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Development of NSK Extra-Capacity
Sealed-Clean™ Roll Neck Bearings for

Rolling Mills

Tomoyuki Aizawa and Kazuo Akagami
Research and Development Center
Sadayuki Tanaka

Bearing Technology Center

ABSTRACT

Four-row sealed tapered roller bearings used on roll necks of rolling mills are required to achieve longer life amid
severe environmental conditions such as high operating load, extreme shock loads and the penetration of water and scale
into the bearing. In response, NSK developed Extra-Capacity Sealed-Clean™ Roll Neck Bearings. Realizing longer life
and higher reliability, the new bearing has higher load capacity, is made of Super-TF material that lengthens life under
severe lubricating conditions and utilizes a new bore seal that controls the build-up of negative pressure in the bearing

interior.

1. Introduction

Four-row tapered roller bearings are primarily used to
support rolls in rolling mills of steelworks. Fig. 1 shows a
typical sealed-clean roll neck bearing incorporated into the
work roll chock of a cold rolling mill. As shown, the mill’s
design restricts three critical bearing dimensions: the
outside diameter, which obviously must be less than the
total roll diameter and allow space for the chock; the bore
diameter, which must be large to ensure the strength of
the roll neck; and the bearing assembly width. So, while
being designed to minimize inner and outer ring thickness
as well as the gap between rollers, roll neck bearings must
achieve long life and high load capacity. Additionally, roll
neck bearings are exposed to severe environmental
conditions such as high load, extreme shock loads and the
entry of water and scale into the bearing. The most severe
of these environmental conditions, the one capable of
reducing bearing life the most, has been the entry of water
and scale into the bearing and its extremely harmful effect

Fig. 1 Work roll chock of a cold rolling mill
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on lubricating conditions.

Twenty years ago, to mitigate the effects of water and
scale and to reduce maintenance, NSK was the first in the
world to develop Sealed-Clean™ Roll Neck Bearings.”
Today sealed roll neck bearings are becoming more
popular at steel mills all over the world. In sealed roll neck
bearings, the seals are usually installed without changing
the bearing width. As a result, the rollers are shorter and
the load capacity is lower than bearings without seals. For
this reason, raising the load capacity of sealed roll neck
bearings became an important development objective.

Achieving longer service life, NSK has recently
developed Extra-Capacity Sealed-Clean™ Roll Neck
Bearings (hereafter referred to as Extra-Capacity
Bearings; Photo 1) with increased load capacity and
sealing effectiveness. This paper describes the features of
the new bearing and discusses the development of the new
sealing arrangement.

Photo 1 NSK Extra-Capacity Sealed-Clean™ Roll Neck Bearings
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Fig. 2 Features of Extra-Capacity Bearing

2. Features of Extra-Capacity Bearings

Extra-Capacity Bearings were developed targeting
longer service life through higher load capacity and better
sealing. The features of Extra-Capacity Bearings are
summarized in Fig. 2 and discussed in further detail in
sections 2.1-2.3.

2.1 Higher load capacity

Load capacity (basic dynamic load rating) is the most
important factor influencing bearing life.

The rolling contact surfaces of bearings are subjected to
fatigue in the form of cyclic stress that over time leads to
flaking. Considering bearing life from a statistical
perspective, the total number of rotations that 90% of
bearings achieve without flaking from rolling fatigue is
called the basic rating life or Ly, life. Additionally, the load
at which the basic rating life is one million rotations is
called the basic dynamic load rating (load capacity). The
relationship between basic dynamic load rating (C),

f
Extra-Capacity Bearing

Fig. 3 Comparison of conventional and Extra-Capacity Bearing designs

Photo 2 Construction around main seal of Extra-Capacity Bearings

bearing load (P), and Ly, life (L,,) is described for roller
bearings by this equation:

Ly, (rev.) = (C/P)'? x 10°

Achieving longer service life, Extra-Capacity Bearings
have higher load capacity than conventional sealed roll
neck bearings. Table 1 compares the load capacity of
selected sealed roll neck bearings for work rolls. As shown
in the table, Extra-Capacity Bearings have 15 to 34%
higher load capacity than conventional bearings. This
equates to 1.6 to 2.7-times longer life.

Cross-sections of a conventional sealed roll neck bearing
(no. 343KVE4557E) and Extra-Capacity Bearing (no.
343KVS4551E) are compared in Fig. 3. Clearly, the rollers
in the Extra-Capacity Bearing are larger. In the
conventional bearing, the width of the main seal restricts
the length of the rollers and therefore limits the load
capacity of the bearing. In contrast, the cage flange is
included within the seal space of the Extra-Capacity
Bearing, allowing for longer rollers (Photo 2). The cage

Conventional bearing

Motion & Control No. 8 (May 2000) NSK 2
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diameter is also increased to facilitate more and larger
rollers without reducing cage strength. Along with
changes in the cage design, better performance is realized
through improved cage accuracy.

2.2 New material, Super-TF

NSK’s specially developed Super-TF material® is used
for Extra-Capacity Bearings.

When foreign debris enters a bearing, flaking
originating from dents caused by this debris can occur. As
shown in Fig. 4, the stress concentration around the edge
of such a dent is responsible for flaking.” The degree of the
stress concentration is a function of the distance between
the edges of the dent (2¢) and the curvature of the edge of
the dent (r). Specifically, with increasing r/c value, the
stress concentration is smaller and service life is therefore
longer. In an industry first, NSK realized the role retained
austenite plays in minimizing the stress concentrations
around debris dents (Fig. 5) and developed a material
based on this discovery. With optimum retained austenite

Table 1 Increased load capacity of Extra-Capacity Bearings
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Fig. 5 Relationship between r/c and retained austenite
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Fig. 6 Field data on the life of Super-TF material when used in roll
neck bearings for cold rolling mills

content, the material, TF steel, extends service life in
environments contaminated with foreign debris. Since its
development, NSK has made further improvements to
create the Super-TF steel used in Extra-Capacity
Bearings. Fig. 6 shows field data on the life of Super-TF
material when used in roll neck bearings for cold rolling
mills. It is evident that this material is effective in mill
operating conditions. With Super-TF, Extra-Capacity

. . . Basic dynamic load rating, kN
Bearing no. Bearing size, mm - - - -
Extra-Capacity Bearings Conventional bearings
STF254KVS3551E ¢ 254 x $358.775 x 269.875 2510 (+15%) 2180
STF276KVS3951E $276.225 x ¢$393.7 x 269.875 2750 (+20%) 2290
STF343KVS4551E ¢ 343.052 x $p457.098 x 254 2830 (+29%) 2200
STF482KVS6151E $482.6 x 615.95 x 330.2 4900 (+34%) 3650
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Fig. 7 Bore seal

Bearings have achieved longer life amid scale-
contaminated conditions.

2.3 Better sealing

Even when calculated life is long, the entry of water and
contaminants into a bearing wreaks havoc on lubricating
conditions and reduces bearing life.

In the course of developing Extra-Capacity Bearings, the
relationship between the negative pressure that develops
inside sealed roll neck bearings and the entry of water was
established. Reducing the entry of water and thus
enhancing bearing reliability, a bore seal (Fig. 7) was
employed that suppresses the build-up of negative
pressure by allowing the bearing to breathe.

3. Seal Development Process

The purpose of bearing seals is to prevent the entry of
water and scale and ensure longer service life. In practice,
however, water sometimes enters bearings and
compromises their performance. To clarify the process of

Housing for support bearing

Coolant water

Linear contact

Conventional type

water entry into sealed roll neck bearings, NSK conducted
tests in which actual operating conditions were simulated.
The test results are described in the following sections.

3.1 Simulation tests

Tests simulating field conditions were conducted with
sealed roll neck bearings commonly used in cold rolling
mills (I.D. $343.052 mm x O.D. $457.098 mm x width 254
mm). Photo 3 and Fig. 8 show the test apparatus and its
structure while Fig. 9 shows the construction around the
test chock. Bearing load was a radial constant load of
294 kN and, replicating actual conditions, the speed
pattern shown in Fig. 10 was followed. Water was
splashed onto the chock at a rate of about 100 L/min. In
actual applications, water enters chocks through the chock
seal. In order to simulate this phenomenon, water was
injected into the chock at a rate of 50 cm*min. Similar to
actual rolling mills, water was discharged from the chock
through a drain hole provided in the bottom. Tests were
conducted for 50 hours, and the water content of the
grease was measured after the tests. To facilitate
evaluation of the water content of the grease, an Na grease

Test bearing chock

Test bearing

Housing for support bearing

Motor

Water supply — —
tank and pump

Hydraulic unit

Radial load /

Fig. 8 Structure of roll neck bearing test apparatus
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Photo 3 Roll neck bearing test apparatus

that readily absorbs water was used instead of NSK’s
standard grease. Combinations of several types of main
seals and bore seals were tested. The water content of the
grease after the tests varied widely depending on the main
seal and bore seal combination. During the tests, some
seal combinations resulted in negative bearing internal
pressure. Fig. 11 illustrates how negative pressure
changed in relation to changes in speed and temperature
during a test. With negative bearing internal pressure, the
temperature of the main seal lip rises because of the higher
contact pressure between the seal lip and the inner ring.

The correlation between maximum negative pressure
during the test and water content of the grease after the
test is illustrated in Fig. 12. Water enters bearings more
readily with increasing negative pressure. In the tests, the
negative pressure condition varied with the type of bore
seal. Specifically, negative pressure was higher and water
entry greater with the bore seal designed to ensure a high
degree of sealing. To understand better how the bore seal
related to water entry, a bearing without a bore seal was
tested. Negative pressure was not generated and water
entry was negligible.

To summarize, while water does not enter bearings
through the bore seal, the bore seal greatly affects the

Water
50 cm®/min

| I

Fig. 9 Area around chock of the roll neck bearing test apparatus

degree of water entry. Tighter bore seals cause more
negative pressure, resulting in more water entry through
the main seals.

3.2 Main seal test

To evaluate the effect of bearing internal negative
pressure on main seal performance, tests were conducted
with only main seals. Fig. 13 shows the structure of the
test apparatus. Test seals were installed in the housing
and a pump was used to control the pressure within the
space between the seals, housing and shaft. The rotational
speed was 1 000 rpm, and water was splashed onto the
seals at a rate of 15 L/min. Some seals were tested under
atmospheric pressure and some under the negative
pressure pattern described in Fig. 14. The degree of water
entry through the seals was measured after the test. Table
2 presents the results. Under atmospheric pressure
conditions, water did not penetrate the seals even after
200 hours. On the other hand, under the alternating
negative pressure conditions, water penetrated the seals
after only 50 hours. These results indicate that negative
pressure compromises the performance of main seals.

