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Abstract. Empirical models were developed to relate stress with a resistance of
materials that helps to predict the response of materials. For porous materials,
measuring the pore parameters is required to incorporate the intensification effect
of the pore on the stress distribution. However, image analysis is the common prac-
tice employed to measure pore parameters, mathematical models may also use as
an alternative method. Mathematical modeling of pore parameters for square, tri-
angular, and rectangular geometric pore was developed. Pore parameters used to
characterize circularity (feircle), €longation (fshape), and the pore size (equivalent
diameters, Deq.) were analyzed for those geometric pores. The analytical results
were compared with the pore parameters measured on the microstructures of preal-
loyed sintered steels. The modeling results are in agreement with the experimental
analysis.
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1 Introduction

Pinions, gears, bearings, and cams are among the mechanical components produced
by powder metallurgy. Porosity is the inherent characteristic of the microstructure of
these components that are processed by powder compaction and subsequent sintering
processes. 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 [1-4]. Measuring these parameters on the microstructures
using image analysis, that is the direct techniques of quantitative characterization of PM
materials, is well adopted and used to understand its effect on the mechanical behaviors
[5-8]. Bending and contact fatigue are the major damage mechanisms of PM com-
ponents that are determined by the presence of porosity in the microstructure [9-11].
Fatigue limit and fatigue life of PM materials are usually lower as compared with the

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2021
Published by Springer Nature Switzerland AG 2021. All Rights Reserved

M. A. Delele et al. (Eds.): ICAST 2020, LNICST 385, pp. 245-260, 2021.
https://doi.org/10.1007/978-3-030-80618-7_16


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-80618-7_16&domain=pdf
https://doi.org/10.1007/978-3-030-80618-7_16

246 S. T. Mekonone et al.

pore-free materials. The reduction of mechanical properties relates to the decreasing of
load bearing surface, and pore acts as a notch effect in the microstructures [12—16]. It
is acting as stress or strain intensifying zones [17], and specifically elongated and large
pore typically become the site of crack nucleation that reduces the fatigue limit and the
material tends to fail at lower stress. The mechanism used to improve the mechanical
properties is controlling the compaction and sintering process to reduce the size and vol-
ume of porosity and to prepare rounded pore morphology [18]. Therefore, understanding
the size and shape of the pore is an important step in the process of PM materials that
help to predict its response to the applied loads. Currently, there is a trend to link the
size of the bigger pore, pore distribution, and pore shape parameters with mechanical
properties (specifically contact fatigue and fatigue strength) [19]. Based on the conser-
vative approach, contact fatigue crack nucleation was predicted by comparing the yield
strength of diffusion alloyed PM materials with applied stress where the analysis of
stress incorporates notch effect [20].

The derivation of contact stress considers the effect of bigger pores (10% of the
pore population corresponds to the total pore population) as stress intensifying area
and deteriorate load bearing sections, where the analysis needs a measurement of pore
parameters. This research work aims to model pore geometries and evaluate the pore
parameters that can be considered as required inputs for the analysis of stress distribution
in the porous microstructures. Modeling of the pore with the following geometries was
proposed.

1. Square geometric pore ([J) — formed between four particles.
Triangular geometric pore (A) — formed between three particles.
3. Rectangular geometric pore ( |:|) — formed between four particles.

Then the model results are validated by comparing with the pore parameters measured
using image analysis that was carried out on low alloyed PM steel microstructures.
Quantitative characterization of pore shape and size is possible with a lack of precision
and universal definition of terms [21]. But the Shape factor parameter such as fshape
(characterizes pore elongation), fcircle (Characterizes pore circularity) is well adapted to
characterize the porous microstructures.

