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The carburizing–quenching distortion (CQD) of the gear ring is difficult to
control, considering the heat transfer, phase transformation, and stress ef-
fects, so a numerical simulation model of the CQD on the locomotive gear ring
was built by DEFORM. The characteristics of the carburized layer and phase
transformation of the gear during carburizing–quenching were analyzed, and
the deformation mechanism and law on the teeth were analyzed based on the
carburized layer and phase transformation results. In order to achieve accu-
rate quantitative analysis, the influence degree and trend of the main process
parameters on the CQD were analyzed by an orthogonal experiment aimed at
the changes of the addendum circle diameter (ACD) and the common normal
length (CNL), and the process parameters were optimized and applied to the
production practice. The correctness of the model has been verified by the
experimental results, and by comparison with the minimum distortion of the
specified process; the expansion of the ACD was reduced by 29.8%, and the
expansion of the CNL was reduced by 32.7% under the optimal process
parameters.

INTRODUCTION

Locomotive gear operates at high speeds and
requires reliable and stable operation under severe
cold, high temperature, and tunnel environments,
so higher requirements are placed on the long-life,
anti-fatigue and high-strength design and manu-
facturing technology of gears. Carburizing–quench-
ing has become the main surface heat-treatment
process of high-parameter hardened gears, because
it can make the surface of the gears have a higher
hardness and can simultaneously guarantee the
toughness of the core.1,2 It also plays a crucial role
in improving the wear resistance, plastic deforma-
tion resistance, surface contact fatigue resistance,
and bending fatigue resistance of gears. However,
the carburizing–quenching process is complicated,
and there are many influencing factors of the
material and the process. The surface and core of
the gear have high temperatures, microstructures,
and stress differences, which cause the gear to be

easily distorted. Larger distortion leads to an
increase in production costs on gear grinding, and
a reduction in the manufacturing precision and
load-carrying capacity of the gears. Therefore, the
distortion control of carburizing–quenching on loco-
motive gears has become one of the prominent
technical difficulties. The distortion of the gears
during the carburizing–quenching process is closely
related to the internal heat transfer, phase trans-
formation, and internal stress. The traditional
solution to the distortion is to rely on practical
experience, which basically does not produce accu-
rate control, and takes a lot of manpower and
material resources, so it can no longer meet the
high-precision requirements of current industrial
production. The finite element method simulation
on carburizing–quenching has been used to simu-
late the temperature, phase transformation, and
stress results. Many results that cannot be
extracted by traditional experiments and experience
can be obtained by the simulation. It provides an
effective way to clearly reveal the law of distortion
and to control the distortion, so it has become the
current frontier in the international heat-treatment
field.3,4

(Received November 15, 2022; accepted April 19, 2023;
published online May 16, 2023)

JOM, Vol. 75, No. 7, 2023

https://doi.org/10.1007/s11837-023-05865-9
� 2023 The Minerals, Metals & Materials Society

2441

http://orcid.org/0000-0003-2032-1226
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-023-05865-9&amp;domain=pdf


