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Brush seals suffer from high wear, which reduces their effectiveness. This
work sought to reduce brush seal wear by identifying and testing several
industry standard coatings. One of the coatings was developed for this work.

It was a co-sprayed PSZ with boron-nitride added for a high temperature dry
lubricant. Other coatings tested were a PSZ, chrome carbide and a bare rotor.

Testing of these coatings included thermal shocking, tensile testing and
wear/coefficient of friction testing. Wear testing consisted of applying a
coating to a rotor and then running a sample tuft of SiC ceramic fiber against
the coating. Surface speeds at point of contact were slightly over 1000 ft/sec.
Rotor wear was noted, as well as coefficient of friction data. Results from
the testing indicates that the oxide ceramic coatings cannot withstand the given
set of conditions. Carbide coatings will not work because of the need for a
metallic binder, which oxidizes in the high heat produced by friction. All
work indicated a need for a coating that has a lubricant contained within

itself and the coating must be resistant to an oxidizing environment.
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INTRODUCTION AND BACKGROUND

Brush seals are currently being used for replacement of
labyrinth type shaft seals, since brush seals provide better
leakage characteristics. Brush seals also allow for shaft dynamics
or shaft excursions. When a labyrinth seal experiences a shaft
excursion, a permanent groove or scar is left in the seal. The
presence of a scar on the labyrinth will allow additional leakage,
which with time will continue to degrade the seal's effectiveness.
A brush seal will bend with the excursion and then return to.its
original configuration and leakage characteristics. The bristles
ride or rest on the shaft of a rotating member, creating the
sealing or flow restriction that makes the brush seal a better
seal. As the shaft rotates, a tribological problem arises between
the bristles and the shaft. Frictional heating of the bristle
causes, or at least increases, the oxidation of the bristle alloy
and increases wear of the fiber. The net effect of this is to
decrease the brush seals' effectiveness. When a brush seal 1is
initially installed, an interference condition is intentionally
created. The clearance between the shaft and the bristles is
typically -.010 inches, but after only a few hours of operation the
bristles have worn to a zero clearance fit. Bristle wear is caused
by frictional heating and related oxidaticn, which then chips off.
In an attempt to alleviate wear, ceramic bristle brush seals are
being investigated. Ceramics are well known for their favorable
temperature and wear characteristics. A ceramic fiber will allow
the bristle to maintain the interference fit for a longer time.
With the fibers intimate contact with the shaft, greater brush seal
performance can be taken advantage of, for a much longer time. It
is known that the greater the contact pressure of the bristles on
the shaft, the greater the leakage resistance of the brush seal.
This tendency of brush seals has been documented by several
sources. For this reason, it is desirable that the bristles
maintain their interference fit with the shaft over the life of the
seal.

Since it has been shown that a brush seal can be made with
ceramic fibers (thereby producing a prolonged intimate contact
between bristle and shaft), the next logical system member for
improvement is the shaft. Most current applications and test
programs utilize some type of shaft coating for the bristle to
slide against. There are two main reasons for this. The first is
to eliminate damage that the brush may do to a bare shaft. For
safety reasons, it is better that the seal wear, rather than the
shaft. The second, is to provide a smoother surface for the
bristle to ride on, so as to prolong the seal's life. To reduce
wear, the coatings are usually required to have a 10y in. Ra or
better finish. The polished finish reduces the friction
coefficient, thereby reducing wear. While this does prolong the
intimate contact, the usual time required to produce a line-to-line
or zero clearance fit is still in the tens of hours. It is
acknowledged that even at line-to-line contact a brush seal still
reduces leakage substantially better than a labyrinth but with an
interference fit, a brush seal can even do better. Figure 1 is the
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predicted leakage of a typical brush seal on a circumferential inch
basis. It is seen that the seal's performance drops off sharply
with a clearance increase between the seal's bristles and the shaft
- evidencing the performance advantages that could be realized if
a bristle and coating can be developed to retain an interference
fit.

TECHNICAL OBJECTIVES

The technical objectives of this work were:

1. Identify candidate coatings
2. Identify and/or develop coating application methods
3. Screen coatings and application methods

In the identification of candidate coatings, coefficients of
friction, wear, temperature and capabilities/properties were
considered. - to find the best available state of the art coatings
which may compliment the brush seal system. Coatings that were
examined are industry standard coatings and variants thereof.

