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Abstract Distortion while quenching steel is a commonly
found problem in industrial practice. This issue arises from
the combined effect of thermal contraction and martensite
transformation stresses. This problem may be exacerbated
in components with long geometries. This work presents
the results of a numerical and experimental investigation
that assessed the effect of both the austenite grain size
(AGS) of three sizes 8, 9 and 10 ASTM, and the immersion
route on the distortion of a long component of SAE 5160
steel during oil quenching. The transformation kinetics
were calculated using JMatPro and were validated by
quench dilatometry. A three-dimensional finite element
model was developed in Deform 3D. This model was then
validated using thermocouple data. Results showed that the
distortion was minimized when the long component was
dipped sideways in the quenching medium instead of
immersing the component from the distal ends when the
AGS was 8 ASTM.
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1 Introduction

Quenching is one of the most widely applied heat treat-
ments in steel processing to improve mechanical properties
such as strength and hardness. Mathematical modeling is
one of several tools being used to further understand the
interactions that occur during quenching [1-8]. In this
process, components are cooled rapidly using cooling
media, such as air, water, brine or oil to avoid diffusion
controlled transformations in favor of the adiffusional
martensite transformation. There is a critical cooling rate
which is required to suppress the diffusion transformations
such as austenite-pearlite and austenite-bainite, which is a
function of alloy chemistry and AGS [9, 10]. The forma-
tion of bainite is undesirable in traditional quenching pro-
cesses because this phase is not as hard as martensite and
subsequent tempering processes may be affected by its
presence [11, 12]. In components which require superior
dimensional controls, such as automotive and aerospace
components, distortion during quenching may be an
important problem. It is accepted that distortion is caused
by the combined effect of thermal and martensite trans-
formation stresses [13—-18]. Among other mathematical
tools, finite element method (FEM) modeling has been
used for further understanding of the quenching parameters
and the effects they may have on distortion [2-5, 7, 19-24].

One of the most difficult issues to develop an accurate
distortion model is the determination of a heat transfer
coefficient (HTC) at the quenching interface. This HTC is a
function of the part surface and quenching media temper-
ature, as well as the media agitation [19, 25-28]. Distortion
may be more likely in components with complex
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geometries, in particular the so-called long geometries,
with a length:width ratio over 7. Additional parameters,
such as dipping route, and inhomogeneous heat extraction
have also been reported to have roles in distortion [29-32].
Among industrial components commonly affected by dis-
tortion, automotive leaf springs manufactured from steel
strips are an important example, both in terms of geometry
and dimensional strict controls.

In this work the effect of both the AGS and the oil-
quenching route on the distortion of a long steel com-
ponent were assessed using a numerical FEM approach
based on experimental data. Macroscopic distortion was
analyzed both dimensionally and in terms of the evolution
of the martensite volume fraction distribution along the
whole component volume. HTC was calculated from
experimental data. JMatPro was used to calculate trans-
formation kinetics which were later refined using quench
dilatometry. A fully coupled three-dimensional FEM
model with the previously calculated HTC and transfor-
mation kinetics was developed using the commercial
software Deform 3D.

1.1 Modeling

During the last three decades, several heat treatment
processes have been simulated by numerical methods.
Specifically, quenching has been simulated using mostly
FEM software [33]. The FEM is a computational tech-
nique used to obtain approximate solutions of boundary
value problems in engineering. Usually, FEM divides the
definition domain into reasonably defined subdomains
(elements) by hypothesis and supposes that the unknown
state variables’ function in each element, is approxi-
mately defined. Thus the approximate solutions of the
boundary value and initial value problems are obtained.
Considering the complex phenomena occurring during
quenching, it is understandable that why FEM approa-
ches are preferred to simulate this heat treatment pro-
cess. In fact, it is possible to find several commercial
FEM software suites capable of simulating the quench-
ing process, such as DANTE, DEFORM-HT, FORGE,
HEARTS and TRAST [34].

