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Abstract

Metallic and composite coatings are one of the techniques for surface
modification of the surfaces of metals and alloys for the purpose of giving
them new properties in addition to their original properties or improving their

original properties.

The research problem is the low corrosion resistance of the carbon steel
used in the manufacture of pipes for transporting concentrated sulphuric acid

(98%) in the concentrated acid factory in the Al-Furat State Company.

Chromium electroplating and Chromium composite plating with silicon
carbide particles on the base metal (carbon steel) were used for improving

corrosion resistance.

Electroplating of carbon steel was carried out with chromium metal at
constant current density(20A/dm?),voltage(4.5),distance between
electrodes(5)cm, stirrer speed(300)rpm PH(2), and optimum chrome plating
was extracted based on Taguchi design (gray method) and by using Minitab
program.Electroplating process included nine experiments with temperature
range (40, 50, 60) degrees Celsius and the electroplating process time (1, 1.5,
2) hour, conducting tests for the chromium plating layer included (Vickers
hardness, thickness, roughness), calculating the highest value of the gray

relational grade.

Electrodeposition of composite coatings of silicon carbide microparticles
embedded in chromium on carbon steel was carried out based on the optimum
chromium plating factors and three weights of silicon carbide microparticles
were added to the chrome plating solution (10, 20, and 30) grams.



Energy-dispersive X-ray Spectroscopy (EDS) and X-Ray Diffraction
(XRD)tests were performed to confirm the elements and phases constituting
the base metal (carbon steel), an optimum metal chromium plating sample,
and three samples of composite coatings for silicon carbide microparticles (10,
20, and 30) g/l embedded in chromium metal, as well as Scanning Electron

Microscope( SEM) and Atomic Force Microscope (AFM) examinations.

The optimum Chromium plating properties assay values were as follows:
hardness (740) kg/mm?, thickness (20.91) um and surface roughness (0.098)

um.

Two types of corrosion rate tests were carried out by a weight loss
method. The first test is a simple immersion test in static acid, and the second
test is the (Corrosion-Erosion) test, The percentage of improvement that
occurred on carbon steel protected with chromium metal plating and
chromium silicon carbide composite coatings compared with the rate of
corrosion of unprotected carbon steel in the simple immersion test as follows:
chromium plating (56.73%),Cr-10g/l (67.3%),Cr-20g/l (76.95%),Cr-
300\l (53.2%). The percentage of improvement that occurred on carbon steel
protected with chromium metal plating and chromium silicon carbide
composite coatings compared with the rate of corrosion of unprotected carbon
steel in the (Erosion-Corrosion) test was as follows: chrome plating (24.53%),
Cr-10g/1 (72.56%), Cr-20g/I (80.26%), Cr-30g/l (59.86%).

The polarization test was carried out for samples in concentrated sulfuric
acid (98%), and the improvement rate in corrosion resistance that occurred on
carbon steel protected with chromium metal plating and chromium silicon

carbide composite coatings as follows: chromium plating (97.8%), chromium



plating-10g/l (98.4%), chromium plating-20g/l (99.5%), chromium plating-
309/l (88.5%).

The composite coatings with (chromium-20g/l silicon carbide) resist
corrosion in conditions of concentrated acid flow (98%), where the corrosion
rate is reduced by five times compared to the corrosion of carbon steel without

a protective layer in (Erosion-Corrosion) test.
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Chapter One Introduction

Chapter One

Introduction

1.1 General Review

Corrosion in metals and alloys is one of the most damaging processes that
affects equipment and industrial construction and causes various types of
economic damage. This problem led most researchers in this field to study the
phenomenon of corrosion and methods of protection or reducing it. Among
the many engineering materials, carbon steel is considered one of the most
important of these materials and the most used in various applications due to
its high mechanical properties compared to its low cost when compared with
the types of stainless steel. However, the problem of carbon steel's poor
corrosion resistance limited its use in many applications especially that related
to human health, such as the food and pharmaceutical industries.Surface
modification technology has become an important way to achieve the required
properties. As in the case of carbon steel, corrosion resistance is improved by
surface modification in addition to other properties that are already present in
steel as a base metal, such as strength and hardness. Surface modification
includes surface treatment and coatings, which result in a new surface layer in
terms of microstructure and composition. It is done in several ways, such as
plasma spraying, electrodeposition, ion implantation, or sputter deposition [1,
2].

Corrosion is a natural process that leads to damage the materials as a
result of their interaction with the surrounding medium. This process is not
limited to metals, but includes all materials, but with a mechanism different
from metals. Corrosion is an extractive metallurgy in reverse. For instance,

1



Chapter One Introduction

iron is made from hematite by heating with carbon. Iron corrodes and reverts
to rust, thus completing its life cycle. The hematite and rust have the same

composition as shown in Figure (1.1) [3].

Corrosion
Alloyi Steel -
p"",’('e';f U—_> Fe + C (Si, etc) {r.{l"'“css
(Fe*]

Energy Fe;0; H Ene
Added [:1 temathe)  — o,

(Heat) Iron Ore

Figure (1.1): Refining-corrosion cycle [3]

Corrosion is a destructive attack on a metal that occurs as a result of the
metal's chemical or electrochemical reaction with the environment. Another
type of damage to the metal surface is the result of mechanical action known
as erosion. In some cases, damage to the metal may occur as a result of a
chemical action accompanied by a physical action, and then it is known as
corrosion-erosion or corrosion-wear [4].

Corrosion is one of the major factors that limits or restricts the use of steel
in the chemical and petrochemical industries. If steel is utilized, it becomes a
source of loss, as material losses can amount to millions of dollars per year
due to corrosion. Despite the development of new materials such as polymers
and composites, their resistance, hardness, durability, and high temperature
resistance do not compensate for the important properties found in metal
composition [5].

Chromium is added to carbon steel to improve corrosion resistance. Due to

the creation of a protective layer of oxide, chromium oxide has a high

2



Chapter One Introduction

corrosion resistance (Cr,03), which considerably improves corrosion
resistance. This layer is known as the passive layer [6].The protective layer of
chromium oxide is dense and has high tenacity, and its thickness increases as
the chromium content in the steel increases [7].

Composite coatings are the combination of two or more substances
deposited on the base metal whose main goal is to improve the surface
properties, such as corrosion and wear resistance, and high temperature
resistance. They consist of metal coatings such as (nickel, chromium,
molybdenum, cobalt, zinc and gold) added to them by weight ratios of non-
metallic compounds such as metal oxides (Al,Oz, TiO,) or carbides (WC, SiC,
TiC) so that these particles are implanted into the metal coatings to produce a
layer with high surface hardness properties as a result of the particles and high
corrosive properties due to the metal coatings deposited [8].

Electrodeposition is an electrochemical technique for depositing solid
materials on the surface of conductive materials, as shown in figure (1.2). It'sa
commercially important method that's the foundation for a variety of industrial
applications, including electro-winning, processing, and metal plating. Metal
plating is the method with the most direct interaction with most people's daily
lives, since we are constantly surrounded by items with a protective or
decorative coating, such as watches, buttons, belt buckles, doorknobs,
handlebars, etc. [9].
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Plating solution

Figure (1.2): The electroplating process's schematic ion movement [9]

1.2 Statement of the problem

The objective of this research is to reduce the rates of corrosion and
oxidation of equipment in the concentrated sulfuric acid factory (98%), one of
the factories of the Al-Furat State Company for Chemical Industries and
Pesticides/Ministry of Industry and Minerals.The process of producing
Concentrated Sulphuric Acid (98%) is shown in figure (1.3) with working
conditions for each stage.

From what was presented, and according to the progress of the production
process, the equipment is exposed to different corrosive conditions, such as

Sulfur, Sulfur dioxide, Sulfur trioxide, and concentrated Sulfuric acid.
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Sulfur Liquid Sulfur at 115 °C
Smelter
Burner Sulfur Dioxide at 1150 °C
Sulfur Dioxide (SO,) at 1150
°C when entering pipes and
420°C when exiting the pipes
Boiler
¢ Sulfur Dioxide (SO,)
Converter converts to Sulfur;crioxide
Stages (SO3) at 420 °C
Absorbing H,SO,4 Acid (98%0) at 170 °C
tower
i 0,
Acid Cool H,S0O,4 Acid (98%) to
65°C
cooler
* Feed H,SO, Acid (98%0) to
Acid product storage by conveying
pump tubes at (100) m*hr and (65)
¥ -
Product
storage

Figure(1.3): Diagram showing the stages of producing concentrated sulfuric
acid (98% ) with its working conditions
5
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These conditions pose several problems as a result of corrosion, as they
cause damage to parts, which leads to high costs as a result of replacement of
parts and maintenance costs, in addition to the problem of stops for the
factory, especially sudden stops, as they cause losses as a result of stopping
marketing, especially in the absence of sufficient storage for acid to meet
market requirements. In addition, a very important issue that concerns the life
and safety of workers, as damage to equipment containing acid under pressure
may cause a sudden explosion of the tube, which causes burns and loss of
parts of the human body.

1.3 Problem solving methodology

The technique that was followed in addressing the problem of corrosion in
the factory includes electroplating of carbon steel with chromium metal (Cr-
coating) and chromium metal adding to its different concentrations of silicon
carbide particles to form composite coatings (Cr-SiC) and comparison
between composite coatings of Chromium metal and silicon carbide particles
and coatings of chromium metal with the base metal (carbon steel).

The operating conditions of pipes carrying concentrated sulfuric acid (98%
)were considered as a case for the purpose of studying it in this search and
applying special tests for corrosion rate based on the technology of surface
modification as one of solutions and treatments to protect against corrosion
and reduce its rate, and if successful, it is generalized to the rest of factory
parts as shown in figure (1.4), which shows the stage of pumping concentrated
sulfuric acid (98% ) to the production tank by pipes and a tube that has failed
as a result of acid flowing at high speed and this is the stage that was studied

in this research.
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Figure (1.4): (A): The stage of transfer of concentrated sulfuric acid (98%)
through the tubes, (B): Failed tube due to corrosion

The examination was carried out in the factory to ensure that the same
corrosive conditions were obtained by subjecting the samples to two types of
examination: First, a simple immersion in sulfuric acid at ambient temperature
and without movement of the acid, and second with a flow rate of the acid
similar to the speed of flow in the conveying pipes in the factory and at a
temperature of (65)°C to determine the rate of corrosion in both types of
examination and draw a relationship between corrosion rate and time for a
period of (30) days during which the corrosion rate is carried out every (3)

days for all samples.
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Chapter Two

Theoretical Part and Literature Review

2.1 Introduction

This chapter includes an explanation about the concept of corrosion, the
mechanism of its occurrence and methods of protection from it. Explanation
of the corrosion mechanism of carbon steel in concentrated sulfuric acid
(98%). The use of metallic coatings and composite coatings as a method of
protection against corrosion. Explained of the statistical method used in the
research, and previous studies similar to the method used in the research.
2.2 Corrosion
2.2.1 Corrosion definition

Corrosion is the deterioration of the properties of metals and alloys as a
result of their interaction with the environment, so that the rate of performance
decreases over time and thus leads to their complete collapse. The decrease in
a system's Gibbs energy is the underlying cause or driving force for all
corrosion. Almost all metals need energy to be produced from it is ores. The
metals has a powerful driving force to return to its original, low-energy oxide

state as a result of this uphill thermodynamic struggle [10].

Pure metals and alloys react chemically or electrochemically with
corrosive media, leading to the formation of corrosion products, which are in
the form of a metal compound as a result of corrosion in the metal in order to
reach the most stable state. Corrosion involves the transfer of metal ions into
the solution at active areas (anode), the transit of electrons from the metal to a
receiver at less active areas (cathode). The presence of an electron acceptor,

8
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such as oxygen or oxidizing agents, or hydrogen ions, is required for the
cathodic process. Corrosion can be reduced by employing appropriate
techniques that restrict, delay, or entirely stop anodic or cathodic reactions, or
both [11].

The corrosion process includes oxidation reaction whereby the metal is
oxidized (M) by losing electrons and turning into a metal ion (M+). This
process is undesirable for two basic reasons: the environment and working
conditions. Corrosion is divided into two categories: both externally and
internally. Internal corrosion is the type of corrosion that happens inside tanks,
pipes, boilers, and other similar structures. The flow and storage of fluids and
hydrocarbons inside tanks and pressure vessels causes internal corrosion.
Interior corrosion is accelerated by any corrosive component found in fluids
and hydrocarbons. Any corrosive material subjected to the outside
environment, such as seawater, temperature, humidity, rain, bacteria, and
external pressures that can injure the surface, is referred to as external

corrosion [12].

2.2.2 Corrosion cell

Corrosion is dependent on the development of electrochemical cells, and
these cells must be produced in order for corrosion to proceed. There are five
requirements, or characteristics, as shown in figure (2.1), that must be

satisfied, as below: [13]

1. The metal or the spot on the metal where oxidation occurs is called an
anode (loss of electrons). Because it has a smaller negative voltage than

the cathode, the anode has a lower noble value.
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2. The metal or the region on the metal where reduction occurs is known as
the cathode (gain of electrons). The cathode is nobler than the anode
because it has a higher positive potential.

3. The anode and cathode are both in an electrically conductive substance
called the electrolyte.

4. The anode and cathode must be electrically connected.

5. There must be a voltage difference between the anode and the cathode for
creating the corrosion cells according to the galvanic series as shown in
figure (2.2).

CIRCUIT

\_—/

Figure (2.1): Schematic of the corrosion cell [13]

10
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Electrode
Reaction Eo (voits) 1
Au > Au+ +1.68 Cr > Cr+++ -0.913
Au —» Aut++ +1.50 Nb —» Nbh+++ -1.1
Pt > Ptés +1.19 Mn > Mn+s -1.18
Ir > Irt++ +1.000 Vv » Vs -1.18
Pd » Pd++ +0.987 Ti > T+ -1.21
gg —> m +0.857 Pu —» Pu++++ -1.28
o +0.80 Np —» Np++++ -1.354
Ag —» Ag+ +0.799 U — U+ -1.50
Hg -» Hg++ +0.789 Zr > Zr+eee -1.53
Cu > Cu+ +0.521 T > T+ -1.63
Al » A+ -1.66
Hz > H+ 0.000 Hf —» Hf -1.70
— - 0. U —» U+ -1.80
Fe —» Fe+++ -0.036 Be > Be++ -1.85
Pb —» Pb++ -0.126 Np — Np+++ -1.86
Sn > Sn++ -0.136 Th —» Thss+ -1.90
Ge » Getrr+e -0.15 Pu » Pu+e+s -2.07
NI — N 2350 Mg > Mg+ 2%
—> . — -,
Co -» Co++ -0.277 La —» Lat++ -2.52
Mn —» Mo+ -0.283 Na —» Na+ -2.714
T —» T+ -0.336 Ca —» Ca++ -2.87
In > In++ -0.342 Sr > Sr++ -2.89
Ccd » Cd++ -0.402 Ba > Ba++ -2.90
Fe » Fe+s -0.440 Ra > Ra++ -2.92
Ga -» Gat+ -0.53 Cs -» Cs+ -2.923
Cr —» Cr++ -0.74 K - K+ -2.925
Zn  — 2 -0.762 Rb —» RbD+ -2.925
v —> Vit -0.876 Li —» L+ -3.045

Figure (2.2): The galvanic series of metals [13]

2.2.3 Corrosion and the environment

Under natural conditions such as room temperature and open air, some
metals are chemically stable, while other metals corrode quickly upon
exposure to air, as the metal loses electrons and resorts to forming stable
compounds at low energy levels. The reason for this behavior is due to the
difference in the electrode potentials (E°) of the metals, as shown in table
(2.1), where the positive voltage metals are stable so that it is difficult to form
compounds of the metal while the negative voltage metals do it spontaneously
[14].

Table (2.1): Electrode Potentials of common metals [14]

Metal (symbol) (E° (V)
Gold (Au) +1.50
Mercury (Hg) +0.857
Silver (Ag) +0.80
Copper (Cu) +0.337
Antimony (Sb) +0.10
Lead(pb) -0.126

11
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Tin (Sn) -0.136
Iron (Fe) -0.44
Zinc (Zn) -0.762

The flash corrosion of the surface, as seen in the manufacturing of iron
objects, is caused by the iron's relatively high negative electrode potential.
This oxide layer on the metal's surface prevents further corrosion in an indoor
setting. At room temperature and a relative humidity (RH) of 65% or less, this
layer is usually stable. When the RH rises above 65%, a layer of active
corrosion emerges quickly, which is bright orange, friable, and called active
Lepdiocrosite, is the most common corrosion product [14].

2.3 Forms of corrosion
2.3.1 Uniform corrosion

This type of corrosion occurs when the rate of corrosion is evenly
distributed on the surface of the metal so that the reduction in the thickness of
the metal is uniform, as shown in figure (2.3).This type of corrosion is one of
the most common and is not considered dangerous because the rate of
decrease in the thickness of the metal can be easily determined with simple
tests, allowing the amount of corrosion tolerances to be added during the
design while taking into account the required resistance and service life, as
well as providing an effective protection method such as cathodic protection
and coating [15].

=~ Afrack

-—Metal

Figure (2.3): Uniform corrosion in metals [16]
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2.3.2 Pitting corrosion

Pitting corrosion is corrosion that occurs in certain places on the surface of
the metal that leads to the formation of deep and directed pits inside the metal,
as shown in figure (2.4) as in steel tubes buried in the soil. It occurs in the
protective layers and noble metals, where these pits form and grow in the
event of any scratching or breaking of the protective layers or the metal oxide
layer. The depth of the pits is large compared to their diameter. This type of
corrosion is extremely dangerous because it can occur just below the metal
oxide layer and cause a reduction in thickness in specific areas of the surface,
resulting in metal failure. The effect of pitting corrosion can be reduced by
reducing the content of chlorine ions in the conductive solution, reducing the
level of oxygen gas, decreasing the acidity of the solution, avoiding stagnation
of solutions in the tubes and tanks, and the appropriate design that causes
better fluid drainage [17].

