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• Samples of Fe-Ti model alloys were pro-
duced by Laser Powder Bed Fusion
under Ar and N2 atmosphere.

• A transition from a microstructure con-
taining coarse columnar grains to a re-
fined microstructure with equiaxed
grains was confirmed.

• Cubic Ti(O,N) particles with the Baker-
Nutting orientation relationship realize
grain refinement by heterogeneous
nucleation.
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Grain structure control is essential in metal additive manufacturing. It is used to avoid anisotropic mechanical
properties, hot cracking and to increase the strength via the Hall-Petch effect. Here we demonstrate the use of
grain refining particles for grain control in ferritic alloys, specifically Fe-Ti model alloys. We introduce the parti-
cles in three different ways, namely (i) by using oxygen-rich raw powders, (ii) by reaction of themoltenmaterial
with the process gas atmosphere and (iii) by direct addition of the refining ceramic phase in powder form. Sam-
ples are produced by Laser Powder Bed Fusionwith various concentrations of Ti and underAr andN2 atmosphere.
The resulting microstructures are analyzed using optical and electron microscopy. We demonstrate a transition
from a microstructure containing columnar grains >100 μm in length to a strongly grain refined microstructure
with equiaxed grains of approx. 1 μm in size. The refining sub-micron-sized particles in all cases are cubic Ti(O,N).
We discuss the findings in the light of thermodynamic calculations as well as established grain refinement
models.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The laser powder bed fusion (LPBF) process is one of the additive
manufacturing (AM) processes and is applied for various industrial pur-
poses, such as the production of aerospace parts, casting dies, and bio-
medical applications. It has been reported that the LBPF process
ta), d.mayweg@mpie.de

td. This is an open access article und
realizes different microstructures than conventional casting, forging,
or sinteringprocesses because of the unique thermal history [1]. Themi-
crostructure can consist of fine grains and precipitates induced by rapid
solidification [2–4], but may also include coarse columnar grains [5–7].
Epitaxial growth was confirmed for many alloys such as Ni superalloys
[6], an oxide dispersion strengthened steel [8], and pure tantalum [9].
Many results suggested that the microstructure evolution during AM
was affected by both experimental conditions and the chemical compo-
sition. Microstructure control is one of the important issues to develop
materials for the LPBF process because high (mechanical) performance
is often required of parts fabricated by this process.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Samples fabricated by LPBF can achieve comparable strength to
conventionally-processed ones, when optimized process parameters
are used. However, mechanical properties such as ductility and fracture
toughness must still be improved. The poor values of these properties
are usually caused by defects such as voids and/or by a coarse grain
structure. One important mechanism to improve the mechanical prop-
erties is grain refinement of thematrix, as themean free path of disloca-
tions is thus reduced. Additionally, grain refinement can also prevent
hot cracking during LPBF [2,3]. Nucleation of grains during cooling
from the liquid plays an essential role in determining the final grain
size distribution, especially if the material does not have a solid-state
phase transformation, i.e., when grain refinement by thermo(−me-
chanical) treatments is not available. Therefore, grain refinement during
the solidification is a vitally important mechanism to improve alloys to
be used in the LPBF process.

There have been several differentmethods employed successfully in
the literature to control the microstructure, which we will briefly re-
view here. First, by tuning laser process parameters (e.g., energy density
[10–14] scanning strategy [10,14–17] laser beam shape [18,19], laser
beam diameter [20]), the columnar-to-equiaxed transition during
solidification has been achieved. For example, Yang et al. [10] studied
the effects of base plate temperature on the microstructural evolution
of Al-Mg-Zr alloys and revealed that columnar and equiaxed grains
were controllable by these conditions. Several groups modified their
laser scanning strategies to control microstructure formation,
e.g.,Wanet al. in Ni superalloys [15] andAlMangour et al. [16] in austen-
itic stainless steel. Dehoff et al. realized a desired distribution of colum-
nar and equiaxed grains by the combination of line and spot beam
strategies [14]. Another important parameter controlling the final
grain size distribution is the energy density of the applied laser
[10–13]. Liu et al. calculated the temperature distribution during LPBF
by finite element analysis and predicted themicrostructure of AlSi10Mg
alloy [13]. Shi et al. reported that the shift from a circular Gaussian beam
to an elliptical beam profile changed the melt pool size and thus the
grain shapes [18]. McLouth studied the promotion of grain coarsening
and texturing of superalloys by defocusing the laser beam [20]. Lee
et al. evaluated temporal variations of temperature distributions and
achieved local microstructure control by applying a primary and sec-
ondary beam [21]. Controlling solidification supercooling by remelting
every layer twice also promotes grain refinement, for example inMg al-
loys [22] and other alloys [23,24].

The commonality of all of these studies is that grain refinement is ac-
complished by the columnar to equiaxed transition (CET), which is af-
fected by the relation between thermal gradient and interfacial
velocity of a liquid/solid interface. Control of these variables requires
precise management of the thermal conditions during solidification,
which is difficult to achieve in industrially-relevant parts, such as geo-
metrically complex parts resulting from topology optimization. This is
due to the heat accumulation in regions of the part when heat conduc-
tion away from the part being built is less effective than heat input from
the laser [25]. Therefore, a more practical approach to microstructure
control via grain refinement is required.

Several new alloys have been investigated to promote grain refine-
ment during LPBF and directed energy deposition processes [26].
Montero-Sistiaga et al. added Si to Al7075 alloy and realized fine grains
[27]. The formation of a eutectic microstructure by increasing Cu con-
tent also refined Ti-alloys [28]. The addition of Zr to Al alloys also pro-
moted grain refinement and prevented hot cracking [2,3,29]. Martin
et al. investigated the grain refinement behavior of pure Al and Al alloys
by adding nanoparticles of ceramics and alloying elements [30,31]. They
showed that the addition of Al3X (X = Zr, Nb, Ta) nuclei realized fine
equiaxed grains. Grain refinement of the prior β grain of Ti-6Al-4V
alloy by adding Y and remelting was attributed to the constitutional
supercooling and the formation of Y2O3 particles [23]. Bermingham
et al. confirmed that the addition of La oxide powder to Ti alloys showed
a tendency to transition from columnar grains to equiaxed grains [32].
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AlMangour et al. reported a similar grain refinement behavior for
an austenite stainless steel by the addition of titanium carbide
particles [16].

This brief overview shows that inoculation by grain refining particles
is an effectivemethod of producingfine, equiaxed grains inmany alloys.
It can also be applied to ferritic steels. In our previous work, we could
confirm that the addition of TiN powder realized grain refinement of
Fe-2at.%Ti and Fe-10at.%Al ferritic steels [33]. Refined microstructures
have also been observed recently by other researchers in LPBF-
produced ferritic stainless steel [34,35]. Ti(N,O) particles were formed
in the liquid phase and became nucleation sites for ferrite. Thus, hetero-
geneous nucleation is a proven method for grain refinement in LPBF.

This is not unexpected, since TiN particles have been used before as
an inoculant for ferritic steels in conventional cast processing, as
reviewed by Park et al. [36]. The formation of TiN by Ti inoculant was
also effective for grain refinement of ferritic stainless steels during
welding processes [37,38]. The dispersion of (Ti,Nb)C, which is of the
same crystal structure as TiN (NaCl type structure), also realized grain
refinement for microalloyed (ferritic) steels [39].

