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Abstract: 

In this study the effect of process parameters on the Super Solidus Liquid 
Phase Sintering of Cu-28Zn brass alloy was evaluated by using Response 
Surface Methodology. Compaction pressure of green samples, sintering 
temperature, and sintering time were considered as the input variables 
while sintering density, densification parameter, porosity percentage, 
volumetric shrinkage percentage, and impact energy were considered as 
process responses. Microstructural, fractography, and hardness tests were 
investigated. Results indicated that the sintering densities of low pressure 
compacted samples and high pressure compacted samples were 7.44 and 
7.17  , and the porosity percentages of those samples were 10.25 % 
and 13.03 %, respectively. Observations revealed that increase in 
sintering temperature and sintering time, leads to generate the super 
solidus liquid phase with filled pores. Microstructural observations and 
fractography revealed the effect of liquid phase distribution to the 
physical and mechanical properties. Finally, it was found that, the 
sintering temperature has the most significant effect on the sintering 
density, densification parameter, porosity percentage, volumetric 
shrinkage percentage, and impact energy. While the compaction pressure 
and sintering time have the lower effect on all responses. 
 
Keywords: Powder Metallurgy; Brass Alloy; Liquid Phase Sintering; 
Response Surface Methodology. 
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1 Introduction 
Powder metallurgy (PM) is a manufacturing process that included the 
powder production techniques, shaping methods (powder compaction) 
and sintering process [1]. Many different materials can be made by 
Powder Metallurgy (PM). Copper and Copper base alloys are very useful 
materials in different engineering applications. Brass alloys are 
combination of Copper and Zinc in different range of content [2]. 
Because of high strength and suitable toughness, high machining 
capabilities, non-magnetic and high corrosion resistance in brass alloys, 
they have been widely used in manufacturing of PM products. After 
compacting process prealloyed brass powder sintered by Super Solidus 
Liquid Phase Sintering (SLPS) method. SLPS is a suitable and an 
economical method to produce the Brass component [3, 4].  
Sintering is a processing technique used to produce density controlled 
materials. Generally, sintering aim is to make the sintered parts with 
controllable microstructure and density by controlling the sintering 
parameters. Solid state and Liquid Phase Sintering (LPS) are two types of 
sintering. In solid state sintering, densification process wholly occurs in 
solid state while LPS occurs when liquid phase is present in the powder 
compact during sintering [5]. 
LPS included the SLPS method. In LPS method when temperature 
increases (above solidus temperature) some liquid is generated. This 
liquid phase was wet the solid particles and accelerated the completed 
densification. Some of the important parameters that are effective on the 
LPS are sintering temperature, sintering time, particle size, green density 
and etc. [6].   
R.M. German [7] suggested a model for sintering densification of 
prealloyed powders. He found that SLPS depends on the generated 
internal liquid when prealloyed particles heated over the solidus 
temperature. The proposed model by German considers the particle size, 
composition and microstructure of green body and heating rate, 
maximum temperature, holding/sintering time and atmosphere as the 
sintering conditions. Viscous flow is the assumed densification 
mechanism, where both viscosity and yield strength vary with the liquid 
content and particle microstructure. Finally he found that, Densification 
prediction derived from the model and experimental data from pervious 
researches had a good agreement [7]. 
In another research, German [8] found that SLPS is very sensitive to time 
and temperature of sintering. Densification and distortion of samples 
depend on a narrow range of sintering condition. Those condition 
controlled the liquid content that coverage the grain boundaries [8]. Many 
factors can effect on sintering behavior of brass alloys.  
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M. Azadbeh et al tried to reveal the effect of alloying elements and 
sintering temperature on particle rearrangement during SLPS of brass and 
bronze powders. With comparing the microstructural and fractographical 
analysis, they found that the gravity force play a major role in the graded 
densification in different section of samples from top to bottom. In 
addition, in high sintering temperature the gravity force is more effective 
[3]. In the other study [4], Azadbeh et al worked on SLPS of brass alloys. 
He found that densification did not completed in low temperature, and 
distortion maybe occurred in high temperature, so finding the optimum 
sintering temperature is very important. Therefore, mechanical tests such 
as micro hardness and impact energy tests and microstructural and 
fractographical analysis was applied. Clearly, it was found that the 
amount of liquid phase which depend on sintering temperature, affects 
the type of fracture morphology. In bottom sections of samples because 
of gravity force the liquid phase accumulated and it was observed in 
fraction images. Finally they found that the optimum sintering 
temperature is around 930  [4]. 
Sintering temperature must be selected in an optimum range of 
temperature. E. Young [9] in her thesis worked on SLPS of Fe-C-Mo 
alloy. Differential Scanning Calorimeter (DSC) was applied to determine 
the solidus and liquidus temperature (SLPS temperature range) and phase 
transformation temperature of the alloy [9]. Moreover, shape distortion is 
a common mistake in the sintering process. E.A. Olevsky et al. [10] 
