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Abstract

Grinding represents an indispensable phase in a manufacturing route because it allows to obtain the final
required features in terms of dimensions and roughness. Although the grinding technology has always been
applied with lubricants, nowadays, oil application becomes more and more limited to reduce the
environmental pollution. In dry finishing technologies, heat control represents the main problematic of the
process; indeed, grinding usually reaches relevant temperatures causing thermal defects. Therefore, process
temperature prediction represents a challenge allowing to prevent thermal defects on the working material.
But the final results are influenced by the kinematics parameters and also by the grinding wheel
specifications. This paper aims to predict thermal defects in the material also considering the wheel
specification. A hierarchical FEM model which considers both the microscopic and macroscopic aspects of
the grinding process was developed. Starting from the mechanical action of a single grain on the material, a
moving heat source was built to represent the interaction of the grinding wheel with the workpiece. A single
grain grinding model is followed by a thermal model which considers the process parameters and the grinding
wheel specification. Tangential grinding tests were developed to validate the model by adopting embedded
thermocouples and grinding wheels with different structures were used. To further validate the model,
metallographic and micro-hardness analyses were developed to verify the microstructural change due to the
grinding cycle. A maximum average percentage difference of 10.8% was detected between calculated and
measured temperatures and good agreement with the microstructural analysis was found.
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1. Introduction

Grinding is an essential machining process usually adopted in the final steps of a manufacturing chain
because it allows to obtain high-dimensional and surface quality requirements with the ability to
finish difficult-to-cut materials. In general, lubricants are abundantly involved in grinding processes
with the aim of reducing the heat generated during the removal action, but the reduction or the
complete elimination of oil could lead to a decrease in production costs and promote a healthier
manufacturing environment. At the same time, the oil absence enhance the thermal effects which are
not only caused by inefficient cooling; indeed, they could also emerge from the wrong choose of the
material removal rate, dressing operation, and the grinding strategy [1]. Beside conventional grinding,
high-performance grinding processes, which use higher cutting speed and/or depths of cut with the
aim to increase the productivity, have been investigated [2]. But an increase of the grinding
parameters, such as the depth of cut, which represents the most influencing parameter on the grinding
process, could easily cause thermal defects [3]. Therefore, due to the microstructural requirements,
the grinding technology usually adopts low depth of cut. But, being the grinding a non-deterministic
process due to the presence of undefined grain geometry, it could also generate high-specific energy
values during the removal mechanism because of relevant deformation before the real cutting action.
Indeed, the rubbing action, which starts at the initial stage of scratching, does not include plastic
deformation and occurs within the elastic limit of materials, instead, the ploughing actions includes
both elastic and plastic deformations and has significant influence on the process energy generation
and the ground surface creation [4], [5]. Thermal effects are usually deleterious to surface integrity
because they could lead to several defects due to a combination of mechanical and thermal loads [6]-
[8]. With increasing process temperature thermal defects could be summarized in:

e chemical reactions leading to surface oxidation;

e grain growth, precipitation, and surface softening;

e phase transformations leading to surface re-hardening;

e thermal effects leading to expansion, contraction and possible cracking [9].

Therefore, grinding process especially without using lubricants could be considered as a thermal cycle
where the heat absorbed by the material during the interaction with the tool could lead to a
microstructural transformation. If excessive heat is generated, the workpiece may be damaged as
thermal overloading leads to degradation of surface integrity and decrease of mechanical properties
[10-12]. Low and normal heating rates are between 1 and 20 °C/s, high heating rates are between 20
and 100 °C/s, and ultra-fast heating rates are these above 100 °C/s [13]. The grinding technology
could be identified as an ultra-fast heating process. Although values exist at thermodynamic
equilibrium, for a given alloy composition, the critical temperatures are not unique for processing that
deviates from equilibrium and depend on multiple factors including heating rate, cooling rate, and
prior microstructure [14]. The steel critical temperature as a first attempt could be considered the
starting austenitization temperature (723 °C), but it was demonstrated that in the ultra-fast heating
processes, the critical temperature could slightly change, as reported in [36]. Therefore, the critical
temperature related to a rapid heating process like grinding could slightly vary from the equilibrium
conditions. Moreover, rapid austenitizing refines the austenite grain size if the initial microstructure
is a fine aggregate [15], such as martensite leading to an increase in the mechanical properties but
also in brittleness. Many models have been developed to predict the temperature reached during the
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grinding phase and prevent the grinding burns, but several experimental tests are needed to achieve
this challenging goal and the grinding wheel specification not always was considered. Most of the
grinding models are based on the interaction of a moving heat source with the material starting from
analytical consideration on the heat flux absorbed by the workpiece [16-20]. The maximum
temperature rise is calculated through the heat flux generated by the removal mechanism, calculated
as Eq.1:

P
(1) qw = lc_b
where Ic and b are the contact arc length and width, P is the grinding power and & the energy partition
ratio. The grinding power represents the main contribution in calculating the heat fux and is usually
measured experimentally, while the partition ratio represents the proportion of heat absorbed by the
workpiece, and generally, it was defined by calibrating it through several experimental tests. Other
authors based their analysis on different approaches, such as multinon-linear regression, response
surface methodology, and Monte Carlo [21, 22], but the focus was mainly based on surface roughness
prediction. Although a number of works were based on the grinding wheels’ properties evaluation,
only a few researchers have focused on the prediction of the thermal effect considering the
specification of the wheel. Habrat analyzed the influence of the bond material in diamond wheels on
cemented carbide by measuring the tangential and normal forces [23]. Zhao et al. investigated the
effect of the pore structure and distribution on the flexural strength of porous Cu-Sn-Ti alumina
composites showing that a larger pore size and a higher pores concentration reduce the composite
strength, but it also provides more space for chip formation [24]. Gopan et al. developed a fast
quantitative analysis of the grinding wheel loading using image processing [25]. Other approaches
consider the grinding wheel properties starting from the single grain analysis. Zahedi et al. introduced
the wheel topography starting from the single grain grinding simulation amplifying its effect through
a probability distribution function to calculate the process forces [26]. Also, Tao introduced a normal
distribution in his study to represent the grain size and position as random variables, but assuming
the abrasive grains as spherical bodies [27]. Denkena etal. analyzed the grinding wheel
manufacturing process and evaluated the mechanical interaction at grain/bond interface by means of
scratch tests and forces measurements using a single grain tool [28, 29]. In this paper, a novel
approach to predict grinding temperature and forecast thermal burns avoiding time-consuming power
measurements and introducing the wheel specification was proposed. Micro- and macroscopic aspect
of the grinding process were considered in a hierarchical combined model, which calculate the
grinding forces and power generated by the mechanical action of a single grain and used this
information to design a moving heat source that represent the interaction between a grinding wheel
and the material in a thermal model. Single grain grinding tests and force measurements were
previously performed to validate the first step of the model, then tangential grinding tests were
performed using different grinding wheel and the process temperature were measured by means of
embedded thermocouples to validate the model. Case-hardened steel typically used for automotive
gears was used as workpiece material and fused aluminum oxide grinding wheel with FEPA size 60
and different specification were adopted and experimentally analyzed through an image processing
approach to forecast the influence of porosity and binder during the grinding process. Microstructural
and micro-hardness analysis were performed to verify the occurrence of thermal defects and to further
validate the model.



2. Model description

The model is represented by a hierarchical FEM approach made up of a first step which analyses the
mechanical action of a single grain on the material, followed by a second step which predicts the
process temperature considering the interaction between the wheel and the material. The first part of
the model is based on a microscopic approach and calculates the specific grinding power due to the
removal material mechanism, instead, the second one analyses the macroscopic aspect of the process
and, starting from the specific power output calculated from the previous phase, it predicts the process
temperature by introducing a moving heat source in a thermal model. The single grain grinding model
was validated through forces measurements by means of a dynamometer allowing to calculate an
intermediate output represented by the single grain grinding power. The thermal model was directly
validated through temperature measurements by means of embedded thermocouples and
microstructural analysis. The main output of the model is represented by the process temperature
reached during the grinding pass at the material surface, which give information about the thermal
cycle and defects induced by the grinding process parameters. A combined analytical and
experimental evaluation of the grinding wheel characteristics allows to introduce the wheel
specification in the thermal model to verify also the influence of the wheel binder and structure. In
Fig.1 the followed procedure was schematically shown.