In this paper, we studied grain refinement in Fe–Ti ferritic steels
through the formation of fine particles by in-situ reactions of liquid
metal and gaseous elements by heterogenous nucleations of a matrix.
Fe–Ti alloys were chosen because Ti is one of the ferrite-stabilizer ele-
ments and has a strong affinity for O andN, resulting in forming ceramic
particles. We prepared powder mixtures using pure Fe and Ti powders
to investigate Ti contents' effect on microstructures. Because the Fe
powder contained relatively high amounts of O, the formation of Ti ox-
ides was expected. We also performed the LPBF tests using Fe–Ti atom-
ized powder with low O and N contents to evaluate microstructural
differences caused by the building atmosphere. LPBF builds under N2 at-
mosphere were conducted to promote TiN particle formation as nucle-
ation sites through Ti and N2 reaction. Additionally, we prepared Fe–Ti
powdermixtures adding TiN particles to clarify the influence of the par-
ticle origins, i.e., in-situ formation and pre-mixing of the particles. Mi-
crostructure analysis was conducted to investigate the distribution of
grains and ceramic particles. Additionally, particle formation was
assessed by thermodynamic calculations. A preliminary analysis of the
effects of the grain refinement onmechanical properties was performed
by Vickers hardness tests.

2. Experimental procedures

2.1. Powder preparations

For LPBF experiments, we prepared several raw powders and pow-
der blends to compare the effect of Ti, O, and N contents and in-situ
and ex-situ formation of particles on microstructures. Gas-atomized,
spherical, pure Fe, and Ti powders were purchased (powder supplier:
TLS Technik GmbH, Germany). The mean powder sizes are 32.95 μm
and 25.15 μm, the O contents of both powders are 0.39 mass% and
0.09 mass%, and the N contents are 0.013 mass% and 0.005 mass%, re-
spectively, as measured by hot carrier gas extraction. Due to the high
O content in Fe powder, and high O affinity of Ti, in-situ formation of
Ti oxide is expected during solidification. Powder mixtures of Fe-2at.%
Ti, Fe-5at.%Ti, and Fe-7.5at.%Ti were prepared by mixing the raw pow-
ders for 1 h by a tumble mixing machine (WAB AG, Switzerland) at a
rate of 30 rpm. Fig. 1 shows the phase diagram of the Fe–Ti binary sys-
tem calculated by the software Thermo-Calc (database TCFE9). Accord-
ing to the diagram, ferrite is expected as a primary phase, followed
(under prevailing non-equilibrium solidification conditions) by the eu-
tectic solidification of ferrite and laves phase (Fe2Ti). No ferrite-to-aus-
tenite transformation is expected.

Alloyed Fe-5.3at.%Ti powder produced by gas atomizing (Nanoval
GmbH, Germany) was also used in the experiments. The average diam-
eter of the powder is 24.0 μm. It was determined that the powder con-
tains 0.038 mass% O, and N below the detection limit (<0.005 mass%).
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Fig. 1. Calculated phase diagram of Fe\\Ti binary system. No solid-state transformation is
expected for any of the tested alloys.
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Thus, the effect of O and N contents of the raw powders can be investi-
gated by comparing the powder mixtures with the atomized powder.
Additionally, the reaction of the alloying elements with the gas atmo-
sphere is expected to become more crucial for the alloyed powder.

Additionally, pre-mixed powder blends were also prepared, includ-
ing additional TiN powder (Japan NewMetal Co., Ltd., Japan) having an
average diameter of 2.33 μm. TiN powder of 0.5 or 2 vol% was added to
the Fe-2at.%Ti powder mixture and mixed to obtain a uniform distribu-
tion of TiN particles by the same condition as the Fe–Ti powder mix-
tures. It is to be noted that the TiN powder contains a relatively high O
content (1.24 mass%) because of the finer particle size compared to
the other rawmetal powders. Because TiN is a highmelting pointmate-
rial, the addition of TiN is expected to result in ex-situ-formed TiN par-
ticles in the microstructure after LPBF.

As shown in Table 1, the samples built using the powder mixtures
and the alloyed powder will be called mixture samples (xTi-mix-N2
and xTi-mix-Ar; x = 2, 5, 7.5) and the alloyed samples (5Ti-alloyed-
N2 and 5Ti-alloyed-Ar) in this paper, respectively. Here, “Ar“ and “N2“
refer to the process atmosphere during the LPBF process. The samples
with the addition of the TiN particles are categorized as TiN added sam-
ples (xTiN-mix-N2; x = 0.5, 2).

Mixing pure element powders to realize various chemical composi-
tions and the benefits formaterial research for LPBFwere recently dem-
onstrated by Aota et al. [40]. The addition of the commercial TiN powder
realizes flexible control of TiN amount without specially prepared pow-
ders (e.g., by atomizing, adding nanoparticles [30,31], powder coating).
Although adding fine particles deteriorates powder flowability, the
powder mixtures for the TiN added samples were still acceptable for
the LPBF experiments.
Table 1
Nominal chemical compositions and experimental conditions.

Composition Label Powder
type

Beam diameter
μm

Laser powe
W

Fe-2at.%Ti 2Ti-mix-N2 mixture 200 360
Fe-5at.%Ti 5Ti-mix-N2 mixture
Fe-5at.%Ti 5Ti-mix-Ar mixture
Fe-5at.%Ti 5Ti-alloyed-N2 alloyed
Fe-5at.%Ti 5Ti-alloyed-Ar alloyed
Fe-7.5at.%Ti 7.5Ti-mix-N2 mixture
0.5vol%TiN/Fe-2at.%Ti 0.5TiN-mix-N2 mixture
2vol%TiN/Fe-2at.%Ti 2TiN-mix-N2 mixture
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2.2. LPBF conditions

LPBF experiments were performed by an Aconity3D Mini
(Aconity3D GmbH, Germany). The process parameters and the corre-
sponding labels are listed in Table 1. The laser was defocused to 200
μmbeam diameter from the standard diameter (90 μm) to form a larger
melt pool and realize a homogeneous chemical distribution for thepow-
der mixtures [40]. The energy density Ewas calculated by the following
equation:

E ¼ P
dvh

ð1Þ

where P is the laser power, d is the laser spot diameter, v is the scanning
speed, and h is the layer height. Cubic samples of 8 × 8 × 10 mmwere
produced with the scanning direction rotated 90° between layers. All
powder mixtures and the alloyed powder were dried at 100 °C for 1 h
prior to the LPBF experiments. The experiments were performed under
Ar or N2 atmosphere. The TiN added samples were built only under N2

atmosphere to prevent the formation of N2 gas by decomposition of
TiN (TiN→ Ti+ 1/2 N2) during melting. Additionally, the fine TiN pow-
der contains 1.24 mass% O, which means that the formation of particles
(Ti oxides) cannot be avoided even for experiments under Ar atmo-
sphere. Thus, experiments under Ar atmosphere were omitted for the
TiN added samples.

2.3. Microstructure and chemical composition analyses

Built samples were cut along the building direction (BD) and
polished for microstructure characterizations. The microstructure ob-
servation was carried out by a light optical microscope (LOM) and a
Zeiss Sigma (Zeiss AG, Germany) scanning electron microscope (SEM).
The specimens were etched by Adler etchant for the LOM observation.
Chemical analyses were conducted using energy-dispersive X-ray spec-
troscopy (EDS). Phase distributions and inverse pole figure (IPF) maps
were obtained by electron backscattered diffraction (EBSD)).

The distributions of dispersed particles were obtained by analyzing
the SEM images. The cross-section images were binarized (manual
thresholding), and volume fraction and average diameter were mea-
sured by Image-J software. More than 5 images were investigated for
each sample.

A thin foil sample for transmission electron microscopy (TEM) anal-
ysis was prepared using an FEI Helios NanoLab 600 (FEI Company, USA)
dual beam focused ion beam (FIB)-SEM. TEM analyses were conducted
on a JEM-F2200FS (JEOL Ltd., Japan) at 200 kV.

