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Laser powder bed fusion (PBF-LB) produced aluminium alloy components have attracted growing attention over
the past two decades due to their lightweight nature and excellent thermal and corrosion properties. However,
few studies have examined the impact of substrate composition and microstructure. Using a high-performance

xiz:;:fl?;e Al-Ni-Ce-Mn-Fe alloy (PA1) designed for additive manufacturing, we performed a series of single-track PBF-LB
Defects experiments on as-cast PA1 and as-rolled Al6061 substrates to study their impact on track quality. Microstruc-

tural analysis shows that, in optimal conditions, PBF-LB of PA1 produces very fine eutectic cells (~200 nm)
without defects. Conversely, the as-cast PA1 substrate contains large columnar intermetallics, which have a
strong influence on defect formation during PBF-LB during initial layers. Such influence diminishes with
increasing build height due to microstructure homogenisation. However, the identified intermetallic-induced
(IM) pore formation suggests a broader relevance beyond the present system, such as alloys form intermetallic
under AM conditions or additive repair. We reveal and quantify the effects of print parameters and substrate
microstructure on defect formation during PBF-LB of PA1 using high-speed synchrotron X-ray imaging. Our
results show a new defect type, termed intermetallic-induced pores, arising from interactions between the
keyhole and the pre-existing intermetallics. By quantifying different melting modes and defect types, we establish
a process map and propose defect-lean printing strategies for PBF-LB of PAI.

1. Introduction strength of PBF-LB AlSi10Mg is limited to less than 300 MPa [4] and the

working temperature is limited to 200°C. Recently, high-strength

Laser powder bed fusion (PBF-LB) is one of the prominent additive
manufacturing (AM) technologies that allows the fabrication of highly
complex-shaped metallic components layer by layer [1]. Owing to its
short lead time, high material yield, and exceptional design flexibility,
PBF-LB of aluminium alloys has attracted increasing interest, particu-
larly for aerospace and autosport applications. Among Al alloys,
AlSi10Mg remains the most widely used, due to its excellent printability
and high strength-to-weight ratio [2,3]. However, the tensile yield

aluminium alloys have been explored to achieve superior mechanical
properties [4,5]. However, these high-strength alloys suffer from high
cracking susceptibility [6].

To achieve a high-performance Al alloy for AM applications with low
cracking susceptibility and high strength, we designed a near-eutectic Al
alloy (designated as PA1) based on the Al-Ni-Ce-Mn-Fe alloy system [7].
The design strategy, detailed in [7], involves narrowing the freezing
range (2.8°C) and reducing solidification contraction through added
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alloying elements (such as transition metals and rare earth elements
with near eutectic compositions) with low diffusivity and solubility [8].
Previous studies have confirmed that PA1 exhibits an ultra-fine micro-
structure, coupled with low residual stresses and superior mechanical
properties in as-built directed energy deposition (DED) AM components
[9].

Under the slow cooling rates of conventional casting (< 78 C°/s),
PA1 forms coarse columnar intermetallic phases dispersed within an
aluminium eutectic matrix. When building on as-cast PA1 substrates,
those intermetallics have limited effect on the deposited materials under
DED conditions [9]. During DED, the high heat input (105 J/m) forms a
large melt pool and dissolves the intermetallic phases. However, PBF-LB
operates at cooling rates two orders of magnitude higher than DED [10],
with much less time for complete dissolution of these intermetallics.
Although the role of intermetallic phases in pore formation during
casting is relatively well understood [11,12], their effect on PBF-LB
builds remains largely unexplored.

In this study, we applied in situ high-speed synchrotron X-ray im-
aging to capture the melt pool dynamics and defect formation mecha-
nisms during PBF-LB of PA1l built on different substrates under
industrially relevant conditions. Our results reveal, for the first time, a
novel defect formation mechanism in PBF-LB directly induced by the
large intermetallic phases in the as-cast PA1 substrates. Based on these
findings, we establish a process map for PA1 and propose optimised
defect-lean printing parameters, thereby advancing the development of
high-strength, crack-resistant Al alloys for AM.

