[image: image101.wmf]Operating conditions

Environmental 

factors

Lubrication factors

Mounting factors

Other factors

Overload

Overspeed

Excessive freq. of load/speed changes

Vibrations

Shaft / housing deflection

Temperature too high / low

dust and dirt ingress

Water ingress

Electrical leakage

Wrong viscosity

(Consistency) additives selection

Lack of lubricant

Excess of lubricant

Impurities

Incorrect handling (shock loads)

Mounting procedures

Fit too tight

Fit too loose

Tilting / misalignment

Incorrect setting

Incorrect locating (clamping)

Storage

Transportation (vibration / shock)

Bearing selection

Equipment design

Manufacturing concerns

Material concerns

Fatigue

Flaking, spalling, peeling

++

++

++

+

++

++

++

+

++

++

++

+

++

++

++

++

Burnishing, microcracks

++

++

++

++

++

++

+

++

++

++

++

++

+

++

++

++

+

++

Wear

Abrasive

Excessive wear

++

++

++

+

++

++

+

+

++

++

++

++

+

++

+

+

++

++

++

Scratches, scores

++

++

++

++

++

++

++

++

Adhesive

Seizing marks, smearing

++

++

+

++

++

++

++

++

+

+

++

+

++

++

++

++

Hot runners

++

++

+

+

++

++

++

++

++

+

++

+

++

++

++

++

++

++

Corrosion

Moisture corrosion

-

++

++

+

+

++

++

+

Fretting corrosion

++

++

++

+

++

+

++

++

+

++

++

False brinelling

+

++

+

+

+

++

+

Electrical erosion

Craters, fluting

++

++

Plastic deformation

Depressions

++

++

++

+

++

++

++

++

++

++

+

+

++

++

++

Debris indentation

++

++

++

++

++

++

Nicks, gouges

++

++

++

Fracture

Forced fracture

++

++

++

++

++

++

++

+

++

++

++

++

++

Fatigue fracture

++

++

+

+

++

+

+

+

+

++

++

++

++

Thermal cracking

++

++

+

++

+

+

+

+

++

+

+

++

Possible causes

Failure modes with

characteristics

BMR 607 - Chapter 4

[image: image102.png]


Root Cause Bearing Failure Analysis


Chapter 4 - ISO bearing damage classifications and terminology
Introduction
In this chapter we discuss the need for an ISO standard and explain the failure mode terminology and classifications. The ISO terminology is then related to the visual appearance of damage modes.
Chapter objectives
By the end of this session, you will be able to:
· Understand the importance of keeping failed bearing for analysis
· Understand the preparation required for analysis
· Explain the three main points the ISO classification modes are based upon
· Explain the six main areas the ISO classification has been divided into
· Understand how to interpret the bearing evidence to determine the failure mode
Failure mode classification – ISO 15243:2004

Rolling Bearings-Damage and failures-terms, characteristics and causes.

The classification is based on three main points:
1) Damage and changes in appearance during service. It means that damage prior to service is not classified in the ISO standard (service = as soon as the bearing leaves the factory).
2) Characteristic forms of change in appearance, which can be attributed to particular causes with a high degree of certainty (extreme, unlikely cases are therefore not classified).
3) The classification of visible features (also by microscope).
The ISO standard is available from http://www.iso.org
The ISO classification
The ISO classification system is divided in six main areas and then further divided into sub-areas.
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Figure.1 - The ISO Classification system

Going through the table, 15 categories in total can be observed in which the bearing damage can be classified. These categories will be covered one by one in this chapter, indicating the features and showing a number of typical examples. There are some other reasons for bearing damage, such as design problems etc. These are not classified in the ISO standard.
1.1
Subsurface fatigue
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In service, there are repeated stress changes in the bearing causing subsurface fatigue, this causes material structural changes, that leads micro-cracks under the surface which propagate and results in flaking, spalling, and peeling. This failure mode is therefore called subsurface initiated fatigue. 

Let us take the rotating inner ring of a radial bearing with standard radial load. As the ring rotates one particular point comes into the loaded zone, goes to a maximum load (stress), goes out of the loaded zone, until there is no more load. At every revolution there is a modulated stress. These stresses are made up of shear stresses and compressive and/or tensile stresses.  

