
 

76:6 (2015) 91–95 | www.jurnalteknologi.utm.my | eISSN 2180–3722 | 

 

 

Jurnal 

Teknologi 

 
 

Full Paper 

  

 

  

 

INFLUENCE OF SPACE HOLDER ON 

RHEOLOGICAL BEHAVIOR OF COPPER 

FEEDSTOCKS FOR METAL INJECTION MOLDING 
 

Mohammad Dahar Kamal Bahrin, Nor ‘Aini Wahab*,Nor 

Amalina Nordin, Muhammad Hussain Ismail, Ismail 

Nasiruddin Ahmad 

 

Centre for Advanced Materials Research (CAMAR), Fakulti 

Kejuruteraan Mekanikal, Universiti Teknologi MARA, 

Selangor, Malaysia  

 

Article history 

Received  

31 January 2015 

Received in revised form  

30 April 2015 

Accepted  

31 May 2015 

 

*Corresponding author 

noraini416@salam.uitm.edu.my 

 

 

Graphical abstract 
 

 

Abstract 
 

The characterization of MIM feedstock consisting of 63 vol% of copper powder with a 

binder system consisting of palm stearin (PS) and low density polyethylene (LDPE) was 

studied. To achieve porous structure, sodium chloride (NaCl) was added as a space 

holder. The effect of shear rate (s-1), temperature (oC) and viscosity (Pa.s) on the 

rheological behavior of solid and porous copper feedstocks were investigated by 

using the Rosand RH2000 Capillary Rheometer at temperatures of 160, 170 and 180oC. 

The feedstocks achieved desirable injection molding characteristics such as pseudo-

plastic behaviour, stable flow, flow behavior index less than 1 (n<1) and low activation 

energy (E). It can be concluded from the analysis that both feedstocks showed a 

good pseudo-plastic behavior within acceptable ranges in MIM.  

 

Keywords: Metal injection molding, copper, rheological behavior, viscosity, flow 

behavior index, activation energy. 
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1.0  INTRODUCTION 
 

Metal injection molding (MIM) is a powder metallurgy 

forming process using metallic  powder which have 

key features such as low production cost, shape 

complexity, tight tolerances, applicability to several 

materials and excellent final properties  . There are 4 

main sequential processes of MIM which are mixing, 

injection molding, debinding and sintering.  

During molding, the shear rate at the molding 

temperature usually ranges between 102 and 105 s-1 

and the maximum useful viscosities for the mixture is 

1000 Pa.s or lower ].  The molding stage is the critical 

step for fabricating parts without cracking or 

distortions. This step requires specific rheological 

behavior of the feedstock such as flow behavior 

index, n < 1 and moderate amount of activation 

energy, E [.  

Previous study of solid copper feedstock by Nor 

Amalina Nordin concluded that all the copper 

feedstock posses a pseudo-plastic behavior with the 

viscosities decreasing with increasing shear rate [. A 

study on rheological behavior containing 

copper/carbon nanotubes by Faiz Ahmad showed 

that although the viscosity was more than 1000 Pa.s, 

high injection pressure in injection molding stage 

managed to produce a defect free sample. Another 

study conducted by  M. Azmiruddin on MIM of Inconel 

718 using PS based binder system showed that higher 

concentration of PS in the binder system reduced 

both the activation energy and viscosity of the 

feedstock. Meanwhile, Iriany reported that feedstock 

with binder formulation containing palm oil greater 

than 45wt% showed instability of the feedstocks. 

Despite several investigation on the rheological 

properties of solid feedstocks such as copper, stainless 

steel, Inconel 718, titanium alloy in MIM, studies on 
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influence of space holder material on rheological 

behavior feedstocks were rarely reported. 

This study aims to evaluate the rheological 

properties of feedstock containing sodium chloride as 

space holder  in terms of pseudo plastic behavior, 

shear sensitivity and activation energy. Therefore, this 

study is highly significant to obtain new knowledge 

and data related to rheological behavior of solid and 

porous copper feedstock. 

 

 

2.0  EXPERIMENTAL 
 

2.1  Materials 

 

Gas atomized copper powder used in the present 

study was obtained from Sandvik Osprey Powder 

(Figure 1). The mean particle size D50 is 14.2µm and was 

determined using a Malven Particle Size Analyzer 

(Table 1). The binder system consisted of a mixture of 

LDPE which was purchased from Lotte Chem. 

