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A study has been made of the tribological behaviour of polyamide 66 (PA66) running
against itself, in unlubricated, non-conformal and rolling-sliding contact. Tests were
conducted over a wide range of loads and slip ratios using a twin-disc test rig. The wear
and friction behaviour of unreinforced PA66 is dominated mainly by three major features: a
critical slip ratio under a fixed load and running speed, macro-transverse cracks and a layer
of film on the contact surface. Both the wear and friction properties of unreinforced PA66
can be improved considerably by filling with 20wt% PTFE, and the tribological mechanisms
are changed significantly. This reinforcement prevents both the initiation and propagation
of transverse cracks on the contact surfaces which occurred in the unreinforced material. It
also decreases both the wear rate and the friction coefficient substantially. The 30wt% short
glass-fibre reinforced PA66 also suppresses the transverse cracks from initiation on the
surfaces. A thin film on the contact surfaces plays a dominant role in reducing wear and
friction of the composite and in suppressing the transverse cracks. These results offer the
prospect of enhanced applicability of PA66 in engineering components. © 2000 Kluwer
Academic Publishers

1. Introduction of polyamide 66 (PA66) gears when they run against
Polymers and polymer composites as gear materiafhemselves are still not clear although in engineering
represent an interesting development for gearing bepolymer gears running against polymer gears are more
cause they offer high strength-to-weight ratio, easecommon than using polymer against metals. As a re-
of manufacture and excellent tribological propertiessult, PAG66 users have to substantially under-rate their
[1-5]. In particular, there is a sound prospect that poly-designs for gears. The difficulty of interpreting the re-
mer composite gears can be applied for not only motiorsults from the performance of PAG66 gear to establish
but power transmission of up to 10 kW [6, 7]. A number the effects of reinforcement on their wear and friction
of national and commercial standards do exist for thébehaviour necessitated a comprehensive study of these
design and rating of polymer gears [8, 9] but they havematerials.

been adapted from design standards for metal gears [10] This present work was thus initiated to study wear
with little modification. Some types of failure modes of and friction mechanisms and the surface topography
PA66 gears, such as frequent fractures in bending neaf unreinforced PA66 and its composites. It was hoped
the pitch point rather than at the dedendum [7, 11, 12]that this investigation would enable the failure mecha-
have not been represented in any of the standards. Aisms of PA66 gears and other non-conformal engineer-
number of studies of PA66 gear behaviour have beeing components to be interpreted. The materials were
made [6, 12] but these have been mainly associated wittested running against themselves, in unlubricated, non-
running PA gears against metal gears and failure mechaonformal and rolling-sliding contact in order to cor-
nisms of PA gears running against steel gears are clearlgspond to the conditions used for gears [13—-17]. Tests
different from those of PA gears running against PAwere conducted over a wide range of loads and slip ra-
gears [6, 7,11, 12]. Therefore, the failure mechanisméios using a twin-disc test rig [14-16]. In the present
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paper, the unique wear and friction behaviour of the orv, respectively then the sliding velocity i®i(— vo)
dinary unreinforced PA66 is outlined: a critical slip ratio and the rolling velocity is«; 4+ v2)/2. The slip ratios
under a fixed load and running speed, macro-transveragsed were between 0 and 0.28. Tests were operated un-
cracks and a layer of film on the contact surface. Thealer dry, unlubricated conditions at ambient temperature
tribological properties of unreinforced PA66 can be im-(224 1)°C until failure or for up to 10 contact cycles.
proved considerably by filling either with 20wt% PTFE At the end of the test the discs were again dried at the
or 30wt% short glass-fibres, and as a result, both theame temperature and for the same time period as those
wear mechanisms and surface topography are changéefore they were tested. Then, the discs were weighed
significantly. Both the reinforcement of glass fibre andto measure the weight loss of each disc. With this dry-
the filler of PTFE prevent both the initiation and prop- ing procedure the measurement of wear by weighing
agation of transverse cracks on the contact surfaces accurate to about:10-°g. Without drying the ac-
which occurred in the unreinforced material and sup-curacy appeared to be limited #©10-3g. Finally, the
press the appearance of a critical slip ratio which apworn surfaces were observed in detail by using a JEOL
pears with unreinforced PAG6. It also decreases botldSM6300 Scanning Electron Microscope.
the wear rate and the friction coefficient substantially.
The results of this paper offer the prospect of enhanced
applicability of PA66 in gearing.
3. Experimental results
3.1. Wear and friction behaviour of
unreinforced PA66