Depending on the load, temperature and number of stress cycles over a period of time, there is a build-up of residual (compressive) stresses that will cause micro-structural changes, from a randomly ordered grain structure to a directionally ordered grain structure.
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Figure. 2 - Build-up of residual compressive stresses just beneath the surface.

The following pictures show an example of structural changes beneath the surface. There has been a transformation (decay) of retained austenite, first at 30° C (86° F), later at 80° C (176° F).
[image: image2.png]



Figure. 3 - Grain structure after 10 million revolutions
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Figure. 4 - Grain structure after 63 million revolutions
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Figure. 5 - Grain structure after 630 million revolutions

A bearing is damaged as soon as the first flaking occurs. It does not mean that the bearing cannot remain in operation. The flaking will gradually increase and give rise to noise and vibration in the machinery. The machine should be stopped and repaired before the bearing collapses. This period depends on the working conditions. In general, "late" fatigue failures happen in case of clear bearing steel, good lubrication, and good load distribution over the rollers and along the rolling element contact line.
Compare the following two pictures, the spalls are quite different from each other. Figure 6 shows a flat spall bottom, indicating subsurface fatigue. 
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Figure. 6 - Flat spall bottom, indicating "late" subsurface fatigue

Whereas the damage shown below has irregular crack propagation. This represents an early (premature) failure; due to oxides (not so clear steel) small particles are torn out, leaving an irregular surface.
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Figure. 7 - Irregular spall bottom, indicating "premature" spalling
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Figure. 8 - Bearing damage due to subsurface fatigue

The following is what happens to the outer ring of a roller bearing when it is seated in an out-of-round housing, resulting in excessive subsurface shear stresses. The mirror shows the two opposite parts of the raceway where ‘preload’ occurred.
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Figure. 9 - A subsurface fatigue failure as a result of an out of roundness housing

Subsurface fatigue can be initiated by subsurface cracking caused by overload conditions. The next example is from a slow speed, high load application. 
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Figure. 10 - A subsurface fatigue failure as a result of overload conditions

The below figure shows premature failures due to a mounting problem as root cause. An axial shock force loading damaged the inner ring at rolling element distance. Consequently over rolling will cause higher stresses at these points, which will lead to local fatigue at this points. If the process is not stopped, the whole circumference will show spalls and the original root cause will be difficult to determine.
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Figure. 11 - Subsurface fatigue developed from mounting damage

The next example of a spherical roller bearing damage, caused by edge loading, could be due to:
· Tapered housing bore causing all the load to be supported on one side of the bearing.
· Taper in the straight shaft seat, again causing all the load to be supported on one side of the bearing.
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Figure. 12  - Subsurface initiated fatigue caused by edge loading

[image: image12.jpg]



Figure. 13 - Surface initiated fatigue as a result of edge loading on a double row self aligning ball bearing
Figure 14 shows subsurface initiated fatigue caused by overload and misalignment. As the bearing spalled, debris from the spall was rolled over by the rolling elements and caused debris denting. 
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Figure. 14  Fatigue as a result of overload and misalignment

1.2
Surface initiated fatigue
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Surface initiated fatigue results from surface distress, often due to poor lubrication or contaminants. If the surface is damaged, lubrication is no longer optimal and will be reduced. This is also valid if lubricant supply or lubricant selection is wrong, the surfaces will no longer be separated. This in turn will give metal-to-metal contact, together with micro sliding in the contact surfaces.
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Figure. 15 - Surface initiated fatigue shown as a burnishing or glazing of the surface.

Micro-cracks can start at the asperities, followed by shallow micro spalls. In a further stage the appearance will be a dull surface.
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Figure. 16 Shallow micro spalls

The first indication of trouble is usually a fine roughening or waviness on the surface. The following pictures illustrate surface initiated fatigue over a period of time. In stages 1 and 2 it is possible to recognize surface distress. Fine roughening or waviness can be observed from inadequate lubrication. Later in stage 2, small cracks develop. It becomes difficult in stage 3 and is impossible to recognize surface distress in stage 4. Spalling develops over the entire surface. 
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Figure. 17 - Fine roughening or waviness from inadequate lubrication
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Figure. 18 - Small cracks develop
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Figure. 19  - Start of spalling (flaking) 
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Figure. 20  Spalling (flaking) occurs over the entire surface
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Figure. 21 - Progressive stages of surface initiated fatigue. Notice the small indentation from where the spalling developed

