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Abstract:

There were many methods previously used to repair the cracks, induced during fatigue
loading. The most commonly used was hole drilling method and then insertion of pins to increase
the fatigue performance. Another method involving laser shockwave peening had been used to
treat the surface cracks. The method similar to laser shockwave peening was studied in the present
research, which comprises of laser remelting. The method was analyzed as a crack preventing
technique. The laser re-melting scans were performed on a steel plate by varying the energy density
and defocusing of the laser.. The samples were sectioned perpendicular to the laser scan and the
cut surface was polished to a mirror finish using metallographic techniques including mounting,
grinding and polishing. The microstructure was revealed by etching the polished surface that
clearly exposed the grains structure in the optical microscope. The focus point of the laser beam
was identified by the microstructural study of the samples. Hardness testing was performed to
analyze the trend of the hardness throughout the sample including the base metal, HAZ and melt-
zone. Moreover, toughness was ascertained through the microstructural analysis that showed as
grain size variations and phase changes. The microstructure toughness was considered to be the

most crucial factor in analyzing the prevention strategies of fatigue crack propagation.

Key Words: Crack Propagation, Fatigue Loading, Laser Remelting, Nano Hardness, Micro

Hardness, Microstructural Analysis.
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CHAPTER 1: INTRODUCTION

1.1 Problem Statement

The prevention of crack propagation in metal alloy by laser remelting.

1.2 Introduction

Fatigue failure occurs when a material is subjected to cyclic stress. The number of stress
cycles to initiate crack and to propagate till the fracture, determines the fatigue life of a material.
The failure in fatigue has three stages; initiation of crack, crack propagation and rapid fracture.
The fatigue crack is normally initiated at the point of highest stress concentration. Therefore, the
surface condition of the material plays an important role in fatigue life [1].

The repairs for fatigue crack becomes important in sustaining the damage and increasing the
fatigue life. There has been several fatigue cracks repairing method, which involves processes like
grinding, gas tungsten arc remelting, air hammer peening, ultrasonic impact treatment, hole
drilling, adding doubler plates and post tensioning. Traditionally, hole drilling has been most
commonly used to stop the crack at the vicinity of its tip [2].

Moreover, laser shockwave peening was used as surface treatment method to treat surface
cracks. The high energy laser plastically deforms the material and develop compressive residual
stress inside the material [3]. Laser remelting process, used in the present work, is similar to laser
shockwave peening that intends to refine the grains and homogenize alloy distribution in the
material in order to improve resistance against crack propagation [4].

1.3 Objectives

The objectives were following:

e To determine the focus point of the laser beam

e To achieve maximum melt pool depth for crack prevention.

e To study the hardness of laser processed area of the material

e To study the microstructure of the laser processed material

e To achieve better microstructure toughness in the laser processed area
e To increase the fatigue life of a cracked material

e To prevent crack propagation

e To shorten the time for repairing

e To ease the process of repairing



1.4 Scope

The scope of the present research is following:

e Crack repairing of in service applications
e To ease the crack repairing process as compare to the conventional process
e Time reduction for the repairing process

e To increase the service life of the material



1.5 Flow Chart
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CHAPTER 2: LITERATURE REVIEW

Fatigue is one of the primary reasons that cause failure of metallic components in a number of
applications. The fatigue failure is caused by the cyclic loading of a material. The process involves
continuous loading and unloading of force on a material that causes the crack to initiate at the
stress concentration points and then leads it to its fatigue failure. There are following three stages
for fatigue failure at the application of cyclic loading [1]:

e Crack Initiation
e Crack Growth
e Rapid Fracture

The continuous loading and unloading of force led to crack nucleation and crack initiation. The
continuation of that force resulted in progressive growth of a crack known as crack propagation
until the remaining un-cracked cross section of a material became too weak to sustain the loads
imposed and the material suddenly fractures [1].

Repairing and retrofit techniques can be used for fatigue crack arresting and upgrading its
resistance to fatigue. Repairs are used to stop the propagation of a fatigue crack while retrofit
upgraded the resistance to fatigue to avoid fatigue crack initiation and propagation. Retrofits
techniques are performed at the same conditions that cause the cracks in the first place [2].

There are several repairing and retrofit methods that could be considered to be effective in
preventing the crack including surface treatments, repair of through-thickness cracks and
modifications of structure [2].

The surface treatments comprise of grinding, gas tungsten arc re-melting (GTA re-melting) of
weld toe and impact treatments. These treatments provide the improvement in fatigue life as
following [2]:

Improvements in weld geometry and reduction in stress concentration
Elimination of severe discontinuities which propagate cracks
Reducing residual tensile stress

Introducing compressive residual stress

2.1 Grinding [2]

It is a surface treatment method of reshaping by grinding. It is used to remove the small
cracks, like cracks at the edges of flange or plates. The tapering of 2.5:1 slope should be applied
to counter gouge and finish grinding should be done parallel to the applied cyclic stresses.

The grinding was not considered to be useful in terms of micro cracks because it produces
defects in the material, which resembles to the initial micro cracks. The reshaping by burr grinder
was observed to have 50% more allowable fatigue stress range as compared to its untreated parts.
There are two types of grinders that can be used for material removal.



2.1.1 Disc Grinding

Disc Grinding is a process which involves the material removal in one pass of the grinder.
The typical grinding discs are made up of Aluminum Oxide having 24-grit roughness, ranges from
4 - 9 inches (101- 230 mm) in diameter. The depth of ground area should be in range of 2-5% of
plate thickness. The excess of the material removal can be avoided with care. The operator should
be in control of grinder to avoid the risk of producing gouges.

Figure 1: Typical Disc Grinders [2]

Figure 1 shows the two disc grinders that are typically used in the material removal.
2.1.2 Burr Grinder

Burr grinder is used for removing material from confined areas. The typical burr grinder is made
up of Tungsten Carbide with a radius of 3/16 — 5/16 inch (4.7 — 8mm). The method is easy to
handle and recommended for grinding edge of welds and enlarging small drill holes.

Figure 2: Typical Burr Grinder with different tips



Figure 2 shows the typical burr grinder with different carbide tips.

2.2 Gas Tungsten Arc (GTA) Re-melting [2]

It is a welding operation along the weld toe and the base material. It involves re-melting by
manually moving a gas shielded tungsten electrode at a constant speed along the weld toe and just
melting the metal without addition of new filler metal. It removes slag intrusions and reduced
stress concentration at the weld toe which helps in preventing the crack.

2.3 Impact Treatments [2]

These introduce compressive residual stress near the weld toe which reduce the effective
tensile stress range at the crack surface.

2.4 Air Hammer Peening [2]

It was a weld improvement technique that uses an air hammer with a blunt tip to plastically
deform the weld toe. It also created the compressive residual stress on the points where tensile
stress was produced during a welding process. It decreased the tensile stress range at the weld toe
under live load which leads to the extension of fatigue life and it adds the shinier glow to the
surface being treated.

The fatigue life of welds was improved by air hammer peening even when there were no
detectable fatigue cracks because it introduced the residual compressive stress. The compressive
residual stress depth ranged from two to four times the plastically deformed grain depth, i.e. from
0.04-0.08 inches (1-2 mm) deep.

Peening has been demonstrated to be useful in repairing surface cracks up to a depth of 0.12-
inch (3 mm). The improvement of up to 175% in the fatigue resistance of welds repair was
expected by air hammer peening. The elimination of crack like defects or blunting defects like slag
inclusion improved fatigue resistance of a material [5].



Figure 3: Air hammer peened weld toe [2]

Figure 3 shows the weld toe which was Air hammer peened. The geometry and luster can
be seen at weld toe.

2.5 Ultrasonic Impact Treatment [2]

The more attractive, quiet and easy to handle impact treatment was ultrasonic impact
treatment as compare to the air hammer peening. It used low amplitude and high frequency
displacements. It was also a more effective treatment in improving the fatigue strength than the air
hammer peening by at least one detail category [6]. This treatment had more effectiveness at low
mean stresses and low stress ranges.



2.6 Hole Drilling [2]

The most commonly used method for the repairing of fatigue cracks was hole drilling. The
purpose was to eliminate the sharp notch of the crack tip by drilling a hole at the vicinity of crack
tip. The hole was required to be of sufficient size to detain the crack. The large sized holes were
better as long as they did not compromise the stiffness and strength of the material. The typical
range of the hole was 2-4 inches (50.8 — 101.6mm) but hole diameter of 1 inch (25.4mm) was
sufficient depending upon the application.

