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Abstract

W

Strained environment is a global prablem. In metal industries the use of
coolant has become mare problematic in terms of both employee health and
environmental pollution. 1t is said that the use of coolant forms approximately

8-186 % of the total produclion cost.

The traditional methods that use coolants are now obviously becoming
obsolete. Hence, it is clear that using a dry cutting system has great
implications for resource preservation and waste reduction. For this purpose,
a new cooling system (s designed for dry cutting. This research work
presents an eco-ftiandly caoling innovation and the benefit gained by using
this method. In order to compare the performance of using this system,
grinding experimants were carmed out on dry and flood cutting environment in

different infeed condition

The present work investigates the role of cryogenic cooling by liquid
ritrogen jet on chip farmation, gnnding zone temperature and surface
roughness in gnnding steels. The expenmental resuits indicate significant
reduction in cutting temperature on application of cryogen, which enablas
favorable chip formation It was also notad that cryogenic grinding provide
relatively more surface roughness for less plastic deformation and rubbing,
shearing and fracturing modes of chip formation and retention of the grit's
sharpness. Therefore, it appears that cryogenic cooling, if properly employed,
not only provides environment friendliness but can also improve the

grnindability charactenstics.
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Chapter-1

Introduction

1.1 Introduction

Grinding is a widely used conventional process employed mainly for
finishing surfaces of wide range of materials, such as metals, carbides,
ceramics, rocks eic with high dimensional and form accuracy and a good
surface finish. Often grinding is also done for stock removal and semi

finishing in the industries.

in grinding, materiai is generally removed by shearing and ploughing in
the form of micro sized chips by the abrasive grits The grits are distributed

and held in position on the wheel by a non-metallic or metallic bond.

The advantages of grinding over conventional machining processes
are;

I. high dimensional and form accuracy

ii. gocd surface finish

iil.  not much restricted by the hardness of the work material.



The major applications of grinding are;

I. finishing of flat and cylindrical surfaces

.  finishing and sharpening of the cutting tools

iit.  form grinding and contour grinding of cold and hot working dies
iv. form grinding of threads and gears

V. stock remowval

The grinding process can be broadly classified as;

i.  surface grinding-by the periphery and the face of the wheels

ii.  cylindrical grinding-internal and exiemal; straight, taper and form
H. center less grinding-internal and external; straight and form

iv.  special purpose grinding-cams, threads, bearing, cutting fools etc.

Grinding process is characterized mainly by high specific energy
requirement due to [arge negative rake and high cutting speed, which resuits
in very high temperafure. Such high temperature often ieads to several
problems like;

a large heat affected zone

i. change in hardness and micro structure of the work piece

iii.  development of un-tempered and over tempered martensitic iayer

in heat treatable ferrous alloys

iv. burning and its consegquences

v.  developments of high tensile residual stresses and micro cracks.



The tensile residual stresses, il present in the ground sample, results in
reduction in both the static and dynamic strength and corrosion resistance,
and leads to distorlion just afler machining and in service life. The tensite
residual stress also induces surface and sub surface micro cracks specially

in case of brittle materials.

Another distinct problem in grinding ductite and sticky materials is wheel
loading mainly due to accumulation of chip particles in the inter grit spaces.
This reduces the grinding efficiency and hence requires frequent redressing
of the wheel. Thus, wheel loading also cuts down the total useful life of the
wheel. Besides that wheel loading also causes rise in forces, temperature

and vibrations, poor surface finish, redeposition, poor surface integrity efc.

it appears that the high temperature in grinding zone s the main
problem and hence methods were tried out over the years to tackle this
problem. Application of proper grinding fluids at times, reduced the above
problems to some exient through cooling and lubrication of the grinding
zone. The commonly used fluids are neat oil, soluble oil, semi synthetic and
synthetic fluids with or without additives and inorganic salts. The application
procedures of these fluids are generally by flood cooling or in the form of jet
or even mist. Interrupted grnding technigue by using grooved wheels or
Dalmatian wheels, continuous cleaning or dressing by ultrasonic, use of CEN
wheels, electrochemical grinding have also been investigated and tried out to

reduce the grinding temperature,



Ampile research has been done in various directions and is still going on
aiming improvement in overalt grinding efficiency through controlling the

aforesaid problems.

1.2 Survey of the Previous Work

1.2.1 Mechanism of Chip Formation and Chip
Characteristics

The study of grinding chip is required to understand the mechanism of
chip formation and those of material removal. Early investigators [Dail 1939,
Ernst 1930 and Tarasovs 1950] identified the mechanism of chip formation
in grinding to be mainly shearng, like that in other conventional machining

processes, by studying the shapes of the chips under optical microscope.

Wetlon [1969], while anaiyzing the composition of the grinding debris,
found not only grinding chips but also fraclured and pulled out grit and bond
materials, which latter necessitated careful interpretation of optical and

scanning €lectron microscope.

Cashion et al {1974], while studying Mossbauer spectrum from fine
grinding chips, observed that the chips are mainly formed by shearing
process Doyle and Aghan [1975] supported the same observations while
examining the grnding chips under transmission microscope. They also
cbtained clear lamella or segments, which clearly indicated the mechanism
of chip formation to be shearing Malkin [1979] also opined that the major

4



maode of material removal in grinding is shearing. Doyle and Dean [1980],
classified different types of chips obtained in grinding as;

i.  chips of no particular shape

ii.  sphencal chips and

fii. lamellar chips.

Debris having no shapes is generally produced by rubbing of the wear
flats of the grits with the work surface and by ploughing, and these kinds of
chips are associated with poor surface Tinish and redeposition of chips on the
ground surface. Spherical chips are generated by surface oxidation of other
kinds of chips. Lamellar chips are generally produced by shear as in

conventional metal cutting action.

Sakuma and Tado [1992] reported that the mode of chip formation
changes with the change in the hardness and the heat treatment cycle of the
work material and the wheel speed. They obtained leafy lamelar chips at low
wheel speed, which became longer with the increase in wheel speed. With

further increase in wheel speed foliow spherical chips were obtained

Ramanath et al {1987] opined that the spherical chips can form either
by exothermic reaction of the chips with the oxygen present in the vicinity or
due to shamp bending of the very thin piatelets. These platelets are generally
formed because of elastic rubbing of the wear flats of the grits on the work
piece. They suggested that high count of spherical chips indicate severe

rubbing of the wheel with the work piece.



