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ARTICLE INFO ABSTRACT

We investigated the Fe-Fe,Ti eutectic microstructure obtained by Directed Energy Deposition (DED) with a
hypereutectic composition of Fe-17.6 at.% Ti. Ultrafine lamellar spacings as low as 200 nm were achieved,
features which otherwise can only be obtained in thin specimens, e.g. by suction casting. However, at interlayer
boundaries (ILBs) a globular morphology of the primary Fe,Ti phase is observed with halos of the Fe phase. For
the given DED conditions the crystalline structure is thus discontinuous across the ILBs. Both 2D and 3D analysis
methods were used to quantify the microstructure, including high resolution synchrotron holographic X-ray
computed tomography (HXCT). The generic behaviour of eutectic systems under conditions that qualitatively
correspond to those of laser additive manufacturing was explored by phase-field modelling for selected nu-
cleation scenarios and alloy compositions spanning from eutectic to hyper-eutectic. While providing valuable
insights into microstructure formation, the simulations point out the need to further deepen our understanding
about melting under additive manufacturing conditions in order to implement suitable nucleation and / or free
growth models. The simulations also show that globular ILBs can be prevented when using exactly eutectic alloy
compositions.
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1. Introduction

Eutectic alloys have been in the focus of materials science and en-
gineering over many decades because they are a prime example for
spontaneous pattern formation and self-organization during solidifica-
tion [1] while also bearing promise as in-situ composites with unique
functional and structural properties. Their microstructure commonly
consists of grains with a lamellar, fibrous, or more complex periodic
arrangement of the solid phases. The characteristic length scales of the
structure are the grain size (GS) and the eutectic spacing (A\), both of
which depend on the alloy composition and the processing conditions.
A scaling law was proposed by Jackson and Hunt in 1966 [2] to link the
average spacing 1 to the local growth velocity v, e.g. 1 ~ K«v~°5. The
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constant K depends solely on material properties.

The Jackson-Hunt (JH) scaling law holds for a large range of growth
velocities, spanning over several orders of magnitude from about 107
to 10° m/s. Correction terms are necessary if growth occurs at very low
velocity in a high temperature gradient. For high growth velocities the
diffusion length 13 = 2D/v may be as small as the spacing and under
these conditions of rapid solidification the JH-scaling law must be
amended [3] or even abandoned in favour of models that predict
banded structure formation [4].

The growth velocities to be expected in Directed Energy Deposition
(DED) commonly reach values in the order of ~ 10~% m/s corre-
sponding to the velocity of isotherms inside the melt pool underneath
the travelling laser beam. For these conditions ultrafine eutectic

Received 31 August 2019; Received in revised form 13 February 2020; Accepted 13 February 2020

Available online 14 February 2020
2214-8604/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2020.101133
https://doi.org/10.1016/j.addma.2020.101133
mailto:u.hecht@access-technology.de
https://doi.org/10.1016/j.addma.2020.101133
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2020.101133&domain=pdf

G. Requena, et al.

spacings may be obtained, well below 500 nm. This possibility seems to
be unique: conventional casting cannot achieve the high cooling rates
required to drive isotherms at such high velocity except potentially in
small diameter capillaries. This has indeed been explored in so called
suction casting experiments using arc melting followed by suction
casting into cold metallic moulds with cylindrical cavities of diameter
@21 to ©4 mm. An impressive body of literature is published on ul-
trafine eutectics prepared by suction casting [[5] [6],], however
without means to bridge towards applications. Laser additive manu-
facturing (L-AM) is the first technology to offer exploitation means for
all the knowledge developed so far by the suction casting experiments,
provided that structural inhomogeneities at interlayer boundaries can
be avoided or tolerated. Here we present the results from ongoing re-
search work dedicated to this subject. We selected the Fe-Fe,Ti eutectic
for experiments and a generic A-B eutectic for modelling the structure
evolution during DED. The ferrite-Laves phase eutectic Fe-Fe,Ti has
been cast and described [[7]] as a potential material for high tem-
perature applications and we attempted to investigate its manu-
facturing, microstructure and properties using DED.

This paper focusses on microstructure formation, characterization
and modelling as follows: Section 2 describes sample manufacturing
and the characteristic features observed in the microstructure, as well
as a detailed analysis of the 3D microstructure obtained by high re-
solution synchrotron holographic X-ray computed tomography. Section
3 presents and discusses the results from phase field modelling and si-
mulations which were set up to include AM-specific thermal boundary
conditions for melting/remelting and solidification. Conclusions and an
outlook to future work are given in Section 4.