‘The above demonstrates the worst
* possible case for hale drilling. To
ensure that the crack tip has been
contained, drill as follows:

!

Either center the hole over the
crack tip

!

Or the best solution Is to position the
bit such that the outer diameter just
intercepts the crack tip

Figure 4: Hole Drilling Method [2]

Figure 4 shows the hole drilling method at the vicinity of crack tip. It also represents three
different ways which can be used to drill a hole.

The study of drilling a stop holes on Aluminum Alloy near the vicinity of the crack tip was
studied. The stop holes were drilled in different arrangements to reduce the stress concentration
and then pins were inserted into those holes to introduce the compressive residual stress. The
symmetric and asymmetric arrangements of holes were demonstrated [7].
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Figure 5: Symmetric 4 Holes
Arrangement [8]



Figure 5 shows the symmetric arrangement of four holes which provided the best results
without insertion of pins and with insertion of pins. The x and y in the figure 5 represents the
distance from x-axis and y-axis respectively. The d represents diameter of the hole, ca represents
the applied stress and L represents the length of the sample in the figure 5. The direction of the
applied stress was presented by arrows in the figure 5. The fatigue life was increased 20 times as
compare to its untreated counter parts. The process was terminated at certain stress cycles due to
the shortage of time [7].

The stop holes drilling method with and without inserting pins was not able to work for
arresting long cracks. The patch was installed at the stop holed area to arrest long cracks for simple
shaped structures. The crack arrestor was used with the stop holes to arrest the long cracks for
complicated shape structures. The crack arrester reduced the crack opening displacement [7].

2.7 Vee and Weld [2]

It was a repairing method for long and thorough thickness cracks in the weld. The material
was removed in the shape of the V, through three quarter thickness of the cracked section in the
direction of the crack length. The weld material was filled in the V-shaped groove. This process
was performed on the other side of the section so that weld filled the whole area of the crack.

The air arc gouging or grinding can be used for material removal. The crack became blurred
when a disc grinder was used to remove the material and it increased the chances of covering the
crack path and left a flaw in the repair weld while air arc gouging opened up the crack as the
material was removed and crack path was easily followed.

Figure 6: Air arc gouged flange of a beam for Vee
and Weld Repair [2]



Figure 6 shows the flange of a beam which was air arc gouged for a Vee and Weld Repair.
The repair method was used for high strength steel when bolted doubler method was not possible.
The method required a care in the quality of weld made on the V-shaped grooves. The certified
and experienced welders can be used to ensure the quality of the weld to be up to standard. It was
considered to be the most effective technique of repairing a weld crack. It has provided the same
fatigue life as the original uncracked weld. The repairing of base metal without any weld through
vee and weld was considered to be insignificant. It was expected to provide less fatigue life as
compare to the original unwelded detail.

2.8 Adding Doubler/Splice Plates [2]

The cracks of through thickness can be repaired by doubler or splicer plates. Its purpose was
to add material to a cracked cross section. It has provided either continuity or increased the cross
section. It also reduced the stress ranges that originally led the material to crack. The doubler plates
can be added after the repair to decreases the stress range that originally cracked the material.

The plates were designed to have more thickness to avoid buckling effect and maintained
the alignment of both sides. It was useful to repair the full depths crack in bridge girder. The splice
plates were attached by welding or through high strength bolt. The bolted doubler plates were
preferred over welded doubler plates for a better fatigue resistance.
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Figure 7: Bolted Doubler Plate Repair [2]

Figure 7 shows the doubler plate repair which was attached by the bolts. The yellow dotted
line represents the path of the crack below doubler plate and circle shows the hole drilled to
eliminate the tip of the crack. The steel material conforms to AASHTO M270 was used for the
repair. The bolts conform to ATM 325 or 490 standards and washers conform to ASTM F436.

2.9 Post Tensioning [2]

The fatigue crack growth can be slowed or stopped by the concept of closure of a crack. The post
tensioning forces were used on the cracked beam section to force the closure of the cracked faces together
and to push the effective stress range into the regime of compression to disturb additional crack
propagation. The crack growth was hindered by the compressive stress range.

The study showed that the application of post tensioning force with pre-stressing strands on the
cracked plate detail increased the fatigue strength of repaired section by one category more than the original
detail. The elimination of crack tip by hole drilling was recommended with post tensioning force. It can be
applied by jacking pre-stressing strands, post tensioning bars or by nuts that can be torqued on high strength
threaded rods.
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2.10 Laser Shockwave Peening (LSP) [3, 8]

It is a surface treatment technique which is used for improving fatigue strength of the
material that has cracks at the surface. It is used for metals and alloys due to its capability of
generating large affected depths and a good surface. The residual stress and plastic strain is
predicted by studying the effects of shockwave, induced by high energy laser.

The study was conducted in which solid state Nd:glass laser with a wavelength of 1.054 pum
and a pulse duration of 18 ns was used as a laser source with a power density of 5 GW/cm?. The
sacrificial layer of thin black paint layer was used to absorb energy. The plasma confinement layer
of thin water layer was used to contain the plasma that was created by high energy laser beam.

Laser beam
Focusing lens

Plasma
Black paint

/\\://

Shock waves

Figure 8: Schematic of Laser Shockwave Peening
(LSP) [8]

Figure 8 shows the schematic of laser shockwave peening. The high energy pulsed laser
beam absorbed in the sacrificial layer (water), creates plasma that is confined in the plasma
confined layer (black paint) It penetrated inside the material as shockwaves to plastically deform
the material below the surface. The residual compressive stress was developed throughout the
affected depth.

The X-ray Diffraction technique was used to measure the residual stress. It decreased with
increasing depth and the maximum residual compressive stress of 380MPa has been recorded on
the 2024 T3 Aluminum alloy. The depth of penetration was observed as approximately 1mm. The
typical depth of penetration in conventional peening was 0.25mm.

The LSP method showed significant improvement in fatigue performance of Aluminum alloy. The
crack initiation life and fatigue life was observed to be higher in the laser peened specimen as
compare to its unpeened counterparts. The slow crack growth rate was also observed due to less
fatigue striations spacing in laser peened specimen as compare to unpeened specimen. It attributed
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to the introduction of residual compressive stress. The fatigue life was improved by slow crack
growth rate and introduction of compressive residual stress.

2.11 Hot Rolling Effect on Microstructure of Steel [9]

The multi pass hot rolling is used in the temperature range of 700-1000 °C. The
microstructure of a hot rolled nitrogen alloyed austenitic stainless steel was analyzed in optical
microscope. The elongation of grains in rolling direction, nucleation and growth of new grains at
grain boundary of elongated grains were observed in optical microscope to form completely
recrystallized grains. The insufficient temperature for dynamic recrystallization resulted in
elongation of grains at temperature range of 700-800 °C while fine grains were observed at the
temperature range of 900-1000 °C to achieve dynamic recrystallization.

X ~— L YRR

100 pm

(b) (b)
Figure 9: Optical Microscopic image of microstructure of the nitrogen alloyed
stainless steel a) annealed condition b) hot rolled condition [9]

Figure 9 shows the optical microscopic image of microstructure of the nitrogen alloyed
stainless steel with annealed condition in its part (a) and with hot rolled condition in its part (b).
The annealed sample has austenitic grains with annealing twins of average grain size 120 + 15 um
and phase of 0.6% delta ferrite (showed by arrows) in the part (a) of the figure 9. The grains of the
hot rolled steel were elongated at the temperature of 700 °C. The elongated grains have been
observed to have length of 213 + 60 um and width of 56 + 22 um.
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2.12 Laser Surface Remelting [10]

In this study, laser surface remelting was performed on the bainitic steel with the help of
fiber laser. It was used to improve the strength and wear resistance of the surface of material. The
transmission electron microscopy (TEM) was used to study the microstructure of the laser
processed specimen. The effect of scanning speed and scanning space was analyzed on the
microstructure and hardness of the surface remelted material. The fiber laser with a spot size of
0.1 mm and wavelength in the range of 1060 — 1100 nm was used to surface treat the material. The
argon as a shielding gas has been used in the process to protect the laser melt pool by reducing the
oxidation and evaporation of material.

