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(57) Abstract: A method for grinding a workpiece by
means of a grinding wheel is disclosed. The workpiece
comprises a cylindrical bearing surface (3), a radially
extending sidewall (4) extending outward from the
cylindrical bearing surface, and a curved transition
portion (5) connecting the cylindrical bearing surface
with the sidewall. During grinding, the feed in an in-
crement is selected so as to achieve a pre-set maxim-
um surface temperature of the workpiece at a point of
the grinding wheel resulting in the highest surface
temperature of the workpiece. Furthermore, a method
for determining processing parameters for such a
grinding method is disclosed.



10

15

20

25

30

35

WO 2017/005577 1 PCT/EP2016/065153

METHOD OF GRINDING A WORKPIECE HAVING A CYLINDRICAL BEARING SURFACE
AND METHOD FOR DETERMINING PROCESSING PARAMETERS

Technical field

The present disclosure relates in general to a method of grinding a workpiece by means of a
grinding wheel, the workpiece comprising a cylindrical bearing surface, a radially extending
sidewall extending outward from the cylindrical bearing surface, and a curved transition
portion connecting the cylindrical bearing surface with the sidewall. The present disclosure
also relates to a method for determining processing parameters of such a grinding method.

Background

A crankshaft 1 has a rotational axis A and comprises a plurality of crankpins 2 or journals, as
shown in Figure 1a. Figure 1b illustrates a cross sectional view of a part of such a crankpin 2.
The crankpin 2 comprises a cylindrical bearing surface 3, a radially extending sidewall 4 and
normally a curved portion 5. The cylindrical bearing surface 3 has a centre axis which is
parallel to the axis of rotation of the crankshaft. The sidewalls are arranged at opposite axial
ends of the cylindrical bearing surface and connected to the cylindrical bearing surface via a
respective curved portion 5 having a radius in a plane coinciding with the plane in which the
axis of the cylindrical bearing surface is arranged. The sidewalls each extend around the
whole circumference of the cylindrical bearing surface and thus have a form of a cylindrical
surface around the centre axis of the cylindrical bearing surface.

Forged steel crankshafts are sensitive to grinding-induced thermal damage which may result
in inferior quality of the crankshaft. The common types of thermal damage to the workpiece
are grinding burn (oxidation burn), metallurgical phase transformations, softening (tempering)
of the surface layer with possible rehardening, unfavourable residual tensile stresses, cracks,
and reduced fatigue strength. This has for example been reported by Malkin and Guo, CIRP
Annals - Manufacturing Technology, Volume 56, Issue 2, 2007, Pages 760-782. Thus,
grinding of the crankpin is critical since it affects the dimensions, the surface quality, and the
fatigue life not only of the cylindrical bearing surface but also of the curved portions and the
sidewalls. Furthermore, grinding of crankpins often result in non-uniform grinding wheel

wear, which in turn also may affect the quality of the crankshaft.

It is previously known to grind a crankpin by plunge grinding using a grinding wheel having a
width corresponding to the width of the pin to be ground, and a grinding wheel profile with a
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corner radius equal to the radius of the curved portion between the cylindrical bearing
surface and the sidewall. Thus, during grinding, the sidewalls are ground simultaneously.
This method, however, has the disadvantages of non-uniform grinding wheel wear and great
risk for thermally-induced damage to the crankpin. Therefore, other grinding strategies have
also been developed wherein the grinding is not only performed by radial feed of the grinding

wheel.

Another method for grinding of crankpins is a combined radial-plunge, axial-grinding method
wherein for the majority of the process the grinding wheel plunges radially into the crankpin,
followed by angle-plunge grinding during finishing. In this method, the grinding wheel width is
smaller than the distance between the two sidewalls. This combined radial-plunge axial-
grinding method may suffer from certain drawbacks inter alia because the grinding wheel is
plunged radially. For example, if the grinding parameters are selected such as to avoid
grinding burn the grinding cycle times become long. If shorter grinding cycle times are
desired, the risk for grinding burn increases greatly. Furthermore, such grinding involves a

high aggressiveness number and high, non-uniform, grinding wheel wear.

Yet another grinding method is the so called angle-plunge grinding method, wherein the
grinding wheel plunges into the crankpin both radially and axially at an angle, typically to
carry out grinding at an angle of the grinding wheel feed selected so that the sidewall grind
will be completed ahead of the grind of the cylindrical bearing surface. EP 1 635 989 B1
discloses an example of such a process.

Furthermore, US 4,603,514 A discloses a method of grinding a workpiece having a
cylindrical portion, two sidewall portions and curved portions connecting the cylindrical
portion with the respective sidewalls, such as crankshaft pins or journals. Grinding is
performed by means of a grinding wheel having a width smaller than the space between the
two sidewalls of the workpiece. During grinding, the grinding wheel and the workpiece are
simultaneously moved relative towards each other in two perpendicularly intersecting
directions such that one sidewall and part of the cylindrical portion of the workpiece are
shaped by oblique feed grinding, followed by a similar grinding operation on the other side
wall and the reminder of the cylindrical portion. Such angled-vector grinding is essentially
cylindrical grinding utilizing a rotationally symmetrical grinding wheel of an arbitrary profile,
where the rotational axes of the wheel and the workpiece are parallel.

Angle-plunge grinding is a fundamentally better process compared to radial-plunge grinding,
giving shorter grinding cycle times and less risk of burn. However, a serious drawback of
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angle-plunge grinding is the possibility of large surges in material removal rate when there is
a large degree of run-out in the incoming crankpin dimensions. In addition, although angle-
plunge grinding is an inherently better process, where the fundamental grinding parameters
are not explicitly understood or quantified. On the contrary, grinding parameters are chosen
arbitrarily based on trial-and-error, resulting in regions of the crankpin with high temperatures

and other regions with low temperatures.

Irrespective of the grinding method chosen, grinding of a crankpin is not easy to control.
Sidewall grinding experiences extreme variation of aggressiveness number along the wheel
profile as well as a longer cutting-path length compared to grinding a cylindrical surface.
Therefore, one portion of the grinding wheel experiences a high aggressiveness number,
causing excessive wheel wear and poor surface finish (high surface roughness) of the
workpiece, while another portion of the wheel experiences a low aggressiveness number,

causing high temperatures which can lead to thermal damage of the workpiece.