applied finite element method to describe the shape distortion phenomena 
during sintering of copper powder. They also compared the result of finite 
element with the experimental data from LPS of W-Ni-Fe powder. 
Finally finite element analysis presents a kind of shape distortion that is 
called elephant foot shape and in experiment also this shape distortion 
was observed [10]. 
In another work, Jianxin Liu and coworkers [11, 12] tried to evaluate the 
densification and shape distortion. They focused on capillary force effect 
on preservation the component shape. Capillary force is isotropically 
oriented, causes uniform shrinkage, and it holds grains together to 
preserve the compact shape. However, the gravity force pulls the liquid 
phase to the bottom part of the sample. When densification increased the 
pores eliminated and then capillary force decreased. In addition, J. Liu 
[11, 12] predicted a model for SLPS process. The proposed model 
demonstrated that the capillary force is strongly affected by the amount of 
liquid phase, wetting angel and the shape of the coalescing particles [11, 
12]. 
K.S. Hwang and coworkers [13] put their effort to evaluate the capillary 
force during SLPS and agglomeration. They proposed a numerical 
estimation for the capillary force between two spheres and found that 
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small contact angel, particle size and liquid volume caused a large 
attractive force between particles [13]. 
Furthermore, the gravity force can have a significant effect on the shape 
distortion during sintering. L.G. Campbell and coworkers [14] studied the 
effect of different gravity condition on sintering of Tungsten heavy 
alloys. They sintered Tungsten-Nickel-Iron powder in both orbital 
microgravity and earth condition. They found that the gravity has a 
significant effect on grain contiguity, grain size and porosity in different 
section of samples from top to bottom [14]. 
One of the most important parameters in the sintering behavior is the 
compaction pressure of green samples. David Levasseur [15] worked on 
the effect of green density on the sintering behavior of Inconel 718. He 
found that the main effect of green density or compaction pressure during 
SLPS is to reduce the shrinkage of samples during densification. In 
addition, the compaction pressure reduced the amount of liquid required 
to obtain a given density [15]. In the other study S.H. Lee and B. Ahn 
[16] studied the effect of compaction pressure and sintering temperature 
on sintering behavior of Al-Cu-Zn alloy. Compaction pressure was 200, 
400 and 600 MPa. They found that in 400 and 600 MPa compaction 
pressure diffusion reaction occurred because of interlocking between 
powder particles. In 600 MPa compacting pressure because of closed 
pores were remain unfilled by liquid phase, sintering density and 
mechanical properties decreased [16]. 
D. Dixit [15] evaluated the effect of compaction pressure on sintering 
behavior of Copper powders. They applied 500, 600, 700 and 730 MPa 
compaction pressure and sintered samples at 750  for 1.5 hour. 
Microstructural analysis of sintered samples showed that at lower 
compaction pressure pores were remained but in high compaction 
pressure large pores replaced with small tiny closed pores that did not 
removed by sintering process [17].Furthermore A. Sh. Mahdi et al. [18] 
evaluated the effect of compaction pressure and particle size of 6061 Al 
alloy and found that when low compaction pressure was applied lead to 
be weak bonding between the particles while at a high compaction 
pressure has high bonding, so with increase in compaction pressure, 
contact points, compression strength and microhardness increased and 
porosity decreased [18]. 
Accordingly, many different parameters are involved on the sintering 
behavior of materials. With this regard, the main contributions of this 
paper it the evaluation of the effect of important sintering parameters 
(e.g.: compaction pressure, sintering temperature, and sintering time) on 
sintering process of Cu-28Zn brass alloy samples. Characterizations of 
sintered samples including the physical properties, microstructure 
observations, fractographical analysis, and mechanical tests were 
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conducted. The influence of the gravity and capillary forces is also 
studied during sintering of Cu-28Zn. For this purpose, Response Surface 
Methodology (RSM) was considered to predict, analyze, and optimize the 
process and represent the results. 
 

2 Experimental Design and Methodology 

2.1 Response surface methodology (RSM) 
Design of experiments (DOE) involves a series of experiments that 
deliberately modify the input variables of the process to be observed and 
then detect the variation in the output response of the process [19-21]. 
Response Surface Methodology (RSM) is a mathematical and statistical 
method which is valuable for analyzing and modeling terms affected by 
several variables and aims to optimize the responses [22]. Table 1 
represents the three input parameters of the experiment, coded values and 
actual values. Coded values are -2 to 2 which are used for better analyses 
via statistical software. The related actual values are listed in the related 
coded columns.   

Table 1. Independent process parameters with design levels. 

Variable Notation Unit -2 -1 0 1 2 
Compaction pressure CP )MPa(   300 600  
Sintering temperature STe )( 850 860 870 880 890 

Sintering time STi )minutes(  10 20 30 60 
 

2.2 Powder characteristics 
X-ray fluorescence (XRF) analysis applied to exact characterize the 
composition of used powder, which is shown in Table 2. XRF analysis 
was done in the Razi Metallurgical Research Center, Tehran, Iran. 
(Device Model: ARL PERFORMIR’X) 

Table 2. Powder characteristics and composition. 