2 Pore Modeling, Materials, and Experimental Methods

2.1 Mathematical and Geometric Modeling of Pore

Analytical modeling of pore geometry in porous material was complex due to the diver-
sity of pores shapes, orientations, and sizes. However, a limited number research papers
have reported the pore parameters analyzed based on atomistic and macroscopic model-
ing approaches of compaction and sintering of PM materials [22-25] According to the
classical model, a sharp neck is created between two perfect spherical particles (repre-
sents the initial stage of the sintering), and from the geometry, the ratio of neck to particle
size is related by X/D > 0.3, where X is neck size and D is the particle size [5]. But no
relationship was developed between neck and particle size at the final stage of sintering
(decreased in size and became rounded), however, it became a critical parameter that can
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determine the behavior of the final product, only limited analytical and numerical model
available for the final stage of sintering. On the one hand, because of several geome-
tries of pore evolution and on the other hand, this is influenced by compaction/sintering
parameters. This results in the complex geometry of pore and microstructural evolu-
tions which is not the easy task to study analytically or numerically. However, there is
a strong relation between pore parameters of sintered microstructure and green body
compaction pressure [5], neck formation between grains affected manly by sintering
temperature, and time that can be incorporated in these work. The relationship between
R’ (refers to neck size) and R/r (refers to particle size) of the simple geometry and
compared with the results of image analysis on the microstructure. The influence of the
compaction/sintering parameter is not considered here in the models. Figure 1 illustrates
the proposed pore models that are defined by the spaces between spherical particles.

Fig. 1. The three types of pore models: square (A, B), triangular (C, D) and rectangular (E, F)
geometric pores

The pore geometries, highlighted in the red in Fig. 1, are voids that are defined
based on the number of contacts between spherical grains and grain 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;

— Cand 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.

Mathematical models are required to correlate the grain size and number of contacts
with the proposed pore models that aim to analyzed and characterized the pore parame-
ters. 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’. 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. Besides, the
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morphology of these pore models is irregular in shape and with a certain error, it can be
used to represent the voids in the microstructures of PM materials. The pore parameters
(feircle and fgpape) 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 irregular pores [11] and hence not considered here.

Figure 2 represents the pore geometries between three and four particles with tri-
angles to formulate the area of the pore. Triangles were constructed by connecting the
center of two particles and one of the rounded neck. a and p are angles of these triangles.
The maximum and minimum diameter of the pore are highlighted as red and blue colors
in the figure. The maximum diameter is the largest distance between two parallel lines,
which passes through the edges or lines of pore without crossing the area of the pore.
The minimum diameter is the smallest distance between two parallel lines, which passes
through edges or lines of pore without crossing the area of the pore.

Ausco= 4R? Anc=V3 R Ausco2(R + 112 cos(2) sin)

Fig. 2. Geometrical relation of pores and circumscribed geometries

Square (ABCD), equilateral triangle (ABC), and rhombus(ABCD) circumscribe a
square, triangle, and rectangular geometric pore models. The side length of a square
(ABCD) and triangle (ABC) is 2R and the rhombus has R + r equal side lengths and
the area of three geometries are 4R? , /3R? and 2[R +r]? cos(%) sin(%). These
parameters use to drive for pore areas.

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 90°) from an area of square
ABCD. Area of the square geometric pore with the sharp neck (Agharp neck, 0 ) 18 given

by Eq. (1).
Asharp neck, O = 4 - ”)Rz (1)

Area of the triangular geometric pore with the sharp neck (Asharp neck, ) €valuated
by subtracting the area of three circular sectors (characterized by the radius R and angle
60°) from an area of a bigger equilateral triangle ABC and is given by Eq. (2).

b
Asharp neck, A = (\/5 - E)Rz (2)
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Area of the rectangular geometric pore with the sharp neck (Agharp neck, 0 ) €valuated
by subtracting the area of four circular sectors (characterized by the radius R/r and angles
6/t — 6) from an area of rhombus ABCD is given by Eq. (3).

Agharp neck, 0 = 2(R + r)zcos(§>sin<g) —r*(m — 0) — R%0 3)

Figure 3 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 such as, R = r, square and rectangular geometric pore is the

same. Az (grown neck area between particles) should be excluded from the rounded
neck pore model by subtracting from the area of sharp neck pore.

2

A A=A upe = Ay Ax- Ay

Fig. 3. 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).

AE?+AB? — BE?
cosa = 4)
2AE x AB

AE? 4+ BE? — AB?
cosPp = ®))]
2AE % BE

Area of triangle (AaBg) is given by Eq. (6) (Heron’s formula).

Apase = \/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.
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A3 (as described by Fig. 3) was evaluated using Eq. (7).

