Fe atoms is indicated by gray color). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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and a nominal average output power of 5 W. The in-house built experi-
mental SLMmachine used for processing was described in detail in Florio
et al. [16]. The applied laser parameters were a spot diameter of 135 μm,
a hatch distance of 135 μm, a laser power of 5.75W and a scanning speed
of 2 mm/s.

2.5. Characterization of SLM and SLS manufactured parts

The SLM printed cubic ceramic parts were representatively imaged by
optical microscopy (SteREO Discovery.V20, Carl Zeiss Microscopy, Ger-
many). To visualize the internal structure of the parts, SEM and X-ray
tomographic microscopy at the TOMCAT beamline of the Swiss Light
Source were performed. Before the analysis of the microstructure by
SEM, the samples were cold embedded in a resin (CaldoFix-2, Struers
GmbH, Switzerland). Afterwards the cross-sections were ground, pol-
ished (with a 1 μmdiamond suspension) and coated with gold-palladium.
Tomography scans were performed using a standard setup for full field
tomography composed of a 100 micron-thick LuAG:Ce scintillator, an
optical microscope with 4� magnification and a sCMOS camera, which
7

provides a field of view of 4.2 mm � 3.5 mm with 1.625 μm pixel size.
The used energy of the X-ray beam was 25 keV. 1501 projections were
acquired over 180� with 280 ms exposure time per projection. 3D im-
aging of 3 � 3 � 3 mm3 sized cubes allowed to visualize and quantify
cracks and pores with a spatial resolution of about 3 μm. Accuracy of the
density evaluation from tomographic microscopy was determined by
obtained contrast and spatial resolution. The error estimated for these
measurements was ca. 0.1%. Phase composition after laser printing was
evaluated from powder diffraction measurements of crushed samples, as
described in section 2.3.4.

3. Results and discussion

3.1. Homogeneous dispersion of starting materials in water

The absolute densities, the specific surface area (SSA) and the
resulting BET average particle size of the raw powders were determined
before the dispersing step. The results are summarized in Table 1.

The density measured for Fe2O3 L2715Dwas in good accordance with



Fig. 7. High resolution powder diffraction of the Mn-doped granules with peak enlargement to illustrate the implementation of Mn ions within corundum lattice.

Fig. 8. Qualitative absorption spectrum for spray dried powders evaluated by the Kubelka Munk method for measurements of diffuse reflectance given by plotting K/S
ratio over wavelength.
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the company given values, whereas the density of the MnO2 US3319 of
4.28 g/cm3 differs significantly from the company quoted value of 5.03
g/cm3. This can be explained by the powder in nanoscale and a signifi-
cant amount of Mn2O3 (68%) with a theoretical density of 4.5 g/cm3, as
seen by XRD. By this method, L2715D was identified as 75% α-Fe2O3 and
25% γ-Fe2O3. The measured densities for the organic materials were
1.23 g/cm3 for PEG35000 and 1.60 g/cm3 for ammonium citrate dibasic.
8

Ammonium citrate dibasic was previously found to be a suitable
dispersant for all used alumina powders and Fe2O3 L2715D [31]
(Fig. 1b). By adsorption on the particle surfaces citrate causes an ex-
change of hydroxyl groups with carboxylate ions and the so created
negative surface charge enables a homogeneous dispersion [31,54].
Since the MnO2/Mn2O3 nanoparticles were initially positively charged
(39.9 mV) (Fig. 1a), the dispersion by ammonium citrate dibasic was



Table 3
Absorptance, reflectance and transmission values of the green laser light in the
powder bed measured by an integrating sphere.

Powder Reflectance
[%]

Transmittance
[%]

Absorptance
[%]

Granules without dopant (1) 82.5 5.9 11.6
Sumitomo AA18 (2) 84.3 6.8 8.9
Granules with Fe2O3 (3) 13.6 0.0 86.4
Granules with Fe2O3 treated
at 1600 �C/2 h (4)

79.9 3.8 16.3

Granules with MnO2/Mn2O3

(5)
7.5 0.0 92.5

Granules with MnO2/Mn2O3

treated at 1600 �C/2 h (6)
14.6 0.0 85.4

Granules with Fe2O3 þ AA18
(7)

18.1 0.0 81.9

Granules with Fe2O3 treated
at 1600 �C/2 h þ AA18 (8)

82.2 5.2 12.6

Granules with MnO2/Mn2O3

þ AA18 (9)
11.9 0.0 88.1

Granules with MnO2/Mn2O3

treated at 1600 �C/2 h þ
AA18 (10)

22.0 0.0 78.0

Table 4
Properties of powders used for laser processing, which contain coarse alumina
AA18 and spray dried granules doped with either iron oxide or manganese oxide.