The chemical compositions of four samples with the chemical com-
position of Fe-5at.%Ti (5Ti-mix-N2/Ar and 5Ti-alloyed-N2/Ar) were an-
alyzed by inductively coupled plasma optical emission spectroscopy
(ICP-OES) to compare the difference of Ti, O, andN contents for different
raw powders (the powder mixture or the alloyed powder) and experi-
mental atmospheres (N2 or Ar).
r Scan speed
mm/s

Hatch space
μm

Layer height
μm

Energy density
J/mm3

Atmosphere

600 75 40 75 N2

N2

Ar
N2

Ar
Ar
N2

N2
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Fig. 3. LOM images of samples without etching. (a) a typical image (5Ti-mix-N2, note few
small pores or inclusions were observed), (b) the crack observed in 7.5Ti-mix-N2.
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2.4. Hardness measurement

Vickers hardness testing was carried out with a weight of 9.8 N (1
kgf) on a cross-sectional surface parallel to the BD. The measurements
were conducted 5 times for each sample, and the obtained values
were averaged.

3. Results

3.1. Microstructures of the raw powders

Fig. 2 shows the backscattered electron images of cross sections of
powder particles used for the experiments. The pure Fe, pure Ti, and
alloyed Fe-5at.%Ti powders exhibited an almost spherical shape. As
shown in Fig. 2 (a), the pure Fe powder contains many fine particles.
Judging from EDS analysis results, these are most likely iron oxides.
These particles are formed due to a high O content of the powder
(0.39 mass%).

Only a few particles were found in the Ti powder and Fe-5at.%
alloyed powder, as shown in Fig. 2 (b) and (c). Additionally, the size of
the particles in these powders was finer than in the pure Fe powder.

The TiN powder is comprised of partially polygonal or irregular
shaped particles, as shown in Fig. 2 (d).

3.2. Microstructures of the matrices

A typical microstructure of the samples fabricated by LPBF contains
few pores, as displayed in Fig. 3. The samples were almost fully dense,
and only few pores were detected (Fig. 3 (a)), although cracks propa-
gated from the side walls for 7.5Ti-mix-N2 (Fig. 3 (b)). The microstruc-
tures of the samples as seen in LOM after Adler etching are displayed in
Fig. 4. The melt pool boundaries are visible in the etched microstruc-
tures, and are indicated by the white arrows. There are coarse grains
and some of which are elongated along the BD (indicated by the black
dotted arrows) in the microstructure of 2Ti-mix-N2. On the other
hand, it was shown that the grains of 5Ti-mix-N2, 5Ti-mix-Ar, 5Ti-
alloyed-N2, and 7.5Ti-mix-N2 are equiaxed and fine. Bimodal micro-
structures consisting of fine equiaxed and elongated columnar grains
are observed for the samples of 5Ti-alloyed-Ar, and 0.5TiN-mix-N2.

Fig. 5 shows higher magnification, backscattered electron (BSE) im-
ages of theunetched samples. All thematricesmainly consist of a single-
phase and contain fine dark-appearing particles. The average radius and
volume fraction of the particles were obtained from image analysis and
are displayed in Table 2.Most particles are spherical but some rectangu-
lar particles were also found. There were a few relatively large particles
(around 1 μm) as well. The comparison between 5Ti-mix-N2 and 5Ti-
mix-Ar showed no significant difference in the distribution of the parti-
cles caused by the building atmosphere. On the other hand, the alloyed
samples (5Ti-alloyed-N2 and 5Ti-alloyed-Ar) showmuch lower volume
fractions of particles. Especially 5Ti-alloyed-Ar showed the minimum
volume fraction of 0.34 vol%. Addition of 2 vol% TiN increased the
2 m

)b()a( (

1 m

Fig. 2. Cross section SEM images of the raw powders. (a) Pure Fe, (b) pure Ti, (c) alloyed Fe-5
particles can be observed in (a).
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particle volume fractions for 2TiN-mix-N2. The average radii are similar
for all samples, around 0.02 μm.

The particles of the TiN added samples (xTiN-mix-N2, x=0.5, 2) are
finer than the average sizes of the originally added TiN (2.33 μm) pow-
der. It was also demonstrated that most particles have a more spherical
shape (Fig. 5 (g) and (h)) than the irregular shaped ones in the raw
powder (Fig. 2 (d)). These results suggest that the TiN powder particles
entirely or partially melt during the building process. Grain boundary
precipitates are visible in 7.5Ti-mix-N2, as shown in Fig. 5 (f).

3.3. Chemical and grain distribution obtained from EDS and EBSD analysis

Fig. 6 shows the results of the EDS mapping analyses. The chemical
distributions of Ti (and Fe) for themixture samples and TiN added sam-
ples (2Ti-mix-N2, 5Ti-mix-N2, 7.5Ti-mix-N2, and 2TiN-mix-N2) are al-
most homogeneous (Fig. 6 (a), (b), (d), and (e)), although areas with a
length of some tens of μm with slight enrichment in Ti were found.
These results suggest that the Ti and Fe raw powder were mixed well,
and Ti oxide or oxynitride particles were formed during the melting
and solidification process. In contrast, 5Ti-alloyed-N2 exhibits
completely uniform chemical distribution, as shown in Fig. 6 (c). Thus,
the difference of chemical distributions between the mixture samples,
the alloyed samples, and the TiN added samples is not significant. The
formation of Ti oxide or oxynitride layers at the surface of sample 5Ti-
mix-N2 was shown as well in Fig. 6 (f).

Colored IPF maps of the ferrite grains that are parallel to BD and IPFs
in the same direction obtained from the EBSD analysis are shown in
Fig. 7. The black lines mark grain boundaries (misorientation >10°).
The grain shape tendencies (equiaxed, bimodal, or columnar) and the
average diameters of the equiaxed grains are summarized in Table 2.
The microstructure of the 2Ti-mix-N2 sample show columnar grains
elongated along the BD (Fig. 7 (a)). The long axis length of most grains
exceeds 100 μm, which is larger than an individual layer thickness
(40 μm). Additionally, each grain shows a crystallographic texture of
〈0 0 1〉 direction along BD, as shown in Fig. 7 (a). It is well known that
the 〈0 0 1〉 direction is the easy growth direction for bccmaterials during
solidification [41]. These results suggested that the grains grew epitaxi-
ally from already-solidified material. It should be noted that a small
number of equiaxed grainswere also found in 2Ti-mix-N2. Thematrices
)d(c)

2 m 2 m

at.%Ti, (d) TiN. The white arrows indicated inclusions (oxide particles). Many fine oxide



)c()b()a(

)f()e()d(

(g) (h)

BD

50 m

50 m

50 m

50 m

50 m

50 m

50 m

50 m

Fig. 4. LOM images of samples after Adler etching. (a) 2Ti-mix-N2, (b) 5Ti-mix-N2, (c) 5Ti-mix-Ar, (d) 5Ti-alloyed-N2, (e) 5Ti-alloyed-Ar, (f) 7.5Ti-mix-N2, (g) 0.5TiN-mix-N2, (h) 2TiN-
mix-N2. The melt pool boundaries were confirmed as indicated by the white arrows. The black dotted arrows indicate elongated grains along BD in (a). Coarse columnar grains were
observed in (e) and (g).
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of 5Ti-mix-N2, 5Ti-mix-Ar, and 7.5Ti-mix-N2 consist of the fully
equiaxed grains, as shown in Figs. 5 (b), (c), and (d), whose average di-
ameters are 1.3 μm, 1.5 μm, and 0.85 μm, respectively.

The IPF maps of the alloyed samples showed a clear dependency on
the testing atmosphere. The grain distribution of the sample built under
N2 (5Ti-alloyed-N2) was similar to that of 5Ti-mix-N2. The average di-
ameter of the equiaxed grains was 0.80 μm. On the other hand, the
grains of 5Ti-alloyed-Ar consist of coarse columnar and fine equiaxed
grains. The distribution of the grains was sandwich-like, i.e., the colum-
nar grains are separated by layers of fine grains. The lengths of the co-
lumnar grains are less than the layer thickness, meaning they are
shorter than those of 2Ti-mix-N2, and the texture of 〈0 0 1〉 direction
was not found.

