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Effect of Immersion Media for Polyester Composite Reinforced
with Chicken Feathers on Creep Behaviour

Balsam H. Abed* — Ali A. Battawi — Abdul Wahab H. Khuder
Middle Technical University, Technical Engineering College-Baghdad, Iraq

The use of composite materials has expanded in industrial applications around the world, reinforcing composites with waste materials like
chicken feather is one of the effective ways to solve environmental concerns compared to traditional methods, as it is considered one of the
renewable and inexpensive methods, in addition to its presence in abundance. The main added feature of composite materials over classic
materials are the light weight. This paper investigates the effect of immersion media for a polyester composite reinforced with chicken feather
fillers to enhance the creep characteristic. The composite was manufactured using a hand-layup process. The samples were produced by
varying the weight ratios of fibre loading (0 %, 0.2 %, 0.4 %, 0.6 %, and 0.8 %) and immersed in three different media (KCl (salt media),
NaOH (alkali media) and HNO5 (acid media)). The creep samples were tested according to ASTM standards. The results show that chicken
feather-reinforced composites immersed in various media have probable applications because of their superior mechanical properties over

non-reinforced composites.

Keywords: immersed, chicken feather, polyester composite, creep behaviour, reinforcement

Highlights

e In this study, three different media were used to immerse polyester composites
*  When compared to standard methods, reinforcing composites with waste materials such as chicken feathers is one of the most

effective approaches to address environmental concerns.

e This study looked at the effect of creep behaviour on a polyester composite reinforced with chicken feather; there are few
investigations on this type of test exist in comparison to when compared to the other mechanical properties.

0 INTRODUCTION

Due to disposal and pollution, chicken feather
fibres have a prevalent concern. This has a severe
influence on the environment; however, current study
reveals that chicken feather waste may be used as
reinforcement instead of being burned [1]. However,
industries are primarily concentrating on the notion
of sustainable manufacturing, which involves limiting
the use of non-renewable resources and implementing
environmentally friendly material processes, such as
waste recycling and reuse. Composite materials are
manufactured for this purpose, and substantial study is
being out by researchers in many regions of the world.
[2] and [3]. Chicken feathers comprise 91 % protein
(keratin), 8 % water and 1 % lipids [4].

Several attempts had been made throughout
the past decades to evaluate the potential of chicken
feathers as reinforcements in applications of
composite materials. Abed et al. [5] investigate the
creep behaviour of an epoxy composite reinforced
with Yttrium Oxide Powder at different weight ratios.
Each volume ratio was subjected to five loads at a
steady temperature. The creep behaviour of epoxy
composite was studied using both experimental and
computational methods.

Safari¢ et al. [6] evaluated the use of wood
waste with poultry feather waste to produce natural
insulating fibreboard composite. The fibreboard
composite was set using various amounts of poultry
feather waste (20 % to 70 %) and wood waste,
resembling mixed wood remains or wood shavings.
The thermal and mechanical properties were studied,
along with their biodegrading abilities. Oladele et al.
[7] utilized brown chicken feather fibres to reinforce
polyethylene as a substitution for synthetic fibres to
improve mechanical properties of polyethylene, using
varying ratios of fibre (2 wt.%, 4 wt.%, 6 wt.%, 8
wt.% and 10 wt.%) with the polyethylene matrix.
The flexural modulus and tensile properties for each
ratio were studied. In addition, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were
performed.

Abed and Battawi [8] investigated the creep
behaviour of polystyrene composites reinforced with
natural fibre at various weight fractions, constant
loads, and temperatures. Hand layup technique was
used to build the manufacturing setup for composite
materials. Maxwell techniques were utilized to derive
the stress and modulus of elasticity from the strain
time curve using curve-fitting methods.

Reddy et al. [9] showed that chicken feathers
could be used as a matrix to build total biodegradable
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composites with properties comparable to those of
polypropylene composites, even using jute fibre
reinforcements. Using feathers as a matrix allows for
100 % biodegradable composites containing feathers
or other bio-polymers as reinforcement at a low cost.

Amieva et al. [10] explored extrusion-processed
chicken feathers for making recycled polypropylene
compounds. The specimen density and thermal,
morphological, and thermo-mechanical properties
were assessed. The density of the composite material
was lower than that of the non-recycled material.
When compared to polypropylene compounds, the
transition temperature of the composite materials
remained unchanged.

The influence of creep behaviour on polyester
composite reinforced with chicken feather was the
subject of this research. In comparison to the rest of
the mechanical properties, there are few studies on
this type of test.

1 EXPERIMENTAL
1.1 Preparation of Fillers

The chicken feathers were gathered from poultry
production units. They were first cleaned with ethanol,
then washed five times with tap water and exposed
to the sun for two days until they dried entirely. The
dried chicken feathers were trimmed with scissors
to separate the avian fibres (barbs) from the quill
(rachis) portion of the feathers, as shown in Fig. 1.
The average size of 1 cm was considered for chicken
feather samples.

Fig. 1. Dried feathers

1.2 Sample Fabrication

Polystyrene (Ps) granules were dissolved by adding
chloroform and mixing with a magnetic stirrer.

Liquid polyester (Up) was prepared separately and
added to the Ps mixture at a 92:8 ratio of polyester
to polystyrene and stirred for 3 h [8]. Thereafter, an
appropriate hardener (K-6) was added to the solution
in the recommended proportion (10:1) and stirred for
15 min. A rubber mould was initially gently washed,
and liberated from moisture and dust. A thin layer of
wax was then added along with its base plate to the
inner walls of the rubber mould for quick removal of
the cast after drying. Previously prepared avian fibres
(dried chicken feathers) were laid longitudinally inside
the mould with weight ratios (0 %, 0.2 %, 0.4 %, 0.6
%, and 0.8 %). The Up-Ps resin mixture was then
poured over them using a hand lay-up method. Care
was taken to prevent air bubble formation. Samples
were kept in the mould for 18 h and subsequently
placed in an oven at 55 °C for 3 h to rid the moisture.

1.3 Immersion Media

In the present work, samples were immersed in
different media, as salt media (KCI), alkali media
(NaOH), and acid media (HNOs), as shown in Fig. 2,
at a rate of 5 % for 4 h. The samples were then washed
with tap water and left to dry. Fig. 3 illustrates a creep
sample of Up-Ps reinforced with different weight
ratios of chicken feathers and immersed in the three
media.

Fig. 2. Samples immersed in different media

1.4 Testing

The creep characteristics of the Up-Ps composites
were estimated by creep testing. The tests were
conducted according to ASTM D2990 [8] at a constant
temperature of 21 °C using the creep testing machine
model WP600, as shown in Fig. 4. A total of 45 creep
tests were performed for all volume ratios (0 %, 0.2

378 Abed, B.H. - Battawi, A.A. - Khuder, A.W.H.
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%, 0.4 %, 0.6 %, and 0.8 %). Each ratio was tested
three times to obtain an average. The load was applied
for 1 hour, then removed, and readings were taken
continuously for another hour.

4  iaion

Fig. 4. Creep testing machine (WP600) with chicken feathers

2 RESULTS AND DISCUSSION

A creep test was used to determine the mechanical
properties (strain, stress, and modulus of elasticity)
of the polyester composites reinforced with chicken
feathers at 0.2 wt.%, 0.4 wt.%, 0.6 wt.%, and 0.8
wt.% and immersed in the three different media (salt,
alkali, acid) at 26 °C atmospheric temperature. All
the samples successfully carried the equivalent load
for 1 hour. For the estimation, three samples were
examined for mechanical properties, and the values
were averaged.

Curve-fitting techniques, as shown in Fig. 5,
were used for the extraction of stress and modulus

of elasticity)from the strain-time curve using the
Maxwell method (spring and dashpot in series) [11].

() =02t M

6 =—, (2)
(3)
where & = % @)
(5)

(6)
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Fig. 5. Maxwell method (spring and dashpot in series)

2.1 Immersion in Salt Medium

Fig. 6 demonstrates creep behaviour (strain vs time)
in KCI. The composite with 0.6 wt.% chicken feathers
performed better than the other weight fractions in the
salt medium, which yielded an 86.2 % enhancement
in strain compared with pure polyester. All the
reinforced composites showed a decrease in strain
compared to the non-reinforced composite. The 0.4
wt.% chicken feather composite had the least strain
among the reinforced composites, resulting in 47.6 %
when compared to pure polyester. The deformation
was seen to develop in three distinct stages: elastic,
yielding, and a plastic deformation zone.

The stress vs time graphs for all reinforcements
in salt media are shown in Fig. 7. The composite with
0.2 wt.% of chicken feathers achieved the highest
percentage of stress (100.05 % stress improvement
over pure polyester) in the salt media compared with
other weight fractions. The composite with 0.4 wt.%
achieved only 99.998 %, the lowest percentage of the

Effect of Immersion Media for Polyester Composite Reinforced with Chicken Feathers on Creep Behaviour 379
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weight fractions, which indicates that immersing in
KCI enhance the creep behaviour of the composites.
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Fig. 6. Strain behaviour of polyester reinforced with different
weight fraction of chicken feather immersed in KCl media
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Fig. 7. Stress vs time for polyester reinforced by different chicken
feather weight fraction immersed in KCI media

Fig. 8 represents the modulus of elasticity with
time in the salt medium. The results revealed that the
0.2 wt.% chicken feather composite performed better
than the other weight fractions in the salt medium,
which yielded a 2.422 % enhancement in elasticity as
compared with pure polyester. The 0.4 wt.% sample
achieved the smallest improvement of 1.138 %. These
findings imply that a fibre content of 0.2 wt.% is the
ideal weight fraction for improving the property.
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Fig. 8. Modulus of elasticity for polyester reinforced by different
weight fraction of chicken feather immersed in KCl media

2.2 Immersion in Alkali Medium (NaOH)

The strain vs time graphs for all reinforcements in the
alkali medium are shown in Fig. 9. The composite
with 0.4 wt.% of chicken feathers exhibited a higher
percentage of strain in the alkali medium compared
with other weight fractions and yielded a 75 %
enhancement in the strain as compared with pure
polyester. The composite with 0.8 wt.% achieved only
43.12 %, which was the smallest percentage.

18
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v —0 02%
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Fig. 9. Strain vs time for polyester reinforced by different weight
fraction of chicken feather immersed in NaOH media

Fig. 10 demonstrates stress vs time graphs for
all reinforcements in the alkali medium. The results
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revealed that the 0.4 wt.% chicken feather composite
had a better result than the other weight fractions,
achieving 100.06 % stress improvement compared
with pure polyester. The 0.2 wt.% sample achieved
only 100.30 %, the lowest percentage of the weight
fractions.
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Fig. 10. Stress vs time for polyester reinforced by different weight
fraction of chicken feather immersed in NaOH media
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Fig. 11. Modulus of elasticity vs time for polyester reinforced
by different weight fraction of chicken feather immersed
in NaOH media

The modulus of elasticity vs time graphs for
all reinforcements in the alkali medium are shown
in Fig. (11). The composite with 0.8 wt.% had a
higher percentage of modulus of elasticity in the
alkali medium compared with other weight fractions,

recording a 2.32 % improvement in modulus of
elasticity as compared with pure polyester. The 0.2
wt.% chicken feather composite had the lowest
modulus of elasticity (1.42 %) as compared to pure
polyester.

2.3 Immersion in Acidic Medium (HNO,)

Fig. 12 shows that strain vs time graphs for all
reinforcements in the acidic medium. The results
showed 0.2 wt.% chicken feather composite had
a better strain than the other weight fractions in the
acidic medium, yielding 112.5 % strain improvement
compared with pure polyester. The 0.8 wt.% chicken
feather composite had the lowest strain enhancement
among the other samples, as it improved strain by
(36.7 %) when compared to pure polyester. Because
delamination increased after being submerged in
acidic medium, the effect of acidic media on creep
strain is relatively mild.
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Fig. 12. Strain vs time for polyester reinforced by different weight
fraction of chicken feather immersed in HNO3 media

The stress vs time graphs for all reinforcements
in the acidic medium are shown in Fig. 13. The results
showed that 0.4 wt.% chicken feather composite
outperformed the other weight fractions in the acidic
medium, resulting in a 100.001 % enhancement
in stress compared with pure polyester. The 0.8
wt.% achieved only 99.81 %, with was the smallest
percentage among the weight fractions.

Fig. 14 depicts the modulus of elasticity vs time
graphs for all reinforcements in acidic media. The
0.8 wt.% sample had a higher percentage increase
of modulus of elasticity in the acidic medium than
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the other weight fractions, which was 2.719 % when
compared to pure polyester. The 0.2 wt.% only
achieved 0.88 %, the smallest percentage among the
weight fractions.

12

Weight fraction
X—X 0%
X% 02%
X% 04%
0.6 %
HX—x 0.8%

1%

0.8

Stress [MPa]
o
(<))

o
IS

0.2

|
0 1000 2000 3000 4000 5000 6000 7000 800
Time [s]
Fig. 13. Stress vs time for polyester reinforced by different
chicken feather weight fraction immersed in HNO3 media
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Fig. 14. Modulus of elasticity for polyester reinforced by different
weight fraction of chicken feather immersed in HNO3 media

Fig. 15 clearly shows the comparison between
the three different media (salt, alkali, and acid) on
the percentage rate of creep strain. Of note, the strain
decreases with increasing weight fraction of chicken
feathers, which indicates the matrix’s engagement
with the filler was satisfactory. In addition, the
percentage rates of creep stress in the three different
media are compared in Fig. 16. The stress increased
gradually with the increase of weight fractions of
chicken feathers. Therefore, using chicken feathers

as a reinforcement material might have slowed the
crack’s progression and allowed the load to be held.
Finally, Fig. 17 represents the comparison of the
percentage rate of creep modulus of elasticity in the
three media (salt, alkali, and acidic), showing that the
modulus of elasticity increased with increasing weight
fraction of chicken feathers.
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Fig. 15. A comparative study for the effect of KCI, NaOH, and
HNO3 media on the percentage rate of creep strain
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Fig. 16. A comparative study for the effect of KCI, NaOH, and
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3 CONCLUSION

The study was conducted to develop materials for
engineering applications using poultry wastes that are
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produced daily around the world. These composites,
which are manufactured at a low cost and have
superior properties, may be useful in light structural
and other engineering applications. In the present
study, a polyester composite was reinforced with
chicken feathers at different weight fractions using
the hand lay-up technique. The results demonstrated
that chicken feather-reinforced composites immersed
in various media have probable applications because
of their superior mechanical properties over immersed
for reinforced and non-reinforced composites.
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Fig. 17. A comparative study for the effect of KCI, NaOH, and HNO5
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Polyester composites reinforced with 0.2 wt.%
chicken feathers and immersed in the acidic medium
had better strain enhancements compared with those
immersed in other media and compared with pure
polyester and Acidic media have minimal influence on
the bonding between the fibres and Up. However, the
composite of 0.4 wt.% of chicken feather immersed
in the alkali medium showed maximum stress
improvement over pure polyester compared with
other immersed media. The salt medium improved the
modulus of elasticity for the polyester composite at 0.8
wt.% of chicken feathers the most compared with pure
polyester and the samples in other immersed media.
A literature review revealed that low weight fractions
of chicken feather content have resulted in improved
mechanical properties of polyester composite in
various media. Natural resources have been re-used in
a variety of industries as a way of disposal. As a result,
the necessity of recycling composites in general and
employing them in new applications is emphasized in
this study.
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Investigation of Dynamic Behaviour of Four-Leg
Hydraulic Support under Double-Impact Load
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Hydraulic support is the key support equipment for underground coal mining. The frequent impact load during the mining process easily
causes damage to the hinge joints and reduces the stability of the hydraulic support. To improve the stability of the hydraulic support, a rigid-
flexible coupling numerical model of the support has been developed. The validity of the model is verified through the static loading test. Next,
the impact loading test of the hydraulic support is carried out. The force response characteristics of the hinge joints and the vibration response
characteristics of the leg system are discussed when both the canopy and goaf shield bear impact load. The results indicate that when only
the canopy bears the impact load, the hinge joint of the front leg is the most sensitive (up to 139.4 %). When the impact load acts both on the
canopy and goaf shield, the dynamic response of each hinge joint of the hydraulic support (except the rear leg) reaches the peak value. With

the backward movement of the impact load on the goaf shield, the hinge joint force presents different pressure-relief characteristics.
Keywords: impact load, four-leg hydraulic support, double-impact, force transmission, numerical simulation

Highlights

*  Taking the fourleg hydraulic support as the research subject, a rigid-flexible coupling numerical model of the support is

established to investigate its dynamic behaviour.

*  The dynamic response of the four-leg hydraulic support under no-impact, single-impact, and double-impact loads has been
compared, proving the necessity of research on the dynamic behaviour of the four-leg support under double-impact loads.
* By applying static load to the canopy, the static force response of the hinge joints and stiffness response of the support are

analysed.

*  Byapplying random impact load to the canopy and goaf shield, the dynamic response of the four-leg support under the double-
impact load is analysed. This study provides new research ideas and methods for the dynamic performance analysis of other

mechanical equipment.

0 INTRODUCTION

Coal is the most critical primary energy source in
China. Coal resources will still account for more
than 54 % of China’s energy consumption by 2050.
Therefore, in the foreseeable long term, the safe,
efficient, and clean mining of coal resources will
remain an important topic for the development of
China’s coal industry [1] to [3].

Hydraulic support is the key support equipment
to ensure safe underground coal mining. It is mainly
used to support the roof and push the armoured face
conveyor during the mining process, thus enabling
a safe working space for underground mining.
Therefore, the support stability of hydraulic support
is one of the key factors that determine safe coal
mining [4]. During the normal operation period, the
hydraulic support mainly bears the static gravity
load coming from the roof. However, in the periodic
pressure stage, the violent movement of the roof
will produce a strong impact load on the hydraulic

support, deteriorate the stability of the support, reduce
the support performance of the hydraulic support,
and even damage the hydraulic support. Especially
in recent years, with the continuous consumption of
shallow coal resources, coal mining engineering has
gradually been developed for the deeper parts of the
earth, and the mining intensity and mining height have
also been significantly improved. These all lead to the
increase in the frequency and strength of the impact
load acting on the hydraulic support, which puts
forward higher requirements for the impact resistance
performance of the hydraulic support [5] to [9]. The
connection hinge joints of hydraulic support are the
most sensitive structure to impact load. Therefore,
studying the dynamic response characteristics of the
hinge joint of hydraulic support under impact load is
helpful in designing high-strength anti-impact support
and ensuring the safety of underground mining
operations.

Since the support performance of hydraulic
support has a great impact on safe and efficient
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mining, scholars throughout the world have carried
out much research on it. At the level of the impact
load formation mechanism, Wang et al. analysed
the energy transformation relationship before and
after the basic roof fracture. By establishing the
catastrophe mathematical model of the basic roof, the
influence of the fracture position on the roof impact
load amplitude has been studied [10] and [11]. Though
establishing the stope numerical model using UDEC,
Liu et al analysed the harmfulness of rock burst under
different impact velocities [12]. Tan et al. analysed
the rock properties, coal rock height ratio, and other
parameters on the occurrence frequency and strength
of rock burst and proposed a new impact energy
release index (considering time effect) and coal seam
impact performance evaluation method. Based on
this method, the impact load acting on the hydraulic
support system under different geological conditions
are obtained [13]. By establishing a two-dimensional
plain model of the stope (including the hydraulic
support structure) using FLAC, Singh and Singh [14]
and [15] and Verma [16] analysed the strata behaviour
and support performance in longwall mining. Based
on this model, Singh obtained the optimal design
criterion for hydraulic support capacity. However, the
hydraulic support is regarded as a static support unit
in their model, which cannot accurately describe the
passive elastic support behaviour of hydraulic support
[17]. To analyse the static support performance of
hydraulic support, Marcin performed a numerical
simulation and laboratory test on a two-legged shield
support. By putting 24 small cylinders under the base,
10 strain gauges, and 5 inclinometers on the support
in the laboratory test, changes in base pressures, stress
values, and geometries of the support during static
loading were evaluated. This testing process is well
reproduced in the numerical simulation [18]. Lin et
al. [19] conducted a static simulation and experiment
on a hydraulic support, by changing the contact
mode between the pin and shaft hole, the effects of
the boundary conditions on the stress distribution
are discussed. He concluded that the bonded contact
mode is the best way to simulate the experiment
results. At the level of dynamic characteristic analysis
of hydraulic support, Wang et al. [20] first proposed
simulating the hydraulic support leg system by using
linear elastic dynamic element and put forward the
impact dynamic model of a leg-relief valve system.
By introducing the parameters of real hydraulic legs,
the dynamic response behaviour of the leg system
under impact load is analysed. Based on this elastic
equivalent assumption, Liang et al. [21] introduced
the rigid-flexible coupling numerical analysis method

to the hydraulic support and discussed the dynamic
response characteristics of the hydraulic support.
However, in his study, the yield characteristics of
the relief valve of the leg system are not considered,
and the leg system is regarded as a constant stiffness
spring. On this basis, Meng et al. [22] and [23]
further analysed the dynamic response of the two-leg
hydraulic support under impact load after introducing
the yield characteristics of the leg system. They
pointed out that the stress state at the equilibrium
jack of two-leg support is significantly reduced under
the improved simulation scheme. Subsequently,
Xie et al. [24] put forward the segmented stiffness
characteristics of the hydraulic support leg system,
including the two-stage stiffness equivalent method
of the leg system. Based on this method, the load of
the shield hydraulic support connection joints under
the deep well dynamic load is obtained, and the base
pressure distribution characteristics of the hydraulic
support under this load is discussed [25] and [26]. Hu
[27] established the mechanical model of the four-leg
hydraulic support based on the D-Alembert principle
and discussed the dynamic impact characteristics of
the support on the connection hinge joints at different
action speeds during its raising process. Ren et al. [28]
firstly compared the credibility of the elastic equivalent
rigid-flexible coupling numerical simulation method
by building a 1:2 impact loading test bed. By applying
concentrated impact load to the canopy of the shield
support of the experimental test bed and numerical
simulation model, respectively, the energy transfer
and dissipation characteristics of the two-leg support
system are studied. To obtain the adaptability of four-
leg hydraulic support with large mining height, Wang
et al. [29] applied different impact loads to the canopy
and goaf shield respectively, and the evaluation
method of the canopy and goaf shield under impact
is obtained.

By summarizing the literature, it can be
determined that the current studies mainly focused on
the formation mechanism of stope impact load or the
static performance analysis of the hydraulic support.
The few research studies related to the dynamic
behaviour of hydraulic support mainly discuss the
dynamic response characteristics of two-leg support
when a single canopy or goaf shield is subjected to the
external load. Due to the randomness of the roof load,
the canopy and goaf shield of the hydraulic support
may bear the impact loads of both.

However, there is no literature referring to the
dynamic response characteristics of four-leg hydraulic
support when the canopy and goaf shield are subjected
to the impact load both. Therefore, a multi-body
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dynamic model of the four-leg hydraulic support
based on rigid-flexible coupling is established in this
study. By applying the initial static load on the action
line of the legs and applying the double-impact point
load at different positions of the canopy and goaf
shield, the force response characteristics of the hinge
joints and the vibration characteristics of the legs are
analysed. This study helps to improve the strength
characteristic analysis theory of hydraulic support
under impact load and provides theoretical support for
the structural design and optimization of anti-impact
hydraulic support.

1 MATERIALS AND METHODS

1.1 Definition of Numerical Model for Four-Leg Hydraulic
Support

The ZZ 18000/33/72 type four-leg large mining height
hydraulic support is chosen as the research prototype
(as shown in Fig. 1), where 1 is the canopy, 2 is the
front leg, 3 is the base, 4 is the goaf shield, 5 is the
rear bar, 6 is the front bar, 7 is the rear leg, a—c are the
hinge joints between each part. The working height of
the ZZ 18000/33/72 type support ranges from 3.2 m to
7.2 m, and its rated working resistance is 18000 kN.
During the working process, the canopy contacts the
direct roof and bears the dynamic roof load directly.
Then, the canopy transmits these loads to the goaf
shield, connection bars and base through the hinge
joints. Due to the frequent impact load, the hinge
joints tend to bend and fracture easily (see Fig. 1).

Fig. 1. ZZ 18000/33/72 type four-leg large mining height
hydraulic support

In this study, the multi-dynamic software
ADAMS is used to establish the rigid-flexible
coupling model of the support. The operation height
of the support is set to 7.2 m in the simulation model.
The base is defined as rigid and bonded to the ground

(the lower bottom surface of the base is constrained);
the canopy, goaf shield, and the front and rear bars
are defined as flexible using Hypermesh. The friction
contact mode is adopted for the connection hinge
joints to fully consider the dynamic behaviour (the
friction coefficient is set as 0.3). The density, Young’s
modulus and Poisson’s ratio of the structural parts is
defined as 7860 kg/m?, 2.1e'! Pa and 0.3, respectively.
The front and rear leg system are equivalently
replaced using a spring-damper system; the stiffness
of the legs are defined in Section 2.2. Based on the
above definition, the numerical model of the four-leg
support is finished, as shown in Fig. 2.

1- Flexible canopy
2,7- equivalent spring
3- Rigid base

4- Flexible goaf shield
5- Flexible rear bar

6- Flexible front bar

a-c- Kinermatic points

Fig. 2. Rigid-flexible coupling model of the four-leg support

1.2 Stiffness Definition of the Leg System

The leg system equipped with the support usually
adopts a double-telescopic type hydraulic cylinder.
Then it is reasonable to regard the leg system as a
series-spring system, as shown in Fig. 3, where 1 is
the mobile column, 2 is the enclosed liquid in the
second level cylinder, 3 is the second level cylinder, 4
is the action sequence control valve, 5 is the enclosed
liquid in the first level cylinder and 6 is the first
level cylinder. At the initial time, the leg system rises
and supports the direct roof under the action of the
pump station (p,). Due to the existence of the action
sequence control valve, the pressure of second level
cylinder (p,) is significantly lower than that of the first
level (p;), which leads to the variable stiffness of the
leg system (py < p1 < po).

