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ABSTRACT

This work focuses on the experimental investigation of the influence type
of surface hardening, soaking time and depth of hardening on high cycle
fatigue behavior for low carbon steel beam17100, this study was done on

both plane and v-notched beam with a depth of 1 mm and an angle of 45°.

The experimental works includes, mechanical tests, surface hardening
,fatigue test, inspection of sodium cyanide balls by using a device X-Ray
diffraction, also examine the microstructure using optical microscope

device was done.

Two types of surface hardening, namely pack carburizing and

carbonitriding have been performed.

In the first method, carbonate medium is prepared from wood charcoal and
converted into a powder by grinding, and mixed it with 10% of barium
carbonate to be used during the pack carburizing process. The beam
samples are hardening with three different soaking times , 2, 4 and 6 hours
at temperature 925°C followed by cooling in water and tempering

operations at temperature 180°C for 2 hours.

In the second method, molten salt bath is prepared by dissolving sodium
cyanide balls by heating inside furnace. The time of immersion of the
samples through the carbonitriding is 0.5, 1 and 1.5 hours at constant
temperature 800°C then quenching directly in water followed by

tempering.

Rotating-bending fatigue test was performed using. The results of an
experimental fatigue test indicate that various behaviors depend on

hardening method and time of hardening.



The results indicate that carbonitriding method has a greater effect on
fatigue strength and lifetime than pack carburizing. In addition, the
increase in soaking time leads to an increase in the fatigue life of both types

increased by 20.2% and 15.9% for carbonitriding and pack carburizing.

The optained result show that the hardening using the carbonitriding
method achieved a higher surface hardness1644.28HV. where the hardness
increased by 461% relative to unhardened samples. While hardening using

the pack carburizing process where increased by 270%.

The test of Cross-sectional area of the broken sample which is hardened
by pack carburizing and carbonitriding was to have two zones, surface
layer and core. It can be noticed that the surface layer rich by carbon, or
carbon and nitrogen together, while the core region has no change. It was
also noticed that soaking time causes an increasing the depth of the

hardening depth towards the core.

The improvement percentage of fatigue strength at the standard
fatigue life of (10°) cycles in comparison with the un-treated specimens are
obtained for both types of hardening process. The maximum improvement
percentage of fatigue strength of (44.56%) and (61.87%) for pack

carburizing and carbonitriding respectively, for VV-notched beam.

While the improvement percentage of fatigue strength for un-notched
samples (plane) are 31.92% and 38.46% respectively at soaking time 2 and
0.5 hours.
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1.1. General Overview

As technology has advanced, particularly in the field of industry.
There are more structural sections and components that are subject to
fatigue failure as a result of the applied of high dynamic stresses [1].
Fatigue is a problem that can affect any part or component that moves, it is
a process of degradation of a material's mechanical properties defined by
the slow growth of one or more cracks under dynamic stress, ultimately
leading to fracture. Fatigue failures can occur in land-based turbines,
nuclear reactors, aircraft wings and fuselages, ships at sea, and automobiles
on highways. Fatigue failure is one of the most serious types of failure for
steel structures and can result in considerable casualties and economic loss
[2-4]. That is why it was highly demanded to increase the life of structures
and machinery. To achieve this matter, many different surface engineering
techniques are becoming increasingly necessary as they provide additional
properties such as thermal barrier, high strength, wear resistance and
corrosion. The low carbon /mild steel is relatively soft, weak, low tensile
strength, and easy to form. Therefore, it is important to use surface
treatment to enhance those properties[5] .There are several ways to modify
the fatigue behavior of low carbon steel like, laser, shot peening, induction
hardening, coating and flame hardening...etc. In addition to these ways, a
carbonitriding and carburizing technology long used in the industry, these
technologies increase the surface hardness and fatigue resistance of steel
products, while maintaining the hardness of the core. LCS are exposed to
a carbon-rich atmosphere at temperatures between 850 and 950°C for a
suitable period of time «during modern carburizing processes, which
improves the surface's carbon content while maintaining the sample's
original chemical composition. Finally, the carburized metal is quenched

in a cooling medium to ensure that the phase transformation to martensite
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occurs. A successful carburizing process and providing of necessary
mechanical properties for the part depend on careful management of the

surface carbon content [6].
1.2 The S-N Curve:

The method S-N is the study of fatigue stress to number of cycles
to failure approach. It is essential to describe the relationship so that fatigue
life may be expected. This curve is one of the earliest techniques for
describing this relationship. ‘S indicates for the range of cyclic stress, while
N stands for the number of cycles until failure. A number of samples are
tested till failure at various stress ranges to improve the curve. The resulting
lives are plotted versus the corresponding stress range [7]. S-N curve or as

called with "Wohler curve" was investigated by scientist "August Wohler".

e«—— LOw cycle High cycle
Finite life { Infinite
X -
| | life
140 T
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2 60 .
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Figure (1.1): S-N diagram for steel.

The scientist proved that when a structural component is subjected to

a single loads, applications under the static strength of the structures didn't
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make any damages to the part, and if the same load was repeated for' many
times can cause a fully failures. Fatigue failure generally classified to low
cycle fatigue with less than (N<10%) cycles, and high-cycle fatigue with
greater than (N> 10%) cycles, as illustrated in figure (1.1) [8].

1.3 Mechanism of Fatigue Failure

Fatigue cracking is one of the critical failure mechanisms of
structural components. Under cyclic loading conditions, a material often
fails at a stress level below its nominal strength. The fatigue life of a
component is presented as the number of loading cycles required to initiate
a fatigue crack and to propagate the crack to a critical size. Therefore,
fatigue failure occurs in three stages, crack initiation, crack propagation
and fracture, as shown in figure (1.2) [9]. Fatigue cracks initiate from
surface defects or regions of high-stress concentration, surface roughening
generated due to vibrations or high repetitive stress amplitudes, and

internal defects or material in homogeneities.

1.3.1 Fatigue Crack Initiation

Tiny crack initiates or nucleates often at a time well after loading
begins. Normally, crack initiates sites are located at or near the surface,
where the stress is at a maximum, and include surface defects such as
scratches or pits, sharp corners due to poor design or manufacture,
inclusions, grain boundaries, or dislocation concentrations. Surface
roughness is important to avoid or delay this initiation. The process of
fatigue crack initiation depends greatly on the plastic strain amplitude, the
temperature, the deformation characteristics of the material (dislocation

mobility, dislocation substructure etc.) and the material microstructure
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(degree of inhomogeneity) [10-11]. Crack initiation stage fatigue is a

material surface phenomenon [12].

1.3.2 Fatigue Crack Propagation

The initiation stage finished with the formation of micro cracks
which are usually located along the activated slip planes. Propagation or
growth of those cracks occur through two distinct stage leading to a
complete failure. The 1% stage of the crack propagation is the extension of
micro cracks along their habit planes and it is usually grow through a few
grain diameters before it deviate to 2" stage. The 1% stage of crack
propagation region is crystallographic in nature while the 2" stage is
typically non-crystallographic stage and the crack propagated in the
directions perpendicular to the applied load direction. As increasing in the
levels of the stresses are lead to propagations process of the crack across
the grain or along the boundaries of the grain, slowly increases the cracks-
size. As the crack size increase, the cross section areas that have resistance
to applied load decreases and growing to the critical size at this it is

insufficient to have resisted the applied stress [13].

1.3.3 Fatigue Crack Fracture

After crack initiated and propagated. The area becomes too
insufficient to carry the load anymore a sudden fracture results in the

component. The third stage sudden fracture is instantaneous in time.
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Initiation

Fatigue crack
propagation

Catastrophic
rupture

Figure (1.2): Schematic of the fracture surface of a steel shaft that
failed in fatigue.

1.4 Surface Hardening Effect
It is preferred that steel used in engineering applications have a

hardened surface to prevent wear, corrosion, impact resistance and
improve fatigue behavior[14]. Carbon steel can be treated with heat or
mechanically to increase its surface hardness while tough its interior [15].
Surface hardening is a process that includes a wide variety of techniques
as shown in figure (1.3). Combination of hard surface and resistance to
breakage on impact is useful in parts such as a camshaft or ring gear that
must have a very hard surface to resist wear, along with a tough interior to
resist the impact that occurs during operation. Most surface treatments
result in compressive residual stresses at the surface that reduce the
probability of crack initiation and help arrest crack propagation at the case-
core interface. In addition, surface hardening of steel has advantage over
through hardening, because less expensive low carbon steels can be surface
hardened without the problems of distortion and cracking associated with
through hardening of thick sections [16].

There are three distinctly approaches to different surface hardening
methods: diffusion methods, selective-hardening methods and coating

and surface modification.
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1.4.1 Diffusion Methods

Thermochemical diffusion methods are those, which modify the
chemical composition of the surface with hardening species such as carbon
and nitrogen. Diffusion methods allow effective hardening of the entire
surface of a part and are generally used when a large number of parts are
to be surface hardened there are several types of hardening by diffusion,

such (Carburizing and carbonitriding...etc) as shown in figure(1.3) [16-17].

[ Surface hardening ]

4 * \ *
Carbo-nitriding v Nitriding
) [ Carburizing ] )
Nitrocarburizing e > Boriding
( ) (
Titanium-carbon . _|  Thermal diffusion
diffusion ) g process
(& J (&
DY
L Gas Carburizing - T Solid Carburizing
4

E Liquid Carburizing }

Figure (1.3): Methods for surface hardening of steels.
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1.5 Carburizing

Carburizing is one of the most popular surface hardening
processes for steel, due to the excellent combinations of mechanical
properties it may provide [18]. To create a surface made of high carbon,
the procedure entails diffusing carbon into an alloy of low carbon steel.
Low carbon steels subjected to the process of carburization, which involves
adding carbon to their surface, with temperature ranging from 850 to
950°C, at which austenite, with a high solubility of carbon, is the stable
crystal structure [19]. Due to its excellent carburizing response and good
hardenability for most section sizes, carburizing steel is frequently used as
a material for machines, differential ring gears, springs, automobiles,
camshafts, and transmission gears. Martensite is created when the next
high-carbon surface layer is quenched, hardening is achieved, resulting in
the superposition of a hard, With good wear and fatigue resistance, the low
carbon steel core is encased in a high carbon martensitic casing, as shown
in figure (1.4) [20]. Carbonation includes three types, (Solid Carburizing,
Liquid Carburizing and Gas Carburizing). Solid Carburizing was adopted

in this work.
o
c e
Surface [ NN IS
© (& [ oncentration
c I
Inside

Figure (1.4): Carbon diffusion process in carburizing and quenching.
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1.5.1 Solid Carburizing

Also called Pack carburizing is the process of increasing the carbon
percentage (C) to the surface of the material, for increasing the hardness
number of the surface. The carbon element is obtained from materials
containing carbon charcoal. To speed up the process barium carbonate
(BaCO:s3) calcium carbonate (CaCOs3) or sodium carbonate (NaCO3) was
added energizers. The charcoal, energizer and specimen are inserted into
the carburizing box then heated in the electric furnace. On pack carburizing
use of charcoal mixed with 10% - 40% NaCOs, BaCOs, steel is
incorporated into this mixture, placed in a carburizing box and then heated
at 850°C - 950°C. After holding time, the process is continued by
hardening with quenching to achieve high hardness, and tempering to
reduce excessive brittle and residual stress [21]. Pack carburizing, produces
a relatively thick layer on the part surface, ranging from around (0.6 to 4
mm) [18]. There are two types of gas, namely CO, and CO that are

produced during heating.

