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Abstract. In the present work, optimization of powder metallurgy process parameters, i.e., 
compaction pressure, sintering time, and sintering temperature, for magnesium alloy AZ91 is 
done using Taguchi Design of Experiment and ANOVA techniques. Regression equation for 
determining ultimate compressive stress and hardness of AZ91 Magnesium alloy was 
formulated and validated experimentally. Out of the nine sets of parameters present in the 
current design, H8 (450 MPa compaction pressure, 450° sintering temperature, and 60 
minutes sintering time) was found to be the best set of parameters for both the hardness and 
ultimate compressive stress. Still, the optimum set of parameters was not present in the 
current design of experiments. The optimum set of parameters obtained after analyzing the 
main effect plots for means is a combination of 450 MPa compaction pressure, 450° sintering 
temperature, and 90 minutes of sintering time. The optimum value of hardness and ultimate 
compressive stress obtained from the regression equations is 81.81 Hv and 138.90 MPa, 
respectively. Experimental value of ultimate compressive stress and hardness for samples 
processed at optimal parameters is 144.89 MPa and 82.12. Compression test results obtained 
from regression analysis are 4.31% less than the experimental results. Micro-hardness results 
obtained from regression analysis are 0.4% less than the experimental results. This shows that 
the regression analysis results are in good agreement with experimental results. 
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1. Introduction 
Most industries, especially automobiles, aircraft, and space, are looking for lightweight 
structural material so that the overall weight of vehicles can be reduced and payload capacity 
can be increased [1-4]. Magnesium is one such material because It has the highest strength to 
weight ratio compared to other structural materials, i.e., aluminium, copper, and steel [5-8]. 
The low-density high strength to weight ratio of magnesium leads to the enormous increase in 
the demand for magnesium-based materials [7,9-12]. With the increase in demand for 
magnesium alloys and composites, there is an urgent need for an efficient reprocessing 
technique. Conventional reprocessing techniques (casting) have low material utilization 
(nearly 50%) and high energy consumption. Researchers worldwide are working on the 
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development of a more efficient reprocessing technique. Powder metallurgy is found to be 
one of the most efficient reprocessing techniques for metallic materials especially aluminium. 

Powder metallurgy offers various advantages over other processes such as high material 
utilization, less scrap, near-net-shape products, less machining required, low power 
consumption, high control over density, easy handling, etc. [13-16]. In the powder metallurgy 
technique, blended powders are compressed at high pressure to produce green compacts, and 
then these green compacts are sintered to produce the final material [17-19]. Parameters such 
as compaction pressure, sintering temperature, and sintering time are very important in the 
powder metallurgy process. These parameters have a high effect on the properties of powder 
metallurgy products [20-22]. 

Burke et al. studied the effect of compaction pressure on the properties of AZ31 
magnesium alloy [23]. Density and hardness increased on increasing the compaction pressure. 
Durai et al. investigated the effect of sintering temperature on Mg-Zr alloy properties [24]. 
Strength and hardness increased on increasing the sintering temperature. Gunes et al. studied 
the effect of sintering time on pure Magnesium properties. Hardness increased, and wear rate 
decreased on increasing the sintering time [25]. Kucuk et al. optimized the above-mentioned 
powder metallurgy process parameters for the fabrication of magnesium matrix composites 
and observed that the powder compaction pressure is the most influencing parameter followed 
by sintering temperature and sintering time [26]. 

There is not much literature available on the reprocessing of magnesium-based 
materials by powder metallurgy process. Kumar et al. in their review paper on the recycling 
and foaming of aluminium-based materials explained various methods of recycling 
aluminium by powder metallurgy, those methods can be used for the reprocessing of 
magnesium-based materials [27]. In the present work, optimization of powder metallurgy 
process parameters, i.e., compaction pressure, sintering time, and sintering temperature, for 
the reprocessing of magnesium alloy AZ91 is done using Taguchi Design of Experiment and 
ANOVA techniques. Regression equations for determining ultimate compressive stress and 
hardness of AZ91 Magnesium alloy were also formulated and validated experimentally. 