2. Methods
2.1. Materials

A custom designed Al alloy powder feedstock (namely PA1) was
alloyed and cast at Brunel University of London, UK (for details see [7])
and then ultrasonically atomized at AMAZEMET (Warsaw, Poland). Its
chemical composition is listed in Table 1. Two types of substrates were
selected for comparison, one from as-cast PA1 ingots and the other was
machined from as-rolled Al6061 plate (chemical composition is given in
Table 2).

2.2. In situ synchrotron imaging during PBF-LB process

The PBF-LB production parameters were designed to cover a broad
range of imparted specific energy (E;), with a laser power (P) of
200-500 W and scan speed (v) of 250-2000 mm/s. The imparted spe-

cific energy (Es = \/% (Js'/2 /mm), where d is the laser beam diameter) is

detailed in [13] and was used to reveal causal relationships between the
process parameter and defect formation.

The experiments were performed using two bespoke PBF-LB process
replicators: (i) the Quad-laser in situ and operando process replicator
(Quad-ISOPR) [14,15] was used for the PA1 substrate (0.5 mm
through-thickness and 15 mm height) sandwiched between two glassy
carbon plates, see Fig. 1. The Quad-ISOPR is equipped with an industrial
multi-laser scanning head and optics, enabling processing under con-
ditions representative of industrial-level PBF-LB. Although the chamber
size limits sample dimensions and long-range thermal accumulation, the
identified defect formation mechanisms and relative process window
remain relevant to commercial PBF-LB systems. The laser spot size of
Quad-ISOPR was 80 pm. The powder was automatically deposited with a
layer thickness of ~ 60 um. (ii) The operando MiniSLM device [16] with

Table 1

Chemical composition of PA1 alloy (wt%).
Elements Al Mn Ni Ce Fe Zr
PA1 Bal 1.84 5.5 4.6 0.3 0.3
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Table 2

Chemical composition of Al6061 alloy (wt%).
Elements Al Mg Si Cu Zn Ti Cr Mn Fe
Al6061 Bal 1.0 0.8 0.3 0.25 0.25 0.1 0.15 0.7

a laser spot size of 45 pm was used for Al6061 substrate with a groove
(0.5 mm through-thickness and 60 um height) to create a powder bed. In
both cases, argon shielding gas was used. The sample was printed under
a flowing high-purity argon gas with flow rate of ~4 L/min. All in situ
synchrotron X-ray imaging experiments were carried out at the ESRF —
The European Synchrotron (France) imaging beamline ID19 (beamtime
proposals ME-1573 and MA-6233) [17]. The imaging experimental
setup is illustrated in Fig. 1 and was identical for both process repli-
cators. A polychromatic hard X-ray beam with a mean energy of
~30 keV was used. Once the incident beam passes through the sample
and the powder layer, the attenuated x-ray is converted by a LuAG: Ce
scintillator and emits visible light. The visible light image is magnified
by a 5 x objective and then captured by a Photron FASTCAM SA-Z
2100 K camera (Photron Ltd, Japan) with 40,000 images/s framerate.
The field of view (FoV) was 4.4 mm x 2.2 mm with a pixel size of 4.3
pm. Each scan track was 4 mm (PA1l substrate) and 3 mm (Al6061
substrate) in length and was centred within the FoV of the X-ray image.
The process dynamics during the onset, steady state, and end of laser
scanning within the sample surface and subsurface were captured, see
details in [16,18].

2.3. Image processing

The acquired radiographs were processed with ImageJ [19]. 100
flat-field images were taken prior to each set of in situ experiments, and
the averaged image was used to correct the raw radiographs through:
FCC = %, where FCC is the flat-field corrected image, Iy is the raw
radiograph, and Ir is the averaged flat-field image [20]. Afterwards, the
stationary objects were removed by applying a custom background
subtraction [21]. The pores were then segmented and quantified using
ImageJ [19] built-in analysis tools, followed by applying a Gaussian
filter and manual threshold value.

2.4. Microstructure characterisation

For microstructural analysis, samples were cross-sectioned, moun-
ted, ground, and polished to a 0.25 pm finish. The microstructure, phase
identification, and elemental composition were analysed using a TES-
CAN MAGNA Scanning Electron Microscope (SEM) equipped with an
electron backscatter (BSE) detector and an Energy Dispersive X-ray
(SEM-EDX) detector. AZtech and Channel5 software were used for the
processing and analysis of the SEM-EDX data. An acceleration voltage of
15 eV and beam current of 1 nA were used in the characterisation.

