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Numerical simulation of quenching of large sized
blocks of 718 steel used for plastic dies
D.-L. Song, J.-F. Gu, J.-S. Pan and M.-J. Hu

The 718 steel used for plastic dies is required to be prehardened to 29 – 35HRC. For large sized blocks, it is
relatively difficult to additionally guarantee uniform hardness with the greatest hardness difference of 3HRC and
without any quenching cracks after heat treatment. In this paper, the transient temperature field and microstructure
transformation during the quenching process of large sized blocks of 718 steel have been simulated numerically.
Based on the simulation and experimental results, an appropriate quenching process, that is, direct air cooled
quenching after austenitising at higher temperatures such as 880 – 930uC, was recommended in order to reach
hardness uniformity and avoid quenching cracks. MST/5941
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Introduction

Quenching, during which workpieces are cooled at a fast
rate from a higher temperature, is the most important
operation of heat treatment. A bainite or martensite
microstructure is expected to result after quenching.
However, such results can not always be realised because
of the complicated quenching involved, including the
characteristics of the processed steels as well as the
attributes of the quenchants. The physical nature of
quenching is a constitutive model coupling the temperature,
phase transformation and stress/strain in the processed
parts. Recently, great progress has been achieved in
quenching model research and computer simulation, such
as in the coupling between temperature, phase transforma-
tion and stress,1 – 3 three dimensional nonlinear FEM
analysis,4,5 the calculation of phase transformation
kinetics,6 – 8 the effect of stress on phase transformation
kinetics9 – 11 and dealing with an abruptly changed bound-
ary condition.12,13 All these provide a sound basis for the
application of computer simulation technology in manu-
facturing. In this paper, the temperature and microstructure
fields of large sized blocks during quenching were simulated
in terms of commercial finite element (FE) software MSC-
Marc and user defined subroutines. By combining the
experiment results, a suitable quenching process for large
sized 718 steel blocks used for plastic die is proposed. This
quenching process can guarantee uniform hardness without
any quenching cracks.

Mathematical model and FEM numerical
analysis

TRANSIENT TEMPERATURE FIELD
The transient temperature field during quenching can be
described by the following partial differential equations.
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where l, r and cp are thermal conductivity, density and
specific heat, and these thermophysical property parameters
are strongly temperature dependent. q

.
, the internal heat

source as a result of the latent heat released during phase
transformation, can be expressed as10,14
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: : : : : : : : : : : : : : (2)

where Df and DH are the volume fraction and the enthalpy
of new phase.
The boundary conditions can be divided into three kinds
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where hT/hn is the temperature gradient on the boundary
along external normal direction, q

.
s is the heat density of the

workpiece surface, Ts is the temperature of workpiece
surface (uC), Ta is the temperature of the quenchants (uC)
and hS is the comprehensive heat transfer coefficient.

hS~hczhr : : : : : : : : : : : : : : (6)

hr~es(T2
azT2

s )(TazTs) : : : : : : : : : (7)

where, hc and hr are temperature dependent convective
and radiant heat transfer coefficient, e is the radiation
emissivity of the workpiece, set as 0.6 in this paper and s
is the Stefan – Boltzmann constant with the value of
5.76861028 W m22 K24.

In this paper, boundary s3 is adopted as the boundary
condition. When cooling in air, hS can be calculated as the
following

hS~2:2(TszTa)0:25z4:6\10{6(T2
azT2

s )(TazTs)
7

When cooling in water, hS can be determined by means of
the ‘inverse heat transfer method’ (IHTM), shown in
Fig. 1.15

The initial condition is

T t~0j ~T0(x,y,z) : : : : : : : : : : : : (8)

The three dimensional FEM format of the temperature field
equation can be deduced as4,16

½K�fTgtz½C� LT
Lt

� �
t

~fFgt : : : : : : : : (9)
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The backward difference method was used to discretise the
time domain, so the following equation can be obtained.

½K�z 1

Dt
½C�

� �
fTgt~

1

Dt
½C�fTgt{DtzfFg (10)

where [C] is the heat capacity matrix, [K] is the conductivity
matrix. {F} is the vector of internal heat generation. The
transient temperature field can be obtained by solving this
large equation group.

