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FIELD OF THE INVENTION

The disclosure relates to a method for determining relative wear life of
10  polymeric specimens, and more particularly, polyimide specimens, and parts
intended for use at high temperature under high wear conditions or in a

chemically corrosive environment under high wear conditions.

TECHNICAL BACKGROUND OF THE INVENTION

15 Applications requiring high wear resistance, particularly at conditions of
high temperature, pressure, velocity and/or chemically degrading or
corrosive, require materials that can perform for long times under stress and
at high temperatures. In the aerospace market, examples of such
applications are aircraft engine parts and aircraft wear pads. In the

20  automotive market, examples of such applications are automatic transmission
bushings and seal rings, tenter frame pads and bushings, material processing

equipment parts, and pump bushings and seals.

Typically, a component in applications as described above is intended
to function as a sacrificial, or consumable, component, preventing or reducing
25 the wear or damage that a more costly mating or adjacent component would
experience if it were mated against some other component over time under

stress or oxidative stress. A component loses efficacy as a sacrificial wear



Typically, a conponent in applications as descri bed above is intended to
function as a sacrificial, or consunabl e, conponent, preventing or reducing
t he wear woO 2dsmmage2t hat a nore costly mating or adj acentCtarspansnis3soul d
experience if it were nmated agai nst sonme ot her conponent over tinme under
stress or oxidative stress. A conponent |oses efficacy as a sacrificial

wear reducer. However, as the conponent wears, the resulting increased

cl earances can result in deleterious effects, such as increased | eakage (of
air pressure or fluid) or increased noise, thereby reducing the operating
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disassembly, reassembly, testing and re-calibration ("service") of the system,
10  resulting in considerable costs in terms of down-time and labor. Thus, a
component that demonstrates a lower rate of wear is desirable to reduce the
frequency of replacement, thereby reducing cost.

When choosing among candidate materials for a particular application,
it would be useful to predict which candidate is most likely to yield parts with
15  the longest wear life. Evaluating and comparing the wear life of parts made
of different materials, or made of the same material in different manners, for
these high temperature, high wear applications is difficult. Practitioners in this
field typically use wear rate, such as described in the ASTM standard G133,
and, where applicable, thermal oxidative stability (TOS) measurements to

20  compare two materials.

A limitation of the thermal oxidative stability test is that it provides
information on weight loss over time at temperature but does not provide
direct information on wear life at temperature. Designers of jet engines draw
inferences from the TOS information, reasoning that the higher the weight

25 loss in the VV TOS test, the shorter the life time at temperature is likely to be.
Likewise, wear tests provide information for designers on the wear rate of
materials but only over limited periods of time, forcing designers to draw
inferences about changes in wear rate as a function of time at temperature.

However, the relationship among wear rate, thermal oxidative stability, and



t hese high tenperature, high wear applications is difficult. Practitioners
inthis field typically use wear rate, such as described in the ASTM
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reliable comparison of the relative wear life of materials intended for use in

10  applications requiring high wear resistance at high temperatures.

BRIEF DESCRIPTION OF THE DRAWINGS

Various features and/or embodiments of this invention are illustrated in
drawings as described below. These features and/or embodiments are
15 representative only, and the selection of these features and/or embodiments
for inclusion in the drawings should not be interpreted as an indication that
subject matter not included in the drawings is not suitable for practicing the
invention, or that subject matter not included in the drawings is excluded from

the scope of the appended claims and equivalents thereof.

20 Figure 1 is a graph of wear rate versus aging time at 800°F (427°C) in

air for two different Polymeric Specimens, A and B .

Figure 2 is a graph of wear rate versus aging time at 900°F (482°C) in

air for three different Polymeric Specimens, A, B and C.

Figure 3 is a graph of wear rate versus aging time at 750°F (482°C) in

25  air for two different Polymeric Specimens, B and D.

Figure 4 is a graph of wear rate versus aging time at 750°F (482°C) in

air for two different Polymeric Specimens, B and E.



reliable conparison of the relative wear life of materials intended for use
in applications requiring high wear resistance at high tenperatures. BRI EF
DESCRI PTIvON 20//02R#2 DRAW NGS Vari ous features and/ or enb®dirsnts/ 064435 hi s
invention are illustrated in drawi ngs as descri bed bel ow. These features
and/ or enbodi nents are representative only, and the selection of these
features and/ or enbodi nents for inclusion in the draw ngs shoul d not be
interpreted as an indication that subject natter not included in the
drawings is not suitable for practicing the invention, or that subject
matter not included in the drawings is excluded fromthe scope of the
appended cl ai ns8 and equi val ents thereof. Figure 1 is a graph of wear rate

versus aging tine at 800 F (YUVMARY @F THRINVENTIONF er ent Pol yneric
Specinens, A and B. Figure 2 1s a graph of wear rate versus aging tine at

900 F (482C) in @lécléﬁd h&¥eReisth hriedh&d for RN ERING Ge M08 W Sife G5 o B and C.
Figure 3 is a graph of wear rate versus aging tinme at 750 F (482C) in air
for two di fD@WmﬂrIWWEHCC@pE%lﬁgnS B and D. Figure 4 is a graph of wear
rate versus aging tine at 750 F (482C) in air for two different Polyneric
Speci nens, B and alp&idingat @asT o shidE TdaDNnBris spesieternse mdiencins a net hod
for evaluating relative wear |ife of a polyneric specinmen, conprising:

(i) each specimen within each set is made of same

composition and in same manner, or

(ii) each specimen within each set is made of same
composition as at least one other set and made in a different manner;
10 or

(iif)  each specimen within each set is made of different

composition as at least one other set and made in same manner; or

(iv)  each specimen within each set is made of a different

composition as at least one other set and made in different manner;
15 b) determining wear rate as a function of aging time for each set, by:
(i) reserving at least one specimen as an unaged control,

(ii) aging each remaining specimen by heating under a
specified atmosphere and at specified temperature for a
specified aging time;
20 (iii) measuring the wear rate of the unaged and aged

specimens over time;

c) comparing the wear rates as determined in step (b) for each set of

specimens.

