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National Railways, Tokyo, J a p a n  

Synopsis 

To understand influences of various factors on dynamic durability of engineering plastics, ef- 
fects of average molecular weights of samples, molding variables, preparing methods of speci- 
mens, and fillers on plane and rotational bending, torsional, and impacting fatigue and cavitation 
erosion and solvent cracking of polycarbonate were studied. From the experimental results, the 
following tendencies are observed as a whole in case of polycarbonate: The extent of influence of 
the factors on dynamic durability varies depending on the type of testing. Increase in molecular 
weight has a favorable effect on dynamic durabilities. Influence of molding conditions is re- 
markable: especially, deficient drying of resin pellets before molding decreases dynamic dura- 
bility noticeably, and specimens prepared by injection molding have much better durabilities 
than those by machining from extruded sheet. Polyethylene blending has an unfavorable effect 
on durability, except for hod-type impact strength and solvent cracking. Reinforcement by 
glass fiber has a favorable effect on fatigue under constant load and solvent cracking, but has un- 
favorable effect on fatigue under constant deformation and cavitation erosion. 

INTRODUCTION 

In order to use plastics materials widely as mechanical elements in indus- 
tries such as railways, it  is necessary to understand their dynamic durability. 
However, experimental investigations of dynamic durabilities of plastics have 
been relatively few in number. Though there are several reports on factors 
affecting fatigue of plastics, each of these reports deals with influence of a 
single factor such as testing speed,1,2 t e m p e r a t ~ r e , ~ . ~  or fillers for thermoset- 
ting  plastic^.^^^. A survey of factors affecting dynamic durabilities for plas- 
tics has not yet been attempted. 

It is the purpose of this study to clarify the influence of various factors on 
dynamic durability. Polycarbonate was selected as the testing material as it 
is one of the most widely used plastics material in engineering and in addition 
an important material in railways. The types of test of dynamic durability 
employed in this study are concerned with plane bending, rotational bending, 
torsional and impacting fatigue, cavitation erosion, and dynamic solvent 
cracking. The testing apparatus used for measuring several types of fatigue 
and solvent cracking has been developed or improved by the authors. The 
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k --  - - 63.5 

Low M.W. 

Medium M.W. 

0 05 

@ * *  

0 0 .  

( E l  

m m  
Fig. 1. Dimensions of test specimens. 

Standard 

Lower temp. of mold 

specimens used here for studying influence of several factors are shown in 
Table I. Experimental methods and testing conditions are tabulated in 
Table 11, and Figure 1 shows dimensions of these specimens. 

0 .  0 .. 0 
0 f 

PLANE BENDING FATIGUE 

Two types of fatigue testing were selected for measuring the effect of sever- 
al factors on strength of polycarbonate under plane bending fatigue. One 
was a test under constant amplitude of force based on ASTM-D671, and the 
other was under constant amplitude of deflection. To study the fatigue 
under constant amplitude of force, a DTF displacement meter was intro- 
duced to a revised testing machine based on ASTM-D671, so that it became 

Imperfect drying of pellets 

By extrusion and machining 

P.E. blended 

Glass fiber filled 

@ : 
@ -0 

0 :  m (LO)+ 

I I Lower temp. of cylinder 101 . .  

Fig. 2. Number of cycles to failure under repeated bending in constant stress amplitude. 
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0 5 10 15 x105 

I I Low M.W. 101 .. . .. “ t .  ..”.. “i..”..”.. . . . 
I . ,.. . I Medium M.W. 

Standard : .  . ... I . I 

I Lower temaof mold .-.. . . . I 

I P.E. blended 101 -t I 
I Glass fiber f i l led I@\ 1 
Fig. 3. Number of cycles to failure under repeated bending in constant deflection amplitude. 

possible to measure continuously dynamic deflection of a testing specimen. 
Specifications of this testing machine are as follows: maximum load, f 2 5  kg; 
maximum deflection limit, f10 mm; speed of testing, 1500 cpm; attachment, 
dynamic deflection detector. 

In this study, dynamic durability was evaluated by comparing the number 
of cycles to failure under repeated bending in f2 .8  kg/mm2 (bending stress 
amplitude of force). The results are shown in Figure 2. 

Fatigue test in constant amplitude of deflection was carried out by making 
use of a new testing machine called “pentacle fatigue testing machine” con- 
structed in trial by the authors. This testing machine gives repeated con- 
stant amplitude of deflection and it is capable of testing five test specimens 
simultaneously by a double eccentric shaft mechanism. Specifications of this 
testing machine are as follows: dynamic deflection range, f0.9-7 mm; maxi- 
mum force, f 2 0  kg (each shaft); testing speed, 300-1500 cpm; attachments, 
chamber with temperature controller, dynamic force detector, ultraviolet 
lamps for irradiation, chucks for compressive fatigue testing. 