This variation process can be divided into three
stages. In the first stage, the roof pressure begins to
appear (p) since the support contact the direct roof.
This pressure acting on the leg system is small at
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this stage (p < p,), and the leg system basically has
no displacement, and its stiffness (k) is shown as
infinite. As time goes on, the pressure acting on the
leg increases with the roof settlement (p, < p < p)).
Then the second level cylinder of the leg system
starts to retract (the first level cylinder basically has
no displacement), and the stiffness of the leg system
is represented by the stiffness of the second level
cylinder (k,). Finally, with the further settlement of
the roof (p; < p), the first and second level cylinders
of the leg system will retract both. At this time, the
support stiffness shows the series stiffness of the
double-telescopic cylinders. Therefore, the stiffness of
the leg system can be expressed as follows

© (p<p,)
k= kz (p2£p<p1) . (1)
k' +5"" (p<p<py)

1—

2//////

~ 3
4
5 —

6 ~

Fig. 3. Stiffness equivalent diagram of the leg system

In Eq. (1), k; is the stiffness of the first level
cylinder, p, is the rated working resistance of column
system. For a single-telescopic hydraulic cylinder, its
stiffness &, can be calculated using Eq. (2).

k=AB/l. )

In Eq. (2), 4 is the effective bearing area of the
cylinder, £ is the Bulk Modulus of the enclosed liquid
(1.95x10° Pa), I is the effective length of the enclosed
liquid. Table 1 shows the main parameters of the legs
on the ZZ 18000/33/72 type support. According to Eq.
(2), the stiffness of the first level and second level of
the front leg is 12.5x10* kN/m and 6.42x10* kN/m,
the stiffness of the first level and second level of the
rear leg is 7.55x10% kN/m and 3.95x10* kN/m.

Table 1. Main parameters of the legs

Cylinder parameter diarﬁg{g‘rd[ergm] ROd[gﬁn”]‘eter ?m‘f
Front First level 400 280 1956
leg  Second level 290 260 2006
Rear First level 320 290 2076
leg  Second level 230 210 2052

After determining the stiffness of a single double-
telescopic leg, a parallel bearing structure is formed
between the front and rear legs, and the stiffness of
the parallel bearing structure can be obtained using

Eq. (3).

Ki:i:kfm+ikh' (3)
m=1 n=1

In Eq. (3), K; is the stiffness of the parallel bearing
structure at working period i, ky, is the stiffness of the
front leg m, k,,, is the stiffness of the rear leg n, f and s
is the number of the front leg and rear leg, respectively
(t=1s=2). According to Eqgs. (2) and (3), the stiffness
of the four legs in the second stage and the third stage
is 207,400 kN/m and 137,430 kN/m, respectively.

1.3 Static Loading Test

A static load test is carried out to test the validity
and reliability of the established numerical model. A
simulated roof that can move freely along the height
direction of the support is arranged on the canopy.
To reduce the influence of gravity, the simulated roof
is slightly larger than the canopy, and the collision
contact mode is set between the simulated roof and the
canopy (as shown in Fig. 4). The static load is defined
as 18,000 kN, and the loading time is 0.2 s to 1 s.

Horizontal rigid
simulated roof

Fig. 4. Static loading test of the four-leg support
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1.4 Dynamic Loading Test

Considering that the rated setting force of ZZ
18000/33/72 type support is 12,000 kN, two active
static loads F'; and F, are used to simulate the setting
force during the impact loading test process. The
active static load is applied on the symmetrical side
near the centreline of the legs. The position of the
impact load (F. and F,) is selected from the canopy
and the goaf shield at equal intervals (as shown in Fig.
5, points X1-X6 and Y1-Y6). The amplitude of the
impact load is set to 500 kN and the loading time is
0.01 s (F, = Fy= 500 kN). When simulating different
loading conditions, the impact load acting on the top
beam and shield beam is successively applied to X1-
X6 and Y1-Y6.

Front direction of
the canopy

S

Front direction of
the goaf shield

Fig. 5. Stiffness equivalent diagram of the leg system

2 RESULTS ANALYSIS AND DICUSSION
2.1 Result Analysis of the Static Loading Test

Under this static load, the response results of the four-
leg hydraulic support are shown in Fig. 6. As can be
seen, the contact force increased to 18,220kNin 1.12 s
and then remained stable. The contact force is slightly
higher than the applied active load, which is caused by
the simulated roof gravity. From 0 s to 0.2 s is the self-
weight balance period, the hydraulic support reaches
the balance state under the gravity load of the canopy,
and the length of the leg does not change. The distance
between the upper and lower hinge joints of the front
leg and the rear leg is 6302.00 mm and 6188.86 mm,
respectively. From 0.2 s to 0.52 s is the active initial
support (AIS) period; the second level cylinders of
the front and rear legs reach the maximum value of
this period under the impact force. The maximum
AIS force of the front leg and the rear leg is 1313.9
kN and 2087.9 kN, respectively. During this period,
since the external load is less than the AIS force of

the leg, the length of the leg shows no displacement.
It can be noted from Fig. 6, the front leg retracts 0.07
mm and the rear leg retracts 0.12 mm in this period
(Since ADAMS does not allow transient load, this
displacement will never be 0). From 0.52 s to 0.71 s
is the passive initial support (PIS) period; the second
level cylinder of the leg system begins to retract with
stiffness k,. From 0.71 s to 1.00 s, the lengths of the
front leg and rear leg decreases to 6272.7 mm and
6157.0 mm, respectively. The contact force between
the roof and the canopy increases to 12,976 kN; the
working resistances of the front and rear legs reaches
the rated initial support force of 3956 kN and 2532
kN, respectively. The hydraulic support enters the
rapid pressure rise (RPR) period. At this time, the first
and second cylinder of the leg both retract. During
this whole loading process, the front leg retracts 70.33
mm while the rear leg retracts 71.91 mm. Overall, the
response of the numerical model meets the expected
definition well.

6400 = Front leg displacement - 25000
- - Front leg force - - - Rear leg force
Rear leg displacement
Contact force 120000
E z
E 6300 24
= 15000 2
g g
] ="
:
Q
K] 6232 mm/c 10000 "é
6200 S
A 5750 kN
7777777777 45000
L 3eBIN
6117 mm|
6100 . L .

[ 0
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Time [s]

Fig. 6. Static response results of the support

Under this static load, the stiffness characteristic
curve of the support is shown in Fig. 7. As can be
seen, the hydraulic support model starts to show
displacement (about 0.85 mm) in the AIS period. At
this stage, the stiffness of the support is 3.7¢® kN/m
(near infinity). Then the support enters the PIS period
and RPR period gradually, the average stiffness of the
support during the two periods is 194,100 kN/m and
120,853 kN/m, respectively. Obviously, the stiffness
of the support is less than the parallel stiffness of the
four legs. This is due to the introduction of the hinge
joints; the overall stiffness of the hydraulic support
tends to decrease compared to the parallel stiffness
of four legs. Furthermore, since the displacement
stage stiffness of the front and rear legs is distributed
at different time point (31.2 mm at the front leg and
33.0 mm at the rear leg), the support stiffness does not
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show obvious step decrease characteristics but shows
a three-stage stiffness distribution that decreases
gradually.

20000 1.40E+06
0.1 mm, 1234 kN 71.7 mm, 18000 kN
37259500 kN/m 0 KN/m

_____ 41128406 £
1000
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Fig. 7. Stiffness response results of the support
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2.2 Dynamic Response of Hinge Joint a

When discussing the influence of impact load on the
hydraulic support, to present the calculation results
more clearly, X1-X6 (loading position of the canopy)
and Y1-Y6 (loading position of the goaf shield) are
defined as x-axis and y-axis coordinates to draw the
force response surface of each hinge joint. While
the dark yellow surface represents the steady-state
response force of each hinge joint under the static load
of 12,000 kN, the cyan surface represents the transient
dynamic response force of each hinge joint when
the canopy bears the impact load only, and the blue
surface represents the transient dynamic response of
each hinge joint when the goaf shield and canopy bear
the impact load both. Meanwhile, in to describe the
force response difference caused by the impact load
clearer, the load variation coefficient 4 is introduced
to describe the load change rate at each hinge joint
before and after impact load.

/1=(F,qu:—F,§q)/5, 1<q<6, 4)

z

where /, is the load variation coefficient of hinge joint
z, FX‘;“Z is the transient response force of hinge joint &
when point Xq of canopy and point Y, of goaf shield
bear the impact load both, Fy is the steady-state
response force of hinge point .

The dynamic force response results of hinge joint
a are shown in Fig. 8. When the canopy only bears
static load, since there is no equilibrium structure
between the canopy and goad shield of the four-leg
support [21], the canopy load cannot be transmitted
to the goaf shield effectively. Therefore, the load act

at hinge joint a is rather small (basically stable at
-92 kN). Then the impact load is applied to different
positions of the canopy. The response force of hinge
joint a decreases nearly linearly as the impact load
moves along the canopy from the front end to back
end, and the maximum load variation coefficient
is about 5.04 %. The single canopy impact load has
little influence on the hinge joint a (the slope of cyan
surface in Fig. 8 is very small). When the canopy and
goaf shield both bear the impact load, by observing
the variation coefficient of the blue surface along any
Y line, it can be noted that with the impact load of
the goaf shield moving downward, the force variation
coefficient of hinge joint a basically stablizes at
5.04 %. That is, the introduction of goaf shield impact
load does not influence the load variation coefficient
formed by the canopy impact load. As the impact load
moves forward to the front end of the canopy and goaf
shield at the same time, the force variation coefficient
of hinge joint a increases continuously. This load
variation coefficient reaches the maximum value of
47.82 % when the impact load is applied at the front
ends of both the canopy and goaf shield.

Force response [kN]

Fig. 8. Force response surface of hinge joint a

2.3 Dynamic Response of Hinge Joint b

The dynamic force response result of hinge joint b is
shown in Fig. 9. When only the canopy bears static
load, the force response of hinge joint b is stable at
-3066 kN. This is much higher than that of hinge
joint a, which means that the front bar bears a strong
additional load at this time (the load does not come
from the roof directly). Then the impact load is
applied to the canopy only. As can be seen, the load
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at hinge point b increases gradually with the forward
movement of F,, and the maximum load variation
coefficient appears at the front end of the canopy
(up to 61.81 %). When F and F, are applied to the
canopy and goaf shield both, the force response of
hinge joint b increasing shows a gradually increasing
pressure-relief characteristic as F, moves downward.
This pressure-relief effect reaches the peak value of
-52.04 % when F is applied to the rear end of the goaf
shield. By observing the variation coefficient of the
blue surface along any Y line alone, it can be noted
that the introduction of F, does not significantly affect
the variation coefficient that formed by F, (basically
stable at 52.02 %).

Force response [kN]

Fig. 9. Force response surface of hinge joint b

2.4 Dynamic Response of Hinge Joint ¢

Fig. 10 shows the force response of hinge joint c.
When only the canopy bears the static load, the force
response of hinge joint ¢ also bears a large additional
load. The force response of hinge joint c is basically
stable at 3158 kN, and the force direction is opposite
to that of hinge joint b. This additional load will
continue to increase as the impact load of F, appears
and moves forward along the canopy (from 8.71 % to
65.6 %). When the canopy and goaf shield bear the
impact load both and the F, moves towards the rear
end, the additional load at the rear bar shows a rapid
attenuation trend. When F, is applied to the rear end
of the goaf shield, this attenuation trend reaches the
maximum value of -95.56 %.

Force response [kN]

Fig. 10. Force response surface of hinge joint ¢

2.5 Dynamic Force Response of the Legs

The legs are the main bearing structural of the
hydraulic support, so that most existing studies
believe that the stiffness of the hydraulic support can
be approximated to the bearing stiffness of the legs
[21]. Therefore, it is of great significance to discuss the
force response of the leg system to analyse the overall
force transmission characteristics of the support.
Fig. 11 shows the force response results of the front
and rear legs when the impact load is applied to the
support. It can be noted from the figure that when
only the canopy bears the static load, the front and
rear legs bear 3719.2 kN and 2373.1 kN, respectively.
When F,. moves forward along the canopy direction,
the front leg load increases first and then decreases
gradually (ranges from 139.34 % to -25.10 %), while
the rear leg load decreases first and then increases
gradually (ranges from -85.86 % to 73.94 %). Under
the action of impact load F, on the front end of the
canopy, the front leg shows a pressure-increasing
trend while the rear leg shows a pressure-relief trend.
When F, and F, are applied to the support both, the
front leg releases part of the load and shows pressure-
relief characteristics. The maximum load variation
coefficient for the front leg is about -17.22 %. The rear
leg shows a strong pressure-increasing effect, with the
maximum load variation coefficient of 61.26 %, and
the maximum load variation occurs at both the front
end of the canopy and goaf shield. Obviously, the
impact load F, has a stronger influence on the rear leg
load. Therefore, when the four-leg hydraulic support
is in the front tilting bearing attitude, a backpressure
structure can be placed at the tail end the goaf shield
to improve the support performance of the rear leg.
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Then the phenomenon of the rear leg pulling out can
be prevented.
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Fig. 11. Force response surface of the legs;
a) front leg; and b) rear leg

2.6 Displacement Vibration Analysis of the Legs

When the support is subjected to the impact load, the
support will produce large vibration due to the short
duration time and severe load change characteristics
of impact load. Therefore, the vibration characteristics
of the front and rear leg system is discussed separately
in this section when the impact load F, is applied to
the canopy of the support. During the leg vibration
characteristic testing process, the 12,000 kN static load
is also applied to the canopy firstly, then F, is applied
to the canopy at 1.5 s. The influence of the action
position of F,. on the vibration characteristics of the
leg system is observed, the results are shown in Fig.
12. When F_ is applied to the front end of the canopy,
the displacement vibration effect of the front column

reaches the maximum value of 13.3 %o (the difference
between the maximum vibration displacement and
the stable displacement and then divided by the initial
displacement). The maximum displacement amplitude
is 81.72 mm. With the backward movement of F,, the
vibration effect gradually decreases to -1.43 %o. As
the impact load moves backward, the displacement
vibration trend of the rear leg is opposite to that of
the front leg (gradually increasing from -5.07 %o to
8.16 %o0). The maximum displacement amplitude of
the rear leg is 50.14 mm. Obviously, the impact load
F, has a lower influence on the rear leg than that of the
front leg.

3 CONCLUSIONS

To study the dynamic response of four-leg hydraulic
support when the both canopy and goaf shield are
subjected to the impacted, the rigid-flexible coupling
numerical analysis model of the support is established.
The spring-damper system is adopted to replace the
leg system. By comparing and analysing the force
response and vibration characteristics of the support
under double-impact load at different positions, the
load variation law of each hinge joint is obtained. The
main conclusions are drawn as follows:

(1) Compared with the two-leg hydraulic support,
the sectional stiffness characteristics of the four-
leg support are reflected in different bearing
period during the bearing process. Therefore,
the stiffness of the support shows a gradual
three-stage distribution characteristic. Due to the
introduction of the stiffness of the hinge joints,
the overall stiffness of the four-support shows an
attenuation trend relative to the two-leg support.

(2) When the impact is only applied to the canopy,
since there is no equilibrium structure between
the canopy and goaf shield of the four-leg
support, the dynamic load response of hinge joint
b, hinge joint ¢, and the hinge joints of the legs to
the impact load is significantly higher than that of
the hinge point a. Among them, the load variation
coefficient of the front leg is the most sensitive to
the impact load F,. (up to 139.4 %).

(3) When the canopy and goaf shield bear the impact
load both, the hinge points of the support reach
the peak response force (except the rear leg).
With the backward movement of the impact
load F,, the force response of the hinge joints
presents different pressure-relief characteristics,
and the rear bar shows the strongest pressure-
relief characteristics of 95.56 %. Meanwhile,
the rear leg shows a strong pressure-rising effect
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(the pressure-rising coefficient is about 61.26 %).
Therefore, when the four-leg support forms
a front-tilting bearing attitude, it is helpful to
solve the problem of pulling out the rear leg by
applying a certain backpressure at the tail end of
the goaf shield.
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Fig. 12. Vibration response of the legs; a) front leg; and b) rear leg

(4) When the impact load F,. is applied to the front end
of the canopy, the displacement vibration effect
of the front leg reaches the strongest (the peak
fluctuation reaches 13.3 %o). With the backward
movement of the impact load, the vibration effect
decreases. The further the external impact load is
from the leg, the longer stability time of the leg
system takes.
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Enhancing the Performance
of a Vapour Compression Refrigerator System
Using R134a with a CuO/CeQO, Nano-refrigerant
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Most studies report that dispersing nanoparticles into refrigerants and lubricating oils leads to performance improvements in refrigeration
systems, due to improvements in the thermal physics properties of a pure refrigerant, which leads to reduced energy consumption. Using
nanoparticles in a refrigeration system is associated with many difficulties, such as the cost of preparing and obtaining a stable and
homogeneous mixture with less agglomeration and sedimentation. Most current studies focus on the use of metals, metal oxides, and a
hybrid of oxides as nanoparticles in refrigeration systems. In this research, nanoparticles were prepared in an inexpensive and easy way as
a single oxide and as a mixture consisting of copper and cerium oxides. The results of nanoparticle preparation using X-ray diffraction and
scanning electron microscopy prove that the particles of the samples were spherical in shape, with suitable average diameters ranging from
78.95 nm, 79.9 nm, 44.15 nm and 63.3 nm for copper oxide, cerium oxide, the first mixture, and the second mixture, respectively. Cerium
oxide has not been used in a refrigeration system; this study preferred the implementation of a theoretical study using Ansys Fluent software
to verify the possibility of improving the performance of the refrigeration system. The results confirmed that copper oxide enhanced the
coefficient of performance of the refrigeration system by 25 %, and cerium oxide succeeded in improving the performance of the. system by a

lesser value. The mixture containing a higher percentage of copper oxide yielded better results.
Keywords: vapour compression refrigeration system, coefficient of performance, nano-refrigerant, nanoparticles

Highlights

*  The performance vapour compression refrigeration system that works using R134a was studied experimentally and theoretically
as a first step without nanoparticles, and the agreement between the experimental and theoretical results was close to 98 %.
*  This study provided an inexpensive method for preparing nanoparticles using distilled water, ammonia, copper nitrate, and

cerium nitrate.

*  Nanoparticles were prepared as follows: CuO, CeO,; Mixture 1 consisted of 50 % CuO + 50 % CeOQ,; Mixture 2 consisted of 60
% CuO + 40 % Ce0,; Mixture 3 consisted of 70 % CuO + 30 % Ce0,; Mixture 4 consisted of 40 % CuO + 60 % CeO,; Mixture 5

consisted of 30 % CuO + 70 % Ce0,.

*  The concept of nanoparticles as a mixture can improve the performance of refrigeration systems.

0 INTRODUCTION

The world is facing a major challenge in the energy
sector, due to its diminishing resources and a large
increase in energy consumption, especially in
refrigeration and air conditioners. Various studies
have improved the efficiency of thermal systems. This
can be accomplished in two ways: first by improving
the design of the heat exchanger to include thee shell
and tube type, plate type, microchannel, and so on,
and second by using new kinds of working fluids
[1]. In 1873, Maxwell dispersed particles ranging in
diameter from millimetres to micrometres into a pure
to enhance the thermophysical properties of the fluid;
however, this attempt encountered several problems
including stability, clogging, and erosion. [2] to [4].
Nanofluids have attracted the attention of many

researchers in various scientific fields in recent years.
Researchers used a new concept of working fluids
known as “nanofluids” for the first time, which contain
particles of less than 100 nm, called “nanoparticles”,
to improve the heat transfer characteristics of various
fluids. Recently, the concept of nanofluids has been
developed to include refrigerants [2] to [4]. A nanofluid
is divided into three categories depending on the
composition of nanoparticles: (i) mono-nanofluids,
which consist of similar nanoparticles, (ii) hybrid
nanofluids, which consist of dissimilar nanoparticles,
and (iii) hybrid nanofluids, which consist of composite
nanoparticles [1]. Four conditions are required for
the successful preparation of the nanofluid: (i) the
dispersibility of nanoparticles, (ii) the stability
of nanoparticles, (iii) the chemical compatibility
of nanoparticles, and (iv) the thermal stability of
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nanofluids. These conditions will create a nanofluid
that has the best heat transfer properties between
solid particles and fluids [5]. Practically, there are two
methods to prepare the nano-refrigerants: a one-step
method and a two-step method. The two-step method
is commonly used for preparing nano-refrigerants, in
which the nanoparticles are manufactured as a powder
and then added to the base fluid, followed by several
types of dispersion methods, such as agitation either
by ultrasonic or magnetic force, homogenizing, and
high shear mixing to disperse nanoparticles inside a
mixture. The one-step method is based on condensing
vapour nanophase powders into liquid by reducing the
pressure and then dissolving them inside the liquid
immediately [6].

The literature review is classified into two
sections. The first evaluates the performance of the
vapour compression refrigeration system based on
nano-refrigerant and nano-lubricant, and the second
evaluates the basic properties of nano-refrigerant and
nano-lubricant such as thermal conductivity, viscosity,
specific heat, and density. Vijayakumar et al. [7]
evaluated the performance of refrigerators based on
nano-lubricants consisting of an aluminium dioxide
added to polyol ester oil, and 60 g of R602a was used
as a refrigerant. The results showed that the
refrigerating effect increased by 6.09 %, the
compressor work decreased by 15.78 %, and the
coefficient of performance (COP) increased by 20.09
%. Choi et al. [8] evaluated the performance of
refrigerators based on nano-lubricants consisting of
0.1 wt.% multi-walled carbon nanotubes (MWCNTs)
that were dispersed into the polyol ester oil, and
R134a was charged as a refrigerant. The results
showed that the power consumption of the compressor
decreased by 17 %. Senthilkumar et al. [9] evaluated
the performance of a refrigeration system based on
nano-lubricants consisting of Al,O3 and SiO, hybrid
nanoparticles at two different concentrations of 0.4 g/l
and 0.6 g/1; 40 g and 60 g of R600a were charged as a
refrigerant. The results indicated that COP and the
refrigerating effect increased by 30 % and 25 %
respectively, while the power consumption decreased
by 80 W. Senthilkumar et al. [10] evaluated the
performance of a vapour compression refrigeration
system based on hybrid nano-lubricants consisting of
CuO and SiO, at 0.2 g/l and 0.4 g/l concentrations,
and 40 g and 60 g of R600a were charged as a
refrigerant. The results indicated that the COP
improved by 35 % and refrigeration effects by 18 %
while the power consumption decreased by 75 W.
Senthilkumar and Anderson [11] evaluated the
performance of a refrigeration system based on nano-

lubricants consisting of 0 g/l, 0.2 g/, 0.4 g/l, and 0.6
g/1 Si0, mixed with polyol ester oil; 30 g, 40 g, 50 g,
60 g and 70 g of R410A were used as refrigerants. The
results indicated that 0.4 g/l SiO, and 40 g refrigerant
achieved a high refrigeration effect, decreased
compressor work by 80 W, and enhanced COP by 1.7.
Senthilkumar et al. [12] evaluated the performance of
a refrigeration system based on hybrid nano-lubricants
consisting of 0.4 g/l \ ZnO/SiO, with 40 g R600a and
0.6 g/ ZnO/SiO, with 60 g R600a. The results
indicated that 0.6 g/l ZnO /SiO, achieved a high
refrigeration effect of 180 W, and enhanced COP by
1.7, while the lower compressor work was 78 W.
Senthilkumar et al. [13] evaluated the performance of
a vapour compression refrigeration system based on
hybrid nano-lubricants consisting of 0.2 g/, 0.4 g/l
and 0.6 g/l CuO /Al,O3, and 70 g of R600a was used
as a refrigerant. The results showed that the addition
of CuO/Al,O5 enhanced COP by 27 % and increased
the refrigeration capacity by 20 % while reducing the
power consumption by 24 %. Javadi and Saidur [14]
evaluated the performance of refrigerators based on
nano-lubricants consisting of 0.1 wt.% Al,O3. The
results indicated that 0.1 wt.% Al,O; decreased the
power consumption by 2.69 %. Gill et al. [15]
evaluated the performance of a domestic refrigerator
based on nano-lubricants consisting of 0.2 g/1, 0.4 g/1,
and 0.6 g/l TiO, added to Capella D oil as an
alternative to R134a. Various charges of liquefied
petroleum gas from 40 g to 70 g were used as
refrigerants. The results indicated that the refrigeration
effect and COP were higher than R134a by
approximately 18.74 % to 32.72 % and 10.15 % to
61.49 %, respectively. In addition, the compressor
power input was lower than R134a by approximately
3.20 to 18.1. Additionally, the results reported that 40
g liquefied petroleum gas refrigerant with 0.4 g/l TiO,
achieved the best energy performance of the
refrigerator. Karthick et al. [16] evaluated the
performance of a vapor compression refrigeration
system based on four samples of nano-lubricant:
Sample 1 (mineral oil + 0.02 vol.% Al,O; + 0.01
vol.% TiO,), Sample 2 (mineral oil + 0.01 vol.%
AL,O; + 0.005 vol.% TiO,), Sample 3(mineral oil +
0.05 vol.% Al,0O3), and Sample 4 (mineral oil + 0.02
vol.% Al,O; + 0.02 vol.% ZnO), and R600a was
charged as a refrigerant. The results indicated that
COP improved by 14.61 %. All nano-lubricants
exhibited a higher COP, which reduces the power
consumption. Adelekan et al. [17] Investigated the
performance of a domestic refrigerator based on nano-
lubricants consisting of 0.2 g/l, 0.4 g/l, and 0.6 g/l
TiO,. The safe mass charge of liquefied petroleum gas
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was charged as a refrigerant. The results showed that
all various concentrations of nanoparticles achieved a
reduction in power consumption by 14 %, 9 %, and 8
%, respectively. Mineral oil achieved the highest
power consumption whereas 0.2 g/l TiO, achieved the
lowest. The refrigeration effects based on 0.4 g/l and
0.6 g/l were higher, while those based on 0.2 g/l were
lower. Subhedar et al. [18] evaluated the performance
of a vapour compression refrigeration system based
on nano-lubricants consisting of 0.05 vol.%, 0.075
vol.%, 0.1 vol.%, and 0.2 vol.% Al,O3; mixed with
mineral oil, and R134a was charged as a refrigerant.
The results indicated that 0.075 vol.% achieved the
maximum enhancement in COP of approximately 85
% and saved approximately 27 % compressor power.
Additionally, it was reported that 0.075 vol.% was the
best concentration. Babarinde et al. [19] investigated
the performance of a refrigerator based on nano-
lubricants consisting of 0.4 g/l and 0.6 g/l TiO, mixed
with mineral oil, and R600a was used as a refrigerant
as an alternative to R134a. The results indicated that
0.4 g/L TiO, achieved the highest COP and lowest
power consumption. Selimefendigil and Bingdlbali
[20] evaluated the performance of a vapour
compression refrigeration system based on nano-
lubricants consisting of 0.5 vol.%, 0.7 vol.%, 0.8
vol.%, and 1 vol.% TiO, mixed with poly alkylene
glycol oil, and R134a was used as a refrigerant. The
results indicated that 0.5 vol.%, 0.8 vol.%, and 1
vol.% achieved improvements of COP of
approximately 1.43 %, 15.72 %, and 21.42 %,
respectively; 1 vol % reduced energy consumption by
15 %. Sundararaj and Manivannan [21] investigated
the performance of a vapour compression refrigeration
system based on nano-lubricants consisting of 0.1 vol.
% Au, 0.2 vol.% Au, 0.1 vol.% HAuCly, 0.2 vol.%
HAuCly, 0.1 vol.% Au and 0.05 vol.% carbon
nanotubes (CNT), 0.2 vol.% Au, and 0.02 vol.% of
CNT added to poly alkylene glycol oil, and R134a
was used as a refrigerant. The results indicated that
0.2 vol.% Au and 0.02 vol.% CNT achieved the lowest
power input compared to other compositions, the
greatest cooling capacity, and the maximum value of
COP. Therefore, it is preferred to run the system using
0.2 vol.% Au and 0.02 vol.% of CNT as volume
fractions. Peyyala et al. [22] investigated the
performance of a vapor compression refrigeration
system based on nano-lubricants consisting of 0.1
vol.% to 0.2 vol.% Al,0O; mixed with mineral oil, and
R410a was used as a refrigerant. The results indicated
an increase in the COP value with increasing
nanoparticle concentrations, and the maximum value
was observed at 0.2 vol.% Al,O5. Babarinde et al. [23]

