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Jin-Ki Kanno™
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For Yamaha Motor this year represents a milestone: not only are we commemorating our 60th anniver-
sary, we are also on the verge of commencing a new medium-term plan in 2016. This occasion also
presents us with a good opportunity to consider what kind of technological development we will under-
take in the future.

As a lead up to this, let us first take a look at the impact that technological innovations have had on
changes in society. From the history of technological innovations, we can see that the two keywords
central to future technological innovations will be (1) speed, and (2) reach in society. In other words,
future technological innovations are expected to happen at speeds outside our experience, and revolu-
tionize society with a reach (through the Internet etc.) that is beyond compare with anything gone before.
In the midst of these changes, we at Yamaha Motor must consider the direction in which to drive our
technological development.

The unique style of Yamaha is our starting point - our technological development mission is to create
products and technology that embody this. In 2015 we chose five words to express this unique style:
GEN, Play & Sure, S EX Y, and Ties. The first four, GEN, Play & Sure, and S EX Y, are related to technological
development. Uniquely Yamaha technological development is all about innovative and unique creation
(GEN) to realize unrestricted fun underpinned by reliability (Play & Sure), and refined individuality that
draws us in (§ EX Y). In order to bring this kind of unique style into being, the Technology Center has
chosen the phrase Jin-Ki Kanno as our technological development ideal to express the Play & Sure and
S EX Y aspects in our technological development. We are currently working to further solidify the
direction in which to drive Yamaha technological development. The phrase Jin-Ki Kanno has been used
by some Yamaha departments since the 1990s, but last year we surveyed approximately 9,000 Yamaha
Motor employees and related parties in order to redefine exactly what Jin-Ki Kanno means to us. Based
on our analysis of the survey results, we redefined the ideal as something comprising four factors: at
the heart of Jin-Ki Kanno was a sense of unity with the machine, followed by self-realization and growth,
appealing presence, and finally the basic value point that underpins these factors and is a must for
machines, peace of mind and convenience.

In terms of the technology to realize these four aspects of machine performance that focuses on user
perceptions, we will create new core technologies that fuse human technology with intelligent technol-
ogy, to be utilized along with machine technology developed to date. We call this technology Hu-MaX
Technology (Human-Machine-eXtreme). Yamaha will continue to develop technology with speed and reach
through fusing human and intelligent technologies, leveraging open innovation to proactively incorporate
technological innovations such as cloud computing and artificial intelligence which are predicted to
evolve rapidly in the anticipated Fourth Industrial Revolution.

And of course, most importantly, we will continue to develop Jin-Ki Kanno that embodies the unique style
of Yamaha, and to challenge ourselves to create Kando™ through the provision of machines that are one
with the user.

*! Jin-Ki-Kanno means that the seductive exhilaration felt when one with the machine that is shared as a baseline when quantifying
and integrating it into a Yamaha's performance.

** Kando is a Japanese word for the simultaneous feelings of deep satisfaction and intense excitement that we experience when we
encounter something of exceptional value.
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YZF-R1/R1M data logging system development
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Abstract

A new data logging system has been developed and designed as standard equipment on the YZF-R1M (optional on the
YZF-R1) released in 2015. The aim of this system is to provide the enjoyment of analyzing rider performance using
recorded data, and by doing so, contribute to improve rider skill level. The target users are those who participate in
circuit riding events and amateur racing.

There were two issues faced during development. The first was the suitability of the logger unit (CCU: Communication
Control Unit) to be mounted on the motorcycle. The CCU had to be compact enough to be installed without modifica-
tion to the motorcycle body, and also needed environmental durability equivalent to the FI ECU. The second issue was
the need for an easy-to-use user interface. As the system is aimed at circuit use, the devices used for analysis would
not be PCs, but easily portable smart devices (data-capable mobile devices such as tablets and smartphones), and fur-
thermore a simple and intuitive user interface experience was required. This development project was launched with

the aim of creating solutions to the above issues.

—FTFIAA (BT Ly IRAR— T 4 FEOHE AR

12 Loble

2015 4RICHIEEN Tz YZF-RIM ICHHERE i (YZF-R1 14
TavReE) INBT—AaF VT VAT LR L, 4
VAT LORLWE, ETRER T IA T4 T T
BV LAORME, EBITIAFNT YT ICHBRT AL T
5B, rB. 2TV V—FVMNEITRPTIF 2T
—ARBINTH1—YTH%,

FIFICHI B8 2 DH Tz, F 9 1 —2 =y M(CCU:
Communication Control Unit) DB ljNDED{ AT
BNz, 595 CCU . HHliAADUGEESIOMN T BN,
INITHBTLITA, FIECU MY DMEREE M2 i 2 52005
MBIV TS ZRENDH ST, RiIT, OB TORVI—
YA U R—T 2= ANETF NIz, Y—Fvb1—XTHBC
s, HEINE Y O TR PRI BIENE AY

GNSS7> T+

YZF-R1M

Fi¥

ZRIHL, 51, B TEBREBEEO -1 2—T
T—ANRDENTz, TNSOEITHILTEAIHaA—Z
THELIRW D, ABF DS T I Tz,

IHEIN 1

A A7 L& CCU,GNSS (Global Navigation Satellite
System) 77 A —FTNA X THEKE NS (K1),
CCURHHN—2AZ R L THljOY—E AT RT R
MENB (X12), £z, LT —ZEUF DI DCNSS T > 7 F
FCCULEH SN AV IICHEEE NS, AR —F T3 A
AT 277V r—2a i ZL Fo2D %2 HELZ(M3),

[Y-TRAC: 7 —&ECa—"7 7TV r—av

-TYRC Setting | : Hilliy 71> 7 7TV r—a>

AR—FFIRAR

@®YAMAHA @YAMAHA
i

Y-TRAC YRCSetting

1 YRA7LEBE

YAMAHA MOTOR TECHNICAL REVIEW



YZF-RI/RIMA 7—420% 2V 7 A7 LORHR

YZF-R1/R1M data logging system development
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Development of the new 2UR-GSE Engine for the LEXUS Premium Sports RCF

ERIEY HATH ATHE BFEEST ZHE )INE

Abstract

The desire for a vehicle that responds to every whim and lets you experience the thrill of driving has not diminished,
even in this era of heightened environmental awareness; rather, the expectation for sports cars to be fitted with high-
performance engines offering greater output and focus on driver perceptions grows ever greater. We have developed
the all-new 2UR-GSE, a naturally aspirated V8 5.0L engine, for use in the RC F, the latest LEXUS Premium Sports
model to bear the “F” in its name. Our goal was to successfully combine overwhelming power output and improved
sensory appeal features such as sound, response, and comfortable acceleration with environmental performance in
line with current times. To this end, most of the parts were redesigned and the engine was also loaded with the very
best we had to offer, including our latest direct injection system, Dual-VVT (intake Variable Valve Timing controlled by
an electric motor), and a wide range of high-output, high-revving technology. This engine was jointly developed by the

Toyota Motor Corporation and Yamaha Motor Co., Ltd.
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Towards the mechanism elucidation of Performance Damper
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Abstract

It is widely known how important the rigidity of a car’s body is in the development of vehicle handling, stability, and
ride comfort, but Performance Damper (referred to hereafter as “PD” ) technology treats the car’s body as elastic and
directly applies a damping effect to non-moving parts, to further improve car body performance. Since their release in
2001, PD have been adopted by car manufacturers for use in approximately 30 different models, and are sold as after-
market parts for over 60 different variations.

The effects on driving feel of using PD include the following:

- Improvement in handling and stability

- Improvement in ride comfort

- Improvement in the overall vehicle quality feel

The selection of PD damping force is entrusted to the sensory judgment of experienced drivers, but for the purposes
of optimization, it is essential to quantify those results and tie them together with the feel of the car and its perfor-

mance.This report will focus on initiatives to improve handling and stability.
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Simulation Technology in Boat Development

AXH ZEE

Abstract

Yamaha Motor Co., Ltd. (hereafter, “Yamaha” ) started its boat business in 1958. Since that time, the company has
developed a wide range of boats, from small models to large, starting with the “CAT-21" (figure 1) released in 1960. In
more recent years, Yamaha has introduced new models to the market, including the “DFR” (figure 2) and “YFR” (figure
3) in 2014, and the “F.AS.T.23” (figure 4) in 2015. Bringing together superior performance, designs which move and
inspire people, and optimum layouts, each model has continued to receive high praise since release.

