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Abstract: Optimizing the mechanical properties and fluidity of hypoeutectic Al-Si alloys in high-pressure die casting
(HPDC) is critical for manufacturing thin-walled components with large size. In this study, an AlSi10MnMg alloy was
fabricated by using a fluidity mold with three channels of different thicknesses to investigate the influence of TiB₂ on the
microstructure, mechanical properties, and fluidity of the alloy during long-distance filling in HPDC. Results show that
increasing the filling distance decreases the area fraction of externally solidified crystals (ESCs) and alloy density, while
porosity volume and size increase. The addition of 0.3 wt.% Al-4Ti-2B significantly reduced ESCs and porosity contents,
improving the filling distance from 1700 mm to 1833 mm. The reduction in ESCs in the castings by TiB₂ is attributed to
its ability to promote the migration of ESCs from the shot sleeve toward the melt center, where temperature and flow
velocity are higher. At a filling distance of 1300 mm, the ultimate tensile strength (UTS), yield strength (YS), and
elongation increased notably with addition of 0.3 wt.% Al-4Ti-2B. When the addition of Al-4Ti-2B was increased to 0.6
wt.%, the area fraction of ESCs in the channel increased compared to that with 0.3 wt.%, and the filling distance slightly
decreased to 1796.9 mm. Mechanical performance with 0.6 wt.% was inferior at short distances but surpassed that of 0.3
wt.% at distances beyond 1000 mm. This work reveals the role of TiB₂ in regulating solidification and flow during
long-range filling, offering new insights into the processability of HPDCAl-Si alloys.
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1 Introductions

Due to its high efficiency, precision, and excellent
thin-wall forming capability, high-pressure die casting
(HPDC) is widely used for mass production of critical
automotive components [1]. Hypoeutectic Al-Si alloys are
the preferred materials for lightweight and
multifunctional automotive parts due to their good fluidity,
excellent castability, balanced strength and toughness,
and low cost[2-4]. The increasing demand for energy
efficiency requires thinner and more integrated body
structural components while maintaining strength and
torsional rigidity, leading to greater structural complexity
in thin-walled parts[5]. The manufacture of large,

thin-walled castings with complex geometries imposes
higher demands on the long-distance fluidity and
mechanical stability of alloys in HPDC.

The coupled high-speed flow and rapid solidification
in HPDC produce a heterogeneous microstructure in
Al-Si alloys, consisting of a fine-grained surface layer, a
central zone rich in externally solidified crystals (ESCs),
and an intermediate eutectic band[6-8]. Gas entrapment and
incomplete filling of the melt in the mold cavity can lead
to casting defects such as porosity and shrinkage[9, 10]. The
mechanical properties of HPDC parts depend on the
heterogeneous solidification structure and porosity. Jiao et
al.[11] reported that in low-porosity AlSi10MnMg alloys,
cracks initiate mainly in the skin layer, whereas in
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high-porosity alloys, crack propagation occurs via
consolidation and collapse of pores. Fu et al.[12] found that
in Al-6Si-Mg alloys cast with long filling distances,
cracks originate from the ESC/eutectic Si interface in
low-defect conditions, and from porosity in high-defect
regions.
Melt fluidity is closely linked to solid phase evolution

during filling, as the flow stops once a critical fraction of
solid has formed. Han et al.[13] suggested that increasing
solid content during HPDC causes a pressure drop in the
cavity, and filling ceases when the resistance equals the
driving pressure. The resistance of semi-solid melt to
flow depends on solid fraction and grain size, with
resistance rising rapidly once the solid fraction reaches a
critical value, and smaller grains reducing shear
resistance [14, 15]. Therefore, understanding the coupled
behavior of solidification and flow is essential for
modifying microstructure, defect, and fluidity in HPDC
alloys. Extensive efforts have been made to improve the
mechanical properties and fluidity of HPDC Al-Si alloys
through alloy composition[16-18], slow shot speeds[19], fast
shot speeds[20]， casting temperature[21, 22], and vacuum
assistance[23]. However, to meet the demands of casting
ultra-large and complex thin-walled parts, additional
strategies are needed to further enhance the formability
and performance of HPDCAl-Si alloys.
Al-Ti-B is a widely used and cost-effective grain

refiner under gravity casting conditions, aimed at
improving as-cast microstructure, reducing defects, and
enhancing mechanical properties[24, 25]. The grain
refinement effect of Al-Ti-B stems from the
heterogeneous nucleation of α-Al promoted by TiB₂
particles in the presence of free Ti atoms, and this effect is
strongly influenced by alloy composition and cooling
rate[26]. The refinement provided by Al-Ti-B also
contributes to enhanced melt fluidity under gravity
casting conditions. Dahle et al.[27] demonstrated through
spiral flow tests that the addition of grain refiners
improves the fluidity of AlSi7Mg and AlSi11Mg alloys
when the Ti content exceeds 0.12%, while lower
additions reduce flowability. The alloy refined with
0.015% B exhibited the finest grains and the best fluidity.

