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ABSTRACT

The present study explored the feasibility of replacing conventional silica sand with industrial waste—based mould-
ing materials—blast furnace slag and ferrochrome slag — in the CO- casting of AA2024 aluminium alloy. Alterna-
tive mould media have been shown in earlier research to improve cooling behaviour and lessen environmental
impact; however, AA2024 alloy and its tribo-mechanical response have received little attention. The impact of
these moulding sands on wear behaviour, surface finish, mechanical characteristics, and microstructural features
was methodically assessed in this study. According to thermal analysis, ferrochrome slag produced refined grain
structures (~75 um) by promoting faster heat dissipation. As a result, silica sand castings exhibited the highest ten-
sile strength due to their relatively balanced solidification and lower internal stress levels. In contrast, ferrochrome
slag castings demonstrated superior microhardness and enhanced wear resistance. Due to the strong strain-hard-
ening effect, blast furnace slag showed increased compressive strength. Slag-based moulds deliver competitive
performance with enhanced durability under sliding conditions, as demonstrated by surface roughness and tribo-
logical evaluations. Overall, the results demonstrate that blast furnace and ferrochrome slags are technically fea-
sible and sustainable substitutes for silica sand in the production of structurally sound AA2024 cast components.

Keywords: silica sand, blast furnace slag, ferro chrome slag, surface roughness, heat transfer rate.

INTRODUCTION

Casting remains one of the most economical
and versatile manufacturing routes for produc-
ing complex metallic components, particularly
aluminium alloys used in aerospace, automo-
tive, and structural applications. Because of its
accessibility, affordability, and suitable bonding
properties, silica-sand moulding has historically

predominated among casting techniques. How-
ever, overexploitation of natural silica sand from
coastal areas and riverbeds has led to serious envi-
ronmental issues, including long-term resource
depletion, ecological imbalance, and land deg-
radation. Large amounts of metallurgical waste,
such as blast furnace and ferrochrome slag, have
accumulated due to rapid industrialisation. Despite
its promising thermal and refractory properties, a
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large portion of this waste remains underutilised.
Waste-derived moulding materials, such as fly ash,
red mud, and biomass ash, have been the subject
of recent studies that have identified advantages,
including increased mechanical strength, reduced
defects, and faster cooling rates. However, there
are still few systematic, application-focused stud-
ies on the high-strength AA2024 alloy, and most
focus on general aluminium alloys, such as A356
or AA6061. Finding sustainable moulding alter-
natives that can preserve or improve the perfor-
mance of AA2024 is essential from both tech-
nological and environmental perspectives, given
its extensive use in aircraft fittings, automotive
components, gears, and load-bearing structures,
where its exceptional strength-to-weight ratio and
fatigue resistance are key [1].

Several recent studies emphasise the strong
relationship between thermal behaviour of
mould, solidification rate, and final mechanical
properties of aluminium castings. According to
research, mould materials with higher heat con-
ductivity can improve hardness and wear resis-
tance, decrease microporosity, and refine dendritic
structures. Alternative mould media can improve
structural integrity and dimensional stability, as
evidenced by non-destructive testing and micro-
structural analyses in recent research. Neverthe-
less, the current literature reveals two significant
gaps despite these advancements. First, studies
that concurrently assess microstructure, mechani-
cal strength, machinability, and tribological
response under various moulding sands are scarce
for AA2024. Second, rather than offering a com-
prehensive thermomechanical-tribological evalu-
ation, most earlier works focus on mechanical or
microstructural analysis separately. Furthermore,
there are few studies comparing industrial slag-
based moulding sands under controlled CO: cur-
ing conditions, where heat transfer mechanisms,
binder chemistry, and particle size uniformity are
essential factors. These drawbacks underscore
the need for an extensive experimental setup that
not only examines sustainability issues but also
establishes quantitative relationships between
mould composition, casting quality, and perfor-
mance attributes [2].

Non-destructive testing (NDT) was employed
as the methodology in a study conducted by Idris
etal. [3] to determine the admissibility of AA5083
alloy castings. They have discussed the value of
dye penetrant inspection, radiography, and ultra-
sonic inspection in detecting fatigue-strength
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compromising shrinkage and porosity that can
lead to surface cracks. They noted that NDT
is a vital quality-control tool that enables the
detection of defects without destroying the part,
thereby saving money and materials. Similarly,
under the NDT, Narasimha Murthy et al. [4] com-
pared the A356 alloy castings prepared in sand
and granulated blast-furnace slag moulds. Their
findings showed that the slag moulds enhanced
microstructural integrity, reduced porosity, and
hardened the material. A radiographic analysis
revealed fewer internal defects in the slag cast-
ings, indicating that the mould can be an alter-
native to the traditional sand mould. Narasimha
Murthy et al.[5] have also conducted a compa-
rable study, examining the physical and chemi-
cal properties of blast furnace slag, ferrochrome
slag, and high-silica sand in foundry operations.
They demonstrated that the slag materials were
more thermally conductive and refractorious and
had a lower rate of expansion, which directly
affected the rate of solidification, minimised cast-
ing defects, and enhanced dimensional accuracy.
This again demonstrated the efficacy of other
moulding media in producing sustainable, per-
fect castings. Kathick Srinivasan et al. [6] stud-
ied the use of biomass ash as a partial replace-
ment for silica sand in aluminium casting. Their
results showed that the ash from biomass reduced
the need for natural sand and increased tensile
strength and hardness through controlled cooling
rates. The plan offered significant economic and
environmental benefits, highlighting the value of
waste materials in the casting recycling process.
Tijani et al. [7] applied a combination of NDT and
parameter modelling to determine the fatigue life
of aluminium alloys. They were able to identify
crack initiation and development with high accu-
racy using acoustic emission and ultrasonic tests,
thereby enabling estimation of fatigue life with
reasonable accuracy without destructive testing.
The techniques are primarily used in aerospace
and automotive applications, where fatigue per-
formance is of great importance. In Bovas Her-
bert Bejaxhin et al. [8], defects and grain-bound-
ary hardening in stressed A16061 were measured
by using NDT and SEM. They discovered that
porosity and microcracks reduced grain boundar-
ies, leading to premature failure. They employed
a powerful strategy to correlate microstructural
attributes and defect distribution by integrating
SEM and NDT. Lastly, Patil et al. [9] explored the
frequency response method as an NDT technique
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in casting defects. Their research showed that it
is sensitive to variations in stiffness and damping
caused by unseen flaws. They provide a quick,
cost-effective, and reliable supplement to conven-
tional NDT for quality control.

Recent AA2024-focused studies highlight
how controlling solidification and surface modifi-
cation can markedly improve performance. Khan
et al. [10] demonstrated that vibration-assisted
dynamic solidification with conformal cooling
transforms the microstructure from dendritic to
more uniform non-dendritic features, reducing
grain size and improving hardness and UTS in
permanent-mould AA2024 castings. Wang et al.
[11] reported that intensive melt shearing during
casting effectively tailors the as-cast structure,
producing finer second phases and improved
mechanical properties after subsequent deforma-
tion and T4 treatment, confirming the strong “pro-
cessing as-cast genetics properties” link in 2024
alloy. Complementarily, Rafi et al. [12] showed
that friction stir processing with TiB: reinforce-
ment enhances the hardness and dry-sliding wear
resistance of AA2024 surface composites, high-
lighting the roles of a refined microstructure and
stable tribo-layers.

