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Abstract
Oxide dispersion strengthened (ODS) materials are typically processed using powder metallurgy routes or additive manu-
facturing to ensure homogeneous nanoparticle distribution in the materials. Processing routes where the nanoparticles are 
formed during manufacturing (in-situ) can effectively prevent problems occurring in ex-situ routes (e.g. powder blending) 
such as nanoparticle agglomeration. One of the approaches to manufacture in-situ ODS materials is the use of reactive 
process gases during powder bed fusion–laser beam (PBF–LB). Processing with carbon dioxide (CO2) causes O uptake, 
which promotes nanoparticle formation. Manufacturing in CO2 is accompanied by the formation of surface slag layers on 
the samples, whose effect on nanoparticle formation is yet unclear. In this work, the role of the slag layer on the forma-
tion of nanoparticles, as well as the layer formation mechanism, is studied. For this purpose, a model alloy, consisting of 
pure Fe alloyed with 4.3 wt% Ti is processed in CO2, and the influence of the powder layer height, sample height, and 
re-melting on slag layer and nanoparticle formation is investigated. Results show that nanoparticles do not originate from 
the slag layer. Instead, the slag layer is formed by liquid nanoparticles floating to the surface of the melt pool. The slag 
layer accumulates from layer to layer until the slag layer thickness converges to a steady value. This work contributes to 
the understanding of particle formation mechanisms occurring in melt pools in additive manufacturing processes, which 
is necessary to define the requirements for alloy design of advanced in-situ particle reinforced ODS materials.
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Relationship between slag layer and in-situ nanoparticle formation in 
PBF–LB using reactive atmospheres

Christian Felber1 · Erin Yule1 · Eric A. Jägle1

similar environments [2]. Additive manufacturing (AM) is 
nowadays frequently used to manufacture components from 
these materials, as processing nanoparticle-containing pow-
der blends is difficult by conventional manufacturing routes, 
e.g. casting. There are ex-situ and in-situ approaches when 
introducing nanoparticles. Ex-situ approaches include ball 
milling and powder blending [3–5]. In-situ approaches are 
routes where the nanoparticles form during AM processes. 
Oxygen (O) is either introduced during gas atomization [6, 
7], by oxide particles with low stability [8, 9] or during man-
ufacturing with O-containing process atmospheres [10–14]. 
Nanoparticles form in the materials by reactions between O 
and the alloying elements in the melt pool. High levels of O 
in the materials are desired to increase particle formation.

Instead of using small O additions in an argon (Ar) atmo-
sphere in the process chamber, more reactive atmospheres 
such as pure nitrogen (N2) or carbon dioxide (CO2) are 
potential candidates for in-situ nitride and oxide formation 
in AM processes [15–19]. The interaction between material 

1  Introduction

Oxide dispersion strengthened (ODS) materials offer excel-
lent high temperature properties, e.g. high temperature 
strength and creep resistance, which makes them ideal can-
didates for applications in turbine engines and aerospace 
engineering [1]. Fe-based ODS materials stand out from this 
broad group of materials as they additionally offer high radia-
tion tolerance for applications in nuclear power reactors and 
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and process gas using an N2 atmosphere for Fe-based mate-
rials is low compared with CO2 and often requires alloying 
to increase the reaction with N2 [20], hence, CO2 might be a 
better choice to process in-situ particle reinforced materials 
in PBF–LB.

Regardless of the chosen approach to manufacturing 
ODS materials in AM, most authors concentrate on the 
properties of the bulk microstructure and neglect the for-
mation of slag and slag layers at the sample surface. The 
formation of oxide-rich slag layers is especially relevant 
when manufacturing in reactive atmospheres. Yin et al. 
[13] processed pure yttrium (Y) decorated 316L powder 
under Ar–O2 atmospheres with O2 fraction of 1–2 wt%  and 
observed the formation of a Y2O3 slag layer at the sample 
surface. Ikehata et al. [18] processed Fe–Ti alloys in pure 
N2 atmosphere, causing the formation of a Ti(O,N) layer at 
the samples’ surface. The formation of slag layers in AM 
processes is also shown in simulations. It is predicted for 
low O contents originating from residual O from the process 
chamber or from the powder itself [21–23]. However, the 
influence of slag layers on nanoparticle formation has not 
been studied in the literature to the best of our knowledge.

Several authors [13, 24–26] observed large slag inclu-
sions entrapped in their samples, similar to work of Felber 
et al. [27]. These micrometer-sized oxide particles origi-
nated from the slag layer and were caused by insufficient 
heat input (EV) during printing. Consequently, the question 
emerges as to whether nanoparticles also emanate from the 
slag layer. Moreover, it is relevant to investigate whether 
the slag layer can be used to augment nanoparticle forma-
tion. For that purpose, it is necessary to understand how slag 
layers form and how they can be manipulated. It is known 
that the slag layer thickness, δox, increases with increasing 
energy input (EV) [27]. The volume fraction and size of the 
nanoparticles increase simultaneously.

In this work, the formation of slag layers and their influ-
ence on nanoparticle formation of pure Fe alloyed with 
4.3 wt% Ti (designated as FeTi4.3) manufactured by PBF–
LB in a reactive CO2 atmosphere is studied. For this purpose, 
four different sets of experiments are conducted, investigat-
ing the effect of the powder layer thickness, build height, 
re-melting, and atmosphere on slag layer and nanoparticle 
formation. The manufacturing parameters, P and v, were 
kept constant through all individual experiments as their 
effect on O uptake, oxide fraction and microstructure evo-
lution was elucidated in [27]. The slag layer thickness and 
particle fraction are determined by optical and scanning 

electron microscopy and correlated with chemical analysis. 
The results obtained provide a fundamental basis for under-
standing the role of the slag layer in nanoparticle formation 
in additively manufactured ODS alloys.

2  Methodology

2.1  Materials

Experiments were conducted with a powder blend consisting 
of Fe with 99.95% purity mixed with 4.3 wt% Ti Gd.1 using 
a Turbula (Willy A. Bachhofen) tumble mixing device. The 
tumble mixer operated at 70  rpm for four hours, ensuring 
a homogeneous powder blend. Fe powder was purchased 
by metals for printing (m4p) with a PSD of 15–45 µm, and 
Ti powder from Eckart TLS with a PSD of 20–63 µm. The 
composition of the elemental powders is given in Table 1. 
CO2 with a purity of 99.5% and Ar with a purity of 99.96%, 
supplied by Linde, were used for printing.