2. Experimental details Typical results of wear versus number of contact cy-
The twin-disc wear testing machine used in our previ-cles are shown in Fig. 1. These are for a running speed
ous work [14-16, 18] was again employed in this in-of 1000 rpm and a normal load of 200 N. The wear
vestigation. With this machine, measurements of botlshown in Fig. 1 was monitored with a real-time data-
the frictional force and wear (as a change in radius) belogging system and was measured as the separation of
tween two discs in contact can be made continuouslyhe disc centres while material on the disc surfaces is
so that both the wear process and friction behavioubeing removed during the tests [14-16]. A number of
during tests can be monitored. Wear was also measurgghenomena can be seen: For the group of slip ratios be-
by weighing the discs before and after a test. Expertween 0.09 and 0.11, as shown in Fig. 1a, it appears that
iments were carried out either at different slip ratiosthe wear can be divided into three phases: viz the pe-
under a given normal load or at different loads withriod where temperature increases, a nearly linear wear
a given slip ratio. With this method the typical load- region and steep linear wear period. In the first period,
ing and sliding conditions of engineering componentsbecause the temperature was rising, thermal expansion
in non-conformal, rolling-sliding contact can be simu- of the specimens occurred and resulted in an increase
lated [14-17]. of the central distance between the discs so that a “neg-

The materials used were supplied by LNP Ltd.ative wear” was measured. This period was rapidly re-
and were polyamide 66 (R1000), 20wt% PTFE filled placed by the second one—the nearly linear wear pe-
PA66 (RL4040) and short-glass fibre reinforced PA66riod. During this progressive and approximately linear
(RF1006 HS) [3]. The proportions of glass fibre addedwear stage which corresponds to a higher friction co-
was 30 wt%. To ensure proper contact along theefficient of between 0.62 and 0.72, much wear debris
facewidth of the discs all of the specimens were prewas noticed and it appeared flake-like at 0.09 slip ratio
pared by machining 2@m from the moulded surface and as fibrils like cotton at 0.11 slip ratio.
and then polishing to a surface roughness of around Fig. 1b shows that as for the group of slip ratios
5 um. Both the discs were 30 mm in diameter andbetween 0.14 and 0.21, the wear can also be divided into
10 mm in facewidth. three phases: a region where surface temperature rises,

Before testing, the disc samples were cleaned witla steep linear wear period which precedes a subsequent
methanol. They were then run at the test conditions foperiod of less steep linear wear. Unlike in Fig. 1a, the
an extended period to bed-in the surfaces and to remowgradient of this third period at these slip ratios is much
the machining asperities and any subsurface layer akmaller. This third period corresponds to a low friction
fected by the manufacturing process. After bedding-incoefficient of 0.28 at a slip ratio of 0.21 and a friction
they were dried at 7@ for 15 hours to remove any coefficient of 0.43 at a slip ratio of 0.14. It was noted
absorbed water that might affect the measurement ahat during the tests in this third period, samples ran
wear and then weighed. Finally, they were left undervery smoothly and the surfaces of the samples became
atmospheric conditions for about two weeks to allowmore polished and discoloured. Also, not very much
the water content to return to equilibrium conditions. wear debris was noticeable in this period.
After this preliminary treatment the specimens were re- As for a slip ratio of 0.04, as shown in Fig. 1c, only
mounted in the test rig in an identical position to thattwo phases of the wear curve can be found. It was noted
under which they had been run-in. that during the tests in this second period, samples ran

Tests were run for running speed of 1000 rpm (thevery smoothly and the surface behaviour observed dur-
rotational speed of the lower disc [14-16]) and at aing the test was similar to that at a high slip ratio of
range of loads and slip ratios. Slip ratio is defined here.21 as shown in Fig. 1b. The surface here also became
as the ratio of sliding to rolling velocities. If the tan- dark brown and discoloured. Similarly, wear debris was
gential velocities on both contact surfaces ageand  hardly ever noticed in this period.
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Test duration (cycles) increases slowly to 1.2 10% um cycle ! as slip ra-
¢) At 0.04 slip ratio, 200 N and 1000 rpm tio increases to 0.21. It is suggested that a slip ratio of
Figure 1 Wear and friction behaviour of PA 66 at different slip ratios. 0.11 is a critical one corresponding to maximum wear

rate.

There is a distinct difference between the wear be- ,7'9- 3 shows effect of nor_mal Iqad on the wear rate
haviour as shown in Fig. 1 and that obtained by tra—Of unreinforced PAG6 at a given s_I|p'rat|o and running
ditional pin-on-disc tests where it is reported that theSPeed: The wear rate shown in this figure was obtained

wear of PAG6 is proportional to time (sliding distance)
when it slides in conformal contact [19]. The wear be-4.OX 10-6 ;um cycle-. When the load exceeds 300 N

haviour of PA66 as shown in Fig. 1 is also different . o .

from what was reported that the wear was also proporghe wear rate starts to increase significantly with load.
tional to sliding distance when PA66 runs against metaWhen the_load increases from 300 N to 50% N the
in non-conformal contact [20—22]. wear rate increases from approximately 3.00°° to

3.0x 107° um cycle L,

at 1000 rpm with a slip ratio of 0.04. It can be seen that
the wear rate varies in the range from Q07 to

