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Abstract
Electron beam powder bed fusion (PBF-EB) is a known metal additive manufacturing (AM) technology. Processing non-
conducting powders such as ceramics has so far been considered as not feasible because of the inherent problems with 
Coulomb repulsion due to insufficient electrical conductivity. In this study, a method for functionalizing ceramic powder 
is proposed where particles are electroless coated by a ~ 1 µm Ni layer to decrease the surface resistivity. The feasibility of 
the suggested approach is tested on Al2O3 powder, and the results show that the coated ceramic powder has a decreased 
surface resistivity, which enables processing by PBF-EB. Heating and melting parameters were investigated and samples 
were manufactured at ~ 1600 °C. Sintered and melted powders were analyzed by microscopy and micromechanically tested 
by nanoindentation. Calculations, visual observation and SEM–EDX suggest that the Ni coating is evaporated during the 
process, which suggests that the process could be feasible for the manufacturing of pure ceramic parts.
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1  Introduction

Additive manufacturing (AM) by powder bed fusion (PBF) 
works on the principle of spreading and melting fine pow-
der, layer by layer until the desired component geometry 
is finished. Processing ceramics by PBF is becoming a 
hot topic [1–6] as it would allow direct manufacturing of 
complex components without the need for post-sintering 
of AM-produced green bodies. When the melting in PBF 
is performed by the kinetic energy of an incident electron 

beam (EB) the process is denoted PBF-EB. Utilizing an 
EB has several benefits compared to alternative meth-
ods (eg. Laser) such as higher energy input, faster beam 
speed and a clean process environment [7–14]. Due to the 
high melting temperature and low fracture toughness of 
ceramics, the energy input and a clean environment, free 
of contamination, are crucial factors during processing. 
The vacuum atmosphere inside the PBF-EB chamber is 
an effective way to thermally insulate all metal parts of 
the system and thereby allow high process temperatures. 
There are however some issues that arise from bombard-
ing powder by electrons. The main drawback in the case 
of processing ceramics is that the EB will leave negative 
charges (arising from the incident electrons) in its path. 
If the conductivity of the powder bed (PB) is not suffi-
cient to dispose of the electrons quickly enough, smoke 
will occur [15–17]. Smoke is the phenomenon where 
the powder particles gain a negative charge that is large 
enough to cause the PB to “blow away” by the Coulomb 
repulsion between the individual particles. This can be 
avoided in a number of ways [15, 18–23], most commonly 
the PB will be slightly sintered by defocusing the EB dur-
ing the pre-heating (PH) step of the PBF-EB process. 
Once the powder particles are mechanically connected 
by small necks/bridges, it is possible to melt the powder 
by applying higher power and smaller spot sizes [24–27]. 
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Depending on the powder bed conductivity and particle 
weight, the sintering needs to be more or less extensive 
for suppressing smoke. As the powder should be removed 
from the solid components after the process, a loose sin-
tering is beneficial for process effectiveness and powder 
recyclability.

Normally the acceleration voltage, which determines 
the kinetic energy of each incident electron, is fixed in 
PBF-EB. Thereby, the beam power is mainly determined 
by the beam current (BC). The beam energy is controlled 
by a combination of BC and beam speed (BS). However, 
the local energy input and activated volume are also 
dependent on the focus offset (FO) as a smaller spot size 
yields a higher electron density. Further, the choice of 
beam strategy such as jumping between spots or sweep-
ing lines in different orders can highly influence thermal 
history and powder consolidation. In fully developed PBF-
EB melting themes, BC, BS and FO are combined with 
hundreds of other settings such as line offset, line order, 
turn-point compensation, etc. In the initial stages of mate-
rial development, it is sufficient and common practice to 
define a “process window”, in which a span of BC and BS 
yields dense material. This process window is only valid at 
one process temperature and with the other settings set at 
fixed values. PBF-EB process temperatures are generally 
in the range of 40–80% of the melting temperature [28, 
29], and materials susceptible to cracking often lie in the 
upper end of that range.

