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Abstract

Optimising Fe-Cu porous bearing materials is essential for improving durability and
wear resistance in automotive systems. However, the combined influence of
mechanical alloying and sintering processes on their microstructural properties
and tribological response has not been systematically clarified. In this study, a Fe-
20Cu alloy was fabricated via mechanical alloying for 4, 8, 12 and 16 h, followed by
sintering at 800, 900 and 1000 °C. X-ray diffraction revealed progressive peak
broadening and structural refinement with increasing milling time, while scanning
electron microscopy indicated a transformation from coarse, heterogeneous
particles (4 h) to refined, compact structures after extended milling. Sintering
improved interparticle bonding and densification, with the most uniform and
consolidated microstructure obtained at 1000 °C. Energy-dispersive X-ray mapping
confirmed enhanced Fe-Cu mixing with minor oxide enrichment. Testing
demonstrated the lowest wear rate (1.45x10™* mm>/m) and the highest density
(7.22 g/cm3) for the sample obtained after 12 h of milling and sintering at 1000 °C.
Excessive milling (16 h) slightly lowered densification due to particle
reagglomeration. Overall, 12 h of milling combined with sintering at 1000 °C
provides the optimal balance between densification, microstructural refinement
and wear resistance, confirming Fe-Cu porous alloys as promising candidates for
high-performance applications.

1. Introduction

Porous bearings

automotive and industrial systems owing to their

the microstructure and tribological behaviour of
Fe-Cu porous bearings remains challenging,
particularly in achieving the delicate balance
between density, wear resistance and porosity that

widely utilised in

inherent ability to provide self-lubrication, reduced
friction and reliable performance under diverse
load conditions. Among the various compositions
explored, Fe-Cu based alloys have received
particular attention because they combine the
mechanical strength of Fe with the thermal and
electrical conductivity of Cu [1], rendering them
suitable for dynamic vehicle components such as
bearings [2-4]. Despite these advantages, optimising

This work is licensed under a Creative
BY NG Commons Attribution-NonCommercial

4.0 International (CC BY-NC 4.0) license

governs their long-term functional reliability [5,6].
Mechanical alloying has emerged as an effective
processing route in powder metallurgy for refining
microstructure, improving phase homogeneity and
tailoring material properties. Extended milling
enhances solid-state mixing between Fe and Cu
while increasing defect density and stored strain
energy, which influence hardness and wear
resistance [7-10]. Prior studies have shown that
prolonged milling can reduce grain size and improve
densification during sintering. However, excessive
milling may also cause particle agglomeration and
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retain residual porosity, thereby compromising
density and mechanical integrity [11]. This indicates
that there is still no clear consensus on the
optimum milling time that ensures both high
densification and superior wear performance.

Similarly, sintering temperature plays a decisive
role in determining the final properties of Fe-Cu
bearings. Lower sintering temperatures generally
lead to incomplete particle bonding, whereas higher
temperatures (= 1000 °C) improve densification but
may induce grain coarsening or undesirable phase
evolution [12-14]. While several studies have
independently investigated the effects of milling or
sintering, comparatively few have systematically
examined the combined influence of both
parameters on the processing-structure-property
relationship of Fe-Cu porous bearing materials.
This lack of integrated optimisation represents a
key research gap that limits the development of
bearings capable of meeting the stringent
demands of high-performance systems [15,16].

In this study, although prior work has
separately explored mechanical alloying and
sintering for the Fu-Cu system, limited research
has mapped the combined effects of milling time
and sintering temperature on porous Fe-20Cu
bearing material for automotive applications [17].
The present work addresses this gap by quantifying
densification, phase evolution, Cu distribution and
tribological response across a matrix of milling
times (4, 8, 12 and 16 h) and sintering
temperatures (800, 900 and 1000 °C). Structural
evolution was characterised by X-ray diffraction
(XRD), while scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS)
were used to assess morphological features and
elemental distribution. In addition, density
measurements and wear tests were conducted to
evaluate functional performance. By systematically
correlating milling time and sintering temperature
with microstructure, density and wear resistance,
this study aims to identify the optimum processing
parameters. The findings clarify the processing-
structure-property relationship in Fe-Cu porous
alloys and advance their potential as reliable
candidates for high-performance applications.

