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ABSTRACT

The CALPHAD (calculation of phase diagrams) method was applied to facilitate the design of a
crack-free Al-Mg-Si-Ti alloy fabricated by laser-powder bed fusion (L-PBF). Calculation and alloy
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characterisation show that Ti addition at 0.77 wt.% can offer a synergic effect of increasing the

heterogeneous nucleation rate and the growth restriction factor (Q) in the initial solidification
stage. Meanwhile, the increase of Mg/Si ratio can promote the formation of Al/Mg,Si eutectics
to provide excellent backfilling ability in the final solidification stage. As a result, the
experimental Al-Mg-Si-Ti alloy significantly improve the crack susceptibility. Also, the Al-Mg-Si-Ti
alloy with dislocation interaction of Al/Mg,Si eutectics and AlsTi particles show an excellent
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ultimate tensile strength of 447.8 MPa and elongation of 9.1% under as-LPBFed condition.

1. Introduction

Laser-powder-bed fusion (L-PBF), one of the major
additive manufacturing (AM) technologies, offers a
novel approach to fabricate light weight and highly-
integrated parts with high performance through
precise layer-by-layer printing process [1-8].
However, the utilisation of L-PBF for fabricating Al-
Mg-Si parts, especially for the popular AA6061 alloy,
faces significant challenges due to severe hot cracking
issues [9-11]. Among there, a high susceptibility to
cracking is mainly attributed to several inherent prop-
erties, including (i) a significant volume contraction
induced via high thermal expansion coefficient leads
to a high level of residual stress around the coarse
column grains, which is highly associated with crack
initiation and propagation [12-14]; (/i) the formation
of long liquid film channels between dendrites, result-
ing from the wide solidification range (e.g. ~100°C for
AA6061 alloy) between the solidus and liquidus temp-
eratures, normally gives rise to vulnerable intergranu-
lar regions that are susceptible to the initiation of
hot cracks [15-17].

Extensive efforts have been made to mitigate the
hot cracks of AA6061 alloy by tuning process par-
ameters [18-22]. In addition to the appropriate laser-
energy-related parameters (e.g. laser power and scan
speed) [18-20], the adjustable platform preheating
temperatures (200 ~500°C) can minimise the thermal
gradient and stress during rapid solidification, leading
to a significant reduction in hot cracks [21,22]. Never-
theless, it is not feasible to completely prevent the
occurrence of hot cracks due to the narrow process
windows and the inherent difficulty in eliminating
coarse columnar grains, and the excessive platform
preheating is also more likely to modify the typical
microstructure and deplete Mg/Si from a-Al matrix per-
manently [23]. Meanwhile, the introduction of Als(Sc,
Zr) via the incorporation of Sc/Zr or agents (e.g. ZrH,
and YSZ particles) mixed with the pre-alloyed
AA6061 powder, has also been proven effective in
mitigating hot crack issues through columnar-
equiaxed-transition (CET) [23-27]. With an improved
printability of the L-PBF AA6061 alloy, the intricate
challenges that are involved in unsatisfactory
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mechanical response, high cost of Sc/Zr and the
requirement and homogenisation control of additional
powder processing [1-3], need to be tackled even
more thoroughly in the context of large-scale engin-
eering applications. Therefore, much attention should
be focused to design and fabricate crack-free L-
PBFed Al-Mg-Si alloy with high strength.

Based on the characteristics of crack-prone AA6061
alloy, the incorporation of CALPHAD predication and
experimental validation was applied to develop Al-
Mg-Si alloys for additive manufacturing. Our strategy
is to regulate the composition for cost-effective, to
form potent primary dispersoids (L1,-AlsTi) in the
initial stage of solidification via grain refinement and
the divorced eutectic Mg,Si in the final stage of soli-
dification for enhancing the cracking-resistance. To
this end, the relationship between microstructural
characteristics of L-PBFed AA6061/Al-Mg-Si-Ti alloys
and the solidification characteristics including solidifi-
cation sequence, solidification range, eutectic filling
and growth restriction factor were systematically
investigated. The discussion focuses on the crack
elimination and strengthening mechanisms of Al-
Mg-Si-Ti alloy.

