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Unlike most double-disc grinding processes, which use forced workpiece rotation, some double-disc pro-
cesses rely on workpiece self-rotation driven by non-uniform shear forces resulting from partial wheel-work-
piece coverage. This self-rotation is poorly understood, with workpiece angular frequency remaining
unknown despite its importance. This paper investigates the kinematics of self-rotation via analytical model-
ling of the moment-equilibrium conditions, derived from experimentally determined specific-energy values.
The model showed that workpiece coverage ratio is the dominant factor governing workpiece angular fre-

quency, allowing for the choice of optimal workpiece coverage ratios that avoid (i) workpiece-stoppage and
(ii) excessive frictional heat generation. The predicted velocity was validated with acoustic-emission meas-

urements.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)

1. Modelling

Double-disc (DD) grinding is a high-productivity, high-accuracy
process used widely in the automotive, bearing, tooling and semicon-
ductor industries for creating parallel surfaces on two opposing flat
faces [1]. Although over 100 years old, very little fundamental analy-
sis existed on DD grinding until the 1990s. Shanbhag et al. [2] classi-
fied DD grinding into three types: (i) linear through-feed; (ii) rotary
through-feed; and (iii) oscillating, using a reciprocating swing arm. In
all three of these operations, the workpiece traverses through the
opposing wheels. Rotation of the workpiece is “free” in that it may or
may not rotate depending on the moment acting on the workpiece.
However, rotation is not integral to the process and a lack of rotation
is typically not detrimental to workpiece quality. Similarly, free
workpiece rotation also occurs in DD grinding with planetary kine-
matics [3]. Here, the workpiece is held within a carrier and the kine-
matics resembles that of lapping [4].

In addition, there is another type of double-disc grinding where
the workpiece is held within a fixed, non-traversing bushing of an
index carrier (Fig. 1), allowing for workpiece rotation while two
wheels are simultaneously plunged axially into the workpiece. The
unique aspect of this type of DD grinding is that the workpiece faces
are not fully covered by the wheel. This results in non-uniform grind-
ing shear forces on the workpiece and, consequently, a moment act-
ing to force the workpiece to self-rotate within the bushing. The
angular frequency of this rotation is of vital importance. If it is too
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Wheel (one side)

Index carrier

Fig. 1. Schematic of index-carrier setup for double-disc grinding.

high, the frictional forces at the bushing-workpiece interface cause
excessive heat generation, resulting in thermal damage to the bush-
ing and possible cracking. In contrast, if the workpiece rotational
speed is too low, the workpiece runs the risk of stopping, resulting in
a step being ground into the workpiece, causing it to be scrapped.

Aside from a proprietary numerical simulation developed by the
Swedish bearing manufacturing company SKF, to the authors’ knowl-
edge little has been written about this important process. To gain a
fundamental understanding of the mechanics of the workpiece self-
rotation, an analytical model of process geometry and kinematics
was developed. The moment equilibrium was solved to predict the
workpiece angular frequency.
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Monitoring of the workpiece angular frequency using acoustic emis-
sion (AE) was also investigated. While AE is an established method for
monitoring grinding and dressing processes [1, 5, 6], no solutions are
available for monitoring the rotation of a workpiece in a bushing.
Therefore, the challenges associated with measuring the steady-state
workpiece angular frequency are considered. Process details were
taken from SKF and experimental data was collected to obtain the char-
acteristic specific-energy curve and to validate the model of process
mechanics. Recommendations are given for choosing workpiece cover-
age ratios that ensure viable workpiece rotational speeds.

2. Modelling

The most influential input parameter in the process geometry is
the workpiece coverage ratio, WCR, expressed as:

A0"”"w
T (1)

WCR =
where Aq is the workpiece-centre position with respect to the grinding
wheel radius, r, and ry, is the workpiece radius (Fig. 2a). At WCR =0
there is zero coverage (no wheel-workpiece contact); at WCR = 1 there
is full coverage (the entire workpiece is in contact with the wheel). At
high WCRs, the workpiece angular frequency, wy, is lower, resulting in
a higher risk of workpiece stoppage. At low W(CRs, the workpiece angu-
lar frequency is high, resulting in greater frictional heat generation at
the workpiece-bushing interface and greater bushing wear. Any pro-
cess control involving a rotating workpiece, be it forced-driven or self-
rotating, requires knowing the angular frequency. Therefore, the angu-
lar frequency is the primary modelling output here.

