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Abstract
This article presents the results of research on the influence of the condition of surface layers obtained after grinding a hob cutter
tool face using the hybrid combined minimum quantity lubrication (MQL) and compressed cold air (CCA) (MQL-CCA) method
of delivering the coolant, on its wear. In the MQL-CCAmethod, the minimum quantity of the lubricating (MQL) and the cooling
agents, in the form of cooled compressed (CCA), were introduced into the grinding zone, simultaneously. For comparison, the
tests were also conducted by separately applying the coolant with the WET method with MQL, as well as CCA. In the scope of
the described grinding conditions, applying the MQL-CCA method does not cause considerable microhardness of the surface
layer as compared to “wet” machining (WET). In addition, the surface roughness obtained through the application of the MQL-
CCA method and expressed with 2D and 3D parameters is comparable to that obtained in grinding with the WET method. SEM
images for theMQL-CCA andWETmethods did not reveal any typical defects in the form of burrs or chippings, occurring on the
edges of the ground surfaces. The wear curves corresponding to hobs ground with the application of the coolant using the WET
method and using the MQL-CCA method show similar courses, which is indicative of a lack of influence of the surface layer
condition resulting from providing coolant during grinding onto intensity of the tool wear process in tangential hobbing. This
conclusion is also confirmed by the similar number of teeth affected bymeasurable wear signs. Therefore, using the hybridMQL-
CCA method, which decreases the amount of coolant provided during the grinding of hob cutters, may constitute, in the
described scope of the grinding conditions, an alternative to grinding processes carried out most often with the WET method
which entails considerable expenditures for purchasing, maintaining, and utilization of the coolant.
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Nomenclature
CAG Cold air gun
CCA Compressed cold air
GWAS Grinding wheel active surface
HRC Hardness on Rockwell C scale

HV Hardness on Vickers scale
MQL Minimum quantity lubrication
MQL-CCA Combined MQL and compressed cold air
SEM Scanning electron microscope
ST Surface texture
WET Flood method using water emulsion

as coolant
a Machining allowance, mm
ae Working engagement (depth of cut), mm
ap Back engagement (depth of cut), mm
b Blank width, mm
da Gear outside (tip) diameter, mm
fa Axial feed, mm/rev
ln Evaluation length, mm
lr Sampling length, mm
lt Tracing length, mm
m Module (gear and hob cutter), mm
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n Hob cutter rotational speed, rpm
np Gear rotational speed, rpm
ns Grinding wheel rotational speed, rpm
p Air pressure (for CCA jet grinding), MPa
Qd Diamond dresser mass, kt
QWET Coolant flow rate in flood method, l/min
QHOB Oil flow rate, l/min
QMQL MQL fluid flow rate, ml/h
Rz Maximum height of the roughness profile

within a sampling length, μm
Sk Core roughness depth, μm
Spk Reduced summit height, μm
Ssk Skewness of the topography height

distribution
Sz Ten-point height of the surface, μm
rtip Stylus tip radius, μm
t Machining time, min
T CCA temperature, °C
vc Cutting speed, m/min
vs Grinding wheel peripheral speed, m/s
vt Tracing speed, mm/s
vw Workpiece peripheral speed, m/min
VBC Flank wear land in the corner areas

of the tooth, mm
x Coefficient of profile shift
z Number of teeth (gear)
zh Number of cutting blades (hob cutter)
α Pressure angle (gear and hob cutter), °
β Helix angle, °
λc Long-wave profile filter (cutoff), mm

1 Introduction

The wear of cutting tool blades in the usage process entails the
necessity of their periodic regeneration. What is used in the
case of uniform tools is the process of regeneration through
grinding which essentially consists in grinding the tool face
and/or the cutting blades flank face. The main goal of grinding
performed in such a way was to restore the blunted blades’
cutting properties which dependmainly on the proper geomet-
ric shape, as well as the physical and mechanical properties of
the surface layer. One of the processing methods in which the
properly performed tool grinding process exerts significant
influence on the precision and quality of the parts created with
it is the tangential hobbing of cogwheels with hob cutters [11,
19]. This happens because during hobbing, subsequent cutting
blades are exposed to uneven loads with the cutting forces that
are variable in time [8, 32]. Considerable mechanical and heat
loads occur in the area of contact between the chip and the
workpiece with the tool blades [14, 24]. Taking this into con-
sideration, the process of regenerating hob cutters should

restore their original geometry and properties of the ground
blades’ surface layer with the greatest possible precision.

The basicmaterials used for grinding hob cutters are sintered
carbides and fast finishing steel. It should be noted, however,
that despite the increasing demand for cutting tools made from
sintered carbides, tools from fast finishing steel are still com-
monly used as their cheaper alternative. During the grinding of
fast finishing steels, as a result of friction between the abrasive
grains and the ground surface and of plastic deformations in the
machined material, substantial amounts of heat are produced.
This causesmajor thermal stresses that lead to the occurrence of
a network of cracks in the surface layer of the tools being
ground [15, 19], while the high temperature in the tools’ surface
layer can cause structural changes that considerably decrease
the blade’s cutting properties [18]. In improper grinding condi-
tions of fast finishing steel, the surface layer may be composed
of a re-hardened layer and a tempered zone located underneath
it or just a single re-hardened layer of minor thickness.

Themost effective way of decreasing the temperature during
grinding is by applying a coolant. Of the numerous methods of
its delivery into the grinding zone, the most popular is theWET
method (WET) [9, 17]. From the technical perspective, the
basic inconvenience of this delivery method is the high coolant
flow rate and the fact that only a minor part reaches the area of
contact between the grinding wheel and the material being
machined [23]. It is also estimated that the costs of coolant
application (purchasing, cleaning, regeneration, and utilization)
constitute up to 17% of the total production costs and are con-
siderably higher than the tool costs (2–4%) [10]. The goal is,
therefore, to completely eliminate or reduce the coolant flow
rate for economic reasons. Moreover, environmental reasons
also lie behind this approach, along with the necessity to meet
the increasingly more demanding requirements in the field of
environmental protection and employee safety [27].