Dynamic durability was compared by the number of cycles to failure under 
repeated bending in f2 .7  mm (dynamic deflection at  specimen’s end) by the 
testing speed of 1000 cpm. Experimental results are shown in Figure 3. 

ROTATIONAL BENDING FATIGUE 

A revised fatigue testing machine was used here. It is adapted to plastics 
testing and constructed in trial by the authors based on R. R. Moore’s type of 
four-point loading. 

Considerable points of improvement are as follows: (1) Specimen size has 
been made so small that it can be prepared by injection molding. (2) Maxi- 
mum deflection limit of specimen is made large, because the rigidity of plas- 
tics is very low as compared to metals. (3) Testing speed has been made vari- 
able continuously in order to prevent unusual heat generation in plastics. 
Dynamic durability was evaluated by comparing the number of cycles to fail- 
ure in f5.8 kg/mm2 (bending stress amplitude of force) by a testing speed of 
1500 rpm. Experimental results are shown in Table 111, including tempera- 
ture rises on specimen surface during fatigue testing. 
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TABLE I11 
Number of Cycles to Failure and Temperature Rise Under Rotational Bendinga 

Initial Temperature 
Sym- deflec- on specimen surface, Number of cycles 

Factor bol tion “ C  to failure, x104 
m m  

Low MW 
Medium MW 
Standard 

8 Lower temp. of mold 
Imperfect drying of pellets 
By extrusion and machinihg 
PE blended 
‘Glass fiber filled 

a Ambient temp., 20” r 5°C. 
b Broke down at  clamp. 

35.4 
35.2 
41.0 

41.1 
42.1 
39.5 
42.4 
14.6 

61 60 
84 96 70 82 
108 97 89  96 103 

76 77 74 
82 82 87 
36 35 38 
94 101  90 85 
30 

2.8 4.7 
4.8 5.9 3.5 2.4 
3.8 1.5 3.8 1.9 

1.1 1.1 0.8 
3.8 1.2 2.3 
0.9 1.1 1.1 
0.6 0.8 0.6 0.6 
35b 34b 41b 

1 .o 

TORSIONAL STRENGTH AND FATIGUE 

Torsional properties of engineering plastics are important in practice, but 
few studies have been reported because there is no proper testing machine for 
plastics. So we developed a new testing apparatus called “MO-U machine.” 
By making use of this apparatus, torsional fatigue strength under repeated 
constant amplitude of deformation can be measured in addition to static tor- 
sional properties. A schematic view of this apparatus is shown in Figure 4. 
The test was carried out with a testing speed of 5’Isec in static torsion and 
with alternating speed of 600 cpm at 17’ f 17’ in dynamic torsion. 

Experimental results are shown in Table IV. As for static torsional prop- 
erties, there were no remarkable differences among samples except for “glass 
fiber filled,” which had higher strength but much smaller angle to failure. 

----/:-I--.; ------ ---- ---f-q 
I I I 
I I I ?-]yJI--’ I 

! 
I 

I0 

Fig. 4. Schematic view of testing machine “MO-U”: (A) temperature controller; (B) strain 
gauge amplifier; (C) rectifier; (D) pen recorder; (1) chamber; (2) specimen; (11) dead weight for 
sliding automatic stopper; (18) gear box; (21) eccentric shaft; (24) motor; (33) strain gauge for 
measuring torque. 
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TABLE IV 
Number of Cycles to Failure in Torsional Fatigue Testing 

_ _ ~  
Imper- By ex- 

Lower fect trusion 
Lower temp. dry- and 

Me- temp. of ing ma- Glass 
Low dium Stan- of cylin- of chin- PE fiber 

Factor MW MW dard mold der pellets ing blended filled 

0 0 0 0 0 @ 0 0 @  
Initialshear 4.3 4.3 4.3 4.3 4.2 4.2 4.1 4.1 8.4 

stress, 
kg/mm2 

Numberof 30 37 48 34 29 22 9 10 0.06 
cycles to 31 39 57 39 32 25 10 14 0.06 
failure x 38 41 60 46 38 38 21 18 0.06 

-_____ 104 

Table IV shows that the standard sample was best in torsional fatigue 
strength. 