An examination of the literature reveals that a
limited number of studies have been published on
the AA2024 alloy. Thus, the current paper focus-
es on AA2024, an Al-Cu-based alloy considered
the 2nd strongest member of the aluminium fam-
ily after the 7000 series. It is a highly heat-treat-
able alloy renowned for its excellent workability,
fatigue resistance, and superior surface finish,
coupled with high tensile and yield strengths,
albeit with relatively low ductility. Due to these
qualities, AA2024 is widely used in structural and
high-stress components (from aeroplane fittings
to missile parts, automotive components, and
precision hardware) that require high strength. It
is also widely used as an alternative material for
connecting rods, gears, and flat plates. This paper
aimed to explore the possibility of substituting
traditional silica sand with blast furnace slag and
ferrochrome slag in CO, moulding processes. To
accomplish this, flat plate castings were made
from three mould compositions: silica sand, blast
furnace slag, and ferrochrome slag, all mixed with
94 parts sand and six parts sodium silicate binder.
The moulds were hardened by passing CO, gas
through vent holes at a rate of 15 L/min for 15
seconds. The castings obtained were studied with
respect to heat transfer properties (as reflected

in time-temperature profiles), microstructure,
mechanical properties, and wear behaviour. This
combined analysis will determine the suitabil-
ity of blast furnace slag and ferrochrome slag
as environmentally friendly, high-performance
alternatives to silica sand for producing defect-
free AA2024 castings.

The present study addressed the following
research question: Can industrial waste-based
moulding sands such as blast furnace slag and
ferrochrome slag effectively replace conventional
silica sand in CO: moulding of AA2024 alloy
without compromising, and potentially enhanc-
ing, microstructural refinement, mechanical
strength, surface finish, and wear resistance? This
work is novel because it compares three mould-
ing media (silica sand, blast furnace slag, and fer-
rochrome slag) holistically under the same binder
ratios and controlled CO: curing conditions. A
multi-dimensional performance evaluation is
then conducted. This study uniquely combines
heat transfer analysis using thermocouple-based
temperature profiling, optical microstructural
characterisation, hardness distribution, tensile
and compressive behaviour, machining surface
roughness, coefficient of friction, wear rate, and
SEM-based wear morphology, in contrast to the
previous studies that focus on single-property
analysis or different alloy systems. Furthermore,
the work bridges the gap between performance-
oriented casting optimisation and sustainability-
driven material substitution by directly estab-
lishing correlations between the tribomechanical
behaviour resulting from thermal-conductivity-
induced grain refinement. By using this combined
approach, the study offers valuable insights for
foundries seeking to balance high-performance
aluminium alloy production with environmental
consciousness, as well as suggesting environmen-
tally friendly moulding alternatives.

EXPERIMENTAL PROCEDURE

Materials

The material used in the current study is alu-
minium alloy AA2024-T351. The alloy is sup-
plied in extruded rod form, which is cut into
smaller sizes to ease casting. Optical Emission
Spectroscopy (OES) was used in this research
to determine the chemical composition of the
aluminium alloy, using a Foundry-Master Pro
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spectrometer. To be precise, the analysis was done
using standard calibration procedures. The instru-
ment had a measuring accuracy of 0.01 wt.% for
the major alloying elements (Cu, Mg, and Si) and
0.005 wt.% for the trace elements. Table 1 shows
the detailed results.

Moulding sand preparation

Silica sand comprises approximately 96%
pure silica grains and 4% impurities. In this case,
the silica sand was procured in Chirala, Andhra
Pradesh. It was well sieved to remove foreign
materials and dust, and then preheated to 300
°C for 3 hours to remove moisture before cast-
ing. The blast furnace slag, a by-product of the
steel manufacturing process, was purchased at the
Vizag Steel Plant through a contractor specialis-
ing in cement production. The slag was purified
by sieving to remove impurities and subsequently
preheated to 300 °C over a 3-hour period. After
drying, the material was again sieved using mesh
sizes of 70 to 20, and particles with a 30-mesh
size were cast. Ferrochrome slag, a by-product
of the ferrochrome manufacturing industry, was
collected at Sarada Ferro Alloys in Visakhapat-
nam. The slag was in pellet form and crushed in
two stages. To begin, the pellets were reduced to
smaller particle sizes using a jaw crusher and then
sieved to obtain ASTM 30-size particles. The rest
of the oversized showed were once more mini-
mised through a roll crusher and re-sieved. The
subsequent ASTM 30-size slag was cast. For the
three moulding materials, the sand-to-sodium
silicate ratios were kept at 94:6. It was mixed by
hand in trays, and each mould cavity was filled
with an estimated 14 kg of ready-moulding sand.

Table 1. Chemical composition of AA2024

The preparation was uniform to give uniformity
in all castings. Following initial binder optimisa-
tion trials in the 4-8% weight range, this propor-
tion was determined. After CO: curing, 6 weight
percent sodium silicate offered the best compres-
sive strength, sufficient permeability, and accept-
able collapsibility. While higher binder contents
decreased venting capacity and increased the risk
of gas porosity, lower binder contents resulted in
weaker moulds that were more likely to erode.
All materials were sieved to ASTM 30 mesh and
uniformly preheated to reduce compositional bias
among silica sand, blast furnace slag, and ferro-
chrome slag. As a result, mechanical stability and
uniform curing behaviour across various particle
chemistries were guaranteed by the chosen ratio.
After crushing and sieving, the slag had an aver-
age particle size of approximately 106 pm, with a
range of 75-150 pm. Standard sieve analysis was
used to verify particle size distribution, ensuring
uniformity in the moulding mixture. This range
of sizes was chosen, because it offers the best
mould strength, permeability, and surface finish.
The chemical properties of the moulding mate-
rials from the slag were studied using Optical
Emission Spectroscopy (OES), and the data, sum-
marised in Tables 2 and 3, were used to determine
the proportions of the main alloying components
and trace elements.

Casting process

Pattern making

For this study, a wooden replica of the
final casting was created using the pattern
as a guide. Wood was chosen because it was

Element Mg Cu Cr Fe Si Mn Ti Zn Al
Wt.% 1.3 4.1 0.1 0.5 0.5 0.65 0.15 0.25 Bal
Table 2. Chemical composition of blast furnace slag
Composition CaOo SiO, Al, O, MgO Fe,O3
Wt.% 441 34.2 12.4 7.8 1.6
Table 3. Chemical composition of blast furnace slag
Composition SiO, Al,O3 MgO CaO Fe,03 Cr,03
Wt.% 33.2 19.4 27.0 3.1 9.2 1.7
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inexpensive, readily available, lightweight, and
easy to shape. During the casting process, a flat
plate pattern measuring 12.2 x 5.1 x 2 cm — or
roughly 125 cm?® — was utilised.

Mould preparation

In this study, a single-piece flat plate pattern
was employed. The chosen moulding material,
either ferrochrome slag, blast furnace slag, or sili-
ca sand, was packed around the pattern in the drag
section of the mould for each casting. Until the drag
section was filled, the mould material was added
layer by layer and thoroughly compacted after
each layer. Then, using a sprue and riser for metal
flow, the cope mould was made in a similar man-
ner. To aid in separation, facing sand was placed
between the drag and cope. A vent rod was used to
create vent holes throughout the mould after both
sections were packed. The CO, gas used to hard-
en the mould could pass through these holes. To
ensure adequate hardening, CO, was injected into
each vent for 15 seconds, with the gas flow rate
maintained at 15 litres per minute (1/min).