Quenching is a multi-physics process involving a com-
plicated pattern of couplings between different physical
events such as heat transfer, phase transformations, and
stress evolution. Based on the above, several works based
on FEM have been developed, in order to gain and improve
knowledge on: heat transfer, phase transformations,
mechanics of materials, fluid dynamics, and numerical
methods for computer implementation of problems [3, 4,
10, 35-38].

The computer simulation of the quenching process
includes three main parts: heat transfer, phase
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transformations, and deformation due to temperature and
phase changes. It has been reported that, martensitic phase
transformation in steels has a larger contribution on stress
generation and distortion than the thermal gradients during
the quenching process [3, 37].

Quenching can be defined as a transient heat conduction
problem with convective and radiation boundary condi-
tions with internal heat source and sink. The governing
equation for this problem has been formulated by Fourier’s
law:

q=—kVT (1)

where ¢ is the vector of heat flow per unit area, k is thermal
conductivity and VT is the gradient of the temperature
field inside the material.

1.1.1 Thermal Modeling

According to the Fourier law, the Fourier heat conduction
equation of transient problem with the phase-transforma-
tion latent heat can be achieved by using conservation of
energy in a rectangular coordinates system. The equation
can be written as:

0 oT 0 oT 0 oT oT
& ("a) T ("a) T ("a?) T = <§PC")
(2)

where k is the thermal conductivity, T is the temperature of
the quenching part, ¢, is the rate of heat generation from
the steel phase transformation, p is the density of material,
C, is the specific heat constant pressure, t is the time, X, y
and z, are the rectangular coordinates. The boundary
condition of heat transfer is:

€S = w7 ®)

where n is the normal direction to the solid surface, h(T) is
the heat transfer coefficient (HTC) at the surface I', which
is a function of temperature, and is determined from the
measured temperature evolution data which have been
analyzed with the solution of the Inverse Heat Conduction
Problem (IHCP) [39]. T, and T, denote the instantaneous
surface temperature of the part and the temperature of the
quenching media, respectively. The rate of heat
transmission by convection and radiation between the
surface of the solid component and the fluid quenching
medium can be calculated using Newtons equation of
cooling:

0 = hAAT (4)

where Q is the heat flux, k is the heat-transfer coefficient
which combines the influence of the convection and radi-
ation, A is the surface area of the solid component, and AT
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is the temperature difference between the surface of the
component and the quenching medium.

1.1.2 Modeling of Phase Transformation

A time-temperature-transformation (TTT) diagram
describes the relationship between the starting and ending
of transformation, and the transformed volume fraction
during the isothermal process at different temperatures.
The isothermal kinetic equation, namely Johnson-Mehl
equation [40], provides a solid base for numerical simu-
lation of thermal processes, although it cannot be directly
applied to calculate the volume fraction during non-
isothermal processes, such as industrial heating or cooling
treatments. Due to the strict limitation of Johnson-Mehl
equation, Avrami [41] proposed an empirical equation,
which has a simpler form and has been widely used, as
follows:

f=1—exp(-bt") (5)

where f is the volume fraction of a new phase, t is the
isothermal time duration, b is a constant dependent on the
temperature, composition of parent phase, and the grain
size and n is also a constant dependent on the type of phase
transformation and ranges from 1 to 4.

Coefficients b and n at different temperatures are usu-
ally calculated from the experimentally obtained TTT
diagram by the following equations:

; :ln[ln(l —fi) —In(1 —f)]

Inty —Ing,

. P(l_f)] (©)

f

b depends on temperature according to Arrhenius type
equation given by the expression:

b = byexp (;—?) (7)

where by is the frequency factor, Q is the activation energy
for the transformation, R is the gas constant and T is
absolute temperature.

1.1.2.1 Martensitic Transformation Martensite is com-
monly considered to form by a time-independent trans-
formation below M temperature [42]. Physically, there
exists a nucleation and growth stage, but the growth rate is

Table 1 Chemical composition of SAE 5160 steel

so high that the rate of volume transformation is almost
entirely controlled by nucleation. In fact, the austenite—
martensite interface moves almost at the speed of sound in
the solid. Therefore, its kinetics is essentially not influ-
enced by the cooling rate and cannot be described by
Avrami type of kinetic equations. The amount of marten-
site formed is often calculated as a function of temperature
using the law established by Koistinen and Marburger [42]:

V =1 —exp[-a(M; - T)] (3)

where V is the transformed volume fraction of martensite,
T is the temperature, Mg is the start temperature of
martensitic transformation and a is the constant reflecting
the transformation rate and depends on the steel composi-
tion. For carbon steel with carbon lower than 1.1 %, we
have o = 0.011.