(a) (b)

Wheel }

Dimples

Fig. 2. Geometry (a) and kinematics (b) of double-disc grinding process.

The workpiece is restricted only in the radial direction (by the
bushing). It can move freely within the bushing in the axial direction.
The fixed plunge feedrate, vy, of the closing of the wheels will result
in two different feedrates, vf; and vy, owing to the dissimilar axial
forces caused by the dissimilar geometries on the opposing work-
piece faces (Fig. 2b). This dissimilarity is the different dimples radii
(rg; and ryy), as is the case of cylindrical rolling elements for bearings.
In practice, vy can be programmed for each wheel individually, but
this does not affect the modelling approach.

The fundamental law governing the process kinematics can be
expressed in terms of moment equilibrium for each workpiece face
and the associated feedrate distribution:

My (0w, Vp1) = urwFe(ow, vp1),
Mw(ww7vf2) = 'U“rWFt(w"vaz)’
Vi = (Vi1 +Vi2) /2,

where M,, is the moment on the workpiece face, F; = |I3 ¢| is the sum-
mation of tangential grinding force vectors acting also on the

= Wy, VF1,Vf2 (2)

bushing, and . is the coefficient of friction at the workpiece-bushing
interface. Note that the moment and the tangential force depend on
wy and the particular feedrate (vy;0r vy,).

The moment M,, is obtained by integrating contributions of dM,,
over the contact surface S,:

[ dM,
M= [ [ Goras 3)

where the derivative dM,,/dS,, is the workpiece moment per unit
area, calculated as an axial projection of the cross product of work-
piece radius vector 7 and shear vector 7 = dF,/dS,:

dM,,
ds.

Here, the contact surface is comprised primarily of the workpiece-
face portion, Sy, and the minor side-plunge portion, Sppge, accord-
ing to: Sc = Sface + Spiunge- An illustration of the workpiece-moment
distribution is shown in Fig. 3. The integration of dF; over the contact
surface S, gives the tangential-force vector:

= (Fx7?)-&,. (4)

= [ [dF;
Fi = ——dS. 5
=/ | (5)
— Workpiece moment
Vs Sp,u,,ge per unit area, dM, /dS,
- max
0
min

Fig. 3. Illustration of workpiece-moment distribution on wheel-workpiece contact
surface.

Following first principles in the theory of aggressiveness [7], the
magnitude of the shear vector depends on the specific grinding
energy, e, and the point aggressiveness, Aggr*, according to:

e-Aggr. ()

The modelling perspective was chosen considering movement of
the workpiece relative to a “fixed” grinding wheel. Therefore, the
direction of the shear vector 7 in a contact point is opposite to the
direction of the relative velocity vector V.

The process kinematics requires the relative-velocity vector for
each workpiece face in polar coordinates (r, ) via the feedrate vari-
able vy », according to:

V (1, 9) = [(@s — ww)TSinY, —wstws — (w5 — 0w)TCOSY, V1 2], (7)

where s is the wheel angular frequency, and dys is the distance
between the wheel and the workpiece centers, determined using the
workpiece coverage ratio (Eq. (1)):

dus = Is + Ag = Is + T (2WCR — 1). (8)

The material removal takes place on the face of the grinding
wheel as well as on the side-plunge portion of the wheel. The Aggr*
associated with these two portions are very different: (i) Agerf . is

acting over a large surface area, whereas (ii) Agg"r;,unge is concentrated
in a very small contact area. In general, ABET unge > AZETfuce- The
point aggressiveness is calculated according to the fundamental defi-
nition, i.e., Aggr* =V -ii/\/V -V — (V.)? ~ V- 7i/[V| [7], where ii is the
wheel-surface normal. This necessitates determination of the wheel
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geometry via a normal vector, calculated for the face and side-plunge

portion as:

ﬁface = (07 07 1)7

(dws + 1 COSYrmax (1), T SINYimax (), 0) . 9
VA2 + 12 + 2rdys COSY (1)

i plunge (l’) =

The specific grinding energy is correlated with Aggr* as:

e=eo Jrl%a (10)
which gives the magnitude of the shear vector r = |7| (Eq. (6)), calcu-
lated as:

T = egAger* + 1. (11)

Here, 7o corresponds to t(Aggr* =0), while e, relates to
e(Aggr-— o).