Thermocouple setup

The current study aims to analyse the distri-
bution of heat in different moulding sands used in
the casting process. This was done through four-
channel K-type digital thermometers connected to
K-type thermocouples in an experimental setup.

Table 4. Position of the thermocouple

Eight thermocouples were positioned on one side
of the mould cavity to monitor the temperature
gradient between the centre and the outer wall.
The thermocouples were placed in support tapes to
maintain them after they were inserted five milli-
metres into the moulding sand. The heat flow char-
acteristics of each type of moulding sand employed
in the study can be thoroughly investigated.

Melting and pouring process

The primary objective of this research was
to investigate how heat is distributed when using
different moulding sands during the casting pro-
cess. To achieve this, a four-channel K-type digi-
tal thermometer was prepared and equipped with
K-type thermocouples. Eight thermocouples were
attached to one side of the mould cavity. Note the
temperature gradient by going to the outer wall
and back. The thermocouples were inserted into
the moulding sand to a depth of 5 mm and held in
place with support tapes. Figure 3 illustrates the
placement of these thermocouples, and their loca-
tions within the mould are explained in Table 4.
This setup allows proper evaluation of heat-flow
quality for each type of moulding sand used in the
experiment. Once the mould was prepared, the
cut AA2024 alloy pieces were washed and placed
into a graphite crucible. The alloy was melted in
a crucible furnace and heated to 700 °C, as shown
in Figure 1a. The crucible was then placed in the

Thermocouple No. 1 2

Position from the centre to the wall (mm) 0

10 15 25 35 45 55

Figure 1. Photograph of (a) pouring temperature used, (b) pouring of molten metal
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furnace with great caution using tongs. When
the temperature was sufficiently high, the melted
alloy was poured into the cast mould as indicated
in Figure 1(b). The temperature was recorded
at eight predetermined positions during post-
pouring, with a 50-minute observation period
to trackheat distribution. The casting was left to
cool down to room temperature. The entire pro-
cess was repeated with all types of moulds. When
the casts had cooled, they were removed from the
moulds by fettling, as shown in Figure 2.

Characterization of fabricated samples

An optical microscope (Model: Leica DM2700
M) was used for microstructural analysis. The
cast components were hardened, and their hard-
ness was determined using a 0.3 kg load applied
for 15 seconds on a Zwick-Vickers hardness tes-
ter. The tests on tensile and compressive strength
were conducted with a universal testing machine
(Model: INSTRON-8801). The tensile specimens
were made according to ASTM E8 standards, and
their dimensions are shown in Figure 3. Compres-
sion test specimens were cylindrically shaped with
H/D ratios of 0:1 and 1.5:1, as shown in Figure

Figure 2. Image of the cast component

100

4, and tested at a head speed of 1 mm/min under
dry conditions. Wear testing was performed on a
pin-on-disc (Model: TR-20LE) testing device to
determine the coefficient of friction, mass loss,
and wear rate of samples made from the three
moulding sands. The tests were conducted with a
constant load of 2 kg and two rotational speeds,
600 rpm and 780 rpm. The wear testing specimens
had a length and diameter of 40 mm and 12 mm,
respectively. Analysis of the worn surface mor-
phology of the samples was performed using a
scanning electron microscope (Model: HITACHI
S-3000H) to determine the wear mechanism and
surface degradation features.

Statistical analysis

To ensure the reliability of the experimen-
tal results, statistical analysis was performed for
hardness, tensile strength, surface roughness, and
wear rate data. Each test was repeated three times
under identical conditions, and the mean and stan-
dard deviation were calculated. A one-way analy-
sis of variance (ANOVA) was conducted at a 95%
confidence level (p < 0.05) to evaluate the statisti-
cal significance of differences among silica sand,
blast furnace slag, and ferrochrome slag castings.
The obtained p-values confirmed that the varia-
tions in mechanical and tribological properties
were statistically significant. Error bars represent-
ing standard deviation have been incorporated in
the relevant graphs to improve data transparency.

RESULTS AND DISCUSSION

Density

Density measurements are a very informa-
tive tool for assessing the level of microporosity
in castings produced with different mould mate-
rials. The cast of ferrochrome slag mould was

30 ‘ 32

Figure 3. Dimensions of tensile test specimen
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1:1

18
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Figure 4. Dimensions of compression test specimen

the densest (2.74 g/cm?®), which is very close to
the theoretical density of AA2024 (2.78 g/cm?).
In this way, the microporosity was reduced, and
solidification occurred. In comparison, the blast
furnace slag mould density was slightly lower
(2.71 g/cm?®), indicating that it was somewhat
microporous due to slower cooling and deterio-
ration of heat transfer. The density of the silica
sand mould was the lowest (2.68 g/cm?), indicat-
ing greater microporosity and increasing the like-
lihood of gas trapping or shrinkage pores. These
results agree with the mechanical and wear data,
in which the ferrochrome slag castings, which
were denser and had fewer defects, were stronger
and exhibited greater wear resistance than silica
sand castings [13]. In this way, the density value
is an excellent parameter for estimating micropo-
rosity, without the need for high-tech radiograph-
ic or ultrasonic tests, underscoring the importance
of mould material selection in determining the
overall quality and integrity of cast items.

The observed density variation among the
three moulding sands directly reflects the influ-
ence of cooling rate and gas permeability on
internal defect formation. Comparatively higher
thermal conductivity of ferrochrome slag enabled
rapid solidification, reducing entrapped gases and
shrinkage cavities and producing castings closer
to theoretical density [14]. On the other hand,
the moderate cooling behaviour of silica sand
increased microporosity by permitting limited gas
escape. Because of localised pore clustering and
slower heat extraction, blast furnace slag exhib-
ited intermediate behaviour, albeit with a slightly
lower density. These results highlight that density
measurement is a good indirect indicator of cast-
ing integrity, especially when sophisticated NDT
facilities are not available, and that mould ther-
mal response controls metallurgical soundness.

Microstructure

Figure 5 illustrates the optical micrographs
of AA2024 alloy castings with the aid of silica
sand, blast furnace slag, and ferrochrome slag as
a moulding material using the CO, casting. The
ferrochrome slags from the three moulds were
found to have the best grain structure, the best
thermal conductivity, and the fastest cooling rate,
as shown by the time-temperature curves. The
microstructures exhibited dendritic growth, con-
sisting of a blend of coarse and fine grains, with
epitaxial dendritic a-Al and O-phase. These den-
dritic characteristics are attributed to the effect
of magnesium and other alloying elements in
the eutectic phases, together with solidification
dynamics. Figures 5a and 5b show a significant
decrease in the distance between the dendritic
arms with increased cooling rate.

Figure 5b demonstrates that the distance
between the dendritic arms is larger when the
blast furnace slag mould is cooled more slowly.
This confirms a critical role of the cooling rate on
dendritic morphology and grain refinement [15].
The sizes of the grains were observed to range
between 75.1 um and 115.5 pm, with the smallest
size recorded in ferrochrome slag (75.1 = 2 pum),
coarsest in the blast furnace slag (115.5 + 5 um),
and in between in silica sand (101.4 £+ 3 pm), as
shown in Table 5.