The above-mentioned drawbacks related to the convention-
al WET method may be limited by using alternative lubricat-
ing and cooling methods [3]. One of the most frequently used
alternative methods is the minimum quantity lubrication
method called MQL [30]. The MQL method consists of the
constant production of an oil mist and applying it directly into
the grinding zone, usually onto the grinding wheel active sur-
face (GWAS). The flow of the fluid is facilitated by the usage
of a transporting agent—a stream of compressed air which
also performs the role of a minor cooling agent [3, 18].
Literature review showed that the oil-aerosol in the grinding
process is delivered to the machining zone usually with a
volume of 20–100 ml/h [2, 28, 30, 31, 37]. The results of
research work conducted in various scientific centers point
to the effectiveness of the MQL method in a variety of grind-
ing process types. This concerns, for example, the flat surface
grinding process [2, 28] or the internal cylindrical grinding of
internal surfaces [31]. The authors of the above-cited works
have proved that in specific machining conditions, the
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application of the MQL method brings about results compa-
rable, or even better than those obtained in the WET method.
What was observed, among other things, was a decrease in the
machined surface roughness, a decrease in the grinding force,
thus extending the grinding wheel life and limiting its volu-
metric wear. Despite the MQL method’s advantages related to
its good lubricating properties, its apparent disadvantage is a
lack of sufficient cooling properties in a wide range of changes
of grinding process parameters as comparedwith the tradition-
al WET method [5]. This results mainly from the relatively
low heat storage capacity of the oil and air and from the small
amount of the coolant delivered into the grinding zone. For
this reason, in recent years, work has been conducted on im-
proving the cooling effectiveness in theMQLmethod by com-
bining it with cryogenic cooling or with applying a stream of
cooled compressed air (CCA) [22, 27]. What is worth noting
is the fact that using air as a cooling medium does not increase
costs connected with the obtaining and utilization of environ-
mentally harmful coolants as it is only necessary to purchase
coolant to be applied in the MQL method. Another advantage
of combining the MQL and CCA methods is the low cost of
purchasing devices delivering the cooling and lubricating
agents into the grinding zone, as well as the user-friendliness
of these devices. A cooled compressed air stream can be ob-
tained using cold air gun (CAG) nozzles [16]. CAG nozzles
are powered with filtered compressed air and thanks to appli-
cation of vortex tubes in their construction, the compressed air
stream can be maintained at a temperature below 0 °C.

The study by Nguyen et al. [20] describes the tests carried
out during surface grinding with a cold air and oil mist
(CAOM) system. Experiments were conducted on plain car-
bon steel 1045 with an aluminum oxide wheel ground at dif-
ferent depths of cut of 5, 10, 15, and 20 μm. During the
experiment, air cooled down to − 20 °C was fed to the grind-
ing wheel active surface through a single nozzle. At the same
time, a second nozzle was used to deliver vegetable oil, with
an output of 0.16 ml/min, to the grinding wheel active surface
using the MQLmethod. The results show that the already-low
oil mist output, combined with the application of CCA, allows
one to increase the grinding depth without the simultaneous
occurrence of burns on the surface of the workpiece. At the
same time, the surface cleaning ability of CAOM is worse
than that of coolant, thus causing a slight increase of ground
surface roughness.

Another way to deliver cooled air and oil to the machining
zone at the minimum quantity is by using the chilled air min-
imum quantity lubrication (CAMQL) method. In this method,
the oil fed at the minimum output MQL is dispersed and
delivered to the machining zone by a cooled compressed air
stream (chilled air) [29]. Both agents are combined in a special
design nozzle. A paper by Saberi et al. [26] describes research
using the CAMQL method during plunge surface grinding.
During the experiment, samples made of CK45 (90 ± 3

HRB) steel with an aluminum oxide wheel were ground. Oil
expenditure in the MQL method was 120 ml/h. The output
cold air pressures were 0.1, 0.2, 0.3, and 0.4 MPa at − 4, 1, 7,
and 14 °C, respectively. As a result of the research, it was
found that the tangential grinding forces and friction coeffi-
cient of the CAMQL technique are lower than those of fluid
cooling and dry grinding. This leads to a reduction of power
consumption which is linked with environmental pollution. At
the same time, the roughness of the CAMQL surface was
higher than the surface shaped using the dry or flood methods.

Sanchez et al. [27] presented a concept based on the appli-
cation of the method of hybrid coolant delivery with MQL
with CO2 low-temperature gas during the grinding of X153
CrMoV12-1 (AISI D2) tool steel with the use of an alumina
grinding wheel. In this method, known by the acronym min-
imum coolant grinding (MCG), both the oil mist and CO2

streams are not directed directly into the grinding zone but
are sprayed onto the grinding wheel active surface. The se-
quence in which the individual nozzles are positioned ensures
that the oil droplets that penetrate spaces between the abrasive
grains and move with the rotation of the grinding wheel are
rapidly cooled down before they enter the contact area of the
grinding wheel with the workpiece. According to the authors,
the main task of this method is to protect abrasive grains from
wear, which mainly translates into a significant increase in the
durability of the wheel, as well as an improvement in the
quality of the machined surface. Measured microhardness
values in the surface layer showed no significant differences
compared with wet grinding. The temperature of the material
ground with the use of the MCG method did not exceed the
limit value responsible for thermal defects. In a later publica-
tion [12], the authors described research on the optimization of
the MCG method in order to achieve lower oil and CO2 ex-
penditures and thus reduce manufacturing costs in industrial
production.