investigated the performance of a vapor compression
refrigeration system based on nano-lubricants
consisting of 0.2 g/l, 0.4 g/l, and 0.6 g/l graphene
added to mineral oil, and 50 g to 70 g of R600a which
were used as a refrigerant. The results indicated that
the nano-lubricant based on 60 g of R600a and 0.2 g/l
graphene exhibited the lowest power consumption,
and the highest COP. Adelekan et al. [24] evaluated
the performance of a domestic refrigerator based on
nano-lubricants consisting of 0.1 g/l, 0.3 g/, and 0.5
g/l TiO,, mixed with mineral oil, and 40 g, 60 g, and
80 g of R600a were used as refrigerants. The results
showed that the highest COP and refrigerating effects
were 4.99 kJ/kg and 290.83 kl/kg based on 40 g 0.1g/1
nano-lubricant. Ajayi et al. [25] evaluated the
performance of a vapor compression refrigeration
system based on 0.5 g/l Al,O; mixed with Capella D
oil, and 100 g of R134a was used as a refrigerant. The
results showed that nano-lubricants achieved a higher
refrigeration effect, better performance, and improved
energy consumption. Senthilkumar and Anderson [26]
evaluated the performance of a vapor compression
refrigeration system, based on nano-lubricants
consisting of 0.2 g/l, 0.4 g/, and 0.6 g/I Si0,, added to
polyol ester oil, and 30 g, 40 g, 50 g, 60 g and 70 g
R410A were used as refrigerants. The results indicated
that 40 g of R410A and 0.4 g/l of SiO, achieved better
refrigerating effects and reduced power consumption.
This leads to an enhanced COP. Pawale et al. [27]
evaluated the performance of a vapor compression
refrigeration system based on nano-refrigerant
consisting of 0.5 wt.%, and 0.1 wt.% Al,Os, and a
particle size diameter of 50 nm was dispersed into
R134a. The results showed that 0.5 wt.% improved
the performance; however, the increase in nanoparticle
concentration will lead to a decrease the performance
of the system. Kumar et al. [28] evaluated the
performance of a vapor compression refrigeration
system based on nano-refrigerant consisting of (1 g of
ZnO /1 g Si0,), (1.5 g of ZnO / 0.5 g of Si0,), and
(0.5 g of ZnO /1.5 g of Si0,) dispersed into 0.5 kg of
R134a. The results showed that COP increased
approximately 26 %. Manikanden and Avinash [29]
investigated the performance of domestic refrigerators
based on nano-refrigerants consisting of CuO, pure
nano-CuO, and Ag-doped nano-CuO dispersed into
R290. The results indicated that Ag-doped nano-CuO
achieved the best performance of the system compared
to pure nano-CuO. The COP of Ag-doped nano-CuO
increased up to 29 %, while the power consumption of
a system reduced up to 28 %. Kundan and Singh [30]
evaluated the performance of a vapour compression
refrigeration system based on nano-refrigerant
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consisting of 0.5 wt.% to 1 wt.% Al,O5 dispersed into
R134a, with a particle size diameter of 20 nm The
results based on volume flow rates of refrigerants
showed that 6.5 1/h and 11 1/h achieved improvements
of COP from 7.20 % to 16.34 % respectively at 0.5
wt.% Al,O3; however, 1 wt.% Al,O; caused a
reduction in COP at the same volume flow rates.
Nagaraju and Reddy [31] evaluated the performance
of a vapour compression refrigeration system based
on nano-refrigerants consisting of 0.05 wt.% to 0.8
wt.% CuO particle sizes ranging from 10 nm to 70 nm
dispersed into R134a..The results showed that 0.8
wt.% of CuO was the optimal concentration that
achieved the highest heat transfer enhancement,
enhanced COP, and reduced power consumption
Kumar and Tiwari [32] evaluated the performance of a
vapor compression refrigeration system based on
R134a / poly alkylene glycol oil, R600a / poly
alkylene glycol oil and Cu nanoparticles dispersed
into R600a. The results showed that R600a achieved a
higher COP and refrigeration effect of approximately
27.12 % and 25 % respectively, while the reduction in
power consumption was 1.69 % which was less than
that of R134a. Moreover, dispersing 0.5 wt.%, 1 wt.%,
and 1.5 wt.% Cu into R600a improved the COP and
refrigeration effect compared to pure R600a, and
reduced power consumption Kumar et al. [33]
investigated the performance of a vapour compression
refrigeration system based on 0.01 vol.% and 0.06
vol.% ZrO,, and a particle size diameter of 20 nm was
dispersed into both R134a and R152a. The results
indicated an improvement in COP of 33.45 % based
on the 0.06 vol.% ZrO,-R152a nano-refrigerant. The
application of RI152a as a refrigerant was
environmentally beneficial due to its properties such
as zero ozone depletion potential and very low global
warming potential. Mahdi et al. [34] evaluated the
performance of a vapour compression refrigeration
system based on a nano-refrigerant consisting of 0.01
vol.% and 0.02 vol.% Al,0O3, and a diameter of 20 nm
to 30 nm was dispersed into R134a. The results
showed that the rising nanoparticle concentration
caused the improvement of COP by 3.33 % to 12 %,
respectively, and the reduction of power consumption
was nearly 1.6 % and 3.3 %, respectively. Singh [35]
evaluated the performance of a vapor compression
refrigeration system based on 0.2 vol. %, 0.4 vol. %,
and 0.6 vol. % TiO,, and a particle size diameter of 30
nm to 50 nm was dispersed into R134a.The results
showed that the nano-refrigerant based on 0.4 vol.%
of TiO, achieved an improvement of COP of by
approximately 11.1 % at 20 °C, 25 °C, and 30 °C
evaporator temperatures. Additionally, an increase or

decrease in power consumption has not been observed,
which shows that nanoparticles were completely
dissolved in the refrigerant.

Thermal conductivity is the most important of the
thermophysical properties of nano-refrigerants due to
its effects on the boiling and convective heat transfer
coefficients. This explains why most researchers focus
on studying thermal conductivity. Recently, interest in
the study of viscosity has begun to appear to extend
to other thermophysical properties to form a clear
idea of the heat transfer properties [4]. Kedzierski
et al [36] evaluated the thermophysical properties of
nano-lubricants based on nanoparticle size diameters
of 127 nm and 135 nm of Al,05 and ZnO respectively
mixed with polyol ester oil at atmospheric pressure
with temperatures ranging from 288 K to 318 K,
and various mass fractions of Al,O3, and ZnO were
used. The results showed that increasing nanoparticle
concentrations led to increased viscosity, density,
and thermal conductivity but decreased viscosity and
density with increased temperature. Sanukrishna and
Prakash [37] evaluated the thermal conductivity and
viscosity of nano-lubricants based on 0.07 vol.% to
0.8 vol.% TiO, mixed with poly alkylene glycol oil
at temperatures ranging from 20 °C to 90 °C. They
found that increasing nanoparticle concentrations
led to increasing these parameters; in contrast, they
decreased with increasing temperature. Zawawi et al.
[38] evaluated the thermal conductivity and dynamic
viscosity of nano-lubricants based on 0.02 vol.% to
0.1 vol.% Al,05/SiO,, Al,03/TiO,, and TiO,/SiO,
mixed with poly alkylene glycol oil 1 at temperatures
ranging from 303 K to 353 K. The results showed
that 0.1 vol. % Al,O5/TiO, poly alkylene glycol
oil enhanced the viscosity by 20.50 % at 303
K, while 0.1 vol. % Al,O3/ SiO, poly alkylene
glycol oil improved the thermal conductivity by
2.41 % at 303 K.

As per previous studies the addition of
nanoparticles into the refrigerant or lubricant oil
in a vapour compression refrigeration system was
conducted to improve the COP and thermophysical
properties of the fluid as a metal, metal oxide, and
hybrid nanoparticles This research presents a new
concept of nanoparticles as a single oxide and as a
mixture that was prepared an inexpensive and easy
way using, distilled water, ammonia, copper nitrate,
and cerium nitrate. The nanoparticles were prepared
as follows: CuO, CeO,: Mixture 1 consisted of 50 %
CuO + 50 % CeO,; Mixture 2 consisted of 60 % CuO
+ 40 % CeO,; Mixture 3 consisted of 70 % CuO +
30 % CeO,; Mixture 4 consisted of 40 % CuO + 60
% CeO,; and Mixture 5 consisted of 30 % CuO + 70
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% CeO,. The application of nanoparticles in a vapour
compression refrigeration system is challenging
due to factors such as high cost, instability, and
agglomeration. Fortunately, the method of preparation
used in this research used materials from which
nanoparticles are prepared can be commonly found
in all chemistry laboratories. Therefore, the cost
barrier, which is one of the major obstacles to using
nanoparticles, is broken. Consequently, the desired
increases in the thermal conductivity achieved by
these nano particles can be obtained at a reasonably
affordable cost.

1 MATERIALS AND METHODS

This section is divided into three parts. In the first
part, an experiment was conducted on a vapour
compression refrigeration system using R134a as
a refrigerant and SUNISO as a mineral oil of a
compressor, and the coefficient of performance was
calculated based on the change in the enthalpy of
the refrigerant. Thereafter, Ansys Fluent software
version 19.0 was used to calculate the coefficient of
performance theoretically to make a comparative
study between an experiment and theoretical results.
In the second part, seven types of nanoparticles
were prepared, and the preparation process will be
explained in detail later, Finally, in the third part, the
nanoparticles were added to the refrigeration system
to verify their effect on the COP of the system.

1.1 Experimental Work

An experiment was carried out in a laboratory under
normal conditions at Yildiz Technical University
in Istanbul, Turkey. The system was charged with
refrigerant R134a and compressor oil. Digital meters
were used to monitor the temperatures and pressures
at the inlets and exits of a compressor, a condenser,
and an evaporator. A digital wattmeter was used to
monitor power consumption, and a digital flow meter
was used to monitor the mass flow rate of R134a.
Heat loss to the surroundings and the changes in the
kinetic and potential energy were neglected. Every
experiment was conducted three times to obtain the
highest accuracy and steady-state performance. Table
1 shows the technical details of the experimental
system. An experimental set up and its schematic
diagram are presented in Fig. 1. The experiment
consists of a compressor, condenser, evaporator, and
expansion valve.

Table 1. Technical details of the experimental system

No Components Characteristics
1 Compressor Bitzer compressor 1/2 HP
2 Condenser Air cooled condenser 1/2 HP
3 Evaporator Emersion coil 1/3 HP
4 Expansion valve Automatic expansion valve
5 Voltage rating 220V AC voltage supply
6 Suction line 3/8 inch copper pipe
7 Discharge line 1/4 inch copper pipe
8 Frequency rating 51 Hz
9 Defrost unit Automatic
10 Door type Single closed door
Expansion valve
Evaporator
a) Condenser Compressor
TEV Evaporator
)(-
PT '|‘
\ :
f L ™ || Variac
Electrical resistance
P Pressure transducer ‘Compressor
T Thermocouple
__ ___ Filter
Coriolls mass
Flow meter
Wattmeterr
Eklectrical resistance
n Variac
b) Condenser .

Fig. 1. a) Experimental work and b) corresponding schematic

diagram of the experiment
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1.1.1 Experimental Procedure

Using the Engineering Equation Solver (EES), the
temperatures and pressure were measured at the
inlet and outlet of the evaporator, condenser, and
compressor to read the enthalpy of R134a. This
software aids in determining the enthalpy of the gas
and the change in the gas phase, where two states of
the gas cycle were recorded in the system, specifically
superheated vapour enthalpy (&1, h2) at the inlet
and the exit of the compressor, superheated vapour
enthalpy (%3) at the inlet of the condenser, compressed
liquid enthalpy (44) at the exit of the condenser,
compressed liquid enthalpy (45) at the inlet of the
evaporator, and superheated vapour enthalpy (46)
at the exit of the evaporator The listed governing
equations have been employed for analysis [33].
Characteristics of R134a utilized in the experimental
setup are given in Table 2.

W =r(h2-ht), (1)
Oovporar = 1 (h6 = h5), @
Ouontener =1h(H3=h4), 3)

cop - mo=h3) (4)
(h2—h1)

Table 2. Characteristics of R134a [39]

No  Characteristics

1 Name 1112
tetrafluoroethene

2 Chemical formula CF3CFH2

3 Molecular weight 102.03 g/mol

4 Composition pure

5  ASHRAE safety classification A1

6  Ozone depletion potential Zero

7 Lifetime in the atmosphere 13

8  Critical temperature 101.1°C

9  Critical pressure 4.06.3 MPa

10 Normal boiling point NBP -26.4°C

11 Saturated vapor pressure at 20 °C 774.3 kPa

12 Latent heat of vaporization 198.6 kJ/kg

13 Liquid density 1294.8 kg/m3

14 Vapor density 14.43 kg/m3

15 Liquid Cp 1.341 kJ/(kg °C)

16 Vapor Cp 0.90 kJ/(kg °C)

17 Liquid thermal conductivity at 25 °C 0.0824 W/(m K)

18  Vapor thermal conductivity at 25 °C 0.0145 W/(m K)

19  Liquid viscosity at 25 °C 0.202 mPa s

20  Vapor viscosity at 25 °C 0.012mPa s

400

1.1.2 Simulation of Vapor Compression Refrigeration
System

Ansys Fluent version 19.0 software was chosen to
make the mathematical model of the refrigeration
system based on the real dimensions of the condenser
and the evaporator and these two parts of the system
were chosen to study the effect of average the
temperature of each of them on the performance of
the refrigeration system. The stages of designing the
mathematical model were as follows: 1) Geometry,
where the evaporator and condenser were drawn
based on the real dimensions using a solid works
program, and the drawn models were exported to
Ansys Fluent, where the solid works helped to draw
quickly and accurately; 2) Mesh, where the tubes of
the evaporator and condenser were divided into many
elements and nodes, and the change in the number
of elements stops when the temperature inside the
tube does not change and is close to the experimental
value. The equations that were used to calculate the
theoretical temperatures and pressures and the amount
of heat absorbed and rejected are the continuity,
momentum, and energy equations. The dimensions
of the condenser and evaporator and their theoretical
models are shown in Table 3 and Fig 2.

As shown in Fig. 2, the evaporator and condenser
are designed so that the thermal gradient of the pipes
appears at any point of entry. Also shown in the design
is the gradient in the pressure and gradient in velocity
to determine the velocity, pressure, and temperature
of the refrigerant (R134a) while rotating inside the
tubes. The colours shown in the drawing indicate that
red gives the highest reading, blue the lowest reading,
and the colours between red and blue are between
the highest and the lowest in all cases of gradation,
whether it is temperature, pressure, or velocity.

1.2 Preparation of Nanoparticles

The nanoparticles were prepared with nitrates,
distilled water, and ammonia. A specified amount of
copper nitrate was weighed in the case of preparing
copper oxide and dissolving it in a specified amount
of distilled water or deionized water. Similarly, a
specified amount of cerium nitrate was weighed, in
the case of preparing cerium oxide; and dissolving it
in a specified amount of distilled water or deionized
water. Distilled water is considered one of the cheapest
and best solvents for all materials laboratories. As
for preparing the mixture, specific quantities of both
copper nitrate and cerium nitrate are weighed and
dissolved in a specific amount of distilled water to
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Table 3. Dimensions of condenser and evaporator

NO  Condenser Measurements Dimensions NO  Evaporator Measurements Dimensions

1 Length 35¢cm 1 Length 33¢cm

2 Width 17 cm 2 Width 10 cm

3 Height 28 cm 3 Height 28 cm

4 CD(l)a:]nJ:rt]esre(r)f copper tube inside the 0.25 inch 4 eD\lle;r;\;rt:tro(r)f copper tube inside the 0.25 inch

5 The twists and copper tube inside a 18 5 The twists and copper tube inside an 18
condenser evaporator

6 Distance between one tube and another 5cm 6 Area of evaporator 0.12cm2

7 Area of condenser 0.177 cm2 7 Number of tubes 18

8 length of the tube inside the condenser 72m 8 Fan speed 1300 rpm

9 The thickness of aluminium plate 0.3mm 9  Airvelocity 638 m/s

10 Number of plates 600 10  Evaporator type emersion coil

11 Single plate dimensions 35¢cm x 17 ¢cm x 34 cm 11 Distance between one tube and another 3cm

12 Fan speed 1300 rpm 12 Length of the tube inside the evaporator 6.48 m

13 Air velocity 638 m/s

14 Condenser type Air cooler
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Fig. 2. a) Theoretical model of condenser, and b) theoretical model of evaporator without nanoparticles

begin preparation for the reaction until the oxide is

obtained. The preparation process of the reaction is

briefly described in the following steps:

1. Heating until 80 °C for 1 hour with a constant
mixing speed of 375 rpm;

2. Adding ammonia at a constant temperature of 60
°C and a constant mixing speed of 375 rpm to
reachPh=10+ 1

3. Raising the temperature to 90 °C until copper

oxide is deposited;

Cooling the solution to room temperature;

Filtration;

Drying in an electric oven at 110 °C for 1 hour;

Milling;

Screening; and

Packing.

0O 0NN A

According to the equations below, the
nanoparticles were prepared as indicated clearly in
Table 4 and their physical and chemical properties are
shown in Table 5.

M =

. 5
T )

c="2, (6)
v

where M is mole [g/mol], W weight [g], M} molecular
weight [mol], C mole concentration [mol/l], » number
of moles [-], and v volume [1].

Table 4 shows that the weights of substances
involved in the reaction have been converted to moles
by dividing the weight by the molecular weight as
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indicated in Eq. (5) then the molar concentration
was calculated as indicated in Eq. (6) by dividing the
number of moles by the volume of the solvent in litres.
Note that the molecular weights of the reactants
were as follows:
Cu (NO3), 3H,0 =241.606

Ce (NO3); 6H,0 Ce = 434.22
Cu0 =795
CeOy= 172.12

Table 4. The quantities obtained from the mixtures

) Percentages Molar concentration The
Mixture Quantity
number Cu0 CeO,  Cu(NO3), Ce(NO3)3 [0]

[%] [%] 3H20 6H,0
1 50 50 0.20867 0.09673 12.67
2 60 40 0.250408 0.07753 11.44
3 70 30 0.300075 0.05834 10.97
4 40 60 0.16694 0.11622 13.07
5 30 70 0.125687 0.135569 13.85

Table 5. Nanoparticles properties [40]

) M, K C
No  Namopartickes 0 ) WKL (WK
1 Cu0 79.55 6320 32.9 536
2 Ce0, 1721 6100 1.7 352
3 50%Cu0+50% Ce0, 1258 6210 22.3 444
4 60 % Cu0+40 % Ce0, 116.5 6232 24.4 462
5 70% Cu0+30% Ce0, 107.3 6254 26.5 481
6 40 % Cu0+60 % Ce0, 135.1 6188 20.1 426
7 30 % Cu0+70 % Ce0, 144.3 6166 18.0 407

where Mp is molar mass [g/mol], K is thermal
conductivity [W/(m K)], p is density [kg/m3], and Cp
specific heat [J/(kg K)].

1.3 Mathematical Models

After completing the geometry and mesh stages that
are referred to in Section 1.1.2, the refrigeration system
for this study is ready to receive the nanoparticles.
This stage is called “setup” where the multiphase is
used as the best model for the solution. The properties
of both R134a are entered in the liquid and gaseous
phase, and the nanoparticles with the proportions
specified for it depending on the nanofluid equations
and dealing with nanoparticles and R134a based on
becoming one homogeneous material as shown below.

kp+2kbf—2(kp—kbf)(p)j @
kp +2kbf —(kp —kbf)p) |’

Keff = kbf(

where Keff, Kbf, and kp are the thermal conductivities
of the nano-refrigerant, base refrigerant in the liquid
phase and particle, respectively, and ¢ is the particle
volume fraction:

1

—_—, 8
o ®)

H, = H,

where p,,. and u, are the dynamic viscosities of the
nano-refrigerant and refrigerant, respectively.

The density and specific heat of the nano-
refrigerant are shown in Eqgs. (9) and (10).

Py :(I_Q)pf+®pnp’ ©)
_ (1-2)(pcp)bf +D(pep)np (10)
i (1-D) pbf +Dpnp ’

where -0, pbf, p,,, np, cp are volume fraction of
nanoparticles, density of base fluid, density of
nanoparticles, specific heat of base refrigerant, and
specific heat of nanoparticles, respectively, [41] and
[42].

A multiphase model solves the momentum,
continuity, and energy equations for the mixture,
and solves the equation of volume fraction for the
secondary phases [43] and [44]. A continuity equation
for the volume fraction of one (or more) of the phases.
For the gth phase, this equation has the following form:

L ap,)+ (o) |-

Py
S, +i(mpq il ), (11)
p=1

where m,, is the mass is transfer from phase p to ¢
phase, —m,, the mass transfer from phase g to phase
p. A single momentum equation is solved throughout
the domain; it is dependent on the volume fractions of
all phases through the properties p and p.

g(pmv.(pw):
—Vp+V~[,u(V\7+V\7T)]p§+F‘. (12)

The energy equation, is also shared among the
phases

g(pE)+V-(\7(pE+P)) =V (K,VT)+S,. (13)

The amount of nanoparticles that was added to
R134a was 2.6 g, while the amount of R134a was
1039 g, as this was the amount that the system was
operating within the first part of the experiment to
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become a mass fraction of 0.25 wt.%. The theoretical
results obtained by adding a quantity of nanoparticles
are presented and their effects on the performance of
the refrigeration system are discussed in the discussion
section.

2 RESULTS AND DISCUSSION

This section is divided into three parts; the first
part includes a discussion of the results obtained by
conducting an experiment on a vapor compression
refrigeration system and comparing these results
with a simulation that was done using Ansys Fluent
19.0 software program and calculating the accuracy
rate. The second part includes discussing the results
obtained from the preparation of nanoparticles by
presenting nanoparticle screening tests using X-ray
diffraction (XRD) and scanning electron microscope
(SEM) methods. The third part includes discussing
the results obtained from the theoretical study
where nanoparticles were introduced to a vapour

3
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Fig. 3. a) The effect of T,,, ., on COP b) the effect of T,

compression refrigeration system to investigate
their effects on the coefficient of performance of the
system.

2.1 Comparison of Experimental and Theoretical Results of
a Vapor Compression Refrigeration System

A theoretical model was designed for the evaporator
and condenser with specifications similar to the
experimental system; the results obtained were
illustrated graphically to show the effects of the
average temperature of both the evaporator and
condenser on COP, and W, as shown in Fig.
3. The COP at varying evaporator temperatures
is presented in Fig 3a; an increase in evaporator
temperatures causes an increase in COP due to an
increase in the refrigeration effect because of increase
in both the enthalpy difference and mass flow rate
of R134a through the evaporator, and a decrease
in compressor work. The power consumption at
varying evaporator temperatures is presented in Fig.