25 DETAILED DESCRIPTION OF THE INVENTION




a) providing at least two sets of polyneric specinmens, wherein (i) each
speci nen within each set is nade of sane conposition and in sane nmanner, or
(1i1) eachwepenvareazzwi t hi n each set is nade of same conp®s€iitisermdass4at | east
one other set and made in a different manner; or (iii) each specinmen within
each set is nade of different conposition as at |east one other set and
made in same manner; or (iv) each specinen within each set is nade of a

di fferent conposition as at |east one other set and made in different
manner; b) determ ning wear rate as a function of aging tine for each set,
by: (i) reservi nghatmehast deserilsgaberam pesvide awoagedienbnay b evaluale agi ng
each remai ni eci ne heat i nder a specified atnosphere a d at
Speci 11 ed 1 ADETANG BTOaNCep LEAF: ANIETRE AR G MR RRASTPTHT ho wear
rate of thepy SHELIRBRS of PARL RAT BN e JdiE or BlffcFEMR rﬂ@rléhe wear
rates as determ ned n step ( E ? each set n('i)? speci nmens. yDETAI LED

DESCRI PTI ONNGHeT#HE andwmepuarmeduﬁemmus Arsyalustidntodisecin naterialdds a

conven eglt Wagfuli B ﬁelp one predlct the performance of polymeric materials when

applied for its intended use.

Materials suitable for use in the methods described herein are filled
and unfilled high-temperature polymers, selected from the group consisting of
polyimide, a polyetherimide, a polyketone (e.g., polyetheretherketone and

10  polyetherketoneketone), a polybenzoxazole, a polybenzimidazole, a
polyaramide, a polyarylene, a polyether sulfone, a polyarylene sulfide, a
polyimidothioether, a polyoxamide, a polyimine, a polysulfonamide, a
polysulfonimide, a polyimidine, a polypyrazole, a polyisoxazole, a
polythiazole, a polybenzothiazole, a polyoxadiazole, a polytriazole, a

15 polytriazoline, a polytetrazole, a polyquinoline, a polyanthrazoline, a
polypyrazine, a polyquinoxaline, a polyquinoxalone, a polyquinazolone, a
polytriazine, a polytetrazine, a polythiazone, a polypyrrone, a
polyphenanthroline, a polycarbosilane, a polysiloxane, a polyamideimide,
and copolymers or blends thereof.

20 The unique performance of polymeric materials under stress, and
particularly, polyimide compositions under stress and at high temperatures
have made them particularly useful in such applications. As used herein, the
term “polyimide” denotes a polymer in which at least about 80% of the linking
groups between repeat units are imide groups, -CONRCO- . The synthesis

25 and properties of polyimides is reviewed by, for example, R. G. Bryant, in

“Polyimides,” Encyclopedia of Polymer Science and Technology, 3rd ed., J. I.
Kroschwitz ed., vol. 7, pp. 529-554).

In addition to the polymeric material, additives may be present in the

specimen to be tested. For instance, an illustrative, and non-exclusive list of

5



the rel ative performance, under high tenperature, high wear conditions, of
pol yneric specinmens or parts made of the sane or different polyneric

mat er i al swarrdioan2peepared differently,. An eval uati on ofPCImshoovmsass al s is
useful to help one predict the performance of polyneric materials when
applied for its intended use. Materials suitable for use in the nethods
descri bed herein are filled and unfilled high-tenperature polyners,

sel ected fromthe group consisting of polyimde, a polyetherimde, a

pol yket one (e.g., polyetheretherketone and pol yet her ket oneket one), a

pol ybenzoxaadd&iveatmmlm@)ebeipnémwre pigmenity, amaiokidents npatesials\td eneafroh

pol yet her s Ifone 0 | ene sul fi I m dot hi aet her
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pol ybenzot hi azol e, a pol yoxadi azol e, a pol azol e, a polytriazoline, a
poIytetrazopéenQSppowqﬂMﬁubﬂnﬁhWan@QFTEEDHKHQOMMnée(BdeNypyraZ|ne a

pol yqui noxal i ne, a pol yqui noxal one, a pol yqui nazol one, a pol ythazine, a
pol ytetr&zi ne, aTpelnethiodzdiselosad ph@rgipyinclodes aangiblodfoedatetminimg tree a

Pher cof . Thived o4 A cPaT S6F RARREISSTOHIAEHF St ed fAIONTRgON B8 and
particularl bsp‘é‘&fbébl%ﬁ%e?&tﬁpés%i POGHENS B at e GBsBY speciéty fopmper at ur es
testing may be made from them by the application of heat and pressure to
powder mixtures of the various ingredients in the composition of interest.
10  See, for instance, U.S. Patent Number 4,360,626. These powder mixtures
may be made by simple blending of powders. Inorganic powder
components may be added to the synthetic process for making the polyimide
polymer, to obtain mixture of the polymer and other ingredients. If the
polymer is thermoplastic, test specimens or test parts may be formed by melt
15  forming methods, such as extrusion or injection molding, which are typically
used to form thermoplastic parts.

in the methods described herein, for each defined state of interest
{e.g., composition, manner of preparation, post freatment, eic.}, several
shaped paris or specimens are made as iest samples. Test samples ¢can be
20 of the cylindrical shape of ASTM G133, or they can be, for exampie, tensile

bars.

