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Distortion resulting from heat treatment may cause serious problems for precision parts. A precision
component made from 30CrNi3Mo steel with internal threads distorts slightly after quenching-tempering
treatment. Such a small distortion results in serious difficulties in the subsequent assembly process. The
distortion of the internal thread was measured using semi-destructive testing with video measuring system.
Periodic wavy distortions emerged in the internal threads after heat treatment. Then both XRD analysis
and hardness testing were conducted. A numerical simulation of the complete quenching-tempering process
was conducted by DANTE, which is a set of user subroutines that link into the ABAQUS/STD solver. The
results from the simulations are in good agreement with the measurement in distortion, microstructure
field, and hardness. The effects of the technological parameters including quenchant, immersion orienta-
tion, and grooves were discussed on the basis of the simulation results. Finally, strategies to significantly
decrease distortion and residual stress are proposed.

Keywords 30CrNi3Mo steel, distortion, internal thread, quenching-
tempering

1. Introduction

Heat treatment processes have long been used to improve
the mechanical properties of steel components. Today, perfor-
mance control and shape control are two major targets faced by
scientific researchers and industrial engineers. Distortion
caused by phase transformations and thermal stress remains
an important problem that hinders the production of precise
components.

The distortion resulting from heat treatment was studied a
lot by both experiments and finite element method. The FEA
model can be used to acquire the distribution of the temperature
and residual stress, which could be validated by previously
reported experiments (Ref 1-5). The simulation results played
an important role in designing new products and in optimizing
the quenching process (Ref 6-9). Phase transformation is the
main mechanism for distortion, and the extent of distortion can
be decreased by controlling the cooling rate (Ref 10). Choosing
a suitable quenchant is very important for controlling the

cooling rate (Ref 3). The sensitivity of the material properties to
the distortion and residual stress during the metal quenching
process was studied using FEA. It was found that thermal
conductivity, martensitic start temperature, and shear modulus
were the dominant material properties which strongly influ-
enced the curvature and effective stress (Ref 11). The volume
fraction of the microstructure could be predicted using the finite
element method and finite volume method (Ref 12, 13). FEM
modeling of quenching and tempering processes remains
challenging due to tempering uncertainty. This uncertainty is
predominantly caused by stress relaxation and microstructure
evolution.

Measuring a tiny distortion inside a precise component with
an internal thread after being subjected to a quenching-tempering
process is quite a difficult problem, particularly when the
component is very small because the optical probe cannot
penetrate into the interior or the threaded hole. In addition, the
tempering process cannot be ignored in a finite element analysis
(FEA). The entire quenching and tempering process should be
modeled to predict distortion and residual stress.

In this paper, the entire quenching-tempering process is
investigated using experiments and simulations. A component
made from 30CrNi3Mo steel with internal threads is quenched
and tempered. The distortion of the internal threads is measured
by semi-destructive testing using a video measuring system.
Also, XRD analysis and hardness testing of the tempered
material are performed. Then FEA of the heat treatment is
conducted. The temperature field, stress field, microstructure
field, and distortion are all obtained. The precision and
accuracy of the model can be validated using the measured
distortion, microstructure fields, and hardness results. In
addition, the effects of parameters (tempering temperature and
holding time) in the tempering process, different quenchants
(UCON, water, and oil), immersion orientation, air transfer, and
simulation without grooves are studied. Finally, several useful
suggestions are proposed to the manufacturers based on the
simulation results.
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2. Experimental Design and Precision Measure-
ments

As shown in Fig. 1, the precision screw nut has internal
threads inside with six grooves outside. The screw nut is used
in the precision screw rod, and the accuracy should be very
high for a fluent and stable motion. Even a small distortion may
hamper the screw cap performance.

2.1 Experimental Design

The processing conditions used are shown in Fig. 2. Before
being quenched, the component is transferred through the air
and then immersed into the quenchant. After the small end is
immersed into quenchant, it is tempered at 200 �C for 1.5 h and
then cooled to room temperature using air.

The component is made of 30CrNi3Mo steel, which is a
medium-carbon low-alloy super-high-strength steel. Its chem-
ical composition is shown in Table 1 as measured by EPMA.
30CrNi3Mo steel has good quenching properties and excellent
mechanical properties. 30CrNi3Mo steel is usually used as an
armor plate material to provide protection in military and non-
military vehicles. This particular type of steel exhibits quite
good hardenability due to its relatively high Ni content; thus,
martensitic structures can be completely obtained in air-cooling
conditions. Generally, quenching and tempering are well-
established methods for strengthening steel due to the precip-
itation of fine and disperse alloy carbides during tempering
(Ref 14). Its TTT and CCT diagrams are determined by experiment
as shown in Fig. 3. In the simulation, the CCT diagram is used to
obtain the parameters of transformation kinetics.