2. Experimental methods and microstructure characterization
2.1. Sample manufacturing and characteristic microstructure features

The alloy Fe-17.6 at.% Ti with a slightly hypereutectic composition
(eutectic composition cg = 15.8 at.% Ti) was selected for the experi-
mental work. For a very similar alloy composition, e.g. Fe-18.1 at.%Ti
corresponding to 16 wt.%Ti, Tokoro et al. [8] reported the dependency
of the average eutectic spacing A1 on growth velocity based on uni-
directional solidification experiments in a Bridgman furnace. From
these data the Jackson-Hunt constant K was evaluated to be K = 271
um?/s. Other alloy properties were calculated with the Thermo-Calc
software [9] and the database TCBIN, specifically the liquidus tem-
perature Tyg, the eutectic temperature Tg, the solidification interval
AT = Tyi-Tg and the phase fractions at T = Tg-AT. Table 1 lists these
alloy properties.

DED was conducted using a fiber coupled diode laser system with a
maximum laser output of 2kW. The first samples with the dimensions
of 4 x 10 x 3 mm? were produced from Fe (99.8 %) and Ti (99.7 %)
elemental powders blended in a tumble mixer. The particle size dis-
tribution of the elemental Fe-powder was 20 —90 um and 45—90 um
for the Ti-powder, respectively. The powder blend was fed through a
coaxial nozzle by an inert gas stream of Ar, which also shields the melt
pool from the surrounding atmosphere. DED was carried out with a
bidirectional hatching strategy using a 1.4301 steel substrate at room
temperature and the parameters listed in Table 2. The main micro-
structure characteristics are displayed in Fig. 1, from optical micro-
scopy (Fig.1a) and backscatter electron microscopy (Fig. 1.b).

The two-phase eutectic microstructure is composed of the hexagonal

Table 1
Alloy Fe-17.6 at.% Ti thermodynamic equilibrium data.
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Table 2

DED process parameters for a small sample with dimensions of 4 x 10 x 3
3

mm®.

Laser Velocity Powder Mass Laser Beam Layer Height
Power (W) (mm/min) Flow (g/min) Diameter (mm) (mm)
200 800 1.2 0.6 0.2

Laves phase Fe,Ti (space group no. 194) and the body centered a(Fe)
(space group no. 229) with elongated lamellar grains inside the bulk
volume of the layers / tracks. At interlayer boundaries however, the
microstructure is globular, being composed of rounded primary Fe,Ti
particles which are enveloped by a(Fe) halos. The thickness of the in-
terlayer boundaries (ILBs) ranges around 8 = 12 * 5um, while the
eutectic spacing in the lamellar grains ranges around
A =190 * 25nm (compare Fig. 5 in section 2.2.). More details are
revealed by electron backscatter diffraction (EBSD) as shown in Fig. 2.
The EBSD maps were acquired in an SEM type Zeiss Gemini 1550
equipped with a HKL Nordlys detector and using the software Oxford
INCA Crystal. The maps in Figs. 2(a) for Fe,Ti and a(Fe) respectively,
encompass one ILB running from the upper left to the lower right side of
the map. The crystal orientations are provided as inverse pole figure
colour maps relative to one direction only (here the transverse direction
TD was chosen). It is noteworthy to observe that for the given DED
process parameters the crystalline orientation of both phases is dis-
continuous across the ILB. A magnified view of the crystal structure
inside the ILB is presented in Figs. 2(b), showing the globular Fe,Ti
phase particles being enveloped by halos of a(Fe). In each a(Fe) halo
several a(Fe) grains can be identified. From the top-most globular
particles new grains develop into the following layer.

