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Abstract 

Porosity is a void and inherent characteristic of powder metallurgy (PM) material. This thesis 

work is modeling of representative volume element (RVE) microstructures with square, 

triangular and rectangular pore shape with different circularity and study the effect of pore shape 

and pore parameters on material properties for the Sintered steel (Fe-0.85Mo-0.35C) using finite 

element method (FEM). Solidwork and Digimat were used to model RVE microstructure and 

ABAQUS to simulate the process. A parametric study is conducted to investigate the effect of 

neck radius of curvature (R’=0, R’=0.5, R’=1 and R’=1.5), equivalent diameter, circularity and 

fraction of load bearing section. The low circularity is determined pore which is 0.21, and the 

high circularity is determined for circularity pore (1). The low circularity 0.21 yield strength is 

348.55 𝑀𝑃𝑎 and high circularity of 1 yield strength is 719.24 𝑀𝑃𝑎. Besides, sharpness of pore, 

triangular pore has good yield strength than square and rectangular pore. For the effect of neck 

radius of curvature (R’ = 0) square pore have high elastic modulus (160.98 𝐺𝑝𝑎) and triangular 

pore have low elastic modulus (147.68 𝐺𝑝𝑎). And (R’ = 1.5) triangular pore have high elastic 

modulus (176.2 𝐺𝑝𝑎). With circularity of pore from all pore model triangular have low circularity 

of 0.21 with low elastic modulus of 147.68 𝐺𝑝𝑎 and high circularity of 1 with high elastic 

modulus 184.75 𝐺𝑝𝑎. There is high equivalent diameter in rectangular pore of with low elastic 

modulus (149.84 𝐺𝑝𝑎) and low in triangular pore with high elastic modulus (184.75 𝐺𝑝𝑎). RVE 

Microstructure with 8 % square triangular and rectangular pore shows direct relationship 

between the circularity, neck radius of curvature and fraction of load bearing with the 

mechanical properties of the material. And inverse relationship between pore size and 

mechanical properties of material. 

 

 

 

Key words: pore shape, neck radius of curvature, pore parameters, fraction of load bearing, mechanical 

properties  
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CHAPTER ONE 

 INTRODUCTION  

1.1 Background  

Powder metallurgy (PM) is a metal processing technology in which parts are produced from 

metallic powders. In the usual PM production sequence, the powders are compressed into the 

desired shape and then heated to cause bonding of the particles into a hard, rigid mass. 

Compression, called pressing, is accomplished in a press-type machine using tools designed 

specifically for the part to be manufactured [3]. The tooling, which typically consists of a die and 

one or more punches, can be expensive, and PM is therefore most appropriate for medium and 

high production. The heating treatment, called sintering, is performed at a temperature below the 

melting point of the metal [4]. 

Powder metallurgy (PM) has proven to be an effective technique for manufacturing a variety of 

complex-shaped steel parts with accurate and reproducible dimensions, low cost, high 

performance and ability to be processed to net or at least near-net shape [4]. Higher relative 

density is one of the most important factors for producing high quality PM parts, since the 

density strongly influences the physical and mechanical properties [5]. 

Pinions, gears, bearings, cams, Cranks, Roller, ring, O ring Seal, bearing cages, Housings, Light 

bulb filaments, Sprinkler mechanisms are among the mechanical components produced by 

powder metallurgy [14]. Porosity is the inherent characteristic of the microstructure of these 

components that are processed by powder compaction and subsequent sintering processes [15]. 

To evaluate their resistance to mechanical loading, characterization of pore parameters, such as 

size, distribution, and the shape is required to incorporate its effect on the stress distributions 

[16]. 

Porous sintered steels have lower mechanical properties than the corresponding full dense steels 

with the same matrix and micro hardness because of its porosity [6]. Pores reduce the resisting 

section and cause local stress accumulation, so that they act as sites for crack nucleation. 

Moreover, they constitute a favorable path for crack propagation. The effect of porosity on the 
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mechanical properties depends on the following factors: the quantity of pores (i.e., the fractional 

porosity); their interconnection; size; morphology; and distribution [8]. 

In powder metallurgy the parts produced by this route are characterized by porosity. Porosity 

represents the open volume of a powder metallurgy components after sintering [26]. It is difficult 

to carry out a piece of powder metallurgy without porosity, even after sintering [28].  

The porosity in Powder Metallurgy parts is correlated to processing parameters such as green 

density, alloying elements, particle size distribution of the powders, sintering temperature and 

time. Porosity is an important parameter because is affecting the mechanical properties of these 

materials [18]. Pores have been proposed to act as crack propagation through the pore surface. In 

many studies, crack initiation occurred due to pores or groups of pores located at or near the 

sample surface. The additions of different amounts of alloying elements have influence on 

microstructures and mechanical properties of the parts produced by powder metallurgy [27]. 

Sintering ferrous powder metallurgy components have emerged as attractive candidates for 

replacing wrought alloys in many applications due to their low-cost high performance and ability 

to be processed approximate to net shape [14]. Sintering materials are typically characterized by 

residual porosity after sintering. The nature of porosity is controlled by several processing 

parameters such as green density sintering temperature and time, addition of alloys and particle 

size of the initial powders. In particular the shape, size, circularity, fraction, distribution and 

morphology of the porosity have a profound effect on mechanical properties [14]. 
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Figure 1.1 Powder Metallurgy Manufacturing Process and formation of pore [16] 

Figure 1.1 describes the production process of equipment’s, tools or products in powder 

metallurgy process and formation of pore in sintered matrix. Several spherical metal powders 

were fabricated successfully by using the high-temperature re melting spheroidization (HRS) 

technology [6]. 

Green compacts are usually compacted from multiple powders, which include both hard particles 

to construct the skeleton and soft particles to bind the skeleton. In the cold compaction of the 

multiple powders mixture, the pore size in the green compacts is mainly affected by the size and 

the shape of the hard particles in these powder mixtures [24]. 

The size of pores is affected by the both of the size of hard particles and the compaction pressure 

in the cold densification process. However, the effects of compaction pressure on pore size in 

cold densification are very limited when the pressure reaches a threshold value. Pore size in 

green compacts can be lowered by lowering the size of the hard particles in the multiple powder 

mixture [20]. 
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Figure 1.2 Sintering on a microscopic scale [14] 

1) particle bonding is initiated at contact points; 

2) contact points grow into "necks"; 

3) the pores between particles are reduced in size; and 

4) Grain boundaries develop between particles in place of the necked regions. 

1.2 Sintered Steel 

Particles embedded in a matrix are commonly encountered in metal matrixes since they arise 

during melt processing by non-controlled phase changes, mechanical interaction of the melt with 

its surroundings, or they are added intentionally as filler material [20]. Stiff and soft particle 

inclusions in a matrix have effects that could be considered adverse or beneficial in the physical 

and mechanical properties of the bulk matrix [19]. 

1.3 Porosity 

Porosity is empty space in a material. Pores are important characteristics in powder metallurgy 

alloy parts. The effect of processing parameters effect on pore size [16]. If pore size can be 

controlled as small as several or tens of nanometers in PM alloy parts, the parts may gain special 

physical or mechanical properties. The challenge to obtain pores sizing in several or tens of 

nanometers in PM alloy parts [14]. 

Pores are formed in compaction process of green compacts, and then coalesce or shrink in 

sintering. Pores are main characteristics of powder metallurgy alloy parts [17]. These parts gain 
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certain kind of properties due to the presence of pores inside. Thus, materialists are trying to 

control the shape, the size and the distribution of pores in the PM parts [18]. 

Porosity roughly represents the fraction of void volume over total volume. Pore structures like 

pore size, morphology and distribution of porosity within the pressed part present critical items 

in the load-bearing sections. The load bearing has a large influence on the mechanical properties 

[16]. 

Porosity, in Powder Metallurgy matrix, can reduced material resistance to deformation, 

nucleation and propagation of cracks, and variable should be incorporated into the material 

response predicting models through pore parameters (pore circularity, pore shape and equivalent 

diameter) [15]. 

There are many types of pore shape like: 

Square pore shape: formed between four particles. 

Triangular pore shape: formed between three particles. 

Rectangular pore shape: formed between four particles. And like circular, irregular etc. pore 

shape.  

a)                                                                        b) 
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c)                                                                         d) 

        

Figure 1.3 a) square, b) triangular, c) circular and d) rectangular pore shapes  

Interconnected porosity causes an increase in the localization of strain at relatively smaller 

sintered regions between particles, while isolated porosity results in more homogeneous 

deformation. It is also not uncommon for the porosity distribution in the material to be in 

homogeneous. In this case, strain localization will take place at pore clusters [7]. 

Fraction of porosity, pore size, pore shape, and pore spacing are all important factors that control 

the fatigue behavior of PM materials [11]. In general, more irregular pores have a higher stress 

than perfectly round pores. Pores have also been shown to act as linkage sites for crack 

propagation [8].  

1.4 Statement of the Problem  

Porosity is one of the major defects in Powder metallurgy. Porosity formed in the product will 

decrease the mechanical performance of the material significantly. For example, porosity 

degrades properties like young’s modulus and tensile strength. Thus, it is important to know 

when porosity forms and how to minimize the negative effects. A lot of researches have been 

conducted on the effect of circular and spherical pore shapes on properties of material using 

experimental, analytical and numerical methods. And some researchers study the effect of 

volume fraction of porosity on material properties using experimentally characterizing 

microstructures and processing the image to relate the property with porosity. However, the 

effect of rectangular, triangular, and square pore shapes on the effect of properties of material 

have not yet studied. In this thesis the effect of rectangular, triangular, and square pore shapes 
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with different neck radius of square, rectangular and triangular on the effect of properties have 

been studied using finite element method. 