Pai et a! [19B9], while grinding ductile materials, reporled that long
lamellar filament type chips, blocky particies and spherical chips were
obtained. The length of the filament type chips and number of spherical chips
were found to decrease on taking harder matertals and/ or using sharper

wheels.

Abundance of spherical chips within the grinding debris hints that even
melting may takes place in grinding. But Outwater [1952) and Shaw {1990,
suggested that as melting is a time-temperature phenomenon the matenal

never stays at very high temperature for sufficient time to melt.

Kumandari [1971] and Moneim et al [1983] investigated the mechanism
of grinding by simulating it by turning and shaping with highly negative rake
tool and found that side flow occurs instead of chip formation when the tool is

provided with very farge negative rake.

Kdnig Schmalt [1978] observed lamellar chips for ductile materfals and
less number of lamellar chips for harder materials. Chattopadhyay et al
[1990, 1991} simiarly observed that mostly crushed type chips and lamellar
chips are obtained while grinding harder and ductile materials respectively

with brazed monolayer CBN and diamond wheels.



1.2.2 Grinding Temperature

Outwater and Shaw [1952] noted that gnnding is associated with much
high specific energy requirement which may be an order higher than that
required in conventional machining processes. The obvious consequences of
this high specific energy are very high grinding zone temperature. They
analytically foung the mean and maximum surface temperature using Jaegar
mode! of semi-infinite body and insulated friction slider with uniform heat

distribution.

Walter et al [1975] measured the temperature history by embedded
thermo-couple technique and correlated the grinding temperature with the

structural changes in the ground workpiece.

Dex Ruisseaux and Zerkle [1970] reported that the heat generated due
to chip formation in grinding at the shear plane results in high temperature
near the cutting edges of the grits and in the matenal. But this temperature is
not of any importance as the material ahead of the grit is removed as chips.
The quality of the ground surface would depend upon the surface and
subsurface temperature and they analylically found the expressions for the

same using Jeager's Model assuming uniform distnbution of the heat source.

Malkin and Anderson [1974] in an experimental study arrived at the

percentage of the total heat flowing into the work piece as,



U045l

R X% e e {1}

Where,
R = paritioning coefficient
U = specific energy

U.n = specific energy of chip formation {13.8 Jimm™

Malkin [1974] realized that the temperature on the surface of the work
piece is govemed by two temperature fields, namely, the local temperature
field below a parlicular grit and the average temperature due to distributed
heat source action over the whole contact length. The analytical solution was
obtained assuming the materfal properties at a partcular elevated

temperature,

Yamamoto et ai [1977] noted that the average temperature at the wark
surface is dependent on the grinding wheel performance, work piece material

characteristics and the grinding parameters.

Snoeys et at [1978)] indicated that the estimation of temperature by
analylicai or numerical techniques would be influenced by the type of heat
source distribution. However, they pointed out that the use of rectangular
distribution would suffice the purpose of evaluating the temperature field The
actual contact length greatly differs from the geometric contact length and
they expressed the actual contact length as a function of the Process

parameters and geometric contact length.



Kops and Shaw [1982] identified the temperature at the grit, surface

and subsurace of the work piece to be related to;
l grinding wheel wear
ii. surface finish

iii.  surface integrity and accuracy.

Skalli et al [1982] estimated temperature field and its history on the
surace and subsurace of the work piece using finite element method. They
considered the actual contact length to be wice the geometric contact length
and the heat source to be uniformly distributed. The variation of thermal

properties of the material with temperature was neglected.

In a similar work, Vansevenant [1987], however, assumed the heat
source to be tnangular in nature. The vanation in the thermal properties of

the work material with ternperature was taken into account.

Recently Shaw [1990] proposed a simpler analytical approach to
evaluate surface temperature in fine grinding and finally arnved at an

expression of parlitioning coefficient.

Levine [1991] has modified a few previously developed models to
account fer the fact that some of the grinding energy is generated at the
shear plane and not entirely at the wear flats as has been assumed
previously. The modification did not affect the results for alumina wheels, but

the errors of the previous models were considerable for CBEN wheels.

9



Rowe et al [1991] have also developed a thermal model for the grinding
process at the grain zone. The only problem with the present model s in

assigning the grain wear flat area.

Recently Wager and Wu [1991) studied the nature of temperature
variation m up and dewn gnnding. They notad that Lhe temperature increases
with the increase in infeed and work speed and the temperature difference

between the up and down grinding follows the same patlem

1.2.3 Control of Grinding Temperature

Grnding is basically a mechanical process, characterized hy high
temperature, which is generally controlled by application of grinding fluid.

Duwell et al {1966] postulated that the chemical reactions at the ground
surface dunng grinding play a vital role due to high temperature and higher

reactveness of the freshly formed ground surace,
Malkin and Lenz [19T78] suggested that the grinding fluids should be

used to lubncate and thus reduce the specific energy requirement, as the

normal grinding fluids are ineffective in controlling the high femperature

anoey et ai [1978] also supported the idea that in gnnding, lubrication

should be given more importance as long as normal fluids are used.

10



Mee {1979] studied the applicability of additives and solid lubricants in
grinding tool steels with diamond wheels. Some of the additives, especiaily
colloidal graphite, improved the wheel performance but solid lubricant failed

to improve the tool perdormance.

Kops and Shaw [1982] observed that the chips adhering to the wheel
act as additional heat source, which may lead to overheating of the wheel

angd hence more wheel wear.

Yasui and Tsukuda [1983] reported that though the application of
grinding fluids brings down the temperature, but their film boiling temperature

restricis their effectiveness.

Shaw [1985] suggested the following methods to control the grinding
temperature:

i. lower whee! speed

i.  lower material removal rate

iil.  use of coolants

iv. softer wheels

v.  intermittent grinding.