CO,+C — 32CO .. (LY
2CO+3Fe ———— Fe;C+CO; ... (L.2)
The oxygen of the entrapped air (in the carburizing box) initially
reacts with the carbon of the carburizing medium as follows:
C+0; —— CO; ... (1.3)
2C+0, —— 2CO ... (1.4)
With higher temperatures the reaction equilibrium is more likely to the

right, more CO. On the steel surface CO will decompose

2C0 —— CO,+C ... (1.5)
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The C element formed in the form of carbon atom, which actively enters
diffuses into the austenite phase of the steel. With the energizer the process
will be easier because even the air trapped in the box is very small, but the
energizer provides the CO that will immediately begin activating the next

reactions. The decomposition reaction of BaCOs:

BaCO; ——» BaO + CO; ... (1.6)
CO,+C ——— 2CO

So, the formed CO; carbon dioxide gas is created by reaction with the
carburizer's carbon. BaCOs is known as an energizer because it releases
CO; early in the carburization process. 925°C is the ideal carburizing
temperature. In the state pack carburization, Canister depth is difficult to
accurately control because of the many factors that affect it, such as
reactivity carburizer, the density of the air amount inside the box and so
on. Similar effects will occur when employing the energizer calcium
carbonate (CaCQOg):

CaCO3———Ca0 + CO, . (1.7)

1.6 Cyaniding (Carbonitriding)

It is used to give a hard outer case. In a surface-hardening process
known as cyanide, the surface of low and medium carbon steels treated by
adding both C and N2 atoms of the cyanide salt. The hardening media
might be used an either potassium cyanide or sodium cyanide. The
specimens that need to be case-hardened are submerged in a sodium
cyanide salt bath that is heated to between 760 and 870°C. Then, the
specimen is cooled in a water or with bath. This method was used

effectively to increasing the fatigue limit of medium and small sized parts
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such as gears, spindle, shaft etc. Cyaniding process gives bright finishing
on the product. Distortion can be easily avoided and fatigue limit can be
increased. But the main disadvantage of this process is that it is costly and
highly toxic process in comparison to other process of case hardening.
Cyaniding is generally applied to the low carbon steel parts of automobiles
(sleeves, speed gears box, drive worm screws, oil pump gears etc), motor
cycle parts (gears, shaft, pins etc.) and agriculture machinery. Molten
cyanide decomposes in the presence of air at the surface of the bath to
produce sodium cyanate, which in turn decomposes in accordance with the

following chemical reactions: [22].

2NaCN + 0, ———2NaNCO ... (1.8)
ANaNCO ———— Na,CO3 + 2NaCN + CO + 2N ... (1.9)
2C0 ———CO0,+C ... (1.10)
NaCN + CO, ——3NaNCO + CO ... (1.12)

This process requires 30-90 minutes for completion.

Cyaniding salts are fatally poisonous if ingested and violently
poisonous if allow to come in contact with scratches or wounds. The work
area should be well ventilated, and cyaniding baths should have a hood for
venting the gases created during heating. Never allow molten cyanide to
come into touch with sodium or potassium nitrates, which are frequently

used as tempering baths, as the resulting mixture is explosive. [23].

10



Chapter ONe ......c.ootiini i Introduction

1.7 Application

In general, many of structural components and machine parts in
services subjected to a varying loads at the same time. These varying loads
influence the fatigue properties (fatigue life, fatigue strength). Components
like’s blades and disks on the turbines, and turbine shafts, aircraft parts, are
subjected to a High Cycle Fatigue (HCF) as well as to a temperature
variation. Most of the moving components in the automotive engines likes
springs and exhaust valves, crank shaft, cam shaft, and connecting rod, and

spindle. Figure (1.5) shows application of mechanical parts.

A

LA

Figure (1.5): Mechanical parts.

1.8 Carbon steel

Carbon steel is a steel with carbon content from about 0.03 up to 2
percent by weight and small percentage of alloying elements. Alloying
elements such as (Si, Mn, Al, p, Cr, Ni, S, etc.), and each element has an
effect on the mechanical and physical properties of steel. All steel types,

however, contains small amounts of carbon and manganese. In fact, there

11
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are three types of carbon steel, low, medium, and high carbon, low carbon
steels have been used in this work [24]. Figure (1.6) presents types of

carbon steel.

/ Carbon steel

S Ll o e sreas High carbon steels |

‘ (0.08%-0.3% C) ‘ (0.3%-0.6% C) (0.6%-2.0% C)

- - . ~ ~ ./ " J
w . - +

Dead Soft Steel ‘ Mild Steel ‘
(0.03- 0.08) % C | (008-03)% |

Figure (1.6): Classification of steels on basis of chemical composition
and range of Carbon percentage for each type of steels [25]

1.8.1 Low-Carbon Steels (LCYS):

Low carbon steel, also known as mild steel, is steel that
contains carbon of range 0.08-0.3 percent. This low percentage of carbon
making it malleable and ductile, so it is often called mild steel. Mild steel
or low carbon steel has a relatively low strength and hardness compared
with other types of carbon steel and can improve it by one of method
surface hardening process. It consists of ferrite and pearlite and some
Impurities and some manganese to neutralize the effect of any sulphur
content left over from the extraction process. Low carbon steel is the most
common type of steel because it's low price while it provides material
properties that are acceptable for many applications. The application of this
type are in nails, rivets, bolts and nuts, chains, automobile body, beams
such as | beam and channel and other many applications. There are many
examples of low carbon steel according to international standards such as
AISI 1008, 1020, 1030, ASTM A510, SAE 1020, etc. [25].

12
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1.9 Objectives of the Present Work:

1. Study the surface hardening effect the improvement percentage of

fatigue strength.
2. Study the surface hardening effect the improvement percentage of

fatigue life.
3. Study the soaking time affects the fatigue behavior of cantilever
steel beam.

4. Study the surface hardening affect the fatigue property specimens.

13
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2.1 Overview:

Fatigue failure is a predominant type of failure in many engineering
and construction applications. The degree of fatigue effect depends on the
severity or frequency of the applied stress has something to do with
eradicating small cracks or creating new, larger ones. An easy way to speed
up fatigue failure is for metal surfaces to have already corroded [26].

2.2 Fatigue Literature Review:

In this part, attention is turned to a review of past works that studied
the fatigue in metals and focused on the main criteria of this work
represented by surface hardening effect on the fatigue behavior. Many

researches have studied this subject:

Gangaraj, et al.,(2013) investigated how a low-alloy steel fatigue limit
responds to the combination of severe shot peening and nitriding. Severe
shot peening is done under certain processing conditions to create ultra-
fine/nano-structured surface layers. On single and hybrid surface treated
specimens, including nitrided, severely shot peened, nitrided plus severely
shot peened, and severely shot peened plus nitrided specimens,
microstructural observation, microhardness, surface roughness, and X-ray
diffraction (XRD) measurement of residual stress were performed. The
fatigue limit is determined experimentally for all surface-treated samples
and compared to the received samples. The fatigue limit is increased by

11.6% and 51.3%, respectively, by severe shot peening and nitriding [27].

Xie, et al.,(2014) studied the effect of surface hardening by using three
methods “Vacuum carburizing, induction hardening, and atmosphere
carburizing” at different case depths on steel rods (AISI 8620, 9310 and
4140) investigated the rolling contact fatigue (RCF) resistance. A rolling

contact fatigue test apparatus with three balls on rod is used to measure the
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RCF life of the rods. The surfaces of the rods were examined using
scanning electron microscopy (SEM). Investigations were done on the
connections between case depth, RCF life, and surface hardness. The
longest life of AISI 9310 samples was observed by vacuum carburizing
treatment, while the shortest life was observed for AlISI 4140 inductively

hardened samples [28].

Fragoudakis et al.,(2014) Studied the manufacturing process
parameters(quenching in oil at 850°C and tempering at 500C° for 30 min)
to convert the primary microstructure of 56SiCr7 Spring Steel into
tempered martensite, and increasing surface hardness and fatigue
resistance after heat treatment. Shot peening is used to create compressive
residual stresses on the steel's surface. As a result, its surface hardness
increases, as does the number of cycles to failure. The results indicate a
significant improvement in surface steel hardness as well as a fatigue limit.
S-N curves calculated experimentally at 4-point cyclic bending
characterize the specific influence of the applied shot peening and heat

treatment on fatigue life [29].

Chang, S ., (2016) used ultrasonic nanocrystal surface modification
(UNSM) to reinforce the surface of standard railways. After UNSM
treatment, there are a few changes in surface attributes in terms of hardness
and compressive residual stress. In rolling contact fatigue testing, rails with
UNSM-hardened surfaces and heat-treated rails are used. The material of
the surface hardened rail shows improved rolling contact fatigue properties
[30].

Abdulrazzaq,(2016) studied the flame hardening method (oxy
acetylene torch) at various speeds, followed by fatigue testing using a
rotating bending fatigue test apparatus to determine the influence of
hardening on the hardening strength of medium carbon steel. The first
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sample (as received), the second sample (3.5 mm/s), the third sample (1.75
mm/s), and the fourth sample (1.165 mm/s) are all measured. It was
concluded that the fatigue strength of the material reduces as the flame

speed rises [31].

Poursaiedi and Salarvand,(2016) studied the influence of surface
quality on fatigue performance in air and 3.5% NaCl solution on a custom
450 stainless steel substrate coated with nanoparticles (Ti, Cr) via cathodic
physical vapor deposition. The findings indicated that the measured in
plane residual stress is compressive and has a value of-2:8 + 0:4 GPa. The
results show that compressive residual stress is measured in plane. The
surface roughness of the coating (Ra from 0.35 to 0.07 um) is decreased
by chemical mechanical polishing. This greatly decreases the area of high
stress concentration and delays the occurrence of microscopic cracks in the
coating during the fatigue test. According to the findings, coated samples
with polished surfaces have fatigue strengths that are 10.6% higher in air
and 26.7% higher in NaCl solution than coated samples with unpolished

surfaces [32].

Maleki and Kashyzadeh., (2017) effects of the hardened nickel
coating on the fatigue behavior CK45 steel with two different thicknesses
experimentally. The specimens has been tested under cantilever type
rotating bending fatigue machine. The High-Cycle-Fatigue (HCF)
characteristics of the coated samples with various thicknesses are
determined using the fatigue test. The capability of the two different
approaches of finite element method (FEM) and artificial neural network
(ANN) in modeling the fatigue life of the coated specimens was compared.
The achieved results of the accomplished simulations represent that both
simulations are acceptable and have good agreement with the experimental
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results. Results of FEM and ANN have the average relative errors of 9.60
and 0.55 %, respectively, and that the ANN model has a better performance
than FEM. The fatigue life was reduced by increasing the thickness, which
has detrimental effects [33].