Oliveira et al., CIRP Annals - Manufacturing Technology, Volume 54, Issue 1, 2005, Pages
269-272, discuss axial- or radial-grinding strategies employed to grind a crankpin sidewall. In
the axial feed the grinding wheel is moved axially relative to the crankshaft, whereas in the
radial feed the wheel is plunged perpendicularly towards the crankshaft rotating axis. Oliveira
et al. concluded inter alia that it is possible to determine the most affected areas of the wheel
profile according to each of the grinding strategies applied and based on said information
selecting the most suitable grinding strategies and grinding conditions in order to reduce the
thermal damage and wheel wear. Furthermore, it was concluded that a multi-step axial face
grinding strategy provides a flexible solution for process design and that according to the
number of steps selected it is possible to adjust the specific material removal rate and the
position of maximum wear along the wheel profile, thereby achieving better control of the
process.

A crankpin is eccentric to the shaft main rotational axis, which requires moving the rotating
grinding wheel (wheelhead) in a direction of the crankpin according to a rotation phase of the
crankshaft. Such accommodation of a radial feed can be done by traversing a grinding
spindle in the radial direction towards the workpiece (X-axis) by means of CNC. The axial
feed is realized by a CNC-controlled Z-axis, independent of X-axis. This is for example
disclosed in US 6,878,043 B1.
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Furthermore, when a crankshaft rotates with a constant rotational speed the relative
workpiece speed is changing according to a rotation phase of the crankshaft continuously as
the grinding wheel passes around the circumference of the workpiece.

While the problems associated with crankpin grinding has been disclosed above, the same
applies to other workpieces comprising a cylindrical bearing surface, a sidewall and a curved
transition portion.

Summary

The object of the present invention is to enable a grinding method of a workpiece by means
of a grinding wheel, the workpiece comprising a cylindrical bearing surface, at least one
sidewall extending radially outwardly from an axial end of the cylindrical bearing surface, and
a curved transition region connecting the cylindrical bearing surface with said at least one
sidewall, wherein the grinding method results in high productivity rates and controlled quality
of the workpiece in terms of avoiding thermal damage, and which grinding method can be
industrially implemented.

The object is achieved by a grinding method according to claim 1 and a method for
determining process parameters of a grinding method according to claim 6. Exemplifying
embodiments are defined by the dependent claims.

The workpiece may for example be a crankpin of a crankshaft, but is not limited thereto. The
workpiece may be any workpiece comprising a cylindrical bearing surface, a curved portion,
as well as a sidewall extending radially outwardly from an axial end of the cylindrical bearing
surface and connected to the cylindrical bearing surface by means of the curved portion.

The present invention is based on grinding the workpiece by controlling the depth of cut
during each increment such that the points on the grinding wheel profile causing the highest
surface temperature of the workpiece remain below or at a pre-set maximum surface
temperature of the workpiece. Thus, the surface temperature of the workpiece can never be
higher than the pre-set maximum surface temperature threshold and thus thermal damages
of the workpiece are avoided. Furthermore, by controlling the depth of cut for each increment
of the grinding cycle in accordance with the set surface temperature results in the lowest
number of increments needed to grind the workpiece and thus inherently also the lowest
grinding cycle time. Thereby, grinding can be performed in a controlled manner at high
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productivity rates without any risk for thermal damage of the workpiece caused by the
grinding and hence controlled quality of the workpiece is achieved.

In accordance with the present invention, a method of grinding a workpiece by means of an
essentially rotational symmetrical grinding wheel is provided, wherein the workpiece
comprises a cylindrical bearing surface, a radially extending sidewall extending outward from
the cylindrical bearing surface, and a curved transition portion connecting the cylindrical
bearing surface with the sidewall, and wherein the grinding wheel has an axial extension less
than the axial extension of the cylindrical bearing surface. The method comprises grinding
the workpiece in a plurality of grinding increments together defining a grinding cycle, each
grinding increment performed with a respective feed of the grinding wheel in relation to the
workpiece. In each separate grinding increment, the feed is selected so as to achieve a pre-
set maximum surface temperature of the workpiece at a point of the grinding wheel resulting
in the highest surface temperature of the workpiece.

The feed may suitably comprise an axial feed and a radial feed, which are independently
selected so as to achieve said pre-set maximum surface temperature of the workpiece at the
point of the grinding wheel resulting in the highest surface temperature of the workpiece.
Thus, the grinding method may suitably be an angle-plunge grinding process. This has the
advantage of giving shorter cycle times compared to for example a process wherein, for the
majority of the process, the grinding wheel plunges radially into the workpiece. The axial feed
and radially feed are preferably set so as to achieve a maximum material removal rate in

each grinding increment.

For sake of simplicity of control of the process, the grinding wheel may suitably be rotated
with a constant rotational speed.

Furthermore, the workpiece may suitably be rotated with a constant rotational speed
throughout the grinding cycle in order to achieve an easy control of the process. It is however
also possible to rotate the workpiece with a constant rotational speed within each increment,
but with different rotational speeds in two of each other following increments. Depending on
the apparatus used, it may also be possible to vary the rotational speed within an increment
if desired.

The present invention also provides a method of determining processing parameters of a
grinding method for grinding a workpiece by means of an essentially rotational symmetrical
grinding wheel having a grinding wheel profile. The workpiece comprises a cylindrical
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bearing surface, a radially extending sidewall extending outward from the cylindrical bearing
surface, and a curved transition portion connecting the cylindrical bearing surface with the
sidewall, and wherein the grinding wheel has an axial extension less than the axial extension
of the cylindrical bearing surface. The method comprises, based on a pre-set maximum
surface temperature, determining a number of increments and the respective axial feed and
radial feed of said increments, and comprises the following steps:

a) based on a position of the grinding wheel at the end of the grinding cycle, determining
the distance into the workpiece in radial respectively axial direction and hence
determine the corresponding contact portion set by a lower limit and an upper limit (of
the grinding wheel profile;

b) determining an axial feed and a radial feed, in a corresponding increment, necessary
to keep the pre-set maximum surface temperature at a point of the contact portion of
the grinding wheel resulting in a highest surface temperature of the workpiece during
said corresponding increment;

c) based on the axial feed and the radial feed determined in step b) determining the
resulting grinding wheel position after completion of one increment with said axial
feed and radial feed,

d) based on the grinding wheel position obtained in step c) determining a corresponding
contact portion with a corresponding lower limit and upper limit of the grinding wheel
profile;

e) in case the lower limit of the contact portion is less than the upper limit of the contact
portion obtained in step d) repeating steps b) to d) until the lower contact limit of the
contact portion is not less than the upper limit;

f) indexing the obtained increments and their respective axial feed and radial feed
according to the grinding process.

Determining the axial feed and radial feed necessary to keep the pre-set maximum surface
temperature at a point of the contact portion of the grinding wheel resulting in a highest
surface temperature of the workpiece in step b) may suitably be performed such as to
achieve a maximum removal rate in the increment. This further ensures a shortest possible

grinding cycle without any risk for thermal damage.

