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Improving the corrosion resistance of carbon steel cylindrical pipe by hano-materials
coating, part -2

Isalloom A. Al-Juboori, Dana Alshamaileh
Iprofessor in Mechanical Engineering, B.Sc, M.Sc, PhD, Leeds University, U.K
YEngineering Faculty /Mutah University / AlKark/ Jordan, Email: sajibury@mutah.edu.jo

Abstract: This part is a continuation of Part-1, which was studying the effect of anti-corrosion nano-materials coating using zinc (Zn) and
cobalt (Co) on corrosion resistance and its relationship with mechanical properties. While, part 2 was on studying the linear stresses
resistance after coating by using the same nanomaterials of paret-1 of carbon steel pipe and their relationship with chemical corrosion
resistance using finite element analysis (FEA). The coating was tested with different thicknesses of nano-layers (300 wm, 600 gm, 900 ym, 10
um) on a thick-walled cylindrical pipe subjected to a uniformly distributed internal pressure of 4 bars. The results showed that the value of
linear normal stresses did not change when coating with 300 wm for both nano-coating materials. However, it was started to decrease
slightly when covered with 600 xm of cobalt and continues to decrease with increasing the coating thickness. In addition, the results have
shown that the overall improvement in linearized normal stresses and corrosion resistance due to cobalt coating can be about (66 %) higher
in comparison with Zinc at 10 um thickness of coating.

KEYWORDS: LINEAR STRESSES, NANO-COATING, ZN, CO, AND CARBON STEEL, CORROSION RESISTANCE, ANSYS-19.
Abbreviations: ALD: Atomic Laser Deposition, CVD: Chemical Vapor Deposition, ISO: International Organization for Standardization,
MWCNT: Multi-Wall Carbon Nanotubes, SEM: Scanning Electron Micrographs, SCC: Stress Corrosion Crack, Co: Cobalt, Ni: Nickel, um :

nanometer, Zn : Zinc, u: surface Roughness, E: Modulus of elasticity, v: Poisson’s ratio, @ : Sigma (tensile stresses),P: Fluid pressure

Background: The relationship between corrosion and the equipment. Example of these coatings are Chromized or
degradation of metals' mechanical properties is very important  Aluminized coatings [11]. Chromatid zinc deposits was given a
factor affecting the metal life. The further corrosion the metal better protection against corrosion compared to unprotected zinc
undergoes, and both the tensile strength and fracture strength of the that was corrodes quickly in chloride medium [12]. In present work
metal are diminished by the corrosion [1,2]. Corrosive wear is also a more advanced coating will be used which is a Nano-coating.
known as chemical wear or oxidation. Which is due to the chemical - i ?

and electrochemical interaction of the surface and the environment.
This form of wear can occur, inn corrosive wear, the fine corrosive
products on the surface reflect the wear debris. As the shaped layer
is broken or removed by sliding and abrasion because of corrosion,
another layer starts to form, and the process of removing a new
corrosive layer formation repeated. The most common corrosive
media are water, seawater, oxygen, acids, chemicals, atmospheric
hydrogen sulfide and sulfur dioxide.

Corrosion can have a variety of negative effects on metal. When
metal structures suffer from corrosion, they become unsafe which
can lead to accidents, such as collapses. Even minor corrosion
requires repairs and maintenance. Corrosive wear can be minimized
by selecting the right materials that will resist environmental attack,
by applying different coating methods. This can controlling the
environment, and reducing operating temperatures in order to lower
the rate of chemical reaction [6,7]. Seawater distinguished by being
a corrosive complex medium due to the high salt content, dissolved
organic substances, such as carbohydrates and amino acids, and ]
dissolved gasses such as (chiefly nitrogen, oxygen, argon, and Flgure @) Example of corrosmn effect on bolts valves flanges,
carbon dioxide). The presence of carbonates, chloride and other piping, and pipe support (Abdeen, et al., 2019).

component will influence seawater chemistry significantly and lead

to the formation of scale at the membranes and in piping structures.  Corrosion and Nano-materials: The field of nanomaterial have
This lead to severe corrosion of alloys, especially carbon steel, and found one of the most promising topics in different applications

with high level of presence of dissolved oxygen, corrosion will  such as chemistry, engineering, physics, biology that will change
accelerate. Figure (1) shows an example of corrosion effect on  the direction of nanotechnology advances in wide range of fields.
bolts, valves, flanges, piping, and pipe support [8]. The term “nano-materials” employed to describe of the creation and

exploitation the materials where at least one dimension in the range
One of the most important problem of damage that contribute to from approximately 1-100 nanometer. Due to their unique
reduce both the static and cyclic strength of a performance of thin-  properties in nanoscale, observations showed that nanomaterial’s
walled structures that immersed in seawater such as pipelines i are different from their bulk moieties and cannot be studied as same
corrosion problem. It is a process depend on a time, local  as from their bulk molecules [13]. The use of nano-materials
environment inside or near the pipeline and occur on the internal reduces the content of costly and toxic elements in alloy
and external surfaces in the pipe, in the base material and contact ~ components, which gives high profitability in material cost,
welding. As such, protection of metal equipment in a seawater  excellent performance, and enhances the mechanical properties of
environment will give prime consideration [9]. the coating. Electro-deposition and sol-gel chemistry method are

attractive techniques in Nano-coatings applications, as it is cheaper
Predicting the rate of corrosion of a steel structure in seawater is and novel strategies [14,15]. Nano coatings have significant
one of the difficult tasks facing design and corrosion engineers. The  potentials to resistance the corrosion performance of surfaces
main parameters that effect on the rate are dissolved oxygen,  compared to micro material coatings. Due to their fine grain sizes,
salinity, temperature, ph and Sulphur [10]. Protective coatings are  nano-crystal line structures are superior over microstructures for
one of the most important methods used to reduce metal waste  corrosion resistance .where provide a better filling ,a higher
caused by surface corrosion, which leads to extend the life of metal  integrity of the coated surface and it also called for the availability
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of chromium-toxic coating replacements . However, the coating
thickness and composition should optimize to avoid decrease its
protective characteristics towards corrosive and eroding influences
[16]. Corrosion induces changes in the composition of the elements
and decreases in grain size, contributing to the deterioration of
corroded materials' mechanical properties (yield strength, ultimate
strength, and failure strain). Applied stress accelerates corrosion and
the loss of ultimate strength and failure strain of corroded materials
exacerbated by its interaction with corrosion [17]. Anti-corrosion
nano-materials and their coatings play an important role in
improving mechanical properties such as linear stresses, ductility,
high hardness, etc. in addition to surface properties such as residual
stresses, surface roughness and distribution of particles on surface
[18].

Research Objectives:

The main objective of this part is to study and analyze the linearized
stresses improvement and their effect on corrosion resistance due to
the application of nano coating of pressurized carbon steel pipe by
Cobalt and Zinc nano-particles separately of thickness of 300, 600,
900 pum and 10 micrometer [3].

Research Methodology: A comprehensive review of the literature
pertaining to nano- materials and their applications in the field of
corrosion has undertaken in order to achieve the above objectives
for this research. Then a group of nano-material’s with corrosion-
resistant properties will be selected and simulated the effect of
apply nano coating technology using ANSYS software on a thick-
walled cylindrical pipe that carries salty water under internal
pressure, using electro-deposition nano coating method. After that
will study and analyze the results and compare the changes in
linearized stresses and in corrosion mechanical properties before
and after applying coating by nano-materials of different thickness.

Figure (2) Thick-walled cylindrical pipe with 4.5 mm on outer and
side faces and 3.5 mm on inner face elements size of mish.

The geometric modeling of the study: One finite element model has
created. Thick walled cylindrical pipe coated with different nano
thickness of Zinc and Cobalt materials separately, as in figures (2 to
5), which show the pipe specimen will analyze and coated during
this work. At the beginning, the CAD geometry built using space
claim in ANSYS with the given dimensions. Geometry transferred
into ANSYS mechanical and thin nano layer defined on the inner
surface wall using surface coating from ANSYS, [ 3,4].

0000 010 0200,
— —
00%0 010

Figure (3) Frontand ISO views of thick-walled cylindrical pipe
specimen with dimensions.

Where:

L=0.25m Do =0.1143m Di=0.0971804 m

Mesh Details: Parts was converted to small elements in order to use
FEA methods for solving the problem, refinement of mesh was
done on the inner wall where the nano coating is located in order to
get more accurate results, number of nodes is 143620 and elements
is 71929 [3.4], as in figure-2

A: Thick walled cylindrical pipe
Static Structural
Time: 1.5

[ Pressure: 4.+005 Pa

B Displacement
C | Displacement 2

0,000 0050
— —
0025 0075

Figure (4) Boundary Condition of thick-walled cylindrical pipe
specimen.

0.100 (m)

Materials: In the present work cobalt and zinc which are
anticorrosion nano-material’s will be used to apply coating on a
thick-cylindrical pipe made from carbon steel, the physical,
chemical and mechanical properties of the materials will be analysis
before and after coating by nano-materials [4].

Carbon Steel: Carbon steels defined as those containing iron,
carbon, and manganese. There are three type of carbon steel depend
on the amount of carbon content is low carbon, medium carbon, and
high carbon steel which contains 0.6-1.4% carbon. (Pressure
System Design. 2012). It is the most widely used engineering
material for service in seawater and many engineering applications
in high temperature conditions such as power plant, chemical
treatment, mining, mineral equipment Processing and other
industrial fields, it offers many advantages of low price, easy
availability, ease of fabrication, and a satisfactory rate of corrosion
[19, 20, 21]. Carbon steel piping and tubing because of their
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minimal resistance to corrosion there are limits on their operating
time [22].

Zinc: Zinc is the fourth most used engineering metal in the world, a
bluish-white metal, and one of the main uses for zinc is steel
coating to protect against corrosion in the presence of an electrolyte
such as moist soils or seawater [23].

Cobalt: Cobalt is one of the rare elements in the Earth's crust of
about 0.1%, usually distributed in conjunction with nickel, lead,
silver, iron, etc. It is a white, hard-bluish, ferromagnetic metal,
relatively unreactive and slowly dissolves in mineral acids without
union with hydrogen or nitrogen. Cobalt is now widely used in the
production of alloy steel, which is the base metal in most of them.
Cobalt alloys distinguished by being strength, high melting point,
and high resistance to oxidation [24, 25].

Linearized Normal Stress: Stress linearization is the separation of
stresses through a section into constant membrane. Linear bending
stresses and total stress along a straight-line path, the linearized
normal stress in (Y-axis) value and improvement represented in
figures (5 to 10) and tables (1 to 4). Stresses along the thickness
calculated through membrane stress for shell in the transverse
direction, the longitudinal direction, and in plane shear. This theory
applied only when shell bodies and solids that meshed with shell
element. When highly localized stress occurs at a discontinuity in
the load stress theory can apply. Most common example of peak
stress when highly stress values on sharp edges as in figure-5 [3, 4,
5].

E: Thick walled cylindrical pipe
Linearized Normal Stress

Type: Linearized Normal Stress(X Axis)
Unit: Pa

Global Coordinate System

Time: 1 1
. 2.4823e6 Max
2.4385e6
== 2.3947e6
2.3509e6 )
| 23071e6 W’
= 2.2633e6
2.2194e6 Vl Y
2.1756e6 \

21318¢6 v
2.088e6 Min

0 001 0.2 (m)

015

0.005 0.
Figure (5) Linearized Normal Stress (Y-axis) of Carbon steel
(ASTM A53) pipe without coating

24823e+6

24e+6

23e+6

[Pa]

2.2e+6

21e+6

0732e+6

0. 1.25e-3 2.5e-3 3.75e-3 5.8-3 6.25e-3 8.5598e-3

Figure (6) (a) Membrane [Pa], (b) Membrane +Bending [Pa], (c)
Total stress [Pa] without coating.
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Table (1) Linearized normal stresses of carbon steel pipe without
coating

Membr
ane
Length Membr Bending +Bendi  Peak Total
) Pal  ng [Pl [Pal
[Pa] [Pa]
0.0000E 20066E | 24745E | 78158E | 24823E
+00 +05 +06 +03 +06
1.7833E 19230E  24662E 7.2620E  24734E
04 +05 +06 +03 +06
3.5666E 18304E  24578E  6.7081E = 2.4645E
04 +05 +06 +03 +06
5.3499E 17558  24494E  6.1543E = 2.4556E
04 +05 +06 +03 +06
7.1332E 16722E  24411E  56004E  24467E
04 +05 +06 +03 +06
8.9165E 15886E  24327E  50466E = 24378E
04 +05 +06 +03 +06
1.0700E 15050E  24244E 44927  2.4289E
.03 +05 +06 +03 +06
2.1400E 10033E  23742E  11697E = 23754E
.03 +05 +06 +03 +06
3.0316E 58507E  23324E . 2.3304E
-03 227E+ | +04 +06 20267E | og
06 +03
4.1016E 83610E | 22822E | - 2.2767E
03 103 +06 5.5006E 4g
+03
S a1805E | ZZIE gopaue | 22IE
+04 +03
0 0632k 836108 2090% e37a1e 21039
+04 +03
7.1332E P 2.1401E @ 2.7006E @ 2.1428E
03 TSR w06 403 406

[
L_. X A:Thick walled cylindrical pipe

Linearized Normal Stress

Type: Linearized Normal Stress(X Axis)
Unit: Pa

Global Coordinate System

Time: 1

2.4823e6 Max

l 24384e6

= 2.3946eb
2.3508e6
2307e6

J 2.2632e6

| 2.2194e6
0 001 0.02(m)
I 1

2.1755e6
L]
X
0.005 0.015

213176
2.0879¢6 Min

Figure (7) Linearized Normal Stress of Carbon Steel Pipe coated

with 300 Nanometer of Cobalt
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o \

24e+6

23e+6

[Pa]

2.073e<6

0. 1.25e-3 2583 3.75e-3 5.e-3 6.25e-3 8.56e-3

Figure (8) (a) Membrane [Pa], (b) Membrane +Bending [Pa], (c)
Total stress [Pa] coated with 300 Nanometer of Cobalt

Table (2) Linearized normal stresses of Carbon Steel Pipe coated
with 300 Nanometer of cobalt

Memb ) Membr
Length rane Bending ane Peak Total
[m] [Pa] [Pa] +Bendin  [Pa] [Pa]
g [Pa]

0.00000 2.00660 | 2.47440 @ 7.81530 @ 2.48230
E+00 E+05 E+06 E+03 E+06
1.78340 192300 | 2.46610 | 7.26150 | 2.47330
E-04 E+05 E+06 E+03 E+06
3.56670 183940 | 245770 @ 6.70770 | 2.46440
E-04 E+05 E+06 E+03 E+06
5.35010 1.75580 | 2.44940 | 6.15390 | 2.45550
E-04 E+05 E+06 E+03 E+06
7.13340 167220 @ 2.44100 @ 5.60010 @ 2.44660
E-04 E+05 E+06 E+03 E+06
8.91680 158860 | 243260 | 5.04630 | 2.43770
E-04 E+05 E+06 E+03 E+06
1.07000 150500 | 2.42430 @ 4.49250 | 2.42880
E-03 E+05 E+06 E+03 E+06
2.14000 1.00330 | 2.37410 | 1.16970 | 2.37530
E-03 E+05 E+06 E+03 E+06
3.03170 5.85270 @ 2.33230 2.33030
E-03 E+04 E+06 é%gso E+06
410170 (2)627E+ 8.36100 | 2.28210 é 50010 2.27660
E-03 E+03 E+06 E+03 E+06
E‘_l0731 i 4.18050 2538200 8.97370 ZEESEOO

E+04 E+03
200840 836100 | 2190%0  ea7aa0 | 275390

E+04 E+03
7.13340 2.14000 | 2.70030 | 2.14270

1.33780
E-03 E+05 E+06 E+03 E+06
8.02510 2.09820 | 1.03010 | 2.10850
E-03 L0800 Ev0s  Ev04 | E408
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A: Thick walled cylindrical pipe
Linearized Normal Stress

Type: Linearized Normal Stress(X Axis)
Unit: Pa

Global Coordinate System

Time: 1

2.4823e6 Max
! 24385e6

23947e6

2.350%e6

23076

2.2632e6

2.2194e6

2.1756e6

2.1318¢6

2.0879e6 Min

0

—
0005

™

1

\

001 0.02{m)

0.015

Y

...