2. CALPHAD aided design of the Al-Mg-Si-Ti
alloy

The AA6061 alloy normally suffers serious cracking
during additive manufacturing because of the wide soli-
dification range and the formation of coarse directional
columnar grains. The CALPHAD method holds immense
potential in facilitating the design of Al alloys [4-
6,28,29]. The effects of compositional regulation on the
solidification behaviour are calculated via the
PanAl2022 thermodynamic database and the results
are shown in Figure 1. The solidification sequence of
the AA6061 alloy is: L — a-Al - Mg,Si—Si (Figure 1
(a)). The AA6061 alloy exhibits extensive solidification
interval of 96.0°C. Furthermore, the a-Al phase is directly
transformed from liquid when the temperature
decreases to 582.2°C, and the prolonged transformation
process (L — a-Al: fraction solid f; reaches up to 92.9%)
means that the solidification channel between coarse
columnar grains requires more liquid feeding to elimin-
ate the initiation of hot cracks.

To investigate the hot cracking susceptibility of
AA6061 with further compositional regulation, the soli-
dification interval, growth restriction factor (Q) and
crack susceptibility index (CS/) were calculated based
on the Scheil-Gulliver model. Kou model [12] was used
to analyse the difference in crack susceptibility after
compositional regulation, in which a hot crack criterion

can be calculated as follows:

(et T e (- TVE) ]
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where gcan t, B, T, z, f5, and v, represent the local tensile
strain in the mushy zone, time, solidification shrinkage,
temperature axial direction of columnar dendritic
grain, solid fraction and liquid feeding velocity along
grain boundary, respectively. An index |d7/d(f,)"?| near
£,"2=0.99 (before completing solidification) is used as
a criterion to evaluate the crack susceptibility, which is
defined as the CS/ [12].

Furthermore, the solute addition is highly associated
with the constitutional super cooling (AT¢s) at the front
of solid-liquid (S/L) interface, leading to grain refine-
ment [30]. The efficiency of solute to generate AT is
evaluated by the calculation of Q value, which can be
expressed by the following equation [31]:

I(AT)
a(fs)

Q= ( ),—0 2)
where the f; and AT¢s can be obtained by Scheil-Gulliver
simulation results. The calculation results of Q value for
constrained L — a-Al solidification is presented.

The solidification interval, crack susceptibility index
(CS/) and growth restriction factor (Q) of Al-Mg-Si alloys
(Mg: 0-10 wt.% and Si: 0-3 wt.%) are shown in Figure 2.
Generally, the narrow solidification interval of the alloys
reduced the time that the solid-liquid mushy state
existed during solidification, thus reducing the hot crack
susceptibility. The solidification interval of Al-Mg-Si
alloys gradually decreased with decreasing the Mg
content and increasing the Si content, which played an
important role in influencing the hot-cracking tendency
(Figure 2(a)). Meanwhile, the CSI map shown in Figure 2
(b) indicated that a high CS/ value exceeding 13,000 K
was obtained with the composition near AA6061 + 4Mg
+0 Si, AA6061+5Mg+1Si and AA6061 + 7Mg + 2Si
alloys, and the composition regulation related to high
Mg and Si contents were recommended to induce
effective mechanical response (i.e. Mg,Si) and minimise
the CS/ value. Furthermore, the Q value of the Al-Mg-Si
alloys with various Mg and Si contents varied between
4.3 and 49.7 K (Figure 2(c)), and a large Q value was
involved in an enhanced solute effect for reducing the
grain size. Considering the optimised synergetic effect of
low solidification interval, CS/ and high Q value, the
addition of Mg and Si into AA6061 alloy was determined
as 5 and 2 wt.%, respectively. The correspondingly Al-
6Mg-2.5Si alloy exhibited the low solidification interval
of 60.7°C, the CSI value of 1624.1 K and the high Q value
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Figure 1. Solidification paths of (a) AA6061 alloy, (b) Al-Mg-Si-Ti alloy calculated using the Scheil-Gulliver model, and (c) enlarged

image of (a) and (b) for the final stage of solidification.