The axial feed and the radial feed may be determined in step b by calculating a limit depth of
cut function of the grinding wheel position in order to match the pre-set maximum surface
temperature, and further comprising selecting two critical points of the limit depth of cut
function in the current contact interval. Said critical points are then used to determine the
corresponding axial feed and radial feed. Thereby the pre-set maximum surface temperature
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is matched only in two points of the contact interval and everywhere else, the actual depth of

cut will be lower.

The limit depth of cut function may be given as:

1.064

0" = e, laggr(s,ap)] [Zsaiaggr(s,ap) = o = ai(s,0")  (Eq.22)

wherein 6* is the pre-set maximum surface temperature, k is the thermal conductivity of the
workpiece material, p the density of the workpiece material, ¢, is the specific heat of the
workpiece material, e, is the specific energy into the workpiece, v; is the grinding wheel
speed, and aggr is the aggressiveness number.

The total specific energy characteristic, e,,.(aggr), may for example be obtained from
grinding power measurements (i.e. experiments) performed in a first step comprising only
sidewall grinding wherein only axial feed is used, and a second step comprising only
cylindrical bearing surface grinding wherein only radial feed is used, and wherein the total
specific energy in the transition region is obtained by exponential interpolation. The specific
energy into the workpiece characteristic e, (aggr) is then determined by calculating energy
partition ratios and applying them to the total specific energy characteristic for each grinding
type (i.e. grinding of sidewall only and grinding of cylindrical bearing surface only) separately,
and wherein the specific energy in the transition region is again obtained by exponential
interpolation.

According to an aspect of the present invention, a computer programme for determining
processing parameters of a grinding method is provided, which computer programme
comprises programme code for performing the method steps of the method for determining
processing parameters as disclosed above.

According to an aspect of the present invention, a computer programme for determining
processing parameters of a grinding method is provided, which computer programme
comprises programme code stored on a computer-readable medium for performing the
method steps of the method for determining processing parameters as disclosed above.

The computer programme may further be arranged to provide the determined processing
parameters to an electronic control unit or another computer connected to or adapted to

communicate with the electronic control unit.
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The electronic control unit can for example be an electronic control unit of a grinding machine
adapted to control parameters such as the axial feed and radial feed, as well as the number

of increments.

According to an aspect of the present invention, a computer programme product is provided
containing a programme code stored on a computer readable medium for performing the
method of determining processing parameters of a grinding method as disclosed above
when said computer programme is run on an electronic control unit or another computer
connected to or adapted to communicate with the electronic control unit.

Brief description of drawings

Fig. 1a schematically illustrates a side view of a crankshaft.

Fig. 1b schematically illustrates a cross sectional view of a portion of crankpin.

Fig. 2 schematically illustrates kinematics of grinding of a workpiece, such as a crankpin.

Figs. 3a and 3b schematically illustrate a two-dimensional view of crankpin-grinding
geometry.

Fig. 4 illustrates a first exemplifying embodiment of a method for determining grinding

parameters according to the invention.

Fig. 5 illustrates a second exemplifying embodiment of a method for determining grinding

parameters according to the invention.

Fig. 6 schematically illustrates a device comprising a computer programme according to an

embodiment.

Detailed description

In the following, the invention will be described in more detail with reference to the drawings.

However, the invention is not limited to the embodiments disclosed and discussed but may
be varied within the scope of the appended claims. Furthermore, the drawings shall not be
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considered drawn to scale as some features may be exaggerated in order to more clearly
illustrate the features.

Furthermore, the workpiece is in the following sometimes exemplified by a crankpin. The
workpiece and the grinding method is however not limited to grinding of a crankpin and the
workpiece may be any workpiece having a cylindrical bearing surface, a radially extending
sidewall and a curved transition portion having a radius and connecting the cylindrical
bearing surface with the sidewall. Typically, the workpiece comprises two radially extending
sidewalls extending outward from the cylindrical bearing surface and each connected to the
cylindrical bearing surface by a curved transition portion.

The present disclosure relates to grinding of a workpiece by means of a grinding wheel. The
workpiece comprises a cylindrical bearing surface arranged around a centre axis. At an axial
end of the cylindrical bearing surface, the workpiece comprises a radially extending sidewall
which extends radially outward from the cylindrical bearing surface around the whole
circumference of the cylindrical bearing surface. The cylindrical bearing surface is connected
to the sidewall by means of a surface constituting a curved transition portion having a radius.
As previously disclosed, Figures 1a and 1b illustrates an example of such a workpiece.

The grinding wheel is essentially rotationally symmetrical around a rotational axis thereof,
and is rotated around said rotational axis. The rotational axis of the grinding wheel is
essentially parallel to the centre axis of the cylindrical bearing surface. Therefore, the radially
peripheral surface of the grinding wheel will grind the cylindrical bearing surface whereas the
axial peripheral surface of the grinding wheel will grind the sidewall of the workpiece. The
grinding wheel has a width, i.e. axial extension, which is smaller than the axial extension of
the cylindrical bearing surface.

The present invention is based on an in-depth investigation to understand the complex
mechanisms that arise at the interface between the grinding wheel and the workpiece at the
cylindrical bearing surface, the sidewall and the curved transition portion connecting the
cylindrical bearing surface with the sidewall, in terms of fundamental grinding parameters.
These fundamental grinding parameters are: contact length between the workpiece and the
grinding wheel (I, specific material removal rate (Q "), aggressiveness number (aggr),
grinding power (Pg), and maximum surface temperature of the workpiece (6n). Based on the
modelling, a strategy of the grinding method has been developed. The strategy is provided to
achieve an essentially constant-temperature process that yields the shortest cycle time that
can be achieved within temperature thresholds to avoid thermal damages of the workpiece.
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The temperature limit to avoid thermal damage, of the workpiece depends on the material of
the workpiece and the heat treatment process. The temperature limits may be determined via
measured Barkhausen noise signals, measured residual stress values versus depth into the
material, thermal softening from hardness measurements versus depth into the material, and
rehardening burn by sectioning and examining for “white layer” (consisting of untempered
martensite and retained austenite, resulting from phase transformations in the material of the
workpiece) in order to “calibrate” Barkhausen noise signals to determine the thresholds for
grinding without thermally damaging the workpiece. Then, these Barkhausen noise threshold
values may be correlated with the simulated temperatures by the model, which will be further
disclosed below, to determine processing parameters for grinding needed to avoid risk for
thermal damage of the workpiece.

It has been found that an optimal strategy for the grinding method is a unique version of
angle-plunge grinding (also known as vector grinding), utilizing the inherently better approach
of angle-plunge grinding, and avoiding the problem of selecting inputs based on trial-and-
error. However, the model developed may also be used if utilising other strategies for
grinding, for example grinding methods utilising radial plunge followed by axial plunge.