2
A RV2RR' +R” — [%72”) — R%a, square or triangular pore 7
3 =

2
VRRRR+r+R) — w - RT — VZT“, Rectangular pore

Therefore, the area of square/rectangular pore with rounded neck (A ound neck, 01)
can be evaluated by subtracting 4 times of Az from the total area of the pore with a sharp
neck (Eq. (2)) and is given by Eq. (8).

Around neck, 0 = Asharp neck, O — 4xA 3 (®)

Similarly, the area of triangular pore between three particles with round neck
(A round neck, ) is given by Eq. (9).

A round neck, A — Asharp neck, A — 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. And similarly, the
perimeter of a triangular pore is the sum of the three arc length of sectors (the radius R and
angle 60°). 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.
The perimeter and area of the three geometric pore models are reported in Table 1.

Table 1. Perimeter and area of a square, triangular and rectangular pore models

Pore model | pore perimeter, P pore area, A
Square 27R, R =0, 4—m)R?, R =0,
2
T _ _ IR o
4(2 2(1)R+4(n 20R, R <0 - R 74{1% . (r-2a) 7R2a}, R0
Triangular 7R, R =0, («/5— %)Rz . R =0,
3(Z —20)R+3(r —20R’, K <0 2
(3 “) +36r —20) = (ﬁ—%>R2—3 R\/zRR’+R/2—MZﬂ—R2a R >0
Rectangular | [ g 1 2/(7—), R =0 2R+ cos(§)sin(§ )~ ~R2, K =0,
2R+ 2r(m—) —4ra —4R(w — o — )+
4R’ B, R <0 2(R+r)zcus(%)sin(%)7r2(717)7R27
2 2 2
Re(r—a—pB) R
4[ RIR/(R +1+R/) - RETZ0=h) o Tﬁ} R >0

The equivalent diameter of the pore model is given by Eq. (10).

Doy = 2y = (10)
T

Where A, is the pore area (reported in Table 1).
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fshape is defined by Eq. (11).

frhape =

Dmin
Diax

251

Y

Where, Dpax and Dy, are maximum and minimum diameters of the pore, high-
lighted as blue and red colors in Fig. 4 and Fig. 5. The maximum and minimum diameters
of square and rectangular geometric pore between four particles are given by Eq. (12)
and Eq. (13), which is derived from the detailed geometry as illustrated in Fig. 4.

Square geometric pore

53
® —— Dnax (LO)
S =~ Dpin (NP)
Q E o
H
a i 1
o
R
A D
AME= R+R’ QL = (R+R')sina - R’

EH=(R+R’) }2(1 - cos(;i - 2a)

IP=HI =R

— D (LO)

—— Dpin (NP)

DM = R+R’

QL = (r+R’)sina - R’

MK= ( R+R’ )/2(1 - cos(8 =2(m- B-a) )

Fig. 4. Detail geometry of the square and rectangular geometric pore models

2IP + EH = 2R’ +[R + R']JZ(l — cos (g - Za) ,for o model

Dimin = | 2KP + MK = 2R’ +[R + R']/2(1 — cos(6 — 2(m — B — ) , for [

D _ { AD —2QL = 2[R + R’] (1 — sina), for O model
max " AD —2QL = (R + R) + [r + R] (1 — 2sina) , for Jmodel

12)

13)

The minimum and maximum diameters of the triangular geometry pore is given by
Eq. (14) and Eq. (15), which is derived from the detailed geometry as illustrated in Fig. 5.

Dy = Dmaxsin(g> _U= Dmaxsin(g) _ R’[ tan2<§ _ 2a) _ 1] (14)

Dyur = 2NJ + FG = 2R’tan(% — Za) + [R_}_R’]\/Z(l — cos(% — 2a> (15)
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B Triangular geometric
pore

—— Dipax (JL)
U Dmln (H')

CNG= R+R’

IK = (R +R)sing - R’

FG=( R+R’') }2(1 - cos(g - 2a)

GN=GIl =R’

W= /N?Z+RZ-R
i » n
NJ = R tan (:—‘ - 2«)
AJLM = Equilateral Triangle

Fig. 5. Detail geometry of triangular pore

An additional characteristic of pore parameters is the circularity of pore. It is defined
by Eq. (16).

