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a g r i c u lt u r a l  e n g e n e e r i n g

INTRODUCTION

Quenching is a thermal process frequently used to 
obtain good mechanical properties of steel and other 
metal alloy materials. The quenching application of 
the material is subjected to heat treatment above the 
austenitization temperature (approximately 900°C) 
involving continuous and rapid cooling in a quenching 
media including water, air, and oil (C h o t ě b o r s k ý , 
2013). Based on the heat treatment of the material, 
S u g i a n t o  et al. (2009) compared two different tech-
niques of heat transfer capacity (HTC) determination. 
These include the lumped heat capacity method and the 
inverse heat transfer method. B u c z e k ,  T e l e j k o 
(2004) performed experiments under various cooling 
conditions through position of the active surface of the 
sample, its initial temperature and water temperature. 
Heat transfer of the sample–quenchant interface in 
other media than water was investigated using brine, 
water, mineral, and palm oils and other vegetable oils 
(F e r n a n d e s ,  P r a b h u , 2007, 2008). Quenching 
fluids such as polymer–water solutions and nanoflu-
ids have also been used by some authors (C o u r s e y 
et al., 2008; B a b u ,  P r a s a n n a  K u m a r , 2011; 
E s h r a g h i - K a k h k i  et al., 2011). However, the 

quenching fluids that have been used were defined by 
the quenchant temperature and the heat transfer coef-
ficient at the cooling surface. During quench hardening, 
heat flux transfers rapidly to the coolant which varies in 
time, hence the HTC cannot be calculated or measured 
by standard techniques. In such cases, the most suitable 
procedure is the formulation of the boundary inverse 
heat conduction (B u c z e k ,  T e l e j k o , 2013). This 
method consists of numerical selection of boundary 
conditions to provide temperature distribution in the 
material within limits of accuracy based on known 
data. The temperature profile is measured by sensors 
placed at selected internal points of the material during 
cooling. To determine the heat transfer coefficients 
of the material at the cooling surface, lumped heat 
capacity approximate technique has been applied 
at constant work piece temperature. K o b a s k o  et 
al. (2004) experimentally determined the first and 
second critical heat flux densities to characterize the 
quenching process. Most useful method for obtaining 
the realistic metal/quenchant interfacial heat transfer 
properties is the inverse modelling which allows the 
determination of boundary conditions by the coupling 
of numerical methods with simple temperature mea-
surements inside the quench probe. The objective of 
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this study was to investigate the possibility of using 
finite element method for prediction of mechanical 
properties of quench hardening steel.

MATERIAL AND METHODS

The experiment was carried out using the vertical 
furnace for the samples heating, quenching media 
(water, oil, and salt bath) for cooling the samples, 
thermocouple K-type for temperature measurement, 
and Scilab software (Version 5.4.1, 2012) for data pro-
cessing. Samples were heated in an electrical furnace 
LMV2/10 (LAC, s.r.o., Rajhrad, Czech Republic) for 
1 h and cooled in a quenching media including water, 
oil, and salt bath (NaNO3 + NaNO2). Quenched samples 
were cut into cross sections for hardness measurement 
using Vickers tester of 30 kg load. The cut samples 
were placed in core diameters 3, 7, and 11 mm re-
spectively under the surface of the cylinder. For the 
temperature measurement, the thermocouple was cast 
into two parts 1 and 2 (CSN 41 4260 (414260) Steel 
14 260 Si-Cr: 03/1988) (Fig. 1). Thermocouple 1 was 
placed 2 mm below the surface of the cylinder while 
thermocouple 2 was placed on the axis of the cylinder. 
Temperature measurement by thermocouple 2 was 
used to evaluate the results obtained. Thermocouple 1 
temperature measurement was used for resolving the 
inverse problem of nonlinear heat conduction equation. 
The measured data was analyzed using the computer 
program Scilab (Version 5.4.1., 2012).

Mathematical models

The equations described below were used for the 
experimental data evaluation. Eq.1 is a one-dimensional 
transient heat conduction equation based on cylindri-
cal coordinates. 

      (1)

where:
k = thermal conductivity (W.m-1.K-1)
r = density (kg.m-3)
Cp = specific heat capacity (J.kg-1.K-1) of the 

quenched sample
Eq.1 was solved inversely but the details of the 

inverse analysis were described by P r a b h u  et al. 
(2003), F e r n a n d e s  et al. (2007), and C a o  et al. 
(2012). The experimental heat flow was also deter-
mined by Eq. 2.

