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Abstract

In this work, a new technique for Laser irradiation of Ti6AI4VELI was developed, this alloy is an alpha-beta
structure, the irradiation was done at room temperature in the normal atmosphere without any external media, the
effects of laser irradiation on the Ti6Al4VELI such as the chemical composition of the alloy before and after laser
irradiation were recorded by Energy dispersive X-ray “EDX” technique. the affected zone (thickness) of the laser
irradiation technique was limited to the surface in micro to the nanoscale. The variation in mechanical properties
due to laser irradiation at different wavelengths was measured by the determination of the variation of modulus
and hardness at maximum load with a number of pulses. The wear rate was measured for the Ti6AI4VELI before
and after laser irradiation at 5000 pulses where the maximum improvement in the hardness occurs at all
wavelengths, in the current study, it improves surface mechanical characteristics. The effect of laser irradiation on
the structures was studied by SEM, the quantitative analysis was done at all irradiation conditions. Laser treatment
is suitable for both field works and industry. The improvement in mechanical properties occurs due to
microstructure changes without significant changes in chemical composition. the efficiency and lifetime of the
alloys were increased, the work is registered as patent number 24014 in the Egyptian patent office.
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1. Introduction — State of Art

Titanium can exist in two crystal forms. The first is alpha, which has a hexagonal close-packed crystal structure,
and the second is beta, which has a body-centered cubic structure (Hebatalrahman, 2019; Saaid et al., 2020). In
unalloyed titanium, the alpha phase is stable at all temperatures up to 1620 °F (880 °C.) where it transforms to the
beta phase. This temperature is known as the beta transus temperature. The beta phase is stable from 1620 °F.
(880 °C.) to the melting point (Rossetto Gilberto et al., 2013).

As alloying elements are added to pure titanium, the elements tend to change the temperature at which the phase
transformation occurs and the amount of each phase present (Hebatalrahman, 2012). Alloy additions to titanium,
except tin and zirconium, tend to stabilize either the alpha or the beta phase. Elements called alpha stabilizers
stabilize the alpha phase to higher temperatures and beta stabilizers stabilize the beta phase to lower temperatures
(Hebatalrahman 2016; Ardelean et al., 2016). The classification of titanium according to chemical composition
means studying the effect of alloying elements on the microstructure (Ardelean et al., 2016; Hebatalrahman, 2014).
Alloying elements generally can be classified as o and B stabilizers. Alpha stabilizers such as Aluminium and
oxygen, increase the temperature at which the a phase is stable. Beta stabilizers such as Vanadium and
Molybdenum, result in instability of the B phase at lower temperatures. This transformation temperature from o +
B or from a to all B is known as the B transus temperature. The B transus is defined as the lowest equilibrium
temperature at which the material is 100%p (Zhou et al., 2021; Bhardwaj et al., 2019). The f transus is critical in
deformation processing and heat treatment. Below the beta [ transus temperature, Titanium is a mixture of a+ f if
the material contains some P stabilizers; otherwise, it is all a if it contains limited or no B stabilizers (Moridi et al.,
2019; Aboulkhair et al., 2019). The B transus is important. Because processing and heat treatment often is carried
out with reference to some incremental temperature above or below the B transus. Alloying elements that favor the
a crystal structure and stabilize it by raising the B transus temperature include Aluminium, gallium, Germanium,
Carbon, Oxygen, and Nitrogen (Lu et al., 2021; Marchese et al., 2018).
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High strength alloys: Ti-6Al-4V Grade 5 is the black horse alloy in various engineering applications due to its
light weight and high durability, this alpha-beta alloy is the workhorse alloy of the titanium industry (Y. Xu et al,
2020; Zhang et al., 2019). The alloy is fully heat-treatable in section sizes up to one inch and is used up to
approximately 400 °C (750 °F). Since it is the most commonly used alloy - over 70% of all alloy grades melted
are a sub-grade of Ti-6Al-4V - its uses span many aerospace engine and airframe components uses and also major
non-aerospace applications in the marine, offshore and power generation industries in particular (Wei et al., 2020).