3.3 New bore seal that prevents negative
pressure and water entry
As described above, suppressing the build-up of negative
pressure inside the bearing is essential for preventing the

300s

90 s

700

N, rpm

100

Time

Fig. 10 Speed pattern of simulation tests
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Fig. 11 Temperature, speed and negative internal pressure of a simulation test

entry of water. The most effective method for achieving
this was to allow the bore seal (which is not directly

Table 2 Main seal test results

exposed to water) to breathe along with the fluctuating
pressure caused by rising and falling bearing temperature

and changes in rotational speed. At the same time, the
bore seal’s original functions—preventing the entry of
water and contaminants from the neck side—had to be
maintained. Consequently, the new bore seal for Extra-
Capacity Bearings was developed to achieve a balance
between breathing and sealing.

The bore seal for Extra-Capacity Bearings employs
surface contact instead of linear contact (Fig. 7). Fig. 15
shows the structure of the bore seal test apparatus. The
test bore seal is inserted into the area between the two

Water content of

Fig. 12 Maximum negative pressure and water entry

grease after test

Pressure conditions

Normal atmospheric
pressure conditions

Alternating normal
and atmospheric
pressure conditions

Test hours

200

50

Amount of water entry, cm3

None

50

0

-

Maximum negative pressure during test

Water 15 L/min

N

Main seal for test

housings, which are essentially equivalent to the inner
rings of an actual bearing. This area is connected by
grooves to an internal space that replicates the bearing
interior. The test bore seal separates this inner space from

—> Vacuum pump

\

E) Shaft

Housing

N Main seal

Fig. 13 Main seal test apparatus
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Fig. 14 Negative pressure pattern

the exterior of the test apparatus. In the tests, the
pressure in the internal space was initially made negative
and then this pressure was measured both during rotation
and while stopped. Tests were conducted with the
conventional linear contact seal and with the newly
developed surface contact seal. Fig. 16 presents the test
results. The linear contact bore seal demonstrated high
seal tightness both during rotation and while stopped. On
the other hand, the surface contact bore seal demonstrated
high seal tightness similar to that of the linear contact
seal while stopped, but showed adequate breathing
capability during rotation.

To confirm the effectiveness of the new bore seal in
actual bearings, a simulation test under the conditions
described in section 3.1 (Figs. 8, 9 and 10) was conducted.
Fig. 17 compares the negative pressure conditions of the
conventional and new bore seals during the tests. The
conventional bore seal showed increasing negative
pressure over time while the new bore seal for Extra-
Capacity Bearings suppressed negative pressure
throughout the tests. Fig. 18 compares data on maximum
negative pressure and water content of grease after the
tests. Maximum negative pressure and the water content
of grease after the tests were substantially reduced with

0.00

-0.05 - Surface contact seal

Pressure, kP4
o
=
(6]
T

Linear contact seal

—
e
p—
—

g

0 500 1000 1500 2000 2500 3000
Time, s
Breathing capability during rotation

Fig. 16 Bore seal breathing capability test results
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Pressure regulator <— B A
bearing interior

7 Housing
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e

Fig. 15 Bore seal test apparatus

the new bore seal. These results clearly indicate that
Extra-Capacity Bearings offer greater reliability than
conventional sealed roll neck bearings.

4, Conclusion

With higher load capacity and improved reliability
through better sealing, new Extra-Capacity Sealed-
Clean™ Roll Neck Bearings for rolling mills are sure to
satisfy the expectations of users for longer service life. At
NSK we will continue our development efforts to create
products that meet user needs for longer life and reduced
maintenance in increasingly severe operating conditions.
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Ball Screw with Rotating Nut and

Vibration Damper

Hideyuki Sato

Precision Machinery and Parts Technology Center

ABSTRACT

In recent years, feed rates of tables using ball screws have increased remarkably. For high-speed ball screws, two key
restrictions are critical speed and stroke length. The maximum rotational speed of a ball screw has been governed by the
critical speed and this is why it has been said that high-speed rotation is impossible for a long-stroke ball screw. In
response, NSK developed a rotating-nut ball screw that has a vibration damper and is capable of exceeding the critical
speed. In testing, a standard ball screw with no damper vibrated considerably while running and when stopped, while the
new ball screw demonstrated nearly flawless performance. Though it was said to have been impossible, the new ball

screw can exceed the critical speed in a relatively easy manner.

1. Introduction

Remarkable increases in feeding speed have been
achieved for tables driven by ball screws. For example,
traverse speeds have exceeded 60 m/min (1 m/s) in
machining centers, and speeds of 90 m/min (1.5 m/s) are
common with punching presses and laser cutting
machines. In addition, robots and automatic insertion
machines are required to have maximum speeds of 2 m/s.

Various problems arise when the rotational speed of a
ball screw is increased. ” Two of the most serious of these
are critical speed and limitations on stroke length. An
increase in stroke length causes a decrease in critical
speed, which governs the maximum speed of a linear
motion mechanism driven by a ball screw. To cope with
the problem, we have developed a ball screw with a
rotating nut and vibration damper (patents pending) that
can be operated beyond the critical speed in an easy
manner.

2. Critical Speed of Ball Screws

2.1 General description

In JIS B 0153, the critical speed is defined as the
rotational speed at which a rotating system is resonating.
This standard also adds that there is a critical speed
corresponding to each unique mode of a whole system that
comprises multiple rotating systems. To represent the
critical speed simply, a balance of forces is assumed for an
elastic rotor with a single disk (Fig. 1). Because the elastic

Centrifugal force

W F=(e+p) mw?
G
“le
L to Ll
7 T
I

Elastic resistance

Fig. 1 Force balance during shaft vibration
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resilience of the shaft and centrifugal force F' shall be
balanced, the following equation is obtained:
ko=F = (p + &) m? (1)
: Mass of disk
Shaft rigidity against bending
Elastic deflection of the shaft
Eccentricity (distance from rotating shaft
to the center of gravity G)
: Angular speed of the shaft

™R A 3

S

From this equation, deflection of the shaft can be

determined: (] o)

& — 7
1- (w/ w,)?

(2)

In this equation, Yk/m is assumed to be w,. This value
agrees with the natural angular frequency of the vibration
system, which is determined by the mass of the disk, m,
and the spring constant of the shaft, k. A graph of
Equation (2) is shown in Fig. 2. The critical speed is where
w = w,. Deflection of the shaft in this case can be
calculated to be infinitely large. The critical speed can be
safely passed if acceleration is high enough that the time
permitted for the shaft to be deflected is minimized.?

Shaft deflection, p

o

Fig. 2 Deflection of elastic rotor
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2.2 Radial natural frequency of ball screw shaft

Fig. 3 is a model of the radial vibration system of a ball
screw. The screw shaft is supported at three points: the
support bearings (A and B) and a nut (N). The point N
moves as the screw rotates.

In Fig. 3, the screw shaft has two modes: one is a unique
mode mainly of (N — A) beam structure and the other is
the mode between N and B. Needless to say, each of these
modes has secondary or higher order modes.

As point N approaches point A and the distance between
the two points decreases, the natural frequency of the
mode between N and A increases while, conversely, the
natural frequency of the mode between N and B decreases.
Therefore, as shown in Fig. 3, the natural frequency of the
screw shaft depends on the position of the nut and changes
instantly in response to the nut’s movement during
operation.” There exists no simple critical speed like the
one described in section 2.1 because the natural frequency
of the screw shaft is not constant.

2.3 Critical speed of ball screws
Fig. 4 shows the relationship between the natural
frequency of a ball screw and its critical and rotational

speeds. Fig. 5 shows the vibration of this same ball screw
when rotated. Critical speeds are at points where the ball
screw’s rotational speed meets the screw’s natural
frequency. Because ball screws pass critical speeds very
quickly, they can be operated safely beyond critical speeds
if vibration does not persist for a long period.
Realistically, however, a screw shaft vibrates

~ 200
I
= 180
= 160 -
3 Actual measurements gﬁ”f?‘g.ew ter: 16
8 140 [ of natural frequency ait diameter: 25 mm
i of screw shaft Lead: 32 mm
" 120 Overall length: 1 370 mm
2 jpo | Critical speed Critical speed
8’ exceeding zones exceeding zones
o 80 . TN
Q.
o 60 [ N
g ;
S 4o0r Operating pattern /!
% 20 F Rotational speed: 3 750 rpm
m O 1 1 1 1 1 1
0 200 400 600 800 1 000 1 200

Nut position, mm
Fig. 4 Natural frequency and critical speeds of a screw shaft
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Ball screw
Shaft diameter: 16 mm, Lead: 32 mm, Overall length: 1 370 mm

Amplitude, mm
o

Fig. 5 Vibration of rotating ball screw

substantially when rotated at speeds above the critical
speed and continues to do so due to its slow damping
characteristics (Fig. 5). This is because the screw shaft is a
slender rod with low dynamic rigidity in the radial
direction, which makes vibration hard to dampen once the
screw shaft is excited. As a result, the screw shaft may
vibrate with a visible magnitude of several millimeters or
more. The shaft’s vibration, in turn, causes other
components of the machine to vibrate, generating noise
and in some cases, causing damage to the support
bearings or nut and instability of the servo system. This is
the reason why it has been said that ball screws cannot be
used at speeds above the critical speed. Such problems
exist not only with shaft rotation, but also with nut
rotation while the shaft is fixed. During nut rotation, the
rotating vibration force of the nut may agitate the screw
shaft, which has low dynamic rigidity.

Different from ordinary critical speeds, the critical speed
of a ball screw is one at which the screw shaft is excited by
the rotating vibration of the shaft or nut and begins to
resonate with the natural radial frequency. This
phenomenon is a series of transitional forced and free
vibration.