The model developed in accordance with the present invention may be embedded into a
simulation tool, i.e. a computer programme for determining processing parameters, that is
used to visualize the fundamental grinding parameters, i.e. contact length between the
workpiece and the grinding wheel, specific material removal rate, aggressiveness number,
grinding power and maximum surface temperature at all points on the grinding wheel profile

for a selected grinding increment.

During grinding of a workpiece, such as a workpiece as previously described, the
instantaneous specific material removal rate, the aggressiveness number and specific
energy (i.e. the energy per unit volume of material removal) change not only along the
contact length from the cylindrical bearing surface, through the curved transition portion and
up the sidewall, but the actual instantaneous contact length changes throughout the process
as well. In addition, what the grinding wheel “sees” changes due to the changing three-
dimensional surface along the radius of the curved transition portion and through the arc of
contact. This complex geometry has not previously been modelled and analysed, and trying
to analyse all three portions (the cylindrical bearing surface, the curved transition portion and
the sidewall) can prove very difficult as the conditions change drastically just a short distance
between points of the grinding wheel surface in contact with the workpiece.
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In order to overcome these difficulties, an analytical approach has been taken to model the
geometry and kinematics of the instantaneous grinding situation, taking every point of the
grinding wheel surface individually and considering it as a separate entity from adjacent
points on the grinding wheel surface. In this way, the fundamental grinding parameters in
terms of contact length, specific material removal rate, aggressiveness number, grinding
power and maximum surface temperature can be explicitly determined at each point without
making assumptions. Based on such an approach, the grinding parameters for the whole
grinding cycle can be optimised based on the most critical point of the grinding wheel at each
moment, i.e. the point of the grinding wheel which at a specific condition and point of time
would cause the highest risk for thermal damage of the workpiece.

Figure 2 schematically illustrates how the relative workpiece velocity, v., which constitutes
the fundamental kinematical grinding parameter needed for modelling, is derived. More
specifically, Figure 2 schematically illustrates a generalised case of workpiece grinding
kinematics, where the workpiece angular speed, », is modelled around the workpiece (i.e. it
is here assumed for the sake of modelling that the wheel moves around the workpiece), and
thus illustrates a geometrical and kinematical framework for a functional determination of the
relative workpiece velocity, v.. The workpiece may for example be a crankpin 2 as shown in
Figures 1a and 1b and for sake of clarity the workpiece will in the following be exempilified by
such a crankpin 2 of a crankshaft.

As shown in Figure 2, the workpiece has a radius, r., from a central axis 3b of the cylindrical
bearing surface 3 to the peripheral surface thereof 3a, and the grinding wheel 6 has a radius,
rs, from its rotational centre 6b to the peripheral surface 6a thereof. The crankshaft 1
comprising the crankpin 2 has a rotational axis A. Thus, there is a distance d,,;(¢.s)
between the rotational axis A of the crankshaft and the rotational axis 6b of the grinding
wheel, wherein the angle ¢us constitutes the independent variable used. The eccentricity of
the crankpin relative to the rotational axis A is denominated ecc..

For a modelling purpose, considering a fixed crankshaft, the kinematics of the grinding wheel
relatively to the fixed crankshaft is a combination of the grinding wheel rotation and the wheel
translation. The vector d,,;(¢,,s)w(¢,s) has a direction perpendicular to the line between
rotational axis A and rotational axis 6b, and the magnitude is known due to the known
rotational speed of crankshaft in real application. The vector v¢,(¢,s) has a direction parallel

to the line between the rotational axis A and rotational axis 6b. The direction of vector
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Vws(@Pws) (sum of vectors dys(@uws)w (@ws) and v (@ws) ) is known, since the grinding wheel
rotates around the crankpin, as is perpendicular to the line between central axis 3b and
rotational axis 6b.

Based on the known magnitude and direction of the d,,.(¢,,s)w(@,,s) vector, as well as the
directions of v,,s(¢ws) and v, (@ws) vectors, magnitudes of v,,5(¢.,s) and vg, (pus) vectors
are determined. Thus, based on the relations shown in Figure 2 the relative workpiece
velocity, vw, can be calculated in accordance with Eq. 1 below.

€CCy, COS P g

\/(rS+TW)2—(ech sin @ys)?

rwo(ews)  (Ea. 1)

Yy (Pus) = |1+

The relative workpiece velocity v,, as given above takes into account a possibility of the
angular speed of the workpiece changing during the grinding cycle. However, in case the
angular speed of the workpiece is not variable, or where it is purposively selected to be
constant, only the average workpiece velocity needs to be taken into account. The average
relative workpiece velocity may be calculated in accordance with Eq. 2.

Vy = 1ps® (Eq. 2)

where the general workpiece radius, ru, is substituted with the radius, rss, of the cylindrical
bearing surface 3 of the crankpin.

Figures 3a and 3b illustrate the basic geometry of crankpin grinding. As shown in the figures,
the grinding wheel 6 has an axial extension b, i.e. a width, a radius rsfrom the rotational axis
to the radial peripheral surface 6a, and comprises a curved transition portion 6¢ between the
peripheral radial and the peripheral axial surface of the grinding wheel. The curved transition
portion 6¢ of the grinding wheel has a radius r,, which suitably may correspond to the
intended radius of the curved transition portion 5 of the workpiece. As shown in Figure 3a,
the cylindrical bearing surface 3 has a radius, rss, when the intended total stock to be
removed in radial direction &y has been removed. The total stock to be removed at the
sidewall 4, i.e. axial direction, of the workpiece is illustrated by 8.+ The sidewall 4 extends
radially outward from the cylindrical bearing surface such that the radial peripheral surface of
the sidewall has a radius rsv, i.€. the sidewall is formed of a cylindrical portion having the

radius rsu.
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Grinding may be performed by different feeds in z-direction (axial direction) and x-direction
(radial direction) of the workpiece as previously discussed. As shown in Figures 3a and 3b,
the grinding wheel may be moved an axial distance a;into the workpiece, and a radial
distance ay,; (radial depth) into the workpiece, with / being the iteration number of workpiece
revolutions, i.e. the number of the grinding increment. Although from the two dimensional
perspective shown in figures 3a and 3b the sidewall may be seen as a flat surface, the
grinding wheel creates an arc on the workpiece.