2.2 Precision Measurements of the Distortion

Video measuring system is adopted to obtain the shape
change of thread (Fig. 4). The optical probe can be used to
obtain the image of the object to be tested. With moving the
object, the whole image is obtained. In this measurement,
JVL250 video measuring system can reach a maximum of one
micrometer.

Semi-destructive testing using a video measuring system
was adopted to measure the distortion of the internal threads, as
shown in Fig. 5. The semi-destructive nature of this character-
ization technique means that one-sixth of the component is cut
off. However, the part is not cut off completely, and a bridge
structure on the top is preserved to avoid distortion recovery.
The optical probe can then obtain an image of the thread
through this gap. The region within red rectangle is the field of
view. The cross section of the thread is trapezoid shaped.

The thread boundary can be read point by point from the
image, just as the line in Fig. 6. The bright part is the crest, and
the dim part is the root. The crest can reflect more light than the
root. The entire cross section is made of facets, and the

Fig. 2 Processing flow chart of heat treatment

Fig. 3 TTT (a) and CCT (b) graphs of 30CrNi3Mo steel

Fig. 1 Geometry of the component (units: mm)

Table 1 Chemical composition of 30CrNi3Mo steel
(wt.%)

C Si Mn Cr Ni Mo Fe

0.32 0.21 0.65 1.42 2.86 0.30 Bal

Journal of Materials Engineering and Performance Volume 24(12) December 2015—4879



boundary between the crest and root is distinct due to the plane
reflection principle.

The curve of every thread edge can be obtained and is
plotted in Fig. 7. It shows the shape change of tooth after
tempering process. Compared with the horizontal dimension,
the distortion along vertical direction is very tiny. Therefore, the
vertical dimension is zoomed into view.

It is found that the straight boundary becomes a periodic
wave after the heat treatment in Fig. 7. The amplitude of waves
(Dh) is defined as the wavy distortion, and the top cycle is
defined as the starting position.

The distortion value of each wavy thread is shown in Fig. 8.
There are eleven thread cycles in the component totally. The
distortions of first seven cycles were measured. It is found that
the distortion decreases with the cycle number. The distortion
of all other cycles were barely detectable as small deformation.
As the tolerance of distortion is 5 lm, in precise assembly for
this component, it is difficult to assemble the screw nut to
threaded rod due to the large distortion. The result is more
consistent with practical production.

3. Modeling the Quenching-Tempering Process

In the quenching process, hot components are cooled to room
temperature by immersing into liquid and spraying or pouring.

Today, immersion quenching is the most widely used technique,
aiming for martensitic and bainitic hardening of steel. The
quenching medium can be water, oil, or an aqueous polymer
solution (Ref 15).

3.1 Intercoupling Physical Fields in Heat Treatment

Heat treatment contains three intercoupling physical fields
that are shown in Fig. 9. The main physical fields are the
temperature field, stress/strain field, and microstructure field.

First, temperature is the fundamental factor that influences the
entire heat treatment process. Heat transfers from the surface to
the interior, and then thermal gradients generate stress and strain
in the component being treated. The changing temperature of the
component is the primary driving force of phase transformations,
resulting in a change in the microstructure. Furthermore, stress
can induce or inhibit phase transformations because it can
influence the transformation kinetics. When the material
emerges, it has suffered considerable deformation and can
induce heat, but this heat is usually ignored in mathematical
calculations. Finally, latent heat is released during the phase
transformation, which can affect the thermal field. Transforma-
tion-induced plasticity (TRIP) phenomenon can also occur
during the phase transformation process (Ref 16-19).

3.2 Transformation Kinetics

Numerous kinetic equations have been proposed to describe
the phase transformation process. The Johnson-Mehl-Avrami-

Fig. 5 Split component and image of the thread tooth. The region within red rectangle is the observation region

Fig. 6 The thread boundary of tooth root and crest obtained by vi-
deo measuring system. The bright part is tooth crest, the black part
is tooth root, and then boundary is red lineFig. 4 Video measuring system used
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Kolmogorov equation describes how solids transform from one
phase into another at a constant temperature (Ref 20-22). The
Koistinen-Marburger equation is widely used to describe

martensite transformation kinetics, especially for low-alloy
steel (Ref 23).