3. Measures for Overcoming
Limitations of Critical Speed

Generally, when the maximum rotating speed allowed
by the critical speed does not meet operating
requirements, the following measures can be taken:

(1) Increasing the size of the screw shaft

Increasing the shaft’s flexural rigidity raises its
natural frequency, thus raising the maximum rotational
speed. The major drawback of this method, however, is
that the load inertia on the motor increases substantially.
This is not favorable in terms of the following error of the
servomechanism during high acceleration/deceleration. To

11 Motion & Control No. 8 (May 2000) NSK

T T T T T
Rotational speed: 3 750 rpm
Y
i | | I -]
0.2s
Stopped Running Stopped
Running Running
] ] 1 1
Time

illustrate, when the shaft diameter is changed from 40 to
50 mm, the maximum rotating speed increases by 25%
while the load inertia on the motor rises 250%.

(2) Providing intermediate support to the shaft

Providing support to the shaft between the support
bearings and the ball nut on either side raises the natural
frequency of the shaft, increasing the allowable rotating
speed. As ball screws have a long screw shaft that is low in
dynamic rigidity in the radial direction, even simple
intermediate support substantially increases the critical
speed. Note, however, that this method requires careful
attention to the structure of the system because the
number of parts increases and it becomes more
complicated.
An example of using intermediate support is the single-
axis high-speed table shown in Fig. 6 (patent pending).?
Ball nuts of two intermediate supports are put on the
drive ball screw and are positioned at the approximate
middle point between the support bearings on either end
and the ball nut of the drive ball screw. They are allowed
to freely rotate on the drive ball screw. An intermediate
support is driven by its own ball screw whose speed is
reduced to one half of that of the drive ball screw. As a rod
connects the two intermediate supports, they move
together with the single-axis table. In this high-speed
table, a ball screw with a shaft diameter of 16 mm
achieves a feed rate of 2 m/s and an average
acceleration/deceleration rate of 2 G at a stroke of 1 m.
When used in this manner, intermediate support can be
an effective means of increasing speed capability.

(3) Increasing damping capacity

Because the moment that the ball screw shaft is in
complete resonance is only instantaneous, enhancing the
damping capability and increasing the dynamic rigidity of
the screw shaft allow the ball screw to exceed the critical
speed safely. This concept became the basis for developing
our ball screw with a rotating nut and vibration damper.
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Fig. 6 Structure of single-axis high-speed table

This ball screw has a damper in the screw shaft that
makes exceeding the critical speed easy. However, from
the dynamic viewpoint of a rotating body, a screw shaft
that incorporates a damper cannot be rotated,? so the nut
is therefore rotated instead. In contrast to the two
methods described above, in which the natural frequency
of the screw shaft is increased, this method is an entirely
different way of approaching the problem, leaving the
natural frequency of the screw shaft unchanged.

4. Features of Ball Screw with Rotating
Nut and Vibration Damper

Ball screws are generally operated with rotation of the
screw shaft. However, as the screw shaft becomes longer
and motor load inertia increases, it is more favorable to
rotate the nut than the shaft. When multiple tables are
driven with one screw shaft, the shaft is fixed and the nut
is rotated.

Because the nut is rotated while the shaft is fixed, the
situation differs from the ordinary critical speed described
above. Exceeding the critical speed causes shaft resonance
because of the rotating vibration force of the nut. The
solution is to incorporate a damper in the fixed screw shaft
to increase the damping capability. This allows the critical
speed to be safely exceeded. This concept has been
employed to create our ball screw with a rotating nut and
vibration damper.

The ball screw has a hollow shaft into which a thin rod
is inserted. When the shaft is about to vibrate, the
inserted rod knocks against the inside wall of the shaft to
dampen the vibration. Note, however, that when the
stroke gets longer, the natural frequency of the shaft
decreases, making the inserted rod vibrate together with
the vibrating shaft and thus reducing damping capability
to nearly nothing. In response, a means has been devised
to bring the critical speed of the shaft and the natural
frequency of the rod closer to each other, which in turn
causes the vibration of the inserted rod and the shaft to
readily cancel each other out. Features of the new ball
screw include:

(1) Interchangeability is ensured because there is no
difference between the outside dimensions of this ball
screw and existing ball screws.

(2) Enabling as much downsizing of the table as possible,
the shaft diameter and other dimensions are not
increased. Consequently, the nut inertia is reduced,
which is not only conducive to high
acceleration/deceleration operation but also reducing
motor size.

(3) It is not necessary to take the critical speed into
account when determining the maximum rotating
speed of the ball screw. Only the allowable rotational
speed with the d,,N value need be taken into account.

(4) The design is simple with only a small increase in cost.
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5. Advantages of Ball Screw with e

Rotating Nut and Vibration Damper Shaft diameter: 40 mm, Lead: 40 mm, Overall length: 4 100 mm
L: Nut position (distance from fixed end)

. . . S 30 |
5.1 Dynamic characteristics at excitation of
screw shaft L = 3630
Fig. 7 shows the response waveforms of two screw shafts
when struck with a hammer. The diameter of the shafts % e
was 40 mm and the length 4 100 mm; the nut was E
positioned 3 630 mm from the fixed end. As indicated in ff
the figure, the standard ball screw with no damper @
provided poor damping capability, while the ball screw S 10t L = 2400
. . . . @ ;
with the damper achieved extremely high damping &l Ve Without damper
. . . . . g
capability. Fig. 8 is a bode diagram of the compliance to a £ L = 2050
sinusoidal excitation. The compliance at the natural g.
frequency of the ball screw with the damper was more § or With damper (small force)
than 10 dB lower, indicating that dynamic rigidity is more With damper (large force)
than tripled. As the natural frequency of a ball screw
changes in relation to the nut position, it is necessary to . .
check the natural frequency when the nut is positioned at RO 20 30 40
various points along the shaft. Fig. 9 shows the Natural frequency, Hz
relationship between the natural frequency and Fig. 9 Natural frequency and compliance
compliance for various nut positions when a sinusoidal
excitation is applied to the screw shaft at a point between Ball screw
the nut and the fixed end. It is evident from the figure Shaft diameter: 40 mm, Lead: 40 mm, Overall length: 4 100 mm
that, with the damper, compliance is more than 10 dB Rotational speed: 1 000 rpm
lower in all frequency bands and dynamic rigidity is more
than tripled. Ei
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5 +20 i
g 0= ; |
<
Without damper (standard) With damper 20 | [ ] 1
Without damper.
fstanldarc) |
] |
£ E Running Stopped
€ .
& s 1057 £ Running
;: % o- =
= = )
= = 051 g 20 -
< < 2
E 0 ' i B
5s < -20 ¥
Time Time With damper 1s
[ >
Time
Fig. 7 Vibration response of screw shafts when hammered Fig. 10 Vibration during nut rotation
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Fig. 8 Bode diagram of forced vibration on screw shaft
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Fig. 11 Resonance suppression during nut rotation
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Fig. 12 Natural frequency and critical speed of screw shaft

5.2 Characteristics of ball screw during
operation

Figs. 10 and 11 show vibration measurements taken on
new and conventional ball screws operating in an actual
machine. Fig. 10 shows the relation between time and
vibration of the screw shaft. The damper effect can be
observed as the amplitude is reduced both while the ball
screw is running and when it is stopped. Fig. 11 shows the
nut’s position on the x-axis and the frequency of the screw
shaft on the y-axis. The magnitude of vibration amplitude
at each point is represented by the size of the circle. It is
observed that the frequency changes along the natural
frequency on the side where an accelerometer is attached.
The amplitude of the standard ball screw without the
damper does not damp when it is exceeding the critical
speed. Instead, the amplitude of the vibration increases.
On the other hand, the ball screw with the damper shows
slight resonance at the time when the critical speed is
reached, but this resonance is small and the vibration is
quickly damped after passing the critical speed. For ease
of measurement, these results were obtained near the end
of the shaft, where vibration is lower. The actual
amplitude of vibration near the center of the shaft of the
standard ball screw with no damper was estimated
visually to be about 3 mm. With the damper, the vibration
was damped rapidly and could not be perceived visually.

Fig. 12 shows the natural frequency and critical speed of
the screw shaft of a ball screw operating in a single-axis
table. The diameter of the shaft was 20 mm and its length
2 000 mm. In this case, the critical speed is exceeded at
1 500 rpm. Fig. 13 shows vibration measurements taken at
3 000 rpm. While considerable vibration was observed in
the ball screw with no damper both while it was running

Ball screw
Shaft diameter: 20 mm, Lead: 40 mm, Overall length: 2 000 mm
Nut rotational speed: 3 000 rpm

i ad
=
=
)
'S '
=
E L
<
I F
Without damper (standard)
Running Running
Stopped < Stopped >
— | | Running | | ~—
E +20
[9) [ . T
s 0 -
é
< 20
With damper 0.5s
1 1 2
Time

Fig. 13 Vibration during nut rotation
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Ball screw

Shaft diameter: 20 mm, Lead: 40 mm, Overall length: 2 000 mm
Nut rotational speed: 3 000 rpm

Noise

0.2s

0.2s

Radial vibration

of table

Vibration of screw shaft "
(left side of nut) Lol R

il

Vibration of screw shaft

is, "

(right side of nut)

Bamsadiqi
TITHART T

Running Stopped

Running Stopped

Operating pattern

P

Without damper
Fig. 14 Noise and vibration during nut rotation

and when it was stopped, the vibration level of the ball
screw with the damper was very low and posed no
problems. Even at 4 000 rpm, which equates to an
extremely high traverse speed of 2.67 m/s, vibration was
controlled and presented no performance problems. *

When ball screws are used above the critical speed, the
vibration of the screw shaft generates noise and is also
transferred to other components of the machine.
Measurements of this sound and vibration were taken on
the ball screw in the two previous tests. Fig. 14 shows the
noise level of the unit, the radial vibration of the table and
the vibration of the screw shaft. In the standard ball screw
with no damper, the noise of the unit and the vibration of
the table grew dramatically when the vibration of the
screw shaft increased. The noise generated was quite
harsh. Note that these results were obtained with a single-
axis table. Noise and vibration can be even greater
depending on the specific characteristics of a given
machine. In contrast, the ball screw with the damper
demonstrated no such problems.

5.3 Residual vibration of ball screw when stopped
Fig. 15 shows the results of measurements of residual
vibration in the axial direction after stopping the table. A
non-contact speedometer was used to measure the residual
vibration. In the standard ball screw with no damper, the
screw shaft continues to vibrate even after the table stops.
The effect of the vibrating shaft is apparent in the axial
vibration of the table, which continues after the table is
stopped. With the damper, the vibration of the screw shaft
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Photo 1 Effect of damper on ball nut groove endurance

ceases immediately and with it, the table vibration. This
indicates that the damper enhances axial positioning
accuracy.