in the methods disclosed herein, the wear performance of the test
specimens is determined by comparing unaged polymer specimen sels o
aged polymer specimen sets that have been subjected to certain conditions.
25  Atlleast one specimen is included in each set, but one may use as many
specimens in each set as one chooses. Al least one set of polymeric
specimen is reserved as an unaged control, while the remaining seis of
specimens or parts are aged by heating at a specified temperature for

specified lengths of time and a specified atmosphere. This is conveniently

6



have made them particularly useful in such applications. As used herein,
the term "polyi mde" denotes a polyner in which at |east about 80% of the
| i nki ng gwoupw/h2et2aeen repeat units are imde groups, - CORNRSD09/05MBE
synthesis and properties of polyimdes is reviewed by, for exanple, R G
Bryant, in "Polvimdes," Encycl opedia of Polyner Science and Technol ogy,
3rd ed., J. | . Kroschwitz ed., vol. 7, pp. 529-554). In addition to the
polymeric material, additives may be present in the specinen to be tested.
For instance, an illustrative, and non-exclusive list ofadditives that may
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The net hod di scl osed herein I ncl udes a meth determ ning the wear of a
pol yneric spemzmxﬁtm apolioptieniad smiaretsta%aeﬁaﬁrm@ta speoinayialgesdnteigat a
i fi ns for

specified te er.o ure olyners th are infusibl.e eci

Cost! ng iy HRCHAGS" FRaRes RERPYS Tiret Dt e i oo GRS B A R s ur e ¢ o0
powder m Xt uEes 16f 1 Ed‘@ﬁ&@ibbﬁwér naes edbieat %mﬁekﬂﬁﬁmﬂéﬁ@%@ﬁﬂ Wt erest.
See, for instance, U S. Patent Nunber 4, 360,626. These m Xt ures may

be made by SPRYT £ WMBHE ofThsouies §ma eisierahivesisoid be E@rmaﬁmﬁ & may be
A O ot TR B G A I LGSR Y b T BlariBg 1O oPtain

m Xt ure of t
deV|at|on of the wear rate measurement.

10 After the test samples have been aged, the wear rate is determined for
each. The specific wear test used will depend on the nature of the application
for which the material is intended and on the geometry of the specimen. For
example, a wear tester that uses a polymer block on a spinning metal ring is
suitable for automotive applications, while tests for aerospace applications

15 generally operate in oscillatory mode and have temperature control. A test
used by a manufacturer in the field may be performed for long times on, for
example, actual sintered bushings. ASTM G 133-05 (2005), “Standard Test
Method for Linearly Reciprocating Ball-on-Flat Sliding Wear”, includes useful
laboratory procedures for delermining the sliding wear of ceramics, metals,

20 and other candidate wear-resistant materials using a linear, reciprocating ball

{for example, a steel ball)-on-flat plane geometry.

One example of a commercially available tester is sold by Bud Labs,
inc., {Rochester, NY) and implements a modified version of ASTM G133. It
involves oscillatory wear of a 3/8” (0.95 cm) diameter metal ball of either

25  chrome steel (AISI E52100 high carbon steel, Rockwell hardness 64) or
titanium on a 1” (2.5 cm) diameter specimen that is approximately 0.5 cm
thick. In typical operation, the ball is mounted on an arm that imposes a 2 Ib
(0.91 kg) weight on the test specimen, and the arm is oscillated at 300 cycles

/ min for 54000 cycles (3 hours). The ball and test specimen are pre-heated



polymer is thernoplastic, test specinens or test parts may be fornmed by
melt form ng nethods, such as extrusion or injection nolding, which are

t ypi cal | ywoseth/e22or m t her nopl asti ¢ parts. In the net heds/useaonsises
herein, for each defined state of interest (e.g., composition, manner of
preparation, post treatnent, etc.), several shaped parts or specinens are
made as test sanples. Test sanples can be of the cylindrical shape of ASTM
G 133, or they can be, for exanple, tensile bars. In the nmethods disclosed
herein, the wear performance of the test specinens is determ ned by
conparing utagedtesbtemneeragpedn maro\&at and magssbrpblyymaiamtédﬁarersGVm t hat
have been suybjected to cert ti | east .one s c men

el uded | niGHBR ERIOTGE NG e hmi st 48 TdRATERAS! HBRPIPh TORMNER s one
chooses. Al hBasimalien 8finclodtMiABsRciRPElTBE dstinfaResr YRE BfurAe ofnaged
control, Il'e the remaining sets speci nens or parts are aged by heating
at a speci f thelweanpeardas uneasused spta éncdf thengppesingntt iTine \widme rsapbef i ed

cpeci men. ofrscred 6 B BpEa by RARS BUCHERY ok fel G R ame N FHRE awing
themin turqyeak r@l@ssm g \ﬁtﬂum@ dma@é byTEh@ t6RAnGE Hret smafsatham
at nosphere, and ag mgttlmes wi || depend on the nature of the ag plication of

interest. FHISPEREAMD hestﬁgbsmmueégrs@wﬂrnefg by net alaysoreveripitaking, parts
| ntended f Ol ‘?(rncbs %ﬂﬁﬁg at?rpéthg?mo?j'ég omlul?g near the end of the effective period

of wear resistance for a given composition.

10 Once the wear rates have been determined, they are plotted as a
function of the aging time, one curve for each defined state. The curves are
then compared o each other o predict expected relative performance in the
application or intended use of the polymeric material or part.

Where a curve has a “hockey stick” shape as in Figure 1, the relative

15 wear life can be identified by visual inspection as the aging time at which the
wear rate sharply increases. This sharp increase indicates catastrophic
failure of the part. More generally, a relative wear life or lifetime can be
identified as an aging time beyond which the wear rate is greater than about 3
times the standard deviation of the wear rate measurement. For the data in

20  Figure 1, the relative life for the test specimens made of compositions
POLYMERIC SPECIMEN A and POLYMERIC SPECIMEN B are about 90
and about 180 hours, respectively, at 800°F (427°C) in air.

Where the plot of wear rate versus aging time is a curve that does not
have a “hockey stick” shape, for example, as in Figure 2, it is more useful to
25  assess relative performance by comparing the area under each curve, a
larger area indicating poorer performance. Often, this can be assessed by
visual inspection. In Figure 2, the area under the curve for Polymeric
Specimen B is clearly larger than the area under the curve for polyimide
composition Polymeric Specimen A, which in turn is larger than the area