1.5 Objectives 

1.5.1 General Objectives    

The main objective of this study is modeling of rectangular, triangular, and square pore shapes to 

study the effect of pore parameters on the effect of material properties for the sintered steel Fe-

0.85Mo-0.35C using Solidwork, Digimat and Abaqus softwares. 

1.5.2 Specific objectives  

➢ Develop 3D model with square, rectangular and triangular pore shapes to study the pore 

parameters, such as circularity, equvelent diameter and load bearing surface. 

➢ Study the effect of square, rectangular and triangular pores and their parameters on 

material properties of yield strength. 

➢ Compare the effect of triangular, rectangular and square pore shapes on yield strength. 

➢ Study the effect of pore parameters on mechanical properties of elastic modulus.  

1.6 Scope of the study 

This study deals the effect of pore shapes such as triangular, square, and rectangular on the 

material properties using finite element method. Yield strength will be determined, and the 

variation of influential parameters such as R’, Deq, 𝑓𝑐𝑖𝑟 and Φ and pore shape on material 

properties will be investigated. Lastly, this study will compare the effect of pore parameters and 

shape on material properties of porous materials of sintered steel Fe-0.85Mo-0.35C.  

1.7 Limitation of the study  

This work will not consider the exact position of pore and distance between the pore because it is 

impossible to predict the exact position and distance between the pore in Digimat software. In 

this study the pore in RVE microstructure is placed by randomly and finely. The analysis will be 

limited to homogeneous in property and isotropic materials.  
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1.8 Structure of Thesis 

The entire research work presented in this thesis can be covered by five chapters, as detailed 

below.  

Chapter 1 is an introduction to this thesis, indicating the problem statement, objectives of this 

thesis, scope, limitation, and organization of this thesis.  

Chapter 2 covers an extensive literature review of the effect of pore parameters, size, shape and 

volume fraction on material properties in analytical, experimental and finite element methods.  

Chapter 3 describes the mechanical properties of RVE materials. As well as the modeling and 

FEA simulation procedure of RVE microstructure using solidwork, Digimat and abaqus.  

Chapter 4 presents the associated simulation result and discussion. Analyses of the stress and 

strain with different pore parameters. Study the effect of pore shape and size on material 

properties.  

Chapter 5 conclusion and recommendation drawn from this thesis. 
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CHAPTER TWO 

LITRATURE REVIEW 

2.1 porous sintered steels 

Sintered ferrous powder metallurgy (PM) components have emerged as attractive candidates for 

replacing wrought alloys in many applications, due to their low cost, high performance, and 

ability to be processed to near-net shape. Sintered materials are typically characterized by 

residual porosity after sintering, which is quite detrimental to the mechanical properties of these 

materials [11-14].  

The nature of the porosity is controlled by several processing variables such as: 

➢ Green density,  

➢ Sintering temperature and time,  

➢ Alloying additions, and  

➢ Particle size of the initial powders.  

In particular, the fraction, size, distribution, and morphology of the porosity have a profound 

impact on mechanical behavior [14].  

Under monotonic tensile loading, porosity reduces the effective load bearing cross-sectional area 

and acts as a stress concentration site for strain localization and damage, decreasing both strength 

and ductility [12]. In general, the porosity in sintered ferrous alloys is bimodal in nature and can 

be divided into primary or secondary porosity. Primary porosity consists of larger pores, owing 

primarily to the powder packing characteristics, which result in less than complete densification 

during sintering. Secondary porosity, on the other hand, consists of much smaller pores, often 

caused by the transient liquid phase of one or more alloying additions that form during sintering 

[18].  

2.1.1 Evolution of Pore Structure 

In sintered steels, the porosity depends on one hand on the compacting pressure, which, 

combined with the compatibility of the starting powder mix, defines the total porosity, and on the 
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other hand on the sintering process which defines the pore morphology, usually represented by 

shape factors and, within a certain porosity range, the connectivity as well [14]. 

 

Figure 2.1 Schematic diagram of process for porous sintering steel [14] 

The pores are virtually interconnected and open to the surface, as they are in the initial state, for 

example, in dew axed green compact. At higher density levels, however, the pore channels 

linking the triple junctions tend to become smaller and smaller, and if intense sintering is 

applied, these channels are closed and the triple junctions remain as isolated pores [28]. 
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2.1.2 Pore Shape  

a)                          b)                   c)                           d)                          e) 

 

Figure 2.2 a) square, b) triangular, c) rectangular d) circular and e) irregular pore shapes 

Square pore shape: formed between four equal particles. 

Triangular pore shape: formed between three equal particles. 

Rectangular pore shape: formed between four particles. The two parallel sides equal each 

other.  

Circular pore shape: formed by highly compacted and sainted.  

Irregular pore shape: formed by loosely packed and sorting. 

Mosely square, rectangular, triangular and circular pore were formed.  

2.2 Modeling of Pore Parameters  

Analytical modeling of pore geometry in porous material was complex due to the diversity of 

pores shapes and sizes. According to the classical model, a sharp neck is created between two 

perfect spherical particles (represents the initial stage of the sintering) gradually shrinkage it 

becames round, and from the geometry, the ratio of neck to particle size is related by x/a > 0.3, 

where X is neck radius size and a is the particle radius size [4]. Figure 3.2 illustrates the 

proposed pore models that are defined by the spaces between spherical particles. 
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Figure 2.3 Three types of pore models: square (A, B), triangular (C, D) and rectangular (E, F) [1] 

The pore geometries, highlighted in the red in figure 3.2, are voids that are defined based on the 

number of contacts between spherical particle size. These six pore geometries are characterized 

as follows: 

✓ A and B are square geometric pores formed between four equal particles (it radius is R) 

with sharp (R’= 0) and rounded (R’ > 0) edge, respectively; 

✓ C and D are triangular pores formed between three equal particles (it radius is R) with 

sharp (R’= 0) and rounded (R’> 0) edge, respectively; 

✓ E and F are rectangular geometric pores formed between different sized particles (its 

radius are R and r) with sharp (R’= 0) and rounded (R’> 0) edge, respectively. 

Three pore models as a square, triangular and rectangular geometries were defined in both cases 

of sharp and rounded edges. A sharp-edged pore model is, which is the simplest one, formed 

when the particles undergo a point contact, or the radius (R’) of the rounded edge is zero, and the 

size and shape of the three pore models vary with R and R’ [1]. The modes can be defined based 

on those dimensions except for rectangular geometries formed between particles with different 

sizes (R and r), which requires an additional characteristic that is the gap between particles of 

similar sizes. The pore parameters (𝑓𝑐𝑖𝑟𝑐𝑙𝑒 , 𝐷𝑒𝑞 𝑎𝑛𝑑 Φ) are always less than 1 unless otherwise, 

all pore are perfect circles, which is not mostly realistic in PM microstructures. Circular pore 

morphology is the desired microstructures of PM materials because it provides good mechanical 

properties than other pores [1]. 
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Figure 2.4 Geometrical relation of pores and circumscribed geometries [1] 

The area of the square geometric pore (R’=0) valuated by subtracting the area of four circular 

sectors (characterized by the radius R and angle 900) from an area of square ABCD. Area of 

the square geometric pore with the sharp neck (Asharp neck,   squ  is given by Eq.1.  

𝐴𝑠ℎ𝑎𝑟𝑝 𝑛𝑒𝑐𝑘,   squ = (4 − 𝜋)R2 … … … … … … … … … … … … … … … … … … . … … … . … … … . … … . [1] 

Area of the triangular geometric pore with the sharp neck (Asharp neck,∆) evaluated by 

subtracting the area of three circular sectors (characterized by the radius R and angle 600) 

from an area of a bigger equilateral triangle ABC and is given by Eq. 2.  

  … … … … … … … … … … … … … … … … … … … . … … … … … … . … … . [2] 

Area of the rectangular geometric pore with the sharp neck (Asharp neck,  evaluated by subtracting 

the area of four circular sectors (characterized by the radius R/r and angles 𝜃/π- 𝜃) from an area 

of rhombus ABCD is given by Eq. 3. 

 𝜃 … … … … … … . … … … . … … . [3]  

Figure 2.5 illustrates the triangles ABE constructed from the square, triangular, and rectangular 

geometric pore. with a side length of R+r, r+R’, and R+R’. When the particle size is the same 
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such as, R=r, square and rectangular geometric pore is the same.  A3 (grown neck area between 

particles) should be excluded from the rounded neck pore model by subtracting from the area of 

sharp neck pore. 

 

Figure 2.5 Triangle ABE and its vertices are at the centers of particles and neck curvature 

The pore geometries and dimensions mathematically correlated with the particle and neck size 

using  

Heron’s formula and cosine rules. The angles of triangle ABE calculated from Eq. 4 and Eq. 5 

(cosine rule). 

cos 𝛼 =
𝐴𝐸2+𝐴𝐵2−𝐵𝐸2

2𝐴𝐸×𝐴𝐵
 … … … … … … … … … … … … … … … … … … … . … … … … … … … … … . … … . [4] 

cos 𝛽 =
𝐴𝐸2+𝐵𝐸2−𝐴𝐵2

2𝐴𝐸×𝐵𝐸
 … … … … … … … … … … … … … … … … … … … . … … … … … … … … … . … … . [5] 

Area of triangle (𝐴𝐴𝐵𝐸) is given by Eq.7 (Heron’s formula). 

𝐴∆𝐴𝐵𝐸 = √P(P −  AB)(P −  AE)(P −  BE) … … … … … … … … … … … … … … … … … … . … … . [6] 

Where P is the semi perimeter of the triangle and it is given by P = 2R + R’ for square and 

triangular pore and P = R + r + R’ for rectangular pore model.   