In the case of the TiN added samples, the grain size and shape distri-
butions depend on the amount of the TiN powder. The grains showed a
bimodal distribution that was similar to that of 2Ti-alloyed-Arwhen the
amount of TiN is 0.5 vol%. As shown in Fig. 7 (g), the columnar grains
elongate radially, whichmeans along the largest thermal gradients dur-
ing solidification. The columnar grains tend to form from the outer bor-
ders of melt pools, consequently, the melt pool boundaries are visible.
The addition of 2 vol% of TiN particles decreased the grain sizes and
changed to the nearly equiaxed shape. The average diameters of 2TiN-
mix-N2 are 1.08 μm.
5

3.4. Phase analysis of dispersed particles

The phase distributions of the mixture samples obtained from EBSD
analysis are shown in Fig. 8 to identify the phases of the dispersed par-
ticles. Although due to the limited resolution, the finest particles could
not be analyzed, one large particle in 2Ti-mix-N2 was identified having
corundum (Al2O3) structure (trigonal, space group 167), meaning that
the particle is Ti2O3 (Fig. 8 (a)). The particles in 5Ti-mix-N2 and 7.5Ti-
mix-N2 were indexed as NaCl type crystal structure (cubic, space
group 225), as shown in Fig. 8 (b) and (d). The sameNaCl type structure
precipitations were also confirmed in 5Ti-alloyed-N2 (Fig. 8 (e)) and
2TiN-mix-N2 (Fig. 8 (f)). From a thermodynamics point of view,
i.e., taking the phase diagrams (Fig. 13) into account, these particles
are estimated to be TiO or TiN.

The orientation relationship between the particle (marked B) and
an adjacent ferritic grain (marked A) of the 5Ti-mix-N2 sample
shown in Fig. 8 (b) was analyzed. Black lines in Fig. 8 (b) indicate
grain and phase boundaries. The rotation direction and angle are ap-
proximately [0 1 30] and 44.8°, respectively as illustrated in Fig. 8 (c).
This orientation relationship is close to the Baker-Nutting orientation
relationship (B–N OR) which is (0 0 1)ferrite//(0 0 1)particle and
[1 1 0]ferrite//[1 0 0]particle [42]. The result of the EBSD mapping also
reveals that the phase observed to form along the grain boundaries
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Fig. 5. SEM images of samples without etching. upper images: low magnification, lower images: high magnification. (a) 2Ti-mix-N2, (b) 5Ti-mix-N2, (c) 5Ti-mix-Ar, (d) 5Ti-alloyed-N2,
(e) 5Ti-alloyed-Ar, (f) 7.5Ti-mix-N2 (g) 0.5TiN-mix-N2, (h) 2TiN-mix-N2. All samples contain fine particles. Most particles are spherical, but rectangular particles were also found (see
white circles). There were grain boundary precipitates in 7.5Ti-mix-N2 as indicated by the white arrows.
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in the 7.5Ti-mix-N2 microstructures (Fig. 8 (e)) was the Laves phase
(Fe2Ti). A eutectic structure, e.g., a fine lamellar structure of ferrite
and Laves phases, was not found.

3.5. TEM particle analysis

Fig. 9 shows scanning TEM high angle annular dark field images of
5Ti-mix-N2 (Fe-5at.%Ti). Not only the spherical submicron particles,
but also nano-size particles are observed. The selected area diffraction
SAD pattern of these larger particles reveals a cubic structure. An
image of Particle D in Grain C and a SAD pattern of both are displayed
in Fig. 10. The EDS analysis of Particle B showed that this particle
6

contains Ti and O. These results suggest that particle D is NaCl type
TiO. It was also confirmed that the crystallographic orientation relation-
ship between grain C and particle D is close to B–NOR. The schematic of
the relationship is illustrated in Fig. 11. It shall be noted that the Laves
phase was observed neither at the grain boundaries nor in the ferrite
grains.

3.6. Chemical composition analysis

The chemical compositions of Fe-5at.%Ti samples are displayed in
Table 3. A decrease of Ti contents from powder (mixture) to LPBF sam-
ple was found for the 5Ti-mix-N2 and 5Ti-mix-Ar, but the alloyed
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samples showed an equivalent Ti content to the raw alloyed powder
(5.3 at.%). The O and N contents estimated from the chemical composi-
tion of the raw Fe and Ti powders are 0.38 mass% and 0.013 mass%, re-
spectively. The result of 5Ti-mix-N2 reveals a decrease of the O content
and an increase of N content compared with the powder mixture. For
5Ti-mix-Ar, the O content decreased as well, but the N content was al-
most equivalent to the powder mixture.

In the case of the alloyed samples, the O contents are much less than
those of themixture samples. The O contents of 5Ti-alloyed-N2 and 5Ti-
alloyed-Ar are 0.050 mass% and 0.055 mass%, which slightly increased
from that of the raw powder (0.038 mass%). N content was only de-
tected for 5Ti-alloyed-N2, which was 0.030 mass%.

3.7. Vickers hardness testing

Table 4 shows the results of Vickers hardness tests. The 2Ti-mix-N2
shows the lowest hardness. Hardness increased with the increase of the
Ti content for themixture samples. A similar tendencywas found in the
TiN added specimens. In the alloyed sample cases, the sample under N2

atmosphere (5Ti-alloyed-N2) has a higher hardness than that under Ar
(5Ti-alloyed-Ar). The addition of TiN particles also increased the
hardness.

4. Discussion

4.1. Mechanism of grain refinement

As described in section 3.2, 2Ti-mix-N2 showed coarse columnar
grains that are larger than the layer thickness (40 μm) and a texture of
〈0 0 1〉 along the BD. In contrast, the samples containing more than 5
at.%Ti formed fine equiaxed grains. The average grain diameters of the
latter cases are around 1 μm, so the grain refinement is significant com-
pared with 2Ti-mix-N2. Two samples (5Ti-alloyed-Ar and 0.5TiN-mix-
N2) showed bimodal grain distributions. Because no solid-state phase
transformation is expected from the phase diagram (Fig. 1), the mecha-
nisms of this grain refinement phenomenon are expected to be stem-
ming from the solidification process. As reviewed in the introduction
section, there are several mechanisms that can lead to grain refinement
during the solidification of LPBF processes. In this section, we will
7

discuss and exclude these mechanisms one by one and thus support
our hypothesis that heterogeneous nucleation is responsible for grain
refinement in the current study.

4.1.1. Eutectic solidification mechanism
Montero-Sistiaga et al. created a refined matrix by adding Si to

Al7075 alloy [27]. They claimed that the grain refinement was achieved
by enhancement of eutectic solidification through Si addition. Fig. 12
shows the Scheil calculation result for Fe-5at.%Ti obtained from
Thermo-Calc. According to the Scheil calculation, a eutectic microstruc-
ture was predicted following ferrite solidification. Although precipitates
of the Laves phase were confirmed at the grain boundaries of
7.5Ti-mix-N2, SEM and TEMmeasurements did not reveal any eutectic
microstructure for Fe-5at.%Ti (Figs. 8 and 9). Thus, we exclude grain
refinement by the formation of a eutectic phase.

4.1.2. Laser scanning strategy
It is also well known that laser scanning strategies can affect the mi-

crostructures fabricated by LPBF. For example, the phenomenon was
shown to take place for a Ni-based superalloy by Wan et al. [15] and
in stainless steel with TiC particles by AlMangour [16]. Because the
same scanning strategy was applied for all alloys, such mechanisms
are not relevant in the present experiments.

4.1.3. CET by the temperature distribution
The relationship between the thermal gradient and velocity of the

interface between themelt pool and solid was also proposed as control-
ling the grain size via the columnar-to-equiaxed transition (CET)
[43–45]. According to the theory, the columnar grains are obtained at
the conditions of high thermal gradient and low interface velocity. A de-
crease of the thermal gradient and an increase of the interface velocity
results in fully equiaxed grains. Because the amount of Ti altered the
grainmorphology significantly, we focus on the alloying effect on the al-
teration in 2Ti-mix-N2 and 5Ti-mix-N2,which showed coarse columnar
grains, and fine equiaxed grains, respectively. Therefore, the tempera-
ture distributions of these two powder mixture samples were
investigated.