There is only one previous work on ceramics related to 
EB, focusing on ZrSi2 liquid phase sintering of ZrB2 [30]. To 
the best knowledge of the authors, there are no reports avail-
able in the open literature on melting ceramics by PBF-EB. 
Therefore, this feasibility study is the first published work on 
PBF-EB/C (denotation according to ASTM/ISO 52900) and 
the initial findings can be of importance for future develop-
ments. A few studies have been published on Laser-based 
PBF methods (PBF-LB) on ceramics focusing on compos-
ites[3, 4], porous structures [11, 31], and even some solid 
ceramics [1, 2]. The reason for the lack of publications 
related to ceramics in PBF-EB is possibly due to the high 
smoke sensitivity of low-conducting powders, which leads 
to the assumption that the process should not be feasible. 
This work proposes overcoming this issue by applying a thin 
metal coating that increases the surface conductivity of the 
powder, thereby lowering the smoke sensitivity. The applied 
coating should be so thin that it either fully evaporates dur-
ing the process or does not change the chemical composi-
tion and mechanical properties by much. This work tests the 
proposed feasibility on Al2O3 which should be one of the 
most challenging ceramics to process due to the low conduc-
tivity and small window between melting temperature and 
boiling temperature. For future PBF-EB/C developments, 
it should be noted that there are ceramic materials such as 

ZrO2, which are known to be electric current-assisted sinter-
able and thereby should be suitable for PBF-EB/C processes.

2 � Method

All experiments were performed in a modified Arcam S12 
(ARCAM EBM, a part of GE, Mölnlycke, Sweden) PBF-EB 
system upgraded to A2 specifications. A custom chamber 
interior with a small build envelope (⌀90 mm build area) 
was used to reduce the powder needed for process devel-
opment. The powder was gravity-fed by a rake-integrated 
hopper seen in Fig. 1a. All inputs to the machine were given 
through EBM control 3.2 as it allows almost full access to 
machine settings. The processing environment was a He-
controlled vacuum at 2*10–6 bar. Pre-study trials on ceramic 
powders revealed that the tendency for smoke is very high 
[4–6]. Initial Al2O3 process settings were developed on pre-
sintered Al2O3 plates as described in Sect. 2.1 and illus-
trated in Fig. 1b–d. After the feasibility was tested and 
initial process settings were developed, experiments were 
performed on powder as described in Sect. 2.2 and illus-
trated in Fig. 1e–g.

2.1 � Process development by melting pre‑sintered 
plates

The initial process development described in this section was 
performed by surface remelting to find reasonable param-
eters for stable melting and sufficient melt pool penetration. 
EB heating and line melting was performed on 1 mm thick 
50 mm × 50 mm thermally pre-sintered 96% pure Al2O3, 
as illustrated in Fig. 1b–d. Thinner plates of 100 µm and 
200 µm thickness were also tested but found to be too sus-
ceptible to crack formation and therefore excluded. The mass 
and integrity of the pre-sintered plates enabled disregard-
ing of the inherent problems when working with powders. 
Thereby, attention could be put on the processability and 
development of an approximate PBF-EB/C/Al2O3 process 
window.

When bombarding the Al2O3 plates with electrons, the 
charge build-up could in some cases become sufficient to 
cause vibrations and levitation of the plate, similar to a 
smoke event, but with slower displacement due to the larger 
mass of the plate. In these cases, the Al2O3 plate floated 
away from the build area because of the Columb repulsion 
towards the grounded underlaying 304 stainless steel plate. 
The heating theme was therefore developed by lowering the 
BC and increasing the BS until no plate movement could 
be observed. High FOs were used to yield a very large spot 
size which decreases the charge density as illustrated in 
Fig. 1b. Incremental steps of BC and BS were tested until a 
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combination that allowed heating of the plate without move-
ment was found.

The S12 system is conventionally equipped only with a 
K-type thermocouple, which is limited to measuring tem-
peratures below ~ 1260 °C. Thereby the temperature could 
not be measured continuously during the experiments. How-
ever, visual observation of the heated Al2O3 allowed some 
approximation as the emittance changes with temperature as 
shown in Fig. 2a and b. Four wavelengths were targeted for 

pyrometer observations as the area A, B, C and D indicates 
in Fig. 2a. A Micro-Epsilon CTLM-2H1CF4-C3 (Micro-
Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Ger-
many) short wave infrared (SWIR) pyrometer, capable of 
measuring 490–2000 °C was installed outside of the vacuum 
chamber, as shown in Fig. 2c and d. The SWIR pyrometer 
is equipped with two LASER-pointers, which coincide with 
the focal point, these were used to focus the pyrometer on 
the center of the build area. Around 80% of the SWIR signal 

Fig. 1   Build area and rake integrated hopper used for the experiments 
(a). Illustration of: method for developing a heating process with a 
defocused beam (b), method for developing a melting process with 
negative focus offset (c), and positive focus offset (d). Illustrations 

of the three build platforms used in this work: melting powder on a 
heated 304 stainless steel plate (e), melting powder on a heated Al2O3 
plate and melting powder on a heated powder bed