In each increment, the contact between the grinding wheel and the workpiece is in reality a
three-dimensional surface. A surface can be geometrically described using two parameters.
In the present case, the parameter “s”is used and represents an arc length on the wheel
profile with the origin at the beginning of the radius and is in a cross sectional plane. The
parameter “s”is in the model used as an independent variable in the grinding model, as will
be further described below. The second parameter for describing the surface of contact
between the grinding wheel and the workpiece may for example be the angle in
circumferential direction of the grinding wheel. However, by applying fundamental grinding
modelling approach in every point, s, variations in circumferential direction may be avoided.

Based on the basic geometry, when the grinding wheel is in contact with the workpiece, each
point s on the grinding wheel profile (i.e. peripheral surface of the grinding wheel) in a cross
sectional plane through the grinding wheel axis and the workpiece axis may be analysed with
respect to the grinding wheel profile arc length starting from the cylindrical bearing surface
(negative values), moving up the radius ro (positive values, from the perspective of the wheel)
and then up the sidewall of the grinding wheel, i.e. the axial peripheral surface of the grinding
wheel. At every grinding increment, the contact portion of the grinding wheel profile can be
determined by a lower limit, sy, and an upper limit, s, depending on the wheel position,
given by distances d,;and d;, and feeds a.; and ax.

A robust model for the grinding process of a crankpin (or grinding of any other workpiece
comprising a cylindrical bearing surface, sidewalls and curved transition portions as
disclosed above) may be developed by substituting the actual, inherently complex, three-
dimensional geometrical scenario along the wheel profile with an equivalent plane-surface-
grinding scenario at every point of the profile, s, in terms of fundamental grinding parameters.
Said model may then be used for process planning, i.e. design of a grinding cycle in terms of
feeds for the grinding increments, and for simultaneous process optimisation, i.e. minimising

the grinding cycle time.
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In accordance with the present invention, modelling of the grinding geometry is performed by
determination of simplified relations between axial and radial feeds (a;, ax), corresponding
depth of cut, a., and contact length, &, at the cylindrical bearing surface (Eqg. 3 and Eq. 4), the
curved transition portion (Eqg. 5 and Eq. 6) and the sidewall of the workpiece (Eq. 7 and Eq.

5  8). More specifically:

e At cylindrical bearing surface; s < 0:

ae(s) = ay (Eq. 3)

l.(s) = V Zreqae(s)- (Eq 4)

10
e At curved transition portion of workpiece; 0 < s < Zry:
ae(s) = aycost+a,singt  (Eq. )
_ |2TeqTo 2 s ae(s) . 4 s s
lc(s)—\/m[\/cos 7o T 2——sin* % — cos (Eq. 6)
To 0
15 e At sidewall of workpiece; s = Zry:
ae(s) =a, (Eq.7)
I.(s) = JZreq [s -2+ 1/Zran(s)] (Eq. 8)

In the equations above, r., is the equivalent radius and is defined by Eq. 9.

20

Teq = % (Eq 9)
Based on the modelling approach described above, the fundamental grinding parameters
specific material removal rate Qy,, aggressiveness number aggr, grinding power P, and
25  maximum surface temperature 6,,, can be calculated as given below by Eq. 10 to Eqg. 13in

every point s of the grinding wheel profile.

Qw(s) = 1y (s) (Ea. 10)

6 A/
aggr(s) = 5-9=3  (Eq. 11)

Vs
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Py = I erorlaggr(s)1Qi,(s)ds (Eq. 12)

On(s) = ey laggr(s)] (222 (Eq. 19)

In Eq. 11, vsis the grinding wheel speed. In Eq. 13, k is the thermal conductivity, p the
density, and ¢, the specific heat of the workpiece material.

A core part of thermal modelling is the determination of the specific energy into the
workpiece characteristic (versus aggressiveness number), e, (aggr), which is based on the

total specific energy characteristic, e,,:(aggr), and the thermal model.

The total specific energy characteristic, e.,:(aggr), may be obtained from grinding
experiments, where grinding power is measured for various feeds. The experiments may
suitably be conducted in two separate stages, i) sidewall grinding where only axial feed is
used and ii) cylindrical bearing surface grinding where only radial feed is used. The total
specific energy characteristic is given below with reference from Eq. 14 to Eq.18.

. Low aggressiveness — side wall grinding; aggr < aggry,:

aggro: = |@u, = D], (Eq. 14)

Cy
a_ggrﬂz'

(Eq. 15)

ewt(aggr) = e, +

where aggr,, is the optimal aggressiveness for sidewall grinding.

. High aggressiveness — cylindrical bearing surface grinding; aggr = aggro,:

aggror = | =D £|™,  (Eq. 16)

Cx
aggrix’

et(aggr) = epx + (Eq. 17)

where aggr,, is the optimal aggressiveness for bearing-surface grinding.
. Transition region; aggr,, < aggr < aggroy:

Based on exponential interpolation:

et(aggr) = etot(aggrOZ)ecl(aggr—aggroZ)HZ(aggr—aggr()z)zﬂg(aggr—aggn)z)3 (Eq. 18)

The coefficients c¢;,c, and c; are determined in order to get continuous and smooth total
specific energy characteristic.
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Constants of the characteristic eg,, C,, ey, C, are obtained with approximation of the
measured results by the least-square method, while the exponents in the expressions are
chosen as: u, =1 and pu, =3/2, in order to get a finite value when the depth of cut

approaches zero value.

The specific energy into the workpiece characteristic, e, (aggr), is then determined by
calculating energy partition ratios, ¢, and ¢,., for each grinding type separately. Calculations
are based on the use of the thermal model combined with the measured Barkhausen noise
signals, which are correlated with certain maximum surface temperature values. In this way,
the specific energy into the workpiece characteristic is obtained based on the total specific
energy characteristic as given below with reference from Eq. 19 to Eq.21.

. Low aggressiveness — side wall grinding; aggr < aggry,:
CZ CWZ
ew(aggr) = SZ (eOZ + W) = eWOZ + W, (Eq 19)
. High aggressiveness — cylindrical bearing surface grinding; aggr = aggro,:
Cx wa
ew(@ggr) = & (eoe + -05) = ewor + i, (Eq. 20)
. Transition region; aggr,, < aggr < aggroy:

Based on continuous and smooth exponential interpolation:

e, (aggr) = e, (aggr,,)ew1(2997-agg7oz)+Cwz (aggr-aggroz)® +cws(aggr-aggroz)® (Eq. 21)