The microstructural refinement of ferro-
chrome slag castings is a clear example of the
influence on the speed of dendritic development.
Besides reducing solute segregation, a high solid-
ification rate promoted consistent a-Al dendritic
structures and a finer spacing of dendritic arms
(SDAS). The blast furnace slag moulds, on the
other hand, generated broader SDAS, coarser
grains, and localised segregation due to slower
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heat dissipation. Silica sand castings exhibited an
intermediate response, indicating moderate cool-
ing properties. These differences significantly
affect the mechanical and corrosion performance
of the alloy with respect to grain size. Accord-
ing to the Hall-Petch effect, finer grains enhance
strength, ductility, and corrosion resistance by
reducing microgalvanic activity and increasing
dislocation resistance [16].

Microstructural refinement observed in fer-
rochrome slag castings highlights the critical role
of heat transfer efficiency in controlling dendritic
evolution and secondary dendrite arm spacing
(SDAS). In addition to promoting uniform a-Al
matrix formation with finely distributed eutectic
constituents, faster cooling suppressed solute seg-
regation. On the other hand, delayed solidification
can lead to the formation of coarse dendrites in
blast furnace slag, which can negatively affect
hardness and crack resistance. The moderate

Table 5. Grain size of all the casted components

Moulding material Grain size
Silica sand 101.4 £ 3 um

Blast furnace slag 115.5 + 5ym

Ferrochrome slag 75.1£2pum

refinement of silica sand confirmed its traditional
use, but it also showed little room for optimization.
Grain size reduction confirms that mould compo-
sition significantly affects metallurgical homoge-
neity and subsequent performance characteristics.
It also stabilises wear behaviour by reducing local-
ised stress concentrations and improving strength
through Hall-Petch strengthening [17].

The presence of ferrochrome slag indirectly
influences corrosion and oxidation resistance by
refining the microstructure and stabilising oxide
films. Faster cooling produces finer grains and
reduced porosity, which minimises microgalvanic
cells and crack-initiation sites. Furthermore, chro-
mium-rich slag components may promote the for-
mation of more stable and adherent surface oxide
layers, thereby enhancing resistance to environ-
mental deterioration. The refined microstructure
suggests improved corrosion tolerance, despite
the lack of specific electrochemical testing.

A noticeable variation in grain size distribu-
tion was observed among the moulding materi-
als. Ferrochrome slag castings exhibited the fin-
est and most uniform grains due to faster heat
dissipation and higher thermal conductivity. In
contrast, blast furnace slag produced relatively
coarse dendritic structures due to slower cooling.

Figure 5. Optical micrographs of a flat plate: (a) silica sand, (b) blast furnace slag, (c) ferrochrome slag
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Silica sand castings demonstrated intermediate
grain sizes. These variations had a significant
impact on the overall performance of AA2024
alloy; coarser grains improved ductility but
decreased surface durability, while finer grains
improved hardness, tensile strength, and wear
resistance through Hall-Petch strengthening
[18]. As a result, the distribution of grain sizes is
essential for determining the tribological stabili-
ty and mechanical reliability of cast components.

Heat transfer analysis

A time-temperature curve is drawn to deter-
mine the flow of heat through the sand particles
in moulding when molten metal is added to the
mould, with temperature on the y-axis and time on
the x-axis. Degrees Celsius and minutes are used
to record the temperature and time, respectively.
The paper analyses the heat transfer rate in three
moulding sand castings based on temperature dis-
tribution graphs. Each moulding sand has ther-
mocouples at 8 locations: 0 mm (centre), 5 mm
(near the cavity wall), 10 mm, 15 mm, 25 mm,
35 mm, 45 mm, and 55 mm. In this way, three
graphs on distribution are created. All the samples
were heated to 700 °C, and the heat distribution

800
—=— Center
7004 (2) ——5mm
—a— 10 mm

was monitored for 50 minutes. Heat flow was
measured on one side of the casting within the
mould cavity. Figure 6 illustrates the time profiles
of heat transfer for all the moulds. The result is
a pronounced decrease in temperature at the cen-
tre over time [19]. The other seven posts depict
varying levels of heat transfer. The larger the dis-
tance from the centre, the smaller the fluctuation.
Another interesting feature is that the temperature
decreases significantly at both the centre and 5
mm points, as they are in direct contact with the
molten metal, a significant source of heat loss. The
temperature first increases at 10 mm and 15 mm,
then it continuously decreases as heat is dispersed
throughout the mould. Other jobs have low levels
of fluctuation. Figure 8c indicates that the ferro-
chrome slag has a higher cooling rate than silica
sand and blast furnace slag. This is confirmed
by a sharp decrease in temperature at the centre.
The rapid heat dissipation is attributed to the high
thermal conductivity of ferrochrome slag, which
results in a smaller grain size, as observed in the
microstructural analysis. Therefore, the most criti-
cal factor in heat dissipation is thermal conduc-
tivity, which explains why the results for ferro-
chrome slag are the best among the others. The
thermal conductivity of the mould and its thermal

(c)
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700 (b) ——5mm
—a— 10 mm
600 - —v— 15 mm
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Figure 6. Time — temperature graph of a flat plate: (a) silica sand (b) blast furnace slag (c) ferro chrome slag
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response, in relation to cooling behaviour, are evi-
dent in the heat transfer analysis. An increase in
ferrochrome slag conductivity enabled a steeper
temperature gradient, resulting in refined grains
and increased hardness. The lower conductivity of
the blast furnace slag, on the contrary, facilitated
slower cooling and coarse dendrites. Silica sand
exhibited average performance, as is the case in
its traditional foundry practice. Local variations
in solidification due to temperature differences
between centres and walls also contributed to
variations in the uniformity of grain and defects.
In general, the findings indicate that interfacial
heat transfer needs to be controlled, as fast homo-
geneous cooling decreases porosity and segrega-
tion, thereby increasing the structural integrity and
mechanical behaviour of the castings.

The thermocouple-based temperature profil-
ing provides quantitative evidence that interfacial
heat dissipation varies significantly with mould
chemistry and particle morphology. To produce
refined grains and greater hardness, ferrochrome
slag produced steeper thermal gradients, acceler-
ating nucleation rates and shortening solidifica-
tion times. Due to its lower conductivity, blast
furnace slag exhibited delayed cooling, resulting
in localised microsegregation and heterogeneous
thermal zones. Heat flow in silica sand was bal-
anced but less effective. These variations demon-
strate that mould thermal diffusivity is a deter-
mining factor in selecting sustainable casting
materials, as it not only shapes cooling curves but
also directly affects microstructural homogeneity,
porosity reduction, and mechanical reliability.

Microhardness analysis

Figure 7 illustrates the hardness distribution
of the castings of the flat plates with the various
moulding sands. The results of the microhard-
ness tests suggest that the maximum hardness
is achieved with ferrochrome slag at 153.5 HV,
silica sand at 139.1 HV, and the lowest hardness
is observed in blast furnace slag at 134.5 HV.
This difference can mainly be attributed to the
thinner grain structure formed in the ferrochrome
slag mould, resulting from its higher cooling rate
and thermal conductivity compared with those of
the other sands. The flat plate part, cast on a one-
piece pattern, has the most significant area of con-
tact with the drag part of the mould, where heat is
carried off most vigorously, especially at the bot-
tom. This is attributed to the increased base wall,
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which encourages quicker cooling [2,20]. Con-
versely, the flat plate sides have fewer contacts
with the mould, hence little heat transfer. Also,
the top surface, which is in contact with the cope,
is not entirely in contact with the moulding mate-
rial; therefore, the amount of heat dissipated at
the top is reduced. Although it is a partial contact,
some amount of heat is conducted by surface con-
duction. Several factors besides grain refinement
cause hardness variation. Although ferrochrome
slag produced finer grains, which increased hard-
ness through the Hall-Petch mechanism, strain
hardening, differences in thermal conductivity
among the mould materials, and redistribution of
precipitates during solidification were all impor-
tant factors [21]. An example was the blast fur-
nace slag moulds, which yielded coarser grains
that were less hard but stronger due to strain hard-
ening. Comprehensively, hardness in the castings
made of AA2024 is a conglomeration of the effect
of grain size, the phase stability of the precipitate,
strengthening of the solid solution, and hardening
of the casting caused by deformation instead of
grain refinement [22].

