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Abstract In the grinding process, to achieve improved tribo-
logical conditions between wheel-chip-workpiece interfaces
and minimize the effects of thermal damages, such as loss of
hardness and cracks for example, it is needed to minimize the
high amount of heat generated by the process. In addition to
the correct adjusting of the cutting parameters, it is also to
select an efficient coolant delivery technique (that includes
coolant concentration, coolant flow rate, and nozzle geome-
try) and properties of abrasive wheels for successful grinding.
Therefore, seeking for cooling-lubrication techniques with im-
proved coolant efficiency and that can preserve surface integ-
rity of the workpiece, as well as that make rational use of
cutting fluids, becomes indispensable. Into this context, this
investigation aims to evaluate the performance of different
coolant-lubrication conditions during the surface grinding of
AISI 4340 steel with a vitrified bonded CBN superabrasive
wheel under various cutting conditions. Three coolant deliv-
ery techniques (flooding, MQL, and optimized Webster sys-
tem) were tested. The input cutting parameters was depth of
cut values (20, 50, and 80 μm). Tangential component force,
specific energy, surface roughness, microhardness and surface

residual stress of the machined surfaces, as well as abrasive
wheel wear and G ratio were monitored and used to assess the
performance of the different coolant-lubrication under the
conditions investigated. The results showed that, in general,
the optimized technique outperformed other coolant tech-
niques in all the parameters evaluated because of the better
access of cutting jet to the grinding area, especially at more
severe cutting conditions. MQL technique exhibited superior
performance in terms of cutting force and specific energy, but
it was in general responsible for generation of poorer finishing
and the highest microhardness variation in regions closer to
machined surfaces. With regard the residual stresses, they
were predominantly compressive, irrespective of the
depth of cut and cooling-lubrication technique employed.
A slight variation of the residual stresses values with
depth of cut after machining with the optimized and the
MQL coolant technique, unlike the pattern observed after
machining with the conventional coolant delivery tech-
nique. Finally, no significant thermal damages or cracks
were observed on the machined surfaces after machining
under all the cutting conditions.
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1 Introduction

In grinding, chips are generated by the action of several cut-
ting edges distributed and oriented randomly along the wheel
structure when in contact with workpiece. Energy is con-
sumed to form the chip by plastically deforming the work-
piece or to overcome friction because of the mechanical and
chemical actions of wheel abrasives being plunging and slid-
ing against the workpiece [1]. During the chip formation
stages (friction, elastic/plastic deformation, and shearing),
most of the generated energy is converted into heat, raising
the temperature within the cutting zone. If this temperature is
not maintained within acceptable levels, thermal stress occurs
in the workpiece and may compromise the ground surface
integrity by cracking, warping, developing high residual
stress, and dimensional inaccuracy [2].

Cutting fluids are delivered to the grinding zone to reduce
heat generation, especially of the workpiece. This function is
achieved by reducing friction due to surface lubrication.
Moreover, it reduces straining and cutting power because part
of the heat is removed from that zone (cooling) [3].
Furthermore, fluids are responsible for removing excess of
formed chips, maintaining the cutting tool (grinding wheel)
clean, and decreasing corrosion of the involved materials [4].

When properly applied, cutting fluids can increase produc-
tivity and reduce costs by enhancing cutting speed, feed-rate,
and depth of cut. Actually, this application may also increase
tool life, reduce the surface roughness, enhance dimensional
accuracy, and further reduce the required power [5].

However, the cutting fluids are hazardous to the environ-
ment. Its disposal is considerably expensive and involves la-
borious procedures. The costs associated with cutting fluids
(i.e., filtering and discard) may be greater than the costs related
to the cutting tool. In addition, some cutting fluid substances
can cause health issues on machine operators, such as severe
dermatitis caused by prolonged exposure [6]. So, their nega-
tive effects to human and the environment have made indus-
tries to pay careful attention with regard to its proper selection.
In addition to meet tribological requirements, the cutting fluid
must comply with environmental protection standards dictat-
ed by international criteria and certifications such as ISO
14,000. Therefore, companies are looking at alternatives to
reduce their consumption, or even stop its usage in production
processes. Environmental considerations and human health
have been placed as a priority [7].

A first interesting alternative is the minimum quantity of
lubricant technique (MQL), also referred to as a nearly dry
process (near dry grinding-NDG). Compared to dry grinding
condition, MQL technique has substantially increased

grinding workpiece quality [7]. This technique is considered
to be between conventional lubrication/cooling and dry ma-
chining and many benefits from its application in the metal
working industry, especially in grinding operations, have been
reported in the literature. MQL technique combines the func-
tionality of the cooling/lubrication with an extremely low con-
sumption of oil (20–250 ml/h) that are delivered to the wheel-
workpiece contact interface. The small amount of fluid may be
sufficient to reduce cutting friction, thereby minimizing the
heat generated by maintaining the tool within a temperature
range that does not impair its performance [8].