Figure (9) Linearized Normal Stress of Carbon Steel Pipe coated

with 300 Nanometer of Zinc

2.4823e+6 \
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23e+6
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0732e+6

1.25e-3

2.5e-3

3.75e-3 5.e-3

6.25e-3

8.5601e-3

Figure (10) (a) Membrane [Pa], (b) Membrane +Bending [Pa], (c)
Total stress [Pa] coated with 300 Nanometer of zinc

Table (3) Linearized normal stress values of Carbon Steel Pipe
coated with 300 nanometer of zinc

Memb

Length rane Bending
[m] pay [Pl
0.00000 2.00670
E+00 E+05
1.78340 1.92310
E-04 E+05
3.56670 1.83950
E-04 E+05
5.35010 1.75590
E-04 E+05
7.13340 1.67220
E-04 E+05
8.91680 1.58860
1.07000 | g6 1.50500
E-03 E+05
2.14000 1.00330
E-03 E+05
3.03170 5.85280
E-03 E+04
4.10170 8.36120
E-03 E+03
5.17170 -

Membr
ane
+Bendin
g [Pa]
2.47450
E+06
2.46610
E+06
2.45780
E+06
2.44940
E+06
244110
E+06
243270
E+06
242430
E+06
2.37420
E+06

2.33240
E+06

2.28220
E+06

2.23200

Peak
[Pa]

7.81550
E+03
7.26170
E+03
6.70790
E+03
6.15410
E+03
5.60020
E+03
5.04640
E+03
4.49260
E+03
1.16970
E+03

2.02650
E+03

5.50020
E+03

Total
[Pa]

248230
E+06
247340
E+06
2.46450
E+06
2.45560
E+06
2.44670
E+06
243770
E+06
2.42880
E+06
2.37530
E+06

2.33030
E+06

2.27670
E+06

222310
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E-03 4.18060 = E+06 8.97390 | E+06

8.02510 . 209820 | 1.03010 | 2.10850
E+04 E+03 E-03 EIo% Ev0s Ev04 | E408
208540 836120 | 2100 earaco | 275380
E+04 E+03
7.13340 ) 214010 @ 2.70040 | 2.14280
1.33780
E-03 E+05 E+06 E+03 E+06
2,48E+06
. Cobalt
< 2,48E+06
% Zinc
zz 2,48E+06
Qe
N o 2,48E+06
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52
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o)
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<
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2,48E+06
0,00E+00 2,00E-06 4,00E-06 6,00E-06 8,00E-06 1,00E-05
COATING THICKNESSES (M)
Figure (11) Comparison of maximum Linearized Normal Stress (Y-axis)
With Cobalt and Zinc of different nano coating thicknesses.
Table (4) Maximum Linearized Normal Stress value and percentage of improvement
in corrosion resistance with different coating thickness (Y-axis).
Cobalt(Co) Zinc(Zn)
Cailig Value Improvement CartiEs(e Value Improvement CIOTESon
thickness (Pa) by P Resistance (Pa) % P Resistance
(m) ? % ° %
0 2.48230E+06 | 0 0 2.48230E+06 | 0 0
300 nm 2.48230E+06 O 0 2.48230E+06 O 0
600 nm 2.48220E+06 | 0.004028522 0.635 2.48230E+06 | O 0
900 nm 2.48210E+06 0.008057044 | 0.898 2.48230E+06 0 0
10 um 2.47940E+06 | 0.116827136 3418 2.48130E+06 | 0.040285219 2.007

Results Discussion: Figure (11) shows a comparison of maximum
linearized normal stresses (Y-axis) of a pressurized carbon steel
(ASTM A53) thick-walled cylindrical pipe and the improvement
due to coating with different nano thicknesses of Cobalt and Zinc
separately. Starting with thickness (300, 600, 900 nanometers to 10
micrometer). It is clear that the linearized normal stress (Y-axis) did
not change when coated with 300 nanometer for both coating
materials, but it began to decrease slightly when coated with 600
nanometer of Zinc and fast decreasing with 10 microns. While,
when coated with 600 and 900 Cobalt, can be noticed that there is a
noticeable decrease on linearized normal stresses and become more
sharply decreasing when the coating was 10 microns. The
maximum improvement is (0.1168%) when coated with 10 um of
cobalt, which is (34. %) higher than zinc. The same behavior was
found in the resistance of corrosion where the increase started at
600 um of cobalt with value (0.635%) and it reached the highest
value (3.418%).While coating by zinc nanoparticle at (10 mm)
found to be (2.007%).

Conclusions: From the analysis of the above results, the following
main points can extracted:

e  The Carbon steel (ASTM A53) thick walled cylindrical
pipe subjected to internal pressure was successfully
coated theoretically with anticorrosion nano- particles of
Cobalt and Zinc using ANSYS software (version.19 with
different nano thicknesses of 300 um, 600 pm, 900 um
and 10 um separately.
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Coating with 300 nanometers of both Znic and Cobalt
nano-particles, the linearized normal stresses (Y-axis) did
not change but starts to decrease slightly when coated
with 600 nanometers of cobalt and continues to decrease
with 10 pm with greater than zinc. On the other hand,
when coated with 600-um and 900-um zinc, it noticed
that there is no difference in the linearized normal
stresses.

The value of improvement in the rate of corrosion
resistance began to increase when coating with 600 um of
cobalt until became (3.418%).

The overall improvement in linearized normal stresses
and corrosion resistance due to cobalt coating can be
about (66 %) higher in comparison with Zinc at 10 pm
thickness of coating.

Cobalt nano-coating has shown to be a promising
technique to improve corrosion and linearized stresses
resistance.
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process for the aluminium alloys
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Abstract: New area industry of Albania, in recent years, factories with closed cycle of production and processing of aluminium alloys
are being targeted. In Albania about 25,000 tons of aluminum alloys per year are produced and there is a tendency to increase this
production. This reality has encouraged us to undertake a number of studies with the primary objective for optimizing the parameters of the
basic process of this industry. In this article we focus on the process of artificially aging aluminum alloys. From early and newer studies [2],
the importance and delicacy of temperature-time parameters in the evolution of microstructure and in the mechanical properties of the final
product are recognized and underlined. We have impost an experimental planning based on the Response Surface Method by choosing
Central Composite Design to optimize the temperature and time parameters for the artificial aging with the objective of maximizing the
process indicator - mechanical properties, hardness in our case. The plan includes 13 tests with 5 replicas in the center of the experiment,
built with the help of Design-Expert DX7 and DX13 software. The focus of our attention was the assesment of the design, analysis of
residuals and diagnostic diagrams and forms of presentation of results: mathematical model, 3D response surface, isocontours and effects of
interaction between factors. In the future works we will present the experimental results of the optimization of the artificial aging process for
different aluminium alloys produced in Albania.

Keywords: RSM, CCD, ALUMINIUM ALLOY, AGING, OPTIMIZATION, DESING EXPERT

1. Introduction 2.Choosing the Experiment Plan
On the production and processing industry of aluminum in Among the plans that offer optimization of the indicators we
Albania have chosen the Response Surface Method - RSM, and Central

Composite Design - CCD. The CCD plan offers more experiment
points compared to the simple factorial plan, while maintaining a
minimum total number of tests. The CCD plane also offers the
rotary property, which means that the same error is stored at a
certain distance from the center of the experiment. The response
surface method, as an optimization method, was developed in the
1950s and was first applied in the process industries (chemical,
metallurgical, etc.). This method constitutes the optimization
technique based on the programming of the most widespread and
successful experiments even today. [5] Our e experimental plan was
draft on recent industrial development in which was applied this
experimental plan and also on the latest articles, scientific research
regarding the experimental plan. [6]

Starting from the 90s and especially after the 2000s in Albania,
many factories and companies have been set up with the main
object of processing aluminum and its alloys, mainly for the
production of aluminum profiles. Today there are several dozen of
them. Some of the largest companies have included in their
production scheme the foundry line for the production of aluminum
alloys based on recycled materials. Each of these companies
produces from the foundry approximately five thousand tons per
year. The aluminum produced is processed almost entirely in the
country. To respond to the challenges of meeting the ever-
increasing demands of quality products as most of them are mainly
destined for export to developed countries. This industry is turning
its attention to the university unlike what happened before. To
respond to this new industrial reality we have planned and are
undertaking a series of researches starting with the optimization of
the parameters of artificial aging of aluminum alloys. The primary objective of this study is to optimize the process of
artificial aging of aluminum alloys, in order to maximize the
mechanical properties, strength, tensile strength, hardness. For the
construction of the plan we have chosen as the center of the

The industry of production and processing of aluminum alloys experiment the value of the process parameters, temperature and
in Albania is in the early stages of its development and as such feels aging time, approximate to the values applied by the manufacturers
the need for studies in support of it and especially for the for some aluminum alloys: temperature T = 185 °C, time t = 8h. As
optimization of key processes. One of the processes that gives the  a step value for these two parameters we have chosen: AT = 15 °C,
impront to the mechanical properties of products made of aluminum At = 3h. These step values provide approximately the same change /
alloys is that of artificial aging, as the final process of thermal effect on the process indicator (hardness), considered different
processing. From earlier, but also newer studies, the importance and bibliographic sources (Fig.1).
delicacy of artificial aging of aluminum alloys is recognized and Fie £ View DopiyOptons D Tocts i
underlined. Indeed, it is a process of strengthing oo the alloys by e
managing the transformation of a supersatureted solid solution.
During this process, the formation and growth of precipitate
particles of the second phases from the supersaturated solid solution
occurs. Itis a process that is controlled by the diffusion of atoms of
dissolved elements and as such significantly influenced by the
parameters of the process temperature and time, for a given
chemical composition of the alloys and a optimized homogenization Fig.1 Fromapplication to software for imposting the experiment plan
annealing. The characteristics of precipitated particles depend on
the temperature and time parameters of artificial aging: size, . .
distribution, relative quantities which determine the degree of  Desind Expert tutorial, we have accepted the value +/- V2 (o =+
strengthening of the alloy. Precisely for these reasons, we are 1.4214).
undertaking a series of studies to optimize the parameters of the By entering this data, for Factor A - Temperature and Factor B
artificial aging process of aluminum alloys produced in Albania - Time, in the software Design - Expert (RSM Method, CCD Plan),
with the objective of maximizing mechanical properties, starting  we obtain the Experimental Plan Table (Tab.1). In the experimental
from hardness. plan table are presented according to the factor combination and

according to the order of the performing tests: run.

3. Impostation of our CCD experimental plan

On the importance of the process of artificial aging of
aluminum alloys

Central Composite Design
ECh nUMenc factar 15 varied over § levels: PIUS 3G MNUS SIpha (sl pomts). pius &
leveiz

v [ aen

For the star points arm, based on the recommendation in the
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Table 1: Experimental plan table for the experiment

size of residuals”. For this, in the following we are bringing, the
dependence on our experiment as well as two versions of this

Factor 1 A: Response 1 . . S .
std | Run | Block | Temperature Factor2 B: Hafdness behavior (when not fulfilled and when the assumption is fulfilled)
oc Time h HBN offered by the tutorial of Design - Expert 7 and 13.
5 1 Block1 | 163.7867966 | 8 5.1 Normal probability plot of the studentized residuals to check
4 2 Block1 | 200 11 for normality of residuals.
1 3 Block1 | 170 5
7 4 Block1l | 185 3.757359313
8 5 Block1 | 185 1224264069 a:s;%::zmert@somere Normal Plot of Residuals
13 | 6 | Block1 | 185 8 pfoiahdaty o]
%4
3 7 Block1 | 170 11 o ] »
6 |8 | Blockl | 206.2132034 | 8 g T
12 |9 | Blockl | 185 8 £ . R
10 | 10 | Block1 | 185 8 B "
11 | 11 | Block1 | 185 8 = 03 ’
2 12 | Block1 | 200 5 5
9 13 Block1l | 185 8
T T T T T
In the experimental plan table all the tests are presented 2a)
according to the combination of factors as well as according to the Internally Studentized Residuals '
order of performing the tests (run). To demonstrate the method, we
have obtained, for the indicator "hardness-HRB", approximate i |
results from various bibliographic sources and our unpublished 3 . E 5
works. - . .
{ [ .
4. Analysis of Variance, ANOVA Ny 2
The result of the analysis of variance (ANOVA) processed by | |
the software is given in the following table (Tab.2) Y L I : ! ! B
Table 2: Anova for response surfare quadratic model BAD: S shape GOOD: Linear or Normal (2b)

2 Ft summary

fx) wmodel |-L% awove [ pisgnostics DModelGraphs
| | | | | |

Use your mouse te right click on individual cells for definitions.

y* Transform

Response 1 Hardness
ANOVA for Response Surface Quadratic Model

Analysis of variance table [Partial sum of squares - Type IIl]

Fig. 2 Normal Plot of residuals a) from our experiment b) from the DX

software

If the test points are placed in the form of an "S" the normality

Sum of

Mean

F

p-value

is not met (Fig. 2.b on the left) and when they are placed by random
distribution around a straight line, the normality is met (Fig 2.b on
the right). By carefully observing the graphs (Fig. 2a) it is
concluded that in our experiment the assumption on the Normality
of the random size of the residuals is fulfilled.

