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ABSTRACT 

   Powder metallurgy (PM) is one of the net 

shape or near net shape processes, which 

simply means almost all the initial material is 

converted into final product.  However, to 

produce product with high strength is a main 

challenge due to readily available porosities, 

which are highly governed by several process 

parameters. An optimised methodology is 

necessary for PM experiments. In 

conventional means it is such a tedious, 

costlier and time consuming, thus design of 

experiments (DoE) principles have been used 

to model the mechanical strengthening 

parameters of sintered Fe-0.8%C preforms 

during cold upsetting operations.  The process 

parameters such as aspect ratios and 

frictional conditions are varied by keeping 

initial density as constant. The resulting model 

shows that the parameters are not 

significantly influencing the strength 

coefficient, which is otherwise for strain 

hardening exponent.   

INTRODUCTION 

   Sintered powder metallurgy products are 

made by the process of compaction and 

sintering the elemental metal powders.  If it’s 

more than one metal powder then it is 

essential to undergo powder blending before 

compaction. A known limitation of this 

conventional method is the strength that is 

challenged by the presence of pores in the 

final product.  Thus, an essential further 

operations or deformations are applied to 

enhance the pore closure properties 

eventually to improve mechanical properties. 

Among several techniques, the cold 

deformation is one of the methods to 

promote strength while deformation due to 

induced strain.  The strain hardening 

characteristics is complimented by geometric 

and matrix hardening.  Where geometric is 

due to pore closure and matrix is due to 

induced strain because of plastic deformation.  

The relationship between stress and strain 

during plastic deformation can be expressed 

by Ludwik’s equation, where, K refers to 

strength coefficient and n refers to strain 

hardening exponent [1].  These two 

parameters are the representatives of 

mechanical strengthening in the preforms.  

The hardening phenomena is governed by 

several process and operating parameters, yet 

for the interest of present investigation, only 

preform geometry or aspect ratio and 

lubricant while deformation is varied. The 

other parameters are kept constant.  

Although there was an extensive study of 

explaining or revealing of strain hardening 

behaviour of various alloys and composites in 

literature [2], there is less study in attempting 

to optimize the variables so as to obtain 

enhanced combination of mechanical 

properties. Yet it is understood that the 
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design of experiments is one of the 

phenomena that is widely used in other field 

[3], which is being taken to attempt in the 

present investigation for optimizing the 

mechanical strengthening parameters during 

cold upsetting for Fe-0.8%C steel preforms. 

EXPERIMENTAL DESIGN 

   For the present investigation, two different 

parameters of highly influencing the ‘K’ and 

‘n’ such as aspect ratios and lubricants are 

considered. These variables or factors are 

varied between two levels. The control 

parameters and their levels are shown in 

Table 1. 

Table 1: Control parameters and their levels 

Si
. 
N
o. 

Paramete
r 

No
tati
on 

Levels 

Actual Code 

Low Hig
h 

Low Hig
h 

1 Aspect 
ratio 

A 0.38 0.7
5 

-1 1 

2 Lubricant B 0 1 -1 1 

   These variables follow 2K factorial design, 

the corresponding design matrix are shown in 

Table 2, the same order are used to perform 

experiments in order to find mechanical 

strengthening parameters such as, ‘K’ and ‘n’. 

Table 2: Experimental design matrix 

Order of 
Exp. 

Coded value 

A B 

1 -1 -1 

2 1 -1 

3 -1 1 

4 1 1 

 

EXPERIMENTAL WORK 

   Fe of -150 m and C of 2-3 m sizes are 

blended to yield Fe-0.8%C homogenous mix, 

which are then compacted to yield two 

different aspect ratios as set in Table 1.  The 

compacts are ceramic coated before 

subjected to sintering, after sintering it is 

furnace cooled.  These sintered specimens are 

subjected to cold upsetting using 1 MN 

capacity hydraulic press in dry friction 

condition and zinc stearate employed 

lubricant condition.  Before and after 

deformation, the deforming parameters are 

measured, which are then used to calculate 

true stress and true strain.  The log-log plot of 

stress with strain are used to determine ‘K’ 

and ‘n’ for different experimental set up, the 

resulting values ae shown in Table 3, which 

are further used for analysis. 

Table 3: Empirical value as per the design of 

experiments 

Order 
of 
Exp. 

K in Mpa n 

Rep 1 Rep 2 Rep 1 Rep 2 

1 170 145 0.38 0.4 

2 195 165 0.33 0.37 

3 175 150 0.33 0.36 

4 170 150 0.32 0.33 

 

DoE ANALYSIS 

   The R-Software [4] is used for DoE analysis.  