 
2. Materials and methods 
Sample preparation. AZ91 magnesium alloy powder produced by grinding the machining 
scrap was purchased from Jagada Industries, Virudhunagar, India. Powder was non-uniform 
with a mess size of 50 (particle size < 300µm). Nine different types of samples with different 
sets of process parameters were prepared by powder metallurgy technique [28]. Block 
diagram of powder metallurgy process is shown in Fig. 1. 
 
Table 1. Parameters used and their levels 
Parameter Level 1 Level 2 Level 3 
Compaction Pressure (MPa) 350 400 450 
Sintering Temperature (℃) 400 450 500 
Sintering Time (Min) 60 90 120 
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Fig. 1. Flow chart of powder metallurgy process 

 
Three parameters, i.e., compaction pressure, sintering temperature, and sintering time, 

were used for optimization based on the literature survey. Three levels were selected for all 
three parameters. Parameters used and their levels are given below in Table 1. Taguchi 
Design of Experiment (DOE) technique was used for preparing the experimental plan. Nine 
different combinations of parameters used for sample preparation based on the Taguchi DOE 
method are given in Table 2. For all the nine types of samples, the powders were compacted 
in a split powder compaction die using Universal Testing Machine at the respective 
compression pressure to obtain the green compacts. The obtained green compacts were 
sintered in a muffle furnace in the presence of Nitrogen gas for the respective time at the 
respective temperature level as given in Table 2. 
 
Table 2. Design of Experiment data based on Taguchi L9 orthogonal array 
S. No. Compaction 

Pressure (MPa) 
Sintering 

Temperature (℃) 
Sintering Time 

(Min) 
Sample 
Code 

1 350 400 60 A1 
2 350 450 90 B2 
3 350 500 120 C3 
4 400 400 90 D4 
5 400 450 120 E5 
6 400 500 60 F6 
7 450 400 120 G7 
8 450 450 60 H8 
9 450 500 90 I9 

 
Characterization and testing. Specimens prepared after compaction and sintering 

were characterized and tested for investigating the mechanical properties of materials. For all 
nine types of specimens, the microscopic analysis was done to study the microscopic changes 
in the materials during compaction and sintering based on the optical micrographs obtained 
after grinding, polishing, and etching. Optical microscopy was done using an inverted digital 
metallurgical microscope available at GLA Mathura. Micro-hardness testing was also done 
for all the samples using Vicker's micro-hardness tester available at Mechanical Engineering 
Department, MNNIT Allahabad, according to ASTM B933-16. All nine types of samples 
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were then tested for compressive strength. Compressions tests were done on cylindrical 
samples according to ASTM E9 with the same length to diameter ratio (0.8) for all the 
samples using Universal Testing Machine available at Applied Mechanics Department, 
MNNIT Allahabad. 

Taguchi method. The Taguchi DOE is an excellent method to design the experiments. 
Using the Taguchi DOE, sufficient information can be obtained by conducting less number of 
experiments [26]. In this method, parameters are categorized as controllable and 
uncontrollable. The effect of multiple parameters at two or more than two levels can be 
studied simultaneously using this method. There is always a target value of performance 
characteristic or property of any product or process. In this method, variability around the 
target value is reduced by optimizing the affecting factors. The optimum level of factors can 
be found by studying the main effect plots for each factor. The percentage effect of affecting 
factors can be found by analyzing the experimental results by the Analysis of Variance 
(ANOVA) technique. 

Performance characteristics or properties of any product or process always belong to 
one of the following three categories: 

1. The bigger, the better (In this target value is infinite); 
2. The smaller, the better (In this target value is zero); 
3. The nominal values are better (In this, a specific target value is given). 

Signal to noise ratio (SN ratio) is an important statistical relation used in the Taguchi 
method to determine the optimum level of parameters. The high value of the SN ratio implies 
that the value of the signal is high, and the value of the noise is low. So, the parameter levels, 
which give the maximum values of the SN ratio, are the optimum parameters. Statistical 
formulas for calculating SN ratios for three different types of performance characteristics are 
given below. 

