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Abstract. This study is carried out in partnership with the company CAVEO, manufacturer of leaf springs for
vehicles. It concerns the development of a numerical model intended to follow the space-time temperature
evolution of a leaf during two processing operations: hot cambering and quenching. This leaf is of a parabolic
proﬁle, made of EN-51CrV4 steel (AISI-6150). After austenitization, it passes through a cambering operation to
confer it the desired deﬂection and then a quenching operation. This quenching is carried out in an oil bath to
achieve better mechanical properties. The prediction of the temperature during quenching involves determining
the heat transfer coefﬁcient between the leaf and the oil bath. This coefﬁcient is determined by quenching, under
the same conditions as the leaf, using a standard probe of the same steel. The numerical model is based on the
resolution of the transient heat equation by considering the heat loss ﬂows towards the heterogeneous
environment (ambient air, press contact and quenching oil). The results obtained by this model give the spacetime temperature evolution of the leaf from the exit of the heating furnace to the exit of the oil bath. The
numerical results are compared to the experimental proﬁles obtained through thermographic images throughout
cambering and quenching operations. These results are consistent with experimental results.
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1 Introduction
The leaf springs for rolling vehicles, manufactured by the
company CAVEO, pass during their industrial
manufacturing by several successive operations. This
study concerns two of these operations, hot cambering
and quenching. These two operations are combined; the
ﬁrst concerns, after complete austenitization of the leaf, the
hot cambering on a press to give the desired deﬂection. It is
followed by the quenching operation in an oil bath to
achieve a martensitic structure on both surface and core.
The parameters governing these two operations are
currently determined through the manufacture of several
leaf prototypes tested at the production line. In order to
avoid the extra cost, these prototypes will be replaced by
virtual prototypes based on numerical simulation.
The objective of this work is therefore to develop a
reliable numerical model capable of predicting the spacetime temperature evolution for any geometry of leaf from
the exit of the heating furnace until the exit of the oil bath.
* e-mail: salma.slama1@yahoo.com

Thus, it will optimize the different parameters of these two
operations and facilitate the development of new ranges of
springs.
Several studies are published on the numerical simulation of various industrial processes of hot forming and
quenching of mechanical components [1] such as automotive ones [2]. Most of this work concerns the hot stamping of
thin components where forming and quenching operations
are combined in one step [3]. The most common steels used
in these studies are high strength steels such as boron steels
[4]. Our model relates to a particular manufacturing
process that has parameters that differ from the published
studies in terms of geometry, material, forming and
quenching conditions.
In this paper, the proposed model is developed under
the Abaqus ﬁnite element code in its implicit version. It is
intended to solve the transient heat equation by taking into
account the thermal losses caused during these operations.
The modeling of the quenching operation involves
determining the heat transfer coefﬁcient between the leaf
and the oil bath. This coefﬁcient was determined
experimentally and in accordance with the leaf quenching
conditions.
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Fig. 1. Leaf spring manufacturing process: austenitization, cambering and quenching.

The results obtained by the numerical simulation are
then compared with experimental measurements carried
out by infrared thermography camera. The comparison
concerns the distribution of the temperature throughout
the cambering and the quenching.

2 Study overview
This study deals speciﬁcally with the leaf cambering and
quenching operations. The mechanical properties of the leaf
after quenching are conditioned by the parameters which
govern these operations. These parameters include the
austenitization temperature, the cambering duration, the
temperature of the quench oil, the cooling rate and duration
The aim of this research is to control those parameters
in order to avoid leaf defects (cracks, surface decarburization, internal stresses, fragility...), to facilitate and
optimize the development of new spring ranges.
2.1 Leaf spring processing
The two integrated cambering and quenching operations
follow a programmed cycle speciﬁc to each range of leaf.
This cycle, starts by the leaf heating whose purpose is to

reach a homogeneous austenitic structure (Fig. 1a). At the
exit of the leaf from the furnace, the leaf is transferred by
robot on a press so as to undergo the cambering and
to confer it the deﬂection corresponding to its proﬁle
(Fig. 1b). Finally, the leaf is transported by a second robot
and quenched in an oil bath at a temperature varying
between 60 and 80 °C (Fig. 1c).
The transfer of the leaf from the furnace to the
quenching bath induces a thermal loss in relation to the
selected austenitising temperature, the mass, the thickness
of the leaf and the temperature of the surrounding medium.
This loss of temperature must not reach the temperature of
transformation of the austenite into bainite at the moment
of their immersion in the oil. The holding time in the oil
bath must allow the cooling of the leaf to reach the
temperature of the bath.
2.2 Geometry and material of the leaf
The leaf selected for this study is symmetric and have a
parabolic proﬁle (Fig. 2). Typical dimensions of the leaf:
1.5 m long, 100-mm wide and thickness varying from
40 mm at the level of the leaf central axis (zone 1) to 14 mm
at the extremities. Within zone 2, the proﬁle is parabolic
and the thickness varies between the extreme values.
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Fig. 2. Geometry of a parabolic leaf.

