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When performing a cutting operation, a water-soluble cutting fluid may be used for

cooling. Labyrinth and oil seals are commonly used in the rotating centers of machine

tools to prevent the cutting fluid and dust from entering the inner parts. However,

these seals do not demonstrate adequate functionality in a water-based environment.

Therefore, a new rotary shaft seal was devised to separate the water-soluble cutting

fluid from interacting with air. The rotary shaft seal was made from polyvinyl formal (PVF).

Because PVF is a hydrophilic material, it is expected to provide suitable functionality

as a seal in a water-based environment. Performance evaluations of PVF and oil seals

were experimentally obtained and compared from the point of view of frictional torque,

water-soluble cutting fluid leakage volume, and service life as a seal.
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INTRODUCTION

Rotary shaft seals used to separate liquid and air are important mechanical components in machine
tools. Advances in rotary shaft seals have improved the quality of many machine products. Oil seals
and labyrinth seals are well-known as general rotary shaft seals (Bock et al., 2003; Kim and Cha,
2009; Flitney, 2014). An oil seal forms a sliding surface between the rubber seal lip and the rotating
shaft and is a component that prevents liquid leakage. Labyrinth seals, on the other hand, have a
complicated fluid passage and rotate with the shaft, preventing leakage. Labyrinth seals are also
mainly made of metals and are used in oil-based environments to prevent dust from entering the
bearing housing or similar critical areas of machines. In addition, while the oil seal is a contact
seal, one of the salient features of a labyrinth seal is that it is a non-contact seal. In general, the
rotary shaft seal demonstrates excellent functionality in preventing the leakage of liquid when the
speed of the rotating shaft is high or in oil-based environments. However, there are very few types
of rotary shaft seals that can be used in a water-based environment. As a consequence of rapid
technical innovation, there are increasingly more conditions under which shaft seals are required
to operate these days. For example, when performing a cutting operation with a machine tool,
water may be used for cooling the workpiece or turning tool (El Baradie, 1996a,b; Debnath et al.,
2014). In a rotation center attached to a lathe or similar machine, an oil or a labyrinth seal is
incorporated to prevent the liquid from entering the rotation center (Malleswara Rao et al., 2011).
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However, these seals do not demonstrate excellent functionality
in a water-based environment. A rotary shaft seal is needed to
protect the mechanical elements from water-based liquid ingress
in such a situation. In addition, the energy loss caused by the
shaft seal should be minimized. Therefore, a rotary shaft seal
that is suitable for such an environment is required in place of
conventional seals. Accordingly, a new type of rotary shaft seal
was specially designed to prevent water-based liquid leakage at
a low frictional torque. A contact-type rotary shaft seal made
of the hydrophilic material polyvinyl formal (PVF) was devised
because such a seal using a hydrophilic material could show good
performance just as an oil seal using a hydrophobic material
shows an excellent function (Nakanishi et al., 2009). In a previous
study, a shaft seal used an aqueous solution of polyethylene glycol
(PEG), which is a non-Newtonian fluid; this solution was injected
between the PVF seal rings to support the lubrication and sealing
action at the sliding surface (Honda et al., 2018a). In another
study, a new PVF seal with a simplified configuration that did not
use a PEG solution was proposed (Honda et al., 2018b). While an
oil seal demonstrates fluid lubrication on the sliding surface, a
rotary shaft seal made of PVF is designed to provide boundary
lubrication because oil films do not form easily in water-based
environments (Bhate et al., 2004; Nakanishi et al., 2016, 2018;
Honda et al., 2018a).

In this paper, we describe the development of a new rotary
shaft seal for separating water and air using PVF as the sealant
material under conditions where the rotary shaft operates at high
speeds. This rotary shaft seal was experimentally evaluated from
the perspective of frictional torque, water-soluble cutting fluid
leakage volume, and service life.

