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This paper will present testing that revealed a dramatic reduction in fatigue life due to bearing 
material containing carbide segregation. The phenomenon of carbide segregation within steel will 
be explained, and the fracture mechanism demonstrated that causes bearings to fail prematurely. 
When carbide bands are present in bearing steel microstructure, the wear resistance of the 
material significantly decreases. Once the bearing is installed in the application, microcracks 
can form along the carbide bands. Through the stresses induced during cyclic fatigue, the 
microcracks formed beneath the surface of the steel grow and coalesce, which eventually results 
in premature spalling and bearing failure.

It has been well established that 
carbide segregation is extremely 

detrimental to the rolling contact 
fatigue (RCF) life of bearings. It 
has been estimated that the roll-
ing element fatigue resistance can 
decrease by as much as a factor of 
four due to carbide segregation.1 
RCF testing was performed on two 
different sources of 6310 bearings 
to compare the results of a top-
tier bearing supplier to a lower-cost 
alternative. The calculated L10 life 
of the bearings from the top-tier 
supplier was more than 28 times 
that of the alternative source. This 
launched an investigation into the 
root cause of the dramatic reduc-
tion in bearing life.

Initial comparisons between the 
two manufacturers did not reveal the 
root cause. Both brands appeared 
similar with regard to dimensional 
tolerances, 52100 chemistry and 
hardness typical of a through-hard-
ened microstructure. However, once 
a thorough investigation was per-
formed on the failure mechanism 
and microstructure of the alterna-
tive brand, it became apparent that 
the alternative brand exhibited a 
high degree of carbide segregation. 
The heavy carbide bands present 
within the material created hard 
and soft areas, thus creating discon-
tinuity within the microstructure, 
which led to microcracking and pre-
mature failure. Superior steel quality 
with a homogenous microstructure 

is imperative to extending the RCF 
life in all bearings. This provides a 
matrix of finely dispersed spheroi-
dal carbides that impart maximum 
material strength and toughness to 
the steel, which ultimately extends 
the fatigue life of the bearing.

Experimental Procedure

Bearing Rolling Contact Fatigue Testing 
— Testing was performed to com-
pare the RCF life of NSK bearings 
(used as a benchmark) and a low-
cost alternative supplier. Five 6310 
bearings were obtained from each 
manufacturer. A high applied load 
of 36% Cr was used in the test 
to accelerate material fatigue and 
provide a timely comparison. Test 
parameters and bearing conditions 
are listed in Table 1. The test condi-
tions were replicated for both sup-
pliers. The grease types installed in 
the respective brands were unique 
to the bearing manufacturer, but 
were considered comparable as 
both had the same rating (nmax 
= 4,300 rpm). No alterations were 
made to the manufactured condi-
tion of any of the bearings; all were 
installed onto the test apparatus in 
the newly manufactured condition.

Test Stand Configuration: Fig. 1 illus-
trates the test stand configuration, 
where it was possible to test two 
6310 bearings simultaneously. By 
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this design, the load was applied in the central hous-
ing and supported by two test bearings (drive side and 
opposite side). The hydraulic piston applied 4,500 kgf. 
The test stand was designed with high rigidity and 
robustness to eliminate possible variations caused by 
the structure. The bearings were equally spaced to 
avoid moment loads.

Fatigue Life Calculation: The deep-groove ball bearing 
fatigue life is calculated according to ISO 281; where 
C is the dynamic load rating, P is the load applied, n 
is the rotational speed of the bearing, and L is the 
life in number of millions of revolutions. L10 is the 
basic life rating with a reliability of 90%. The values 
inserted into Eq. 1 are based on the parameters of this 
test, for which 236 hours is the calculated fatigue life 
of the bearings.
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(Eq. 1)

L10 is calculated according to ISO 281

where

C = dynamic load rating, 
P = load applied, 
n = rotational speed and 
L = life in number of millions of revolutions.

The bearing life equation is intended to model 
the relationship between the load applied and the 
load-carrying capability of the bearing. The shortfall 
with this equation is that it does not account for mate-
rial and manufacturing quality, heat treatment tech-
niques (except for overall hardness), or application 
issues like misalignment, impact or contamination. 
Especially with regard to the bearing material, these 
assumptions can lead to neglecting specifications 
such as steel cleanliness and proper grain structure. 