The Table 4 shows Yates order and effect 

estimate summary for K and n.  In which (1), 

a, b, ab are treatment combinations.  The A, B 

and AB are factor effects.  The coefficients for 

average effects are predicted and are also 

tabulated which are then used to formulate 

the mathematical model for K and n, which is 

given in Eq. 1 and 2 respectively.  

𝑦𝐾 = 165 + 5𝑥1 − 3.75𝑥2 − 6.25𝑥1𝑥2  - (1) 

𝑦𝑛 = 0.3525 − 0.03𝑥1 − 0.035𝑥2  - (2) 

Where, x1, x2 and x1x2 are referring to effects 

of A, B and AB.  In Eq. 2 the AB interaction is 

eliminated due to its negligible contribution. 

Table 4: Yates order and effect summary 
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Effects A B AB 

(1) -1 -1 1 

a 1 -1 -1 

b -1 1 -1 

ab 1 1 1 

Average Effect for K 10 -7.5 -12.5 

SS for K 200 112.5 312.5 

%Contribution for K 10.53 5.92 16.45 

Average Effect for n -0.03 -0.035 0.01 

SS for n 0.0018 0.00245 0.0002 

%Contribution for n 30.25 41.18 3.36 

 

   The Table 5 and 6 are ANOVA for K and N 

respectively that are calculated using R-

software.  The sum of squares (SS) values 

from Table 5 and 6 are used in Table 4 to 

calculate the % contribution. The 

mathematical treatment to construct ANOVA 

table is explained in detail elsewhere [5]. 

Table 5: ANOVA for K 

Source of 
variation 

DoF SS MS F P 

A 1 200 200 0.63 0.47 

B 1 112.5 112.5 0.35 0.58 

AB 1 312.5 312.5 0.98 0.38 

Residuals 4 1275 318.75   

Total 7 1900    

  

Table 6: ANOVA for n 

Source 
of 

variation 

Do
F 

SS MS F P 

A 1 0.001
8 

0.0018 4.8 0.09
4 

B 1 0.002
5 

0.0025 6.5
3 

0.06
3 

AB 1 0.000
2 

0.0002 0.5
3 

0.51 

Residual
s 

4 0.001
5 

0.0003
8 

  

Total 7 0.006    

 

It is evident from Table 4 through Table 7, the 

effect of aspect ratios and lubricants have 

little influence in ‘K’ than in ‘n’.  As per 

ANOVA, it can be concluded that there is no 

significance of factors and their levels in ‘K’ 

but for ‘n’, A and B makes significant effect.  

The above explanation is evident by observing 

the value of P in Table 5 & 6. 

REGRESSION MODEL AND ITS RESPONSES 

   The residual plot for ‘K’ and ‘n’ constructed 

out of regression model (Eq. 1 & 2) reveals the 

regression coefficient as 0.86 and 0.96 that 

are shown in Fig. 1 & 2 respectively.  It further 

indicates that the model developed for ‘n’ is 

more reliable as the errors are relatively in 

acceptable range.  Thus, Fig 3 and 4 

respectively the response surface and contour 

plot are constructed for ‘n’. This reveals that 

increasing aspect ratio and decreasing friction 

condition decreases the strain hardening 

exponent.  On the other hand Table 7 proves, 

although factors effect is less or no significant, 

by increasing the aspect ratios and lubricants 

initially increases ‘K’ but later it decreases. 

 

Figure 1: Residual plot for K 
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Figure 2: Residual plot for n 

 

Figure 3: Response surface plot for n 

 

Figure 4: Contour plot for n 

Table 7: Regression model responses for K 

A B yk 

0.38 0 157.5 

0.47 0.25 162.7 

0.56 0.5 164.9 

0.65 0.75 164 

0.75 1 160 

 

CONCLUSION 

   The major metrics found from the present 

investigation are as follow: 

 The effect variables such as, aspect ratios 

and lubricants has very little significance 

in regulating ‘K’, however the model 

(Eq.1) responds that increasing both 

aspect ratios and lubricants initially 

increases ‘K’ then falls down. 

 The effect variables, aspect ratios and 

lubricants has high significant in 

regulating ‘n’, however its interaction (AB) 

had negligible significance. The model 

(Eq.2) responds that increasing both the 

variables continuously and gradually 

decreases ‘n’. 
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