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Abstract. Radial ball bearings made of metal, ceramics and plastics  are commonly used as 

important components in various types of industrial machinery. Due to the latest markets demands 

for elements capable of withstanding e.g. corrosive environment, metallic bearings are being 

gradually replaced by components produced from high performance engineering plastic polymers. In 

order to investigate the failure mechanism of polymer bearings and further improve their performance 

in practical applications in an underwater environment, in this research crack propagation in 

Poly-ether-ether-ketone (PEEK) was studied by rolling contact fatigue (RCF) testing under water. 

Crack propagation in the inner ring raceway surface and subsurface areas of PEEK bearings after 

testing was observed by a laser confocal microscope. Cracks and flaking failure were found on the 

bearing raceway surface. From the RCF tests results, it was found that the detected cracks could be 

divided into three groups: Main Surface Cracks, Semi-circular Cracks and Main Subsurface Cracks. It 

is concluded that flaking occurs on the inner ring raceway due to the fusion of semi-circular cracks 

and a main subsurface crack. 

Introduction 

   Radial ball bearings made of high carbon bearing steels, carburized steels, ceramics and plastics are 

commonly used as important components in various types of industrial machinery. Due to the latest 

markets demands for corrosion resistant water pump parts, food processing machines  and easily 

maintainable, highly accurate medical equipment parts, metallic bearings are being gradually 

replaced by components produced from high performance engineering plastic polymers. 

Poly-ether-ether-ketone (PEEK) is one of the most promising materials for precision-machined 

custom bearings or gears. Due to its high corrosion resistance, self-lubrication ability, low specific 

gravity, high impact durability, glass transition temperature of 143˚C and high melting temperature of 

340˚C, PEEK is superior to other polymers. While the basic research on PEEK’s fatigue cracking or 

plastic tribology is extensive, only few studies have been conducted in the field of its practical 

application, such as e.g. bearing work [1-6]. Latest studies on PEEK mechanical properties as well as 

PEEK composite performance have investigated the mechanism of cracking, fracture and wear 

occurring in the material. It was found that fatigue crack growth speed increases along with the level 

of loading, temperature and it is also related to the stress ratio (i.e. frequency) or stress range [7-8]. In 

their case study on functional parts for industrial application, Yamada et al. stated that in a seizure test 

of a PEEK pump thrust, plastic flow occurred due to heat generated through friction [9-10]. Dearn et 
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al. reported that the location of the maximum shear stress depends on the friction condition and is 

related with the fracture of PEEK polymer gears [11]. To ensure high quality production, various 

industrial components are required to provide high accuracy operation.  As flaking and gaps on the 

bearing elements created through wear affect the shaft concentricity, they lead to malfunctions (i.e. 

vibration, noise or position errors). Researching friction between PEEK and metal parts under water, 

Seto et al [12] stated that in a sliding wear test, significant wear occurred due to high contact pressure 

between an chromium molybdenum steel ring and a PEEK board. Yamamoto et al [13] studied 

friction and wear of water lubricated PEEK in contact with Cr–Mo steel disks and concluded that 

friction and wear resistances of PEEK were considerably improved under mixed and 

hydrodynamically lubricated conditions by adding glass or carbon fibers to the polymer. From our 

previous research, it was found that in case of PEEK-alumina balls bearings working under water 

cracking and flaking within the PEEK bearing inner ring raceway were a dominant cause of failure 

rather than the volume loss due to sliding wear [14]. This fact indicates that contact stress distribution 

and friction conditions under water are correlated with the surface shape. 

In their recent study of crack propagation in bearings, Kida et al. reported that during rolling contact 

fatigue tests conducted on ceramic thrust bearings, initial surface cracking occurred on the bearing 

race surface. Subsequently, subsurface cracks stemmed from the surface cracks and propagated along 

the raceway direction [15]. Moreover, they observed that the semi-circular cracks that propagated 

from the raceway into the subsurface fused with a subsurface crack, causing failure.  It is known that 

in widely used bearing using steels, such as AISI 52100, fatigue cracks initiate at non-metallic 

inclusions in the subsurface area due to high stress concentration around the inclusions. Also various 

irregularities on the material’s surface, e.g. dents or scratches are common crack initiation sites [16].  