of 33.9 K. Moreover, a trace of Ti (0.7 wt.%) was introduced
further to obtain superior printability, and the alloy of Al-
6Mg-2.55i-0.7Ti (equivalent to AA6061 + 5Mg + 2Si+ 0.7
Ti, denoted as Al-Mg-Si-Ti hereafter) is processed by L-
PBF for the features in crack susceptibility, microstructure
and mechanical properties.

The solidification sequence of the Al-Mg-Si-Ti alloy is
shown in Figure 1(b). It is seen the formation of AlsTi
phase in the initial solidification stage, and the formation
of Mg,Si phase at a level of f;=49.7% in the solidification
of the Al-Mg-Si-Ti alloy. AlsTi serves as an effective grain
refiner due to its low lattice mismatch with the a-Al
matrix and high growth restriction factor. It is also worth
noting that the Mg,Si phase starts to form around f;=
49.7% in Al-Mg-Si-Ti alloy, in counterpart with a high f; of
92.9% among AA6061 alloys. Based on Rappaz’s theory
[32], the cracks are likely to be self-healing due to the for-
mation of a liquid channel with easy liquid when the
volume fraction of solid is below 0.9 (f; < 0.90). When f; is
more than 0.94, the solid skeleton structure is continuous
and chunky, the continuous liquid channels and films are
transformed into separative and isolated liquid drops.
There is a vulnerable zone with high hot cracking suscep-
tibility within a single dendrite grain when the solid frac-
tion in the mushy zone is from 0.90 to 0.94 [32]. In the
intra-dendritic region, the temperature interval of the vul-
nerable zone was calculated as 19.7 and 0.9°C for the
AA6061 and the Al-Mg-Si-Ti alloys, respectively (Figure 1
(). Clearly, the synergetic formation of AlsTi and eutectic
Mg,Si phase provided a huge potential in enhancing the
hot cracking resistance of the AA6061 alloy.

3. Experimental
3.1. Powder and materials fabrication

The AA6061 and the Al-Mg-Si-Ti pre-alloyed powders
were prepared by gas atomisation. The chemical

compositions of the AA6061 and the Al-Mg-Si-Ti
powders were measured using inductively coupled
plasm atomic emission spectrometry (ICAP 7000 Series,
Waltham, U.S.A.) and the results are shown in Table 1.
The AA6061 and the AI-Mg-Si-Ti powder particles
showed a spherical shape with the mean size of 26.8
and 21.8 um, respectively (Figure 3(a-d)). Meanwhile,
EDS mapping confirmed no obvious elemental segre-
gation in the Al-Mg-Si-Ti powders. Prior to L-PBF, the
powders were pretreated in a vacuum drying oven
100°C for 8 h. The samples were fabricated by L-PBF
machine with an IPG Fibre Laser for microstructural
characterisation and mechanical testing. The laser scan-
ning strategy was rotated 67° layer-by-layer (Figure 3(e)),
and the processing parameters were optimised as
follows to minimise the defects: the laser powder (P) of
310 W, the scan speed (v) of 1000 mm/s, the hatch
spacing (h) of 0.1 mm, and layer thickness (t) of 0.03
mm. The samples were built on a substrate plate of
AlISi10Mg alloy. The size of cubic samples and cuboid
samples were 10 mm X 10 mm X 10 mm and 80 mm X
10 mmx 10 mm, respectively. The dog-bone-shaped
samples for testing the mechanical properties with a
gauge length of 15 mm and a cross-section of 4 x 2
mm?, as shown in Figure 3(f).

