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ABSTRACT

The various types of seal lovations in a gas turbine engine are described,
and the significance of wear to each type is reviewed., Starting with positive
contact shaft seals, existing material selection guidelines are reviewed, and
the existing PV (contact pressure X sliding velocity) criteria for selecting
seal materials are discussed along with the theoretical background for these
eriteria., Examples of wear mechanisms observed to operate in positive contact
seals are shown, Design features that can extend the operating capabilities
of positive contact seals, including pressure balancing and incorporation of
hydrodynamic lift are briefly discussed, It is concluded that, despite the
benefits arising from these design features, improved positive contact seal
materiale from the standpoint of wear, erosion and oxidation resistance will
be necessary for further improvements in seal performance and durability, and
to meet stringent future challenges. Materials used in noncontacting gas path
seal applications are described, and a review of wear studies performed on
these materials is presented, [actors that promote drastic changes in the
structure and wear behavior of highly porous gas path seal materials are dis-
cussed, For low porosity metallic gas path seal materials a correlation be-
tween wear characteristics and a factor that includes material strength, duc-
tility, specific heat and hot-working temperature is proposed.

INTRODUCTION

In a modern aircraft gas turbine engine there is a multitude of seal lo=-
cations as shown in Fig. 1, all of which are significant with respect to the
performance and reliability of the engine. The types of seal locations may be
classified into 2 broad categories.,

First there are the mainshaft seals. The primary function of these seals
is to protect the bearing compartments fraom the potentially damaging engine
environment outside the compartment. Generally positive contact seal designs



are used in the mainshaft seal locations, though sometimes noncontacting lab-
yrinth seals may be employed,

The second type of seal location includes the nominally noncontacting
gas path seals, Among the gas path seals are the numerous labyrinth seals
designed to reduce loss of high pressure gas from the engine cycle, control
cooling air flow through the hot section of the engine, and to maintain pres-
sure balance on the rotor shaf't system., Also included among the gas path seal
positions are the important outer gas path seal locations over compressor and
turbine blade tips. The outer gas path seals are intended to maintain close
operating clearance between the rotating blade tips and the stationary seal
components, thereby helping to maintain engine efficiency,

Wear of the materials comprising the various types of seals is a very
important consideration, Besides directly affecting seal component life, wear
and associated loss of seal performance in mainshaft seals can lead to accel-
erated bearing failure, Also, loss of oll through excessive seal leakage can
cause fouling of the primary engine components, promoting stall and presenting
severe safety hazards. A study performed on several small military engines
showed that a leading cause of early engine removal was oil leakage through
mainshaft seals (1), attributable in part to wear of the seal elements,

Though they are not intended to rub during operation, engine structural
distortions, thermal response effects, and dynamic loads inevitably lead to
tra:asient rub interactions between gas path seal components, If all of the
wear incurred during such rub interactions were restricted toc the stationary
gas path seal material, an overall benefit in terms of reduced operating
clearance may be realized, as illustrated in Fig. 2. The efficiency benefits
of operating with optimum gas path seal clearances throughout the engine are
suwmarized in (2). Briefly, (2) indicates that a 2} percent improvement in
TSFC (Thrust Specific Fuel Consumption) can be realized with a nominal reduc-
tion in gas path seal operating clearances. In addition, wear to the tips of
high pressure twrbine blades can initiate sites of rapid corrosive attack to
the blade through disruption of protective blade coatings, In the compressor,
rapid heating of titanium alloy blade tip during adverse rub interactions can
potentially lead to severe thermal damage.

Having illustrated the overall significance of wear considerations in
gas turbine sealing, it is the intent of this paper to summarize the state of
seal material technology particularly from the wear standpoint., Methods of
testing, currently used materials, and the current understanding of seal wear
phenomena are reviewed. Areas needing further development are suggested.

MAINSHAFT SEALS
General Description
Two types of positive contact mainshaft seals are shown in Fig., 3, and a

rather thorough discussion of the operating principles of each may be found in
(3). The sealing elements of the face seal design include a rotating seal
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geat, usually with a hard metallic contact surface mounted to the shaft, and
a nonrotating primary seal ring, usually a carbon graphite material, which is
allowed to move axially, accomodating axial motion of the seat due to run-out
or misaligmment, Carbon graphite is chosen as the ring material partly be=-
cause of its inherent self-lubricating capabilities. Also, a secondary seal
lg provided between the primary ring carrier and stationary seal housing,
Seal closing force is usually provided by a combination of spring force and
controlled pressure loading.

