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ABSTRACT

The escalating demand for the high-volume manufacturing of precisely detailed and small-scale parts has
become increasingly pronounced over the past few years. In this context, micro-powder injection molding (uPIM), an
advanced adaptation of the powder injection molding (PIM) technique, has proven to be a cost-effective and
technically sophisticated method for the precise shaping and mass production of micro-scale metallic and ceramic
parts. uPIM is a potentially efficacious process for the fabrication of micro-sized Cu-Al-Ni shape memory alloy
(SMA) components. However, debinding remains challenging for micro-sized components, regardless of materials,
because of their tendency toward cracking and dimensional distortion. This study involved the formulation of a 68 vol.
% powder-loaded Cu-AI-Ni feedstock through the mixing of a Cu-AIl-Ni powder mixture with a binder system,
composed of paraffin wax (PW), high-density polyethylene (HDPE), and stearic acid (SA), at an elevated temperature
of 150°C maintained for 1 hour period to ensure feedstock homogeneity. Green micro-components of Cu-AI-Ni SMA
were produced through micro-injection molding by employing controlled process conditions comprising an injection
pressure of 10 bar, an injection duration of 6 s, a mold temperature of 145°C, and a melt temperature of 180 °C.
Following a solvent debinding procedure at 60°C for 1 hour, 74.4% of the PW and SA soluble binders were effectively
removed from the green micro-component without inducing any defects or cracking in the component. The open
channels formed in the solvent debound parts assist in the expulsion of the HDPE binder through thermal debinding
phase.
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INTRODUCTION of SMAs have made them useful across diverse fields,
including robotics, actuators, automotive, aerospace,
optoelectronics, construction, biomedical, and textile (Bil
et al. 2018; Bendahan et al. 1997; Copaci et al. 2020;
Canbay et al. 2016; Canbay & Karaduman 2021; Eschen
etal. 2020; Hu et al. 2021; Jani et al. 2014; Kim et al. 2022;
Long et al. 2022; Molod et al. 2022; Mwangi et al. 2019;
Nespoli et al. 2022; Shakeriaski et al. 2022). Among the
existing SMAs, Ni-Ti SMAs are quite renowned due to
their high strain recovery and superior corrosion resistance
(Alaneme & Okotete 2016; Dawood & Abid Ali 2022).
The major challenge of Ni-Ti SMAs is their high production
and materials costs (Alaneme et al. 2021; Muntasir Billah
et al. 2022). Cu-based SMAs are advocated to be a

A technologically sophisticated derivation of adaptive,
functional materials referred to as shape memory alloys
(SMAs) have an exceptional capacity to remember their
previous shape prior to pseudoplastic deformation
(Bouabdallah et al. 2013; Karagoz & Aksu Canbay 2013;
Rashidi et al. 2024; Rashidi et al. 2025; Zare & Ketabchi
2016). The extraordinary behaviors of shape memory and
superelasticity, definitive traits of SMAs, originate from a
martensitic phase change that is both reversible in nature
and governed by specific crystallographic rearrangements
(Agrawal & Dube 2018; Ma et al. 2013). The properties
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compelling counterpart to Ni-Ti SMAs across various
industries, owing to their cost-effectiveness (Lopez et al.
2015; Saud et al. 2013). In recent times, Cu-Al-Ni SMAs
are getting higher attention among researchers due to their
excellent recoverable super-elastic strain, remarkable
thermal stability, and outstanding damping capability
(Suresh & Ramamurty 2008; Saud et al. 2015).