Effectiveness of a grinding fluid is dependent on several
factors such as workpiece material, abrasive wheel, operation-
al severity, delivery method, coolant properties, frequency of
dumping, cleaning, and recharging, filtration method [9] as
well as quality of water and working environment (related to
external contamination such as atmospheric air, hydraulic oil
leaks, and other impurities). Particularly with regard to deliv-
ery method, there are some aspects often neglected and that
play an important role in grinding efficiency such as nozzle
geometry [4], number of nozzles and their positioning [10],
coolant pressure delivery, and flow rate. For instance, enough
coolant should be capable to enter the grinding area without
splashing, or, in some cases, poor infiltration of fluid into the
cutting region hinders heat removal. Fluid jet coherency also
must be considered in grinding efficiency. Ebbrell [4] reported
that fluid jet can be deflected from the contact zone during
cutting due to the air layer formed by grinding wheel move-
ment at high speeds. These authors have recommended the
use of air-deflectors in front of the nozzle to ensure jet coher-
ence, thereby the proper access of cutting fluid in the grinding
zone.

Therefore, the study of these aspects must be taken into
consideration to achieve an optimized lubri-cooling system.
Into this context, another interesting alternative to convention-
al cooling technique is to optimize fluid application. Improper
selection and delivery of cutting fluid to the grinding zone can
lead to surface burning, generation of tensile stress and cracks,
among other problems. These factors adversely affect the per-
formance and process quality and thus eliminate the main
functions of fluid (lubrication, cooling, and cleaning). Fluid
delivery optimization would increase lubricity and cooling
properties of the process, promoting better chip removal, and
smaller dispersions within the cutting zone. In addition, a cor-
rect selection of nozzle design and its positioning is needed
[11].

Workpiece quality is dependent on the coolant delivery
method when performing grinding. A jet focused directly on
the cutting zone is significantly able to reduce the temperature.
Nonetheless, it is necessary for high-speed jets to penetrate the
cutting zone effectively. Thus, the nozzle should be designed
to cause the least possible turbulence during the fluid output
[12].
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Silva [13] evaluated the performance of the MQL tech-
nique during an external cylindrical plunge grinding of AISI
4340 quenched and tempered steel with aluminum oxide
(Al2O3) and CBN wheels compared to conventional coolant
method. The authors reported a slightly decrease in roughness
values (Ra) and diametrical grinding wheel wear after machin-
ing the MQL method. This technique also gave lower tangen-
tial cutting force and specific energy compared to the conven-
tional coolant method what authors attributed to excellent lu-
bricity of the MQL oil.

The effects of compressed cold air application were ana-
lyzed by Choi [14] during cylindrical grinding of a spindle
shaft material (SCM21) white alumina wheel (WA) and a
CBN wheel. The authors explored the cooling effects of com-
pressed air and compared them with regular lubricants and
reported that compressed cold air was effective in diminishing
thermal defects of the workpiece, thereby being a solution for
environmental pollution. They also found lower surface
roughness values after machining in the presence of com-
pressed cold airflow and they decreased with increase in the
air jet speed.

Hafenbraedl and Malkin [15] have evaluated the perfor-
mance of the MQL technique employed in internal cylindrical
grinding in comparison to the conventional cooling technique
(soluble oil delivered at 5% concentration and at a flow rate of
5.3 l/min) and observed that the improved lubrication of the
MQL technique was responsible for the lowest cutting force,
specific energy conventional, and wheel wear rate. However,
these authors reported that surface roughness values (Ra) were
slightly higher after machining with MQL technique. Klocke
[16] also reported that MQL technique was not as effective as
conventional coolant method in terms of surface quality of
machined workpiece, and they attributed its poor performance
mainly to the difficulty of MQL to remove heat removal from
grinding zone.

Although the number of studies on optimizing cutting fluid
delivery has grown steadily, currently the literature is still
scarce. Thus, further studies are needed to enable cutting fluid
use by industries more rationally.

This paper mainly aimed to evaluate the performance of the
different coolant-lubrication conditions during the tangential
surface grinding of AISI 4340 steel with a vitrified bonded
CBN superabrasive wheel under various cutting conditions.
This paper also envisages to give a contribution to industrial
and academic machining users that are seeking for cleaner
manufacturing processes. Depth of cut values and coolant
delivery techniques (flooding and MQL) as well as nozzle
geometries were used as input variables. Two geometries of
nozzles were tested: the first is the one that accompanies the
machine while the second is based on that proposed by
Webster [12], termed in this investigation as optimized deliver
method. Tangential cutting force, specific energy, surface
roughness, abrasive wheel wear, G ratio, microhardness, and

surface residual stress of the machined surfaces were moni-
tored and used to assess the performance of the different
coolant-lubrication conditions investigated.

2 Experimental procedures

The material used in the experiments was AISI 4340
quenched and tempered steel (0.4% C, 1.8% Ni, 0.8% Cr,
0.23% Mo, 0.68% Mn, 0.23% Si) , 62 HRc with
100 mm × 200 mm ×10 mm in size. Applications of this
material are in manufacturing of several types of gears, shafts,
and other parts such as spindles, couplings, and pins in which
are required higher tensile/yield strength in relatively large
sections.

