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Rolling-bearing cages (separators) which were made by injection moulding from
polyamide 66 filled with short glass fibres were tested before and after exposures in hot air
at temperatures 120, 140, 160, and 180 °C at various times ranging from a few hours to
three weeks. The cages were loaded in tension and the changes of maximum force
corresponding to ultimate tensile stress were studied. A very simple degradation
mechanism containing the main features of the real degradation processes was proposed
and its kinetic equations were derived. On the basis of the assumption that the changes of
properties during ageing are proportional to the changes of chemical composition and
structure a regression function was proposed. It was used for the fitting of the measured
results and for the construction of predictive curves which describe the temporal and
temperature dependence of strength for working temperatures and long times. © 7999
Kluwer Academic Publishers

1. Introduction The graphical extrapolation consists of two steps. In
During exposure in different media all physical andthe first step the studied property is plotted against the
mechanical properties of polymers and polymer comtime or the logarithm of the time and the time for a cho-
posites change more or less depending on temperatusen reduction (very often 50%) of the studied property
and time of exposure and on the type of medium. It isat each of test temperatures is determined. In the sec-
necessary to know the kinetics of the changes for thend step the logarithm of the time for the considered
determination of the applicability of certain polymeric reduction of the property is plotted against the recipro-
materials under certain use conditions. cal of the absolute temperature. This step is based on
As the exact theoretical description of the kineticsmodified Arrhenius equation
of the changes is rather complicated, different exper-
ime_ntal procedures are used which allow one on the _ _ %0 exp(i>, ie Int= fl fint. (1)
basis of short-term exposures at elevated temperatures kT
to extrapolate the results of mechanical and physical ) o i
tests to long times and working temperatures. ExtrapWheree is the activation energy; is Boltzmann con-
olated values of properties are presented in the forngtant andr is absolute temperature. The quotieyit
of so-called predictive curves. Those procedures ar§a" be replaced by the quotieBy R whereE is the
based on the presumption that the chemical reaction@0lar activation energy arfdis universal gas constant.
in polymeric materials which play the main role in the e obtained curve (so-called Arrhenius curve) is usu-
changes of material properties are in principle the sam@!ly @ straight line or a curve with relatively small cur-
in all the temperature ranges and the difference consist@ture. The extrapolation of this curve determines the
only in the reaction rates depending on temperaturet.'me‘temperatufe limits forthg consm[ered reduction in
The temperature dependence of the rate constants of 4{]€ Property. This procedure is used in ISO 2578-1974
chemical reactions is described by Arrhenius law. How-{1] and DIN 53 446 [2]. The so-callednderwriters
ever, many physical changes can be also successfullyboratories temperature indg8, 4] used in English
described using the same types of temporal and tems_pea}klng countries is the temperature determined ac-
perature dependences (e.g. the change of crystallinitgPrding to the procedure mentioned above for a 50%
degree, stress relaxation etc.). feduction in the property and an extrapolated time of
The extrapolation mentioned above can be applied iff0 000 hours (i.e., approximately 4 years and 7 months).
a graphical or numerical way and creates the substanca@Milar but sometimes rather simplified procedures are

of many national and international standards. used in national standards, e.g. [3]. _ N
For the numerical extrapolation the suitable fitting