Powder characteristics: XRF analysis of powder: (%wt) 
Fluidity(50g⁄sec) 31 Cu 71.1 S 0.062 
theoretical density 8.29 Zn 28.6 Si 0.054 
Appearance density 3.4 Al 0.14 P 0.008 
Shape of power particles Irregular Fe 0.085   
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Particle size and particle size distribution were determined using a laser 
particle size analyzer (model, ANALYSETTE 22 MicroTec Plus). Result 
of laser particle size analysis is shown in Figure 1. According to Figure 1, 
most parts of powder particle size are less than 30  According to 
Figure 1, the curve peak corresponds to the range of 30 μm. It means that, 
the most parts of powder particles are in range of 30 μm. 

 

Figure 1. Cumulative curve of particle size distribution 

SEM image of morphology of powder particle is shown in Figure 2. An 
irregular particle shapes is observable in the powder. The SEM images 
and analysis were done in Materials Detection Laboratory, Sahand 
University of Technology, Tabriz, Iran. (Device model: VEGA© 
TESCAN MV2300) 
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Figure 2. SEM image of morphology of powder. 

DSC analysis of Cu-28Zn brass powder particle is shown in Figure 3. The 
DSC analysis was applied to better understanding of the sintering 
temperature range of Cu-28Zn brass powder. This test was done (Devise 
model: NETZCH DSC 404) in Materials Detection Laboratory, Sahand 
University of Technology, Tabriz, Iran.  

 

Figure 3. DSC analysis curve for Cu-28Zn brass powder. 

Cu-28Zn prealloyed powder was prepared with water atomization method 
in the Tabriz Powder Metallurgy Company, Tabriz, Iran. Sieve test 
according to ASTM E11 standard was applied too. Powders which are 
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under 80 micron separated are used to make samples. In the next stage, 
0.15 % weight lithium stearate is added as a lubricant and this mixture 
(powder and lubricant) was mixed in the V shape mixer with 65 RPM for 
20 minutes. Then, the homogenized mixture was used to make all 
samples. The flow behavior and apparent density of powders were 
measured based on ASTM B212.  Uniaxial press and 3 part metal die 
were used to make samples. Consequently, samples were compacted at 
300 and 600 MPa. Final dimensions of green samples were 55×10×10 
millimeter. Green density was calculated by measuring the compact 
weight and dimensions. 
 

2.3 Sintering process 
Green samples of Cu-28Zn brass alloy sintered under different conditions 
based on the presented data in Table 3. Compacted samples were marked 
and then samples sintered at 3-zone in an electrical tube furnace with 
nitrogen gas atmosphere. For all steps of sintering nitrogen gas with a 
flow rate of 2 lit/min as atmosphere gas flew in the furnace to prevent 
oxidation of samples. In order to avoid the compacts to stick together 
during sintering and to reduce the evaporation rate of Zn, the compacts 
were placed in a ceramic boat filled with alumina powder. To burn 
lubricant additives at first stage of sintering samples pre-sintered in pre-
sinter zone of furnace is set at 540  for 30 minutes. According to the 
Figure 3, two exothermic reactions occurred. In first reaction, the 
sintering process was started at 850  and was finished at 890 . The 
second reaction was related to the evaporation. With the consideration of 
optimal sintering temperature that is proposed in the literature[3,4] and 
DSC analysis, samples moved to sintering zone of furnace and sintered at 
850, 860, 870, 880, and 890  for 10, 20, 30, and 60 minutes. Next, 
samples moved to the cooling zone of the furnace and stayed there until 
they reached the ambient temperature. Figure 4 shows the schematic of 
the 3-zone tubular furnace. As mentioned before, a 3-zone furnace was 
used. A thermocouple was used simultaneously during sintering. The 
temperature accuracy of the furnace was  (The differences between 
controller set and thermocouple recorder). 
Figure 5 shows the sintered samples. In this figure all samples with 
different sintering conditions illustrated. All samples have a same 
sintering condition in furnace.  
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Figure 4. The schematic of the tubular furnace and how to control the temperature and 
sintering process. 

 

Figure 5. Images of sintered samples in different sintering conditions. 

2.4 Samples characterization 
After preparing the samples, the sintering density, densification 
parameter, porosity percentage, volumetric shrinkage, and impact energy 
of samples were measured. 
Densities of sintered samples were measured with Archimedes’ method 
according to DIN ISO 3369. 
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Densification parameter  , porosity percentage, theoretical density and 
volumetric shrinkage percentage calculated from equations 1, 2 , 3, and 4, 
respectively.  

nt 100Si er Green

Theory Green
(1) 

int% (1 ) 100S er

Theory

porosity (2) 

1

1 N
i

iTheory i

w
(3) 

100% int

Green

GreenerS

V
VVV (4) 

Where in equation 3, N is number of elements exist in prealloyed powder, 
wi is weight percent of elements and Pi is theoretical density. 

