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Preface

Materials forming, machining and post-processing techniques are fundamental
manufacturing techniques that are required individually or simultaneously to
manufacture near-net-shape engineered parts. Their working principles, process
mechanisms, salient features and latest developments are of prime importance.
Modelling and optimization of the aforementioned techniques to improve quality,
productivity and sustainability are also a major requirement. This book provides
insights into some of the important forming, machining and post-processing tech-
niques being used commercially.

There are a total of 11 chapters in this book. Chapter “Fundamentals in Sheet
and Tube Forming: Material Characterization, Conventional and Novel Processes
and Involved Mechanics” sheds light on fundamentals and advances in sheet metal
and tube forming processes. Analysis and optimization of the metal injection
moulding process for near-net-shape manufacturing of engineered parts are discussed
in Chapter “Analysis and Optimization of Metal Injection Moulding Process”. With
the help of a case study, the feasibility and suitability of friction stir welding for 3D
printed thermoplastic parts is discussed in Chapter “On Friction-Stir Welding of
3D Printed Thermoplastics”. Chapter “4D Printing” provides insights into the latest
technology 4D printing. Comprehensive information on non-conventional micro-
machining processes is given in Chapter “Non-conventional Micro-machining
Processes”. Formation of a desirable surface integrity on super-alloys by wire spark
erosion machining is discussed in Chapter “RETRACTED CHAPTER: Investigation
on Spark Erosion Machining Induced Surface Integrity of Super-Alloys”.
Environmentally friendly lubricants and lubrication/cooling techniques are compre-
hensively discussed in Chapter “Role of Eco-Friendly Cutting Fluids and Cooling
Techniques in Machining”. Chapter “Titanium Machining Using Indigenously
Developed Sustainable Cryogenic Machining Facility” also reports on green
machining of titanium alloys where an indigenously developed cryogenic machining
setup has been used for experimental research. Laser-based advanced post-processing
and surface treatment techniques are detailed in Chapter “Advanced Laser Based
Surface Treatment Techniques to Improve the Quality of the Products”. Chapter
“LASER Cladding—A Post Processing Technique for Coating, Repair and
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Re-manufacturing” reports in detail the fundamentals of laser cladding technique.
An experimental study on the effects of the laser beam and electron beam welding
on different material grades is reported in Chapter “Electrochemical Behaviour and
Surface Studies on Austenitic Stainless Steel and Nickel-based Superalloy
Dissimilar Weld Joints”.

I sincerely acknowledge Springer for this opportunity and their professional
support. Finally, I would like to thank all the chapter contributors for their avail-
ability and valuable contributions.

Johannesburg, South Africa
June 2019

Kapil Gupta
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Fundamentals in Sheet and Tube
Forming: Material Characterization,
Conventional and Novel Processes
and Involved Mechanics

Chetan P. Nikhare

Abstract This chapter introduces the ways to characterize the materials for both
sheet and tube materials. This mostly includes the tensile test for sheet metal, and
tensile and ring test for tube metal. This also includes in providing the direction of
inputting thematerial data in finite element simulations. The chapter further discusses
the conventional method to form sheet and tube metal to the desired shape. Further,
it will walk through the formability of metal and then introduce the novel techniques
such as hydroforming, rubber forming, electric forming, incremental forming, roll
forming, tailor welded blanks, and some high speed forming such as electromagnetic
and explosive forming. In addition, conventional and rotational flaring, Reuleaux
forming were discussed for tube forming. Further, some of the common challenges
were discussed.

Keywords Material characterization · Sheet forming · Tube forming · Novel
forming · Mechanics

List of Symbols

β Strain ratio
ε True strain
εt Strain in thickness direction
εw Strain in width direction
ε1 Strain in direction 1
ε2 Strain in direction 2
σ True stress
c Clearance between punch and die wall
d0 Initial hole diameter
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df Final hole diameter
D0 Initial blank diameter
Dp Punch diameter
e Engineering strain
Fmax Maximum punch force
HER Hole expansion ratio
K Strength coefficient
L Length of sheet metal
LDR Limiting Drawing Ratio
n Strain hardening exponent
R Plastic anisotropy
Ravg Normal (average) anisotropy
ΔR Planar anisotropy
R0 Plastic anisotropy in rolling direction
R45 Plastic anisotropy in 45° to rolling direction
R90 Plastic anisotropy in 90° to rolling direction
R11 Stress ratio in rolling direction
R12 Stress ratio in 45° to rolling direction
R22 Stress ratio in 90° to rolling direction
Rd Die radius
S Engineering stress
T Sheet metal thickness
UTS Ultimate tensile strength of a material

Within the metal forming industry, sheet metal forming claims a huge share for the
number of products. Sheet metal manufacturing is not only one of the most preferred
manufacturing processes in automotive and aerospace industries, but also in house-
hold industries and others. Sheet metal products offer various advantages such as
easy to produce, inexpensive, safe, high quality, produce lighter parts, and variety of
shapes over casting and forging. Products from sheet metal manufacturing processes
can be found easily which are surrounded to us. They are kitchenwares, kitchen drain
systems, plumbing pipes, sheet metal safety doors, computer cabinets, electronic
gadgets shell, study tables, file cabinets, and jewelry. Automotive and aerospace
components are body-in-white components, a driving shaft, assembled camshaft,
exhaust systems, engine cooling system, radiator frame, safety requirements, engine
bearer, integral member, cross member, frame structure parts, and axle elements.
These products provide many capabilities as well as flexibility. The common mate-
rials used in this process are low to high strength steels, advanced steels, 1XXX to
7XXX series aluminum alloys, magnesium alloys, copper, and titanium.

This chapter provides the route for understanding the mechanical properties of
a material for sheet metal forming operations and how to characterize the material
for better understanding and applying them for designing the better efficient prod-
ucts. Further, the chapter discusses sheet metal forming tests and how to characterize
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the material geared towards this forming processes. Then the chapter includes vari-
ous conventional and novel techniques for this forming processes. The chapter also
details on tube forming processes and further detail the mechanics involved in these
processes. Finally, it describes some of the challenges in this area.

1 Materials Characterization of Sheet and Tube Material

Traditionally the material was characterized using a tensile test. For this, a sample
should be prepared as per the ASTM standard. There are two types of sample for
tensile test: a flat specimen and a cylindrical specimen. Depending on the usage of
a material for deformation the specific specimen needs to be selected for characteri-
zation. In this chapter, we will be limiting our discussion on a flat specimen, which
is used in sheet metal characterization.

1.1 Tensile Test for Sheet Metal

Figure 1 shows the tensile sample based on ASTM E8 standard [1]. Table 1 provides
all the dimension in both metric and English units. For most metallic materials this
specimen is used for characterization. Some hard tomachine or deformmaterialsmay
change the dimension based on the machining accuracy and material machinability.
Once the sample is prepared the test can be performed. Two raw data i.e., force to
pull the specimen and displacement to elongate the specimen would be required to
plot the stress-strain curve. The load cell in the tensile test machine would provide
the force data based on the calibration of the load cell. The displacement can be
measured through various ways: (a) actuator linear voltage displacement transducer
(LVDT), (b) extensometer (contact), (c) laser (non-contact) extensometer, and (d)
digital image correlation (DIC). The LVDT provides the displacement data in terms
of voltage or directly in displacement unit based on how the machine is set up for
output channel. The LVDT will always be inaccurate as it provides the specimen
displacement plus the machine compliance. This can be corrected by pulling a com-
parably thick or hard specimen, so the machine would reach to a maximum load
cell capability without any plastic deformation in a specimen. Further, for each force
value of a targeted specimen, the displacement of a thick or hard specimen for the
same force value needs to be deducted from the targeted specimen displacement to
calculate the only displacement of a targeted specimen. To avoid this hassle, more
accurate readings can be achieved by using extensometers. The extensometer needs
to be installed on the gage area of the specimen. This extensometer contacts the
specimen and thus also called as contact extensometer. As soon as the machine put
enough force above yielding, the extensometer needs to be removed manually to
prevent damage. There are two ways the extensometer can be damaged: when the
extensometer extended above its limit, and/or due to shock at fracture. In both cases,
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Fig. 1 Tensile sample as per
ASTM standard [1]

Table 1 Tensile sample
dimension as per ASTM
standard [1]

Dimension mm (inch)

A—Gage length 50 (2)

B—Grip length 12.5 (0.5)

C—Grip width 20 (0.75)

L—Specimen length 200 (8)

R—Fillet radius 12.5 (0.5)

T—Specimen rhickness Material thickness

W—Gage width 12.5 (0.5)

Fig. 2 Tensile sample with a
speckled pattern in the gage
area

the extensometer voids the calibration and cannot be used to achieve accuracy for the
next specimen. To capture the complete displacement data from the extensometer
the laser extensometer can be used. The laser extensometer tracks the two point on
the gage length during the test to calculate the displacement. Figure 2 shows the
utilization of a laser extensometer to capture displacement. To acquire the complete
strain field on the sample, DIC can be utilized. DIC needs the speckled pattern as
shown in Fig. 3 to identify the displacement of each point with respect to all other
points during the test. A single camera provides the in-plane strain field, however, 2
cameras can provide the out of plane strain field too.

It is well known that sheet metal is produced through the rolling process by
decreasing the thickness of the sheet. Due to which the sheet metal grain is elongated
in a rolling direction and thus the direction of a specimen needs to be known before
testing. Due to the difference in grain elongated direction, the material can behave
differently when pulled in various direction. That’s why a good understanding on
anisotropic properties of a material is required. Amaterial can be called anisotropy if
the mechanical properties of a material are different in different direction (shown in
Fig. 4). Due to this, the metal which is stamped with same punch force can provide
earing (wavy shape on edge) in the part as shown in Fig. 5. Two values can provide
the anisotropy of a material called as planar and normal (average) anisotropy. For
this, the plastic anisotropy “R” of a material can be calculated from the specimen
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Fig. 3 Digital image
correlation camera setup for
strain mapping

Fig. 4 Illustration of
specimen orientation for
sheet metal forming
characterization

which is tested in tension at a particular strain value. Plastic anisotropy “R” is the
ratio of strain in the width to strain in the thickness direction of a specimen tested in
tension. Note that R value needs to be calculated for specimen tested at same strain
value. Mathematically, R value can be determined from Eq. 1.

R = εw

εt
(1)

Thus, normal (average) and planar anisotropy can be determined from
Eqs. 2 and 3.

Ravg = R0 + 2R45 + R90

4
(2)

�R = R0 − 2R45 + R90

2
(3)

Three case can be made from planar anisotropy value [2]:

Case 1: If �R = 0, then the material is isotropic and no earing will occur
Case 2: If �R = negative, then the earing will occur in 45° direction
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Fig. 5 Deep drawn cup with
earing

Case 3: If �R = positive, then the earing will occur in 0° and 90° direction

The drawability of a material can be enhanced by having a higher Ravg value [3].
It was mentioned that the limiting drawing ratio (LDR) can be closely determined
by using Eq. 4. [3]

LDR = 0.6 Ravg + 1.8 (4)

1.2 Tensile Test for Tube Metal

Two types of tube metal can be found (a) welded tube, and (b) seamless tube. A
welded tube is manufactured by continuously rolling the sheet metal followed by
welding at the open edge. Seamless tubes are formed by heating the billet and then
inserting the mandrel through the center of the billet to form the hollow tube. During
both processes, a good amount of straining occurs at the circumferential direction
and thus the behavior of the material in tube longitudinal direction is different than
in circumferential direction. To characterize the tube material, the specimens can be
made in a longitudinal direction (Fig. 6). The smaller the gage width, the smaller
the curvature and thus more accurate property can be measured. The circumferential
tube material can be characterized in twoways. First, cut circular rings and then open
to make the flat tensile specimens. However, through this method, circumferential
stresses would be unable to generate and thus data might be inaccurate. A second
method is the ring test method. In this method, a circular section is cut with a tensile
geometry as shown in Fig. 7 and then tested by applying a circumferential stress
through a semi-circular die by pulling them apart.
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Fig. 6 Tube tensile specimen with test setup with laser extensometer (permission to reprint from
ASME) [4]

Fig. 7 Ring test for tube sample characterization (Permission to reprint from ELSEVIER) [5]

1.3 Material Input in Finite Element Method

To reduce the expenditure on trialing the manufacturing process on a workshop, a
computer-based simulation is commonly used in industries. A computer-based sim-
ulation works on the principle of mathematical iteration and Finite Element Method
(FEM). After experimental material characterization, the tensile test data needs to
convert to a true stress-strain curve for FEM. The true stress and true strain can be
calculated by using Eqs. 5 and 6. Further plot the true stress-strain curve and then
using the power law (Eq. 7) provide the best fit to the curve.
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Fig. 8 Best fit power law for
material stress strain data

σ = S(1 + e) (5)

ε = LN (1 + e) (6)

σ = K εn (7)

If the power law provides the exact fit then in the material mechanical property
section provide K and n value. If the power law doesn’t provide the exact fit, then
use the tabular format to provide the data as mentioned in Fig. 8.

If the material is anisotropic, then provide the rolling direction stress-strain curve
and in the plastic anisotropic tab provide the plastic anisotropic strain or stress values
depending on the software need, feed the R values instead of 1. 1 means isotropic
material properties. Abaqus simulation software needs stress ratio and can be calcu-
lated by these Eqs. 8–10 [6].

R11 =
√

R90(R0 + 1)

R0(R90 + 1)
(8)

R22 =
√

R90(R0 + 1)

(R0 + R90)
(9)

R12 =
√

3(R0 + 1)R90

(2R45 + 1)(R0 + R90)
(10)

2 Sheet Forming Processes

Let’s now focus on sheet metal manufacturing. Sheet metal forming is one of the
major manufacturing processes where the sheet metal is processed to achieve the
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desired part. Sheet metal forming is a big umbrella under which these manufacturing
processes come which are listed below. Out of these only, few will be discussed in
this chapter.

Shearing
Punching
Blanking
Parting
Lancing
Slitting
Perforating
Dimpling
Beading
Bending (90°, air bend and V
bend, roll bend)
Channel Forming
Dome test/Cup test/Limiting
dome height test
Deep drawing

Redrawing
Stamping
Tailor Welded Blanks
Hydroforming
Hydraulic pulse forming
Rubber forming
Sheet metal spinning
Incremental forming
Wire drawing
Pipe drawing
Flanging
Coining
Ironing
Tube reduction/expansion
Tube Flaring
Roll forming

Hemming
Seaming
Bulging
Embossing
Hot Forming
Explosive Forming
Electromagnetic forming
Peen Forming
Laser Beam Forming
Microforming
Electrohydraulic Forming
Origami Forming
Magneticpulse forming
Superplastic forming

After material characterization, it is important to find the sheet metal character-
istics. Sheet metal characteristics provide the knowledge of a sheet metal which can
provide an indication of its performance during the sheet metal operation. These
include formability, forming limit, hole expansion for edge stretchability, and bend-
ability in which the process does a less influence in performance.

2.1 Dome Test

This test is also called as cup test, Erichsen test, or limiting dome height test
(ASTM E2218) [7]. In this test, the sheet metal is clamped between the die and
the blankholder. The die and the blankholder consist of a lock bead in which the
sheet metal is been locked and the only area available for stretching is the inside
disc material from the lock bead. A hard hemispherical punch is used to stretch the
material. The punch pushes the sheet metal towards the die to provide a dome shape
(see Fig. 9). To measure the strain achieved by the metal, circles can be electrochem-
ically etched on the sheet metal surface. However, this technique only provides the
strain measurement at any paused frame. DIC can be used by speckling the sheet
surface with white paint and black dots to capture the evolution of strain during the
stretching process. During the process, the force keeps ramping with respect to the
displacement as shown in Fig. 10. When the material cannot sustain any more force
the necking occurs and force starts to drop. The displacement at fracture “d” provides
the indication of a formability of a material. The machine needs to stop at this point
to analyze the formability. This test provides the maximum strain the material can
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Fig. 9 Schematic
illustration of dome test

Fig. 10 Force displacement
curve during dome test

take before it fails and that is called the limiting strain for that particular strain path.
In this test, a full circular sheet can provide an equi-biaxial strain path, if the process
is frictionless. A close to frictionless process can be achieved by applying multiple
layers of polyethylene and oil between punch and sheet surface.

2.2 Forming Limit Diagram

To understand the formability of a sheet material in various deformation modes,
Forming Limit Diagram (FLD) is essential. FLD is a plot between a major and
minor strain of a critical location in a particular strain path or deformation mode.
This concept was initially introduced by Keeler and Backhofen [8]. Further, this
became an important approach to identify the forming limits of a sheet metal. In this
diagram, the limiting strain at each deformation modes are joined and an envelope is
created which is called as Forming Limit Curve (FLC). Below this curve, the metal
deformation is safe and above this curve themetal necks and fails. Itwas observed that
this envelope is sensitive to these variables planar and normal anisotropy value “R-
values”, strain hardening exponent “n-value”, temperature, strain rate “ε/sec-value”,
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Fig. 11 Sample shapes for forming limit curve testing (Permission to reprint from ASME) [9]

size of grain at start of deformation, prestrain, path dependence, tool geometry, in
and out of plane forming, coefficient of friction between sheet metal and tool which
changes the strain path, and blank holding force [9]. To achieve a critical strain point
to draw the FLC envelope, various sample dimensions are needed to experiment in
dome test as shown in Fig. 11. Figure 11 shows samples from uniaxial to equi-biaxial
strain path. The disk diameter and cut radius for specimens are 101.6 and 38.1 mm.
The x dimension from specimen 1 to 6 are 12.7, 25.4, 38.1, 50.8, 63.5, and 76.2 mm
[9]. Only 7 samples are shown to get a good curve, however more or fewer samples
can be used based on the availability and accuracy. For each strain path, multiple
samples need to be tested as statistically the material variability comes in the account
and may not neck at the same location or at the same punch depth. The strains at the
neck can be achieved by either circle grids or by DIC. Sometimes it is also important
to measure the safe point near the crack, where the neck would not be visible. When
drawing the FLC all fail points should be above the curve and neck points on the
curve. While drawing this curve it may be possible that some of the neck and safe
points are in the fail region but none of the fail points should be in the safe region.
This method will provide the FLC of a particular sheet metal. The FLC is shown
in Fig. 12. Industry uses 5% marginal curve to design tools for stamping. Figure 12
also shows the curve generated from recently developed biaxial test concept. Let’s
get an information on the biaxial test.

2.3 Biaxial Test

Traditionally, sheet metals were dominantly characterized by uniaxial tension test
and dome height test. However, these tests do not provide an extensive non-contact
material data in all deformation mode. Thus recently a new test machine is devised
called as a biaxial test which can test the material from uniaxial to equi-biaxial
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Fig. 12 Forming limit curve for done and biaxial test

strain path. In this test, the samples region which is considered for data acquisition
does not touch any tool unlike in dome test. The specimen looks like a cruciform
as shown in Fig. 13. The specimen consists of 4 perpendicular arms and a small
indented region from both sides at the center. The whole idea of this thinner center
region is to provide a uniform strain region is all test where the data can be acquired.
Various cruciform geometries are investigated and can be found in these literature
[10–16]. Depending on the capability the specimen can be utilized, with a note that a
uniform strain region should appear at the center region. The specimen can be used
as a uniaxial sample if it is mounted only on one axis of the machine and second
axis is not in consideration. Figure 14 shows the biaxial machine with a mounted
specimen and with DIC set-up. If the specimen is mounted on both axis and one of
the axes is allowed to provide compression displacement then near to negative plane
strain condition can be analyzed. If one of the axes is not allowed to move then the
conditionwill be a plane strain. If one of the axes is providing a positive displacement
then near to positive plane strain can be achieved, and if both axes are providing a
same positive displacement then equi-biaxial strain condition can be achieved. The
advantage of this machine is that only one dimension specimen can be used to cover
all strain paths and the specimen is not in contact with the tool. Due to which a
pure material FLC can be achieved and thus the forming limits are lower than the
dome test. In dome test, the punch pushes the sheet metal for deformation. Due to
which, normal compressive stress through the thickness generated which suppresses
the void and delays the failure. This effect is called as pressurization effect [9].

2.4 Limiting Drawing Ratio Test (Deep Drawing Test)

The deep drawing process is one of the important manufacturing processes
within the sheet metal forming. In this process, the sheet metal which is
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Fig. 13 Cruciform
specimen for test on biaxial
machine (Permission to
reprint from ASME) [9]

Fig. 14 Penn State Behrend
Biaxial machine (Permission
to reprint from ASME) [9]
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Fig. 15 Schematic
illustration of deep drawing
process

placed between the die and the blankholder is allowed to slide to achieve
the deeper parts (Fig. 15). As the sheet metal is allowed to slide or draw between the
die and blankholder this process is called deep drawing process. Most of the circular
or square shape deep parts aremanufactured by this process. Examples are pots, pans,
metal cups, kitchen sinks, auto parts, fuel and oil tanks, beverage and food cans, con-
tainers. This process is widely used due to its simplicity of forming common simple
parts. However, more complex parts can also be drawn through this process. The
manufacturing challenges increase as the complexity of the part increases. Most of
the challenges are a failure due to excessive thinning or wrinkling. Wrinkling can be
avoided by using draw beads in proper places. Draw beads are similar as lock beads,
however, they allow the metal to draw-into avoid wrinkling in the parts. Excessive
thinning can be avoided by adjusting the blankholding force.

For simple circular parts, the number of variable influences the material drawing
are: punch diameter, die radius, blank diameter, the clearance between punch and
die wall (this should be slightly higher than the blank thickness), blank thickness,
blankholder force, friction between all sliding surfaces, and sheet metal mechanical
properties. Due to multiple mechanisms involved in this process, a simple approxi-
mate equation of maximum punch force is given in Eq. 11 [3] (Fig. 16).

Fmax = πDpT (UT S)

[(
D0

Dp

)
− 0.7

]
(11)

Deep drawing process is only possible if

D0 > Dp + 2c + 2Rd (12)

A trend is drawn based on Eq. 8 considering the lowest D0/Dp = 1.2, Dp =
50 mm, T = 2 mm and UTS = 400 MPa, which provides the straight line. If closely
observe this equation, it shows that the force was calculated by multiplying the area
(perimeter of circle multiply by the thickness of sheet metal) by the tensile stress
of a metal. The deep drawn process is meant to provide the part without failure, it
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Fig. 16 Maximum force
required during circular deep
drawing process

means that the part may not reach the tensile stress. Thus, this equation provides the
upper bound value for maximum punch force which would need during circular cup
drawing. If D0/Dp term was not considered then the force would be constant. Thus
the D0/Dp term is important, however, for smaller ratio, the force would be less but
with a higher ratio, the cup would tear and reach the tensile stress. Thus the term
D0/Dp is significant in the deep drawing process. This term is then used to evaluate
the property of sheet metal in the deep drawing process.

As this process provides the pure drawing of a sheet metal through a circular
channel, a drawability of the metal can be evaluated. Thus this process is utilized to
characterize the sheet metal drawing property. This property is also called as deep
drawability and is named as limiting drawing ratio (LDR). LDR is the ratio of circular
sheet metal undeformed diameter to the punch diameter and is given in Eq. 13.

LDR = D0

Dp
(13)

To experimentally evaluate the deep drawn process, the sheet metals should be
sheared with different diameter and then tested in the Erichsen cup drawn set-up
(Fig. 15 with punch diameter of 50 mm, die hole diameter as 55.12 mm, and die
radius of 20.11 mm). The smaller sheet diameter should be used first and then draw
by considering all parameters same. If the cup tear at die or punch radius then smaller
sheet diameter is needed. But if the cup is completely drawn then use the next higher
diameter and continue this process till the cup tears. Once you identify the sheet
diameter where the cup tears during the drawing process, the LDR can be calculated
by dividing the one lower diameter by the punch diameter (Eq. 13).
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Fig. 17 Schematic illustration of hole expansion test

2.5 Hole Expansion Test

Hole expansion is also one of the material property which provides an indication on
the edge of the sheet metal stretching in a circumferential direction and initiation
of a crack. A traditional uniaxial test provides the stress-strain curve of a material
in one direction but fails to predict the development of strains in radial and circum-
ferential direction. This test provides an opportunity to experience the evolution of
strains in radial and circumferential directions. For this, a hole can be made on the
sheet metal. This sheet metal is placed between the die and blankholder (Fig. 17).
Enough application of force can be applied on sheet metal by a blankholder so the
sheet metal should not slide during hole expansion process. Then the conical punch
(hemispherical and cylindrical punches were also listed in use) displaces to expand
the hole. During this process, the sheet metal edge first expands a little then bends
and then starts flaring. The process continues until the neck initiates. The deformed
hole diameter is measured and hole expansion ratio is calculated by using Eq. 14.

HER = d f − do
do

∗ 100% (14)

A different mechanics observed when expanding the hole using a cylindrical and
hemispherical punch. In cylindrical punch deformation, the hole only expands to a
bigger circle unless the material is having anisotropic behavior.With a hemispherical
punch, the circle expands but also bends to take the spherical shape. Figure 18
provides the deformed sample for steel and aluminum. Using the hemispherical
punch it was proposed that a single specimen can be experimented to create an FLC
[17]. When the specimen neck at the hole edge during the process, the punch can
still displace to further crack the specimen. Then along the crack, the strain evolution
can be measured and plotted to create an FLC (Fig. 19). This will provide the points
from uniaxial to near positive plane strain.
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Fig. 18 Mild steel (left) and 5083 Aluminum alloy (right) after hole expansion with hemispherical
punch (Permission to reprint from IDDRG) [17]

Fig. 19 Strain path in hole
expansion test

With the recent development of new biaxial test machine as explained in Sect. 2.3,
the cruciform can bemadewith a hole at the center as shown in Fig. 20. The specimen
will then be tested in different strain path i.e., from uniaxial to equi-biaxial strain
path.With this test, the hole will be purely expanded and no bending or flaring would
occur.

The manufacturing process which was used to create the hole in the sheet metal
influences the hole expansion ratio. The manufacturing process to create hole are
punching, drilling, milling, electric discharge machine, water jet machine and so
on. The conclusion is that rougher the surface more stress concentrations would
be included and the edge would crack faster. The hole expansion test became more
popularwhenmanyof the advanced high strength steels (AHSS) showed the tendency
of edge cracking during the deformation [18–21]. These AHSS can easily initiate the
cracks due to variation in strain levels at their multi-phase microstructure locations.
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Fig. 20 Cruciform
specimen for hole expansion
test on Biaxial machine

It was noted that the parameters like material ductility, microstructure, hole edge
quality and hole diameter influence the hole expansion capability.

3 Sheet Forming Processes—Conventional Techniques

Let’s explore some of the commonly found sheet metal forming processes. These
are the ones, which generally used in every sheet metal company.

3.1 Shearing

A starting point of sheet metal forming is to shear or cut the sheet metal from a
large sheet coil to the desired dimension, which is considered, as a blank. Now the
shearing can be a straight shear or a particularly closed shape shear. For straight
shearing operation, a straight tool called the shear blade can be used as shown in
Fig. 21. This figure shows the side view. To reduce the shearing force the operation
can be performed like a scissor cutting a paper. That is cutting themetal incrementally.
For closed loop shear (for example to make a circular hole or circular blank), a close
dimension shear tool will be required.

An approximate relation is provided to determine the maximum punch force in
shearing operation is given in Eq. 15.

Fmax = 0.7T L(UT S) (15)
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This force is determined by multiplying the area of the shear and the approximate
shear strength of a material. Theoretically using maximum shear stress theory or
distortion energy theory, the shear strength should be in between 0.5 to 0.577 of
tensile strength.

Depending on the shearing shape, the operations named as:

• Punching: The sheet metal without the sheared piece (left image in Fig. 22). Here
the sheared piece is a scrap.

• Blanking: The sheared piece (right image in Fig. 22). Here the sheet metal without
the sheared piece is a scrap.

• Perforating: shearing number of holes in a sheet metal, similar to a 3 hole punch
in a paper.

• Parting: Making 2 or more pieces from the large sheet.
• Notching: Shearing a shape from the edge, so as to create a notch in the edge.
• Lancing: Creating a tab in the metal without removing any material.
• Slitting: Shearing a piece of sheet metal to create the tab without removing any
material.

3.2 Bending

Bending is one of a very commonly used operation to provide a quick 2-dimensional
shape. Most of these operations include only a bend, however, some studies are

Fig. 21 Schematic
illustration of shearing
operation

Fig. 22 Punching and
blanking in a shearing
operation
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conducted for the application with a stretch bend or bending under tension. In a
normal bendoperation the neutral linewould staymostly at the center of the thickness.
A typical bending operation is shown in Fig. 23. The outer layer of thickness would
be in tension and inner layer will be in compression. Note that, do not bend amaterial
so the crack would initiate at the tension surface. For this, a criterion is to bend the
metal with a minimum bend radius of three times the thickness of the metal [3].

3.3 Stamping

Stamping is the general name for the sheet metal forming. This is not related to a
particular process or mechanics. At any time there might be multiple mechanics may
be involved in deep drawing, stretching, bending at various locations. For example,
the part which is stamped in the below Fig. 24, multiple deformation modes may
have experienced like stretching at the top surface, bending tension and bending
compression at the edges. More detailed 3D image can be seen in [22]. Based on
which design is been stamped, the die and punch were modeled on the Computer
Aided Design (CAD). Further, the tool geometries are imported to the Computer
Aided Engineering (CAE) software. Based on the material which is going to be
stamped all related mechanical properties like a true stress-strain curve, anisotropy
values, and forming limit curve were fed to software. Then a stamping simulation
was performed. Based on the detail observation on the simulated stamped part critical
locations could be identified and tool design can be modified to form the safe part.
Once the part is passed, the die and punch production can be done through Computer
Aided Manufacturing (CAM) and then the tool tryout can be performed on the shop
floor. Once the trial is successful the production of the part can be started.

Fig. 23 Schematic
illustration of bending
operation
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Fig. 24 Schematic
illustration of stamping
process

4 Sheet Forming Processes—Novel Techniques

After getting enough details on the conventional forming, let us look at some of the
novel forming processes, which provides better formability and lighter parts. Due to
stringent environmental regulation, the stronger and lighter parts are needed. It should
also note that nearly about 70% of the parts are sheet metal in the automobile thus
crashworthiness should not be compromised. Vehicle fuel efficiency can be achieved
by using lower density material or improving the processes so the lower gage metals
can be used. In both cases, the implementations are having many challenges. Steel
which is a denser material are in abundance, but processing for higher strength and
lower thickness gets expensive.On the other hand, the lower densitymaterial does not
exhibit similar ductility as steel. These novel process techniques are needed which
would use these materials and result in better formability for the same desired part
with higher efficiency.

4.1 Hydroforming

The manufacturing process where fluid pressure is applied to ductile metallic blank
to form the desired component shape is called Hydroforming. There are two types
of hydroforming processes viz. sheet metal hydroforming and tube hydroforming. If
the blanks used are sheet metal, the process is called sheet metal hydroforming and
if tubular section blanks are used, then it is called as tube hydroforming. In either of
these processes, a hydroforming tool (punch or die), a hydraulic press, and a fluid-
pressure intensification system are required. Sheet and tube hydroforming processes
are shown in Figs. 25 and 26.

Hydroforming technology is currently applied in many areas of manufacturing
of sheet metal components in order to achieve lightweight construction of industrial
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Fig. 25 Schematic illustration of sheet hydroforming process

Fig. 26 Schematic illustration of tube hydroforming process

parts. Many kinds of parts of the automotive vehicle such as body shell, driving
shaft, assembled camshaft, exhaust systems, engine cooling system, radiator frame,
safety requirements, engine bearer, integral member, cross member, frame structure
parts, axle elements, and others such as plumbing fixtures, and oven door handles
are manufactured by hydroforming process. In hydroforming, additional preform-
ing operations, such as bending, can be considered for adjusting the cross-sections
of the part. Most parts formed in the tube hydroforming process have a tubular
shape. Because many sheet metal components such as parts of vehicles and electri-
cal devices should be formed successfully using high strength steel, aluminum and
titanium blanks that are generally known to have low formability, the hydroforming
has become an important process. Generally, this process produces higher and more
uniform strain distribution over the entire sheet surface.

Using sheet metal hydroforming, a greater depth of draw (up to 1.5 times) is
possible compared to conventional draw-die operations. Due to the application of
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sealing, the sheet hydroformed part has less thinning than the sheet stamped part
and the limiting draw ratio (LDR) can be remarkably improved. Other advantages of
the process include improved surface finish, lower spring-back, shorter tool develop-
ment time and lower tooling costs. However, due to longer cycle times, sheet metal
hydroforming is more suited for low volume production. Larger panels generally
require very large hydraulic presses which can mean high capital expenditure. Also,
leakage issue increases the sealing cost.

Tube hydroforming has achieved its position in the vehicle industry as a desirable
manufacturing process due to its ability to produce complex structures at different
sections of the part in one stroke. Tube hydroforming is also known as profile or extru-
sion hydroforming. The tube is expanded to the desired shape with the assistance of
fluid pressure and axial punch feed. It has been observed that 40%ofmaximum thick-
ening occurs around the edge of the tube. Other advantages of the process includes
part consolidation, weight reduction through more efficient section design and tai-
loring of the wall thickness, improved structural strength and stiffness, lower tooling
cost due to fewer parts, fewer secondary operations (no welding of section required
and hole may be punched during hydroforming), tight dimensional tolerances and
low springback, and reduced scrap. Depending on the product to be produced, the
tubular blanks can be made from aluminum extrusions, copper pipes or individu-
ally fabricated parallel or tapered sections of sheet metal. Tube hydroforming can
be split into three process related classes: a high pressure (fluid pressure from 83
to 414 MPa), multi-pressure (fluid pressure from 69 to 173 MPa), and low pressure
(fluid pressure less than 83MPa). In high pressure, the material is been stretched to it
forming limit, whereas in multi-pressure the tube is preformed and then stretched to
get the desired shape. However, in low pressure the tube is just shaped to the desired
dimension without stretching the material.

4.2 Rubber Forming

One of the main disadvantages we learn from hydroforming process is high-pressure
fluid leakage. To overcome this challenge amore flexiblematerial for example rubber
or polyurethane can be used instead of oil or water. The rubber is filled in the steel
container which can be used as a die as shown in Fig. 27. Then a similar experimental
set-up can be utilized as in hydroforming. The sheet metal is placed over the die and
held by the blankholder. The punch descends and deforms the sheet metal with the
rubber pressure from the die side. The rubber conforms to the shape of sheet metal
uniformly and provides pressure to form the part. The disadvantage of this process is
that it limits the deeper parts and also the rubber could only produce low pressure near
about 10 MPa. This process is more suitable for custom parts such as aircraft sheet
metal parts. Due to a low cost of tooling the experimental setup gets inexpensive.
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Fig. 27 Schematic
illustration of rubber forming

4.3 Tailor Welded Blanks

Tailor welded blank (TWB) is also one of the technique for weight savings. In TWB
two or more sheets are welded together in a single sheet for stamping as shown in
Fig. 28. Sheets of different gauges, material properties, strength, coating types etc.
can be welded together to produce a single blank. Tailoring of these sheets is done
according to the requirements of the product leading to component optimization.
This process is mostly done to reduce the cost, and mass and increase the structural
integrity. Stamping can be performed through conventional or novel techniques.

The TWB technology offers various cost and performance advantages and there-
fore has been encouragingly adopted by the automotive industry. Though applica-
tions of tailored blanks in areas other than automotive industry have been conceived,
a number of manufacturing difficulties need to be overcome before the process can
be transferred to these applications. There are also certain limitations associated with

Fig. 28 Tailor welded
blanks
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tailored blanks, due to which their applications have been limited to some specific
areas only even in the automotive industry. For more advances to be done in the TWB
technology, these limitations have to be studied and minimized.

Following are the advantages and disadvantages of TWB’s
Advantages:

• Improves material utilization
• Improves product quality
• Lower tolerances
• Stiffer parts
• Compact design flexibility
• Fewer parts
• Less design and development time
• Reduce manufacturing costs
• Better usage of metal properties.

Disadvantages:

• Reduce formability as compared to ordinary sheet
• Better welding techniques make process expensive
• Increase in process time (sheet metal cutting, then joining and coiling)
• Challenges in surface finish
• Multiple blank holder and force required due to different sheet properties and
thickness

• Movement of a weld line.

4.4 Roll Forming

Roll forming is the sheet metal forming processes where various two-dimensional
shapes are generated by rolling the metal sheet. In this process, the flat sheet enters
the rolling line. The progressive rollers provide the shape to the sheet metal pro-
gressively so when the sheet metal leaves the rolling line it does have a shape of last
rolling station (Fig. 29). More detailed image can be referred from [23]. As the shape
achieved by the sheet metal is of the last rolling station a two dimension shape with a
longer length is generated. These products will have the deformation mode of plane
strain. At each station, the roller dies slightly changes its shape towards final shape.
Themain roller dies can be above and below the sheet metal while the secondary dies
try to bend the sheet metal to conform the shape. Due to sliding motion at each sta-
tion, the friction would be higher and thus lubrication would be necessary to reduce
the wear of roller dies. The higher production rate depends on the lubrication, the
thickness of a material, material properties, bend radius and number of roll stations.
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Fig. 29 Schematic illustration of roll forming

Fig. 30 Schematic illustration of a single point incremental forming, and b double point incre-
mental forming

4.5 Incremental Forming

Incremental Forming (IF) is the die-less and highly capable process to form the deeper
part compared to conventional sheet metal formingwhich uses die, punch and holder.
Two types of incremental forming are more common (a) single point incremental
forming (SPIF) as shown in Fig. 30a, b) double point incremental forming (DPIF)
in Fig. 30b. In SPIF the single point tool is used to form the part. The part profile
program is imported to the CNC or robotic arm. In this case, either the tool or the
frame holding the sheet material is movable. At any time a single point tool touches
the sheet metal at one point and forces that point to deform plastically. In the next
step the tool touches and deforms the next sheet metal point and thus the process
continues. Therefore the process is named as incremental forming. As the process
is very flexible, other advantages it accompanied are low hardware cost, enhanced
formability, less time-to-market delivery, and can achieve a variety of complicated
shapes, eliminating the complicated die design.

4.6 Electric Assisted Forming

In electric assisted forming, an electric current is applied to the metal either through
the metal dies or directly through metal. Due to passing of electric current through
the metal and depending on the metal resistivity, and current density, the metal gets
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warm or hot. Due to this heating, the metal gets soften and can be stamped easily and
can increase ductility and results in higher formability of sheet metal. This process
can be used in normal stamping, incremental forming or precision forming. The
mechanics during this process is when the electrons flow through the metal it hits the
grain boundaries which then resist the passage and thus energy dissipates as heat.
Due to this heat, the dislocationwill be annihilated and thematerial would flow easily
when the force is applied.

4.7 Explosive Forming

Explosive forming comes under the category of high energy rate forming (HERF).
In this process, the explosive is used as a source of energy to form the material. As
the rate of forming is very high the material should be ductile at higher strain rate
condition. The process consists of an assembly of sheet metal clamp on the die and
the die cavity is been vacuumed as shown in Fig. 31. The assembly is then submerged
in the water tank which is placed under the ground. The explosive is mounted at a
particular height so a set amount of energy is transferred to sheet metal for forming.
The water tank is then closed to reduce the waste of energy. The charge is then
detonated and shock wave travels and transfers the huge amount of energy to the
metal which then formed as per the die shape. This process is mostly utilized to form
the metal with higher thickness as much as 25 mm. The setup time is longer for this
process and thus the quantity produced is low, but larger and thicker parts can be
formed.

Fig. 31 Schematic
illustration of explosive
forming
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4.8 Electro Hydraulic Forming

Electro hydraulic forming is similar to explosive forming. In this process instead
of explosive, an electric current is discharged through a wire which vaporizes and
dissipates the shock wave to deform the part (Fig. 32). This forming process also
comes under the category of HERF. The process is similar as explained above in
the explosive forming. An assembly of die and holder clamping the sheet metal is
submerged in the water in the tank. Two electrodes with a thin wire are submerged
in the water and position at a stand-off distance from the specimen depending on the
energy required to deform the metal. The container is then sealed so minimal of the
energy gets wasted and most use during the process. Both electrodes are connected
to a power supply and a capacitor bank. The capacitor bank is stored with electrical
energy. Just before starting the process the vacuum is created in the die cavity and
then the electric current is discharged from the capacitor bank to the electrodes. Due
to sudden charge release, the thin wire combust suddenly and created a shock wave.
The shock wave travels through the water and transmits the energy to the specimen
which then deforms the metal to a die cavity. After every process, the thin wire needs
to be replaced. This process produces a lower magnitude energy as compared to
explosive forming and thus a smaller and thinner metal can be formed. Thus, this
process is not required to be under the ground level. This process is also considered
for the low production rate.

Fig. 32 Schematic
illustration of electro
hydraulic forming
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Fig. 33 Schematic
illustration of
electromagnetic forming

4.9 Electromagnetic Forming

Electromagnetic forming is the one more process which comes under HERF. In this
process, the deformation of sheet metal occurs due to magnetic force (Fig. 33). The
process is again similar to explosive forming. In this process, an electric coil is used
to produce the magnetic field. The assembly of sheet metal in the die and holder
set is placed at a standoff distance from the electric coil. The electric coil leads are
connected to the power supply and a capacitor bank. Electric energy is stored in
the capacitor bank. Once the set-up is ready a huge amount of energy is released
through the electric coil which then generates the magnetic field. This magnetic field
gets restricted by the nearby conductive material which then creates the eddy current
within the metal. This eddy current produces its own magnetic field and repels the
original magnetic field which creates the force and a deformable metal gets shaped.
In this case is the specimen. This method can also be applied in the tube, the coil
should be placed inside the tube and tube outer surface is placed in the die. During
the process, the tube gets bulge and deform to a die shape. Due to the amount of
energy this process produces, it can be used for low volume and thinner parts.

5 Tube Forming Processes

In sheetmetal formingwemostly discussed forming of a sheetmetal, which is shaped
like a flat long piecewith negligible thickness.However if the sheetmetal is rolled and
joined at their longitudinal edges, a tube metal is formed as shown in Fig. 34. These
tubular parts are used for various applications such as exhaust tubes, heat exchangers,
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Fig. 34 Tube from sheet
metal

support frames, engine cooling system, radiator frame, safety requirements, engine
bearer, integral member, cross member, plumbing fixtures, and oven door handles.
Tubes, as manufactured, cannot be used for all purposes and thus forming of tubes is
needed get the desired shape. One of the tube forming process, tube hydroforming,
is already discussed in the hydroforming section. In this section, some more tube
forming processes will be discussed.

5.1 Tube Flaring

Tube flaring is one of the tube end forming process. In this process, the tube is placed
in the die for support and a conical punch engages the end of the tube and progresses
along the axis of the tube for flaring the shape as shown in Fig. 35. In this process,
the tube end edge expands to the desired flare shape. The tool is not necessarily a
conical shape and can be of any shape from square to cone to elliptical, depending
on the end shape required. Various factors can influence the process such as the tube
length. As the tube length increases, the chances of buckling the tube is higher. This
also depends on the tool angle, if the tool angle is higher the tube will prone to
buckling. Friction increases the flaring force and thus lubrication is required during
the process. Other than flaring this process can be used to either expand or reduce
the tube. For this process, the punch would be inserted in the tube to flare the end
to the require shape and then continue this process till the whole tube is of the same
shape. Similarly dies can be used to insert the tube into a reduce die section where
the reduction can be performed for the whole tube.

5.2 Rotational Flaring

The rotational tube flaring is similar to conventional flaring with only addition is that
when the punch descends to flare the tube, the tool is also rotating at its descend
direction axis. It should be noted that the tube should be held tightly in the fixture so
as to avoid the rotation of the tube. During this process, the shear stress acts on the
tube wall which provides the higher formability for tubes and can be expanded more.
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Fig. 35 Schematic
illustration of conventional
tube flaring

The typical force-displacement curve for conventional and rotational tube flaring is
shown in Fig. 36.

5.3 Tube Hydroforging

Tube hydroforging is the combination of tube hydroforming and forging process.
In this process, the tube is placed in the die and then the tube is preformed into
an approximate die shape by hydroforming. The hydroforming can be high or low
pressure. Once the part is approximately shaped, then the part of the die moves to
compress the tube without any fluid inside to give the final shape. This process is in

Fig. 36 Force displacement
comparison between
conventional and rotational
tube flaring



32 C. P. Nikhare

a way efficient as compared to only hydroforming as it is hard to punch the material
by an axial punch and often bursting or wrinkling occurred. In this process, the
hydroforming can be performed until the metal limiting thinning and then a forging
operation can be performed to provide the final shape. In forging process the metal
is not stretched and thus bursting or fracture would not be a question.

5.4 Reuleaux Forming

It is always believed that when something is rotating it will always create a circle. But
with Reuleaux forming various shapes are possible. The Reuleaux system [24] pro-
vides a rotary motion in the z-axis (vertical) and planar motion on x- and y-axes. One
way to accommodate this is to use a kinematically programmed computer numerical
control (CNC) machine. Figure 37 shows the experimental setup for Reuleaux tube
forming on a HAAS milling machine. The creation of a Reuleaux triangle tool for
forming a square tube is shown in Fig. 38. If a square tube of side “a” is required to
form through Reuleaux tool, then create the equilateral triangle for side “a”. Then
create circles of radius “a” by considering vertex of triangle as a center. Similarly,
draw twomore circles of same radius “a” with center as other two remaining vertexes
of the triangle. Trim all lines and arcs except arcs adjacent to lines of the triangle.
This creates the Reuleaux triangle. Create the center point (let’s say point P) (center
point of the equilateral triangle). The punch rotates at center point “P” on an axis
perpendicular to the page. To create a square cup, the tool moves such that when
the tool is rotating counterclockwise, the point P translates clockwise. Figure 39
provides a series of steps which would create 1/3rd of the square profile while P
covered one full translation cycle. That is, for each tool rotation around the axis at
P, the point P makes three completions of the translating profile to create the square
cup. The locus along which the point “P” travels is not a circle but rather a path that
consists of four elliptical arcs (Fig. 40). The equations for generation of a profile are
given in Fig. 40.