3.2. Microstructural characterisation and
mechanical properties testing

The surface defects of samples under different con-
ditions were characterised via Leica DM4000M optical
microscope (OM). The phase constituent of samples
was identified using X-ray diffraction with Cu Ka radi-
ation (XRD, Rigaku X-2000). Microstructural character-
istics were measured using a scanning electron
microscope (SEM, Quanta 250 FEG). The etchant was
Keller's solution. The grain size and grain orientation
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Figure 2. (a) Solidification interval maps calculated using the Scheil-Gulliver model, (b) crack susceptibility index (CS/) maps, and (c)

growth restriction factor (Q) maps in the Al-Mg-Si alloy.

were characterised using an electron backscattered diffr-
action (EBSD, Helios NaboLab G3 UC). Furthermore, the
detailed microstructural characteristics were conducted
using a transmission electron microscope (TEM, Talos
F200X). TEM samples were prepared by a precision ion
polishing system (PIPS, Gatan691) at a voltage of 5 kV
and an incident angle of 3~8°. Uniaxial tensile tests
were performed using a testing system (MTS, Alliance
RT30) with an engineering strain rate of 1x 107> s™" at
room temperature (RT). The reported tensile data were
the average of three measurements.

4, Results
4.1. Microstructural characteristics

In consistent with the calculation results in Figures 1 and
2, the microstructural characteristics shown in Figure 4
confirmed that the Al-Mg-Si-Ti alloy exhibited high print-
ability, compared with the AA6061 alloy. The Al-Mg-Si-Ti
alloy showed a high relative density of 99.8% with a
trace of pores (Figure 4(e)). However, the cracks with
the length in millimetre scale were parallel to the build-
ing direction for the AA6061 alloy, which also propa-
gated along the horizontal direction. Similar to the
previous studies [4-6,33,34], the occurrence of hot

Table 1. Chemical compositions of the AA6061 and the Al-Mg-
Si-Ti alloy measured by ICP-AES (wt.%).

Alloy Mg Si Ti Cu Others Al
AA6061 powder 1.21 0.68 / 0.13 <0.08 Bal.
L-PBFAA6061 1.15 0.63 / 0.11 <0.08 Bal.
Al-Mg-Si-Ti powder 6.23 231 0.77 0.09 <0.08 Bal.
L-PBF Al-Mg-Si-Ti 5.85 2.25 0.75 0.08 <0.08 Bal.

cracks in the AA6061 alloy could not be fully eliminated.
EBSD map of Figure 4(b) further demonstrated that the
coarse columnar grains of AA6061 alloy with a mean
size of 100.2 um grew epitaxially along the building
direction, which terminated at a width of 20~100 um
and a length up to hundreds of micron metres. Also,
the cracks distributed along the coarse columnar grain
boundaries and span over multiple layers. Inverse pole
figure and pole figure (IPF/PF) of the AA6061 alloy
further revealed that the intersection of cracks and
columnar grains had a strong [001] texture with the
peak texture intensity of 16.0 in Figure 4(c), while the
Al-Mg-Si-Ti alloy was composed of the refined equiaxed
grain (4.6 um) with the random crystallographic texture
(Figure 4(g)). Referring to kernel average misorientation
(KAM) map in Figure 4(d), a continuous columnar grain
with high strain concentration around the crack areas
favours the cracking initiation and propagation in the
L-PBFed AA6061 alloy. In contrast, the Al-Mg-Si-Ti alloy
delivered a uniform misorientation distribution with
low value (Figure 4(h)).