PHASE TRANSFORMATION
To calculate the volume fraction of diffusion-type phase
transformations during continuous cooling, the start times
of phase transformation, that is, incubation period, need to
be determined. The cooling path is divided into many
segments that could be approximately treated as iso-
temperature time intervals. The incubation period then
can be calculated by applying an additivity rule.17,18

X Dti
ti(T)

~1 : : : : : : : : : : : : : (10)

where ti(T) is the incubation period of the TTT diagram at
the temperature of T, Dti is the time interval held at a
temperature of T. When the total incubation time reaches 1,
the volume fraction of the new phase starts to be calculated
by the Avrami equation.19

f~1{ exp ({btn) : : : : : : : : : : : (11)

When calculating the volume fraction of diffusion-type
phase transformation, the virtual time was introduced. The
virtual time, obtained by equation (12), is the time needed
to form, at the temperature Ti, the volume fraction of the
new phase equal to that transformed in a full spectrum of
temperatures higher than Ti.

t�i ~ {
ln (1{fi{1)

bi

� �1=ni

: : : : : : : : : (12)

If the temperature of Ti is kept for the time interval of Dt,
the virtual volume fraction of the new phase is

f �i ~1{ exp ({bi(t
�
i zDt)n) : : : : : : : : (13)

The real volume fraction is

f~f �(fri{1zfi{1)fmax : : : : : : : : : : (14)

where fi – 1 and fri – 1 are, at time of i – 1, the volume fractions
of the new phase and retained austenite respectively. fmax is
the maximum volume fraction at the temperature of Ti.

The volume fraction of martensitic transformation was
calculated by the Koistinen – Marburger equation.20

f~1{ exp ({a(Ms{t)) : : : : : : : : : (15)

where Ms is the starting temperature of martensitic

transformation, T is the temperature, a is a constant
depending on the steels, a~0.021 for 718 steel.

Properties of the large sized block and
quenching processes

Figure 2a is the shape of the large block. Because of the
symmetry, only one eighth of the whole block needs to be
simulated and its FEM mesh is shown in Fig. 2b. In order to
simulate accurately and reach convergence easily, the bias
method is adopted to discretise the block into FEM mesh.

718 steel was developed by ASSAB Company in Sweden
by adding approximately 1% nickel to AISI P20 steel
(3Cr2Mo). Its chemical composition is shown in Table 1.
Before being made into dies, the steel is generally pre-
hardened by heat treatment to 280 – 325HB (29 – 35HRC)
with the largest hardness difference of 3HRC within the
same section. The key problem in obtaining uniform
hardness without any quenching cracks in large-sized
blocks is to design an appropriate quenching process. In
traditional quenching with oil as the quenchant, the depth
of hardening is thinner and the cost is higher, while there is a
higher risk of cracking when water is used as a quenchant.
This paper compares the two quenching processes by
computer simulation and experimental test. The first
investigation is for a combination of pre-cooling, water
quenching and self-tempering. The operation sequence is as
follows: pre-cooling in airAquenching in the water for a
suitable periodAself-tempering in air, taking the block out
of the waterAquenching in the water again for another
periodAcooling in the air. The second investigation is for

1 Heat transfer coeficient of water

a geometry; b FEM mesh

2 Geometry diagram and FEM mesh of the large sized
block

Table 1 Chemical composition of 718 steel, wt-%

C Si P S Cr Mn Ni Cu Mo Fe

0.35 0.40 0.012 0.007 1.75 0.75 1.14 0.11 0.40 Bal.
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as high as 880 – 930uC, then directly cooling in the air.

Results and analysis

WATER QUENCHING WITH PRE-COOLING
AND SELF-TEMPERING PROCESS
The first quenching process, water quenching with pre-
cooling and self-tempering technology, was proposed based
on the simulation of a block of 2450 mm61300 mm6
430 mm in size, and the results were validated by
experiment.

Simulation results show that from the surface to the
centre of the large-sized block, martensite and bainite are
formed and there is no ferrite or pearlite, which can have a
negative effect on the hardness distribution of the whole
block (see Fig. 4). Self-tempering between the two quenches
in water can be easily identified because raises the surface
temperature to about 400uC (Fig. 3). It can effectively
decrease the brittleness of the newly formed martensite. In
addition, pre-cooling in air before quenching into water can
reduce the heat energy of the whole block and the
consequent cooling rate of the block surface. Both pre-
cooling and self-tempering are helpful to avoid quenching
cracks. Therefore the quenching process may meet the
requirement of the 718 steel block.