The origin of the globular morphology at interlayer boundaries is
proposed to follow the sequence of events (i) through (iii) upon melting
of the previously deposited layer as follows: (i) Initially the alloy dis-
plays coupled eutectic growth, even if the composition is hyper-eutectic
on the primary Fe,Ti-side of the phase diagram. Therefore, the bulk
structure is a lamellar eutectic. (ii) Upon melting, some part of the
previously deposited layer will melt completely. However, at the
bottom of the melt pool the system will evolve towards thermodynamic
equilibrium and display a mushy zone composed of primary
FeoTi + Liquid over a distance & that roughly corresponds to the ratio
between the solidification interval AT = Tj;g-Te. and the temperature
gradient G. In this region, primary Fe,Ti lamellae remain unmolten
protruding into the surrounding liquid like thin plates. The thin plates
in contact with the liquid will undergo a fragmentation process. It is not
fully clear, whether this process is a Plateau-Rayleigh capillary in-
stability accomplished through an interface perturbation [10,11] or
simply a fast melting and rupture process at random locations, e.g. at
subgrain boundaries, dislocations etc. Recent literature based on MD
simulations [12,13] indeed reports on pathways to very fast melting.
Wau et al. [13] report rupture times of about 12 ms for a 10 ym diameter
rod. To our best knowledge, similar results for plates have not been
reported. Investigating the details of the fragmentation process remains
a challenging research task for the future. (iii) The fragmentation pro-
cess is necessarily accompanied by partial dissolution of Fe,Ti frag-
ments, more pronounced in the upper part of the mushy zone. This is
because the phase fraction of Fe,Ti in the mushy zone depends on the
local temperature in the temperature gradient. The fragments are free
to spheroidize, move and rotate along with the flow in the melt pool. At

Alloy, at.% Tiig, °C Eutectic temperature, °C Solidification interval, °C Phase fractions
@T = Tg-AT, mol%
Fe-17.6 Ti 1323 1292 31 44.1 mol% Fe,Ti
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Fig. 1. As-built microstructure in a section plane perpendicular to the deposited tracks showing elongated eutectic grains in the bulk layers/tracks and interlayer
boundaries of thickness “8” with a distinct, globular morphology; (a) optical microscopy, (b) backscatter electron microscopy.
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Fig. 2. EBSD maps encompassing an interlayer boundary (a) reveal that the crystalline orientation of the two phases is discontinuous across the ILB. A magnified
view of the structure inside the ILB (b) shows that each Fe,Ti-particle is enveloped by a halo of a(Fe). In each halo several a(Fe) grains can be identified. For
simplicity the orientation maps are shown for one direction only (here TD) using the inverse pole figure colouring of the IPF-triangles (c). The phase fraction of the

Fe-phase is calculated to be 49.4 % and for the Fe,Ti phase 50.5 %.

the transition from melting to solidification these fragments will ex-
perience free growth and the top-most ones will further re-initiate
coupled growth.

For laser-based AM-conditions, however, more research work is
required in order to fully understand the process of melting, fragmen-
tation and the interlayer boundary solidification structures as well as
their impact on mechanical properties. Irrespective of the open ques-
tions, the microstructure analysis results may be summarized along the
following lines:

(i) From the thickness of the interlayer boundaries § = 12 = 5um
one may estimate the local temperature gradient G at the bottom of the
melt pool G = AT/S. Here AT is the solidification interval of the
slightly hypereutectic alloy, as listed in Table 1. For this sample the
estimated value is G ~ 2.6 x 10°K/m. As highlighted before, more re-
search including melt pool simulations are required to refine this ana-
lysis.

(ii) From the average lamellar spacing A = 190 = 25nm in the
bulk eutectic grains one may estimate the local growth velocity v cor-
responding to the average isotherm velocity in the melt pool using the
Jackson-Hunt scaling law v = Kjy/4%. For this sample the estimated
value is v ~ 7.5 X 10~m/s. The order of magnitude seems to be in
reasonable agreement with the applied laser scanning velocity Vi of
800 mm/min which amounts to V¢ = 13 X 10~3m/s. Since the melt pool
is solidified from virtually two sides (radially), the necessary growth
velocity expected in a steady state process would correspond to roughly
half the laser scanning velocity. Melt pool simualtions are currently
ongoing to refine this analysis. For comparison, the lamellar spacing
obtained in the same alloy by suction casting in a rod with a 3 X 3mm
cross sectional area amounts to A =720 * 180nm, as will be pre-
sented elsewhere.