functions are needed which are sufficiently simple and
2. Survey of standardized procedures on the other hand they describe well the temporal and
Mechanical or physical tests are carried out on spectemperature course of the studied property. For the tem-
imens exposed usually at four elevated temperature@oral course at one test temperature some standards
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propose the function used in fatigue tests for the deperBut it seems it is enough to describe the main features
dence of the fatigue stress on the number of vibrationsof those processes even if many simplifications have to
If the tests are carried out at more temperatures, cebe done.
tain rather complicated phenomenological fitting func- During the degradation of a polymer composite the
tions without direct relations to degradation processesnain processes are the decomposition of long polymer
are sometime recommended, e.g. [6]. General form ofhains and the weakening of the bond between poly-
these functions is log = f(p, T), wherep is studied mer matrix and filler. At initial stage of decomposition
property. It means that the functions are able to deit can be assumed that the initial mechanical properties
scribe only monotonic temporal changes of propertiechange with the time proportionally to the relatively
and, therefore, they are not applicable in our case whelow amount of arising products of polymer decomposi-
the studied property changes the sign of the slope of itdon and to physical changes in polymer structure. The
temporal course. conclusion of these considerations is the same as GOST
The standard of former Soviet Union GOST 9.707-mentioned above presents: the temporal dependence of
81 [7] describes the changes in polymers using verynechanical property can be described by means of the
simple equations of chemical kinetics regardless whichinear combinations of kinetic equations of chemical re-
property is considered. The Arrhenius law is used foractions (the using of Arrhenius law for the temperature
temperature dependence and the temporal course is dgependence of mechanical properties is out of doubt).
scribed by means of the linear combination of kineticThe difference consists in the type of kinetic equations
equations of simple homogenous chemical reactionshosen—even if they must be as simple as possible,
But as the equations are chosen above all so as to makieey must consider the main features of real processes
the best fit of experimental data, the description is alsén material.
in principle only phenomenological. In spite of it this
procedure gives relatively good results not only for
polymer properties. It was successfully used for the4. Main processes in polymer composite
description of dimensional changes of rolling-bearing  during degradation
steels during annealing and the changes of specific ele@urely degradation processes are attended with other
trical resistance and microhardness of CuBe alloys durprocesses which can also substantially change all the
ing age hardening. properties of polymers. The fastest changes of mechan-
GOST mentioned above is based on very simple calical properties are caused by the drying of polyamide
culations with the results of tests what is adequate t@is received which contains about 2% of water. The dry-
the time of its introduction and to the planned purposeing causes an increase in strength and a substantial de-
Nowadays it is adequate to use (nonlinear) least-squakgrease in plasticity. Since itis a diffusion process, drying
method with regression functions constructed on the bacan be described in the timewith the expression of
sis ofthe GOST. The weak sides of this procedure basetl— exp(—k./7). From our previous studies the value of
on phenomenological functions are very large errorshe activation energy for drying is known= 0.26 eV.
of the parameters of fitting curves as well as covari-To simplify the description this effect was avoided by
ant coefficients very close th1 declaring that the pa- preliminary drying.
rameters are extremely interdependent. It is the direct The effect of the cross-linking of polyamide as well
consequence of phenomenological description withas the resultofincrease of crystallinity fraction are qual-
weak connection to real processes occurring in polymeitatively the same as of drying (increasing strength, de-
materials. creasing plasticity) but these processes are many times
The determination of extrapolation validity is solved slower and their effect many times lower. It can be ob-
only in some of presented standards. DIN 53 446 recserved if the effect of drying is avoided but to distin-
ommends for tests at least five samples for every temguish the influences of these two processes on mechani-
perature and time of exposure. The extrapolation igal properties is very difficult. Therefore, their common
made not only for average values but also for staneffect was approximately described using the simplest
dard deviations. GOST 9.707-81 contains rather comrate equation
plicated determination of the number of tested samples.
Lower limits of extrapolation are determined as 2/3 of Apy = a[l — exp(—ki7)], (2)
mean extrapolated values. In the case when least square , )
regression is used, the lower limits can be determined oWhereApy is the change of considered property #&ad

the basis of fitted curve and its standard deviation bands rate constant. In this equation also the effect of relax-
ation of residual compressive stresses could be taken.

The reduction of the bond between polyamide matrix
and glass fibres causes the opposite effect—decreasing
3. Procedure considering real processes strength and usually increasing plasticity. If the reduc-
in material tion of the bond is large and/or the volume fraction of
Better fit of experimental data with lower parameterglass fibres is high the plasticity also decreases. This
errors and covariances can be reached if the real degrghenomenon was studied only quantitatively with re-
dation processes of material are considered. It is natpect to the kind of fracture and its effect was included
possible (the less so for material expert without deepnto the effects of the other processes.
chemical education) to describe exactly the reactionsin The main degradation process of polyamide com-
polymer and their influence on mechanical propertiesposite is the decomposition of macromolecular chains.
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The result of this process is decreasing both strengtpoint of view it is better to choose relative temperature
and plasticity. Let us try to describe this process byTy from the range of testing temperatures or from near
the kinetic equation as simple as possible. When th@eighbourhood of this range and to rewrite the Equa-
original chainAg dissociates into two chain,, their  tion 10 in the form

lengths are long enough to have nearly the same chem- N

ical properties as the original chaiy. It means that , L €j

the dissociation oA into A; andA; into A; etc. can be ki(T) = ki(To)exp [_7 (? a ﬂ)] (D
described with the same rate constignin general the

whole decomposition can be described with diagram ofn which the rate constantg(Ty) for temperaturely

manifold consecutive reaction have small errors and the number of iterations is sub-
stantionally reduced.
L VN V. . N N <) The regression function (6) was written for maximum
force but the function for any other property has the
with rate equation same form and the same parametersk, (with the
same temperature dependence i.e. with the same para-

(4)  a, b, andc are individual for each property. It was pre-
sented in previous work [8] where maximum force and
total elongation at rupture were commonly studied.

n k n
Xp = 1—e‘k21[1—|—z( ZT')

} meterse1, €2), only the values and signs of parameters
— n

wherex; is conversion variable.