This report introduces the simulation technology used by Yamaha to focus on the most important performance-
related advancements in boat development - the Yamaha Performance Development System - as well as the methods

used for performance verification.
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Observation of Nishinoshima using the RMAX G1

LR

Abstract

Use of unmanned helicopters has already developed to the point where there are approximately 2,600 used in the
agricultural sector, providing pest control services to a gross area of 1.06 million hectares, an area which represents
36% of Japan’s rice harvests. Moreover, automated navigation-type industrial unmanned helicopters which feature
cameras and automated flight functions for imaging and observation have also been developed and are being used in
the marketplace today. Such types are often utilized for making seismological observations in inaccessible volcanic
regions, measuring radiation levels within Fukushima Prefecture, and topological surveys using laser surveying equip-
ment.

Recognizing its performance in these kinds of observational tasks, NHK asked us to use the automatic navigation-
type RMAX G1 to photograph and collect lava fragments from the area around Nishinoshima for the production of
a science documentary themed on Nishinoshima'’s creation of new land. The lava flows that have gushed forth from
Nishinoshima since it resumed eruptions in November 2013 following a 39-year hiatus have been gradually expand-
ing the land area of the island, and it has now reached a size of approximately two square kilometers. Providing a
microcosm of the mechanisms which formed continents on the earth’s surface, this phenomenon has captured the
attention of geologists. However, to ensure safety the Maritime Safety Agency has established a restricted zone that
extends four kilometers out from the island. NHK’s aims were to use an unmanned helicopter flying from a ship out-
side the restricted zone to capture day/night photos using a high-resolution camera, observe the ground temperature
with a thermograph, and collect lava samples to be used in analysis of the island’s ground composition. If successful,
this endeavor would obtain scientific data and images of extraordinary value.

In this report, we will describe the technology-related issues that need to be resolved in order to execute the project,

the measures taken for said issues, and how the situation is progressing.
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Rechargeable Lithium-ion Battery Cell Deterioration Assessment Technology
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Abstract

Due to their small size and light weight, lithium-ion batteries (LiBs) are used in a wide range of products that cover
everything from consumer applications, such as smart-phones, to power applications including hybrid and electric
vehicles. The market for LiBs used in hybrid and other vehicles, in particular, has grown incredibly quickly in recent
years, with a projected market scale of between 2.5 and 5 trillion yen in 2020"™. From this kind of market trend, the
direction of automotive LiB technology is attracting quite a lot of attention.

LiBs used as a power source must have a wide range of characteristics to meet vehicle requirements. Typical aspects
of this include the battery capacity which influences traveling range, and the power density which affects acceleration.
The battery’s deterioration characteristics are also an example of this. Loss of performance due to battery deteriora-
tion can have a big effect on remaining battery display accuracy and the traveling distance in electric vehicles. Simply
put, ascertaining battery deterioration trends in advance is very important as it is directly related to the convenience
and reliability of electric vehicles.

Therefore, this report will introduce the method used to estimate capacity deterioration using the deterioration coef-

ficient, with the goal of efficiently understanding the deterioration trends of LiBs.
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The Development of the Global Scooter ‘NMAX'’
EHEZ

REE IRHEfE

Abstract

Traffic jams have become a social issue in many cities of the world. These circumstances have seen increased appre-
ciation for the convenience of scooters in the daily commute, thus global demand has been increasing each year and
reached 11.1 million units in 2014. Yamaha has always delivered products that meet customer needs in each market.
In recent years, the spread of the Internet has enabled sharing of information worldwide, and the needs of our cus-
tomers have come to share many common factors that extend beyond regional boundaries. This model was developed
as a “global model” designed to cover the commuting needs of both the constantly growing and changing developing
countries, and the mature markets of developed countries in a single model. By rolling out one model across many
countries, Yamaha has succeeded in increasing development efficiency and reducing costs through economies of scale,

to deliver even better value to the customer than before.
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2015 Global Sports Model YZF-R25

Abstract

When the motorcycle boom hit Japan in the 80’s, the 250cc sports model reached the height of its popularity. From

the 90’s onward, the 250cc sports motorcycle market fell into a gradual decline, but recent years have seen this

category find new popularity amongst people in a wide range of countries as new markets have opened up overseas.

The YZF-R25, part of the YZF-R series represented by the YZF-R1, was developed for global roll out along with the

YZF-R3.
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2015 Global Sports Model YZF-R25

A=zt FRICIE YZF-R1 %0 YZR-M1 ARk 7 R 21
TAIr—2EE U, YZFRL R AT XAV
RINR—=2 2 NARZIA X TESHREA LTV 5,

Wi ZoRiBICiE ODD, TRIP1 - 2. BARLEE. JKilita oo,
WA, ~FERREE, U, A AV R 82 KR T
XHMRER LT, SHIC, FVRI a0 Ir—2%
FHUETTIRNZtRL <L (X 10).

BbYlc

ARETIVIE20144ETAKDA Y RIS 7 TR BHGAL,
2014 KD HARDWRFE Az F2 Y10 I IR B FE D YZF-R3
AR E TR e E RS Tz, 2 LT FEDIHW@ED
FTAT AT DRLUERP R GT I R EITH UIFREZ1E T
B AET IV ZELTIRIAOWBEHRICE—2—T A7)V
BIL IR CTVIIZE . ZDRBDNBEED L2 S
IC3 % —Bhkixn Mg 5,

BEE

=M 8RS
Toshimasa Miyabe
PFHiilj 1=y b
PFHI TR ER
LMWEHFES

43 YAMAHA MOTOR TECHNICAL REVIEW



2016 F£E7 IV ROV YXZ1000R

2016 model ROV YXZ1000R
AR FH
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#$AFL KXF&A ToddBooth

Abstract

Annual demand for ROVs (Recreational Off-Highway Vehicle) in the North American market is currently 240,000 units
(an increase of 40,000 units compared with 2013 when the Viking was launched), and further growth is anticipated.
ROVs are put to use in a wide range of fields - everything from business purposes, such as agriculture and farming, to
hunting and other recreational and sports uses. To cover this wide range of uses, Yamaha developed and released the
VIKING in 2013, followed by the VIKING VI in 2014, and the WOLVERINE in 2015.

Of the uses mentioned above, the sports field is currently experiencing strong growth, and manufacturers are releas-
ing new models one after the other. Yamaha is strong in the recreation/sports fields, and is driving its brand image
by consistently delivering the strongest level of performance in the market. In order to build that image and further
strengthen the ROV business foundations, we have developed the pure sports model YXZ1000R introduced below,

which takes driving performance to higher levels that leaves competitors unable to catch up.
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YMMC (Yamaha Motor Manufacturing Corporation)
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{Message from YMMC-PD

Do you give the customer just what they are asking for,
or do you give the customer something beyond their
expectations that will broaden horizons and forever
change the future?

Yamaha has produced many milestone machines since
1955. History making offroad Yamahas certainly include
the 1968 DT1 that offered an affordable, reliable and
nimble handling dirt bike to the general public; the 1975
YZ250/360 monoshock that realized the benefit of
single-shock, long travel rear suspension; and the 1999
YZ400F that proved four-stroke motocross bikes are
supremely competitive.

Sporting customers, whether motorcycle, ATV, or
ROV are the most demanding. Not only must the
vehicle perform at an advanced level with confidence,
it must do so reliably. As well, sporting customers
demand a vehicle that is attractive, both visually and
most importantly...technically. YXZ1000R is such a
bold step that it doesn't fit the current "Sport ROV"
category; YXZ1000R is "Pure Sport ROV". The technical
specifications of YXZ are so advanced that even as details
were leaking early on social media, customers were
doubting any manufacturer would offer such amazing
technology! Lesson: Never underestimate Yamaha.