5.4 Results of endurance test

Photo 1 shows the ball nut grooves of the ball screws in
the tests of Figs. 12 - 15 after a high-speed endurance test
during which the critical speed was exceeded. With no
damper, flaking is observed over a wide area in the nut
groove after running for only 2 000 km. On the other hand,
with the damper, almost no deterioration was observed
even after running for 10 000 km.



Ball screw

Shaft diameter: 20 mm, Lead: 40 mm, Overall length: 2 000 mm
Nut rotational speed: 3 000 rpm —» Stopped

Vibration velocity

50 mm/min.
- i i
0.2s || Without damper (standard)
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A
Vibration velocity ﬂ\&
J
T
|‘ With damper
I
Time
Fig. 15 Residual vibration in axial direction
6. Conclusion Hideyuki Sato

The various tests presented in this report demonstrate
the effectiveness of NSK’s ball screw with rotating nut and
vibration damper. The new ball screw refutes the
conventionally held idea that high-speed drive with long
stroke was impossible. In the future, still higher traverse
speed, coupled with associated increases in stroke, will be
required. At the same time, machines are expected to
become more compact and lightweight. At NSK we will
continue the development of products that meet the needs
of the market.
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Ceramic Bearings for Special

Environments

Shin Niizeki
Bearing Technology Center

ABSTRACT

Compared to steel, ceramic materials offer superior corrosion and heat resistance, higher dimensional stability, and
lower density, which facilitates high speed. NSK’s silicon nitride bearings have been used with successful results in
machine tool spindles for more than 10 years. Recently, NSK has developed ceramic bearings for special operating
conditions including corrosive, vaccum, high-temperature, clean, non-lubricated and seizure-prone environments.

NSK’s ceramic bearings are made of silicon nitride, silicon carbide or partially stabilized zirconia, depending on the
application. The superiority of these bearings was demonstrated in endurance tests in water, acid solutions, high-
temperature vaccum conditions and an oil shut-off test, as well as on a hot-dip galvanizing line.

1. Introduction

Research on ceramic rolling bearings has been ongoing
for more than 30 years."? As shown in Table 1, ceramics
are superior to steel in heat and corrosion resistance, and
are lightweight and extremely hard as well. Consequently,
ceramic rolling bearings can be used in environments
where conventional steel bearings cannot. Accordingly,
NSK has long been engaged in research and development
of ceramics for rolling bearings. This paper describes the
latest advances in ceramic materials for rolling bearings
and evaluates the performance of ceramic bearings in
various conditions and environments.

2. NSK Ceramics and Bearing
Composition
2.1 NSK Ceramics

NSK has developed three types of ceramics: silicon
nitride, silicon carbide and partially stabilized zirconia.

Table 1 Ceramics vs. bearing steel

2.1.1 Silicon nitride

Silicon nitride bearings are used in high-speed
applications like machine tools and aircraft engines, and
in oil- and liquid-lubricated machinery operated under
heavy load. As shown in Table 1, silicon nitride is superior
to bearing steel (AISI 52100) in physical and mechanical
properties such as density, strength and heat resistance. It
is also satisfactory in terms of rolling fatigue life, making
it an outstanding material for rolling bearings. Silicon
nitride bearings have been used with successful results in
machine tool spindles for more than 10 years.

2.1.2 Silicon carbide

In especially harsh conditions, such as environments
where highly corrosive agents are present, even silicon
nitride can be corroded. For these environments, NSK’s
silicon carbide is the most suitable. NSK’s silicon carbide
bearings have self-lubricating cages and are used in film
and semiconductor cleaning systems.

2.1.3 Partially stabilized zirconia
Compared with the other two types of ceramic bearings,

Material . o . ) . Partially stabilized Bearing steel
Characteristics Silicon nitride Silicon carbide Alumina . AISI 52100
Density, g/cm3 3.2 3.1 3.7 5.9 7.8
Hardness, Hv 1 600 2200 2000 1400 700
Elastic modulus, GPa 310 420 350 210 210
Thermal expansion coefficient, 10:6/°C 2.8 43 7.5 10.5 125
Flexural strength, MPa 900 600 400 1100 —
Thermal shock resistance AT, °C 800 500 200 300 —
Table 2 Corrosion resistance and cost of ceramic materials
Ceramics
tems Silicon carbide Partially sta_bilized Silicon nitride Stillnsllefligtceel
zirconia
Sulfuric acid, 1N (room temperature) @) O AN X
Corrosion resistance Sulfuric acid, 1N (150°C) © A VAN X
Fluoric acid, 1N (room temperature) © A VAN X
Cost A O A ©

©: Excellent, O: Good, & Fair, X: Poor

17  Motion & Control No. 8 (May 2000) NSK



NSK’s partially stabilized zirconia bearings have the
longest rolling fatigue life in water and can be
manufactured at the lowest cost. They are widely applied
in the silicon wafer polishing process.

The corrosion resistance and cost of NSK’s three types of
ceramics are compared in Table 2.

2.2 Composition of ceramic bearings

Ceramic bearings are either all-ceramic or hybrid (Fig.
1). Cages are made from either polyamide resin or self-
lubricating material and lubrication is oil, grease or solid
lubricant depending on the operating environment.

Steel
Ceramics
O SR
Ceramics

(a) All-ceramic bearing (b) Hybrid bearing

Fig. 1 Types of ceramic bearings

99

90 —

50

0 I

1 . .
Stainless steel HyPrid bearings
bearings

All-ceramic bearings

Cumulative failure probability, %

1
10 108 1072 10 1

Ratio of life to basic load rating life

Fig. 2 Endurance life of ceramic bearings in water

3. Rolling Performance of Ceramic
Bearings

3.1 Corrosive environments

3.1.1 Endurance life in water

Fig. 2 is a Weibull plot of the results of life tests in water
of silicon nitride and stainless steel 6206 deep groove ball
bearings.® The test load is 980N and rotating speed is
1 000 rpm. Compared to stainless steel bearings, hybrid
and all-ceramic bearings lasted three and 20 times longer,
respectively. It is presumed that water readily adheres to
silicon nitride and forms a better lubrication film, leading
to extended bearing life.

Fig. 3 presents results of endurance life tests in water of
all-stainless steel bearings and hybrid bearings made from
various ceramics including aluminum oxide (AO), partially
stabilized zirconia (PSZ) and silicon nitride (SN).* The
hybrid bearings with stainless steel rings and SN balls
and stainless steel rings and PSZ balls demonstrated
longer life than the all-stainless steel bearings and are
therefore suitable for water environments. The hybrid
bearings with stainless steel rings and AO balls had
shorter life than the all-stainless steel bearings and are
therefore not a feasible alternative.

Fig. 4 compares the life in water of all-ceramic bearings
made from silicon nitride, silicon carbide and partially

f: Test suspended

/
/
e
e

Endurance life, h
w
S
o

Stainless steel/St inl ool
Stainless stee| >t@IN€SS Ste€

AO Stainless steel/
PSz
Bearing rings/Balls

Stainless steel/
SN

Fig. 3 Endurance life of various hybrid bearings in water

Silicon nitride

All-ceramic - .
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Hybrid bearings
(Silicon nitride balls)
All-stainless steel
bearings (AISI 440C)

—» : Test suspended

0 1 2

3 4 5

Endurance life Nt, 107 cycles

Fig. 4 Endurance life of various all-ceramic bearings in water
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Fig. 5 Effect of sintering additives on endurance life of ceramic bearings after immersion in acid
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Fig. 6 Endurance life in sulfuric acid solution

stabilized zirconia with a hybrid bearing with silicon
nitride balls and an all-stainless steel bearing.® The
partially stabilized zirconia bearing demonstrated the
longest life of all the bearings, including the silicon nitride
and silicon carbide ones. It can therefore be concluded that
all-ceramic bearings made from partially stabilized
zirconia are most suitable for water environments.

3.1.2 Performance in corrosive agents

Generally silicon nitride has excellent corrosion
resistance. However, corrosion resistance varies depending
on the type and quantity of sintering additives,® and
certain corrosive agents decrease in hardness and flexural
strength.

Fig. 5 shows the results of flat washer endurance life
tests of silicon nitride under oil lubrication both before and
after 100 hours of immersion in a 3 mol/dm?® hydrochloric
acid solution at 90°C.® Silicon nitride with CeO,-MgO as
the sintering additive demonstrated equal endurance life
before and after immersion in the acid solution (Fig. 5a).
On the other hand, the same type of ceramic with Y,0s-
Al,0O; as the sintering additive demonstrated a significant
decrease in endurance life as a result of immersion in the
acid solution (Fig. 5b). The sintering additive, Y,03-Al,03,
in the silicon nitride grain boundary was eroded by the
acid, resulting in deterioration of the binding strength of
the sintering additive.

Fig. 6 presents the results of an endurance life test
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under exposure to a 10% sulfuric acid aqueous solution. In
this solution, the carbide-based ceramic bearing proved
the most effective.

3.1.3 Performance on a galvanizing line

All-silicon nitride ball bearings with tantalum cages
were tested in the steel plate transfer rolls on an actual
galvanizing line.” Establishing a new high for service life
in this application, the bearings operated continuously for
about a month while suppressing bearing vibration
substantially and improving plating accuracy.

Table 3 summarizes the corrosion resistance of stainless
steel bearings and NSK’s three types of ceramic bearings.
NSK'’s silicon carbide bearings are the most appropriate
for corrosive environments with strong acid solutions
while the partially stabilized zirconia bearings are most
suitable for water and weak acid solutions.

Table 3 Comparison of ceramic and steel bearings

Corrosive environment Seawater/ Strong ?‘Cid_s

) Water Weak acid (hydrochloric acid,

Bearing type €aKaclds | giuric acid, etc.)
Stainless steel PaN X X
Silicon nitride @) @) ZAN
Partially stabilized zirconia @) © O
Silicon carbide O O @)

©O: Excellent,O: Good, A : Fair,X: Poor



Test bearing: 6206 (8 balls, polyamide cage)

Radial load: 780 N

Inner ring speed: 500 rpm
Lubrication: none

All-ceramic bearing

Hybrid bearing

Steel bearing Rotation impossible (Seized)

Test suspended
(Radial clearance:
+25 um)
Stopped due to vibration
(Radial clearance: +180 um)

Time, h

100 1000

Fig. 7 Endurance life of bearings without lubrication in normal atmosphere

3.2 Performance with poor lubrication

3.2.1 Endurance life without oil or grease
lubrication

As ceramics are extremely hard and have outstanding
wear resistance, they outperform other materials in
bearing life without lubrication. Results of an endurance
life test of steel, hybrid and all-silicon nitride bearings
operating without lubrication are presented in Fig. 7.® The
steel bearing seized within a short period while the hybrid
and all-ceramic bearings, though sustaining wear, did not.
As shown in the figure, the all-ceramic bearing sustained
considerably less wear than the hybrid bearing, indicating
that its endurance life is much longer.