The experimenta l t r ia ls were carr ied out in a
SULMECÂNICA 1055E peripheral surface grinding machine
with a vitrified bonded CBN super abrasive wheel having the
following dimensions 350 mm × 20 mm × 5 mm and with
designation—SNB151Q12VR2, 25% vol.—medium grain
size (B151) and open. In order to remove any imperfections
from the wheel surface caused by previous grinding operation,
and not influence the output variables, the dressing operation
remained constant for all runs, using a conglomerate-type
dresser by 10 passes with depth of dressing (ad) of 0.02 mm
and dressing speed (vd) of 7.4 mm/s. The main factor to be
investigated is variation of the equivalent chip thickness that,
according to Marinescu [17], is directly proportional to the
depth of cut and workspeed, and inversely proportional to
the cutting speed. Since the grinding machine used to perform
the tests has a higher precision in the control of the depth of
cut, this parameter was varied, while the other parameters
were kept constant to avoid their influence on the results.
Details of the experimental conditions employed in this inves-
tigation are shown in Table 1.

Each trial was performed until 16,000 mm3 of removed
material, so there were performed 400, 160, and 100 cycles
for depth of cut of 0.02, 0.05, and 0.08 mm, respectively; only
one stroke was performed for each cycle. Cutting speed and
workspeed were kept constant in all the trials. With respect of
workspeed, it is important to remark that its value was adopted
after performing several preliminary machining trials in which
it generated the lowest machine-tool vibration emission, there-
fore ensure satisfactory stability to the system.

Table 1 Summary of the cutting conditions for the experimental trials
when grinding the AISI4340 steel with CBN superabrasive wheel

Wheel rotation (ns) (rpm) 1800
Wheel speed (Vs) (m/s) 33
Workspeed (Vw) (m/s) 0.033
Radial depth of cut (mm) 0.02, 0.05, and 0.08
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The equipment employed for the MQL technique was a the
Accu-Lube 79053D, supplied by the ITW Chemical Products
Ltd., which has a pulsating oil supply system and allows the
compressed air and lubricant flows to be adjusted separately.
Details of the MQL system device with the main operating
parts listed were presented by Silva [13].

An especially designed nozzle with 150 mm length (Fig. 1)
was developed for the MQL technique at Laboratory of
Abrasion Machining of the São Paulo State University-
UNESP, Faculty of Engineering of Bauru, Sao Paulo. The
nozzle design allows, through the flow rate control,
compressed-air speed to be very close to the wheel speed, Vs
of 33 m/s. This velocity allows the compressed air and lubri-
cant mixture to reach the tool and workpiece contact zone,
improving cooling and lubrication. A pressure gauge and a
regulator were used to reach the desired speed. MQL system
consists of an air compressor, pressure regulator, a dispenser,
and a spray nozzle.

A straight vegetable oil (SVO), Accu-Lube LB-1000 with
chlorinated extreme pressure additives—supplied by ITW
Chemical Products Ltd.—was used in the MQL technique. It
is a non-toxic and biodegradable with flash point of 279 °C,
which is recommended for machining of ferrous and non-
ferrous materials. It was delivered in the grinding area at a
flow rate of 100 ml/h (0.1 l/h). The distance from nozzle to
the grinding area was set at 40 mm. The setup to the applica-
tion of the MQL technique is shown in Fig. 2a.

For the conventional delivery coolant technique, it was
used the original machine nozzle that supplies fluid at a flow
rate of 27.5 l/min (1650 l/h) and pressure of 0.40 MPa, which
was controlled by using pressure and flow meters coupled in

the piping between the pump and the nozzle. The setup to the
application of the conventional technique is shown in Fig. 2b.
For the optimized technique, the same flow rate was applied,
but under different pressure (0.7 MPa), so that the fluid flow
could have the same wheel peripheral velocity (33 m/s). The
setup to the application of the optimized technique is shown in
Fig. 2c. The cutting fluid employed when performing the trials
with conventional and optimized coolant technique was the
water-soluble synthetic oil (ULTRACUT 370 supplied by
ROCOL) at a concentration of 5%.

Details of the experimental cooling-lubrication conditions
employed in this investigation are shown in Table 2.

Tangential cutting force and specific energy were moni-
tored through an electronic module that acquires the voltage
and current values (from the spindle motor) and transform
them into a voltage signal compatible to be sent to an acqui-
sition board and further handled by data acquisition system
based on LabVIEW 7.1® software, National Instruments®.
From the input signal, the software evaluated the electric pow-
er and through the motor characteristics was possible to obtain
the mechanical power. Thus, from the mechanical power and
the grinding wheel rotation and diameter was calculated the
tangential cutting force.

A specific material volume of 5000 mm3/mm was stipulat-
ed as stopping criterion for the machining trials.