This process is similar to rotational flaring which only difference is that it uses
triangular tool and kinematics to create the final square tube. In this process, again
shear mechanics in involved and thus can produce a shape with uniformly distributed
thickness.

6 Mechanics in Sheet Metal Forming

In this section, various mechanics in sheet metal forming will be discussed. Assume
a circle is etched on a sheet metal and then the sheet metal is pulled to deform to a
particular shape. The etched circle will also deform and it will take a shape as per
the applied force in the different direction. The final shape will provide an indication
that how that region of sheet metal gone through a deformation mechanics.
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Fig. 37 Experimental setup for Reuleaux forming (Permission to reprint from IDDRG) [25]

Fig. 38 Reuleaux tool generation

Fig. 39 One cycle of Reuleaux tool rotation to create square shape
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Fig. 40 Profile of point “P” and equation of 4 quadrants profile

Fig. 41 Circle deformation in a equi-biaxial, b plane strain, c uniaxial tension, d pure shear, and
e uniaxial compression deformation modes

6.1 Equibiaxial Tension

In this mechanics, the circle enlarges to a bigger circle. This means that the circle was
pulled from all direction with equal force. This deformation mode is called as equi-
biaxial tension or balanced biaxial stretching (Fig. 41a). After measuring the strain
in a dominant direction (direction 1 in Fig. 41a) and perpendicular to a dominant
direction (direction 2 in Fig. 41a) on the plane of the sheet, themajor andminor strain
can be calculated and thus the strain ratio (Eq. 16) can be evaluated. In equi-biaxial
tension the strain ratio, β is 1, as both major and minor strain are equal and positive.

β = ε2

ε1
(16)

6.2 Plane Strain

In plane strain mechanics the sheet metal is pulled in such a way that direction 2 size
does not change while direction 1 is elongated to become an ellipse (Fig. 41b). In
this case, the force applied was higher in direction 1 and compared to direction 2,
and direction 2 force was enough to keep the initial circle dimension same. As the
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direction 2 size does not change, the strain in this direction is zero and thus the strain
ratio, β is 0.

6.3 Uniaxial Tension

In uniaxial strain mechanics, the material is only pulled in one direction like a tensile
test. Due to which the size of the circle in direction 2 is compressed (Fig. 41c). Thus
the strain in the direction 2 is negative. It was also observed that the strain in direction
1 is twice than the strain in direction 2 and thus the strain ratio, β is −1/2.

6.4 Pure Shear

In pure shear, the force is applied to the sheet metal in such a way that the tension in
the direction 1 and compression in direction 2 (Fig. 41d). Due to this, the material
is compressed in direction 2. It was observed that strains are equal in both direction
but opposite in nature and thus the strain ratio, β is −1.

6.5 Uniaxial Compression

The uniaxial compression is similar to uniaxial tension, however, in this case, a
compression force was applied in direction 2 only. Due to this kind of force in the
direction 1 started to elongate (Fig. 41e). It was found that the direction 2 strain was
twice than the direction 1 with opposite sign. Thus the strain ratio, β is −2.

6.6 Through Thickness Pressure

In all above five mechanics, it was assumed that the third direction strain is neg-
ligible and thus it was not taken into consideration. However, in some case, the
sheet metal thickness (direction 3) was compressed in such a way that the normal
stresses/pressure generated in thickness direction influences the deformation and thus
it is important to take in account. Due to normal stresses in the thickness direction, it
was found that the formability of metal increases. The reason behind this increase in
formability was that during compression of sheet metal through-thickness direction,
the voids were suppressed and delayed the failure.
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6.7 Through Thickness Shear

This is similar to the above case with a difference of shear stress generates through
the thickness direction. This mechanics was observed in single point incremental
forming, rotational and Reuleaux forming. Due to shear stress in the thickness direc-
tion, the principal stresses are angled in different than the plane of the sheet direction
and thus the FLC needs to be drawn with the third axis of thickness strain. These
shear stresses provide the increase in formability of metal.

7 Common Challenges in Sheet Metal Forming

It is more than a century when a sheet metal process saw its existence and has
been seen a huge advancement till then. From hand-held tool forming to a robotic
operation on the shop floor, the technology has emerged a lot. As discussed above
a large number of processes and a wide variety of application of those parts have
a huge impact on development. However, there are still some challenges due to
implementations of newer regulations and material developments. Some of them are
discussed here.

7.1 Springback

Springback is the unwanted shapewhich results after releasing the forming load from
the formedmetal. This is also called as elastic recovery.When the metal is deformed,
the metal follows its stress-strain curve for that particular deformation in which it is
forming. Metal first follow the elastic region of stress-strain curve and then yields
and then do some plastic deformation to permanently deform the metal. If the load
is released at this point, then metal would like to recover elastically as shown in
Fig. 42. This change in shape is called springback (Fig. 43). This phenomenon is
very common in conventional metals and proper solutions were applied for example
die compensation, rotational rollers in die or punch radius, passing electric current
to eliminate the springback. It was always assumed that the elasticity of a material
remains constant. However advanced materials such as AHSS behaves differently
for springback. The elastic recovery of AHSS is depended on how much strain is
accumulated during deformation, and based on that strain the elastic recovery would
be different.
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Fig. 42 Elastic recovery on
stress-strain curve

Fig. 43 Channel springback

7.2 Buckling and Wrinkling

When themetal cannot sustain anymore force in compression, buckling or wrinkling
occurs. Buckling and wrinkling terms are used interchangeably in sheet forming,
whereas in tube forming buckling is a common term. The parameter influences the
buckling or wrinkling is the excessive force in compression, material strength, the
thickness of a material, and the length of the material between applications of force.
Length is the dominant factor for buckling. Wrinkling in sheet metal forming occurs
due to insufficient blankholding force. When the metal draws in the die the circum-
ferential stresses acts on the wall of the metal and due to insufficient blankholding
force the material wrinkles.

7.3 Fracture

Fracture is defined as the separation of metal in two or more pieces. Materials used
in sheet metal are supposed to be ductile as they required shaping and stretching
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of workpieces. However, depending on the deformation mode the metal can go in
sudden fracture without any sign of necking. For this reason, an FLC needs to be
experimentally plotted for a particular material. Based on the part shape and metal
used the die and punch should be properly designed so none of the strains go beyond
the FLC in any of the deformation modes. Most of the conventional materials used in
sheet metals provide the ductile behavior and predicts closely to FLC. However, most
advanced material such as AHSS needs more attention as they developed with the
purpose of weight saving with higher load-bearing capacity. These steels are multi-
phasemicrostructure and interaction of hard and soft phase during deformationwould
be critical and may lead to early failure.
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Analysis and Optimization of Metal
Injection Moulding Process

C. Veeresh Nayak, G. C. Manjunath Patel, M. R. Ramesh, Vijay Desai
and Sudip Kumar Samanta

Abstract Near net shape metal injection moulding (MIM) process is employed to
manufacture the complex shaped metal parts and can readily be used without the
requirement of secondary processes. Appropriate control at various stages (i.e. feed-
stock preparation, injectionmoulding, binding, debinding, and sintering) of theMIM
process is essential to obtain pore-free structure that yield good compact in MIM
parts. In MIM process, the outputs (such as, surface roughness, micro-hardness, and
ultimate tensile strength) of injection molded parts is influenced majorly by injec-
tion speed, feedstock flow velocity, injection temperature andmold temperature. The
present work is focused to study and analyse the effect of influencing variables of
nickel based (Cr3C2-NiCr + NiCrSiB) metal injection moulded parts using statisti-
cal Taguchi method. Taguchi method is employed to conduct actual experiments and
Pareto analysis of variance is conducted to analyze and estimate the significant con-
tribution of input variables on different outputs. Taguchi and ParetoANOVAmethods
determine the different set of optimal levels for each output, separately. Determining
single optimal level for all the outputs is often difficult due to the conflicting require-
ments (maximize: MH, UST; minimize: SR) in injection moulded parts. Therefore,
Principal component analysis (PCA) is applied to determine the relative importance
(weight fraction) for individual outputs. Grey relational analysis (GRA) is applied
to convert the multiple objective functions with different set of weight fractions
determined using PCA to single objective function through suitable mathematical
formulation. The grey relation grading has been determined and single optimal levels
for satisfying the conflicting requirements are solved in the present work. The hybrid
Taguchi-GRA-PCA method determined optimal solutions are tested with practical

C. Veeresh Nayak · M. R. Ramesh · V. Desai
Department of Mechanical Engineering, National Institute of Technology
Karnataka, Surathkal 575025, India

G. C. Manjunath Patel (B)
Department of Mechanical Engineering, PES Institute of Technology and Management,
Shivamogga 577204, Karnataka, India
e-mail: manju09mpm05@gmail.com

S. K. Samanta
Near Net-Shape Manufacturing Group, CSIR-Central Mechanical Engineering
Research Institute, Durgapur 713209, India

© Springer Nature Switzerland AG 2020
K. Gupta (ed.), Materials Forming, Machining and Post Processing, Materials Forming,
Machining and Tribology, https://doi.org/10.1007/978-3-030-18854-2_2

41

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18854-2_2&domain=pdf
mailto:manju09mpm05@gmail.com
https://doi.org/10.1007/978-3-030-18854-2_2


42 C. Veeresh Nayak et al.

experiments and resulted in better metal injection mould properties. The result could
help any novice user to gain best properties in metal injection moulded parts.

Keywords Metal injection moulding · Density · Hardness · Ultimate tensile
strength · PCA · Taguchi · Optimization

1 Introduction

Metal injection moulding (MIM) process is proved as an economical route to fabri-
cate large quantity of micro components of complex geometry [1]. The process was
developed and commercialized early in 1970–80s. The MIM process is of similar
construction and working principle to that of plastic injection molding and powder
metallurgy processes. MIM process is cost effective and near net shape manufac-
turing process, as the parts are directly used in services without the requirement of
secondary manufacturing processes [2]. The process is now commercialized to man-
ufacture parts used in industrial, commercial, medical, aerospace and automobile
applications [3].

In recent past, the micro-injection moulding process had drawn significant atten-
tion for researchers/investigators across the globe, towards the enhancement of sur-
face and mechanical properties. Theoretical, numerical and classical engineering
experimental methods are established during that period. Theoretical, numerical and
classical engineered experimental methods are the major class of research works
happened when the process developed. The numerical tool has been developed to
improve the mould design that enhance the injection simulation [4]. Merz et al.
[5] investigated different binder system on the properties of metal powder injec-
tion moulded parts. Thermal elimination, supercritical carbon dioxide and catalytic
debindering processes are the commonly used methods in recent literature [2, 6].
The mean size of the metal powders greatly influences on the properties of injec-
tion moulded parts [2, 7]. The appropriate choice of ratio of powder to binder and
mixing methods decides the success or failure of metal injection moulded parts [7,
8]. The powder and binder mixing and associated homogeneous filling of feedstock
into the mould is dependent on the viscous flow of the mixture into the mould [9,
10]. Sintering process in metal injection moulding is of paramount importance to
gain better dense parts [11]. Injection parameters (i.e. injection pressure, injection
velocity) are also of paramount importance on the final outcome of the products.
Research efforts are also done by altering mould and melt temperature for enhanced
mechanical and microstructure properties of injection moulded parts [12]. The fric-
tion and wear behaviour of metallic parts are influenced significantly by the surface
property [13]. The wear behaviour of injection moulded parts depends primarily on
the surface property than the bulk property [13]. Aggarwal et al. [7], showed short
filling time requires higher injection pressure, whereas it affects the die life.Whereas,
long filling time could result in incomplete fill of mould cavity. The optimum filling
time is dependent on the temperature gradient exist between the mould and melt
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temperature [7]. Numerical and simulation methods use many assumptions and are
difficult to meet in actual industrial practice. Although classical or traditional exper-
iment methods provide good insight of individual factor effects, but it requires many
experimental trials.

Statistical methods study many factors by varying simultaneously between their
respective operating levels by conducting minimum experimental trials. Statistical
Taguchi method is applied to minimize the shrinkage in the green part by optimizing
the moulding parameters namely, holding time, injection speed, holding pressure,
cooling time and injection temperature [14, 15]. Taguchi method is applied to opti-
mize the heating rate and sintering parameters (i.e. temperature, time and atmosphere)
on the density of metal injection moulded parts [11]. Yaralagadda [16] used artifi-
cial neural networks to study the impact of cavity thickness, flow length, mould and
melt temperature on injection time of MIM parts. From the above research work,
it was observed that injection speed, injection temperature, flow velocity, sintering
temperature, and mould temperature influence critically the metal injection moulded
parts. Therefore, significant scope for researchers to explore their individual effects
and optimize for the desired properties of metal injection moulded parts.

Optimization of metal injection moulded parts is of industrial relevance, as
improper choice of metal injection moulded parameters results in defects (shrink-
age, porosity, distortion and so on) that attain desired strength in the parts. Classical
or traditional experiment methods results in local solutions (say, low strength and
hardness) and could not produce satisfactory results when the individual parameter is
studied with wide operating range after keeping the rest of parameters at fixed values.
Conventional methods practiced currently in metal injection moulding industries is
considered as a tedious task for manufacturers due to complex and non-linear (that
is, high values of melt and low mould temperature and vice versa, results in the
approximately same impact on the strength and properties of a part). Further, the
conflicting (that is, minimum surface roughness, and maximum strength and hard-
ness) requirements in the metal injection moulded parts requires systematic methods
for conducting optimization. In recent past, grey relational analysis (GRA) is used as
a powerful tool for process analysis and optimizing the complex inter-relationships
among multiple outputs. GRA was applied to optimize the conflicting outputs that
determine the set of input variables [17–19]. Principal component analysis (PCA)
is applied to estimate the weight fractions associated to different output functions,
this could enable industry personnel to know and apply the relative importance dur-
ing the optimization task [17]. Single optimization method might not be effective
to locate the best set of design variables, when applied to optimize any process.
Taguchi method integrated with GRA and PCA proved as useful tool to improve the
performance of plastic injection moulding process [20, 21]. Therefore, a significant
scope to study, analyse and optimize the parameters of a metal injection moulding
process using hybrid Taguchi, PCA and GRA methods exist.
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2 Manufacturing Process

The MIM working principle is explained in Fig. 1. The required quantity of metal
powder with desired size and thermoplastics (i.e. binder) are thoroughly mixed by
utilizing the kneaders to obtain the feedstock. The thermoplastic behaves as the inter-
mediate processing aid and later removed from the part or component after injection
moulding. The binder system plays a vital role to carry the metal powder homoge-
neously for powder compaction to obtain desired shape and size. The feedstock is
heated to make the metal powder get soften that allow ease of flow and injected to the
mould cavity using injectionmouldingmachine. The obtained injectionmoulded part
is referred as green part, which is subsequently exposed to solution (i.e. chemical)
debinding. In chemical debinding, only one part of the binder system is excluded
to obtain an opening the micro-channels in the component that facilitate ease of
extraction of remaining binder in the subsequent thermal debinding stage. Further,
the sintering process is carried out initially for compaction and finally for forming a
solid mass of materials by the application of heat without melting.

2.1 Powders Particle Size and Shape for MIM

Cr3C2-NiCr and NiCrSiB composites are composed of carbide particles reinforc-
ing a metallic matrix, combining the properties of high hardness and toughness of
metals. Cr3C2-NiCr and NiCrSiB feedstock powders are “agglomerated and sintered
under hot isostatic pressure”. The composites can be used for higher temperature
applications in light of the excellent corrosion and oxidation resistance of the nickel
chromium alloy and reasonable wear resistance of the chromium carbides at temper-
atures up to 900 °C. The chemical composition of NiCrSiB is as follows, Cr—7.5%,
Fe—2.5%, B—1.6%, Si—3.5% and remaining is Ni.

Fig. 1 Schematic diagram representing the steps in powder injection moulding process
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These composites exhibit high hardness and different wear behaviours. Carbide
based composite are widely used in abrasive and oxidising environments for various
applications. In addition to these features, the coefficient of thermal expansion of
Cr3C2 (10.3 × 10−6 °C−1) is nearly similar to that of iron (11.4 × 10−6 °C−1)
and nickel (12.8 × 10−6 °C−1) that constitute the base of most high temperature
alloys. This minimizes stress generation through thermal expansionmismatch during
thermal cycles. The chemical composition of Cr3C2-NiCr is as follows, Ni—30%,
C—9.5%, and remaining is Cr.

InMIM process, the morphology of metal powders is of paramount importance as
it influence largely on the properties (i.e. density, strength and surface characteristics)
of MIM parts. Recent literature [22] reported the irregular shape of powder particles
exhibit better shape retention in the moulded parts during removal of binder. Further,
the packing coordination of metal powders for compaction and the part density is
also affected by an irregular particle size and shape. Due to lack of sintering stability
the coarse powders are generally not preferred. The best powder particle size varies
in the ranges of 15 and 45 µm.

The metal powder characterization with respect to particle size and shape is of
great importance for successful processing and finally the processed component
subjected to critical loading during the practical usage. The component poses highest
strength when the particles are densely packed without the voids, can be used during
critical loading applications [23]. Increase in particle size and its distribution width
improve the compaction strength [24]. The irregular size and shape of powder particle
increases the compaction strength due to interparticle friction among metal powders,
and after removal of binder in debinding stage the packing density decreases due to
created voids [8, 24]. Further, viscosity increases during moulding and lowering the
final density of the part after performing sintering. It is also noted that, the packing
density improveswith the spherical shape of powder particles and lowers the viscosity
in feedstock during injection moulding. This could result in good compact green
strength and density and improves density after sintering compared to irregular shape
and size of metal powders. Previous literature [25] showed the optimal shape of the
metal powders must be between spherical and irregular. Figures 2 and 3 showed the
size and shape of metal powders (i.e. NiCrSiB and Cr3C2-NiCr) and its distribution.
The details of powder particle analysed through scanning electron microscope is
presented in Table 1 (refer Fig. 3).

3 Materials and Methodology for MIM Process

The steps involved in metal injection moulding process is discussed as follows,

Step 1: Preparation of feedstock
The primary raw materials such as metal powders and thermoplastic binder are
used for MIM process. The binder serves as an intermediate processing aid and later
removed from the part using solution and thermal debinding process after debinding.
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Fig. 2 Shows the metal particle distribution graph a NiCrSiB b Cr3C2-NiCr

Fig. 3 SEM photograph metal powders a Cr3C2-NiCr powder b NiCrSiB powder

Table 1 Characteristics of metal powders (Cr3C2-NiCr + NiCrSiB)

Individuals Details

Identification Cr3C2-NiCr + NiCrSiB

Powder source Spraymet Surface Technologies Pvt. Ltd.

Tap density, g/cm3 4.96

True pycnometer density, g/cm3 8.03

Powder size D10 = 0.59 µm
D50 = 1.45 µm
D90 = 7.05 µm
D97 = 16.90 µm
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Fig. 4 Sigma blade mixer: a sigma blade mixer with temperature unit b mixing chamber

The blended powder and binder is mixed homogeneously is worked to plasticised
state at an elevated temperature utilising kneader or shell roll extruder. The blended
powder mix must be free from agglomeration and porosity, any deficiency in mixing
stage will continue for subsequent stages. Further, too little binder might not be
sufficient to coat all the metal powder and initiates voids in the mixture, which
results in high viscosity feedstock and difficult to mould. Contrary, excess binder
offer low moulded strength and inhomogeneous part which result in dimensional
problems. Further, use of excess binder will slow down the debinding process and
may cause part slump when the particle settles or migrate during debinding [26]. In
subsequent stages namely sintering there will be major changes in the dimensions
of the part. The feedstock is prepared using Sigma Z blade mixer and the mixing
chamber is shown in Fig. 4.

To study the rheological properties, the viscosity of a feedstock has beenmeasured
using a rotational rheometer (Make: MCR501 Anton Paar, Austria) shown in Fig. 5.
The rheological characteristics were studied at four different temperatures in the
ranges of 150–180 °C with the step interval of 2 °C in the rotational rheometer.

In rotational rheometer, the two factors to be considered during viscosity mea-
surement such as, small gap (approximately 50 µm) must be maintained between
the two parallel plates to eliminate the initial secondary flows, and to establish good
control over shear rate that minimize viscous heating [27]. In MIM process, uniform
filling into the mould is dependent on the steady flow, which in turn dependent on
the feedstock rheological property (i.e. viscosity).

Figure 6 shows the results of pilot experiments that were conducted to know the
viscosity and its shear sensitivity at different temperatures. The increase in shear rate
was observed with decrease in viscosity [28]. Further, the viscosity of the medium
size powder particle is comparatively higher than the fine powder particles. This
might be due to the fact that the fine powder particles are augmented to smaller
interstitial spaces compared to coarse size powder, thus increase inter particle friction.
Further, thefine powder particle pose large surface contact areawhenbombardedwith
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Fig. 5 Rotational rheometer with a open chamber b plate

neighbouring particles [29]. Important to note that a sudden change in the viscosity
in moulded parts results in cracking and distortion [30].

Step 2: Injection Moulding
The injection moulding process is complex and non-linear as the properties are
influenced bymany variables. The appropriate choice of injectionmoulding variables
has showed significant impact tomanufacture the defect free part. The schematic view
of metal injection moulding machine is shown in Fig. 7. InMIM process, initially the
mould is open, while the screw (i.e. ram) is positioned at the extreme left position.
When the feedstock is heated to desired temperature, the mould closes and the screw
pushed the feedstock to fill the mould cavity. To compensate for shrinkage (if any)
the feedstock is forced to the mould during the cooling stage and the back pressure
is maintained in the feedstock till the gate freezes. After the part ensures completely
solidified the back pressure is removed and the part is ejected from the mould halves.
The solidified ejected part in metal injection moulding part is referred as green
part (refer Fig. 8). The MIM green parts are similar to forming of plastic parts in
injection moulding process. Important to note that, wide variety of part geometries
can be produced similar to plastic parts in metal injection moulding process [31].

Prior to practical experiments, the mould tool is designed by utilizing modelling
software (Pro/Engineer Wildfire 5.0). The obtained model using Pro/E tool is con-
verted to Initial Graphics Exchange Specification (IGES) for machining in computer
numerical control equipment.
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Fig. 6 The relation between viscosity of Cr3C2-NiCr + NiCrSiB feedstock and shear rate

Mould

Barrel

Ram

Control Panel

Fig. 7 Injection mould used for fabrication
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Fig. 8 Defect-free MIM
“green” part

Fig. 9 Injection mould inserts with a reference part & parting surface b cavity c wireframe model
of core cavity

The injection pressurewas recorded by utilizing pressure sensorwhich could oper-
ate in the range of 10–100 bar (Make: GEMS-UK, Model: 1200BGC4001A3UA),
installed in the hydraulic line will help to push the feedstock with the help of injec-
tion screw inside the barrel. A 40 mm diameter standard screw and barrel assembly
is employed in the injection moulding machine. The present work uses the multiple
injection speed to inject the feedstock into the mould. The present work attempt to
study the properties with different injection speed, which is varied from 10 to 40%
(i.e. 13.8–55.2 cc/s) to that of maximum injection speed (i.e. 138 cc/s) (Fig. 9).
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Table 2 The details of binder and their corresponding properties

Binder (B) Nature Binder name Melt temperature, °C Density,
g/cm3

B 1 Primary PolyethyleneGlycol-
600 (PEG
600)

64.38 1.29

B 2 Paraffin wax (PW) 0.92

B 3 Secondary Low-density
polyethylene (LDPE)

180 0.91

B 4 Surfactant Stearic acid (SA) 70.1 0.94

Step 3: Binder for MIM
In MIM, the primary usage of a binder is to facilitate ease of metal flow and establish
better powder particle compaction in the mould cavity. Further, binder is designed
to serve as a multi-component system. The binder (say thermoplastic) also acts as
a backbone component, which retains the mould shape without altering the dimen-
sions for the subsequent stages. Later, the second component (i.e. wax) is applied
to enhance the mixture flowability. In subsequent stages the wax is extracted during
debinding which create the pores in part. These pores facilitate the gaseous prod-
ucts of the remaining polymer to diffuse out of the structure, without creating the
internal vapor pressure that might have resulted in the part failure. Furthermore,
removing approximately the 50% of binder quantity could substantially decrease the
carbon pick-up while performing thermal debinding process. Finally, the surfactant
is added as an additive to limit the contact angle by lowering the surface energy at the
binder-powder interface. The binder details used for the experiments are presented
in Table 2.

Step 4: Debinding
Thermal debinding of the injection moulded part has been conducted by utilizing the
electric resistance furnace shown in Fig. 10. Prior to thermal debinding, the solvent
debinding has been done by dipping the specimen in n-hexane (C6H14) solution
and heating the solution below its melting point of paraffin wax, where majority of
the PEG-66, PW and SA were removed by dissolving in n-hexane (C6H14). Solvent
debinding have been carried out in a drying ovenmaintained at different temperatures
and time. After solvent debinding the specimens are dried for 2 h at 40 °C in a
dryingoven (DASSandCo-Howrah). In the thermal debindingprocess, the remaining
binders (if any) such as PEG-600, PW, SA and LDPE from the moulded specimen
was removed with the help of tube type furnace (Make: DASS and Co-Howrah,
Model No.: EN120 QT). Important to note that the thermal debinding has been
carried out at different holding time and temperatures in a hydrogen atmosphere,
where the heating step rate was 1 °C/min. The present work uses a multi-component
binder (such as PEG-600, PW, SA and LDPE) and must be removed in different
processing steps. Noteworthy that, at least one binder component must be of 30%
and more, in the binder-mix, and that major proportion of the binder needs to be
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Fig. 10 Debinding furnaces a drying oven b thermal debinding furnace

removed first in the debinding process to evade the insulated compact of pores [32].
At higher temperature the percentage of PEG 600, PW and SA dissolve in n-hexane,
this might be due to fact that increased solubility and diffusivity could result in major
percentage of weight loss. Furthermore, with time progresses the available time to
dissolve the PEG 600, PW and SA in n-hexane and weight loss increases.

The experimental observation depicts that the solvent debinding above 50 °C,
resulted in the formation of a crack in the compacted part (refer Fig. 11). The obtained
results are due to the thermal expansion and contraction. The insoluble binder stayed
for longer duration in n-hexane solution resulted in swelling and expansion [33,
34]. The solvent debinding was conducted at higher working temperatures, which
results in less compact and found drastic decrease in temperature. The sudden drop
in temperature causes contraction. The parts exposed to sudden contraction and
expansion, induce internal stresses in the compact and finally initiate crack. The
experiments also performedbymaintaining the solvent debinding above 50 °C,which
results in part sagging as a result of softening of the binder component PEG 600, PW
and SA. The crack and part (i.e. compact) sagging occurs above 50 °C, through pilot
experiment the optimum solvent debinding compact temperature has been kept fixed
to 48 °C. The optimized solvent debinding compact temperature (i.e. 48 °C) resulted
in better compact, with no crack or distortion observed in the specimen. The binder
present in the green part (refer Fig. 12a) and removal after subsequent debinding
process is clearly seen in Fig. 12b, c, wherein the binder surrounds the powder
particles. After subsequent stages of thermal and solvent debinding, the removal of
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Cracks and Sagging

Fig. 11 Shows the cracks and sagging on compact after debinding

Binder Powder

(a) (b)

(c)

Fig. 12 Shows SEMMicrograph of a specimen a green part b solvent debinding c thermal debind-
ing

major (i.e. the binder LPDE and remaining PW and SAwhich have not been removed
in solvent debinding) constituents of the binder adhered on the powder particle can
be seen in Fig. 12c.

Step 5: Sintering process
Sintering process is conducted initially for compaction and finally for forming a
solid mass of materials by the application of heat without melting. The obtained part
(i.e. brown part) after subsequent debinding stages is placed in a furnace, where the
temperature and the atmosphere are precisely controlled. The brown part is heated
approximately to 85%ofmaterialsmelting temperature,which burn off the secondary
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Fig. 13 Comparison of a green and b sintered part

polymer binding material. At high working temperatures, the metal powder particles
tend to fuse and eliminate the faults or pores volume occupied formerly by the
binder in the part [35]. The particles are bound together by atomic motion, that could
reduce the high surface energy which is associated with an un-sintered powder [36].
In sintering process, the pore volume formerly occupied by the binder is removed
that exhibit substantial shrinkage in the part. The shrinkage (linear up to 15–20%)
occurs after the sintering process can be observed clearly in Fig. 13. If required the
sintered metal injection moulded part is further processed by utilizing conventional
metal working processes namely heat treatment or surface treatment in the same way
as the cast or wrought parts.

In the present work, the thermal debound tensile compact (i.e. specimen) has been
sintered. As the rule of thumb, as temperature tends to increase, density also increases
but beyond the formation of the liquid phase, and the part shape starts distorting [37].
The sintering process has been carried out at a controlled temperature of 1200 °C,
and a pure hydrogen atmosphere, to resist the effect of oxidation. The sintering
cycle is continued by varying or raising the temperature from 1 to 5 °C/min, and
also maintaining the soaking time allowed to remove the remaining binder in the
compact and to stabilize the furnace temperature. Initially, constant (i.e. 2 °C/min)
heating rate is maintained till the temperature attain 1000 °C, followed by a soaking
time of 80, 80 and 30 min for the temperature of 250, 400 and 1000 °C respectively.
In subsequent stages, the heating rate approximately 1 °C/min is maintained for
densification of tensile specimen till the temperature attain 1200 °C and for cooling
cycle, a 5 °C/min was adopted till it reaches to 200 °C, later the furnace cooling has
been done (Fig. 14).

Themicrostructure ofCr3C2-NiCr+NiCrSiBpowder particles are bound together
and isolated pores are separated from the grain boundary in the sintered specimen is
shown in Fig. 15.
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Fig. 14 Sintering cycle conducted at different temperature intervals

Fig. 15 SEM photograph of a sintered specimen

The density of a sintered component was measured using Archimedes immer-
sion method. Mechanical strength, surface and microstructure characteristics are
dependent primarily on the density of the injection moulded parts. The density of
the sintered part (Cr3C2-NiCr + NiCrSiB) exhibits 8.03 g/cc. The sintered density
decreases at 1200 °C, might be due to the excessive liquid phase introduced in the
powder matrix. However, the presence of liquid phase in solids could improve the
density, whereas too much excess liquid could reduce the sintered density, due to
coarse micro-structure. During the liquid phase sintering phenomenon, the melting
of particle begins which results in a solid-liquid mixture due to thermal cycle [38].
The Vickers microhardness measurements are tested on the cross-sectional area of
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Fig. 16 Microhardness indentation on Cr3C2-NiCr + NiCrSiB

Table 3 Linear shrinkage of the MIM part

Material Length (shrinkage %) Width (shrinkage %) Thickness (shrinkage
%)

Cr3C2-NiCr +
NiCrSiB

14.98–15.63 16.22–17.56 15.43–16.73

the tensile test specimen at the core region as shown in Fig. 16. Prior to measure-
ment, the surface area of the specimen was polished to nullify the effect of dirt,
debris and discontinuities (if any). The resulted microhardness on the sintered part
is 710 Hv. The highest hardness was obtained on the sintered specimen subjected to
a temperature of 1200 °C.

After sintering process, the density improves by eliminating the pores and shrink-
age which might present in the specimen. The shrinkage of the part after sintering
process was measured in three different directions (i.e. length, width and thickness)
and the obtained results are presented in Table 3. In general phenomenon, the shrink-
age should be approximately equal in all directions. However, Table 3 show there
is a variation of shrinkage occurs and this might be attributed to the segregation of
powder and binder phase in the specimen during injection stage.
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4 Results and Discussion

Themetal injectionmoulding parameters are selected generally in industrial practice,
with the available experts, costly simulation and trial run practical experiments.
These methods do not provide economical manufacturing route, as a result of a time
consuming, poor utilization of equipment, and defective products. Taguchi method
suggests limited experiments based on an available orthogonal array, analyse and
determine the optimal input parameters for the output (response) variable. MIM
process is a multi-input andmulti-output system, Taguchi method determines a set of
different combination of independent variables for each output variable. For example,
optimum parameter condition for minimizing the surface roughness of the injection
moulded parts might not be same as maximizing the microhardness and tensile
strength. Taguchi method may not produce the feasible solution for the conflicting
requirement of minimum surface roughness and maximum strength and hardness.
Grey relational analysis is applied to choose single operating conditions for the
conflictingmultiple output characteristics by converting to the single output function.
Multiple outputs might have many optimal solutions and select the best solution is
dependent on the users or investigator preference assigned to each output solution.
Assigning highest importance to surface roughness might result in poor hardness
and strength and vice versa, due to the complex and multivariate metal injection
moulding system. Therefore, PCA is applied to locate the importance (i.e. weight
fraction) for each output quality characteristics. The combined Taguchi-Grey and
PCA method attempt to convert multiple conflicting output quality characteristics
(i.e. SR, MH, and UTS) to single output objective function for solving optimization
of MIM process.

4.1 Statistical Taguchi Method

Dr. Genichi Taguchi developed Taguchi method, is an effective tool for study and
analyse the parameter through suitable design to obtain a high quality injection
moulded parts. Taguchi method uses an orthogonal array (set of well-balanced
planned limited experimental runs) to know the complete insight of parameter
between there corresponding operating levels. Four control factors (feedstock flow
velocity, mould temperature, injection speed and injection temperature) are studied
for determining the optimal parameter setting of a process. The operating condition
of input variables used for experimentation and process optimization is presented in
Table 4. The standard S/N ratio for any output quality characteristics will fall in any
of the following, nominal-the-best, lower-the-better and higher-the-better. Smaller-
the-better quality characteristics is used to determine the optimal set of parameters
for the response, surface roughness (refer Eq. 1). Contrary, larger-the-better quality
characteristics are used for the response,micro-hardness and ultimate tensile strength
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Table 4 Injection moulding parameters and operating levels

Input variables or process
parameters

Unit Symbol Level
1

Level
2

Level
3

Level
4

Injection speed (max. capacity
138 cc/s), IS

% A 10 20 30 40

Feedstock flow velocity, FV m/s B 2 4 6 8

Injection temperature, IT °C C 150 160 170 180

Mould temperature, MT °C D 30 40 50 60

(refer Eq. 2), respectively. S/N ratio computation corresponds to the responses are
defined as follows,

S/N ratioSR = −10 log

[
1

n

n∑
i=1

y2i

]
(1)

S/N ratioMH andUTS = −10 log

[
1

n

n∑
i=1

1

y2i

]
(2)

The term, n represents the number of replications or experiments, i refer to the
experiment number and yi depicts the response value for ith experiment. The L16

orthogonal array experiments are conducted for modelling and process optimization
is shown in Table 5. The average values of the outputs (i.e. MH, UTS and SR)
correspond to a different combination of experimental input conditions is presented
in Table 5.

4.1.1 Pareto Analysis of Variance

Pareto analysis of variance employs pareto principle for data analysis and process
optimization [39]. Pareto ANOVA do not require higher computational time for data
analysis of the parametric design. The analysis does not demand separate ANOVA
table and thereby do not use Fisher’s test. TheParetoANOVAmethod ismore suitable
for engineers and industry personnel, as they do not require highest computational
knowledge and skills. The computation of pareto analysis of variance is done for the
obtained S/N ratio values of MH, SR, and UTS.

Response: Micro-hardness

Table 6 show the summary results of pareto analysis of variance for the response,
micro-hardness. The sample example for the computation of Pareto ANOVA for
factor A is discussed as follows,
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Sum at factor A level 1 (A1) = 54.15 + 54.32 + 54.57 + 54.32 = 217.36

Sum at factor A level 2 (A2) = 54.99 + 54.18 + 54.96 + 54.78 = 219.91

Sum at factor A level 3 (A3) = 55.15 + 55.39 + 55.45 + 55.42 = 221.41

Sum at factor A level 4 (A4) = 55.45 + 55.53 + 55.42 + 55.36 = 221.76

Sum of squares of differences, SA

= (A1−A2)
2 + (A1−A3)

2 + (A1−A4)
2 + (A2−A3)

2 + (A2−A4)
2 + (A3−A4)

2

= (217.36−219.91)2 + (217.36−221.41)2 + (217.36−221.76)2 + (219.91−221.41)2

+ (219.91−221.76)2 + (221.41−221.76)2

= 48.06

Total sum of squares, ST = SA + SB + SC + SD
= 48.06 + 1.48 + 0.036 + 0.2248

= 49.808

Individual factor contribution(%) = (SA/ST) × 100

= (48.06/49.808) × 100

= 96.504

Table 6 show the summary of ParetoANOVA results for the response,MH. Impor-
tant to note that, injection speed contribute more than 96.5% on micro-hardness, fol-
lowed by feedstock velocity, mould temperature and injection temperature at 2.97,
0.454 and 0.072%, respectively. The summation of the outputs corresponds to the
factor and their respective levels are determined and choice of optimum levels was
decided based on the pareto principle. The optimal levels correspond to highest
value of summation of S/N ratio for each factor is determined. The optimal injec-
tion moulding condition determined using pareto analysis of variance is A4B2C2D3.
Higher injection speed is required to completely fill themould cavity, without causing
any defects. Low values of injection speed could always have resulted in incomplete
mould fill and causes flow lines on the injection moulded part [40, 41]. Injection
temperature is directly proportional to rheological property (i.e. feedstock viscos-
ity). Low injection temperature implies a low feedstock viscosity, which often find
difficult for the flow of feedstock into mould cavity. Whereas, with higher feedstock
velocity and injection temperature cause severe problems with feedstock separation.
Higher mould temperature is essential to keep the feedstock viscosity and ensures
complete fill of micro-pores in the injection moulded parts. Noteworthy that, the
optimum levels (A4B2C2D3) determined for the factors is not among the set of L16

experimental conditions. This might occur due to multi-factor nature of 16 experi-
ments conducted out of 44 = 256 total possible sets.
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Response: Ultimate Tensile Strength

ParetoANOVA is conducted to check the performance and contribution of each factor
on the response, ultimate tensile strength (refer Table 6). The results showed the
injection speed contributes at about 86.67%, followed by the feedstock flow velocity
at 10.32%, injection temperature at 1.57% and mould temperature at 1.44%. The
optimal choice of factor levels corresponds to maximum S/N ratio (from four levels)
is found to be A3B2C2D1. The combination of low values of mould and injection
temperature results in low temperature gradient leads to low cycle time and thereby
improved the compaction strength. The Pareto ANOVA determined optimum levels
are not among the combination of L16 orthogonal array experiments.

Response: Surface Roughness

The summary results of Pareto ANOVApresented in Table 7, shows that the injection
speed contributes 94.24% to surface roughness followed by feedstock flow velocity,
mould temperature and injection temperature at about 3.26, 1.51 and 0.99%, respec-
tively. The optimal parameter levels that minimize the surface roughness values is
found to be A4B2C2D3. Higher injection speed and mould temperature is essential to
keep the feedstock viscosity low that help to keep the feedstock in close contact with
the die surface walls, which results in close replica die surface finish. The suggested
optimal parameters are not studied in the L16 orthogonal array of experiments.

The Pareto ANOVA was conducted to study and analyse the data for all the
responses, MH, UTS and SR. Important to note that, injection speed contribute high-
est compared to rest of the parameters (i.e. feedstock flow velocity, injection temper-
ature and mould temperature) for all outputs (i.e. micro-hardness, ultimate tensile
strength and surface roughness). Injection speed has significant control over the most
likely defects such as, flash, sticking of material in the cavity, voids due to trapped
gases, burn marks, weld lines and flow mark. Further, die life is also affected by the
injection speed. Thereby, injection speed is considered as the highest contributing

Table 7 Pareto ANOVA for the response, SR

Factors Levels A B C D Total

Sum at factor levels 1 −17.51 −8.04 −6.69 −5.82 −21.5

2 −9.10 −3.88 −4.40 −6.93

3 0.89 −4.63 −4.80 −4.18

4 4.22 −4.95 −5.61 −4.57

Sum of squares of differences 1169.8 40.29 12.27 18.77 1241.1

Percent contribution ratio 94.24 3.25 0.9881 1.512

Cumulative contribution ratio 94.24 97.49 98.48 100

Optimum levels A4 B2 C2 D3
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factor which has major impact onMH, SR and UTS. Higher injection speed is almost
essential to compensate for rapid cool of the molten feedstock, which includes the
metal granules poses better thermal conductivity with a goal to completely fill mould
cavity. Thereby, feedstock flow velocity is of secondary importance. However, the
injection temperature is also sensitive to materials temperature which has an impact
on the viscosity of the melt. Mould temperature also had significant impact on the
final injection moulded parts, as the residual stresses and mould temperature are
highly inter-related [42].

4.2 Grey Relational Analysis (GRA) and Principal
Component Analysis (PCA)

GRA is employed to solve the complex and multivariate injection moulded system,
wherein the relationships between the parameters are unknown or incomplete or
uncertain. In the present work, there is a problem associated to the selection of
appropriate processing conditions for the conflicting requirements (i.e. maximize:
UTS and MH; and minimize: SR) in the injection moulding process. In such cases,
GRA is applied to convert multiple conflicting objective functions to single objective
function formaximization. The following steps are employed for conversion ofmulti-
response problem to single response function (i.e. grey relational grading),

1. The S/N ratio values of experimental output data are normalized between the
range of zero and one

2. Compute the grey relational coefficient from the pre-processed experimental data
3. Calculate the equivalent grey relational coefficients
4. Estimate the output weights utilizing principal component analysis (PCA)
5. Determine overall grey relational grading (GRG).

Step 1: Normalization of experimental data (S/N ratios)

Data pre-processing (i.e. normalization) is conducted to convert the original output
raw data (i.e. S/N ratios) of the design matrix in the range between 0 and 1. Deng
[43] reported the normalized value equal to 1 indicates the better (i.e. desired) perfor-
mance. The data computation to conduct normalization for amatrix ofm experiments
and n output characteristics is done using the below (Eq. 3).

x∗
i (k) = x0i (k) − min x0i (k)

max x0i (k) − min x0i (k)
, (normalization range between 0 and 1) (3)

x∗
i (k) is sequence after data pre-processing, x

0
i (k) is the actual or original sequence

of S/N ratio, i = 1, 2, 3,…, m, and k = 1, 2,…, n, with m = 16 and n = 3. max x0i (k)
is the largest value of x0i (k) and minx0i (k) is the lowest value of x

0
i (k). The S/N ratio

values of MH, UTS, and SR are set to be the reference sequence x00 (k), k = 1–3 and
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Table 8 Data pre-processing of S/N ratio of L16 orthogonal array experiments

Exp. no. Average S/N ratio values of
outputs

Data pre-processing for S/N
ratios

MH UTS, MPa SR, µm MH UTS SR

Reference sequence, x00 (k) 1.000 1.000 1.000

Comparability sequence, x∗
i (k)

L1 1 54.15 54.99 −5.01 0.000 0.000 0.000

L2 2 54.32 55.15 −4.56 0.122 0.219 0.063

L3 3 54.57 55.24 −3.86 0.301 0.345 0.16

L4 4 54.32 55.06 −4.08 0.122 0.092 0.129

L5 5 54.99 55.42 −2.35 0.61 0.593 0.372

L6 6 55.18 55.50 −2.14 0.743 0.715 0.400

L7 7 54.96 55.36 −2.67 0.588 0.511 0.326

L8 8 54.78 55.19 −1.94 0.451 0.282 0.428

L9 9 55.15 55.40 −0.51 0.721 0.573 0.628

L10 10 55.39 55.53 1.31 0.894 0.756 0.882

L11 11 55.45 55.71 −0.26 0.937 1.000 0.663

L12 12 55.42 55.65 0.35 0.915 0.916 0.748

L13 13 55.45 55.49 −0.17 0.937 0.695 0.675

L14 14 55.53 55.65 1.51 1.000 0.916 0.910

L15 15 55.42 55.45 2.16 0.915 0.634 1.000

L16 16 55.36 55.42 0.72 0.873 0.593 0.800

the comparability sequences i = 1, 2, 3,…, 16, k = 1–3. The data pre-processed S/N
ratio values correspond to MH, UTS, and SR is presented in Table 8.

Step 2: Compute the deviation sequence, i.e. �0i (k)

The term �0i (k) represent the deviation sequence, which is the absolute difference
between the reference and comparable sequence value after conducting normaliza-
tion. The deviation sequence values are determined using Eq. 4.