Sugimoto et al.5 used the finite element method to
simulate the gas-quenching process of the carburiz-
ing helical bevel gear, and analyzed the influence of
the gas pressure, gas flow rate, and cooling rate on
gear distortion. Sugianto et al.6 measured the heat
transfer coefficient at different positions of the
helical gears, analyzed the quenching process of
them by finite element software, and simulated the
changes on the microstructure transformation,
deformation, and residual stress. In combination
with the thermal and mechanical properties with
temperature variations calculated by JMAT-Pro,
Pang et al.7 compared the deformation of solid and
hollow gear shafts by simulation and practice. The
results showed that the deformation of hollow shafts
was much smaller than that of solid ones, and that
the overall quality of the shafts was improved. Khan
et al.8 focused on the development of an integrated
modeling scheme of a carburizing–quenching–tem-
pering process using chemical composition-depen-
dent, microstructure-based models for gear
manufacturing. The utility of the model has been
proved by the production of a typical gear. O’Brien
et al.9 simulated the effect of carburization and
different retained austenite contents on macroscale
fatigue behavior of spur gear by the finite element
method. The results showed that the carburized
case with high retained austenite gives rise to a
better fatigue life compared to that with low
retained austenite. Li et al.10 simulated the carbur-
izing–quenching process of helical gears. The model
predicted the distortion mechanism of gear during
carburizing–quenching, and provided a reliable
basis. Lee et al.11 predicted the variations in
microstructure and deformation occurring during
carburizing–quenching processes of a SCM420H
gear by the finite element method, and the simu-
lated results were well verified with experimental
data. The above studies have mostly focused on how
to accurately simulate carburizing–quenching pro-
cesses and the distortion rule. However, there are
few studies on the impact trends and degrees of the
carburizing–quenching process parameters on the
gear distortion, and few studies have achieved
precise control of the carburizing–quenching distor-
tion by optimization of the process parameters. In
this study, by the coupling of the temperature,
transformation, and stress fields, firstly, a corre-
sponding carburizing–quenching analysis model
was built on a locomotive gear ring, and the
mechanism of tooth distortion was explained by
the analysis results, then, secondly, the influence of
the process parameters on the gear distortion was
accurately analyzed by an orthogonal experiment.
The optimal process parameters were applied to the
production practice and a good distortion control
effect was obtained.

EXPERIMENT MODEL AND METHOD

Gear Structure and Model

The structure of the gear is shown in Fig. 1. The
outer diameter of the gear is nearly 1 m, and the
thickness of the gear is relatively thin. The material
of gear ring is made of 17CrNiMo6 steel, and the
chemical composition is Fe-0.17C-0.27Si-0.65Mn–
1.61Cr-0.29Mo-1.57Ni (wt.%). For the sake of the
calculations and to save time, a single-tooth model
with the tetrahedral mesh was built for analysis by
DEFORM, as shown in Fig. 1. In the model, sym-
metrical constraints were imposed on both sides,
and considering that the gear is laid flat in the
furnace, a fixed constraint has been implemented on
the end of the gear.

Experiment Method

The carburizing–quenching process of the gear is
shown in Fig. 2. The process parameters, such as
carburizing temperature (CT), boost carbon poten-
tial (BCP), boost carburizing time (BCT), quenching
temperature (QT), quenching holding time (QHT),
oil temperature (OT), and oil quenching time (OQT)
were selected for analysis. Each process parameter
was set based on the material characteristic and
production practice. The carbon potential in the
diffusion was set to 0.78%. Each process parameter
was designed at three levels, and orthogonal tests
with 3 levels and 7 factors were performed in 18
simulation experiments (L18 (37)), as shown in
Table I. Based on the characteristics of the finite
element analysis, the changes of the ACD and CNL
were selected as the distortion indicators to deter-
mine the influence of the process parameters on the
gear distortion. The ACD change mainly affects the
amount of grinding teeth in the later period and the
radial matching accuracy of the gear pair. The CNL
change mainly affects the post-gear-machining pre-
cision and the side matching accuracy of the gear
pair.

NUMERICAL SIMULATION EQUATION

Carburizing Equation

Fick’s diffusion law is widely used in the carbur-
izing calculation:12

@C

@t
¼ D

@2C

@x2
ð1Þ

Initial condition : C x; 0ð Þ ¼ C0 ð2Þ

The third boundary condition :

D
@C

@x

� �
¼ b Cs � Cq

� � ð3Þ
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Fig. 1. The structure and model of the gear.

Fig. 2. Carburizing–quenching process.

Table I. Process parameters and level

CT (�C) QT (�C) BCT (h) BCP (%) OT (�C) OQT (s) QHT (s)

Level 1 910 810 15 1.1 40 1800 9000
Level 2 920 825 17 1.2 60 3600 10,800
Level 3 930 840 19 1.3 80 5400 12,600
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where t and x indicate time and the position
direction, respectively, C0, Cs; and Cq denote orig-
inal carbon content, carbon content on the surface
and carbon potential, respectively,

