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Abstract

This research investigates the microstructural evolution and mechanical properties of LM25 (Al-Si-Mg) alloy and Cr-modified LM25-Cr
(Al-Si-Mg-Cr) alloy. Microstructural analysis reveals distinctive €-Si phase morphologies, with Cr addition refining dendritic structures
and reducing secondary dendrite arm spacing in the as-cast condition. Cr modification results in smaller-sized grains and a modified &-Si
phase, enhancing nucleation sites and reducing &-Si size. Microhardness studies demonstrate significant increases in hardness for both
alloys after solutionising and aging treatments. Cr-enriched alloy exhibits superior hardness due to solid solution strengthening, and
prolonged aging further influences &-Si particle size and distribution. The concurrent rise in microhardness, attributed to refined dendritic
structures and unique &-Si morphology, underscores the crucial role of Cr modification in tailoring the mechanical properties of aluminium

alloys for specific applications.
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1. Introduction

The LM25 aluminium alloys (Al-6.6Si-0.3Mg) possess
diverse applications, particularly in the aerospace and automotive
sectors. The increasing demand for specific material qualities
such as tensile strength, yield strength, ductility, and tribological
and corrosion behaviour underscores the significance of precise
morphological ~ control  through meticulous composition

specification, metal casting methods, and subsequent T6 heat
treatment processes [1]. The solidification rate is a crucial factor
determining these aluminium alloys' properties, influencing the
microstructure's coarseness and porosity.

Rapid solidification produces finer microstructures with
improved mechanical and tribological characteristics [2-3]. As the
automotive industry increasingly turns to aluminium and its alloys
as a lightweight alternative to steel, there is a growing need for
higher-strength modified Al alloys for safety-critical parts [4].
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Hypoeutectic Al alloys (<12 wt% Si) are extensively utilized in
automotive industries for constructing vital components like
engine blocks and cylinder heads, commonly referred to as
"piston alloys" [5-6]. Chromium is integrated into various Al-Mg-
Si and Al-Mg-Zn groups to control grain structure, limit grain
development, and prevent recrystallization during heat treatment
or hot working. Adding chromium, not exceeding 0.35 wt% Cr,
allows dispersoid precipitation during high-temperature heat
treatments, enhancing corrosion and stress corrosion cracking
behaviour [7-12].

Researchers have found that chromium inclusion in Al-Si-
based cast alloys provides an alternative to iron and manganese
for improving die-soldering resistance [13]. Studies have shown
that chromium, like manganese, affects the plate-shaped [3-
Al5FeSi intermetallic in the inter-dendritic region of Al-Si-based
casting alloys [14-17]. The addition of chromium forms BCC-
structured AI3(Cr, Fe)4Si4 in the inter-dendritic region [14].
Further investigations have revealed that adding chromium and
iron to Al-Si piston alloys forms BCC structured a-Al-(Cr, Fe)-Si
intermetallic [15-18]. The effects of chromium and manganese on
the heat-treating behaviour of Al-3S-i0.6Mg cast alloy have been
explored, showing that including these elements allows
dispersoids in the Al matrix, enhancing Vickers microhardness
[19]. However, Cr-containing dispersoids may have minor
hardness effects and are frequently incoherent with the aluminum
matrix. Researchers have examined chromium concentration in
AlSiMg alloys, discovering the precipitation of nanoscale Cr-
bearing dispersoids and increased hardness [20-23].

Table 1.
Chemical composition of LM 25 and Cr-modified alloy

Al-Si-Mg alloy castings exhibit excellent mechanical
properties at room temperature, making them suitable for the
transportation industry, where they often replace steel
components. However, their limited wear resistance is a
significant drawback. LM25 alloys, designed for specialized
automotive applications, undergo alloying with various elements
to enhance tribological characteristics [24-27]. Given the specific
applications of Al-6.6Si-0.3Mg alloy in fabricating components
for the automotive industry, such as pistons, cylinders, and
cylinder heads, the current study aims to investigate the
microstructural evolution and microhardness of an Al-6.6Si-
0.3Mg-0.3Cr hypoeutectic alloy, focusing on the influence of
aging time.

2. Materials and Methods

The present investigation was conducted on two alloys with
composition, as shown in Table 1. The arc spectrometric analysis
was employed to ascertain the chemical composition of alloys A
and B. Alloy A, identified as LM25, and Alloy B, which
underwent modification through the addition of chromium (0.30
wt.%), was cast by pouring molten metal at a temperature of
750°C into a metal die (Figure 1 (a)), yielding rods with
dimensions of ¢ 32 mm in diameter and 150 mm in length, as
depicted in Figure 1 (b).