The addition of 0.05% palladium, (Grade 24), 0.1% ruthenium (Grade 29) and .05% palladium and 0.5% nickel
(Grade 25) significantly increases corrosion resistance in reducing acid chloride and sour environments, raising
the threshold temperature for attack to well over 200 °C (392 °F). Ti-6Al-4V ELI (Grade 23). The essential
difference between Ti-6Al1-4V ELI (Grade 23) and Ti-6Al1-4V (Grade 5) is the reduction of oxygen content to 0.13%
max in Grade 23. This confers improved ductility and fracture toughness, with some reduction in strength. Grade
23 has been widely used in fracture critical airframe structures and for offshore tubular (Donachie, 2000).
Mechanical properties for fracture critical applications can be enhanced through processing and heat treatment.
Grade 29 also having a lowered level of oxygen will deliver similar levels of mechanical properties to Grade 23
according to processing. Grade 23 was used in our study and irradiated by lasers in the normal atmosphere, figure

1 shows the Phase diagram and crystal structure of Ti6AI4VELI (Zhao et al., 2016; Selvaganesh et al., 2021).

T melting = 1660 °C

Tip

Temp trans. Tt
=980 °C

Temperature (°C)

ambiance

Ti90 Al 6 4 V (%)

Figure 1. Phase diagram and crystal structure of Ti6AI4VELI

2. Experimental Work
2.1 Materials

The alloys used throughout this work were supplied by Sandvik Co, France in the form of bars of Ti6AI4VELI.
Table (1) shows the chemical composition of the alloy used Table (1) the chemical composition of Ti6AI4VELI
(grade 23)
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Table 1. The chemical composition of Ti6AI4VELI (grade 23)

Elements Symbol Percent %
Carbon(maximum) C 0.08%
Aluminium Al 5.5%:6.5%
Nitrogen(maximum) N 0.05%
Oxygen(maximum) (0] 0.130%
Vanadium \% 3.5:4.5%
Iron(maximum) Fe 0.25%
Hydrogen(maximum) H 0.013%
Yttrium Y 0.005%
Titanium Ti Balance
Others traces - 0.04%

(maximum)

2.2 Laser Surface Irradiation

The surface irradiation of the alloys was studied. Samples used in this investigation were in the standard size for
every test according to ASTM. All the experiments were performed at room temperature in air at atmospheric
pressure; it was shown elsewhere (Zhou et al., 2021) that the presence of air has no measurable influence on the
process of irradiation by UV laser (Bhardwaj et al., 2019). The irradiation is done on one side of the sample and
covers all the surface area of the sample. The main goal of this work is an optimized condition for laser irradiation
of the samples by Excimer laser at 308nm Table (3) shows data for used rare gas halide Excimer laser.

Table 2. Data for Excimer Laser (rare gas halide)

(ns)

11
4.2

Gas type (nm) r(A)

XeCl 308 2.9

Arf 193 22
A =transition wavelength

r(A) =equilibrium inter-nuclear separation

® = fundamental vibration frequency of the excited state
o = stimulated emission cross section
T =radiative life time (pulse duration)

The number of pulses and the effect of energy per pulse on the hardness were recorded to indicate the energy
required (fluence) to improve the mechanical properties. In the shape of a rectangle with width (w=4mm) and
length (I=10mm) was used in the laser process the power density ranges from (0.75 W/Cm2 to 0.1 W/Cm?2) without

any focusing. The laser irradiation condition is listed in Table (3)
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Table 3. Laser Irradiation Conditions

Wavelength Energy per pulse Repetition rate Time
Type Number of pulses
nm mJ Hz Nano-second

2000
Excimer 5000
308.6 6 200 6
[0AY% 10250
15000

50000

2000
Excimer 5000
193 6 200 6
UV 10250
15000

50000

Total energy = energy per pulse X number of pulses )

Excimer laser irradiation is performed directly in the air and without any intermediate media, figure (2) shows a
schematic presentation of the laser irradiation process.