2 Experimental Procedure

Table 1 shows the chemical composition of the SAE 5160
steel used in this study, commonly used in spring appli-
cations. The analyzed component measured 1500 mm long,
60 mm wide and 10 mm thick, a typical leaf spring
dimensions. The computational domain representing this
component is presented in Fig. 1.

To analyze the macroscopic distortion and calculate the
heat transfer coefficient, our full component of SAE 5160
steel was instrumented with K-type thermocouples located
in the center of the component, as indicated in Fig. 1. One
was welded to the surface and the other was tightly inserted
upto 5 mm from the surface. This component was austen-
itized for 11 min at 920 °C and quenched in oil at 60 °C at
Rassini’s facilities. The quenching tank was used in pro-
duction and agitated in the first half of the dipping section,
with a baffle limiting the agitation in the second half. The
component was submerged for 90 s. The thermal data were
recorded using a computerized acquisition system. The
HTC was fitted using the thermal history data thus
obtained. Final martensite volume fraction was measured
using common metallography techniques. Finally, a satu-
rated picric acid solution was used to reveal the austenite
grain size prior to quenching.

JMatPro was used to calculate the transformation
kinetics and martensite linear expansion. These initial
calculations were further refined with data obtained from a

Element C Mn Cr

Si Cu Ni Fe

(Wt%) 0.6 0.87 0.96

0.25 0.22 0.14 Balance
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Fig. 1 Computational domain used in the simulation showing
dipping trajectories, a vertical, in Z direction, i.e. from the ends, b
horizontal, in Y direction, i.e. from the edge and c¢ meshing the
component geometry

quench dilatometer (L78 RITA Linseis Messgerite, Ger-
many). Induction heating and helium cooling were used in
the experimental setup, with a cylindrical sample (10 mm
long and 3 mm thick) instrumented with a k-type thermo-
couple recording 1000 data points per second. Data for
AGS of 8, 9 and 10 ASTM were obtained and TTT dia-
grams were constructed from isothermal holding following
different cooling routes.

2.1 FEM simulation Procedure and Input Data

Deform 3D (Scientific Forming Technology Corporation,
Columbus, Ohio, USA) was used to develop the fully
coupled model, following the equations described previ-
ously [43]. Most physical properties were obtained from
Deform 3D database, while transformation kinetics were
determined as described in the previous paragraphs.
Using data from the instrumented component as
described in the previous section, the interfacial HTC was
determined using the solution to the IHCP, implemented in
the CONTA code. The HTC thus obtained represented an
improvement over previously reported constant values as
well as other variable values, since each quenching setup
had particular parameter which might affect heat transfer at
the component-media interface [4]. Table 2 summarizes
the simulation parameters used. The computational mesh
was comprised of approximately 100,000 elements as
shown in Fig. 1. This allowed to obtain results that were
independent of the mesh itself. In order to analyze the
effect of immersion route on quenching distortion, the
defined computational domain was dipped into a paral-
lelepiped volume representing the quenching pool. The
code DEFORM has the capability to introduce a solid
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Table 2 Simulation parameters

Simulation parameters Value(s)

Poisson’s ratio 0.3
Iteration method Newton—Raphson
Thermal conductivity k (determined for each phase)

Heat transfer coefficient AT), shown in Fig. 3

Number of simulation steps 900
Number of elements 100,000
Number of nodes 14,156
Initial temperature (°C) 920
Environment temperature (°C) 50
Quenching oil temperature (°C) 60
Immersion speed (mm/s) 40

Dipping direction Zand Y
Austenite grain size (ASTM) 8,9 and 10

object into a pool at a given speed. Basically this is done by
sequentially switching on the oil cooling boundary condi-
tion through the surface of the object, as if it were
immersed in a pool. The immersion speed in both cases
was 40 mm/s. Figure 1 shows the two different quenching
routes that were simulated, (1) from the ends, following
common industrial practice, and (2) from the edge.

