The Four Stages of Bearing Failures
Within the vibration community, it is commonly accepted to describe a spalling process in a bearing
in four stages; from the first microscopic sign to a severely damaged bearing. Some divide the
process into more stages than four and with finer increments, but the process is still the same.

Figure 1. Bearing failure process in four stages.

The process starts slowly; the time spent in Stages 1 and 2 is relatively long compared to the time
for Stage 3 and especially Stage 4. The damage process speed accelerates in the later stages.
Imagine a bearing carrying a heavy load; the surfaces in the load zones of the bearing must handle
an enormous stress over a long time. The pressure in the contact line between rollers and the outer
or inner race in a roller bearing, or the contact point in a ball bearing, is very high. The bearings are
designed to handle this amount of stress, but even in new, good quality bearings there are surface
imperfections, for example microscopic cracks. The enormous pressure generated when the rolling

elements pass these imperfections, pressing down the lubricant medium, can sometimes widen
these microscopic cracks. When the rollers in a rolling element bearing pass these points, there are
loading/unloading forces acting on these crack areas, and the friction between the metal parts (or
microscopic surface contacts between parts in the crack area) emits elastic waves. This is typical
stage 1 and 2 behaviors.

Figure 2. Typical early bearing failure behavior in Stages 1 and 2 for a crack in which
microscopic parts rub against each other. When the bearing passes a crack, the loading
and unloading forces create friction between microscopic metal parts, which in turn
emits elastic waves. This process causes the crack to grow.

In Stages 3 and 4, there are more collisions between the rolling elements and the corners of the
loose parts. In Stage 4, the rolling elements do not create very many elastic waves anymore; it is
more like a movement of mass when the rollers fall into the pits from older, worn down spalls.
To summarize the emission of elastic waves in the different stages of bearing failure: in Stages 1
and 2, the elastic waves are mainly created by the loading/unloading forces occurring in areas with
microscopic cracks. The source of the waves is the microscopic collisions from metal parts created
by shear forces. In Stage 3, there are more actual collisions between the rolling elements and loose
parts or corners in a fresh spall. In Stage 4, the elastic waves decrease in strength while the pure
vibration signal increases when the rolling elements follow the profile of the damages.
There could be other reasons for bearing failure, for example contamination of the lubricant
medium, small contaminant particles stick to the bearing surface causing emission of strong elastic
waves. Another potential cause of bearing failure is fluting, electric discharge creating a
characteristic undulated pattern on the bearing surface. In such cases, no elastic waves are
emitted, damages can only be seen in velocity readings.

Basic Physical Principles
Elastic Waves/Compression Waves
When two metal objects collide, e.g. a roller in a rolling element bearing hitting the corner of a
crack in the raceway, or when friction arises because of metal parts being subjected to a shear
force, elastic waves (or compression waves) are generated. These waves travels with a speed of
typically 6 000 m/s (20 000 feet/s) in steel. The speed of sound in air is 340 m/s (1 100 feet/s), 18
times slower than the waves in steel. These elastic waves normally have a very low energy level
compared to the low frequency signals originating from unbalance, misalignment, belt problems
and gear mesh. The elastic waves follow the machine structure and are dampened by material
interfaces.
By comparison, a ‘normal’ low frequency vibration signal is more a movement of mass and is
significantly directional, while the elastic waves can ‘propagate around corners’ (i.e. pick up sounds
from a very wide area). The elastic waves can be seen as ‘ripples’ in the material. In most real-world
machines, both low frequency signals and elastic waves occur in combination.

Figure 3. Omnidirectional elastic waves are created as a result of an impact.

A closer study of these elastic waves reveal that they are transient signals with a short rise and fall
time, hence containing energy in a very broad range of frequencies, well above 40 kHz.

Momentary Energy Distribution
Imagine a vibration transducer mounted close to the load zone of a bearing (Figure 4). Also imagine
that when a rolling element passes a specific position on the outer race, a spectrum analysis is
performed of the transducer output signal. The time frame on which the spectrum analysis is based
is very short, catching only the exact moment when one rolling element passes the specific position.

Figure 4. Vibration transducer mounted close to the load zone of a bearing.

In a healthy bearing, the signal is normally dominated completely by low frequency signals, such as
unbalance, belt vibrations, misalignment and similar sources. Usually, there is also an extremely
weak signal originating from the material interface between the rolling elements and the outer race.
The small (microscopic) surface irregularities collide and emit weak elastic waves. These elastic
waves are several magnitudes weaker than the low frequency signals. Since these elastic waves are
very ‘sharp’ (have short rise and fall time), they also contain energy in the high end of the frequency
spectrum. One can say that it is like a ‘mechanical noise floor’ in the spectrum.

Figure 5 below illustrates a ‘snapshot’ of a spectrum when a rolling element passes close to a
vibration transducer in a healthy bearing. The pattern is normally dominated completely by low
frequency signals (unbalance, misalignment and similar sources denoted 1X, 2X). A very weak broad
band ‘mechanical noise floor’ is illustrated in red. The ‘mechanical noise floor’ is lubrication
dependent.