8



aged for 1 to 300 hours or nore in air at tenperatures in the range of 750
to 900T (399 to 482C). The aging tine preferably should be | ong enough to
i nduce a wbangeé2ez2wear rate that is at |east about 3 tiPeEaISkéve/0S44ahdar d
deviation of the wear rate neasurenent. After the test sanples have been
aged, the wear rate is determ ned for each. The specific wear test used

w Il depend on the nature of the application for which the material is

i ntended and on the geonetry of the specinmen. For exanple, a wear tester
that uses a polymer block on a spinning nmetal ring is suitable for

aut onoti ve apger tatcuwons fombtilj/imidesbmpbeitioaelaoszpwe: apetimeat ConBhuwxneral |y

operate in SCI | | at or ave te rature . A test used by a
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and ot her candidate wear-resi stant materials usin lin i procating
ar 1 *(fof olnipi U5 b SEaeed o, BRI Bcte s ifen pARRRcE BEml o of o
comer ci al | popyaéli@Bpbecitest @, is sold by Bud Labs, Inc., (Rochester, NY)
and inplenents a nodified version of ASTM G 133. It i nvol ves oscillatory

wear of a 3/8" (0.95 cnm) dianeter ”‘?_?F)@AI_:?P’@E'S of either chrome steel (AlSI

E521 00 hi gh carbon steel, Rockwell SS 64) or
The present invention is further defined in the following Examples. It

should be understood that these Examples, while indicating preferred

10  embodiments of the invention, are given by way of illustration only. From the
above discussion and these Examples, one skilled in the art can ascertain the
essential characteristics of this invention, and without departing from the spirit
and scope thereof, can make various changes and modifications of the

invention to adapt it to various uses and conditions.



titaniumon a 1" (2.5 cm dianeter specinmen that is approximately 0.5 cm
thick. In typical operation, the ball is nounted on an armthat inposes a 2
I b (0.91 wOrowdi2gdze on the test specinen, and the arm i Codaseélvasads at 300
cycles / mn for 54000 cycles (3 hours). The ball and test specinen are
pre-heatedto the test tenperature in an oven, and the assenbly is

mai ntai ned in an oven for the duration of the test. The test yields a force
vs. tinme plot, fromwhich an approxi mati on of the coefficient of friction
can be estimated. The volune of the wear scar is nmeasured at the end of the
experinment. The volume may be neasured, for exanple, by stylus profilonetry
or optical profilonetry. The wear rate is then the volune divided by the
test time, Mgteriald. hours. Visual inspection of the test specinens

soneti mes, but not al ways, reveals flaking, cracking, pitting, or other

modes of fail ur e BBRA 1hRANS3 30t 4-hiphenylieifacasbedicsliadtydidar resi st ance

for a given conposition. Once the wear rates have been determ ned, they are
plotted as a funcWiPéh roganshenafienyleneriamglee curve for each defined state.
The curves are then conpared to each other to predict expected relative
performahce in tHAePBppieastp-phenylenatardieeé, use of the polyneric material or
part. Wiere a curve has a "hockey stick"” shape as in Figure 1, the relative
wear |ife can be“PH@R"irheats byromellitld dianepaéridd.on as the aging tine at which
the wear rate sharply increases. This sharp increase indicates catastrophic

failure of the papba”MisshHERAIRbdighedyllchati ve wear life or [ifetime can
be

Polymeric Specimen A is a polyimide prepared from BPDA and PPD
which contains 2.5 wt% graphite.

10 Polymeric Specimen B is a polyimide prepared from BPDA and a
70/30 ratio of PPD/MPD which contains 50 wt% graphite.

Polymeric Specimen C is a polyimide prepared from BPDA and a
70/30 ratio of PPD/MPD which contains 9 wt% graphite and 1 wt% kaolinite.

Polymeric Specimen D is a polyimide prepared from BPDA and a
15 70/30 ratio of PPD/MPD.

Polymeric Specimen E is a polyimide prepared from PMDA and ODA
which contains 30 wt% graphite.

Each of Polymeric Specimens A, B, C, D and E were obtained from
E.l. du Pont de Nemours & Co., Inc. (Wilmington, Delaware, USA). Polymeric
20 Specimens C and D exemplify the disclosed method for unfilied polymeric
specimens. Polymeric Specimens A, B and E exemplify the disclosed
method for filled polymaeric specimens.

Methods.

25 Test sample fabrication. A polymeric specimen prepared from dried

polyimide resin was fabricated into disks 1” (2.5 cm) in diameter and about

10



identified as an aging tinme beyond which the wear rate is greater than
about 3 tines the standard deviation of the wear rate neasurenent. For the
data i n RvQuow/@222he relative life for the test speci meas/usaae/ 064435
conpositions POLYMERI C SPECI MEN A and POLYMERI C SPECI MEN B are about 90 and
about 180 hours, respectively, at 800 OF (427C) in air. \Were the plot of
wear rate versus aging tinme is a curve that does not have a "hockey stick"
shape, for exanple, as in Figure 2, it is nore useful to assess relative
performance by conparing the area under each curve, a larger area

i ndi cating Qcﬁncmrthiwrtfyodimmmiﬁmwng tahpreceaurelmibasaraiat g dcbyrdin g thel

I nspecti on. e 2, the re under, t curve for Pol Cc Specinmen B
o bl ear Ly PERGSTS Hendined B35 bt SRS B FiRSFaly swpmrﬁ?ﬁ eS8 1 on
Pol ymeri ¢ SpagiTeRiéoaldivele F%{%‘Héc’i‘b $hé AidiRbd SBERd iR Lﬁe hor IN§.he curve

for polyimde conposition Po peC| men C. Thus, or mance of
parts or shdpid, edsovimenss mdmmsateld&qrmby:rﬁgmnmm |tBetmrcleet¢xpect ed to
perform nore poorly in high wear conditions at 900 F (482C) in air than
parts or5shaped $izatagiasmetidel. of hd*bhrswetecrasgenilyrpracdd osha stainlesg urn are

EXAVPLES Thiles! udieephiadts WORTia Theriuie da00 e AUt HeerBrrmisas
Exanpl es. | ﬁntém.bﬁar?@w@%,sw U$RL parb8s ThEFATRIGRr St R cat i ng

preferred

Waltham, Massachusetts, USA). The furnace was modified to include an
inlet and outlet such that air or nitrogen purge can be supplied. After sample
10  placement, the furnace was closed and purged with nitrogen (10 to 15 scfh,
0.28 to 0.42 m®h flow rate) for 30 minutes before heating was started. While
under nitrogen the furnace was heated to 350°C over a 3 to 6 hour period.
The furnace temperature was held at 350°C for 3 to 16 hours. The furnace
was then heated to the desired test temperature with monitoring as measured
15 by a thermocouple placed at the center on the middle shelf of the wire mesh
rack. The test temperature was maintained while under nitrogen for 0 to 30
minutes, before switching to air (10 to 15 scfh, 0.28 to 0.42 m*/h flow rate).
Time zero was defined as the time at which air was switched on. Disks were
removed from the furnace at various intervals and placed in a nitrogen-

20  purged enclosure to cool.

