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RESUMEN 
 
El presente estudio referente a la fractura de un diente de engranaje revela la actuación de un mecanismo de fatiga 
nucleado en una agrupación de inclusiones de alúmina. 
A pesar de que, de forma general, el contenido de inclusiones del material satisface la normativa, el tamaño de la 
agrupación de inclusiones detectada en el origen de la fractura es significativamente superior al máximo permitido y, 
por lo tanto, es considerado una causa del fallo. 
Las condiciones de trabajo del piñón, determinadas en base al espaciado entre estrías y a estimaciones de la tasa de 
crecimiento de la grieta (da/dN), revelan que las tensiones de trabajo se encuentran muy por encima de la tensión 
nominal especificada y, por lo tanto, han podido coadyuvar en el proceso de fallo. 
 
PALABRAS CLAVE: Engranaje, inclusiones, mecánica de la fractura 
 

 
ABSTRACT 

 
The present study relating to a gear tooth fracture reveals the operation of a fatigue mechanism nucleated at an alumina 
inclusions pool. 
Although the material inclusions content satisfies the specific standards, the size of the inclusions pool, detected at the 
fracture origin, is significantly higher than the maximum allowed and is therefore considered a failure cause. 
Gear working conditions, as determined by means of fatigue striation spacing and estimates of the crack growth rate 
(dadN), reveal that the working stresses are well above the specified nominal stress and, therefore, can have assisted the 
failure process. 
 
KEYWORDS: Gearbox, inclusions, fracture mechanics.  
 
 
 
1.  INTRODUCTION 
 
The objective of the following study is to determine the 
causes that produced fracture of a gear tooth, fig.1.  
 

 
Figure 1: General macrograph of the fractured tooth. 

The following information related to the gearbox and its 
fracture is known:  
 

• Incident background  
The failure of the pinion under study occurred 
after less than two years in service.  

 
• Working conditions 

Rotational speed: 500 rpm at full power. 
Lubricant type: Optigear Synthetic VG 320 
Max. temperature: 65ºC. 

 
• Specifications 

Given that there is no information on the 
material quality, a 18CrNiMo7-6 designation 
according to EN10084 [1] and MQ quality 
according to ISO 6336-5 [2], a material 
commonly used in this application, will serve 
as reference for result evaluation.  
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2.  EXPERIMENTAL ANALYSIS  
 
2.1. Visual inspection  
 
The objective of this task, based on macrofractographic 
and defectologic analyses, is to determine the most 
plausible failure hypotheses to be confirmed by further 
analyses.  
 
The tooth breakage takes place according to an oblique 
and curved fracture plane, figure 2, which is consistent 
with the presence of bending efforts that, in absence of a 
heterogeneous stress distribution, figure 1, enable to 
state that the failure occurred under qualitatively normal 
working conditions.  
 

 
Figure 2: General macrograph of the broken tooth 

fracture surface. 
 
The presence of beach marks in almost the entire 
fracture surface, fig. 2 (highlighted in red), points to a 
fatigue mechanism derived from a low stress level 
which is consistent with quantitatively normal working 
conditions.  
 
The fatigue mechanism arises from a zone located 102 
mm away from the nearest end, 10 mm away from the 
tooth crest and 6 mm below the surface. The linear 
morphology of the fatigue starting zone, fig. 3 (white 
arrow), points to a material defect as the failure origin.  
 

 
Figure 3: Detail macrograph of the crack nucleation 

point.  
 

In summary,  
 

• The tooth breakage, according to the fracture 
plane and to the fatigue crack extension, 
occurred under qualitatively normal working 
conditions.  

• Fracture derives from a fatigue mechanism 
started at a material defect located 6mm below 
the surface.  

 
2.2. Microfractographic analysis 
 
A microfractographic analysis is performed by means of 
Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-Ray Spectroscopy (EDS), in order to: 
 

• Determine the presence/absence of defects at 
the fracture nucleation that could have 
promoted the failure.  

