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Abstract:Nitinol is a nickel-titanium-based super alloy having unique properties like
pseudo elasticity and shape memory. Applications of Nitinol range from medical devices,
vibration damping, and temperature control to consumer goods. The high hardness of
Nitinol makes it difficult to machine by conventional methods. Laser micromachining, a
thermal-based non-conventional process, proved to be a promising technique to drill micro-
holes with good dimensional accuracy. This paper investigates the hole characteristics like
heat affected zone and circularity during laser micro-drilling of Nitinol for different values
of sheet thickness, beam spot radius and feed rate. The effect of the input parameters on the
hole quality has been discussed. Regression Analysis has been carried out to understand the
influence of the parameters on the Heat affected zone and the circularity of the drilled holes.
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1. Introduction:

Advances in automotive, aerospace and medical industries call for the use of advanced
materials like titanium, and nickel super-alloys. Nitinol is one such alloy of Nickel and
Titanium, known for its properties like super-elasticity shape memory and high damping
capacity[1].The uniqueness of Nitinol lies in the extent of modification that can be achieved
by heat treatment, mechanical working and changes in composition[2]. Nitinol has high
super elasticity, biocompatibility, kink and fatigue resistance, which makes it an excellent
choice for medical devices. Nitinol is used to manufacture guidewires, catheter tubes,
filters, stone retrieval baskets, needles, dental files, stents, arch wires and other surgical
instruments[3]. Traditional machining methods for superalloys like Nitinol is very difficult
due to their inherent mechanical and thermal properties [4]. The high hardness of the
materials can result in high cutting forces due to the interaction between the tool and the
workpiece[5]. High thermal stresses and heat-affected zones arise due to thermal properties
like poor heat dissipation, conductivity etc. Also, the requirement for precise and intricate
features like the fabrication of cardiac stents, cooling nozzles of turbine blades etc., need
advanced machining processes. Laser micro drilling is one such non-contact machining
process, which can produce precise holes of range micro and nanometres with minimal heat
affected zone and adequate dimensional accuracy. Almost any known material can be
machined by laser micro drilling[6]. Laser micromachining utilizes a focused laser beam
directed on the workpiece surface to remove material by laser ablation. The excellent beam
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quality of the lasers results in material processing and high precision for micro-
manufacturing. Other advantages of the laser micromachining include high efficiency,
compact installation size, easy integration and scalability[7].

Laser drilling is a complex phenomenon involving localized melting and vaporization. The
application of laser micro drilling can be seen in aerospace, automotive, biomedical, micro-
via hole drilling etc[8-9]. Laser drilling may be performed in different ways like trepanning
and laser percussion drilling in both continuous and pulsed modes depending upon the
diameter of the hole, and sheet thickness[10-11]. In percussion drilling, the material is
irradiated by a focused beam at a single spot while in trepanning, material removal occurs
in a circular pattern. Continuous laser beam drilling results in a higher heat-affected zone
and problems due to the formation of the recast layer. Trepanning results in dimensionally
precise holes with low heat-affected zones and in less time[8] and minimum hole diameter
can be achieved in percussion drilling as compared to trepanning and helical drilling [12].
Helical drilling removes material through a helical path, dividing the length of the hole into
several single passes[13-14].

Laser micromachining is a thermal energy-based process, that results in defects like Heat
affected zone, due to the accumulation of heat around the irradiated zone, delamination of
layers in composites, recast layer formation etc. The process is affected by several process
parameters like lamp current, pulse repetition frequency(PRF), laser power, the wavelength
of the laser, optical and thermal properties of the material etc.[13]. A thorough
understanding of the influence of these parameters on the hole quality is important to
achieve the required level of accuracy. Research shows considerable work on finding the
optimal process parameters to achieve good-quality holes without loss of surface integrity.
Chengal Reddy et.al observed that flushing pressure of 30Pa, 1500Hz PRF, 2000W laser
can achieve minimized heat-affected zone and surface roughness during laser micro-drilling
of different kinds of steels[14]. Laser micro-drilling on stainless steel foil for different
values of pulse width, pulse frequency, and laser power, showed a significant improvement
in the hole quality at low levels of the parameters with reduced spatters and recast
layers[15]. Reduction in kerf width and surface roughness is observed for higher values of
frequency and cutting speed and for low values of power and gas pressure during laser
micro-cutting of mild steel[16]. During the laser micro-drilling on steel: SS-316L, Inconel-
718 and Ti6Al4V, it was observed that the ovality of the hole is reduced by increasing the
number of pulses. Also, material properties like low absorptive power and low focusing
efficiency tend to increase ovality. Lower thermal conductivity tends to reduce hole
taper[12]. The material properties also influence the dimensional accuracy of the hole and
the area of the heat-affected zone[17]. The study of the literature shows that there is a wide
scope to further improve the dimensional accuracy of the drilled holes in difficult—to—
machine materials.

