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material removal process in its various aspects. Experiments were performed for
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dry and cryogenic cutting conditions using chamfered cubic boron nitride (CBN)
tool inserts at varying cutting conditions (cutting speed and feed rate). Cutting
forces, mechanical power, tool wear, white layer thickness, surface roughness and
residual stresses were investigated in order to evaluate the effects of extreme
in-process cooling on the machined surface. The results indicate that cryogenic
cooling has the potential to be used for surface integrity enhancement for improved
product life and more sustainable functional performance.
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1. Introduction

All over the world, machining operations such as turning, milling or drilling produce
considerable amounts of waste requiring lots of money and energy to be employed.
Whereas in the past the manufacturing processes were systematically developed in order to
achieve, through innovation, a maximum efficiency for increasing profit; present trends
push manufacturers to develop new methodologies incorporating sustainability concepts
(@G) The traditional practices are being replaced to reduce the energy required by the
processes as well as the material used and the generated waste ’®. Furthermore,
regulations and standards dictate even more healthy and safe environment for workers. For
all the above mentioned reasons, a deep analysis of the manufacturing processes
performances is needed in order to achieve desired manufacturing sustainability practices.

Sustainable manufacturing processes are those which demonstrate improved
environmental impact and energy efficiency, generate minimum quantity of wastes, provide
operational safety and personal health maintaining unchanged the quality of the products, or
even improving them. In this context, hard turning is becoming competitive because of its
ability to properly merge factors of great interest, such as production costs, productivity and
especially product quality. However, several issues related to this process require further
investigation. Among these, the main ones are associated with heat generation in the
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[DOI: 10.1299/jamdsm.6.989] machining process which produces high temperatures in the cutting region; subsequently
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machined component. Moreover, the high temperature causes some undesirable
microstructural changes, also called white and dark layer . Thus, it is generally believed
that to improve surface integrity factors it is necessary to decrease the temperatures; this is
mainly done with the application of a coolant and the appropriate choice of the tool
geometry ") and using optimal cutting conditions.

Coolants, or metalworking fluids (MWFs), are considered the most prominent
environmental issue for machining processes because they are contaminants, they must be
disposed. They also need to be treated at the end of their life cycle and their use is
characterized by problems in the immediate working environment and hazards for the
worker’s health who come in contact with them ®®?),

An attractive alternative to conventional cutting fluids is cryogenic cooling. It consists
of injecting liquid nitrogen coolant to the exterior surfaces of the tool and the workpiece to
maintain the hot-strength and hot-hardness of the tool. This method gives, when combined
with tool geometry, the desirable control of cutting temperature and enhancement of tool
life without almost any environmental problem, except proper ventilation, as nitrogen
constitutes 79% of atmospheric air. However, from a product quality perspective, the
convective cooling effect of cutting fluids on hard turning surface integrity has not been yet
clarified '". Konig er al '® suggested suppression of white layers with coolants, Zurecki et

(13)

al *” showed that cryogenic nitrogen spray cooling of cutting tool and tool-work contact

limits the thickness of white layer, but others 9!

indicated no effect. For this reason, the
main objective of this research is to evaluate the performance of machining operation of
through-hardening steel, AISI 52100, taking into account the impact of such material
removal process in its various aspects and comparing the performance of cryogenic coolant
system instead of dry cooling at varying of the cutting conditions (cutting speed and feed
rate). Particularly, cutting forces, mechanical power, tool wear, white layer thickness,
surface roughness and residual stresses were studied in order to evaluate the effects of
extreme in-process cooling on the machined surface and to evaluate the of process

performances for sustainable hard machining.