YXZ was developed in a close partnership of Japanese
and American staff all having true offroad passion.
Building on global relationships first established
with Beartracker ATV in 1995, the global Yamaha
RV members are the ONLY team that could develop a
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machine as advanced as YXZ. Technology, durability,
confidence, value, beauty, excitement...all exceeding
customer expectation. YXZ will forever change the ROV

market.
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Takanori Suzuki Yasuhiro Suzuki Hayato Osaki

U= & M-y VA Il & 1=y /A (AR IESUESVEVE & v Nt ¢
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BHFEHAR BHFEHAR FHFERR

YMMC Terrain Vehicle Product Development team
(Design, Testing and Administration)

Todd Booth
YMMC (YAMAHA MOTOR MANUFACTURING CORPORATION) PD(PRODUCT
DEVELOPMENT)

2016 model ROV YXZ1000R
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Abstract

Yamaha snowmobiles are sold across a wide area that encompasses North America, Europe, Russia, and other areas.
Russia is the main market for multipurpose utility models. In Russia, the RS Viking Professional is primarily used for
recreation, to take in the steppes or forests deep in snow while traveling. For snowmobiles used in this kind of tough
environment, there is a demand for fuel efficiency that enables long-distance travel, as well as all-terrain performance
and comfort.

Here we introduce the VK Professional II, a 2016 model developed by Yamaha Motor to respond to this market

demand. Based on our flagship utility model, the RS Viking Professional, this new model boasts a revamped engine,

body, and design.
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Abstract
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Development of third-generation engine for water vehicles

VX Cruiser

It has been 15 years since the launch of the four-stroke Personal Water Craft (PWC). Following on from the first

generation, which was based on the engine installed in the initial models of the R1 motorcycle, and the second

generation, with its completely original design large-displacement engine, the third-generation PWC engine has

been developed with a displacement equivalent to that of the first-generation engine. It was based on the successful

3-cylinder high-performance engine of the SR Viper snowmobile. This engine will be featured in the all-new 2016

model VX Series, which was launched in 2015 with plans for a global roll out.
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Development of the F115B Outboard Motor

)l H#sE  DARER
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F115B/F130A VF115

Abstract

Ever since its first appearance in 1999, the F115A has maintained its position as a highly-trusted, popular long
seller. In recent years, however, America's high-demand market has seen a sharp rise in sales of family-oriented
pontoon boats as the economy recovers in the wake of the Global Financial Crisis. To make these heavier boats
travel comfortably, more power and smoothness is required. Competitors introducing new products also spurred
development of this revamped model.

For the newly-developed F115B, we used the exterior edge design that is standardized across the second-generation
4-stroke outboard motor range, creating a unit which is lighter, more powerful and delivers user comfort through low
vibration.

At the same time, we developed another two models in the lineup: the F130A, an outboard motor in the 130 hp range
(this range was not previously represented in the 4-stroke lineup); and the VF115, a performance model exclusively

for the North American market.
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DYNACONTI Damping Devices for Wooden Buildings
fip N5

= FERWHEEE FAFIVT(

QT DYNACONT!.

Abstract

Yamaha Motor Hydraulic System Co., Ltd. (YHS]J) primarily manufactures hydraulic products such as shock absorb-
ers for two- and four-wheelers, and electro-hydraulic power tilt devices for outboard motors. YHS]J have undertaken
to jointly develop and manufacture the damping devices sold by ODM Co., Ltd as a new product which can utilize our
core technology. Damping devices work in a similar way to vehicle and industrial shock absorbers by damping and
absorbing the shaking and vibrations from earthquakes, so YHS]J's original hydraulic damper technology has been
incorporated as a basic structural component.

This report introduces the Damping Devices for Wooden Buildings (Product name: DYNACONTI) developed by YHS]J.
(DYNACONTT is a registered trademark of ODM Co., Ltd.).
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Evaluation of Cooperative - Intelligent Transport System for Powered Two Wheelers
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Abstract

In Europe, validation and standardization of systems related to Vehicle to Vehicle and Vehicle to Infrastructure
communication have advanced in recent years, and initiatives towards practical implementation are intensifying.
In order to further the development of Cooperative - Intelligent Transport System for Powered Two Wheelers, we
took part in the DRIVE C2X Project carried out in Europe with the aim of clarifying issues that could not be identi-
fied through design-stage verification. In this project, we checked system operations and communication features
related to information provision on actual European roads and investigated the effects that presenting information
had on riding behavior. As a result, although it was possible to maintain the communication distances required to
provide service, we confirmed that communication with following vehicles did not satisfy requirements. In terms
of the effects on rider behavior, we discovered that although information regarding actual obstacles such as road
works and car breakdowns restricted riding speed, information such as speed limits resulted in no changes to rider

behavior.
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Abstract

Plastic parts made by injection molding are used in a wide range of fields, and Yamaha products also use many
plastic parts. Yamaha is advancing platformization of models, developing model variations by changing exterior
parts. Staff working on production of these models must be able to complete preparations for manufacture of a
diverse range of high quality products, at low prices within a short lead time.

For this reason, it is important to have methods and systems in place that enable our staff engaged in production
preparation at overseas locations to launch work on new models smoothly. The efficient trial methods that employ
In-mold Monitoring and Injection Machine Difference Absorption Correction methods introduced herein were

developed to tackle this issue.
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Abstract

Shaving processing is employed in gear surface finishing methods aimed at increasing strength and reducing noise

in motorcycle transmission gears. With regard to the phenomenon of cyclic changes in gear profile accuracy in

shaving processing, this report will introduce the development of methods to clarify resonance mechanisms utiliz-

ing experimental modal analysis and improve accuracy.
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Development of Fracture-split Connecting Rods made of Titanium Alloy
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Abstract

Titanium connecting rods promise great results in the areas of engine fuel efficiency and power improvements
thanks to large reductions in the reciprocal weight and rotation weight of motors compared with steel connecting
rods. However, since materials are costly, machining is difficult, and wear on the sliding portion poses problems,
titanium connecting rods have only been produced in small volumes and utilized in premium models. In this report,
materials, machining methods, and surface treatment approaches were considered that would allow use with a
wide range of models. In terms of materials, JIS SCM420 steel and Ti-6AI-4V alloy (generally used in motorcycle
connecting rods) were compared with Ti-5Al-1Fe alloy for which the alloy content is inexpensive. With regard to
the machining method, hot forging was considered as a means of reducing both the amount of cutting, and improv-
ing material strength and toughness. Moreover, to reduce the number of machining processes and improve the big
end rigidity, the possibility of utilizing big end Fracture Splitting (FS) process was investigated. In addition, surface
treatment methods that would prevent wear and adhesion of the sliding portion were considered. Through these
processes, it was possible to quantitatively prove the merits of the FS titanium connecting rods utilizing Ti-5Al-1Fe
alloy, enabling production of connecting rods with better functionality at lower cost than conventional models. The
titanium connecting rod which was the subject of this research has been mass produced for the YZF-R1 and YZF-
R1IM models since 2014.
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Abstract

The radiator assembly for a liquid-cooled off-road motorcycle is generally attached to the side of the frame. Therefore,
if the motorcycle topples over, the radiator may strike the ground and receive an impact through the plastic side cover.
This may deform the radiator, reducing its cooling performance or leading to a coolant leak. The strength of the radiator
and plastic side cover was designed so that the radiator assembly will not deform easily if the motorcycle topples over
at low speeds. However, due to the complex behavior of the radiator assembly in strength tests, a degree of trial-and-
error may be necessary to incorporate strength countermeasures by tests alone. Therefore, a strength test simulation

method was developed to help design the required strength of radiator assemblies.

countermeasures by vehicle tests alone may require

INTRODUCTION

The radiator for a liquid-cooled off-road motorcycle is

large numbers of prototype parts and large amounts

of time. Therefore, a strength test simulation method

generally attached to the side of the frame and covered with 54 developed to help design the required strength of

a plastic cover. As a result, if the motorcycle topples over, | ,diator and plastic cover.

the radiator and plastic cover may strike the ground and  pgy this study, strength tests were conducted of the

receive an impact. This may deform the radiator, reducing
its cooling performance or leading to a coolant leak.

Strength was designed so that the radiator will not
deform easily if the motorcycle topples over when
traveling at extremely low speeds. However, the behavior
of the breakage process for the radiator and plastic
cover is complex, and it is difficult to identify the exact
locations for strength countermeasures and to estimate

the reinforcement effects. As a result, testing of strength

plastic cover and radiator individually, and of the
radiator assembly when these components are assembled
together. The validity of the simulation models for
the plastic cover and radiator individually, and for the
radiator assembly, was verified based on the results
from these tests, and the results demonstrated the

effectiveness of this simulation method.
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STRENGTH.TESTS:OETHE
RADIATOR ASSEMBLY AND
INDIVIDUAL COMPONENTS

To verify the suitability of this simulation method, three

types of bench tests were performed using the individual
plastic cover, the individual radiator, and a radiator
assembly combining the plastic cover and radiator.
Guidelines for construction of a simulation method were
obtained during the course of these tests. Strength tests
were performed using the radiator and plastic cover of
off-road motorcycle with a liquid-cooled 250 cc engine.
The appearance of the radiator and plastic cover is

shown in Figure 1.