Howes [1990} has reporled that the lubricating and the cooling
properties of the grinding fluids directly influence the surface integrity of the
work piece. But the effectiveness of coolants are lost If the temperature

exceeds the fiim boiling temperature of the fluids,

11



Cne of the most imporlant factors preventing or restricting the grinding
fluid from penetrating into the grinding zone has been the thin but stiff layer
of air around the rotating wheel. The rotating wheel sucks the air through the
facial pores and due to the centrifugal action this air comes out through the

periphery forming a stiff aiflow.

Akiyama et al [1984] and Aoyama and Inasaki [1984] studied the
improvements in the grinding fluid action using painting and cardboard
technique. The faces of the wheels are covered with silicon rubber paints,
which prevent the wheels to draw in air from the surrounding. In card board
technique a scrapper board made of sofl card board is held against the
wheel, which diverts the air strip away and facilitates the coolant delivery at

the grinding zane.

Nakayama et al [1977], Snoeys et al [1978] and Shaw [1985] advocated
the use of slotted wheels to control the temperature. Nakayama et al [1977]
reported reduction in the forces and temperature by using grooved wheels

due to intermittent cutting and better coolant delivery.

Shaw [1985] reported that disk wheels provided with through holes
randomly distributed over their faces are found to perlorm with less
temperature in face grinding mode. This was attributed to intermittent cooling
of the work piece. Shaw reported the use of ‘Dalmatian’ wheel to control the

temperature.

12



Aocyama and Inasaki [1984] adopted on line ultrasonic cleaning method
to continuously dress the wheel and remove any loaded particle. This hefped

in maintaining the wheei sharpness and provided less temperature.

Graham and Whitson [1978] delivered the coclants through the pores of
the wheels and observed benefits like reduction in the forces, temperature

and surface cracking and improvement in wheel Ife.

Eda et al [1985] studied the effectiveness of the jet infusion technique
of application of the grinding fluids. This technique brings out ali the

potentials of the grinding fluids.

Pecher and Malkin [1984} reported that grinding with CBN wheels is
almost free from thermal damages because of retention of its grit sharpness
and chemical stability. Shaw [1990], Lewvine [1991] and Rowe [1991]
suggested that the parlitioning coefficient is also very small in case of CBN

wheels, which further reduces the thermal damages.

1.2.4 Adverse Effects of Conventional Cutting Fluid
Applications

Traditionaily, the manufacture of a product had been attempted to be
done as quickly and inexpensively as possible. Now that more environmental
regulations are being put in place, manufacturers are forced to re-evaluate

their manufacturing processes and reduce or eliminate their waste streams.

13



The waste streams present in machining include cutting fluid flow, chip flow,

and cutting tool usage.

The application of cutling fluid may not always reduce the cutting tool
wear as is commonly believed. Rather some conditions like machining steels
by carbide toois, the use of coolant may increase tool wear. It has been
experienced [Shaw et al. 1951] that there was more tool wear when cutting
with coolfant than cutting dry in case of machining AlSI 1020 and AlS 4340
steels by M-2 high speed steel tool cutling. Seah et al. [1995] also reported
that at the first stage of machining (first 40 seconds or so), tool wear was
faster in wet cutling than in dry cutting. Later on, the wear rate stabilized and

was somewhat the same for both dry and wet cutting.

During machining, the culting tool generally undergoes [Trent 1983]
both flank wear and crater wear. Flank wear generally causes an increase in
the cutting forces, dimensional inaccuracy and vibration. Crater wear takes
place on the rake face of the tool where the chip slides aver the tool surface.
Another experimental investigation was conducted [Cozzens et al. 1995] on
single point boring. This was aimed to study the role of cutting fiuid, tool and
workpiece materiai, tocl geometry and cutting conditions on machinability.
The results indicated that the cutting ﬂl]id conditions had no significant efect
on surlace texture, forces and built-up edge. Since boring is a high-speed
operation and lubrication s ineffective, no effect was seen on the forces.

However, the cutting fluid was found to have a significant effect on surface

integrity.
i4



Proper selection and application of cutling fluid generally improves tool
life. At low cutting speed almost four times longer tocl life was obtained
[Satoshi et al. 1997] by such cutting fiuid. But surface finish did not improve
significantly. Wearing of culting tools not only causes loss of the cutting
edges or tips of the inserts but loss of the entire inserl after wear of all the
corners. From an environmental perspective, therefore, the significant waste
is not the portion of the tool worn away by the tocl-work contact, but the
remaining portion of the tool that is disposed after its uséfui life [3Sheng and

Munoxz 1993].

Manufacturing by machining constitutes major industrial activities in
global perspective. Like other manufacturing activities, machining aiso leads
to environmental pollution [Ding and Hong 1998 and Hong et al. 19949]
mainly because of use of cutting fluids. These fluids often contain sulfur {S),
phosphorus {P), chlorine (Cl} or other extreme-pressure additives to improve
the lubricating performance. These chemicais present health hazards.
Furthermcere, the cost of treating the waste liquid is high and the treatment
itself is a source of air pollution. The major problems that arise due to use of

cufting fivids are [Aronson 1995]:

i.  environmental pollution due to breakdown of the cutting fluids into
harmful gases at high cufting temperature {Fig.1.1)
ii.  biological hazards to the operators from the bacterial growth in the

cutling fluids

15



ii. requirements of additional systems for pumping, local storage,
filtration, temporary recycling, cooling and large space

requirement

iv. disposal of the spent cutting fluids which also offer high risk of

water poliution and scil contamination
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Fig. 1.1 Mist formation during machining with flood cooling

Since beginning of twentieth century people [Petar et ai. 1996, Welter
1978, Kenneady 1989 and Thony et al. 1975] were concerned with possibte

hamnful eflects of various cutting flurd application.