Grinding modelling ‘ Grinding experiments R

- Model validation by means of
Single grain grinding model ‘ Single grain grinding test force measurements

Model intermediate output: Single grain B R r— -
specific grinding power e

| Model validation by means of
‘ Tangential grinding thermal model ‘ Tangential grinding test temperature measurements

and microstructural and micro-
’ Model final output: grinding temperature ‘ ‘

hardness analysis
Fig. 1. Grinding thermal defects prediction modelling and experimental procedure




2.1.  Single grain grinding model

In this section, a brief explanation of the frst step model was reported, but more details and results
were presented in [30]. A mechanical FEM simulation was implemented in DEFORM-3D through a
Lagrangian incremental approach. Dry contact conditions between the grain and the workpiece were
simulated considering a constant Coulomb friction coefficient of 0.2 [31]. The grain was modelled as
a rigid body being its hardness higher than the workpiece one. The workpiece was designed as a
deformable prismatic body with dimensions allowing to reach the maximum depth of cut during the
grain pass and was discretized with tetrahedral elements with fner dimensions near the contact zone
so that the smallest element was equal to one-third of the cut depth. Translation and rotational
movements were assigned to the grain to represent the real kinematics during experiments. Up-
grinding was considered and zero velocity boundary conditions were applied to the lower workpiece
surface to maintain its position fixed in the space. A time step of 100 ns was applied during the grain-
workpiece interaction phase. Simulations adopted an equivalent defined grain geometry obtained
through a real grain geometry simplification to reduce the computational costs. Real grain geometries
were acquired by computed tomography and were elaborated to find the geometrical parameters
characteristics of a size and material abrasive class (Fig. 2). In particular, the rake angle, the length,
the width, and the tip radius were statistically considered as principal grain characteristics [32] to
consider during the cutting process aiming to design a characteristic abrasive shape. Fused aluminum
oxide was assigned as the grain material. For the workpiece material, the Johnson—Cook model,
widely used to represent materials viscoplastic hardening and thermal softening with high strain-rate
dependency, was employed to describe material flow according to Eq. (2).
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Fig. 2. Grain geometry analysis and optimization

where the parameter A is the initial yield strength of the material at room temperature, £ is the
equivalent plastic strain rate normalized with a reference strain-rate € e, Tr is the room temperature,
Tm is the melting temperature of the material, and B, C, n and m are model parameters. The parameters
n, mand C are the strain-hardening exponents, thermal softening exponent and strain-rate sensitivity,
respectively. Optimized flow stress coefficients were adopted to represent the correct behavior of a
case-hardened steel starting from a reference material mechanical flow stress curve. The J&C
coefficients were determined through a characterization method based on Split Hopkinson pressure
bar (SHPB) technology, which leads to characterize the reference material properties at high strain
rates and high temperatures [33]. A flow stress calibration was implemented varying the coefficients
A and B. In Fig. 3, the flow stress optimization procedure is shown. Coefficient A was varied over
five levels from the reference value of 2480 MPa t0—20%,—25%,-30%, and—35% of this value;
instead, B was varied over three levels from the reference value of 1440 MPa to+20% and+30% of
this value. A first simulation was used to calibrate the flow stress curve parameters and then was
validated by simulating the single grinding test with different grain abrasives. In Tables 1 and 2, the
most suitable flow stress coefficients for a case-hardened steel and the material properties were
reported.
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Fig. 3. Material flow stress curve analysis and optimization



Table 1. J&C parameters and material properties of reference material

J&C parameters A B n T. T C m

Ref. Material 2480 1440 0.45 20 1460 0.012 11

Table 2. Materials properties.

Material properties p (kg/ m®) Cp (I/kgK) A (W/mK) Hardness (HV1)
Workpiece 7850 354-916 24.57-24.75 750
Grain 3950 747-1106 6.10-23.71 2085

In Fig. 4, a resume of the single grain grinding model optimization is shown. An equivalent grain
geometry definition and a calibration of the flow stress were introduced to develop and optimize the
grinding microscopic model. The model validation was achieved through single grain grinding force
acquisition using different abrasives with a maximum percentage difference of 12% [30]. After the
single grain model validation, a simulation plan varying the depth of cut and feed rate was developed
to calculate the grinding power within a defined parameters set. Since the grinding process in dry
condition was considered, the hypothesis that all the grinding power generated during the removal
mechanism was transformed into heat absorbed by the material was introduced.

Kinematics and time AlEw SIS QI
Mesh discretization B Friction coefficient and fracture
step definition .
criterion

l

Material
- properties and Grain geometry
flow stress optimization
optimization
l
‘

Attempt 0
Real grain geometry

Reference material flow stress

i Attempt 2 . .
2D flow stress ) . Simulation
e — \J/ Equivalent defined grain geometry —f— ) )
optimization validation

Optimized case- hardened flow stress

Fig. 4. Single grain grinding model optimization

2.2 Tangential grinding thermal model

The single grinding power calculation allowed to design the thermal contact between a cylindrical
grinding wheel and the sample through a macro-scale FEM thermal model developed in COMSOL

7



MULTIPHYSICS version 5.4. The thermal model aimed to calculate and predict the process
temperature generated during the actual grinding process. The thermal interaction between the
material and the wheel was modelled as a moving heat source with a heat flux value distributed in the
contact area directly derived from the single grain specific power calculation. The heat source
assumed a translational speed equal to the feed rate value adopted during the tangential grinding tests
and was characterized with a rectangular shape in x—y plane. The heat source dimensions are equal
to the sample width and the theoretical contact length Lc calculated through Eqg. (3), where Dw is the
grinding wheel diameter and p the depth of cut.