The detailed microstructural differences of solidifica-
tion microstructure between L-PBFed AA6061 and
Al-Mg-Si-Ti alloys along the building direction were
characterised by SEM. Similar to EBSD results in Figure
4(b), the cracks were normally initiated and propagated
along the grain boundaries of the AA6061 alloy that con-
tained irregular Mg,Si particles. In comparison, a typical
hierarchical microstructure in the L-PBFed Al-Mg-Si-Ti
alloy was composed of the heat affected zone (HAZ),
melting pool (MP) coarse zone and MP fine zone
(Figure 4(1)), where the equiaxed and columnar structure
boundaries were decorated with Mg,Si eutectics that
were precipitated along the a-Al grain boundaries
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(Figure 4(m)), and the columnar grains also grew epitaxi-
ally along the thermal gradient and preferred orientation
(Figure 4(n)). Furthermore, TEM analysis in Figure 5
suggested that the introduction of AlsTi particles and
Mg,Si eutectics was highly associated with the excellent
printability of the L-PBFed Al-Mg-Si-Ti alloy. HADDF-
STEM image and EDS maps (Figure 5(a, a;-as))
confirmed that Mg and Si elements were enriched
around the cellular structure boundaries, indicating
that the formation of Mg,Si eutectics. The partial solid
solution of Mg, Si, and Ti within Mg,Si eutectics was
also likely to enlarge ATcs in front of the solid-liquid
interface, which played an important role in grain refine-
ment [13,29]. Meanwhile, the interaction between dislo-
cations and Mg,Si eutectic was illustrated in Figure 5(b),
and the Al/Mg,Si interface exhibited a coherent orien-
tation relationship (OR) with  (111)qar//(202)mg2si
[001]a-a//[111]mgasi  (SAED  pattern of Figure 5(a)).
Mg,Si phase was coherent with the a-Al matrix along
the [111] direction, with an interplanar spacing of
0.239 nm for the (111)4; plane of a-Al matrix and 0.223
nm for the (202)mg2si plane of the Mg,Si phase (Figure
5(eq, €5)). It is also seen that the formation of cubic Ti-
enriched particles within a-Al matrix exhibited a typical
L1,-AlsTi lattice structure, as verified by Figure 5(c;—cy,
d). The a-Al matrix and L1,-AlsTi particles showed a

coherent OR with [001]4.4///[001]12-ai37i, @and the inter-
planar distances calculated via inverse Fast Fourier
Transform (IFFT) images indicated that the (020) inter-
planar spacing of a-Al matrix and L1,-AlsTi was 0.203
and 0.197 nm, respectively. Meanwhile, IFFT image of
interface marked by the blue dashed line in Figure 5(g)
demonstrated a fully coherent interface between these
two phases.

4.2. Mechanical properties

The engineering stress—strain curves of the L-PBF
AA6061 and the Al-Mg-Si-Ti alloys are shown in Figure
6(a), and the corresponding yield strength (YS), ultimate
tensile strength (UTS) and elongation (El) are summar-
ised in Table 2. The L-PBFed AA6061 alloy exhibited
almost no bearing capacity with a UTS of 54.5 MPa
and an El of 0.1%, and the fracture morphology exhib-
ited a typical brittle delamination fracture with the exist-
ence of cracks and pores (Figure 6(c, d)), which was
consistent with the fractography of other crack-prone
Al alloys [13,33,34]. In contrast, the Al-Mg-Si-Ti alloy pos-
sessed a high YS of 362.4 MPa, UTS of 447.8 MPa and El
of 9.1%, preserving an excellent synergy of strength and
ductility. The fractured morphology in Figure 6(e, f)
signified the existence of a typical ductile fracture
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mode with dimples. Figure 6(b) summarises the mech-
anical properties of L-PBFed Al-Mg-Si-Ti alloy and con-
ventionally manufactured AA6601 (cast and wrought)
[16,35], L-PBFed AA6061 alloy with heated build plate
[22,36], AA6061 + Zr/Sc [23,24] and Al-Si-Mg alloys
[37-42]. It can be seen that the Al-Mg-Si-Ti alloy exhib-
ited a competitive strength-ductility synergy compared
to other Al alloys.