2. Experimental Procedure

Disks of hardened AZSI 52100 steel (outer diameter: 150 mm, disk thickness: 1.4 mm)
were prepared, machined and heat-treated. Afterwards a gentle grinding was required to
restore flatness and parallelism after the distortion caused during quenching. The heat
treatments were performed in order to through-harden the disks to 54+1 HRC. Dry and
cryogenic orthogonal cutting tests were conducted on a stiff high speed CNC lathe by
means of a radial facing operation using low CBN content cubic boron nitride tools (Seco
grade: CBN 100) with chamfered geometry (ISO TNGN 110308S with a chamfer of
20°x0.1 mm) mounted on a CTFNR3225P11 tool holder (providing rake and clearance
angles of -8° and 8°, respectively). The tool holder was held in a Kistler 9121
three-component piezoelectric dynamometer for measuring forces. Disks were machined at
varying cutting speed (75 m/min, 150 m/min and 250 m/min) and feed rate (0.075 mm/rev,
0.1 mm/rev and 0.125 mm/rev) either for dry and cryogenic conditions; the cutting time of
each test was 18-20 sec in order to reach the mechanical and thermal steady state
conditions. An ICEFLY™ cryogenic equipment was used to provide liquid nitrogen as a
cryogenic coolant during cryogenic cutting tests. In particular, cryogenic coolant was
applied by a nozzle perpendicular to the disc where chip formation mechanism takes place,
as indicated in Fig. 1 (a), to provide the cooling effect at the primary, secondary and tertiary
shear zones and on the tool flank face. After machining, samples of 5x5 mm were sectioned
by wire-EDM for microstructure analysis and microhardness measurements. Then, the
samples were polished and etched for about 5 s using 5% Nital solution to observe white
layer using a light optical microscope (1000X) and scanning electron microscope (SEM).
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1 l I 11 } 111 Fig. 1 (a) Experimental set-up for cutting tests and nozzle position for cryogenic delivery;
(b) surface roughness measurement by Zygo optical interferometry, (c) residual stresses
11 measurement by X-ray diffraction technique.
r F I
'} i 1 i r Tool wear analysis was carried out on the CBN inserts using an optical microscope; for
' l each cutting tool, ten measurements were performed and the average value was evaluated.
| [/ F E H Finally, constituents related to the surface integrity, such as surface roughness, residual
! 1 H11L stresses, etc., were also taken into account. In particular, the surface roughness values of the

machined workpieces were measured using a Zygo® optical interferometry-based surface
f profilometer (Fig. 1 (b)). The residual stress state in machined disk surfaces was analyzed
by X-ray diffraction technique (Fig. 1 (c)) using the sin®y method ‘. The parameters used
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in the X-ray analysis are shown in Table 1.

It is important to underline that although both axial and circumferential residual stresses
can be measured by the XRD technique, only the latter (parallel to the cutting direction)
were considered for this research since they are more critical for part performance in
service. To determine the in-depth residual stress profiles, successive layers of material
were removed by electro-polishing to avoid the modification of machining-induced residual
stress. Further corrections to the residual stress data were made due to the volume of
material removed.

Table 1: XRD factors for residual stress measurement.

X-Ray Radiation Cr-Ka
Young’s Modulus 210 GPa
Poisson ratio 0.3
Bragg Angle 20 156.3°
Lattice plane {211}
Number of y angles (+40°) | 15

3. Experimental Results and Discussions

3.1 Cutting Forces and Mechanical Power

Fig. 2 shows the trend of the average cutting forces for each experiment evaluated when
mechanical and thermal steady-state conditions were reached, while the error bars
represents the standard deviations of the signal. The results highlight that the application of
liquid nitrogen only has a slight influence on both cutting and thrust forces. On the other
hand, the increase of cutting speed shows a decrease of the cutting forces for both dry and
cryogenic conditions; this is due to the increased thermal softening at the higher
temperatures reached when the cutting speed rises. In contrast, the increase of feed rate
shows a considerable increase in cutting forces, under both dry and cryogenic cooling
conditions. Fig. 3 illustrates the mechanical power variation for the selected cutting
conditions for both dry and cryogenic cooling conditions (in this research only the amount
required by the lathe was considered). The results do not highlight substantial differences in
terms of power consumption at varying of cooling conditions. In contrast, the mechanical
power is drastically influenced by the material removal rate (i.e., cutting conditions) as
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clearly evidenced in the Fig. 3: higher material removal rate requires more mechanical
power. It is interesting to note as the ratio between the highest power consumption (at 150
m/min and 0.075 mm/rev) and the lowest one (at 75 m/min and 0.075 mm/rev) is 3.12
although, for the given cutting conditions, the material removal rate (MRR) ratio is only 2.
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Cutting speed (m/min) / Feed rate (mm/rev)
Fig. 2 Variation of cutting () and thrust (F;) forces during machining under dry and
cryogenic cooling conditions at varying cutting speeds and feed rates.