      (2)

The boundary conditions of the model were deter-
mined with respect to the outward normal vector n:

      (3)

The Elmer FEM solver software (Version 7.0, 2008) 
was used for the thermal field determination of samples. 
The simulation results were obtained as a matrix of 
nodes and temperature. In the literature (S m o l j a n , 
2006; M a l i n o w s k i  et al., 2012), two kinds of math-
ematical models have been established for evaluation 
of microstructure field from temperature field based 
on TTT (Time, Temperature, Transformation) curve 
which is used for kinetic transformation of austenite 
at constant temperature and CCT (Continuous Cooling 
Transformation) curve which is also used for kinetic 
transformation of austenite in a water and oil quench-
ing media. The transformations towards pearlite and 
bainite are both diffusive phase transformations. The 
Avrami formula which describes the transformation 
volume is:

      (4)

where:
k = overall rate constant dependent on temperature
n = Avrami exponent
The transformation towards martensite is a non-

diffusive transformation adopted by the model of 
K o i s t i n e n ,  M a r b u r g e r  (1959) which describes 
the transformation volume as:

      (5)

where α and Ms are both constants based on material 
type. The actual temperature variation is a continuous 
cooling rather than isothermal variation. But austenite 
phase under Ms temperature can be partially transformed 
to bainite. By applying the Scheil superposition prin-
ciple, actual continuous cooling transformation can be 

Fig. 1. Scheme of the experiment procedure, sample and thermocouples
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determined by the isothermal transformation model. 
Here the time period was discretized based on the as-
sumption that within each time step is Δt at constant 
temperature involving the isothermal transformation.

Dividing the time step Δt by incubation period τi 
produced the increment of inoculation rate ΔEi which 
was the volume transformation during the former time 
step Vi. Substituting this into Eq. 6, then the time pe-
riod can be obtained from the volume transformation 
Vi under Ti+1 isothermal transformation condition that 
is the virtual time ti+1 as described below.

      (6)

Coefficients k and n in Eq. 4 as well as α and Ms 
in Eq. 5 were determined experimentally based on the 
method described by Cao et al. (2012). Microstructures 
were calculated from arrays {T (t)} and {V (t)} dur-
ing the simulation period. Mechanical properties of 
quenched steel or quenched and tempered steel directly 
depended on the degree of quenched steel hardening. 
Relationship between hardness (HV) and ultimate 
tensile stress (Rm) can be described as:

      (7)

Yield strength can be estimated based on the ulti-
mate stress or hardness equation as described below:

      (8)

where C is the ratio between the actual hardness 
and martensite hardness. Structural composition of 
steel influences actual steel hardness which is gener-
ally described by the equation: 

      (9)

According to Maynier’s study (Maynier et al., 
1977), based on Eq. 9 can be fitted total hardness value, 
where the Eqs 10-12 can describe hardness of each 
phase which were set through series of experiments 
involving different kinds of alloy steel:

      (10)

      (11)

      (12)

where C, Si, Mn and others represent different kinds 
of chemical elements (wt. %), Vr represents cooling 
speed at 700°C (°C.h-1). 

Eqs. 13–15 were used in the finite element method 
model to fit the experimental data:

      (13)

      (14)

      (15)

where T is the surface temperature (oC) which was 
obtained for each quenchant. The fitted curve was 
based on the heat flux boundary conditions.

RESULTS

Fig. 2 shows the thermal properties and cooling 
rates of CSN 41 4260: 1988 steel measured at the core 
of samples diameter 2 mm from the interface which 
was subjected to quenching in water with agitation 
within a time span of 21 s. The temperature measure-
ment was previously used as input for the inverse heat 
conduction model which was used to estimate the heat 
flux transients at the metal/quenchant interface. The 
inverse analysis yielded the surface temperature of 
the samples in contact with the quenching media. Fig. 
3 shows the relationship between the estimated heat 
flux and the surface temperature of steel. The heat 
flux value was lower in the initial period of quenching 

Fig. 2. Relationship between temperature and time of steel quenched 
in water
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due to the vapour film formed at the surface of the 
steel samples. The vapour film actually offers some 
resistance to heat transfer as a result of insulation 
effect and low thermal conductivity. As the quench-
ing process progressed, the vapour film disrupted 
allowing the rate of heat transfer to increase inten-
sively (H e m i n g  et al., 2003). The duration of vapour 
blanket stage was decreased during the agitation of 
quenching media (K i m ,  O h , 2001). The heat flux 
transients increased rapidly due to enhanced convec-
tive heat transfer between the samples and quenching 
media. The heat flux transients showed a peak during 
nucleate boiling stage in quenching media and the oc-
currence of peak in the heat flux associated with the 
peak thermal gradient existing inside the quenched 
samples with complete cessation of the vapour film. 
Peak heat flux value (Fig. 3) was obtained for water 
media with 30 mm diameter at 550°C and 650°C for 
oil, and 720°C for salt bath. Eqs. 4–6 were used for 
the various microstructure predictions dependent on 
depth of quenchant as presented in Figs. 4–6. Fig. 7 
represents the relationship of hardness and depth of 
various quenchants according to Eq. 9. Fig. 8 shows 
values of the strength of steel in water quenching 
medium using Eqs. 7 and 8. Fig. 9 represents the re-
lationship between hardness measured and hardness 
model of steel for quenching media of water, oil, and 
salt. It was observed that modelled data attained higher 
values than the measured ones (Fig. 9). 