• Confirm/deny the presence of a fracture 
mechanism previous to the operating fatigue 
mechanism.  

 
The analysis of the fatigue nucleation area evidences the 
presence of a group of alumina inclusions, fig. 4-5, 
along a 1,0 mm length linear segment with a thickness 
of 0,23 mm. The alumina inclusions length is higher 
than the upper limit of 0,18mm indicated for an ISO 
6336-5 MQ designation.  
 

 
Figure 4: SEM micrograph by BES. General view of the 

fatigue nucleation point. Presence of inclusions (dark 
coloured). 
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Figure 5: EDS spectrum of the inclusion on the crack 

nucleation point. Inclusion compositions indicates that 
they correspond to alumina. 

 
Microfractographic features evaluation, figure 4, allows 
confirming, based on the Ratchet marks divergence 
from the alumina group, that the fatigue arises from this 
inclusions pool.  
 
The presence of fatigue striations immediately adjacent 
to the inclusions pool allows confirming that the crack 
propagation derives merely from a fatigue mechanism.  
 
Summary, 
 

• Tooth fracture is originated in a 1,0 mm length 
alumina inclusion pool which is not acceptable 
for an ISO 6336-5 MQ grade.  

• The presence of fatigue striations at the border 
of the inclusions pool allows confirms that the 
propagation is derived merely from a fatigue 
mechanism.  

• Fatigue striation spacing along the first 14 mm 
of the crack propagation is below 10-6 m. 

 
2.3. Metallographic analysis 
 
The objective of this task, performed by means of light 
microscopy (LM) and HV Vickers microhardness test, 
is to evaluate the influence of material defects and 
microstructure on the fatigue mechanism.  
 
The analysis of the fatigue nucleation zone, confirms 
the presence of alumina inclusions on the fracture 
surface, fig. 6. Additionally, some punctual inclusions 
are detected adjacent to the nucleation area in the bulk 
material.  
 

 
Figure 6: LM micrograph in as etched condition. 

Detailed view of the fatigue nucleation zone. 
 
The inclusion content evaluation is carried out 
according to ISO 4967. Obtained values, table 1, satisfy 
the requirements specified by ISO 6336-5 standard [3].  
  
Table 1: Inclusions content evaluation.  
 

Fine Thick Fine Thick Fine Thick Fine Thick
Fractured pinion 1,0 - 1,0 1,0 - - 1,0 0,5
ISO 6336-5 MQ 3,0 3,0 2,5 1,5 2,5 1,5 2,0 1,5

A 
(Sulfide)

B
(Alumina)

C
(Silicate)

D 
(Globular O)

 
 
The microstructure at the fracture nucleation point is 
formed by martensite and bainite and is considered 
normal for an EN 10084 18CrNiMo7-6 designation in 
as quenched and tempered condition.  
 
Microhardness measurement at the fracture nucleation 
point presents a value of 498HV which is in accordance 
with ISO 6336-5 that specifies a minimum value of 
266HV (25HRc). Therefore, considering the linear 
relationship between fatigue resistance and hardness, it 
can be stated that the material fatigue resistance is in 
accordance with the ISO 6336-5 standard.  
 
In summary,  
 

• Material inclusion evaluation satisfies the 
requirements specified for an ISO 6336-5 MQ 
quality. However, the inclusion at the failure 
origin was over the specified maximum size.  

• Material fatigue resistance, obtained indirectly 
by means of hardness measurements, is in 
accordance with the ISO 6336-5 MQ 
designation. 
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3.  WORKING CONDITIONS EVALUATION 
 
This task, performed by means of SEM inspection and 
of ESACRACK software based on fracture mechanics 
criteria, has two objectives: 
 

• To establish, based on the properties of the 
material and the size of the alumina inclusions 
pool, the minimum stress level causing crack 
growth due to fatigue. 

• To evaluate the actual stresses endured by the 
gear, by comparing the fatigue striation 
spacing determined by microfractographic 
analysis with the calculated da/dN.  