2.1. Abrasive wear


Abrasive wear stands for the progressive removal of material. In the running-in phase of a bearing, there will be some very light wear, mostly just showing a load path pattern. Wear predominately occurs due to inadequate lubrication and/or ingress of dirt particles, and is characterized by dull surfaces. However, it also could be that the wear particles will act as polishing material and surfaces might become extremely shiny, this is all dependent on the size of the particles, their hardness and in what phase the bearing has been stopped.
The quantity of abrasive particles gradually increases as material is worn away from the running surfaces and cage. The wear therefore becomes an accelerating process because wear particles will further reduce the lubricant’s possibilities and destroy the micro geometry of the bearing.

[image: image21.png]



Figure. 22 - Extreme example of abrasive wear.

Wear from inadequate lubrication can cause deep grooves to appear in the affected bearing. There are TWO wear bands on the bearing inner ring of Figure 22. The application most probably has a stationary inner ring with loose fit. One zone has been heavily worn; the ring must then have turned on its seating causing wear in the second zone.
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Figure. 23 - Wear on a deep groove ball bearing cage 
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Figure. 24 - Mirror-like surfaces due to wear

Sometimes mirror-like surfaces are combined with heavier wear. The question is: How can the surfaces wear down by up to one millimeter and still be mirror-like?

The explanation is that the surfaces have not been able to build up an oil film, despite the improvement in surface roughness produced by the first polishing action. The viscosity of the oil is too low and there are a lot of very small abrasive contaminant particles in the oil (lubricant). The bearing has therefore been subjected to continuous polishing wear.
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Figure. 25 - Shiny, worn-away surface

These micro-particles are always present in a lubricant, but not every bearing with a thin oil film becomes polished. Why?
It is presumed that there are additional factors influencing the start of the polishing wear process, e.g., a certain combination of low speed, heavy load and thin oil film. The best way to avoid this kind of abrasive polishing wear is to increase the oil film 
thickness.
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Figure. 26- Abrasive wear on one side of a spherical roller bearing outer ring 
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Figure. 27 - Worn-away surface

In figure 28, a photograph of a spherical roller bearing is shown. Note how one side wore down more then the other. Investigate the load distribution in the application to determine if there was excessive thrust load that contributed to the wear process.
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Figure. 28 - Bearing from rock quarry application

The above bearing is from a rock quarry. This bearing was returned with sand and rock dust through out the bearing and in the lubricant. There was extensive abrasive wear on all components, leading to an investigation of the sealing arrangement of the application.

2.2. Adhesive wear  (smearing)


Adhesive wear, just like most other lubrication-related damage, occurs between two mating surfaces. It is a material transfer from one surface to another with frictional heat, sometimes causing tempering or re-hardening of the surface. This produces localized stress concentrations with potential cracking or flaking of the contact areas
Smearing might occur on the surface of the rolling elements and in the raceways of roller bearings. It is caused by the rolling element rotation being retarded in the unloaded zone; when the rings do not drive the rolling elements. Consequently their speed of rotation is lower than when they are in the loaded zone. The rolling elements are therefore subjected to rapid (sudden) acceleration when they enter the loaded zone and the resultant sliding is so severe that it may produce smearing.
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Figure. 29 - Skid smearing in both raceways of a spherical roller bearing outer ring
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Figure. 30 - A cylindrical roller with end smearing caused by heavy axial loading and improper lubrication 

Due to improper installation of the bearing, often transverse smearing marks are made on the raceways of roller bearings. Misalignment and not rotating the bearing during assembly are the major root causes. The next pictures show various cases. 
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Figure. 31 - Transverse smearing marks
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Figure. 32 Flaking caused by the transverse smearing marks

[image: image32.png]



Figure. 33 - Transverse smearing marks due to improper mounting
Figure 34 shows three roller-spaced indentations that occurred during improper installation of the bearing. A closer look shows an area inside the damaged zone with axial smearing that developed when the rollers moved axially across the raceway. The smeared area is directional with the movement of the roller.