¢) The effect of T, cong 0n COP, and d) The effect of T4, conq 0N the power consumption W,

Enhancing the Performance of a Vapour Compression Refrigerator System Using R134a with a CuO/Ce02 Nano-refrigerant

81
71
.“ .. o
61 . ..... ”: r'Y
= 51 o 6
= )
2
= 31 ® .
21 ..
® experimental
11 - | @ theoretical
1
0 5 10 15 20
b) Taver [°C]
91
81| ® experimental
71 - | ® theoretical ° 6
— 61 o g " &
E 51 ’."‘ ..
s oo??®
S 41 a-®
B ‘ ®
31 ’ (
21
11
1
25 27 29 31 33 35 37 39
d) Tav,cond [°C]
av,ev ON the power consumption W,
403



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)6, 395-410

3b; an increase in evaporator temperatures causes a
decrease in power consumption, due to an increase
in suction temperature, which causes an increase in
both vaporization pressure and density suction vapor
entering the compressor, which leads to an increased
mass flow rate of R134a through the compressor for
a given piston displacement and decreased power
consumption. The effects of the average temperature
of the condenser on the COP are presented in Fig. 3c;
it decreases as the condenser temperature increases
due to a decrease in the refrigeration effect and an
increase in compressor work. Increased condenser
temperatures cause an increase in the heat rejection,
due to the rise in enthalpy difference and mass flow
rate of R134a through the condenser. In contrast,
the increase in condenser temperature will cause
an increase in power consumption, as presented in
Fig. 3d. To achieve high accuracy, the experiment
was divided into several cases, in which each case
included five experiments. Each experiment was
repeated three times. The experiment which gave
the most convergence with the theoretical value
calculated using Ansys Fluent was chosen to then
capture all these points to be plotted with the average

[ceo2
20001
12000
Laasar T
10 x
a)
Counts | | | l | | | | |
CuC
10000
5000+
o T T 11 UI : T ‘ JLJ T w’l"m“«
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C) Position [*2Theta]

temperatures of the evaporator and condenser. As
shown by the results and in agreement with previous
studies, our results confirmed the increase in COP
with the temperature of the evaporator and its decrease
with the increase in temperature of the condenser,
as well the decrease in energy consumption with an
increase in the average temperature of the evaporator
and increased with increasing the average temperature
of the condenser

2.2 Characterization of Nanoparticles

Nanoparticle characterization was carried out at the
Huazhong University of Science and Technology in
China on September 24, 2019, by using XRD analysis
and SEM images. The results of the nanoparticles
are presented below in Fig. 4. The XRD pattern was
scanned from 20 deg to 80 deg and the XRD profile
confirmed the nanocrystalline nature of CuO. The
characteristic diffraction peak was observed, and all
of the peaks agreed in position and intensity with the
database standard (JCPDS 00-045-0937) of the face-
centred cubic CuO crystal with the fluorite structure.
The absence of additional diffraction peaks confirms

Counts
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Fig. 4. XRD Pattern of a) pure Cu0, b) pure Ce0,, ¢) 0.5 % Cu0, 0.5 % Ce0,, and d) 0.6 % Cu0, 0.4 % CeO, nanoparticles
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the nanocrystalline nature and purity of the samples.
The XRD pattern of CeO, was scanned from 20
deg to 80 deg, and the XRD profile confirmed the
nanocrystalline nature of CeO,. The characteristic
diffraction peak was observed, and all of the peaks
agreed in position and intensity with the database
standard (JCPDS 00-004-0593) of the face-centred
cubic CeO, crystal with the fluorite structure. The
absence of additional diffraction peaks confirms the
nanocrystalline nature and purity of the samples. The
SEM images proved that the particles of the samples
were approximately spherical in shape and the particle
sizes of CuO, CeO,, 0.5 % CuO + 0.5 % CeO,, and
0.6 % CuO + 0.4 % CeO, were observed to be 78.95
nm, 79.9 nm, 44.15 nm, and 63.3 nm, respectively,
based on the SEM images, as shown in Fig. 5. This
research succeeded in preparing nanoparticles with
suitable diameters. Cerium oxide was used for the
first time to determine its effect on the performance
of refrigeration system. It is expected that this study
will open the door to future research to reveal new
properties of cerium oxide as a mixture with copper

>

—
X 40,000 10.0kV SEI

—
X 100,000 10.0kV SEI

oxide; in particular, the mixture consisting of both
oxides was prepared by the same method in this
experiment as a homogeneous substance

2.3 The Results Obtained from Adding Nanoparticles
Theoretically into a Vapor Compression Refrigeration
System

The results obtained from adding CuO are illustrated
in Fig. 6 to show the effects of the average temperature
of the evaporator on the COP, and W.,,,,. As it appears
from the results, the addition of 0.25 wt.% CuO caused
an increase in the temperature of the evaporator at its
entrance and exit, which led to a rise in both the COP
and the amount of heat absorbed inside the evaporator
and thus a decrease in the amount of energy consumed
by the compressor. This conclusion is consistent
with previous studies, and the main reason for the
occurrence of these changes is the high thermal
conductivity of the refrigerant due to its mixture with
CuO, which records an average thermal conductivity
of 20 W/(mK) to 40 W/(mK). The addition of the

N = dg0am KusT
X 40,000 10.0kV SEX sE WD B.2me 17:23:17

L 0.6Cu0-0.4Cc02

X 40,000 10.0kV SEX

Fig. 5. a) spherical CuO, b) spherical Ce0,, ¢) spherical 0.5 % CuO + 0.5 % Ce0,, and d) spherical 0.6 % CuO + 0.4 % Ce0,
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Fig. 6. The effect of T,,,.,, on COP and W, at constant mass fraction and comparing of the results of a vapor compression
refrigeration system with nano and without nanoparticles

same amount of CeO, caused an increase in the
temperature of the evaporator at its entrance and
exit, which led to a rise in both COP and the amount
of heat absorbed inside the evaporator and thus a
decrease in the amount of energy consumed inside
the compressor. The main reason for the occurrence
of these changes is the high thermal conductivity of
the refrigerant due to its mixture with CeO,, where
it records an average thermal conductivity of 11.7
W/(mK). The addition of the same amount of 0.5
% CuO with 0.5 % CeO, caused an increase in the
temperature of the evaporator at its entrance and
exit, which led to a rise in both COP and the amount
of heat absorbed inside the evaporator and thus a
decrease in the amount of energy consumed inside
the compressor. The main reason for the occurrence
of these changes is the high thermal conductivity of
the refrigerant due to its mixture with nanoparticles.
The addition of the same amount of 0.6 % CuO with
0.4 % CeO, caused an increase in the temperature
of the evaporator at its entrance and exit, which led
to a rise in both the COP and the amount of heat
absorbed inside the evaporator thus a decrease in the
amount of energy consumed inside the compressor.
The main reason for the occurrence of these changes
is the high thermal conductivity of the refrigerant
due to its mixture with nanoparticles. Since the most
important factor in improving the performance of the
refrigeration system after adding the nanoparticles is
the temperature of the evaporator, all the results were
plotted so that the effect of the average evaporator
temperature on the COP of the system at a specific
amount of nanoparticles is shown. Nagaraju and
Reddy [32] proved that adding copper oxide to R134a
improved the COP of the refrigeration system to

a degree close to what was found in this study, and
the method in which nanoparticles are prepared, the
shape, diameter, and quantity added to the refrigerants
play an important role in determining the result.

3 CONCLUSION

A new concept of nanoparticles was introduced in this
research to open the door to answering many questions
in the future, because cerium oxide was used with
copper oxide as one material consisting of a mixture
of both oxides. The results obtained for copper oxide
agreed with previous studies, where copper oxide
succeeded in improving the performance of the
refrigeration system and increased COP by 25 %, and
cerium oxide succeeded in improving the performance
of the system by a lesser value. For the mixture, the
results confirmed that the mixture containing a higher
percentage of copper oxide gave better results. The
door remains open for more experimental studies
on the use of cerium oxide as a single oxide or as a
mixture with other oxides to study its effect on the
performance of the vapor compression refrigeration
system and whether the refrigeration system will work
safely. In addition, more experiments needed to study
the effect of the mixtures mentioned in this research
on the stability of nanoparticles with refrigerants and
lubricant oils, as the problem of stability is one of the
greatest obstacles to the application of nanoparticles
in the refrigeration systems.

4 FUTURE WORK

In this study the method of preparing nanoparticles
was simple and affordable and produced two types
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of oxides and five types of mixtures. Subsequently,
the field of research remains open. This method
succeeds in obtaining other oxides, especially oxides
with high thermal conductivity, because the cost of
nanoparticles increases as their thermal conductivity
increases. Nevertheless, the theoretical results in
this research encourage researchers to move forward
with experimental studies This study recommends
conducting experiments to verify the behaviour
of cerium oxide in refrigeration systems and to
monitor its behaviour at different temperatures for
the evaporator, especially because the results of
this research show that cerium oxide improved the
performance of the refrigeration system due to its
good thermal conductivity This study recommends
mixing materials that have been prepared with other
refrigerants and compressor lubricant oils to study
their effect on the thermophysical properties of
refrigerants and oils. Since the problem of the stability
of nanoparticles with refrigerants is so important,
a hybrid consisting of oxides was recently used to
solve this problem. The mixture prepared from oxide
succeed in obtaining better results, especially since
the mixture consisting of 50% copper oxide and 50
% cerium oxide has already been mixed with R134a
in the lab using the ultrasonic machine only for one
hour; the result was a stable mixture for a whole day
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Indices to Evaluate the Performance of Force Transmission
and Constraint for Parallel Mechanisms

Tie Zhang* — Yachao Cao — Guangcai Ma
South China University of Technology, School of Mechanical and Automotive Engineering, China

The force transmission and constraint ability significantly influence the performance of parallel mechanisms (PMs), such as force dexterity,
overall rigidity and accuracy. The transmission wrench screw (TWS) transmits the force between the actuator and end-effector, and the
constraint wrench screw (CWS) resists structural deformations. They significantly influence the manipulability to transmit force and the
consistency to resist deformations. In this study, two new indices are proposed to evaluate their manipulability and consistency. The indices
are notable for their unit homogeneity, frame independence, and measurement facility without interference. By taking three PMs with different
mobility properties as examples, the effectiveness of the two indices for evaluating the manipulability to transmit force and the consistency
to resist deformations is verified. Based on the indices, the configuration of a 3-CRU (C a cylindrical joint, R a revolute joint, and U a universal
joint) PM with optimal force transmission and constraint ability is constructed.

Keywords: force transmission manipulability, force constraint consistency, transmission wrench screw, constraint wrench screw, parallel

mechanism

Highlights

*  Two new indices with advantages are proposed to evaluate their manipulability and consistency.
*  The corresponding formulas are derived under different transmission and constraint matrices.

e Simulations of three different PMs are carried out to verify the effectiveness of the two indices.

*  The structural configuration of the 3-CRU PM whose TMI and CCI remain maximal is constructed.

0 INTRODUCTION

Parallel mechanisms (PMs) have been wide industrial
applications due to their merits such as high load-to-
weight ratio [1], compact structure [2], good accuracy
[3] and dynamic performance [4]. Performance
evaluation helps to measure the practical value
of PMs before their application. In general, the
performance evaluation indices are based on the
Jacobian matrix and power to describe the motion
and force performance as a whole evaluation index
system. The determinant value of the Jacobian matrix
as the force transmission index was adopted first by
Denavit et al. [5]. Subsequently, performance indices
based on the Jacobian matrix were proposed, such as
manipulability measure [6], global conditioning index
[7], and so on. However, both Merlet [8] and Wang et
al. [9] pointed out that these indices are not suitable
for the PMs with both rotational and translational
degrees of freedom (DoFs). In 1932, the concept of
transmission angle was first proposed by Alt [10].
The standardized form of transmission index was put
forward by Sutherland and Roth [11], and then it was
improved by Tsai and Lee [12]. Furthermore, an input
and output transmission index [13] was introduced to
describe the motion/force transmission performance
of parallel manipulators. A general and systematic
method described the motion/force transmissibility of

redundantly actuated and over-constrained PMs [14].
Moreover, a modified output transmission index based
on an equivalent transmission wrench screw was
defined to evaluate the transmissibility of high-speed
articulated-platform parallel robots [15].

Highly dynamic handling tasks cannot work
properly without good force transmission and
constraint performance. Many scholars have
extensively studied the force performance of PMs.
A new method based on pressure angle describes
the force transmission and constraint properties of
Delta PM [16]. Wang et al. [17] proposed a new index
to assess the relationship between input and output
forces. Static actuation force sensitivity was defined
to measure the variation of driving forces with the
manipulability of external force of the end-effector
[18]. Utenov et al. [19] analysed the mapping from
the constraint loads in the links to the distributed
dynamic loads. Liang and Takeda [20] presented a
new transmission index for force constraint evaluation
based on the concept of pressure angle. It is widely
known that a transmission wrench screw (TWS)
transmits the motion and force between actuator and
end-effector and a constraint wrench screw (CWS)
resists structural deformations. They significantly
influence the manipulability to transmit force and the
consistency to resist deformations. However, most
force transmission indices vary with the coordinate
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frame, which may result in biased measure for the
same PM due to the selection of different reference
coordinate frames. Furthermore, the existing indices
only measure the transmissibility of single limb but not
a whole PM, and some of them are not homogeneous.
However, relatively little literature on force constraint
and the consistency to resist deformations could be
found.

In this paper, a generalized approach to analysing
and evaluating the manipulability to transmit force
and the consistency to resist deformations of PM is
put forward, in which two indices, namely the force
transmission manipulability index (TMI) and the force
constraint consistency index (CCI), are proposed.
These two indices could be used independently or
be used as an auxiliary index together with other
performance evaluation indices to measure the force
transmission and constraint performance of moving
platforms in the process of design, motion planning
and control of PMs.

This paper is organized as follows: in Section 1,
the force balance is analysed, and two indices, namely
TMI and CCI, are proposed. In Section 2, a generalized
method to evaluate the manipulability to transmit
force and the consistency to resist deformations of
PM is proposed. The transmission matrix and the
constraint matrix are firstly nondimensionalized, and
the calculation formulas of TMI and CCI are presented
respectively under three different compositions of
transmission matrix and constraint matrix, with
the frame invariance of the two indices being also
proved. In Section 3, the distributions of TMI and
CCI of the PMs with different mobility properties in
the chosen spatial workspace are discussed, and the
manipulability to transmit force and the consistency
to resist deformations are analysed, based on which
the configuration of a 3-CRU PM with optimal force
transmission and constraint ability is constructed
firstly. Section 4 summarizes three merits of the
two indices, while Section 5 gives some additional
remarks.

1 METHODS MANIPULABILITY TO TRANSMIT FORCE
AND CONSISTENCY TO RESIST DEFORMATIONS

When the moving platform moves with constant
velocity, the external six-dimension generalized force
W applied to the moving platform should balance
with the actuated transmission force W transmitted
to the moving platform by actuated joint from each
branch and the structural constraint force W of PM
in the equilibrium state of forces. For an n-DoF non-

redundant actuated PM with n actuated joints, the
force balance equation is

W=W_+W,. (1)

In the process of force transmission, actuated
transmission force Wrg is the resultant force of TWS
transmitted to the moving platform through all
branches, as shown in Fig. 1. Force diagrammatic
sketch of PM, and Wg can be denoted as

WF:z$ai = Zﬁ (sf,i; X XS th s, )’
i=1 i-1
i=12,...,n, @)

where f; is the magnitude of TWS §; in terms of force,
Sy is the unit direction vector of $,; of the ith limb,
r;; is the vector of the force acting point in the global
coordinate system, and /; is the pitch of §,,.

In the process of force constraint, it is known that
CWS is generated by mechanical structure. Assuming
that there are C; CWSs of each branch, as presented
in Fig. 1. Force diagrammatic sketch of PM, the
structural constraint force W can be expressed as

n G n G sc,i,j
We :Zz$ci,f =chf,j

b
=1 1 A Ky XS R Sey

i:1,2,"',7l; j:laza"'acia (3)

where ¢;; is the magnitude of CWS §_;; in terms of
force; $,; is the unit direction vector of $;;, r.;;
is the vector of the force acting point in the global
coordinate system, which is introduced as the physical
centre of the passive end joint in the ith limb, and h
is the pitch of §

c,i,j

c,ij*

W

Moving Platform

Fixed Base
Fig. 1. Force diagrammatic sketch of PM

Egs. (2) and (3) are respectively rewritten as
W, =TT, 4)
W.=Re, 5)
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where f=[f,...f,]7 denotes the magnitude of the
n-dimension force applied by the actuated joint to
the moving platform through the branches, T is the
termed transmission matrix [21], and

T
s1 l.1 ><s1 +hls1

T= ! : . (6)

s, I, xs +hs,

nx6

C=| ¢, G G,y vt €, | Indicates the
magnitude of 6-n dimensional force to resist
deformation through the structure of PM when the
mechanism is subjected to forces in non-DoF
direction. R is the termed constraint matrix [21] and

Sii r,xs,, + hl,lsl,l

Sic T XSiq +l"1,q SiLe
R=| : : . (7)

l.rt,l X sr/,l + hn,lsn,l

nl

S

n,l rn,Cn x sn,Cn + hn,Cnsn,C,, J(6-nyx6

Obviously, the transmission force Wg depends
on the structure of branches and their geometrical
arrangement and the constraint force W on the
stiffness of the PM (mainly its Young’s modulus as
well as the lengths and sections of the elements). It
should be pointed out that, although the producers
of Wr and W are different, they can still exist
simultaneously when the moving platform moves at
a uniform velocity, which results in the aggregation
of the two matrices in Eq. (1). Each row of these
two matrices is just a force or a moment. The force
and moment are simply combined into a sum screw
according to spinor algebra.

1.1 Force Transmission Manipulability Index

From Eq. (6), it can be seen that transmission
matrix T is composed of TWS, which transmits the
forces between actuators in joint space and the end-
effectors in operational space. In order to evaluate
the sensitivity of mutual disturbance in the process
of force transmission, T is decomposed by means of
singular value decomposition (SVD). Assuming T is
homogeneous,

T=UzV’, (8)

where U and V are respectively nxn and
6x6  orthogonal matrices, X=[X;0],xs and
¥, =diag(oy,0,...,0,), whose diagonal elements are
arranged in the order of 0,>0,>...>0,>0. 7,05,...,0,
denote the singular values of T. O denotes zero
matrix.
Post-multiply both sides of Eq. (8) by matrix
VTE* then
TV'Z =1, )
where I" is the pseudo inverse matrix of the diagonal
. Lz .
matrix X, and X"=| " with
O 6xn
¥ '=diag(1/o,,1/c,,++,1/c,).
Rewrite matrix V' 1X" as

V7T2+=("~ll/o-l {,n/an)’ (10)

where ¥, represents the nth column of matrix V™.

From the physical meaning of SVD, it can be
seen that f,=|V, /o,/|. Combined with Eq. (4), the
following equation exists:

A "61/61”
W, =Tf=T| : |=T|

f)\

Then, the “elastic” ratio I' can be defined as the
2-norm ratio of f to W, that is,

Wl 1

S

The physical meaning of I' is the “elastic”
length after f in joint space is rotation-, scaling-
and projection-transformed into Wg in operational
space, which reflects the manipulability of actuated
force. Thus, it can be called as force transmission
manipulability ratio. I' ranges from 0 to I';,,.. When
all o; are equal each other, I' equals to the maximum,
and the force transmission manipulability behaves
the best; When I is close to 0, the force transmission
manipulability behaves the worst and then force
transmission singularity may occur.

To normalize the ratio, by comparing and
measuring I' in different poses intuitively, force
transmission manipulability index (TMI) is defined as

pF:F/rlnax' (13)

The closer pr gets to 1, the less distortion f has,
which means that the TWSs exerted on the moving
platform have no distortion and that the manipulability

(11)

".”n/Gn

(12)
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of transmission force is excellent. When pr
approaches zero, f extends or shrinks to infinity
after the transformation, and actuation singularity is
encountered.

1.2 Force Constraint Consistency Index

Constraint matrix R is composed of CWS, which
counterbalances the external forces and resists
deformations. The SVD and relevant derivation
process of the homogeneous constraint matrix R is
similar to T, and the force constraint consistency ratio
can be expressed as

[Well___1

4 K

Force constraint consistency index (CCI) is
expressed as

Q=

(14)

Pa :Q/Qmax- (15)

The closer po is to 1, the more stable ¢ is,
which means that the CWSs exerted on the moving
platform have less “elastic” change and basically keep
consistent, and that the consistency of force constraint
is excellent. When pqg is near to zero, ¢ extends
or shrinks to infinity after the transformation, and
constraint singularity is encountered.

2 SOLUTION OF FORCE TRANSMISSION MANIPULABILITY
RATIO AND CONSTRAINT CONSISTENCY RATIO

To calculate ', and Q.. T and R need to
be solved first. In this section, the corresponding
calculation models of I',,, and Q.. are discussed
based on the possible composition of the transmission
matrix T and constraint matrix R presented in Table 1.
Then, pr and pq, in six cases are respectively derived.

Table 1. The possible composition of the transmission matrix and
constraint matrix

Transmission  Constraint

matrix T matrix R
Only composed of linear force vectors  Section 2.2.1  Section 2.3.1
Only composed of force couples Section 2.2.2 Section 2.3.2

Composed of both linear force vectors
and force couples

Section 2.2.3  Section 2.3.3

2.1 Homogenization of Transmission Matrix and Constraint
Matrix

When T and R are composed of only linear force
vectors or both linear force vectors and force couples,
the dimensions of the left three columns and the right
three columns elements of T and R are different.
Therefore, these two matrices should be homogenized
before SVD.

2.1.1 Homogeneous Transmission Matrix

The three right column elements of T are multiplied by
a characteristic length L; [22] to unify the dimension.
In this case, the homogeneous transmission matrix Ty,
is

Th:|:T1 Tz/L.5]9 (16)

where T,=[s;...s,]%, and T,=[(r;*s,)...(r,xs,)], the
isotropy condition for Ty, is

T'T, (T'T,)/L. =, (17)
(L) (e

where 0:>0 is a nondimensional scalar and I is a 6x6
identity matrix. When T, is isotropic, the singular
values of T, are identical. At this time, the PM has
at least one configuration in the whole workspace
[21]. Furthermore, if T}, does not satisfy the isotropy
condition, i.e., the PM cannot reach an isotropy
configuration, it is necessary to seek a configuration
over the whole workspace in which the condition
number reaches the minimum.

Based on the Frobenius norm, the condition
number of T}, is calculated as [23]

T,'T, =

KT, = T T T (8)

To solve Ls x2(Tp) is minimized. Thus, the
objective function subjected to the corresponding
geometric constraints is

min K (T,). (19)

The design vector x is related to configuration
variables @ of end-effector and L, namely x=[® L;].
Therefore, the above solution can be represented as

minimize k*(T,)
: " (20)
subjectto ®eS
where S denotes the workspace of the PM.

By computing the optimization problem, the

characteristic length L can be obtained, thus obtaining
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the homogeneous transmission matrix Ty. For the
sake of simplicity, the dimensionless coefficient of
transmission matrix and constraint matrix here are
derived only by taking the linear force vector as an
example. When the matrix is composed of both linear
force vectors and force couples, the deduction process
is similar.

2.1.2 Homogeneous Constraint Matrix
Similarly, to unify the dimension of R, a characteristic
length L, is calculated by

minimize «°(R,)

, (21)
deS

subject to

where k(R,)= %\/tr(RhTRh )u[(R,'R,)"'] and R,
is represented by L,

2.2 Calculation Formula of TMI

2.2.1 Transmission Matrix Composed of linear Force
Vectors

When T is only composed of linear force vectors, the
dimensionless transmission matrix Ty, is

s, (rxs) /L5
T,=| : : . (22)
s, (r,xs,) /L5

The trace of matrix ThTTh is solved as

tr(T,"T,) = ZG _”+Z

o?=k/n, the transmlssmn mampulablllty ratio I’
achieves the maximum Vk/n. Therefore, TMI can be
calculated by

When

n

pr= :
$mzZWmmzt

(23)

2.2.2 Transmission Matrix Composed of Force Couples

When T is only composed of force couples, TMI can
be calculated as

(24)

2.2.3 Transmission Matrix Composed of Linear Force
Vectors and Force Couples

When T is composed of m linear force vectors and
n-m force couples, TMI is

n

Pr= :
Jor SIS

(25)

2.3 Calculation Formula of CCI
2.3.1 Constraint Matrix Composed of Linear Force Vectors

When R is only composed of linear force vectors, CCI
can be calculated as

Do = 6-n . (26)
6—n 6-n G 1 ) 6-n
J(ZC'*ZZL (r,%5,) le/a;z
i=1 =l j=1 Loy i=1

n 6-C
It should be noted that there are Z Z j G=1,2,

i=1 j=1
6-C, i=1,2,...n) CWSs. The 6-n DoFs of the
moving platform are constrained by these CWSs,
that is rank(R;,)=6—n. It is only necessary to pick up

n 6-C
6-n linearly independent screws from these Z Z Jj
CWSs to compose the constraint matrix. ==

2.3.2 Constraint Matrix Composed of Force Couples

When R is only composed of force couples, CCI can
be obtained as

27

2.3.3 Constraint Matrix Composed of Linear Force Vectors
and Force Couples

When R is composed of Z M; linear force vectors and
Z(C =2m;) force couples CCI can be calculated as
6—n

\/(ZC Z( ||r xslj” ))Z:l/a'2

P~ . (28)
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2.4 Frame Invariance of TMI and CCI

Assuming that the transmission force is expressed
by Wi in a coordinate system {O}, in another
coordinate system {O"}, the same transmission force
is represented by Wg'. The relationship between the
forces in different coordinate frame can be expressed
as

(W) =Ad, W, (29)

where Ad, is transformation matrix.
Then W’ can be calculated by

NnT _ -
(T') =Ad,T'Ad,”". (30)

By rewriting Eq. (8) into the form of column
vector, namely

ov' =T i=1,2,n, 31)

and pre-multiplying both sides of Eq. (31) by the
matrix Ad,, it can be obtained as
o, (v]) =Ad, T"Ad;' (uT ) ,

i

(32)

where (V,T )' =Ad,v; and (u.T )' =Ad,u/. In

i

other words, vectors v; and u; in the frame {O} are

transformed into (v,T )I and (ulT ), in the frame {O'},
respectively.
Substituting Eq. (30) into Eq. (32) yields
o (=Y W) e
Comparing Eq. (31) with Eq. (33), it can be seen
that the singular values of T and T are identical
in different coordinate frames. The coordinate
transformation of the transmission matrix does not
affect its singular value. In the same way, it can be
proved that constraint matrix R also has this property.
From Eqgs. (12) and (13), it can be seen that neither
TMI nor CCI varies with the reference coordinate

frame. This property is called the frame invariance of
TMI and CCIL.

3 MANIPULABILITY OF TRANSMISSION FORCE
AND CONSISTENCY OF CONSTRAINT FORCE ANALYSIS
OF PMS WITH DIFFERENT MOBILITY PROPERTIES

In this section, TMI and CCI for several typical PMs
will be calculated to illustrate the usage of the two
indices as well as the manipulability to transmit force
and the consistency to resist deformations of the PMs.

3.1 4-URU Three-Translational and One-Rotational PM
with Mixed-Motion

The sketch of 4-URU PM [24] are shown in Fig.
2. The mobility properties are three translational
DoFs and one rotational DoF around the z-axis. The
rotation angle of the moving platform around z-axis is
represented by a. The horizontal revolute joint of the
universal joint A, is actuated.