5 R ion f . ‘deri I 6. Tested samples and test conditions
- Regression function f°"s' ering rea For mechanical tests the cages 7201 BETNG of
processes In materia angular-contact ball bearings were used which were

of material the value of any property changgp canbe  \ish o5 0| 96 of short glass fibres of 1m diameter
written in the form of linear combination of Equations 2 and about 0.5 mm mean length. Injection moulding was
and 4, made using machine Battenfeld 300 CD at following
AD = A b 5 conditions: temperatures of polymer in machine zones
P = Ap1+DbX. ®) were 275, 290 and 295 to 30C (injection temperature
was the same as the temperature of last zone), single
cavity mould with radially sliding punches was tem-
pered at 80C, injection — pressure 85MPa and time
} 2 s, moulding — pressure 72 MPa and time 6 s, time of
., (6)

Especially for maximum forcd- at which the cages
break, the regression equation can be written

coolinginmould 12 s, moulding cycle 22 s. These cages
of ring shape (outside diameter 23.9 mm, inside diam-
eter 18.7 mm, width 6.4mm, 11 holes — pockets for
wherea, b, andc are positive constants. Their meaning balls — with diameter 4.9 mm in radial directions) were

with respect to the shape of time dependence is cledoaded in tension in such a way that two half-cylinders
from next equations: were inserted into cage and moved radially outward
with velocity 0.36 mm/s (see Fig. 1). Maximum force

F(r,T)=c—ae X" +be 714+ i (ker)”
O ~ nl
=

F(r=0)=c—a+h, (7)

F(r)~c+b forki<<r<< ki (8)
1 2

F(rt - oc0)=c. C)

Formal difference between Equations 5 and 6 consists
in the fact that means in Equation 6 not initial but final
value of mentioned property.

The temperature dependenceFdf, T) consists in
temperature dependence of rate const&nik, de-
scribed by Arrhenius equation
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ki(T) = Kioo eXp(—K—T)- (10) semicylinder
The pre-exponential constarits, are rate constants
extrapolated for infinite temperature. The errors of their force
values determined by regression are usually larger than v
the values alone and least-square computation needs
many iterations to find the minimum. From practical Figure 1 Experimental setup of mechanical tests of cages.
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at which the cages broke (i.e. fracture force) was deterwhich the cages were broken on exposure time for all
mined. This force is one of the most important propertyfour temperatures mentioned above. Fig. 2 has linear
of cages. It is the product of ultimate tensile stress andime axes which are suitable for presenting the results
the least total cross section of cage 9.61%firmeans  for times higher than 100 hours (approx. 4 days). In this
the double of the least single cross section). figure also the axis of approximate fracture stress (ulti-
To avoid the effects connected with drying the cagesnate tensile stress) is added. For lower exposure times
were pre-dried 24 hours at8CQ. The cages were loaded the logarithmic time axis is more suitable what can be
to fracture directly after pre-drying (6 pieces) and alsoseen in Fig. 3. The disadvantage of logarithmic axis is
after the exposures at various times ranging from a fevihe impossibility to present directly the initial values
hours to three weeks in hot air at temperatures of 120or zero time which are added before the break of time
140, 160, and 18TC (4 pieces for each of couple time axis.
— temperature). The temperature was controlled and Both figures contain experimental points and fitted
measured with accuracy better thahClL The cages curves. In temporal course of maximum force two dif-
were enclosed in a small glass vessel and also the ovdarent regions can be distinguished — the former with
was sealed to limit the ventilation and to reduce therelatively fast increase of maximum force can be im-
smell. The oven was arranged and made safe for longauted to cross-linking and increase of crystallinity frac-
term operation. tion, the latter with slower decreasing of the force is
The testing of rolling-bearing details was preferredthe result of decomposition of macromolecular chains
to the testing of standardized samples to find the in{the increase of maximum force as the result of dry-
fluence of injection moulding in the case of relatively ing was suppressed by preliminary drying). Therefore
complicated form of the cages (other reason for testthe function (6) was used for regression. The best fit
ing of finished cages was the aim of the producer tavas obtained for the value of = 1 in this function.
produce high-quality bearings). To avoid the differentin previous paper [8] dealing with partially stabilized
influence of weld lines the injection moulded cages hagolyamide the optimum value= 3 was obtained. The
defined orientation between the gates and the directiolower valuen for professionally stabilized polyamide
of loading. what means lower number of chain dissociations is in
agreement with expectation. The obtained values of re-
gression parameters and their errors are presented in
7. Experimental results, their fitting Table | (rate constants are calculated for a relative tem-
and discussion peraturely = 150°C).
The results of tests are presented in Figs 2 and 3. Both The most important parameters are activation ener-
figures contain the dependence of maximum force agies which are important characteristics of degradation