3.2. Wear rate of unreinforced PA66

Wear rate is defined here as the average depth of mat8.3. The effect of PTFE and short

rial removed from each disc per rolling cycle [14, 18] glass fibres

and was calculated by measuring the weight loss oResults from a limited number of tests of filled PA66
the specimens. The Hertzian stresses of PA66 disosith PTFE show that PTFE has significant effects on
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10 line of a short glass fibre reinforced PA66 gear was
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P& Chus fire vinforeed PAGS 004 slp - A 1 Both wear and friction are dominated by the ability of
s - 1 athin film to be formed continuously and to be retained
i 10° £ A ° . on the surfaces in contact [18]. Similar to the case for
; » Q 3 unreinforced PA66 at low slip ratios, when the film ex-
2 [ A A o ] ists on the contact surface, wear debris could hardly be
2 r o A 1 observed and friction coefficient was less than 0.1. Un-
£ 10 = A o) = like unreinforced PA66, once the film was disrupted the
§ = o friction coefficient of short glass-fibre reinforced PAG6
- ) A . varied between 0.25 and 0.3 while that of unreinforced
o Y | 1 ] PAG6 was in the range of 0.42 to 0.72.

Fig. 3 shows the effect of normal load onthe wear rate
0 100 200 300 400 500 600 700  f300, short-glass fibre reinforced PA66 composites at
Normal load (N) a fixed slip ratio of 0.04 and a constant running speed of
Figure 3 Variation of wear rate with normal load for PA 66 and its 1000.rpm_. Here, the wear rate increases umformly ona
composites running at 1000 rpm. |Ogarlthmlc scale from 1_07 t01.35x 10_5 ©um CyCIe_l
as the normal load increases from 100 N to 500 N.
Fig. 2 also shows the wear rate of 30% short-glass fibre
both the wear and friction behaviour of unreinforcedreinforced PAG6 composites as a function of slip ratio
PAG6 in unlubricated, non-conformal rolling-sliding for a fixed normal force of 300 N and constant running
contact. It was found that the coefficient of friction of speed of 1000 rpm. The film on the contact surfaces
the filled PA 66 lay in the range of 0.1-0.12, comparedexists during all these wear-rate measurements. It can
with 0.1-0.3 for PTFE in line contact [23] and with be seen that the wear rate increases nearly linearly from
0.28-0.72 for unreinforced PA66 as shown in Fig. 1. 107 to 10> um cycle™! as the slip ratio increases
A comparison of wear rates between the PTFE filledfrom 0.04 to 0.21. The wear rate is of the same order
PAG6 and unreinforced PA66 is shown in Fig. 2. It canof magnitude as that of unreinforced PA66, apart from
be seen that the wear rate of the filled PA66 with PTFEthe unique peak in the wear rate.
is ten times lower than that of PA 66 without PTFE. The
peak wear rate of unreinforced PA66 seen at a slip ratio
of 0.11 disappears almost entirely when it had beer. Discussion
filled with PTFE. The effect of PTFE on the wear rate 4.1. Surface topography
under different loads but with identical slip ratios and As shown in Fig. 2, the unreinforced PA66 exhibits
running speed is shown in Fig. 3. It can be seen thaunique behaviour as a function of wear rate. The wear
the filled PA66 with PTFE again reduces the wear ratgate of this material is considerably lower when the slip
by approximately ten times at all loads, compared withratio is either greater or less than the critical slip ratio
that of unreinforced PAG6. of 0.11 but shows a peak at 0.11. Therefore, the worn
Reinforcement with short glass fibres also has sigsurface was examined at slip ratios around this critical
nificant effects on wear and friction. Short glass fibrevalue.
reinforced PA66 discs were tested with a fixed normal Fig. 4 shows a typical worn surface obtained at a
load of 300 N since the contact stress near the pitclslip ratio of 0.09 on which there is a large amount of a

,i'}-'m A
®4.000 A2mm

Figure 4 Feature of the PA 66 worn surface running at 0.09 slip ratio, 200 N and 1000 rpm; direction of friction from top to bottom.
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Figure 5 Geometry and dimension of typical debris to be produced on the PA 66 worn surface running at a transition slip ratio of 0.11, 200 N and
1000 rpm; direction of friction from top to bottom.

Figure 6 Typical PA 66 worn surface running at 0.14 slip ratio, 200 N and 1000 rpm; direction of friction from bottom to top.

flake-like material. It appeared that there is a layer ofThe tails have a very small diameter (about®m) and
film and some flakes on the surface. This film hadare verylong (about 100m). Most of tails were broken
been sheared strongly during the friction process sand separated from their body during the friction pro-
that many small flakes started from the film and largecess. It was reported [14] that before roll-like debris on
pieces of film were pushed in the direction of the fric- the worn surface was formed, the surface suffered a very
tionforce. The size of these flakesisfrom0.2to@m.  deep shear deformation and surface material moved in
Eventually, small flakes grew to 10m, then were re- the direction of friction. This deformed material was
moved from the contact surface and a piece of debrigradually rolled in the direction of friction. As a result
was formed. the body of a piece of roll-like debris was formed, as
When the slip ratio reached its critical value, that isshown in Fig. 5. It was noted that there was, overall, a
0.11, the worn surface shows unique characteristics bugreat deal of debris collected during the test and that it
is not discoloured. As can be seen in Fig. 5, a largeappeared very thin and long.
portion of roll-like debris is attached to the surface and Fig. 6 shows a general view of the contact surface
accumulates on the surface. It can be seen that roll-likafter running for 5.8< 10° cycles after the slip ratio
debris consists of the middle part of the roll and twoexceeded its critical value. It can be seen that there
tails on both sides. The length of roll-like debris varieswere many transverse cracks on the worn surface. These
from tens of microns to a couple of hundred microns.cracks occurred along the whole width of the disc and
The diameter of the middle part is about 1.0-10).  were perpendicular to the direction of the friction force
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Figure 7 Section through the disc parallel to direction of friction force running at 0.14 slip ratio, 200 N and 1000 rpm; direction of friction from left
to right.