�0i (k) = ∣∣x∗
0 (k) − x∗

i (k)
∣∣

�max = max.max. �0i (k)

�min = min.min. �0i (k) (4)

The results of computation of deviation sequences �0i (k), was presented in
Table 9,

�01(1) = ∣∣x∗
0 (1) − x∗

1 (1)
∣∣ = |1.000 − 0.000| = 1.000

�01(2) = ∣∣x∗
0 (2) − x∗

1 (2)
∣∣ = |1.000 − 0.000| = 1.000



Analysis and Optimization of Metal … 65

Table 9 Deviation sequence
of L16 orthogonal array
experiments

Deviation sequence MH, �01 UTS, �02 SR, �03

L1 1 1.000 1.000 1.000

L2 2 0.878 0.781 0.937

L3 3 0.699 0.655 0.840

L4 4 0.878 0.908 0.871

L5 5 0.390 0.407 0.628

L6 6 0.257 0.285 0.600

L7 7 0.412 0.489 0.674

L8 8 0.549 0.718 0.572

L9 9 0.279 0.427 0.372

L10 10 0.106 0.244 0.118

L11 11 0.063 0.000 0.337

L12 12 0.085 0.084 0.252

L13 13 0.063 0.305 0.325

L14 14 0.000 0.084 0.090

L15 15 0.085 0.366 0.000

L16 16 0.127 0.407 0.200

�01(3) = ∣∣x∗
0 (3) − x∗

1 (3)
∣∣ = |1.000 − 0.000| = 1.000

Thereby, �01 = (1.000, 1.000, 1.000); �02 = (0.878, 0.781, 0.937) and
�max and �min are the maximum and minimum value of �0i . The sample com-
putation was conducted for i = 1–16, and the determined values of all �0i for i =
1–16 are presented in Table 9. The values correspond to �max(k) and�min(k) are
found as follows,

�max = �01(1) = �01(2) = �01(3) = 1.000 and�min = �14(1) = �11(2) = �15(3) = 0.000

Step 3: Computation of grey relational coefficient (GRC)

After data pre-processing and deviation sequence, GRC is determined to know the
relationship exists between the optimum (i.e. ideal or best) and the actual normalized
S/N ratio. The computation of GRC (refer Eq. 5), ξ(k)(k) is done as follows,

ξi (k)(k) = �min + ψ�min
�0i (k) + ψ�max

, 0 ≺ ξ
[
x∗
0 (k), x

∗
i (k)

] ≤ 1 (5)

The termψ is the distinguished coefficient whose value vary in the range between
zero and unity. Smaller the distinguished coefficient value, larger will be the distin-
guished ability. The present work set the ψ = 0.5. The computation of the grey
relational coefficient ξ1(k) is done as follows,
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Table 10 Grey-relational
coefficient correspond to
outputs of MIM process

Exp. no Grey relation coefficient, ξ

MH UTS SR

L1 0.333 0.333 0.333

L2 0.363 0.390 0.348

L3 0.417 0.433 0.373

L4 0.363 0.355 0.365

L5 0.562 0.551 0.443

L6 0.660 0.637 0.454

L7 0.548 0.506 0.426

L8 0.477 0.411 0.467

L9 0.642 0.539 0.574

L10 0.825 0.672 0.809

L11 0.888 1.000 0.597

L12 0.855 0.856 0.665

L13 0.888 0.621 0.606

L14 1.000 0.856 0.848

L15 0.855 0.577 1.000

L16 0.797 0.551 0.714

ξ1(1) = 0.000 + (0.5)(1.000)

1.000 + (0.5)(1.000)
= 0.333

ξ1(2) = 0.000 + (0.5)(1.000)

1.000 + (0.5)(1.000)
= 0.333

ξ1(3) = 0.000 + (0.5)(1.000)

1.000 + (0.5)(1.000)
= 0.333

Thereby, theGRC ξ1(k)= (0.333, 0.333, 0.333),where k = 1–3, similar procedure
employed for the remaining L16 orthogonal array to obtain the GRC (refer Table 10).

Step 4: Determination of grey relational grading (GRG)

After performing computation ofGRC, theGRG, γi is estimated based on the average
sum of all the multiple output characteristics of grey relational coefficients is defined
as follows,

γi=1

n

n∑
k=1

ξi (k) (6)

In injectionmoulding process, the impact of each input factor on the output system
might not be same always, thereby Eq. 6 can be modified accordingly as follows,
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γi=1

n

n∑
k=1

wkξi (k) (7)

The term wk refers to the weight of the output function, the appropriate choice
of weights reflects significantly the quality of injection moulded parts. Thereby, the
weights are decided for each output function using the principal component analysis
(PCA). PCA method starts with the multi-response array with m experiments and n
performance characteristics. The methodology employed to determine weights for
each quality characteristics is described as below [21].

Step 1: The general form of multiple output quality characteristic matrix is defined
as follows,

xi ( j), i = 1, 2, . . . ,m, j = 1, 2, . . . , n

xi =

⎡
⎢⎢⎢⎣
x1(1) x1(2) x1(3) · · · · · · x1(n)

x2(1) x2(2) x2(3) · · · · · · x2(n)
...

...
...

...
...

...

xm(1) xm(2) xm(3) · · · · · · xm(n)

⎤
⎥⎥⎥⎦

For the present work, the term x is the grey relational coefficient and the value of
m and n is found to be 16 and 3, respectively.

Step 2: Compute the correlation coefficient array

The computation of correlation coefficient array is done as shown below,

R jl =
(
Cov(xi ( j), xi (l))

σ(xi )( j) × σ(xi )(l)

)

=
(

Covariance sequences of xi ( j) and xi (l)

Standard deviation of xi ( j) × Standard deviation of xi (l)

)

Step 3: Estimate the eigen values and eigen vectors

The correlational coefficient array was used to determine the eigen values and
eigen vectors.

(R − λk Im)Vik = 0 (8)

The term λk represents the eigen values
∑n

k=1 λk = n, k = 1, 2, . . . , n; Vik =
[ak1ak2 . . . akn]T—depicts the eigen vector corresponds to the eigen value λk .
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Table 11 Eigen values and
percent contribution for
principal components

Principal component Eigen value Explained variation
(%)

First 2.5368 84.56

Second 0.4184 13.94

Third 0.0448 01.50

Table 12 The eigenvectors
for principal components

Quality
characteristics

Eigen vector

First
principal
component

Second
principal
component

Third
principal
component

Micro
hardness

0.619 0.000 0.785

Ultimate
tensile
strength

0.555 0.707 −0.438

Surface
roughness

0.555 −0.707 −0.437

Step 4: Calculate the principal components

The formulation of uncorrelated principal components is as follows,

Ymk =
n∑

i=1

xm(i) × Vik

where, Ym1 and Ym2 are the first principal and second principal components and so
on.

The essential array for the multiple performance characteristics representing the
GRC of individual performance characteristics is presented in Table 10. The GRC
data are used to estimate the correlation coefficient matrix that help to know the eigen
values according to Eq. 8, is presented in Table 11. The eigen vector associated to
individual eigen value is shown in Table 12. The square of each eigen values repre-
sent the explained variation of associated performance characteristic to the principal
component. The variance contribution of first principal components representing the
three quality characteristics is found equal to 84.56% (refer Table 11). Interesting
to note that, the percent contribution (i.e. weights) of MH, UTS and SR are found
equal to 0.3840, 0.3080 and 0.3080 (refer Table 13), respectively.

The values of grey relational grading are computed with the help of each GRC
and their corresponding weights is conducted as follows,

λ1 = (0.333 × 0.3840) + (0.333 × 0.3080) + (0.333 × 0.3080) = 0.334
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Table 13 The relative
importance (weight fraction)
of individual quality
characteristics

Quality characteristics Contribution

Micro hardness 0.3840

Ultimate tensile strength 0.3080

Surface roughness 0.3080

Similar methodology was employed to compute the GRG for the comparability
sequence i = 1–16 and the determined values are presented in Table 14. The cal-
culated grey relational grading is used to obtain the optimum injection moulding
parameters for quality parts.

Pareto ANOVA is conducted on the single grey relational grading to know the
optimal levels of injection moulding parameters and their corresponding percent
contributions. The results showed the injection speed is treated as the most domi-
nant factor compared to feedstock velocity considering all the responses. However,
the effect of mould and injection temperature does not find much contribution con-
sidering all the responses. The injection speed, feedstock flow velocity, injection
temperature and mould temperature set at optimum levels 4, 2, 2, and 1, respec-
tively i.e. A4B2C2D1 combination resulted as an ideal condition after considering all
the multiple performance characteristics (refer Table 15). Higher values of injection
speed are essential to ensure the feedstock to completely fill the mould cavity. As
injection speed increases the time required to fill the feedstock decrease, and thereby
low values of mould and injection temperature is sufficient to attain better compact.
Thus, capable to produces better quality injection moulded part. It is worth men-
tioning that the optimal parameter combination was not found among the 16 sets
of different combination of experiments conducted. This might occur due to multi
factor nature of Taguchi experimental design (i.e. 34 = 81).

4.3 Summary Results of Optimization

Taguchimethoddetermineddifferent combinationofmouldingparameters (i.e. injec-
tion speed, feedstock flow velocity, injection temperature and mould temperature)
for MH, UTS and SR. Thus, Taguchi method alone limit to contribute single para-
metric combination for all outputs (i.e. MH, UTS, and SR), which are in conflict with
one another. The decision regarding uncertainty is solved utilizing combination of
GRA and PCA. GRA helps to convert the conflicting multiple objective functions to
single objective function. Determining the solutions for conflicting objective func-
tions is considered as a tedious task, as the solutions are dependent on the desired
(i.e. importance assigned for each output function) performance by the investigator.
The weight fractions for different output functions are decided based on statistical
analysis of experimental data utilizing PCA. All the outputs (i.e. 38.40% for MH,
30.80% for UTS and 30.80% for SR) had shown significant impact according to
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Table 15 Pareto ANOVA for grey relational grading (GRG)

GRG (multiple quality characteristics)

Input factors Levels A B C D Total

Sum at factor levels 1 −34.87 −22.64 −18.87 −18.40 −77.07

2 −23.17 −16.37 −18.12 −20.04

3 −10.39 −17.22 −20.07 −18.81

4 −08.64 −20.84 −20.01 −19.82

Sum of squares of differences 1801.685 105.7371 10.6803 7.4555 1925.56

Percent contribution ratio 93.57 5.49 0.555 0.387

Cumulative contribution ratio 93.57 99.06 99.61 100

Optimum levels A4 B2 C2 D1

Table 16 Summary results of single and multiple objective optimization for MIM process

Optimization Method Output Optimal input
condition

Experimental output

MH UTS SR

Single response
optimization

Taguchi MH A4B2C2D3 610 596 0.88

UTS A3B2C2D1 598 616 0.92

SR A4B2C2D3 596 592 0.75

Multi-response
optimization

GRA and PCA A4B2C2D1 608 602 0.83

the principal component analysis. The composite value of combination of weights
and the output functions are used to calculate the grey relational grading. Pareto
ANOVA determined the optimal combination for all combination of output charac-
teristics. Summary results for both the individual and combined response optimized
conditions are presented in Table 16.

The suggested optimal injection moulding conditions determined by Taguchi
method resulted in individual improvement inMH,UTS and SR (refer Table 16). Fur-
ther, Taguchi, GRA and PCA determined optimal conditions resulted in high values
of MH, and UTS, while minimizing the SR (refer Table 16). Confirmation exper-
iments are conducted for the optimized conditions determined for single response
by Taguchi method and for multiple responses by Taguchi-based GRA and PCA.
Taguchi method determined optimal parametric conditions resulted in better perfor-
mance in MH, UTS and SR, respectively. Taguchi-based GRA and PCA determined
optimized conditions resulted in better properties.
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5 Conclusions

In the present work, the input parameters (injection speed, mould temperature, injec-
tion temperature and feedstock flow velocity) on the surface quality and mechanical
strength of nickel based (Cr3C2-NiCr + NiCrSiB) metal injection moulded parts are
studied. Taguchi method is employed for conducting minimum experiments, Pareto
ANOVA for determining optimal levels and estimate percent contribution, PCA for
estimating weight fractions for individual output, and GRA for mathematical formu-
lation of multiple objective functions to single objective function for conducting the
optimization. The following conclusions are drawn for the present work,

1. Taguchi method minimizes the experiments required to determine the optimal
levels for an output. Pareto ANOVA suggests injection speed is the most sig-
nificant factor for SR, MH, and UTS. Feedstock flow velocity is of secondary
importance towards all outputs. Injection speed set at higher level showed better
properties, as higher speed is attributed to ensure completely fill the feedstock in
themould cavity,without causing defects (pores). A4B2C2D3 forMH,A3B2C2D1

for UTS, and A4B2C2D3 for SR are treated as optimal conditions to attain best
properties in injection moulded parts.

2. Multiple conflicting outputs (maximize: MH, and UTS, and minimize: SR) have
many optimal solutions depending on output importance and choice of single
solution is a tedious task. Thereby, PCA is employed to know the weight fraction
(i.e. importance) for each output. The weight fractions for MH, UTS and SR are
found equal to 0.3840, 0.3080 and 0.3080). Important to note that, MH is treated
as highest importance compared to SR, and UTS from the experimental data and
statistical analysis.

3. GRA is applied to solve multi-objective optimization for MIM process. The
hybrid Taguchi-GRA-PCA recommended the optimal levels for MIM process,
when the MH, UTS and SR are simultaneously considered for optimization. The
best properties (i.e. MH, UTS and SR) for MIM is obtained for injection speed
(55.2 cc/s, level 4), feedstock flow velocity (4 m/s, level 2), injection temperature
(160 °C, level 2) and mould temperature (30 °C, level 1). The selected feedstock
powder loading formulations exhibited pseudo plastic flow behaviours, which is
found to be best suited for MIM processes. Pareto ANOVA applied for GRG is
tested for MIM parameters, the injection speed resulted in highest contribution,
followed by feedstock flow velocity towards the multiple-performance charac-
teristics. Note that, injection temperature and mould temperature showed the
negligible impact on multiple outputs.

4. The present work limits the risk of obtaining the defective component, which
normally occur with the currently employed try-error experiment method. Fur-
ther, the results are very useful to MIM industries to obtain the desired moulding
properties.
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On Friction-Stir Welding of 3D Printed
Thermoplastics

Sunpreet Singh, Chander Prakash and Munish K. Gupta

Abstract The use of thermoplastic materials, specifically in automotive industry, is
increasing exponentially due to their numerous overpowering quality characteristics
in comparison of metals and alloys. Three-dimensional (3D) printing technologies
are established as one of the best methods for fabricating customized, complex,
durable and mechanically strong structures. However, such parts often required to be
assembled when subjected to industrial applications, automotive sector for instance.
The service life of the joints made with adhesives, glues and mechanical fasteners is
greatly depending on working conditions, for e.g.: moisture. Recently, researchers
have highlighted the utility of friction stir welding (FSW) of thermoplastics for awide
range of conventionally made thermoplastics structures and very less information is
available on FSW of three-dimensional (3D) prints. This chapter outlines the recent
research trends in FSW and a specified case study focusing optimization of tensile
strength of the specimens, made with 3D printing, by friction stir welding (FSW).
Further, as-welded and fractured specimenswere analyzed through scanning electron
microscopy to identify the joint quality and reasons of failure. It has been found that
the chips formation of thermoplastic fibers while welding was the most critical issue,
opening new research areas for forthcoming 3D printing and FSW practices.

Keywords 3D printing · Friction stir welding · Optimization · Process
parameters · Thermoplastics · Tensile strength

1 Introduction

The word “welding” demonstrates the permanent joining of similar/dissimilar mate-
rials with the help of heat and/or force or both. This joining technology allows the
manufacture of very complex geometries which otherwise are impossible to fabricate
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(a)

i. ii.                     iii.

(b)

Fig. 1 Schematic of FSW for a seam joint [9] and b lap joints [10]

as a single piece [1]. Friction stir welding, abbreviated as FSW, is one of the latest
and widely practiced solid state welding processes patented by Cambridge Univer-
sity (UK) in late 19th century [2]. Welding of alloys of aluminium (Al), magnesium
(Mg), copper (Cu), stainless steel (SS), stainless steels, etc., which face problems
with conventional welding methods are now possible FSW [1]. FSW process was
specifically invented for welding Al alloys but with the passage of time, inventions
have been achieved to weld Cu, Mg, SS, titanium (Ti) and thermoplastics [3–6].
This process has attracted the attentions of many manufacturing industries dealing
with assembly of automobiles and aerospace products. The invention of FSW pro-
cess has also overcome the limitations of traditional fusion welding techniques as
heat effected zone can be partially or completely eliminated owing to zero melting
principle. Simultaneously, many of the existing the environmental and safety issues,
associated with conventional welding methods, can be avoided through FSW [7].

The working of FSW has changed over the past decades as now more robust and
flexible CNC controlled system results in better control of the process variables,
inbuilt heating arrangement and utilization of different weld-able materials. Gener-
ally, the success of this process greatly relies on the development of heat during to
frictional force at the tool tip and counter workpiece interfaces [8]. In case of FSW of
seam joints, the cylindrical tool forces the parts to weld by pushing it, while rotation,
to pierce into the joint and moving along the predefined weld line (refer Fig. 1a).
Consumable as well as non-consumable tools could be used as per the requirements.
A shoulder piece is connected at the top of rotating tool to avoid spattering of mate-
rial from the butting surface and also guarantee the required pin penetration [9].
Whereas in case of FSW of lap joints, the rotating tool penetrates the work-materials
(plunging-i), allowed to maintain its position (holding-ii) until uniform heat waves
propagate and allow atomic diffusion and finally retrieved back (withdrawing-iii)
(refer Fig. 1b) [10].

There exist three phases in FSW and all these can be designated as a function of
time period for which tool andworkpiece aremade in contact with each other. During
first phase or “Plunge Period”, the tool is rotated and moved in vertical downward
direction and penetrated inside theworkpiece to a defined thickness. The tool remains
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in this position, during the “Dwell Period”, until the preliminary softening and plastic
deformation of the material take place. Then, welding action can be started in the
withdrawing phase by moving the tool or workpiece, relative to one another across
the weld line [9, 11]. In order to achieve metallurgical bonding, the materials must be
exposed to sufficient temperature and pressure for required span of time. Therefore,
the intermetallic compound thin layer is generally formed along the interface [12].

The obtained quality characteristics of FSWed parts are greatly influenced by the
process variables of the setup such as: probe geometry/features, tool rotation/feed
rate, plunge depth, tilt angle, sideways tilt angle, shoulder geometry/features, forces,
etc.Moreover, the advancing-retreatingmechanism of this joining process also needs
to be understood in-depth, as it influences heating, plasticizing and shoulder pressure
[13, 14]. Majority of the reported research is focusing on the weld-ability of various
materials (alloys, thermoplastics and thereby combinations), tool design, and opti-
mization of the aforementioned variables in response of mechanical/metallurgical
characteristics. The Sect. 1 of this chapter highlights the recent advances in FSW,
whereas Sect. 2 represents a case study focusing optimization of tensile strength of
FSWed 3D printed parts. Section 3 ends this chapter by outlining the possible future
trends in the light of performed case study.

2 Research Advances in FSW

Welding made of different material combinations has been attracting gradual signif-
icance in engineering requests since of their technical and commercial aids [15–17].
It has been seen that Al in combinations of other common engineering materials has
increased its pace in-terms of industrial utility, especially in transportation and elec-
tric power industries. One of such example is of Al/Cu based bimetallic dissimilar
joints which are of great importance in electrical connections, since this can lessen
materials expenses and heaviness during prolonging the service lifecycle [18–20].
In Fig. 2a, the rotating collar started blending against the highest point of tests at
the point demonstrated as “contact” and around 10 s past the weld was permitted to
initiate. It is obvious that after begin of welding process; an expansion in temperature
can be seen.

In Fig. 2b [21], no noteworthy increment in temperature is observed during the
initial period. In fact, an ascent in temperature is not seen until the point when the
pivoting pin initially approached the thermocouple from a distance of 50 mm. The
stirred zone of air welded samples demonstrated exceptionally complex intervened
stream shapes, in which re-solidified Mg and Al composites were swirled together
and fragile intermetallic phases Al3Mg2 and Al12Mg17 and Al2Mg3 were formed.
The stirred zone of submerged welded sample demonstrated a much smoother inter-
face and less intermixing. Their temperature distributions, during processing, were
recorded for both submerged and open conditions; and thereby compared, refer
Fig. 3 [23].
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Fig. 2 Cross sections of friction stir welded joints at different traverse speeds 40 mm/min (a and
b) and 20 mm/min (c and d) [21]

Fig. 3 Temperature profiles for a the room temperature weld initiated at 25 °C, and b underwater
weld, at a rotation speed of 300 rpm and travel speed of 50 mm/min [23]

Sun et al. examined the spot welded Al-6061 alloy and mild steel plate with a
thickness of 1mm,which contained two stages during thewholeweldingprocess. The
welds obtained were having smooth surface without keyholes and no intermetallic
compound layer, refer Fig. 4, was formed along joint boundary [24].

Recently, FSWhas been applied to join similar and dissimilar thermoplastic mate-
rials [25–27]. Bilici andYukler have performed number of experiments to study, opti-
mize and evaluate the mechanical properties of resulting parts. In one of their studies
[26], FSW (spot welding) parameters were studied in response of static strength of
high density polyethylene sheets. In lap-shear tests, two crack modes were observed,
for example, cross nugget failure and pull nugget failure. It has been found that tool
plunge depth, rotational speed and dwell time were important to withstand the failure
modes. Gao et al. showed that the addition of carbon nanotubes reduced the defects
(such as: pores and crack) and increased the tensile strength and elongation; how-
ever hardness of the joint was sacrificed [28]. Azarsa andMostafapour used response
surface technique (RSM) to inquire about at the optimum process parameters for the
improvement of bending strength of FSWed high thickness polyethylene parts. It has
also been found that burning and degradation of HDPE (see Fig. 5a) can happen at
an excessively high rotational speed and may lead to tunnel imperfection (across the
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Fig. 4 Spot welded specimens [24]

Fig. 5 Burning and degradation of thermoplastic at higher temperature (a) and external voids
(b) [29]

weld line), particularly in case of low shoe temperature. Similarly, high transverse
speed of tool (>100 mm/min) can increase the deformations in weld line as well as
outside voids (see Fig. 5b) [29].

Ratanathavorn proposed a test study to achieve understanding on the impacts of
welding parameters on the nature of hybrid joints in term of the greatest tensile shear
strength. A range of thermoplastics and thermoplastics with filaments (counting:
polypropylene, polyamide-12, polyethylene terephthalate, fiber-fortified polyethy-
lene terephthalate and fiber-strengthened polyamide) were joined to Al composite
sheets by FSW. Some of the important findings are as [30]:
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Fig. 6 Macrograph of fractured specimens on Al and PPS side because of melting and re-
solidification of PPS outside of stirred zone (a) and micrograph of fractured surface at aluminium
stir zone (b) [40]

• Defects produced, such as: holes and localitieswith very larger and no chips,within
the weld line can be easily recognized through non-destructive testing methods.

• The most critical process parameters were pin geometry and thread, translation
speed and rotation direction.

• Tool rotational course controls the direction of material flow inside the weld hole.
• Utilizing clockwise rotational course isn’t ideal because of lost material through
a work-piece surface.

• A direct material blending is more attractive because of its low void development
and additionally great material course in the weld hole.

Table 1 summarizes the keyfindings of various research attemptsmade forwelding
dissimilar materials combinations.

For meeting with the challenges being faced by the manufacturing companies
dealing with hybrid assemblies of metals and thermoplastics, FSW is one of the best
choices nowadays [36–39]. Ratanathavorn and Melander created overlap joints of
Al (AA-6111) with a high temperature and chemical inert thermoplastic (PPS) using
FSW. The tool was utilized to produce metallic chips in place of plasticising the Al
plate as in the traditional FSW process. Thermoplastic was liquefied and fused with
the chipped zone to form a joint as seen in Fig. 6 [40].

3 FSW and 3D Printing

Not much work has been reported on the applications or benefits of 3D printing tech-
nology in FSW. Friction welding for 3D printing products was licensed in 2004 [41].
The first report on friction stir process as a manufacturing method to 3D printed com-
ponents was distributed via Airbus in 2006 [42]. Airbus and Boeing highlighted that
the innovation is fit for tending to two of the predefined challenges, (i) accomplish-
ing high throughput and (ii) less material wastage [42, 43]. Sharma et al. developed
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Table 1 Summary of major finding in FSW of dissimilar materials

S. no. Material
combination

Major findings Ref.

1 Al and Cu • Composite like phase formed in weld nugget
resulted into distinct rise in hardness along
with excellent metallurgical bonding for
quality tensile and bending strength

[21]

2 Al and Steel • The influences of tool speed, rotation speed
and tool offset; and were correlated with
welding forces applied on the FSW tool as well
as temperature distributions

• It has been found that the highest tensile
strength achieved was about 15% of lesser than
that of Al alloy. Further at higher welding
speed, the high temperature duration, interlayer
thickness and material strain rate were reduced

[22]

3 Al and Mg • The intermetallic compounds behaved
insignificantly in regards of the mechanical
properties

[23]

4 Al and Steel-304 • The transverse tensile strength of around 93%
of the Al-6061 base metal was obtained with
hybrid FSW, higher than the tensile strength of
FSW welds

• This was because of the precipitates prompted
softening of the mix zone brought about around
50% reduction of hardness in stirred zone than
Al base metal

[17]

5 Acrylonitrile-
Butadiene-Styrene
(ABS) sheets

• It has been discovered that high axial force
promoted the squeeze of the molten polymeric
material, preventing introduction of air into the
weld and helps cooling of the weld without
shrinkage and voids development. It
additionally enhanced rigidity and strain of
welds

• Axial force adds to material blending and avoid
the development of cavities in the withdrawing
side of mix zone

[31, 32]

6 ABS sheets • The tensile strength of the joined sheets has
been altogether influenced by the hot shoe
temperature

[33]

7 Polycarbonate
sheets

• FSW successfully joined polycarbonate sheets,
of 3 mm thickness, and built up a prototypal
setup to screen the calculation of forces and
tool temperature

[34]

8 Polyethylene sheets • Tool rotations played critical role and
contributed 73.85% in the tensile strength of
FSWed polycarbonate sheets

[35]
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Fig. 7 Schematic illustration of the FS3DP process (a) and dimensions of the tool (b) [46]

functionally graded material through FS3DP process [44]. FSW turns the tide and
brings about a radical change in the situation of block joining additive manufacturing
of monolithic stiffened airframe panels [45].

Palanivel et al. utilized amulti-layered stack containing four sheets and a fabricate
height of 5.6 mm was produced by consecutively building and CNC machining of
the welded layers, allude Fig. 7. Friction stir-3D printing (FS3DP) was performed
by using a right handed stepped tool pin made of tool steel [46].

3.1 Tool Design

The welding parameters and tool geometry strongly affect the quality of stirred
zone and weld strength [47, 48]. There are two main parts, i.e. shoulder and pin
[49], around which material deformed [50]. Different shapes of shoulder and pin are
shown in Fig. 8a, b. Pin diameters [51], pin angle [52], thread orientation [53], length
[54] and profile [55] are important in FSW. The shoulder generates heat during the
welding process, forges material, prevents expulsion and assists material movement
[56]. Pirizadeh et al. designed a novel tool with two shoulders, refer Fig. 9. Tensile
strength has been improved by controlling the levels of input variables. An increase
in the rotational speed decreased the tensile strength, whereas both low and high
levels of translational speeds led to low heat generation and poor mixing. Use of
convex pin was also found to be superior as compared to simple pin [57].

Eslami et al. produced welds with a newly designed tool (see Fig. 10) to improve
the welds surface quality and strength significantly. Number of experiments were
performed at selected parametric setting, and resulted into poor precision. Thismeans
there is still need of much effort to control the processing of welding materials [58].
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Fig. 8 Different shapes of shoulder (a) and pin (b) [56]

Sadeghian and Givi studied the effect of parameters including: geometry of the
tools such as pin profile, diameters ratio and welding speeds such as rotational and
linear. Optimized results produced with central composite design highlighted the
optimal conditions as 2°—tilt angle, 900 rpm—rotational speed, conical tool, diam-
eters ratio—20/6 and linear speed—25 mm/min [59].
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Fig. 9 Schematic of newly designed tool [57]

Fig. 10 Stationary shoulder and rotating probe developed: a isometric view and b bottom view
[58]

3.2 Friction Stir Welding of 3D Printed Acrylonitrile
Butadiene Styrene: Case Study

In the present case study, FSW of 3D printed acrylonitrile butadiene styrene speci-
mens has been carried out by using CNC—VerticalMillingMachine. An open source
3D printer (fused deposition modelling) has been used to print ready to weld spec-
imens. The half-length of the tensile test specimens (recommended by ASTM-638;
type IV) was printed at judiciously selected process parameters (such as: 100% den-
sity, 0.254 layer thickness and 0° build angle). Friction welding was performed in
the mid-way with an in-house developed cylindrical tool tip of 10 mm length and
5 mm diameter, refer Fig. 11. Wooden shoulder and bearing was used to maintain the
back-up plate in stationary condition while processing. The back-up plate helped to
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Fig. 11 Schematic view of friction tool used for welding

Table 2 Control log of experimentation

S. no. Tool rotational
speed (rpm)

Tool feed rate
(mm/min)

Depth of
penetration
(mm)

Tensile
strength (MPa)

S/N ratio (dB)

1 900 5 1.5 34.77 30.8241

2 900 7 2 36.07 31.1429

3 900 9 2.5 39.22 31.8702

4 1000 5 2 39.99 32.0390

5 1000 7 2.5 41.60 32.3819

6 1000 9 1.5 40.25 32.0953

7 1100 5 2.5 42.32 32.5309

8 1100 7 1.5 42.38 32.5432

9 1100 9 2 44.67 33.0003

avoid spattering of the heated polymer from the weld line. The design was finalized
on the basis of success achieved from pilot runs.

Welding has been carried out by using three process variables of friction stir
welding as per L9 orthogonal array. Here in this case study, tool rotational speed, feed
rate of the tool and depth of penetration have been used at three different parametric
levels. Table 2 shows the control log of experimentation according to Taguchi’s
design of experimentation technique. Taguchi L9 orthogonal array has been used
and each experiment was repeated three times (a total of 27 experiments) in order
to minimize the experimental error. Figure 12 shows cross-sectional macrograph of
the FSWed specimen.
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Fig. 12 Pictorial view of tensile testing of specimens

Tensile test samples were examined on Universal Tensile Testing machine (make:
Zwick Roell Z010, Switzerland), refer Fig. 12. The results obtained for the tensile
strength are also given in Table 1.

The obtained results were statistically analyse and signal-to-noise ratio has been
studied with help ofMinitab-17 software package. It has been found that the selected
parameters have strong influence on the strength of the joints. Figure 13 shows S/N
plot indicating the effect of parametric levels on tensile strength of the parts. From
this plot, it has been found that the resulted tensile strength increased as rotational
speed of the cylindrical tool increased. Maximum tensile strength is obtained with
1100 rpm, owing to more heat produced at the interface of the two mating parts of
3D printed polymer. Generally the amount of heat produced is directly proportional
to the tool speed. Thus more heat was produced at high rotational speed, allowing
better mixing of the polymeric material at the interface as well as better diffusion. In
case of tool feed rate, it has been observed from S/N plot that higher feed rate resulted
into higher tensile strength. At lower feed rate, the tool and work-material contact
time was longer this excessive processing of the material resulted into peeling off the
molten material from the interface, resulting into blow holes. From SEM analysis,
refer Fig. 14, similar defects can be visualized.

It has been found that the excessive processing also resulted into formation of
fibrous structures which has critical influence in reducing the mechanical properties
of parts. Lastly, with increasing the depth of pin penetration the tensile strength of
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Fig. 13 S/N ratio effect plots for tensile strength versus input parameters

Fig. 14 Micrograph of the fractured surface indicating blow holes at several locations in sample
produced with 900 rpm (a), 1000 rpm (b) and 1100 rpm (c)

the parts was also increased. It has been observed that better bonding of the two
halves, along the interface depth, was occurred at deeper penetrations. Table 3 shows
the result of Analysis of Variance (ANOVA) for S/N ratio corresponding to tensile
strength data of Table 2. From ANOVA results, it has been validated that only “tool
rotational speed” has statistically influenced, P < 0.05, the tensile strength at 95%
confidence level.

Hence this parameter contributed around 80% in the obtained tensile strength.
Precise control of the levels of this parameter can enhance the mechanical proper-
ties of the joints. A regression model has been developed for predicting the tensile
strength, refer Eq. 1:
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Table 3 Results of ANOVA for S/N ratio for tensile strength

Source Degree of
freedom

Sum of
square

Variance Fisher’s
value

Probability
(P)

Contribution
(%)

Tool
rotational
speed
(rpm)

2 3.06222 1.53111 38.36 0.025 79.6

Tool feed
rate (mm/s)

2 0.41452 0.20726 5.19 0.161 10.77

Depth of
benefits
(mm)

2 0.29132 0.14566 3.65 0.215 7.57

Residual
Error

2 0.07983 0.03992 2.07

Total 8 3.84788

S/N ratio = 23.188+ 0.007062(tool rotational speed)+ 0.1310(tool feed rate)

+ 0.440(depth of penetration) (1)

In order to verify the regression model, a confirmatory experiment, at suggested
optimized settings, was conducted at judicially selected parametric setting, and found
to be 90% accurate.

4 Conclusions

Friction stir welding is one of the latest and effective joining processes that can be
used to weld metals/alloys, polymer and thereby combinations in order to satisfy
wide range of industrial application, specifically including aerospace and automo-
tive sector. From the reviewed literature it has been found that the quality of welded
part is highly influenced by the process variables, which need to be optimized in pré-
cised environment. Tool geometry, depth of penetration, feed rate, etc. are reportedly
most influential parameters amongst others. For this, thermal monitoring through
optical and mechanical sensors can be a novel approach to monitor the temperature
distributions and thereby prediction of the joint health throughmathematical models.

Recently, 3D printing technology has come up to assist FSW and to produced
customized parts through this hybrid manufacturing technology. A similar case study
reported in this chapter outlined the FSW of 3D printed polymeric parts. It has
been found that the tensile strength of the joint was significantly influenced by tool
rotational speed at 95% confidence level. Formation of chips and fibrous interface
are found as two major issues which are deteriorating the mechanical characteristics
of the joints. In future, attempts could be made to weld dissimilar polymeric, not
readily weld-able, structures made through 3D printing.
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4D Printing

K. Raghavendra, M. Manjaiah and N. Balashanmugam

Abstract With evolution and change in environment, Nature’s structures and its
material system exists with products having multiple designs and dimensions.
Inspired by Nature’s ability to develop structures with complexity, various research
works are carried out to develop newer technology to build complex products with
more design dimensions. In the process of bio mimicking nature’s fabrication pro-
cess 3D printing has captured the imagination of everyone from industry to research
experts. However, there are various challenges need to be addressed in the process of
3D printing related to material system and product functional dynamicity. Hence, to
overcome the limitations of 3D printing in flexible product development, 4D printing
was generated with one or more additional design dimensions. 4D printing invented
by MIT research group relies on fast growth of smart materials, 3D printers, mathe-
matical modelling and design, and shows advantages over 3D printing. This article
presents a comprehensive overview of 4D printing concept, applications and future
scope for research.

Keywords 4D printing ·Material · Design · Product development

1 Introduction

Ever since the industrial revolution, manufacturing sectors of all domains exhibited
factories with complex mechanisms for production. 3D printing in the past thirty
odd years has changed production scenario without tooling, assembly lines or supply
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chains making it a classic riotous technology. Hence, seeing the current capabilities
of advanced manufacturing, it can be ensured that conventional goods, engineering
components and customized medical products will be developed with aid of 3D
printing factories [6, 10].

Manufacturing sectors of all engineering disciplines are under the process of
technological transformation promising the establishment of customizable and sus-
tainable manufacturing environment for the betterment of the industries.

New forms of engineering such as Additive Manufacturing are giving raise to
the new industries such as 3D printing, 4D printing or direct digital manufacturing.
These set of industries can be used in all industrial sectors comprising of aerospace,
civil, electronics, and medical industries. Especially in medical sector, these tech-
nologies can be used in development of customized surgical tools, human implants,
replacement of tissues and organs and many more [12].

Decades back with the advent of 3DP, objects developed were only tested outside
human body for medications and treatments. However, with introduction of 4DP
researchers are developing samples of human organs for drug and functionality test-
ing. This can support researchers to develop human organs with desirable capabilities
as compared to human body natural limits.

The right implementation of 3D and 4D printing technologies can positively trans-
form the world in the manufacturing industries domain rapidly leading to Third
Industrial Revolution through elimination of limitations encountered in the period
of first and second stage industrial revolution.

1.1 3D Printing

3D printing is an additive manufacturing process, where in, the products are devel-
oped by depositing layers using different 3D techniques for designed Computer
Aided Design (CAD) model or 3D scanners used to scan a model and convert it into
digital data. In here, the development of objects is controlled by optimizing position
and adhesion of specimen in 3D space. 3D printing is a process which turns the
digital data into physical product by depositing layer by layer. 4D printing is based
on the 3D printing technology, it uses a special material and refined design that is
planned to prompt 3D print to change its shape.

2 Advancement in 3D Printing

Additive manufacturing also known as 3D printing has been associated with Rapid
prototyping from past 30 years [5]. Research in 3D printing technology has attracted
unprecedented interest since 1980s [8]. Since then, 3D printing has become a multi-
billion dollar business rapidly growing in industries for development of prototypes.
However, the assignment of properties ofmaterials and distribution of the same along
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Fig. 1 a Simple illustration of the concept of 4D printing (P1) b REF T4 flat surface that self-folds
into a closed cube developed using 4DP [12]

multiple dimension and direction cannot be modulated in 3D printing techniques
though they develop accurate models and complex designs.

In order to overcome these limitations of 3Dprinting, a new technologywas devel-
oped by Skylar Tibbits of Massachusetts Institute of Technology (MIT) in 2013
[14]. The research carried out at MIT focused on development of system smarter
in solving the problems associated with reduction in wastage of energy, materials,
money, time and increase in positive properties of the product. In order to achieve
these, Tibbits proposed a combined concept of logic matter, materials with mathe-
matical data programming known as 4D printing.

Integration of mathematical models with 3DP process functionally defines the
functionality of 4DP components. Figure 1a illustrates the geometrical phenomenon
of 4DP. During functional products development process, the minute dimension or
the micro sized part of the product is initially printed, later the structure’s major
dimensions are printed for enhancing the performance of the functionality of the
product. Hence optimizing the process of the 4DP will lead to fast and low cost
development of the component.

2.1 4D Printing: Reinventing Manufacturing

4D printing is the time targeted evolution of 3D printing. It is defined as 3D printed
object where the shape, property and functional change occurs with respect to time.
More comprehensively defined as per number of studies conducted on this study, it
is a targeted evaluation of 3D printed object capable of performing self-assembly
and multi functionality. In here, the targets are focused on development of objects
having ability to memorize the structure shape, property and function before and
after application of loads.

4D printing can be applied in diverse industries/fields including aerospace, auto-
motive, electronics, medical and education. The technology can revolutionize inter-
disciplinary fields of industries by benefitting the process of product development at
lower processing costs. In 4D printing, the time, effort and cost to create complex
designs are comparatively lower in comparison to conventional manufacturing pro-
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Fig. 2 4D printing with working bases

cesses. Hence 4D printing will possibly be the technology to redefine the currently
existing manufacturing processes.

2.1.1 Working Principle-4D Printing

4D printing is a system having the ability of fabricating dynamic structures with
adjustable shapes properties or functionality [14]. This capability can be obtained
by having appropriate combination of smart materials in 3D space [13]. In order to
design such complex structures mathematical modeling is desired. Hence, as shown
in Fig. 2, the fundamental building blocks for effective working of a 4DP system
are, 3D printing facility, stimulus, responsive material, interaction mechanism, and
mathematical modeling. The optimal combination of these elements has contributed
to effective evolution of 4D printed structures over time.

2.1.2 Elements for Effective Working of 4DP

I. 3D printing facility: use of 3D printing apparatus is necessary for fabrication of
multi material structures with simple and complex geometry having differences
in material properties such as swelling ratio, coefficient of thermal expansion
etc. this will enhance the property of the structure in shape-shifting behavior.

II. Stimulus: on a need basis system, in order to trigger the change and regain of
shape/property/functionality of a 4D printed structure stimulus are stipulated
for a 4D printed structure. The stimulus include water, heat and light, and a
combination of water and heat [12]. Stimulus are generally selected based on
the specific application and the smart materials involved in the same.

III. Smart or stimulus responsive materials: is the most important component of 4D
printed structure. For effective working of the 4DP structure the material should
fulfill properties such as, self-sensing, decision making, responsiveness, shape
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memory, self-adaptability, and multi functionality and self-repair [8]. Hence
processing the same with the combination of 3DP facility and stimulus is of
prior importance.

IV. Interactionmechanism: in somecases application of stimulus in a predetermined
sequence defines the effectiveness of a 4D printed structure with respect to the
4th dimension time.

V. Mathematical modeling: mathematical modeling defines the design of material
distribution and structure during printing by providing desired shape, property
and functionality. Development of theoretical and numerical models will lead
establishment of connections between 4 core elements namely; material struc-
ture, shape, material properties and stimulus properties.

4D printing is an inventionmadewith effective combination of 3D printing and smart
materials. The effectiveness can be achieved by exposing to the external stimulus
through an interaction mechanism and through assistance of Mathematics.

3 Biomimetic

Biomimetic is the modern technological approach followed for replication of
Nature’s way of behavior in synthetic product by fabrication processes through tech-
nology surveys knowing the limitations in functionality of the materials and the
processes being used.

The behavior and organization of material with time is as shown in Fig. 3. It
defines the response of a system to the environmental conditions and constraints based
on the material structure. Hence, seeing the materials compositions of the material
system, for replication of the same in the artificial system the process involved in
the development of the system should be deliberate and preconceived in design
of materials, dimensions, and shape to achieve necessary functions and necessary
constraints. This is considered very crucial as anisotropy in natural materials is
omnipresent with most materials exhibiting anisotropic behavior in accordance to
their function and behavior.

However, in technology associated with biomimetic and additive manufacturing,
limitations always arise in prototyping with current methods of fabrication andmate-
rials. Hence, a new approach such as the 4D printing with use of one or more addi-
tional dimensions of materials grade, adaptation and response over time, along with
control over volumetric anisotropy is being developed by research team to address
such mismatch in biomimeting.
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Fig. 3 Composition and form in Nature’s material systems [15]

4 4D Printing Materials

Material homogeneity is omnipresent in nature and the functional material gradient
determines the efficiency of a product through spatially varying compositions and
properties [2]. However, industrially produced components comprise of homoge-
neously defined forms and materials of parts. Hence, development of such compo-
nents though have manufacturing components and design tools, they may compro-
mise with certain improvements in strength, weight, functionality and measurement.
In order to overcome these limitations of material property after processing, a strate-
gic control of material property density and directionality in the generation of com-
plex smart structures known as digital anisotropy was introduced by researchers at
MIT [14] to achieve controlled gradients of stiffness and elasticity. Table 1 presents
some of the significant advantages of 4D printing over 3D printing.

4D printing materials are intelligent materials which do active functions from the
external atmosphere and make a useful response, but this would include physical
sensing materials such as piezoelectric or magnetostrictive compounds are catego-
rize as “intelligent”. The material provides an active response in a product that would
otherwise be lacking and have the potential to yield a multitude of enhanced capa-
bilities and functionalities [9]. The intelligent materials capabilities are reported in
Table 2.
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Table 1 4D printing over 3D printing [3]

Sl. no Advantages over
traditional manufacturing

3D Printing (3DP) 4D Printing (4DP)

1 Improvement in freedom
for design

Generic conventional
fabrication processes
limits the product
development with increase
in design complexity due
to machine ability
constraints. Also,
machining capability is
reduced with the kind of
material being used.
However, in 3DP materials
can be selected based on
the design requirement
and not on the machine
capability

Freedom for design and
development is much
better in 4DP than 3DP
and conventional
processes. 4DP will allow
development of parts with
anisotropy property

2 Reduction of cost even
with increase in
complexity of design

Cost is high in
conventional processes
due to limitation in
machining complex
shapes and complicated
materials. In 3DP additive
manufacturing process
since parts are printed
layer by layer no
additional cost is
contributed

Since the process of 4DP
is completely streamlined
no additional cost of any
matter exists in
development of simple or
complex structures

3 Demand based production
customization

Products can be printed on
a 3DP for any customized
design of product
requirement with no
additional cost

Since 4DP is the advanced
version of 3DP any
complex customized
product can be generated
without any cost loss

4 Product customization
with mass production

3DP can develop products
with customizable design
without changing machine
and increasing the cost

4DP can further enhance
the capability of
personalization of
products which can be
universally accepted

5 Simplification of
manufacturing process

Since the process of 3DP
involves direct conversion
of standardized digital file
into physical product,
human intervention with
respect to operator skill is
minimized

In 4DP structures can be
activated through external
stimulus to obtain
complex functional
structures and systems

(continued)
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Table 1 (continued)

Sl. no Advantages over
traditional manufacturing

3D Printing (3DP) 4D Printing (4DP)

6 Single system comprising
of both prototyping and
production

Multiple usage of
fabrication techniques is
minimized in 3DP as
prototypes/test parts can
be made with same
procedure in 3DP using a
single system

In 4DP, since materials are
embedded and created
with dynamic
functionality, higher
expectation of product
performance can be
framed in 4DP fabrication
process than any other
fabrication techniques

7 Elimination of supply
chains and assembly lines
for complex products

3DP is a one shot
fabrication process as
many assembly lines and
multiple fabrication units
are eliminated

Since products of multiple
functionality can be
developed with 4DP
supply chains and
assembly lines are
eliminated

8 Elimination of actual
product transportation
across the world

Since the technology is
similar to most of the
process able materials,
products can be
redeveloped with same
functionality using 3DP
with similar design data

Since voxels of 4DP can
develop multifunctional
objects game changing
design to production can
be gifted to the
manufacturing world

9 Optimization of product
properties

Since 3DP has the ability
to process composites of
required materials, desired
properties can achieved

Use of multi materials
through programmable
matter (PM) in 4DP can
lead to development of
products with optimized
customizable properties

10 Instantaneous production
on a global scale

Rate of production can be
increased in the global
scale using 3DP as digital
data of the product can be
transferred to any part of
the world in fraction of
minutes

In 4DP, collection of
voxels can enable matter
formation on demand and
digital data can be
transferred anywhere in
the world

11 Magnification of
innovation ability

Very minimum limitations
to product development
with 3DP due to less
limitations in engineering
constraints

With 4DP, any material
and any functionality can
be developed for a
product. Hence, there shall
exist almost no
technological limitation
with 4DP

(continued)
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Table 1 (continued)

Sl. no Advantages over
traditional manufacturing

3D Printing (3DP) 4D Printing (4DP)

12 Endless implementation of
engineering ideas in
design and development

Ease and clarity of 3DP
technology can create
direct relationship
between the designer and
the product with no space
to confusion in fabrication
process

4DP can create products a
step ahead of 3DP due to
the capability of
development of
multifunctional objects
and material programming
leading to development of
dynamic and intelligent
physical models

Table 2 The intelligent material capabilities

Function Description

Shape memory Shape changes by external stimuli

Self-assembly Allows automated assembly

Self-actuating Automated actuation in response

Self-sensing Allows automated detection and sometimes quantification of external stimuli

4.1 Shape Memory Polymers (SMPs)

Shape memory polymers are the evolving active class of polymers that can be used in
a wide range of application in biomedical devices and microsystems [7]. SMP have
an ability to alter the shape in a predefined way to form a temporary transformation to
permanent transformation when it exposed to appropriate stimuli-triggered dynamic
processes. This characteristics of SMP helps in application of 4D printed materials
as a shape changes with respect to time dependent. These materials have high elastic
deformability, lowcost, lightweight and extremelybiocompatible andbiodegradable.
Thesematerials functions are largely dependon theglass transitions temperature (Tg).
Thermoresponsive SMPs the temporary shape is presented by heating the polymer to
a glass transition temperature (Tg) and then reforming into temporary shape by the
physical force. Among all the SMPs thermoresponsive are the most widely applied
derivatives, which demonstrates a broad tuneable range of mechanical, thermal and
optical properties [1]. Also among many other applications, these polymers are used
to generate medical support devices such as stents and catheters. Since such complex
applications demand multiple functionality shape memory effect, polymers such
as acrylates, polyurethanes and other multiple polymer blends are used. Also, in
order to achieve multiple functionality within the developed device, SMP’s are pre
and post processed to achieve shape memory mechanisms. To achieve this, indirect
heating methods using infrared light of electronic triggers is generally performed to
enhance the shape recovery mechanism property. However, direct heating of SMP’s
is generally considered in processing SMP’s.
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Fig. 4 Microstereolithogrphy
3D printed thermoset
polymer [11]

4.2 Thermoset Shape Memory Polymers

Thermoset SMP’s are the blend of thermoset resins or polymers of similar monomers
of designed composition leading to shape memory system. The monomer combina-
tions involve polyethylene glycol or polybutadiene to form shape memory cyanate
system.With aid of synthesizing/polymerizing materials such as soya oil epoxidized
acrylate these polymers can be made use in fabrication of scaffolds with different
printing techniques. Figure 4 represents 3D printed article developed using table top
stereolithography system. Similarly UVLED digital light processing printer can also
be used for such developments. Hence, with controlled UV light and LASER light
projecting systems, networks can be developed via printing through high resolution
projection systems.