In the following we are bringing the diagnostic graphs for two
other assumptions for which the same reasoning logic is followed

| |source Squares df Square Value Prob>F

| |uodel 967.41 193.48 3047 0.0001 significant
|44 Temperatur 101.93 1 101.93 15.89 0.0053

| |s&Time 272.59 1 272.59 42.50 0.0003

|as 182.25 1 182.25 28.41 0.0011

| |as 151.23 1 151.23 23.58 0.0018

e 308.79 1 308.79 48.14 0.0002

| |Resiqual 44.90 7 6.41

| teckerFirt 36.10 3 12.03 5.47 0.0671 not significant
| Purs Emor 8.80 4 220

| |cerTotal 1012.31 12

Interpretation of ANOVA table for our ezperimental data: The
Model F-value of 30.17 implies the model is significant. There is
only a 0.01% chance that a "Model F-Value" this large could occur
due to noise. Values of "Prob > F" less than 0.0500 indicate model
terms are significant. In this case A, B, AB, A2, B2 are significant
model terms. Values greater than 0.1000 indicate the model terms
are not significant. If there are many insignificant model terms (not
counting those required to support hierarchy), model reduction may
improve your model. The "Lack of Fit F-value" of 5.47 implies
there is a 6.71% chance that a "Lack of Fit F-value" this large could
occur due to noise. [1,2,3]

5. Analysis of residuals and diagnostic diagrams

Before we can see and evaluate the results, we have to
verify/diagnose the model. The assumptions and assertions made in
the theory of Analysis of Variance must be fulfilled by the results of
the experiment. As an illustrative example, we bring one of the
assumptions made, that regarding to the "normality of the random

also the graph for the power of transformation.

5.2 Studentized residuals versus predicted values to check for

constant error.

Residuals vs. Predicled

Residuals vs. Predicted

BAD: Megaphone shape
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Design-Expert® Software Residuals vs. Predicted

Hardness

Color points by value of

Hardness:

% .
£
T
67 3 1w °
@
3
@ B
g S
E o] LI
B o
2 o
> a
= o
£ s
g
£
.
T T T T
6472 7150 7846 8533 5220
Predicted (3 b)

Fig. 3 Residuals vs Predicted a) from the DX software b) from our
experiment

If the test points are distributed randomly, within the limit
limits, the assumption is met and if the distribution gains certain
geometry (megaphone in this case) the assumption is not met (Fig.
3.a). By carefully observing the graphs it is concluded that in our
experiment the assumption on constant error is fulfilled (Fig. 3.b).

5.3 Externally Studentized Residuals to look for outliers, i.e.,
influential values.

Design-Expert® Software Externally Studentized Residuals
Hardness

Color points by value of
Hardness:
%

67

230

Externally Studentizgd Residuals
1
a
s
s

(42)

Run Number

E stemal ly 5L dendlped Fiesl duals

Fum Numbar

(4b)
Fig. 4 Externally Studentized Residuals vs Run : a) from our experiment
b) fromthe DX software

By carefully observing the graphs it is concluded that in our
experiment the assumption on the affected values is fulfilled, we
have no evidence points outside the limits (Fig.4.a).

5.4 Predicted vs. Actual

wn |

Predicied
Tedicled

Actual Actual

Poor Prediction Better Prediction (5 a)

Design-Expert® Software Predicted vs. Actual
Hardness

o400

Color points by value of o mes

Hardness:
%

67 8650 —

7 (5.b)

T T T T
6472 7204 7936 8668 9400

Actual

Fig. 5 Predicted vs. Actual: a) fromthe DX software b) from our
experiment

The test points should be randomly distributed around the
straight line at an angle of 45°, if clusters of points above or below
the straight line are observed this indicates high or poor
predictability (Fig. 5.a). By carefully observing the graphs it is
concluded that in the experiment the predictability from the
mathematical model is satisfactory (Fig. 5.b).

5.5 Box-Cox plot for power transformations.

ﬁs;gnawl® Software Box-Cox Plot for Power Transforms
ardness

Lambda
Current= 1

Best=3

LowCll.=

HighCll.= 19

Recommend transform:
None
(Lambda = 1)

Ln(ResidualSS)
2
1

375 (6‘a)

Lambda

n(ResdASS

(6b)

Before Transformation After Transformation

Fig. 6 Box-Cox plot for power transformations a) from our experiment
b) from the DX software

When the ratio Ymax /Ymin > 10 usually indicates a transformation
is required. For raport Ymax/Ymin < 3 the power transforms have little
effect (Fig.6.a).

By carefully observing our experiment (Fig.6.b) the ratio is
1.4099 that means it is not necessary the power transform: y *=" .

6. Results

Below we are shown the data generated from the DX
software:

a. Mathematical model equations

b. Response Surface Method - RSM

c. Isocontours of the Indicator of Process (hardness, HBN)

d. Effects of interaction between factors (temperature-time)

a) Mathematical model equations for our experiment

Mathematical model equations: is a quadratic polynomial which
expresses the process indicator (hardness HBN) depending from the
factors and the interaction between them.
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Final Equation in Terms of Coded Factors itis:

Hardness = +92.20 + 3.57 *A + 5.84*B - 6.75 *A*B

- 4.66%A? 6.66*B?

Final Equation in Terms of Actual Factors itis:

Hardness = -945.98637 +9.10519* A Temperature +41.54021*B

Time

-0.15000* A Temperature * B Time -0.020722* A
Temperature2 -0.74028* BTime2

b) Response surface method (RSM)

Factor Coding: Actual

Hardess (HBN)

3D Surface

Hardness (HBN)

Fig. 7 The response surface (3D) plot of Hardness vs
Time-Temperature

¢) Isocontours of the Indicator of Process (hardness, HBN)

Hardness (HBN)

B: B Time (hours)

Fig. The contour plot of Hardness (HBN) vs Time-
Temperature

d) Effects of interaction between factors (temperature-time)

Design-Expert® Software

Hardness

® Design Points

8 A- 170.000

A A+ 200.000

X1=B:BTime
X2 =A: A Temperature

Interaction
A: A Temperature

Hardness
|

T T T T T
500 650 800 950 1100

B: B Time

Fig. 9 Interaction between factors
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7. Conclusions

1. In this paper we have presented the methodology for the
planning and analysis of the experiment for the case RSM-CCD
applied in artificial aging of aluminum alloys.

2. Careful planning of the experiment ensures that the results
are obtained with the right expectation, within low probability
errors (p-values), with a minimum number of tests.

3. The RSM-CCD method provides in addition to the 3D
graphical representation of the response surface also:

e  Mathematical model of the dependence of the process
indicator on the factors taken in the study

e  The effect of the interaction between the factors and
what is more important:

e Isocontours of the indicator depending on the factors
within the studied limits.

e We consider the latter especially important for
industrial operators as it serves them as a
technological card for process management.

e We hope that this paper will be useful for various
researchers who aim to optimize the parameters of a
process, as we are convinced that it will serve us in
future work to optimize the parameters of artificial
aging of various connections of aluminium.

8. Acknowledgment

The author gratefully acknowledges Polytechnic University of
Tirana and Laboratory of Materials Science for supporting this
research project; University of Lille France, for disponibility of
software Design-Expert and Prof. Assoc. Dervish Elezi for
professional advices.

9. Conflict of interests

The author would like to confirm that there is no conflict of
interests associated with this publication and there is no financial
fund for this work that can affect the research outcomes.

10. References

1. Handbook for Experimenters Version DX13.00 (2020)

2. https//www.statease.com

3. Manuale practico per realizzare, Disegni degli Esperimenti
Version DX7

4. M.Kumar, M.M.Baloch, M.l.Abro, S.A.Memon; Effect of
Artificial Aging Temperature on Mechanical Properties of 6061
Aluminum Alloy; Journal of Engineering and Technology,
Vol.38,No.1, 31-36,; p-ISSN:0254-7821,E-issn:2413-7219 January
(2019)

5. D.Elezi “Lecture-Bases of
University of Tirana; (2015)

6. Somsak Kaewploy, Chaiyoot Meengam “Determination of
Optimal Parameters for Diffusion Bonding of Semi-Solid Casting
Aluminium Alloy by Response Surface Methodology” MATEC 26,
02001 Web of Conferences ACMME pp.01-05 (2015)

7. P.Puspitasari , D.l. Tsamroh , M.Achyarsyah , B.Bandanajaya
and D. Puspitasari; Multistage artificial aging optimization for
tensile properties of Duralium using Response Surface Method
(RSM); MATEC Web of Conferences 204, 00007 ; IMIEC (2018)

8. K.Dehgani, A.Nekahi, M.Mirzaie “Using response surface
methodology to optimize the strain aging response of
AA5052”MSE A527 ; 7442-7451 (2010)

9. M.Voncina, K. Kresnik, D.Volsak, J.Medved “Effects of
homogenization of Aluminium Alloy EN AW 8006 Metals; (2020)
10. J.Hirsch “Annealing of Aluminium and Its Alloys; ASM
Handbook, Vol 4E: Heat treating of nonferrous alloys, ASM
International, Materials Park, pg.137-147, (2016)

process design” Polytechnic


https://www.statease.com/

MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS. Issue 3/2021

Nanosized ZnO and ZnO@zeolite composite prepared via sonication method
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Abstract: ZnO nanosized materials are well known for their photocatalytic and antibacterial properties. Their implication in water treatment
and environmental protection, especially as a part of composite materials, has been an object of study of a great number of researchers
working in the field. Zeolites are excellent candidates for support of composites preparation with semiconductor oxides since they are non-
hazardous, non-expensive and naturally abundant materials. In order to synthesize nanosized ZnO with well-developed surface area and
uniform size distribution in pristine form and supported on zeolite, we applied the method of precipitation assisted by sonication. As
prepared ZnO nanoparticles and the composite ZnO-zeolite were characterized by XRD, SEM and UV-Vis spectroscopy. The ZnO
crystalized in wurtzite structure in both materials. The morphology of ZnO nanoparticles was affected by the zeolite framework, as in the
composite the ZnO was formed in-situ at the presence of zeolite. The ultrasonic irradiation during the precipitation of Zn(OH), and aging of
the reaction mixture causes activation of the zeolite surface and prevents the aggregation of ZnO patrticles. In result evenly distributed ZnO

nanoparticles were obtained in the composite.

Keywords: ZnO NANOPARTICLES, SYNTHESIS, NANOCOMPOSITES, ZEOLITE

1. Introduction

Zinc oxide (ZnO) is well-known and widely used material as an
active ingredient in paints, plastic, cosmetics, medicine (common
brand name(s): Aquaphor, Balmex, Medi-Paste, etc). It is a II-VI
semiconductor with energy band gap of ~3.3 eV at room
temperature. ZnO is non-toxic and non-expensive material which
makes it very convenient for a large scale application. With the
intensive development of nanotechnologies, ZnO found some new
areas of application by using its nanosized form, namely ZnO
nanoparticles (ZnONPs). Based on the fact that by changing the
morphology, surface area, particle size and distribution, the
properties of the same chemical compound can be varied, the
antibacterial [1,2,3] and photocatalytic properties [4,5] of ZnONPs
as well as their application for solar cells fabrication [6,7] have been
extensively explored.

Promising results in each of the listed areas have been reported
so far. Beek et al. [6] have described new hybrid bulk-
heterojunction solar cells based on nanocrystalline ZnO with 5 nm
diameter as the n-type semiconductor, which were prepared via
hydrolysis and condensation of zinc acetate dihydrate. The ZnO
nanoparticles were dispersed in a semiconducting polymer thus
forming the active layer of the solar cell. This model cell
demonstrated up to 40 % conversion of solar energy into electrical
current proving the effectiveness of synergism of organic and
inorganic materials in photovoltaics.

The photocatalytic activity of ZnONPs have been studied for
years and the research is still ongoing due to the promising results.
Weerathunga et al. [5] showed very interesting results from their
latest study which suggests a relationship between the morphology
of ZnO nanoparticles and their photocatalytic activity. Three types
of shapes (rods, plates and cones) have been tested in the reaction of
benzyl alcohol oxidation. The experimental data revealed that ZnO
nanocones resulted in higher benzyl alcohol conversion compared
to nanorods and nanoplates. This was explained by the crystal
structure of ZnO nanocones and the orientation of undercoordinated
O atoms towards the species in reaction medium. The authors are
hopeful that their findings will provide useful insights how to
optimize reaction conditions in other heterogeneous photocatalytic
reactions involving oxidation reactions activity.

The antibacterial activity of ZnO is another area of interest of
researchers.  Bhuyan et al. [I'pemxa! Tloka3ajeunbt He e
nepunupan.] used 25% (w/v) of Azadirachta indica (Neem) leaf
extract for biosynthesis of ZnO nanoparticles. They tested the
antibacterial and photocatalytic activity of ZnO obtained. By shake
flask method different concentrations of ZnO nanoparticles (20
mg/mL, 40 mg/mL, 60 mg/mL, 80 mg/mL and 100 mg/mL) were
used against Gram-positive and Gram-negative bacteria:
Staphylococcus aureus, Streptococcus pyogenes and Escherichia

89

coli. The authors found that increase in nanoparticle concentration
leads to decrease in bacteria growth and Gram-positive bacteria
were more sensitive to ZnO nanoparticles than Gram-negative
bacteria. As an additional benefit, biosynthesized ZnO nanoparticles
demonstrated activity in the photocatalytic degradation of
methylene blue (MB) under the UV light.

Other authors also reported biosynthesis using plant extract for
nanosized ZnO preparation. [8, 9, 10]. Salam et al. [10] have
showed the synthesis of ZnONPs using Ocimum basilicum L. var.
purpurascens Benth.-Lamiaceae leaf extract and zinc nitrate. The
obtained ZnONPs had hexagonal (wurtzite) shape and size about 50
nm.

