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ABSTRACT

Copper Aluminium Manganese (CuAlMn) alloy exhibit the unique ability of shape memory alloy (SMA) which
can recover their original shape when exposed to external stimulus typically thermal heat or mechanical stress making
them highly desirable for advanced applications. Shape memory alloys based on copper (Cu) exhibit the highest
potential for practical applications owing to their robust recovery force, affordability, and suitability for large-scale
production. The increasing demand for micro parts in the global market has driven the development of SMA using
powder injection moulding (PIM) which is a prominent manufacturing technique used to create intricate parts. This
study investigates the PIM process for Cu-AI-Mn alloys using a binder system of polyethylene glycol (Peg), polymethyl
methacrylate (Pmma), and stearic acid (Sa). A key focus is on optimizing feedstock properties to ensure uniform
powder and binder mixing, minimizing segregation during injection moulding. The ideal powder loading was
determined to be 59%, resulting in defect-free moulded parts under optimized parameters: injection temperature
of 125°C, pressure of 1.2 MPa, and injection time of 8 seconds. Then the green parts were proceeded with
debinding process and sintering conducted under argon atmosphere at 950°C, 1000°C, and 1050°C for three hours.
Morphological analyses using SEM revealed that sintering at 950°C and 1000°C did not produce adequate
densification, potentially leading to inferior mechanical properties. This study underscores the importance of
achieving optimal sintering conditions to enhance microstructure and mechanical performance, providing valuable
insights for scalable production of Cu-Al-Mn SMAs through PIM method.
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INTRODUCTION thermal and electrical conductivities, reduced cost, and
ease of processing. The microstructure (present phases),
alloy distribution, and corresponding alloy particle size all
have a significant impact on the performance of SMA
components (Gargarella et al. 2015). Previous studies have
indicated that the Copper Aluminium Manganese
(CuAlMn) structure is known as shape memory alloy that
is offered in various compositions (Aldirmaz et al. 2019).

Shape memory alloys (SMAs) undergo a structural
transition at a particular temperature that allows them to
regain their original structure after plastic deformation.
When compared to conventional TiNi-based SMAs, Cu-
based SMAs provide a few advantages due to their greater
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The shape memory effect occurs when the deformed SMA
is heated to a certain temperature and then can return to its
original structure. Compared to conventional TiNi-based
SMAs, Cu-based SMAs offer notable advantages,
including higher thermal and electrical conductivities,
lower production costs, and simpler processing.

The performance of SMA components is significantly
influenced by factors such as microstructure, phase
composition, alloy distribution, and particle size. The alloy
structure changes and is able to return to its original shape
when being heated to a certain critical temperature even
though have undergo plastic deformation (Gargarella et al.
2015). The effect of shape memory was successfully
exhibited after the occurrence of martensite transformation.
When heated to the final transformation temperature of
austenite (Af), the sample that has been distorted below
the temperature of the initial transformation of austenite
(As) is capable to return to its original shape (Mazzer et
al. 2015). The primary concern with Cu-based shape
memory alloys (SMAs) used in industry and medicine is
martensitic stability (Wang et al. 2014). The microstructure
and SMA properties of Cu-based materials are significantly
affected by heat treatment in grain refinement (Jiao et al.
2018; Moskvichev et al. 2023; Wen et al. 2021).

Powder injection moulding (PIM), powder forging
(PF), selective laser melting (SLM), and hot isostatic
pressing (HIP) are a few method of powder processes (Basir
et al. 2022; Mohamad et al. 2020).

PIM is a powder metallurgy technique that works well
to produce small, producing intricately shaped parts in
large quantities at an affordable price ( Wei et al. 2014;
Huang et al. 2003; Emeka et al. 2017;). The geometry and
property requirements can alternatively be satisfied by the
PIM process. (Omar et al. 2020; Ramli et al. 2019; Poh et
al. 2018;). PIM often begins with the formulation of the
feedstock, which is achieved by mixing powder and binder.
(Basir et al. 2023). After the feedstock is injected to mould
the green portions, the debinding procedure which involves
employing a solvent and thermal process to remove the
binder from the injected sample takes place. In polyethylene
glycol (Peg) based binder systems, polymethyl methacrylate
(Pmma) compatibility makes it a viable choice as a
secondary binder (Hayat et al. 2015). Stearic acid (Sa)
improves the cohesion between the metal alloy powder
and the binder by making the binder wet the powder more
thoroughly. (Ibrahim et al. 2010). Although it merely serves
as a temporary way to support the metal powder, the binder
system plays a crucial role during mixing and injection
moulding. To ensure that no defects occur during moulding,
its behavior, especially the flow properties during
moulding, is the most important criterion in developing
new binder systems. Part defects can be controlled in the