4.3 Shape Memory Thermoplastic Polymers

Thermo plastic polymer is a polymer generally used as printing ink in 3D printers.
Polyurethane elastomer was used as TPSM material by [16]. Study showed com-
mercially available pallets of DiAPLEXMM4520 from SMP technologies having a
crystallanity of 350wt% was found to be feasible for processing in 3DP. Also, shape
memory filaments processable with 3DP were found in bulk. However, in order to
process such materials the process parameters such as nozzle temperature, scanning
speed and part cooling in 3DP initially needs to be essentially optimized in a con-
trolled environment for establishing high quality structures. Based on optimization of
process parameters of 3DP, 3D structures were fabricated with good shape memory
properties.
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4.4 Self-healing Hydrogel Materials

Polymericmaterials are being synthesizedwith self-healing properties for application
in 3D bio mimicking of tissue such as external skin. Hydrogel monomers/polymers
are considered to be the effective raw materials due to its outstanding properties
of 3D network structure and water retention capabilities fulfilling the conditions
of extracellular matrix. Thus, soft hydrogels are preferred as ideal materials for
preparation of scaffolds in tissue engineering applications. Applications of hydrogels
vary fromwound dressings, personal hygiene products and contact lenses. Currently,
hydrogels are also extensively researched for biologically active compounds for use in
drugs, antibodies and development of implants. Hydrogels motivate 4DP as they can
be used as self-healing materials in normalizing wound tissues having the dynamic
process behaviour of 4DP.

5 Applications

4D printing technology has the ability to upgrade current manufacturing business
environment. Study on materials with self-changing properties will increase the
application areas of 4D printed articles.

Currently researchers are exploring 4D printed structures in various fields of
applications due to material’s anisotropic and shape memory property. Beyond the
simple regular applications, complex shelf life structures are investigated. Figure 5
shows development of prosthetic fingers for humans. Also, multicellular matrices
can be made to grow into functional organs along with replacement tissues. Figure 6
shows the droplets network of tissue engineering substrate used as a support for the

Fig. 5 Self-bending prosthetic finger [12]
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Fig. 6 a Osmosis effect between two droplets, b macroscopic deformation arising from osmosis
effect [4, 12]

failing tissues functionality. Using 4DP technology dynamic reversible functional
behavior with in a product can be achieved. Hence, if the shape shifting cycles of 4D
printed structures can be equalized in comparison to the natural element capability,
this technology can be used with multiple disciplines for various applications.

6 SWOT Analysis

SWOT is a process that shall lead to strategic planning for future of industries imple-
menting 4DP in product development cycle. The factors of SWOT are as defined in
the following:

1. Strength:

• Raw materials and the manufacturing process programming used have high
rate of efficacy due to Programmable Materials (PM).

• Mathematical modeling has the ability to control structure functionality.
• Materials can be programmed based on the need with multiple compositions.
• Structure with varying functionality can processed using cuing currently avail-
able 3D printers.



4D Printing 105

2. Weakness:

• Requires extensive domain knowledge of 3DP and Mathematical modeling as
the 3DP and the material used for the 4DP system is completely mathematical
program controlled.

• Hard to define accuracy through variation in optimization of process parame-
ters for controlling functionality of size and shape.

• Requires experts to be processing 4DP in a controlled environment.

3. Opportunities:

• Can be highly useful in development of artificial skin and organs especially in
warzone and space.

• Helpful in development of biocompatible medical implants of complex size
and shape.

• 4DP can be exclusive made useful in development of smart structures.

4. Threats:

• Since new categories of raw materials are defined for process based on the
functionality requirement, health effects on users and manufacturers are of
major concern.

• Ethical and technical issues relating to the application of 4D Printed products
is also a major issue.

7 Conclusions

• All technologies in the modern manufacturing world are generally inspired from
the nature.

• Natural systems comprising natural materials continuously adopt and evolve over
a period of time leading to changes in working pattern. In order to replicate such
elements processing of structures is highly dependent on materials and processing
technology. One such process involved in replication of natural systems is 4DP.

• The current technology of 4DP revolutionized by Skylar Tibbits of MIT-USA is
an updated version of 3DP started by Hull 30 years ago. In 4DP various techno-
logical enhancements as compared to 3DP were implemented relating to material
processing and printing technology.

• 4DP is one of the technologies developed to replicate natural elements showcasing
anisotropic properties. 4DP still is in superficial stage of exploration in the modern
manufacturing domain.However, in order to fulfill this requirement Programmable
Matter (PM) has been significantly researched in design, control andmodulation of
property and behavior across spatial scales for higher efficiency and effectiveness
during additive manufacturing. Programmable matter and 4DP has the ability
to revolutionize medical implant and other manufacturing sectors. However, the
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technology needs to grow exponentially in real engineering and science research
to compete with the current state of the art technology.

• With complete optimization of 4DP technology implants ofmedical industries will
reach higher stature. Hence 4DP can be the future of manufacturing sector espe-
cially in the medical industries if proper care is taken to enhance the technological
aspects of the same and there by produce cheaper products to the market.

• Hence, it can be concluded that 4DP shows a very high potential to become a new
platform for bio inspired additive manufacturing technology that can perform as
efficient and effective as natural systems and contribute to the welfare of human
beings through evolution of stable medical implants.

8 Future Scope

In the coming years the several challenges needs to be addressed in the technological
areas of 4DP, which are as following:

1. Design: suitable CAD software to support development of ProgrammableMate-
rials (PM) based technological/scientific products.

2. Materials: optimization of material properties during production to create PM
wit multifunctional properties.

3. Adhesion of particulates: extensive study on behavior ofmaterials when embed-
ded to achieve required property.

4. Energy: energy optimization to activate the PM according to the design require-
ment.

5. Electronics: control of electronic systems for effectiveness and efficiency.
6. Programming: digital and physical communications of voxels through programs

as the defined product will be anisotropic in nature.
7. Adaptability to different environments: design and programming the product

for different environmental conditions.
8. Assembly: micro and macro scale assembly during manufacturing and acci-

dents.
9. Standardization: development of standards to incorporate 4DP in mass produc-

tion.
10. Certification: certification of 4D printed products and raw materials.
11. Cost: initial cost of the 4DP system and raw materials.
12. Testing and characterization techniques for proving the effectiveness of product

developed by 4DP system.
13. Technology for recycling 4DP systems and its products developed and reuse of

raw materials.
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Non-conventional Micro-machining
Processes

Lijo Paul, J. Babu and J. Paulo Davim

Abstract Nonconventional micromachining processes are developed to meet the
manufacturing requirements of new materials and products where usual processes
are found inadequate. Based on the type of energy used for material removal, the
differentmicromachining processes are classified into thermal,mechanical, chemical
and hybrid processes. Hybrid processes combine two or more machining processes
to achieve the desired machining. Descriptions of the important micromachining
processes, their material removal mechanism and salient application fields are dealt
with in this chapter.

Keywords Micro machining · USM · AJM · EDM · ECM · ECDM · AWJM ·
LBM · ECDG

Notation

AEDMM Abrasive electro-discharge micro-machining
AJM Abrasive jet machining
AWJM Abrasive water jet machining
CAD Computer aided design
CAM Computer aided manufacturing
CD Chemical dissolution
CHM Chemical milling
CMM Coordinate measuring machine
CNC Computer numerical control
DC Direct current
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ECD Electrochemical dissolution
ECDG Electrochemical discharge grinding
ECDM Electrochemical discharge machining
ECG Electrochemical grinding
ECM Electrochemical machining
EDM Electro discharge machining
G Grinding
HAZ Heat-affected zone
IBMM Ion beam micro-machining
IEG Inter-electrode gap
LBM Laser beam machining
MRR Material removal rate
PMMA Polymethyl methacrylate
PZT Piezoelectric transducer
UHP Ultra high power
USM Ultrasonic machining
USMEC Ultrasonic-assisted electrochemical machining
VAM Vibration assisted machining
WJ Waterjet
WJM Water jet machining

1 Introduction

Many new high performance engineering materials are being developed to meet the
stringent requirements of modern industry in terms of size and accuracy of the prod-
ucts. Companiesworldwide are vyingwith each other tomeet these customer require-
ments efficiently and effectively in the stipulated period of time. Some examples of
the newer engineering materials are nitroalloy, hastalloy, nimonics, carbides, heat
resistant steel, wasp-alloy, etc. These materials find wide applications in aerospace,
nuclear engineering and other industries owing to their:

• high strength to weight ratio
• high hardness and
• high heat resisting quality.

However, machining of those materials is difficult and, in many cases, even
impossible with conventional machining processes. The advanced machine tools
such as Numerical Control/Computer Numerical Control/Direct Numerical Con-
trol/Machine Centres etc. are also found wanting in these cases as the machining
processes would involve:
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• thousands of slide movements
• high material removal rate and
• high speed of operations

For obtaining the 3D geometries of parts with required accuracy and precision
[1]. The alternative is to develop advanced manufacturing processes in general and
advanced machining processes in particular.

The non-conventionalmachining processes are introduced as a solution tomachin-
ing complex shapes with surface integrity and miniaturization of products [2].
Taniguchi [3]mentioned in early days about the need for ultra-high precisionmachin-
ing for nano level accuracy tomorrow. Ultra precise holes required in miniature prod-
ucts are not possible with conventional machining process which leads to the need
for micro level non-conventional machining process.

This chapter focusses on non-conventional micromachining processes. The con-
tents of the chapter are: need formicromachining, non-conventionalmicromachining
covering mechanical, thermal, chemical energy based processes and hybrid machin-
ing process. Various parameters controlling each process, mechanism of material
removal and applications of the micro machining process are discussed.

2 Micro Machining Process

Micro-machining involves the removal of workpiece material in the form of chips or
debris at micro/nano level having the size range 1–999µm. The demand for products
and components with dimensions in micrometer range emanated in early 1990s due
to demands in electronic, medical and optical industries which needed components
in micro-level with precision. The main challenge in micro-machining lies in the
production of micro-tools and maintaining tool feed with respect to the workpiece.
Micro parts that are produced by micro-machining are so small that they must be
inspected using amicroscope.Historically, the accuracy ofmachining improved from
the normal machining to precision machining, then high precision machining and
ultra-precision machining with an accuracy scale from 100 µm to a least value of
0.0003 µm [4].

2.1 Conventional Micro Machining Processes

In conventional machining processes, material from the workpiece is removed by
mechanical force through plastic or brittle failure. The major drawbacks of this type
of machining are the high machining force that can affect the dimensional accuracy
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of the part due to micro tool and workpiece suffering consequent deformation. In
traditional machining a harder tool cuts the workpiece to the desired dimensions and
tolerance [5].

2.2 Need for Non-conventional Micro Machining

Micro-machining is carried out to create micro-features or surface characteristics in
micro/nano level in macro or micro components. There will not be any constraint on
the size of the component being machined and machining error is extremely small.
The main challenge in micro-machining lies in the production of micro-tools and
maintaining tool feed with respect to the workpiece. Micro parts that are produced
by micro-machining are so small that they must be inspected using a microscope.
Machining of these materials are time consuming and highly complex with conven-
tional methods. The conventional machining processes with advanced machining
techniques are thus unable to give economic production rate. Also attaining high
aspect ratio features is still a challenging task on many occasions for producing com-
plex features [6]. Non-conventional processes are therefore developed to overcome
these difficulties in micromachining of components.

2.3 Classification of Non-conventional Micro Machining
Processes

Micro-machining processes are classified based on the form of energy used in
machining as mechanical, thermal and chemical methods [7]. Hybrid micromachin-
ing combines the different machining processes to achieve desired results. Various
micro machining processes discussed in this chapter are:

1. Mechanical Micro machining
2. Thermal Micro Machining
3. Chemical Micro Machining
4. Hybrid Micro Machining.

Figure 1 is a schematic that shows the overall outline of non-conventional micro
machining processes.
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USMM Ultra-Sonic Micro-Machining ECMM Electro Chemical Micro-
Machining

AJMM Abrasive Jet Micro-Machining ECDMM Electro Chemical Discharge  
Micro-Machining

AWJMM Abrasive Water Jet Micro-
Machining

ECMG Electro Chemical Micro-
Grinding

EBMM Electron Beam Micro-
Machining

AEDMM Abrasive Electro-Discharge 
Micro-Machining

LBMM Laser Beam Micro-Machining CMM Chemical Micro Milling
EDMM Electro Discharge Micro-

Machining
IBMM Ion Beam Micro-Machining

Non-Conven onal Micro-Machining Processes 

Micro-Machining

Mechanical Energy Thermal Energy Chemical Energy

USMM

AJMM

AWJMM

EBMM

LBMM

EDMM
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CMM

ECMM

Hybrid Micro-Machining Processes 

ECDMM ECMG AEDMM

Energy Based Characteriza on

Fig. 1 Classification of non-conventional machining processes

3 Mechanical Micro-machining Processes

Inmechanicalmicro-machining processes, high velocity is imparted to a fine abrasive
particle by the carrier fluid—air, water or other liquids. It hits the workpiece and
removes the material in the form of micro/nano-chips. Material removal is through
shear deformation in ductile workpiece and is brittle fracture in brittle workpiece.
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The common mechanical micro-machining processes are:

• Ultra-Sonic Micro-Machining (USMM)
• Abrasive Jet Micro-Machining (AJMM) and
• Abrasive Water jet Micro Machining (AWJM).

3.1 Ultrasonic Micro Machining

Ultrasonicmachining (USM) has been introduced as tool tomachine square, irregular
and complex shaped holes and surface impressions in electrically conductive and
non-conductive materials [6]. Researches have reported that UMM can machine any
fragile and hardmaterials.Machiningwith ultrasonic vibration in drilling and cutting
is reported by R.W. Wood and A.L Loomis in 1927. The machining setup of USM
was propped in 1942 by L. Balamuth. Many researchers have reported on various
tool in USM and the first report on ultrasonic cutting appeared in 1953–54 [8, 9].

Ultrasonic micro machining (USMM) is used as an important process in precision
engineering. High hardened materials like nickel alloys, titanium alloys and brittle
materials like quartz, ceramics, and composites can be machined with micro USM
process. Micro USM has found application in making micro holes in silicon of micro
level hole size [10] to be used in IC boards.MicroUSMhas applications in electronic,
mechanical and biomedical fields.

Ultrasonic vibrations are used as source for improving the micro machined sur-
faces in USMM. Irregular and random vibrations may result in low surface quality
and accuracy. So controlled high frequency small amplitude vibrations are imparted
to improve the machining processes. Such machining methods assisted by vibrations
are termed as vibration assisted machining (VAM). In VAM precision machining
is accompanied by small amplitude vibration between workpiece and tool which in
turn will improve the machining by removing the debris faster from the machining
zone. The major benefits from the VAM are improvement in machining performance
in terms of better surface finishing, reduction in cutting forces, and reduction in tool
wear leading to tool life extension.

Machining Method

In micro USM process high frequency vibration or linear motion are produced in
ultrasonic range (above 20 kHz) with the help of piezoelectric or magnetostrictive
transducer as shown in Fig. 2. The linear motion is produced from a high frequency
signal which is obtained through conversion of low frequency signal. The transducer
is attached to a tool holder and tool or to a sonicated chamber which in turn will
vibrate in the ultrasonic range. This will provide greater accuracy to the machining
process with constant waves of higher amplitude. The gap between the tool and work
piece is kept to the minimum.

The gap between the tool and the workpiece is filled with abrasive slurry having
loose fine particles of silicon carbide, diamond, alumina, etc. suspended in oils or
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Fig. 2 Ultrasonic Micro
Machining [6]

water. The micro tool is given a cyclic and ultrasonic linear vibration which in turn
moves the abrasive particles towards thework piece. This abrasive actionwill remove
the microchips from the workpiece surface. The tool moves on the work piece in a
predetermined path to produce the defined features.

Applications

USM has wide application in 3 D Printing industries [11]. The micro features are
produced by the micro tool which is fed to the work piece resulting in reduced
machining time. Products having high aspect ratio are produced by researchers in
PZT [12] the tool path being controlled with CAD/CAM [13]. Also micro tools can
machine and polish steel surfaces effectively [14] including cutting micro channels
for bio medical application.

3.2 Abrasive Jet Micro Machining

Abrasive Jet Machining (AJM) is an effective tool for machining hard brittle mate-
rials with high intensity flow of abrasive particles. The size of abrasives decides the
accuracy of the process and fine abrasives are used for finishing operations. Effect
of various abrasive hard particles on the surface of the machined work piece was
studied by M. Wakuda et al. [15]. They reported that the harder particles increase
the degree of fragmentation on workpiece.

AJM finish is basically carried out with a blast. The basic difference from con-
ventional machining technique is that it features a precision jet nozzle of less than
1 mm in diameter, through which a controlled mass of fine, hard abrasive particles
is continuously directed at the workpiece surface. As a consequence, AJM can meet
the requirement for patterning of highly controlled micro-dimples onto the surface
of difficult-to-machine materials [16].
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Abrasive jet bombarding is one of the versatile materials processing techniques
and is applied in abrasive jet machining, deburring, shot-peening, erosion testing,
fast cleaning, surface preparation and polishing. Some special types of operations
like micro-machining, polishing of micro-channels are the current issues in research
and development [17].

The impact of AJM in the form ofmixture of dust and smokewas reported initially
in Germany in 1931 [18]. A high intense stream of gas or air with suspended abrasive
particles can be taken for machining, cleaning, micromachining etc. throughmaterial
erosion. The micro fracturing [19] of the workpiece occur due to high kinetic energy
of abrasive particles [20] striking on surface of the workpiece.

Machining Technique

In AJM material is removed from the work piece with the kinetic energy of loose
abrasives. The commonly used medium is air. Abrasive mixture is directed through
a nozzle to the work piece. The tip of nozzle should be kept with a small gap from
the work piece. The distance between nozzle and workpiece, diameter of nozzle, and
angle of impact influence the machining process. The abrasives are propelled at high
velocity, through the nozzle and strikes the work piece producing high impact forces.
As the jet strikes the surface micro plastic deformation happens on the workpiece,
and the material gets eroded by chipping action. The brittle broken particles getting
separated on the surface of the workpiece are taken away by the carrier gas. In AJM
material is removed by virtue of impact of high velocity air or gas stream of abrasive
particles [21]. The AJM arrangement consists of an air compression system and
machining chamber. The compressor is used to supply clean dry compressed air,
with metering system to measure the air pressure. The machining chamber consists
of a vibrator with a mixing chamber, nozzle and work holding devices as shown
in Fig. 3. The nozzle is made from alloys of wear resistant steels. Silicon carbides,
ceramic particles, diamond particles are used as abrasives.

Fig. 3 Schematic layout of abrasive jet machine
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Applications

The AJM finds process application in cleaning, etching, cutting, deburring and pol-
ishing of ceramic materials which are brittle in nature [22] and it is much cheaper
than traditional wet etching processes. Micro fabrication of channels and holes on
PMM areas are also carried out with AJM [23, 24]. AJM is an effective tool in
the manufacture of microelectronic and optoelectronic devices, and 3D structures in
glass [25–27].

3.3 Abrasive Water Jet Micro Machining

In abrasive water jet micro machining material removal is accomplished by eroding
away the materials by either the high-speed water from a water-only-nozzle (for
relatively soft materials) or the abrasives (for hard materials) that are accelerated
by the high-speed waterjet (WJ) through the mixing tube. Such a mode of material
removal differs from other machine tools [28]. Even for an extremely precise part,
waterjet can be advantageously used as the near-net shaping tool. The net-shaped
part can then be precisely trimmed with qualified tools. The operational life of these
tools is greatly extended since the bulk of the material is removed by the waterjet.

AWJM process is introduced as process with no heat affected zone [29] and mate-
rial independent [30]. Miller [31] has reported those abrasive particles in the range
of 300 and 50 nm when passed through nozzle of 40 mm diameter, micro features
of higher accuracies are obtained. Water Jet Machining (WJM) has transformed the
micromachining industry to a great extent with respect to intricate features produced.
Waterjet machining is comparable with most of the high end micro machining tech-
nologies like EDM, ECM and far better in terms of machining speed, low HAZ,
flexibility of integrating with other processes, setup simplicity and material indepen-
dence [32].WJM has been selected as a major tool for producing net shaped products
[33]. Especially for materials which are very difficult to machine with conventional
machining process,WJMhas proved to be an effective tool for bulkmaterial removal.
As the tool is non-contact in terms ofwater being used asmachining source, operating
life of tool is significantly high.

The AWJM process has application in machining difficult to cut materials and
has shown better results with precise control. Multiple pass machining is preferred
with higher scan speed. Surface finish is found to improve with multi-pass process
[30]. Researchers have shown that AWJM can be an alternative tool in machining
ceramics and titanium based alloys with higher surface finish in shorter time.

Mechanism of Material Removal

WJM removes material using the kinetic energy of high velocity water as shown in
Fig. 4.
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Fig. 4 Schematic sketch of AWJM process [34]

Fig. 5 Nozzle arrangement for water jet and abrasive water jet machining [30]

In this process pressure energy is generated though impact of high velocity water
jet which strikes the workpiece surface. A threefold pressure increase at static pres-
sure is obtained in water jet [30].

In AWJM process an ultra-high pressure is maintained with high pressure pump
and water passes through a small orifice. In order to form abrasive waterjet, abrasives
are passed into the jet of water through a feed port from the abrasive storage tank.
The abrasives are uniformly . Figure 5 shows a direct-drive crankshaft pump and
nozzle configurations for forming UHPWJ/ASJ and AWJ. The diameter ratio of the
orifice and the mixing chamber typically ranges from 1:2 to 1:3. The Nozzle used is
the same as that of waterjet machining.
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Applications

Water jet Machining is highly ecofriendly and economical for machining of porous
and soft materials with precise surface finish and straightness. Porous materials
include woods, corrugated boards and soft materials include lead, rubber etc. Other
applications of AWJM includes rock excavation [35], micro-feature cutting on sand
stones, machining of fibers for automobile, chemical industries, descaling and clean-
ing in oil industries.

4 Thermal Micro-machining Processes

In thermal micro-machining processes, controlled localized intense heat is applied
on the work piece which increases temperature in a narrow zone, equal to work piece
melting/vaporization temperature. As a result, the material is removed at micro/nano
level in the form of debris-irregular shaped particles or spherical globules [36].
Thermal micro-machining processes include:

• Laser Beam Micro-Machining (LBMM)
• Electro Discharge Micro-Machining (EDMM).

4.1 Laser Beam Micro Machining

LBM process has been introduced since 1970 as a tool for drilling cost effective
and reliable features in difficult to machine materials at higher speeds for large scale
production [37]. Multiple laser pulses has been used to produce defined holes by
Tam et al. [38] and Yeo et al. [39]. Tam et al. (1990) [38] has also reported deep hole
of diameter 0.25 to 1.0 mm with aspect ratio more than 10:1. A study on machining
of brittle materials has been reported by Ueda et al. [40] and Spur et al. [41] with
respect to temperature on workpiece surface irradiated with a CO2 pulsed laser.

The advantages ofmicro laser beammachining include high flexibility, high preci-
sion and high level automation compared to conventionalmachining processes. Laser
micro machining has become an integral part of fabrication industry especially in
welding of micro components with high accuracy and finishing of micro features
on various materials like ceramics, metals and polymers. Most of these products are
used in medical industry, automobile sectors, nuclear industries etc. They are widely
used in the fabrication of solar cells and semiconductor industries. Micro laser beam
machining process uses laser beams with pulse duration in the range of femto-second
to micro second for fabricating complex parts of high aspect ratio. The frequency of
beams ranges from single to megahertz range which provides sufficient heat energy
for melting and vaporizing the workpiece material. Micro LBMhas been used as pre-
cise tool in micro manufacturing industries which includes drilling, cutting, welding
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etc. The material removal involves quick heating followed by melting and evapora-
tion. The Heat Affected Zone (HAZ) is found to be lowest as burr formation is very
less in Micro LBM process.

Mechanism of Material Removal

In Micro LBMmaterial is removed by thermal ablation [42]. CNCmachine tools are
used for controlling and positioning the work piece with respect to the focal point
of the laser beam as shown in Fig. 6. Controller can also modulate the laser pulses
during the machining. Machining is monitored through camera and focused beam
power is adjusted with power monitor.

The laser beam generates heat by absorption when it falls on the work piece.
The higher the penetration depth, higher the absorptivity which is dependent on the
optical properties of the material. When laser falls on the metal, light excites the free
electrons on workpiece depending upon photonic energy of the beam which in turn
increases the electron vibration energy. The excited electron collides with nearby
electrons and knocks them out. The electrons which are knocked out repeat the pro-
cedure resulting in temperature rise on the workpiece. If the workpiece absorptivity
is high, extreme rise in temperature causesmelting and vaporization of the workpiece
resulting in thermal ablation.When absorptivity is low, temperature rise will be lower
than melting point of the workpiece and there will not be any material removal.

Applications

LBM is widely used in machining and micro structuring of silcon and glass wafers
[43, 44], and optical materials like Gallium and lithium-niobate. Also LBM gives
accurate miniature sized features for lab on chip products, micro circuit boards with
polymers, also in nano level applications with infrared sensors and detectors [45].

Fig. 6 Schematic sketch of LBM [6]
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Micro LBM also has shown application in biomedical devices like stents fabrication,
micro level holes in probes used for monitoring infected parts in the body [46] etc.

4.2 Electric Discharge Micro Machining

Kuneida and Yoshida [47] in 1997 proposed the machining with gas media (dry
EDM). They have reported that molten materials were ejected from the workpiece
under a gas jet under higher pressure. The benefits of EDM under jetting and intake
modes of gas are considered in the study [48] and have found better result in intake
modes.

The EDM process involves a controlled erosion of electrically conductive mate-
rials by the initiation of rapid and repetitive spark discharge between the electrode
tool and work piece separated by a small gap of about 0.01–0.50 mm known as
spark gap. The spark gap is either flooded or immersed under the dielectric fluid.
The spark discharge is produced by the controlled pulsing of direct current between
the workpiece and tool. Micro EDM and EDM are similar in principles, but the
difference occurs in terms of the energy range and tool which is lower. In Electro
discharge micromachining movements in micron are obtained through micro energy
dissipation. Micro EDM is found to be an effective tool in machining extremely hard
materials like hard tungsten carbide and alloys of steel. Figure 7 shows experimental
setup of the EDM machining process.

Mechanism of Material Removal

Micro EDM is a thermoelectric process in which material removal takes place by
melting through controlled discharge or sparks between the tool cathode and anode
workpiece, which are maintained at a small gap filled with dielectric material [49].
The dielectric fluid in the spark gap is ionized under the pulsed application of the
direct current, thus enabling a spark discharge to pass between the tool and the
workpiece. As the tool moves towards the workpiece, the gap in which dielectric is

Func on Generator

EDM Cell
Dielectric Medium

Tool Electrode

DC Power source

Workpiece

Fig. 7 Micro EDM experimental setup
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kept becomes narrowandget transformed into the plasma stage. Thehigh temperature
developed by the plasma stage melts the workpiece and is flushed away from the
machining zone by the continuous circulation of dielectric. The process is repeated
with plasma formation and workpiece get transformed into the contour of the tool
cathode.

Applications

MicroEDMhas beenused as an effective process in fabricatingmicro electrodes, gear
patterns with Tungsten Carbide [50, 51], micro compressor, micro turbine impellers
[52–54], high aspect ratio micro arrays, biocompatible devices from Magnesium,
nano particle production etc. [55–58].

5 Chemical Micro-machining Processes

Machining by micro chemical process is adopted for different machining and fin-
ishing operations of components required by aerospace, automobile and such other
industries [59]. There are two processes:

• Chemical Micro-Milling (CMM)
• Electro Chemical Micro-Machining (ECMM).

In chemical micro machining processes, chemical are used for etching away the
workpiece resulting in material removal. In these processes the material removal
takes place either by chemical dissolution under the presence of a strong reagent
(Chemical Milling Process) or workpiece is kept as anode thereby dissolving the
same under a DC power supply. (Electro Chemical Machining).

5.1 Chemical Micro Milling Process

Chemicalmilling (CHM) involvesChemicalDissolution (CD) in a controlledmanner
on a workpiece material through contact with a strong reagent. Masks are applied on
areas to be protected from the chemical in the workpiece. The process is mainly used
to make pockets and contours as well as removal of material having higher strength
to weight ratio.
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Material Removal Mechanism

The major steps in CHM consist of the following steps:

1. Pre cleaning of the workpiece surface in order to get good adhesion of the mask
on workpiece surface.

2. Masks are selected so that they are chemically non-reactive and can overcome
the chemical abrasion during the machining processes.

3. The mask selection is based on workpiece size, manufacturing volume and intri-
cacies of the shape required.

4. Etching and rinsing is done to clean up. Finishing is done after removal of the
mask.

5. The time of immersion in the chemical is controlled in order to avoid uneven
machining.

The material removal or etch rate of the process depends on workpiece metallurgical
and chemical properties and temperature of solution. Harder the materials higher the
etching rate and viz verza [60]. Surface roughness get lowered with higher etch rate.

Applications

Most of the metals like zinc, copper, aluminium, steel and nickel can be machined
with this process. Also it is possible to machine most of the exotic metals and non-
metals with this process. CHM applications range from aeroplane wings to micro-
chips. Depth of cut in the range of 2.54–12.27 mm are possible, Shallow cuts on
sheet metal is a major application of CHM process for weight reduction in aircrafts.

5.2 Electro Chemical Micro Machining

The ECM principle has been discovered by Michael Faraday (1791–1867) in the
nineteenth century. Faradays laws of electrolysis have been the guiding principle for
electro deposition and electro dissolution techniques. A process to machine using
electrolysis has been reported in 1927 by Russian researcher W. Gussef. In 1950s
tremendous progress has been reported in ECM process as tool for machining high
strength alloys. An anodic metal machining process has been introduced in 1959 by
Anocut Engineering, Chicago. The ECM process has been widely used as effective
tool tomachine difficult tomachinematerials for gas turbine and aerospace industries
in 1960s and 1970s [61].

ElectrochemicalMicromachining is a frontrunner in fabrication industries for pro-
ducingmacro andmicro products with highest quality in terms of surface finish.Most
of the advanced areas in automotive, aerospace, electronics, optics, medical fields
find wide application of ECM in machining titanium alloys, super alloys and steel
alloys which are very difficult to machine with conventional machining processes.
The ECM process can produce complex geometries with no thermal damages, tool
wear and burr formation regardless of the hardness and other mechanical properties
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of the metals [62]. Material removal is at atomic level which makes the products to
have very high surface finish.

Applications of Electro Chemical Machining (ECM) in micro fabrication and
processing thin films are referred to as Electro ChemicalMicro-Machining (ECMM).
A variety of metals and alloys including conducting ceramics and highly corrosion-
resistant alloys, can be machined using ECMM. Most of the thin films of metals
and alloys that are of interest in the microelectronic industries can be anodically
dissolved (machined) in neutral salt electrolytes (such as sodium nitrate, sulphate,
or chloride) and ECM is commonly used for their machining.

In ECM the workpiece is made as an anode and tool is made as a cathode in
an electrolytic cell. A non-toxic salt solution is used as an electrolyte and con-
trolled metal removal from the anode takes place when the current—smooth DC or
pulse DC—flows through the electrolytic cell. Pulsed DC offers many advantages
as compared to smooth DC. The application of Electro Chemical Machining (ECM)
in micro-fabrication and processing thin films is referred to as Electro Chemical
Micro-Machining (ECMM) and is a slow micro machining process.

Mechanism of Material Removal

In Electro Chemical Micromachining (ECMM) for electrical dissolution the work-
piece is the anode and micro tool the cathode, both immersed in electrolyte with a
small inter-electrode gap (IEG). IEGdetermines the overall precision and accuracy of
ECMM process as smaller the IEG better the accuracy and micro feature resolution.
Two types of electrolytes are preferred in ECMM—passivating type with oxidizing
anions which give better dimensional accuracy and non-passivating with aggressive
anions [60]. Also various types of acid electrolyte are also preferred for special cases
in ECMM process which reduces the insoluble byproducts in the process. In ECMM
electrolyte is kept static during the machining to prevent any vibration of the micro
tool. The schematic sketch of micro ECM setup is given in Fig. 8.

Fig. 8 Schematic sketch of micro ECM setup [62]
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The CNC setup is used to control X–Ymotion of the workpiece and Z axis motion
of rotating tool. For getting a high current density in the order of 75–100 A/cm2 with
high mass density flow, IEG is kept in the range of 5–20 lm, and a low voltage of
1–10 V with ultra-short D.C pulse current is maintained [63]. This will effectively
remove the materials from the workpiece. During the machining the micro tool is fed
towards the workpiece with constant IEG. The process continues with production of
mirror image of the tool on the workpiece with anodic dissolution through electro
chemical dissolution.

Micro Engineering Applications

ECMM has demonstrated its effectiveness for producing micro features with excel-
lent surface quality in various industries like optoelectronics, electronics, medical,
optics, biomedical, and aerospace [64]. Examples of micro component fabrication
in MEMS are: inkjet printer head parts [65], 3D micro components of intricate and
complex features, micro components with silicon [66] and composite materials [67].

6 Hybrid Micro-machining Processes

Hybrid Micro-Machining Processes (HMMP) are introduced to perform ultra-
precision machining in high hard materials in which machining is almost difficult
[61]. Also hybrid machining provides complicated profile with high precision with
improved surface quality. The productivity in hybrid machined is higher than that
of the individual processes. Moreover in HMMP both mixed type and assisted type
processes are commonly used.

As the applications of micro-machining of advanced engineering material
expanded, HMMP came to be introduced through the combination of the above men-
tioned processes thereby obtaining the advantages of more than one process. Hybrid
micromachining processes are developed by combining the principles of two ormore
processes which in turn improves the advantages of basic processes and reduces its
limitations [68]. Drilling process is improved by attaching ultrasonic vibration during
machining processes [69]. The hybrid machining process overcomes the limitations
of individual processes from which they are developed to meet the specific demands
on machining intricate and complicated parts.

Examples are Electro Chemical Discharge Micro Machining (ECDMM), Elec-
tro Discharge Micro-Grinding (EDMG) and Abrasive Electro discharge Micro-
Machining (AEDMM) processes. ECDMM or Micro-ECDM is a novel hybrid
machining process used for machining conducting and non-conducting engineer-
ing materials.
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6.1 Electrochemical Grinding (ECG)

In ECG the process ismainly controlled by various process parameters which include
voltage applied, current density, electrolyte concentration with type of delivery and
type, pressure, speed and kinematic precision of the grinding wheel [70]. The ECG
offers accurate machining on large surface free of residual stresses and heat affected
zone (HAZ). Electrochemical grinding (ECG) is a hybrid micro machining process
in which mechanical grinding is carried out in the presence of an electrolyte so that
material removal take place due to combined actions of mechanical abrasive forces
and electrochemical etching process. The workpiece surface obtained is reported to
be good quality as it is free of burr and stresses [71, 72]. The ECG process avoids
further surface finishing as no deburring is required and it overcomes the limitations
caused by ECM and grinding processes.

Mechanism of Material Removal

In ECG process, the grinding wheel is kept as the cathode and workpiece is kept
as the anode as shown in Fig. 9. The workpiece which is conducting is usually
connected to positive DC supply and grinding wheel having carbon brush embedded
with gripping action of electrolytic commutator spindle is connected to the negative
DC supply. The metallic grinding wheel is filled with insulating diamond abrasive
particles. During the machining process the gap between the workpiece and grinding
wheel is filled with electrolyte. The grinding wheel rotation provides electrolyte at
the machining area which is supplied through a nozzle [70].

Fig. 9 Schematic setup of ECG [6] (Permission in File 1)
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Applications

The ECG process is effectively applied for

1. Machining of high hardness materials, some examples being sintered carbides,
creep-resisting (Inconel, Nimonic) alloys, titanium alloys, and metallic compos-
ites

2. Tool room machining requirement
3. Machining thin and fragile components.

6.2 Electrochemical Discharge Machining

Electro Chemical DischargeMachining (ECDM) is developed as a hybrid machining
process to machine electrically non-conducting and conducting materials effectively
and efficiently. The material removal is mainly carried out with melting and vapor-
isation under thermal energy of sparks generated from tool electrode and partially
by chemical etching under the presence of an electrolyte. In this process basic prin-
ciples of EDM and ECM are combined to overcome the limitations of each individ-
ual process. The EDM and ECM can machine only conducting materials whereas
ECDM can machine both conducting and non-conducting materials effectively and
efficiently. An auxiliary electrode is used in ECDM process to complete the elec-
trical circuit while machining non-conducting materials and details are explained
in coming paragraphs. Commonly machined materials in ECDM include ceramic,
composites, semi conducting materials like silicon to a high level of accuracy. The
electro chemical discharge occurs between the tool electrode and auxiliary electrode
of grossly different dimensions when immersed in an aqueous electrolyte solution.

Basic Elements and Principles

Figure 10 shows the basic elements of ECDM cell. The cell consists of the following
major components:

1. Beaker—to hold the required quantity of electrolyte
2. Electrolyte—aqueous solution of KOH or NaOH or NaCl or HCl
3. Tool Electrode—any of the conducting materials- copper, stainless steel, tung-

sten, tungsten-copper alloy
4. Auxiliary Electrode—Zinc (Zn), Cu, Graphite, Stainless Steel
5. Tool Feeding Mechanism
6. Work Holding Device
7. Workpiece Materials- Composites, Acrylics, glass, silicon wafer
8. DC Power Supply.

The experiment is conducted for a particular combination machining parameters
such as: 30% wt NaOH electrolyte, glass workpiece, stainless steel as tool electrode
(0.5 mm2 diameter) and stainless steel cylinder (1400 mm2 diameter) as auxiliary
electrode at a temperature of 298 K.
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Auxiliary Electrode
(Anode) : 
Cu/Zn/Graphite

Tool Electrode

Tool Feeding 

Workpiece : 
Si /Glass/PMMA

Beaker 
Electrolyte: 
NaOH/KOH/NaCl

Work holding 
Devices 

DC Power Supply (30-50 V)

Fig. 10 Basic elements of ECDM cell [73]

When the applied voltage is below a critical voltage of about 25 V, electrolysis
occurs with hydrogen bubbles forming at the tool-electrode and oxygen bubbles
forming at the auxiliary electrode. As voltage is increased beyond the critical voltage,
current density also increases rapidly. The density and the mean radius of the bubbles
increase and bubbles finally coalesce into a gas film around the tool-electrode. Light
emission is observed in the gas filmwhere an electrical discharge occurs between the
tool electrode and the surrounding electrolyte. Figure 11 shows the Voltage-Current
characteristics of ECDM Process. It consists of five different regions of formation
of the gas film [74].

1. Thermodynamic Region (0–1.3 V) O-A

2. Over Potential Region (1.3–2 V)

3. Ohmic Region (2–10 V) A-B

4. Limiting Current Region (10–20 V) B-C

5. Instability and the Arc
Region

(Above 21 V) C-D-E

The explanations of these regions are elaborated below. Referring to Fig. 11: the
region 1 is called thermodynamic region (0–1.3 V), in which there is no current flow
in the cell. In the region 2, the over potential region with voltage range 1.3–2 V,
current flow increases gradually with applied potential which is mainly due to high
over potential of hydrogen at the tool electrode. In the region 3, the Ohmic region
having voltage range 2–10V, current and voltage show linear relation as they increase
proportionately. This is mainly due to ohmic resistance formed due to formation of
hydrogen. Further increase in voltage at the electrodes in region 4, limiting current
region, from 10 to 20 V, current flow stops, as bubbles formed at the cathode starts
to merge to form a film. In this domain the rate of hydrogen evolution on the tool
electrode is controlled by the releasing rate of hydrogen bubbles from the tool elec-
trode towards the atmosphere. In region 5, the instability and arc region, voltage is
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Fig. 11 Voltage-current characteristics of ECDM process [74]

kept above 21 V and current starts fluctuating. Current flow decreases due to the
fluctuation due to bubble detachment at the tool electrode. It is assumed that above
21 V, due to ohmic heating temperature near the tool electrode reaches the boiling
point of the electrolyte resulting in generation of water vapour bubbles. This bubble
covers the entire exposed regions of the tool electrode resulting in isolation of tool
from the electrolyte. Once bubbles leave the tool electrode the contact between the
tool and electrolyte resumes and cycle gets repeated. This electrical switching is
similar to electrical induction resulting in spark formation. Also coalescence of the
water vapour with evolved hydrogen occurs in this region. The last region is termed
as the working domain of the ECDM process and sparking occurs only in this region
on current/voltage plots.

Mechanism of Material Removal

Themechanism of material removal in ECDM is thermal spark erosion and chemical
etching. In thermal spark erosion the workpiece is heated by fraction of spark energy
which raises the local spot temperature to a very high value sufficient for melting
and may even vaporize the work piece material. Hence, correct estimation of energy
per spark is crucial for better MRR. Several experimental evidences confirm the
thermal mechanism of machining due to the thermal cracks inside the machined
materials. But the experimental observations also show the MRR is due to chemical
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Fig. 12 ECDM experimental setup

etching. Chemical machining mechanism is supported by the fact that the machining
performance depends on the type of electrolyte used. The experiments also reveal
that maximum MRR takes place due to thermal erosion and very little material is
etched away due to chemical etching. An experimental setup of ECDM is shown in
Fig. 12.

Applications

ECDMprocess is found to be a goodmachiningmethod for drilling of glass substrates
stainless steel materials, composites and ceramics. Fabrication of intricate micro
features [75], making precise dies [76] deep hole drilling [77, 78], dressing of micro
tools in grinding [79, 80] etc. are done with ECDM.Also the machining performance
has been shown improved the mixed electrolyte [81, 82]. The analysis of the process
is carried out with finite element analysis and Response surface modeling which are
in good agreement with experimental results [83, 84]. TheMicro ECDM process has
demonstrated application in drilling micro channels and hole which has application
in fluidics [85, 86].

6.3 Abrasive Assisted Micromachining (AAMMP Process)

AAMM is a hybrid process where abrasive particles are used for assisting the micro
machining process. The abrasion of small particles assist the normal machining pro-
cess especiallywheremicro channels andmicro holes are produced. Thesemicro fea-
tures so produced have applications in optoelectronic devices and fluidic applications
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[87–89]. One important AAMM processes is Abrasive Assisted EDM (AAEDM)
machining.

Abrasive Assisted EDM (AAEDM) has been introduced as a hybrid process in
which abrasive particles in dielectric are passed through the inter electrode gaps. The
importance of AAEDM has been studied by Lin et al. [90] through a combination of
abrasive jet machining (AJM) with EDM. They has used a hollow electrode through
which abrasive particles mixed with compressed air are passed through the inter
electrode gaps.