- — — Electrolyte (water)

Fe** (rust)

«— Current flow

///'ﬂ////////////////// Cathode
A\ 3w 4

(broken mill scale)

3
AROde ared

(Passivating
Oxide film)

Anode steel

Figure (2.4): Pitting corrosion in metals [18]
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2.3.3 Galvanic Corrosion

Galvanic corrosion results from the contact between two different metals
in the presence of a medium for the conduction between them, so that the most
effective metal is the anode, in which the corrosion rate is high, and the most
noble metal is the cathode electrode, where the corrosion is small. The
difference in potential between the component metals or alloys is the driving
factor for galvanic corrosion. It is preferable to avoid a design that leads to
contact between different metals, and if we are obliged to do so, the ratio
between the area of the most effective metal (the anode) and the area of the
less effective metal (the cathode) must be large as it results in a slight
corrosion rate because polarization occurs in less reactive (more noble)
materials. An example of this type of corrosion is corrugated iron sheet
rusting, which occurs when the protective zinc coating is broken and the

underlying steel is exposed [19].

Fe —®Fe™ + 2¢ In —¥» In"+ 2
")
Cu 3 Cu C -d’h()dl.’ Zn Zn
v ,4"()(1(’
Steel Anode Steel Cathode

Figure (2.5): Explains the difference between the behavior of copper plating
layer and zinc plating on steel [20]
Figure (2.5) shows two cases of galvanic influence in the case of steel
coated with copper and zinc. So the steel is an anode relative to copper and the
steel is subjected to corrosion due to the low ratio of the area between the

anode and the cathode, and thus the coating loses its function in protecting

14
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against corrosion. On the other hand, steel is a cathode relative to zinc, and
there is no effect on steel, and zinc is a sacrificial anode to achieve protection
for steel from corrosion [20].
2.3.4 Stress corrosion

Stress corrosion occurs when the surface is subjected to mechanical load
combined with a corrosive environment, resulting in fast fracture propagation
from the surface into the metal substrate. For example, aluminum alloys
fracture in chloride-containing solutions, mild steel fractures in alkali-and
nitrate-containing solutions, and copper alloys crack in ammoniac solutions
(season cracking). Another type of corrosive process, known as corrosion
fatigue, occurs when oscillating mechanical forces mix with a corrosive
environment to cause cracks to develop and spread quickly, as shown in the
figure(2.6) [16].

Lc|oc Stress ' Crocks
| e £
l T bl 9 ¢
| A4} i1 iy ]
Crocks Ay A
Stress Fatigue

Figure (2.6): Stress and fatigue failure in a corrosive environment [16]
2.3.5 Intergranular corrosion

It is local corrosion that occurs in the grain boundary region due to the
formation of chromium carbide, so that the chromium content decreases in the
regions adjacent to the grain boundary and these regions become anodic

relative to the rest of the regions and corrode, as in stainless steel alloys [21].
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2.3.6 Erosion-Corrosion

It is a type of metal damage caused by a combination of chemical and
mechanical action caused by the speed of the flow of any corrosive fluid
unstable on the metal surface, which causes surface erosion by the corrosive
medium's flow. When compared to the quantity of individual erosion and
corrosion impacts, this combined effect is relatively large. This is due to the
fact that erosion is enhanced by corrosion, and corrosion is enhanced by
erosion. Because of the flow velocity, the impact energy will wipe out the
passive film covering, exposing the surface to assault and resulting in material
loss. The consequent mass loss will be more than the rate of erosion in inert
environments, and the rate of corrosion will be greater than in erosion-free

environments, as illustrated in the figure (2.7) [22].

Flow

b)

Figure (2.7): a) Impingement, b) turbulence corrosion. [15]

Erosion is defined as the exposure of a metal surface to damage resulting
from fluid flow due to the speed of the flow or when the liquid contains solid
impurities such as sand particles, which results in the gradual removal of parts
of the metal surface until failure, which led parts to be useless for the purpose

intended, in addition to economic and serious losses [23].
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Figure (2.8): Effect of corrosion-erosion in-service failure: (a) AlSI 304L and
(b) Tantalum on the metal surface [22]

In some industrial and production applications, such as oil and gas
transmission pipelines, electric power stations and chemical plants, another
effect of erosion emerges, represented by the fact that liquids and gases that
flow on metal surfaces or inside pipes are corrosive as shown in figure (2.8).
Thus, metal surfaces are subject to damage as a result of the combined effect
resulting from the chemical effect of the medium with the mechanical result of
the movement of the fluid at a specific speed, especially when the flow is
under the influence of pump pressure, meaning at a relatively high speed. This
behavior of chemical and mechanical influence is known as the (synergy
effect), which is defined as a metal's extra degradation rate as a result of the
combined action of (erosion—corrosion) environments. There have been
several attempts to describe the interaction regimes of (erosion—corrosion) of
materials in aquatic settings. These patterns reveal whether erosion or
corrosion is the dominant waste mechanism. Intermediate regimes in which
corrosion and erosion interact with one another, on the other hand, may result
in waste that is substantially more than the sum of the processes acting

individually. This problem arises in a number of industrial parts, such as
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transmission pipes, valves, heat exchangers, pressure vessels, and rotating
parts such as compressors, turbines and pumps [23, 24].

Figure (2.9) depicts the mechanism by which this sort of damage is created
on the surface of fluid transporting pipes; after the soldering was completed, a
solder drop was left within the pipeline, as shown in the figure. The direction
of fluid flow in a pipe, fluid flow comes into contact with a drop. The
soldering drop causes turbulence inside the pipe, and the abrasive particles in
the fluid begin to wear away the pipe's surface, exposing it to corrosion
drivers. Inside the pipe, the corrosive fluid begins to corrode and degrade the
material. Using a material with a high degree of hardness isn't always the ideal
choice. The material's resistance to erosion corrosion is not guaranteed,
making the fluid more laminar, the velocity of the fluid should be reduced.
Increases in pipe diameter are also desirable in order to extend the part's
lifetime when it gets corroded. Another suggestion is to create a portion with
no rough surfaces, since this will reduce the impingement angle of solid

particles, which will speed up the erosion of the surface. [12].

Pipe joint

\ / Solder drip
\_)‘) )\ Erosion/corrosion

_*
Water flow

Turbulence

Figure (2.9): Mechanism of erosion corrosion inside a pipe [12]

The recurrence of accidents involving transmission pipes due to (erosion-
corrosion) damage has elevated this issue to one of the industry's main
concerns because overall weight loss from the metal surface due to (corrosion-

erosive) surpasses total weight loss due to pure chemical corrosion and pure
18
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mechanical erosion. Erosion—corrosion is a type of localized corrosion that
poses a serious threat. The weakest part of a pipeline's gathering and
transferring system is the elbow. Despite the significant consequences of the
synergistic impact of erosion—corrosion, the elbow's erosion—corrosion
mechanism, as impacted by velocity, is still poorly understood due to its
complexity [25].The overall material loss during the erosion-corrosion process
is calculated as follows: [26]

TO=EO+CO+S (2.1)

Where To is the material's total mass loss rate, Eo is the rate of erosion in the
absence of corrosion, Co is the rate of corrosion in the absence of erosion, and

S is the synergistic component, which is defined as,

S=ACEtAEC e, (2.2)
Where,

ACE=CE —CO i (2.3)
AEC=EC—E0 (2.4)

Where ACe is the change in corrosion rate due to erosion and AEc is the
change in erosion rate due to corrosion. Ec is the total erosion component in
the presence of corrosion and Ce is the total corrosion component in the
presence of erosion.
2.4 Carbon steel

It's an iron-carbon alloy with a maximum carbon content of (1.5 to 2.0) %
as shown in figure (2.10), (Iron-lron Carbide Phase Diagram). Steel's hardness
and strength are improved by the presence of carbon in the form of iron
carbide. Silicon, Phosphorus, Sulphur, and Manganese are also present in
various proportions to produce a variety of desired qualities. Plain carbon steel
or carbon steel is the most common steel made recently. Carbon steel is

defined as steel with qualities principally derived from its carbon content and
19
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containing no more than (0.5%) silicon and (1.5%) manganese. Carbon

content is usually used to classify plain steels as table (2.2) [27].
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Figure (2.10): Iron-Iron Carbide Phase Diagram [28]

Table (2.2): Applications of carbon steels [27]

Carbon % Applications

Low carbon steel (0.05-0.25)%C Wire, rod, and solid drawn tubes are
all thin sheets.

Medium carbon steel(0.3-0.5)%C Boiler plates, bridge building,
structural pieces, drop forgings, and
other common workshop
requirements are all available.

High carbon steel(0.6-1.0)%C Axes, high-tensile tubes, and wire
agricultural equipment are among the
things provided.

Ultra high carbon steel (1.25 - 2)% | Metal-cutting machines, hand files,
drills, gauges

Carbon is the primary alloying ingredient in these iron-based materials.

Since carbon is such a powerful alloying factor in steel, even small variations
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in carbon levels in the composition can result in significant differences in
strength, hardness, and ductility. Other critical factors, such as material
fabrication, heat treatment, component fabrication, and fabrication processes,
can alter the properties of carbon steel components significantly [28]. All
steels contain carbon, which is the main element in the steel surface
straightening process. The mechanical properties of steel also increase with an
increase in the carbon content, such as tensile strength, hardness, and wear
resistance, in exchange for a reduction in ductility, durability, and workability
[28]. To enhance the characteristics of carbon steels , small quantities of elements
such as silicon, tungsten, aluminum, nickel, molybdenum, chromium, manganese,
and vanadium are added during the production process, as shown in table (2.3) below
[29].

Table (2.3): The effect of alloying elements on carbon steel [30]

Element Primary Effect Secondary Effect

Silicon Mechanical properties IMprove corrosion resistance
improvement
Strengthens the steel

Chromium Corrosion resistance increases | Enhances high-
Increases resistance to temperature resistance
oxidation Abrasion resistance is

improved.

Molybdenum Hardenability is improved. Softening resistance.
Enhances high-temperature In the presence of
resistance chromium, it improves

corrosion resistance.

Nickel Toughness is increased. Localized corrosion can
Hardenability is increased be aided.

Manganese Hardenability is increased. Free sulfur and FeS

aren't formed when MnS
IS present. MnS could be
a potential pit formation
site.

Tungsten Increases strength Aids in the hardenability
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Increases resistance to
softening

Columbium and | The hardenability of the Improves resistance to
material is improved. high temperatures
Strengthens the body's
resilience to softness.

Vanadium

Titanium The matrix is strengthened. Deoxidizer
Resistance to corrosion
Improves.

Carbon steel is the most widely used conventional structural material in
building, transportation, environmental protection, and energy power
infrastructure. Carbon steel is invariably exposed to the atmosphere during its
service life, resulting in atmospheric corrosion, which accounts for 50% of

overall corrosion loss [31].

Despite the good mechanical properties of carbon steel that give it
industrial applications, its low corrosion resistance is one of the determinants
that make the use of this material ineffective, especially in harsh corrosive
conditions. Therefore, adding alloying elements such as chromium is an
appropriate solution to improve the corrosion resistance of carbon steels [32].
Chromium is added to carbon steel at a rate of (0.5-18) %, and when this
addition exceeds 12% that lead to form stainless steel alloys, which mean that
amount of improvement in corrosion resistance has reached excellent limits,
because of the creation of a layer of chromium oxide that insulates the metal
from the environment, reducing corrosion and increasing the metal's lifetime

performance in applications [33].
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2.5 Corrosion of carbon steel in concentrated sulfuric acid

The carbon steel tubes used to transport concentrated sulfuric acid (H,SO,)
(98%) in the concentrated sulfuric acid plant are subjected to corrosion. But
the effect of corrosion on carbon steel is depend on the kinetic state of the
acid, meaning the stagnation state as in acid storage tanks; the other case is the
flow state of the acid, as in acid transport tubes. If the concentrated sulfuric
acid (H,SO,) is under stagnation conditions, carbon steel or low-alloy steel is
subjected to slight corrosion at ambient temperature so that the corrosion rate
does not exceed 0.5 mm/year[34,35]. The reason for this is due to the reaction
of concentrated sulfuric acid with iron forming a stable layer of ferrous sulfate
as shown in figure (2.11). This layer is a product of corrosion, but it forms a
protective layer for carbon steel against continued corrosion due to acid. If the
acid flows at a speed exceeding the critical speed, the protective layer (FeSO,
) will be damaged as a result of the acid flowing quickly and the steel surface
will be exposed and corrode, this is known as the effect of (erosion-corrosion)

due to the flow of concentrated sulfuric acid as shown in figure (2.12) [34,35].

Immediately - ] v
after
immersion -

Before

After 30sof
immersion =

immersion

After 24 h of
immersion

After 15 min

of immersion

of immersion =

B2
Figure (2.11): Carbon steel ring in H,SO,4 (96%) under static conditions at

250C [36]
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Figure (2.12): Erosion-Corrosion of steel pipe at high velocity Sulphuric acid
[34]
Increasing the temperature of the concentrated acid more than (40°C)

with the acid flow rate exceeding (> 0.6 m/s) relative to the surface of the
metal is one of the most important factors that causes the breakdown of the
ferrous sulfate layer and, thus, the rate of corrosion of carbon steel increases
as shown in table (2.4) [36].

Table (2.4): Estimated corrosion rates (mm /year) for carbon steel [36]

Temperature Acid velocity (m/s)
(© 0 1 2 3 4.5 65 |85 |[115 |12
Corrosion rate (mm/year)
6 0.13 0.18 0.23 0.3 1.14 152 |19 (24 |2
15 0.3 0.38 0.43 0.51 1.65 216 |28 |35 |43
33 1.27 14 1.52 1.78 6.86 9.14 | 114 |14.7 | 183
50 2.54 3.81 5.08 7.62 25.37 | 253 | 254 | 253 | 253

In Sulfuric acid conditions, hydrogen gas can be an issue for carbon steel
because it can essentially cause mechanically weak of the iron sulphate layer
that protects the steel from attack. During normal flow, the gas bubbles are
small and distributed equally, and they are swiftly moved downstream with
the acid, without causing any damage to the pipe wall, as in equation (2.5).
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When the acid flow stopped, the gas bubbles in the upper part of the pipe
gathered along the pipe wall. When the flow is restored, the hydrogen gas
bubbles become dislodged and climb to the top of the pipe, scraping the
protective film away in the process. The surface deteriorated quickly when the
film was removed from the top of the pipe, until the iron sulphate film was
reformed. Repeating this case results in a pattern of curved grooves in the
pipe's upper half, all radiating toward a center longitudinal groove at the very
top, as shown in figures (2.13) and (2.14). [37,39]

Fe+H,SO,— FeSOs+Hy; oo (2.5)

AT D PRAGRT A R Uy

L

Figure (2.13): A close-up of the pipe's interior surface before cleaning [38]

Figure (2.14): A close-up of the pipe's interior surface after cleaning [38]
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2.6 Corrosion protection methods

Corrosion protection encompasses all strategies and techniques aimed at

preventing or reducing corrosion damage to the bare minimum [40]. Corrosion

can be prevented or reduced in a variety of ways, as below: [41]

Changes in the environment: By reducing aeration, eliminating
moisture, pumping an inert gas, decreasing turbulence, and/or
lowering the temperature, this strategy decreases corrosion.

Adding inhibitors: In general, inhibitors are administered at a
concentration of less than 0.1% by weight to a system. As a result,
the inhibitors either adsorb onto the metal surface and form a
protective coating, or they remove the corrosive agent from the
surface.

Cathodic protection uses galvanic activity to transform a metal
surface into the cathode of an electrochemical cell. Metal protection
can be accomplished by using a sacrificial metal as an anode or by
employing impressed electromotive force (emf) techniques.

Anodic protection is an extremely new technique in comparison to
cathodic protection. An anodic current applied from the outside
keeps an active-passive metal or alloy in the passive state,
preventing corrosion. It has a number of advantages over cathodic
protection, including the following: (i) low current requirements, (ii)
significant corrosion rate reduction, and (iii) application to some
very corrosive acids and other media.

Appropriate material selection and equipment design: By designing
a system with perfect liquid drainage, preventing cracks, avoiding
direct contact between two distinct metals, especially if their
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electrochemical activity differs greatly, and making the equipment
easy to clean, examine, and maintain, corrosion can be prevented.

e Lining and coating: cladding, electroplating and organic coating are
only a few of the methods for applying a coat or line on top of the

surface or inside pipes.

2.6.1 Protective coating

Protective coatings are a common approach to corrosion prevention
because they give the shielded portion a long operational life. If the objective
is to defend against corrosion, these coatings do not add mechanical qualities
to the base metal, but they may invest in boosting strength in other
applications. Protective coatings are primarily used to separate the corrosion-
prone sections of corrosive media; they make up a very tiny portion of the
protected system's overall size. Scratching or damage that removes even a
small portion of the coating causes damage and corrosion to the substrate's
metal, which is one of the most important things to keep these coatings

functional. Figure (2.15) depicts a cross section of an insulating pipe [42].

- Weather barrier/
jacketing

Insulation

Coating

Pipeline

Figure (2.15): Typical cross section of an insulated pipe [43]
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Protective coating includes:
e Organic coating
In comparison to other methods of metal protection, organic coatings
are thought to be the most suitable in terms of weight. These coatings, which
include paint, resins, and varnishes, create a physical barrier between the
metal and the medium and may contain corrosion inhibitors or other additives
that slow down the corrosion process [43].
¢ Inorganic coating
Enamels, glass linings, and conversion coatings are examples of
inorganic coatings. Porcelain enamel coatings are water-resistant and resistant
to a variety of weather conditions. Glass-lined metals are employed in process
industries where product contamination or corrosion is a concern. Conversion
coatings are made by deliberately corroding metal surfaces in a controlled
manner. This is done to create a corrosion product that adheres to the metal
and protects it from additional corrosion. One of the most prevalent aluminum
conversion coating processes is anodization, which creates a protective

aluminum oxide covering on the metal [44].
2.6.2 Metallic coating

Metallic coatings are considered to have high costs relative to organic
coatings, so this type is resorted to when we want a longer operating life for
the protected part. This layer is a metal barrier between the substrate and the
environment, or by corroding more quickly in relation to the substrate.
Metallic coatings are applied to the base metal by several techniques, such as
electrodepositing, spraying, hot dipping, chemical vapor deposition (CVD),
physical vapor deposition (PVD), welding, cladding, and bonding [45].

