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Prefatory Note

Materials Technology Development as the Basis of
Automotive Innovation

Takeshi Yamaguchi
Corporate Vice President

Since ancient times people have substantially advanced and enriched their lives by creating various
types of tools. Beginning with stone tools fashioned by breaking apart stones near at hand, people went on
to invent pottery by kneading clay into different shapes and baking them to obtain earthenware. People
later refined materials from bronze, iron and minerals from which tools were made for everyday use. In
modern times, resins and rubber have been derived from coal and oil and applied to make many different
tools as necessities. In this way, the convenience of tools has been dramatically improved in line with the
evolution of the materials used to make them.

The automotive industry is no exception to this trend, beginning initially with the use of iron, wood
and rubber for manufacturing vehicles. As we trace the history of the industry, it is apparent that
automotive innovations would not have been possible without innovations in materials. For example, the
development of hard, lightweight vanadium steel that was machinable with high-speed machine tools was
instrumental in facilitating mass production of the Ford Model T. In the 1970s, bumpers were still being
made of steel, but then plastic bumpers appeared that were manufactured from resins possessing high
strength and rigidity. Today, plastic bumpers are used as a matter of course, thanks in part to allowing
more degrees of design freedom. Practical application of three-way catalysts provided a major
breakthrough for complying with the Clean Air Act that was enacted in the United States for dealing with
air pollution. Around that same time, steel sheet products with outstanding formability, yet still having
high strength, were successively developed to meet collision safety standards that were being tightened
with every passing year. Such materials made it possible to supply lighter and safer vehicles.
Subsequently, aluminum, titanium, carbon-fiber-reinforced plastic (CFRP) and other materials that were
being used for aircraft and satellites also started to be applied to vehicles.

Materials technology is based on the natural sciences that are grounded in the laws and principles
of nature. Although the degrees of industrial freedom may be limited, I believe there is still plenty of room
for further innovation based on the concepts and ideas advanced by materials engineers. Toward that end,
we conduct in-depth development activities until new materials can be used effectively in order to
contribute to resolving design and production issues while strengthening collaboration with design and
production functions. Meanwhile, we are also reviewing development methods that heretofore have
depended on experience and trial and error and are beginning to pursue materials informatics that draws
upon artificial intelligence (AI). As we keep a close eye on these cutting-edge technological trends, we
must also accelerate our efforts for the continuous creation of value.

In the cooking, chefs cannot demonstrate their talents without having a sharp eye for good
ingredients. As world-class automotive materials experts, we support the materials technologies that form
the basis of automotive engineering and manufacturing. We intend to continue our challenge aimed at
achieving automotive innovation from materials by making full use of the strengths we possess in our
experimentation and testing workplaces.
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Materials Technology Innovation for Vehicle Weight Reduction and
Fuel Economy Improvement

Materials Engineering Department
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1. Introduction

Amid the rapid changes taking place in the world, the
society in which we operate is facing various issues that
will have direct and long-term effects. Megatrends such
as global warming, demographic changes and ongoing
urbanization are profoundly affecting modern society.
Accompanying the per-capita growth of gross domestic
product (GDP) and population increases, it is projected
that global ownership of vehicles will reach 2-2.5
billion units by 2050. There is also concern that ongoing
urbanization will cause more traffic congestion, and it is
estimated that the transportation sector’s share of global
greenhouse gas emissions will reach approximately 14%
(Fig. 1). Countries around the world are continually
tightening their regulations on carbon dioxide (COz2)
emissions from vehicles every year.

Concurrent with our efforts to address these issues,
it is also our responsibility as a vehicle manufacturer
to continue to supply vehicles that are more exciting to
customers and are available at affordable prices, as a
result of incorporating their constantly changing needs
and changes in social trends in a timely manner.

This article presents examples of automotive
innovations and breakthroughs in major issues surrounding
vehicles through the application of various cutting-edge
materials technologies and discusses them mainly from
the perspectives of weight reduction and fuel economy
improvement.

2. Environmental Efforts by a Vehicle Manufacturer

Global population growth and further economic
development are dependent on the global environment
in complex and multifaceted ways and are producing
many different effects such as degradation of the natural
environment, climate change and a tighter demand-supply
balance for energy, water, resources, foodstuffs and other
things. Sustaining economic growth without destroying the
global environment is a serious challenge for us members
of the human race if we are to continue to enjoy lives of
comfortable abundance.

As a vehicle manufacturer, we must ascertain
and minimize the impact of our corporate activities on

3 NISSAN TECHNICAL REVIEW No. 85 (2019-10)
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Fig.1 Greenhouse gas emissions by economic sectors

the global environment in order to foster sustainable
development. One goal Nissan is aiming for is to suppress
the environmental impact and use of resources in all its
corporate activities and throughout the entire vehicle life
cycle to a level absorbable by nature. Toward that end, we
are striving to use energy and resources more efficiently
and to promote the use and recycling of more diverse
materials.

The 4th Assessment Report by the Intergovernmental
Panel on Climate Change (IPCC) assumes that the CO:
concentration in the atmosphere must be stabilized
at a level below 450 ppm in order to keep the average
global temperature increase within 2°C. Based on that
assumption, Nissan has set a goal of reducing the well-to-
wheel CO:z emissions of our new vehicles by 90% by 2050
compared with the level for 2000. Our near-term efforts
for reducing CO:z emissions by 90% include expanding our
lineup of fuel-efficient vehicles by further improving our
internal combustion engines (ICEs). Our long-term efforts
include expanding Nissan’s lineup of electric vehicles (EVs)
that are zero-emission products and the implementation
of our e-POWER electric powertrain technology.

3. Reduction of CO2 Emissions

It is forecast that vehicle demand will continue to
expand in the coming years accompanying the increase
in the world population and GDP growth in emerging
economies. The increase in vehicle demand in emerging
economies in particular is expected to be pronounced. In
recent years, EVs, hybrid electric vehicles (HEVs) and
other powertrain systems that reduce CO2 emissions have
been put on the market mainly in Japan, America and
Europe. However, vehicles equipped with only an ICE still
account for the majority of the vehicles in use worldwide.
From the standpoint of reducing CO: emissions, the fuel
economy of ICEs used on gasoline and diesel vehicles
must be improved to the ultimate possible level.

Specific measures for improving fuel economy include
thoroughly reducing power losses in the powertrain, cutting
wasteful energy consumption by applying start-stop
technology, and by using a hybrid system to recover kinetic
energy that heretofore has been wasted. It is essential
to combine these and other innovative energy-saving
technologies.

3.1 Fuel economy improvement

Among the various approaches taken by vehicle
manufacturers in recent years to improve fuel economy,
concerted efforts have especially been made to reduce the
energy losses of gasoline engines. It is generally said that
only around 20% of the energy produced by burning fuel
in a gasoline engine is used to propel a vehicle. There are
possibilities for improving energy efficiency further by
implementing a variety of technologies.

H ZE # #’ No. 85 (2019-10) 4
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Among them, materials for improving the lubrication
performance of the engine oil, as one typical example,
contribute substantially to reducing friction. In recent
years, lowering the viscosity of the lubrication oil to reduce
viscous resistance has been actively applied as a specific
approach for improving fuel economy. The market where
this trend has been most noticeable is Japan. Low-viscosity
engine oils are being put on the market for compact cars,
including mini-vehicles, and HEVs.

Because lowering the lubrication oil viscosity
generally worsens oil consumption and anti-wear
performance, companies have been developing low-viscosity
engine oils according to their original specifications
targeted at certain specific engines. Meanwhile, SN 0W-16,
0W-8, which is discussed in this special feature, and
other oils have been successively developed for application
to a wider range of engines by enhancing their general
properties and maximizing their CO2 reduction effect as
result of controlling the base oil viscosity and optimizing
the additive package. These new engine oils maximize
fuel-saving performance while assuring oil consumption
and anti-wear performance equal to or better than that of
existing low-viscosity SN/GF-5 0W-20 oil. Together with
breakthrough technologies like hydrogen-free diamond-like
carbon (DLC) coatings, optimization of oil formulations
has contributed to further fuel economy improvement.

Nissan also developed a 16T plastic tightening
bolt as a fundamental technical feature for the variable
compression ratio engine (VC-Turbo) that was introduced
as the first of its kind in the world to achieve both high
levels of fuel economy and output power. Featuring high
strength and outstanding delayed fracture resistance,
this bolt was applied as a world’s first development that
contributed significantly to achieving a compact size for
the complex linkage mechanism of this engine.

3.2 Vehicle weight reduction

Lightening the vehicle weight is another approach
that is needed for improving fuel economy that leads to
a reduction of CO:2 emissions. Vehicle weight correlates
with fuel consumption, and it is clear that fuel economy
improves as the vehicle weight becomes lighter (Fig. 2).

On the other hand, vehicles are tending to become
heavier not only because increasingly higher levels of
collision safety are required from the standpoint of
protecting occupants in an accident. Equipment features
for enhancing comfort as a means of improving the
attractiveness of vehicles are also adding to the weight.
Various weight reduction technologies have been developed
to satisfy multiple conflicting quality requirements such
as those between weight reduction and improvement of
safety and comfort.

The main approaches to lightening the body-in-white,
which accounts for a large portion of the vehicle weight,

5 NISSAN TECHNICAL REVIEW No. 85 (2019-10)
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are body structure rationalization and material substitution.
Examples of the latter include expanded application of
ultra-high strength steel (defined in this special feature
as having ultra-high strength exceeding the 780 MPa
grade) and the substitution of lightweight materials such as
aluminum and carbon-fiber reinforced plastic (CFRP) for
the steel sheet and other steel materials used heretofore.
Application of ultra-high strength steel in particular is
expanding because it is one of the most effective material
substitutions, providing higher cost competitiveness than
other lightweight materials. One reason is that existing
facilities in the pressing and welding processes can be
used as they are.

Increasing the strength of steel sheet generally tends
to reduce its ductility, which can lead to cracking during
the pressing process. That has been a major issue for
expanding the application of ultra-high strength steel
to vehicle body frame members for which it is desired to
reduce the plate thickness while increasing strength. High
strength steel exceeding the 1.2 GPa grade with high
formability has already been applied to vehicles, with its
application progressing to the center pillar reinforcement,
front roof rail and side roof rail. However, application to
parts currently made of 590 MPa grade high strength steel
has been difficult from the perspective of formability. In
order to raise the application rate of ultra-high strength
steel and reduce the body weight further, it is necessary to
apply ultra-high strength steel of the 980 MPa grade to
body framework members for which 590 MPa grade high
strength steel is now widely used. That is why highly
ductile, high strength steel of the 980 MPa grade or higher
and possessing high formability equal to that of the 590
MPa grade has been developed and is now beginning to
be applied. In addition to this highly ductile, ultra-high
strength steel that is a cold-rolled material, an alloyed
zinc-coated steel sheet has also been developed that solves
the issue of protecting the body surface from corrosion. It
is expected that the body weight will be reduced through
expanded application of these ultra-high strength steels.

Although it is important to lighten the weight of the
body-in-white that accounts for a large portion of the vehicle
weight, reducing the weight of individual components at the
same time is also necessary for achieving lighter vehicles.
In this regard, progress is being made in applying aluminum
and CFRP. Because the application of CFRP to aircraft
is markedly increasing, there are large expectations for
its application to vehicles as well. The issue here is cost.
Efforts are needed to promote innovations in the selection
and processing of materials, in addition to work on raw
materials. At Nissan, we have developed a sandwich panel
consisting of a foamed resin inserted between CFRP, which
reduces the amount of carbon fiber used while maintaining
the desired stiffness. It has been adopted for the roof panel
of the 2020 NISMO GT-R model.
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For EVs and other electrified vehicles that are
expected to increase in number in the coming years, it
will be necessary to further downsize and enhance the
performance of the batteries and motor. China’s new
energy vehicle (NEV) regulation already mandates higher
capacity and higher density for batteries. Nissan has
substantially increased the density of the battery used on
the Nissan LEAF e+. An example of a materials technology
contributing to this improvement is the adoption of a
copper-aluminum cladding material for the connection
terminals.

4. Conclusion

This article has briefly described examples of
automotive innovations using new materials technologies
to address vehicle-related issues. The details of these
developments will be enthusiastically explained in the
following pages by experts in each materials field. The
new technologies presented here have been developed by
thoroughly analyzing the performance needed by vehicles
well-suited to the social environment in the coming years.
The performance required of the materials and parts
needed to attain that vehicle performance was broken
down and the role of each material and part was identified.
Teams of engineers from manufacturers of materials, parts
and vehicles were formed who carried out prototyping,
evaluations and improvements repeatedly in a short period
of time to develop these technologies.

It is projected that motorization worldwide will
advance further in the future accompanying the growth of
emerging economies where the rate of vehicle ownership
is still low. Whether these new materials technologies can
be applied globally as early as possible is obviously a very
important question for the promotion of motorization
while resolving environmental issues. In addition, it is
also necessary to develop and manufacture vehicles as
attractive products available at reasonable prices. For that
purpose, it is essential to bring technologies with price
competitiveness to completion in local areas as well.

The evolution of materials technologies will provide
the foundation supporting automotive innovations in
the future. We believe that using these new materials
technologies to make vehicles into even more attractive
products and to supply them to customers globally at
affordable prices in a timely manner will enrich the lives of
many people worldwide. Toward that end, we will continue
our challenge of making significant automotive innovations
based on materials.
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Development of High Elongation 980 MPa Advanced High Strength Steel and Application Technologies
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Summary

The circumstances surrounding vehicles have become more complex and reduction of

CO: emissions is an important issues. Lightening the vehicle mass is considered effective for reducing
CO: emissions and application of advanced high strength steel (AHSS) to the body-in-white (BIW) is
one of the most significant measures. However, higher strength steel may lead to lower elongation,
which limited application of existing AHSS to BIW structural parts with complex shapes. Nissan
developed 980 MPa AHSS with high elongation with the aim of replacing 590 MPa steel in BIW.

Key words : Material, high-strength steel sheet, weight reduction, high formability, spot

weldability
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1. Introduction

The environment surrounding vehicles is
becoming more complex with every passing year. One
of the targets of the Nissan Green Program 2022, the
company’s medium-term environmental action plan, is to
reduce CO2 emissions from new Nissan vehicles in Japan,
U.S., Europe and China by 40% compared with the level
for fiscal 2000. One measure being promoted to achieve
this target is vehicle electrification. For electrified vehicles,
extending the driving range is a crucial issue. Higher
collision safety performance is also required of the body
of electrified vehicles from the standpoint of protecting
occupants in an accident. In order to satisfy these two
performance requirements simultaneously, it is necessary
to both reduce the weight and increase the strength of the
vehicle body.

The main approaches to reducing the weight of the
vehicle body are rationalization of body structures and
material substitution. Examples of material substitution
include replacement by advanced high strength steel
(AHSS, defined here as having ultra-high tensile strength
exceeding 780 MPa), carbon-fiber reinforced plastic
(CFRP) or aluminum, among other materials. AHSS
has excellent cost competiveness among these materials
because existing facilities in the stamping and welding
processes can be used as they are. Its application as one of
the most effective material substitutions is expanding.

* BRI R, Materials Engineering Department  **Infiniti 245 5

5&#8,/ Infiniti Product Development Department
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Fig.1 Development target of 980 MPa AHSS
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Table 1 Comparison of mechanical properties of three types

of AHSS
Mechanical property (representative value)
YP [MPa] | TS [MPa] | EL [%] A [%]
New 980 MPa 700 1050 23 25
DP 980 MPa 700 1050 15 25
DP 590 MPa 380 620 30 45
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However, the elongation of steel sheet tends to
decline as its strength is increased and that can lead to
cracking during stamping. Consequently, that has made
it difficult to expand the application of AHSS to body
structural parts for which it is desired to increase their
strength and reduce their thickness.

We have recently developed a 980 MPa AHSS
(referred to here as new AHSS), which can replace 590 MPa
AHSS that currently has a high application rate to body
structural parts, along with the technology for applying
this new steel material. This new AHSS can be used to
form structural parts with complex shapes, as typified by
side members. This development follows Nissan’s earlier
reported development of a 1.2 GPa AHSS"Y with high
formability. Our aim is to create the lightest steel body by
increasing the application rate of AHSS.

2. Material Development Concept

2.1 Material development target

The aim was to achieve weight reductions through
structural rationalization and downgauging by applying
the new AHSS to parts with complex shapes as a result of
securing both high strength and high elongation, as shown
in Fig. 1. Specifically, it was decided to develop a 980 MPa
AHSS with elongation approaching that of dual-phase (DP)
590 MPa AHSS. That would be accomplished by adopting
the same metal structure as that of 1.2 GPa AHSS, a high
formability type with transformation-induced plasticity
(TRIP) and for which application development work has
been completed.

In addition, because the DP 590 MPa AHSS is also
applied to body platform parts, another aim was to
simultaneously develop a galvannealed (GA) steel sheet
with high anti-corrosion performance, in addition to the
new cold-rolled AHSS.

2.2 Material properties
The mechanical properties of the new AHSS, DP
COOOCOOOOOOOVOOOOOOOOOOOOOOOOOOOVOOOOOS
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Fig.2 Stress-strain diagram of three types of AHSS
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Fig.4 Forming limit diagram (FLD) of three types of AHSS

980 MPa AHSS and DP 590 MPa AHSS are shown in Table
1. In order to substitute the new AHSS for DP 590 MPa
AHSS currently applied to body structural parts, the aim
was to achieve hole expandability equal to that of DP 980
MPa AHSS while also securing high elongation. Toward
that end, the adopted metal structure has an optimal
balance of a residual austenite (residual y) phase, which
exhibits the TRIP effect, i.e., the same concept as the 1.2
GPa AHSS, soft ferrite, hard bainite and martensite as
well as a refined composite microstructure (Fig. 3).

In order to obtain the desired residual y phase for
securing high elongation, it is necessary to concentrate
carbon in the residual y phase during heat treatment when
the steel sheet is manufactured. Therefore, the component
design was executed with a larger carbon content than that
of the 1.2 GPa AHSS with high formability. Consequently,
there was concern about a possible decline in spot weld
toughness and the occurrence of weld cracking due to the
increased carbon content. Such concerns were addressed
as principal development issues.

3. Development of Application Technologies

3.1 Formability

Figure 4 is a forming limit diagram (FLD) for the
new AHSS, DP 980 MPa AHSS and DP 590 MPa AHSS. In
the region of equal biaxial tension, the new AHSS has the
same forming limit as DP 590 MPa AHSS, whereas in the
uniaxial tension region it displays elongation and a forming
limit between the other two types of AHSS. In substituting
the new AHSS for DP 590 MPa AHSS, there was concern
not only that springback would worsen in proportion to
yield strength, but also that cracks would occur in difficult-
to-form parts that require stretch-flangeability such as
flange corners. Therefore, efforts were undertaken to
improve the accuracy of formability simulations and to
optimize the stamping process design. As a result of high-
accuracy shape optimization, including reducing and
equalizing in-plane stress, cracking was suppressed and
the desired part shape accuracy was satisfied.

For example, a stamping simulation was conducted
on the shape of the stamped lower hinge of the front pillar
brace shown in Fig. 5. The results raised concern that high
strain in the flange corner portion would cause cracking,
but strain was mitigated through shape optimization,
including multistage stamping of the flange corner.

3.2 Delayed fracture resistance

It was predicted that the residual y phase in the
new AHSS would be transformed by the introduction of
strain to deformation-induced martensite. That would
cause the trim end faces and other parts to have higher
hardness due to strong working than parts made of DP
980 MPa AHSS. Therefore, it was necessary to ascertain
the delayed fracture resistance of the new AHSS in order
to apply it to body structural parts.

First, electrolytic hydrogen charging was used to
evaluate the crack initiation limit of diffusible hydrogen

H ZE # #’ No. 85 (2019-10) 10
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content of a hot-stamped steel already applied to the
vehicle body, 1.2 GPa AHSS with high formability and the
new AHSS. The results in Fig. 6 revealed that the new
AHSS had the highest crack initiation limit of diffusible
hydrogen content at the same applied stress, indicating
that it possesses higher delayed fracture resistance than
the hot-stamped steel and 1.2 GPa AHSS. In addition, tests
were conducted to evaluate delayed fracture resistance of
places subjected to shear strain loads that simulated the
loads induced by the piercing and trimming operations
performed on actual parts. The results indicated that
cracks did not occur in the test pieces made of the new
AHSS. The foregoing results confirmed that the new AHSS
has less delayed fracture susceptibility than the other
AHSS with tensile strength of over 1.0 GPa.

