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Abstract

Low thermal conductivity of titanium alloy tends to increase the cutting temperature and tool wear, which can thereafter
adversely affect the integrity of machined surfaces. Therefore, EBSD was performed dry and various cryogenic chilling
procedures to characterize the microstructure and mechanical properties of the drilled surfaces on the titanium alloy. The
heat-sink channel was used during drilling for effective heat dissipation by flowing the cryogenic coolant through it. Dry
and heat-sink-based cryogenic cooling was used for drilling trials, with cutting speeds of 65 m/min and 95 m/min, feed rates
of 0.1 mm/rev and 0.2 mm/rev, and cryogenic temperatures of —25 °C, —50 °C and — 75 °C. A whole indexing of the grain
structure was observed under the drilling edge using cryogenic cooling with a heat-sink. The cryogenic cooling also gave
the smallest machining affected zone of 6 pm, and the strain in the grain of 0.4 and 1.1 at the feed rate of 0.1 mm/rev and
0.2 mm/rev, respectively, resulted in the uppermost standardized image quality value which denotes the highest defect-free
microstructure on the drilled surfaces, the least value of low-angle boundaries of grains and kernel average misorientation

and a higher value of nano-hardness of 8 GPa as compared to dry drilling.

Keywords Titanium drilling - Heat-sink-based cryogenic cooling - Scanning electron microscopy (SEM) - Electron

backscattered diffraction (EBSD) - Surface integrity

Introduction

Machined surface integrity plays a key role in manufacturing
of aerospace parts because it affects functional performance,
reliability and service of components being manufactured.
Microstructural assessment, surface topography, hardness
and induced stresses are the most affecting factors to deter-
mine functionality and reliability of machine component
[1]. Therefore, analysis of machined surface integrity on
Ti—6Al-4V in various manufacturing processes is a current
challenging area of research.

Liquid nitrogen (LN,) is a well-known cryogenic coolant
in various metal cutting processes as it is safe to environment
and non-toxic [2]. Hong et al. found cryogenic coolant as in
metal cutting operations effective for removing heat from
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the cutting zones, lowering the cutting temperature, alter-
ing frictional properties at the chip-tool interface region,
and helping modify tool and work material properties [3].
In machining of titanium alloys, researchers have examined
machined surface integrity using cryogenic coolant in dif-
ferent ways.

Joshi et al. [4] analyzed microstructure of machined sur-
faces on titanium alloys. They observed a bigger deepness
of machining affected zone on a and (a + f) alloy than on
p-rich alloy, which could be due to coarser grain size in the
former. Comparatively, a reduced machining affected region
was observed on f-rich alloy due to the finer grain size, and
lamellar microstructure in these titanium alloys. Telrandhe
et al. [5] while understanding changes in microstructure on
the machined surfaces on Ti-6Al-4V showed that dissimilar
grain size and misorientations occur in the surfaces due to a
variation in the annealing temperatures. Due to the large size
of grains, deformation twins were observed that appeared
helpful in reducing cutting forces at higher speeds. Further,
Telrandhe et al. [6] while studying the effect of laser heat
treatment on machinability of Ti-6A—4V observed compres-
sion twins at the grain boundary and tensile twins along
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the machined sub-surfaces. Wang et al. [7] analyzed mech-
anism of nanoscale twins induced by plastic deformation
in high-speed machining of Ti—-6AI-4V. It was determined
by them that slip deformation occurs at the lower cutting
speed, whereas twins occur at the higher cutting speed due
to high rate of stress and strain. Gu et al. [8] experimentally
investigated the effect of cryogenic cooling and aging on
twin formation in Ti—-6Al-4V alloy. After cryogenic treat-
ment, dislocations density increased and twins occur in the
microstructure, which further increase due to aging treat-
ment. Choi et al. [9] deformed titanium at room temperature
as well as cryogenic temperatures and compared twin defor-
mation and the twin structure developed. A higher twinning
deformation was found at temperature of 77 K than at 293 K
during rolling of titanium alloy. Further, the grain structure
gets refined due to twin formation at the cryogenic tempera-
ture. Weng et al. [10] studied microstructure and wear char-
acteristics of titanium alloy under room temperature and a
fixed cryogenic temperature at— 172 °C. Higher dislocations
were found in the grain boundaries of a-phase near surface
microstructure of Ti—-6Al-4V. Further, a and f phase grains
were refined under cryogenic cooling conditions. Near the
surfaces and beneath of titanium samples, comparatively lit-
tle plastic distortion was observed under cryogenic cooling,
whereas the deformation was severe under room tempera-
ture condition. Birmingham et al. [11] performed cryogenic
machining experimentation on Ti—-6A1—4V to check its effect
on surface integrity. It was evident from microstructure
analysis that cryogenic cooling reduces heat from the cut-
ting zone and restricts heat transfer to the tool by decreas-
ing the contact length between tool and chip. Thus, tool life
increased which resulted in improvement in surface integ-
rity. Further, it is found from the literature that application of
cryogenic coolant enhances twin formation in titanium alloy.