The circumferential seal also depicted in Fig, 3, consists of overlapping
circumferential segments, usually carbon graphite, held into close proximity
to the shaft by means of a circumferential garter spring, Pressure loading of
the clircumterentinl seal elements against the rotating shaf't is inherently not
as controllable as for the case of the face seal design, therefore circumfers-
ential seals are generally used in lower differential pressure application
than shaft seals, Jircwferential seals are able to accomodate greater axial
movement between the seal surfaces than face seal however,

Materials

Current materials used in the contacting elements of shaft seals are
summarized in Tables I and 1, taken from (4), for face seals and circumfer-
ential seals respectively. UJelection of a specif'ic material combination re-
quires detalled consideration of such things as the seal application severity
(expressed as a FV factor, discussed later), the lubricating capacity of the
cenled fluild, the presence of erosive deirie, and temperature of the seal en-
vironment, Also, it should be recognized that "carbon-graphite" denotes a
class of materials. Depending on the exact constituents comprising the carbon
graphite material, and the processing ateps followed in its manufacture, a
wide range of mechanical properties may be obtained, as illustrated in
Table III (5). Usually in alrcraft engine applications the seat material is a
hardened martensitic stainless steel (400 series), or chrome plate applied to
a shaft material substrate, The intent in this choice of seat material is to
reduce erosive wear to the rotating component as rine abrasive particles en-
trained in the engine alr may be carried between the seal elements.

Though applied only with a host of qualifiers, a general guideline in
assessing severity of a seal application and suitability of a particular mate=
ria. selection is the IV factor, The PV factor is defined as the product of
gseal contact pressure in psi and sliding velocity in feet per second, FV rat-
ings for a number of contact seal materials are shown in Fig. 4, taken from (6),
It is chown in (7) how the FV rating may be interpretted as a thermal limita=-
tion of the seal material, or as a wear criterion, For either interpretation,
application of a PV rating must include careful consideration of the seal

geametry and surroundings (ability of the seal to dissipate heat) and the like=
ly lubrication mode ef'fective in the seal gap.

Three modes of lubrication that are encountered in contact seals are
summarized in Fig, 5 (8). The lubricating fluid is of course the sealed fluid,
In fact, at any instant, more than one mode may be operating at various loca-



tions in a seal, From the standpoint of reducing wear, it is desirable to
operate in the full film lubrication mode, Factors that tend to stabilize the
full film mode are swrveyed in (9) and include waviness of the seal element
surfaces, certain types of angular misalignment, and the formation of a ligquid
to vapor interface in the seal gap. During seal start-up operations, under
conditions of severe misalignment and run-out, and in situations in which lub-
ricant (cealed fluid) supply is not available or lubricant temperatures are
high, boundary lubrication or dry sliding modes may be encountered., It is
evident that those factors contreolling the lubrication mode effective in a
positive contact seal are themselves not always very amenable to control,

Wear of Positive Contact Seal Materials

First level screening tests for seal material wear are usually conducted
on a fairly simple apparatus, such as the pine-on-disk rig shown in Fig, 6,
Here, conditions of sliding speed, contact load, swrrounding temperature and
environment may be set to simulate those of a selected seal application,
Sliding speeds of 100 m/sec are typical for gas turbine shaft seal applica-
tions, with nominal contact pressure of several pounds per square inch, Tem=-
peratures may exceed 1000° F in severe applications, Usually sliding condi-
tions are dry or in a boundary lubricating mode-obviously it is not possible
to simulate full film formation mechanisms on such a rig. Besides pin-on-disk
configurations, annular ring configurations or conformal pad geometries are
sometimes used in wear testing of seal materials,

An example of the information that can be obtalned from such testing is
summarized in Fig, 7 (10). Here the effects of variations in carbon graphite
material formulations and incorporation of selected additives on sliding wear
to the carbon graphite at temperatures to 1200° i are seen, It was concluded
that at temperatures to 1200° F, two materials performed satisfactorily: car-
bon graphite with a carbonized resin impregnant (A-CG-C), and carbon graphite
with a metal phosphate impregnant (B-=CG=C); all of the other materials under-
went accelerated wear combined with rapid oxidation at 1200° F. The 1200° F
temperature is in fact approached in some of the more severe alircraft engine
contact seal applications, Typical applications are usually at 900° F and
lower though,