The samples were cleaned in ultrasonic bath of Acetone and Alcohol. 
Impact strength of samples according to ASTM B927 standard with use 
of Charpy test (model: Roel AMSLER Rkp 300) was measured.  Broken 
samples from Charpy test used for fractography and microstructural 
observation. Top, middle, and bottom section of samples (2, 4.5, and 7 
millimeters from top of samples, respectively) observed by Scanning 
Electron Microscope (SEM) and Optical Microscope (OM). The SEM 
analysis were applied by VEGA© TESCAN SEM microscope.Samples 
were cut and polished and etched in this reagent (10ml HCl + 8g CuCl2 + 
100ml Ethanol) for 20 second and then microstructural observation were 
made by optical microscope. Microhardness measurements 
(Microhardness V-test-analog) were accomplished along the lines 2, 4.5 
and 7 mm below the top of transversal cross section of samples. These 
measurements were taken by a maximum load of 30 Kg-N a dwell time 
of 30 second and tests were repeated at least three times for each line and 
average result for each section of sample are reported in section 3.  

3 Results  
Sintering process result that can explain sintering behavior such as 
sintering density, densification parameter, porosity percentage, 
volumetric shrinkage, and impact energy were measured as the output 
responses of experiments. Analysis of Variance (ANOVA) was applied to 
investigate significance of the parameters and their effects. 
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Table 3 present the matrix design which an overview of the results of the 
experiments is illustrated. 

Table 3.  Results overview 
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1 300 850 10 5.87  7.32 60 11.7 -21.52 76 
2 300 850 20 5.87  7.2 55 13.15 -20.34 81 
3 300 850 30 5.86  7.22 56 12.91 -20.95 63 
4 300 850 60 5.85  7.29 59 12.06 -22.75 68 
5 300 860 10 5.89  7.28 58 12.18 -21.6 47.5 
6 300 860 20 5.86  7.44 65 10.25 -24.02 85 
7 300 860 30 5.89  7.33 60 11.58 -23.16 76 
8 300 860 60 5.89  7.33 60 11.58 -23.92 72 
9 300 870 10 5.88  7.3 59 11.94 -14.54 92.5 
10 300 870 20 5.89  7.26 57 12.42 -21.89 74 
11 300 870 30 5.89  7.16 53 13.63 -21.04 56.5 
12 300 870 60 5.89  7.16 53 13.63 -25.61 46.5 
13 300 880 10 5.85  7.19 55 13.27 -20.59 71.5 
14 300 880 20 5.86  7.15 53 13.75 -20.23 61.5 
15 300 880 30 5.87  7.13 52 13.99 -20.4 53.5 
16 300 880 60 5.87  7.13 52 13.99 -20.8 44 
17 300 890 10 5.89  7.16 53 13.63 -19.97 56 
18 300 890 20 5.89  7.14 52 13.87 -20.05 64.5 
19 300 890 30 5.87  7.13 52 13.99 -18.29 65 
20 300 890 60 5.87  7.13 52 13.99 -20.62 62.5 
21 600 850 10 6.27  7.36 54 11.22 -14.9 82 
22 600 850 20 6.27  7.3 51 11.94 -15.12 72 
23 600 850 30 6.27  7.26 49 12.42 -14.78 72 
24 600 850 60 6.27  7.26 49 12.42 -16.1 75 
25 600 860 10 6.27  7.3 51 11.94 -15.97 76.5 
26 600 860 20 6.29  7.21 46 13.03 -15.53 66 
27 600 860 30 6.29  7.17 44 13.51 -15.32 60 
28 600 860 60 6.29  7.13 42 13.99 -15.59 52 
29 600 870 10 6.27  7.1 41 14.35 -13.42 74 
30 600 870 20 6.27  7.08 40 14.6 -13.16 59.5 
31 600 870 30 6.27  7.1 41 14.35 -14.26 47.5 
32 600 870 60 6.27  7.1 41 14.35 -14.46 51 
33 600 880 10 6.27  7.1 41 14.35 -13.62 70 
34 600 880 20 6.29  6.99 35 15.68 -12.03 55 
35 600 880 30 6.27  7 36 15.56 -12.68 47 
36 600 880 60 6.27  7.08 40 14.6 -13.57 46 
37 600 890 10 6.29  6.95 33 16.16 -12.88 69 
38 600 890 20 6.29  6.95 33 16.16 -11.63 52 
39 600 890 30 6.28  6.82 27 17.73 -9.55 63 
40 600 890 60 5.87  6.92 32 16.53 -12.53 64 

 

3.1 Sintering density  
Table 4 shows the analysis of the variance for the sintering density. As 
shown in Table 4, all the main parameters are effective. Interaction effect 
of compaction pressure and sintering temperature is also significant. 
According to the performed analyses in ANOVA Table 4, Equations (5) 
and (6) represents the regression equation for the sintering density 
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considering significant parameters based on coded and actual values, 
respectively. 

