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ABSTRACT

To develop high performance sealing material for Sirling engine, the blend composites of polyphenyl
ester-polytetrafluoroethylene were prepared by cool-pressing and hot-sintering. The effect of potassium titanate
whisker (PTW) and calcium sulfate whisker (CSW) on the tribological properties of the POB-PTFE composites was
investigated. The results showed that POB-PTFE composites could be used as the matrix of seal material in Sirling
engine. The creep and shear resistance of the POB-PTFE composites are improved by the addition of PTW, the
friction coefficient of the composites did not be changed with the variation of load, meanwhile the wear resistance
remain relatively stable. The friction coefficient of the composites did not vary with the variation of velocity when
the content of PTW is less than 5% either. The POB-PTFE composites filled with PTW is an optimized sealing
material for Sirling engine, but the composites filled with CSW is inadequate to cope with the special requirements
for heavy load and high dliding velocity.
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INTRODUCTION

Stirling engine is a kind of closed heat regeneeatiycle machine that it's external heating andh¥pgessure
hydrogen or helium gas as working medium, its dyisaperformance and reliability is closely relatea the
dynamic sealing technology [1,2]. It usually regsirthat the dynamic sealing material have excellent
self-lubrication, namely, small friction coefficigrwhile requiring excellent abrasion resistanasattresistance and
dimensional stability. Therefore, the excellentfpenance of the sealing material is a key to sdhe Stirling
engine work efficiency and service life.

B. Brushan [3] contrasted analysis of the polytktaaoethylene (PTFE), polyimide (Pl), aromatic yedter,
polyphenylene sulfide (PPS), phenolic resin aneottiigh-temperature reciprocating sliding tribotadiproperties
of polymer composites. The analysis result indidaBIFE is the best basis of Stirling dynamic seatemal,
through the use of filler for filling modificatiorsan obviously improve the friction and wear prajgsrof PTFE. In
recent years, in view of the modified polymer mialethe researchers conducted using nanopartiét€$, micro
fiber [7-9], and different types of high tempera&tuesistant polymer [10,11] modified PTFE matergéted to the
tribological behavior and mechanism of researcis, fphovides more research ideas to solve the gpplioblem of
Stirling engine.

POB as tribological modification of PTFE materianc significantly improve the creep properties andaw
resistance of PTFE, but it usually accompanied dwel mechanical properties, such as compressi@mgttr,
tensile strength, and so on. It is unfavorable &eithe high bearing capacity of Stirling enginelisg material.
Research shows that, with high length to diametto of inorganic whisker and POB filled PTFE matktogether,
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show good coordination lubrication and reduce ifsicteffect, which will provide effective technology solve the
Stirling engine sealing material [13].

The technical requirements of Stirling engine oe feals are under the pressure of 20MPa, belowpbed of
2.5m/s, below the temperature of 20phydrogen or helium gas environment, and to reate long life of oil-free
reciprocating seal. Usually, the actual runtimeldsd, speed, temperature of seals are constandiggiig, so it
needs in-depth analysis of the impact rule of thias¢ors on tribological behavior of the sealingtenil, and
scientifically design and preparation of high periance sealing materials to meet the requirementiseoactual
working condition. Therefore, this paper is to stutte tribological performance of PTFE and POB Hieg
composites based on bolt on disc friction and westing machine, to study the environment tempezadnd the
influence of content of PTFE composites POB trigatal behavior. Using PTW and CSW filled POB-PTFE
composites, using the type reciprocating frictiord avear testing machine to investigate the effdctvioisker
content on mechanical properties and tribologieddavior of the composites, the effect of load ditting) velocity
on the influence law of friction and wear perforrnanto develop high performance sealing materialSkirling
engine.

