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ARTICLE INFO ABSTRACT

Available online 6 November 2012 The surface modification of engine cylinder bores with improved sliding properties is often produced by the
honing process. This multi-stage process is performed using abrasive stones loaded against the bore with si-
multaneous rotation and oscillation. To guarantee this process robustness with acceptable dimensional accu-
racy and surface quality, the stone dynamic effects in continuous balanced contact with the workpiece have
to be studied deeply. This paper highlights these effects on honed surface textures. The stone dynamic behav-
ior was studied at conventional regime ranged from 0.5 g to 1.5 g as often used in mass production. In this
range, the dimensional accuracy is ensured by opposition to the surface appearance. However, higher accel-
erations up to 2.5 g improve simultaneously the form quality (especially straightness) and reduce the cycle
time. This work shows, at least, that the bore surface finish can be dynamically controlled while honing.
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This technology is enabled by a micro scale regeneration mechanism of abrasive stones.
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1. Introduction

Minimization of friction is a major concern for internal combus-
tion engine designers. In order to reduce losses through friction, a fre-
quent strategy involves modifying the topography of the contact
surface between the cylinder bores and the piston segments. The es-
sential role of this interface is to ensure the lubrication of the piston
slide and the tightness of the combustion chamber. Thus, oil con-
sumption and greenhouse gas emissions are decreased with increas-
ing engine life and its durability [1]. Manufacturing of efficient and
long-lasting engines depends on reaching the essential challenge re-
lated to the generation of optimal textured surface. The cylinder
liner must fulfill requirements linked to shaping, roughness, and sur-
face aspect. The shape quality is given by roundness, straightness and
cylindricity defaults. The micro-geometry of the cylinder liner is rated
through its bearing area ratio [2]. The surface aspect, observed under
a microscope, presents a cross grooved texture [3].

To manufacture this kind of honing, texture the finishing process
is chosen by engine manufacturers to hold uniform quality of surface
on mass production lines. Industrial honing machines use abrasive
stones against the cylinder bore on 3 axes: rotation, axial translational
motion, and radial expansion motion [4]. The texture is obtained by
the crosshatching of grooves formed by the motion of the abrasive
stones during the cycle.
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The translational motion is carried out at a constant, alternated
speed, creating a stroke motion. The length of the stroke motion is
calculated such that the honing tool is higher than the stones by a
third at the high inversion point and at the low inversion point. For
the linear part of the motion, the grooving angle, « and the cutting
speed Vc of the abrasive stones are fixed to obtain the right texture
with the best performances of the process [5]. The peripheral speed
Vp and the stroke speed Vb (Fig. 1) can be defined as follows:

tan($) = % 5

Ve=+/Vb? +Vp=. (2)

At the end of the process, the cutting speed and the groove angle
can no longer be maintained because the direction of the motion
has to be inverted. The duration At of this phase and the distance cov-
ered Az depend on the inversion acceleration I' as shown below:

At = 2_;/1; 3)
Vb?
M=o @

The user may adjust the inversion acceleration of the stroke mo-
tion between 0 and 3 g. The stroke motion actuators are more and
more efficient and expensive. The latest honing machines fitted
with linear engines can reach an inversion acceleration of 5 g. This
study investigates the influence of the acceleration parameter on
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Fig. 1. Honing kinematics and surface aspect.

the texture quality of the surfaces obtained. In theory, high accelera-
tion is recommended to reduce the variability of the groove angle in
the larger zone of the stroke motion. Actually, while acceleration is
lower, some curved grooves are created on the top and the bottom
of the cylinder. Besides, in mass production, this acceleration is
fixed at 1.5 g. This choice enables manufacturers to achieve the de-
sired quality without wearing out the machine unnecessarily.

2. Experiment details

This experimental research involves the honing of 18 engine cylin-
der blocks (Renault K9K, 1.5 dCi), namely, 72 cylinders with diameter
of 76,005 mm and height of 140 mm. For this type of engine, the hon-
ing process is achieved by three successive stages: a rough honing
stage, a finishing stage and a plateau stage. The rough honing stage
is carried out with an 8-stone honing tool having diamond metal
bonded abrasive stones to reduce the length of the cycle [6]. Its goal
is to reduce the form defects of the cylinder bore.

The finishing and plateau stages are carried out with a double ex-
pansion honing tool.

The second stage, finish honing, activates an expansion with 6
abrasive stones of Silicon Carbide. Its role is to reduce the roughness
and to create a suitable texture [7].