28



Chapter Two Theoretical Part and Literature Review

Metal coatings protect structural metals against corrosion in corrosive
environments. There are two types of metal coatings: those that are more
reactive than the base metal, and those that are nobler. The first group of
coatings for steel protection includes zinc, aluminum, and, to a lesser extent,
cadmium. These coatings work as sacrificial anodes, providing cathodic
protection for the metal. The coating thickness, which affects the amount of
sacrificial material, is frequently linked to the longevity of a coated structure.
The second group of coatings includes the more noble metals of the substrate,
such as chromium, nickel and copper, and the protective nature of these
coatings depends on their continuity. Despite the hazards, these coatings are
employed in a variety of applications because they provide unique features

such as shine, hardness, and electrical conductivity [46].

In relation to the base metal, metallic coatings might be cathodic or
anodized. The primary distinction between cathodic and anodic coatings is
how they behave in the presence of a fault. In the event that the coatings are
cathodic, which is represented by the figure (2.16a), the base metal is
subjected to severe corrosion. The reason for this is the galvanic effect, where
the ratio between the cathodic and anodic areas is high, which increases the
rate of corrosion. In the second case, which is illustrated in figure (2.16b), a
cathodic reaction occurs on the surface of the base metal while the coating
layer is exposed to the galvanic effect, but it is simple because it occurs in a
large area that represents the anode relative to the base metal (the cathode). In
order to keep the substrate safe, for a cathodic coating, minimal porosity, great
mechanical strength, and continuous adherence are significantly more

important than for an anodic coating [47].
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Cathode , o Anode

Cathode

a) b)

Figure (2.16): localization of corrosion at a defect in a metal coating on steel
a) Cathodic coating. b) Anodic coating [48]
2.6.3 Electrochemical deposition

Electrochemical deposition represents the possibility of generating metal
by reduction of the metal ion in aqueous and organic solutions, as well as salt
electrolytes, which is represented by the equation (2.6) that shows the
reduction of the metal ion (M™) which results in the metal (M) [51].
M™+ne—M (2.6)

In this technique, there are two ways to obtain the metal from the solution;
the first is by using electrical power (source of n electrons) to reduce the metal
ion, which is known as (electrodeposition). The second method depends on
the fact that reducing agent in the solution is the source of the electrons
required to accomplish the reduction process, which is known as (electroless
deposition), which does not require an electrical power source [48].

Electroless plating is a technique for depositing thin layers of metals, salts,
oxides, and other compounds that can be employed in a variety of industrial
and technological applications. This method uses the reducing agent as a
source of electrons required to reduce the metal ions. It involves obtaining the
metal from the reaction of the reducing agent with the salt containing the
metal ion, depositing the metal on the surface to be protected without the need
for an electrical power source. The reactions were as follows: [49].

Metal ion +Red — Metal Deposit +Oxidized product  .......... (2.7)
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Electroless plating consists of two reactions:

Metal deposition: M™+e— M ... (2.8)
Oxidation: Red+ H,0 — Ox +H™+e ......oooviiiiiini. (2.9)
Where, M: Metal, e: electron, Red: Reducing agent, Ox: Oxidized product

As illustrated in Figure (2.17), the process is both electrolytic and electroless.

Figure (2.17): Schematic representation of electroless metal deposition [49]

The process of electrodeposition in general involves the dissolution of the
metal to the positive electrode in an electrolytic solution containing ions of the
same dissolved metal, where there is a constant electric current passes from
the positive electrode to the electrolyte solution, then the electric charge is
discharged at the electrode of the other metal complementing the electric
cycle, which is the cathode. The process current results from the application of
an external voltage difference between the two electrodes, where the charge of
the anode is positive and the cathode electrode is negative. As a result,

positive metal ions in the solution gravitate toward the negative electrode (the
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cathode) and negative metal ions gravitate toward the positive electrode (the
anode), resulting in an electric current [50].

The main objective of the electrodeposition process is to create a layer on
the surface of the substrate metal so that this layer adds new properties that are
not present in the substrate metal or are low, such as electrical properties,
corrosion resistance, wear resistance, and improved thermal properties. This
purpose is achieved by immersion of two electrodes of conductive metal in a
solution (electrolyte) containing the metal ion used for the purpose of coating.
One is connected to the negative electrode of the electrical power supply
(cathode) and the other represents the anode electrode. For the purpose of
depositing the coating metal on the cathode electrode (the substrate), the metal
solution will electrolytically decompose, forming positive ions (the metal
ions) and negative ions (the negative group from the decomposition of the
metal solution) as shown in equation (2.10) [51, 52].

MA (aq) > M"™ (@q) + A"(a0) e (2.10)

The anode electrode can be soluble and is usually in solutions consisting
of chloride as shown in equation (2.11) where the oxidation process of the
metal occurs, or it can be insoluble and the process of water oxidation occurs
as shown in equation (2.12), (2.13). As a result, the anode metal must be an
excellent conductor and unaffected by the bath, whether or not current is
flowing.

The reaction for soluble anode is: [51, 52]
M(s) = M™ +Ne- (2.11)

Depending on the pH of the solution, there are two reactions for insoluble
anodes: [51, 52]

2H,0 — O, +2H+ +4e- (acid solutions)  ..................... (2.12)
40H- — O, + 2H,0 +4e- (basic solutions) ........................ (2.13)
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Metal ions are reduced and deposited as metal atoms at the cathode, as in

equation (2.14).
M™ 418 — M(S) e (2.14)
2.6.4 Factors Effecting Electrodeposition process:
2.6.4.1 Effect of Current Density and Distribution

The current density and its distributing parameters are crucial in defining
the uniformity of the resulting deposit coating. The current density across a
cathode will change from spot to spot throughout the electro deposition
process. With respect to bath composition and temperature, the cathode
current density must be kept within the appropriate interval during the electro
deposition process. Weak coating will occur from inadequate current for a
particular specimen. Reduced current densities are associated with increased
impurity levels in deposits because hydrogen ions are discharged; the pH level
at the cathode rises, leading metal hydroxide ions to be included in the deposit
layer. Finally, the salt content, operating parameters, and plating technique
decide the best current density range for a certain plating bath. Another key
plating parameter that must be carefully regulated is anode current density.
Adjusting the overall anode area and the fraction of it formed of the metal to
be deposited can achieve this [53, 54].

2.6.4.2 Effect of temperature
The size of the crystals grows as the bath temperature rises. The rise in

bath temperature improves solubility and, as a result, the transport number,
which raises the solution's conductivity. It also reduces the viscosity of the
solution, allowing the double layer to be replenished more quickly. The high
bath temperature prevents hydrogen from adsorbing on the deposits,
minimizing stress and cracking risk. The grain size of the deposit somewhat

decreased when the bath temperature was increased from 45°C to 55°C for
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Chromium electroplating, but additional increases in bath temperature had the
opposite effect[53, 54].

2.6.4.3 Effect of time
The thickness of the plating rises in direct proportion to the plating period

and current. The quantity of charge flow (Q)(Coulomb) in a solution is
proportional to the current flow (1)(Ampere) and the flow time (T)(second),
according to Faraday's Laws as shown in the following equation (2.15): [53,
54].

Q=1 X T (2.15)

2.6.4.4 Effect of bath concentration
Generally, bath concentration has a significant impact on plating

performance in the electro deposition process. In standard plating parameters,
increase the concentration of metal ions in solution is due to increase the bath
concentration .As a result, the plating process' deposition rate will rise[53, 54].

2.6.4.5 Effect of agitation
The metal salt is sufficiently mixed by agitation, allowing the chemical

reagents to become intimate and react with one another. The thickness of the
diffusion layer is reduced by agitating the plating solution, which replenishes
metal salts or ions at the cathode. It reduces the number of gas bubbles, which
could otherwise result in pits. Agitation aids in the increase in operational
current density, allowing for a larger operating current density. These
parameters influence the deposit metal ion structure as well as the
concentration of the metal, because they compensate for metal ion loss by
discharging more quickly at the cathode. Agitation in the plating process may
result in coarse-grained deposits owing to the mechanical inclusion of sludge
and other impurities floating in the electrode, but it also allows for depositing
at high current densities. While all other parameters stay constant, the level of

agitation should vary proportionally with the current density. Agitation is
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frequently combined with filtration electroplating to eliminate coarse-grained
defects caused by contaminants in the electrolyte. Filtration electroplating is
frequently used in conjunction with agitation. Agitation promotes noble metal
deposition on the cathode. In summary, by ensuring that the metal salt is
thoroughly mixed, an agitation device can significantly improve plating
efficiency [53, 54].
2.6.4.6 Influence of pH

The chemistry of the solution determines the acidity of the solution (pH).
pH can affect the balance of numerous processes in a complicated bath. At the
anode, oxygen evolution occurs when the anode is insoluble. The formation of
hydroxide ion is accompanied by hydrogen evolution at the cathode: If the
current efficiency at the anode is higher than at the cathode in a balance bath,
the bath becomes alkaline. The pH of the bath gives stability if the electrode
efficiencies are similar. As a result, the pH of a plating bath can be used to
determine electrode efficiencies. Metal hydroxides may precipitate locally
inside the cathodic double layer under some conditions, co-depositing with the
plated metal and causing a faulty deposit while raising the pH owing to
hydrogen evolution. As a result, buffers are required to keep pH fluctuations to
a minimum [53, 54].
2.6.4.7 Effect of distance between electrodes

The distance or gap between the electrodes of the electroplating (anode
and cathode) has an inverse effect on the thickness of the coating, i.e., with a
decrease in the distance, the thickness of the coating increases because the
decrease in the distance causes an increase in the strength of the electric field
and a decrease in the resistance of the electrolyte between the electrolyte
electrodes [53,54].
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2.6.5 Applications of Electroplating
Electroplating is utilized in a variety of industrial settings. These
applications can be divided into four categories: [55]

1. Decoration: To improve the aesthetics of a base metal, it may be coated
with a more expensive metal. This is suitable for jewelry, furniture
fittings, and other objects of a similar nature.

2. Protection: The coating is applied to a base material in order to protect
it from corrosion, oxidation, and wear. Chromium coating, cadmium
coating, and zinc coating are examples of corrosion resistance coatings.

3. Electroforming: Molds, dies, screens, and record stampers are all made
using this technique.

4. Enhancement: Improved electrical and thermal conductivity, reflectivity,
and solder ability.

2.6.6 Chromium Electroplating

Chromium and its alloys are one of the most important and commonly used
coatings in the industry for improving corrosion resistance (particularly at high
temperatures), hardness, abrasion and wear resistance, lubricity, and aesthetic
features, including surface roughness and brightness. Electrochemical
deposition is commonly used to apply chromium coating to various metallic
substrates. There are two types of Cr coatings: one is decorative with a
thickness of (<1.5 um) and is frequently put over another under-layer coating
such as copper or nickel. The other is a hard coating with a thickness of (2.5-
500) um or larger and a hardness of (850-1200 HV), which is commonly
applied directly to the base metal [56].

The corrosion resistance of chromium is due to the formation of a thin oxide

layer that protects the metal from further oxidation. Because of its passive oxide

film, chromium, while being a non-noble metal, has great resistance to attack by

36



Chapter Two Theoretical Part and Literature Review

many oxidizing and reducing agents. Chemical attacks, such as those caused by
hydrochloric acid and moderately concentrated sulphuric and nitric acids,
usually originate in the deposit's fissures. The limited wetability of chromium
deposits also prevents corrosive fluids from reaching the narrow gaps in them
[57].

Hexavalent chromium bath is used to deposit chromium because it has
higher throwing power, a brighter surface finish, less porous deposition, better
corrosion resistance, and is easier to apply. The coating solution is prepared
from hexa-chromium oxide (CrOs) according to the following steps: (i) As a
deposition bath, an aqueous solution containing CrO; and H,SQO, in a weight
ratio of 100:1 (typically 250 and 2.5 g.dm?, respectively) is used.(ii) An
operating temperature of around 50°C. (I11) 0.200 to 0.400 A.cm? current
density, these solution conditions for low carbon steel as a substrate[58].
Despite the fact that electrochemical deposition can be done at constant current,
voltage control is preferable due to the difficulty of precisely measuring the area
of complex shaped components. Because most of the current is lost in hydrogen
gas reduction reactions, the efficiency of the current in the electrodeposition
process does not exceed 18%. CrO; compounds should not be used since they
are poisonous, carcinogenic, and can induce lasting genetic alterations. Also,
CrO; oxidizing tendency makes it hazardous for the environment. One option to
avoid these problems is to deposit chromium coatings into trivalent chromium
salt solutions, which do not pose the same health and environmental risks. [58,
59].
2.6.6.1 Hard Chromium electroplating

Hard plating involves depositing a relatively thick coating of chromium
directly on the base metal (typically steel) to create a surface with wear

resistance, low coefficient of friction hardness, and corrosion resistance, or to
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repair surfaces that have been degraded by use. Hydraulic cylinders and rods,
industrial rolls, zinc die castings, plastic molds, engine components, and
nautical hardware are all hard plated. The procedure is typically referred to as
hard chromium plating, or functional chromium plating, when chromium is
applied for any other reason or when aesthetics is a secondary consideration.
The thickness of hard chromium plating normally ranges from 0.1 to 10 mils.
Hydraulic cylinders and rods, crankshafts, printing plates/rolls, pistons for
internal combustion engines, molds for plastic and fiberglass parts
manufacturing, and cutting tools are all examples of functional plating uses. For
rebuilding worn parts like rolls, molding dies, cylinder liners, and crankshafts,
functional chromium is typically specified [60].
2.6.6.2 Hard Chromium electroplating operation

Chrome Chemical Bath, Anode, Cathode Potentials, Parts to be Coated,
Heaters, Rectifiers, and Electrical Control Systems are all used in the coating
process. The bath must first be heated to the desired temperature. The cathode
electrode must be linked to the deposited piece, and the anode electrode must be
connected to the positive potential. Before beginning the operation, the object
should be completely cleaned and free of any surface blemishes or
imperfections. Then, despite the passing of current to the part to be deposited,
the deposition of the hard chromium deposit begins with the separation of ions
from the chemical bath. Depending on the size of the component, the quantity
of current flow and the length of the procedure will vary. In most cases, 30-40
amps are applied per square decimeter. For the current flow described above,
the deposition rate will range between 25 and 30 microns per hour. The process

is powered by a DC source [60].
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2.6.7 Metal matrix composite coating

Composite coatings are formed as a result of combining two phases of
materials to form a homogeneous one phase structure called the matrix, which
can be metallic, polymeric, or ceramic. The reinforcing material is particulate,
laminar, or fibrous in shape and can be metallic, ceramic, or polymeric. Metal
matrix coatings may have better wear resistance, low friction coefficient, and
toughness, as well as improved resistance to high temperatures, corrosion, and
electromagnetic and optical interference. Metal matrix coatings are commonly
employed as coatings for metallic components as well as bulk materials. It is a
very inexpensive approach for improving the mechanical, thermomechanical,
tribological, and corrosion properties of metallic components in order to
increase their resistance to severe working conditions and component service
life. Composite coatings consist of inert particles that are embedded in coatings
of metals or alloys, this particals may be oxides (TiO,, Al,Os, Cr,0s, etc.),
carbide (TiC, WC, SiC, etc.) [60, 61].

The kind and structure of the metallic matrix, as well as the type and size of
the built-in particles, determine the attributes of composite coatings. There are
ultramicro-composite, micro-composite, and macro-composites, depending on
the size of the embedded particles, as shown in figure (2.18). Composite
coatings are a form of material made up of a crystalline or amorphous matrix in
which another phase's material has been dispergated. A combination of qualities
distinct from the attributes of the initial materials is produced as a result of the
matrix's engagement with the components. The multiphase structure of these

materials is a distinguishing feature [62].
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Figure (2.18): The size of the built-in particles influences the scale of composite
materials [62]

2.6.7.1 Composite coating electrodeposition

Electrolytic codeposition is a technique for creating composite coatings by
embedding particles, which are put into the plating solution purposely.The
presence of particles scattered in the bulk, as well as the microstructural
alterations made to the metal matrix and/or the exposed particles, which are
only partially incorporated into the coating surface, give composite coatings
their functional features. There are two basic techniques in which inert particles
can be placed in the metal matrix: (a) by mechanically stirring them in the
plating bath to keep them suspended. As the metallic ions around the particles
are reduced, the particles are transported to the cathode and incorporated into
the metallic matrix. (b) During electrodeposition, the particles that were initially
suspended in the plating bath are allowed to settle on the cathodic surface
(located at the bottom of the cell) and become embedded in the metal matrix,
which means the particle content of the composite coating is usually higher
[62,63].
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2.6.7.2 The mechanism of particle deposition into a metal deposit

Two common processes involved in the incorporation of particles into
metallic coatings can be recognized, namely physical dispersion of particles in
the electrolyte and electrophoretic migration of particles. Investigations into
micron-sized particles led to the development of codeposition processes for the
dispersion of inert particles into metallic coatings. The particle transmission
mechanism involves movement towards the cathode electrode due to
electrophoresis, mechanical entrapment, adsorption, and convective-diffusion
[63, 64].

As seen in Figure (2.19), the mechanism comprises of five steps. A particle
must pass through several stages on its path from the bulk of the electrolyte to
the site of inclusion at the cathode surface. As below: [64, 65].

1. lonic species absorption on its surface.

2. Forced convection transport of the particles to the hydrodynamic

boundary layer.

3. Particle diffusion through the diffusion layer.

4. Absorption of the particles at the cathode surface, which is surrounded by

an ionic cloud.

5. Some ionic species are reduced, causing the particle to become

irreversibly embedded in the metal matrix.
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Figure (2.19): Particle codeposition mechanisms in a metal deposit [65]

In figure (2.19) the regions are as follows: (bulk electrolyte, normal length
in cm); (convection layer, typical length 1 ¢cm) lonic clouds form surrounding
particles. Diffusion via a concentration boundary layer (diffusion layer,
generally hundreds of meters long); convection toward the cathode An
electrical double layer (average dimensions of nm) follows adsorption and
particle entrapment [65].