EXPERIMENTAL SECTION

Material and Physical measurements

The material of PTFE adopted is Japan daikin comgainduction suspension PTFE resin, brand M18FRamee
particle size 2pm, bulk density 0.33g/cinPOB is the production of Chengguang Researclitutestof Chemical
Industry, size -400 mesh, and molecular weight 9G0000. PTW is six potassium titanate whisker, poed by
Shanghai whisker composites material manufacturmg LTD., size -400 mesh, and diameter OBr2length to
diameter ratio 5~20, surface treatment by silangltog agent KH550. Calcium sulphate whisker isduated by
Hefei Jiankun chemical co., LTD., apparent den8iBg/cni, diameter 1~6m, length to diameter ratio is greater
than or equal to 30, tensile strength 20.5GPaasarreatment by silane coupling agent KH550.

Weighed PTFE, POB and whisker respectively, mixeihgi mechanical high-speed mixer, sieved into the
corresponding mold and suppressed. The pressimgyrewas 45~50MPa, holding 1min, after unloadieggure
stripper, removed samples after the flash, sinténethe air sintering furnace. The sintering tenapare was
375~380C, heating rate was 0.5~I(min, the sintering time was 60 min, along with fhemace to cool naturally.

Experimental method

Sanding the sample using 400# metallographic sgraipto the same surface roughness, and then uitcaso
cleaning 30min in acetone, keep at®0n the oven for drying process, using precisiotahee to weigh the
samples. The same steps above will be done adainthé test, so as to calculate the quality ofrveesl tear, and
the corresponding calculated through the test nahtdensity and wear volume. Using JMS-5600LV s@agn
electron microscope (SEM) directly to observe ttrphology of PTW and CSW whisker.

Usually, Stirling engine’s reciprocating stroke 46~50mm, in order to accurately simulate the actuatking
condition, this research use RHI-reciprocating friction and wear testing machine eiealuate POB-PTFE
composites’ friction and wear performance filledhPTW and CSW, the sample sizezigmmX 10mm, test under
the environment of the atmosphere, reciprocatinglitune is 50mm, test time is 60min, steel frictipair is
30GrMosSi, size is 70mpd 14mmX 10mm, ion nitriding treatment on the surface, roegs is Ra0.8 ~1.6. Whisker
content was 2%, 5% and 8% (weight ratio), in otdezlose to the Stirling engine seal actual workdogdition, this
research adopts the test load respectively 7MPdPatand 28MPa, sliding speed 0.25m/s, 0.50m/s dmd/4.

Because the RFIH testing machine does not evaluate the tribologimethavior of materials under different
temperature conditions, therefore, this study uBEId07-135 type high temperature bolt disc frictiand wear
tester for the preparation of the POB-PTFE compedih analyze the friction and wear performancesuddferent
temperature, the sample sizei25X 8mm, atmosphere environment, rotation diamete2isr, test time is 30min,
friction pair is CGrl5 steel ball, dual diameterd@mm. POB content in the composites was 0%, 5%, 5%,
20% and 25% respectively, and the load is respagti2N, 5N and 8N, sliding speed is respectively3tn/s,
0.26m/s and 0.57 m/s. Due to the change of th&édnicoefficient under different conditions is vergportant to
design and choose Stirling sealing material, tloeegfthis section is only focus on study the effectoad and
sliding velocity on the friction coefficient.

CMT5205 electronic universal testing machine wasdu® evaluate the compression stress-strain piepeaf the
composites, the sample size is 1912.3X12.3mm, the compression rate is 2.0mm/min, the raaalysis of the
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compression strain is 0~5% compression pressurmgelsa
RESULTSAND DISCUSSION

Microstructure of PTW and CSW

In order to improve the tribological propertiespailymer materials, the usual solution is to rediheesurface of the
polymer in dual adhesive ability, it mainly incliedéhe add can rise to coordination the lubricagéiact of filler
material, such as adding a low friction coefficisatid lubricant, graphite (Gr) and molybdenum tpiside (MOS2),
etc. In addition, hard metal or inorganic materiate filled to improve the hardness of polymer, pogssion
strength and rigidity, including with a range offgh to diameter ratio of fiber, such as aramid)(Affass fiber (GF)
and carbon fiber (CF) to improve the creep propsrtf the polymer, but also can improve the hesistance
performance of materials, to resist plastic defdiomacaused by frictional heat [14,15]. Studies-19 have found
that not all the adding material can improve thamresistance performance of polymer materials esfiller in the
process of friction produce chemical reaction, gateenew reactants, can effectively improve thalinig ability of
transfer film on the surface of the friction paind for not improve polymer filler is due to abmasin the surface of
the dual form discrete transfer film. Thereforeigntific design and selection has better abilityrésist creep of
filling materials, for further research on Stirlisgaling material is of great importance.