Figure 5. A snapshot of a spectrum when a rolling element passes close to a vibration
transducer. In a healthy bearing, the ‘mechanical noise floor’ is very weak.

In a Stage 1 bearing damage, when one or more microscopic cracks are widened the loading and
unloading process - when the rolling element passes the area with microscopic cracks - creates
elastic waves. The waves originate mainly from small surface collisions when the metallic parts are
moving relative to each other (see Figure 3). The energy content of these elastic waves is still very
low in Stage 1, but measurable. The signal pattern still is completely dominated by the low
frequency energy from unbalance and similar sources (denoted 1X, 2X), see Figure 6.

Figure 6. The ‘mechanical noise floor’ has increased in Stage 1, and the signal pattern
is still dominated by low frequency signals.

In a Stage 2 bearing damage, the microscopic cracks have formed a crack network. The
loading/unloading process creates stronger elastic waves because there are now more semi-loose
parts under the surface and the relative movement is greater. The ‘mechanical noise floor’ has
grown in the spectrum but is still weak. At this stage, the waves are strong enough to trigger the
natural frequencies of the bearing assembly. The bearing natural frequencies depend on the
dimensions of the bearing and how it is mounted. Typically, the natural frequencies can be found in
the 2-6 KHz range.

Figure 7. In Stage 2, the natural frequency of the bearing starts to show. The low
frequency signals are still much stronger than the natural frequencies and the
‘mechanical noise floor’.

In a Stage 3 bearing damage, the crack network has caused bigger loose or semi-loose parts.
Elastic waves are created from collisions between the rolling elements and the parts. The natural
frequencies of the bearing are now stronger (because the elastic waves contain more energy) and
the ‘mechanical noise floor’ is peaking, see Figure 8.

Figure 8. In Stage 3, the ‘mechanical noise floor’ is elevated (red area) and so are the
natural frequencies of the bearing.

In Stage 4, the spalls have become big pits, and at the end of Stage 4 the sharp corners have all
been worn down. The rolling elements are partly following the profile of the spalls, hence creating
vibrations (not elastic waves) with a frequency corresponding to the bearing frequencies (BPFO,
BPFI, BS, FTF).

Figure 9. Clearly visible spalls. In the end of Stage 4, the rolling elements follow the
spall shape, hence creating bearing frequency peaks in the spectrum.

With reference to the red spectrum lines (BPFO, BPFI) representing the bearing frequencies in Figure
9: how is it possible to detect early damages in Stages 1, 2 and 3 if the bearing frequencies only
show up in the spectrum at Stage 4? This is a common misconception. When a rolling element passes
the damaged area in Stage 1, there is an increase in the ’mechanical noise floor’ every time it passes
that specific position. By looking at e.g. frequencies above 10 kHz and measuring the occurrence
frequency of the elevated noise floor, the bearing frequencies show up. Another way to describe
this is by saying that the mechanical noise floor is modulated by the bearing frequencies.
For example, a machine running at 1500 RPM has a bearing with BPFO = 5.7. This means that one
position on the outer race will see 1500*5.7/60 = 142.5 passes per second of a rolling element. This
equals 142.5 Hz. The spectrum below is a typical Stage 1 pattern in which the red mechanical noise
floor will grow and weaken in strength 142.5 times per second. The 142.5 Hz is the occurrence
frequency of the outer race signal.

Figure 10. Bearing failure process Stage 1 in which the red ‘mechanical noise floor’ will
grow and weaken 142.5 times per second.

Summary
Historically, gear and bearing damage detection using standard velocity readings (i.e. overall
velocity values) could - in the best of cases - reveal severe damages in very late stages, thus
resulting in very limited planning horizons. At best, a trend of increased velocity RMS values could
be used to avoid unplanned stops.
Adding spectrum analysis based on velocity readings could reveal gear and bearing damages earlier
than in the very late stages, but it was still a rather crude tool.
When vibration enveloping was introduced several decades ago, it became possible to detect
damages in earlier stages than before, and it then became relevant to talk about realistic prewarning times. With vibration enveloping, it was possible to extract information coming from gears
or bearings even if the transducer signal was dominated by low frequency content typically
originating from unbalance forces.
Advances in vibration analysis technology is conservative, it takes a long time between the innovations.
HD ENV Technology (HD = High Definition Enveloping) was introduced in June of 2015 on the
global market. HD ENV applies HD technology to signals from standard IEPE compatible transducers
(accelerometers).
HD ENV is a novel approach to the task of detecting gear and bearing deterioration in very early
stages. By combining low noise hardware design and patented algorithms for digital signal
processing with a standard vibration transducer, it is possible to extract relevant gear and bearing
information from a noisy environment with exceptional clarity.
The main customer benefit of using HD ENV is the increased prewarning time for impact-related
damages such as from gears and rolling element bearings. Another benefit is the ability to ‘see’
gear and bearing related signals in complex machines. The accuracy of the method makes it
possible to identify the signal of interest in an otherwise noisy environment with many signal
sources. In situations such as these, standard vibration enveloping can fail while HD ENV provides
meaningful results.