The thermal gradient (G(z,t)), heating/cooling rate (R(z,t)), and the
solid-liquid interface velocity (V(z,t)) developed by a laser illumination
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Table 2
Summaries of microstructure analysis. Dark particle distributions obtained from image analysis and overview of matrix grain shapes and average diameters obtained from the EBSD
analysis.

Composition Label Dark particle Matrix

Volume fraction % Average radius μm Grain shape and size Average diameter μm

Fe-2at.%Ti 2Ti-mix-N2 1.28 0.015 columnar (epitaxial) + small amount of fine –
Fe-5at.%Ti 5Ti-mix-N2 1.47 0.019 equiaxed, fine 1.34
Fe-5at.%Ti 5Ti-mix-Ar 1.29 0.015 equiaxed, fine 1.46
Fe-5at.%Ti 5Ti-alloyed-N2 0.60 0.019 equiaxed, fine 1.13
Fe-5at.%Ti 5Ti-alloyed-Ar 0.34 0.012 bimodal: columnar (not epitaxial) + equiaxed –
Fe-7.5at.%Ti 7.5Ti-mix-N2 1.80 0.024 equiaxed, fine, laves phase 0.85
0.5vol%TiN/Fe-2at.%Ti 0.5TiN-mix-N2 1.33 0.013 bimodal: columnar (not epitaxial) + equiaxed –
2vol%TiN/Fe-2at.%Ti 2TiN-mix-N2 2.48 0.022 equiaxed, fine 1.20

H. Ikehata, D. Mayweg and E. Jägle Materials and Design 204 (2021) 109665

8

were estimated by equations proposed byGreenwald et al. [46], where z
is the depth from the surface, and t is time. The equations, the boundary
conditions, and the thermal properties used for the calculation are de-
scribed in the Appendix. The calculated results are collected in Table 5.
It shows that the amount of Ti alloying does not significantly alter the
pertinent calculated values. For example, the ratios of the thermal gradi-
ents and solid-liquid interface velocities between Fe-2at.%Ti and Fe-5at.
%Ti alloyswere 1.18 and 0.96, respectively (Table 5). The results suggest
that the thermal distributions around the laser spot were practically
identical for both samples, so CET was not expected to happen between
the two different mixture samples.

4.1.4. Increase of cooling rate by remelting
Increasing the cooling rate and the thermal gradient has been shown

by Zhang et al. to be a simple and effective mechanism for grain refine-
ment in remelted Mg and Ti alloys [22,23]. As estimated in subsection
4.1.3, the ratio of the cooling rate of Fe-2at.%Ti and Fe-5at.%Ti alloys is
1.13, i.e., the chemical composition difference does not affect the tem-
perature distribution. Additionally, we do not perform remelting in
this study. Therefore, we can exclude this mechanism for grain refine-
ment in this study.

4.1.5. Heterogeneous nucleation mechanism by the formation of grain
nuclei

The presence of nuclei during solidification promotes heterogeneous
nucleation and results in grain refinement. For example, Zhang et al.
found grain refinement in an Al alloy upon adding Zr powder [2]. This
grain refinement was the result of the formation of primary Al3Zr pre-
cipitates having a low lattice misfit with the Al matrix, which thus act
as ideal nuclei during solidification. The addition of La oxide powder
also leads to grain refinement in Ti alloys [32]. The latticemisfit between
the oxide and the matrix is an essential factor for grain refinement for
both cases. Villaret et al. observed a similar grain refinement for ferritic
stainless steel with Ti addition fabricated by a welding process [37,38].
Becausemany fine particles were found in all of our samples, we expect
that grain refinement by heterogeneous nucleation is the operating
mechanism in ourmaterial. Thismechanismwill be discussed in the fol-
lowing sections in more detail.

4.2. Grain refinement controlled by adding Ti

The O content of the raw powder of Fe-5at.%Ti mixture is estimated
as 0.38 mass% from the O contents of the pure Fe and Ti powders, and
most of the O originates from the pure Fe powder. Thus, a reaction be-
tween Ti and O is expected to occur, forming compounds that affect
themicrostructure. The roles of Ti andO can be investigated by compar-
ing the results of the mixture samples with different Ti contents.

Although the O contents of 5Ti-mix-N2 and 5Ti-mix-Ar decrease to
around 0.2 mass%, after the fabrication, O contents are high enough to
form oxide particles. Thus, the mixture samples are expected to contain
a noticeable amount of oxide particles. Fig. 13 shows the phase diagram
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calculated for (a) Fe-0.2mass%O-xTi system and (b) Fe-0.03mass%N-xTi
by Thermo-Calc (using database TCFE9). Because Ti has a high affinity to
O, Ti oxides are produced by the reaction between O and Ti atoms as the
primary phases at temperatures above the melting point of the alloy, as
shown in Fig. 13 (a). The phase diagram suggests that there are three
9

stable Ti oxide phases (TiO2, Ti2O3, and TiO) and that the Ti content con-
trols the phase stability of these oxides. The equilibrium oxide phase
around liquidus temperature is TiO2 for relatively low Ti compositions,
and the increase of Ti content changes the equilibrium Ti oxide from
Ti2O3 to TiO at around 3 at.% Ti, so the primary phases for 2Ti-mix-N2
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(2at.%) and 5Ti-mix-N2 (5at.%) are expected to be Ti2O3 andTiO, respec-
tively. Thus, the solidification of ferrite (BCC) starts after solidifying the
oxide phases (Ti2O3 and TiO), and they possibly becomenucleation sites
for ferrite. This predicted transition was experimentally confirmed by
EBSD analysis, as shown in Fig. 4. Cubic TiO particles were also observed
in TEM measurement for Fe-5at.%Ti (Figs. 9 and 10).

From thermodynamic calculations, TiO is the primary oxide phase
for the 5Ti-mix-N2, 5Ti-mix-Ar, and 7.5Ti-mix-N2 samples. Therefore,
it is essential to knowwhether TiO can act as a site of heterogeneous nu-
cleation for the ferrite grains. The crystallographic structure of TiO is
NaCl, which is the same as TiN, and it has been reported that TiN parti-
cles represent excellent nucleation sites for ferrite grains because of the
small latticemisfit between TiN and ferrite [47]. The smallmisfit is pres-
ent in B–N OR (crystallographic relationships: (0 0 1)ferrite//(0 0 1)TiN
and [1 1 0]ferrite//[1 0 0]TiN). The results from EBSD and TEMmeasure-
ments suggest that the B–N OR is present during/after solidification in
5Ti-mix-N2.

To become an ideal nucleus for the ferrite grains, the lattice misfit
between the particle and the grain should be as small as possible. The
misfit ε in the B–N OR was calculated by the following eq. (2) [42];
D

nano particlesC

(a) (b)

50nm 50nm

Fig. 9. Overall STEM images of 5Ti-mix-N2. (a) spherical particles, (b) grains containing
nano-sized particles.
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where aparticle and aferrite are the lattice constants of particle and matrix,
respectively. The misfit ε becomes zero when aparticle = √2aferrite. The
lattice misfits of NaCl type Ti-based particles (e.g., TiN, TiO, and TiC)
with the ferritic matrix of Fe-5at.%Ti were calculated by using
Thermo-Calc as shown in Fig. 14. The calculated latticemisfits of all par-
ticles are almost equivalent (less than 0.06), and themisfit of TiO is even
lower than that of the known grain refiner TiN. The lowmisfit between
the matrix and the TiO particle was confirmed by the SAD pattern in
Fig. 10 (b). These results indicate that the dispersed particles in 5Ti-
mix-N2, 5Ti-mix-Ar, and 7.5Ti-mix-N2 samples have NaCl type crystal
structure and with lowmisfit with the ferrite grains. Thus, we conclude
that the particles are heterogeneous nucleation sites and cause the ob-
served grain refinement.