Lc=/p -Dw (3)

The thermal cycle induced by the grinding is a rapid heating process, so that it could be
approximated to a laser hardening process. Whereby, the heat source distribution was modelled with
an asymmetrical top-hat intensity distribution in the y-z plane by means of an Erf function, as reported
in Eq. (4), where A and B are the contact area dimensions and a and b define the rate of decrease in
power density from the maximum value to zero [30].

e = 1 (52) o e (2] [or (52) + e (320)] @

In this case, a and b were set equal to 0,1 and 0,6 respectively (Fig.5).

P b

-

Fig. 5. Moving heat source definition for the tangential grinding thermal model

The heat source entity was modelled considering the average single grain grinding power obtained
from the single grain grinding model. The power per grain P, which represent the heat generated by
a single grain and absorbed by the material, was calculated by multiplying the single grinding power
Psg, calculated with the single-grain model, with the grain—-workpiece contact area Ssgt in the
tangential direction calculated as the frontal contact area of a sphere having dimensions corresponding
to the nominal mean abrasive grain size with the workpiece surface at the chosen depth of cut [30]
and by dividing by the total contact area Ssgn in the normal direction determined by the kinematic
process parameters set, as calculated through Eq. (5):

59 Ssgt

P
p=——9 (5)

Ssgn



In Fig. 6 a representation of the before mentioned tangential and normal contact area was shown.

F’l S
-

sgt

Fig. 6. Single grain tangential and normal contact area during the pass with a depth of cut p

The heat source entity was then obtained by multiplying the power per grain P with the specific
number of grains ng present in 1 mm?, as reported in Eq. 6. In the following section, the procedure for
the calculation of number of grains was explained.

| =P -ny, (6)

The assumption of considering the mean grain diameter derives from the fact that the most frequent
grain size is the mean while the maximum and minimum grain sizes are rarely encountered [35]. The
workpiece was discretized with free tetrahedral elements with a dimension of 250 um in the surface
depth and 1 mm in the bulk material. A constant time-step of 10 ms was implemented in (6) | = P -
ng the model. The simulation plan was developed with the same process parameters according to the
single grain grinding model and tangential experiments. A convection heat transfer coefficient of
15 W/m2 K was introduced. In Fig. 7, the moving heat source shape was reported as isothermal curve
at the beginning, in the middle, and at the end of the grinding pass. Material assigned to the assembled
sample was a casehardened steel, with a variation in the thermal conductivity law of the surface up
to 1 mm in depth because of the martensite structure. Thermal conductivity values of the surface
depth are reported in the Table 3 in function of the temperature [36]. Thermal probes were introduced
at the beginning, in the middle, and at the end of the sample, as the real experiments, at a distance
0.25, 0.5, and 0.1 mm from the surface.
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Fig. 7. Isothermal curve representing the moving heat source for the tangential grinding thermal model



Table 3. Martensite and austenite thermal conductivity varying with the temperature.

Temperature [°C] 0 300 600 800
Austenite thermal conductivity k [W/m K] 15 18 21.7 25.1
Martensite thermal conductivity k [W/m K] 43.1 36.7 30.1

3. Experimental procedure

3.1.  Grinding wheel specification analysis

The grinding wheel specification was introduced in the heat source design as grain density and was
determined through a combined analytical and experimental evaluation. The average number of
grains per mm? was calculated considering both the wheel porosity and the binder hardness. For the
grains number calculation, the considerations reported in [25, 37] were resumed and adapted. The
effective number of grains na which is involved in the grinding removal mechanism could be
determined as a fraction @a Of the approximated static grain quantity n.

