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Abstract

A method to eliminate hot cracking phenomena for aluminium alloys in Laser Beam
Melting (LBM) is presented in this paper, focused here on the 6061 alloy. 6061 is a
precipitation-hardened aluminium alloy, containing magnesium and silicon as its major
alloying elements. This alloy, commonly used in the aeronautic and automotive
industries, thanks to its excellent weight to strength ratio and high thermal
conductivity, is particularly prone to hot cracking, in particular during LBM processing.
The solution to remove cracks proposed in the present paper is to induce grain
refinement to avoid the development of large columnar structures. To this end,
various quantities of Yttrium Stabilized Zirconia (YSZ) are added to an Al6061 base
powder using a dry mixing (Turbula®) procedure. Experiments highlight a grain
refinement effect depending on the added YSZ quantity. From 1 vol% on, SEM and
EBSD images reveal an equiaxed-columnar bimodal grain microstructure. Results show
that the addition of 2 vol% YSZ allows to fully avoid cracks due to a continuous
equiaxed band at melt pool boudaries. Additionally, TEM and DRX investigations
provide new insights into the becoming of added particles along the printing process.
The experimental results are then discussed on the basis of a number of existing
solidification models, with a focus on the necessary conditions for the establishment of

an equiaxed solidification regime.



1. Introduction

Laser beam melting (LBM), like most additive manufacturing (AM) processes is a layer-
by-layer technique. Each powder layer is melted by a focused laser beam according to
a desired geometry. The main potential for LBM is the ability to produce complex
functional parts with, in most cases, no custom tooling. Additionally, powders can be

recycled, which reduces waste.

In recent years, a lot of research has focused on the optimisation of the LBM process
parameters in order to obtain dense parts with high mechanical properties. The range
of materials that can be processed by this technique is still rather limited, the most
relevant today being TA6V, 316L, Inconel 718 and AISi10Mg [1]. Only a few Al-Si based
cast alloys have been crack free processed [2],[3],[4],[5]. As for wrought Al alloys which
are already known for their poor weldability, the application of LBM is considerably
limited due to the presence of high thermal gradients that promote columnar growth
and thus hot cracking. The level of cracking is particularly high during the LBM of

Al6061 [6] and Al7075 [7].

Reasons for hot cracking are globally similar between the different solidification
processes of welding and LBM. In both cases, process parameters induce
thermomechanical stresses, which are a key ingredient to cracking. However, it
appears unlikely that an easy solution can be found along this line in LBM, as
thermomechanical stresses can not be controlled in industrial 3D practice. The drastic
reduction in terms of thermal gradient that would be necessary to significantly reduce
these stresses is hardly attainable by playing on LBM parameters or environment.
Second, the alloying elements, selected to produce complex strengthening phases

during additional heat treatment, often increase the solidification ranges, which is a



priori not favourable for crack sensitive alloys [8]. Last but not least, it is known that
high thermal gradients encountered in 3D printing, generally induce a columnar
microstructure, elongated in the building direction, which is known to promote hot

cracking.

To reduce the sensitivity to hot cracking, it has been clearly demonstrated that fine
equiaxed microstructures accommodate more easily strains [9]. In particular, equiaxed

growth provide easier grain rotation and deformation during strain accommodation.

Two approaches enable grain refining. The first solution is to modify the thermal load
during printing. At the process level, the key variables are the scanning speed, the heat
source in terms of both intensity and spatial distribution, and in addition, wherever
applicable, the build plate temperature [6]. From a more physical standpoint, the
governing parameters are the solidification velocity and the temperature gradient.
Along this line, microstructure changes can be obtained [10], [11]. A second way is to
enhance heterogeneous nucleation, by changing alloy composition or by directly

adding a nucleant agent in the base powder [12], [13], [14], [15], [16].

Recently, Montero Sistiaga et al. [17] demonstrated that the addition of 4wt% of pure
silicon to AI7075 powder fully avoids cracking during LBM through a change of
microstructure. Another success story in this microstructure control line was proposed
by Martin et al. [16], by adding a nucleant agent to Al7075 powder, they successfully
printed crack free parts. Other attempts have focused on developing new gas atomised
alloys dedicated to LBM. The best known example is the Scalmalloy®, an Sc- and Zr-
modified 5xxx alloy specifically developed by the Airbus APWorks® for the LBM
process. The precipitation of AlsZr/Al3Sc favourable nucleant phase is the main reason

for the elimination of the hot cracking effect. Thereby, many studies focused on this



alloy [12], [14], [18], [19], [20], [21]. The Scalmalloy way is efficient but costly as it

relies on the expensive Sc rare earth element.

The current work aims at the identification of the solidification control parameters as a
way to remove cracks in crack sensitive aluminium alloys using a low cost particles
electrostatic coating process to graft nanosize YSZ particles on aluminium powder.
Yttrium Stabilized Zirconia (YSZ) powder was selected for its low price and availability
due to large scale production, easy handling and the ability to precipitate the AlsZr
phase. AlsZr is an aluminium nucleant phase well known from casting and welding for

aal FCC, thanks to its small interatomic spacing misfit [22].

In the study, the grain refinement effect of the added YSZ quantity is investigated

during processing of Al6061 alloy.

2. Experimental Section

From now, the following abbreviations are used to improve readability: P2% refers to
the 2 volumic % of blended powder (YSZ + Al6061) and M2% refers to the 2 volumic %

processed material.