Experimental work indicates that the wear of a ceramic can be
attributed, in part, to its porosity. More porosity produces more
wear. For this reason coating application methods were sought,
which would produce a low porosity structure. It has also been
demonstrated that ceramics with a softer second phase around the
grain boundaries may also reduce wear. A coating, produced by co-
spraying two materials to produce a soft second phase, was
evaluated. It was believed that a co-sprayed coating of zirconia
and boron nitride could produce a softer second phase surrounding
hard primary phase grains, thus producing a dry lubricated coating
with good potential.

Screening of the coatings and application methods was based on
properties and characteristics known to be necessary for a low wear
tribological system. Considered candidate coatings must have had
at least some favorable properties that fit the goals of this
effort. For this reason, a literature search, as well as
discussions with industry leaders-in coatings, was completed prior
to choosing coatings for testing. Screening proceeded with
temperature, oxidation, thermal shock, wear and friction testing.

WEAR TESTING

Wear testing consisted of placing a prepared tuft of fiber in
contact with a high speed rotating rotor on which a coating had
been applied. Figure 2 shows a simplified view of the test
apparatus. The rig is powered by a 15 hp air turbine capable of
speeds up to 50,000 rpm. For purposes of these tests, a heavier 6
inch diameter rotor was employed and rotational speeds were held to
a maximum of 40,000 rpm. The tuft holder is attached to an air
bearing to minimize any frictional error. A moment arm 1is
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projected off the air bearing shaft and rests on a one pound load
cell. By adjusting the load cells position in relation to the axis
of the air bearing, the load sensitivity can be adjusted.
Additional test points were temperatures taken by thermocouples
placed for and aft of the tuft/rotor contact point.

Prior to testing, a rotor was prepared Dby applying and
polishing a coating. A super finishing process was used for
polishing. Surface finishes were 10 Ra or below, when possible.
After polishing, rotors were mounted on the air turbine .and
dynamically balanced. Rotors were balanced to below 0.00002 inches

peak to peak vibration. Tufts were prepared by placing
approximately 350 SiC fibers of 0.006 inch diameter into a ceramic
tube and fixing the fibers with ceramic cement. At least 0.75

inches of fiber was left protruding from the tube and was used for,
or consumed in testing. Similar tuft samples were also made from
Haynes 25 fiber.

Testing began by bringing the rotor up to speed and letting it
stabilize. Base readings for temperature and drag load were then
taken. A fiber tuft was applied with a dead load, normal to a
tangent line from the rotor with the tuft axis directly over the
center of the rotor. Three sets of readings were taken. Initial
readings were taken right after application of the tuft. The
second reading was taken at 3 minutes. A final set of readings was
then taken at the conclusion of the test after a total of six
minutes of fiber to coating/rotor contact. Tuft wear measurements
were taken prior to increasing the dead load. Combination of 3
weights and 3 speeds were made to develop the test matrix. Figure
3 shows the test matrix.

THERMAL SHOCK TESTING

A coupon with coating material applied was thermally shocked
for 2,178 cycles to determine if thermal cycling would cause the
coatings to crack. A coupon consists of a superalloy sheet metal

rectangle one inch by three inches. It is rolled to a convex
contour. The coupon is then fixtured next to the rotor during
coating application. Testing of these coupons consisted of

simultaneously heating the coating surface to 2000°F while cooling
the back side with a 150 SCFH air jet. The coupon is then quenched
with a 150 SCFH air jet on the coating side. Each cycle lasts 90
seconds. Periodic examinations are made for sampled degradatiom.

COATINGS

Six coatings were chosen for testing. Chosen coatings were
all thought to have desirable characteristics for a ceramic brush
seal application.

