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Abstract

During the last decade novel computational methods have been introduced in some fields
of engineering sciences. In this article, we describe a novel Particle Swarm Optimization (PSO)
approach to multi-objective optimization, called Time Variant Multi-Objective Particle Swarm
Optimization (TV-MOPSO). The mechanical and tribological behaviors of sintered steel have
been experimentally investigated. TV-MOPSO is made adaptive in nature by allowing its vital
parameters to change with iterations. This adaptiveness helps the algorithm to explore the
search space more efficiently. A new diversity parameter has been used to ensure sufficient
diversity amongst the solutions of the non-dominated fronts, while retaining at the same time

the convergence to the Pareto-optimal front.
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1. Introduction

Over the past quarter century, there has been an
upsurge in popularity of manufacturing machine com-
ponents through Powder Metallurgy (PM) among all
other processes, which is the outcome of its capab-
ility for near-net shape forming, as well as relatively
low energy consumption and manufacturing cost [1-5].
These products possess excellent structural homogen-
eity and fine microstructure which is quite impossible
to be obtained by conventional casting processes [6-8].
Powder metallurgy process generally consists of four
basic steps: (1) powder manufacture, (2) powder mix-
ing and blending, (3) compacting, (4) sintering. Com-
pacting is generally performed at room temperature,
and the elevated-temperature process of sintering is
usually conducted at atmospheric pressure [9-13].

Pre-alloying is a special powder metallurgy term
for the production of alloyed powders usually from
a melt by water or gas atomization. The melt typic-
ally exhibits the same composition as the emerging
powder particles. Alloying elements are uniformly dis-
tributed in the solid solution in the all pre-alloyed
powder particles or are present at the separate phases
in high alloy powders. In pre-alloyed powders used for
production of structural steels, the first case applies.
Generally, the alloy elements that do not strongly af-

fect the compressibility of the powders, e.g., Mo and
Cr, are introduced through the pre-alloy route while
those that result in strong solid strengthening such
as Ni, Cu, and Mn are either admixed or diffusion
bonded [2, 4, 6]. The use of diffusion alloyed steel
powders is an intuitive approach to solve the problems
associated with powder metal products including in-
homogeneous microstructure, inadequate dimensional
control and mechanical properties. Diffusion alloyed
steel powders augment the possibility for preparation
of new varieties in production of PM parts with high
mechanical and some special properties. Typical com-
mercial systems are Fe-1.5Mo + 2 % Ni, Fe-1.5Mo +
2 % Cu, and Fe-1.5Mo + 4 % Ni + 2% Cu which are
available as diffusion bonded grades.

The combination of relatively high levels of copper,
nickel, and molybdenum provides a cost-effective alloy,
but with sufficient alloy content to provide the desired
microstructure with the required hardness and wear
resistance. Currently, the mainstream PM alloy sys-
tem used for such applications mentioned above is the
series, containing iron with chromium and nickel addi-
tions. Because of frequent direct contact of these com-
ponents during their work cycles, studying the wear
behavior of sintered steels is of great importance. It is
reported that the oxidation wear, abrasive wear and
delamination are the major wear mechanisms in these
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sintered steels. Meanwhile, depending on the shape of
pores and microstructure of materials as well as con-
ditions of wear test such as applied load, the amount
of porosity can be beneficial or detrimental to wear
resistance [5-8, 14-20].

Furthermore, during the last decade novel compu-
tational methods have been introduced in some fields
of engineering sciences. Particle swarm optimization,
which was originally proposed by Kennedy in 1995,
is a relatively new and robust optimization technique.
It has attracted great attention due to the simplicity
and efficiency in recent years. Similar to genetic al-
gorithm, PSO is a population-based random search
technique and it is easy to use since the algorithm re-
quires fewer parameters. At present, PSO has been
applied extensively to various fields, such as func-
tion optimization, filter design, proportional-integral-
-derivative control, power allocation, biological in-
formation extraction, and other scientific and engin-
eering problems [21-27]. However, van den Bergh had
indicated that PSO does not guarantee the conver-
gence to the global optimum. Particularly, when the
dimensions of objective functions are high and numer-
ous local optima coexist, PSO is easily trapped into
local optima resulting in a low optimizing precision or
even failure. When this occurs, simply enlarging the
population size or increasing the evolution run-times
will not facilitate improving the optimizing perform-
ance [27-30].