Internal radial clearance of deep-groove ball bear-
ings is one of the most important features related to 
bearing performance, as it directly impacts bearing 
life. Effective clearance is calculated based on the 
reduction of internal clearance from the shaft and 
housing fits and operating temperature of the bear-
ing. Fig. 2 illustrates the relationship between radial 
internal clearance and the life ratio. It can be seen 

Test stand schematic.

Figure 1

Relationship between fatigue life and effective clearance.

Figure 2
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Table 1
Test Parameters and Bearing Configurations

Bearing 6310: 
Alternative supplier 

Bearing 6310: 
Benchmark

Quantity
5 parts (A1, A2,  

A3, A4, A5)
5 parts (B1, B2,  

B3, B4, B5)

Dynamic load rating (Cr) 6,300 kgf (62,000 N) 6,300 kgf (62,000 N)

Static load rating (Cor) 3,952 kgf (38,500 N) 3,952 kgf (38,500 N)

nmax (grease) 4,300 rpm 4,300 rpm

Fit
Shaft: Ø50n6/ 

housing: Ø110H7
Shaft: Ø50n6/  

housing: Ø110H7

Lubricating method Permanent Permanent

Speed (n) 1,550 rpm (±2%) 1,550 rpm (±2%)

Radial load (P) 2,250 kgf (22,065 N) 2,250 kgf (22,065 N)

Temperature Not controlled Not controlled
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in Fig. 2 that, at exactly zero internal clearance, the 
bearing achieves a life ratio of 1.0, meaning that the 
calculated life, including effective clearance, will be 
equal to the L10 life calculation. The life ratio will 
actually increase to 1.1 or 1.2 as the bearing is put into 
a pre-loaded state (negative clearance), but the slope 
on this side of the curve is very steep and can result in 
a dramatic reduction in life if not controlled precisely. 
For this reason, most bearings are designed to operate 
with a small amount of effective clearance, which is 
the side of the curve with a much more gradual slope. 
All testing was conducted in the range of effective 
clearance.

Experimental Results: None of the bearings exhib-
ited significantly elevated temperature during the 
dynamic test or immediately before material fatigue. 
Table 2 lists the position of each bearing, the com-
ponent which failed by fatigue, and the fatigue life 
and temperatures recorded during the test. All of 
the benchmark bearings (B1 through B5) exceeded 
the calculated life of 236 hours. On the other hand, 
two alternative brand bearings did not achieve the 
calculated fatigue life. Bearings A3 and A5 failed 
prematurely at 86.1 hours and 61.5 hours, respectively.

To better understand the probability of bearing 
failure, the Weibull curve is plotted according to the 
bearing fatigue life listed in Table 2. The graph of the 

resulting Weibull curves for both brands is shown in 
Fig. 3. This demonstrates that the actual L10 life for 
the benchmark 6310 bearings is 605 hours, whereas 
the L10 life for the alternative bearings is only 21 
hours. It also demonstrates that the Weibull slope 
for the benchmark is 1.25, whereas the alternative 
brand is only 0.61. According to the Weibull plot, the 
benchmark presented more than 28 times the L10 
life of the alternative brand with a higher reliability 
(tighter grouping of results) and more predictable life 
(steeper slope).

Investigation 

Metallurgical Analysis 

Hardness: It was unknown why the alternative brand 
failed so prematurely, but a difference in material 
quality was suspected. A metallurgical analysis was 
launched to investigate this hypothesis. Rockwell 
hardness measurements (HRC) were taken on all 
of the components (balls, inner and outer ring) 
from each bearing. The results were as expected for 
through hardened 52100 bearing steel and compa-
rable for both brands, as shown in Table 3.

Table 2
Alternative Test Results (left) and Benchmark Test Results (right)

Item Visual Position

Fatigue 
life 

(hour)
Temperature 

(°C) Item Visual Position

Fatigue 
life 

(hour)
Temperature 

(°C)