The following are assumed to be among the factors
explaining why the new AHSS shows excellent delayed
fracture resistance. (1) Concentrating carbon in the
residual y phase suppresses grain boundary precipitation
of cementite that lowers delayed fracture resistance. (2)
The residual y content that was increased to ensure
elongation acts as hydrogen trapping sites.? (3) It has a
dual phase structure containing ferrite and bainite. In
addition, its lower material strength than 1.2 GPa AHSS
with high formability and the hot-stamped steel is probably
another factor that reduces its susceptibility to delayed
fracture.

3.3 Spot weldability

It is known that the spot weldability of steel sheet,
especially the cross tension strength (CTS) of spot welds,
declines with increasing carbon content. That is because,
accompanying an increase in carbon content, toughness
declines owing to increased hardness of the molten weld
pool due to melting and solidification during the welding
process. In addition, as the tensile strength of a steel sheet
increases, it restrains deformation more during tensile
testing, which increases stress toward the interior of the

I e e e e e e
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Fig. 6 Hydrogen embrittlement property
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weld nugget when force is input in the separation direction.
Presumably, that worsens the fracture morphology and
causes low-load fracture.?

The new AHSS has a TRIP-type structure for
obtaining high elongation, but in order to stabilize the
increased residual y phase, its carbon content is 10-20%
higher than that of 1.2 GPa AHSS with high formability.
For that reason, it is much more difficult to ensure spot
weld quality. As measures for securing spot weld quality,
attention was focused on improving the toughness of the
nugget perimeter and on easing the stress concentration
by optimizing the hardness of the heat-affected zone. A
study was undertaken to find welding conditions suitable
for the new AHSS.

As a result, a welding current pattern aimed at
improving toughness by making the crystal grain size of
the weld finer was defined as a measure for addressing the
concern about the CTS decline due to reduced toughness
of the molten weld pool. The application of this current
pattern refined the structure at the nugget perimeter of the
steel sheet joint where interfacial failure originates. This
had the effect of improving resistance to crack propagation
into the nugget interior at the time a separation input is
applied. Figure 7 shows the results of a CTS test conducted
on two test pieces of 2.0 mm in thickness according to the
JIS Z 3137 standard. Plug fracture was obtained in the
optimal welding current range, confirming that the new
AHSS has strength equal to or better than DP 980 MPa
AHSS.

Spot welding tests were conducted on combinations
of various types of steel sheets (referred to here as sheet
combinations), including the new GA sheet intended for
body application. The results shown in Fig. 8 indicate that

cracks occurred in some sheet combinations around the
B R R e R R R R -

Outer LME crack

Inner LME crack

-8 LME BHOEHE
Fig. 8 Types of LME crack
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Fig.9 Zinc behavior at LME crack obtained by energy
dispersive X-ray spectrometry (EDS) analysis
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weld indentation or near the corona bond. Because it was
observed that zinc had penetrated into the interior (Fig. 9),
these cracks were inferred to be liquid metal embrittlement
(LME) cracks that originated in the molten zinc.

It is known that LME cracks generally occur in
high-strength, high-alloy steels. The causes are presumed
to include the application of tensile stress and a welding
environment in which zinc metal plating melts under
the application of high thermal energy. Because of these
factors, molten zinc penetrates into the grain boundaries
of the steel, which presumably leads to the occurrence of
cracks.? LME cracks that occur around weld indentations
(referred to here as outer cracks) are caused by excessive
heat input, so it is known that they can be effectively
avoided by optimizing the welding conditions based on
the results of optimal welding current tests. Studies done
in recent years on cracks occurring near the corona bond
between steel sheets (referred to here as inner cracks)
have shown that they are caused by tensile stress that
occurs upon release of the electrode after terminating the
welding current. It has been reported that lengthening the
pressure hold time is effective for improving this issue.”
The same perspective was applied to simulate such
cracking in the new GA steel sheet in order to elucidate
and verify the mechanism involved.

First, in order to identify the causes of inner
cracks, changes in temperature and stress near the corona
bond during spot welding were made clear by simulation
(Fig. 10). The results revealed that compressive stress
acted near the corona bond during the application of
welding current (Fig. 10 (a)). It then changed to tensile
stress in the pressure hold process after the termination
of welding current (Fig. 10 (b)). This stress was caused
by the solidification and shrinkage of the molten metal.
Presumably, it was caused by a sharp rise in temperature
due to release from the constraint imposed by the welding
electrode. In addition, right after the completion of
welding, the temperature of the corona bond was higher
than the zinc melting point (Fig. 10 (c)), suggesting that
the zinc plating components were in a molten state. Based
on that result, it was inferred that the inner cracking of
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the new GA material was caused by the presence of molten
zinc in a tensile stress field. This assumed that cracking
occurred at the end of the welding process.

Therefore, in order to suppress inner cracking,
molten zinc should not remain near the weld at the time
stress is released. A study was undertaken to optimize
the pressure hold time so as to obtain a sufficient cooling
period during the welding process. The results shown in
Fig. 11 show that, even for sheet combinations exhibiting
inner cracking when the hold time was too short, inner
cracks were suppressed if sufficient time was allowed for
the zinc to solidify. These results confirmed that the hold
time is effective in suppressing inner cracking.

4. Impact Properties

The new 980 MPa AHSS was subjected to a drop-
weight impact test in the axial compression collapse mode
to evaluate its dynamic performance. The results are
presented in Figs. 12 and 13 in comparison with the
two conventional materials. Because it was assumed that
the new AHSS would replace DP 590 MPa AHSS, this
evaluation compared the performance of a 1.4-mm-thick
test piece made of the existing steel and a new AHSS test
piece downgauged one rank in thickness to 1.2 mm. The
results show that the new AHSS displayed high reaction
force and absorbed approximately 10% more impact energy
than DP 590 MPa AHSS. That result can presumably be
attributed to the better strain dispersion of the new AHSS
owing to the fact that its product of tensile strength and
total elongation was greater than that of existing DP 590
MPa AHSS and that its n-value was also higher.

5. Future Prospect

The development of the new AHSS (cold-rolled
sheet and GA sheet) and associated technologies for
applying it to the vehicle body has now made it possible
to apply 980 MPa AHSS to body structural parts with
complex shapes for which such application was previously
difficult. This development raised the usage rate of AHSS
(780 MPa grade or higher) on the INFINITI QX50 model
to 27%, thus contributing to a weight reduction of 23 kg
(Fig. 14). It is planned to actively promote material
substitution of the new AHSS for parts currently made
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of DP 590 MPa AHSS and raise the usage rate of this new
AHSS so as to contribute to further vehicle body weight
reductions in the coming years.
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Development of a Lightweight Carbon Fiber Roof that contributes to Dynamic Performance
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Summary Along with the pursuit of greater safety and comfort in recent years, vehicle weight
reduction for contributing to reducing CO2 emissions and improving fuel efficiency has become more
important. Material substitution has so far been done to replace steel, which has the highest mass
composition ratio, with aluminum or plastic having a low specific gravity. However, weight reduction by
simple substitution is approaching its limit. In recent years, the trend in weight reduction has not been
simple material replacement, but rather multi-materialization has been progressing to meet the
requirements, taking into account the characteristics of the materials. This article describes a newly
developed lightweight and high-stiffness CFRP/plastic foam sandwich material that was adopted for the
roof of the 2020 GT-R NISMO.

Key words : Material, light weight, body, roof, carbon fiber reinforced plastic, foam, sandwich

1.1 U & I[C 1. Introduction

The importance of reducing the vehicle weight so
as to contribute to lowering carbon dioxide (CO2) emissions
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and improving fuel economy has increased further in recent
years accompanying the pursuit of greater safety and
comfort. Substituting high tensile strength steel sheet
for general cold-rolled steel sheet as the material for the
auto body makes it possible to reduce the sheet thickness,
provided the strength is the same. This substitution can
contribute significantly to reducing the vehicle body weight.
The application of aluminum materials has also increased
in recent years, with progress seen in application to closure
panels such as the hood and doors. In addition, carbon
fiber reinforced plastic (CFRP) has long been used on race
cars as a lightweight material having high strength and
high stiffness. Because CFRP has higher specific strength
and higher specific stiffness (i.e., strength and stiffness
per unit of mass) than steel sheet and aluminum, it is
a material that offers the possibility for further weight
reductions (Fig. 1).

2. Development Aim

Previously, the vehicle weight has been reduced
through material substitution such as by substituting

* 1 EHAfT 5 Materials Engineering Department **Infiniti #5558, Infiniti Product Development Department
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aluminum or resins having a lower specific gravity for
steel materials traditionally applied to the vehicle body.
However, weight reduction by simple material substitution
is now approaching its limit. The trend in weight reduction
in recent years has seen the start of multi-materialization
of body structures rather than the use of a single material
with a low specific gravity. With this approach, materials
having various properties are combined and the right
materials are used selectively in the right places to meet
the requirements. Moreover, there are demands to lower a
vehicle’s center of gravity from the standpoint of improving
vehicle dynamics. Lowering the height of a vehicle’s center
of gravity is determined by the “mass x the distance from
the center of gravity.” Accordingly, reducing the weight of
the roof, which is the farthest from the center of gravity,
can make the largest contribution to vehicle weight
reduction.

This article presents an example of a newly
developed CFRP sandwich material that has been applied
to the roof of the 2020 GT-R NISMO. This material
combines CFRP having high specific strength and high
specific stiffness with a plastic foam having a low specific
gravity. Lowering the vehicle’s center of gravity has
contributed to reducing the roll moment and improving
handling and stability.

3. Weight Reduction Achieved with CFRP Sandwich
Structure

One weight reduction approach by combining
materials is a sandwich structure whereby a material
with a low specific gravity is inserted between a material
having a high modulus of elasticity. Adopting a sandwich
construction for a structure subjected to bending force
inputs means that when a bending moment occurs, stress
that develops in a cross section becomes maximum on both
surfaces of the material, but virtually no stress develops
in the interior. This principle is applied to achieve both an
efficient weight reduction and higher stiffness because the
lightweight material in the interior supports both surfaces
made of the material having a high modulus of elasticity.
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CFRP is molded by processing continuous carbon
fibers having a high modulus of elasticity into a sheet
shape and then stacking the sheets, making it easy to
position a different material in between the layers. This
makes CFRP well suited to a sandwich structure. Plastic
foams or honeycomb materials are generally used as the
material having a low specific gravity. Figure 2 shows the
weight reduction effect of CFRP sandwich structures when
plastic foams are used, in comparison with steel sheet and
a single CFRP sheet and assuming equal bending stiffness.
Because CFRP has a lower specific gravity than steel sheet,
a large weight reduction effect can be obtained by material
substitution. In addition, adopting a CFRP sandwich
structure reduces the mass compared with a single CFRP
sheet. By further increasing the thickness of the plastic
foam and also reducing the thickness of the CFRP layers,
the weight can be markedly reduced without changing the
stiffness.

4. CFRP Molding Methods

4.1 PCM method

There are several methods of molding CFRP
depending on differences in material performance and
productivity (Fig. 3). Previously, CFRP was manufactured
by an autoclave (AC) method in which laminated prepregs
were cured under the application of high pressure and
high temperature. A prepreg refers to a sheet-like material
consisting of carbon fibers pre-impregnated with an
uncured thermosetting resin. However, productivity was
an issue because the molding time took several hours. In
recent years, practical application of resin transfer molding
(RTM) has been achieved to shorten the molding cycle
time. In this process, a fiber preform is placed in the mold
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in advance and the resin is then injected and molded.
Because fast curing resins are used, molding can be done
in several minutes to several tens of minutes. However,
special dedicated equipment is needed because the resin
must be injected into the mold in a short period while it is
reacting.

On the other hand, press molding can be applied for
parts having a relatively flat shape. Mitsubishi Chemical
Corporation developed a prepreg compression molding
(PCM) method whereby a prepreg of thermosetting epoxy
resin that cures in 3-5 minutes is molded in a press under
high temperature (130-150°C) and high pressure (3-10
MPa). This PCM method was applied to make the trunk
lid of the 2014 GT-R model.

An excellent appearance can be obtained with the
PCM method because molding is done at high pressure.
In addition, CFRP molded by the PCM method is well
suited to structural parts and outer body parts of vehicles
because it has high strength owing to the large quantity
of laminated continuous CF relative to the resin.

4.2 Application of the PCM method to a sandwich
structure

Figure 4 illustrates the process differences
between the traditional AC method and the PCM method.
CFRP molding is divided into the shaping process and the
molding process. With the AC method, the shaping process
is extremely time-consuming because the shape is formed by
putting prepregs in the mold manually. In contrast, with the
PCM method laminated prepregs are heated beforehand
in an infrared heater to soften the resin before placing
it in the mold. The shaping process is short because a
preform is produced in advance using a press machine. To
mold the CFRP sandwich structure with the AC method,
plastic foam is placed between the prepregs during stacking
and shaping in the mold. In contrast, with the PCM
method, plastic foam is inserted in between the prepregs
in advance while they are being stacked, thereby producing
the preform of the sandwich structure.
COOOCOVOOOVOVOVOVOOVOVOVOVOVOVOOVOOVOOOOVOVOOOOOOOOS

100%

80%

60%

AL
Degree of cure

'
o
X

== PCMH 7 ) 7L (k) 1
Fast curing PCM prepreg

== ACHZ V7V (1Ek)*2

Conventional AC prepreg

20%

0%
0 3 6 9 12 15
Time [min]

“L#361MHE Y ) 7L 2 Tg : 168°C (=34 I I vibid)

#361 resin prepreg Tg® 168°C (made by Mitsubishi Chemical Corp.)
“2: #350M5 7Y 7L Y Tgl33'C (=47 I HL4til)

#350 resin prepreg Tg: 133°C (made by Mitsubishi Chemical Corp.)

X-5 RE(ETYUTL T DRBEEDELEE) 2

Fig.5 Curing behavior of fast curing prepreg?
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Fig. 8 Cross-sectional photographs of foams

Small, uniform foam cell size

Moreover, in order to produce the CFRP sandwich
structure with the AC method, it was necessary to place
an adhesive film between the prepregs and the plastic
foam to ensure adhesion. With the PCM method, adhesion
between the prepregs and plastic foam can be secured
without using an adhesive film.

A comparison of the molding processes indicates
that the material shaped with the AC method in a pressure
vessel allowing high temperature and pressure then requires
several hours for molding after injection into the mold in
that form. In contrast, with the PCM sandwich method the
resin can be cured and molded in a short period of time by
hot pressing for 5-10 minutes the preform that is already
set in the mold.

5. Selection of Materials for Sandwich Structure
Molded with the PCM Method

The characteristics of the prepreg and plastic foam
used for the PCM sandwich structure are shown in Table 1.

5.1 Prepreg for PCM method

In order to cure and mold the resin of the prepreg
used in the PCM method in a short period, the resin has a
different curing characteristic than that of the prepreg used
in the conventional AC process. The curing behavior of the
resins is shown in Fig. 5. Compared with the conventional
AC prepreg, the PCM prepreg resin cures rapidly within
three minutes, making it possible to complete molding in
a molding cycle time of 5-7 minutes.

The relationship between the temperature and
viscosity of the prepreg resin is crucial in the PCM method
because the prepreg is formed by heating and pressing it.
The viscosity behavior of the prepregs for the PCM method
and the AC method is shown in Fig. 6. For the PCM prepreg,
the resin was designed with a higher minimum viscosity so
that it would not tend to flow out during high-temperature
curing. Controlling the decline in resin viscosity suppresses
resin flow in the mold during molding, making it possible to
obtain a molded product that has an excellent appearance.
The prepreg resin also flows into the cells on the surface
of the plastic foam during molding. Therefore, the resin
content has been adjusted to match the PCM method, and
a prepreg was developed that has an optimum CF/resin
content ratio.

R L R R o =g

T A b E— A SRR
Test piece bending test

R R Ty -

Good adhesion seen between prepreg and plastic foam

-9 CFRP 9 RA v FHEIOHITFHERIC KDL
Fig.9 Deformation of CFRP sandwich material
in a bending test
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5.2 Plastic foam

In selecting the plastic foam for the PCM
method, attention was paid to the material’s compression
characteristics and the foam cell size. The plastic foam
placed between the CFRP layers must have suitable
compression characteristics because the sandwich structure
is molded in a press under high pressure. Figure 7 shows
load-displacement curves during compression for two types
of foam. The curve of plastic foam A has a larger slope
initially than plastic foam B, and the load in the parallel
segment of the curves in the region where the foam is
crushed is also higher. When these two materials were
used to mold sandwich structures, it was observed that
plastic foam A produced an excellent appearance, whereas
the surface of plastic foam B was wavy and undulating.
Presumably, plastic foam A had a suitably high level of
compression reaction force initially, which sustained the
pressure in the mold during PCM molding. The prepreg
resin was pushed against the entire mold surfaces under
high pressure, making it possible to obtain a molded CFRP
sandwich structure with an excellent appearance.

Figure 8 shows cross-sectional photographs of the
two types of plastic foam. It is seen that the cell size of
plastic foam A is small and uniform, whereas the cell size
of plastic foam B is uneven and some cells are large.

The CFRP surface of plastic foam A does not have
any pinholes or other defects, but the CFRP resin surface
of plastic foam B lacks uniformity and some pinholes are
observed. Presumably, the prepreg resin flowed into the
locations of large foam cells, giving rise to the formation of
pinholes because the amount of resin on the CFRP surface
was insufficient.

Factors influencing appearance during PCM molding
include the balance between the plate thicknesses of the
prepreg and plastic foam, plate thickness uniformity, and
a suitable level of press compression matching the plate
thickness. By optimizing the respective plate thickness
and level of compression, a CFRP sandwich structure was
molded with an excellent appearance.

Bending strength tests were conducted on test
pieces made of the CFRP sandwich material to ensure that

COCOCOOPOCOOOOPOCOOPOCOOCOFOCOOCOCOO

K-12 CFRP U~ RA v FHR&EIL—T
Fig. 12 CFRP sandwich material roof
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the required performance was satisfied. It was found that
adhesion between the prepreg and the plastic foam declined
with the CFRP sandwich material having a small foam cell
size. In addition, the plastic foam ruptured when the plate
thickness of the plastic foam was too thick. These results
indicated that the plastic foam also requires a suitable
level of strength.

5.3 Material selection results

A fast curing prepreg resin and a plastic foam
having an appropriate cell size and distribution were
selected as suitable materials for the PCM method. A
CFRP sandwich structure was then molded with the
PCM method. The molded CFRP sandwich structure had
an excellent appearance, secured good adhesion between
the prepreg and the plastic foam, and satisfied the
requirements for quality and performance (Figs. 9 and 10).

6. Conclusion

A sandwich material was adopted for the roof of
the 2020 GT-R NISMO model. This material sandwiches
a plastic foam having a low specific gravity between layers
of lightweight CFRP with high stiffness (Figs. 11 and
12). The PCM method developed by Mitsubishi Chemical
Corporation was used to mold the sandwich structure. A
prepreg and plastic foam suitable for the PCM method
were selected, and the quality and performance required of
the roof were satisfied. The CF roof of the GR-T contributes
to reducing the vehicle weight by 4 kg® and it also helps
improve handling and stability by lowering the vehicle’s
center of gravity and reducing the roll moment.
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Development of Cu/Al Clad Material for Downsizing EV Battery
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Kento Sakurada Yasuhiro Yanagihara Masayuki Nakai Tomio Nagashima
# % HiEE) — 7 et OFAEI62kWh /Ny 7 I2BWTC, CwWALY T v FHIZEME T HH A < — A

FHIR T A2 & T8y r = VEE R 11% M E L, ANE - 8 CE L 2B EMETH S, ARRTIE. Cu-Al
Dovetail 15D 7 7 v F#NANEBISE, BRI L 72HBIZ OV TihR 5,

Summary

The 62 kWh lithium-ion battery of the new Nissan LEAF e+ has 11% more energy

density than the existing 40 kWh battery. One of the most effective technologies for reducing the
battery size and weight is a Cu/Al clad material that reduces joint space between battery tabs and
busbars. This article describes the Cu-Al dovetail structure of the newly developed clad material.