For "the bigger, the better" characteristic: 
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1

1 110log
n
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For "the smaller, the better" characteristic: 
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For "the nominal values are better" characteristic: 

( )210log /SN = y S− . 

Where n is the number of repeated experimental tests, y is the performance value and S 
is the target value. 

 
3. Results and Discussion 
Optical Microscopy. Figure 2 shows the optical micrographs of all the specimens. It can be 
seen from the micrographs of specimens A1, B2, and C3 that grain size increased with an 
increase in sintering time and temperature because of recrystallization and grain growth in the 
material at high temperatures. 

Group of specimens D4, E5, and F6 and G7, H8, and I9 show a similar effect of 
sintering time and temperature on the grain size of the material. The average grain size of all 
the specimens is given in Table 3. As the compaction pressure increases, grain size reduces 
because of the deformation in the material at high pressure. This can be seen in the 
micrographs of specimens A1, D4, and G7. Group of specimens B2, E5, and H8 and C3, F6, 
and I9 show a similar effect of compaction on the grain size of the material. Micrographs of 
the specimens A1, B2, and C3 show that there is high porosity in the material because of the 
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low compaction pressure. As the compaction pressure increases, porosity in the material also 
decreases. This can also be seen from the micrographs that porosity decreases with increases 
in the sintering time and temperature also. This is because of the proper diffusion in the 
material, as the diffusion is a time and temperature-dependent phenomenon. 
 

 
Fig. 2. Optical micrograph of specimens (a) A1, (b) B2, (c) C3, (d) D4, (e) E5, (f) F6, (g) G7, 

(h) H8 and (i) I9 
 
Table 3. Average grain size (in µm) of specimens 

A1 B2 C3 D4 E5 F6 G7 H8 I9 
24.78 25.09 26.50 16.24 18.83 24.21 15.94 17.82 23.34 

 
Microhardness. The microhardness value of all the specimens is given in Fig. 3. This 

can be seen from the graph that the maximum and minimum values of error bars are too close, 
therefore, it can be understood that the sample has a homogeneous microstructure. 

Microhardness values of the specimens increased with an increase in the compaction 
pressure. This is because of the grain size reduction and densification in the material on 
increasing compression pressure as seen in the optical micrographs of the specimens. On 
increasing the sintering time and temperature, hardness first increased because of the better 
diffusion bonding in the material at the high temperature. On further increase in sintering time 
and temperature, hardness started to decrease because of the recrystallization and grain 
growth in the material as shown in the optical micrographs of the specimens. The highest 
hardness value of 80.8Hv was obtained in specimen H8. Similar results were observed by 
other researchers also [29]. 
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Fig. 3. Microhardness values of specimens 

 
Compression test. Figure 4 shows the compressive stress vs. compressive strain curves 

of the specimens. Like hardness, similar effects of compaction pressure, sintering 
temperature, and sintering time had been seen on the ultimate compressive stress also. The 
highest ultimate compressive stress (UCS) of 136.44MPa was obtained for specimen H8. 
Similar results were observed by other researchers also [29]. The highest compressive strain 
was obtained in specimen I9 because of the proper diffusion and grain growth in the material 
at high sintering temperature. 

 

 
Fig. 4. Compressive stress vs. compressive strain curves of specimens 
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Statistical analysis. Statistical data obtained after the analysis of Taguchi DOE are 
given below in Table 4. This can be seen from the table that the maximum value of the SN 
ratio for both the hardness and ultimate compressive stress was obtained for specimen H8. 
This shows that, out of these nine sets of process parameters, parameters used for the 
fabrication of specimen H8 are optimum process parameters. 