Guarino, S., (2017) analyzed the effects of the laser treatment on
surface of steel and the interaction between laser radiation and steel
surface, where the analysis is done by fatigue test. In order to extend the
fatigue life of AISI 1040 low carbon steel, a high-power diode laser is used.
The tests are conducted using a revolving bending machine with four
points. Results show that the best thermal treatment conditions are using
laser power of 200W with a 20 mm/s scan rate, also note that life cycles
increasing with increase of scan speed. Inferred from a study of the
experimental data, Wohler curves demonstrated that laser therapy may
greatly lengthen the fatigue life of irradiated components, demonstrating

the applicability of this technique for industrial uses [34].

Barkat. A, et al., (2017) examined how boriding treatment in a solid
media affected the cyclic fatigue resistance of C20 carbon steel. Specimens
of C20 steel coating by boriding in a solid medium consisting of 5% B4C,
5% NaBF4 and 90% SiC are subjected to rotating-bending fatigue. The
findings indicated that the boriding treatment on C20 steel does not
significantly improve fatigue resistance. This is explained by the presence
of FeB boride in addition to Fe2B boride, which leads to surface cracking
[35].

Zhang, et al., (2017) studied how fatigue cracks grow in the surface-
enhanced material's gradient microstructure layer. It is used surface
induction treatment is used for material a train axle steel. Fatigue

experiments are carried out to collect data on fatigue using three-point
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bending (TPB)fracture propagation along the specimen's gradient
microstructure layer. The results show that the fatigue crack growth rate
decelerated first and subsequently accelerated as crack length increases
within the gradient layer. The fatigue crack in the gradient layer is stopped
by an increase in the threshold value for crack growth within the region of

3 mm from the surface under relatively low stress amplitude [36].

Vackel.,(2017) studied the effect thermal spray deposited coating by
using (WC-CoCr) a DJ-2600 High Velocity Oxy-Fuel (HVOF) torch on
1018 steel. Rotating bending fatigue studies examine the impact of both
torch operation settings (particle states) and deposition conditions
(particularly substrate temperature). The findings show a significant
influence of process variables on relative fatigue life. The findings show
that compressive residual stress and acceptable load bearing capability of
the coating (both regulated by torch and deposition settings) postpone the
beginning of substrate deterioration, allowing the coated component to be
fatigued [37].

Ali. M.,(2019) studied the effect coating of nanomaterial type and its
thickness on the fatigue behavior for plain LCS beam, and this effect on
the VV-notch low carbon steel with a depth of 1mm and an angle of 45°. The
nanomaterial used are ZnO, Al20;, and a mixture of both ZnO and
Al203.The results show that AI203 (aluminum oxide) has more effect on
the fatigue stress and fatigue life compared to the specimen coated ZnO
(zinc oxide) and Mixed of both them. While coating with mixed gives
improvement to fatigue performance than ZnO. In addition, as the
thickness of the coating material increases, the fatigue life increases for all

types of coating material [38].

Dunchev,et al.,(2019) examined of the 35HGS low-alloy steel
nitriding sample' fatigue behavior. The effect of the hardening process,
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along with the grinding process and the ion nitriding process compared.
All samples tested under rotational bending fatigue test. Fatigue specimens
test performed on a MUI6000 cyclic bending test machine. Five different
groupings of specimens have been produced. The first group of samples is
hardened at 860°C, then tempered at 550 °C, and lastly grounded. At a
constant temperature of 520 °C, the other four sets of specimens underwent
ion nitriding for a different process time of 4, 8, or 16 hours, respectively.
Results revealed that, in the area of high-cycle fatigue, the ion nitriding
process has a more beneficial influence on fatigue life than hardened at

860°C procedure followed by grinding [39].

Selva,et al., (2021) investigated how shot peening affected fatigue life,
by changing shot peening process variables like peening distance and
pressure with amachrome as shots, surface hardness and corrosion
properties of SAE 4140 low carbon alloy steel are examined at room
temperature. The experimental finding indicates that the two most
important variables in the shot peening process are pressure and distance
(distance between nozzle and work piece). The results illustrate that the
average pressure of 7 bar and distance of 100 mm improves fatigue life by
1.5% of unpeened material under 20 Hz frequency while corrosion
resistance improves by 4% with unpeening of the low carbon alloy steel by

using amachrome as a shot [40].

Ramesh ,et al.,(2021) studied the effect of surface hardness by vacuum
carburizing then followed by tempering on the torsional fatigue behavior
Of 20MnCr5 Steel. The fatigue tests are performed out in an MTS machine
torque testing with bi-directional torsional cyclic loading. The power train
shaft's fatigue performance has not been much improved by surface
retained austenite, while the fatigue performance is greatly improved from
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12,000 to 35,000 cycles on a 3100 N. m torque load due to the presence of

a marten site with a low austenite proportion [41].
2.3 Pack Carburizing Effect

Priyadarshini, et al., (2014) found that quenching and tempering do
not work on low carbon steel that contains 0.15 to 0.3% carbon, and
guenching virtually ever results in martensitic transformation. Thus,
carburizing treatment is used to improve surface hardness, in which the
surface composition of low carbon steel changes due to carbon diffusion,
resulting in a hard outer shell with high wear resistance. The low carbon
steel is carburized a temperature of 900°C for 5 hours. Following
carburizing, treatments such as annealing, normalizing, hardening, and

tempering were carried out [42].

abdul motalleb (2014) used heat treatment to improve the mechanical
properties of locally available low carbon steel used to replace the spindle
of a Sacolowel ring twisting machine. The specimen is initially made out
of low carbon steel that is readily available locally, which was heat treated
by pack carburizing, quenching, and tempering to enhance the mechanical
properties. Additionally, the characteristics of the specimens before and
after heat treatment have been investigated. Water and oil have both been
utilized as quenching mediums for these materials. Oil-quenched spindles
were found in sound condition while water-quenched spindles are found
bent. According to the results of this experiment, the heat-treated
specimen's hardness, tensile strength, and compressive strength have all

significantly increased in comparison to the unheated specimen [43].

Negara, et al., (2015) studied effect carburizing on mild steel to
enhance the mechanical properties. It was observed that the hardness was

transferred from the surface to the core at a lower hardness level. The best
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energizer in the study was clearly energizer (20% BaCO3 + 80% bamboo
charcoal) based on the surface hardness, core hardness, and effective case
depth attained. In the meantime, the surfaces' original microstructure,
which is composed of ferrite and pearlite, transforms into a hard marten

site component following carburization [44].

Widodo, et al., (2018) explained the effect of various carburizer media
on the mild steel's fatigue strength. Wood charcoal and Pomacea
Canalikulata Lamarck (PCL) shell powder are utilized as the carburizer
media. The (PCL) shell powder's weight percentages are 10, 20, and 30.
Carburizing is performed out at 950°C for 5 hours, then the metal is
tempered at 250°C, 300°C, and 350°C before being quenched in salt
solution (30% NaCl + water). Following the Rotating Bending Test, the
specimens' fatigue strength and microstructure are examined using a SEM
(scanning electron microscope). Finally, after pack carburizing, the fatigue
strength can be increased by tempering and quenching in 30% NaCl
solution [45].

Darmo, 2019) studding the effect of different carburetor media on
SS400 low carbon steel to discuss fatigue strength. Pinctada maxima shell
powder (PMSP) is composed of 10, 20 and 30 (wt%) while teak charcoal
Is composed of 90, 80 and 70 (wt%). At temperatures between 800 and 950
degrees Celsius, the process of carbonizing the package lasts for five hours.
After the rotating bending test, SEM observations were performed to
determine the samples' microstructure and fatigue strength. Finding out
that surface hardness of SS400 low carbon steel can be increased while the
amount of fatigue cycles is reduced by using a compound media carburetor
with 30% PMSP and 70% TWC compared with 10 and 20% PMSP.
Fatigue strength test using a rotating bending machine to fracture under
different minimum stress levels (275-390 MPa) [46].
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Diyar, et al., (2020) examined how the carburizing procedure affected
the mechanical properties of low carbon steel, AISI 1011. (80% wood
charcoal, 10% BaCO;, 9% CaCOs, 1% Na,COs). Discovered that the
alloy's hardness rises for samples subjected to a five-hour carburizing
treatment at 950°C, rising to 431.65 HV compared to 169.65 HV of
untreated specimens. The samples have been quenched in the oil.
Additionally, the metal's surface roughness rise for specimens subjected to

the carburizing procedure and increases to 1.98 um [47].

Qin,S et al.,(2022) studied high cycle fatigue performance of
carburized and un-carburized 18CrNiMo7-6 gear steel, and carried out
various carburizing operations on steel. Four types of case depth specimens
with 0 mm, 0.3 mm, 0.8 mm, and 1.9 mm are generated. At room
temperature, the rotating bending fatigue test was conducted using a four-
point force method, a frequency of 50 Hz, and a stress ratio of 1. The
performance of steel under rotary bending fatigue is greatly improved by
carburizing treatment, according to the results. The fatigue limit of
carburized specimens is 1108 MPa as opposed to the non-carburized
specimens' 680 MPa, an increase of 62.9% [48].

2.4 Carbonitriding Effect

Ayodeji, et al., (2011) investigated the effect of cyanide salt bath heat
treatment process on four types of steels, namely, LCS MCS, LAS and
HAS . The steels, after heated quickly quenched in different media
including air, oil and brine. The heat treatment time was varied from
30minutes to 120 minutes. The surface hardness are measured by using
Rockwell hardness tester. [49]. The results carbonitriding collected lead to

the following conclusions.
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e Cyaniding is a useful technique for making steels' surfaces harder.

e The cooling medium affects the surface hardness of cyanide steel.

e The surface hardness of the steels increases with temperature rise

within the heat treatment temperature range of 790°C to 920°C.

e L CS surface hardness increases with heat treatment time.

Aziz, et al., (2020) performed Chemical heat treatment (liquid
nitriding) by using mixture from (sodium cyanide, potassium carbonate
and chloride potassium) at temperatures 500 “C and 560 "C and followed by
Nd:YAG laser surface treatment. Cycle of laser surface treatment is
melting the layer surface, soaking time and cooling in air medium.
Microstructures, molted cross sections, and heat impacted zones have all
been studied using optical microscopy (OM) and scanning electron
microscopy (SEM), respectively. The results shown that increasing in laser
energy lead to increase in the area of melted and heat affected zones of
nitriding steel. Also increasing in laser energy lead to increase micro
hardness about 61%, while wear rate decrease about 40 % and increased
depth of molted zone [50].

Alza.,(2020) studied the effect of cyanide in a salt bath to improve
mechanical properties ( hardness and wear) of ASTM A-517 medium
carbon steel. Samples were prepared according to ASTM G-65 standard.
The CN treatment was carried out, at high temperatures: 800 — 850 — 900
— 950 °C. Itis found that when cyanide is applied to ASTM A-517 steel,
the hardness and wear characteristics are raised to optimal values if the
cyanide treatment (CN) is carried out at 850°C [51].