DISCUSSION

For the various quenching media (water, oil, and 
salt) used in the study, the maximum heat flux value 
obtained was lower compared to previously published 
results (P r a b h u ,  P r a s a d , 2003; F e r n a n d e z , 
P r a b h u , 2007; B a b u ,  P r a s a n n a  K u m a r , 2011, 
a.o.). Briefly, F e r n a n d e z ,  P r a b h u  (2007) found 
maximum heat flux value of 2500 kW.m-2 for water 

at 450°C surface temperature which was contrary to 
the present study results recorded as 2700 kW.m-2 at 
550°C. The difference of 100°C could be attributed 
to the diameter of the sample used. These authors 
also indicated maximum heat flux of 1000 kW.m-2 
at 550°C which was different from the present study 
result. In this study the authors used carbon steel and 
stainless steel due to their high amount of chromium 
composition. However, chemical composition of steel 
can lead to different heat flux and surface temperature 
values. In the case of oil quenching media, accord-
ing to F e r n a n d e z ,  P r a b h u  (2007) and B a b u , 

Fig. 3. Relationship between heat flux and surface temperature of vari-
ous quenching media

Fig. 4. Microstructure phase content in various depth from surface, 
quenchant-water

Fig. 5. Microstructure phase content in various depth from surface, 
quenchant-oil

Fig. 6. Microstructure phase content in various depth from surface, 
quenchant-salt bath
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P r a s a n n a  K u m a r  (2011) the maximum heat flux 
was 1750 kW.m-2 at 520°C being higher than the 
present result which was found to be 750 kW.m-2 at 
650°C. B u c z e k ,  T e l e j k o  (2013) found slightly 
similar result between 2000 and 3000 kW.m-2 at 530°C. 
By comparison, the heat flux in the oil depended on 
chemical composition of oil and temperature. For salt 
in the liquid state at 300°C, the maximal heat flux was  
1750 kW.m-2 at 720°C. Generally, in the literature, 
the heat flux value is maximal both in water and oil 
quenching media than in salt. The relationship between 
heat flux and surface temperature produced error in 
modelling computation. The Avrami equation for kinetic 
transformation of austenite has been used by some 

authors (M a y n i e r  et al., 1977; S m o l j a n , 2006). 
Nucleation and saturation of transformed phase are 
described in the Avrami equation by coefficient n in 
the range of 0–5. If n is smaller, the nucleation rate is 
faster and saturation time is longer. Contrarily, if n is 
higher, the nucleation rate is slower and saturation time 
is shorter. This is because the nucleation and satura-
tion transformation phases are dependent on chemical 
composition and austenite grain size. Therefore, it is 
necessary to consider suitable conditions for phase 
transformation. In the literature, some authors have 
reported the use of experimental dilatometer proce-
dure (J u n g  et al., 2012) or FEM modelling of phase 
kinetics (P e r n a c h ,  P i e t r z y k , 2008; Ye d d u  et 
al., 2012). Implementation of the FEM model is not 
possible in this case because computation procedure 
requires a computer cluster with a very high com-
putation power. For the experimental procedure, an 
electromagnetic principle was used where inductance 
of the measured object was dependent on the volume 
of magnetic phase (L i u  et al., 2012; C h o t ě b o r s k ý 
et al., 2014). The results show that the transformation 
of phase kinetics can be described by an electromag-
netic method and this method is applicable by find-
ing the value of coefficient n in the Avrami equation. 
The final model for prediction of microstructure and 
mechanical properties has been used by L i u  et al. 
(2003), S i m s i r ,  G ü r  (2008), and L e e  et al. (2010, 
2013). The same decomposition system was success-
fully used in the present study. There were some slight 
differences between the modelled and the measured 
values of mechanical properties of quench hardening 
steel which are acceptable in the literature. However, 
relative value differences are similar to the results 
published by H u i p i n g  et al. (2007), C a o  et al. 
(2012), J u n g  et al. (2012). The application of one 
dimensional equation instead of a generalized equa-
tion (2D or 3D) is due to the cylindrical shape of the 
sample. The one dimensional equation is useful for 
experimental and model evaluation.

CONCLUSION

Quenching the samples in water produced 100% 
martensite at the surface of the steel samples where 
the thickness of the hardening layer was found to 
be 8 mm. Lower hardenability was observed in oil 
quenching with a 6 mm thickness of the hardening 
layer. Quenching the steel samples in salt bath showed 
non-martensite transformation but produced a bai-
nitic structure. Bainite was produced at the surface 
of the steel sample where the observed thickness of 
the bainite layer was 6 mm. Tempering of the steel 
samples decreased hardness while toughness increased. 
Martensite microstructure was produced from the steel 
tempering process. The light microscopic observation 
of the steel samples showed similar phase ratio to 

Fig. 7. Relationship between hardness and depth for various quenchant

Fig. 8. Relationship between Ultimate stress and Yield strength in vari-
ous depth for water quenching media
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that of the model predicted values. But determination 
of phase ratio for bainitic and martensitic structures 
was difficult due to similar morphology of the light 
microscopy. Measured hardness values were close to 
the modelled hardness which indicates the reliability 
of the model for prediction of mechanical properties 
of quenched hardening steels.
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