By using the model as described above, grinding of a workpiece comprising a cylindrical
bearing surface, a radial sidewall and a curved transition portion connecting the cylindrical
bearing surface with the sidewall can be optimised as disclosed below. The grinding method
is optimised by determining axial and radial feeds (a, and a,) within each increment,
necessary to grind the workpiece at a set maximum surface temperature, thereby also
obtaining the number of increments needed (which inherently also is the lowest possible for
the grinding cycle). The lowest number of grinding increments gives the minimum grinding
cycle time. By controlling the method so that the set maximum surface temperature is not
exceeded at any point on the contact between the workpiece and the grinding wheel, there is
no risk for thermal damage of the workpiece during grinding.
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Based on the above, a method for determining grinding parameters may be achieved. Thus,

the present invention provides a method of determining processing parameters of a grinding

method for grinding a workpiece by means of an essentially rotational symmetrical grinding

wheel, the workpiece comprising a cylindrical bearing surface 3, a radially extending sidewall

4 extending outward from the cylindrical bearing surface, and a curved transition portion 5

connecting the cylindrical bearing surface with the sidewall, wherein the grinding wheel has

an axial extension less than the axial extension of the cylindrical bearing surface, the method

comprising, based on a pre-set maximum surface temperature, determining a number of

increments and the respective axial feed and radial feed of said increments. The method

comprises the following steps:

a)

based on a position of the grinding wheel at the end of the grinding cycle, determining
the distance into the workpiece in radial respectively axial direction and hence
determine the corresponding contact portion set by a lower limit and an upper limit (of
the grinding wheel profile;

determining an axial feed and a radial feed, in a corresponding increment, necessary
to keep the pre-set maximum surface temperature at a point of the contact portion of
the grinding wheel resulting in a highest surface temperature of the workpiece during
said corresponding increment;

based on the axial feed and the radial feed determined in step b) determining the
resulting grinding wheel position after completion of one increment with said axial
feed and radial feed,

based on the grinding wheel position obtained in step ¢) determining a corresponding
contact portion with a corresponding lower limit and upper limit of the grinding wheel
profile;

in case the lower limit of the contact portion is less than the upper limit of the contact
portion obtained in step d) repeating steps b) to d) until the lower contact limit of the
contact portion is not less than the upper limit;

indexing the obtained increments and their respective axial feed and radial feed
according to the grinding process.

Figure 4 illustrates a first exemplifying embodiment of such a method for determining

grinding parameters. The method comprises, based on system and thermal inputs 400,

determining the outputs 406 constituting the number of increments, n, and the axial feed a,;

and radial feed ay;in each of the increments, i=1,2 ... n.
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In accordance with the method, the calculation of feeds starts at the final wheel position, i.e.
when d; = 8,0 and dx = rsw — s + Ox0r, and moves backwards to the initial position of the
grinding wheel just before the beginning of grinding. Both total grinding allowances, &.,: and
Ox1or, May include a certain offset needed to compensate for a possible run-out in the

incoming workpiece dimensions.

Thus, based on the wheel position at end of grinding and the corresponding distance into the
workpiece as defined by d,; and dxj, the corresponding contact portion set by a lower limit sy
and an upper limit s;; of the grinding wheel is determined, 401.

The central part of the method is a constant-temperature process, where the axial feed, a;,
and radial feed, axj, needed to keep the pre-set maximum surface temperature at a point of
the contact portion of the grinding wheel resulting in a highest surface temperature of the
workpiece, while achieving maximum material removal rate, Q., during such an increment,
is determined, 402.

First, the limit depth of cut, a}, is calculated as a function of wheel profile position, s, in order
to match the pre-set maximum surface temperature, 6*. For this purpose, the thermal model
is written in the following form (Eq. 22):

0" = e, lagr(s,a))] | raiaggr(s,ap) = a; = ai(s,6)  (Eq.22)

which includes grinding parameters as functions of both wheel profile position and limit depth
of cut.

That is, the limit depth of cut a; is calculated in every point s of the wheel profile, regardless
of a grinding increment j and contact portion limits so; and sy, This means that a;(s,0%) is
only one function for all increments and can be calculated in advance for given pre-set
temperature 6*. In other words, function a;(s, 8*) represents the pre-set temperature (which
has the same value for all points s) translated into the limit depth of cut (which is, because of
changing geometry, a different value in every point s).

Next, the algorithm determines the axial feed, a,;, and radial feed, a, in a way that:

) the pre-set maximum surface temperature is not exceeded in the wheel-profile

contact portion, which in terms of depth-of-cut reads in accordance with Eq. 23:

e ;(s) < ag(s,07) (Eqg. 23)
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. maximum material removal rate, which is calculated in accordance with Eq. 24:

Quj = 157 Qu)ds = vy [ ay(s)ds  (Eq. 24)

is achieved in the current grinding increment, .

If the limit depth of cut function would be used in every point s, the pre-set maximum surface
temperature would be achieved at every point s. However, only the feeds a,;and a;; are
used in order to adjust in a current increment. This means that the pre-set temperature can
only be achieved in two points s of the contact portion in the current increment. Therefore,
two critical points of the limit depth of cut function should be selected in the current contact
interval. In other words, the values of a,;and a,; are to be determined in such a way as to
match the pre-set maximum surface temperature 8* only in two points of the contact interval
(serijand scro). Everywhere else the actual depth of cut is lower than the limit depth of cut in
those points, since the critical two values of a; is used for calculation of a,;and ax; and
hence the surface temperature of the workpiece will be lower than the pre-set maximum

surface temperature.

Thus, in accordance with the present invention the algorithm then choses two critical points
of the calculated limit-depth-of-cut function in the current grinding increment. Candidates for
those two points are the ones in the current contact interval that simultaneously fulfil the
conditions given by Eq. 23 and Eq. 24. The two critical points are further used to determine
the corresponding axial and radial feeds as:

-a’ .cos@ﬂz* .coss%l

az,j — crl,j 0 cr2,j (Eq 25)

TP
sin( cr2,j Crl,])
To

Qg SIN Scrz'j—azrzj sin 2L
— ’ To ; o
a4y = (Eq. 26)

T —
sin( cr2,j Crl,])
To

* *
where agq ; = aZ(scrLj,H*) and ay, ; = aZ(sCFZ,j, 9*).

Next, the new wheel position is determined by reducing for the calculated feeds, and hence
the new wheel-profile contact limits are determined, 403.

The algorithm continues with the calculations until there is no contact between the wheel and
the crankpin, 404. In the final stage, the number of grinding increments is determined and the
calculated feeds are indexed according to the grinding process, 405.
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Figure 5 illustrates a second exemplifying embodiment of a method for determining grinding
parameters. The second exemplifying embodiment corresponds to the exemplifying
embodiment as shown in Figure 4 except that it provides the possibility to set two input
surface temperatures, 67 and 95, 500. The first set temperature, 87, can be higher than 6 in
order to have an additional possibility to even further reduce the grinding cycle time, because
it is used to control the first grinding portion, which is related to the defined amount of axial
grinding allowance, 6, 1. In this first grinding portion, the process planer has the possibility to
set a higher 67 to induce slight thermal damage into the workpiece (e.g. slight tensile residual
stresses) in a controlled way if grinding cycle time is crucial. Then, in the second grinding
portion, which is the final one, the remaining allowance, i.e. 6,,« — 6,1, is ground with a lower
set temperature 6; to improve quality (surface integrity) of the ground workpiece surface
without any thermal damage. When choosing a high 07, the process planner needs to be
careful that the depth of eventual thermal damage into the workpiece is lower than the

remaining allowance &8, — 6, 1.