 
The criterion to establish whether there is a fatigue 
propagation is as follows: 
 
∆K>∆Kth               (1) 
 
Where, 
 
∆K=∆s(πa)1/2 f(g)               (2) 
 

• ∆K: Stress intensity factor 
• ∆s: Stress range 
• a: Crack depth 
• f(g): Geometric factor  
• ∆Kth: Stress intensity factor threshold for 

fatigue to occur 
 
The calculations are based on the EC01 model, figure 7.  
 

 
Figure 7. EC01 model. 

 
Geometric parameters are as follow: 
 

• 2a: 0.23mm 
• 2c: 1.0mm 
• t: 16,6mm 
• x=2,6mm 

 
According to Rolfe-Barsom [4] the value of ∆Kth for 
R=0 is 6MPa·m1/2. 
 

Table 2. Calculations results and ISO 3663-5 
specifications. 
 

Defect Stress1 Work stress2 Nominal stress3 Allowable stress3

[MPa] [MPa] [MPa] [Mpa]

Pinion 320 1010

ISO 6336-5 500 1000
1) Minimum stress at the defect to promote fatigue crack propagation
2) Minimum working stress to promote the fatigue crack propagtion
3) Materials with a core hardness over 30HRc  
 
Fatigue striation evaluation on 4 different points located 
along the first 14 mm of the crack propagation present a 
spacing below 10-6 m, example in fig. 8.  
 

 
Figure 8: SEM micrograph. Fatigue propagation at a 

point 13,9 mm away from the nucleation zone. Detailed 
view of fatigue striations. 

 
The striation spacing evaluation is performed based on 
the results obtained from the Paris law equation: 
 
da/dN = C(∆K)m               (3) 
 
Where, 
 

• da/dN: Fatigue crack growth rate (= Fatigue 
striation spacing). 

• ∆K: Stress intensity factor 
• C, m: Material constants. 

 
Striation spacing measured for the first millimetres of 
propagation is in accordance with the obtained curve for 
a stress level of 320MPa (corresponding to a work stress 
of 1010MPa), graph 1. The calculated stress level to 
promote the initial fatigue propagation is confirmed as 
the actual stress value. The sudden change on crack 
propagation speed predicted by the model when the 
crack reaches the surface is not actually reflected on 
striation spacing.  
 
The determined working stress level (1010MPa) is 
considerably above the nominal stress level specified by 
the previously mentioned standard.   
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Graph 1: Striation spacing calculation. 

 
Summary 
 

• Service stresses, are considerably above the 
nominal stresses in accordance to ISO 6336-5 

• The calculated minimum stress level to 
promote the fatigue propagation is confirmed 
by means of the striation spacing measurement. 

 
4.  DISCUSSION 
 
Tooth breakage occurs under a fatigue mechanism 
originated at alumina inclusions pool.  
 
This inclusions pool, located inside the tooth core (6mm 
below the surface), is 5 times longer than the maximum 
allowed for a MQ grade according to the ISO 6336-5 
standard. However, the metallographic evaluation of the 
tooth reveals that the inclusions content, measured 
according to ISO 4967 standard, satisfies the 
specifications for an ISO 6336-5 MQ quality; therefore, 
the inclusion pool that promoted the fracture is 
considered a punctual defect. 
 
Pinion working conditions, as determined by means of 
microfractographic measurements and fracture 
mechanics calculations, are considered normal. 
However, service stresses are considerably above the 
nominal stress established by ISO 6336-5 for a MQ 
quality.  
 
Fatigue resistance, evaluated indirectly through 
hardness measurement, is in accordance with the 
specification for an ISO 6336-5 MQ quality. 
 
5.  CONCLUSIONS 
 
Tooth breakage was the consequence of the operation of 
a fatigue mechanism triggered by: 
 

• The presence of a large alumina inclusions 
pool considered unacceptable by ISO 6336-5. 

• The presence of a stress level considerably 
above the nominal stress level.  
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