Other widely applied method for preparation of ZnONPs is by
precipitation reaction under ultrasonic irradiation that allows a
control over the size and morphology of the formed nanoparticles.
This fact is of significant importance because some studies suggest
that photocatalytic properties of ZnO strongly depend on their
morphology [I'pemxa! IMoka3aseust He e medunupan.11,12].
The effect of ultrasonic irradiation was confirmed by other research
teams as well [13]. Meronia et al investigated an ultrasound-
assisted synthesis of ZnO-based photocatalysts for the removal of
NOx. They found enhanced surface area under sonication in
comparison with samples from conventional synthesis. . The main
experimental parameter affecting the structure of obtained ZnONPs
was pH and the reaction temperature, as both influenced the
precipitation of Zn(OH), and its subsequent conversion to ZnO
phase. Other important founding was that the counter-ion in the zinc
precursor influence the morphology (star-shaped, flower-like,
platelets), as well as the surface area [13].

In order to improve the antibacterial and photocatalytic
properties of ZnONPs some authors suggest to immobilize the ZnO
onto a support aiming a synergetic effect of action and easier
recovery of the nanocomposite material. Zeolite is very beneficial
support for ZNONPs because zeolite itself is used in water treatment
as a sorbent and ion exchanger [14,15]. Shaw et al., demonstrated
the efficiency and specificity of ZnO-zeolite core-shell composite in
the removal of heavy metal ions and organic pollutants in neat,
multi and mixed system [14]. It was established that the adsorption
by the nanocomposite follows the order Ph(ll) > Fe(lll) > Cd(ll)
and MB dye > p-nitrophenol > Aniline. In addition, it was also
demonstrated that the adsorption on zeolites is slower
chemisorption compared to the faster physi-chemisorption in core-
shell particles contributing to the rapid and enhanced adsorption
posessed by the composite. ZnO-zeolite has also proven to be very
effective photocatalyst and a multifunctional adsorbent with high
specificity towards Pb(ll), Fe(ll), MB dye and p-nitrophenol.

For preparation of nanocomposite materials containing ZnONPs
the ultrasonication method was chosen by researchers [16]. Heidaria
et al. [17] used sonoprecipitation for in-situ preparation of Zn-
zeolite nanocomposites resulting in novel ZnO nanorods over ion
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exchanged clinoptilolite. This material was found to be efficient
catalyst for the photocatalytic degradation of the drug furosemide
(FRS). The higher surface area of the composite resulted in an
enhanced photocatalytic activity in comparison to pristine ZnONPs
prepared by conventional precipitation method. By means of
various analytical methods (TEM, EDX, BET, UV-visible
spectroscopy techniques, XRD, etc.) it was shown that the average
particle size of ZnO in ZnO/clinoptilolite composite prepared by
sonoprecipitation was 20.5 nm, while without sonication the size
increased up to 34.8 nm. Aside from that, the sonication of the
reaction mixture during the precipitation process prevented the
agglomeration of nanoparticles. The effects of different parameters
such as amount of ZnO on the zeolite, catalyst dosage, initial FRS
concentration, pH of reaction media on the photocatalytic
degradation were investigated.

ZnO-based composites are also known for their antibacterial
properties against bacterial growth in wastewater.

Having in mind the above-described we have decided to use
natural zeolite clinoptilolite for immobilization of ZnO and to study
the potential of composites obtained for reduction of organic
pollutants and inhibition of bacterial growth in wastewaters. In
order to synthesize nanosized ZnO with well-developed surface area
and uniform size distribution in pristine form and supported on
zeolite, we applied the method of precipitation assisted by
sonication. The present paper describes the preparation of ZnO
nanoparticles and composite ZnO-zeolite and the characterization of
as prepared materials by XRD, SEM and UV-Vis spectroscopy. The
physicochemical parameters of these materials were examined and
compared in respect to their morphology, composition and
nanoparticles distribution.

2. Materials and methods

Zinc acetate dihydrate (Zn(CHsCOO),-2H,0) was purchased by
Merck KGaA, sodium hydroxide (NaOH) from Valerus, Bulgaria.
All reagents were used without any further purification. A natural
zeolite (clinoptilolite) from the region of East Rhodopes, Bulgaria,
was washed and modified by turning it to its sodium form, by
placing the clinoptilolite in contact with 2 M NaCl as described in
our previous paper [18]. The ultrasonic bath (SIEL UST7.8-200,
with an ultrasound energy of 250 W) was used to generate the
ultrasonic waves in the reaction mixture. The crystalline structure of
the samples was determined by X-ray diffraction (XRD) Empyrean
(PANalytical). UV-vis Diffuse Reflectance Spectroscopy (DRS)
analysis was carried out on an Evolution 300 UV-Vis
Spectrophotometer (Thermo Fisher Scientific), at room temperature
in the wavelength range of 200-1100 nm). Scanning electron
microscopy (SEM) was performed on JEOL 6390 u INCA Oxford
element analyzer.

2.1 Synthesis of pristine ZnO nanopatrticles by sonication

The experimental setup used is shown in Fig. 1. ZnO
nanoparticles were synthesized by precipitation reaction between
zinc acetate solution and sodium hydroxide solution under
ultrasound irradiation. Overall amount of 12,5 cm® NaOH solution
(0.1M) and 6.5 cm® Zn(CHsCOO), solution (0.1M) were
simultaneously added dropwise to a 50 cm® pure water and mixed
under constant sonication for 30 min to form a precipitate. Prior to
mixing of both solutions, the flask was immersed in the ultrasonic
bath. . The resulting dispersion containing ZnONPs went further
aging process for 1 h at 80°C under sonication, after that the
precipitate was filtered and washed with distilled water several
times. The product was dried for 12 h at 120 °C and the resulting
ZnONPs were further analyzed.

90

Zn(CH3CO0), NaOH
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solution

ultrasonic irradiation, rt

Fig. 1 Schematic representation of experimental setup for ultrasonic
synthesis of ZnONPs and ZnO-zeolite nanocomposites.

2.2 Synthesis of ZnO-zeolite nanocomposite by sonication

Zn0-zeolite nanocomposite was prepared following the above
described procedure and experimental setup shown inFig.1. Sodium
form of clinoptilolite with a mass 0,5 g was dispersed in 60 cm®
distilled water and sonicated for 15 min for surface groups
activation. After that following the previously described procedure,
62.0 cm® NaOH solution (0.1M) and 31.0 cm® Zn(CH3;COO),
solution (0.1M) were added dropwise to the zeolite dispersion under
constant ultrasonic irradiation for 30 min. The resulting reaction
mixture was left to age for 1 h at 80 °C under sonication, after that
the precipitate was filtered and washed with distilled water several
times. The nanocomposite product was dried for 12 h at 120 °C and
the resulting ZnO-zeolite was further analyzed.

3. Results and discussion

3.1 Materials characterization

We have successfully prepared ZnONPs and ZnO-zeolite
nanocomposite by controlled precipitation reaction between
Zn(CH3COO0), and NaOH solutions under ultrasonic irradiation of
the reaction mixture. The XRD crystalline analysis (Fig. 2) of the
composite material confirmed the formation of ZnO nanoparticles
with hexagonal wurtzite structure. The XRD patterns revealed that
clinoptilolite was the major crystalline phase (82 wt.%
clinoptilolite) and some cristobalite (2 wt.%) also existed as a
naturally occurring inclusion. The ZnO phase was detected by its
low intensity peaks showing that ZnONPs are part of the composite
material. The percent of ZnO determined was 16 wt.%. The XRD
data indicated that clinoptilolite is monoclinic phase, cristobalite is
tetragonal and ZnO nanoparticles have hexagonal wurtzite structure.
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4000
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1000

55
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Fig. 2. X-ray diffraction patterns of ZnO-zeolite nanocomposite. The peaks
of ZnO phase are denoted with a black triangle. Detailed XRD analysis
revealed the following composition: 82% clinoptilolite , 16% ZnO - and 2%
cristobalite -.

The surface morphology of ZnONPs and ZnO-zeolite
nanocomposite was studied by SEM. Selected images of both
materials are shown in Figure 3. SEM analysis revealed that the
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ZnO has a flake like morphology (Fig. 3a). The nanocomposite
ZnO-zeolite demonstrated that ZnO is evenly distributed onto the
zeolite surface and the average size of the particles is about 100 nm
(Fig. 3b).

1um
A

20kV  X20,000

10 44 SEI

1pm

20kV  X18,000

(B)

Fig. 3. SEM images of sample of ZnONPs (A) and ZnO-zeolite
nanocomposite (B).

The SEM images strongly suggest that the presence of zeolite
affects the formation and morphology of ZnO nanoparticles loaded
on zeolite. In the case of ZnONPs, a flake-like nanomaterial (Fig.
3a) was obtained and in the case of ZnO-zeolite, when the zeolite
was present in the reaction mixture spherical shaped nanoparticles
were formed.

The results from EDX elemental analysis were summarized in
Table 1. The estimated element composition in ZnO-zeolite
nanocomposite revealed a ratio Al:Si equal to 1.5 that is typical for
the studied natural clinoptilolite. The high percent of Zn (30.73)
suggest that not only ZnO present but also Zn* ions might be
exchanged with the zeolite prior precipitation and remained in the
zeolite. .

Table 1: Element composition (in wt. %) of ZnO-zeolite nanocomposite as
determined by EDX probe.

Elements
ZnO-zeolite

©)
39,71

Al
4,66

Si
23,63

K
1,26

Zn
30,73

Another evidence for Zn? jon exchange is the fact that no Na*
ions were detected by EDX. It is because the Na* ions had been
replaced by Zn?" ions. It is also possible the Zn?* ions adsorbed on
the zeolite to react with OH" ions from solution to form Zn(OH),
which further converts to ZnO nanoparticles that indicates the

91

active role of zeolite support in the formation of ZnONPs on the
zeolite surface.

UV-vis Diffuse Reflectance Spectroscopy analysis was carried
out to characterize the optical properties of ZnO-zeolite composite.
The spectrum is shown in Fig. 4. The weak band at 257 nm is due to
zeolite framework and it originated from the charge transfer from
0?to AI** ions at specific locations such as surface defects, corners,
etc [19]. The intensive band at 360 nm is assigned to ZnO
nanoparticles and confirms the nanosized ZnO on the clinoptilolite
[20].
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Fig. 4. UV-vis Diffuse Reflectance Spectrum of ZnO-zeolite nanocomposite.

4. Conclusions

We have successfully prepared ZnO nanoparticles and ZnO-
zeolite nanocomposite via precipitation reaction of Zn(CH;COO),
and NaOH solution under ultrasonic irradiation. The XRD analysis
confirmed that ZnO nanoparticles in the nanocomposite have
hexagonal wurtzite structure.

The SEM images revealed different morphology of the prepared
ZnONPs and ZnO-zeolite. The ZnONPs have flake-like shape while
ZnO nanoparticles in the nanocomposite are spherical with average
size of 100 nm. This observation suggests that zeolite plays an
active role in the process of formation and nucleation of ZnONPs.
The EDX element analysis showed an absence of Na® ions
suggesting that they had been replaced by Zn?* ions. It suggested
electrostatic interaction or partial coordination bonding between the
active sites in zeolite and ZnO nanoparticles in the composite.

In conclusion, the obtained ZnO-zeolite nanocomposite may be
considered as a promising candidate material for water treatment.
Such materials will be further tested for their photocatalytical and
antibacterial activity.
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Electron Beam Melting and Refining of Copper
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Abstract: Experimental results for the quality of electron beam melting and refining of pyro-refined copper samples are analysed by an
empirical model estimation approach. Investigation of the influence of the process parameters — melting power and time of refining on the
removal efficiency of specific impurities, overall removal efficiency and material losses is performed.

Keywords: ELECTRON BEAM REFINING, COPPER, REMOVAL EFFICIENCY, MATERIAL LOSSES, ELECTRON BEAM MELTING

1. Introduction

Copper (Cu) is one of the most important metals used in modern
life and up to 50% of Cu production is used for making cables, heat
exchangers, vacuum equipment, etc., and about 40% is used for
production of different alloys with: Zn, Sn, Al, Ni and other
valuable metals, which are needed for a number of industries.

The electron beam melting and refining (EBMR) of metals and
alloys in vacuum is done using electron beam as a heating source.
The aim of the metallurgical refining processes is the removal of
metallic impurities and reduction of non-metallic components from
the raw material. The increasing demand for purity of the produced
materials has led to the use of water-cooled copper crucible in
furnaces during EBMR, where the initial material is melted, refined
and re-solidified without pollution at using a ceramic pot, and thus
EBMR method is superior to the refining methods of the
conventional metallurgy [1, 2].

In this paper, investigation of the influence of the process
parameters — melting power and refining time on the refined quality
characteristics — the removal efficiency of specific impurities,
overall removal efficiency and the material losses, is performed
based on empirical model estimation.

2. Response surface methodology

Response surface methodology is a group of mathematical and
statistical procedures used in fitting an empirical model to the
experimental data obtained in relation to an experimental design [3].
Regression models or the polynomial models of some order, giving
an adequate functional relationship between a response of interest y
(performance characteristic) and a number of associated control (or
input) variables (process parameters) Xy, Xo, ... Xy, are estimated:

k
(1) 9@ = ) B,
i=1
where 8; are the estimates of the coefficients in the regression
model.

The natural values of the factors (z) in the regression models
are coded in the region [-1 + 1] and the relation between the coded
(x;) and the natural values (z;) is given by:

@  xi=(2Zi— Zi,max— Zimin)/( Zi,max— Zi,min),

where z; min and z; max are the corresponding values of the minimum
and the maximum of the process parameters during the experiment.

3. Experimental conditions

Electron beam melting and refining (EBMR) of Cu was
performed using 60 kW equipment with one electron gun and a
water-cooled copper crucible with diameter of 60 mm. The vacuum
pressure in the melting chamber was in the range 5-8x107 Pa.

Two EBMR process parameters are varied in order to
investigate the EBMR process of copper - z; is the electron beam
power and z, — the refining time. The values of the electron beam
powers were: 7.5 kW, 10 kW and 15 kW, while the refining times
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were set to different values in the range between 3 and 30 minutes
[4, 5]. Fifteen experiments were performed for different
combinations of these process parameters. The measured quality
characteristics are the following: the removal efficiency of Sn (yi,
%), removal efficiency of Ag (Y., %), removal efficiency of Zn (ys,
%), overall removal efficiency (ys, %) and the material losses (ys,

9)-

4. Estimation of regression models

The dependencies of the quality characteristics of the refined
Cu: y; — the removal efficiency of Sn [%], y. — the removal
efficiency of Ag [%], yz— the removal efficiency of Zn [%], y4 — the
overall removal efficiency [%] and ys — the material losses [g] on
the variation of the process parameters: z; — the melting power [kW]
and z, — the refining time [min] are estimated.