Fig. 2   The emitted color spec-
trum during heating of Al2O3, 
with pyrometer-measured 
temperatures indicated at the 
wavelengths A, B, C and D (a). 
The value within parentheses 
corresponds to the standard 
deviation. Pictures during 
heating of a pre-sintered Al2O3 
plate to exemplify how the 
temperature can be controlled 
from observing the emitted 
photons (b). Pictures of how the 
pyrometer was installed outside 
of the vacuum chamber (c, d)
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can pass through the observation window and thereby be 
detected by the pyrometer [32]. An Al2O3 plate was heated 
to visually represent the wavelengths A, B, C and D in 
Fig. 2a, and pyrometer data was saved for each of these 
regions. The resulting data is very peaky due to the increase 
in temperature each time the EB passes the point of measure-
ment. Therefore, the highest and lowest observed peaks were 
noted for three measurements of each wavelength region, to 
calculate the temperature intervals as shown in Fig. 2a. In 
all experiments, the plate was considered to be at process-
ing temperature when visually determined to be within area 
D, meaning between 1582 °C (24) and 1621 °C (9). This 
visual approximation of the temperature allowed repeatable 
conditions when developing the process. It can be noted that 
the D-region corresponds to 76–78% of the melting point of 
Al2O3 and is thereby within the common span for processing 
temperatures in PBF-EB [28, 29].

Single melt lines of 10 mm length were performed on 
the pre-sintered plates with varying conditions and melt 
parameters. The melt lines were performed both at room 
temperature and at the processing temperature (D-region 
in Fig. 2a). Initial experiments showed that melting Al2O3 
requires high energy as compared to the “standard” metal 
powders. Therefore, the beam current was locked at 20 mA, 
which is the maximum to deliver a predictable focused beam 
behavior in the S12 system. The BS was varied between 250 
and 2000 mm/s yielding line energies of 0.6–4.8 J/mm. To 
minimize ramping effects, each set of experiments was pre-
ceded by a total of 20 mm “dummy sweeping” (BC 20 mA, 
BS 1000 mm/s and FO + 50 mA) outside of the area to be 
analyzed. This allowed the BC to stabilize at 20 mA before 
melting the 10 mm lines. FO and BS stabilize much quicker 
so there is no need to “dummy sweep” in between each line 
melt.

FO has varied between − 20 and 20 mA. The correspond-
ing spot size for the S12 system according to the method 
described by Lin et al. [25, 33] is shown in Fig. 3. Although 
this method only gives values such as peak track width 
(PTW) and scanning track width (STW), it still gives an 
easy approximation of the length scale of the actual spot 
size. It is increasingly important to relate FO to the spot 
size as more and more variants of PBF-EB systems are in 
use, and there is yet no standard way to transfer parameters 
in-between the systems. The actual spot size in PBF-EB is 
difficult to investigate in most systems due to the lack of eg. 
backscatter detectors, which can investigate how the signal 
changes when the beam, with known speed, is swept over a 
feature, such as a hole with known dimensions. Other meth-
ods to evaluate the spot size could be eg. by puncturing thin 
plates [34]. Spot size values available in PBF-EB literature 
commonly range between 200 and 1000 µm [25, 33, 35–38].

The line melting experiments were repeated for two dif-
ferent beam strategies: continuous melting and spot melting. 

The spot melting was done by structured sweeping of five 
consequal spots, spaced by 2 mm, along the 10 mm line 
and overlapping each region by 0.3 mm. This is similar to 
the Arcam-multi-beam method for melting contours but in 
this case only performed in one line. The reason for includ-
ing spot melting was to evaluate if there is an observable 
difference in cracking behavior as compared to continuous 
melting over the whole line. Spot melting can generally keep 
multiple smaller melt pools open as opposed to the single 
larger melt pool created by continuously sweeping the beam. 
The continuous melting experiments were also performed 
in a heated state (temperature according to the D-region of 
Fig. 2a).

Cross-sections of the samples were prepared by using a 
glass cutter to induce cracking perpendicular to the melt 
lines (aiming for the crack to be in the center of each line). 
The samples were encapsulated in epoxy resin, and grinded 
with SiC paper in steps 320–4000 grit during rigorous water 
cooling. The as-built top surface of the melt lines as well 
as cross-sections were measured and inspected by scanning 
electron microscopy (SEM) (Tescan Maia 3, Brno, Czech 
Republic).