G. Requena, et al.

Additive Manufacturing 33 (2020) 101133

Table 3
Parameters for HXCT experiments at the beamline ID16A/ESRF.
Detector Energy Field of view Sample-to- Exposure time Proj. Voxel size
(keV) (um?) detector distance (s/proj) (nm®)
(mm)
CCD 33.6 20.5 x 20.5 4.19 0.25 2000/distance 10°
4.37
5.09
6.59

2.2. Microstructure characterization by high resolution synchrotron
holographic X-ray computed tomography (HXCT)

The 3D microstructure of the Fe-17.6 at.%Ti DED sample was in-
vestigated using synchrotron holographic X-ray computed tomography
(HXCT) at the nano-imaging beamline ID16A of the European
Synchrotron Research Facility (ESRF), Grenoble, France [14]. To this
purpose, a cylindrical sample with a diameter of ~ 15 um and ~ 20 pm
height was prepared by focused ion beam (FIB) in a FEI Helios Nanolab
600i dual beam microscope from a representative region containing the
interface between the globular and the lamellar region (see Fig. 1b). In
fact, the volume was extracted from the bottom part of an ILB en-
compassing a lamellar region just below the ILB (at the bottom of a melt
pool).

Table 3 displays the parameters used for HXCT. The sample was
illuminated with a magnifying X-ray cone beam of 33.6 keV focused by
Kirkpatrick-Baez mirrors using the zoom HXCT approach [15]. 2000
projections were acquired between 0° -180° with acquisition times of ~
1 s/projection employing a CCD camera at four sample-to-focal-point
distances (4.19, 4.37, 5.09 and 6.59 mm) for efficient phase retrieval of
the holo-tomographic reconstruction. The experiment was carried out
under ultra-high vacuum atmosphere.

The following steps were performed to analyse the 3D data:

(i) Reconstruction of the tomographic volume was performed by
using a filtered back projection algorithm implemented in the PySHT
software of the ESRF with a resulting voxel size of (10 nm?). Prior to
segmentation, the quality of the reconstructed volume was improved
using a band pass filter and 2D or 3D anisotropic diffusion filters
available in Fiji [16] and Avizo Fire 9.5 in order to minimize ring ar-
tefacts and smooth the images. After filtering, the volume was con-
verted from 16 to 8 bit format and the grey value histogram was in-
verted so that the appearance of the microstructural constituents is
analogous to SEM-BSE images.

(ii) The segmentation of the microstructural constituents was car-
ried out by global grey value thresholding applying three different grey
value thresholds for each segmented constituent (best threshold de-
termined by eye + 2 grey values) to ensure better representativity. 3D
visualizations were produced using Avizo Fire 9.5.

(iii) The quantification of the 3D microstructure of the material was
carried out for the entire volume of ~ 12.1 x 10.8 X 12.6 ym?® as well
as for individual volumes containing separately the eutectic lamellar
region (7.4 x 10.8 x 12.6 um?®) and the globular interlayer boundary
(4.7 X 10.8 x 12.6 um®). The global interconnectivity of the Fe and
Fe,Ti phases was calculated as the volume of the largest particle di-
vided by the total volume of the phase considered [17,18]. The 3D
thickness distribution was determined individually for the Fe and Fe,Ti
phases using the software Avizo Fire 9.5 to evaluate the coarseness of
the microstructure. This parameter is calculated for each voxel of the
considered phase after skeletonization and is defined as the diameter of
the largest sphere that fits within the considered structure [18].

Fig. 3 depicts the as-reconstructed HXCT volume and a portion of a
reconstructed HXCT slice. This volume / slice contains few coarse a(Fe)
particles just below the interlayer boundary. These particles are not
predominant for the whole sample volume (compare Fig. 1 and Fig. 2).
The volume also contains a small amount of oxide particles and fine

pores (black). We were not able to make a clear distinction between
oxides and pores.

Fig. 4 shows 3D visualizations of the as-reconstructed volume of
12.1 X 10.8 x 12.6 um® with the Fe (a) and Fe,Ti (b) phases segmented
separately. The blue dashed line indicates the boundary between the
lamellar and globular regions. The Fe (blue) and Fe,Ti- (red) phases
form highly interconnected 3D networks which are coarser in the
globular region. The volumes are also shown in color-coded views
corresponding to the 3D thickness of the phases (c), (d). The coarse
spherical a(Fe) particles emerge with orange colour (c-d) being het-
erogeneously distributed in the lamellar region just below the globular
ILB region. Inclusions, likely oxide particles, not shown here, were
found in the center of the Fe spheres, but never in the centers of the
globular Fe,Ti particles. The a(Fe) and Fe,Ti phases both present a
global interconnectivity ~ 99 % and volume fractions of
46.44 = 2.2vol. % and 39.95 = 2vol. % for the Fe-network and
47.02 = 2.3vol. % and 66.58 *= 2.6 vol. % for the Fe,Ti-network in
the lamellar and globular regions, respectively. Spherical Fe has a vo-
lume fraction of 1.1 * 0.03vol. % within the entire volume, while
oxides/pores have a sphericity between 0.6-1, an aspect ratio between
1.2-2.5 and represent a volume fraction of 0.34 + 0.02vol. % within
the entire volume.