. TLTL h

1200 |

O Dry

O Cryogenic

Mechanical Power (W)

250/0.075  150/0.075  75/0.075 75/0.1 75/0.125
Cutting speed (m/min) / Feed rate (mm/rev)
Fig. 3 Required mechanical power for machining operation under dry and cryogenic cooling
conditions at varying cutting speeds and feed rates.

3.2 Surface Roughness

The average surface roughness, R,, of the machined sample was measured for each set
of cutting process parameters and cooling conditions in order to evaluate the characteristic
of the machined surface (Fig. 4 (a)). The obtained R, measurements evidence as the surface
quality in machining with cryogenic coolant is superior to that in dry cutting. Additionally,
using the cryogenic cooling system, the values of the surface roughness permit to achieve
the so called “cutting replace grinding” operation.
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Cutting Speed (m/min) / Feed rate (mm/rev)

Fig. 4 (a) Mean surface roughness on machined samples under dry and cryogenic cooling
conditions for all five test conditions; (b) surface roughness profile acquired by a Zygo®
interferometry-based surface profilometer.
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Moreover, for both the cooling conditions used the increase of the feed rate shows a
general worsening of the surface roughness. In contrast, experiments do not show trends
normally expected as the R, decrease with the increasing of the cutting speed. This
discrepancy might be related to the cutting conditions employed in this research which are
higher than those suggested by the tool makers for finish hard machining (usually
0.05-0.075 mm/rev, 150-200 m/min and depth of cut less than 0.5 mm). Consequently, the
insufficient spindle rigidity can lead, in certain conditions, to the vibration of the machining
system, influencing the surface quality as depicted in Fig. 4 (b).

3.3 Tool Wear

Fig. 5 illustrates how the process cutting parameters and the cooling condition influence
the flank wear rate. As expected, the wear rate increases with the increasing of both feed
rate and cutting speed. What is more, the influence of cutting speed on flank wear rate is
higher than that of feed rate; in fact, an evident increase of the wear rate of about two times
is recorded when cutting speed ranges from 75 m/min to 250 m/min are used. In addition,
the use of cryogenic cooling system does not produce any significant tool wear benefits
under the conditions employed since its use increases wear rate, especially when feed rate
increases (a rise of about 21% is revealed).

90 -+
80 *-'k == Dry
‘.'. .

= N, --a-- Cryogenic
£ 70 N,
E T
-~ L
§ o0 I
E T
=2 504 NS .
= N T - 2
= ~ g . - -

40 ~ ] b=

N -
250/0.075 150/0.075 75/0.075 75/0.1 75/0.125

Cutting Speed (m/min) [/ Feed rate (mm/rev)
Fig. 5 Effects of dry and cryogenic cooling conditions on flank wear rate at varying cutting
speeds and feed rates.

The results reported in Fig. 5 are in disagreement with those previously published
(708 " where a reduction in tool wear is recorded when the cryogenic technique is used. The
reason of this discordance is due the nozzle position for cryogenic delivery, which in this
research was adjusted to cool the workpiece while, normally, it is applied on the tool rake
face or from the bottom of the flank side. Thus, the “unusual” nozzle position in
combination with the short cutting time produce more abrasive wear between tool and
workpiece than the one observed in the dry condition.