Zhao et al.[26] reported that adding an Al-TCB master
alloy to A356 increased the spiral flow length by
approximately 35.4%, indicating a significant
improvement in melt fluidity.
Recently, some studies have extended the use of grain

refiners to the HPDC process, achieving improvements in
microstructure and mechanical properties of die-cast
Al-Si alloys[28, 29]. However, current research on TiB₂in
HPDC primarily focuses on its refining effect on primary
α-Al formed within the die cavity ((α-Al)II). In fact, the
melt experiences two solidification stages with distinctly
different cooling rates during HPDC: approximately
30–50 K/s in the shot sleeve and 100–200 K/s in the die
cavity. The heterogeneous microstructure and defect of
HPDC alloys forms through the coupling of solidification
and flow in die cavity. TiB2 has the potential to influence
solidification behavior during both the shot sleeve and
cavity stages, allowing for regulation of ESCs formation
in shot sleeve and solidification die cavity, thereby
optimizing microstructure and minimizing defects in die
castings. To date, the effects of Al-Ti-B on microstructure
evolution, defect formation, and fluidity during
long-distance melt flow in HPDC remain unclear and
require further investigation.
In this work, a fluidity test mold with three channels of

different thicknesses was employed to systematically
investigate the evolution of microstructure and porosity
along the filling distance in AlSi10MnMg alloy after the
addition of TiB₂, analyze the relationship between fluidity
and solidification behavior, and provide a new
perspective for optimizing the mechanical properties and
flowability of HPDCAl-Si alloys.
2 Experimental
2.1 Materials and fabrication process
A commercial AlSi10MnMg alloy was used in this study.
The melt was degassed at 750 °C by argon purging with
rotary impeller stirring for 10 minutes. The Al-4Ti-2B
master alloy containing TiB₂ particles was added to the
melt at the 5th minute during degassing. Detailed
information on the Al-4Ti-2B can be found in our
previous work[30]. The addition levels of Al-4Ti-2B were
0%, 0.3%, and 0.6% (all compositions are in wt% unless
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otherwise specified), and the corresponding alloys were
designated as A0, A1, and A2. The chemical compositions
of the alloys, measured using a spark direct-reading
spectrometer, are listed in Table 1. Approximately 650 g
of melt per shot was transferred to an LK-DCC 280T cold
chamber die casting machine equipped with a vacuum
system. The casting parameters were as follows: pouring
temperature 700 °C, slow shot speed 0.2 m/s, fast shot
speed 2 m/s, injection pressure 15 MPa, and mold
temperature 120 °C. A spiral-shaped fluidity test mold
containing three channels was employed to evaluate alloy
fluidity, as illustrated in Fig. 1(a). The dimensions of the
three channels were: L1 (10 × 6 × 1500 mm), L2 (8 × 4 ×
 1500 mm), and L3 (10 × 6 × 1500 mm). The flow length
of each casting was used to assess the fluidity of the
alloys. Casting trials were initiated after confirming mold
temperature stabilization at 120 °C. The first 20 castings
were discarded to ensure stability of castings. For each
alloy composition, the average flow length was calculated
based on 10 valid castings.
2.2 Microstructure characterization
Samples for optical microstructure observation were
sectioned at 500 mm from channels L1, L2, and L3. The
L2 was selected as the representative to investigate the
microstructural evolution along the flow path, with
samples taken at 100 mm, 500 mm, 1000 mm, and 1500
mm, as shown in Fig. 1(a). All specimens were ground
using silicon carbide papers and polished with diamond
suspension, followed by observation using an optical
microscope (OM, Zeiss, Axio Vert. A1). The area fraction
of externally solidified crystals (ESCs) was quantified
using ImageJ software. The sample at 500 mm in L2 was
further examined using scanning electron microscopy
(SEM, IT800-SHL, JEOL). For density measurements,
specimens with dimensions of 8 × 4 × 5 mm³ were cut
from L2 at 100 mm, 500 mm, 1000 mm, and 1500 mm.
The density was measured using the Archimedes drainage
method, and each sample was tested five times to obtain