D is the diffusion coefficient, and b is the carbon
transfer coefficient. Based on the conclusion of
Zhang,13 b = 0.0001123 mm/s. Kim et al.14 proposed
a diffusion coefficient equation depending on the
temperature and carbon content. The role of alloy-
ing elements was also considered in this paper, as:

D T;Cð Þ ¼ 0:0047 exp �1:6Cð Þ exp
� 37000 � 6600Cð Þ

RT

� �� �

� q

ð4Þ

where T and C denote the temperature and carbon
content, respectively, and q is the coefficient of
alloying elements, which can be determined by the
following empirical equation:15

q ¼ 1 þ 0:15 þ 0:033Sið ÞSi � 0:0365Mn
� 0:13 � 0:0055Crð ÞCr þ 0:03 � 0:03365Nið ÞNi
� 0:025 � 0:01Moð ÞMo

ð5Þ

Temperature Field and Phase Transformation
Analysis

The temperature field is based on a conduction
equation considering the latent heat of phase
transformation:16

qc _T � @

@vi
k
@T

@vi

� �
þ
X

qiii _n ¼ 0 ð6Þ

where q; c; andk are the density, the specific heat,
and the heat conductivity, respectively, and ii is the
latent heat due to the progressive phase, i. The
latent heats of ferrite, pearlite, bainite, and marten-
site transformation are 590 J/mm3, 600 J/mm3,
620 J/mm3, and 640 J/mm3, respectively.13

The thermal convection boundary condition is the
boundary condition of heat transfer:17

�k
@T

@vi
ni ¼ h Ts � Tf

� �
ð7Þ

where ni denotes the boundary scope of the work-
piece, Ts and Tf denote the surface temperature and
the oil temperature, respectively, and h denotes the
heat transfer coefficient of the quenching oil, which
was set based on the literature.6

The martensite transformation considers the
effects of the temperature and carbon content in
Eq. 9:18

nM ¼ 1 � exp w1T þ w2 C� C0ð Þ þ /4ð Þ ð9Þ

where nM is the volume fraction of martensite, C0 is
the initial carbon content (C0 ¼ 0:17), w1 and w2 are,
respectively, the coefficient of the temperature and
carbon content, and u4 is the constant coefficient.
The martensite transformation temperature (MS)
and martensite transformation temperature when
martensite content is 50% (M50) of 17CrNiMo6 steel
with the initial carbon content are 375.7�C and
341.7�C, respectively. So, w1 and u4 are 0.020395
and � 7.6848, respectively. When the carbon con-
tent is 0.8%, MS was calculated based on the
conclusions of Lee and Park,19 as:

MS ¼ 475:9 � 335:1C� 34:5Mn þ 1:3Si þ 15:5Nið
þ13:1Cr þ 10:7Mo þ 9:6CuÞ þ 11:67 ln drð Þ

ð10Þ

where each element symbol represents the mass
percentage of the alloy element, and dr represents
the average diameter of the austenite grain, and is
set to 30 lm. So, when the carbon content is 0.8%,
Ms = 176.2�C. Substitute Ms into Eq. 10 and recal-
culate w2 = 6.494.

Distortion Equation

The total strain rate is assumed to be divided into
elastic (deEij ), plastic (depij), thermal (dethij ), phase

transformation (detrij ), and phase transformation

plasticity (detpij ) strain rate according to Eq. 11.

Each strain rate is calculated as shown in
Eqs. 12–16:20,21

de ¼ deEij þ depij þ dethij þ detrij þ detpij ð11Þ

deEij ¼
1

2G
drij ð12Þ

depij ¼
3

2H

dri
ri

rij ð13Þ

dethij ¼
X5

k¼1

miaiðTÞdT ð14Þ

detrij ¼
X5

k¼2

dmib
T
i ð15Þ

detpij ¼ 3Krijð1 �miÞDmi ð16Þ

In Eqs. 12–16, G is the shear modulus, H is the
strain hardening index, mi and ai are the volume
fraction and expansion coefficient of the microstruc-

ture, respectively, bTi is the coefficient of the phase
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transformation, which is related to the temperature
and carbon content, And K is the transformation
plasticity coefficient (I = 1, 2, 3, 4, and 5 represent-
ing austenite, ferrite, pearlite, bainite, and marten-
site, respectively). The changes of thermal and
physical property parameters with the temperature
and carbon content (C) are shown in Table II and
Fig. 3.