They are presented for coded in the region [-1 + 1] values of the
process parameters in Table 1, together with the square of the
multiple correlation coefficient R? and the square of the adjusted
multiple correlation coefficient Rzadj. The values of both coefficients
are high (maximum 100 %) and the estimated models can be
considered as good enough for prediction and investigation.

Table 1: Regression models.

) R | R
Regression models [9] [9]
. 99388383 + 0.96370857x + 0.08831581x, -
Y1) | 0 3525x,2 - 0.09437149x,% 9989 19984
. | 97442395 + 0.05581727x, - 0.03479241x, -
Y20 | 0.15916955%,x, ' ‘0 [9501 [9364
. | 94047439 - 7.8928562%, - 7.120348%.%, -
933 |6 641007xx, 2 e 7397 | 6687
. | 98.759141 - 4.3757779%2 - 3.1445406%:%, +
Ya() | 4 3840616x,7%, + 4.2965256x.x;2 8073 17302
. | 0.638250 + 84167181x, + 74642417x, +
yS(x) 6.5539856X;X; ! 2 99.99 ]99.99
99.4 99.8
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Fig. 1 Contour plot of the removal efficiency of Sn —y,, depending on the
variation of the melting power (z;) and the refining time (z,).
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The obtained by QstatLab [6] regression models for the
investigated quality characteristics are used for the investigation of
the process of electron beam refining of Cu.

In Fig. 1 — Fig. 3 contour plots of the removal efficiency of Sn —
y1, removal efficiency of Ag — y, and removal efficiency of Zn —y;
depending on the variation of melting power (z;) and the refining
time (z) are presented.

From Fig. 1 it can be seen that the removal efficiency of Sn is
99.9%, if the EB power is higher than 14 kW regardless of the
chosen refining time in the investigated range.
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Fig. 2 Contour plot of the removal efficiency of Ag — y,, depending on the
variation of the melting power (z;) and the refining time (z,).
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Fig. 2 shows the contour plot of the removal efficiency of Ag. It
can be seen that the removal efficiency is 97.4% or more, but the
maximum value (97.6%) is obtained in the range of working
regimes where the refining time is less than 6 [min] and the EB
power is higher than 14 kW.
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Fig. 3 Contour plot of the removal efficiency of Zn —ys, depending on the
variation of the melting power (z;) and the refining time (z,).

From Fig. 3 it can be seen that the removal efficiency of Zn can
be 99%, if the refining time is equal to 5 min regardless of the
chosen EB power or for EB powers higher than 13 kW and refining
time less than 8 min.

The contour plot shown in Fig. 4 represents the overall removal
efficiency (y,) depending on the variation of melting power (z;) and
the refining time (zp). It can be seen that the highest overall removal
efficiency can be obtained, if the refining time is in the region from
17 min to 23 min and the EB power is set on its minimal value (less
than 8 kW) or the EB power is higher than 14.7 kW and the refining
time is more than 20 min.
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Fig. 4 Contour plot of the overall removal efficiency — y,, depending on the

variation of the melting power (z;) and the refining time (z,).
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Fig. 5 Contour plot of the material losses —ys, depending on the variation of
the melting power (z;) and the refining time (z).

Fig. 5 represents the investigation of the material losses during
the process electron beam melting and refining of pyro-refined
copper. From the contour plot it can be seen that the losses under 2
g can be obtained, if the EB power is less than 8.5 [kW] and the
refining time is less than 7 min.

5. Correlation analysis

Another way to analyze the removal efficiencies of different
inclusions is to analyze the coincidence of the refining process
parameters in direction of simultaneously removing the inclusions
or if a certain set of process parameters favors the refining of one of
the inclusions at account of another inclusion. Correlation analysis
can answer the question for presence of such correlation between
different pairs of inclusions.
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97.3 [+ » . . . . Sre |
97.90 98.32 98.74 99.16 99.58 100.00
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Y='90,21+ 0,07X

Fig. 6 Scatter plot of the removal efficiency of Sn —y; and Ag —y,.
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In Fig. 6 — Fig. 8 the scatter plots for the different combinations
of inclusion removal efficiencies obtained by QstatLab [6] are
presented.

From Fig. 6 it can be seen that there is moderate positive linear
relationship between the removal efficiencies of Sn and Ag. The
correlation coefficient is r; = 0.54 and performed test for
significance defines it as a significant correlation. This means, that
the choice of EBMR process parameters that favor the refining of
Sn will favor the refining of Ag as well.
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Fig. 7 Scatter plot of the removal efficiency of Sn —y,; and Zn —ys.

Fig. 7 shows that there is no significant correlation between the
removal efficiencies of Sn and Zn. The Pearson linear correlation
coefficient is small and insignificant.
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Fig. 8 Scatter plot of the removal efficiency of Ag —y,and Zn—ys,.

Fig. 8 shows week positive correlation between the removal
efficiencies of Ag and Zn - the Pearson linear correlation
coefficient is 0.32. After making hypothesis testing for its
significance it is proven as insignificant correlation coefficient.

Consequently, the only significant correlation found is between
the removal efficiencies of Sn and Ag. The choice of optimal
EBMR refining process parameters should be made according the
technological requirements for all quality characteristics and
compromise solutions should be found that favors the refining of
one or another of the inclusions to a certain extend.
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5. Conclusions

Regression models for the removal efficiency of specific
impurities, overall removal efficiency and the material losses
depending on the variations of the electron beam melting and
refining process parameters at Cu melting were estimated.

The obtained regression models can be used for future
investigation and optimization of the process electron beam melting
and refining of pyro-refined copper.
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Abstract: This paper deals with 3D printing of porous, functionally graded structures by using Fused Deposition Modeling (FDM). We
investigated the printing parameters that can allow printing with gradual infill and challenges associated with this method of printing. We
fabricated polylactic acid (PLA) porous structures with variable infill by using FDM 3D printing. Set of the printing parameters for variable
infill were investigated: gradient infill and gradient speed and the most successful case is shown. The significant influence of the printer
hardware elements was noticed, among which, the worn gear tooth and inadequate extruder feed model can result in inability to print
functionally graded lines.

Keywords: FUNCTIONALLY GRADED POROUS STRUCTURES; FDM 3D PRINTING; GRADIENT INFILL, DYNAMIC EXTRUSION,
PRINTING ERRORS

Fused Deposition Modeling (FDM) or Fused Filament
Fabrication (FFF) is a popular additive manufacturing (AM)

The ability to produce structures/parts with locally variable  technology that may be found in both open-source/low-cost and
structure and composition, such as porous, cellular, and lattice ~ high-end/industrial AM systems. The typical AM manufacturing
structures, is important for scientific and technological advancement ~ method is commonly followed for fabricating heterogeneous
in a variety of fields, ranging from tissue engineering [1, 2], bone ~ components with FDM/FFF [25]. The procedure starts with the
grafts and dental implants [3, 4] to aerospace engineering [5] and  creation of 3D models that use CAD software to directly create the
microelectronics [6]. Several approaches have been presented to  desired geometrical form and structure. The geometrical
create these heterogeneous structures [7, 8, 9, 10]. Functionally information from these models is then sent to the relevant slicing
Graded Materials (FGM) can efficiently mimic the natural and route planning software, which creates machine instructions
structures, such as the bone structure [3, 4], thus providing  files for the FDM/FFF system. The FDM/FFF technology is then
artificially designed and produced implants closely resembling the ~ used to create the parts, which are subsequently postprocessed and
natural organs and tissues. Functionally graded additive  finalized according to the application [13].
manufacturing can be realised in different ways [11], whereas
additive manufacturing (AM) or 3D printing, offers the most
promising possibilities in the FGM design [8, 12, 13]. One of the
main benefits of the FGMs is the possibility to tailor mechanical
properties of the constructs [14]. However, AM technologies are
still associated with certain challenges in producing FGMs [15, 16].

1. Introduction

It might be complex to select the printing parameters that will
allow the desired porosity and pore size values in the case of a
porous structure [20, 26]. The most process variables are related to
the machine operation rather than the final form of the final
component [20]. Furthermore, final porosity and pore size may
deviate from theoretically designed values. Pore size and porosity of

Functionally Graded Materials (FGMs) are heterogeneous  structures with gradient infill patterns are measured as a function of
materials with tailored composition and structural gradients that ~ the several printing parameters . The influence of the printing
have specified qualities in the desired orientation [17, 18, 19]. parameters is significant, among which the infill values have the
Functionally Graded Cellular Structures (FGCS) are Cellular ~ prominent role [27]. Application of 3D printing in design and
Structures that have been functionally graded and are being fabrication of porous functionally graded structures are still in
investigated for a variety of engineering applications [20]. When research [13, 26], including the investigation on correlation to the
opposed to totally porous materials, functionally graded porous  resulting material properties [28, 29].
structures have the benefit of preserving strength close to solid

structures [21]. This paper presents the fabrication of porous structures with

variable infill by using FDM 3D printing, made of polylactic acid
Functional graded materials expands the design space by  (PLA). We present the parameters of 3D printing for variable
allowing the engineer to tailor distinct material qualities throughout printing speed and printing flow and the printed structure with
the different zones within the same element [14]. Objects with FGM  variable infill. We also present the issues in fabrication of such
structure, in essence, allow engineers to customize its design  variable structures, related to the 3D printing process.
beyond simply modifying its physical shape to fit design aims and
restrictions. FGM structures are challenging to design because it 2. Materials and Methods
should allow modifications throughout the whole structure volume
and is not limited only to topological or the dimensional variations.
Such profound structural changes accompanied by the dynamic
variation of the structural properties throughout the volume may
pose significant complexities, and optimisation techniques are often
used, from aspects of the final properties, topological optimization,
material distributions, or the fabrication technologies [14, 22].
Furthermore, manufacturing limitations will most likely limit the
available design zone and should be taken into account while

planning [22]. L
For components or products with complicated and custom \ /

designs, 3D printing is one of the best suited technology, including
the low cost Fused Deposition Modeling (FDM) 3D printing [23].
3D printing of FGMs with broadly and diversely adjustable features

The polylactic acid (PLA) sample was created using FDM
printer Creality CR-10S5 with purple filament (1.75 mm diameter)
as the standard material. A disc with a diameter of 50mm and a
height of 3mm serves as the sample (Fig 1a).

a) b)

3mm

Fig. 1 (a) schematic view of the printed sample, (b) printed sample

in a single 3D printing process has steadily grown in relevance and All of the samples in this study were printed with a 0.4 mm
has been intensively investigated recently, owing to benefits i nozzle. We used the printer default parameters, which included 30%
structural control, resolution, and scalability, among others [16, 24]. infill, the layer height of 0.2 mm, and the printing speed of 20

mm/s. In total, the printing process lasted 29 minutes and 7 grams
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of material was used. The printing parameters are given in Table 1.
Layer height refers to the thickness of one layer during the 3D
printing, while shell thickness refers to the thickness of the outer
layers, as the printing head initially passes along the shell line and
then fills it with layers. The thickness of the first and the final
printing layers that were printed with full fill, regardless of the
filling density settings, is referred to as bottom and top thickness.
The filling of the specific printing elements is referred to as the
infill density. The printing head speed during the printing along a
straight line is referred to as the printing speed. The temperature of
the nozzle during the printing is referred to as the printing
temperature. To minimize the damage of the printed object, that can
be caused by the sticking and non-homogenous stress distributions,
the sample is printed on a heated plate (with defined bed
temperature). Because it makes it easier to remove the final printed
sample, raft is used as the support on which the object is directly
printed.

Table 1: 3D printing parameters for the standard polylactic acid (PLA).

Quality
Layer height 0.2mm
Shell thickness 1.2mm
Enable retraction Yes
Fill
Bottom/Top thickness O0mm
Infill density 30%
Infill pattern Line

Print speed and temperature

Print speed 20mm/s
Printing temperature 230°C
Bed temperature 50°C
Support
Support type None
Platform adhesion type Raft
Filament
Diameter 1.75mm
Flow 100%

The sample was not printed with a standard constant infill but
with a gradient infill. Gradient filling means that the filling grid
volume is distributed unevenly over the sample. Different filler
fiber thicknesses may be generated by adjusting the extra print
settings inside the Ultimaker Cura software by using the gradient
infill plugin. Fig. 2 shows the variation of the fiber thickness along
the printing path.

omm/s
emmi/s
2mm/s
8mm/s
ammis

20mmis

N
emmis N
2mmis S

mmis A
mmis
mmis J

Fig. 2 The distribution of the fiber thickness in the sample filling, depending
on the variation of the printing speed.
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Printing parameters for obtaining variable infill are based on the
variation of the printing speed and printing flow. With increasing
the printing speed at constant flow, the fiber become thinner, while
with increasing the printing flow at constant speed, the fiber
become thicker. The distance gradient is a parameter that defines
how far from the shell the speed and flow parameters will change.
Gradient discretization represents the number of steps on how much
the speed and fill parameters will change per gradient distance.
'Max flow' and 'Min flow" are the parameters that set up the limits of
the range in which the flow varies during one gradient distance.
'Max over speed' and 'Min over speed' parameters determines the
range of the printing speed that is used during one printing cycle.
All of the gradient infill parameters are listed in Table 2.

Table 2: Set of the printing parameters for variable infill

Gradient infill
Gradient distance 12mm
Gradient discretization 8
Max flow 350%
Min flow 50%
Short distance flow 350%
Gradient speed
Max over speed 200mm/s
Min over speed 60mny/s

3. Results and discussion

The goal of the experiment is to leverage extrusion width
variability to change the quantity of material that comes out of the
nozzle during the printing in a real time. With the current designs
and very slight flow alterations, the extruder may deposit more
plastic near to the walls and decrease the flow in the middle. It is
possible to perform it differently depending on the parameter
settings: for example to strengthen the center zones and to make
weaker outer zones towards the edges. We made samples that have
weaker central zone and the porous structure becomes stronger
towards the edges.

The samples were created in the shape of a disk to make it
easier to see the effect of the parameters used to control the
progressive infill on the sample. The zone of the intense filling of
the material around the periphery of the sample is clearly visible in
Figure 3a. This zone is 12 mm wide, which is the value of the
gradient distance print parameter that has been specified (Table 2).
The thickness of the printing lines at the ends and in the center of
the sample are shown in Figure 3b. It can be seen that the lines in
the central zone are half the thickness of the same printed line at the
outer, edge zone. Considering the flow (max flow = 350 percent,
min flow = 50 percent) and the speed (max speed 200mm/s, min
speed 60mm/s) parameters, it is reasonable to deduce that such
difference in fiber thickness might be considerably larger. However,
major drawbacks of the lab 3D printers, especially FDM 3D
printers, are related to the dimensional accuracy, and the high
probability for some hardware elements (e.g. gear tooth) to rather
rapidly loose their original performance, thus greatly influencing
the final printed structures. For example, if the sliding of the
filament occurs without direct feed into the extruder, the printing
settings become inconsistent.
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Fig. 3 Gradient structure of the printed sample with two different

magnifications

Figure 4 shows the change in extrusion width along the
diameter line printing direction. This variation of the extrusion
width is directly correlated with the width of the printed line and
produces its variation as shown in Fig. 3.