The third stage, plateau honing stage, uses 4 abrasive stones with a
low grit size to smooth down the surface and obtain a plateaued sur-
face appearance [2].

During the honing stages, the cylinder bore, which undergoes in-
tensive cutting pressure, is deformed. As the geometry of the carter
is not entirely symmetrical, each cylinder bore is deformed differently
from the others [8]. Consequently, direct comparison of the form de-
fects between the four barrels of an engine is not possible. Each set of
measurements is carried out on the same cylinder bore on at least 6
cylinder blocks. The honing machine “Gehring” allows the hydrauli-
cally control of the alternate inversion acceleration for each stage of
the honing process. Optimal cutting conditions were chosen for
each stage [9,10]. The process parameters are summarized in
Table 1. All parameters are unmodified in relation to their initial
values, excluding acceleration.

Firstly, the cylindrical form error obtained after the rough honing
stage on cylinder no. 3 and no. 4 will be examined.

Subsequently, the roughness obtained after the finishing stage is
studied on the cylinder no. 2.

Finally, the impact of the dynamics on the surface appearance of
surfaces obtained after the plateau honing stage on cylinder no. 1
will be investigated with the 3D multiscale analysis [11].

3. Result and discussion
3.1. Impact on the cylindrical form error

The quality of the rough honing depends on the form defects of
the finished cylindrical surface. It is a common practice to verify the
form defect criteria according to their description in the norm [12]
with a shape measurement machine (Mahr). Circularity defects on
the three levels of the cylinder as well as four defects of straightness
at the 0°, 90°, 180°, and 270° angles are calculated based on points
measured through contact probe and then filtered with a Gaussian fil-
ter 0-50. These measurements also allow calculating the barrel
cylindricity defect.

Table 1
Experimental honing process setup.

Honing stage

1) Rough 2) Finish 3) Plateau
Abrasive and Abrasive type Diamond Silicon Silicon
honing tool metal carbide carbide
parameters bonded
Grit size 120 pm 80 um 40 pm
Stone number 8 6 4
Stone size [mm] 3x70 6x70 6x70
Stroke and Cutting speed Vc 60 m/min 50 m/min 50 m/min
rotation Honing Angle o«  45° 45° 45°
parameters Stroke speed Vb 23 m/min 19 m/min 19 m/min
Rotation speed 235 rpm 196 rpm 196 rpm
Alternate 0.5,1.0,1.5, 05,1.0,1.5 05,1.0,1.5
inversion 20,25
acceleration [g]
Expansion Radial speed 6 pm/s 4 pm/s -
parameters Honing force - - 6 MPa
Experiment Honed cylinder no.1,no.2, no.1,no.2 no.1
no. 3, no. 4
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Fig. 2. Form defects after rough honing.

Before the rough honing process, the average default straightness
was 4.50 £ 0.12 um for cylinder no. 3 and 2.904-0.13 pm for cylinder
no. 4. The initial default cylindricity was 14.80 42 pm for cylinder no.
3 and 13.64+2.5 um for cylinder no. 4. The average of three defaults
circularity was 8.3+ 2.2 ym for cylinder no. 3 and 7.3 4+2.3 um for
cylinder no. 4.

Form defects on cylinders after rough honing can be observed on
cylinder bore no. 3, honed at an acceleration of 0.5 to 1.5 g and on cyl-
inder bore no. 4 at an acceleration of 1.5 to 2.5 g. The rough honing
stage is finished when the correct diameter is reached, after approxi-
mately 40 strokes, namely, after 30 s at acceleration of 2.5 g and after
36 s at an acceleration of 0.5 g. Form defects prior to honing are al-
most identical for all the samples. Thus, cylindricity defect is equal
to 15.3 4 1.6 um for cylinder bore no. 3 and 12.5 4 2.1 um for cylinder
bore no. 4. Average straightness defects prior to honing correspond to

4.154+0.6 pm and 2.08 £ 0.35 um. On the rough honing stage, the en-
tire number of form defects decreased and the difference between the
cylinder bores no. 3 and no. 4 were slightly less visible. Fig. 2(a) illus-
trates the cylindricity defects. These defects increase on acceleration.
This phenomenon is particularly visible when the acceleration goes
beyond 2 g.

The four straightness defects measured were weighted and are il-
lustrated in Fig. 2(b). However, it has been observed that the straight-
ness defect decreases when the honing is carried out at high stroke
acceleration.