RESULTS AND DISCUSSION

The Carburizing–Quenching Results

The specified analysis results indicate the char-
acteristics of the carburizing, phase transformation,
and distortion of the gear. The specified process
parameters are: CT is 920�C, BCP is 1.2%, BCT is
17 h, QT is 820�C, QHT is 6 h, OT is 60�C, and OQT
is 3600 s. The carbon content of the furnace sample
was determined by an X-350A spectrometer, and the
measured surface carbon content was 0.79%. Fig-
ure 4 shows the distribution of carbon content after
carburizing in the middle of the tooth width. The
maximum carbon content of the gear ring was 0.8%,
which is basically consistent with the measured
result. Due to the different convex and concave
structures of the gear, the carbon content near the
addendum is obviously higher than that of the other
position.

Figure 5a shows the results of the martensite and
retained austenite in the sectioned half tooth during
oil-quenching. Most of the tooth has transformed
into the martensite. The martensite content was up

to 97.5%, mainly distributed in the core of the tooth.
The retained austenite content of points P1 and P2
was 12% and 9%, respectively. There was almost no
retained austenite at point P3. The martensite
change of the three tracking points during oil-
quenching is shown in Fig. 5b. Point P1 is the
surface point at the end of the gear, and points P2
and P3 are the surface and center points in the
middle of the tooth width, respectively. The corre-
sponding carbon content of the three points is
0.76%, 0.74%, and 0.22%. Based on Eq. 10, the Ms

corresponding to the three points are 210.7�C,
217.4�C and 391.7�C, respectively, the martensite
contents of the three points were 84.8%, 83.5%, and
94.7%, respectively, and the times of martensite
transformation of the three points were 26 s, 29 s,
and 12 s, respectively. The carbon content at point
P3 is lower and Ms is higher, so the martensitic
transformation at point P3 occurred and completed
first. The carbon contents at points P1 and P2 on the
surface are higher and Ms is lower, so, even if the
cooling rate on the surface is faster than that in the
core, the martensite transformation at both points
still occurred later. The cooling rate at point P1 was
faster than that at point P2, so the martensite
transformation occurred slightly earlier than that
at point P2, and the martensite content is slightly
higher than that of point P2. After being corroded,
the surface and core microstructures at the adden-
dum of the tooth shape sample in the furnace were
observed by optical microscope, as shown in Fig. 6.
The surface microstructure was acicular

Table II. Thermal expansion coefficients of 17CrNiMo6

Austenite Ferrite and pearlite Bainite Martensite

2.2 9 10–5 (0.17%C) 1.2 9 10–5 1.3 9 10–5 1.1 9 10–5 (0.17%C)
1.8 9 10–5 (0.8%C) 9.8 9 10–6 (0.8%C)

Fig. 3. The thermal (a) and physical property (b) parameters of 17CrNiMo6.
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martensite, retained austenite, and granular car-
bide, and the core microstructure was lath marten-
site and a small amount of free ferrite.

The radial displacement changes at points P1 and
P3 during oil-quenching are shown in Fig. 7a. In the
first 52 s, due to the small amount of formed
martensite, the volume expansion caused by the
martensite transformation was very small, the
radial displacement was mainly affected by the
volume contraction caused by oil-cooling, and so the
radial displacement decreased rapidly from initial
expansion to contraction deformation. By compar-
ison with point P3, point P1 had a faster cooling
speed, so its displacement decreased the most.
Then, when the time was 142 s, the martensite
transformation at both points was basically com-
pleted, the volume expansion caused by martensite
transformation resisting the volume contraction
caused by �C oil-cooling. Finally, the radial expan-
sion caused by the transformation was larger than
the radial contraction caused by �C oil-cooling, so
the radial displacement at both points showed a
slight expansion. By comparison with point P1, the
martensite transformation at point P3 occurred
first, a large number of high-strength martensite
was generated, and the retained austenite was less
at point P3. The thermal expansion coefficient of
austenite was the largest in the microstructure,
while less austenite promoted the radial expansion
during oil-quenching, so its radial displacement
expansion is the larger. The volume expansion
caused by the martensite transformation at point
P1 was blocked by the martensite in the core, and
the retained austenite was more, so the final radial
expansion was smaller than that at point P3.