In this research work, an effort is made to op-
timize the tribological and mechanical properties of
diffusion alloyed Fe-Ni-Cu steel powders. PSO was
used to sweep a region of interest and select the
optimal settings to a process. The PSO is a global
optimization algorithm, and the objective function
does not need to be differentiable. This allows the
algorithm to be used in solving difficult problems,
such as multimodals. Many researchers have worked
on this problem and proposed many improved ver-
sions of PSO. For example, van den Bergh proposed
a cooperative particle swarm optimizer and further
combined it with PSO in an attempt to achieve the
best properties of both algorithms [28-32]. Liang pro-
posed a dynamic multiswarm particle swarm optim-
izer which showed a better performance in CEC2006,
and subsequently Zhao further improved it for large
scale optimization with a Quasi-Newton local search
in CEC2008. Huang et al. proposed a comprehens-
ive learning particle swarm optimizer, which uses a

Table 1. Composition of the powders

Element C Cu Ni Mo

wt.% > 0.01 1.5 4 0.5

Table 2. Size analysis of the powders

Powders Mesh Analysis

+212 pm 0%
+150 wm 7%
-50 um 25 %

novel learning strategy, where all other particle’s best
historical information is used to update a particle’s
velocity. This strategy enables the diversity of the
swarm to be preserved to discourage premature con-
vergence. Kennedy [30] proposed the fully informed
particle swarm and the simulation results showed that
it was a promising method for benchmark functions
[27-31]. While there are a lot of PSO variants as men-
tioned above, the optimizing results for some problems
are still unacceptable. Since there is not any published
work regarding estimation and prediction of wear be-
havior of sintered steels using PSO, this paper focuses
on development of these models. The PSO is further
improved in this work.

2. Experimentals

In this study, partially alloyed powders were selec-
ted for the experiment. The Fe-Ni-Cu steel alloy has
proven to meet demand for high performance parts in
a cost efficient way. Strong impact for development of
the new application has been achieved. The composi-
tion, size analysis and properties of the used powders
are presented in Tables 1, 2 and 3, respectively. Car-
bon (0.6 wt.%) as fine natural graphite (UF4) and
zinc stearate (0.75 wt.%) as lubricant were added to
the mixture. Table 4 shows the characteristics of the
graphite used in the mixture.

The samples were compacted with different pres-
sures using a hydraulic machine (100 tons capacity)

Table 3. Properties of the powders

Compressibility at 600 MPa Apparent density

Hydrogen loss Flowability

7.15 (gem™3) 4.00 (gcm™?)

0.10 % 26 (s/50g)
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Table 4. Characteristics of the graphite used in the mix-

ture
Type Density (gcm™3) Element (ppm)

Fe Cu Mg Al Si
UF4 1.859

551 87 130 253 604

at 120°C. The compacted samples were sintered at
1120°C for 30 min in 90 % N2/10 % H, atmosphere.
The sintered densities of samples were measured in
accordance with ASTM-B328 standard. Table 5 re-
presents the effect of the applied pressure on the dens-
ity and porosity of the studied materials.

The mechanical properties including tensile
strength and hardness were carried out according to
ASTM E8-00 and ASTM E92-82 standards, respect-
ively. The hardness test method covers the determin-
ation of the Vickers hardness of materials, using ap-
plied force of 10 kgf. Each value of hardness and tensile
strength is an average of at least three tests.

Dry sliding wear tests were performed under differ-
ent loads of 10, 20, 30, 40 and 60 N using a pin-on-disc
type reciprocate wear apparatus.

The samples were put in contact with AIST 52100
steel pins with 64 HRC. Table 6 shows the chemical
composition of AISI 52100 steel.

All tests were performed at room temperature
(21°C, relative humidity 30-60 %). Total sliding dis-
tance was selected as 2000 m.

For microstructure study, specimens were prepared
by grinding through 120, 400, 600, 800 grit papers
followed by polishing with 9 pm diamond paste and
etched with 3 % nital solution. A set of three samples
was tested in every experimental condition, and the
average along with standard deviation for each set of
three tests is measured.

3. TV-MOPSO

This section describes the proposed PSO approach
to multi-objective optimization (MOO) problem. The
motivation behind this concept is to attain better con-
vergence to the Pareto-optimal front, while giving suf-
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Table 6. Chemical composition of AIST 52100 steel

Fe Cr Mn Si C S

Element

wt. % balance 1.5 035 0.2 1.1 0.025

Fig. 1. Typical microstructure of the studied materials.

ficient emphasis to the diversity consideration. In TV-
-MOPSO, a new parameter has been incorporated
that ensures the diversity of the solutions in the
archive [25-32].