Powder injection molding (PIM) embodies a leading-
edge technique indispensable for the nuanced fabrication
of high-integrity components, encompassing an array of
salient benefits, including negligible post-processing
wastage, superior surface integrity, significant potential for
miniaturization, unparalleled mechanical resilience,
extensive material adaptability, and remarkable cost-
effectiveness (Basir et al. 2023a; Basir et al. 2023b; Basir
et al. 2022; Choi et al. 2017; Dehghan-Manshadi et al.
2018; Liu etal. 2005; Meng et al. 2011; Piotter et al. 2011;
Wang et al. 2009). The PIM process incorporates several
innovative variants, such as micro-PIM (uPIM) and co-
macro/micro-PIM (2C-PIM/2C-uPIM) (Attia et al. 2014;
Alcock 1999; Basir et al. 2024a; Basir et al. 2024b; Jung
et al. 2015; Park et al. 2018). The pPIM technique is
employed to manufacture small-scale components, which
possess an outer measurement merely spanning several
millimeters, in contrast to macro-scale parts, whose typical
dimensions approach several tens of millimeters (Meng et
al. 2011). Analogous to traditional PIM, uPIM facilitates
the cost-efficient fabrication of micro-components
composed of metals and ceramics. In recent times, there
has been a marked surge in the demand for pPIM-
manufactured micro-assemblies across sectors such as
electronics, aerospace, biomedical engineering, and the
automotive industry, attributed to their superior performance
characteristics (Basir et al. 2021a; Basir et al. 2021b; Fu
et al. 2004; Piotter et al. 2011; Tay et al. 2009). The
fabrication of micro components through pPIM involves
a sequence of four essential processes: the blending of
materials, micro-injection molding, extraction of
implemented binders, and sintering. A homogenous
feedstock is achieved by amalgamating a finely dispersed
powder with binders. The subsequent step involves the
precise injection of this feedstock into a mold cavity,
thereby forming a green micro-structure that conforms to
the desired geometry. The debinding process, executed
through a tailored technique, efficiently removes the
binders from the molded entity. To achieve optimal
densification and confer the requisite structural and
functional properties, the debound micro-component is
subjected to sintering (Meng et al. 2010; Wang et al. 2022).

Recently, researchers have focused on fabricating
micro-sized Cu-Al-Ni SMA components utilizing the uPIM
process; however, this approach remains inadequately
investigated, particularly with respect to the debinding

stage. Extracting the soluble binders from molded micro-
scale SMA parts via the solvent debinding process poses
considerable challenges, predominantly due to the
susceptibility of the samples to crack formation and
dimensional distortion. Despite these critical issues,
systematic studies addressing the solvent debinding
behavior of Cu-Al-Ni SMA micro-components produced
by the pPIM approach are still limited. Therefore, the
present research investigates the solvent debinding
behavior of Cu-Al-Ni SMA micro-components fabricated
via uPIM, thereby providing new insights into overcoming
debinding-related defects at the micro-scale.

EXPERIMENTAL PROCEDURES

The present experimental framework incorporated Cu, Al,
and Ni from Vistec Technology Services, Malaysia, with
mean particle sizes of 52.1 pm, 11.9 um, and 8.4 pum,
respectively. Cu, Al, and Ni powders were mixed to prepare
the powder mixture of 84Cu-12AI1-4Ni (wt.%). Using a
field emission scanning electron microscope (FESEM,
Zeiss Merlin Compact), the powder mixture’s morphology
was examined and is shown in Figure 1. The pycnometer
density of the Cu-Al-Ni powder mixture was 6.75 g/cm?
and was measured by AccuPyc II 1340 Pycnometer.

FIGURE 1. Morphology of powder mixture comprising Cu,
Al, and Ni

Incorporation of paraffin wax (PW), high-density
polyethylene (HDPE), and stearic acid (SA) binders was
pivotal in the composition design. PW and SA were
provided by Systerm Co. in Malaysia, whereas HDPE was
acquired from Titanex, also based in Malaysia. The
composition of PW, HDPE, and SA was 65 wt.%, 30 wt.%,
and 5 wt.%, respectively. While the densities of the soluble
binders PW and SA were 0.89 g/cm? and 0.98 g/cm’,
respectively, the density of the insoluble HDPE binder was
0.94 g/cm®. PW enhanced the wettability and flowability
characteristics of feedstock (Dehghan-Manshadi et al.