3. Experimental

Experiments were performed to: (i) determine the model parame-
ters, and (ii) validate the workpiece angular frequency.

A Lidkoping DG300 double-disc face-grinding machine was used
to grind 100CrMnSi6-4 bearing-steel cylindrical rollers with two
resin-bonded Al,03 grinding wheels (90-mesh, diameter 300 mm)
using a 4.5%-concentration emulsion coolant. The grinding power
was measured in both spindles via the spindle IPO-trace function of
the Siemens Sinumerik 840D controller.

Two workpiece geometries were considered: Roller A (r, = 15
mm, rg; = 1.5 mm, ry = 6 mm) positioned at WCR = 0.65, to deter-
mine the specific-energy curve (Fig. 4); and Roller B (r,, = 15 mm, 1y
= 8.5 mm, ry; =6 mm), positioned at WCR = 0.7, to measure the
workpiece angular frequency.

The speed of the wheels was a constant 1080 RPM (17 m/s). Dress-
ing was performed using a multipoint blade dresser (four 0.8-mm-
wide mono-crystalline diamonds) with a dressing depth a; = 0.018
mm and an overlap ratio U; = 1.5.

In DD grinding, three major types of AE sources are present: (i)
machine background noise, (ii) wheel-workpiece grinding action
(rubbing, cutting and plowing), and (iii) frictional contact between
the bushing and the workpiece. AE energy was detected by a Dittel
4100-2 process-monitoring system using a Mini-S sensor mounted
on the index carrier. This mounting position proved superior for
obtaining a high signal-to-noise ratio for the bushing/workpiece con-
tact in comparison to having the sensor attached to the grinding spin-
dle. A Fast Fourier Transform (FFT) was performed on the raw signal
during the steady-state portion of the grinding cycle. Sampling for
the FFT was done at 30 kHz.

200
180 R? =094
160
140

© Measured,roller A, face 1
© Measured,roller A, face 2
- Approximation

0.0E+00 5.0E-06 1.0E-05

Aggr

1.5E-05 2.0E-05

Fig. 4. Specific energy curve.

3.1. Parameter identification

The model describing process mechanics contain three unknown
parameters which need to be experimentally determined: u, eg, and

79. The grinding power was measured for three different feedrates,
Vvr; = 48, 64, 80 nm/s, for each wheel individually (i.e. Ps; ; and Py, ).
The parameter identification involves the following relationships for
the specific-energy data points:

e1;=eq+ 7o __ Pai
’ Aggr(owi, Vi) Qu(vr)’ (12)
7o Pgy i
€yi =€+ = )
’ Aggr(owi,Viai)  Qu(Vyzy)
where, material removal rate is determined as:
QW://Vﬂ ds = (12~ 13, ) vy (13)
and the aggressiveness number is calculated according to [7]:
Vi
Ager — //Aggr*dS/Sc - // Yas/se (14)
Se Se

The key challenge in parameter identification is that process kine-
matics depends on the unknown parameters, i.e. wy; = wyw.i(, €0, 70),
Vr1,i = Vp1,i(i, €0, T0)s Vi2i = V2,i(1e, €0, 70). This leads to a nonlinear
least-square regression problem for the specific-energy curve,
e = eg + 19/Aggr, to fit the data points (Aggry;,eq;) and (Aggra;, ez ;)
which also depend on the three unknown parameters. The solution
of the problem gives the following values: © = 0.17, g = 15 J/mm?,
and o = 0.305 MPa. The resulting data points based on the measured
grinding power with the corresponding specific-energy curve are
shown in Fig. 4. Here, larger values of e are associated with face 1
grinding due to the larger grinding surface (ry; <742 = V1 <Vp).

3.2. Workpiece angular frequency validation

Direct measurement of workpiece angular frequency is challeng-
ing due to the isolation of the workpiece within the bushing and the
possibility that any measurement technique involving physical con-
tact with the workpiece may itself affect the rotational speed. One
indirect, non-contact possibility is detecting AE signal of the index
carrier, which was investigated here.