‘T Plastic
Ry -
\ Ak Radiator

Figure 1: Appearance of radiator and plastic cover

RADIATOR.ASSEMBLY,
STRENGTH TEST

The bench tests have been performed to design the required

strength of the radiator and the plastic cover, because
tests which involve actually toppling the vehicle suffer
from poor reproducibility, and the evaluation is difficult.
The focus of the tests was damage to the radiator and
plastic cover caused when the motorcycle topples over
while traveling at extremely low speed. Figure 2 shows
the conditions of damage to the radiator and plastic cover
caused when the motorcycle toppled over at extremely
low speed. Because contact with the ground was via the
plastic cover, the fins and core support were damaged
and buckling of the plastic cover occurred.

The bench tests evaluated the maximum reaction force
of the radiator assembly as a substitute characteristic
for strength design in case the motorcycle topples over.
This test method focused on reproducing the damage

conditions of the radiator and plastic cover when the
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motorcycle toppled over, and identifying the locations to
take strength countermeasures. For this reason, the test
speed was not set based on the impact that occurs when
the motorcycle topples over. The criteria for maximum
reaction force are now being studied. The results from
previous tests have made it clear that coolant leakage
will not occur when the maximum reaction force is at or
above a particular value.

The appearance of radiator assembly strength test
is shown in Figure 3. The radiator and plastic cover
were assembled onto a frame which is fastened in 1G'
conditions (empty vehicle standing vertical). The radiator
was bolted to the frame via a grommet. The plastic cover
was bolted to a bracket installed on the radiator side and
to the fuel tank and to the frame. The impact load when
the motorcycle topples over was estimated based on the
conditions of resulting damage to the radiator and side
cover, and were used as a static load at the bench test.
For the bottom end of the radiator, which is the part most
likely to contact the ground when the motorcycle topples
over, the load is applied in the direction of the vehicle
rear.

The conditions of the radiator and plastic cover after
reproducing the damage conditions by means of bench
test are shown in Figure 4. The bench test succeeded in
reproducing the conditions of damage to the radiator
and the buckling of the plastic cover which occur when
the motorcycle topples over.

To verify the suitability of this simulation method, the test
was performed with two models of radiator assembly:
Model A and Model B. The primary difference between the
two models is the thickness of the side cover. Model A is
approximately 10% thicker than Model B. The appearance
is shown in Figure 5. A portable fatigue tester (KYB, KPL-
5kN) was used to apply load in the direction from the
front of the vehicle. The pushing speed was 500 mm/
min. The load cell and displacement gauge built into the
tester were used to measure the displacement of the
push jig towards the rear of the vehicle and the reaction
force generated by the radiator assembly.

The created load-displacement curve is shown in Figure
6. The plastic cover began to buckle when pushed by
approximately 20% of the specified stroke (Point a,
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Figure 6). The differences in the maximum reaction force
among different vehicle models were virtually identical
to the differences in reaction force at the time when the
plastic cover began to buckle. Therefore, it is necessary
to reproduce the buckling of the plastic cover in order to
accurately find the maximum reaction force of the radiator
assembly.

After the test, dents were found in the radiator components
that are thought to have been caused by interference
with surrounding parts. In order to reproduce the
damage to the radiator caused by this interference, it was
decided to create a model of the frame and other parts

which surround the radiator.

Fins and Core supports
were twisted .

= = = Sbuckling generated

Fins

Core supports

Figure 2: Damage conditions of radiator and plastic cover

Frame
Fuel tank
i

Plastic cover

Load cell
Piston

Seat jig

Figure 3: Appearance of radiator assembly strength test

= = = =buckling generated

4 b

Figure 4: Damage conditions of radiator and plastic cover

Model A Model B

Figure 5: Appearance of radiator assembly model A and B

s N\ode] A
== = NModel B

Load (N)

Push jig displacement (mm)

Figure 6: Results of radiator assembly strength test

PLASTIC,COVER,INDIVIDUAL
COMPONENTS STRENGH TEST

A compression test of the plastic cover was conducted

using a universal tester (Shimazu, Autograph, AG-25TA).
The test conditions are shown in Figure 7. The load
cell and displacement gauge built into the tester were
used to measure the reaction force of the plastic cover
and the displacement of the push jig in the direction
perpendicular to the surface plate. A fuel tank filled with
mortar to ensure rigidity was installed as the support
onto the seat jig, and the plastic cover was installed onto
the tank. Some of the bolt fastening points for the plastic
cover are located on the fuel tank.

For the radiator assembly strength test, a push jig was
used to apply a load to the radiator, and this load was
transmitted via the radiator to the plastic cover. For
the plastic cover individual component test, in order
to reproduce the load transmission that occurs during
the assembly test, a push jig which applies the load was
installed onto the position where the plastic cover is
mounted onto the radiator. In order to determine the
effects of plastic strain rate sensitivity, three pushing

speeds were set (10 mm/min, 100 mm/min, and 500
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mm/min), and the test temperature was set to room RADIATOR |ND|V|DUA‘L

temperature.

The load-displacement curve that was created from the
test results is shown in Figure 8. The reason that the
load decreases when approximately 20% of the specified
stroke is reached is that the plastic cover buckles as
shown in Figure 9. These load-displacement curves
show that the maximum load (buckling load) changes at
different speeds even within the range of the pushing
speeds that are assumed in the assembly strength test,
indicating rate sensitivity. Based on these result, it was
decided to consider strain rate sensitivity in the plastic

cover model.

Load cell

Push jig

Fuel tank
filled with
mortar
Seat jig

Figure 7: Plastic cover individual component strength test

— = 500mm/min
= / \ tenene 100mm/min
= / \ 10mm/min
5 /

Push jig displacement(mm)

Figure 8: Results of plastic cover individual component
strength test

Before Loading

After Loading

= buckling generated

Figure 9: Damage condition of plastic cover
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COMPONENT STRENGTH TEST

A compression test of the radiator was conducted using
a universal tester (Shimazu, Autograph, AG-25TA). The
test conditions are shown in Figure 10. In order to
decide whether or not it was necessary to model the
heat-radiating fins, strength tests were performed for an
ordinary radiator and a radiator with the fins cut off. The
appearance of the radiator without the fins is shown in
Figure 11.

The load cell and displacement gauge built into the tester
were used to measure the reaction force of the radiator
and the displacement of the push jig in the direction
perpendicular to the surface plate. The load point was
the point that is expected to contact the ground when the
motorcycle topples over. The pushing speed was 10 mm/
min.

The load-displacement characteristics were created
from the test results as shown in Figure 12. This load-
displacement curve shows that the reaction force
generated by the fins accounts for approximately 50% of
the reaction force generated by the radiator. Although
the thickness of each fin is only approximately 0.1 mm, it
is believed that the fins have a large effect on the radiator
reaction force due to the large number of fins. Based on
these results, it was decided not to omit the fins when

creating the model.

The locations

fastened by Push jig

bolts to seat

= Radiator
Seat jig

Figure 11: Radiator without fins
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L " ™ with fins
S

’ Without fins

Load (N)

Push jig displacement (mm)

Figure 12: Results of radiator individual component
strength test

STRENGTH,SIMULALIONS,OF
THE RADIATOR ASSEMBLY AND
INDIVIDUAL COMPONENTS

Simulations of the plastic cover individual component test

and the radiator individual component test were performed
and compared with the test results. The methods used to
construct the simulation models of the radiator and plastic
cover were used to simulate the radiator assembly strength
for two vehicle models. The strength analysis code is the
Abaqus.

PLASTIGCOVERJINDIVIDUYAIL
COMPONENTS STRENGTH
SIMULATION

The simulation model is shown in Figure 13. A dynamic

explicit analysis method was used to produce a stable
buckling solution. The model of the plastic cover was created
using shell elements. Meshing with element dimensions of
approximately 5 mm was performed at the rib sheet center,
and for all other parts at the sheet exterior.