3.4 Whyte Layer Thickness

Fig. 6 shows the experimental white layer thickness created by varying feed rate,
cutting speed and cooling condition. In particular, the white layer ranges from less than 1
pm, when cryogenic cooling is employed, to 6 pum during dry cutting. Moreover, the white
layer observed in the dry condition decreases with decreasing values of both the cutting
speed and the feed rate. Similar trends are revealed when machining was carried out under
cryogenic condition although the difference on white layer thickness are less noticeable.
However, what is new is that the white layer depth obtained using cryogenic cooling is
much smaller than the white layer thickness measured when dry machining was performed.
Similar results was found by Zurecki er al !®. Also, the white layer formation in dry
machining is mainly due to a rapid heating and quenching which results in phase
transformation (i.e., generation of martensitic structure); in contrast, the use of cryogenic
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cooling limits or avoids the martensitic phase changes. This is due to the lower temperatures

# "' reached during the material removal process '”.
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il II b _ Fig. 6 Experimentally obtained white layer thickness.
111
L ~I', t.- Fig. 7 clarifies the above-mentioned aspects; in particular, Fig. 7 (a) shows that only a
' t b / g 11l thin layer (less than 1 um) is subjected to phase change during machining, while Fig. 7 (b)
1111 F E“ 11 depicts the mechanical deformation effect as dominant when cryogenic coolant is applied —
| L li { a zone of severe plastic deformation showing a superficial layer having different
1 microstructure due to plastic deformation is clearly observed.
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Fig. 7 Optical observation (a) and SEM image (b) of cross-section of machined workpiece
surface for test at 150 m/min 0.075 mm/rev using cryogenic coolant.

3.5 Surface Residual Stress and Compressive Area

Fig.8 shows the surface residual stress for all the investigated cases conducted in this
research. These results show that in dry machining the surface residual stress is always
compressive and it becomes thicker (i.e., deeper profile) as cutting speed increases, while it
has a minor influence from the feed rate; in fact, it then slightly reduces or remains
constant. In contrast, when machining under cryogenic cooling condition was carried out,
the surface residual stress in all the investigated cases becomes tensile and it increases with
the feed rate, while it slightly decreases when cutting speed rises.
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Fig. 8 Effect of dry and cryogenic cooling conditions on surface residual stresses.
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Another factor of cardinal interest, related to the fatigue life of any machined
component, is the compressive area which represents the compressive portion of the
residual stress profile ®”. Fig. 9 highlights the effects of the cooling conditions and process
parameters on the compressive area. In particular, it can be noted, as general trend, that the
compressive areas obtained in dry machining are higher than those observed when
cryogenic cooling was applied. Moreover, it becomes larger (i.e., deeper profile) when both
cutting speed and feed rate increase. In contrast, the compressive area measured under
cryogenic cooling condition is strongly affected by the cutting speed (it increases with
increasing of the cutting speed), while it is slightly influenced by the feed rate.

Cutting speed (m/min) / Feed rate (mm/rev)
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Fig. 9 Compressive area at varying cutting speed, feed rate and cooling condition.

What is more, when the cutting speed of 75 m/min is used, the compressive area
observed under cryogenic machining becomes very small (feed rates of 0.1 and 0.125
mm/rev) or it is totally absent (0.075 mm/rev). In addition, for the above mentioned process
conditions, tensile area are detected due to the partial or total tensile residual stress profiles
on the machined surface and sub-surface. In the best cases the values are lower than 100
MPa* pm (0.1 and 0.125 mm/rev) while in the worst case it is 1815 MPa*um (0.075
mm/rev).

4. Evaluation of Hard Machining Performance

Figs. 10 and 11 report the results of the different process parameters and cooling
conditions employed in this research as far as the evaluation of hard machining performance
is regarded (in the charts, each parameter has been equally weighted). In dry machining (Fig.
10), higher cutting speeds permit to obtain major benefits in term of the parameters related
to the fatigue life (i.e., surface residual stress and compressive area) and productivity
(material removal rate). Similar tendency is observed when machining operation is carried
out with cryogenic coolant (Fig. 11) although, it is worth to point out that it is dangerous to
have tensile residual stresses on the machined surface.
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Fig. 10 Machining performance in dry condition for all five experimental tests.
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In fact, even in the cases of shallow superficial tensile residual stresses, the presence of

y ll! r | tensile area is detrimental for the fatigue life of the machined component.
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i 1T1HHL Fig. 11 Machining performance with cryogenic coolant for all five test conditions.