3.2.2 Performance in high-temperature vacuum

An all-silicon nitride ball bearing with a self-lubricating
laminated cage (mainly composed of MoS,) and with MoS,-
coated rings and balls proved superior in durability in a
high-temperature vacuum environment. Fig. 8 shows the
change over time in the dynamic frictional torque of
various bearings in 10* — 10 Pa at 300°C.? The all-
ceramic bearing rotated continuously for 3 810 hours.
Compared with the hybrid bearings, the all-ceramic
bearing was superior in both dynamic frictional torque
and life.

%1073
=l Axial load: 20 N
' Speed: 9 000 rpm
£ Hybrid/No cage/ Bearing size: ¢8 I.D. x $22 O.D.
= No coating
[}
3
=4 Hybrid/MoS, cage/
‘é‘ MoS, coating
5 All ceramic/MoS, cage/
&= MoS, coating
(s}
E —>3810h
<
c p
>
a
0
0 100 200 300
Time, h

Fig. 8 Endurance life of ceramic bearings in vacuum and high
temperature

3.2.3 Particle generation

Among ceramics, partially stabilized zirconia used in
combination with steel is known to generate the fewest
particles. As shown in the test results presented in Fig. 9,
hybrid bearings with partially stabilized zirconia balls
generated fewer particles than stainless steel bearings
with fluoride grease or stainless steel bearings with a gold
coating.'” The combination of dissimilar materials is an
effective means to reduce particle generation.

3.3 Performance under oil lubrication

3.3.1 Rolling fatigue life

The rolling fatigue life (ISO 281) of silicon nitride
bearings under oil lubrication is at least longer than the
basic rating life of steel bearings. Fig. 10 shows the results
of life tests of all-silicon nitride and silicon nitride hybrid
bearings relative to the basic rating life of steel bearings.™
All-silicon nitride bearings demonstrated rolling fatigue

10
= e
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[} ’
o 7
. /
& 10°f /
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o ’
= ’
c ’
© —/ 7
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o / _ -
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v s
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2 1o L7
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2 K ‘®: Steel bearing
g B / with fluoride grease
z L, : Steel bearing
L with gold coating
. : Bearing with 52100 steel rings,
e PSZ balls and no lubrication
7 All bearings had cages
1 — = gl 1 1 1 1
0 30 60
Time, h

Fig. 9 Particle generation of bearings
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Fig. 10 Rolling fatigue life of bearings under oil lubrication

life equal to or a little longer than the basic rating life of
steel bearings while the hybrid bearings eclipsed the basic
rating life of steel bearings by a factor of four. The failure
mode for all of the bearings in the test was flaking.

As the rolling fatigue life of steel bearings is more than
ten times their basic rating life in good lubrication, silicon
nitride bearings are inferior to steel bearings. The
principal reason is that silicon nitride bearings sustain
higher contact pressure because they are less elastic than
steel. Still, because the rolling fatigue life of silicon nitride
bearings is at least longer than the basic rating life of steel
bearings, silicon nitride bearings are feasible for some
applications. Note that the most important feature of all-
silicon nitride bearings is their superior performance in
applications where lubrication is poor due to extreme
temperatures, water-ingress or vacuum conditions.

3.3.2 High-speed performance

NSK produces high-speed bearings specifically designed
for machine tool spindles. Because the density of silicon
nitride is only 40% that of steel, substituting steel balls
with ceramic ones greatly facilitates high-speed rotation.
In a machine tool spindle under position preload, the
centrifugal force acting on ceramic rolling elements is
substantially lower, resulting in suppression of heat
generation between the balls and outer ring. ' The result
is superior high-speed performance. Hybrid bearings have
demonstrated excellent high-speed performance not only
with grease lubrication, but also with oil-air lubrication. *
NSK’s recently developed ROBUST Series for machine tool
spindles includes hybrid bearings. ¥

3.3.3 Seizure resistance

High-speed performance is also required for aircraft
engines. At the same time, seizure resistance is extremely
important for safety reasons.' This critical performance
attribute was assessed in an oil shut-off test in which
aircraft engine conditions were closely replicated. Fig. 11
shows the temperature rise of M50 heat-resistant steel
and hybrid bearings (M50 rings and silicon nitride balls)
after the supply of lubricating oil was shut off. ® The PV
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Fig. 12 Rolling fatigue life of ceramic balls tested by ultrasonic flaw
detection method

value, which is an index that reflects the risk of seizure,
was kept constant for both bearings. In the test, the hybrid
bearing demonstrated excellent high-speed performance,
reaching a d,n value (ball pitch diameter, mm x speed,
rpm) of 3.1 million. After the oil supply was shut off, the
steel bearing seized before reaching the 30-second re-
lubrication point while the hybrid bearing returned to
stable operation after being re-lubricated and did not
sustain any damage. The superior seizure resistance
demonstrated by the hybrid bearing can be attributed to
two factors: the disinclination of two different materials to
adhere to each other and the smaller increase in preload
that results from the low linear expansion coefficient of
the ceramic balls. '®

For applications in aircraft engines, bearings must not
only meet requirements for high performance, but also
strict safety standards. NSK has developed a unique non-
destructive ultrasonic flaw detection method for hybrid
ceramic bearings for aircraft engines.'” This method can
detect surface and subsurface defects that shorten rolling
fatigue life. Fig. 12 presents the results of rolling fatigue
life tests of silicon nitride balls that were tested with the



new method. The balls that were deemed defective
through this method demonstrated shorter rolling fatigue
life, while every one of the balls that passed the inspection
lasted until the test was suspended after 2 000 hours,
nearly eight times the basic rating life of steel bearings.'”
NSK’s ultrasonic flaw detection method was thus shown to
be an effective non-destructive means of inspecting
ceramic balls.

4. Life Equation for Ceramic Bearings
NSK has performed life tests under various
environments as described in Section 3. Estimating the life

of ceramic bearings can be carried out as follows:

L = ac. -acu (C,/P)’

where,

L: Basic rating life (90% reliability life), 10° rev

C: Basic dynamic load rating of steel bearings
of the same size, N

P: Dynamic equivalent load, N

ac: Lubrication coefficient
acvm: Material coefficient

Table 4 lists the lubrication and material coefficients.

Table 4 ac_ and agy in life equation of ceramic bearings

Lubrication AcL Bearing type Acm
Hybrid 4
Oil or Grease 1 -
All-ceramic
Hybrid 0.1
Water 0.02 -
All-ceramic 1

5. Conclusion

The characteristics of NSK’s ceramic materials for
rolling bearings and the results of recent performance
tests of ceramic bearings in a variety of environments have
been described. Ceramic bearings are believed to have
additional superior performance attributes. NSK will
conduct further research and development to meet the
needs of the market.
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Excellent Stainless Bearing Steel (ES1)

Susumu Tanaka, Kenji Yamamura and Manabu Oohori

Research and Development Center

ABSTRACT

NSK has developed Excellent Stainless Bearing Steel (ES1), a new steel that is superior to conventional AISI 440C

steel in corrosion resistance and rolling contact fatigue life.

AISI 440C has been used in applications where corrosion resistance is of primary concern. However, its performance
has not always been satisfactory because it contains coarse eutectic carbides that act as crack initiators under rolling
contact stress and reduce Cr content in the martensitic matrix to the carbides. In contrast, ES1 steel has no eutectic
carbides but consists of fine carbides, nitrides and strong martensite, resulting in improved resistance to corrosion and
fatigue. ES1 has optimum nitrogen content and lower carbon content to suppress the eutectic carbides generated in
conventional steelmaking process. In testing, ES1 outperformed other stainless steels in a 5% aqueous sodium chloride
immersion test, a salt-water spray test, 5-N sulfuric acid and 5-N hydrochloride solution immersion tests, and life tests

in water.

1. Introduction

Rolling bearings are often used under severe conditions
such as high contact pressure, high temperature and
contaminated lubrication. In response, NSK has
undertaken extensive research and made great strides in
the field of material and heat treatments, as demonstrated
by HTF and STF bearings."® Today, with the use of
bearings in various corrosive environments increasing,
interest in stainless steel and ceramic bearings is growing.

Stainless steel for rolling bearings must have high
hardness. To date, high-hardness, high-carbon martensitic
ATSI 440C steel has been widely used, but its corrosion
resistance and other performance characteristics have not
always been adequate. To remedy this, NSK developed
Excellent Stainless Bearing Steel (ES1), which is superior
to conventional AIST 440C steel in corrosion resistance
and other performance attributes. In this report, we
review this outstanding new bearing material.

2. Development Concepts

AIST 440C has high carbon and Cr content, and when it
solidifies, coarse eutectic carbides in which Cr is
concentrated are produced. These carbides remain
unchanged even after heat treatment (Photo 1a). High

contact pressure between the rolling elements and bearing
rings causes stress concentrations in the coarse eutectic
carbides, resulting in flaking. In addition, eutectic
carbides reduce corrosion resistance due to loss of Cr in
the martensitic matrix. The presence of eutectic carbides
in steel is therefore extremely undesirable.

Recently, 0.7C — 13Cr martensitic stainless steel
(hereafter referred to as “13Cr stainless steel”) was
developed by suppressing the formation of eutectic
carbides through the reduction of the carbon and Cr
content in AIST 440C. However, this steel provides
insufficient corrosion resistance because it still contains
eutectic carbides (Photo 1).

Recent research has indicated that alloying nitrogen to
stainless steel increases corrosion resistance.” Such
nitrogen alloying through conventional melting is not easy
because blowholes remain in the steel due to the low
solubility of nitrogen. Nitrogen alloying of martensitic
stainless steel, requires very specialized methods such as
pressurized electro-slag remelting (PESR).5"®

In this context, to develop our highly corrosion-resistant
ES1, we lowered the carbon content and increased the
nitrogen content of conventional high-carbon martensitic
stainless steel (Fig. 1). A sufficient amount of nitrogen is
added to molten steel in the conventional steelmaking
process. This enhances corrosion resistance and endurance
life without considerably increasing production costs.