LASERSOURCE

Figure 2. schematic presentation of the laser irradiation process

2.3 Energy-Dispersive X-ray “EDX”

The quantitative method of elemental analysis of the samples has been examined at the Chemical labs of the
ministry of Telecommunication in Egypt by SEM JSM-T200 at 25KV acceleration voltage, 20mm working
distance, and magnification 200x, (1peak omitted 0.02 KeV). Each value is at least an average of 2 readings

2.4 Mechanical Measurements
2.4.1 Superficial Hardness

The hardness of the specimens was measured at the Mechanical Engineering department at AUC by using a
Superficial Rockwell hardness tester with ball diameter 1/16" at load 30 Kg. Each hardness value is at least an
average of 5 readings and they are good to + 4%.
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2.4.2 Wear and Friction Coefficient

A pin-on-disk wear test (ASTM G 99) was selected to measure the wear before and after laser irradiation at El-
Nasr Automotive Co in Egypt. A pin with a round tip is positioned perpendicular to a flat disk. A ball, rigidly held
is often used as the pin specimen. The test machine rotates the disk at 60 to 600 rpm. The wear path is a circle on
the disk surface. Surface finishes of 32 pin (AA) or less are typically used. Test results are usually reported as
volume loss per cubic millimeter for the pin. The test has been done under load of 1Kg. Each value is at least an
average of 3 readings.

2.5 Scanning Electron Microscope (SEM)

The specimens were examined by scanning electron microscope (SEM) operating at a nominal accelerating voltage
of 30kv. Specimen preparation is very simply accomplished by cutting a thin slice of the specimen containing the
surface of interest, chemical and electrostatic etching was done the specimens fixed on metallic holder (Cu)for dirt
examination of the laser irradiation effects on the structure.

2.6 Quantitative Metallography Measurements

A quantitative analysis of the microstructures was produced carried out over four (4) fields across the surface to

indicate:

1)  The volume fraction Vf of each phase (count analysis was applied).

2)  Average grain size by linear intercept technique.

3)  Average particles radius DA using number of modules per un area and can be calculated as follows:
DA:(‘:\I_ng) 12 )

Vi volume fraction of secondary phase

Ng  average grain size number

Dp  Average particles radius

3. Results and Discussion

3.1 Energy-Dispersive X-ray “EDX”

To study the effect of laser irradiation on the Ti6AI4VELI the chemical composition of the alloy before and after
laser irradiation were recorded by the Energy-dispersive X-ray “EDX” technique. Table (4) shows EDX analysis
of Ti6AI4VEL samples before and after laser irradiation at optimum conditions, change in chemical composition
due to laser irradiation is relatively very small and the slight change in the chemical composition does not affect
the properties. Figure (3-a) and figure (3-b) show the spectrum of EDX analysis; the distribution is relatively
unchanged in the case of Ti6AI4VELI. The slight change in some elements is due to the diffusion of some elements
in the solid state as a result of laser irradiation and the formation of new microstructures. In general laser irradiation
does not produce any significant effect in the elemental distribution and no reasonable change in the chemical
composition but some elements such as Ba (barium) may immigrate due to diffusion of elements resulting from
the ability of this element to absorb laser irradiation at specified wavelengths (Zhou et al,2021).

Table 4. EDX analysis of Ti6AI4VEL samples before and after laser irradiation at optimum conditions

Before laser irradiation After laser irradiation
Element Element Atomic Element Atomic
% % % %
Ti 72.31 80.53 72.61 80.55
Al 3.52 6.96 3.53 6.94
\% 4.75 4.97 4.99 5.21
Ba 19.43 7.55 18.87 7.30
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Figure 3. EDX Energy dispersive x-ray of Ti6AI4VELI

3.2 Mechanical Tests
3.2.1 Hardness

The variation in mechanical properties due to laser irradiation at different wavelengths was measured. Figure (1)
and Figure (2) show the variation of modulus and hardness at maximum load with the number of pulses,

Figure (4) shows the variation of Hardness at maximum load with the number of pulses at 308nm, the value of
modulus increased until 5000 pulses. The decreasing rate in modulus after 5000 pulses has sinusoidal behavior
while remaining constant when the number of pulses was more than 10250 pulses.

The variation of hardness at maximum load with the number of pulses at 193nm laser irradiation was shown in
Fig (5). The hardness value increases slightly to reach its maximum value in the range between 5000 and 10250
pulses after that the hardness was decreased slightly with the increase in the number of pulses.