2.2  Manufacturing

An Aconity3D Midi + was used to print samples. It is 
equipped with an IR (λ = 1064 nm) fiber laser with a Gauss-
ian beam profile, a spot diameter of 80 µm, and a maximum 
power of 1 kW. Samples were manufactured with P = 200 W 
and v = 800 mm s−1 to achieve minimum porosity. The pow-
der layer thickness, t, was set to 30 µm (“reference”), if not 
mentioned otherwise, and a 90° rotation strategy in between 
layers was chosen in each experiment. The hatch distance, 
h, was chosen to be equal to the laser spot diameter using a 
bi-directional scanning strategy. The residual oxygen con-
centration in the process chamber was set to 0.04 wt% in 
each experiment. Residual O concentration is measuremend 
with a lambda probe. The gas flow was set automatically 
to approximately 13–16  l  min−1, which was necessary to 
keep an excess pressure of 50 mbar in the process chamber. 
Simple cuboids with varying sample geometry, depending 
on the experiment, were printed in CO2 or Ar atmosphere. A 
summary of all samples for each print is shown in Table 2.

The first experiment, “Powder layer height” (Fig.  1a), 
consisted of three separate build jobs where the powder layer 
thickness, t, was varied using 15 µm, 30 µm, and 60 µm. 
One cube (10 × 10 × 5 mm3) for microstructure analysis and 
10 cubes for chemical analysis (3 × 3 ×  5 mm3) were printed 
in each build job. As the sample geometry is identical for 

Table 1  Chemical composition of Fe powder and Ti Grade 1 powder according to the certificate provided by the suppliers
Element (wt%) Fe C O S P
Fe Bal 0.003 0.09 0.0038  < 0.01
Element (wt%) Ti Fe O N C H
Ti Grade 1 Bal 0.044 0.08 0.006 0.012 0.001
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all three build jobs, the number of layers required to manu-
facture the samples depends on t, which results in different 
total laser exposure times in the CO2 atmosphere. The slag 
layer was removed mechanically for half of the samples for 
chemical analysis by grinding until all surfaces were bare 
metal, to reveal the O level in the bulk. Samples that were 
ground are designated as “w/o surface” and those that were 
not post-processed as “As build—AB”.

The second experiment, “Build Height” (Fig. 1b), con-
sisted of ten cubes with a dimension of 10 × 10 mm2 and 
variable sample height (Table  2). The tenth sample was 
used for chemical analysis and is identical to the one with 
the largest height. For this purpose, the sample was cut into 
five blocks (10 × 10 × 3.6 mm3) from which three samples 
each were cut for chemical analysis (4 × 3 × 3 mm3). As all 
samples for chemical analysis were cut from one large cube, 
they are all in w/o surface state.

The third experiment, “Re-melt” (Fig. 1c), covered four 
sets of samples. Each of the sets consisted of one cube 
(10 × 10 × 5  mm3) for microstructure analysis and 8 for 
chemical analysis (4 in AB, 4 in w/o surface state, 3 × 3 × 
5 mm3). The sets differed in the number of re-melting cycles 
(0x, 1x, 2x, and 3x) applied to each layer. Re-melting was 
done directly after powder consolidation for each sample. 
For example, the one-time re-melting sample was exposed 
twice without interruption before the laser moved to the 
next sample.

The last experiment, “Multi-Atmosphere” (Fig. 1d), con-
sisted of nine identical cubes (10 × 10 × 3 mm3) that were 
printed in CO2. After reaching a sample height of 3  mm 
(= 100 layers), the cubes were given 10 min to cool down. 
The first cube was the reference specimen (100 CO2) and 
was not exposed to the laser anymore. The 2nd one was 
once re-melted without powder in CO2. Afterwards, the 
chamber was opened to remove the CO2 from the build 
chamber and flooded with Ar for 90 min. Reaching an O 
level of 400 ppm in the chamber, the 3rd cube was once re-
melted in Ar without powder. Before printing on top of the 
4th-9th cubes was resumed, the platform was lowered by 
30 µm, and the first powder layer was manually distributed 
on top of the samples. Printing was then continued under 
Ar atmosphere for the remaining six cubes. One layer was 
printed on top of the 4th cube (100 CO2 + 1Ar), 10 layers 
on the 5th (100 CO2 + 10Ar), and 50 layers on the 6–9th 
cube (100 CO2 + 50Ar) before the job was paused again to 
switch to the CO2 atmosphere, following the same proce-
dure as switching from CO2 to Ar. Subsequently, printing 
was continued in CO2 on top of the three remaining cubes 
7–9. This time, no re-melting was performed, and one layer 
was directly printed in CO2 on top of the 7th cube (100 
CO2 + 50Ar + 1CO2), 10 layers on top of the 8th cube (100 
CO2 + 50Ar + 10CO2), and 50 layers on top of the 9th cube 
(100 CO2 + 50Ar + 50CO2).

2.3  Chemical and microstructure analysis

Samples were cut from the baseplates using a hand saw to 
avoid unnecessary heat input and contamination/corrosion 
by cooling liquids, both avoiding an increase in the O level 
during preparation. The oxygen content of the samples was 
determined using inert gas fusion analysis with an Inductar 
ONH (Elementar Analysesysteme GmbH). Three samples 
for each state were measured, and an average value was 
calculated.