Fiber laser --— Shielding gas

Specimen

Figure 10: Schematic of Fiber Laser Surface Remelting [10]

Figure 10 shows the schematic of the laser surface remelting, which was performed by fiber
laser with a shielding gas of Argon. The x and y axis movement of the laser has been controlled
by the computer. The specimen with different scan speeds has provided different melt pool depths.
The melt pool depth has been increased by decreasing the scan speed. The maximum melt pool
depth was recorded as 138 microns. The microstructure of the samples was studied by TEM after
grinding, polishing and etching. The grinding was performed on P240, P400 and P600, then
polished with 2.5 W polishing paste. The samples was etched by 4% nital solution for 5 seconds
to reveal the microstructure.
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sectional layer. [10]

Figure 11 represents the cross sectional microscopic image of the laser single pass modified
layer. The complete and incomplete transformation can be seen in the figure 11. Martensite has
been formed at the rapid cooling areas. The martensite formation was incomplete in the subsurface
layer due to improper austenitization in heating. The figure 11 has four different points from 1 to
4, starting from melted zone and ending in substrate. The point 1 shows the martensite formation,
which was caused by rapid heating and cooling. The point 2 shows the transformation of uniform
lathe martensite into acicular martensite. The large acicular martensite can be observed in the HAZ
region at point 3 in the figure 10 due to high residence time at high temperature. The point 4 has
mixed microstructure of lathe bainite and martensite.

The nano hardness test showed that the laser modified layer has more hardness as compare
to the BM and decreases from the surface to the inside of melted zone. The distance of 50 pm far
from the surface showed the maximum hardness value of 6.8 GPa. The microstructure of fine lathe
martensite has the maximum value of hardness of 6.8 GPa at the distance of 50 um far from the
surface. The hardness changes were found to be consistent with the results of microstructural
analysis. The wear resistance of 55% compared with the matrix was increased by varying the laser
parameters i.e. scan speed and scan spacing.

2.13 Hardness Trend of Solidification Process [11]

Rockwell C (HRC) hardness test was conducted on the AISI 204 stainless steel pipe, which
was welded at 700 °C with a filler metal. The hardness was analyzed against different zones of
the welded pipe; base material, heat affected zone, interface and weld zone. The hardness value
has increased in the heat affected zone (HAZ) as compare to the base material. The hardness value
decreased from the interface towards the center of the weld zone.
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2.14 Effects of Grain Refinement and Microstructure on Fracture Toughness
2.14.1 Grain Refinement [12]

The fracture toughness of welded pressure vessel steel has been studied in terms of
microstructure and grain size. Different cooling rates have provided different microstructure of
welded heat affected zone. The air quenching of low temperature austenitization (LTA) specimen
was observed to show better fracture toughness due to smaller grains size as compared with the
base metal.

g
201

Figure 12: Microstructure of Steel a) untreated steel b) LTA 925 [12]

Figure 12 shows the microstructure of Steel. The untreated steel is shown in (a) and low
temperature austenitization (LTA) at 925 °C in (b) of the figure 12. The refinement of grain size
in order of 19-28 um was observed at the austenization of 975 °C as compare to the grain size of
untreated material of 42 um. The LTA at 975 °C showed higher toughness (¢) of 0.264 mm as
compare to the fracture toughness (8c) of the base material of 0.187 mm.

2.14.2 Microstructural Changes

2.14.2.1 Ferrite and Pearlite [13]

The microstructure of ferrite has body centered cubic (alpha) iron morphology in iron
alloys like steel. The alpha ferrite is formed by cooling of austenite at slow rate, which rejects the
carbon by diffusion. It is formed at the temperature range of 900°C to 723°C and is clearly visible
at the room temperature. The delta ferrite is the form of iron, which is formed at high temperatures.
The delta ferrite can only be retained at room temperature in highly alloyed steels.

The pearlite microstructure is formed at slow cooling of iron alloys in the temperature
range of 1150 °C —723 °C. It has been observed to contain ferrite and cementite (FesC). The ferrite
and cementite grows during cooling of decomposing austenite through carbon atoms diffusion.
The carbon separates as FesC between ferrite layers to form pearlite structure.
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Figure 13: Alpha Ferrite (F) and
Pearlite (P) [13]

Figure 13 shows the microstructure of iron carbon alloy with alpha ferrite and pearlite. The
carbon solubility in iron decreases on cooling from austenite. The slow cooling results in carbide
formation while fast cooling would trap the carbon in the crystal lattice.

2.14.2.2 Martensite [13]

The metastable martensite microstructure is formed in the steels, when austenite is cooled
rapidly. The carbon is trapped in the crystalline ferrite, which increases hardness of the
microstructure. There was no diffusion of carbon atoms in martensitic formation. The martensite
start temperature could have a range from 500°C to below room temperature. The range of
martensite start temperature to finish temperature is typically 150 °C for low carbon steels.

Figure 14: Martensite

Microstructure [13]

Figure 14 shows the microstructure of martensite. The block and packet size of martensite
controls the toughness and strength of the martensitic steel. The refinement of austenite grain size
decreases the packets and block sizes of martensite, which improves the toughness of the material.
Another method to reduce the packet and block size is used to decrease the cooling rate
encouraging the partial formation of bainite before martensite transformation. The refinement of
grains leads to better microstructural toughness [12, 14].
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2.14.2.3 Bainite [13]

The microstructure of bainite is been formed in between the temperature of formation of
ferrite and martensite from austenite. It has two types; upper bainite and lower bainite. Upper
bainite is formed at the temperature range of 550 °C — 400 °C. The fine bainite laths are observed
in the low carbon steels, which were formed due to shear at austenite grain boundaries. The carbon
is pushed in the austenite surrounded by bainitic ferrite laths due to low solubility of carbon in
bainitic ferrite. The high concentration of carbon in austenite nucleates the cementite particles at
austenite/ferrite interface.

The microstructure is known as feathery bainite due to its pearlite like appearance. Lower
bainite is formed at the temperature range of 400 °C — 250 °C. The carbon composition in steel
defines the temperature of upper and lower bainite formation. It nucleates by partial shear like
upper bainite. There is short range diffusion of carbon atoms, which give way to carbide formation
50 — 60° longitudinal to main lath adjacent with bainitic ferrite. The lower bainite appeared like
martensitic structure.
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Figure 15: Mictrostructure of Bainite a) Upper Bainite b) Lower Bainite

[13]

Figure 15 shows the bainitic microstructure of upper bainite in part (a) and lower bainite
in part (b). The bainite microstructure has packets of parallel plates [15]. The high density of high
angled boundaries of bainite were observed to show good microstructural toughness [16]. The high
angled boundaries are an obstacle for a cleavage crack to propagate, forcing the crack to change
its microscopic plane of propagation to adjust new crystals [17].

Fracture toughness is an essential property of materials, which indicates the capacity of
absorbing strain energy of a material before fracture. The high resistance to crack propagation can
be achieved by high toughness of a material. The refined grain size and reduced quantity of
intermetallic particles at the grain boundaries is observed to improve the fracture toughness of the
metal alloys [18, 19].
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CHAPTER 3: EXPERIMENTATION AND METHODOLOGY

3.1 Material

The material used in the present research was hot rolled carbon steel plate, which conforms
to the ASTM standard A516/A516M Grade 70. This steel was mostly used for manufacturing of
pressure vessels and boilers [20]. The material was tested and had following chemical composition
and mechanical properties:

Table 1: Chemical Composition (in wt. %)

C (%)

Mn (%)

P (%) | S (%)

Si (%)

Cr (%)

Ni (%)

Mo (%0)

Cu (%)

0.16

0.84

0.024 |0.014

0.05

0.35

0.002

0.01

0.007

Table 2: Mechanical Properties [20]

Yield Strength
(MPa)

(MPa)

Ultimate Tensile Strength

Elongation (%) in
2in. (50mm)

260

550

21

3.2 Terminologies

The following terminologies are used in the research:

Table 3: Attributes and Terminologies

Attributes Terminologies
Base Material BM

Heat Affected Zone HAZ

Melt Pool MP

Energy Density ED/E.D

Defocus DF/D.F
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3.3 Laser Remelting

The Solid State laser; Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) Laser was
used for the remelting of a material.

I Flashtube I
Fully
reflecting Partially
mirror reflecting

mirror 74

\ OIS
NSNS
'i : : ( / Laser output

Active medium
(Nd:YAG crystal)

Figure 16: The Schematic of Nd:YAG Laser [21]

Figure 16 shows the schematic of Nd:Y AG laser. It shows three main components; energy
source, active/laser medium and optical resonator [21]. The energy source was to supply energy
to the active medium by flashtube or laser diodes. The active medium in the laser was Nd:YAG
crystal. The optical resonator was consisted of two mirror; fully silvered and partially silvered.
The fully silvered mirror completely reflected the light. The partially silvered mirror partially
reflected the light but some light passed through it to produce laser beam.