In contrast, Ti2O3 forms an incoherent interface with the ferrite ma-
trix, resulting from high misfit strain (~0.25) [48]. As a result, these ox-
ides are not efficient for grain refinement in ferrite. That is the reason
why in 2Ti-mix-N2, no grain refinement was observed, and coarse co-
lumnar grains formed instead. Thus, the grain refinement was pro-
moted by forming TiO particles that realize the B–N OR with the
ferrite grain. The Ti content is crucial to control the stability of TiO, as
predicted by the thermodynamic calculation (Fig. 13 (a)).

It should be noted that the reduction of O content from the rawpow-
der mixture (0.38 mass%) is assumed to occur via the formation of oxi-
dized spatters [49,50] and a Ti oxide liquid phase (slag) during the
building process as shown in Fig. 6 (f).

4.3. Grain refinement controlled by O and N contents

In the case of the alloyed samples, the formation of the grain-refining
particles (TiO) does not take place like in the mixture samples because
the alloyed raw powder contains a much smaller amount of O. The N
contents show a dependency on the gas atmosphere used in LPBF,
where N was detected only in the samples built under N2 (5Ti-mix-N2
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and 5Ti-alloyed-N2) as shown in Table 3. Thus, the difference of O andN
contents is essential to control the microstructure of the alloyed
samples.

As shown in Fig. 13 (b), the solubility limit of N in the liquid phase is
small, and TiN is the only predicted primary phase. TiN is rapidly stabi-
lized with an increase of Ti content, and the melting point of TiN be-
comes more than 2100 K for Fe-5at.%Ti. Therefore, the formation of
both TiO and TiN is predicted for 5Ti-mix-N2 and 5Ti-alloyed-N2
samples. Because no N content was detected for 5Ti-alloyed-Ar and
11
5Ti-mix-Ar samples, O and N's roles can be evaluated by comparing
these two samples.

The equilibrium TiO and TiN contents at the liquidus temperatures
were calculated by Thermo-Calc (database: TCFE9) using the composi-
tions displayed in Table 3. The calculated volume fraction of TiO for
5Ti-alloyed-Ar is 0.52 vol%, which is well below that of 5Ti-mix-Ar
(2.1 vol%). These fractions are roughly consistent with the volume frac-
tion obtained by image analysis as listed in Table 2 (0.34 and 1.3 vol%,
respectively). Although TiO is the primary phase for both samples, the
decrease of TiO particle content results in an insufficient number of het-
erogeneous nucleation sites. Thus, columnar grains were formed as
shown in Fig. 2 (e) and Fig. 3 (e).

O contents of 5Ti-alloyed-N2 and 5Ti-alloyed-Ar are equivalent, so
the transition from the binodal grains to the equiaxed grainswas caused
by the increasingN contents. The increase of N originates from the reac-
tion between the molten metal and the N2 gas [51,52]. Although the N
content is small (0.030 mass%), the calculated phase diagram of Fe-
0.03mass%N-xTi alloy (Fig. 13 (b)) suggests the formation of TiN as a
primary phase. It should be noted that because TiN has the same NaCl
type crystal structure and a similar lattice constant to TiO, the actual
composition of the particles is expected to be Ti(O,N) [53]. Thus, the Ti
(O,N) particles also promote grain refinement because the low lattice
mismatch between the Ti(O,N) particle and the ferritic matrix is ex-
pected. Although the database used (TCFE9) cannot evaluate Ti(O,N) di-
rectly, estimation of the equilibrium condition of 5Ti-alloyed-N2 was
conducted by adding the obtained amounts of TiO and TiN. The increase
of N content also led to the formation of the Ti(O,N) particles and hence
to an overall increase of particle volume fraction, as expected from the
thermodynamic calculations (Table 3). This, in turn, led to the grain re-
finement in 5Ti-alloyed-N2 (andmuch less in 5Ti-alloyed-Ar) as shown
in Fig. 2 (d), Fig. 3 (d), and Fig. 4. Thus, it is concluded that the 5Ti-mix-
N2, 5Ti-mix-Ar, and 5Ti-alloyed-N2 samples have equiaxed grains and
nearly equivalent average diameters. This result suggests that NaCl-
type TiO and Ti(O,N) particles both work well as grain nuclei for ferritic
grains and are crucial for grain refinement.

It should be noted that the equilibrium content of N for Fe-5at.%Ti at
the melting temperature under N2 (at 1 atom) is 0.30 mass%. The mea-
sured N contents for 5Ti-mix-N2 and 5Ti-alloyed-N2 are around 0.030
mass%, one order of magnitude less than the equilibrium value. On the
other hand, the beam diameter was comparatively large, and the scan
speedwas slow, resulting in several times remelting of thematerial vol-
ume. The results suggest that, under these process conditions, the reac-
tion between N2 gas and melt metal was not sufficient to reach the
equilibrium condition.

4.4. The grain refinement by the direct addition of TiN particles

As shown in Fig. 7, the results of the TiN added samples suggest that
the direct addition of the TiN particles promotes grain refinement of Fe-
2at.%Ti alloy. The tendency becomes stronger when the amount of the
TiN particles is increased. The samples with 0.5 vol% TiN particles
(0.5TiN-mix-N2) showed a bimodal distribution of grain size and mor-
phology, meaning a finer grain distribution than 2Ti-mix-N2. As shown
in Fig. 13 (b), the solubility of TiN is relatively small in the liquid phase,
so TiN solidifies before ferrite. As mentioned above, TiN is known to be
effective in causing grain refinement of ferrite [47]. Although the forma-
tion of Ti2O3 is predicted at 2 at.%Ti by the phase diagram (Fig. 13 (a)),
the addition of TiN particles introduces unmelted TiN particles, which
promote grain refinement. Additionally, some TiN particles may melt
and cause dissolved N in the melt. This N will lead to re-precipitation
of TiN particles during cooling, as shown in Fig. 13 (b). However, be-
cause the amount of TiN was not sufficient to achieve a homogenous
equiaxed grain morphology, a bimodal grain size and morphology dis-
tribution were obtained. This tendency is equivalent to the microstruc-
ture of 5Ti-alloyed-Ar (despite the higher Ti contents of the latter). The
formation of some fine grains prevented the epitaxial growth of the
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Table 3
Results of chemical composition analysis of LPBF-produced specimens.

Composition Label Ti mass%
(at.%)

N
mass%

O
mass%

Volume percent
of particles

TiN TiO Sum

Fe-5at.%Ti 5Ti-mix-N2 3.71 (4.30) 0.030 0.215 0.18 2.00 2.18
Fe-5at.%Ti 5Ti-mix-Ar 3.17 (3.67) 0.006 0.223 0.00 2.10 2.10
Fe-5at.%Ti 5Ti-alloyed-N2 4.68 (5.43) 0.030 0.055 0.20 0.54 0.74
Fe-5at.%Ti 5Ti-alloyed-Ar 4.63 (5.37) <0.005 0.050 0.00 0.49 0.49
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columnar grains across layers. This bimodal microstructure was caused
by the temperature distribution around the melt pool, and similar bi-
modal grain distributions were observed in AlSi10Mg alloy [54].

As shown in Fig. 7 (h), 2TiN-mix-N2 showed fine, equiaxed grains.
The addition of 2 vol% of TiN increases the Ti content in the alloy from
2 at.% to 3.2 at.%, resulting in the stabilization of TiO. TiN particles also
helped to increase the number of particles by stabilizing the Ti(O,N)
phase. That is the reason why the microstructure of 2TiN-mix-N2 ap-
pears significantly different from0.5TiN-mix-N2. Thus, itwas confirmed
that the direct addition of TiN grain refiner particles is another viable
method to achieve grain refinement.
Table 4
Results of Vickers hardness tests.