Figure 8 Smeared surface between cracks running at 0.14 slip ratio; 200 N and 1000 rpm; direction of friction from bottom to top.

which is from the bottom to the top in Fig. 6. In the mid- ated in the radial direction, perpendicular to the friction
dle of the surface, as shown in Fig. 6, severe spallingorce. Then, they propagated in a direction at an angle
can be seen between each pair of cracks and it is suge the friction force instead of perpendicular to the fric-
gested that debris collected during the tests was mainltion force. The depth to which the main cracks propa-
produced in this area. The width between two crackgated varied from 150 to 450m. Between these main
can be found from Figs 6, 7. Fig. 7 is a section throughcracks there were some sub-cracks. The main cracks
the disc parallel to the direction of the friction force. propagated up to 450m and the small cracks propa-
It can be seen that the typical width between two fullygated to about a quarter of the depth of the main cracks.
developed cracks is 200—4@0n and that the distance These sub-cracks eventually joined the main cracks. As
between two sub-cracks is less than 108. This can shown in Fig. 7, a sub-crack initiated from the contact
be compared with the typical Hertzian contact widthsurface and propagated in an arc towards the adjacent
of this material, of say 400—-980m [14]. Some cracks main crack. Since the sub-crack is wider at the contact
propagated to join their neighbour, and as a result, theurface than beneath it, it is suggested that the small
material between the two cracks was fractured, severerack was initiated from the contact surface rather than
spalling occurred and debris was formed. It was notedrom beneath it [14].
that the crack propagated and fractured gradually rather Fig. 8 shows that material on the surface between the
than suddenly [14]. cracks was smeared and it appeared that the material
Fig. 7 also shows the depth of crack propagation. Ithad been melted and smeared during the friction pro-
can be seen that as shown in Fig. 7 the main cracks initeess. Compared with the surface film at a slip ratio of
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Figure 10 Typical crack covered with film on the contact surface of PA 66 running at 0.21 slip ratio, 200 N and 1000 rpm; direction of friction from
top to bottom.

0.09 shown in Fig. 4, the surface material in Fig. 8 wasthe cracks appears to have come from the material on
smeared on the whole surface rather than being pullethe contacting surface which was PA66. Therefore itis
out separately from the film. suggested that the material which covered the crack had
When the slip ratio was increased to 0.21, the worrbeen softened and then filled the cracks. Fig.10 shows
surface appeared to undergo softening. Fig. 9 showthe flow of surface material of PA66 near the filled crack
the surface features on the worn surface after runningnd it appears that this flow of softened material was
at a slip ratio of 0.21, 1000 rpm and 200 N. It can bedue to the very high shear stresses existing when the
seen that on the worn surface, transverse cracks wete/o discs were in contact.
covered and a layer of thin material also covered part Also, dark brown discolouration appeared during the
of the surface. In a similar way to the case of runningtests as well as at higher slip ratios. The worn surface
at 0.14 slip ratio, these cracks propagated to a depth déatures of PA66 at a lower slip ratio of 0.04 are shown
200-300um and they appeared at about 100-200  in Figs 11, 12. It can be seen that after 2.2C° cycles
from each other [14]. Fig. 10 shows the details of one ottransverse cracks perpendicular to the sliding direction
these covered cracks. It can be seen that thmm®wide  were formed. These cracks occurred primarily in the
crack was filled with some material. Itis very difficultto middle of the disc facewidth. The area covered with
believe that the uniformfilling as shown in Fig. 10 could these cracks varies from 30% to 60% of the whole con-
have been produced by solid debris. Only very soft matact surface, depending on how many cycles the sample
terial could have done this. Since there was no externdilas undergone and on the running conditions. Fig. 11
lubricant during the test, the material which coveredshows the early stage of crack propagation on the worn

1275



Figure 11 General features of the PA 66 worn surface running at 0.04 slip ratio, 200 N and 1000 rpm; direction of friction from top to bottom.

e m :
R 295mm -

Figure 12 Typical surface features of the PA 66 worn surface running at 0.04 slip ratio, 200 N and 1000 rpm; direction of friction from top to bottom.