2.7 Optimization and Mathematical modeling

It is described as the quest for the best solution to a problem with the least
amount of time and money spent in exchange for the best productivity and
effectiveness. As a result, it is valued highly in practice and applications, and in
order to meet this objective, the elements influencing the discovery of optimal
solutions must be explored and analyzed using mathematical rules and

equations known as models. A mathematical model is a mathematical
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description of the behavior of real equipment and objects. It uses formulas to
explain things and events so that we can better comprehend them. Mathematical
modeling is a step-by-step procedure [66].

2.7.1 Grey system theory

Grey systems theory, developed by Julong Deng in 1982, is a method of
problem solving that focuses on tiny sample sizes and limited knowledge. It
deals with unknown systems with incomplete information by generating,
excavating, and extracting useful information from the available data. As a
result, the operational actions of systems and their laws of evolution can be
accurately defined and monitored. Uncertain processes with small samples and
limited knowledge are normal in nature. This fact defines the grey systems
theory's broad spectrum of applicability [67]. The term "grey" in the theory's
name refers to a characteristic that exists somewhere between black and white.
"Black" indicates that required information is not exactly accessible, but
"white" indicates that required information is precisely available. The proposed

"grey" scheme establishes a link between black and white [68].

2.7.2 Grey relational analysis (GRA)

One of the most common methods for analyzing relationships between
distinct data sets is Grey Relational Analysis. It is also used in multi-attribute
situations to make decisions. The main benefits of Grey Relational Analysis are
that it is based on original data, it is simple to calculate, and it is one of the best
tools for making decisions in a business setting. Grey Relational Analysis uses
information from the Grey System to compare variables quantitatively in a
complex way. This method establishes relationships between variables based on

their degree of similarity and variability [69].
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The GRA strategy is to convert the output of all alternatives into a series of
comparability, which is referred to as grey relational generating. A reference
sequence (ideal target sequence) is defined based on these sequences. Then, for
all comparability sequences and the reference sequence, the grey relational
coefficient is computed. Finally, the grey relational grade between the reference
sequence and each comparability sequence is determined using these grey
relational coefficients. The best option is a comparability sequence translated
from an alternative that has the highest grey relational grade between the
reference sequence and itself. The procedures for grey relational analysis are
shown in figure (2.20) [70].

Grey relational gencrating

<=

Reference sequence
definition

e

Grey relational coefficient
calculation

= L

Grey relational grade

calculation

Figure (2.20): Procedure of grey relational analysis [70]

Grey relational analysis, unlike the Taguchi technique, which is designed to
maximize a single response, can optimize many, often conflicting responses.
Because the range and unit of one response will differ from those of the others,
the output parameters should be normalized to a range of zero to one [71].

The following are the steps in Grey Relation Analysis: [72]
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e Quality characteristics, also known as problems and response variables,
must be defined.

e The process of acquiring data.
e Data should be normalized so that the lower the number, the better the

quality characteristics, and the higher the number, the better the quality
characteristics.

e Find the grey relationship coefficient for normalized data.
e Determine a grey reference's grade.
e Based on the grade value, select the best standard.

For a greater, higher-quality feature, the normalized value (Xi* (k)) is given

by equation (2.16).

Xi(k)-minXi (k)
max Xi(k)-minXi (k)

Xi*(K) =

For the smaller the better quality characteristic, the normalized value (Xi* (k) is
given by equation (2.17).

max Xi (k)—-Xi(k)
max Xi (k)—minXi (k)

Xi*(K) =

In which xi (k) is the original sequence; Xi* (k) is the normalized value of
xi (k); min xi (k) is the smallest value of xi (k) for the (k") response, and max Xi
(k) is the largest value of Xi (k) for the (k™) response; k=1, 2...., n.

It is important to create a relationship between ideal and actual normalized
experimental values when processing data. It's achieved by calculating the grey
relational coefficient, which can be found using the formula below: [73].

. _ Amin+ B Amax
Si (k) - A0i(k)+ B A max

AOI (K) = | XO*(K) - Xa*(K) | oo (2.19)
Where AOi (k) is the deviation sequence of the reference sequence X0* (k)

and the comparability sequence Xi* (K).

45



Chapter Two Theoretical Part and Literature Review

A min is the smallest divergence; A max is the highest standard deviation.

B is the coefficient of differentiation or identification. If all of the
parameters are prioritized equally, it is taken as (0.5).

The grey relational grade is calculated by combining the grey relational

coefficients for each output characteristic into the equation (2.20) [77].

Bi= = TRGI(K) e (2.20)

Where i =1, 2, 3,... 9 (the Lo orthogonal array is chosen), 8i (k) is the Grey

relational coefficient of (k™) response in the (i™) experiment, and(8i) the grey
relational grade for the( i™) experiment, and (n) is the number of performance
characteristics.

2.7.3 Analysis of variance (ANOVA)

The analysis of variance (ANOVA) is used to determine which process
parameters have a major influence on the quality characteristics. ANOVA is
recommended for distinguishing significant factors by using the Grey relational
grade value. Aside from degree of freedom (DF), mean of squares (MS), sum of
squares (SS), F-ratio, p-value and contribution (C) were displayed alongside it.
The greater the percentage contribution, the more significant the factor in
influencing output characteristics [74].

Variance analysis includes a set of elements that determine the extent to
which factors influence the outputs of operations, as shown below: [75,76]

o Degree of Freedom (DF): It shows how many independent variables are

required to calculate the response data's sum of squares.

e Sum of square (SS): The deviation is the distance between any point in a
set of data and the data's mean. The sum of all such squared variances is
the sum of squares. The overall variation in the data IS SStq,. The
portion of the variation explained by the model is called SSgegression-
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SSeror, ON the other hand, is the fraction of the data that is not explained

by the model and is assigned to error.

SSTota| = Z?:]_ 2_7=1(yl_] - }—,)2 .................................... (221)
SSError = Z?:]_ 2_7=1(yl_] - 9l)2 ..................................... (222)
SSregregsion:SSTota| - SSError ..................................... (223)

yij= i observed response of j" replicate, i = i" fitted response, h = set
of replicate, y =mean of all (n*r) observation.

e Mean square (MS): The expression Mean Square refers to a variance
estimate based on the variability among a group of variables in an

ANOVA. The mean square of the model terms is calculated as follows:

__Adj SS (Term)
MSTerm - DF (Term) ................................ (2-24)

e Fisher’s Test (F-ratio): The F-value is a metric for determining the
distance between individual distributions. The F test is used to see if the
interaction and the main effect are both significant. The model term
formula is as follows:

— MS (Term)
MS (Error)

The high value of the Fisher ratio gives an indication of the greater

influence of the factor on the outputs of the system.

e Value of Probability (P-value): The P-value is used to evaluate whether
a null hypothesis should be accepted or rejected in hypothesis testing.

The p-value is the chance of receiving a test statistic at least as severe as
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the actual calculated value if the null hypothesis is true. A common cut—
off number for the p-value is (0.05).

e Coefficient of determination (R?): The model's ability to explain how
much variation in the response is measured. The R? value indicates how
well the model fits your data. The formula is as follows:

SS (Error)

2 _
R™=1 SS (Total)

e Adjusted Coefficient of Determination (R®adj): The number of
components in the model is taken into consideration by adjusted R?

which is represented by the formula below:

2 _a. MS (Error) . DF (Total)
R%q=1 SS(Towal e (2.27)

2.8 Literature Review for electrodeposition

In 1996, Ning et al [77] in this study, composite coating of particles was
performed (Al,O3) in hexa-chromium solution. effect of coating variables on
the amount of (Al,O3) content in the composite coating The value of the
coating hardness is about (1300) HV when the content is (0.7-1.0) wt%
(Al,03). The wear resistance of the coating is improved by two to six times
when compared to the chromium coating. The maximum co-deposition was
observed at 20 A dm-2, temperature 40 °C, rare earth content of 2.0 g I'*, and
bath loading of Al203 greater than 400 g I™.

In (2005), Surviliene et al [78] in this study, silicon carbide powder were used
in a chromium bath (VI) to form (SiC ) coatings for the purpose of studying
the changes that occur in composite coatings (SiC ) as a result of exposure to

sulfate solutions. The electrochemical examination was used to achieve this
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purpose. After capturing impedance spectra at various periods of exposure to
the sulphate solution, the data was analyzed using different equivalent circuit
models. The results showed an improvement in the corrosion resistance of the
chrome plating when adding silicon carbide particles according to the
properties of the formed composite coatings, these results are consistent with
the current research in terms of a decrease in the corrosion rate due to the
addition of silicon carbide powder to the triple chromium plating solution,
although the research used a hexagonal chromium solution., such as the size

and number of pores.

In (2011), Gao and Suo [79] Cr—Al,O4/SiC composite coatings were coated
in Cr (VI) baths including Al,Oz-coated SiC powders to improve the SiC
content in Cr-based coatings. The Al,Os-coated SiC composite particles were
made by calcining a heterogeneous deposition precursor. The nano-SiC
particles were bundled with alumina, according to transmission electron
microscopy examination of the particles. The particles retrieved from the bath
had a zeta potential of up to +23 mV, which was beneficial for particle-
chromium co-deposition. During the electrodeposition, pulse current was
employed.The coating was compact and blended nicely with the substrate,
according to scanning electron microscopy (SEM). The concentration of SiC
in Cr-Al,O3/SiC coatings was found to be around 2.5 wt. % using energy
dispersive X-ray analysis. Potentiodynamic polarization and electrochemical
impedance spectroscopy techniques were used to examine the corrosion
behavior of the composite coating. The results showed that the Al,O5/SiC
particles considerably improved the composite coating's corrosion resistance
ina 0.05 M HCI solution.
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In (2013), Juneghani et al [80] two types of coatings have been studied on
carbon steel (substrate). The first is using metallic chromium coatings and the
second is using chromium with silicon carbide nanoparticles. Constant current
was used to complete the coating process. During the coating process, the
effects of carbide particle content, mixing speed, and current density were
studied. The result of the study of practical variables is the electrodeposition
of It was found that through current density (32 A/dm?) and mixing speed of
the solution (200 rpm), you get the most amount of precipitation of silicon
carbide particles in the chromium layer and the highest amount (1.13%) when
its added concentration to the solution is (20g/l). Exceeding the content of
carbide particles by an amount (20g/l) leads to the formation of clumps of
these particles in the solution. The morphology of the Cr-SiC nanocomposite
coating is finer, more regular, and denser than that of pure Cr coating. The SiC
nanoparticles co-deposited in the Cr matrix are uniformly dispersed,
enhancing the coating's corrosion and wear resistance. As the Sic particles of
the coating increase, the corrosion current density decreases, and the corrosion
potential shifts to a more positive potential, the micro-hardness of the coating
increases. Cr-SiC Nanocomposite coatings offer the lowest friction coefficient
and higher wear resistance than pure Cr coatings. By comparing our current
research with the research (JUNEGHANI (2013), in which the researcher used
a solution (0.05 mol/l HCL) with Hexavalent-chromium oxide, silicon carbide
nanoparticles While in our research (Trivalent-Chromium oxide) was used
with silicon carbide microparticles in concentrated sulphuric acid (98% ) as a
medium for corrosion, the results were consistent in terms of a decrease in the
corrosion rate with an increase in the concentration of silicon carbide particles
to (20g/l), but when the percentage was higher than (20g/l), a higher

percentage occurred. In the corrosion rate in both studies, the reason for this
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increase in the corrosion rate is the lack of high mixing speed to raise the
silicon carbide particles to the surface of the cathode, taking into account the

avoidance of turbulent movement of the particles.

In (2016), Lakra et al [81] Chromium-zirconia composite coatings were
fabricated on low carbon steel substrates using direct current (DC) and pulse
electrodeposition (PED) aim is to increase mechanical characteristics. To
improve the matrix and increase the ZrO, content of the coating, greater pulse
frequencies and pulsing were determined. Hardness and wear characteristics,
as well as fine structure and dispersion, are all affected by the crystallographic
orientation of the Cr matrix. The wear mechanism was discovered to be

largely abrasive in DC deposition, with little sticky propensity.

In (2016), Liao et al [82] studied Cr-C/Si3N, composite coatings are made by
electroplating trivalent chromium plating baths with suspended SizN,
nanoparticles under DC conditions. The effects of plating parameters such as
the concentration of SizN, in the plating bath and the current density on the
coating composition, deposition rate, morphology, surface roughness, micro-
hardness, and wear conductivity of electrodeposited Cr-C/SisN, composite
coatings were evaluated and compared to electrodeposited Cr-C coatings. The
SizNy particles can be successfully co-deposited and uniformly distributed in
the electrodeposited Cr-C matrix, according to the results. The highest degree
of Si3N, particle assimilation, around (17.22) vol %, is found at a bath loading
of 5 g/l and a current density of 20 A/dm? Due to the improved dispersion
strengthening effect, the addition of SisN, particles promotes the

microhardness of the coatings and greatly increases their wear resistance.

In (2018), Sheu et al [83] in this study, the composite coating was carried out

from chromium solution (111) to form two types of coatings (Cr-C) and (Cr-
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C/Al,O5) and the aim is to study the mechanical and corrosion properties of
the coatings. Although the Cr-C/Al,O; composite coating has the highest
corrosion protection (icorr = 2.84 107A/dm?), the corrosion resistance
decreases as the heating temperature rises, caused by the formation of defects
within Cr-C/Al,O; composite coatings. Heat treatment effects on the
mechanical characteristics and tribological performance of Cr-C and Cr-
C/Al,O3 composite coatings are being studied. As per the findings, heat
treatment improved the hardness of Cr-C coatings and Cr-C/Al,O; composite
coatings, mainly because of the precipitation of chromium carbide and
chromium oxide. The micro-hardness of the Cr-C/Al,O; composite coating is
dramatically improved as Al,O3 particles are integrated into the Cr-C matrix,
and the wear rate is significantly reduced when relative to the Cr-C coating.
The maximum micro-hardness (22.85 GPa) is reached after heating Cr-
C/Al,O5; composite coatings to 600°C. The co-deposition of Al,O; particles
inside Cr-C deposits improves wear resistance and decreases wear weight loss

in coatings.

In 2019, Sadeghi and Najafisayar [84] studied Cr-MoS, composite coatings
were electrodeposited from Cr*® baths containing various quantities of MoS,
particles and various forms of surfactant in this sample (cationic and anionic).
At various experimental conditions, the results revealed that the integration of
MoS, particles into composite coatings is very small, and a Cr matrix with
very low crystallinity can be electrodeposited. The presence of MoS, particles
in the bath (up to an optimal value) causes composite coatings to form with
lower surface roughness than traditional chromium coatings. While the solid
content of the bath increases, more MoS, particles are introduced into the

electrodeposits. Chromium can not be electrodeposited from baths containing
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large quantities of MoS; particles. The use of a cationic surfactant encourages
particle integration into the Cr metallic matrix. Furthermore, the presence of
surfactant in the bath causes coatings to form with fewer microcracks. All of
the composite coatings have higher hardness values than traditional chromium
coatings; the coatings electrodeposited from baths with no surfactant have the
highest hardness. Corrosion tests showed that smooth coatings with more
MoS, particles and fewer micro cracks have better corrosion resistance than

others.

In 2019, Zhang et al [85] thermodynamic predictions of electrochemical
reduction in a molten salt system containing NaCl, KCI, NaF, and Cr,0,
demonstrate that electrochemical deposition of a Cr coating on low carbon
steel is conceivable. Cr** + e — Cr** and Cr** + 2e — Cr are the two steps in
the electrochemical reduction of Cr(lll) to Cr. according to the
electrochemical reaction mechanism and electrocrystallization phase of
chromium investigated at 1073 K by an electrochemical workstation. The
electrochemical processes of Cr (111) and Cr (11) are quasi-reversible reactions,
and the electrocrystallization process of Cr is an instantaneous hemispheroid
three-dimensional nucleation process. On a low carbon steel substrate, a Cr
coating with a thickness of 250um was successfully deposited. The corrosion
resistance of Cr-coated low-carbon steel is far higher than that of low-carbon

steel, according to the results of the AC impedance process.
2.9 Literature review for Optimization

In (2013), Jegan and Venkatesan [86] the influence of pulse boundaries,
such as frequency, pulse duration, and current density, on the crystal structure,
hardness, and resistance to corrosion of nickel/nano-Al,O; composite coatings

generated by the pulse electrodeposition method was investigated on AlSI
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1018 steel samples electroplated in a Watt's type bath. The studies used
Taguchi's L,; orthogonal array with various pulse factor configurations, and
27 trials were undertaken to see how pulse criteria affected sample hardness.
The evaluation findings revealed that with a pulse frequency of 20 Hz, a
service period of 30%, and a peak current density of 0.4 A/lcm?, the specimen
has the highest hardness, which are the ideal characteristics in this instance.
The service cycle has the largest effect on hardness, according to the ANOVA

analysis, whereas current density has a little effect.

In (2014), Gadhari and Sahoo [87] with the use of Grey analysis and the
Taguchi technique, attempts are made to explore the influence of process
factors on the surface roughness of Ni—P-TiO, composite coatings. Ra, Rq,
Rsk, Rku, and Rsm are some of the surface roughness metrics evaluated in the
research. The coating criteria, which include nickel sulpahte as a nickel
supplier, sodium hypophosphite as a reduction agent, and TiO, particle
concentration as a secondary phase’s particle, are installed into an Ly,
orthogonal array to identify the optimal level of process variables for limiting
composite coating surface roughness. The experimental data observed that the
amount of the secondary phase, namely titanium particles, has a substantial
influence on managing the roughness parameters of composite coatings,

whereas the amount of reducing agent has a minor effect.

In (2017), Kumar and Narayanappa [88] studied improving process
parameters for Ni-WC electrodeposition on ferrous bearings for high wear
resistance coatings. Based on Experimental method, electrochemical
deposition criteria including electrolyte temperature (45, 50, and 55°C),
agitating speed (200, 300, and 400 rpm), current density (3, 4, and 5 A/dm2),
WC composition in electrolytic bath (1, 2, 3g/l), wear load (15, 20, 25 N), and
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speed (60, 90, 120 rpm) were maximized (DOE). According to ANOVA
analyses, the percentage share of variables are controlled for Ni-WC coatings
was WC (45.96%), stirring speed (16.65%), current density (1.92%),
temperature (1.6%), loading (10.00%), and velocity (11.72% ). Stirring
velocity 262.62 rpm, temperature 55 °C, current density 5 A/dm2, WC
particulates 4 g/l, loading 24.19 N, and velocity 60 rpm are the optimal
characteristics for high wear resistance and minimal friction, according to

response surface technique.