A3 (as described by Figure 3.5) was evaluated using Eq. 8.   
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 … … … … … … … [7] 

Therefore, the area of square/rectangular pore with rounded neck (A round neck, )can be evaluated 

by subtracting  4 times of A3 from the total area of the pore with a sharp neck (Eq.1) and is 

given by Eq. 7. 

Around neck,    = Asharp neck,    − 4 × A 3 … … … … … … … … … … … … … … … … … … . . … … … . … … . [8] 

Similarly, the area of triangular pore between three particles with round neck (A round neck, ∆) is 

given by Eq. 9.   

𝐴 𝑟𝑜𝑢𝑛𝑑 𝑛ec𝑘,   tri = 𝐴𝑠ℎ𝑎𝑟𝑝 𝑛𝑒𝑐𝑘, ∆ − 3 × 𝐴3 … … … … … … … … … … … … … … … … … … … . … … . . … . [9] 

Perimeter is an important parameter of geometries used to quantify the morphological 

parameters of a pore. It is defined as the total length or circumference of the pore. For the pore 

with a sharp neck (square and rectangular), the total perimeter is the sum of the arc length of 

four sectors (with radius R/r) shared by the pore area. The perimeter of the pore with a rounded 

neck is determined by subtracting the perimeter of a shaded area (A3) from the perimeter of the 

pore with a sharp neck [1].  

 

Figure 2.6 square and triangular pore angle geometry  

𝛼 = 𝑅 cos(
𝑅

𝑅+𝑅′) … … … … … … … … … … … … … … … … … … … . … … … … … … … … … … . … … . [10] 
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𝛽 = 𝑅 cos(1 − 2 × (
𝑅′

𝑅 + 𝑅′
×

𝑅′

𝑅 + 𝑅′
)) … … … … … … … … … … … . . ። … … … … … … … … . [11] 

 

 

Figure 2.7 rectangular pore angle geometry 

𝜃 = 𝑅 cos[
(𝑅+

𝐻

2
)

(𝑅+𝑟)
] … … … … … … … … … … … … … … … … … … … . … … … … … … . … . … … . … … . [12] 

𝛼 = 𝑅 cos[
((𝑟(𝑟+𝑅)+𝑅′(𝑅−𝑟))

((𝑅+𝑟)×(𝑟+𝑅′))
] … … … … … … … … … … … … … … … … … … … . … … … … … … . … [13] 

𝛽 = 𝑅 cos[
(𝑅′(𝑅′+𝑅)+𝑟(𝑅−𝑅′))

((𝑅+𝑅′)×(𝑟+𝑅′))
] … … … … … … … … … … … … … … … … … … … . … … … … … … … [14] 

Table 2.1 Perimeter and area of square, triangular and rectangular pore models [1] 

Pore pore perimeter, P pore area, A 

               R 

2𝜋𝑅  𝜋𝑅2  
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2𝜋𝑅,               𝑅′ = 0     

 

4 (
𝜋

2
− 2𝛼) 𝑅 +

4(𝜋 − 2𝛼)𝑅′,  

 𝑅′ > 0    

 

 

(4 − 𝜋)𝑅2,       𝑅′ = 0  

 

(4 − 𝜋)𝑅2 − 4 {𝑅√2𝑅𝑅′ −
𝑅′2(𝜋−2𝛼)

2
},  

 𝑅′ > 0  

 

 

 

𝜋𝑅,       𝑅′ = 0  

 

3 (
𝜋

3
− 2𝛼) 𝑅 + 3(𝜋 − 2𝛼)𝑅′,  

 𝑅′ > 0  

 

 

 

(√3 −
𝜋

2
) 𝑅2,      𝑅′ = 0  

 

(√3 −
𝜋

2
) 𝑅2 − 3 {𝑅√2𝑅𝑅′ + 𝑅′2                

−
𝑅′2(𝜋 − 2𝛼)

2
− 𝑅2𝛼},      

  𝑅′ > 0 

 

 

2𝑅𝜃 + 2𝑟(𝜋 − 𝜃),    𝑅′ = 0 

 

2𝑅𝜃 + 2𝑟(𝜋 − 𝜃) − 4𝑟𝛼 

−4𝑅(𝜋 − 𝛼 − 𝛽)4𝑅′𝛽, 𝑅′ > 0 

2(𝑅 + 𝑟)2 cos(
𝜃

2
) sin(

𝜃

2
) − 𝑟2(𝜋 − 𝜃)  

−𝑅2𝜃,              𝑅′ = 0  

 

2(𝑅 + 𝑟)2 cos(
𝜃

2
) sin(

𝜃

2
) − 𝑟2(𝜋 − 𝜃) −

𝑅2𝜃 − 4{√𝑅𝑟𝑅2(𝑅 + 𝑟 + 𝑅′)      −

𝑅2(𝜋−𝛼−𝛽)

2
−

𝑟2𝛼

2
−

𝑅′2𝛽

2
},  

𝑅′ > 0  

 

2.2.1 Pore neck curvature (R) 

The sintering of powder compacts with complex-shaped particles of different sizes cannot be 

explained in a simple manner. However, if spherical particles of the same size are assumed, the 

sintering of powder compacts can be represented as the sintering between two particles. If the 

contact between the powder is a pint the neck curvature is sharp (R = 0). The contact between the 

powder is a line the neck curvature is round (𝑅 > 0) [26]. 
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According to the classical model, a sharp neck is created between two perfect spherical particles 

(represents the initial stage of the sintering), and from the geometry, the ratio of neck to particle 

size is related by: 

𝑥

𝑎
> 0.3 … … … … … … … … … … … … … … … … … … … . … … … … … … … … … … … … … … … … … . [15] 

Where a is the particle radius and x the neck radius. 

And the radius of neck curvature r from geometry is: 

𝑟 =
𝑥2

2𝑎
 … … … … … … … … … … … … … … … … … … … . … … … … … … … … … … … … … … … . … … . [16] 

2.2.2 Pore size (equivalent diameter)  

The diameter of the equivalent circle (𝐷𝑒𝑞), i.e., of the circle having the same area as the 

metallographic cross-section of the pore [1]. 

The equivalent diameter of the pore model is given by: 

𝐷𝑒𝑞 = 2√
𝐴

𝜋
 … … … … … … … … … … … … … … … … … … … . … … … … … … … … … . … . … . [17] 

Where A, is the pore area.  

3.2.3 Circularity (Pore shape) 

The fraction of porosity and pore shape were measured using conventional image analysis 

technique.  

The circularity (0 < 𝑓𝑐𝑖𝑟𝑐𝑙𝑒 < 1) indicates how close the shape of a pore comes to that of a circle. 

One measure of shape is to quantify the ‘closeness’ to a perfect circle [1]. For this we use the 

parameter Circularity which is defined as follows: 

𝑪𝒊𝒓𝒄𝒖𝒍𝒂𝒓𝒊𝒕𝒚 = 𝟒𝝅𝑨 𝑷𝟐⁄  … … … … … … … … … … … … … … … … … … … . … … … … … … … … . [18] 

Where,  

A is the particle area and  

P is its perimeter. 
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Circularity is a ratio of the perimeter of a circle with the same area as the particle divided by the 

perimeter. 

Circularity has values in the range 0 - 1. A perfect circle has a circularity of 1 while a very 

‘spiky’ or irregular object has a circularity value closer to 0. Circularity is sensitive to both 

overall form and surface roughness. Study the shapes below notice how circularity is affected by 

both overall form and symmetry, and surface roughness. 

𝑓𝑐𝑖𝑟𝑐𝑙𝑒 = 4𝜋𝐴 𝑃2⁄  where A and P are the area and the perimeter, respectively, of the 

metallographic cross-section of the pore. 

2.2.4 Fraction of Load Bearing Section 

The mechanical properties of porous sintered materials may be successfully correlated to the 

fraction of the load bearing section and to the mechanical properties of the metallic matrix. 

Fraction of load bearing section can be determined from porosity and the pore morphology [10] 

and increases with the sintering temperature [32].  

The fraction of the load bearing section (Φ) is determined as: 

Φ = [1 − (5.58 − 5.57𝑓𝑐𝑖𝑟𝑐𝑙𝑒)ε]2 … … … … … … … … … … … … … … … … … … … … … … … … . . [19] 

Where ε is fractional porosity and 𝑓𝑐𝑖𝑟𝑐𝑙𝑒  𝑖𝑠 the pore morphology parameter. 

2.3 Effect of Porosity on Material Properties  

The mechanical behavior affected by porosity formation in sintered steel is focused on tensile 

and fatigue properties. Porosity tends to decrease the mechanical properties of sintered steel. 

Porosity formation which obviously depends on the matrix composition and microstructure, 

affects significantly the elastic modulus (E), yield strength (𝜎𝑦) and ultimate tensile strength (𝜎𝑢) 

of the sintered steel [6-8]. 

Significant research has been completed on the relationship between porosity and material 

properties. Models typically agree that the relationship falls into categories based on the level of 

porosity shape and size.  
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 Yang and Chunhui [8]. Conducted experimental work to investigate the pore size effects on the 

mechanical properties and deformation behaviors of titanium foams. He fabricated cylindrical 

titanium foam samples with different pore sizes through powder metallurgy. pore size, pore 

distribution and the ratios of the length to width of pores are determined by scanning electron 

microscope (SEM). Compressive tests are carried out to determine the mechanical properties of 

the titanium foams with different pore sizes. Mechanical properties of titanium foams with pore 

sizes in the range of <100 and >800 µm were investigated by compressive tests focusing on the 

effects of pore sizes on the Young’s modulus and plateau stress. Results indicated that the 

Young’s modulus and plateau stress increase with a decrease in pore size. In particular, the 

specimen with the small pore size of <100 µm has the highest Young’s modulus of 23 GPa and 

plateau stress of 80.9 MPa; while the specimen with the largest pore size of >800 µm exhibits the 

lowest Young’s modulus of 13.6 GPa and plateau stress of 44.8 MPa. 