surface. It can be seen that the length of these cracksore closely to disc surface temperature an estimate
varies from a couple of microns to tens of microns.was made of the energy balance between heat gener-
Fig. 12 shows the area on which cracks have developedtion and dissipation from two discs to obtain a value
fully and this area was located in the middle of the discfor the maximum surface temperature of the disc. The
facewidth in contact. From this figure, it can be seerheat input to the discs was calculated by using the mea-
that cracks could join together to form a very long cracksured friction coefficient and sliding velocity during
of several thousands microns. Also, the worn surfaceests. The heat loss due to conduction, convection and
between each pair of cracks in the middle area of theadiation from the disc surface was estimated [14, 16]
contactwidth has been spalled as aresult of these cracks obtain a value for the average disc surface temper-
joining. The debris was mainly produced in these areasature. The flash temperature estimated using Blok’s
The depth that these cracks propagated are very simil@aquation was then superimposed. Details are given in
to those when PAG66 ran at 0.14 slip ratio as shown irthe Appendix. The result is thought to be accurate to
Fig. 7. within about 15% of the rise above ambient tempera-
ture and thus to around#t30°C at the highest gener-
ated temperatures. Fig. 13 shows the results for unre-
inforced and PTFE filled PA66 from the estimate of
4.2. Surface temperature characterisation the maximum surface temperature of the disc during
In an attempt to relate the dramatic change of weathe wear process. As shown in Fig. 13, it can be seen
rate and friction coefficient around the critical slip ratio that the maximum surface temperature of unreinforced
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surface, little wear debris can be found. The wear rate
determined by weighing is around 10um cycle!

and increases gradually with slip ratio. The friction co-
efficient varies from 0.28 to 0.42. This property of the
unreinforced PA66 here is similar to that of the transfer
film reported when the unreinforced PA66 runs against
metals [25, 26].

The thin film on the contact surfaces was discoloured
significantly after tests, thus indicating surface degra-
dation. This might suggest that the contact at a high
slip ratio took place with effectively a layer of liquid
polyamide lubricant. As shown in Fig. 13, the maxi-
005 01 015 02 025 mum surface temperature increased from 206 t6@21

Slip ratio when the slip ratio exceededits critical value of 0.11 and
rose to 0.21. These high surface temperatures are very
close to the melting point of 258 for unreinforced
PA66 and agree well with the suggestion of a layer of
liquid polyamide. However, under conditions of low
PAG6 increases steeply up to the critical slip ratioload and slip ratio the thin film is also discoloured and
of 0.11 at which it is 208C, then increases more so the degradation is unlikely to be due simply to melt-
slowly. ing of the polyamide. The maximum surface tempera-

Surface temperature monitoring with the infra-redture confirms this suggestion because the temperature
camera has revealed an important phenomenon for unwvas lower than 144C at slip ratios less than 0.06 and
reinforced PAG6. Itwas observed thatwhen the slip ratiovas far from its melting point. The extent of the colour
was less than the critical slip ratio of 0.11, the measured¢hange varies with the number of contact cycles, and it
surface temperature [16, 24] was nearly constant duringppeared that repeated contact between the thin films
the wear process. However, once the slip ratio exceedeatlay lead to surface degradation. This requires further
0.11 it was found that within the first couple of mil- investigation.
lion cycles the measured surface temperature decreasedwhen the slip ratio was at its critical value of 0.11,
with the number of cycles during the friction process.the maximum surface temperature on the worn surface
After the temperature reached 285as showninFig. 1 was approximately 20€. There was no film on the
it started to decrease gradually with the number of cycontact surface during tests. Instead, a great deal of
cles and was reduced to 2Z1and remained constant roll debris formed, as shown in Fig. 5. It is suggested
until the end of the test. In the meantime, the measurethat over a range of surface temperature, material on
friction force exhibited some decrease. When the slighe contact surface is not smeared to form a thin film
ratio was 0.14, the measured temperature showed sinbut forms rolls during the friction process. Without the
ilar behaviour to that at the slip ratio of 0.21. It reachedprotection of the thin film on the contact surface, the
248 C atfirst then decreased steadily and eventually refriction coefficient is very high and is in the range from
mained at about 22€. The measured friction showed 0.62 to 0.72. These rolls are not able to stay on the
a similar drop. Eventually, the temperature was aboutontact surface, and as a result, there is a great amount
214 C-22TC when the slip ratio was in the range from of roll debris found and collected during the tests and
0.14t0 0.21. the wear rates are extremely high.