6.3.1 Powder Mixed Electro-chemical Discharge Machining Process
(PM-ECDM)

In PM-ECDM the electrolyte is added with graphite powder which being conductive,
reduces the micro cracks on the machined surface. Singh and Dvivedi [91] reported
that conductive powder dampens the impact of spark on workpiece resulting in a
smooth surface. The extend of damping is influenced by the behavior of graphite
particles in the electrode workpiece gap. Han et al. [92] described two types of
powder behavior (1) stable discharge due to conductive particles at the tool electrode
intensifying the electric field and (2) constant transfer of charge due to dynamic
movement of particles by electrostatic force. They found that when 10 µm diameter
graphite powder particles are mixed with sodium hydroxide solution electrolyte, the
surface finish of the borosilicate glass improved from 4.86 to 1.44 µm. Goud et al.
[93] observed that improvement in surface finish with PM-ECDM was achieved by
the reinforcement of surface cracks and heat erosion. They found that smaller grit
size resulted in lower roughness.

Applications

The PM-ECDM finds application for machining large areas in ceramic parts. This
process is advantages for finishing intricate shapes because of its ability for crack
free machining.

6.4 Ultrasonic Assisted Micromachining

Ultrasonic assisted micromachining is another advanced micro machining process
in which high frequency vibration in ultrasonic range is used for improving the
existing machining process to obtain better quality products. They are mainly used
for machining ceramic and composite that are brittle with enhanced productivity.
Ultrasonic assisted EDM is an example of such processes.
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Fig. 13 EDM setup with ultrasonic vibrator

6.4.1 Ultrasonic Assisted EDM

The arrangement for vibrating the workpiece at ultrasonic frequency is shown in
Fig. 13. The ultrasonic vibration is introduced in the dielectric medium with the help
of a sonicator. The workpiece and the tool are kept immersed in de-ionized water.
Debris removal is continuous with flow of abrasive slurry [94].

Mechanism of Material Removal

Sonication is an act of applying sound energy to agitate particles in a sample for
various purposes. Ultrasonic frequencies greater than 20 kHz are used. A typi-
cal sonicator has an ultrasonic frequency of vibration at around 42 kHz. It has
a digital LED display with a timer. The default timer setting is for 180 s. It has
an overheat protection system embedded in it, thereby limiting the timer to 180 s
in a single cycle. The operation is quiet. It has an insulating outer plastic body
to prevent electric shocks. The inside of the sonicator has a stainless steel tank.
The LED display has 3 control switches ON, OFF and SET buttons. High material
removal rate is obtained during the machining of work piece assisted with ultrasonic
vibrations. Micro holes are clearer and have better shapes because of the increase in
material removal rates [95].
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In ultrasonic assisted EDM, material removal rate and flushing of debris are
enhanced with cavitation and acoustic waves produced, especially for micro drilling
of slots and microgrooves. The craters are kept clean by slurry circulation which in
turn increases the material removal rate and surface quality of the products.

Applications

The UAEDM has found to reduce the defects like burr formation, surface irregular-
ities produced in normal EDM to a greater extent. It is used in precision machining
of gears and intricate structures used in space applications.

Importance of Micromachining Processes

Miniaturization of the products and processes is no more a fashion rather it is the
need of the time, because one can derivemultifarious benefits from such products and
processes. Micro-machining plays a major role in miniaturization of products and
processes. Each of these processes has its own benefits and limitations and cannot
substitute another. These processes are used to produce intricate profiles on various
engineering materials with high accuracy without any subsequent processing steps,
thus improving productivity. High aspect ratios of 100:1 which are not met easily
in conventional processes are attained in non-conventional machining processes. All
these have resulted in the steady growth in non-conventional micro machining pro-
cesses with promising results. Presently the non-conventional machining processes
have better capabilities over conventional processes in terms of machining harder
materials, compactness, reducing cost of machining, etc.

Most of these micromachining processes are controlled automatically thereby
achieving simplicity, reliability and repeatability, resulting in wider acceptance of
the processes. Many of these processes are automated with vision systems, laser
gauges and other inspections systems. Also these systems have the capability to
adjust the various process parameters in order to improve machining quality and
production rate. Due to these reasons, non-conventional machining processes are
getting wider acceptance among manufacturing engineers, product designers and
metallurgical engineers.

Though non-conventional machining processes are not replacing conventional
machining processes, their relevance lies in the reliability of the processes and high
quality of the products. The non-conventional machining processes can machine
metals and alloys irrespective of their material properties. The workpiece shape
and size to be produced influence the application of the machining process. Some
examples of components machined by non-conventional micromachining processes
are given in Table 1 to illustrate their capabilities and wide application range.
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Table 1 Components manufactured with non-conventional micromachining processes

S. no. Micromachining
process

Component
material

Component feature
machined

Component
application

1 Ultrasonic micro
machining

Silicon, quartz Micro holes, Micro
channels

Fabricating micro
tool, delivering
liquids/gas, micro
heat exchanger

2 Abrasive jet micro
machining

Glass De-burring,
drilling

Cutting of optical
fibers, optical
lenses

3 Abrasive waterjet
micro machining

Aluminum
6061-T6, 316L
stainless steel

Micro channels Lab-on-chip
devices, microchip
electronic cooling
systems,
biomedical
micro-devices

4 Laser beam micro
machining

Silicon wafers, thin
glass sheet

Micro-texturing,
machining

Microcircuit
boards. Lab on
chip

5 Electric discharge
micro machining

Nickel-titanium
alloy, WC–Co
alloy (conductive
materials)

Micro-slots, high
aspect ratio
micro-holes

Micro-forceps,
gear profile

6 Chemical micro
milling

Copper, aluminum
and its alloys, lead,
steel, titanium,
nickel, ceramics,
glass, plastic

Contours, pockets,
depression

Minimizing
thickness of walls,
ribs, webs of
components

7 Electro chemical
micro machining

Silicon, nickel
(conductive
materials)

Single, arrays of
micro grooves,
holes and slots

Micro components
for MEMS, micro
nozzles, plate for
ink-jet printer head

8 Electro chemical
grinding

Stainless steel,
aluminum,
Hastelloy, Inconel

Sharp burr free
edges

Burr-free
sharpening of
hypodermic
needles, grinding
of super-alloy
turbine blades

9 Electro chemical
discharge
machining

Ceramics and glass Drilling of micro
holes and slots

Lab-on-chip
devices, electronic
cooling systems,
3D
micro-structures

(continued)
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Table 1 (continued)

S. no. Micromachining
process

Component
material

Component feature
machined

Component
application

10 Powder mixed
micro electro
chemical discharge
machining

Glass, silicon Drilling of micro
holes and slots

Micro device
cooling application

11 Ultrasonic assisted
electro discharge
micro machining

Copper, stainless
steel

Drilling of micro
holes and slots

Mirror finishing in
optical lenses

7 Conclusions

Micro-machining processes are classified based on the form of energy used in
machining as mechanical, thermal and chemical methods. These processes are used
to form intricate shapes andmicrometer sized features on components that go into the
present day electronic and electro-mechanical devices. Their capability to machine
very hard and lightweight materials to high accuracy led to their wide adoption in
modern industry. The limitations of many of these processes are overcome with
hybrid micromachining processes in which basic principles of non-conventional
machining processes are combined with micromachining processes. These form an
emerging field of micromachining.
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RETRACTED CHAPTER: Investigation
on Spark Erosion Machining Induced
Surface Integrity of Super-Alloys

Neeraj Sharma and Kamal Kumar

Abstract Surface integrity has a significant influence onmechanical and tribological
behaviour of amaterial in high heat resisting applications. Non-traditionalmachining
methods like electrical discharge machining (EDM), laser beam machining (LBM),
electrochemical machining (ECM), ultrasonic machining (USM) etc. are commonly
used to processes the hard materials. Wire EDM (WEDM) is most efficient spark
erosion process to shape the hard materials into desired geometry and to modify their
surface characteristics. In present book chapter, the experimental results pertaining to
surface modification of difficult to machine materials namely WC-Co and Nimonic-
90 are presented. Surface was modified through rough cut, trim cut and combination
of rough and trim cuts in wire electrical discharge machining (WEDM). Surface
integrity was measured in terms of surface roughness (SR), crack size and recast
layer thickness. In all the cases, surface integrity was dissimilar for both the difficult
to machine materials. Scanning electron microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDS) analysis was used to evaluate the surface morphology of
WEDMed surfaces.
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1 Introduction

The industrial and technological growths of mechanical industry have lead to the
increase in demand for hard and tough materials. The materials– cemented carbides,
titanium alloys, stainless steels, ceramics and other heat resisting super alloys, etc.
have attractive properties viz.: high bending stiffness, low thermal expansion, good
damping capacity and better fatigue lifemake them potential materials for the current
day manufacturing applications. They are finding in wide applications, i.e. nuclear,
aerospace, and other industries due to their high strength to weight ratio, heat resis-
tance and hardness. The improved chemical, thermal and mechanical properties of
the material are imparted the high strength, heat resistance, corrosion resistance, and
wear resistance to product performance and product design.

Various alloys of steel, titanium, nickel, aluminium are widely used in manufac-
turing of aero engine components. Metal-matrix composites, ceramic and carbon are
also used. These materials give high temperature properties, low thermal diffusiv-
ity, corrosion resistance and high strength-to-weight ratio to make sure efficient fuel
consumption for cost-effective operation of flight and longer functioning life. Nickel-
based alloys and titanium alloys show good performance in operation as compared
to steel which is very dense, and whose uses are restricted to smaller components.
The most important uses of these alloys are in: (i) steam turbine power plants, e.g.
blades, stack gas reheaters; (ii) aircraft gas turbines (iii) reciprocating engines (iv)
metal processing (v) heat-treating equipment; (vi) medical applications (vii) space
vehicles; (viii) chemical and petrochemical industries; (ix) nuclear power systems;
(x) coal gasification and liquefaction systems and (xi) pollution control equipment;
[1].

Nickel-based alloys play a very vital role in gas turbine compartments. An air-
craft engine makes of three subassemblies, namely combustor, compressor and tur-
bine housed in a titanium and/or aluminium casing. These materials maintain high
mechanical and thermal fatigue, high mechanical and thermal shock and resistance
to corrosion, creep and erosion at elevated temperature. Figure 1 shows the classifi-
cation of the nickel alloys.

CLASSIFICATION OF NICKEL ALLOYS

Commercially 
Pure Nickel 
(99.99% Ni) 

Nickel-Copper 
Alloys (Monels)

E.g. Monel 400  
(60% Ni, 33% Cu, 
2.13%Fe, and 1% 
Mn)

Nickel-
Chromium 
Alloys

Nickel-Base Super 
Alloys 

E.g. Nimonic 90 
60% Ni, 19.3% Cr, 
15% Co, 3.1% Ti, 
1.4% Al, 

Nickel-Iron 
Super Alloys 

Fig. 1 Classification of nickel alloysR
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Nickel-based alloys are especially used for the fabricating of turbine blades, which
operate at elevated temperature and pressure in aero engine. Nickel-based turbine
buckets, blades can function at temperatures up to 520 °C. They are designed with
series of holes arranged in order to maximise external and internal cooling of blades.
Generally turbine buckets aremade of RENE 77, Udimet and IN738. Advanced com-
posite and ceramics materials have high prospective for their applications in various
fields of engineering. Such superior material properties should create new challenges
to manufacturing engineers to shape and size these electrically non-conductive mate-
rials efficiently and economically [2].

Tungsten-carbide is a hard to machine material and it represent high strength
and high hardness at elevated temperature, which makes it suitable for dies, cutting
tool and other special applications. It exhibit excellent mechanical properties, high
resistance to fatigue, resistance to erosion and creep, high corrosion resistance, wear
resistance and resistant to thermal shock [3].

Machining of thesematerialswith high precision accuracy is themain challenge of
manufacturing industries. But, these materials are complicated to machine with con-
ventional machines such as turning, milling, boring and drilling, etc. If it is required
to maintain high accuracy and surface quality excellence, then machining cost is
increased. So that these conventional machines are unsuccessful due to excessive
tool wear rate resulting poor surface finish and materials removal rate Various non-
conventional machining processes have been developed for finding the efficient and
better way of producing intricate geometry with high precision in high hardness and
strength materials.

These processes may produce any intricate shape on any workpiece material
by suitable control over the various machining parameters of the process. These
processes may be classified into various groups according to the basic requirements
which are as follow:

• Type of energy required
• Mechanism used in the machining processes
• Source required for material removal
• Means for transfer of energies.

The surface ofmaterial plays a vital role in its application and energy consumption.
A rough surface absorbs a lot of energy as compared to smooth surface. The erosion
and wear rate on rough surface is much more. This would change the suitability
of the component for a particular application. The machining process opted for the
processing of material plays an important on the surface quality and its morphology.
During the conventional processes, material is removed in the form of chips due
to shear deformation. The surface quality in conventional processes is very poor.
During the non-traditional machining processes the tool is not in direct contact with
the work-piece. By virtue of which, the material is removed in the form of micro-
chips. Depending upon the value of input parameters the crater size increase or
decrease. These crater sizes make the surface rough or fine. Also the parameters
can cause micro-cracks and recast layer on the machined surface. In this chapter, an
experimental study of rough and trim machining operation in WEDM of Nimonic
90 with Tungsten carbide composite has been presented.
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2 Spark-Erosion Process

Spark-erosion machining is a type of non-conventional machining process, in which
difficult to machine and conductive material can be processed by a soft tool without
any direct contact. The gap between the tool and work-piece is maintained by some
servo-mechanism. In this process, the tool is connected to the negative terminal and
work-piece is connected to positive terminal. When the current flows through the
circuit, a discrete spark is generated in between the tool and electrode. These sparks
create a channel of plasma, which removes the material in the form of debris. Avail-
able variants of spark-erosion machining are Electric discharge machining (EDM),
powder-mixed electric discharge machining (PMEDM) and Wire electric discharge
machining (WEDM).

2.1 Wire Electrical Discharge Machining (Wedm)

In contrast to conventional machining process, WEDM is proven more efficient
and economic for machining the high temperature resistance and super alloys. It is a
specialized thermal processwhich is capable of trulymanufacturing complex geome-
tries in hard composite materials that are very difficult to machine by conventional
machining process.

WEDM technology increases the productivity of fabricating micro tools due to
more intricate tool geometries can be easily created with high quality using WEDM.
It is a thermo-electrical process in which a work material is eroded by a series of
discrete electrical sparks occurring between electrode (Wire) andwork piece (Fig. 2).
The movement of wire is controlled numerically to attain the desire accuracy of the
work piece and three dimensional shapes. Dielectric fluid is continuously fed to the
machining area to flush away the debris. It consumes a continuously travelling wire
electrode made of thin copper, brass or coated wire of diameter 0.05–0.3 mm and is
capable to attain very small corner radii and capability to machine precise, irregular
shape and complex with fine surface finish and high degree of accuracy. The sparking
occurs as a result of ionization of dielectric particles between the electrodes and give
rise to extreme temperature rise between 8000 and 12000 °C causing fusion of the
metal. WEDM uses deionised water as a dielectric fluid instead of hydrocarbon oil
which is uses in conventional EDM. In WEDM, quick heating and cooling causes
re-deposition of melted materials and thermal stresses are generated on machined
surface that results into large density of micro cracks. The surface morphology of
WEDMed component is quite different from un-machined one. The surface integrity
of hard to machine materials can be varied through controlling the WEDM process
parameters and by adopting the multi-cut strategy.WEDMhas been considering best
option for making micro-scale parts with the highest degree of surface finish quality
and dimensional accuracy as blade root slots in turbine discs [4].R
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Fig. 2 Wire electrical discharge machining (WEDM) process

For aerospace applications, the surface condition of the machined work piece is
of concern because of the role it plays in the useful life of the component under
cyclic loading. So, an aerospace engineer/material engineer must be aware to dif-
ferent surface modification method to improve the reliability of aerospace compo-
nents. Although it is possible to apply post-processing methods like shot peening or
heat treatment to get the desirable surface that may provide consistent and required
mechanical and physical properties. Hence, it is required to control the machining
operation to ensure the integrity specifications. Much of the valuable data has been
published mostly on processing of nickel alloys (Inconel 718, Inconel 601 etc.) by
different conventional machines. However, the comprehensive study on the machin-
ability of the Nimonic 90 in WEDM has not been reported.

High strength and toughness over an extensive temperature range increase the
usage of Nimonic 90 in food processing industry, chemical industries, nuclear
reactors, heat exchanger tubing, ship propellers etc. [5]. Nimonic-90 is a nickel-
chromium-cobalt alloy which is most suitable for high temperature applications
(600–900 °C).
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2.2 Rough Cut and Trim Cutting Operation

In rough cutting operation, machined surface with meagre surface morphology is a
significant problem because of re-solidification of melted debris’s that do not flushed
quickly out of a narrow spark gap. Trim cutting operation inWEDM could be a good
choice to eliminate unwanted surface defects after rough cut in WEDM, provided
proper discharge parameters and wire offset is selected [6–8]. Trim cutting is con-
sidered as a probable solution to improve the surface integrity, geometrical accuracy
and fatigue life by removing the degraded materials on the machined surface. In trim
cut, wire trace back the same wire route of first cut with low DE and certain values
of wire offset [6, 8] as shown in Fig. 3. Wire depth (Wd) is the distance travelled
perpendicular and inside the work piece during trim cutting operation. The depth of
cut (Wd) is related to wire offset value. Increasing wire offset value decreases the
Wd.

Despite many research works on WEDM, investigation on WEDM of Nimonic
90 is still missing. Nimonic-90 is a nickel-chromium-cobalt based alloy, most widely
used in the aerospace and air craft industries in the manufacturing of turbine blades
and combustion chamber, valve in turbo motors and disc in gas turbine. This material
possesses excellent strength at extreme pressure and temperature.

Wd

Wire path in rough cut

Wire electrode

Wire path in trim cut

Machined surface 
after trim cut

DS 
Work 
Material

D

WO

D: wire diameter; WO: wire offset; Wd: wire depth; DS: dimensional shift

Machined surface 
after rough cut

Fig. 3 Terminology used in trim cut
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Table 1 Composition and properties of work materials

Materials Composition Density
(g/cm3)

Melting
point (°C)

Hardness
(HV)

Thermal
conductiv-
ity

Co-
efficient of
thermal
expansion

Elastic
modulus
(GPa)

Nimonic
90

60% Ni,
19.3% Cr,
15% Co,
3.1% Ti,
and 1.4%
Al,

8.18 1370 361 11.47 W/m
Ċ

12.7 μm Ċ 213

Tungsten
carbide

WC-5.3%
Co

15.63 2870 1990 84.02 W/m
K

5.8 μm
m−1 K−1

550

3 Experimentations

All these materials have been machined on 5 axis sprint cut (ELPUSE-40) WEDM.
WC-5.3% Co is a hard to machine material and it possess very high hardness and
strength which makes it appropriate for cutting tools, die and other special com-
ponents. Nimonic-90, a nickel-chromium-cobalt alloy, having creep resistance at
elevated temperature (up to 950 °C) and it is mainly used to make combustion cham-
ber and turbine blades. Table 1 shows the composition and properties of selected
work materials.

Using WEDM, work materials were machined and samples were obtained in
the shape of rectangle of size 8 mm × 7 mm × 12.5 mm. Firstly, consequences
of discharge energy (DE) has been evaluated on cutting speed (CS) and surface
roughness (SR) in rough cutting operation. Three levels of DE have been selected;
low, medium and high. To vary the DE across the work surface, values of parameters
namely peak current (Ip), pulse-on time (Ton), and pulse-off time (Toff) were varied.
Therefore, only three parameters were the variables while the other parameters were
kept constant.

Wire electrode and dielectric conditions were assigned a constant value. A zinc
coated brass wire (φ 0.25 mm) was used as a wire electrode. Demonized water of
20 mho conductivity has been utilized as a dielectric fluid in present study. In rough
cutting operation, dielectric flow rate kept at high range (12 litres per minute) due
to which the debris flushing rate increases which ultimately increases the CS. The
machining cost in WEDM can be reduced by keeping low wire feed rate. So, a fixed
value of 5 m/min has been given to wire feed rate; 10 N of wire tension; 30 V of
servo voltage and zero wire-offset value.

Table 2 shows the values of parameters for different level of DE in rough cutting
operation. The experiments were conducted corresponds to three settings of DE for
each work material and machining characteristics namely cutting speed and SRwere
observed. Some experiments were conducted to examine the effect of trim cuttingR
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Table 2 Values of WEDM parameters in rough cutting operation

DE level Values of variable parameters Constant parameters

Low Ton 106 μs, toff 40 μs, Ip 100 amp Servo voltage (SV): 30 V; Wire diameter
(WD): 250 μm; Wire tension (WT): 10 N;
Wire feed rate (WF): 5 m/min.; Wire
offset (WO): zero; Dielectric flow rate
(DFR) 12 LM−1; Servo feed (SF): 2080

Medium Ton 112 μs, toff 40 μs, Ip 120 amp,

High Ton 118 μs, toff 35 μs, Ip 160 amp,

operations on machining characteristics for each work material. Trim cutting oper-
ations were followed after a rough cutting operation corresponds to the parameters
listed in Table 2. Trim cutting operations (maximum two numbers) were performed
at different wire offset (WO) values of 105 and 85 μm but at constant discharge
parameters. The values of discharge parameters in trim cutting operation are Ton
105 μs; Toff 35 μs; Ip 90 amp; SV 30 V; WT 8 N; WF 2 m/min; DFR: 3 LM−1.

Figure 4 shows the graphic illustration of the cutting operation processed in present
work. According to path programme (Fig. 4), initially, a rough cut (1-2-3-4-5-2-1)
was made after setting a value of offset equal. Then, trim cut (1-6-7-8-9-10-6-1) was
performed as per the plan provided in Table 3.

In case of trim cutting, the prime objective is to improve SR and to reduce dimen-
sional inaccuracy. Therefore, high DE parameters combination providing maximum
cutting rate has been selected in rough cutting operation, while in trim cutting oper-
ation low DE parameters resulting, low SR, has been selected. Fixed Machining

Fig. 4 Cutting operations in WEDM processR
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Table 3 Fixed machining parameters in rough & trim cutting operation

Rough cut parameters Trim cut parameters

Pulse on time, ton = 118 μs Pulse off time, toff = 30 μs

Pulse off time, toff = 35 μs Discharge current, Ip = 110 Amp

Dielectric flow rate, FR = 12 L/min Wire tension, WT = 8 N

Wire feed rate, WF = 5 mm/min Work material thickness = 12.5 mm

Wire tension WT = 10 N Wire feed rate, WF = 2 mm/min

Discharge current, Ip = 150 Amp Servo feed, SF = 150

Servo voltage, SV = 30 V

Servo feed, SF = 150 mm/min

Table 4 Variable process parameters and their levels for Trim cutting conditions

Parameters Units Levels

Low (−1) High (+1)

Pulse on time, ton μs 104 112

Servo voltage, SV V 20 40

Wire depth, Wd μm 10 30

Dielectric flow rate, FR L/min 2 6

parameters setting for rough cutting and trim cutting operation are shown in Table 3.
The Ton, SV, Wd and FR have been considered as main process parameters in trim
cutting operation for investigation. Dimensional shift (Ds) and SR (SR) are consid-
ered as response parameters. Table 4 shows the input parameters and their range for
trim cutting operation.

4 Results Discussion

Firstly, experimentations were conducted to examine the effect of Discharge Energy
(DE) andworkmaterial properties onmachining performance ofWEDM.CS and SR
were observed for these four different work materials after rough cutting operation
carried out at different levels of DE. After evaluating the effect of DE in trim and
rough cut were performed and the comparative results for SR and micro-hardness
has been presented.
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4.1 Cutting Speed (CS)

In WEDM, CS depends on DE across the work-material and wire. Ip, Ton, Toff and
SV are important discharge parameters inWEDM.Low value of Ip, Ton, SV and high
value of Toff results into lowDE per unit time and vice versa. High DE results in high
heat generation across the spark gap and results in large melting and evaporation of
work material [9, 10]. Hence, CS increases with increase in DE across the electrodes
as shown in Fig. 5. It is clear from Fig. 5 that with the increases in DE, CS increases
for all four work materials but in different proportions. The increase in CS is lowest
in WC-Co composite while nickel alloys (Nimonic-90 and monel-400) shows good
increase in cutting speed with increasing DE. HCHCr steel shows maximum cutting
speed corresponds to high level of DE. The melting temperature (nearly 2800 °C)
and boiling temperature (6000 °C) for tungsten carbide is quite high as compared
to other three alloys. Also, WC-Co has higher thermal conductivity which increases
the fraction of heat transfer to the bulk material [11] and hence less melting and
evaporation of WC-Co material takes place. As a result, rise in cutting speed for
WC-5.3% Co composite is less as compared to other alloys which melts nearly at
1400 °C. At high level of DE, steel alloy completely melts and evaporates that easily
flushed out of the spark gap at high dielectric flow rate.

4.2 Surface Roughness (SR)

In WEDM process, SR of machined surface is characterized by the depth and size
of the craters produced. Therefore, similar to CS, SR is also function of DE across
the electrodes. Figure 6 shows the effect of DE on SR in rough cutting operation.
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Fig. 5 Effect of DE on cutting speedR
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Fig. 6 Effect of DE on SR

Fig. 7 Machined surface of WC-Co composite; (a) at Low D.E. (b) at High D.E

Result shows that SR increases with increasing DE for all four work materials.
Figure 7 shows that SR is least for WC-Co composite as compared to Nimonic-90.
These results can be confirmed by comparing the machined surface in Figs. 7 and 8.
Machined surface ofNimonic-90 consists of deep and large size craterswhileWC-Co
has small size craters.Here, thermal conductivity,melting andboiling temperature are
the responsible factors. In case of workmaterials having lowmelting and evaporating
temperature, high DE causes evaporation and overheating of molten metal forming
gas bubbles that explode when the discharge ceases [10].

As a result of high DE, large size craters were generated on the work surface. The
size and depth of crater enhances with increasing DE and hence increases the SR
[12]. Figure 9 represents the effect of trim cut on SR. Trim cutting operations were
conducted for two work materials under similar discharge parameters but at different
values of wire off-set (WO) values of 105 and 85 μm. Trim cut was carried out after
a rough cut that was performed at high level of DE. In trim cut, CS was quite highR
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Fig. 8 Machined surface of Nimonic-90; (a) at Low D.E. (b) at High D.E
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Fig. 9 Comparative effect of trim cutting operation on SR

(10–13 mm/min.) as compared to rough cut (1–2.5 mm/min) and it remains nearly
same irrespective of the work material.

Result (Fig. 9) shows that surface quality is improved substantially after trim
cut. Trim cutting removes a very thin layer of material from the surface and surface
irregularities are reduced to improve surface quality. Here, it can be noticed that
multi-trim cutting operations are not much effective. Therefore, surface finish can
be improved using single trim cut at low DE with appropriate wire off-set value.

4.3 Micro Hardness

Figure 10a, b depicts the micro-hardness profile of the machined surface after rough
and trim cut. Micro-hardness were evaluated at transverse segment to the surface.
The value of micro-hardness decreased at the machined top surface as comparedR
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(a) WC-Co composite (b) Nimonic-90
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Fig. 10 a, b Micro hardness profile underneath the machined surface

to core material. The main reason of the reduction is the thermal degradation of
machined surface [10]. At high DE, some part of the thermal energy is transferred
to the work material that extends the heat affected zone underneath the machined
surface. Figure 10b shows that for Nimonic-90, nearly closedmicro hardness profiles
are obtained for rough cutting and trim cutting operation underneath the machined
surface except up to a depth of 40 μm. But in case of WC-Co composite, noticeable
difference is obtained in micro harness profiles for rough and trim cut. In WC-Co
composite, carbon percentage is more which causes quenching of machined surface
due to dielectric fluid and results into micro-cracks in sub-surface [10]. Using trim
cutting operation, the degraded surface is removed resulting into new surface having
lesser numbers of micro-cracks and defects. Therefore, micro-hardness after trim
cutting operation increases in WC-Co.

5 Recast Layer

In order to examine the extent of surface damage (Recast layer) onmachined surface,
specimen were polished to have mirror finish to obtain the images by scanning
electron microscope (SEM). Re-solidification is the main reason for recast layer
(RCL), which is due to the solidification of molten material due to cool dielectric.
The morphology of recast layer as observed after experiments is differs from core
material and it also affects the working of the component [4] Figs. 11, 12, 13 and 14
shows the SEM micrographs of transverse section of sample correspond to sample
no 3, 4, 15 and 26 respectively.

Recast layer (RCL) was observed which was discontinuous and non-uniform and
the average thickness of damaged surface varies from6 to 12μm.At highDE,melting
and evaporation of material generate gas bubbles causing high pressure energy in
plasma channel [10] which plough out the material from the work surface and create
large size irregularities on work surface.R
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Fig. 11 SEM micrographs of transverse section of WC-Co composite (Ton 104 μs, SV 40 V, Wd
10 μm, FR 2 L/min)

Fig. 12 SEM micrographs of transverse section of WC-Co composite (Ton 112 μs, SV 40 V, Wd
10 μm, FR 2 L/min)
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Fig. 13 SEMmicrographs of transverse section of Nimonic-90 (Ton 104 μs, SV 40 V, Wd 30 μm,
FR 6 L/min)

Fig. 14 SEMmicrographs of transverse section of Nimonic-90 (Ton 108 μs, SV 30 V, Wd 20 μm,
FR 4 L/min)
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6 Conclusions

Rough and trim cutting operation in WEDM has been performed on Nimonic 90 and
tungsten carbide to modify its surface characteristics. Performance characteristics
namely CS, SR, micro hardness and recast layer has been considered in WEDM
processing. Trim cutting operation is performed to improve the machined surface
characteristics and dimensional accuracy after a rough cutting operation. Four pro-
cess parameters namely Ton, SV, Wd and FR have been selected as variable param-
eters; while other parameters were kept fixed at their optimal setting in trim cutting
operation.

Firstly, experimentations were conducted to examine the effect of DE on cutting
speed andSRonworkmaterials in rough cutting operation. Result shows thatwith the
increase in DE, CS and SR increases which is due to the high heat generation. Com-
paring the SEM photographs for low and high DE, it is observed that the machined
surface of Nimonic-90 consists of deep and large size craters whileWC-Co has small
size craters. Trim cut were performed after a rough cut (with high level of DE) under
the similar discharge conditions but with different wire offset. Results show that sur-
face quality is improved significantly after trim cut operation irrespective of rough
cutting operation. It was also noticed that; multi-trim cutting operations are not much
effective. Therefore, surface finish can be improved using single trim cut at small
DE with appropriate wire off-set value. Micro-hardness profiles showed that at high
DE, depth of thermal degradation of top surface increases and thermal degradation
is affected by carbon percentage in work material. Using trim cutting operation, the
degraded surface can be removed resulting into new surface having lesser numbers
of micro-cracks and defects.

Using SEM micrographs, effect of DE on surface morphology has been exam-
ined. Average thickness of recast layer varies from 6 to 12 μm was found on the
machines surfaced after trim cutting operation. Present research approach is use-
ful for achieving high productivity while maintain SR and geometrical accuracy
within desire limits for machining complex and intricate shapes in hard and exotic
materials. Machining of Nimonic-90 with WEDM at optimized setting yields better
performance and more economic as compared to conventional processes that proves
the potential of WEDM in aerospace industries.
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Role of Eco-friendly Cutting Fluids
and Cooling Techniques in Machining

Kishor Kumar Gajrani and Mamilla Ravi Sankar

Abstract Nowadays with growing pollution and contamination by hydrocarbon
(petroleum) based cutting fluids, the scope for vegetable or synthetic biodegrad-
able esters based eco-friendly cutting fluids is increasing. In this review work, the
main focus is on sustainable machining using advanced cutting fluid application
techniques with eco-friendly cutting fluids. Understanding the functions and various
types of cutting fluids are critically important tomaximize its performance during any
machining process. Also, cutting fluid application techniques are equally important
tominimize the use of cutting fluids for the desiredmachining processes. This review
article focuses on the conventional cutting fluids, function of cutting fluids, ecolog-
ical aspects of conventional cutting fluids, eco-friendly cutting fluids, cutting fluid
application techniques duringmachining and their performances in order to establish
the research field further. An overview of the role of eco-friendly cutting fluids and
cooling techniques are discussed and finally concluding remarks and possible scope
of future work is presented.

Keywords Cutting fluids · Cryogenic cooling · Dry machining · Eco-friendly
cutting fluids · Flood cooling ·Minimum quantity lubrication (MQL) ·Mist
cooling · Sustainable machining

1 Introduction

In today’s manufacturing world, machining is the most important field due to good
quality product and high productivity. For achieving high productivity, machining
parameters (depth of cut, feed and cutting speed) are significantly higher that leads
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to a large amount of heat generation, which results in higher machining tempera-
ture. Subsequently, surface integrity, tool life and dimension accuracy of the product
deteriorated. Product with better surface integrity has the capability to improve its
corrosion resistance, fatigue strength and its tribological properties. Therefore, bet-
ter surface quality of the product is highly desirable as well as it is also an indicator
of quality of machining [1, 2]. To reduce the machining temperature as well as to
improve the product surface integrity and tool life, cutting fluids are necessary during
machining operations.

From the last two century, cutting fluids are widely used in machining operations.
Each year, the United States alone uses around 100 million gallons of metalworking
fluids [3]. In the past, generally, water was used as cutting fluids on grindstones.
Then, animal product based tallow was used as wax for the lubricating purpose.
Afterwards, simple oils were applied to the cutting tool surface for better lubrica-
tion. At early 20th century, soap was added in water to reduce shear strength of
mating surfaces [4]. In 1936, straight oils (mineral oils) were introduced as cutting
fluids for metal cutting purposes. In 1944, chemicals were added in straight oils as
additives for enhancing lubricating properties of cutting fluids [5]. The complexity
of cutting fluid composition is increasing day by day with the introduction of hard
metals for better performance in the world. From last two to three decades, chemical
additives, emulsifiers, pressure additives, biocides, rust inhibitors are added in cutting
fluids to fulfil the demands of industries [6]. Figure 1 illustrated the chronological
development of metalworking fluids according to [7–10].

During machining, estimated 38 metric ton lubricants were used in the year
2005. Out of all, mineral-oil based cutting fluids comprise around 85% of the global
demand [12]. Mineral oil based cutting fluids are made up of petroleum-based prod-
ucts (hydrocarbons), which also contains various additives such as phosphorus com-
pounds, sulfurized oils, free sulphur and fatty acids. During machining, workpiece
and tool material tend to react with these additives due to high temperature at cutting
zone and hamper the surface integrity as well as workpiece properties. Also, it is well
known that sulphides and phosphates are hazardous to the environment as well as
operators health [13]. Moreover, due to prolonged exposure of these cutting fluids,
operators may have to suffer from various respiratory and skin diseases [14]. Also,
the growing cost and complexity of the disposal of cutting fluids are very complex
[15]. Finally, it has been realised by researchers as well as industrialist that conven-
tional mineral oil based cutting fluids have serious health effects on operators as well
as have detrimental impact on the environment [16]. Even government and environ-
mental protection agencies made strict norms and legalised it for public welfare [17].
Also, mineral oil based cutting fluids are limited. Therefore, a sustainable solution
was needed to reduce the detrimental effect on the environment and health hazards
to operators.

Cutting fluids need to be highly biodegradable as well as renewable apart from
being better at machining to protect the environment. Nowadays, environmental
aspects of cutting fluids are measured in terms of renewability, toxicity, biodegrad-
ability, biomagnifications and bioaccountability [18, 19]. Therefore, demand for new
bio-based eco-friendly cutting fluids is increasing. In general eco-friendly cutting flu-
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Fig. 1 Chronological development ofmetalworking fluids [11], with kind permission fromElsevier

ids are made up of vegetable-based oils, which are highly renewable, biodegradable,
less hazardous and can be disposed of easily [20–22]. Concurrently, industries are
also focusing onmakingmachining cleaner by reducing or eliminating the amount of
cutting fluids used for machining [23]. Near-dry machining (NDM) and dry machin-
ing are already known as eco-friendly machining technique and are also has been
applied successfully for various machining operations [24–27]. Though, in few pro-
cesses like hard turning and grinding, the use of cutting fluid is still necessary to
reduce high temperature and to obtain better surface finish of workpiece [28, 29].

This study aims to find alternate answers and use protective measures against the
detrimental environmental effects of conventional mineral oil based cutting fluids.
Therefore, a review study is carried out to investigate the role of eco-friendly cutting
fluids and cooling techniques in machining performance to find protective measures
for sustainable production and a cleaner environment. This review work sums up the
capability of eco-friendly cutting fluids and various cooling techniques in details.
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2 Cutting Fluids

Traditionally, the cutting fluids are used to lubricate the chip-tool interface as well
as the workpiece-tool interface. Also, cutting fluids other functions is to cool cutting
zone and to flush away the chips from cutting area [30, 31]. Figure 2 illustrates the
region of heat generation in machining.

2.1 Functions of Cutting Fluids

Cutting fluids are used in machining from more than last two centuries [20]. Cutting
fluids have all four functions as mentioned above. However, its primary function
is to reduce the cutting zone temperature and sliding friction [32, 33]. Nowadays,
commercially available cutting fluids have wide varieties. As per the requirement
of machining operations and the final output surface integrity, cutting fluids can be
tuned towardsmore cooling ormore lubrication. Cutting fluids effectiveness depends
upon so many factors like its application technique, machining input parameters and
type of machining operation [12].

In machining, cutting fluid lubrication property means to apply grease (in any
form) to reduce abrasion and adhesion between the chip-tool interface andworkpiece-
tool interface [34]. Generally, lubricant reduces friction which in turns reduces the
amount of heat generation. Particularly in low cutting speed, shear angle increases
due to the presence of lubricant which results in thinner cut chips [35]. However, for
high-speed cutting, coolants are preferred in place of lubricant due to evaporation of
lubricant oil at high temperature [36].

Coolant function is to cool the chip-tool interface and workpiece-tool interface at
high-speed machining operations. Coolant has ability to prolong cutting tool life by
maintaining the cutting zone temperature below thermal softening. Also, coolants

Tool

Workpiece
Tertiary heat zone

Secondary heat zone

Primary heat zone

Chip-tool interface

Fig. 2 Regions of heat generation in machining
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are capable of reducing the tool wear (diffusion and adhesion). Water is considered
as an ideal coolant for machining of non-ferrous alloys, particularly in high heat
machining generation processes due to its excellent cooling capability [36].

Apart from the above two, cutting fluids also helps to flush away the generated
chips and metal debris frommachining zone to avoid tool clogging [37]. Chip evacu-
ation capability of cutting fluids depends on its flow rate and viscosity. Cutting fluids
having low viscosities are more capable of evacuating chips from machining zone as
compared to cutting fluids having high viscosities [18]. Moreover, cutting fluids are
able to reduce the required power for machining operations significantly. Therefore,
cutting fluid should be chosen depending on various required properties as well as
operating parameters and conditions [34].

2.2 Classification of Conventional Cutting Fluids

Initially, simple oils were considered as cutting fluids. Generally, oils were applied
using brushes to cool and lubricate the machining zone. With the development of
various hard materials and complex machining processes, different types of cut-
ting fluids were required to meet individual machining demands. Cutting fluids are
broadly categorized into three different classes as illustrated in Fig. 3.

2.2.1 Oil-based Cutting Fluids

Neat oils are also known as oil-based cutting fluids. They are generally derived
from animal, vegetable or minerals. Among all, mineral oil based cutting fluids are
most common in industries. Neat oils have good lubrication properties. Also, they
have better anti-corrosion and anti-seizure characteristics, but they have poor cooling
ability. Hence, they are susceptible to catch fire and results in the formation of smoke

Cutting fluids

Oil based (neat oils) Gas based Aqueous based

Mineral oils Animal oils Vegetable oils
Water in oil
(Synthetic 

cutting fluids) 

Oil in water
(Semi-synthetic 
cutting fluids) 

Fig. 3 Classification of conventional cutting fluids
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[38]. Therefore, they are generally used for low-speed machining operations, where
less heat is generated [18, 19].

2.2.2 Gas-based Coolants

Cutting fluids in the form of gases or cooled-pressurized fluids are categorized as gas-
based coolants such as carbon dioxide, helium, nitrogen, argon or even air. These are
generally considered as eco-friendly gas-based coolants. As these are in the gaseous
state, they are highly anti-corrosive and have a high cooling ability as compared to
other cutting fluids. However, they do not have any lubricating capacity. To overcome
these problems, the gas-based coolant can also be applied along with a small amount
of oils in the form of spray or mist. Combination of gas with small part of oil can
be atomized and focused at machining zone. This application technique is known as
minimum quantity lubrication (MQL) [39–42].

2.2.3 Aqueous-based Cutting Fluids

Soluble oils are also known as aqueous-based cutting fluids. Generally, these oils
are mixed with water to form an emulsion with the help of emulsifiable substance
before its use [33]. An emulsifier helps proper dispersion of oil in water to form a
stable emulsion [18, 19]. Due to the presence of water in emulsion, it has excellent
cooling properties at the same time oil present in the emulsion improves corrosion
resistance. Emulsions are used for high-speed machining operations, where more
heat is generated [43].

Synthetic Cutting Fluids
Synthetic cutting fluid is generally free from mineral oil and includes several perfor-
mance enhancing additives. Also, it includes water in small proportion [43]. They
have a transparent watery appearance with slight yellow or green in colour, which
helps in good visibility during machining operations. Due to the presence of various
performance-enhancing additives in synthetic cutting fluids, it has better corrosion
resistance, lesser surface tension andwater softening characteristics. However, it pro-
vides less lubricating effect as compared to other cutting fluids [36]. Hence, they can
be used for machining operations where the main requirement it to cool machining
zone.

Semi-synthetic Cutting Fluids
The main difference between synthetic and semi-synthetic cutting fluid is that later
contains mineral oil. However, the former does not. Semi-synthetic cutting fluids
are emulsions containing water as prime coolant and oil as secondary with various
chemical additives to make it a highly effective lubricant. The concentration of water
in these oils varies in the range of 50−90% [44]. Both aqueous based cutting fluids
have lower bacteria growth, corrosion rate and foul odour [45]. Table 1 shows the
merits and demerits of various types of cutting fluids [12, 18, 19].
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Table 1 Merits and demerits of various types of cutting fluids [12, 18, 19], with kind permission
from Elsevier

Cutting fluids Merits Demerits

Neat oils Better corrosion resistance
and good lubrication

Susceptible to fire, smoke and
mist, only for low-speed
machining and low cooling
ability

Soluble oils (Emulsions) Good coolant and lubrication Susceptible to bacterial
growth and workpiece
corrosion

Synthetic cutting fluids Good microbial and corrosion
resistance as well as better
cooling

Contamination with other
machine fluids, less stable by
water hardness and foaming
issues

Semi-synthetic cutting fluids Good microbial resistance
and corrosion control, less
foam and mist issues, no
flame or smoke issues and
excellent coolant

Contamination with other
machine fluids and poor
lubrication

2.3 Ecological Aspects of Conventional Cutting Fluids

Ecological concerns call for the reduction of cuttingfluids usage inmetal cutting prac-
tice. Nowadays, it has become an essential objective in industry. Efficient utilisation
of cutting tools in machining is an essential focus of researchers. The performance
of the cutting tool depends on the process parameters and the cutting environment.
Many times, cutting fluids are used to improve the workpiece surface finish and tool
life. The fluids that are used to lubricate in machining contains potentially dam-
aging or environmentally harmful chemicals constituents. The airborne particle of
cutting fluids can be inhaled by operators that cause respiratory irritation, asthma,
pneumonia, dermatitis and different kinds of cancers (oesophagus, colon, skin, lung,
pancreas, etc.) [46, 47].

Repeated use of cutting fluids causes changes in its chemical composition.
Changes occur because of tramp oil, contamination with metal chips and environ-
mental effects. These contaminated cutting fluids are prone to bacteria growth. As
cutting fluids are applied at the high-temperature zone, they also have tendency to
form mist and smoke. Also, used cutting fluids disposal causes various detrimental
effects on the environment. Due to these reasons, cutting fluid focus is changed from
“cooling and lubrication” to renewability, biodegradability and sustainability [48].
Some other aspects of eco-friendly cutting fluids are non-toxic nature, energy saving,
life cycle assessment, biomagnifications and bioaccumulability [49, 50].

Therefore, the concept of dry machining has the merits regarding non-pollution of
the atmosphere and water, reduction of the cleaning and disposal cost, and no danger
to health such as allergy and skin rupture, etc. As such, dry machining has become
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popular with regards to the safety of the environment as well as low production cost.
However, sometimes the surface integrity of the finished product in dry turning is
not superior as compared to wet turning. The concept of surface textures, minimal
quantity cutting fluid, green and nano cutting fluids in turning seems to be a better
alternative to conventional dry and wet machining [51–58]. Moreover, the combi-
nation of the above processes makes machining much more sustainable by reducing
adverse environmental effects, associated costs and enhancing the operator’s safety.
Furthermore, it also improves machining performance and final workpiece surface
finish.

2.4 Eco-friendly Cutting Fluids

As discussed in previous sections, conventional cutting fluids have various detri-
mental effects. Therefore, from the early 1990s, researchers and industrialist started
focusing on the development of eco-friendly cutting fluids. Most important charac-
teristics of eco-friendly cutting fluids are its biodegradability and sustainability.