Table 4. Revised ANOVA for the sintering density 

p-value F Value Mean Square Degree of 
freedom 

Sum of 
Squares Source 

< 0.0001 45.00 1.906E-007 4 7.626E-007 Model 
< 0.0001 41.99 1.779E-007 1 1.779E-007 A-Compaction pressure 
< 0.0001 116.36 4.930E-007 1 4.930E-007 B-Sintering temperature 
0.0817 3.21 1.361E-008 1 1.361E-008 C-Sintering time 
0.0001 18.43 7.806E-008 1 7.806E-008 AB 

< 0.0001 45.00 4.237E-009 35 1.483E-007 Residual 
< 0.0001 41.99 1.906E-007 39 9.108E-007 Cor Total 

R-Squared (Adj) = 81.86 % R-Squared= 83.72 % 

 = (2.728E-003) + (6.669E-005×A) + (1.570E-004×B) + (2.465E-005×C) + 
(6.248E-005×A× B)                                                                                                                                (5) 

 =  (3.81702E-003)-(1.76732E-005×A)-(1.52118E-006×B)+(9.86131E-
007×C)+(2.08251E-008×A× B)                                                                                                             (6) 

 
The standard deviation is one of the dipersion indices is to show how far 
the average data is from the average value. If the standard deviation of a 
set of data is close to zero, it indicates that the data are close to average 
and have a low dispersion, whereas the large standard deviation indicates 
a significant dispersion of data. The standard deviation of sintering 
density was 0.13. It showed that the data dispersion was negligible. 
Figure 6 shows the perturbation plot of the sintering density. The 
perturbation plot used to compare the effect of all the parameters in the 
central point in the design space. The sintering density is plotted by 
varying only one parameter over its range while the other parameters are 
kept fix. Each curve in the plot shows the sensitivity of sintering density 
to the input variables.  

 
Figure 6. Perturbation plot of sintering density  

Figure 7-a illustrats the 3D graph of changes of sintering density in terms 
of variation of sintering temperature and compaction pressure.  
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In figure 8, metallographic images of samples from top, middle and 
bottom section of samples that compacted under 300 and 600 MPa and 
sintered in 860   for 20 min are illustrated.  

  
 

Figure 7. Response surface plot of sintering density profile in terms of input 
parameters.  

 
Figure 8. Metallographic images for different section of Cu-28Zn brass alloy sintered in 
860 for 20min. a)300 MPa-top, b) 300 MPa-middle, c)300 MPa-bottom, d)600 MPa-top, 

e)600 MPa-middle, f)600 MPa-bottom 

3.2 Densification parameter  
According to the analysis of variance on densification parameter, Table 5, 
the linear parameters and the interaction effect of compaction pressure 
and sintering temperature are significant. 
According to the statistical analysis, the regression equation in terms of 
coded and actual variables values are presented in Eqs. (7) and (8), 
respectively. 
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Table 5. Revised ANOVA for the sintering parameter 

p-value F Value Mean Square Degree of 
freedom 

Sum of 
Squares Source 

< 0.0001 117.45 242.94 4 971.76 Model 
< 0.0001 312.94 647.31 1 647.31 A-Compaction pressure 
< 0.0001 127.26 263.23 1 263.23 B-Sintering temperature 
0.0743 3.38 7.00 1 7.00 C-Sintering time 

< 0.0001 26.21 54.22 1 54.22 AB 
  2.07 35 72.40 Residual 
  242.94 39 1044.15 Cor Total 

R-Squared (Adj) = 92.27 % R-Squared= 93.07 % 
 
 (densification parameter)0.88 = (30.30)-(4.02×A)-(3.63×B)-(0.56×C)-(1.65×A× B)                        (7)      
 
(densification parameter)0.88 =(13.90416)+(0.45066×A)+(0.065576×B)-(0.022363×C)-(5.48823E-
004×A ×B)                                                                                                                                           (8)       
 

Perturbation plot of densification parameter is shown in Figure 9.  

 
Figure 9. Perturbation plot of sintering parameter. 

Densification parameter 3D surface in terms of compact pressure and 
sintering temperature is illustrated in Figure 10.  

In Figure 11 the EDX analysis of different part of sample such as grain, 
grain boundary and Zn evaporated is depicted. 
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Figure 10. Response surface plot of sintering parameter profile in terms of compact 
pressure and sintering temperature. 