Besides wear rates and friction measurements, acreening tests provide ~
some clues concerning the friction and wear mechanisms operating at seal mate-
rial interfaces. The ability of carbon graphite to be self-lubricating in the
event of dry contact depends on the formation of a thin, oriented, easily
shearable layer of graphite on the sliding surface (11). BSo long as this
layer is maintained wear will be low, Certain conditions lead to the disrup-
tion of the easily shearable graphite layer. Among them are the thermally in-
duced desorption of adsorbed gases (0o, Hp0) on the surfaces and edges of crys-
tallites comprising the shear layer (ll), and disruption of the surface cxide
present on the metal counterface (12), Disruption of the oriented graphitic
film exposes the underlying randomly oriented carbon graphite material to
sliding contact. The sequence of SEM photographs shown in Fig., 8 illustrates
the condition of the carbon graphite sliding surface with the oriented film
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intact, and various stages of film disruptior, It is unclear as to what con-
ditions lead to restoration of the oriented graphite film, posclbly from gra-
phitic debris particles (13), and what cc.ditions promote ever more severe
sliding wear and higher friction,

An important factor in the high speed sliding contact of seal surfaces is
the inherent thermoelastic instability of the contacting geometry. The theo-
retical basis for this phenomenon is well developed in (14). Briefly, it is
shown that any initial nonuniformity in frictional contact may bLecome increas-
ingly exaggerated as local thermal expansion effects lead to ever more concen=
trated contact effects, Ultimately the entire contact load is supported by a
few thermally induced asperitlies, with wear effects thus concentrated at a few
local spots at any instant, Mull development of this theory may provide some
guidelines for selecting more wear resistant seal material combinations,

Testing of full seal designs or assemblies ie usually conducted on a test
rig that closely simulates the intended application in terms of bearing com=-
partment design, sealed lubricant, and lubrication system features. It is in=
tended that the seal should operate much as it would in its final installation,
Under normal operating conditions, when full or partial film lubrication is
present, wear to the contacting seal components is negligible, lowever, undger
gevere operating conditions as might occur when the lubricant supply is cut-
off for some reason, or when the seal 1s exposed to a high concentration of
abrasive material, or excessive runout and vibration is encowitered, the seal-
ing elements can suffer severe distress, Besides wear to the carbon graphite
seal elements similar to wear effects described previously, the hard metallic
seat of'ten shows evidence of severe distress, 1t is often observed that se-
vere rubbing conditions promote thermocracking or "heat checkiag" of hard
steel seat components, as shown in Fig, 9 for a 440C seal seat, In (15), a
FV type criterion is developed, based on thermal shock resistance of seal
materials in which it is envisioned that rub induced heating leads to thermal
stresses exceeding the strength of the seal material., The significance of
frictional heating on the properties and sirvoture of the 440C material shown
in Fig. 9 may be appreciated in the section micrographs of Fig. 10, The thin,
light shaded layer adjacent to the rub surface i{s believed to be a fully mar-
tensitic layer, generated by rapid local themmal cyeling under rub conditions,
Temperatures in this layer must have reached 1400 Yo 1500° F, followed by
cooling to about 500° F within a few seconds, The depth of this layer roughly
corresponds to the depth of the cracks shown in Fig. 9. At greater depths
beneath the rub surface, a sof't darker shaded region is encountered in which
lower than bulk hardness are measured, lHere, frictional heating promoted
further tempering of the hardened 440C structwre,

Besides wear considerations for the primary sealing elements, there are
wear problems associated with the secondary sealing paths of both circumfer-
ential and face seal designs., Due to shaft runout effects, low amplitude cs-
cillatory motion can promote fretting damage to the lap joint interfaces of
the circumferential seal and the piston ring carrier interface of some face
seal designs, The significance that fretting wear can have on leakage through
secondary seal component is summarized in (18). Due to fretting damage to the



piston ring in an experimental face seal design, thirty to forty percent of
the total seal leakage (amcunting to several thousand SCFM) was lost through
the sacondary seal,