3. Results and discussion
3.1. Microstructure

Fig. 2 shows the cross-sectional SEM microstructure of the as-built
track of PBF-LB PAl on the as-cast PAl substrate. Many microstruc-
tural features can be distinguished between the as-built track and as-cast
substrate, as shown in Fig. 2(a) where the as-built PBF-LB microstruc-
ture shows heterogeneous mixing of structural features compared to the
large columnar intermetallics (100’s of micrometres) and coarse
eutectic structure in the PA1 substrate. Under PBF-LB’s extremely rapid
cooling (~10° K/s [22]), the liquid ahead of the solidification front is
significantly undercooled, leading to a higher nucleation rate of the
primary eutectic phase and the formation of a fine eutectic micro-
structure [23]. Compared to the large columnar intermetallics formed
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Fig. 1. Schematic of experimental set up during PBF-LB PA1 with either as-cast PA1 or as-rolled Al6061 substrates.

Fig. 2. Microstructure of PBF-LB manufactured PA1 on PA1 (as-cast) substrate. (a-c) SEM in different magnification showing the microstructure of both the PBF-LB
track (P = 400 Wand v = 800 mm/s) and the substrate. (d) SEM-EDX on substrate showing chemical composition distribution.

under low cooling conditions (casting), the size and number of the Another consequence of rapid cooling is the elemental segregation,
intermetallic is much smaller in the PBF-LB track (marked as green circle as shown in Fig. 2(b). In this case, the large columnar intermetallics in
in Fig. 2(a) and Supplementary Fig. 1) as the rapid cooling restricts the the substrate are dissolved during PBF-LB; however, the small melt pool
growth of intermetallic phases. and high cooling rate limit diffusion/mixing distances, leading to local
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segregation of the alloying elements from the intermetallic (i.e. Fe, Mn,
Ni). This region of poorly mixed alloying elements is most evident at the
bottom of the melt pool (see blue region in Supplementary Fig. 1) and
are negligible in the top centre (see red region in Supplementary Fig. 1);
therefore, they are not expected to propagate far into multi-layer builds.
Fig. 2(c) shows a magnified view of the as-built track’s microstruc-
ture, exhibiting fine cellular-eutectic structure (<200 nm). In compari-
son, the as-cast PAl substrate presents a mixture of large columnar
intermetallics of AlyM,, spherical-shape intermetallics of AlgCeMy, and
eutectic Al-Aly3NigCey (see SEM-EDX analysis in Fig. 2(d)), where M can
be Fe, Mn and/or Ni. The fraction of these phases was calculated using
Scheil’s equation within Thermo-calc (v. 2024b, database TCAL8) under
equilibrium conditions, see Supplementary Fig. 2. As the atomic number
of Ce is much higher than the other elements (Al, Fe, Ni and Mn), the
large columnar intermetallic of AlgM, will appear as brighter needle-
shaped features in X-ray radiography compared to the Ce-rich matrix.
These large columnar intermetallics in the substrate can trigger a new
defect formation mode, as detailed in the following Section 3.2.

3.2. Defect formation

We observed and classified four types of defects during PBF-LB of
PA1 on PALl as-cast substrate according to their features and formation
sequence: (i) hydrogen pores (H-pore), (ii) keyhole pores (K-pore), (iii)
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end-of-track defects (ETD), and (iv) intermetallic-induced pores (IM-
pore). The first three (Fig. 3) are common defect types in PBF-LB
whereas the IM-pore (Fig. 4) has not been previously reported in PBF-
LB to our knowledge.

H-pores are one of the most common defects appearing during PBF-
LB of Al alloys, due to the significant difference in hydrogen solubility
between liquid (~6.9 cm®/kg) and solid (~0.36 cm®/kg) Al [24]. Most
of the H-pores observed in this work are spherical shaped with a typical
radius of < 10 um, consistent with the results reported in ref [25].
Compared to large-sized pore that can be particularly detrimental to
crack propagation, these small pores are generally considered to have a
limited impact on the final built component’s properties [26]. Fig. 3
(a-c) and Supplementary Video V1, show multiple small H-pores (or-
ange solid circle) formed in the melt pool, which adhere to the surface of
an existing pore and eventually coalesce to form a large H-pore with an
equivalent radius of ~42 um by minimising their surface energy. The
large H-pore could be detrimental to the final properties of the PBF-LB
samples.