Ghanem. A, and Mohamedali. T (2022) experimentally studied
three-point fatigue flexion examined the impact of gas-carbonitriding time
on fatigue limit improvement of low alloy steel specimens. In order to

simultaneously diffuse nitrogen and carbon into the tested steel, the
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specimens are carbonitrided at 870°C for 7 and 8 hours in an atmosphere
of endothermic gas comprising a high volume of methanol gas and
ammonia gas combination. They are then tempered for one hour at 200°C
after being quenched in oil at a temperature of 60°C. Utilizing optical,
scanning electron, and metallographic methods, micro-Vickers hardness
tests are conducted. The fatigue resistance improved, according to the
results. Comparing carbonitrided specimens to their untreated

counterparts, the fatigue life is enhanced by 16% to 32% [52].

2.5 Concluding remarks

Treatments by pack carburizing and carbonitriding are important for
improving mechanical properties, in particular fatigue resulting from
repeated stresses over time on moving parts or components. The literature
survey on the performance of surface hardening done in the present work
shows that different types of surface hardening particular (pack carburizing
and carbonitriding) were used to investigate effect diffusion carbon and
nitrogen on mechanical properties of low carbon steel. The same procedure
was used to prepare carbon medium and ratio of energizer by
Darmo,(2019). The same procedure also was used to prepare molten salt
bath (carbonitriding) by Aziz, et al., (2020). The details of the v notched
specimens have been prepared according to Ali mohamed, (2019) in this
master thesis. The fatigue behavior of notched and un-notched beam 17100
steel with surface hardening by carbonitriding and pack carburizing
together not discussed in the previous work, which is the main goal of the

present work.
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3.1 Introduction

In this chapter the effect of two types of surface hardening (pack
carburizing and carbonitriding at various soaking times) with V notch at
angle 45° and depth 1mm and without notch (plain) on the fatigue life in
steel beam made of carbon steel have been studied. Fatigue life of notched
specimens measured by applying a fully reversed cyclic load. The
experimental work involves Sixth parts. The first part is the analysis of
chemical compositions of the specimen material, which is used, in the
current work. The mechanical specimens preparation and tested in the
second section using the tensile, hardness, and impact tests. The third part
Is the specimen's preparation of the fatigue. The specimens divided into
two groups, first group contain notched beam and second group un-notch
beam. The specimens is prepared according to the ASTM 606-80. The
fourth part includes surface hardening by both pack carburizing and
carbonitriding. The fifth part includes the fatigue test. Sixth part has
Microstructure examination. All machines and tools used in this study are
calibrated before use. Figures (3.1) and (3.2) show the scheme of

experimental work and the distribution of specimens.
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Figure (3.1): Scheme of experimental work.
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Figure (3.2): Average Specimens distribution of mechanical tests and fatigue test.
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3.2 Material Selection and Chemical Composition

The material selected in this work is low carbon steel alloy (DIN
17100) was bought from Iraqi Ministry of Industry and Minerals Kufa
cement plant. This type of steel alloy has a wide application in industry.
The chemical analysis of this alloy is carried out using a spectrometer
device in state Company for inspection and Engineering Rehabilitation
(SIER) as shown in figure (3.3). The purpose of the chemical composition
analysis is to classify the material by knowing the percentage of carbon
and finding out the percentage of each element added to the material. Low
carbon Steel generally contains many elements; the most important
element is carbon and can be up to 2%. All the alloying elements added to
the low carbon alloy have an effect on the mechanical properties of the
steel so it is necessary to know the percentage of each element. The results
obtained are illustrated in Table (3.1). According to results obtained the
international code for alloy selected for the certificate of the test achieved,
see (DIN17100-St44-2).

Figure (3.3): Spectrometer test device.
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Table (3.1): Chemical composition for Low carbon steel material (wt %)

Elem LCS (measured) LCS(standard) Uex
[25]
C% 0.221 0.17-0.23 +0.013
Si% 0136 | - +0.007
Mn% 0.499 0.3-0.6 +0.039
P% 0.0193 <0.04 +0.002
S% 0.0727 <0.05 +0.057
Cr% 0138 | @ - +0.002
Mo % 0.023 | - +0.02
Ni% 0147 | e +0.008
Al % 0.0099 | = ------ +0.009
Cu% 0394 | @ - +0.005
Fe % Ball. 99.08-99.53 +----

3.3 Mechanical Tests

Mechanical tests are a standard and essential part of any design and
manufacturing process. Whether it is characterizing the properties of
materials or providing validation for final products, ensuring safety is the
primary mission of all-mechanical testing. Testing also plays a crucial role
In ensuring a cost-effective design as well as technological evolution and

superiority. The mechanical tests including tensile, hardness and impact.

3.3.1 Tensile Test

Tensile tests are performed for several reasons. The results of tensile
tests are used in illustrate the mechanical properties. Tensile properties
frequently are included in material specifications to ensure quality. Tensile
properties often are measured during development of new materials and
processes, so that different materials and processes can be compared [53].
The tensile test is conducted using the universal testing machine type
(WAW-200 - 180KN) with a speed rate of 2 mm/min as it is shown in
figure (3.4), where the test was carried out in the lab of Materials
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Engineering Department of College of Engineering / University of
Babylon. The specimens for tensile test are manufactured according to the
specification of ASTM-A 370 (Gauge length (G) of 35 mm, diameter (D)
of 8.75 mm, length of reduce section (A) is 45 mm and Radius of fillet (R)
6mm) [54], as shown figures (3.5) and (3.6). Average value of three
readings for low carbon steel material type has been recorded to satisfy an

additional accuracy.

Specimen Under
Tensile Test

Figure (3.5): Samples of specimens used for tensile test.
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e — —

I:— 35mm —:I
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Figure (3.6): Schematic of tensile test specimen according to the
specification of (ASTM-A 370).

3.3.2 Hardness Test

Hardness is defined as the resistance of a material to penetration,
scratching, and erosion. It is an important property when judging the
quality and possible applications of a material. It can also give indications
concerning the tensile strength, ductility, or wear resistance of the material
[55]. There are various techniques for evaluating hardness such as Brinell
hardness test, Rockwell hardness test and Vickers hardness test. The

dimensions of specimen were diameter 10mm and 10mm height according

10mm

Figure (3.7): Hardness test: (a) device Vickers. (b) Dimensions of

specimen.
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The hardness test of low carbon steel sample is tested by the Vickers
method with the type of device (HVS-1000), of (100 g) applied load as
shown in figure (3.7). The specimen hardness is measured before and after
heat treatment. This test is carried out in the Laboratory of Engineering of

Materials College of Babylon University.

3.3.3 Impact Test

Impact testing of metals performed to determine the impact resistance
or toughness of materials by calculating the amount of energy absorbed
during fracture. There are two method of impact test, one first is lzod
method and another is charpy method. Impact test is achieved for the
selected material using 1zod method by using the impact-testing machine
of type (Brooks AME 01-19) according to ISO A 370. This test performed
in the Laboratory of Engineering of Materials College of Babylon

University shown figure (3.8).

2 mnsimE
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Figure (3.8): Impact test device and specimen dimension.
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Impact strength is calculated from the following equation [56]: -

G, = — ... (3.1)
Where:

G.: Impact strength of material (J/m?).

Us: Impact energy absorbed for the specimen rapture (J).

A: cross sectional area of specimen (m?).

Us = Ei-Er ... (3.2
Ei : initial pendulum energy (J).

Er : remaining pendulum energy (J)

3.4 Preparation of Fatigue Specimens

Fatigue specimens in this work are manufactured according to the
ASTM606-80 standard (cantilever rotating bending model) specifications
as shown in figure (3.9) by using CNC machine. Fatigue specimens worked
with dimensions that suitable for the requirements of the device test for
specimens with cylinder-shape. During the manufacture of the Specimens,
careful observation taken to produce smooth surface and to reduce the
residual stresses. The specimens are divided into two groups, first group
contain notched beam and second group un-notch beam. The notches are
V shape with angle (a= 45") to a depth (h=1 mm) [57]. Figure (3.10) show
the fatigue specimens with dimensions. Figure (3.11) presentes details v-

notch samples.

é_".
o

................ \: ._|.._._._._._._._._._._._._._._._._._._._._._..H. . g
40
146

Berel 1x45"

g1
1
|

Figure (3.9): Schematic diagram for fatigue test specimens.
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D =12mm
a=45°
h=1mm
d=8mm
I=5mm

Figure (3.10): Dimensions of V shape notch specimens [38].

Figure (3.11): Notched Specimens.

3.5 Surface Heat Treatments:-

Two types of surface Heat treatments are used that aim to harden the
steel surface only, and these treatments are:
e Pack (sold) carburizing

e Carbonitriding (Cyaniding)
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3.6 Pack (sold) Carburizing

Carburizing media used is the wood charcoal and Barium
Carbonate (BaCO3). 10% barium carbonate and 90% carbon powder were
used and mixed together, placed into container (box) made from low
carbon steel thickness (8mm) and height (160 mm) diameter (100 mm).
Specimens and media carburizer (Powder carbon mixed with BaCO3) are
inserted into the carburizing box and the box was closed tightly. Then the
box was heated to ( 925 °C) in electric furnace (nabertherm more than 30-
3000 °C) made in Germany for (2 hr,4hr and 6hr) as shown in figure (3.12).
As a result of a chemical reaction, carbon dioxide is released, which, in
turn, combines with other carbon atoms to generate carbon monoxide gas.
The resulting carbon monoxide liberates carbon atoms on the surface of the
hot steel, which spread across the surface of the metal at a certain depth in
the direction of the core of the metal. The surface carburizing process
works to enrich the surface with carbon, which reacts with iron to form the
precipitated iron carbide (FesC), and this free cementite leads to the steel
gaining high brittleness and the risk of scaling at the crystalline boundaries
when the steel slowly cooled from the carburizing temperature. So the
solidification process must be carried out (hardening) in order to obtain
martensite and then thermal tempering process is carried out to improve
the properties mechanical [58]. The temperature of 850°C was also tested
at the beginning, but it showed a slight improvement due to the depth of
the small surface layer formed at this temperature. Therefore, the
temperature was raised to 925 °C, which was used in this study. Figure
(3.13) show specimens after pack carburizing. Where the test is carried out
in the lab of Materials Engineering Department / College of Engineering /
University of Babylon.
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(a) (b)

Powder
carbon

(c) (d)

Figure (3.12): Pack Carburizing Process. (a) Barium carbonate. (b)
Carbon powder. (c) Carburizing Box. (d) Electric Furnace.
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Figure (3.13): Specimens after pack carburizing.

3.7 Quenching (hardening)

Quenching is important among the heat treatment techniques.
Quenching is a technique of forming a martensitic structure by heating the
steel to austenitic temperature and then using a coolant such as water, oil,
polymer solution [21] .Water is used when a faster cooling rate is desired.
. The transition from start of martensite formation to the finish is higher
and this increases the likelihood of cracking but it gives a high hardness
compared to other cooling media like (oil and polymer solution). Water
also are intermediate quenching media and they are ideal for quenching
steels. Quenching operation is usually done to room temperature [43]. This
guenching media produces highest cooling rate the quenching has been

done following the below procedure —

1. The specimen is heated to the temperature of 850°C and was
allowed to homogenize at that temp for 16 minutes.

2. After 16 minutes, the specimen is taken out from the furnace and
directly quenched in water for rapid cooling using the quenching
medium water.