The practical quenching and tempering processes pro-
posed based on simulation are shown in the Fig. 6 to
validate the accuracy of the simulation and the feasibility of
this quenching process. The experiment on the first
quenching process was carried out in Shanghai No. 5
Steel Plant. As shown in Table 2, after heat treatment, the
hardness of the whole block is in the range 29 – 34HRC,
with the largest difference being 5HRC. At the surface the
hardness is higher than that in the centre because the surface
layer microstructure is martensite while that of centre layer

is bainite, which can be clearly seen in Fig. 7. Comparing
Fig. 7 and Fig. 4, the experimental results are consistent
with those of the simulation.

Some quenching cracks can be found at the edges or
surfaces of the block, which are related to the martensite
formed there, shown in Fig. 5, so in order to meet the strict
requirements the quenching process needs to be further
improved.

DIRECT AIR-COOLING QUENCHING PROCESS
As seen in Table 2, the hardness uniformity of the block
quenched by the first quenching process can not reach the
required standard because of different microstructures
obtained at the centre and the surface layer. In addition,
it was found that there was no ferrite and pearlite
transformed in the block because of the higher hard-
enability (refer to the TTT diagram shown in Fig. 8).

4 Microstructure distributions along the centre axis (CD)
by quenching process I

3 Cooling curves of points along the centre axis (CD) of
the block by quenching process I

5 Martensite contour of the whole block after quenching
process I

Table 2 Hardness distribution along the height of the block after quenching process I

Distance from the
surface, mm

Hardness,
HRC

Distance from
the surface, mm Hardness, HRC

Distance from the
surface, mm

Hardness,
HRC

10 34 130 31.5 250 30.5
30 33 150 31.5 270 30.5
50 33 170 30 290 31
70 32 190 29 310 31
90 32 210 29 330 32

110 31.5 230 30 … …
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Therefore, a novel quenching process, the direct air-cooling
process, was investigated.

The direct air-cooling process was simulated on the block
with size of 1100 mm61040 mm6310 mm. From the

cooling curves of points at different position on the
block, it can be found that the temperature difference is
much smaller compared with the first quenching process. As
seen from Fig. 9, a temperature flat zone between the 400uC
and 450uC can be found, which is caused by release of latent
heat of bainite transformation. The simulation phase
transformation evolution in Fig. 10 also shows that not
only the surface but also the centre of the block transformed
into bainite transformation after air-cooling. This can
guarantee more uniform hardness distribution. Meanwhile,
a small temperature difference between the surface and
centre can also effectively avoid quenching cracks.

a

b

a surface; b centre

7 Microstructures of the block after treating with the
process in Fig. 6

8 TTT diagram of 718 steel used for plastic dies

9 Cooling curves of points along the centre axis (CD) of
the block by quenching process II

10 Bainite transformation evolution in the block during
quenching process II

a quenching process I; b tempering process I

6 The flow diagram of quenching and tempering process I
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Validation experiments have also been performed as
above according to the proposed quenching process shown
in Fig. 11. Experiment results in Table 3 shows that the
hardness is relatively uniform in the scope of 31 – 34HRC
with the largest hardness difference of 3HRC. The
uniformity of hardness distribution lies in the fact that
granule bainite is transformed not only at the surface but
also in the centre after direct air-cooling (see Fig. 12).
Furthermore, there are not any quenching cracks found on
the block after heat treatment, so direct air-cooling
quenching can completely meet the hardness distribution
requirement without risk of cracking.

Conclusion

Through computer simulation and experiment, two quench-
ing processes for large-sized 718 steel blocks used for plastic
dies, the water quenching with pre-cooling and self-
tempering process and the direct air-cooling process were
respectively investigated. In the first quenching process, the
hardness of the whole block can be kept in the range
29 – 34HRC with a maximum hardness difference of 5HRC,
but some small quenching cracks can be found at the edges
and on the surfaces. In the second quenching process, a
more uniform hardness distribution of 31 – 34HRC with a
maximum hardness difference of 3HRC was obtained and

no quenching cracks were found, so it is concluded that the
direct air-cooling quenching process is more suitable for
large-sized 718 steel blocks.
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