Zeleniakienė and Kleveckas [9]. Conducted numerical finite element method to identify stress 

and strain state in circular porous polymer material microstructure in dependence on porosity 

value and mode under tensile loading by constant force of 1.33 N. The highest local stress values 

were found in the free surface of polymer located at the boundary with pore. Both pores size and 

their distribution mode influence values of the stress. The stresses and deformability increase 

with increasing porosity value. The lowest deformability and stress values were obtained up to 

material porosity 0.5. In this case influence of porosity mode on the stress and strain state is 

insignificant. The high material porosity greater than 0.5 and the absence of large inter pores 

zones cause the relatively low stress values and high deformability of material. 

Liao Qiu [16]. Conducted experimental and numerical study the influence of the porosity of 

porous titanium on mechanical properties has with experimental and finite element analysis 

software of COM SOL Multiphysics and digital image analysis software of Image-J. The 

simulation results show that the porosity of porous titanium increases from 28.3% up to 72.3% 

that it results from the elastic modulus decreased from 30.77GPa to 15.94GPa. In addition, the 

experiment results show that the elastic modulus decreased from 32.28 GPa to 8.4 GPa. Not only 

the porosity has great influence on compressive properties, but the distribution of pore and 

microscopic porous also take effect. It shows that the elastic modulus decreases with the increase 

of porosity. 
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Zhiqiang Wei [7]. Have studied the stress field around a pore as a function of the pore position, 

cluster, orientation and size in depth in the surface of a linear elastic solid using finite element 

modeling of AA7075 Al alloy. This paper conducted larger pore causes a larger stress and strain 

concentration zone around it than a smaller pore. The stress and strain were further increased by 

tilting an elongated (ellipsoidal) pore in the surface. The stress and strain were much higher at 

the intercept point. The stress and strain concentrations were increased sharply with the decrease 

in distance between two pores in the surface, when they were within one radius apart in the 

direction perpendicular to the load axis. 

Haolin Shuhao [10]. This study to numerically predict the effective elastic modulus of porous 

materials taking account of the influence of practical pores’ size, shape and distribution mode of 

the porous titanium, the porous CoCrMo alloy and the porous tantalum, are considered in this 

study. It was found that the overall elastic behavior of porous materials is largely influenced by 

the pore shape, the pore distribution mode and the porosity. For all porous alloy elastic modulus 

decreases with increasing pore volume fraction. And elastic modulus increases with increasing 

the shape of pore circularity. 

Jorge et al [37]. This paper investigated porosity in Al-SiC metal matrix composites (MMC) can 

be diminished; its existence is unavoidable. The purpose of this work is to study the effect of 

porosity on Young’s modulus of SiC reinforced aluminum matrix composites. Finite element 

analysis is performed based on the unit cell and the representative volume element approaches. 

The reliability of the models is validated by comparing the numerical predictions against several 

experimental data ranging in lowand high-volume fractions and good agreement is found. 

Rao Su [11]. This paper conducted Uniaxial tensile tests and scanning electron microscopy 

(SEM) experiments were carried out on the porous FeAl inter metallics (porosities of 41.1%, 

44.2% and 49.3%, pore size of 15−30 μm) prepared by our research group to study the 

macroscopic mechanical properties and microscopic failure mechanism. The results show that 

the tensile σ−ε curves of the porous FeAl with different porosities can be divided into four 

stages: elasticity, yielding, strengthening and failure, without necking phenomenon. The elastic 

modulus, ultimate strength and elongation decrease with the increase of porosity. The yield 

strength changes very little when the difference of porosity is small. 
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Liam Morrissey [4]. This paper investigated the effect of porosity on elastic modulus in low-

porosity materials (less than 10% porosity). It is conducted on spherical pore shape with different 

pore volume fraction. First, several models used to predict the reduction in elastic modulus due 

to porosity is compared with a compilation of experimental data to determine their ranges of 

validity and accuracy. The overlapping solid spheres model is found to be most accurate with the 

experimental data and valid between 3 and 10 percent porosity. Next, a FEM is developed with 

the objective of demonstrating that a macro scale plate with a center hole can be used to model 

the effect of micro scale porosity on elastic modulus. The FEM agrees best with the overlapping 

solid spheres model and shows higher accuracy with experimental data than the overlapping 

solid spheres model. 

Jorge Karla [15]. have determined the effect of porosity on Young’s modulus of SiC reinforced 

aluminum matrix composites. Finite element analysis is performed based on the unit cell and the 

representative volume element approaches. In the case of fully dense SiC particles and fully 

dense Al-matrix, the square and circular particles endure the same load to the volume fraction up 

to 11%. However, above this reinforcement content, the angular particle endures more load. 

Therefore, the effective elastic modulus of the MMC is independent of the morphology when the 

reinforcement content is lower to 11%. The elastic modulus is more sensitive to porosity in the 

matrix, which is a common defect in MMC. For the square or angular particles, the pore within 

the particle affects the load transfer mechanism in the same way to the pore located at the 

particle matrix interface. For the porosity at the particle–matrix interface, the contact points 

among the particle, matrix, and the pore acts as a stress concentrator. endure the same load to the 

volume fraction up to 11%. However, above this reinforcement content, the angular particle 

endures more load. Therefore, the effective elastic modulus of the MMC is independent of the 

morphology when the reinforcement content is lower to 11%. 

Thomas et al [29]. This paper investigates the effect of void shape and arrangement on the 

effective elastic properties of porous microstructure. The characteristics of the voids are in 

different shapes, sizes and arrangement.  Based on the results, void shape, size, and arrangement 

of porous microstructure were found sensitive to the elastic (homogenized) properties. 

Ellipsoidal shape has the highest Young’s modulus, whereas the spherical shape has the highest 

Poisson’s ratio and shear modulus. Cubical shape was the lowest for all the elastic properties. 
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Moreover, the formation arrangement in void cubical shape produced the highest Young’s 

modulus and shear modulus. 

Voronin Loboda [3]. This paper examines the effect of porosity and a porous structure on the 

mechanical properties of AD1M aluminum alloy. The pores arrangement has been selected as the 

types of porous structures: square, square with a pore in the center, staggered, triangular and 

hexagonal. The effect of pore diameter of 5 to 10 μm on the mechanical properties of the 

material has been studied. From this paper yield strength appear to be higher for the square 

arrangement of pores, than for all the other types of porous structures, but lower than for the 

closely packed material. 

Samuel T et al [1]. Investigated analytical modeling of pore parameters of Fe-0.85Mo-0.35C to 

characterize equivalent diameter, circularity, and elongation of pores between the contacts of 

three and four grains with sharp and rounded necks were analyzed. Based on the number of 

contacts between grains, grain size, and neck size, a mathematical model was formulated to 

determine the equivalent diameter and pore parameters of circularity, equivalent diameter and 

elongation of the pore formed between grains. 

Chawla Deng [22]. This paper investigated the microstructure and mechanical properties of 

sintered Fe–0.85Mo–Ni steels. A quantitative analysis of microstructure was correlated with 

tensile and fatigue behavior to understand the influence of pore fraction (3%, 4% and 10%) on 

mechanical behavior. The maximum tensile strength is recorded in 0.03 porosity and low tensile 

strength is recorded in 0.1 porosity. This implies that tensile strength, young’s modulus, strain-

to-failure, and fatigue strength all increased with a decrease in porosity. 

Steels of three densities were studied i.e 7.0 g/cm3, 7.4 g/cm3, and 7.5 g/cm3. Increasing 

sintered density resulted in lower pore fraction, smaller average pore size, and more spherical 

pore shape. There is high tensile strength in 7.5 density and low tensile strength in 7.0 density.  

Natasa Tomica [23]. This paper focused on establishing the correlation between the parameters 

describing the porosity and their influence on mechanical properties of materials based on 

EVA/PMMA polymer blends. Based on this analysis, a procedure for selecting a model with 

regular pore shape and distribution based on the actual (irregular) porous microstructure is 

proposed. The shear properties (modulus and strength) decreased drastically with increasing pore 
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diameter. Compatibilization of EVA/PMMA polymer blends with EVA-g-PMMA decreased the 

pore diameter and improved the mechanical properties.  

The main parameter that determines the mechanical behavior of porous materials is the porosity 

itself. This parametric study is based on the examination of the influence of porosity on the 

mechanical properties of the EVA/PMMA polymer blend. The diameter of the pores was set so 

the distribution and number of pores were constant, and the porosity was changed in the range 

30–50% (with 5% intervals). A linear dependence was observed, and with the increasing 

porosity by 10% (from 30% to 40%), the maximal shear stress that the material could withstand 

drops by 22%. where the shear properties (modulus and strength) decreased drastically with 

increasing pore diameter and a linear dependence was obtained for shear stress/modulus and 

porosity. A decrease of 22% of maximal shear stress when porosity increased by 10% suggested 

the importance of bulging of the material that playedthe role of decreasing the porosity of non-

bearing material. 

Jianjun et al [41].  Natural porous structure is extremely complex, and it is of great significance 

to study the macroscopic mechanical response of the representative volume element (RVE) with 

the microstructure of porous media. The macroscopic mechanical properties (elastic modulus, 

yield strength) of the RVE decrease with the increase of the porosity. 