1. Chrome Carbide - This coating was supplied by General
Plasma and is their coating GPX-2176HP. Composition is
75% chromium carbide and 25% 80 nickel/20 chromium. It
is applied by plasma flame spray. This and similar
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Figure 3

Test Matrix

TUFT TESTING 03/28/95

REPEATABILITY STUDY

BN/PSZ COATED ROTOR

S20 M20 L20 530 Ms0 L30 sS40 M40 - L40

TRAC/PN THAC/PN TRAC/PN TRAC/PN TRAC/PN TRAC/PN TRAC/PN TRAC/PN TRAC/PN

AMB .9AJ038.. 9A/038 -OA/0S8  SA/O3B OA/033  9A/039  --GA/040  9A/040 DIsC
AMB . '9A/038 9OA/038 9A/O38 OAjO39 ' OA/039 - SA/039 ' GA/040 . 9A/040 DISC
AMB  OA/03B 9A/038  OA/038 - GA/039  9A/039: < 9AJ03E  9A/040 9A/04D DIsC
AMB“ “9A/038  9A/038 | 9A/038-° -SA/039 . GA/039 DISC .~ 9A/040. . 9A/040 DISC
COLD .. 9Bjo41 = 9B/04t - 9B/041.  OB/0A2.. 9B/042  9B/042 - 9B/043.  9B/043 = 9B/044
COLD . 9B/041.  9B/04t : 9B/041 - 9B/042 . 9B/042 = 9B/042- 9B/043 9B/043 = 9B/044
COLD 9B/041. 9B/0A1 9B/042  OB/042  9B/042  9B/04S . 9B/043  9B/043 . 9B/044
COLD = 9B/041 . 9B/0OAT 9B/042 9B/042  9B/042 9B/043  9B/043 9B/043  9B/044

PSZ COATED ROTOR

AMB ;. 8AjOS6  BA/0S6  8AJ036 . 8B/0S7 . -BB/0OS7  8Bf037  8CJ/037 . 8C/037 DIsC
AMB  8A/036 BAf036 . BA/036 8Bf037  8Bf037 . 8B/037. 8C/037  BC/037 DiISC
AMB - 8A/036  8A/036:  8A/036 8B/037  8Bf037  8B/037 . B8C/037  8C/037 DIsSC
AMB 8AJ036 ' 8A/036:  8A/036 =~ 8Bf037 8B/037 - .8Bf037 . BC/037. . BC/[O37 DISC

CHROME CARBIDE COATED ROTOR

AMB  7A/018 7A/019  7A/019° 7A/O19° ° 7A/01S  7A/019  7A/020.  TA/020 7A/020°
AMB - -7A/019  7A/019  7A/019- . TA/O19 - 7A/O19 7AJO19 '~ TAJ020. - TA/020 . TA/020
AMB ©7A/019 - 7A/019  7AJ019 - TA/019: TA/019  TA/O19 - 7AJ020  7Aj020 - 7A/020
AMB 7A/019 7A/019  7A/019°  7A/019:  7A/019: . 7AJ019 - TAJ020. - 7Aj020 - 7A/020
COLD ' 7B/0o25 7B/025 . 7B/025 - 7B/025: . 7B/025 ' 7B/025 . 7B/025 - 7Bf025- - TB/O25
COLD 7B/025 7Bj025 7BJ025 ~7Bf025  7B/025.. 7Bf025  7B/025  7B/025  7BJ/0S5
COLD 7B/025 7Bf025 . 7Bf025  7B/025 ~ 7B/025 - 7B/025  7B/025: 7B/025  7BJ035
COLD 7Bj025 7B/025 = 7Bf025° 7Bf025 ' 7B/025 - 7Bf025  7B/025  : 7Bf025  7BJ035

BARE ROTOR — NO COATING

AMB 10A/050 10A/050 ~10A/050 10A/050: 10A/050 ~ 10A/050. 10A/050:° 10A/050 ~ 10A/051
AMB: 10A/050 - 10A/050° - 10A/0S0 - 10A/050: 10A/050° -10A/050-  10A/050: 10A/051; - 10A/051
AMB.  10A/050° 10A/050 10A/050. 10A/050. 10A/O50 10A/050 10A/050  10A/051 10A/051
AMB - 10A/050 ~ 10A/050- 10A/050° 10A/050 = 10A/050  10A/050 1DA/050 10A/051  10A/D51

BARE ROTOR — NO COATING

AMB . 10B/052° 10B/052 - 10BJ/052° 10B/052 10B/052  10B/052' 10Bf052 10B/052 10B/0SS

AMB i 10B/052.. 10B/052 ~10BJ/052 10B/052  10B/052 10B/052 . 10Bf052 10B/052 10B/053
AMB - 10B/052 108/052° 10B/052. 10B/052 . 10Bf052 10B/052  10B/052 10B/052 10B/053.
AMB  10B/052 ~ 10B/052  10B/052° 10B/052 . 10Bf052 10Bf052° - 10B/053!