In (2018), Raghavendra et al [89] this study is based on the response surface
methodology. The coating parameters of composite coating on aluminum-
based alloys were optimized via grey relation analysis. This model achieves
the optimal coating parameter combination for maximal coating thickness,
adhesive strength, microhardness, and wear rate. The effect of coating
parameters at various levels has been discussed for each response.
Temperature, 34 C; current density, 1 A/dm? and percentage of particle
loading, (1.2)g/L are the best conditions for better composite coating
performance based on Grey relation grade. The current density has statistical
relevance on total composite coating performance at the 95% significance

level.
2.10 Summery of Literature review

According to past research, the majority of them focused on the influence of
coating process variables on the characteristics of the coating layer and its
capacity to resist corrosion and wear when compared to the base metal as a kind
of surface modification, as shown in table (2.5). To determine the properties of
composite coating layers, most investigations used solutions and laboratory

techniques. Composite coatings were studied in one of the concentrated sulfuric
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acid plants, and the extent of resistance of this layer in the concentrated sulfuric

acid solution was demonstrated.

Table (2.5): The electrodeposition studies
electrodeposition studies

NO. | Years | Researchers Substrate Electroplating applications
1 1996 Ning Stainless Electrodeposited Cr-A1,03; composite coating
steel provides wear resistance.
2 2005 Surviliene Carbon The influence of SIC on the corrosion of
steel chromium coatings
3 2011 Gao Carbon The research revealed that the ALO4/SIC
steel particles considerably improved the composite
coating's corrosion resistance in a 0.05 M HCI
solution.
4 2013 Juneghani Carbon The purpose of this study is to use
steel conventional direct current electrocodepasition

to evenly deposit SiC nanoparticles on a Cr
metallic matrix to generate strong, crack-free
Cr-SiC layers with improved wear and
corrosion capabilities due to SIC nanoparticles
good corrosion and erosion properties.

5 2016 Lakra Carbon To improve the matrix and increase the
steel (ZrO,) content in the coating, greater
pulse frequencies and pulsing were
discovered. In addition to fine structure
and dispersion, the crystallographic
orientation of the Cr matrix influences
hardness and wear characteristics. The
wear mechanism in the case of DC
deposition was discovered to be
primarily abrasive.

6 2016 Liao Carbon Wear resistance of composite coatings is
steel considerably improved and wear weight
loss is reduced when SizN4 nanoparticles
are codeposition in the deposit.

7 2018 Sheu Carbon Improvement in the micro-hardness of
(Cr-C/Al;0O3) and an increase in wear
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steel

resistance and a decrease in the wear rate
as a result of the heat treatment
procedure of the composite coating
layers.

8 2018

Sadegh

copper

Improving the hardness and corrosion
resistance of the Chromium coating with
MoS; particles.

9 2018

Zhang

Carbon
steel

Increase corrosion resistance of carbon
steel by Cr coating.

In table (2.6) shows the effect of electrodeposition process parameters that

investigate the best performance depending on grey relational method.

Table (2.6): The Optimization studies

Optimization studies

Years

Researchers

Substrate

Electroplating optimization

1 2013

Jegan

Carbon steel

The studies were carried out using Taguchi's
L7 orthogonal array with various combinations
of pulse parameters, and 27 trials were
undertaken to evaluate the influence of pulse
parameters in order to maximize the hardness
of the specimen.

2 2014

Gadhari

Carbon steel

Using Grey analysis and the Taguchi approach,
we studied the impact of process factors on the
surface roughness of Ni-P-TiO, composite
coatings.

3 2017

Kumar

Stainless

steel

Optimize process parameters for Ni-WC
electrodeposition on ferrous bearings for
enhanced wear resistance coatings

4 2017

Raghavendra

Aluminium
6061

This method yields the optimal coating
parameter combination for maximal coating
thickness, adhesive strength, microhardness,
and wear rate. The effect of coating parameters
at various levels has been discussed for each
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response.

2.11 Current Research Trends

In the current research, the effect of adding micro-silicon carbide powder
to the optimum chrome plating and the formation of composite coatings on the
surface of carbon steel was studied, subjected to examination in concentrated
sulfuric acid (98%) to show the extent of the ability of these coatings to

achieve an improvement in corrosion resistance.
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Chapter Three

Experimental Part

3.1 Introduction

The third chapter explains and clarifies the stages of the practical part,
which include the operations of preparing all of the base metal and preparing
it to perform the coating process on it, as well as providing equipment and
materials to finish the electroplating operations, performing mechanical tests
on the models that have been electrically plated, conducting corrosion tests on
the job site at the concentrated sulfuric acid plant (98%), which involves two
types of testing, the first for stagnation and the second for the flow of
concentrated acid, as well as assessing the polarization of the samples. Surface
coating tests, which include optical microscope, (SEM ) and (AFM ), as well
as tests on the elements compounds and phases of the base metal (carbon
steel), (XRF ), metallic and composite coatings (EDS ), and (XRD ).Figure
(3.1) depicts the steps of the practical section.

3.2 Materials

The materials used in the research include the metal on which the coating
process was carried out, the materials that were used in the preparation of
plating solutions and the powder that was used in the formation of composite

coatings.
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Preparation of carbon steel samples (substrate) and
Chromium platina solution

v

Design experiments under the gray method
according to plating parameters and their levels

v

[ Carbon steel chromium plating ]

v

Evaluating the properties of Chromium
plating (hardness, thickness and roughness)

v

-
Find the Chromium plating optimum factor

(temperature and plating time) by using the
gray method

\.

v

Conducting composite coatings by adding
different concentrations of (SiC)(10,20,30)g/I
to the Chromium plating solution

* )
Evaluating the properties of composite coating
(Cr- SiC) (hardness, thickness and roughness)

J

J
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[ Tests and Inspections ]

! !

Microstructure ] [ Corrosion Tests ]

Characterization

I v

_ \ Immersion Test
[ Optical \ )
I —
Erosion-Corrosion
XRD Test \ Test
SEM Test [ Polarization Test ]
AFM Test
EDX Test

Figure (3.1): Diagram showing the steps of the practical part
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3.2.1 Substrate material

The material to be coated is carbon steel obtained from Al-Furat State
Company for Chemical Industries and Pesticides. It is a plate of medium
carbon steel with dimensions of (20mm x20mm x5mm). Cut from a tube used
to transport concentrated sulfuric acid from the factory to the acid storage
tanks. The table (3.1) shows the proportions of the constituent elements of the
substrate metal. Inspection being carried out by the General Company for

Engineering Inspection and Rehabilitation in Baghdad.

Table (3.1): Chemlcal composition of carbon steel (tube)
Element Si Mn P Cr Mo Ni Cu Fe
%

A 0.4 0.3 082 001] o0.01 0.08 0.02| 0.13| 0.19 rest

Because of the difficulty of preparing samples for the purpose of
electroplating when the samples are in the form of a section of a tube and the
thickness of the section is small, the shape of the base metal models was
changed to a cylindrical shape by selecting four steel rods and conducting
elemental analysis in the General Company for Engineering Examination and
Qualification as listed in the table (3.2).

Table (3.2): Proportions of the constituent elements of metal rods

Element C Si Mn P S Cr Mo Ni Fe
%

1 0.2 0.307 | 0.526 0.0169 | 0.0123 | 0.0251 | 0.0032 0.036 Rest

2 0.385 0.24 0.917 0.0151 | 0.0289 | 0.148 0.0411 0.117 rest

3 0.433 0.357 | 0.758 0.007 0.0184 | 0.0577 | 0.019 0.0658 | rest

4 0.382 0.283 | 0.423 0.008 0.0178 | 1.5 0.207 1.38 rest

The results of the chemical analysis of the rods indicate the convergence
of sample (A) from table (3.1) with sample (3) from table (3.2) in terms of the
chemical composition, and thus the sample (3) was chosen from table (3.2) to
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be used as the substrate material for the purpose of conducting electrodeposition on
it.

Figure (3.2): Microstructure of carbon steel (substrate material) (100x)

The microstructure of (pearlite), (a-Ferrite) can be seen in figure (3.2) as a
result of an optical microscope on the substrate (carbon steel). microstructure
of the steel sample consists of approximately equal amounts of ferrite and
pearlite, which is expected for medium carbon steel with a percentage of
carbon greater than (0.4%) carbon.

3.2.2 Trivalent Chromium oxide (Cr,05)[63]

It is a dark red flaky granule as shown in figure (3.3). This is the source of

the chromium metal for the purpose of depositing it on the metal (carbon

steel).
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Figure (3.3): Flaky of trivalent Chromium oxide (Cr,03)[91]

3.2.3 Concentrated sulfuric acid (H,SO,)[62]

Concentrated sulfuric acid is used at a concentration (98%), as it is added
to the solution consisting of trivalent Chromium oxide (Cr,053) dissolved in

distilled water.

3.2.4 Silicon Carbide powder (SiC)

Silicon carbide is a powdery greenish-green ceramic material. A material
of high hardness, excellent corrosion and wear resistance. This material was
used in this work for the purpose of forming composite coatings with
chromium metal. Particle size was measured by a particle size analyzer in the
laboratory of the department of Ceramic /Collage of Materials Engineering.
The results of the particle size analysis for (SiC) powder are shown in Figure
(3.4). The particle size of (SiC) powder varied from (0.909 um to 23.68 um),
with a particle size, of (4.665 um) on average.
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D10=0.909
D50=4.665

D90=23.68

Cumu%

Size{um)

Figure (3.4): Particles size for silicon carbide (SiC)
Table (3.3) describes the details of the materials used in the
electrodeposition process.
Table (3.3): The details of the materials used in the electroplating process

Material Formula Purity % | Origin

Trivalent Chromium oxide | Cr,O3 99.8 Canning(English )
Concentrated Sulfuric acid | H,SO, 99 PRS panreac
(98%) (Spanish)
Silicon Carbide SiC 99.78 CBC India

3.3 Samples preparation

Provide a carbon steel rod with a diameter of (1.4cm) and a length of
(60cm). Following the removal of the oxide layer from the rod's perimeter by
the lathe machine, samples of (0.6cm) in diameter,(1cm) in height and a
reasonable number for the purpose of electrodeposition are cut. Surface
preparation of samples began with graded smoothing using smoothing paper
(silicon carbide paper) (220-2500). Deionized water would be used to wash all
of the samples, then acetone, and then dried with an electro-dryer, and the
samples were kept in containers with silica gel to avoid moisture. The stage of

polishing the samples included the use of diamond paste in a gradual manner
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(9, 3 and 1 microns), then washing with acetone to get rid of oily spots on the
surface of the samples. Dip samples in an acetone solution to remove any oils
left over from the diamond paste polishing process.

In order to ensure the cleanliness of the surface of the samples and to
remove the oxides, the samples were immersed in hydrochloric acid at a
concentration of (30%) for a time of (10) seconds in order to activate the
carbon steel surface for electroplating process, followed by washing with
distilled water, then drying by an electric dryer, then preservation in a
container containing silica gel to absorb moisture and avoid oxidation in
preparation for the electrodeposition process.

3.4 Preparation the electroplating bath

Dichromic acid (H,Cr,0;) is the active ingredient to obtain chromium
metal deposited on the part to be coated (carbon steel sample). dichromic acid
is produced by dissolving triple chromium oxide(Cr,05) in distilled water,
where 300 grams of chromium tertiary oxide have been added to a liter of
distilled water, followed by the addition of( 98% concentrated sulfuric acid) at
a ratio of (1:100) of oxide. Tables (3.4), shows bath solution for electroplating
of chromium (Cr), figure (3.5) show Chromium coating bath solution.

Table (3.4): Chromium bath composition

Electroplating bath Composition Concentration
Chromium bath Trivalent chromium oxide 300 g/l
sulfuric acid 3ml/l
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Figure (3.5): Chromium coating bath solution

3.5 Electroplating process

To achieve the electroplating process, a coating solution container has been
prepared, which is a graduated glass cylinder. The glass cylinder is carried by
a device known as a (hot plate and magnetic stirrer) which realizes the
circulation of the solution and the control of the temperature of the solution as
influencing factors during the electroplating process. The supply of electrical
power is done by using a power supply with a current range of (0-6) Am, a
voltage range of (0-20) V It contains a socket and connection wires where the
negative electrode is connected to the carbon steel sample for the purpose of
coating, while the anode is connected to two lead electrodes with dimensions
10cm for width and 20cm in length so that the carbon steel sample is in the
middle of the distance between the two lead electrodes and the circular surface
of the sample is parallel to both lead poles. So that the surface area of the lead

electrodes (anode) is equal to or greater than the surface area of the steel
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sample (cathode) where the surface area of the sample was (0.06) dm? and it is
the electroplating current (1.2) Am. Table (3.5) shows the Chromium
electrodeposition process conditions. Figure (3.6) shows the electroplating
process for Chromium coating.

Table (3.5): Process conditions of Chromium electroplating

Process conditions
PH 2
Deposition temperature(°C) (40,50,60)
Deposition time (hours) (1,1.5,2)

Distance between electrodes (cm) 5
Voltage (volts) 4.5
Magnetic stirring(rpm)(S.V.) 300
Current density (Am/dm?) 20

For the purpose of depositing composite coatings (Cr-SiC) on the substrate
(Carbon steel), the same conditions as for chromium coatings in table (3.5) are
used, with the temperature of the depositing solution fixed at the value (50°C)
and depositing time (2 hours), which are the optimal conditions that were

obtained for metallic chromium plating based on the gray method as shown in

table (3.6).

Figure (3.6): The electroplating process for Chromium coating
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Table (3.6): Bath solution composition of composite coating

Composite coating Composition Concentration
bath
Chromium-silicon Trivalent Chromium oxide 300 g/l
Carbide Concentrated Sulphuric acid 3 ml/l
Silicon carbide (10,20,30) g/l

The silicon carbide (SiC) is added to the chromium plating solution by
weight relative to the volume of the solution and left for the purpose of
dissolution in the plating solution for a period of 2 hours, and then the
electrical power is prepared from the power supply to begin the process of

depositing the coatings on the surface of the substrate (carbon steel).

Thus, the process of chromium plating and composite coatings of Silicon
Carbide embedded in chromium metal were completed, as shown in figure
(3.7).

Figure (3.7): (A): Cr-coating, (B): (Cr-Sic) composite coating
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3.6 Inspections
3.6.1 Optical microscopic examination

In order to obtain the microstructure of the carbon steel used as a substrate
and take an image showing the composite coating thickness, the samples were
prepared for this purpose by smoothing and polishing the surface, then
immersion in Nital solution for (15) seconds, then the test samples were
placed under the microscope to detect the microstructure. The test was
conducted in the metallurgical laboratory of the College of Materials

Engineering.

3.6.2 Measurements of coating thickness

The examination of the thickness of the coating layer according (ASTM
B748) was carried out in the lab of the Department of Polymer Engineering
and Petrochemical Industries/College of Materials Engineering-University of
Babylon by using (Digital Coating Thickness Gavage (TT260)), where the
thickness of the coating layer was measured and for six values of the surface

for each model, the average thickness of the layer was extracted.
3.6.3 Surface roughness Measurement

The roughness of the surface of the coating layer was measured according
(ASTM D7127-05) by using the roughness tester type (HSR210) in the (Lab
of Metallurgical Engineering Department/College of Materials Engineering-
University of Babylon).A roughness test of six readings was performed and
the rate was taken for these readings. This technique was used in measuring
the surface roughness of carbon steel (substrate) and measuring the roughness

of metallic coatings consisting of Chromium metal for nine samples of
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coating, which represent experiments in which optimal conditions for coating
were obtained by relying on statistical analysis.
3.6.4 Hardness measurement for coating specimens

The micro-hardness test of Vickers according (ASTM E97-17) was
performed in the lab of the Department of Ceramic and Building Materials
Engineering/College of Materials engineering at the University of Babylon.
There were three readings for each test sample and the average was taken for
the readings. The load used in the micro-hardness test is equal to (25g) for 30
seconds as a load applying period.
3.6.5 Simple immersion weight loss test

This test was conducted on-site at Al-Furat State Company for Chemical
Industries and Pesticides according to ASTM (G31). This test includes
immersion of samples (carbon steel as a base metal, chromium-coated carbon
steel and chromium-coated carbon steel with different concentrations of
silicon carbide (Cr-(10, 20, 30) g/l SiC) in concentrated sulfuric acid (98%).

The steps for this test are as below:

e Measurement of the initial weights of the samples (WO0). A high-
accuracy sensitive balance (four decimal places) was used to achieve
high weight accuracy as shown in figure (3.8) (A).

e |Immerse the samples in concentrated sulfuric acid (98%) for a
specified period at (25) °C as shown in figure (3.8) (B).

o After the specified period of immersion has passed, the samples are
taken out, washed with distilled water, and dried in an electric oven
at 65°C for one hour, as shown in figure (3.8) (C, D).
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e Measuring the weight after immersion (W1) and calculating the
difference in weight between the initial weight and the new weight

after immersion.

Figure (3.8): A: Balance which are used for weighting samples B: Immersion
test of samples in acid, C: Drying samples in electric oven, D: Oven drying
temperature

This mechanism is conducted on all samples and is repeated over time for
the purpose of obtaining the rate of corrosion and drawing the relationship
between the amount of weight loss with time for the purpose of comparing the
samples and measuring the amount of weight loss in each experiment
compared to the initial weight of samples. The readings of weight loss were
recorded for each (3) days and for a period of time (30) days.