4T A
- pr

where A and P are the area and perimeter of pore models (reported in Table 1).

fcircle (16)

2.2 Materials and Experimental Methods

Two different Fe-Mo-C (interims of different Mo compositions) low prealloyed PM
materials were used to study the pore characteristics. These powders compacted in
double-action compaction then green compacts, which are rings, sintered at 1150 °C
for 30 min, and maintained its final dimensions of 16 x 40 x 10 mm (inner diam-
eter, outer diameter, and height, respectively). Density measurement was performed
by the water displacement (WD) using a weighing balance accuracy of 0.0001 g and
also calculated from the results of image analysis (IA) on the microstructures. Before
microstructure preparation, the specimens were cleaned properly using toluene in the
microwave, mounted in risen and gently ground from 220 to 1200.gride silica carbide
polishing paper, and then polished using 3 and 1 pm alumina paste/slurry. For Image
analysis, an optical microscope was used to prepare micrograph images on unattached
spacemen. Seven images were taken on the contact surface (from 0-400 wm depth) of
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each material. To avoid the potential effect of shape parameter variation due to magnifi-
cation over the microstructure, 20 x magnification was selected [13]. Porosity, equivalent
diameter, perimeter, aspect ratio, breadth, and length of pore were measured, and then
feircle, Tshape Were calculated.

3 Results and Discussion

In this section, pore size between grains, elongation, and circularity was discussed based
on the analysis of the theoretical models developed using the relationship of grain sizes,
number of grain contacts, and pore geometry. Again, these pore parameters were mea-
sured using image analysis applied on the microstructures of sintered steels that were
used to validate the theoretical results. Figure 6 illustrates the correlation between the
diameter of grain (2R) and the equivalent diameter (Deq.) of the pore.

50
:
40 ’
!
=30 !
s !
[- 4 /
~ 20 ' ———Rectangular pore: R'=0.5 unit
- = Square Pore: R'=0.5 unit
10 - - =Triangular pore: R'=0.5 unit
0
0 10 20 30 40 50

D, [unit]

Fig. 6. Equivalent diameter versus particle size of square, triangular and rectangular pore models

The Equivalent diameter of rectangular, square, and triangular pore models varies
linearly with the grain size. For a given grain diameter, the equivalent diameter of the
triangular pore model is smaller than square and rectangular pore models. This variation
shows that the triangular geometric pore may be suited to model only pores with smaller
in sizes, while rectangular and square pore models are used for the bigger pores.

The circularity and shape of the pore models using triangular, rectangular, circular
geometries were analyzed, and Fig. 7 represents f;ircle Of the three pore models.

The area of rectangular, square, and triangular pore models is made to vary with the
distance between grains (H) which is a function of the grain (R) and neck sizes (R’).
Therefore, feircle of the triangular, rectangular, and square pore geometries is a function
of the equivalent diameter that is dependent on grain (R) and neck (R/r nad R’) sizes too.
For the three models and sharp neck (R’ = 0), f¢jrcle is constant and independent of the
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10 10
) H=2R(V21 ' ] H= R(V3-1)-R’
o] 2R(VZA1) b ] (V31)
086 4 086 4
s - z |
i i
~ 04 * 041
02} R'= Ounit 024 —r—
] R'= 0.25 unit ] -9 un
] % ] R'= 0.25 unit
] R= 2unit ] R'= 2 unit
00 00
0 10 20 ) 0 50 0 10 20 2 0 50
D,q unit D,q unit

10 ,
H= 2R(VZ1)
08 §

06 1

Tewce

041

02 1 R'= 0 unit
{ R'= 0.25 unit
] R'= 2unit
004

30
D,y unit

Fig. 7. Equivalent diameter versus f¢jc|e of square, triangular and rectangular pore models

pore size. The circularity of square/rectangular and triangular pore models with sharp
corners is 0.21 and 0.27, respectively, that is the bottom line to the value of fcircle. When
neck size increases (from O to 2 unit), f i.cle also increases that attributes to the formation
of a rounded pore shape as the size of the length of the curved neck increases. But, at a
constant neck size, circularity decreases with an increasing equivalent diameter of pore
models. Pores with smaller equivalent diameter are characterized by higher circularity,
and a perfect circular pore has f.cle = 1. However, the pore becomes elongated and its
circularity decreases as equivalent diameter increases.