Figure. 34 - Indentations combined with smearing
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Figure. 35 - A cylindrical roller bearing with smear streaks in the inner ring raceway and on the rollers. The smearing has been caused by the roller assembly being entered askew without being rotated
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Figure. 36 - Outer ring raceway with smear streaks caused by a blow against the inner ring

It is evident that large bearings are quite sensitive to smearing, when the weight of the rolling element becomes greater. Today’s solution for large size bearings could be downsizing: it might give a longer service life!

Figure. 37 - Adhesive wear on the shaft bore

The four pictures in figure 37 are of the same inner ring of a ball bearing. It spun on the shaft causing heavy adhesive wear on the bore and distorting the raceway. As a result, the bearing attained temperature in excess of 5500C (10000F) changing the 
micro-structure of the steel affecting the heat treatment characteristics, thus making the steel softer. 

3.1. Moisture corrosion



Rust will form if water or corrosive agents reach the inside of the bearing in such quantities that the lubricant cannot provide adequate protection for the steel surfaces.  A thin protective oxide film is formed on clean steel whose surfaces are exposed to air. However, this film is not impenetrable and if water or corrosive elements make contact with the steel surfaces, patches of etching will form, soon leading to deep-seated rust.
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Figure. 38 - Stand still corrosion

This gives the appearance of grayish black streaks across the raceways, mostly coinciding with the rolling element distance.
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Figure. 39 - Water etching on the inner ring of a spherical roller bearing

Deep-seated rust is a great danger to bearings since it can initiate flaking and cracks. Acid liquids corrode the steel quickly, while alkaline solutions are less dangerous. The salts that are present in fresh water constitute, together with the water, an electrolyte, which causes galvanic corrosion.
Ineffective sealing can allow contaminants (water/corrosive liquids) to enter the bearing, and result in an corrosive attack. 
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Figure. 40 - An example of extensive corrosion on the outer race
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Figure. 41 - The bearing had been sitting in water for some time; the cage got completely rusted.                
The next pictures show a spherical roller bearing rolling element. One is magnified to show a closer view of the distress. It was water etched and developed into spalling. Note the black water etch mark running horizontally, the spall developed along the etch line when the bearing was put into operation.
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Figure. 42 - Flaking originating from deep seated rust on the roller of a spherical roller bearing
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Figure. 43 - Magnification of the damage shown in figure. 42
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Figure. 44 - Double etch pattern

Notice the double etch pattern in Figure 44. This bearing ran intermittingly and was water etched during the stationary periods. The water also reduced lubricant viscosity which caused cage and guide ring rub on the inner ring. 
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Figure. 45 - A single point of contact example of water etching.
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Figure. 46  - Deep seated rust in the outer ring of a cylindrical roller bearing

The bearing in Figure 47 has multiple roller spaced areas of water etching, leading us to believe it ran and stopped several times whilst contaminated with water. 

This extreme water etching happened whilst the bearing was in storage. This bearing was in a warehouse that caught on fire and triggered the sprinkler system to turn on. The water from the sprinklers soaked through the boxes and into the bearings. The stored bearing can not be used as they are, but might be candidates for rework.
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Figure. 47 - Extensive water etching

3.2.1. FRETTING CORROSION


Fretting corrosion occurs when there is a relative movement between a bearing ring and shaft or housing, due to the fit being too loose. The relative movement may cause small particles of material to become detached from the surface. These particles oxidize quickly when exposed to the oxygen in the atmosphere (or air trapped between the surfaces). 
As a result of the fretting corrosion, the bearing rings may not be evenly supported and this has a detrimental effect on the load distribution in the bearing. Corroded areas also act as fracture notches.  Areas of rust on the outside surface of the outer ring or in the bore of the inner ring. The raceway path pattern could be heavily marked at corresponding positions. Fretting corrosion (black) is mostly covered by moisture corrosion (reddish/brownish). This can also originate from secondary damage – due to heavy flaking of the raceway. 

[image: image45.wmf] 


Figure. 48 - Fretting corrosion of an inner bore
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Figure. 49 - Fretting corrosion due to imperfect machining of the shaft 
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Figure. 50 - Fretting corrosion on the outer ring
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Figure. 51 - Fretting corrosion on inner bore

Figures 50 and 51 show the development of fretting corrosion due to poor shaft and housing fit conditions. The shaft and housing did not make contact with the bearing, so the bearing was not supported properly under load. 

