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Abstract: Ti6Al4V alloys are often employed in aeronautic industry because of having excellent properties. Abrasive
Water Jet Machining (AWJM) is one of the attractive techniques to machine these materials because AWJM systems do
not cause any thermal degradation (distortion) on machined surface. On the contrary, heat affected zone is often seen
under machined surface by Laser Beam machining. In this work AWJM and LBM has been compared to the
conventional milling using Tİ6Al4V workpiece to understand benefits of nonconventional techniques for these
materials. After a series of experimental studies has been evaluated for each techniques, surface integrity on machined
workpiece has been investigated. The results showed that AWJM is a good alternative method instead of conventional
milling.
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1. INTRODUCTION
Machining is classified into two categories as
conventional and non-conventional machining processes.
Non-conventional machining is employed to alternate
conventional machining for materials difficult to machine.
Ti6Al4V alloys have uncommon mechanical and physical
properties such as high strength-to-weight ratio, high
temperature strength, high corrosion resistance, good high
temperature properties [1-3]. These exceptional material
properties restrict the machinability of the Ti6Al4V [4].
Most of conventional machining operations such as
turning, grinding, milling, drilling, cutting, etc. are
employed in the manufacturing process of aerospace and
medical components. The low thermal conductivity of
Ti6Al4V causes high temperatures on the tool/workpiece
interface. Thus, it affects the lifetime of the tool
dramatically. Besides the high temperature strength with a
low Young's modulus make the machinability difficult
[5]. As a result of Ti6Al4V’s allotropic nature, at low
temperatures Ti6Al4V’s has hexagonal close-packed
structure–alpha phase, or above elevated temperature
(about 890 °C) has a body-centered cubic structure-beta
phase. These phases affect mechanical strength and micro
structure formation [6].
Yang et. al (2010) concluded that the laser parameters
such as laser power, laser scan speed, the angle of
incidence and the diameter of the laser spot and material
and thermal properties strongly affect the depth and width
of the heat affected zone [7]. When nitrogen as an inert
gas with LBM process was used, subsequently growth of
titanium nitride dendrites (crystallization) occurred
perpendicularly to the top surface. Lisiecki (2014),
implied that high depth of the titanium nitride dendrites
are up to 180-250 μm in the surface [8].

In aerospace component parts production processes,
AWJM technology which is one of the recent nontraditional method has been employed. AWJM has many
supremacy abilities like no thermal distortion, high
machining versatility, high flexibility and small cutting
forces [9]. Hascalik et. al. (2007) emphasise that the
traverse speed of the jet is an important parameter on the
surface integrity after machining according to the traverse
speed [10].
According the literature review, LBM has some adverse
effects on machined surface such as heat affected zone
and Titanium Nitride layer. In contrast with the LBM,
abrasive water jet machined surfaces are assured better
surface integrity. In the scope of this experimental study,
the optimum AWJM parameters is investigated and also
have concluded LBM is convenient for machining
Ti6Al4V alloys. In this work AWJM and LBM has been
compared to the conventional milling using Tİ6Al4V
workpiece to understand benefits of nonconventional
techniques for these materials.

2. MATERIALS AND METHODS
2.1. Experimental Setup
Titanium alloy Ti6Al4V having bulk hardness of HV 349
was chosen. Machining was carried out by two different
non-conventional techniques LBM, AWJM and one
conventional technique milling. Ti6Al4V alloy bar
(workpiece) was prepared 10x6x20 (wxhxl) mm due to
easily clad on machining system. Chemical composition
and material properties are given in the Table 1-2
respectively.
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Table. 1. Chemical composition of workpieces (wt%)
Ti

89,464

O

0,18

Al

6,08

C

0,02

V

4,02

N

0,01

Fe

0,22

H

0,0053

2.2. Experimental Results and Discussion

The dimensions of workpieces are 10x6x6 mm (wxhxl).
AWJM operations are performed by TCI water jet
systems and milling operations are performed also
Cincinnati universal milling machine under Turkish
Aerospace Industry (TAI, Ankara/Turkey) facilities. LBM
cutting processes are studied by FIBERMAK-Fiber
Laser–Cutting-Machine under ERMAKSAN (Bursa/
Turkey) facilities.
Table. 2. Material properties of Ti6Al4V
Density
Modulus of elasticity
Tensile strength
Thermal conductivity
Melting point
Beta transition temperature
Hardness