2.1 Materials

Gas atomized Al6061 powder was acquired from TLS© Technik Bitterfeld. The particle
size was in the range of 20-63 um in volume (Figure 1), with a D10, Dso and Dgg

respectively equal to 27um, 41um and 62um.
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Figure 1 : Powder size distribution of AI6061 TLS powder.

Particles are globally spherical in shape (Figure 2), some of them with small satellites.
Electron Backscatter Diffraction (EBSD) Inverse Pole Figure (IPF) map revealed an

equiaxed microstructure with a typical grain size in the 5 um range.
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Figure 2 : left) Scanning Electron Microscopy image showing morphology of TLS
Al6061 powder; right) EBSD IPF image of one TLS Al6061 particle.

The powder was dried at 150°C for 2 hours under vacuum prior to printing, in order to
remove surface powder moisture that can lead to fine hydrogen porosity in final parts

[5]. The chemical composition of the pre-alloyed powder used for LBM is shown in

Table 1.

Al Si Mg Fe Cu Cr Ti Mn
Bal 0.55 0.9 0.15 0.19 0.10 0.001 0.05

Table 1 : chemical composition of AI6061 powder (wt%).



Yttria-Stabilized Zirconia (YSZ) powder from INNOVNANO®© was used, consisting of
individual granules of about 60 nm size agglomerated in bundles of 240 nm in average,

and a chemical composition detailed in Table 2.

ZrO; Y203 H:O3 Al>O3
94.3 3.6 1.7 0.4

Table 2 : Chemical composition of YSZ INNOVNANO © powder (wt%).

2.2 The mixing

The aim of this first step is to electrostatically make YSZ particles stick to aluminium
powder, especially to avoid settling and to ensure a uniform distribution in the powder

bed.

The mixing between Al6061 and YSZ powders was performed in a Turbula® set-up
(T10B model) with a 6.5 liter volume mixing chamber. Blending is performed using
5mm diameter zirconia balls (roughly 200mL), and powders (1200mL of aluminium
powder and 1-48mL of YSZ). Occupancy rate in the mixing box (volume ratio between

powders/mixing balls and mixing box) is circa 20%.

From P0.05% to P2% YSZ addition, the mixing duration was 10 hours, and 20 hours for
P4%. It was found that shorter mixing durations do not ensure a good YSZ particles grip
on aluminium powder. To find the good mixing duration, optical granulometer was
used (Malvern Morphologi G3S). Figure 3 represents granulometries of YSZ powder,
Al6061 powder and P2% after one, three and ten hours of mixing. Peak associated to
agglomerated YSZ particles (at roughly 0.6-1um) decrease with mixing time, which
trace YSZ particles gripping evolution on aluminium powders. For P2%, the

granulometry after ten hours is close to that of the Al6061 powder, which indicates a



guasi-total coating of YSZ particles. For P4%, mixing time has been arbitrarily increased

up to 20H.
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Figure 3 : Optical granulometries of YSZ powder, AI60061 powder and P2% after one,
three and ten hours of mixing.

SEM images (Figure 4) revealed an overall uniform distribution of YSZ particles on the
Al6061 powder. Even aluminium satellites seem to be well decorated with YSZ

particles. For P4%, some YSZ bridges between Al6061 particles are observed.
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Figure 4 : SEM images showing (a) P0.05% ; (b) P0.2% ; (c) P1% ; (d) P2% ; (e) P4%.

It should be pointed out that similar type SEM images were observed on unmelted
powders recovered after a 3D printing cycle. This result testifies of the good YSZ
particles grip on aluminium powder and so of the robustness of this low cost mixing

process.

To characterize the homogeneity in one mixing batch (P2%), four samples have been
taken along the mixing box depth. Inductively Coupled Plasma (ICP) Optical Emission
Spectroscopy (OES) measurements showed that overall, the homogeneity is good, with

small deviations (Table 3).

Al Si Mg Zr Y 0

Mean value between the four samplings (wt%) | 95.46 | 1.06 | 0.82 | 1.14 | 0.05 | 0.18

Samplings standard deviation / Mean value (%) | 0.32 | 1.11 | 1.31 | 2.61 | 2.43 13.4

Measurements standard deviation / Mean

value (%) 0.13 | 092 | 061|031 | 182|571

Table 3 : ICP-OES measurements performed on P2%.

Especially, Zr quantity varies slightly between samples. It is worth mentioning that this
variation is significant when comparing to the measurements standard deviation for

one sample, which is much lower (0.3%), but that it nevertheless remains small enough




in terms of process control. In addition, the measured Zr value is consistent with the

theoretical value based on a perfect sticking of the YSZ particles of 1.2wt% for P2%.

To conclude, this characterization supports the relatively good homogeneity of the
mixing at the ICP measurement scale, which is of course much bigger than the melting
pool one. Nevertheless, no significant signs of inhomogeneity have been pointed out

after printing.