2.2 � Process development on ceramic powder

Once an approximate process window was obtained as 
described in Sect. 2.1, experiments were conducted on Al2O3 
powders. The composition of the powders used was > 99.8% 
Al2O3 with traces of Na2O, Fe2O3 and SiO2 (delivered by 
Final Advanced Materials, Didenheim, France). Powder 

Fig. 3   Spot size investigations in the Arcam S12 PBF-EB system 
were used in this study. The spot size was investigated by measur-
ing the peak track width and scanning track width according to the 
method and melt settings described in [25, 33]. The error bars corre-
spond to the standard deviation for five individual measurements
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consisted of angular particles (Fig. 4a) and distribution was 
d10 < 60 µm, d50 = 95 µm and d100 < 150 µm. The fraction 
was selected to be in the upper span of what is commonly 
used in the PBF-EB (~ 45–150 µm) to maximize the mass 
of the particles and thereby minimize the smoke tendency. 
Another benefit of using a large fraction without any small 
particles present is that the cleaning is significantly simpli-
fied when the number of particles is decreased, especially 
since the developments presented here resulted in many 
smoke events. In an optimized process that is performed in a 
system dedicated to ceramic processing, it may be beneficial 
to use a smaller fraction to increase the sintering activity and 
packing density. However, the spot size in the S12 system 
is quite large as explained in Sect. 2.1, which increases the 
need for high BC when melting, and thereby it is hypoth-
esized that it is beneficial to use a large fraction.

To reduce the smoke sensitivity, a thin conductive coating 
was applied to the powder surface. Coating of the powder 
was performed by electroless plating. In doing so, the pow-
der (500 g per batch) was immersed in a glass container with 
a Ni-rich acid bath (1.5 L) at a constant temperature of 80 °C 
with magnetic stirring. The powder specimens were coated 
for 20 min, removed from the bath, washed with water and 
acetone, air-dried and left in a vacuum oven to dry for 24 h at 
70 °C. The final coating method used in this work (Fig. 4b) 
resulted in a ~ 6% improvement of the ASTM B213 Hall 

flow rate (FRH) with unchanged ASTM B212 apparent den-
sity (ADH) as delivered powder in Fig. 4a. The uncoated 
and coated powder is shown in more detail in Fig. 4c and 
d respectively. The cross-section of the coated powder as 
shown in Fig. 4e reveals that the coating does not have full 
coverage but can be found in the majority of the powder’s 
contour. Figure 4f indicates that the coating is ~ 1 µm thick.

To investigate how the powder conductivity changes 
with coating, a method was developed where the electrical 
resistance over a standard volume of powder was meas-
ured at various compression forces. The standard sample 
volume was measured by letting the powder flow through 
a Hall funnel into a measuring cup according to Fig. 5a. 
Once the measuring cup was full, the Hall funnel was 
swiveled away, and the overflow was carefully removed 
using a vertical flat edge (the measuring method is the 
same as in ASTM B212 but with a smaller measuring 
cup). The standard powder volume was then transferred 
to the slightly taller measuring cylinder shown in Fig. 5b 
and the punch was lowered into this cylinder. Below a 
compression force of 10 N, no tested powders showed 
any electrical connection. Therefore, the resistivity of the 
powder batches was analyzed at 10, 20, 30, 40, 50, 60, 
70, 80, 90 and 100 N. The compression was performed 
in an Instron 5969 multitester (Instron, Norwood, Mas-
sachusetts, United States). To put the results into context, 

Fig. 4   As delivered (a) and electroless coated, b Al2O3 angular powder used in this study. c and d Respectively, shows the uncoated and coated 
powder in higher detail. e and f Shows the coated powder in cross-section



	 Progress in Additive Manufacturing

the conductivity of Ti-6Al-4V and elemental Ni powder 
was also analyzed. The Ti-6Al-4V of 45–150 µm frac-
tion was delivered by Arcam (Arcam AB, Mölndal, Swe-
den, now a part of GE-additive, USA). The elemental 
99.99% Ni powder of 0–150 µm fraction was delivered 
by Sigma-Aldrich (Sigma-Aldrich, Burlington, Massachu-
setts, United States). It should be noted that the resistance 
of the described setup excluding any sample is ~ 1.8 Ω, 
which is not significant for most of the performed meas-
urements. The resistivity was measured by a standard mul-
timeter capable of measuring 0.1–20 MΩ with an accuracy 
of ± 0.8%.

When melting the powder with the parameters devel-
oped according to Sect. 2.1, three different variants of 
build platforms were tested; 10 mm thick 304 stainless 
steel plate according to Fig. 1e (as commonly used in 
PBF-EB/M processes), pre-sintered Al2O3 (Fig. 1f) and a 
heated powder bed of the Al2O3 coated precursor powder 
(Fig. 1g). After producing samples, cross-sections were 
prepared by hot encapsulation, water-cooled grindning 
with SiC paper 320–4000 grit and polishing with diamond 
paste 3–1 µm. Selected cross-sections were nanoindented 
(MTS XP nanoindenter, Tennessee, USA) using depth 
control to 2000 nm penetration in grids of different sizes 
where all indents were separated by 25 µm. Particles and 
cross-sections were also studied by SEM (Tescan Maia 
3 and Tescan Vega, Brno, Czech Republic) and energy 
dispersive X-ray (EDX, Oxford Instruments, Oxfordshire, 
England).

