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Abstract

This study focuses on improving durability of the resin coated piston developed especially for the monolithic cylinder
made of a hypereutectic Al-Si alloy, so-called DiASil®. The newly developed resin was designed to be cured at a
relatively low temperature considering over-aging of a piston and confirmed that it exhibited a lower friction
coefficient compared to an existing resin coating. Furthermore, pistons of which skirts had various depth and pitch of
grooves filled with the resin coating were offered to evaluate wear and seizure characteristics. The results showed
deeper grooves on piston skirts were remarkably effective to delay a seizure. All the seizures were triggered when the
ratio of Al substrate exposed to the sliding surface reached up to 60-80%, which implied it can be the empirical
criteria for a seizure. Therefore, it can be considered the seizure does not occur as long as adequate resin coating

remained in the grooves. Finally, influential factors for the seizure and printability of deep grooves were discussed.

A monolithic cylinder, so-called DiASil® (hereafter DiASil),

is made of a hypereutectic Al-Si alloy so that primary Si

INTRODUCTION

In recent years, growing environmental concerns have
encouraged the automotive industry to develop an engine
with superior fuel economy. Reducing friction losses is
recognized one of effective approaches to save energy.
Especially, the friction loss derived from sliding resistance
between a piston equipped with piston rings and a
cylinder bore has attracted great attention since it is
considered 45% of friction losses among all the engine
components is attributed to the piston assembly!!. By
covering piston skirts with a resin material including solid
lubricants, the friction loss between the piston and the
cylinder can be reduced, so the resin coating technology

has been widely used in the automotive sector.

8 1 YAMAHA MOTOR TECHNICAL REVIEW

particles with high hardness can appear on the cylinder
bore surface'?. Those particles play a key role to improve
resistance against wear and seizure without a cast iron
sleevel®. Owing to the sleeveless design, it can realize
excellent heat dissipation and lightweight. On the other
hands, DiASil cylinder has made it difficult to utilize a
resin coated piston because conventional resin coatings
can be easily worn out in short term by sliding against
the bore surface exposing hard Si particles. Dissipation of
the resin coating incurs not only deterioration of fuel
efficiency but also a risk of the seizure between the
piston skirt and the cylinder bore at the worst case.

Therefore, hard Fe plating instead of resin coating have
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been used on the piston skirt mating with DiASil cylinder

so far.

From this kind of backgrounds, the authors developed a
resin coated piston suitable for DiASil cylinder in the
previous work!¥. The piston skirts were coated with a
polyamide imide resin including newly blended solid
lubricants and hard fillers to achieve a good balance
between low friction and high anti-wear property.
Additionally, uniform coating thickness up to 20pm was
enabled in a single screen-printing process so as to
extend the coating lifetime. However, higher durability of
the resin coated piston is still required because the
sliding condition between the piston skirt and the
cylinder bore has been increasingly becoming more
severe due to recent engine features such as a high
compression ratio and a low viscosity oil. Thus, this study
is aimed to improve durability of the resin coated piston
furthermore by means of novel approaches focusing on
cross-linked structures in the resin material and a

geometry of the piton skirt surface.

EXPERIMENTAL

2-1. Cross-linked structure firmness of new resin

The coating material developed in the previous report¥
was mainly composed of solid lubricants, hard fillers,
polyamide imide as a binder and N-methyl-2-pyrrolidone
as a solvent, which is hereafter referred to as “existing
material”. Polyamide imide is one of super engineering
plastics and well known as a preferable coating material
for the piston skirt. Although it is recommended to be
cured at 230°C or above, curing at a lower temperature
is likely to be carried out in a practical process since
higher temperature over 200°C may cause undesirable
over-aging of the piston alloy. Curing at lower
temperature results in incomplete cross-linked structures
of polyamide imide, which will prevent it from fully
demonstrating the potential. To clear way for this
problem, a new resin has been modified to be cured
completely at a temperature lower than that in the piston
aging process. This new material with modified resin is

hereafter called as “modified material”.