During the quenching process, different areas experience
different cooling rates, and both diffusive and non-diffusive
transformations will occur. The diffusive and non-diffusive
transformation models are used to describe the kinetics of the
transformation in Eq 1 and 2 (Ref 20-23):

dWd

dt
¼ fd Tð ÞWa1

d 1�Wdð Þb1Wa; ðEq 1Þ

dWn

dT
¼ fn � 1�Wnð Þa2 Wn þ wWdð Þb2Wa; ðEq 2Þ

where Wd is the volume fraction of the diffusive phase,
including pearlite and bainite; Wn is the volume fraction of
the martensite phase; Wa is the volume fraction of austenite;
fd Tð Þ is a dynamic temperature function; a1 and b1 are the
constants of diffusive transformation; fn is a dynamic constant
parameter; and a2 and b2 are the constants of the non-diffu-
sive transformation. As shown in Table 2, all of the parame-
ters in transformation kinetics are fitted by CCT diagram.

The transformation kinetics during the tempering process
can be described as follows (Ref 24):

k ¼ ln s� Q

2:3RT
þ lnA; ðEq 3Þ

n ¼ 1� exp �5
k� k0
k1 � k0

� �3
" #

; ðEq 4Þ

where s is the time of heat preservation, Q is the active en-
ergy, R is the gas constant, A is a constant, and T is the abso-
lute temperature. In addition, k is an intermediate variable, k0
and k1 are dependent on the transformation type, and n is the
amount of tempered martensite. For tempering process in
30CrNi3Mo steel, Q ¼ 418:68 kJ/mol, lnA ¼ 50, k0 ¼ 0:5,
and k1 ¼ 25:3 (Ref 25).

3.3 Heat Boundary Conditions

The heat conduction equation that determines the temper-
ature fields is given as follows:

qc _T �r � krTð Þ � r ¼ 0; ðEq 5Þ

where q is the density, c is the specific heat, r is the internal
heat source, and k is the heat conductivity. The heat conduc-
tivities of all phases in 30CrNi3Mo steel are measured by
FLA (laser flash diffusivity apparatus) in Table 3.

Heat convection is the transfer of heat from one place to
another by the movement of fluids. This transfer is called mass
transfer. Convection cooling is sometimes called ‘‘Newton�s
law of cooling’’ when the heat transfer coefficient is indepen-

Fig. 7 Schematic of the thread boundary shape. The vertical
dimension is zoomed into view

Fig. 8 The distortion of each wavy thread

Fig. 9 Physical fields and intercoupling in the heat treatment pro-
cess

Table 2 Parameters used in the transformation kinetics

Austenite to perlite a1 ¼ 0:8103 b1 ¼ 0:8138
Austenite to ferrite a1 ¼ 0:2243 b1 ¼ �0:0722
Austenite to bainite a1 ¼ 0:7188 b1 ¼ �0:1674
Austenite to martensite a2 ¼ 0:7102 b2 ¼ 0:8995
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dent or relatively independent of the temperature difference
between the object and the environment.

qx ¼ h To � Teð Þ; ðEq 6Þ

where qx is the heat flux density, h is the heat transfer coeffi-
cient (HTC), To is the temperature of the object surface, and
Te is the temperature of the environment. The HTC of the
quenchant can be measured experimentally (Ref 26, 27).

Thermal radiation is also considered in the simulation.
Thermal radiation is electromagnetic radiation that is generated
by the thermal motion of charged particles in matter. All mat-
ter with a temperature greater than absolute zero emits thermal
radiation. The Stefan-Boltzmann law is used to describe the
heat flux density in thermal radiation from the object to the
environment.

qx ¼ er T4
o � T4

e

� �
; ðEq 7Þ

where e is the emissivity factor, r is the Stefan-Boltzmann
constant, To is the temperature on the object surface, and Te
is the temperature of the environment. In the simulation,
e ¼ 0:75 and r ¼ 5:670373� 10�8W

�
m2 � K4 were used.

3.4 Mechanical Model

For the mechanical model, the small deformation theory was
used where the total strain, e, can be additively decomposed
into five components (Ref 11):

e ¼ 1

2
r~uþ r~uð ÞT
h i

¼ ee þ ee þ eth þ etr þ etp; ðEq 8Þ

where ee is the elastic strain, ep is the plastic strain, eth is the
strain of the thermal effect, etr is the strain of the phase trans-
formation, and etp is the strain of the TRIP.