Some recent advances in seal design show promise for reducing some of the
wear problems discussed here, With careful balancing of pressure forces on
the seal primary ring, the contact pressure may be controlled to a low value
Just sufficient to maintain sealing, thereby effectively reducing the FV fac-
ter,  Hydrodynamic 1ift may be provided to the primary seal elemernts by in-
corporating lift pads in the seal design (Fig., 11), enabling the seal to run
on a thin, stable gas or liquid film under steady state conditions, Fven with
this self-acting lift feature of course, sliding contact is incurred on start-
up and shutedown as well as under conditions of unstable operating geometry.
Also, the effects of abrasive particles carried across the primary seal inter-
face are still significant, as is fretting wear to the secondary sealing ele-
ments,

\

in sumary, for positive contact mainshaft seals, there is a significant
need f'or improved wear, erosion, and oxidation resistant self lubricating
materials for temperatures to 1200° F, Also, hard materials or coatings ex=
hibiting good thermal stability with respect to properties and structure are
needed 1n seal seat applications, The develupment of several plasma sprayed
alloy and cermet materials for mechanical face seal applications is reported
in (L7)., High temperature fretting and abrasion resistant materisls are re-
quired for secondary seal locations,

GAS PATH SEALS
General Swrvey

Examples of materials used in both secondary gas path seal locations and
in outer gas path seal locations are summarized in Fig, 12, The primary con-
sideration in selection of the seal materials for various locations is the
local operating temperature., The desirable wear characteristic of each of the
materials iadicated in Fig. 12, In their respective locations, i= that the
seal material should wear rather than the rotating labyrinth seas Kknife edge
or blade tip., In general there are three approaches, presented schematically
in Fig. 13, that may be followed to provide a gas path seal material with this
desirable wear characteristic often (somewhat misleadingly) called abradabil-
ity.

The first approach, indicated in Fig. 13(a), is to employ a highly porous
low density material. Ouch materials are usually prepared by sintering metal
powders or fiber particles, often in mixture with transient filler materials,
It is also possible to plasma spray such a structure by spraying metal parti-
cles mixed with easily volitilizable polymeric particles, or with graphite,
Abradability is afforded by the easy removal of discrete particles fram the
bulk seal material; fracture may readily occur across the small interparticle



bond area when & rub occurs, Limitations inherent in this type of material
include susceptibility to erosion damage, and inefficient sealing due to leak-
age through open porosity.

A second class of gas-path seal materials depicted in Fig. 13(b), in-
cludes more dense structures (less than 30 percent porosity) '4ich are often
plasma-sprayed and, in some cases, sintered, hot pressed, or even cast, Rub
interactione for this class of seal materials are accommodated in a more com-
plex manner than were those 'or the first type of seal material, Usually a
combination of plastic defcimation, material compliance (densification), and
machining mechanisms is involved, Again, variations of this type of material
are used in gas-path seal locations throughout the engine - elastomeric mate~
rials being employed in low pressure compressor positions, low temperatuce
metals in higher compressor stages, and “1zh temperature materials in the tur-
bine,

The third class of gas~path seal materials derives its rub tolerance from
the geometric arrangement of thin metal sheets from which the seal is fabri-
cated, Probably the most widely used example of this type is metallic honey-
comb, The honeycomb cell walls are oriented in the radial direction, Cen-
sequently, very little metal to metal contact surface area is involved when a
rub interaction occurs, Honeycomb structures are generally applied to low
pressure turbine seal positions,

Methods of Evaluation

Wear characteristics of gas path seal materlals are evaluated on test
rigs, like the one shown in Fig, 14, that incorporate geometries and rub pa=-
rameters similar to those encountered in the engine, Rub speeds of up to
520 m/sec (1000 ft/sec), and radial incursion rates of from 2,54 to 254 micro=-
reters per second (0.1 to 10 mils/sec) are typical of the range of controlled
parameters investigated, Most rigs have provisions for testing both labyrinth
seal knife edge and multiple blade tip rotors. Bulk temperature of the seal
material is usually controlled, ©Seal sample dimensions are usually such that
the rub arc length is about 30° or less., Measured parameters include radial
and frictional forces, seal material and rotating material wear volumes, py=-
rometer measurements of rotor temperatures, and thermocouple measurements of
seal material temperatures, Also, debris fram the rub zone is often collected
for analysis, and seal and rotor samples are generally subjected to metallo-
graphic study. Wear performance or abradability is usually summarized as a
volume wear ratio number, the wear volume measured on the rotor divided by
the wear volume of seal material,