The plastic cover was installed onto the fuel tank, and
fastened to the fuel tank which was expressed as a rigid
body. The fuel tank reference node was fixed. The locations
fastened by bolts were expressed by multipoint constraint,
and constraint around the bolt center axis was free. The
plastic cover and the fuel tank can interact with each other
by contact definition. Multiple points around the mounting
point of the push jig were constrained in order to forcibly
vary the position of the reference node. The load was
applied to the reference node in the X-axis direction. The
pushing speed was 500 mm/min.

The stress-strain characteristics included consideration
of strain rate sensitivity. The strain rate sensitivity was
determined by tensile tests performed at room temperature.
The test pieces shapes were JIS No. 2 shapes, and the test

pieces were made of the same material as the plastic cover.
The results of the true stress-strain characteristics that
were found based on the measurement results are shown in
Figure 14. Because the strain speed of 100 (1/sec) produced
significant noise due to impact, it was decided to treat the
plastic cover as an elastic-perfectly plastic solid at strain
speed of 100 and to generate constant stress equivalent to
the tensile strength.

Plastic cover

$\ - The
locations
Load (X direction),

fastened
v
™ o
X "

by bolts

Figure 13: Plastic cover individual component strength
test model

Strain Rate=100 (1/sec)

WStrai.n Rate=0.066 (1/sec)

Stramn Rate=0 (1/sec)

True stress (MPa)

| |
True strain(1/1)

Figure 14: Plastic cover stress-strain characteristics

VERIEICATION,OERI-ASTIE
COVER INDIVIDUAL COMPONENT
STRENGTH SIMULATION

The conditions of total internal energy and total kinetic

energy generation for all elements of the plastic cover model
are shown in Figure 15. The percentage of total kinetic
energy relative to internal energy is on the order of several
percent, showing that a valid solution can be provided by
addressing the issue as a quasi-static problem.

Figure 16 shows the load-displacement curve that
was created from the simulation results. The load and
displacement in the simulation results represent the
reaction force and displacement of the load point in the X
direction. The maximum load is approximately 10% higher
in the simulation result than the test result. The reason is
believed to be the higher rigidity resulting from thickness
that is larger in the model than in the actual plastic cover
at locations such as where the thickness changes gradually.
The damage conditions from the simulation are shown in
Figure 17. The Figure shows how the conditions of plastic
cover buckling were reproduced.
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Internal Energy
== == Kimetic Energy

Energy (Nmim)

| . e B,
Time(sec)

Figure 15: Energy in plastic cover model

Simulation

Wi Experiment

Load (N)

Push j1g displacement (mm})

Figure 16: Plastic cover load-displacement curve

Simulation

Experiment

iy L,

= = = = buckling generated

Figure 17: Conditions of plastic cover deformation

RADIATORINDIVIDYA e
COMPONENT STRENGTH
SIMULATION

The simulation model is shown in Figure 18. A dynamic
explicit analysis method was used to provide a final solution
in combination with the plastic cover.

The push jig and seat jig were considered to be rigid bodies,
and only the parts of the seat jig which may contact the
radiator were modeled. The radiator is a brazed thin-walled
aluminum part. The brazing in the simulation model was
expressed using multi-point constraints. All parts other than
the heat-radiating fins were modeled using shell elements.
Meshing with element dimensions of approximately 3~
5mm was performed. The radiator was fastened to the
seat jig which was expressed as a rigid body. The seat jig
reference node was fixed. The locations fastened by bolts
were expressed by multipoint constraint, and constraint
around the bolt center axis was free. The radiator and the
seat jig, the radiator and the push jig can interact with each
other by contact definitions. The load was applied to the
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bottom end of the radiator in the Y-axis direction via a
push jig. The stress-strain characteristics for the water tank
and core support were found from tensile tests performed
using test pieces that were cut from the product. The stress-
strain characteristics are shown in Figure 19. Locations
where it was difficult to cut out a sample were estimated
based on the results from hardness measurement.

For the fins, faithfully creating the actual fin shapes
and fitting them into the radiator model would require
much time and is not a good method for operating a
simulation. Therefore, the fins were created using a user
material (dynamic stress-strain relation in the Abaqus)
for honeycombs in order to create a material model with
equivalent mechanical behaviors to the fins, and the model
was created using solid elements (hereinafter referred to as
the "simulated fin model").

The simulated fin model is shown in Figure 20 and 21.
The parameters for the user materials were decided from
calibration. Calibration was determined by adjustment so
that the load-displacement responses of the fin unit model
and simulated fin model were the same. The fin unit model
is shown in Figure 20 and 21. This is a model of a block
shape approximately 5 mm x 7 mm in size that was cut out
of a continuous heat-radiating fin to serve as one unit. It
simulates the load via rigid sheets in the X-axis and Y-axis
directions shown in Figure 21. The load-displacement
curves created based on the calculation results from
the fin unit model and simulated fin model are shown in
Figure 22. The load and displacement in the simulation
results represent the reaction force and displacement of
the reference node of the rigid seat in the Y direction. The
response of the fin unit model was reproduced by the

simulated fin model.

Water tank

Lore support

Seat jig
The locations fastened
by bolts to seat jig

Figure 18: Radiator individual component strength test
model
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Core support

Water tank

_P-'---‘---

True stressiM Pa)

True strain{1/1)

Figure 19: Radiator stress-strain characteristics

simulated fin model

X direction loading
Move

Y direction loading

fix Move
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Fin unit modal
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Figure 20: Fin models

fin unit model

X direction loading
Move

Y direction loading

Move
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x Kﬂx
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Figure 21: Boundary conditions of fin models
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-

Load (N}
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Figure 22: Fin model load-displacement curves

VERIFICATION,OFRADIATOR
INDIVIDUAL COMPONENT
STRENGTH SIMULATION

Figure 23 shows the conditions of total internal energy and

total kinetic energy generation for all elements of the radiator
model. The percentage of total kinetic energy relative to
internal energy is on the order of several percent, showing
that a valid solution can be provided by addressing the issue
as a quasi-static problem.

Figure 24 shows the load-displacement curves that
were created from the simulation results. The load and
displacement in the simulation results represent the reaction

force acting on the push jig in the Y-axis directions, and the
displacement of the push jig in the Y-axis directions. The
generated load is approximately 20% higher in the radiator
model on which heat radiating fins are reproduced than
in the test. The reason is believed to be that the rigidity of
the fin unit model is higher than the actual fins because the
model omits the slits that are machined on the surface of the
actual fins, resulting in the higher rigidity of the simulated fin
model than the actual fins. Figure 25 shows the conditions
of deformation in the radiator model with fins after the load
was removed. The damage conditions from the test, in which

the radiator became twisted, were reproduced.
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Figure 23: Energy in radiator model
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Figure 24: Radiator model load-displacement curves
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Figure 25: Conditions of radiator model deformation

RADIATOR/ASSEMBI-y,
STRENGTH SIMULATION

The methods used to construct the simulation models of

the radiator and plastic cover were used to simulate the
radiator assembly strength for two vehicle models. The
simulation models are shown in Figure 5 and 26.

In order to reproduce the damage caused to the radiator
by interference with surrounding parts (such as frame,
fuel tank), Rigid bodies were used to create models of
these surrounding parts. These rigid bodies reference
nodes were fixed. All parts can interact with each other
by contact definitions. The locations fastened by bolts
were expressed by multipoint constraint, and constraint
around the bolt center axis was free. The radiator was
bolted to the frame via a grommet. The load was applied
to the bottom end of the radiator in the X-axis direction
via a push jig. The pushing speed was 500 mm/min.

A rigidity simulation of the grommet individual component
was performed in advance, and the resulting load-

displacement response was incorporated as a non-linear
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spring element to simulate the behavior of the grommet.
The rigidity simulation model for the grommet individual
component is shown in Figure 27. The grommet is
a hyperelastic body and the strain energy potential
function is a Yeoh type. The seat jig and the push jig are
rigid body. The seat jig reference node was fixed. The
grommet and the seat jig, the grommet and the push jig
can interact with each other by contact definitions. The
load was applied to the three axis directions and around
the X and Z-axes via a push jig.