Sample  Wt% composition
Al Si Mg Mn Zn Cr Cu Fe Traces
A Bal. 6.5 0.29 0.03 0.04 Nil 0.06 0.01 0.21
B Bal. 6.6 0.30 0.05 0.03 0.29 0.08 0.30 0.15
Subsequently, the cast rods underwent machining (Figure 1
(c)) and were subjected to a T6 heat treatment regimen. The heat Specimens obtained from each condition (as-cast,

treatment involved solutionizing at 538°C for 10 hours, quenching
in normal water at 30°C, and aging at 175°C for varying durations
of 4 hours, 8 hours, and 12 hours, with subsequent cooling in
ambient air.

Fig. 1. Images of (a) solidification in a metal die (b) cast rods (c)
machined rods

solutionized, aged for 4h, aged for 8h, and aged for 12h)
underwent a preparation procedure that included resin mounting
and successive polishing with metallographic sheets of varying
grit sizes ranging from 250 to 2000. Subsequently, the specimens
were polished further using Silica OPS suspension to achieve a
mirror-smooth surface. The structural characteristics were
revealed through standard etching using Keller's reagent, which
comprises 4% hydrofluoric acid (HF), 32% hydrochloric acid
(HC1), 32% ethanol, and 32% nitric acid. Morphological imaging
was performed utilizing a scanning electron microscope.

The microstructure was also captured using an optical
microscope. The SDAS measurements were facilitated by image
analysis software, which enabled direct length readings
standardized to a microscope calibration slide. Direct SDAS
measurements were taken as the length parallel to the primary arm
from center to center of just two adjacent secondary arms. X-ray
diffraction (XRD) analysis was conducted to elucidate the crystal
structure and phases present in the specimens. Hardness
assessment was carried out through Vickers microhardness testing
using the Economet VHIMDX model, with a 50 g load applied
for 10 seconds. Multiple measurements (10) were taken across the
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specimen surface, and the average hardness value for each
specimen was calculated.

3. Results and discussions

3.1. Morphology

Figure 2 depicts the as-cast and solutionised morphology of
LM25 (Al-Si-Mg) (Figure 2a and Figure 2b), and Cr-modified
LM25-Cr (Al-Si-Mg-Cr) alloy (Figure 2c and Figure 2d). The
LM25 and LM25-Cr comprised the primary phase (a-Al)
encircled by the eutectic phase (e-Si) along the boundaries.
However, a distinction was observed in the morphology and
distribution of the &-Si phase. In the as-cast LM25-Cr alloy, the &-
Si phase appeared to have a lamellar shape, whereas in the
conventionally cast LM25 alloy, the &-Si phase had a classical
form of acicular shape. Also, the distribution was homogeneous in
the as-cast LM25 alloy and was along the grain boundaries in the
as-cast LM25-Cr alloy.

Fig. 2. Microstructure of the specimens (Optical Microscopy)

The increased shape factor observed in the LM25-Cr alloy
indicates a notable enhancement in the morphology of the a-Al
phase. The LM25-Cr alloy exhibited a greater availability of
nucleation sites, forming smaller grains than the LM25 alloy. The
dendritic arm spacing (DAS) is the distance between dendritic
arms that form during the solidification of a metal alloy. Adding
chromium to the LM25 alloy reduced secondary dendrite arm
spacing (SDAS) from 25um to 14 pm and a significant decrease
in the size of the &-Si phase. Furthermore, the influence of
magnesium on the growth of &-Si can be attributed to the atomic
radius ratio of Mg/Si, which was approximately 1.65, a threshold
considered optimal for modification.

Chromium (Cr) during solidification influenced a complex
interaction of heat transfer processes occurring in both the liquid
and solid phases. A significant accumulation of chromium ahead
of the liquid-solid interface during solidification led to
constitutional supercooling, thereby refining the dendritic
structure of the alloy. The addition of chromium increased
undercooling, promoting the formation of more nuclei, which

resulted in a finer structure observed in both the SDAS and the &-
Si phases. In the as-cast condition, the &-Si sizes of the LM25
alloy ranged from 1-5 pm, with an average size of 2 um. Upon
the addition of 0.30% chromium, the &-Si size decreased to 0.1-1
um, with an average size of 0.5 um, confirming the modifying
effect of chromium on the &-Si phase in the alloy.