Fig. 5 shows the evaluated 3D thickness distributions determined for
the Fe-network (a) (b) and the Fe,Ti network (c), (d), respectively. The
relative frequency distributions are displayed separately for the la-
mellar region (a), (c), and for the globular region inside the ILB (b), (d)
being displayed in blue and red color, respectively. A clear difference in
coarseness between the lamellar and globular regions can be seen. The
thickness of the phases in the lamellar region peaks around 100 nm,
which corresponds to an average lamellar spacing A of about 200 nm.

For the globular region, comparatively coarser structures with 3D
thicknesses up to ~ 0.36 um for the Fe-network and up to ~ 0.5 pm for
the Fe,Ti can be observed. The few coarse Fe-particles have a diameter
in the range from 0.28 to 1.04 um.

3. A phase field model for successive remelting and solidification
under AM-conditions

The experiments provide detailed information on the crystal-
lographic orientation within the multigrain eutectic structure formed
during DED, therefore, we used a specific phase-field model that is able
to describe the orientational relationships in such systems [19]. In this
model, the local state is characterized by three fields: a space- and time
dependent phase field ¢(r, t) that monitors the melting and freezing of
the liquid (liquid: ¢ = 0; solid: ¢ = 1), a concentration field c(r, t), and
an orientation field O(r, t). The latter represents the local crystal-
lographic orientation (scalar field in two dimensions) [20-23], and is
needed to facilitate comparison with the orientation maps from EBSD
experiments. For the sake of brevity, we present here only the free
energy functional and the equations of motion, for further details refer
to [19]:

Free energy:

2 2
F= der{%SZ(s - 0)IVel + % IVER + f, +fm-},



G. Requena, et al.

Build direction

5

Additive Manufacturing 33 (2020) 101133

Fig. 3. 3D visualization of (a) the as-re-

constructed HXCT volume (a) and portion of a
reconstructed HXCT slice (b) at the interface
region containing lamellar and globular struc-
tures; bright grey = Fe, dark grey = Fe,Ti,
black = oxides. ROL: ~ 12.1 x 10.8 x
12.6 um?, voxel size = 10 X 10 x 10 nm®.

Fe - network

where fyu = w(c)Tg(e) + [1 —p(@)] fulc, ) + p(p) fs(c, T), whereas w
(©) = (1 —c)wa +cwg, the g(p) = ¥ (1 — @)* and p(p) = (10 —
15¢ + 6¢?) are the double well and interpolation functions. Here
Lo = P@H{R(EFR (VO + [1 — h(©)]RUVO) + (5H/2T)IVOP} is a
specific free energy term, that keeps a fixed orientational relationship
between the two solid phases [1], h(c) = 2{1 + cos[2x (c — c4)/(cp —
c)1}, cq and cp are the concentrations in the two solid phases, whereas
F(IVél) = IV6l and F,(IVOl) = a + b |cos(2mnd V6| + ), while a, b,
m, are constants, and d is the characteristic thickness of the a—f3 phase
boundary. Variationally derived equations of motion were used for the
three fields: /0t = —M,{8F/8¢}, oc/ot = VIM.V{8F/8c}1, and 06/0t
= —Mpp{8F/80}, where M,, M., and My are the mobilities that de-
termine the timescale of the evolution of the individual fields. For de-
tails and the choice of model parameters see [16]. This model works
properly if we use the physical interface thickness, which is on the nm
scale. This restricts us to much smaller length and time scales, and thus,
to cooling/heating rates and temperature gradients that are much
higher than in our experiments. Accordingly, here we explore the

Fe,Ti - network

Fig. 4. 3D visualization of the (a) Fe-network
and (b) Fe,Ti-network and the corresponding
3D thickness distributions (c, d); the lamellar/
globular boundary is indicated by the dashed
blue line; ROLI: ~ 12.1 x 10.8 X 12.6 um?®,
voxel size = 10 X 10 X 10nm?>,

3D Thickness [um]
0

generic behaviour of eutectic systems under conditions that qualita-
tively, but not quantitatively correspond to those of laser additive
manufacturing. Nonetheless the results obtained on the small size and
time scales of the simulations can be scaled up to the experimental
conditions relying on the Jackson-Hunt scaling law. Indeed, a recent
study by Wang and Trivedi indicates that the Jackson-Hunt scaling
remains valid down to a few nanometers in a metallic alloy [3].