A1 outer 
ring

Drive 
side

1,463.7

Max. 64.0
B1 inner 

ring
Opposite 

side
1,488.3

Max. 70.1

Median 51.8 Median 60.7

Min. 40.7 Min. 50.8

A2 balls
Opposite 

side
2,201.7

Max. 64.7
B2 outer 

ring
Drive 
side

1,697.4

Max. 66.1

Median 52.6 Median 58.4

Min. 43.7 Min. 49.4

A3 outer 
ring

Drive 
side

86.1

Max. 67.3
B3 outer 

ring
Opposite 

side
5,916.3

Max. 65.7

Median 64.3 Median 53.4

Min. 62.1 Min. 40.7

A4 outer 
ring

Drive 
side

381.3

Max. 63.3
B4 outer 

ring
Drive 
side

5,239.8

Max. 63.1

Median 54.7 Median 53.4

Min. 49.5 Min. 43.7

A5 outer 
ring

Opposite 
side

61.5

Max. 57.2
B5 outer 

ring
Drive 
side

1,205.4

Max. 64.7

Median 50.0 Median 57.8

Min. 44.7 Min. 46.7
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Microstructural Analysis: Metallurgical analysis was 
performed on the outer rings from alternative bear-
ings A1 and A3, which failed with an outer ring spall 
at 1,463.7 hours and 86.1 hours, respectively. The two 
outer rings from the alternative brand along with 
a benchmark 6310 outer ring were sectioned trans-
verse to the raceway and mounted and polished per 
standard metallographic practices. The specimens 
were etched with Nital to reveal the microstructure.  

Weibull distribution.

Figure 3
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Microstructure of the alternative and benchmark outer rings at 100X, 500X and 1,000X; etch: Nital.

Figure 4

Table 3
Rockwell Hardness Measurement Results for Alternative 
(A1-A5) and Benchmark (B1-B5) Bearings

Item
Measured hardness 

(HRC) Item
Measured hardness 

(HRC)

A1

Outer ring 62.5

B1

Outer ring 62.5

Inner ring 62.9 Inner ring 62.2

Balls 63.3 Balls 62.2

A2

Outer ring 62.5

B2

Outer ring 63.3

Inner ring 62.8 Inner ring 62.8

Balls 63.5 Balls 63.7

A3

Outer ring 63.1

B3

Outer ring 63.4

Inner ring 63.2 Inner ring 62.5

Balls 64.0 Balls 63.5

A4

Outer ring 62.5

B4

Outer ring 61.7

Inner ring 62.9 Inner ring 61.4

Balls 64.3 Balls 63.1

A5

Outer ring 62.6

B5

Outer ring 63.2

Inner ring 63.2 Inner ring 62.7

Balls 64.7 Balls 63.1
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Fig. 4 shows the comparison between the alternative 
brand and benchmark microstructure at 100X, 500X 
and 1,000X. The microstructure shown for the alter-
native brand was from outer ring A1 and representa-
tive of both sectioned specimens. Upon close review 
of the photomicrographs, it became apparent that the 
ghost lines (white constituent) within the alternative 
brand microstructure were more pronounced than 
that of the benchmark bearing material. Ghost lines 
in 52100 bearing steel are the result of inhomoge-
neous distribution of chromium carbides within the 
microstructure.3 With the pronounced difference in 
homogeneity, a difference in carbide segregation was 
suspected.

To confirm this theory, each specimen was repol-
ished and etched with Picral. Picric acid preferentially 
attacks the carbides enabling carbide size and distri-
bution to be more readily assessed. It is important 
to note that all bearing steels contain segregation 
within the microstructure that is a natural result of 
solidification of the steel alloy. Carbide segregation 
develops from the natural heterogeneity that exists in 
liquid steel as it cools. Due to the finite freezing range, 
solidification produces a non-homogenous solid. The 
lower carbon concentrations solidify first, leaving 
richer and richer carbon content in the molten steel 
to solidify last.

Carbide Segregation: Carbide segregation (or banding) 
can be described as a layer of carbide-rich material 
next to material with a lower carbide distribution. It 
contains a segregated structure of approximately par-
allel bands of two different phases. This exists on a 
microstructural level. Just like crystalline type, it can 
only be distinguished at high magnifications (50X or 
greater) when revealed by an etchant for metallurgi-
cal analysis.

Carbide segregation is shown in Fig. 5. Both brands 
were given a carbide rating in accordance with ASTM 
892 for carbide size (CS), carbide network (CN) and 
lamellar content (LC). Six photomicrographs were 
taken and evaluated for each category. The photo-
graph in Fig. 5 shows a representative photo from 
each brand. The alternative brand was rated CS1, 
CN3, LC1, whereas the benchmark was rated CS1, 
CN1, LC1. The alternative brand steel microstructure 
exhibited excessive carbide segregation as indicated 
by the carbide network rating of CN3. The heavy car-
bide networks displayed by the alternative brand are 
known to be extremely detrimental to wear resistance 
and bearing RCF life.

Microstructure of the alternative and benchmark outer rings at 100X, 500X and 1,000X; etch: Picral.