2.3 LBM process

Mixed powders were subjected to LBM manufacturing using two commercial
machines: a 3D Systems PROX200, equipped with a 270W laser (spot diameter: 70um),
and a SLM Solutions SLM125, equipped with a 400W laser (spot diameter: 70um). The
two machines have a different layer spreading system: a counter rotating roll for the
PROX200 and a polymer scraper for the SLM125. Cubic samples (10x10x10mm?3) were
built with different laser powers and scanning speeds. Layer thickness and hatch
distance were kept constant at 20um and 100um respectively, since the focus of the
present work is mainly on microstructural issues and not so much on material quality
aspects. Parts were built with a laser power varying from 150 W to 270 W (PROX200) /
400 W (SLM125) and a scan speed within the 300 mm/s to 1000 mm/s range. A scan
strategy with parallel lines and no rotation between layers was applied for post
characterization benefits. Printing is carried out in an inert argon gas atmosphere (02
content < 200 ppm) to minimize oxidation. The samples were grown on aluminium
substrates (10x10 cm) that are not heated during the process. Densities were
determined by the Archimedes method with an experimental standard deviation

around 0.1% (five density measurements for each cube). For P2%, Figure 5 shows the

10



relationship between density and laser volumetric energy (LVE), defined as the laser

power divided by the product of the laser speed and the spot area [23].

P
LVE = laser (1)

2
Vigser X TT X rspot

At low volumetric energy and for a given hatch value, a poor densification is explained
by a lack of fusion. At the other end of the energy range (>80 J/mm3), a good
densification with a flat response to volumetric energy increases is observed on the
PROX200 machine, the process seems to be quite robust. The situation is rather
different on the SLM125 machine, where densification values appear scattered. A
number of mechanisms (melt pool behaviour, more stable initial density of the powder
bed with the roll spreading...) could be invoked to account for such a result, but no
clear explanation can be given at this point. Nevertheless, this is not a problem for the
present work, whose focus, as mentioned above, is mainly on microstructural issues

and not so much on material quality aspects.
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Figure 5 : Relationship between density (g/cm?) and volumetric energy (J/mm?>).

For both machines, a maximum densification was found around 99%. ICP analysis
(Table 4) on a 1 cm3 M2% sample highlight an important Mg loss (which is consistent

with its high partial pressure).
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Al Si Mg Zr o)
Powder (wt%) 95.45 1.06 0.82 1.14 0.17
3D printed sample (wt%) 95.58 1.09 0.55 1.19 0.13
Deviation (%) 0.1 2.8 -49.4 4.2 -36.7

Table 4: ICP-OES measurements performed on M2% (1cm?) and compared to the
average values for the mixing.

Overall, the 3D printed sample features the same Zr concentration than that of the
initial blend which brings additional support regarding the good grip of YSZ particles on

aluminium powder. Thereby, YSZ particles are well integrated in the melt pool.

2.4 Characterization equipments

Optical microscopy was carried out with a DM 2500M (LEICA) at magnification 50x. X
ray tomography was performed on a Phoenix Nanotom. Grains size, morphology and
orientation were characterized by electron backscatter diffraction (EBSD) analyses on a
LEO 1530 VP Gemini Field Effect Gun (FEG) SEM at 20kV equipped with a HKL detector.
The surface of the samples was mirror polished thanks to a finishing step with 0.03 um
colloidal silica. The post processing was performed on CHANNEL 5 software

(https://nano.oxinst.com/products/ebsd/post-processing-software), with grain

boundaries defined for misorientation higher than 15°. A step size of 0.1 um was used
for high magnifications, and 0.3-0.4 um for low magnifications. The crystal structure of
the material was characterized by X-ray diffraction (Briicker D8 Advance). The
measurements were carried out on the polished surfaces at ambient conditions using

the 6-20 technique with Cu Ka radiation.

12



Focused lon Beam lift out method using a Thermo-Fisher Strata 400S FIB-SEM
instrument was used to prepare TEM lamellas. It allows to locate material sampling in
the area of interest, i.e. equiaxed or columnar regions for instance. Conventional and
Scanning - Transmission electron microscopy (S-TEM) investigations were conducted
with a Thermo-Fisher Osiris Tecnai instrument, equipped with a X-FEG source and
operating at 200kV. STEM images were acquired on bright field (BF) and high angular
annular dark field (HAADF) detectors. Energy dispersive X-ray spectroscopy (EDX) was
conducted in STEM mode thanks to the Super-X EDX system with four Silicon Drift
Detectors technology. EDX hypermaps were acquired with Esprit 1.9 software (Bruker).
The crystallographic structure of precipitates was characterized thanks to high

resolution TEM (HRTEM) using a 200 kV Thermo-Fisher Tecnai G2 FEG-TEM.

2.5 Cracks and grain size characterizations

Distances between cracks have been evaluated on the micrographs through a Matlab
program based on image binarization. For each YSZ addition quantity, five images of

size 2*1.5mm? were taken in the YZ plane from polished samples.

In addition, the total cracks length per unit of area (m/m?) has been evaluated on the
same images from Imajel software. Each crack length was counted thanks to the image

scale and summed to get the total cracks length per unit surface.

To calculate grain sizes, an elliptic fitting method was carried out on ImajeJ to get the
length and width information. Starting from an EBSD image, a binarization is applied.
Then Imajel fits the largest ellipse in each detected grain. All information is collected
on Excel. Columnar grains are characterized by an aspect ratio (width/length) less than
0.5 with a length exceeding 3um (that is twice that of the larger equiaxed grains). Such

a procedure allows to separate equiaxed and columnar grains.

13



3. Results

3.1 XRD

Figure 6 shows the X-ray diffraction patterns measured on YSZ powder, Al6061
powder, P2%, M2% and M4%. For P2%, M2% and M4%, the (100), (200) and (220)

main crystallographic orientations of alpha-aluminium phase (oal) are observed.

|
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Figure 6 : Diffraction spectra for, from top to bottom: YSZ powder, P2%, M2%, M4%,
Al6061 powder.