We performed 2D simulations for a simple binary eutectic model
system represented by a regular solution model for components A and B
that yields the symmetric phase diagram shown in Fig. 6 (a). The
equations of motion were solved numerically with simple finite differ-
encing and forward Euler time-stepping. To keep the computations
tractable, only the topmost part of the material was included in the
simulation domain, which was the size of 1000 x 2000 pixels, corre-
sponding to a 2D section perpendicular to the laser movement direc-
tion. We modelled the addition of new layers, the partial remelting of
the matter by the laser beam, and the full solidification of the melt by
the cyclic repetition of a shorter heating and a longer cooling period, as
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Fig. 5. Quantitative evaluation of 3D thickness distributions within the (a)
Fe,Ti-network and (b) Fe-network for the lamellar region (blue) and the in-
terlayer boundary region (red).

detailed in Section 3.1. The temperature programme applied is shown
in Fig. 6 (b).

We note that the sample size and the spatiotemporal behaviour of
the temperature shown in Fig. 6 (b) provides an average temperature
gradient of about 8 X 10® K/m and heating/cooling rates of about 10'°
K/s, approximating reasonably the conditions for melting by nanose-
cond laser pulses [24]. Qualitatively similar behaviour is expected in
laser additive manufacturing, however, we note again that in the pre-
sent computations the heating/cooling rates and the thermal gradient
are much larger than in the experiments. This choice is a compromise
that enables us to compute several heating/cooling cycles within our
model.

Using our phase-field model, we explored two theoretical possibi-
lities for the formation of the globular microstructure at the interlayer
boundaries: (1) Homogeneous nucleation, (2) Heterogeneous nuclea-
tion via free growth on foreign seed particles or small primary phase
fragments. Evidently, homogeneous nucleation is only a theoretical
possibility [25], as usually volumetric heterogeneities initiate the pro-
cess in metallic melts. These can be either foreign seed particles (e.g.
oxides) or small fragment particles inherited from the previous melting
step. Homogeneous nucleation according to mechanism (1) was
achieved by adding noise to the equations of motion as done in the
original model [19]; whereas mechanisms (2) were realized by adding
randomly placed dormant particles, either foreign seed particles or
primary phase fragments, following the athermal nucleation and free

n

0 0.2 0.4 0.6 0.8 1

(a)
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growth model of Quested and Greer [26]. The dormant particles were
randomly oriented crystallites, which are activated and experience free
growth when a sufficiently high undercooling is reached. The critical
undercooling depends on the size of the particle or fragment via ca-
pillary terms.

3.1. Modelling results and discussion

We performed phase-field simulations to investigate the origin of
the generic microstructure seen in laser AM shown in the previous
section for Fe-Fe,Ti and in the literature for the Ni-NisSn eutectic [27].
The modelling of the heating/cooling steps was as follows:

The heating period, which corresponds to the laser beam travelling
over the simulation domain, was modelled by prescribing an elevated
temperature profile. First, the top half of the simulation domain was
shifted downwards to replace the bottom half of the simulation domain
and a new liquid layer of a hyper-eutectic composition ¢ = 0.6 was
added on top to fill the upper half of the simulation box (Fig. 7 (a)). This
procedure models the addition of a layer of new material on the top (for
simplicity, we did not model the melting of the powder), while moving
out the lower part of the already solidified material at the bottom of the
simulation box. The high temperature kept during the heating period
resulted in the partial remelting of the topmost part of the lamellae
solidified in the previous cycle, increasing the amount of the melt
(Fig. 7 (b)).