3. The samples are again placed in the electric Furnace until the

temperature reached 760°C, and then be cooled in water.
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Specimen After quenching bath is shown in figure (3.14). Test
condition (18°c, 30%).

The holding time of quenching is selected on basis of the diameter of the
specimen as per 2 minute per 1mm of diameter [59].

A temperature of 800°C is also used, but there is no improvement in
fatigue life. Due to the fact that the grains of the metal core remained rough
In contrast to the use of the temperature of 850 °C, which improved the
mechanical properties of the metal and the fatigue test.

Figure (3.14): Specimen After quenching.

3.8 Tempering

Tempering is a necessary process to modify the microstructure to
improve the mechanical properties and the remove the residual stress in
quenched steel specimen. With the development of technology and
equipment, and the advancement of automation for heat treatment industry,
the tempering time effect. The variation of the strength and hardness of
quenched steel with the tempering time during tempering, is a necessarily
considered factor in the formulation of heat treatment for hardened steel.
The tempering temperature of low carbon steel ranges from 150 to 200 °C
[59].

= The specimen is heated to 180°C for 2 hours to reduce the internal

stress. After the tempering, specimens are air cooled in the furnace

38



Chapter Three ..........cooiiiiiiii i Experimental Work

[60]. Time and temperature for heat treatment after carburizing

shown in figure (3.15).

925°C

@) 850°C
o Carburizing

[a¥]

E 2.4,6 Quenching

= 16 min

% 180°C
ﬁ Tempering

2h

k J

Time (h)

Figure (3.15): Heat treatment (pack carburizing) [58].

3.9 X-ray powder diffraction (XRD)

The chemical composition of the ball cyaniding used in this study is
investigated by using an X-ray Diffractometer modal type a Lab XRD-
6000, as shown in figure (3.16). To know XRD composition pattern of ball

cyaniding.

Figure (3.16): X-ray Diffractometer Lab XRD-6000.
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The diffraction meter is prepared for measurement in progressive scan
mode over arange of 20 (10°-90°). The field is selected because it appeared
on all the prominent diffraction peaks for the crystal structures. A sample

step size or sampling pitch of 0.2° and a scan speed of 10° / min are used.

3.10 Carbonitriding(cyaniding):

Sodium cyanide balls of German origin have been used with the
following composition (61% NACN +24% KCL + 15%K,CO3) according
to standard [61]. They are placed in tank (box) made from stainless steel,

and then placed inside electric furnace (same furnace mentioned above)

until they are completely melted at a temperature of 800 °C.

(d) (e) (f
Figure (3.17): Cyaniding Process: (a) Sodium cyanide. (b) Box cyaniding.
(c) Melton bath of cyaniding. (d) Holder and spacemen inside box. (e)
Specimens during quenching. (f) Spacemen after quenching.
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After that, the molten is taken out of the furnace and the samples are placed
on the holder. Then the holder and samples are put inside the molten and
returned it to the furnace at a temperature of 800°C for (0.5 h, 1h and 1.5
h). Then the specimen is taken out from the molten and directly quenched
for rapid cooling using the water as quenching medium, as shown in the
figure (3.17), where the test is carried out in the lab of Materials
Engineering Department / College of Engineering / University of Babylon.
Figure (3.18) shows surface heat treatment for low carbon steel by using
liquid carbonitriding.

After quenching in water followed by tempering, where the specimens
are heated to 180°C for 2 hours to reduce the internal stress. After the

tempering, specimens are air cooled inside the furnace.

A
— 800°C
s
> Carbonitrid
= 0.5,1,15h 180°C
§ Water Cooling
2. Outside of furnace
g Tempering 2h
H
18°C-35°C Time (1)

Figure (3.18): Heat treatments (cyaniding) for low carbon steel [58].

3.11 Calculate the Depth of Hardness

It refers to the hardened layer (depth of hardness) of a piece of material.
Due to surface treatment by one of the hardening methods, where the depth
of the hard layer reaches the same hardness as the received metal, and the

area that follows the depth of the hardened layer is called the metal core.
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By using a Vickers device the hardening layer from the surface towards the
core is measured as showing in the figure (3.19). Specimens of hardness
cut from the middle after hardened treatment to get the dimensions
diameter is 10 mm and length 5mm [50]. The hardness values were taken

from surface to the center at distance 0.05mm for each reading.

Core

Surface layer

positions
hardness

. / test
.

Figure (3.19): schematic for hardness sample.

3.12 Microscopic examination

Low carbon steel samples with a surface treatment were prepared for the
purpose of microscopic examination using an optical microscope ¢ as
shown in the figure(3.20) which included grinding and smoothing
operations using silicon carbide (sic)sandpaper in degrees (220 ,400 ,800,
1000, 2000, 3000) . Then electrical polishing with gradient granular size
diamond paste (3w) until they have a surface that resembles, this is
followed by the process of showing (Etching) using a solution of Nital
(which consists of the following ratios: 2% nitric acid and 98% methyl
alcohol). To identify surface hardening region and core of metal, the
specimens are studied using a computerized optical at a 100x magnification
with a digital camera and computer attached. After etching the snapped
pictures of microstructures of the optical are taken and downloaded to the

computer. The purpose of conducting the Microscopic examination is the
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knowledge of the change in the surface layer and the proof of the
penetration of carbon and nitrogen atoms. Show the two regions first region
Is depth layer of hardening and second region is core for the treated samples

by pack carburizing and carbonitriding.

Figure (3.20): Optical microscope device.

3.13 Fatigue Testing Machine

There are many types of fatigue testing machines generally can be
divided into:
e Axial Machine
e Torsion Machine
e Universal Machine
e Rotating Bending Machine

e Reversed Bending Machine (This type was used in this work)
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3.13.1 Reversed Bending Machine

It is available at the labs of Department of Mechanical Engineering -
college of Engineering at University of Babylon. The machine type is (WP
140) cantilever rotating bending model with a constant amplitude (fully
reversed bending), with this machine, it is possible to demonstrate the basic
principles of fatigue strength testing, including the production of (stress
and number of cycle failure) curve. The number of failure cycles is
displayed by a digital counter. A rotating sample is clamped which on one
side is loaded with a concentrated force with a maximum capacity of (0.5
KN) with constant frequency of (50Hz). A sinusoidal cyclic load with a
stress ratio R=-1(minimum load/maximum load) is applied throughout the
experiment. As a result, an alternating bending stress is created in the
cylindrical sample after a certain number of loading cycles; the sample
failure results from material fatigue. The tests are carried out at room
temperature (18-30C°), and environmental humidity comprised between
(30-45%). The load F is applied on the opposite side in order to obtain the
rotating bending fatigue conditions. Once the specimen is broken, the
shutdown sensor stopped the machine automatically. The number of cycle
to failure is then counted and displayed on the digital control. Bending
moment values are used to determine the alternating bending stress, which
can be determined directly from equation (3.7). Fatigue testing machine

and components diagram of this machine is shown in figure (3.21 (a). (b)).

The bending moment is calculated with the load and the lever arm as
follows [62].

M=F.L ... (3.3)

By using the section modulus of the sample, it is possible to calculate
the alternating stress amplitude.
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af-% ..(3.4)
. d3
J="3—2 ...(3.5)
32F.L
f=—s ...(3.6)
O-szF . (3.7)
Where:

of . Maximum alternating stress (MPa)

F : Applied load (N)

L : Bending arm =106 £ 0.1 mm

d : Diameter of the specimen =8+ 0.1 mm
M : Bending moment (N.mm)

J: = Section modulus of the sample

Figure (3.22) show the comparison of the device on which the current
work is carried out with the device (GUNT HUMBURG WP 140) made
by (G.U.N.T Geratebau GmbH company, Germany) as shown in figure
(3.23). It is available at the labs of Department of Mechanical Engineering
- college of Engineering at University of Kufa. The aim is to calibrate the
device and know the error ratio. The maximum overall average error is
5.7%. This percentage is due to several reasons Machine accuracy,

vibration generated during operation and load cell (S-type (SS 300 model).
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Figure (3.21): (a) Machine of rotating bending fatigue test.
(b)Components of test machine.
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Figure (3.22): Comparison between the present work device and the
device (GUNT HAMBURG WP 140).
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Figure (3.23): (a) fatigue test device. (b) Components of test machine.
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Chapter Four ..., Results and Discussions

4.1 Introduction

This chapter contains the results of experimental work related to the
effect of surface heat treatments, soaking time and notch on the fatigue
properties of low carbon steel, in addition to microstructure examination.

The experimental results include the results of mechanical test (tensile,
hardness and impact tests) and S-N curves of rotating bending fatigue tests
for the different types of specimens, at room temperature.

The S-N diagrams are plotted and discussed for each type of specimens

to investigate the fatigue behavior.

4.2 Mechanical Test Results
The results presented in this section illustrate the tensile, hardness, and

impact tests, all of which are performed at room temperature.
4.2.1 Tensile Test Results

Mechanical parameters obtained from a tensile test at room
temperature are presented in Table (4.1), with the average value of the three
readings recorded for each property. Three specimens are tested for raw
material.

Table (4.1): Tensile test results for low carbon steel specimens before
treatment.

Specimen No. | Average
1 2 3 Value

Yield Strength (MPa) | 383 | 387 | 385 385

Ultimate Strength
(MPa) 528 | 530 | 532 530

Percentage Elongation | 21 | 22 | 20 21

Material Property

LCS
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Table (4.2) presents results of tensile test after treatment by carburizing

and carbonitriding. The values which recorded after hardening increased

due to increase hardness of outer surface and keeps the core as received.

Table (4.2): Tensile test results after surface treatments.

Surface | Time | (¥Ee, | SEhaR | percentage | WERE | (BrOve
treatment (h) | mpay | (mpa) |Elongation Strength% | Strength%
As received 385 530 A R R T
2 634 801 16.12 64 51
Carburizing 4 907 1166 14.6 135 120
6 1044 1211 11.09 171 128
0.5 702 875 17.15 82 65
Carbonitrid 1 896 1032 15 132 94
1.5 991 1390 13.2 157 162

4.2.2 Hardness Test
Table (4.3) shows the results of hardness test for St44-2 DIN 17100

after and before surface treatment.