Regarding P2%, peaks related to YSZ powder and peaks associated to aa phase are
present. Once mixtures are 3D printed, peaks related to YSZ powder are no more
observed. This means that a large amount of YSZ particles have been melted, dissolved
or have reacted. This result is in good accordance with the TEM EDX measurements

that will be discussed in section 3.3.

3.2 Printing and optical micrographs

This section describes the influence of added YSZ quantity on crack susceptibility. For
all characterizations, cubes with same laser power and scan speed (and therefore same
volumetric energy) were selected. Micrographs (Figure 8) of unetched polished
samples highlight the variation of crack quantity and length versus the added quantity
of YSZ. From MO0.05% to M1% samples exhibit a significant number of cracks, oriented

parallel to the build direction (BD) (X being the laser axis progress, see Figure 7). For

14



both planes (YZ or perpendicular to BD XY), the number of cracks significantly
decreases for M1%. For M2% no cracks are observed, as is also the case for M4%.
Tomography on cubic samples, with a 6 um resolution, confirmed the absence of

cracks.

Figure 7 : diagram of LBM process with the axis and the scanning direction (X).

For all printed batches, a few spherical defects ranging from 1 to 50 um are found.
They are mainly attributed to occluded gases. Indeed, many researches have reported
spherical gas porosity occurring during aluminium alloys processing often attributed to
hydrogen [24]. Solutions from casting and welding are hardly transferable to the LBM
process [25], [26]. Nevertheless, Weingarten et al. [5] proposed a way to circumvent
the problem. They showed that external powder drying, internal laser drying and scan

speed adjustment can lead to a hydrogen pore density decrease.
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Figure 8 : Optical micrographs showing the evolution of hot cracking sensitivity with
YSZ addition in YZ plane and perpendicular to BD, XY plane.

Regarding M2%, it is worth mentioning that even with set of parameters out of

optimal range, no cracks are observed. Such a finding supported the fact that porosity
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does not induce cracks. This approach thus appears to be process parameters
independent in the range allowing densification level >90%, which is not always the
case in Al-alloy sensitive to hot cracking [27]. Also, crack-free parts have been
successfully built on both machines, which indicate that this approach is also machine
independent. Last, these findings (complete absence of cracks) were supported by
some supplementary mechanical tests that showed the as-built properties to be better
compared to those of materials elaborated through conventional manufacturing

routes.

Figure 9 shows the average value of mean cracks distance according to YSZ quantity,

with errors bars representing standard deviation between the five samples.
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Figure 9 : Mean cracks distance versus YSZ quantity of addition (YZ plane).

Up to M0.2%, the standard deviation is quite small. The situation could be qualified as
deterministic: cracks are regularly distributed. For no YSZ addition, the distance
between cracks is close to the hatch distance (100um). Above MO0.2% of YSZ addition,
the mean distance between cracks is twice larger, which is a first indication of YSZ
influence on microstructure. For M1%, the distance between cracks varies from 300um

to 600um. The cracks repartition is more probabilistic with larger deviations on

16



measured values. In any event, the distance between cracks globally increase with YSZ

addition.

Figure 10 shows the average specific cracks length and the standard deviation over 5
images. Results show a sharp decrease between M0% and M0.2% and a somewhat

linear variation up to M2%, where no more cracks were found.
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Figure 10 : Total cracks length per unit of area versus YSZ quantity of addition (YZ
plane).

From these two results (decrease of total cracks length and increase of distance
between cracks), it can be conclude that YSZ addition enables to decrease hot cracking

sensitivity and to completely remove cracks for M2% and M4%.

3.3 Microstructure

Figure 11 presents EBSD images with grain boundaries marked by bold lines. Grey
levels are displayed to correctly discern grains. For M0.05% and M0.2%, the large
columnar grains oriented along the building direction must have been formed by
epitaxial grain growth through two or more successive laser passes and cross multiple
build layers. As shown in Figure 11, for M1% and M2%, an equiaxed-columnar bimodal

grain structure is observed. For M2%, a fine equiaxed dendritic microstructure

17



continuously decorates each melt pool border (Figure 13). Inside the melt pool,

coarser columnar grains are observed.

Figure 11 : EBSD images (grey levels + bold lines for grain boundaries) exhibit
microstructures according to volumetric quantity of YSZ added.

Columnar grains size is divided by more than one order of magnitude from M0% to
M2% (Figure 12). Equiaxed grains size is constant whatever the YSZ concentration.

There are not so much differences in columnar grain sizes between M1% and M2%,

and yet cracks are present in M1%, meaning that the size criterion is not sufficient by

itself to discriminate the cracking behaviour.
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Figure 12 : Grain size versus volumetric quantity of YSZ added (for columnar grains both
length and width values are plotted, for equiaxed grains the diameter as arithmetic
mean of length and width is plotted).

Between M2% and M4%, a plateau is reached for all grain sizes. However, equiaxed
grain fraction is increasing between 8% (2D measurement from EBSD image) for M1%
to 63% (2D measurement from EBSD image) for M4%. From 1% on, columnar grains
are quite short, which is likely due to the interruption of the columnar growth by

refined equiaxed melt pool boundaries.

3.4 Focus on M2%

The 2 vol% concentration is interesting insofar as it is the lowest addition at which
crack free growth can be achieved. EBSD Inverse Pole Figures have been recorded at
various maghnifications (IPF-Z Figure 13). A significant texture according to <100>
direction is detected in the columnar regions. In contrast, in equiaxed grain zones,

there is no evidence of any texture.