The subsequent cooling period was modelled by switching to a
lower temperature profile. As a result, melting is replaced by epitaxial
growth of the lamellar structure but with simultaneous appearance of
small globular particles of the primary phase ahead of the solidification
front. This happens either by homogeneous nucleation driven by the
fluctuations added to the phase-field equation of motion (Figs. 7 and 8),
or by free growth on the virtual seeding particles added to the system
(Fig. 9), as described above in the model description section. We made
simulations with both mechanisms. In all cases, the new particles ap-
pear only in the liquid region of the highest undercooling, i.e., at the
bottom part of the melt pool (Fig. 7 (c)). Then the nucleated particles
start to grow. Most of them will coalesce shortly, forming a layer of
globular particles that are rich in component B and are surrounded by a
halo, rich in component A. This globular layer blocks the growth of the
remelted lamellae below. Those particles that are on the topmost part of
the globular layer have the chance to grow further and develop into the
lamellar eutectic grains that fill up the remaining space (Fig. 7 (d)).

Repeating these steps, a layered structure forms, as shown by the
montage of images displayed in Fig. 8. This structure is qualitatively
similar to the one observed in the experiments. The small globular
grains resulting from nucleation constitute the interlayer boundaries
(ILBs) between the lamellar layers. As nucleation is a random event,
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Fig. 6. (a) The symmetric eutectic phase diagram corresponding to the generic regular solution alloy used in our phase-field simulations and (b) the thermal history

assumed for modelling the laser additive manufacturing.
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Fig. 7. Snapshots of the composition map from
the phase-field simulation of melting and soli-
dification during a full heating/cooling cycle of
laser additive manufacturing. Time elapses
from left to right showing (a) the lamellar eu-
tectic structure from the previous cycle and
freshly melted powder on the top, (b) the re-
melting of the topmost part of the lamellar
structure during heating, (c) the epitaxial
growth of the lamellae and the nucleation of
the primary phase ahead and (d) the sub-
sequent growth of elongated eutectic grains
during cooling. At this point, the simulation
domain is stepped up by half the sample height
and a new heating/cooling cycle can be started
with a configuration similar to (a). Note that
co = 0.6.

Fig. 8. Layered globular-lamellar structure as predicted by the phase-field simulation, the top row displays the concentration map, the bottom row the crystal
orientation map. The images are composed of snapshots taken at different times. The montage was rotated 90 degrees clockwise, so the growth direction is from left
to right. Note that co = 0.6.

W Wt Fig. 9. Eutectic microstructure predicted as-
[ C’;i 18 { [ — suming particle induced heterogeneous nu-

cleation and free growth with ¢, = 0.6. Top:
composition field, bottom: orientation field.
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there is no crystallographic relationship of the lamellar grains through in agreement with the observations described in Section 2.1. However,
the ILBs, which is in further agreement with the experimental findings. we recall that homogeneous nucleation is not well suited to explain the

We note that homogeneous nucleation yields globular particles of experimental observations. To see whether heterogeneous nucleation
the primary phase with no impurity particles at their centres, which is via free growth leads to microstructures that qualitatively agree with
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Fig. 11. The effect of alloy concentration on

the final microstructure as predicted by the
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phase-field simulations. From top to bottom, cq

= 0.50, 0.55, 0.60 and 0.65, respectively.
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Fig. 12. The effect of the amplitude of the

Gaussian white noise used in the equation of

motion of the phase-field. From top to bottom,

the noise amplitudes are 0.5, 0.67, 0.75 and 1

in relative units. Note that ¢y = 0.6.

experimental observations, we performed a simulation with 400 ran-
domly distributed dormant nucleation sites in the simulation domain
(Fig. 9). These sites can be considered as impurity particles, as in the
case of the athermal nucleation model by Quested and Greer [26], or
partially remelted and spheroidized fragments of the eutectic lamellae
from the primary phase produced in the previous heating cycle. The
simulated structure at the interlayer boundary is very close to those
obtained with homogeneous nucleation (Figs. 7, 8 and 10-12) and in
qualitative agreement with the experimental observations.

In our simulations, the thickness of the globular layers depends on
the material and process parameters. When the globular layer is formed
via homogeneous nucleation, we can adjust its thickness by tuning the
parameters that influence nucleation, which are the local temperature,
the composition, and the strength of the fluctuations. Of these, only the
composition can be changed in an easily controlled, measurable way in
the experiments. It is, however, worth to explore how these parameters
affect the eutectic microstructure. To save computation time, only a
narrow slice of material is simulated in the tests below.

First, we varied the temperature where nucleation happens, by
shifting the temperature profile corresponding to the cooling period
(see Fig. 6(b)) by 10K and 20 K downwards along the whole sample.
Images displaying two full layers obtained under such condition are
shown in Fig. 10. As seen on the figures, deeper undercooling means
higher nucleation rates, which result in wider globular layers and a
higher number of smaller globular particles.