It has been estimated {Bennett 1983] that about one millicn workers
are exposed to culting fluids in the United States alone. Since cutting fluids
are complex in composition, they may be more toxic than their constituents
and may be irritant or allergenic. Also, both bacteria and fungi can effectively

celonize the culling fluids and serve as scurce of microbial toxins. Hence
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significant negative effects, in terms of environmental, health, and safety
consequences, are associated with the use of cutiing fluids, The effects of
exposure to the fluids on health have been studied for over 50 years;
beginning with the concem that cutting fluid (oil} 15 a potential eticlogic factor
for occupational skin cancer {Epidemiological studies indicate that long-term
exposure to metalworking fluids can lead to increased incidence of several
types of cancer). The Intemational Agency for Research on Cancer has
concluded that there is "sufficient evidence” that mineral oils used in the
workplace is carcinogenic [Peter et al.1996]. Basically, workers are exposed
to metal cutting fluids via three routes [Bennett et al. 1985); skin exposure,

genal exposure and ingestion (Fig.1.2)

i e e oA T o

tutalh.-brka.n'! T
tnnilm'plrmlﬂﬁﬁ R AL
r

a. o :,I:,,I, _._'__.J.'.m -._.:-_.!~-fr¥3|.i.lﬁ Kl ral, §

_._..._._._._| -
qamags Qe . |

rpﬁ'uuw 1-'1;5" d |
Eﬁi? -‘ 'dh i II i

i R
Sl AL "‘"—‘hd“ﬂ" -
R REA R T e L T -1“‘”' C.‘E" '

e i A

Fig. 1.2 Cost and heaith hazard of using cutiing flug

Skin exposure is the dominant route of exposure, and it is believed that
about 80 percent of all accupational diseases are caused by skin contact
with fluids [Bennett et al.1985). Cutting fluids are imporlant causes of
occupational contact dermatitis, which may involve either irritant or allergic

mechamsms, Water mixed fluids generally determine immtant contact

17



dermatitis and allergic contact dermatitis when they are in touch with workers
skin. Mon-water-miscible fluids usually cause skin disorders such as

foliculitis, cil acne, keratoses and carcinomas (Fig.1.3).

lowa Waste Reduction Center [1996] reported that besides potential
skin and eye contact, inhalation is also a way to occupaticnal exposure.
Mists are aeroscls comprised of liquid particles (less than 20 um). During
machining process, a considerable amount of heat is generated for which the
cutting fluid may attain a temperature sufficiently higher than the saturation
temperature. The vapor is produced at the solid-liquid interface as a result of
beiling. Vapor may be generated also at the liquid-air interface when the fluid
vapor pressure is less than the saturation pressure, namely as evaporation
phenomena. Vapor generated then may condense to form mist (Fig.1.1 and
Fig.1.3). The non-aguecous components of the cuting fluid, such as the
biccide additives, appear as fine asrosol that can enter the workroom air.
Additionally, the cutting fluids impact with both stationary and rotating
elements within the machine too! system, which leads to mechanical energy
being transmitted to the fluid. Thus, the cutling flud has higher surface
energy and becomes less stable and disintegrates into drops (atomization}.
The spray from the fluid application aiso may generate mist. A total fluid loss
of & to 20 percent may occur due to evaporation, atom zation, splashing and
drag out processes. Whether formed by atomization or evaporation/
condensation, small droplets may be suspended in the air for severai hours
even several days in the workers breathing zones. These drifting dropiets

tend evaporate further, Inhaled particles (with aerodynamic diameters less

18



than 10 um) deposit in the various regions of the respiratory system by the
complex action of the different deposition mechanisms. The particulate below
2.5 um aerodynamic diameter deposit primarily in the alveolar regions which
Is the most sensitive region of lung. The particulate in size ranges from 2.5
um to 10-pm deposits primarily in the airways. The potential health effects of
exposure to cutting fluid mists have been the subjects of epidemiological
studies in the automotive industry. The mist dropleis can cause throat,
pancreas, rectum, and prostate cancers, as wel! as breathing problems and
respiratory llnesses. One acute effect observed is mild and reversible

narrowing of airways during exposure to cutting fluid mist [Kennedy 1989].

Several other epidemiological studies have also suggested that
exposure to fluid mist may be associated with increased risk of airway
imitation, chronic bronchitis, asthma and even laryngeal cancer [Bennett et
al. 1985 and Eisen et al. 1994]. The Cccupational Safety and Health

Agdministrations {OSHA) standard for airborne particulate (largely due to fluid
mist) is 5 mg/m3, and the United Autoworkers (UAW) has proposed a
reduction in the standard to 0.5 mg/m=. The oil mist level in a plant ranged

from 4.2 to 15.6 mg/m3 but fell to between 0.47 to 1.68 mg/m? when a

different cutling fluid was substituted in the system [Welter 1978]

Anti misting compounds, such as a polymetha-acrylate polymer, poly-
isobutylene and poly-n-butane in concentrations of 0.2% as well as poly (1,

2-butene oxide) have been suggested for addition into cutling fluids [Bennett
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et al. 1985]. But, consideration must be given to the effects of these
chemicals upon humans. The maost effective way to control mist exposure is
to use mist collector to prevent mist from entering plant air [Leith et al.
1896]. Many callectors use several stages of filters in series for the purpose.
Other collectprs use centrifugal cells or electrostatic precipitators  as
intermediate stages. Any collector using a 95% Di-Octyl Phthalate {DOP) or
High-Efficiency Parliculate Air (HEPA) filter as a final collection stage has
been tested as high efficiency when new. However, its efliciency will
decrease with time. Moreover, the oil droplets may undergo partial or
complete evaporation as they fravel to collector [Raynor et al. 1996]. The
generated organi¢ vapors may return to the room and affect work health, and
may re-condense on the cocl surface causing safety and maintenance

problems.

Fig.1.3 Mist formation during turning operation under
flood ceoling condition
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Pollution free manufacturing is increasingly gaining interest due to
recent development of pollution-prevention legisiation, European initiatives
on product take-back or recycling, which affect many export industries in the
US, and a growing consumer, demand for green products and production
processes. Concern for the environment, health and safety of the operators,
as well as the requirements to enforce the environmental protection laws and
occupational safety and health regulations are compeling the industry to
consider a cryogenic machining process as one of the viable alternative

instead of using conventional cutting fluids.