(a) Potassium titanate (b) Calcium sulfate

Fig. 1 SEM picturesof the two different whiskersin microstructure

This research adopted PTW and CSW, its microstradtushown in figure 1. It shows that the two leraf whisker
are rod-shaped fiber structure, and with diffetength to diameter ratio, the PTW whisker, the ageris 0.5~8m
in diameter, length to diameter ratio is 5~20. As be seen from the figure 1(a), PTW whisker diation of fiber
length to diameter ratio is larger and disordeiibdrfmixed and disorderly state. It can be seeligure 1(b) that
CSW whisker in the absence of force, under the itiondof the fiber diameter is uniform, and whisldstribution
of length to diameter ratio is good. For Stirlingsem dynamic sealing material, excellent abrasgsistance and
long service life is need in working process. Thene in addition to the sealing material has ercgltribological
performance, at the same time it required to addfitter to improve the creep resistance of PTFHemal and
compression strength, so the whisker has a cdenagiih to diameter ratio is the ideal choice.

Tribological performance of PTFE filled with POB

In order to intensify the tribological behavior BOB-PTFE composites by whisker filled, it is neeggdirst to
carry out the influence law of POB content on thieological properties of PTFE. Early research [hdk shown
that, POB adding can significantly improve the wesistance of PTFE.

Figure 2 shows the influence of POB content onftletion coefficient of PTFE under the condition different
load and sliding speed, by using THT07-135 typehhmperature bolt disc friction and wear teste.s&e from
figure 2(a), when the sliding velocity is 0.13m#dong with the increase of POB content, the frictamefficient
remain relatively stable. As the load increasesgaly, the friction coefficient of PTFE compositesiuced slightly,
from 0.18 to 0.15. It can be seen that when the R@®ent is higher, the friction coefficient incseawith load, the
lower amplitude decreases. Studies have shownhigatlevels of POB filled PTFE composites, when kbad
changes, the relatively stable friction coefficiamhich can be used as substrate material foirgfiedngine sealing.
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Fig. 2 Friction coefficient of PTFE compositeswith the variation of POB content

Figure 2(b) shows the load of 8N, the friction dméént of PTFE composites under different slidisygeed along
with the change of content of POB. It can be sden at low speed (0.13m/s), along with the increz{sPOB

content, the friction coefficient is relatively bta; When the sliding velocity is higher (0.26mds57m/s), along
with the increase of POB content, the friction fica&nt increase gradually after the performancegtadually

reduce. When the POB content is 15%, the frictioefficient is relative to a minimum. The excell@etrformance
of Stirling dynamic sealing material need a stdliltion coefficient when pressure and velocity ohes. So it is
necessary to further improve the tribological parfance of POB-PTFE composites through whisken(lli

Figure 3 shows the friction and wear propertie®®B-PTFE composites at room temperature,’@Qhd 200C
respectively. It can be seen that with the incre#sambient temperature, the friction coefficiemteps relatively
stable, between 0.17 and 0.18. It indicates thd® R@dified PTFE composites’ friction coefficienti®t a larger
impact, along with the change of environmental terafure, and as Stirling sealers, environmentapésature
change and the friction temperature rise will rffec the sealers frictional power consumptionis ivery important
for efficient function and long-term reliabilitynladdition, from the change rule of wear volumehi@ picture, it is
observed that volume wear is maximum when the enwient temperature is 100 Therefore, by using inorganic
whisker temperature resistance and high temperateae resistance of polymer material is an effectachnology
to solve the sealing material high temperature vighre.
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Fig. 3Tribological properties of POB-PTFE composites under different
temperatures