(a) AISI 440C

(b) 13Cr stainless steel

(c) ES1

20 um

Photo 1 Structure of martensitic stainless bearing steels as viewed with an optical microscope
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3. Features of ES1 Steel

3.1 Microscopic structure and hardness

Photo 1c shows the microscopic structure of the new ES1
steel. ES1 has none of the coarse eutectic carbides
observed in conventional stainless steel (cf. Photos 1a and
1b). Instead, ES1 has superior microscopic structure with
fine carbides distributed evenly. In addition, nitrogen
strengthens martensite, thus contributing to higher
hardness than conventional stainless steel.

3.2 Corrosion resistance

3.2.1 Aqueous sodium chloride solution
immersion test

¢18 x 10 mm test pieces of ES1, 13Cr stainless steel and
AISI 440C were immersed in a 5% aqueous sodium
chloride solution at room temperature for 8 hours. Before
immersion in the solution, all surfaces of the test pieces
were polished, one end of each test piece was finished with
#800 emery paper, and then passivation treatment was
applied. Photo 2 shows the test pieces after the test. The
conventional AISI 440C and 13Cr stainless steel rusted,
while ES1 did not.

3.2.2 Anodic polarization curve measurement test

The results of the 5% aqueous sodium chloride solution
immersion test showed that ES1 is superior in corrosion
resistance to AISI 440C and 13Cr stainless steel. To prove
this electrochemically, anodic polarization curve

AISI 440C

' Fewer coarse eutectic
carbides and more fine
e

13Cr stainless steel

$

Many coarse eutectic carbides

utectic carbides

No eutectic carbides

Low < C content — High

Nitrogen alloy

Low < Cr content — High

Fig. 1 Development concept

(a) ES1

Photo 2 Test pieces after immersion in aqueous sodium chloride solution

(b) 13Cr stainless steel

measurements were taken per JIS G0579. In this test, the
potential was changed in 20 mV/min steps. The
measurement results are shown in Fig. 2. ES1 has a wide
passive state range and the current density to maintain
the passive state in this range is smaller by one order of
10. The test results indicate that ES1 has superior
corrosion resistance in terms of electrochemistry.

3.2.3 Saltwater spray test

We conducted a saltwater spray test per JIS Z2371 on
13Cr stainless steel and ES1 bearing inner and outer rings
after ultrasonically cleaning them with an organic solvent.
Photo 3 shows the bearing rings after the test.
Conventional 13Cr stainless steel rusted considerably
while ES1 did not.

3.2.4 Aqueous sulfuric acid and hydrochloric acid
solution immersion test

In HD cleaners and other applications, rolling bearings
are exposed to solutions of sulfuric acid and hydrochloric
acid. Accordingly, we evaluated the corrosion resistance of
ES1, 13Cr stainless steel and AISI 440C in a 5-N aqueous
sulfuric acid solution and 5-N hydrochloric acid solution.
In the test, ¢18 x 10 mm test pieces were immersed in the
solutions at room temperature for 20 hours, and then the
amount of corrosion was measured. The test results
confirm that ES1 is superior to the conventional steels in
resistance to sulfuric acid and hydrochloric acid (Fig. 3).
Note that while martensitic stainless steels are highly
resistant to corrosion in oxidizing nitric acid (except

Test conditions: Test solution: 5% sulfuric acid
Sweep rate: 20 mV/min

105
13Cr stainless steel

104 1

[

o
[
T

AISI 440C

[y

o
m
T

ES1

=
o

Low < Corrosion rate — High
Current density, uA/cm?

ali Passive state range

lo-l 1 1 1 1 1 1 1 1
-600 -400 -200 O 200 400 600 800 1000 1200

Potential vs. SCE, mV
Low < Oxidation — High

Fig. 2 Anodic polarization curves of stainless bearing steels

(c) AISI 440C
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(a) ES1

(b) 13Cr stainless steel

Test time: 2 hours

Photo 3 Bearing rings after saltwater spray test

5.0[ 5-N sulfuric acid

32 40f

oc

3% 30

o8

;S)g 20

22 10t
0

ES1 AlSI 440C 13Cr stainless steel
02 5N hydrochloric acid
So 0151
S5
83 01
5S 005}
o>
;.Q
0

ES1 AISI 440C 13Cr stainless steel
Test conditions: Test piece: $18 x 10 mm
Test solution: 300 ml

Immersion time: 20 hours (at room temperature)

Fig. 3 Weight reduction by corrosion of stainless steels after
immersion in 5-N sulfuric acid and 5-N hydrochloric acid

diluted nitric acid), they are not so resistant to sulfuric
acid and hydrochloric acid. Because the corrosion
resistance of stainless steels varies substantially
depending on the concentration and temperature of the
corrosive agent, it is vital to have a clear understanding of
the operating environment.

3.3 Charpy impact test

Table 1 shows the results of a Charpy impact test using
2 mm V-notched test pieces. ES1 showed greater shock
resistance than conventional 13Cr stainless steel.

3.4 Water-submerged life test

Stainless steel rolling bearings are used in precision
equipment where even the smallest amount of rust is
unacceptable and also in corrosive environments under
severe lubrication conditions. We therefore used a special
method developed by NSK to evaluate the rolling fatigue
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Table 1 Results of Charpy impact test (2 mm V-notched test pieces)

Steel type Hardness (HzC) Impact (J/cm?)
ES1 61.8 4.0
13Cr stainless steel 61.1 3.6

Table 2 Comparison of stainless steels for bearings

Steel type Hardness ggg?;rig; Faltiifgue
ES1 O O O
13Cr stainless steel O 4 A
AISI 440C O o X

O: Excellent, & Fair, X: Poor

life of ES1 and AISI 440C in water.” The test bearings
were 51305 thrust ball bearings with a fluororesin cage
and silicon nitride balls. Bearing life was deemed over
when the bearing vibration level reached about five times
its initial value. Test conditions included load of 980 N
(maximum contact pressure: 1 470 MPa) and rotating
speed of 1 000 rpm. Test results indicating that ES1 has
about five times longer life than AISI 440C in water are
shown in Fig. 4.

4, Conclusion

NSK has developed Excellent Stainless Bearing Steel
(ES1). The new steel is superior to commonly used
stainless steels on the market today (Table 2). Nitrogen
alloying was applied to achieve both high corrosion
resistance and long rolling contact fatigue life without
increasing production costs. ES1 has no eutectic carbides
but consists of fine carbides and nitrides (mostly carbon
nitrides). In testing ES1 outperformed AISI 440C and
13Cr stainless steel in both corrosion resistance and
fatigue life. Specifically, ES1 demonstrated its superiority
in a 5% aqueous sodium chloride immersion test, a salt-
water spray test, 5-N sulfuric acid and 5-N hydrochloric
acid solution immersion tests, and life tests in water.
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Development of NSJ2 Bearing Steel

Nobuaki Mitamura

NSK-RHP European Technology Centre
Yasuo Murakami
Research and Development Center

ABSTRACT

Using special fatigue analysis techniques, NSK has investigated numerous premature bearing failures in a variety of
applications. Analysis revealed that in the majority of cases premature bearing failure was from surface-originated fatigue.

NSK therefore developed a new steel, NSJ2, which has better resistance to surface-originated fatigue than conventional
bearing steels. As a result, bearings made of NSJ2 steel are less prone to premature failure.

The development of this new bearing steel involved the optimization of alloying additions to give improved resistance to
surface-originated fatigue without adversely affecting other important steel properties such as wear resistance and
dimensional stability. Consideration was also given to the ease with which bearings could be manufactured in the

new steel.

1. Introduction

Many of the rolling bearings produced today are made of
AISI 52100 high-carbon chromium bearing steel
(equivalent to SUJ2). Over the long, nearly 100-year
history of AISI 52100, its main components have scarcely
been modified. During this same period, a great deal of
research has been conducted on such topics as bearing
service life, bearing life evaluation technology, differences
between types of premature bearing failures (e.g., failures
due to surface- and subsurface-originated fatigue),” and
material factors that can affect these types of premature
bearing failures.? Based on the results of this research,
improvements were made to steelmaking processes that
resulted in higher purity of AISI 52100.% The results of
studies and the types of premature bearing failures
experienced in the field, however, indicate that AISI 52100
is not necessarily the ideal steel for rolling bearings. In
response, we analyzed many premature bearing failures
with a view to developing a material that would ensure
longer bearing service life. In the course of developing this
material, we focused not only performance factors like life,
but also ease of production. This report gives background
on and then describes the characteristics of NSJ2 bearing
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Fig. 1 Fatigue analysis of typical subsurface-originated fatigue

steel, a new steel with longer life and better performance
than AISI 52100.

2. Research on In-Service Bearing
Failures

Fatigue failure of rolling bearings in service can be
broadly classified into two types: subsurface-originated
fatigue and surface-originated fatigue. In subsurface-
originated fatigue, a crack initiates below the surface of
the bearing raceway at a defect such as a non-metallic
inclusion, often in the region of maximum shear stress.
This type of fatigue is often associated with good
lubrication. In surface-originated fatigue, a crack is
initiated at a defect such as a scratch or indentation in the
bearing raceway caused by foreign debris. This type of
fatigue is associated with poor lubrication. In both surface
and subsurface fatigue, the cracks propagate under the
influence of cyclic stress until flaking of the bearing
raceway occurs.

These types of fatigue can be analyzed using X-ray
diffraction (Figs. 1 and 2).#® For many years, NSK has
used this technology to generate a vast amount of data on
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Fig. 2 Fatigue analysis of typical surface-originated fatigue

*The fatigue index is calculated based on changes in the half-value width of martensite and in retained austenite content.
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Fig. 3 Surface- and subsurface-originated failures in fatigue life test results of 6206 deep groove ball bearings

the fatigue of bearings in service. From this data, it was
found that in applications where fatigue was the main
cause of premature bearing failure, the most common type
was surface-originated, usually due to poor lubrication
conditions.