Zone temperatures in the furnace were monitored at varying positions
during the course of the tests. A two percent variability in temperature was
observed from the top to the bottom of the furnace with the top and sides of
the furnace chamber generally being hotter than the bottom and the door

25 face. This variation depended on the number of disks in the furnace. It was
necessary to always monitor zone temperatures in the oven and to shuffle the
positions of the disks such that all disks were exposed to the variable zones
during the course of the aging study, to ensure uniform thermal oxidative

exposure.

11



enbodi nents of the invention, are given by way of illustration only. From
t he above di scussion and these Exanples, one skilled in the art can
ascert ai rwohelogesenati al characteristics of this inventi eaT/useams44ddut
departing fromthe spirit and scope thereof, can nake vari ous changes and
nodi fications of the invention to adapt it to various uses and

conditions. Materials. "BPDA" neans 3, 3',4,4'-biphenyltetracarboxylic

di anhydri de. "MPD' neans -m phenyl ene di am ne. "PPD' nmeans p-phenyl ene

di am ne, "PMDA" neans pyronellitic dianhydride. "ODA" neans di am nodi phenyl
et her. Pol yneri cV&mnbm‘mwérei determpoieg wéini@apne@iﬁeedrefsimmBRBZKI\mmi 3BPD whi ch

contains 2 Wt %t Pol ri G .Speci nen is a 1 de .prepared
From BPDA- afkd4o1veh SRCNGWaeT PEBABALMA Em) S aiehsiele Ralbg i Bish « c
Pol ymer i ¢ SpafdERtdel | gﬁlsﬁ E%%bbrﬂlﬁﬁ cBFU%?Pét@QI H&%W%r@rﬁ&s%%%ﬁﬂ%ef atio of

PPDY MPD whi ch contains 9 wt% graphite and 1 w % kaolinite. Pol'ynmeric
Speci men D isstgppoinygémi tlee pat peasetiofiniech @PoA asmdhat mmdraznb(@m nzlgD/ MPD.

ESL%IQ?LIS§ De C'/hqg)rnatgﬁ tg@téspoe%lir%'erq] éjned e o %/%sfoscqqa?'\é)'a\ 3‘6'(51 c;g?es / m|n
for 54000 cycles (3 hours). The ball and test specimen were pre-heated to
the test temperature in an oven, and the assembly was maintained in an oven
for the duration of the test. The volume of the wear scar was measured at the
end of the experiment by means of an optical profilometer (ZYGO

10  Corporation, Middlefield, Connecticut, USA) or alternatively by stylus
profilometry. In these examples, the wear volume is taken as the wear rate
over a three hour interval. The standard deviation of the wear measurement
depended to a small degree on the specific polyimide composition tested but
was typically about 2 to 8% of the wear rate.

15 Although the data presented in these Examples was collected using
the ASTM G133 wear tester, it is reasonable to assume that a similar
experiment conducted with other methods of evaluating wear would produce
similar results. This includes pin-on-disk testing.

12



Each of Polyneric Specinens A, B, C, D and E were obtained fromE. |. du
Pont de Nenmoburs & Co., Inc. (WImngton, Delaware, USA). Polyneric

Speci nensw@ 2arh2222exenpl i fy the di scl osed net hod for unPCTiusdooobimeri c
speci nens. Pol yneric Specinens A, B and E exenplify the disclosed nethod
for filled polyneric specinens. Methods. Test sanple fabrication. A

pol ynmeric specinen prepared fromdried polyimde resin was fabricated into
disks 1" (2.5 cm in dianmeter and about0.5 cmthick by direct form ng,
using a procedure substantially according the procedure described in U S
Pat. 4,360,626 (especially colum 2, [EXAMP4 60) and Tensile bars were
prepared by the nethod set forth in U S. Patent No. 4, 360,626, which is

i ncor porated her @ylindicdlgfsapeaalisks, ftifcte (2.6cet Ydiateddr -agisngmnet hod. The
bars were randomy placed on a stai nless steel wire mesh rack within a

Ther ol yne if:ng%mf T BOWTIOREEPECEAT IR s Eimeéera@@ﬁdn@ur at§Aifue, | owa,
USA, part ofy r)m”gv%@%‘?%s @%k@ﬁé@%b%d J)H%n an OaQed'\@a?ﬁﬂ%Q;éaﬁtéé USA) .

The furnace o Inclu an |nIe et suc at air or
ni t rogens pupmerﬁed reTabippl aedi plofetererswstagiegpinee enkigure |t hHeuwslobioe was
cl osed and purged with ni en (10 to 5SCh 0.28 to 0.4 /h f]ow
rate) for 3%‘9&%&'@9'%&% frth@t, @'é'tsgﬁ@'r%é‘s Q”Qrt%éd"ee\m? eer%mﬁieﬁalﬁﬂtsmﬁjbn t he

rmar e e HESARALROTACE R e B Belmpnblo Oy aSeBiiod w Bhi

place at a significant rate, and the test specimen is losing structural integrity
such that its wear rate accelerates dramatically. The “hockey stick”

10  appearance of the curves is typical. It is probably reasonable to assume that,
in the hypothetical situation in which an engine bushing made of Specimen B
is held continuously at 800°F (427°C) in an engine in the field, we would
expect it to last for about 180 hours. This can be thought of as saying that
thermal oxidative stability limits the wear life to about 180 hours at 800°F

15 (427°C). Similarly, in the hypothetical situation in which an engine bushing
made of Specimen A is held continuously at 800°F (427°C) in an engine in

the field, we would expect it to last for only about 90 hours.