The corrosion rate is calculated by the weight loss method according to the
equation (3.1) below: [99]

AW
Corrosion rate (g/cm?.day) = TA e (3.1)

AW: It represents the difference in weight between the starting weight (WO0)

and the weight after immersion (W1), which is equal to (W0-W1).
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A: Acid-exposed surface area (cm?).
t: Acid exposure time (day).
3.6.6 Erosion-corrosion test in concentrated Sulfuric acid

This test was conducted at Al-Furat State Company for Chemical
Industries and Pesticides according to ASTM (G73). This test involves
exposing the samples to the effect of (Erosion-Corrosion) on the surface of the
metal as a result of the movement of the concentrated acid (this test is the
opposite case to the immersion test), which results in studying the behavior of
the metal due to the impact of the acid mass on the surface as a physical action
of movement with the chemical effect of the acid as a corrosive medium.

The testing mechanism depends on the presence of a tube to transfer the
concentrated acid from the factory to a tank, where it is used to check the
extent of (Erosion-Corrosion) resistance of the samples.

The acid transport tube has a diameter of (25) mm and a flow rate of (100)
m>/hr, a temperature of (65°C). The density of acid is (1.84) kg/m°[36].

In order to fix the samples in the acid collection tank, stripes of Teflon
resistant to concentrated sulfuric acid were used by cutting two symmetrical
strips. Making holes in the Teflon strips with a diameter less than the diameter
of the test samples and then fixing each stripe on a carbon steel plate with
bolts and nuts as shown in figure (3.9).

Samples, Teflon strips and carbon steel plates are all one piece. The test
system is suspended under a hollow cylinder located on a vertical line with the
tube from which the concentrated acid comes out to be poured into the tank,
and thus the acid will pass through the test samples and cause (Erosion-
Corrosion) on the surface of the test samples as shown in figures
(3.10),(3.11).(3.12) and(3.13) .
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With this test mechanism, we have established similar conditions to what
the acid transport tubes are exposed to in the test samples. The acid passes
over the test samples under operating conditions similar to the acid flow in
pipes in that it is a corrosive medium at a specific speed and temperature. To
estimate the corrosion rate in this test, we use the equation (3.1) and apply the

same steps as in calculating the corrosion rate in the immersion test.

Carbon
steel
plate

Teflon
stripe

Figure (3.9): The mechanism of fixing samples for (Erosion-Corrosion) test in
concentrated sulfuric acid

Figure (3.10): The mechanism for installing the sample examination system in
the production tank for concentrated sulfuric acid for achieving the (Erosion-
corrosion) test
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Figure (3.11): Storage production that contains test samples

| H,SO, tube ©=25 mm ‘
‘ Acid production tank ‘ ¢
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Cooling system

‘ Hollow cylinder
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Figure (3.12): Diagram showing the mechanism of the (Erosion -corrosion)
examination
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Figure (3.13): Diagram showing the samples test part with concentrated
sulfuric acid flow
3.6.7 Electrochemical test (polarization test)

This type of examination includes the electrochemical test of the corrosion
rate based on the find the value of the corrosion current and the corrosion
potential difference for the samples under examination based on Tafel
extrapolation as shown in Figure (3.14) where the test container contains (500
ml) of concentrated sulfuric acid as a solution in which the test was carried out
and the first three electrodes It includes carbon steel (the base metal without a
protective layer), carbon steel coated with chromium metal plating and the

base metal coated with chromium composite coatings with different
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concentrations of silicon carbide particles where this electrode represents the
working electrode and the second platinum electrode as a counter electrode
and the third electrode as a reference electrode from (Ag/AgCl). The linear
potential sweep was done at a (-0.250 to +0.250) V potential range around the
observed OCP, from the cathodic to the anodic side, at scan rates of (1) mV/s, to
acquire polarization curves potentiodinamically. After immersion, the open circuit
potential (OCP) was recorded, and polarization measurements were taken
once the OCP stabilized. This test was conducted at the Borna Institute in

Tehran, in the Islamic Republic of Iran.

Figure (3.14): Polarization test in concentrated Sulfuric acid

Corrosion current values can be calculated using electrochemical cells and
polarization measures, such as Tafel extrapolations or polarization testing. We
can calculate the corrosion rate of the samples, according to ASTM G102-89
[93]. This equation can be written as follows:

0.1288xIcor.x(EW)

Corrosion Rate (mpy) = Axp (3.2)

Where:

0.1288: conversion factor for metric and time ((mpy g)/ (LA cm))
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Icor. : Corrosion current (LA)

A: acid exposed area in (cm?), which be equal for all samples (1.13) cm?

p: Sample density (g/cm®) for carbon steel (7.87 g/cm®)[93].For Chromium
coating (7.19g/cm®)[93],for (SiC)(3.21g/cm?)[93], Cr-10g/I SiC (6.47g/cm®),
Cr-20g/ISiC  (6.59g/cm®), Cr-30g/l SiC (5.36g/cm®). The densities of
Chromium coating and composite coating were estimated according ASTM
G102 [109], depending on (EDS) Analysis for samples.

Calculation of (Cr-20g/ISiC) density:

p (Cr-20g/ISiC) = percent of (SiC) in (EDS) Analysis * p (SiC) + percent of
(Cr) in (EDS) Analysis * p (Cr)

= 0,074 * 3.21 + 0.8831* 7.19 = 6.59 g/cm®

EW: equivalent weight, these values can be calculated according to ASTM

G102-89 as the formula below:[93]

1
EW - l'llfl ....................................... (33)

ey

fi: the element's mass fraction in carbon steel and electroplating samples.

wi: the element's atomic weight in carbon steel and electroplating samples.

ni : the element's valence in carbon steel and electroplating samples.

For carbon steel EW=19.4, for Cr-coating EW=26.7, for Cr-10g/l SiC
(EW=19.9), for Cr-20g/l SiC (EW=13.3).for Cr-30g/l SiC (EW=6).

3.6.8 Diffraction of X-Rays (XRD)

This examination has been carried out at the Bim Gostar Institute in the
Islamic Republic of Iran/Tehran.(Bim Gostar Institute). The crystalline phases
of carbon steel (base metal) were identified using an X-ray with a copper tube
(K radiation = 1.5406 A°). With a diffraction angle range of (5°-89°) and step
duration of (1) second, the diffractometer's scanning speed was set at 2.4° per

minute.
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3.6.9 Energy-dispersive X-rayspectroscopy(EDS) test

This technique is used to obtain the elements ofsamples in order to
determine the characteristics and behavior of the samples based on the type
and amount of elements present in the samples.This examination was
performed with a device (MIRA 3, TESCAN) at the (Bim Gostar Institute) in
the Islamic Republic of Iran/Tehran. The components of the chemical
composition of the substrate (carbon steel), metallic chromium plating (Cr-
plating) and chromium composite coatings with different concentrations of
silicon carbide (Cr-SiC) were examined to show the chemical composition of
the components of the coating layers and their effect on the extent of corrosion

resistance.

3.6.10 Scanning Electron Microscope (SEM)

This examination is characterized by greater accuracy than examination
with a scanning electron microscope, as it uses electrons instead of light.
Through this examination, the layers of coating that are deposited on the
surface of the substrate were studied and the effect of the difference in the
concentration of ceramic particles on the shape and appearance of the surface
being analyzed. This examination was carried out with a device (MIRA 3,
TESCAN) in the (Bim Gostar Institute) in the Islamic Republic of
Iran/Tehran.

3.6.11 Atomic Force Microscopy (AFM)

Atomic force microscope (AFM) is a tool for examining and displaying
the topography of exact surfaces. It is a high-powered microscope with
analysis, and the concept of its operation is based on the fall of a laser beam
onto a holder to which is attached a needle with micro-dimensions that moves
over the surface whose topography is to be investigated. The reflected laser
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beam is caught by the holder, which is dependent on the needle's height and
decreases as it moves across the surface being studied. This examination was
carried out in the Islamic Republic of Iran with a device (Bruker, ICON, USA
origin).By this test, the surface roughness of five different samples
representing the carbon steel sample (substrate), the surface roughness of the
carbon steel coated with Chrome metallic plating, which represents the
optimal sample, three samples representing the chromium composite coatings

with different concentrations of carbide particles were examined.
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Chapter Four Results and Discussion

Chapter Four

Results and Discussion

4.1 Introduction

This chapter describes the results ofthe research's practical part, which
include the results of properties for metallic and composite coatings, tests for
the corrosive behavior of samples in cases of simple immersion and exposure
to the flow of concentrated sulfuric acid (98%), testing of samples by
polarization in concentrated acid, analysis and discussion of the results, and

the results of the microstructural examination.

4.2 Substrate metal test results (carbon steel)
According to the analysis by (EDS) and (XRD) (JCPDS card No. 01-087-
0721), figure (4.1) and (4.2) confirm that the constituent elements of the

substrate metal are carbon steel.

. Spectrum 5

fe I
c 1

Weight % 100%

Figure (4.1): EDS analysis of substrate (carbon steel)

81



Chapter Four Results and Discussion
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Figure (4.2): XRD patterns of carbon steel (substrate)
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Figure (4.3): (AFM) for carbon steel surface

Figure (4.3) shows the scanning force microscope examination of the
surface of the substrate metal (carbon steel), where the value of the surface
roughness average was (0.010112) um which was close to the value of the

surface roughness we obtained through the mechanical roughness tester
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(HSR210), which was (0.0112) um and the maximum area peak height of
(0.051209) pm.
4.3 Chromium plating results

The testing was conducted on the base metal's chrome plating layer
(carbon steel) included (hardness, roughness and thickness) and according to
the factors affecting the electroplating process (electroplating temperature and
time) as shown in table (4.1).

Table (4.1): Influential variables and their levels

Parameters levels
Temperature (°C) 40 50 60
Time (hour) 1 15 2

The gray method was chosen within Taguchi's design orthogonal array Lg
for designing the experiments under two variables at three levels, as shown in
table (4.2). The ANOVA table (4.3) was estimated by using Minitab (17).

Table (4.2): Electroplating experiments and coating properties

Exp.No. Temp(°C) Time(hr.) Hardness Thickness(pm) Roughness(pum)
(Vickers)
HV

(Kg/mm?)
1 40 1 432 11.66 0.043
2 40 15 521 13.08 0.052
3 40 2 602 16.98 0.060
4 50 1 512 13.85 0.073
5 50 1.5 707 16.76 0.090
6 50 2 740 20.91 0.098
7 60 1 464 11.83 0.065
8 60 1.5 536 15.56 0.081
9 60 2 644 18.65 0.101
Carbon steel(substrate) 209 0.0112
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Table (4.3): ANOVA Table for coating (hardness, thlckness roughness)

Output Source DF Seq SS Adj SS Adj MS Contributio
n%
Temp 2 30040 30040 15020 13.16 0.017 33
Time 2 56678 56678 28339 24.83 0.006 62.1
Hardness Residual 4 4564 4564 1141 49
Error
Total 8 91283 100
R-Sg.= 95%
Temp 2 16.081 16.081 8.0407 18.79 0.009 20.2
. Time 2 61.967 61.967 30.9835 7240 0.001 71.7
Thickness
Residual 4 1712 1712 0.4279 21
Error
Total 8 79.76 100
R-Sq.=97.85%
Temp 2 0.002211 0.001105 0.002211 4197 0.002 66.3
Time 2 0.001016 0.000508 0.001016 19.29 0.009 305
Roughness
Residual 4 0.000105 0.000026 0.000105 32
Error
Total 8 0.003332 100
R-Sg.= 96.84%

4.3.1 Influence of electroplating process variables on Vickers Hardness
According to table (4.3), which was obtained by using Minitab 17 for statistical
analysis, this includes the analysis of variance for the factors affecting the hardness of
the chrome coating layer. As shown below:
(P value) probability value for temperature (0.017) and time (0.006) that is
smaller than (0.05) (p< 0.05) for both plating process variables (temperature,
time), implying that (temperature, time) have a substantial effect on coating
layer hardness.
e Time (24.83), temperature (13.16) (F- ratio). The values indicate the degree of
the variance in the influence of the coating process parameters, as found that
the time of the electroplating process has a bigger influence on the hardness of

the chrome plating than the coating temperature.
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e The contribution ratio to the variable components in the hardness of the

chrome layer confirms the Fisher ratio values, with contribution ratios of

62.1% for time and 33% for temperature, as shown in the pie chart in figure

(4.4).

Influentail Varaibles

4 90%

HTemp
H Time

Resdual Error

Figure (4.4): Percentage contribution of electroplating variables for hardness

Main effect plot of means
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Mean of Hardness(kg/mm~2)

Figure (4.5): Main effect of factors on Vickers Hardness
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e From figure (4.5), the hardness values of the chrome plating layer rise with the
temperature up to (50°C) and then begins to decrease between (50-60) °C. The
reason for the decrease the hardness of chrome plating is the high temperature,
which caused an increase in the size of the plating particles and led to a
decrease in the amount of hardness [53]. Between 50 °C and 60 °C the results
showed barely perceptible differences. This finding allows us to conclude that
this electrochemical process could be carried out at 50°C without any
important alterations in the resultant product, thus reducing the formation of
acid mist typical at the higher temperature, with concomitant environmental
benefits. [90]. As for the time factor, we notice that the hardness of chromium
increases with the increase in the depositing time, as the time will be sufficient
to precipitate the largest amount of chromium ions on the surface of the piece
to be coated. [53].

4.3.2 Influence of electroplating process variables on coating thickness
The analysis of variance for the factors affecting the thickness of the chromium
coating layer is included in table (4.3).

e The probability value for both plating process factors (temperature, time) is (p<
0.05), indicating that (temperature (p=0.009) and time (p=0.001) have a
significant impact on the thickness of the coating layer.

e 'The (F-ratio) number represents the amount of variation in the influence of
coating process parameters on the thickness of the chrome coating layer, as
shown by the fact that the electroplating process time (F-ratio=72.4) has a
greater influence on the chrome coating layer thickness than the coating
temperature (F-ratio=18.79).
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e The Fisher ratio validates the values of the contribution to the variable factors
in the thickness of the chrome coating layer, where the contribution ratio is for
time (77.7%) and temperature (20.2%), as shown in the pie chart in figure
(4.6).

Influentail Varaibles

2.10%

B Temp
B Time

Resdual Error

Figure (4.6): Percentage contribution of electroplating variables for thickness

Main effect plot of means
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Figure (4.7): Main effect of factors on coating thickness
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e As shown in figure (4.9), the thickness of the chromium coating layer
increases with increasing temperature up to 50°C, then the thickness
decreases with increasing temperature to 60°C. The drop in cathodic
film thickness as temperature rises is owing to a decrease in the
viscosity of the cathodic film, which promotes a more uniform
distribution and a faster rate of dissolution [90]. The thickness of the
coatings grows as the coating duration increases. According to
Faraday's law, as the amount of coating time rises, the thickness of the
coated metal increases [53].

4.3.3 Influence of electroplating process variables on coating roughness

According to table (4.4), which was obtained by using Minitab (17) for

statistical analysis, this includes the analysis of variance for the factors
affecting the Roughness of the chrome coating layer.

e (P value) probability value is (p < 0.05) for both variables of the plating
process (temperature (p=0.005), time (p=0.018)), which gives us the
conclusion that (temperature, time) have a significant effect on the
roughness of the coating layer.

e (F-ratio). This value gives an indication of the extent of the variation in
the influence of the parameters of the coating process as we found that
the temperature (F-ratio=41.97) of the electroplating process has a
greater effect than the time (F-ratio=19.29) of the coating on the
roughness of the chrome coating layer.

e The ratio of the contribution to the variable factors in the roughness of
the chrome coating layer confirms the values of the Fisher ratio, where
the contribution ratio is for temperature (66.3%) and for time (30.5%)

as shown in the pie chart in figure (4.8).
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Figure (4.8): Percentage contribution of electroplating variables for roughness

Main effect plot of means
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Figure (4.9): Main effect of factors on coating roughness

e As shown in figure (4.9) the surface roughness increases with
increasing temperature (40-50) °C, then be decreased at (60) °C. As the
temperature of the chromium plating solution increases, the surface
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roughness values of the plating layer rise as a result of the process of
depositing chromium ions on the surface of the cathode (the work
piece), but a decrease in the amount of surface roughness occurs when
the temperature rises above (50) °C . When electroplating hard chrome,
the temperature should be higher than 50°C. These high temperatures
are essential to avoid the formation of abrasive deposits at elevated
sedimentation rates [91]. The relationship of the surface roughness of
chrome plating is directly proportional with deposition time, as the
surface roughness increases with the growth of chromium granules with
an increase in the time of deposit of chromium granules on the surface

of the plating sample [92].

4.3.4 Predicted regression equation for each response characteristic

As a function of influential variables Temperature (T), time (t), the
predicted regression equation for each response characteristic (Hardness
(H.V.), Thickness and Roughness) as shown in equations (4.1), (4.2), (4.3).
Hardness (H.V.) =-2855 + 120.6* T + 436* t - 1.198*T"2 — 89* t"2+

050 T*L e, (4.1)
Thickness = - 49.8+ 2,506 *T- 3.51%t-0.02547*"2+2.05t"2+
007502 e 4.2)
Roughness = -0.4658 + 0.02011* T - 0.0095*t-0.000200 T2 - 0.00400 t2 +
0000950 Tt oo 43)
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4.3.5 Checking the model's accuracy

In addition to the use of analysis of variance (ANOVA) in table (4.4),
which provided evidence of the mathematical model's suitability in
examining the outputs and the influence of the coatings factors on them.

Another criterion for determining the model's suitability is the
determinant's coefficient (R?). For Hardness, thickness, and roughness, the
estimating values of (R?) are (95%), (97.85%), and (96.84%), respectively.
All of these R? values are greater than 95%, indicating that the regression
models are more than acceptable.

Drawing scatter diagrams is used to test the validity of the regression
models that have been generated. The observed and expected response
values are dispersed along the 45° line, demonstrating a near-perfect match
of the empirical models established. Figures (4.10),(4,11) and (4,12) show

typical scatter diagrams for all of the models.

Scatterplot of perdicted vs. estimated hardness
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perdicted coating hardness values
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Figure (4.10): Coating hardness scatter diagram
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Figure (4.11): Coating thickness scatter diagram
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Figure (4.12): Coating roughness scatter diagram
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4.3.6 Influential variables optimization

The Taguchi design orthogonal array (OA) was utilized in conjunction
with the GRA approach to determine the values of the optimum factors
(temperature, duration) that create the best attributes of the chrome plating
layer. The output values of the coating layer must be normalized in GRA to
be in the range of (0) to (1).When the sequence's objective directions are
different or the range of sequence scatter is too broad, data pre-processing
Is necessary. Data pre-processing is the process of transferring the original
sequence to a similar arrangement. As a result, the experimental results are
normalized.