Firstly, a test to evaluate firmness of the cross-linked
structures in polyamide imide was conducted. Pistons
having the diameter of 52.4mm and the height of 31mm
were prepared and all of them were weighted before
coating. This weight is referred to as W;. The existing and
modified material was screen-printed on the piston skirts
respectively followed by curing at 190°C, 200°C or
210°C for 30 minutes in an electrical oven. The typical
appearance after curing is shown in Figure 1. Each piston
was again weighted here, and this weight is referred to as
W representing the weight of the piston with the
coating. Subsequently, the pistons were immersed in
N-methyl-2-pyrrolidone, which is the solvent for these
materials, at ambient temperature for 2 hours followed
by heating at 180°C for 60 minutes to dry up the solvent
completely. Incomplete cross-linked structures are
expected to dissolve out through these processes,
resulting a weight loss of the coating. Thus, third weight
measurement was carried out after this treatment, and it
is referred to as W;. The percentage of the resin which
did not dissolve during the immersion, R, is calculated
by Equation (1). This value is considered as an indicator
of the firmness of the cross-linked structures. Each test

was conducted 3 times.

Wy, — W
Ron =(1—ﬁ)x100[%] 1)

2=

Fig. 1 Appearance of test piston

2-2. Frictional characteristic of new resin
Secondly, frictional characteristics were evaluated by
using SRV tester from Optimol Instruments Priiftechnik

GmbH. Barrel-shaped test specimens as shown in Figure
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2 (a) were prepared from a continuous cast bar used for
a forged piston production. This is Al-12wt%Si-4Cu-1Mg
alloy including small amount of other alloying elements
and given T7 heat treatment. These test specimens were
spray-coated with either existing or modified material
followed by curing at 200°C for 30 minutes. The coating
thicknesses were measured by an eddy current thickness
meter, which ensured those of all the test specimens were
approximately 15um. Test specimens whose geometry is
described in Figure 2 (b) were also prepared from an
actual DiASil cylinder block made of Al-17wt%Si-4.5Cu-
0.5Mg alloy including small amount of other alloying
elements and given T5 heat treatment. As can be seen
from Figure 3, the curved surface remained in a state of
the actual cylinder bore where a cross-hatched pattern

was induced by a honing process as shown in Figure 4.
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(a) Barrel-shaped test specimen
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(b) Cylinder test specimen

Fig. 2 Geometry of test specimen for SRV test

Sampling position

Fig. 3 Sampling position of cylinder test specimen
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Fig. 4 Morphology of DiASil cylinder bore

Figure 5 shows a schematic illustration of SRV tester. The
barrel-shaped test specimen and the cylinder test
specimen were installed onto the upper and lower
specimen holders respectively which were designed to
make each test specimen contact at the center of them as
described in Figure 6. A normal load was applied through
a loading system consisting of a servo motor and a ball
screw shown as “load motor” in Figure 5. A horizontal
reciprocating motion was provided by a linear motor. The
lower specimen holder was filled with oil enough to
entirely immerse the contact area between each test
specimen. The setting temperature was adjusted so that
the contact area could be held at 200°C. During the test,
the normal load, horizontal load and friction coefficient
were monitored by the equipped sensors. Detailed test

conditions are summarized in Table 1. Each test was

Load motor
Load sensor

Load axle

conducted 3 times.

Linear motor | Specimen

holder (Lower)

Friction
sensor |

Fig. 5 Schematic illustration of SRV test
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Normal
load
) 4
«—
oscilgt
Contact at

the center of each test specimen

Fig. 6 Contact area between test specimens

Table 1 Detailed condition of SRV test

Normal load 30N
Frequency 10Hz
Stroke 1mm
Oil SAE 10W-40
Lubrication condition Immersion
Test duration 1800s

2-3. Wear and seizure characteristic of piston skirt
with various surface geometry

Actual pistons having various surface geometries were
prepared for this test. The surface geometry in detail is
described in the next section. The skirts of the piston
were machined according to several conditions before
coating. Subsequently, the pistons were screen-printed
with the existing material followed by curing at 200°C
for 30 minutes. The printing parameters were adjusted so
that the grooves on the piston skirts could be filled with
the coating material adequately. DiASil cylinder
mentioned above was also used for this test and cut into
a geometry shown in Figure 7. The curved surface still
remained in a honed state as well as the test specimen
used in SRV test. A reciprocating slide tester as shown in
Figure 8 was used to evaluate wear and seizure
characteristics of the pistons with various surface
geometries. The piston was attached to the piston holder
through the horizontally placed pin. It can rotate around
and slide along the pin so that the piston can have self-
centering mechanism along with the curvature of the
cylinder test specimen. The cylinder test specimen was
fixed in the pan in which cartridge heaters were inserted
and oil was pooled adequately enough to entirely
immerse the sliding interface. The piston holder can be