Circularity defects in Fig. 2(c) and (d) will now be examined. Ob-
servations show that the increase in the inversion acceleration is as-
sociated to a significant deterioration of circularity at level 1 (high).
This result is even worse at level 3 (low). This phenomenon is not
particularly visible at level 2, on the middle of the cylinder liner.

=== Bad quality

== Normal quality

=== Go0d quality

Low acceleration
<19

Moderate acceleration
M=1.59
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=229

Fig. 3. Impact of dynamics on form defect criteria.
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Fig. 4. Roughness criterion based on bearing area ratio.

This can be explained by the fact that, as the middle zone is honed at a
constant stroke speed, variations in acceleration do not modify the
trajectory in this zone.

These observations enable us to confirm that the inversion accel-
eration of the stroke motion and therefore, the stroke trajectory

High level
r=1.0g---r=15g|

9,00 ~
8,00
7,00 -
6,00 -
5,00 -
4,00 -+
3,00 -
2,00

—r=05g

Heigh of roughness profile [um]

0 50 100
Bearing area ratio [%]

9166 Medium level
8,00 -
7,00 -
6,00
5,00 -
4,00 -
3,00 -
2,00

|—=r=05g r=10g--r=15g|

Heigh of roughness profile [um]

50
Bearing area ratio [%]

Low level
|=r=05g r=10g--r=15g

9,00 -
8,00 -
7,00 -
6,00 { ™.
5,00 -
4,00 -
3,00 -
2,00 . \

Heigh of roughness profile [um]
1

50
Bearing area ratio [%]

Fig. 5. The progression of bearing area ratio according to acceleration.

play an important role in form quality. The slower the acceleration,
the longer the duration of inversion At at the high and low points
will be. However, when the inversion acceleration is high, the axial
speed is lowered for a shorter period, producing a better quality of
straightness.

Finally, Fig. 3 summarizes these observations: the cylindricity de-
fect is not affected strongly as it depends on the circularity and the
straightness levels, which are balanced for each test.

3.2. Impact on the micro-geometry obtained

Micro geometry is verified by analyzing the roughness profile fol-
lowing the axial direction of the cylinder bore on its side at 3 levels
high, medium and low. The values of the Rz, Rpk, Rk, Rvk, Mr1 and
Mr2 criteria were obtained following analysis of the bearing area ra-
tios of the profile, measured according to the norm ISO13565-2:96
[13] using a Perthen machine.

These parameters are defined as following:

Rk: core roughness depth: depth of the roughness core profile.
Rpk: reduced peak height: average height of protruding peaks
above roughness core profile.

Rvk: reduced valleys depth: average depth of valleys projecting
through roughness core profile.

Mr1: material portion 1: level in %, determined for the intersection
line which separates the protruding peaks from the roughness
core profile.

Mr2: material portion 2: level in %, determined for the intersection
line which separates the deep valleys from the roughness core
profile.

A probe with a 2 um tip radius is used to record the roughness
profile over a length of 16.8 mm. Fig. 4 illustrates the bearing area
ratio curves remodeled according to the aforementioned criteria.

Fig. 5 shows the bearing area ratio curve for different acceleration
whereas, Table 2 represents average roughness criterion values for
different levels. It can be seen from Fig. 5 that the inversion dynamics
of the stroke motion has an impact on roughness at the low and high
levels because the honing time At in these areas increases when the
acceleration decreases. This phenomenon is more visible at the low
level. This leads to an increase of 11% of the Rz when the acceleration
decreases from 1.5 to 1 g, and an increase of 20% from 1 to 1.5 g.

As foreseen, the variations in roughness are much less visible in
the middle. However, the increase of 12% in roughness for accelera-
tions of 0.5 g and 1 g in comparison with 1.5 g can be interpreted
by the poor regeneration of the abrasive stone. As a result of these ex-
periments, the following conclusion can be drawn: the decrease in ac-
celeration leads to a degradation of the roughness. One can also add
that the stroke dynamics play a role in the regeneration of the
stone, which guarantees the constant quality of the process in terms
of micro-geometry.