2017; Gal et al. 2019; Heaney et al. 2004; Li et al. 2009;
Lu etal. 2011; Royer et al. 2015; Wang et al. 2016; Yi et
al. 2017). HDPE was employed to strengthen the micro-
sized green specimen (Aggarwal et al. 2006; Han et al.
2016). Moreover, the powder-binder contact angle was
ameliorated by SA (Chuankrekkul et al. 2013; Kim et al.
2006; Li et al. 2007; Oh et al. 2018; Quinard et al. 2011;
Qinetal. 2019; Supriadi et al. 2007; Sotomayor et al. 2010;
Thavanayagam et al. 2015).

The Cu-Al-Ni feedstock was produced using a
Brabender mixer (W50 EHT), in which 68 vol.% of Cu-
Al-Ni metallic powder blend was mixed alongside PW,
HDPE, and SA binders. The fabrication process was
conducted under rigorously controlled parameters,
ensuring blending at 150°C, an hour of processing duration,
and blending at a speed of 25 rpm to ensure optimal
dispersion and binder integration. A crusher was used to
crush the resulting feedstock.

Defect-free green Cu-Al-Ni SMA micro-sized
components were fabricated using a semiautomatic
injection molding machine (DSM Xplore IM12), with
optimized injection molding parameters. By diligently
adhering to the optimal micro-injection molding conditions,
it was ensured that the samples remained devoid of any
imperfections, such as cracks, flashing, or short shots, thus
preserving their structural integrity. The schematic of the
Cu-AI-Ni micro-component is exhibited in Figure 2.
Demolding was executed with rigorous precision following
the completion of the molding, primarily to enable through
mold cooling, to mitigate the risk of structural deformation
of the specimen.
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FIGURE 2. Schematic of micro-component (mm)

A drying oven (BINDER FDL 115) was used to carry
out the solvent debinding process. The green Cu-Al-Ni
micro-components underwent a l-hour n-heptane
immersion at 60°C to eradicate the PW and SA binders.
The binder removal rate was evaluated by measuring mass
loss in five micro-components under identical conditions.
The rate at which the binder was extracted was ascertained
through the utilization of the subsequent equation:
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Where W, W, are W are the rate at which the binder
is expelled, the primary weight of green micro-sized
sample, and the weight of micro-sized sample subsequent
to solvent debinding, respectively. The W, value was
divided by the overall binder percentage by weight
contained in the initial material, thereby enabling the
quantification of the cumulative binder mass expelled
during the debinding process.

RESULTS AND DISCUSSION

The powder-binder integration, a step intricately shaped
by a multitude of variables, marks the commencement of
the uPIM. Among these, the thermal conditions and
temporal extent of the mixing phase, the proportion of
powder utilized, its size, the chronology of the introduction
of components, and the shear rate exerted upon the blend,
all exert significant influence on the ultimate quality of the
feedstock. Subsequent stages of the process are incapable
of rectifying any deficiencies in the inherent quality of the
feedstock. In this investigation, a highly efficient dispersion
of Cu-Al-Ni powder mixture within the soluble (PW and
SA) and insoluble (HDPE) binders was realized with the
aid of the employment of Brabender mixer throughout the
blending process. Figure 3 illustrates the blending profile
of the Cu-Al-Ni feedstock. The deployment of a mixer,
which synchronized the quantification of mixing torque
alongside the progression of process duration enabled a
comprehensive assessment of Cu-Al-Ni feedstock’s
homogeneity. In conjunction with Figure 3, the homogeneity
of the powder-binder mixture was firmly validated through
the gradual stabilization of the value, which, subsequent
to an early surge in the mixing torque, continued to persist
consistently over the duration of the process. The
formulation of a homogeneous feedstock is of paramount
importance in optimizing the efficacy of any pPIM process.
Beyond exacerbating the probability of fault development
in a component, inhomogeneous feedstock exerts a
deleterious influence on the mechanical properties,
undermining the overall structural integrity and performance
of the component (Supati et al. 2000). Figure 4 exhibits
the FESEM image of the produced Cu-Al-Ni feedstock.
As evidenced by Figure 4, the powder particles were
entirely enveloped by the binder system, ensuring full
coverage.
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FIGURE 3. Mixing curve for Cu-Al-Ni feedstock

