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-e effect of rare earth Ce on mechanical properties is studied by investigating the precipitates evolution during heat treatment of
34CrNiMo6 steel. Five different rare earth Ce contents are carried out with the same holding time 3 hours. -en, the mechanical
properties of 34CrNiMo6 steel are obtained under steady state conditions and impact conditions, respectively. -e strength
decreases while the elongation after breakage increases with the rare earth Ce content increasing. -e impact absorbing energy at
20°C and −40°C increases with the rare earth Ce content increasing. Based on the experimental results, the recommended rare
earth Ce content is 0.05wt.%. -e differences in mechanical properties among the different rare earth Ce contents may be the
nucleation rate and growth of precipitates under different conditions. -e spherification degree of cementite is more complete
with rare earth Ce content, resulting in the decrease of mechanical properties and improvement of ductility.

1. Introduction

-e modern development of commercial wind power in-
dustries started in the 1970s in the United States before
spreading to Europe where Denmark and Germany became
significant champions of the technology [1]. -e focus of
growth has shifted to Asia and particularly to China, where
there has been massive development of wind power during
the past decade. So the wind energy is one of the fastest
growing sources of electricity, and it is capable of providing
power in most parts of the world nowadays [2]. According to
the estimation of International Energy Agency (IEA), the
annual wind-generated electricity of the world will reach
1282TWh by 2020. By 2030, the annual wind-generated
electricity will reach 2182TWh [3]. -at requires the wind
turbines having the higher safety and reliability, with the
power of wind turbines increasing from kilo-watt-class to
million-watt-class [4]. -at is to say, the mechanical prop-
erties of material used for making main bearing should meet
the related demands [5]. 34CrNiMo6 steel is one kind of heat-
treated low alloy steel with high hardenability and strength,
which contains nickel, chromium, and molybdenum [6].

Moreover, 34CrNiMo6 steel has very good toughness
properties with Charpy V-notch at a very low temperature.
Hence, 34CrNiMo6 steel is widely used for making the wind
turbine main shaft [7]. In the actual production process, a
typical heat treatment for this steel involves two stages,
quenching and tempering [8]. -e 34CrNiMo6 steel could
obtain high strength after quenching to a full martensitic
microstructure, while the ductility and toughness can be
improved by the tempering process. Popescu et al. [9] studied
on the parameters of bulk tempering process on the hard-
enability and temperability of 34CrNiMo6 steel. -e exper-
iment investigated the correlation between the hardness
achieved after high tempering on products and their equiv-
alent diameter and the heat and time parameters of tem-
pering. Cochet et al. [10] investigated the heat treatment
parameters of 34CrNiMo6 steel used for shackles. -e results
firstly provided a validation of the input data and the pre-
diction of the phase volume fractions and the resulting
hardness, which showed that the proposed approach could
yield a very good representation of the material properties.
-e results show that the heat treatment method could im-
prove the mechanical properties significantly via changing the
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nucleation rate and growth rate of austenite. However, there
are very few researches about specific effect of rare earth Ce on
microstructure and mechanical properties of 34CrNiMo6
steel during tempering process.

One of the most important things for a production
company is to provide qualified products, which should meet
the certification standard. As the key part of wind turbine, the
main shaft undertakes various loads transmitted by the hub, it
performs heavy duty operations and carries both dynamic and
stochastic loads, and its failure could result in major catas-
trophe and lead to significant economic losses. -e fault
statistics of the wind turbine in Figure 1 shows that the outages
caused by the main shaft failure account for less than 0.1%
(marked in blue), but its downtime accounts for a very large
share, about 24.8% (marked in orange) [11]. So it is necessary
to investigate the mechanical properties of 34CrNiMo6 steel
for wind turbine main shaft after the heat treatment.

-e objective of this paper is to investigate the micro-
structure evolution and mechanical properties of 34CrNiMo6
steel by adopting different rare earth Ce contents. -at could
help to understand and optimize the heat treatment process
parameters that affect the microstructures, which could de-
termine the final mechanical properties of 34CrNiMo6 steel
for wind turbine main shaft. Firstly, we used five different rare
earth Ce contents before heat treatment process. -en, the
mechanical property tests of tensile strength, yield strength,
elongation after breakage, and impact absorbing energy under
the different conditions were carried out, respectively. To get a
better understanding of the influencing mechanism of rare
earth Ce on themicrostructures evolution of 34CrNiMo6 steel,
the metallographic investigations from the optical microscope
(OM), scanning electronmicroscope (SEM), and transmission
electron microscope (TEM) were presented, respectively.