It is worth noting that grinding with the use of the above-
described methods of delivering coolant to the machining
zone does not solve the issue of the removal of chips located
among the abrasive grains. This leads to a clogging of free
intergranular spaces in the grinding wheel active surface and a
deterioration in the quality of the machined surface. Oliveira et
al. [21] described tests in which compressed air jets were used
to clean the active surface of the grinding wheel. The test
results show that MQL grinding in combination with a stream
of cleaning air ensures a better surface roughness than using
the flood or MQL method without a cleaning jet in a specific
range of conditions. Another example of using compressed air
to clean the grinding wheel active surface during external
cylindrical plunge grinding was described in a paper by
Bianchi et al. [6]. In this study an AISI 4340 (60 hardness
on Rockwell C scale (HRC)) steel was ground using a white
fused alumina grinding wheel with a vitrified bond. The re-
sults show that the application of the MQL method assisted
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with a wheel cleaning jet (MQL +WCJ) during the machining
process allows one to obtain more favorable parameters of the
surface layer, such as roughness and microhardness, com-
pared with the surface ground with the use of the MQL meth-
od without a wheel cleaning jet. The results of the tests de-
scribed in other studies [7, 25] confirm the above-described
positive influence of the use of the compressed air stream to
clean the grinding wheel active surface on the results of the
grinding process.

The current literature does not contain any comprehensive
research on the application of methods eliminating or decreas-
ing the amount of coolant applied in grinding hob cutters. This
topic was discussed in a study [36] where the authors present-
ed their own original solution of applying cooling agents that
they named with the acronymMQL-CCA. This consists of the
simultaneous application of the coolant using the MQL meth-
od and cooled compressed air (CCA) using a cold air gun
(CAG) into the machining zone. In their research, the authors
evaluated the influence of the application of the MQL-CCA
method onto the face surface layer after grinding described
with such parameters as microhardness and roughness, while
also assessing the condition of the cutting blades on basis of
scanning electron microscope (SEM) images. The above-
described analyses were the result of research on the hob cut-
ters’ face surface grinding process in a single pass.

An important, but so far untouched issue is determining the
influence of the surface layer condition obtained as a result of
grinding the hob cutter face using the coolant applied with the
MQL-CCA method onto the service wear of the tool. In a
further part of this article, the authors describe experimental
tests concerning this issue. Section 2 discusses the test condi-
tions in grinding hob cutters and in the tangential hobbing of
cogwheels with the previously ground cutters. Section 3 con-
tains an analysis of the measurements of parameters describ-
ing the cutter face surface condition after grinding (microhard-
ness, roughness) and of SEM images of the cutting blades’
edges. Section 4 presents an analysis of the wear assessment
by discussing the number of cutter teeth affected by measur-
able wear signs and the course of wear for the most affected
hob cutter tooth. Chapter 5 includes conclusions drawn from
the conducted research.

2 Experimental tests

The goal of the experimental tests was to evaluate the influ-
ence of the surface layer condition obtained in grinding hob
cutters using various coolant provision methods on the course
of the cutters’ service wear. During the first stage of the tests,
the cutters’ blades were ground using the hybrid MQL-CCA
method for cooling and lubricating the grinding zone. For
comparison, tests were also conducted on grinding using cool-
ant delivered with the WET and MQL methods, as well as

using only CCA. The tests were conducted by removing the
allowance in 10 passes, thenmeasuring the microhardness and
roughness of the machined surface and registering SEM im-
ages. In the second stage, tests on the previously ground hob
cutters’ service wear were conducted by periodically measur-
ing the wear of the cutter’s teeth flank face expressed with
parameter VB.

2.1 Grinding hob cutters’ blades

2.1.1 The test station and methodology

The flank face of monolithic hob cutters made from HS6-5-2
high-speed steel (HSS) without an anti-wear cover (Fig. 1)
was ground. These hob cutters are used for producing cylin-
drical cogwheels that comply with ISO 53 and ISO 54 norms.

The cutters were ground on a special conventional grinder
for grinding hob cutters using a 38A60KVBE plate grinding
wheel, manufactured by Norton. This is a grinding wheel
made from sintered fused alumina with a ceramic bond.
Such grinding wheels are advised for the precise and finishing
grinding of hard (> 57 HRC) steels sensitive to burns, e.g., fast
finishing steel. The grinding wheel was dressed prior to each
test, using a 1-point diamond dresser. The parameters of grind-
ing the hob cutters’ blades were selected on basis of data in the
literature [4, 13] and workshop practice. The allowance a =
0.3 mm was removed in 10 work cycles consisting of a grind-
ing and return stroke, using a grinding depth of ae = 0.03 mm
for each cycle (Fig. 2). Table 1 presents a comparison of the
grinding conditions applied during the described tests.

In grinding the cutters, a method, developed by one of the
authors, was used that consists of the simultaneous application

Fig. 1 Hob cutter used in the experimental investigations
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of an oil mist with a minimum quantity of the lubricant (MQL)
and cooled compressed air (CCA), namely the MQL-CCA
method [33, 36]. An external device, namely a MicroJet
MKS-G100 manufactured by Link GmbH (Germany),
equipped with a single atomizing nozzle, was employed to
produce the oil mist. As the coolant in the MQL method is
oil based on synthetic esters, Biocut 3000 was used and was
provided by the tool’s producer. CCA was delivered into the
grinding zone using a single CAG nozzle cooling the com-
pressed air with a 6910.15.3-7 manufactured by WNT GmbH
(Germany). Figure 3 presents the oil mist and the nozzle de-
livering the cooled compressed air in relation to the grinding
wheel active surface.