FIGURE 4. FESEM image of Cu-Al-Ni feedstock

Micro-injection molding experiments were executed
on Cu-Al-Ni feedstock to facilitate the comprehensive
elucidation and precise optimization of the requisite
molding parameters. The parameters considered most
compatible with the process specifications are outlined
below:

Melt temperature: 180°C

Pressure applied during injection: 10 bar
Pressure during holding: 10 bar

Period of injection: 6 s

Mold temperature: 145°C

A S

The study accentuated the paramount significance of
mold temperature as a governing parameter in ensuring
the dimensional exactitude and fabrication fidelity of
micro-components fabricated via uPIM. It was discerned
that a reduction in mold temperature below 145°C
markedly precipitated the prevalence of short shot defects,
thereby culminating in insufficient cavity fill and
compromised component formation. This issue arose
primarily as a result of the rapid cooling of the Cu-Al-Ni
feedstock within the micro-injection molding process,
which was intensified by the diminutive size of the mold
cavity. Upon entering the mold, the feedstock underwent
rapid thermal dissipation, leading to premature solidification

that impeded its flowability. The reduced flowability caused
by the feedstock’s inability to maintain a sufficient molten
state hindered its capacity to adequately fill the mold,
thereby causing short shot defects (German & Bose 1997).
In order to address this challenge, it became essential to
attenuate the thermal disparity between the mold and the
melt temperatures, ensuring that the molten feedstock
retained sufficient fluidity throughout the injection process.
By maintaining a more consistent temperature between the
mold and the feedstock, the likelihood of premature
solidification was significantly reduced, allowing for better
mold filling and improved process reliability. Recent
studies, such as those by Basir et al. (2023b) and Basir et
al. (2024b), further support this approach, demonstrating
that optimizing mold temperature not only mitigates short
shot defects but also enhances part accuracy and
consistency in the production of micro-scale components.
Consequently, the optimal mold temperature of 145°C was
identified as the key to ensuring the successful formation
of defect-free green parts. This thermal setting enabled the
Cu-Al-Ni feedstock to flow more efficiently, thereby
enhancing the dimensional precision and structural
integrity of the final components. This refined mold
temperature control, therefore, serves as a crucial factor in
achieving high-quality micro-injection molded components,
emphasizing the importance of precise thermal management
in advanced micro-fabrication techniques. A pressure of
10 bar was applied, as exceeding this threshold elevated
the probability of flash defects occurring in the specimens.
Figure 5 exhibits the green Cu-Al-Ni SMA micro-sized
component. The FESEM image of the micro-injection
molded Cu-Al-Ni micro-sized component is displayed in
Figure 6. As presented in Figure 6, aside from the complete
coating of powder particles by the binders, the micro-
sample exhibited no detectable defects.