Powder Final
powder 1

Final powder
2

Final powder
3

Final powder
4

Composition 70 vol%
Fe2O3-doped
granules
þ30 vol%
coarse
alumina
AA18

70 vol%
MnO2/
Mn2O3-
doped
granules
þ30 vol%
coarse
alumina
AA18

70 vol%
Fe2O3-doped
granules
treated at
1600 �C/2 h
þ 30 vol%
coarse
alumina AA18

70 vol%
MnO2/Mn2O3-
doped
granules
treated at
1600 �C/2 h
þ 30 vol%
coarse
alumina AA18

Solid load in
slurry [vol
%]

49.8 49.6 49.8 49.6

Dopant
amount
[vol%]

0.6 0.8 0.6 0.8

Apparent
density [%
of AD]

42.9 44.2 45.1 48.4

Tapped
density [%
of AD]

50.9 51.9 53.2 56.4

Absolute
density [g/
cm3]

3.889 3.858 4.022 3.973

Hausner ratio 1.19 1.18 1.18 1.17
Moisture
content [wt
%]

1.26 0.72 0.12 0.10

d10 [μm] 17.5 17.4 20.0 18.5
d50 [μm] 32.1 30.5 43.8 40.5
d90 [μm] 65.4 58.2 94.6 97.1
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expected to be as efficient as for Fe2O3. The isoelectric point could be
easily adjusted at a pH saturation value of 3 like for the Fe2O3 nano-
particles. The evaluated saturation amounts of ammonium citrate dibasic
on the nanoparticles surfaces for further dispersion were 1.5 wt% (4.0 vol
%) for MnO2/Mn2O3 and 3.1 wt% (8.4 vol%) for Fe2O3 (Fig. 1c).

However, homogeneous dispersion of MnO2/Mn2O3 nanoparticles in
water was not straight forward. By adding the saturation amount of
ammonium citrate dibasic (Fig. 1d) a negatively charged surface could be
indeed created, though the zeta-potential was only around �15 mV for
the starting mixture. A pH-adjustment with NaOH to a pH of 10 delivered
9

a zeta potential shift to a higher value of �36 mV, but a consecutive acid
titration (HCl) gave other zeta potential values than measured during
base titration. This could be due to MnO2/Mn2O3 dissolution at higher
pH values. A steady increase of the conductivity during addition of NaOH
and HCl (Fig. 1e) confirms this assumption, since more particles provided
more charge. However, in the total volume change to achieve a certain
pH value (Fig. 1f) no extreme increase was apparent above a pH of 8,
which does not totally confirm the assumption of MnO2/Mn2O3
dissolution.

To ensure an adequate dispersion of MnO2/Mn2O3 in water with the
saturation amount of ammonium citrate dibasic, the pH of the solution
was increased by the addition of ammonium hydroxide solution, with
regard to the increasing zeta potential. The volume based particle size
distributions determined by dynamic light scattering (DLS) and laser
diffraction (LD) revealed agglomerates for a pH of 7.6 and a pH of 9.8
(Fig. 2a and b). An explanation for this could be, that for pH values
smaller than 8.1 the negative charge of the particle surfaces is too small
for a proper electrostatic stabilization of the dispersion. At a pH value of
9.8 the assumption of manganese oxide dissolution made due to the
steady growth of the conductivity was affirmed by the measured ag-
glomerates. The volume based DLS measurement as well as the volume
based LD measurement showed a very similar distribution for MnO2/
Mn2O3 nanoparticles dispersed at a pH of 8.1 and a pH of 8.6. The values
for d10, d50 and d90 at these two pH values are listed in Table 2. Although
a zeta potential of only ca. �20 mV was present at this pH value the
nanoparticles could be properly dispersed. The evaluated d50 by both
particle size measurements were less than three times higher than the
BET average particle size of 61.7 nm, which indicated a proper dispersion
of the nanoparticles in water. However, the high refractive index (for LD)
and the high absorptivity (for DLS) of the dark MnO2/Mn2O3 has to be
considered in both measurement methods, since it can influence the
evaluated particle size distributions significantly in terms of scattering
and backscattering of the incident light.