MATERIALS AND METHODS

Sealing System
Figure 1 shows a schematic of the rotation center. The rotation
center is mainly used to support the free end of the test piece
in a machine tool, such as a lathe. Oil and labyrinth seals are
generally used over the rotation centers in the sealing parts to
prevent cutting fluids from entering bearing housings or similar
areas. These seals prevent oil leaks and dust from entering
these critical areas, and their functionality is fully demonstrated
in an oil-based environment. However, when the oil-based
environment is replaced with a water-based environment, these
seals do not perform adequately. This is because oil seals are
generally used to prevent leakage of oil and their seal lips
are made of elastomer, which has hydrophobic characteristics.
Therefore, oil seals sometimes suffer from inadequate lubrication
of seal lips in water-based environments. Labyrinth seals have
complex flow passages and they prevent leakage flow by
operating at high shaft speed when fluids or gases enter into
the flow passages. According to the seal structure, some leakage
should be allowed when the shaft speed is low or shows zero.
Furthermore, it is shown that the leakage amount of water
is larger than that of oil because water has lower viscosity
(Strmčnik and Majdič, 2017). Thus, PVF (PVA sponge D (D),
SEIWA INDUSTRY Corp., Ltd., Japan), which is a hydrophilic
material, was proposed as a sealing material because it is

FIGURE 1 | Schematic of the rotation center.

thought that a seal performs better if the seal lip is made of
hydrophilic or hydrated material when water is used as a subject
fluid.

Figure 2 shows a schematic of the sealing system. A nitrile
rubber oil seal (AC0678E0, NOK Corp., Japan) was also tested
as a comparison to evaluate the PVF seal. The oil seal forms
dynamic seal face between the seal lip and the shaft as shown
in Figure 2A. Similarly, the PVF seal forms dynamic seal face
between the inner surface of the seal and the shaft (Figure 2B).
These two types of seals are assembled as shown in Figure 2C,
and are designed to prevent leakage of the cutting fluid. The
inner diameter of the PVF seal was 15.5mm for a rotating
shaft diameter of 16mm (Figure 3). This mechanism prevents
the cutting fluid leakage from between the inner surface of
the PVF seal and the rotating shaft owing to the tightening
action of the PVF seal on the rotating shaft. The dimensions
of seal lips were decided considering practical applications such
as easy replacement of a conventional seal with a new one.
The thickness was fixed at 5mm. It was adjusted by milling
under dry conditions so that the swelled seal lip made proper
contact against the shaft. The PVF seal was attached to the
shaft under wet conditions. Furthermore, as listed in Table 1,
the very porous structure of PVF may lead to the seepage of
the cutting fluid through the PVF pores. Therefore, a silicone
sealing material (PRO2020MJ, Kanpe Hapio Co., Ltd., Japan)
was pasted on the side surfaces to prevent leakage, except
from the dynamic seal face. Furthermore, as the PVF seal
has a water retention property, the seal itself was expected
to play the role of lubricant. The rotating shaft used for
the test was made of stainless steel (SUS304, JIS). Figure 4

shows the surface profile of the rotating shaft before the test
(SE300-30, Kosaka Laboratory Ltd., Japan). In the test, a water-
soluble cutting fluid prepared by diluting 200mL of cutting
oil (UNISOLUBLE-SG (N), JXTG Nippon Oil & Energy Corp.,
Japan) with 6,000mL of tap water was used. The water-soluble
cutting fluid has the primary advantage of excellent cooling
capability.

Testing Device and Evaluated Methods
Figure 5 shows the test apparatus. The rotating shaft was
continuously rotated at a constant speed of 5,000 rpm by AC
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FIGURE 2 | (A) Schematic of dynamic seal face between an oil seal and the shaft. (B) Schematic of dynamic seal face between a PVF seal and the shaft. (C)

Schematic of sealing system.

FIGURE 3 | Shape of the PVF seal.

servomotor (NXM620A, Oriental motor Corp., Ltd., Japan). In
addition, the power consumed by this servomotor was measured
using a voltage logger (LR5042, HIOKI E.E. Corp., Japan), and
this was converted as a frictional torque generated by the rotary
shaft seal. In this test, the total operating time was set for 5,000 h
with a temporary suspension period of 720 h (30 days) occurring
2,500 h after the start. This was because, assuming that the seal is
incorporated in the part of a factory machine tool for example,
a situation in which the machine in the factory is stopped for
1 month is conceivable. The color of the cutting fluid changed
when it was used for around 10 days. Therefore, the cutting fluid
was replaced every 250 h. The limit value of the leakage volume of
cutting fluid during the test was set to 0.1 mL/h. When this value
was exceeded, it was considered that the rotary shaft seal had lost
its leakage prevention functionality, and the test was terminated.

RESULTS AND DISCUSSION

Frictional Torque and Amount of Leakage
Figure 6 shows the frictional torque. In the graph of the oil
seal, there are points where a negative value is given. This is
probably because the long test caused a drift in the reference

TABLE 1 | Parameters of the PVF seal.