The Nd:YAG laser was used to produce scan lines on the material having different
parameters. The basic parameters varied in the laser scans were defocusing of laser and laser
energy density of a laser. The defocusing was varied to find the focus point of the laser by
analyzing the melt pool depth and kerf width. The laser energy density was varied at focus point
of the laser to analyze the melt pool depth and kerf width.

laser power (J/s)

L E D it 3) = 1
aser Energy Density (J/mm®) laser spot size (mm) X scan speed (mm/s) L)

Equation 1 shows the equation of laser energy density [22]. It has a direct relation with the
laser average power and inverse relation with the laser spot size and scan speed. The scan speed
was varied by keeping laser spot size and average power constant to vary the laser energy density
The laser scans were made on the material by keeping energy density constant and changing the
defocus of the laser then laser scans were made on the material by keeping the defocus constant at
the focus point and changing the laser energy density.
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3.3.1 Design of Experiment (DOE)

Table 4: Design of Experiment (DOE)

Sg_ Enez\g]:]/)r/n[r)ne?);lsny Defocus (mm)

1 300 0

2 300 2

3 300 4

4 300 8

5 300 10

6 75 2

7 150 2

8 300 2

9 600 2

3.3.2 Laser Scans

§
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Figure 17: Laser Remelting Scans on a Steel Plate

Figure 17 represents the laser remelting scans on a 8mm thick steel plate of
(136mmX48mm) size. There were total of nine laser scans. The first five scans from left to right
in the figure 17 were performed by keeping the energy density constant at 300 J/mm?® while
changing the defocus of the laser beam. The next four scans in the figure 17 were performed by
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keeping defocus constant at 2mm while changing the energy density of the laser beam. The melt
pool depth, kerf width and effect of laser parameters on the microstructure are discussed later.

3.4 EDM Wire Cutting

The steel plate with laser scans was cut into samples by EDM wire cutting. The cutting was
done in such a way that the heat affected zone created by EDM cutting did not affect the heat
affected zone generated by laser re-melting. This can be confirmed later in the microstructural
analysis of the laser treated samples.

The program was fed in the control unit of the machine to cut the rectangular samples from
the steel plate. The wire of diameter 0.18mm was used to cut these samples. The total of 9 samples
were cut through the plate. The dielectric fluid was directed at tool and workpiece which helped
in initiating electric spark and also worked as a coolant for workpiece and wire.

Figure 18: EDM Wire Cutting Machine [23]

Figure 18 shows the EDM wire cutting machine used in the cutting process. There is a
control unit on the left in the figure 18 which was used to feed the program for cutting and to
control the motion of the machine’s bed along x and y-axis. The unit on the right side of the figure
18 consists of servo mechanism, bed for workpiece and tool containing mechanism. The servo
mechanism was controlled by control unit to control cutting current, feed rate and wire speed. The
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workpiece was manually loaded on the bed. The program was fed on the control unit to control the
movement of the bed during the cutting process. The conducting wire was used as a tool for the
removal of material by electric spark.

Figure 19: EDM Wire Cut Samples

Figure 19 shows the laser treated samples cut from the steel plate by EDM wire cutting.
These samples were cut to do the microstructural analysis and observed the effects of laser re-
melting on the microstructure of the samples.
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3.5 Mounting

The samples cut by EDM wire cutting were mounted by hydropress automatic mounting.
These mounted samples were fed into automatic grinding and polishing machine for grinding and
polishing of samples to reduce surface roughness.

The conductive Bakelite powder was used to mount the samples in hydro-press. The side
which needed to be analyzed was kept on top when placing the sample on the circular plate of the
hydro-press. The machine was run for approximately 30-40 minutes to mount one sample.

LI HYDROPRESS

AUTOMATIC MOUNTING PRESS
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Figure 20: Automatic Mounting Hydropress Machine

Figure 20 shows the Automatic Mounting Hydropress Machine. The display in the figure 21
shows the conditions which were used for the mounting of the samples. The sample was placed on
the circular piston of the hydropress and the mounting material was poured onto it in the powder
form. The hydropress used the hydraulic pistons to compact that powdered mounting material into
a solid form disc with a sample mounted inside it.
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Figure 21: Mounted Polished Sample

Figure 21 shows the mounted material disc in which material is mounted inside the solid
bakelite disc through Automatic Mounting Press. The shiny surface of the disc was due to the
polishing of the mounted material which is discussed later in the methodology.

3.6 Grinding and Polishing

The grinding and polishing of the mounted material was done to refine the surface by
reducing the surface roughness. These processes were performed to analyze the microstructure of
the polished material and to analyze the laser re-melting details.

The automatic grinding and polishing machine was used for grinding and polishing
purposes. It contained one movable head, two disc plates and a display. The movable head was
controlled by an air compressor through display. The head contained piston and a rotatable plate
with four slots for mounting material. The four pistons above the slots were used to apply the
pressure individually on each mounted material disc.

The grinding and polishing papers were fixed manually on the circular rotatable lower disc
plate. The display was to control the machine. The speed and rotation of head and plate, time of
process, force applied and fluid jet were all controlled by the display.
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Figure 22: Automatic Grnding and Polishing Machine a) Grinding Process b) Display

c)Polishing

Figure 22 shows the automatic grinding and Polishing Machine. The figure 22, part (a)
shows the process of grinding, part (b) shows the display during grinding process and part (c)
shows the polishing paper fixed on the rotating plate. The diamond suspension paste of 1um
roughness can be seen at the part (c) of the figure 22.

The FEPA P standard grinding papers were used from P800 to P4000 for grinding to reduce
the surface roughness of the mounted samples. The grinding paper of P800 was used first as its
grains were rough to remove the roughed surface of the EDM cut material. The grains became
finer from P800 to P4000. The P4000 was the finest grinding paper used to fine the surface of
mounted material.

The polishing process started with fixing a polishing paper on the plate and pouring a
diamond suspension of 1um roughness on the paper, then 0.5um roughness Alumina solution on
the same paper. The paper was then changed and polishing was performed at 0.1um roughness
Alumina Solution and at 50nm roughness Alumina Solution. The final surface roughness of the
mounted material was 50nm after finishing the polishing process.
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Figure 23: Polished Sample

Figure 23 shows the final polished sample. It was polished at 50nm surface roughness.

3.7 Etching [24]

The etching was a technique in metallography that was used to reveal the microstructure
of a specimen under optical microscope. A polished specimen did not reveal its microstructure
because the light was uniformly reflected in the optical microscope. The image contrast was
produced by etching. Metallurgy contrasting methods included electrochemical, optical and
physical etching techniques.

The chemical etching was used to reveal the microstructure of the samples. The most
commonly used etchant for steels is Nital solution. The 2% Nital solution was prepared for etching.

Figure 24: Etched Surface of the Sample
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The cotton was used to apply the etchant on each sample for 5-8 seconds. The shape of melt pool
created by laser remelting became visible after the process of etching. Figure 24 shows the etched
surface of the laser processed sample after applying 2% Nital etchant on its surface.

3.8 Optical Microscopy

It was an important tool to study the microstructure of the material. There was a limit on
the size of a material that can be study depending upon the capacity of the microscope tray and its
movement. The optical microscope had different magnifications to analyze the microstructure. The
camera can be used on microscope to capture the images of the microstructure. It was also
convenient to connect it to a computer to see the microscopic image on the computer display.

The polarized light microscope was used to analyze and take the images of the
microstructure of the etched samples. The images were taken on different magnifications
depending upon the study of the area. The polarized light optical microscope was used to have a
better color combination than normal optical microscope. The most images taken were on the
magnification of 200x or 50x including the magnification of the viewing lens.

z Fiom A S
Figure 25 Polarized Light Optical Microscop
Image at 50x

Figure 25 shows the polarized light optical microscopic image of a laser treated sample at
50x magnification. It shows the base material (BM), heat affected zone (HAZ), solidified melt
pool (MP) and a scale for measurement. The microstructure was clear after etching for the study
of laser treated sample. The magnification can also be increased to have a closer view of the sample
depending about the lenses available for the microscope.
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3.9 Nano-Hardness

The iMicro Nanoindenter of NANOMECHANICS, INC. has been used to analyze the nano
hardness of the samples in three different areas; base material (BM), heat affected zone (HAZ) and
melt pool (MP). It was capable of applying electromagnetic load of maximum 1000mN with a
resolution of 6nN and less than 200nN of ultra low noise floors. It was capable of producing
frequencies ranges from 0.1 Hz to 1 kHz. The sample movement of 100mm, 100mm and 25mm
was achieved at the sample stage in x, y and z direction respectively [7].