A Zeiss Ultra 55 FEGSEM equipped with an EDAX 
EDS Octane 9 Super Elite detector was used to capture 
images for particle analysis and analyze the composition 
of the oxide particles and slag layer. Particle analysis for 
each sample was done using 8 images, captured using the 

Table 2  Overview and description of samples of the four experimental 
series
Designation t Atm
Layer height Number of layers
t = 15 15 µm CO2 334
t = 30 30 µm 167
t = 60 60 µm 84
Build height Sample height
1 layer 30 µm CO2 0.03 mm
5 layers 0.15 mm
10 layers 0.30 mm
30 layers 0.90 mm
50 layers 1.50 mm
100 layers 3.00 mm
200 layers 6.00 mm
400 layers 12.0 mm
600 layers 18.0 mm
Re-melt Number of re-melting cycles
0× 30 µm CO2 No re-melting
1× 1 × re-melting
2× 2 × re-melting
3× 3 × re-melting
Multi atmosphere Sequence
100 CO2 30 µm CO2 3 mm sample printed in CO2
100 CO2 + RCO2 CO2 Surface re-melted in CO2
100 CO2 + RAr Ar Surface re-melted in Ar
100 CO2 + 1Ar 30 µm Ar Printing 1 layer in Ar on top 

of CO2
100 CO2 + 10Ar 30 µm Ar Printing 10 layers in Ar on 

top of CO2
100 CO2 + 50Ar 30 µm Ar Printing 50 layers in Ar on 

top of CO2
100 
CO2 + 50Ar + 1CO2

30 µm CO2 Printing 1 layer in CO2 on 
top of Ar

100 
CO2 + 50Ar + 10CO2

30 µm CO2 Printing 10 layers in CO2 on 
top of Ar

100 
CO2 + 50Ar + 50CO2

30 µm CO2 Printing 50 layers in CO2 on 
top of Ar
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secondary electron detector, with a magnification of 50kx 
using a threshold method in the software ImageJ. The par-
ticle diameter, dp, particle number density, np, and volume 
fraction, fp, are the grand mean values of the 8 images. The 

mean average error 
(

1
n

n∑
i=1

|xi − x|
)

 is used throughout 

this work to determine the deviations of each data point. 
For the Multi-Atmosphere experiments, images were taken 
close to the surface to ensure analyzing the top-most melt 
pools. For all other samples, images were captured at vari-
ous locations within the bulk of the samples.

Fig. 1  Experimental series 1–4: a Samples for microstructural analy-
sis (10 × 10 × 5 mm3) and chemical analysis (3 × 3 × 5 mm3) to study 
the influence of powder layer height (t = 15 µm). The print jobs were 
repeated with t = 30 µm and t = 60 µm. b Samples consisting of differ-
ent numbers of layers to study the influence of build height (1–600 
printed layers). Samples for chemical analysis are extracted from the 
second cuboid, consisting of 600 layers. c Samples for microstructure 
and chemical analysis were manufactured with integrated re-melting. 
The number of re-melting cycles after consolidation of each layer var-

ies from 0 to 3. d Samples were printed by alternating the process 
atmosphere. The base of each of the nine cuboids is the 100 CO2 sam-
ple, which is the starting point for the eight other cuboids. + R displays 
samples that are once re-melted in Ar and CO2. + xAr displays sam-
ples with x (x = 1, 10, 50) layers printed in Ar on top of the 100 CO2 
sample. + xCO2 displays samples with x (x = 1, 10, 50) layers printed 
in CO2 on top of the 100 CO2 + 50Ar sample. More details on each 
sample are given in Table 2

 



1 3

Progress in Additive Manufacturing

The fraction of inclusions originating from the slag layer, 
designated as “slag particles”, was determined using one 
cross-section of a remaining sample for chemical analysis 
or, if not available, a corresponding sample from microstruc-
ture analysis. Images were taken with a Keyence VK-3000 
confocal microscope, and slag particle content was deter-
mined with the software ImageJ.

The slag layer thickness, δox, was measured at the surface 
and the sides separately, as both can be different. For that 
purpose, δox was calculated based on SEM images at low 
magnification of the whole cross-sectional area from a cube 
printed for chemical analysis (3 × 3 × 4 mm3 after cutting 
from the baseplate). 5–15 images (n) were taken from the 
surface and each of the two sides, depending on the mag-
nification, which is necessary to cover the full length of 
the respective side. The area of the oxide, ATi-oxide, on the 
respective surface and its length, lSurface, is determined for 
each SEM image, and δox is calculated by:

δox = 1
n

×
n∑

i=1

Ai,T i−oxide

li,Surface
� (1)

This procedure was required as δox locally strongly 
fluctuates.

3  Results and discussion

3.1  Reference state

Felber et al. [27] showed that processing FeTi4.3 (4.3 wt% 
Ti) in CO2 leads to the formation of an approximately 5 µm 
thick slag layer (Fig. 2a) on top and the sides of the samples 
as well as Ti-oxide nanoparticles (Fig. 2b) with an average 
diameter of approximately 35 nm. The nanoparticle compo-
sition is assumed to be mainly TiO. Slag particles (Fig. 2d) 
were incorporated in the bulk from the surface layer (Fig. 2c), 
resulting from manufacturing with low heat input (EV). The 
oxygen in the samples is located in three forms: the slag layer, 
the slag particles, and nanoparticles.

3.2  Chemical analysis

The O content of the samples was measured in two states — 
AB and w/o surface. The difference between the two values 
is an approximation for the O content stored in the slag layer. 
Samples that are processed in CO2 show a process gas uptake 
during manufacturing, compared to the powder level. Sam-
ples processed in Ar do not show process gas uptake and their 
oxygen level amounts to ca.  0.115  wt%, independently of 
manufacturing parameters or strategy. The overall O uptake 

does not appear to be significantly affected by the powder 
layer thickness used during printing (Fig. 3a). A lower pow-
der layer thickness increases the number of layers that are 
exposed during manufacturing for the same sample height. 
The O stored in the slag layer decreases with increasing t, 
especially visible for the sample with t = 60 µm.

The O concentration at different locations within the sam-
ples, measured in the five blocks along the build direction, is 
constant (Fig. 3b). Note, no AB condition was measured for 
this experimental series, as the samples for chemical analy-
sis were cut from the five blocks, which in turn were cut 
from a single cube with a dimension of 10 × 10 × 18 mm3.

The re-melted samples show a strong increase in the oxy-
gen level in AB and w/o surface condition with an increas-
ing number of re-melting cycles (Fig.  3c). The increase in 
AB is larger than in the w/o surface condition, indicating that 
mostly the slag layer grows by re-melting. The increase in 
the w/o surface condition is either due to an increase in the 
nanoparticle fraction or the fraction of slag particles. Micros-
copy analysis is used in the following to break down the O 
distributions depending on the oxide forms and to explain the 
evolution of O concentration in the w/o surface condition.