The moving platform of the 4-URU PM is exerted
by four constraint couples from four branches, and the
constraint matrix is

T T T T
RO _|:Sr1 S.2 S S (34)

where s,(i=1,2,3,4) denotes the direction vectors of
the constraint couples, which are in parallel with the
plane of the moving platform.

z

$ y $(‘3,I

c4,1 7 x

$C|.] C4

1

Ci 7 k=P
$ % $c'2.l :%'C
nal $u4 $7a2 $a3

B/ (T, L A

" ._IA4Z Y
o B - N
W R IO X s

A

Fig. 2. Sketch of 4-URU PM

Since the four constraint couples are all in one
plane, Ry(:,3)=0. In addition, only two force couples
are linearly independent based on the dependence of
screw system [25]. That is to say, s', and s', can be
linearly represented by s', and s',. Therefore, the
constraint matrix is rewritten as

{RO(I,I:Z)}
R, = . (35)
R,(2,1:2)

Obviously, Ry, is homogeneous matrix.
When the actuated joints are locked, the
transmission matrix is

I, XS, S
r.,Xxs

— 2 2 2
T() — a a a , (36)

ra3 x sa3 Sa3

ra4 X Sa4 sa4

where r,; represents the vector of acting point of TWS
$¢ in fixed coordinate frame {O}. S, denotes the

i

direction vectors of the transmission forces.
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From the mobility of the PM, the homogeneous
transmission matrix can be written as

T, =[T/L T,], (37)
T, (1,3) T,(1,4:6)
where T, = 1,23 and T, = T,(2.4:6)
" IT,(3,3) °© | T,(3,4:6) |
T,(4,3) T,(4,4:6)

The condition number of T}, is calculated based
on Eq. (18), i.e,,

K(Th>=||Th||F||Tﬁ||F=§Jtr(ThTTh)tr[(ThTTm]. (38)

To obtain the minimum values of x(T},) and L; of
the isotropic configuration, the problem becomes

minimize «*(T,)
' . (39)

subjectto D eS '

To determine the optimum solution of problem
(39), the structure parameters of the 4-URU PM
are given as R=500 mm, r =400 mm, r,=300
mm, m=700 mm and n=800 mm, the initial design
vector X including both ® and L. is assigned
as  X;=[1001001200300]" and the “interior-
point” algorithm is adopted, thus obtaining
Xopt=[-25.37 207.72 893.57 723.14]".  The fourth
element denotes the characteristic length, i.c.,
Ls=723.14 mm. By using this value to homogenize
the transmission matrix, the minimum condition
number is calculated as x,,;,=1.00, which means that
the characteristic length is available.

By respectively substituting Eqgs. (37) and (35)
into Egs. (27) and (23), the equations of TMI and CCI
can be deduced as

4

pr= - e (40)
44> —T (i,3)%)> —
\/( ;Lsz 0(,3) );Giz

(41)

where o; and ¢ are singular values of matrix T}, and
R,, respectively.

Based on Egs. (40) and (41), the distributions
of TMI and CCI in the chosen spatial workspace
are obtained when the rotation angle of the moving
platform around z-axis is 0°, as shown in Fig. 3. The
values of TMI and CCI are presented in Table 2. The
maximum and minimum of TMI are computed as 0.43

and 0, and the maximum and minimum of CCI are 1
and 0.02, respectively.
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Fig. 3. a) Distribution of the TMI of 4-URU PM when ae=0°,
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CCl of 4-URU PM when a.=0°, and d) proportion of CCl values in
each interval
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Fig. 3a illustrates that the closer the centre point
P of the moving platform to z-axis, the larger the TMI
and the less “elastic” variation of the TWSs applied
to the moving platform. On the whole, the majority of

TMI in the chosen spatial workspace is less than 0.1
(see Fig. 3b), meaning that the manipulability of the
TWSs is sharply changed and is nearly close to the
singularity when a=0°. However, CCI is more than
0.5 in most areas of the chosen spatial workspace (see
Figs. 3¢ and d), meaning that the CWSs exerted on the
moving platform have less “elastic” variation when
the moving platform moves in translational direction.
The consistency of the CWS to resist the deformations
is moderate.

Table 2. The values of the proposed parameters of 4-URU PM
when a=0°

™ cCl
Maximum 0.43 1

Minimum 0 0.02

0100.1 88.34 % 730 %

, 011003 10.79% 1371 %

E;‘;f]"l:]tt'gr':,;f 031005 087 % 36.42 %

051007 0 33.89 %

071010 0 8.68 %

Table 3. The values of the proposed parameters of 4-URU PM

when zp=900 mm

™I CCl
Maximum 0.46 1
Minimum 0 0

0t00.1 6.40 % 132%

, 011003 59.95 % 324 %

E;‘;ﬂﬁ'gﬂ/;f 031005 33.64 % 707%

051007 0 270%

071010 0 83.68 %

Fig. 4 shows the distributions of TMI and CCI in
the chosen spatial workspace when the translational
DoF of the moving platform along z-axis is fixed (z, =
900 mm). The corresponding values of TMI and CCI
are presented in Table 3. The maximum of TMI is 0.46
and the minimum is 0. The maximum of CCI is 1 and
the minimum is 0. As shown in Fig. 4a, the larger the
angle along y-axis, the larger the TMI and the less the
“elastic” variation of the TWSs exerted on the moving
platform. Moreover, as shown in Fig. 4b, most TMI
values in the chosen spatial workspace vary from 0.1
to 0.5. Consequently, by comparing Fig. 3. with Fig.
4, it can be seen that the manipulability variation of
the TWSs with 0° of the rotation angle of the moving
platform around z-axis is less than that with fixed
translational DoF of the moving platform along
z-axis. In addition, CCI is more than 0.7 in most areas
of the chosen spatial workspace (see Figs. 4c and d),
which means that, when the moving platform moving
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along z-axis is fixed, the CWSs exerted on the moving
platform is of less distortion and the consistency of
force constraint behaves well.

3.2 2-UPR+SPR Two-Rotational and One-Translational PM
with Parasitic Motion

The 2-UPR+SPR (P a prismatic joint; S a spherical
joint.) PM possesses two rotational DoFs round x-axis
and y-axis and one translational DoF along z-axis,
which is well known as the positioning module of the
Exechon parallel machine tool [26]. The rotation angle
of the moving platform around x-axis and y-axis are
represented by a and p, respectively. The sketch is
established as presented in Fig. 5. The prismatic joint
B; is actuated.
The equations of TMI and CCI is

3

(42)

Pr=
=

i=l j=1

Pa~= T
G+>.-5R
o L,

where the characteristic length L:-=353.55 and
L,=483.80 according to the computing analysis.

Z
Yy
G ‘;’r"Pg' Cs
» 1_1 X

(43)

G
11 12 l3$
B B3 a3
Sa Zy %, $a2 $..
3 ___@__-_%.Y [ As
X! $.
$cl,] A, $c2.| 31

Fig. 5. Sketch of 2-UPR+SPR PM

Fig. 6 shows the distributions of TMI and CCI of
2-UPR+SPR PM in the chosen spatial workspace. The
corresponding values of TMI and CCI are presented
in Table 4. The computed TMI ranges from 0.36 to
1.00, and the computed CCI ranges from 0.26 to 0.62.
As shown in Figs. 6a and b, TMI is more than 0.7 in
most areas of the workspace, and the TWSs exerted
on the moving platform are of less distortion, which
means that the manipulability of transmission force is
moderate.
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Fig. 6. a) Distribution of the TMI of 2-UPR+SPR PM, b) proportion
of TMI values in each interval, c) distribution of the CCI of
2-UPR+SPR PM, and d) proportion of CCl values in each interval

Similar with TMI, the majority of CCI is up to
0.50 (see Figs. 6¢ and d), and the CWSs exerted on the
moving platform are also of less “elastic” variation,
meaning that the consistency of force constraint is
moderate. Furthermore, due to the parasitic motion of
the mechanism [27], that is, during its rotation around
x-axis and y-axis, the moving platform translates
along x-axis and y-axis at the same time. Thus, the
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translation DoFs along x-axis and y-axis are not
constrained, which brings great difficulty to the control
algorithm of the PM. In addition, the existence of the
parasitic motion also makes the kinematics calibration
of PM very difficult. Parasitic motion is an inherent
characteristic of PM and cannot be compensated by its
own control system, so that it is often minimized via
structural optimization design.

3.3 3-CRU Three-Translational PM with Pure Motion

Fig. 7 shows the sketch of a 3-CRU PM [28] with three
translational DoFs. The translation of the cylindrical
joint A, is actuated.

Z
B;, . Y B;
‘

$13|$"

uZ
$03 Ll I CZ

a]

-J ;Bl

Fig. 7. Sketch of 3-CRU PM

Then, TMI and CCI can respectively be calculated
by

(44

(45)

Table 4. The values of the proposed parameters of 2-UPR+SPR PM

™I CCl
Maximum 0.36 0.26
Minimum 1.00 0.62
0100.1 0 0
) 0.1t00.3 0 1.75%
Proportion of 0.3100.5 8.21% 36.28 %
each interval
0.5t00.7 26.67 % 61.97 %
0.7t01.0 65.12 % 0

The direction of TWS is parallel with the slide
rail and remains constant [28], that is, the transmission
matrix remains constant. In addition, the direction of
constraint force couple is perpendicular to both axes
of the universal joint C;. The kinematic and constraint

properties of the PM determine that the revolute
joint connected with the platform is an inactive joint
(The inactive joint reduces the over-constraint of the
PM). Thus, the constraint force couple also remains
constant, namely, the constraint matrix remains
constant. From above-mentioned analysis, it can be
found that the transmission linear force vector is only
related to the angle a between the slide rail and the
base plane. In addition to @, the transmission force
couple also depends on the angle f between the edge
of the platform and the axis of the R joint B,. Fig. 8
illustrates these two angles.

Fig. 8. o and 3 of the ith branch

T™MI
1.00

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

CCI
1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

;, 0.10

/07 -10 -10

b w30 0 30 Ty \m“‘\ 0

Fig. 9. a) Distribution of the TMI of 3-CRU PM when a = 25° and
£ =30° and b) distribution of the CCl of 3-CRU PM when ¢ = 25°

and f=30°

Z [mm]
&
wn
(=1

420 Zhang, T. - Cao, Y. - Ma, G.



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)6, 411-423

When a=25° and p=30°, the distributions of
TMI and CCI in the chosen spatial workspace can
be obtained, as shown in Fig. 9. The workspace of
3-CRU PM is a regular hexahedron. The TMI and CCI
of 3-CRU PM remain constant with values of 0.93
and 0.86, respectively. TMI is close to the maximum,
which means that the TWSs exerted on the moving
platform are almost same as that in the joint space
when a=25°. However, although CCI is slightly
smaller than TMI, the distortion of CWSs exerted
on the platform does not change that much. Angles
o and f have influence on the force transmission
manipulability and force constraint consistency of
3-CRU PM. Fig. 10 illustrates the relationship among
TMI, CCI, a and .

T™I

Soooocoooo
S irLaUoo

-100 -80-60-40-20 0 20 40 60 80100
a) o [deg]

b)

-80-60-40-20 0 20 40 60 80
c) o [deg]
Fig. 10. a) Relationship between TMI and «,
b) relationship between CCl and o as well as f3,
¢) contour of the relationship between CCl and o as well as f§

In Fig. 10a, TMI has a rapid increase with «
when a €[0°,35.26°]. When a=35.26°, the index
reaches the maximum and the TWSs exerted on the
moving platform have no distortion, which means that
the manipulability of transmission force is excellent.
From Figs. 10b and c, it can be determined that the
curved surface is on a=0° and f=0° symmetry.
When o € [39.00°,68.00°] and S € [39.00°,68.00°],
CCI is more than 0.88. That is to say, the CWSs
exerted on the moving platform have less distortion.
It should be noted that TMI and CCI equal to 1 and
reach the maximum at the same time when a=35.26°
and f=45°, which means that the transmission force
vector and constraint force couple both have no
“elastic” variation. The manipulability of transmission
force and the consistency of constraint force are
excellent and do not vary with the pose. The structural
configuration of the PM corresponding to this case is
presented in Fig. 11.

Fig. 11. Structural configuration of the 3-CRU PM
when TMI=1 and CCI=1

4 MERITS OF TMI AND CCI

In summary, as compared with some other evaluation
indices based on Jacobian matrix, the proposed indices
TMI and CCI have the following merits:

TMI and CCI are dimensionless and frame-
independent, so that the biased measure for the same
PM caused by the selection of different reference
coordinate frames can be avoided.

TMI and CCI range from 0 to 1, which results
in intuitive measurement and comparison without
interference from other factors of the PM (i.e.,
different rod lengths).

The proposed index CCI evaluates the quality
of constraint force of lower-mobility PMs. In
most cases, researchers only consider the mobility
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property of the lower-mobility PM. That is to say,
as long as the movement in the direction of non-
mobility is constrained, the quality of the constraint
is often ignored. The proposed CCI could evaluate the
consistency of constraint force to resist deformation,
achieving a more comprehensive evaluation of lower-
mobility PMs.

5 CONCLUSIONS

Two new indices, TMI and CCI, are proposed to
evaluate the manipulability to transmit force and
the consistency to resist deformations, with the
corresponding formulas being derived respectively
under the conditions that the transmission matrix
and constraint matrix are composed of linear force
vectors, force couples, or both. These two indices
stand out with the merits of unit homogeneity, frame
independence and measurement facility without
interference. Then, TMI and CCI are applied to
4-URU PM with mixed-motion PM, 2-UPR+SPR PM
with parasitic motion and pure translational 3-CRU
PM. The manipulability of transmission force and
the consistency of constraint force of these PMs are
evaluated. Moreover, the structural configuration of
the 3-CRU PM whose TMI and CCI remain maximal
is constructed for the first time, which means that the
TWS and CWS exerted on the moving platform both
have no distortion and achieve best manipulability and
consistency in the whole workspace.
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Optimization of Friction Stir Welding Operation Using
Optimal Taguchi-based ANFIS and Genetic Algorithm
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The friction stir welding (FSW) process is an effective approach to producing joints of superior quality. Unfortunately, most published
investigations primarily addressed optimizing process parameters to boost product quality. In the current work, the FSW operation of an
aluminium alloy has been considered and optimized to decrease the specific welding energy (SWE) and enhance the jointing efficiency
(JE) as well as micro-hardness at the welded zone (MH). The parameter inputs are the rotational speed (S), welding speed (f), depth of
penetration (D), and tool title angle (T). The optimal adaptive neuro-based-fuzzy inference system (ANFIS) models were utilized to propose
the welding responses in terms of the FSW parameters, while the Taguchi method was applied to optimize the ANFIS operating parameters.
The neighbourhood cultivation genetic algorithm (NCGA) was employed to determine the best solution. The obtained results indicated that
the optimal values of the S, f, D, and T are 560 rom, 90 mm/min, 0.9 mm, and 2 deg, respectively. The SWE is decreased by 17 %, while the
JE and MH are improved by 2.3 % and 6.4 %, respectively, at the optimal solution. The optimal ANFIS models for the welding responses were
adequate and reliably employed to forecast the response values. The proposed optimization approach comprising the orthogonal array-based
ANFIS, Taguchi, and NCGA could be effectively and efficiently utilized to save experimental costs as well as human efforts, produce optimal
predictive models, and select optimum outcomes. The observed findings contributed significant data to determine optimal FSW parameters

and enhance welding responses.

Keywords: friction stir welding; energy efficiency; jointing efficiency; micro-hardness; NCGA

Highlights

*  FSW operating parameters, including the rotational speed, welding speed, depth of penetration, and tool title angle were

considered.

*  The specific welding energy was minimized, while the jointing efficiency and micro-hardness at the welded zone were maximized.
*  Optimal orthogonal array-based ANFIS models for welding performances were developed.
*  An efficient optimization approach comprising the ANFIS, Taguchi, and NCGA was proposed.

O INTRODUCTION

The friction stir welding (FSW) operation is an
effective and efficient solid-state joining process in
which the tool plastically deforms the material and
mixes it to produce strong welds. The FSW process
is widely employed to avoid the porosity, hot crack,
and large deformation due to non-material melting,
as compared to the other fusion welding processes.
Moreover, this technology does not require material,
such as shielding gas, electrodes, and filling materials,
for generating welded joints. Consequently, the FSW
operation could be efficiently and effectively applied
to produce high quality joints for different materials
with similar and/or dissimilar thicknesses.

Many attempts have been executed to improve
the mechanical properties of the joints for different
FSW operations, in which the conventional welding
responses are the ultimate tensile strength (75), yield
strength (YS), elongation (EL), welding force (WF),
welding temperature (W7T), micro-hardness at the
welded zone (MH), and grain size (GS). The ratio

between shoulder and pin diameters (R) of 4, the
rotational speed (S) of 100 rpm, the welding speed (f) of
100 mm/min were utilized to improve the 7S and EL of
the AA6082-AAS5754 joint [1]. The pin square, the S of
1400 rpm, the f'of 1.75 mm/s, and the axial force (4F)
of 7.5 KN were applied to enhance the 7S, MH, and YS
ofthe AA7075 weld [2]. The optimal data of the £, S, and
T were 25 mm/min, 1250 rpm, and 1 deg, respectively,
which could be used to obtain the 7S of 6.06 MPa for
the composite joint [3]. Shojaeefard et al. stated that the
optimal values of the S and f for the FSW operation of
AA5083 were 1345 rpm and 60.0 mm/min, respectively
[4]. For the welded magnesium alloy, the S was found
to be the most effective contribution, followed by the f
and the AF [5]. The S of 1550 rpm, the 7 of 4 deg, and
octagonal pin were applied to boost the 7.S and EL of the
aluminium alloy weld [6]. Gou et al. emphasized that
the maximum 7S and MH for the AA6061-T6 could be
obtained at the D of 0.45 mm [7]. Saju and Narayanan
revealed that the highest mechanical properties of the
AAS5052-AA6061 weld were achieved with the D of
0.6 mm [8]. The 7S of 2.6 KN and the MH of 70.45 HV
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for the dissimilar AA5083-C10100 weld were obtained
at the S of 1250 rpm, depth of penetration (D) of 1.9
mm, and dwell time (D7) of 12.5 s, respectively [9].
Elyasi et al. emphasized that the 7 of 2 deg could be
applied to improve the 7.S and MH of the AA1100 weld
[10]. Farzadi et al. indicated that the S of 513 rpm, the /'
of 95 mm/min, the shoulder diameter (SD) of 16.1 mm
and the D of 5 mm could be applied to maximize the 7S
of the AA7075 weld [11]. The S of 900 rpm, f of 60 mm/
min, SD of 18 mm, and D of 5 mm were employed to
enhance the 7S, MH, and GS for the AA5083-AA6063
weld [12].

Palanivel et al. indicated that the S of 1000 rpm,
the f'of 60 mm/min, and the partial impeller pin were
applied to improve the 7S of AA6351-AA5083 joint
[13]. The vertical force model of the FSW operation of
AZ31 magnesium alloy was developed with the aid of
an artificial neural network (ANN) [14]. Rajendran et
al. revealed that the defect-free welds were obtained
using the 7" of 1 deg to 3 deg [15]. The S of 1005 rpm, f
of 20 mm/min, and 7 of 3 deg were utilized to increase
the 7S of the AA2219 joint [16]. The 7S of 167 MPa,
the YS of 145 MPa, and the EL of 8.3 % for the 6063-
T6 joint were achieved using optimum outcomes [17].
The maximum 7§ (135.83 MPa) and EL (4.35 %) of
the AAA6061-A5083 joint were produced at the T of
1.11 deg, the S of 1568 rpm, and the f of 39.53 mm/
min, respectively [18]. Boukraa et al. indicated that
the WT and dissolution time were enhanced by 13.44
% and 46.5 %, respectively, at the optimal solution
for the AA2195-T8 joint [19]. Satheesh et al. revealed
that the taper cylindrical pin geometry, the S of 1045
rpm, the f of 1.5 mm/s, and the AF of 4.87 kN were
applied to improve the 78, YS, and EL for the AZ91C
Mg alloy joint [20]. The distribution of the WT on the
AZB0A Mg Alloy joint was analysed by Sevvel et
al., in which the authors stated that the S was named
as the best contribution, followed by the f and AF,
respectively [21]. The empirical models of the 75,
EL, and percentage reduction in area were developed
in terms of the S, f, and SD for the carbon steel weld
[22]. A simulation model was developed to investigate
the impacts of the S and pin geometry on the W7 for
the AZ80A Mg alloy weld, in which the authors stated
that the maximum W7 was obtained by means of
distinctive geometries [23].

As a result, different FSW processes with various
materials have been considered and optimized
to enhance welding performances. However, the
shortcomings of published works can be listed as
follows.

Quality indicators are primary considerations
of the aforementioned works. The impacts of FSW

factors on energy consumption have not been
analysed.

The energy consumption model regarding the
FSW parameters has not been developed.

The selection of optimal FSW parameters for
decreasing energy consumed and improving the
welding quality (e.g., ultimate tensile strength and
elongation) has not been addressed.

To overcome these challenges, the FSW
operation of the AA6061 has been considered and
optimized to decrease the specific welding energy
(SWE) and enhance the jointing efficiency (JE) as
well as micro-hardness at the welded zone (MH). The
optimal Taguchi-based ANFIS models were utilized to
propose FSW performances regarding the S, f, D, and
T. The optimal outcomes are selected with the aid of
the NCGA.

The scientific contributions of the current study
can be expressed as follows.

The developed optimizing method comprising
the Taguchi method, ANFIS, and NCGA can be
considered an effective and efficient approach to
solving complicated optimization issues and selecting
optimal outcomes. The developed approach possesses
various advantages, including low experimental costs,
decreased human efforts, and easy implementation.
The developed technique could be effectively and
efficiently employed to optimize not only welding
operations but also other machining processes.

The impacts of the FSW parameters on the
FSW responses have been thoroughly analysed. The
obtained knowledge can help machine operators
comprehend the physical insights in the FSW
operation of the AA6061.

The analysed outcomes of the current study can
be effectively and efficiently utilized as significant
references for future investigations and developing
expert systems regarding FSW processes.

1 OPTIMIZING FRAMEWORK

Traditionally, the primary aim of the FSW process
is to produce the welds with superior quality, as
seen in factors such as ultimate tensile strength,
clongation, micro-hardness at the weld nugget zone,
yield strength, and grain size. Unfortunately, the rise
of energy cost and environmental legislation requires
manufacturers to decrease energy consumed, welding
noise/fumes, and wastage. In this investigation, three
technological responses, including the SWE, JE, and
MH, are listed as important indicators.

The profile of the power consumed for the FSW
process is shown in Fig. 1, in which three operating
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phases, including the plunge, dwell, and welding states
are depicted. For the plunge phase, the workpieces are
tightly clamped on the fixture, while the rotating tool
is inserted into the joint line of plates. For the dwell
phase, the rotational motion of the welding tool is kept
in its position to plasticize the material around the pin.
For the welding phase, the linear motion of the tool is
performed to produce the weld in the solid state.

ki .
1oy

—
' T

;WeIding start P, Welding end

/ N

T T T T T T T T A 1
Time [s]
Fig. 1. The profile of the power consumption
The SWE value is calculated as:
P
SWE =%, (1)
S

where P,, and fare the power consumed in the welding
time and welding speed, respectively.
The JE value is computed as:

_UTS,
Urs,’
where UTS,, and UTS, denote the ultimate tensile

strength of the weld and base material, respectively.
The MH value is computed as:

JF

2

> MH,
MH == (3)
n
where MH; and n denotes the micro-hardness at the
ith position and the number of measuring points,
respectively.

The schematic of the FSW operation with the
four process parameters is shown in Fig. 2. The
welding tool and materials used are considered fixed
conditions. Four key process parameters, including
the S, £, D, and T are listed as optimizing inputs (Table
1). The ranges of the S and f are primarily selected
based on the specifications of the machine tool and
recommendations of the manufacturer of the welding

tool. The levels of the D and T are determined using the
configuration of the machine tool and the knowledge
of the previous publications. The highest and lowest
values of process parameters were tested by means
of experimental trials to ensure machinability. These
values are confirmed by company experts and welding
handbooks.

Rotational Punging and dwelling ~ Welding Pulling out

R ¥ *

Welding speed

e
Title |
angle

Depth o

penetration

Workpiecs]

AA6061 y
Welding seam

(@@

Fig. 2. The schematic illustration of the FSW operation

AA6061

Consequently, the optimizing issue is expressed
as follows:

Finding X =[S, f, D, and 7.
Maximizing JE and MH; Minimizing SWE.

Constraints: 480 < §' < 1600 rpm;
48< <112 mm/min; 0.6<D<1.2 mm; 0<7<4 deg

The systematic approach for generating optimal
FSW parameters is shown in Fig. 3.

Step 1: The physical experiments of the FSW
operation are then conducted using the orthogonal
array Ls,.

Step 2: The ANFIS models of the SWE, JE, and
MH are developed in terms of the FSW parameters.
In this investigation, the ANFIS with five layers are
developed to model welding performances [24].

Layer I: This layer is employed to convert the
inputs set to fuzzy set with the aid of the assigned
membership function. The outputs of three welding
responses are expressed:

L1, x = uAx(E), 4
L1,y = uBy(T), (5
L1,z = uCz(L), (6)

where E, T, and L are the input variable nodes, while x,
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y,z,A, B, and C are connected labels having u(E), u(S,
and x(P) as memberships.

Layer II: This layer is employed to generate the
fixed function of the input. The node function IT is
expressed as:

L2,x = uAx(E)x uBy(T)x uCz(L). 7

Layer III: This layer contains the fixed node
labelled N. The output namely the normalized firing
strength is represented as:

w

— ®)

;

i

L3x=w, =

M=

i=1

Layer IV: This layer contains an adaptive node.
The current layer is applied to assign the consequent
parameters of the rules. The output of this layer is
expressed as:

Ldx = ai(a.-x +bhx+c), ©)

where a;, b;, and ¢; are the consequent parameters,
respectively.

Layer V: This layer comprises only one fixed
node. The fifth layer is used to calculate the overall
output of all incoming signals. The output of this layer
is expressed as:

L5x=Y6,f, (10)

Step 3: The optimal parameters of the ANFIS
models are selected using the Taguchi method.

It is necessary to select the proper operating
factors of each ANFIS model to minimize the
predictive errors. The aforementioned publications
randomly determine the operating parameters,
including the number of inputs, types of input, optimal
method, and types of output. Practically, a variety of
each ANFIS parameter changes the mean square error
(MSE), which is expressed as:

1
MSE == 3.(3,~,)" (n

where y,, and y, are the measured and predicted values,
respectively.