At low magnification, a lot of melting pools are visible. Two interesting observations
can be pointed out. First, only melting pools with “large” columnar grains are textured,

particularly the grains in the center (those aligned with BD). On the x750 EBSD map,
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one can distinctly see that edges of melting pools are not textured, where growth
orientation is mainly following the thermal gradient. Second, no significant large scale
inhomogeneity is visible, which can be considered as a good indicator for the

composite powder preparation process.

At high magnification, an interruption of columnar growth by a large equiaxed band at
the bottom melting pool is clearly apparent. These equiaxed structures require fairly
large amounts of undercooling for the nucleation step, which is far from obvious in AM

processes. Specific sources of such undercooling are discussed in section 4.

Figure 13 : EBSD IPF-Z at three different magnifications left) x250; center) x750 and
right) x2000

An EDS (Energy Dispersive X-ray Spectroscopy) map in the equiaxed grain region was
performed at 4keV (Figure 14), which corresponds to a 110 nm interaction pear
(calculated on Casino [28] software). The first interesting point to mention is the
aluminium impoverishment close to grain boundaries. Then, the concentration of
alloying elements is higher along grain boundaries, meaning that the elements are
likely to be rejected by diffusion at the solid/liquid interface. These results are
consistent with the attainment of local thermodynamic equilibrium conditions at the

interface.
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Figure 14 : EDS mapping of M2% showing Al, Cu, Mg, Si and Fe elements in an equiaxed
zone.

STEM EDS measurements taken in the columnar grains region show Fe precipitates
surrounded by Si/Mg precipitates (Figure 15). For this alloy, it is known from the
literature that Mg-Si phases often precipitate on dispersoids during thermal treatment
at to the homogenization temperature [29]. These dispersoids act as heterogeneous
nucleation sites for the precipitation of coarse Mg-Si phases. No Zr precipitate was
detected. However, this element appears in solid solution. A few oxides (Fe-oxides, Si-

oxides, Mg-oxides) are present. Some of them are located along grain boundaries.
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Figure 15 : STEM-EDX maps of the precipitates present inside a columnar grain showing
Fe, Mg, O, Si and Zr elements.

As shown by SEM and TEM images, these precipitates are uniformly incorporated into

the microstructure, which should bring additional strengthening (Figure 15). In the
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same way, intra and intergranular precipitates are detected in equiaxed regions (Figure

16).

Figure 16 : BF-TEM images in a columnar region (left) and in an equiaxed region (right).

Unlike what is observed in columnar regions, Zr precipitates are present in the
equiaxed regions, both along grain boundaries and interestingly inside grains. The
number of intra-grain precipitates significantly varies from one grain to another. One
possible explanation is that TEM observations are 2D projection of a 3D volume. Some
precipitates, especially those inside grains, have cubic shapes, with a side length of
approximately 100nm and enriched in zirconium. What is particularly relevant is the
vicinity between these cubic shape Zr precipitates and small Mg/Al-oxide precipitates
(Figure 17). It is worth mentioning that this link between oxides and Zr precipitates has
been observed for three other selected grains. Other precipitates, like Si/Fe and Mg

oxides, are detected mainly along grain boundaries.
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Figure 17 : BF-TEM image of one equiaxed grain with Zr, O and Mg EDX analysis in the
yellow zone (dashed line). White crosses on Zr map locate the small Mg-oxides.

The crystallographic structure of Zr precipitates was investigated by selected area
electron diffraction (SAED). Figure 18 shows SAED patterns of the Al matrix in [100]
direction (left), of the biggest Zr precipitate of Figure 17 in Al matrix in [100] direction
(center), and of another Zr precipitate in [114] direction. The diffraction spots
associated to the Zr precipitate are circled in yellow on the SAED pattern. Diffraction
patterns on several Zr cubic precipitates revealed a L1, faced centred cubic structure
(FCC) with a lattice parameter close to twice the one of the aluminium matrix.
Interestingly, the obtained value is also close to the lattice parameter of MgAl,04
phase [12], which support the nucleation of AlsZr precipitate on such Mg/Al-oxides.
Moreover an orientation relationship (OR) between the precipitate and the matrix is
observed since [100]ai // [100],. This OR was also emphasized from the study of
another grain oriented along [114] direction. As observed and as it is known from
literature [30], this metastable structure of AlzZr phase is coherent with the matrix.
The Fast Fourier Transformation (FFT) pattern associated to the matrix in green and
the precipitate in blue further confirmed the expected L1, AlsZr structure and

exhibited a high coherency (Figure 19.d).
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Figure 18 : Diffraction pattern of the matrix, and diffraction pattern of a L1, AlsZr
precipitate in [100] direction and [114] direction.

Figure 19.b/d shows HRTEM images of the Zr precipitate (surrounded in red on Figure
19.b) embedded in Al matrix. They confirm that the lattice parameter of AlsZr
precipitate is twice the one of aluminium matrix (d(0,0,2)z- = 0.40 nm = 2 x d(0,0,2)al).

The junction between both lattices in Figure 19.d is periodic and coherent.

Figure 19 : HRTEM observation of Al matrix (green) / AlsZr precipitate (blue). (a) at low
magnification (b) at higher magnification showing the interface (red) and (c) associated
Fast Fourier Transformation (FFT). (d) HRTEM image at higher magnification.