Table 1. Chemical composition of the steel 51CrV4 [5].
Elements
51CrV4

%C

%Mn

%Si

0.47–0.55

0.70–1.10

max. 0.40

This leaf is manufactured by CAVEO in normalized
steel EN-51CrV4 (AISI-6150). Its chemical composition is
provided in Table 1 and follows standard EN-10089.

3 Experimental investigation
The development of the numerical model for this study will
require:
– the experimental measurements of the leaf temperature
throughout the cambering and quenching operations on
the production line;
– to determine the heat transfer coefﬁcient between the leaf
and the quenching oil under the processing conditions.
3.1 Temperature measurement
A calibrated infrared camera (FLIR ThermaCAM P60) is
used to measure the leaf temperature throughout exit from
the heating furnace to exit from the quenching bath.
– At the moment of its exit from the furnace at time (t0 = 0s),
the temperature measurements delivered by the camera
are between 930 and 900 °C in zone 2 and between 900 and
850 °C in zone 1 (Fig. 3). The temperature hooks at 418 °C
correspond to the temperature of the robot clamps.
– At the time (t1 = 34 s), at the moment of immersion of the
leaf in the oil bath, the temperatures displayed by the
camera are in Figure 4. They are presented by three
curves corresponding respectively to Li1, Li2 and Li3
(Fig. 4b) to take into account the curvature of the leaf.
– Li1 and Li3 are segments respectively, representing the
zone 2 of the leaf. The temperature on these segments
varies between 850 and 800 °C;
– Li2 is a segment corresponding to zone 1. The
temperature in this segment varies between 860 and
730 °C. The temperature hook which is present on this
curve is associated with the thermal loss caused by the
contact of the leaf with the jaws of the press and the
clamps of the transfer robot.
– At time (t2 = 34 + 440 s), the leaf temperatures at the exit
from the oil bath are shown in Figure 5. They are also of

%P max

%S max

0.025

0.025

%Cr

%V

0.9–1.2

0.10–0.25

three curves, respectively, corresponding to Li1, Li2 and
Li3 (Fig. 5b).
– Li1 and Li3 are segments of the leaf showing the zone 2.
The temperature of these segments range from 75 to
about 147 °C;
– Li2 is the central segment of the leaf corresponds to zone
1. The temperature in this segment varies between 126
and 153 °C.
These experimental results of temperature measurements taken by the infrared camera will be used for
comparison with the numerical calculations.
3.2 Temperature-dependent transfer coefﬁcient
The development of the numerical model relies notably on
the determination of the transfer coefﬁcient hoil(T) between
the leaf and the quenching bath. This coefﬁcient varies
considerably with the temperature [6], the quenching
environment characteristics [7] (agitation [8], viscosity,...),
and the quenched material (enthalpy changes) [9].
The transfer coefﬁcient hoil(T) is calculated from the
following analytic expression (Eq. (1)) [10]:
hðT Þ ¼ V ⋅rðT Þ⋅CðT Þ⋅T_
AðT S  T b Þ;

ð1Þ

with
r(T):density, V: probe volume, C(T): speciﬁc heat,
ðT_ _Þ: cooling rate, A: probe surface,
TS: temperature of the probe surface, Tb: temperature
of the quenching bath.
The experimental determination of the leaf cooling rate
ðT_ Þ during quenching is difﬁcult to achieve, since the oil
bath is not accessible. Alternatively, a standardized probe
(standard AFNOR NFT 60-178) was used in place of the
leaf. It is a cylindrical probe [11] of a 16-mm diameter and a
48-mm height. The probe is usually made from metal
without any phase transformation such as inconel [12],
silver [13] and austenitic steel.
In this study, the probe is made from the same steel as
the leaf (51CrV4) to take into account the enthalpy
changes due to phase transformation during this probe
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Fig. 3. Leaf temperature at t0.

