
5317 
Journal of Applied Sciences Research, 8(11): 5317-5321, 2012 
ISSN 1819-544X 
This is a refereed journal and all articles are professionally screened and reviewed 
 
ORIGINAL ARTICLES 
 

Corresponding Author: Mohd Ikram Ramli, Department of Mechanical and Materials Engineering Faculty of Engineering 
and Built Environment Universiti Kebangsaan Malaysia 43600 Bangi, Selangor, Malaysia 

                                           Tel.: +601-9551-8551; E-mail: mohdikram151@gmail.com 

Powder Injection Molding of SS316L/HA Composite: Rheological Properties and 
Mechanical Properties of the Green Part 
 
Mohd Ikram Ramli, Abu Bakar Sulong, Amir Arifin, Andanastuti Muchtar, Norhamidi 
Muhamad 
 
Department of Mechanical and Materials Engineering Faculty of Engineering and Built Environment Universiti 
Kebangsaan Malaysia 43600 Bangi, Selangor, Malaysia 
 
ABSTRACT 
 

Powder injection molding (PIM) is a net shaping process to achieve the desired molded part via mass 
production using metal or ceramic powder. Processes such as compression and base coating of metal mixed with 
ceramic have been reported, but only a few used the injection process. In this study, mixing was conducted with 
a binder system consisting of palm stearin and polyethylene. Shimadzu Flow Tester CFT-500D capillary 
rheometer was employed in rheological studies. Four parameters were used in the injection process: mold 
temperature, inject temperature, injection pressure, and time. The density and strength of the injected part were 
determined. SS 316L injectability with HA was successfully demonstrated and established to be suitable for 
PIM. 
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Introduction 
 

Powder injection molding (PIM) is a powder metallurgy net shaping process that allows complex parts to be 
mass manufactured with metal, ceramic, or composite materials (Liu et al., 2009). The process consists of four 
main steps: mixing, injection molding, debinding, and sintering. Stainless steel 316L (SS 316L), an austenitic 
chromium-nickel stainless steel, is one of the most commonly used materials in alloy injection-molded 
production because of its sinterability to high densities and its corrosion resistance properties (Heaney et al., 
2004). Hydroxyapatite (HA) is a calcium-phosphate ceramic that has excellent properties, such as bioactivity 
and biocompatibility, because of its similarity to the inorganic tissues of the bone structure (Prokopiev and 
Sevostianov, 2006). The presence of calcium and phosphate compounds can cause interactions with living 
tissues. HA is widely used as a material for bone implants. However, it has poor mechanical properties, such as 
brittleness and low fracture toughness, so its applications are limited only to non-load bearing implants (Thian et 
al., 2002). SS 316L and HA can compensate for the disadvantages of each other to achieve enhanced 
mechanical properties. These biocomposites are therefore expected to be used in numerous broad practical 
applications, especially for load bearing implants (Fan et al., 2009). This study aims to determine the 
formability of palm stearin and polyethylene (PE) as base binders for PIM feedstock. It also aims to examine the 
rheological behavior of SS 316L-HA composite for injection molding as well as the mechanical properties of 
the green part. 

 
Materials and Methods 

 
Fig. 1 shows that 50 wt% water atomized SS316L powder of average size 5 µm and purchased from Epson 

Atmix Corporation was used as the metal powder. Fig. 2 shows that non-calcined HA powder (50 wt%) of 
average size 5 µm and purchased from Sigma-Aldrich was used as the ceramic powder. Two types of binders 
were utilized: palm stearin and PE with 60 wt% and 40 wt%, respectively. The feedstock was mixed with the 
use of Brabender mixer at 150 ºC because the melting point for PE is 120 ºC. The feedstock with powder 
loading of 58% was studied in terms of viscosity and shear rate with Shimadzu CFT-500D rheometer with a die 
capillary of 1 mm at various temperatures (180 ºC, 190 ºC, and 200 ºC) based on the melting point of PE. The 
feedstock was then injected with the use of Battenfeld BA 250 CDC injection molding machine. After the 
injection process, the density of the green part was measured, and the strength was tested with INSTRON 
Universal Tester 5567. 
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Fig. 1: SEM of stainless steel 316L powder 

 
Fig. 2: SEM of HA powder 
 
Results and Discussion 

 
PIM feedstock comprises pseudo-plastic fluids that decrease in viscosity with an increase in shear rate. Fig. 