Note: SKF recommends a minimum of 80% contact between the bearing and mating surface at all times. Anything less will eventually lead to the damage shown.
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Figure. 52 - Fretting corrosion led to spalling on the raceway

In the above photograph, the lower half of the picture is the bearing and the upper half is a mirror image to illustrate the damage on both sides of the ring. Heavy fretting on the bearing outside diameter can lead to spalling on the raceway. 
The unsupported area in the housing led to fretting on the bearing's outside diameter. This in turn led to flexing of the ring, causing subsurface damage. The internal micro cracks eventually worked their way to the surface, resulting in spalling on the raceway. 
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Figure. 53 - Ring fracture due to fretting corrosion

In time, improper contact will result in advanced fretting corrosion and cracking,  as shown on the outer ring, above.

3.2.2. False brinelling


False brinelling occurs in rolling element raceway contact areas due to micro-movements and/or resilience of the elastic contact under cyclic vibrations.
Depending on the intensity of the vibrations, the lubrication condition and load, a combination of corrosion and wear occurs, forming shallow depressions in the raceway.
In a stationary bearing the depressions appear at rolling element pitch and can often be discolored (reddish) or shiny (sphered cavities in ball bearings, lines in roller bearings).  In a rotating bearing the depressions appear as “flutes” (also called wash boarding in the case of roller bearings).
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Figure. 54 - Outer ring of a self-aligning ball bearing damaged by vibration

False brinelling can also be defined as fretting corrosion between the rolling elements and raceways. Often it is possible to see rust at the bottom of the depressions. This is caused by oxidation of the detached particles, which have a large area relative to their volume, as a result of exposure to air.
There is usually much less damage to the rolling elements. The greater the energy of vibration, the more severe the damage.
The period of time and the magnitude of the bearing internal clearance also influence developments, but the frequency of the vibrations does not appear to have any  significant effect.
Roller bearings seem more susceptible to this type of damage than ball bearings; this is, however, probably more related to the application and its conditions. Roller bearings have proved to be more susceptible to this type of damage than ball bearings. This is considered to be because the balls can roll in every direction.
Rollers on the other hand, only roll in one direction; movement in the other direction takes the form of sliding
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Figure. 55 - Flutes due to vibration

The cylindrical roller bearing (outer ring) in Figure 55, was subjected to vibration while the shaft was stationary. Several “flutes” at rolling element distance can be observed, caused by repeated stop and starts.
The color of the false brinelling is red-brown (corrosion); this is typical for grease- lubricated bearings, while very shiny mirror-like depressions appear with oil lubrication.
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Figure. 56 - False brinelling damage

In figure 56, this is a spherical roller bearing using asymmetrical rollers, which is evident by the contact surfaces of the damage. The bearing was subjected to vibration while stationary, but ran intermittently between stationary periods. Note the multiple roller spacing areas of the false brinelling. 
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Figure.57 - Outer ring of a taper roller bearing damaged by vibration during operation

The cylindrical outer ring raceway of figure 57 has a washboard wear pattern that was developed when the bearing was operated with heavy vibration through the equipment.  The washboard pattern will have a frosty gray / matt appearance and will have random lengths of worn areas.
4.1. Excessive voltage

When an electric current passes through a bearing, i.e. proceeds from one ring to the other via the rolling elements, damage will occur. At the contact surfaces the process is similar to electric arc welding (high current density over a small contact surface).
The material is heated to temperatures so that the metal will be tempered, re-hardened or even melted. This leads to the appearance of discolored areas, varying in size, where the material has been tempered, re-hardened or melted. Small craters also form where the material has melted.
Evidence of electrical arcing can include: Craters in raceways and rollers. zigzag burns in ball bearing raceways; and localized burns in raceways and on rolling elements. 