IMPACTING STRENGTH AND FATIGUE' 

An Izod-type impact tester was used for evaluating impact strength of sam- 
ples, and a revised impact fatigue tester which applies impulsive force to a 
specimen by dropping weight repeatedly was adopted here for evaluating im- 
pact fatigue strength. The mechanical structure of this machine is given in 
Figure 5. 
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10.0 

8.0 
m 
L - 
@ 6.0 
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TABLE V 
Izod Impact Strength 

- 

- 

- 

- 

- 

Factor 
Number of Average value, 

Symbol specimens kg.cm/cm of notch 

10 13.1 
10 18.2 
10  22.1 
10 16.5 

7 11.9 
10 23.9 
10 12.7 

Low MW 0 
Standard 
Lower temp. of mold 
Imperfect drying of pellets 
By extrusion and machining 
PE blended 
Glass fiber filled 

The fatigue test conditions were chosen as follows: dropping weight, 140, 
240, 440, 640, 840, and 1040 g; falling distance, 10 mm; speed of testing, 30 
cpm. Evaluation of impact strength is carried out using absorbed energy of a 
specimen at impact failure per unit notch length; and impact fatigue strength 
is evaluated by comparing the total number of cycles to failure of a specimen 
by repeated impulsive force. V-Notched Izod impact strength was measured 
and is shown in Table V. “Glass fiber filled” and “by extrusion and machin- 
ing” had considerably lower impact strength than the standard sample. Fig- 
ure 6 shows the results of impact fatigue testing. “Glass fiber filled” had 
longer endurance limit under lower load conditions, but considerably shorter 
under higher load conditions than the standard sample. 

CAVITATION EROSION 

Resistance of polycarbonate to cavitation was evaluated here through ex- 
periments on degradation of polymer due to high cycle sound wave irradia- 
tion in solution and through another type of experiments on cavitation ero- 

1 os 10‘ 1 o5 
Number of c y c l e  

Fig. 6. Impacting fatigue diagrams. 
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0.4 
0 0.25 0.5 0.75 1 .o 

Concentrat ion,  C ( g / 1 0 0 m l )  

Fig. 7. Viscosity changes caused by sonic irradiation. 

sion of plastics by applying high-cycle sound wave irradiation to plate speci- 
mens in water. Experiments on cavitation degradation were carried out 
using a sonic shear stability tester for lubricants (ASTM-D2603), and experi- 
ments on cavitation erosion were carried out using a sonic vibratory cavita- 
tion tester. In the former test, 12 KHz sonic irradiation was applied to a 
specimen in dioxane solution under cooling with running water. Degradation 
was compared by measuring a viscometric average molecular weight before 
and after irradiation. In the latter test, 6.7 KHz sonic irradiation was ap- 

Time ( m i d  

Fig. 8. Weight losses caused by cavitation erosion. 
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plied to a plate specimen in water a t  25O i 2”C, and cavitation erosion was 
compared by the weight change of the specimen. 

On degradation of polymer by irradiation of sonic wave, Figure 7 shows the 
experimental *results. Decrease in solution viscosity. was observed in all 
cases, because molecular weight was decreased by polymer chain scission. 
Besides, the results indicate that higher initial molecular weight showed more 
decrease in viscosity. 

Experimental results of cavitation erosion are shown in Figure 8. No sig- 
nificant differences were observed among the test samples, excepting “glass 
fiber filled” which was subjected to considerable damage. 

SOLVENT CRACKING 

With polycarbonate, a solvent cracking phenomenon is sometimes an ob- 
stacle for development of practical applications. Solvent cracking was stud- 
ied here by immersing test specimens in the solvent under nonload, static 
load, and vibrating load conditions. As testing solvent, 70% acetone aqueous 
solution was chosen, because the growth speed of cracks can be controlled by 
changing the concentration. 

For nonload conditions, the changes in appearance were observed and the 
changes in weight of test specimens were measured after immersing them in 
the solvent without loading. The experiment under static load conditions 
was carried out by means of the testing apparatus called “LPN apparatus.” 
A C-shaped specimen was immersed in the solvent, stretched in constant dis- 
tance, and then the decay of recovery force in the specimen was recorded con- 
tinuously. The experiment in vibrating conditions was carried out by using a 
“dynamic LPN apparatus” which was constructed by modifying the “LPN 
apparatus.” A C-shaped specimen was immersed in solvent while applying 
vibration at  constant frequency (25 Hz), and then the reduction of accelera- 
tion of vibration was traced; here, the initial acceleration was 3 (3. 

Figure 9 shows time-weight change relations by immersion without load. 
No significant differences were observed among the samples excepting “glass 
fiber filled,” whose weight was increased by swelling, corresponding to the 

0 20 40 60 80 
Time (day) 

Fig. 9. Weight changes caused by immersion without load. 
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@ 0 
0- 

0- 
@ 
0- - -  @ 8 .......... 

Q - .. -. . -. 