In polymers, the stress concentration points or the maximum shear stress depth from bearing raceway 

surface is different than in metals. PEEK is semi-crystalline polymer, containing polyamide 

molecules. Saib et al. established that an increased degree of crystallinity or higher molecular density 

of PEEK strongly affects fatigue striations [7]. Hence, the mechanism of fatigue crack propagation in 

PEEK has not been clearly explained as of yet. 

 In the present work, further exploring PEEK’s performance capabilities and its possible practical 

applications were focused on. The tested radial bearings were manufactured by Lathe machining 

and RCF tests under water were performed in order to establish material’s characteristics in terms 

of flaking, cracking and occurring bearing defects. Cracks found in the tested specimens were 

investigated by laser confocal microscopy. From the RCF test results, it was found that under 

182-284 N radial loads subsurface cracks occurred within approximately 600 µm from raceway 

surface and propagated along the bearing rolling direction. Depending on their initiation position, the 

detected cracks were categorized three groups: main surface cracks, semi-circular cracks and main 

subsurface cracks. It is concluded that flaking observed on the PEEK bearing inner ring raceway was 

due to the fusion of semi-circular cracks that propagated from the raceway surface and a main 

subsurface crack. 

Experimental Procedure 

PEEK Bearing Samples.   RCF tests were performed on 9-ball, single raceway radial bearings. The 

bearings’ inner and outer parts as well as the retainers were machined from a PEEK shaft (Figs. 1a and 

1b). The grade 450G PEEK™ was acquired from VICTREX®. Alumina balls acquired from 

Industrial Tectonics Inc were used in the retainers. The dimensions of each part are shown in Table 1. 

The total weight of a specimen was approximately 32 g. Fig. 1c shows a close-up on the microgrooves 

present on the inner ring raceway prior to testing, made by machine cutting at feed rate 0.12 

mm/revolution and rotational speed 800 rpm. The average roughness of the microgrooves was 0.941 

µm. In order to facilitate the investigation of the subsurface crack propagation, artificial defects: holes 

of 200 µm diameter and 100 µm depth were drilled in the raceway of the inner ring (Fig. 1d). 
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Rolling Contact Fatigue.   A rolling contact fatigue testing device for radial bearings was developed 

for this study (Fig. 2). It comprises a weight suspended on an arm, at the opposite side of the tested 

sample. The outer part of the bearing is set in a SUS fixture with the radial load directed upwards. The 

inner part of the bearing is placed on a 17 mm diameter SUS shaft. The temperature of the water 

circulating in the tank was approximately 20 ºC. The RCF testing was performed at loads ranging 

from 186 N to 284 N, at 1000 rpm rotational speed. The sample with the artificial defects was tested at 

260 N radial load. Raceway surface profiles were measured and crack propagation in each tested 

sample was observed by laser confocal microscopy (LCM). RCF tests were continued until 1.0×10
6
 

cycles or flaking initiation. After testing, fatigue cracks and flaking on the bearings’ inner ring 

raceways were observed. The raceway roughness profiles were measured by LCM (ISO4287:1997) 

with cutoff values of λs 2.50 µm and λc 0.08 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Experimental Results and Discussion 

Rolling Contact Fatigue.   Fig. 3 shows the inner ring raceway at loads of 186 N and 284 N tested 

under water-lubricated conditions. Throughout the tests, the alumina balls flatted the initial 

microgrooves on the raceway surface. The microgrooves in bearings tested at 284 N remained more 

pronounced than in specimens tested at 186 N. It is concluded that plastic deformation occurred due to 

high contact pressure. Samples tested under 186 N load reached 1.0×10
6
cycles with no cracking (Fig. 