Coolant in the form of an oil mist was introduced into the
grinding zone using the nozzle on the right side of the hob

cutter, while the cooled compressed air was provided from the
left side of the hob cutter through a second nozzle. The outlets
of both nozzles were placed at a distance of 15 mm from the
grinding wheel active surface. The grinding wheel, turning
clockwise, lifts the oil mist and moves it into the grinding
zone, while the CCA stream cools the grinding zone and min-
imizes the phenomenon of the grinding wheel gumming up by
removing chips and grinding products left after exiting the
grinding zone from its active surface.

For comparative purposes, grinding using oil emulsion deliv-
ery with the WET method was also conducted, namely the ap-
plication of oil mist withMQL and the delivery of CCA—Fig. 4.

Water oil emulsion, using Emulgol ES-12 oil (5%), was
employed as the conventional machining fluid. The coolant
in the MQL method was applied through a single-atomizing
nozzle set just as in the MQL-CCA method. The cooled com-
pressed air was delivered into the cutting zone also through a
single nozzle. The nozzle was located on the right side of the
grinding wheel while its outlet directed the air stream into the
area of contact between the grinding wheel and the workpiece.

2.1.2 Measurements of microhardness, roughness, and SEM
observations of the hob cutters’ surface after grinding

Measurement of hob cutters’ face surface microhardness af-
ter grinding were made using the KB10BVZ-FA microhard-
ness testing machine manufactured by KB Prüftechnik

Fig. 2 Diagram of the hob cutter
sharpening process: a machining
allowance; b work cycle

Table 1 Grinding conditions

Grinding mode Hob resharpening

Grinding machine Conventional hob grinding machine

Workpiece material HS6-5-2 high-speed steel, hardened
with 62 ± 1 HRC

Grinding wheel 38A60KVBE, dish (type 12) grinding
wheel

Dressing parameters Single-point diamond dresser Qd = 1.0 kt

Grinding parameters ns = 2950 rpm, vw = 31 m/s,
vw = 6.6 m/min, a = 0.3 mm,
ae = 0.03 mm

Environments WET
Fluid: 5% water solution

of Emulgol ES-12 oil
QWET = 5 l/min
MQL
System: MicroJet MKS-G100—oil mist

generator with single external nozzle
Fluid: Biocut 3000
QMQL = 50 ml/h
CCA
System: WNT 6910.15.3-7—cold air gun

with single nozzle
p = 0.6 MPa
T = −5 °C
MQL-CCA

Fig. 3 Arrangement of the oil mist nozzle (MQL) and the supply nozzle
of cooled compressed air (CCA) relative to the grinding wheel active
surface in the MQL-CCA method
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GmbH (Germany). Microhardness was determined on the
Vickers’ scale with a force of 0.9807 N, in compliance with
PN-EN ISO 6507. The measurements were conducted on
joints perpendicular to the face surface up to a depth of
100 μm from the ground surface. For each joint, three mi-
crohardness measurements were conducted. The obtained
measurement results were then subject to interpolation using
a cubic B-spline. The initial hardness of the tool material
was on average 890HV0.1 (~ 67 HRC).

Measurements of cutters’ face surface roughness after
grinding were made with a T8000 Hommel Tester
profilometer, manufactured by the Hommelwerke company
(Germany). The measurement conditions were determined
on the basis of PN-EN ISO 3274:2011E and PN-EN ISO
4288:2011E. Moreover, 2D parameters, determined from the
roughness profile and 3D parameters, obtained as a result of
the surface topography, were used to describe ground surface
roughness. The diagram of these parameters’measurements is
presented in Fig. 5. The value of the maximum roughness
profile height Rz (according to PN-EN ISO 4287:1999) was
used as the 2D parameter. For each cutter, one measurement
on five selected blades was made, moving the TKU 300

measurement stylus parallel to the cutting edge. The cutter
face surface roughness near the cutting edge was determined
by the arithmetic mean of these five measurements.
Amplitude parameters (Sz, Ssk), and the capacity curve—(Sk
and Spk) were used as 3D parameters.

An S-3000N scanning electronic microscope (SEM)
manufactured by Hitachi (Japan) was used for optical evalua-
tion of the quality of the cutting blades. Images of cutting
edges magnified 150 times were registered for each cutter.
Images with ×500 magnification were used for detailed anal-
ysis of sections of selected cutting edges.

2.2 Tangential milling of cogwheels

2.2.1 The test station and methodology

Cylindrical wheels with straight teeth made from steel C45
with microhardness 20 ± 1 HRC were envelope hobbed dur-
ing the operating research (Fig. 6). The machining was con-
ducted on an SRF1 hobbing machine manufactured by
Staehely (Germany). The coolant, in the form of Ferokol EP
processing oil, was delivered into the cutting zone with the
WET method through a single nozzle with a flow rate 10 l/
min. The machining conditions are presented in Table 2.

The tests were begun by making cogwheels using a hob
cutter ground with the application of cooled compressed air
(CCA). This choice resulted from the fact that it was this cutter
for which the greatest Rz roughness parameter was measured
while considerable limitation of microhardness in relation to
the cutter before the grinding was observed. Due to the fact
that the hob cutters blades’ teeth mainly take the form of
abrasion on the flank face [34, 35], the hobbing was conduct-
ed until the criterion VBC = 0.6 mm was achieved (Fig. 7).

VBC parameter determines the value of cutting edge
abrasion on the flank face in the corner area within which
increasing abrasion values are observed as the machining
time progresses [24]. In the case of backwards cutting,
this regularity concerns the corner on the side entering
the machining-rolling gearing. The time necessary to
achieve the assumed wear criterion value increased to
312 min. For the three remaining hob cutters, representing
the other methods of delivering the coolant during grind-
ing (WET, MQL, MQL-CCA), the same processing time
value was adopted as a criterion.