The volume based DLS distribution and volume based LD distribution
of all the other powders dispersed in water are illustrated in Fig. 2c and d,
respectively. Particle size distributions of submicron and micron-sized
alumina as well as Fe2O3 nanoparticles were already measured and pre-
sented in Pfeiffer et al. [31]. The results for d10, d50 and d90 are summa-
rized in Table 2. For the coarse alumina powders AA3 and AA18, the
particle size distributions were only evaluated by laser diffraction, since
the particle size was at the upper measurement limit of the dynamic light
scattering device. The micron-sized alumina powders with a uniform
distribution and the nanopowders could be well dispersed by ammonium
citrate dibasic with no agglomerates visible by DLS or LD [31]. In the case
of alumina Taimicron TM-Dar, the DLS and LD volume based particle size
distribution was similar. For the Fe2O3, the distribution measured by DLS
was shifted to smaller values compared to LDmeasurements, since the size
of the dispersed particles is below the resolution limit of the laser
diffraction device. The volume based DLS measurement showed that the
particles were mainly smaller than 100 nm.

3.2. Influence of different temperatures and holding times on packing
density and flowability

Granules directly after spray drying are represented in the supple-
mentary information (Figure S1a and b). In the case of manganese oxide a
slightly higher dopant concentration of 1.24 wt% (1.16 vol%) compared
to 0.99 wt% (0.91 vol%) of iron oxide was added, since the particle sizes
after dispersing were bigger and a worse distributionwas expected. Spray
drying led in both cases to preferably spherical granules, which
contributed to a high flowability necessary for the SLM/SLS process [55,
56]. The size values of the granules with the different dopants (d10 ¼
21.8 μm, d50 ¼ 36.7 μm and d90 ¼ 63.9 μm for Fe2O3 doped granules and
d10¼ 22.0 μm, d50¼ 38.6 μmand d90¼ 70.8 μm forMnO2/Mn2O3-doped
granules after spray drying) were quite similar. The spherical shape of the
granules was most likely a result of the ultrasonic atomizer as discussed



Fig. 9. Shape imaged by optical microscopy and internal structure imaged by SEM of laser manufactured parts produced with Fe2O3-doped (a, b) and MnO2/Mn2O3-
doped (c, e, g: untreated; d, f, g: pre-treated) powders.
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in the authors previous paper [31].
To increase the density, Fe2O3-doped Al2O3 granules were heat-

treated in air at temperatures in the range from 1400 up to 1600 �C.
As described in the literature the grain growth within the granules was
uniform and equiaxed [39] (Fig. 3a–d). At a temperature of 1400 �C the
sintering of the alumina was at an early stage, reaching an intermediating
stage at 1500 �C and a final sintering at 1600 �C after a holding time of 2
h. Sintering necks between the granules, which formed during thermal
treatment (Fig. 3g and h), could be broken by the mixing with coarse
alumina AA18 (Fig. 3i). The granules were not destroyed during the
mixing process and a homogenous distribution was achieved.

Without the addition of AA18, the apparent density of the granules
decreased up to �5.0%, since the formed sintering necks worsened the
flowability. This could be seen by the increase of the Hausner ratio up to
the maximum of 1.394. The tapped density, which was expected to in-
crease after thermal treatment, remained almost unchanged (less than
0.8% change), since the formed granule agglomerations prevent a close
packing of the powder (Fig. 4a). By the aid of AA18 (30 vol% in all mix-
tures), the apparent and tapped density of the thermal treated powders
could be increased byþ3.6%andþ6.0%, respectively. Thermal treatment
of the granuleshadonly aminor effect on theHausner ratio in thismixture.
Addition of AA18 resulted in significantly better flowability of approxi-
mately 1.2 compared to the resultswithout AA18. This could be due to the
separation of bonded granules as well as coarse AA18 acting as flowable
medium. Further experiments were conducted with a sintering tempera-
ture of 1600 �Candaholding timeof 2h, since thedifferenceof the density
change was less than 0.2% and tended towards a minimum (Fig. 4b).
3.3. Influence of different dopants on the sintering behavior and effect of
thermal treatment on dopant distribution and phase composition