As the aim was to evaporate the Ni-coating during the 
PBF-EB process, some estimation was needed. To calcu-
late the boiling point, T2, for Ni in the processing atmos-
phere, the Clausius–Clapeyron equation can be written in 
the following form:

where R is the ideal gas constant, P2 is the processing pres-
sure (~ 1.5*10–3 torr), DHvap is the heat for vaporization 
(370.4*103 J/mol). P1 and T1 is another pressure and tem-
perature, at which Ni is known to boil. Values for P1 and T1 
can be extracted from tables to 760 torr and 3003 K, respe-
tively. When inputting these values in Eq. (1), a T2 value of 
1.593 K or 1320 °C can be calculated. This indicates that 
for processes above this temperature, severe evaporation of 
Ni can be expected.

3 � Results and discussion

3.1 � Process development by melting pre‑sintered 
plates

Heating Al2O3 plates by the EB (as illustrated in Fig. 1b) 
was possible under some conditions. At high energies, 
the plates crack into several parts, charges up and starts to 
vibrate/levitate as described in Sect. 2.1. At low energies, 
heating is possible but slow. The best compromise was found 
by incrementally increasing the intensity of FO for each BC 
step as shown in Table 1. The steps with approximate heat-
ing time were stopped when the color of the region as indi-
cated was visually confirmed (as described in Fig. 2). The 
last heating step is in place to increase the temperature buffer 
as the pyrometer never gave a reading above 1631 °C, even 
with prolonged heating for over 10 min.

(1)T2 = −

⎛⎜⎜⎜⎝

R ∗ ln

�
P2

P1

�

ΔHvap

+
1

T1

⎞⎟⎟⎟⎠

−1

,

Fig. 5   Picture showing how the standard powder sample size for 
resistivity measurement was gathered, including an illustration with 
the measuring cup dimensions (a). Picture showing the setup for 

measuring powder resistivity, including a clarifying illustration with 
measurements (b). The scale of the illustrations is not proportional 
for visual reasons
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The single line melting (as illustrated in Fig. 1c, d) gave 
good ground for approximating a process window. FO of 
5–20 mA resulted in spatter around the melt tracks as visible 
in Fig. 6a. Interestingly, corresponding negative FOs (− 10 
to − 20 mA) did not result in a spatter. This is believed to 
be due to the divergent beam creating a lower electron den-
sity inside the sample when compared to a converging beam 
(positive FO). A similar observation was done by Lin et al., 
where a negative FO is argued to lead to a larger scattering 
of electrons inside the material [25]. When studying cross-
sections (Fig. 6c, d) it was found that the melt pool depth is 

shallow (~ 15–90 µm), compared to the standard layer thick-
nesses used in PBF-EB/M (~ 50–100 µm). Therefore, it could 
be concluded that a low BS is beneficial as this increases the 
energy input, allowing a greater penetration depth. However, 
as can be seen in Fig. 6b, BS below 2000 mm/s resulted 
in somewhat unstable beams with increased spatter, hole 
formations and irregular tracks. Further, tracks melted with 
lower BSs were susceptible to crack (all samples melted with 
250 mm/s instantly cracked while 500 mm/s was fine for all 
melting strategies except for spot-melting). All spot-melted 
samples at 500 mm/s cracked, leading to the conclusion that 

Table 1   Parameters and 
incremental steps used for the 
final heating theme

Regions A–D indicate the emittance as described in Sect. 2.1

Start Stop Time [min] FO [mA] BS [mm/s] BC [mA]

RT  < 490 °C 1 250 8000 5
 < 490 °C Region A (< 490 °C)  ~ 2 100 8000 5
Region A Region A (< 490 °C) 1 250 8000 7.5
Region A Region B (~ 550 °C)  ~ 3.5 100 8000 7.5
Region B Region B (~ 550 °C) 1 250 8000 10
Region C Region D (~ 1600 °C)  ~ 6 100 8000 10
Region D Region D 6 100 8000 10

Fig. 6   SEM micrographs on 
the top surfaces of the melt 
tracks with varying focus offset 
(a) and beam speed (b) as well 
as cross sections of a selected 
cold-melted track (c) and a hot-
melted track (d). Spot, Cont. 
and Heated cont. means respec-
tively spot melting, continuous 
melting and heated (~ 1600 °C) 
continuous melting according to 
description in Sect. 2.1
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spot-melting increases the risk for cracks to appear. This is 
further proven by the uneven surfaces from the resulting 
tracks as well as several spot-melted samples that cracked 
at 1000 mm/s. At elevated temperatures, the melt pool pen-
etration depth and width are increased and there are less 
microcracks in the resulting melt lines (Fig. 6a, b). Melting 
on heated plates also increased the melt pool penetration 
depth as can be seen by comparing Fig. 6c and d.