2. Materials and methods

High-purity elemental powders of iron (Fe,
>99.5%, <45 um) and copper (Cu, 299.7 %, <50
um) were selected as the starting materials. A
nominal composition of 80 wt. % Fe and 20 wt. %

Cu (Fe-20Cu) was chosen because this alloy is
widely used in porous bearings due to its balance
of mechanical strength and self-lubricating
capability.

Mechanical alloying was performed in a high-
energy planetary ball mill using stainless steel vials
and 10 mm diameter balls at a ball-to-powder
weight ratio of 10:1. Milling was conducted at 300
rom under a protective argon atmosphere to
minimise oxidation. The milling times were varied
(4, 8, 12 and 16 h) to investigate the influence of
processing time on phase evolution and
microstructure development. To prevent excessive
heating, milling was carried out in cycles of 30 min
operation followed by 10 min rest.

The milled powders were uniaxially cold die-
pressed into cylindrical compacts at 500 MPa using
a hardened steel die. The cylindrical compacts had
dimensions of 10 mm in diameter and 5 mm in
height. Sintering was performed in a tube furnace
under flowing argon at three temperatures (800,
900 and 1000°C), with a heating rate of
approximately 10°C/min, a cooling rate of
approximately 5 °C/min and a soaking time of 2 h.
The atmosphere was intended to suppress
oxidation and promote solid-state diffusion
between Fe and Cu particles.

Phase analysis was conducted by X-ray
diffraction (XRD) using Cu Ka radiation (A = 1.5406 A)
over the 26 range of 20—80° with a step size of
0.02°. Microstructural features of the powders and
sintered compacts were examined using JEOL JSM-
7000 scanning electron microscopy (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
detector for elemental mapping. These
characterisations were used to correlate milling
time and sintering temperature with particle
refinement, densification and phase distribution.

The bulk density of the sintered samples was
measured using the Archimedes method with
distilled water as the immersion medium.

Tribological performance was evaluated using a
pin-on-ring  tribometer under dry sliding
conditions, with a normal load of 62.37 N, a sliding
speed of 0.1 m/s and a sliding distance of 15 m, at
room temperature. The pin was a tested sample
(cylindrical compact with a diameter of 10 mm and
a height of 5 mm), and the counter-body (ring with
a thickness of 3.45 mm and a radius of 13.6 mm)
was made of hardened steel AISI 52100, with a
hardness of 60 — 62 HRC [18]. Wear tests produced
a wear scar of variable width and 3.45 mm in
length on the pin surface.
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The wear scar width was measured using an
Olympus SZ-PT stereo zoom microscope at 40x
magnification. Considering the applied
magnification, the effective measurement
resolution was approximately 0.025 mm. For each
specimen, the used wear scar width represents the
average of measurements taken at multiple
locations along the wear track. The wear rate was
calculated from the measured wear volume
divided by the sliding distance. For accuracy, at
least three tests were performed for each sample,
and then the average was taken.

3. Results and discussion

3.1 Structural changes with milling time

Figure 1 presents the XRD patterns of Fe-20Cu
powder milled for 4, 8 12 and 16 h and
subsequently sintered at 1000 °C (Fig. 2). The
evolution of the diffraction peaks reflects the
combined effects of mechanical alloying and
thermal consolidation on crystallinity, phase
distribution and defect structure [19].

After 4 h of milling, the a-Fe (BCC) and Cu (FCC)
peaks appear sharp and  well-defined,
accompanied by noticeable Fe,0; reflections,
indicating coarse crystallites, incomplete
intermixing and residual oxide contamination from
the starting powders [20]. After 8 h of milling, peak
broadening becomes evident together with a
reduction in oxide intensity, signifying increased
lattice strain and enhanced Fe-20Cu powder
homogenisation through repeated cold welding
and fracturing.
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Figure 1. XRD patterns of Fe-20Cu powder milled for
4,8,12and 16 h

A more pronounced structural refinement occurs
after 12 h, where a-Fe and Cu peaks narrow and
oxide signatures diminish further. This indicates
improved defect recovery and more efficient solid-
state diffusion during sintering. In contrast,
extending the milling time to 16 h produces only a
marginal improvement. Instead, the re-emergence
of peak broadening suggests excessive strain
accumulation and localised reagglomeration,
which limit additional crystallite refinement.