Gupta et al. [12] experimentally characterized perfor-
mance of cryogenic MQL in turning Ti—6A1-4V. Their result
revealed that cryogenic cooling offers higher hardness to
the machined surfaces than due to other cooling techniques.
Percin et al. [13] performed micro-drilling experiments on
Ti—6Al-4V to understand the effect of different cooling con-
ditions, such as dry, flood, MQL and cryogenic cooling on
micro-hardness. Sub-surface micro-hardness obtained under
cryogenic cooling conditions showed the highest value as
compared to other cooling conditions. Dinesh et al. [14]
checked surface quality of ZK 60 MG alloy in cryogenic
turning experiments and compared results with dry cutting.
Under low temperature in cryogenic cooling, the work mate-
rial becomes harder as the liquid nitrogen extracts heat gen-
erated from machined surfaces which increases its hardness
over that of in dry cutting.

Shukla et al. [15] studied the effect of cryogenic rapid
cooling on microstructure and micro-hardness of titanium
alloy. These results were compared with other quenching

media, such as water and air with different heat treatment
processes. Minimum micro-hardness and lowest percent-
age of grain boundary region were observed under cryo-
genic quenching with annealed titanium samples, whereas
the maximum micro-hardness was evident under cryogenic
quenching with solution-treated titanium samples. The rea-
son behind this occurrence is due to an increase of bimodal
a, f grains and a—p interfaces. Won et al. [16] deformed pure
titanium using liquid nitrogen at 77 K. They found sepa-
rate twins in the grains which results into twinning-induced
grain refinement. No adverse effect was observed on ductil-
ity of the titanium alloy. Twin formation and the presence
of very few dislocations in the processed material were the
primary reasons for excellent tensile properties. Ahmed et al.
[17] performed experimentation on cryogenic drilling of
Ti—6Al-4V and compared its effectiveness with wet cooling
in terms of cutting temperature and hole quality. According
to their research, the cutting temperature reduces by maxi-
mum of 59% under cryogenic cooling. Bagherzadeh et al.
[18] studied the effect of different cooling techniques on
machinability of titanium turned samples. A mixture of min-
imum quantity CO, and oil (CMQL) was used and checked
its effect on temperature and surface finish as compared to
the other cooling techniques. CMQL increased tool life by
60% during turning of Ti—-6A1-4V and machined surface fin-
ish was better as compared to CO, and MQL cooling meth-
ods. Microstructural study showed that the modified CMQL
cooling technique reduced chip-tool contact length. Temper-
ature study concluded that CMQL has higher heat extraction
capacity as compared to other techniques. Dhananchezian
[19] et al. studied the effect of liquid nitrogen on cutting
temperature and surface topography using modified cutting
tool insert in turning of Ti—-6Al-4V. Cutting temperature was
reduced by maximum of 66% and average surface roughness
by maximum of 42% under the influence of cryogenic cool-
ing over wet cooling approach during machining. Also, the
supply of LN, thorough the holes made in the cutting tool
insert was more effective as compared to the conventional
methods. Hong et al. [20] evaluated cutting temperatures
attained under different cooling techniques. Liquid nitrogen
was directed through micro-jets to the rake and flank face on
the cutting edge of the tool. A small amount of liquid nitro-
gen directed to the cutting edge was far better than the emul-
sion cutting in reducing the cutting temperature and finally
resulted into better machined surface quality and integrity.
The above literature review shows that minimum quan-
tity lubrication (MQL), flood cooling and cryogenic cooling
have been used by researchers for improving tool life and
integrity of machined surfaces. They studied the effect of
cutting parameters and cooling techniques on microstruc-
tural changes and micro-hardness. They also studied the
effect of liquid nitrogen on deformation of Ti—-6Al-4V in
terms of twin formation in grain structure, and the effect of
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microstructural modifications on machinability of titanium
alloys using laser heat treatment. Further, very few research
works have been reported changes in microstructure on and
below the drilled surfaces under various cryogenic tempera-
tures. Therefore, in this study, a heat-sink-based cryogenic
cooling was used in drilling of Ti-6Al-4V to understand
its effect on the integrity of machined surfaces in terms of
evaluated microstructural alterations and nano-hardness.
This paper is organized as follows.

Experimental Work

Theme of Work

In this work, systematic experiments were performed to
investigate the effect of heat-sink-based cryogenic cool-
ing on surface integrity, and the theme of experimentation
is shown in Fig. 1. Drilling experiments were performed
on solutionized samples under dry and cryogenic cooling
environments. Three different cryogenic cooling tempera-
tures were selected to investigate its effectiveness on surface
integrity of drilled surfaces. For the mechanical characteri-
zation of drilled surfaces and sub-surfaces and the evalua-
tion of the microstructure of drilled holes, the holes were
sliced along their axes. The microstructural changes were
image quality, twin formation, machining affected zones,
the grain boundaries with low and high angles, kernel aver-
age misorientation (KAM) and nano-indentation hardness.
More details of the experimental procedure are described in
the following sections.

Fig. 1. Theme of experimenta- Work material

Work and Tool Materials

Commercially available titanium (Ti— 6Al-4V) alloy was
procured to investigate the surface integrity after drilling.
Table 1 displays the chemical constitution of titanium alloy.
Titanium alloy (Ti—-6Al-4V) samples were solutionized in
vacuum muffled furnace at 900 °C for 4 hours. Each drilling
experiments was performed using a new uncoated a carbide
drill with a 6.35-mm diameter on solutionized sample hav-
ing dimensions 150 X 20 X 7 mm.