Fig. 5 shows the FFT results for three different measurements
when grinding Roller B with WCR = 0.7 and v; = 64 um/s. The domi-
nant frequencies correspond to 55.5, 42 and 48.9 Hz, which is close
to the predicted value of 49 Hz (wy,, = 307.9 rad/s).

0.15

—— Roller B,signal 1

42 Hz Roller B,signal 2

AE magnitude
(=]
[=]
(%2}

0.15

48.9 Hz
0.10 /
0.05 M

0.00
0 100 200 300 400 500
Frequency [Hz]

Roller B,signal 3

Fig. 5. Workpiece rotational frequency measurements.

4. Simulation

The validated model enables the simulation of key process out-
puts. Fig. 6 shows how the total material removal rate is divided
between the wheel face and the side-plunge portion of the wheel.
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- ] = 300
40 g=] E
E S Z 250
|_g' 30 Z & 200
e 20 3 150
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0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.55 0.60 0.65 0.70 0.75 0.80 0.85
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Fig. 6. Material removal rate vs. workpiece coverage ratio (Roller B).

While the total material removal rate might be expected to be inde-
pendent of WCR, this is not strictly true owing to the different fee-
drates because of the different dimple sizes. For example, at WCR ~
0.5, the material removal is divided equally between the face of the
wheel and its side-plunge portion. However, as WCR increases, mate-
rial removal on the face becomes more dominant.

The predicted workpiece angular frequency depends on WCR, fee-
drate and workpiece geometry. For all cases, the increase in WCR and
v causes the reduction of workpiece angular frequency until the
workpiece rotation halts (Fig. 7). Workpiece rotation also depends on
the dimple size. For example, a workpiece without geometrical fea-
tures (full face) rotates slower in comparison to a ring-like workpiece.
The measured angular frequency based on AE signals for Roller B is
included in Fig. 7 via its average value and standard deviation.

700

RollerA,vs = 48 um/s
Roller A,vs = 64 um/s
Roller A,vy = 80 um/s
Roller B,vy = 64 um/s
¢ Roller B — measured

600

vl
o
(=]

@y, [rad/s]
NS
S

O RS
0.55 0.60 0.65 0.70 0.75 0.80 0.85
WCR

Fig. 7. Workpiece angular frequency vs. workpiece coverage ratio.

In contrast to workpiece rotation, an increase in WCR and vy leads
to a higher workpiece moment M,, as in Fig. 8. Similarly, a full-faced
(no dimple) workpiece increases M,,. Therefore, it is important to
simulate the overall effect of WCR via workpiece power, Py, = Mywy.
This power corresponds to frictional power at the workpiece-bushing
contact.

1.2
1.0
— 0.8 /
=
£ 06
2
=
0.4 Roller A,vy = 48 um/s
RollerA,vy = 64 um/s
0.2 Roller A, vy = 80 um/s
Roller B,vf = 64 um/s

0.55 0.60 0.65 0.70 0.75 0.80 0.85
WCR

Fig. 8. Workpiece moment vs. workpiece coverage ratio.

WCR

Fig. 9. Workpiece power vs. workpiece coverage ratio.

Fig. 9. shows that power decreases with increasing WCR. As men-
tioned earlier, low WCRs should be avoided to reduce heat generation
in the bushing. In this respect, increasing WCR is beneficial. However,
the workpiece-stoppage threshold must be quantified and avoided.
For the illustrated case study, a safe setup would be around
WCR = 0.65. Here, the bushing heating is not excessive and the pro-
cess runs far from the workpiece stoppage threshold, yielding a
robust grinding operation.

5. Conclusions

An investigation was made into the mechanics of self-rotat-
ing, partial-contact double-disc grinding. An analytical model of
the geometry and kinematics was developed to quantify the
grinding shear forces that produce workpiece rotation. The
model showed that the workpiece coverage ratio was the most
influential input and could be optimally chosen to avoid work-
piece stoppage on one hand and excessive workpiece-bushing
heat generation and bushing wear on the other. Acoustic emis-
sion detection was used to indirectly identify workpiece rotation
and validate the model.
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