Key words : Electronics, lithium-ion battery, downsizing, Cu-Al joining, clad material
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Fig.1 Configurations of battery packs and modules

1. Introduction

One issue of electric vehicles (EVs) that must
be overcome is to extend the driving range. However,
mounting a large battery to provide greater onboard
energy for propulsion would constrain interior space
and lead to a bigger than necessary vehicle body, thus
adversely impacting marketability. Therefore, technology
for improving energy density so as to obtain greater
onboard energy without changing the size of the battery
pack, i.e., downsizing technology, is indispensable for
extending the driving range.

B o e e R

Vehicle Nissan LEAF (40 kWh) Nissan LEAF e+ (62 kWh)

Battery
modules

Busbar
modules

(Tab-busbar
joint structure)

Ultrasonic weldi
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Fig. 2 Configurations of battery modules and
busbar modules
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The Nissan LEAF is mounted with a 40 kWh
battery and the Nissan LEAF e+ with a new 62 kWh
battery. Figure 1 shows the pack assembly and module
of both batteries. As indicated in the figure, the 62 kWh
battery can increase the number of cells per module to as
many as 27, up from 8 cells/module for the 40 kWh battery.
When all the modules are then combined, a total of 288 cells
can be housed in the pack, which succeeds in providing
62 kWh of onboard energy.

The newly developed copper (Cu)/aluminum (Al)
clad material is an indispensable technology for downsizing
the connection structure of the battery tabs in the new
module. Compared with the 40 kWh battery, the energy
density of the 60 kWh battery pack has been improved by
11%. This clad material is one measure that contributed
to the development of the new battery, which delivers 55%
more onboard energy.

2. Issues in Downsizing Battery Modules

Figure 2 shows the configurations of the battery
and busbar modules of the 40 kWh and 62 kWh batteries.
An enlarged view of the busbar module of the 40 kWh
battery is shown inside the red dashed line at the lower
left. As indicated in the figure, because the battery tabs
are connected to the busbars by ultrasonic welding, there
must be sufficient space for using an ultrasonic welding
gun. In contrast, for the newly developed 62 kWh battery,
the space needed for an ultrasonic welding gun was
eliminated by designing a compact tab-busbar joint
structure formed by laser welding as shown at the lower
right. However, in order to adopt this structure, an
integrated busbar clad material, consisting of the Al
positive electrode and the Cu negative electrode in the
same plane, is needed for connecting the battery tab
materials.

The requirements for developing this Cu/Al clad
material and the technical measures adopted as solutions
are described here. The necessary requirements are: (1)
small Cu-Al flatness error, (2) a short joint length, (3) high
interfacial strength, and (4) low interfacial resistance.
Figure 3 shows the structure of the three-finger dovetail
clad® joint (referred to here as dovetail clad) developed
to meet these requirements and the laser welded state
between the Cu/Al clad material and the battery tabs,
in comparison with the existing inlay clad technology.
Because the existing inlay clad is pressure welded, it has
small flatness error, but with this method pressure is not
applied in the depth direction (horizontal direction in the
figure). In order to satisfy the third requirement for
sufficient interfacial strength, the joint would have to be
increased in the lengthwise direction (vertical direction
in the figure) to around 8 mm. As shown in the figure,
that would lengthen the Cu-Al lapped portion, making it
impossible to satisfy the second requirement above. It was
envisioned that a solution would involve a very difficult
problem of welding dissimilar metals. Therefore, it was
decided to adopt the dovetail clad developed by Materion
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Corporation because it was reasoned that the dovetail
structure would be effective in achieving a short clad joint
of 4 mm while still providing high interfacial strength.

3. Technical Details and Issues of Dovetail Clad
Material

Figure 4 shows the dovetail structure of the Cu/Al
clad material. The Cu-Al interface is shown in the
photomicrograph on the right. The only external energies
applied to the interface are the pressure used in pressure
welding during manufacture and the heat produced in
the annealing process for heat treatment of the base
metal strength. Therefore, although brittle intermetallic
compounds form, which are a concern for Cu-Al joints, the
compounds are characterized as being homogeneous and
submicron thin. The subsequent sections will describe
the electrical and mechanical performance of the joint
interface, which was a source of concern, and present the
results of an evaluation of the resistance of the Cu/Al joint
against galvanic corrosion that is the most worrisome
aspect of the loads imposed on the battery in real-world
driving.

4. Interfacial Performance

Figure 5 is an SEM image of the Cu/Al clad
interface. Factors that influence the electrical and
mechanical performance of the Cu/Al interface include
the dovetail length representing the Al-Cu joint length
and the thickness of the intermetallic compound (IMC)
layer that forms on the interface. The dovetail length is a
manufacturing variability factor originating in the cutting
accuracy of the plate material end face. The IMC layer
thickness is also a concern regarding heat input variation
in the annealing heat treatment of the base metal and in
the laser welding process. An investigation was made
of the electrical and mechanical properties when these
factors were varied.

Figure 6 shows interfacial resistance as a function
of the IMC layer thickness. Because IMC has higher
resistance than metals, it is assumed that resistance
occurring at the interface increases with increasing IMC
layer thickness. Even at an IMC layer thickness level
of 20 ym, which was formed by applying a heat input
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Fig. 6 Interfacial resistance as a function of
IMC layer thickness
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vastly exceeding the lifetime heat input of a battery, the
resistance value increased only slightly over that for the
submicron IMC layer thickness in the initial manufacturing
stage. The resistance values were also low at 1 pQ/location,
which amply satisfies the level of less than 10 puQ that is
obtained with the existing Cu/Al joint technology.

It was also confirmed that the effect of heat during
laser welding, which was another source of concern, did
not cause the IMC layer thickness to increase either.
Because the maximum battery temperature in the onboard
environment is at a level that does not affect the IMC layer
thickness, it is assumed that there are no situations from
manufacture to in-vehicle use where interfacial resistance
would increase due to the effect of the IMC layer thickness.

The relationship between interfacial resistance and
the dovetail length was then investigated and the results
are shown in Fig. 7. Even if the dovetail length increases,
the number of tails does not change and the angle of the
IMC layer approaches the horizontal. Because electrons
flow in the lengthwise direction of the plate during use,
it is assumed that interfacial resistance increases with a
longer IMC layer through which the electrons actually
pass. The investigation results showed that although the
interfacial resistance value increased slightly when the
dovetail length was on the order of several mm, it was
below the value of the interfacial resistance for the existing
joint technology, even taking into account manufacturing
variability.

Similarly, an investigation was made of mechanical
strength with regard to the relationship between interfacial
resistance and ICM layer thickness and dovetail length
(Fig. 8). Because the IMC layer is usually brittle, it was
thought that interfacial strength might decline with a
thicker IMC layer. For a 60-um thick IMC layer formed by
applying a heat input vastly exceeding the lifetime heat
input of a battery, it was observed that all the test pieces
fractured from the Al base metal. Similarly, for a dovetail
length of 1-4 mm, it was also found that fracture occurred
from the Al base metal. These results indicated that the
interfacial performance of the dovetail clad material in
terms of both electrical and mechanical properties is as

good as or better than that of the joining method used for

I R e e e e e e o
350

Corrosion progression path *

3 =

\
. .. *
Dovetail clad joint ~ Current technology joint 2 * e

@
S
S

o
S
=]

o
=3
S

B
®e
e

o
»

100 ¢ o *

Resistance at joint [%]

¢ Dovetail clad joint
#: Current technology joint

o
>

o
(==}

50 100 150 200 250 300 350
Salt spray test duration [H]

X-9 Cu/Al ESEOMEERE
Fig.9 Corrosion durability at Cu/Al joint



EVIVy T UDINEYEICERIY D Cu/Al TS5 v REBRIFE

2D ABETHEKT HIMCIEAG0 u mOIRETH, AlFE
MW 5 2 & AERR S 11720 [AERIC Dovetail & 12
DWTH1~4mm DT, AL & O MBI A3 HERE &
N7z TOXHIZELN - BEMAYIZD Dovetall 7 7 v FHF
ORMEER 7 OMEREIL, 40kWh/ Xy T ) IZHWHEILTWE
RS D Lotz L, hrolEunNA MEDLH S
ZENRROL NI,

5. it B

BFHIT IV I =7 A LSADEEfl L T b 720, HIN
Zv 7BEEFEA LR T, REERNOREPRES N
bo HIWINZ 7 E RO M Z AR T 5 720,
40kWh /N 7 1) O Cu/ AL P B3l & bt e & L
T HEKIE TS A ER O 2 BRI 2 B ikt L&A
(%) ZEE L AR EMIIRT,

Ve B 1 FERI TR B I 200 R A0 & 72 s G
O, 350 TIXZEDERIIPAFIZZR Y. 40kWh/Ny 7 1)
ML BT EMNEZ AT L2 e bh ol ZOMER%E
W R R E L CiE, RI0FOLE EIRT LI
7Ty FHZREOBEDSFOIZA VAT L2, —
By Ze AT ] - 2 B L 7e LRI R TS AT I2 X B
WREEL A BOEL D TELEE R D,

6. F & ®

EVOEZEBED—DTH L8Ny 71 O T4V FERE
fLOFHE LT, L—HEET F 728550 o Bl
W bo L —WIRHEINEZ L &/ 5720121 AN
12y (1) Ch-AITFREEAVA S W b, (2) BAHHIE N &,
(3) FMDOREIE N &, (4) EHAYENZ EHRD 5
Nod, INLOFEMFEMETSCWAIEE TG L
7oA% %, Dovetail 7 7 v Fif & # 5% L7z, B&TH S IMC
JE A, Dovetail % & & FUHEREDHEZ AL . BmESCH
W L2 anNA MEERF > TWD 2 2R L 720
FEEERSHEECH LM AMICH L TOBRATH O
BBy & 5. 40kWh /N> 7 1) @ Cu/ Al FE #5354ty 7] 4
VI LOEREEHTLHZ Ebholz,

7. # EF
WBIZ, REAEZHED 7 Ty M2 @EBETLI2H720 .
AT =7 R HMADO TR B R T Wiz wv
Te~ T ) F I OBEY R LE T,

8. & £ X M

1) E. Hilz et al.: Formation and properties of

the 40 kWh battery. The manufacturing robustness of the
material was also confirmed.

5. Corrosion Resistance

There was concern that galvanic corrosion, which
tends to occur with this clad material because aluminum and
copper are in contact, might affect interfacial performance.
In order to ascertain the relative resistance of the clad
material against galvanic corrosion, the rate of increase
(%) in interfacial resistance at the joint was measured in
relation to the exposure time in a salt spray test. The
results are shown in Fig. 9 in comparison with the existing
Cu/Al joint formed by ultrasonic welding for the 40 kWh
battery.

The rate of increase in interfacial resistance at the
joint began to differ between the two types of joint after an
exposure time of 200 h and a pronounced difference was
seen after 350 h. The results showed that the dovetail clad
joint has corrosion resistance equal to or better than that
of the 40 kWh battery joint. A structural factor that may
have induced this result is illustrated in the upper left
part of Fig. 9. The obliquely intertwined structure seen at
the interface of the clad material presumably delayed the
loss of functionality due to the progression of corrosion
compared with the ordinary method of welding mating
plate surfaces used for the existing joint.

6. Conclusion

Joining conductive materials in EV batteries by
laser welding is one approach to increasing onboard
energy density so as to address the critical driving range
issue of EVs. The following conditions are required of the
busbar material in order to ensure the reliability of laser
welding: (1) small Cu-Al flatness error, (2) a short joint
length, (3) high interfacial strength, and (4) low interfacial
resistance. As a result of investigating Cu/Al joining
methods for satisfying these conditions, a dovetail clad
material was selected. There was concern that the IMC
layer thickness and dovetail length might affect interfacial
performance. The results of an investigation of these
factors revealed that the dovetail clad material possesses
sufficient robustness at the time of manufacture and
during in-vehicle use. Although corrosion resistance
was also an aspect of concern regarding reliability, it was
found that this dovetail clad material possesses corrosion
resistance equal to or better than that of the existing Cu/Al
joining technology used for the 40 kWh battery, thanks to
the distinctive structure of the joint interface.
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Development of High Strength Bolt for the VC-Turbo Engine
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Summary

A new variable compression ratio turbo (VC-Turbo) engine, which has a multi-link

system for controlling the compression ratio from 8:1 to 14:1, requires high axial force for fastening
the links. Therefore, it was necessary to develop a 1.6-GPa tensile strength bolt with plastic region
tightening. In this study, quenched and tempered alloy steel was chosen, and the chemical composition
and heat treatment conditions were optimized to improve delayed fracture resistance along with high
strength. By using the ratio of the amount of critical diffusible hydrogen and the amount of diffusible
hydrogen invading from the surrounding environment, it was confirmed that the newly developed steel
has delayed fracture resistance equal to or better than that of the current high strength bolt material.

Key words : Material, Engine Component, iron & steel, mechanical property
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1. Introduction

Nissan’s new 2.0L gasoline turbocharged engine
(KR20DDET) is the world’s first mass-producible variable
compression ratio engine (VC-Turbo) that incorporates a
multi-link variable compression ratio (VCR) mechanism.”
The theoretical thermal efficiency of an engine increases
with a higher compression ratio, making it possible to
improve fuel economy. However, raising the compression
ratio tends to cause knocking or excessively high in-cylinder
pressure. In actual engines, the compression ratio is
restricted by the knocking limit at wide open throttle,
the most severe operating condition, and the allowable
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Fig.1 Configuration of multi-link system
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Fig. 2 Comparison of connecting rod bolts
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in-cylinder pressure limit. On the other hand, under partial
load the pressure and temperature of the combustion gas
in the cylinder are lower, making it possible to raise the
compression ratio because of the margin available against
the occurrence of knocking and the allowable in-cylinder
pressure. Therefore, if the compression ratio is made
variable and can be optimally set to match the operating
conditions, both thermal efficiency and output could be
improved.

The VC-Turbo replaces the conventional piston-
crank mechanism with Nissan’s unique multi-link
crankshaft rotation mechanism. Figure 1 shows the
configuration of the multi-link parts. The piston and the
crankshaft are connected directly by two linkages—an
upper link (U-link) and a lower link (L-link). The L-link
consists of an upper part and a lower part that are
connected by a two-bolt mechanism. A control link (C-link)
and a control shaft are provided so that the U-link and
L-link do change to trackless motion. The C-link support
point of the control shaft is controlled by an actuator
(electric motor). Accordingly, the lower end position of the
U-link moves vertically and this linkage arrangement
varies the position of the piston crown at top and bottom
dead center in a range of approximately 6 mm. This
enables the compression ratio to be varied between 8:1
and 14:1.

All of the constituent parts must provide high
functionality to make this system viable. Figure 1 shows
the load input to the L-link bolts. The combustion load
acts in the direction to open the L-link, and the input force
acts in the direction to pull the bolts, with the U-pin as
the point of effort and the crank pin as the point of load.
Because of the principle of a lever, the combustion load is
approximately doubled. A much larger load is applied to
the bolts than in the case of the connecting rod bolts of a
conventional piston-crank mechanism. Figure 2 shows the
load and axial force input to conventional connecting rod
bolts and the L-link bolts. The results indicate that the
L-link bolts are used in a more severe environment than
the connecting rod bolts Nissan has applied previously.
In order to convey this much axial force using bolts with
tensile strength of 1.4-GPa or less, the size of the L-link
and associated parts would have to be increased, which
would drastically increase the engine weight. That is why
it was necessary to develop the 1.6-GPa plastic tightening
bolt described here.

2. Issues Concerning High Strength Bolts

An issue that must be overcome to increase bolt
strength is delayed fracture,? which is also referred to as
hydrogen embrittlement. Hydrogen that invades steel
materials at the time of parts manufacture or from the
usage environment collects at crystal grain boundaries,
causing cracks to occur that lead to breakage. High
strength materials have a disadvantage with respect to
delayed fracture resistance. It is said that susceptibility to
delayed fracture increases when tensile strength reaches
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Fig. 3 Microstructure concept for 1.6-GPa bolt

1.2-GPa or higher.

High strength bolts are generally made of quenched
and tempered alloyed martensitic steel. Cementite that
forms like a film along grain boundaries is known to
promote intergranular fracture. It is essential to reduce
stress concentrations at crack initiation points and crystal
grain boundaries. Spheroidization of film-like carbides at
grain boundaries by high temperature tempering is an
effective measure for that purpose. Forming trapping sites
for harmful hydrogen is also effective. Carbides such as
vanadium (V), niobium (Nb), molybdenum (Mo) and the
like are effective in this regard. High strength bolts of 1.2-
GPa or less are made of standard materials complying with
JIS SCM 440, etc., but application of newly developed steels
to bolts having higher levels of strength is also seen.

At Nissan, 1.4-GPa plastic tightening bolts made
of CrMoV steel containing a vanadium-added alloy have
been used as the connecting rod bolts on the Nissan GT-R.
Meanwhile, other companies have adopted connecting
rod bolts made of cold-worked 1.6-GPa pearlitic steel and
tightened to the elastic region.?® For the VC-Turbo engine
it is necessary to tighten bolts to the plastic region to
ensure stable axial force. However, with the types of steel
currently available, it has been difficult to achieve both
strength and delayed fracture resistance, making it
necessary to develop a new type of steel.

3. Material Development Concept

The purpose of this study was to find the chemical
composition and heat treatment conditions for a 1.6-GPa
plastic tightening bolt that would have high strength
and also delayed fracture resistance equal to that of the
existing high strength bolts.?® The development concept
is explained below.

(1) Attainment of high strength: Addition of high carbon
(C) and high silicon (Si) contents and addition of
chrome (Cr) and molybdenum (Mo) to improve
tempering softening resistance.

(2) Delayed fracture resistance: Spheroidization of fine
carbides at grain boundaries by high temperature
tempering and formation of intragranular hydrogen
trapping sites by adding Mo.

Figure 3 shows a schematic diagram of the
microstructure formed with this concept. It is seen that
carbides precipitate as a film at grain boundaries when
the tempering temperature is low, but that grain boundary
carbides disperse in a spherical shape when the tempering
temperature is high. In addition, inducing intragranular
precipitation of Mo carbides has the effect of forming
hydrogen trapping sites.

4. Bolt Samples for Evaluation

The aim set for the development of the new steel
was to achieve higher C, Si and Mo contents than that of
steels for standard bolts. The respective content range set
for the prototype bolt was C: 0.5-0.6 wt%, Si: 0-2.0 wt%, Cr:
0-1.0 wt% and Mo: 0-1.6 wt%. The chemical compositions
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Table 1 Chemical composition of reference steels (wt%)

C Si Mn Cr Mo \%

CrMoV steel
(1.4-GPa bolt)
SCM440 0.38 | 0.15 | 0.60 | 0.90 | 0.15
(1.2-GPa bolt) [ -0.43 |-0.35 |-0.85 [-1.20 |-0.30
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Fig. 4 Delayed fracture resistance test
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of two reference steels (CrMoV steel and SCM 440) used
for comparison are shown in Table. 1.

First, secondary processing was performed on
rolled rods, after which the bolt head was formed by cold
heading and the thread portion by cold rolling. Bolt samples
were then subjected to tempering and quenching heat
treatment. Tensile tests and delayed fracture resistance
tests were conducted on prototype samples manufactured
with the intended bolt shape.

5. Test Methods

5.1 Tensile tests

Tensile tests were conducted at room temperature on
bolt samples prepared at different tempering temperatures.
The bolt dimension used in a fundamental evaluation was
M16, from which JIS No. 4 specimens were cut out. A
universal testing machine was used with the test speed
set at 4 mm/min. Test pieces shaped like actual L-link
bolts were used in the final test.

5.2 Measurement of critical diffusible hydrogen content
Measurements were made of the upper limit of the
diffusible hydrogen content that did not cause delayed
fracture (called the critical diffusible hydrogen content,
Hc) and the diffusible hydrogen content invading the steel
from the environment (He). Delayed fracture resistance
was evaluated by comparing the ratio of the measured
amounts.”® Figure 4 (a) is a schematic diagram of the
hydrogen charging method used in the measurement. A
test bolt was fastened in a holder with a nut at the yield
point and then immersed in a hydrochloric acid (HCI)
solution for a specified period of time. The amount of
hydrogen contained in the test bolts was varied by
changing the hydrogen charging conditions. The length of
time to fracture of the bolts immersed in the acid solution
was measured. Thermal desorption spectroscopy (TDS)
was used to measure the amount of hydrogen contained
in the bolt samples after the test. Figure 4 (b) shows an
example of the measured Hc results. The immersion test
was conducted for 100 h, and the maximum hydrogen
content of unbroken bolts after 100 h was defined as Hc.