5. Discussion
5.1. Crack elimination mechanisms

5.1.1. The potent primary particles/solutes for

grain refinement in the initial stage of

solidification

The grain refinement is important to prevent hot cracks
during L-PBF and improve mechanical properties. The
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Al/ L1,-AlsTi interface and (f;, f,) IFFT patterns of the a-Al and L1,-AlsTi selected in (f); (g) IFFT image of the interface marked by the
blue dashed line in (f). Note: the region characterised by TEM is located in the centre of the melt pool.

severe solidification shrinkage involved in the printing of
AA6061 alloy tends to trigger the formation of thermal
tearing crack (Figure 7(a)). In contrast, the Al-Mg-Si-Ti
alloy is mainly featured by fine equiaxed grains. The
mechanisms of grain refinement for L-PBF, typically,
include (/) heterogeneous nucleation and (i) growth
restriction effects (Figure 7(b)). The primary AlsTi particles
precipitated from liquid tend to facilitate the nucleation
of a-Al grains because of their low lattice mismatch
with the a-Al matrix and high thermodynamic stability
[43]. It is noted that the high cooling rate during L-PBF
provides favourable conditions for such metastable L1,-
Al;Ti nanoparticles, which are difficult to achieve in

conventional casting methods. The in-situ L1,-AlsTi par-
ticle distributed within the grains exhibits a coherent
interface with the a-Al matrix (Figure 5), providing
direct evidence that L1,-AlsTi particles act as strong
nucleants and play a critical role in promoting colum-
nar-to-equiaxed transition (CET). In addition to nucleants,
the growth restriction effects are also important for grain
refinement. The grain refinement induced via solute
addition is highly associated with AT¢s at the front of S/
L interface [44]. The addition of Mg, Si and Ti element
can effectively enhance Q value (41.2 K), which means
that solutes among in the Al-Mg-Si-Ti alloy also exert a
positive influence in promoting grain refinement.
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Figure 6. (a) Engineering stress-strain curves of L-PBFed AA6061 and Al-Mg-Si-Ti alloys; (b) a comparison of mechanical properties
with the conventionally manufactured AA6601 (cast and wrought), L-PBFed AA6061 with heated build plate, AA6061 + Zr/Sc and Al-
Si-Mg; (c, d) fracture morphology of the L-PBFed AA6061 alloy; (e, f) fracture morphology of the L-PBFed Al-Mg-Si-Ti alloy.

It is also mentioned that the stress concentration is
prone to occur at the adjacent coarse columnar grains,
which is related to the initiation of cracks due to solidifi-
cation and thermal shrinkage. The equiaxed grains are
more likely to accommodate the thermal stress and
offer more tortuous crack paths in the counterpart
with the flat boundaries of coarse columnar grains,
thus preventing crack initiation between adjacent
grains and inhibiting the cracks propagation further
[16,28]. Moreover, the fine equiaxed grains normally
improve the critical stress required for the initiation of
hot cracks by offering a higher number density of
grain boundaries per unit volume, in contrast to the
coarse columnar grains. In this work, the critical stress
(0. can be estimated as follows [4-6]:

8y f;m
=— (3)
7= /3d 1Y

Table 2. Mechanical properties of the L-PBFed AA6061 and Al-

Mg-Si-Ti alloys.

Condition YS (MPa) UTS (MPa) El (%)
AA6061 534+3 545+4 0.1£0.1
Al-Mg-Si-Ti 3624+4 4478+ 6 9.1+£0.2

where y is the liquid surface tension, set to 0.91 and 0.87
N/m based on the JMatPro software for AA6061 and Al-
Mg-Si-Ti alloys, respectively. d is the grain size (columnar
grains and equiaxed grains are grain width average
grains size, respectively). f; represents the solid fraction
in the final solidification stage. M is the microstructure
parameter, 1/3 for columnar grains and 1/2 for equiaxed
grains. Correspondingly, the calculated results shown in
Figure 7(c) further reveal that the refined equiaxed
microstructure in the Al-Mg-Si-Ti alloy exhibits much
higher critical stress to cracks compared with the
AA6061 alloy during final solidification stage (f; from
0.9 to 0.98).