The initial temperature was set to 920 °C for all the
nodes and all the elements were assumed to be made up of
100 % homogeneous austenite with a defined grain size.
The austenitizing heat treatment of the components as well
as their hot working were simulated to obtain the final
shape. Distortion and residual stresses generated during
those previous processes were considered at the beginning
of the simulation, and were found to be negligible.

Thermal and mechanical properties such as specific heat
(Cp), thermal conductivity (k), enthalpy (H), density (p),
Young’s modulus (E), Poisson ratio (v), flow stress (Sy),
and yield stress (Sy) of the material were defined to be
dependent on the current phase.

The element properties were computed as a sum of the
contributions of the individual fractions of phases present
in the element at the particular time step. The properties of
individual phases were obtained using JMatPro [44]. These
properties for a grain size of 8§ ASTM are shown in
Tables 3, 4 and 5.

3 Results and Discussion
3.1 Heat Transfer Coefficient Calculations
The curve-fitting between the calculated and measured

surface temperature values is depicted in Fig. 2. The
average difference between the measured and computed
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Table 3 Material data for SAE 5160 steel (austenite phase)

T (°C) C, J(Kg °C) k W/(m °C) H (J/Kg) p (kg/m?) E (GPa) v S¢ (MPa) S, (MPa)
25 453 x 10° 17.1 1.51 x 10° 8.03 x 10° 199.7 0.292 3353.1 312.1
100 476 x 10° 18.1 1.86 x 10° 7.99 x 10° 193.2 0.297 3106.6 261.8
200 499 x 10° 19.2 235 x 10° 7.94 x 10° 184.4 0.302 2924.4 226.8
300 5.18 x 10° 20.5 2.86 x 10° 7.88 x 10° 175.5 0.308 2817.1 207.1
400 5.35 x 10° 21.7 3.39 x 10° 7.82 x 10° 166.5 0.314 2746.2 194.5
500 5.52 x 10° 22.9 3.93 x 10° 777 x 10° 157.3 0.320 856.3 185.7
600 5.68 x 10° 24.1 449 x 10° 7.71 x 10° 148.1 0.326 328.1 179.3
700 5.84 x 10° 253 5.07 x 10° 7.66 x 10° 138.6 0.331 118.6 174.5
800 6.01 x 10° 26.5 5.66 x 10° 7.60 x 10° 129.1 0.337 85.5 170.6
900 6.15 x 10° 27.7 6.27 x 10° 7.55 x 10° 119.4 0.343 50.3 167.5
Table 4 Material data for SAE 5160 steel (bainite and pearlite phases)

T (°C) C, J/(Kg °C) k W/(m °C) H (J/Kg) p (kg/m®) E (GPa) v S; (MPa) S, (MPa)
25 4.62 x 10° 427 0 7.82 x 10° 210.3 0.287 3353.1 1056.2
100 491 x 10° 422 3.39 x 10* 7.80 x 10° 206.9 0.290 3106.6 923.5
200 5.28 x 10° 40.9 8.48 x 10* 7.7 x 10° 201.2 0.294 2924.4 831.2
300 5.69 x 10° 39.1 1.39 x 10° 7.73 x 10° 193.5 0.297 2817.1 779.2
400 6.19 x 10° 36.9 224 x 10° 7.70 x 10° 184.1 0.301 2746.2 745.9
500 6.83 x 10° 34.7 2.64 x 10° 7.67 x 10° 172.9 0.304 856.3 717.6
600 7.93 x 10° - 3.37 x 10° - - - 328.1 -

700 9.45 x 10° - 423 x 10° - - - 118.6 -

800 8.45 x 10° - 5.18 x 10° - - - 85.5 -

900 7.83 x 10° - 5.99 x 10° - - - 50.3 -

Table 5 Material data for SAE 5160 steel (martensite phase)