Sintering promotes further structural
development, especially for longer milling times
(Fig. 2). Oxide-related features (Fe,0s;) remain
visible in the 4 h condition but are significantly
weakened in the samples milled for 8 and 12 h and
sintered at 1000 °C. The sample milled for 12 h and
sintered exhibits the clearest a-Fe and Cu peaks
with minimal oxide signals, reflecting optimal
homogenisation prior to sintering [21]. Although the
sample milled for 16 h and sintered retains a refined
structure, its broader peaks indicate residual strain
that is not fully relieved during sintering.
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Figure 2. XRD patterns of Fe-20Cu alloy milled for
4, 8,12 and 16 h and sintered at 1000 °C

The Cu-Fe intermetallic phases (such as CuFe,)
were not detected under any condition, which is
consistent with the immiscibility of the Fe-Cu
system within the investigated thermal range.
Overall, the XRD results show that mechanical
alloying enhances powder mixing and crystallite
refinement up to an optimum of approximately 12
h mixing time, providing the most favourable
structural state for subsequent densification
during sintering [22].

3.2 Morphological changes with milling time

Figure 3 presents SEM micrographs of the Fe-
20Cu alloy powders after different milling times
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and sintered at 1000 °C. The morphological
evolution clearly illustrates the competing effects of
cold welding and fracturing that govern mechanical
alloying, leading to progressive refinement and
improved mixing of the constituents. After 4 h of
milling, the powders exhibit relatively coarse,
irregular polyhedral morphologies with large flat
surfaces and distinct particle boundaries.

After 8 h of milling, the particles exhibit more
pronounced fragmentation, with clear fracture
surfaces and a noticeable reduction in average
particle size. The powders now consist of a mixture
of flattened lamellae and finer debris, reflecting
the competitive interaction between cold welding
and fracturing typical of intermediate milling

Figure 3. SEM images of the Fe-20Cu alloy milled for 4, 8, 12 and 16 h and sintered at 1000 °C; EDS points are
denoted with arrows

Table 1. EDS analysis (wt. %) of the Fe-20Cu alloy in points denoted in Figure 3

Element Fe Cu Mg Al Si Ti C 0

Point 1 55.08 - 1.16 1.91 0.17 3.93 16.55 21.19
Point 2 1.86 13.62 0.01 - - 0.36 72.59 11.55
Point 3 8.46 5.10 - 9.61 - 1.20 51.74 23.89
Point 4 0.60 9.73 - 1.05 0.19 0.03 72.71 15.68
Point 5 56.64 - 0.56 1.00 0.04 6.74 7.44 27.57
Point 6 49.68 6.45 0.80 0.96 - 7.73 7.89 26.47
Point 7 1.93 2.82 4.69 0.22 0.30 0.42 37.04 52.59
Point 8 29.85 9.32 - 3.98 - 2.83 33.71 20.31
Point 9 14.58 9.43 - 2.61 3.54 1.47 44.52 23.86
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dispersed within larger agglomerates indicates
greater refinement and enhanced intermixing
between Fe and Cu, indicating the onset of more
effective solid-state mixing.

At 12 h of milling, the microstructure becomes
significantly refined and homogeneous. The
distinction between Fe-rich and Cu-rich particles
becomes less pronounced, and the morphology
transitions toward irregular but more uniformly
sized particles. This refinement correlates with the
narrowing and increased intensity of XRD peaks
(Fig. 1), suggesting enhanced solid-state mixing
and improved structural uniformity. The reduced
presence of large flat surfaces and the dominance
of smaller, equiaxed particles imply that fracturing
increasingly outweighs cold welding at this stage.