 

Figure 11. EDX analysis of different part of sample that 300MPa compacted and 
sintered in 860  for 30min 

3.3 Porosity 
Table 6 shows analysis of variance for the porosity percentage. As shown 
in Table 6, all the main parameters and also the interaction effect of 
compaction pressure and sintering temperature are effective. According 
to the performed statistical analyses, Equations (9) and (10) represent the 
regression equations for the porosity percentage considering significant 
parameters based on coded and actual values, respectively. 
The standard deviation of porosity percentage was 1.59. It showed that 
the data dispersion was little. 
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Table 6. Revised ANOVA for the porosity percentage 

p-value F Value Mean Square Degree of 
freedom 

Sum of 
Squares Source 

< 0.0001 46.35 6627.07 4 26508.29 Model 
< 0.0001 43.42 6208.30 1 6208.30 A-Compaction pressure 
< 0.0001 118.96 17008.64 1 17008.64 B-Sintering temperature 
0.0828 3.19 455.98 1 455.98 C-Sintering time 

< 0.0001 19.83 2835.37 1 2835.37 AB 
  142.98 35 5004.28 Residual 
  242.94 39 31512.57 Cor Total 

R-Squared (Adj) = 82.30 % R-Squared= 84.12 % 
 (porosity)1.86 =(129.91)+(12.46×A)+(29.16×B)+(4.51×C)+(11.91×A × B)                                        (9) 
 (porosity)1.86 =(371.48577)-(3.36987×A)-(0.32789×B)+(0.18047×C)+(3.96888E-003×A ×B)       (10) 

 

Figure 12 illustrates the intensity of the effect of main parameters on the 
porosity percentage.  

 

Figure 12. Perturbation plot of porosity percentage profile. 

Figure 13-a, shows the porosity percentage response surface plots in 
terms of input variables. Figure 14 illustrated the BSE-SEM images of 
sintered samples.  

  
Figure 13. Response surface plot of porosity percentage profile in terms of input 

parameters.  



17

 

Figure 14. SEM images for different section of Cu-28Zn brass alloy sintered in 860 for 
20min. a) 300MPa-top, b) 300MPa-middle, c) 300MPa-bottom, d) 600MPa-top,              

e) 600MPa-middle, f) 600MPa-bottom. 

Figure 15 illustrates the microstructure of samples that compacted under 
600 MPa and sintered in 860  for 10, 20, 30, and 60 minutes.  

 

Figure 15. Metallographic images for bottom section of Cu-28Zn brass alloy sintered in 
860.  a) 10 minutes sintered, b) 20 minutes sintered, c) 30 minutes sintered, d) 60 minutes 

sintered. 

 

3.4 Volumetric shrinkage 
In Table 7, the analysis of variance for volumetric shrinkage is illustrated. 
Equations (11) and (12) represent the regression equations for the 
volumetric shrinkage percentage considering significant parameters based 
on coded and actual values, respectively. 
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Table 7. Revised ANOVA for the volumetric shrinkage 

p-value F Value Mean Square Degree of 
freedom 

Sum of 
Squares Source 

< 0.0001 81.71 281.49 3 844.48 Model 
< 0.0001 218.42 752.46 1 752.46 A-Compaction pressure 
< 0.0001 20.86 71.87 1 71.87 B-Sintering temperature 
0.0208 5.85 20.15 1 20.15 C-Sintering time 

  3.44 3٦ 124.02 Residual 
   3٩ 968.50 Cor Total 

R-Squared (Adj) = 86.13 % R-Squared= 87.19 % 
 
  (Volumetric shrinkage + 25.62)1.06 =(9.12)+(4.34×A)+(1.90×B)-(0.95×C)                                    (11) 
 ( ) =(-85.02147)+(0.028915×A)+(0.094781×B)-(0.037940×C) (12) 
 

Figure 16 illustrates the intensity of the effect of main parameters on the 
volumetric shrinkage percentage.  

 

Figure 16. Perturbation plot of volumetric shrinkage percentage profile 

Figure 17 depicts the volumetric shrinkage percentage profile of response 
surface plots in terms of input variables. Figure 18 shows the green 
samples and sintered samples and volumetric shrinkage and shape 
distortion during sintering.  

  
Figure 17. Response surface plot of volumetric shrinkage percentage profile in terms 

of input parameters 
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Figure 18. Green and sintered sample for 20minutes at 860 . 

Figure 19 shows the samples microhardness changes with sintering time.  

Figure 20 illustrates the grain size of samples in different sintering times.  

 

Figure 19. Microhardness of samples in different sintering times. 

 

Figure 20. Grain size of samples in different sintering times. 
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3.5 Impact energy 
Table 8 shows the analysis of variance for the impact energy. According 
to this table all main parameters are effective and Equations (13) and (14) 
represents the regression equations for the impact energy considering 
significant parameters based on coded and actual values, respectively. 
 