T (°C) C, J/(Kg °C) k W/(m °C) H (J/Kg) p (Kg/m®) E (GPa) v S¢ (MPa) S, (MPa)
25 4.88 x 10° 35.5 5.12 x 10* 777 x 10° 209.9 0.289 3353.1 21284
50 459 x 10° 36.2 6.25 x 10* 7.76 x 10° 208.9 0.290 3253.6 2025.5
100 4.80 x 10° 37.3 8.61 x 10* 7.74 x 10° 206.6 0.292 3106.6 1877.1
150 5.00 x 10° 38.1 1.10 x 10° 7.73 x 10° 203.9 0.294 3001.9 1775.6
200 521 x 10° 38.6 1.36 x 10° 7.71 x 10° 200.7 0.296 2924 .4 1702.2
250 5.44 x 10° 38.8 1.62 x 10° 7.69 x 10° 197.1 0.298 2864.6 1646.8

temperatures by the IHCP is 3.57 % thus showing an
excellent agreement. The computed heat flux at the surface
and corresponding HTC are presented in Fig. 3 as a func-
tion of surface temperature.

First, the HTC increases during cooling since the vapor
film, formed at high temperature, starts breaking at lower
surface temperatures and then the HTC reaches a

maximum. At approximately 450 °C, the HTC decreases
fast with further cooling, because it enters into the nucleate
boiling regime. In this regime, the rate of oil boiling
decreases because the surface temperature approaches to
the boiling point of the oil (Tg, = 280-300 °C), leading to
a decrease in the heat transfer coefficient. Below 280 °C,
steel transforms into martensite and releases the

@ Springer
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surface temperature of the component
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Fig. 4 TTT diagram of the transformation kinetics of pearlite and
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ASTM; martensite and bainite transformation are indicated in the
figure

corresponding latent heat. The HTC is defined as the ratio
of the heat flux divided by the temperature difference
between surface and oil. Below 280 °C heat flux increases
but temperature difference becomes smaller. Then HTC
recovers to reach a maximum at 200 °C. After this point,
the rate of release of the latent heat starts to decrease, and
so is HTC. Clearly the shape of this drop in the HTC curve
depends at least on the properties of both, the oil and the
steel.
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3.2 Phase Transformation Kinetics

The sample has been austenitized at 920 °C for 520 s, for
obtaining an austenite grain size of 22 pum representing an
austenitic grain size (ASTM 8). Figure 4 shows the com-
plete TTT diagram where the start and end of the trans-
formation of pearlite and bainite is presented for the SAE
5160 steel with an austenitic grain size of (AGS 8). The
results obtained for this figure have been calculated using

__ 25
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S 20
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Fig. 6 Experimental data for displacement in the central part,
showing an average for 30 measured parts

the software JMatPro and has been validated through
quench dilatometry studies. Also, as expected, a small AGS
of 9 and 10 reduces the time and critical cooling rate
required to avoid bainite formation.

A typical example of these dilatometry studies is pre-
sented in Fig. 5. The martensite linear expansion is clearly
found to start at approximately 270 °C and with an
approximate value of 0.25 %. Bainite formation can be
detected by analyzing the temperature gradient plot also
shown in Fig. 5, showing a change in the linear expansion
at about 500 °C, and is related to the initiation of the
bainite transformation (B,). It can be seen that as the AGS
decreases, the bainite phase volume fraction increases as
well. Bainite formation has an effect on Ms temperature,
through the compositional changes in carbon content in the
untransformed austenite.