According to the results as shown in Fig. 6a, a diverg-
ing beam leads to a smoother melt track (and potentially a 
lower risk for smoke), thereby it could be concluded that 
negative FOs are promising in PBF-EB/C/Al2O3 processes. 
However, due to the selected powder fraction in this work, 
melt pool penetration was determined to be the most criti-
cal factor, and the lines with negative FO showed around 
40% less penetration as compared to the ones with positive 
FO. Another reason for using a positive FO is that during 
the experiments, the S12 system was calibrated according 
to the method stated by Arcam. This method involves cali-
brating the astigmatism in the positive FO region, and the 
authors have experienced this to result in a non-circular spot 
in the negative FO region. This could also explain why the 

penetration depth is smaller at negative FO and suggests that 
a calibration in the negative FO region might help overcom-
ing the issue in future work. Thereby, the parameters 20 mA 
BC, 1000 mm/s BS at 5 mA FO, melted with a continuous 
strategy was concluded to be the best combination of param-
eters. These parameters resulted in the thinnest (and deep-
est due to the focused beam) melt track with an acceptable 
amount of spatter and was selected as the preliminary melt-
ing theme. It can be noted that the results presented in Fig. 6 
are consistent with the spot size presented in Fig. 3, where 
the smallest melt line can be expected to be at 5–10 mA FO.

Single layer re-melting of 10 mm × 10 mm squares on 
heated Al2O3 plates with a continuous converging melt line 
strategy, using 0.25 mm line offset according to Fig. 7a 
resulted in the top surface shown in Fig. 7b. The penetration 
of such a melt pool is around 200 µm as shown in Fig. 7c. 
The scanning strategy shown in Fig. 7a was developed since 
the standard bi-directional and uni-directional patterns 
induced cracks in all tested cases. The continuous converg-
ing scanning strategy has the benefit of distributing the heat 
towards the center of the melted cube, mitigating the thermal 
gradients over the cube area, and increasing the local cooling 

Fig. 7   Somewhere here. Figure 7. Schematic illustration of the beam 
path in the selected scanning strategy for square samples (a), the 
resulting top surface (b), cross-section (c) and top surface microstruc-

tures; as delivered Al2O3 plate (d), melted plate (e) and heated but not 
melted plate (f)
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time. Thereby this strategy is shown to be a feasible method 
for melting ceramic cubes in PBF-EB. Complex structures 
may need other strategies but that is outside of the scope 
for this work. The as-built microstructure of the sample can 
be seen in Fig. 7e where it is compared to that of delivered 
pre-sintered Al2O3 plates (Fig. 7d) and heated Al2O3 plate 
(Fig. 7f). The heated plate shows larger grains after the crys-
talline growth that occurs upon heating, but the pores (char-
acteristic for sintered materials) are still present. The lack of 
pores together with the dense polycrystalline structure in the 
melted areas (Fig. 7e) confirms that the PBF-EB/C process is 
capable of melting Al2O3 and yielding a fully dense ceramic.

3.2 � Process development on ceramic powder

The powder resistivity results are presented in Fig. 8, where 
it can be seen that coated powder is not conductive (or has 
a higher resistance than the detection limit of 20 MΩ) at 
loads below 50–60N. However, at loads at 70N and above, 
the coated powder is more conductive than Ti-6Al-4V. These 
results are indicating that in loose-packing scenarios, the 
contact points between the powder particle surfaces are too 
small, or that too many of the contact points are not coated. 
As the packing increases, the contact surfaces increase, and 
the powder bed becomes conductive. This proves that the 
coating is conductive and thereby should be able to lower the 
smoke sensitivity. In the case of PBF-EB, the powder bed is 
loosely packed, and thereby conductivity at low loads should 
be beneficial. However, as can be seen in Fig. 8, Ti-6Al-4V, 
which is the most commonly used material in PBF-EB, does 
not show as conductive until loaded by 30N. The vacuum 

environment or electron movement in the powder bed may 
change the behavior of the powder, breakdown voltage and 
related properties. The uncoated powder had a resistiv-
ity above the detection limit (20 MΩ) and is therefore not 
included in Fig. 8. These results indicate that Ni-coating the 
Al2O3 powder should increase the processability, however, 
as shown in Fig. 4f, it should be remembered that the coat-
ing is very thin and could be removed by the application of 
EB. To further investigate the powders, they were tested in 
the PBF-EB process.