Cutling fluids are widely used in machining operations to obtain
accuracy of part dimensions, longer tool life and in some cases belter
surface finish The research literature identifies two prnmary functions of
culting fluids in machining operations: lubrication to reduce process friction
and cooling to remove process generated heat. A secondary function of the
cutting fluid is to transport the chips from the cutling zone. Cutling fluid
systems are used in industry to deliver fluid to the cutting process, re-
circulate fluid, separate chips, and collect fluid mists. The machining costs
(labor and overhead) in the US alone are estimated to be $300 billionfyear
iKomanduri and Desai 1983]. The cosis associated with the use of cutting
fluids is estimated to be about 168% of the manufacturing costs [Byrne and
Scholta 1993] which is many more times than the labor and overhead
figures quoted above. A recent study in Gemmany found that 16% of
machining cost in the high volume manufacturing industries is associated

with the use of culting fluids {procurement, maintenance and disposal} white
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only 4% of the cost was associated with cutting tools [Aronson 1995]. The
use of cutting fluids also requires additional equipment for plant

housekeeping.

1.2.5 Characteristics of Ground Surface
Marshall and Shaw [1952] described burning as the appearance of the
temper color on the ground surface due to high temperature. They cbserved

burning to occur with loaded wheel.

QOutwater and Shaw [1952] found that the redeposition of chips on the
ground surface increases in absence of oxygen and this may render a
material almost ungrindable. The oxygen, even if present in traces, would
from a thin oxide layer on the nascent ground surface and that hinder further

redepositicn rendering the material grindable.

Wellon [1969] noted that redeposition increases with the increase in
infeed due to higher temperature. Bond materials were found to exist along

with the redeposited chip parlicies on the ground surface.

Malkin and Cook [1971} observed a relation between buming and the

forces. The ncormal and the tangential forces and ther ratio suddenly

increase at the onset of the buming.
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Malkin [1974] reported that in grinding hardened steels, burning is
associated with a hardened zone at the subsurface followed by a soft
tempered zone just beneath it Burning would occur when the critical
temperature for austenite formation has been reached on a sufficiently large

portion of the grinding zone.

Field and Koster [1978] suggested that the ground surface should not
contain undesirabie surface defects such as micro cracks, surface hardening
ar softening, overheating or burning, untempered and for over tempered

marensites.

Malkin and Lenz [1978] described the burning to he characterized by
the formation of oxide layers on the surface and transformation of austenitic
structure. Burning is a critical average temperature phenomenon and the

burning temperature is insensitive to normal grinding fluids.

Snoeys et al [1978] suggested that the surface characteristics can be
expressed as change in the physical andfor chemical characteristics of the
upper layers of work piece, fatigue life, stress corrosion, appearance of

tensile stresses, surface and subsurface cracks eic.

Burning causes change in color and Shimamune and Ono [1983]
attributed this to optical interference. The color depends on the thickness of

the oxide fifm, which develops due to temperature over a certain limit
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(500°C). Howes [1990] noted that the redeposition of chips decreases

substantially with the application of grinding fluid.

Prasad and Prasad [1991] studied the surface and the subsurface of
abraded ferrous alloys by pin on disk methed. For hardened steel, the
abraded surfaces appear to be uniform and had a groovy structure, whereas
in annealed specimens micropitting is observed. In annealed steel
subsurface cracks, microstructural changes and grain refinement occurs, but

negligible microstructurat changes takes place for the hardened steels.

1.2.6 Summary of the Review

A review of the literature on machinability of different commercial steei
highlights the immense potential of the control of machining temperature and
its detrimental effects. It is realized that the machining temperature has a
critical influence on chip reduction coefficient, cutting forces, tool wear and
tool life. All these responses are very important in deciding the overalf
performance of the tool. At the elevated temperature the cutting tocols may
undergo plastic deformation and atlain rapid tool wear because by adhesive,
abrasive, chemical and diffusion wear at the flanks and the crater. The
dimensional accuracy and surface integrity of the workpiece also deteriorate
due to high temperature. The conventional cutling fluids are not that effective
in high speed machining particularly in continuous cutting of materials likes
steels. Further the conventional culting fluids are not environment friendly.

The disposal of the cutting fluids often leads to locai water pollution and soil
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contamination. Recycling and reuse of conventional cutting fluids are further

problems.

Metal cutting fluids changes the performance of machining operations
because of their lubrication, cooling and chip flushing functions Typically, 1n
the machining of hardened steel matenals, no cutling fiuid is applied in the
interest of low cuthing forces and low environmental impacts. Cryogenic
cooling presents itself as a wiable alternative for hard machining with respect
to tool wear, heat disserfation and machined surface quality This research
compares lhe mechanical performance of cryogenic ceolmg by liquid
nitrogen to cempletely dry and wet |lubncation for the grinding of steel based
on expenmental measurement of chip formation mode, cutting temperature

and surface finish.
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1.3 Objectives of the Present Work

Literature survey reveals that application of cryogen as coolant may
improve the machinabiity charactenstics in high speed machining and
grinding which are inherently characterized by high temperature, which is
responsible for several detrimental effects. But it appear that research in this

direction has not been done yet systematically and thoroughly to have clear

understanding of the behavior and extent of benefits of cryogenic cooling in

grinding different work materials including various steels.

The main object of the present work is to experimentally investigation of
the mechanism of metal removal and grindability ¢characteristics in surface
grinding of several steels of common use at diferent infeed rates;

I. in dry candition
ir.  under flood cooling with soluble oil

ii. under cryogenic cooling by liquid nitrogen jet

Mainly in respect of
i, chip formation modes
i.  actual grinding zone temperature and
iii.  surface topography
The present research work provided the scopes of development and use of
i. a suitable nozzie for ligquid nitrogen jet

ii.  simple technique of measuring grinding zone temperature
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Chapter-2

Development of Cryogenic
Cooling System

2.1 Introduction

The high cutting temperature generated dunng machining not oniy
reduces tool life but aiso impairs the product quality. The temperature
becomes more intensive when cutting velocity and feed are increased for
higher MRR and the work materiais are relatively difficult to machmne for their
high strength, hardenability and lesser thermal conductivity. Cutting fiuids are
widely used to reduce the culling temperature. But the major problems
associated with the use of conventional methods and type of cutting fluids,
which are mostly oil based, are: |

I. ineffectiveness in desired cooling and lubrication

ii. bhealth hazards due to generation of obnoxious gases and

bacterial growth

lii.  inconvenience due to uncleanliness of the working zone

iv. corrosion and contamination of the lubricating system of the

machine togls



v. neead of storage, additional fioor space, pumping system, recycling
and disposal

vi. environmental poilution and contamination of soil and water.