Composition Label Hardness (9.8 N)

Fe-2at.%Ti 2Ti-mix-N2 149.4
Fe-5at.%Ti 5Ti-mix-N2 230.4
Fe-5at.%Ti 5Ti-mix-Ar 207.2
Fe-5at.%Ti 5Ti-alloyed-N2 260.6
Fe-5at.%Ti 5Ti-alloyed-Ar 219.2
Fe-7.5at.%Ti 7.5Ti-mix-N2 297.2
0.5vol%TiN/Fe-2at.%Ti 0.5TiN-mix-N2 167.0
2vol%TiN/Fe-2at.%Ti 2TiN-mix-N2 198.2

12
It should be noted that Ti is required to form TiO particles and to sta-
bilize ferrite, and suppress solid-state transformations (austenite/fer-
rite) for the samples used in this paper. However, ferritic steels
Table 5
The calculated thermal gradients (G), cooling rates (R), and solid-liquid interface velocities
(V). The calculation conditions are shown in Table A-1.

Composition Thermal gradient, G Cooling rate, R Interfacial moving velocity, V

K/m K/s m/s

Fe-2at.%Ti 3.21 × 106 4.08 × 105 0.127
Fe-5at.%Ti 2.72 × 106 3.60 × 105 0.132
Fe-7.5at.%Ti 2.36 × 106 3.24 × 105 0.138



0.00 0.02 0.04 0.06 0.08 0.10
1600

1700

1800

1900

2000

2100

2200

liquid + TiN

liquid + TiN + BCC

liquid

TiN + BCC

Te
m

pe
ra

tu
re

 (K
)

Mole fraction Ti

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Mole fraction Ti

1600

1700

1800

1900

2000

2100

2200
Te

m
pe

ra
tu

re
 (K

)
liquid1 + liquid2

liquid1+TiO

liquid1
+Ti2O3

liquid+BCC+TiO
BCC+TiO

BCC
+Ti2O3

2at.% 5at.%

2at.% 5at.%

liquid1
+TiO2

(a)

(b)

Fig. 13. Calculated phase diagrams of Fe-O-Ti and Fe-N-Ti ternary systems. (a) Fe-0.75 at.%
(0.22 mass%)O-xTi, (b) Fe-0.117 at.%(0.03 mass%)N-xTi. It was confirmed in (a) that the
primary solidification phases of Fe-2at.%Ti, and 5Ti alloys are Ti2O3, and TiO,
respectively. In the case of the Fe-N-Ti system, only TiN is expected as the primary phase.

0

0.01

0.02

0.03

0.04

0.05

0.06

1200 1400 1600 1800
Temperature (K)

La
tti

ce
 m

is
fit

,

TiN
TiC
TiO

Fig. 14. Calculated lattice misfits of Fe–5Ti alloy with NaCl structured Ti-X ceramic phases.
TiC shows the highest lattice misfit of the three phases, but absolute values are still quite
low (less than 0.06).

H. Ikehata, D. Mayweg and E. Jägle Materials and Design 204 (2021) 109665
stabilized by other ferrite stabilizing elements (e.g., Si or Al) do not form
NaCl-type particles. In these cases, the addition of TiN or TiO particles is
expected to be useful for grain refinement. For example, the authors
confirmed that Fe-10at.%Al alloy has coarse columnar grains, and the
addition of TiN powder triggered the columnar to equiaxed transition
and realized grain refinement [33].

4.5. Improvement of hardness by grain refinement

There are several mechanisms that lead to an increase in the hard-
ness of metallic materials, and the activation of several mechanisms is
expected for each sample. Here we briefly discuss which strengthening
mechanisms are likely to be responsible for the hardness increase in out
Fe–Ti samples. The grain size effect is one of the dominant mechanisms
(the Hall-Petch law). Solid solution strengthening by substitutional ele-
ments (e.g., Ti in Fe) needs to be taken into account, too, even though
their strengthening effect is not as high as for interstitial elements.
This effect is represented by an increase of the Hall-Petch coefficient
and friction stress [55]. Interstitial elements improve the hardness sig-
nificantly, but such elements (e.g., C, N, and O) tend to be bound in car-
bides, nitrides, and Ti-oxides in Fe–Ti alloys [56]. Thus, strengthening by
interstitial elements does not play a role in the tested samples. Disper-
sion of ceramic particles should also be considered, as is used e.g., in
oxide strengthening steels (ODS). Although the samples contained
oxide and nitride particles, the size of these particles in all samples is
equivalent, as shown in Table 2. Consequently, the particles are not ex-
pected to change the hardness between the samples significantly. Addi-
tionally, the formation of secondary phases also affects the hardness.
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Thus, the mechanisms to increase the hardness from 2Ti-mix-N2 as a
base material are discussed from the viewpoints of strengthening by
grain refinement, solid solution strengthening, and secondary phase
formation.

As shown in Table 4, the material 2Ti-mix-N2 has the lowest hard-
ness. The hardness increases with the increase of the Ti content in the
mixture samples. Fe2Ti Laves phase was found in 7.5Ti-mix-N2. Since
Laves phase can be used as strengthening secondary phase in ferritic
steels [57], the hard Laves phase, Fe2Ti, likely contributed to the hard-
ness increase of 7.5Ti-mix-N2 sample. However, from an application
standpoint, the presence of (Laves) grain boundary phase is expected
to lead to undesired embrittlement.

The effect of grain refinement becomes apparent by comparing the
two alloyed samples, 5Ti-alloyed-Ar and 5Ti-alloyed-N2, of similar
chemical composition (except N contents). Because Ti binds N in 5Ti-
alloyed-N2, it can be assumed that the difference in grain size is the
main reason for the difference in hardness between these two samples
(41.4 HV). As shown in Fig. 7 (d) and (e), the 5Ti-alloyed-Ar contained
coarser grains than the 5Ti-alloyed-N2, which results in the higher
hardness of the latter sample. Because of the bimodal grain distribution
of 5Ti-alloyed-Ar and the intense texture of 2Ti-mix-N2, the Hall-Petch
law parameters cannot be obtained from the current results.

The effect of grain refinement on the 0.2% proof stress in both sam-
ples is estimated to be around 118 MPa by the correlation formula pro-
posed by Pavlina et al. [58]. A combination of high tensile strength and
elongation was experimentally found for ferritic stainless steel,
consisting of equiaxed grains with fine hard particles [34]. Thus, it is es-
timated that grain refinement by the dispersion of Ti(O,N) particles is a
practical strengthening method for ferritic steels.

The 5Ti-mix-N2, 5Ti-mix-Ar, and 5Ti-alloyed-N2 samples show fine
equiaxed grains as shown in Fig. 8, and all average grain diameters are
almost equivalent. Although the 2Ti-mix-N2 shows coarse grains, the
anisotropic grain shape and 〈0 0 1〉 texture prevent us from estimating
the Hall-Petch parameters.

Because the 5Ti-mix-N2 and 5Ti-alloyed-N2 samples exhibited sim-
ilar grain size distributions, as shown in Table 2, the solid solution
strengthening effect by Ti solute can be identified using the clear differ-
ence in hardness between both samples. Despite the same nominal Ti
content, the actual Ti content in the LPBF-built sample 5Ti-mix-N2
was lower than 5 at.% (Table 3). If the hardness variation is caused by
the Ti content, the effect of the Ti content was roughly 27 HV/at.%
(Table 4). This result indicates that the solid solution strengthening of
Ti is not negligible, which is consistent with the effect of substitutional
elements investigated by Jiang et al. [59].
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4.6. Benefits of grain refinement by the in-situ formation of TiO and Ti(O,N)

As discussed in the previous sections, the grain refinement of Fe–Ti
alloys was achieved by the formation of particles having the B–N OR
with ferrite. The mechanisms of the formation are (a) in-situ formation
of TiO by the reaction between themelt pool and O in the raw powders,
(b) in-situ formation of Ti(O,N) by the reaction between the molten
metals and N2 gas, and (c) the direct addition (mixing) of the TiN parti-
cles. Thus, both the in-situ formation and ex-situ addition of particles
led to grain refinement, proposing a new concept for the alloy and pow-
der development for LPBF.