It should be noted that for both columnar and equiaxed regions, no YSZ phases is
detected by TEM, which is consistent with the absence of YSZ peaks in the XRD spectra

of section 3.1.

4. Discussion

The objective in this section is to propose plausible scenarios, based on existing

solidification models to account for the observed experimental results. The columnar
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to equiaxed transition has been widely studied in foundry configurations. Hunt et al.
[10] took into account nucleant density and chemical undercooling to derive a criterion
for the transition in a thermal gradient and solidification speed plane. Later on, Greer
et al [31] added the effect of capillarity undercooling. Nevertheless, the range of
parameters studied cannot cover the LBM conditions. For instance, solidification
velocities and temperature gradients are order of magnitudes higher, meaning that the
models will have to be carried out far beyond their ascertained range. However, most
of the relevant physico-chemical mechanisms involved are expected to remain valid, so

that the existing models can be used, at least to provide a qualitative understanding.

It should also be mentioned that a number of numerical simulation studies focused on
the transport phenomena within an additive fabrication melt (see e.g. for the case of
Al based alloys ([12],[32],[31]). Close to this present focus is the very thorough recent
work by Shi et al. [11] that went into the details of the solidification process, using in
particular cellular automaton techniques to predict microstructures. But even though
many interesting results have been obtained, the number of necessary assumptions
remains quite high. Here the approach is more qualitative, based on order of
magnitude arguments, but it allows to propose simplified explanation of what happens
within the melt and in the vicinity of the growth front, in particular to rule out

potential mechanisms.

The first thing that can be stated on the basis of Hunt’s model [10] is that due to the
extremely high temperature gradients (say of the order of 10°-10° K/m) at the solid
liquid interface, columnar growth is to be expected unless a sufficiently high number of
efficient external seed particles are available. Figure 20 illustrates this possible
extrapolation, at this point without questioning the Hunt’s assumptions. The red star

represent standard process values encountered in LBM ([32],[33]). Again, Hunt’s
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model has to be extended far away from its range of validity, but the present
conclusion is drawn with a safety margin of a few order of magnitudes with respect to
the theoretical predictions. Without a large number of external nucleation sites, the
thermal gradient would have to be dramatically reduced, meaning order of
magnitudes, e.g. through the use of an adapted heat source distribution [11] or

heating plate in LBM conditions, to cross the columnar to equiaxed transition.
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Figure 20 : Solidification speed versus thermal gradient for an Al-3wt%Cu alloy
(extracted from figure 5 [10]) where N is the number of nucleation sites (in cm3)
extended to solidification speed and thermal gradients encountered in LBM process
(red star).

To go a step further, heterogeneous nucleation requires both the presence of efficient
seeding particles in the vicinity of the growth front, and the existence of a supercooled
zone ahead of the interface. Those two points should be adressed, as well as the

question of the resumption of columnar growth as solidification proceeds.

4.1 Becoming of the added particles

To start with, it should be recalled that both DRX and TEM results highlight no
evidence of remaining YSZ particles, neither in the equiaxed nor in the columnar
region. Of course this limited sampling does not allow for an absolute conclusion to be

drawn, but it can be safely stated that most YSZ particles do not survive the process.
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A first question to be addressed is the possible melting of these particles. The
maximum temperature within the melt pool is difficult to estimate, and is possibly
extremely high in the vicinity of the laser area [12], but it can probably be stated that
all the particles do not see a temperature of 2700°C (YSZ melting point). YSZ particles
melting point has to be appreciated with regards to the Gibbs Thomson effect, which
predicts that the effect of particle size is only significant below 40-50nm ([34], [35]).
Thus, the 60 nm YSZ particles can be taken to have a melting temperature similar to

the bulk material.

On the other hand, one could consider a surface reaction on the added nanoparticles,
which could lead to the formation of the AlsZr precipitates detected in equiaxed zones.

One should thus consider the reaction of zirconia with liquid aluminium according to:
3ZrOz + 13Al = 3 AlsZr + 2 AlLOs3 (i)

However, the first point to be stated is that no evidence of any ZrO,/AlsZr core shell
structures that would support this surface reaction mechanism has been observed.
Also, the size of observed AlsZr precipitates (®100nm) do not well fit with primal YSZ

particles.

The last possibility is that the YSZ or AlsZr (originated from (i)) particles simply dissolve
in the melt, with a subsequent recombination of the liberated Zr with Al upon cooling

according to the reaction:
3 Al + Zr =2 AlsZr (ii)

Nevertheless, an important question regarding the nucleation kinetics mode remain.
. . . AG*
Indeed, the homogeneous nucleation rate is proportional to exp(— F) where AG*

represents the nucleation barrier at a given undercooling [35]. Taking reasonable

values for the enthalpy of fusion of AlsZr, AH=305J/g [36], and the solid liquid interface
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os. = 1Jm™, the nucleation barrier at 950 K (i.e. close to the growth temperature of
the aa phase) is roughly AG*=1.9x107%). Normalizing by kT, AG*/kT is of circa 10*. Even
taking into account the very large 10*° (Jm=3s!) prefactors of homogeneous nucleation,

the number of stable clusters formed would be too low in practice.