Experimental Set-up

Drilling tests were conducted using Hardinge VMC-600 II.
Titanium workpiece was attached on the heat-sink channel
made of highly conductive copper plate and mounted on a
KISTLER piezoelectric dynamometer. Dynamometer cables
were coupled to a charge amplifier and a data acquisition
system for recording drilling-related thrust and torque data.
Temperature measurements were taken in the cutting zone
using an infrared thermal camera (FLIR brand). Cryogenic
tank was used to store liquid nitrogen and was equipped with
inlet and outlet hose pipe connections. A liquid nitrogen gas
cylinder was connected with cryogenic tank through the pipe
connection and a regulator.

Experimental Procedure
A total of 12 drilling experiments were performed and were

repeated twice to ensure repeatability. Three different cryo-
genic temperatures were maintained during drilling; they are
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as —25 °C, =50 °C and —75 °C. Pressure of the nitrogen
gas was maintained at 1 bar throughout the experimentation.
RTD (resistance temperature detector) sensors were attached
at the top face of workpiece at two different locations and
were connected to a microcontroller to maintain cryogenic
temperatures. In the entire drilling process, two different
cutting speeds of 65 and 95 m/min and two feeds of 0.1 and
0.2 mm/rev were used.

Microstructure Analysis and Nano-Hardness
measurement

Drilled holes were cut into two splits using wire EDM
machine (Fig. 2a-b). The split samples were cleaned with
ultrasonic cleaning bath and were polished using prescribed
polishing procedure on an automatic polishing machine.

Fig.2 a Cutting location of
drilled hole b drilled hole cut
into two halves ¢ area of EBSD

Colloidal silica of 0.5 pm (OP-S) mixed with half water
was used for mirror polishing. Electro-polishing was used to
achieve improved surface quality using electrolyte solution
by mixing perchloric acid 80 % and methanol 20%. Oxford
EBSD detector mounted on GEMINI SEM 300 was used
with 20 KeV accelerating voltage and 0.3 um step size to
gather crystallographic data near exit surfaces of the drilled
hole samples (Fig. 2c). TSL orient imaging microscopy
software was used to quantify EBSD data such as inverse
pole figure (IPF) map, misorientation analysis, image quality
(IQ), low- and high-angle boundaries of grains and kernel
average misorientation (KAM).

Hysitron TI-900, Bruker machine was used for nano-
indentation. Nano-hardness was measured at every 10 um
distance along the drilled sub-surface at exit side of the
drilled holes using a nano-indenter (Fig. 2d—e).
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Results and Discussions

As-received titanium plates were annealed at 900 °C for 4
hours in a vacuum furnace. Grain size of the as-received
sample increased from 4.8 to 10 pm due to recrystallization.
After annealing process, grains were found more equiaxed
as compared to the as-received material (see Fig. 3). Similar
results were stated by Telrandhe et al. [5]. Previous research
has shown that the exit surfaces of drilled hole suffer from
substantial distortion relative to the entering locations. [21].
As aresult, a detailed investigation of exit surfaces of drilled
halves has been performed.

Microstructural Evolution of the Machined Surfaces

During drilling, sub-surfaces below the drilled hole experi-
ence mechanical and thermal stresses which cause micro-
structure alterations in this region [22]. To understand the
microstructural changes, EBSD data at the exit surfaces
of drilled hole were gathered. The IPF maps generated for
various drilling conditions are shown in Figs. 4 and 5. Two
different zones are observed near the drilled surfaces: one
that has larger portion of points without indexing, and the
other, with a comparatively lesser portion of points without
indexing (black), as shown in Fig. 4a. The zone B in Fig. 4a,
which has a lower percentage of points without indexing,
represents a grain structure with lower deformation since it
is in the region away from the machined surfaces, whereas
the area with a higher proportion of points without index-
ing exhibits a severe grain deformation, as observed in
zone A in Fig. 4a. In dry drilling, temperature is gener-
ated at tool-workpiece interface resulting in high sticking
friction between them which causes the high sub-surface

Fig.3 Misorientation of low-
and high-angle grain boundaries
for a as-received and b annealed
Ti-6A1-4V [21]. Reprinted
from Materials Today Com-
munications, Vol. 26, Dipesh B.
Trivedi, Jitesh Vasavada, Suhas
S. Joshi, Microstructural assess-
ment of drilled cross sections
on titanium generated under
different cooling strategies, pg.
101954, Copyright 2021, with
permission from Elsevier
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deformation, whereas in cryogenic cooling, temperature at
the interface was comparatively lower than in dry drilling.
A severely non-indexed zone is observed near the drilled
edge during dry drilling at cutting speeds of 65 m/min and
feed rates of 0.1 mm/rev, whereas an adequately indexed
zone is observed in cryogenic cooling at —25 °C (Fig. 4b),
—50 °C (Fig. 4c) and at — 75 °C (Fig. 4d). Moreover, grains
in the sub-surface region elongate along the cutting direction
in dry drilling (Fig. 4a), although this was not the case dur-
ing cryogenic chilling (Fig. 4b—d). Additionally, dry drilling
at cutting speeds of 65-95 m/min results in an intensification
of the non-indexing region (Fig. 4e) representing severity
of plastic deformation near the drilled surfaces, whereas in
the cryogenically cooled drilled samples, intensity of non-
indexing zone is found comparatively lower than in dry
drilling (Fig.4f~h). With a change in feed rate from 0.1 to
0.2 mm/rev, temperature rise at the interface increases which
results in the formation of a large non-indexed zone in dry
drilling (Fig. 5a). Alternatively, the non-indexed zone was
not observed for the cryogenic cooling at —25 °C and — 50
°C and at cutting speed of 65 m/min, as shown in Fig. 5b—c.
It was further observed that the hardness along with brit-
tleness of the material increases with increasing cryogenic
cooling temperature [23]. Therefore, for cryogenic tempera-
ture of —75 °C, micro-cracks with non-indexed locations
were observed near the drilled surfaces. This could be due
to comparatively higher brittleness in the samples (Fig. 5d).
Similarly, by increasing the feed from 0.1 to 0.2 mm/
rev, a heavy non-indexed zone is evident in dry drilling
(Fig. 5e). In the cryogenic cooled samples, a substantial
amount of non-indexed zone is observed. This could be due
to higher brittleness on the drilled surfaces (Fig. 5f-h). It is
observed that the sub-surface deformation in the cryogenic
cooled samples is lower than in the dry drilled ones, under
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Fig.4 a-h Inverse pole figure (IPF) maps with grain morphology and orientation for exit location of drilled hole surfaces on Ti-6Al-4V sam-
ples at 0.1 mm/rev feed rate and under different cooling conditions
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all cutting conditions. This would be because of reduced
thermal load and the corresponding lower cutting zone
temperatures.