Parameter Value

Pore diameter (µm) 80

Pore rate (%) 89

Water retention (%) 1,000

Elastic modulus (MPa) 0.087

FIGURE 4 | Surface profile of the rotating shaft before testing.

point of 0 N· mm. In addition, the fluctuation of the torque
value was large, with larger torque values shown for the initial
torque and at other times. Furthermore, after the end of the
stoppage period of 720 h (30 days), the oil seal leaked cutting
fluid from immediately after the test was resumed and the leakage
volume exceeded 0.1 mL/h; thus, the total operating time was
2,500 h. The average value of the frictional torque was 5.09 N·
mm.

The PVF seal demonstrated low torque and a stable
value. Furthermore, although the oil seal leaked cutting fluid
immediately after the test was resumed after the end of the
stoppage period, the PVF seal experienced no such leakage of
cutting fluid and the test was continued up to 5,000 h. The average
value of the frictional torque was 3.61 N·mm.
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FIGURE 5 | Schematic and photograph of the testing device.

FIGURE 6 | Frictional torque.

The larger the frictional torque, the larger the energy loss
caused by shaft seal. The PVF seal showed lower frictional
torque than the oil seal, which meant that the PVF seal reduced
the energy loss of the mechanical system. Consequently, the
PVF seal had a longer service life. The PVF seal was superior
because it beneficially reduced the frictional loss as much as
possible. Cutting fluid leakage volumes in both tests were

below the measurement limit, excluding the end of the oil seal
test.

Dynamic Seal Face
Figure 7 shows the microscopy (400-CAM052, SANWA
SUPPLY INC., Japan) and SEM (TM3030, Hitachi High-
Technologies Co. Ltd., Japan) images on the dynamic seal faces
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FIGURE 7 | Microscopy and SEM images of the dynamic seal face. Figures to the left are of the oil seal, and figures to the right are of the PVF seal.

of the two seals. The tip of the pre-test lip of the oil seal was
observed to be worn and degraded after the test. This may be
one cause of leakage. The oil seal should prevent liquid leakage
owing to a fluid lubrication mechanism that forms a thin oil
film on the dynamic seal face under an oil environment, thereby
realizing low friction and wear. However, as a water-soluble
cutting fluid was used in this experiment, a sufficient oil film
was not formed in the dynamic seal face section, whereupon
the seal lip and the rotating shaft were in direct contact with
each other. This may be why the value of the torque was also
high, and wear of the seal lip section was observed. The PVF
seal was designed to operate by boundary lubrication. Namely,
the PVF seal prevents leakage of water by being attached firmly
to the rotating shaft to decrease clearance between the seal lip
and the shaft regardless of its rotating condition. Moreover,
PVF adsorbs water on the molecular level, so lubrication of the
inner surface of the PVF seal is guaranteed even if the seal lip is
tightly attached to the rotating shaft. The PVF seal showed less
friction and smaller amounts of wear and leakage during the
test.

After microscope observations after both tests, it was observed
that the dynamic seal faces section is discolored. This was the
color of the cutting fluid itself, and it can be concluded that this is
due to the effect of the cutting fluid. Therefore, this discoloration
is considered to not affect the functionality of the seal itself.

Roughness of the Rotating Shaft
Figure 8 shows the state of the shafts after the test and the
surface profiles. From these figures, it was also confirmed that
the shaft on which the oil seal was used had a rough surface
and that a deep scratch was caused by the seal lip. This
indicates that the rotating shaft and the seal lip are in direct
contact with each other, and there probably was insufficient
lubrication between them. On the contrary, in comparison
with the rotating shaft on which the oil seal was used, deep
scratches were not observed on the rotating shaft on which
the PVF seal was used and the surface was also relatively
smooth. From this, it can be said that the PVF seal has low
friction and functions sufficiently as a seal under a water
environment.
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FIGURE 8 | Microscopy images and surface profiles of both rotating shafts.

CONCLUSION

A new PVF seal was developed as a rotary shaft seal

for preventing leakage of water-soluble cutting fluid. The
performance of the PVF seal and an oil seal were experimentally

evaluated and compared. Under the condition that the

rotational speed of the rotating shaft is 5,000 rpm under a
water environment, the PVF seal is superior to the oil seal

in terms of frictional torque, leakage volume, and service
life.
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