Fig. 3 shows the results of a bearing life test that was
carried out under good lubrication conditions (filtered
elastrohydrodynamic lubrication). Microscopic observation
of the bearings after testing showed those with a short life
had an arrowhead-like trace of flaking originating from a
microscopic dent (Photo 1). This highlights the difficulty of
completely preventing surface-originated fatigue from
leading to premature bearing failure.

Fig. 4 shows the results of bearing life tests carried out

under various lubricating conditions. The bearings tested
under good lubricating conditions exhibited flaking from
subsurface-originated fatigue and their life was much
longer than the theoretical life. This is probably
attributable to recent advances in steel mill technology
resulting in greatly improved steel cleanliness and the
almost total elimination of harmful non-metallic inclusions
from which flaking originates. By contrast, the bearings
tested under poor lubricating conditions exhibited flaking
from surface-originated fatigue. Under these conditions,
the life was as short as one twenty-fifth of the theoretical
life.

The above results show that in the case of subsurface-
originated fatigue, bearings can achieve their theoretical
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Fig. 4 Fatigue life test results of 6206 bearings under various lubricating conditions
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life, while in the case of surface-originated fatigue bearing
life is often much shorter than the theoretical life. In order
to improve bearing reliability in the market, it is
necessary to develop a bearing steel with increased
resistance to surface-originated fatigue.

3. Concept of New Bearing Steel

To develop a new steel with improved resistance to
surface-originated fatigue and thereby improve the life of
bearings operating under poor lubricating conditions,
research was conducted on material factors and alloys.”

In relation to material factors it was found that greater
retained austenite content in the surface of the material
improves resistance to surface-originated fatigue as shown
in Fig. 5. Further studies on the relationship between
material factors and bearing life under contaminated
lubrication conditions revealed that increasing the amount
of retained austenite was possibly the most effective way
of suppressing premature failure from surface-originated
fatigue. Fig. 6 shows the results of life tests carried out on
bearings made from steel containing varying percentages
of retained austenite. The results of the tests show that as
the hardness of the foreign particles increases, bearing life
decreases. However, the decrease becomes less pronounced
as the amount of retained austenite increases.

Although high retained austenite content improves
bearing life under surface-originated fatigue, it reduces
the dimensional stability of the bearing. Therefore in the
development of a bearing steel resistant to surface-
originated fatigue, consideration was given to the
dimensional stability of the bearing.

4. Alloy Design

For the purpose of developing a new bearing steel, a
number of steels with various compositions were studied
to determine the effect of different alloys on performance.
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4.1 Improvement in surface-originated
fatigue life

Increasing the amount of retained austenite improves
resistance to surface-originated fatigue. In alloy design,
therefore, steel compositions were formulated that would
result in levels of retained austenite above those found in
standard heat-treated AISI 52100.

Figs. 7 to 10 show the relation between the main
alloying elements and the retained austenite content after
hardening and tempering. All these steels were heat-
treated in the same way as AISI 52100.

(1) C content

Fig. 7 shows the relation between carbon content and
retained austenite. Under normal heat treatment
conditions, the amount of retained austenite is closely
related to the carbon content: the higher the carbon
content, the higher the retained austenite content.
However, when the carbon content is in excess of 0.7%, the
retained austenite content increases only slightly.

(2) Si content

Fig. 8 shows the relation between Si content and
retained austenite. Si has little effect on the level of
retained austenite.

(3) Mn and Cr contents
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The effects of Mn and Cr content on retained austenite
are shown in Figs. 9 and 10, respectively. The higher the
Mn content, the higher the retained austenite. Conversely,

the higher the Cr content, the lower the retained austenite.

Figs. 11 to 14 show the relation between the alloy
elements and bearing life under contaminated lubrication
conditions, i.e., surface-originated fatigue. The bearings
were tested on a flat-washer type test rig under the
following conditions:

Pmax =4 900 MPa

N =3000 cpm

Contaminants:

- Hardness: Hv 540
- Size: 74 - 147 pm
- Quantity: 300 ppm

The retained austenite content was nearly a constant
when the carbon content was higher than 0.7%, while
bearing life was nearly constant when the carbon content
was higher than 0.8%. This indicates that a carbon content
of greater than 0.8% is necessary to obtain good bearing life.
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Si showed little effect on the retained austenite content,
but as the Si content increased so did the bearing life. As
to the effect of Mn and Cr on bearing life, the addition of
Mn resulted in a higher retained austenite content and
improved bearing life, while the addition of Cr led to a
lower retained austenite content and a reduction in
bearing life.

From these findings it was concluded that increased in
C, Mn and Si content lengthens bearing life while,
conversely, increased Cr content reduces bearing life.

4.2 Dimensional stability

Generally, the longer a bearing is either used or stored
the more likely it is to undergo dimensional change due to
the decomposition of its retained austenite. The degree of
dimensional change depends on the amount of retained
austenite that decomposes; the larger the amount of
retained austenite that decomposes, the greater the
dimensional change. On the other hand, high levels of
retained austenite can be very beneficial to bearing life
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Fig. 13 Relationship between L, life and manganese content under
debris-contaminated lubrication

characteristics associated with surface-originated fatigue,
as discussed earlier.

Although the amount of dimensional change is
proportional to the retained austenite content, what is
important is the decomposition rate of the retained
austenite. In other words, dimensional change may not
occur if the retained austenite does not decompose under
the bearing operating conditions including especially the
operating temperature. Si significantly affects the retained
austenite decomposition rate. Fig. 15 shows the different
decomposition rates of retained austenite in two steels
with different Si content. As shown in the figure, the
decomposition of retained austenite is retarded by
increasing the Si content. In addition, an increase in the Si
content also increases the resistance to softening during
tempering and therefore maintains the hardness of the
bearing when operated at high temperatures. Based on
these findings, NSK developed NSJ2 steel with higher Si
content, a lower rate of retained austenite decomposition

31 Motion & Control No. 8 (May 2000) NSK

100
®
%]
o
S
© 10 -
w0
o
—
g Levels of other alloys:
_3 C: 0.8—0.85%
- Mn: 0.6—0.8%
Cr. 0.9—1.1%
1 1
0 0.5 1

Silicon content, %

Fig. 12 Relationship between L,, life and silicon content under
debris-contaminated lubrication

100
o\'\.\.\~\

3
3 { ]
mo Levels of other alloys:
S 10f C: 0.8—0.85%
£ Si: 0.2—0.3%
o .
2 Mn: 0.6—0.8%

1 1 1 1 1 1

0 0.3 0.6 0.9 12 15 18

Chrome content, %

Fig. 14 Relationship between L,, life and chrome content under
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and better heat resistance than AISI 52100 (Fig. 16).

4.3 Surface hardness

The analysis results shown in Figs. 7 to 14 indicate that
the amount of retained austenite affects bearing life
characteristics associated with surface-originated fatigue.
On the other hand, bearing surface hardness must also be
a consideration from the point of view of wear and
indentation resistance.

The precipitation of carbides affects surface hardness.
To increase the precipitation of carbides, carbide
constituents such as C and Cr must be added to steel. This
means that, in spite of the fact that the addition of Cr
reduces the retained austenite content and degrades
bearing life associated with surface-originated fatigue, a
considerable amount of Cr must be added to develop
sufficient surface hardness.



15
=12
2
13 ° Si=0.50%
%]
g 9 . 4
B
£ °
8 6 [ |
]
© = »
3 3[ siz025%
£
: )
0 I I I
0 5000 10000 15000 20000
Time, h

Fig. 15 Influence of silicon content on the retained austenite
decomposition rate at 120°C

4.4 Productivity

As part of developing a new bearing steel, it is not only
necessary to consider the functional requirements as
described in the previous sections but also the feasibility of
manufacturing bearings in the steel. From this viewpoint,
manufacturing-related properties like machinability, cold-
workability, hardenability and grindability were
examined.

5. Performance Evaluation of
NSJ2 Bearing Steel

Based on the extensive research summarized in the
foregoing, the composition of NSJ2 bearing steel was
determined. Test bearings were manufactured and
evaluated in a number of tests.

5.1 Life tests
Figs. 17, 18 and 19 show the results of life tests. The
results in Fig. 17 show that the life characteristics of the
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Fig. 16 Tempering resistance of NSJ2 and AISI 52100

NSJ2 bearings are similar to AISI 52100 bearings under
clean lubrication conditions (i.e., subsurface-originated
fatigue). However, as shown in Figs. 18 and 19, the NSJ2
bearings performed better than the AISI 52100 bearings
under contaminated lubrication conditions (i.e., surface-
originated fatigue).

5.2 Dimensional stability test

Fig. 20 shows the change in the dimensions of bearings
at 100°C and 120°C. The NSJ2 bearings demonstrated
better dimensional stability than the AISI 52100 bearings.
This indicates that NSJ2 bearings have better dimensional
stability than AISI 52100 bearings over the typical
operating temperature range. This is because the retained
austenite decomposes more slowly in the NSJ2 steel than
in the AISI 52100 steel.

5.3 Wear and seizure resistance test

Fig. 21 shows the results of a Sawin wear resistance
test. The results indicate that NSJ2 has similar wear and
seizure resistance to AISI 52100.
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Fig. 17 Fatigue life under clean lubrication conditions of 6206 bearings made of NSJ2 and AlSI 52100
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Fig. 19 Fatigue life under contaminated lubrication conditions of L44649/610 tapered roller bearings made of NSJ2 and AISI 52100

The results of the evaluation tests show that NSJ2 steel
has greater resistance to surface-originated fatigue than
existing AISI 52100 bearing steel. This is due to NSJ2’s
high level of retained austenite, which is achieved by
careful control of its composition. This high level of
retained austenite, however, compromises the dimensional
stability of the bearing. Furthermore, the lower content of
Cr, while necessary to ensure a high level of retained
austenite, has an adverse effect on wear and seizure
properties. To overcome these problems, silicon content is
increased and Cr content is optimized. As a result, NSJ2
has similar dimensional stability and wear resistance to

AISI 52100.
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6. Conclusion

NSK has developed a new bearing steel, NSJ2, that
improves the service life of bearings by minimizing
premature failures. NSJ2 was developed based on the
understanding that the majority of in-service premature
bearing failures are due to surface-originated fatigue. The
composition of NSJ2 is designed to promote higher
retained austenite content, which improves bearing life
under surface-originated fatigue. In testing, bearings
made of NSJ2 demonstrated longer life than bearings

made of AISI 52100 steel.
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NSK Linear Guides for
High-Temperature Environments

The NSK linear guide has a history dating back more
than 17 years. During this period, NSK has introduced
many different products to meet the varied and expanding
needs of the market. Examples of these include: the LY
Series for machine tools, which require high accuracy and
rigidity; the LA Series with enhanced capability of the LY
Series; the LH Series with high load capacity and self-
aligning performance for a wide range of applications; the
compact and low-profile LS Series; the wide-rail LW
Series; and the miniature LU, LE and LL Series.