The nano hardness machine was used to analyze the nano hardness of the sample in three
different areas; base material (BM), heat affected zone (HAZ) and melt pool (MP). The laser
remelting produced the changes in the microstructure as well as in the mechanical properties of
the sample. The change in the hardness of the sample was analyzed through the nano hardness
machine. The nano hardness machine was capable of performing a hardness test on a material with
a maximum thickness of 10mm.

(b)
Figure 26: Nano Hardness Machine a) Machine with Display b) Machine Mechanism

Figure 26 shows the images of Nano hardness machine in which part (a) shows outer image
of the machine and part (b) shows the inside mechanism of the machine. The Nano hardness
machine was connected to the computer to feed the input and also obtain the output.

The Nano hardness machine was used under the control load mode. The load was
predetermined to be 100mN to avoid indenting only one phase of the microstructure of steel, which
happened at the load of 10mN [26]. The Poisson’s ratio was set to be 0.29 [27]. The indentations
were programmed to be performed in a straight line starting from base material and ending in melt
pool area.

The output was an optical microscopic image of 500x magnification of the indentations on the
sample. It also displayed the data of load, depth of penetration, drift rate, average Nano hardness
value and average elastic modulus value of each indent. The temperature and humidity was also
mentioned in the output. The hardness trend in the different areas of the laser processed sample
was analyzed later.
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3.10 Micro Hardness

The WOLPERT Vickers micro hardness tester 402 MVD was used which integrated a
sophisticated precision mechanism and a photoelectrical computer software system. It was
designed to test the structure of tiny or minute metal parts, thin plates, metallic foil, high quality
cord, thin hardening layers and electroplated layers. The indenter had pyramid shape with a face
angle of 136° and the depth of the indentation was about 1/7 of its diagonal length [28].

The diamond pyramid shape micro indenter was used to apply the continuous
predetermined force of 980mN or .98N onto the samples for 5 seconds. The micro hardness in
Vickers scale (HV) was obtained by measuring the diagonals length of the indentation and
inputting it into the integrated calculator. The size of the indent was important in measuring the
hardness value.

The short sized indent gave the high value of hardness as the indenter was not able to
penetrate deep into the material as compare to the large sized indent. The 400x magnification
including the magnification of the viewing lens was used to measure the size of the indent which
gave the value of hardness in HV scale.

Figure 27: Micro hardness tester 402

MVD

Figure 27 shows the Micro hardness tester 402 MVD which was used for obtaining the
micro hardness values in HV scale. It was operated on control load mode in which load was
predetermined and fed to the tester. The load ranges from 98mN to 9.8N. The load was controlled
automatically. The Dwell time ranges from 5 to 99 sec. The tester was operated on HV test mode.
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CHAPTER 4: RESULTS AND DISCUSSION:

4.1 Effects of Laser Scans on the Surface of the Material (ED = 300 J/mm?® and
Different Defocuses):

Figure 28 shows five samples with laser scan having constant energy density of 300 J/mm?
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Figure 28: The laser scan on steel samples having Energy Density of 300 J/mm?® and; a) D.F =0
mm, b) D.F = 2mm, c¢) D.F = 4mm, d) D.F = 8mm, ¢) D.F = 10mm

and different defocuses of the laser beam. The part (a) shows the surface of the sample at Omm
defocus, part (b) at 2mm defocus, part (c) at 4mm, part (d) at 8mm defocus and part (e) at 20mm
of defocus. The different defocusing produced different shapes of the surface of the solidified
material. The part (b) can be seen to have a lowest kerf width of all other laser scans and proved
to be a focus point of a laser. The part (d) and (e) show the similar visual surface. The only
difference that can be seen in the surfaces of part (d) and part (e) is of kerf width. The part (e)
seems to have more kerf width than part (d). The kerf width increased as the defocus distance was
increased from the focus point in both direction.
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4.2 Effect of Defocusing of Laser Beam on Melt Pool Depth and Kerf Width
at E.D = 300J/mm?:

Defocus vs Melt Pool Depth and Kerf Width at E.D = 300J/mm?3
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Figure 29: Melt pool depth and kerf width curves with defocusing of laser beam

Figure 29 shows the graph of five samples with different defocus of laser beam but same
energy density. The graph is displayed as melt pool depth vs defocus and kerf width vs defocus.
The x-axis represents defocus of a laser beam. The y-axis has two different axis; primary and
secondary axis. The primary y-axis represents melt pool depth and is on the left side in the figure
29. The secondary y-axis represents kerf width and on the right side in the figure 30.

The figure 29 shows the defocusing effect of laser beam at constant laser energy density
on melt pool depth and kerf width. The laser beam energy density was kept constant at 300 J/mm?
by keeping spot size, scan speed and average power constant. The maximum melt pool depth and
minimum kerf width was achieved at the focus point of the laser beam. The laser beam was focused
at defocus of 2mm because it provided the maximum melt pool depth and minimum kerf width as
compare to the other defocus points.

The melt pool depth decreased and kerf width increased as the laser beam defocusing
distance increased on the both side of the focus point of 2mm. The another noticeable point in the
figure 29 was that the melt pool depth became constant after certain value of defocusing which is
8mm in this case. The value of melt pool depth at defocus of 8mm and 10mm was the same.
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4.3 Melt Pool Depth (E.D = 300J/mm? and Different Defocuses):

(b)

(d) (e)
Figure 30: Melt pool depth at defocus of a) Omm b) 2mm c) 4mm d) 8mm e) 10mm

Figure 30 shows the melt pool depth of the five samples at different defocus but same energy
density of the laser beam. The part (b) at defocus of 2mm gave the maximum depth of melt pool
as compare to part (a), (c), (d) and part (e). It showed the focus point of the laser beam. The melt
pool depth decreased as the laser defocus distance increased and became constant after the certain
value of defocusing which is 8mm. The melt pool depth of part (d) and part (e) in the figure 30
was the same. The melt pool depth after certain defocus distance was observed to be constant.
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4.4 Kerf Width (E.D = 300J/mm? and Different Defocuses):

(b)

(d)

Figure 31: Kerf Width at defocus of a) 0Omm b) 2mm c¢) 4mm d) 8mm €) 10mm

Figure 31 shows the kerf width of the five samples under the condition of constant energy
density of 300 J/Jmm?® but different defocuses of laser beam. The minimum kerf can be seen in the
part (b) as compare to the part (a), (c), (d) and part () which showed that the laser beam was
focused at part (b). The variation of kerf width can be seen in the figure 31. The maximum kerf
width can be seen in part (e). The difference of kerf width in part (d) and (e) can be observed low.
The kerf width was expected to become constant after a certain value of defocus distance while
keeping energy density constant.
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4.5 Effects of Laser Scans on the Surface of a Material (Different ED but Constant
Defocus of 2mm):
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Figure 32: Laser scans on steel sample having defocus of 2mm and; a) E.D = 75 J/Jmm?3, b)
E.D =150 J/mmd, ¢) E.D = 300 J/mm?, d) E.D = 600 J/mm?®

Figure 32 shows four different laser scan surfaces having different scan speed and energy
density. The gap between laser contact points on a material in part (a) of the figure 32 shows the
high scan speed that the laser was unable to process the whole material. The gap was removed in
part (b) by reducing the scan speed to fully process the material. The overlapping of contact points
of laser in part (c) shows the further reduction in scan speed as compare to part (a) and part (b).
The balling affect was produced in part (d), the laser scan below the balling affect is uniformly
processed into the material. The decrease in scan speed increased the energy density. At higher
energy densities, the laser beam had more time to penetrate into the material thus increasing the
depth of penetration/melt pool and kerf width.
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4.6 Effect of Energy Density on Melt Pool Depth and Kerf Width at
Defocusing of 2mm:

Energy Density vs Melt Pool Depth and Kerf Width at defocus =

2mm
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Figure 33: Melt pool depth and kerf width curves with varying energy densities
Figure 33 shows the graph of five samples with same defocus of 2mm but different energy
densities of the laser beam. The graph is displayed as melt pool depth vs energy density and kerf
width vs energy density. The x-axis represents energy density and four different energy densities
were used to analyze their effect on melt pool depth and kerf width. The y-axis is divided into two
axis; primary and secondary axis. The primary y-axis on the left in the figure 33 represents the
melt pool depth and secondary y-axis on the right in the figure 33 represents the kerf width.