The two different dopants had a different impact on the sintering
behavior of the alumina granules. Whereas the iron oxide dopant trig-
gered a uniform and equiaxed grain growth (Fig. 5b), the alumina
granules doped with manganese oxide exhibited irregular shaped grains
after sintering at 1600 �C (Fig. 5a). Furthermore, the grain growth was
more excessive in the case of manganese oxide doping. In both cases the
sintering at 1600 �C resulted in dense microstructures with no visible
porosity. A promotion of an irregular grain growth by a manganese oxide
doping was already described by other groups [33–36]. In contrast to
promoting anisotropy and vermicular grain growth in Fe2O3 doped
alumina (up to 1% reported in Ref. [35] and 0.8 wt% reported in Refs.
[57]), a uniform and equiaxed grain growth of the granules was observed
for a doping of 1 wt% and even for 0.1 wt%. This could be due to the
higher purity of the raw powders, which are available nowadays.
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X-ray fluorescence contrast tomography was performed on manga-
nese (Fig. 6a–d) and iron oxide doped (e-h) granules. Manganese oxide
doped granules are imaged in Fig. 6a and c before thermal treatment and
in Fig. 6b and d after calcination at 1600 �C. Fig. 6e and g correspond to
iron oxide doped granules before thermal treatment and Fig. 6f and h to
the granules after calcination. The corresponding scanned volumes are
illustrated in the optical microscopy images of the capillaries (Fig. 6a, b,
f) by the pink rectangles. In case of non-calcinated iron oxide doped
granules (Fig. 6e, g), only one slice is presented.

The images in Fig. 6c, d, g and h were obtained by combining volume
reconstructed from the μXRF tomography illustrated by the normalized
color scale and obtained from absorption tomography illustrated by the
gray scale. Therefore, the color scale corresponds to the distribution of
Mn and Fe atoms, respectively, while the transparent gray scale corre-
sponds to the whole material of the granules. Gray color is visible only in
volume not occupied by dopant atoms, thus in cases of homogeneous
distribution the gray material is hardly visible. These measurements
clearly demonstrate the effect of calcination on the distribution of the
dopants in the granules, showing that originally well dispersed and ho-
mogeneously distributed Mn atoms agglomerate by demixing upon
calcination. In contrary, the distribution of Fe atoms becomes even more
homogeneous upon calcination at 1600 �C. This observation is in great
agreement with the results of the powder diffraction studies presented in
Ref. [37], where it was demonstrated that due to calcination at 1600 �C,
Fe atoms from hematite nanoparticles are implemented in the corundum
lattice and no other phases were formed.

The high resolution powder diffraction of the MnO2/Mn2O3-doped
granules presented in Fig. 7, shows that calcination leads to disappear-
ance of the Mn2O3 (bixbyite phase), which was the major phase of the
manganese oxide dopant particles, and to creation of a very small amount
of a different manganese oxide phase. The quantification of this phase
from refinement of the powder diffraction data is very challenging, as its
amount is in the order of the uncertainty of the technique (below 0.1%),
therefore it is expected that at least a part of the Mn atoms was imple-
mented in the corundum lattice. This is in agreement with the pink color
of the calcined granules. The implementation of Mn ions within
corundum lattice is confirmed by the slight change of the lattice constant
of corundum (a from 4.7573 Å to 4.7590 Å and c from 12.9870 Å to
12.9930 Å), which was evaluated by the Rietveld refinement and can be
seen in the small shift of the corundum peaks (Inlet in Fig. 7).
3.4. Absorption and color change of spray dried powders before and after
thermal treatment