Machining Affected Zone (MAZ)

During drilling, grains get deformed and elongate in cut-
ting direction below the drilled surfaces and the region over
which the deformation occurs is called machining affected
zone (MAZ). The depth of the machining affected zones
(MAZ) for the different cutting and cooling conditions is
shown in Figs. 4a—h and 5a-h. The average MAZ in dry
drilling is quantified as 21 pm at 65 m/min cutting speed and
0.1 mm/rev feed rate (Fig. 4 a). For the same feed and speed,
negligible MAZ is observed in cryogenic cooling conditions
at —25 °C, —50 °C and —75 °C, as shown in Fig. 4b—d.
Cryogenic cooling has a potential to reduce friction at the
tool-workpiece interface that finally results into a reduction
in the cutting temperature. It causes a reduction in plastic
strain near the drilled surfaces and the strain reduces further
along the depth of deformation beneath the drilled surface.
Therefore, at 65 m/min cutting speed 0.1 mm/rev feed, cryo-
genically cooled samples do not show any MAZ. Further, in
dry drilling, the average machining affected zone increased
by 26 um as cutting speed increased from 65 to 95 m/min
(Fig. 4e). However, under the same cutting conditions, the
average MAZ was found to be 6 um, 10 ym and 12 pm in the
cryogenically cooled samples at —25 °C, —50 °C and —75
°C, respectively, as shown in Fig. 4f-h.

However, increasing the feed from 0.1 to 0.2 mm/rev,
MAZ increases from 21 to 25 um (Fig. 5a) due to high
heat generation and plastic deformation during dry drilling
process. With increasing feed rate to 0.2 mm/rev, the cryo-
genically cooled samples at —25 °C (Fig. 4b) and — 50 °C
(Fig. 4c) show a lower MAZ in a comparison with the corre-
sponding dry drilled samples (Fig. 4a), whereas a significant
increase in MAZ by (8 um) is observed in the cryogenically
drilled samples at —75 °C (Fig. 4d).

Moreover, as cutting speed and feed are increased, tem-
perature rises, causing workpieces to become thermally sof-
tened and stick to the drill’s cutting edge. Further increase
in the feed rate requires more power to remove the increased
volume of work material; consequently, it increases the drill-
ing forces. Therefore, at the higher cutting speed, the aver-
age MAZ measured was 40 pm in dry drilling with feed of
0.2 mm/rev which is the highest value under all cutting con-
ditions and cooling techniques tested here (Fig. Se). Basa-
varajappa [24] et al. also reported similar deformation of
sub-surfaces with increasing feed rate. Further, at the higher
cutting speed, the average MAZ increases to 19 um, 17 um
and 30 um on the cryogenically cooled samples while drill-
ing at —25 °C, —50 °C and —75 °C, respectively, as shown
in Fig. 5f-h.

Analysis of Strain in Grains

As discussed earlier, the microstructure of titanium work
material below the machined surfaces undergoes a signifi-
cant change. As a result, considerable strains are introduced
in the grains in this area along the drilling direction. The
depth of machining affected zone (MAZ) was measured
from the IPF maps of the titanium machined surfaces under
different cutting and cooling conditions. Further, the grain
elongation was also evaluated as strain in terms of the angle
0 measured using ImageJ software, as shown in Fig. 6.
Knowing 6, the strain in the grains was calculated using the
following equation:

5g
e=tanf = T (1)
g

where 6, is the grain deformation component along the
machined surface, whereas [, is the grain deformation com-
ponent across the machined surface.

