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Abstract: A three-factor three-level orthogonal test project has been designed based on the numerical simulation
of a Jominy quenching process. Then the data scattering effects of thermal conductivity and enthalpy of tested
steel, as well as the heat exchange coefficients of the cooling media, on the results have been studied. The results
can be used as a reference for choosing the input thermal parameter in finite element simulation of quenching,
and for evaluating the simulation results.
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0 Introduction

As an effective method, the finite element simulation
has been more and more popular in the studying of
the quenching process design, as well as the evaluation
of the properties of the production quenched[1]. The
accuracy of the quenching simulation depends on the
accuracy of the input numerical parameters. However,
some of the input parameters, like the heat exchange
coefficient of the quenching media and the properties
of the quenched steel in the very high temperature, are
difficult to get accurately. Thus it is hard to avoid
scattering for the input numerical parameters used in
the quenching simulation.

In this paper, the scattering effects of three kinds of
input parameters on the Jominy quenching simulation
results have been discussed by a three-factor three-level
orthogonal test method. These input parameters are
the heat exchange coefficients of the water and air, and
the enthalpy and thermal conductivity of the quenched
steel.

1 Numerical Simulation

1.1 Finite Element Model
A quenching process of a non-standard Jominy spec-

imen made of GCr15 steel has been simulated by the
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finite element method, the size of which is ∅25mm ×
100mm. It is an axis-symmetry structure, so only the
rotational surface has been used to simulate, and the
model is meshed into 500 elements and 561 nodes, as
shown in Fig. 1. The specimen was quenched at the
bottom surface by water, and the others were cooled
by air. The heat exchange coefficients of the water and
air (Kw,Ka) are shown in Fig. 2. The enthalpy (h) and
thermal conductivity (κ) of GCr15 are shown in Figs. 3
and 4. The rest parameters of GCr15 can be referred
to Ref. [2].

The heat conduction of quenching process was gov-
erned by the Fourier law[3]. The volume fraction of

Fig. 1 Element of the Jominy specimen
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Fig. 2 Heat exchange coefficients of water and air
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Fig. 3 Enthalpy values of GCr15
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Fig. 4 Thermal conductivity values of GCr15

pearlite and bainite transformed was calculated by
the Johnson-Mehl-Avrami equation[4-7]. The volume
fraction of martensite transformed was calculated by
the Koistinen-Marburger equation[8]. With an in-
creased iteration method, the elastic and plastic strain,
thermal strain, and transformation strain were all
concerned[9-10] during the quenching process. Then
the Vicker hardness HV of the specimen was gained
by summed method.
1.2 Orthogonal Test Project

A three-factor three-level orthogonal test project has
been designed to study the data scattering effects of
the input parameters on the simulation results. They
are heat exchange coefficient (K) of cooling media, as
well as the enthalpy (h) and thermal conductivity (κ)
of GCr15. Parameters K, h and κ are three factors in
the project. Volume fraction of martensite, quenched
strength and hardness are compared by three kinds of
values: D50 which is the quenched depth corresponding
to the 50% volume fraction of martensite, σmax which is
the maximum quenched strength, and dHV400 which is
the depth above Vicker hardness HV400. In this paper,
values of D50, σmax and dHV400 corresponded to the
original input parameter, K, h and κ are denoted by
subscript 1, the results corresponded to the above input
parameter, with a plus 10% scattering are denoted by

subscript 2, and those of minus 10% scattering are de-
noted by subscript 3. These parameters are three levels
in orthogonal test method, as shown in Table 1.

Table 1 Orthogonal test project and result

Test

number

Orthogonal

project

D50/

mm

σmax/

MPa

dHV400/

mm

1 K2 κ2 h3 16.7 176 66.3

2 K2 κ3 h1 15.9 201 55.4

3 K2 κ1 h2 16.5 181 56.0

4 K3 κ2 h1 15.5 203 53.6

5 K3 κ3 h2 14.5 228 46.9

6 K3 κ1 h3 14.7 214 52.2

7 K1 κ2 h2 16.6 184 55.2

8 K1 κ3 h3 14.9 214 52.8

9 K1 κ1 h1 15.6 201 54.6

2 Results and Discussion

2.1 Simulation and Discussion
The original microstructure of the specimen is uni-

form austenite, after quenching the microstructure in
the specimen has changed. And the microstructure
volume fraction along the symmetric axis is shown in
Fig. 5. At the quenching surface, they are mixture of
90% (volume fraction) martensite and 10% (volume
fraction) residual austenite. The volume fraction of
martensite and residual austenite decreases from 8 mm
depth and almost disappears at 32 mm depth. Mean-
while the volume fraction of bainite increases from zero
to near 100% and then begins to decrease too at 40 mm
depth, until at 68 mm depth arrives at near zero. On
the contrary, the volume fraction of pearlite increases
from zero to near 100% at the same time. Among them,
martensite is the most important for quenching process,
so the volume fraction of martensite is the first result
analyzed in the orthogonal test project, as shown in
Table 1.