6. Test Results

6.1 Tensile test results

First, as a fundamental study, tensile tests were
conducted on samples the chemical contents of which
were varied. Figure 5 shows the tensile test results for
samples containing different Si and Cr contents, and Fig. 6
shows the results for samples containing different C and
Mo contents. As seen in the two figures, higher C and Si
contents were effective in strengthening the base matrix.
Moreover, as shown in Fig. 7, adding Mo greatly improved
tempering softening resistance in the vicinity of 600 deg. C.

The tensile strengths of the newly developed steel
(0.6 wt% C-2.0 wt% Si-1.2 wt% Cr-1.6 wt% Mo) and of the two
reference steels were derived from the fundamental study
results and are shown in Fig. 7. As shown in the figure, the
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two reference steels (SCM 440 and CrMoV) did not attain
the tensile strength standard (1569-1667 MPa) when the
tempering temperature was 550 deg. C or higher. In contrast,
the newly developed steel achieved the required strength
of 1.6-GPa at a tempering temperature of approximately
600 deg. C, indicating that a high tempering temperature
can be set with this new steel.

6.2 Measured results for critical diffusible
hydrogen content

Figure 8 presents the measured Hc results for
bolts with different Mo contents. The results show that the
Hc value increased with a higher Mo content, indicating
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Fig.7 Tensile test results for newly developed steel
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that delayed fracture resistance was improved. Presumably,
Mo carbides had the effect of trapping hydrogen.

Figure 9 presents the measured Hc results for
bolts with different Si contents. The results show that the
Hc value increased with a higher Si content, indicating
that delayed fracture resistance was improved.

7. Discussion

7.1 Microstructure

The cross-sectional structure of test bolts was
observed using a scanning electron microscope (SEM), in
order to confirm the state of carbide dispersion following
heat treatment. Figure 10 shows SEM images of the
microstructure of the newly developed steel (0.6 wt% C-
2.0 wt% Si-1.2 wt% Cr-1.6 wt% Mo) after tempering at
two different temperatures. As seen in the figure, high
temperature tempering at 600 deg. C dispersed the film-
like carbides on the grain boundaries.

In addition, carbide precipitation was observed
using a transmission electron microscope. Figure 11
presents a TEM image of the microstructure of the
newly developed steel. Fine Mo carbides can be observed
inside the crystal grains as a result of high temperature
tempering. The foregoing results indicate that tempering
the newly developed steel at high temperature produced
the microstructure desired in line with the development
concept.

7.2 Delayed fracture resistance

First, the hydrogen content of the newly developed
steel and the SCM 440 reference steel was measured after
hydrogen charging under specified conditions. Figure 12
shows the hydrogen thermal desorption curves of the two
steels after hydrogen charging for 24 h in a 0.3% HCl
solution.

In general, a peak appearing at 200 deg. C or lower
is for diffusible hydrogen weakly trapped by defects or
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Fig. 12 Hydrogen desorption curves
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dislocations and which affects delayed fracture. On the
other hand, a peak appearing above 200 deg. C is for
strongly trapped non-diffusible hydrogen that reportedly
does not affect delayed fracture very much. As seen in Fig.
12, the newly developed steel displays a smaller peak below
200 deg. C, suggesting that it tends to resist the incursion
of diffusible hydrogen that affects delayed fracture or that
diffusible hydrogen was rendered harmless as a result
of being trapped. First, reasons that can be cited for the
suppression of hydrogen incursion include the fact that Si
is effective in strengthening the base matrix and that was
effective in stabilizing the dislocation structure. As for
rendering hydrogen harmless, presumably Mo carbides
had the effect of trapping hydrogen.

Next, the Hc/He ratio was found and a comparison
was made for the three steel materials. As a method of
estimating He here, hydrogen charging conditions were
found such that the Hc/He ratio was 1.0 for the SCM 440
bolt, which has a record of application as connecting rod
bolts. Hydrogen charging tests were then conducted under
the same conditions for the newly developed steel and
CrMoV steel.

Figure 13 shows the Hc/He ratios for the newly
developed steel and the two reference steels. Their tensile
strengths were 1.2-GPa for the SCM 440 steel, 1.4-GPa
for the CrMoV steel and 1.6 GPa for the newly developed
steel.

First, the Hc value of the newly developed steel was
higher than that of the reference steels, suggesting that it
has greater resistance against delayed fracture than the
other two steels. In addition, the He value of the newly
developed steel was lower than that of the two reference
steels, implying that it tended to be more resistant to
the incursion of diffusible hydrogen that affects delayed
fracture or that diffusible hydrogen was rendered harmless
by being trapped. The foregoing results confirmed that the
newly developed steel has better delayed fracture resistance
than the existing high strength bolt steels.

8. Conclusion

A 1.6-GPa plastic tightening bolt was developed
and successfully put in mass production as a component
of the multi-link mechanism of the new VC-Turbo engine.
In order to overcome delayed fracture that becomes an
issue when strength is increased, a study was made of
the composition and heat treatment conditions aimed at
dispersing spherical cementite particles. A high tempering
temperature (570 deg. C) was set when using the new steel
grade (0.6 wt% C-2.0 wt% Si-1.2 wt% Cr-1.6 wt% Mo). The
Hc/He ratio was measured and compared with that of two
other types of steel. The results showed that the newly
developed steel has delayed fracture resistance equal to or
better than that of the existing high strength bolt steels.
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Development of OW-8 Low Viscosity Engine Oil for Fuel Efficiency Improvement
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Summary Introduction of OW-16 low viscosity engine oil is expanding for improving fuel efficiency
in the Japanese market and an even lower viscosity grade is being considered. However, lowering the oil
viscosity generally has negative effects in regard to anti-wear performance and volatility control.
Therefore, measures to lower the viscosity while securing wear resistance and volatility are required.
Attention was focused on molybdenum dithiocarbamate (MoDTC), which is used as a friction reduction
additive, and base oil properties for maintaining anti-wear performance and volatility at the same levels
as the current oil. The OW-8 fuel-saving engine oil that was developed based on these studies has been
adopted in the new Dayz.

Key words : QOil, lubrication, viscosity, fuel economy

1. U & [ 1. Introduction

Electric powertrains typified by hybrid vehicles
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and electric vehicles are being put on the market mainly
in Japan, America, Europe and China for the purpose
of improving fuel economy. However, the majority of
the vehicles in use globally are equipped with only a
conventional internal combustion engine (ICE). Improving
the fuel economy of ICEs remains a crucial issue with
respect to reducing carbon dioxide (CO:2) emissions.

One specific approach actively employed to
improve fuel economy in recent years has been to lower
the viscosity of the lubrication oil so as to reduce churning
resistance. Toward that end, OW-16 fuel-saving engine o0il”
was put on the market. In addition, SAE 12 and SAE 8
were established in the SAE J300 viscosity classification
standard in 2015 as low viscosity grades having viscosity
even lower than that of the existing SAE 16 grade.?
Meanwhile, because SAE 12 and SAE 8 did not have any
official quality standards, a standardization study was
launched at the behest of Japanese vehicle manufacturers,
and JASO GLV-1® was established by the Japanese
Automotive Standards Organization in 2019 as a standard

*#EHfT B, Materials Engineering Department ™ T2 Y > & K54 7 L A »HifiBiZ8%E, Engine and Drivetrain Engineering
Department **#RRX&HHEAF — b€—F 1 75~ / 1Y — /Nissan Automotive Technology Co., Ltd. *** 5 MM T3k &t

/" Aichi Machine Industry Co., Ltd.
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for lubrication oils used in gasoline automotive engines.

Prior to that, Nissan undertook a study of the 0OW-8
low viscosity, fuel-saving engine oil discussed here. The
following can be cited as issues caused by lowering the
engine oil viscosity: (1) lowering the base oil viscosity
worsens volatility and increases oil consumption, and
(2) wear increases accompanying greater contact at
sliding surfaces due to a thinner oil film. Therefore,
in consideration of compliance with the JASO GLV-1
standard, the adoption of a gas-to-liquid (GTL) base 0il??
having low volatility was examined to address the first
issue and suppress oil consumption while still lowering
viscosity. For the second issue, optimization of the base oil
viscosity was examined along with investigating friction
reduction and anti-wear improvement by making effective
use of the molybdenum dithiocarbamate (MoDTC) friction
modifier.

2. Study of Base Oil

Although reducing engine oil viscosity is necessary
for improving fuel economy, with a formulation that
continues the same viscosity index as the current 0W-16
oil, the base oil viscosity has to be reduced to obtain a
lower level of viscosity. In that case, volatility would
greatly exceed the 15% limit required at 250°C in the
NOACK volatility test, which is the oil evaporation loss
standard of the API SN and JASO GLV-1 specifications. For
that reason, the application of a GTL base oil having low
volatility was examined along with studying optimization
of the viscosity formulation.

Nissan’s MR20DD engine was used to conduct
motoring tests on the OW-8 oil in order to evaluate fuel
efficiency as an estimated value under the worldwide
harmonized light-duty vehicles test cycle (WLTC). Two
types of base oil were examined. One was the conventional
base oil and the other was the GTL base oil, both of which
had the same viscosity modifier (VM) and additive
package. The volatility level of the 0W-8 oil was adjusted
on the basis of the base oil viscosity and the amount of VM
additive. The relationship between volatility and fuel
efficiency is shown in Fig. 1.

A comparison based on the conventional base oil
and the GTL base oil shows that the volatility of the OW-8
oil with the latter base oil was reduced by half while
showing the same rate of improvement in fuel efficiency
as the OW-8 oil with the former base oil. Presumably, that
is because the molecular weight distribution of the GTL
base oil components was narrower and it contained fewer
low molecular weight components that evaporated easily.

Figure 1 also indicates there is a trade-off between
volatility and fuel-saving performance. This suggested
that in an effort to improve fuel economy by lowering the
viscosity of the lubrication oil, the use of the GTL base oil
would reduce volatility and thereby suppress deterioration
of oil consumption while at the same time improving fuel
efficiency.
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Table 1 Qil properties for oil film thickness measurement

GTL base oil SN/GF-5
0OW-8 0W-20
VM additive Reduced Standard
.. Package A
Additive package +MoDTC &
Kinematic viscosity | 100 °C 5.0 7.8
[mm?/s] 40°C 23.6 32.4
HTHS 150 °C [mPa-s] 1.7 2.6
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Fig. 2 Results of oil film thickness measurement

3. Study of Anti-wear Performance

3.1 Study of wear prevention by securing oil film
thickness

In connection with reducing engine oil viscosity,
there was concern about the silent chain used in the valve
train. It was assumed that the base oil viscosity is
dominant? in securing the oil film thickness at the sliding
surfaces of the pins and plates where wear occurs and that
the influence of the VM is small due to oscillation in the
region of mixed and boundary lubrication. Based on this
assumption, the oil film thickness of the OW-8 oil and an
0W-20 viscosity grade oil having nearly the same base oil
viscosity at 100°C was measured to verify the anti-wear
performance of the OW-8 oil with respect to the silent
chain. Table 1 lists the properties of the oils used in the
measurement. The EDH2 ultra-thin film measurement
system made by PCS Instruments was used to measure
the oil film thickness. Measurements were made under
aload of 5 N and an oil temperature of 140°C where the
oil film becomes thin, creating a severe condition for wear
in the high temperature region. Figure 2 presents the
measured oil film thickness results. In the sliding velocity
region below 0.5 m/s, the oil film thickness of the OW-8
oil was equal to that of the OW-20 oil. Its anti-wear
performance is presumed to be equal to that of the latter
oil.

3.2 Silent chain wear test
A silent chain wear test was conducted by mixing

carbon black in the engine oils used in the measurements
B R R R

x®-2 YALYFI—VEFARICER LT A ILOMIR
Table 2 Oil properties for silent chain wear test

GTL base oil | SN/GF-5 SM/GF-4
0OW-8 0OW-20 5W-30
. Package A
Additive package +MoDTC — Package B
Kinematic viscosity | 100 °C 5.0 7.8 10.1
[mm?/s] 40°c| 236 32.4 57.4
HTHS 150 °C [mPa-s] 1.7 2.6 2.9
100 100
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Fig. 3 Results of silent chain wear test
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Fig. 4 Results of the SRV wear test
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described in preceding subsection. The test equipment
allowed the distance between two shafts to be adjusted
and a sprocket was attached to each shaft; the chain could
be rotated at arbitrary levels of tension, temperature and
speed. Wear evaluations were made under operating
conditions of high chain tension and high oil temperature.
The oils used were an 0W-20 oil, the OW-8 oil having the
same base oil and additive package and VM-adjusted
viscosity, and an API SM/ILSAC GF-4 5W-30 oil without
any MoDTC additive and with a record of real-world use in
an engine equipped with the silent chain. The properties of
each engine oil are listed in Table 2. The wear test results
are shown in Fig. 3. The chain elongation rate for the
0W-8 oil was equal to that seen for the OW-20 oil, but it was
50% less than that for the 5W-30 oil. The reasons for
this reduction can probably be attributed to differences in the
additive packages and the formation of a molybdenum
trioxide (MoOs) film? originating from the MoDTC friction
modifier.

3.3 Wear test using deteriorated oil

Used OW-8 oil that had deteriorated during vehicle
operation was collected and used in conducting an SRV
(vibration friction and wear) test to confirm the influence
on anti-wear performance of the reduced MoDTC content
due to deterioration. The test was conducted under
conditions that simulated the silent chain wear test.
Figure 4 shows the results of the SRV wear test. Friction
T e e e g
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Table 3 Oil properties for motoring fuel efficiency test

GTL base oil SN
0W-8 0W-16

- Package A Package C
Additive package +MoDTC +MoDTC
Kinematic viscosity | 100 °C 5.0 6.2

2
[mms] 40°C 23.6 27.2
HTHS 150 °C [mPa-s] 1.7 2.3
NOACK [mass%] | 250°C] 117 135
o 2.5
o
n
E
QJO_\D’ 2.0 -0-0W-8 80°C
- ~-0W-16 80°C
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Fig.5 Results for torque improvement rate in
motoring fuel economy test
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Fuel efficiency improvement under WLTC mode

increased due to oil deterioration, but there was no rapid
increase in wear. The results indicate that the wear level
after 10,000 km of driving was equal to that seen for the
fresh oil.

4. Confirmation of Fuel-saving Effect

Table 3 shows the properties of the 0OW-8 oil and
API SN 0W-16 oil that were examined and evaluated.
Figure 5 presents the results of motoring tests that were
conducted to calculate the fuel efficiency improvement
obtained under the WLTC mode (Japan’s domestic
version) using Nissan’s MR20DD gasoline engine. At an
engine speed of 650 rpm, there was no difference in the
torque levels, but torque decreased as the engine speed
rose. This presumably indicates that torque was improved
by the reduction of churning resistance due to the reduced
oil viscosity.

Based on the reduced torque values, the effect on
improving fuel efficiency® under the WLTC mode was
calculated and the results are shown in Fig. 6. The OW-8 oil
that satisfies the issue of the NOACK test requirement for
volatility of no more than 15% at 250°C can be expected to
improve fuel efficiency by 0.57% over the API SN OW-16 oil.

5. Conclusion

The 0W-8 fuel-saving engine oil provides anti-wear
performance equal to that of the current oil while satisfying
the volatility standard of the JASO GLV-1 specification
that requires volatility of no more than 15% in the NOACK
test at 250°C. That was accomplished by adopting the
GTL base oil while lowering the viscosity in line with the
formulation study described here.

This OW-8 fuel-saving oil showed a fuel efficiency
improvement effect of 0.57% under the WLTC mode
compared with the API SN 0W-16 oil when measured
by the motoring fuel efficiency test procedure specified
in JASO M 365. It has been adopted beginning with the
new Dayz.
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Japanese mini-vehicles are based on a unique standard, but customers’ requirements for
environmental friendliness and economy are at high levels among Japanese competitors. We developed
a new powertrain specifically for Japanese mini-vehicles for the first time. This article describes this new
powertrain, its key breakthrough technologies and how downsizing, weight reductions, quietness and
drivability have been achieved and demonstrated.

Summary

Key words : Power Unit, Power Transmission, gasoline engine, continuously variable

transmission (CVT), mechanism
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1. Introduction

Japanese mini-vehicles are required to provide
high levels of environmental performance and economy
while being based on unique specifications. There are
needs for further technological innovation, such as
measures for providing roomy comfort in a limited interior
space, attainment of both power performance and fuel
economy with an engine displacement of 660 cc, and
provision of advanced technologies for driver assistance. In
addition, mini-vehicles are key products supporting Japan’s
automotive industry, with a market share accounting for
approximately 40% of domestic new car sales.

To meet these requirements and fulfill this role,
Nissan developed its first-ever powertrain specifically for
use on mini-vehicles. This new powertrain provides high
power performance, low noise, vibration and harshness
(NVH) and excellent fuel economy in a downsized,
lightweight package. This article outlines the new
powertrain and describes the performance levels it
achieves.

2. Development Concepts

2.1 Development concept of new mini-vehicle
model
In developing the new generation of the Dayz mini-

)N — kLAY -EVZOY 2 M Powertrain and EV Project Department “*#AX &St HEF— N E—TF 1 7727 /0y —/
Nissan Automotive Technology Co., Ltd ** =22 > & FF A4 7 L A »$fliBA%EE. Engine and Drivetrain Engineering Department
)8 — b LA~ - EVIERERIZEER, Powertrain and EV Performance Engineering Department
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Fig.1 Appearance of new powertrain
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vehicle, the aim was to meet all of customers’ expectations
at the highest possible levels within the severe restrictions
imposed by the mini-vehicle standard. Specifically, the
following five aspects were improved over the previous
model.
(1) Attainment of greater interior roominess
(2) Improvement of acceleration performance
(3) Improvement of quietness
(4) Improvement of fuel economy
(5) Provision of advanced safety features

The platform was completely reformed as one
of the major efforts to make the development concept of
the new Dayz a reality. Figure 1 shows the new engine,
continuously variable transmission (CVT) and S-HYBRID
system that were adopted for the new powertrain.

2.2 Development concept of a mini-vehicle
powertrain

The development aim set for the mini-vehicle
powertrain was to improve the performance attributes
noted below by installing technologies?® accumulated
to date through the development of engines and CVTs
for registered vehicles. That was intended to achieve
the development concept defined for the new Dayz while
complying with the unique Japanese mini-vehicle standard.

(1) To embody all the installation conditions required of
the new Dayz by executing a dedicated mini-vehicle
design to downsize and lighten the vehicle.

(2) To improve acceleration performance by enhancing
engine power, selecting optimal gear ratios and improving
the hydrodynamic performance of the torque converter.

(3) To achieve quietness on a par with small registered
vehicles by increasing the overall stiffness of the
powertrain and to obtain pure, clear engine sound
quality with linearity to the high speed range and
without any low speed groaning.

(4) To reduce the mechanical friction of the new engine
and new CVT and to improve fuel economy through
collaborative control with the SHYBRID system.

3. Structure and Main Specifications

The constituent parts of the new powertrain were
designed specifically for a mini-vehicle, enabling size
and weight reductions while obtaining the performance
demanded of mini-vehicles.

(1) Engine

The main specifications of the engine are
listed in Table 1 and its appearance is shown in Fig. 2. A
naturally aspirated (NA) version and a turbocharged (TC)
version of the engine were prepared for the new Dayz. The
fundamental qualities of the engine, including thermal
efficiency, pumping loss and mechanical friction loss, were
thoroughly improved in order to balance higher power
performance and fuel economy with lower exhaust
emissions. Among the measures adopted for that purpose
were a long stroke specification (SD ratio = 1.14:1), higher
compression ratio (12.0:1), various measures to reduce
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Table 1 NA/turbocharged engine specifications

Naturally aspirated| Turbocharged

Engine type Inline 3
Displacement [cc] 659
Bore x stroke [mm] D62.7x 71.2
Compression ratio 12.0:1 9.2:11
Max. power [kW/rpm] 38 /6400 47/ 5600
Max. torque [Nm/rpm] 60/ 3600 100 / 2400-4000
Emission level 2018 e vricvr 2018 Yevr e

WLTP WLTP
Fuel supply system Port injection
EGR system Cooled type | None
CVTC system Intake

M-2 FBIIVONER
Fig.2 Appearance of new engine

mechanical friction, a dual injector system and a cooled
exhaust gas recirculation (EGR) system with a water-
cooled 4-layer core.”