Therefore, it appears that the maximum surface tem-

. . L perature dominates the formation of the thin film on the
4.3. Function and formation of the thin film contact surface, and subsequently plays a very impor-
The physical observations during the tests suggest thgnt role in controlling the wear rate for unlubricated,
the low wear rates shown in Fig. 2 are always correlatedy||ing-sliding contact. A range of surface temperature
with dark brown coloured and more polished materialy ound 206C should be avoided to achieve low wear
on the contact surfaces. By contrast, the phenomengies.
of the brown and polished surface during tests never
occurs near the peak wear rate at the critical slip ra-
tio of 0.11. It is suggested that this surface feature wag.4. Mechanism for transverse cracks
related to a layer of thin film on the contact surfacesThe second unique property of unreinforced PA66 is
as observed by surface characterisation with SEM, athe existence of many transverse cracks perpendicular
shown Figs 8-10. It appeared that the dramatic chang® the direction of the friction force on the worn sur-
of the wear rate around 0.09-0.11 slip ratio was corface when the slip ratios are not near the critical slip
related with unformed film, as shown in Fig. 5, andratio. As described in the surface topography charac-
that the low value regions of the wear rates shown irterisation, these cracks initiated on the contact surface
Fig. 2 corresponded to the appearance of the thin filmof the disc. A numerical analysis of the contact mech-
as shown in Figs 8-10. The function of the thin film anism suggested that the maximum shear stress should
on the worn surfaces appeared to decrease the frictiosppear on the contact surface rather than on the subsur-
between both contact surfaces significantly and subsdace since the friction coefficient of unreinforced PA66
quently kept the wear rate low. With this film on the is greater than 0.25 [27]. Therefore, when two discs
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Figure 13 Maximum surface temperature vs. slip ratio of PA 66 and its
composites running at 1000 rpm.
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are in rolling-sliding contact, large shear strain can bethe cracks have propagated fully, joined each other and
accumulated on the contact surface. As a result, thepread over the whole contact surface, the surface be-
cracks are initiated on the contact surface rather thaname rougher and lump-like debris spalled off. Then at
in the subsurface as classical theory suggests. Surfaeelater stage wear becomes severe which should corre-
characterization agrees well with this suggestion [14]spond to the third wear phase shown in Fig. 1. It was
However, once a crack has formed it appears to reduceoted during the tests that production of debris always
the surface tensile stress in its vicinity and to inhibitoccurred when the cracks were developed fully. There-
the formation of further cracks. As the cracks penetratdore, it is suggested that the wear rate is not directly
into the disc the magnitude of the tensile stresses at theorrelated with the growth rate of fatigue cracks as the
crack tip would appear to fall and crack propagationclassical theories suggest. Such phenomenon appears
may cease. As shown in Fig. 7, it was noted that theo be similar to that reported by Clerico [20-22].
depth of these cracks varied around several hundreds The crack propagation is also related to the contact
of microns but never exceeded 5. stress. The surface shown in Fig. 12 resulted from the
Crack initiation on the surface may also be duecentral area in contact where it is more difficult for
to PA66 being semi-crystalline. The crystallinity of heat to be dissipated so that more thermal expansion
disc material was measured by differential scanningoccurred. As aresult, the central area in contact suffered
calorimetry (DSC) and is 33%. When PA66 discs arefrom higher contact stress than the area near the edge of
in rolling-sliding contact, the maximum surface tem- the facewidth in contact where it is easy for the surface
perature varies with running conditions. Even at a slipheat to be dissipated. It was observed by an infra-red
ratio of 0.04, 200 N and 1000 rpm the maximum sur-camera that during tests, the surface temperature in the
face temperature is about 1@ as shown in Fig. 13. central area was about’(S higher than that of the area
This temperature is much higher than the glass transinear the edge of facewidth. This suggests that the higher
tion of 50°C. Therefore the amorphous phase of PA66the contact stress and the greater the temperature, the
on the contact surface may become rubbery, i.e. thé&ster the cracks propagated.
surface material may behave as a rubber. In fact, the
worn surface features as shown in Fig. 11 are similar to
the typical failure pattern of a rubber surface except ford.5. The effect of PTFE filler and short-glass
the dimensions and distribution of cracks [28, 29]. It is fibre reinforcement on
suggested that when two semi-crystalline PA 66 discs transverse cracks
are in rolling-sliding contact some tears were generatedransverse cracks on the contact surfaces up tQ4%0
at the rear of the contact region and that the tears weréepth in unreinforced PA66 are a serious disadvantage
almost normal to the direction of sliding. A raised lip if the material is used in engineering components, such
is teased out of the contact surface but no removal ofs gears. To suppress them on the contact surface, PTFE
material occurs. It appears that the tearing at the rear dflled PA66 was tested under the same slip ratios and
contact area may be due to the tensile stress from theinning speeds as unreinforced PA66. The applied load
friction process which can be great enough to rupturevas 300 N. Itwas noted that no macro-transverse cracks
the material as with rubber. on the worn surfaces were observed with a variety of
The crack from the raised lip as shown in Fig. 11slip ratios. A typical surface topography is shown in
can be fully propagated if the number of stress cycledtig. 14, which was obtained after six million cycles
in contact is great enough. As shown in Fig. 12, whenunder 0.11 slip ratio, 300 N and 1000 rpm. It can be

JEOL 18KV

Figure 14 Typical PTFE reinforced PA 66 worn surface running at 0.11 slip ratio, 300 N and 1000 rpm; direction of friction from top to bottom.
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Figure 15 Section through a typical surface film on the contact surface of short glass fibre reinforced PA66 running at 1000 rpm, 0.04 slip ratio and
300 N; direction of friction from left to right.

seen that transverse cracks in unreinforced PA66 06. Application to PA 66 gears

the contact surface shown in Figs 6, 7,9, 12 disappearhe properties of unreinforced PA66 which have been
completely on the PTFE filled PA66 worn surface. In-investigated may be applied to solve some engineering
stead, there are many small flakes on the contact surfaggoblems for polyamide gears. A typical question in

and they remained in the range of 10t as shown in  gearing of polyamide is why PA66 gear teeth frac-

Fig. 14. Therefore, it is suggested that once PAG6 isure near the pitch line area with little debris where the

filled with PTFE, macro-transverse cracks can effecsliding ratio between gear teeth in mesh is very small
tively be suppressed. [6,7,11,12].