Ng = Pgn (7)

The total number of static grains can be estimated starting from the volumetric concentration of
abrasive grains in the wheel Vg through the following Eqg. (8):

(8)

)
2
ndg

n=6l{g

Where dg is the abrasive mean diameter that for a FEPA size of 60 is equal to 0.25 mm, ¢ is the
theoretical contact area and b is the workpiece sample. The volumetric concentration of abrasive
grains Vg could be expressed through the following Eqg. (9):

_ 2(32-5)
Vg = 100 ()

Where S is the wheel structure number. For the calculation of the active grains number, the volumetric
concentration of binder Vp and pores Vp were introduced as:

Vp =1- (gt V) (10)

1 S—2i
V= —(45+ ==

100 1.5 ) (11)

Where i is an integer (i = 1, 2, 3, 4..) corresponding to the binder hardness letter (E,F,G,H..)
respectively. The fraction of active grains ¢a can be determined by introducing a normalizing factor
nf and a reference fraction coefficient @ref.

nf=20,535V, — 0,217 (10)
Pa = Pref nf (11)

The reference fraction coefficient ¢rer is usually empirically determined in function of the wheel
specification and considers the actual contacting grains during the pass. In this work, the reference
fraction coefficient orer was determined evaluating the grinding wheel specifications by means of
image processing [38] using Matlab in order to have an experimentally verified indication of the
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effective grains number that are, with high probability, in contact with the material. The grinding
wheel was analyzed using a stereomicroscope Zeiss Stemi 508 evaluating samples of 1 mm2 of the
total wheel area with a magnification ofx2. Four different wheel specifications were analyzed: the
porosity varied between 6, 9, and 12 structure number, representing an increasing porosity presence
in the wheel. In particular, a porosity of 6 is related to a medium porosity value, porosity equal to 9
represents an open wheel, and 12 a porous wheel according to the standard designation system.
Instead, the binder hardness chosen were J and H, so that a medium and softer wheel were tested. Ten
acquisitions on all the wheel were performed. In Table 4 the grinding wheel specification were
reported.

Table 4. Grinding wheel specification

Grinding wheel Grain material Grain structure Binder Binder material
designation size hardness

SG60 J6 VS3 Fused aluminum oxide 60 6 (medium) J (medium) Vitrified

SG60 J9 VS3 Fused aluminum oxide 60 9 (open) J (medium) Vitrified

SG60 J12 VS3 Fused aluminum oxide 60 12 (porous) J (medium) Vitrified

SG60 HI VS3 Fused aluminum oxide 60 9 (open) H (soft) Vitrified

3.2.  Grinding experimental tests

Single grain grinding tests were developed in dry conditions on a CNC tangential grinding
machine. Cutting force components were measured using a Kistler 9255C dynamometer. Sintered
aluminum oxide abrasive grains with a FEPA size of 60, representing medium abrasive grain
dimensions, were used for the experiments, while case-hardened steel was employed as the workpiece
material after heat treatment to achieve a hardness of 750 HV1 to a depth of at least 1. mm. Details of
the single grain experimental tests were reported in [30]. Tangential grinding tests were performed
on a CN Linea Iron 06.3 grinding machine using sintered aluminum oxide wheels with FEPA size 60
and different porosity. The experimental plan was performed in dry conditions adopting process
parameters in accordance with the single grain grinding and thermal simulation plan. Process
parameters adopted are shown in Table 5. Grinding wheel diameter was equal to 300 mm with a width
of 50 mm, larger than the sample ground. Prismatic case-hardened steel samples with global
dimensions of 20 x 50 x 15 mm were used for the experiments (Fig. 8). The specimens were
previously case-hardened to reach a hardness of 750 HV1 in the surface layer up to 1 mm in depth as
typical for gears heat treatment. On each sample, 9 grooves with a width of 1 mm were obtained for
the thermocouples positioning. The thermocouples were positioned in three diferent sections of the
sample: in correspondence of the beginning, the middle, and the end of the sample, in particular at 5,
25, and 45 mm from the starting edge of the the starting edge of the specimens to a different distance
from the surface equal to 0.25, 0.5 and 1 mm.
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Table 5. Tangential grinding tests process parameters

Cutting speed v; [m/s] Feed rate f [mm/s] Depth of cut p [mm] Grinding mode
20 10 0,01 Up-grinding
20 0,025
40 0,05

The overall sample was made up of four-part joint by screws. Thermocouple type k in Inconel with
diameter of 0.25 mm and a maximum temperature acquisition of 1100 °C were used to measure the
temperature during the grinding wheel pass. Each sample was ground with a total depth of cut of
0.1 mm every 3 um before each grinding test to guarantee the surface planarity. The grinding wheel
was dressed every three tests. Microstructural analysis and micro-hardness measurements were
provided to verify the effect of the grinding process on the samples and validate the model.
Microstructural analysis was carried out on each section in correspondence of the thermocouple
position with an optical microscope Zeiss Axio Vert. A1M on the samples prepared according to
standard metallographic techniques comprising mechanical grinding (80-2400 grit paper) and
polishing with alumina in suspension down to a particle size of 1 um. In order to reveal
microstructural features, the samples were etched using Nital reagent for 3 s. Vickers micro-hardness
tests were performed using a load of 1000 g for 20 s towards the hardened depth with indents spaced
of 100 pm.