In contrast, the powders milled for 16 h exhibit a
more agglomerated microstructure. Although fine,
irregular particles are still present, localised cold
welding leads to the formation of larger aggregates.
The prolonged milling energy at this stage promotes
particle agglomeration and strain hardening,
partially counteracting the earlier refinement. This
morphological coarsening aligns with the XRD results
(Fig. 1), where broader peaks and slightly reduced
intensity suggest increased lattice strain and defect
accumulation rather than continued refinement.

The EDS results (Table 1) indicate that Fe is the
dominant constituent in most analysed locations,
with contents generally ranging from 55 to 57
wt. %, while Cu is the second major element with
approximately 13 —15 wt. %. A local deviation is
observed at point 6, where the Fe content
decreases to 50 wt. %, reflecting compositional
heterogeneity within the sintered microstructure.
The additional elements Mg, Al, Si and Ti occur
with several wt. %, indicating that they are not
merely trace species. This elemental distribution is
consistent with the nominal Fe-20Cu alloy
composition and suggests that the minor
constituents, likely introduced from the starting
powders or milling media, contribute to the
presence of multiple solute species that can
influence grain-boundary chemistry and promote
secondary-phase formation [24]. The
nonhomogeneous Cu distribution indicates that the
Cu phase has not yet been uniformly incorporated
into the Fe matrix. The surface morphology,
dominated by flat and angular particles, suggests
that cold welding is the prevailing mechanism at
this early stage, resulting in limited refinement,
which is consistent with the broad, low-intensity
XRD peaks (Fig. 1) that reflect poor crystallinity.

3.3 Morphological changes with sintering
temperature

Microstructural  changes  with  sintering

temperature are shown only for the samples
milled for 16 h (Fig. 4). This condition was chosen
because it exhibits the most pronounced changes
in phase distribution and grain coarsening, thereby
providing a clearer representation of how sintering

Figure 4. SEM images of the Fe-20Cu alloy milled for
16 h and sintered at 800, 900 and 1000 °C
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temperature affects Fe-Cu segregation, oxide
development and pore closure compared with
samples milled for shorter times [25].

At a sintering temperature of 800 °C, prolonged
milling  promotes enhanced Fe-Cu phase
intermixing and a reduction in compositional
heterogeneity, as reflected in the SEM micrographs
and supported by density-derived consolidation
behaviour. The Fe-20Cu alloy exhibits a relatively
homogeneous phase distribution accompanied by
comparatively smaller grain sizes. The elemental
distribution of Fe, Cu, O and minor alloying
elements for the sample milled for 16 h and
sintered at 800 °Cis illustrated by the EDS mapping
analysis (Fig. 5). However, the presence of residual
surface porosity indicates incomplete structural
homogenisation, suggesting that diffusion and
solid-state reactions are not yet fully achieved at
this temperature. Despite this limitation, the
material maintains adequate structural integrity,
although further thermal exposure could enhance
atomic mobility and improve consolidation [26].

O 100um

When sintered at 900 °C, the microstructure
reveals a more distinct distribution of Fe- and Cu-
rich regions compared to the 800 °C condition. The
redistribution of Fe- and Cu-rich regions together
with grain-boundary segregation of oxygen and
minor elements at 900 °C is clearly shown in the
EDS maps presented in Figure 6. Grain coarsening
becomes more pronounced, while overall porosity
decreases, implying that sintering at this
temperature effectively promotes densification
and healing of microstructural defects. This
condition manifests as microstructural
degradation, as defect annihilation enhances
cohesion without excessive grain growth.

At a sintering temperature of 1000 °C,
pronounced Cu segregation and oxygen
accumulation along grain boundaries are evident,
as confirmed by the EDS mapping analysis (Fig. 7).
Pronounced grain coarsening is also noticed, driven
by intensified atomic diffusion and grain boundary
migration. This high-temperature treatment
promotes densification and a clearer phase

C

] 100um

Figure 5. EDS mapping analysis of the Fe-20Cu alloy milled for 16 h and sintered at 800 °C
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0 100um

Figure 6. EDS mapping analysis of the Fe-20Cu alloy milled for 16 h and sintered at 900 °C

separation, but the enlarged grain size leads to
fewer grain boundaries, which could reduce the
obstruction to dislocation motion and thus
diminish mechanical strength [27]. Therefore,
although sintering at 1000 °C enhances diffusion
and structural uniformity, it may adversely affect
hardness and strength due to excessive
coarsening.