Jiang Bin [6]. This paper studies open cell aluminum foams with spherical pores synthesized by 

the space-holder method have been studied and mechanical properties of the foam were 

investigated considering its pore size and relative density. The compressive stress–strain curve 

increased with decrease in pore size and increase relative density. 

Duosheng et al [12]. This paper investigates the existence of circular pores of grains will affect 

the stress distribution in the matrix. The matrix stress in the pores along the tensile direction is 

small, while the larger stresses appear on both sides of the pores. The pores in the composite will 

cause stress concentration and large plastic deformation. The change of porosity will not change 

the stress distribution of the matrix, but the higher the porosity, the greater the tendency of pore 

aggregation. The stress distribution in the matrix becomes more uneven as the pore size 

increases, and the large strain area of the matrix around the pores also increases. 
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2.4 Summery  

• Sintered materials are typically characterized by residual porosity after sintering, which is 

quite detrimental to the mechanical properties of these materials. The nature of the 

porosity is controlled by several processing variables such as green density, sintering 

temperature and time, alloying additions, and particle size of the initial powders 

[14,19,20]. Porosity shape, size, position and clustering has their own effect on 

mechanical properties. 

• The fraction, size, distribution, and morphology of the porosity have a profound impact 

on mechanical properties.  

• The material properties of elastic modulus and yield strength decrease with increasing 

volume fraction. 

• Tensile strength and elastic modulus increase with increasing density of powder 

metallurgy. 

• Pore model with a sharp neck is used to determine the lower limit of circularity and a 

round pore approaches high circularity. 

• Tensile strength, Young’s modulus, strain-to-failure, and fatigue strength all increased 

with a decrease in porosity. The decrease in Young’s modulus with increasing porosity 

was predicted with experimental and numerical modeling. 

2.5 Gaps found from Literature 

Different researchers conduct different analysis and follow different approaches to investigate 

and develop effect of pore on material properties. The review of literature carried out for the 

present study reveals that lot of experimental, analytical, and numerical studies have been 

conducted on effect of porosity on material properties of porous sintered matrix steel. 

Nevertheless, they have some limitation such as: 

1. There is limited number of numerical studies conducted on the effect of pore shapes on 

material properties. 

2. Most of the numerical papers have been investigated only in spherical and circular pore 

shape. However, in powder metallurgy process spherical, circular, square, rectangular, 
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triangular, irregular etc. pore shape is formed. Mostly circular, triangular, rectangular and 

irregular pore were appeared. So, only study the effect of circular and spherical pore on 

material properties is not realistic. 

3. They do not take in to account the fraction of volume in modeling RVE microstructure; 

only conducts shape of pore to study its effect on material. 

4. Have not been model and study the effect of pore size and shape with the material 

properties in finite Element Method. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials  

The Fe-Mo-C low pre-alloyed PM materials were used to study the pore characteristics. These 

powders compacted in double-action compaction then green compacts, sintered at 11500𝐶 [1] 

Table 3.1 Code, nominal composition, sintering Temperature and applied treatments of the 

materials [1] 

Material composition Code 𝑇𝑠𝑖𝑛𝑡(0)𝐶 Powder grade 

Fe-0.85Mo-0.35C A85Mo 1150 Pre-alloyed 

 

The powders were cold pressed in double uniaxial action compaction to obtain components. The 

green parts then sintered in a belt furnace with different belt speeds and sintering temperatures 

[1].  

This material were pressed and sintered in an industrial facility by GKN Sinter Metals, Brunico, 

Italy. 

Table 3.2 Density, poisons ratio, young’s modulus and porosity of the investigated materials [1] 

Material  Density (𝑔 𝑐𝑚3⁄ ) Poisons ratio  Young’s modulus (𝐺𝑝𝑎) Porosity (%) 

Fe-0.85Mo-0.35C 7.4 0.28 208 8 

 

3.2 Numerical Methodology  

In numerical analysis, all pore shape is modeled in Solid work and saved as Parasolid x.t file; the 

total of thirteen 3D CAD models are developed with various pore size and shape with 8 % 

porosity and those voids are also distributed finely and randomly by using Digimat FE material 

modeling, which is appropriate software for developing RVE microstructure easily. The 

assembled RVE microstructure models are imported to Abaqus 2020, in this part all the material 



Modeling of Geometric Pore Parameters for the Sintered Matrix (Fe-0.85Mo-0.35C) to 

Study the Effect of Pore Size and Shape on Elastic properties of Steels 

28 
 

constants and boundary conditions are added, meshing and optimization are done. For FEM 

simulation analysis Abaqus 2020 is used. 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 3.1 Summarized work procedure of finite element analysis 

Abaqus does not identify a unit system; the operator could use a unit system randomly, as long as 

they are in uniformity in the analysis. The operator uses constant basic units in Abaqus. 

 

 

 

 

 

Modeling of pore shape in SOLIDWORK 

Modeling of RVE microstructure with pore in Digimat 

Import Digimat Parasolid script to Abaquas 

Define Geometry and Material 

Apply all boundary conditions  

Finite element Result 

Compare the effect of pore shape on material properties 

End  

Mesh and Mesh optimization 
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Table 3.3 System unit in abaqus 

Parameter   Units  

Force/load   Newton (N)  

Displacement   millimeter (mm)  

Mass   Tone (103 kilograms)  

Time   Second (S)  

Stress   MPa (N/mm2)  

Energy  MJ (10-3) 

Density  𝑇𝑜𝑛𝑒 𝑚𝑚3⁄   

 

3.3 CAD Modeling and Finite Element Analysis 

For numerical modeling process solid works, Digimat FE and Abaqus 2020 software tools are 

used. Mean that, the pore shape is modeled in solidwork and the RVE microstructure is 

modeled on DIGIMAT, finally exported to Abaqus 2020. 

Digimat-FE (finite element) is the finite element-based homogenization module of Digimat 

which is used to model the CAD geometries of the RVE microstructure in 8 % void volume 

fraction. 

The shape of single pore is developed in Solidwork and saves as Parasolid. The 3D 

representative volume element (RVE) is modeled using Digimat-FE with all the essential user-

defined parameters. Then the generated microstructure geometry is imported to CAD 

Exchanger software to calibrate, assemble and save in Parasolid file type which is later 

imported in Abaqus software for further analysis. 
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             a)                                                    b)                                        c) 

   

Figure 3.2 CAD modeling steps a) Solid work model b) imported into Digimat model c) 

imported into Abaqus model 

A representative volume element (RVE) is defined if the porous material at the macroscopic 

scale is assumed to be homogeneous while made up of many repetitive RVEs at the microscopic 

scale. Then, the overall moduli of porous materials can be determined using the specific 

boundary excitations together with the local response of an RVE according to the 

micromechanics. 

3.3.1 Modeling of Pore and RVE microstructure with Solidwork and Digimat 

The size of the particle determined depends on the measurement technique, and particle size 

analysis can be achieved by any of several instruments which usually do not give equivalent 

determination due to difference in the measured parameters. All the particle size analyzers use 

one geometric parameter and assume of a spherical particle shape. It is difficult to determine the 

exact particle size of the powder because only the spherical particles can be defined by their 

diameter. Powder (particle) diameter size ranges 0.1 𝜇𝑚 𝑡𝑜 40 𝜇𝑚 (9). 
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Figure 3.3 Pore model between particles and geometrical relationships 

Take the average particle size (𝑑𝑎𝑣 =
40

2
= 20 𝜇𝑚) 

Radius of the particle is (𝑎 =
𝑑

2
=

20

2
= 10 𝜇𝑚) 

The neck radius (x) is: 𝑥 > 0.3𝑎 = 0.3 × 10 = 3 

𝒙 > 𝟑 

The radius of curvature (r) is: 𝑟 =
𝑥2

2𝑎
=

32

2×10
= 0.45 

So, 𝒓 > 𝟎. 𝟒𝟓 

So, in this research used neck radius of curvature 0.5, 1 1nd 1.5 which is greater than 0.45. 

3.3.1.1 Modeling of Square Pore and RVE Microstructure  

Square geometric pore is formed between four particles (powders). The roundness of pore shape 

depends on the size of pore neck size. When the four particle is contact in point to each other the 

pore shape is sharp, and the particle is more bonded together the pore shape is more rounded.  

 

 

 

Powder 

(particle) 

Pore 
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              a)                                                                            b)                                        c) 

                                                                        

Figure 3.4 a) formation of square pore b) sharp square pore model c) round square pore model  

Square pore modeled in Solidwork saved as parasolid format to import pore model to Digimat 

software and develop RVE microstructure model with square pore shape.  

RVE microstructure with different pore shape is formed by selection of phase 1 matrix and 

phases 2 void and assign 8 percent of porosity in volume fraction in percent. Then select 

different size of square pore modeled in Solidwork and assign in inclusion CAD file in shape 

parameter. 

 

Figure 3.5 square pore RVE microstructure phase formation parameters 

Powder 

particle 

Pore  
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Model of 8% porosity size RVE microstructure of square pore shape geometry formation in 

DIGIMAT MSc software with different pore neck size (r) are developed in figure 3.6.  