It is observed that the hardness of the samples was increases by the heat
treatment process. The hardness increases due to formation of martensite
phase after quenching (quick cooling) from austenite phase because carbon
atoms which impeds into the surface do not have time to diffuse out of the
crystal structure [63]. Surface heat treatments temperature and time are
also affect the hardness of specimen. An increase in the surface hardness
of both solid carburizing and carbonitrided is observed with increasing
time due to the chemical reaction, where the diffusion of carbon atoms in
the surface towards the core occurs forming iron carbide during the
carbonization process. As for carbonitriding, both carbon and nitrogen
diffuse in the surface towards the core, forming iron nitride and iron
carbide on the surface to a certain depth. Figure (4.1) presents the relation

between surface hardness and immersion time for each hardening process.
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Highest hardness value achieved 1082.68 HV and 1644.62 HV during pack

carburizing and carbonitriding, respectively at time 6 and 1.5 hours. Table

(4.3) shows the effect of surface heat treatment by pack (solid) carburizing

and carbonitid at different soaking time. It is concluded that in pack

carburizing process, surface hardness improves about 239% , 254% and

270% for 2h,4h and 6h respectively while in cyaniding process, it improves
about 420%,429% and461% with time 0.5h,1h and 1.5h.

Table (4.3): Hardness test results of low carbon steel.

Surface _ No_. specimens Average Improve
Time/h Vickers ,HV hardness
treatments Value
1 2 3 %
As received 291 293 295 293
2 992.21 | 996.1 | 997.51 995.27 239
carburizing 4 1027.9 | 1034.23 | 1039.65 | 1033.92 254
6 1079.02 | 1083.87 | 1085.15 | 1082.68 270
0.5 1511 | 1529.33 | 1533.25 | 1524.52 420
carbonitriding 1 1543.34 | 1547.61 | 1551.11 | 1547.35 429
1.5 1610.9 | 1655.7 | 1667.28 | 1644.62 461

293

200 I
o

o}

1524.52

1547.35

1644.62 R
W Asreceived

Carbonitriding
m Carburizing

1082.68
995 .27 10=23.92

1.5 2 4 [}

1 .
Soaking Time(h)

Figure (4.1): Relationship between surface hardness and
soaking time.

4.2.3 Case Depth (Depth of Hardness)

The hardening layer was measured using a Vickers hardness tester from

the surface of the metal towards the core, at each point being measured,

three readings are taken on the same line and the final average of the
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readings is taken to obtain the accuracy. During the pack carburizing (P.C)
process, at a temperature of 925 °C and a time (2, 4 and 6) hours, the depth
of penetration of carbon atoms into the steel surface is (0.77mm, 1.25mm
and 1.58mm) respectively. While the carbonitriding process (C.N)
achieved a depth of hardness (0.33mm, 0.59mm and0.84mm) at
temperature of 800°C during a time of (0.5, 1, and 1.5) hour. Figures
(4.2(a&b)) illustrate the relationship between hardness and the distance
from the surface to the core after hardening operations. Figure (4.3) show
the relationship between depth of hardened layer with soaking time for
St44-2 DIN 17100.

1200 ¢ o -
carburizing l;nctrze;\te
AlOOO - _ ;
T P.C 4hr
I s00 P.C 6hr
) —
(7))
B 600 -
[
E@ 400 t
T
200 |
0
0 0.5 1 15 , e
Distance(mm)

Figure (4.2 (a)): The relationship between hardness of specimens
carburized and the distance from surface to core.

. untreated
carbonitriding
1800 0.5hr
1600 1hr
1400
Z 1200 1.5hr
& 1000
g
S 800
© 600
T 400
200
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Distance(mm)

Figure (4.2 (b)): The relationship between hardness of specimen’s
carbonitrid and the distance from surface to core.

51



Chapter Four ..., Results and Discussions

m

= e

3 00
T 1

¢

pack carburizing

=
N
T

carbonitriding

o
o
T T

Depth of hardness(m
oo
A~ O

©
N
T

0 1 2 3 4 5 6 7
Soaking time(h)

o

Figure (4.3): Relationship between depth of hardness and soaking time.

4.2.4 Impact Test

In this test, izod method is used. Table (4.4) shows the results of the impact
test at room temperature for material Untreated and treated, three
specimens are tested each case. In this table, the energy is absorbed which
is resulted directly from the test increase with increasing soaking time. This
Improvement is due to surface treatment by carburizing and carbonitriding.
Maximum value for energy absorbed is 39J for St44-2 DIN 17100
choosing at the treatment by using cyanide salt bath due to diffusing carbon
and nitrogen, while maximum value at carburizing is 37.3J due to diffusing
only atoms of carbon. Best enhancement for energy absorbed was at
carbonitred increased by 42% at timel.5hour while at pack carburizing

achieved percentage improvement 36% at time 6 hours .
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Table (4.4): Impact test result.

Energy absorbed U,
Time (Joule) Impact improve
Surface hy | Specimen Strength Energy
treatment (h) No AVerage | -k 3/mz) | absorbed%
value
1123
As received - |27]29|26| 27.33 2733 | -
2 1128|3332 31 310 13
Carburizing 4 13413635 35 350 28
6 |37|38|37| 373 373 36
Carbonitriding 0.5 |35|33)|37 35 350 28
(cyaniding) 1 |37[38|35| 36.6 366 33
15 [39]40]38 39 390 42

4.3 Experimental Results of Fatigue Test under Constant
Amplitude Stress for V-Notch Low Carbon Steel after
Surface Hardness

This section deals with the results of the group that represents
specimens that have v-notch with a depth of 1mm and an angle of 45°
degrees have been treated by surface heat treatments (pack carburizing
(P.C) and carbonitriding (C.N)). Fatigue tests are performed for all
specimens that treated. Twenty one specimens are used for each soaking
time in this section. The results are graphically recorded in the form of S-
N, curves. These curves are constructed by curve fitting of the experimental

data of fatigue tests.

Figures (4.4) and (4.5) show the S-N curves of carburizing and
carbonitriding respectively. These figures show that fatigue behavior after
surface thermal treatments and the effect of soaking time. It can be noted
that, a significant change in fatigue behavior after surface hardening with
pack carburizing and carbonitriding has been observed. It is observed that
the increase in soaking time (Samples retention time in the carbon medium
inside the furnace at high temperatures) leads to an improvement in the
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fatigue performance of each hardening process, whether by the method of
pack carburizing or carbonitriding. The improvement in fatigue
performance (life and strength) of the surface-hardened samples comes by
using surface heat treatments that create a protective layer (hardened
layer). This layer resulted from diffusions of carbon or carbon and nitrogen
atoms together inside the metal surface due to the difference in
concentrations from of high concentrations (carbon medium) towards low
concentrations (Steel surface that low carbon content) [59], where the
surface of the steel becomes smoother and has a higher hardness, which

leads to delay crack initiation and growth.

Tables (4.5) , (4.6) , and (4.7) present the experimental results of
bending fatigue load at different level of the testing surface heat treatments,

where the specimen life is taken from the average value of three repeated

test.
@® untreated.
P.C 2hr
P.C 4hr
3]
§ P.C 6h6
=+
o
=
A
s0
0
0.E+00 2.E+06 4.E+06 6.E+06 8.E+06 1.E+07
Cycles to failure

Figure (4.4): Comparison of S.N curve between pack carburizing with un-
treated samples at different time.
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untreated.
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Figure (4.5): Comparison of S.N curve between carbonitriding with un-
treated samples at different time.

Table (4.5): Results of fatigue stresses with life of specimens
experimentally for carburizing at time 4h and 6h.

Life of Specimens (Cycles)
Stress(Mpa) Time(h)
4h 6h
400 77321 89318
360 183038 323604
340 434562 789532
300 1119472 1494698
260 3445652 3907925
240 5814921 6778768
220 8318225 9095845

Table (4.6): Results of fatigue stresses with life of specimens
experimentally for carbonitriding at time 1h and 1.5h.

Life of Specimens (Cycles)
Stress(Mpa) Time(h)
1h 1.5h
420 105879 132359
400 175968 324796
360 505487 852715
340 1067562 1582471
320 1584314 2715724
300 3304556 4279637
240 8799378 10173851
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Table (4.7): Results of fatigue stresses with life of specimens
experimentally for carbonitriding and Pack Carburizing at time 1h and
1.5h respectively.

Life of Specimens (Cycles)
Stress(Mpa) Carbonitrid Pack Carburizing
Time(h) Time(h)
0.5h 2h

360 86746 61318
340 197433 110635
320 426785 275927
300 785543 568328
260 1694657 1431895
240 3878576 2398344
220 6764086 5510451

4.3.1 Fatigue Strength and S-N Equation

Tables (4.8) and (4.9) represent the experimental fatigue strength
(fatigue limit) and the experimental S-N equations (Basquin's equations)
for Pack carburizing and carbonitriding (cyaniding) respectively. The
Basquin's equation is a power law regression and can be given by equation
4.1 [64].

o=aN?b ... (4.2)

Observe that these equations have reasonably high correlation
coefficients, indicating that the power law formula (Basquin's formula)
adequately explains the experimental results. Since the correlation

coefficient is a hand measure of the goodness of fit [58].

It is noted that the maximum fatigue strength at 10° cycles is
310.436MPa and 347.594MPa for Pack carburizing at temperature (925°C)
and carbonitriding (cyaniding) respectively with time (6 and 1.5 hours),
and the minimum fatigue strength at 10° cycles is 265.282MPa and 281.881
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MPa for Pack carburizing at temperature (925°C) and carbonitriding

respectively with time (2 and 0.5 hours).

Thus, it can be observed that the fatigue strength of the selected
material increasing with increasing in soaking time, due to the diffusion of
more carbon atoms through the surface at a certain depth towards the core,
where carbon with iron forms iron carbide Fe;C (cementite) on the surface
of the metal responsible for the high resistance of steel to stresses, and the
nitrogen atom resulting from the carbonitrid process is characterized by its
small size, which enables it to penetrate to greater distances Inside the
surface of the mineral with deformation of the crystal structure. Thus, these
atoms of carbon and nitrogen fill the voids and scratches and obstruct the

initiation and growth of cracks.

Generally, the fatigue strength of a material is proportional to its
tensile strength, so materials with a high tensile ultimate strength possess

a high fatigue strength. The ratio of fatigue strength to tensile ultimate
strength (ﬁ) (fatigue ratio) increased with an increase in time of surface

hardening treatment (heat treatment chemical).

Table (4.8): Results S-N curve equation, and fatigue strength o, at 10°
cycles function to (Pack carburizing) at temp 925°C.

Fatigue Oe Correlation
Time(h) S-N equation strength oult | coefficient
o.(MPa) R?

Un-treated | . = 2041.3 N -0163 | 214.736 0.405 0.9264
2 ce = 1335.7 N - 0117 265.282 0.5005 0.9776
4 Ge = 1634.1N 0123 298.729 0.553 0.9862
6 Ge = 1844.9 N 0129 310.436 0.585 0.9641
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Table (4.9): Results S-N curve equation and fatigue strength o at 10°
cycles function to (carbonitriding).

Fatigue Oe Correlation
Time(h) S-N equation strength oult coefficient
og.(MPa) R?
Un-treated | o, = 2041.3N -%163 | 214.736 0.405 0.9264
0.5 ce =1399.8N -0116 | 281,881 0.531 0.9789
1 ce = 1765.2N -9122 | 327.185 0.617 0.9706
15 Ce = 1824.2N -%12 | 347.594 0.655 0.9368

Figures (4.6) and (4.7) show the relation between fatigue strength with
time and depth of hardness after using Pack carburizing, and carbonitriding
(cyaniding) for LCS. It can be observed that the fatigue strength increases
with an increase in time, this is due to the diffusion of carbon or carbon
and nitrogen together inside the metal surface, which leads to saturation of
the steel surface because of the formation of carbides and nitrides (FesC,
and Fe4N). The surface hardness provides an improvement in the fatigue

strength because the hard layer prevents plastic flow.