The rigidity calculation results are shown in Figure 28.
The load and displacement in the simulation results
represent the reaction force acting on the push jig in the
three axis directions, and the displacement of the push
jig in the three axis directions. The torque and rotation
angle represent the torque acting on the push jig around
the X and Z axes, and the rotation of the push jig around

the X and Z axes.
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Figure 26: Radiator assembly strength simulation model
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Figure 27: Grommet individual component rigidity
simulation model
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Figure 28: Results of grommet rigidity simulation

VERIFICATION ORRADIATOR
ASSEMBLY STRENGTH
SIMULATION

Figure 29 shows the conditions of total internal energy

and total kinetic energy generation. Both of these energy
types represent the total energies for all elements of
the radiator and plastic cover. The percentage of total
kinetic energy relative to total internal energy is on the
order of several percent, showing that a valid solution
can be provided by addressing the issue as a quasi-static
problem.

Figure 30 shows the load-displacement curves from
the simulation models and test results. The load and
displacement represent the reaction force acting on the
push jig in the X-axis direction and the displacement in
the X-axis direction. The maximum load is approximately
30% higher in the simulation result than the test
result. The generated load was approximately 10%
higher than the test result in the plastic cover model,
and approximately 20% higher in the radiator model.
This 30% deviation is thought to be the combined error
resulting from the above.

The conditions of plastic cover buckling and radiator

deformation after the load was removed are shown in
Figure 31. The buckled part of the plastic cover correlates
with the test results. For the radiator, the same damage
conditions of overall twisting were reproduced.

Based on the above verification results, it is believed that
this radiator assembly strength simulation can be used
to predict the test results. The use of this simulation
method will allow detailed analysis of radiator and
plastic cover behavior during the test which is otherwise
difficult to observe from testing alone, and will be
effective as a means of identifying locations for strength

countermeasures.
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Figure 29: Energy in radiator assembly model
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Figure 30: Radiator assembly model load-displacement
curves
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Figure 31: Conditions of radiator assembly deformation

CONCLUSION

Strength tests were conducted for the radiator assembly

of an off-road motorcycle, and the test results were
used to verify the validity of the simulation model. By
considering the strain rate sensitivity of the plastic cover,
and creating a model of the radiator fins using a user
material (dynamic stress-strain relation in Abaqus), good
correlation of the simulations with the results of the
tests was achieved. Based on the series of verification
results, it is believed that the radiator assembly strength
simulation can be used to predict the test results, and
that this simulation method will be an effective design
support tool.
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Abstract

The improvement of fuel consumption is the most important issue for engine manufactures from the viewpoint of
energy and environment conservation. A piston-cylinder system plays an important role for the reduction of an engine
friction. For the improvement of the frictional behavior of the piston-cylinder system, it is beneficial to observe and
analyze the frictional waveforms during an engine operation.

To meet the above-mentioned demand, frictional waveforms were measured with using the renewed floating liner
device. In the newly developed floating liner device, an actual cylinder block itself was used as a test specimen.

The measured single cylinder was an aluminum monolithic type made of hypereutectic Al-17%Si alloy using a high
pressure die casting process. The combined piston was a light weight forged piston and a DLC coated piston ring was
used. For the measurement, 110cc air cooled single cylinder engine was used.

The observed waveforms were considered to be reasonable and proper from the theoretical point of view. A friction
mean effective pressure (FMEP) value was also calculated on each measurement conditions. The FMEP was increased
with increasing a load of an engine operation. It was considered that the increase of the FMEP was attributable to the
increase of a side force of the piston. Furthermore it was proved that the FMEP was decreased through its running-in
process. The FMEP after running-in was 30% lower than that before running-in. This phenomenon was due to the
change in the roughness of contact surfaces. And also the tribofilm formed on the contact surface would contribute to
the reduction of the FMEP.
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INTRODUCTION

The improvement of fuel consumption is the most

important issue for engine manufactures from the
viewpoint of energy and environment conservation. The
decrease of frictional loss is a fundamental approach for
the improvement of fuel consumption. The contribution
to the frictional loss of each component in an engine is
investigated previously with using a motoring device.
It is reported that the frictional loss of a piston-cylinder
system is largest among each engine components, and
the ratio to the total engine friction is estimated around
35 to 38% ", A piston-cylinder system plays a quite
important role for the reduction of the engine friction. In
order to reduce the friction of the piston-cylinder system,
the frictional behavior of the system during each cycle
should be observed and analyzed.

For the above-mentioned purpose, a floating liner device
is so effective that it has been widely used **. The
schematic illustration of the conventional floating liner
device is shown in Figure 1. A liner which is a cylindrical
sleeve is set in a cylinder block. The liner is divorced
from the cylinder block and supported by load washers
attached to the lower end of the liner. As the result,
the liner is sustaining in the cylinder block as if it was
floating. Due to this configuration, the frictional force
generated in the piston- cylinder system can be measured

precisely even in a firing mode.

Piston

Cylinder Liner [ ~go
Load Washer - —

1]

Figure 1: Conventional floating liner device.

Lateral Stopper
Spaccer

—

Connecting Rod

Previously a lot of investigations are performed with

using the floating liner device. Consequently the effects
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of a resin coating, surface roughness and skirt area
on the frictional force of the piston-cylinder system

are clarified ™%

. However, among these previous
investigations, measurement results of an aluminum (Al)
monolithic cylinder have never been seen because it is
quite difficult to prepare a thin-walled Al liner eliminating
considerable distortion due to its low elasticity whereas
the conventional liner for the floating liner device is
made of cast iron.

Reviewing the cylinder block design, it can be categorized
by cylinder bore materials and its structures as shown
in Figure 2. Conventionally a cast-in or press-fitted type
heterogeneous cylinder is widely used for single cylinder
motorcycles mainly used in Asian countries. However,
recently the monolithic type Al cylinder, named DiASil,
has been widely applied for single cylinder motorcycles "°.
Considering the improvement of frictional loss of DiASil
cylinder, the frictional waveform of DiASil cylinder

should be measured and analyzed in some way.

Monolithic ’Quasimonolithic‘ ’Heterogeneous
[ 1 [ !
Surface Fiber Press ;
treatment reinforced| | fitted
I |

Castiron| |Al/P/M

’Ni—plat‘ing‘ Thermal ’MMC‘ liner liner

spray

Figure 2: Categorized cylinder block design according to
the cylinder bore material and its structure.

| Diasil | [ Alusil | [ Nikasil |

In order to meet above mentioned demand, the authors
developed a renewed floating liner device using an actual

Al monolithic cylinder block

. With using the developed
floating liner device, waveforms of frictional force were
measured at several engine revolutions from 3000rpm to
5200rpm. The measured waveforms showed no irregular
fluctuations without any kinds of filtering processing, for
example low-pass filtering and/or high-pass filtering. It
revealed the enough natural frequency of the developed
device for the testing condition. Consequently the
obtained waveforms of frictional force were proved to be
reasonable and proper.

From the above mentioned investigation, the frictional

behavior of Al monolithic cylinder especially under

higher engine revolution range was clarified. However,
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the frictional behavior at full load condition and the
change in friction during running-in process have not
been described. Considering the usage environment
of small motorcycles, these characteristics would be
important for the engine performance of the small
motorcycles.

In this research, with using the renewed floating
liner device originally developed by the authors'”, the
frictional forces of DiASil cylinder in combination with
a lightweight forged piston and DLC coated piston
rings were measured with increasing the load of engine
operation, then the effect of the load of engine operation
on FMEP was investigated. In this paper, the FMEP was
defined as a friction mean effective pressure caused
by the friction between the cylinder and the piston &
piston rings. Also the change in the FMEP before and
after running-in process was investigated by measuring
the frictional waveforms and analyzing the surface

morphology.

EXPERIMENTAL
2-1. FLOATING LINER DEVICE"

An appearance of the developed floating liner device is

shown in Figure 3. Also a schematic illustration of the
structure of the floating liner device is shown in Figure 4.
An actual cylinder block was fixed to an outer block by
4 pieces of load washers. A frictional force acted on the
cylinder block was detected with these load washers.
Here, generally speaking, an increase in the cylinder
weight affects the natural frequency of a measurement
device, and natural frequency limit the maximum
engine speed for friction measurements. The cylinder
in the newly developed device was slightly heavier
than that in the conventional floating liner because of
using the actual cylinder block. Furthermore friction
measurements under higher engine speed were required
in this study. Therefore 4 pieces of load washers were
required to have an enough natural frequency for friction
measurements under higher engine speed. A thrust force
acted on the cylinder block was supported by a lateral
stopper attached at the upper and lower end of the
cylinder block.