At the end of each test, the average of the surface
roughness values, Ra, was measured at three different
equidistant regions of the machined surface, transversal
to cutting direction, with aid of a Taylor Hobson
Surtronic 3+ texture-measuring instrument with cut-off
length set at 0.8 mm.

Fig. 1 Nozzle design used for the MQL technique [18]
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The diametrical wheel wear was measured at the end of
each grinding cycle by reproducing its worn wheel surface
profile in an AISI 1045 steel (165–232 HB) cylindrical work-
piece with the following dimensions: 37 mm diameter ×
40 mm length. The cylindrical workpiece was fixed to the
grinding table, in such way to remain perpendicular to the
grinding wheel’s face; then, three measurements at the grind-
ing wheel wear and at the sides regions were performed with
the aid of coordinate measuring machine Micro-Hite 3D
Direct Computer Control model (DCC), TT10 model, with
accuracy of 1 μm. Finally, the G ratio was obtained by the
division of the material removal volume from the workpiece
by the volume of the worn wheel.

Specific regions of workpieces were selected in order to
obtain samples with ground surfaces for measurements of mi-
crohardness and surface residual stresses, as well as for obser-
vation and analysis by scanning electron microscopy (SEM).

After standard metallographic preparation of the work-
pieces, the Vickers microhardness measurements were per-
formed in a microhardness tester, BUEHLER, model 1600-
6300 using a load of 25 gf provided the best relationship
between measures of diagonal, according to the rule establish-
ing a minimum distance of twice the value of the longest
imprinted diagonal; in this case, this distance was 20 μm since
in all imprints, the major diagonal was around 8∼10 μm. The
measurements were replicated five times equidistant from one
another and below the machine surface.

As for surface residual stress (i.e., along tangential direc-
tion of the ground surface), the X-ray diffraction was applied
using a RIGAKU-DEMAX model. The nominal values of
residual stress were determined based on the method of

multiple exposition (sen2C), following the SAE J784a code.
This procedure was detailed by Silva [13].

Scanning electron microscopy (SEM) images were cap-
tured at magnification of 2000 times in each sample using a
ZEISS scanning electron microscope, DSM 960 model, in
which was applied the black-scattered electron technique that
allows better analysis of possible damage caused by thermal
and mechanical forces on the material’s surface.

3 Results and discussion

In this session, the results and discussion is presented for the
output variables previously mentioned (tangential cutting
force, specific energy, surface roughness, abrasive wheel
wear, G ratio, and microhardness of the machined surfaces)
after grinding the AISI 4340 steel under various cutting
conditions.

3.1 Cutting force

Figure 3 shows the cutting forces recorded after machining
under various cutting conditions. As expected, cutting forces
increased with depth of cut after machining with all the cool-
ant delivery techniques. The higher the depth of cut, the higher
the number of abrasive grains in contact with the workpiece,
and consequentlymore intense will be the plastic deformation,
thus requiring a higher cutting force.

Also, from the figure can be seen that lower forces were
generated at low depth of cut values (0.02 to 0.05 mm) after
machining with the MQL technique compared to the other

Fig. 2 Experimental setup to perform the grinding tests with the techniques. a MQL. b Conventional. c Optimized

Table 2 Summary of the
cooling-lubrication conditions for
the experimental trials when
grinding the AISI 4340 steel with
CBN superabrasive wheel

Coolant delivery technique Cutting fluid Flow rate Pressure (MPa)

MQL Accu-Lube LB 1000 Oil—100 ml/h

Air—4,000,000 ml/h

0.60

Conventional ULTRACUT 370 1650,000 ml/h

(27.5 l/min)

0.40

Optimized 0.70
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coolant delivery techniques, indicating that this technique is
effective in decreasing friction in the cutting zone due to ad-
equate lubrication provided under less severe conditions,
thereby facilitating material removal. However, whenmachin-
ing at depth of cut in excess of 0.05 mm, the MQL was not
able to decrease friction between grain and workpiece, gener-
ating high cutting efforts. At the same machining conditions,
the worst results were obtained after machining with the con-
ventional coolant delivery technique probably due to the wide
dispersion of the fluid jet caused by the generous application
of cutting fluid in low velocity. The air barrier generated
around the abrasive wheel during machining may have
obstructed the access of the fluid to the cutting zone, what
disturbs the lubricant and coolant fluid action.

In addition, by still comparing the cutting forces results in
Fig. 2, it can be seen that machining with the optimized tech-
nique posed as an intermediary cooling/lubrication system
position, between the flooding and MQL techniques, at less
severe conditions (depth of cut up to 0.05 mm). However, the
optimized technique outperformed the other coolant delivery
techniques when under more severe conditions (depth of cut
of 0.08 mm). Because of the higher pressure in the optimized
coolant technique compared to conventional one, the fluid jet
penetrates the interface deeply even at machining at higher
depth of cut (where cooling function of fluid is required).
This action reduces the coefficient of friction between wheel
and workpiece [19], as well as lowering the temperature gra-
dient, what canminimize the seizure effect [20]. This probably
explains why proportional reduction in cutting force was ob-
tained after grinding with the optimized technique at depth of
cut in excess of 0.05 mm.