The Von Mises equivalent stress along the symmetric
axis is shown in Fig. 6. It is a wavy curve. The biggest
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Fig. 5 Phase volume contents along the symmetric axis
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Fig. 6 Von Mises stress along the symmetric axis

peak corresponds to the depth that bainite transfor-
mation begins to happen, and the volume fraction of
martensite and residual austenite begins to decrease.
The second peak occurs at about 32 mm that corre-
sponds to the end of the martensite transformation,
and residual austenite occurs; the volume fraction of
bainite begins to be short stable also. The third peak
of Von Mises stress occurs at 68 mm that corresponds
to the end of the bainite transformation, and the vol-
ume fraction of pearlite begins to be stable. In general,
the maximum Von Mises equivalent stress σmax is con-
cerned. Thus it is the second result analyzed in the
orthogonal test project, as shown in Table 1.

Vicker hardness HV along the symmetric axis de-
creases with three platforms, as shown in Fig. 7. The
first platform is close to the quenching surface, which
corresponds to the maximum martensite volume frac-
tion. The second platform occurs within depth from
about 32 to 48mm, which corresponds to the region of
the maximum bainite volume fraction. The last plat-
form begins from about 68 mm to the end, which cor-

responds to the austenite decomposed to pearlite to-
tally. The hardening depth is also an important index
to evaluate the harden ability, so dHV400 is regarded as
the third result analyzed in the orthogonal test project.
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Fig. 7 Vicker hardness HV along the symmetric axis

2.2 Orthogonal Test and Discussion
The maximum of D50, dHV400 and the minimum σmax

values occur at the combination of (K2, κ2, h3), and the
minimum of D50, dHV400 and maximum σmax values
occur at the combination of (K3, κ3, h2), as shown in
Table 1. It is thoughtful that D50 and dHV400 have the
same tendency, because the martensite gives the biggest
contribution for the hardness. However, the σmax value
changes following the different rule. It can be consid-
ered that the σmax value depends stronger on the heat
transfer of test steel and heat exchange boundary con-
dition than on the inner heat source due to the change
of enthalpy.

According to the orthogonal test method, T1 line val-
ues in Table 2 mean the sum of results corresponding to
all combination that include K1, κ1 and h1, and they

Table 2 Orthogonal test results and analysis

D50/mm σmax/MPa dHV400/mm

K κ h K κ h K κ h

T1 47.1 46.8 47 599 596 605 162.6 162.8 163.6

T2 49.1 48.8 47.6 558 563 593 177.7 175.1 158.1

T3 44.7 45.3 46.3 645 643 604 152.7 155.1 171.3

t1 15.7 15.6 15.7 199.7 198.7 201.7 54.2 54.3 54.5

t2 16.4 16.3 15.9 186.0 187.7 197.7 59.2 58.4 52.7

t3 14.9 15.1 15.4 215.0 214.3 201.3 50.9 51.7 51.7

R∗ 1.5 1.2 0.5 29.0 26.6 4.0 8.3 6.7 2.8

Optimum level (max {t1, t2, t3}) K2 κ2 h2 K3 κ3 h1 K2 κ2 h1

Primary (K2, κ2, h2) (K3, κ3, h1) (K2, κ2, h1)

Note: R∗ = max{t1, t2, t3} −min{t1, t2, t3}
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are all results corresponding to level 1; t1 line values
mean the average of T1, and they equal to T1 divided
by 3; T2, T3, t2 and t3 line values have the similar defi-
nition. After the orthogonal test in Table 2, it is more
clear that K is the primary factor which affects all the
D50, σmax and dHV400. Parameter h has the weak-
est effect on all these results; κ is between K and h.
While maximum values of these three kinds of results
are wanted, it is advised to choose combination of (K2,
κ2, h2), (K3, κ3, h1) and (K2, κ2, h1), separately. Or
we can find which parameter is the key parameter while
we want to adjust these properties by this method.

3 Conclusion

The Von Mises equivalent stress along the rotational
axis has three apparent peaks, and the Vicker hardness
HV along the rotational axis has three platforms, both
of which correspond significantly to the point to gain
the maximum bainite volume fraction and the point
which bainite starts decompose in the specimen.

Even though heat exchange coefficient of cooling me-
dia, the enthalpy and thermal conductivity of GCr15
have the same scattering of 10%, they have quite differ-
ent effects on the simulation results. According to the
results of D50, σmax and dHV400, heat exchange coeffi-
cient of cooling media has the strongest effect, mean-
while enthalpy has the weakest effect on all these re-
sults. The combination of (K2, κ2, h2), (K3, κ3, h1)
and (K2, κ2, h1) will give the maximum results of D50,
σmax and dHV400 separately.
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