Fig. 4 Arrangement of the
coolant supply nozzle: a WET; b
MQL; c CCA

Fig. 5 Scheme of face surface roughness measurement: a general view; b
scheme of roughness profile measurement; c scheme of surface
topography measurement
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2.2.2 Measurements of the hob cutters’ wear

Measurements of the hob cutters’ wear were made on an
MWDc measurement station optic workshop microscope
manufactured by PZO (Poland) with a reading resolution
0.001 mm. Blade wear, with a cutting speed of vc = 32.7 m/
min applied in the tests, occurred on the flank surfaces and
took the form of abrasion near the cutting edge. No wear was
observed on the rake face. The greatest value of wear de-
scribed with parameter VBC occurred near the corner on the
side entering the machining-rolling gearing (Fig. 8). This val-
ue was taken into consideration when analyzing the research
results.

Measurements of the cutter blades were begun from
tooth number 1. It was assumed that this tooth would be
the first to have the full outline of the cutting edge (Fig. 9).
The subsequent teeth were measured along the helical
curve of the hob.

3 Results of the tests on the hob cutters’ face
surface after grinding

3.1 Results of microhardness measurements

On basis of structural microscopic tests of the tool material
conducted prior to grinding, it was concluded that the cutter
blade material displays a structure composed of tempered
martensite and strips of primary carbides with a high intensity
level (Fig. 10).

Figure 11 presents the microhardness profile in the cutter
surface layer prior to and after grinding the face surface using
the WET, MQL, CCA, and MQL-CCA methods.

Microhardness tests conducted after grinding showed that
its smallest changes (approximately 25 hardness on Vickers
scale (HV) at the surface), as compared to microhardness of
the material before grinding, are obtained when grinding cut-
ters use coolant in the WET mode. Microhardness changes
were observed up to approximately 20–30 μm from the cutter
surface.

Fig. 6 Envelope hobbing: a view
of the machining zone; b gear
wheel after hobbing

Table 2 Machining conditions during envelope hobbing

Process Hobbing a spur gear

Machine tool Gear hobbing machine SRF1 by Staehely,
Germany

Cutting parameters vc = 32.7 m/min, fa = 0.567 mm/rev,
ap = 6.6 mm (1 pass), n = 130 rpm,
np = 5.9 rpm, up milling, without shifting

Cutting fluid Ferokol EP oil given by flood method,
QHOB = 10 l/min

Workpiece Spur gear with straight teeth made of C45
carbon steel, hardened with 20 ± 1 HRC

Fig. 7 Flank wear distribution on the hob cutter tooth
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In the case of the simultaneous application of an oil mist
and cooled compressed air with the MQL-CCA method, the
changes in microhardness in relation to the material before
grinding are similar to those obtained in grinding with WET
cooling. The differences between the HV values obtained
closest to the flank surface are 4–6 units. At the same time,
changes in microhardness were observed up to approximately
40 μm from the cutter grinding surface.

What is worth noting is the fact that application of the CCA
method caused the limitation of microhardness to approxi-
mately 70 μm from the grinding surface while microhardness
at a depth of 10 μm was lower by approximately 90 HV in
relation to the initial material.

Comparing the microhardness values obtained using the
CCA and MQL methods a minor difference of approximately
15–25 HV is clearly visible between them. In the case of the
cutter ground with application of the coolant with minimum
quantity lubrication (MQL), microhardness measured at a
depth of 10 μm was smaller by 12 HV units as compared to
the cutter ground with cooling using the CCA method.

It should be remembered that changes in microhardness of
the surface layer obtained after grinding are mainly the result
of changes in the machined material structure taking place

under the influence of heat whose source is the plastic defor-
mations occurring during chip creation and friction. The heat
penetrating the workpiece is the cause of temperature increase
in the surface layer that leads to the tempering of a thin surface
layer and decreasing its microhardness. An advantageous de-
crease in the temperature value in the surface layer is obtained
through proper selection of input parameters of the grinding
process such as: adjustment parameters (traverse, velocity);
parameters characterizing the grinding wheel (abrasive mate-
rial, bond, grinding wheel topography); and coolant parame-
ters (fluid type, flow rate).

Taking the above into consideration and bearing in mind
the fact that in the above-described research various methods
of coolant delivery were used as the variable parameter, it may
be concluded that similar microhardness values obtained dur-
ing grinding with GR provided with the WET method and
using the MQL-CCA method are indicative of the proper re-
moval of heat from the grinding zone and of temperature
decrease in the workpiece. At the same time, a clear decrease
in the surface layer microhardness with minimum quantity of
the coolant (MQL) or with the application of cooled com-
pressed air into the grinding zone should be explained by
occurrence of temperatures higher than in other cases in the
workpiece—in the case of the MQL method as a result of
insufficient cooling, while in the case of the CCA method,
due to greater friction caused by a lack of lubrication.

3.2 Results of roughness measurements

Figure 12 presents the results of measurements of hob cutters’
face surface roughness after grinding with various coolant
provision methods. On basis of the obtained results, it was
concluded that the lowest Rz parameter values (Fig. 12a) were
measured on the face surface grinding with the delivery of
Emulgol ES-12 emulsion with the WET method. In the case

Fig. 10 Surfacemetallography of the hob cutter (mag. ×500, etched using
Mi1Fe)

Fig. 9 Selection of tooth no. 1

Fig. 8 Actual hob flank wear land
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of the application of the MQL method, the obtained surface
roughness was 40% higher in comparison with WET, while
for the CCA method the roughness was 134% greater than in
the case of WET. In the case of the simultaneous provision of
an oil mist and cooled compressed air with the MQL-CCA
method, it was observed that the mean roughness value
expressed with parameter Rz is slightly higher than the analo-
gous one obtained during the delivery of coolant with the
WET method, the difference being 4.7%. Obtaining for the
MQL-CCA method results comparable to those obtained
when applying coolant in the WET mode is particularly im-
portant, taking into consideration the fact that the roughness
obtained as a result of the face surface grinding is decisive for
the cutting blade quality. The higher its value, the higher the
nicking of the cutting edge and, as a result, the tool wear will
be more intense. This is due to abrasion of the nicks in the
initial tool work period caused by the blade material’s friction
against the workpiece during grinding.