It is very difficult to assess the extent to which various seal rub test
rigs simulate engine seal rubs, Comparisons can only be made on the basis of
the sppearance of rubbed seal and blade tip (or knife-edge) surfaces upon en-
gine overhaul or rework inspections. Part of the difficulty lies in the great
amount of uncertainty as to the exact conditions under which engine rubs oc-
curred, Also, the effects of rub interactions on seal and rotating component
surfaces are usually masked by erosion and oxidative effects that can alter



the appearance of the rubbed surfa &8 Nevertheless, seal rub tests from what
are probably (from the standpoint of eal studles) the most controlled engine
tests reported do show general material ranking trends similar to those ob-
tained from rig tests (18).

The most open gquestions concerning the similarity between rig tests and
engine rub conditions probably relate to the blade tip test gecmetry, The
gignificance of nominal blade pase frequency, theoretical chip or cut depths
per blade (incursion rate divided by blade pass frequency) and seal rub arc
length are not well understood,

Wear Phenomena

densi i + = For low density gas path seal materials, the in-
tent is that rub interaction be accomuiodated by removal of discrete particles,
thereby minimizing frictional heating effects and wear to the rotating compo~
nent, Under some rub conditions however, it is observed that the surface of
the low density seal material becomes smeared, and in effect the rotating come
ponent is in contact with fully dense seal material, ©Ouch a smeared rub sur-
face i3 depicted in Fig., 15, As indicated in Fig. 16, the rate of frictional
heat generation at the rub interface increases by two orders of magnitude when
smearing occurs (19), Microsections of a Ti-6Al-4V rotating component after
such a high energy rub (Fig., 17) show evidence of very rapid oxidation in some
cases as indicated by quasi-spherical cavities in the rub surface and intense
white sparking during the rub. Also, in other studies it was observed that
high energy rubs promoted fine martensitic platelet formation near the rub
surface (20),

Naturally, since the occurrence of smearing has such a marked effect on
the rub behavior of low density gas path seal materials, conditions that pro-
mote smearing are of interest. For a series of labyrinth seal knife edge
tests reported in (21), a general observation was that low incursion rate
conditions were more likely to promote smearing than high incursion rate con=-
ditions, A model, based on thermal diffusivity effects and summarized in
Fig. 18, was proposed to account for this trend. Additional effects, namely
particulate escape statistics under various rub conditions and geometries,
were studied in (19). A thorough study of the first order effects of the con=
trollable rub parameters (speed, incursion rate, geometry) on rub energy and
blade tip wear is reported in (20), with the effect of incursion rate and oc-
currence of rub surface smearing again being very significant., However, the
tendency toward smearing was observed to be greatest under high incursion rate
conditions., These apparent disagreements between the results of (20) and (21)
are probably attributable to very different test geometries - a rotating knife
edge was used in one case (21) and a stationary blade tip, rotating seal mate-
rial geometry was used in the other case (20).

To summarize the understanding of rub characteristics of low density gas
path seal materials, adverse rub surface conditions and some sets of rub pa-
rameters that favor those conditions have been identified. It should be
pointed out that most of the studies have been performed on one family of



sintered fiber low density seal materials, The degree to which results ob-
tained on these materials would apply to other low density seal materials is
wncertain, Also uncertain is the exact mechanism or combination of mechanisms
responsible for the onset of emearing, with consequent rapid frictional heat-
ing and wear to the rotating component,

Dense plastically deformable materials. - The rub behavior of this second
clasz of gas path seal materials is more stable than that of the porous mate-
rials since the structure of the material is not so prone to drastic change
under rub conditions, The comparative performance of a series of dense ceal
materials prepared by plasma spray desposition is swmmarized in Table IV, In
all cases rubbing vas against Ti-6Al-4V simulated blade tips. The materlals
were selected on “he basis of their being potentially machineable by the tita-
nium alloy blades, hardness versus temperature being a rough first order
screening guide, No single material property except perhaps the impact
strength correlates with the rub performance ranking summarized in Table IV,
However, motivated by considerations of adiabatic heating of the seal material
by rub induced deformation until the hot working temperature ' nge is reached,
a nondimensional correlating number is proposed:

N = (Tensile Strength) x (Elongation) x pCp X Ty

In general, the lower this number, the more "abradeble" should be the seal
material, For most cases in Table IV, materials with low values of N do in
fact produce low blade tip wear,

In studying the rub mechanisms associated with fully dense materials (19),
it was proposed that the radial or normal load was controlled by plastic in-
dentatior considerations, The frictional energy resilting from the rub was
then simply the product of this normal load, the coefficient of friction, and
the rub velocity, Order of magnitude agreement with knife edge rub data was
obtained with this very simple mcdel, and microsections of rub grooves
(Fig., 19) are consistent with the plastic indentation model for normal load,
Under blade tip rub conditions however, in contrast to knife-edge conditions,
the indentation (rub groove) is at least ten times as wide as it is deep, and
the rub cannot be entirely accommodated by plastic displacement of material,
Some mechanism of micromachining chip or wear particle formation is required.
Examples of such particles are to be seen in the rub debris shown in Fig. 20,

In summary, the rub behavior of fully dense materials under conditions
like those encountered in gas path seals has not been studied so extensively
as that of the low density materials. Preliminary results seem to indicate
that the mechansisms operating are quite different under labyrinth seal knife
edge and blade tip geometries, In the former case, a continuous plastic in-
dentation model seems to be descriptive; in the latter case, wear particle and
machining chip formation under high speed conditions appear to predominate,
The process of very high speed wear particle and machining chip formation is
certainly a subject that should be further studied.

Honeycomb seal materials. - The third class of gas path seal materials is
fabricated from sheets of selected alloy, brazed together to form an open face
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atructure like that shown in Fig. 21. These material structures offer the
advantage of better oxlidation resistance than the low density materials dis-
cusged earlier, because of reduced exposed surface area, and are more abrad=
able (for a given composition) than the fully dense structures, A distinct
disadvantage of the honeycomb is the leakage loss suffered through the open
face structure (22).

Wear to the rotating component does not appear to be a major problem with
honeycomb seals, and their rub performance does not appesr to be affected Ly
variations i1 rub parameters (23), The major factor inducing rotor wear is
the presence of braze nodes between the sheets comprising the honeycomb, as
shown in Fig, 22, where the honeycomb wall is 2 to 3 times thicker than the
nominal sheet thickness, In the case of the test chown in Fig, 22, an inter-
esting feature was observed on the rub suwrface of the rotating labyrinth seal
knife edge. Evidence of extremely localized "hot spots” may be seen, consis-
tent with the wear pattern measured on the knife edge. These "hot spots" are
believed to be manifestations of thermoelastic surface instabilities, dis-
cussed earlier,

Not very much, perhaps i: ufficlent, emphasis has been placed on rub
studies of honeycomb materials, Thie is partly because, where leakage over
blade tips and labyrinth seal knife edges is important or critical, honeycomb
ceals have been largely replaced with other seal systems, Where they remain,
primarily over low pressure turbine stages and low pressure ratio seal posi-
tions, minimum clearance is not so critical a factor,

CONCLUDING REMARKS

Meterials for positive contact mainshaft seals are well established, the
most widely used material combinations being carbon graphite in combination
with hardened steel or chrome plate, Thus far, most advance in reducing seal
material wear have been realized through design practices such as accurate
pressure balancing and the incorporation of self-acting hydrodynamic lift fea-
tures, Further improvement in the life of positive contact seals vill require
materials with improved wear, erosion, and corrosion resistance, and improved
thermal stability with respect to structure, dimensions, and properties,

A clear need exists for improved understanding of gas path seal wear
phenomena, and for improved gas path seal materials throughout the engine.
Gas path seal materials muot be abradable and at the same time survive a
rather severe environment frou the standpointe of erosion, corrosion and ther-
mal shock, The significance of basic first order rub parameters and seal
material properties needs to be established, Current development emphasis is
being put on plasma=-spray deposition techniques to provide either low density
abradable structures, or easily machineable alloys.
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Table 1, Face Seal Materials

Environrent

Seal noge material

Seal seat material

ms (Air, COs, Ho, He,
Noy 02)

011

Carbon graphite

Glass=filled PIFE
Carbon=filled
PIFE (not for
H, service)
(Soﬁium and fluo-
rine compounds
and radloactivity

may adversely
affect PIFE)