3.3  Slag layer thickness

The slag layer thickness, δox, decreases with decreasing t 
and hence decreasing number of printed layers per sample 
(Fig.  4a). However, δox strongly varies along the surface, 
which complicates interpretation. The deviations increase 
with increasing δox.

The slag layer on top of the samples quickly grows with 
increasing number of printed layers from δox = 400 nm for 
the first layer, until reaching a maximum of δox ≈ 4.5 µm 
after ca. 50 layers (1.5 mm) (Fig. 4b). This result shows that 
the slag layer accumulates upon printing until a certain con-
stant thickness is reached.
δox for re-melted samples (Fig.  4c) is highly affected 

by re-melting cycles, as already determined from chemi-
cal analysis (Fig. 3c). The slag layer at the sides strongly 
increases, whereas it decreases at the top of the samples. 
The decrease in δox at the top surface is counterintuitive, 
as it was expected that increasing the contact duration with 
the atmosphere would increase O uptake and hence δox. The 
reason for this behavior is elucidated in the discussion part.

The reference sample for the Multi-Atmosphere experi-
ments, consisting of 100 layers printed in CO2 (100 CO2), 
is covered with a 3.4 ± 0.3 µm thick slag layer on top. The 
build for this experiment consists of 9 of these samples, 
which serve as the basis for the Multi-Atmosphere experi-
ments. Re-melting of the sample surface leads to an increase 
of δox to 4.1 ± 0.9 µm under CO2 and 4.7 ± 1.0 µm under Ar 
(Table 3).
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Printing is continued on the remaining samples in Ar, 
causing a drop in δox, which proceeds with printing further 
layers until the slag layer nearly disappears. The opposite 
behavior is observed when printing is continued under CO2 
on top Ar-processed samples (Fig. 4d). The slag layer thick-
ness increases similarly to that observed in the Build Height 
experiments (Fig. 4b).

3.4  Nano particle analysis

The powder layer thickness (Fig. 5a), build height (Fig. 5b), 
and re-melting (Fig. 5c) do not affect the particle size (dp), 

volume fraction (fp), and number density (np) in the first two 
experiments. A slight trend towards larger particles and a 
lower number of particles might be visible for the re-melted 
samples with an increasing number of re-melting cycles 
(Fig. 5c), probably due to heat up of the samples by the lon-
ger laser exposure time. Increased melt pool temperatures 
favor growth and accelerate Ostwald ripening of nanoparti-
cles [28]. The sample manufactured with t = 60 µm (Fig. 5a) 
and the one 3 × re-melted in each layer (Fig. 5c) seem to be 
affected by process irregularities (e.g. recoating problems) 
as visible in Fig.  1a and c, which could have influenced 
nanoparticle formation.

Fig. 2  Processing FeTi4.3 in CO2 atmosphere causes the formation 
of a Ti-oxide slag layers on top of the samples and their sides and b 
Ti-oxide nanoparticles in the bulk. c The slag layer consists of two 

phases—Ti2O3 (blueish-grey) and TiO (golden) as determined in XRD 
[27] from which d) micrometer size slag particles originate
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Fig. 3  Chemical analysis of samples with a variable 
powder layer height, b along the build direction of 
the 18 mm high sample cut into 5 blocks, and c for 
samples using re-melting strategies. The composition 
is given for AB state (with the slag layer) and w/o 
surface state to measure the O stored in the bulk. The 
difference between the measurements corresponds to 
the O in the slag layer
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In contrast, fp, and np are highly affected by the process 
atmosphere used in the Multi-Atmosphere experiment 
(Fig. 5d and Table 24). dp is slightly increased for samples 
printed in CO2 compared to those printed in Ar. Particle 
analysis for these samples was done close to the sample 
surface to ensure probing in the upper-most layer, which 
is especially important for samples that consist of only one 
layer printed in the changed atmosphere or the re-melted 
ones. The reference sample of the Multi-Atmosphere exper-
iments, consisting of 100 layers printed in CO (100 CO2), 
shows fp = 0.94 ± 0.18 vol%.

Re-melting in CO2 (100  CO2 + RCO2) does not change 
fp significantly, whereas fp drops for re-melting in Ar 
(100  CO2 + RAr) (Table  4). The nanoparticle concentra-
tion further drops when printing is continued in Ar from 
fp = 0.62 ± 0.11  vol% for the first layer printed in Ar to 
fp = 0.40 ± 0.13 vol% after only ten more printed layers in Ar.

When switching back to CO2, the first printed layer in 
CO2 contains a similar fp than under Ar, which is explained 
by dilution of the probed layer (100 CO2 + 50Ar + 1CO2) with 
the material printed in Ar below. This is the case as the melt 
pool depth is larger by a factor of 3–4 than the chosen layer 
height, t, of 30 µm. After 10 layers printed in CO2 on top of 
100 CO2 + 50Ar, a comparable particle fraction and number 
density (fp = 1.04 ± 0.24 vol%, np = 0.90 ± 0.03 × 1019  m−3) 
are achieved as for the reference (100 CO2) fully printed 
in CO2.

Table 3  Slag layer thickness of 100 CO2 + R samples in CO2 (RCO2) 
and Ar (RAr), as well as for the reference sample (100 CO2) from the 
multi-atmosphere experiments

Slag layer thickness δox

100 CO2 3.4 ± 0.3 µm
100 CO2 + RCO2 4.1 ± 0.9 µm
100 CO2 + RAr 4.7 ± 1.0

Fig. 4  Slag layer thickness δox at the top (brown) and at the sides 
(orange) of the cubes dependent on a the powder layer thickness used 
for printing, b the build height of the printed samples and c the number 

of re-melting cycles during processing. d shows the evolution of the 
slag layer when the atmosphere is switched from CO2 to Ar and from 
Ar to CO2 within one sample
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3.5  Slag particle analysis

The third form of oxide, besides in the slag layer and 
nanoparticles, which occurs in the materials, are slag parti-
cles. Slag particles are micrometer-sized oxide particles that 
are randomly distributed in the materials. As elucidated in 
[27], these slag particles originate from the slag layer, hence 
their name. Slag particles result when the energy input and 
thus the melt pool lifetime are insufficient. The slag layer 
breaks up upon laser exposure and causes large oxide par-
ticles to float in the melt pool. These large particles tend to 
float to the surface again to merge with the newly formed 
slag layer, driven by their lower density. Insufficient time to 
reach the surface (limited by the melt pool lifetime) causes 
their incorporation in the bulk [27].