0,25 w010
S

T
10 1008

=f=

Fig. 8. Tangential grinding tests sample geometry
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4. Results and discussion

This work aims to predict the grinding process temperature in dry conditions in order to prevent the
thermal defect occurrence without performing several time-consuming experimental tests. A FEM
hierarchical model was developed to avoid power measurements during the experimental tests;
indeed, power generated during the grinding pass was calculated starting from a single grain grinding
model which considers the mechanical contact between a single grain processed to represent a specifc
material and size abrasive class. Single grain grinding validation and implementation were widely
discussed in [30]. The model was applied to different abrasive geometries and then a simulation plan
was developed to calculate the specific power in different process conditions. In Fig. 9, the single
grain grinding power calculation was reported in function of the depth of cut and feed rate. The most
influencing process parameter is represented by the depth of cut; indeed, a steep increase is visible
increasing the cutting depth. The feed rate influence is lower in terms of single grain power
generation; indeed, a negligible increase was reported increasing the feed rate values. The single grain
power calculation was correlated with the grains density evaluation. An analytical approximation was
developed to calculate a number of grains in contact with the material in a defined time step as a
starting point, followed by an experimental visual inspection and the image processing of the wheel.
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Fig. 9. Single grain grinding power calculation

In Fig. 10, an example of the acquisition of the wheel surfaces was reported and compared with the
Matlab processed image results, showing an effective decreasing grain presence. Increasing the wheel
porosity of one order, an average decrease of 5.5% in terms of grains number was detected. The
grinding power was identified by the process parameters and the wheel number of grains per mm?. In
Fig. 11, the grain number per mm? evaluation was reported in function of the wheel specification.
With the increase of porosity, the number of grains distributed in 1 mm2 decreases; therefore, an
increase in porosity effectively reduces the grinding power contribution. Concerning the wheel binder
hardness, it was indirectly identified by the number of grains because it is known that its influence
affects the grain self-sharpening and not their distribution. Through the visual inspection, it was
noticed that the grain density of the wheel with the softer binder was similar to that related to the
grinding wheel with the same porosity. Through the approach proposed in this work, at equal
structure, a decrease in binder hardness led to an apparent decrease of grain distribution on the wheel
surface. Indeed, a softer binder reduces the grinding action in terms of thermal effect; therefore, this
effect was identified with a decrease in the grinding heat source entity. The thermal effect of the
different wheel specifications was reported in terms of temperature reached in the sample depth and
surface microstructural transformation. The temperature was measured and calculated for all the
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process parameter configurations and grinding wheel specifications. In Figs. 12, 13, 14, and 15, the
comparison between the calculated and measured temperatures in the middle of the sample were
reported for all the different wheel specifications in correspondence of a depth of cut of 0.05 mm and
a feed rate of 10 mm/s being the thermal effect more visible. Model validation was achieved
considering that the average percentage differences between the measured and calculated
temperatures were detected equal to 4%, 9.8%, and 10.8%, respectively, for the thermocouples
positioned at 0.25, 0.5, and 1 mm from the surface.
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Fig. 10. Grinding wheel specification evaluation: structure a) 6; b) 9 and c) 12
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Fig. 11. Grinding wheel grains density in function of the specification

Figures 12, 13, and 14 respectively show the comparison between calculated and measured
temperature for the wheel SG60 J6 VS3, SG60 J9 VS3, and SG60 J12 VVS3 with increasing porosity.
Considering the temperature reached at the different surface depths, it was detected an average
percentage difference in the measured temperatures of 33% between the less porous and the medium
porous wheels, and a lower percentage difference between the medium porous and the more porous
wheel equal to 9.5%. Comparing the thermal effect of the different wheel binder hardness, a
substantial decrease of the dry grinding temperatures was detected with the softer wheel. Figures 13
and 15 report the temperature for the two different binder hardness results. A percentage reduction
from the harder to the softer binder of 20.5%, 5.5%, and 4.5% was revealed in terms of process
temperature respectively in correspondence of 0.25, 0.5, and 1 mm of distance from the surface.
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Fig. 12. Grinding temperatures comparison: a) calculated and b) measured temperatures at 0.25, 0.5 and 1 mm in depth
in the middle of the sample with the SG60 J6 VS3 grinding wheel at vi= 20 m/s; f = 10 mm/s; p = 0,05 mm
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Fig. 13. Grinding temperatures comparison: a) calculated and b) measured temperatures at 0.25, 0.5 and 1 mm in depth
in the middle of the sample with the SG60 J9 VS3 grinding wheel at vi= 20 m/s; f = 10 mm/s; p = 0,05 mm