an average value.
Cylindrical samples (Φ3 × 5 mm) were taken from 500

mm and 1000 mm along the L2 runner for X-ray
computed tomography (X-ray CT, Zeiss, Xradia 610
Versa), as shown in Fig. 1(b). The working voltage,
current, and voxel size were set to 120 kV, 146 μA, and
5μm, respectively. Dragonfly 3D software was used to
reconstruct the 3D morphology of pores. The 3D
equivalent diameter (DP) and sphericity (SP) of the pores
were calculated using Eqs. (1) and (2), respectively.
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V and S represent the volume and surface area of
individual pores, N is the number of pores within the
analyzed volume, and V₀ is the total volume of the
analyzed region. The area fraction (fESCs) and equivalent
diameter (deq) of externally solidified crystals (ESCs)
were calculated using Eqs. (3) and (4), respectively.
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2.3 Mechanical property tests
To analyze the evolution of mechanical properties along
the filling path, tensile samples were taken from the L2 at
100 mm, 500 mm, and 1000 mm, as shown in Fig. 1(c).
The specimens with dimensions shown in Fig. 1(c), were
tested at room temperature using a universal material
testing machine (SUNS, UTM-5105, P.R. China) under a
constant crosshead speed of 2 mm/min. For each
condition, at least five parallel samples were tested to
ensure data reliability.
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Fig. 1. (a) Configuration of casting and sampling position, (b) diagram of extracted CT sample, (c) dimension of tensile specimen

Table 1 the chemical composition of alloys in this work (wt%)

Alloys Si Mn Mg Fe Ti B Sr Al

A0(AlSi10MnMg) 10.66 0.56 0.32 0.12 0.097 - 0.012 Bal.

A1(AlSi10MnMg+0.3%

Al-4Ti-2B)
10.56 0.54 0.33 0.11 0.112 0.006 0.011 Bal.

A2(AlSi10MnMg+0.6%

Al-4Ti-2B)
10.62 0.55 0.34 0.12 0.124 0.113 0.012 Bal.

3 Result and discussion
3.1 Microstructure under different section thickness
Typical SEM images and corresponding EDS elemental
maps of the HPDC Al-Si alloy are presented in Fig. 2.
Two morphologically distinct types of α-Al grains can be
clearly observed in the SEM images: coarse dendritic
ESCs (yellow arrows) and fine secondary (α-Al)II grains

(red arrows). The regions between α-Al grains consist of
coral-like eutectic structures (blue arrows) and blocky
Fe-rich phases (orange arrows). The high cooling rate in
the die cavity promotes the formation of blocky α-Fe
phases instead of the needle-like Fe-rich phases typically
observed in conventional metal mold casting [31].

Fig. 2 (a) SEM map and corresponding element distribution maps based on EDS in500 mm of L2, (b) Al, (c) Si, (d) Mn, (e) Mg, (f) Fe.
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Cross-sectional optical micrographs from surface to
center across of L1, L2, and L3 are shown in Fig. 3(a–c),
respectively. All three thickness conditions exhibit
pronounced structural heterogeneity, with coarse ESCs
concentrated at the center and fine (α-Al)II along with
eutectic Si dominating the surface. The distribution of
area fraction of ESCs across the section for L1, L2, and
L3 is presented in Fig. 3(d), showing an increasing trend
from surface to center for all channels. This is attributed
to the higher cooling rate at the surface, which promotes
nucleation of (α-Al)II and eutectic Si[32, 33] ， and the
migration of ESCs toward the center driven by Magnus
force under high-speed melt flow [34]. A eutectic-rich band
is observed between the surface and center, referred to as

the eutectic band. This band results from the
accumulation of Si-rich residual liquid induced by
rheological shearing of the solid-liquid mixture during
filling[35]. Notably, the eutectic band width decreases with
decreasing runner thickness. When the runner thickness
was reduced from 6 mm (L1) to 2 mm (L3), the eutectic
band width decreased from 1192 μm to 152 μm. This is
because a thinner channel leads to a higher cooling rate in
the die cavity, which accelerates nucleation of (α-Al)II and
eutectic Si, increasing the solid fraction more rapidly.
Consequently, the increased solid fraction imposes greater
resistance to melt flow and shearing in the semi-solid
region, reducing the accumulation zone of residual liquid
and thus narrowing the eutectic band.