The slag content amounts to 0.2–0.4 vol% in most sam-
ples not affected by manufacturing problems, which seems 
to be typical for the parameters used and is constant along 
the build direction (Fig.  6a). Increasing the powder layer 
thickness, t, reduces EV and results in porous samples that 
contain high slag contents (Fig. 6b).

Re-melting strongly affects the slag particle content in 
the materials. One-time re-melting is favorable to reduce the 
slag particle fraction, whereas multiple re-melting (2x, 3x) 
increases the slag particle content again. However, it is not 
the re-melting itself that causes the slag but the associated 
overheating of the surfaces, which causes increased surface 
roughness and hinders the deposition of a clean powder 
layer that fully covers the samples.

Samples that are affected by recoating issues are often 
porous. The slag often sits at the edges of the pores (Fig. 6d), 
which makes a proper analysis of the slag particle concen-
tration by image analysis challenging and leads to overes-
timation of the real slag particle volume fraction. Avoiding 
these process irregularities comes hand in hand with limit-
ing slag concentration in the samples.

3.6  Oxygen distribution

The data from microscopy, e.g. the slag layer thickness at 
the top and sides, the nanoparticle and slag particle frac-
tion, can be used to calculate the corresponding fraction of 
O stored in the respective oxide forms (Fig. 7). This requires 
certain assumptions that are taken as follows:

	● The slag layer composition used for calculation is Ti2O3. 
The limited amount of TiO contained in the layer is ne-
glected for simplicity [27].

	● Slag particles are incorporated from the surface slag 
layer due to insufficient heat input during manufactur-
ing. For this reason, the same composition, Ti2O3, as for 
the slag layer, is assumed.

	● Nanoparticles have a composition of TiO according to 
the Fe-0.2O-Ti phase diagram (Fig. 7) and [18].

The O content in TiO is 25 wt% compared to Ti2O3 with 
33 wt%. Calculation is done for samples with a dimension 
of 3 × 3 × 4 mm3, as used for chemical analysis. Details on 
the calculation are given in Appendix 1.

Figure 8 summarizes the evolution of O in the slag layer 
(top and sides), slag particles, and nanoparticles, with the 
change of a certain parameter in one single graph. The O 
fraction resulting from chemical analysis (C) and based on 
microscopy analysis (M) is further compared. Determina-
tion of O levels in the materials based on image analysis 
(M) and chemical analysis (C) show good agreement in 
most cases. Only samples that contain a high content of slag 
particles show larger deviations between the two methods. 
The content of slag particles seems to be systematically 
overestimated.

Figure 8a clearly shows that the powder layer thickness, 
t, is not affecting oxide fractions unless the energy input, 
EV, is high enough to result in a stable printing process. The 
nanoparticle fraction, fp, and the slag particle concentration 
are constant along the build direction (Fig.  8b). O levels 
determined by image analysis are slightly larger than those 
determined by chemical analysis, likely due to the overes-
timation of the slag concentration by image analysis. Re-
melting causes an increased O uptake from the atmosphere, 
leading to enhanced oxide formation in the materials. How-
ever, mainly the O fraction of the slag layer and the slag 
particles is increased by re-melting, the O fraction of the 
nanoparticles is constant.

3.7  Correlation of slag layer and nanoparticle 
fraction

δox and fp of the Multi-Atmosphere experiment are plotted 
together to determine whether the nanoparticle concentra-
tion and slag layer thickness are correlated (Fig. 9). Both 
curves show a similar evolution, but δox lags behind fp when 
starting to print in Ar and also when printing is continued 
in CO2.

The reference state (100 CO2) shows fp = 0.94 ± 0.18 
vol% and δox = 3.4 ± 0.28  µm, which are both comparable 
with the values from the previous three experimental series. 
Similar values are achieved for the 100 CO2 + 50Ar + 50CO2 
sample. After 50 layers printed in Ar on top of samples pro-
cessed in CO2 (100 CO2 + 50Ar), the slag layer nearly van-
ishes, and the nanoparticle concentration is approximately 
halved (fp = 0.49 ± 0.09 vol% and δox = 0.28 ± 0.07  µm). 
After printing 50 layers in each of the two atmospheres, the 
values for fp and δox can be assumed to be representative 
of the respective atmosphere, Ar and CO2. fp is adapting 
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faster to the respective atmosphere than δox. 100 CO2 + 10 
Ar even shows a smaller fp than the one after + 50Ar, 
despite the sample being covered with a thick slag layer 
(δox = 2.29 ± 0.17 µm). The opposite holds for + 10 CO2 on 
top of 100 CO2 + 50 Ar, which is only covered with a thin 
slag layer (δox = 1.66 ± 0.64 µm). This is a strong indication 
that nanoparticle formation is not affected by an existing 
slag layer on top of the samples. + 1Ar and + 1CO2 samples 
are affected by dilution with the material printed in the other 
atmosphere before. As mentioned before, this is the case as 
the melt pool depth is 3–4 times larger than the layer thick-
ness, t.

4  Discussion

4.1  Manipulation of the slag layer thickness and its 
influence on nanoparticle concentration

Manufacturing in CO2 causes a process gas uptake during 
manufacturing and hence increases the O level in the mate-
rials. CO2 dissociates in two steps: CO2 → CO + O and CO 
→ C + O. Process gas dissociation is induced by laser expo-
sure and occurs in the vicinity of the laser plume and causes 
an increased O partial pressure close to the liquid–gas inter-
face [19]. The short laser exposure times and confinement 
close to the plasma plume complicate giving a value for the 
O partial pressure due to process gas dissociation. In-situ 
optical emission spectroscopy (OES) was currently applied 
in literature to investigate composition of the process atmo-
sphere in AM [29, 30], and could be used in future work 
to define the chemical composition of the atmosphere in 
reactive atmospheres. Besides O partial pressure, chemi-
cal composition of the materials and temperature affects 
gas uptake in the materials. Further details are given in 
corresponding literature on high pressure casting [31–33], 
which is believed to be applicable to our processes in AM. 
O concentrations reach values of up to 0.60 wt% in AB, and 
0.15–0.25 wt% in w/o surface condition (Fig. 3). Measure-
ments of the O level in the powder result in a concentration 
of ca.  0.105  wt%, which is slightly higher than specified 
in the supplier’s certificate. As a reference, FeTi4.3 sam-
ples processed in Ar have O levels around 0.115 wt%. The 
difference in O concentration compared to the feedstock 
powder is likely due to oxidation by the residual oxygen 

in the process chamber, which was kept below 0.04  wt% 
(400 ppm) in all experiments.