According to equations (2.16) and (2.17) the output values of the
chromium plating process have been modified in order to unify all the
output values for each experiment between (zero to one ) where the
equation (2.16) is used for the values of hardness and thickness of the
coatings, considering that the preferred values for these larger outputs are
the best and the equation (2.17) is used for the surface roughness values for
coatings on the basis that the smaller is the best, as shown in the table (4.4).

Table (4.4): Adjusted values of the outputs of the chromium plating process

Exp. No. Hardness Thickness Roughness
1 0 0 1
2 0.288961 0.153514 0.844828
3 0.551948 0.575135 0.706897
4 0.25974 0.236757 0.482759
5 0.892857 0.551351 0.189655
6 1 1 0.051724
7 0.103896 0.018378 0.62069
8 0.337662 0.421622 0.344828
9 0.688312 0.755676 0

In experiment (1) in table (4,4) the normalize value of Hardness (Larger is

better) (H,*) calculated as the equation below:
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H.* = H1-Hmin _ 432—432 _
1~ Hmax—HMIN  740-—432

And for the normalize value of Thickness (Larger is the better) (Th*)

calculate as the equation below:

Th1-Thmin _ 11.66—-11.66 _
Thy* = = =0

Thmax—Thmin 20.91-11.66

And for the normalize value of Roughness (Small is the better) (Rou;*)

calculate as the equation below:

Rou(max)—Roul _ 0.101-0.043 _

Rou,* = — = =
Roumax—Roumin 0.101-0.043

The deviation sequence was calculated using equation (2.18), and the
results are shown in Table (4.5).

Table (4.5): The sequences of deviations

Exp. No. AOi (Hardness) AQi(Thickness) AQi(Roughness)

1 1 1 0

2 0.711039 0.846486 0.155172
3 0.448052 0.424865 0.293103
4 0.74026 0.763243 0.517241
5 0.107143 0.448649 0.810345
6 0 0 0.948276
7 0.896104 0.981622 0.37931
8 0.662338 0.578378 0.655172
9 0.311688 0.244324 1

GRC (Grey Relational Coefficient 8i (k)) is computed from the normalized
data after data pre-processing to build a relationship between the preferred
and real data. Where using the eq. (2.19) to find a value for the output
values Grey Relational Coefficient as listed in table (4.6).
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Table (4.6): Grey relational coefficient values

Exp. No. Grey Relational Coefficient (GRC)(8i(k))
(8i(1))Hardness (8i(2)) Thickness (8i(3)Roughness

1 0.333333 0.333333 1

2 0.412869 0.371337 0.763158
3 0.527397 0.54062 0.630435
4 0.403141 0.395807 0.491525
5 0.823529 0.527066 0.381579
6 1 1 0.345238
7 0.35814 0.337468 0.568627
8 0.430168 0.463659 0.432836
9 0.616 0.67175 0.333333

According to equation (2.20), table (4.6) contains the values of the Grey
Relational Coefficient. We'll calculate the Grey Relational Grade for each
experiment (GRG).Experiment number six has the greatest GRG, indicating
that it is the most successful. Table (4.7) shows the results.

Table (4.7): Values of Grey Relational Grade (GRG) for experiments
Exp. No. Grey Relational Grade (i) Rank

0.555556 4

0.515788
0.566151
0.430158
0.577391
0.781746
0.421412
0.442221
0.540361

OO N |01 WIN|F-
Ol N OO O

Figure (4.13) shows the GRG obtained under multiple configurations. The GRG
indicates that, primarily, the higher the GRG, the closer the product's quality will be to
the ideal value. As a result, the larger GRG is prized for its superior performance. As a

result, the value of the coating temperature (50°C) and the coating time (2 hours) that
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achieve the highest value of (GRG) are the optimal factors for the coating process

from which we obtain the best properties of the coating layer.

Main effect plot of means

070 Temp Time

0.65

0.60

0.55

Mean of GRG

0.30

0.45

0.40

Figure (4.13): Main effecct of factors on GRG

The ideal process parameters are at the level with the highest GRG (Minitab
program) , as shown in table (4.8).

Table (4.8): Table of responses for the grey relationship grade

Parameters Grey Relational Grade Main effect(Max- | Rank
Level 1 Level 2 Level 3 Min)
Time 0.4827 0.5313 0.6448* 0.1621 1
Temp 0.5611 0.6075* 0.4903 0.1172 2
The grey relational grade's total mean value = 0.552866
(*)optimal GRG levels

At optimal factors (Temperature (50°C), Time (2 hr.), table (4.9) shows the
estimated values of the properties of the coating layer by taking advantage of the
equations (4.1),(4.2) and (4.3) compared to the practically calculated values along

with the predicted error which is obtained from the equation (4.4).
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Predicted error % =

Experimental value—Predicted value

Experimental value

Results and Discussion

Table (4.9): Experimental and prediction for Chromium coating value

Cr coating property | Experimental value | Predicted value | Predicted error %
Vickers 740 741.889 0.255
hardness(kg/mm?)

Thickness(um) 20.91 20.5444 1.748
Roughness(um) 0.098 0.0996667 1.02

4.4 Optimal Chromium sample test results

The results of testing on the optimum sample of metallic chromium plating on
carbon steel (substrate),were collected using the gray method of factor analysis and
getting the optimum factors that produce the best chrome plating qualities include:
(EDS) and (AFM).

Weight %

Figure (4.14): EDS analysis of Chromium coating

The elemental analysis of the surface in figure (4.14), which confirms

the achievement of metallic chromium plating. This phase is expected to
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appear in metallic chromium coatings, which confirms the analysis (EDS)

of the surface of the chromium plating sample.

Figure (4.15) shows the atomic force microscope examination of the
surface of the Chromium plating, where the value of the surface roughness
average was (0.093337) um which was close to the value of the surface
roughness obtained through the mechanical roughness tester (HSR210),
which was (0.098) um and the maximum peak height of (0.0499085) um.

Figure (4.15): AFM of Chromium plating surface

4.5 Chromium-Silicon Carbide composite coating
4.5.1Composite coatings electrodeposition

For the purpose of obtaining composite coatings, chromium plating was carried
out with silicon carbide particles based on the optimum factors for chromium coatings
(temperature and time of the plating process), which were extracted by using the gray
method for statistical analysis, where the deposited temperature was (50°C) with

deposited time (2 hours). With a change in the proportions of silicon carbide (SiC)
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added, the values of the tests for the layer of composite coatings (Cr-SiC) are shown
in table (4.10).

Table (4.10): (Cr-SiC) composite coating properties

Cr-Sic (g/l) Vickers Hardness Roughness(um) Thickness(um)
H.V. (Kg/mm?)
10 766 0.087 10.67
20 902 0421 17.74
30 665 0.158 12.9

<J, Substrate (carbon steel)

#I‘. — - = L] & ¥
®) Interfacebetween composite %

coating and substrate

Composite
coating

Figure (4.16): An image showing composite coating thickness (100x)

In figure (4.16), an image was taken by an optical microscope to show the
thickness of the composite coatings (Cr-SiC) on the metal of the substrate, where the

indicator of the interface between the coatings and the substrate is clearly visible.
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Figure (4.17): The effect of SiC concentration on coating hardness
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Figure (4.18): The effect of SiC concentration on coating thickness
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Figure (4.19): The effect of SiC concentration on coating roughness

In figures (4.17), (4.18)and (4.19) that show the effect of (SiC) added

concentrations of silicon carbide particles to the chromium plating solution on

(rm)

the properties of the formed composite coatings, notice that (hardness,
thickness and roughness) values have increased as a result of adding (20g/1) of
Silicon Carbide in comparison with the values of these properties when the
amount of addition (10g/l ) where the thickness and roughness increase as a
result of the increase in the concentration of silicon carbide in the solution. As
a result, as the concentration of SiC rises, the number of adsorption Cr** ions
on the surface of SiC particles increases. SiC particles migrate towards the
cathode surface due to an electric current, where the adsorbed Cr** ions
discharge and deposit on the carbon steel surface, encasing and embedding the
SiC particle. As for the hardness of the composite coatings, it increases
slightly (766 HV) than the hardness of the metal chromium plating (740HV)
when the concentration of carbides is (10g/l), but by increasing the
concentration to (20g/l), where the rise in hardness is greater due to the
increase in the amount of particles deposited with chromium ions on the
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surface of the carbon steel (cathode electrode). The high hardness is due to the
diffusion of silicon carbide particles through chromium metal. These particles
are obstacles to the movement of dislocations and thus enhance the properties

of the coating, involving the hardness of the coating surface [80].

In figures (4.20) and (4.21) which show the results of examining the
surface of the composite coatings with a scanning electron microscope, where
we notice from the images that the composite coatings resulting from the
addition of (20g/l SiC) with the presence of some small unincorporated
masses in the ground layer of chromium metal, while the case is the opposite
in the case of the layer consisting of adding (10g/l SiC ) of carbide particles,
the reason for this is that the concentration of carbides in the coating solution

is lower than it was in increasing its concentration to (20g/1 SiC).

-
SEMMAG: 3.00kx | WO 4,34 mm l 11 I

Det: SE SEMHV:150kV | 10pm
Date(midy): 07/31/21

Figure (4.20): SEM image for surface morphology of (Cr-10 g/l SiC)
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Figure (4.21): SEM image for surface morphology of (Cr-20 g/l SiC)

Figure (4.22): (AFM) for (Cr-10g/I SiC)
In figures (4.22 and 4.23) shows the examination (SFM) of the surface of

the composite coatings, where we notice the effect of silicon carbide
deposition on the surface according to the different concentration of carbide

particles in the coating solution, where the roughness rate (0.087)um with the
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maximum height of the peaks was (0.694)um when the concentration of carbide
was (10 g/l SIC ) while it increases these values are to (0.421)um as the average
surface roughness with the increase of the maximum height of the peaks to
(2.59)um when the amount of silicon carbide concentration is increased to (20
g/l SiC), where these values increase due to the high concentration of carbides
in the solution [80].

um

um

Figure (4.23): (AFM) for (Cr-20g/I SiC)

Referring to figures (4.17, 4.18 and 4.19), we notice that the values of the
properties of the layer of composite coatings decrease when the concentration
of silicon carbide particles becomes (30g/l), so that the hardness, thickness,
and roughness decrease from their values when the concentration of the
addition of silicon carbide (20g/l) and the reason for this is that the constant
velocity of solution movement (stirrer rate) with increasing concentration for
silicon carbide, so that it is not able to transfer large amounts of carbide
particles to the surface of carbon steel, where when its concentration in the
solution increases, its amount decreases in the coating layer due to a decrease
or weakness in hydration and its agglomeration inside the solution[86], as
illustrated infigure (4.24).
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SEM MAG: 3.00 kx Wik 4.98 mun
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Figure (4.24): Image by SEM for the surface morphology of (Cr-30g/l SiC)
Figure (4.25) represents (AFM) examination of the surface of the
composite coatings when the concentration of silicon carbide was increased to
(30g/I SiC), where the surface roughness rate decreases to (0.158) um and the
maximum height of the peaks (1.35) um from what it was when the carbide
concentration (20g/l SiC) was evidence when the deposition occurred carbide

with high efficiency.

Figure (4.25): (AFM) for (Cr-30g/I SiC)
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4.5.2 EDS results for Composite Coating
In figures (4.26, 4.27 and 4.28), (EDS) analysis of layers of chromium

composite coatings and different concentrations of silicon carbide particles.

These analyses confirm the components from which the composite coatings
are formed.

.SpectrumZ

Cr I
c 1

Cu |

o |

Fe |

Weight %

Weight % 90%

Figure (4.27): EDS analysis of (Cr-20g/1 SiC)
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Weight % 60%

Figure (4.28): EDS analysis of (Cr-30g/1 SiC)

4.6 Results of corrosion tests
4.6.1 Results of Erosion- Corrosion test

In table (4.11) the values of corrosion rates in the (Erosion-Corrosion) test
in concentrated sulfuric acid under flow conditions and a temperature of
(65)°C to show the effect on the samples under the effect of acid flow
depending on the amount of weight loss during the area exposed to the acid in
a time of (30) days for each sample and extracting the corrosion rate of the
samples during one day with drawing a relationship between the amount of

corrosion rate over time as shown in figure (4.29).

Table (4.11): Corrosion rate for (Erosion — Corrosion) test

Samples Corrosion Rate(g/cm?.day) IP%
Carbon steel 152x10° —
Chromium coating 114.7x10° 2453
Chromium coating- 10 g/l SiC 41.7x10° 72.56
Chromium coating- 20 g/l SiC 30 x10° 80.26
Chromium coating- 30 g/l SiC 61x10° 59.86
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Figure (4.30) shows a bar-shaped diagram for the purpose of comparing
the models in the corrosion rate in the test of (Erosion-Corrosion), which
clearly shows the extent of the difference in the rates of corrosion and decline
for the samples protected by composite coatings compared to the base metal

without any type of protection.
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Figure (4.29): The relationship between corrosion rates for samples with time
in (Erosion-Corrosion) test
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Figure (4.30): Bar chart showing comparison between samples in the rate of corrosion
(g/cm?.day) during (Erosion-Corrosion) test
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Figure (4.29), which shows the amount of the corrosion rate over time for five
samples as indicated in the figure. This test is considered one of the most important
tests to indicate the extent of the corrosion rate in concentrated sulfuric acid (98%),
which is the result of the exposure of the samples subjected in this test to the effect of
the corrosive medium flowing at a speed similar to the flow rate of the concentrated
acid in the tubes carrying the acid. The embodiments in this test include carbon steel
as a base material without a layer of corrosion protection, carbon steel protected by a
layer of chromium metal, carbon steel and carbon steel protected by a layer of
chromium-composite coatings added to it with different amounts of silicon carbide.

As for the corrosion curve for carbon steel, we notice that the corrosion
rate is constantly rising, indicating the continuation of weight loss over time.
This is due to the absence of a protective layer of ferrous sulfate (FeSO,) due
to the high flow rate of the concentrated acid on the surface of the samples and
the high temperature (65) °C where the intrusiveness of the sulfate layer is
affected by the high temperature of the acid and leads to its fracture [36], so
that the steel is unprotected, which is the rate of corrosion for this test
(0.00152 g/cm?.day).

In the corrosion curve of carbon steel coated with chromium, we notice a decrease
in the corrosion rate compared to carbon steel without coating, which has a corrosion
rate of (0.001147) and an improvement percentage of (24.53%).The reason for this
behavior is the formation of a layer of chromium oxide, which is a barrier that reduces
the corrosion rate due to the chromium oxide layer and the ability to rebuild the layer

due to the effect of acid on it; this is consistent with previous studies [60].

For curves representing the behavior of composite coatings consisting of silicon
carbide particles of different concentrations embedded in the chromium plating layer.
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In general, we note that all of these curves are according to the different
concentrations of silicon carbide particles, where the corrosion rate is low in
the first (15) days of testing, then the curves take the form of almost a straight
line, especially in the sample (Chromium coating-20g/l SiC), where the
amount of corrosion rate is very small over time. The reason for this is that the
composite coatings of chromium and silicon carbide give high wear
resistance, as they outperform metallic coatings of chromium alone in acidic
environments in improving corrosion resistance, as shown in table (4.11). Due
to the formation of chromium oxide, which is a protective layer for the base
metal, and silicon carbide particles, which is an inert and high-hardness

material that resists wear and erosion [63, 80].

4.6.2 Immersion corrosion result

Table (4.12), which includes the results of the corrosion rates of samples
in the immersion test in concentrated sulfuric acid (98%), where the results
depend on the amount of weight loss of the area exposed to the acid during a
time of (30) days of each sample. Also, a relationship was drawn between the

corrosion rates of the samples over time, as shown in the figure (4.31).

Table (4.12): The Corrosion Rate for (Immersion Corrosion) test

Samples Corrosion Rate(g/cm?’.day) 1P%
Carbon steel 31.2x10° —
Chromium coating 135x10° 56.73
Chromium coating- 10 g/l SiC 10.2x10° 67.3
Chromium coating- 20 g/l SiC 7.19x10° 76.95
Chromium coating- 30 g/l SiC 14.6x10° 53.2

Figure (4.31) shows the representation of corrosion rates in the bar
diagram of the corrosion rates of metal and composite coatings compared to

carbon steel in concentrated sulfuric acid.
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Figure (4.31): Bar chart showing comparison between samples in the rate of
corrosion (g/cm?.day) during (Immersion Corrosion) test
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Figure (4.32): The relationship between corrosion rates for samples with time in
(Immersion Corrosion) test
Figure (4.32), which represents the corrosion rates of samples under sulfuric acid

conditions by immersion test and at ambient temperature, that is, the effect of acid on
the samples is as a stagnant corrosive medium. We note, according to the figure, that
all samples (carbon steel, Cr-coating, Cr-10 g/l SiC, Cr-20 g/l SiC, and Cr-30 g/l SiC)
suffer from corrosion in sulfuric acid. All samples protected by composite coatings
and metallic chromium coatings have low corrosion rates compared to the bare

protection (substrate) carbon steel.
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This behavior is expected for metallic and composite coatings in concentrated
sulfuric acid (98%) where they have high corrosion resistance due to the formation of
a valuable layer of chromium oxide related to the metal coating and the presence of
corrosion-resistant silicon carbide particles embedded in chromium metal to form the
composite coatings [80].

Carbon steel (substrate) in the immersion test in concentrated sulfuric acid is
subjected to corrosion, but the corrosion rate is low compared to the corrosion rate in
the case of acid flow and the temperature is higher than the ambient temperature. This
Is due to the formation of a protective layer of ferrous sulfate (FeSO,) and its stability
on the surface of carbon steel as long as the concentrated acid (98%) is stationary or
moving at low speed and at natural temperatures close to the temperature of the
external environment [36].