S A

38 50
Diameter line of the sample (mm)

0 12

Fig. 4 Change in extrusion width along the diameter line printing direction

The success of the gradient infill printing is greatly influenced
by the hardware settings and characteristics of the FDM printer.
One of the characteristics of the printer that has the greatest
influence is the performance of the extruder feed. There are two
types of extruders, commonly used in FDM 3D printers: Bowden
extruder and direct feed extruder (Fig. 5). Direct feed extruder gives
better results because in Bowden extruder the filament is driven
from a distance through the teflon tube. The distance that the
filament has to travel has a negative influence on variable change of
parameters during the printing, since the extruder can lose the
ability to immediately apply the variations. Hence, in Bowden
extruder, there is a slight delay in variation of parameters that
significantly influence the possibility to print the gradient structure.
Slightly delayed feed during the changing of the filament push
speed produced the tube movement which further influenced delays
in change of the fiber thickness, thus producing errors in printed
structure: inaccurate change in the thickness of the fiber at the top
of the nozzle.

®

.o |

-

Fig. 5 The extruder feed models: a) Bowden extruder, b) Direct feed
extruder

Filament slip during the feeding of the extruder is another
possible source of error in the printed structure. Filament slip can
occur for two main reasons. The first one is the insufficiently strong
spring. For the proper filament feed, the spring creates tension and
thus allows the gear to push the filament into the extruder. If the
spring is weakened, what can occur after a certain time of the
printer work, it will not create sufficient tension for the filament to
be properly pushed. Another, much more common reason is the
wear of the drive gear. In small 3D printers (home printers, fab lab
printers), the drive gear is usually made of brass that does not
exhibit high wear resistance, especially in harsh environments. Over
time, the gear teeth wear out, thus forming worn tracks (channels),

98

along which the filament slides (Fig. 6). This has a negative effect
on the printing with standard parameters, and especially significant
influence on the printing with a gradient infill. Worn gear teeth
cannot efficiently follow the changes in the filament push speed and
results in filament slipping, thus producing significant errors in the
printed structure. This is especially prominent for the gradient infill
printing where, in case of the worn teeth, we obtained structures
with significantly different designs from the initially planned ones.
Accordingly, we changed this gear element in the printer and used
the new one, for the fabrication of the previously showed samples
with gradient fill (Fig. 1b), since with the worn gear, it was
impossible to produce them.

Fig. 6 Worn brass gear that drives the filament

4. Conclusion

Porous functionally graded PLA samples were fabricated using
3D printing (FDM) with the printing layer of 0.15 mm and gradient
infill of 30%. Gradient infill printing was sucessfuly realised,
proven by the functional distribution of the infill line thickness
inside the sample structure. A variety of factors influenced the
quality of the printed object. Beside the process parameters, the
quality of the printer hardware elements essentially determines the
behaviour during the printing. For the printing of porous,
functionally graded structures, even the small defects in printer
hardware can result in inability to print it. For the FDM 3D printing,
the most significant influence, was determined to be the worn drive
gear and extruder feed model. Further research on the influence of
process parameters on the structural and mechanical properties will
be realised.
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ABSTRACT: New special high nitrogen steel used in arms industry is developed. The new steel and technology of its production are
developed on the basis of the metallurgy under pressure. The mechanical properties by the results of the short-term strength and notch-
impact strength tests are determined. The new steel has higher mechanical characteristics in comparison with conventional nitrogen free
analogue. Non-destructive control is carried out. Dense structure without defects is established.
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1.INTRODUCTION

One of the directions to solve the strategic task of extending the
working cycle of industrial machines, tools, etc., is their
replacement with such produced of new or improved materials with
enhanced exploitation characteristics. As is well known the
qualitative metallurgy is metallurgy of the qualitative steels and
alloys.The qualitative metallurgy allows inventing new or improved
present steels and alloys with special properties and lowering costs
of materials and energy. In this way an indirect beneficial
environmental effect will be also achieved. The new steels and
alloys should possess the necessary complex of mechanical and
physical properties and should be superior to the properties of
conventional steel brands. Due to the enhanced mechanical and
physical properties on the one hand, and the lower costs for
materials and energy on other, the steels have a resource for long
term operation with reduced production costs. Thus improving the
quality of the steels by means of invention of a complex of
enhanced mechanical and physical properties at lower production
costs ensures the long time operational resource of the products in
which the steels are used. All this results have both economic and
environmental impact.

Metallurgy under pressure is one of the areas for development of
the qualitative metallurgy. This is a method for obtaining of new
steels and alloys under pressure above atmospheric pressure.The
Institute of metal science, technologies and equipment with hydro
and aerodynamics centre “Akad. A. Balevski” to Bulgarian
Academy of Sciences (IMSTCH-BAS) has created theoretical
grounds in the field of alloying with superequilibrium nitrogen
concentration and development of new steel grade-high nitrogen
steels and technologies for their production by the methods of the
metallurgy under pressure. The Institute has capabilities and years
of experience gained in the field of this method. Using the available
laboratory facilities in combination with the scientific and
technologic potential of the researchers, various new steel brands
and technologies for their production were developed. In the basis
of the our technological concepts the original Bulgarian methods of
Counter pressure casting (CPC) and Electroslag remelting under
pressure (ESRP) are incorporated, and also the our knowledge of
the processes of nitrogen alloyed. The main advantages of CPC and
ESRP for steels production and their alloying with nitrogen include:
uniform nitrogen distribution within the ingot since nitrogen is
introduced in the liquid bath that is intensive stirred and

100

homogenized; possibility of precise adjustment of the nitrogen
concentration; replacement of the expensive alloying elements, such
as nickel; smooth and uniform filling of the mould with melt;
because of the technological pressure qualitatively new ingots were
produced in comparison with those produced upon conventional
casting methods: with improved structure, high density and smaller
raiser; versatility in obtaining different brands of alloyed steels,
especially in combination with ESRP. A number of steel brands
with increased nitrogen concentration have been developed in
IMSTCH-BAS: high-speed steels, hot-die, cold-die, structural, etc.
It was proven that the high-nitrogen steels obtained 30% to 150%
higher mechanical parameters in comparison with nitrogen-free
steels. Thus the cutter instruments made of the high-nitrogen steel
type W6N2Mo5 (analog to W6Mo5, according to DIN S 6-5-2)
were characterized by 38% to 100% higher exploitation parameters

[1].

At present in arms industry steel 32 NiCrMo 14 5 of type (DIN
1.6745) is widely applied. In the Institute of metal science,
equipment and technologies ,,Akad. A. Balevski” with hydro and
aerodynamics centre, Bulgarian Academy of Sciences was carried
out investigations to develop original special nitrogen
constructional steel 30Cr2Ni2MoN2V [2] of the class of
conventional steel 32 NiCrMo 14 5. The new steel and technology
of its production are developed on the basis of the metallurgy under
pressure. Steel 30Cr2Ni2MoN2V is alloyed with super equilibrium
nitrogen quantity while the established by us nitrogen equilibrium
concentration is 0, 0465 %. Testimonial investigations of the new
special nitrogen steel of 30Cr2Ni2MoN2V mark are carried out.
Hopeful experimental results in the process of initial investigations
were obtained. Basic mechanical properties [3], dynamical cracking
resistance [4], behaviour of the steel at lowered temperatures [5]
and others are investigated. In result of these investigations is
obtained that the new special steel has higher mechanical
characteristics in comparison with conventional nitrogen free
analogue 32 NiCrMo 14 5 and does not require antiflake heat
treatment [6] — a long and expensive technological operation. To
prove the consumer qualities of special nitrogen steel
30Cr2Ni2MoN2V and to determine the production potentialities of
steel products, some specific researches, such as short-term
mechanical properties and non-destructive testing are carried out.

Purpose of the present work is carried out of of some specific
investigations of new special nitrogen constructional steel
30Cr2Ni2MoN2V.
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2.EXPERIMENTAL

For the purpose of the our experiment on industrial units induction
furnace IFP-05 and installation for Electroslag remelting under
pressure ESRP-2 steel ingots are produced of 30Cr2Ni2MoN2V
mark and of nitrogen free analogue steel 32 NiCrMo 14 5 for
comparative investigations (Table 1). According to developed by
us new technology for production of special nitrogen steel follows
plastic deformation-forging on radial-forge machine SHL 55 up to a
diameter 120 mm and length 2000 mm.

The mechanical properties are determined by the results of short-
term strength and notch-impact strength tests. The tensile strength
tests (Rm, MPa) are carried out according to BS EN 10002-1:2000
on standard samples by a diameter 102 mm and length 50 mm (A5-
specific elongation, %; Z-reduction of area, %; HB-Rockwell
hardness). The notch-impact strength tests to Sharpie (KCV,
MJ/m?) — on standard samples by section 10x10 mm to BS EN
10045-1:2001 at temperatures 20°C and 350°C.

Non-destructive investigations are carried out in the Laboratory for
non-destructive testing in IMSET with HAC-BAS. License 1-1193
registration number 04328 for using of ionizing ray sources for
scientific and economic purposes. Non-destructive control with
radiation methods and with roentgen defectoscope of type 200/5
model MXR-200. Technical parameters: spot focus 2,45x2,80 mm;
anode current 5 mA; tension 180 kV at measured equivalent dose
0,210 mSv with tapping + 0,8 %. Work conditions and reading of
the roentgenograms are conformity with Standards BDS EN 1SO
[71.

Point of the non-destructive testing: Roentgen (X-ray) or Gamma
rays are using in the radiation control methods. They penetrate
across optical untransparent bodies and operate over photographer’s

films similar to light rays. Under their operation some substances
like for example Zink sulphide, shining (luminescence).

In the roentgen graphic control the radiation source (Roentgen pipe)
is placing at a certain distance from object so as the rays to be direct
perpendicularly on the axis. On the contrary side Roentgen film is
settings. In the irradiation time (X-ray treatment) the film is situated
under action of rays in the course of determinate time named
exposition. Follows removal of the film in dark from the cassette,
development and fixing in order to obtaining a steady
photographer’s picture. As a result on the section of the investigated
object on separate places the picture is with irregular degree of
tarnish. Rays who fall into film after passing through a defect are
absorbing to a smaller degree in comparison with the rays passed
through dense metal. First rays cause stronger darkening of
determinate section of the film[8, 9].

3.RESULTS AND DISCUSSION

The obtained experimental results are submitted in Table 1. The
analysis of the obtained experimental results shows that in
comparison with nitrogen free steel 32 NIiCrMO 14 5 the
investigated nitride ingots have higher values of yield strength R,
and Rm, MPa at room and at the increased temperature, together
with the notch-impact strength at 20°C. All ingots, with exception
of nitrogen free ingot Nr CPC1, satisfy the technical requirements:
Roz > 1000 MPA at room temperature. At the increased temperature
values of Ro, > 900 MPA have only ingots with nitrogen
concentration Cy in wt. % from 0, 07 up to 0,112 % (CPC2;
ESRP2).

Table 1. Short-term mechanical properties

. a0 Ttest
NI ingot Heat treatment Testing temperature, Ttest = 20°C 350°C
Cn Wt A5 z KCV,
Thard °C | Teemp °C EA; Rox MPa | Ry, MPa % % HB MI/m? Ro, MPa

580 1110 1180 15 64 370 0,753 930
CPCl 900 600 0,025 990 1100 15 64 331 0,797 870
580 1140 1200 16 60 380 0,600 950
CPC2 900 600 0.081 1090 1190 15 62 336 0,757 900
580 1140 1230 15 65 385 0,777 970
ESRP1 900 600 0,012 1060 1140 16 68 327 0,875 900
580 1060 1160 15 61 385 1,030 900
ESRP2 900 600 0,074 940 1010 16 69 312 1,380 850
550-6h 1143 1242 15 63 375 0,540 973
ESRP3 900 550-12h 0,107 1110 1190 15 66 - 0,715 930
580-6h 981 1079 15 66 - 0,953 833
900 580-12h 1110 1190 14 64 - 0,785 920
ESRP4 600-6h 0.085 999 1111 16 62 - 0,890 864
1000 600-12h ' 1110 1180 15 64 - 0,725 910
620-6h 1024 1114 16 63 - 0,886 850
32'\'1ng° 860 580 970 1102 16 65 - 0,780 780
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With respect to the plasticity and notch-impact strength
characteristics the investigated ingots have properties essentially
exceeding the technical requirements. Thus the sum of nitrogen and
carbon concentration in the nitride ingots was kept in the same
limits, as for conventional steel. The best combination of strength
(Rm>1000 MPa) and notch-impact strength (KCV>0, 60 MJ/m? )
characteristics is obtained after hardening and tempering at
temperatures accordingly 900°C and 550°C, 580°C. After the
specified heat treatment all ingots have high mechanical properties.
By the methods of non-destructive testing the density of the new
special steel 30 Cr2Ni2MoN2V is investigated. It is established
dense structure without defects. Difference along the height of ingot
is not observed (Figure 1). The dense structure after Electrosalg
remelting under pressure is one of the advantages of this process.
As is known, this advantage “economizes” the finally technological
operation-the plastic deformation.

Fig.1. Roentgen graphic image
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4. CONCLUSIONS

Original special nitrogen constructional steel 30Cr2Ni2MoN2V is
development. The mechanical properties by the results of the short-
term strength and notch-impact strength tests are  determined.
By the

method of non-destructive testing the density of new special steel
along height of ingot is investigated. The dense structure without
defects is established. The investigated ingots from special nitrogen
steel 30Cr2Ni2MoN2V satisfy the technical requirements:
Rp>>1000 MPa at room temperature. At the working temperature
values of Rg,>900 MPa have the ingots with super equilibrium
nitrogen contents in limits from 0, 07-0, 11wt%. With respect to the
plasticity and notch-impact strength characteristics the investigated
ingots essentially exceed the technical requirements.
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Abstract: The report examined the technical requirements for materials from which firefighters' clothing is made and the types of testing of
the materials from which the specialized protective equipment for the protection of firefighters, for neutralizing and elimin ating threats and

their follow-up to incidents at critical infrastructure sites are made.
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1. Introduction

The modern development of technology predetermines the use
of heterogeneous substances and materials in the production of
clothing for firefighters.. Many of them, according to their physico-
chemical properties, are combustible, explosive and toxic. The
requirements for specialized protective equipment for the protection
of firefighters involved in accidents and their neutralization of their
consequences are determined by the physico-chemical properties of
the material from which they are made. The purposes of the
garments are to protect the body of the firefighter to the maximum
extent possible, to have minimal movement restrictions and to be of
minimal weight.