When the number of pulses increased the hardness value decreased due to sample burning. The effect of the number
of laser pulses on the hardness of Ti6AI4VELI was irradiated at 193nm and 308nm have almost similar behavior
The beam energy at 193nm pulses is larger than the beam energy at 308nm. According to the energy equations
and principles, low wavelengths mean higher frequency and higher amount of energy absorbed. The improvement
at 308nm is better in some points due to changes in the grain size and distribution of a+ B structure which will be
explained in terms of microstructure change. The initial microstructure of the irradiated alloy (the room
temperature microstructure) plays a significant role in that case. The decrease in hardness of Ti6AI4VELI after
laser irradiation is due to the formation of higher energy phases but these phases have a lower hardness.
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Figure 4. The variation of hardness at Maximum load with the number of pulses for Ti6AI4VELI irradiated with
Excimer laser at 308 nm, 200 Hz, 6 mJ
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Figure 5. The variation of hardness at Maximum load with the number of pulses for Ti6AI4VELI irradiated with
Excimer laser at 193 nm,200 Hz,6 mJ

3.2.2 Wear Resistances

The wear rate was measured for the Ti6AI4VELI before and after laser irradiation at 5000 pulses where the
maximum improvement in the hardness occur at all wavelengths in the current study. Increasing the surface load
between sliding surfaces has been found to cause a proportional increase in material wear rates.

Increasing the sliding distance of an assembly will cause a roughly proportional increase in material loss. Table
(4) shows wear variation at constant test conditions and the effect of laser irradiation on the wear resistance
improvements.

Wear resistance generally increases proportionally with increasing surface hardness (which may be very different
from bulk hardness). Surface deformation during wear causes a localized increase in surface hardness on work-
hardened metals. This explains why the irradiated Ti6AI4VELI are more wear resistant than un-irradiated
Ti6AI4VELL

Very smooth surfaces promote cold welding (galling) because of high molecular interaction. High finishes also
lack adequate clearance to store wear debris. Overly rough finishes increase wear by allowing surface asperities
(irregularities) to become interlocked, resulting in what is known as a "stick-slip" phenomenon as these surface
irregularities are subsequently worn off when sliding occurs.

Table 4. The improvement in wear characteristics for Ti6AI4VELI before and after laser irradiation

Material Units Before irradiation After irradiation
Weight before W(gm) 77.52 77.5

Weight after W(gm) 77.5 71.7

Weight difference W(gm) 0.02 0

Wear volume cm’ 0.004165 0

Wear coefficient 43.9804 0

Wear rate Cm’/mm 2.0835E-7 0

Improvement % % 100

3.3 Scanning Electron Microscope (SEM)

The effect of laser irradiation on the structures was studied by SEM before and after irradiations at 5000 pulses
because these values introduce significant improvement in properties. Fig (6) shows SEM of Ti6AI4VELI at
2000X before and after laser irradiation by Excimer laser 308nm, 200Hz, 5000 pulses, 6 mJ, (a) Before irradiation
and (b)After irradiation, the qualitative analysis of the samples show significant increase in the grain size due to
laser irradiation.
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A. Before laser irradiation B. After Laser irradiation

Figure 6. SEM of Ti6AI4VELI at 2000X before and after laser irradiation by Excimer laser 308 nm, 200 Hz,
5000 pulses, 6 mJ

Qualitative analysis for the samples grain size at all number of pulses in the study range, all micro grain size
measurements were calculated according to ASTM standard, grain size number, average diameter of the grain,
average intercept distance, average number of the grains per unit and average number of the grains per unit volume
and nominal grain at standard magnification were evaluated before and after laser irradiation at different number
of pulses as shown in table (5).

3.4 Quantitative Analysis

The relation between the grain size number and average grain diameter as function of the number of pulses were
plotted in figure (7) and (8) respectively. the grain size number decreased while average grain size increased
gradually with increase in the amount of laser energy photons absorbed and reach maximum size of the grains at
5000 pulses, when the number of pulses increased over 5000 pulses the average grain size decreased due to the
effect of secondary phase as shown in figure (1). B phase have BCC structure and less grain size than o structure
which is HCP structure.