FIGURE 5. Green Cu-Al-Ni micro-component



FIGURE 6. FESEM image of micro-injection molded Cu-Al-
Ni part

Following the completion of the molding, the solvent
debinding procedure was promptly undertaken to maintain
process continuity. The intrinsic geometry of the green
part, notably its surface-to-volume ratio, profoundly
impacts the efficacy of the solvent debinding process, as
it dictates the capacity of the solvent to penetrate the
specimen’s internal structure with precision, thereby
enabling the thorough dissolution and extraction of the
binder constituents. During the solvent debinding process
in this study, the green-state micro-scale samples were
submerged in the solvent, which induced PW and SA
soluble binders to amalgamate with the solvent, resulting
in the formation of a swelling gel. Once the solvent
concentration attained a critical level, the gel began to
dissolve. As the PW and SA binders were partially leached
out, the micro-sized samples developed a porous
morphology. With increasing debinding duration, these
pores expanded, eventually infiltrating the interior of the
sample (Hwang & Hsieh 1996; Sharmin & Schoegl 2014).
The prevalence of structural imperfections, such as micro-
cracks and large-scale defects, significantly escalates
during the solvent debinding stage, primarily due to the
considerable diminution in the mechanical robustness of
the components following soluble binder removal, which
leaves them acutely vulnerable to mechanical failure even
under minimal external stresses. As reported by Basir et
al. (2021b), earlier PIM and uPIM studies commonly used
solvent debinding at 30—60°C to ensure efficient binder
removal while minimizing dimensional distortion. While
not governed by an explicit technical standard, this range
has emerged as a practical benchmark, largely due to its
effectiveness across diverse material systems and binder
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compositions. Building upon prior experimental insights,
the current study executed solvent debinding at 60°C,
intentionally selecting the upper limit of the commonly
applied thermal range to enhance process efficacy. This
choice ensured procedural continuity with earlier
investigations while affording refined regulation of binder
removal behavior. Operating at this temperature not only
mitigated the risk of incomplete debinding but also
preserved the dimensional fidelity and microstructural
coherence of the component. Thus, the selected condition
represented a judicious alignment with thermally optimized
parameters that supported both reproducibility and material
integrity throughout the mid phases of processing. Figure
7 delineates the time-dependent extraction of the PW and
SA binders from the Cu-Al-Ni micro-component.
According to Figure 7, the first 30 minutes were
distinguished by a rapid expulsion of the soluble binder,
after which the extraction rate significantly diminished
over the following 30 minutes. After 1 hour, 74.4% of the
PW and SA binders were eliminated from the micro-sized
specimen. The solvent debinding process was intentionally
confined to a duration of 1 hour, as experimental results
revealed a marked decline in the efficiency of binder
extraction after approximately 40 minutes of processing.
This diminishing rate suggested that continued exposure
to the solvent beyond this point would yield negligible
benefits in terms of further binder removal. Furthermore,
extending the debinding process beyond the 1-hour limit
was associated with an increased likelihood of initiating
structural degradation, including the propagation of
microcracks and the development of other latent defects
within the samples. Such imperfections could ultimately
undermine the dimensional stability and mechanical
integrity of the final components. The image depicting the
defect-free solvent debound Cu-Al-Ni micro-component
is presented in Figure 8. In contrast to the green body, no
discernible structural alterations were detected in the
solvent extracted body. Figure 9 illustrates the FESEM
image of the solvent debound Cu-Al-Ni micro-component.
As depicted in Figure 9, alongside the considerable removal
of PW and SA, the specimen underwent the emergence of
open porosity, an essential characteristic for facilitating the
subsequent expulsion of the HDPE binder during the
thermal debinding phase. A comprehensive investigation
into the thermal debinding and sintering of Cu-Al-Ni SMA
components produced via the uPIM will be pursued in a
future study.
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FIGURE 7. PW and SA elimination percentage at 60°C during
solvent debinding

FIGURE 8. Green vs. solvent debound Cu-Al-Ni micro-
component

FIGURE 9. FESEM micrograph of solvent extracted Cu-Al-Ni
micro-component

CONCLUSION

The feasibility of employing Cu-Al-Ni powder mixture to
produce green SMA micro-sized components and their
solvent extraction behavior was investigated in the present
study. A Cu-Al-Ni feedstock containing 68 vol.% powder
loading was fabricated through the mixing of a Cu-AI-Ni
powder mixture with PW, HDPE, and SA binders at 150°C.
The successful fabrication of structurally stable green Cu-
AI-Ni micro-sized components was achieved, with the
overall effectiveness of the injection molding process being
primarily governed by the meticulous regulation of a

critical parameter, namely the mold temperature, which
plays an instrumental role in controlling the material flow
dynamics and maintaining the consistency and structural
cohesion of the molded components. Solvent extraction
was executed at 60°C, resulting in the removal of 74.4%
of PW and SA binders after a 1 hour immersion in a
n-heptane, during which the majority of the soluble binder
components were effectively extracted within the first 30
minutes. Furthermore, the complete absence of any defects
within the solvent debound component serves as a
definitive confirmation of the successful and precise
execution of the solvent debinding process, thereby
underscoring the efficacy of the procedure in ensuring the
desired quality of the material. The thermal debinding and
sintering behavior of the SMA micro-components will be
investigated in a future study.
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