Although there are no universal protections to protect, the
research is aimed at universalising them in terms of activities in
which to use them. Modern protective garments are designed and
made, identifying the areas of application. . [1,2,3,4,5,6]

Clothes for firefighters are made of multi-layer fabrics or one-
layer fabrics. In the first option, where they are multi-layered, the
surface layer is in direct contact with the environment in which it is
used and therefore has the greatest requirements, such as:

- be in combustible;

- be antistatic;

- do not leak water and air/gases;

- be dielectric;

- to resistant to chemicals;

- be mechanically durable and not change its characteristics
over time.

- have a minimum weight;

2. Technical requirements for materials for surface layer
textiles from which garments for firefighters are made

Protective clothing for firefighters is a specialized personal
protective equipment, providing protection of the torso, neck, hands
and feet of the firefighter. [7]

The type of clothing of the firefighter is determined depending
on the specific incident in which it will be worn. For this, the top
layer of clothing must have technical parameters that must protect
the remaining layers of clothing and body from the harmful
environment.

In all cases of use, two are the main characteristics that are basic
and mandatory, in the case of different types of clothing for
firefighters, respectively, and to the surface layer of clothing: to be
non-combustible (its combustion behavior) and to be mechanically
durable (to withstand mechanical wear and not to change its
characteristics).

2.1 Surface layer of textile combustion behaviour

To determine the heat and behaviour of the fiery impact of the
surface layer of textiles and, where appropriate, to be tested.

The purpose is to determine the moment of ignition by means of
tests, the samples being placed vertically, due to their faster ignition
and spread of combustion.
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Using a test, the properties of textile fabrics in contact with fire
shall be assessed, to what extent they are retained and for how long
[8,9].

The test shall be carried out at a defined minimum ignition time
and a well-formed flame from a burner which can be adjusted in the
range of 10 mm to 60 mm. For combustion, liquefied gas or
butane/propane mixtures are used in the burner.

The working position of the burner shall be at the front, below
the test specimen, so that it is in a plane through the vertical
centreline of the specimen and perpendicular to its own surface with
its longitudinal axis inclined below 300 towards the vertical lower
edge of the test specimen. The distance between the tip of the
burner stabilizer and the lower end of the test image is required to
be 20 mm +1 mm.

Adjust the flame after ignition and heat for two minutes. The
height of the flame shall be 40 mm + 2 mm and the measurement
shall be from the top of the burner stabilizer to the extreme point of
the yellow part of the flame, looking against a dark background.
The height of the flame shall be tested before the samples are tested.

To measure the combustion time, a relay device is used to
control and measure the flame application time with the possibility
of adjusting 1 second with an accuracy of 0,2 seconds. In order to
measure the time after ignition, three relays with readings up to 0,2
seconds are required.

A device starts automatically at the moment the flame is
sharpened or stopped, stopping manually.

Figure 1 - Apparatus for conducting tissue combustibility tests

The apparatus for conducting the combustibility test of tissues is
shown in Fig.1. It consists of a performance reporting computer, a
textile sample frame, a burner, ignition time reporting relays and
burner reading markers in the vertical. The listed deer are placed in
an isolated environment after their preliminary conditioning and
tempering.

For textile testing, 12 samples/samples are taken.

The samples are tested in a vertical direction, with the outer
layer directed to the flame source.

The samples shall be the dimensions (200 mm + 2 mm) x (80
mm +2 mm) which are tempered in advance at a temperature of 20
C +29C and a humidity of 65 % =5 % for 24 hours. If testing is
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not carried out immediately after conditioning, the samples shall be
placed in a sealed container and testing must be initiated within 2
minutes of being removed from the conditioning atmosphere.

Test procedures:

— if a specimen ignites within 1 second, cary not burning '0" is
recorded and the test is repeated by 1 second in the duration of
application of the flame;

-if there is no ignition within 20 seconds, repeat the test again
with 20 seconds of ignition time. Testing continues until 5 examples
of combustion and 5 examples of non-combustion appear.

The maximum time of application of the flame is 20 seconds.

The samples shall be tested by ignition and at the lower end.

The results obtained from the test from all the ignition and
ineeding times recorded shall be calculated the average time at
which the specimen is ignited. The purpose of these tests is to
determine the average combustion time of the test specimen, which
is the minimum flame application time, in order to reproduce
continuous combustion under certain test conditions calculated to
the nearest second. (An example of an average time of 4.2 seconds
is taken from all circumcised time of 4.2 seconds).

The average time is the limit between burning and burning the
specimen. Both types of behavior can be observed by tiping the
pattern the flame is applied just as long as the average time. Testing
of non-combustible materials is not appropriate, as is the use of
materials that have only limited combustion. The results obtained
are in the column "un ignited at 20 seconds application of flame-
"lightness of ignition".

After determining the mean ignition time, another important
indicator is the 'flame propagation time' — the time it takes for the
flame on the burning material to travel a certain distance under
certain test conditions [10]. Three devices (relays) are used to read
the time. Relays reading to within 0.2 seconds. Measure the flame
propagation times, starting the devices simultaneously when
applying a flame and stopping automatically when the individual
marker threads are damaged/destroyed.

The method is designed to test flammable materials that support
the flame when ignited. In this type of material, this method is
accurate to the nearest second.

The precision of the results depends to a large extent on the
type of material to be tested. When testing system materials,
ignition and combustion of the specimen shall be reported.

The procedures described with regard to the determination of
the average ignition time and the time of spread of the flame are
used in tests of textile fabrics for clothing, a procedure for
determining combustion behaviour [11,12,13].

Tests of samples have been carried out in an accredited test
laboratory - "TEX CONTROL" Ltd- Bulgaria, Gabrovo.

The apparatus on which the tests were carried out in the
accredited laboratory is SHIRLEY FLAMMABILITY TESTER
mode; M233B - Fig. 1. The results of the tests carried out on five

Mass per unit area [g/m2]

samples of different materials with different technical
characteristics are shown in Table Nol and Fig. 2.
Table Ne 1
Mean ignition
Mass per : ] .
Type of material unit area time of vertical- Quantltapve Weave
P female samples analysis
Om] | g
META ARAMID 49/49 /(2 -4 )
FLAME- PRO, after viscose/arami keper
anticomar apreture and 251,98 0/0/0 d/antistatic pe
pfter sanfor
KORDURA 5 color
print with non-
combustible smear, TL 249 >20 keper
B305-0278/from TMN -
Austria/
100% cotton
REGATTA,T.P.304, .
biter sanfor 330 04 satin
FRESCO after ((49/49 /(2 -
oftening and sanfor md)+ 2
163 0/0/0 viscose/arami
d/antistatic
SAMPLE 93% Nomex,
261 0/0/0 5% Kevlar,
2% antistatic

330
338 251 249 261
250
500 163
150
100
50
0
< & & & NY
QV‘S & o> & v@Q
O ) X o
N < <R &
& RS v S
o S5 AL &
& oq‘ s &
N\ < & &
Fig.2 Mass of test samples
Table Ne2
Type of material Flame propagation time of vertically located Weave
samples when igniting: ground -in length
(first, second and third marker threads) [s]
META  ARAMID FLAME- first marker thread:0 keper
PRO, after anticomar apreture second marker thread:0
pnd after sanfor third marker thread:0
KORDURA 5 color print with first marker thread:0 keper
poncombustible  smear, TL Sec_ond marker thread:0
B305-0278/from TMN - Austria/ third marker thread:0
REGATTA T .P.304, aftersanfor first marker thread:0 satin
second marker thread:0
third marker thread:0
FRESCO after softening and at5s at15s
anfor burning:<1 burning:<0
smoldering:<5 smoldering:<5
SAMPLE at5s at15s
burning:<4 burning:<0
smoldering:<5 smoldering:<5
Average vertical ignition time [s]
25
20
15 20
10
5 0 0,4 0 0
0
4 A o) <,
Q\v & \a 9(' Y
) S S & &
OQ9 %(9?“ 3 (=
¢ &

Fig. 3 Average ignition time of samples

2.2. Determination of the rupture of the surface layer.

To determine the strength of the raking, the surface layer of
textiles shall be tested. No change in size should be observed after
testing, use and cleaning of the material for a surface layer for
protective clothing.

Permissible changes of a surface layer shall not exceed +3 %
for fabrics and +5 % for knitted material and non-woven fabrics.

The method by which the study is carried out [14] - STRIP
refers to the determination of the maximum breaking force of
fabrics when the force is located on the tested pattern of textiles,
both on the basis and in wee. The method is not applicable to
fabrics of elastic fabrics, geotextiles, non-woven fabrics, coated

fabrics, woven fabrics of glass fiber and carbon fiber fabrics.

In tests, a constant rate of extension machine is used. The
tensile test machine shall be fitted with one gripping jaw which is
stationary and another which is moving at constant speed during the
test.
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Tests of samples have been carried out in an accredited test .
laboratory - "TEX CONTROL" Ltd - Bulgaria. Gabrovo. Force on the split-up Welt [N]
The apparatus for which the tests were carried out in an

accredited laboratory is Zweigle F 427, shown in Fig.Ne 4, 300
250
200
150
100
: g
o i
META ARAMID  KORDURA 5 color REGATTA,T.P.304, FRESCO after SAMPLE
FLAME- PRO, after  printwith non- after sanfor softening and sanfor

anticomar apreture  combustible smear,
and after sanfor TL 8305-0278/from
TMN - Austria/

Fig.5 Sampling strength
When testing the external material after pre-treatment, its base

and weath strands must withstand a rupture force of > 30 N to meet
the requirements for use in clothing for firefighters. [1]

META ARAMID FLAME- PRO, after anticomar
apreture and after sanfor

KORDURA5 color print with non-combustible
smear, TL 8305-0278/from TMN - Austria/
REGATTA,T.P.304, after sanfor

Fig. 4 tensile testing equipment

The results of the tests carried out on five samples of different —— FRESCO after softening and sanfor
materials have different technical characteristics are shown in Table
Ne 3

Tabsmia Ne3
Power of rationing Power of rationing Quantitative
Type of material basis [N] Weft [N] analysis
test norm test norm
META ARAMID 319 35 35,2 35 49/49/(2-4)
FLAME- PRO, after viscose/aramid/
pnticomar apreture and antistatic
pftersanfor
KKORDURA 5 color print 233 %23
ith non-combustible
smear, TL 8305-
p278/from  TMN -
Austria/
REGATTA.T.P.304 116,8 110 82,8 80 100% cotton
piter sanfor Fig.6 The comparative results of the test specimens are
FRESCO after softening 279 12 252 23 (49/49/(2 -md)+ 2
and sanfor viscose/aramid/ . . B )
antistatic From the results obtained described in table No 2, with average
SAMPLE 3% Nomex 5% test data of five counts, the foII(_)wing conclusions may be dra_wn: _
Ke\;!atrvtz_% -Further treated textiles in order to improve its fire
Antistalle resistance to fire, greater resistance to fire and non-flammability is
established by not igniting for 20 seconds:
Force on a split-up basis [N] -With the addltlonal_ treatment, sample 2sc_reed Ne 2
(Cordura 5) has a mass of a single area of 249 g/m?, is almost as
300 raw samples of material Ne 1 (meta aramid) with a mass of 251
250 g/m2 (Fig. 2) ) - o
200 - Samples of synthetic composition are ignited
150 immediately while organic materials are recorded at a time of 0,4 s (
100 Fig. 3)
- Some synthetic materials have higher indicators of
50 “ “ mechanical resistance than organic materials.
0 - the type of material has importance - its chemical
Ol I G, ,T.P.304, SCO afts S} it 1 1 1 i I 1
FLAME. B0 Aot | ot o R et ot wontor S MPLE composition, the goal is to achieve a combustion-resistant textile,
anticomar apreture  combustible smezr, non-growing combustion with a low heat transfer coefficient and a
and after sanfor TL 8305-0278/from .
TMN - Austria reduced mass of edenic area;

-The type of textile braid in the tested robes is relevant, the
results show that the tper weave is more resistant to flame spread
than an satin braid.

- It is apparent from the tested samples that melt-resistant
textiles are made of natural materials, but are more unstable to
spread fire than synthetic products with additional processing
smear.

- Cordura-branded sample tested sample has the highest
performance in terms of base and weaning strength, which shows its
mechanized durability and strength.

Fig.4 Sampling force
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3. Conclusions

Following the tests carried out on five samples of textiles of
different types, the following conclusion may be drawn:

- there is a tendency to achieve material that can withstand a
longer fire time and temporarily reduce the mass of a single area.

Depending on the material, a type of textile design for a surface
layer is more appropriate to use only in certain activities, examining
combinations of new materials in a different weave and further
processing until the goal of making a fabric resistant to a wide range
of harmfulness, with minimal weight and without creating
movement restrictions, with a sufficient degree of mechanical
durability.

The results are aimed at the implementation of Work Package 2
"Intelligent Security Systems" of project BGO5M20P001-1.002-
0006 "Construction and development of the Competence Center
"Quantum Communication, Intelligent Security Systems and Risk
Management (Quasar)", which has received funding from the
European Regional Development Fund through the Operational
Program "Science and Education for Smart Growth" 2014-2020.
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Physicochemical and technological researches of marls from the area of the village
Lovets related to the production of the new ""Yellow paving stones"

Lyuben Lakov, Gergana Mutafchieva*, Gabriel Peev, Mihaela Aleksandrova, Bojidar Jivov
Bulgarian Academy of Sciences , Institute of Metal Science, Equipment, and Technologies with Center for Hydro- and Aerodynamics
“Acad. A. Balevski”, cl.creativeline@gmail.com

Abstract: Due to force majeure circumstances, new researches of marls from the Alexandra deposit to the village of Lovets (Shumen region)
were carried out to replace the marls from the village Svetlen (Targovishte region), which are part of a plastic mass for the production of
large, fine-ceramic parts (yellow paving stones) from peturgical phases. Marls are characterized in terms of mineral and chemical
composition. Their properties, characterizing them as a ceramic raw material, have been determined. Three test masses with a chemical
composition similar to the one with the participation of marls from the village of Svetlen were developed. The test specimens are
characterized in terms of sintering and strength characteristics. It has been established that the marls can be used to replace the marl from
the village Svetlen in the composition of the plastic fine-ceramic masses for the production of yellow pavers.