Time (rnin) 

Fig. 10. Stress relaxation curves in 70% acetone aqueous solution under constant force condi- 
tions. 

resin content. Figure 10 shows apparent stress relaxation curves in the sol- 
vent under static load conditions. “Low MW,” “medium MW,” “imperfect 
drying of pellets,” and “by extrusion and machining” had considerably short- 
er endurance limits than the standard sample. On the other hand, “PE 
blended” and ‘‘glass fiber filled” had excellent durability, showing no solvent 
cracking. In the case of stress relaxation in air, stress decreases after 50 min 
were within 5%, and no crack was appeared in any sample. Figure 11 shows 
the decay of acceleration under vibrating conditions in the solvent. “Lower 
MW,” “imperfect drying of pellets,” and “by extrusion and machining” had 
much shorter endurance limits than the standard sample. Besides, “glass 
fiber filled” did not have excellent durability, in contrast to solvent cracking 
under nonload and static load conditions. 

CONCLUSIONS 

Dynamic durabilities under plane bending, rotational bending, torsional 
and impacting fatigue, and in cavitation and dynamic solvent cracking were 
studied in addition to static mechanical properties. Experimental results are 
summarized in Table VI. From this table it is clear that the influence of 

0.0 O.* 0 L 50 100 150 200 
Time (min) 

Fig. 11. Dynamic stress relaxation curves in 70% acetone aqueous solution under vibrating con- 
ditions. 
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each factor on dynamic durabilities of polycarbonate is not uniform and de- 
pends on the type of test. 

Typical influences of factor upon dynamic durability of polycarbonate are 
summarized as follows; 

Tensile Properties. A sample with a lower molecular weight has poor 
performance with respect to tensile strength, Young’s modulus, and elonga- 
tion. Filling of glass fiber increases strength and rigidity of specimens, but 
decreases their elongation. In the case of a sample molded at  lower tempera- 
ture and with imperfect drying of pellets, Young’s modulus is lower than for a 
sample molded normally under optimum conditions. 

Bending Fatigue. Effect of molecular weight is irregular. Polyethylene 
blending decreases normal bending fatigue strength. Filling of glass fiber is 
advantageous for testing under constant force, but disadvantageous for test- 
ing under constant deformation. Influence of molding conditions is appar- 
ent: a sample molded under optimum conditions is best with respect to 
bending fatigue strength. Specimens prepared by injection molding are su- 
perior to those prepared by machining from extruded sheet. 

Torsional Fatigue. Samples with high molecular weight with nonfiller 
and molded under optimum conditions are excellent with respect to torsional 
fatigue strength. Specimens prepared by machining are remarkably inferior 
to those prepared by injection molding. Such effects are not observed on 
static torsional properties. 

Impacting Fatigue. Samples with lower molecular weight have lower im- 
pacting fatigue strength. Polyethylene blending and imperfect drying of pel- 
lets have negative effects on impacting fatigue resistance. Filling with glass 
fiber is disadvantageous under higher load impacting. A specimen prepared 
by injection is superior to that prepared by machining. 

Cavitation Erosion. Samples with lower molecular weight have better re- 
sistance to sonic scission but have poor resistance to sonic erosion. Filling 
with glass fiber causes considerable damage by cavitation erosion. 

Solvent Cracking. In the case of nonloading, differences in various sam- 
ples are not remarkable, except for samples with glass fiber filling. Under 
static and dynamic loading conditions, samples with lower molecular weight 
molded under imperfect drying conditions and prepared by machining are in- 
ferior to standard samples. Filling with glass fiber and blending polyethyl- 
ene are advantageous for resistance to solvent cracking. 

By observing the influence of each factor mentioned above on durability of 
polycarbonate, the following conclusions can be reached. In regard to the ef- 
fect of average molecular weight, samples of higher MW are generally excel- 
lent in dynamic durability except for rotational bending fatigue and sonic 
degradation. In regard to the effect of fillers, blending polyethylene gives a 
lower brittleness and decreases dynamic durability except for impacting fa- 
tigue and solvent cracking. And filling of glass fiber is effective for increas- 
ing static strength and fatigue strength in test under constant force, but is 
disadvantageous for fatigue strength under constant deformation conditions 
because of higher brittleness. In regard to the effect of molding conditions, 
imperfect drying of pellets results in considerable lowering of durability, and 
molding at lower temperature is disadvantageous for dynamic durability 
though advantageous for some static properties. In regard to the effect of 
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methods of preparing specimens, specimens prepared by injection molding 
are generally superior in dynamic durability to those prepared by machining 
of extruded sheet, except for tensile strength and cavitation erosion in the 
case of polycarbonate. 

Conclusions derived from this study are applicable to selection of variable 
factors in engineering plastics, polycarbonate, and so on, for the purpose of 
dynamic uses. 
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