reciprocated by rotation of the crank connected to the

driving motor through the decelerator. The cylinder test
specimen was lifted up and pressed against the piston
skirt by putting weights on the hanger connected to the
pan through the link mechanism. A side view of the
reciprocating slide tester is schematically illustrated in
Figure 9. The test was stopped at certain intervals to
observe a state of the piston skirt surface by an optical
microscope and SEM, and then continued until a seizure
occurred. The timing of the seizure was detected by an
abnormal behavior of the tester such as increasing noise
and/or visible oil turbidity (blackening). The detailed test

conditions are shown in Table 2.

ﬁL S
O

i 22 i

=8 Piston holder
1)

Piston

Driving \
motor 1
[ S |

Cylinder
test spcimen

Qf Wight

Fig. 8 Reciprocating slide tester

Reciprocating

I I
Piston holder H. 7 Q
. Cylinder
Pin | test specimen

Piston @ Oil Crank
f / ’7 QOil pan

| ]
Heater

Fig. 9 Schematic illustration of side view
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Table 2 Detailed condition of reciprocating slide test

Normal load 100kgf
Crank rotation speed 217rpm
Stroke 20mm
0il ISO VG10
Oil temperature 140°C
Lubricant condition Immersion

2-4. Definition of surface geometry

A geometry of the piston skirt surface is defined by a
curvature of a tip of a turning tool (R) and a pitch of a
lathe turning (f). The tip of the turning tool is shown in
Figure 10. Figure 11 shows a description of a turning
process for a piston skirt. The relationship among the
surface geometry, R and f is shown in Figure 12. The
theoretical surface geometry is determined by following

equations.

Fig.10 Tip shape of turning tool

Piston ring groove Feed direction
e
Piston land /

Fig. 11 Description of turning process

Piston skirt

Turning
J/tool N

Turning direction

(f/2, £/2-R\2)

(0,0) (f 0)

(0,-R)
(0,-R\2) 4

Fig. 12 Surface geometry as function of R and f
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In the case of R/ V2<f/ 2,
h(peak)=f /2+(1-2)R 2)
In the range of 0 <x < R / /2,
—J(R*-=%) 3)
h=R-(R*-x") (4)
In the range of R /2 <x<f/ 2,
y=x—2R 6)
h=x+(1-V2)R 6)
In both ranges,
=(f/2-x)/(f/2) (7)

In the case of O Sf/ZSR/\/E,

h(peak)=f/2+(1-V2)R ®)
y==(R* =) ©
h=R- (R -x") (10)

=(f12-x)/(f/2) (11)

Here,
h(peak): peak height of the geometry
h: height of the geometry

ty: bearing ratio of Al substrate

A bearing ratio of the Al substrate, #,, indicates how much
percentage the Al substrate accounts for at a certain
height as illustrated in Figure 13. Thus, it can be also

described by Equation (12).

Resin coating

L Resin

H H
ie N

Ly
Al substrate

Fig. 13 Parameter description for bearing ratio

tp = LAI / (LAI + LResin ) (1 2)
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In this paper, the several surface geometries on the
piston skirt were prepared with changing the values of R
and f as shown in Table 3. Figure 14 shows theoretical

geometries of various specifications.

Table 3 Parameter for each surface geometry

R/ mm f/ mm
Rz2Sm150 1.50 0.15
Rz12Sm100 0.10 0.10
Rz18Sm120 0.10 0.12
Rz18Sm260 0.46 0.26
Rz25Sm140 0.10 0.14
0.035 T T
——Rz2Sm150
0.03 F N — T —RzI2Sm100
‘ ‘ ‘ ——Rz18Sm120
g 0.025 ——Rz18Sm260
g J—
£ 002 ~R2255m140
= i i
2D 0.015 o b e N froeeeeeea froeeeeeea
L ! !
T ; :
0.01 \ ————————————
0.005 \ ,,,,,,,,,
0 ' 1

0.2 0.25 0.3

Position, x/mm

Fig. 14 Theoretical surface geometry

RESULTS,AND,DISCUSSION

3-1. Characteristic of developed coating

The percentages of undissolved resin, R, based on
Equation (1) are presented in Figure 15. Each bar chart
shows the average value of the 3 measurement results.
R,.» of the existing material increased as the curing
temperature raises. However, there is a significant
divergence from complete firmness even cured at 210°C.
The modified material had the higher value compared to
the existing material under any curing conditions and it
reached 100% by curing at 200°C and 210°C. This result
suggests the modified material is easily encouraged to
form the strong cross-linked structures even at a

relatively low temperature.