Examples of excessive voltage could be lighting strikes, welding through the bearing and short circuits.
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Figure. 58 - Example of electrical voltage tracking through a rolling element 
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Figure. 59 - Enlargement of pit

This enlargement clearly shows the size of the damage and the melted material. The halo or circular area around the distress was heated to a high temperature and when it cooled, it became harder than the rest of the bearing (tempered). The inner section cooled slower and is much softer than the rest of the bearing.
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Figure. 60 - Inner ring damage

Figures 60 is the inner ring and Figure 61 is the rolling element of the same bearing. The bearing was stationary when a high amperage electrical discharge went through the components. This could have been the result of welding through the bearing (grounding on one side and welding on the other side) or a lightening strike. 
The dark area inside the damage point was liquefied and then cooled slowly, changing the heat treatment and so the steel became soft. The light area on the outside of the damage cooled quickly and changed the heat treatment to become harder than it is supposed to be. The bearing steel should be 58 to 60 Rockwell C. The inner damage is much softer than that and the outer damage is much harder. This can be tested on a micro-hardness tester.
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Figure.  61 - Damage to the roller

4.2. Current leakage


Both alternating and direct currents can cause damage to bearings. Even low amperage currents are dangerous.
Non-rotating bearings are much more resistant to electric current than rotating bearings. The extent of damage depends on a number of factors: current intensity, duration, bearing load, speed and lubricant.
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Figure. 62 - Showing flutes on raceways and rolling elements. 
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Figure. 63 - Higher magnification of fluting

Typical appearance: flutes on the raceways and rolling elements, at higher magnification often with small craters can be seen. The flutes will also be dark gray discolored. Watch also the grease. In the very beginning of this failure mode, the grease will be carbonized, eventually leading to surface distress, flaking and even seizure.
Figures 64, 65 and 66, show a very nice example of damage from current leakage (cylindrical roller bearing). The grease has blackened in figure 64. Signs are to be found on both the raceways and rollers (figures 65 and 66). Under the microscope one can observe a number of small craters on the surface.
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Figure. 64 - Carbonizing of the grease
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Figure. 65  - Fluting on the inner raceway
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Figure. 66 - Damage to the roller
[image: image64.jpg]



Figure. 67 - Magnified view of a single electrical discharge

Magnified view of an individual pit caused by a single low amperage electrical discharge through the bearing. The multiple electrical pits are caused by a series of low amperage electrical discharges through the bearing. They are starting to align and if left to continue, would result in electrical fluting.
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Figure. 68 - Magnified view of a multiple electrical discharge
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Figure. 69 - Electrical fluting on one side of a spherical roller bearing outer ring

Note: The distress is uniform in length and width. There is a pattern of alternating light and dark areas, the dark areas indicating heat discoloration.
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Figure. 70 - Fluting in the outer ring of a self aligning ball bearing. 

Advanced fluting is indicated by the wider areas of heat discoloration. Also note that the bands are wider in the load zone. 
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Figure. 71 - Zigzag patterns of fluting

Look closely at the center of the image in figure 71 and note the zigzag pattern to the fluting. The electrical current caused the balls to move side to side as they went through the load zone.
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Figure. 72 - Electrical fluting that has advanced into surface initiated spalling on both raceways. 

5.1. Overload
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Figure. 73 - shows plastic deformation, caused by static or shock loads

Figures 74 shows the typical root cause of improper mounting (force over the rolling elements). Raceways and rolling elements may become dented if the mounting pressure is applied to the wrong ring, so that it passes through the rolling elements, or if the bearing is subjected to abnormal loading while not running. The distance between the dents is the same as the rolling element spacing.
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Figure. 74 - Improper mounting
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Figure. 75 - Spalling caused by impact damage during handling or mounting. 


Figure. 76 -  Spalling on a deep grove ball bearing, caused by shocks during installation. It only ran for a few hours.

The photographs in Figures 77 and 78, show the results of improper handling. A roller in a double row cylindrical roller bearing has suffered an impact.
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Figure. 77 -A periphery camera view of the roller shows two diametrically opposed indentations. 
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Figure. 78 - The roller has, in turn, dented the inner ring raceway.

5.2. Indentation from debris



[image: image75.wmf]
Figure. 79  - Indentation by particle, followed by surface initiated spalling

The pressure between a rolling element and raceway can reach as high as 2750 megapascals (400,000PSI). Anything caught here can and will damage the bearing.
Foreign particles (contaminants) that have entered the bearing will cause indentations when pressed into the raceways by the rolling elements. The particles producing the indentations need not be hard. Even thin pieces of paper and thread from cotton waste can become harmful.
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Figure. 80 -Indentations of soft foreign particles (shallow dents) with raised edges
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Figure. 81 - Hard mineral particles result in many sharp dents
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Figure. 82 - Many indentations
In some industries such as papermaking and metallurgy, it is difficult to have adequate sealing and to keep contaminants out. The consequence is early bearing damage and failure (flaking) due to the high stresses at the dents in the raceways. The picture in Figure. 82 of a large spherical roller bearing ring is a good example.
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Figure. 83 - Indentation being over-rolled from bottom to top 