The microstructural changes of powders milled
for 16 h and subsequently sintered at 800, 900 and
1000°C reveal a transition from partial
homogenisation to progressive phase separation.

At 800°C, the alloy shows a refined and
relatively uniform distribution, with Fe dispersed
throughout the matrix and Cu remaining partially
dissolved, with only limited clustering. Moderate
oxygen enrichment is noticed along grain
boundaries, indicating slight oxidation but without
continuous oxide network formation. Minor
elements such as Mg, Al, Si and Ti appear sparsely,
while localised Ti-rich precipitates act as grain
boundary stabilisers, likely restricting grain growth.

This condition suggests that sintering at 800 °C
facilitates  beneficial homogenisation  while
maintaining opportunities for balanced strength
and ductility [28].

At 900 °C, grain coarsening becomes more
evident and Fe- and Cu-rich domains are more
clearly defined. Cu forms discrete regions
embedded within the Fe matrix, while oxygen and
minor solute elements, particularly Si and Ti, tend
to segregate at grain boundaries, possibly
strengthening the grain boundaries. However,
they also introduce a potential reduction in
ductility due to increased interface brittleness.
Therefore, sintering at 900 °C represents an
intermediate condition where hardness may be
improved, albeit accompanied by a gradual
decrease in toughness.

At 1000 °C, the alloy approaches phase
equilibrium, consistent with the immiscibility gap
in the Fe-Cu system [29]. Cu segregation becomes
extensive, forming large clusters or continuous
regions, while oxygen accumulates at grain
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O 100um

boundaries, leading to the formation of more
persistent oxide films. Carbon enrichment is also
noticed locally, likely associated with carbide
stabilisation at boundary sites. Meanwhile, Ti-rich
precipitates partially coarsen, diminishing their
grain-boundary pinning effect, whereas Si becomes
more uniformly distributed along grain interfaces.
These features indicate that sintering at 1000 °C
promotes diffusion-driven phase separation and
secondary precipitation, which may increase
hardness through dispersion hardening, vyet
simultaneously contribute to reduced ductility and
fracture resistance.

The EDS maps at 1000 °C reveal pronounced
oxygen accumulation along grain boundaries and
within Cu-rich areas, suggesting the development
of oxide films. This is consistent with the weak
Fe,05/CuO-related reflections detected in the XRD
patterns of the high-temperature sintered samples
[30]. Such grain-boundary oxides locally increase
microstructural rigidity but also introduce brittle
interfacial sites that can serve as crack-initiation

0 100um 0 100um

00 100um

[ 100um

Figure 7. EDS mapping analysis of the Fe-20Cu alloy milled for 16 h and sintered at 1000 °C

points during sliding, providing a plausible
explanation for the slight reduction in wear
performance noticed for the most severe sintering
conditions.

3.4 Density variation with milling time and
sintering temperature

Figure 8 shows that the bulk density of the Fu-
Cu alloy systematically increases with prolonged
milling and higher sintering temperatures, ranging
from 6.04 g/cm® in the early-stage milling
condition to a maximum of 7.22 g/cm3 under the
most intensive processing schedule. At low-
intermediate conditions, densities of 6.04 —6.58
g/cm?® indicate incomplete particle bonding and
significant residual porosity resulting from
insufficient solid-state diffusion. As milling time
and thermal energy increase, enhanced
interparticle contact and diffusion-driven pore
closure yield higher densities in the range of 6.90 —
7.00 g/cm’.
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Figure 8. Density for different milling times and
sintering temperatures

Peak densification is achieved at the highest
combination of milling time and sintering
temperature, with measured densities of 7.22 and
7.10 g/cm®. It should be noted that full
densification is not the objective in porous bearing
materials, since a moderate and controlled level of
porosity is required for lubricant retention. Thus,
the improved performance at 12 h milling and
1000 °C reflects an optimal balance between
mechanical consolidation and functional pore
volume, rather than a pursuit of maximum density.
These values reflect improved atomic mobility,
grain-boundary migration and neck formation
between Fe and Cu particles, which collectively
reduce closed porosity and enhance packing
efficiency. A slight deviation is noticed for the
sample with a density of 6.16 g/cm®, which may be
attributed to excessive sintering, grain coarsening,
the formation of surface oxide films or trapped
gases that counteract densification despite the
elevated temperature.