@ cvr

The main specifications of the new CVT are
listed in Table 2 and its appearance is shown in Fig. 3.
The constituent parts of the new CVT were designed
specifically for a mini-vehicle, making it possible to reduce
their size and weight. Compared with the CVT mounted
on the previous model, the configuration adopted does not
have an auxiliary transmission. In this regard, the ratio
coverage was designed to match the way in which mini-
vehicles are driven so as to deliver high levels of fuel
economy and power performance without changing the
center distance between the pulley shafts from that of the
previous CVT.

The hydrodynamic performance of the torque
converter was also reviewed and the torque capacity,
torque ratio and turbine characteristics were improved for
the purpose of enhancing launch acceleration performance
and NVH performance.®?

(3) SHYBRID system (12-volt mild hybrid system)

The main specifications of the motor and battery
are listed in Table 3. The auxiliary battery of the new
S-HYBRID system has been changed to a lithium-ion
battery from the lead-acid battery of the SSHYBRID system
used on the Serena.!” This change increases the energy

D L g

R-2 B CVT Dtk
Table 2 CVT specifications

Ttem Previous New
Torque capacity 150 Nm 100 Nm
Auxiliary transmission With Without
Stall torque ratio (NA) 2.13 2.26
Ratio coverage 7.3 6.0
Pulley ratio 2.2-0.550 2.411-0.404
Gear Pulley ratio coverage 4.0 6.0
. _|Final gear ratio 4.575 6.540
s _ [Low 1.821
Auxiliary transmission High 1.000 1.000
Reverse 1.714 0.952
Weight (wet, for NA 2WD) 65.0 kg 60.8 kg

X-3 FE CVT ONER
Fig.3 Appearance of new CVT
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Table 3 S-HYBRID system specifications

Motor |Type AC synchronous motor
Max. power [kW/rpm] 2.0/1200
Max. torque [N+m/rpml] 40/100
Weight [kg] 6.74
Battery [Type Li-ion
Voltage [V] 12
Capacity [Ah] 10
Weight [kg] 4.62
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regeneration capacity and expands the engine assist range.
The new system is thus lighter and smaller for use on the
Dayz mini-vehicle, which contributes to improving fuel
economy.

4. Technologies for Improving Vehicle Performance

This section describes the principal technologies
adopted for the powertrain to achieve the development
concept of the new Dayz and outlines the resulting vehicle
performance improvements.

4.1 Compatibility with installation conditions of the
new Dayz

As shown in Fig. 4, the front overhang was
shortened by 65 mm to enlarge the cabin length over that
of the previous model in order to obtain a roomier interior
within the mini-vehicle standard. Meanwhile, the height
of the hood remains the same. As shown in Fig. 5, an add-
on member was added to the engine compartment for
absorbing impact energy to improve collision safety
performance. With the adoption of the SHYBRID system,
the motor and other parts are positioned on the engine
side mount. The new powertrain had to be mounted
within the limited space allowed in the longitudinal,
vertical and lateral directions.

Developing the new powertrain specifically for
mini-vehicles allowed the shapes of constituent parts to
be downsized. In addition, the vehicle platform was newly
developed and the development environment enabled
activities to be carried out simultaneously in parallel.
That allowed trade-offs to be resolved quickly and made it
easy to achieve optimal solutions for the entire vehicle.
Accordingly, the overall optimal package was pursued
from both vehicle and powertrain approaches, making it
possible to meet the vehicle installation conditions.

A major issue that occurs when the engine
compartment is shortened is that it worsens the thermal
environment inside the compartment with respect to
cooling performance. Therefore, the coolant flow passages
of the new powertrain were improved in this project. In
addition, computational fluid dynamics (CFD) software
was used to simulate the optimum air flow so that wind
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Fig. 4 Enlarged interior Fig. 5 Collision safety
roominess performance
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produced by vehicle movement would flow efficiently
around the powertrain in order to improve the thermal
environment in the engine compartment during vehicle
operation. The results were then reflected in part shapes.
Thanks to the foregoing measures, the temperature that
occurs in each part in the engine compartment is kept
below the allowable temperature level and sufficient
cooling performance is thus assured.

4.2 Technologies for improving power performance
(1) Improvement of acceleration performance

Figure 6 shows the acceleration (G) curve of the
newly developed model equipped with the NA engine in
comparison with that of the previous model. The NA
engine-equipped model improves acceleration response
when the accelerator pedal is depressed and also the G
peak. It also sustains a high G level during acceleration,
thereby providing powerful acceleration performance.

The NA engine improves torque over the entire
engine speed range. In the low to medium speed range of
1000-5000 rpm in particular, the NA engine improves
torque by 6 Nm (12%) on average while the TC engine
improves torque by 8 Nm (9%) on average over the
previous engine.

The gear ratios of the CVT were optimized and
the hydrodynamic performance of the torque converter
was improved. Low gear ratios were determined to obtain
the desired acceleration G from the vehicle specifications
and engine output. Figure 7 shows the hydrodynamic
performance of the torque converter that contributes to
standing-start acceleration performance. Specifications
were adopted that improve the torque ratio and torque
capacity coefficient.

(2) Improvement of driveability

Driveability of the Dayz mini-vehicle was
constructed by using the shift design technology
accumulated for registered vehicles, taking into account
the restricted output standard of mini-vehicles. As shown
in Fig. 8, in low throttle situations such as when driving
in town, the shift lines are designed to deliver quiet,
smooth, fuel-efficient operation; the vehicle speed rises

R g e e =

D-Step shift
change

(high throttle
region)

Smooth shift
change
(low throttle
region)

Engine speed

Vehicle speed

K-8 D-STEP Z&EDHE
Fig. 8 D-Step shift schedule
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while the increase in engine speed is suppressed, thanks
to the improved engine output and the CVT’s intrinsic
seamless shifting. In contrast, in high throttle situations
where the driver strongly desires to accelerate such as
after passing through an electronic toll collection (ETC)
gate on an expressway or when merging with through
traffic, the CVT shifts in a step-like manner as if it had
gears. Dynamic Step (D-Step) shift control?® was adopted
to shift the CVT so that the engine speed and vehicle speed
rise in unison. As shown in Fig. 9, this enables drivers to
enjoy an exhilarating driving feeling in which the engine
sound changes in a pleasing, rhythmical manner as the
vehicle accelerates. In addition, the engine speed does not
remain constant in the high vehicle speed range, which
contributes to reducing the interior noise level.

In adopting D-Step control on a mini-vehicle, there
was concern that the driveability originally desired might
not be obtained because of a contradiction due to the
restricted engine output of mini-vehicles. In situations
where an uphill grade, a heavy vehicle weight and a high
auxiliary load overlap, a feeling of engine hesitation might
occur with a momentary decline in acceleration right after
a step-like shift.

Therefore, a control procedure was developed
whereby D-Step control is not performed in situations
where a feeling of sluggish acceleration might occur owing
to insufficient driving force immediately after an upshift
executed by D-Step. This control procedure monitors
the vehicle’s operating state and calculates the vehicle’s
acceleration G, i.e., it predicts the acceleration G available
after an upshift performed by D-Step. If the predicted
acceleration G is below a certain reference value, it judges
that an upshift by D-Step is impossible and controls the
CVT so as to continue step-less shifting. This control
procedure for judging and controlling whether D-Step can
be actuated or not makes it possible to obtain a feeling of
smooth driving performance in a wide variety of situations.

4.3 Improvement of NVH performance

As shown in Fig. 10, the new model achieves a
noise level during acceleration equal to that of a small
registered vehicle. Technologies for improving the sound
quality were adopted for the new engine to provide a pure,
clear engine sound.

I e e e e e g

Engine noise [dB]

Mo

Previous model New model Compact car A

®-10 MREOIVIV/AX
Fig. 10 Quietness performance during acceleration
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Fig. 12 Effect of improving natural bending frequency

(1) Reduction of powerplant vibration
Coupling stiffness between the engine and the CVT
was markedly improved to reduce mount vibration induced
by powerplant resonance that affects the noise level. Engine
vibration and noise were also reduced by increasing the
stiffness of the parts composing the main moving structures
of the engine. The following five technical measures were
adopted for the newly developed powertrain (Fig. 11).
(a) Reduction of changes in cross-sectional stiffness of the
engine and CVT
(b) Optimized positioning of the bolts connecting the
engine and CVT
(c) Addition of a stiffness member connecting the engine
cylinder head and the transmission case
(d) Crankshaft design optimization
(e) Lightweight, high-stiffness design of engine structural
parts
The adoption of measures (a), (b) and (c) raised
the natural bending frequency by 1.5 times over that of
the existing powerplant with the previous technologies.
As a result, the mount vibration level was substantially
reduced as shown in Fig. 12. On the other hand, increasing
the coupling stiffness of the engine and CVT gives rise to
a conflicting issue of an increase in mass. For that reason,
a simulation was conducted of the powerplant’s natural
bending frequency when measures (a), (b) and (c) noted
above were incorporated. The stiffness of the upper portion
of the engine-CVT interface, which contributes greatly to
improving the natural bending frequency, was increased,
whereas the weight of the lower portion of the interface
that makes a small contribution was reduced. In this way,
the optimal shape was obtained that both increases the
stiffness and reduces the weight. The addition of a stiffness
member as measure (c) above also functions to secure the
piping and TC engine parts, thereby serving to reduce the
parts count and the mass. The adoption of the structures
described here enabled a mass reduction of 1.5 kg from
that for the previous technologies while also reducing the
mount vibration level.
In addition, as shown in Fig. 13, adoption of a
forged crankshaft and optimization of the crank web shape
as measure (d) reduced NVH and friction as a result of

COCOCOOPOCOOOOPOCOOPOCOOFOCOCOOCOCOO

Crank deformation (NVH)

A
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Friction=Thinning
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Fig. 13 Optimization of crankshaft shape
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thinning the crankshaft while also reducing the weight at
the same time.

As shown in Fig. 14, the engine structure was
changed from a stiffness design based on the plate thickness
and ribs to one with high weight efficiency by adopting
cone and curved shapes. As a result, measure (e) achieved
both NVH performance and a weight reduction.

(2) Improvement of engine sound quality

A system of acoustically tuned, equal-length intake
manifold runners was adopted to achieve pure, clear engine
sound quality. By making all the intake manifold runners
the same length, clear sound quality was obtained that
emphasizes the engine’s keynote sound and harmonics, as
shown in Fig. 15.

4.4 Technologies for improving fuel economy

Tables 4 and 5 respectively show the fuel economy
achieved by the new model equipped with the NA engine
and the TC engine in comparison with the corresponding
versions of the previous model under Japan’s JC08 test
mode. Fuel economy has been markedly improved over
the previous model. The fuel economy standard set for
fiscal 2020 has been achieved along with a substantial
improvement in practical fuel economy under the typical
conditions of real-world driving.”
(1) Engine

The new engine improves the best fuel
consumption rate, expands the region of an excellent
fuel consumption rate and reduces mechanical friction.
The details of the technologies adopted in this regard are
explained in a subsequent article entitled “Brand-new
Small Gasoline Engine for a New Mini-vehicle.”
@ cvr

Mechanical friction under steady-state operation
was reduced and the control procedure during transient
operation was also improved. As a result, the ability to
trace the targeted gear ratio was improved so that the
engine can operate in a speed range of good efficiency.
Measures taken to reduce mechanical losses include the
application of ball bearings for supporting the pulleys and
gear shafts, optimization of the pressure receiving area
and pressure settings of the pulley system, and adoption
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F-4 NAETILOBRELE (JCO8)
Table 4 Comparison of fuel economy (NA engine)

Grade Previous model New model
2WD | NA 25.8 km/L 29.8 km/L

FY 2020 fuel economy standard + 20%: 29.4 km/1

x-5 TCETIODORELE (JCO8)
Table 5 Comparison of fuel economy (TC engine)

New model
25.2 km/L

Grade Previous model
2WD| TC 23.2 km/L

FY 2020 fuel economy standard: 23.7 km/1
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of a high-efficiency belt. In addition, churning resistance

was reduced by optimizing the interior structure of the

case, baffle plate position and the strainer suction port

and by designing the optimal fluid level.?

(3) Fuel economy improvement obtained with SSHYBRID
system

The auxiliary battery of this system was changed
to a lithium-ion battery, which increases the energy
regeneration capacity by approximately twofold over that
of the lead-acid battery of the system used on the Serena.
This makes it possible to regenerate electrical power
without wasting any Kinetic energy. As a result, in addition
to reducing the power generation load, it also increases
the amount of electrical power that can be provided for
engine assist. The assist time has been extended by
approximately tenfold over the previous system. The
increased regeneration capacity and expanded engine
assist have the effect of reducing the amount of fuel
consumed.

There was concern that an excessive increase in
the regeneration capacity would complicate operation of
the accelerator pedal and brake pedal, causing practical
fuel economy to worsen. Therefore, a model that reflected
customers’ actual driving patterns was used to conduct
simulations in order to set the regeneration capacity so
as to allow natural vehicle deceleration and reduce the
frequency of depressing the brake pedal.

(4) Engine-CVT matching procedures

Many procedures were adopted for collaborative
control of the engine and CVT for improving fuel economy.
This section describes the full start-stop coasting (Full
S-SC) control that was adopted for the first time.

As shown in Fig. 16, Full S-SC control suspends
fuel injection to the engine during deceleration in
situations where a vehicle is decelerated by braking to a
complete stop. This control shuts off the engine without
resuming fuel injection when the vehicle decelerates to
a certain specified speed. This new control system is
featured on the new Dayz.

The following are the details of technical issues
that had to be addressed in order to adopt this control
system.

(a) Variator shift speed for returning to low gear side when
activating Full S-SC control

The new CVT is not fitted with an electric oil pump
from the standpoint of size and weight reductions, so the
only power source for producing CVT pressure is the
engine output. Suspending engine output stops the supply
of pressure inside the CVT, thus stopping the shifting
action of the variator. Consequently, if Full S-SC control is
actuated in a condition where the variator gear ratio has
not fully returned to the low gear side, the vehicle must be
re-accelerated in a state with the variator gear ratio on
the high gear side. There was concern that the resulting
driving force would not be sufficient for accelerating the
vehicle. To resolve that contradiction, consider that an
attempt is made to shift the variator quickly to the low gear
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side before Full S-SC control is actuated. This would result
in a driveability issue by causing a G change (pull-down
feeling) that would make occupants’ bodies fall forward
during deceleration.

Therefore, the discharge rate of the CVT oil pump,
shift lines and variator pressure specifications were
determined so as to achieve an optimum balance among
power performance, driveability and fuel economy. On
that basis, upper limits were defined for the actuation
conditions of Full S-SC with respect to the variator gear
ratio and the shift speed for returning to the low gear side
before the engine is shut off.

(b) Collaboration for restarting the engine from start-stop
or coasting start-stop states

Smooth, shock-free acceleration performance with
little time lag is required when re-accelerating from a start-
stop or a start-stop coasting state. The forward clutch of
the new CVT is disengaged while the engine is shut off.
Accordingly, at the time of re-acceleration the forward
clutch must be engaged quickly and without any shock in
order to transmit driving force.

On the other hand, engine speed flare is apt to
occur when the engine is restarted with the forward clutch
disengaged. In the case of large engine speed flare, a
certain amount of time is needed to synchronize the
rotational speeds and engage the CVT forward clutch.
Consequently, the time lag until vehicle launch becomes
longer. In order to shorten the speed synchronization
time, engine speed flare must be suppressed when the
engine is restarted. However, excessive suppression would
detract from the extra driving force needed to launch the
vehicle. Therefore, it was necessary to optimize the engine
speed profile at the time of restart in order to obtain an
acceptable time lag and minimal shock for vehicle launch.

In order to resolve these issues, a procedure
for collaboration between the engine and the CVT was
incorporated in the CVT control system. With this control
procedure, the engaged or disengaged state of the forward
clutch is detected by a rotation sensor. If the forward
clutch is disengaged, ignition timing retard control is
activated to suppress excessive engine speed flare.

Moreover, measures were applied to the CVT itself
to quicken the rise of the CVT pressure at the time the
engine is restarted. For the purpose of preventing leakage
in the pulley pressure chambers, a D-ring was adopted as
the sealing ring for the primary pulley pressure chamber
and a low-leakage type of seal was adopted for the secondary
pulley pressure chamber. A flapper valve is positioned in
the hydraulic circuit between the control valve and the
case. These measures enable the CVT pressure to rise
faster.y

As a result of adopting the measures described
here, the time lag for re-acceleration from a start-stop or
a start-stop coasting state was shortened by 0.15 s from
that of the previous model. A smooth launch feeling was
also achieved.
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5. Conclusion

In addition to adopting the technologies
accumulated to date in developing powertrain systems for
registered vehicles, the following technologies were newly
developed specifically for this mini-vehicle powertrain to
improve vehicle performance.

(1) Mountability and weight reduction

Downsizing the engine and the CVT enabled the
engine compartment to be shortened for creating a roomier
cabin and it also contributed to improving collision safety.
Downsizing also had the effect of reducing the powertrain
weight by 5 kg compared with that of the previous powertrain.
(2) Power performance

The new engine improves torque over the entire
engine speed range compared with the previous engine,
and the gear ratios of the CVT were selected to match the
vehicle and engine characteristics. As a result, powerful
acceleration performance is achieved in response to
depression of the accelerator pedal. Both the G rise curve
and G peak have been improved and a high G level is also
sustained during acceleration.

D-Step shift control has been adopted for the
first time on a mini-vehicle to enable drivers to enjoy
an exhilarating driving feeling with the engine sound
changing in a pleasing rhythmical manner as the vehicle
accelerates.

(3) NVH performance

The natural bending frequency of the powerplant
was improved and mount vibration was suppressed to
achieve a noise level during acceleration on a par with
that of small registered vehicles. That was accomplished
by increasing the stiffness of the engine proper and also
by improving the coupling stiffness between the engine
and the CVT while simultaneously reducing the weight
of the interface. In addition, measures were adopted for
improving the sound quality of the engine to obtain a pure,
clear engine sound.

(4) Fuel economy

Friction of both the engine and the CVT was
reduced and procedures were adopted for collaborative
control of the engine, CVT and S-HYBRID system. As
a result, the new powertrain enhances practical fuel
economy over that of the previous powertrain, contributing
to an improvement in fuel economy of approximately 15%
under Japan’s JCO08 test mode.

Finally, the authors would like to sincerely thank
many people at Aichi Machine Industry Co., Ltd. and
JATCO Ltd for their invaluable cooperation with the
development of this new mini-vehicle powertrain.
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Brand-new Small Gasoline Engine for a New Mini-vehicle

PG e xoB AT oo R moE &2 —
Hiroshi Isaji Nobuto Morishima Toshiya Arai Kenichi Sakuraba
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Summary Mini-vehicles are a unique vehicle segment in the Japanese market designed to meet
specific customer requirements for high environmental standards and competitive cost. Nissan
developed a new 660cc gasoline engine to meet these specifications, based on modular development of
an Alliance engine series. The initial focus was to develop the basic construction of the engine by
optimizing the small bore-long stroke, intake and exhaust ports and combustion chamber shape to
achieve high performance levels. To attain higher power, better fuel efficiency and low exhaust
emissions, we combined a dual injector system and a cooled EGR system. This article details the
development of this new engine, including the key breakthrough technologies adopted to achieve high
power, good fuel economy and low exhaust emissions.

