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Introduction 

Metal injection moulding (MIM) is a net-shape process 

which combines the versatility of plastic injection 

moulding with the strength and integrity of machined, 

pressed or otherwise manufactured small, complex, metal 

parts. The process combines the design freedom of plastic 

injection moulding with material properties near that of 

wrought metals.  

Optimisation of the processing parameter is essential to 

obtain high quality final parts. Rigid final part is essential 

to maintain an excellent performance of the powder 

metallurgy products especially for the tough application 

such as automotive, defence and industrial tools. Many 

earlier studies about sintering of MIM part are concerning 

with microstructures, densification, and sintering 

atmosphere (Li et al. 2003 [2]; Fu et al. 2005 [3]; Koseski 

et al. 2005 [4]; Suri et al. 2005 [5]; Berginc et al. 2006 

[6]). Sintering parameters were optimised by adjusting the 

sintering variables without using any design of experiment 

(DOE) methodology. Optimisation of the sintering 

parameter for the final part densification has been 

discussed by Ji et al. (2001) [9] and Jamaludin et al. 

(2009) [10].  

Experimental 

MPIF 50 standard tensile bar is used as a specimen. 

Water atomised 316L stainless steel powder with D50 of 

7.157 µm, pycnometer density of 7.90 g/cm
3
 is mixed with 

73 % PEG weight of polyethylene glycol (PEG) and 25 % 

weight of polymethyl methacrylate (PMMA).  

The main variables involved in this study are as shown 

in Table 1, while the orthogonal array used for the 

experiments is as shown in Table 2. The factor level for 

each variable shown in Table 1 refers to the maximum and 

minimum limit that influences the final quality of the 

specimens.   

 

 

 

 

 

Table 1 Factor level (variables) in the experiment 

 

Factor 
Level 

0 1 2 

A 
Sintering Temperature 

(°C) 
1340 1360 1380 

B Dwell time (minute) 60 120 240 

C Heating rate (°C/min) 6 8 10 

D Cooling rate (°C/min) 6 8 10 

 

Results 

 

Table 2: Orthogonal array and flexure strength 

 
 Orthogonal array L9 (3

4)  Replication (flexture strength 

(MPa)) 

 

  A B C D 1 2 3 4 
 

E
k
sp

er
im

en
t 

1 0 0 0 0 892.5 893 892.7 892.7 892.8 

2 0 1 1 1 735.8 736 735.88 735.88 735.88 

3 0 2 2 2 699 698.50 698.71 698.71 698.71 

4 1 0 1 2 662.1 661.00 661.55 661.55 661.55 

5 1 1 2 0 781.7 782.00 781.82 781.82 781.82 

6 1 2 0 1 704.9 706.00 705.43 705.43 705.43 

7 2 0 2 1 753.1 752.00 752.53 752.53 752.53 

8 2 1 0 2 714 715.00 714.49 714.49 714.49 

9 2 2 1 0 682 680.00 680.65 680.65 680.65 

         Ave. 735.98 

         Max 892.74 

         Min 661.55 

 

Table 3: ANOVA for the flexture strength at α = 0.005 

 

Degree of 

freedom, 

fn 

Sum 

squared, 

Sn 

Variance, 

vn 

Variance 

ratio, Fn 

Critical F 

value 

% 

Contribution

, Pn 

A 2 
28514.35 14257.18 109939.6 

F0.005, 2, 

27=6.4885 18.59 

B 2 
34041.15 17020.58 131248.6 

F0.005, 2, 

27=6.4885 22.20 

C 2 
37948.39 18974.19 146313.3 

F0.005, 2, 

27=6.4885 24.75 

D 2 
52836.86 26418.43 203717.1 

F0.005, 2, 

27=6.4885 34.46 

error 27 3.50 0.129682 
  

0.00 

Total 35 
153344.2

6 
   

100 
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Fig. 1  Response plot for the best flexure strength 

Table 4: Optimum sintering parameter for the best flexure 

strength 

Optimum parameter:  

A0 B0 C0 D0 

 

(Sintering temperature, 1340 °C; Dwell, 60 minit; Heating rate, 6 °C/minit; 

Cooling rate, 6 °C/minit) 

                      

 Optimum performance: 892.74 MPa  

 Confidence interval:  0.307 at confidence level of 90 %  

(α = 0.1) 

 Range: 892.43 MPa  <  < 893.05 MPa  

 

Confirmation experiment (MPa) 

Repeat 1 2 3 4 average 

(MPa) 
892.48 893.00 892.74 892.74 892.74 

 

Conclusions  

Sintering variables are highly significant to the flexure 

strength, at a very high significant level of α = 0.005. 

Cooling rate is the important variable for the best flexure 

strength, followed by the heating rate, dwell time and 

sintering temperature. Thus, the results shown in this 

paper that the diminution of the flexure strength is obvious 

when the cooling rate is increased.  
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