In this regard, it has already been observed through previous research
that proper application of cryogenic cooling by agents like liquid nitrogen may
play vital role in providing not only environment friendliness but also some

techno-economical benefits.

For achieving substantial technological and economical bengfits in
addition to environment friendliness, the cryogenic cooling system needs to

be properly designed considering the foliowing important factors:

i. effective cooling by enabiing liquid nitrogen jet reach as close to
the actual hot zones as possible

i.  avoidance of bulk cooling of the tool and the job, which may cause
unfavorable metalfurgical changes

Iil. minimum consumption of cryogen by pin-pointed impingement

and only during chip formation
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2.2 Liquid Nitrogen Delivery System Selected and
Used for the Present Work

The liquid nitrogen needs fo be drawn at high pressure from the dewar
and impinged at high speed through the nozzle. Considening the conditions
required for the present research work and uninterrupted supply of liquid
nitrogen at consistent pressure around 10 bar over a reasonably Jong cut, a
vacuum insulated and self pressurized stainless steel dewar of large capacity
(180 litre) has been procured and used. The photographic view and the

circuit of the Dewar are shown in Fig 2 1.
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Fig.2.1 Dewar and its operating circuit
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The liqguid nitrogen 1s contained in the dewar and a pressure building
circuit is used to ensure desired high driving pressure dunng the high
withdrawal periods. This is accomplished by opening a hand valve that
creates a path from the liguid at the botlom of the container, through the
pressure building regulator, to the gas space in the top. When the pressure
building valve is open and the container pressure is below the pressure
building regulator setting, liquid taken from the inner container is vaporized in
a heat exchanger which is inside the outer casing. The expanding gas is fed
into the upper section of the container to build pressure. The resulting

pressure will drive either the liquid or gas delivery system.

An economizer circuit withdraws gas preferentially from the headspace
over the liquid in the container otherwise that gas would be lost to venting.
Excess pressure in the head space of the container is relieved by allowing
gas to flow from this area directly to the USE valve outlet while gas is being
withdrawn from the container. The economizer is automatic and requires no

operator attention.

The internal heat exchanger inside the vacuum space attached to the
container's outer casing provides a means of introducing heat from outside

the container’s insulated jacket, to vaporize liquid as gaseous product.

Liquid product is added or withdrawn from the container through the
connection confrolled by the liquid valve. It has the CGA filting that is

required for liquid line connections. The valve is opened for fill or liquid

30



withdrawal after connecting a transfer hose with compatible fittings to the
Liquid line connection. Pressure building valve isolates the liquid in the
boltom of the container o the Dual Pressure Building/Economizer Regulator.
This valve must be opened to bulld pressure inside the container. The Vent
valve controls a line into the head of the container. It is used during the fill
pracess. The Yent valve acls as a fill point during 2 pump transfer, or to vent
the headspace area while liquid is filing the inner container during a

pressure fill through the Liguid valve.

The container contents a float type level sensor that indicates liquid
content through magnetic coupling to a yellow indicator band. This gauge is
an indication of approximate container contents only and should not be used
for filling. These cylinders have a gas service relief valve and inner container-
bursting disc with setling of 230 psig or 16 bars and 380 psig or 26 bars
respectively. A 22 psig or 1.5 bar relief valve is provided for liquid delivery

appiications.
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2.3 Design and Fabrication of the Nozzle

The nozzle has bean designed so that the nozzle spray patlem,
covering area and liguid nitrogen rate can be controFIac_i. The nozzle
developed and used and its setting along the tangential direction of the
rotating grinding wheel are shown in Fig.2.2. The nozzie of 1.5 mm bore
diameter was fixed to grnding wheel casing and is connected wih insulated
copper pipe to supply lquid nitrogen in the form of jet to the gnnding zone.
The expected result of this arrangement s effective cooling with economical
liquid nitrogen dispensing. The construction and setling of the nozzle tips

have been made primarily aiming:

3 less interference with the flowing chips
i.  high speed {iquid nitrogen jet reaching quite close to the grinding
zone and

iii. simple and low cost.
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Fig. 2.2 Photographic and schematic view of the nozzle used for
liquid nitrogen delivery at the cutling zone
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Experimental Investigations

3.1 Experimental Procedure and Conditions

The beneficial role of cryogenic cooling cn environment friendliness has
already been established. The aim of the present work i1s primarily to explore
and evaluate the role of such cryogenic cooling on grindability charactenstics
of some commonly used steels mainly in terms of chip formation modes,
cutting zone temperature and surface topography, which govem productivity,

product quality and overall economy.

The present experiments were conducted in a surface grinder in plunge
surface grinding mode. The grinding experiments have been carried out
under dry, wet (soluble oil) and cryogenic cooling conditions. The
conventional cooling system provided in the machine has been used for wet
grinding tests. in the cryogenic grinding, liquid nitrogen jet is made to
impinge the grinding zone from suitable distance and angle as shown in

Fig.3.1.