K-pores are generated by keyhole instability [27]. Fig. 3 (c-f) show
the keyhole dynamics (yellow dotted outline), with the significant
fluctuation in keyhole morphology forming a K-pore (red dotted circle).
This keyhole surface instability could lead to inconsistent internal laser
reflection and uneven heating on the keyhole walls. The keyhole ex-
pands rapidly due to the localised vaporisation (Fig. 3 (c)), followed by a

+ 600 s |
R ETLARY]

to + 200 ps

Fig. 3. X-ray images (x-y section) showing common defect formation mechanisms during PBF-LB of PA1 on PA1 (as-cast) substrate. (a-f) Formation mechanism of K-
pores (red) and H-pores (orange) during PBF-LB with P =300 Wand v =250 mm/s, where the yellow line depicts the keyhole. (g-j) Formation mechanism of end-
of-track pore formation during PBF-LB with P = 400 Wand v = 1000 mm/s, where the red arrow indicates the residual Marangoni flow. (k-n) Formation
mechanism of end-of-track depression formation during PBF-LB with P = 500 Wand v = 1600 mm/s.
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Fig. 4. Formation mechanism of a new type of defect (IM-pore): (a-e) X-ray images (x-y section) showing IM-pore (green) during PBF-LB of PA1l on as-cast PA1l
substrate with P =300 Wandv =600 mm/s. The inserts illustrate the z-y section, where blue indicates intermetallic, yellow and orange lines depicts keyhole and
melt pool respectively, and black dots indicate hydrogen. (f) Schematic of IM-pore formation mechanism.

rapid shrinkage in the upper keyhole section, leading to neck formation
at the mid-section of the keyhole (Fig. 3 (d)). The momentum transfer
induced by the melt flow towards the rear of the keyhole and
Plateau-Rayleigh instability [27] overcomes the surface tension of the
neck region, the keyhole collapses, forming a K-pore (Fig. 3 (e)). The
metal vapour within the K-pore condenses due to the decrease in tem-
perature, leading to the shrinkage of the K-pore from an equivalent
radius of ~65 to ~54 um after 100 ps (Fig. 3 (f)), as demonstrated in ref
[28].

There are two types of ETDs observed during PBF-LB of PA1: an end-
of-track pore (Fig. 3 (g-j)) and end-of-track depression (Fig. 3 (k-n)).
Under keyhole mode melting with 400 W power and 1000 mm/s scan
speed (Fig. 3 (g-j)), the residual heat causes a local expansion of the
keyhole (Fig. 3(h)) even after the laser is switched off. Then, the keyhole
collapses (Fig. 3(i)), forming a K-pore. The outwards Marangoni flow
(red arrow) within the melt pool flows upward and partially heals the
top-of the keyhole cavity. A gas mixture of argon and metal vapour is
trapped inside a spherical bubble in the rapidly cooling melt. As the
temperature continues to cool, the bubble shrinks until the solidification
front entraps it as an end-of-track pore (Fig. 3(j). The ultra-fast cooling
rate (~106 K/s [22]) of PBF-LB leads to the rapid solidification
(~0.3 m/s) of the liquid/solid interface [29].

In comparison, the end-of-track depression [30] is generated with
lower input energy density (e.g. 500 W power and 1600 mm/s scan
speed in Fig. 3(k-n)) when a depression zone has formed rather than a
keyhole. As the energy density is lower, the melt pool temperature is
lower and cooling is even more rapid, there is insufficient time for liquid
feeding to fill the depression area before it has solidified, forming an
end-of-track depression.