3.2 Specific energy

The specific energy is a measure of machining efficiency (ra-
tio of machining power to material removal rate) and it is

composed by the chip removal energy (which effectively cuts
the material), the friction between abrasive grains and work-
piece, and the energy that causes plastic deformation on the
part without material removal [21]. Grinding of most ferrous
materials requires high specific energy; thus, it is often re-
ferred to a low efficient machining process [22].

According to Mayer [23], the energy input in the system
makes the temperature to rise up and, after reaching a critical
value, causes a thermal damage in the workpiece surface. In
his work after machining a X2M steel, the author showed that
is possible to express the thermal damage (like burn) in terms
of grinding specific energy. These results show that it is im-
portant to keep grinding specific energy levels as low as pos-
sible and shall not exceed the critical value to not damage the
surface.

From Fig. 4, it can be seen that the specific energy in-
creased with depth of cut values, independent on the coolant
delivery technique tested.

Trends observed in specific energy data (Fig. 4) are similar
to those observed for the tangential cutting force (Fig. 3).
MQL technique again was particularly efficient after machin-
ing at depth of cut up to 0.05mm, while after machining under
more severe conditions (0.08 mm), theMQL technique exhib-
ited the worst performance in terms of removing heat from the
grinding zone, compared to other coolant techniques. On the
other hand, superior performance was observed after machin-
ing with the optimized technique at depth of cut in excess of
0.05 mm whereas conventional coolant technique in general
showed the worst performance under the conditions investi-
gated. The highest specific energy value (39 J/mm3) was gen-
erated after machining with the MQL technique under more
severe conditions; however, this value is about 60% lower
than the usually reported value of 100 J/mm3 when
performing fine grinding of hardened steels [22]. Marinescu
[22] carried out an investigation to determine specific energy
after surface grinding of a SAE 1055 steel with a fine grit
CBN grinding wheel (B91ABN200) at different coolant envi-
ronments (with coolant, synthetic emulsion, and dry condi-
tion).Wheel speed of 30m/s, workspeed of 0.1 m/s, and depth

Fig. 3 Tangential component force values versus depth of cut during
grinding the AISI 4340 steel under different cooling-lubrication
techniques

Fig. 4 Specific cutting energy values versus depth of cut after grinding
the AISI 4340 steel under different cooling-lubrication techniques
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of cut of ae = 20 μm were kept constant. The specific energy
values were 47 and 76 J/mm3 for wet and dry conditions,
respectively. It is clear from these results that the importance
of coolant in grinding in order to keep the specific energy in
lower levels, thereby preventing thermal damages to the
workpiece.

Klocke [24] carried out scratching test in a CK45 N steel
grade with diamond as tool to verify the influence of friction
on the specific energy in scratching with lubrication (oil and
emulsion) and no lubrication condition. The author employed
workspeed and cutting speed of 6.25 and of 20 m/s, respec-
tively, and reported that, for small scratch cross-sections, an
improvement in lubrication resulted in higher specific energy
that he attributed to the proportionally increased workpiece
material deformation. On the other hand, the author observed
that for larger scratch cross section, the emulsions and espe-
cially the oil provided lower specific energy as a result of the
influence of the tangential forces, which dropped with friction.

3.3 Roughness

Roughness analysis is important since the surface finish sig-
nificantly affects workpiece fatigue strength when subjected
to forces. This variable is directly related to the lubrication
effect and depends mainly on abrasive grain sizes in the grind-
ing wheel, dressing conditions, and material removal rate [21].

As is shown in Fig. 5, roughness values increased with
depth of cut as expected, irrespective of the cooling technique
employed. Due to increase of the number of active grains per
unit area with of depth of cut, grains are more susceptible to
fracture or to pull out, thereby increasing the grain spacing,
hence theoretical peak-to-valley roughness [22]. Also, the
more severe is the plastic deformation during machining, the
more are the irregularities on the workpiece surface, thereby
resulting in poorer surface finishing.

It can be seen from Fig. 5 that the MQL has higher values
than the other two methods. Despite of generating lower tan-
gential cutting force and specific energy at depth of cut values

up to 0.05 mm, this technique provided the highest surface
roughness values. This indicates that although theMQLmeth-
od was able to lubricate properly the wheel-workpiece inter-
face for small depths of cut, it was unable to promote appro-
priate cleaning of the cutting region. According toMalkin and
Guo [21], the surface roughness is directly proportional to the
workpiece properties as well as grinding conditions, including
lubrication and cooling. During the process, there is a forma-
tion of a mixture composed of chip, loose grains from grind-
ing wheel, and cutting fluid. This sludge is usually accumu-
lated in the grinding wheel pores and increases as machining
progresses probably due to the inefficient cleaning properties
of the MQL technique. Therefore, the sludge ends up and
adversely affecting the surface quality of the workpiece, as
can be observed in Fig. 5. According to Oliveira [25], appli-
cation of the MQL technique in grinding should have a
cleaning system to remove the sludge that accumulate on the
wheel’s surface, thereby preventing its clogging by dust or
grits. When an abrasive wheel face becomes clogged, poor
machined surfaces are generated. These authors verified in
their work that one successful method for wheel cleaning in
MQL grinding is using an air nozzle to clean its surface.