next processing step when the characteristics of the raw
material are emphasized at the early stage.

According to previous reports, CuAIMn composite
has not yet been produced using the PIM process. High
powder loading due to different powder particle sizes can
cause the binder volume to decrease and the viscosity of
the feed material to increase. This will cause difficulty in
injection moulding. Rheological properties can give the
viscosity result of the feed material to ensure that the
particles can flow into the die cavity which is crucial in
PIM process (German & Bose 1997). Capillary rheometers
are frequently used to rheologically characterise PIM
feedstock, especially at low shear rates. The ability of
binders and feedstock to have appropriate rheological
properties is crucial for creating green components with
uniform density and no defects. A successful debinding,
sintering and high quality products also can be obtain
(Obrad¢ et al. 1998).

In theory, the sintering process will cause the powder’s
particles to form a strong bond. During the sintering
process, shrinkage may occur due to powder particles
binding together and filling voids after binder removal (Nor
et al. 2018). Furthermore, the crystalline phase can be
improved by the sintering process (Ismail et al. 2016).
According to research by Arifin et al., the composite will
become denser and have fewer pores after the debinding
and sintering phase. In the present study, PIM was used to
fabricate using CuAIMn. The impact of temperature during
debinding and sintering on the green, brown and sintered
part was systematically investigated through microstructure.

EXPERIMENTAL DETAILS

The composition of alloy investigated was Cu-12A1-3Mn
(wt %) and was mixed with binders with composition of
Peg-25Pmma-2Sa (wt %) for micro size mould through
powder injection moulding process Cu, Al, and Mn material
characteristics are presented in Table 1. The procedure of
mixing could have an impact on the powder’s dispersion
due to the different materials in terms of particle sizes and
shape for Cu, Al and Mn. Additionally, it may have an
impact on the composite’s sintering shrinkage, powder
loading, and rheological qualities. Based on studied done
by Basir et al, the elemental composition of the interdiffusion
of the alloying elements was investigated with the
utilization of the EDX point analysis and EDX layered
spectrum analysis as depicted in Figures 2 (Basir et al.
2020). Cu and Al show a high percentage for oxygen
compared to carbon while Mn show otherwise.
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FIGURE 1. SEM images for each powder (a) Copper b) Aluminium c¢) Manganese powder).

Utilizing an appropriate binder material can result in
a desirable feedstock with pseudoplastic flow behaviour.
The composition of the binders was created based on past
studies which consisted of Peg (73wt%), Pmma (25wt%)
and Sa (2wt%). Controlling feedstock uniformity and the
quality of injection moulding output depend on the
selection of binder system (Cava et al. 2015; Rezvani &
Shokuhfar 2012; Nor Amalina et al. 2014). The higher
viscosity may result from the lower powder loading of the
mixture which makes the surface area of the feedstock
becomes larger (Kadiman et al. 2018). The properties of
the binders have been shown in Table 2. A critical powder
volume percentage (CPVP) indicates that the critical
powder loading is 63.0 vol%, in accordance with ASTM
D281-31 standards. To ensure process flexibility, it is best
to choose powder loading values that are 2—5% below the
CPVP value.

Therefore, 59.0 vol%, 60.0 vol% and 61.0 vol% were
chosed as powder loading of the feedstock. The Brabender
model W5S50EHT mixer is used to perform the mixing.
During the mixing phase, the binder must be fully melted.
Differential scanning calorimetry (DSC) analysis was used
to determine the melting point of the binder. To determine

the flow of the feedstock produced using a capillary
rheometer (Shimadzu CFT-500D), rheological testing
based on ASTM D1238 standard was carried out for these
three powder loadings. The green part was produced by
injecting the material into the micro-sized mould using an
Xplore IM12 tabletop injection moulding machine through
trial-and-error process.