Keywords: MARBLE CLAYS, NEW YELLOW COATS, PHYSICOCHEMICAL STUDIES OF MARBLE

1. Introduction

Due to the bankrupt of the company "Rodna Industria" Popovo, Commander Sample ID (Coupled TwoTheta/Theta)
using the concession of the marl deposit in the village Svetlen in ]
obligations to the state, insolvency and lack of prospects for future
cooperation, it was necessary to urgently conduct current research
to find new alternative raw materials.

Counts

Both the marl from the village Svetlen and the marl from the
village Lovets are used for coarse ceramic products - bricks. As
marls are suitable for the production of high quality majolica tiles,
they can easily be used as a raw material for the production of fine
ceramic products, because clay marls contain a larger amount of ‘ | ‘ h
fine fractions than typical brick clays [1]. The carbonates in the ] I t
marls are more engl)y distributed.yTatEIg 1 shows the chemical L.LNLWJLJA*:{” LMJW:
composition of marl from the village Lovets, and Figure 1 shows a
radiograph of the raw material and the content of mineral phases in
it. Table 2 presents the grain size distribution in% by weight. Fig. 1. Phase analysis of dried marl clay from the village of Lovets at

t =1140°C and retention at a final temperature of 80 minutes.

2. Representation e

2Theta (Coupled TwoTheta/Theta) WL=1.78897

Iablet 1:_“Chemical composition of marl clay from the Alexandra deposit, Table 2: Grain size distribution of marl clay as a percentage of particle size.
ovets village
Grain size distribution Weight %
Composition Quantity % Faction under 0,005 45
Na,O 0.7 Faction 0,005 - 0,05 42
MgO 2,24 Faction over 0,05 13
ALO; 11,36
Si02 35,19 According to the standards, the studied clay belongs to the
P20; 0,1 marls of group Il - acidic below 15% Al,O3 high-carbonate, over
17 - 18% alkaline earth oxides and high content of coloring Fe,O3 -
K20 2 over 3%. According to the classification of Sitin, the clay marl used
o) 1958 by us from the area of the village Lovets, the amount of alkaline
’ earth oxides is 21.82% by weight. This implies a relatively narrow
TiO, 0,47 firing interval and difficulty in obtaining fine ceramic products. The
DTA curve of marl showed a characteristic endoeffect at 800°C
MnO 011 associated with the decomposition of CaCO3; and MgCOs. The
Fe,03 4,85 weight reduction is 22.57%, which coincides with the determined
by chemical analysis A.L.(annealing losses). 23.71%. From the
LOI 23,21 DTA curve shown in fig. 2, it has surprisingly been found that the
5 98 melting interval begins with the appearance of small amounts of
' liquid phase as early as approximately 1000°C before the actual
Cu 0,06 melting point at 1137-1140°C. This suggests that a practical
temperature regime for marl firing could be established.
Zn 0,073
Sr 0,053
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o0

400

Termperahse 1'C

Fig. 2: DTA-DSC analisys of the test samples

X-ray phase analysis shows that marl contains, in addition
to calcite (CaCOs), chloride, mica such as musk quartz, feldspar,
plagioclase, gypsum and kaolin. The content of clay substance is in
accordance with the fractional composition (fraction below 0.005 -
45%) fig. 1.

Marl has the following properties, characterizing it as a ceramic raw
material:

- Normal molding humidity - 20.5%;

- Plasticity according to Pfefferkorn - 29%;

- Critical humidity - 17.3%;

- Coefficient of sensitivity to drying - 0.18.

The clay marl used in plastic plastics has a favorable high critical
humidity and is slightly sensitive to drying. This is in accordance
with its mineral, chemical and fractional composition, which
determines a simplified drying regime and the possibility of
forming according to the classical technologies of ceramic
technology. The recipe composition of the working tables used is
presented in Table 3.

Tabl. 3. Prescription composition of working tables

Cu 0,05 0,06 0,06 0,06

Zn 0,066 0,069 0,068 0,073

Sr 0,049 0,051 0,052 0,053
100,00 100,00 100,00 100,00

Slips with a humidity of 60% are prepared from the work tables.
The plastic mass for the test samples was obtained by dehydrating
the slip in gypsum forms to normal molding humidity, which for all
four masses was 22%. The obtained samples from the plastic
masses are tiles with dimensions 56.5 x 56.5 x 5.65, dried to a
residual humidity of 2-3%.

The properties of the obtained water-dispersed colloidal systems
(slips) are presented in Table 5.

Tabl. 5. Properties of the four slips obtained from clay

Properties Ml M2 M3 M4
Liter weight g/l 1490 | 1485 | 1480 1492
Viscosity, Pas 2,30 2,25 2,23 2,22
Dry matter in the dispersed | 0,80 0,79 0,78 0,77
system, kg/l
Sieve residue in the sieve | 0,09 0,10 0,11 0,25
0.063mmg/ |

Raw materials Composition of test masses by
weight %

Marl from the village of 25 30 30 30
Lovets

Fireclay from marl in the 55 55 60 70
village of Lovets

Washed kaolin, dried at 20 15 10 -
120°C

The firing mode is determined by the DTA curve and is as
follows: heating rate 3°C / minute; delay at 112°C and 148° C for 30
minutes; retention at 576°C, 687°C and 800°C - 20 minutes and
retention at final temperature 1130°C - 60 minutes. The cooling rate
is 3°C / minute and a hold at 576°C and 687°C for 30 minutes.

The results of the degree of sintering of the test samples up to
1160°C are presented in Table 6, and the mineral phases in the
synthesized mass sample Ne4 are presented in Figure 3.

Tabl. 6. Characteristics and degree of sintering of the test specimens at
three temperature processes

The calculated chemical composition of the test masses is
given in Table 4.

Tabl. 4. Prescription composition of work tables

Maca | TeC contrastility | Water Appearant
calcination absorption density

Ml 1000 5,0 22,0 1,70
1130 7,0 12,0 1,72
1160 8,0 0,2 1,85

M2 1000 6,5 24,5 1,65
1130 7,9 0,06 1,67
1160 melt 0,0 -

M3 1000 6,0 20,2 1,63
1130 8,0 0,04 1,65
1160 melt 0,0 -

M4 1000 71 14,8 1,80
1130 84 0,02 1,85
1160 melt 0,0 -

Oxcuan Ml M2 M3 M4
Na,O 0,60 0,66 0,67 0,70
MgO 2,16 2,14 2,14 2,24
AlLO; 12,60 13,00 13,10 11,36
SiO, 41,30 39,98 40,10 37,19
P05 0,07 0,072 0,73 0,10
K20 1,80 1,85 1,90 2,00
Ca0 16,70 17,32 19,30 20,58
TiO; 0,33 0,34 0,34 0,47
MnO 0,10 0,11 0,11 0,11
Fe,O3 4,75 4,80 4,83 4,85
AL 19,425 20,90 21,00 20,21
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Samples of mass M4 at annealing temperature of 1130°C and
mass M1 at annealing temperature of 1160°C are best sintered, in
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which the water absorption is 0 and 0%, respectively, and the
apparent density of both samples is 1.85 g/ cm®

The higher content of CaCOj3 reduces the viscosity of the mass
during sintering, respectively the interval of sintering. The M4 mass
burns the fastest and at the lowest temperature, which is due to the
larger amount of melt formed. At a temperature of 1130°C the water
absorption is 0%, but the baking interval - 15/20°C is the narrowest.

Si2 08 Anorthit, ordered
04) (M0 65 F60.23 TI0.10 AID.01 ) (511.69AD.31 ) 06 Diopsice, F e+3-bearing, Als3-bexring
eucte,

J3Wolastonte-1A, M+ 2-bexrng

\!Lvﬂﬁlﬁdwwiwnwm“whm

2Theta (Coupled TwoTheta/Theta) WL=1 54060

@u.. 3. Radiograph of a high-temperature synthesized sample of mass Nel
shows the presence of peturgical phases anortite and diopside, which
predetermine the good physico-chemical and mechanical parameters of the
finished products shown in table. 7.

The strength characteristics of the samples of test masses
M1, M2, M3 and M4 are presented in Table 7.

Tabl. 7. Compressive strength and bending strength of test specimens at
different temperatures

Indicators Ml M2 M3 M4 TeC
firing
temperature

compressive | 800 900 950 1000 1000

strength,

MPa 1000 1100 1150 1250 1130

1200 - - - 1160

Bending 116 120 125 140 1000

strength,

MPa 140 400 420 470 1130

460 - - - 1160
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3. Conclusion

The results of the research confirm the possibility of using the
marl from the Alexandra deposit to the village of Lovets,
Targovishte district. However, the use of marl clay from this deposit
requires a change in the technological process, which is the main
goal in the present development.
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Abstract: It is presented set up for real time capturing welding parameters — voltage, current and temperature in specific points of welding

process.
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1. Introduction

According to the modern requirements for low energy intensity
and environmental protection and in the context of declining natural
resources, scientists, the business, and the society are looking for
ways to meet the growing needs of various industries, from
optimizing and improving welding methods to adding additional
alloying elements for better weldability.

The welding process is used in almost every area of human
activity, and the need products of this process is constantly
increasing. With the increase of the responsibility of the welded
joints, the requirement for welding quality is also increased.

The welding process is performed according to a pre-approved
and validated Welding Procedure. This welding procedure sets the
welding technology, welding mode, current, voltage, welding speed,
wire feed rate, flux used, type, diameter and tip pre-forming of the
welding wire, welding and break time, and other parameters on
which the quality and reliability of the welded joint depends.
Deviating from them, with a high probability, leads to a decrease in
the properties of the welded joint, and hence to defects and damage
that increases the risk of injuries and endangering human life and
negative environmental consequences.

When welding by an operator, due to a number of factors that
cannot be avoided, the welder can deviate from the welding
procedure, with the welding process being carried out at welding
parameters that differ from the procedure. This leads to the presence
of defects - gas and slag inclusions, welding cracks, unexpected
change of the main metal properties in the surrounding area, etc.
The presence of such defects directly affects the exploitation
properties of the manufactured parts and elements by reducing their
strength, lifetime, reliability, etc. When applied conscientious
control, this leads to wastage, cost increases and waste of resources
- metal, welding wire, welding gases and energy. In case of
unconscious control - to the direct danger of traumatism, accidents,
ecological catastrophes, etc., which directly or indirectly affects the
society.

Improving the welding process by the real time control of
welding parameters compared to those set in the welding procedure
reduces drastically the possibility of defects and thus gives
economic and environmental advantages by reducing wastage and
consequently consumption of metal, gas, electricity and water to
reducing emissions.

The results of the research show that there are numerous studies
on the methods and technologies for monitoring and control of the
welding parameters, the influence of the parameters on the
exploitation properties of the welded elements, the quality
determination of the welded joints.

It is studied the influence of the welding parameters in various
welding processes and their impact on the quality and performance
of the welded joints [1,2,3].

One of the current problems of modern material science is
methods for increasing the life cycle of parts with welded joints,
which must have both high hardness and strength and low internal
stress. It is studied the impact of welding parameters on the
morbidity of welded joints [4,5].
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There are known studies on welding process optimization
methods by control of welding parameters [6,7,8].

There are studies on welding parameters control and welding
optimization [9,10] as well as methodologies for determining the
parameters in welding processes [11].

There are developed welding parameters parameter control
systems [12,13,14].

The analysis of our well-known sources does not give enough
clarity to the question: what impact the welding parameters have on
the performance of the welded joints and what methodologies
should be used to improve the quality of the process.

This leads to the need to acquire new fundamental knowledge
about the possibilities, means and rate of improving the quality of
the welding processes by real time control of parameters.

A thorough study and determination of the influence of welding
parameters on the quality of the process and analysis of the
possibilities for quality improvement through real time control is
also needed.

2. Set up for real time capturing of welding

parameters

The set up has two main parts — welding equipment and
measuring equipment. The welding equipment consists of welding
torch, which is mounted on mechanical grip. The mechanical grip
fixes the torch in one position and removes fluctuations from
welder’s movements. The mechanical grip is mounted on welding
tractor, which moves along and over the welded elements with
constant speed. Welded elements are placed on welding table. Next
to the welding table are placed the power source that feeds the torch
and gas bottle that protects the joint. The measuring equipment
consists of capturing module Lincoln Arc Tracker. Arc tracker
captures welding current and voltage. It is connected to WiFi
Router that transmits the data to laptop. On tripod is placed
pyrometer IL 92 that measures contactless the temperature in one
point next the welding joint. The pyrometer is connected via USB
cable to the laptop. The pyrometer is placed on 1,5 m distance from
the measured point. It is developed program with Matlab for
capturing the temperature from the pyrometer. Temperature of the
process is measured with 8-channel contact thermometer Spider 8.
K type thermocouples are connected to the Spider 8 and set in 8
point next the welding joint. Thermocouples are welded to the
welded elements. The Spider 8 is connected to the laptop with UBS
cable. Temperature is captured by Spider 8 with software Catman.

11 92 pyrometer was chosen to perform the experiment, which
has wide temperatures measurement range, including liquid metals,
can be freely measured. The excellent distance / measured spot ratio
of 50:1 allows long-distance measurement of small objects, as well
as in extreme conditions, e.g.: in the furnace. The characteristics of
the device are: measuring range: -50 to 2200°C; accuracy of the
device £ 2%; reaction time - 150ms; spectral range - 8-14pm.

The set up functionality is verified with experiment with the
following parameters:

e welding current — 210A
welding volatage — 25V;

n of the welding source - 0,8;
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e welding power — 4200J/s;
e welding speed — 50cm/min;
o welding steel plates 50x5x200mm.

The real time data sequences are shown as follows — welding
current on Fig.1 and welding voltage on Fig. 2 from Arc Tracker,
temperature from Pyrometer on Fig.3 and from the contact
thermometer on Fig.4

Set versus measured welding current
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Fig. 1 Measured welding current by Arc Tracker.

Set versus measured welding voltage
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Fig. 2 Measured welding voltage by Arc Tracker
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Fig. 3 Measured contactless temperature by the pyrometer.

3. Conclusions

It is developed set up for real time capturing of welding
parameters — welding current and voltage, contact and contactless
temperature in fixed specific points of interest.
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