The grinding method is not limited to the specific embodiments described above but may be
varied within the scope of the appended claims. For example, grinding may be performed
with a constant or non-constant rotational speed of the workpiece during each increment.
Furthermore, the rotational speed of the workpiece in one increment may be different from a
rotational speed of the workpiece in a subsequent increment if desired. Moreover, the
grinding method may for example be an angle-plunge grinding method, or a combined radial
and axial plunge grinding method wherein for the majority of the process the grinding wheel
is plunged radially into the workpiece. Other types of grinding processes are also feasible.

Furthermore, the grinding method as disclosed herein can be used on a conventional
grinding machine or apparatus used for the same purpose and is not limited to certain
grinding machines or the like.

Figure 6 is a diagram of an exemplified device 600. An electronic control unit of a grinding
machine may for example comprise the exemplified device 600 or the device may be a
separate unit from the grinding machine. The device 600 comprises a non-volatile memory
620, a data processing unit 610 and a read/write memory 650. The non-volatile memory 620
has a first memory element 630 in which a computer programme, e.g. an operating system,
is stored for controlling the function of the device 600. The device 600 may further comprise

a bus controller, a serial communication port, I/O means, an A/D converter, a time and date
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input and transfer unit, an event counter and an interruption controller (not depicted). The
non-volatile memory 620 has also a second memory element 640.

There is a computer programme P provided which comprises routines for determining
processing parameters, more specifically number of increments and feed in each of the
increments, of a grinding method for grinding a workpiece by means of an essentially
rotational symmetrical grinding wheel, wherein the processing parameters are determined
by:

a) based on a position of the grinding wheel at the end of the grinding cycle, determining
the distance into the workpiece in radial respectively axial direction and hence
determine the corresponding contact portion set by a lower limit and an upper limit (of
the grinding wheel profile;

b) determining an axial feed and a radial feed, in a corresponding increment, necessary
to keep the pre-set maximum surface temperature at a point of the contact portion of
the grinding wheel resulting in a highest surface temperature of the workpiece during
said corresponding increment;

c) based on the axial feed and the radial feed determined in step b) determining the
resulting grinding wheel position after completion of one increment with said axial
feed and radial feed,

d) based on the grinding wheel position obtained in step ¢) determining a corresponding
contact portion with a corresponding lower limit and upper limit of the grinding wheel
profile;

e) in case the lower limit of the contact portion is less than the upper limit of the contact
portion obtained in step d) repeating steps b) to d) until the lower contact limit of the
contact portion is not less than the upper limit;

f) indexing the obtained increments and their respective axial feed and radial feed
according to the grinding process.

The computer programme may further be arranged to provide the determined processing
parameters to an electronic control unit or another computer connected to or adapted to

communicate with the electronic control unit.

The computer programme may be stored in an executable form in a compressed form in a

memory 660 and/or in a read/write memory 650.
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Where the data processing unit 610 is described as performing a certain function, it means
that the data processing unit 610 effects a certain part of the programme stored in the
memory 660, or a certain part of the programme stored in the read/write memory 650.

The data processing device 610 can communicate with a data port 699 via a data bus 615.
The non-volatile memory 620 is intended for communication with the data processing unit
610 via a data bus 612. The separate memory 660 is intended to communicate with the data
processing unit 610 via a data bus 611. The read/write memory 650 is adapted to
communicate with the data processing unit 610 via a data bus 614.

When data are received on the data port 699, they are stored temporarily in the second
memory element 640. When input data received have been temporarily stored, the data
processing unit 610 is prepared to effect code execution as described above.

Parts of the methods herein described may be affected by the device 600 by means of the
data processing unit 610 which runs the programme stored in the memory 660 or the
read/write memory 650. When the device 600 runs the programme, methods herein
described are executed.

The foregoing description of the exemplified embodiments of the present invention is
provided for illustrative and descriptive purposes. It is not intended to be exhaustive or to
restrict the invention to the variants described. Many modifications and variations will
obviously be apparent to one skilled in the art. The embodiments have been chosen and
described in order best to explain the principles of the invention and its practical applications
and hence make it possible for specialists to understand the invention for various
embodiments and with the various modifications appropriate to the intended use.
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Claims

Method of grinding a workpiece by means of an essentially rotational symmetrical
grinding wheel (6), the workpiece comprising a cylindrical bearing surface (3), a
radially extending sidewall (4) extending outward from the cylindrical bearing surface,
and a curved transition portion (5) connecting the cylindrical bearing surface with the
sidewall, wherein the grinding wheel has an axial extension less than the axial
extension of the cylindrical bearing surface, the method comprising grinding the
workpiece in a plurality of grinding increments together defining a grinding cycle, each
grinding increment performed with a respective feed of the grinding wheel in relation
to the workpiece, characterised in that, in each grinding increment, the feed is
selected so as to achieve a pre-set maximum surface temperature of the workpiece
at a point of the grinding wheel resulting in the highest surface temperature of the
workpiece.

Method according to claim 1, wherein the feed comprises an axial feed and a radial
feed, and the axial feed and the radial feed are independently selected so as to
achieve said pre-set maximum surface temperature of the workpiece at the contact
point of the grinding wheel resulting in the highest surface temperature of the
workpiece.

Method according to any of the preceding claims, wherein the grinding wheel is
rotated with a constant rotational speed throughout the grinding cycle.

Method according to any of the preceding claims, wherein the workpiece is rotated
with a constant rotational speed throughout the grinding cycle.

Method according to any of the preceding claims, wherein the workpiece is a crankpin
(2) of a crankshaft (1).