Table 5. The qualitative analysis of samples before and after laser irradiation

Micro-grain size measurements Before After irradiation

irmadiation 5009 5000 15000 10250 50000

pulses pulses pulses pulses pulses

ASTM grain size number 10 9.5 7.5 10 10 10
Diameter of average grain um 11 13 27 11 11 11
Average intercept distance um 10 11.9 23.8 10 10 10
Area of average grain section mm?X10"° 126 178 0.713X!10™3 126 126 126
Average number of grains per unit volume  0.566 0.336 0.029630 0.566 0.566 0.566
mm? X10¢
Nominal grain per unit area mm? 7940 5610 1111 7940 7940 7940
Nominal grain per mm? at 100x 512-645 362 71-68 512-645  512-645 512-645
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Figure 7. The relation between the number of pulses and grain size number for Ti6AI4VELI irradiated with
Excimer laser at 308nm ,200Hz,6mJ.
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Figure 8. The relation between the number of pulses and grain size number for Ti6AI4VELI irradiated with
Excimer laser at 193nm ,200Hz,6mJ.

19



jmsr.ccsenet.org Journal of Materials Science Research Vol. 11, No. 2; 2022

3.5 Comparing Laser Treatment with Conventional Methods

Commercially pure titanium and many alloys generally have a limited response to heat treatment and work
hardening; strength and surface hardness can be obtained from the heat treatable meta-stable beta alloys but
compressive surface treatment such as solution treated, annealing and aging is normally beneficial, but surface
treatment is normally beneficial for the various reasons given over, Table (6) indicates the extent to which typical
alloy Ti6Al4VELI will respond to heat treatment.

Table 6. The treatment of Ti6Al4V Grade 5 by conventional methods

Annealed or
Heat treated and aged

Alloy Heat treatment Solution treated Comment
(hardness HV)
(hardness HV)
Grade 5 750 °C lhr WQ Limit : ffect with
275300 350-40 1m'1 ed in effect wi
Ti6Al4V 500 °C 2hr AC sections above 20mm

Ti6AI4VELI is the black horse alloy in the modern engineering industries, the major advantages of laser surface
hardening include close control of the power input compared with conventional methods; the high-power density
provided by the laser, which in turn maximize the total energy input and, the ability of the laser to reach normally
inaccessible areas on the work-piece surface. Because no vacuum or protective atmosphere enclosure is needed,
and because the distance from the workpiece to the last optical element of the laser system can be quite long. It is
possible to process very large or irregular-shaped workpieces.

4. Conclusion

1) The main idea of the new method depends on the laser photon energy which is absorbed by the samples
and causes microstructure changes leading to improvement in the mechanical properties without any
significant changes in chemical composition.

2) Properties of the treated Ti6AI4VELI alloys was recorded to bimproved hardness by 36% (the hardness
improved from 318 MHV to 437 MHV) — wear is improved by 99.8%- the particle size change from 10 to
7.5 ASTM - thickness of the treated part is only 250 nm.

3) Improving the mechanical properties of the Ti6 AI4VELI alloys such as hardness and wear,increasing
the efficiency of operation and lifetime is very important to improve economic feasibility.

4) Extends the lifetime of the alloys and makes them suitable for many applications such as bone
replacement parts, dental elements, space applications, marine applications, industrial spare parts and
increases the efficiency of surgical instruments.

5) The new treatment method makes Ti6AI4VELI alloys suitable for Applications that require long
periods of operation and maintain the dimensions stability.

6) Ti6Al4V is the black horse alloy in various engineering applications due to its lightweight and high
durability, the new method is addressing of the alloys and overcomes the problems of relatively high prices.

7) The new laser treatment technique has the following industrial features compared with conventional
methods: -processing is performed directly in the air and without any intermediate liquid or gas.

A. New method does not use expensive chemicals such as surface coverage.

B. New methods do not include any complex interactions, hazardous wastes or harmful gases that may
affect the environment.

C. User’s treatment process is relatively economic. It does not need huge industrial equipment in a great
place for the installation and operation of such equipment.

D. The main components in the new method are only the laser source and optical parts, it is considered as
the only surface treatment method is done in the field.

5. Recommendation for Future Work

The different grades of titanium alloys such as grade 29, grade 5, and so on will be irradiated and tested at the
same conditions, besides the other nonferrous alloys and ferrous alloys.
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