The graph in the figure 33 shows the energy density effect on the depth of penetration/melt
pool depth and kerf width. The energy density was varied by changing scan speed while keeping
the laser spot size and average power constant. The focused beam was used to get the maximum
depth of penetration at different energy densities. The focus point was at 2mm defocus as described
in the figure 29. The direct relationship can be seen of energy density with melt pool depth and
kerf width.

The maximum depth of melt pool and kerf width was achieved at the maximum energy
density. The depth of melt pool and kerf width can be increased by increasing the energy density
of a focused laser beam. The melt pool depth and kerf width increased rapidly in the beginning as
compare to the later part of the graph in the figure 33. It can be concluded that after certain energy
density value, the increase in melt pool depth and kerf width was expected to be insignificant.

The sample 2 of the figure 29 and sample 3 of the figure 33 had same laser parameters as
energy density of 300 JJmm? and defocus of 2mm but showed different melt pool depth and kerf
width. The difference in melt pool depth of these samples occurred due to the porosity defect. It
increased the melt pool depth in the sample 2 of the figure 29 as compare to the sample 3 of the
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figure 33. The difference in the kerf width of both samples was in microns and considered to be
insignificant.

4.7 Melt Pool Depth (D.F = 2mm and Different E.D):

(b)

(d)

Figure 34: Melt pool depth at defocus of 2mm and energy density of a) 75

J/mm® b) 150 J/mm?3 ¢) 300 J/mm?3 d) 600 J/mm?

Figure 34 shows the melt pool depth of laser treated samples with different energy densities
but constant defocus of 2mm. The direct relation can be seen of energy density with melt pool
depth. The increase in energy density resulted in increase of melt pool depth. The maximum melt
pool depth can be seen in part (d) when energy density was kept at 600 J/mm? and minimum depth
was observed at the energy density of 75 J/mm?.
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4.8 Kerf Width (D.F = 2mm and Different E.D):

(b)

(d)

Figure 35: Kerf width at defocus of 2mm and energy density of a) 75 J/mm? b)

150 J/mm3 ¢) 300 J/mm? d) 600 J/mm?®

Figure 35 shows the kerf width of the samples at constant defocus of 2mm but different
energy densities. The minimum kerf width can be seen in part (a), when energy density was low.
The maximum kerf width cab be observed at the maximum energy density. The linear relationship
can be seen between energy densities with kerf width in the figure 33. The difference in kerf width
of part (a) and part (b) was high as compare to the difference of part (b) and part (c) or part (c) and
part (d). The difference of kerf width in part (c) and part (d) was low. The energy densities were
observed to have a considerable effect on kerf width up to a limit, after which the effect was not
expected to be prominent.
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4.9 Micro hardness vs Nano hardness:

4.10 Graph with ED = 300 J/mm? but different defocus:
4.10.1 Sample 1 (DF = 0mm, ED = 300 J/mm?):

Sample 1: Nano Hardness (GPa) vs Indentation Points
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Figure 36: Nano hardness of laser treated sample having ED = 300 J/mm? and defocus of Omm

Sample 1: Micro Hardness (HV) vs Indentation Points
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Figure 37: Micro hardness of laser treated sample having ED - 300 J/mm? and defocus of 0mm

Figure 36 shows a graph between nano hardness and indentation points. The y-axis shows
the nano hardness in GPa and x-axis shows the number of indentation points. The graph was
divided into three areas; BM, HAZ and MP. The nano-indenter was programmed to take 12 indents
in such a way that first indent was taken in BM and the last indent inside MP. The first 7 indentation
points of nano-hardness lied in BM, next 2 points in HAZ and last 3 points in MP.
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Figure 37 is similar to the figure 36 except it has micro hardness (HV) instead of nano-hardness
on y-axis. The starting position of the micro hardness indenter was different from the nano-
hardness indenter. That was the reason that the three areas in the figure 37 were shifted to a slight
left as compare to the areas in the figure 36. The first 6 micro hardness indentation points lied in
BM, next 2 points in HAZ and last 4 points in MP.

The overall trend of the hardness in figure 36 and figure 37 was the same. The change in the
hardness of the BM area was very small and was considered insignificant. The hardness value
increased significantly inside HAZ area. The maximum hardness can be observed at the interface
of HAZ and MP. The MP had high hardness near its interface with HAZ because of the high
cooling rate. The MP near its interface with HAZ had interaction with the solid phase thus
increased the cooling rates near its interface. The center of the MP had the low value of hardness.
It was because of the slow cooling at the center of the MP. The trend of hardness can be observed
to be similar in solidification process of welded material [12].
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4.10.1.1 Optical Microscopy:
(a) (b)
(c) (d)
Figure 38: Microstructure of Laser treated Sample a) BM, HAZ, MP b) BM ¢) HAZ, MP d)MP

The figure 38 shows the micro-structure of the laser treated sample having ED of 300
JImm?3 and defocus of 0 mm. The figure 38, part (a) shows the microstructure of BM, HAZ and
MP, part (b) shows the microstructure of BM which consisted of ferrite pearlite microstructure,
further more pearlite was a mixture of two phases; ferrite and cementite [29], part (c) shows the
microstructure of HAZ which was the same as of BM except have smaller grain size and part (d)
shows the microstructure of MP which was the combination of martensite, bainite and fine pearlite
[29].

The BM microstructure had larger grain size as compare to the grain size in HAZ area and
can be visualized in the figure 38, part (a). The larger grains showed low toughness and smaller
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grains showed high toughness [13], which implies HAZ had more toughness as compare to the
BM. The microstructure of MP was a combination of martensite, bainite and fine pearlite ferrite
microstructure depending upon the cooling rate [29]. The fast cooling rate from austenite resulted
in the formation of martensite in steels and cooling rate slower than that for martensite formation
and faster than that for fine pearlite ferrite formation resulted in the formation of bainite
microstructure [14].

The fine pearlite ferrite microstructure was a grain refinement process which was expected
to increase the toughness of the steel [30]. The formation of high angled boundaries bainite packet
[16] in the microstructure led to good toughness. The refinement of the austenite grain size and
rapid cooling rate decreased the formed martensite packets size which was expected to improve
the toughness of the sample [15].

Fracture toughness was an essential property of a material, indicating the strain energy
absorbing ability of a material prior to fracture. The higher fracture toughness showed the higher
resistance of material towards crack propagation. This resistance increased the stress cycles to
failure of a material. In other words, it prevented the crack propagation and increased fatigue life
of a material [19].
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4.10.2 Sample 2 (DF = 2mm, ED = 300 J/mm?®):

Sample 2: Nano Hardness (GPa) vs Indentation Points
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Figure 39: Nano Hardness of laser treated sample having Ed - 300 J/mm? and defocus of 2mm
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Figure 40: Micro Hardness of Laser treated sample having ED = 300 J/mm? and defocus of

2mm

Figure 39 is similar to the figure 36 except the indentation points taken were total of 15
points. The indenter initial position was fixed in such a way that the first 10 points lied in BM,
next 2 in HAZ and last 3 in MP.
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Figure 40 is similar to figure 37 except total points of indentations were 16 in the figure
40. The starting of position of the micro hardness indenter in the figure 40 was different as compare
to the starting position of nano hardness indenter in the figure 39. The difference between both
figures was total number of indentation points and their distribution in three areas of the processed
material i.e. BM, HAZ and MP. The first 6 points lied in BM, next 2 in HAZ and last 8 in the MP.
The three areas in the figure 40 were shifted towards left as compare to the areas position in the
figure 39 because of the different starting position of the measurements.