2. Materials and Methods

-e material used on the present study is the heat-treated
low-alloy 34CrNiMo6 steel. In this experiment, we designed
five different rare earth Ce contents to investigate the effect
of rare earth Ce content on microstructure and mechanical
properties 34CrNiMo6 steel, and the chemical compositions
of the material are listed in Table 1. Ce was added in the form
of Fe-10Ce master alloy, and the Fe-10Ce master alloy ingots
were prepared by melting pure Fe and pure Ce with a purity
of 99.9% in a vacuum melting frunace.

-e heat treatment process for 34CrNiMo6 steel involves
two stages, quenching and high-temperature tempering
(QT). Again, the steel could obtain high strength by
quenching and improve toughness by the tempering process.
Table 2 illustrates the mechanical properties required
according to certification of 34CrNiMo6 steel for wind
turbine main shaft and BS EN 10083-3: 2006.

According to actual measurement, the fracture position
occurred in the variable diameter section of the inner di-
ameter of the main shaft. -e schematic diagram and nu-
merical simulation of the wind turbine main shaft are shown
in Figure 2. -e image of fracture surface is shown on the
right.-e definition of the linear elastic material constitutive
model was adopted, and the stress values were analyzed

under the rated load condition and the impact condition,
respectively. In order to obtain a reasonable stress distri-
bution of the main shaft, the wind loads were obtained by
aerodynamics analysis using a FAST procedure [12].
According to the finite element method simulation, we can
know that the positions of the maximum internal stress of
main shaft are always located at the center of the variable
section both under steady-state conditions and impact
conditions. So the specimens used in this experiment were
taken from the variable diameter section.

-e heat treatments of 34CrNiMo6 steel consist of
several steps, each of them having a specific purpose. Spe-
cifically, the tempering process is to reduce the brittleness,
relieve the internal stress, and obtain relatively good mi-
crostructures. -e tempering process includes heating the
martensitic steel to the temperature below the lower
transformation temperature (A1), holding for specified time
period and then cool down to room temperature, which
could make 34CrNiMo6 steel achieve the combination of
mechanical properties [13]. -e most important process
parameters during tempering are tempering temperature,
holding time and the steel chemical composition [14]. -e
tempering temperature can be identified according to the
superficial color during heating and the holding time could
be determined by the product size, respectively. Generally,
the larger product sizes, the more the time for heating to the
tempering temperature. On the other hand, the temperature
and holding time are interdependent parameters in the
tempering process. So it could obtain a range of mechanical
properties by combination of the tempering temperature
and holding time, as shown in Figure 3. -e heat treatment
condition used in this study is as shown in Table 3.

-ese wind turbine main shaft needs to exhibit high levels
of strength and toughness over an extended period. Ac-
cordingly, the related tests were carried out to verify the
mechanical properties according to standard specifications.
-e mechanics performance testing contains tensile strength,
yield strength, elongation after breakage, and impact ab-
sorbing energy test. Strength is one of the main mechanical
properties of metals and alloys, which is defined as the
amount of stress that a material can withstand while being
tensile or compressed before failing. Toughness is defined as
the ability of the metal to resist fracture by absorbing impact
energy and through plastic deformation. Fracture toughness
is used to characterize toughness. An impact test is used to
give an indication of fracture toughness through measuring
the resistance of the material to impact load without fracture
[15], which can be used as a tool to evaluate the ductile-brittle
transition temperature. In addition, hardness is also a very
important parameter of material, which is a measure of the
resistance to localized plastic deformation induced by either
mechanical indentation or abrasion.

-e tensile test is based on the Standard ASTM E8, the
specimen is taken from the 1/4 position of circular cross
section of the 34CrNoMo6 diameter, whose original di-
ameter is 10mm, original standard distance is 50mm, and
total length is 120mm, as shown in Figure 4(a). -e tensile
test was carried out via the hydraulic universal tester WAW-
300B, and the load rate was set as 1mm/min. -e samples
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were tested 3 times, and the test results were averaged for
each group of samples.