WEIGHTS RPM'S COMPLETED DISC — DISCONTINUED

S — SMALL 20 — 20,000 AMBIENT — NO AIR FLOW

M — MEDIUM 30 — 30,000 COLD — 7.5 SCFM SiC — SILICON CARBIDE FIBER
L - LARGE 40 — 40,000 H25 — HAYNES 25 FiBER

EXAMPLE: 1A/001 — ROTOR:1 ; TRACK:A ; TUFT:001
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RESULTS

coatings are the current coatings of choice for metallic
brush seal applications. The coating proved very hard
and dense. These attributes enabled the coating to be
polished to a finish of less than one micro inch Ra.

Boron Nitride filled PSZ - A plasma co-sprayed mixture of
boron nitride and vyttria stabilized =zirconia was
developed for this program in an effort to provide an
oxide coating with a dry high temperature lubricant
additive. It was known that a two phase system composed
of a hard primary phase and a soft secondary phase would
produce a coating resistant to crack propagation. It is
also known that born nitride can provide a high
temperature lubricant. These two characteristics are
believed to be necessary for a successful ceramic brush
seal coating.

Partially Stabilized Zirconia - A plasma sprayed yttria
stabilized zirconia was chosen for its fracture toughness
and the non-stick or slick properties of =zirconia.
Zirconia has a high coefficient of thermal expansion so
it lends itself well to the direct application onto
metals. Ytterbia stabilized ceramics are known for their
fracture toughness. These characteristics would
eliminate the cracking and high wear situation seen in
alumina coatings.

Partially Stabilized Zirconia - A vapor deposited PSZ was
chosen for its high density and previously noted

properties. This coating was the highest density of all
coatings chosen. This coating was not available at the
time of testing, due to coating application problems.
The coating was incompatible with the high expansion
rotor material. Bond coat failures on two attempts
precluded any further testing.

Alumina - A HVOF applied alumina coating was chosen for
its high density and oxidation resistance. This coating
was not available at the time of testing.

Triboglide® - This coating is known for its high
temperature, self-lubricating properties. It has been
tested extensively for bearing applications and initial
testing for application with metallic brush seals has
shown excellent results. This coating was not available
at the time of testing.

Raw wear data with calculated values and plotted data are
provided in Appendix A. Thermal shock testing was done on the
oxide ceramic coatings to determine 1if thermal growth or shock
would cause cracking or spallation. All passed 2,178 cycles

-7 -




without one crack or spallation. Ultimate tensile strength testing
of the oxide ceramic coatings had similar results in that all
coatings exceeded the minimum tensile strengths for test
conditions.

Wear testing was the primary objective of this program and
generated the most applicable data for ceramic brush seals. The
chrome carbide coating suffered the most damage. After only a few
minutes of testing, the SiC fiber tufts wore through the .006-.007"
thick coating. It is believed that the metal matrix oxidized away
and the carbide particles were then free to fall off. Metal
matrixes or bonding agents cannot withstand the high temperatures
created by friction between the ceramic bristles and the coating,
even after the coating has been polished to a mirror finish.

The oxide ceramic coatings did not fair much better than the
chrome carbide. Life was about tripled, but deep scars appeared
after only a relatively short time. The condition of dry
unlubricated sliding friction between two hard ceramics produced
high wear.:

Bare or uncoated rotors made of 17-4PH proved to be the most
wear tolerant material tested. It is believed that the 17-4PH
smeared rather than fractured off, like the harder more brittle
ceramics. Wear caused by oxidation of the metal was probably
reduced because of the metals' greater thermal conductivity,
absorbing and conducting away the frictional heat. Low total test
time also contributed to the lack of oxidation wear.

CONCLUSION

No coating tested would be suitable for a rotating ceramic
brush seal application. Wear was too high in all cases. However,
bare uncoated metallic surfaces with 100% densities could prove to
be good applications for low speed and low temperature ceramic
brush seals. Investigation of coatings containing lubricants must
be tested to see if they can provide the needed low wear additive
required for an increase in brush seal performance.




APPENDIX
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