
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Heterogeneous microstructure and failure analysis of yaw gear rings

Zhang, Xiaodan; Pedersen, Niels Leergaard; Klit, Peder; Jensen, Dorte Juul

Published in:
IOP Conference Series: Materials Science and Engineering

Link to article, DOI:
10.1088/1757-899X/1249/1/012055

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Zhang, X., Pedersen, N. L., Klit, P., & Jensen, D. J. (2022). Heterogeneous microstructure and failure analysis of
yaw gear rings. IOP Conference Series: Materials Science and Engineering, 1249(1), [012055].
https://doi.org/10.1088/1757-899X/1249/1/012055

https://doi.org/10.1088/1757-899X/1249/1/012055
https://orbit.dtu.dk/en/publications/e091e39e-1b50-464d-b728-c50feb677bee
https://doi.org/10.1088/1757-899X/1249/1/012055


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

42ND Risø International Symposium on Materials Science
IOP Conf. Series: Materials Science and Engineering 1249  (2022) 012055

IOP Publishing
doi:10.1088/1757-899X/1249/1/012055

1

 
 
 
 
 
 

Heterogeneous microstructure and failure analysis of yaw gear 
rings 

Xiaodan Zhang, Niels Leergaard Pedersen, Peder Klit and Dorte Juul Jensen 

Department of Civil and Mechanical Engineering, Technical University of Denmark, 
Lyngby, Denmark 
 

E-mail: xzha@mek.dtu.dk 

Abstract. The microstructure and hardness of two cracked and failed steel (42CrMo4) teeth from 
two different yaw rings have been investigated. It is shown that the surface quenching and 
tempering treatments introduce heterogeneous microstructures with a low-temperature tempered 
hard martensite surface layer and a high-temperature tempered matrix. This is common to both 
teeth, however, the gradient microstructure and hardness are different for these two yaw rings. 
It is suggested that this difference in gradient strongly affects cracking and failure. The failure 
mechanisms for the two teeth are discussed based on the microstructure and hardness analysis. 

1. Introduction 
Decades of development have made Denmark a frontrunner in wind power – a position that is used to 
share experiences and help other countries embark on the same green journey [1]. In 2020, onshore and 
offshore wind turbines produced over 46 percent of Denmark’s consumption of electricity [2]. However, 
an issue often overlooked is that gears and bearings in wind turbines (gear boxes, generators, and yaw 
systems) still typically fail much earlier than the desired 20 years lifetime. These gears and bearings are 
made of strong steels. The common methods to manufacture these strong steels include 
thermomechanical processes, such as casting plus heat treatments, and thermochemical processes, such 
as carburization [3] and nitridation [4, 5]. These processes produce a heterogeneous microstructure with 
a hard surface and a soft/ductile interior matrix, to acquire a combination of high wear resistance and 
good fatigue properties for heavy load-bearing components such as rollers [6-8], gears [9, 10] and 
bearings [3, 11]. 

In the present study, the microstructure and hardness of two 42CrMo4 cracked and failed teeth from 
two different yaw gear rings, which were used to rotate the nacelle at the top of the tower, are 
investigated. Based on this, the failure mechanisms for the two teeth are discussed. 

2. Experimental 
The 42CrMo4 steel (EN 10083-3-2006) has the nominal chemical composition as shown in table 1. It is 
a heat treatable steel which contains at least 0.9%Cr and 0.15%Mo as strengthening elements. After 
quenching and tempering, the material is characterized by high strength with a typical tensile strength 
of 900 -1200 MPa and good low-temperature impact toughness.  
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Table 1. Nominal chemical composition of 42CrMo4 steel (wt. %) [12] 
 

C Si Mn P S Cr Mo 

0.38 - 0.45 max   0.4 0.6 - 0.9 max   0.025 max   0.035 0.9 - 1.2 0.15 - 0.3 
 

Two used 42CrMo4 yaw rings were received from a company for the present study, without details 
about the load conditions they had been exposed to. For both yaw rings, cracks were observed to have 
initiated from the contact areas between gear pairs; at the same time, the dark heating traces from both 
sides of the gear teeth can be observed, e.g. as seen in the right figure of figure 1a. Two teeth were 
selected for the present investigation, each of which being typical for that yaw ring :  One, to be named 
the cracked tooth, has many large cracks but is still intact, while the other, to be named the failed tooth, 
has a serious fall-off as pitting [9], see figure 1.  
 

 
Figure 1.  The two low yaw rings; (a) the selected cracked tooth and (b) the failed tooth. 

 
To investigate effects of the heating, quenching and tempering processes on the microstructure and 

hardness of these two yaw gear rings, the two selected teeth was cut off from the yaw gear rings and 
sectioned into samples by strong water beams (figure 2). The sectioning revealed extended 3D crack 
networks in particular in the cracked tooth, which actually fell into pieces due to this crack network 
upon sectioning (see figure 2a). 

 

 
Figure 2.  The selected teeth after sectioning:  (a) the cracked tooth, and (b) the failed tooth. 

 
The red-framed middle front blocks (figures 2 and 3) were taken from the same positions of both 

teeth, mounted into epoxy, ground and mechanical polished finally with oxide-polishing solutions (OPS) 
containing 25% Ammonia and 3% H2O2, to get specimens ready for microstructural characterization 
and hardness measurements. The microstructural characterization was performed using an optical 
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microscope and a ZEISS Supra 35 scanning electron microscope. The Vickers hardness was performed 
with a load of 1 kg. 