Figure 7a and b illustrates the variation in strain in the
machining affected zone under dry and cryogenic cooling
conditions at the feed rate of 0.1 and 0.2 mm/rev, respec-
tively. As shown in Fig. 7a, at the 5 pm distance from the
drilled edge, very high strain is observed among all the cut-
ting and cooling conditions, whereas the strain reduces as
we move from machined surface to sub-surface region. A
high value of strain of 3.2 is seen in dry drilling at the cut-
ting speed of 95 m/min and the feed rate of 0.1 mm/rev
which is higher than other cryogenic cooling conditions, as
shown in Fig. 7a. On the other hand, as shown in Fig. 7b,
as feed rate increases from 0.1 to 0.2 mm/rev, and similar
high strain is observed at 5 pm distance from the drilled
edge under all cutting and cooling conditions. The maximum

Fig.6: IPF image showing components of strain measurement in
a grain of titanium machined surface and sub-surface at the cutting
speed of 65 m/min and feed rate of 0.2 mm/rev
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strain measured is 5 at the cutting speed of 95 m/min which
is 63% higher as shown in Fig. 7b. It was evident that at
the low cutting speed, the amount of heat generation is low
and increases cutting speed. It is further evident from the
graphical representation in Fig. 7a—b that the high feed rate
results into higher value of strain in the grains. As compared
to dry drilling, the cryogenic cooling makes the work mate-
rial brittle. This is one of the reasons that a lower strain
is observed in the work material before fracture under all
cryogenic cooling conditions [4].

Annealing and Deformation Twinning

Twinning is a mechanism of plastic deformation. It arises
when the work material is under the influence of thermal
loading or deformation. Thermal loading results into anneal-
ing twins, whereas mechanical loading produces deforma-
tion twins. It is also understood that at the higher annealing
temperature, due to larger grain size, the twin formation
increases. In on work during cryogenic cooling, the defor-
mation twins are observed near the drilled surface, where

Fig.8 Twin formation in
Ti—6Al-4V drilled samples

at the cutting speed of 95 m/
min and feed rate of 0.1 mm/
rev under cryogenic cooling at
a—50°Candb-75°C

@ Springer

grains are elongated or deformed along the drilling direction.
The twins are also found below the machined surfaces or
sub-surfaces, at higher levels of cutting speeds and cryo-
genic temperatures as shown in Fig. 8a-b. It is also evident
that in the deformed regions, deformation twins are observed
on the annealed and drilled samples of titanium due to a
larger grain size. Double twinning is also observed inside
a grain which is due to high strain rate with high deforma-
tion [5]. Low cryogenic temperature increases density of
dislocations which increases the plasticity and also the twin
formation in the microstructure [8].

Image Quality Analysis (IQ)

As mentioned earlier, a region near the drilled surface under-
goes deformation during drilling which can be characterized
using image quality index (IQ) [25, 26]. To compare 1Q val-
ues of microstructures of different drilled samples, normal-
ized 1Q value (IQyormalizea) Was calculated from absolute
1Q values obtained from EBSD data experiments based on
equation [27],
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TQuormatized = Sl Win ¢ 955 )

where 1Qapouce 15 the absolute value of image quality
calculated from each scan, IQy,, is the highest value of
image quality, and IQ,;, is the lowest value of image qual-
ity. A magnified view of image quality (IQ) map is shown
in Fig. 9 to get a normalized 1Q value using equation (1).
As presented in Fig. 9, starting from the top edge at the
exit side of a drilled hole surface, the image quality (IQ)
map is taken at each 10 pm distance in the sub-surface area.
A region with higher IQy maiizea Value indicates less strain

Drilling direction

10 um

Drilled edge

Direction of measurement

35 um

Fig.9 Magnified view of the IQ map for achieving of normal 1Q
number in cryogenic cooling (-50 °C) at 65 m/min cutting speed and
0.1 mm/rev feed rate

--@--Dry drilling
-=-k--Cryogenic cooling (-50 C)

Fig. 10 a-d Variation in image
quality (IQ) along the depth of

~-i-- Cryogenic cooling (-25 C)
Cryogenic cooling (-75 C)

as compared to the region having lower IQy, matizea Value.
Image quality difference along the depth of exit drilled hole
surfaces under dry and cryogenic cooling conditions is plot-
ted in Fig. 10a—d.

At the cutting speed of 65 m/min and feed of 0.1 mm/rev,
normalized IQ values for dry drilling and cryogenic cooling
at — 25 °C, —50 °C and — 75 °C are obtained as 56, 85, 187
and 66, respectively, at 10 um distance from the drilled edge
(Fig. 10a). It is observed that the normalized IQ values under
cryogenic cooling conditions are higher than the dry drilling
condition which indicates less deformation.

Keeping cutting speed constant and changing feed from
0.1 to 0.2 mm/rev, the IQyqrmatized 1 123 for cryogenic cool-
ing at —50 °C which is higher than IQy;matizeq Of dry drilling
of 83; at —25 °C, itis 114, and at — 75 °C, it is 73 as shown
in Fig. 10b. For a low cutting speed, the value of IQyqrmalized
is very low for dry drilling which due to heavy localized
plastic deformation (Fig. 10a). In the other hand, low value
of IQNormatized 8t — 75 °C sample might due to brittle fracture
in sub-surface region (Fig. 10b). Moreover, as distance pro-
gresses away from the drilled surface, the drilling induced
deformation reduces which can be seen by the slight increase
in the normalized IQ value as shown in Fig. 10a, b.

Further, with a feed rate of 0.1 mm/rev and a cutting
speed increase from 65 to 95 m/min, the IQu,;maiizea Values
are 67 for dry drilling, 82 for cryogenic —25 °C, 61 for cryo-
genic at —50 °C and 74 for cryogenic at —75 °C at10 um
distance from the drilled surface (edge) as shown in Fig. 10c.
At this point, 22%, 34% and 11% improvements over dry
drilling are evident at —25 °C —50 °C and —75 °C. Now
as the feed increases to 0.2 mm/rev, for the cutting speed as
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95 m/min, the calculated IQy,marizeqa Values for dry drilling
and cryogenic cooling at —25 °C, —50 °C and —75°C are 64,
75, 83 and 55, respectively, at 10 um from the drilled surface
(edge) as shown in Fig. 10d.