                             a)                                                                               b) 

     

c)                                                                                         d) 

 

Figure 3.6 Models Representation of RVE with 8% square pore, at neck radius curvature of: a) 

sharp (𝑟 = 0.5) b) 𝑟 = 0.5  c) 𝑟 = 1   and d) 𝑟 = 1.5   

3.3.1.2 Modeling of Triangular Pore and RVE Microstructure 

Triangular geometric pore is formed between three particles (powders). When the three particle 

is contact in point to each other the pore shape is sharp, and the particle is more bonded together 

the pore shape is more rounded. 

                    a)                                                                        b)                                    c) 

                                                                                                    

Powder 

particle 

Pore  
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Figure 3.7 a) formation of triangular pore b) sharp triangular pore model c) round triangular pore 

model  

Triangular pore modeled in SOLIDWORK saved as parasolid format to import pore model to 

Digimat software and develop RVE microstructure model with triangulare pore shape.  

RVE microstructure with different pore shape is formed by selection of phase 1 matrix and 

phases 2 void and assign 8 percent of porosity in volume fraction in percent. Then select 

different size of triangular pore modeled in Solidwork and assign in inclusion CAD file in shape 

parameter. 

 

Figure 3.8 triangular pore RVE microstructure phase formation parameters 

Model of 8% porosity size RVE microstructure of triangular pore shape geometry formation in 

DIGIMAT MSc software with different pore neck size (r) are developed in figure 3.9.  

              a)                                                                        b) 
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c)                                                                                                  d) 

 

e) 

 

Figure 3.9 Models Representation of RVE with 8% triangular pore, at neck radius curvature of: 

a) sharp (𝑟 = 0.5) b) 𝑟 = 0.5  c) 𝑟 = 1 d) 𝑟 = 1.5  and e) circular 

3.3.1.3 Modeling of Rectangular Pore and RVE Microstructure 

Rectangular geometric pore is formed between four different particles (powders) diameter sizes. 

When the four particle is contact in point to each other the pore shape is sharp, and the particle is 

more bonded together the pore shape is more rounded. 

                   a)                                                       b)                                     c) 

               

Figure 3.10 a) formation of rectangular pore b) sharp rectangular are pore model c) round 

rectangular pore model  
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Rectangular pore modeled in SOLIDWORK saved as parasolid format to import pore model to 

Digimat software and develop RVE microstructure model with rectangular pore shape.  

RVE microstructures with different pore shape is formed by selection of phase 1 matrix and 

phase 2 void and assign percent of porosity in volume fraction in percent. Then select different 

size of rectangular pore modeled in SOLIDWORK and assign in inclusion CAD file in shape 

parameter. 

 

Figure 3.11 rectangular pore RVE microstructure phase formation parameters 

Model of 8% porosity size RVE microstructure of rectangular pore shape geometry formation in 

DIGIMAT MSc software with different pore neck size (r) are developed in figure 3.12.  

                           a)                                                                        b) 
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          c)                                                                                          d) 

 

Figure 3.12 Models Representation of RVE with 8% rectangular pore, at neck radius curvature 

of: a) sharp (𝑟 = 0.5) b) 𝑟 = 0.5  c) 𝑟 = 1   and d) 𝑟 = 1.5   

3.3.2 Material Property Section   

In the property section, material properties and body sections are assigned to specified 

regions of the RVE model.  

Table 3.4 Material properties of RVE model 

Part name  Material behavior  type  Section type  

A85Mo Elastoplastic  Isotropic   Solid, homogenous  

 

3.3.3 Assembly Module 

The assembly of this research work is RVE microstructure developed from Digimat software 

with 8 percent of void volume fraction and imported into Abaqus. 

           𝑟 = 0                                       𝑟 = 0.5                                𝑟 = 1                                  𝑟 = 1.5    

    

a) 



Modeling of Geometric Pore Parameters for the Sintered Matrix (Fe-0.85Mo-0.35C) to 

Study the Effect of Pore Size and Shape on Elastic properties of Steels 

38 
 

           𝑟 = 0                                       𝑟 = 0.5                                𝑟 = 1                                  𝑟 = 1.5    

  

b) 

           𝑟 = 0                                       𝑟 = 0.5                                 𝑟 = 1                                  𝑟 = 1.5    

        

c) 

Figure 3.13 Assembly of RVE microstructure model with a) square b) triangular and c) 

rectangular pore 

Table 3.5 Finite Element Plate Specifications 

Geometry  Unit  

Height  60 um 

Length  80 um 

Thickness  2 um 

3.3.4 Step Section 

The step section creates a different type of steps for analyzing and useful to make single steps for 

each change in the model. Every step can recommend what the output parameters have to be. 

Also, the length of the step, the actual simulation time can be set. As well as the start, the 

minimum and maximum value of a single increment, and the maximum number of increments. 

In the initial step, the model is checked correctly, and the output requests are demanded each step 

is possible.  
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Table 3.6 Static model analysis parameters 

Step   Step name   Procedure   Period           Increment size  Maximum  

increment  
Initial   Minimum   Maximum   

0  Initial   Initial    N/A  N/A  N/A  N/A  N/A  

1  Applying 

load   

Static 

general  

1  0.01  0.0000015  0.1  1000 

 

3.3.5 Boundary Condition and load Application 

We define the loads and boundary conditions of the objects. Uniform distributed pressure is 

applied to the model in the positive Z direction. And the negative Z direction is fixed in all axis. 

The direct distributed load of 1 mm is applied on the surface that is opposite to the fixed surface 

of RVE microstructure model. 

Table 3.7 Boundary and Load condition 

Name  Load   BC-2  

Type   Uniform  Symmetric/Antisymmetric/ 

encastre  

Step   Step-1 (static general)  Initial   

Distribution   Uniform   
 

 

 

Figure 3.14 boundary and load condition  
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 3.3.6 Meshing 

A quadratic triangular mesh was employed in this simulation to conform to the many pores’ 

nature of the RVE microstructure. A finer mesh was used in regions of pore clusters and a 

coarser mesh was employed in matrix-rich areas. For this study, a quadratic type element order 

with high smoothing quality and 0.0016-0.01 mm mesh sizes are used. 

           𝑟 = 0                                       𝑟 = 0.5                                𝑟 = 1                                  𝑟 = 1.5    

   

a) 

           𝑟 = 0                                                              𝑟 = 0.5                                                       𝑟 = 1                                 

    

                   𝑟 = 1.5                                                circular 

  

b) 
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           𝑟 = 0                                       𝑟 = 0.5                                𝑟 = 1                                  𝑟 = 1.5    

    

c) 

 Figure 3.15 Mesh modeling of RVE microstructure model with a) square b) triangular 

and c) rectangular pore  

3.3.7 Mesh Optimization  

For numerical analysis, the mesh size plays an important role. As indicated in Figure 3.17 the 

values of equivalent von misses stress is low for minimum mesh size and increases as mesh size 

increases from 0.0016 to 0.03 mm. This is because, for small volumetric element it is difficult to 

obtain best solution at small mesh sizes. That is because decreases up to mesh size 0.0018 mm, 

beyond 0.0016 mm mesh, the value of equivalent von misses stress goes constant. To check the 

mesh optimizations, the mesh sizes at (0.0016, 0.0018, 0.0094, 0.0095, 0.01, 0.012, 0.013and 

0.0131) mm are used. These indicate that beyond 0.0016 mm, the mesh size converges as shown 

in the figure below. These graphs are at triangular, square, rectangular and circular model to 

show the patterns of mesh optimization. 

 

Figure 3.16 Mesh convergence analyses 
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For all Thirteen models, the same techniques of mesh optimization are used, mean that final 

equivalent von misses stress analysis is taken at the mesh size point (0.0016 – 0.03) mm at which 

the equivalent von misses stress values go constantly horizontal. 

Table 3.8 Summary of mesh size for all models 

Pore Shape model  Radius of curvature Mesh size  

Triangular  0 0.0018 

0.5 0.01 

1 0.012 

1.5 0.013 

Square  0 0.0016 

0.5 0.0095 

1 0.01 

1.5 0.012 

1.75 0.012 

Rectangular  0 0.0018 

0.5 0.0094 

1 0.013 

1.5 0.0131 

3.3.8 Extraction of Stress and Strain  

There are three approaches to extract stress and strain from finite element analysis. 

1. Localized stress strain plot. 

This is essentially about probing local points within the test specimen to assess their stress and 

strain plots. It will require the user to isolate an element in the model and probe its field 

output variables. The field output variables plotted were E11 and S11 which correspond to the 

strain and stress. Whilst this method is viable and quick in generating stress-strain plot, it suffers 

from a localization effect. If you choose a different element, you might get a different plot and so 

it should be used carefully. 
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2. Volume averaged stress strain plot. 

This second approach is a better way than the previous method because it removes the 

localization effect on stress-strain profile seen in the previous approach. Here, the user has to 

identify a region within the test specimen that one wants to average-out the behavior of variables 

tracked in the model. It requires some prior work as you would have to identify the region, often 

the gauge section, and then track the history output for such region. Like the previous method, 

you will have to track the S11 and E11 variables (at an integration point) for all the elements that 

belong to that region. In the end, using the avg (X,X.) operation command in ABAQUS, we can 

generate the average values of stress and strain and that is our plot.  

3. Experimental equivalence stress strain plot.  

This third method is to extract the force and displacement profiles. To do so, the user will have to 

isolate a reference point where you will track the reaction force, RF1 and 

displacement, U1 variables in the 1- or x-axis, during the simulation. These variables are then 

post-processed to generate stress-strain profiles. 

Volume-averaged stress-strain plot, associated over a region, is the best way to generate stress-

strain plots in Abaqus. 
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CHAPTER FOUR 

RESALT AND DISCUSSION 

4.2 Finite Element Method Results  

The RVE microstructure model that represents the sintering steel matrix material is analyzed in 

the Abaqus 2020 Simulation to study the effect of triangular, square and rectangular pore shape 

on material properties. 