13



was then heated to the desired test tenperature with nonitoring as neasured
by a thernocouple placed at the center on the mddle shelf of the wire nesh

rack. ThewoDesto/@eazper at ure was nai nt ai ned whil e under
before switching to air ( 10 to 15 scfh, 0.28 to 0.42 nB/h fl ow
Time zero was defined as the tinme at which air was sw tched on.

m nut es,
rate).

NiPCITaeen9s:3d to 30

Di sks were renoved fromthe furnace at various intervals and placed in a

ni t rogenpurged encl osure to cool.
noni tored at varying positions during the course of the tests.

Zone tenperatures in the furnace were

A two

percent variability in tenperature waFaloleserved fromthe top to the bottom
of the furnace with the top and sides of the furnace chanber generally

bei ng hotter than the
t he nunber of disks i
tenperatures in the o
that all disks were e
agi ng study, to ensur
determ ned using a no
wear of a 3/8" (0.95

E521 00 high carbon s
ball was nounted on a
speci nen, and the ar

bottom and the| dgpg tAg¢. This variation depended on
N t heodywigraee. | t algiRem et efsfRute O18F Ways nonitor zone
ven gpgciMenshuf Tl enddrg) posi ti opd of the di sks such
xposed tg the vharial e zones dydpsng the course of the
e uni form thernpl Ox dative expggure. \ear rates were
fdified version pf ASITM GI33. I3ggdé NvOol Yed oscill atory
CTdrameter nmefal pait of el [é@gﬁ chronme steel (AlSI
eel, Rockwet T [rar dpigss 64) OT} 5 4TE test specinen. The
—armthat—inposed 21— Hh oKy e ght on the test
was—oscitttatedrat T@VG cyctes g;loéll n

216 69085

288

A 0 6286

72 7857

96 9914

120 >50000

144

171 |

EXAMPLE 2

Cylindrically shaped disks, 1 inch (2.5 cm) diameter x 0.5 cm

thickness, Specimens B, A, and C were aged in air at 900°F (482°C). Wear

rates were measured on unaged and aged samples and are presented in

Table 2 and plotted versus aging time in Figure 2.

In Figure 2, the area under the curve for polyimide composition

10

Specimen B is clearly larger than the area under the curve for polyimide

composition Specimen A, which in turn is larger than the area under the curve

for polyimide composition Specimen C. Thus, the performance of parts or

shaped specimens made of Specimen B are expected to perform more

poorly in high wear conditions at 900°F (482°C) in air than parts or shaped

15

poorly than parts or shaped specimens made of Specimen B.

14

specimens made of Specimen A, which in turn are expected to perform more



for 54000 cycles (3 hours). The ball and test specinmen were pre-heated to
the test tenperature in an oven, and the assenbly was maintained in an oven
for the dwpapioan2t the test. The vol une of the wear scaCTWSs009MaE18F ed at
the end of the experinent by neans of an optical profilonmeter (ZYGO
Corporation, Mddlefield, Connecticut, USA) or alternatively by stylus
profilonetry. In these exanples, the wear volune is taken as the wear rate
over a three hour interval. The standard devi ation of the wear measurenent
depended to a small degree on the specific polyimde conmposition tested but
was typically about 2 to 8% of the wehablkea.e. Al though the data presented
in these Exanples was coll ected using the ASTM G 133 wear tester, it is

reasonabl e to assume that a simlar expe{difpfineconducted W th other methods
of eval uating wear woulld pregsiyeeErse M | ar 4i956Ft S wWHak Raten€! udes pi n- on-di sk
testing. EXAMPLE 1 Cylindri cgbkmmenaped |di glers)1 || n@b®(?) 5| cm) di ameter X
0.5 cmthickness, of polynericpspecinens A gnd wepgssaged in air at 800 F
(427C). Wear rates wer¢ neasured on ungged and aged;saapl es and are
presented in Table 1 apd plotted versuy agiyig ti|ne jJg&igure 1. The plot in
Figure 1 indicates that, for Specimen g ang Jhe gkt e| remain fairly
smal | until about 180 hours-—At this pgint, gtiernmat @xidati ve degradation
is taking place at a significant—rate; dnd1bhc tcbtgaﬁFbilEn is losing
structural integrity 12 20295
A 0 3280

1 2050

4 3485

8 3280

10 8405

12 4510

14 8405

16 6765

C 0 4305

1 2050

4 1025

8 1230

10 1025

12 1640

14 1025

16 820

EXAMPLE 3

Cylindrically shaped disks, 1 inch (2.5 cm) diameter x 0.5 cm
5  thickness, of Specimens D and B were aged in air at 750°F (399°C). Wear
rates were measured on unaged and aged samples and are presented in
Table 3 and plotted versus aging time in Figure 3.

15



such that its wear rate accelerates dramatically. The "hockey stick"
appearance of the curves is typical. It is probably reasonable to assune

t hat, in wbeotwpetbetical situation in which an engi ne PaShise@onadas of
Specimen B is held continuously at 800 F (427C) in an engine in the field,
we woul d expect it to last for about 180 hours. This can be thought of as
saying that thernmal oxidative stability [imts the wear |life to about 180
hours at 800 F (427C). Simlarly, in the hypothetical situation in which an
engi ne bushi ng made of Specinmen A is held continuously at 800 F (427C) in
an engine in the field, we would expect it to last for only about 90
hours. Table 1. EXAMPLE 2 Cylindrically shaped disks, 1 inch (2.5 cn
dianeter x 0.5 cmthickness, Specinengallle  and C were aged in air at 900
F (482C). Wear rates were neasured on unaged and aged sanples and are

presented in Table 2 and plotted verspg ﬁ,‘%i.lrilrgetirre in Fijgure 2 . In Figure
2, the area under the curve for polyim §p7§,®,prpos' Liguoneci men B is clearly
l'arger than the area under tpgiefilf Ve {ornagsyi M qeoEpAPosi tion Speci men A,
which in turn is |arger [tThan poigmeRRE| Under the curve for pol yi mde
conposition Specinmen C (ThugpetiMeENas f or manceoof parbessor shaped speci nens
made of Specinen B are egxpected to pefform noge poorbysg|n hi gh wear
conditions at 900 F (482C) 1n air than parts@ll shapegsg
72 2050
144 6560
168 3280
192 17835
336 4715
POLYMERIC
SPECIMEN B 0 4715
8 1640
24 1435
72 1845
192 1845
240 2050
408 4715