The V-shape is a typical sign of indentation damage. Initial flaking opens up towards the back in a V-shape. 
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Figure. 84 - Polished with debris contaminated lubricant

This is a good example of the need for root cause analysis. The bearing failure started with debris contamination that should have left a frosty gray appearance, however this ring is highly polished indicating ineffective lubrication. The debris, mixed with the lubricant, acted upon the ring surface like a polishing compound. 
5.3. Indentation by handling




Handling is often critical, be it during manufacturing, transport, stocking or mounting. Bad handling is characterized by localized overloading and creates ‘nicks’ caused by hard and sharp objects, mostly on the rolling elements!
Note: To avoid transport damage, the loose rings of larger cylindrical roller bearings are packed separately. Prior to being used in assembling, balls and rollers are individually protected.
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Figure. 85 - In service, this bearing will soon be noisy because of the nicks
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Figure. 86 - Washer of a thrust bearing subject to overloading while not running.  The indentations are narrow and radially aligned, not sphered as in radial ball bearings.
6.1. Forced fracture



Forced fracture is caused by stress concentration in excess of the material's tensile strength due to local overloading. The most common cause is an impact when the bearings are being mounted or dismounted. Hammer blows applied to a chisel directly against the ring may cause the formation of fine cracks, with the result that pieces of the ring break off when the bearing is put into service.
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Figure. 87 - A cracked inner ring of a spherical roller bearing.

During operation the machine was stopped and one roller taken out to inspect the bearing raceway condition (lower row). The roller was then “hammered” back into position, which caused part of the inner ring flange to break away. The impact was transmitted via a roller in the other row and part of the outer flange also broke off. At the same time the ring has cracked right through.   
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Figure. 88 - Cylindrical roller bearing outer ring that cracked during mounting. 

Note the roller-spaced brinelling marks, a result of forcing the outer ring over the roller assembly that caused the stress fracture.
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Figure. 89 -Inner ring of a spherical roller bearing that has forced fractures on the side flanges 

This is a result of hammering the bearing on. The hammer impacted the inner ring and the resultant force caused the roller to fracture the side flanges.

Figure. 90 - Fractured side flanges

6.2. Fatigue fracture

· Exceeding fatigue strength under bending
· Crack initiation / propagation
· Finally forced fracture
· Rings and cages
Fatigue fracture starts when the fatigue strength of the bearing metal is exceeded from bending. A crack is initiated, which will then propagate. Finally, the whole ring or cage will crack. This happens most often with cam followers and Sendzimir back-up rollers, where the outer ring is not supported in a housing, resulting in ring deflection.
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Figure. 91 - cross section through a bearing outer raceway
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Figure. 92 - Example of a cracked outer ring from fatigue fracture of a spherical roller bearing. The bearing was mounted in a badly supported housing
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Figure. 93 - Cage fracture

This cage in Figure 93 came out of a gearbox on a tug-boat.  The gearbox is subjected to constant forward and reverse motion, which caused stress on the cage prongs causing them to break off.
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Figure. 94 - Magnified view of the cage shown above

Note cage pockets and the broken-off section of the cage prong. The dark area indicates the initiation points of the fracture. 
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Figure. 95 -Cracked inner ring due to excessive fretting corrosion

The shaft was undersized and did not support the bearing resulting in the fretting corrosion, this in turn lead to a fatigue fracture at the unsupported area.

The fracture in Figure 94 follows the points of heaviest fretting, in this case causing the ring to fracture circumferentially.
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Figure. 96 - A fatigue fracture caused by excessive fretting and an undersize housing bore. 

Figures 97-99 are of the same fracture. Follow the ripples in the fracture back to the point of origin. Like a stone thrown into a pond, the ripples will take you back to the point of initiation.