Fig. 3 Optical microstructures of the cross-section through surface to center at a flow distance of 500 mm: (a) L1, (b) L2, (c) L3. (d)

Distribution curves of area fractions of ESCs along the cross-section.

Microstructures at different positions in thickness
(surface, eutectic band, center) for L1, L2, and L3 are
shown in Fig. 4. It is evident that area fraction of ESCs
and density decrease significantly with decreasing

thickness of channel across all regions. In L3, ESCs are
barely visible at the surface. This is attributed to the
higher shear force imposed by the melt in channel with
greater cross-sectional changes, which intensifies the
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fragmentation of ESCs during flow[36]. Furthermore, the
size of (α-Al)II grains also decreases markedly with

decreasing runner thickness, due to the enhanced
nucleation driven by higher cooling rates[37].

Fig. 4 Optical microstructures of L1 (a) - (c), L2 (d) - (f) and L3 (g) - (i) at different locations in the cross-section, (a), (d) and (g) are at the

surface, (b), (e) and (h) at the eutectic band, (c), (f) and (i) at the center.

3.2 The effect of TiB2 on ESCs and porosity along
filling distance
The L2 was selected as a representative to analyze the
microstructural evolution with increasing filling distance.
Fig. 5 shows the microstructure at the center of L2 for
different TiB₂ addition levels along various filling
distances. Specifically, Fig. 5(a–d) corresponds to A0, Fig.
5(e–h) to A1, and Fig. 5(i–l) to A2. As shown in Fig. 6(a),
the area fraction of ESCs declines as the filling distance
increases, and their average diameter also decreases, as
illustrated in Fig. 6(b)。On one hand, in the shot sleeve,
heat dissipation primarily occurs through the sleeve wall
and plunger, resulting in a temperature gradient where the
melt temperature increases with distance from the plunger.
This leads to reduced ESC formation and growth with
increasing distance. On the other hand, the lower velocity
of ESCs compared to the liquid phase during high-speed
melt flow[12] also contributes to their decreasing content

along the flow direction. Moreover, the density of A0
decreases with increasing filling distance, which indicates
increasing porosity. After TiB₂ addition, both the area
fraction and size of ESCs decreased, while alloy density
increased, as shown in Fig. 6(a–c). Notably, the reduction
in area fraction and size of ESCs was more pronounced in
A1 than in A2, indicating that excessive TiB₂ addition
(i.e., 0.6%) leads to increased ESC content in the casting.
Interestingly, when the filling distance was below 1000
mm, the density of A2 was higher than A1; however,
beyond 1000 mm, A2 exhibited a lower density than A1.
Our previous work[30] indicated that the filling behavior
in the die cavity is governed not only by ESCs but also by
solidification dynamics. While TiB₂ addition increases the
amount of ESCs entering the cavity, it also improves the
uniformity of shear deformation and reduces porosity
formation. When the filling distance is less than 1000 mm,
the pressure transmitted from the plunger to the melt is
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sufficient, allowing TiB₂-induced optimization of
solidification in die cavity to dominate, resulting in higher
density in A2 despite its higher ESC content compared to
A1. However, at distances beyond 1000 mm, the reduced

plunger pressure leads to the ESCs obstruction of fluid
flow to dominate, thereby reducing the density of A2
relative to A1.

Fig. 5 Optical microstructures of different alloys along the flow distance: (a)-(d) A0, (e)-(h) A1, (i)-(l) A2. (a), (e), (i) are at 100 mm, (b), (f), (j)

are at 100 mm, (c), (g), (k) are at 100 mm, (d), (h), (l) are at 100 mm.