In analyzing the obtained Rz parameter values (Fig. 12a), it
should be noted that the greatest value was obtained for the
surface ground with the CCA cooling method, for which a
considerable decrease in microhardness was also obtained
(Fig. 11). As observed previously, the decrease in microhard-
ness is caused by increase of temperature in the workpiece
surface layer resulting in surface tempering. What happens
in a softer material is an increase in plastic deformations dur-
ing jamming of the blade, demonstrating itself in the creation
of side material pick-up’s with considerable height and the
occurrence of the rifling phenomenon. This causes an increase
in the ground surface roughness. Moreover, due to technical
limitations in the layout of CCA nozzles (collision during
grinding with a moving hob cutter), the cooled compressed

air stream does not make it possible for the chips and other
grinding products to be removed properly from the machining
zone. Chips get stuck to the tempered surface and cause sur-
face scuffing that increases the roughness on the cutter flank
surface.

The Rz parameter value measured on the ground surface
using coolant provision with the MQL method is 40% lower
than the Rz parameter value obtained for the CCA method.
This is indicative of the significant influence of the delivery of
lubrication in the area of contact between the abrasive grains’
active apexes and the workpiece on the ground surface rough-
ness. This relationship is confirmed also by descriptions of
research on the application of the MQL method in other var-
iations of the grinding process [2, 31]. As a result of distrib-
uting the coolant on the grinding wheel active surface and its
penetration into the free spaces between the abrasive grains,
friction between the chips created during grinding and the
machined surface is also limited, while the grinding products
are removed more easily from the grinding zone. It should be
remembered, however, that the effectiveness of lubrication is,
to a large extent, determined by, among other things, the dis-
tance of the MQL nozzle from the workpiece [37]. In the case
of the above-described research, obtaining Rz parameters with
a value of 34% higher than the value measured for the WET
method indicates insufficient lubrication of the grinding zone
that can be explained by too great a distance between the
MQL nozzle and the grinding zone. As a result of the applied
nozzle layout, part of the air-oil spray could have been dis-
persed by going beyond of the area of contact between the
grinding wheel and the machined material, thus decreasing
lubrication effectiveness, causing an increase of friction in
the grinding zone and deteriorating chip removal efficiency.

Fig. 11 Profile of microhardness
in the surface layer of HS 6-5-2
steel cutter sharpened with the use
of WET, MQL, CCA, and MQL-
CCA methods
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It should be noted that the MQL nozzle outlet was placed as
closely as possible to the grinding zone, with further decrease
of this distance was impossible only for technical reasons
(collision during grinding with the moving hob cutter).
Increasing friction in the grinding zone, combined with its
insufficient cooling (characteristic for the MQL method)
caused, due to the heat accumulated in the workpiece after
subsequent passes of the grinding wheel, the temperature in
the workpiece surface layer to lead to surface tempering, as
indicated by the measuredmicrohardness value (Fig. 11). As a
result, just as in the case of the CCAmethod, the phenomenon
of ridging, creation of side material pick-up’s of considerable
height and the scuffing of the tempered surface with grinding

products not removed from the grinding zone contributed to
increasing the surface roughness. An additional probable
cause of increasing the surface roughness could have been
the occurrence of the phenomenon of gumming up of the
grinding wheel.

In the case of a surface for which the MQL-CCA meth-
od of coolant provision was applied during grinding, a
decrease in the Rz parameter value occurred, which de-
scribes the roughness by 35% as compared to the cutter
ground with the coolant delivered by the MQL method.
At the same time, the Rz parameter is only 4.7% higher
than the corresponding parameter measured for the cutter
ground using the WET method. What is of note in this

Fig. 12 Surface roughness parameters of rake face hob sharpened with different methods of coolant delivery: a Rz, b Sz, c Ssk, d Sk, e Spk
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context is the fact that the microhardness of the workpiece
surface layer machined with the application of a coolant
provided using the MQL-CCA and WET methods was
not considerably decreased as compared to the material
microhardness before grinding (Fig. 11). In view of the
above, there were fewer plastic deformations in the chip
creation zone as compared to deformations occurring in
application of the MQL or CCA methods. In such condi-
tions, the active abrasive grains, when moving through the
material, create material pick-up’s of a lower height while
the majority of the removed material is transformed into
chips as a result of microcutting. This causes the obtaining
lower of values of the Rz surface roughness parameter as
compared with parameter Rz measured for a surface ground
with the application of the minimum quantity of the coolant
(MQL) or cooled during machining with a CCA stream.
The reason for obtaining lower Rz parameter values is also
minimizing the grinding wheel gumming up phenomenon
by removing the chips and grinding products left after
exiting the grinding zone from its active surface.

In the case of the Sz parameter (Fig. 12b), which is due to
the lack of sensitivity to the influence of individual accidental
elevations and valleys has considerable generalizing proper-
ties, while its lowest value, just as in the case of the Rz param-
eter, was for the cutter ground using the WET method of
coolant provision during grinding. The Sz value for the cutter
ground using the MQL-CCA method was 15% greater in re-
lation to WET, 67% for the MQL method, and 71% for the
CCA method.