Table 8. Revised ANOVA for the impact energy 

p-value F Value Mean 
 Square 

Degree of  
freedom 

Sum of 
 Squares Source 

0.0016 6.23 96.71 3 290.14 Model 
0.3413 0.93 14.42 1 14.42 A-Compaction pressure 
0.0051 8.90 138.01 1 138.01 B-Sintering temperature 
0.0051 8.88 137.71 1 137.71 C-Sintering time 

  15.51 36 558.41 Residual 
   39 848.55 Cor Total 

R-Squared (Adj) = 28.71 % R-Squared= 34.19 % 
  (impact energy)0.82 =(29.80)-(0.60×A)-(2.63×B)-(2.48×C)                                                        (13) 
  (impact energy)0.82 =(149.33856)-(4.00336E-003× A)-(0.13134× B)-(0.099178×C)                (14) 

 

In Figure 21 the intensity of the effect of main parameters on the impact 
energy is illustrated.  

 

Figure 21. Perturbation plot of impact energy profile. 

In Figure 22 the impact energy response surface plots in terms of input 
variables are illustrated.  
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Figure 22. Response surface plot of impact energy profile in terms of input 

parameters. 

Figure 23 depicts the SEM images from cross section of fracture surface 
of impact energy test (Charpy test). These images were taken from top, 
middle and bottom sections of the fracture surface.  

 

Figure 23. SEM image for different section of Cu-28Zn brass alloy sintered in 860  for 
60min. a) 300MPa-top, b) 300MPa-middle, c) 300MPa-bottom, d) 600MPa-top, e) 

600MPa-middle, f) 600MPa-bottom. 

4 Discussions 
In this section, the results that are given in the previous section were 
discussed. According the perturbation plot (Figure 6), it is clear that the 
sintering temperature, compaction pressure and the sintering time have 
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reverse effect on the sintering density and the effect of these parameters 
on sintering density are lower, respectively.  

In Figure 7-a and 7-b, when compaction pressure decreased, the sintering 
density increased. It is because of remind pores and channels in low 
compacted samples and it lead to distribute the liquid phase in all over the 
samples. In high pressure compacted samples interaction between 
particles increases and channels which causes uniform distribution of the 
liquid phase in the sample have closed, so particle rearrangement and 
filling the pores would be harder. In this figure, for each compaction 
pressure with increased of sintering temperature, the sintering density 
increased, and it is because of excessive increase in liquid phase that 
caused overcoming the gravity force to capillary force and as the result 
liquid phase moves to bottom part of samples and pores in top sections of 
samples become empty. To confirm this comment, metallographic images 
were illustarated in Figure 8. In these images it is cleared that in high 
pressure compacted samples, the number of pores in the top section of 
samples is larger than middle and bottom section. Closed channels and 
pores and excessive interaction between powder particles do not allow a 
uniform disrtribuion of liquid phase in all over the samples. Moreover, in 
Figure 7 it is clear that in low sintering temperature the influence of 
compaction pressure is negligible. In low sintering temperature, sintering 
processes such as liquid generation and particle rearrangement did not  
begin but in high sintering temperature with an increase in compaction 
pressure the sintering density decreases significantly. 

According to equation(1), the densification parameter is directly affected 
by sintering density. From Figure 9 it is clear that the sintering 
temperature and compaction pressure have a significant reverse effect on 
the densification parameter, but sintering time effect on the densification 
parameter is ignorable. In figure 10, with increases in compaction 
pressure the densification parameter decreases, which can be explained 
by reducing the sintering density in high compaction pressure that was 
explained before. It can be inferred from Figure 11 that, when sintering 
process began, the Zn-rich super solidus liquid phase generated and 
dispersed between particles and filled pores, then particle rearrangement 
process occurs. These processes can accelerate the sintering completion, 
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on the other hand these processes influence on the densification 
parameter.  

From figure 12, it can be seen that sintering temperature has a destructive 
effect on the porosity percentage, but sintering time has a little effect. 
According to the Figure 13-a, the porosity percentage will decrease by 
decreasing the compaction pressure and sintering temperature. As 
mentioned before, with decrease in compaction pressure and sintering 
temperature, the sintering density increases. Based on previous 
explanations, reduce in porosity leads to increase in sintering density. At 
low temperatures, the effect of compaction pressure on porosity is 
ignorable too. In high temperatures the effect of compaction pressure on 
porosity percentage is significant. For example in 300 MPa compaction 
pressure with increases in sintering temperature from 850 to 890  the 
porosity percentage varied about 10 %. Samples which are compacted 
under 600 MPa in the same condition the porosity percentage varied 
about 41%. In Figure 13-b, it is clear that the effect of sintering time on 
porosity percentage is insignificant, but the effect of sintering temperature 
is significant. Furthermore, in Figure 14, grain boundary that filled by 
liquid phase that are white, and it is cleared that in high pressure 
compacted samples, the liquid phase accumulated in bottom section of 
sample. In addition, Figure 10 shows that zinc evaporation in high 
temperature occurs and causes some new pores. Therefore, unfilled pores 
in top section of samples and zinc evaporation cause to increase the 
porosity. In Figure15, it is evidence that with increases in sintering time 
the pores became rounder and grain growth occur.  The reason is that; in 
high sintering time liquid phase increases and surface energy of grains 
decreases. 