102%

100%

98%
96%
Existing Modified| Existing Modified| Existing Modified
material material | material material | material material

190°C 200°C 210°C

94%

92%

Percentage of undissolved resin, R,,, /%

Fig. 15 Percentage of undissolved resin

Figure 16 shows a typical appearance of the barrel-
shaped test specimen after SRV test and profiles before
and after the test measured by a contact profilometer.
The wear height, /.., was defined as a gap between a
profile before the test and the one after the test. For
measurement of wear height, a curve extrapolated from a
profile of non-contact area was used instead of an
actually measured profile as an initial shape of the test
specimen since it was challenging to completely match
the measurement points before and after the test. The
average wear heights of each material are shown in
Figure 17. The value of modified material was around
25% lower than that of the existing material. The change
in the friction coefficient, x, during the test is shown in
Figure 18. The friction coefficient of the modified
material seems to be more stable than that of the existing
material. A polyamide imide takes on a role of holding
the additives such as solid lubricants and hard
fillers. The modified polyamide imide may prevent these
additives from dropping out easily and enable these
additives to fully exert their functions during sliding.
From these results, it can be considered the increase of
the strong cross-linked structure in the resin coating
could improve not only wear resistance but also friction

coefficient stability.
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Contact
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Profile
measurement

(a)Appearance after SRV test
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40

conditions listed in Table 3 were measured at the center
of the skirt along the piston height direction as presented
in Table 4. The representative of actually measured
bearing curves is described with theoretical one derived
from Equation (2)-(11) in Figure 19. It is found the
experimentally measured curve shows a good agreement

with the theoretical curve.

Table 4 Measurement result of surface roughness

| Extrapolated curve
\ Wear height

/

Actual profile
of test specimen

/

Actual profile
of test specimen

40 40
800 400 0 400 800 ' 400 0 400
(b)Profile before SRV test (c)Profile after SRV test

Fig. 16 Typical appearance and profile of barrel-shaped
test specimen and definition of wear height

1 11.9

% 12 F
$10 9.0
Q'\ 8 |
g
26
=
=0
= 2r
0
Existing material Modified material
Fig. 17 Wear height after SRV test
0.5
—Existing material
2.0.4  ——Modified material
Q
= 0.3
D
3
= 0.2
i=y
2
&= 0.1
O 1 1 1

1000 2000

Test time, #/' s

0 500 1500

Fig. 18 Friction coefficient during SRV test

3-2. Comparison of piston surface geometry
between theoretical and experimental result
The surface roughness parameters, Rzjis and Sm, of the

piston skirts after machined (before coating) under the
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Experimental result

Rzjis / ym Sm / pm

Rz2Sm150 1.5 120.6
Rz12Sm100 11.9 100.1
Rz18Sm120 19.1 120.4
Rz185Sm260 19.1 260.1
Rz25Sm140 25.2 140.2

35

Rz25Sm140 experimental
30 ¢ - = =Rz25Sm140 theoretical
2

25
g
=20
=
L5
[}
jant

10 N

N
S ~
5 B s ~ ~
0 1 1 1 e~
0 20 40 60 80 100

Bearing ratio, £,/%

Fig. 19 Comparison between theoretical and experimen-
tal bearing curve

3-3. Effect of piston skirt surface geometry on wear
and seizure property

The effect of the piston skirt geometry on the wear and
seizure property was investigated using the reciprocating
slide tester. A typical morphological transition of the skirt
surface during the test is shown in Figure 20 obtained
from Rz18Sm120 specimen. The pictures in left side are
secondary electron image micrographs and the right ones
present carbon distribution analyzed by an energy
dispersive X-ray spectroscopy. Comparing these pairs, it
can be seen that there is a striped pattern consisting of
the Al substrate and the resin coating. Prior to this