Overall, the density analysis aligns well with
SEM-EDS observations, confirming progressive
homogenisation at intermediate processing
conditions and partial Fe-Cu segregation or oxide
formation at the highest temperatures.
Nevertheless, net densification continues to
improve once diffusion becomes dominant. The
optimal balance between microstructural stability
and densification is achieved under long-time
milling followed by high-temperature sintering
(e.g. 12 h of milling combined with sintering at
1000 °C), approaching the theoretical density
predicted by the rule of mixtures. This condition is
expected to vyield superior mechanical and
tribological performance owing to reduced residual
porosity and the development of a refined,
consolidated microstructure [31].

The highest density obtained (7.22 g/cm?)
represents an increase of approximately 20 %,
relative to the lowest density (6.04 g/cm?),
underscoring the pronounced influence of the
combined milling and sintering processes on
pore closure. Using the measured bulk densities
and the theoretical density of Fe-20Cu of
approximately 8.1 g/cm?, the estimated open
porosity decreases from roughly 25 % in the
least dense samples (6.04 g/cm?®) to about 11 %
in the most consolidated ones (7.22 g/cm?). This
trend indicates substantial densification with
increasing milling  time  and sintering
temperature, yet a meaningful level of porosity
remains. Such residual porosity is essential for
porous bearing materials, as it provides
lubricant reservoirs that facilitate self-
lubrication. Therefore, complete densification is
neither targeted nor beneficial for functional
performance [32].

3.5 Wear variations with milling time and
sintering temperature

Figure 9 illustrates the variation in wear rate of
Fe-20Cu alloy as a function of milling time and
sintering temperature. The wear rate decreases
consistently with longer milling times and
increasing sintering temperatures, indicating a
strong correlation between  microstructural
refinement and tribological performance. The
highest wear rate of 4.75x10™* mm?/m is
recorded for the sample milled for 4 h and sintered
at 800 °C. This relatively poor wear resistance
reflects incomplete homogenisation, significant
residual porosity and weak interparticle bonding,
all of which facilitate material removal under
sliding contact.

4.75

Wear rate x 10, mm>/m
w
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Figure 9. Wear rate for different milling times and
sintering temperatures

58



S. Sutrisna et al. | Tribology and Materials 5 (2026) 50-62

In contrast, extended milling combined with
increased sintering temperature significantly
enhances wear resistance. The lowest wear rate of
1.45x 10" mm?/m is achieved for the sample
milled for 12 h and sintered at 1000 °C. This
improvement is attributed to enhanced solid-state
mixing between Fe and Cu, reduced porosity due
to diffusion-assisted densification and the
formation of a refined and compact
microstructure. These factors collectively improve
hardness, structural integrity and resistance to
material detachment during loading.

Intermediate processing conditions, such as 8 h
of milling and sintering at 900 °C, yield moderate
wear performance. Although improved compared
with the early-stage samples, these conditions still
produce localised coarsening and partial oxide
formation, which may serve as weak initiation
sites, thereby promoting a delamination-
dominated wear mechanism. The noticed wear
behaviour  therefore reflects the same
microstructural trends described earlier, i.e. longer

HighVac. [81x200

— 100 M

H@hVac. x2 — 100 (1M

SED  15.0kV Si C
STD 0054 July 02! 3 Jam

STD 0066

milling and higher sintering temperatures yield
improved interdiffusion, reduced porosity and
enhanced phase stability, all of which contribute to
improved wear resistance.

Overall, the results confirm that extended milling
followed by sintering in the 900 - 1000 °C range
yields the most favourable tribological response. This
outcome correlates strongly with increased material
density, microstructural uniformity and phase
stabilisation, demonstrating the significant role of
diffusion kinetics and defect healing in improving
surface durability. Additionally, consistent with the
Fe-Cu phase diagram, the immiscibility gap limits
homogenisation below approximately 900 °C. Thus,
samples sintered at 800 °C exhibit incomplete
bonding and substantial open porosity [33].