5.1.2. Eutectics backfilling in the final stage of
solidification

Apart from grain refinement, the occurrence of hot
cracks is also closely related to the liquid backfilling
ability in the final stage of solidification. The various
factors that contain grain separation effects caused by
solidification and thermal shrinkage strain, grain
growth, and liquid backfilling can be taken into
account according to Kou's criterion. Although the
AA6061 alloy with a low content of Mg, Si delivers a
potential in forming a series of eutectic phase (e.g.
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Figure 7. (a) Schematic of the columnar grains and cracks in the L-PBF AA6061 alloy; (b) Schematic of the synergistic grain-refining
mechanisms including heterogenous nucleation and growth restriction effects in the L-PBF Al-Mg-Si-Ti alloy; (c) Calculated critical hot
cracking stress in the AA6061 and Al-Mg-Si-Ti alloy at the final stage of solidification.

Mg,Si, Si) during the final stage of solidification, their
low content (less than 8%, Figure 1(a)) in the molten
pool is depleted with rapid growth of the primary den-
drites. Therefore, the liquid phase does not have
enough time to move to bottom areas through
narrow channels between neighbouring dendrites,
which promotes the formation of cracks that propa-
gate over multiple melting pool boundaries. A high
alloying content (Mg and Si) in the CALPHAD aided
design Al-Mg-Si-Ti alloy brings the increased fraction
of Mg,Si eutectics (Figure 1(b)). Consequently, Al-Mg-
Si-Ti alloy shows a lower CSI of 1505.2 K than the
AA6061 alloy (4472.0 K), delivering better crack resist-
ance. Therefore, the refined microstructure of the Al-
Mg-Si-Ti alloy that contains a high number density of
Mg,Si eutectics could enhance liquid backfilling
ability and accommodate thermal stresses arising
during solidification [45,46], it is one of the critical con-
tribution factors for the elimination of hot cracks in the
present study.

5.2. The relationship between microstructural
characteristics and strength enhancement

A schematic diagram for the comparison of microstruc-
tural characteristics in the L-PBF AA6061 and Al-Mg-Si-
Ti alloys is shown in Figure 8. The rapid solidification
with large temperature gradient (G>10> °C/m) and
high cooling rate (T: 10°~10° °C/s) during L-PBF
process enable the formation of non-equilibrium micro-
structure in Al alloys [47,48]. The L-PBF AA6061 alloy
contains a high number density of hot cracks that form
and propagate over multiple melting pool boundaries,
and the absence of nucleant sites as well as a trace of

uniformly distributed Mg,Si particles deliver poor grain
refinement and eutectic filling abilities (Figure 8(a—c)).
The coarse columnar grains with high concentration
stress are more likely to promote the initiation of the
cracks under loading [45], smooth crack channels
along the large dendrite boundaries are conducive to
crack propagation further and a poor bearing capacity
(Figure 6(a)). With compositional regulation, the crack-
free L-PBF Al-Mg-Si-Ti alloy with only a few pores is
mainly featured by Mg,Si eutectics (Figure 4(l)). It is
worth nothing that the specific large temperature gradi-
ent and heat accumulation results in a unique cellular
structure arrangement, as shown in Figure 8(e). In
general, the growth of cellular structure is mainly deter-
mined by two factors: cooling rate and compositional
regulation (solidification rate and temperature gradient
in front of the solidification interface) [49]. Firstly, the
surface growth of eutectic phases tends to be trans-
formed into non-faceted growth with the increase of
supercooling. The Mg,Si eutectic are featured by
lamella, rod and flake structures in traditional castings
[50], while the divorced eutectic Mg,Si is prone to
form in L-PBF Al-Mg-Si alloys (Figure 5(a)). Secondly,
the solute segregation (i.e. Mg, Si and Ti) with distinct
partition coefficients alters the degree of constitutional
supercooling in front of the solidification interface,
which exerts a great effect on the transformation from
planar/cells/dendrites/cells/planar to the morphology
of the S/L interface. The growth of eutectics also
depends on the exchange of solute atoms between
eutectic phase [51]. With the precipitation of AlsTi par-
ticles within the liquid, a-Al matrix prefers to nucleate
from liquid solution containing high Mg, Si and Ti
solutes during the solidification; and then Mg,Si phase
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Figure 8. Schematic diagram of the microstructure evolution during solidification: (a-c) AA6061 alloy; (d-f) Al-Mg-Si-Ti alloy.