evaluation, each piston skirt surface was initially run in
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until the Al substrate was slightly exposed to the sliding
surface. Therefore, the Al substrate could be preliminarily
observed at the beginning of the test (0 second). In
addition, this pretreatment served to smoothen and
conform the surface roughness among the various
surface specifications. As the wear of the piston skirt
surface proceeded, the area of the Al substrate gradually
spread in the sliding direction while that of the resin
coating complementarily diminished, finally leading a
seizure at 9900 seconds as shown Figure 21. It is worth
noting that the seizure did not take place until 9900
seconds even though the Al substrate was already
exposed to the sliding interface in the early stages.
Similar phenomena were found in the tests of the other

skirt surface geometries.

3

(b) Carbon distribution

b

(a) SEl micrograph
Fig. 20 Typical morphology transition of skirt surface

Fig. 21 Appearance of seizure at 9900 seconds

According to Equation (12), the bearing ratios of the
exposed Al substrate of each piston skirt surface were
measured by an image analysis of the SEI micrographs,
and the value was used as an indicator of the wear of the
piston skirt geometry. That is to say, the bearing ratio of
the Al substrate reaching 100% indicates the grooves
accommodating resin coating have been worn out and the
surface has consisted of the only Al substrate. The
relationships between the bearing ratio of the Al substrate
of each piston skirt geometry and the test time are shown
in Figure 22. As mentioned above, each piston skirt
surface was run in until the Al substrate was slightly
exposed to the sliding surface in advance. Therefore, the
each bearing ratio of the Al substrate had different values
at the beginning of the test (0 second). As can be seen
from Figure 22, there seems to be proportional
relationships between the bearing ratio of the Al substrate
and the test time in every case. Additionally, the slopes of
those, meaning an exposure rate of the Al substrate,
seemingly become smaller with increasing the skirt
roughness. The seizure occurrence moments of each
piston are shown in Figure 22 as color-coded dotted lines.
Thus, intersections of the solid lines with the dotted lines
indicate estimated bearing ratios of the Al substrate when
the seizure occurred as plotted by the asterisks in the
graph. From this result, it is clear the deeper grooves on
the piston skirts can play an effective role to delay the
seizure. The additional point to be noted in this graph is
that all the seizures were triggered when the bearing ratio
of the Al substrate reached up to 60-80% as described by
horizontal red lines, implying the bearing ratio of the Al

substrate can be the empirical criteria for the seizure.
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Fig. 22 Bearing ratio of Al substrate as function of test time

3-4. Influential factor for seizure

Somi et al. investigated seizure resistance of binary Al-Si
alloys and found wear types transited from mild wear to
seizure with increasing a load!”, which implies a stress
can be one of the influential factors for the seizure. Thus,
the stress distribution was calculated by a contact
analysis software, TED/CPA version 854 made by
TriboLogics Corporation. Physical properties used for the
calculation are listed in Table 5. A mating material is Al
having flat surface. Nominal pressure between the

surfaces was 100MPa.

Table 5 Physical properties used for analysis

Al substrate ‘ Resin
Elastic modulus, E/Gpa 77.8 4.0
Poisson’s ratio 0.37 0.43

A typical calculation result is shown in Figure 23. Stress
concentrations are observed at the edges of the Al
substrate contact surface. On the other hand, the stress
on the resin portion is much lower than that on the Al
portion. In order to investigate the change in the stress
on the Al and resin portions with increasing the bearing
ratio of Al substrate, the highest values as the stress
working on Al and the lowest values as the stress
working on resin are picked up from the calculation
results, then plotted these values against the bearing ratio
of the Al substrate as shown in Figure 24. Considering

the origin of the seizure, maximum pressure induced to
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the Al substrate should be noted rather than that on the
resin coating since the seizure will occur from a metal-to-
metal contact. Then, it is found the maximum pressure on
the Al substrate becomes smaller as the bearing ratio of
the Al substrate increases. Therefore, the hypothesis of
the stress-induced seizure cannot explain the phenomena

observed in this study.