Since homogeneous nucleation of the AlsZr is kinetically not favoured, it is proposed
that AlsZr heterogeneously nucleates on oxides, mainly Al/Mg-oxides as TEM results
pointed out. Among the constituents of the melt, Mg is by far the best reducer. This
means that it will be able to capture oxygen, be it free oxygen coming from the
dissolution of YSZ, or oxygen associated with either zirconium or aluminium. As the
lattice spacing of MgAl,04 [37] is very close to that of the measured AlsZr one
(0.81nm), one may assume that the nucleation barrier will be very low, and that

heterogeneous nucleation of AlsZr can take place on Al/Mg based oxides.

To conclude, YSZ particles probably dissolved in the melt. Subsequently some of the
liberated/available oxygen reacts with Mg/Al and some of the Zr with Al to provide the

MgAl,O4-AlsZr composite as seeds for the equiaxed growth of the aa phase.

4.2 Undercooled zone

The second requirement for equiaxed growth is the need of a supercooled zone of
sufficient magnitude (in terms of temperature range) and dimension (in terms of
spatial extent) ahead of the solid liquid front. In this section the three classical sources

of interface undercooling are discussed.

The first contribution that comes to mind is the chemical one, since it is often
dominant in welding/casting conditions. The extent of the undercooled zone, which
depends on the state of convective-diffusive species transport in the melt, should be

considered. To get an upper bound value of the thickness of this undercooled zone, let
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us consider that mass transport proceeds mainly by atomic diffusion. In that case, it is
known from the literature [38] that there will be a solute rich region ahead of the

growth front, the extent of this boundary layer being at the most given as (2):

6 =% (2)
c= ”
With Ds the solute diffusion coefficient in liquid and v; the liquid/solid interface
velocity. Taking an upper bound estimate for D, (108m2s%, [39]), a value of vi in the m/s
range will yield a boundary layer thickness of only 10nm. This result, in addition to the
fact that the above value may be an overestimate (at melt velocities in the m/s range,
it is far from obvious to a priori neglect convective solute transport), clearly rules out

the chemical contribution to the necessary undercooling.

Another potential source of undercooling that can be safely ruled out is capillary
undercooling. Indeed the observed columnar grains have dimensions in the um range,
in which the Gibbs Thomson effect can be safely neglected (see above). This lefts us

with kinetic undercooling as the only remaining source.

This contribution is generally ignored in classical solidification processes, where
growing interface speed is order of magnitudes lower than in LBM. In a dedicated
study, G.H. Rodway and J.D. Hunt experimentally investigate this contribution for a
lead specimen [40]. In the limited velocity range investigated (vi < 10 mm/s), the
undercooling remains below 0.1 K. By extending the observed linear relationship
between freezing interface undercooling and velocity (figure 3 of [40]), a 4K kinetic

undercooling is expected from a 1m/s interface velocity.

A second interesting paper to mention on this topic focuses on gallium interfaces
growth kinetics. Considering the continuous growth model developed by Wilson [41]

and Frenkel [42], which assumes an ideally rough interface so that all interfacial sites
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are equivalent and probable growth sites, it is possible to calculate the growth
undercooling contribution. After different considerations, Peteves et al. [43] have

deducted a linear growth law for continuous kinetics undercooling (3):

v; = Ke X AT (3)

With Kca kinetic coefficient (order of some centimetres per second per K for most
metals). Taking Kc = 3-4 cms™2K! and a solidification velocity of 1 m/s, this would

amount to an undercooling value of 25-35 K.

Also to be mentioned in this respect is the work of W. Tan [44], that uses a numerical
simulation to follow the growth of a dendrite and propose an empirical velocity
undercooling kinetic. Their work pertains to austenitic stainless steel, but is more
relevant in terms of solidification velocities. With a limited extrapolation, an

undercooling of circa 40 K is expected at a solidification velocity of 1 m/s.

The experimental conditions being different than those of the literature, both in terms
of materials and process parameters, the actual kinetic undercooling at the growth
front is hardly calculable. Nevertheless, it appears reasonable to expect interface
undercoolings ranging from a few K to a few tens of K, which, associated with a
thermal gradient of 106K/m, would induce a kinetically undercooled zone of some
micrometers or some tens of micrometers ahead the solidification front, sufficient to

provide conditions allowing equiaxed growth.

4.3 Resumption of columnar growth

In all cases, equiaxed growth stops before the end of the process, and at some point
columnar growth resumes. The first question that can be addressed regards how this
happens. Some interesting insights can be gained on the basis of the obtained EBSD

data. Among the various equiaxed grains, there are statistically some with an (100)
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plane oriented normal to the thermal gradient, that will naturally grow columnar
provided they are not hampered by any equiaxed shield. This leads us to the second
and more intricate question, namely as to why columnar growth prevails in the melt

pool.

To this end, it should be recalled that a transition in terms of nucleation sites density
clearly appeared between equiaxed and columnar zones. Columnar zones are devoid
of any Zr precipitate, which is by the way consistent with such kind of microstructure.
As mentioned above, AlsZr nucleation on Al/Mg-oxides is responsible for the equiaxed
growth. In columnar parts, these same oxides are present and nevertheless no AlsZr
precipitate has been detected. Now, the question that needs to be addressed regard

this nucleation sites density variation with melting pool depth.

One may first wonder about the homogeneity of the Zr concentration within the melt,
in relation to convective mixing. To do so, one can to the first order derive a chemical

transport Peclet number defined as (4):

Pe = Vconvection X meDlting p00l depth (4)
s

Taking an upper bond solute diffusion coefficient in liquid of 10®m?/s [39] and a
reasonable value of the fluid velocity (driven to the first order by Marangoni
convection) of 1 m/s, a melting pool depth of 100 um leads to a Pe number of 10%. It

can thus be stated that the available Zr should be homogeneously distributed.