400 r B carbonitriding
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o L M carburizin
350 g
=
N
— 300 |
e
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S 250 t
p—
e
@200
(B}
>
D2 150 |
d
5]
LWL 100 }
50 f
0 1 1 1 1 1
0.5 1 1.5 2 4 6
Time(h)

Figure (4.6): Variation in fatigue strength with time.
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400 carburizing
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Figure (4.7): Variation in fatigue strength with Depth of hardness.

4.4 Effect of Case Hardened on the Fatigue Properties for V-
Notch Low Carbon Steel.

Surface treatments (pack carburizing (P.C) and carbonitriding (C.N))
significantly affect the mechanical properties of steel due to the increase of
the hardness of the surface layer at different depths towards the core. This
increase is created by adsorption of carbon or a mixture of nitrogen and
carbon together, and through diffusion a concentration gradient is created.
When the treatment is carried out by carbonization using 90% wood
charcoal and 10% barium carbonate, a constant temperature of 925 °C and
a variable time of 2, 4 and 6 hours, we notice an increase in the depth of
carbonation from 0.7 mm to 1.58 mm, and the hardness increases with the
increase in the time the sample is kept inside the furnace from 995.27 HV
t01082.68 HV due to the diffusion of carbon atoms towards the surface of
the steel, forming solid Fe;C cementite, where the concentration of carbon

atoms diffusion decreases as it moves towards the core.

While, when performing carbonitriding (molten salt bath) with a

chemical composition. At a temperature of 800 °C and with a variable time,
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also observed an increase in the depth of the surface layer towards the core,
and the hardness also increases with increasing time. Due to the diffusion
of carbon and nitrogen atoms together towards the surface of the steel,
forming iron carbide Fe;C and iron nitride Fe;N (at high temperatures),
where the concentration of diffusion decreases when approaching towards
the core. Asaresult of these treatments on the surface of the selected metal,
the fatigue life and hardness are improved due to the formation of the
surface layer the hard layer prevents plastic flow. It also improved the
surface of the steel, giving it a smooth texture and resistance to fatigue due

to the formation of martensite upon rapid cooling and reference.

Figures (4.8) to (4.10) show the S-N Curve curves for the surface heat
treatments of the selected metal, where the results of carbonitride are
compared with carbonization according to time. It is observed that the best
improvement in the (S-N) curve is at a time of 1.5 hours during the cyanide
process and also in the carbonation process at a time of 6 hours as shown
in figure (4.11).

450 P.C2hr
400 P.C4hr
350 P.C6 hr
[g+]
g 300 C.Nat0.5 hr
E_ 250
7
b 200
=
) 150
100
50
0
0.E+00 2.E+06 4.E+06 6.E+06 8.E+06 1.E+07
Cycle to failure

Figure (4.8): Comparison S-N curve of specimen on carbonitriding at
temperature 800°C and soaking time 0.5 hour with pack carburizing at
different time.
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Figures (4.9): Comparison S-N curve of specimen on carbonitriding at
temperature 800°C and soaking time 1 hour with pack carburizing at
different time.
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Figures (4.10): Comparison S-N curve of specimen on carbonitriding at
temperature 800°C and soaking time 1.5 hour with pack carburizing at
different time.
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Figure (4.11): Comparison between carbonitrid (1.5h) with pack
carburizing (6h).

61



Chapter Four ..., Results and Discussions

4.4.1 Fatigue Strength Improvement Factor (FSIF)

Surface hardness by pack (solid) carburizing and carbonitid
(cyaniding) process significantly alters the fatigue properties. So,
increasing the soaking time (saturate the surface of the steel with carbon or
carbon and nitrogen together) leads to an increase in Fatigue Strength. The
fatigue strength improvement factor (FSIF) can be calculated from the flow
equation 4.2 [65].

FSIF0p = 2¢Cerefl % 100 % .. (4.2)

eref

Where, o, is the fatigue strength at 10° cycles for surface hardened
steel, Ge rer. is the fatigue strength at 10° cycles of reference material which
it un-treated specimen, has the smallest fatigue strength compared to the
treated samples used. Table (4.10) shows the Percentage Fatigue Strength
Improvement Factor for different surface hardening at different soaking

time.

Table (4.10): Percentage of Fatigue Strength Improvement Factor (FSIF

%) for pack carburizing and carbonitriding at different time.

Surface treatment Time(h) FSIF%
2 23.53
carburizing 4 37.95
6 44.56
Carbonitrid 0.5 31.26
(cyaniding) 1 52.36
1.5 61.87

Figure (4.12) shows the effect of surface heat treatment on FSIF% by
pack (solid) carburizing and carbonitid at different soaking time. the Figure
shows that the FSIF% increase with an increase in time, it is concluded that

in pack carburizing process, FSIF% increases about 23.53%,37.95% and
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44.56% for 2h,4h and 6h respectively while in cyaniding process increases
about 31.26%,52.36% and 61.87% with time 0.5 h,1h and 1.5h.

Also, it can be seen from the figure the increase of the time soaking pack
carburizing and carbonitriding leads to an increase in the (FSIF%). It is
concluded that the maximum improvement percentage of fatigue strength

of (44.56%) for carburizing , (61.87%) for carbonitriding specimen.

m carburizing
70 m Carbonitrid
60
50
XX
S 40
o 30
L 5
10
0
0.5 1 15 2 4 6
Time(h)

Figure (4.12): Fatigue Strength Improvement Factor for different time at
carburizing and carbonitid.

4.4.2 Fatigue Life Improvement Factor (FLIF)

The Fatigue Life Improvement Factor (FLIF) can be calculated from
the following equation

% | Log Np—LogN ref |

FLIF% =
o 2LogNf rer

... (43)

Where, Nt = number of failure cycles of the surface-hardened metal,
N et = number of failure cycles of the (un-treated) reference material that
has the lowest number of cycles to failure compared to surface treated
samples. Table (4.11) shows the Percentage Fatigue Life Improvement
Factor for surface heat treatments at different time. It was concluded that

the maximum improvement percentage of Fatigue Life of (20.2%) for
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carbonitriding at time 1.5 hour, (15.9%) for pack carburizing specimen
with time 6 hour, and the minimum fatigue life at time 2 hour is (8.2%) for
pack carburizing.

Table (4.11): Percentage of Fatigue life Improvement Factor (FLIF %)
for pack carburizing and carbonitriding at different time.

Surface .

treatments Time(h) FLIF%

0.5 11.3

carbonitriding 1 18.6

1.5 20.2

2 8.20

carburizing 4 14.3

6 15.9

Figure (4.13) shows a comparison between the Fatigue Life
Improvement Factor (FLIF %) calculated from equation (5.4) for surface
heat treatments (pack carburizing and carbonitriding) at different time. It
can be shown that the FLIF% increasing with increase in time soaking,
such as at carbonitriding, the FLIF % increases from 11.3% to 20.2% at
time 0.5 to 1.5 hours. Also at carburizing, the FLIF % increases from
8.20% to 15.9% at time (2 to 6 hours).

M Carbonitrid

25 M carburizing

20

1l a1l

Time(h)

FLIF%

wv

Figure (4.13): Fatigue life Improvement Factor for different time at
carburizing and carbonitid.
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4.5 Experimental Results for un-notched St44-DIN17100
before and after surface heat treatment

Plain Low carbon steel has been treated by two surface heat treatment
are pack carburizing at time soaking 2 hour and carbonitriding at time 0.5

hour.

Figure (4.14) represents the S-N curves of a surface heat treated metal
in comparison with un-treated. This figure shows the behavior of fatigue
for both carburizing and carbonitriding of plain specimen. It can be
observed that a significant change in fatigue behavior after surface heat
treatment.

It is observed that the best increase in fatigue behavior in the
carbonitrided samples gives an increase in fatigue strength compared to the
sample treated with carburizing. It is also noted that after treating the
sample, there is an increase in fatigue behavior compared to the untreated
sample with the same applied load.

The experimental results are correlated to obtain the equation (4-1) which

can be used to predict the fatigue strength and presented in table (4.12).

The table presents that the maximum fatigue strength at 10° cycles is
348.07 MPa for carbonitriding, and the minimum fatigue strength at 10°

cycles is 256.2 MPa for un-treated specimens.

Thus, it can be observed that the fatigue strength for St44-2 DIN 17100
selected improves with surface heat treatments. In general, a material's
fatigue endurance strength is proportional to its tensile strength. So
materials with high tensile ultimate strength possess a high fatigue

strength. The ratio of fatigue strength to tensile ultimate strength (;st )

(fatigue ratio) is increased with surface hardening.
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Table (4.12): Experimental S-N curve equation and fatigue strength ce at
10° cycles function for carburizing and carbonitriding.

Fatigue
Surface S-N Equation strength Oe Correlation
treatments o. (MPa) | oult | coefficient
R2
Un-treated | 6.=5065N - %21 256.2 |0.483 0.984
carburizing | 0.=2476.3N -4 338 0.637 0.9969
carbonitriding | 6. =1761.7N "% | 354,75 |0.669 0.9598
"0 r Un-treated
50 CP2hr
00 \K ACNO.5 hr
,-CE-\ 350 F
S 300 | -
‘E’ 250 | = A
é 200
“2 150
100
50
0
0.E+00 2.E+06 4 E+06 6.E+06 8.E+06 1.E+07 1.E+07

Life (Cycles)

Figure (4.14): Comparison surface hardening by carburizing and
carbonitriding with untreated for plain specimens.

4.5.1 Fatigue Strength Improvement Factor (FSIF) for plain
steel

Table (4.13) shows the Percentage Fatigue Strength Improvement
Factor for pack carburizing and carbonitriding at time 2 and 0.5 hours
respectively.

The Percentage Fatigue Strength Improvement Factor (FSIF) can be

calculated as mentioned in equation (4.2).
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Table (4.13): Percentage of Fatigue Strength Improvement Factor (FSIF
%) For Carburizing and Carbonitriding at Time 2, 0.5 hr.

Surface treatment FSIF %
Carburizing 31.92
Carbonitriding 38.466

From table (4.13) it is noticed that FSIF% increases after performance
surface heat treatments. It is concluded that treatment by pack carburizing
(P.C) for plain carbon steel, FSIF% increases about 31.92% compared with
un-treated specimens. While treatment by carbonitriding (C.N), FSIF%
increases about 38.466% compared with un-treated specimens. Because
surface treatments give the surface of the metal smoothness in addition to
forming a surface layer of different depths according to the soaking time.
Heat treatments form strong carbides and nitrides that retard crack growth
due to quenching in water and tempering at temperature 180°C for 2hours,

so it improves the Fatigue Strength Improvement Factor.