Key words : Power Unit, heat engine, spark ignition engine, turbocharger, dual injection

1.l U & [C 1. Introduction
At Nissan, we drew upon the know-how gained in
M- bHERBHIE, SfEHT Y Y VD Ty developing engines for registered vehicles to develop a
ZRED A, HiEE L THOTCRSEEITo 2B ABHE O new gasoline engine specifically for use on the first mini-
HI) Ly T v RBS L. COFHNIY Y iE. 10L vehicle that was developed in-house. This new engine was

completely designed anew as a dedicated mini-vehicle
engine, while also inheriting the basic framework of

T ERETDEHFHEAT Y DY) — AOERGH % B

HE 3 % B A 2 /S B L=
RLADS S, BABEGH LYy & L CeaiilaEt a registered vehicle engine series that has an upper
ATV, By UMERE L ERRE R R L L, 208 displacement limit of 1.0L. That was done to improve
X 0)1&2)52 % = 7‘:0 Zliﬁﬁ'}/c‘\ Li\ % 0)?£ﬂ—‘f|*]7§ L: DU T;‘%E B e e e e e e e e e e e g
5 %o %-1 NA/Turbocharger TV I 1§
Table 1 NA/turbocharged engine specifications
2. TVIVRFEDIAEL Naturally aspirated| Turbocharged
Engine type Inline 3
N . ~ . Displacement [cc] 659
LYV OEEHITERLL, SMBRERLIORNS . B Bore x stroke [mm] D62.7x 71.2
PEre & PR kR B BRI T 2R 2 HIRTT TN T A Compression ratio 12.0:1 9.2:1
N B . Max. power [kW/rpm] 38 /6400 47/ 5600
SRz, B, KB TUAL AN=ANT ) Max. torque [Nm/rpm]| 60 / 3600 100 / 2400-4000
VY3 Y UAREDLY VY OFAOUEARENI > [Emission level POI T | 2018
oo DI, By 7 AMua—21b (SDH114), &I Fuel supply system Port injection
SHAL (120). &HOAH=ANTY 7 2 ALKT 4 7 EGR system Cooled type | None
CVTC system Intake

BRRESHHEAS— N E—7F 1 77~ /1Y — Nissan Automotive Technology Co., Ltd ** 5= 5k T30k 44t~ Aichi Machine
Industry Co., Ltd.
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power performance and practical fuel economy and also
to reduce exhaust emissions. This article describes the
technical details of the new engine.

2. Engine Development Aim

The main specifications of the new engine are
given in Table 1, and its appearance is shown in Fig. 1.
Thorough improvements were made to the fundamental
qualities of the engine, including thermal efficiency,
pumping loss, mechanical friction loss and other aspects.
That was done to balance improved power performance
and fuel economy with reduced exhaust emissions at
the highest possible level. Among the technical features
adopted for that purpose are a long stroke specification
(bore/stroke (SD)) ratio = 1.14:1), a higher compression
ratio (12.0:1), various measures to reduce mechanical
friction, a dual injector system, and a cooled exhaust gas
recirculation (EGR) system with a water-cooled 4-layer
laminated core.

2.1 Improvement of engine power output
performance

Figures 2 and 3 show the torque and power output
curves of the naturally aspirated (NA) and turbocharged
(TC) versions of the new engine in comparison with those
of an existing engine, respectively. Torque has been
improved over the entire engine speed range. In the low to
medium speed range between 1000 and 5000 rpm in
particular, the NA engine improves torque by an average
of 6 Nm (12%) and the TC engine by an average of 8 Nm
(9%) over the existing engine.

2.2 Fuel economy improvement

Figures 4 and 5 map the brake specific fuel
consumption (BSFC) rate of the NA engine and the TC
engine, respectively. In addition to improving the best fuel
consumption rate itself, the region of an excellent fuel
consumption rate has been enlarged. As a result, under
Japan’s JC08 test mode, the NA engine contributes to a
9% improvement in fuel economy over the existing engine
and the TC engine to a 7% improvement.

3. Key Technical Features for Performance
improvement

Table 2 lists the main technical features adopted to
improve power performance and fuel economy as described
in the previous section and to reduce exhaust emissions.

3.1 Thermal efficiency improvement
3.1.1 Higher compression ratio

Increasing the compression ratio to improve thermal
efficiency would cause knock resistance to deteriorate.
Accordingly, some techniques for suppressing knock must
be adopted in tandem with a higher compression ratio in
order to improve performance in the high load region. For
this engine, a long stroke specification (SD ratio = 1.14:1),
stronger gas flow and a duel injector system, which will be
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explained later, were adopted to improve knock resistance.
Other measures adopted to improve knock resistance
included piston-cooling oil jets, cooling ribs with a heat
sink structure, and a top piston ring with higher thermal
conductivity. The combined effect on improving knock
resistance was equal to a crank angle of approximately
5 deg. A compression ratio of 12.0:1 was adopted for the
NA engine, the same as that of the existing engine. The
improved knock resistance thus works to increase engine
torque and to improve thermal efficiency in the high load
region.
3.1.2 Stronger gas flow

Strengthening the gas flow improves knock resistance
owing to the faster combustion velocity, enhances combustion
stability, and reduces pumping losses on account of a
higher EGR rate, among other effects that contribute to
improving engine torque and fuel economy. Retarding the
ignition timing to the allowable combustion limit is aimed
at reducing exhaust emissions by quickening catalyst light-
off as a result of raising the exhaust gas temperature at a
cold engine start. Because combustion stability is improved,
the ignition timing can be retarded further, which has a
larger effect on raising the catalyst temperature. To obtain
the maximum effects possible, the intake port was newly
designed to strengthen the gas flow in combination with
the long stroke. As a result, a high tumble ratio was attained
while maintaining the same level of air flow resistance as
that of the existing engine (Fig. 6).
3.1.3 Adoption of a dual injector system

The new engine features a duel injector system that
Nissan was the first in the world to apply to a mass-
produced engine.? Ordinarily, fueling systems use one
injector to supply fuel to one cylinder. This system uses
two injectors per cylinder for the purpose of improving
combustion (Fig. 7).
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Table 2 Main technical features

Performance Weight

Main technical feat: NA | T e
in technical features 'C FE Power/ . NVH |reduction

Torque

ECO motor (Sub-starter &

Stoprstart system |§eneramr system)
Long stroke O [e] [¢] O [¢]
Cylinder head
Oplinderhead | HEV D ERL

. inder head with integral
& cylinder lock e)fhaust manifold ¢
Increase stiffness using oil
pan & t;
Piston Oil jet
Ring: DLC coating
Ring: High thermal

o
o
o

o

Rear oil seal Teflon coating & light grip
Drive train Mirror finished crankshaft
Mirror finished cam lobe

e}

o|o

Valve train Cast hollow camshaft

Valve lifter with DLC coating

Beehive valve spring

Intake CVTC

0il OW-8 (Turbo: OW-16)

Dual fuel injector system

Plastic fuel tube

Ignition M10 spark plug

Intake Long branch & equal length
EGR system

EGR (intemyal / external)

ofo|o|o|ofofo| O

Lubrication

(o} (o] [} (o} (o] (o] [o] (o] (o] INe NN (o] (0]
ofofolo|o|ofolo|o] © |O|O

ol|ofolo|o

Fuel supply

o
o

olo|o|o

O
(e}

O [o|o|o|o|ofofo|o|ofofo]|o| © |O0]|0] O

[}
NA: Naturally aspirated
TC: Turbocharged
FE: Fuel economy
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The main specifications of the injector used in this
dual injector system are given in Table 3. The injector body
was made slimmer by reducing the static flow rate per
injector, with the result that the spray point can be brought
closer to the intake valve. This facilitates a wide-angle
spray and better spray atomization without increasing
the amount of fuel adhering to the intake port wall. The
injector was newly developed specifically for this engine as
a third-generation device for the dual injector system. The
injector is an 8-hole device that produces a highly dispersed
spray with an outstanding wall wetting characteristic (i.e.,
amount of fuel adhering to the port wall and combustion
chamber wall). A high spray dispersion concept was adopted
in contrast to the existing type that concentrated the fuel
spray around the intake valve in order to avoid spray
impingement on the port wall. This concept disperses
the fuel spray by introducing air into the spray from the
clearance directly below the injector nozzle (Figs. 8 and 9).
Previously, a thick fuel film occurred when the spray
impinged on the wall, but now a broad, thin fuel film forms
that also promotes better evaporation, which reduces the
area of wall flow (Figs. 10 and 11). The dual injector system
has various effects on improving the fundamental qualities
of the engine.

3.1.4 Adoption of a cooled EGR system

The NA engine is equipped with a cooled external
EGR system with a water-cooled 4-layer laminated core
(Fig. 12). Cooled EGR and the continuously variable valve
timing control (CVTC) adopted on the intake side facilitate
concurrent use of internal EGR. This reduces pumping
losses in the low load region and contributes to enhancing
thermal efficiency in the high load region by improving
knock resistance as a result of lowering the mixture
temperature by cooling the EGR gas. Figure 13 shows a
map of the external EGR rate for the NA engine. Based
on the known effects of the stronger gas flow and dual
injector system on improving combustion? as described
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Fig.7 Dual injector system
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Table 3 Injector specifications (TC engine)

st . d . d .
1% generation 2" generation 3" generation

Injector Number / cyl. 2 — —
Jet aperture number 18 10 8
Fuel pressure [kPal 350 — —
Jet form 1 direction — —
Fuel droplet diameter [pm] about 30 about 50 about 50
Static flow rate [cc] @300 kPa 157 119 100




BESEQIHBEAVU IV I ORFE

vy b (R= b OBRBEEANOBEMT EE) FFEICER
TR ERE A ER T L84l A TR Lz R— MBE
T~ DOWEFEEZE % BT 5 72012, WSV 7T 0 12y
IS B0tk a7 Mo L, BikEba 27 b
EL7ze ST, A T2y D Z)VIE T OWEE O
MOEREEALT, WEEHHSELa 02T THD
(B8, H9)o ZHUTE D, TERIFBEEEZERIC, E Wi
BEASFEE L T 72As, i EWEIRE & 7 D) 2858 O ARED ST
REL 72 0. BEEASAE AR L2 (K10, K1), 7=
TVAY Y228V AT A, TV Y OFEBEOIN I
e R E L7256 LT\ 5,
314 U—JVREGRY AT LDIEHA

NA TV IV I2id, KigdEfEEs 4 7027 — )V FEGR
(MMEBEGR) Y A7 2 %ML (M12). 7 —)v FEGR
ERAMNCERA L72CVTC (WENVTE A I 7ay b
O—)b) IZLBNEEGRA BT 2 2 & T, AT
BRYEY 70 A% R L. BAMIECTIXEGR 7 A D&
L 2 RERBEDETIAES T/ v v 7heE L.
BONROM FIZF 545, KISICEGRE Y v THRT,
Bk E COFT AR T 2T NA VP27 7 VAT L
DEEFHIDORRT B 5 IRBELBER LD 12X ), EGRIFJEL #i

R e e e e e e g

2nd generation 3rd generation

/ ? 4
L

y.
N 4
A
3 bad
X /‘J"’".‘L’s
A% ey

T

X-8 EZEIVET SOHE
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Fig. 9 High dispersion spray concept

above, EGR is applied over a wide engine speed range and
also at a maximum rate of 25% that is approximately
two times greater than that of the existing engine. The
EGR gas cooling effect is shown in Fig. 14. Thanks to the
adoption of a water-cooled 4-layer laminated core, the EGR
gas cooling effect is around 200°C in the high load and
high speed region where the EGR flow rate is large.

3.2 Reduction of mechanical friction

The main measures adopted for reducing
mechanical friction are shown in Fig. 15. A hydrogen-free
diamond-like carbon (DLC) surface treatment is applied
to the valve lifters and the top piston ring and oil ring.
Additionally, sliding parts like the camshaft and crankshaft
are machined to a mirror finish to improve their surface
roughness. Moreover, an ultra-low viscosity OW-8 engine
oil was newly developed and adopted for the NA engine,
while OW-16 oil is used in the TC engine. The adoption of
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Fig. 10 Results of wall flow simulation
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Fig. 11 Comparison of wall flow
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Fig. 12 Cooled EGR system (NA engine)
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these measures has reduced mechanical friction in the new
engine by approximately 20% compared with that of the
existing engine (Fig. 16).

3.3 Technologies for reducing exhaust emissions
Technologies for reducing exhaust emissions
without relying on catalyst performance were adopted to
comply with the further tightening of exhaust emissions
regulations. The main technology used for this purpose
is the dual injector system for improving fuel economy.
Reduction of wall flow due to better fuel atomization
and the reduced quantity of injected fuel contribute to
markedly suppressing hydrocarbon (HC) emissions at
a cold engine start (Fig. 17). In addition, the adoption of
a cylinder head with an integrated exhaust manifold
shortens the distance to the catalyst and reduces the heat
mass, which contributes to raising the catalyst temperature
faster for earlier catalyst light-off (Fig. 18). The adoption of
technologies incorporating these measures enables both
the NA engine and the TC engine to comply with Japan’s
latest emissions regulations enforced in 2018 for operation
under the worldwide harmonized light-duty vehicles test
cycle (WLTC). It will be noted that in the future the NA
engine is capable of reaching the 2018 — 75% level by
changing only the catalyst specifications (Fig. 19).

R e e e e e g

H-free Beehive
DLC lifter valve spring

Mirror finished
cam lobe

H-free DL.C
piston ring

Mirror finished
) crankshaft

Plastic impeller

(Water pump)

OW-8 oil (NA)

®-15 JUIYavIERT7 AT A
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Fig. 18 Cylinder head with integrated exhaust manifold

3.4 Technical measures for improving engine output

The technical measures adopted for improving engine
output are shown in Fig. 20. In addition to the improvement
of knock resistance, stronger gas flow and reduction of
mechanical friction, the intake manifold and intake duct
were tuned to increase the intake air volume, which also
contributes to improving engine performance.

3.5 Improvement of NVH performance

The new engine inherits the basic framework of the
existing engine for registered vehicles (Table 4), and the
stiffness of the powertrain, including the continuously
variable transmission (CVT), was further increased. That
improved the quietness of the engine, which is a major
noise source. In addition, the sound quality of the engine
was also improved by making the length of all the intake
ports isometric. At the vehicle level, sound-isolating and
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Target area for 2018-50% with
existing catalyst specifications

New engine @
=Cylinder head with integrated exhaust
manifold
*Dual injector

=Combustion improvement measures
Long stroke, Tumble flow port, etc.

-Retarded ignition timing
ete.

Exhaust gas temperature [C]

I 50°C ]
0.1g Existing engine
—>

Engine-out NMHC [g]

B-19 SHIEISOPHHAZXEINA TVIV WLTC E—R)
Fig. 19 Emissions (NA engine, WLTC cold start)
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Fig. 20 Torque improvement measures (NA engine)

x-4 YUVHF-TOvI. 95U+ T bOHEk
Table 4 Cylinder block and crankshaft specifications

Existing engine New engine
800 cc 1000 cc NA/TC
Displacement [cc] 799 998 659
Cylinder |Bore [mm] ©69 @71 ©62.7
block |Stroke [mm] 71.2 84.1 71.2
Bore pitch [mm] 78 — —
Counter weight 6 6 6
Pin diameter [mm] 035 ©38 035
Crank [———
<haft |[Pinwidth [mml] 22 20.7 19
Journal diameter [mm] 035 ©39 ©39
Journal width [mm] 22.0 20.9 20.9

NA: Naturally aspirated
TC: Turbocharged
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sound-absorbing materials are efficiently placed to achieve
quietness on a par with that of registered vehicles.

4. Conclusion

The NA and TC versions of the newly developed
engine incorporate the power performance, practical fuel
economy improvement and exhaust emission reduction
technologies that Nissan has developed to date for
registered vehicles. As a result, the new engine delivers
the performance demanded of a mini-vehicle engine.

(1) The NA engine improves fuel economy under Japan’s
JCO08 test mode by 9% over the existing engine and the
TC engine does the same by 7%, and torque has been
improved over the entire engine speed range. This
performance was achieved by improving thermal
efficiency, especially with the long stroke specification,
and by reducing mechanical friction.

(2) Thermal efficiency was improved principally by further
refining the dual injector system that Nissan was the
first to apply to a mass-produced engine in 2010. Also
contributing to this improvement are optimized parts
designs and various measures for improving knock
resistance, including a cooled EGR system with a water-
cooled 4-layer laminated core, piston-cooling oil jets,
cooling ribs with a heat sink structure, and a top piston
ring with higher thermal conductivity.

(3) Mechanical friction was reduced by newly developing
and adopting an ultra-low viscosity OW-8 engine oil for
the NA engine. That was combined with a hydrogen-
free DLC coating on the valve lifters and top piston
ring and oil ring. These and other measures work to
reduce friction by approximately 20% from the level
of the existing engine.

(4) Exhaust emissions were reduced by adopting the dual
injector system and a cylinder head with an integrated
exhaust manifold, which are two reduction technologies
that do not depend on catalyst performance. As a result,
both the NA and TC engines comply with Japan’s latest
exhaust emission regulations enforced in 2018 for
operation under the WLTC mode.

(5) Noise, vibration and harshness (NVH) performance
was secured by increasing the stiffness of the
powertrain to improve the quietness of the engine that
is a major noise source. In addition, the sound quality
of the engine was also improved to achieve vehicle
quietness on a par with that of registered vehicles.

Finally, the authors would like to sincerely thank
everyone involved inside and outside the company for
their valuable cooperation with the development and
commercialization of this new engine.
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Summary The all-new Dayz is in the kei mini-vehicle segment, the largest sector of the Japanese
car market. It is targeted at contributing to Nissan’s business in Japan as one of the company’s mainstay
models. This all-new 2nd-generation Dayz is the first Nissan mini-vehicle model to feature the
company’s ProPILOT driving technology. A new powertrain improves dynamic performance
significantly. In addition, as a result of a thorough review of automotive basics from scratch, the Dayz
also provides improved ease of use, including comfortable interior space and useful storage places.
This article presents a product overview of the new Dayz.

Key words : Automotive General, new car, Dayz
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1. Introduction

The first-generation Dayz was the first mini-vehicle
that Nissan was involved with from the product planning,
design and development stages, as epitomized by the
advertising slogan—*“a mini-vehicle embodying all
of Nissan’s know-how and technologies.” It provided
significant value as a tall wagon-type mini-vehicle, optimally
balanced with a combination of outstanding features
including a stylish design, high-quality interior, safety
protected by advanced technologies and excellent visibility.
As a result, the first-generation model recorded annual
sales in excess of 60,000 units, despite being Nissan’s first

B o o R e e o R e

M-1 #FETAX
Fig.1 All-new Dayz

* T A Product Planning Department
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Fig.2 Three pillars of Nissan Intelligent Mobility
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Fig. 3 V-motion shaped grille

full-fledged entry into the mini-vehicle market. The Dayz
has grown to be a brand that is never bested by other
specialized mini-vehicle brands.

The competitive environment surrounding mini-
vehicles in the Japanese market has seen increased demand
owing to continuous innovation, in addition to tax breaks.
This has included improvement of acceleration performance
and fuel economy with limited engine displacement as well
as the provision of advanced equipment features that are
still not commonly found on registered vehicles. Amid
stagnant market growth, the share of mini-vehicles among
domestic new car sales in 2018 reached nearly 40%.

In this regard, Nissan has been emphasizing the
development of attractive products for this largest segment
of the Japanese car market. This market segment demands
the exercise of further wisdom and ingenuity within severe
limitations, including provision comfort technologies in
the limited interior space, attainment of both acceleration
performance and practical fuel economy with a 660-cc
engine, and application of advanced technologies at a
reasonable price.

To meet these rigorous market requirements,
the all-new second-generation Dayz underwent a
thoroughgoing review of automotive basics from scratch,
and Nissan’s vaunted technologies were utilized to enhance
the car’s product appeal. The role expected of the new
Dayz as a core Nissan brand is to secure a wider range of
customers (Fig. 1).

2. Product Concept

The development concept defined for the new Dayz
was to create a mini-vehicle that will suddenly brighten
up everyday life and inspire a desire to go out. The aim was
to respond to customers’ every expectation at the highest
dimension within the severe restrictions imposed by the
mini-vehicle specification.

In addition, the new Dayz is positioned as a model
that provides Intelligent Power (electrification), Intelligent
Driving (intelligence) and Intelligent Integration (vehicle
connectivity) at an affordable price (Fig. 2). These are the
three pillars of Nissan Intelligent Mobility that Nissan
has proposed as a technological initiative.

3. Appealing Features

3.1 Design

The new Dayz’s design expresses consistency
with the Nissan brand as represented by the V-motion
shaped grille, while also embodying the themes of refined
stylishness and impressive sense of presence. In addition
to the standard model, a Highway Star model is also
available featuring a premium-quality design.