The main effect plots for means for ultimate compressive stress and hardness are given 
in Fig. 5 and Fig. 6 respectively. This can be seen from the graph that hardness and ultimate 
compressive stress continuously increased with the increase in the compaction pressure. So, 
out of the selected three levels of compaction pressure, 450 MPa compaction pressure is the 
optimum compaction pressure for the reprocessing of the AZ91 magnesium alloy with respect 
to hardness and compressive stress. Sintering temperature and sintering time have a mixed 
effect on hardness and compressive stress. Hardness and compressive stress first increased 
with the increase in the sintering temperature and sintering time. But on the further increase in 
sintering temperature and sintering time, hardness and compressive stress reduced because of 
recrystallization and grain growth in the material. 
 
Table 4. Statistical results for hardness and ultimate compressive stress 

S. 
No. 

Sample 
ID 

Hardness 
(Hv) 

UCS 
(MPa) 

SN Ratio for 
Hardness 

SN Ratio for 
UCS 

1 A1 38.05 77.864 31.607 37.8267 
2 B2 52.4 100.153 34.386 40.0133 
3 C3 48.11 92.329 33.644 39.3068 
4 D4 55.93 99.724 34.952 39.9760 
5 E5 63.85 101.636 36.103 40.1410 
6 F6 41.72 90.068 32.406 39.0914 
7 G7 68.79 111.120 36.750 40.9159 
8 H8 80.8 136.440 38.148 42.6988 
9 I9 75.79 135.461 37.592 42.6363 

 
So, out of the selected three levels of sintering temperature and sintering time, the 

second level of both the sintering temperature (450°) and sintering time (90 minutes) are the 
optimum levels of process parameters. So, the optimum set of process parameters is not 
available in the present nine sets of process parameters. The optimum set of process 
parameters for the given design will be a combination of the 3rd level of compaction pressure 
(450 MPa), 2nd level of both the sintering temperature (450°), and sintering time (90 minutes). 

Response data for mean UCS values and mean hardness values are given in Table 5 and 
Table 6. Ranks of parameters based on their effect on UCS and hardness are in the response 
tables for means. This can be seen that compaction pressure is ranked first in the response 
table for means for both the UCS and hardness, followed by sintering temperature and 
sintering time. This shows that compaction pressure is the most important parameter in 
powder metallurgy process, followed by sintering temperature and sintering time. 
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Fig. 5. Main effect plots for ultimate compressive stress 

 

 
Fig. 6. Main effect plots for ultimate compressive stress for hardness 
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Table 5. Response data for mean UCS values 
Level Compaction Pressure Sintering Temperature Sintering Time 
1 90.12 96.24 101.46 
2 97.14 112.74 111.78 
3 127.67 105.95 101.70 
Delta 37.56 16.51 10.32 
Rank 1 2 3 
 
Table 6 Response data for mean hardness values 
Level Compaction Pressure Sintering Temperature Sintering Time 
1 46.19 54.26 53.52 
2 53.83 65.68 61.37 
3 75.13 55.21 60.25 
Delta 28.94 11.43 7.85 
Rank 1 2 3 

 
The analysis of variance data for UCS and hardness are given in Table 7 and Table 8 

respectively. F and P values in the analysis of variance data are the measure of the 
effectiveness of parameters. Parameter with high effectiveness has a high value of F and low 
value of P. F-values also confirm the same order of the effectiveness of parameters, as 
obtained from response data for means for UCS and hardness. 
 
Table 7. Analysis of variance data for UCS 

Source DF Adj SS Adj MS F-Value P-Value 
Compaction Pressure 2 2392.2 1196.10 19.47 0.049 

Sintering Temperature 2 413.0 206.51 3.36 0.229 

Sintering Time 2 208.3 104.14 1.70 0.371 
Error 2 122.9 61.44     
Total 8 3136.4       
 

The regression equation for UCS obtained after ANOVA analysis is given below. 
Optimum value of UCS can be obtained by using this equation by putting the value of 
optimum levels of process parameters. Optimum value of ultimate compressive stress, 
obtained from the equation using compaction pressure as 450 MPa, sintering temperature as 
450°, and sintering time as 90 minutes, is 138.90 MPa. 
𝑈𝑈𝑈𝑈𝑈𝑈 =  160.2 −  3.659 𝑋𝑋 +  1.845 𝑌𝑌 +  4.08 𝑍𝑍 +  0.004701 𝑋𝑋2  −  0.002849 𝑌𝑌2  