In the presence of micro-organism (which are abundant in the atmosphere),
biodegradable cutting fluids are vulnerable to break down. In its primary degradation,
the recyclable substance will vanish from its original molecule and other substance
such as biomass, hydrogen and CO2 will degrade during ultimate degradation. Out
of both, ultimate biodegradability is considered as a measure for biodegradability
[59, 60]. Further, cutting fluids sustainability can be categorized in two different
ways; (a) its source of raw materials for production such as renewable materials or
fossils, and (b) related to pollution caused during its use and after use (disposal)
[61]. In terms of better biodegradability, vegetable-based oils and esters are highly
desirable. However, for the best environmental sustainability, gaseous based coolants
are preferable like water vapour as a coolant, cryogenic nitrogen or carbon-dioxide,
pressurized gas, etc.

Lubricity and biodegradability of vegetable-based cutting fluids are better due
to the presence of long fatty acids chains with a number of unsaturated double
and triple carbon bonds. Long fatty acids chains such as triglycerides, linolenic,
linoleic and oleic acids are highly biodegradable and all are present in most of the
vegetable-based cutting fluids. Gajrani et al. [29, 60] compared primary and ultimate
biodegradability of petroleum-basedmineral oil with commercially available ecoline
bio-cutting fluid. Results show that mineral oil was ultimately 18% biodegradable.
However, bio-cutting fluids was 96% biodegradable due to the presence of long
fatty acids chains mostly triglycerides. Typical chemical structure of triglycerides
commonly found in vegetable-based cutting fluids is illustrated in Fig. 4. Typical
chemical structure of oleic, linoleic and linolenic acids are shown in Fig. 5 [12].
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Fig. 4 Typical chemical structure of triglycerides

Fig. 5 Typical chemical structure of oleic, linoleic and linolenic acids [12] with kind permission
from Elsevier

2.5 Cutting Fluid Application Techniques During Machining

Cutting fluid helps to reduce temperature and friction at the machining zone that
leads to better workpiece surface integrity and tool life. However, workpiece surface
integrity and tool life also depend upon the application techniques of the cutting
fluids during machining. Further, some techniques are considerable better for few
operations while other for different machining operations depending on the individ-
ual circumstances. In last two decades, new cutting fluids application technologies
are also developed that aims to reduce overall consumption of cutting fluids with-
out degrading the machining performance leading to more economical and efficient
techniques as well as to improve the productivity [62]. Main conventional cutting
fluids application techniques are (a) wet cooling (flood cooling), (b) high-pressure
cooling, (c) cryogenic cooling and (d) mist cooling (minimum quantity lubrication)
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Fig. 6 Workpiece
dimensional accuracy and its
standard deviation with
various cutting fluid
application techniques [63]
with kind permission from
Elsevier

2.5.1 Wet Cooling (Flood Cooling)

From the last century, flooding or wet cooling is most commonly used cutting fluid
application technique for coolants. In flood cooling, a continuous stream of coolant is
focused at the machining zone for cooling chip-tool interface during machining [36].
Consumption of coolant is highest for flood cooling among all techniques. A typical
range of coolants flow rate for single point cutting tool operation is around 10L/min
and for multiple points cutting tool operation is around 225L/min/per tooth [43]. As
per Schey [35], flood cooling should be applied from tool clearance face for better
coolingperformance. Jayal et al. [63] performedblindhole drillingoperationonA390
aluminum alloy using various cutting fluid application techniques and results show
that flood cooling was best among all in terms of workpiece dimensional accuracy
as illustrated in Fig. 6.

In 2014, Imran et al. [64] investigated the surface integrity and wear mechanism
duringmicro-drilling of Inconel 728 underwet cooling and compared resultswith dry
machining. After investigation using transmission electron microscope (TEM) and
scanning electron microscope (SEM), they concluded that large-scale deformations
along with high discoloration density having nanocrystalline grain structures are
visible under wet machining conditions as compared to dry machining. Figures 7
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Fig. 7 Comparison of dry andwet drilling (micrograph of drill beat edge) [64]with kind permission
from Elsevier

Fig. 8 Fine grain structure layer for a dry and b wet machining [64] with kind permission from
Elsevier

and 8 illustrate the SEM and TEM images of dry and wet micro-drilling, respectively
[64]. Figure 9 illustrates the tool wear mechanism sequence during micro-drilling
under dry and wet cooling machining [64].
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Fig. 9 Tool wear mechanisms sequence for dry and wet machining [64] with kind permission from
Elsevier

2.5.2 High-pressure Cooling

Generally, this technique is used to increase the heat removal from the machining
zone due to high pressure, which allows better penetration of cutting fluids at the
machining zone. Specially designed nozzles are used to deliver high pressurized
fluids to sustain pressure. The pressure varies in the range of 5.5–35 MPa. Apart
from better cooling ability, it also improves tool life and reduces tool-chip interface
contact length as high pressurized fluids forces chips away from the tool surface [62].
However, there are few limitations to this technique such as high-pressure jet may
damage workpiece surface or tools, which are brittle in nature (especially ceramics)
[43].

During turning of AISI 316 austenitic stainless steel, Naves et al. [65] investigated
the tool wear under the influence of high pressurize fluids. The pressure of the
cutting fluids was varied from 10 to 20 MPa (in the interval of 5 MPa). Machining
experiments were carried out and it was observed that tool wear was least with high
pressurize cooling (15 and 20 MPa) compared to dry and wet cooling techniques as
illustrated in Fig. 10 [65].
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Fig. 10 Variation of tool flank wear with respect to machined length under the various cutting
environment (5% concentration of cutting fluid) [65] with kind permission from Elsevier

2.5.3 Cryogenic Cooling

In this cooling technique, gases such as helium and nitrogen are used as a coolant.
As both nitrogen and helium are inert gases, they are eco-friendly. Generally, these
gases are injected at the chip-tool interface in liquefied form around −200 °C to
cool the machining zone. These liquid gases reduce the machining zone temperature
by absorbing heat and quickly evaporate in the form of gas [43]. Moreover, after
machining using cryogenic cooling, chips are free from oil residue. Therefore, they
can be recycled without any additional cleaning process.

In general, machining forces requiredwith cryogenic cooling are less as compared
to dry machining due to its cooling properties and ability to reduce friction at the
chip-tool interface. However, the pressure and flow rate of cryogenic coolant is very
crucial. If machining zone is overcooled, required cutting force will be more due to
workpiece embrittlement. Cryogenic cooling is more useful at a low cutting speed.
However, with the increase in cutting speed, contact of chip-tool will be plastically
dominant which obstruct the passage of cryogenic fluids and reduces its efficiency.

Sharma et al. [62] have reported that under the influence of cryogenic coolant,
the tool wear such as diffusion, adhesion and abrasion were reduced and tool life
increased. Babic et al. [66] have mentioned that while operating with a high temper-
ature, the operation accuracy of cryogenic cooling is inadequate. In another study,
the influence of liquid nitrogen was compared with wet cooling during turning oper-
ation. Results confirmed that turning with liquid nitrogen significantly reduces flank
wear, cutting force and workpiece surface roughness as compared to wet cooling
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[67]. Similarly, Wang et al. [68] reported 200 and 300% improvement in workpiece
surface roughness and tool life, respectively during cryogenic machining of tantalum
as compared to conventional machining.

2.5.4 Mist Cooling (Minimum Quantity Lubrication)

In this technique, a combination of cutting fluids with pressurized air is applied at
the machining zone in the form of mist or spray. This technique is commonly known
as MQL and also known as micro-lubrication as well as minimum quantity cutting
fluids (MQCF) [60]. The atomised mists with fluid droplets are effective to provide
cooling effect [35]. Also, the mist is able to reach at most of the places unlike flood
cooling [43]. Further, machining using the MQL technique is known as one of the
cleaner production method [69]. Machining using MQL may reduce the amount of
cutting fluid in the range of one-thousandth to ten-thousandth as compared to wet
cooling [43]. Further, if the biodegradable cutting fluid is used as cutting fluid with
MQL technique, the sustainability of overall process increases further [13]. A typical
MQCF experimental setup is shown in Fig. 11 [60].

An eco-friendly coolingmethodknownas coldwatermist jet (CWMJ)was applied
to reduce machining zone temperature while turning of titanium alloy [70]. Results
of CWMJwere compared with flood cooling and cold air jet concerning cutting tem-
perature and tool flank wear as illustrated in Figs. 12 and 13 [70]. It was observed
that CWMJ cooling effect was much better compared among all which can be com-
prehended by lesser cutting temperature and tool flank wear.

In another study, only mixture of air and water were applied in the form of a
mist to cool grinding zone for removal of ecological hazards (cutting oils) and to
make the process more economical [66]. Authors concluded that this water and air
combination has ability to cool and themaintain shape of grindingwheel as compared
to conventional cutting fluids with existing application techniques. Among all, best
results were obtained with two mist nozzles (each at front and back).

2.6 Role of Eco-friendly Cutting Fluids and Cooling
Techniques on Machining Performance

In previous sections, various types of cutting fluids and cooling techniques are dis-
cussed. Among all MQL with a combination of biodegradable cutting fluids are
generally accepted as a better eco-friendly and sustainable machining method [43].
In a study of plain turning, three different cooling techniques (MQL, dry and wet)
were experimentally compared in terms of workpiece dimensional deviation and cut-
ting temperature during machining of AISI 1040 steel. Results confirm that MQL
environment was able to improve the workpiece dimensional accuracy and reduce
the chip-tool interface temperature as illustrated in Fig. 14a, b [71].
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Fig. 11 Minimumquantity cuttingfluid experimental setup [60]with kindpermission fromElsevier

In another study, machining performance of vegetable-based oils was compared
with three different cutting fluids such as mineral, hydrocracked and synthetic oils
using MQL technique during grinding of Al2O3 ceramic. Obtained results show
that hydrocracked-based oil is better in terms of workpiece surface finish. However,
synthetic oil uses low specific energy during rough grinding [72].

Itoigawa et al. [73] investigated the friction coefficient and chip-tool contact length
during intermittent turning of aluminium alloy under dry, flood, MQL and OoW (Oil
film on water with MQL) environments. The difference in MQL and OoW-MQL is
that later contains a mixture of water and oil as cutting fluids. However, former only
has oil.Authors claim thatOoW-MQLperformance is better as compared to other two
due to better cooling as well as lubricating properties of OoW-MQL as compared
to the only MQL with oil. Figures 15 and 16 illustrates the variation of friction
coefficient and chip-tool contact length under different machining environment.

Gajrani et al. [29, 60, 74] compared the performance ofmineral oil and bio-cutting
fluid in terms of their biodegradation, storage stability, anti-corrosion, rheological,
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Fig. 12 Variationof cutting temperature usingvarious cooling techniques [70]with kindpermission
from Elsevier

Fig. 13 Variation of tool flank wear using various cooling techniques (cutting speed = 38 m/min)
[70] with kind permission from Elsevier

thermal and hardmachining performance under flood andMQLenvironment. Results
show that bio-cutting fluid is far superior to mineral oil in terms of their biodegrada-
tion, storage stability and anti-corrosion properties. Also, BCF with MQL reduces
tool-chip interface length and reduces machining forces. In another study, Gajrani
et al. [58] developed vegetable based green cutting fluid and conducted hard machin-
ing experiments on hardenedAISIH-13 steel under dry, flood andMQLenvironment.
Results show that GCF reduces more tool-chip interface friction coefficient and sur-
face roughness of workpiece under MQL environment as compared to dry and flood
cooling.

Further, another study compared four different cutting fluids consisting of sun-
flower oil-based cutting fluids with and without surfactants as well as commercial
vegetable and mineral oil [75]. During turning of AISI 304 steel under MQL envi-
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Fig. 14 Effect ofMQLon aworkpiece dimensional deviation and b chip-tool interface temperature
[71] with kind permission from Elsevier

Fig. 15 Variation of friction coefficient during intermittent turning under different machining envi-
ronment [73] with kind permission from Elsevier

Fig. 16 Variation of chip-tool contact length after intermittent turning under different machining
environment [73] with kind permission from Elsevier
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ronment, sunflower oil-based cutting fluids show best workpiece surface roughness
among all. Paul and Pal [76] investigated the effect of neem, kajrana and mineral oil
and found that neem oil performance is better among others for reducing the cutting
temperature. Gupta and Laubscher [77] presented a review on sustainable machining
of titanium alloys and they also mentioned that MQL has shown promising results
during machining of difficult-to-cut materials. Afterwards, few researchers have dis-
persed nanoparticles in the vegetable based cutting fluids to enhance its thermal
conductivity. Results show that nanofluids significantly reduce cutting temperature,
machining forces, tool wear, surface roughness of workpiece and also improves tool
life [78–83].

3 Sustainable Machining for Future

Petroleum-basedmineral oils are non-renewable and have detrimental environmental
effects as well as they are harmful for operators. Therefore, the trend of cutting
fluids shifted from petroleum-based cutting fluids to biodegradable and renewable
vegetable-based eco-friendly cutting fluids. They are far better than mineral oils in
terms of machining as well as eco-friendly nature. Also, with MQL vegetable based
cutting fluids have shown a lot of potential. However, vegetable-based cutting fluids
also have some limitations. They are costly and more preferred for low to medium
cutting speed. Also,most of the vegetable-based cutting fluids have low oxidative and
thermal stability as well as their productionmay raise prices of agriculture product. A
number of studies have already focused and confirmed that machining performance
is better with vegetable-based cutting fluids and the amount of cutting fluid required
withMQL is less. Now, the researchers need to focus on further reducing the quantity
of cutting fluids or to entirely eliminate the cutting fluid usage by switching to dry
machining.

Dry machining with micro/nano-textured cutting tools, coated cutting tools, self-
lubricating cutting tools has shown enormous potential to reduce friction coefficient
and to improve machining performance. Thus, future research needs to be focused
on improving dry machining and to develop new materials that can able to machine
difficult to cut material without cutting fluids to make it eco-friendly process.

4 Conclusion

Initially, this study focuses on the history, functions and classifications of cutting
fluids. Afterwards, ecological and environmental detrimental effects of cutting flu-
ids are discussed. Further, eco-friendly cutting fluids merits, demerits, advantages,
biodegradability, renewability, etc. are discussed in length.Moreover, the role of eco-
friendly cutting fluids and various applications techniques onmachining performance
are deliberated.
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Vegetable based eco-friendly cutting fluids are mainly preferred due to its high
biodegradability and renewability in nature. Also, they provide better machining
performance as compared to mineral oil-based cutting fluids in most of the cases.
However, still they have few demerits such as low oxidative, low thermal stability,
high freezing point as well as high cost, which needs more focus in future.

Machining with cryogenic coolants shows promising results to improve machin-
ability of difficult-to-cut material and also to reduce workpiece surface roughness.
In most cases, machining with cryogenic coolants reduces chip-tool interface coef-
ficient of friction, machining forces and improves tool life against adhesion and
abrasion wear. However, overcooling may cause embrittlement of workpiece, which
may affect adversely to the product quality.

MQL is amost promising technique to reduce issues of environment and if coupled
with vegetable-based cutting fluids, it shows remarkable improvement in machining
performance as compared to flood cooling.

Even though cryogenic, vegetable-based cutting fluids and MQL are not the gen-
eralised solutions, but they showed tremendous improvement in making machining
more sustainable. Furthermore, dry machining is becoming more popular to address
environmental and operator’s health issues.
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Titanium Machining Using Indigenously
Developed Sustainable Cryogenic
Machining Facility

Navneet Khanna and Chetan Agrawal

Abstract This chapter presents details of cryogenic machining of titanium alloys.
It discusses different innovative methods used in literature for cryogenic machining
of titanium alloys. A detailed methodology is presented to design a sustainable cryo-
genic fluid delivery setup. It also covers economic aspects of cryogenic machining in
comparison to dry machining. Finally, a sustainable liquid nitrogen delivery setup is
designed and developed to perform cryogenic machining of Ti-6Al-4V. The design
of this retrofittable cryogen delivery solution for a range of available machine tools
shall provide a direct cost based impetus for improving machining of such materials,
which at present does not exist for indigenous industry. For experimental analyses,
three machining process parameters i.e. the cutting speed (v), feed (f) and depth of
cut (d), and different machining environment i.e. dry and cryogenic are selected.
Response variables selected for this study are surface roughness, resultant force and
power consumption. Experiments are designed as per hybrid design of experiments
(DoE) technique. Hybrid DoE is a combination of orthogonal array and full fac-
torial methods. To investigate the results, each combination of process parameters
are compared under dry and cryogenic machining. Analysis of variance technique
(ANOVA) is used to reveal the effect of process parameters on response variables.
The results show that better surface finish obtained under cryogenic machining in
comparison to dry machining. Results of power consumption suggest suitability of
cryogenic machining over dry machining at higher levels of process parameters.
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Nomenclature

MQL Minimum quantity lubrication
LN2 Liquid nitrogen
m/min Meter per minute
v Cutting speed in m/min
f Feed in mm/rev
d Depth of cut in mm
F Resultant force
Ft Tangential force
Ff Feed force
S/N ratio Signal to noise ratio
DoE Design of experiments

1 Introduction

In today’s era of manufacturing technology, the world is processing many materials,
which provide flexibility in terms of weight, cost and ergonomics of final compo-
nents. High precision demand, market competition and stricter environmental legis-
lations are the driving forces for manufacturing industries to improve and optimize
the performance of machining processes. Turning, milling and drilling are common
machining operations to get close tolerances on the final components. Factors like
cutting fluid, tool geometry and cutting process parameters affect performance char-
acteristics and cost of components [1].

To enhance the processes of machining, cutting fluid is one of the most important
factors. According to a study [2], cutting fluid constitutes almost 16% of the total
machining cost which includes purchasing of cutting fluid to the disposal of chips
after machining and it increases up to 20% in case of difficult to cut materials [3].
The main function of cutting fluid is to dissipate heat from cutting zone during the
machining operation. Conventionally, water and oil based cutting fluids are used
during machining, but due to many techno-environmental problems, industries are
forced to use less harmful cutting fluids. The other way to overcome this problem
is to use the concept of minimum quantity lubrication (MQL). MQL technique also
yields a small increase in cutting speed and tool-life with the better surface finish.
It is effective in providing lubrication to the process, however, it is not promising in
extracting heat from cutting region [4]. Therefore, the next generation challenge is
to replace flood cooling and MQL with cryogenic machining [5].

Cryogenic machining is one of the most sustainable machining process. Sustain-
ability has three dimensions i.e., economic, environmental and social. Economic
advantage can be achieved using better manufacturing methods and lowering energy
consumption. Low energy consumption will also reduce environmental damage.
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Improved product quality and worker’s safety will ensure social advantage of sus-
tainability.

Recent research in the last decade shows that cryogenic machining is superior
over convention machining techniques and MQL in terms of increased tool life and
improved surface integrity. To take maximum advantage of cryogenic machining,
proper penetration of cooling jet is required at the tool-chip interface [6]. It also
yields contamination free, undistorted surface with reduced white layer formation
which significantly contributes to the fatigue life of workpiece [7].

According to the National Institute of Standards and Technology (NIST), cryo-
genic temperature is considered below −180 °C (−292 °F or 93.15 K) [8]. This
technique is most suitable for machining of heat resistant alloy and carbon fiber rein-
forcement composites. This study also focuses on one of the heat resistant alloy of
titanium (Ti-6Al-4V).

Titanium alloys are extensively used in aviation, automobile, chemical, marine,
biomedical and aerospace industries because of their ability to retain their properties
under adverse working conditions. High corrosion resistance, high specific strength,
high fatigue resistance and high strength at elevated temperaturemake titaniumalloys
suitable for critical applications [9, 10].

In terms of machining of titanium alloys, it comes in the category of difficult to
cut materials. This is because of poor thermal conductivity, high chemical affinity
at elevated temperature and low modulus of elasticity, which results in poor surface
characteristics of the machined surface, increased tool wear and low production rate
[11, 12].

To address this issue cryogenic machining of Ti-6Al-4V is investigated in this
study. Most of the mentioned issues are due to high-temperature generation in the
cutting zone, cryogenic machining is an emerging technique which is capable of
dissipating heat quickly from cutting zone due to very low boiling point of LN2

(−196 °C). LN2 absorbs heat from cutting zone and evaporates into atmosphere
leaving no harmful gases or environmental impact. Hence, it is safe for the worker’s
health and environment.

This chapter is presented broadly in six sections. The second section of this chapter
discusses a detailed literature review of cryogenic machining of Ti-6Al-4V. Method-
ology to design sustainable cryogenic machining setup and economic aspects are
discussed in Sects. 3 and 4 respectively. Section 5 discusses the cryogenic machin-
ing experimentation of Ti-6Al-4V. Results and discussion are presented in Sect. 6 of
this chapter. Finally, the conclusions drawn from this study are presented.

2 Literature Review

The application of liquid nitrogen (LN2) as a cutting fluid to improvemachinability of
titanium alloys are widely investigated by distinguished authors. Most of the studies
consider Ti-6Al-4V as a workpiece material, and coated and uncoated carbide as
tool material. Researchers demonstrated performance parameters improvement by
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delivering LN2 into the cutting zone using innovative methods, thus in this section
systematic review of cryogenic machining of Ti-6Al-4V is presented.

At the start of the evolution of cryogenic machining, many studies performed
with focus on the innovative approach to deliver LN2 to the cutting zone. Hong et al.
[13] provide a method to inject LN2 through micro jets to the flank face, the rake
face, or both near the cutting edge. The obtained results revealed tool wear reduction
even at the high-speed due to a decrease in diffusion rate at low temperature. An
increase in cutting force was reported under cryogenic machining due to increase in
hardness of workpiece [14, 15]. Authors also concluded that it is sufficient to apply
LN2 only to the rake face for low-speed machining.

Dandekar et al. [16] proposed a new approach tomachine Ti-6Al-4V by designing
a hybrid experimental setup. They simultaneously heated the workpiece and cooled
the cutting tool by using laser and liquid nitrogen, respectively as shown in Fig. 1.

Dhananchezian et al. [17] presented an innovative idea of supplying LN2 through
a hole in cutting insert. The schematic of the cooling delivery setup presented in Fig. 2
used for the machining of Ti-6Al-4V. LN2 delivered to the tool rake face through
a hole of dimension (Ø 2 mm × 2.5 mm) and at main and auxiliary flank surfaces
through hole of dimension (Ø 1 mm × 2 mm) made on the tool insert as shown in
Fig. 3. Authors reported that there is a decrease in cutting temperature (61–66%), the
surface roughness (36%), cutting force (35–42%), and flank wear (27–39%) under
cryogenic machining in comparison to wet machining.

Bordin et al. [18] proposed an idea to deliver LN2 with two channels directed
onto the rake and flank faces by means of external copper nozzles of 0.9 mm internal
diameter. In this setup, LN2 supplied from Dewar (equipped with safety valve and
pressure regulator) through a vacuum insulated transfer line at a pressure of 1.5MPa,

LN2
reservoir

CO2 Laser

Workpiece
LN2 Jet

Tool holder with 
cutting insert

Fig. 1 Hybrid model (laser assistance + cryogenic cooling) based machining
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Fig. 3 Modified tool insert for effective cryogenic machining

resulting in a mass flow of 0.9 kg/min. Their experimental results show that cryo-
genic cooling is effective in reducing adhesive wear when machining of Ti-6Al-4V.
They also investigated the feasibility of cryogenic machining of Ti-6Al-4V produced
by additive manufacturing [19]. In this case, LN2 was supplied through the nozzle
of the internal diameter of 1 mm. They have reported better chip morphology and
less tool wear under cryogenic machining as compared to conventional machining.

Venugopal et al. [20] used a trial and error method to set delivery parameters like
pressure and flow rate to get a continuous flow of LN2. Authors reported substan-
tial improvement in tool life and concluded that the overcooling of workpiece can
increase cutting force and may lead to embrittlement of the work material. In another
study of tool wear [21], the effect of cryogenic milling of Ti-6Al-4V was compared
with flood and dry cooling. In their study, nozzle position that was designed to have
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Fig. 4 Schematic of the method of cryogenic fluid delivery

a 0.5 mm clearance on each side from the cutting tool, delivery pressure and flow
rate were used 0.15 MPa and 0.4 L/min respectively. They reported a significant
reduction in surface roughness (30–40%) and reduced thermally induced tool wear.
In another study authors developed customized insulated modular system. It can be
easily attached or detached from the tool holder and delivery angle can also be con-
trolled by a further pivot nozzle function [22]. The LN2 was supplied at a pressure
of 0.4 MPa at a flow rate of 0.35 L/min through nozzles at rake and flank face, a
positive effect was reported on tool wear and chip morphology in comparison to
flood cooling.

Bermingham et al. [23] supplied LN2 through copper nozzle of 1.77 mm internal
diameter at 0.8 MPa pressure. They reported a delay in the rate of abrasive wear on
the flank face but wear is found to be concentrated on the nose of the tool (where
the coolant was not delivered) and the result also shows that there was an increase in
thrust force and a decrease in feed force. Bermingham et al. [24] presented different
methods of cryogenic fluid delivery as shown in Fig. 4.

The effect of cryogenic cooling on surface integrity for Ti-6Al-4V was investi-
gated by different authors. Rotella et al. [25] reported a significant improvement in
product surface characteristics. They supplied LN2 at a pressure of 1.2MPa through a
2mm nozzle. Ahmed et al. [26] also reported improvement in tool life, surface finish,
and chip breakability. In this case, LN2 was supplied at a pressure of 0.4 MPa to the
tool–work interfaces. Sartori et al. [27] used LN2 delivery pressure 1± 0.05MPa and
reported a lower amount of surface defects and higher values of the residual com-
pressive stress in comparison to dry cutting, but a general worsening of the surface
topography was reported in their study.
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Hanenkamp et al. [28] proposed an innovative method to deliver MQL and cryo-
genic fluid (Liquid CO2 in this case) through a single channel. Authors reported
better surface finish in comparison to wet machining.

Sun et al. [29] investigated the effect of cryogenic machining on Ti-5553. LN2

was supplied at a pressure of 1.5 MPa and flow rate of approximate 0.6 L/min at the
tool rake face. They found a reduction in thrust force (up to 30%) and better surface
finish when compared with MQL and flood cooling.

Schoopa et al. [30] performed a high-speed cryogenic finishing operation on
Ti-6Al-4V with the polycrystalline diamond tool and suggested this process as an
alternative to grinding. They supplied LN2 at a pressure of 1.5 MPa and flow rate
approximately 0.6 L/min with an internal nozzle diameter of 3 mm on flank side of
the tool.

Mia et al. [31] performed multi-objective optimization and life cycle assessment
for LN2 assisted machining of Ti-6Al-4V and compared surface roughness, cutting
force and material removal rate under dry, mono-jet and the dual-jet of LN2. A flow
rate of 2 L/min was taken for mono-jet and 3 L/min for the dual-jet. They reported
better results under dual-jet LN2 assisted cryogenic machining in comparison to
mono-jet LN2 assisted cryogenic machining and dry machining.

Recently, there has been growing interest in numerical modeling of cryogenic
machining. It includes prediction of the thermo-mechanical behavior of tool holder
under the cryogenic condition to reduce dimensional deviations [32]. Amodel to pre-
dict cutting forces, temperature, and machining-induced microstructural alterations
during semi-finish turning of Ti-6Al-4V under dry and cryogenic conditions reported
in the literature [33]. Umbrello et al. [34] presented amodel to predictmicrostructure,
plastic deformation and nano-hardness induced by cryogenic machining. Modeling
of thermal phenomena occurring between jet andworkpiece interface is also reported
by researchers [35]. In their study authors concluded that the most influential param-
eters of the thermal distribution and heat transfer coefficient are pressure, nozzle
diameter, projection angle and the distance between the nozzle and the workpiece
surface. In another study, a numerical analysis based on computational fluid dynam-
ics presented to optimize cryogenic fluid flow inside the channel [36]. In their study,
best inlet pressure and liquid/gas volume fraction values reported was 0.6 MPa and
90%; respectively. This inlet pressure and liquid/gas volume fraction combination
gave a minimum temperature and maximum pressure at the outlet.

On the basic of current literature review for cryogenic machining of titanium
alloys, it is found that cryogenic machining significantly contributes to attain
improved production rate, reduced tool wear and better surface integrity. In recent
years, researchers had focused on the numerical modeling of cryogenic machining to
optimize LN2 delivery setup parameters for further improvement of this sustainable
technique.

Based on the above literature review a systematic methodology to design sustain-
able cryogenic fluid delivery setup is presented in the next section. In literature, very
few researchers have focused on the economy of cryogenic machining. Therefore a
section is included in this chapter to discuss the economic advantages of cryogenic
machining.
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3 Methodology to Design Cryogenic Fluid Delivery Setup

Nitrogen has high liquid-to-gas expansion ratio (1:699) and extremely low boiling
point (77K). Any heat interaction of LN2 with the environmentwill quickly convert it
into vapor form and because of high expansion ratio, the pressure rises quickly inside
closed vessels. To prevent any damage to delivery system proper safety valves and
insulationmust be used for each component. Extreme low temperature can also cause
cool burns to human operators if handled carelessly. Cryogenic safety hand gloves,
face shield, and other safety measures must be taken before conducting cryogenic
machining.

Figure 5 shows major components of LN2 delivery setup. This section provides
a systematic methodology to design efficient cryogenic fluid delivery setup. The
method for selection of input delivery pressure is discussed in the first subsection,
the method of selecting nozzle is discussed in the second subsection and method of
designing transfer line is a discussed in subsection third.

Level gauge

Flow control valve

Safety gauge

Liquid nitrogen 
source

Vacuum insulated 
flexible transfer 
hose

Manual flow 
control valve

Automatic liquid 
level controller

Spray nozzle

Solenoid valve

Variable pressure 
safety valve

Phase separator

Fig. 5 Schematic of the developed LN2 delivery setup for cryogenic machining
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3.1 Selection of Delivery Pressure and Flow Rate
of Cryogenic Fluid

Selection of inlet pressure is critical, as it affects outlet (cutting zone) condition of
the cryogenic fluid. Optimum pressure can be selected from nitrogen phase equilib-
rium diagram, as the pressure increases, temperature range also increases for which
nitrogen does not change from a liquid into vapor. For this reason, many authors
tried to keep high pressures near 1.5 MPa, but high pressure creates a problem of
turbulence and throttling of the cryogenic fluid and converts LN2 into vapor. So to
make an efficient delivery system, optimum pressure is very important to get the
desired flow of cryogenic fluid in the liquid phase.

The excess flow rate of the cryogenic fluid at the cutting zone may alter properties
of a workpiece and its dimensional accuracy due to overcooling of workpiece. In
literature, an increase in cutting force is also reported due to overcooling of the
workpiece. To prevent the adverse effect at extremely low temperature, the optimum
flow rate of the cryogenic fluid must be selected. In literature, the flow rate from 0.5
to 3 L/min is used to perform cryogenic machining.

3.2 Selection of Delivery Nozzle at the Outlet

The best methods to deliver cryogenic fluid into the cutting zone can be chosen from
available methods such as a channel from tool holder and tool to cool the cutting
edge, cooling channel through the spindle and the spray cooling in machining zone.
The appropriate method must be selected according to the machining requirement.
To choose appropriate nozzle dimensions, the flow pattern and output velocity can
be investigated using computational fluid dynamics for given input parameters. In
literature, the nozzle of 0.9–3 mm diameter is used to perform cryogenic machining.

3.3 Designing of the Cryogenic Fluid Delivery Transfer Line

Cryogenic fluid transfer line is one of the major components used in any cryogenic
fluid delivery setup. This transfer line is used to transport cryogenic fluid from source
to the point of application at very low temperature. Complete insulation of the transfer
line is impossible, so there is always a possibility of mixed-phase flow. To deliver the
nitrogen in the pure liquid form a phase separator can be installed near the cutting
zone. Designing of the transfer line can be done using the steady flow energy equation
for single phase flow considering frictional, entry and exit losses in the design. The
suitable factor of safety must be considered while designing the transfer line due to
a high expansion ratio of LN2.
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Efficient working of cryogenic fluid delivery setup depends on factors such as
flow aggressiveness, delivery phase, nozzle positioning, suitable valve selection and
phase separator dimensions. To control the phase of the nitrogen a self-patented
phase separator is designed and developed in the current study [37].

Cryogenicmachining technique is not necessary to be a good option formachining
of every material. It is mostly beneficial for heat resistant alloys. So it is necessary
that the delivery system must be designed and fabricated in such a way that it is
compatible and retrofittable with the existing machining facility, so that no extra
machine setup cost is required.

4 Economic Aspect of Cryogenic Machining

The economic aspect of machining includes the cost of LN2, chip management cost,
cost of worker’s health and safety and cost of quality.

• Cost of liquid nitrogen: If cost is compared on per liter basis, the price of one liter
of LN2 ($0.25–0.42) is approximately equal to the price of one-liter mineral water
and if LN2 is produced in-house, cost of LN2 can be further reduced. In terms of
availability of LN2, it is readily available, as there is a lot of commercial supplier
all over the world who are providing refilling of tanks at a competitive price.

• Chip management cost: Second important aspect of machining is chip disposal.
Oil-based cutting fluid makes chips heavy and sticky and it is necessary to process
oily chips before disposal into the environment as per government regulations.
However, in the case of cryogenic machining, LN2 quickly absorbs heat from cut-
ting zone and evaporates into the atmosphere at normal temperature and pressure
(NTP) leaving the chip absolutely dry and clean. It is easy to dispose dry chips
rather than oily and heavy chips. Hence, the cost of management of chips can be
reduced using the cryogenic machining technique.

• Cost of worker health and safety: Clean, healthy and safe working environment
increases the productivity of the workforce and helps to keep them motivated.
During machining, the high temperature is generated in the cutting zone. At this
high-temperature chemical affinity between tool-workpiece-coolant increases and
generates toxic fumes and mist environment. These toxic fumes and mist envi-
ronment are causes of dermatitis, bronchitis and lungs problems for machine tool
operators. LN2 as a coolant provides a sustainable option due to its inert nature and
ability to drastically reduce the temperature of the cutting zone. Hence cryogenic
machining is greener and safer operation in comparison conventional machining
techniques.

• Cost of quality: This is the cost involved to make product resourceful and to
increase the reliability of specific output for the given period. The cryogenic
machined components have proven improved surface characteristics and fatigue
life. It also reduces cost by increasing the production rate and tool life. Hence,
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cryogenic machining can reduce the cost of quality in comparison to conventional
machining techniques.

For cryogenic machining, it requires an initial cost for LN2 delivery set up as
a fixed cost and cost of LN2 as a variable cost. Improved surface characteristics,
fatigue behavior, production rate and tool life are some proven aspect of cryogenic
machining which can compensate its fixed and variable cost and it can be a case be
most economical and sustainable option in comparison to conventional machining
techniques.

5 Experimental Study on Cryogenic Machining
of Ti-6Al-4V

Turning is an effective method to induce compressive nature of residual stress in the
component due to high magnitude of strain and strain rates involved in machining,
but temperature generation and its acceleration is a major challenge. The assistance
of LN2 as a coolant helps to dissipate heat generated during machining and it results
in desirable residual stress induced in the machined components. Hence, cryogenic
machining is considered as a critical factor for improving the surface properties of Ti-
6Al-4V. However, the quantity of LN2 applied in the cutting zone must be controlled
otherwise it may adversely affect workpiece and results into increased cutting forces.

Performance measures such as energy consumption and surface integrity of
product are useful for industries to take decisive action. Generally, machine tools
are designed as per peak power required during machining. However, it also con-
sumes power in its idle state. Idle state includes pre-machining setup and posts
machining work. If process parameters of machining are optimized than machine
tools can be designed to use lower power rated motors, driver and auxiliary equip-
ment and it will reduce overall power consumption [38].

In this study, the work material is Ti-6Al-4V and tool material is coated carbide.
This combination frequently used in industries. Response variables investigated are
surface roughness, resultant force and power consumption. Effect of cryogenic assis-
tance in machining compared with dry machining of Ti-6Al-4V.

5.1 Research Methodology

In order to estimate the effect of cryogenic machining in comparison to dry machin-
ing for turning of Ti-6Al-4V, hybrid DoE technique is used. Most of the data and
instructions to select input process parameters for machining are available either for
flood or dry machining. Since tool material behavior is temperature dependent, so
to get optimum process parameters it is necessary to evaluate machining response
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Fig. 6 Experimental design and analysis flow chart

under different machining environment. Machining under cryogenic environment
may alter response behavior of the process.

Hybrid DoE is a combination of orthogonal array and full factorial methods. To
get Hybrid DoE, L9 orthogonal array was repeated for dry and cryogenic machining
to effectively compare results under both environments for each process parameter
combinations. Three levels of cutting speed, feed and depth of cut are taken to
generate L9 orthogonal array. Each experiment is repeated three times to minimize
random error.

Three response variables namely surface roughness, resultant force and power
consumption are recorded during experiments. A Taylor Hobson Sutronic S128 con-
tact type surface roughness tester is used to check the surface finish of workpiece.
Kistler dynamometer configured with DynoWare software for data acquisition is
used to analyze resultant forces. Power consumption during machining is measured
using Fluke 435 (series II) three phase energy and power quality analyzer (Fig. 6).

S/N ratio = −10 log
(∑(

Y2
)
/n

)
(1)

For Taguchi analysis, the response can be classified into three ways: smaller-
the-better, nominal-is-best and larger-the-better characteristics. In this study, all the
responses are of the smaller-the-better characteristics type. Equation 1 is used to
calculate S/N ratio of responses.Where n is number of observation and Y is the value
of the observed data. The machining experiments are performed on a conventional
lathe machine retrofitted with an external cryogenic delivery system. LN2 is stored
in Dewar at 1.5 MPa. A vacuum insulated transfer line is used to transfer LN2 from
Dewar to point of application. In order to apply LN2 in the form of the jet on the rake
face of cutting tool, a nozzle of 1 mm is used. Kyocera made TiAlN coated carbide
turning insert (CNMG120408CQ) is selected as cutting tool. To minimize the effect
of tool wear, new cutting edge is used for each experiment. Cylindrical rods of 40
mm diameter and 150 mm length of Ti-6Al-4V are taken as a workpiece (Fig. 7).



Titanium Machining Using Indigenously Developed Sustainable … 195

(a)

(b)

(c)

(d) (e)

(f)

(g)

Spindle Workpiec
LN2 jet

Dynamometer

Fig. 7 Experimental setup components: a Ti-6Al-4V workpiece; b Carbide tool; c Liquid nitrogen
source; d Conventional lathe machining; e Dynamometer; f Surface roughness tester; g Energy and
power quality analyzer

6 Results and Discussion

In this section, experimental results are discussed. In first subsection surface rough-
ness obtained during cryogenic machining and dry machining is discussed. Second
and third subsections discuss the outcomes of the resultant force and power con-
sumption respectively.

6.1 Surface Roughness

The experimental results and signal to noise (S/N) ratios for surface roughness are
shown in Table 1, for the dry and the cryogenic machining. The comparative graph in
Fig. 8 shows the variation of surface roughness under dry and cryogenic machining.
Surface roughness is reduced at most of the combination of process parameters in
case of cryogenic machining as compared to dry machining. Higher value of surface
roughness is obtained under dry machining at lower cutting speed as compared to
cryogenic machining.

Figure 9 shows main effects plot for S/N ratios. The effect of process parameter
on surface roughness are in order of: feed > depth of cut > speed, in case of dry
machining and speed > feed > depth of cut, in case of cryogenic machining. Feed
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Table 1 The experimental results for surface roughness and S/N ratios

Experiment
run no.

Process parameters Average of responses S/N ratio (dB)

Surface roughness
(Ra)

v
(m/min)

f
(mm/rev)

d (mm) Dry
machin-
ing

Cryogenic
machin-
ing

Dry
machin-
ing

Cryogenic
machin-
ing

Run 1 104.93 0.111 0.5 1.17 0.81 −1.36 −0.98

Run 2 104.93 0.222 1 1.25 1.04 0.35 −0.34

Run 3 104.93 0.333 1.5 1.29 1.21 −2.21 −1.66

Run 4 69.94 0.111 1 0.92 1.05 0.72 −0.42

Run 5 69.94 0.222 1.5 1.32 1.00 −2.41 0.00

Run 6 69.94 0.333 0.5 1.17 1.13 −1.36 −1.06

Run 7 46.62 0.111 1.5 1.00 0.80 0.92 1.94

Run 8 46.62 0.222 0.5 1.40 0.85 −2.92 1.41

Run 9 46.62 0.333 1 1.21 0.89 −2.01 1.01
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Fig. 8 Comparison of surface roughness under dry and cryogenic machining
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Fig. 9 Main effects plots for surface roughness a under dry machining; b under cryogenic machin-
ing

is a significant factor in dry machining as excepted but under cryogenic machining
effect of speed on surface roughness is greater in comparison to feed and depth of
cut.

The combined effect of proper combination of cutting speed, feed, depth of cut and
the cutting environment is the possible reason for such behavior of surface rough-
ness under cryogenic machining. At high cutting speed (104.93 m/min) up to 30%
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improvement observed under cryogenic machining as compared to dry machining.
At medium (69.94 m/min) and low (46.62 m/min) cutting speed, improvement up to
24% and 39% is observed respectively under cryogenic machining as compared to
dry machining.

6.2 Resultant Forces

The experimental results for resultant forces and the signal to noise (S/N) ratios are
shown in Table 2. Resultant forces calculated as per Eq. 2. Figure 10 shows the effect
of machining process parameter on resultant forces under dry and the cryogenic
cutting condition.

F =
√
F2t + F2f (2)

where F denotes the resultant force, Ft is the tangential and Ff is feed force.
Figure 11 shows the main effect plot of S/N ratio to signify the effect of process

parameters on resultant forces in the order: depth of cut > feed > speed, for both
dry and cryogenic machining. At a higher depth of cut, cutting area to be removed
increases hence resultant forces increases. There is less significance of cutting con-
dition as resultant forces are comparable for both dry and cryogenic machining.

Table 2 The experimental results for resultant force and S/N ratios

Experiment
run no.

Process parameters Average of responses S/N ratio (dB)

Resultant force (N)

v
(m/min)

f
(mm/rev)

d (mm) Dry
machin-
ing

Cryogenic
machin-
ing

Dry
machin-
ing

Cryogenic
machin-
ing

Run 1 104.93 0.111 0.5 94.22 109.81 −39.48 −40.81

Run 2 104.93 0.222 1 344.64 322.16 −50.75 −50.16

Run 3 104.93 0.333 1.5 602.67 716.68 −55.60 −57.11

Run 4 69.94 0.111 1 110.46 150.57 −40.86 −43.55

Run 5 69.94 0.222 1.5 503.82 464.40 −54.05 −53.34

Run 6 69.94 0.333 0.5 183.98 169.66 −45.30 −44.59

Run 7 46.62 0.111 1.5 414.13 365.81 −52.34 −51.27

Run 8 46.62 0.222 0.5 229.39 185.12 −47.21 −45.35

Run 9 46.62 0.333 1 138.34 396.47 −42.82 −51.96
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Fig. 10 Comparison of resultant force under dry and cryogenic machining

6.3 Power Consumption

The experimental results power consumption and the signal to noise (S/N) ratios
are shown in Table 3 for the dry and the cryogenic machining. Figure 12 show
power consumption at each combination of process parameters under dry and cryo-
genic machining. At lower speed power consumption for cryogenic machining
increases significantly as compared to dry machining.

Figure 12 shows main effects plot of S/N ratios signify the effect of process
parameter on power consumption in order: depth of cut > speed > feed, for both dry
machining and cryogenic machining.

• In the first three experimental runs (1–3) cutting speed is constant and feed and
depth of cut are in increasing order. It can be observed from Fig. 13 that power
consumption is increasing for both dry and cryogenic machining. This is because
with increment in depth of cut, cutting area increases and force required to remove
bigger area also increases, which tends to consume more power.

In case of cryogenic machining, power consumption is less than dry machining at
a higher depth of cut. This is due to the capability of cryogenic machining to extract a
large amount of heat produced in cutting zone. Reduction in heat helps to maintain a
low coefficient of friction. Hence, power consumption is less in the case of cryogenic
machining.

• In the next three experimental runs (4–6) as cutting speed decreases, power con-
sumption decreases for drymachining as expected. In case of cryogenicmachining
power consumption did not decrease.
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Fig. 11 Main effects plots for resultant forces a under drymachining; b under cryogenicmachining
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Fig. 12 Comparison of power consumption under dry and cryogenic machining

• In the last three experimental runs (7–9) as cutting speed further decreases, power
consumption does not decrease for cryogenic machining. Thus, it is inferred that
cryogenicmachining is less suitable at low cutting speedwhen power consumption

Table 3 The experimental results for power consumption and S/N ratios

Experiment
run no.

Process parameters Average of responses S/N ratio (dB)

Power consumption
(N)

v
(m/min)

f
(mm/rev)

d (mm) Dry
machin-
ing

Cryogenic
machin-
ing

Dry
machin-
ing

Cryogenic
machin-
ing

Run 1 104.93 0.111 0.5 307.67 542.33 −49.76 −54.69

Run 2 104.93 0.222 1 595.00 550.33 −55.49 −54.81

Run 3 104.93 0.333 1.5 598.33 508.67 −55.54 −54.13

Run 4 69.94 0.111 1 333.33 515.00 −50.46 −54.24

Run 5 69.94 0.222 1.5 575.33 553.33 −55.20 −54.86

Run 6 69.94 0.333 0.5 450.00 570.67 −53.06 −55.13

Run 7 46.62 0.111 1.5 450.00 580.33 −53.06 −55.27

Run 8 46.62 0.222 0.5 311.67 595.67 −49.87 −55.50

Run 9 46.62 0.333 1 316.67 608.33 −50.01 −55.68
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Fig. 13 Main effects plots for power consumption a under dry machining; b under cryogenic
machining
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is a priority. However, in the case of dry machining power consumption decreases
at lower cutting speed as expected.