Defect content and microstructural refine-
ment are closely related to the variations in hard-
ness seen among the samples. Ferrochrome slag
castings exhibited the highest hardness due to
Hall-Petch strengthening, which is attributed to
their fine-grain structure and reduced porosity.
Conversely, silica sand castings exhibited inter-
mediate hardness, while blast furnace slag cast-
ings showed the lowest hardness due to their
coarse-grained structure and higher microporos-
ity. Uneven cooling rates within the mould cavity
are further indicated by local hardness variations
between the drag and cope surfaces. All things
considered, these findings indicate that hardness
is a reliable predictor of cooling effectiveness and
structural homogeneity, underscoring the impor-
tance of selecting mould materials with high ther-
mal conductivity.

The hardness distribution trends correlate
strongly with microstructural uniformity and
defect density. Reduced porosity and refined
grains improved the resistance of ferrochrome
slag castings to plastic indentation by acting as
dislocation barriers. Because coarser dendritic
networks and uneven precipitation diminish lat-
tice resistance, blast furnace slag samples have a
comparatively lower hardness. Because of their
moderate cooling behaviour, silica sand samples
showed intermediate hardness. Different cooling
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Figure 7. Microhardness survey of a flat plate

rates within the mould cavity are also indicated
by localised hardness variations between the cope
and drag surfaces. These results demonstrate that
precipitate distribution, strain hardening, and
microvoid concentration all affect hardness in
addition to grain dependence.

Tensile strength analysis

An assessment of the tensile properties of the
AA2024 alloy castings made using three mould-
ing sands at room temperature is shown in Fig-
ure 8. The results indicate that the moulding sand
significantly influences tensile performance. Sili-
ca sand castings had the highest ultimate tensile
strength, followed by ferrochrome slag mould
castings, and then blast furnace slag mould cast-
ings. The same was similar to the yield strength
of 0.2%. It is interesting to observe that the elon-
gation (percentage) was the least in ferrochrome
slag and silica sand, and the greatest in blast fur-
nace slag, which indicates an inverse linear rela-
tionship between ductility and tensile strength in
this case. Microstructural studies confirm that the
high tensile strength of ferrochrome slag castings
is attributed to their smaller grain size and lower
porosity [8]. The reduced tensile strength of the
blast furnace slag mould, on the other hand, can
be attributed to coarser grains and micropores. As
the alloy is loaded, these pores concentrate stress,
leading to cracks within the lattice. Neighbouring
pores accelerate the propagation of a crack once it
forms, leading to early failure. The existence and

distribution of microstructural defects, therefore,
significantly affect the mechanical integrity of
cast components, and ferrochrome slag exhibits
the most effective tensile properties.

The increased tensile strength observed
in ferrochrome slag castings can be attribut-
ed to the refinement of grains and reduction of
defects in the castings. Fine grains increase over-
all strength by delaying the initiation of cracks
and acting as barriers to dislocation movement.
Conversely, because these defects act as stress
concentrators under applied loads, blast furnace
slag castings with coarser grains and micropores
showed lower tensile strength [23]. However, the
traditional strength-ductility trade-off, in which
larger grains improve plasticity, is reflected in
their greater elongation. These findings demon-
strate the superior suitability of ferrochrome slag
moulds for structural components that require
both high strength and reliability and support the
strong correlation between microstructure and
mechanical properties.

Tensile performance reflects the combined
influence of grain refinement, porosity distri-
bution, and intermetallic phase stability. Ferro-
chrome slag castings showed improved ultimate
strength due to their finer grains and lower defect
density, thereby delaying the onset of cracks.
Because of its moderate ductility and balanced
cooling, silica sand showed tensile values simi-
lar to those of other sands. Micropores acted as
stress concentrators, accelerating fracture propa-
gation, which is the primary reason blast furnace
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Figure 8. Tensile properties of a flat plate

slag samples had reduced tensile strength. The
traditional strength—ductility trade-off is high-
lighted by the inverse relationship between elon-
gation and strength seen in slag-based castings.
These findings support the idea that microstruc-
tural integrity, rather than just hardness, controls
tensile behaviour.

Compressive strength analysis

The compressive properties of the AA2024
alloy castings made with three different moulding
sands were evaluated using the specimens with
H/D ratios of 1:1 and 1.5:1. As shown in Figures
9 and 10, load-displacement curves were used to
examine the impact of moulding sand on com-
pressive strength. According to the results, ferro-
chrome slag moulds showed the lowest compres-
sive strength, while castings from blast furnace
slag moulds showed the highest across both H/D
ratios. A greater load requirement was correlat-
ed with increasing displacement in both types of
specimens. The actual stress-strain curves showed
similar patterns. Additionally, the ferrochrome slag
mould exhibited better ductility in the 1.5:1 con-
figuration, whereas the blast furnace slag mould
showed greater ductility in the 1:1 ratio. The slag
component had the added advantage of enjoying
the better strain hardening of the same when com-
pressed, and this gave it high compressive strength
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despite its coarse-grain nature as compared to the
ferrochrome slag casting that had a finer-grain
structure [9]. This means that strain hardening
is more important in establishing compressive
behaviour than grain size alone. Its plastic-deform-
ing nature is also illustrated by the greater resist-
ance of blast furnace slag samples to compressive
deformation; therefore, it is more applicable in
load-bearing operations where compressive loads
predominate. Besides grain refinement, strain
hardening is also influential to the compressive
strength of the castings. Ferrochrome slag (FCS)
castings had improved hardness because of the
creation of smaller grains, whereas blast furnace
slag (BFS) castings exhibited higher compressive
strength largely because of hardening on defor-
mation. The higher density of dislocations during
BES casting also provided an advantage, increas-
ing resistance to compressive loads. Consequently,
although grain refinement has a larger effect on the
balance of properties, both strain hardening and
microstructural refinement contribute to the over-
all mechanical response.

Although it has a coarser grain structure, BFS
moulds were more compressive, suggesting that,
under compressive loading, strain hardening plays
a more significant role than grain refinement.
Larger grains allow greater plastic deformation,
and the local work hardening increases resistance
to compressive stress. On the other hand, FCS



Advances in Science and Technology Research Journal 2026, 20(7), 241-262

700

o N w H [¢)] (o]
o o o o o o
o o o o o o
1 1 1 1 1 1

Compressive strength, MPa

a

Silica sand

Blast furnace slag Ferro chrome slag

Type of moulding sand
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castings were less compressive, despite being
stronger in tensile strength, because their fine-
grained microstructure had a low strain-hard-
ening capacity. This difference in mechanisms
is essential; therefore, tensile and compressive
behaviour are governed differently. The findings
suggest that loading type is a factor to consider in
selecting a mould: FCS is more efficient in a ten-
sion-based setting, whereas BFS is most efficient
in a compression-based setting.

