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Abstract
Laser Powder Bed Fusion (LPBF) enables the production of complex aluminium components, but high-strength
alloys like 2024 are prone to hot cracking. This work investigates the processability of a modified Al-Cu-Mg
alloy containing titanium and ceramic grain refiners, which enhance printability and reduce defect formation.
Laser power and scanning speed were varied under two different layer thickness configurations to assess their
influence on density and mechanical performance. In both cases, relative densities above 99.5% were
achieved. However, the low layer thickness condition led to superior mechanical properties, with a peak mi-
crohardness of 163.7 HV, compared to 154 HV for the high layer thickness. Post-processing heat treatments
were applied to selected samples, including direct ageing and two solution plus artificial ageing routes. These
thermal cycles enabled the development of different microstructures and resulted in improved mechanical

performance in selected cases.

1. INTRODUCTION

Additive Manufacturing (AM), particularly Laser
Powder Bed Fusion (LPBF), has revolutionized the
production of complex metal components by enabling
precise material deposition with minimal waste. This
advancement is particularly relevant in the helicopter
industry, where lightweight, high-strength materials
are essential for improving performance, fuel effi-
ciency, and payload capacity. The ability of AM to pro-
duce intricate geometries with optimized mechanical
properties makes it an attractive solution for fabricat-
ing critical aluminium components, such as structural
frames and dynamic drive system components, which
must withstand operating conditions while minimizing
weight. The most commonly used alloys in LPBF for
aluminium components are Al-Si based systems, with
AlISi10Mg being the most widely adopted. These al-
loys have been extensively studied in recent years
and, although their performance can be improved
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spaces. As solidification progresses, volume contrac-
tion and localized stresses can induce the separation
of molten and solidified phases, resulting in crack for-
mation. In addition to influencing solidification-related
defects, process parameters also play a crucial role
in determining the mechanical performance of the fi-
nal component [4]. This is because they can affect the
amount of alloying elements retained in solid solution,
the resulting grain morphology, and the complex ther-
mal history experienced by the material during the
layer-by-layer melting and solidification process. To
further suppress hot cracking and enhance processa-
bility, recent research has explored the addition of
grain-refining inoculants such as titanium (Ti), zirco-
nium (Zr), and scandium (Sc) [5]. These elements
promote the formation of a fine equiaxed grain struc-
ture instead of columnar grains, which are particularly
prone to crack formation due to their orientation and
reduced ability to accommodate thermal stresses.
The formation of cracks is especially prevalent in re-
gions where a strong columnar structure dominates,
and the transition to a more equiaxed microstructure
is therefore a key objective in improving material in-
tegrity [6]. In particular, the formation of Al;M (where
M could be Ti, Zr, or Sc) particles at the melt pool
boundaries refines the microstructure and improves
the overall structural integrity of the material. Heat
treatments are essential for improving the mechanical
properties of aluminium alloys, primarily by controlling
the amount and distribution of alloying elements in
solid solution and in the form of strengthening precip-
itates [7]. However, components produced by LPBF
exhibit a unique and complex thermal history, which
often leads to inhomogeneous solute distributions
and the formation of metastable phases [8], [9], com-
plicating the post-processing phase. Solution heat
treatments at elevated temperatures aim to dissolve
alloying elements into the aluminium matrix, creating
a supersaturated solid solution upon rapid cooling.
This step helps reduce elemental segregation, relieve
internal stresses, and prepare the material for aging
treatments, where fine precipitates such as 6 (Al,Cu)
and S (Al,CuMg) form and strengthen the alloy by im-
peding dislocation motion through mechanisms like
Orowan looping [10]. Despite these advantages, al-
loys that rely on age hardening at relatively low tem-
peratures (typically 150-200 °C) present specific
challenges. These temperatures are often too low to
effectively relieve residual stresses generated during
LPBF. Conversely, stress-relief (SR) treatments per-
formed in the 300—400 °C range are more efficient in