7 Conclusions

Experimental observations reported in this research work recommend that the use of
cryogenic coolant in machining of Ti-6Al-4V titanium alloy significantly affect the
surface roughness and power consumption. In particular, cryogenic cooling condi-
tions offer better surface roughness. It is observed that at higher cutting parameters
cryogenic machining leads to better results and can extend product life and perfor-
mance. On the basis of the above discussions following conclusions can be drawn:

• Average surface roughness improves up to 40% at most of the combinations of
process parameters under cryogenic machining as compared with dry machining.
Thus it is advisable to prefer cryogenicmachining for improved surface properties.

• Resultant forces are comparable for both dry and cryogenic machining. The most
significant parameter which affects the resultant forces is the depth of cut. It is
due to the increase in cutting area with an increment of depth of cut. Increment in
cutting area requires a larger force during machining.

• From power consumption analysis, it is observed that as cutting speed decreases,
power consumption in the case of cryogenic machining is significantly higher
than dry machining. Thus, cryogenic machining is more suitable for high-speed
machining of Ti-6Al-4V. However, surface finish under cryogenic machining sig-
nificantly improves at lower speed.

The design of this retrofittable cryogen delivery solution for a range of available
machine tools shall provide a direct cost based impetus for improving machining of
such materials, which at present does not exist for the indigenous industry.
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Advanced Laser Based Surface
Treatment Techniques to Improve
the Quality of the Products

S. Shiva, I. A. Palani, C. P. Paul and M. Kamaraj

Abstract Materials are subjected to surface treatments in order to alter the nature
both physically and chemically. Also there are certain mending process of surface
defects can be carried out using surface treatment process. The current chapter pri-
marily focusses on exploring the impact of advanced surface processing techniques
like laser glazing, laser shock peening and laser annealing. The three types of additive
manufacturing are laser additive manufacturing, wire arc additive manufacturing and
cold spray deposition technique. The effect of the various process parameters of the
respective process are discussed in detail. The discussion is primarily focused on the
development of shape memory alloy structures using the techniques mentioned and
an analyses on the nature of the developed alloys. The surface morphology of the
developed structures were evaluated using Scanning Electron Microscopy (SEM),
The micro-hardness test reveals the mechanical properties of the samples. All the
characterized results showed that SMA could bemanufactured successfully using the
mentioned techniques, though each system have their own pros and cons. Hence this
chapter will give the researchers in beginning stage a clear idea about the evolution
of near net shape manufacturing systems that can be used by their research works in
developing novel research ideas.
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1 Introduction

The implementation of laser based surface treatment techniques are widely used in
the line of micro electro mechanical systems (MEMS) and the laser based process
are opted for the high efficiency of the laser to execute the work done in micro and
nano-level [1–3]. In the current chapter a detail analyses about three hot options of
laser based surface treatments techniques to improve the qualities of the products are
discussed.

1.1 Laser Glazing

Post processing techniques play an important role in shaping the quality of the prod-
ucts into a much better way. Though several options of post processing techniques
available, the main objective can be classified to three important tasks. First to alter
the surface finish, of the formed product as per requirement. Secondly to improve the
fatigue life of the product by inducing residual stress. Finally to reduce the problem
of brittleness, by removing the excessive residual stress in the product. Several con-
ventional techniques like diamond dressing, shot peening and furnace annealingwere
successful in producing efficient results. Though efficient results were fulfilling the
requirements perfectly, the problems of high material wastage, time consumption,
skilled labour for precision, non-controllable process and formation of secondary
phases leading to the change in the nature of the product are in evitable. To over-
come the existing issues researchers probed into several ideas by analysing the root
cause of the problems and cameupwith even better and efficient solution of deploying
surface treatment techniques with high and low power lasers.

The prevailing surface treatment techniques are mostly computerized which leads
to precision in the output. Currently the three major surface treatment techniques to
address the requirements mentioned above are laser glazing, laser shock peening
and laser annealing. All the mentioned techniques have produced promising reliable
outputs that flaunt the advantages and efficiency over the conventional process. Laser
glazing is widely used to texture the hard surfaces like grinding wheel. In general the
surface grains of the grindingwheel get weird out due to the constant contact between
the wheel and samples. As an effect of frequent grinding the surface of the grinding
wheels become very much polished and smooth in nature which sequentially affects
the efficiency of the grinding wheel and also the replacement of the wheel becomes
highly necessary. Laser glazing is implemented on the surface of the grinding wheel
which provides a scope of re using the same wheel with better rough grinding sur-
face [4]. The advantage of laser glazing over conventional diamond dressing is the
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generation of more cutting grains and porosity pockets homogeneously in the same
level throughout the sample which can be attributed to the calibre of laser, to modify
the grains of the grinding wheel only on the surface level. With different operational
parameters the surface wear caused in the tool of lathe machine can also be cured.
Hence laser glazing has the flexibility to control the surface, smoother and rougher
based on the requirements. In the process of laser glazing, pulsed lasers of higher
power are generally opted to maintain the homogeneity of the output and to maintain
the process effectively in surface level.

1.2 Laser Shock Peening

Development of materials for various aspects is a huge milestone achieved by metal-
lurgists, after developing the ability to engineer the materials and change their nature
based on the application to be implemented. Though the development has reached a
higher level yet modern manufacturing techniques like additive manufacturing have
the problems like surface cracking yet to be answered. In that accord to improve the
nature of the products made of modern smart techniques the need of post processing
techniques have become highly inevitable. When the reason for the crack genera-
tion is deeply analysed the researchers have reported the problem of internal stresses
developed during deposition and other reasons like the fatigue load stays to be amajor
hindrance. The fatigue load acting on the samples gradually leads to the formation
of scratch marks, surface cracks due to fatigue or thermal load etc. In general fatigue
cracks generate on the surface of the samples from the point of high stress accu-
mulations and other point of surface defects in any form. As fatigue load cyclically
acts on the defect areas, leading to the formation of slip bands in the microstructure
forming cracks on the surface. The repeated impact of cyclic load gradually gets
distributed easily on the surface as there are not much constraints to prevent them
from growing further, finally leading to the distorting of the product completely. In
order to counter the rising issues surface treatment techniques are opted. The avail-
able conventional surface treatment techniques available are shot peening [5, 6], low
plasticity burnishing [7, 8], roller pressing [9, 10], water jet peening [11, 12]. The
primary need for the techniques shown in Fig. 1, is to impinge compressive residual
stress on the surface of the samples that sequentially gives good resistance to the
fatigue stress that acts on the samples.

The science behind the ability to with stand the fatigue load can be explained
by comparing the strain amplitude and life of the sample. The applied alternating
stress can be denoted as σ1 and the corresponding fatigue life can be denoted as N1.
The increase in the fatigue life can be related to the reduction of alternating stress
by external compressive stress σc, after shot peening on the surface of the samples.
Hence the net stress can be denoted as σ2 = σ1 − σc. As a result the fatigue life of
σ2 is denoted by N2 which is comparatively higher that N1 [13, 14].

Figure 2 shows a typical distribution of stress generated by the effect of laser
shot peening. The magnitude of residual stress on the surface of the compressive
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Fig. 1 Strain amplitude versus life circle

Fig. 2 The profile of stress distribution after peening process

zone depends on factors such as shot medium, intensity, size and materials nature.
In order to counter the compressive stress after the shot peening process, the surface
is induced with tensile stress. The depth of the compressive stress can be denoted as
“d”. The depth of inducing tensile stress is denoted by “d2”.

Though laser shot peening is having the efficiency of changing the materials
nature based on the concepts discussed earlier. But yet there are certain problems to
be addressed. The issues are as follows:

1. The peening pressure is not under control.
2. The number of shots impinged by steel balls are not in control.
3. The generation of surface roughness is not in control.
4. The peening velocity is not in control.

Due to the above mentioned factors the process was not successful for certain
materials that are brittle in nature. Hence an alternate method of laser shock peening
in which the efficiency equal to conventional shot peening was opted. The process
of LSP has a laser pulse of high energy density which creates enough plasma by
impinging on the sacrificial layer on the surface of the target. As the sacrificial layer
gets ablated continuously by the effect of repeated laser pulses, the generated plasma
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Fig. 3 The profile of stress distribution after peening process

are accumulated on the localized area leading to the injection of compressive stress on
the sample. The heated plasma undergoes hydrodynamic expansion in the confined
region creates a high amplitude pulse of several GPa, for a short duration. A part
of the generated energy penetrates into the product in the form of shock wave. The
uniaxial compression load acting on the sample as generates tensile extension in the
plane parallel to the surface as shown Fig. 3.

As the pressure generated by the laser shock exceeds the dynamic yield strength of
the sample, leads to plastic deformation. Themicrostructure of the sample faces huge
variation by the effect of plastic deformation. The critical pressure is inter related
with the density of the material (ρ) and sound wave velocity of the material (c) and
is mathematically expressed as follows

Psw = ρc2 (1)

The process of laser shock peening is governed by the parameters like various
protective coating layer, different confining medium, spot size and pulse duration,
laser energy density and wavelength and laser pulse repetition.

1.2.1 Various Coating Layer

The desired property of the coating layer is to be ablative and very thin in thickness
[15, 16]. Aluminium foil, black paint and adhesives or tapes are primary choice for
coating layer. The coatings protect the surface layer and also enhances the intensity
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of the plasma as well. Depending upon the sample’s nature laser shock peening is
done in the absence of coating layer as well.

1.2.2 Different Confining Medium

The confiningmedium plays a crucial role in proceeding the process homogeneously.
In general water is used as the confining medium [17]. Other options are K9 glass, Pb
glass andperplex [18]. The selection is basedupon the sample to be shockpeened.The
primary factors governing the process are material density, acoustic velocity which
decides the acoustic impedance effect in the process. The confined medium has the
ability to multiple the amplitude of stress generated on the surface of the sample
[19–21]. Similarly the duration of plasma is increased by the confined medium. The
role of confined medium in the laser shock peening process can be divided into
three different phases. Once the laser shot is impinged, the generated laser plasma
is of high amplitude which is many times higher than the ablation process. Once
the laser is off the adiabatic cooling of the generated pressure happens leading to
prolong the generated plasma on the surface of the sample for a while. Finally the
exerted pressure by the shot diminishes slowly in the aspect of amplitude and it is
tough to detect plastic deformation on the surface. In case of excluding the confining
medium from the entire process, the generated plasma intensity gets distributed in
all directions and gets diffused very quickly.

1.2.3 Spot Size and Pulse Duration

The laser spot size plays a crucial role in the shock peening process. The laser spot
size can be varied bymoving the sample near or away from the focal point depending
upon the energy density’s availability and requirement. In general the laser energy
density varies to the square of the spot size. The smaller laser spots are tend to
expand the shock wave in the form of sphere, whereas the larger spot diameter
produces waves in planar direction. Both sizes possess the ability to inject residual
stress deeper into the sample. The magnitude of residual stress doesn’t seem to be
dependent on the spot size, also the magnitude of surface residual stress is higher
in laser shock peening process and the magnitude gradually dips as the depth of
penetration is deeply analysed. In the shock peening process the centre of the laser
soot doesn’t havemuch intensity as due the non-homogeneous on the contact surface.
The laser spot has been made circular [22], square [23], elliptical and rectangular
[24] for peening purposes by the researchers in the past. Also reports suggest that
the short duration pulse are capable of generating high magnitude residual stress.
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1.2.4 Laser Energy Density and Wavelength

The magnitude of residual stress getting impinged on the surface is directly propor-
tional to the amount of laser energy density chosen for the shock peening process.
As the laser energy density exceeds a threshold value the residual stress penetration
increase in the depth and starts to decrease on the surface of the sample due to the
effect of surface release waves [25]. Water is widely chosen as the confining medium
for its property of dielectric breakdown threshold, which protects the sample from
excessive compressive stress. In general the laser energy density is determined in
GW/cm2. The reported results prove the higher the wavelength with high frequency
of laser pulse effective impact can be availed on the surface of the samples gen-
erating sufficient amount of residual stress in them. At least 1 GW/cm2 has to be
opted for effective laser shock peening, and minimum of 20% overlap is required for
distributing the effect of shocks homogeneously in the sample.

1.2.5 Laser Pulse Repetition

The number of pulse repetition plays a crucial role in the amount of residual stress to
be impinged in the sample [26]. The number laser shots have impact in mechanical
properties of the materials like ultimate strength, young’s modulus, micro-hardness
etc. Hence the number of laser shots are to be chosen in such a way that there is
not much effect on the surface of the samples and the properties of the samples.
Also researchers have demonstrated the formation of wrinkles on the surface of the
samples due to the effect of laser shock peening [27]. Hence while choosing the
number of shots care must also be taken to maintain the surface morphology of the
sample without any change.

1.3 Laser Annealing

The final surface treatment technique to be discussed is about laser annealing. The
technique of processing the surface of delicately to bring localized effects is laser
annealing. Laser annealing in general is performed using both pulsed and continuous
wave laser based on the requirement and product’s nature. The process is an effective
surface treatment technique capable of removing the excessive stress in the product
which assists the crystallization in the product. The process must be chosen to be
carried out in closed or open atmosphere depending upon the product and their
reacting nature with oxygen and laser.

Compilation of all surface processing techniques in TiNiCu shape memory alloy
in the aspect of various property are to be focused in this chapter. Also the discussion
includes the various desirable parameters and other characteristics features of the
chosen three process in brief. At the end, the future prospects and recent research
trends in the chosen technologies will be deliberated. This chapter will help the
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researchers who are looking for ideas to perform surface treatment techniques in
their research work for different products.

2 Laser Material Interaction

The laser surface processing theory initiates with the concept of laser material inter-
action.Hence to know the concept of laser andmaterial interaction it ismuch essential
to have a deeper understanding on the basic process behind the laser and material
interaction. The understanding assists the users to implement the laser in altering
the physical and chemical nature of certain products as per requirement by control-
ling certain process parameters of lasers. The main governing parameter in laser
processing is the laser energy density. As the laser energy density increases a thresh-
old value it leads to irregular material removal called ablation. Ablation distorts the
material both physically and chemically. The relation between laser energy density
and ablation rate is as shown in Fig. 4. The shown graph in Fig. 4 suits for all types of
materials when interacting with laser. Hence based on the figure it is very important
to decide the amount of laser energy density to be chosen to process the material. The
important parameter to be considered for the laser processing techniques are the ther-
mal effects getting distributed within the samples being distributed homogeneously.
But the toughest challenge lies on distributing the heat uniformly throughout the
sample. One more important parameter is the nature of the samples and the surface
finish of the samples. Heat is dissipated into the samples by the energy possessed by
photons coming in contact with the samples. The energy poses sufficient heat to alter
he chemical bond in the samples. In case the energy of the photons are not sufficient
enough to bring the required changes in the samples, will lead to the formation of
heat affected zone, which deteriorates the mechanical properties of the sample.

Fig. 4 Ablation rate versus Laser energy intensity
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3 Numerical Modelling

Laser surface processing is primarily governed by heating rate, plasma generation
and compressive stress impingement. The heating and cooling rate are predominantly
governed by laser parameters and confinement properties. A finite element software
was deployed to simulate the process and estimate the induced stress distribution
at different processing parameters. The simulation was carried out using ANSYS
14.0 and self-developed APDL codes. The following equations and parameters were
opted:

Governing Equation:
Following equation presents generalized heat equation applicable for laser shock

processing process.

ρ Cp

(
∂T

∂t

)
− ∇ (k ∇T ) = 0 (1)

where k (W m−1 K−1) is the thermal conductivity, Cp (J kg−1 K−1) is the specific
heat capacity, ρ (kg m−3) is the density, and t (s) is the time.

Boundary conditions and associated simplifications
The initial temperature of the process is room temperature (T0). So the initial and

final conditions are

T (x, z, t) = T0, when t = 0 and t = ∞ (2)

The effect of the various processes is modelled using Lagrangian formulation and
the associated boundary condition are expressed as

−K (∇T .n)|� = [β I (x, z, t) − hc(T − T0)]� i f � ∈ �

= [−hc(T − To)]� i f � /∈ �

where, n is the normal vector of the surface, β is the absorption factor, I (W m−2)
is the laser intensity, hc is the heat convection coefficient (W m−2 K−1), � (m2) is
the area of work piece surface, � (m2) is the laser spot area, � and � are shown in
Fig. 1. The value of absorption factor β is 0.3 as calculated by the similar method
reported by the researchers in the past [28]. The value of heat convection coefficient
[29] hc = 150 W m−2 K−1.

The process of laser glazing is done by continuous wave laser of high energy
density. The high energy density is provided by the amount of high power provided
as input in the entire process. The entire power input of the continuous wave laser is
as shown in in Eq. (3) [30].

P = 2αPV

πω2
ρ

exp

(
−2r2

ω2
ρ

)
exp(−α z) (3)
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As the laser pulse of high intensity is impinged on the surface of the sample,
plasma is generated, and the generated plasma expands and injects shock waves on
the sample. The confined medium used for the entire process enhances the intensity
of pressure generated multiple times. The entire LSP process is governed by a shock
pressure and plasma thickness. The relation between shock pressure and plasma
thickness are being governed by the following equation [31]:

dL(t)

dt
= 2P(t)

Z
(4)

where L(t) stands for thickness of the plasma generated, P(t) stands for the pressure
generated by the laser pulse impinged. The laser energy, I(t) distributed on the surface
of the sample is mathematically given as follows:

I (t) = P(t)
dL(t)

dt
+ 3

2α

d

dt
[ P(t)L(t)] (5)

The pressure generated by the laser pulse on the surface of the sample is calculated
using Fabbro’s model as shown below [31]:

P = 0.01

√
α

2α + 3

√
Z Io (6)

where P (GPa) stands for peak pressure generated, α stands for absorption coefficient
and for Ni–Ti, Z (g cm−2 s−1) represents the combined shock impedance and it is
obtained from the following formula Z = 2

1
z1+ 1

z2
, Z1 stands for the shock impedance

of Ni–Ti (3.44 × 106 g cm−2 s−1) [32] and Z2 stands for the shock impedance of the
confining medium water (1.45× 105 g cm−2 s−1) [33]. The residual stress generated
by the shock pressure is simulated and compared with the experimental values. In
the entire process the growth of plasma is considered to be only in axial direction.

Laser energy distribution for laser annealing is assumed to Gaussian [34]. It is
mathematically presented as

I = δ I0 ∗ e−[2r2/r2l ] (7)

where, rl stands for radius of laser (m) and r = √
x2 + y2. The MKS units were

followed while determining constants in Eq. (4). The value of I0 [35] can be derived
by the formula I0 = 2P

πr2 , where P stands for laser beam power. The value of δ = 1
when the laser is on, and δ = o when the laser is off.

A mesh size independency test was performed prior to implement the proposed
model, deploying a least geometric dimension (DL) of the model with an element
size of (e). It was observed that the temperature difference in successive runs of
reduced element size by a factor two becomes less than 10−3 for DL/e > 30. In
present simulation study, DL/e = 40 is used and it corresponds to an element size of
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Fig. 5 Mesh independency test results

Table 1 Properties of TiNiCu

Properties Unit TiNiCu

Density kg/m3 6450

Specific heat J/kg °C 460

Melting point °C 1300

Poisson ratio – 0.3

Emissivity – 0.4

Thermal conductivity W/m °C 0.13

Young’s modulus GPa 78

Thermal expansion coefficient 15.4 × 10−6

~50 microns [36]. In addition, all required element quality checks of the FE model
were performed as shown in Fig. 5.

The materials properties of Ni–Ti in both phases as quoted in Table 1 [37] were
used for the study as the samples developed by LAM are polycrystalline in nature,
i.e. presence of both phases in the samples are possible.

Thermo Mechanical Analysis

In the present work, a thermo-mechanical analysis is carried out to calculate the
induced distortions and residual stresses in the samples during the laser surface
treatment. The present section describes the theoretical background of mechanical
analysis. It includes the mechanical boundary conditions along with material model.
The nodal temperature values are estimated from the conduction heat transfer anal-
ysis are integrated as a predefined field. The material was assumed to follow an
elasto-plastic law with isotropic hardening behavior (von Mises plasticity model).
The detailed mathematical background of this mechanical analysis is given in the
subsequent sections. Figure 6 shows the elements used in thermal and mechanical
analysis in the present work.
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Fig. 6 Overall procedure followed in thermo-mechanical analyses

Governing Equations and Boundary Conditions

In the present work, the material response is assumed as thermo-elasto-plastic along
with mechanical properties. The elasto-plastic analysis is generally performed by
incremental mode of stress and strain. Rate independent plasticity is considered
followed by von-Mises criterion, the associated flow rule and bilinear isotropic hard-
ening behaviour. In Cartesian coordinate system, the strain-displacement relation can
be written as [38, 39].

εx = ∂u

∂x
; εy = ∂v

∂y
; εz = ∂w

∂z
(8)

γxy = ∂u

∂y
+ ∂v

∂x
; γyz = ∂v

∂z
+ ∂w

∂y
; γxy = ∂w

∂x
+ ∂u

∂z
(9)

where u, v andw represents displacements in x, y, z directions respectively; εx, εy and
εz refer to the normal strains in x, y and z directions respectively; and γxy, γyz and γzx

represents shear strains in xy, yz and zx planes respectively. Assuming the isotropic
material, the thermal strain remains same in three directions and the increment of the
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total strain is sum of the incremental plastic strain, incremental thermal strain and
incremental elastic strain, represented as

{dε} = {
dεt

} + {
dε p

} + {
dε p

}
(10)

Following Prandtl-Reuss flow rule and Von-Mise’s yield criteria, the incremental
stress can be represented as

{dσ } = [
Dep

]{d ∈} − [
De

]{α}(�T ) (11)

where

[
Dep

] =
([

De
] − [

De
]{ ∂ f

∂σ

}{
∂ f

∂σ

}T [
De

] 1

3G + ET

)
(12)

where [De] depict the elasticity matrix which consists of mechanical properties like
Young’s modulus E and Poisson’s ratio μ. G is shear modulus and ET is local slope
between stress and plastic strain of specifiedmaterial. The last term of Eq. (11) repre-
sents the thermal strainwhichmay vary depending upon the temperature distribution.
[Dep] is some sort of elasto-plastic matrix where the first term in Eq. (12) is due to
elastic response of material or recovery of elastic response when the material is in
plastic zone. The second term of the Eq. (12) is due to plastic flow of material which
is zero when the material is elastic zone only. The evolution of the yield surface are
governed by the hardening rule. In present case, Von-Mises yield surface is consid-
ered and bilinear isotropic hardening rule is assumed that may be appropriate for the
selected material.

Material Model

In the present work, the numerical analysis is performed by considering the mate-
rial properties. An elastic-plastic material model is used in the mechanical analysis
module. The isotropic hardening rule is selected to consider the plasticity using the
ANSYS APDL code. The elasticity is defined by Young’ s modulus and Poisson’
s ratio, and the plasticity is defined by yield stress and the elastic-plastic tangent
modulus. Moreover, the Von Mises stress is used to predict yielding of the samples.

Computational Aspects

In the present work, the thermal and mechanical properties are used for thermo
mechanical analysis. Thermal properties such as specific heat and thermal conduc-
tivity are considered. The latent heat of fusion is considered for the simulation through
an artificial increase or decrease in the specific heat of the material [40]. The govern-
ing equation along with boundary conditions for heat conduction, the linear system
of equations for an element is written as

[C(T )]{T } + [K (T )]{T } + [V (T )]{T } = [Q(T )] (13)
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where [K] refers to the conductivity matrix, [C] is the capacitance or specific heat
matrix, {T} is nodal temperatures vector, [V] is the velocity matrix due to moving
beam and {Q} is the nodal heat flow vector.

The material behavior is considered as elasto-plastic in nature. In the present
work, the influence of micro-structural changes, creep and transformation induced
plasticity are not considered. The plasticity is assumed as rate independent and is
modelled by assuming bilinear isotropic hardening behaviour along with associated
flow rule. The von-Mises yield criteria is followed as

σav =
√
1/2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(14)

where, σ1, σ2, σ3 are principal stresses and σav is the average one dimensional stress.

Solution Strategy for Thermal Analysis

Figure 4.13 shows the step by step procedure (flow chart) followed in a thermo
mechanical analysis based on finite element method using FE software ANSYS
14.0. Few important steps are described below.

• Inmechanical analysis, the similar FEmodel used in thermal analysis is considered
other than type of element. SOLID 45 element is used which is defined by eight
nodes having three degrees of freedom at each node, translation in the nodal X, Y,
and Z directions.

• Next, the material properties are defined.
• The reading of nodal temperatures is considered for overall thermal analysis at
different time steps.

• Structural analysis performed and estimate the distortion and residual stresses at
different sections of the samples developed by LAM.

4 Experimental Procedure

4.1 Laser Glazing

The process of laser glazing was carried out on the TiNiCu sample using 2 KW
continuous wave fiber laser in a wavelength of 1054 nm. The spot diameter of 2 mm
wasmaintained throughout the process. Immense carewas taken that the chosen laser
energy density does not ablate the given sample. Hence after lots of preliminary trials
the laser energy density of 1100 mJ/Cm2 was opted for the study. The sample was
placed on the deposition bed and to maintain the homogeneous laser treatment the
laser beam path profile as shown in Fig. 7 was carried out. After the laser glazing
process the samples were carefully brought under study in various aspects.
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Fig. 7 Laser glazing process on the samples

4.2 Laser Shock Peening

The dimensions of TiNiCu structure fabricated using laser additive manufacturing
was subjected to laser shock peening with pulsed laser. The laser shock peening
experiments were carried out using the 1064 nm wavelength at Q-Switched mode of
Nd:YAG laser on the Ni–Ti structure mounted on computer controlled X–Y manip-
ulator. The schematic arrangement of laser shock peening set up is presented in
Fig. 8.

The fundamental wavelength of Nd:YAG laser (1064 nm) laser was opted, expect-
ing an improved performance in LSP. The process parameters used for laser shock
peening experiments are presented in Table 2. The sample was fixed inside the LSP
set up with water as the confining medium. Water was chosen as the confining
medium, for its nature of breaking down the plasma after certain limit that conse-
quently reduces the intensity of pressure acting on the sample [41]. As the sample
taken for the study has very low ultimate strength, the plasma breakdown by thewater
prevents it from getting damaged by high pressure generated by higher laser energy

Fig. 8 Laser shock peening process
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Table 2 Processing parameters used in the laser shock peening

Parameter Unit Value

Laser wavelength nm 1064

Mode of operation – Q-switched

Laser energy per pulse GW/cm2 1

Laser pulse duration ns 9

Laser pulse frequency Hz 1

Laser spot size mm 2

Spot overlap % 20

density. In this study the sacrificing layer was not used in our experiments expecting
to prevent excessive pressure on the sample surface, as reported by researchers in
the past [42]. In general, a minimum laser energy density of 1 GW/cm2 is a must for
an effective LSP [43].

4.3 Laser Annealing

The laser annealing experiments were carried out by shining the second harmonic
of Nd:YAG laser on the Ni–Ti structure mounted on X–Y manipulator. The second
harmonic ofNd:YAG laserwas used, as it yields improved performance due to shorter
wavelength [44]. The frequency and the spot overlap are the parameters that affect
the reduced cooling rate and uniform heat absorbing zone during laser annealing.
They, also, result in reduced dilution and crack elimination. In general, the frequency
of 1 Hz and spot overlap of 90% indicated good laser annealing [44]. The annealed
samples were characterized using a number of techniques (Table 3).

Table 3 Processing parameters used in the laser annealing

Parameter Unit Value

Laser wavelength nm 532

Mode of operation – Q-switched

Laser energy per pulse mJ/cm2 1100

Laser pulse duration ns 9

Laser pulse frequency Hz 1

Laser spot size mm 2

Spot overlap % 90
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5 Results and Discussion

5.1 Validation of Numerical Modelling

In order to study the residual stress distribution in the samples a numerical study
was carried out based on the material properties. Hence the simulation was carried
out for the samples for all three laser based process as discussed earlier using the
reported equations. Initially the entire sample was finely meshed and converted into
small elements. The heat input was based on the laser input energy. The convective
boundary conditions were chosen for the study. The residual stress distribution seems
to be evenly distributed throughout the developed samples. This nature of distribution
have high chances of influencing the SME properties of the developed samples.

Figure 9 shows the complete set of simulations developed for laser glazing, laser
shock peening and laser annealing on the samples. The simulated models were fed
with the material properties of TiNiCu. From the figure it is vividly seen that the
residual stress distribution in the samples is high for laser shock peening, secondly
for laser glazing and finally the minimum amount of residual stress for laser anneal-
ing. This may be attributed to the immense amount of compressive stress induced
in the samples on the surface. Similarly the values of laser annealed samples are
comparative less due to the nature of the process, like the utilization of the laser to
remove the excessive amount of residual stress in the sample.

To validate the simulated results a real time experiment was conducted using
XRD method to measure the residual stress distribution post all the laser surface
treatments. A preliminary experiment of all three surface treatment process were
carried out on the TiNiCu samples and the real time residual stress was compared
within the residual stress values in as manufactured state of the samples. The prime
factor of laser soaking on the surface of the samples due to high temperature brings
change in the dimension of deposited samples, but in a very negligible amount.
Also generation of micro cracks become in evitable due to greater accumulation of
compressive residual stress on samples treated with laser shock peening. In case
of laser glazing and laser annealing the problems don’t occur as the temperature
and stress gets uniformly distributed and chances of accumulation in the samples is
comparatively less. Hence the risk of secondary phase formation is also very less in
TiNiCu samples.

The measured and simulated values are as shown in Fig. 10. From the graph it
is vivid that the simulated values are a bit higher than the real time experimentation
values. The decrease in the real time experimentation values are attributed to the
radiation losses. The simulation results and experimental results show the laser shock
peened samples generate are of higher residual stress as expected while comparing
the remaining two process. Laser annealed samples had the minimum residual stress
than the laser glazed samples as well. So based on the applications and the sample’s
physical and chemical nature the post processing techniques can be opted to full fill
the requirement and real time application.



224 S. Shiva et al.

Fig. 9 Simulated residual stress distribution after (a) Laser glazing (b) Laser shock peening
(c) Laser annealing

Fig. 10 Experimental residual stress distribution after (a) Laser glazing (b) Laser shock peening
(c) Laser annealing
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5.2 Surface Morphology

The surface topography of the formed samples are as shown in Fig. 11. The scanning
electron microscopy images reveal homogeneous surface processing of the samples
using the laser glazing, laser shock peening and laser annealing. The surface of the
laser glazed sample appears to be crack and dent free as shown in Fig. 11a. The
influence of continuous wave laser is visible in bringing out such homogeneous
surface. Figure 11b shows the surface of the laser shock peened samples, and the
impact of pulsed laser in bringing effective change on the surface of the sample
is vividly visible. From the image the surface roughness of the sample is expected
to be higher. Laser annealed samples are very smooth in nature unlike the other
two samples. The presence of any surface flaws like cracks, craters or dents are not
observed. The surface looks very smooth in nature. To further investigate the nature
of grain size and surface roughness of the samples in nano-metric level atomic force
microscopy was used.

The AFM results of laser glazed samples are as shown in Fig. 11d the images
are of dimension 2 × 2 μm2. The measured grain size of the samples are 25.65 nm
and the surface roughness id of 5.28 nm. The laser shock peened samples had the
grain size of 22.14 nm and surface roughness of 7.89 nm. The AFM image of the
laser shock peened sample is of 1 × 1 μm2 as shown in Fig. 11e. The results of laser
annealed samples are as shown in Fig. 11f. The image dimension is of 2 × 2 μm2.
The grain size of the sample is 32.46 nm and the surface roughness is 4.26 nm.
To investigate the mechanical properties of the samples a micro-hardness test was
conducted for the samples and are as discussed in the following session.

Fig. 11 Results of SEM (a) Laser glazing (b) Laser shock peening (c) Laser annealing and AFM
results of (d) Laser glazing (e) Laser shock peening (f) Laser annealing
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5.3 Mechanical Properties

The samples were bisected to the direction of laying and prepared using standard
metallographic techniques for micro-hardness measurement. The measurement was
carried out at an incremental distance of 25 mm at a load of 500 g. Figure 12,
presents the micro-hardness distribution on the samples both before and after LSP.
It is very clearly seen that after LSP the micro-hardness has drastically increased.
The pinning effect plays a vital role in accumulating the dislocations and preventing
them from proceeding further. The driving force of this pinning effect is exerted
by the precipitates generally formed on the surface of the samples due to LSP. The
precipitates resist the dislocations from proceeding further, leading to pin them down
which sequentially leads to improved micro-hardness values. As the micro-hardness
of the samples increased the ductility of the sample is expected to drastically decrease.
The results of laser annealed and laser glazed samples were comparatively lower
than the shock peened sample. Hence the residual stress in the sample is removed by
laser glazing and laser annealing leading to low micro-hardness value of. The lower
micro-hardness value is a clear indication of improved ductility in the sample.

Three different types post processing techniques are discussed in detail. The pro-
cess of laser glazing can be opted for samples that have surface cracks in them. The
surface cracks can spoil the physical nature of the sample very much that prevent-
ing them from real time applications. Hence laser glazing is a very good option for
restricting surface cracks on the samples. Laser shock peening can be implemented
on samples to improve the hardness of the sample and to get rid of certain surface
flaws. The laser annealing is a localized heating process that can be used to remove
the excess of residual stress in the sample. Also laser annealing is effective in crys-
tallizing the amorphous surface of the samples. Hence based on the requirements

Fig. 12 Micro-hardness results of the samples
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and the sample’s working environment the laser based post processing techniques
can be opted to improve the quality of the sample both physically and chemically.

6 Conclusion

Laser based surface processing techniques are extremely advanced techniques which
can used in various applications in the aspect of repair andmanufacturing component
with specific application. The above discussed three laser based surface treatment
techniques can be deployed to solve some minor issues that prevent the developed
products fro real time applications. The scope of the laser based surface treatment
techniques is deployed in areas where delicacy is given the prime priority. Avail-
ability of compact high power lasers, in continuous wave and pulsed wave form
can be controlled using controllers, and efficiently get the work done based on the
requirement of the users.

In this chapter the TiNiCu shape memory alloy samples were treated with three
different types of laser surface treatments and the results prove the processes cho-
sen have the ability to bring changes on the physical properties of the samples in
surface level. The SEM results showed the laser shock peening process increasing
the surface roughness and micro-hardness of the sample. Parallely laser annealing
and laser glazing were efficient enough to bring smoother surface finish and removal
of excessive residual stress. Hence the based on the requirement the available three
options of laser based surface heat treatment techniques can be availed to alter the
nature of the samples.
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LASER Cladding—A Post Processing
Technique for Coating, Repair
and Re-manufacturing

Catarina Valente, Teresa Morgado and Neeraj Sharma

Abstract LASER cladding technology has a strong applicability in the surface coat-
ing sector,mainly inmetallic surfaces, although, it has been arousing,more andmore,
the interest in the components repair and rapid prototyping sector. The reason for its
creation was to improve the quality of component surfaces, overcoming the already
known disadvantages in traditional processes as TIG—Tungsten Inert Gas welding
also known as GTAW—Gas Tungsten Arc Welding, plasma spray or HVOF—High
Velocity Oxy Fuel, being these disadvantages the high dilution of the substrate mate-
rial into the coating/cladding, the large increase of temperature imposed by the pro-
cess resulting in distortions in the parts, the low precision in material deposition,
porosities, micro-cracks, bond defects and problems in the adherence to the sub-
strate. The application of LASER technology for material addition/deposition pro-
cesses come, for example, to improve the precision of the material deposition, to
reduce the dilution of the substrate and the temperature increase of the component
to be coated and also, the utilization of a LASER beam, does not cause unfavourable
alterations in the mechanical properties of the melt pool. LASER cladding technol-
ogy can be considered interdisciplinary, in so far as it includes various technological
areas, namely the LASER technology, drawing area and computer assisted produc-
tion, the robotic and control area and also the area of powdermetallurgy. Themajority
of the scientific publications about LASER cladded coatings refer mainly its use in
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materials from aerospace, medical and automotive industries. Therefore, this chapter
will attempt to focus on the LASER Cladding growing applications of this recent
technology and advantages and limitations of this process. This chapter will begin
with a historic description of the LASER Cladding technology, followed by the prin-
ciples of the process operation, the applicability of the process, the state of art of
materials utilized in the Cladding process, and the advantages and limitations of the
process. At the end of the chapter will be present the recent developments in LASER
Cladding process.

Keywords LASER cladding · Powders injection · Additive manufacturing ·
Rapid prototyping · Coating

1 History of the Process

The LASER cladding process which emerged with the purpose of improving the
surface characteristics of metallic components, mainly regarding to the corrosion
and wear resistance, come to take advantage of the LASER technology invented by
Maiman in the 60s and was considered at that time a great invention for science.
LASER would serve as a response to a large variety of scientific questions, until
then unanswered for years, as in the case of the materials processing area that has
undergone a rapid development in the 70s once the power and the efficiency of the
commercial LASER increased. LASER cladding technology was introduced and
patented by Daniel S. Gnanamuthu in 1976, in the USA [1–3]. The reason for its
creation, as previously referred, was to improve the quality of component surfaces,
overcoming the already known disadvantages in traditional processes as TIG—-
Tungsten Inert Gas welding also known as GTAW—Gas Tungsten Arc Welding,
plasma spray or HVOF—High Velocity Oxy Fuel, being these disadvantages the
high dilution of the substrate material into the coating/cladding, the large increase
of temperature imposed by the process resulting in distortions in the parts, the low
precision in material deposition, porosities, micro-cracks, bond defects and prob-
lems in the adherence to the substrate. The application of LASER technology for
material addition/deposition processes come, for example, to improve the precision
of the material deposition, to reduce the dilution of the substrate and the temperature
increase of the component to be coated and also, the utilization of a LASER beam,
does not cause unfavourable alterations in the mechanical properties of the melt pool
[4, 5].

The pre-placed LASER cladding method, with the pre-placing of the cladding
material on the substrate, was initially used by Gnanamuthu at Rockwell Interna-
tional Corporation, in California, to investigate the feasibility of the process in the
application of dense ceramic cladding on metallic components. One of the research
groups that had a significant impact in the development of this innovative technology,
led byWilliamM. Steen, introduced LASER cladding by powder injection. Another
of the research groups, conducted by Jyoti Mazumder in the 80s, contributed to the
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knowledge of possible principles of the process and also applied the technology to
various metals and ceramics to have the chance to investigate their potential for clad-
ability and also their posterior corrosion and wear resistance. Note that, one of the
considered definitions for cladability, which is a term related to cladding material,
includes the ability of the material to form a continuous and high density clad, with
a uniform or homogeneous microstructure, having a strong metallurgical bond to the
substrate, with low dilution [2].

Still in the 1980s, LASER cladding has started to arouse industry’s attention,
having been identified as a process that presents great advantages in improving the
corrosion and wear resistance of coatings over the conventional processes. The first
report of its use in industry occurred in 1981, at Rolls Royce, in the coating of turbine
blades componentsmadebyNimonic thatwould be used inRB-211 jet engine, having
its utilization extended to the leading companies in the engine production sector at
that time. In the automotive industry, LASER cladding has also started to be applied
in the engine valve coating as in the case of Fiat, Toyota and Mercedes-Benz. Still
in the same decade, the process was widely recognized by repair market, mainly in
turbine blades repairing, both in USA and in Europe [2].

In the 90s, a large number of rapid prototyping and layered manufacturing meth-
ods of three-dimensional structures, that already used the principles of the cladding
process, were introduced and patented, doing now part of the commercial available
solutions [2, 3].

LASER cladding technology has become more and more recognized in the indus-
try and by the most varied research groups. The potential of LASER cladding has
been increasing as the research on this technology continues [2].

2 Principles of the Process Operation

LASER cladding is considered a surface treatment technique with LASER. It is
possible to distinguish three groups of surface treatment techniques with LASER.
The group of surface hardening techniques (or without surface melting techniques),
the group of surface melting techniques and the group of techniques with surface
melting and with addition material [6, 7]. In the case that is not possible for the base
material to improve its mechanical properties on its own with melting or hardening
techniques, it becomes necessary or cheaper to resort to the application of a layer of
other material on the base material surface [6]. Figure 1, exemplifying the distinction
considered for the surface treatment techniques with LASER, is presented below.

Within the techniques that allow the improvement of material properties by the
composition alteration of the surface layer with addition of material and within
the ones that have in common the formation of a melt pool in which the addition
material is applied, is found LASER cladding technique that is then characterized
[6]. The other techniques that belong to this group are LASER alloying and LASER
dispersing that, unlike LASER cladding, are characterized by an intensive melting of
the substratewhere thematerial to be added to create the coatingwill be incorporated,
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Fig. 1 Mechanisms of surface treatment techniques with LASER

interacting with the melt. On the other side, LASER cladding technique includes the
melting of the addition/cladding material, minimizing the melting of the substrate
material [4].

LASER cladding is a technique that has asmain purpose, as already said before, to
improve themechanical properties ofmaterials surfacewith the addition of thin layers
of different materials [8], besides its additional application in the manufacturing of
3D components. LASER cladding uses LASER as the heat source, in the deposition
of a thin layer of a certain material with desired properties on a certain substrate,
that provides the melting of the cladding material surface and the substrate surface
[2, 7]. The area to be cladded is heated by the absorption of energy delivered by the
LASER beam. The heat input provided by a high-power LASER (in most industrial
applications the most used power is above 5 kW) beam is well confined and very
intense, increasing thus the heating rate of the surface layer. The heated surface
layer becomes quenched, after the passing of the LASER by diffusion of heat to the
coldest part of the bulk. High rates of heating/cooling in the surface layer result in
grain refinement and in the formation of metastable phases and/or in the alteration
of the microstructures. LASER cladding process traditionally uses CO2 LASER and
various types of Nd:YAG LASER, although, more recently, it has been betting on
the use of fibre LASER [6, 9].

Cladding material can be transferred to the substrate by powder injection, wire
feeding or paste feeding (methods of continuous application of the cladding material
during the cladding process) and by the method of pre-placing the powders of the
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Fig. 2 Schemes of LASER cladding executed by the pre-placed powder method (top part) and by
the powder injection method (bottom part) that corresponds to one of the variants of the continuous
material feeding method. A LASER beam reaching the material is schematized and the dislocation
direction of the substrate is represented by V

material on the substrate [2, 6]. Next, in Fig. 2, is presented a scheme of the two
LASER cladding methods [10].

Pre-placed powder method corresponds to a two-stage method, beginning the
first stage with the application of powder on the substrate. The powder should be
mixed with a chemical binder, forming a distributed paste throughout the substrate,
ensuring good bond between the cladding material and the substrate as the process
takes place. The binder evaporates during the process, which may be the cause of
some porosities in the clad layer. In the second stage, occurs the formation of a melt
pool on the surface of the cladding material, being propagated subsequently to the
interface with the substrate. Proceeding the heating, it is possible to cause the melt
pool to be extend to the substrate, creating a strong bond between the material added
and the substrate [6, 7].

Relatively to the continuous feeding method during the process by powder injec-
tion, which only presents one stage, the melt pool is formed initially on the substrate,
being the cladding material injected, at the same time to that melt. In the powders
interactionwith the LASERbeamduring the feeding, powders suffer a heating before
they are fed into the melt pool that is being created on the substrate. Reaching the
melt pool that is created, the cladding material is going to melt, creating a strong
bond between the deposited material and the substrate material. Is common the uti-
lization of an inert gas flow as a mean of transportation of powder particles to the
melt pool. In this method, instead of powder, the cladding material can come in wire
form or even in the form of a paste constituted by the powders and a suitable binder
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that is being supplied during the process (allowing a previous formation of alloys to
be deposited), being however, this last one less common than the first two kinds of
continuousmaterial feeding (much less when compared to the powder injection—the
most common) and for that less described in literature [6, 7, 11].

In relation to wire feeding, slight changes in wire position or in feeding velocity
can cause significant alterations in the form and dimension of the melt pool, resulting
in a hardly uniform and asymmetric clad, thus requiring greater accuracy during the
process. The wire also causes a certain obstruction to the LASER, reducing the
percentage of the LASER beam that reaches the surface of the base material, when
compared to the powder injection form of feeding, in which the LASER passes
more easily through the stream of the particles. Which also permits to enhance
the advantage of adding the material in powder form is the possibility to vary the
quantity of the elements present in the powder mixture, during their deposition,
making possible the production of a wide variety of alloys [7]. Figure 3 presents the
two methods described above and the variants of the continuous material feeding
method.

Powder injectionmethod has been shown as to be themost efficient andmost used.
There is already a big variety of materials that can be used as cladding material in
LASER cladding by powder injection, usually forming layers with thickness ranging
from 0.05 to 2 mm and widths of 0.4 mm [2, 6, 7].

(a) (b1)

(b2) (b3)

Laser beamLaser beam

Laser beamLaser beam

SubstrateSubstrate

SubstrateSubstrate

Inert gas

Powder and 
Inert gas

CladClad

CladClad

paste

Powder 
placed

Fig. 3 Schemes of the different methods of LASER cladding and the variants a pre-placed powder
method; b1–b3 continuous material feeding method (one stage method): b1 in paste form; b2 in
powder form; b3 in wire form
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Fig. 4 Setup for a LASER cladding process [12] with kind permission from Elsevier

This LASER cladding technology can be considered interdisciplinary, in so far
as it includes various technological areas, namely the LASER technology, drawing
area and computer assisted production (more specifically CAD—Computer Assisted
Drawing and CAM—Computer Assisted Manufacturing softwares), the robotic and
control area and also the area of powder metallurgy [2]. In Fig. 4 it can be seen a
setup for a LASER cladding process with powder feeding from a lateral nozzle.