LM2§ LM25-Cr

Aged for 8h Aged for 4h As-Cast

Aged for 12h

Fig. 3. Microstructure of the specimens (Scanning Electron
Microscopy)

In the early stages of solution treatment heat treatment,
unmodified &-Si particles experience necking and segmentation.
With extended solutionizing, &-Si particles become spheroidized,
resulting in a reduction in average particle size (Figure 3). The &-
Si particles are already small in the as-cast state in chromium-
added alloys. Consequently, the presence of twins in the silicon
particles facilitates rapid branching and fragmentation during the
initial phase of solution treatment, leading to accelerated
spheroidization.

In the alloys enriched with 0.30% chromium, the sizes of &-Si
particles exhibited a notable increase, transitioning from 0.1-1.0
um in the as-cast condition to 1-2 pm after aging for 4h, with an
average size of 0.5 pm. Microstructural analyses confirmed a
more spherical and diminutive &-Si shape than the LM25 alloy
after 4h of aging. Following an 8h aging period, there was a
further augmentation in the fraction of &-Si phases. Subsequently,
the &-Si particles underwent agglomeration, increasing to 2-3 pum,
with an average size of 1.5 um after aging for 12h. X-ray
diffraction studies confirmed that Cr did not react with Al, Mg, or
Si to form intermetallic phases or compounds, as shown in Figure
4.
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3.2. Microhardness

Figure 5 shows the microhardness values of Al-Si-Mg and Al-
Si-Mg alloy modified with Cr content. The solutionised LM25
alloy exhibited a substantial 69% increase in hardness compared
to the base LM25 alloy. The increase was attributed to the
dissolution of precipitates during solubilization, leading to a more
homogeneous alloy and an associated enhancement in hardness.
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Fig. 5. Microhardness of the specimens

The impact of different aging durations was evident in the
LM25-4h, LM25-8h, and LM25-12h specimens. The alloys
increased hardness by 231%, 631%, and 462%, respectively,
indicating that prolonged aging treatments resulted in a crest-
parabolic hardening trend. The phenomenon was linked to the
precipitation and growth of strengthening phases during aging,
contributing to the observed hardness improvements.
Incorporating Cr in the LM25 alloy resulted in a 285% increase in
hardness compared to the LM25 alloy. Cr was also known for its
solid solution-strengthening capabilities and played a crucial role
in enhancing the overall hardness of the alloy. The subsequent
solubilization treatment and further aging (LM25-Cr-4h, LM25-
Cr-8h, and LM25-Cr-12h) continued to influence hardness, with
notable increases of 315%, 346%, 815%, and 715%, respectively.

The alloy's arrangement and distribution of o-Al and e-Si
influenced its overall hardness. In the context of the LM25-Cr
alloy modified with chromium, the distinctive lamellar
morphology of &-Si, combined with intricately refined dendritic
structures, synergistically contributed to high microhardness. The
decrease in secondary dendrite arm spacing (SDAS) and the size
of &-Si in LM25-Cr indicated an enhancement in the mechanical
characteristics, aligning coherently with the concurrent rise in
microhardness.

4. Conclusions

An investigation was conducted to determine the effect of
ageing time on the microstructural and hardness behaviour of Al-
Si-Mg and Al-Si-Mg-Cr hypoeuetectic alloy and the following
conclusion are presented

1. Microstructural analysis of LM25 and Cr-modified LM25-
Cr alloys showed differences in &-Si phase morphology and
distribution, indicating the modifying effect of chromium.

2. The addition of Cr resulted in refined dendritic structures,
reduced secondary dendrite arm spacing, and smaller-sized
grains, improving o-Al phase morphology.

3. Heat transfer dynamics during solidification induced
constitutional supercooling with Cr, further refining the
dendritic structure.

4. Microhardness studies revealed substantial increases in
hardness for both alloys after solutionizing and aging
treatments, with Cr-enriched alloy showing enhanced
hardness due to solid solution strengthening.

5. Prolonged aging affected the size and distribution of &-Si
particles, emphasizing the role of alloy modification and
heat treatment in tailoring mechanical properties.

6. The concurrent rise in microhardness, attributed to the
synergistic contribution of refined dendritic structures and
distinctive e-Si morphology, underscores the significance of
chromium modification for optimizing aluminum alloy
performance in specific applications.
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