relaxing internal stresses but can cause undesirable
effects, such as grain coarsening and partial dissolu-
tion of strengthening phases, ultimately compromis-
ing mechanical performance. If a solution treatment is
applied afterward, there is a risk of further microstruc-
tural coarsening, which can erase the beneficial ef-
fects of the fine microstructure developed during rapid
solidification. As a result, conventional heat treatment
strategies are often unsuitable for LPBF-processed
high-strength aluminium alloys, making the definition
of an optimal thermal cycle particularly challenging.
This study investigates the interplay between LPBF
process parameters and the resulting material prop-
erties, focusing on key factors such as density, mi-
crocrack formation, microstructure evolution, and me-
chanical performance. The material analysed is the
high-strength aluminium alloy 2024 RAM2, a modified
Al-Cu-Mg alloy incorporating Ti and ceramic rein-
forcements, as grain refiner, to improve printability
and defect resistance. By systematically optimizing
processing parameters and incorporating grain refin-
ers, the study aims to identify conditions that enable
defect-free manufacturing. Following this, different
post-processing treatments were applied to evaluate
how the complex microstructure can be further tai-
lored to achieve the best possible performance, en-
suring that LPBF-fabricated aluminium components
meet the demanding requirements of helicopter appli-
cations.

2. MATERIALS AND METHODS

This study investigates the 2024 RAM2 aluminium al-
loy, a modified Al-Cu-Mg system incorporating tita-
nium and ceramic particles to enhance microstruc-
tural refinement and suppress solidification-related
defects. These additions act as effective nucleation
agents, promoting grain refinement, reducing thermal
stresses, and mitigating the formation of hot cracks.
The manufacturing strategy was based on a system-
atic optimization of Laser Powder Bed Fusion (LPBF)
parameters to enable the production of high-density,
defect-minimized components. Specimens were fab-
ricated by varying key process parameters—Iaser
power (P;), scan speed (vsq,), hatch distance
(dnatcn), and layer thickness (tq.r)—Which collec-
tively define the volumetric energy density (E,), as ex-
pressed in Equation (1):

Py

(1) E, =

Vscan * Ahatch* tiayer



In this study, laser power and scan speed were var-
ied, and their values are presented in the paper as
percentages normalized to the maximum tested
value, which was set as 100%. The hatch distance
was kept constant throughout all experiments. Two
different layer thicknesses—referred to as low LT and
high LT—were also tested to evaluate their influence
on part quality.

To assess the impact of these parameters on material
integrity, volumetric specimens were produced using
various parameter combinations. The density of each
sample was measured using a visual method: the
specimens were polished to a mirror finish and ana-
lysed under optical microscopy. By adjusting the im-
age contrast, internal voids appeared darker than the
surrounding material and were quantified through im-
age analysis. This allowed for the calculation of rela-
tive density based on the percentage of voids.

Once the optimal process parameters were identified,
cubic specimens were fabricated to evaluate me-
chanical properties. Microstructural characterization
was conducted using optical microscopy and scan-
ning electron microscopy (SEM), which provided de-
tailed views of grain morphology, phase distribution,
and residual defects.

Mechanical performance was assessed through Vick-
ers microhardness testing, performed using a 50 g
load and a 15-second dwell time, specifically target-
ing the aluminium matrix. This testing enabled evalu-
ation of both the influence of LPBF parameters and
the effects of subsequent heat treatments.

Three post-processing heat treatment conditions
were investigated: a T5 (direct ageing) treatment
commonly used for AISi10Mg alloys, and two T6 (so-
lution treatment followed by artificial ageing) treat-
ments. The first T6 condition followed a standard
schedule typically used for cast 2024 alloys (T6-1),
while the second was developed as a rapid industrial
variant, aimed at reducing production time and costs
by leveraging the fine LPBF microstructure (T6-2).
The complete time-temperature profiles for each heat
treatment step are detailed in Table 1.

Table 1: Heat treatment strategies.