Floating:,
TN ineni s

Figure 3: Developed floating liner device. Left photo: Full
view of testing apparatus. Floating liner device fixed with
head cylinder is attached to crankcase unit. Right photo:
Appearance of float-ing liner unit. Cylinder block is covered
with outer cylinder.

T

Head
cylinder

|
Upper Iat%ral stopper

usion

inder block
floating liner

Outer block

Lower lateral stopper

Figure 4: Schematic illustration of the structure of developed
floating liner device. Connecting rod and crankcase are
abbreviated from the illustra-tion for simplification.

Generally in the floating liner device, a metallic gasket
for sealing a combustion gas pressure cannot be used
because the cylinder block should be “floated”. So, in the
developed device, a sealing method originally proposed

by Furuhama et al. "

was applied. That is to say, the lower
surface of a cylinder head mating to the cylinder block
was partially protruded into the cylinder bore, and then
the O-ring was put in the groove machined on the outer
surface of the protrusion of the cylinder head.

The influence of the friction between the O-ring and
the cylinder bore was corrected based on a relation-
ship between a pressure in a combustion chamber and a
power output of the load washer. Furthermore the pres-
sure in a crankcase influences the power output of the

load washer. The influence was also corrected with using
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an actual pressure measured in the crankcase.

A cooling air was blown into the space between the cylinder
block and an outer block. The temperature of the cylinder
block during an engine operation was measured with the
thermocouple embedded near the cylinder bore surface.

The specification of tested engine is shown in Table 1. The
tested engine is 110cc air cooled single cylinder type. The

cylinder bore diameter is 50mm and the stroke is 57.9mm.

Table 1: Specification of tested engine.

Bore x Stroke (mm) 50x57.9
Displacement (L) 0.11
Connecting rod length (mm) 93.5
Reciprocating parts mass (kg) 0.136

A typical waveform of the frictional force quoted from
the reference "' is shown in Figure 5(a). The horizontal
axis shows a crank angle from -360 to 360°. 0° shows
the point of a compressive top dead center (TDC). So,
each 180° of crank angle corresponds to each engine
stroke, intake, compression, expansion and exhaust. The
vertical axis shows the frictional force generated between
the cylinder and the piston / the piston ring set. Positive
or negative value of the vertical axis shows the direction
of the friction force. When the frictional force toward
the TDC is generated on the cylinder bore surface, the
measured frictional force is presented in positive value,
and vice versa. A corresponding cylinder pressure is also
shown in Figure 5(b). As well as Figure 5(a), the horizon-
tal axis shows the crank angle. The vertical axis shown
as “cylinder pressure” indicates the pressure inside of a
combustion chamber. At this moment, the engine revolu-
tion was 5200rpm and the indicated mean effective pres-
sure (IMEP) value was 494kPa.

Then the waveforms at 4400, 4800 and 5200 rpm were
analyzed and then FMEP values were calculated in the
reference "\ From the analysis, it was revealed that
the FMEP value increased with increasing the engine
revolution. This phenomenon showed that a thicker fluid
lubrication film which was formed at a higher engine
revolution resulted in the increase of the viscosity
resistance. So the feature of hydrodynamic lubrication

condition was observed through above mentioned.
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Under the hydrodynamic lubrication condition, friction
force theoretically shows proportional trend to sliding
velocity under a constant load. However the friction
waveform shown in figure 5 shows a flat profile at the
mid part of the stroke, although the piston speed was
increased, as pointed with arrows. It was suggested that
oil film thickness could not reach the theoretical value
because of the shortage of supplied oil volume ' and oil
film in a constant thickness was generated at around the

mid-stroke, hence the friction wave form showed the flat

profile.
100
< % ]
Q2
5
fra 0 T
-50
1
-100
-360 -180 L] 180 360
Crank angle (deg)
(a) Waveform of the frictional force.
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(b) Corresponding cylinder pressure.

Figure 5: Typical waveform of the frictional force measured

with using renewed floating liner device .

2-2. TESTING CONDITIONS

Testing conditions are summarized in Table 2. Every mea-
surement was performed at 3000rpm. The IMEP which
showed the load of the engine operation was changed
from 300 to 900kPa, which was a full load condition. Cyl-
inder temperature was set at 373K in case 300kPa IMEP
and at 393 K in case 500 and 900kPa IMEP respectively.
The difference of the cylinder temperatures was due to the
difficulty of a temperature control only by air flow. Precise
control of the cylinder is a future task. Oil temperature

was kept at 343 K. In case of 3000 rpm and 300kPa
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IMEP, the measurements were done before and after

running-in. The rest of measurements were done after

running-in.
Table 2: Testing conditions.
Engine Cylinder Oil
. IMEP
revolution temperature temperature
(rpm) (kPa) (K) K
3000 300 373+/-5 343
3000 500 393+/-5 343
3000 900 393+/-5 343

The definition of running-in in this research is as follows.
As soon as the engine operation was started, the mea-
sured friction value is gradually declining. After several
period of engine operation, the decline is saturated at a
certain value. The period is defined as running-in in this

research.

2-3. TESTED CYLINDER BLOCK, PISTON AND PISTON
RING

The appearance of tested cylinder block, piston and
piston rings are shown in Figure 6. The cylinder block
is made of hypereutectic Al-17%Si alloy by using a high
pressure die casting process '°. The chemical composition
of the cylinder block is shown in Table 3. After die
casting, the cylinder block was T5 heat treated. Then the
cylinder bore surface was honed subsequently etched
with alkaline solution in order to expose Si particles
dispersed in an Al matrix. The surface morphology of
alkaline etched surface is shown in Figure 7. These

exposed Si particles play a role for preventing a wear

[10,11]

and/or a scuffing phenomenon

Cylinder block Piston ring

Figure 6: Appearance of tested components, cylinder
block, piston and piston rings.

Table 3: Chemical composition of DiASil cylinder.

Si Cu Mg Zn Fe Mn A
17 | 45 | 12 | oo5 | 05 | 05 | REM

f Intermetalllc »

w
. "' Al mafrlx

‘/

Figure 7: The surface morphology of alkaline etched
DiASil cylinder surface. Si particles and several kinds of
intermetallic compounds are dispersed in Al matrix. Other
fine dispersive particles are not identified.

The piston is made of Al-12%Si-4Cu alloy by using a
forging process. The detailed chemical composition of
the piston is shown in Table 4. The forged piston was T6
heat treated then machined. On the piston skirt, Fe-Sn
plating was treated to prevent a direct contact between

the cylinder bore material and the piston skirt material.

Table 4: Chemical composition of forged piston.

Si Cu Mg Fe Mn Cr Ni Zn A
11 4.5 0.6 0.3 0.05 | 0.04 | 0.02 | 0.08 | REM

The piston ring set consists from a top ring, a second
ring and an oil ring. The top ring was made of Si-Cr steel
(JIS-SWOSC). The sliding surface of the top ring had a
barreled face with a DLC coating. The second ring was
made of conventional ductile cast iron (JIS-FCD700). The
sliding surface had a tapered face. The oil ring consisted
from side rails and an expander. The side rails were made
of stainless steel (JIS-SUS440) having the barreled face
with the DLC coating as with the top ring.

2-4. SURFACE ANALYSIS BEFORE AND AFTER TESTING

Surface roughness was measured with using a surface
roughness tester. Surface morphology was observed by a
scanning electron microscopy (SEM) and a laser micros-
copy. The cylinder bore surface was cut out subsequently

analyzed by an electron probe microscopy (EPMA).
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RESULTS,AND,DISCUSSION
3-1. EFFECT OF LOAD OF ENGINE OPERATION

Considering the usage environment of small motorcycles,
the motorcycles are quite often used under high loaded
condition. Therefore, the frictional behaviors of DiASil
cylinder under several load conditions were investigated.
The frictional waveforms under 300, 500 and 900kPa
of IMEP are shown in Figure 8. The frictional forces
of compression and expansion stroke are increased
with increasing the IMEP value, especially around 0°,
compressive TDC. Also the frictional force at the early
period of exhaust stroke is increased with increasing
the IMEP. On the other hand, the frictional force at the
mid stroke is kept lower even under 900kPa of IMEP
same as shown in Figure 5 (a). Then FMEP values were
calculated by integrating the frictional waveforms from
-360 to 360°. The relationship between the IMEP and the
FMEP is shown in Figure 9. The FMEP value increases
proportionally with increasing the IMEP.