The effect of PTFE filler on macro-transverse cracks From the above study of non-conformal unlubricated
is to suppress both initiation and propagation of transtolling-sliding contact, one of the dominating factors
verse cracks on the contact surface. As described in thie surface failure at low and high slip ratios is trans-
last section, since the coefficient of friction of the filled verse crack propagation on the surfaces in contact. Also
PA66 with PTFE was around 0.12 and much smalletthere was not much debris before cracks fully developed
than critical value of 0.25 when two unreinforced PA66 and spalled. Assuming that the slip ratio on the gears
discs were in contact, the maximum shear stress shouléeth in contact varies from 0 to 0.21 [6, 7, 11, 12], the
appear on the subsurface rather than on the contact susehaviour of crack propagation on a gear tooth sur-
face. Itappears that small flakes on the surface as showface should be similar to that on disc surfaces. In other
in Fig. 14 are not initiated from the contacting surface.words, these cracks on a gear tooth propagate not only
Therefore, it is suggested that when two discs were inowards the gear facewidth but also downwards to the
rolling-sliding contact, crack initiation of PTFE filled subsurface of the gear tooth. After a certain number
PA66 should appearinthe subsurface as classical theowf cycles, the cracks will propagate down to a depth
suggests. This suggestion agrees well with the surfacef 0.5 mm near the dedendum of a gear tooth where
topography shown in Fig. 14. Subsequently, no transa high slip ratio is expected and near the pitch line
verse cracks appear on the contact surface. area on the gear tooth where a low slip ratio occurs.

The reinforcementwith short-glass fibre of PA66 alsoFor a gear of module 2 mm, the thickness of a gear
has an effect on transverse cracks which occur whetooth on the dedendum is about 2.5 mm and that on
unreinforced PA66 is in non-conformal rolling-sliding the pitch line is 2 mm [7, 8]. Thus the bending stress
contact as shown in Figs 6, 7,9, 12. Although the weabn the dedendum of the tooth could be much higher
mechanisms are very complicated [18], as shown irthan it was designed for due to both significant de-
Fig. 15, no transverse cracks on the worn surfaces werereases of the thickness of the gear tooth and severe
observed under a variety of test conditions. Because aftress concentrations at the tip of cracks. Near the pitch
the film on the surface [18], the friction coefficient can line area on a gear tooth, corresponding to lower slip ra-
be below 0.1, and as a result, the shear stress at the ities, bending stresses are high since this is the position
terface between the films should be low. This low sheabf lowest contact ratio. Crack propagation at lower slip
stress may play an important role in the low friction ratios also will cause severe stress concentrations at the
coefficient, therefore, the maximum shear stress is naip of cracks if the tooth is subjected to a reasonable
at the contact surface but in the subsurface and thergigher bending moment. Under high bending stresses,
is little chance for a transverse crack to initiate on theit is possible that the severe stress concentration results
contact surface. in the tooth fracture near the pitch line area on the gear
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tooth. Therefore it is suggested that tooth fracture in 5. Some of the tribological properties of unrein-
PAG6 gears is due to initiation and propagation of transforced PA66 from disc tests presented in this paper
verse cracks rather than creep. In fact, the cracks on eorrespond closely to those in PA66 gears. Both had
PAG6 gear tooth surface before the gear tooth fracturettansverse cracks when they ran against each other and
have been observed [30] and this evidence supports thHeoth ran smoothly without much debris before cracks
suggestion. fully developed and spalled. It appears to be the trans-
verse cracks that cause unreinforced PA 66 gear teeth
. to fracture even near the pitch line where the sliding
6. Conclusions _ _ ratio between gear teeth in mesh is very low.
1. The wear and friction of unreinforced polyamide66 ¢ The filler of PTFE has a significant effect on trans-
running against its_elf in_ unlubricated roIIi_ng-inding verse cracks on the contact surfaces of PA66. This
contact has been investigated under a \_Nlde range Aflled PAGG suppresses both initiation and propagation
slip ratios and loads. It was found that slip ratio has &yftransverse cracks that occurred in unreinforced PA66
significant effect on the wear rate. There are three majosnd decreases both the wear rate and the friction coef-
features of .the unreinforceq PAG6: a critical slip ratio fjcjent fairly considerably. The short-glass fibre rein-
under certain load and running speed, macro-transversgrced PA66 composite prevents also transverse cracks
cracks and a layer of film on the contact surface. from both initiation and propagation. A thin film layer
‘2. At the critical slip ratio at a fixed load and run- o, the contact surfaces plays a dominant role both in re-
ning speed, the unreinforced PA66 shows very poogjycing wear and friction and in suppressing transverse

wear resistance and high friction coefficient. The wealcracks when two composite discs run against each other.
rate has a rather steep increase from®1,0m cycle™*