With regard the optimized and conventional coolant tech-
niques, roughness values were very similar and they slightly
increased with depth of cut. In general, Ra values were lower
than 0.6 μm for all the depth of cut values tested, unlike the
MQL technique that provided higher surface finish values
varying from 0.8 to 2.8 μm (at the highest depth of cut).
These results confirm the superior performance of the coolant
techniques having higher flow rate, which has improved the
fluid ability to remove chips out of cutting zone, thereby
preventing workpiece surface scratches and damage.

3.4 Diametrical wear of the wheel and G ratio

Abrasive wheel wear is mainly caused by three mechanisms:
bond fracture, abrasive grain fracture, and abrasive grain fric-
tion. This is a very important variable of determining the effi-
ciency of a grinding process, since the higher the abrasive
wheel wear, the shorter the life of the wheel, what affects the
production cost.

According to Malkin and Guo [21], the increased lubricity
effect provided by the cutting fluid reduces grinding wheel
wear by decreasing grain-workpiece and chip-bond friction,
allowing abrasive grains to stay longer attached to the bond.

Figure 6 shows the diametrical abrasive wear values mea-
sured in a CBN wheel after grinding the AISI 4340 steel with
different depth of cut values and at various cooling-lubrication
techniques. Also, it can be seen from this figure that wear
increased with depth of cut, irrespective of the coolant tech-
nique employed. Also, the lowest diametrical wear values
were obtained after machining with the MQL technique at

Fig. 5 Roughness values versus depth of cut after grinding under
different cooling-lubrication techniques
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depth of cut values up to 0.05 mm (11 μm); in excess of 0.05
the wear increased abruptly up to 53 μm.

Once the abrasive wheel employed in this investigation is a
CBN type with vitrified bond, this bond is less susceptible to
abrasive wear caused by chip friction, providing greater reten-
tion force on the abrasive grain and, consequently, reducing
diametrical loss. This is one of the reasons why the vitrified
bond has been widely accepted in the industry [26].

When machining with the MQL technique at low depth of
cut values, chips mixed with the sprayed oil become housed in
the pores of the wheel, and consequently make some oil to
reach the cutting zone, reducing wear by friction, and remov-
ing part of generated heat, improving local cooling. Even if
this condition generated a higher surface roughness in the
ground workpiece, it was responsible to the reduction in tool
wear.

As depth of cut increases, larger chips are generated and
then the pores become unable to lodge the chips. When ma-
chining with the MQL technique, due to its ineffective
cleaning of the cutting zone under the conditions investigated,
the chips produced adversely affect the cutting, thus generat-
ing a several negative effects, such as higher loads of the tool
on the workpiece, reduced lubricity within the cutting zone,
damage to the surface of the workpiece, and greater diametri-
cal wear of the grinding wheel.

With regard to the optimized technique, the fact of the fluid
being applied at a high velocity (and high pressure) makes it
easy to remove the chips when it reaches the cutting zone
providing better lubrication and heat removal.Machining with
this method provided roughness values similar to the conven-
tional one as well as lower diametrical wear values. This fact
might be due to a better chip removal by the fluid jet as com-
pared to the conventional method. Although conventional and
optimized methods presented similar performance in terms of
roughness, the latter promoted less grinding wheel wear. This
fact was also evidenced by low values of tangential force and
specific energy.

The G ratio calculated values after grinding with different
depth of cut values and under various cooling-lubrication

techniques are shown in Fig. 7.MQL has higher G ratio values
indicating high productivity under these conditions (depth of
cut of 0.02 and 0.05mm). Under more severe condition (depth
of cut of 0.08 mm), MQL inefficiency is evident, revealing a
high cutting tool wear. Figure 7 synthetizes what has been
previously clarified, proving that the cooling-lubrication
method affects the cutting forces, the specific energy, rough-
ness, and life of the cutting tool.

3.5 Microhardness

Microhardness analysis shows a loss of surface hardness for
all applied machining conditions and methods of lubrication
and cooling. This hardness fall can be associated with various
heating followed by cooling cycles that the ground surface
undergoes during the process. Such factors are crucial to de-
fine the generated microstructure with lower hardness than the
initial ones. In Fig. 8 are showed the microhardness results
obtained after grinding with different depth of cut values and
under various cooling-lubrication techniques.