In this work, laser micro drilling has been performed on a super-alloy, Nitinol with
sheet thickness, laser spot diameter and feed rate as process parameters. The obtained
geometrical features are studied by a confocal microscope. Regression Analysis has been
conducted to predict the effect of feed rate, spot diameter and sheet thickness on the hole
quality characteristics like circularity and heat-affected zone.

2. Experimental work
In the present work, Nitinol sheets of size 100*100 in three different thicknesses (0.2, 0.3
and 0.5 mm) are taken for carrying out the experiments. The Nitinol sheets are supplied by
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Manhar Metal Corporation, Mumbai. The composition and properties of Nitinol are listed
in Table 1&2:

Table 1 Composition of Nitinol

Ti Ni Co Cu Cr
44.03 | 55.96 | <0.01 | <0.005 | <0.005
Table -2 Properties of Nitinol[2]

Transformation Temperature -200-100°C
Latent heat of Transformation 5.78cal/g
Melting point 1300°C
Density 6.45g/cc
Thermal conductivity(Austenite) 0.18 W/cm * deg. C (10.4 BTU/ft * hr *
deg. F)
Thermal conductivity(Martensite) 0.086 W/cm * deg. C (5.0 BTU/ft * hr *
deg. F)
Coefficient of thermal expansion(Austenite) 11.0E-6/deg. C (6.11E-6/deg. F)
Coefficient of thermal expansion(Martensite) 6.6E-6/deg. C (3.67E-6/deg. F)
Specific heat 0.20 cal/g * deg. C (0.20 BTU/Ib * deg. F)
Young's modulus(Austenite) approx. 83 GPa (12E6 psi)
Young's modulus(Martensite) approx. 28 to 41 GPa (4E6 to 6E6 psi)
Yield strength(Austenite) 195 to 690 MPa (28 to 100 ksi)
Yield strength( Martensite) 70 to 140 MPa (10 to 20 ksi)
Ultimate tensile strength(Fully annealed) 895 MPa (130 ksi)
Ultimate tensile Strength(Work hardened) 1900 MPa (275 ksi)
Poisson’s Ratio 0.33
Elongation at failure(Fully annealed) 25 to 50%
Elongation at failure(work hardened) 5to 10%

3. Experimental setup:

Present experiments are carried out using the Solid-state Nd: Yag Femto second Laser
Micro Machining system with a water cooling system at Central Manufacturing
Technology Institute, Banglore. The present setup uses nitrogen gas as an assist gas with a
water cooling system. The laser drilling system consists of the delivery of a laser head, a
worktable to position the workpiece and an optical system to achieve the focusing. The
relative motion between the workpiece and the lasers is obtained by fixing the laser and
movable worktable. A CNC drilling code is prepared with the required parameters to carry
out the drilling of the holes in trepanning mode. The micromachining system is shown in
Fig-1 and system specifications are given in Table 3.

Table-3. Specifications of the Micromachining system

Average power 2.5W
Laser wavelength 775 nm
Minimum feature size 1 um
Pulse width 10ps-150fs
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Resolution Inm
Traverse X, Y & Z Axis 150 x 150 x 100 mm
Pulse repetition rate 1 Hzto 2 KHz
Lamp Current 21.1 Amp

Focusing
Laser
o head
Table to
gosition
workpiece

Figure-1.a: Image of the femtosecond 1. b Laser Micromachining Setup
laser Micro Machining System

Screen showing the drilling
process

v

»
»

Interface to run the code

1. c. Screen showing the drilling process

4. Input parameters levels
Laser micro drilling is influenced by three important parameters considered in this
work, feed rate, hole spot diameter and the thickness of the worksheet. These parameters
have been identified based on their influence on the hole quality during laser micro-drilling.

The feed rate in Laser micromachining is the linear speed at which the laser beam
interacts with the material removing the generation of the required features[18]. An
increasing feed rate combined with low laser power reduces the time of interaction with the
material, resulting in holes of lower diameter and decreased HAZ.The feed rate also affects
the surface roughness, the value increasing with increasing feed rate[19-21]. Increased feed
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rates also tend to decrease the depth of the laser-machined channels, thereby resulting in a
low aspect ratio of the channels[22].