Method of determining processing parameters of a grinding method for grinding a
workpiece by means of an essentially rotational symmetrical grinding wheel (6)
having a grinding wheel profile, the workpiece comprising a cylindrical bearing
surface (3), a radially extending sidewall (4) extending outward from the cylindrical
bearing surface, and a curved transition portion (5) connecting the cylindrical bearing
surface with the sidewall, wherein the grinding wheel has an axial extension less than
the axial extension of the cylindrical bearing surface, the method comprising based

on a pre-set maximum surface temperature (8*) determining a number of increments
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(n) and the respective axial feed (a.,) and radial feed (ay) of said increments, the

method comprising the following steps:

a) based on a position of the grinding wheel at the end of the grinding cycle,
determining the distance (d.;, dx)) into the workpiece in radial respectively axial
direction and hence determine the corresponding contact portion set by a lower
limit (s0,) and an upper limit (s1,) of the grinding wheel profile (401);

b) determining an axial feed (a,) and a radial feed (ay,), in a corresponding
increment, necessary to keep the pre-set maximum surface temperature (6*) at a
point of the contact portion of the grinding wheel resulting in a highest surface
temperature of the workpiece (402) during said corresponding increment;

c) based on the axial feed (a;) and the radial feed (ay;) determined in step b)
determining the resulting grinding wheel position after completion of one
increment with said axial feed and radial feed,

d) based on the grinding wheel position obtained in step ¢) determining a
corresponding contact portion with a corresponding lower limit and upper limit of
the grinding wheel profile (403);

e) in case the lower limit of the contact portion is less than the upper limit of the
contact portion obtained in step d) repeating steps b) to d) until the lower contact
limit of the contact portion is not less than the upper limit (404);

f) indexing the obtained increments (/) and their respective axial feed and radial feed
according to the grinding process (405).

The method according to claim 6, wherein determining the axial feed (a,)) and a
radial feed (ax,) necessary to keep the pre-set maximum surface temperature (6*) at
a point of the contact portion of the grinding wheel resulting in a highest surface
temperature of the workpiece in step b) is performed such as to achieve a maximum

material removal rate in the corresponding increment.

The method according to any of claims 6 or 7, wherein the axial feed and radial feed
are determined in step b) by calculating a limit depth of cut (a; ) as a function of the
grinding wheel profile position (s) in order to match the pre-set maximum surface
temperature (6*), selecting two critical points of the limit depth of cut function (scr,
Ser2) in the current contact interval, and using the two critical points to determine the
corresponding axial feed and radial feed.

The method according to claim 8, wherein the limit depth of cut function is given by
the following equation (Eq.22)
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10.

11.

12.

13.

1.064

Jkoey

9*

ewlaggr(s,ap)l [Zataggr(s,ad) = ap = a;(s,0)  (Eq.22)
wherein 6* is the pre-set maximum surface temperature, k is the thermal conductivity
of the workpiece material, p the density of the workpiece material, ¢, is the specific
heat of the workpiece material, e, is the specific energy into the workpiece, v, is the
grinding wheel speed, and aggr is the aggressiveness number.

Method according to claim 9, wherein the total specific energy characteristic,
et(aggr), is obtained from grinding power measurements performed in a first step
comprising only sidewall grinding wherein only axial feed is used, and a second step
comprising only cylindrical bearing surface grinding wherein only radial feed is used,
and wherein the total specific energy in the transition region is obtained by
exponential interpolation; and wherein the specific energy into the workpiece
characteristic e, (aggr) is determined by calculating energy partition ratios and
applying them to the total specific energy characteristic for each grinding type
separately, and wherein the specific energy in the transition region is again obtained
by exponential interpolation.

Computer programme (P) for determining processing parameters of a grinding
method, wherein said computer programme comprises programme code for

performing the method steps of any of claims 6 to 10.

Computer programme according to claim 11, further arranged to provide said
determined processing parameters to an electronic control unit or another computer

connected to or adapted to communicate with the electronic control unit.

Computer programme product containing programme code stored on a computer-
readable medium for performing the method according to any of claims 6 to 10,
wherein said computer programme is run on an electronic control unit or another

computer connected to or adapted to communicate with the electronic control unit.



WO 2017/005577

AN, N

PCT/EP2016/065153

1/6

NI
My

Fig 1a

i

4 s
7
iy
3 ey
4 iy

- IS
A ’ /f -
700

Fig 1b



WO 2017/005577 PCT/EP2016/065153

2/6

Vfa( (pws) s ((pws)' w((pws)

Vios (D) W(Pus)

Pws
ba

eccy



WO 2017/005577

3/6

o

A 4

JEUURPE T ——

________ .
r
2 Tbs X

o

PCT/EP2016/065153

VN

o




WO 2017/005577 PCT/EP2016/065153

4/6

SYSTEM AND THERMAL INPUTS 4 ~——400

\ J
j=1

:

Wheel position at end of grinding: M 401
dyjs Gy == Soj, 51

"

Constant-temperature
process at maximum material
removal rate

v - 402

Axial feed, a,,
Radial feed, a,;

v

j=j+]

v

New wheel position: A~ 403

oy =y = Ayp1, Oy = dyja = Oyj1 == Sop, Sy

Fig 4

YES

Number of grinding increments, n=j-1

v

Final indexing of feeds: A T~——— 405
j=>»i=n+1-jj=12,..,n

Y
OUTPUT: a,;, ay;; i=1,2,.,N - ~——-406




WO 2017/005577

Fig 5

5/6

PCT/EP2016/065153

SYSTEM AND THERMAL INPUTS

N\

— ~——400

A
j=1

Y

Wheel position at end of grinding:

dojs Oj == Sojs 51
NO
YES
o =0 0" =6;
1 ]

v

Constant-temperature
process at maximum material
removal rate

Y

Axial feed, a,;
Radial feed, a,;

Y

j=j+1

Y

500

» 402

New wheel position:
dyj=dyp1 = Oyp, Ayj =y — Oy =>Soj, 51j

T ——403

YES

Number of grinding increments, n=j-1

v

Final indexing of feeds: A T~—— 405

J—=i=n+1-jj=12,..,n

v

OUTPUTS: ay;, Gy;; i = 1,2,..0

T ———406




WO 2017/005577 PCT/EP2016/065153

6/6
614
611 61‘0 o 650 &
615~ 612
660 (51 630
640
620
699 |
600

Fig 6



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/065153

A. CLASSIFICATION OF SUBJECT MATTER

INV. B24B5/42 B24B51/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

B24B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

12 April 2005 (2005-04-12)
cited in the application
the whole document

A US 6 878 043 Bl (JUNKER ERWIN [DE]) 1-13

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

19 August 2016

Date of mailing of the international search report

29/08/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Koller, Stefan

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/065153
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6878043 Bl 12-04-2005 AU 4554600 A 17-11-2000
CN 1360534 A 24-07-2002
CZ 20013878 A3 14-08-2002
DE 19919893 Al 09-11-2000
DE 50002544 D1 17-07-2003
EP 1181132 Al 27-02-2002
ES 2198307 T3 01-02-2004
JP 2002542955 A 17-12-2002
RU 2240218 (2 20-11-2004
US 6878043 B1 12-04-2005
WO 0066323 Al 09-11-2000

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report