4. Results and discussion

Typical microstructure of the studied sample is
presented in Fig. 1. It is noted that various phases
form the microstructure of the porous samples in-
cluding the ferrite and perlite. Figure 2 shows op-
tical micrographs of the samples with different poros-
ity levels depending on the applied pressure during
cold pressing. The homogenous distributed porosity
in these samples is the combination of the pores that
are present among the compacted powders and not
removed by pressing as an intrinsic feature of powder
metallurgy products and also residual porosity from

Table 5. The influence of the applied pressure on the density of the porous steel fabricated in this study

Type of sample PM1 PMz PM3 PM4 PM5 PMG PM7 PMs PMg PM10
Applied pressure (MPa) 300 350 400 450 500 550 600 650 700 750
Density (g cmfs) 6.83 6.87 6.93 6.98 7.03 7.07 7.12 7.19 7.32 7.44
Porosity (vol.%) 17.4 15.8 14.9 14.1 13.6 12.7 12.2 11.3 10.5 9.2
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Fig. 2. Optical micrographs of the samples: (a) PMi, (b) PMy, (c) PMs, (d) PMio.
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Fig. 3. Mechanical properties of studied materials: (a) HRB, (b) UTS.

liquid phase formation or diffusion of alloying addi-
tions, such as copper, at the sintering temperature. In
PM materials, there are several microstructural para-
meters, e.g., pore-related parameters, to be taken into
account, which are relevant for mechanical and tri-
bological behavior. The hardness test was carried out

for each sample. Ten hardness readings on randomly
selected regions were taken in order to get a repres-
entative value of hardness. During hardness measure-
ment, precaution was taken to make indentation at a
distance of at least twice the diagonal length of the
previous indention. Figure 3a shows that the hardness
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Fig. 4. SEM micrographs of tensile fracture surfaces: (a) low magnification, (b) high magnification.
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Fig. 5. The variations of volume loss with the sliding distance for PMs samples under different loads.

of samples increases with decreasing amount of poros-
ity. It is clearly shown that the hardness takes into
account the porosity content of the materials. Fig-
ure 3b shows the variations of UTS with the poros-
ity content. It indicates that increasing amount of
UTS is observed with increasing the density. It has
been reported in previous research that the presence
of pores causes reductions in strength and ductility
[17-19]. The crack initiation takes place at the pre-
ferred site like pores, particularly at the surface of the
specimen. Thus, more crack nucleation occurs in the
samples with lower density. Then these cracks connect
together in all volume of sample and have a destructive
effect on the tensile strength and hardness of the ma-
terials [3, 20-15]. Typical SEM micrographs of tensile
fracture surfaces are shown in Fig. 4. Fracture surface
observations of the samples show the contribution of
both fracture mechanisms. Some areas of the fracture
surfaces consist of dimples which may be a result of the
void nucleation and subsequent coalescence by strong
shear deformation and fracture process on the shear
plane.

The typical variations of volume loss with slid-
ing distance for the PMy samples are summarized in
Fig. 5. It is clear from this graph that the volume
loss increases with increasing the applied load. The
effective wear from the specimen surface is due to the

combined effect of a number of factors. The increase
in the applied load leads to increase in the penetra-
tion of hard asperities of the counter surface to the
specimen surface, increase in micro cracking tendency
of the subsurface and also increase in the deformation
and fracture of asperities of the softer surface. On the
other hand, higher amount of material from the speci-
men surface gets accumulated at the valleys between
the asperities of counter surfaces resulting in reduc-
tion in height and cutting efficiency of counter surface
asperities.

The load at which wear rate increases suddenly to
a very high value is termed as the transition load.
When the applied load is greater than the transition
load, the wear rate shoots up to a significantly higher
value.

This is attributed to the significantly higher fric-
tional heating, and thus the localized adhesion of the
sample surface with the counter surface and also an
increase in softening of the surface material, and thus
more penetration of the asperities. Under such con-
ditions the material removal due to the delamination
of adhered areas, micro cutting and micro fracturing
increase significantly. During the sliding, in fact, a con-
siderable fraction of energy is spent on overcoming the
frictional force, which leads to heating of the contact
surfaces. Thus, it is expected that initially the tem-
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Fig. 6. The pores profile of the worn surface.

perature of the contact surface is less, and hence the
asperities are expected to be stronger and more rigid.
As time progresses, the frictional heating increases,
which leads to higher temperature and softening of
the surface materials.

The investigation of the worn surfaces revealed
that various mechanisms including surface plastic de-
formation, oxidation and abrasion wear were involved
in the wear of the materials. In general, a worn surface
may have parallel and vertical forces acting on it which
are the results of frictional stress and normal pressure
of the abrasive pins [11, 12]. These forces cause an in-
tensive shear stress on surface and sub surface layers.