Unlike tensile behaviour, compressive strength
is more sensitive to strain-hardening capability
than to grain refinement. Because of their greater
plastic deformation capacity and higher disloca-
tion density, blast furnace slag castings demon-
strated superior compressive resistance, enabling
them to sustain higher compressive loads without
catastrophic failure. Despite having finer grains,
ferrochrome slag castings had a relatively lower
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compressive strength due to their limited ability to
harden under continuous deformation. The behav-
iour of silica sand was characterised as interme-
diate. This distinction demonstrates that, since
deformation mechanisms, not just microstructur-
al refinement, govern compressive performance,
mould selection should take the intended loading
condition into account.

Surface roughness analysis

Surface roughness represents the texture of a
component’s surface and is quantified by measur-
ing deviations from an ideal, smooth surface. The
surface can be considered rough when these vari-
ations are significant, which may lead to increased
wear, corrosion, and friction. A smooth surface,
on the other hand, results in less wear, less fric-
tion, and a longer service life. Rough surfaces are
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Figure 10. Stress vs strain graph of a flat plate: (a) silica sand, (b) blast furnace slag, (c) ferro chrome slag
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more prone to wear and corrosion because they
interact with the environment more forcefully. In
this study, the cast components were made using
ferrochrome slag, blast furnace slag, and sili-
ca sand as moulding materials, and then milled.
A cutting speed of 1600 rpm, a depth of cut of
0.5 mm, and a feed rate of 0.1 m/s were among
the machining parameters. To minimise friction,
coolant was applied while each part was firmly
clamped in a CNC milling machine. A Tally Surf
device was used to measure the surface texture
that developed during tool contact. The surface
roughness profiles of the flat plate castings are
shown in Figure 11. The blast furnace slag mould
had the highest surface roughness (0.463 Ra),
while silica sand had the lowest (0.415 Ra). Com-
pared to blast furnace slag, ferrochrome slag had
a marginally lower roughness (0.458 Ra). The
softening of the AA2024 alloy at high cutting
speeds, which enables the cutting tool to penetrate
deeper and leave more noticeable surface inden-
tations, is responsible for the increased roughness
in the blast furnace slag sample [2]. Compared to
the other moulds, this produces a rougher finish.
The difference in surface roughness of mould-
ing materials is closely related to their thermal
behaviour during solidification. Due to micro-
structural softening caused by high-speed machin-
ing, which promoted greater tool penetration and
flaky chip formation, castings from blast-furnace
slag exhibited the greatest roughness. Contrary to
silica sand castings, silica sand castings provided
smoother surfaces due to uniform solidification

and heat transfer, thereby minimising tool-materi-
al interaction during machining. The middle level
of roughness of ferrochrome slag castings was a
trade-off between moderate machinability and high
hardness. Overall, the results suggest that although
slag-based moulds can provide positive mechani-
cal strength enhancements, accurate optimisation
of machining parameters is necessary to achieve
surface finishes that meet functional requirements.

Surface finish variations reveal the inter-
action between microstructural hardness and
machining dynamics. Higher roughness was
observed in blast furnace slag castings due to
unstable chip formation during high-speed mill-
ing and localised softening. Because balanced
hardness reduced vibration effects and tool pen-
etration depth, silica sand produced smoother
surfaces. The trade-off between increased hard-
ness and decreased machinability was evident
in the moderate roughness of ferrochrome slag
samples. According to these findings, mould-in-
duced microstructural alterations affect post-pro-
cessing quality, and to achieve the required sur-
face integrity without sacrificing dimensional
accuracy, slag-based castings require optimal
machining parameters.

Coefficient of friction analysis

Figure 12 depicts the curve of the coefficient
of friction (COF) of the flat plate components cast
with various moulding sands at different slide
distances of 2 and 33 cm rotating at 680 rpm and
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Figure 11. Surface roughness graph of a flat plate
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780 rpm. On the basis of the data, COF typical-
ly decreases with the addition of sliding distance
of silica sand and ferrochrome slag components
to the mix, indicating improved wear resistance.
The slag-furnace constituent, however, exhibits
an opposite trend: COF increases with the sliding
range. It is interesting to note that the COF of the
ferrochrome slag samples increases steeply at the
beginning, then gradually decreases over a short
distance before sharply reducing at both veloc-
ities. As the slide continues, COF becomes more
widely distributed, possibly due to changes in the
surface conditions. Changes in the COF curves of
blast furnace slag and silica sand occur more grad-
ually than they occur abruptly. Although there are
no significant differences in the blast furnace slag,
and the COF does not vary significantly, the sili-
ca in the silico sand silica exhibits minimal varia-
tions, provided the distance of sliding is taken into
account. The heat generated during wear resist-
ance-enhancing heat treatment, which promotes
grain refinement, reduces the COF of silica sand
and ferrochrome slag components. Meanwhile,
the increased hardness of blast furnace slag is
also associated with increased COF, which offsets
surface wear at long distances under sliding and
results in variation in COF values. Unlike the over-
all trend, an increase in hardness reduces COF as
plastic deformation is restricted. Thus, the sliding
is smoother, the BFS sample had an even small-
er initial COF, even though it was less hard. This
anomaly is attributed to the formation of a thin
oxide layer and favourable starting contact condi-
tions in BFS castings, which temporarily reduced
the friction but only in the initial sliding cycles.
However, the COF values increased with con-
stant loading as the oxide layer disintegrated [24].
Therefore, tribological behaviour is governed by
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the combination of hardness, surface film stability,
and sliding duration. Moreover, surface integrity
and microstructural features play a significant role;
low COF is typically the consequence of coarse
grains and enhanced wear resistance. The COF
behaviour reflects the combined influence of hard-
ness, grain structure, and dominant wear mecha-
nisms. Due to the coarseness of the contact surface,
ferrochrome slag castings initially exhibited high
COF. Nevertheless, the tribo-layer appeared after
some time of sliding, reducing variations and sta-
bilising friction. Throughout testing, silica sand
specimens demonstrated a moderate COF due to
their balanced hardness and grain refinement. Blast
furnace slag castings, on the other hand, showed
higher COF, which was associated with coarser
grains and more surface asperities that encouraged
adhesion and micro-abrasion. Overall, the findings
show that by promoting surface passivation, stabi-
lising wear mechanisms, and reducing COF dur-
ing repeated sliding, finer microstructures improve
long-term tribological performance.