Apart from the commonly observed H-pore, K-pore and ETD during
PBF-LB, we observed a new pore formation mechanism induced by the
long needle intermetallics in the as-cast substrate, termed IM-pores (see
Supplementary Video V2). Fig. 4 reveals the formation mechanism of
IM-pores (green solid circle) where the inserts indicate the (z-y) cross
sections of the melt pool. The printing conditions with laser power of
300 W and scan speed of 600 mm/s form a stable ‘I’-shaped keyhole
(Fig. 4(a)) during PBF-LB. However, as the melt pool passes over the
needle-shaped intermetallic (indicated by the blue arrow), a localised
instability causes the keyhole to expand (Fig. 4(b)). Once the keyhole
boundary encounters the intermetallic, it reduces the surface tension of
the gas-liquid interface (with a gas-solid intermetallic interface). The
keyhole morphology changes (Fig. 4(c)), and part of the keyhole adheres

to the intermetallic, causing the formation of an IM-pore (Fig. 4(d)).
Interestingly, the size of IM-pore observed in Fig. 4(d) grows from an
equivalent radius of ~29 to ~40 um after 175 ps (Fig. 4(e)).

Although the IM-pore originates from a keyhole, the presence of
intermetallic compounds promotes its growth [31]. The growth of
bubbles is diffusion-controlled and can be largely affected by the
hydrogen concentration in the melt [32]. The intermetallic provides
preferential diffusion paths, gettering hydrogen from a larger volume,
increasing pore growth (Fig. 4 (d-e) and shown schematically in Fig. 4
(f)). Therefore, the entrapped gas within the IM-pore is hypothesised to
be a combination of argon and metal vapour from the keyhole and
hydrogen from the melt pool.

The substrate microstructure (large columnar intermetallic) effect
might be most significant during the initial layers for PBF-LB builds of
PAL. Its influence is expected to reduce as remelting and dilution that
homogenise the microstructure. To examine this effect, multi-layers (20
layers with layer thickness of 60 pm) and multi-hatches (80 hatches with
hatching distance of 150 pm to achieving hatch overlapping of ~50%)
samples were produced at P = 400Wand v = 800mm/s. The micro-
graphs (see Supplementary Fig. 3) show that the initial layers present
almost no intermetallic phases due to extremely rapid cooling condi-
tions. Beyond ~10 layers, slight heat accumulation leads to reduced
cooling rate and increased intermetallic formation (while with size < 1
pm), whose influence on pore formation is significantly smaller than that
of the large intermetallics present in the cast substrate. However, IM-
pore formation remains important for alloys, e.g. Al-Fe alloys [33,34],
with needle-shaped intermetallic/precipitate formed throughout the
build under AM conditions. Moreover, hybrid AM [35,36] and laser
coating processing [37] require (1) printing layer directly onto
conventionally manufactured blocks (which may contains large inter-
metallic phases), or (2) dissimilar alloy printing [38]. The interface with
microstructural difference and intermetallic formation remains a critical
region for IM-pore formation.

3.3. Synchrotron-derived process map

To understand the substrate influence on defect formation mecha-
nisms during PBF-LB of PAl Al alloy, we quantified the vapour
depression morphologies across various printing conditions (laser power
and scan speed combinations), producing a defect process map. Fig. 5
gives a synchrotron-derived process map of PBF-LB with PA1 powder on
PA1 (as-cast) and Al6061 (rolled) substrates. A wide range of printing



D. Guo et al.

Additive Manufacturing 124 (2026) 105229

(a)

500 |
m
g 400 - 5}
5 -
)
§ A No keyhole pore z¢
300 Keyhole pores E
W Conduction o
® Depression zone
A Stable keyhole
200 V¥ Quasi-stable keyhole
@ Unstable keyhole
T T T T T
0 400 800 1200 1600 2000
Scan speed (mm/s)
(b) ———————
No keyhole pore
500 - Keyhole pores ¢ v g
= 4
g v
g 400 &
3 b m
& S
A Stable keyhole
300 4 V¥ Quasi-stable keyhole
@ Unstable keyhole
T T T T T
0 400 800 1200 1600 2000

Scan speed (mm/s)

Fig. 5. Process map during PBF-LB of PA1 on (a) PA1 (as cast) substrate and (b) Al6061 (rolled) substrate, showing keyhole morphologies and defects formation.