3.3. Impact on the texture obtained

The surface aspect sought in honing is a texture of crosshatched
grooves at the honing angle (45°) which guarantee oil retention for
the adequate lubrication of piston segments [4]. Low inversion accel-
eration of the stroke motion leads to traces of horizontal grooves with
« close to zero at the base and top of the cylinder liner. In order to
study the quality of the texture obtained through honing, the method
developed by Sabri et al. [11], was implemented. The frequential
breakdown of the surface topography in 3D leads to the identification
of four digital criteria: the cross angle of the groove, the angle of the
grooves (left or right), the groove density and the m-turn criterion.
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Table 2
Roughness criteria measures.
High level Medium level Low level
r=05g r=10g r=15g r=05g r=10g r=15g r=05g r=10g r=15g
Rpk 0.704-0.04 0.58+0.02 0.45+0.09 0.71+£0.06 0.63+0.04 0.55+0.03 0.82+£0.09 0.694-0.02 0.66 +0.04
Rk 2.5040.10 2.02+0.11 1.954+0.18 2.51+£0.05 1.98+0.08 2.03+0.17 2.66 +0.07 2.0940.05 2.114+0.10
Rvk 1.824+0.11 1.67+0.10 1.55+0.11 1.83+0.14 1.71+£0.17 1.59+0.12 2214023 1.81+£0.13 1.60+£0.20
Rz 7574035 6.574+0.36 6.06 +0.47 7.374+0.34 7.204-0.66 6.52+0.34 9.14+0.71 7.304-0.46 6.47 £0.50
Mr1 7.004+0.34 3.61+£0.30 6.93+0.30 6.88+0.51 3.81+£0.37 6.7040.44 7.48+0.32 413+0.17 7.004+0.34
Mr2 86.3+0.27 82.8+0.67 843+0.75 85.3+0.71 83.9+0.64 85.14+0.66 84.34+0.80 82.940.58 84.04+0.66

The “m-turn” parameter is developed by Sabri et al. [11] to detect
the presence of residual turning grooves. It is defined by the following
expression:

2 ss(f)
feA
2 P(f)

feAL

)

My =

The sets A and A, are defined according to Fig. 6 as wedges cen-
tered around the x- and y-axis, respectively, with an angle of 10°.

In Eq. (5), ¥(f) represents the amplitude of the surface PSD
(Power Spectrum Density) local maxima by this equation:

PSD(S) = |FFT(S(x,y))[* (6)

where S is the honed surface topography, N and M represents the
sizes in x and y directions respectively (Fig. 6).
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Fig. 6. (a) Honed surface, (b) the frequency representation of the surface [11].
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Fig. 7. Optical micrographs of the surface grooves and m-turn criteria [11].

The my,»=>1 values indicate an unwanted process state that turn-
ing grooves are present. It also detects the emergence of stray grooves
with directions similar to those of typical turning grooves. This case is
observed frequently at the Top Dead Center caused by the downtime
of the machine.

This last element enables us to quantify badly positioned grooves,
namely grooves at angles other than those intended. Texture related
to a groove angle of 45° corresponds to an m-turn criterion under
1.00. In Fig. 7, we see two aspects of honed surface. One has a good
surface with an m-turn value of 0.8 m. The other is badly honed be-
cause there are lots of horizontal grooves.

Analysis of the traces on the honed surfaces at three levels of the
barrel on samples of 0.8x0.8 mm was carried out under a
white-light interferometric microscope. The result averages of the
measurements of the 18 cylinders produced after the finish honing
stages are shown in Fig. 8. Only an acceleration of 1.5 g allows confor-
mity on all three levels to be reached.

As foreseen, if the acceleration weakens, At and Az increase, leading
to a deterioration of the quality of the texture on the edges. When the
acceleration slows down, the quality of the middle segment is slightly
deteriorated. This phenomenon can be explained by the highest level
of roughness due to a lower quality regeneration of the abrasive stones.

4. Conclusion

To sum up, inversion stroke dynamics affect the three quality scales
of the honed cylinders. Cylindricity is not greatly affected but weak
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Fig. 8. Surface aspects at 3 levels and 3 acceleration speeds [11].
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acceleration improves roundness quality, and strong acceleration im-
proves straightness quality. The quality of the micro-geometry and
the aspect of surfaces scanned during the stroke inversion are decreased
when acceleration is reduced. Inversion dynamics seem to play a role in
the regeneration of abrasive stones since the roughness and surface as-
pects are deteriorated in the middle of the barrel, where the trajectory
of the stones follows the established groove angle. The impact of dy-
namics on the regeneration of the abrasive during honing will be exam-
ined in future experiments where the erosion of the stones after several
hours of honing will be analyzed.
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