nucleates and grows around the primary a-Al phase,
leading to the formation of Al/Mg,Si eutectics (Figure
8(e-f)).

The L-PBFed Al-Mg-Si-Ti alloy exhibits a unique hier-
archical microstructure characteristic that contains
micrometre-sized fine a-Al grain, sub-micrometre-
sized eutectic Mg,Si cellular structure, nanosized pre-
cipitates and solutes, and a high number density dislo-
cation via L-PBF process, which is highly associated
with the characteristics of melt pools. Correspondingly,
the excellent mechanical properties of Al-Mg-Si-Ti alloy
are primarily attributed to the typical hierarchical
microstructure: (i) the fine a-Al grains (4.6 um)
induced via a combination of heterogeneous nuclea-
tion and high growth restriction effect led to a superior
grain boundary strengthening; (ii) the refined Al/Mg,Si
eutectics (~0.86 um) deliver a synergetic effect of dislo-
cation storage as well as an effective pining action to
dislocation movement, which is conducive to the pre-
cipitation strengthening; (iii) the solid solubility of
element (Mg, Si and Ti) is greatly improved due to the
extremely high cooling rate in L-PBF process, which
benefits to the solid solution strengthening; (iv) The

strength enhancement is also resulted from a high
density of dislocations, which arise due to the high
strain and thermal contraction stress caused by rapid
solidification during L-PBF process. In order to get
insights effect of non-equilibrium microstructure on
mechanical properties further, the potential strength-
ening mechanisms are quantitatively evaluated.
According to composition regulation, the strength
improvement is mainly attributed from fine grains
strengthening caused by Ti addition and precipitation
strengthening caused by Mg/Si element addition. The
detailed calculation data is provided in the supplemen-
tary material.

5. Conclusions

In the present study, CALPHAD was used to aid the
design of Al-Mg-Si-Ti alloy with high strength and free
of cracks was successfully fabricated by L-PBF via
tuning solidification characteristics. The crack elimin-
ation mechanisms, microstructural evolution and mech-
anical properties were systematically investigated. The
conclusions can be summarised as follow:



(1) The AA6061 alloy shows poor processability, prone
to cracking and resulting in low density of 97.3%
in the L-PBFed samples. The Al-Mg-Si-Ti alloy pre-
sents superior processability, free of cracking and
high density of 99.8%. Compared with the coarse
columnar microstructure of L-PBFed AA6061 alloy,
the L-PBFed Al-Mg-Si-Ti alloy is mainly featured by
the refined hierarchical microstructure that contains
micro-sized fine a-Al grains, sub-micro-sized eutectic
Mg,Si eutectics, nanosized precipitates/solutes, and
a high number density of dislocation.

(2) The crack elimination mechanisms are mainly attrib-
uted to a synergic effect of the potent primary par-
ticles/solutes in the initial stage of solidification for
promoting the grain refinement and eutectics
backfilling in the final stage of solidification. Corre-
spondingly, the L-PBFed AA6061 alloy exhibits
poor bearing capacity, and the trade-off in mechan-
ical properties between strength and ductility (the
UTS of 447.8 MPa and the El of 9.1%) is obtained
in the L-PBFed Al-Mg-Si-Ti alloy. Strengthening in
the L-PBFed Al-Mg-Si-Ti alloys mainly results from
fine a-Al grains, supersaturated solid solutions and
the interaction between AI/Mg,Si eutectics with
dislocations.
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