Fig. 6 Statistics of (a) area fraction of ESCs, (b) secondary dendrite spacing (SDS), and (c) density along the flow distance in L2.
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The mechanism by which TiB₂ affects formation of
ESCs in the shot sleeve is illustrated in Fig. 7. Without
TiB₂, heat loss through the sleeve wall induces a radial
temperature gradient, promoting (α-Al)II nucleation near
the wall, as shown in Fig. 7(a). Under these conditions,
ESCs nucleate and grow mainly near the sleeve wall,
governed by thermal gradients. Simulations using
ProCAST are shown in Fig. 7(d) and the results indicate
that the melt velocity increases from the sleeve wall
towards the center. According to the Magnus effect [34],
solid particles in the melt experience a force directing
them toward the center, promoting their migration (Fig.
7(c) and (e)). As the central melt has a higher temperature
and velocity, ESCs that migrate from the wall toward the
center are likely to undergo remelting and fragmentation.

When TiB₂ is added, it reduces the critical undercooling
needed for α-Al nucleation, allowing ESCs to nucleate
farther from the sleeve wall and weakening the
dependence on the thermal gradient. As a result, more
ESCs float freely in the melt. During high-velocity flow,
more ESCs migrate toward the center, where remelting
and fragmentation are more intense, ultimately reducing
the size and content of ESCs entering the cavity, as shown
in A1 (Fig. 7(f)). However, with further TiB₂ addition
(A2), the number of floating ESCs increases, and a
balance is eventually reached between ESC
fragmentation/remelting and their transport toward the
center, resulting in a net increase in ESCs entering the
cavity. Thus, an optimal TiB₂ content of 0.3 wt% is
identified.

Fig. 7 The schematic diagram of the mechanism for evolution of ESCs.

The 3D reconstructed morphologies of porosity at 500
mm and 1000 mm along L2 are shown in Fig. 8. As the
filling distance increases from 500 mm to 1000 mm, the
porosity volume fraction in A0 increases from 21.09% to
48.80%, while in A1 it rises from 14.88% to 21.69%. This
increase is consistent with the density reduction trend
shown in Fig. 6(c). Addition of TiB₂ significantly reduces
the porosity volume fraction at both locations. Scatter
plots of sphericity versus equivalent diameter of porosity
are shown in Fig. 8(e)–(h). A greater number of data
points appear in the lower-right region (larger, irregular

pores) at 1000 mm compared to 500 mm in both A0 and
A1, indicating increased formation of large pores with
increasing flow distance. Addition of TiB₂ causes a
leftward shift in both scatter plots, reflecting a reduction
in large pore size. As demonstrated in Fig. 6, addition of
0.3 % TiB₂ effectively reduces ESC content in the casting.
According to Dahle et al.[15], the resistance of semi-solid
slurries to shear deformation increases with solid fraction
and grain size. Therefore, the reduction in large ESCs
dendrites facilitates local particle migration and rotation,
enhancing melt flow and reducing porosity formation.
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Fig. 8 3D reconstruction of pores: (a)-(b) A0, (c)-(d) A1, (a) and (c) are at 500 mm of L2, (b) and (d) are at 1000 mm of L2, and (e)-(h) are

correspondingly scatter plots of the shape factor versus equivalent diameter.

3.3 The effect of TiB2 on fluidity and mechanical
properties
The actual castings of A0, A1, and A2 are shown in Fig.
9(a)–(c), and the corresponding measured flow lengths in
L1, L2, and L3 are summarized in Fig. 9(d). In the
thickest runner (L1), all three alloys completely filled the
mold cavity, making it unsuitable for evaluating
flowability differences. In L2, the flow lengths for A0, A1,
and A2 were 1700 ± 21.2 μm, 1833.3 ± 59.1 μm, and
1796.9 ± 24.9 μm, respectively. In L3, the values were
648.8 ± 13.4 μm, 740 ± 42.4 μm, and 746 ± 12.5 μm,
respectively. These results indicate that the addition of
TiB₂ significantly improves the alloy’s fluidity, with the
0.3 % Al-4Ti-2B addition (A1) performing better than the
0.6 % addition (A2). The driving force for melt filling in
the die cavity is the pressure transmitted by the plunger to
the liquid phase. As the solid fraction increases, the
resistance to melt flow rises accordingly [14], leading to a
pressure drop in the interdendritic liquid. When this
pressure drop approaches the driving pressure, flow
ceases. Han et al.[38]reported that the presence of ESCs
accelerates the pressure drop, thereby hindering liquid
phase filling and deteriorating alloy fluidity. Since the
addition of TiB₂ effectively reduces the ESCs content in

the castings, it helps to improve fluidity.
The ultimate tensile strength (UTS), yield strength