Cryogenic cooling at —50 °C shows improvement of
30%, 10% and 50% as compared to dry, cryogenic — 25
°C and —75 °C, respectively. As observed before for the
low cutting speed and high feed rate, it can be noticed that
IQNormatizeq Values of dry and cryogenic — 75 °C are lower
than cryogenic cooling at other temperatures as shown in
Fig. 10d. Overall, it is clear that the cryogenic cooling using
heat-sink at —25 °C and — 50 °C gives minimum sub-surface
deformation under most of the operating conditions consid-
ered here.

Analysis of Misorientation in Low- and High-Angle Grain
Boundaries

To understand the grain boundary evolution in the sub-
surface region of exit surface of a drilled hole on tita-
nium alloy, different grain boundaries fraction areas were
measured and highlighted in image quality map as shown
in Figs. 11a—d and 12a—d. Normally, the grain boundaries
having misorientation angle greater than 15° are considered
as high-angle boundaries. If the misorientation between two
adjacent grains is less than 15°, then the grain boundaries
are considered as low-angle grain boundaries [28]. In both
the above-mentioned figures, low-angle boundaries (2°-5°)
and high-angle boundaries (15°-180°) are highlighted in red
and blue color line, correspondingly. The grain boundaries
with low angle made of dislocations group get accumulated
due mechanical or thermal processing [29].

During drilling, sub-surface experience mechanical
deformation result in the formation of sub-grain boundaries.
The extent of formation of sub-grain boundaries depends
upon the drilling conditions and process parameters. The
decrease in low-angle grain boundaries (in %) under differ-
ent cryogenic cooling conditions as compared to dry drilling
is presented in Table 2. At the slower cutting speed of 65 m/
min and feed rate of 0.1 mm/rev, the fraction reduction in
grain boundaries with low angle (2°-5°) on the hole exit
surfaces at — 25 °C, — 50 °C and — 75 °C is about 15%, 63%
and 56% over dry drilling, respectively (Fig. 11a—d). Further,
as the cutting speed increases from 65 m/min to 95 m/min,
52%, 39% and 28% drops are observed in cryogenic cool-
ing at —25 °C, —50 °C and —75 °C, respectively, over dry
drilling (Fig. 11 e-h).

When the feed is increased to 0.2 mm/rev, cryogenic
cooling at —25 °C, —50 °C and — 75 °C, low-angle grain
boundaries (2°-5°) are reduced by 32%, 71% and 62%,
respectively, compared to dry drilling (Fig. 12a—d).

At the same cutting speed, the grain boundaries low angle
in cryogenic cooling at —25 °C, —50 °C and —75 °C are

@ Springer

reduced by 13%, 10% and 11%, respectively, as compared
to the dry drilling with increasing feed from 0.1 to 0.2 mm/
rev (Fig. 12e-h).

For a given microstructure, sum of fraction of all bounda-
ries (2-5°, 5-15° and 15-180°) is 1; therefore, increasing
the low-angle boundaries fraction may result in a decrease
in high-angle boundaries fraction. For dry drilling, low-
angle boundaries fraction increases from 0.613 to 0.744
with increasing feed rate from 0.1 to 0.2 mm/rev at the cut-
ting speed of 65 m/min as mentioned in Figs. 11a and 12e,
respectively, while for the same drilling condition, high-
angle boundaries fraction decreases from 0.268 to 0.163
with increasing feed from 0.1 to 0.2 mm/rev. Similar relation
between low-angle grain boundaries and high-angle grain
boundaries was found in all the conditions. To sum up, the
formation of sub-grain boundaries in dry drilling is com-
paratively less for given drilling parameters as compared
to cryogenic cooling conditions. Moreover, minimum frac-
tion of low-angle boundaries was found in cryogenic — 50
°C and —75 °C at low cutting speed compared to all other
conditions.

Kernel Average Misorientation (KAM)

Misorientation evolution in sub-surface region was ana-
lyzed by measuring kernel average misorientation (KAM)
for all the dry drilling and heat-sink-based cryogenic cool-
ing conditions. KAM maps for all the drilling conditions
are shown in Figs. 13a—d and 14a—d. KAM indicates local-
ized misorientation within the grain. With deformation, the
orientation of the crystal changes led to a change in KAM
value. The KAM value is typically observed less than 1° in
undeformed grain structures. As discussed, the machined
surface experiences severe deformation resulting in higher
dislocation density in the distorted zone of microstructure
than the other zones [30]. The zones, away from the drilled
surface, highlighted with blue color indicate low dislocation
density regions which have KAM value between 0° and 1°.
The region with 1°-5° of KAM shows medium to high value
highlighted in green to red color. The red color indicates the
highly deformed region. As discussed, the temperature rise
at the interface in dry drilling is comparatively more than the
cryogenic cooling condition. It led to higher plastic deforma-
tion and dislocation generation in dry drilling as compared
to other conditions. Therefore, the maximum dislocations
density zone reduces by 50%, 75% and 100% in cryogenic
cooling at —25 °C, —50 °C and —75 °C, respectively, as
compared to the dry drilling at 65 m/min cutting speed and
0.1 mm/rev feed (Figs. 13a—d and 15a).