Company while PS which was obtained from Sime 

Darby Plantation was kept constant for all feedstocks. 

Characteristic of binder components such as melting 

temperature and degradation temperature, which 

were obtained from DSC and TGA are shown in Table 

2. To achieve porous copper part, sodium chloride 

was used as a space holder. Sodium chloride is being 

filtered to have sodium chloride powder size not 

exceeding 100µm (Figure 2).  

 

 

 

 

 

 

 

 

 
Figure 1 SEM micrograph of Copper powder 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 SEM micrograph of NaCl powder 

 

Table 1 Results from Particle size analyzer 

 

Copper powder D10 D50 D90 

Size (µm) 9.047 14.2 20.94 

 

 

 

 

 

Table 2 Characteristics of binder and space holder 

component. 

 

Space 

Holder 

Component 

Binder 

Component 

Density 

(g/cm3) 

Melting 

Temperature 

(oC) 

Degradation 

Temperature 

(oC) 

- PS 0.89 59.93 382.09 

- LDPE 0.95 114.42 446.64 

NaCl - 2.17 801 - 

 

2.2  Feedstocks Preparation  

 

Two feedstock formulations of 63 vol% powder loading 

to the  binder system consisting of LDPE and PS were 

mixed using z-blade mixer at a temperature of 170oC 

for 2 hours with av rotation frequency of 70 rpm to 

ensure homogeneity of the feedstock is achieved. The 

feedstock formulation without space holder and the 

one containing space holder were labeled as S and P 

respectively and tabulated in Table 3. LDPE acts as a 

backbone polymer which retains component’s shape 

during the debinding process while PS provides fluidity 

of the feedstock during injection molding.  

 
Table 3 Composition of feedstock (vol%) 

 

Formulation Powder 

Loading 

(Vol%) 

Copper 

(Cu) 

Sodium 

Chloride 

(NaCl) 

Palm 

Stearin 

(PS) 

Low Density 

Polyethylene 

(LDPE) 

S 63 100 0 60 40 

P 63 80 20 60 40 

 

 

2.3  Viscosity Measurement  

 

The test was conducted using a RH Rosand 2000 

capillary rheometer. The test was conducted at 

temperatures of 160, 170 and 180oC with the capillary 

die of 1mm diameter and length of 10mm (L/D=10). 

The results of viscosity and shear rate were measured 

in Pa.s and 1/s units respectively. Figure 3 shows a 

schematic diagram of capillary rheometer and Figure 

4 shows and parameters in data acquisition from 

capillary rheometer barrel in Rosand Flowmaster user 

interface. The example of post-extrusion condition of 

the feedstock as shown in Figure 5. 
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Figure 3 Schematic diagram of capillary rheometer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4 Parameters in data acquisition from capillary 

rheometer barrel into Rosand Flowmaster user interface 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5 Example of post-extrusion condition of the feedstock 

 

 

3.0  RESULTS AND DISCUSSION 
 

3.1  Viscosity 

 

The comparison of rheological properties of two 

different feedstocks with same powder loading of 

63Vol% at temperatures of 160oC, 170oC and 180oC 

are presented in Figure 6. In this study, the 

temperatures chosen were above the melting 

temperature of the binder components as it is crucial 

to ensure that the viscosity measurement is performed 

at a temperature range greater than the melting 

point of the binder components as tabulated in Table 

2. Figure 6 depicts that viscosity of both solid and 

porous copper feedstocks decreases with increasing 

shear rate. This behavior is in good agreement with 

pseudo-plastic behavior which satisfies one of the 

initial requirements of good binder system. The 

pseudo-plastic behavior of the feedstock suggests 

that the fluid binder released helps to break the 

particle agglomerates which in turn leads to particle 

re-orientation and ordering as the feedstock flows 

within the die. Moreover, the viscosity values obtained 

from both feedstocks were less than 1000 Pa.s. which 

is favorable in MIM practices  

The trend of starting viscosity values for both solid 

and porous feedstocks is directly proportional to the 

setting temperature. For solid copper feedstock, the 

highest starting viscosity value was observed at a 

temperature of 180oC with viscosity value of 326 Pa.s 

followed by temperatures of 170oC and 160oC which 

exhibit viscosity values of 287.3 Pa.s and 265.46 Pa.s 

respectively. With the presence of 20 vol% space 

holder in the feedstock, the viscosity values increased 

particularly at low shear rate. Porous copper 

feedstock possessed the highest starting viscosity 

value which is also at a temperature of 180oC with 

viscosity of 657.67 Pa.s followed by temperatures of 

170oC and 160oC which exhibit viscosity values of 

552.03 Pa.s and 561.04 respectively.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Viscosity versus shear rate of solid and porous copper 

feed stocks tested at 160, 170 and 180 oC. 