15



200 MODEL: J12 wheel p = 0.05 mm v = 10 mm/s EXP: J12 wheel p = 0.05 mm v = 10 mm/s

700
d =025mm d =0.25 mm
d=05mm d = 0.5 mm

600 d=1mm 1 600 d=1mm 1

500 500
o o
‘@ 400 ‘@ 400
2 2
% %
a | la |
E 300 A~ E 300 - .
[ ____,r N . 2 §

200 s 200

— _
100 f_.-’ 100
.4/&0’ /
0 . 1 1 1 1 0 1 1 1
1 1.5 2 25 3 3.5 4 4.5 5 38 39 40 41 42 43
Time [sec] Time [sec]
a) b)

Fig. 14. Grinding temperatures comparison: a) calculated and b) measured temperatures at 0.25, 0.5 and 1 mm in depth
in the middle of the sample with the SG60 J12 VS3 grinding wheel at vi= 20 m/s; f = 10 mm/s; p = 0,05 mm
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Fig. 15. Grinding temperatures comparison: a) calculated and b) measured temperatures at 0.25, 0.5 and 1 mm in depth
in the middle of the sample with the SG60 H9 VS3 grinding wheel at vi= 20 m/s; f = 10 mm/s; p = 0,05 mm

Maximum measured temperature was identified in correspondence of the less porous wheel SG60 J6
VS3 with a value of 675 °C. Increasing the porosity with the wheel specifications SG60 J9 VS3 and
SG60 J12 VS3 the maximum temperatures measured at equal grinding conditions were 485 °C and
435 °C. Reducing the binder hardness from a grade J to H the maximum temperature measured at
0.25 mm from the surface was 385 °C with a reduction of 20%. According to the measured
temperatures, it was verified that the heating and cooling process is very fast and overcomes the ultra-
fast heating processes rates. From the measured temperature, it is visible that the maximum
temperatures were reached in about 1 s, with a heating rate in the order of 100 °C/s. This effect was
traduced in a thermal cycle on the surface material. In Fig. 16, the surface microstructures correlated
with the temperature shown before were reported to show the effect of the different grinding wheel
specifications adopted at equal process conditions. Microstructures shown were detected in
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correspondence of a depth of cut of 0.05 mm and a feed rate of 10 mm/s. From the model, also the
temperatures achieved at the surface were calculated; therefore, the validated model allows to
consider the maximum temperatures reached within a defined process parameters set. of 771 °C,
741 °C, 493 °C, and 449 °C, respectively, for the three different structure and the softer binder.
Temperatures calculated reflect the microstructural transformation reached in the dry ground
material. Grinding thermal defects with the increasing process temperature occur in form of darkened
and white layer. Further validation was represented by the micro-hardness measurements. The
darkened layer is correlated to a softening effect of the surface, instead, the white layer brought to a
surface re-hardening with a refinement of the grain size. This phenomenon often leads to an abnormal
increase of the mechanical strength and crack formation.

500.00 ym

500 um

ity et

a) SG60 J6 VS3 b) SG60 J9 VS3

500.00 um
500 um

c) SG60 J12 VS3 d) SG60 H9 VS3

Fig. 16. Surface microstructural analysis comparison: a) SG60 J6 VVS3 wheel; b) SG60 J9 VS3 wheel; c) SG60 J12 VS3
wheel and d) SG60 H9 VS3 wheel in correspondence of the middle of the sample with vi= 20 m/s; f = 10 mm/s; p = 0,05
mm.