Greenwood and Johnson (Ref 28) observed phase transfor-
mation plasticity under low stress that changed the stress
distribution due to an orientation effect. Phase transformation
plasticity is the irreversible deformation generated when a
phase transformation occurs under stress, for which the
equivalent stress is lower than the yield strength of the material
(Ref 29). The transformation plasticity strain can be described
by the following equation (Ref 30-33):

etpij ¼ Krijf nð Þ; ðEq 9Þ

where etpij is the transformation plasticity strain,
K ¼ 9:4� 10�5 is the transformation plasticity coefficient,
rij is the external stress, n is the fraction that undergoes a
phase transformation, and f nð Þ ¼ n 2� nð Þ is the kinetics of
the transformation plasticity.

4. Simulation Validation

DANTE was used to simulate the entire heat treatment
process for the temperature field and distortion field. DANTE

Fig. 10 Geometry (a) and finite element mesh (b) in cut open view

Fig. 11 Wavy distortions after tempering process, tempered for 1.5 h at 200 �C. U2 is the distortion along Y direction

Table 3 Heat conductivity of 30CrNi3Mo steel

Phase Thermal conductivity (J=m �K)

Austenite 16þ 1:30� 10�2 � T � 293ð Þ
Ferrite 59� 2:25� 10�2 � T � 293ð Þ
Pearlite 43� 1:90� 10�2 � T � 293ð Þ
Bainite 16þ 1:30� 10�2 � T � 293ð Þ
Martensite 25þ 3:00� 10�3 � T � 293ð Þ
Tempered martensite 25þ 3:00� 10�3 � T � 293ð Þ
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subroutines combine mechanical models, metallurgical phase
transformation models, and mass diffusion models that couple
with ABAQUS/STD�s diffusion, thermal and stress/displace-
ment (static) solvers to calculate a steel component�s response
to a heat treatment process. Distortion of the internal threads is
measured using a semi-destructive testing method. In addition,
the microstructure of the component was analyzed using XRD.
It was found that the FEA model can accurately predict the
distortion and microstructure field throughout the quenching-
tempering process.

4.1 The Finite Element Model

The geometry of the precision screw nut in this study is
shown in Fig. 10. Due to the existence of the inner thread, the
screw nut cannot be treated as periodic symmetry. The whole
part is meshed for analysis. The model has 77147 nodes, 16973
linear hexahedral elements of type C3D8R, and 255690 linear
tetrahedral elements of type C3D4.

4.2 Validation of the FEA Model

Numerical simulation is conducted with all parameters same
as the experiment. The distortion along Y direction after
tempering is presented in Fig. 11. After the heat treatment, the

shape of the internal thread changes from straight lines to
periodic waves in current view plane.

In Fig. 12, the fold line is the simulated value and the
rectangular scattered points are the measured values. The
average error between the experimental and modeled data is
<20%.

The existence of the thick cap with six grooves induces a
huge temperature gradient, which then induces a larger
distortion. The distortion of the internal threads gradually
increases from the bottom to the top. The maximum distortion
occurs in the second cycle rather than in the first cycle. The
stress is concentrated at the junction between the thick wall and
the thin wall, where the maximum thermal stress occurs. Due to
a high stiffness at the top end, the first cycle thread may be
restricted.

4.3 Validation of the Microstructure Fields

30CrNi3Mo steel has an excellent hardenability. The initial
microstructure before quenching and tempering is perlite. After
the quenching process, the microstructure is consistent with
mass lath martensite and little austenite is retained. Then, the
martensite is transformed into tempered martensite during the
tempering process. The metallographs of the three microstruc-
tures are shown in Fig. 13.

The simulation results of microstructure after tempering are
shown in Fig. 14. It can be seen that the martensite and
tempered martensite are the main microstructures. As the
tempering temperature is only 200 �C, and the holding time is
only 1.5 h, almost 95% martensite was preserved. Martensite
can enhance the hardness and wear resistance of the threads.