The SEM micrographs of the wear surface (Fig.
10) further support these findings. The sample
milled for 4 h and sintered at 1000 °C exhibits a
heterogeneous and severely damaged surface with
large pits, grooves and microcracks. At higher
magnification, localised detachment, adhesive

HighVac. [81x1,000 — 10 um

Std.-PC HighVac. [B1x1,000 — 10 ym

Milling 16 Jam

Figure 10. SEM micrograph images of the Fe-20Cu alloy worn surface for specimens milled for 4 and 12 h and
sintered at 1000 °C
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wear and delamination features are evident. The
coexistence of fractured zones and smoother
regions confirms microstructural nonhomogeneity
due to insufficient milling, where residual porosity
facilitates crack initiation and rapid propagation.
By comparison, the sample milled for 12 h and
sintered at 1000 °C demonstrates a more compact
and uniform worn surface. At high magnification,
fewer grooves and reduced material removal are
noticed. This improvement is attributed to
enhanced solid-state mixing, finer crystalline
features and better densification achieved through
prolonged milling and optimal sintering. Reduced
porosity and stronger particle bonding suppress
micro-fracturing and delay crack propagation,
resulting in lower wear.

The contrast between the samples milled for 4
and 12 h and sintered at 1000 °C emphasises the
inherent relationship between porosity, density
and wear performance. A porous and weakly
bonded microstructure, as seen at shorter milling
times, reduced load-bearing capacity and
accelerated surface degradation. Conversely, a
refined and densified microstructure produced by
extended milling improved surface strength and
wear resistance. These results demonstrate that
precise control of porosity through mechanical
alloying and appropriate sintering temperature is
essential for approaching theoretical density and
achieving superior wear performance in Fe-Cu
alloy systems [34]. Although dry sliding tests
provide a controlled baseline for evaluating
intrinsic wear behaviour, they do not replicate the
lubricated and dynamically varying conditions of
automotive bearings. Thus, the present result
should be interpreted as baseline tribological
performance rather than full service-level
simulation.

The improvement in wear resistance with
increasing milling time and sintering temperature
can be rationalised through three dominant
microstructural mechanisms. First, extended
milling (up to 12 h) refines particle and crystallite
size and homogenises Cu dispersion within the Fe
matrix, reducing localised plastic deformation.
Second, sintering at 900 — 1000 °C promotes neck
growth and pore elimination, increasing real
contact area. Third, the distribution of Cu governs
the wear mode, i.e. finely dispersed Cu domains
aid crack blunting and reduce adhesion, whereas
over-segregated Cu regions (especially at high
temperature) can serve as soft deformation sites,
promoting microploughing. Oxygen enrichment

noticed along grain boundaries may provide
beneficial tribofilm formation or brittle interfaces,
depending on its continuity. Together, these effects
explain why milling for 12 h and sintering at 1000 °C
yield the lowest wear rate by optimising
densification, homogenisation and oxide
distribution. Quantitatively, the wear rate declined
from 4.75x10™ mm3/m under the 4 h—800 °C
condition to 1.45x 10™* mm>/m for the 12 h-
1000 °C condition, representing an enhancement
in wear resistance of approximately 69 %.

4. Conclusions

A Fe-20Cu porous alloy was successfully
fabricated by mechanical alloying followed by
sintering, with both milling time and sintering
temperature exerting a strong influence on
microstructural evolution, densification and wear
performance.

An optimal processing condition was identified
at 12 h of milling combined with sintering at
1000 °C, which produced the highest density (7.22
g/cm®) and the lowest wear rate (1.45x107*
mm?>/m). The improved tribological behaviour of
the sample produced under these conditions is
attributed to enhanced Fe-Cu homogeneity,
reduced residual porosity and the formation of a
refined and well-bonded microstructure, which
suppresses severe adhesive and delamination wear
mechanisms.

These findings confirm that careful optimisation
of mechanical alloying and sintering parameters is
essential for achieving high-performance porous
Fe-Cu bearing materials suitable for self-lubricating
applications.
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