Compression stress-strain behavior of whisker filled POB-PTFE composites

Usually Stirling dynamic seal need to meet the afien condition of the gas pressure difference féoto 22MPa
and serving for a long time, so the compressioesststrain behavior of material is very importantihoose high
performance sealing materials. Figure 4 shows tmepcessive stress-strain curve of PTW and CSW whiilked
POB-PTFE composites. It can be seen that when dhgpiession strain is 5%, the compressive stresthef
composite are lower than 20MPa. When the enginkvatgas pressure difference (8MPa) or less, thdingea
material in the elastic stage, when the gas preddifferential at high (>8MPa), sealing materiaplastic. Studies
have shown that high pressure and low pressureitammdmaterial mechanics state has a bigger diffee, so the
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action mechanism of the friction shear stress sarfastained on the wear mechanism is also differen

Table 1 show the compression pressure of POB-PDRipasites for different whisker content when corspi@n is
5%. It can be seen that with CSW and PTW whiskeleddthe compression stress of the compositesfisigmily

improve, when whisker content reaches 5%, the cesswn stress of the composites reach to the maximith

the further increase of whisker content, compresgitessure is slightly lower. Studies have shovat thhisker
adding can improve the compression strength of asitgs, at the same time, the ability to resisbdwétion will

be mentioned. When PTW content is more than 5%cdmepression strength did not have further improviéds

suggests that when PTW content higher than 5% kehisannot continue to have the effect for loadn@ared the
effect of CSW filled POB-PTFE composites with PTWBITW has the better enhancement effect.

164 S%PTW 184

2%PTW

0%PTW

BNPTW

Compressive stress [ MPa
=
'l

Compressive stress / MPa

Strain / % Strain [ %

(a) Potassium titanate (b) Calcium sulfate

Fig. 4 Compressive stress-strain curves of POB-PTFE compositeswith different whiskers content

Effect of load on thefriction and wear property of whisker filled POB-PTFE composites

Dynamic seal friction coefficient of friction paitetermines the power consumption of the Stirlingies, the wear
resistance of sealing materials is to determinekéyeindicators of engine application life. The higerformance of
the Stirling engine dynamic seal material must havew friction coefficient. Usually, when Stirlingngine works,
gas differential pressure changes with the pistciprocating motion, thereby seal under load chang®r
scientific simulation of sealing material in actuabrking environment, gas pressure differentiaketffon the
tribological performance of sealing material, trésearch adopts the RHI- reciprocating friction and wear tester
under different load to research the tribologicahdwior of whisker filled POB-PTFE composites, talgze the
differential effects of tribological performance 8tirling sealing material. Figure 5 shows when lthear velocity
is 0.25m/s, the influence of friction and wear periance of PTW and CSW whisker filled POB-PTFE cosies.
It can be seen that with the increase of loadtidriccoefficient decreases gradually.

When the load is low (7MPa), with the increase ®¥\Pcontent, friction coefficient keep relativelyabte, stay in
0.25 to 0.26. That is to say, under the conditibfow load, the friction coefficient of compositédses not change
with the increase of PTW. Also, 16MPa load showgame effect, the friction coefficient is 0.21 t@2 When the
load is 28MPa, with the PTW content increasing, ftietion coefficient of the composites increasésaty, from
0.16 to 0.19. From figure 5(b) can be found thahwhe increase of the content of PTW, wear volueraains
relatively stable. Above studies show that PTWeflIIPOB-PTFE composites under different pressuren@ntain
stable friction coefficient and wear resistance] BATW can play a good resistance to shearing action

From figure 5(a) and (b), it can be seen that f8iCfilled POB-PTFE composites, when the load is @\Vidlong
with the increase of the content of CSW frictiorffizient slowly lower and wear volume is relatiyaitable. When
the load is 16MPa, along with the increase of thetent of CSW increased, friction coefficient andawvolume
also increased obviously. When load is 28MPa, alsitly the increase of the content of CSW also slbaveising
trend, friction coefficient and wear volume to reduincrease after. As can see from figure 5(cjleuiow load
condition 7MPa, the friction coefficient of CSWI&tl composites is relatively stable, PTW filled gmsites need a
certain period of time to reach equilibrium. Undke condition of high load 28MPa, CSW filled comipes is
causing wear failure only in 12min, but PTW filledmposites run into the stationary state at thet perating
period. The above phenomenon indicates that ueseldad condition, CSW whisker can effectively emta effect
on POB-PTFE composites, when the load increasesC8W whisker lost creep resistance and sheartapses
ability, this may related to its own intensity astducture. For POB-PTFE material system, theref6&\V is not an
ideal filling material, CSW whisker filled compostt is not suitable for high load Stirling condition
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Fig.5 Effect of load on thefriction and wear property of whisker filled POB-PTFE composites