The COF trends demonstrate the dynamic evo-
lution of surface films and contact mechanics dur-
ing sliding. The formation of protective tribo-lay-
ers caused ferrochrome slag castings to stabilise
after initially exhibiting increased friction due
to asperity contact. Because of its uniform wear
tracks and balanced hardness, silica sand main-
tained a moderate level of friction. Because of the
formation of unstable oxide films and the expo-
sure of coarser grains, blast furnace slag showed
fluctuating COF. These behaviours demonstrate
that surface chemistry, oxide stability, and grain
morphology all affect tribological performance in
addition to hardness. A longer component service
life and enhanced wear resistance are indicated
by lower, more stable COF values.
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Figure 12. Coefficient of friction graph of a flat plate: (a) 600 rpm, (b) 780 rpm

255



Advances in Science and Technology Research Journal 2026, 20(7), 241-262

Mass loss graph

Figure 13 illustrates the impact of rotation-
al speed (600 rpm and 780 rpm) and a sliding
distance of 600 meters on the wear-induced
mass loss of AA2024 components cast using
three different moulding sands. The findings
show that, in both speed scenarios, wear mass
loss steadily rises with sliding distance. At
both rotational speeds, silica sand components
showed the greatest mass loss of any mould.
Blast furnace slag showed the lowest at 780
rpm, while ferrochrome slag showed the low-
est at 600 rpm. A higher rotational speed (780
rpm) resulted in less mass loss than 600 rpm,
which was unexpected. This unexpected trend
is explained by strain hardening, which occurs
due to the extreme stress of the component from
increased frictional contact with the disc. The
increased stress at higher speeds strengthens
the resistance of AA2024 to material removal,
as it is a strain-hardening alloy, thereby reduc-
ing wear loss. While blast furnace slag benefit-
ed from increased strain hardening at 780 rpm,
the superior mechanical and thermal qualities of
ferrochrome slag likely contributed to its min-
imal wear mass loss at 600 rpm. Nevertheless,
the wear behaviour of silica sand components
showed a sharp increase in mass loss at both
speeds, indicating lower wear resistance [9].
Ferrochrome slag and blast furnace slag com-
ponents, on the other hand, showed a slower,
more controlled increase in mass loss, indicating
more consistent wear behaviour over a range of
distances and speeds. Reduced mass loss is not
always ensured by higher hardness. Increased
hardness in FCS castings was accompanied by
brittle intermetallic phase fracture and unstable
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oxide films, which accelerated wear and mate-
rial removal. BFS castings, on the other hand,
exhibited better wear resistance, despite being
relatively softer, due to the formation of stable
oxide layers and smoother wear tracks, which
reduced mass loss. These findings suggest that
the stability of the oxide film, microstructural
integrity, and the dominant wear mechanisms all
contribute to controlling wear resistance, rather
than hardness alone [25,26].

Mass loss analysis confirms that both mould
type and sliding speed strongly influence wear
resistance. Ferrochrome slag castings exhibit-
ed the least wear at 600 rpm, due to their stable
surface integrity and refined grain structure. Due
to improved strain-hardening, blast furnace slag
castings exhibited less mass loss under higher
stress conditions at 780 rpm. On the other hand,
silica sand castings were consistently the most
worn due to their lower hardness and coarser
grains. These findings unequivocally demonstrate
that both the current tribological conditions and
microstructural features significantly influence
the wear response of AA2024 castings.

Mass loss behaviour underscores the com-
bined effects of microstructure and sliding veloc-
ity. Because stable oxide layers and refined grains
shielded the contact surface, ferrochrome slag
castings displayed minor wear at lower speeds.
Because strain hardening increased abrasion
resistance, blast furnace slag performed better at
higher speeds [27]. Because silica sand samples
had higher porosity and weaker tribo-layer forma-
tion, they consistently lost more mass. The unex-
pected decrease in wear at high speed emphasises
the roles of plastic flow and thermal softening,
which temporarily reduce abrasive interaction
and stabilise the sliding interface.
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Figure 13. Mass loss graph for flat plate — sliding distance: (a) 600 rpm (b) 780 rpm
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Wear rate analysis

Figures 14a and 14b clearly show that at the
two rotating speeds, 680 rpm and 780 rpm, the
moulded silica sand components have the highest
wear rate among all the samples. Conversely, the
blast furnace slag at 780 rpm and the ferrochrome
slag at 600 rpm wear out the least. What is inter-
esting to observe in this case is that the general
rule that the wear rate increases with rotational
speed is not followed. Instead, wear rates rise
as the speed is reduced. This anomaly is attrib-
uted to increased heat production and friction at
higher speeds, which softens the contact surface,
diminishes wear through localised plastic defor-
mation, and provides a lubricating effect. All
kinds of moulds tend to wear out as the sliding
distance increases. The wear rate would initial-
ly increase, then either level off or decrease with
further sliding, after approximately 100 meters.
This trend would mean that the contact surface
could stabilise, allowing the material to trans-
fer as the component continues to slide, there-
by reducing material movement. The wear rate
profiles exhibit slight oscillation, featuring both
soft and hard linear and nonlinear wear patterns.
These variations can be explained by dynamic
changes in contact pressure and material soften-
ing over time, which intermittently alter the fric-
tional behaviour [28]. It is observed that where-
as other parts exhibit a more linear reduction
in wear rate, silica sand castings exhibit a very
sharp reduction at the specified speeds [8]. This
highlights the stabilising characteristics of slag-
based moulds and the low wear resistance of sil-
ica sand. Also, this paper revealed that hardness
and delamination-controlled wear are interrelated
and complex. Although FCS-moulded samples
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were harder, wear and delamination were more
prevalent due to brittle intermetallic phases and
poor oxide film stability, which facilitated the ini-
tiation and propagation of cracks. BFS-moulded
samples; however, had more stable oxide layers
and smoother sliding surfaces that reduced wear
and delamination, although they were relatively
soft. Consequently, wear performance is gov-
erned by the product of hardness, oxide film sta-
bility, and general microstructural integrity, rather
than hardness alone [29].

Wear rate analysis revealed that silica sand
castings exhibited the most significant material
removal, primarily due to their low hardness and
poor microstructural stability. On the other hand,
ferrochrome slag castings exhibited higher wear
resistance at lower speeds, with less material loss
due to increased hardness and finer grains. Slag
castings in blast furnaces worked better in high
sliding speeds due to strain hardening, which
reduced surface damage and enhanced resistance.
Additionally, the wear rate has been observed to
decrease with increasing sliding distance, indicat-
ing the formation of protective tribo-layers and
the influence of thermal softening, which stabilis-
es wear processes over time. In general, these data
indicate that selecting the appropriate moulding
material is critical to the long-term performance
of AA2024 castings in sliding wear.

In Figures 15 and 16, SEM images of the
worn surfaces of AA2024 components cast in
moulds made from silica sand, blast furnace slag,
and ferrochrome slag at two rotational speeds,
600 rpm and 780 rpm, are provided. The photo-
graphs show rough, sticking wear patterns in all
the samples. The wear debris from each compo-
nent suggests distinct abrasive wear, probably
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Figure 14. Wear rate graph: a) 600 rpm, b) 780 rpm
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followed by oxide, which extends along the wear
tracks and forms debris.

The silica sand sample has definite surface
scratching at 600 rpm. However, as shown in
Figure 15¢, the ferrochrome slag specimen exhib-
its fewer scratches and appears to have under-
gone severe plastic deformation, characteristic
of ploughing, smearing, and cutting. Trapped,
plastically deformed debris also indicates intense
surface interaction. The same phenomenon
repeats at 780 rpm; however, scratching is less
evident, and plastic deformation is more pro-
nounced than at 600 rpm, suggesting that high-
er temperatures may increase the softness of the
material and reduce direct abrasion [30]. The
same response is supported by Figures 16(a—c),
which have fewer surface scratches than Figure
15(a—c) does. Three-body abrasive wear is char-
acterised by material removal in patches, particu-
larly around loose particles, which in turn cause
further abrasion. Compared to the condition at
600 rpm, all three components exhibit reduced
abrasive wear and reduced debris generation at
high speed. Additionally, delamination wear is
observed, likely due to poor work hardening in
certain areas, which causes them to separate into
softer regions. The more pronounced grooves in
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Figures 16b—16¢ and 15b—15c) indicate elevated
contact temperatures, leading to surface soften-
ing and increased abrasive effects. All in all, the
most prevalent at both speeds is abrasion, with its
severity decreasing as rotational speed increases
due to thermal softening.