Step 4: The optimal outcomes of the FSW process
factors and technical responses are selected with the
aid of the NCGA.

The NCGA is an effective solution to solve
the trade-off analysis between the conflicting
responses. This algorithm possesses various
advantages, including easy computational skills, a
large number of feasible solutions, and producing
global optimization results. The NCGA provides

better results than conventional approaches, such as

multi-objective genetic algorithm (MOGA) and non-

dominated sorting genetic algorithm II (NSGA-II)

when responses have a multiple peak landscape and

a higher number of design variables. However, the

NCGA requires higher computational time to conduct

the algorithm. The working principle of the NCGA is

summarized, as follows (Fig. 4):

*  Assigning initial population (Py) and computing
fitness of the initial individual.

e Generating and sorting a new generation (P))
based on the objective purpose.

e Performing crossover and mutation operations for
generating new child individuals.

*  Assembling produced individuals and generating
a new population.

Optimal ANFIS model

Specific welding energy
Model \L‘ NCGA [0 ptimal FSW
ointing efficiency parameters
Tool title angle

Fig. 3. The flow chart of optimization approach

Rotational speed

Welding speed

Plung depth

Table 1. FSW parameters for the experimental work

No. Symbol Parameters Values

1 S Rotational speed [rpm] 480 1120 1600
2 f Welding speed [mm/min] 48 77 112
3 D Depth of penetration [nm]  0.60 090 1.20
4 T Toolftitle angle [deg] 0 2 4

2 EXPERIMENTS AND MEASUREMENTS

The welding specimens with a length of 160 mm,
a width of 100 mm, and a thickness of 6 mm are
prepared with the aid of milling process. The joints
between the AA6061 plates are widely utilized in the
marine industry to resist the corrosion of seawater.
The chemical compositions and mechanical properties
of the AA6061 with the aid of the axial tension test are
presented in Table 2.

The welding experiments are done with the aid
of a vertical milling machine and a fabricated fixture
(Fig. 5). The welding tool with a cylindrical tapered
pin is applied to perform trials. The hot die steel
entitled H13 is used as the tool material due to its
high strength, wear resistance, and stability at higher
temperatures. The flat bars are employed to clamp the
workpiece tightly using the bolts.
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Fig. 4. The operating principle of the NCGA

Table 2. Chemical compositions and mechanical properties of the AA6061

Element Mn Fe

Mg Si Cu

n Ti Cr Others Al

[%] 0.12 0.55 0.10 0.60

0.30

0.20 0.10 0.30 0.10 Balance

Mechanical properties

Ultimate tensile strength [MPa] Yield stress [MPa] Elongation [%)]

Vickers Hardness [HV]

Poisson’s ratio  Modulus of elasticity [GPa]

241 214 15.2

104 0.33 68.9

A power sensor (Kyoritsu 6305) is used to record
the variety of power components during the welding
time. The obtained data is stored in the flashcard and
visualized with the aid of the KEW6305 software.
The reading and scaling errors are 0.3 % and +0.2
%, respectively, to improve the measuring precision,
while the up-dating time of 1 second is utilized to
visualize the capture data.

The ultimate tensile strength and elongation are
obtained with the aid of the Exceed E45 machine
based on the American Society for Testing of
Materials (ASTM ES8) guidelines. The resolution
of 0.1 MPa is employed to improve the accuracy of
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the measuring tensile strength. The Vickers Wolperts
Wilson machine is used to measure the micro-hardness
with the force of 500d at the dwell time of 20 seconds.
The resolution of 0.1 HV is applied to capture the
experimental data.

3 RESULTS AND DISCUSSION
3.1 Development of the Optimal ANFIS Models

The experimental outcomes of the FSW operation are
shown in Table 3.
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Wélding seam

b)
Fig. 5. FSW Experiment; a) experimental setting,
b) representative specimen

Practically, the optimal architecture of the ANFIS
model is randomly determined using the decisive
maker, which decreases the predicting precision. In
this study, optimal Taguchi-based ANFIS models
are proposed to render the relations between process
parameters and FSW performances. Four ANFIS
operating parameters are the number of input MFs
(N), types of input MFs (77), optimal method (O),
and types of output MFs (70). The parameter
combinations of the ANFIS model are produced
with the support of the Taguchi experimental matrix
Lis. The numerical experiments of ANFIS models
are executed to calculate the MSE values for three
welding responses. As shown in Fig. 6a, the optimal
outcomes of the N, 71, O, and TO for the SWE model
are 2, gaussmf, hybrid, and linear, respectively. As
shown in Figs. 6b and c, the optimal outcomes of
the N, TI, O, and TO for the JE and MH models are
2, gaussmf, hybrid, and constant, respectively. The
2-2-2-2-2 ANFIS architecture can be used to render
the relations between welding parameters and the
responses (Fig. 7). The schematic rules for ANFIS
models of the SWE, JE, and MH are shown in Figs. 8
a, b, and c, respectively.

The Gaussian membership function is expressed
as:

2
1,(x) = exp —;(’“;C"J : (12)

i

where «; and ¢; are the definite centre and its width of
the membership function, respectively.

To investigate the accuracy of developed ANFIS
models, a set of experiments is performed at random
points. The comparisons between the obtained and
ANFIS results are presented in Table 4. The errors of
the SWE, JE, and MH lie within the range of -1.48 %
to 0.53 %, -0.86 % to 0.59 %, and -0.11 % to 1.20
%, respectively. The accepted deviations indicate that
the developed models performed well in predicting
welding responses.

0.3 L

S 2
> / TR
g 01 ‘ , . ; ‘
E 2 3 4 S trimf  trapmf gaussmf pimf
0 TO

0.3 /
0.24 /
0.1

~
.

constant linear

a) hybrid back
N T
0.251 /
0.20+
0.15] I i
010] o s \_/
= 005+ : : . ; : ;
E 2 3 4 5] trimf  trapmfgaussmf pimf
o TO
0254
0.20+
0.154 — —
0.104
0.05- ; : : .
b) hybrid back constant linear
N I
0.6
0.5
0.4
0.3 ,/\
024 7 SNe—"
E 2 3 4 5 trimf trapmfgaussmf pimf
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0.6
0.5
0.4+
0.3+ — . )
0.2 —
c) hybrid back constant linear

Fig. 6. MSE values for FSW responses; a) for SWE model, b) for JE
model, ¢) for MH model

3.2 ANOVA Results for Welding Performances

The ANOVA results of the SWE, JE, and MH models
are presented in Tables 5 to 7, respectively. The R2,
adjusted R2, and predicted R? values indicate that the
developed models are adequate.
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Fig. 7. The ANFIS structures for welding performances

Table 3. Experimental data for the FSW operation

No. S [rpm] £ [mm/min] D [mm] T[deg]  SWE [J/mm] UTS, [MPa] JE [%] MH [HV]
1 480 48 0.6 0 1693.64 1331 5504 74.2
2 1120 77 0.6 2 1211.04 158.9 65.95 62.8
3 1600 112 0.6 4 960.73 131.2 54.45 60.3
4 480 48 0.6 0 1693.64 133.2 55.08 742
5 480 48 0.6 2 1741.04 152.7 63.36 714
6 1120 77 0.6 0 1175.54 1395 57.89 66.2
7 1600 112 0.6 0 909.19 113.8 47.02 69.3
8 480 48 0.6 4 1801.61 1511 62.68 66.7
9 480 77 0.9 4 1255.48 151.3 62.78 62.8
10 1120 48 0.9 0 1903.33 165.0 68.45 55.3
11 1600 48 0.9 0 201354 164.3 68.17 511
12 480 112 0.9 2 889.28 139.2 5778 724
13 480 77 0.9 0 1183.62 1421 58.98 68.3
Experimental 14 1120 48 0.9 4 2016.12 1741 72.02 475
data for 15 1600 48 0.9 2 2066.76 1795 7448 475
developingthe 16 480 112 0.9 0 879.27 124.2 5153 738
ANFIS models 17 480 48 1.2 0 1854.52 160.3 66.53 61.2
of welding 18 1120 112 12 2 934.86 161.1 66.83 60.4
responses 19 1600 77 1.2 4 1461.78 170.3 70.67 439
20 480 48 12 0 1854.52 160.5 66.58 61.2
21 480 48 1.2 2 1898.37 1713 71.08 59.9
22 1120 112 12 0 92243 150.3 62.36 62.2
23 1600 77 1.2 0 1378.67 169.9 70.49 511
2% 480 48 12 4 1954.99 1611 66.86 565
25 480 112 0.6 4 860.74 126.4 5245 744
2% 1120 48 0.6 0 1800.72 147.8 61.31 635
27 1600 48 0.6 0 1910.77 145.7 60.44 59.2
28 480 77 0.6 2 1134.09 146.3 60.71 735
29 480 112 0.6 0 824.22 108.9 4517 80.7
30 1120 48 0.6 4 1917.26 165.6 68.73 54.2
31 1600 48 0.6 2 1965.87 165.2 68.54 54.9
32 480 77 0.6 0 1102.67 126.8 52.63 75.9
, 33 560 66 0.8 2 1397.78 160.3 66.52 65.7
dgg%ﬂggﬂg 34 800 90 1.0 0 1052.33 150.1 62.28 63 1
tho aoouraty. 3 1250 112 1.2 4 973.83 1511 62.68 553
of developed 36 1600 66 0.9 0 1557.83 159.2 66.05 53.4
ANFIS models 37 1250 90 11 4 1178.58 164.2 68.15 50.2
38 1120 90 1.0 4 115158 162.1 67.07 526
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Table 4. Comparative errors for the welding responses

No. SWE [J/mm] JE (%] MH [HV]

Exp. ANFIS Err. [%] Exp. ANFIS Err. [%)] Exp. ANFIS Err. [%]
33 1397.78 1390.42 0.53 66.52 66.14 0.57 65.7 65.2 0.76
34 1052.33 1067.89 -1.48 62.28 62.77 -0.79 63.1 63.8 -1.11
35 973.83 970.12 0.38 62.65 62.28 0.59 55.3 55.7 -0.72
36 1557.83 1552.94 0.31 66.05 66.62 -0.86 53.4 53.8 -0.75
37 1178.58 1172.93 0.48 68.15 68.73 -0.85 50.2 49.6 1.20
38 1151.58 1159.46 -0.68 67.27 67.59 -0.48 52.6 52.1 0.95

Exp.: Experimental value; Err.: Error

For the SWE model, single terms (S, f, D, and
7), interactive terms (Sf, /D, and fT), and quadratic
terms (S2, f2, and D?2) are significant factors. The
contributions of the S, £, D, and T are 7.89 %, 50.59 %,
5.47 %, and 3.77 %, respectively. The contributions
of the S, fD, and fT are 3.28 %, 2.35 %, and 1.77 %,
respectively. The contributions of the $2, f2, and D2 are
1.73 %, 19.74 %, and 2.18 %, respectively.

For the JE model, single terms (S, f, D, and
7), interactive term (Sf, SD, and DT), and quadratic
terms (52, 2, D2, and 72) are significant factors. The
contributions of the S, f, D, and T are 8.81 %, 20.64 %,
16.09 %, and 6.64 %, respectively. The contributions
of the Sf, SD, and DT are 2.78 %, 2.46 %, and 6.29
%, respectively. The contributions of the S2, f2, D2,
and 72 are 11.16 %, 6.93 %, 2.45 %, and 15.52 %,
respectively.

For the MH model, single terms (S, £, D, and 7),
interactive term (Sf, ST, fD, and DT), and quadratic
terms (82, f2, D2, and 72) are significant factors.
The contributions of the S, f, D, and T are 23.89 %,
16.87 %, 16.49 %, and 11.49 %, respectively. The
contributions of the Sf, ST, /D, and DT are 2.94 %,
2.53 %, 229 %, and 2.29 %, respectively. The
contributions of the S2, 2, D2 and, 72 are 7.18 %, 3.86
%, 5.66 %, and 3.37 %, respectively.

3.3 The Impacts of FSW Parameters

The influences of FSW parameters on the specific
welding energy are shown in Fig. 9.

Fig. 9a indicates that a higher S increases the SWE,
while an increased f causes a reduction in the SWE.
When the S relatively rises from 480 rpm to 1600 rpm,
the SWE is relatively increased by 13.6 %. At a higher
S, the momentum of the main spindle increases and
the spindle system consumes more power consumed
to satisfy the desired value. The total power consumed
of the machine tool increases; hence, the SWE
increases according to Eq. (1). An increased S causes
higher welding engagement between the tool and

Table 5. ANOVA results for the SWE model

So SS MS F Value p-value
Mo 343725.7  343725.7 35.3 0.0001

S 598793.7  598793.7 859.8 0.0001

f 383216.9  383216.9 5512.8 0.0001
D 415233.3  415233.3 596.1 0.0001
T 286087.7  286087.7 410.8 0.0001
Sf 2482222 2482222 357.4 0.0033
D 178436.6  178436.6 256.1 0.0046
T 134269.3  134269.3 192.9 0.0058
S2 1319129 131912.9 188.5 0.0062
f2 149067.7  149067.7 21511 0.0001
D2 1644221 164422.1 237.5 0.0048
Res 76608.1 6964.4

Cor 351433.8
R2 = 0.9782; Adjusted R2 = 0.9734; Predicted R2 = 0.9622

Table 6. ANOVA results for JE model

So SS MS F Value p-value
Mo 892.76 63.769 41.008 < 0.0001
S 26533.5 26533.5 17063.37 < 0.0001
62162.5 62162.5 3997593 < 0.0001
D 48459.1 48459.1 31163.41 < 0.0001
T 199981 199981 12860.47 < 0.0001
Sf 8372.6 8372.6 5384.35 0.0045
SD 7408.9 7408.9 4764.57 0.0048
DT 18943.9 18943.9 12182.58 0.0003
S2 33611.1 33611.1 21614.89 < 0.0001
f2 20871.4 20871.4 13422.15 0.0001
D2 7378.7 7378.7 4745.205 0.0048
T2 46742.4 467424  30059.42 < 0.0001
Res 17.105 1.555
Cor 909.865

R2 = 0.9812; Adjusted R2 = 0.9746; Predicted R2 = 0.9622

workpiece to be machined, leading to higher friction
at the interfaces. Greater resistance is produced, which
requires more power used to overcome the friction
of the joining materials; hence, the SWE logically
increases. There are similar impacts of the spindle
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Table 7. ANOVA results for MH model

= === .. ===
: Ei—i Ei—i EZ]' Eg \ \ So SS MS F Value p-value
= e | 1 Ceer C 1] Mo 1446.74 103.34 33.081 < 0.0001
== = ' | S 1639.87  1639.87  524.963 < 0.0001
=] = % 1 f 1158.00 1158.00 370.705 < 0.0001
e ew i = e D 11391 11391 362354 < 0.0001
= == - L[ 1 — I . T 788.70 788.70 252.483 < 0.0001
e =~ == | Sf 201.81 201.81 64.604 0.0056
e e amm == o ST 17366 17366 55595  0.0058
s [ =T EBE=l [O_] D 157.19 157.19 50.321 0.0061
[t L i B e DT 15719 15719 50321 0.0061
= — ~ : s2 49285 49285  157.775  0.0002
| Sl 2 26496 26496 84820  0.0043
a) SremmRasE e H e = ‘ D2 388.51 388.51 124.374 0.0003
T2 231.32 231.32 74.053 0.0044
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Fig. 8. The schematic rules for;
a) SWE model, b) IF model, and ¢) MH model

speed on the energy consumption for the turning [25],
milling [26], and burnishing [27] processes.

As shown in Fig. 9a, when the frelatively changes
from 47 mm/min to 112 mm/min, the SWE is relatively
decreased by 52.6 %. An increased f causes higher
power consumption in the feed driving system; hence,
the total power used in the machine tool increases.

can be found for the turning [25], milling [26], and
burnishing [27] processes.

As shown in Fig. 9b, an increased 7T causes a
higher SWE. When the T relatively rises from 0 deg
mm to 4 deg, the SWE is relatively increased by 6.3
%. At a higher T, the depth of the shoulder inside the
specimen increases; which leads to higher friction
between the tool and workpiece. Greater resistance
for tool movement is obtained, which requires more
power consumption; hence, a higher SWE is required.
Higher energy consumption with an increased 7" was
presented in the work of [10].
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Fig. 9. The interactive influences; a) SWE versus S and f, and
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The influences of FSW parameters on the
jointing efficiency are shown in Fig. 10. As shown
in Fig. 10a, the JE increases as the S increases to
the middle value and decreases thereon. When the S
rises from 480 rpm to 1120 rpm, the JE is relatively
increased by 8.4 %. The JE is relatively decreased
by 0.6 % as the S changes from 1120 rpm to 1600
rpm. A higher S increases the welding engagement,
leading to higher heat generation at the interfaces. The
hardness and strength of the two materials decrease,
which increases the degree of the mixture; hence,
the stir zone size and the bonded area enhances.
Consequently, the tensile strength improves, leading
to higher jointing efficiency. In contrast, a further S
causes excessive heat input, which results in grain
growth in the welded region. The tensile strength of
the weld decreases, leading to a reduction in the JE.
The similar influences of the S on the tensile strength
can be found in the works of [1], [2], [4] and [6].

As shown in Fig. 10a, a higher f decreases the
JE. When the f rises from 47 mm/min to 112 mm/
min, the JE is relatively reduced by 15.73 %. A
higher f'increases the velocity of the welding tool and
decreases the processing time. The heat generation at

the interfaces decreases, resulting in the lack of proper
diffusion between the two plates. In other words, the
degree of the mixture decreases, leading to higher
grain size in the welded region. The tensile strength
of the weld decreases, leading to a decreased JE. A
reduction in the tensile strength with higher welding
speed can be found in the works of [1], [2], [4], and
[11].

1500

ez
L) . 1000
0;,2} 50 500 S\mﬁi\

b)
Fig. 10. The interactive influences; a) JE versus S and f;
and b) JE versus T and D

Fig. 10b indicates that an increase in the D
increases the JE. When the D relatively rises from 0.6
mm to 1.2 mm, the JE is relatively increased by 13.9
%. A higher depth of shoulder inside the workpiece
is obtained with an increased D. An increase in the
heat generation is obtained due to higher friction at the
interfaces between the tool and workpiece increases.
The consolidation of the weld by effective diffusion
of atoms between the two plates is enhanced. A better
mixture between two materials is achieved, leading
to higher tensile strength; hence, the JE increases.
Higher tensile strength with an increase in the depth
of penetration can be found in the publications [8], [9],
and [11].
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As shown in Fig. 10b, the JE increases as the 7
increases to the middle value and decreases thereon.
When the T rises from 0 deg to 2 deg, the JE is
relatively increased by 10.1 %. The JE is relatively
decreased by 3.9 % as the tool tile angle changes
from 2 deg to 4 deg. A higher T causes an increased
depth of shoulder inside the specimen; which leads to
higher friction between the tool and workpiece. The
heat generation increases at the interfaces, leading
to a better mixture between two materials due to the
enlargement in the welded zone. Therefore, the tensile
strength of the joint increases, resulting in a higher JE.
Further T causes excessive heat generation, leading to
a coarse grain; hence, the JE decreases. The similar
impacts of the tool title angle on the tensile strength
are presented in the works of [3], [6], [16], and [18].

The influences of FSW parameters on the micro-
hardness at the welded zone are shown in Fig. 11. As
shown in Fig. 11a, a higher S decreases the MH. When
the S relatively rises from 480 rpm to 1600 rpm, the
MH is relatively reduced by 21.8 %. An increased S
causes higher welding engagement at the interfaces
between the tool and specimen. A higher degree
of friction increases, leading to an increased heat
generation in the welding region. The hardness and
strength of the welded specimen decrease, resulting in
soft and flexible structures; hence, the MH decreases.
A decreased micro-hardness with higher welding
speed can be found in the works of [2], [9], [12], and
[15].

As shown in Fig. 11a, a higher f increases the
MH. When the f relatively rises from 47 mm/min to
112 mm/min, the MH is relatively enhanced by 19.3
%. Higher f causes an increased velocity of the tool
and a reduction in the welding time. The welding
engagement decreases, leading to a reduction in
the friction at the interfaces. The heat generation
decreases, resulting in higher strength and hardness of
the welded specimen. Therefore, an increased MH is
obtained. Similar impacts of the welding speed on the
micro-hardness are presented in the works of [2] and
[12].

As shown in Fig. 11b, the MH decreases with an
increased D. When the D relatively rises from 0.6 mm
to 1.2 mm, the MH is relatively decreased by 15.9 %.
A higher D increases the depth of the shoulder inside
the workpiece. The friction at the interfaces between
the tool and workpiece to be machined increases.
Excessive heat generation is obtained, which causes
the coarse-graining in welding metal and dissolves of
sediments in aluminium alloys. Consequently, the MH
decreases. Low micro-hardness with higher depth of
penetration can be found in the works of [7] and [8].

As shown in Fig. 11b, the MH decreases with an
increased 7. When the T relatively rises from 0 deg to
4 deg, the MH is relatively decreased by 11.7 %. At
a higher 7, the depth of shoulder inside the specimen
increases; which leads to higher friction between the
tool and workpiece. The heat generation increases
at the interfaces, leading to a higher grain size at the
welded region. Consequently, low MH is observed
with an increased 7. The similar impacts of the tool
title angle on the micro-hardness are presented in the
works of [10] and [15].
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Fig. 11. The interactive influences, a) EL versus S and f,
and b) EL versus Tand D

3.4 Optimization Results

The developed ANFIS models are applied to select
the optimal outcomes with the aid of the NCGA.
The operating parameters of the NCGA are shown
in Table 8. In this study, we select the collapse of the
population (a) as the convergence parameter, which
can be expressed as:

max

a:(ymax_yminjxloo’ (13)

434 Van, A.-L. - Nguyen, T.-T.



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)6, 424-438

where y. and ypi, are the maximum and minimum
responses.

Table 8. Operating parameters of the NCGA

No. Symbol Parameters Values
1 PO Population size 20 40 60
2 NG Number of generations 20 40 60
3 MR  Mutation rate 0.01 0.03 0.05
4 GS  Gene size 40 60 80

- PO NG
T 18
= 164
e e
S 14 '\\,\'
2 1.2 \
Q
& 1ol — ‘ ; ; ; ‘
£ 20 40 60 20 40 60
[
3 MR GS
2 1.8
= 161 /\
3 T
S 14
5} ./ \
£ 124 \
1.0

0.01 0.03 0.0 40 60 80
Fig. 12. Selection of optimal NCGA parameters

The minimum value of the a is utilized to select
the convergence, while the SWE is considered as
the objective function. The computation trials are
conducted by means of the Taguchi experimental
matrix Lg. As shown in Fig. 12, the optimal data of
the PO, NG, MR, and GS are 60, 60, 0.05, and 80,
respectively.

We have simultaneously performed the PSO
to solve the optimization issue. The Pareto graphs
produced by the NCGA and PSO are presented in
Figs. 13a and b, respectively. As a result, the number
of feasible designs of the NCGA and PSO are 560
and 301, respectively. Moreover, the NCGA provides
better results, as compared to the PSO ones (Table 9).

An experimental confirmation is conducted
at the optimal point to check the reliability of the
obtained results. The small deviation indicates that the
proposed approach comprising the ANFIS, Taguchi
method, and NCGA is feasible and reliable (Table 10).

The microstructure in the nugget zone is shown
in Fig. 14, in which the grains are entirely transformed
into fine-sized structure with even distribution and
equal space. The welding defects, such as porosity,
voids, flash, and cracks, have not been found in the
welded zones. It can be stated that the fine grains
using the recrystallization have been produced with
the aid of optimal FSW parameters. In other words,
the joints of AA6061 plates have been successfully
implemented, leading to high-quality joint.

Fig. 13. Pareto fronts; a) produced by the NCGA,
b) produced by the PSO

L W s ]

Fig. 14. The microstructure in the nugget zone

The industrial values can be listed as follows.

The obtained results are effectively applied to
improve performance measures of the FSW process of
the aluminium alloy.

The 2-2-2-2-2 ANFIS architectures could be
used to render the relations between FSW parameters
and the welding performances. The welding models
proposed by the ANFIS approach are significant and
adequate, which are capable of generating accurate
predictions for the response values of the FSW
operation of the aluminium alloy.
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Table 9. Optimization results generated by the NCGA and PSO

Method Optimization parameters Responses
S [rpm] f [mm/min] D [mm] T [deg] EW [kJ] JE [%] MH [HV]
Initial values 480 77 0.9 4 1255.47 62.78 62.8
Optimal results-PSO 1040 85 0.8 3 1090.21 61.73 63.8
Optimal results-NCGA 560 90 0.9 2 1042.63 64.21 66.8
Improvement [%] -17.0 2.3 6.4
Table 10. Confirmatory results
Method Optimization parameters Responses
S [rpm] f[mm/min] D [mm] T [deg] EW [kJ] JE [%] MH [HV]
Optimal results 560 90 0.9 2 1042.63 64.21 66.8
Experiment 560 90 0.9 2 1048.38 64.96 68.2
Error [%] -0.6 -1.2 -2.1

4 CONCLUSIONS

In the current investigation, the friction stir welding
(FSW) operation of the AA6061 has been addressed
and optimized to decrease the specific welding energy
(SWE) and enhance the jointing efficiency (JE) as
well as the micro-hardness (MH). The optimizing
FSW parameters are the rotational speed (S), welding
speed (f), depth of penetration (D), and tool title angle
(7). The ANFIS models of the welding responses
were proposed in terms of the optimizing inputs, in
which optimal operating parameters were optimized
using the Taguchi method. The NCGA was applied to
determine optimal values of welding parameters and
objectives. The finding can be listed as follows.

1. The lowest levels of the S, D, and T could be
utilized to reduce the SWE, while the highest /' was
recommended. To enhance the JE, higher values of
the S, D, and T could be utilized, while lower f could
be applied. Similarly, an increased MH could be
obtained with higher values of the S, D, and 7, while
a lower fis encouraged.

2. All  machining factors have significant
contributions to the ANFIS models. For the SWE
model, the f was named as the most effective
factor, followed by the S, D, and T, respectively.
For the JE model, the welding speed was the
most effective factor, followed by the D, S, and
T, respectively. For the MH model, the S had the
highest contribution, followed by the f, D, and 7,
respectively.