The overall trend of the hardness in figure 39 and figure 40 was same as the hardness in
the BM was considered constant due to the low variation in hardness values, the abrupt increase
in hardness was observed as the indentations were taken in HAZ. The hardness values were high
in MP near the interface of the HAZ and MP as compare to the hardness values at the center of the
MP. The maximum hardness can be observed at the interface of HAZ and MP. The high values of
hardness in MP near its interface with HAZ was because of the rapid cooling rate and it was due
to its interaction with the solid phase. The low cooling rates at the center of the MP gave low
values of hardness. The solidification process agreed with the curves of both figures mentioned
above [12].
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4.10.2.1 Optical Microscopy:
(a) (b)
© (d)

Figure 41: Microstructure of Laser treated sample a) BM, HAZ, MP b) BM c)HAZ, MP, Hole
d)MP

Figure 41 is similar to the figure 38. It shows the microstructure of laser treated sample
having ED of 300 J/mm? and defocus of 2mm. The part (a) shows the BM, HAZ and MP, part (b)
shows the BM, part (c) shows the HAZ, MP and porosity defect and part (d) shows the MP. The
microstructure of BM, HAZ and MP in the figure 41 was similar to that of the figure 38. The
percentage of martensite, bainite and fine pearlite ferrite in the MP of the figure 41 was expected
to be different than that of the figure 38. The toughness in the MP and HAZ of this sample was
expected to increase similar to the figure 38. The crack resistance was also expected to increase
due to improved toughness of laser treated area.
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Sample 3 (DF = 4mm, ED = 300 J/mm?®):

Sample 3: Nano Hardness (GPa) vs Indentation Points

9
g BM HAZ i MP
2 I

—_ 7 P 5 - h a
(¢} & b - -+ M
& 6 (0 b 4 .s
9 —_
2 > B
2 4
2
:(EB 3

2

1

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

| Hardness (Gpa)| 2.5 [2.67|3.34(292(398| 6.3 |6.58(6.79|7.82|6.42(7.02|6.84|5.39]| 6.4 5

Indentation Points

Figure 42: Nano Hardness of laser treated sample having ED = 300 J/Jmm? and defocus of 4mm
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Figure 43: Micro hardness of laser treated sample having ED = 300 J/mm? and defocus of 4mm

Figure 42 is similar to the figure 36 except the total indentation points taken in the figure
42 is 15. The first 5 points were taken in BM, next 4 in HAZ and last 6 inside MP.

Figure 43 is similar to the figure 37 except the total indentation points were 10 in the figure
43. The starting position of micro indenter was different as compare to the starting position of nano
indenter in the figure 42. The size of the micro indenter was big as compare to the size of the nano
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indenter. It increased the number of indentation points taken in HAZ by nano hardness indenter as
compare to the points in HAZ by micro hardness indenter.

The overall hardness trend in the figure 42 and 43 was the same. The BM showed the
constant value of hardness considering low fluctuation insignificant. The hardness increased in the
HAZ abruptly and had the maximum value at the interface of the HAZ and MP. The MP area near
to its interface with HAZ showed high hardness because of the rapid cooling rate at that area which
was due to its interaction with solid phase. The center of the MP had low hardness because of the
low cooling rate. The overall hardness trend in solidification process followed the same hardness
trend as mentioned in the figure 42 and 43 above [12].
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4.10.2.2 Optical Microscopy:
(a) (b)
(©) (d)

Figure 44: Microstructure of laser treated sample a) BM, HAZ & MP b) BM ¢) HAZ & MP d)
MP

Figure 44 represents the microstructure of laser treated sample having ED of 300 J/mm?
and defocus of 4mm. It is similar to the figure 38 except the percentage of martensite, bainite and
fine pearlite ferrite microstructure In MP was different as that of the figure 44, part (d). The
toughness of the MP in the figure 44 was expected to increase due to the grain refinement in MP
similar to that of the figure 38. The increased toughness results in better fatigue resistance or
fatigue life which was expected to prevent the crack from propagation.
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4.10.3 Sample 4 (DF = 8mm, ED = 300 J/mm?):

Sample 4: Nano Hardness (GPa) vs Indentation Points
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Figure 45: Nano hardness of laser treated sample having ED = 300 J/mm? and defocus of 8mm
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Figure 46: Micro hardness of laser treated sample having ED = 300 J/mm3 and defocus of 8mm

Figure 45 is similar to the figure 36. The difference between both figures was between the
distributions of indentation points into three areas; BM, HAZ and MP. The first 4 point lied in the
BM, next 3 in HAZ and last 5 in MP.

Figure 46 is similar to the figure 37 except the total indentation points taken in the figure
46 was 8. The first 4 points lied in BM, next 3 in HAZ and last 1 in MP.
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The overall trend of hardness in the figure 45 and 46 were the same. The hardness value in
BM was considered constant due to insignificant fluctuations in hardness values in BM. The
hardness value changed significantly in HAZ area and the maximum value of hardness was
observed at the interface of the HAZ and MP. The indentation points in MP which were near the
interface of MP and HAZ showed high hardness value because of the rapid cooling due to its
interaction with solid phase. The center of MP had low hardness value due to slow cooling. The
overall trend of hardness followed the solidification process hardness trend [12].
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4.10.3.1 Optical Microscopy:

(@) (b)

(c) (d)
Figure 47: Microstructure of laser treated sample a) BM, HAZ & MP b) BM ¢) HAZ & MP d)

MP
Figure 47 represents the microstructure of laser treated sample having ED of 300 J/mm?®

and defocus of 8mm. It is similar to the figure 38 except the percentage of martensite, bainite and
fine pearlite ferrite microstructure in MP was different. This can be visualized in the figure 47.
The toughness has increased as the grain was refined in the MP area similar to that of the figure
38. The higher the toughness, the higher the material was expected to resist the crack propagation.
This was expected to improve the fatigue life of the sample.
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4.10.4 Sample 5 (DF = 10mm, ED = 300 J/mm?):

Sample 5: Nano Hardness (GPa) vs Indentation Points
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Figure 48: Nano hardness of laser treated sample having ED = 300 J/Jmm? and defocus of 10mm
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Figure 49: Micro hardness of laser treated sample having ED = 300 J/mm? and defocus of 10mm

Figure 48 is similar to the figure 36 except total indentation points taken in the figure 48

were 13, one more than in the figure 36. The first 4 points lied in BM, next 4 in HAZ and last 5 in
MP.

Figure 49 is similar to the figure 37 except total indentation points taken in the figure 49
were 8 due to decrease in depth of MP in the figure 50 as compare to its depth in the figure 37.
The first 5 points lied in the BM, next 2 in HAZ and last 1 in MP. There was only one point in MP
because of low depth of MP and larger indentation size of micro indenter.
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The overall hardness trend in the figure 48 and 49 was similar, the difference between both
figures was of total indentation points and it was because of the indenter size difference in micro
indenter and nano indenter. The BM in both figures showed constant value of hardness considering
low fluctuation in hardness as insignificant in BM. The hardness value increased significantly in
HAZ area. The interface of HAZ and MP had high value of hardness as compare to the center of
the MP where cooling rate was lower than that of cooling rate at the interface. The high value of
hardness in MP near its interface with HAZ showed the material cooled rapidly there because of
its interaction with solid phase. The hardness trend in the solidification process was similar to the
hardness trend in the figure 48 and 49 [12].
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4.10.4.1 Optical Microscopy:

(@) (b)

(c) (d)
Figure 50: Microstructure of laser treated sample a) BM, HAZ & MP, b) BM c¢) HAZ & MP d)

Figure 50 shows the microstructure of Igger treated sample having ED of 300 J/mm? and
defocus of 10mm. It was similar to the figure 39 in which HAZ and MP had grain refinement
which was expected to increase the toughness of the HAZ and MP. The improved toughness was
expected to increase the resistance to crack propagation of the analyzed sample. The improved
toughness of the sample in HAZ and MP was expected to improve the fatigue life of the sample.
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4.11 Graph with different ED but same defocus of 2mm:
4.11.1 Sample 1 (ED = 75 J/mm3, DF = 2mm):
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Figure 51: Nano hardness of laser treated sample having ED = 75 J/Jmm? and defocus of 2mm
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Figure 52: Micro hardness of laser treated sample having ED = 75 J/mm? and defocus of 2mm

Figure 51 is similar to the figure 36 except the total number of indentation points in the
figure 51 were 8. The MP was considered to be insignificant because of its low depth. There were

only two areas in the figure 51; BM and HAZ. The first 6 indents were made on BM and next 2
on HAZ
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Figure 52 is similar to the figure 38 except the number of indentations. The figure 52 had
total 7 number of indentation points in which first 6 lied in BM and next 1 in HAZ. There was no
indentation in MP because its depth was insignificant to make a micro indent in it.