Fig. 4. Leaf temperature at t1.
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Fig. 5. Leaf temperature at t2.

control of signals acquisition and their archiving is carried
out by an acquisition software (QuiqDaq v1.6). The results
provided by QuiqDaq were ﬁltered by a digital low pass
ﬁlter in order to reduce the noise of time-temperature data.
The layout of the temperature variation measured
according to time (Fig. 6) during this probe quenching
shows the inﬂexions highlighted on the derivative of the
cooling curve (temperature according to the cooling rate
T_ ¼ dT
dt ) (Fig. 7). It reveals clearly the three cooling
modes [14] that are separated by the characteristic oil
temperatures u1 = 630 °C and u2 = 400 °C, namely:

Fig. 6. Measured cooling curve of the probe T = f (t).

quenching. This probe is drilled in its axis of a hole 4 mm in
diameter and 24 mm depth. This hole is used to
accommodate the K-type thermocouple connected to an
acquisition chain with 1000 measurements per second. This
probe is then austenitized with its thermocouple at 950 °C
and then quenched in oil under the same conditions as the
leaf. The temperatures during heating and cooling of this
probe are recorded by means of this chain. In order to avoid
erroneous readings and to ensure the repeatability of the
experiment, three quenching tests were carried out using
calibrated thermocouple with following dispositions;
thermocouple protection, shielded compensation wires,
copper grease (for better thermal contact). Finally, the

– the vapor phase or stage between 950 and 630 °C with T_
varying between 20 and 30 °C s1;
– the boiling phase between 630 and 400 °C with T_ max
around 50 °C s1;
– the convection phase between 400 and 70 °C, with a weak
cooling rate.
The calculation of hoil(T) through equation 1 allows us
drawing the coefﬁcient variation curve according to the
temperature (Fig. 8). The curve proﬁle follows the same
course as Figure 7 and highlights three different cooling
modes, with hoil values around 750 Wm2 °C1 for the ﬁrst
mode, reaching the peak of 2020 Wm2 °C1 for the second
and falls during the third. These three phases are actually
those of the vapor, boiling and convection phase,
separated by nearly the same temperature values u1
and u2. This layout turns out to be in accordance with the
other works that concerned the determination and the
validation of the transfer coefﬁcient of the quenching oils
[15,16].
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Fig. 7. Derived curve T = f(T_ ).

Fig. 9. Calculated and measured proﬁle comparison of the
temperature variation according to time.

ﬂows. The effect of the phase transformation on thermal
gradient is taken into account in the hoil coefﬁcient.
The temperature distribution in the leaf is determined
by the resolution of the transient heat equation (Eq. (2))
through the ﬁnite element simulation realized with the
Abaqus calculation code in its implicit version:
rðT ÞCðT Þ

∂T
 divðlðT Þ ! Þ _
q ¼ 0;
gradT
∂t

ð2Þ

with T is the temperature, t the time, r the density, C the
speciﬁc heat, l the thermal conductivity, q_ the rate of heat
generation term which is neglected in this work.
4.1 Geometry

Fig. 8. Evolution of the transfer coefﬁcient in accordance with
temperature hoil = f(T).

In order to validate the heat transfer coefﬁcient, an
axisymetric thermal model of the probe quenching was
carried out using the ﬁnite element code Abaqus standard.
The probe is meshed using the abaqus element type DCAX4.
In this model, the heat transfer coefﬁcient determined above
(Fig. 8) was taken as a boundary condition. The obtained
temperature was confronted in Figure 9 to the measured one.
The calculated curve (red curve), compared to the
experimental one (blue curve), highlights a big similitude.
This result allows thus tackling the numerical simulation of
heat behavior during the leaf spring cambering and
quenching.

4 Finite element simulation

The leaf spring presents two symmetry plans. Hence, study
was limited to the quarter of the geometry in order to
minimize the computation time.
The geometrical model relies on the three following
components (Fig. 10):
– the rolled leaf: deformable 3D body;
– the two jaws of the press: isothermal rigid shell with
temperature T = 25 °C;
– The upper and lower ﬁngers of the press: isothermal rigid
shell with temperature T = 25 °C.
The leaf is meshed using the abaqus element type
C3D8T.
4.2 Features of the steel EN-51CrV4(AISI-6150)
The physical properties of 51CrV4 steel, such as the
density, the thermal conductivity and the speciﬁc heat
(Fig. 11) are introduced in the model according to
temperature [17].
4.3 Initial and boundary conditions

Numerical simulation is based on the development of a
thermo-mechanical model, from which we have presented
in this article the thermal part with its experimental
validation.
In this study, the heat source due to plastic deformation
is neglected versus the convection and conduction heat

The initial conditions considered in the FEM model are as
below:
– the initial temperature of the leaf T0 is supposed to be
homogeneous. This temperature is ﬁxed at 910 °C
(average value of experimental measures);

S. Slama et al.: Mechanics & Industry 19, 304 (2018)

7

Fig. 10. Discretized geometrical model.