3.3 Effect of the Immersion Route and AGS
on Macroscopic Distortion

As shown in Fig. 1, quenching along the Y axis has been
defined as the horizontal route, while dipping along the Z
axis has been termed as the vertical route. Thirty samples
have been quenched in the vertical direction and the dis-
placement at the center of the part (measured from the
extremes) has been measured using a coordinate measuring
machine. The results are shown in Fig. 6. It can be seen
that the average measurement is approximately 1.2 mm.
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2 . 25
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Fig. 7 Calculated total displacement along components considering three austenitic grain sizes for vertical quenching route at a 40 s, b 60 s and

¢ 90 s; and horizontal quenching route at d 40 s, e 60 s and f 90 s
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Fig. 8 Variation of calculated average total displacement with time
for a vertical and b horizontal directions and three different austenitic
grain sizes

The numerical simulation considered 3 AGS (i.e., 8, 9
and 10 ASTM, 22, 16 and 11 pm, respectively). As
described previously, HTC as a function of surface tem-
perature has been set as boundary condition to calculate the
thermal evolution shown in Fig. 2.

Total displacement along the component has been cal-
culated for the 3 AGS and plotted at 40, 60 and 90 s of
quenching time. Figures 7a through c show displacement
along the vertical direction, while Fig. 7d through f show the
simulated displacement along the horizontal direction. The
distortion in the central region is approximately 2 mm,
which is comparable in magnitude to the average value
found in the measurements shown in Fig. 6. It can be seen
that there are important differences in displacement between
the two immersion routes during the analyzed times. During
the initial quenching process, there is a significant increase
in displacement due to thermal contraction. However, by the
end of processing, displacement arising from martensite
transformation becomes more apparent. Comparing Fig. 7c,
f, it can be seen that the horizontal immersion routes yield
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Fig. 9 Calculated phase volume fraction evolution for both immer-
sion routes and three different austenitic grain sizes: a 8, b9 and ¢ 10
ASTM. M, B and A stand for martensite, bainita and austenite

g,

respectively, while “y” indicates horizontal and “z” vertical routes

less displacement along the component than the vertical
route for an AGS of 8 ASTM.

This may be attributed to the differences in cooling,
since the vertical route may generate two martensite
transformation fronts moving against each other. Once
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was 60 s

these fronts meet at the central part of the component,
distortion may be exacerbated. Additionally, the horizontal
immersion route appears to be less sensitive to the initial
AGS, since there are no important differences between the
3 analyzed AGS in this route, compared to the vertical one.

In order to further analyze these phenomena, calculated
total displacement has been averaged from each element
value and plotted against time. This is shown in Fig. 8. It is
important to remember that the plots shown in Fig. 8 are
depicting average displacement, as opposed to the ones
shown in Fig. 6, which show displacement along a line
parallel to the component X-axis. It can be seen that most
of displacement occurs in the first seconds of immersion
due to thermal contraction.

There are important differences in the displacement
between the 3 AGS and immersion routes. As seen in
Fig. 8a, smaller AGS leads to more distortion, while AGS of
8 ASTM significantly reduces total average displacement in

the vertical immersion route. This result is in good agree-
ment with the displacement along the component presented
in Fig. 7a—c. Figure 8b shows that, average total displace-
ment is significantly reduced, regardless of the initial AGS.
It can also be seen that the displacement due to the thermal
stress is also considerably reduced.

The vertical dotted lines appearing in Fig. 8 correspond
to bainite start and martensite start times as calculated from
the phase volume fraction evolution for the 3 different
AGS shown in Fig. 9. The most important difference
between the 3 AGS is bainite formation due to the TTT
bainite nose shifting. Bainite formation, in turn, reduces the
remaining austenite volume fraction, yielding less
martensite after quenching in deterioration of the compo-
nent’s hardness. By comparing Figs. 8 and 9 it can be seen
why there are only minor changes in total average dis-
placement after 60 s, since approximately 80 % of
martensite has already formed at that time.
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Fig. 12 A comparison of the martensite volume fraction in the
simulated component for the a vertical and b horizontal immersion
routes after a quenching time of 60 s