Carbon graphite

Cast iron
Graphite molyb~-
denum

Tool steels

Chrome plate

Tungsten carbide,
plate and solids

Chrome carbide plate

Ceramics

300=stainless steel

400-stainless steel

440=C

4140, 4340

Tool ateels
(hardened)

Chrome oxide

Bronze (for few ap-
plications

Ni-resist

Cagt iron

Ceramic

Stellite (hard facing
on 316-stainless
steel, especially for
high pressures and
high velocity)

Tungsten carbide

Malcornized 31l6-
stainless

Carbon-filled PIFE

Glass-filled PTFE

Sintered iron or
bronze

Nitralloy, hardened

Tool steel, hardened

SAE=-1040 steel

Stainless steel (400
series hardened to
Rockwell C-50,
This is general rec-
ommendation as
3l6é=stainless is not
hardenable)

Bronze

Bronze
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Table 2, Circumferential Seal Materials

Environment

Seal ring material

Shart material

Gas (Air, CO,, Ho, He,
Nas O

Carbon graphite

glass-f'illed PITE

Carbon=f'illed
PIFE (not for
H. service)

(Sodium and fluo=-
rine compounds
and radioactivity
may adversely
affect PI'FE)

Filled Polyimi-e
resin

Chrome plate

Chrome oxide

Ceramic plate

Tungsten carbide
plate

Chrome carbide plate

Hasteloys C&F

Ni=O=Nel

Tool Steels (limited in
water service)

400 Stainless steel

300 Stainless steel

Chrome oxide

41403 4340 (not for
water service)

440=C (H5=60 Re)

400 Stainless steels
(48=-55 Re)
Chrome plate
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lable 4, Comparison of Ferformance and Properties of Fully Dense
Plasma-Sprayed Seal Materials

Al Cu Cu=10 Cu=t Cu=10 Ni=15
a/o n a/o Al a/o Al afo Cr
Hardness P.:N/m:‘- 196 559 480 843 980 100,
(annealed)
Tensile 13 52 38 85 65 78
strength
(102 psi)
(annealed)
Elongation 40 ob o0 55 28 20
(% for 2 in,
length)
pensity (gm/ce) 2,10 8,96 8.80 8.17 7.58 8,62
gpecific height 0,215 0,092 0,080 0,088 0,104 0,104
(cal/gm °C)
Impact strength 10=15 30 =40 30 10-156
(Izod) (ft-1lb)
Hot working 50 16800 1600 1600 16895 2500
range (°F)
Stacking fault 200 40=-70 a6 4 2
energy
(ergs/cm®)
Meas., blade® 0,001 0.086 0,026 0,022 0,014 0,013
Tip wear (in.) 001 058 022 047 0.26 015
Nb 0.37x106 | 2.8x106 | 2.6x106 | 2,9x106 | 1,8x10€ | 2,2x106

Arop number refers to room temperature test; lower number to 9000 F test,
by = (Tensile Strength) x (Elongation) x pCp x T where Ty, = hot working
temperature,

hw
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Figure 1. = Modern transport engine (from ref. 2),
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Figure 2. - Effects of rub interactions on gas path seal cieazances,
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Figure 4, - Pressure times velocity as function of heat-generation parameter for some bearing materials
(from ref. 6),
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Figure 5, - Hydrodynamic, thi, -film, and boundary lubrication modes.
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Figure 6. - Friction and wear test apparatus.
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Figure 1. - Friction and wear of carbon-base materials sliding against chromium-plated nickel-base alloy.
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TYPICAL SEAL MATLS:

SILICONE RUBBER; Al HONEYCOMB; EPOXY

SPRAYED Al; SPRAYED NICKEL-GRAPHITE; SILICONE RUBBER, FIBERMETAL

HASTELLOY-X FIBERMETAL; SPRAYED NICKEL-GRAPHITE; SPRAYED NICHROME WITH ADDITIVES
LABYRINTH SEALS: Ag BRAZE; FIBERMETAL, HONEYCOMS

CAST SUPERALLOY (COOLED); SINTERED HIGH TEMP METALS; CERAMICS (EXPERIMENTAL)
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Figure 12, - Summary of engine operating environments and typica! “abradable'* seal materials,
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Figure 13. - Illustration of types of abradable seal materials
for outer air sealing,
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