Debinding consists of two processes which include
solvent debinding and thermal debinding. To remove the
Peg, distilled water was used in a water bath for 45 minutes
during a solvent extraction process. The Archimedes
method, which is based on MPIF standard 42, was used to
determine the densities of the green and brown parts. The
samples are then heated in Quartz tube furnace for 45
minutes at 450 °C with 3 °C/min as heating rate in argon
environment which is part of the thermal debinding
process. In a quartz tube furnace (HTF-15/200-60), the
debound part, referred to as the brown part, is directly
sintered for three hours at temperatures of 950 °C, 1000
°C, and 1050 °C with heating and cooling rates of 3 °C/
min. SEM was used to observe the morphologies for the
sintered parts.

TABLE 1. Material properties of alloys made up from CuAlMn

Material C("Cpfl’)"r Aluminium (Al) Ma?ﬁi‘;ese
Powder means diameter (pm) 40 105 40
Density (g/cm?) 8.96 2.70 3.70
Composition (%) 85 12 3
TABLE 2. Binders’ properties
Binder Peg Pmma Sa
Density (g/ cm?®) 1.21 1.16 0.96
Melt temperature (°C) 62.2 125.0 63.3
Composition (wt%) 73 25 2
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FIGURE 2. EDX results for powder of a) Cu b) Al and ¢) Mn

RESULTS AND DISCUSSION

Viscosity and shear rate sensitivity are evaluated through
the rheological properties of the CuAIMn feedstock. Figure
3 a) illustrates the CPVP obtained after an addition of 21
ml oleic acid. The calculation was made and CPVP
obtained was 63 vol%. The ideal powder loading was tested
for the rheological test. Table 3 displays the results of the
flow behavior index test for the feedstock at three different
temperatures: 115°C, 125°C, and 135°C. The injectability
of the mixture is largely dependent on the input material’s
flow profile. According to Ma et al, low viscosity, high
strength and good stability are desirable qualities in
feedstock (Ma et al. 2014). When the value of the PIM
feedstock flow index, n, is less than 1, it indicates the
pseudoplastic nature of the feedstock which allows the
injection process is suitable to be run. 1. The lowest n value
calculated from Table 3 were 0.392, 0.415, and 0.433, for
temperatures of 115 °C, 125 °C, and 135 °C respectively.
When visc osity decreases, the feedstock flows considerably
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more easily because shear rate increases cause viscosity
to drop. Additionally, as the temperature rises, the
feedstock’s viscosity likewise reduces. The pseudoplastic
nature of CuAIMn feedstock was advantageous throughout
the moulding process. Gulsoy et al. state that the feedstock
is processed at a temperature and pressure that causes the
viscosity of the feedstock to rapidly decrease as the shear
rate increases. the viscosity of the feedstock rapidly
decreases (Giilsoy et al. 2016). As can be seen in Figure 3
b), the activation energy of powder loading 59 vol% is the
lowest (0.8572 KJ/mol) followed by 61 vol% (11.36 KJ/
mol) and 60 vol%. (18.20 KJ/mol). In systems such as
composites or porous materials, when the volume
percentage of a phase reaches a threshold point (e.g., 60%),
the mechanical or thermal stresses within the matrix may
redistribute unevenly. The activation energy may change
due to this redistribution, which may increase the energy
needed for atomic or molecule movement. Therefore, the
lowest activation energy powder loading will be used as
the feedstock to proceed powder injection moulding
process.
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FIGURE 3. Critical powder volume loading (CPVP) and activation energy graph (E).

TABLE 3. Values for flow behaviour index and activation energy.