In Fig. 17, the micro-hardness measurements related to the microstructure reported are shown in
comparison with the reference not ground material. The darkened layer occurred overcoming 400 °C;
instead, the white layer appeared at temperatures higher than the austenitization temperature.
According with the maximum grinding temperature reached, the microstructural analysis showed the
occurrence of a white layer removing 0.05 mm at 10 mm/s with the wheel with low and medium
porosity and a darkened layer with the higher structure and the softer binder. Comparing the surface

micro-hardness of the reference material with the microstructure reached in the dry grinding
17



configurations considered, it was shown an increase of 16% of surface hardness with the low and
medium porosity and a reduction of 25% and 37% respectively with the high porosity and softer
binder wheel. Moreover, the micro-hardness showed a thicker hardened layer in correspondence of
the low porosity wheel compared to the medium porosity wheel.
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Fig. 17. Micro-hardness measurements comparison between the different grinding wheel specifications

The thermal effect of dry grinding is directly correlated with the wheel specifications; indeed, a low
and medium porosity wheels, at equal process conditions, do not allow to remove heat enough during
the material removal action and represent the worst conditions due to occurrence of white layers.
High porosity wheel with harder binder gives a comparable effect of a wheel with medium porosity
and softer binder because in both cases, a darkened layer appears with reduction of hardness. In this
case, the effect of dry grinding is reduced compared to low and medium porosity wheels with harder
binder, because an increase of porosity allows to dispose the heat generated grinding due to wider
spaces between grains. The same effect is due to a softer binder that allows to easily remove worn
grains.
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Fig. 18. Dry grinding maximum calculated temperatures and feasibility areas.
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In Fig. 18, the maximum temperatures calculated by the model were reported for all the dry grinding
configurations and grinding wheel adopted in the experimental plan. Increasing the depth of cut, the
maximum temperatures increase because of the increase of the heat generated; instead, with an
increase in feed rate, the interaction time between the wheel and material decrease and the maximum
process temperature decrease. Grinding burns occur at the highest process temperature and start
around the material austenitization temperature. With a decrease of the grinding heat generation, an
area with a reduction of the hardness up to 450 HV1 was identified until 400 °C. Between 400 and
250 °C, an intermediate zone exists and it is characterized by a slightly decrease of the surface
hardness up to 600 HV1. The feasibility area occurs under a maximum calculated temperature of
250 °C, where no defects were detected.

Conclusions

This work aimed to create and optimize a model able to predict thermal defects in a dry grinding
process on casehardened material typically used in gears manufacturing. A hierarchical FEM model
avoiding several time-consuming experimental power measurements was presented. A first single
grain grinding model was implemented to calculate the grinding power generated during the
interaction between a single grain and the material. The model was developed introducing an
equivalent defined grain shape representative for the sintered aluminum oxide abrasive with size 60
and optimizing the flow stress behavior of the case-hardened material. A correlated following thermal
model was developed to represent the interaction between the whole grinding wheel and the material
in a tangential grinding process. A moving heat source was designed considering the wheel-material
contact area and the wheel specification in terms of abrasive grains density. Three structures and two
binder hardness were compared at equal grinding conditions to validate the model and show the
different grinding wheel specification influence on the material. The thermal defect occurrence was
predicted considering the temperature reached during the process and the model was validated by
means of temperature measurements by adopting embedded thermocouples and through
microstructural and micro-hardness analysis. The thermal effect of the grinding process is correlated
to the moving heat source entity which was designed in function of the grain grinding power, the
tangential and normal contact surfaces, and the abrasive grains density. Conclusions can be
summarized in the following points:

e The single grain grinding power is directly dependent by the depth of cut and feed rate, but
the cutting depth was detected being the most influencing kinematic grinding parameter;

e From a combined analytical and experimental evaluation of the grinding wheel specification
it was identified a reducing grains density considering an increasing structure and a softer
hardness binder.

e The model was validated considering that the average percentage differences between the
measured and calculated temperatures was detected equal to 4%, 9.8% and 10.8% respectively
for the thermocouples positioned at 0.25, 0.5 and 1 mm from the surface considering all the
wheel specifications.

e Considering the grinding wheel specification effect, it was shown a reduction of the grinding
temperature by increasing the porosity and using a softer binder. In particular, a decrease of
33% and 9.5% was detected between the low-medium porous wheels and medium-high
porous wheels respectively. Instead, a maximum reduction of 20.5% was achieved by
introducing a one grade softer binder hardness.
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Microstructural and micro-hardness measurements match with the maximum temperatures
calculated. It was verified that a darkened layer occurs when a temperature about 400 °C was
reached, instead, the white layer occurrence was detected overcoming the austenitization
temperature of 723 °C.

Comparing the surface micro-hardness of the reference material with the microstructure
reached in the dry grinding tests, it was shown an increase of 16% of surface hardness with
the low and medium porosity and a reduction of 25% and 37 % respectively with the high
porosity and softer binder wheel.
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