3.2.1 � Melting Al2O3 powder on top of a heated 304 
stainless plate

Melting ceramic powder on top of a standard 304 stainless 
steel plate (as illustrated in Fig. 1e) resulted in the balling 
and metalizing of the Al2O3. In this case, the heating had 
to be limited as the melting temperature of the steel plate 
is around 1400 °C and the S12 system was not capable of 
increasing the temperature above ~ 1100 °C due to the high 
heat loss. In the experiments, the plate was.

heated to 1050 °C which was too cold to support good 
melting conditions. Thereby, it was concluded that the stand-
ard build platform material must be exchanged for one that 
is more isolated from the PBF-EB chamber and has a higher 
temperature resistance. Such a material is proposed to be 
ceramic which is further tested in Sect. 3.2.2 and 3.2.3.

3.2.2 � Heating and melting a loose Al2O3 powder bed

Using ceramic powder as a starting platform (as illustrated in 
Fig. 1g) was somewhat successful. Uncoated powder smoked 
instantly when the preheat from Sect. 3.1 was applied. The 
coated powder could be heated up to processing temperature 
(~ 1600 °C), and a flat powder bed was sustained although 
some powder particles were scattered away. The result-
ing powder cake consisted of some “untouched” and some 
melted particles that acted as a “solder” to bind the powder 
cake together as seen in Fig. 9a. The standard bridging that 
occurs for metals could not be observed but the cake was 
still solid enough to prevent smoke events. Melting on top 
of the powder bed with the process developed in Sect. 3.1 
resulted in a lot of powder scattering. However, some experi-
ments successfully melted ceramic powder and consolidated 
it to larger particles of a few millimeters as seen in Fig. 9b. 
On these particles, partially melted areas could be observed 
(Fig. 9c and e) where the powder has started to form iso-
metric crystals. This correlates to the results earlier shown 
for the pre-sintered plates in Fig. 7d–f, where the material 
solidification takes place as a polycrystalline growth. An 
observation that could be made is that the heated powder 
changed color from grey (Ni coating) to white (Al2O3). In 
Fig. 9a, it can be noted visually that most of the particles 

Fig. 8   Graph showing the resistivity over powders measured as 
described in Sect. 2.2. Data from five measurements of each powder 
type is shown
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do not have any remnant Ni coating (compared to the initial 
state in Fig. 4b). In the lower part of Fig. 9a, a few particles 
with remaining coating can be seen. However, no Ni could 
be visually observed on any melted particles as is also true 
in Fig. 9b–d. Further analysis such as X-ray photoelectron 
spectroscopy (XPS) is needed to prove that the coating is 
removed. However as visually shown here, it is likely that 
most of the coating is removed during heating, and that the 
remnant coating is likely removed during melting. Some of 
the melted particles were nanoindented as shown in Fig. 9e. 
The measured average hardness from the 9 indentations 
performed in this section was 32.5 GPa with a standard 
deviation of 0.7 GPa. The high hardness and large melted 
particles further prove that PBF-EB energy is sufficient to 
melt ceramic materials.

3.2.3 � Melting Al2O3 powder on top of a heated Al2O3 plate

Heating a pre-sintered Al2O3 plate presented no issues other 
than occasional cracks appearing early in the heating process. 
The cracks did not prevent further heating and were not con-
sidered a catastrophic problem as most cracks appear at low 
temperatures (probably resulting from pre-existing defects). 
Melting powder on top of the heated Al2O3 plate (as illus-
trated in Fig. 1f) was the most stable process condition that 
was tested in this study. In Fig. 10, a cross-section of four 
70 µm layers of melted Al2O3 powder layers (right side) melted 
on top of a pre-sintered plate (left side) is shown. It can be 
noted how the left side of Fig. 10 has a lot of pores, as usually 