 

3.2  Flow Behavior Index (n) 

 

The relationship between viscosity and temperature of 

the feedstock can be determined by using the 

following mathematical equation: 

 

                                       ƞ = K γn−1                                 (1) 

 

where ƞ is the feedstock viscosity, 𝛾 the shear rate, 

K is a constant and n is the flow behavior index (smaller 

than 1). The degree of shear sensitivity of a feedstock 

is indicated by the value of flow behavior index, n. The 

lower the value of n means the more the viscous 

dependence on shear rate. The value of n should be 

smaller than 1 to show the presence of shear thinning 

behavior in pseudo-plastic materials. Meanwhile, flow 

behavior index greater than 1 indicates a behavior of 

dilatants materials which leads to separation of 

powder and binder under high shear rate.  
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The slope of the plot of log ƞ against log 𝛾 shown in 

Figure 7 is n-1, in which n can be deduced. The value 

of flow behavior index, n, for all feedstock formulations 

depicted in Figure 8 which is lower than 1 suggested 

pseudo-plastic behavior. 

The findings from the present study suggest that the 

shear rate had moderately affected the viscosity of 

the feedstock as the average value of flow behavior 

index for both solid and porous feedstocks were 0.54 

and 0.46 respectively compared to flow behavior 

index of 0.75 found by M. Khakbiz who studied the 

stainless steel 316L feedstock using waxes as a major 

binder  

 

   

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7 Log Viscosity versus Log Shear Rate for solid and 

porous copper feedstocks. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 Flow behavior index for solid and porous copper 

feedstocks at temperatures of 160, 170 and 180oC. 

 

 

3.3  Activation Energy (E) 

 

Another important characteristic of MIM feedstock 

is temperature-dependence of viscosity. For a 

feedstock which is very sensitive to the temperature 

variation, any small fluctuation of molding 

temperature could lead to viscosity change which 

eventually may cause cracking and distortion of the 

injection molded parts. The influence of temperature 

on the viscosity of the feedstock is given by the 

mathematical equation: 

 

                            ƞ = K γn−1exp (E/RT)                     (2) 

 

 

 

where E is activation energy and R is gas constant.  

Low activation energy, E, is related to low 

dependency of viscosity to temperature. As depicted 

in Figure 9, for solid feedstock it is visible that the value 

of E decreases as shear rate increases. Meanwhile for 

porous copper feedstock, the presence of space 

holder reduces the activation energy, which is 

desirable in MIM practices. The porous copper 

feedstock recorded the highest value of E, 22.67 

kJ/mol at shear rate of 695/s while the lowest value of 

E, 0.068 kJ/mol was recorded at a shear rate of 2400/s. 

Investigation of porous NiTi alloy using binder of 

polyethyleneglycol (PEG) by M. Hussain Ismail showed 

that all feedstocks had E values in the range of 40-80 

kJ/mol which can be considered high compared to 

the present study of solid and porous copper 

feedstock  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9 Flow activation energy of solid and porous copper 

feedstocks as a function of shear rate. 

 

 

4.0  CONCLUSION 
 

The findings from this study show that both solid and 

porous copper feedstocks exhibit shear thinning or 

pseudo-plastic behavior at all temperatures and no 

dilatant behavior or shear thickening was observed. 

The addition of sodium chloride (NaCl) as space 

holder increased the viscosity of the feedstock and 

reduced the dependency of feedstock viscosity on 

temperature. Hence, porous feedstock have lower 

activation energy (E) compared to solid feedstock 

which is desirable in MIM practice. Nevertheless, both 

solid and porous copper feedstocks are suitable for 

further injection molding stage.  