Figure 8 illustrates the relationship of Deg. and fghape of triangular, rectangular, and
square pore models.

The horizontal bottom line indicates that the constant fganpe of the pore with a sharp
edge (R’ =0) and the values are 0.71, 071, and 0.87 for rectangular, square, and triangular
pore models, respectively. fghape Of the rectangular and square pore model is lower than
the triangular pore model at the equal equivalent diameter and neck size. A similar trend
was observed for f¢ire] and fshape and both decreases with increasing equivalent pore size.
Pores with smaller equivalent diameters are characterized by lower in irregularity and
equivalent with a rounded geometry that results in a higher fshape, then it equated to 1 as
the geometry approaches a circular pore.

Again, the relationship between pore shape and circularity was analyzed, and Fig. 9
represents fejrcle versus fshape Of triangular, rectangular, and square pore models with a
variable gap between contacted grains and fixed height between bigger particles.

Since contacting grains that are used in the molding of the square and triangular
pores are equal in size, the gap between grains (H) increases linearly with the grain size



Modeling of Pore Parameters and Experimental Validation

255

0s

~—R'=0unit
R'= 025 unit
R'= 2unit

Tunape
\
|

08
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funape

08

oe

3

~—R'"0unit
R'* 0.25 unit
R'=2unit

H= R(V3-1)-R’

08
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Tonspe

04 ~—Square pore

Triangular pore
02

00

Variable height b/n
particles and
R'=0.25 unit

Fixed height b/n
big particles and
R’'=0.25 unit

Fig. 9. fcircle versus fshape Of the three pore models: a) at a gap between grains (defined by,

H = 2R<«/§ - 1) for rectangular and square models, and H = R(ﬁ - 1) — R’ for triangular
pore), and b) at a different fixed height between bigger grains of the rectangular model.

(R), and it does not affect the relationship between fijrcle and fghape. However, for the
rectangular pore model, the size of the grains is not the same (characterized using R
and r), such that the gap between grains depends on the size of the grain. At a fixed
distance between larger grains, and as the gap between smaller particles is increasing,
the relationship between feircle and fshape can be variable. Therefore, the relationship of
circularity and elongation for the square, triangular and rectangular pore models shows
similar trends of variations, and for rectangular pore geometry, the gap between particles
is the determinate factor to f¢jrcle and fhape relation.
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To validate these theoretical results, first density and total porosity of Fe-0.85%Mo-
0.35%C and Fe-1.5%Mo-0.3%C sintered steels were characterized using water displace-
ment methods and image analysis techniques, respectively. Again, the image analysis
data were elaborated to determine the pore parameters (equivalent diameter, circularity,
elongation). The density and porosity of the two PM steels are reported in using Table
2.

Table 2. Density and porosity of prealloyed PM steels

Material Porosity, ¢ | Density, g/cm3
0.85%Mo steel | 0.06 £ 0.01 | 7.33 £ 0.04
1.5%Mo steel | 0.05 £0.01 | 7.41 £0.04

Again, the density and porosity of the two materials were determined from the
microstructures. Figure 10 shows the microstructures of carburized and heat treated
0.85%Mo and 1.5%Mo prealloyed PM steel at the surface that were prepared after
sectioning of the cylindrical specimen longitudinally.

1.5%Mo steel

400 um

Fig. 10. Microstructure at the surface of carburized and heat treated low alloyed steels

To measure the pore parameters, image analysis was carried out on the surfaces of
seven adjacent microstructures (each has a total area of 400 x 535 pm) on each PM
steels. The average porosity and pore parameters were collected within 50 pwm range up
to the total depth of 400 wm. Average porosity 0.85% Mo and 1.5% Mo steels are 0.07
4+ 0.01 and 0.07 £ 0.02, respectively.

Figure 11 represents feircle and fgpape corresponding to 100% of pore populations
measured by image analysis and three geometric pore models.