XRD analysis is used to test the volume of retained austenite
in steel. The XRD pattern of the material in the black rectangle
in Fig. 14a is shown in Fig. 15. The volume fraction of the
retained austenite can be calculated as follows (Ref 34):

VA ¼ IA=RA

IA=RA þ IM=RM
; ðEq 10Þ

where VA is the volume fraction of austenite, I is the diffrac-
tion peak intensity, and the R-value is calculated according to
a previously reported method (Ref 34). From the XRD pat-
tern, it is found that the retained austenite accounts for
approximately 2% after tempering. It agrees well with the
simulation result.

Fig. 13 Metallographs of the 30CrNi3Mo steel in different microstructure states. (a) Austenite (wt.%), (b) martensite (wt.%), and (c) tempered
martensite (wt.%)

Fig. 12 Validation of distortion values by simulation and measure-
ment. (a) Pearlite, (b) martensite, and (c) tempered martensite
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4.4 Validation of Hardness

Material hardness of the last thread is measured to
validate the simulation model. In Fig. 16, the holding time is
2 h and the tempering temperature is varied from 100 to
250 �C. The Rockwell hardness of the threads is used to
measure this quenching-tempering state. The simulated and
experimental results are shown together for comparison. The
hardness is observed to decrease with temperature. It can be
seen that the simulation hardness agrees well with the
experimental results.

Fig. 16 Hardness values by both experiment and simulation (tem-
pering for 2 h). (a) Hardness, (b) rate of hardness change, (c) resid-
ual stress, and (d) rate of residual stress change

Fig. 15 XRD pattern of the steel. The retained austenite accounts for approximately 2% after tempering

Fig. 14 Microstructure fields after tempering process. Material
within the black rectangle is for XRD analysis, Unit: 100%. (a)
Austenite (wt.%), (b) martensite (wt.%), (c) tempered martensite
(wt.%)
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5. Discussion

In this section, the effects of various parameters (tempering
temperature and holding time) in the tempering process,
different quenchants (UCON, water, and oil), immersion
orientation, air transfer, and simulation without grooves are
explored. It was found that the conditions used significantly
influence the distortion and residual stress in the quenching-
tempering process.

5.1 Effects of the Parameters in Tempering

In the tempering process simulation, all of the parameters in
the quenching step were held constant, and the tempering
temperature and holding time were varied within certain limits.
The simulation explored tempering temperatures ranging from
100 to 250 �C in increments of 50 �C and holding times from 0
to 3 h in 0.5-h increments.

The variation in hardness of the last thread at different
holding times and temperatures is shown in Fig. 17a. At lower
temperatures, the hardness remains almost unchanged with

time. However, the hardness decreases sharply at a higher
temperature, corresponding to the transformation of martensite
to tempered martensite under these conditions. The rate at
which the hardness varies is shown in Fig. 17b. The rate
decreases with time and increases with temperature.

The residual stress of threads is presented in Fig. 17c. The
residual stress decreases with time, dropping off sharply and
rapidly at high tempering temperatures. The rate of residual
stress change decreases with time and increases with temper-
ature, as shown in Fig. 17d.

Both the hardness and residual stress decrease with increas-
ing temperature and time. The average rate of descent in the
phase transformation period has a positive relationship with
temperature, as shown in Fig. 18. This relationship indicates
that both the hardness and residual stress behave similarly to
the kinetics of the tempering process.

5.2 Effect of Quenchants

The heat transfer coefficients of three quenchants are shown
in Fig. 19. The coefficient of quenching oil is embedded in

Fig. 17 Hardness and residual stress changes in tempering process by simulation. (a) Hardness, (b) rate of hardness change, (c) residual stress,
(d) rate of residual stress change
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Dante, and the other two are measured by experiments (Ref 35).
The distortions after tempering are calculated and shown in
Fig. 20, and the maximal residual stress and distortion are
shown in Fig. 21.

It is clear that the current quenchant (Oil) is the best choice
with the smallest residual stress and distortion. Water will
induce large distortions and huge residual stress after heat
treatment due to its high cooling capacity at low temperatures.
While UCON is usually used as the quenchant in the
aluminum alloy quenching process, it is not suitable for
30CrNi3Mo steel due to its high cooling ability at high
temperatures.

5.3 Effect of Immersion Orientation

The small end was immersed into water first in this
experiment and simulation. The reverse orientation was then
considered by simulation. That is, the large end with six
grooves was immersed into the quenchant first.

From Fig. 22, the distortion observed for the reversed
orientation is smaller than the initial distortion. This phe-

nomenon can be observed in industrial manufacturing named
orientation effect (Ref 36). The large end prior to immersion is
suggested because of smaller distortion.