Powder loading (Vol %) Temperature (°C)

Flow Behavior Index (n)

Activation Energy, E (kj/mol)

115
59 125
135
115
60 125
135
115
61 125
135

0.396
0.394
0.392
0.416
0.416
0.415
0.435
0.433
0.433

0.8572

18.20

11.36

The trial-and-error method for PIM has been done.
The parameters that were used for injection temperature,
injection pressure and holding time were 125°C, 1.2 MPa
and 8 sec. The mould temperature was maintained at 60°C
to avoid flashing defect. The microstructure of the green
part was shown in Figure 4 a) below. In accordance with
the Archimedes principle, the density of the green part was
determined using the conventional liquid displacement
method which was 4.64 g/cm3. Two debinding methods

D21 x400 200 um

were used to remove the binder system from the green
component. The material was immersed in distilled water
for 45 minutes at 65 °C as the initial debinding process.
The Peg dissolves into the water solution leaving the green
part, which also provides a capillary path and hole to
facilitate higher molecular binder (as shown in Figure 4 b)
(Amir Arifin, Abu Bakar Sulong, Gunawan, Amrifan
Saladin Mohruni 2014).

D20 x400 200um

FIGURE 4. SEM microstructure on the green part and after solvent debinding.



1774

The second debinding process called thermal
debinding is then applied to the sample. The brown part
that had been undergo through thermal debinding was too
brittle. Therefore, the sintering process was done directly
after thermal debinding. The weight and density cannot be
measured. Therefore, sinter part was only examined for
their microstructure. Which were at 950 °C, 1000°C and
1050°C. Thian et al. state that the binder component breaks
down into various kinds of molecular states and
configurations, including liquid, gaseous, and other
evaporating components, without first passing through the
degradation process. This is how the debinding process
usually starts. (Thian et al. 2001).

The brown part that successfully undergoes the solvent
debinding process was sintered in a hydrogen atmosphere
at 950°C, 1000°C, and 1050°C for three hours which show
that samples fractured started with sintering temperature
of 1000°C. One recognised defect that frequently appeared
during the thermal debinding process was swelling because
of improper binder decomposition [29]. Severe swelling

was caused by the large quantity of Pmma. Additionally,
the 3°C /min heating rate which possibly too high for the
samples that contained Pmma space holders to handle. To
prevent the production of samples with such a defect, a
lower heating rate is required. Other than that, one known
cause of swelling is the air trapped in pores that were closed
during compaction and expands during the following
heating and sintering. As a result, sintered compacts can
expand, especially when there is a lot of air trapped, and
the moulded part has a high oxygen content in Cu and Al
materials. The quality of the sintered component is also
influenced by the quality of the debinding process (Lin &
Hwang 2010). Figure 6 shows the SEM micrograph of the
sintered CuAIMn composite for temperature 950°C and
1000°C only. According to the morphological analysis, it
is evident that the sample is inadequately sintered at these
temperatures, potentially leading to inferior mechanical
properties. The binder was also eliminated at this stage.
The micrograph of sinter part at 1050°C cannot be taken
due to the part are completely fractured at this temperature.

FIGURE 6. SEM micrograph at a) 950°C and b)1000°C of CuAlMn sintered part



CONCLUSION

The flow behavior of 59 vol% CuAIMn feedstock exhibits
pseudoplastic behavior, where the viscosity decreases as
the temperature and shear rate increase. The powder
loading also shows lowest activation energy compared to
60 vol% and 61 vol%. The PIM process aligns with this
flow behaviour through the application of parameter
settings for injection temperature, injection pressure, and
holding time, set at 125°C, 1.2 MPa, and 8§, respectively.
The binder (Peg) material on the green body was
successfully removed through the solvent debinding
technique. Thermal debinding could result in a brittle
brown part. Therefore, the sintering process together with
themal debinding has been proceeded directly after solvent
debinding process. A poor mechanical property of sintered
samples obtained part at 1000°C and 1050°C poor thermal
debinding process. The sinter parts at 1000°C and 1050°C
shows a swelling defect. This is because the samples
containing Pmma binder required a proper heating rate and
holding period to remove the binder. Therefore, identifying
optimal thermal debinding and sintering parameters is
essential and can be suggested as future work to achieve
denser and structurally intact sintered samples. In addition,
future research could focus on investigating the shape
memory behavior of the Cu-Al-Mn alloy manufactured
after having an intact of sinter sample through PIM under
various processing settings to acquire a better understanding
of'its functional performance.
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