[image: image92.wmf] 


Figure. 97 - Fractured ring
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Figure. 98 - Follow the ripples
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Figure. 99 - The arrow shows the fatigue initiating point

6.3. Thermal cracking
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Figure. 100 - Cracks due to sliding motion
On the above bearing, the side face moved in relation to the shaft shoulder resulting in two surfaces sliding against each other and developed friction heat. If the sliding is severe, the heat development causes cracks, generally at right angles to the sliding direction.
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Figure. 101 - Sliding movement of the side face resulting in smearing

A typical example is a rotating inner ring, fitted with a loose fit and subjected to axial load. Due to creep, there will be sliding movement of the side face of the bearing against the abutment shoulder on the shaft (or, eventually, spacer). The friction will generate heat, resulting in smearing and eventually cracking of the ring. The smearing will be directional, that is, opposite the direction of rotation.
Four row taper roller bearings in rolling mills usually need to be mounted with a loose fit owing to the need for quick dismounting/mounting. To avoid cracking, inner rings are ‘case-hardened’, also the abutment shaft shoulder or spacer are hardened.
In figure 102, the spherical roller bearing inner ring that has cracked right across following smearing of one face. The ring has been mounted to about a spacer that has not had a sufficiently tight fit on the shaft. Consequently the spacer has rotated relative to the shaft and the bearing ring. 
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Figure. 102 - Typical thermal crack due to sliding movement
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Figure. 103 - A magnified view of the smeared face of a cylindrical roller bearing inner ring. Note the directional smearing along the cracking

The magnification image in Figure 104 shows the surface cracks running perpendicular to the directional smearing.
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Figure. 104 - A Further magnified image of the smearing damage on the face of the cylindrical roller bearing inner ring 

ISO Classification - Possible causes


There is a link between symptoms and causes. The following table might be of help when analyzing bearing failures. Also, there are other types of damage than the ISO ones, such as manufacturing defects,
Last word

Remember: Bearing damage analysis can only be done when the machine is stopped in time, before the damage is so bad that you will not be able to determine what initiated its ultimate failure like the following bearing.
Which brings us back to the introduction.
A large number of factors do influence bearing life.
SKF manufactures the highest quality products. It is up to the user to get the maximum life out of these products and, if things go wrong, to stop in time so that a worthwhile examination can be made and the necessary steps taken for repair.
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Figure. 105 - Melted hot runner
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								Operating conditions										Environmental factors								Lubrication factors										Mounting factors														Other factors

								Overload		Overspeed		Excessive freq. of load/speed changes		Vibrations		Shaft / housing deflection		Temperature too high / low		dust and dirt ingress		Water ingress		Electrical leakage		Wrong viscosity		(Consistency) additives selection		Lack of lubricant		Excess of lubricant		Impurities		Incorrect handling (shock loads)		Mounting procedures		Fit too tight		Fit too loose		Tilting / misalignment		Incorrect setting		Incorrect locating (clamping)		Storage		Transportation (vibration / shock)		Bearing selection		Equipment design		Manufacturing concerns		Material concerns

		Fatigue				Flaking, spalling, peeling		++								++		++								+		++		++						++		+		++				++		++						+		++		++		++		++

						Burnishing, microcracks				++		++		++				++		++		++		+		++		++		++		++		++				+								++				++				++		+				++

		Wear		Abrasive		Excessive wear				++		++		++		+		++		++		+		+		++		++		++				++						+		++		+		+		++						++						++

						Scratches, scores				++		++								++								++						++		++		++														++

				Adhesive		Seizing marks, smearing		++				++				+		++								++		++		++		++						+		+		++		+										++		++		++		++

						Hot runners		++		++		+				+		++								++		++		++		++						+		++				+		++		++						++		++		++		++

		Corrosion				Moisture corrosion												-				++						++						+				+												++		++				+

						Fretting corrosion		++				++		++		+																										++		+		++		++						+		++		++

						False brinelling						+		++														+														+								+		++		+

		Electrical erosion				Craters, fluting																		++																																++

		Plastic deformation				Depressions		++								++		++														+				++		++		++				++		++		++		+		+		++		++				++

						Debris indentation														++														++		++		++																		++		++

						Nicks, gouges																														++		++																				++

		Fracture				Forced fracture		++		++								++																		++		++		++				++		+		++						++		++		++		++

						Fatigue fracture		++		++		+		+		++																										+		+		+		+						++		++		++		++

						Thermal cracking		++		++		+						++								+				+		+						+		++						+										+				++
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