Similarly, with increasing speed to 95 m/min and keeping
feed rate at 0.1 mm/rev, the sub-surface deformation is com-
paratively high than lower cutting speed. It leads to decrease
in the fraction of KAM (0°-1°) value, while the increase in
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Fig. 12 a-h Image quality
maps stating low-angle and
high-angle grain boundaries
dispersal at the exit location of
drilled hole surfaces of Ti—6Al-
4V samples at different cutting
speeds and 0.2 mm/rev feed rate
under dry and cryogenic cooling
environments (Inset of each
map represents the color cod-
ing) (Color figure online)
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Table 2. Variation in grain
boundaries with low angle

(2° to 5°) at different cutting
parameters and under dry
drilling and different cryogenic

Cutting parameters

% decrease in low-angle grain boundaries
(2°-5°) with respect to dry drilling

At cryogenic At cryogenic At cryogenic

temperatures

-25°C -50°C -75°C
V.=65 m/min, f=0.1 mm/rev 15 63 56
V,.=65 m/min, f=0.2 mm/rev 32 71 62
V.=95 m/min, f=0.1 mm/rev 52 39 28

V.=95 m/min, f=0.2 mm/rev

13 10 11

the fraction of KAM (1°-3°) which shows the higher sub-
surface deformation with increasing cutting speed for all
the drilling conditions. The uppermost dislocation density
area reduces by 33%, 33% and 50% in cryogenic — 25 °C,
—50 °C and —75 °C cooling conditions, respectively, over
dry drilling (Figs. 13e-h and 15c). At the cutting speed of
65 m/min, as the feed increases from 0.1 to 0.2 mm/rev, dis-
tribution of KAM shifts toward higher misorientation angle
which indicates higher sub-surface deformation under all
the drilling conditions as shown in Fig. 14a. Moreover, 40%
and 20% reduction in misorientation was found in cryogenic
—50 °C and cryogenic — 75 °C cooling, respectively, over
dry drilling (Figs. 14a—d and 15b).

At the speed 95 m/min, as the feed rate increases from
0.1 to 0.2 mm/rev, the average KAM values increase under
all the cutting conditions, while 81%, 81% and 75% reduc-
tion in misorientation is observed in cryogenic cooling at
—25°C, =50 °C and —75 °C, respectively, over dry drill-
ing (Figs. 14e-h and 15d). It is observed that increasing the
feed affects sub-surface deformation more as compared to
the cutting speed. Kernel average misorientation shows a
reduction in sub-surface deformation in the cryogenic cool-
ing using heat-sink over dry drilling. Comparatively, cryo-
genic cooling at —25 °C and — 50 °C at lower speed and
feed rate appears to import lower sub-surface deformation
at cryogenic temperature of — 75 °C and in the dry drilling
condition. At higher feed rate and cryogenic temperature
—75 °C, the local misorientation value is higher compared
to cryogenic temperature of —25 °C and — 50 °C; this could
be due to brittle fracture below the drilled surface as shown
in Fig. 14f and h.

Mechanical Characterization of the Machined
Surfaces Underneath the Impact of Dry
and Cryogenic Cooling with Heat-Sink Approach

Nano-Hardness Measurements

Figure 16a—d illustrates graphical plots of nano-indentation
hardness H (GP,) measured at different locations from the
machined surface to sub-surface at various cutting speeds,
feed rates and cryogenic cooling temperatures. At 65 m/min

cutting speed and 0.1 mm/rev feed rate, the nano-hardness in
dry drilling is observed as the lowest, and it fluctuates as the
drilled edge distance increases to sub-surface region at 20 pm
distance from the drilling edge. The cryogenic cooled drilled
hole surfaces show higher value of hardness as compared to
dry drilling (Fig. 16a). During dry drilling, at 65 m/min cutting
speed and 0.1 mm/rev feed rate, the highest nano-hardness of
5 GPa is observed near the drilled surfaces, whereas the maxi-
mum increment of 42% increment is observed in the hardness
using cryogenic cooling at —25 °C as compared to dry drill-
ing. With increasing feed from 0.2 mm/rev, the nano-hardness
increases by 28% (maximum) in cryogenic cooling at —25 °C
in comparison with dry drilling (Fig. 16b). On the other hand,
as the cutting speed changes from 65 to 95 m/min keeping the
feed constant as 0.1 mm/rev, the nano-hardness reduces to 4
GPa in dry drilling possibly due to thermal softening. In addi-
tion to this, maximum of 48% increment is found in hardness
in the cryogenically cooled samples at —50 °C as compared
to the dry drilled samples. At the increased cutting speed, as
feed rate varies from 0.1 to 0.2 mm/rev, very large hardness
of 8 GP, is evident in the cryogenically cooled samples. This
is double than the dry drilled samples hardness 4 GP,. Here,
it is observed that as the feed rate increases, at the higher cut-
ting speed of 95 m/min, a higher value of surface hardness is
evident due to strain hardening as shown in Fig. 16c—d [14]. In
general, 60% improvement is evident over the base nano-hard-
ness in cryogenic cooling. The application of liquid nitrogen
absorbs generated heat from the drilled surfaces. Therefore, the
drilled surfaces cooled to a low temperature become harder as
compared to dry drilled surfaces. Work hardening and micro-
structural changes due to machining play a very important role
in increasing hardness of the machined surfaces [31]. Based on
this investigation, it can be inferencing that cryogenic drilling
with optimal temperature can improve sub-surface region as
compared to dry drilling. Sub-surface region after drilling was
quantified using different microstructural parameters such as
1Q, KAM, and low- and high-angle boundary fraction. Further,
nano-hardness was measured at the sub-surface for all the drill-
ing condition to understand the effect of cryogenic temperature
on material hardness. This research can be further extended to
understand the chip morphology, surface roughness of the hole
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Fig. 13 a-h Kernel average
misorientation dispersal at the
exit location of drilled hole
surfaces of Ti-6Al-4V at differ-
ent cutting speeds and 0.1 mm/
rev feed rate under dry and
cryogenic cooling environments
(Inset of each map represents
the color coding) (Color figure
online)
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Fig. 14 a-h Kernel average Cutting speed
misorientation distribution at 65 m/min
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Fig.15 a-d Graphical represen-
tation of low- to high-angle
KAM values of titanium alloy
drilled surfaces in dry and
various cryogenic cooling
conditions