From Figure 16, it is clear that the reverse effect of sintering temperature 
on the volumetric shrinkage percentage was higher than compaction 
pressure, but the effect of sintering time was direct. According Figure 17-
a and 17-b, the samples that were compacted under low compaction 
pressure, have more pores in green body, furthermore after sintering 
process, low compacted samples have more shrinkage percentage than 
high compacted samples. In figure 18, the sintered and green samples 
were shown and shape distortions and volumetric shrinkage are seen.  
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Fig19: Microhardness or grain hardness is a good factor to estimate the 
sintering completion. Microhardness increases with the increases in 
sintering time and then decreased for both samples (300 MPa and 600 
MPa compacted samples). It is due to the increase in sintering time. As a 
result, the number of small and tiny pores decreases so grain hardness 
increases. The more the number of pores are the less the hardness of the 
sample would be. In the early stage of sintering or in short sintering 
times, the microhardness for two types of samples reached to 95.08 and 
90.75 HV respectively. After 30 minutes sintering time grain starts to 
grow and it causes decreasing the microhardness. Furthermore, all 
samples with lower compaction pressure have higher microhardness, it is 
because of their finer grain size. 

Fig20: Grain size increased when sintering time increased. An increase in 
sintering time leads to an increases in liquid phase that accelerates the 
atomic diffusion and improves the grain growth condition. All samples 
that are compacted under 300 MPa compaction pressure have finer grain 
size than 600 MPa compacted samples. In high compaction pressure, the 
powder particles and grains have a significant interaction and according 
to Ostwald-Ripening phenomenon grains merged together easier during 
sintering.  

In Figure 21, it is cleared that all main parameters (compaction pressure, 
sintering temperature, and sintering time) have reverse effect on the 
impact energy but sintering temperature and sintering time have a more 
significant effect rather than compaction pressure. Also, from Figure 
Figure 22-a and 22-b it is clear that with increases in sintering 
temperature and time, the impact energy decreased, while the value 
porosity increases. When porosity increased, load bearing cross section of 
samples decreased and also pores played the role of stress concentration 
points, thus the impact energy decreased. According to the  
Figure 23, the study of fracture surface revealed that, the cracks were 
propagated into the weaker areas. As mentioned before, the liquid phase 
was accumulated in the grain boundaries, between particles or 
transparticles. The grain boundaries or particle boundaries which are 
filled by liquid phase is a suitable place for crack propagation because 
there are weaker than interparticles. Therefore, between particles areas or 
transparticle areas were preferred locations for crack propagation. When 
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the cracks propagated between particles or transparticles, the transparticle 
fracture occurred. The areas where the volumetric fraction of liquid phase 
was low, the cracks were propagated into the particles and interparticle 
fracture occurred. The type of the fracture depends on the crack growth 
direction. In this figure it is cleared that with an increases in liquid phase 
from the top to the bottom of samples, the type of fracture became 
transparticle or grain boundary fracture. In samples with lower 
compaction pressure (300 MPa) liquid phase dispersed uniformly and the 
fracture type is almost interparticle, but in higher compacted samples, in 
the top of samples fracture type is interparticle and in bottom section of 
samples, where the liquid phase has accumulated, the type of the fracture 
is transparticle. 

5 Conclusions 
In the present study, the effects of the compaction pressure, sintering 
temperature and sintering time on the sintering behavior of Cu-28Zn 
brass alloy by using Design of Experiments method were investigated. 
According to experimental works, the following results are concluded:  

1- Reducing in compaction pressure caused an increase in sintering 
density. It is due to the open channels and pores and a few 
interaction and contact between particles. The capillary force could 
have dispersed the liquid phase in all over the samples uniformly. 
Dispersed liquid phase filled the pores and accelerated the particles 
rearrangement. 

2- With an increase in the sintering temperature a lot of liquid phase is 
generated and it caused the overcoming the gravity force to the 
capillary force. The liquid phase moves to the bottom part of 
samples and the top pores became empty. This process reduced the 
sintering density. 

3- Reverse effect of sintering temperature, compaction pressure and 
sintering time on sintering density is lower respectively. 

4- Melting point of Zinc is lower than Copper, thus, the super soliduis 
liquid phase that is generated in the grain boundaries and between 
particles were in Zn-rich phase. The EDX analysis from the grain 
boundaries and between particles confirms this fact. 
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5- An increase in sintering time caused to grain growth. It is due to in 
high sintering times a large amount of the liquid phase is generated 
and the suitable condition for atomic diffusion was provided. 

6- In fractographical observations it was cleared that, the cracks were 
propagated in the weak areas such as grain boundaries that filled by 
liquid phase and then the interparticle fracture occurred. However, 
in these areas that liquid phase was dispersed uniformly or did not 
presented, the transparticle fracture occurred. 
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