3. Results and discussion 

3.1. Hardness 
Figure 3 shows the hardness distribution in red-framed middle front blocks from both teeth. For the 
cracked tooth, the average Vickers hardness of the surface layer is 621 ± 14, while that of the matrix is 
297 ± 19. The failed gear tooth has an average Vickers hardness of 600 ± 7 at the surface, while it is 264 
± 7 in the matrix. For both teeth, good correspondence between the surface heat treatment traces and the 
hardness profiles are observed. 
 

 

 
Figure 3. Vickers hardness HV1 distributions in red-framed middle front blocks from (a) the cracked, 
and (b) the failed tooth. 

3.2. Microstructure  
Figure 4 shows the averaged hardness profile and microstructure of the soft matrix, the transition zone 
and the hard surface, normal to the side surface of the cracked tooth. The hard surface layer thickness is 
around 6 mm. The microstructure in this hard surface layer is composed of thin plate martensite (also 
called low temperature-tempered martensite, LT-t M). The microstructure of the soft matrix is coarse, 
high temperature-tempered martensite (HT-t M) with carbide nanoparticles. The microstructure in the 
transition zone is composed of mixed LT-t M and HT-t M. The width of the transition zone is 
approximately 100 m (which is not reflected in the hardness measurements as the step size for these 
measurements were chosen to be 270 m).  
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Figure 4. Hardness profile and microstructure of the cracked tooth inspected normal to the tooth’s side 
surface. 
 
Figure 5 shows the same data for the failed tooth. The microstructure in the hard surface layer is thin 
plate martensite with over-tempered areas. These areas are characterized by a large amount of carbide 
nanoparticles within a ferrite matrix, with a size comparable to those in the soft matrix. The hard surface 
layer thickness is around 4 mm. The soft matrix is composed of carbide nanoparticles within a ferrite 
matrix. The width of the transition zone is approximately 600 m.  
 

 
Figure 5. Hardness profile and microstructure of the failed tooth inspected normal to the tooth’s side 
surface. 

3.3. Comparison: similarities and differences 
The surface quenching and tempering treatment introduce heterogeneous microstructures with a thick, 
millimetre scale, low-temperature tempered hard martensite surface layer and a high-temperature 
tempered soft inner matrix. This is common to both teeth. Cracks are seen at the contact areas between 
gear pairs, and scratches can also be observed in these areas for both the cracked and failed tooth.  
 

The more detailed comparison of the two teeth however give information of critical importance for 
future gear material microstructure design for longer service life and sustainable development. 

i) For the failed tooth, the lower surface hardness and the relatively thin surface layer with the over-
tempered microstructure seem to reduce the wear properties. Crack initiation and propagation originate 
from the soft over-tempered layer with large carbides and ferrite; 
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ii) For the cracked tooth, the harder and thicker surface layer provides better wear resistance, while 
the thin transition zone, resulting from fast heating and quenching, is likely to introduce large internal 
stress, which stimulate development of an internal 3D crack network. 

3.4. Failure mechanisms 
As found in our previous research [9], cracks and micro pitting is mainly associated with plastic 
deformation of asperities on contact surfaces of the gear, which induce localized deformation bands. 
The cracking and micro pitting phenomena may be divided into three stages: running-in, steady 
progression and degradation. Typically, micro pitting initiates at around several thousands of cycles. In 
general terms, this is very similar to the observation in the present study, where we see that: i) cracks 
initiate from the gear pair contact areas; ii) cracks can develop into micro as well as macro pitting (seen 
in the failed tooth); iii) cracks may however not result in pitting but into development of an extended 
internal 3D crack network (seen in the cracked tooth). 
   

The answer to why some cracks develop into pitting, while other lead to extended  internal 3D crack 
networks, is suggested to relate to the characteristics of the hard surface layer and the transition zone:  

i) when the hard layer is thin, has a relative low hardness and contains “weak areas” such as soft 
over-tempered martensite, cracks (originating from the surface) will propagate through these areas and 
develop into micro and macro pitting;  

ii) when the surface hard layer is thick, has a relative high hardness and is microstructurally 
homogeneous, cracks may progress initially only into the transition zone and start to form an internal 
3D crack network there. When the transition zone is thin, this evolution is likely to be assisted by tensile 
residual stresses. The residual stress and its effects are however for future research. 

 
The above comparison indicates that a thick and microstructurally homogeneous hard surface layer, 

a reasonable wide transition zone between the hard surface layer and the soft matrix, and appropriate 
annealing to remove internal tensile residual stress may improve gear properties and extend its service 
life. 

4. Conclusion 
The microstructure and hardness of two 42CrMo4 teeth from two different yaw rings have been 
investigated by optical microscopy, scanning electron microscopy and hardness indentation. Surface 
quenching and tempering treatment are found to introduce heterogeneous microstructures with a thick, 
millimetre scale, low-temperature tempered hard martensite surface layer and a high-temperature 
tempered soft inner matrix. When the hard surface layer is thin, has a relative low hardness and contains 
“weak areas” such as soft over-tempered martensite, cracks may readily propagate through these areas 
and develop into micro and macro pitting. When the surface hard layer is thick, has a relative high 
hardness and has a homogeneous microstructure without ‘soft spots’, cracks tend to stay below the hard 
surface area and form a 3D crack network. The characteristics of the transition zone between the soft 
matrix and the hard surface layer is thus of importance, and it is suggested to investigate effects of 
residual stress in this transition zone, in particular when the zone is thin. 
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