} In contrast, for above cutting conditions, other factors related to the surface integrity
(white layer thickness and mean surface roughness) are not so good as they are for other
cutting speeds and feed rates. Once again, this trend is similar either for dry machining as
well as for machining under cryogenic cooling.

Moreover, when parameters related to mechanical power, tool cost and tool substitution
policy are taken into account, other cutting conditions offer the best trade-off. Thus, in order
to evaluate the performance, it is necessary to define a criterion which considers all the
aspects and, consequently, optimises the benefits and the drawbacks for the different
combination of the process parameters. Although several optimization algorithms are
available, in this research a simple method based on the total area under the curve for each
cutting condition was applied. Based on that criterion and taking into account the
performance evaluation (surface integrity, productivity and machining cost), two very close
major areas were achieved for both the cooling conditions corresponding to the cases: 250
m/min — 0.075 mm/rev and 75 m/min — 0.075 mm/rev.

Cutting Force [N]
300

MRR 30000
[mm?/min]

250 Thrust Force [N]

Compressive Area

[Mpa pm] -7000 400

Mechanical Power

W)

Surface RS [MPa]
228 0.075
Roughness [um]

30
White layer [um] Wear r?ne
[um/min]

+75/0.075 DRY - 75/0.075 CRYO ‘

Fig. 12 Process performance in dry and cryogenic condition at 75 m/min and 0.075 m/rev.

What is more, they are referred to the best performance related to the surface integrity
and productivity from one side and to the mechanical power, tool cost and tool substitution
policy from the other side. In fact, the best trade-off for the surface integrity factors are
achieved by 250 m/min and 0.075 mm/rev, while for the mechanical power and tool aspects
the cutting speed of 75 m/min with the same value of feed rate represents the best choice.
Finally, the comparison between dry machining and cryogenic coolant assisted machining
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was carried out. As shown in Figs. 12 and 13, taking also into account the evaluation
criterion, hard machining under cryogenic cooling for both 75 m/min and 250 m/min shows
the higher sustainable functional performance (Fig. 12). Furthermore, although in a minor
manner, it represents potential benefit for surface integrity enhancement for improved
product life (Fig. 13).
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MRR_ 30000 = 250 Thrust Force [N]
[mm?3/min] =

Compressive Area
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Mechanical Power

Surface RS [MPa] F e
) 7’
e ; 0.075
Y ,” Roughness [pum]
W
0 30
White layer [pm] Wear rate
[um/min]
-+250/0.075 DRY -a250/0.075 CRYO

Fig. 13 Process performance in dry and cryogenic condition at 250 m/min and 0.075 m/rev.

5. Conclusions

Experimental observations reported in this study suggest that use of cryogenic coolant
in machining of hardened AISI 52100 significantly affects the residual stress, the roughness,
the tool wear and the white layer formation. In particular, cryogenic cooling condition
permits to limit the white layer thickness and to achieve better surface roughness. In
contrast, dry machining offers better performance on residual stress profile and, therefore,
to the fatigue life, although it produces higher white layer which is detrimental for the
product’s performance and relative cost (necessity of secondary operation for removal
operation). As overall, it was demonstrated as the hard machining under cryogenic cooling
shows higher sustainable functional performance and, moreover, it has the potential to be
used for surface integrity enhancement for improved product life although particular
attention must be paid in order to avoid the surface tensile residual stress and tensile area
which are detrimental for fatigue life. Finally, it should be pointed out that other cutting
conditions, initial workpiece hardness and tool shape were not considered at this stage, and
a further investigation on this topic, including the optimization, will be necessary to better
highlight which cutting parameters, initial workpiece hardness cooling conditions, etc.,
should be chosen in order to improve the sustainability of the hard machining processes.
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