3a), while in samples tested under 284 N load, a significant amount of microcracks could be observed 

on the raceway at 4.3×10
5
cycles. The microcracks, categorized as initial semi-circular cracks, 

occurred perpendicularly to the bearing's rolling direction (Fig. 3b). Fig. 4a shows the inner ring 

raceway of a sample tested under 284 N load, at 5.8×10
5
 cycles. Both the flaking and a main surface 

crack are along the rolling direction. From the main surface crack many short cracks (semi-circular 

  

Name Material Diameter   Weight

External:

52mm

Internal:

25mm

Diameter:

7.1mm

ED:43.8mm

ID:34.6mm

10.74g

7.67g

0.75g×9pcs

6.84gRetainer PEEK

Ball Alumina

Outer ring PEEK

Inner ring PEEK

 

(a) (b) 

  

①①①① 

②②②② 

③③③③ 

④④④④ 15mm 

 

  

Fig. 1 (a) PEEK bearing sample: 

①outer ring, ② inner ring, 

   ③ alumina ball, ④ retainer.  

(b) Bearing’s inner ring prior to test;  

(c) Raceway - close up on the area marked 

by a black rectangle in Fig.1(b);  

(d) Artificially introduced defect. 

Fig. 2 RCF test machine scheme. 

 (c) 

Raceway 

100um 

mm  

100um 

mm  

 (d) 

 

Tab. 1 PEEK bearing sample – dimensions. 
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cracks) that propagated into the axial direction (Fig. 4b) can be observed. A section of raceway with a 

clear flaking is shown in Fig. 4c. Both semi-circular cracks that propagated from the surface and 

subsurface cracks were found. This indicates that the flaking occurred as a result of crack fusion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Inner raceway tested under 284 N, at 5.8×10
5 

cycles: (a) main and semi-circular cracks present 

in the flaking area, (b) flaking close up, (c) section between two points “A”, indicated in 4(a). 

 

Cracks Propagating From The Artificial Defect.   RCF test under radial load 260 N and at 1000 

rpm was performed on the sample with artificially introduced defects on the inner ring raceway. Fig. 

5a shows the defect at 2.8 ×10
5
 cycles. Figs. 5b and 5c are the cross sections of the specimen cut along 

lines B and C, as indicated in Fig. 5a. The cracks found within the investigated area could be divided 

into three groups: (1) main surface cracks, (2) semi-circular cracks and (3) main subsurface cracks. 

The semi-circular cracks and the main subsurface crack were found to connect at some point. The 

semi-circular cracks did not propagate any further once fused with the main subsurface crack. The 

main subsurface crack propagated in the bearing rolling direction along a curve, towards the surface. 

Fig. 6 shows two illustrations of the crack initiation and propagation mechanism. The main 

subsurface cracks propagated from the artificial defects due to shear stress occurring in the PEEK 

subsurface under the alumina ball pressure (Fig. 6a), while the semi-circular cracks grew from the 
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Fig. 3 Inner raceway and roughness 

profiles:  

(a) at 1.0×10
6 

cycles under 186 N 

 load, Ra=0.122 µm, 

(b) at 4.3×10
5 

cycles under 284 N 

       load, Ra=0.154 µm.  

Initial semi-circular cracks can 

be seen within the dashed circle. 
 

 

Axial direction 
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raceway surface caused by the tensile stress (Fig. 6b). It is concluded that the flaking mechanism in 

PEEK radial bearing is as follows: the semi-circular cracks propagate into the subsurface at 

approximately 45-90 degrees and fuse with the main subsurface main crack. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Inner raceway in the artificial defect area: (a) cracks detected around the defect, 

(b) cross section along the B line, (c) cross section along the C line. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Crack initiation and propagation mechanism illustration: 

(a) for main subsurface cracks, (b) for semi-circular cracks. 
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Conclusions 

1) In PEEK-alumina balls radial bearings tested under water-lubricated conditions under 284 N high 

radial load, flaking and cracking of the inner ring raceway occurred, while no wear due to high 

contact pressure could be observed.  

2)  The main surface and subsurface cracks propagate along the bearing rolling direction. 

3)  The semi-circular cracks initiate on the raceway surface and propagate in the axial direction into 

the subsurface. Flaking occurs due to crack fusion. 
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