The overall trend of hardness in the figure 51 and figure 52 was same. The hardness values
in BM were considered constant due to insignificant fluctuations in the values. The significant
change in value of hardness was observed in the HAZ area and reached its maximum value at the
interface of HAZ and MP. The hardness in the MP was not captured due to low depth of MP. The
micro indenter and nano indenter slipped at the MP and was at the risk of breakage so the
measurement was stopped. The trend of hardness in the figure 51 and 52 followed the hardness
trend of solidification process [12].
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4.11.1.1 Optical Microscopy:
(a) (b)
(©) (d)

Figure 53: Microstructure of laser treated sample a) BM, HAZ & MP b) BM ¢) HAZ & MP d)
MP

Figure 53 shows the microstructure of the laser treated sample having ED of 75 J/mm? and
defocus of 2mm. The MP area was very low which can be visualized in the figure 53, part d and
HAZ had more area as compare to the MP. The grain refinement can be seen visually in both HAZ
and MP which increased the toughness of the sample at those areas. The increase in toughness was
desirable to improve the crack resistance and to improve fatigue life of a sample.
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4.11.2 Sample 2 (ED = 150 J/mm?3, DF = 2mm):

Sample 2: Nano Hardness (GPa) vs Indentation Points
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Figure 54: Nano hardness of laser treated sample having ED = 150 J/mm?® and defocus of 2mm
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Figure 55: Micro hardness of laser treated sample having ED = 150 J/mm? and defocus of 2mm

Figure 54 is similar to the figure 36 except the total indentation points in the figure 54 were
14. The first 5 points were in BM, next 4 in HAZ and last 5 in MP.

Figure 55 is similar to the figure 37 except total indentation points taken in the figure 55
were 15. The first 5 points lied in BM, next 3 in HAZ and last 7 in MP.
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The overall trend of hardness in the figure 54 and 55 was similar in HAZ and MP area but
different in BM. The value of hardness in the figure 54 in BM area had large fluctuation, it was
due to nano indenter incapable of hitting both phases of the material i.e. ferrite and pearlite. The
nano indenter only made indent in harder phases to give high hardness values in BM. The micro
indenter instead captured both phases of the material to give constant value of hardness in the BM
considering low change insignificant.

The value of hardness increased in HAZ area in both the figures 54 and 55, except at one
point in the figure 54, which was due to nano indenter capturing only the hardness of softer phase.
The maximum hardness value can be observed at the interface of the HAZ and MP. The area of
MP near its interface with HAZ gave high hardness value due to rapid cooling because of its
interaction with solid phase. The center of MP showed low hardness because of the low cooling
rate which provided the time for the microstructure to be refined. The solidification process [12]
after melting followed the hardness trend in the figure 55.
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4.11.2.1 Optical Microscopy:

(a) (b)
(c) (d)

Figure 56: Microstructure of laser treated sample a) BM, HAZ & MP b) BM c¢) HAZ d) MP

Figure 56 shows the microstructure of laser treated sample having ED of 150 J/mm? and
defocus of 2mm. It was similar to the figure 38. The martensite, bainite and fine pearlite ferrite
microstructures were present in MP depending upon the cooling rates. The percentage of these
microstructure in the MP was different from the figure 38. The microstructure in the MP of the
figure 56 was expected to increase the toughness of the sample similar to the figure 38. The
improved toughness was expected to increase the crack resistance and to improve fatigue life of
the sample.
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4.11.3 Sample 3 (ED = 300 J/mm?3, DF = 2mm):

Sample 3: Nano Hardness (GPa) vs Indentation Points
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Figure 57: Nano hardness of laser treated sample having ED = 300 J/mm? and defocus of 2mm
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Figure 58: Micro hardness of laser treated sample having ED = 300 J/mm? and defocus of 2mm

Figure 57 is similar to the figure 36 except the number of indentation points in the figure
57 were 13. The first 5 points lied in BM, next 2 in HAZ and last 6 in MP.

Figure 58 is similar to the figure 37 except the number of indentation points in the figure
58 were 11. The first 4 points lied in BM, next 1 in HAZ and last 6 in MP. The difference in
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starting position of the micro indenter and nano indenter affected the number of indentation points
captured in BM of both figures, 57 and 58. The BM of the figure 57 had 5 points while BM of the
figure 58 had 4. The figure 58 had only one point in the HAZ area while figure 57 had 2 points in
HAZ area. It was because the micro indenter size was bigger than nano indenter, resulting only
one point in HAZ in the figure 58.

The overall trend of the hardness in both of the figures 57 and 58 was similar. The hardness
values in the BM was considered constant, the low fluctuation was considered insignificant. The
value of hardness increased significantly in the HAZ area and had its maximum value at the
interface of HAZ and MP. The area of MP near its interface with HAZ had high hardness values
due to rapid cooling because of its interaction with solid phase. The center of the MP area had low
hardness due to slow cooling. The solidification process hardness trend [12] was observed to be
similar to the overall hardness trend in the figure 57 and 58.
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4.11.3.1 Optical Microscopy:
(a)
(©) (d)

Figure 59: Microstructure of laser treated sample a) BM, HAZ & MP b) BM ¢) HAZ d) MP

(b)

Figure 59 shows the microstructure of laser treated sample having ED of 300 J/mm? and
defocus of 2mm. It was similar to the figure 38 except the percentage of martensite, bainite and
fine pearlite and ferrite in the MP is different. The HAZ had grain refinement similar to that of the
figure 38. The toughness in the MP had increased similar to that of the figure 38. The improved
toughness was expected to improve fatigue life and to prevent the crack propagation.
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4.11.4 Sample 4 (ED =600 J/mm?3, DF = 2mm):

Sample 4: Nano Hardness (GPa) vs Indentation Points
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Figure 60: Nano hardness of laser treated sample having ED = 600 J/mm? and defocus of 2mm
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Figure 61: Micro hardness of laser treated sample having ED = 600 J/mm? and defocus of 2mm

15. The first 2 points lied in BM, next 3 in HAZ and last 10 points in MP.

Figure 60 is similar to the figure 36 except the total indentation points in the figure 60 were

Figure 61 is similar to the figure 37 except the number of indentations are 16. The first 4

point lied in BM, next 3 in HAZ and last 9 in MP, The starting position of nano indenter and micro
indenter in figure 60 and figure 61 respectively was different and it affected the number of the

indentation points lied in BM of both figures, 60 and 61. The figure 60 had 2 points in BM while
the figure 61 had 4 points in BM.
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The overall trend of hardness in both figures 60 and 61 was same. The BM showed same
hardness values as the fluctuation was insignificant. The hardness values increased significantly
inside HAZ and showed maximum at its interface with MP. The MP area near its interface with
HAZ had high hardness value due to rapid cooling resulted by its interaction with solid phase. The
center of the MP showed low hardness due to low cooling rate at it. The solidification process
showed hardness similar to the hardness trend in the figure 60 and 61 [12].
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4.11.4.1 Optical Microscopy:
(a) (b)
(©) (d)

Figure 62: Microstructure of laser treated sample a) BM, HAZ & MP b) BM ¢) HAZ d) MP

Figure 62 shows the microstructure of laser treated sample having ED of 600 J/mm?® and
defocus of 2mm. This figure is similar to the figure 38. The MP consisted of martensite, bainite
and fine pearlite ferrite microstructure similar to the figure 38. The HAZ had grain refinement
similar to the figure 38. The toughness was increased due to grain refinement as that of the figure
38. The increased toughness was expected to improve the fatigue resistance and fatigue life.
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CHAPTER 5: CONCLUSION

The laser re-melting of the material at different laser parameters produced different depths of
melt pool which can be used to prevent the crack of different depths. The focus of the laser beam
was determined by the microscopic study of laser melt pool in different samples. The focused laser
beam provided the maximum melt pool depth and minimum kerf width at a certain laser energy
density. The micro and nano hardness were performed to understand the change in value of
hardness at laser processed area as compare to the base material. The micro and nano hardness
results concluded the hardness in the HAZ and MP area was greater than the hardness in the BM.
The microstructural study showed the grain refinement and phase transformation at the laser
processed area. The grain refinement in HAZ and MP provided better toughness than the BM,
resulting in better resistance against the crack propagation. It was expected to increase the fatigue
performance and to increase the service life of the cracked material. This study can be used to
prevent the crack propagation in the fatigue cracked material.
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