According to Malkin and Guo [21], when burning occurs
on the surface of hardened steel workpiece, white layer for-
mation, the surface hardness increases due to reaustenitization
followed by formation of untempered martensite. By analyz-
ing the results of hardness measurements disposed in the

Fig. 6 Wheel diametrical wear versus depth of cut after grinding under
different cooling-lubrication techniques

Fig. 7 G ratio comparison among different lubrication/cooling methods

Fig. 8 Micro-hardness values versus depth of cut after grinding under
different cooling-lubrication techniques
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Fig. 8, it can be seen that all the microhardness values are
lower than those recorded prior to the machining tests (refer-
ence value); thus, it can be concluded that no white layer was
generated due to burning under the conditions investigated.
Also, according to Malkin and Guo [21], when grinding a
hardened steel even without any burning, there is generally
some softening due to tempering that occurs close to the sur-
face; this statement agrees with Fig. 8, i.e., in all conditions
analyzed, there was a decrease in hardness in relation to the
initial state of the workpiece, even without occurrence of
burning.

According to Callister and Rethwisch [27] the hardness of
a quenched and tempered steel depends directly on the tem-
perature and time of tempering process. This dependence was
also reported by Malkin and Guo [21]. For the results, values
of microhardness loss presented in the most severe cutting
condition (depth of cut = 0.08 mm) is lower than those record-
ed after machining under less severe condition (depth of cut of
0.02 mm). This can be attributed to the condition with the
lowest depth of cut that lasts three times longer than when
machining at the most severe one due the constant specific
material volume criteria. Thus, though the temperature is low-
er, the surface is exposed for a longer period of time to the heat
generated during chip removal.

When machining at the depth of cut of 0.02 mm, the MQL
technique provides the lowest microhardness value of
685 HV, compared to the other techniques, thereby suggesting
that workpiece experienced severe tempering at this point.

3.6 Surface residual stresses

In all the materials subject to external effects, whether me-
chanical, thermal, chemical, or combination of any one or all
the effects induce non-uniform changes in volume of the ma-
terial, which can be reversible or irreversible, thereby causing
the formation of localized stresses therein. For some irrevers-
ible changes (localized plastic deformation), they remain in
the material caused by the stresses which are referred to as
surface residual stresses [28].

Results in Fig. 9 reveal that residual stresses after grinding
with different depth of cut values and under various cooling-
lubrication techniques are relatively medium levels of com-
pressive nature in the induction surface layer. Also, it can be
seen that regardless of the depth of cut, only compressive
residual stress was induced, irrespective of the cooling-
lubrication technique employed under the conditions investi-
gated. A slight variation of the residual stresses values with
depth of cut after machining with the optimized and the MQL
coolant technique, unlike the pattern observed after machining
with the conventional coolant delivery technique, in which the
highest depth of cut generated the lowest compressive residual
stress value. It is well established in the research literature that
compressive residual stresses can increase fatigue resistance
of a machined component because they reduce service tensile
stresses and inhibit crack nucleation, thereby enhancing its
endurance performance and consequently increasing its life
cycle [29]. The highest compressive stresses were recorded
after grinding with optimized coolant technique, representing
by about 28% higher than that recorded for the conventional
technique.MQL technique occupied an intermediary position,
but with values closer to that obtained after machining with
the optimized coolant delivery technique. According to
Hamdi [30], the higher the temperature, the higher are the
residual stresses; thus, lower compression stresses obtained
after grinding with the conventional technique in relation to
the optimized can be justified by the greater efficiency of the
optimized technique for heat removal. According to Silva
[13], the better performance obtained by the MQL technique
relative to conventional is mainly because of the lubricity of
the fluid used, which reduces the friction coefficient between
the wheel and the workpiece.

Kruszynski and Wójcik [31] carried out a study to in-
vestigate the residual stress generated after surface plunge
grinding of various grades of steels with different hard-
ness (medium carbon steel 28 HRc, alloy steel 48 HRc,
and bearing steel 62 HRc) under dry and in the presence
of cutting fluid. They also tested two different grades of
aluminum oxide wheels, grinding depth varying in the
range of 0.005–0.06 mm and workspeed from 0.08 to
0.5 m/s. Cutting speed was kept constant at a 26 m/s.
These authors proposed a grinding coefficient B, which
is a product of power density and wheel/workpiece con-
tact time and residual stress, which can be calculated by
measuring the grinding power, workspeed, and depth of
cut. According to them, it is an easy to measure “on-line”
in a grinding process and strongly correlated with surface
integrity parameters, such as residual stresses. They re-
ported that B coefficient decreased as workspeed in-
creased, but it increased with depth of cut in a linear
pattern, irrespective of the workpiece material and cooling
environment tested. Machining in the presence of coolant
provided the lower values of B coefficient. Residual

Fig. 9 Surface residual stresses values recorded after grinding with
different depth of cut values and under various cooling-lubrication
techniques versus depth of cut
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stresses reached their maximum (tensile values) close to
the surface on depths of 10–20 μm. They also observed
that the highest slope for B coefficient was obtained after
machining the highest hardness material (bearing steel),
whereas the lowest one was for alloy steel.