Fig. 11. Physical parameters of 51CrV4 steel.

– the temperature of the press is ﬁxed at 25 °C;
– the temperature of the quenching oil is ﬁxed at 73 °C
(experimental value).

– convection between the exterior surface of the leaf (∂V)
and the quenching oil: hoil = f(T) (Fig. 8).

The boundary conditions are as follows:
– radiation of the leaf towards the exterior environment: e
(emissivity) = 0.85 [18];
– convection between the exterior surface of the leaf (∂V)
and the exterior environment: hconv/air = 7 W/m2 °C [19];
– conduction between the cambering press and the leaf:
hc = 1200 W/m2 K [20]. This coefﬁcient depends on
pressure [21]. The evolution of the heat transfer
coefﬁcient as a function of the contact pressure is
determined by Merklein and Lechler [20]. In this study,
hc corresponds to a pressure of 40 bar;

5 Results and discussion
The numerical results allow following the space-time
evolution of the leaf temperature starting from its exit
from the heat furnace to its exit from the quenching bath
while going through the cambering operation. We present
here this distribution at the end of each stage: after
cambering and transfer towards the quenching bath at the
time t1 and after ﬁnal cooling at the time t2.
The leaf cambering and its transfer at the level of the
quenching bath at the time t1, creates a non uniform cooling.
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Fig. 12. Distribution of the leaf temperature before quenching (t1).

Fig. 13. Distribution of the leaf temperature at the exit from the quenching bath (t2).

Fig. 14. Experimental and numerical temperature distribution of the leaf at t1.

Indeed, the temperature at the leaf surface at the level of
zone 2 varies between 800 and 850 °C. Whereas at the thick
zone (zone 1) a thermal gradient is created between the
surface and the core whose temperatures are around 760 and
850 °C, respectively (Fig. 12). The temperature decrease at
the surface of this zone is associated to the contact between
the press machine and the leaf during the cambering. The
measured temperature, relative to the same cambering
phase, reach 800 °C at the extremities and varies between
860 and 730 °C in the central zone.
The leaf after quenching and its exit from the oil bath at
the time t2, does not reach its entire cooling. Between the
extremities to mid-length of zone 2, the temperature
reaches that of the quenching bath, namely 73 °C (Fig. 13).
Whereas the central zone (zone 1) keeps a temperature
superior to that of the bath, namely 140 °C. Between these
two zones, the temperature varies. The measured temperature for this quenching phase are between 75 and 147 °C,
respectively at the extremities and in the central zones.
Based on these results, the numerical values are equivalent
to the experimental ones. In both cases, the proﬁles of the
temperature distribution during cambering (Fig. 14) and
also during quenching (Fig. 15) are almost the same.

The experimental temperature proﬁle of zone 1 at t1 (Fig.
14a) differs from that calculated (Fig. 14b) due to the presence
of the robot clamps. Thus, the two techniques conﬁrm that the
quenching duration at about 440 s is insufﬁcient to complete
the cooling of the leaf because the central zone of the leaf
chosen for this study did not reach the temperature of the
quenching oil (73 °C) at its exit from the bath.

6 Conclusion
The numerical model aims to simulate the heat behavior of
a leaf during its manufacturing throughout cambering and
quenching phases. This model gives the space-time
distribution of the temperature of the leaf from its
austenitization to the exit of the oil bath.
Hence, this simulation highlights that at the end of the
cambering and quenching operations, the temperatures at
the extremities and central level are respectively of 73 and
140 °C. These results are almost identical to those of the
experimental measurements because the temperatures
displayed in these zones are respectively 75 and 147 °C.
Indeed, this numerical model could determine the space-
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Fig. 15. Experimental and numerical temperature distribution of the leaf at t2.

time distribution of temperature for any leaf geometry
(shape and dimensions) during cambering and quenching
operations. Thus it represents a reliable, fast and efﬁcient
tool to ensure optimal parameters for the faster development of new leaf ranges.
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