The qualitative Kubelka Munk spectra revealed a higher absorbance



Fig. 10. Tomographic microscopy imaging of two parts prepared with a), b) as-prepared (final powder 2) and c), d) heat treated (final powder 4) Mn-doped granules.
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over the whole wavelength range from 300 to 1500 nm for blackish
MnO2/Mn2O3-doped granules (powder No. 5 in Fig. 8 and Table 3) than
for Fe2O3-doped granules (No. 3) (Fig. 8). This could be mainly due to the
higher concentration of manganese oxide (0.25 vol%). The manganese
oxide doped granules absorbed better at 532 nm (wavelength of used
green laser), while the absorption below ca. 400 nm was nearly the same
for both dopants. A color change after thermal treatment at 1600 �C was
observed for both doped powders. The orange iron oxide doped alumina
changed its color to light beige (No. 4). As described in Ref. [37], the Fe3þ

ions diffused first in the nanosized alumina particles at lower tempera-
tures resulting first in two corundum type structures and finally in only
one single corundum phase at 1600 �C. Calcination of manganese doped
alumina produced magenta colored ceramic granules (No. 6), which was
already observed in previous studies [58]. Non-stoichiometric com-
pounds can easily occur during thermal treatment, since manganese
cations show a variable valency change and replace the aluminum cat-
ions in the lattice [33,34], as already shown for the manganese doped
alumina granules by the shift of the alumina peak in Fig. 7. The
absorptance decreased for both dopants after thermal treatment. The
addition of coarse alumina AA18 led in all cases to a decrease of the K/S
ratio (No. 7–10), since pure alumina is a poor absorber in the range of
300–1500 nm, as presented for bimodal alumina granules without
dopant (No. 1) and AA18 (No. 2) in the inlet on top right side of Fig. 8.
The colors of the powders faded after the addition of alumina. Since a
clear absorption edge could be only seen for the Fe2O3 doped granules
with and without AA18 (No. 3 and 7), the calculation of the bandgaps
was only made for these two samples. The effective bandgap value of the
as-prepared granules was 1.98 eV and only slightly smaller than the 2.00
eV for mixed granules indicating a minor effect of the addition of coarse
alumina on the bandgap and the optical properties of the powder.

For comparison, the quantitative absorption of the green laser light in
the powder bed was measured with an integrating sphere. The measured
absorption values for various powders are summarized in Table 3. As for
the other measurements, MnO2/Mn2O3 doped alumina granules (No. 5)
showed the highest absorption of 92.5% (6.1% higher than for Fe2O3
doped alumina granules (No. 3)). Thermal treatment of the powders led
to lower absorption in both cases (No. 4 and 6). Whereas the absorption
of the MnO2/Mn2O3 doped samples dropped only to 85.4%, the ab-
sorption of the Fe2O3 doped alumina granules was only 16.3%, which is
only 4.7% more than the value of the pure alumina granules (No. 1) and
7.4%more than measured for coarse AA18 powder (No. 2). In both cases,
the thermal treatment initiates a lattice doping of the alumina and
additionally, in the case of manganese doping a change of the band
structure caused by an oxidation state change, leading to the decreased
values in absorbance. By adding the coarse AA18 powder to all granules
(No. 7–10), the measured absorptions by the integrating sphere showed
the same decreasing effect like in the Kubelka Munk measurements. The
values decreased within a range of 3.7–7.4%.

Both techniques gave similar results for all of the tested materials
with only two exceptions. The K/S ratio of the as-prepared manganese
doped granules mixed with coarse alumina (No. 9) was slightly below the
value of iron oxide doped granules (No. 3) at 532 nm in the Kubelka
Munk plot, whereas the quantitative measurement showed a higher ab-
sorption for the manganese oxide doped sample. Since it is only a small
deviation, it could be within the error range of the measurements.
Another inconsistence was between thermal treated MnO2/Mn2O3-
doped granules (No. 6) and Fe2O3-doped granules mixed with coarse
alumina (No. 7), where the values had a bigger difference.