4.5.2 Fatigue Life Improvement Factor (FLIF) for plain steel
The Percentage Fatigue Strength Improvement Factor (FLIF) can be

calculated as mentioned in equation (4.3).

Table (4.14) shows the Percentage Fatigue Life Improvement Factor for

both surface hardening treatnents.

Table (4.14): Percentage of Fatigue Life Improvement Factor (FLIF %)
for Carburizing and Carbonitriding at Time 2, 0.5 hr.

Surface treatment FLIF%
Carburizing 11
Carbonitriding 13
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It is concluded from table (4.14) that treatment by pack carburizing
(P.C) for plain carbon steel, FLIF% increases about 11% compared with
un-treated specimens. While treatment by carbonitriding (C.N), FLIF%

increases about 13% compared with un-treated specimens

4.6 Validation

The results of experimental work for the fatigue test can be compared
with the experimental results obtained by the references [25, 38, and 68]
for plain low carbon alloy steels at room temperature, in order to verify the

results of this research, this comparison is shown in figure (4.15).

By fitting the curve to the results of the figure (4.18), the basquin's
equations for the fatigue data expressed in table (4.15). Good agreement is
obtained when comparing the current work with other expressions of
Basquin's equations, where the error rate in fatigue strength not more than
2.92% and not less than 1%. The reason is due to the percentage of carbon
in the alloying elements of the metal, the higher the carbon percentage in

the steel metal lead to increase fatigue strength according to [66].

000 Current work
500 Ali.M results EXP
Emad.k results EXP

Ali.h results EXP

Stress(Mpa)

=
o
o

0
0.00E+00 5.00E+05 1.00E+06 1.50E+06 2.00E+06 2.50E+06 3.00E+06

Life (Cycles)

Figure (4.15): A comparison S.N curve between present results with
researcher’s results for plain low carbon steel without treated.
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Table (4.15): Basquin's equations compared with available fatigue data at
room temperature for the current study at 10° cycles .

Fatigue
Validation S-N equation strength Error %
oe(MPa)

Current result c.= 5065 N 0216 256.20
Emad.k result [25] | 6.= 4111.1 N ~0203 248.86 2.86
Ali.M result [38] ge = 9010 N 0257 258.65 1
Ali.H result [66] 0o =4463.3N ~0-209 248.7 2.92

4.7 Result of Microstructural

A microscopic study is conducted on samples of low -carbon steel that
is purchased locally before and after heat treatment. The sample was
polished using emery papers with different geades and finally polished by
alumina powder in the grinding wheel. The polished samples are etched
with 2 % nital (a mixture of 2 % nitric acid and 98 % alcohol). Then the

microscopic structure is observed by the optical microscope.

Figure (4.16) shows microstructure for St44-2 DIN 17100 as received
the light area is the ferrite, whereas the dark area is pearlite. The light area
Is dominant one since the carbon content is 0.22%. Figures (4. 17(a,b&c))
show the microstructure of low carbon steel whose surface has been treated
with pack carburizing. It is seen that the pearlite increases along the
penetration. The effect of introducing a carbon element to the material
during the diffusion process of carbon interaction resulted in an increase
amount of pearlite relative to the microstructure of the material as received.
As an energizer, 10% barium carbonate is added to the steel to speed up
the diffusion of carbon, resulting in the formation of additional pearlite
structures. Figures (4.18(a,b&c )) shows the microstructure after

carbonitrid. The white compound layer can be seen as a result of the
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diffusion of nitrogen and carbon together, which formed Fe;C and Fe;Na

high hardness of the metal.

These results are micro photo of carbonitriding and pack carburizing
process with temperature holding and time variation. The thickness of the
layer shows a significant increase with the increase in time of the
carbonitriding and pack carburizing. It can be seen that the microstructure
carbonitriding and carburizing divided into two regions, the hardening

region and the core region.

Figure (4.16): Mlcrostructure of the raw material.

T e

0- '.

70




.«:"" R"
by A3

Figure (4.17): Microstructure of low carbon steel after carburizing. (a)
Specimen at time 2 hour. (b) Specimen at time 4 hour. (c) Specimen at
time 6hour. Magnification 100x)
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Figure (4.18): Microstructure of low carbon steel after carbonitriding: (a)
specimen at time 0.5 hour. (b) Specimen at time 1 hour. (c) Specimen at
time 1.5 hour. Magnification 100x).
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Figure (4.19) shows the macrostructure of specimens at fracture
position when the notch depth is (1 mm with angle 45) and for different
treatments (carburizing, carbonitriding) in addition the specimen untreated.
The cross sectional area of the specimen divided into two regions. The first
one is smooth region which refers to the slowly crack propagation, while
the second one is the rough region which refers to the sudden fracture.

Fatigue Crack Fracture

Crack
Propagation

(b)

(c) (d)

Figure (4.19): Fracture surface of a specimen: (a) with carbonitriding. (b)
With pack carburizing followed by quenching. (c) With pack carburizing
without quenching. (d) Specimen without treatment.
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4.8 Inspection of the sodium cyanide
Figure (4.20) shows the X-ray diffraction of NaCN powder. It was
recoded in the range of 20 (10°-90°).This pattern was compared with the

standard diffraction spectrum, and it was found that all peaks were in good
agreement with standard card Monga et al.(2022).
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Figure (4.20) XRD pattern of sodium cyanide ball.
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Chapter Five........................o. Conclusions and Recommendation

CHAPTER FIVE

Chapter five includes the important conclusions and remarks that are
obtained from the present study as well as some recommendations that may
be useful for the future research work.

5.1 Conclusion

The results of obtained in the present work lead to the following
conclusions.

The experimental fatigue test shows that the surface heat treatments
using carburizing and carbonitriding improved the fatigue life of St44-
2 DIN17100 by 11% for carburizing at time 2 houre and 13% for
carbonitriding for un-notched samples.

The carbonitriding with soaking time of 1 hour and 1.5 hours a
significant improvement in fatigue life by 18.6% and 20.2%
respectively compared to the heat-treated samples using carburizing at
a time of 2, 4 and 6 hours by 8.20% , 14.3% and 15.9% for V-notch
St44-2.

The surface heat treatments increased the surface hardness of St44-2
DIN17100 by 270% and 461% for carburizing and carbonitriding
comparison with the un-treated specimens.

The improvement percentage of fatigue strength in comparison with the
un-treated specimens from two surface heat treatments process
(carburizing and carbonitriding) is increased. The maximum
improvement percentage of fatigue strength of (44.56%) for pack
carburizing, (61.87%) for carbonitriding, for VV-notch low carbon steel.
Due to using surface heat treatments (carburizing and carbonitriding),
the energy absorbed have been improved by 36% 42% respectively.
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5.2 Recommendations for the Future Works

1. Investigating the effect laser powder bed fusion on fatigue
performance of V- notch and un-notched specimens made of low

carbon steel

2. Studying the effect surface heat treatments on different shape of
notch on fatigue life behavior such as U-notch and compare the

result with V-notch and plain specimen.
3. Studying experimental and numerical of carbonitriding effect on
fatigue properties of low carbon steel with v-notch at different

angles.

4. Investigating the effect thermal spray deposited on fatigue behavior

of tungsten carbide-cobalt-chrome (WC-CoCr) coated beam.
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APPINDIX-A
CHEMICAL COMPOSITION ANALYSIS

A
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Standard Specification: ASTM E415:2017

Test Report

Sample C% Si% Mn% P% S% Cr% Mo % Ni% Al% Cu% Fe%
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- the results of uncertainty as they are shown in the table above. the report expanded uncertainty of
standard uncertainty of measurement multiplied by the coverage measurement is stated as the

factor K= 2 which for a normal distribution corresponds to

confidence level of 95%.

- This test report is for the tested samples only.
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- The test report shall not be reproduced except in full without written approval of the laboratory,/,
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Figure (A-1): chemical elements of low carbon steel specimen
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APPINDIX-B
TYPE OF MATERIAL
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Figure (B-1): Material specification
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APPENDIX-C

LIFE EVOLUTION DUE TO CONSTANT AMPLITUDE
LOADING

The fatigue curve or S-N curve can be presented by the following
equation based on Basquin's equation form:

ca=a (Nf)b ... (C-1)
Where:

oa, is an applied stress in Mpa

, 1s cycle’s number of fatigue failure.

Equation (B-1) can be written as following:
1
Nf:(% b ..(C2)

Where:a and b are material constants and may be determined by linearizing
the curve using equation (C-1) in logarithmic form:

logoa=loga+blog Nf .. (C-3)

I a: Intersection with vertical axis
= Tr pu—_—

b: Slop

L]

Figure (C-1): Logarithmic description of fatigue life equation [61]

b= Y logogilog Nfi_2?=1 log 0g;i 3, log Ng;
h X1 (logNs)2—( T, lognfi)?

... (C-4)

L, l0gogi—Yi,] i
Log a =2=1%97 hz =1 08y ... (C-5)

Where, (i) is the number of tests (i=1, 2, 3, 4......n) and (h) is a total
number of test specimens in each S-N curve.
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APPENDIX-D
THE COEFFICIENT OF DETERMINATION (R?)

Coefficients of determination (R?) had been used, to measure the overall
proportional differences for the response variables shown with the lowest
squared regression lines. The coefficient of determination is a number with
the range of (0 to 1), which is (0 < R2 < 1). The line has no explanatory
value if R is equal to zero but, if equal to one, means the line variable
explain 100% of the variation in the response variable [29].

In statistics, how well a set of data points fits a line or curve is indicated
by the coefficient of determination (R?). It is a statistic used in the context
of statistical models whose main objective is either to predict future results
or to test hypotheses, on the basis of other relevant information. It provides
a measure of how well observed outcomes are replicated by the model, as
the proportion of total variation of outcomes explained by the mode

A A

Figure (D-1): Relation between x and y

Definitions

2 _SSreg -
R = oo, .. (D-1)
The better of the linear regression (on the right) fits the data in comparison

to the simple average (on the left graph) figure (D-1), the

D.1
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closer the value of R? is to one. The areas of the blue squares represent the
squared residuals with respect to the linear regression. The areas of the red
squares represent the squared residuals with respect to the average

value.

A data set has values yi, each of which has an associated modeled Value
fi (also sometimes referred to as y;). Here, the values y; are called the
observed values and the modeled values f; are sometimes called the
predicted values.

In down y; is the obtained data:
y=1n) yini=1 (D-2)
Where n; is a number of observation.

The data variability set is determined as different squares sum:

SStot = Zi ( - y_)2 (D'3)
The totall squares sum is proportional to the specimens varies:
SSreg = Z(fl - y—)z (D-4)

The regression sum of squares is named the explained sums of square.

SSres = Y.(vi— fi)? The sums of residuall squares of also can defined the
residuall sum of squares.

The notation SSk, and SSk, would be avoid because of some texts this
meaning is represented to residuall sum of square and explained sum of
squares; respectively. Generally definitions of the coefficient of
determination can be defined as:

R2= 1 _ SSres
SStot

D.2



Appendices

APPINDIX-E

IRON —-CARBON PHASE DIAGRAM
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