exposure time [days]
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Figure 2 Temporal dependences of maximum force for different temperatures (linear time axes in hours and days). On right axis the approximate
fracture stress is presented.
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Figure 3 Temporal dependences of maximum force for different temperatures (logarithmic time axis with initial values).

TABLE | Regression parameters in function (6) with= 1 and their  melt in the mould is the reason of relatively low frac-

errors (mean square deviations) ture stress (about 40 MPa) in comparison with ultimate

Symbol Unit Value emor  tensile stress which is warranted by producer for stan-
dardized tensile samples made from dried composite

a N 43.1 4.5 (about 160 MPa). In spite of that it can be said with

b N 155.9 6.2 respect to cage shape and test conditions that the cages

El Tﬁ/h 2‘211'2 g‘i were made in high quality.

ks 10-3h 301 0.30 In previous paper [8] also the values of deformation

e1 ev 0.405 0.082 at fracture was determined. Exposures and mechani-

&2 ev 0.673 0.043  cal tests described in this paper were made in different

laboratories and the time between them had strong in-
fluence on the results of mechanical tests. Already the
difference of several hours of that pause caused higher
processes. First of them = (0.41+ 0.08) eV= (39+ d_ispersion of results of maxim_um force and fully depre-
8) kJ/mol is higher than activation energy of drying ciated the res_ults of deformation at fracture. Therefore
0.26 eV determined in previous works. It demonstrateghe deformation results could not be used. The reason
that the process with the increase of destructive forc®f it had to be the fast change of water content in cages
appearing in short exposure times is really no dry-€ven if the cages were transporte.d in closed polyethy-
ing or drying creates only negligible portion of that lene pouches. It seems that the times between the ex-
process. Activation energy of the process with thePosure at elevated temperatures and mechanlcal tests
decrease of destructive force (degradation process iave to be comparable and as short as possible.
a strict sense) in professionally stabilized polyamide
g2 = (0.67+0.04) eV= (65+4) kJ/mol is higher than
the activation energy (86 4= 0.05) eV determined for 8. Predictive curves
that process in partially stabilized polyamide [8] what Calculated regression parameters allow to construct
is also one of the evidences of better stabilization.  the predictive curves for working conditions, i.e. lower
Approximate fracture stress presented in Fig. 2 wasemperatures and longer times in comparison with test
calculated as the quotient of maximum force and doutemperatures and times. The predictive curves were
ble cross section of the cage in the fracture pointconstructed in Fig. 4 for temperatures of 120, 100 and
(9.61 mn?). The fracture usually occurred in the pocket 80°C and working times in months and in Fig. 5 for
for a ball where the cross section is minimal and thetemperatures of 80, 60 and 40 and working times
pocket divides the cage in two cage-ends. Rather conin years (full lines). Also the lower one-side tolerance
plicated shape of the cage which causes uneven disimits were constructed (dash lines). It can be said with
tribution of stress between two cage-ends and withirf0% certainty that 90% of cages will have higher max-
each of them as well as complicated flow of polyamideimum destructive force than those limits.
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Figure 4 Predictive curves of maximum force and their lower tolerance limits for higher temperatures (exposure time in months).
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Figure 5 Predictive curves of maximum force and their lower tolerance limits for lower temperatures (exposure time in years).

9. Conclusion chemical reactions and physical changes. In the case
The temporal and temperature courses of mechanicaif the destructive force of cages made from polyamide
properties of polymers and polymer composites durcomposite the equation of manifold consecutive reac-
ing exposure in hot air can be approximated with lin-tion was successfully used for a description of chemical
ear combinations of kinetic equations of chemical rechanges. The regression function using that equation
actions. The approximation is good if the simplified together with exponential function describing all other
kinetic equations consider the main features of thechanges allowed not only to fit the experimental results
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