The exterior design has evolved to express
confidence-inspiring body proportions thanks to the thick
front end that projects a feeling of stability, the stable-
looking silhouette and the excellent stance formed by the
long wheelbase. The front-end design is executed with a
fresh, highly crafted impression created by the jewel-like
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cut given to the grille, in addition to the front combination
lamps that emphasize an advanced feeling and the V-motion
shape, a design motif common to Nissan brand vehicles
(Fig. 3).

The Highway Star model adopts LED headlamps
with an inner design that highlights the distinctive outer
lens shape (Fig. 4) and newly designed aluminum wheels.
These features impart an impression of superior quality
that will satisfy even downsizers from registered vehicles.

The interior design, composed of horizontal sections
with a look of depth, creates a comfortable interior space,
providing both convenience and roominess. Specifically, the
broadly expansive instrument panel with its pleasantly
floating impression and the clean execution around the
A-pillars also enhance the feeling of comfort, in addition
to providing a sense of security while driving (Fig. 5).

A highly popular feature on the first-generation
Dayz has been the automatic air-conditioner with
electrostatic touch panel controls. It has now further
evolved as a result of integrating the display and control
switches for intuitive operation. The design combines ease
of use with a beautiful appearance (Fig. 6).

The new Dayz is available in a total of 17 body
colors, including four types of two-tone color combinations
overflowing with a sensation of bright colorfulness and fun.
These improved and expanded color variations are intended
to meet a wide range of mini-vehicle body color needs.

3.2 Newly designed powertrain

The new Dayz is equipped with a completely new
powertrain. Power performance has been markedly
improved by adopting a new engine and a new CVT. In
addition, the application of a smart, simple hybrid system
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atic touch panel:
Integration of display and switches for intuitive operation
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Fig. 6 Electrostatic touch panel
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Table 1 Comparison of electric powertrain performance

BT A X BB
New Dayz Nissan registered model

T FA X (EBOFA X)

Motor diameter 130 mm 137 mm

I\:Z—yﬂjj] 2.0 kW 1.9 kW

otor power

VF U hA A BB

Lithium-ion battery/No. of cells 10 Ah/5

1E D7 & A MR

Duration of 1 engine assist Max. 30 s

B4 &

Amount of energy regenerated Double

TARY TR Ny TER —

Duration of idling shutdown o longer

and other improvements also achieves a high level of
practical fuel economy.

The new engine produces more torque than that of
the previous model over the entire speed range from low to
high speed. This enables smooth, stress-free acceleration
after stopping for traffic lights or when merging with traffic
on a trunk highway. The new CVT adopts a low-friction belt
and other measures that improve fuel economy by 5% over
that of the previous model. It also incorporates Dynamic
Step (D-Step) Shift Control for the first time in a mini-
vehicle to deliver a feeling of strong, sustained acceleration.
When the accelerator pedal is depressed deeply, drivers
can enjoy rhythmical acceleration as the CVT shifts in a
step-like manner as if there were gears, instead of shifting
seamlessly. This enables customers to experience directly
the pleasing acceleration performance inherent to the
engine (Fig. 7).

The smart, simple hybrid system fitted on the new
Dayz has been changed to a newly designed lithium-ion
battery in contrast to the two lead-acid batteries mounted
on Nissan registered vehicles. As a result, the one size
smaller motor provides power equal to that of the registered
vehicles. The new system doubles the amount of energy
regenerated, enables engine assist by the motor for a
maximum of 30 sec. and also increases idling shutdown
time by 10%. It allows energy to be recovered and reused
without any waste (Table 1).

3.3 Proudly presenting advanced technologies
showing Nissan’s engineering excellence

Nissan’s highly popular ProPILOT, which was first
mounted on the Serena, is available on the new Dayz as a
factory-installed option. This system enables the following
driving behavior:

* Automatically maintains a suitable distance to the vehicle
ahead according to the vehicle speed.

 Controls steering to keep the car near the center of its
lane.

* Provides braking control to keep the car stationary while
stopped for driving ease in low-speed situations such as
congested traffic.

Nissan has adopted this same system for the first time

on a mini-vehicle ahead of other manufacturers to make
COOOOPOOOPOOOOPOPOOPOOOOOPOOOOOOOOOOOOOOO
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One-push ProPILOT switch 7, 2L E Y R ﬁﬁﬁﬁﬁ@T RSy 2
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Display screen for advanced-driver
assistance at start of ProPILOT
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Fig.8 ProPILOT system
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long drives a more comfortable and familiar experience to
customers (Fig. 8).

The new Dayz is the first Nissan mini-vehicle
to be equipped with Intelligent Around View Monitor
incorporating a moving object detection function and
Intelligent Lane Intervention for assistance in preventing
lane departure. The former system detects and informs the
driver of moving objects, including pedestrians, around
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Fig.9 Active safety technologies
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the vehicle. The latter system issues a warning if the
vehicle is about to leave its lane and also generates force
momentarily in the direction to return the vehicle to its
lane. These technologies are aimed at creating a vehicle
that will not be struck, giving the new Dayz a high level of
safety performance (Fig. 9).

3.4 Interior space designed with optimal consideration

The new Dayz provides further enhanced comfort as
a result of adopting a new platform and making maximum
use of the limited space in a mini-vehicle. In addition to
increasing knee room in the driver’s seat, rear-seat knee
room has been expanded by nearly 30% over that of the
previous model. The luggage compartment length was
increased by over 50% to provide greater luggage space.

The new Dayz is the first Nissan mini-vehicle to
adopt Zero Gravity Seats with a spinal support function.
As a popular feature on Nissan’s upper grade sedans like
the Teana and the Skyline, these seats provide continuous
support over a wide area from the lower to the upper back,
combining both softness and anti-fatigue properties. On
long drives the feeling of lower back fatigue is reduced by
30% and the burden on the spine is further lightened (Fig.
10).

The new Dayz has also been further improved with
regard to unpleasant vibration and interior quietness. Shock
absorbers for absorbing vibration have been increased in
size and now incorporate a high-response valve that is also
used on Nissan’s registered vehicles. In addition, engine
mounts have been changed to the fluid-filled type. These
measures noticeably reduce unpleasant vibration. Moreover,
to achieve interior quietness on a par with that of small
registered vehicles, which are one class higher than the
Dayz, the engine operates more quietly and engine noise
and tire noise entering the interior have been reduced as
a result of effective placement of sound-absorbing and
soundproofing materials.

A total of seven storage places are provided around
the instrument panel as a thoughtful design response to
customers’ need to keep various things in the interior when
driving, including, of course, a tissue box, cell phone and
other personal items.

4. Conclusion

The new Dayz concentrates the wisdom and
ingenuity of everyone involved in this project, beginning
with the design and development people, for the very reason
that it is subject to severe specification restrictions as a
mini-vehicle. By executing the design in consideration of
the special characteristics of the Japanese market, we are
confident that the Dayz has been finished into a product
that will appeal to many customers.

Finally, the authors would like to profoundly
thank everyone involved in the product planning, design,
development, production, marketing and sales of the new
Dayz.
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Product Overview of the New Sylphy/Sentra
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Summary

The new Sylphy/Sentra was developed mainly for the Chinese and U.S. markets as a

global sedan and a key model in Nissan’s global product lineup. This latest generation adapts a new
platform and a further evolved engine to achieve class-leading driving performance based on the
Sylphy/Sentra’s heritage of excellence, high fuel economy, durability, quality, reliability and roominess.
This article present an overview of the new Nissan Sylphy/Sentra.

Key words : Automotive General, new model, Sylphy, Sentra
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1. Introduction

The Sylphy/Sentra has been favored by customers
in over 60 countries worldwide, and there are strong
expectations that this new model will also be accepted
equally well. In developing this new model, the following
three points were the basis for the start of our activities.

(1) In the Chinese market, the new model will be the third
generation since the Sylphy was first launched there in
2006. The second-generation model was highly popular,
registering sales of 200,000 units per year.

(2) In the U.S., the Sentra has been a long-selling model
that will observe its 40th anniversary on that market
during the life span of this new model.

(3) The SUV segment has come to the forefront in recent
years, but the compact sedan segment still accounts for
a large sales volume in China and the U.S. Demand is
expected to remain stable in this segment in the coming
years as well.

2. Product Concept

The new Sylphy/Sentra will go on sale first in
China and sales will subsequently be launched in turn in
the U.S. and other markets. Target customers in China are
families in their late 20s, whereas single men in their late
20s are the target in the U.S. The new model was developed
around the concept of an “exhilarating breakthrough.”

To make the product concept a reality, the new

* T A Product Planning Department
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model embodies three promises in the form of (1) excellent
fuel economy, (2) comfortable interior roominess, and (3)
quality, reliability and durability. Added to these are four
areas of attractive attributes represented by (1) design,
(2) handling, stability, ride comfort and quietness, (3)
active safety features, and (4) infotainment. All of these
qualities combine to give the new model a high level of
competiveness.

3. Model Promises

3.1 Excellent fuel economy

The new Sylphy/Sentra is built on a new,
lightweight platform. The engine and CVT achieve higher
efficiency due to generational evolution, and the body form
gives thorough consideration to aerodynamic drag. These
and other measures achieve one of highest levels of fuel
economy in this class.

The engine adopted for the Chinese market is the
third generation of the 1.6L HR16DE with enhanced
competitiveness due to improved power and torque levels,
not to mention outstanding fuel economy. Thanks to
generational evolution, the CVT delivers smooth, linear
acceleration for greater driving pleasure in addition to
improving fuel economy.

Careful attention was paid to fine design details
to ensure that air flows around the car cleanly for good
aerodynamic performance. While remaining stylish,
the exterior design combines both formative beauty
and functional beauty to achieve a drag coefficient of
0.26, which is equal to the Cp of the Nissan GT-R and
contributes to excellent fuel economy.

3.2 Comfortable interior roominess

A wide, dynamic exterior design was executed by
increasing the overall vehicle width by 55 mm. This also
secured class-leading hip-point couple distance, creating
comfortable roominess equal to that of a higher class
vehicle segment. In addition, class-leading rear-seat knee
room is also provided, which was already highly acclaimed
on the previous model.

3.3 Japanese DNA in terms of quality, reliability
and durability

The new Sylphy/Sentra was developed to continue
the taken-for-granted performance of reliability and
durability. With regard to quality, focus was also put on
perceived quality, which was pursued in terms of both
functional beauty and formative beauty. This included
improving the materials used and optimizing parting
lines, among other aspects.

4. Appealing Features

In addition to the model promises incorporated
in the new Sylphy/Sentra, the following four areas of
attractive attributes were newly emphasized to create
a product that will also satisfy customers who usually
purchase vehicles ranked one level higher.
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Fig.1 All-new Sylphy
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Fig. 2 Tan leather interior trim

4.1 Design

The exterior design was the aspect that was
emphasized most in planning the new model because it
gives customers their first impression of a vehicle. The
design of the new Sylphy/Sentra was executed around
the key themes of “vigor and confidence” and “lean and
dynamic.” Specifically, these ideas are expressed by the
larger diameter tires, body proportions indicating a low
center of gravity, and the wide, firm stance suggestive
of a powerful form (Fig. 1). The design also abundantly
embodies the design elements common to Nissan brand
vehicles. Following upon the Altima, the new Sylphy/
Sentra is also based on Nissan’s V-motion 2.0 Concept.
Compared with the previous model, the overall height was
reduced by 45 mm and the overall width was increased by
55 mm to create a dynamic-looking exterior with a low
center of gravity. Together with the prominent floating roof
in side view, the design highlights the signature features
of the Nissan brand.

The key theme of the interior design is “smart
structure,” representing well thought out functionality.
Like the Altima, the new Sylphy/Sentra adopts Nissan’s
“gliding wing” instrument panel design with its thin,
expansive look that imparts an open, spacious feeling (Fig.
2). The tan interior trim features seats covered with a
diamond-cut quilting pattern used on high-class furniture,
for example, and meticulous attention was paid to the
smallest details of the interior decoration. As a result, the
perceived quality of both the interior trim and exterior
trim is that of a vehicle ranked one class higher.

4.2 Handling, stability, ride comfort and quietness

The various structures of the body, suspension,
steering system and other parts were reviewed, and their
stiffness was increased along with optimally placing sound
absorbing and insulating materials. As a result, top-level
performance is provided in terms of handling, stability,
ride comfort and quietness, which are key aspects buyers
consider at the time of purchase. This succeeds in further
enhancing the vehicle’s overall excellent quality.

Other features adopted on the new model to
enhance ride comfort, handling and stability include
Nissan’s Intelligent Engine Brake, Intelligent Trace
Control and Intelligent Ride Control.

Intelligent Engine Brake automatically controls
engine braking when cornering or decelerating, thereby
adjusting the driver’s depression of the brake pedal and
lessening the frequency of switching the foot from the
accelerator to the brake pedal. As a result, the system
provides greater driving ease by reducing driver fatigue
(Fig. 3).

Intelligent Trace Control applies braking control
at each of the four wheels individually according to the
driving conditions when cornering on a winding road or on
expressway entrance/exit ramps. This system smooths the
vehicle’s motions and simultaneously heightens its
response, thus providing stable cornering performance
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Fig. 3 Concept of Intelligent Engine Brake
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that gives drivers greater peace of mind. By assisting the
driver in tracing the driving trajectory when exiting a
corner, the system suppresses the vehicle’s outward sway
so that it follows the steered line. This enables drivers to
navigate corners confidently for more enjoyable driving
(Fig. 4).

Intelligent Ride Control suppresses uncomfortable
movement of the vehicle body by suitably controlling
braking, thereby improving ride comfort and stability on
rough and other uneven road surfaces (Fig. 5).

4.3 Active safety

Customers’ priorities and expectations have been
rising in recent years regarding active safety features.
The new Sylphy/Sentra also embodies active safety
performance that customers will find satisfying.

Among the active safety technologies provided
are Automatic Emergency Braking (AEB), Blind Spot
Warning (BSW), Rear Cross Traffic Alert (RCTA) and
Rear Automatic Emergency Braking (RR-AEB). Following
upon the Altima, active safety features have been further
improved and expanded on this new C-segment Sylphy/
Sentra. (The technologies available differ depending on
the trim grade and destination market.)

Moreover, development work has been under way
that also takes into consideration the China Insurance
Automotive Safety Index (C-IASI), a new safety assessment
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system that was initiated in China in 2018. The work being
done is in anticipation of this trend.

4.4 Infotainment

Like the Altima, the new Sylphy/Sentra comes with
a 7-inch Advanced Drive-Assist Display and an 8-inch
center color display as features to support everyday driving.
In addition, Android Auto™ and Apple CarPlay™ are
provided as standard equipment for seamless smartphone
connectivity. The adoption of USB Type-C ports enables
recharging of batteries without a conversion adapter, thus
combining both convenience and comfort in a strong selling
point.

5. Conclusion

This article has presented an overview of the new
generation of the Sylphy/Sentra, focusing mainly on its
appealing product features. With further strong attributes
added on top of its significant model promises, we are
confident that it will be a key model for energizing the
sedan market.

Finally, the authors would like to sincerely thank
everyone involved with the design, engineering, quality
assurance, manufacturing, marketing and sales of the new
Sylphy/Sentra for their tremendous efforts made for
this new model.
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Summary

The first-generation Nissan Versa has been globally successful as a B-segment sedan

with interior roominess. It has been the No. 1 top-selling model in many countries and also serves as an
essential model in the Nissan lineup. The all-new Versa was developed as the second generation of this
series mainly for the U.S. market. This model is an energetic-looking sedan designed with low and wide
proportions and the latest signature design elements of the Nissan brand. This second generation
provides high dynamic performance without compromising fuel economy. This article presents an

overview of the new Versa.

Key words : Automotive General, new model, Versa, Almera
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1. Introduction

The SUV segment has grown remarkably in recent
years while the sedan segment has tended to contract. Yet
the latter segment continues to have the largest sales
volume in Mexico, and rival automakers are still competing
vigorously in this segment. Against this backdrop, the first-
generation Versa has continued to record the No. 1 sales
volume in its segment in the U.S. and Mexico since it was
first launched there in 2011. It has a cumulative sales
volume of more than three million units and is favored by
customers in over 108 countries worldwide as an entry-
level sedan.

2. Product Concept

In the U.S. market the new Versa is targeted at
young women who value their independence and are
inclined toward a simple life style, whereas the target in
Mexico is energetic, active young men. In order to fulfill
its role as a global entry-level sedan and accommodate
diverse customers in different countries, the new Versa
was developed around the concept of a “lively, energetic
sedan providing confidence and expressing customers’
individual sensibilities.” Meanwhile, the approach adopted
to heighten product competitiveness is to meet differing
market needs by varying the dynamic performance and
equipment features. It was assumed that the Versa may well

* T A Product Planning Department
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be the first Nissan brand car that many customers come
in contact with. Accordingly, in order to expand the fan
base of the Nissan brand, the aim was to create a classic
sedan that owners could drive reliably and confidently, in
addition to having an impressive design, high perceived
quality, numerous convenience features and class-leading
roomy comfort and fuel economy.

3. Appealing Features

3.1 Impressive design combined with roomy comfort

The design is a key element for conveying to
customers the Versa’s unique character and the Nissan
brand. An absolute condition defined for the new model
was to combine an impressive design suggestive of an
exciting driving experience with roomy comfort, which was
established by the first-generation Versa. To accomplish
that, many different ideas were put forward and discussed.

The overall height was lowered by 55 mm and the
overall width was widened by 20 mm to create wide and
low proportions so that the exterior design would project
a more energetic and stimulating image than the first-
generation model. In addition, signature design elements
of the Nissan brand were abundantly adopted to enable
customers to readily perceive the Nissan brand identity.
For example, these include the dynamic-looking V-motion
grille, signature boomerang-shaped LED headlamps, and
the floating roof with slim pillars. These features further
accentuate the Versa’s exterior design as an entry-level
model to the Nissan brand (Fig. 1).

The interior design also incorporates many
signature design elements of the Nissan brand, such as
the “gliding wing” motif adopted for the instrument panel.
The thin, horizontally expansive center console and the
instrument panel create an open, airy interior while
maintaining harmony with the wide and low exterior. The
materials used for the interior trim also pursue premium
quality so as to provide a pleasing cabin space where
customers can spend time comfortably (Fig. 2).

Assurance of roomy comfort did not allow any
compromises either. The driver’s seat area provides space
550 mm wide for the feet, which is the widest in this class.
The rear seats have 600 mm of knee room and 23 mm of
head room, thereby ensuring ample roomy comfort within
the wide and low proportions.

OOV VVVVVOVVOVVVOVVOVVOVOVOVOVOVOVOVOVOOOOOOOS

X-1 #HET7—Y S5E
Fig.1 New Versa exterior

X-2 BT 7 —Y R
Fig.2 New Versa interior
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3.2 Convenient infotainment features

As onboard equipment continues to diversify in
function, it is essential for drivers to be able to confirm
information safely while driving and operate the equipment
simply and intuitively. The new Versa is equipped with
a 7-inch color display that shows information related to
driving in an easy-to-understand format. In addition,
steering wheel switches operate in four directions, enabling
quicker, simpler operations and changes so as to minimize
eye movement and distractions while driving.

The 7-inch center color display incorporates a new-
generation infotainment system with Android Auto™ and
Apple CarPlay™ as smartphone-compatible features that
customers especially desire.

3.3 Reliable driving performance

It is envisioned that the target customers of the
new Versa will be driving in a wide variety of situations.
Quick vehicle response is required in frequently repeated
stop-and-go driving during heavy traffic congestion in
urban driving. High stability is also required in some
regions where the road environment is poor. Amid these
driving circumstances, the aim was to have customers feel
that once they drove the new Versa, they would never
drive another car again.

Models for the U.S. market are equipped with the
third generation of the HR16DE engine, which produces
13% more power and 7% more torque than the second
generation, while also improving fuel economy by 5.5%. This
results in both segment-leading acceleration performance
and fuel economy.

The stiffness of the rear suspension, steering
system and body was improved for better handling in terms
of stable cornering performance. The electric power steering
(EPS) system adopts active return-to-center control that
varies the steering feel according to the driving situation.
It provides a light, stress-free steering feel when parking
and in congested traffic and a highly stable steering feel in
high-speed driving. Moreover, the technologies mentioned
here suppress vehicle motions quickly on undulating road
surfaces to provide a flat ride.