Effect of velocity on thefriction and wear property of whisker filled POB-PTFE composites

Usually, the Stirling engine piston velocity is dlging at work, so it is of great significance tadst the effect of
velocity on the friction and wear property of whesKilled POB-PTFE composites. Figure 6 shows tifeiénce
law curve of sliding velocity on the friction andcear performance of whisker filled POB- PTFE comfassilt can
be seen that when the linear velocity is 0.25mi#) the increase of content of PTW, friction coeiffint is stable;
when the linear velocity is 0.50m/s, the frictiomefficient increased significantly; but when theelar velocity is
1.0m/s, the friction coefficient lower. This is c@al by the friction temperature plastic deformatidrmaterials
increase. When PTW filling quantity is 8%, the fioo coefficient of the composites increase sigaifitly, this
could be due to the increase of PTW whisker conteetause the material mentioned to improve thigyabf the

thermal deformation. In addition, the wear volumi@@W filled composites is small and no significehtange with
the increase of the content of PTW.

For CSW filled composites, when the linear velo¢#ty.25m/s, the friction coefficient is comparatdePTW filled
composites; When the linear velocity is 0.50m/sthvthe increase of content of CSW, the friction fticient
gradually reduce; When the linear velocity is 1.§ntthe friction coefficient does not change wita thcrease of the
content of CSW, this is mainly due to the increa$driction heat, causing the size of CSW filledngmosites
deformation increase. In addition, as can be seam the figure 6(b), under the high speed, the weéume of
CSW filled composites increases rapidly.
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Fig. 6 Effect of diding velocity on thefriction and wear property of whisker filled POB-PTFE composites

As figure 6(c) shows, when the linear velocity i23m/s, PTW filled composites gradually enter itite steady
state after running-in period. When linear veloé#tyl.0m/s, the friction coefficient of PTW fillesbmposites in the
process of sliding is stable, the main reason éaubse of friction heat in the process, at low spgaedtriction heat
release rate slower, so to reach steady state re&usy time; And at high speed the friction heabig, so the
friction pair can reach thermal equilibrium in datévely short period of time. The friction coefégnt of CSW filled

composites appear unstable fluctuation, this isabse the material wear volume is larger, the hpged sliding
friction heat deformation is caused by materiak fflastic deformation of the surface is severerefoee the

stability of friction coefficient is poorer. It care seen from above research that PTW filled coitgmadapt to the
technical requirements of dynamic seal under thalitions of different speed, and CSW filled compesiare not
suitable for high speed.

CONCLUSION

POB modified PTFE composites can be used as th&ratd material for Stirling engine seal. In orttemeet the
requirements of Stirling engine on the propertiedymamic sealing material, further optimizatiomiseded for the
tribological performance of POB-PTFE composites.

Add a low content of whisker, whisker's own molecudtructure and strength, stiffness will not dffée bearing
capacity of the composites, and that only relatédith whe filling quantity. When whisker content isgher, the
chemical and physical properties of whisker itgélf affect the composites’ bearing capacity.

PTW filled POB-PTFE composites under the conditidrdifferent pressure difference can keep relayivahble
friction coefficient and wear resistance, and itais effective enhancer for Stirling sealing mater@sw filled
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composites is not suitable for high load of Stiglimorking environment.

PTW filled composites adapt to the technical regmients of dynamic seal under the conditions otcffit speed,
and CSW filled composites is not suitable for hégieed under the condition of dynamic seal techmézglirements.
Under the condition of high speed, the composilleshaw different degree of plastic deformation.
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