3.4 Evolution of Martensite Volume Fraction
and Hardness

In addition to the previously described martensite trans-
formation front behavior, there are other important cooling
differences between the immersion routes. The martensite
volume fraction for each element has been calculated using
the built-in Deform 3D post- processor. The phase volume
fraction histograms are calculated from these results and,
are shown in Figs. 10 and 11 for 40 and 60 s of quenching,
respectively. These histograms have been used to analyze
scatter in the martensite transformation. The results
demonstrate that there are no major differences between
the two immersion routes after 40 s and a large fraction of
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Fig. 14 Comparison between the immersion route and result of
hardness calculated for AISI 5160 steel and austenitic grain size
ASTM 8

elements does not begin the austenite transformation. In
contrast, Fig. 11 shows that after 60 s, there are important
differences in the martensite volume fraction distribution
between the two immersion routes. The histogram for the
vertical immersion route clearly shows more scatter than
that for the horizontal immersion route. In the vertical case,
a larger number of elements still has very low martensite
volume fractions even though the distribution is centered at
a martensite volume fraction of approximately 85 %.
However, this phenomenon does not occur for the hori-
zontal route, which has a slender shape; therefore, the
martensite transformation occurs more homogeneously. A
comparison between the calculated martensite volume
fractions for the two immersion routes is presented in
Fig. 12.
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The differences in martensite volume fraction distribu-
tion between the two immersion routes can be explained by
the thermal particularities of both routes. Figure 13 shows
the average cooling curves for both routes. The average
thermal difference is 27 °C, with the horizontal cooling
route always showing the coolest temperature. This thermal
difference appears to be even slightly larger at approxi-
mately 40 s. Conversely, at the Ms temperature (272 °C),
the difference between the routes is of approximately 4 s.
This is shown in the inset of Fig. 13.

The hardness profiles SAE 5160 steel with an austenitic
grain size AGS 8 ASTM and immersion along both
directions using DEFORM-3D are shown in Fig. 14. The
above figure clearly shows that the hardness profile for
horizontal immersion route begins to change faster than the
vertical direction route. In addition, horizontal immersion
route reaches its maximum hardness in a shorter time. The
data obtained have been used to calculate the scattering of
hardness in the full component through histograms for both
the immersion routes, and are shows in Figs. 15 and 16 for
40 and 60 s of quenching, respectively.

The results demonstrate that the distribution of hard-
ness in the quenched component has a faster transfor-
mation in the horizontal immersion route, than in the
vertical route, although in some areas hardness exceeds

60 45 50 55 60

Hardness (HRC)

55

50 HRC for a time of 40 s as is evident from Fig. 15b. In
contrast, in Fig. 15a, the majority of elements in the
component are not yet transformed because the austenite
to martensite transformation has not started. This is
shown more clearly in Fig. 16b for horizontal immersion
route for a time of 60 s, where all elements in the tem-
pered component reaches their expected level of hardness
in a shorter time than that shown in Fig. 16a, where the
distribution of hardness of the material is not homoge-
neous. This means that the horizontal immersion route in
quenching medium is more efficient for a better distri-
bution of hardness throughout the component, which
represents lower concentration of residual stress and dis-
tortion in the component.

4 Conclusion

A fully coupled 3D FEM model of long, curved SAE 5160
steel components that resemble leaf springs was developed
in Deform 3D. The transformation kinetics was calculated
using quench dilatometry; the heat transfer coefficient was
calculated as a function of temperature using in-plant
measurements. To achieve a proper representation of the
thermal evolution in the simulated component, the heat
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transfer coefficient was determined as a function of the
surface temperature.

The simulation results demonstrated that the immersion
route in the quenching bath had an important effect on
macroscopic distortion. While thermal-related distortion
seemed to be the most significant distortion source,
martensite distortion also played an important role. The
effects of both distortion sources appeared to be signifi-
cantly reduced by choosing the horizontal immersion route
in this type of long components.

Moreover, for the particular long component that was
examined in this study, the best method for minimizing
distortion was to quench the component starting from the
long edges, since this route also minimized the initial AGS
effect. It was also found that quenching from the distal
ends not only increased macroscopic distortion but also
increased the scatter in the martensite volume fraction and
calculated hardness along the component. This enlarged
scatter might also exacerbate in macroscopic distortion
already started by thermal stresses because there will be
volumes of fully transformed martensite that were adjacent
to volumes that were yet to be transformed. These findings
were particularly important for quenching system design,
especially for the component type that was examined in
this study.
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