Sheet thickness is another parameter that influences the accuracy of hole formation in laser
micro-drilling. Workpiece thickness alters the energy required for full-depth penetration
cutting. The focal setting corresponding to the minimum kerf size changes with an increase
in the workpiece thickness[23]. Also, as the sheet thickness increases, the depth of the
drilled hole increases, thereby increasing the aspect ratio of drilled holes. High values of
aspect ratio influence the power requirements, recast layer formation, penetration laser
beam to produce the hole, taper formation of the holes etc[24].

The laser spot diameter is affected by the laser power and power density. A larger diameter
affects a wider zone on the workpiece and also increases the energy absorbed[25]. The spot
diameter of the Gaussian laser beam directly influences the specific material removal rate,
the latter decreasing with an increase in the spot diameter[26].

The different levels of parameters used in the experimentation are shown in the table-4

Table 4: Parameter Levels

Parameter Level-1 Level 2 | Level-3
Sheet Thickness(mm) 0.2 0.3 0.5
Feed Rate(mm/s) 0.1 0.5 1

Spot Diameter(us) 150 225 300

The drilled holes are measured using Olympus 3D measuring laser microscope LEXT
OLS4000 designed for nanometre level imaging, 3D measurement and roughness
measurement. Magnification ranges from 108x - 17,280x. The measurements are carried
out at the entry and exit of the hole. Two diameters d1 and d2 are measured at 90 intervals
for each hole at entry and exit. The average diameters at entry and exit are calculated as:

dentry = (dﬁz—dz) (D

dosie = (252) 2

5. Hole quality Characteristics:
Two-hole characteristics are considered in the present work, hole circularity and heat-
affected zone thickness. As the beam propagates through the material, the area around the
irradiated zone undergoes microstructural changes and is termed as heat affected zone[27].
The maximum diameter for each hole is measured at 900 intervals as h1 and h2. The average
HAZ thickness at the hole entry can be obtained as:

HAZ = (d“;&) 3)

The hole circularity is defined as the ratio of the minimum hole diameter to the maximum
hole diameter.

min(dentry,dexi
Centry = (#) 4)

max(dentry,dexit)

The two characteristics have been calculated for all the drilled holes and the values are
obtained as follows:
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Table 5: Obtained values of HAZ and Circularity

Ex. | Diameter | Thickness | feed rate | Average circularity
No | (um) (mm) (mm/s) HAZ at | entry
Entry

1 150 0.2 0.1 52.8205 0.968861
2 150 0.3 0.5 63.4730 0.941726
3 150 0.5 1.0 93.1770 0.958405
4 225 0.2 0.5 55.2975 0.963133
5 225 0.3 1.0 51.5830 0.991944
6 225 0.5 0.1 86.0570 0.968097
7 300 0.2 1.0 94.6215 0.988553
8 300 0.3 0.1 63.6670 0.940982
9 300 0.5 0.5 33.2635 0.926601

Hole Diameters

400
300

200 "“\—(//\x//.

100

diameter(um)

1 2 3 4 5 6 7 8 9

experiment no

—@—d1 d2

Fig-2: Diameters of hole

6. Regression model:
To identify the relationship between the independent and dependent variables, regression
analysis can be used. the relationship is hypothesized, and estimates of the parameter values
are used to develop an estimated regression equation. [28]. Several linear and nonlinear
regression models are available to model the relation between the process variables and the
performance characteristics [29]. A general-order linear regression is given by

Y = Bos Xit1 BoXi + X4 BiiX? s Y1 Z;’L—n+1 ﬂij XiXj
(5)

Where Y is the dependent or the response variable, X is the predictor variable. f5;s are the
regression coefficients [30]. The values of regression coefficients can be obtained by the
method of least squares[10]. Minitab 17 develop the regression models for Heat affected
zone and the circularity at the entry. In the present model, the effect of interactions through
an order of 3 and terms through an order of 3 has been used. In the developed equations,
the cubic terms have been eliminated as their effects on the response cannot be estimated.
The developed models for heat affected zone and the hole circularity are given by:
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HAZ = 59.3 + (148 + t) — (0.17 * d) — (46.7 * f) + (87 * t2) + (0.00048 * d?) +
(26 % f2) — (0.0726 xt xd) + (15t * f) + (0.5 xd * f) — (0.6 xt xd * f)
(6)

circularity=2.88 + (5.2 = t) — (0.0263 x d) — (3.03 = f) — (12.8 * t2) + (0.000066 *
d?) —(0.09* f2) + 3+t *f)+ (0.0222+d = f) + (0.0421 =« t? xd) — (1.7 * t? =

) —(0.000057 * t * d?) — (0.0123 « t xd = f) + (0.97 * t * f2) — (0.000042 = d? =
f) + (0.0008 = d * f?)