In Figure 3, the area under the curve for polyimide composition
5 Specimen D is clearly larger than the area under the curve for polyimide
composition Specimen B. Thus, the performance of parts or shaped
specimens made of Specimen D are expected to perform more poorly in high
wear conditions at 750°F (399°C) in air than parts or shaped specimens

made of Specimen B.
10 EXAMPLE 4

Cylindrically shaped disks, 1 inch (2.5 cm) diameter x 0.5 cm
thickness, of Specimens E and B were aged in air at 750°F (399°C). Wear
rates were measured on unaged and aged samples and are presented in
Table 4 and plotted versus aging time in Figure 4. At 750°F (399°C) in air,

15  Specimen E had failed catastrophically by 97 hours, while after 600 hours,

16



speci nrens made of Specinen A, which in turn are expected to perform nore
poorly than parts or shaped speci nens made of Specinen B. Table 2. EXAMPLE 3
Cyl i ndri caibl2zg1mmiragzed di sks, 1 inch (2.5 cm di aneter x @CH/USpWhsaBhess, of
Specinens D and B were aged in air at 750 F (399C). Wear rates were
measured on unaged and aged sanples and are presented in Table 3 and
plotted versus aging tinme in Figure 3 .Table 3. In Figure 3, the area under
the curve for polyimde conposition Specinen Dis clearly larger than the
area under the curve for polyimde conposition Specinen B. Thus, the

per f or mance Specjpaen B shovwsstane dighgarficatasirophitefailireSped threewedr mte oéwaect ed to
perform nore h wear conditions at 750 F (399C) in air than
parts or sh® B/dgé@&gwgbgﬂétaé’a& YUPPHREFP-B. EXAMPLE 4 Cyl i ndhcal |y shaped
di sks, 1 |nch (2.5 cm diameter x 0 5 cmthickness, of Specinmens E and B
were aged in air at 750 F (399C). Wear rlabd&4dwere neasured on unaged and

aged sanples and are presented in Table 4 and plotted versus aging tinme in
Figure 4 . At 750 F (399C) in air, Speagingmhinke had failed catastrophically
by 97 hours, while after|600 hours, SpgecatmsorFB |shWaae&ateo | Si gns of
cat astrophic failure and|theMatsgal r atle tfourss pn(M°88¥ hi gher than its
value at tine zero. POLYMERIC
SPECIMEN E 0
16 2489
39 2231
48 2646
63 1720
67 2394
97 50000
POLYMERIC
SPECIMEN B 0 2056
16 1791
39 1946
67 1704
89 2117
97 1829
207 2105
360 2333
504 3187
600 3378
5 Where a range of numerical values is recited herein, the range

includes the endpoints thereof and all the individual integers and fractions
within the range, and also includes each of the narrower ranges therein
formed by all the various possible combinations of those endpoints and
internal integers and fractions to form subgroups of the larger group of values
10 within the stated range to the same extent as if each of those narrower
ranges was explicitly recited. Where a range of numerical values is stated
herein as being greater than a stated value, the range is nevertheless finite
and is bounded on its upper end by a value that is operable within the context
of the invention as described herein. Where a range of numerical values is

17



Table 4. Where a range of nunerical values is recited herein, the range

i ncl udes the endpoints thereof and all the individual integers and

fracti onswei2otovia212he range, and al so i ncl udes each of tReTASBREONWSL43F5 anges
therein formed by all the various possible conbinati ons of those endpoints
and internal integers and fractions to form subgroups of the |arger group
of values within the stated range to the sane extent as if each of those
narrower ranges was explicitly recited. Were a range of nunerical val ues
is stated herein as being greater than a stated value, the range is

nevert hel essta‘té@hbeeiarad beingptmsdlaaln arstates wabhys rthe nandpy issneradrihelddsat i s
operable within the context of the invention as described herein. Were a
range of nuRBFNEed Opdisiewer s8¢ By &nARZElhValdehei ng | ess than a stated

val ue, the range is neverthel ess bounded on its | ower end by a non-zero

val ueWHAT IS CLAIMED I'S: 1. A nethod for evaluating relative wear life of a
pol ynmeric specinmen, conprising: a) providing at |east two sets of polyneric
speci nens, wherein (i) each specinmen within each set is nade of sane
conposition and in sane manner, or (ii) each specinmen within each set is
made of same conposition as at | east one other set and nade in a different
manner; or

18



(ii1i1) each specinmen within each set is nmade of different conposition as at

| east one other set and nade in sanme manner; or (iv) each specinen within
each set wonade22t a different conposition as at | east pomasseatams443et and
made in different manner; b) determning wear rate as a function of aging
time for each set, by: (i) reserving at | east one speci nen as an unaged
control; (ii) aging each remaining speci nen by heating under a specified

at nosphere and at specified tenperature for a specified aging time; (iii)
measuring the wear rate of the unaged and aged speci nens over tine; c)
conparing tNeHAFdE CbABMEDBdISdeterm ned in step (b) for each set of
specinens. 2 . The nethod of claim 1l wherein the polyneric specinen
conprises a fillad or Aumktiddefdr pobaEng 36bEwd adal lifaftdipolghatie consi sting
of polyimde, polyethehni de, polyketone, polybenzoxazol e,

pol ybenzi m &886IMEN, §BMPASHYE: de, pol yaryl ene, pol yet her sul fone, pol yaryl ene
sul fi de, pol yi m dot hi oet her, pol yoxam de, polyim ne, polysulfonam de,

pol ysul f oni mi de, aporoyigingiatécash Vg seisa@iad@ympot posoikens, whepinyt hi azol e,

pol ybenzot hi azol e, pol yoxadi azol e, polytriazole, polytriazoline,

pol ytetrazol e, pol yquiinol i each gpeygiardrhwilziol eaoh, sqiad yageaati samme

pol yqui noxal i ne,

composition and in same manner, or

(ii) each specimen within each set is made of same
composition as at least one other set and made in a different manner;

or

10 (iif)  each specimen within each set is made of different

composition as at least one other set and made in same manner; or

(iv)  each specimen within each set is made of a different

composition as at least one other set and made in different manner;
b) determining wear rate as a function of aging time for each set, by:
15 (i) reserving at least one specimen as an unaged control,

(ii) aging each remaining specimen by heating under a
specified atmosphere and at specified temperature for a
specified aging time;

(iif) measuring the wear rate of the unaged and aged

20 specimens over time;

c) comparing the wear rates as determined in step (b) for each set of

specimens.