The O fraction determined by chemical and microscopy 
analysis shows, in general, good correlation (Fig.  8). But 
chemical analysis cannot differentiate between O stored in 
nanoparticles and slag particles, unlike microscopy analysis.

However, chemical analysis is more appropriate for 
obtaining a value for the slag particle concentration, due to 
their statistical occurrence, as explained in the following. 
Chemical analysis probes the full volume of the sample. In 
contrast, the determination of the slag particle content by 
microscopy is limited to a finite number of cross-sections. 
The quantification of slag particle content by chemical anal-
ysis, on the other hand, requires knowledge of the amount 
of O stored in nanoparticles. In this work, it was shown that, 
independently of the used strategy and for identical manu-
facturing parameters, the nanoparticle fraction in samples 
processed in CO2 is constant. Thus, the amount of O stored 
in the nanoparticles remains constant and can be assumed to 
be roughly 0.15 wt% (c.f. 2 × re-melting samples with low-
est slag particle fraction of 0.09 Vol%). The O excess above 
this value can be directly attributed to the O stored in slag 
particles (Figs. 3 and 6).

Variation of the powder layer thickness, t, does not sig-
nificantly influence the slag layer thickness, δox, at the top 
and side, as long as EV is sufficiently high (Fig. 4). EV sinks 
with increasing t, which causes the incorporation of slag 
particles from the slag layer when a certain t is overcome, 
which increases the O level in w/o surface state (Fig. 3a). 
Thus, the incorporation of slag particles also reduces δox 
of the top surface (Fig. 8a). Slag particle incorporation and 
process irregularities are strongly connected and can both 
be avoided when using optimum process parameters. The 
formation of slag in ODS materials manufactured by AM 
is only occasionally reported in literature, but often with an 
insufficient explanation for their origin [13, 23–26].

Re-melting is beneficial for decreasing the slag particle 
concentration in the materials (Fig. 6). Performing a single 
re-melting after each consolidated layer distinctly reduces 
the slag particle content. Re-melting most probably leads 
to a redistribution of slag particles from the bulk to the 
slag layer. The samples 100 CO2 + RCO2 and 100 CO2 + RAr 
from the Multi-Atmosphere experiments were only once re-
melted and might also show an increase in δox compared to 
the reference, 100 CO2, for this reason (Table 3). However, 
overheating the samples by re-melting several times should 
be avoided, as this can lead to the opposite result, evident 
from the 2 × and 3 × re-melted samples. Overheating causes 
rough surfaces and even build-ups (c.f. Fig. 1c) on which 
the powder cannot be deposited uniformly anymore [34, 
35]. Re-melting increases the surface temperature of the 
samples with increasing number of cycles. This pre-heating 

Fig. 5  Ti-oxide nanoparticle mean diameter dp, particle fraction fp, 
particle number density np, and particle distribution dependent on a 
the powder layer thickness used for printing, b the build height of the 
printed samples, and c the number of re-melting cycles during process-
ing. d shows the evolution of the particle size, fraction, and number 
density when the atmosphere is switched from CO2 to Ar and from Ar 
to CO2 within one sample. Note the different scale of (a–c) compared 
to (d)
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effect causes a higher heat input and hence apparent value of 
EV. Heat input by the chosen parameters for re-melting are 
not optimal anymore caused by the additional heat, which 
increases surface roughness and causes the recoating issues 
that lead to slag particle incorporation. The increased slag 
particle concentration in the 2 × and 3 × re-melted samples 
aligns with the decreasing δox at the top of the samples. Part 
of the oxide from the top slag layer is incorporated in the 
bulk as slag particles.
δox at the sides is, in contrast, steadily increasing with 

increasing number of re-melting cycles. Slag at the sam-
ple’s side originates from the slag layer, which is dragged 
along the melt pool boundaries [21–23, 27, 36] and is not 
re-melted during PBF–LB in case of the outer-most tracks. 
The driving force for material flow is mainly the marangoni 
effect, which is dependent on the surface tension and hence 
surface temperature distribution. Marangoni convections 
transports the slag towards the sides of the melt pool. Note, 
slag layers do not originate from solid state oxidation as 
they are too heterogeneous in thickness and their thickness 
is too high. Since the melt pool width typically exceeds the 
laser spot size, the laser would not directly expose the sides 
of the cubes during re-melting experiments. Consequently, 
slag at the sample’s sides accumulates with increasing num-
ber of re-melting cycles. Furthermore, repeated re-melting 
increases the surface temperatures and may promote evapo-
ration of Ti-oxide due to its high volatility [37, 38]. This 
evaporation could explain the decreasing δox observed at the 
top surface, where the laser irradiates the surface. In con-
trast, the sample sides are not directly exposed to the laser 
and are not affected by evaporation for this reason.

4.2  The relationship of slag layer and nanoparticle 
formation

The increased O uptake from the atmosphere, e.g. by re-
melting, promotes oxide formation in the materials. But the 
nanoparticle fraction, fp, and number density, np, are in the 
same range for all samples processed in CO2 (Fig. 5). Only 
samples that were re-melted show a slight increase in the 
particle size, which might be explained by the aforemen-
tioned pre-heating effect and higher apparent EV. Instead, 
the increased oxide formation occurs via an increase in the 
slag layer thickness (Figs. 4 and 8). fp seems to be physically 

limited in the material for a certain set of manufacturing 
parameters, and excess oxide is always transferred to the 
slag layer.

The slag layer thickness accumulates with increasing 
number of layers until reaching a saturation value (constant 
thickness), when printing is performed in CO2, whereas an 
existing slag layer decreases upon printing in Ar, until it 
nearly vanishes (Figs. 4b and 9). The formation and growth 
of slag layers is caused by O uptake from the CO2 atmo-
sphere, their reduction and disappearance by the absence 
of O uptake under Ar. The O uptake promotes nanoparticle 
formation. Thus, fp and np are distinctly larger for samples 
processed in CO2 compared to those processed in Ar.