According to the Standard ASTM A370-2013a, the
impact tests are carried out to measure impact absorbing
energy. �e specimen is shaped as V-type taking from the 1/
4 position of circular cross section of the 34CrNoMo6 di-
ameter, whose total length is 50mm.�e height and width of
the section both are 10mm, the notch angle is 45± 2°, and
the height of the notch at the bottom is 8mm, as shown in
Figure 4(b). �e impact tests were carried out by the impact
testing machine ZBC2302. �e samples were tested 3 times,
and for each group of samples, the test results were averaged.

�e hardness test is based on the Standard ASTM E18-
2015. All the sample surfaces were ground and polished
before hardness tests. After placing the samples in the
hardness testing machine, a load with 150 kgf was applied on
the samples. After the load was removed, the Rockwell
hardness C (HRC) could be calculated out.

3. Results and Discussion

3.1. E�ect on Tensile Properties and Surface Hardness. �e
evolutions of strength and elongation and the hardening
curves of 34CrNiMo6 steels in tensile tests with di�erent rare
earth Ce contents are shown in Figures 5 and 6, respectively.

As shown in Figure 5(a), both the tensile strength and
yield strength decrease with the rare earth Ce content in-
creasing. In contrast, the elongation after breakage increases
with rare earth Ce content increasing before 0.05wt.%, while
remains almost stable from 0.05wt.% to 0.1 wt.%. According
to the certi�cation standard in Table 2, we could know that
the integrated mechanical properties of 34CrNiMo6 steel
meet the demands when the rare earth Ce content is below
0.05wt.%. �e tensile strength is lower than the required
value when the rare earth Ce content is 0.1 wt.%. From the
above, the rare earth Ce content is recommended no more
than 0.05wt.%. As shown in Figure 6, no matter whether Ce
is added or not, the tensile strength of 34CrNiMo6 is very
good, and the two stress-strain curves (Ce� 0% and
Ce� 0.05%) both have clear upper yield points. Moreover,
the ductility of the 34CrNiMo6 steel is increased when
0.05wt.% Ce is added into the 34CrNiMo6 steel.

�e evolution of surface hardness with the Ce content is
shown in Figure 7. �e Rockwell hardness C decreases with
Ce content increasing before 0.05wt.%, while remains al-
most stable from 0.05wt.% to 0.1 wt.%. Huang et al. [16]
studied on strength and ductility of 34CrNiMo6 steel pro-
duced by laser solid forming (LSF) and found that the
hardness of the LSF +QT (quenching-tempering) sample
was 310HV, i.e., 31 HRC. �rough comparison, we could

Table 1: Chemical compositions of 34CrNiMo6 steel (mass fraction, %).

Element Ce C Si Mn P S Cr Mo Ni
Standard value BS EN 10083-3: 2006 — 0.30–0.38 0.40 0.50–0.80 0.025 0.035 1.30–1.70 0.15–0.30 1.30–1.70
1# 0 0.35 0.23 0.76 0.011 0.001 1.58 0.22 1.53
2# 0.01 0.32 0.22 0.76 0.011 0.001 1.59 0.23 1.54
3# 0.025 0.33 0.24 0.77 0.011 0.001 1.56 0.23 1.54
4# 0.05 0.34 0.21 0.77 0.011 0.001 1.55 0.24 1.55
5# 0.11 0.33 0.24 0.75 0.011 0.001 1.57 0.23 1.54

Table 2: Mechanical properties of 34CrNiMo6 steel for wind turbine main shaft.

Test items Tensile strength Rm
(MPa)

Yield strength Re
(MPa)

Elongation
A (%)

Impact absorbing
energy AKV (J)

Standard value BS EN 10083-3: 2006 1100–1300 ≥900 ≥10 ≥100 (+20°C)
≥90 (−40°C)

0%

20%

40%

60%

80%

100%

Main shaft Gearbox Generator Others

0.1% 5.0% 13.0%

81.9%

24.8% 16.3%
27.6% 31.3%

Fault statistics

Outages weight of various factors
Downtime weight of various factors

GeneratorGearbox

Main shaft

Figure 1: Outages and downtime weights of wind turbine faults.
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indicate that the addition of rare earth Ce would reduce the
hardness of 34CrNiMo6 steel to a certain extent, but the
reduced hardness value was still at a reasonable level and
would meet the related requirements.