Fig.3.1 Photographic view of liquid nitrogen delivery nezzle injecting liquid
nitregen during grinding
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The experimental set-up is schematically shown in Fig.3.2 and the

photographic view of the same is shown in Fig.3.3. The present experimental

conditions are given in Table-3.1.

pressura relief pressure

valve gauge bursting
\ . LT T e

-

-
Ny economizer

_ i - . hguid
s —.

vent
Ll —1— [ 7]
sa
gas ‘
1
‘_: -l i e ST -
k;__k?_-_'::___—f{‘ v ol tip

—T
RN

Fig.3.2 Schematic layout of the experimental set-up
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Table-3.1 Experimental conditions

Machine

Workpiece

Workpiece Size
Wheel

Spindie speed
Wheel speed

Table speed
Infeed

Environment

Horizontal Spindle Surface Grinding Machine with
Rectangular Table (model: M7120A), 2.8 kW

o 42CrMo4 Stee!
¢ 16MnCr5 Steet

100mm X 68mm X 18mm
D126R100 B60-3 mm

3000 rpm

39.89 m/sec

6 m/min

1Q pm, 20 pm, 30 pm and 40 pm

1.  Dry condition
2.  Flood cooling with soluble oil and
3.  Crycgenic cooling
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Machining ferrous metals by carbides is a major activity in the
machining industries. Machining of steels involves more heat generation for
their ductility and production of continuous chips having more intimate and
wide chip-tocl contact. Again, the cutting temperature increases furlher with
the increase in strength and hardness of the steels for more specific energy
requirement. Keeping these facts in view the commonly used steel like
A2CrMod steel and 16MnCr5 stee! have been undertaken for the present
investigations. The compositions, strength, hardness and industrial use of

this steel are given in Table 3.2

Table-3.2 Characteristics of the used steel [Rothman 1988 & Bagchi 1979].

Work |BHN; UTS Chemical Applications
material (Kgfimm?) | composition
{wt %)
C=0.450%, Axles shafis
5i=0.300%,

Mn=0.75% Induction track pins

4
2CMod4 |252| 101 Cr=1.02%, o Crankshafts

Mo=0.30%, i
Ni=0.60% e Connecting rods
P=0.035%, [ Gears
S=0.035%
C=0.17%, Heavy duty gears
Si=0.30%, [: Pinions
Mn=1.2%,

18MnCr5 | 201 111 Cr=1.02%, & Camshafts
P=0.035%,

$=0.035%) l- Clutch plates

The positioning of the nozzle tip with resped to the grinding wheel has been
seliled afler a number of trials. The final airangement made and used has
been shown in F19.3.1. The crycgenic cooling jet is direcled in such a way

that it reaches at the grinding wheel and workpiece interface.
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3.2 Experimental Results

3.2.1 Microscopic study of the chips

The chips were collecled for all the treatments by placing a glass slide
coated with petroleum jelly on the spark stream during grinding. The
collection of the chips were carried out only after the grinding has reached
the steady state indicated by almost no vibration in the magnitude of the
grinding forces with the number of passes. These chips were thoroughly
washed with acetone, dried and magnetically separated from the grinding
wheel debries. T:I'EFI the cleaned chips were mounted on small brass disk
and observed under scanning electron microscope (HITACHI, S-2600N
Scanning Electron Microscope, Japan} to study the morphological
characteristics of the chips. The photographs of the chips obtained under the

different environments and at different infeeds have been shown in Fig.3.4 o

and Fig.3.11 respectively.
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Fin.3.4 SEM photographs of grinding chips under dry, wet and cryogenic
eooling conditions at 10 pm infeed while grinding 42CrMo4 Steel
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Fig.3.5 SEM photographs of grinding chips under dry, wet and cryogenic
cooling conditions at 20 pm infeed while grinding 42Criod Steel
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Fig.3.6 SEM photographs of grinding chips under dry, wet and cryogenic
cocling conditions at 30 pm infeed while grinding 42CrMod Steel
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Fig.3.7 SEM photographs of grinding chips under dry, wet and cryogenic
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Environment Infeed

Wet

CRYQGENIC
COOLING

Fig-3.8 SEM photographs of grinding chips under dry, wet and cryogenic
coocling conditions at 10 pm infeed while grinding 16MnCr5 Steel
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Fig.3.9 SEM photographs of grinding chips under dry, wet and cryogenic
cooling conditions at 20 ym infeed while grinding 16MnCr5 Steel

46



Environment Infeed

Dry

Wet

CRYOGENIC
COOLING

Fig.3.10 SEM photographs of grinding chips ungder dry, wet and
cryogenic cooling conditions at 30 pym infeed while grinding
1EMNrS Staal
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Fig.3.11 SEM photographs of gnnding chips under dry, wet and
cryagenic cooling conditions at 40 pm infeed while grinding
1AMRNGCrS Steeal
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3.2.2 Grinding temperature

The temperature of the grinding surface has been measured by simple
technique by using a constantan wire filted into a thin siit provided by wire
cutting at the middle portion of the work specimens as indicated in Fig.3.12.
The constantan wire has been properly secured and insuiated in the slit.
Dwring grinding operation the wire tip contacted the work surface and formed
the hot junction of the constantan-steel themmocouple pair. The voltage
signals from the thermocouple were monitored using a suitable digital
millivoltmeter (RISH Multi 155, India). Fig.3.13 and Fig.3.14 show the
vitiation of the grinding zone temperature observed in different environments

at various infeeds.
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Fig.3.13 Vanation in the grinding zone temperature with infeed under dry, wet
and cryogenic cooling conditions white grinding 42CrMo4 Steel.
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Fig.3.14 Variation in the grinding zone temperature with infeed under dry, wet
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and cryogenic cooling conditions while grinding 16MnCr5 Steel.
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3.2.3 Surface roughness

The grinding characteristics of any material for any given conditions of the
wheel and the grinding process are judged also by the topography of the
ground surface. The surface features include general textures, plastic
deformation of the asperities, oxidations, and cracks etc. all of which are
more or less governed by the high grinding temperature. The surface
roughness of the ground specimens has been measured in transverse
directions by a Talysurf (Surfronic 3+ roughness checker, Rank Taylor
Hobson, UK} as shown in Fig.3.15. Fig.3.16 and Fig.3.17 show the variation

in surface roughness observed in different environments at various infeeds.
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Fig.3.168 Variation in (he surface roughness with infeed under dry, wet
and cryogenic cooling conditions while grinding 42CrMo4
Steel.
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Ghapter-4

Discussion on Experimental Resulls

4.1 Grinding Chips

The study of grinding chip is required to understand the mechanism of
chip formation and those of matenal removal. The chips produced during
grinding 42CrMo4 steel at different infeeds have been shown in the figures
from II:ig.3.4 to Fig.3.7 respectively under the diferent environments. Dry
grinding at both 10 um and 20 ym infeeds provided different types of chips
such as lamellar, spherical, irregular shaped and blocky panlicles. The clear
lamellar structure of the chip indicates shearing to be one of the mechanisms
of chip formation. Some small and medium size chips have taken up
spherical shape possible due to excessive heating and exothermic oxidation.
Higher grinding zone temperature and ductlity of this steei specimens are
expected to yield iarger number of spherical chips. Wet grinding at both 10
um and 20 pm infeeds also provided almost all types of chips indicating the
mechanism of chip formation to be primarily by shearing, ploughing and
rubbing. Chips produced under cryogenic cooling condition at both 10 ym
and 20 pm infeeds are mainly shear long thin lamellar chips indicating the

mechanism of chip formation to be predominantly by shearing.