3. The optimal parameters proposed by orthogonal
array-based ANFIS-Taguchi method-NCGA of
the S, f, D, and T were 560 rpm, 90 mm/min,
0.9 mm, and 2 deg, respectively. The SWE was

decreased by 17 %, while the JE and MH were
enhanced by 2.3 % and 6.4 %, respectively.

4. This investigation addressed the specific welding
energy, jointing efficiency, and micro-hardness
at the welded zone under the variation of FSW
parameters. The impacts of welding conditions on
the costs and grain size will be explored in future
works.

5. Practically, the weights reflect the importance of
each response in relation to other performances.
Therefore, the weight should be objectively
determined based on experimental data, instead
subjective chosen of the decisive maker to
generate reliable optimal outcomes.
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Determination of Limiting Dome Height (LDH) Values
for Inconel 718 Alloy Sheet Using FEA
and a Hemispherical Punch Method

Kanmani Ganesan® — Saravanan Sambasivam — Rajesh Ramadass
PSG College of Technology, Department of Production Engineering, India

In a uniaxial tensile test, the material properties of Inconel 718 alloy sheet, such as yield strength, ultimate tensile strength, percentage of
elongation, normal anisotropy, planar anisotropy, strain hardening exponent and the strength coefficient were determined in the longitudinal,
diagonal, and transverse rolling directions. The main aim of this research is focused on the determination of limiting dome height (LDH) values
for Inconel 718 alloy sheet of 1 mm thickness through experiments and finite element analysis using a hemispherical punch method. A limit
curve was established through experimentation, which ensures a safe working region for 1 mm thick Inconel 718 sheet at room temperature.
Scanning electron microscope (SEM) analysis of 100 mm and 120 mm width specimens indicated smooth surfaces and ductile fractures.
The examination of 140 mm and 160 mm width specimens showed rough surfaces and shear-ductile failures. In finite element analysis,
Barlat-89 yield criterion was used to obtain the limiting dome height (LDH) values and strain distribution in the specimen using ABAQUS6.1. A
close relationship with minor deviation was observed between the experimental LDH values and finite element analysis results. The chemical
composition of the fractured sheet examined using energy dispersive spectrum (EDS) analysis was similar to the results observed with an
X-ray fluorescence (XRF) technique conducted on the Inconel 718 alloy sheet before failure. The approach presented in this work can be

applied to obtain the LDH values of researched material focused.

Keywords: Inconel 718 alloy sheet, uniaxial tensile test, hemispherical punch method, LDH values, SEM, EDS

Highlights

*  The mechanical properties of Inconel 718 alloy sheet of 1mm thickness were obtained in different rolling directions.

*  The percentage of elongation was high (47.6 %) in the rolling direction compared to other transverse directions.

*  The strain hardening (n) is found to be 0.34, which indicates good stretch ability and formability.

*  The strain limit obtained is the safe region where the material is susceptible to plastic deformation without failure.

*  The LDH values obtained from ABAQUS6.1 and experimental results were in good agreement. The error was found to be less

than 5 %.

0 INTRODUCTION

The usage of superalloys is increasing in acrospace
and defence applications. Inconel is a nickel-chromium
alloy with exceptional corrosion and oxidation
resistance that is used at extreme environments. The
transformation of sheet metal into desired shapes
without deformation is considered as the measure of
formability of a material. The sheet metal formability
is evaluated using different methods, such as the
Keeler test, Hecker test, Markiniak test, Nakizima
test, and Hasek test. Gupta and Kumar [1] applied a
Hecker simplified technique for the formability of
galvanized interstitial free sheets. The forming limit
diagram (FLD) has been evaluated experimentally
using a hemispherical punch method. Pérez Caro
et al. [2] determined that among the various nickel-
based superalloys, the properties of Inconel 718 alloys
sheets have attracted the attention of researchers for
manufacturing sheet metal components. Reed [3] and
Anderson et al. [4] discussed sheet metal forming
processes that are commonly used in industries and

compared them to other manufacturing process as the
grain orientation remains unaffected after processing
the material. The authors [4] also reported that Inconel
718 alloy sheet is one of the hardest alloys in nickel-
chromium-iron-based superalloy family widely used
in the form of sheet metal for fabricating fuel cells,
outer casings, heat exchanger devices, fuel tanks,
and various structures of space and aircraft vehicles.
Sajun Prasad et al. [5] reported that the formability
of the material in the sheet metal forming process is
evaluated using FLD, and the trend line is obtained
as a plot between circumferential and radial strain
measurement. A rigid hemispherical punch and die
set up was used to obtain the FLD. It indicated the
maximum strain that the material can withstand before
failure. Banabic al. [6] observed that the experimental
determination of FLD is a time-consuming process,
which has led to the development of numerical
models and computational methods. Jayahari et al.
[7] predicted the mechanical properties of Inconel
718 alloy sheet at sub-zero temperatures in different
rolling directions using artificial neural networks
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(ANN). Djavanroodi and Derogar [8] investigated
the strain distribution in the forming of Ti6A14 alloy
and Al6061-T6 alloy sheets; the impact of factors
on the FLD was also evaluated and simulated using
ABAQUS. Narayanasamy and Narayanan [9] obtained
the experimental FLD for interstitial free (IF) steel
of different thicknesses by press forming. Also,
the SEM analysis of fractured test specimens in a
uniaxial test showed ductile fractures. Badr et al. [10]
explored various yield criteria and hardening rules
to convert the forming limit diagram to a forming
limit stress diagram. It was found that the Barat-89
and Hosford-79 material models provided extremely
high accuracy values against the experimental results
obtained using the forming limit diagram. Toshniwal
et al. [11] studied the mechanical properties of Ti-
6A1-4V using tensile test and obtained the FLD of
the material using a stretch forming test. Sudarsanetal.
[12] determined the mechanical properties of SS304
in three different rolling directions and studied
the influence of parameters on the limiting strain.
Rahmaanet al. [13] examined the strain rate influence
on flow stress and anisotropy for the sheet metal alloys
DP600, TRIP780 and AA5182-O. These materials
exhibit no significant dependence of anisotropy and
strain rate in the tensile test. Li et al. [14] studied the
strain rate influence on the mechanical properties,
fracture mechanism of DP780 dual-phase steel was
investigated; it was found that the micro-cracks and
voids increased with increases in the strain rate.
Mabhalle et al. [15] found that the FLD for precipitate
hardened Inconel 718 alloy at various temperatures
from room temperature to 700° using Nakazima test.
The author also emphasized that the theoretical models
proposed for FLD prediction are the Swift model, Hill
model, and M-K model. The application of these models
for formability prediction is a time-consuming process.
The finite element method for the prediction of LDH
values is urgently needed in the sheet metal industry.
Finite element analysis reduces the costs incurred by
the trial-and-error method of sheet metal forming. Paul
[16] declared that FLD is extremely sensitive on strain
paths. The yield criterion selection had a significant
impact on the results of a stress-based forming limit
diagram. Paul [17] developed a model to predict the
FLC of steel sheets from the simple tensile properties
of the material. Paul [18] identified minor deviations
of FLC using the International Organization for
Standardisations (ISO), time dependant, slope, and
flat valley methods. The detailed review of journal
articles quoted in the above discussion [1] to [18]
revealed that only very minimum work was done in

the topic of “LDH determination for Inconel 718 alloy
sheet at room temperature”.

Therefore, the proposed work discusses the new
findings related to the gap identified in the literature
study. The chemical composition of Inconel 718
alloy sheet was found using XRF. The mechanical
properties of the sheet were obtained in different
rolling directions using a uniaxial tensile test. The
LDH values of 1 mm thick Inconel 718 alloy sheet
were determined by experimentation and finite element
analysis using the hemispherical punch method. SEM
and EDS analysis of the fracture specimen is also
presented.

1 MATERIALS AND METHODS

The workflow process chart is indicated in Fig. 1.
The Inconel 718 alloy sheet was tested for chemical
composition using the XRF technique. The sheet
was subjected to uniaxial tensile testing, and the
mechanical properties were determined in different
rolling directions. The specimens were prepared as
per Hecker’s simplified technique; experimental
LDH values and FLD for the Inconel 718 alloy
sheet were obtained using the hemispherical punch
method. The test results obtained from uniaxial tensile
test were provided as input to ABAQUS 6.1. The
strain distribution along with simulated LDH values
was obtained. The LDH values obtained through
experiment and Finite Element Analysis (FEA)
simulation results were compared. If the results are not
in agreement, the FEA-based simulation is repeated in
ABAQUS 6.1. If the results are in close agreement,
then the results of the work are summarized in the
conclusion.

1.1 Chemical Composition and Microstructure

Inconel 718 alloy sheet (1 mm thickness) was
subjected to chemical composition testing using an
X-ray fluorescence (XRF) technique. The elements
Cr, Mo, Fe, Al, and Ti are especially important for
increasing solid solution strengthening and corrosion
resistance; the count of niobium helps to increase the
creep strength in the deep-drawing application. The
chemical composition of Inconel 718 alloy sheet is
shown in Table 1. The alloy specimens were prepared
by electrically etching them. The polishing was
performed using oxalic acid and water in a proportion
of 1:10 for studying the microstructure with an optical
microscope.
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Fig. 1. Process flow chart

Table 1. Chemical composition of Inconel 718 alloy sheet

Element  Ni Cr Fe Nb Mo Ti Al
% 532 195 182 438 3.0 1.8 1.2

Microstructure obtained from optical microscope,
shown in Fig. 2. indicates grain size of 7.5 um with
morphology variations in rolling direction, transverse
and diagonal direction.

a) b)

Fig. 2. Microstructure of Inconel 718 alloy sheet before
deformation; a) mag:200x%, and b) mag:500x

1.2 Tensile Test

The specimen the or uniaxial tensile test is prepared
as per ASTM E8M standard [19] by wire-cut electrical
discharge machining (WEDM) shown in Fig. 3.

The specimen was prepared using WEDM to
obtain good surface finish and tight tolerance in
Inconel 718 alloy sheets. The specimens were prepared

e

ﬁp:_'- —~ I

-~ 5

o
=™

|

Fig. 3. Tensile specimen as per ASTM ESM

Rolling direction

Transverse to rollingdirection
,
4’)

|
|
. Parallel to rolling direction
|

Fig. 4. Tensile samples in different rolling direction

The strain-hardening exponent () of materials is
characterized by Hollomon’s power law, and it plays
an important role in formability, as shown in Eq. (1).
The Lankford coefficient (r-value), normal (R) and
planar (AR) anisotropy of the sheet materials are cal-
culated with Egs. (2) to (4).

o=Kg", (1)

5 ln(wfj

w W,

rzgz—" , )

ln[lowoj

lfw/
R=r0+rz+r90’ 3)

-2

AR=r° ’;5+50, 4)
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where K is the strength coefficient, € true strain, wy
is final width, w, initial width, /cfinal length, /, initial
length of sheet.

1.3 Forming Limit Diagram (FLD)

FLD is an important parameter index that describes
the maximum limit of principal strain that the material
can withstand before failure. Limiting strains at
necking and fracture are determined using forming
limit diagram and fracture limit curve in sheet metal
forming. Kotkunde et al. [20] prepared the specimens
using Hecker’s simplified technique for experimental
determination of FLD in Ti-6Al-4V alloy. Thus, in this
work, the specimens of the Inconel 718 alloy sheet for
experimental FLD were also prepared with Hecker’s
simplified technique.

$400
$340

55 #105.7
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TTITTITTITEY
A

\SEE DETAIL A

150

$101.6

Fig. 5. Schematic model of hemispherical punch test

The FLD for Inconel 718 alloy sheet is obtained
using a specifically designed and fabricated
hemispherical punch, blank holder, and die. Fig. 5
shows a schematic drawing of the hemispherical
punch die setup. Fig. 6 indicates the 3D model and
the details of the individual parts. Three steps are
followed during the experimental procedure: grid
marking, punch-stretching of a grid marked sheet, and
strain measurement of a deformed specimen.

Deformed specimen

< Blank holder

Punch

|
Fig. 6. 3D Model of forming die setup

S d)
Fig. 7. Meshing of components in ABAQUS 6;
a) die meshed eight node linear brick element,

b) blank holder meshed four node linear tetrahedron element,
¢) punch meshed four node linear tetrahedron element, and
d) sheet meshed eight node linear brick element

1.4 Finite Element Analysis

The components of the setup (e.g., die, blank holder,
and hemispherical punch) were modelled based on the
reference [9]. The numerical simulation of the stretch
forming process was performed using ABAQUSG6.1.
The punch, die, and blank holder were modelled
as discrete rigid bodies, while the sheet metal was
modelled as a deformable material. Explicit surface-
to-surface contact was established between the
punch and blank, the blank and blank holder, and
between the blank and die. An eight-node linear brick
element (C3D8R) was used as a meshing element for
the die, punch, and blank holder. Four-node linear
tetrahedron elements were used as meshing elements
for the blank. The punch is assigned the movement
only in the z direction. The degrees of freedom in
x, v and z directions were arrested for the rest of the
components in the die. A draw bead was created on
the die to inhibit the material flow from the flange
part where the blank holding force was applied in the
z-direction. The quarter model is considered to reduce
the simulation time; the meshing of components is
shown in Fig.7. A Barlat-89 yield function material
model is shown in Eq. (5) and the terms k; and k, are
mentioned in Eq. (6). The experimentally determined
material properties (i.e., yield strength, ultimate
tensile strength, percentage of elongation, normal
anisotropy, planar isotropy, strain hardening exponent
and Poisson’s ratio) were given as inputs for the
material and are simulated by ABAQUS 6.1.

allk +k,|"+b|k k| +e| 2k, Y= 20,7, (5)
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where a, b, ¢, hand p are anisotropic parameters, k,
and k, coefficients, M invariants of the stress, and o,
effective stress.

1.5 SEM Fracture Analysis

The micro-structural changes of sheet metal are
examined using SEM. The behaviour of the sheet
metal is predicted from SEM images. The main
aim is to understand the limits and behaviour of the
material and possible causes of failure under biaxial
strain conditions. Narayanasamy and Narayanan [21]
used SEM fractography to understand the fracture
behaviour and formability of interstitial free steel. In
this work, the SEM fractography was used to examine
the fracture surface of an Inconel 718 alloy sheet
obtained from a hemispherical punch method.

2 RESULTS AND DISCUSSION
2.1 Tensile Test Results

Mechanical properties, such as yield strength, ultimate
tensile strength, elongation, anisotropy parameters,
strain hardening and strength coefficient of Inconel
718 alloy sheet metal are determined in three different
rolling directions; the results of the tests are shown in
Tables 2 and 3.

Table 2. Tensile properties of Inconel alloy sheet

Direction YS [N/mm2] UTS [N/mm2] Total % of elongation
0° 512.1 820.9 47.6
45° 545.3 942.5 43.9
90° 614.6 931.3 451

Table 3. Anisotropy properties & strain hardening exponent of
Inconel alloy sheet

Direction  r values R AR n K
0° 1.18 1.03 0.33 2022
45° 0.97 0.97 -0.04 0.31 1564
90° 0.91 0.94 0.32 1522

where YS is yield strength, UTS ultimate tensile
strength, » anisotropy parameter, R normal anisotropy,
AR planar anisotropy, n strain hardening exponent,
and K strength coefficient.

Strain hardening » is found to be 0.33, which
indicates good stretch ability and formability, whereas

normal anisotropy » is 1.02, which shows resistance
to thinning while drawing. The total elongation is
found to be maximum in the longitudinal rolling
direction compared to the diagonal and traverse
rolling directions. Prasad al. [19] and Ravi Kumar and
Swaminathan [22] reported similar results in Inconel
718 alloy sheets and aluminium alloys. The Inconel
718 has a negative planar anisotropy of —0.04 which
can result in earing in the diagonal rolling direction.

True stress and true strain values, engineering
stress and strain values are plotted and are shown in
Fig. 8. Based on the observed values, the Inconel 718
alloy sheet percentage of elongation and strength were
found to be good in the rolling direction.

1400 True stress & True strain

Engineering stress &
Engineering strain

Stress

T35 0 Degree
——ESS 0 Degree
~ - = TsS45Degree
— - = ESS45Degree
wf TS5 90 Degree
ES590 Degree

0.1 01 0z 03 04 05 06 07
Strain

Fig. 8. True stress-strain curve vs engineering stress strain

True stress and true strain values, and engineering
stress and strain values are plotted and are shown in
Fig. 8. Based on the observed values, the Inconel 718
alloy sheet percentage of elongation and strength were
found to be good in the rolling direction.

2.2 Experimental Results

A 100-ton hydraulic press and die setup shown in Fig.
9 is used for performing the hemispherical punch test
and six specimens of sheet dimensions 200 mm x 200
mm, 200 mm X 180 mm, 200 mm x 160 mm, 200 mm
x 140 mm, and 200 mm X 120 mm, 200 mm x 100
mm (shown in Fig. 10) are subjected to hemispherical
punch test. A grid circle of @3 mm is marked on the
specimens with an electrochemical-etching process.
The specimens were clamped between the blank
holder and the lower die rigidly with adequate blank
holding force. Polyethylene sheet and Servo 4T 20w40
lubrication oil was applied to the sheet specimen for
improving the flow of the material in hemispherical
punch method. Prasad et al. [21] maintained a constant
speed of 20 mm/min in the punch during stretch of
specimen.
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Fig. 9. 100-ton hydraulic press and die setup

e)

Fig. 10. Grid printed experimental specimen before deformation,
a) 200mm x 200mm, b) 200 mm x 180mm, ¢) 200 mm x 160 mm,
d) 200mm x 140mm, e) 200mm x 120 mm, f) 200 mm x 100 mm

Panickeret al. [23] showed that the onset of
necking and failure of the specimen was monitored
by a mirror mounted on the top of the die.

Dl_dl
=, 7
8 ) @)
D,—d
8, = ZD o (®)
2

where s; is major strain, s, minor strain, D; is ellipse
major axis distance, D, ellipse minor axis distance,
and d; gird circle diameter.

Egs. (7) and (8) are used to determine the major
and minor strains by measuring the diameters of the
ellipses. The minor and major strains are measured
using a Dalsa Corporation machine vision system and
the pixel quality is 752 x 582. The accuracy is 0.1
mm is shown in Fig. 11. The Inconel 718 alloy sheet
specimens deformed are shown in Fig. 12.

Fig. 12. Fractured punch dome test specimen for evaluation of
formability

The FLD diagram is plotted from the measured
strain values obtained from various ellipses in
fracture, necked and safe regions as shown in Fig. 13.
The formability is measured by FLD and the point
of intersection of FLD with the true major axis value
is found to be 0.34. The minor strain is observed on
the left side of the FLD and major strain is observed
on the right side of the FLD, which is due to biaxial
expansion. The formability knowledge of Inconel
718 alloy sheet material obtained can be used in sheet
metal industries for failure prediction in the design
stage and for minimizing the cost incurred in the trial-
and-error method. The simulated LDH values obtained
from ABAQUS 6.1 and experimental LDH values
measured using the coordinate measuring machine
(CMM) are listed in Table 4. The simulated and
experimental LDH values were in close agreement;
the error percentage was found to be less than 5 %.
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Fig. 13. Experimental forming limit diagram
of Inconel 718 alloy sheet
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Fig. 14. EDS Element analysis for fractured specimen; a) 200 mm x 100 mm, b) 200 mm x 120 mm,
¢) 200 mm x 140 mm, and d) 200 mm x 160 mm
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Table 4. The simulated LDH values from ABAQUS 6.1 and
experimental LDH values using the CMM

Specimen Simulated Experimental (LDH) Error
[mm] [mm] [mm] (%]
200 x 100 50.65 48.6 -4.21
200 x 120 51.82 49.8 -2
200 x 140 52.25 50.2 -2
200 x 160 52.28 52.2 -0.08
200 x 180 52.83 53.2 0.69
200 x 200 53.01 53.3 0.03

2.3 Fractography Results

The features of the fracture are analysed using
fractography. The fractography is performed using
SEM. SEM examination of grid circle changes in
the tension-tension region (right side of FLD) and
tension-compression region (left side of FLD) is
shown in Fig. 14. EDS analysis provides the details
of the chemical composition of the enclosure in the
vicinity of the fractured surface and is shown in Figs.
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14a and b. The chemical compositions of materials
examined at the fracture surface were similar to the
composition identified in Table 1. Fractographs of 100
mm and120 mm width specimens showed minimum
minor strain and maximum major strain. The shallow
dimples and minimum number of voids are observed
in Fig. 14a and b. The blanks were subjected to plane
strain condition resulting in pure ductile failure (Fig.
14 c and d). The 140 mm and 160 mm width specimen
indicated a mixed plain strain condition in the majority
of the region and in the circles examined in tension-
tension region. Deep dimples and more numerous
voids indicate shear and ductile fracture. The 200 mm
width specimen indicated no necking or failure.

Table 5. FEA values for different specimens

Specimen [mm]  FEA [mm] Specimen [mm]  FEA [mm)]
200 x 100 50.63 200 x 160 52.28
200 x 120 51.82 200 x 180 52.83
200 x 140 52.20 200 x 200 53.01

T
Dwhe 1T i XAR
Fierm 15-8T&T

| b= ' e W vy

Fig. 15. Fractographs of Inconel 718 alloy sheet specimens in hemispherical punch test; ;
a) 200 mm x 100 mm, b) 200 mm x 120 mm, ¢) 200 mm x 140 mm, and d) 200 mm x 160 mm
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Fig. 16. Simulated LDH values different specimens in ABAQUS 6.1

The quarter finite element (FE) model strain
distribution along the specimen is shown in Fig. 16.
The detailed view of strain distribution in the Inconel
718 alloy sheet is presented in Fig. 17. FEA values are
shown in Table 5.

Fig. 17. Strain distributions in Inconel 718 alloy sheet

3 CONCLUSION

In this paper, the mechanical properties of Inconel
718 alloy sheet in longitudinal, diagonal, and traverse
directions were obtained by uniaxial tensile test. Also,
the LDH values of the Inconel 718 alloy sheet were
examined by simulation and experimentation using
a hemispherical punch method. The following are
results obtained from this work.

The mechanical properties of the Inconel
718 alloy sheet of 1 mm thickness were obtained
in different rolling directions. The percentage of
elongation was high (47.6 %) in the rolling direction
compared to other directions. The strain hardening
n is found to be 0.34, which indicates good stretch
ability and formability. The normal anisotropy r
of 1.02 shows that material will resist thinning in
drawing operation. The strength coefficient value also

indicated that the material possesses good strength in
the transverse direction.

Inconel 718 alloy sheet properties observed in the
rolling direction were used in ABAQUS 6.1 for finite
element analysis. The strain distribution in the sample
dimension of 200 mmx 200 mm indicated no necking
or failure in both the simulation and experimentation.
The LDH values obtained from FEA and experimental
results were in good agreement. The error was found
to be less than 5 %. This indicates that the developed
FE model can further be used to study the material
behaviour of other alloy sheets numerically thereby
reducing the time and cost incurred in experiments.

FLD of the Inconel 718 sheet was obtained
experimentally. The strain limit obtained is the safe
region in which the material is susceptible to plastic
deformation without failure. As the width of the
specimen increases, the material resistance to plastic
deformation also increases. SEM examination of 100
mm and 120 mm width fractured sheets showed pure
ductile fracture. The strain distribution in the sample
dimension of 120 mm x 140 mm indicated shear
ductile fracture. The presence of alloying elements
before and after failure is confirmed by EDS analysis.
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Vpliv namakalnega medija na lezenje poliestrskega kompozita,
ojaCenega s piS¢ancjim perjem

Balsam H. Abed* — Ali A. Battawi — Abdul Wahab H. Khuder

Tehniski kolidz v Bagdadu, Srednja tehniska univerza, Irak

Kompozitni materiali se uveljavljajo v industrijskih aplikacijah po vsem svetu. Uporaba odpadkov kot je pis¢ancje
perje za ojacenje kompozitov lahko pomaga pri reSevanju okoljskih problemov, saj gre za izkori$¢anje obnovljivega
in cenenega materiala, ki ga je v izobilju. Ena glavnih prednosti kompozitov v primerjavi s klasi¢nimi materiali
je njihova nizka masa. V ¢lanku je predstavljena preiskava vpliva medija za namakanje na lezenje poliestrskega
kompozita, ojacenega s pis¢ancjim perjem.

Kompozit je bil izdelan po postopku ro¢nega polaganja. Pripravljeni so bili preizkusanci z razlicnim delezem
vlaknenega polnila (0 %, 0,2 %, 0,4 %, 0,6 % in 0,8 %), ki so bili nato namoceni v tri razlicne medije (KCI,
NaOH in HNO3). Preskusi lezenja so bili opravljeni po standardih ASTM. Rezultati kazejo, da imajo kompoziti s
pis¢ancjimi perjem, ki so bili namoceni v razlicne medije, odli¢ne mehanske lastnosti v primerjavi s kompoziti brez
ojacitve oziroma s kompoziti, ki niso bili namoceni. Pri poliestrskih kompozitih, ojacenih z 0,2 ut. % piscancjega
perja in namocenih v kisel medij, je bila ugotovljena izboljSava Casovnega raztezka v primerjavi s preizkusanci,
namocenimi v druge medije, in s Cistim poliestrom. Pri kompozitu z 0,4 ut. % pisc¢anéjega perja, namocenem
v alkalnem mediju, je bila ugotovljena najvecja izboljSava ¢asovne napetosti v primerjavi s Cistim poliestrom
in s preizkusanci, namocenimi v druge medije. Slani medij je najbolj izboljsal modul elasticnosti poliesterskega
kompozita z 0,8 ut. % piscancjih vlaken v primerjavi s Cistim poliestrom in preizkusanci, namocenimi v druge
medije.