4.43 g/cm3
113.8 GPa
620 Mpa
6.7 W/m-K
1604 - 1660 °C
980 °C
HV 349

In the experiments cutting parameters are given in the
Table-3-5. In addition some photos of performing systems
can be seen. LBM is given by figure-1 and from AWJM
illustrations is given by figure-2. After these machining
operations, the photographs of cutting surface were
observed by LEICA DMI5000M-optical microscope
which is under Gazi University Engineering Faculty
Powder Metallurgy Laboratory facility. The workpieces
were investigated in an optical microscope at a
magnification of 200x. Surface roughness measurements
are worked by Taylor Hubson Surtronic 3+ Roughness
Measuring Instrument which is under Gazi University
Engineering Faculty Powder Metallurgy Laboratory
facility. For each sample surface roughness measurement
were taken from ten different locations. Surface traverse
and longitudinal directions and the results were averaged.
To perform micro hardness measurements and recast
layer evaluation, selected workpieces were placed and
subsequently set in bakelite using a Struers mounting
press and then grounded and polished. Micro hardness
from traverse section of cutting surface is measured by
HIGHWOOD HWMMT-X3 diamond indenter operating
with a load of 25 g for 15 s. The Vickers micro hardness
measurements [HV0,025] made on the transversal sections
were made at 40x magnification at a distance of 10 µm
from the top side of the machined cut edge by 30 µm gap
and total measurement length is 595 µm.
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Fig.1. Illustration of LBM operation
Table. 3. LBM machining parameters.
LBM
Laser type

Fiber laser

Power

4000 W

Stand of distance (SOD) height

1 mm

Feed rate

2900 mm/min

Inert gas

N2 (%99,5)

Pressure

24 bar

Lens diameter

150 mm

Nozzle diameter

3,5 mm

Focal length

-4,5 mm

Fig.2. Illustration of AWJM operations
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Table. 4. AWJM machining parameters.
AWJM
P1
Orifice diameter
Pressure

1 mm
4000 bar

1 mm
4000 bar
15
30 mm/min
mm/min
80
mesh- 80 meshgarnet
garnet

Feed-rate
Abrasive size and type
Stand of distance
height
Abrasive-water rate

P2

(SOD)

1,5 mm

1,5 mm

450 g/min

450 g/min

Table. 5. Milling parameters.
MILLING
Cutting Speed

256 rpm

Feed-rate

56 mm/min

Depth of Cut
Tool

1.5 mm
D= 125 mm; z=8

evaluation of the cutting surfaces of workpieces revealed
for different distinct zone for each technique, LBM,
AWJM (P1), AWJM (P2) and Milling. On the first stage
of the study, nitrogen was used by LBM process as inert
gas. From the figure 3-a, it can easily be seen structural
changes followings surface cracks, recast layer, micro
voids, redissolution of phases. A big thermally influenced
heat affected region which is high as 75 µm can be seen
on the LBM workpieces.
AWJMed workpieces shows no visible micro voids and
also no cracks present on the cutting edges under two
cutting conditions (P1 and P2) are identified. Both
AWJMed workpieces has initial damage region thickness
15 µm, 19,5 µm respectively. The alteration on surface
morphology is generated from the instantaneous
penetration of abrasive waterjet. Milled surface shows
plastically deformation which is measured 40,5 µm length
(Figure 3-d).
The workpieces were also submitted to test surface
roughness and micro hardness. Results of surface
measurements are shown in the figure 4. LBM surface is
the worst surface of all because of used inert gas usage
and nature of workpiece materials interactions take place
titanium nitride layer. Two different AWJM parameters
applied and AWJM (P2) parameter set has given better
surface and hence lower feed-rate. Additionally addition
extra workpieces were machined using a milling tool for
comparison purpose. Figure also shows allow average
roughness among the AWJMed workpieces and milled
workpiece.

a)

b)

Fig.4. Surface roughness (Ra) results
c)

d)

Fig.3. Cross sectional micrographs a) LBM cutting edge,
b) AWJM (P1) cutting edge, c) AWJM (P2) cutting edge,
d) Milling surface edge

Fig.5. Micro hardness results of LBM and Milling.

Figure 3-a shows machined surfaces view of workpieces
machined b different techniques. Micro structure

Figure 5 shows that, a superior hardness has been
investigated on the surface. That hardness is caused by
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titanium nitride layer and heat affected zone. And also it
is observed that, surface hardness is decreasing away
from the surface.

 In terms of surface roughness, better results were
achieved using milled operations. And also compared
with milled workpiece, hardness of AWJM (P1) were
found to be slightly different.
 As the feed rate increases, the hardness increases,
plastic deformation layer reduces.
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