Name Tsol tsol Tage tage
T5 - - 180 20

T6-1 493 1.5 180 24

T6-2 493 1.5 150 12

3. PROCESS
3.1. Density

To systematically evaluate the influence of process
parameters on part density, a total of 36 samples
were fabricated using various combinations of laser
power and scanning speed across the two distinct
layer thickness configurations: low LT and high LT.
These parameters were selected to span a broad
range of E,, allowing for the identification of optimal
printing conditions. From the full set, a representative
subset of 15 samples per layer thickness condition
was selected for detailed density analysis. To obtain
reliable and statistically meaningful data, 20 optical
micrographs were captured for each specimen at
200% magnification. The samples were carefully pol-
ished to ensure flat and reflective surfaces, enabling
accurate visual inspection of internal voids. Image
analysis was performed by enhancing the contrast
between the fully dense aluminium matrix and any in-
ternal porosity. Darker regions corresponding to
pores were automatically segmented, and their area
was quantified in relation to the total field of view. This
method allowed the calculation of the relative density
of each sample with high precision. The results are
presented in Fig. 1, which shows the measured den-
sities as a function of normalized volumetric energy
density. For the low LT condition (Figure 1a), a clear
and consistent trend was observed: once the energy
density exceeded approximately 50% of the maxi-
mum tested value, most samples reached a density
plateau, with relative densities commonly exceeding
99.5%. Within this regime, a stable processing win-
dow was identified between 54% and 75% of the
maximum E,,, which is highlighted in green in the fig-
ure. This region represents an optimal balance be-
tween sufficient melting and avoidance of excessive
thermal input. In contrast, the behaviour of samples
produced using the high LT configuration (Figure 1b)
was more variable. Although no well-defined plateau
was observed, a relatively narrow processing window
between 65% and 82% of the maximum energy den-
sity showed the best overall results, with several sam-
ples again achieving densities above 99.5%. Despite
the broader scatter in this case, this range is consid-
ered the most favourable for producing dense parts
under high LT conditions. Importantly, samples pro-
duced at the highest energy densities, especially in
the low LT group, were excluded from the optimal
range, despite sometimes showing high density val-
ues. These conditions were associated with several
detrimental effects. Very high energy inputs can lead
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Figure 1: Relative density vs. E, for samples with (a)
low layer thickness and (b) high layer thickness.

to keyhole porosity, due to deep and unstable melt
pools that trap gas during solidification [11]. Addition-
ally, high temperatures can cause selective evapora-
tion of alloying elements, particularly magnesium
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(Mg), which is highly volatile. The loss of Mg compro-
mises the alloy’s capacity to form strengthening pre-
cipitates, ultimately reducing mechanical perfor-
mance. Excessive energy also promotes melt pool in-
stability, increasing the likelihood of spattering, sur-
face roughness, and thermal fluctuations during so-
lidification. Finally, high energy densities tend to fa-
vour the formation of columnar grains over equiaxed
ones, resulting in a more anisotropic and less desira-
ble microstructure [12]. For these reasons, even
though some samples produced under these condi-
tions exhibited high relative densities, they were not
considered viable and were excluded from the opti-
mal processing window. The optimal range is high-
lighted in Figures 1a and 1b, delineated by green
lines.

3.2. Hardness

To further investigate the relationship between pro-
cess parameters and mechanical performance, all
samples that fell within the optimal density window,
identified in the previous section, were selected for
microhardness testing. This subset included 13 sam-
ples produced with low LT and 9 samples fabricated
with high LT, reflecting the parameter combinations
that resulted in the highest relative densities. Each of
these samples underwent Vickers microhardness
testing, with six measurements per specimen taken
on the aluminium matrix to ensure statistical
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Figure 2: Microhardness vs. (a) laser power and (c) scanning speed for samples with low layer thickness; (b)
laser power and (d) scanning speed for samples with high layer thickness.



reliability. The aim was to correlate microhardness
values with laser power and scanning speed, and to
identify any trends associated with the variation in en-
ergy input across both thickness batches. The results
for the low LT group are reported in Fig. 2a and 2c,
showing microhardness values plotted against E,, and
Vscan- A clear peak in mechanical performance is ob-
served, with the highest values occurring in the region
of approximately 81% of maximum laser power and
75% of maximum scanning speed. Within this area,
the best-performing sample exhibited a microhard-
ness of 163.7 HV. For samples produced using the
high LT configuration, the results are presented in
Fig. 2b and 2d. While these specimens also reached
relatively high hardness values (up to 154 HV), the
trend differs from that seen in the low LT group. In this
case, a continuous increase in hardness was noted
with rising power and scan speed, and no clear plat-
eau was reached within the tested parameter range.
This suggests that the optimal mechanical perfor-
mance for high LT may lie beyond the upper bounds
of laser power and scanning speed evaluated in this
study. However, further investigation was not possi-
ble due to limitations in the maximum laser power out-
put of the LPBF machine. Taking into account the
more stable densification behaviour, the superior mi-
crohardness values, and the reduced surface rough-
ness associated with thinner layers—which is partic-
ularly beneficial for enhancing fatigue resistance—
the low LT configuration was selected for further ma-
terial characterization. Several cubic specimens were
fabricated using the specific combination of laser
power and scanning speed that corresponded to the
observed peak in mechanical properties. These sam-
ples served as the basis for subsequent microstruc-
tural analysis and heat treatment studies aimed at
fully assessing the performance potential of the opti-
mized LPBF-processed alloy.