In the initialization phase of TV-MOPSO, the
swarm of size Ns is randomly generated. The indi-
viduals of the swarm are assigned random values for
the coordinates, from the respective domains, for each
dimension. Similarly the velocity is initialized to zero
in each dimension. Initial value for the parameter Per-
sonal Best Performance (ppest) is set to X;, where X; is
the ith particle [30]. The update step of TV-MOPSO
deals with the simulation of the flight of the particles.
Movement of a particle in the search space is mainly
governed by its individual experience and by the ex-
perience of the group, with which it interacts directly
[27-32].

In porous sintered samples, the plastic deformation
results in pores closing and hardening of the surface
layers. The pores content of the worn surface (PMs)
is shown in Fig. 6. As anticipated, decreasing amount
of porosity is observed in the layers close to the sur-
face. Because of combined action of load, sliding speed
and sliding distance, subsurface micro cracks are gen-
erated which finally leads to removal of wear debris,
especially from asperity contacts. In addition, higher
temperature rise also leads to greater flowability of
surface materials, and thus increases greatly the pos-
sibility of compaction of wear debris on the specimen
surface [8-10].
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Fig. 7. (a) Elastic contact between two spheres under the
load of W, (b) the stress distribution in the contact area of
two spheres, (¢) elastic contact between pin and samples.

In order to model the surface and subsurface mech-
anical stress, Hertz and Hamilton equations are util-
ized [33-35]. Figure 7a shows elastic contact between
two spheres under the load of W. Hertz showed that
the radius of circular contact surface between these
two spheres can be obtained by:

3SWR\Y?
(T
4F
where R is reduced radius of curvature and is obtained
by Eq. (2). The equivalent elastic module, E, depends

on the elastic modules of both spheres and is calcu-
lated by Eq. (3).

1 1 1
- 4= 9
R R Ry (2)
1 (1-v?)  (1—-v3)
E- B + 5 (3)

The stress distribution in the contact area, P(r),
and elastic contact between pin and sample are shown
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in Fig. 7b and c, respectively. The stress distribution
is defined as a function of maximum stress Pp,.x which
acts on the middle of contact surface.

7’2
P = Pay [ (1- 5 ) P =2 42 (@

The presence of friction inevitably affects the stress
distribution in each point of the surface:

Q(r) = nP(r). (5)

Thus, the stress distribution on the surface:

Q) = 1) = | (1 ) =

3w r2
= 2ra? (1 B a_2> (6)

Friction coefficient measurement is carried out, and
mean friction coefficient (u) is 0.7. Also, subsurface
stress can be obtained by:
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7 2
+ v —2vm2+7‘2}+
xzIN 3 222 S
-~ {(57"_2) —6(1—211) (1-2v)-—
2 2 2
2 vt T
(2% 4 3a®) 5 ) 1 }+
da°xz (3 2x
3 (2 7’2>(1_2U>]7 @)
_3Q 3v:c¢ aa:M __%
Ty = 2ma’d 4 r2
2.2

3
.(SU*QAU#’UT +Z)+yz + 20 }Jr

S 4
xzN 1 2y S A
+ = {(5 r2>l€(12v)§(12v)
1 5 9 2y2 3ur? 2
2(z +3a%)| + 5 1 1 +

| dele (1 - E) (1- 21))], 8)

3r4 2 r2

3Q |zzN 22 +a? +1r?
z = 1- ’
T { 272 { S ©)

o= 24 (5 - 1) 22

2mad |2 \2
2222 1 222 72
S—2A) (=) — 222 + —
{S+v( )(2 r2) x+4+
N 2+ o (1 222 JryzN 1 22
4 _ = -
2 2 r? r4 2 r?
S A 1
l(2v—1)(6+§) 5(2: +3a® +1?) | +
R A
4 S 2 2
4a3yz (1 227
———(1-2 10
(-5 )a-m). (10)

where A, S, M, N G and H are defined as:

A = = A2 + 4a2z 2
= t, ) 5
10} arctan (M

/S+A /S A
H =2MN +aM + zN.

— N? + zM —aN,

Figure 8 displays the stress distribution on the

worn surface and subsurface. It is observed that the

plastic deformation and decrease in porosity percent-

age occur in the layers where equivalent effective stress
is higher than tensile stress.

In PSO, the individual experience of the particle

is captured in the ppest attribute that corresponds to

the best performance attained so far by it in its flight.

o= 2 by M
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Fig. 8. Stress distribution on the worn surface.

In TV-MOPSO, the present solution is compared with
the ppest solution, and it replaces the latter only if it
dominates that solution.