−  0.008814 𝑍𝑍2  +  0.001816 𝑋𝑋𝑌𝑌 −  0.006034 𝑋𝑋𝑍𝑍, 
where: 

UCS = Ultimate Compressive Stress (MPa) 
X = Compaction Pressure (MPa) 
Y = Sintering Temperature (°) 
Z = Sintering Time (minutes) 
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Table 8. Analysis of variance data for hardness 
Source DF Adj SS Adj MS F-Value P-Value 

Compaction Pressure 2 1349.40 674.70 16.18 0.058 

Sintering Temperature 2 241.23 120.62 2.89 0.257 

Sintering Time 2 108.13 54.07 1.30 0.435 
Error 2 83.39 41.69     
Total 8 1782.15       
 

The regression equation for hardness obtained after ANOVA analysis is given below. 
Optimum value of hardness can be obtained by using this equation by putting the value of 
optimum levels of process parameters as the optimum set of parameters is not present in the 
current design of the experiment. Optimum value of hardness, obtained from the regression 
equation, using compaction pressure as 450 MPa, sintering temperature as 450°, and sintering 
time as 90 minutes, is 81.41 Hv. 
𝐻𝐻 =  −37.84 −  2.342 𝑋𝑋 +  1.775 𝑌𝑌 +  2.548 𝑍𝑍 +  0.002729 𝑋𝑋2  −  0.002919 𝑌𝑌2  

−  0.002248 𝑍𝑍2  +  0.001971 𝑋𝑋𝑌𝑌 −  0.004873 𝑋𝑋𝑍𝑍,  
where: 

H = Hardness (Hv) 
X = Compaction Pressure (MPa) 
Y = Sintering Temperature (°) 
Z = Sintering Time (minutes) 

 
4. Experimental validation 
Experimental validation of results obtained from regression equations for hardness and UCS 
was done. Samples were produced using the obtained optimal parameters and hardness and 
compression tests were performed. Regression analysis results and experimental results are 
given in Table 9. It can be observed that the percentage error between the experimental results 
and results obtained from the regression equation is less than 10% for both the hardness and 
UCS. So, regression equations are giving satisfactory results and can be used to determine the 
value of hardness and ultimate compressive stress at other sets of parameters. 
 
Table 9 Difference between experimental and regression analysis results 
 Ultimate Compressive Stress (MPa) Hardness (Hv) 

Regression Analysis Results 138.9 81.81 
Experimental Results 144.89 82.12 
Error 4.31% 0.4% 

 
5. Conclusions 
The following conclusions are drawn after the characterization and testing of the AZ91 
magnesium alloy samples prepared by powder metallurgy technique: 

• Out of the present nine sets of process parameters, H8 is the best set of process 
parameters for both the hardness and compressive stress. But the optimum set of the 
parameters is not present in the current design of the experiment. 

• Optimum level of compaction pressure for both the hardness and compressive stress is 
3rd level (450 MPa). 

• Optimum level of sintering temperature for both the hardness and compressive stress 
is 2nd level (450°). 
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• Optimum level of sintering time for both the hardness and compressive stress is 2nd 
level (90 minutes). 

• Out of the three selected parameters, compaction pressure is the most effective process 
parameter for both the hardness and ultimate compressive stress, followed by sintering 
temperature and sintering time. 

• Optimum values of hardness and ultimate compressive stress obtained from the 
regression equations are 81.81 Hv and 138.90 MPa respectively. 

• Experimental value of ultimate compressive stress and hardness for samples processed 
at optimal parameters is 144.89 MPa and 82.12. 

• Compression test results obtained from regression analysis are 4.31% less than the 
experimental results. 

• Micro-hardness results obtained from regression analysis are 0.4% less than the 
experimental results. 

• This shows that the regression analysis results are in good agreement with 
experimental results. 
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