conditions was selected for the PA1 substrate, achieving E; from 72.2 to
30.6 Js/2/mm to obtain melting modes from keyhole to conduction.
The observed vapour depression morphologies were unstable keyhole
(red), quasi-stable keyhole (blue), stable keyhole (green), large depres-
sion zone (purple) and conduction (black). The ‘unstable keyhole’ is
directly related to K-pore formation due to the liquid/gas interface
instability, as detailed in Section 3.2. The ‘quasi-stable’ keyhole is
defined as exhibiting less vigorous morphology fluctuations and no K-
pore formation. A ‘stable keyhole’ presents a nearly constant
morphology during the laser melting, also without K-pores. Compared to
the high depth-to-width ratio of the keyhole, the ‘depression zone’ mode
is shallow with a large opening area. Under the lowest E; conditions
(<37.5 Js'/2/mm), powder denudation is observed without a vapour
depression penetrating the substrate, termed as ‘conduction’ mode.

The K-pore and no K-pore regions for PAl substates are shown as
orange and green areas, respectively, in Fig. 5(a), with the K-pore region
corresponding to the unstable keyhole melting mode. The black
boundaries indicate the H-pore regions. When printing with high energy
in the unstable and quasi-stable keyhole modes, the number of H-pores
in the enlarged pool increases significantly (>10). For medium E; con-
ditions (37.5-51 Js!/ Z/mm), like stable keyhole or depression mode, a
smaller melt pool leads to a smaller number of H-pores. When the input
energy is insufficient to generate a depression zone (conduction mode),
no H-pores can be observed as the melt depth is limited. The blue line
indicates the ETD regions, with ETD formation under high laser power
printing conditions. This might be due to the high residual heat when
turning off the laser on high power. Even in conduction mode with no
significant vapour depression zone, ETD can be observed with laser
power higher than 400 W, due to the accumulated residual heat at the
track end which causes a local expansion of the depression zone into the
substrate [29], see Supplementary Fig. 4. Therefore, we suggest printing
under stable keyhole (green) and depression zone (purple) conditions
when performing PBF-LB of PA1, minimising defect formation.

Selected printing conditions were used during PBF-LB on Al6061
substrates for comparison, as illustrated in Fig. 5(b). Similar to the as-
cast PA1 substrate, the K-pores on the Al6061 substrate appear with
unstable keyholes, a large number of H-pores appear with higher E
conditions, and ETD appears with high laser power. Due to smaller laser
spot size was used when printing on Al6061 substrate, the E; is higher
under the same laser power and scan speed. Therefore, we observe that
the unstable keyhole region for the Al6061 substrate is shifted towards a
lower E; region (lower power and scan speed combinations), i.e. causing
the shift of the boundaries between the K-pore/no K-pore region (orange
dotted line). Similarly, the boundary between large/small amounts of
the H-pore region (black line) shifts towards the lower E; regimes. This
could be due to a smaller spot size for the Al6061 runs, leading to higher
power density compared to the PA1 runs, resulting in a larger melt pool
in PA1 with increased dissolved hydrogen.

Due to the existence of large columnar intermetallics in the PA1
substrate, we observed IM-pores in the built tracks under all print con-
ditions in Fig. 5, except the conduction mode (black), which has limited
interaction between the laser beam and substrate. In comparison, the
Al6061 (rolled) substrate exhibits fine intermetallic (with an equivalent
diameter <5 pm), see SEM images in Supplementary Fig. 5. The inter-
metallic size is negligible compared to the melt pool size; therefore, no
IM-pores were observed during PBF-LB with an Al6061 (rolled) sub-
strate see an example in Supplementary Fig. 6, under stable keyhole
mode (P = 300W and v = 600mm/s).

3.4. Quantification of K-pores and IM-pores

The small-sized H-pores usually have limited influence on compo-
nent quality, while large-sized K-pores [39] and IM-pores are likely to be
more detrimental to the mechanical properties of the build part
involving rapid cooling and intermetallic formation within the func-
tional region of the build. To understand large pore formation across
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different printing conditions, we quantified the number and total area
per track unit length (mm) of K-pores and IM-pores as a function of
imparted specific energy (E;) on PA1 (as-cast) substrate (see Fig. 6).
K-pore and IM-pore were distinguished manually after segmentation and
quantification, according to their formation mechanism detailed in
Section 2.3:

(1) IM-pores are typically formed adjacent to large intermetallic
phases via keyhole attachment and deformation at the intermetallic
surface, whereas K-pores are formed as a result of keyhole instability and
collapse at the keyhole tip.