Even if in both measurements the absorption values for the thermal
treated Fe2O3 doped granules were low, both calcined and non-calcined
powders could be successfully additively consolidated by the laser.
Since the excitation energy of the laser photons is smaller than the
bandgap, it could be possibly explained, that granules with homoge-
neously distributed color centers (Fe-atoms) within the Al2O3 lattice after
thermal treatment [37], can absorb the green laser light at lower tem-
peratures bymultiphoton absorptionor by excited state absorption,where
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the high heat flux of the laser generates a constant intermediate energy
level [59]. The absorption measurements in the present work evaluate
only the absorptance of the powder bed at room temperature and this does
not take into account the dynamics of the whole SLM process. However, it
was already shown that optical powder properties at room temperature
are also important in order to stabilize the process [16]. With increasing
temperature the absorption of alumina can increase. This was already
shown for laser excitation [60,61]. In theparticular caseof dopedalumina,
a change of the band structure caused by an oxidation state change of the
dopant as well as a change of the substrate absorbance during processing
has to be considered for absorption at higher temperatures.

3.5. Influence of thermal treatment of powders on properties of laser
manufactured parts

The properties of the final powders used for laser processing are
summarized in Table 4. 30 vol % of AA18 was added to manganese oxide
and iron oxide doped granules, firstly following spray drying and sec-
ondly after spray drying and subsequent thermal pre-treatment, resulting
in four powders in total. The highest apparent (48.4%) and tapped
(56.4%) densities were obtained for thermal treated manganese oxide
doped granules, which could be due to the larger grain growth as
described in section 3.3. All final powders shown a comparable flow-
ability (Hausner ratio between 1.17 and 1.19) for comparable processing
conditions with the laser. Thermal treatment resulted in an increase of
powder particle size, which can be explained that still bonded granules
were present and not totally separated by the added AA18.

In Fig. 9 the geometries and the internal structure of parts manufac-
tured by green pulsed SLM (parameters defined in chapter 2.4.) are
representatively illustrated by optical and scanning electron microscopy
images. The dimensions of the lateral areas of all parts is accurate. A
rough surface is apparent on the lateral and even more on the top areas.
The reason for the top surface roughness could be the formation of a melt
pool cavity (key hole) by melt pool dynamics induced by evaporation of
the material during laser manufacturing and the powder spattering ef-
fect, which are proportionally bigger for pulsed lasers compared to a
continuous wave laser, or a high viscosity of the melt. Scanning electron
microscopy revealed various laser-induced cracks within the micro-
structure of all samples, which were caused by huge thermal gradients
during laser processing. The AA18 alumina phase is totally molten during
laser processing in the bulk part of the sample (Fig. 9g). However, coarse
AA18 particles can remain together with the spray dried granules in the
pores of the sample (Fig. 9h). The black color of the parts processed from
iron oxide doped granules, was already explained in Ref. [16] by the
formation of hercynite phase (FeAl2O4) during processing. First tests
showed hereby that the amount of hercynite in the final part could be
diminished by thermal treatment. Understanding of this spinel phase
formation is one aspect of the ongoing work. In the case of ceramic parts
processed with manganese oxide doped granules, a combination of
corundum lattice doping by manganese atoms and the formation of the
galaxite phase (MnAl2O4) was found to be the reason for the orange
color. A high resolution powder diffraction of the laser manufactured
parts with a peak enlargement to illustrate the formed galaxite phase is
presented in Figure S2. The volume expansion, caused by the spinel
formation from the well-dispersed dopants, can also lead to crack for-
mation during this rapid process. The challenge of thermal stress
reduction and thus a diminution of crack formation is still a major issue of
the ongoing research.