The results of pore models and image analysis shows that f.e decreases with
increasing equivalent pore diameters. However, fhape determined from the model rela-
tively higher than determined from the experimental results of the two materials. Image
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Fig. 11. fejrcle and fghape of the three pore model and image analysis of the micrograph 270 pm
width by 400 pm depth.

analysis results of the irregular pore with lower circularity and shape are well fitted with
a rectangular geometric pore model, whereas the pore with higher circularity and shape
are well fitted with the square and triangular pore models. However, the pore morphology
and sizes are statistical and the experimental results may not be expected to fit exactly
with the model results, however, the results of f¢ircle and fgnape determined based on the
two approaches are still comparable. Moreover, the rectangular pore model is agreed
more with the smaller and larger size pore populations, and the square and triangular
pore model agreed more with the smaller size and rounded pore populations. The large
pore with rounded in morphology (large R and R/, as it is illustrated using Fig. 7) of the
pore model, may greatly approximate to explain the circularity of the pore characterized
by image analysis. Therefore, the neck size, R/, can be an important parameter of the
pore modeling, which can be liked with sintering parameters. To model, the pore in the
microstructure of PM materials depends on different processing parameters such that,
R’ can vary from zero to certain values. It is merely related to the type of materials
and microstructures. Therefore, using larger R’ may get higher priority and could get
good agreement with a material having a larger pore size and rounded morphology. R’
= (0.25 wm found to be the best fit with the microstructures of 0.85%Mo and 1.5%Mo
steels.

fshape collected from the microstructures is more elongated in shape. On the contrary,
the model shows rounded pore, fsnape values are above 0.87 and 0.701 for triangular and
square pore models, respectively. This indicates that the pore is not elongated as it is
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observed from the microstructures. But the small R’ can be selected to fit with the data
from image analysis of densified and rounded porous materials.

Figure 12 represents the comparisons of results of f¢jrcle versus fopape analyzed from
the theoretical models and image analysis of the microstructures of the two PM steels.

104 10 4
. ]
1 . ]
08 1 ? o 08 4
] >° Seas ]
{ . K 2 {
1 . ®e 1
06 | ore Ny 08 ]
1 T
] o %
o { iy o ]
04 4 ! - . 04 4 - -
1 k) )‘i’, ® Fe-0.85% Mo-0.35% C (IA) 1 ¢ ey ® Fe-1.5%Mo-0.3%C (1A)
1 & o "Ny —Square pore 1 XSy —Square pore
] . ~.¢ Triangular pore { P L) Triangular pore
024 - L4 H=1 ym 024 Ll g H=1 ym
1 rene :“g | Rectangular 1 Seo o n"g | Rectangular
| He4 pore | He4 pore
00 + - 00 4 =
00 02 04 06 08 10 00 02 04 06 08 10
feucie feccie

Fig. 12. fejrcle versus fghape Of three geometric pore model and image analysis.

The experimental results show that a similar trend of variation between fgjrle and
fshape Was observed as it determined from the square, triangular, and rectangular pore
models. The smaller pore size, which is characterized as rounded and regular pore, can be
represented using square and triangular pore models, whereas the bigger pore, which is
characterized as more irregular pore, can be represented using a rectangular pore model.
Besides, a rectangular pore model with a neck size of R’ = 0.25 pm is comparable with
the data of image analysis.

4 Conclusions

The theoretical model 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 (fshape and feircle) of the pore formed between grains. To validate the
model results, image analysis was carried out to measure porosity, equivalent pore diam-
eter, pore area, and perimeter on the microstructure of Fe-0.85%Mo-0.35%C and Fe-
1.5%Mo-0.3%C prealloyed PM material that used to analyze the pore parameters. The
model is comparable with image analysis results and the following conclusion is drawn
from the results,

e A pore model with a sharp neck is used to determine the lower limit of circularity
(feircle) and elongation (fshape)-

e The Square and triangular pore models represent the pore with higher circularity. But
the rectangular geometric pore model is exactly fitted with irregular and larger pore
size.
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Modeling of the pore parameters of a pore with a rounded neck shows better agreement
with the results of image analysis, in particular, fejrcle and fshape of pore populations
with smaller pore fits well with square and triangular pore models. Whereas the
rectangular geometric pore model is well fitted with pore populations with irregular
and larger pore size.

As future work, the model is important to link the effect of pore size, shape, and
morphology with the mechanical properties. In particular, nucleation of fatigue and
contact fatigue cracks can be the prominent areas.
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