Wear rate results further validate that tribo-
logical performance is governed by microstruc-
tural stability rather than hardness alone. At mod-
erate speeds, ferrochrome slag castings showed
superior resistance due to their refined grain
structure, which prevented delamination. Defor-
mation-induced strain hardening at high speeds
reduced material removal in blast furnace slag.
Because coarse grains and unstable oxide films
made it easier for cracks to start and debris to
form, silica sand samples showed higher wear
rates. The development of protective tribo-layers
and surface smoothing is indicated by the pro-
gressive decrease in wear rate with increasing
sliding distance, highlighting the significance of
maintained microstructural integrity in long-term
wear applications.

The use of ferrochrome slag in mould-
ing applications may be subject to regulato-
ry and environmental scrutiny due to possible
heavy-metal leaching and waste classification
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Figure 15. Wear morphology at 600 rpm: (a) silica sand, (b) blast furnace slag, (c) ferrochrome slag
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Figure 16. Wear morphology at 780 rpm: (a) silica sand, (b) blast furnace slag, (c) ferrochrome slag

guidelines. Nonetheless, earlier research shows
that encapsulation in mould binders, controlled
processing, and particle stabilisation considera-
bly lowers environmental risk. Before industrial
adoption, routine leachability testing and adher-
ence to national pollution control standards are
advised. Ferrochrome slag can be used as a sus-
tainable, safe substitute for mould material when
appropriately treated and certified.

CONCLUSIONS

Ferrochrome slag moulds had the highest
density (~2.74 g/cm?), comparable to the theoreti-
cal density of AA2024 (2.78 g/cm?), and showed
negligible microporosity. Blast furnace slag had
a density of around 2.71 g/cm?, while silica sand
had the lowest density (around 2.68 g/cm?®) —
higher density connected with faster cooling and
better internal soundness. Although statistically
significant, the findings are based on a small sam-
ple size; thus, larger casting batches are required
for industrial validation. Ferrochrome slag had
the smallest grain size (~75 £ 2 um), followed
by silica sand (~101 + 3 pum) and blast furnace
slag (~115 £ 5 um). Reduced secondary dendritic

arm spacing increased strength and wear resis-
tance via Hall-Petch strengthening. While optical
microscopy demonstrated consistent refinement,
advanced EBSD validation was not performed,
resulting in minimal ambiguity. Nonetheless, the
evident particle size hierarchy demonstrates the
thermal advantage of slag-based moulds.

Thermal profiling found that ferrochrome
slag had the steepest cooling gradient, lowering
the centre temperature more quickly during the
first 10—15 minutes than silica sand and blast fur-
nace slag. A higher estimated thermal diffusiv-
ity favoured refined grains and reduced porosity.
However, the computations used literature ther-
mophysical values rather than actual measure-
ments, which may have included some estimation
error. Future direct conductivity testing would
increase predicted accuracy.

Ferrochrome slag castings had the high-
est microhardness (~153.5 HV), surpassing
silica sand (~139 HV) and blast furnace slag
(~134.5 HV). Finer grains and lesser porosity
are responsible for the 10-15% increase in hard-
ness. Local hardness discrepancies represented
unequal mould cooling. Although statistically
validated, nano-scale precipitate analysis was not
undertaken; hence, micro-phase strengthening
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mechanisms are only partially inferred, rather
than experimentally confirmed.

Silica sand castings had somewhat higher
tensile strength (about 3—5% increase) due to bal-
anced cooling, while ferrochrome slag supplied
equivalent strength with fewer internal flaws.
Blast furnace slag had lower tensile values because
microporosity served as a stress concentrator. The
strength-ductility trade-off was clear. However,
no long-term fatigue or corrosion-assisted tensile
testing was performed, limiting the capacity to
forecast lifecycle mechanical reliability.

Blast furnace slag moulds had the best com-
pressive strength (about 8—12% higher than oth-
ers) due to improved strain hardening despite
finer grains. Ferrochrome slag exhibited lower
compressive resistance but higher hardness. Silica
sand remained intermediate. These data suggest
that compressive performance is more dependent
on plastic deformation than grain refinement.
Cyclic compression and thermal stress testing
were not conducted, resulting in uncertainty in
long-term load-bearing predictions.

Silica sand had the lowest surface roughness
values (~0.415 Ra), followed by ferrochrome
slag (~0.458 Ra) and blast furnace slag (~0.463
Ra). Slag moulds with a roughness increase of
~10% showed increased hardness and chip insta-
bility during machining. Although the surface
smoothness decreased marginally, the mechani-
cal benefits remained excellent. Fixed machin-
ing parameters may have influenced the results,
and adaptive cutting optimisation could further
reduce roughness.

Ferrochrome slag initially had a higher COF
(~1.25 at 100 m), but stabilized to ~0.65 at 600 m
due to tribo-layer development. Blast furnace slag
fluctuated between 0.6 and 1.2 due to oxide insta-
bility, while silica sand remained stable at around
0.9-1.6. These trends emphasise the importance
of grain refining and surface chemistry. Lubricat-
ed and high-temperature circumstances were not
investigated, which limits direct real-world tribo-
logical extrapolation.

At 600 rpm, ferrochrome slag lost the least
mass (~21 mg at 600 m), followed by blast fur-
nace slag at 780 rpm (~13 mg), while silica sand
lost the most (~53 mg at 600 m). Reduced poros-
ity and polished grains improved wear resistance.
Despite substantial statistical differences, no
long-duration cyclic wear or corrosion-abrasion
tests were conducted, limiting the accuracy of
extended-service-life predictions.
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The wear rate decreased with sliding distance,
with ferrochrome slag showing the best resis-
tance (~0.65 x 1073 mm?3/N-m at 600 m), blast
furnace slag performing better at higher speeds
(~0.42 x 10® mm?3/N-m), and silica sand exhibit-
ing the highest wear. The creation of a protective
tribo-layer increased the stability. Although the
trends are considerable, the lack of long-cycle
environmental wear testing prevents long-term
durability validation.

Although the present investigation primar-
ily focused on immediate mechanical and tri-
bological behaviour, the observed microstruc-
tural refinement, reduced porosity, and stable
oxide film formation in ferrochrome slag cast-
ings suggest favourable long-term performance
compared with conventional silica sand moulds.
Increased hardness and wear resistance imply
improved durability under frequent sliding and
load-bearing conditions. However, this work
lacked thorough long-term validation methods,
such as thermal ageing analysis, corrosion expo-
sure studies, and cyclic fatigue testing. There-
fore, to establish definitive long-term perfor-
mance equivalency, future studies are advised to
conduct extended lifecycle and environmental
stability assessments, even though preliminary
indicators are encouraging.

The present study has certain limitations that
should be acknowledged. A small number of sam-
ples were used in the laboratory-scale castings
used for the experimental investigations, which
could have introduced variability in the measured
properties. Aspects of long-term performance,
such as oxidation behaviour, corrosion resistance,
thermal fatigue, and cyclic loading, were inferred
from the literature and microstructural indicators
rather than experimentally assessed. Additionally,
repeatability may be impacted by slight variations
in slag chemistry and morphology, despite efforts
to guarantee uniform particle size and binder
ratio. Only primary mechanical and tribologi-
cal properties were subject to statistical analysis.
To fully confirm industrial applicability, future
research should include extensive durability test-
ing, comprehensive environmental evaluations,
and large-scale casting trials.
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