4.2.1 Effect of Pore shape on Yield Strength  

There are many types of pore shape formed between contact with powder particles like square, 

triangular, rectangular, spherical and irregular pore shape. The stress and strain were quantified 

along the line perpendicular to the load axis. Computational models were constructed for each 

void shape for finite element analysis in Abaqus 2020. 

In this study the effect of square, triangular and rectangular pore shape with different roundness 

on the stress and strain of sintered steels was systematically studied.  

4.2.1.1 Effect of Square pore Shape on Yield Strength  

𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                              𝝈𝒆𝒒. (𝑴𝒑𝒂)               

   

                                       a )                                                                                  b) 
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𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                           𝝈𝒆𝒒. (𝑴𝒑𝒂)            

    

                                          c)                                                                                                 d) 

Figure 4.1 Equivalent von mises stress distribution of square pore model circularity (𝑓𝑐𝑖𝑟) of a) 

0.44 b) 0.56 c) 0.61 and d) 0.74 

From figure 4.1 There is maximum equivalent von misses stress of 2393 Mpa in sharp edge 

square pore shape of circularity 0.44 in figure 4.1 (a) and there is low equivalent von misses 

stress of 1849 Mpa  in round edge square pore shape of circularity 0.74 figure 4.1 (d). In square 

pore shape there is maximum equivalent von misses stress in sharp edge of pore and low 

equivalent von misses stress in more round edge pore. There is high distorted in interconnected 

pores.  

A large amount of stress localization takes place in the sintered regions between pores. In 

particular, networks of pores are quite effective in localizing the stress in the steel ligaments 

between the pores. The sharpness of the pores is also important, since it has been shown that 

plasticity may initiate at pore edge because of the higher localized stress intensity associated with 

these pores. 

The following result graph shows the stress vs strain for square pore Model with 8 % void 

fraction at circularity (𝑓𝑐𝑖𝑟 = 0.44, 𝑓𝑐𝑖𝑟 = 0.56, 𝑓𝑐𝑖𝑟 = 0.61 and 𝑓𝑐𝑖𝑟 = 0.74). 
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Figure 4.2 stress strain diagram of square pore model with different circularity  

Figure 4.2 the stress strain is extracted using volume average stress strain plot approach. 

Circularity increases from 0.44 up to 0.74 with 8% porosity, resulting in that the yield strength 

increases from 514.75 𝑀𝑃𝑎 to 695.1𝑀𝑃𝑎. That indicates square pore of sharpness (low 

circularity of 0.44) has low yield strength than round (high circularity of 0.74) pore of high 

circularity. The yield strength is increase with increasing circularity of square pore model. 

Table 4.1 The FEM result of yield strength and elastic modulus at different square pore 

parameters 

 

 

 

 

 

 

D (𝛍𝐦) (𝛆) (%) 𝐑′ 𝐃𝐞𝐪 𝒇𝒄𝒊𝒓𝒄𝒍𝒆  𝚽 𝝈𝒚 (𝑴𝑷𝒂) E (𝑮𝑷𝒂) 

20 8 0 (sharp) 10.45 0.44 0.56 514.75 160.98 

0.5 10.28 0.56 0.65 588.65 166.4 

1 10.03 0.61 0.68 648.21 170.23 

1.5 9.76 0.74 0.78 679.23 173.76 
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4.2.1.2 Effect of Rectangular pore Shape on Yield Strength 

𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                               𝝈𝒆𝒒. (𝑴𝒑𝒂)               

   

a) b) 

𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                               𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                   

   

                                               c )                                                                                       d) 

Figure 4.3 Equivalent von mises stress distribution of rectangular pore model circularity (𝑓𝑐𝑖𝑟) of 

a) 0.25 b) 0.37 c) 0.42 and d) 0.53 

From figure 4.3 There is maximum equivalent von misses stress of 2684 Mpa in rectangular pore 

shape of circularity 0.37 in figure 4.3 (b) due to distribution of pore and there is low equivalent 

von misses stress of 2033 Mpa  in round edge rectangular pore shape of circularity 0.53 in figure 

4.3 (d). In rectangular pore shape there is maximum equivalent von misses stress in closeness of 

pore and low equivalent von misses stress in more round edge pore. The distribution of the pores 
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is also important, since it has been shown that plasticity may initiate at pore clusters because of 

the higher localized stress intensity associated with these pores. 

The following result graph shows the stress vs strain for rectangular pore Model with 8 % void 

fraction at circularity  (𝑓𝑐𝑖𝑟 = 0.25, 𝑓𝑐𝑖𝑟 = 0.37, 𝑓𝑐𝑖𝑟 = 0.42 and 𝑓𝑐𝑖𝑟 = 0.53). 

 

Figure 4.4 stress strain diagram of rectangular pore model with different circularity  

From figure 4.4 the stress strain is extracted using volume average stress strain plot approach. 

Circularity increases from 0.25 up to 0.53 with 8% porosity, resulting in that the yield strength 

increases from 403.23 𝑀𝑃𝑎 to 538.04 𝑀𝑃𝑎. That indicates rectangular pore of sharpness (low 

circularity of 0.25) has low yield strength than round (high circularity of 0.53) pore of high 

circularity. The yield strength is increase with increasing circularity of square pore model. 

Table 4.2 The FEM result of yield strength and elastic modulus at different rectangular pore 

parameters 

D (𝛍𝐦) R (𝛍𝐦) 𝛆 (%) 𝐑′ 𝐃𝐞𝐪 𝒇𝒄𝒊𝒓𝒄𝒍𝒆  (𝚽) 𝝈𝒚 (𝑴𝑷𝒂) E (𝑮𝑷𝒂) 

24 & 16 12 & 8 8 0 (sharp) 10.76 0.25 0.44 403.23 149.84 

0.5 10.59 0.37 0.51 424.58 153.47 

1 10.14 0.42 0.55 469.1 158.88 

1.5 9.85 0.53 0.62 538.04 162.68 
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4.2.1.3 Effect of Triangular pore Shape on Yield Strength 

𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                            𝝈𝒆𝒒. (𝑴𝒑𝒂)                    

     

a) b) 

𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                            𝝈𝒆𝒒. (𝑴𝒑𝒂)                    

    

                                      c )                                                                                 d) 

                                      𝝈𝒆𝒒. (𝑴𝒑𝒂)                                                               

 

e) 
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Figure 4.5 Equivalent von mises stress distribution of triangular pore model circularity (𝑓𝑐𝑖𝑟) of 

a) 0.21 b) 0.60 c) 0.72 d) 0.82 and e) 1 

From figure 4.5 there is maximum equivalent von misses stress of 2534 Mpa in triangular pore 

shape of circularity 0.60 in figure 4.5 (c) and there is low equivalent von misses stress of 1894 

Mpa  in triangular pore shape of circularity 1 in figure 4.5 (e). In triangular pore strength of the   

material is controlled by the fraction of pores, distribution of pore, position and shape. 

orientation, and degree of clustering of the pores. when the pores are much smaller and more 

homogeneously distributed, the plastic strain distribution is more uniform, and the deformation is 

more uniformly distributed throughout the material. 

The following result graph shows the stress vs strain for triangular pore Model with 8 % void 

fraction at circularity  (𝑓𝑐𝑖𝑟 = 0.21, 𝑓𝑐𝑖𝑟 = 0.60, 𝑓𝑐𝑖𝑟 = 0.72, 𝑓𝑐𝑖𝑟 = 0.82 and 𝑓𝑐𝑖𝑟 = 1). 

 

Figure 4.6 stress strain diagram of triangular pore model with different circularity  

From figure 4.6 the stress strain is extracted using volume average stress strain plot approach. 

Circularity increases from 0.21 up to 1 with 8% porosity, resulting in that the yield strength 

increases from 348.55 𝑀𝑃𝑎 to 719.24 𝑀𝑃𝑎. That indicates triangular pore of sharpness (low 

circularity of 0.21) has low yield strength than round (high circularity of 1) pore of high 

circularity. The yield strength is increase with increasing circularity of square pore model. 

Table 4.3 The FEM result of yield strength and elastic modulus at different triangular pore 

parameters 
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D (𝛍𝐦) R (𝛍𝐦) 𝛆 (%) 𝐑′ 𝐃𝐞𝐪 𝒇𝒄𝒊𝒓𝒄𝒍𝒆 

 

 (𝚽) 𝝈𝒚 (𝑴𝑷𝒂) 

 

E (𝑮𝑷𝒂) 

20 10 8 0 (sharp) 4.53 0.21 0.42 348.55 147.68 

0.5 4.22 0.60 0.67 633.99 169.1 

1 3.74 0.72 0.76 664.2 171.8 

1.5 3.15 0.82 0.84 695.1 176.2 

1.75 3.11 1 0.9984 719.24 184.75 

 

4.3 Comparison of Effect of pore shape on Yield Strength  

 

Figure 4.7 stress strain diagram of triangular, square and rectangular pore model with different 

circularity  

The stress-strain relationships of the models with the selected 8% porosity levels of square, 

rectangular and circular pore are plotted in Figure 4.7. From the diagram the low circularity is 

0.21 of triangular pore and the high circularity is 1 of circular pore. The low circularity 0.21 
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yield strength is 348.55 𝑀𝑃𝑎 and high circularity of 1 yield strength is 719.24 𝑀𝑃𝑎. Figure 4.7 

shows that in the sharp pore model triangular pore circularity of 0.21 have lowest yield strength 

(348.55 𝑀𝑃𝑎) than square pore circularity of 0.44 yield strength (514.75 𝑀𝑃𝑎) and rectangular 

pore circularity of 0.25 yield strength (403.23 𝑀𝑃𝑎); and in the round pore model triangular pore 

circularity of 0.82 have high yield strength (695.1 𝑀𝑃𝑎) than square pore circularity of 0.74 yield 

strength (679.23 𝑀𝑃𝑎) and rectangular pore circularity of 0.53 yield strength (538.04 𝑀𝑃𝑎). 