indicative of a sintered ceramic, while the right side, produced 
from the consolidation of powder particles by EB-melting, is 
denser. Three rows of nanoindentations spaced by 25 µm are 
visible. The overlaid summary of these measurements shows a 
clear tendency that the melted material is ~ 7 GPa harder than 
the pre-sintered plate (after heating it in the process). In this 
section, the melted Al2O3 had a mean hardness of 35.3 GPa 
with a standard deviation of 1.6 GPa and a maximum meas-
ured hardness of 44.1 GPa. SEM–EDX of the sample showed 
no Ni signal and no Ni could be visually observed after the 
process. As previously mentioned, SEM–EDX cannot prove 
that there is no Ni present, but the lack of such a signal, and 
the fact that the process is taking place above the boiling point 
for Ni according to the calculations from Eq. (1) is indicative 
that most of the Ni has evaporated. These results prove that a 
layer-by-layer PBF-EB/C process is sustainable at least for four 
layers. After the melting of the four layers, thermal sintering 
of the Ni-coated Al2O3 powder inside the hopper caused deg-
radation in the powder raking. Thereby, showing that although 
a rake-fed-hopper is good for initial process development, it 
cannot sustain a full AM process in this case.

4 � Conclusions

The aim of this study was to investigate the feasibility of 
melting coated ceramic powder by the action of an electron 
beam to enable PBF-EB/C processes. A relatively large frac-
tion of Al2O3 was selected for the study since the larger mass 

Fig. 9   SEM micrographs of 
Al2O3 samples; sinter cake 
(a), melted particle of consoli-
dated powder (b), close-up on 
isometric crystal formation on 
the melted particle (c)–(d) and 
nanoindentations on a prepared 
cross-section of a melted par-
ticle (e)
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of the particles was hypothesized to decrease the smoke sen-
sitivity. This powder was coated with ~ 1 µm of Ni, and the 
coating was shown to increase the powder bed conductivity 
by measuring the resistance over a standard volume of pow-
der. The coating slightly increased the flowability but did not 
affect the powder packing properties.

Attempts to process uncoated Al2O3 powder by PBF-EB 
was also conducted, but as expected, it was not possible to 
process due to the high smoke sensitivity. The Ni-coated 
powder was successfully heated and melted, and results are 
promising regarding its processability in a layer-by-layer 
additive manufacturing process. Extended experiments are 
needed to investigate the processing of more than four con-
secutive layers as well as melting complex geometries. The 
presented work introduces a new method for functionalizing 
ceramic powders and a simple method for measuring the 
powder bed resistivity, which is crucial for understanding 
the smoke events. The work is also the first successful report 

of a PBF-EB/C/Al2O3 process. Although the manufactured 
samples are not of complex geometries, the proposed coating 
approach is clearly shown as a promising route for enabling 
PBF-EB/C. The main conclusions can be summarized as 
follows:

•	 The tested Ni coating increased the electrical conductiv-
ity in the powder bed enough to avoid smoke. The coat-
ing also yielded slightly better flowability.

•	 Visual observation and SEM–EDX together with pre-
sented calculations suggest that no Ni is present in the 
melted regions after the process. Thereby, the Ni is 
assumed to be evaporated during the process.

•	 High temperatures are required for stable ceramic melt-
ing, sufficient penetration and crack-free material. The 
results show that the standard PBF-EB start plate and 
temperature monitoring equipment must be replaced to 
allow PBF-EB/C processes. In this study, a SWIR pyrom-

Fig. 10   Cross-section of Al2O3 melted from 4 layers of powder 
(right) on top of a pre-sintered Al2O3 plate (left). Overlays show 
nanoindentation data* and closeups of different regions. *Nanoinden-
tation hardness values below 70% of the mean were removed as well 

as values from indentations that were visually determined as bad to 
exclude errors arising from measurement as well as the collapse of 
the sintered structure
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eter was used for measuring the temperature and ceramic 
start plates to enable stable melting conditions.

•	 Negative focus offsets (diverging beam) reduce melt spat-
ter and probably charge build-up, but in this work the 
melt pool penetration was not sufficient to make use of 
such settings. The lower penetration at negative FO’s is 
suggested to arise from the calibration method, which 
should be investigated in future work as other publica-
tions also have observed beneficial results in the negative 
FO-region.

•	 Low beam speeds resulted in unstable melt tracks, hole 
formation and increased cracking. In this work, 250–
500 mm/s was found to be the absolute minimum feasi-
ble conditions and relatively stable conditions could be 
obtained at 1000–2000 mm/s.

•	 Spot melting was found to increase the tendency for 
cracks to appear during cold melting and thereby con-
tinuous melting was used for producing the samples. The 
standard bi-directional and uni-directional melting was 
also found to cause cracking and was replaced with a 
continuous converging melt line-scanning strategy.

•	 The hopper system used in this study places the powder 
too close to the heated build area, which causes unstable 
raking after only a few layers. For future work, the pro-
cess can either be scaled up to use the standard hopper 
style or an alternative powder feeding system is needed.
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