Fig. 20 Distortions under different quenchants (all magnified by 50
times), unit: mm. (a) Oil (current condition), (b) UCON, and (c) wa-
terFig. 19 Heat transfer coefficient of different quenchants with tem-

perature. (a) Oil (current condition), (b) UCON, and (c) water

Fig. 18 Average rates of hardness and residual stress change versus
temperature by simulation

Fig. 21 Maximal residual stress and distortion under different
quenchants
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5.4 Effect of Air Transfer and Immersion Steps on the
Simulation

The air transfer process and immersion process are usually
ignored in simulations. However, these two steps are part of the
real heat treatment process and affect the distortion signif-
icantly. Simulations without air transfer and without immersion
were carried out separately.

Figure 23 shows the respective distortions without the air
transfer and immersion steps resulting from numerical simula-
tions. Compared with the distortion in real process simulations,
the distortion is greater in the simulations without the air
transfer process and smaller in simulations without the
immersion process. All distortion curves exhibit the same
variation trend along the axial direction.

Air transfer reduces the surface temperature of the compo-
nent and relieves the temperature gradient in the quenching
process. Thus, the residual stress can be slightly smaller when
air transfer is used.

In the immersion process, the small end is first immersed
into the quenchant. The temperature difference between the
large and small ends is larger after immersion. It is important to
consider both the air transfer and immersion processes in the
simulation during heat treatment.

5.5 Effect of Grooves on Distortions

The grooves are machined before heat treatment in the
current manufacturing process. The waved distortions of the
internal threads have the same phase positions as the six outer
grooves, and this phenomenon can be easily observed in
Fig. 24. The heat treatment simulation of the component
without grooves was also carried out. The results show that
there are no waved distortions in the internal thread without
grooves as shown in Fig. 25. The residual stress in the internal
threads is <180 MPa.

Fig. 24 Distortion and stress fields after tempering (distortion is magnified by 50 times). (a) With grooves, (b) without grooves

Fig. 23 Distortion under three presumed conditions by simulation:
(a) with grooves and (b) without grooves

Fig. 22 Distortions under different immersion orientations by simu-
lation

Fig. 25 Thread distortions along the vertical orientation by simula-
tion
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The grooves can cause inconsistencies in the thermal field in
the flange, resulting in large residual stress and distortions. As a
result, grooves should be machined after heat treatment if
permitted.

6. Conclusions

A medium-carbon low-alloy steel precision component with
internal threads was quenched and tempered at low temperatures.
The distortion of the internal threads results in subsequent
assembly difficulties. The distortion of the internal thread was
measured using a video measuring system, which is a semi-
destructive technique. It was found that thismeasurementmethod
can capture the micro-distortion of the internal thread effectively.
Numerical simulation of the entire quenching-tempering process
was conducted. The FEA model used was validated by the
precision measurement results and hardness change.

Periodic waved distortions of the internal thread occur after
heat treatment. The wavy distortion is relatively bigger near the
top end and then decreases from the top to the bottom. The
maximum distortion occurs in the second cycle and not in the
first. This results from the high stiffness of the top end.

Different tempering temperatures and heat holding times
were used in orthogonal simulation testing. The simulation
results of the hardness and residual stress after the tempering
process agreed with the experimental data. Both the hardness
and residual stress decrease with increasing temperature and
time. The rate of descent has a positive relationship with
temperature.

Three different quenchants were investigated through sim-
ulations, and the results indicate that oil is the best choice,
exhibiting the lowest distortion. Water will induce large
distortions and huge residual stress after the heat treatment
due to its high cooling capacity at low temperatures. UCON, a
quenchant usually used in the aluminum alloy quenching
process, is not suitable for 30CrNi3Mo steel due to its high
cooling ability at high temperatures.

Two immersion orientations were compared in the simula-
tion. The results indicate that the distortion is smaller when the
larger end is immersed first. Simulations without the air transfer
step and without the immersion step were conducted separately.
The simulation accounting for air transfer and immersion steps
conforms to the measured values better than the simulations
that do not consider both of these steps. Therefore, it is
important to consider both the air transfer and immersion steps
of the heat treatment in simulations.

A simulation without grooves was conducted, and the
results show that there are no wavy distortions in the internal
thread without grooves. The maximum residual stress is
<180 MPa. The grooves cause inconsistencies in the thermal
field, which result in larger distortions. Therefore, grooves
should be machined after heat treatment if conditions permit.
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