Then in order to investigate the effect of a side force
exerted by the piston, an averaged pressure distribution
on the piston skirt of each stroke was calculated with
RecurDyn developed by Function Bay KK. The average
pressure is defined as the value which is the integrated
pressure generated during each stroke divided by the
number of calculating steps, 720. The calculation was
done at every 1°crank angle. The calculation results
of a thrust side are shown in Figure 10. The averaged
pressure is increasing with increasing the IMEP value
especially in the expansion stroke.

Then the side force through the engine stroke was
calculated by integrating the averaged pressure. At this
moment, not only the side force of the thrust side but
also that of the anti-thrust side were included in the
calculated side force value. The relationship between the
averaged side force on the piston skirt and the FMEP
is shown in Figure 11. It is shown that the FMEP is
correlated highly with the averaged side force. Nakanishi
et al."” revealed by a floating liner device using tri-axial
force sensors that the friction of piston was larger than
that of piston rings and it accounted for more than 50%

of total friction, in some case it reached 90% of total
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friction. In this research, same as above-mentioned result,
the side force of the piston skirt would make a dominant

influence on the change in the FMEP value.
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(a) Frictional waveform of 3000rpm, 300kPa IMEP.
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(b) Frictional waveform of 3000rpm, 500kPa IMEP.
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(c) Frictional waveform of 3000rpm, 900kPa IMEP.

Figure 8: Frictional waveforms of 3000 rpm under 300, 500
and 900kPa IMEP.
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Figure 9: Relationship between IMEP and FMEP.
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Figure 10: Averaged pressure distribution on the thrust
side of piston skirt of each stroke. Each row corresponds
to each stroke, intake, compression, expansion and
exhaust. Pressure distributions are calculated at 3000
rpm under 300, 500 and 900kPa IMEP respectively. Red
lines represent calculated piston skirt area.
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Figure 11: Effect of averaged side force of piston skirt on
the increase of FMEP value.

3-2. CHANGE IN FRICTION THROUGH RUNNING-IN
PROCESS

The running-in process is important for the engine
performance of the small motorcycles. DiASil cylinder has
a characteristic cylinder surface morphology as shown
in Figure 7, that is to say, a lot of exposed Si particles
are existing to prevent tribological problems during the
early stage of engine operation"". The exposure height
of these Si particles is decreased with the time of engine
operation '°. So, in this research, the friction behaviors
before and after running-in were measured then the
effect of surface condition was discussed.

The frictional waveforms before and after running-in

process are shown in Figure 12. Comparing these

waveforms, the frictional force of compression and
expansion stroke especially around the compressive
TDC is significantly reduced. The friction of the mid
of exhaust stroke is also decreased. The FMEP values
calculated from the waveforms are shown in Figure 13.
The FMEP value after running-in is 30% lower than that

before running-in.
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(a) Frictional waveform before running-in.
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(b) Frictional waveform after running-in.

Figure 12: Frictional waveforms before and after running-in
process.

Before running-in  After running-in

Figure 13: Effect of running-in on the FMEP value.
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In order to investigate the reason why the FMEP value
after running-in was decreased comparing to the FMEP
before running-in, the sliding surfaces of the piston and
the cylinder bore were measured and analyzed.

Figure 14 shows a surface profile of the piston skirt
before and after running-in. A regular triangular shape
having 0.56 pm Ra is observed before running-in
as shown in Figure 14 (a). On the other hand, after
running-in, peaks of the triangular shape are worn out
and become plateau having 0.26 pm Ra as shown in
Figure 14 (b). However, even after running-in, valleys are

still remaining. These valleys would make a role of oil

retention.
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Figure 14: Surface profile of piston skirt before and after
running-in. (a); before running-in. (b); after running-in.

Regarding the effect of the surface roughness of piston
skirt on engine friction, Takiguchi et al.[5] revealed that
the reduction of the surface roughness of the piston skirt
resulted in more than 10% reduction of frictional loss with
the conventional floating liner device using a combination
of an Al casted piston and a cast iron liner. In the present
research, the change in the surface profile of the piston
skirt would contribute to the reduction of the FMEP.

On the other hand, the effect of a cylinder bore roughness

3 measured the

was also investigated. Kawanishi et al. !
change in friction during an engine operation with using
a conventional floating liner device, then, they revealed
that the decrease of the cylinder bore roughness was
a dominant factor for the reduction of FMEP through
running-in process between the piston ring and the cast
iron cylinder bore. The change in surface morphology
of an Al monolithic type cylinder bore during running-in
process was also investigated. Slattery et al. "*

characterized the surface evolution during running-in

process comparing the worn and unworn surfaces of the
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cylinder bore, and then, they revealed that the evolved
cylinder bore surface consisted of exposed Si particles
with smooth edges and tribofilm coating over the Al

1. " also investigated the Al-Si

matrix. Dienwiebel et a
cylinder bore after an engine operation. They concluded
that the wear particles were embedded and several
chemical elements from engine oil were mixed into the Al
matrix, consequently the Al matrix was strongly modified
during running-in.

In this research, the surface morphology of tested
cylinder bore surfaces before and after running-in
process were observed with the laser microscopy.
Observed images are shown in Figure 15. The Si particles
having around 1 pm of exposure height, 0.39 um Ra,
before running-in were worn out, consequently became
a smooth surface after running-in. However the exposure
height of Si particles was still remaining around 0.4 pm,
0.18 pm Ra.

The surface roughness of a top ring and a second ring
was also measured. The surface roughness of the top
ring decreased from 0.31 pm Ra before running-in to
0.05 pm Ra after running-in. That of the second ring also
decreased from 0.25 pm Ra to 0.14 um Ra. Regarding
side-rails of an oil ring, the width was too narrow to be

measured.

Figure 15: Surface morphology before and after running-in.
(a); before running-in. (b); after running-in.
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Sliding surface
Cross section

2|Mo — 2w

Figure 16: Surface analysis of the cylinder bore after
running-in.

From these measurement results, it was suggested that
the surface roughness of the contact surfaces would
have a large influence on the FMEP value. In addition,
the surface change from the chemical point of view
should be considered as described in references """ and "*.
So, in this research, the sliding surface of the cylinder
bore after running-in was cut out and analyzed with the
EPMA. Prior to the analysis, the surface was degreased
with acetone in order to clean up residual engine oil. The
result is shown in Figure 16.

C, Zn, P, S and Ca which were the constituents of engine
oil were detected from the sliding surface. This result
suggests that chemical elements from engine oil could
react with Al surface generating some kinds of tribofilm.
Also O was strongly detected from the sliding surface
compared to the cross section of the cylinder bore
specimen. The detected O from the sliding surface was
not coming from absorbed oxygen or natural oxide film.
This is suggested that the surface was oxidized through
running-in. Mo was not detected because the tested
engine oil does not contain MoS2 for preventing the
slippage of a clutch system.

From these results, it was suggested that not only surface
roughness but also the chemical reaction between the
constituents of engine oil and Al surface would play
an important role for the reduction of FMEP through

running-in process. The contribution of these factors on

the reduction of the FMEP is not clarified quantitatively,

so it should be future issues to deal with.

CONCLUSIONS

The frictional forces of Al monolithic cylinder (DiASil) in

combination with a lightweight forged piston and DLC
coated piston rings were measured with using a renewed
floating liner device at several load of engine operating
conditions and also before and after running-in process.
Through the analysis of the obtained friction data in
combination with the calculation of contact condition
and the detailed analysis of the tested surfaces, following
conclusions are derived.

The FMEP was increased linearly with increasing the
load of engine operation. For investigating the dominant
factor, the average pressure on the piston skirt was
calculated. In consequence, a high correlation between
the averaged side force of the piston skirt and the FMEP
was revealed. It was suggested that the side force of the
piston skirt would be a dominant factor for the increase
of the FMEP.

The FMEP after running-in was decreased compared to
that before running-in. The FMEP value after running-in
was 30% lower than that before running-in. This result
would be attributable to the reduction of the surface
roughness of the contact surfaces. In addition, it was
suggested that the chemical reaction between the
constituents of engine oil and the Al surface would

contribute to the reduction of the FMEP.
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