Besides the sharp pore triangular pore have high yield strength than square and rectangular pore. 

The displayed curves suggest a direct relationship between the circularity and the strength of the 

material. This relationship indicates that the low circularity voids will weaken the material as 

more are present in the microstructure. 

4.4 Study the Effect of pore Parameter on Elastic Modulus (E)  

In this study the effect of pore parameters on the effective yield strength of sintered steels was 

systematically studied. 

4.4.1 Effect of pore neck radius of curvature (R’) on Elastic Modulus (E) 

 

Figure 4.8 Effect of pore neck radius on elastic modulus 

From figure 4.9 the lower and higher elastic is recorded in triangular pore. for all pore model 

(square, triangular and rectangular) there is low elastic modulus in sharp (R’ = 0) model and high 
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elastic modulus in rounded pore model (R’ = 1.5). For square, rectangle and triangle sharp edge 

(R’=0) elastic modulus results are 160.98 𝐺𝑝𝑎, 149.84 𝐺𝑝𝑎 and 147.68 𝐺𝑝𝑎; and Round edge 

(R’=1.5) elastic modulus results are 173.76 𝐺𝑝𝑎, 162.68 𝐺𝑝𝑎 and 176.2 𝐺𝑝𝑎. 

From this analysis conclude that elastic modulus increases with increasing neck radius of 

curvature for square, rectangular and triangular pore shape model. For all neck radius of 

curvature elastic modulus of rectangular pore is lower than triangular and square pore model in 

RVE microstructure.  

4.4.2 Effect of pore circularity (𝒇𝒄𝒊𝒓) on Elastic Modulus (E) 

 

Figure 4.9 Effect of pore circularity on elastic modulus  

From figure 4.9 triangular rounded pore has high elastic modulus (184.75 𝐺𝑝𝑎) which have high 

circularity of 1. And rectangular sharp pore has low elastic modulus (149.84 𝐺𝑝𝑎) which have 

low circularity of 0.25. For triangular pore when the circularity is increased from 0.60 to 1 the 

elastic modulus also increased from 169.1 𝐺𝑝𝑎 to 184.75 𝐺𝑝𝑎. For rectangular pore when the 

circularity is increased from 0.25 to 0.53 the elastic modulus also increased from 149.84 𝐺𝑝𝑎 to 
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162.68 𝐺𝑝𝑎. And square pore when the circularity is increased from 0.44 to 0.74 the elastic 

modulus also increased from 160.98 𝐺𝑝𝑎 to 173.76 𝐺𝑝𝑎. 

From this analysis we conclude that elastic modulus increases with increasing circularity for 

square, rectangular and triangular pore shape model. For all circularity elastic modulus of 

rectangular pore is lower than triangular and square pore model in RVE microstructure.  

4.4.3 Effect of pore size or equivalent diameter (𝑫𝒆𝒒) on Elastic Modulus (E) 

 

Figure 4.10 Effect of pore equivalent diameter on elastic modulus 

From figure 4.10 triangular rounded pore has high elastic modulus (184.75 𝐺𝑝𝑎) which have low 

equivalent diameter of 3.11. And rectangular sharp pore has low elastic modulus (149.84 𝐺𝑝𝑎) 

which have high equivalent diameter of 10.76. For triangular pore when the equivalent diameter 

is increased from 3.15 to 4.53 the elastic modulus decreased from 184.75 𝐺𝑝𝑎 to 169.1 𝐺𝑝𝑎. For 

rectangular pore when the equivalent diameter is increased from 9.85 to 10.76 the elastic 

modulus decreased from 162.68 𝐺𝑝𝑎 to 149.84 𝐺𝑝𝑎. And square pore when the equivalent 

diameter is increased from 9.76 to 10.45 the elastic modulus decreased from 173.76 𝐺𝑝𝑎 to 

160.98 𝐺𝑝𝑎. 
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From this analysis we conclude that elastic modulus increases with decreasing equivalent 

diameter for all pore shape model. For all equivalent diameters elastic modulus of rectangular 

pore is lower than triangular and square pore model in RVE microstructure.     

4.4.4 Effect of pore fraction of load bearing (𝜱) on Elastic Modulus (E) 

 

Figure 4.11 Effect of pore fraction of load bearing on elastic modulus 

From figure 4.11 triangular rounded pore have high elastic modulus (184.75 𝐺𝑝𝑎) which have 

high fraction of load bearing 0.998. And rectangular sharp pore has low elastic modulus (149.84 

𝐺𝑝𝑎) which have low fraction of load bearing 0.44. For triangular pore when the fraction of load 

bearing is increased from 0.67 to 0.9984 the elastic modulus also increased from 169.1 𝐺𝑝𝑎 to 

184.75 𝐺𝑝𝑎. For rectangular pore when the fraction of load bearing is increased from 0.44 to 0.62 

the elastic modulus also increased from 149.84 𝐺𝑝𝑎 to 162.68 𝐺𝑝𝑎. And square pore when the 

fraction of load bearing is increased from 0.56 to 0.78 the elastic modulus also increased from 

160.98 𝐺𝑝𝑎 to 173.76 𝐺𝑝𝑎. 

From this analysis we conclude that elastic modulus increases with increasing fraction of load 

bearing for all pore shape model. For all fraction of load elastic modulus of rectangular pore is 

lower than triangular and square pore model in RVE microstructure. 
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CONCLUSION AND RECOMMENDATION 

5.1 Conclusion  

In this study the effect of pore parameters on the elastic behavior of sintered steels was 

systematically studied. This study was focused on effect of pore parameters (neck radius of 

curvature, circularity, equivalent diameter and load bearing section) on material properties of 

sintering steel materials. The following conclusions can be made based on the results of this 

study: 

❖ Low circularity is 0.21 of triangular pore and the high circularity is 1 of circular pore. 

The low circularity 0.21 yield strength is 348.55 𝑀𝑃𝑎 and high circularity of 1 yield 

strength is 719.24 𝑀𝑃𝑎. The sharp pore model triangular pore circularity of 0.21 have 

lowest yield strength (348.55 𝑀𝑃𝑎) than square pore circularity of 0.44 yield strength 

(514.75 𝑀𝑃𝑎) and rectangular pore circularity of 0.25 yield strength (403.23 𝑀𝑃𝑎); and in 

the round pore model triangular pore circularity of 0.82 have high yield strength (695.1 

𝑀𝑃𝑎) than square pore circularity of 0.74 yield strength (679.23 𝑀𝑃𝑎) and rectangular 

pore circularity of 0.53 yield strength (538.04 𝑀𝑃𝑎). Besides the sharp pore triangular 

pore have high yield strength than square and rectangular pore. The displayed curves 

suggest a direct relationship between the circularity and the strength of the material.  

❖ RVE microstructure with 8 % triangular rounded pore has high yield strength (695.1 

𝑀𝑝𝑎) which have high circularity of 1. And rectangular sharp pore has low yield strength 

(403.23 𝑀𝑝𝑎) which have low circularity of 0.25. For triangular pore when the circularity 

is increased from 0.60 to 1 the yield strength also increased from 634 𝑀𝑝𝑎 to 719.24 𝑀𝑝𝑎. 

For rectangular pore when the circularity is increased from 0.25 to 0.53 the yield strength 

also increased from 403.23 𝑀𝑝𝑎 to 538.04 𝑀𝑝𝑎. And square pore when the circularity is 

increased from 0.44 to 0.74 the yield strength also increased from 514.75 𝑀𝑝𝑎 to 679.23 

𝑀𝑝𝑎.From this analysis we conclude that yield strength increases with increasing 

circularity for square, rectangular and triangular pore shape model. For all circularity 

yield strength of rectangular pore is lower than triangular and square pore model in RVE 

microstructure.  
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❖ For pore model of square, triangular and rectangular there is low elastic modulus in sharp 

R’ = 0 (160.98 𝐺𝑝𝑎, 147.68 𝐺𝑝𝑎 and 149.84 𝐺𝑝𝑎) and high elastic modulus in rounded 

pore model (R’ = 1.5 (173.76 𝐺𝑝𝑎, 176.2 𝐺𝑝𝑎 and 162.68 𝐺𝑝𝑎). Elastic modulus increases 

with increasing neck radius of curvature for all pore shape model.  

❖ Triangular rounded pore has high elastic modulus (184.75 𝐺𝑝𝑎) which has high circularity 

of 1. And rectangular sharp pore has low elastic modulus (149.84 𝐺𝑝𝑎) which has low 

circularity of 0.25. The elastic modulus increases with increasing circularity for all pore 

shape model.  

❖ Triangular rounded pore has high elastic modulus (184.75 𝐺𝑝𝑎) which has low equivalent 

diameter of 3.11. And rectangular sharp pore has low elastic modulus (149.84 𝐺𝑝𝑎) which 

have high equivalent diameter of 10.76. The elastic modulus increases with decreasing 

equivalent diameter for all pore shape model.  

5.2 Recommendation to future Work 

Based on the above-mentioned findings of the study following are some recommendations for 

future work. 

1. Numerical study the effect of powder particle shape and size on mechanical properties of 

sintering matrix steel. 

2. Numerical modeling of crack initiation or propagation analysis in finite element method. 

3. Numerical simulation of sintering Temperature on mechanical properties of powder 

metallurgy. 

4. Numerical simulation of compact pressure on mechanical properties of powder 

metallurgy. 
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