At higher infeeds of 30 pym and 40 pm, dry grinding yielded almost
similar types of chips suggesting simitar mechanism of chip formation Under
wet grinding at higher infeeds of 30 pm and 40 pm, the chips attained at their
backsides smooth appearance with central ridges produced by the tip of the
grits and lameliar top surfaces. The increased width of the chip depicts
distinct ploughing. Cryogenic grinding on the other hand, provided small
fragment crushed chips also along with long lamellar chips, which indicate
that, the shearing and fracturing are the main mechanisms of the chip
formation under such cryogenic cooling conditon. By studying the chip
characteristics, it is evident that in dry and wet grinding the mechanism of
chip formation is primarily shearing, ploughing and rubbing. And cryogenic
cooling substantially changed the mechanism of material removal to
predominantly shearing and fracturing. However, no indication was obtained
regarding the change in chip formation mechanism with the increase in

infead.

The chips obtained while grinding 16MnCr5 steel at different infeeds
under different environments are shown in the figures from Fig.3.8 to
Fig.3.11. In case of 18MnCrb steel spherical chips have been almost absent
under all the environments, though all other kinds of chips have been
obtained particularly under dry and wet grinding. This indicates that here also
the mechanism of chip formation s paricularly shearing, plol.ighing and
tubbing. However, the chip formation in cryogenic cooling sheared fracturing
significantly. Fig.3.8 to Fig.3.11 reveal that cryogenic grinding yielded much

lesser [amellar chips compared to dry and wet grinding and this has been
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more pronounced when infeed was raised to 40 pm, though as such no
substantial variation in the type, length and shape of the chips could be
found due to change in infeed. However, comparing figures from Fig.3.4 o0
Fig.3.7 with the photographs of chips of 16MnCr5 steel (Fig.3.8 to Fig.3.11},
it appears that the size of the lameliar chips have decreased, which can be
attributed to higher hardness of 42CrMo4 steei as compare to 16MnCrb
steel. Also the number of fractured chips has substantally \ncreased in case
of 42CrMod steel as compare to 16MnCrd steel under cryogenic ¢ooling.
This indicates that under cryogenic grinding the mechanism of chip formation
shifts further from shearing to fracturing with increase in the work hardness.
The sixes of the lamellar chips under cryogenic cooling have also been

observed to be smalier than those cobtained under dry and wet grinding

4.2 Cutting Temperature

Grinding is associated with high temperature which is responsible for
aggravating several problems like wheel loading, themmal damages of the
ground surfaces, poor grindability etc. in the present work, the benefits
expected out of cryogenic cooling over dry and wet conditions are also based
mainly on the reduction in the grinding zone temperature. Therefore, to
evaluate the major effects of cryogenic cocling in grinding different steels
and to explore the main causes of such effects it is essential to determine the
grinding temperature under warious conditions. The magniude and
distribution of grinding temperature depends on many factors and their
relations are quite complex for which it is difficult to evaluate the grinding

temperature analytically. A simple technique by using a constantan wire fiffed
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into a thin slit provided by wire culing at the middle portion of the work

specimens was used to measure the grinding zone temperature

The expen’rﬁental results shown in the Fig.3.13 and Fig.3.14 clearly
indicate that the grinding zone temperature decreases due to crycgenic
cooling condition. It is also noted that the cooling efficiency of the liquid
nitrogen becomes higher at larger infeeds. Whereas, the ability of cocling by
the soluble oil has been quite poor and decreased further with the increase in
infeed possibly due to its inability to reach the grinding zone and fiim boiling

at elevated temperature.

4.3 Surface Roughness

in respect of surface finish, Fig.3.16 and Fig.3.17show thai cryogenic
grinding has all along provided relatively higher surface roughness in
compare to dry grinding but lower surface roughness in compare to wet
grinding. 1t has already been stated that in cryogenic grinding by liquid
nitrogen jet, efficient coaling and hence retained grit sharpness enable metal
removal mainly by shearing, and partly by ploughing and fracturing,
preducing higher surface roughness in compare to dry grinding. Plastic
deformation and oxidation occurring in dry grinding smocthens the surface
irrequiarities. Hence, cryogenic grinding provided apparently higher surtace
roughness. The aspecl of surface burning observed, which indicates that

unlike dry and wet grinding, cryegenic grinding has expecledly always been

B0



free from burning. This can cbviously be atliributed to lower temperature,

retained grit sharpness and less rubbing and ploughing in cryogenic grinding.
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Conclusions

T —

Based on the expenmental resulls the following conclusions can be drawn

Cryogenic  cooling provided significant improvements expectedly,
though in varying degree, in respect of chip formation modes, surdace
characteristics throughout the infeed range undertaken manly due to
reduction in the grinding zane temperature. Flood cooling by soluble oil
could not control the gnnding temperature appreciably and its

eflectiveness decreased further with the increase in infead,

Cryagenic grinding shifled the chip formalion modes from shearing,
ploughing and severe rubbing resuliing 1n long lamellar, leafy, spherical
and irreguier shaped chips phserved in dry as well as wet grinding to
the more favorable modes ke sharp shearing and minute fracturing
due to retention of the sharpness of the grits, absence of wheel loading
and lesser ductiity of the steels under lower temperature. Such refative

benefit of eryogenic cooling enhanced with the increase in infeed rate.



Cryogenic cooling by liguid nitrogen provided relatively more surface
roughness in comparison with dry grinding hut lower in companson with
wet grinding for less plastic deformation and rubbing, shearing and

fracturing modes of chip formation and retention of the grit’s sharpness.
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