To realize LASER cladding process, in case of a continuous material feeding
method, is necessary a set of devices capable of bringing the powder stream, the
wire or the paste that is going to correspond to the cladding material, the melt pool
shielding gas and the LASER heat source [3].

The authors call to that a LASERcladding head, nameused in [4], that corresponds
to the set of a LASER facility, a powder/wire/paste feed nozzle(s) and a melt pool
shielding gas nozzle. One example of this equipment, with no external nozzles, is
demonstrated in Fig. 5.

In Fig. 6, it is possible to visualize one type of nozzle of a LASER cladding head,
a coaxial nozzle with this name attributed for allowing coaxial feeding between
powders and shielding gas, supplying the cladding material (powder) in its carrier
gas, the LASER beam and the shielding gas (equal to the carrier) during the LASER
cladding process with powder injection.

The continuous powder feeding, that is the one that is normally used, can be done
by lateral/side nozzles and coaxial nozzles (Fig. 6). Argon is often used as the inert
gas supplied, sharing the function of carrier of powders and shielding gas. As the
name indicates, the shielding gas is utilized to shroud themelt pool region, preventing
oxidation [13–15].
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Fig. 5 The LASER cladding head

Although, besides the LASER cladding head that allows the reach of the LASER
to the surface to be treated, the total equipment to the LASER cladding execution
contains two more essential components, a positioning system XYZ (positioning
table of two axis) and a powder feeder as was demonstrated in Torres et al. work [16]
of development and automation of the LASER cladding equipment with powder
injection from the LASER Laboratory of IST, Lisbon University, used by CeFE-
MA—Center of Physics and Engineering of Advanced Materials. In this work was
developed a control process to the LASER cladding equipment through the utiliza-
tion of a personal computer. In Fig. 6 is possible to visualize the control scheme of
the equipment needed to execute the LASER cladding process (Fig. 7).

This automation, which was achieved through the development of the control
process, had in mind the optimization of simultaneous utilization of the equipment
components and so, allows the control of process parameters such as the overlapping
of clads, number of clads, deposition rate, LASER power and powder feed rate
(Fig. 8). Controlling these parameters is essential to obtain quality coatings, since
these will influence their mechanical properties and durability [8, 16].
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Fig. 6 LASER cladding process with the visualization of a LASER cladding coaxial nozzle

Fig. 7 Coaxial (right) and side (left) LASER cladding with powder feeding above a moving sub-
strate [13] With Kind Permission From Elsevier
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Fig. 8 Control scheme of the LASER cladding equipment

3 Applicability of the Process

LASER cladding technology has a strong applicability in the surface coating sector,
mainly in metallic surfaces, although, it has been arousing, more and more, the
interest in the components repair and rapid prototyping sector [2, 17].

The coating produced by LASER cladding results from the deposition of a thin
layer of a material (metallic or ceramic, for example) in the surface of another mate-
rial. This allows the modification of the substrate properties to properties improved
by the addition material, which will hardly be achieved with only the base material.
The coating is going to provide a surface layer resistant, mainly corrosion and wear
resistant, and the base material is going to provide the ability to resist to the applica-
tion of forces. Despite the enormous potential presented by this technology for the
application in various industries that use the metallic coating, its application is a bit
limited by its elevated cost and low process speed. Although, the improvement of
LASER efficiency, the reduction of LASER prices, the development of new kinds of
LASER and the increase of scientific publications about LASER cladding applied
to a variety of materials, has reinforced that recognized potential for its application
in coatings at an industrial level [2].

Most of the scientific publications about LASER cladded coatings refer mainly
its use in materials from aerospace, medical and automotive industries. Some of the
importantmaterials thatwere study and are used as additionmaterials are the titanium
alloys, nickel super alloys and cobalt alloys that are deposited on the substrates of
materials such as unalloyed steels, alloyed steels, hardened steels, stainless steels,
aluminium alloys, cast irons, nickel alloys or cobalt alloys. In certain companies,
as the case of POM Inc., in Michigan, to improve the wear and high temperatures
resistance, materials that offer these same characteristics were already deposited in
tools that are exposed to very high temperatures, to environments with the possibility
of occurring thermal shocks, thereby increasing their lifetime. More recently, since
a bit more than 10 years ago, bioceramic coating in titanium alloys has been realized
by LASER cladding technology, being for that utilized materials as the example of
the calcium phosphate. This kind of coating has been applied, as an example, in
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orthopaedic implants coated with calcium phosphate, a material that promotes the
bone growth when the implant is applied [2].

With respect to the principal current market of metallic coatings applications
produced by LASER cladding, we have the coating of aircraft gas turbines. Showing,
once again the sense of LASER cladding application, in response to the demand for
an increase in efficiency and for a reduction in costs of aircraft gas turbines, cladding
materials with high mechanical resistance and resistance to elevated temperatures,
as is the case of nickel-based super alloys, are being used through the application of
LASER cladding to coat parts from turbines subject to the hot gas passage. Currently,
is also already known the LASER cladding utilization in the deposition of this type
of materials, referred in this paragraph, in spacecraft components. It is expected that
with the improvements that are being operated in the new kinds of LASER, LASER
cladding technology starts to represent a more important role in this gas turbine
market and also in the aerospace industry in general [2].

Coating obtained by LASER cladding also has other applications in terms of
the coating for industrial components (see the example in Fig. 7) with a view
to the production of surfaces that are resistant to abrasive, erosive and adhesive
wear, corrosion resistant in liquid medium and resistant to oxidation and cor-
rosion at high temperatures, as well. Some examples of products that received
metallic coating by LASER cladding, getting the above mentioned characteristics,
were parts from drilling tools, engine valve seats, hydraulic pump components and
moulds, as well as coated tools with hardfacing coatings for their surface hardening
(hardfacing tools) [2].

LASER cladding technology is also used in the repair of high value components,
as is the case of some tools, turbine blades and components formilitary industry. That
repair can have the objective of re-establishing the original dimensions of the com-
ponent that suffered wear and/or allowing the recovery of its mechanical properties.
As an example of something repaired by LASER cladding, there is a surface made of
high resistance aluminium-based alloys (7075 and 7175 alloys, not weldable). This
kind of surface, also called shell by Toyserkani et al. [2], corresponds to the exterior
surface of weapon components integrated in submarines that are subject to wear and
damage caused by handling difficulties, by the weapon proper activity and also by
the saltwater corrosive nature. Figure 9 shows repair of blade with laser cladding.

In the rapid prototyping, layered manufacturing and tooling sector, LASER
cladding application allows the manufacturing of complex components and tools in
a brieft time with recourse to CAD models. LASER cladding technology is already
known as a technology that allows the manufacturing of components very closed to
the final shape, without a great need of posterior machining, using a CAD model
(sliced by a series of layers) to the construction of the product layer by layer. The
little need of machining and the use of CAD models contribute for such reductions
in the manufacturing time.
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4 Materials Utilized in the Cladding Process

There is already a large quantity of materials that can be utilized as base material in
the process, in which are included different steel grades, cast irons and non-ferrous
metals such as nickel, titanium and aluminium alloys [4, 19]. Relatively to deposited
materials on the base material, there is also already a large number of metals and
metallic alloys (mainly hard alloys on the base of nickel, cobalt an iron) being applied,
as well as a large variety of their compositions [4].

Tuominen, in his Ph.D. thesis titledEngineeringCoating by LaserCladding—The
Study ofWear andCorrosionProperties, makes a detailed description of the groups of
materials most commonly used in the LASER cladding process in the field of coating
and most commonly studied when subjected to the process in this coating field, both
as base and coating/cladding materials. Relatively to the base materials, the author
refers as main groups the Fe-based materials group including carbon-manganese
(C-Mn) steels, alloy steels, stainless steels, tool steels and cast irons, the cast and
wrought aluminium alloys group, the group of Ni-based superalloys strengthened
(by precipitates, for example) in the cast and wrought form, the titanium and its
alloys group, the magnesium alloys group and the cooper (wrought and cast) and its
alloys group. Regarding the coating/cladding materials, he refers as main groups the
Co-based hardfacing alloys group, the Ni-based alloys group, the Fe-based materials
group (namely, stainless steels, tool steels and Fe-based hardfacing alloys), the Cu-
based alloys group, theAl-based coatings group, the Ti-based coatings group and also
the group of metallic matrix composites, the group of functionally graded materials,
the group of solid lubricants, the group of rare-earth element additions and the group
of intermetallics [19].

Fig. 9 A blade is being repaired with laser cladding [18]
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In the case of rapid prototyping using LASER cladding technology that, among
other names, is known by LASER Engineering Net Shaping or three-dimensional
LASER cladding, the base material is usually metallic and serves as the construction
base of the component to be built. Besides this, generally, base material corresponds
to the same material that is going to be deposited (cladding material), normally by a
continuous powder feeding, to produce the component, except in the cases that the use
of a base material different from the cladding material is convenient to allow a better
heat dissipation. Some examples of materials already tested in this rapid prototyping
field of LASER cladding that allows the rapid production of components encompass
aluminium, stainless steels as the 304L and the 316, tool steels as the H13 and
nickel-based alloys as the Inconel 600, 625, 690 and the 718 [2, 20].

5 Advantages and Limitations

LASER cladding technology is presented as advantageous since material proper-
ties, such as wear and corrosion resistance and also hardness, can be improved with
its utilization. These represent some of the properties that are advantageous when
increased, for example, inmechanical components subject to aggressive environmen-
tal conditions, to high thermal cycles or in mechanical components that are exposed
to corrosive environments. In addition to these properties, the components lifetime
is also increased with the application of the LASER cladding. LASER cladding
also presents advantages when used as a rapid prototyping technique or as a repair
technique. Its utilization as a rapid prototyping technic allows the production of the
components in a layer-by-layer way with a combination of characteristics that are
considered unique in this process of LASER cladding as a rapid prototyping tech-
nique, both in case of the pre-placed powder method as in the continuous material
feeding method in powder form. Among these characteristics are found the achieve-
ment of a homogeneous structure, good mechanical properties, as it already is a
characteristic of the materials subject to LASER cladding, and the rapid production
of components with complex structures that acquire a shape very close to the desired
one at the end. Comparing to other existing rapid prototyping techniques, as the
case of 3D printing, LASER cladding presents more quality in metallic components
production. In what concerns the components repair, LASER cladding technology,
mainly with powder injection, has the advantage of allowing the repair of compo-
nents (mainly tools, in their critical contact surfaces), improving their life time and in
some cases saving high value components that, otherwise, would have to be replaced,
whichwould cause elevated costs. Represents an alternative to themost usedwelding
processes that produce high temperatures in the materials to be repaired and present
a destructive character [2, 8].

It should be noted that some of the competitive characteristics of LASER cladding
have their origin in the use of the LASER technology. The utilization of the LASER
beam as heat source introduce advantages in relation to the traditional heat sources,
namely [6, 9]:
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• the energy source can be well controlled due to the nature of the LASER beam,
which is confined and narrow;

• allows to perform very localized surface treatments;
• the heat input is low, resulting in minimal thermal distortion;
• allows the achievement of fine microstructure due to the high heating and cooling
rates;

• permits a non-contact operation, not occurring wear of tools or force application
in the tolls/parts;

• the depth of penetration of the LASER is well defined.

Besides these benefits brought to LASER cladding process by the LASER uti-
lization, the process has other unique advantages such as the minimal dilution of
the substrate, a strong fusion bond created between the substrate and the cladding
material, a greater ease of preventing porosities and the possibility of achieving a
homogeneous distribution of the elements, mainly in the case of powder injection
method [6, 9].

It is worth noting that the characteristics of the components’ surface improved
with the process, which are visible in the case of surfaces treated by LASER cladding
in coating or repair applications (despite the also good properties obtained by com-
ponents built through rapid prototyping by LASER cladding), are due to a reduced
dilution that occurs between the substrate and the claddingmaterial, which allows the
preservation of the excellent mechanical properties of the coating produced. How-
ever, this improvement of surface characteristics it is not only due to themetallurgical
characteristics of the coating, it also depends on the thermal cycles applied during
the process. The high heating and cooling rates to what the components are subjected
during the process will result in a grain refinement, which leads to an increase in
mechanical resistance of the materials [2, 8].

Although, despite of the advantages presented above, the process has, at the same
time, some limitations. Disturbances in the process may result in significant changes
in the clad quality, even when the operational conditions are kept. This low repro-
ducibility, observed in the significant changes, derive from the high sensibility of
LASER cladding to small alterations in operational parameters such as LASER
power, scanning speed and feeding rate, and it can also result from unexpected
perturbations that occur during the LASER cladding as the case of variations in
absorptivity. Elevated cost of investment in LASER as well as low efficiency of the
LASER sources are also shown to be LASER cladding limitations, in the application
of coatings, in the repair area and also in the rapid prototyping area. With continuous
technological development in LASER sector and in sophisticated programs to control
the process, LASER cladding reveals a great industrial potential for metallic coating
(which includes the repair potential), and more recently, in rapid prototyping appli-
cations, existing already development of autonomous system of LASER cladding
for rapid prototyping that dispenses an expensive formation of qualified personnel
for this recent technology, making it more competitive in relation to other processes
like 3D printing because of the reduction in its costs [2].
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6 Recent Developments in LASER Cladding

Considering last years, LASER cladding process is being used, for example, to
investigate its potential in the repair of certain materials as the case of AerMet®

100 steel as is described in Sun et al. research work [21], being this steel, a type
of high resistance steel widely utilized in aerospace applications, subject to critical
conditions, as in landing gears. These are steels that are expose to high stresses in
service conditions, are sensitive to fracture and tend to have a limited toughness. In
aircraft applications, the damages caused by impact and corrosion and the required
structural integrity, make repair essential. The difficulty in repairing this kind of
steels it is because it is essential that this repair allows the structure to carry high
stresses, without any reduction in steels resistance to fatigue and fracture. In this
research, AerMet® 100 was used as powder and as substrate. As substrate, to the
execution of the repair, were utilized standard specimens obtained from bars with
circular section with 13.6 mm of diameter, received in the annealed state to be
then heat-threated. The utilized powders were predominantly of spherical geometry,
mainly in the dimension range from 45 to 106 µm. LASER cladding was executed
using the Rofin Sinar CW025 Nd:YAG LASER and a nozzle that allowed the side
injection of the powders. The obtained results about the metallurgy, tension, fatigue
and fracture of the AerMet® 100 in repaired condition (with the deposition of powder
from the same material) and of the AerMet® 100 in substrate condition, i.e., without
repair, were compared. The authors of the study reached come conclusions as the
verification of the good coating/clad quality produced by LASER cladding and, as
less favourable results to this kind of applications, they also verified a reduction in
the yield strength, ultimate tensile strength and in the elongation and a significant
reduction in the fatigue life of the material. They still identified that LASER cladding
isn’t the ideal option for substrates of small diameters, due to the creation of a too
extended HAZ—Heat Affected Zone.

In a recent experimental study from Ansari et al. [22], coaxial LASER cladding
process (with a 700 W pulsed Nd:YAG LASER) with the deposition of NiCrAlY
powders, in the range of 50–100 µm, on nickel-based super alloy, more specifically
on Inconel 738 super alloy with the dimensions of 100× 100× 5 mm, was realized
and investigated with the objective of proposing an empirical-statistical model for
the process that relates the geometrical characteristics of a single clad obtained by
LASER cladding (width—w, height—h, penetration depth—b, wet angle—θ and
dilution—D) identified in Fig. 10, with the parameters of this process. The dilution
that does not appear in Fig. 10 was named geometrical dilution by the authors of the
study and is given in percentage by D = b

h+b . The authors considered as principal
processing parameters the powder feeding rate—F , the LASER power—P and the
scanning velocity—V . The correlations between the geometry and the parameters
were stablished as combinations of parameters, of the type PαV βFγ , to each one of
the studied geometrical characteristics for a single clad. With this study, it is possible
to utilize the obtained correlations to select the most suitable processing parameters
of LASER cladding, reducing thus the necessity of extensive and time consumer
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Fig. 10 Scheme of a single clad with the identification of its geometrical characteristics

experimental work. One of the main results referred in the study indicated that the
height of the obtained clad statistically depended on the LASER power, having been
little influenced by the powder feeding rate and by the scanning velocity, and this
statistic relation was described by P2V−3/2F1. Was also indicated as a result in
relation to the clad height, that this has been mainly controlled by the combina-
tion of LASER power and scanning velocity, having this relation been translated by
P3/2V−1/3. Relatively to penetration depth, the result obtained was that this char-
acteristic was mainly proportional to the combination of parameters described by
P1V 2/3F−2/3 and the dilution proportional to V 1F−1. The authors still concluded
that the wet angle have been controlled by the combination of parameters expressed
by P1V−1F1/2.

LASER cladding is also being studied as a method for improving the performance
of standard grade rail, at awear andRCF—RollingContact Fatigue level, as described
by Lewis et al. [23]. Diverse types of metals, chosen by their elevated hardness and
proven or expected high resistance to wear and RCF, were used as the cladding
material for the standard R260 grade rail discs, having these been tested against
discs made from standard R8 steel, in a not cladded condition, used in wheels in
contact with the rails. The obtained clads, to produce the coating, had a typical
width of 4 mm, making the deposition of various clads necessary to cover the entire
disc width of 10 mm. This width is the dimension in contact with the standard R8
disc (standard material used in the wheels in contact with rails). The final coatings
produced by LASER cladding had a nominal thickness of 1-2 mm achieved with
one or two layers of clads. Among the various materials tested to coat the rails, the
samples coated with martensitic stainless steel, Stellite 6 and Stellite 12 were the
ones that showed reduced wear rates when compared to the standard R260 grade rail
discs and produced also a reduction in the wear of the standard R8 discs. A superior
initiation resistance to RCF when compared to the R260 material was also achieve
for all of the samples coated with the different metals.

In a recent research work from Feng et al. [24], Inconel 625 coatings fabricated by
LASER cladding and, on the other hand, by SMAW—Shielded Metal Arc Welding,
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were analysed and compared, at room and elevated temperatures, in terms of their
microstructure, hardness and their wear resistance. These coatings, obtained with an
equipped systemwith a 10 kWhigh-power ytterbium fibre LASER denominated IPG
YLS-10000, had as substrate gas turbine valves of martensitic steel COST E, with
dimensions of 700 × 400 × 40 mm, that were submitted to this process to produce
their surface hardening. Results indicated that the LASER cladding coating made
with Inconel 625 powders (spherical particles in the range of 75–100 µm), when
compared with the one obtained by SMAW, provided a finer grain, a large presence
of strengthening elements as molybdenum (Mo) and niobium (Nb) remained in solid
solution matrix and a lower dilution of iron that came from the base material. It was
also possible to determine that, when comparing the two processes, the coating made
by LASER cladding had, at room temperature, a slightly higher hardness in the coat-
ing zone being much higher in the iron dilution zone and, at elevated temperatures,
had also higher hardness in all the coating. At all the different temperatures, LASER
cladded coating had a lower wear rate due to the lower iron dilution and higher
hardness. Therefore, the authors concluded that the coating produced by LASER
cladding was preferable, since it presented a better mechanical performance at room
and elevated temperatures.

About Ti–Ta alloys produced by LASER cladding, in the last 5 years of published
scientific research, it was found a work from Morgado et al. [8] that approaches
this theme through the presentation of an original experimental study that allows the
evaluation of the wear behaviour of these alloys. To realize the wear study, Ti–Ta
alloys were deposited on a commercially pure grade 2 titanium substrate by LASER
cladding process. Samples of Ti-30%Ta and Ti-52%Ta were studied. As LASER
cladding belongs to the group of the LASER technologies, this process allows to
work with elevated temperatures that is essential to elements with high melting
points as the case of the titanium and with even higher melting points in the case of
tantalum. The considered importance of these innovative alloys is related with their
low Young Modulus (similar to the Young Modulus of the bone) and with titanium
and tantalum biocompatibility, which are ideal characteristics to their application
in biomedical industry. Taking this into account, to study their wear behaviour is
crucial, since it influences their structural integrity. To study the wear behaviour, as
mentioned before, micro-scale wear tests were realized on the two kinds of Ti–Ta
alloys and the results obtained, were very similar for both alloys, demonstrating that
the alloys wear volume increases linearly with the rotation of the wear steel ball,
with the sliding distance and the time test. From the analysis of the crater formed
by the ball used in this test, it was possible to determine that only exists grooving
abrasion and the volume of wear abrasion is higher for the alloy of lower hardness
(Ti-52%Ta).

In another work from 2017 [25], was also done a mechanical characterization
study in standard specimens of the Ti10Ta alloy produced by LASER cladding, with
the realization of hardness, tensile and fatigue tests. From this tests was possible
to determine the Vickers hardness of the Ti10Ta alloy, tensile-strain curves from
which was obtain the yield strength, ultimate tensile strength and the respective
strains, the Young modulus, the total strain after fracture and the medium section
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reduction of the specimens, allowing to conclude about the ductility of the alloy. In
Catarina work [25], was also obtained the equation that translates the uniform region
of plastic deformation of the material. Additionally, fatigue behaviour of the material
was studied, the S-N curve (or stress-number of cycles to fatigue curve) was also
obtained.

References

1. Gäbler F (2016) Cladding rises to the top diode LASER cutting. Ind Laser Solu Manuf
31(2):16–18

2. Lepski D, Brückner F (2009) Laser cladding. In: Dowden J (eds) The theory of laser materials
processing. Canopus Academic Publishing Limited, pp 235–279

3. Khazan P, Stroh M, Freiße H, Köhler H (2017) Manufacturing specimens made by direct
powder deposition—industrial LASER solutions. [Online]. Available: http://www.industrial-
lasers.com/articles/print/volume-29/issue-6/features/manufacturing-specimens-made-by-
direct-powder-deposition.html. Accessed 12 Feb 2017

4. Vilar R (1999) Laser cladding. J Laser Appl 11(2):66. https://doi.org/10.2351/1.521888
5. Lambarri J, Leunda J, García Navas V, Soriano C, Sanz C (2013) Microstructural and tensile

characterization of Inconel 718 LASER coatings for aeronautic components. Opt Lasers Eng
51(7):813–821

6. Goodarzi Dara Moazami, Pekkarinen Joonas, Salminen Antti (2015) Effect of process param-
eters in laser cladding on substrate melted areas and the substrate melted shape. J Laser Appl
27(S2):9201. https://doi.org/10.2351/1.4906376

7. Torres JMSP (2015) Improvement and automatization of a LASER cladding system. Master
thesis. FCT, UNL—Universidade NOVA de Lisboa, Portugal (in Portuguese)

8. Morgado TLM, Navas H, Brites R (2016) Wear study of innovative Ti-Ta alloys. Proc Struct
Integr 2:1266–1276

9. Malin V, Woods S (2017) Efficient high-power diode LASER cladding—industrial LASER
solutions. [Online]. Available http://www.industrial-lasers.com/articles/print/volume-24/
issue-8/features/application-report/efficient-high-power-diode-laser-cladding.html. Accessed
02 Jan 2017

10. Zanzarin S (2015) Laser cladding with metallic powders. Ph.D. thesis. University of Trento
11. Lugscheider E, Bolender H, Krappitz H (1991) LASER cladding of paste bound hardfacing

alloys. Surf Eng 7(4):341–344
12. Xu G, Kutsuna M, Liu Z, Sun L (2006) Characteristic behaviours of clad layer by a multi-layer

LASER cladding with powder mixture of Stellite-6 and tungsten carbide. Surf Coat Technol
201(6):3385–3392

13. de Oliveira U, Ocelík V, De Hosson JTM (2005) Analysis of coaxial LASER cladding pro-
cessing conditions. Surf Coat Technol 197(2–3):127–136

14. Quintino L (2014) Overview of coating technologies. In: Surface modification by solid state
processing. Elsevier, pp 1–24 (Chapter 1)

15. Borges BMFDCA (2008) LASER cladding using filler powder and wire—productivity and
quality. Master thesis. IST, ULisboa—Universidade de Lisboa, Portugal (in Portuguese)

16. Torres JMSP,Morgado TLM, Navas HVG (2015) Innovative automation equipment of LASER
cladding. In: Presented at the 2015 international conference on systematic innovation. Hong
Kong

17. Souto HIM (2013) LASER cladding: its application to the deposition of coatings in blades of
wood crushers. Master thesis. FEUP, UP—Universidade do Porto, Portugal (in Portuguese)

18. Saqib S, Urbanic RJ, Aggarwal K (2014) Analysis of laser cladding bead morphology for
developing additive manufacturing travel paths. Proc CIRP 17:824–829

http://www.industrial-lasers.com/articles/print/volume-29/issue-6/features/manufacturing-specimens-made-by-direct-powder-deposition.html
https://doi.org/10.2351/1.521888
https://doi.org/10.2351/1.4906376
http://www.industrial-lasers.com/articles/print/volume-24/issue-8/features/application-report/efficient-high-power-diode-laser-cladding.html


LASER Cladding—A Post Processing Technique … 249

19. Tuominen J (2009) Engineering coatings by LASER cladding—the study ofwear and corrosion
properties. Ph.D. dissertation. Tampereen teknillinen yliopisto, Suomi

20. LudovicoAD,AngelastroA,Campanelli SL (2010) Experimental analysis of the direct LASER
metal deposition process. In: New trends in technologies: devices, computer, communication
and industrial systems. Sciyo, pp 253–272 (Chapter 14)

21. Da Sun S, Leary M, Liu Q, Brandt M (2015) Evaluation of microstructure and fatigue prop-
erties in LASER cladding repair of ultrahigh strength AerMet® 100 steel. J LASER Appl
27(S2):S29202-1–S29202-6

22. AnsariM, ShojaRazavi R, BarekatM (2016)An empirical-statisticalmodel for coaxial LASER
cladding of NiCrAlY powder on Inconel 738 superalloy. Opt. LASER Technol 86:136–144

23. Lewis SR et al (2016) Improving rail wear and RCF performance using LASER cladding.Wear
366–367:268–278

24. Feng K et al (2017) Improved high-temperature hardness and wear resistance of Inconel 625
coatings fabricated by LASER cladding. J Mater Process Technol 243:82–91

25. Valente C (2017) Study of the mechanical behaviour of a titanium-tantalum alloy, Ti10Ta,
produced by LASER cladding. Master thesis. FCT, NOVA—Universidade Nova de Lisboa,
Portugal (in Portuguese)



Electrochemical Behaviour and Surface
Studies on Austenitic Stainless Steel
and Nickel-Based Superalloy Dissimilar
Weld Joints

M. Adam Khan, D. Chellaganesh, M. Uthayakumar, J. T. Winowlin Jappes
and Muthukannan Duraiselvam

Abstract Development on austenitic stainless steel and nickel-based superalloys
have played vital role in the field of manufacturing of engineering components. The
selection of materials depends upon working environment and operating conditions.
In some cases, the combination of two different materials is used to join and apply
them for specific working conditions. Joining of stainless and super alloys for turbine
power shaft and high temperature steam pipe lines are the twomajor examples of this.
Challenges in current research are to join dissimilar materials without disturbing the
properties of parent metals. Materials joining process either may be at fusion state
or solid state. Extensive research articles are available to discuss about the joining
process of similar materials. While considering the dissimilar materials, individual
conditions has to be satisfied depending upon the choice of joining process. Sample
thickness, weld energy required, filler material, weld speed, weld design, etc. are
the pre-requisite for completion of the process. The weld zone heat transformation
(thermal gradient) thickness and its metallurgical quality are the major outcome in
welding process. In this chapter, the research is focused on joining of two different
metals using laser and electron beam welding (EBW) process. The metallurgical
changes in the weld zone are studied. Further, the electrochemical behaviour of
austenitic stainless steel and nickel-based superalloy dissimilarweld has been studied
using 3.5% NaCl solution. The samples exposed to corrosion medium are followed
with metallurgical characterization techniques such as: Optical imaging, SEM, EDS
and XRD. Results from the investigation indicate that the EBW sample is superior
than laser beamwelded sample. The heat convention under laser welding has induced
the samples to metallurgical deficiency.
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1 Introduction

Research on austenitic stainless steel and nickel based superalloy has evoked with
many engineering components. The selection grade of stainless steel and superal-
loy are due to good mechanical properties and resistance towards corrosion [1–3].
In austenitic stainless steel major alloying element, nickel and chromium increases
resistance towards pitting, galvanic and crevice corrosion [4]. At the same superal-
loys are extensively used in aircraft, marine, industrial and vehicular gas turbines
where some of the most severe environments are encountered [5]. Distinguished
grades, application and their properties of Nickel-, Iron-Nickel base, cobalt-nickel
base superalloys are well explained with application and conditions by Donachie
and Donachie [6] and Lai [7]. The materials manufactured as a final product are
highly susceptible to corrosion. The effect of manufacturing parameters does also
influence the deterioration of the material during exposure. Therefore, selection of
suitable manufacturing process for the candidate material is a major concern for the
proposed research.

Past two decades the advanced manufacturing processes plays a vital role in join-
ing twomaterials eithermechanically or by fusion [8, 9].Avariety of similarmaterials
can be joined using standard welding parameters. Literature revealed that welding of
single crystal nickel based superalloy is generally weak in fusion welding [10, 11].
However, in automotive industries, boiler power plant, turbine engine, oil refineries
and for other applications joining of two different materials it is very challenging
to join two different base metals [12]. During dissimilar welding, joining superalloy
and stainless steel for engineering application has major issues during fusion [13,
14]. In conventional welding process improper selection of filler materials leads to
weld defects such as crack formation, solidification of weldments and segregation
[15]. Thewelding processes are selected based on to increase themechanical strength
and also to improve the metallurgical quality of the weld joints. The most common
advanced welding process used to join two different materials are Laser welding,
electron beam welding (EBW), ultrasonic welding, friction welding etc. [16]. These
welding’s are preferred to prepare seam or stitch welding which are mostly used in
automotive industries [17].

The typically questions raised during welding studies are that, should the mate-
rial be pre-treated before welding? It is clear that, pre-treatment or pre-heating of
austenitic materials will lead to form martensitic structure and in some cases the
precipitate hardenings along with carbide formation are the major issues [18]. While
discussing about the crack formation, it is better to control the heat source and to
provide special arrangements for proper solidification of weld pool. This can also
be accomplished with the weld design, by making a narrow weld bead. Another
form of defects in weld zone is called hot cracking. This is due to the (i) improper
solidification of weld pool; (ii) liquation cracking in heat affected zone; and (iii)
combination of above two. The major issues on welding superalloys are invariant.
Especially, the nickel alloys are prone to hot cracking at elevated temperature and it
is due to the solidus line between liquid-solid of weld metal [19]. In thick weld area,



Electrochemical Behaviour and Surface Studies … 253

the stray crystals are observed in the weld zone promoting the cracks to propagate
during solidification. If the weld sample thickness is less in measurements, then the
common defect arise in the centre of weld bead during solidification and it is called
centreline. It is due to the addition of higher alloying elements and level of impurities
formed during solidification [20]. Literatures are available to discuss more on weld
defects and mechanical properties of the weld joints. However, when these weld
joints are subjected to aggressive operating conditions; weld joints are susceptible
towards metallurgical failure in the form of corrosions.

From the literature it is clear to confirm that the dissimilar welding andmechanical
properties evaluation are the major topic covered in current scenario. However, the
electrochemical behaviour of dissimilar weld joint is the major research area to be
focused. Thus, the research was proposed to carry out with AISI316L and Inconel
617 candidate material. The laser beam welding (LBW) and electron beam welding
(EBW) are used advanced welding processes. The weld samples are subjected to
electrochemical polarisation studies and materials characterisation techniques.

2 Materials and Welding Process

2.1 Welding Materials

Stainless steel and nickel-based superalloys are widely used in different engineering
applications. Aircraft engine, nuclear reactors, petrochemical industries and major
defence components are made of superalloys and stainless steel materials. These
materials are exposed to high temperature environment at severe operating con-
ditions. Depending upon the alloying grade, thickness and operating conditions;
suitable manufacturing processes are selected. Welding is one of the important man-
ufacturing processes to join materials of similar and dissimilar metals. The two dif-
ferent candidate materials used to weld are austenitic stainless steel AISI316L and
nickel-based superalloy Inconel 617. These materials are induced to face high heat
energy and combustion flue gasmixture during services. The nickel-based superalloy
is reputed to weldable and has good resistance to solidification cracking [21]. The
chemical composition the candidate materials are listed in Table 1. The samples are
sliced with abrasive water jet (AWJ) machining process. The size of the sample used
to weld is—100 × 50 × 3 mm plate. Before welding the edges of the samples are
prepared burr free zone and placed for welding.

Table 1 Nominal chemical composition of AISI316L and Inconel617 alloy

Materials Ni Cr Co Mo Fe Al Mn C Traces

AISI316L 54.50 21.25 12.20 7.82 1.90 1.05 0.08 0.06 Si, Ti, Cu &
B

Inconel 617 10.56 16.23 0.018 2.18 68.65 – 0.72 0.012 Si, S, P, Cu,
V, Ti & Nb
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These two materials are capable to join using different welding processes. Based
on the thickness of the base metal, the welding processes are selected. Materials
with a maximum of thickness 3 mm is possible to join using all available welding
processes like laser, electron beam, resistance welding, and induction brazing etc.
[12]. Most of the processes are not suitable to adopt for welding with maximum
thickness. In this research, the maximum thickness of the sample is 3 mm, since
electron beam welding and laser beam welding are chosen to join austenitic stainless
steel and nickel based superalloy for dissimilar welding process.

2.2 Laser Beam Welding

LaserWelding is one of the bestwelding processes compared to conventionalwelding
techniques for different applications including for joining the superalloy materials
[22]. It is promising with high productivity, low distortion and less heat input when
compared to conventional welding techniques. Two variety of laser has been used for
welding process neodymium (Nd) ion and CO2 respectively. Laser welding has the
capability to weld the component without the filler material [23, 24]. Due to unique
property in the LBW it has used in many engineering applications like welding,
surface treatment, cutting and micro machining etc. By this method heat intensity is
high deep weld penetration is possible with minimum or no heat affected zone [25].
In the HAZ intergranular liquid to temperature possible to develop on cooling tensile
stress this induced to formation of crack on the grain boundaries. In the laser beam
welding, the beams are directed by the flat optical element, mirrors and it focuses
to small spot of the work piece to be weld (Fig. 1). To protect the material from
the oxidation, it has been kept in the inert gas shielding and filler rod has used in
occasionally. The intensity of the laser beam can focus from 0.1 to 1.0 mm providing
a power density in watts/mm2.

2.3 Electron Beam Welding

Electron beam welding (EBW) is fusion joining process. This technique is most
popular in the aerospace and nuclear industry especially suitable for complexwelding
structures [26]. EBWworkswith the dense high electrons bombardedwithworkpiece
to fuse thematerial for joining ofmetals. Due to the energy and accelerating intensity,
electrons can penetrate external layer of the material up to the depth of 10−2 mm
[27]. The average speed of the electrons flow is between 50,000 and 200,000 km/s.
Figure 2, shows the basic construction of electron beam welding process in a simple
representation. This process is continuous tomelt themetal and its changes into vapor
state. After releasing of the vapor, the electron beams are focused and penetrate to
formation of the next layer. This process is continuous to formation of the welding.
There are no requirements of filler materials during joining of metals. Though the
important design on welding of sample depends on the fixtures used to hold the work
piece. EB welding has significant advantages over other welding processes, namely:
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Fig. 1 Schematic view of laser beam focusing during welding process

rapid welding, controlled process, high accurate, minimum distortion, small heat
affected zone, etc. The application of EBW is to weld heavy metals and ceramics
such as superalloys, beryllium, columbium, tungsten, zirconium, titanium, etc.

2.4 Selection of EBW and Laser Welding Process

Based on the developments in recent generations, welding process has tremendous
growth. Based on the application, appropriatewelding processes are adopted. Among
the fusion welding, EBW is a predominant welding process to join metals [28]. In
current scenario, Laserwelding and electron beamwelding are the leading techniques
to produce high quality weld joint. However, these welding beam intensities are
variable with reference to the power consumed per unit of weld area. Figure 3,
illustrates the power with reference to the weld area for different welding processes.

However, there are some constraints to be considered during selection of welding
process. EBW and Laser welding are high speed welding process. In conventional
joining metal process, the weld bead width remains maximum and thermal stress
induced due to welding arc/heat source is more. Figure 4 represents the depth of
penetration/weld bead area and power density consumed for different welding pro-
cess. The maximum heat transformation zone in welding will lead to severe in crys-
tal rearrangements. Arc welding and plasma welding is having maximum weld area
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Fig. 4 Representation of
penetration/weld bead and
power density of different
welding process

compared to EBW and laser welding (Fig. 4). However, the depth of penetration is
deep and narrow for EBW compared to laser welding process. Therefore, the heat
affected zones (HAZ) are reduced in EBW and Laser welding than the conventional
welding processes. To control the scatter of heat, shielding gasses are used and also
to protect weld area from oxidation. EBW can be done in vacuum environment to
evade the x-rays generated during process and for better weldability. As the welding
conditions are controlled ambient, proper cooling system should be provided for both
the processes.

2.5 Welding of Dissimilar Materials

Defence industries are working to advance materials manufacturing processes for
joining dissimilar materials. Joining of dissimilar materials and its validation are
tough in turbine engine materials. Especially the turbine power shafts are in combi-
nation of austenitic stainless steel and nickel-based superalloys. Welding process is
carried out through two different processes namely: laser beam welding and electron
beam welding.

The optimum welding parameters [29, 30] used to join to two differ-
ent materials are listed in Tables 2a and 2b. After welding the samples are
sliced with AWJ machining process and metallurgical polishing techniques fol-
lowed to prepare the samples for electrochemical investigations. The sam-
ples after mirror polish are subjected to electrochemical polarization stud
ies. The sweep voltage was set between −250 and 250 mV with a sweep rate
of 1 mV/s [31]. The exposed samples after obtaining volt-ampere plot are sub-
sequently followed by material characterisation techniques. The high-resolution
scanning electron microscope (Make: Zeiss–FE SEM) attached with EDS anal-
yser (Make: Brukers EDS) are used to study the surface quality, element spec-
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Table 2a Laser beam
welding parameters

Parameters Range Unit

Power 1.25–1.4 kW

Nozzle diameter 2 mm

Nozzle-specimen distance 5 mm

Traverse speed 3 mm/s

Voltage 300 V

Lasing medium Yittribium

Table 2b Electron beam
welding process parameter

Parameter Range Unit

Voltage 150 kV

Beam current 80 mA

Weld speed 5 mm/s

Gun-specimen distance 100 mm

Weld pass Single

troscopic analysis and image mapping of the exposed samples. The Brukers
X-Ray Diffractometer Cu-Kα radiation (λ = 1.541) is used for characterisation
studies.

3 Results and Discussion

The electrochemical behaviour of superalloys is better than the austenitic stainless
steel. It is difficult to predictwhen they are fused together duringwelding process. The
dissimilar welding of AISI316L and Inconel617 are joined through laser beam and
electron beam welding process and subjected to electrochemical analysis. Figure 5
shows the volt-ampere graph of the laser beam and electron beam welded samples
investigated under 3.5% NaCl solution. The activation energy for the weld samples
are at different stage though their anodic reaction of the samples is significantly same
at both the situation. The results from the volt-ampere TAFEL graph are listed in
Table 3. Result on electrochemical voltametric analysis describes the weld quality
in terms of rest potential with wide variations. That is for laser beam and electron
beam welded samples the corrosion potential (Ecor) is −385.21 and −356.63 mV.
The electrochemical behavior of electron beam welded sample leads toward positive
potential volt than laser beam welded sample. At the same the current density (Icor)
for laser and electron beamweld is 0.000608 and 0.000566mA/cm2 respectively. For
both the samples the corrosion rate falls at 0.00609 mm/year for electron beam and
0.00654mm/year for laserwelding. This indicates that the quality of both thewelds is
nearly same and the slight changes in corrosion rate and corrosion potential are due to
the influence of welding processes. Thus the samples investigated under polarization
studies are further subjected to metallurgical characterization techniques.
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Electron Beam Welding

Laser Beam Welding

Fig. 5 volt-ampere graph of 3.5% NaCl solution samples

Table 3 Results on rest potential, corrosion potential, current density and corrosion rate for laser
beam and electron beam welded samples

Sample RP (mV) ECor (mV) ICor (mA/cm2) CR (mm/year)

Laser beam welding −304.20 −385.21 0.000608 0.00654

Electron beam welding −247.69 −356.63 0.000566 0.00609

Figure 5 shows the volt-ampere graph of the sample investigated under 3.5%NaCl
solution.

During electrochemical analysis, materials are susceptible to corrosion based on
the energy consumed, metallurgical character and influence of corrosion species.
Figure 6 shows the surface morphology of the electron beamwelded sample. Surface
has been scanned over the weld zone as the susceptibility appears at particular region.
At lowermagnification the surface shows clear morphology and pitting revealed only
at higher magnification. Pitted surface was observed with a salt deposit as a catalytic
spot to a size of 14–16 μm. While the surface examined with energy dispersive
spectroscopy influence of alloying elements with active corrosive species are studied.
TheEDS result withBSE image and elementwt% is shown in Fig. 7.Weld zone infers
that the nickel and chromium are the major alloying element found fused with cobalt,
molybdenum, iron and aluminium. In addition, traces of sodium and chloride ions
have been found reacted with the alloying elements. The corrosion has been initiated
due to the presence of oxygen in the corrosion medium which is then reacted with
the above alloying elements to form oxide compound. The major oxide compounds
found through Brukers—EDS analysis are as: NiO (53.21%), Cr2O3 (25.05%), FeO
(2.84%) and Al2O3 (1.70%). Thus the major oxides build passive film to protect the
material from further corrosion.
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Fig. 6 SEM micrograph of electron beam welded sample after electrochemical analysis

2μm

Element wt.%
Nickel – 41.82
Chromium – 17.14
Cobalt – 9.50 
Molybdenum – 6.63 
Oxygen – 20.97
Iron – 2.21 
Aluminium – 0.90
Sodium – 0.67 
Chlorine – 0.17

Fig. 7 EDS analysis and BSE image (as inset) of electron beam welded sample
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Fig. 8 Surface morphology of the laser beam welded sample exposed to 3.5% NaCl solution for
polarization analysis

Superalloys are generally found inferior with laser fusion process compared to
other welding techniques. While joining stainless steel and nickel based superalloy,
heat developed from laser beam has influenced superalloy to undergo thermal shock.
Figure 8 shows the corrosion severity in laser beam welded sample. The exposed
surface has subjected to aggressive corrosion and scoring on welded zone (both in
weldment and HAZ) was observed. The significant mechanism behind the corrosion
was thermal shock and metallurgical effect caused due to laser source. It has led
to inclined with corrosion medium for materials degradation. It is evidently proved
with the help of optical image as shown in Fig. 9.

The fusion on the weld and its microstructure transformation are due to the base
metal grain structure andwelding conditions. Especially, thematerialsmade of single
crystals are quite different and difficult to infer. Figure 10, infers the basic transfor-
mation in grain refinement during weld pool solidification. At high intensity heat,
the maximum thermal energy was produced to form coarse grain in majority at weld
zone and simultaneously at heat affected zone, the grains are refined layer-to-layer
based on the thermal gradient. At a stage, the refined grains are interlocked with
based metal grains called fusion boundary.
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Fig. 9 Optical image of laser welded sample indicating HAZ and base metals grain structure
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Fig. 10 Weld peak temperature and grain transformation during welding process
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The base materials grain structure is clear to label the grade and subsequent zone
shows heavy fusion with dendrite structure. Literature reported that HAZ and weld
beads are highly susceptible to aggressive medium prone to severe corrosion. During
welding the material fused together and forms metallic compounds in an undefined
crystal structure. Distribution of alloying elements in weld bead and HAZ layer was
observed through EDS analysis image mapping. Figure 11 shows the BSE image
and spectra image mapping of the laser welded sample after corrosion investigation.
This layer comprised of major alloying elements such as: Ni—25.44%, Cr—1.83%,
Co—5.62%,Mo—4.00%,O—8.26%,Fe—4.72 andCl—3.26%are listed from spec-
troscopic analysis. The iron and carbon fromAISI316 have fused togetherwith nickel
and chromium alloy from Inconel 617 alloy. Further, the alloying compounds formed
during corrosion studies are studied with the help of XRD analysis.

Figure 12 illustrates the intensity noticed from x-ray diffraction analysis. For both
the welding process the elements found are same and peaks are matching with each
other. As a results, the peaks of iron, nickel and formation ofmetallic compound (both
iron and nickel) as amajor element in the ratio of 5:4:1 respectively (RefNo.: Fe—98-
008-8003, Ni—98-005-2851 and FeNi—98-008-8172). This shows the inferiority of
the nickel ions to iron with reference to laser heat source. This may be the major
reason to get the same corrosion rate for both the weld samples.

4 Conclusions

From the investigation of dissimilar welding process, the following conclusions are
drawn with reference to the electrochemical polarisation analysis and material char-
acterisation techniques.

• The welding quality of laser beam was found to be inferior compared to electron
beam welding process.

• The HAZ of laser beam welding has major metallurgical deficiency in terms of
thermal shock and carbon depletion.

• TheElectrochemical analysis proved that EBWis superior than laser beamwelding
in terms of corrosion potential and corrosion rate.

• The activation of chlorine ions has indulged the laser beam welded samples to
severe corrosion compared to EBW.

• The surface topography and EDS analysis supports the enhanced quality of EBW
weldments.
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Fig. 11 SEM micrograph and EDS image mapping for the laser beam welding samples
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Fig. 12 XRD peaks indicating major alloying compound in laser beam and electron beam welded
sample

Thus, Electron Beamwelding process is significantly better than the laser welding
technique.
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