Fig. 16 a—d Nano-hardness pro-
file of exit drilled hole surface
under dry and cryogenic cooling
conditions
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and circularity of drilled hole after drilling under cryogenic
cooling conditions.

Comparative Analysis of Characterization
Parameters for EBSD

Figure 17 shows the finest and worst qualities of different
parameters for EBSD characterization in terms of unindexed
region (NR), impacted zone of machining (MAZ), image
quality (IQ), misorientation in grain boundaries with low
and high angle as well as kernel average misorientation
(KAM) with reference to different cutting speed and feed
rates.

From Fig. 17, it is detected that severity of the non-
indexed zone is very high near the machined edge in dry
drilling under all the cutting speeds and feed rates. On the
other hand, the cryogenic chilling with heat-sink gives the
least unindexed region; it denotes the uppermost region with
no defect in the microstructure. Image quality (IQ) analysis
revealed that the cryogenic cooling with heat-sink shows
better results in terms of the higher value of standardized 1Q
value in comparison with dry drilling under all the cutting
conditions. It is evident that a higher rate of IQ shows small
depth of distorted grains, hence the presence of the high-
est defect-free microstructure. Grain boundaries with a low
angle show higher misorientation in dry drilling at all cutting
speeds and feeds, whereas the cryogenic cooling at low cut-
ting speed and feed rate shows a significantly lower value. A
better microstructure is observed in cryogenic cooling with
heat-sink because of lower dislocations in comparison to dry
drilling. Under all cutting conditions, heat-sink-based cryo-
genic cooling detects more high-angle grain boundaries than
dry drilling. In the kernel average misorientation (KAM)
analysis, the least value of KAM is noticed in the heat-sink-
based cryogenic cooling, whereas a higher value of KAM is
detected in dry drilling under all the cutting speeds and feed

rates. The drilled hole surface encounters severe shear loads
and dislocations during dry drilling. The intensity of shear
stresses and dislocations are very high near the drilled hole
surface in dry drilling; therefore, the microstructure seems
highly deformed, whereas the dislocation density is less in
cryogenic cooling with heat-sink conditions.

Conclusions

EBSD analysis was performed. The cryogenic cooling with
heat-sink gave the whole indexing of grain structure nearby
the drilling edge. The reason behind this phenomenon is a
lower tool-workpiece interface temperature as compared to
dry drilling, which reduces sticking friction and sub-surface
deformation. It also gave the least machining affected zone
(MAZ) of 6 um. Along with a reduction in cutting tempera-
ture, the cryogenic cooling reduced plastic strain near the
drilled surfaces, and the strain reduced further along the
depth of deformation below the drilled edge. This is one of
the reasons of the least machining affected zone found in the
cryogenic cooling.

The least value of strain in the grain of 0.4 was evident
at the feed rate of 0.1 mm/rev and 1.1 at the feed rate of
0.2 mm/rev in cryogenic cooling with heat-sink. Also, as
the strain increases, as the feed rate also increases propor-
tionally. The cryogenic cooling makes work material brittle;
hence, a lower strain is observed in the machined surfaces
on titanium than in dry drilling.

Further, the heat-sink-based cryogenic cooling possesses
the highest standardized image quality (IQ) value indicat-
ing the best microstructure (the maximum defect-free). The
drilled hole sub-surfaces experience high strain and defor-
mation in the grains. Therefore, they have lower value of
image quality (IQ). On the other side, the cryogenic cooling
with heat-sink indicated less strain and deformation, hence
have a higher value of image quality (IQ).
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In addition to above, it resulted into the least grain bound-
aries with a low angle. In dry drilling, dislocation density
was high due to mechanical or thermal processing, whereas
in cryogenic cooling with heat-sink, it was lower possibly
due to low dislocation density.

The least value of kernel average misorientation (KAM)
of 0.001 is observed in heat-sink-based cryogenic cooling. It
was evident that in the undeformed grain structure, the value
of KAM is less than 1°.

A comparatively higher value of nano-hardness of 8 GP,
was observed in cryogenic chilling over dry drilling. The
LN, absorbs the heat generated from the machined surfaces.
Therefore, the machined surfaces that are cooled to a low
temperature become harder. Work hardening and micro-
structural changes during machining increase hardness of
machined surfaces.
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