Figure 5
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Failure Analysis 

Crack Propagation: Specimens were 
cut transverse through the center 
of the spalls from outer rings A1 
and A3 and etched with Picral to 
observe the crack propagation of 
the spall with regards to carbide 
segregation. It was apparent that 
the subsurface cracks were propa-
gating along the brittle network 
of carbides within the banded 
region of material, as shown in 
Fig. 6. Detrimental carbide net-
works were also visible near the 
raceway surface of specimen A1. 
A titanium nitride inclusion was 
detected within this particular 
carbide network. Although the 
presence and size of this type of 
inclusion was not abnormal, car-
bide networking can contribute 
to regions of concentrated inclu-
sions — both of which provide a 
brittle network for fatigue crack 
formation and propagation.

SEM Failure Mode Analysis: The 
outer ring spall from alternative 
bearing A3 was removed from 
the specimen mount to observe 
the fracture mechanism of the 
progressive cracks. To accomplish 
this, a small notch was cut into 
the raceway adjacent to the spall. 
With force induced by a chisel to 
the edge of the spalled material, 
the fracture surface of the pre-
existing microcracks was revealed 
beneath the raceway.

The specimen was placed in 
a Hitachi scanning electron 
microscope (SEM) to observe 
the fracture surface, as shown in 
Fig. 7. Multiple microcracks were 
observed up to 3 mm beneath the 
raceway surface. The cracks were 
oriented parallel to the grain flow 
throughout the cross-section of 
the ring. The cracks appeared 
to have formed and propagated 
along the brittle carbide networks 
present within the material. The 
dominating spall mechanism 
originated subsurface as these 
cracks coalesced and grew. River 
lines were observed progressing Alternative brand 6310 outer ring: cross-sectional view of spall fracture mode.

Figure 7

Alternative brand 6310 bearings A1 and A3 outer raceway spall cross-section.

Figure 6
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from the microcracks toward the surface, caused by 
the advance of the crack during cyclic fatigue. The 
failure mode at the raceway surface exhibited mixed 
modes of intergranular decohesion and microvoid 
coalescence (dimple rupture). Intergranular fracture 
is typically indicative of a material flaw; in this case 
caused by microsegregation of the carbides within the 
microstructure. The surface failure mode observed 
would also contribute to premature failure.

Detrimental Effect of Carbide Segregation — Large car-
bide bands within the microstructure were shown to 
significantly reduce the wear resistance of bearing 
steels. Segregated carbides are much more difficult 
to take into solution during quench. The disparity 
in carbon content on a microstructural level creates 
decohesion within the material, which can lead to 
intergranular fracture. During application, cracks 
develop along carbide bands as has been demon-
strated in this investigation. Once the material at or 
beneath the raceway has been compromised, cracks 
will propagate toward the raceway by the stresses 
induced during normal RCF. A visual illustration of 
this mechanism is shown in Fig. 8.

Minimizing Carbide Segregation in Steel — Carbide 
segregation can be greatly reduced by utilizing good 
steelmaking practices and proper know-how of the 
steel manufacturer. Although not a complete list, the 
following items are some good practices that can 
lessen the degree of carbide segregation during steel 
manufacturing:1

 • Faster cooling rate of ingots.
 • Electromagnetic stirring (EMS) of continuous 

cast steel prior to solidification.
 • Cast blooms placed in a soaking furnace before 

rolling at temperatures >1,200°C.
 • Increasing the annealing cycle during 

spheroidization.
 • Increasing the reduction ratio.

Good steel quality is a vital component 
for quality bearing manufacturing. As this 
benchmark study has shown, steel homo-
geneity is a vital component to achieving 
the calculated L10 RCF life.

Conclusions

Benchmark testing performed on 6310 
bearings in a high-speed application dem-
onstrated a significant reduction in RCF 
life due to the detrimental effect of car-
bide segregation. The calculated L10 life 

of bearings made from 52100 steel, which contained 
segregated areas of banded carbides failed in 1/28 of 
the time compared to bearings that did not exhibit 
this anomaly. Although carbide segregation can hap-
pen throughout different steps of the manufacturing 
process, it is most often indicative of poor steel quality.

All bearing steels contain segregation within the 
microstructure that is a natural result of solidification. 
To improve wear resistance and bearing fatigue life, it 
is important to minimize the degree of segregation to 
make the material more homogenous. Steelmaking 
for use in rolling contact fatigue products should uti-
lize practices that minimize heterogeneity and help 
control carbide segregation tendencies.
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Illustration of crack propagation and spall formation for material containing 
heavy carbide network.

Figure 8