3.3. Microstructure

The as-built microstructure of the 2024 RAM2 alloy,
shown in Fig. 3a, exhibits the typical characteristics of
components produced by laser-based technologies.
The melt pool boundaries are clearly defined, and no
significant porosity or hot cracking is observed, indi-
cating stable processing conditions. Optical and
scanning electron microscopy reveal a homogeneous
and ultra-fine equiaxed grain structure, with average
grain sizes on the order of 1 ym. This fine structure
results from the rapid solidification rates typical of
LPBF and the presence of titanium and ceramic

particles, which do not fully melt during processing.
These particles serve as heterogeneous nucleation
sites, effectively promoting grain refinement and help-
ing to reduce thermal stresses during solidification.
The reinforcing phases are clearly distinguishable
from the aluminium matrix: titanium particles appear
larger and nearly spherical (around 20 ym in diame-
ter), while the ceramic phase is finer, darker, and ir-
regular in shape, typically between 1 and 5 ym. Along
grain boundaries, a continuous eutectic network is
observed, enriched with copper and magnesium,
which segregate during solidification. These micro-
structural features—ultra-fine grains, refined eutectic
regions, and solid solution strengthening—contribute
to the excellent mechanical properties observed in
the as-built condition. The absence of defects and the
high level of microstructural refinement confirm the ef-
fectiveness of both the alloy design and the LPBF pa-
rameters in producing high-performance, structurally
sound components. These observations are con-
sistent with findings reported in previous studies on
the same material system [13], [14].

4. POST-PROCESS
4.1. Microstructure

Moving on to the analysis of the heat-treated micro-
structures, the specimen subjected to the T5 condi-
tion—direct aging at 180 °C for 20 hours—maintains
the ultra-fine equiaxed grain structure characteristic
of the as-built state (Fig. 3b). The eutectic network re-
mains visible along the grain boundaries, suggesting
that it has not dissolved at this relatively low temper-
ature. However, compared to the as-built condition,
the grain contours appear slightly less defined. This
is likely due to the formation of early-stage precipi-
tates within the grains. These observations are in line
with the expected effects of a low-temperature aging
treatment, where diffusion is limited to short-range
atomic movement. As such, precipitation occurs with-
out triggering recrystallization or significant grain
growth, preserving the original microstructure while
initiating the strengthening process through solute
clustering. In contrast, the microstructures of the
specimens aged under T6 (Fig. 3c and 3d) conditions
appear substantially different and largely similar to
each other. The eutectic network has disappeared, in-
dicating its dissolution during the high-temperature
solution treatment phase. Instead, a high density of
nanometric precipitates is observed throughout the
matrix. Given the aging temperatures used in both



Figure 3: SEM images at 2000x of samples in different conditions: (a) as-bilt, (b) aged at 180 °C for 20 h,

(c) T6 with ageing at 180 °C for 24 h, and (d) T6 with ageing at 150 °C for 12 h.

treatments, these precipitates are likely associated
with the S-phase (Al,CuMg), which is known to pro-
vide the most effective mechanical strengthening in
this alloy system. No evidence of coarsening of sec-
ond phases is visible, confirming that the selected
time-temperature combinations are effective in pro-
moting precipitation without leading to over-aging.
These microstructural features are expected to en-
hance mechanical performance significantly, espe-
cially in terms of hardness and strength, due to the
uniform and fine distribution of strengthening phases.

4.2. Mechanical performance

The microhardness values corresponding to each
thermal condition are summarised in Table 2. The as-
built samples—fabricated using the optimal LPBF pa-
rameters at low layer thickness—exhibited an aver-
age hardness of 163.7 £ 11.4 HV. This relatively high
initial value reflects the contribution of the ultra-fine
grain structure and the high solute supersaturation
characteristic of rapid solidification. However, the el-
evated standard deviation suggests microstructural

metastability, potentially associated with residual
stresses, local segregation, and early-stage precipi-
tation phenomena. Following direct ageing at 180 °C
for 20 hours (T5 condition), the average microhard-
ness was 157.9 + 6.6 HV. While this value remains
within the uncertainty range of the as-built condition
and thus does not indicate a statistically significant
change, the lower standard deviation points to in-
creased microstructural stability. This behaviour is
consistent with the limited atomic mobility at this tem-
perature, which allows for initial precipitation and re-
laxation without significantly modifying the grain mor-
phology or eliminating the eutectic network. The two
T6 treatments, both involving solution annealing at
493 °C for 1.5 hours followed by artificial ageing, pro-
duced distinct results. The conventional T6 treat-
ment—artificial ageing at 180 °C for 24 hours—re-
sulted in a microhardness of 171.1 £ 4.6 HV. The in-
crease in hardness reflects the formation of fine, uni-
formly distributed S-phase precipitates, which effec-
tively obstruct dislocation motion. The comparatively