 
 

Acknowledgement 
 

The authors would like to thank the Ministry of Higher 

Education of Malaysia (MOHE) for the financial 

support extended to this study through the ERGS (600-

RMI/ERGS/ 5/3 (26/2013)) and FRGS (600-RMI/FRGS 5/3 

(88/2013)) Grant awards. Appreciation and gratitude 

are also extended to the Research Management 

Institute of UiTM for facilitating this project. 
 

 

10

100

1000

10 100 1000 10000

lo
g

 V
is

c
o

s
it

ie
s

 (
P

a
.s

)

log Shear Rate (1/s)

S160

S170

S180

P160

P170

P180

0.587 0.537 0.496 0.491 0.454 0.443

0
0.2
0.4

0.6
0.8
1

S160 S170 S180 P160 P170 P180

Fl
o

w
 b

e
h

av
io

r 
in

d
e

x,
 n

Formulations

13.77

10.22
11.65

7.22

2.82

22.67

0.07
1.77

0

5

10

15

20

25

0 1000 2000 3000 4000 5000

F
lo

w
 A

c
ti

v
a

ti
o

n
 

E
n

e
rg

y
,E

 (
k

J
/m

o
l)

Shear Rate (1/s)

S

P



95                   Mohammad Dahar Kamal Bahrin et al. / Jurnal Teknologi (Sciences & Engineering) 76:6 (2015) 91–95 

 

 

References 
 
[1] Liu, Z.Y., Loh, N.H., Tor, S.B., Khor, K.A., Murakoshi, Y., Maeda, 

R. and Shimizu, T. 2002. Micro-Powder Injection Molding. 

Journal of Materials Processing Technology. 127: 165-168. 

[2] Karatas, C., Kocer, A., Ünalc, H.I. and Saritas S. 2004. 

Rheological Properties Of Feedstocks Prepared With 

Steatite Powder And Polyethylene-Based Thermoplastic 

Binders. Journal of Materials Processing Technology. 52: 77-

83. 

[3] Randall M. German, Animesh Bose. 1997. Injection Molding 

of Metals and Ceramics. 

[4] Ibrahim, M. H. I., Muhamad, N. And Sulong A.B. 2009. 

Rheological Investigation Of Water Atomised Stainless Steel 

Powder For Micro Metal Injection Molding. International 

Journal of Mechanical and Materials Engineering (IJMME). 

4: 1-8. 

[5] Sri Yulis M. Amin, Khairur Rijal Jamaludin, Norhamidi 

Muhamad. 2008. Rheological Properties Of SS316l MIM 

Feedstock Prepared With Different Particle Sizes And 

Powder Loadings. 

[6] Nor Amalina Nordin, Izyan Rabzi, Nor' Aini Wahab, Aidah 

Jumahat and Muhammad Hussain Ismail. 2014. Viscosity 

Analysis of Copper Powder Mixed With Palm Stearin Based 

Binder. Applied Mechanics and Materials. 660: 259-264. 

[7] Faiz Ahmad, Ali Samer Muhsan and Rafi Raza M. 2012. 

Rheological Behavior of Carbon Nanotubes/ Copper 

Feedstocks for Metal Injection Molding. Advanced 

Materials Research. 403-408: 5335-5340. 

[8] Azmirruddin, M., Johari, N., Jabir, M., Ibrahim, R. and Talib, 

A.R.A. 2014. Analysis of the rheological behavior and 

stability of Inconel 718 Powder Injection Molding (PIM) 

feedstock. Advanced Materials Research. 879: 63-72. 

[9] Iriany. 2002. Kajian Sifat Reologi Bahan Suapan Yang 

Mengandungi Stearin Sawit Untuk Proses Pengacuan 

Suntikan Logam. 

[10] Khakbiz, M., Simchi, A. and Bagheri, R. 2005. Analysis of the 

Rheological Behavior and Stability of 316L Stainless Steel-

TiC Powder Injection Molding Feedstock. Materials Science 

and Engineering. A 407:105-113. 

[11] Baiyun Huang, Shuquan Liang and Xuanhui Qu. 2003. The 

Rheology of Metal Injection Molding. Journal of Materials 

Processing Technology. 137: 132-137. 

[12] Muhammad Hussain Ismail. 2012. Porous NiTi Alloy By Metal 

Injection Moulding (MIM) Using Partly Water Soluble Binder 

System. 

 