Nanoparticle formation and slag layer formation are cor-
related, and both are enhanced due to O uptake during print-
ing in CO2. However, the response of the slag layer is slow 
compared to nanoparticle formation when the process gas 
is changed (Fig. 9). An existing slag layer does not influ-
ence nanoparticle formation. In the performed experiments, 
fp and np are solely dependent on the used atmosphere. Con-
versely, nanoparticle formation does influence slag layer 
formation, which is explained as follows:

The O solubility in Fe-Ti alloys is limited both in the solid 
and in the liquid state (Fig. 7), as Ti is a strong deoxidizer 
[39–42]. This is the driving force for the formation of Ti-
oxides in Fe-Ti alloys. During PBF processing, initially, Fe 
and Ti powder melt due to laser exposure and are mixed in 
the melt pool. Ti reacts with O from both powders and from 
the atmosphere. O uptake causes O supersaturation in the 
melt pool, which promotes (presumably liquid) nanoparticle 
formation, as absorbed O instantaneously reacts with Ti dur-
ing manufacturing to decrease the O level in solution. This 
indicates that O supersaturation in the melt pool controls 
nanoparticle nucleation. Our model agrees with existing 
literature, describing nanoparticle formation and evolution 
during additive manufacturing processes [24, 28]. Nanopar-
ticles grow in the melt pool and float towards the surface 
(negative sedimentation), once they reach a critical size, due 
to their lower density compared to the Fe–Ti melt (Stokes’ 
law) [43]. The still-liquid nanoparticles merge at the melt 
pool surface and form the slag layer. Nucleation and growth 
of nanoparticles, as well as negative sedimentation occurs 
within tMP (quasi steady state) and stop upon solidification. 
Rapid solidification freezes in the instantaneous microstruc-
tural state, including smaller nanoparticles levitating in the 
melt. Increasing tMP by re-melting strategies or decreasing 
layer height, t, merely prolongs the time available for these 
nanoparticle-removal processes but cannot increase fp and 
np in the melt pool, as both quantities are limited by the 
negative sedimentation of the nanoparticles.

Kinetics of O uptake and oxide nanoparticles are fast con-
sidering melt pool temperatures distinctly above 2000  °C 

Table 4  The mean particle diameter dp, volume fraction fp, and number 
density np of 100 CO2 + R samples in CO2 (RCO2) and Ar (RAr), as 
well as for the reference sample (100 CO2) from the Multi-Atmosphere 
experiments

dp (nm) fp (vol%) np (1 × 1019 m−3)
100 CO2 22.1 ± 2.8 0.94 ± 0.18 1.10 ± 0.12
100 CO2 + RCO2 21.9 ± 1.6 0.92 ± 0.16 0.99 ± 0.08
100 CO2 + RAr 21.8 ± 1.2 0.78 ± 0.13 0.83 ± 0.07
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[44] and do not limit nanoparticle fraction. Previous work 
showed that oxygen uptake and slag layer thickness strongly 
and nanoparticle fraction slighly increase with EV, explained 
by the increased time for gas uptake due to an increased 

melt pool lifetime [27]. Considering the low melt pool life-
times of ca. 0.3 ms [27] in PBF, there is enough time for 
nanoparticles to float to the surface and form a slag layer 
with a thickness of 5 µm. Hence, kinetics are not limiting 

Fig. 6  Sample overview at low magnification and their correspond-
ing slag particle concentration (Vol%) measured for a the 5 blocks 
along the build direction corresponding to the area where samples for 
chemical analysis were extracted, b samples manufactured with differ-
ent powder layer thicknesses, and c for samples exposed to re-melting. 

d shows a representative high magnification image of a highly porous 
area. The image is intentionally overexposed to make differentiation 
between slag and pore visible. Slag particles partially sit at the edges 
of pores
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nanoparticle fraction but thermodynamics, e.g. O supersatu-
ration in the melt pool dependend on the used atmosphere, 
does.

Although the evidence by the performed Multi-atmo-
sphere experiments is indirect, the description of nanopar-
ticle behavior in the melt pool is reasonable. More direct 
evidence would be possible using synchrotron experiments 
[45]. However, resolution in synchrotron experiments is 
often too low to resolve the ca 40 nm small nanoparticles 
and monitor their behavior in the melt pool. Furthermore, 
nanoparticle tracing by computanional fluid dynamics simu-
lations could be used to predict nanoparticle behavior but 
requires an accurate model describing processes in the melt 
pool and experimental validation [46].

The laser breaks up the slag layer at the top of the sam-
ples when printing the subsequent layer, which results in 
micrometer-sized oxide particles (slag particles). The sedi-
mentation velocity scales with the particle size according 
to Stokes’ law [43]. Therefore, slag particles (µm range) 
float faster to the surface to form the new slag layer than 
the nanoparticles (10 nm range), which reached the critical 

size [27]. Slag particle incorporation results when the time 
required to reach the surface is smaller than tMP. Ti-oxide 
cannot dissolve during melting, considering the low O sol-
ubility in Fe–Ti, and hence accumulates at the top of the 
samples in each layer. This explains the growth of the slag 
layer from each printed layer until a constant thickness is 
reached. The nanoparticle fraction and slag layer thickness 
reached a constant value after approximately 50 layers as 
shown in the build height experiments. The nanoparticle 
fraction reaches a constant value already after 10 layers. 
Both values, δox and fp remained constant when printing up 
to 600 layers (20 mm). This result indicates that if param-
eters remain optimal during the printing, δox and fp remain 
constant when printing parts of bigger size.