Today, linear guides are often used in high-temperature
environments such as in semiconductor and LCD
manufacturing, glassware production, and welding
machines on automobile assembly lines. To meet the
particular challenges of these applications, NSK developed
heat-resistant specifications for its linear guides and
optional heat-resistant bellows to protect the linear guide
rails (Photo 1).

Photo 1 NSK Linear Guides and their bellows for high temperature

Features

m Heat resistance

While standard NSK linear guides can be used at 80°C
for continuous operation and 100°C for short periods, the
new heat-resistant linear guides are serviceable at 150°C
and 200°C for short periods.

Table 1 NSK Linear Guide series and model numbers for high

m Stainless steel material

Stainless steel not only provides high heat resistance,
but also corrosion and chemical resistance and excellent
performance in vacuum environments.

m Optional heat-resistant bellows

With heat-resistant bellows, linear guides can be used in
applications like welding equipment where high-
temperature substances are spattered.

m Variety of standard products available
A wide variety of standard products ensures broad
applicability, short delivery times and low prices.

Specifications

Table 1 lists the types of heat-resistant NSK linear
guides available. As indicated in the table, the products
are made of either a combination of stainless steel and
standard material or all stainless steel (excluding the
seals) and are available in five series. As with the
standard series, products suited to medium, high, and
super-high loads are available. The dimensions of the
heat-resistant linear guides are the same as the standard
products. Please refer to the catalog, “NSK Precision
Machine Components,” for more information. Models other
than those in Table 1 are available upon request; contact
NSK for details.

Table 2 and Fig. 1 show the special materials and
components used in the heat-resistant linear guides. For
the rail, ball slide and balls, either special high-carbon
steel with high rolling contact fatigue strength or high-
purity martensitic stainless steel is used. Fluororubber
with high heat and chemical resistance is used for the
seals while highly corrosion-resistant austenitic stainless
steel is used for other parts. The lubricant is a high-
temperature grease with a urea thickener and a synthetic
base oil that has excellent oxidation stability and lubricity
at high temperatures. For vacuum environments, all-
stainless steel linear guides lubricated with special
vacuum grease are available.

temperatures Table 2 Material for specific components of NSK Linear Guides for
high temperatures
Model number
Series Standard Allstainless steel I Stainless steel
specification (e)f(l:)lﬁzlifrll(;;agg; s Components Standard specification specification
(High load capacity, . . Special high-carbon Martensitic
LH self-aligning type) 20,25, 30, 35, 45, 55 20,25, 30 Rail and ball slide steel stainless steel
LS (Compact, low height) 15, 20, 25, 30 15, 20, 25, 30 Balls AISI 52100 AlSI 440C
LW (Wide type) 17,21, 27 End cap, components for Austenitic stainless steel
LU (Miniature) 09, 12, 15 09, 12, 15 ball re-circulation, and screws
LE (Miniature, wide type) 12,15 Seals Fluororubber
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Under seal

Material: Fluororubber

Ball retainer

Ball retaining plate

Material: Stainless steel

Material: Stainless steel

Ball slide body

Material: Stainless steel

Side seal

Fig. 1 Parts of NSK Linear Guide for high temperature

Applications

NSK’s new heat-resistant linear guides are most
suitable for high-temperature applications such as in the
diffusion process of semiconductor manufacturing, and in
welding machines, glass production equipment and steel
mills. They can also be used in food and chemical
processing where heat and corrosion resistance are
required. The all-stainless steel products available have
extremely low out-gassing and thus are ideal for vacuum
environments.

Following are two examples of applications for heat-
resistant NSK linear guides:

(1) Wire bonder (Fig. 2)

This machine connects lead frames and silicon chips
with gold wires about 30 pm in diameter. An NSK linear
guide is used to guide the heat block in this system. The
standard heat-resistant series can be used continuously at
a maximum of 150°C.

(2) SP Ring-8 (A synchrotron radiation facility located in
Hyogo Prefecture, Japan; Fig. 3)

SP Ring-8 is an abbreviation of Super Photon Ring 8
GeV; it refers to the high-energy photons generated by this
facility’s 8-billion electron volt (8 GeV) storage ring. The
facility is the world’s most powerful third-generation

Material: Fluororubber

Ultrasonic excitation

Capillary <
Al pad

N

Si chjp Au ball

7 7
Heat block
Mount tab
(Heated) T

Linear guide for high temperature

—_—

Ww—
[

Au bonding wire

($20-30 um) ; §§

i Discharge torch

Heat block

Fig. 2 Wire bonder
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How Electrons Flow through SP Ring-8

Beam line
<
-

Radiated light /

'\

)

Experimental system

A\
\

Storage ring

\\‘—//

Electron gun

&

Flow of electrons )
Linear accelerator

\\j Synchrotron

/
-
_

Radiated light

>~ s

Long-range beam line

~

Fig. 3 SP Ring-8 (From: “SCLAS,” October 1997, copyright Asahi Shimbun)

synchrotron radiation facility. It generates extremely
intense ultraviolet and X-rays that are invaluable in basic
and applied research in materials science and medicine.
Electrons are first accelerated to 1 GeV (a unit of energy
equal to that acquired by an electron when it is
accelerated by one billion volts) by a linear accelerator,
and then further accelerated to 8 GeV with a synchrotron
that has a circumference of 396 m. Next, the electrons are
stored in the storage ring (a circular accelerator with a
circumference of 1 436 m) until their use in various
experiments and research. All-stainless steel NSK linear
guides are used as positioning mechanisms and mirror
adjusting axes in the experimental and measuring systems
that use the radiated light from the storage ring to the
beam line whose end is connected to a particular
experimental system. The linear guides operate in a
vacuum environment of 1.33 x 10* Pa {10 Torr} or more.
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Addendum

In addition to the new heat-resistant series, NSK
produces linear guides for special environments including
linear guides with special surface treatments to enhance
corrosion resistance, and linear guides with NSK K1™
lubrication units for low maintenance and high resistance
to foreign particle contamination. Also, we have recently
developed the NSK S1 Series™. These new linear guides
have a special resin retainer that separates the balls, thus
significantly reducing operating noise and helping to
ensure smooth, trouble-free performance. To keep pace
with the constantly evolving needs of the market, research
and development on linear guides is ongoing at NSK.



Press-Fitted Bearing Units

for Swing Arms

In hard disk drives (HDDs), a pivot unit is used to
support the swing arm on which the magnetic head is
mounted. In order to facilitate the development of HDDs
with higher speed, greater density and reduced size, pivot
units must have higher stiffness and generate as little
contamination as possible inside the disk drive. To meet
these requirements, NSK has recently developed and
begun mass-producing bearing units for which press
fitting, rather than an adhesive, is used to fix miniature
ball bearings to the shaft and housing. Photo 1 shows the
new bearing units.

Press Fitting vs. Fitting with Adhesive

Fig. 1 compares the new press-fitted design with the
conventional design using an adhesive. With the
conventional design, an adhesive is used to fix the
miniature ball bearings to the shaft and housing, and
preload is controlled by a deadweight or spring. This
design presents three problems: potential variations in the
bearing unit’s resonance frequency (rigidity), the possible
contamination of the disk drive by the adhesive, and
limitations on developing compact designs. In contrast,
press fitting is performed by a special machine, as shown
in Fig. 1. The resonance frequency of the new press-fitted
bearing units is controlled during assembly. Both the inner
ring and the shaft are oscillated as the inner ring is
inserted slowly onto the shaft until the resonance
frequency, monitored by a sensor attached to an end of the
housing, reaches a desired level. The insertion force can be
controlled for each bearing on the shaft by means of a load
cell attached to the shatft.

Features
m Improved rigidity

For an HDD to have greater density and be capable of
faster disk rotation, greater accuracy is required in the

Press-fitted design (US PAT. USS5341569, USS5509198)
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Photo 1 Press-fitted bearing units

positioning performance of the pivot unit. To meet this
requirement, the rigidity (resonance frequency) of the pivot
for the swing arm is required to be constant. For the new
press-fitted bearing units, the variation in resonance
frequency (rigidity) is reduced because resonance
frequency is controlled during assembly. Resonance
frequency distributions of press-fitted bearing units and
adhesive-bonded bearing units are compared in Fig. 2.

® No contamination from adhesive

Because no adhesive is used, there is no risk of
contamination from the adhesive causing the magnetic
head to crash into the hard disk. This contributes to the
overall reliability of the drive.

m Miniature units also available

The smaller bearing units in Photo 1 are used for swing
arms in HDDs with one-inch disks. In addition to personal
computers, these HDDs are beginning to be used in high-
definition, high-capacity digital cameras.

m Removal force for inner ring totally

controllable
In view of the relation between insertion and removal

Conventional design using adhesive

Oscillation and | _
) ) Deadweight
feeding equipment am
Load cell
\ Adhesive
Oscillation
equipment

Fig. 1 Comparison of press-fitted and conventional designs
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force of press-fitted bearings (Fig. 3), the control of the
removal force for every bearing, while difficult for
adhesive-bonded bearing units, is possible for press-fitted
bearing units because inserting force is controlled during
mounting.

Durability

m Heat cycle endurance test

In a heat cycle endurance test in which test bearing
units were exposed to six heat cycles (one cycle consisted of
24 hours at 70°C followed by 24 hours at 0°C), little change
was observed in the resonance frequency of the press-fitted
product (Fig. 4).
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Fig. 3 Insertion force vs. removal force
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m Oscillation endurance test
After 20 000 000 oscillations, the new bearing unit
showed no change in resonance frequency.

Conclusion

In response to the need for higher-performance HDDs,
we have developed press-fitted bearing units that are
adhesive-free. Compared with adhesive-bonded bearing
units, the new bearing units provide greater reliability and
facilitate the development of faster, smaller HDDs with
higher density. We expect them to be used extensively as
pivot units for swing arms in HDDs.
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Fig. 4 Effect of heat cycles on resonance frequency
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