~ Alalloy

o y
EX] s ) ales o

(a) Cross-sectional view (b) Contact pressure

Fig. 23 Contact pressure distribution

N
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Bearing ratio of Al #,/% Bearing ratio of Al, 7,/%
(a)Maximum pressure (b)Minimum pressure

Fig. 24 Change in contact pressure with increasing
bearing ratio of Al

It was implied above that the bearing ratio of the Al
substrate could be the empirical criteria for the seizure,
which indicates the coating remained in grooves may
play a key role to prevent the seizure. To verify an effect
of it on the seizure, a non-coated piston with RzZ18Sm100
was additionally tested. The load during running in was
lowered to one-tenth of the previous test, namely 10kgf,
so that the seizure could not be triggered. After
confirming by SEM observation that the tips of the
grooves were slightly worn and flattened as shown in
Figure 25, a main test was conducted under the
conditions in Table 2. As the result, a seizure was
observed within only 120 seconds after the main test

started as shown in Figure 26, which demonstrably
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proved the coating in the grooves could serve to prevent

the seizure.

Fig. 26 Appearance of seizure at 120 seconds

A conceivable mechanism of the seizure prevention by
the resin coating in the grooves is schematically
described in Figure 27. As can be seen in this figure, the
worn resin coating is sure to pass over the surface of the
adjacent Al substrate since the piston was reciprocated in
the direction perpendicular to the grooves. The resin
coating transferred to the Al substrate could cover the
exposed Al substrate and deter the metal-to-metal
contact, resulting in the prevention of the seizure. In the
early stage of the Al substrate exposure, deep grooves
could keep the adequate resin coating enough to protect
the adjacent Al substrate entirely. However, amount of
the resin coating stored in the grooves would gradually
decrease with the progress of the wear in the latter stage.
In addition, the Al substrate to be protected would
increase contrarily. Thus, the seizure could finally happen
from a part of the Al substrate not covered with the resin

coating. Further investigations and considerations are still

required to verify this hypothetical mechanism. For
example, surface composition analyses of the piston and
the cylinder test specimen during the test would enable
us to confirm whether the worn and transferred resin

coating actually covers the Al substrate.

Non-covered Al

Worn resin coating
substrate

on Al substrate Worn resin coating

Resin coating on Al substrate

Resin coating . :
remained in groove

remained in groove

Al substrate Al substrate \S
\ »(‘\0(\ \ c’(:\o(\
& > &
K2 L2
£ 2
& &

(a)Early stage (b)Latter stage

Fig. 27 Conceivable mechanism of seizure prevention
by resin coating in groove

3-5. Printability of deep groove

As mentioned above, the seizure can be delayed with the
deeper grooves on the piston skirts. However, it is
expected deeper grooves would show larger roughness
even after coating, which is one of concerns about an
increase in the friction loss as reported in the previous

studies®

especially at the early stage of an engine
operation. Thus, the roughness after coating with the
different surface geometries was evaluated. The pistons
were screen-printed under the condition individually
optimized for each geometry. Through this process,
grooves of each geometry were covered and filled with the
resin coating material. The roughness, Rzjis, on the piston
skirt covered with the resin coating was measured at the
center of the skirt along the piston height direction. After
coating, all the pistons except the one with Rz2Sm150
showed smaller roughness than as-machined state owing
to the leveling effect as shown in Figure 28. In case of
Rz12Sm100 and Rz18Sm120, the roughness after coating
were comparable to that of Rz2Sm150. On the other hand,
substantially large roughness still remained in case of the
pistons with Rz18Sm260 and Rz25Sm140. It had been
confirmed the roughness could be further reduced by
using a multiple screen-printing technique, but it will also
lead an increase in the process flow resulting in a cost
increase. Thus, in practical use, it is necessary to choose a
suitable geometry with considering required durability,

surface roughness and cost.
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Roughness, Rzjis/um
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Fig. 28 Roughness before/after coating

CONCLUSION

In this research, the effects of the modified resin coating

and the deep grooves on durability of the resin coated
piston were investigated, and which has led following

conclusions.

(1) The polyamide imide was modified so that it can be
cured completely at a relatively low temperature. As
the result, frictional characteristics were improved

compared to the existing coating.

(2) It was found the deeper grooves on the piston skirts

can play an effective role to delay the seizure.

(3) Seizures were triggered when the ratio of the Al
substrate exposed to the sliding surface reached up to
60-80%, which implies the coating remained in

grooves may play a key role to prevent the seizure.

(4) Roughness on the piston skirt was reduced after the
coating process owing to the leveling effect. The
deeper grooves tended to remain relatively large

roughness even after coating.
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