Figure 7b shows the radial distortion results of
the gear. The maximum displacement was 1.02 mm
and appeared on the wheel hub. Except for a slight
contraction near both ends, the gear tooth presents
the expansion deformation along the tooth width.
That is, along the tooth width direction, the gear

tooth presents a lumbar drum-shaped deformation.
The curve in Fig. 7b shows a radial drum-shaped
deformation in the tooth width direction. In the
middle of the tooth width the displacement is the
maximum, which is 0.325 mm, so the ACD is
expanded by 0.65 mm under this process. In the
tooth width direction in Fig. 7b, the thickness of the
teeth had a small expansion, which led to the
expansion of the CNL. The measured CNL expan-
sion was 0.47 mm.

Distortion Results in the Orthogonal
Experiment

In summary, the changes of the ACD and CNL
are mainly caused by the thermal expansion of the
gear and volume change of the phase transforma-
tion in the carburizing–quenching process. The final
distortion result is the mutual equilibrium result

Fig. 4. Carbon content distribution result.

Fig. 5. Phase transformation result in the sectioned half tooth (a)
and martensite change curve (b).
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between the thermal expansion and the volume
change of the phase transformation during carbur-
izing–quenching. Based on the results of the orthog-
onal experiment, the change of the ACD and CNL
with every process parameter are shown in Fig. 8.
The changes of the ACD and CNL are positive, that
is, both indicators have a certain expansion after
carburizing–quenching. The change of the ACD is
generally higher than the change of the CNL, so the
radial distortion is greater than the side distortion
on the gear.

The Influence of Process Parameter
on Distortion

The higher BCP, the higher carbon content on the
surface, which will reduce the thermal expansion
coefficient of the austenite and martensite, and the

increase of carbon content will increase the volume
change during martensite transformation and
microstructure stress, so a high carbon content is
bound to increase the distortion. In Fig. 8, it can be
seen that, as the BCP increased, both distortions
showed an increasing trend. Especially, when the
BCP was 1.3%, there was a certain abrupt change in
the ACD and CNL. The higher the CT, the faster the
carbon diffusion rate in austenite, and the higher
the surface carbon content, so both distortions will
also increase. However, the increase in the ACD is
slower, and the increase in the CNL is greater. The
BCT had no obvious rule on both distortions, but
when the BCT was 19 h, both distortions were at
the minimum.

The higher the QT, the greater the temperature
difference between the gear and the oil, so the

Fig. 6. The surface (a) and core (b) microstructures of the tooth shape sample.

Fig. 7. Radial deformation history (a) and result (b).
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cooling time and contraction become larger in the
oil, and the microstructure stress and distortion
become larger during martensitic transformation.
When the QT increased to 840�C, a large abrupt
change occurred in the ACD and CNL, indicating
that the QT had a greater influence on both
distortions. The larger the size of the gear, the
longer the QHT, the smaller the temperature
difference between the surface and the core, the
greater the austenitizing degree and the grain size,
which will increase the microstructure stress and
cooling contraction during the quenching, while the
residual austenite will also simultaneously be more,
resulting in more oxidative decarburization, so the
distortion will increase. The distortion of the ACD
increased with the increase of the QHT, and the
distortion of the CNL was also the largest when the
QHT was 12,600 s, but the minimum distortion
occurred when the QHT was 10,800 s, so the QT and
QHT can be appropriately reduced to reduce the
distortion. The higher the OT and the longer the
OQT, the smaller the temperature difference
between the gear and the oil, the smaller the cooling
contraction, the smaller the thermal stress gener-
ated, and the lower the martensite transformation
during oil-quenching, so the distortion should be
smaller. In Fig. 8, when the OT was raised from

40�C to 60�C and the OQT was increased from half
an hour to 1 h, the distortion increased slightly in
contrast, but, as the OT and OQT increased contin-
uously, both distortions showed a downward trend
on the whole.