However, the formation of AlsZr requires some time for the nucleation events to take
place, which may thus depends significantly on a cooling rate that differs according to
melting pool depth. Indeed, back to eq. (ii) Souza et al. [45] showed that high cooling

rate can suppress AlsZr phase precipitation. Shigenori Hori et al. [46] even draw the

31



transition between precipitation of AlzZr structure and aa| supersatured state

according to cooling rate and Zr content for Al-Zr alloys (Figure 21).
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Figure 21 : Interrelations among cooling rate, zirconium content and solidified structure
in Al-Zr alloys (angular structure: fine dendrite of metastable phase AlzZr, needle-like
structure: equilibrium phase AlzZr) [46].

The cooling rate is expected to increase from the pool boundaries to its interior, as
shown by finite elements models [32] but also analytical solutions like the Rosenthal
model [47]. In this way, as Figure 21 qualitatively supports, the formation of AlzZr will
be favoured only near the melt pool boundaries (where solidification starts): eq. (ii)
occurs in equiaxed zones. In columnar regions, even though the quantity of Zr is much
higher than the equilibrium maximum solid solubility of Zr in liquid aluminium [18], Zr
is kept into the metastable supersatured liquid solution and AlsZr precipitation is
prevented. On a quantitative basis, one should be careful with such a conclusion, since
at typical LBM cooling rates (estimated at 108-10° K/s [48]) and with the present Zr

content (roughly 1.2wt%), Figure 21 predicts the formation of the solid solution.
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Nevertheless, since the current problem is dealing with nucleation mechanism, the

sensitivity of the results in terms of cooling rate may be significant.

To sum things up on these matters, the resumption of columnar growth is that it
should be mainly due to the nucleant site density decrease, as a result of the cooling

rate increase as solidification proceeds.

4.4 Effect of added YSZ content

What is interesting to notice is that for M4%, the equiaxed bands extend towards the

centre of the melt pool (Figure 22).

Figure 22 : EBSD IPF-Z of M2% (left) and M4% (right).

As no significant modification of the process variables are expected between M2% and
M4%, such a result can be ascribed to the increase of the number of AlsZr seed crystals
available. Indeed, as shown in Figure 20, a seed crystals density increase favours in
principle the columnar to equiaxed transition. As for the underlying mechanism, one
can again invoke Figure 21 showing that the necessary cooling rate for trapping Zr in
solid solution increases with the Zr content in the melt, meaning that the transition

cooling rate will be reached later in the solidification process.

Conclusions

33



Until now, almost exclusively conventional Al Alloys have been processed with the use

of LBM. In this work, a new crack free 6xxx aluminium alloy was additively

manufactured by LBM using mixing of pre-alloyed gas atomized Al6061 powder with

an YSZ particles coating. Based on the results obtained in this study, the following

conclusions can be drawn:

(1)

(2)

(3)

(4)

Mixing conditions enable a good homogeneity and sturdiness regarding YSZ
particles grip on aluminium powders, before, during and after the printing.
Micrographs and EBSD images illustrate the effect of YSZ quantity on grain
refinement. In the M1% sample, a fine equiaxed-columnar bimodal grain
microstructure is observed. Cubic shaped AlsZr intragranular precipitates have
been identified in equiaxed zones, which is a proof an undercooled region
existence ahead of the solid-liquid interface. On the contrary, grains present
towards the centre of the melt pools are columnar, with no intragranular Zr
rich precipitates detected there. For this added quantity, not enough AlsZr will
be able to form, meaning that the nucleation sites density is much too small to
induce enough safety shields of equiaxed bands that would prevent grains from
crossing one melting pool. In this respect M1% appears as a threshold value,
nevertheless not high enough to fully prevent crack formation.

From M2% on, the refined microstructure allows to fully accommodate the
strains generated during the LBM rapid solidification process: crack free parts
were observed, whatever the scanning conditions used. This particular
microstructure prevents intergranular cracks to initiate and propagate.
Regarding the refinement mechanism, TEM and DRX analyses support the
following conclusion: YSZ particles dissolve or react in the melt under laser

scanning. During cooling, and at the edges of the melt pools, AlsZr phases
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heterogeneously precipitate on Mg/Al-oxides, and serve as nucleant for the
growth of the aa equiaxed grains. Kinetic undercooling is expected to be
sufficient to provide the driving force. As a result, a superfine sub-micron sized
equiaxed grains band forms. Moving towards the centre of the melt pools, the
higher cooling rates hinder this mechanism by limiting the AlsZr precipitation
up to the point where columnar growth resumes. An YSZ quantity increase was
seen to extend the equiaxed grain area towards the centre of the melt pool as

seed crystals available increase.

Further work is necessary to assess the mechanical properties of the printed material,
e.g. regarding the AlsZr precipitates and the grain structure effects. Another interesting
perspective regarding the mechanical study of this new alloy is post heat treatment. As
seen, a significant quantity of Zr is trapped into solid solution. With an appropriate
ageing treatment, one can expect to precipitate nanosized AlzZr phases which can

harden the matrix.

To sum things up, in view of the available data, this method should be transferable to
other hot cracking sensitive aluminium alloys for their LBM processing. Thereby, this
work can be seen as a step towards the achievement of a fully equiaxed grain

structure, which would constitute a significant benefit for mechanical properties.
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