3.2. E�ect on Impact Energy Absorbed. �e evolutions of the
impact absorbing energy with the rare earth Ce content
under di�erent temperatures are shown in Figure 8.

As shown in Figure 8, the impact absorbing energy
increases with the rare earth Ce content increasing, and
reaches the peak value when then testing temperature is
20°C. �en, the impact absorbing energy decreases from
0.05wt.% to 0.1 wt.%. According to the speci�cation design,
the impact absorbing energy meets the related requirements
when rare earth Ce content is over 0.025 wt.%. In contrast,
the impact absorbing energy increases monotonously with
rare earth Ce content increasing when the testing temper-
ature is −40°C, as shown in Figure 8. According to the
speci�cation design, the impact absorbing energy meets the
related requirements when rare earth Ce content is over
0.01wt.%.

According to the previous mechanical performance test
results and related certi�cation standard, it is highly rec-
ommended that the rare earth Ce content should be from
0.025wt.% to 0.05 wt.%.

3.3. E�ect on Microstructures and Fracture Morphologies.
�e metallographs of 34CrNiMo6 steel after quenched and
QT from OM are shown in Figure 9, respectively.

As previously mentioned, the 34CrNiMo6 steel could
obtain high strength by quenching to a full martensitic
microstructure. According to the major morphologies,
martensites could be divided into twomain types, martensite
lath and plate martensite. In this paper, the morphology of
martensites consists mostly of dislocated martensite laths, as
shown in the Figure 9(a).

Supports Fracture position

Image of the fracture surface

Model of the wind turbine main sha�

Internal stress distribution of the main sha�
under rated condition 

Internal stress distribution of the main sha�
under impact condition 

Figure 2: Numerical simulations of the wind turbine main shaft.
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After comparing the metallographs of 34CrNiMo6 steel
from OM under di�erent rare earth Ce contents, the in-
vestigation of the samples point out there are few di�erences

in the microstructures among them. �e microstructures
after tempering from OM is shown Figure 9(b). During
tempering process, the martensites decompose and then
transform to ferrite and metastable phase of ε-carbide. �e
cementite will be formed later and eventually the ferrite
matrix recrystallizes. [17] Most of the recrystallized ferrite
has a chaotic ordering and interlocking structure that
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Figure 5: �e evolutions of strengths and elongations with the rare earth Ce content: (a) tensile strength and yield strength; (b) elongation
after breakage.
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contributes to improving strength and toughness. So, the
34CrNiMo6 steel could obtain good integrated mechanical
properties after quenching process and tempering process.

To get a better understanding of the in©uencing
mechanism of rare earth Ce content on the microstructures
of 34CrNiMo6 steel, the micrographs of 34CrNiMo6 steel
after quenching and QTat di�erent temperatures from TEM
are obtained and shown in Figure 10, respectively.

Lath martensite is usually massive and has nearly the
same orientation, and the crystal with a shape like inter-
connected plates [18], which could be found in Figure 10(a).
Moreover, the plate dimensions are limited by the di-
mensions of the austenite grain, which means that small
martensite grains will give a �ne needles structure. [18] �is
kind of structure has relatively desirable microstructure. �e
micrographs of 34CrNiMo6 steel with di�erent rare earth Ce
contents are shown in Figures 10(b) and 10(c), respectively.
�e microstructure is always tempered sorbite at the tem-
pering temperatures used in this experiment. Generally,
tempered sorbite is a mixture of the polygonal ferrite and
relatively large cementite [19]. Compared with no addition
of Ce, the spheri�cation degree of cementite is more
complete (Figure 10(c)) due to the higher content of Ce [20].

As the grain boundary could inhibit the movement of
dislocation, the reduction of grain size can reduce the
movement of dislocation, resulting in a signi�cant e�ect on
the mechanical properties [15]. Hence, the tensile of
34CrNiMo6-0.05Ce steel decreases compared with that of
34CrNiMo6-0Ce. In contrast, the toughness of 34CrNiMo6
steel will increase with the rare earth Ce content increasing
due to the brittleness of cementite. �e size of cementite has
an e�ect on the mechanical behavior. Generally, the mi-
crostructure that consists of �ne cementite is harder as well
as stronger than that with coarse cementite, whereas coarse
cementite is more ductile.