Since tensile residual stress is caused mainly by the com-
bination of thermally induced stresses and deformation asso-
ciated with the grinding temperature, it can be inferred from
results in Fig. 8 that residual stresses are predominantly
compressive, thereby confirming that machining conditions
employed in this research were appropriated for grinding
AISI 4340 steel with CBN wheel. Zhang [32] recently car-
ried out an experimental investigation to evaluate roughness
and residual stresses after grinding of crankpin (40 Cr alloy
steel with 52 ± 3 of HRC) with CBN wheel (126 grit size)
under various cutting conditions and depth of cut varying
from 5 to 15 μm. They reported that high compressive re-
sidual stresses remained after path controlled grinding and
values increased with cutting speed up to 90 m/s but de-
creased with depth of cut.

3.7 SEM images of the machined surfaces

The images of the hardened ASI 1045 steel machined surfaces
after grinding with superabrasive CBN wheel under different
cutting conditions are shown in Fig. 10a–i. It can be observed
that the feed marks are well defined in all the surfaces and the
width of marks generally increased with depth of cut as ex-
pected, as the grain contact area increases and hence more
material is being deformed. However, evidence of side flow
of the workpiece material around the feed marks (indicated by
the red arrows) was observed on the machined surfaces after
grinding under the more severe condition (ae = 0.080 mm),
thereby suggesting the occurrence of severe plastic deforma-
tion, especially after machining with the conventional and
MQL coolant techniques, Fig. 10c, i, respectively, a fact con-
firmed by high roughness values measured. Also, by SEM
analysis is possible to infer that machining under the MQL
technique lead to poor finish, irrespective of the depth of cut
employed, despite the high compressive residual stresses and
relative lower tangential component forces recorded under

Fig. 10 SEM images (magnification of ×2000) of the ground surfaces of AISI 4340 steel after machining with CBN wheel under several cutting
conditions
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less severe conditions. Also, from Fig. 10 can be observed that
there were no significant thermal damages or cracks on the
machined surfaces after machining under all the cutting con-
ditions, independent on the cooling-lubrication techniques
tested.

4 Conclusions

After the analysis of the experimental data of this investiga-
tion, the following conclusions can be drawn:

& Tangential component force increased with depth of cut
for all the coolant techniques employed. Optimized tech-
nique posed as an intermediary cooling/lubrication system
position, between the flooding and MQL techniques, after
machining under less severe conditions in terms of cutting
force. However, the optimized technique outperformed
the other coolant delivery techniques when under more
severe conditions, i.e., depth of cut of 0.08 mm.

& With regard the specific energy values, the higher results
were obtained after machining with the conventional cool-
ant technique. However, different behavior was observed
after machining with the MQL technique: superior perfor-
mance for depth of cut values up to 0.05 mm, unlike for
the highest depth of cut (0.08 mm). The optimized tech-
nique proved to bemore efficient whenmachining at more
severe conditions.

& Surface roughness increased with depth of cut, irrespec-
tive of the coolant technique employed. The lowest Ra

values were recorded after machining with the conven-
tional and optimized coolant techniques. MQL technique
exhibited the inferior performance with values ranging
from 0.8 to 2.8 μm.

& By observing the machined surfaces, sludge formation
that saturates the peripheral surface of the grinding wheel
using was observed after machining with the MQL tech-
nique, what may requires the use of a cleaning system for
the abrasive wheel.

& Similarly to the behavior observed for cutting force, spe-
cific energy and surface roughness after machining with
the MQL technique, the diametrical wear values were
lower at depth of cut values up to 0.05 mm, but they
increased abruptly after machining in excess of 0.05 mm.

& The G ratio decreases with increasing depth of cut for all
cooling-lubrication techniques tested. The MQL tech-
nique presented the better results when machining under
less severe conditions, followed by the optimized and con-
ventional technique. However, when machining under
more severe conditions (depth of cut = 0.08 mm), the
MQL gave the worst performance due to the sludge for-
mation at the grinding wheel surface generated during
grinding.

& The microhardness results showed that for all cooling-
lubrication techniques employed and cooling and all for
all depths of cut, there were no burns with white layer
formation because all the microhardness values found af-
ter machining were lower than the initial ones. Hardness
decrease pattern was observed when machining with the
optimized coolant, irrespective of the depth of cut values,
and the best results were recorded when machining under
the lowest depth of cut. The greatest decrease in hardness
was observed after machining with MQL technique under
less severe condition.

& Medium levels of compressive nature residual stresses in
the induction surface layer were recorded after grinding,
irrespective of the depth of cut and cooling-lubrication
techniques tested. Machining under the highest depth of
cut generated the lowest compressive residual stress
values, whereas the highest compressive stresses were re-
corded after grinding with optimized coolant technique.
This is represented by about 28% higher than that record-
ed for the conventional technique. MQL technique occu-
pied an intermediary position, but values closer to that
obtained after machining with the optimized coolant de-
livery technique.

& By the SEM analysis, machining under the MQL tech-
nique lead to poor finish, irrespective of the depth of cut
employed. Despite the absence of significant thermal
damages or cracks on the machined surfaces, evidence
of material side flow around the feed marks was observed
on the machined surfaces after grinding under more severe
conditions with the conventional and MQL coolant
techniques.
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