3 shows the graph of viscosity versus shear rate. The feedstock shows pseudo-plastic behavior with a viscosity 
less than 1000 Pa s and a shear rate of 102 to 105 s-1, which can ease mold filling, minimize jetting, and help 
maintain the shape of the molded part (Liu et al., 2002). The required temperature and pressure during injection 
molding are also reduced. 

 

 

 
Fig. 3: Variation in viscosity and shear rate of PIM feedstock 
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The viscosity of the feedstock is decreased with an increase in temperature. This condition happens because 
of the large expansion of the binder when heat is introduced, as well as the disentanglement of the molecular 
chain when heat is increased to fluctuate the random molecular structure (Liu et al., 2002). This phenomenon 
was determined based on the slope (n-1) in the graph with the use of power law equation (Eq.1) and flow 
behavior index n. 
 

,                                                                                   (1) 
 
where η is the viscosity and K is the constant. 
The flow behavior index, n, is shown in Table 1. The values of n for 180 oC, 190 oC, and 200 oC based on 

the flow behavior index data are less than 1, 0.167 < n < 0.293, which indicate pseudo-plastic behavior. 
 

Table 1: Flow behavior index n  
Temperature (oC) Flow Behavior Index, n 
180 0.293 
190 0.272 
200 0.167 

 
 The activation energy, E, for the sample was determined based on Arrhenius equation: 

 
 ,                                                                             (2) 

 
where  is the viscosity at the reference temperature, R is the gas constant, and T is the temperature in 

Kelvin unit. With a load of 140 N as reference, the graph of  versus  is plotted as shown in 
Fig. 4. 

 

 
 
Fig. 4: Graph of  versus  

 
The activation energy calculated was 7.85 kJ/mol. A low activation energy results in low sensitivity toward 

temperature and pressure changes that can lessen the defects of the injection process. The feedstock was 
considered suitable for injection molding. 

The feedstock was successfully injection-molded. Fig. 5 shows the tensile shape of the injection-molded 
parts with a single gate at one end. The green part was free from defects such as short shot flashes at the parting 
surface and binder separation. 
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Fig. 5: Injection-molded part (green part ) 

 
Fig. 6(a) and 6(b) show the SEM micrograph of the green part at the region of the fracture surface. The 

macrograph shows that the stainless steel 316L particles were surrounded by binders containing the flakes of 
HA, which deagglomerate during mixing. This deagglomeration occurs when the binder is filled in all interstitial 
spaces between the powder particles (Omar et al., 2012). The integration between the particles of SS 316L-HA 
and the binder system is generally excellent. The binder provides mechanical interlocking to the particles. A 
compact shape is then formed, and the necessary handling strength is achieved with no obvious flaw or crack in 
the green part. 

 
 

 
(a)                                                              (b) 

Fig. 6: SEM of 58 vol.% injection-molded (green body) at (a) 1000X and (b) 30,000X 
 
Table 2 shows the density measurement of 58 vol% green part. The average green density of the green part 

is 2.938 g/cm3, which is 99.39% of the theoretical density for these mixtures. The measured density is nearly 
similar to the theoretical density. This result indicates that the binder and the composite particles are uniformly 
mixed. 

 
Table 2: Density measurement for green part of 58 vol.% 

Material Density (g/cm
3
) Theoretical Density (g/cm

3
) Density different (%) 

50 wt.% SS316L - 50 wt.% HA 
58.0 vol.% 

2.948 

2.956 

0.27 
2.928 0.95 
2.933 0.78 
2.943 0.44 

 
Conclusion: 

 
Palm stearin and PE were successfully used as a base binder system. The feedstock shows a pseudo-plastic 

behavior with a viscosity of 10 Pa.s to 1000 Pa.s and a shear rate of 102 s-1 to 105 s-1, which are suitable for 
injection molding. No dilatants behavior was observed, so the feedstock mixture is homogeneous with no 
powder binder separation. The SS 316L-HA powder was successfully injection-molded with no defects 
occurring on the green part. 
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