2. The method of claim 1 wherein the polymeric specimen comprises a
filled or unfilled polymer selected from the group consisting of polyimide,
25  polyetherimide, polyketone, polybenzoxazole, polybenzimidazole,

polyaramide, polyarylene, polyether sulfone, polyarylene sulfide,

19



pol yqui noxal one, pol yqui nazol one, pol ytriazine, polytetrazine,

pol yt hi azone, pol ypyrrone, polyphenanthroline, polycarbosil ane,

pol ysi | oxaioepiopakazam dei nni de, and copol ynmers or bl ends PCharse@®/ 05235 A
met hod for evaluating relative performance of polymneric speci mens under

hi gh tenperature, high wear conditions, conprising: a) providing at |east
two sets of specinens, wherein: (i) each specinen within each set is mde
of sanme conposition and in sanme manner, or (ii) each specinen within each
set is made of sanme conposition as at | east one other set and nmade in a
di ff erent mpotyémidotiioéthier,) pelyokamins; ipokyimind, ipiotysedohamete,i s made of

di fferent conposj.tion as at | east one other set. and nade ip sa manner; or

(iv) each sPELRHERNITIEe ROMRIGING o OOV FRZRIE ONSOXaZ0le. Ay BigkBlSsi t | on as at

| east one o j ' r I (k104 wear
S ngbeﬁﬁéthﬁé}%Iéfag&%/?ﬁaé&iééélé, gggtr%%%?bgi}@a(ﬁhé, H&I?!e!ﬂ%zbfé?

rate as a function of agin , ftor h set, reserving at | east
one speci nepobsjuinolinaspeactbrazabing, polypyragineg pelyghinoxatineéi ng speci nen by

heating §' nd%BIy% Fr%xfa oende, a;%oqy(iﬁﬂaezro‘?or?en,dpo%triggi%(e:! E)(I)I?/fjet}a% ee,rp%b[t'rrmigzg)r?er, a
polypyrrone, polyphenanthroline, polycarbosilane, polysiloxane,
polyamideimide, and copolymers or blends thereof.

3. A method for evaluating relative performance of polymeric specimens

under high temperature, high wear conditions, comprising:
10 a) providing at least two sets of specimens, wherein:

(i) each specimen within each set is made of same

composition and in same manner, or

(ii) each specimen within each set is made of same
composition as at least one other set and made in a different manner;
15 or

(iif)  each specimen within each set is made of different

composition as at least one other set and made in same manner; or

(iv)  each specimen within each set is made of a different

composition as at least one other set and made in different manner.

20 b) determining the wear rate as a function of aging time, for

each set, by:
(i) reserving at least one specimen as an unaged control,

(ii) aging each remaining specimen by heating under
specified atmosphere and at specified temperature for a

25 specified aging time;
(if)  measuring the wear rate of the unaged and of the aged

specimen, over time; and

20



specified aging time; (iii) nmeasuring the wear rate of the unaged and of

t he aged speci nen, over tine; andc) conparing wear rate as determned in
step (b) wonomark2set of specinens. 4 . The nmethod of clpairms3oostss48s n t he
pol ymeric specinmen conprises a filled or unfilled polyner selected fromthe
group consi sting of polyimde, polyethehm de, polyketone, polybenzoxazol e,
pol ybenzi m dazol e, pol yaram de, pol yaryl ene, polyether sulfone, polyaryl ene
sul fide, polyim dothioether, polyoxanm de, polyimnm ne, polysulfonam de,

pol ysul f oni m de, polyim dine, polypyrazole, polyisoxazole, polythiazole,

pol ybenzot hi azol ) pokgoxadingzaker ratelagtddtamahed imetept (bi) éarodadheset of
polytetrazole,,ﬁgl qui nol i ne, pol yant hrazoline, polypyrazine,

pol yqui noxaPPRE" tyqui noxal one, pol yqui nazol one, pol yt hazi ne,

pol ytetrazi ne, polythiazone, polypyrrone, polyphenanthroline,

pol ycar bosi | ane, pol ysil oxane, pol yam dei m de, and copol yners or bl ends
thereof. 5 . The nethod of claim1 wherein said polyneric specinen
conprises a#.| eadhegnethaddiftdlaien 3 &heraihdhenpotymaeris spacingn Fomeisesa sai d

pol ymeri § Slﬁﬁecél g'raﬂnﬁlpe%p;g(i)lss/r%ser%telelcFe%sllror%r}ﬁe%ggbé ic:?)/r?Sisting of polyimide,
polyetherimide, polyketone, polybenzoxazole, polybenzimidazole,
polyaramide, polyarylene, polyether sulfone, polyarylene sulfide,
polyimidothioether, polyoxamide, polyimine, polysulfonamide,
polysulfonimide, polyimidine, polypyrazole, polyisoxazole, polythiazole,

10  polybenzothiazole, polyoxadiazole, polytriazole, polytriazoline, polytetrazole,
polyquinoline, polyanthrazoline, polypyrazine, polyquinoxaline,
polyquinoxalone, polyquinazolone, polytriazine, polytetrazine, polythiazone,
polypyrrone, polyphenanthroline, polycarbosilane, polysiloxane,
polyamideimide, and copolymers or blends thereof.

15 5. The method of claim 1 wherein said polymeric specimen comprises at
least one additive.

6. The method of claim 3 wherein said polymeric specimen comprises at
least one additive.

20
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