Fig. 10 presents the results of tomographic microscopy experiments of
two parts prepared with manganese oxide doped non-calcined final
powder 2 (Fig. 10a and b) and calcined final powder 4 (Fig. 10c and d).
Two laser-manufactured samples were imaged for each powder using
tomographic microscopy. The reconstructed 3D volumes clearly show the
presence of cracks and pores in the samples. Fig. 10 a and c show virtual
tomographic slices perpendicular to the build and scanning directions,
respectively. By segmentation of the phases (alumina, pores) in the
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reconstructed volumes, the density of the parts was evaluated. From the
visualization of the structure, it is apparent that the bottom of the sam-
ples has a significantly higher amount of cracks and pores. It was
observed that the roughness of the top surface and the cracks at the
bottom part strongly affect the evaluated density values. Therefore, the
density was evaluated for the whole volume and for a region selected
inside the samples, where the effects of the substrate and of the top
roughness were avoided (the region limited by the dashed yellow lines in
Fig. 10 a and c). The density values evaluated for the whole volume were
96.2% for parts from calcined and 94.6% from non-calcined powder. In
comparison, the densities evaluated for the selected inner region were
98.6% and 96.2%, respectively. The sample manufactured from pre-
treated powder exhibits noticeably higher density, which is very well
seen in Fig. 10. This is most likely due to the higher powder bed density
of the thermal pre-treated final powder. Furthermore, a porosity arising
by trapped CO2, which could not easily evaporate during laser process-
ing, could lead to a density decrease in parts from non-calcined final
powder 2. Since the residual organic used for spray drying (ca. 4.6 vol%
binder and dispersant) within the pre-treated granules was totally burned
out during thermal treatment, the influence of CO2 formation on porosity
could be excluded in these samples. The final densities of parts made
from pre-treated powder are similar to the density of 97.5%, which Juste
et al. [21] measured according to the Archimedes principle for parts
manufactured with a continuous wave fibre laser from graphite con-
taining alumina granules. In the present work, a higher density of the
powder bed caused a higher density of the final alumina parts, which is in
agreement with the literature [17,18]. This confirms the findings in the
authors previous work, in which laser processing of iron oxide doped
powders with a tapped powder density of 48.4% led to a density of the
ceramic sample of 96.1% and a tapped density of 44.3% to a part density
of only 93.7% [31]. In comparison to this, Verga et al. [28] reported a
density of 96% with a tapped density of 41% for alumina toughened
zirconia parts produced with a continuous wave 200 W Nd-YAG fiber
laser operating at 1064 nm. The achieved density values were similar,
however the used laser and the material were different.

The used porous foam substrate is very helpful as supporting structure
to initiate a growing of the laser manufactured ceramic part and for an
easy removal after processing. Thermal stresses are reduced by the
porous structure in the bottom part. However, the presented 3D visual-
ization of the inner structure shows in both cases a much higher amount
of defects in the region close to the porous alumina substrate, which are
oriented in the growing direction. Therefore, the bottom part should be
removed mechanically after processing.

Cross sections of parts printed from both powders were analyzed by
electron microscopy as well as tomographic microscopy and revealed the
presence of unmolten granules within the pores (Figure S3), which
confirmed that not all granules were affected during laser processing and
that the internal structure of the granules changes upon calcination. The
detailed description is given in the supplementary information.

4. Conclusions

Ceramic parts with relative densities up to 98.6% were produced by
green pulsed laser sintering and melting of doped aluminum oxides
granules with a laser power of 5.75 W. Nano manganese oxide was
introduced as a convenient dopant (amount of 1.2 vol%) to improve the
laser absorption by 80.9% in comparison to undoped alumina granules.
The approach taken shows the benefits of customized manganese oxide
and iron oxide doped aluminum oxide powders to enable a processing
with the desired laser, which was not possible with commercially avail-
able undoped powders. Thermal pre-treatment of the granules was
shown to affect microstructure, dopant distribution, phase composition
and density of the granules and the density of the final parts. The
following conclusions can be drawn:
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� The dopants had an impact on the sintering behavior of the alumina
granules. Iron oxide dopant triggered a uniform, equiaxed grain
growth, whereas the manganese oxide resulted in an irregular, more
excessive growth of the grains. μ-Beam X-ray fluorescence tomogra-
phy confirmed a uniform distribution of both dopants after spray
drying, but also revealed, that originally well-distributed Mn atoms
demix upon thermal treatment. High resolution powder diffraction
revealed a partial incorporation of Mn-atoms and a total incorpora-
tion of Fe-atoms within the corundum lattice.

� Thermal pre-treatment of manganese oxide and iron oxide granules,
along with the addition of coarse alumina to break sintering necks,
resulted in increased tapped powder densities, which attained values
of up to 56.4% of the theoretical density. Consequently, laser sin-
tering of the thermally pre-treatment powders resulted in an increase
of the final-part densities. In order to exclude the influence of the
flowability on the final density of the processed parts, the Hausner
ratio of all powders was fixed between 1.17-1.19.
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