Pregled literature je pokazal, da je mogoce Zze z majhnim uteznim delezem piscancjega perja izboljsati
mehanske lastnosti poliestrskih kompozitov. Odpadki kot naravna surovina se uporabljajo v razli¢nih industrijah,
Studija pa poudarja potrebo po recikliranju kompozitov in njihovi uporabi v novih aplikacijah. Naravna vlakna
bodo po napovedih ze v bliznji prihodnosti zamenjala sinteti¢ne polimere vsaj v specializiranih aplikacijah.
Naravna vlakna so lahko dobra zamenjava za sinteti¢na vlakna, ¢e ni zahtevana dolga zivljenjska doba izdelkov.
Moznosti uporabe vlaken zivalskega izvora za ojacitev kompozitev $e niso popolnoma izkoris¢ene. Proizvodnja
tovrstnih kompozitov je omejena zaradi pomanjkanja vlaken in uporaba perja je zato aktivno raziskovalno
podrocje. Odpadki se v takih kon¢nih izdelkih pretvorijo v dodano vrednost.

Prihodnje raziskave bodo lahko zajele Se druga naravna vlakna, kot so volna, konjska zima, ¢loveski lasje,
svila, juta, kokosova vlakna itd.

Kljucne besede: namakanje, piS¢ancje perje, poliestrski kompozit, lezenje, ojacitev

*Naslov avtorja za dopisovanje: Tehniski kolidZ v Bagdadu, Srednja tehniSka univerza, Irak, balsam.college@yahoo.com SI 51
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Preiskava dinamicnega vedenja StirinoZnega hidravli¢nega
podporja pod vplivom dvojnih udarnih obremenitev

Yunyue Xie! — Qingliang Zeng? — Kao Jiang3 — Zhaosheng Meng3. * — Qinghai Li3 — Junming Zhang?3
1 Znanstveno-tehniska univerza v Shandongu, Drzavni laboratorij v Shandongu
za preprecevanje nesre¢ v gradbenistvu in blazitev njihovih posledic, Kitajska
2 Znanstveno-tehniska univerza v Shandongu, Kolidz za strojnistvo in elektroniko, Kitajska
3 Znanstveno-tehniska univerza v Shandongu, Drzavni laboratorij za prepreevanje nesre¢ v rudarstvu,
ki ga sofinancirata provinca Shandong ter Ministrstvo za znanost in tehnologijo, Kitajska

Premog je glavni primarni energijski vir na Kitajskem, hidravli¢na podporja pa imajo pomembno vlogo v
podzemnem premogovni$tvu. Pogoste udarne obremenitve med rudarjenjem zlahka poskodujejo tedaje ter
zmanj$ajo stabilnost hidravli¢nega podporja. Zato je bila opravljena Studija za preucitev dinamicnega odgovora
hidravli¢nega podporja pod vplivom udarnih obremenitev in izboljSanje njegove stabilnosti.

V ta namen je bil v programskem paketu Hypermesh pripravljen togo-fleksibilni sklopljeni numeri¢ni model
podporja. Osnova je toga in povezana s podlago (spodnja ploskev osnove je omejena), stropnik, $¢it ter sprednja
in zadnja lemniskata pa so fleksibilni. Sistem sprednjih in zadnjih stojk je modeliran z ekvivalentnim sistemom
vzmeti in blazilnikov. Z uporabo nazivne statiéne delovne nosilnosti na modelu podporja je bila dolo¢ena togost
hidravli¢nega podporja pod staticno obremenitvijo in na podlagi omenjenih rezultatov je bila nato ocenjena
uporabnost modela. Sledili so udarni preizkusi hidravli¢nega podporja. Za boljso simulacijo naklju¢nosti udarnih
obremenitev so bile uporabljene enojne in dvojne udarne obremenitve. Analizirane so bile sile v tecajih in vibracije
sistema stojk, ko sta stropnik in $¢itnik podvrzena udarnim obremenitvam.

Rezultati so pokazali, da je najbolj obcutljiv tecaj sprednje stojke (139,4 %), ko udarne obremenitve prenasa
samo stropnik. Dinamicni odgovor vseh tecajev na hidravliénem podporju (razen na zadnji stojki) doseze vrsno
vrednost, ko udarne obremenitve delujejo na stropnik in na $¢itnik. Ko se udarne obremenitve pomikajo nazaj po
S¢itu, se spreminja tudi razbremenitev pritiska na tecaj.

Hidravli¢no podporje je mogoce obravnavati kot paralelni ro¢i¢ni mehanizem. Pri analizi mehanskih lastnosti
takih mehanizmov je pomembna zra¢nost med c¢leni. Zaradi kompleksnosti numeri¢nega modela in omejene
racunske moci so bili zgibi med deli podporja v okviru te Studije modelirani kot idealni zgibi. Tak pristop seveda ne
omogoca popolnega opisa realnega mehanskega odgovora hidravliénega podporja in avtorji bodo zato v prihodnje
skusali oblikovati dinami¢ni model hidravlicnega podporja ob upostevanju zracnosti v zgibih za izboljSanje teorije
dinamike hidravli¢nega podporja.

Predmet raziskave je Stirinozno hidravlicno podporje. Oblikovan je bil togo-fleksibilni sklopljeni numeri¢ni
model podporja za preucitev njegovih dinamicnih lastnosti. Podana je primerjava dinami¢nega odgovora
Stirinoznega hidravlicnega podporja v pogojih brez obremenitve, enojnih udarnih obremenitev in dvojnih
udarnih obremenitev, s ¢imer je bila dokazana potreba po preucitvi dinamicnega vedenja §tirinoznega podporja
pod dvojnimi udarnimi obremenitvami. Odgovor tecajev na staticne sile in togost podporja sta bila analizirana
za primer staticne obremenitve stropnika. Dinami¢ni odgovor podporja na dvojne udarne obremenitve je bil
analiziran z uporabo naklju¢nih udarnih obremenitev stropnika in $¢ita. Studija tako podaja nove raziskovalne
metode in pristope za analizo dinami¢nih lastnosti druge mehanske opreme.

Kljuéne besede: udarna obremenitev, $tirinoZno hidravli¢no podporje, dvojni udarci, prenos sil, numeri¢na
simulacija, dinami¢ne lastnosti, zveza brez zracnosti

S1 52 *Naslov avtorja za dopisovanje: Znanstveno-tehniska univerza v Shandongu, DrZavni laboratorij za preprecevanje nesreé v rudarstvu,
ki ga sofinancirata provinca Shandong ter Ministrstvo za znanost in tehnologijo, Qingdao, Kitajska, skdmzs@163.com
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Izboljsanje zmogljivosti kompresorskega hladilnega sistema
z nanohladivom R134a + CuO/CeO,

HudaElslam Mohamed!.* — Unal Camdali! — Atilla Biyikoglu? — Metin Actas3
1 Univerza Yildirim Beyazit v Ankari, Oddelek za strojnistvo, Turc¢ija
2 Univerza Gazi, Oddelek za strojnistvo, Tur¢ija
3 Univerza Yildirim Beyazit v Ankari, Oddelek za energetiko, Turcija

V pricujoci raziskavi je bila najprej opravljena eksperimentalna in teoreti¢na Studija zmogljivosti kompresorskega
hladilnega sistema (VCRS) s hladilnim sredstvom R134a brez dodanih nanodelcev. Ujemanje eksperimentalnih in
teoreti¢nih rezultatov je bilo skoraj 98-odstotno. V drugem koraku je bila uporabljena programska oprema Ansys
Fluent za teoreti¢no analizo vpliva dodanih nanodelcev ter preverjanje moznosti za izbolj$anje hladilnega Stevila
sistema z zmesjo bakrovih in cerijevih oksidov.

Vecina novejSih Studij na zadevnem podro¢ju obravnava uporabo kovin, kovinskih oksidov in hibridnih
zmesi oksidov v hladilnih sistemih. Hibridne zmesi so v zadnjih letih pritegnile pozornost raziskovalcev, saj
izboljsajo termofizikalne lastnosti in dolgotrajno stabilnost delcev v osnovnem hladilnem sredstvu. Nanodelci za
raziskavo so bili pripravljeni na cenen in preprost nacin kot preprosti oksidi ter kot zmesi bakrovih in cerijevih
oksidov. Nacin priprave in surovine za pripravo nanodelcev so na voljo v vsakem kemijskem laboratoriju. S tem
je odpravljena stroskovna bariera pri uporabi nanodelcev in je omogoceno Zeleno izboljsanje toplotne prevodnosti
ob sprejemljivih stroskih.

Opravljeni so bili eksperimenti z VCRS, ki je bil napolnjen s hladilnim sredstvom R134a. Temperature in
tlaki na vstopu in na izstopu kompresorja, kondenzatorja in uparjalnika so bili merjeni z digitalnimi merilniki. Za
nadzor nad rabo elektri¢ne energije je bil uporabljen digitalni merilnik moci, za spremljanje masnega toka sredstva
R134a pa digitalni merilnik pretoka. Vsak eksperiment je bil opravljen trikrat za to¢no dolocitev zmogljivosti
v stacionarnem stanju. Vrednost hladilnega Stevila je bila izracunana na osnovi spremembe entalpije hladiva. V
naslednjem koraku je bilo pripravljenih sedem razlicnih vrst nanodelcev, ki so bili dodani v hladilni sistem za
teoreti¢no analizo vpliva na hladilno stevilo.

Za opredelitev vpliva povprecne temperature v uparjalniku in kondenzatorju na hladilno Stevilo in na
rabo energije je bil zasnovan teoreticni model uparjalnika in kondenzatorja s specifikacijami, podobnimi kot
pri eksperimentalnem sistemu. Rezultati se ujemajo z izsledki predhodnih Studij: hladilno Stevilo se povecuje
s temperaturo v uparjalniku ter zmanjSuje s poviSanjem temperature v kondenzatorju, raba energije pa pada s
povisanjem povprecne temperature v uparjalniku oz. narasca z viSanjem povprecne temperature v kondenzatorju.
Rezultati teoretiéne analize vpliva dodajanja razlicnih nanodelcev potrjujejo, da se v vsakem primeru izboljsa
hladilno Stevilo hladilnega sistema.

V pricujoci raziskavi je predstavljen koncept novih nanodelcev, ki bi lahko v prihodnosti odgovoril na mnoga
vprasanja. Med drugim je bila uporabljena zmes cerijevega in bakrovega oksida. Rezultati za bakrov oksid se
ujemajo s prejSnjimi Studijami, ki so dokazale izboljSanje zmogljivosti hladilnega sistema in 25-odstotno povisanje
hladilnega Stevila. Z dodatkom cerijevega oksida se je zmogljivost sistema izboljSala v manjsi meri. Rezultati
dodajanja zmesi so boljsi pri ve¢jem delezu bakrovega oksida.

Predstavljeni nacin priprave nanodelcev je preprost in cenovno dosegljiv. Nadaljnje raziskave bodo pokazale,
ali je primeren tudi za pridobivanje drugih oksidov, zlasti tistih z visoko toplotno prevodnostjo. Raziskovalce
spodbuja tudi k eksperimentalnim Studijam vedenja cerijevega oksida v hladilnih sistemih in pri razli¢nih
temperaturah. Podana so tudi priporocila za izboljSanje rezultatov z dodajanjem zmesi, pripravljenih z drugimi
hladivi in mazalnimi olji.

Kljucne besede: kompresorski hladilni sistem, hladilno Stevilo, nanohladivo, nanodelci
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Indeksi za vrednotenje zmogljivosti prenosa sile
in omejitev pri paralelnih mehanizmih

Tie Zhang* — Yachao Cao — Guangcai Ma
Tehniska univerza Juzne Kitajske, Sola za strojniitvo in avtomobilsko tehniko, Kitajska

Vecina indeksov za opisovanje prenosa sil je odvisnih od koordinatnega sistema, kar lahko pri paralelnih
mehanizmih privede do razli¢nih rezultatov pri izbiri razlicnih referencnih koordinatnih sistemov. Obstojeci
indeksi zmogljivosti tudi merijo samo prenos po enem kraku in ne po celotnem paralelnem mehanizmu, prav
tako pa nekateri indeksi niso homogeni. Na voljo je le malo ¢lankov, ki bi obravnavali omejitve pri prenosu sil ter
doslednost odpora proti deformaciji.

Na podlagi singularnega razcepa ter mozne sestave matrike prenosa in omejitev sta bila izpeljana indeksa za
Sest primerov: indeks manipulabilnosti prenosa sile (TMI) in indeks doslednosti omejitve sil (CCI).

Za metodolosko podlago so bili izbrani teorija vijaka, singularni razcep in vrednotenje zmogljivosti.

Predlagana indeksa TMI in CCI imata naslednje lastnosti:

(1) TMI in CCI kot brezdimenzijska indeksa sta neodvisna od koordinatnega sistema, s ¢imer se je mogoce
izogniti odstopanjem pri izbiri razlicnih referenc¢nih koordinatnih sistemov;

(2) obmocje vrednosti indeksov TMI in CCI je od 0 do 1, kar omogoca intuitivne meritve in primerjavo brez
vpliva ostalih dejavnikov paralelnega mehanizma (npr. razli¢ne dolzine palic);

(3) ob uporabi predlaganega indeksa CCI za vrednotenje doslednosti omejitev PM z manj$o mobilnostjo je treba

v veCini primerov analizirati samo mobilnost.

Dokler je gibanje omejeno v smeri nemobilnosti, je kakovost omejevanja pogosto prezrta. Predlagani indeks
CCI omogoca vrednotenje doslednosti omejevalne sile upora proti deformaciji za boljSo analizo PM z nizko
mobilnostjo. Indeksa TMI in CCI sta bila uporabljena pri paralelnem mehanizmu 4-URU z meSanim gibanjem,
paralelnem mehanizmu 2-UPR+SPR s parazitskim gibanjem in Cistem translacijskem mehanizmu 3-CRU.
Ovrednoteni sta bili manipulabilnost prenosa sile in doslednost omejitvene sile omenjenih mehanizmov.

Nova indeksa TMI in CCI omogocata vrednotenje manipulabilnosti prenosa sile in doslednosti odpora proti
deformaciji. Formule so bile izpeljane ob pogoju, da sta matriki prenosa in omejitev sestavljeni iz linearnih
vektorjev sil, dvojic sil ali obojega. Prvi¢ je bila zasnovana konfiguracija paralelnega mehanizma 3-CRU z
maksimalno vrednostjo TMI in CCI, kar pomeni, da TWS in CMW ne povzroc¢ata nobene deformacije na premicni
platformi ter da sta dosezeni najboljsa manipulabilnost in doslednost v celotnem delovnem prostoru.

Kljucne besede: manipulabilnost prenosa sile, doslednost omejevanja sile, vijak izvina prenosa, vijak izvina
omejitev, paralelni mehanizem, teorija vijaka
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Optimizacija varjenja z gnetenjem z optimalnim sistemom
ANFIS po metodi Taguchi in z genetskim algoritmom

An-Le Van! — Trung-Thanh Nguyen2.*

1 Univerza Nguyen Tat Thanh, Tehniska fakulteta, Ho Chi Minh, Vietnam
2 Tehniska univerza Le Quy Don, Fakulteta za strojnistvo, Ha Noi, Vietnam

Pri¢ujoce delo obravnava analizo in optimizacijo varjenja aluminijeve zlitine z gnetenjem s cilji zmanjSanja
specificne energije varjenja (SWE), izboljsanja ucinkovitosti spajanja (JE) ter povecanja mikrotrdote (MH) v
obmocju zvarnega spoja.

Varjenje z gnetenjem je ucinkovit postopek varjenja v trdnem stanju, pri katerem orodje plasticno deformira
material in ga premesa za izdelavo mocnega zvara. Izbira optimalnih parametrov varjenja z gnetenjem za manjso
rabo energije in izboljSanje kakovosti zvarov (porusitvene natezne trdnosti in mikrotrdote) do sedaj Se ni bila
raziskana.

Za dolocitev odgovorov pri varjenju z izbranimi parametri so bili uporabljeni modeli z optimalnim adaptivnim
nevro-mehkim inferen¢nim sistemom (ANFIS), za optimizacijo delovnih parametrov ANFIS pa je bila uporabljena
metoda Taguchi. Najboljsa resitev je bila dolocena z genetskim algoritmom s kultiviranjem soses¢ine (NCGA).

Rezultati in ugotovitve raziskave:

e Pri optimalni resitvi se je vrednost SWE zmanjsala za 17,0 %, medtem ko sta se vrednosti JE in MH izboljsali
za 2,3 in 6,4 %.

*  Optimalni modeli odgovorov pri varjenju ANFIS so primerni in zanesljivo napovedujejo vrednosti odgovorov.

«  Ugotovitve so pomembne za dolocitev optimalnih parametrov varjenja z gnetenjem in izboljSanje odgovorov
pri varjenju.

Clanek daje naslednje prispevke na raziskovalnem podrodju:

«  Razvita optimizacijska metoda, ki vkljucuje metode Taguchi, ANFIS in NCGA, predstavlja u¢inkovit pristop
za reSevanje kompleksnih izzivov pri optimizaciji ter izbiro optimalnih izidov. Ta pristop ponuja ve¢ prednosti,
kot so nizki eksperimentalni stroski, manj ¢loveskih naporov in preprosta implementacija. Razvito tehniko je
mogoce ucinkovito uporabiti za optimizacijo varjenja ali drugih obdelovalnih procesov.

eV clanku je podrobno analiziran vpliv parametrov procesa na odgovore pri varjenju z gnetenjem. To znanje
bo operaterjem strojev lahko pomagalo do poglobljenega razumevanja fizikalnih dogajanj pri varjenju zlitine
AA6061 z gnetenjem.

*  Rezultate Studije bo mogoce uporabiti tudi pri prihodnjih raziskavah ter pri razvoju ekspertnih sistemov za
procese varjenja z gnetenjem.

Kljucne besede: varjenje z gnetenjem, energijska ucinkovitost, u¢inkovitost spajanja, mikrotrdota, NCGA
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Dolocitev vrednosti mejne viSine polkrogle (LDH) za plocevino
iz zlitine Inconel 718 po metodi polokroglega pestica
z eksperimenti in z analizo po metodi kon¢nih elementov

Kanmani Ganesan* — Saravanan Sambasivam — Rajesh Ramadass
Tehniski kolidz PSG, Coimbatore, Tamil Nadu, Indija

Glavni cilj raziskave je doloCitev vrednosti mejne viSine polkrogle (LDH) za 1 mm debelo plocevino iz zlitine
Inconel 718, in sicer eksperimentalno ter z analizo po MKE (metoda kon¢nih elementov) po metodi polokroglega
pestica in pri sobni temperaturi.

Ploc¢evina iz Inconela 718 je med preoblikovanjem izpostavljena kombinaciji tla¢nih in nateznih obremenitev.
Plasti¢na deformacija, ki jo material vzdrzi brez porusitve, je lastnost materiala. Inconel 718 se uporablja v letalski
industriji, za izdelavo vodilnih lopatic ter delov visokotla¢nih kompresorjev in plinskih turbin. Vrednosti LDH za
1 mm debelo plocevino iz zlitine Inconel 718 so bile dolocene eksperimentalno ter z analizo po MKE po metodi
polokroglega pestica.

Mehanske lastnosti plocevine Inconel 718 iz nateznega preizkusa so bile uporabljene kot vhodni podatki
v programskem paketu za analizo po MKE. Za napovedovanje vrednosti LDH je bil uporabljen model z
deformacijsko funkcijo Barlat-89. Podana je primerjava vrednosti LDH, pridobljenih eksperimentalno in z analizo
po MKE. Pri delu so bile uporabljene teoreti¢ne osnove preoblikovanja kovin.

Eksperimentalno doloc¢ene vrednosti LDH za plocevino iz Inconela 718 se dobro ujemajo z rezultati simulacij
v programski opremi ABAQUS 6.1. Raziskovalci bodo lahko uporabili predlagani pristop za doloc¢anje vrednosti
LDH tudi pri drugih materialih. Na osnovi rezultatov eksperimentov je bila dolo¢ena mejna krivulja, ki zagotavlja
varno delovno obmocdje za plocevino iz Inconela 718. Analiza 100 mm in 120 mm Sirokih preizkusanecv z
vrsticnim elektronskim mikroskopom (SEM) je pokazala gladko povrsino in duktilni zlom. Med preiskavo
preizkusancev Sirine 140 mm in 160 mm sta bili odkriti groba povrsina in strizno-duktilni zlom. Analiza povrsine
preloma z energijsko disperzijskim spektrometrom (EDS) je potrdila sestavo plocevine pred porusitvijo.

Kljuéne besede: plocevina iz zlitine Inconel 718, natezni preizkus, metoda polokroglega pesti¢a, metoda
kon¢nih elementov, LDH, elektronski mikroskop, energijsko disperzijski spektrometer

SI156 *Naslov avtorja za dopisovanje: Tehniski kolidz PSG, Coimbatore,Tamil Nadu, Indija, gvmani.engr@gmail.com



Strojniski vestnik - Journal of Mechanical Engineering 68(2022)6
In Memoriam

Prof. dr. Matija Fajdiga (1941-2022)

Zapustil nas je zasluzni profesor Fakultete za strojniStvo Univerze v Ljubljani
prof. dr. Matija Fajdiga. Rojen je bil leta 1941 v Sodrazici, kjer je prezivel mladostna
leta in obiskoval osnovno Solo. Kasneje se je Solal na Srednji tehnic¢ni Soli v
Ljubljani, na Fakulteti za strojni§tvo v Ljubljani pa je diplomiral leta 1963. Leta
1973 je magistriral, leta 1975 pa doktoriral iz podroc¢ja obratovalne trdnosti motornih
vozil. Leta 1975 je postal ucitelj z nazivom docent. Leta 1981 je bil izvoljen v naziv
izrednega profesorja in leta 1996 v naziv rednega profesorja. Svoje pedagosko delo
na fakulteti je zakljucil leta 2011, od takrat do upokojitve leta 2013 opravljal naloge
znanstvenega svetnika.

Raziskovalno delo je pricel leta 1968 v okviru Katedre za konstruiranje, ki jo
je vodil zasl. prof. dr. Joze Hlebanja. Kasneje je opravljal samostojne raziskave
iz podrocja obratovalne trdnosti. V okviru dolgorocnega sodelovanja s podjetji je
koncipiral in zgradil preskusSevali$ca za transmisijske elemente vozil, za merjenje sojemalnih sil v jeklenih vrveh,
za zavore vozil, itn. S tem je Fakulteta za strojnistvo Univerze v Ljubljani v tistem casu pridobila ugled odli¢ne in
vodilne raziskovalne ustanove na podro¢ju motornih vozil na obmocju bivse Jugoslavije. Med leti 1976 in 1980
je bil predsednik Odbora za zi¢nice in vlecnice pri Skupscini Republike Slovenije. V tem casu je bila sprejeta
osnovna zakonodaja za zi¢nice in vlecnice, ter pravilniki o tehni¢nih prevzemih, za katere je profesor koncipiral
postopek preskusov in preskusno opremo. Leta 1982 je bil med ustanovitelji raziskovalnega polja Konstruiranje.
Znotraj polja je prevzel raziskovalno skupino za Razvojna vrednotenja. Leta 1985 je ustanovil Laboratorij za
razvojna vrednotenja — LAVEK. V okviru laboratorija je potekalo zelo intenzivno dolgoro¢no sodelovanje z
jugoslovansko, kasneje po letu 1990, pa s slovensko industrijo.

Vec let je bil predstojnik Katedre za strojne elemente in konstruiranje, ki je takrat zdruzevala obsezen
pedagoski program in pet laboratorijev. Leta 2002 je ustanovil Programsko skupino za razvojna vrednotenja. S tem
je uveljavil obratovalno trdnost kot samostojno znanstveno podrocje. So€asno je poskrbel, da je bilo novo znanje
iz obratovalne trdnosti ves Cas aplikativno preverjano v sodelovanju z industrijo. Raziskave, aplikativno delo z
industrijo in mednarodno sodelovanje so omogocili, da se je v konstruiranju uveljavila eksperimentalna tehnika
in probabilisticni koncept projektiranja izdelkov. Vse to delo je omogocilo, da je zasl. prof. dr. Matija Fajdiga leta
2005 ustanovil samostojno Katedro za strojne elemente in razvojna vrednotenja.

V sodelovanju s skupino propulzivnih podjetij je leta 2002 na Fakulteti za strojniStvo Univerze v Ljubljani
ustanovil Center za razvojna vrednotenja (CRV), pri katerem je bil nosilni Laboratorij za vrednotenje konstrukcij
(LAVEK). V njem je raziskovalna skupina skozi aplikacije preverjala temeljno znanje, usposabljala razvojne
inzenirje in omogocala povezavo dodiplomskih in podiplomskih Studentov s prakso. Leta 2003 je bil pobudnik in
soustanovitelj Avtomobilskega grozda Slovenije — ACS in tri mandate predsednik nadzornega sveta ACS. V ACS
se Se dandanes med seboj in s tujino uspesno povezujejo slovenski avtomobilski razvojni dobavitelji.

Predvsem pa je bil zasl. prof. dr. Matija Fajdiga enkraten predavatelj in pedagog Fakultete za strojniStvo
Univerze v Ljubljani. Bil je mentor ve¢ kot 100 Studentom, 19 magistrantom in 18 doktorandom. Na mati¢ni
fakulteti in na univerzi je opravljal razlicne pomembne funkcije. Bil je ¢lan in predsednik Upravnega odbora
Fakultete za strojniStvo, prodekan za raziskovalno delo na Fakulteti za strojnistvo, dekan Fakultete za strojnistvo,
¢lan upravnega odbora Univerze v Ljubljani, ¢lan senata Fakultete za strojniStvo. V svojem dolgoletnem delu je
dobil vec¢ priznanj za svoj pedagoski, raziskovalni, strokovni in druzbeni angazma: red zaslug za narod s srebrno
zvezdo Republike Slovenije, priznanje za uspesno delo na Fakulteti za strojni$tvo Univerze v Ljubljani, §tevilna
priznanja za uspes$no sodelovanje od slovenskih in jugoslovanskih podjetij, zlato plaketo Univerze v Ljubljani ter
nagrado za zivljenjsko delo Zveze strojnih inzenirjev Slovenije.

Zasl. prof. dr. Matija Fajdiga je pustil globok pecat tako na Fakulteti za strojnistvo, kot tudi na celotni Univerzi
v Ljubljani. Zaradi tega ga bomo v trajnem spominu ohranili tako njegovi sodelavci, s katerimi je soustvarjal
odmevne zgodbe o uspehih, kot tudi Studentje, katerim je nesebi¢no razdajal svoje obsezno strokovno znanje.

Zapisal:
prof. dr. Jernej Klemenc
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