(7

Where

t- thickness of sheet(mm),
d- spot diameter (pum)

f- feed rate in mm/s

The measurement of the diameters in the holes is shown in figure-3:

3.7 3.8 3.9
Figure 3: Measurement of hoe diameters in the order of experiment number

For the developed models of HAZ and hole circularity, the
S R-sq R-sq(adj) R-sq(pred)
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Circularity 0.217102 46.52%  0.00%  0.00%

HAZ 11.8378 85.07% 61.19% 0.00%
The R2 also called the coefficient of determination is a measure of the scatter of

the data points around the regression line. A higher value of R2 indicates of lower deviation
between the experimental and the fitted values of the regression equation[31]. On the other
hand, the S value represents the average distance of the data points from the regression line.
A lower value of S is preferred as it shows that the observed values are close to the
regression line[32].

Values of Heat Affected circularity
Zone z 1
__ 100 2095
f:g 50 M & 09
2 3
T 0 5 0.85
1 2 3 4 5 6 7 8 9 1234567289

Experiment number Experiment Number

Figure 4: Values of Heat Affected Zone and Hole circularity at entry

7. Results and Discussions:

Signal-to-noise ratio analysis has been performed which is used to measure the robustness
of the developed model and can help identify the factors settings that can reduce the effect
of noise on the response variables. They predict how the response varies relative to the
target value for different noise conditions. In this present work, it is desired to have a
minimal value of HAZ and hole circularity is to be maximized. The optimal value for the
hole circularity would be close to 1, as it indicates that hole diameters at entry and exit are
the same. So, a signal-to-noise ratio of smaller is better is selected for HAZ while larger is
better for the hole circularity. [29]

The table below shows the Response Table for Signal Noise Ratios which means for smaller
is better for HAZ. From the table, it can be observed that spot diameter is more significant
in determining HAZ values followed by feed rate and thickness.

Smaller is better

Level Thickness Diameter Feed rate

1 -35.65 -37.22 -34.75
2 -35.67 -35.51 -35.04
3 -35.61 -34.18 -37.13
Delta 0.06 3.04 2.38
Rank 3 1 2

Response Table for Means

Level T D F
1 63.21 73.80 57.56
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2
3

61.82 61.65 58.99
65.35 54.91 73.81

Delta 3.53 18.89 16.25
Rank 3 1 2

Rai Effe;t;ﬂm rlizEns Main Effects Plot for SN ratios
ata Means Data Means
T D F
7 ao T ) F
345
w 2
2 g 350
g B
= Z 35
< — o —=
56 4
§ £ 360
2 3
=

55 375
02 03 05 150 225 300 01 0s 10

02 03 0s 150 225 300 o1 05 10
Signal-to-noise: Smaller is better

Figure 5: Plot of Main effects and SN ratios for HAZ

This table shows the signal-to-noise ratio for larger is better for Circularity at the hole
entrance. It can be inferred that spot diameter is having more influence on the hole
circularity followed by thickness and feed rate.

Response Table for Signal-to-Noise Ratios

Larger is better

Level T D F

1 -2.038 -1.984 -2.031
2 -1.517 -3917 -3.510
3 -3.780 -1.433 -1.793
Delta 2.263 2.484 1.717
Rank 2 1 3

Response Table for Means

Level T D F

1 0.8071 0.8108 0.8031
2 0.8547 0.6918 0.7292
3 0.6948 0.8540 0.8242
Delta 0.1599 0.1622 0.0950
Rank 2 1 3

Main Effects Plot for SN ratios

Main Effects Plot for Means
Data Means

Data Means

T D F 1 b £

Mean of Means
o
3
Mean of SN ratios

02 03 05 150 225 300 01 05 10

02 03 05 150 225 300 01 05 10
Signal-to-noise: Larger is better

Figure 6: Plot of Main effects and SN ratios for Circularity
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8. Conclusions:

The following conclusions were made from the present work:

1.

2.

VOLUME 9, ISSUE 11, 2022

Laser helical drilling of Nitinol Superalloy using a femtosecond laser has been
performed with feed rate, spot radius and material thickness as process variables.

The regression analysis has been developed to understand the influence of these
variables on HAZ and circularity.

From the Taguchi analysis of the developed model, it is observed that laser spot
diameter has the maximum influence on the HAZ and the hole circularity.

From the developed regression equations, the minimal value of HAZ thickness of
32.25 um is observed at 0.5mm thickness, 300um spot diameter and a feed rate of
0.5mm/s.

The developed regression equation for hole circularity gives the best value of 0.969 at
0.3mm sheet thickness, 150Um dia and 0.1mm/s feed rate.
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