�e TEM micrographs of 34CrNiMo6-xCe specimens
quenched in oil (870°C/30min) and tempered at tempered at
650°C are shown in Figure 11.

As mentioned before, the microstructure is tempered
sorbite under the heat-treatment conditions at this ex-
periment, which consist of the polygonal ferrite and ce-
mentite. �e spheri�cation degree of cementite is more
complete with the rare earth Ce content increasing,
resulting in the decrease of mechanical properties and
improvement of ductility. �is conclusion is consistent
with the previous one.

40μm

(a)

40μm

(b)

Figure 9:�emetallographs of 34CrNiMo6-0.05Ce specimens quenched in oil (870°C/30min) and then tempered at 650°C: (a) as quenched
in oil; (b) quenched and tempered.
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Figure 11: Fracture morphologies of 34CrNiMo6-xCe specimens quenched in oil (870°C/30min) and tempered at 650°C: (a) x� 0, as
quenched in oil; (b) x� 0.025, quenched and tempered; (c) x� 0.05, quenched and tempered; (d) x� 0.1, quenched and tempered.
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Figure 10: �e TEM micrographs of 34CrNiMo6-xCe specimens quenched in oil (870°C/30min) and tempered at 650°C: (a) x� 0, as
quenched in oil; (b) x� 0, quenched and tempered; (c) x� 0.05, quenched and tempered.
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�e fracture morphologies of specimens with di�erent
rare earth Ce contents quenched in oil and tempered are
shown in Figure 12.

As shown in Figure 12, the fracture characteristic is
always dominated by the ductile mechanism for all of the
tempered specimens. �e features observed from the mi-
crographs are typical of most of the fracture surfaces under
all the rare earth Ce contents. Moreover, the voids in these
micrographs exhibit a fairly wide variation in size and shape,
which could indicate that localized shear stresses may occur
in addition to tensile stresses during the deformation pro-
cess. It should be pointed out that although some voids
existed in the fracture initiation area, there is no certain
evidence proving that these voids were caused by the
carbides.

4. Conclusions

�e paper investigates the microstructure evolution during
the heat treatment of 34CrNiMo6 steel by adjusting the rare
earth Ce contents. In the experiments, �ve di�erent rare
earth Ce contents are adopted, respectively. �e following
conclusions can be drawn based on the experimental results:

(1) Both the tensile strength and yield strength decrease
with the rare earth Ce content increasing. In con-
trast, the elongation after breakage increases with
rare earth Ce content increasing before 0.05wt.%,
while remains almost stable from 0.05wt.% to
0.1 wt.%. �e Rockwell hardness C decreases with
tempering temperature increasing before 0.05wt.%,
while keeps almost stable from 0.05wt.% to 0.1 wt.%.

(2) �e impact absorbing energy increases with rare
earth Ce content increasing and then decreases from
0.05wt.% to 0.1 wt.% when testing temperature is
20°C while increases monotonously with rare earth
Ce content increasing when the testing temperature
is −40°C.

(3) Based on the mechanical properties testing results
under steady-state conditions and impact conditions
and the related certi�cation standard, it is highly
recommended that the rare earth Ce content should
be 0.025wt.%–0.05wt.%.

(4) �e di�erences in mechanical properties among the
di�erent rare earth Ce contents may be the nucle-
ation rate and growth of precipitates under di�erent
conditions. �e spheri�cation degree of cementite is
more complete with rare earth Ce content, resulting
in the decrease of mechanical properties and im-
provement of ductility.

(5) �e fracture characteristic is always dominated by the
ductile mechanism for all of the tempered specimens.
�e voids in the micrographs exhibit a fairly wide
variation in size and shape, indicating that localized
shear stresses may occur during the deformation
process. Although some voids existed in the fracture
initiation area, there is no certain evidence proving
that these voids were caused by the carbides.

Data Availability

�e data used to support the �ndings of this study are
available from the corresponding author upon request.
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Figure 12: Fracture morphologies of 34CrNiMo6-xCe specimens quenched in oil (870°C/30min) and tempered at 650°C: (a) x� 0, as
quenched in oil (870°C/30min), (b) x� 0, quenched and tempered, (c) x� 0.025, quenched and tempered, and (d) x� 0.05, quenched and
tempered.
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