The term ghest (Global Best Performance) repres-
ents the best solution obtained by the swarm [30]. Of-
ten the conflicting nature of the multiple objectives in-
volved in MOO problems makes the choice of a single
optimum solution difficult. To resolve this problem,
the concept of non-dominance is used and an archive
of non-dominated solutions is maintained, from which
a solution is picked up as the gpest- TV-MOPSO main-
tains an archive that has its maximum size limit. The
selection of the ghest solution is done from the archive
on the basis of the diversity of the solutions as in [30].

In order to improve the convergence of PSO, a
strategy for the incorporation of inertia weight w is
suggested. The parameter w controls the influence of
the previous velocity on the present velocity.

The higher values of w help in the global search
for the optimal solution, while lower values help in
the local search around the current search area. All
the population based search techniques rely on global
exploration and local exploitation in order to achieve
good performance [30]. Generally, more exploration
should be carried out in the initial stages when the
algorithm has very little knowledge about the search
space. In contrast, more exploitation is needed in the
later stages so that the algorithm is able to exploit
the information it has gained so far. The movement of
the particle towards the optimum solution is governed
by updating its position and velocity attributes. The
velocity and position update equations are given as:

Vij = wVijteiri(Pij—Xij)+cara(Pyi—Xi5), (13)

where j=1,...,d and w, c¢1, co2 > 0, w is the inertia
weight, ¢; and ¢ are the acceleration coefficients, and
r1 and rp are random numbers, generated uniformly in
the range [0, 1], responsible for providing randomness
to the flight of the swarm [30]. The term cim(P;; —
X; ;) in Eq. (13) is called cognition term, whereas the

50
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Fig. 9. The effect of iteration number on the MAPE.

term coma(Py; — X ;) is called the social term. The
cognition term takes into account only the particle’s
individual experience, whereas the social term signi-
fies the interaction between the particles. The ¢; and
co values allow the particle to tune the cognition and
the social terms, respectively, in the velocity update
equation. A larger value of ¢; allows exploration, while
a larger value of ¢y encourages exploitation [25-29].
Since the selection of the gpest solution is done from
the archive in TV-MOPSO, it plays a very vital role.
At each iteration, the archive gets updated with the in-
clusion of the non-dominated solutions from the com-
bined population of the swarm and the archive.

The single objective PSO algorithms have been
found to show good convergence properties. However,
for the multi-objective PSOs, this convergence is usu-
ally achieved at the cost of the diversity. To allow the
multi-objective PSO algorithm to explore the search
space to a greater extent, while obtaining better di-
versity, a mutation operator has been used in TV-
-MOPSO, that is based on the one found in. Similar
mutation operator has been used in PSO for multi-
-modal function optimization.

The algorithm terminates after executing a spe-
cified number of iterations. After termination, the
archive contains the final non-dominated front.

Figure 9 shows the effect of iteration number
on the MAPE of developed model. The number of
iteration was selected to be 25000. Inertia weight
w linearly decreased from 0.9 to 0.4; the learning
rates were ¢; = ¢ = 2; Vimin was equal to Xpin;
Viax equal to X ax. Final optimized parameters are
432.63 MPa applied pressure, 6.962gcm ™2 density,
14.41 % porosity, 2.81 mm? volume loss, 641.75 MPa
UTS and 201.56 BHN hardness. The results show that
the novel technique implemented in this investigation
has an acceptable performance. Therefore, this work
shows the usefulness of an intelligent way to predict
the performance of wear behavior using TV-MOPSO.
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5. Conclusion

In the present article, a novel multi-objective PSO
algorithm, called TV-MOPSO, has been presented.
TV-MOPSO is adaptive in nature with respect to its
inertia weight and acceleration coefficients. This ad-
aptiveness enables it to attain a good balance between
the exploration and the exploitation of the search
space. A mutation operator has been incorporated
in TV-MOPSO to resolve the problem of premature
convergence to the local Pareto-optimal front. Ex-
perimental observation indicated that the main wear
mechanisms were oxidation wear and surface plastic
deformation caused by metallic particle detachment,
as well as abrasion wear resulted from abrasive debris
agglomeration. Meanwhile, variation of dry sliding
wear resistance of this alloy with porosity shows that
the porosity is beneficial for wear resistance when wear
debris is entrapped and formation of large abrasive ag-
glomerates is prevented. But conditions of wear tests
such as applied load also have significant effect on this
behavior, and with applying various loads, the role of
porosity in wear behavior will change. The increas-
ing amounts of UTS and hardness are observed with
increasing the density.
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