Next, we changed the initial composition of the melt (representing
the average composition of the powder mixture in the experiments). We
carried out simulations at the eutectic and 3 off-eutectic compositions,
co = 0.50, 0.55, 0.60 and 0.65 (Fig. 11). At the eutectic composition, as
the phase diagram of our model is also symmetric with respect to the
components A and B, a fully symmetric system was obtained: there
should be no preference of the nucleation of the B rich phase over the A
rich phase. Instead of the simultaneous nucleation of roughly equal
numbers of globular particles rich in A or rich in B, which then develop
to a eutectic structure, we observed the appearance of globular particles
that had a disordered eutectic structure already in their core. This is in
contrast with the simulation results at the off-eutectic compositions
(co > 0.5) where the nucleation of B-rich particles is always preferred.
This results in a visible difference between the two types of simulations.
The one corresponding to the eutectic composition does not, while the
ones corresponding to the off-eutectic compositions do have a clearly
visible globular structure in the fully solidified state.

Finally, we tuned the amplitude of the Gaussian white noise added
to the phase-field equation of motion to represent thermal fluctuations
present in the system. We made simulations with 4 different values, 0.5,
0.67, 0.75, and 1 in relative units (Fig. 12). Although in nature the

strength of the fluctuations cannot be easily tuned independently from
temperature, these simulations demonstrate the importance of nuclea-
tion in forming the microstructure. The larger the noise amplitude, the
higher the nucleation rate, which results in wider globular layers of
smaller particle size.

4. Summary and outlook

Directed Energy Deposition (DED) was used as a method to produce
an ultrafine eutectic microstructure composed of BCC-Fe and the hex-
agonal Laves phase Fe,Ti in a binary alloy with a slightly hypereutectic
composition of Fe-17.6 at.% Ti. Lamellar spacings as low as 200 nm
were obtained, however the microstructure is discontinuous across in-
terlayer boundaries. In these regions, i.e. at the bottom of the melt pool,
conditions prevail which lead to a globular morphology of the primary
Fe,Ti phase. 3D microstructure analysis using high resolution syn-
chrotron holographic X-ray computed tomography (HXCT) was suc-
cessfully performed with a voxel size of 10 X 10 x 10 nm® HXCT was
used to characterize the microstructure and to verify if oxide particles
or other potential inclusions can be detected in the center of the glob-
ular primary Fe,Ti particles. This is not the case and hence we conclude
that the nucleation of the globular Fe,Ti particles is not caused by
heterogeneous nucleation. With our phase-field model we also in-
vestigated the possibility of nucleation on partially remelted and
spherodized lamellae as seed particles. Though the simulations should
capture this automatically, with the simple symmetric model system
and process parameters used we could not observe this directly. But we
have shown that if we assume that these seeds are present in the system,
the nucleation and growth of spherical particles of the primary phase is
reproduced and the resulting microstructure is very similar to those of
obtained by homogeneous nucleation and to the experiments. Then
homogeneous nucleation scenarios were further explored in detail by
phase field modelling for a generic eutectic phase diagram. Simulation
results indeed showed that a layered microstructure similar to the one
observed in the experiments can be reproduced using a cyclic tem-
perature history that mimics the melting by the laser beam and the
subsequent solidification. Experimental observations suggest yet an-
other mechanism to explain the globular structure of primary phase
particles at interlayer boundaries: Most likely these particles grow from
partially remelted and spheroidized parts of eutectic lamellae from the
previous layers. A dedicated study focusing on the remelting of a solid
eutectic structure is required to clarify this issue.

Furthermore, the experimental results were used to estimate the
local growth conditions in DED using simple scaling laws: from the
measured eutectic spacing A the isotherm velocity v in the melt pool
was estimated to reach ~ 7.5 X 10m/s following the Jackson-Hunt
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scaling law v = Kj/4% The local temperature gradient G at the bottom
of the melt pool was estimated from the width of the interlayer
boundaries § and the equilibrium melting /solidification interval of the
alloy AT. Using G = AT/$ the temperature gradient was estimated to
reach ~ 2.6 x 10°K/m. We wish to highlight that binary eutectic alloys
could be used to validate melt pool simulations in the future. The only
condition that needs to be checked beforehand is the verification that
the coupled zone of the eutectic at case allows achieving coupled
growth at high growth velocitites.
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