In figure (4.33) a comparison of the sample of carbon steel as a result of exposure
to concentrated sulfuric acid in the case of the immersion test, as shown in the image
(A) where the corrosion rate was (0.000312 g/cm®.day) while the image (B)
represents the exposure of carbon steel to the concentrated acid in the test (Erosion-
Corrosion) where the corrosion rate was equivalent to(0.00152 g/cm?®.day) meaning
that the amount of the corrosion rate in the test (Erosion-Corrosion ) is five times the

corrosion rate in the immersion test.
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Figure (4.33): Shows a comparison of the effect of concentrated sulfuric acid on
carbon steel (A: Immersion test, B :( Erosion-Corrosion) test)
The two images in the figure (4.33) represent the behavior of carbon steel when

exposed to concentrated sulfuric acid, where the image (A) represents the behavior of
steel in the case of stagnation of the acid or movement at a low speed and ambient
temperature as in concentrated sulfuric acid tanks While the picture (B) represents the
behavior of carbon steel at high flow velocities and high temperatures, and it
represents the same conditions for acid flow in pipes conveying to acid production

tanks.

Figure (4.34): The composite coating (Cr-20 g/l SiC) sample before and after
exposure to concentrated sulfuric acid
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Figure (4.35) (A): Represents carbon steel coated with composite coatings of (Cr-
209/l SiC before exposure to concentrated sulfuric acid. Figure (4.35)(B): Represents
carbon steel coated with composite coatings of (Cr-20g/l SiC) after (30) days of

exposure to concentrated sulfuric acid flow.

Figure (4.35): Comparison of tested samples (Erosion-Corrosion) in concentrated
Sulfuric acid (A: (Cr-20 g/l SiC) coating, B: (Cr- coating), C: Carbon steel (substrate)

In the figure (4.35) which shows the effect of samples with concentrated sulfuric
acid in the test (Erosion-corrosion), where the difference in the surface parameters of
unprotected carbon steels, carbon steels protected by metallic coatings and carbon

steels protected by composite coatings are noted.

4.6.3 Polarization test results

The polarization test for samples in concentrated sulfuric acid (98%) includes
obtaining voltage readings (V) and current (A) where the relationship between the
voltage and the logarithm of the current is drawn, and then a Tafel extrapolation is
made on the resulting curve by the intersection of the contact lines for both the
cathode and anode curves, where the coordinates of the intersection point represent
the corrosion voltage and the corrosion current by dropping the point on the axis of

voltage and axis of current, respectively As shown in the figures below.

114



Chapter Four Results and Discussion

Cathodic Tafel Region

Anodic Tafel Region €= Leorr

Log (Current (A))

Figure (4.36): Polarization curve for carbon steel (substrate)
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Figure (4.37): Polarization curve (Cr-coating)
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Figure (4.38): Polarization curve (Cr-10g/l SiC) Composite coating
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Figure (4.39): Polarization curve (Cr-20g/l SiC) Composite coating
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Figure (4.40): Polarization curve (Cr-30g/l SiC) Composite coating

Table (4.13): Polarization test factors and Corrosion rates for the models

Samples Corrosion Current Corrosion IP%
Current | density(nA/cm?) rate(mpy)
(HA)

Carbon steel 1412 1249 396.55 -

Cr-coating 19.95 17.65 8.44 97.8
Cr-10 g/l SiC 17.78 15.73 6.23 98.4
Cr-20 g/l SiC 7.94 7 1.82 99.5
Cr-30 g/l SiC 398 352.2 45.36 88.5
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Figure(4.41): Shows a representation in cylindrical columns of the corrosion rate of
carbon steel, chrome metal plating, chrome composite coatings, and silicon carbide
particle concentrations (10, 20, 30)g/I

In table (4.13), the values of corrosion current, current density, and corrosion rates
in addition to the percentage of improvement that occurred due to the use of metallic
and composite coatings in comparison to carbon steel that is not protected from
corrosion in concentrated sulfuric acid (98%).

There is significant improvement in reducing the corrosion rate as a result of the
use of chromium metal coatings and composite coatings of micro-particles of silicon
carbide embedded in chromium in comparison to the corrosion rate of the base metal
(carbon steel without coating), where the micro-particles of silicon carbide have a
significant function in enhancing the corrosion resistance in concentrated sulfuric acid
because it forms a protective layer on the surface of carbon steel, isolates the metal
from the attack of concentrated acid, and prevents or limits the emergence of defects
on the surface of carbon steel.

Reinforcement distribution particles in the chromium coating led to the
development of many corrosion micro-cells; with SiC particles acting as cathodes

and chromium acting as anodes (the standard potential of SiC is higher than that of
118



Chapter Four Results and Discussion

chromium). These corrosion micro cells aid in anodic polarization. As a result, in the
presence of SiC, localized corrosion is hindered, and predominantly uniform
corrosion happens [80].

In the figures below, images of the scanning electron microscope show the
difference in surface for carbon steel, metallic chromium plating, chromium and SiC
micro particles composite coatings, before and after the polarization test in
concentrated sulfuric acid.
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Figure (4.42): SEM images for carbon steel (A: Before polarization test, B:
After polarization test)
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Figure (4.43): SEM images for Cr-coating (A: Before polarization test, B:
After polarization test)

In figures (4.42) and (4.43), we note through images (SEM) the extent of
the difference in the effect of the surface of carbon steel without any
protection layer and carbon steel coated with chrome metal. Metal textures,
while in acid, the effect of acid on chrome plating is a surface effect that falls

within the uniform surface effect of corrosion.
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Figure (4.44): SEM images for Cr-10g/l SiC composite coating before
polarization test
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Figure (4.45): SEM images for (Cr-10 g/l SiC) composite coating after
polarization test
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In the figure(4.45) that shows an image of the composite coating (Cr-10g/I
SiC ), although the corrosion is uniform on the surface of the coating, we
notice that there are cracks in the surface of the coating when exposed to
concentrated acid as a result of the low concentration of silicon carbide in the
coating layer. As a result, this type of coating causes an improvement in
corrosion resistance that is very high compared to unprotected carbon steel,

and its corrosion rate is close to that of chrome plating.
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Figure (4.46): SEM images for (Cr-20g/l SiC) composite coating before
polarization test
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Figure (4.47): SEM images for (Cr-20g/l SiC) composite coating after
polarization test

In the figure (4.47) show (SEM) image, which shows the surface of the
composite coatings (Cr-20g/l SiC) after polarization test, we notice the
homogeneous distribution of silicon carbide particles in chromium metal,
which is the reason for a significant decrease in the corrosion rate upon
exposure to concentrated sulfuric acid compared to the base metal (carbon
steel) and the rest of the coatings with different concentrations of silicon

carbide and chrome metal plating.
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Figure (4.48): SEM images for (Cr-30g/l SiC) composite coating before
polarization test
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Figure (4.49): SEM images for (Cr-30g/l SiC) composite coating after
polarization test
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In the figure (4.49) SEM images of the composite coatings (Cr-30g/l SiC)
after polarization test, we notice the lack of homogeneity in the distribution of
silicon carbide particles in chromium metal with the presence of
agglomerations of carbide particles that cause the inefficient work of the
composite coatings as a barrier to the surface of carbon steel. Although the
corrosion rate was low compared to non-carbon steel protected, at the same
time, the corrosion rate was high compared to metallic chrome plating and the
rest of the other composite coatings (Cr-10g/l SiC) and (Cr-20g/I SiC).

By comparing our current research with the research (JUNEGHANI
(2013), in which the researcher used a solution (0.05 mol/l HCL) with
Hexavalent-chromium oxide, silicon carbide nanoparticles While in our
research (Trivalent-Chromium oxide) was used with silicon carbide
microparticles in concentrated sulphuric acid (98% ) as a medium for
corrosion, the results were consistent in terms of a decrease in the corrosion
rate with an increase in the concentration of silicon carbide particles to (20g/l),
but when the percentage was higher than (20g/l ), a higher percentage
occurred. In the corrosion rate in both studies, the reason for this increase in
the corrosion rate is the lack of high mixing speed to raise the silicon carbide
particles to the surface of the cathode, taking into account the avoidance of
turbulent movement of the particles.The results of the corrosion test for the
composite coating (Cr-20g/l SiC) for both studies were as follows: the current
research (1.82 mpy ) and the research (0.96 mpy ) where the increase in the
corrosion rate of the current research for research (JUNEGHANI (2013 ) and
this is expected due to the intensity of the corrosive medium (concentrated
sulphuric acid (98%)) compared to the solution (0.05 mol/l HCL.).
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Chapter Five

Conclusions & Suggestions

5.1 Conclusions

The following are the conclusions that obtained from the result of this
research:

1. The optimum coating qualities for metallic chrome metal were in the
coating solution temperature (50) °C, coating time (2) hours, and
current density (20A/dm®), as this coating obtained effective
improvement in concentrated sulfuric acid(98%) when employed on
grade(A830-1045)carbon steel.

2. The time of metallic chrome plating had the largest influence on the
coating layer's qualities (hardness and thickness), whereas the
temperature of the coating solution had the greatest effect on the surface
roughness of the metallic chrome plating.

3. The corrosion resistance of the uncoated base metal (carbon steel) was
improved by chromium composite coatings with a concentration of
micro-silicon carbide particles (20)g/l, where the carbide particle
distribution was homogeneous.

4. The composite coatings (Cr-30g/l SiC) performed poorly in terms of
corrosion protection when compared to the other coatings (Cr-10g/I
SiC) and (Cr-20g/l SiC), because their high concentration caused an
increase in agglomeration within the coating solution resulting in

heterogeneous deposition.
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5.

The composite coatings (Cr-20g/l SiC) were the best at improving the
corrosion resistance in all equipment and parts of a concentrated
sulfuric acid plant (98%).

5.2 Suggestions

1.

Study of the use of chromium composite coatings with silicon carbide
nanoparticles and comparison with the results obtained in this research.
The use of other types of ceramic particles in the deposition of
composite coatings in chrome metal such as (SiO,, ZrO,) and the
comparison between the efficiency of corrosion protection and cost.
Study of the corrosion resistance relationship of composite coatings of
chromium and micro-silicon carbide with different concentrations of
chromium plating solution.

Examine the usage of different ways of corrosion protection, such as
selecting a material with high corrosion resistance (Duplex stainless
steel), and compare the properties and costs with the results of this
studly.

The effect of electroplating deposition parameters (current density and
stirring speed) on the attributes of composite coatings and comparison

with chromium and silicon carbide composite coatings.
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Appendix A
(Statistical analysis software application)
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Statistical Program Interface (MINITAB)

Minitab - Unti
File Edit Data Calc |Stast Graph Editor Tools Window Help Assistant

- BasicStatisics » B ‘ X ‘ Q

[ TaoN o uM][AlE-2h 8wl ¢

R » = N
egression FEECE mﬁ‘ﬁﬁﬁ'—s“
ANOVA y
H"EI\'E'\&SWE"I' | oo
I e M Factorl ’
7 Sesion Control Chars o Resporsesuface  » =R
Quality Tools Y Miture » b
07/0  Relsbilty/Sunial 3 i Crste TaguchiDesign..
Multvariate v R £ Define Custom Taguchi Design...
Welcone 50 Minizab ¥, Moy Design.. |F e HT0M POUTER
Time Series 3
Display Design.. o Analyze Taguchi Design...
Tables »
Ve b LY Predict Taguchi Results..
Equivalence Tests ’
|
Power and Sample Size  »
| 3
FE Worksheet1* [sE =]

@]
Current Worksheet: Worksheet 1 Editable
-~

A TG D)

Designing statistical program experiments
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(XRD Peak List for Samples)

Appendix B

Report

X'Pert HighScore

Peak List: (Bookmark 3) for carbon steel

Pos. Height FWHM d-spacing Rel. Int. Tip Width | Matched
[°2Th] [ets] Left (71 [*2] by
[°2Th]
44/7138 1314/55 0/2755 2/02678 100/00 0/3306 00-006-
0696
65/0691 71/23 0/4723 1/43348 5/42 0/5668 00-006-
0696
82/3369 122/21 0/4723 1/17115 9/30 0/5668 00-006-
0696
Report X'Pert HighScore

Peak List:

(Bookmark 3) for (Cr—10 g/1 SiC )

Pos. Height FWHM d-spacing Rel. Int. Tip Width | Matched
[°2Th] [cts] Left (71 [%] by
[°2Th.]
44/4568 639/53 0/1574 2/03790 100/00 0/1889 00-048-
1816
44/7886 571/03 0/1968 2/02357 89/29 0/2362 00-048-
1816
65/0026 40/83 0/9446 1/43479 6/38 1/1336 00-048-
1816
82/3875 72/05 0/3936 1/17056 11/27 0/4723 00-048-
1816
Report X'Pert HighScore

Peak List: (Bookmark 3) for (Cr- 20 g/l SiC)

Pos. Height FWHM d-spacing Rel. Int. Tip Width = Matched
[°2Th ] [ets] Left (71 [%] by
[°2Th.]
44/6192 386/20 0/3149 2/03086 100/00 0/3779 00-049-
1727: 00-
044-1433
64/9277 18/22 0/7872 1/43626 4/72 0/9446 00-049-
1727; 00-
044-1433
81/9358 48/01 0/9446 1/17586 12/43 1/1336 00-049-
1727
s ______________________________________________________________________________|
Report X'Pert HighScore
Peak List: (Bookmark 3) for (Cr-30 g/l SiC)
Pos. Height FWHM d-spacing Rel. Int. Tip Width | Matched
[°2Th] [cts] Left (] [%] by
[°2Th.]
44/4909 934/28 0/2362 2/03642 100/00 0/2834 00-034-
0396
64/7417 37/14 0/9446 1/43993 3/98 1/1336 00-034-
0396
81/7757 122/36 0/3149 /17776 13/10 0/3779 00-034-
0396

B-1




Appendix C

(EDS Data)

EDS data for carbon steel

Eleme | Line | Apparent | kRatio | Wit% | Wt% | Atomi | Standa | Factory | Standard
nt Type | Concentrati Sigm | c% rd Standa | Calibrati
on a Label rd on Date
C 0.42 | 0.0042 3.50 | 0.25] 20.96 CVit Yes
serie 1
o} 0.40 | 0.0013 0.68 | 0.10 1.95 5i02 Yes
serie 5
Si 0.12 | 0.0009 0.34 | 0.04 0.35 5i02 Yes
serie 8
Mn 0.36 | 0.0036 0.90 0.11 0.75 Mn Yes
serie 0
Fe 37.70 | 0.3770 | 92.57 | 0.28 | 75.80 Fe Yes
serie 2
Total: 100.0 100.0
0 0

EDS data for Chromium coating

Eleme | Line | Apparent | kRatio | Wt% | Wit% | Atomi | Standa | Factory | Standard
nt Type | Concentrati Sigm | c% rd Standa | Calibrati
on a Label rd on Date
C 0.33 | 0.0033 3.73 | 0.20| 13.86 CVit Yes
serie 1
o} 1.14 | 0.0038 182 017 5.08 S5io2 Yes
serie 4
Cr 34,59 | 0.3458 | 94.45| 0.25| 8l.06 Cr Yes
serie 7
Total: 100.0 100.0
0 0

EDS data for (Cr-10 g/ 8iC)

Eleme | Line | Apparent | kRatio | Wt% | Wt | Atomi | Standa | Factory | Standard
nt Type | Concentrati Sigm | c% rd Standa | Calibrati
on a Label rd on Date

[ K 0.38 | 0.0038 4,29 0.20| 15.61 Cvit Yes

serie 1

5
@] K 1.48 | 0.0043 2.36| 016 6.45 5i02 Yes

serie 9

5
Si K 0.06 | 0.0005 0.17 | 0.04 0.26 Si02 Yes

serie 0

5
Cr K 33.21| 0.3321 ( &8.00| 0.32| 73.93 Ccr Yes

serie 3

5
Fe K 0.68 | 0.0068 1.86| 0.13 1.53 Fe Yes

serie 3

5
Cu L 0.35| 0.0034 3.22| 0.18 2.22 Cu Yes

serie 6

5
Total: 100.0 100.0

0 0




EDS data for (Cr-20 g/1 SiC)

Eleme | Line | Apparent k Wi% | Wt% | Atom | Standard | Factor | Standar
nt Typ | Concentrati| Ratio Sigm | ic % Label ¥ d
e on a Standa | Calibrati
rd on Date
c K 0.685 0006 | 7.13| 023 2351 C Vit Yes
seri 50
es
0 K 1.739 0.006 3.06 | 0.16 7.57 5102 Yes
seri 02
es
Na K 0.09 0.000 0.30| 0.06 0.52 Albite Yes
seri a7
es
Si K 0.10 0.000 0.27 | 0.04 0.38 5i02 Yes
seri T7
es
Ca K 0.15 0.001 0.33| 0.05 0.33 | Wollaston Yes
seri 38 ite
es
Cr K 32,18 0.3221 | 88.31 | 0.29| 67.27 Cr Yes
seri a1
es
Fe K 0.20 0.002 0539 011 0.42 Fe Yes
seri 01
es
Total: 100.0 100.0
0 0
EDS data for (Cr-30g/I SiC)
Eleme | Line | Apparent | kRatio | Wi% | Wi% | Atomi | Standa | Factory | Standard
nt Type | Concentrati Sigm | c% rd Standa | Calibrati
on a Label rd on Date
C K 7.60 | 0.0760 | 40.39( 0.24| 72.60 CWit Yes
serie 2
5
o} K 1.37 | 0.0046 2.32( 0.15 3.40 5102 Yes
serie 2
5
Na K 0.13 | 0.0005 0.23 ( 0.04 0.22 | Albite Yes
serie 4
5
Al K 0.05 | 0.0003 0.09 ( 0.03 0.07 | Al203 Yes
serie 7
5
Si K 0.06 | 0.0004 0.10 | 0.02 0.08 5i02 Yes
serie 8
5
5 K 0.06 | 0.0005 0.10 | 0.03 0.07 Fe52 Yes
serie 2
5
Cr K 29.98 | 0.2997 | 56.57 ( 0.24| 23.51 Cr Yes
serie 7
5
Total: 100.0 100.0
0 0
C-2




Appendix D

Chemical composition results
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Appendix E

(Address book facilitating the task)
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