Comparing values of the Rz and Sz parameters, it is
worth noting that the Sz parameter value, for each of the
four surfaces ground using various methods of coolant
provision, are 2.5 to 4 times greater than the Rz param-
eter value. The cause of this may be the varying ways of
estimating values of specific parameters. In the case of
the Rz parameter, it is determined as the sum of the
height of the greatest profile height and depth of the
lowest depth of the profile inside the elementary section,
while the Sz parameter is the mean value of the absolute
heights of the five highest elevations and five lowest
depths within the sampling area. Another reason for the
occurrence of the differences in the Rz and Sz parameter
values are the different points of reference against which
the specific parameters are calculated. For the profile this
is the mean line, while it is the surface for the 3D mea-
surements. Additionally, surface topography parameters
are also influenced by problems related with, for exam-
ple, maintaining a precise point of reference between the
passes and maintaining precise sampling distances on
each path in relation to the others.

The negative values of the skewness coefficient Ssk
(Fig. 12c) are indicative of obtaining a surface with plain-
shaped elevations. At the same time, similar Ssk values

indicate that the examined surfaces are devoid of accidental
extreme deviations such as untypical locations of valleys and
elevations.

Comparing the obtained Sk parameter values (Fig. 12d),
which reflects the core roughness and can constitute the
measurement of effective roughness depth after the lapping
period, showed that Sk for surfaces of cutters ground using
the WET, MQL-CCA, and MQL methods are similar and
range from 0.488 to 0.512 μm. In the case of the cutter
surface, for which the CCA method was used during grind-
ing, the greatest core height was obtained, namely
0.773 μm.

The lowest values of the Spk parameter (reduced sum-
mit height—Fig. 12e) were measured for cutters under-
going WET, MQL-CCA, and MQL, which is indicative
of the high resistance of the examined face surface
against abrasion. It needs to be remembered that the
lower the value of this parameter, the better the resis-
tance of the surface geometric structure (ST) to abrasion,
which is significant in the case of hob cutters for which
abrasion is the most common type of mechanical wear of
the blades.

3.3 SEM images of the cutting edges

Figure 13 presents SEM images of fragments of cutters’ cut-
ting edges after grinding using four coolant provision
methods—WET, MQL-CCA, MQL, and CCA.

As shown by the SEM images (Fig. 13), on the cutting
edges of hob cutters ground with the application of the WET
method (WET) and MQL-CCA method, there are no typical
grinding defects in the form of chippings or burrs. In the two
remaining cases—MQL and CCA, burrs were observed on the
cutters’ cutting edges, as illustrated in the considerably mag-
nified SEM image (Fig. 14).

The appearance of burrs on the cutting edges of burrs
ground using the MQL and CCA methods is most likely
caused by occurrence of too high a temperature during
the grinding process [1]. Temperature increase in the
surface layer causes structural changes and decreasing
of the hardness by as much as approximately 90 HV
(Fig. 11), thus resulting in increasing the material plas-
ticity. This contributes to scuffing of the material on the
ground surface, which results in an increase in rough-
ness (Fig. 12) and the creation of burrs on the cutters’
edges.

It should be remembered that the presence of burrs on the
cutters’ cutting edges has a negative influence on the blade’s
cutting properties and, just as in the case of the above-
discussed microhardness, roughness, and nicking, it makes
the hob cutter’s abrasive wear faster during its operation, thus
shortening its life.
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4 Results of tests on the hob cutters’ wear
after grinding

4.1 Number of cutter teeth affected by measurable
wear signs

Figure 15 presents the distribution of VBC wear on all of the
cutter’s teeth, affected by measurable wear signs. The results
were obtained for cutters previously ground using four coolant
provision methods while grinding the face surface, namely:
WET (Fig. 15a), MQL-CCA (Fig. 15b), MQL (Fig. 15c), and
CCA (Fig. 15d).

On basis of the graphs presented in Fig. 15, it may be
concluded that in all four cases, the hob cutter’s teeth are worn
unevenly, which is in line with the data in the literature [8, 32].
This unevenness is caused by variability of strains on specific
teeth along the blade’s edge during hobbing. From the general
number of cutting teeth, only some transfer the strains related
to cutting while only 2–4 teeth are worn most. Among them,
one tooth stands out in terms of the wear level, namely the
central tooth whose apex center lies in the plane axis of the
machined wheel, parallel to the cutter axis projection onto the
head plane of the toothed-wheel rim.

The graphs in Fig. 15 show that while in the initial period
of the tool’s operation, the number of teeth affected by mea-
surable signs of the cutting edge abrasion signs is minor, as the
machining time passes their number increases. It should be
noted, however, that the number of discussed cutter teeth
changes depending on the applied coolant provision method.
The results of observations after 312 min of hobbing are in-
cluded in Table 3.

As indicated by the data included in Table 3, the smallest
number of teeth for which it was possible to determine the

VBC parameter value after 312 min of hobbing, was observed
for the cutter ground with coolant delivered using the WET
method. At the same time, the corresponding number of teeth
for the cutter ground employing coolant provision with the
MQL-CCA method is only one tooth greater. In the case of
the cutter ground with the application of coolant provision
using the MQL method and the cutter ground using CCA,
wear signs were observed on a greater number of teeth as
compared to the cutter for which the conventional coolant
provision method was used (WET). The differences are 36%
for using the MQL method and 54% in the case of the appli-
cation the CCA method.

The reasons for the determined differences in the wear of
cutters ground using comparable methods of cooling the
grinding zone lies in the different material microhardness ob-
tained, depending on the method of coolant provision during
grinding. Since in the case of the application of the MQL-
CCA method the microhardness changes in relation to the
material before grinding are similar to the changes obtained
for the WET method, the number of teeth affected by visible
wear signs are almost the same for both methods. In the case
of cutters ground with non-simultaneous application of the
MQL and CCA methods, the decrease in microhardness is
considerably greater, which translates into a greater number
of cutter’s teeth on which signs of wear are visible.