(YS), and elongation of the alloys at different filling
distances are presented in Fig. 9(e), (f), and (g),
respectively. Notably, when the filling distance exceeded
1000 mm, all three alloys—A0, A1, and A2—exhibited a
significant deterioration in mechanical performance. For
example, the UTS of A0 decreased from 241 MPa at 100
mm to 192 MPa at 1500 mm, while the elongation
dropped from 3.5% to 1.8%. This degradation is mainly
attributed to the increase in large porosity at the far end of
the cavity due to poor filling. Both A1 and A2 exhibited
higher UTS, YS, and elongation compared to A0,
indicating that the addition of TiB₂ improves the
mechanical performance of the alloy. This improvement
is primarily due to the reduction of ESCs and porosity in
the castings induced by TiB₂ addition.

Interestingly, for filling distances less than 1000 mm,
A2 exhibited higher elongation than A1. However, when
the filling distance exceeded 1000 mm, elongation of A2
became lower than that of A1. This trend is closely
related to porosity evolution. As shown in Fig. 6(c), A2
exhibited higher density than A1 at filling distances
below 1000 mm, indicating lower porosity content;
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whereas at distances beyond 1000 mm, density of A2
dropped below that of A1, reflecting increased porosity

and thus reduced ductility.

Fig. 9 Castings of different alloys: (a) A0, (b) A1, (c) A2 and (d) filling distance of A0, A1 and A2. (e) UTS, (f) YS, and (g) Elongation at

different flow distances in L2.

The fracture morphologies of A0 and A1 are shown
in Fig. 10. As observed in Fig. 10(a) and (d), the surface
of the of fracture A1 exhibits significantly fewer gas
pores and shrinkage defects compared to A0. At the
fracture center, both A0 and A1 display large shrinkage
clusters, which are attributed to insufficient feeding in the
final solidification zone. However, the size of the
shrinkage region in A1 (Fig. 10(e)) is notably smaller
than that in A0 (Fig. 10(b)). ESCs were observed

surrounding the shrinkage cavities, as shown in Fig. 10(c),
indicating that the presence of ESCs impedes melt flow,
promoting shrinkage formation. These coarse shrinkage
pores serve as crack initiation sites and facilitate crack
propagation, thereby degrading the mechanical
performance of the alloy. The addition of TiB₂ effectively
reduces porosity, thus contributing to improved
mechanical properties.

Fig. 10 Fracture morphology of (a)-(c) A0 and (b)-(c) A1, (a) and (d) are surface and (b) and (e) are center, (c) and (f) are enlarged images of

the regions in (b) and (e), respectively.
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5 Conclusions
In this study, long-distance fluidity test castings of
AlSi10MnMg alloy were produced via high-pressure die
casting (HPDC), and the effects of TiB₂ on microstructure,
mechanical properties, and fluidity at various filling
distances were systematically investigated. Based on the
experimental results and analyses, the following
conclusions can be drawn:
(1) The microstructure varied significantly with

thickness of channel. When the thickness of channel
decreased from 6 mm to 2 mm, the area fraction of ESCs
and the width of the eutectic band at a flow distance of
500 mm decreased from 12% and 1192 μm to 2% and 152
μm, respectively.
(2) With increasing filling distance, the content of

ESCs and porosity in the castings decreased,
accompanied by a reduction in density. The addition of
Al-4Ti-2B effectively reduced the area fraction and size
of ESCs, as well as the volume fraction and size of pores.
The alloy with 0.3 wt.% addition (A1) exhibited lower
ESC area fraction and smaller ESC size compared to the
0.6 wt.% alloy (A2). For filling distances below 1000 mm,
A1 showed lower density than A2, whereas for distances
above 1000 mm, A1 exhibited higher density.
(3) As the filling distance increased up to 1000 mm, the

mechanical properties of the castings deteriorated
significantly. The addition of 0.3 wt.% and 0.6 wt.%
Al-4Ti-2B increased the flow length in L2 from 1700 mm
to 1833 mm and 1796.9 mm, respectively. With 0.3 wt.%
Al-4Ti-2B, the UTS, YS, and elongation at a filling
distance of 1500 mm improved from 190.1 MPa, 137
MPa, and 1.9% to 249.3 MPa, 144.5 MPa, and 4.0%,
respectively. For distances below 1000 mm, A1 exhibited
lower UTS and elongation than A2, while for distances
above 1000 mm, A1 showed superior tensile performance
compared to A2.
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