The liquid slag layer on top of the melt pool might shield 
the melt pool from the atmosphere, prevent further gas 
uptake, and restrict its further growth [47]. The reduction of 
the slag layer upon printing in Ar might be explained by the 
incorporation of small slag particles (c.f. Fig. 6a) in the bulk, 
which reduces δox after each printed layer. Measurement of 
the slag particle content showed that even under optimal 

Fig. 7  Phase diagram of Fe0.2wt%O—Ti in the relevant temperature range for PBF–LB

 



1 3

Progress in Additive Manufacturing

Fig. 8  Comparison of calculated O fraction divided 
into the slag layer at the surface, the slag layer at 
the sides, slag particles and nanoparticles based on 
microscopy analysis (M) and O fractions determined 
in chemical analysis (C): a variation of the powder 
layer thickness, b for different build heights and c for 
different number of re-melting cycles
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parameters, slag particles (0.2–0.4  vol%) are observed in 
the materials. Promoted by higher O concentrations close 
to the liquid–gas interface and at the melt pool surface, fur-
ther oxidation of the slag layer is likely [21, 22]. This might 
explain the occurrence of slag layers with a composition of 
mainly Ti2O3 [27], whereas the nanoparticles are believed to 
have a composition of TiO, as predicted by the equilibrium 
phase diagram for FeTi4.3 (Fig. 7) and found in literature 
[18].

The nanoparticle fraction in additively manufactured Fe–
Ti alloys is determined by processes forming nanoparticles, 
which are strongly dependent on the O supersaturation in 
the melt pool, and processes removing particles from the 
melt pool, via coarsening, floating up, and formation of the 
slag layer. While the latter processes are difficult to prevent, 
the former may be enhanced by increasing the activity of O 
at the atmosphere/melt pool surface. Thus, increasing the O 
partial pressure in the CO2 atmosphere could be a potential 

strategy to increase particle formation, but it remains dif-
ficult to achieve, as most machines work under ambient 
pressures. Alternatively, more highly reactive atmospheres 
could be used to increase O uptake in the melt pool to 
increase particle formation. However, this strategy carries 
the risk of powder bed ignition or other safety risks [20].

For commercially available ODS steels, the oxide load 
is typically around 0.3–0.5 wt% and hence a little lower 
than achieved by the FeTi4.3 model alloys fabricated 
under CO2 in this work [1]. The presented approach could 
therefore be an alternative to commonly applied ex-situ 
routes in AM of ODS materials. The work presented is 
furthermore relevant for ex-situ fabricated ODS alloys, as 
the melting point of the most commonly used oxides is 
overcome during AM [44]. Thus, nanoparticle coarsening 
as well as slag layer and slag particle formation by their 
floating to the surface are relevant for the fabrication of all 
types of ODS alloys in AM.

Fig. 9  Correlation of the average layer thickness at the surface with the particle fraction in the melt pool below. The red shaded area marks areas 
that are printed in CO2 and the green ones in Ar
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5  Conclusions

In this work, the formation mechanism of the slag layer and 
in-situ nanoparticle formation, as well as their relationship, 
are studied for PBF–LB in a reactive CO2 atmosphere. The 
following conclusions can be drawn:

	● The formation of slag layers in PBF–LB is a cumula-
tive process. The slag layer grows with an increasing 
number of printed layers until a constant thickness is 
reached, dependent on the used parameters. We argue 
that the slag layer forms from Ti-oxide droplets that are 
too large to levitate in the liquid melt pool, float up, and 
merge to form a liquid slag layer on top of the liquid 
melt pool. As manufacturing under CO2 promotes par-
ticle formation (high fp), slag layers are growing under 
CO2, whereas existing slag layers are shrinking upon 
printing in Ar (low fp).

	● Slag particles from the slag layer are incorporated into 
the materials when the heat input (EV) during manufac-
turing is not high enough or when process disruptions 
(e.g. recoating issues) occur upon manufacturing. The 
incorporation of slag particles reduces the slag layer 
thickness at the top of the samples.

	● The nanoparticle fraction remaining in the melt pool 
is limited by nanoparticle flotation to the slag layer at 
the melt pool surface. Increasing the contact duration of 
the melt pool with the atmosphere thus only affects the 
thickness of the slag layer but does not assist in increas-
ing the nanoparticle fraction.

	● The nanoparticle fraction and number density are de-
pendent on the process atmosphere only, for a certain set 
of parameters, and hence on the O supersaturation in the 
melt pool during processing, resulting from the respec-
tive atmosphere. Higher O supersaturation by O uptake 
during processing in CO2, enhances deoxidation reac-
tions in the melt pool, causes more nanoparticle droplets 
to nucleate, and increases the nanoparticle fraction in 
the materials.

Appendix 1: Calculations to determine 
oxygen levels based on microscopy (Fig. 8)

Nanoparticles

Composition: TiO.
DensityTiO: 4.95 g cm.−3

DensityFeTi4.3: 7.74 g cm.−3

Wt% O in TiO: 25 wt%

wt.%T iO = vol.%T iO ∗ DensityT iO

vol.%T iO ∗ DensityT iO + (1 − vol.%T iO) ∗ DensityF eT i4.3
∗ 100

ONanoparticles (wt.%) = wt.%T iO ∗ 0.25

Slag particles

Composition: Ti2O3.
DensityTi2O3: 4.49 g cm−3.
DensityFeTi4.3: 7.74 g cm−3.
Wt% O in Ti2O3: 33 wt%

wt.%T i2O3 = vol.%T i2O3 ∗ DensityT i2O3

vol.%T i2O3 ∗ DensityT i2O3 + (1 − vol.%T i2O3) ∗ DensityF eT i4.3
∗ 100

OSlagparticles (wt.%) = wt.%T i2O3 ∗ 0.33

Slag layer

Composition: Ti2O3.
DensityTi2O3: 4.49 g cm−3.
DensityFeTi4.3: 7.74 g cm−3.
Wt% O in Ti2O3: 33 wt%.
The length of the top surface, lTop, and the height of the 
sides, hSide, is measured for a cross-section with area, ACube, 
of a sample printed for chemical analysis.  Note, the third 
dimension, which is identical to lTop, cancels out in the 
calculation of 

vol.%Ox  .

AOx = AT opOxidelayer + 4 ∗ ASideOxidelayer

AT opOxidelayer = δOx,T op ∗ lT op

ASideOxidelayer = δOx,Side ∗ hSide

vol.%Ox = AOx

ACube
∗ 100

wt.%Ox = vol.%Ox ∗ DensityT i2O3

vol.%Ox ∗ DensityT i2O3 + (1 − vol.%Ox) ∗ DensityF eT i4.3
∗ 100

OOx (wt.%) = wt.%Ox ∗ 0.33
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