(2) IM-pores tend to grow after formation, combined with hydrogen
gas expansion, whereas K-pores typically shrink during solidification.

As shown in Fig. 6(a), both the number and total area of K-pores
increase with increased E; due to increased keyhole instability under
higher imparted specific energy conditions. Note there is a E; threshold
of 65 Js/2/mm, above which the number and total area of K-pores
double. In comparison, The number and total area of K-pores with the
Al6061 substrate are significantly lower than the PA1 substrate under
similar Es conditions. Due to experimental constraints, the parameter
space explored for the Al 6061 substrate is limited. Therefore, compar-
isons between substrates are restricted to the investigated the imparted
specific energy range. When the melt pool passes through or adjacent to
large columnar intermetallics in the as-cast PAl substrate, there are
localised flow perturbations in the melt pool, increasing keyhole insta-
bility and keyhole pore formation. In contrast, the Al6061 substrate with
a fine microstructure and no large intermetallic shows fewer K-pores
(~1.6 pores/mm track) and with a smaller size (average pore area of
~841 pm2/mm track). While both compositional differences and sub-
strate microstructure may influence melt pool behaviour, the observed
spatial relationship between coarse intermetallic and pore initiation
position indicates that substrate microstructural heterogeneity plays a
significant role in IM-pore formation. However, the potential contribu-
tion of alloying elements to melt thermophysical properties cannot be
excluded and would need further systematic investigation.

Unlike K-pores that are mainly controlled by the imparted specific
energy, the formation of IM-pores is influenced by both the imparted
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specific energy and substrate conditions. Fig. 6(b) quantifies the number
and total area of IM-pores as a function of E; printed at 400 W laser
power. As the tracks, under the same laser power, were built on the same
substrate containing similar microstructure (intermetallic size and vol-
ume fraction), the number of IM-pores observed is in the same range,
even across different scan speeds. For example, the IM-pore number is
approximately 1.75/mm track with 400 W power in Fig. 6(b) compared
to below 1/mm track with 300 W power (see Supplementary Fig. 7).
Regardless of the substrate influence, the number and total area of IM-
pores increase with an increase E; in each case. This is due to the
increased energy input leading to a larger keyhole/depression zone and
melt pool, which could allow a greater chance of interaction with the
intermetallics to form more IM-pores. In addition, the larger melt pool
contains more hydrogen, enhancing IM-pore growth. Therefore, the
average IM-pore size is expected to be larger with increased energy
input.

4. Conclusions

We have designed a eutectic Al alloy, PA1, based on the Al-Ni-Ce-Mn-
Fe alloy system for AM applications. Microstructural analysis revealed
that PA1 produced by PBF-LB exhibits an extremely fine eutectic
structure of ~200 nm. To better understand the influence of the sub-
strate microstructure on printability and defect formation, we employed
high-speed in situ synchrotron X-ray imaging to capture melt pool dy-
namics during PBF-LB. Four distinct defect types were identified,
including a newly discovered defect, termed IM-pore, which forms when
the keyhole interacts with large columnar intermetallic phases in the
substrate. Additionally, we quantify the number and total area of large
K-pores and IM-pores under various processing conditions and substrate
types. The large intermetallics in the substrate can induce IM-pore for-
mation; therefore, post-processing of the substrate including rolling or
heat treatment that can homogenise the microstructure could be bene-
ficial. By establishing process maps, we demonstrate that using opti-
mised parameter can minimise defect formation and enable the
production of high-quality components for both substrates. The
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optimised parameters may shift with different substrate types, but
consistently lies at moderate energy inputs with stable keyhole and
vapour depression regimes. This in situ study focuses on single-track AM
conditions to isolate the fundamental mechanisms governing melt pool
behaviour and intermetallic-melt interactions. To evaluate the micro-
structure influence on practical LPBF builds, complementary multi-
layers and multi-hatches build of PAl under certain condition was
also examined and discussed. A systematic investigation of fully three-
dimensional builds and their resulting microstructure and mechanical
properties will be pursued in future work to further validate the proc-
ess—structure-property relationship.
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