up to 10 um cycle. The friction coefficient in-

creases sharply from 0.42 up to 0.72. When the sligppendix: Calculation of maximum surface

ratio approached the critical ratio, material on the suryemperature

face was sheared strongly during the friction process s@, 1. Bulk temperature T,

that many small flakes formed from the film and largeThe energy inpu® can be given by

pieces of film were pushed in the direction of the fric-

tion force. Further increases of the slip ratio up to 0.11 Q = uFn|Vi — Vo (A1)
resulted in severely deformed material flow on the con-

tact surface. This material flows and was, graduallywhereV; andV, are the rolling speeds of two discs
rolled in the direction of friction. A large portion of respectivelyu the friction coefficient anér, the normal
roll-like debris was attached to the surface, which cordoad applied to the discs.

responds to very high wear rate of 0um cycle ™. The energy loss due to convective heat dissipation
This phenomenon was related to the surface tempeiQ; may be expressed as [31]
ature at a given load and speed at which the material

could form rolls from the worn surface. A range of sur- naCp [vrlg

face temperature around Z@should be avoided if a Q1 = 0.6640ky(Tp — Ta),j Kp\/ v (A2)

low wear rate is expected.

3. Beyond the critical slip ratio, the unreinforced where b is the disc facewidttk, the thermal con-
polyamide 66 has high wear resistance which is domiductivity of air (=0.025 W nT1K=1); , the dynamic
nated by material softening and film formation on theviscosity of air £2 x 10> kgm~s™1); ¢, the spe-
contact surfaces. A layer of thin film results from soft- cific heat capacity of air=£1 kJ kg K); v, the air ve-
ened material on the surface corresponding to a loviocity relative to disc, which is equal to the rolling
friction coefficient and behaves as a self-lubricationspeed of the discp the kinematic viscosity of air
layer. The wear rate varies with slip ratio in the range of(=1.9x 10-°>m?s1); L gthe circumference of the disc;
2.0-8.0x 104 um cycle ! and the friction coefficient T, the free air temperature (ambient temperature) mea-
decreases with an increase of slip ratio and varies fromsured during the testd} the body temperature of the
0.28100.42. A gradual decrease of surface temperatumdisc surface in contact.
from near the melting point and surface characterisation The energy loss due to conductive heat dissipation
give further evidence of the self-lubricating property of Q, may be given by [32]
unreinforced PAG6. b

4. Many macro-transverse cracks in the unreinforced Q, = T kp(Tb —T) (A3)

PAG6 on the contact surfaces are a serious disadvantage B In(rr—?)

if the material is applied in engineering components. '

These transverse cracks are perpendicular to the direetherer, is the outside radius of the disg, its inner

tion of the friction force on the worn surface, are initi- radius and; the temperature on the inner ring surface of
ated on the contact surface, propagate in the directiothe disc.T; was taken as being equal to the temperature
of facewidth and penetrate to a depth of 150-450.  of the shaft on which disc is mounded tightly.

It appears that crack initiation and propagation on the For the radiation component, the ener@y dissi-
material surface are dependent on a high friction coefpated due to radiation from each disc can be given as
ficient (above 0.25), a semi-crystalline structure, confollows [33]

tact stresses, surface temperature and number of contact . .
cycles. Q3 = o Agérad(Ty — Ta) (Ad)
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where o is Stefan-Boltzmann constant5.669 x 5.
1078 Wm=2K~1), g,ag the emissivity of the disc mate- 6.
rial and Ay the effective area of disc surface dissipating "
radiation energy. 8.

For the whole system consisting of two discs in con-
tact, if the temperature on the contact surfaces is stableg.

H. VvOSsandK. FRIEDRICH, Wear116(1987) 1.

G. CRIPPAandP. DAVOLI, Kunststoffe81 (1991) 147.

K. MAO,C. J. HOOKE andD. WALTON, J. Synth. Lubr4
(1995) 337.

British Standard BS 6168, “Specification for Non-metallic Spur
Gears” (British Standards Institution, London, 1987).

“Polypenco Gear Design” (Polypenco Corporation, USA, 1985)

an energy balance may be assumed. Therefore, the heat p- 32.

generation in the system should be equal to the hedf:
dissipation in it and can be expressed as 11.

Q = uFy|V1 — V2| = (Q1+ Q2+ Q3): 12.

+(Q1+ Q2+ Q3)p (AS) 13
where t is the top and b is the bottom disc. The averagé?*
bulk surface temperatufig can be obtained by a simple

. . 15.
numerical calculation.

A.2. Flash temperature T;
The classic model of the flash temperature from Blokzs.
[34] is employed and can be given 17.

o _ LRV - VY|
"= b/kocw
wherep is the density of the disc materiatthe specific

heat capacity of the disc materials alndhe Hertzian
contact width.

(A6)
19,

20.
21.
22.
23.

A.3. Maximum contact surface temperature
The total maximum surface temperattig,x was ob-
tained by superimposing the bulk tempearture and flasbs.
temperature as follow:

24.

26.
Tmax = Tb + Tf- (A7) 27.
28.
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