The usage of ex-situ added fine ceramic powders in LPBF has severe
drawbacks. For example, it has been limited in quantity, or laborious
processes such as coating [30,31] have been required, because even a
small amount of the ceramic particles strongly deteriorates the powder
mixture's flowability. We could observe the same effect in our study. In
contrast, the in-situmethod promoted grain refinementwithoutmixing
Ti ceramics particles, maintaining the powder flowability. Additionally,
adding relatively large amounts of high-melting ceramic particles al-
ways carries the risk of the formation of large agglomerates, which
can lead to stress-concentrating defects in the final material, thus dete-
riorating its fracture toughness and fatigue resistance. By the in-situ for-
mation of the inoculating particles, this problem is strongly reduced.

Another problem for the ex-situ method is finding a suitable set of
laser parameters for LPBF because of the difference in melting tempera-
tures and laser absorptivity between themetal and ceramic particles. An
inadequate laser energy density can lead to the incomplete reaction be-
tween the metallic matrix and ceramic particles, resulting in a low den-
sity or unreacted interface between the matrix and particle. For
example, the specimens with added TiN particles could not be fabri-
cated using low laser energy density because of the formation of the
unreacted interfaces. In the case of in-situ formation, onlymixing of dif-
ferent metallic matrix powders occurs, so relatively large variations of
the laser conditions are possible.

Ti(O,N) and TiN particles have been widely used as inoculants for
ferritic stainless steels to promote equiaxed grains [36], and the effec-
tiveness of the particles in LPBF was confirmed in this study. Addition-
ally, we show that thermodynamic calculations can predict which
primary particles form. Together with the ability to calculate the misfit
strain of the B–N OR, this allows to predict under which circumstances
grain refinement can be expected or not. Thus, our approach has
broad applicability for the entire alloy class of ferritic steels. For exam-
ple, we confirmed that adding 5 at.%Ti to AISI 430 ferritic steel (Fe-17
at.%Cr) realized fine grains in the previous work [33]. The availability
of this mechanism for refinement is strongly beneficial, because other
mechanisms like eutectic solidification (as applied e.g., in Al–Si [27]
and Ti–Cu [28] alloys) cannot be applied to stainless steels.
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5. Conclusions

We investigated the microstructures of ferritic Fe–Ti steels fabri-
cated by laser powder bed fusion (LPBF). The microstructures of the
samples built with powder mixtures of pure Fe and Ti powders, and
alloyed Fe-5at.%Ti powderwere compared. The effect of TiN powder ad-
dition to the Fe-2at.%Ti powder mixture was also investigated.

(1) Fe-2at.%Ti fabricated by the LPBF using pure Fe and Ti powder
mixture formed coarse columnar grains oriented along the build-
ing direction. The texture shows a strong 〈0 0 1〉 component in
the building direction.

(2) In contrast, powder mixtures of Fe-5at.%Ti and Fe-7.5at.%Ti
showed very strong grain refinement and a random texture.
Mostly spherical sub-micron-sized particles were observed in
all samples. EBSD and TEM analysis as well as thermodynamic
calculations revealed that the particles for Fe-2at.%Ti and Fe-
5at.%Ti powder mixtures are Ti2O3 and TiO, respectively. The
source of O in these cases was due to the high O content in the
raw Fe powder. Only the TiO particles acted as heterogeneous
nucleation sites for ferrite and hence as effective grain refiners
due to the small lattice misfit with ferrite. A similar effect was
found for the addition of 2 vol% of TiN particles, which also re-
sulted in fine equiaxed grains for the Fe-2at.%Ti power mixture.

(3) The grain refinement behavior of Fe-5at.% Ti powder mixture
samples was not affected by the building atmosphere (Ar or
N2), because there is sufficient TiO formed from O in the raw
powder for effective grain refinement in both atmospheres.
However, the sample using the Fe-5at.%Ti alloyed powder
showed fine grains only when it was built under N2 atmosphere.
This behavior was caused by Ti(O,N) particle formation via reac-
tions between the melt pool and N2 gas.

(4) The grain refinement increased the Vickers hardness as predicted
by the Hall-Petch relationship. Additionally, solid solution
strengthening by Ti was found.
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Appendix A

Greenwald et al. estimated the thermal distribution (T(z,t)), thermal gradient (G(z,t)), and heating/cooling rate (R(z,t)) developed by laser illu-
mination using the following eq. (A-1) [46];

T z, tð Þ ¼ q
k

ffiffiffiffiffiffiffiffi
4αt
π

r
e
− zffiffiffiffi

4αt
p
� �2

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4α t−τð Þ

π

r
e
− zffiffiffiffiffiffiffiffiffiffi

4α t−τð Þ
p
� �2

−z erfc
zffiffiffiffiffiffiffiffi
4αt

p
� �

−erfc
zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4α t−τð Þp
 !( )2

4
3
5þ T0 ðA� 1Þ

G z, tð Þ ¼ −
q
k

erfc
zffiffiffiffiffiffiffiffi
4αt

p
� �

−erfc
zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4α t−τð Þp
 !" #

ðA� 2Þ

R z, tð Þ ¼ q
k

ffiffiffiffiffi
α
πt

r
e
− zffiffiffiffi

4αt
p
� �2

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α
π t−τð Þ

r
e
− zffiffiffiffiffiffiffiffiffiffi

4α t−τð Þ
p
� �22

4
3
5 ðA� 3Þ



H. Ikehata, D. Mayweg and E. Jägle Materials and Design 204 (2021) 109665
where T is temperature, T0 is the initial temperature, z is the depth from the surface, t is time, q is the absorbed laser power density, α is the
laser absorptivity, κ is the thermal conductivity, ρ is the material density, c is the specific heat capacity, and τ is the heating time. Although eqs.
(A-1)–(A-3)were established under the assumption of materials with high thermal conductivities, the equations can be applicable to the evaluation
of relative thermal conditions [60]. The interfacial moving velocity (V(z,t)) is obtained from eq. A-(4), using the eqs. (A-2) and (A-3).

V z, tð Þ ¼ R z, tð Þ
G z, tð Þ ðA� 4Þ

The building conditions (e.g., the laser power density) of all sampleswere the same, so the calculation results of the equations dependon the ther-
mal properties.We applied the pure iron density for thematerial density, c, and the ambient temperaturewas estimated at 500 K. Peet et al. proposed
the prediction model of the thermal conductivity for Fe based alloys [61]. Their results prospected that the thermal conductivity of low alloy steels
was not affected by the chemical composition around melting points. The specific heat capacities, c were calculated by thermodynamic calculation.
The laser absorptivity of a powder mixture was obtained from the mixing theory. The laser absorption coefficients of the pure Fe and Ti atomized
powders were reported to be 0.64 and 0.77 at the wavelength of 1070 nm, respectively [62]. By using the estimated values shown in Table A-1,
the calculations of the thermal gradients (G), the cooling rates (R), and interfacial moving velocity (V) were carried out at the position where T =
Tm (Tm: melting temperature calculated by Thermo-Calc), and z = 40 μm (the layer thickness). All parameters used to calculate the result shown
in Table 5 were displayed in Table A-1.
Table A-1

Parameters used for the thermal distribution calculations.
composition
F
F

Laser absorptivity
 Thermal conductivity
 Specific heat capacity
15
Melting temperature
 Ambient temperature
 Density
W/mK
 J/gK
 K
 K
 g/cm3
e-2at.%Ti
 0.644
 32.45
 0.735
 1783
 500
 7.83

e-5at.%Ti
 0.650
 32.68
 0.727
 1743
 500
 7.75

e-7.5at.%Ti
 0.654
 33.05
 0.720
 1708
 500
 7.69
F
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