Quietness was improved by optimizing the structure
of the insulators and carpet thickness, especially to suppress
the transmission of engine noise. These measures provide
a quieter interior in acceleration situations. Road noise
has also been reduced by increasing the stiffness of the
suspension and wheels, thereby achieving segment-leading
quietness.

3.4 Improvement of active safety equipment
Following upon the Altima and Sylphy, the active
safety features of the new B-segment Versa have also been
improved and expanded. Many advanced safety technologies
have been adopted to achieve Nissan’s safety strategy
called Safety Shield, including Around View Monitor
(AVM), Automatic Emergency Braking (AEB), Blind Spot
Warning (BSW), Rear Cross Traffic Alert (RCTA) and
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Rear Automatic Emergency Braking (RR-AEB), among
others. (The available technologies vary depending on
the trim grade and market destination.)

4. Conclusion

This article has presented an overview of the new
Versa, focusing in particular on its appealing product
features. The new Versa is distinguished by its wide and
low proportions and signature design elements of the
Nissan brand, which combine to project a lively and
energetic image. It features a comfortable, roomy interior,
a highly convenient infotainment system, confidence-
inspiring driving performance combined with excellent
fuel economy, and improved and expanded advanced safety
equipment. By providing all of these features at affordable
prices, we hope to expand the Nissan fan base as much as
possible worldwide.

Finally, the author would like to sincerely thank
everyone involved in the design, engineering, quality
assurance, manufacturing, marketing and sales of the new
Versa for their tremendous efforts made for this new
model.
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The four patents presented here pertain to materials technologies that have been adopted
especially to support weight reductions and fuel economy improvement. Among the patents
registered to Nissan, these four patents have contributed substantially to the company by

achieving breakthroughs in key issues.
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Inventors' affiliations are as of September 2019

1. Vehicle Front Side Member (Figs. 1 & 2)

Patent application date: September 6, 2006
Japanese patent application No.: 2006-241847
Registration date: May 1, 2009
Japanese patent No.: 4301269
Title: Vehicle front side member
Inventor:
Riki Takeda, Integrated CAE and PLM Department

1.1 Aim of invention

A vehicle front side member has a bend that slants
smoothly toward the extension member connected after
it. Consecutive beads are formed lengthwise on the side
face of its straight section approximately in the center in
the height direction to increase bending stiffness.

However, even though a large bending moment
acts on the bend leading to the extension member, it was
not provided with beads and lacked sufficient bending
stiffness. In order to improve cross-sectional strength, it
was necessary to increase the plate thickness of the front
side member or add a reinforcement member, which
increased the vehicle mass.

1.2 Composition of invention

This invention pertains to the formation of
consecutive reinforcement beads on the side face
approximately in the center in the height direction from
the front of the front side member to the end point of the
bend. This improves the cross-sectional strength of the
bend and increases the bending stiffness of the entire
front side member, including the bend, against collision
load inputs. For that reason, the plate thickness of the
front side member can be reduced, which lightens the
body mass.

1.3 Status of use
This invention has been adopted on V-platform
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Fig. 1 Overall view of vehicle body

vehicles such as the March (K13) and the Note (E12),
among others.

1.4 Inventor’s thoughts

At the time when I undertook a study of this patented
invention, I was responsible for the body design of the
current March (K13). In the initial development stage
of the K13, fuel economy competition among small cars
was greatly intensifying. It was a time when vehicle
manufacturers were bringing out one measure after
another to improve fuel economy. The K13 had to achieve
substantially better fuel economy than the previous K12
model. Weight reductions were necessary as one measure
for improving fuel economy. Around that time, material
substitution to advanced high strength steel and aluminum
was starting to become the mainstream technology for that
purpose. Meanwhile, it was planned to sell the K13 not only
in Japan and Europe, but also in emerging markets like
India and Brazil. That made it necessary to simultaneously
reduce the cost from that of the previous model. Reducing
the weight and cost of the body substantially thus became
an urgent issue. Reducing the weight of the body-in-white
was an especially crucial issue because it accounts for a
large portion of the total vehicle weight.

Against that backdrop, computer simulation
technology was a strong ally in the process that led to
the concept of this invention. Until the 1990s, prototype
vehicle testing was the mainstream approach, but after
entering the 2000s a new vehicle development process was
launched called Value-up Innovation in Product, Process
and Program (V-3P). Together with that development,
computer simulation replaced prototype vehicle testing
with regard to collision performance, noise, strength,
durability and other parameters. The use of simulation
technology made it possible to consider multiple front
side member shapes, and the desired shape was obtained
though repeated trial-and-error calculations. In addition,
the arrangement of the beads was optimized by conducting
a further simulation. That made it possible to define the
optimal bead layout for maintaining strength even though
the plate thickness was reduced.

In recent years, efficiency has become the
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Fig.2 Overall view of front side member

H 2 # #R No. 85 (2019-10) 82



Introduction of Patents

2. LYT7ORXABREREDER b oSV UHE
(®3. ®4)

HUBE © 20004E12 A 26 H 4% 2000-394168 5
Bk 20114 1 B 7 H  HFIE 4654514 5

AR LYy Ta RO Y R N v o 5 v o
HHHE 1 V&N AT WAARZEES HYE 2o

B SR
B Hil fe—
B RS 1

21 FBADEWL

IR 2 2L S B2 EDTEBLVCY —FKiF, 75>
syx 7 MIEFEShLuryryrb, a7y xEA
FACHEKEST LT v N vy, a7 v BB
fEesaria—LYr s, O=o0) 7 2 fEi T\,
INSE=D20) v OYEBEFLSE, THUTLYER R
YOI EEREZ CEMILEZ(L S5,

U ZAVEZ/ A= 0 s B ) IV A A R A A
DT YRLRERNEZTHAT) Y 2E, 7T
YV EMEBIPOHATER (PA) B3ELEVILEH
I ZoOEM F . EREAR L N TS L TR Lo T
%o ZOEMRERL P ORFINIEIHOS THL, 7)) v 7
DODEMOEHLEEIZB T, RV NEATIREE
WEL D= BV M5 EENZAVERR CIIEE AT
ey RO DR E RV, L) B
Holz

REEWHIE, AbEMIZBT HTHEZ ARV bR TR
SH. AOEHOMNERICHETER S22 LT, &b
BHEOREZHILTAZE#HME LTV,

2.2 FEPADERK

a7y sk s EVPRETLE VLA L.
DY VLOBEATNZIF - 728 I £ > T o0
WA s, B E VLo EIZZNENEE S
RNV MIL S THWIZHE SN TBY . 22004
DEEIZBNT, 2% L —HOFMIZMHR AR L.

I e e '

Conventional engine VC-Turbo
— Piston o
®) o

Connecting rod

U-link (Upper link) —

‘ TSI C-link (Control link)
/

== 2nd balancer shafts ~ Control shaft — A-link (Actuator link)

M-3 ERISVIBBENILFTY IS
Fig.3 Conventional crank mechanism and new multilink
mechanism

83 NISSAN TECHNICAL REVIEW No. 85 (2019-10)

requirement of the age. The basis for creating excellent
vehicles is to possess technologies that are superior
to those of other companies. I strongly feel anew the
importance of continually burnishing our technologies.
I want to draw upon the experience gained with this
invention as I continue to be involved in developing new
vehicles in the future.

2. Piston-crank Mechanism for Reciprocating
Internal Combustion Engine (Figs. 3 & 4)

Patent application date: December 26, 2000
Japanese patent application No.: 2000-394168
Registration date: January 7, 2011
Japanese patent No.: 4654514
Title: Piston-crank mechanism for reciprocating internal
combustion engine
Inventor:
Ryousuke Hiyoshi, Engine and Drivetrain Engineering
Department
Kenshi Ushijima, Retired employee
Shunichi Aoyama, Retired employee
Hiroya Fujimoto, Retired employee

2.1 Aim of invention

The VC-Turbo engine that can vary the compression
ratio is fitted with three links: a lower link supported by
the crankshaft, an upper link that connects the lower link
to the piston, and a control link that connects the lower
link to the engine proper. Changing the orientation of
these three links changes the top-dead-center position of
the piston, which varies the compression ratio.

The lower link receives large forces from the upper
link, control link and the crank pin of the crankshaft. The
two pieces forming the lower link sandwich the crank
pin on both sides and are provided with mating pin holes
for fastening them together by means of high strength
bolts. The tightening torque of the high strength bolts is
extremely high. The contact pressure around the bolts
is high at the mating faces of the two parts forming the
lower link. The issue here was that the contact pressure
in the perimeter area some distance from the bolts was
insufficient, so the mating faces tended to separate there.

The purpose of this invention is to prevent the
separation of the mating faces by reducing the contact
pressure around the bolts and concentrating the contact
pressure in the perimeter area.

2.2 Composition of invention

The lower link has pin holes for fitting the crank
pin. The link is divided into two parts along a cut surface
running in the direction of the pin hole diameter. The two
pieces are fastened together by bolts positioned on both
sides of the pin holes. A concavity is formed in at least one
of the mating faces of the two pieces. High strength bolts
pass through the concavity. As a result, the perimeter
area outside the concavity becomes the actual mating
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Fig. 4 (left) Lower link geometry and (right) cross section

face. This raises the contact pressure of the perimeter
area, thus preventing the mating faces from separating.

2.3 Status of use
This invention has been adopted on the INFINITI
QX50 and the Altima (1.34).

2.4 Inventor’s thoughts

This invention pertains to the mating face geometry
of the lower link that is one of the principal moving parts
of the multi-link mechanism of the variable compression
ratio (VCR) engine. It was devised in 2000 at the time
R&D work was under way on the first prototype unit of the
VCR engine based on the SR20DE engine. Because of the
characteristics of the multi-link mechanism, the crank
pin load acting on the lower link would be approximately
double that of the connecting rods in a conventional
engine. Therefore, in order to reduce the bearing surface
pressure, the dimension of the lower link in the crankshaft
direction had to be increased. As a result, the surface
pressure on the mating faces away from the bolts would
be insufficient. The need to resolve this issue was the
motivation behind the concept of this invention. There
were numerous requirements with regard to the design
of the lower link. It was desired to avoid increasing the
number or size of the bolts because of a larger lower link.
It was also desired to lighten the weight as much as
possible so as to reduce inertia. Another desire was to
position the center of gravity of the lower link close to the
center of the crank pin for improving noise and vibration
performance.

Accordingly, what was conceived was to provide a
concavity in the lower link’s upper mating face in the area
where the bolts passed through. That would prevent
separation of the mating faces and simultaneously lighten
the weight of the lower link and improve its weight
balance. At the time of the first prototype unit many issues
still remained unresolved including functionality and
durability questions. It was necessary to continuously
improve this invention over more than 16 subsequent
years until the VCR engine was ready for mass production.
With regard to the lower link in particular, the key aspects
facilitating mass production were the fundamental
improvements the designers made to the lower link
geometry, bolt tightening structure and the bearing
structure beginning with the second prototype unit.
Subsequently, because it was found that this invention was
also effective for resolving a strength issue, it was adopted
for the mass production engine. I am very happy that it
played a role in making the VC-Turbo, the world’s first
mass producible VCR engine, a reality.

3. Chain and Timing Chain Drive System (Figs. 5 & 6)
Patent application date: August 11, 2006

Japanese patent application No.: 2006-220328
Registration date: February 17, 2012
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Japanese patent No.: 4923840

Title: Chain and chain drive system
Inventor:

Tsuyoshi Higuchi, Materials Engineering Department

Masayuki Tamura, Engine and Drivetrain Engineering
Department

Yutaka Mabuchi, Retired employee

Makoto Kano, Retired employee

3.1 Aim of invention

The timing chain drive system is fitted with a chain
guide to prevent chain vibration and lateral deflection
during vehicle operation. The chain slides in contact with
the chain guide in a lubricating oil environment. In this
case, sliding friction between the chain link plates and
the guide mechanism becomes a mechanical loss when
the chain is driven.

This invention makes it possible to substantially
reduce the drive loss by reducing the sliding friction
between the link plates and the guide mechanism as a
result of optimizing the end face geometry and surface
roughness of the chain link plates.

3.2 Composition of invention

The chain of this invention has a concavity in
the groove shape, formed in the same direction in which
the chain slides, in the sliding surface of the multiple
interconnected link plates. By providing a raised corner
positioned at both ends of the concavity, the groove depth
there is set at 1/1000-1/20 of the thickness of the link
plates.

3.3 Status of use
This invention has been adopted on the March, Note,
Tiida, Serena, X-Trail and Titan, among other models.

3.4 Inventor’s thoughts

Friction losses occurring at engine sliding parts
have now been reduced to less than 10% of overall losses.
However, among engines of two or three generations
earlier, there were many that had much larger friction
losses. It was not unusual for some engines to have large
fiction losses that were nearly twice that of engines today.
At Nissan, we undertook efforts to reduce the surface
roughness of all parts with sliding surfaces in order to
reduce mechanical friction losses. Even though it was
found that the timing chain drive system accounted for
only a slight several percent of an engine’s overall friction
losses, it was still one part that was the target for
improvement. Many development engineers recognized
long ago that it was difficult for lubricating oil to reach
the timing chain drive system, and many patents relating
to various types of lubrication mechanisms were proposed.
However, there were almost no examples of improvements
that pertained to the chain itself, especially to the sliding
surfaces. It was easy to imagine that smoothing the
surfaces would be effective. However, confirming that
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direction

effect caused a great deal of trouble for the company that
machines the chain and for the supplier that provides it.

Initially, the end faces of the plates composing
the chain were simply polished to a near mirror surface
condition, although we did not think that action alone had
any especially high novelty. However, upon investigation,
we found that the cross section of the stamped plates had
a slight concavity in the flat center part much like a groove
through which lubricating oil could flow. The discovery
of that concavity was not a mere coincidence. It was the
result of a thoroughgoing investigation based on the
evaluation findings for parts finished to a similar level of
surface roughness, which revealed that some displayed
large friction while others showed low friction. Another
factor that supported this discovery was the spread of
measuring instruments capable of easily measuring
3-dimensional shapes that could not be detected with
previous surface roughness testers. Both machining and
measuring technologies are advancing with every passing
year. I look forward to the possibility that some small
improvement in an existing technology might result in
a new measuring technique that will lead to a similar
significant discovery in the future.

4. Piston Rings (Fig. 7)

Patent application date: March 4, 2008
Japanese patent application No.: 2008-53078
Registration date: October 30, 2015
Japanese patent No.: 5828575
Title: Piston rings
Inventor:
Takaaki Kondo, Materials Engineering Department
Junpei Ogawa, Japan EV Business Department
Tomonori Miyazawa, Product Quality Design
Technology Evolution Department
Toyoki Iguchi, Powertrain and EV Energy System
Engineering Department
Takuma Suzuki, Powertrain and EV Advanced
Engineering Department
Takeshi Makita, External
Katsuaki Ogawa, External
Takahiro Okazaki, External

4.1 Aim of invention

The main functions of piston rings in internal
combustion engines are to seal in combustion gases and to
control engine oil consumption. As a means of improving
fuel economy in recent years, it has been desired to raise
the engine compression ratio, but that would create a
higher temperature environment in the combustion
chamber. In that case, there is a need for piston ring
materials with good thermal conductivity for lowering
the combustion chamber temperature by transferring the
heat input to the piston to the bore and with good heat
resistance for withstanding use in a high-temperature
environment.
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This invention pertains to the provision of piston rings
possessing outstanding thermal conductivity and heat
resistance.

4.2 Composition of invention

The piston rings of this invention are made of
tempered steel having a composition of 0.25-0.90 % carbon
(C), 0.10% or more — 40% or less silicon (S), 0.60-1.50%
manganese (Mn), 0.01-0.05% phosphorus (P) and 0.50-
2.00% chromium (Cr). In addition, it is characterized as
having the following parameters, namely, one having a
value of 9.0 or less based on the contents of 8.8 Si + 1.6 Mn
+ 1.7 Cr and one having a value of 14.0 or more based on
the contents of 36 C + 4.2 Si + 3.8 Mn + 4.5 Cr. Hardness
after tempering and quenching is 32 HRC or higher and
thermal conductivity is 36 W/m - K or more.

4.3 Status of use

This invention has been adopted on the F15 series
Juke (turbocharged specification), L34 series Altima, V37
series Skyline, E52 series Elgrand and D23 series NP300
Navara, among others.

4.4 Inventor’s thoughts

Raising the compression ratio for improving fuel
economy gives rise to knocking. Accordingly, the key to
improving fuel economy with this approach lies in how
to suppress knocking, i.e., how to dissipate heat around
the combustion chamber. Of the waste heat around the
combustion chamber, attention was focused on the fact that
most of the heat input to the piston flows to the cylinder
bore through the piston rings. Therefore, it was decided
to narrow the focus of our study to the piston rings.

Although the scope was decided, we did not know in
which direction to proceed with our development work. We
began by varying the piston ring shapes and materials in
order to make clear what sort of conditions would produce
effective results. In a basic study, it was observed that the
use of materials with high thermal conductivity clearly
had an effect on suppressing knocking. However, the
materials that were examined initially all weakened
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under a high-temperature environment, so they were
unable to seal in combustion gases, which is one of the
most critical functions of piston rings.

A long time was spent searching for a material capable
of satisfying the conflicting functional requirements for
high thermal conductivity and heat resistance. Finally,
the focus was narrowed to ferrous materials to which we
added Si and Cr and sought the optimal formulation of
multiple additive elements including C and Mn, among
others. Through persistent and repeated analyses and
studies, we somehow found the composition range for
satisfying the development targets. Prototype piston rings
were manufactured using that composition and subjected
to engine tests. Even now I distinctly remember the feeling
of accomplishment that I felt when we received the report
that the test results were satisfactory.

Although it was a struggle to develop the piston rings,
this technology has been adopted for many engines to date.
Being able to provide this technology we developed to
customers around the world makes me feel truly fortunate
to be an engineer.

Finally, I would like to thank everyone involved
for their tremendous cooperation with this invention,
especially the people at Nippon Piston Ring Co., Ltd., our
co-applicants, for their assistance in manufacturing and
testing many prototypes.
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Editorial Postscript

It was roughly five years ago that we last created a special feature focusing on “materials technologies for vehicle
weight reduction and fuel economy improvement,” which is the theme of this issue’s special feature. Since then,
progress has been made in powertrain electrification for reducing carbon dioxide (CO,) emissions, along with vigorous
efforts to develop key electrification technologies such as for the battery, inverter, motor and other components. Amid
these developments, we cannot very well be negligent about improving the fuel economy of internal combustion
engines that are installed on the majority of Nissan's vehicles or about reducing the vehicle weight that is a
fundamental aspect of automotive engineering.

Against this backdrop, the materials technologies described in this special feature are definitely not conspicuous.
Rather, they are things based on the fundamental materials technologies we have accumulated over the years and
have further refined. Materials technologies are characterized by being widely deployable horizontally across product
lines without being dependent on any special powertrain or vehicle model. Improving basic materials, as typified by
increasing the tensile strength of body sheet metal or lowering engine oil viscosity, truly contributes to enhancing the
overall performance of our vehicles.

The VC-Turbo and carbon fiber roof represent a new engine system and a body part, but they are supported by
fundamental technologies that we have honed over many years to improve the strength of metal materials and to
apply polymer materials to the auto body. The scope of the contributions of these technologies is expanding to include
performance enhancement of electric powertrains and batteries that are composed of metal and polymer materials.

All vehicle parts are made of materials. We hope that this special feature will give readers a better understanding
of the latest material technologies described here and will foster expectations of further progress in the coming years.

Hiroki Sakamoto
Member of the Nissan Technical Review Editorial Committee
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The materials technologies that form the basis of automotive engineering
have seldom attracted the direct attention of customers, rather materials have
discharged their functions out of sight in the background. There is a feeling that
we ourselves have been hesitant to highlight the role of materials so prominently,
thinking that a modest presence is proper. In creating this cover design, I
deliberately depicted the silhouette of a vehicle, though ordinarily it would be
the principal focus, and positioned materials that support vehicles as the main
center of attention. That was done with the intention of radically changing the
traditional position of materials by conveying a strong impression that materials
will be at the forefront in contributing to vehicle innovations in the coming years.
In this present age when it is said that vehicles are undergoing innovations
which occur once in a hundred years, we will continue to contemplate thoroughly
what materials technologies could be contributed. I hope that this cover design
may provide strong encouragement toward that end.
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