4.2 Course of wear of the most loaded cutter tooth

Figure 16 presents the course of VBCwear curves for the most
worn blade of specific hob cutters and includes values of the
VBC coefficient measured after 312 min of machining.

On basis of the VBC parameter value changes presented
in Fig. 16, it may be observed that for the hob cutter

Fig. 13 SEMmicroscopic images
(×150) of cutting edge fragments
after sharpening with different
methods of coolant provision: a
WET; b MQL-CCA; c MQL; d
CCA

Fig. 14 SEMmicroscopic images
(×500) of cutting edge fragments
with burrs formed after
sharpening with different
methods of coolant provision: a
MQL; b CCA
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ground using the MQL-CCA method, no considerable
shortening of life occurred as compared to the cutter
ground using the WET method. On the 312th machining

minute, the VBC wear index for the cutter being ground
using cooling and lubrication with the MQL-CCA method
was only 6% higher than the VBC index for the cutter
being ground using the WET cooling method. The wear
curves for these two cutters show similar courses, which
is indicative of a lack of influence of the surface layer
condition resulting from the method of coolant provision
during grinding onto the intensity of the tool wear process
during tangential grinding. The above conclusion is also
confirmed by the fact that for both cutters, the visible wear
mark on the face surface appears in the same hobbing
period, i.e., between the 52nd and 78th minute.

Fig. 15 Distribution of VBCwear on subsequent cutter teethwhile sharpening cutters using different coolant provisionmethods: aWET, bMQL-CCA, c
MQL, d CCA

Table 3 Number of teeth with visible signs of wear after 312 min of
milling

The method of coolant
delivery during sharpening

WET MQL-CCA MQL CCA

Number of teeth with
visible signs of wear

11 12 15 17
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In the case of the cutter for which during grinding the
coolant was provided with the MQL method and the cutter
cooled with the CCA stream, the influence of the increase of
roughness obtained during grinding onto the moment of ap-
pearance of measurable wear signs on the cutter bladesmay be
clearly observed. In the case of the hob cutter ground using the
MQL method, wear appears between the 13th and 26th hob-
bing minute, while for the CCA cutter, this had already oc-
curred before the 13th minute of hobbing. This confirms the
previous statement that the greater the cutting edge nicking,
the more intensive the tool wear as a result of the abrasion of
the nicks on the initial stage of cutting. The influence of the
face surface condition obtained after grinding is also revealed
in the wear curves and their intensity up to the 312th minute of
machining. Regarding cutters for which during grinding the
MQL and CCA methods were used separately, although the
wear curve inclination is similar to the two previously de-
scribed curves, the end VBC value for the cutter ground with
application of the MQLmethod is 45% higher than in the case
of the cutter ground with application of an emulsion (WET),
while in the case of the cutter ground using the CCA stream,
the end VBC value is 54% higher than in the case of the
conventionally ground cutter (WET).

5 Conclusions

On basis of the results obtained in relation to the applied test
conditions, the following conclusions were drawn:

1. The course of wear and VBC parameter values obtained
for the four cutters ground with different coolant

provision methods indicate that the MQL-CCA method
can be an alternative to the application of the conventional
WET method. This is confirmed by both the nature of
wear of the most loaded cutter tooth, as well as the num-
ber of cutter teeth affected by measurable signs of cutting
edge abrasion.

2. Grinding hob cutters with the application of the MQL-
CCA method does not cause significant changes in the
surface layer microhardness as compared to the WET
method, which translates into similar courses for both
wear curves.

3. The microhardness results obtained for the MQL and
CCA methods, used separately, show a considerable un-
acceptable decrease in the tool face surface microhard-
ness. This is indicative of the tempering of a thin surface
layer and explains the faster abrasive wear of these cutters
as compared with cutters in which the coolant was deliv-
ered with the WET method and the MQL-CCA method.

4. The face surface roughness, obtained during grinding
with the application of the MQL-CCAmethod, is compa-
rable to the values obtained for the WET method. This is
indicative of providing comparable grinding conditions.
The fact of obtaining approximate roughness results also
means that the methods allow one to obtain proper quality
of the cutters’ cutting blades, which has influence on their
later wear during hobbing. This is confirmed by SEM
images of the cutting edges.

The research results display the great potential of the MQL-
CCA method, both in terms of its industrial application and
conducting further scientific research. The MQL-CCA method
can be used to supply a coolant and lubricant when grinding the

Fig. 16 The VBC wear cycle of
the most worn blade of hob
cutters sharpened with the use of
different cooling delivery
methods: aWET; bMQL-CCA; c
MQL; d CCA
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rake face of hob cutters under industrial conditions. This ap-
plies both to sharpening with conventional sharpeners and to
numerically controlled sharpening centers. This conclusion
was based on an analysis of the technical, environmental, and
economic aspects related to the flood method. From a technical
point of view, the test results indicate that the application of the
MQL-CCAmethod does not impair the performance of the hob
cutters. From an environmental point of view, the use of MQL-
CCA reduces risks to the environment, as well as the health and
safety of workers, mainly by reducing coolant expenditure and
using neutral coolants. From an economic point of view, the
choice of this method involves a small and one-off cost of
purchasing equipment delivering the coolant and lubricant in
the grinding zone and the need to purchase only lubricant for
use in the MQL method.

Further research should focus on improving the lubricating
and cooling performance of the MQL-CCA method, for ex-
ample, by using grinding wheels with macro-discontinuity on
the active surface. At the same time, the results of the research
indicate that it is justified to conduct research on the use of the
MQL-CCA method in grinding various types of cutting tools
or to use it in other varieties of the grinding process.
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