low standard deviation suggests a stable and fully de-
veloped precipitation state, likely indicating that the
system has reached or slightly surpassed the peak
ageing condition. In contrast, the rapid T6 cycle—fea-
turing artificial ageing at 150 °C for 12 hours—yielded
the highest hardness value of 204.3 + 9.6 HV. This
significant increase (~24% over the as-built condition)
can be attributed to the formation of a denser and
more refined precipitate population, which provides
enhanced resistance to plastic deformation. The
higher standard deviation, however, implies in-
creased heterogeneity, possibly due to incomplete
transformation or spatial variations in the ageing re-
sponse. This suggests that the peak ageing condition
may not yet have been fully achieved under these pa-
rameters. In summary, while both T6 treatments en-
hance the alloy’s mechanical response, the conven-
tional strategy (T6-1) yields a more stable condition
with modest improvement, whereas the rapid T6 of-
fers superior strengthening at the cost of slightly in-
creased variability (T6-2). These results highlight the
potential of accelerated heat treatment protocols to
improve performance and reduce production times for
LPBF-manufactured aluminium components.

Table 2: Vickers microhardness results for the alloy in
different heat treatment conditions.

Heat treatment HV Dev std
AB 163.7 +11.4
T5 157.9 + 6.6
T6-1 1711 +4.6
T6-2 204.3 +9.6

5. CONCLUSIONS

This study investigated the influence of LPBF pro-
cessing parameters on the microstructural and me-
chanical properties of the high-strength aluminium al-
loy 2024 RAM2, a modified Al-Cu-Mg alloy reinforced
with Ti and ceramic particles to enhance processabil-
ity and reduce defect formation. The primary objective
was to identify optimal process conditions that enable
defect-free additive manufacturing of an alloy tradi-
tionally considered non-printable, and to evaluate the
effect of post-processing strategies on the resulting
performance, with a view toward applications in the
aerospace sector.

The experimental results demonstrated that, through
the combined use of in-situ grain refiners and

parameter optimization, it was possible to fabricate
samples with relative densities exceeding 99.5%. In
particular, the use of thinner layer thicknesses re-
sulted in more consistent densification behaviour,
with density reaching a plateau within a specific win-
dow of volumetric energy density. In contrast, sam-
ples produced with thicker layers exhibited more var-
iable densification, without a clearly defined plateau,
indicating reduced process stability under these con-
ditions.

Microhardness measurements further supported
these trends. Samples produced with thinner layers
not only reached peak hardness values within the op-
timal densification window but also exhibited higher
absolute hardness compared to their thick-layer
counterparts. These findings, along with the superior
surface quality achievable with thinner layers—which
is especially relevant for fatigue-critical compo-
nents—led to the selection of low-layer-thickness
samples for further post-processing investigations.

A range of heat treatments commonly employed for
AM AISi10Mg alloys and cast 2024 alloys were ap-
plied to the as-built samples. While all post-pro-
cessing strategies resulted in improved mechanical
properties relative to the as-built condition, the most
effective approach was a modified T6 treatment spe-
cifically developed in this study. This cycle, involving
solution treatment followed by a shorter and lower-
temperature artificial ageing step, produced the high-
est hardness values among all tested conditions.
Moreover, it offers potential advantages in terms of
processing efficiency, enabling shorter cycle times
and lower energy consumption, which are critical fac-
tors for the industrial scalability of LPBF-produced
components.

Overall, the results confirm that the 2024 RAM2 alloy,
when processed under optimized LPBF conditions
and appropriately post-treated, can meet the perfor-
mance requirements necessary for demanding struc-
tural applications, such as those in the aerospace and
helicopter sectors.

6. FUTURE DEVELOPMENTS

The 2024 RAM2 alloy has shown excellent mechani-
cal performance, making it a strong candidate for aer-
ospace and rotorcraft applications. Its refined micro-
structure and high strength confirm the material's po-
tential in demanding structural environments.

However, its complexity introduces challenges that
must be addressed before large industrial adoption.



This study highlights how sensitive the material is to
process variations and the need for well-defined, re-
peatable workflows.

To fully understand the potential and limitations of
2024 RAM2, it will be important to compare it with
other advanced aluminium alloys using similar grain
refinement approaches.
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