The Influence Degree of Each Factor
and the Optimization Process

According to the variance analysis method of the
orthogonal experiment, the F ratio refers to the
ratio of the average difference sum of the factors to
the mean difference sum of the errors. The larger
the F ratio of a certain factor, the greater the
influence of that factor on the experimental results.
Figure 8c shows the F ratio of each factor. It can be
seen that the influence of various factors on the
change of the ACD from hard to weak, in turn, is
that QT, BCP, QHT, OT, OQT, CT, and BCT, and
the influence of various factors on the change of the
CNL from hard to weak, in turn, is that of OT, QT,
QHT, BCP, CT, BCT, and OQT. Although each
factor has a different influence on both distortions,
the QT, OT, BCP, and QHT all have a great
influence on the distortion.

Considering the influence trend and degree of
various factors on both distortions, the optimum
process parameters have been determined with the

Fig. 8. The influence of various factors on the change of the ACD (a) and CNL (b); F ratio results of all factors (c).
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aim of the minimum two distortions. The CT is
910�C, the BCP is 1.1%, the BCT is 19 h, the QT is
810�C, the QHT is 10,800 s, the OT is 60�C, and the
OQT is 5400 s in the optimal process. The simula-
tion proceeded under the optimal process parame-
ters, and the optimal distortion result is shown in
Fig. 9a. The expansion of the ACD was 0.456 mm,
and the expansion of the CNL was 0.316 mm. By
comparison with the minimum distortion of the
specified process, the expansion of the ACD is
reduced by 29.8%, and the expansion of the CNL
is reduced by 32.7% under the optimal process
parameters.

In order to verify the simulation results, under
the same process conditions, the tooth shape sample
and 8 gear rings were subjected to furnace testing.
The distortion of the ACD and CNL in the middle of
the gear width was measured, as shown in Fig. 9b.
The simulated value of both distortions was within
the range of the measured value: the average
expansions of the ACD and CNL was 0.485 mm,
and 0.295 mm, respectively, and the differences
between the simulated and experiment data on the
expansion of the ACD and CNL was 0.029 mm and
0.021 mm, respectively. The simulation results are
in good agreement with the experiment results. The
hardness gradient distribution at the addendum of
the tooth shape sample was measured, as shown in
Fig. 10. Based on the standard of the gear, the gear
with a depth greater than 52.3 HRC was used as the
hardened case, and the hardened case of the sample
was about 2.65 mm, and the surface hardness was
59 HRC. The surface hardness and the hardened
case of the gear ring all meet the technical require-
ments under the optimum process conditions, show-
ing that the optimal process parameters determined
by the simulation can be applied to the actual
production.

CONCLUSION

(1) Comprehensively considering the tempera-
ture, phase transformation, and stress field,
an analysis model of carburizing–quenching
on the locomotive gear ring was built. In order
to improve the accuracy of the analysis, the
influence of alloying elements on the diffusion
coefficient was considered in the carburizing,
and the effect of carbon content on the
martensitic transformation was considered
during the quenching.

(2) Aimed at the changes of the ACD and CNL,
the influence degree and trend of each process
factor on both distortions were studied by an
orthogonal experiment. By comparison with

Fig. 9. The simulation (a) and experiment (b) optimal results of gear distortions.

Fig. 10. Hardness gradient of tooth shape sample.
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other factors, the QT, OT, BCP, and QHT had
a greater effect on both distortions.

(3) With the aim of the minimum two distortions,
the optimal process parameters were obtained.
The QT is 910�C, the BCP is 1.1%, the BCT is
19 h, the QT is 810�C, the QHT is 10,800 s, the
OT is 60�C, and the OQT is 5400 s in the
optimal process. The furnace test proceeded
under the optimal process parameters. It was
found that the distortion error between the
simulation result and the experimental result
was small, and that the simulation results had
good accuracy and could guide the actual
production. The surface hardness and the
hardened case of the gear ring all simultane-
ously met the technical requirements under
the optimum process conditions.
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